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Comparison of the effectiveness of two piperazine
based nano-catalysts in the synthesis of
benzoxazoles and benzimidazoles and use of the
powerful one in the N-Boc protection of aminest

Maryam Mousapour and Farhad Shirini (2 *

In this work, a comparison between the catalytic activity of two piperazine based ionic liquids immobilized
on ZnO NPs and SiO, NPs is presented in the synthesis of benzoxazoles and benzimidazoles. These
reactions are performed under solvent free conditions during appropriate reaction times with high yields.
The catalyst obtained from ZnO-NPs (PINZS), as the more efficient one, is used for the efficient
promotion of the N-Boc protection of amines. High chemoselectivity, no by-products, facile separation
of the catalyst, short reaction times and no need for volatile organic solvents are the best features of the

rsc.li/rsc-advances proposed methods.

Introduction

Nanoparticles with sizes between 10 and 500 nm can be
observed widely in nature and have capacious usage in many
sciences,' from synthetic processes (chemistry) and industrial
activity to treatments for diverse diseases (medicine),> physics,*
geology® and so on. Nanoparticles (NPs) often represent
phenomena that are not seen at other scales because of their
transmission between bulk and atomic structure of materials.
In fact, the small size of them leads to a lower concentration of
point defects compared to their bulk ones. NPs and their
industrialized derivatives including dyes, ceramics, plastics and
magnetic products are very significant reagents of atmospheric
pollution.®* Among these reagents, nano-sized metal oxides
became very beneficial candidates for the preparation of effi-
cient catalysts for industrial applications due to their high
hydrothermal stability, ease of handling, large surface area,
cheapness, and non-corrosiveness.*

ZnO NPs are a well-known example of nano-sized metal
oxides in industry and science with selective toxicity to bacteria
with minimal influence on animal and human cells. Zinc oxide
nanoparticles based on their biocompatibility have been
utilized widely for preserving agricultural products and foods
and as drug carriers.” Using ZnO NPs as a heterogeneous
catalyst has attracted a lot of attention in chemistry, especially
in the organic field, due to high catalytic performance, easy
work-up process and ability to be recovered, to be economical
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and simplicity of isolation. They have been used in organic
reactions as solid supports for the immobilization of ionic
liquids.***

Similarly, nanostructured silica or silicon dioxide nano-
particles are other nanoparticles that have drawn great atten-
tion because of their high stability, low toxicity and potential to
be functionalized with a range of substrates such as molecules
and polymers. These nanostructured reagents with notable
properties can make improvements in biomaterial conjugates
with different hybrid nanomaterials.”® SiO, NPs due to their
large surface area, nanometer size, high hydrothermal stability
and easy handling became very beneficial materials for the
preparation of heterogeneous nanocatalysts leading to consid-
erable industrial applications.'®

The catalytic performance of nanoparticles is affected by
their size and their reactivity and selectivity pertained on the
various crystallographic planes on NPs, which can be gained by
controlling the morphology of them.” Nanocatalysts are
utilized in wide range of organic transformations'" and
various applications which can be prepared by chemical vapor
synthesis, sol-gel technique, chemical precipitation, photo-
chemical method, hydrothermal method, antisolvent precipi-
tation, glow discharge plasma electrolysis, wet-chemical
method, microwave irradiation, and sonochemical method,
thermal decomposition and microarc oxidation irradiation.**>*

Although, in last years, ionic liquids (ILs) with their
substantial properties can be specific choices in different areas
of chemistry (e.g., organic and inorganic chemistry, electro-
chemistry, and so on),*® difficulty in separation and large
amount utilization of them, caused the limitation of their usage
in industry and synthetic chemistry. In the today's chemistry
world, immobilization of ionic liquids on solid supports is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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considered as an impressive procedure for the conversion of ILs
to their heterogeneous homologues, leading to their stability
and recoverability.?” This protocol incorporates the advantages
of the heterogeneous catalysts along with homogeneous ionic
liquid layers in one reagent system. In this area, modification of
the selected supports can lead to the air and moisture-resistant
catalysts with noncorrosive nature, which can be simply sepa-
rated from the reaction media. This feature in according with
the green chemistry rules decreases the contamination and
wastage of materials. Organic polymers, clays, metal oxides and
zeolites are commonly used as supports in immobilization of
ionic liquids.?®*

Benzimidazoles, benzoxazoles and their derivatives are an
important group of heterocyclic compounds that have signifi-
cant biological properties such as antitumor,* anti-inflamma-
tory,* antimicrobial®*** and anticancer®® activities. They are
main intermediates for the synthesis of some drugs, for
example, there is a benzimidazole framework in the structure of
vitamin B12. Also, these derivatives are used as important
intermediates for the synthesis of various drugs such as
albendazole (inhibiting intestinal infection in AIDS patients),
omeprazole (proton pump inhibitor) and mebendazole
(Scheme 1).**** Moreover, these heterocyclic compounds can be
widely used as ligands for transition metals.’”*® Therefore,
some methods and catalysts have been reported for the
synthesis of these types of biological compounds, but there are
disadvantages and problems such as long reaction times, use of
a large amount of catalyst, the need for volatile organic solvents
and the impossibility of recovering the catalyst caused the trend
towards efficient methods and catalysts to overcome these
problems.

