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m oxidative/C–H modification
amidation process using ultrasmall PdNP-
encapsulated porous organosilica nanotubes†

Behnam Gholipour, a Afsaneh Zonouzi,*a Sadegh Rostamnia *b and Xiao Liu *c

Herein, we studied a single-pot method with a dual catalysis process towards the conversion of primary

aromatic alcohols to amides using ultrasmall PdNPs of controlled uniform size (1.8 nm) inside hybrid

mesoporous organosilica nanotubes (MO-NTs). The catalyst exhibited excellent performance in water

under mild conditions and showed high stability. The catalytic activity towards the tandem oxidation of

alcohols in the presence of amine salts and H2O2 to their corresponding amides without producing

byproducts was evaluated, and high yields were obtained for all products. The structure of the

organosilica nanotubes containing palladium nanoparticles was investigated using various

characterization techniques such as XRD, TEM, BET, solid-state 29Si NMR and solid-state 13C CP MAS

NMR. Catalyst recycling tests showed that the catalytic power of PdNPs@B-SNTs was preserved after 8

cycles and a slight decrease in catalyst activity was observed.
1. Introduction

In a multitude of chemical structures, amide functional groups
are important organic units. Moreover, due to the desirable
properties of amides, such as high polarity, stability and
conformational diversity, they have become one of the most
beloved and reliable application groups in all branches of
organic chemistry.1 For the formation of amide bonds, due to
the applicability of this group in biological molecules, chem-
icals and pharmaceuticals, atom-efficient and green methods
are a long-term consideration and a challenge in both research
and industrial chemistry.2 Meanwhile, for diverse biologically
active compounds and pharmaceuticals, primary and secondary
amides are synthetically vital key intermediates as well as
impressive progenitors.3 Among the methods proposed for the
synthesis of amides, the use of alcohols has become one of the
best alternatives. Indeed, alcohols can be converted to amides
through a tandem oxidation process under oxidative conditions
in situ via carboxylic acids or aldehydes4–19 (Scheme 1).

In line with sustainable development and green chemistry,
the utilization of heterogeneous catalysts versus conventional
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homogeneous catalysts has captured increasing attention.20

Among the heterogeneous catalysts, solid-based catalysts have
many advantages such as lower corrosiveness, fewer disposal
rates, and a higher selectivity to target products, as well as the
simple separation of catalysts as an environmentally benign
and economical route for the synthesis of chemicals.21 In this
regard, the performance of heterogeneous catalysts can be
amended by engineering the porosity of a solid catalyst to create
a larger specic surface area, in addition to other parameters.22

In recent years, ordered mesoporous silica (OMS) has attracted
research consideration in the eld of catalysis because of its
long-range order, high surface area, uniform silanol surface,
ease of being functionalized, tunable hydrophobicity/
hydrophilicity, periodically ordered pores (2–50 nm) and
nanometer-thick walls.23 Accordingly, the immobilization of
metal nanoparticles in solid supports such as PMO is an
attractive strategy, which in addition to increasing lipophilicity
can improve their recovery and diminish their tendency to
agglomerate and leach.24 For this reason, many attempts have
been reported that use PMOs for organic transformations,
including Pd(nano)/MNP@IL-SiO2,25 Fe3O4@SiO2@PMO,26 Pd-
MPMO,27 Sc(OTf)2-SO3Ph-PMO,28 Cu@PMONCs,29 Porph@PMO
and Pic@PMO.30 Despite the remarkable success of active and
efficient heterogeneous catalysts, the design and development
of sustainable and green catalysts continues to be an important
and imperative challenge.

Our groups succeeded in engineering periodic mesoporous
organosilicas (PMOs)31–37 and 1D organosilica nanotube link-
ages with organic ethane and phenylene groups.38 To further
develop the application of organosilica nanotubes, we reported
the enhanced durability of Ir-BPy-NT for water oxidation,39 PCN-
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d1ra08682k&domain=pdf&date_stamp=2022-02-01
http://orcid.org/0000-0002-0542-0659
http://orcid.org/0000-0001-6310-8754
http://orcid.org/0000-0001-6653-1582
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra08682k
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA012007


Fig. 1 Schematic illustration of the procurement of PdNPs@B-SNTs.
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SNT and PCN-BSNT as efficient photocatalysts for H2 genera-
tion40 and metal-free amino-incorporated organosilica nano-
tubes for the cycloaddition of CO2 to epoxides.41 In this work, in
order to achieve an efficient and practical protocol, we devel-
oped the use of stabilized Pd nanoparticles in the inner chan-
nels of organosilica nanotubes assembled with 1,4-
bis(triethoxysilyl)benzene and P123 precursors as active and
reusable hybrid catalysts for the synthesis of primary and
secondary amides in single-pot andmild conditions (Scheme 1).

2. Experimental
2.1. Chemicals and reagents

Triblock copolymer EO20PO70EO20 (Pluronic P123), 1,4-bis(-
triethoxysilyl)benzene (BTEB), tetraethoxysilane (99%, TEOS),
and other reagents were purchased from Sigma-Aldrich
(Shanghai Chemical Reagent., Inc. of Chinese Medicine
Group). All materials were of analytical grade and used without
any further purication.

2.2. Characterization

Powder X-ray diffraction (PXRD) patterns were recorded on
a Rigaku RINT D/Max-2500 powder diffraction system using Cu
Ka radiation of 0.15406 nm wavelength over a 2q range of 15–90�

at a scan speed of 5� min�1 at room temperature. Nitrogen and
water sorption experiments were performed at 77 K and 293 K,
respectively, on a Micromeritics ASAP 2020 system. Prior to the
measurement, the samples were out-gassed at 120 �C for at least
6 h. The Brunauer–Emmett–Teller (BET) specic surface areas
were calculated using the adsorption data at a relative pressure
range of P/P0 ¼ 0.05–0.25. Pore size distributions were calculated
from the adsorption branch using the Barrett–Joyner–Halenda
Scheme 1 General route for tandem oxidative amidation.

© 2022 The Author(s). Published by the Royal Society of Chemistry
(BJH) method. The total pore volumes were estimated from the
amount adsorbed at a relative pressure (P/P0) of 0.99. Trans-
mission electron microscopy (TEM) was performed using an FEI
Tecnai G2 Spirit at an acceleration voltage of 120 kV. 13C (100.5
MHz) cross-polarization magic angle spinning (CP-MAS) and 29Si
(79.4 MHz) MAS solid-state NMR experiments were conducted on
a Varian Innity-Plus 400 spectrometer equipped with a magic-
angle spin probe in a 4 mm ZrO2 rotor. 13C and 29Si signals
were referenced to tetramethylsilane. The experimental parame-
ters were an 8 kHz spin rate, 3 s pulse delay, 4 min contact time,
and 1500–3000 scans for the 13C CP-MAS NMR experiments, and
a 4 kHz spin rate, 180 s pulse delay, 10 min contact time, and 116
scans for the 29Si MAS NMR experiments.
2.3. Synthesis of benzene-silica nanotubes (B-SNTs)

According to a previous report on the synthesis of benzene-silica
nanotubes,38 0.55 g P123 and 3.49 g KCl were dissolved in
RSC Adv., 2022, 12, 4276–4287 | 4277
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Fig. 2 (a) 29Si NMR spectrum of the B-SNTs. (b) 13C CP MAS NMR spectra of the B-SNTs. (c) and (d) XRD patterns of PdNPs@B-SNTs and
PdNPs@SBA-15.

Fig. 3 (a) and (b) XPS spectra of PdNPs@B-SNTs. (c) and (d) Nitrogen adsorption–desorption isotherms of the B-SNTs, SBA-15 and PdNPs/B-
SNTs.

4278 | RSC Adv., 2022, 12, 4276–4287 © 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) and (b) TEM images of the B-SNTs and (c) and (d) PdNPs@B-SNTs, and the average diameter histogram of the PdNPs for PdNPs@B-SNTs.