Protection of amines in synthetic organic chemistry has
countless applications, especially for the synthesis of complex
natural products. The synthesis of peptides, which are the most
biologically important molecules, is of great importance. It is
not possible to make a peptide with a specific structure from its
amino acids unless the amine groups are properly protected to
control the coupling reaction and polymerization.*® In addition,
protected amines have found many applications in different
areas. Different types of methods can be used for the protection
of amine group, which of them acylation, formylation, alkyl-
ation, benzylation, carbobenzyloxylation and N-Boc protection
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Scheme 1 Commercial drugs containing benzimidazole ring.
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are the most important ones. For example, the N-Boc protection
of amines is a key technique in medicine synthesis such as
synthesis of molecules for COVID-19 treatment.”” Several
methods with different reaction conditions have been reported
to accelerate the protection of the NH, group by these protect-
ing agents which despite their advantages, have weaknesses
such as long reaction times, low yields, use of organic solvents.
The reported catalysts suffer from tedious, costly and non-
recyclable separation methods.**"** Therefore, the use of new
and efficient catalytic systems, which can solve the mentioned
problems as much as possible, is one of the main challenges.

After extensive studies on the introduction and application
of various catalysts in our research group,*~* and especially the
use of nano-catalysts such as piperazine immobilized on nano-
ZnO-sulfuric acid (PINZS) and piperazinium nano silica sulfo-
nate (PNSS) in the synthesis of some organic compounds,*>** in
this research we decided to compare the catalytic properties of
PINZS and PNSS in the synthesis of benzimidazole and ben-
zoxazole derivatives. This research shows the importance of
choosing of the appropriate support in the immobilization of
ionic liquids. In continue, the more forceful catalyst was used in
the N-tert-butoxycarbonylation of amines, in order to eliminate
all or some of the limitations accompanied with the previously
reported methods used for the same reactions.

Experimental

All chemicals which used in this study such as di-tert-butyldi-
carbonate, amines, orthoesters, solvents etc. were purchased
from Merck (Germany), Aldrich (America) and Fluka (Switzer-
land) chemical companies with no need of further purification.
Characterization of the obtained products was determined
using melting point, FT-IR, and NMR spectra of them compared
with those reported in the literature. Thin-layer chromatog-
raphy (TLC) method applying silica-gel SIL G/UV 254 plates was
carried out for the reaction monitoring and purity determina-
tion of the substrates.

Preparation of the catalysts (PINZS and PNSS)

At first and in order to synthesis nano ZnO-SO;H and or SiO,-
SOz;H which reported in our previous studies, CISO;H (1 mL)
was reacted with nano-ZnO and or nano-SiO, (1 g) in dry
dichloromethane (CH,Cl,) (25 mL) in dropwise method over
a period of 15 min at 0 °C (using an ice bath). In order to send
the produced HCl in to an absorbing solvent (H,0), a gas outlet
tube was used. After completion of acid addition, the reaction
mixture was additionally stirred at room temperature (12 h).
After that, the residue was filtered and washed with diethyl
ether (2 x 10 mL). After drying at 80 °C for 1 h, nano ZnO-SO;H
and or SiO,-SO;H were achieved as the white powder.

In the next step, in a round-bottomed flask, piperazine
(130 mg, 1.5 mmol) was added to the prepared nano particles
(1.3 g) in CH3CN (25 mL) and the reaction mixture was stirred at
reflux temperature for one day (then, in the case of PNSS, the
resulting slurry was centrifuged). In continue, the obtained
solid was filtered and washed with CH;CN to remove the extra

RSC Adv, 2024, 14, 9218-9227 | 9219
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Scheme 2 Preparation of PINZS and PNSS.

piperazine. After drying for 1 h (80 °C) PNSS (as opalescent
powder (1.4 g)) and PINZS (as white powder (1.4 g)) were ob-
tained (Scheme 2).7>%?

General procedure for the synthesis of benzoxazole and
benzimidazole

In a round-bottom flask (10 mL), a mixture of amine (1 mmol),
orthoester/formic acid (1/5 mmol) and PINZS/PNSS (10 mg) was
stirred and heated at 90 °C in an oil-bath for the appropriate
time. When the reaction was fulfilled [monitored by TLC: n-
hexane : ethyl acetate (7 : 3)] the reaction mixture was cooled to
room temperature, ethyl acetate (20 mL) was added to it and the
catalyst was separated by filtration. Water and Na,SO, were
used for washing of the organic phase and its drying, respec-
tively. In continue evaporation of the solvent, gave the favorable
product in good to high yields.