Table 1 Specific surface area (SBET), pore diameter and total pore
volume

Sample
BET surface
area (cm3 g�1)

Pore diameter
(nm)

Total pore volume
(cm3 g�1)

B-SNT 701 5.5 0.79
PdNPs-B-SNT 690 6.1 1.07
SBA-15 835.4 6.8 1.12
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180 mL 2 M HCl at 38 �C. Aer complete copolymer dissolution,
3.50 mmol 1,4-bis(triethoxysilyl)benzene (BTEB) was added under
vigorous shaking for 6min, and the resultingmixture was kept for
24 h at the same temperature. Subsequently, the mixture was
treated at 100 �C under static conditions for 24 h. The solid
product was recovered by ltration and air-dried at ambient
temperature overnight. Finally, for the extracted surfactant, 1.0 g
of the as-synthesized solid in 200 mL of ethanol containing 1.5 g
concentrated aqueous HCl solution was reuxed for 24 h.

2.4. Encapsulation of Pd particles in the benzene-silica
nanotubes (PdNPs@B-SNTs)

For the synthesis of PdNPs@B-SNTs, B-SNTs (0.3 g) were added to
10 mL ethanol solution containing PdCl2 (0.026 g). Aer 1 h of
ultrasonic treatment, the solution was stirred at room tempera-
ture for 12 h. Finally, the obtained solids were reduced at 150 �C in
H2 for 5 h.
© 2022 The Author(s). Published by the Royal Society of Chemistry
2.5. Synthesis of SBA-15 and the encapsulation of Pd
particles in the pores

Synthesis of SBA-15 using an aqueous solution of the Pluronic
copolymer P123 (E21P67E21), 2 M HCl and tetraethyl orthosi-
licate (TEOS) was executed step-by-step according to our
previous method.42–54 Loading of PdNPs in SBA-15 pore channels
was performed according to the abovementioned method.

2.6. General procedure for the synthesis of primary and
secondary amides

To synthesize primary and secondary amides, mixtures of
preliminary substrates (amine salts and benzyl alcohol) in sepa-
rate dry vials were subjected to intense stirring under obtained
optimal conditions (Scheme 1). Aer the specied time, the
reaction mixture was diluted in CH2Cl2/H2O solution (1 : 1). Aer
rinsing the organic phase with H2O several times (3� 10 mL), the
CH2Cl2 solvent was separated with a rotary. Finally, purication
was performed via chromatography on silica gel (hexanes/EtOAc).

3. Results and discussion

Fig. 1 summarizes the preparation of organosilica nanotubes to
support palladium nanoparticles for the sustainable and green
synthesis of primary and secondary amides. Benzene-bridged
organosilica nanotubes (B-SNTs) were constructed with the
incorporation of covalently bonded organic–inorganic 1,4-
RSC Adv., 2022, 12, 4276–4287 | 4279
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Table 2 Optimization of reaction conditionsa

Entry Catalyst Oxidant (mmol) Solvent Base Pd (mol%) T (�C) Time (h) Yieldb (%)

1 PdNPs@B-SNTs H2O2 (1) H2O K2CO3 1 80 24 60
2 PdNPs@B-SNTs H2O2 (2) H2O K2CO3 1 80 24 75
3 PdNPs@B-SNTs H2O2 (3) H2O K2CO3 1 80 20 85
4 PdNPs@B-SNTs H2O2 (4) H2O K2CO3 1 80 20 95
5 PdNPs@SBA-15 H2O2 (4) H2O K2CO3 1 80 20 80
6 PdNPs@B-SNTs H2O2 (4) H2O K2CO3 1 100 20 95
7 PdNPs@B-SNTs H2O2 (4) H2O K2CO3 0.5 80 24 60
8 PdNPs@B-SNTs H2O2 (4) H2O K2CO3 1.5 80 20 95
9 PdNPs@B-SNTs H2O2 (4) H2O K2CO3 1 60 24 70
10 PdNPs@B-SNTs H2O2 (4) H2O K2CO3 1 r.t. 24 40
11 PdNPs@B-SNTs MnO2 (4) H2O K2CO3 1 80 20 25
12 PdNPs@B-SNTs TBHP (4) H2O K2CO3 1 80 20 80
13 PdNPs@B-SNTs SeO2 (4) H2O K2CO3 1 80 20 30
14 PdNPs@B-SNTs H2O2 (4) H2O NaOAc 1 80 20 35
15 PdNPs@B-SNTs H2O2 (4) H2O NaHCO3 1 80 20 25
16 PdNPs@B-SNTs H2O2 (4) H2O Na2CO3 1 80 20 92
17 PdNPs@B-SNTs H2O2 (4) H2O Cs2O3 1 80 20 95
18 PdNPs@B-SNTs H2O2 (4) H2O NEt3 1 80 20 40
19 PdNPs@B-SNTs H2O2 (4) H2O Py 1 80 20 30
20 PdNPs@B-SNTs H2O2 (4) H2O — 1 80 20 —
21 — H2O2 (4) H2O K2CO3 1 80 20 —
22 PdNPs@B-SNTs H2O2 (4) Ethanol K2CO3 1 80 20 75
23 PdNPs@B-SNTs H2O2 (4) Dioxane K2CO3 1 80 20 50
24 PdNPs@B-SNTs H2O2 (4) DMSO K2CO3 1 80 20 55
25 PdNPs@B-SNTs H2O2 (4) Toluene K2CO3 1 80 20 20
26 PdNPs@B-SNTs H2O2 (4) DMF K2CO3 1 80 20 65

a Reaction conditions: benzaldehyde (1 mmol), NH2OH$HCl (1 mmol), base (1.5 mmol), H2O2 (4 mmol) in 3 mL of solvent. b Isolated yield.
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bis(triethoxysilyl)benzene (BTEB) ligands in the presence of
P123 under acidic conditions, and the template was extracted
using EtOH. Then, the as-synthesized B-SNTs were utilized for
the encapsulation of palladium nanoparticles inside the pore
channels.

Solid-state 29Si NMR spectrum of the B-SNTs indicates the
existence of Tn sites (Fig. 2a). The signals at �60.7, �70.2 and
�80.3 ppm in the spectrum of the B-SNTs represent the silicone
species T1 [SiC(OH)2(OSi)], T2 [SiC(OH)(OSi)2], and T3

[SiC(OSi)3], respectively, which conrm that the full framework
joined the organosilica nanotubes. The lack of SiO4 species,
such as Q3 [Si(OH)(OSi)3] and Q4 [Si(OSi)4], in the range of �90
to �120 ppm conrms that no carbon–silicon bond fracture
occurred during the synthesis of the organosilica nanotubes.31

The chemical shi at 133.4 ppm is related to the signal of the
benzene ring. The signals at 71.5, 55.6 and 18.8 ppm correspond
to the remaining surfactants and ethoxy carbon groups formed
during the surfactant extraction process (Fig. 2b).31 Wide-angle
XRD analysis was used to conrm the structure and crystallinity
of the as-synthesized PdNPs inside the B-SNTs and SBA-15. The
scatter pattern for the Pd nanoparticles with ve specic
reections at 40.06 (1 1 1), 47.02 (2 0 0), 68.03 (2 2 0), 81.68 (3 1
4280 | RSC Adv., 2022, 12, 4276–4287
1) and 86.32 (2 2 2) shows that these characteristic reections
are related to the cubic (fcc) structure of the PdNPs (JCPDS: 87-
0641, space group: Fm3m (225)) (Fig. 2c and d).38

The surface oxidation and chemical modes of the PdNPs@B-
SNT catalysts were analyzed by XPS spectroscopy. Fig. 3a
exhibits the XPS spectra of PdNPs@B-SNTs. Several distinct
peaks were observed in the XPS survey spectra at �105, �157,
�290, �335–345, �537 and �560 eV, corresponding to Si 2p, Si
2s, C 1s, Pd 3d, O 1s and Pd 3p, respectively. The PdNPs@B-SNT
spectrum revealed in Fig. 3b shows the presence of two chem-
ical states of Pd. The binding energy range of 335–341 eV is
correlated to Pd 3d5/2 and Pd 3d3/2 of metallic Pd, while the
component at 338–344 eV is related to PdO owing to the partial
oxidation of the PdNPs.55,56 The surface area, pore volume and
diameter of the B-SNTs and PdNPs@B-SNTs are calculated based
on the Brunauer–Emmett–Teller (BET) equation (Table 1).