General procedure for N-tert-butoxycarbonylation of amines

In a round-bottom flask (10 mL), a mixture of amine (1 mmol),
di-tert-butyldicarbonate [(Boc),O] (2 mmol) and PINZS (20 mg)
was stirred and heated at 60 °C in an oil-bath for the

0SO,H
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appropriate time. When the reaction was completed [monitored
by TLC: n-hexane : ethyl acetate (7 : 3)] the reaction mixture was
cooled to room temperature, ethyl acetate (20 mL) was added to
it and the catalyst was separated by filtration. Water and Na,SO,
were used for washing of the organic phase and its drying,
respectively. Evaporation of the solvent, gave the requested
target product in good to high yields. Spectral data (FT-IR, 'H
NMR and "*C NMR) for new compound is represented below.

Di-tert-butyl(sulfonylbis(1,3-phenylene))dicarbamate. FT-IR
(KBr): v = 3333, 2981, 1730, 1700, 1595, 1533, 1480 cm ™. 'H
NMR (500 MHz, DMSO-d¢) 0: 1.59 (9H, s, 3 x CHj), 7.58-7.64
(2H, m, arom), 7.74 (1H, d, J = 8 Hz, arom), 8.28 (1H, s, arom),
9.92 (1H, s, NH) *C NMR (100 MHz, DMSO-dg¢): 27.97, 79.80,
115.79, 120.55, 122.59, 130.18, 140.67, 141.48, 152.58.

Result and discussion
Catalytic activity

At the first step of this study and in order to determine the best
reaction conditions the interaction of 1,2 phenylene diamine
and triethyl orthoformate was selected as the model one and the

Table 1 Optimization of the reaction conditions for the synthesis of benzimidazole catalyzed by PINZS

Triethyl orthoformate Temperature
Entry Cat. (mg) (mmol) (°C) Solvent Time (min) Yield® (%)
1 40 1/5 60 — 17 98
2 30 1/5 60 — 60 96
3 20 1/5 60 — 25 95
4 10 1/5 60 — 20 98
5 10 1/5 90 — 10 98
6 10 1 90 — 30 94
7 10 2 90 — 9 96
8 10 1/5 Reflux H,O 60 40
9 10 1/5 Reflux EtOH 60 50
10 10 1/5 Reflux CH;CN 60 30

“ Isolated yield.
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Scheme 3 Preparation of the benzoxazole and benzimidazole derivatives under the optimized reaction conditions in the presence of PINZS.

Table 2 Synthesis of benzimidazole and benzoxazole derivatives catalyzed by PNSS and PINZS as nano catalysts

Time (min) M. P. (°C)
Yield® (%)
Entry Amine Orthoester/formic acid Product ZnO SiO, Observed Reported
NH, N 10 25
1 CH(OEt), /> 98 96 164-166 168-170 (ref. 54)
NH, N
NH, H 15 17
N
2 ©: CH(OMe), ) o4 93 164-166 168-170 (ref. 54)
NH, N
NH, H 10 13
N
3 O: HCOOH P 92 92 164-166 168-170 (ref. 54)
NH, N
NH, n 13 20
4 /@[ CH(OEt); /@: P %6 70 198-200 203-205 (ref. 54)
O;N NH, 0,N N
NH, H 12 30
N, 93 97
5 CH(OEt); ,> 107-109 109-111 (ref. 54)
HaC NH, HiC N
NH, H 45 60
X Loow
6 HaC NH, CH(OMe), /> 107-109 109-111 (ref. 54)
H,C N
NH, H 30 50
N 92 90
7 CH,;CH(OEY), )— 194-196 194-196 (ref. 54)
HsC NH, HiC N
NH, H 35 40
N 98 97
8 HCOOH /> 107-109 109-111 (ref. 54)
HsC NH, HiC N
NH, N 7 15
9 @E CH(OEt), \> 96 94 oil oil**
OH 0
NH, N 5 5
10 @E CH(OMe); \> 96 92 0oil oil**
OH Y
NH, N 3 5
11 @E CH;CH(OEt), \>— 98 96 0il oir**
d
OH
NH, N 12 20
2
12 CE HCOOH ©[o> o 93 oil oil*!

“ Isolated yield.

o
T
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effect of various amounts of PINZS and different temperatures
was studied on it. The reaction was also performed in H,O,
EtOH, CH;CN and also under solvent free conditions. The
results presented in Table 1 show that the best results can be
obtained using 10 mg of PINZS and 1.5 mmol of triethyl
orthoformate in 90 °C in the absence of solvent. There is no
more improvement in aspect of times and yields under the
other conditions (Scheme 3).