Nitrogen adsorption and desorption isotherms of the B-
SNTs, SBA-15 and PdNPs@B-SNTs are shown in Fig. 3c and d.
The hysteresis ring at a pressure of P/P0 ¼ 0.5–0.7, which is
consistent with the mesoporous materials, indicates the main-
tenance of the structure of the B-SNTs and PdNPs@B-SNTs aer
the loading of Pd nanoparticles. The decrease in the BET
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Tandem oxidation of various primary aromatic alcohols to primary amides using PdNPs@B-SNTsa

a Reaction condition: alcohol (1 mmol), NH2OH$HCl (1 mmol), K2CO3 (1.5 mmol), H2O2 (4 mmol) in 3 mL H2O at 80 �C.
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surface area of PdNPs@B-SNTs is attributed to the presence of
Pd nanoparticles loaded inside the B-SNT channels, leading to
the partial obstruction of the channels. A small difference in the
surface areas of the B-SNTs and SBA-15 might be due to the
presence of 1,4-bis(triethoxysilyl)benzene (BTEB) ligands in the
B-SNTs.

Fig. 4a–d illustrates the TEM images of the B-SNTs before
and aer the encapsulation of palladium nanoparticles. The
TEM images clearly demonstrate that the Pd nanoparticles are
evenly distributed in the inner channel of the B-SNTs. Based on
the TEM images, the size of the PdNPs in the B-SNTs is 1.8 nm.
According to the results of TEM, the occurrence of much
smaller Pd nanoparticles in the B-SNTs might be due to the
stabilizing effect of the benzene ring in the B-SNT network.

In line with the development of sustainable protocols and
inspired by our previous work on the catalytic application of
solid-based catalysts and porous materials (PMO, SBA-15, and
MOF) in organic reaction transformations,31,34,52,53,55–65 especially
© 2022 The Author(s). Published by the Royal Society of Chemistry
the synthesis of amides,66–70 herein, we describe a one-pot
tandem oxidative amidation reaction using PdNPs@B-SNTs as
an active catalyst and H2O2 as a green oxidant for the synthesis
of primary, secondary, and tertiary amides. The catalytic activity
domain of PdNPs@B-SNTs for the synthesis of amides using
various structural compounds (primary aromatic and aliphatic
alcohols, amine salts, and NH2OH$HCl) through oxidative
amidation was evaluated. The results are further elaborated and
summarized in Table 2, and the reaction conditions such as
different bases, oxidants, solvent and the amount of catalyst are
explored. Assuming that the addition of water as a green solvent
might increase product yields, it was used as the preliminary
solvent. Initially, benzyl alcohol, hydroxylammonium chloride
and K2CO3 (1 : 1 : 1.5 ratio) were selected for a model reaction
in the presence of H2O2 (30%). First, the effects of H2O2 and
PdNP amount using H2O as a solvent at 80 �C for the formation
of amide were investigated. Comparison of the different values
of H2O2 and PdNPs showed that the use of 4 mmol H2O2 and
RSC Adv., 2022, 12, 4276–4287 | 4281
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Table 4 Investigation of PdNPs@B-SNTs in the presence of various types of oxidantsa

Entry Catalyst Pd (mol%) Base [O] T (�C) Time (h) Yieldb (%)

1 PdNPs@B-SNTs 0.5 K2CO3 H2O2 (2 mmol) 25 20 70
2 PdNPs@B-SNTs 1 K2CO3 H2O2 (2 mmol) 25 20 78
3 PdNPs@B-SNTs 1 K2CO3 H2O2 (4 mmol) 25 20 80
4 PdNPs@B-SNTs 1.5 K2CO3 H2O2 (4 mmol) 25 15 92
5 PdNPs @SBA-15 1.5 K2CO3 H2O2 (4 mmol) 25 15 78
6 PdNPs@B-SNTs 1.5 K2CO3 DDQ (4 mmol) 25 15 25
7 PdNPs@B-SNTs 1.5 K2CO3 NaClO (4 mmol) 25 15 20
8 PdNPs@B-SNTs 1.5 K2CO3 MnO2 (4 mmol) 25 15 35
9 PdNPs@B-SNTs 1.5 K2CO3 SeO2 (4 mmol) 25 15 30
10 PdNPs@B-SNTs 1.5 K2CO3 TBHP (4 mmol) 25 15 70
11 PdNPs@B-SNTs 1.5 Na2CO3 H2O2 (4 mmol) 25 15 85
12 PdNPs@B-SNTs 1.5 NaOAc H2O2 (4 mmol) 25 15 40
13 PdNPs@B-SNTs 1.5 NaHCO3 H2O2 (4 mmol) 25 15 35
14 PdNPs@B-SNTs 1.5 Cs2CO3 H2O2 (4 mmol) 25 15 88
15 PdNPs@B-SNTs 1.5 K3PO4 H2O2 (4 mmol) 25 15 25
16 PdNPs@B-SNTs 1.5 NEt3 H2O2 (4 mmol) 25 15 30
17 PdNPs@B-SNTs 1.5 Py H2O2 (4 mmol) 25 15 25
18 PdNPs@B-SNTs 1.5 — H2O2 (4 mmol) 25 15 —
19 — 1.5 K2CO3 H2O2 (4 mmol) 25 15 —

a Reaction conditions: benzyl alcohol (1 mmol), aniline (1.2mmol), base (1.5mmol), oxidant (2–4mmol) and PdNPs@B-SNTs (variant mol% of Pd) at
room temperature in specic time. b Isolated yield.
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1 mol% of PdNPs affords an excellent yield (Table 2, entries 1–
10). On the other hand, the other oxidants did not show the
desired yield compared to H2O2, except for TBHP (70% aqueous
solution), which yielded 80% (Table 2, entries 11–13). In the
different base study for the oxidative amidation of benzyl
alcohol and hydroxyl ammonium chloride, the results of
Cs2CO3 (95%) and K2CO3 (95%) were close, so K2CO3 was
chosen as the appropriate base owing to its price and avail-
ability. No product was observed in the absence of a base. The
results are summarized for other bases in Table 2 (entries 14–
20). Furthermore, in the absence of a catalyst, no products were
observed (Table 2, entry 21). A number of solvents including
ethanol, dioxane, MeOH, toluene and DMSOwere scrutinized in
order to achieve further optimum conditions (Table 2). The
catalyst performance was moderate in ethanol, dioxane, DMF,
toluene and DMSO (yields of 20–75%), while amide yield was
95% in H2O (Table 2, entries 22–26). As a result, H2O was
selected as the suitable solvent. The optimal conditions for
PdNPs@B-SNTs were also evaluated for PdNPs@SBA-15 and
a yield of 80% was obtained. The difference in the yield of the
two studied catalysts could be related to the presence of
aromatic phenyl groups in the body of the B-SNT channels,
which increases the lipophilicity and thus leads to the effective
mass transfer of organic lipophilic molecules to the inner
surface of the channels to interact with the catalytic center.23,71,72
4282 | RSC Adv., 2022, 12, 4276–4287
Taking into account the results obtained in Table 2, we
examined the scope of the Pd-catalyzed tandem oxidative
process for the synthesis of primary amides from primary
aromatic alcohols and hydroxyl ammonium chloride under the
optimized reaction conditions. Further screening of the elec-
tronic effect on the conversion of other alcohol derivatives into
amides revealed that both electron-rich and electron-poor
benzyl alcohols were successfully converted to their corre-
sponding amides with high yield (Table 3). The results indicate
that primary aromatic alcohols, particularly alcohols with
electron withdrawing groups, are more active in the amidation
reaction. A similar result was obtained with aromatic alcohols
for heteroaromatic thiophene-2-carbaldehyde (Table 3).