In continue, use of different orthoesters (including trimethyl
orthoformate, triethyl orthoformate, and triethyl orthoacetate)
and also formic acid in the same optimized reaction condition
resulted a variety of benzimidazole and benzoxazole derivatives
in the presence of PINZS. As can be seen in Table 2, all
compounds were obtained in high yields and good times in
both methods (Table 2, entries 1-12). The results also show that
1,2-phenylene diamines containing electron-withdrawing
groups gave the target products in excellent yields (Table 2,
entries 4). Whereas 1,2-phenylene diamines with electron-
donating groups reacted at longer reaction times (Table 2,
entries 5-8). Benzoxazole derivatives were also obtained in the
presence of this catalyst (Table 2, entries 9-12). Our studies also
clarified that the same reactions can be applied for the synthesis
of the mentioned products using PNSS instead of PINZS.
Comparison between the catalytic activities of PINZS and PNSS
clearly showed that the reactions were performed in shorter
reaction times in the presence of PINZS than PNSS. This indi-
cates that although the existence of ionic liquid is an important
factor to speed the reaction up but the nature of the surface
used to immobilize the ionic liquid is also essential to accel-
erate the reaction. This observation can be due to the more
Lewis acidic characteristics of ZnO NPs.

Considering the ability of PINZS to accelerate the synthesis
of benzimidazoles and benzoxazoles, it was decided to investi-
gate the potential of its use in other organic transformations
such as protection reactions. For this purpose, N-Boc protection
of amines was also studied in the presence of PINZS catalyst.

Optimization of the reaction conditions for the synthesis of
N-tert-butoxycarbonyls of amines was done by studying the
reaction of aniline (1 mmol) with di-tert-butoxypyrocarbonate

Table 3 Optimization of the reaction conditions for the synthesis of
N-tert-butoxycarbonylation of amines catalyzed by PINZS

Entry Cat. (mg) Solvent Temperature (°C) Time (min) Yield” (%)

1 40 — r.t. 1h 50
2 40 — 60 1h 98
3 40 — 90 1h 90
4 60 — 60 50 97
5 20 — 60 15 93
6 10 — 60 20 95
7 20 — 60 35 90
8 20 — Lt 50 91
9 20 Water 60 25 88
10 20 CH,Cl, Reflux 1h 20
11 20 EtOH  Reflux 1h 70

“ Isolated yields.
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(Boc),0 (2 mmol), PINZS (20 mg)
H, PhNH-Boc
Solvent free, 60 °C

Scheme 4 Best conditions for the N-Boc protection of amines in the
presence of PINZS.

[(Boc),O] (2 mmol) in the presence of various amounts of PINZS
at a range of 25 to 90 °C under the solvent less conditions. This
reaction was also performed in different solvents such as
CH,Cl,, H,O and EtOH under thermal conditions.

The obtained results clarified that 20 mg of the catalyst was
adequate to promote the reaction effectively at 60 °C and under
solvent-free conditions (Table 3, entry 5) (Scheme 4). Any further
improvement in terms of the reaction times and yields was not
observed under the other conditions. These results also showed
that the reaction was not proceeded considerably in the absence
of the catalyst even after prolonged reaction times (Table 3,
entry 1). Therefore, PINZS is necessary to proceed the reaction.

In order to show the efficiency of the best conditions, a broad
range of amines, including aromatic, heterocyclic, hetero-
aromatic and aliphatic ones were protected using this method
and the consequences were categorized in Table 4.

According to Table 4, aromatic amines including electron-
releasing and electron-withdrawing substituents were reacted
successfully and the related N-Boc products were obtained in
superb yields (Table 4, entries 1-10). Primary and secondary
aliphatic amines also resulted in the tert-butoxycarbonylated
derivatives in 90-96% yields (Table 4, entries 11-16). PINZS
worked well in converting aromatic amines with two amine
functional groups to the desired products in short reaction
times (Table 4, entries 17-19). Superlative chemo selectivity was
observed in conversion of amines containing OH functional
group so that no O-tert butoxy carbonylation be accomplished as
side reaction and N-Boc product was the major derivative (Table
4, entry 20). The process could also efficiently work with 2-
aminobenzothiazole and benzimidazole as heterocyclic amines
(Table 4, entries 21-22). The acid sensitive moieties containing
methoxy group was being safe in this mild protocol (Table 4,
entries 5, 8, 15).