In another method, the PdNPs@B-SNT catalyst was explored
in one-pot tandem oxidative amidation reactions in the pres-
ence of H2O2 (30%) in solvent-free conditions. The catalytic
activity of PdNPs@B-SNTs towards amide synthesis via the
oxidative amidation of primary aromatic and aliphatic alcohols
using aniline in the presence of H2O2 was evaluated as follows:
PdNPs@B-SNTs (0.5 mol%), benzyl alcohol (1 mmol), aniline (1.2
mmol), H2O2 (2 mmol) and K2CO3 (1.5 mmol) were placed in
a Teon vessel with magnetic stirring at room temperature.
Under these conditions, a conversion of 70% was obtained. By
increasing the amount of PdNPs to 1.5 mol% and H2O2 to
4 mmol, the yield of conversion increased to 92% and the
reaction time diminished to 12 h (Table 4, entries 1–5).
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Synthesis of amides with various types of alcohols and amines through oxidative amidationa

a Reaction conditions: benzyl alcohol (1 mmol), amine (1.2 mmol), base (1.5 mmol), H2O2 (4 mmol) and PdNPs@B-SNTs (1.5 mol% of Pd).
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Examination of various oxidants such as SeO2, MnO2, DDQ,
NaClO and TBHP in comparison with H2O2 shows that H2O2

leads to the rapid conversion of benzyl alcohol to the desired
amide in the presence of aniline. The results of the various
oxidants are summarized in Table 4 (entries 6–10). As shown in
Table 4, the study of different bases shows that the conversion
percentage is higher when K2CO3 is used compared to other
bases (Table 4, entries 11–17). No product was observed in the
absence of base or catalyst (Table 4, entries 18–19). In the case
© 2022 The Author(s). Published by the Royal Society of Chemistry
of PdNPs@SBA-15 versus PdNPs@B-SNTs, 78% yield was ach-
ieved, which according to the above explanation on primary
amide synthesis is due to the existence of aromatic phenyl
groups (Table 4, entry 5).

Aer achieving optimal conditions, further screening of the
tandem oxidative reaction with different primary aromatic and
aliphatic alcohols and various amines was performed to nd the
general mechanism and domain of the reaction. For all alcohol
and amine derivatives with various substituents (Cl, Br, NO2,
RSC Adv., 2022, 12, 4276–4287 | 4283
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Scheme 2 General mechanism of tandem oxidative amidation.

Fig. 5 Reusability of PdNPs@B-SNTs under optimized conditions.
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CO2Ee, OH and H) toward the synthesis of the desired amides,
moderate to good reactivity was observed. Aromatic amines
with electron-withdrawing groups on the aromatic ring
provided higher yield in the synthesis of amides (Table 5). In the
case of aliphatic alcohols, inferior yields were observed when
compared to aromatic alcohols, which might be due to the side
reactions such as oxidation to the corresponding carboxylic
acids or aldol condensation. In addition to aniline, other
amines such as pyrrolidine, diphenylamine, and phenyl
4284 | RSC Adv., 2022, 12, 4276–4287
methanamine were evaluated, and the results are summarized
in Table 5.

As explained in the literature,73,74 in the case of a plausible
mechanism for the oxidation of alcohols, it can be said that at
rst the active site of the PdNPs interacts with H2O2 to form the
PdNPs peroxo complex (I). The complex then reacts with benzyl
alcohol, which leads to the formation of intermediate (II), which
eventually regenerates the active sites of benzyl alcohol by two
steps of dehydration and forms benzaldehyde. The primary
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 6 The recyclability of PdNPs@B-SNTs and reuse during the
synthesis of various amidesa

Cycle Scale (mol) Leaching (ppm) Yieldb (%)

1 1 0.1 95/92
2 0.8 0.15 95/92
3 0.78 0.25 90/88
4 0.74 0.38 88/85
5 0.7 0.4 88/88
6 0.65 0.48 85/85
7 0.62 0.53 83/83
8 0.58 0.58 83/83

a Benzyl alcohol (1 mmol), amine source (1.2 mmol), base (1.5 mmol),
H2O2 (4 mmol) and PdNPs@B-SNTs (1.5 mol% of Pd); 15–20 h.
b Isolated yields.
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amide formation mechanism proceeds through the reaction of
an aldehyde with hydroxylammonium chloride in the presence
of palladium with the formation of an aldoxime–PDNPs inter-
mediate. Then, during the dehydration process, intermediate (I)
forms. Finally, hydration of intermediate (I) leads to the
formation of intermediate (II) and completes the catalytic cycle
via dehydration processes.75 For secondary amides, the reaction
mechanism involves oxidation and/or rearrangement via
hydroperoxide intermediates formed from hemiaminal inter-
mediates and/or imine intermediates.76 As shown in Scheme 2,
the reaction mechanism involves the formation of a peroxide
mediator in the oxidative process.

To further assess the performance of PdNPs@B-SNTs, the
stability and reusability of PdNPs@B-SNTs toward the amidation
reaction according to the model reaction were investigated.
Aer the completion of the reaction, the catalyst and the
product (PdNPs@B-SNTs + amide) were isolated from the reac-
tion mixture using a biphasic system, and the catalyst was
precipitated in the aqueous phase. Aer several washes, the
catalyst was dried for 6 h at 70 �C and was reused for the next
recycling run. We found that in addition to the high stability,
the PdNPs@B-SNT catalyst can be reused for up to 8 consecutive
cycles without noticeable loss of activity (Fig. 5a). The TEM
image and the atomic absorption spectrometry (AAS) of
PdNPs@B-SNTs aer 8 successive uses also conrmed this fact
Table 7 Comparison of different methods used in the synthesis of
various amides using different reagents and reaction conditions

Entry Catalyst Oxidant Solvent
T
(�C)

Time
(h)

Yield
(%) Ref.

1 MnO2 O2 Toluene 100 24 57 11
2 GO/PdNPs H2O2 H2O 25 15–24 94 68
3 MnO2/GO O2 H2O 150 3–30 98 13
4 PS-BHA-Cu TBHP DMF–H2O 80 5 99 8
5 AuPd/resin H2O O2 40 12 49–99 77
6 CuSO4$5H2O TBHP Acetonitrile 80 24 46–93 7
7 FeCl3 EDC TEMPO 90 8–32 75–92 10
8 PdNPs@B-SNTs H2O H2O2 25–80 15–20 95 This

work

© 2022 The Author(s). Published by the Royal Society of Chemistry
and shows that the nanoparticles demonstrated reduced
leaching (Fig. 5b).

A controlled leaching experiment was performed to attain an
understanding of the heterogeneous nature of PdNPs@B-SNTs.
The results of atomic absorption spectrometry (AAS) showed
that aer 8 runs, the leaching of Pd is below 1.0 ppm in each
cycle. Thus, the AAS analysis conrmed that the PdNPs@B-SNT
catalyst is heterogeneous in nature. The leaching of PdNPs@B-
SNTs is quantied and presented in Table 6.

The results of our work in comparison with catalysts previ-
ously reported in the literature are summarized in Table 7. As
can be seen, this catalyst exhibited good catalytic activity with
excellent yields (up to 95%) in mild conditions compared to
most of the reported works.
4. Conclusion

In summary, we developed a sustainable and green catalytic
protocol using encapsulated palladium nanoparticles within B-
SNT organosilica cavities to synthesize a wide variety of amides
using two different methods. All of the results indicate the high
potential of PdNPs@B-SNTs as an exceptional hybrid catalyst for
the amidation reaction under mild conditions with excellent
performance. In this work, H2O2 was used as a mild and inex-
pensive oxidant, in accordance with the green chemistry land-
scape, as a promising oxidant and only produced water as a by-
product. Due to the desirable results in this work, the high
performance of this protocol can be studied for other cases,
which will be reported in subsequent works.
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