The proposed mechanism for the synthesis of benzoxazoles
and benzimidazoles in the presence of the introduced catalysts
is presented in Scheme 5. According to this mechanism, at first,
the catalyst prepares the orthoester through binding to the OEt-
group ready for the nucleophilic attack of the amine leading to
the intermediate (I) with the release of one H,O molecule. Then,
the second amino and/or hydroxyl group in this intermediate
attack the same carbon center from the other end and releases
an ethanol molecule, causing the ring closure. At the end, the
third molecule of ethanol is removed and the desired benzox-
azoles or benzimidazole is obtained.

The suggested mechanism for the synthesis of amine
carbamates by the supporting role of PINZS as the catalyst is
shown in Scheme 6. As can be seen, the initial activation of the
carbonyl oxygen atoms of (Boc),O is possible by the catalyst. In

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Protection of amines catalyzed by PINZS

(Boc),0 (2 mmol), PINZS (20 mg
solvent free, 60 °C
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Entry Amine Product Time (min) Yield® (%)
NH, NHBoc
1 Cr o s :
NH, NHBoc
: X X : :
OH OH
NH, NHBoc
3 ©/ ©/ 30 91
cl al
NH, NHBoc
4 r > . .
OMe OMe
NH, NHBoc
5 /©/ /©/ 15 94
cl cl
NH, NHBoc
6 /©/ /O/ 4 92
Br Br
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MeO MeO
NH, NHBoc
: o o ! “
Me’ Me'
NH, NHBoc
9 15 95
Me Me
NH, NHBoc
NH, NHBoc
11 10 90
Me Me
NHB
Me Me
b ©/\)\NH2 @MNHBOC 5 95
NH, NHBoc
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NH, NHBoc
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Table 4 (Contd.)
(Boc),0 (2 mmol), PINZS (20 mg)

PhNHp ———————————— o2 Chree. 60 °C PhNH-Boc
Entry Amine Product Time (min) Yield” (%)

NH, NHBoc
17 ©: ©i 4 98”

NH, NHBoc

NH, NHBoc
18 ©/ /©/ 6 9g”
H,N BocHN
" ll 'E > /‘/\‘\OC 15 90b
H,N NH, BocHN NHBoc
: 3§
* O/ e ©/ 7 on 5 92
72N N
N7 NH N “NBoc
4 94

-3

22

H,N o
: o

NH,

BocHN IS| NHBoc
\©/0\©/

S
@E />—NHBoc 13 95
N

o]
1l

95b,c

“ Isolated yield. * 4 mmol of di-tert-butoxypyrocarbonate [(Boc),0] was used. ¢ New product.

Gt NH,
N+ H OEt
EtO OEt N—E—oEt
PINZS or PNSS \l XH \
EtO H » EtO H >

- EtOH XH
EtO Et0 1)

X=0, NH l

+5 /ﬁat.

[, . Cat. EtO
: N Hood H—G&f
H \> H - EtOH N 1 +8 - EtOH /
' l -—— 9-(8& - H
| o X XH

Scheme 5 The proposed mechanism for the synthesis of benzoxazoles and benzimidazoles.

the next step, after the nucleophilic attack of the amine to
carbonyl group accompanied by the production of tert-butanol
and carbon dioxide, the N-Boc protected amine was obtained.
In order to ascertain the performance of PINZS as the cata-
lyst, a comparison of this method for the N-Boc protection of
aniline with some of those reported in the literature is
summarized in Table 5. As can be deduced, the present

9224 | RSC Adv, 2024, 14, 9218-9227

procedure interestingly can resolve some disadvantages in
terms of long reaction times (Table 5, entries 1, 2, 3, 7, 8),
reusability of catalyst (Table 5, entries 5, 6, 9), moisture sensi-
tivity of the catalyst (Table 5, entries 4), using of volatile organic
solvents (Table 5, entries 1, 2, 3, 5) and difficult work-up (Table
5, entries 5, 6). Accordingly, our catalytic system surpassed the
previously reported methods.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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\H+ from the catalyst

RNH,

PINZS .
H from the catalyst

ALK
SR

Scheme 6 The mechanistic pathway for the N-tert-butox-
ycarbonylation of amines in the presence of PINZS.

Table 5 Comparison of the obtained results for the N-tert-butox-
ycarbonylation of aniline with some of those reported in the literature

Time Yield

Entry  Catalyst™" Condition (min) (%)
1 Yttria-zirconia® CH;CN/r.t. 14 h 90
2 Zn(ClO,),-6H,0°° CH,Cl,/r.t. 12h 92
3 [Hycryptand222](Br;),  CH3CN/r.t. 5h 80

(ref. 57)
4 [Py][OTS]*® Solvent free/r.t. 25 95
5 Thiourea®® Toluene/60-70 °C 40 95
6 Thioglcoluril® EtOH/40 °C 8 95
7 B-Cyclodextrine®' H,O/r.t. 150 75
8 Saccharin n-Hexane/r.t. 60 97

sulfonic acid®*
9 Iodine®* Solvent-free/r.t. 30 95
10 PINZSPresent work Solvent free/60 °C 5 95

Reusability is an important characteristic which shows the
compatibility of a catalyst with the green chemistry rules. This
feature for PINZS was confirmed by renewed studying the model
reaction (N-Boc protection of 4-chloroaniline) under the

120
Yield (%)

100

%4 92 91 91
80
60
40
20 15 17 17 16
0
1 2 3 4

Fig.1 Reusability of PINZS in the N-Boc protection of 4-chloroaniline
(Table 4, entry 5).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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optimized reaction conditions in the presence of this prepared
catalyst. For this purpose, after completion of the reaction,
ethanol was added and the catalyst was separated by filtration.
The recovered catalyst was washed thoroughly with EtOH, dried
and reused for the next run. The observation showed that PINZS
is reusable for at least four sequential times and significant
changes in terms of the reaction times and yields were not seen
(Fig. 1). This topic was proved by comparison of the FT-IR
spectra of the recovered catalyst and the freshly prepared one
and the figure is presented in ESL{

Conclusions

In summary, we presented a comparison of the applications of
ZnO NPs and SiO, NPs containing piperazine based ionic liquid
as efficacious and high-performance nano catalysts for the
acceleration of the synthesis of benzoxazoles and benzimid-
azoles. The results showed that the target molecules were ob-
tained in shorter reaction times in the presence of ZnO NPs
containing catalyst. In the other part, simple and efficient
synthesis of the N-Boc protected amines was also carried out
with more powerful catalyst (PINZS). Several advantages such as
solvent-free nature of the reaction, clean and simple operational
procedure, short reaction times, high yields and reusability of
the catalyst, make this method to be the best route for the
protection of amines in organic synthesis rather than the
previously reported ones. It should be noted that the selectivity
is the significant advantage of this protocol that can be seen in
converting of amines containing hydroxyl groups to their N-Boc
derivatives.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

We are thankful to the University of Guilan Research Council
for helping to this work.

Notes and references

1 C. C. Berry and A. S. Curtis, J. Phys. D: Appl. Phys., 2003, 36,
R198.

2 D. F. Emerich and C. G. Thanos, Expert Opin. Biol. Ther.,
2003, 3, 655-663.

3 S. Penninckx, A. C. Heuskin, C. Michiels and S. Lucas,
Cancers, 2020, 12, 2021.

4 C. V. Putnis and E. Ruiz-Agudo, Chem. Geol., 2021, 586,
120614.

5 W. Cai and W. D. Nix, Imperfections in Crystalline Solids,
Cambridge University Press, 2016.

6 R. K. Sharma, S. Sharma, S. Dutta, R. Zboril and
M. B. Gawande, Green Chem., 2015, 17, 3207-3230.

7 S. Bagheri, N. Muhd Julkapli and S. Bee Abd Hamid, Sci.
World J., 2014, 2014, 1-21.

RSC Adv, 2024, 14, 9218-9227 | 9225


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra01300j

Open Access Article. Published on 19 March 2024. Downloaded on 4/4/2026 6:52:16 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

8 M. Cepin, V. Jovanovski, M. Podlogar and Z. C. Orel, J. Mater.
Chem., 2015, 3, 1059-1067.

9]. Davarpanah, A. R. Kiasat, S. Noorizadeh and
M. Ghahremani, J. Mol. Catal. A: Chem., 2013, 376, 78-89.
10 A. J. Huh and Y. J. Kwon, J. Controlled Release, 2011, 156,

128-145.

11 J. B. Baxter and E. S. Aydil, Appl. Phys. Lett., 2005, 86, 053114.

12 A. D. Faisal, M. A. Jaleel and F. Z. Kamal, Eng. Technol., 2020,
38, 85-97.

13 J. Song, J. Zhou and Z. L. Wang, Nano Lett., 2006, 6, 1656
1662.

14 M. Massaro, M. Casiello, L. D'Accolti, G. Lazzara, A. Nacci,
G. Nicotra, R. Noto, A. Pettignano, C. Spinella and S. Riela,
Appl. Clay Sci., 2020, 189, 105527.

15 J. Wang, L. Chou, B. Zhang, H. Song, J. Zhao, J. Yang and
S. Li, J. Mol. Catal. A: Chem., 2006, 245, 272-277.

16 (@) R. K. Sharma, S. Sharma, S. Dutta, R. Zboril and
M. B. Gawande, Green Chem., 2015, 17, 3207-3230; (b)
B. Das, P. R. Reddy, C. Sudhakar and M. Lingaiah,
Tetrahedron Lett., 2011, 52, 3521-3522.

17 R. M. Mohamed, D. L. McKinney and W. M. Sigmund, Mater.
Sci. Eng., R, 2012, 73, 1-13.

18 H.-F. Li, K.-W. Yu, X.-B. Jing, L. Duan and Y.-Y. Zhang, Rare
Met., 2024, 43, 1337-1342.

19 Z. Zeng, Y. Chen, X. Zhu and L. Yu, Chin. Chem. Lett., 2023,
34, 107728.

20 M. Mazloumi, N. Shahcheraghi, A. Kajbafvala, S. Zanganeh,
A. Lak, M. S. Mohajerani and S. K. Sadrnezhaad, J. Alloys
Compd., 2009, 473, 283-287.

21 A. Kajbafvala, H. Ghorbani, A. Paravar, J. P. Samberg,
E. Kajbafvala and S. K. Sadrnezhaad, Superlattices
Microstruct., 2012, 51, 512-522.

22 M. R. Bayati, R. Molaei, A. Kajbafvala, S. Zanganeh,
H. R. Zargar and K. Janghorban, Electrochim. Acta, 2010,
55, 5786-5792.

23 A. Kajbafvala, J. P. Samberg, H. Ghorbani, E. Kajbafvala and
S. K. Sadrnezhaad, Mater. Lett., 2012, 67, 342-345.

24 M. Mazloumi, S. Zanganeh, A. Kajbafvala, P. Ghariniyat,
S. Taghavi, A. Lak, M. Mohajerani and S. K. Sadrnezhaad,
Ultrason. Sonochem., 2009, 16, 11-14.

25 S. Zanganeh, A. Kajbafvala, N. Zanganeh, R. Molaei,
M. R. Bayati, H. R. Zargar and S. K. Sadrnezhaad, Adv.
Powder Technol., 2011, 22, 336-339.

26 Q. Zhang, S. Zhang and Y. Deng, Green Chem., 2011, 13,
2619-2637.

27 X. Qiu, Y. Wang, Y. Xue, W. Li and Y. Hu, Chem. Eng. J., 2020,
391, 123564.

28 H. Hagiwara, M. Sekifuji, T. Hoshi, T. Suzuki, B. Quanxi,
K. Qiao and C. Yokoyama, Synlett, 2008, 2008, 608-610.

29 F. Shirini, M. Seddighi, M. Mazloumi, M. Makhsous and
M. Abedini, J. Mol. Lig., 2015, 208, 291-297.

30 M. J. Jin, A. Taher, H. J. Kang, M. Choi and R. Ryoo, Green
Chem., 2009, 11, 309-313.

31 N. A. H. Rosli, K. S. Loh, W. Y. Wong, R. M. Yunus, T. K. Lee,
A. Ahmad and S. T. Chong, Int. J. Mol. Sci., 2020, 21, 632.

32 T. D. Bradshaw and A. D. Westwell, Curr. Med. Chem., 2004,
11, 1009-1021.

9226 | RSC Adv, 2024, 14, 9218-9227

View Article Online

Paper

33 K. C. Achar, K. M. Hosamani and H. R. Seetharamareddy,
Eur. J. Med. Chem., 2010, 45, 2048-2054.

34 K. F. Ansari and C. Lal, Eur. . Med. Chem., 2009, 44, 4028-
4033.

35 K. F. Ansari and C. Lal, Eur. . Med. Chem., 2009, 44, 2294~
2299.

36 S. T. Huang, I. J. Hsei and C. Chen, Bioorg. Med. Chem., 2006,
14, 6106-6119.

37 J. Jayabharathi, V. Thanikachalam, K. Jayamoorthy and
R. Sathishkumar, Spectrochim. Acta, Part A, 2012, 97, 384-
387.

38 H. Yao, X. M. You, Q. Lin, J. J. Li, Y. Guo, T. B. Wei and
Y. M. Zhang, Chin. Chem. Lett., 2013, 24, 703-706.

39 A. Isidro-Llobet, M. Alvarez and F. Albericio, Chem. Rev.,
2009, 109, 2455-2504.

40 Z. Zeng, C. Liao and L. Yu, Chin. Chem. Lett., 2023, 109349,
DOI: 10.1016/j.cclet.2023.109349.

41 S. Sunitha, S. Kanjilal, P. S. Reddy and R. B. Prasad,
Tetrahedron Lett., 2008, 49, 2527-2532.

42 A. Sarkar, S. R. Roy, N. Parikh and A. K. Chakraborti, J. Org.
Chem., 2011, 76, 7132-7140.

43 F. Shirini, S. V. Atghia and M. G. Jirdehi, Chin. Chem. Lett.,
2013, 24, 34-36.

44 T. G. Koodehi, F. Shirini and O. Goli-Jolodar, J. Iran. Chem.
Soc., 2017, 14, 443-456.

45 M. Abedini, F. Shirini, M. Mousapour and O. Goli Jolodar,
Res. Chem. Intermed., 2016, 42, 6221-6229.

46 M. Abedini, F. Shirini and M. Mousapour, Res. Chem.
Intermed., 2016, 42, 2303-2315.

47 M. Mousapour, F. Shirini and M. Abedini, Polycyclic Aromat.
Compd., 2021, 41, 419-426.

48 M. Mousapour, S. A. M. Hassani
ChemistrySelect, 2022, 7, €202200175.

49 S. Pourdasht, M. Mousapour, F. Shirini and H. Tajik, Res.
Chem. Intermed., 2022, 48, 4403-4418.

50 M. Mousapour, N. Seyedi and F. Shirini, J. Mol. Struct., 2023,
1294, 136375.

51 M. Mousapour and F. Shirini, Catal. Lett., 2023, 1-16, DOI:
10.1007/s10562-023-04470-4.

52 M. Mousapour and F. Shirini, J. Nanostruct. Chem., 2023, 13,
405-422.

53 M. Mousapour and F. Shirini, ChemistrySelect, 2021, 6, 4247~
4255.

54 M. Mazloumi, F. Shirini, O. Goli-Jolodar and M. Seddighi,
New J. Chem., 2018, 42, 5742-5752.

55 R. K. Pandey, S. P. Dagade, R. K. Upadhyay, M. K. Dongare
and P. Kumar, Arkivoc, 2002, 7, 28-33.

56 G. Bartoli, M. Bosco, M. Locatelli E. Marcantoni,
M. Massaccesi, P. Melchiorre and L. Sambri, Synlett, 2004,
2004, 1794-1798.

57 G. Chehardoli, M. A. Zolfigol, V. Khakyzadeh, R. Golbedaghi,
N. A. Hall and A. G. Blackman, J. Chin. Chem. Soc., 2011, 58,
538-543.

58 S. Karimian and H. Tajik, Chin. Chem. Lett., 2014, 25, 218-
220.

59 S. Khaksar, A. Heydari, M. Tajbakhsh and S. M. Vahdat,
Tetrahedron Lett., 2008, 49, 3527-3529.

and F. Shirini,

© 2024 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1016/j.cclet.2023.109349
https://doi.org/10.1007/s10562-023-04470-4
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra01300j

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 19 March 2024. Downloaded on 4/4/2026 6:52:16 AM.

(cc)

View Article Online

Paper RSC Advances

60 S. Khaksar, S. M. Vahdat, M. Tajbakhsh, F. Jahani and 62 F. Shirini, M. A. Zolfigol and M. Abedini, J. Iran. Chem. Soc.,

A. Heydari, Tetrahedron Lett., 2010, 51, 6388-6391. 2010, 7, 603-607.
61 M. S. Reddy, M. Narender, Y. V. D. Nageswar and K. R. Rao, 63 R. Varala, S. Nuvula and S. R. Adapa, J. Org. Chem., 2006, 71,
Synlett, 2006, 2006, 1110-1112. 8283-8286.

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2024, 14, 9218-9227 | 9227


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra01300j

	Comparison of the effectiveness of two piperazine based nano-catalysts in the synthesis of benzoxazoles and benzimidazoles and use of the powerful...
	Comparison of the effectiveness of two piperazine based nano-catalysts in the synthesis of benzoxazoles and benzimidazoles and use of the powerful...
	Comparison of the effectiveness of two piperazine based nano-catalysts in the synthesis of benzoxazoles and benzimidazoles and use of the powerful...
	Comparison of the effectiveness of two piperazine based nano-catalysts in the synthesis of benzoxazoles and benzimidazoles and use of the powerful...
	Comparison of the effectiveness of two piperazine based nano-catalysts in the synthesis of benzoxazoles and benzimidazoles and use of the powerful...
	Comparison of the effectiveness of two piperazine based nano-catalysts in the synthesis of benzoxazoles and benzimidazoles and use of the powerful...
	Comparison of the effectiveness of two piperazine based nano-catalysts in the synthesis of benzoxazoles and benzimidazoles and use of the powerful...

	Comparison of the effectiveness of two piperazine based nano-catalysts in the synthesis of benzoxazoles and benzimidazoles and use of the powerful...
	Comparison of the effectiveness of two piperazine based nano-catalysts in the synthesis of benzoxazoles and benzimidazoles and use of the powerful...

	Comparison of the effectiveness of two piperazine based nano-catalysts in the synthesis of benzoxazoles and benzimidazoles and use of the powerful...
	Comparison of the effectiveness of two piperazine based nano-catalysts in the synthesis of benzoxazoles and benzimidazoles and use of the powerful...
	Comparison of the effectiveness of two piperazine based nano-catalysts in the synthesis of benzoxazoles and benzimidazoles and use of the powerful...


