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Benzoxazoles and benzimidazoles are a valuable class of heterocyclic compounds and have numerous
therapeutic applications. Herein, we present an efficient and facile synthesis of these compounds using a
3D metal-organic framework (MOF), {Mn,(TPA),(DMF),},, referred to as the Mn-TPA MOF (TPAH, rep-
resents terephthalic acid and DMF denotes N,N-dimethylformamide) as a catalyst. The desolvated MOF,
Mn-TPAPes°Y \yith its robust nature and manganese open metal sites (OMSs) serves as an effective
heterogeneous catalyst. Mn-TPAP®°Y efficiently facilitates the synthesis of benzoxazole and benzimida-
zole derivatives via the reaction of o-aminophenol or o-phenylenediamine with various aromatic alde-
hydes. We recorded high conversions up to 99.9% in both the reactions under optimised conditions
within a short reaction time. The catalytic reactions exhibited a remarkably high turnover number (TON)
up to 9990, and a turnover frequency (TOF) up to 333 min~ for various substrates. Notably, Mn-TPAPese
showed excellent catalytic activity for sterically hindered substrates, such as 1l-naphthaldehyde and
9-anthracenecarboxaldehyde, maintaining high TON and TOF values. Furthermore, the recyclability of
Mn-TPAPes° revealed that the catalyst could be reused up to 30 cycles with no loss in its structural integ-
rity and catalytic performance. The results obtained in this study demonstrate the excellent catalytic per-
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Introduction

Benzoxazoles and benzimidazoles are an important class of
heterocyclic compounds.” They are distinctive motifs found in
the structures of various biological compounds and natural
products.” The derivatives of both benzoxazoles and benzimi-
dazoles have numerous therapeutic applications, including
antifungal, antimicrobial, antitumor, anti-inflammatory, anti-
protozoal, antiulcer and antiviral agents targeting various
viruses such as HIV and influenza.'"® The synthesis of novel
benzimidazole and its derivatives is a primary focus in medic-
inal research.® Various methods for the synthesis of benzoxa-
zole and benzimidazole derivatives from different reactants
have been described in the literature, such as the reaction
between o-phenylenediamine/o-aminophenol with aldehydes
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its broad substrate scope compatibility.

and carboxylic acids.” For these reactions, different homo-
geneous and heterogeneous catalytic systems have been
reported such as VOSO,, DBU, Pt-TiO,, Pd(OAc),, Yb(OTf),,
Fe;0,-S10,~(NH,)sM0,0,4, CuFe,Oz-nanoparticles, graphene
oxide, Cu-I nanoparticles, copper-triflate, metal triflates like
Sc(OTf);, H30,/HCl, and lanthanides serving as Lewis acid
catalysts.* 7 Some other catalysts catalyse this oxidative con-
densation with aldehydes like oxygen,'® nitrobenzene," 1,4-
benzoquinone,”® DDQ,*' MnO,,** Zn-proline,*® H,0,/CAN,**
Na,S,05,> FeCl;-6H,0,%® and Pd-C.”” Many of these methods
suffer from various drawbacks such as low conversion, high
temperature, excessive loading of catalysts, extended reaction
time, severe reaction conditions, expensive catalysts, low recycl-
ability of catalysts, byproduct formation, and challenges in
product isolation and catalyst recovery.’*>° Consequently,
developing a simple and more effective catalytic system for
synthesizing benzoxazole and benzimidazole derivatives is
essential. Recently, metal-organic frameworks (MOFs) have
gained significant attention as heterogeneous catalysts for
various organic transformation reactions.*'*

MOFs are a class of porous organic-inorganic hybrid
materials.>® They exhibit unique properties, such as high
surface area, high porosity, high flexibility, crystalline nature
and good thermal stability.**” These unique characteristics
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make MOFs ideal for various applications, including drug
delivery,®®*° gas adsorption,*® gas separation,*' bio-sensing®
and catalysis including photocatalysis,**™*° optical sensing,>
energy storage,”"** etc. The use of MOFs as heterogeneous cat-
alysts for organic transformations offers a promising way for
sustainable chemistry while minimizing the use of harmful
chemicals. These materials combine the advantages of clean
synthesis and heterogeneous catalysis, resulting in a simpler
workup process, which is particularly attractive from an indus-
trial perspective.” MOFs as heterogeneous catalysts play a
crucial role in various organic transformations such as the cya-
nosilylation reaction,”®** Knoevenagel condensation,>® aldol
condensation,>® Michael addition,” Henry reaction,*® cyclo-
addition of CO, to epoxides,***® one-pot cascade reaction,
etc. MOFs involve direct methods using o-phenylenediamine/
o-aminophenol and aldehydes for condensation to produce
benzimidazoles/benzoxazoles, offering a more efficient
approach compared to older methods. To address the limit-
ations of traditional methods, MOFs have emerged as promis-
ing alternative catalytic systems due to their high surface area,
tunable structure and efficient catalytic properties. These pro-
perties allow for faster reactions with higher yields and better
diffusion of reactants and products. MOFs also improve
selectivity and efficiency, provide high recyclability, and are
easily separable from the reaction mixture, unlike traditional
homogeneous catalysts. Several studies have highlighted the
use of MOFs as catalytic systems for the synthesis of benzoxa-
zole and benzimidazole derivatives.>*” 1%

Recently, Gong and co-workers developed a catalytic system,
MOF@MT-COF-Cu, to synthesize benzimidazole and ben-
zothiazole derivatives under green and mild conditions.®!
Recently, Kim et al. reported the oxidative coupling of 2-amino-
phenols and aldehydes to benzoxazoles using TEMPO-immobi-
lized MOFs.®* Similarly, Sivakumar et al. studied the catalytic
activity of MOFs for the synthesis of benzimidazole and ben-
zothiazole derivatives.” The catalytic activity of MIL-101(Cr) for
the clean synthesis of benzoxazoles has been reported by
Khalafi-Nezhad and co-workers.” A superacid hafnium-based
MOF as a catalyst has been developed by Tran et al. for the syn-
thesis of benzoxazoles.”®> Additionally, Maji and co-workers
studied the synthesis of benzimidazole derivatives using
anionic MOFs as heterogeneous catalysts.>

Many of these reported MOF catalytic systems used in the
synthesis require high temperatures, reactions take longer
time and the conversions are comparatively low. To overcome
these drawbacks, herein we demonstrate the use of a simple
3D MOF for the synthesis of benzoxazole and benzimidazole
derivatives which takes a short time for the reaction com-
pletion at 30 °C and the conversion is up to 99.9%. The MOF,
{Mn,(TPA),(DMF),},, denoted as Mn-TPA, has been syn-
thesized via the solvothermal method in high yield (TPAH, is
terephthalic acid and DMF stands for N,N-dimethyl-
formamide).>*>*%* The starting materials for preparing the
Mn-TPA MOF are readily accessible and cost-effective, making
it an affordable catalyst. The synergistic effect of manganese
and terephthalic acid (H,TPA) is crucial both in the formation
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of the structure of Mn-TPA and the functional properties of
the MOF. The manganese ions from Mn(NOj;),-4H,0 act as
coordination centers, linking the TPA ligands through tere-
phthalate groups, thus forming a stable Mn-TPA network. It is
interesting to note that the coordination number of manga-
nese is six in Mn-TPA while it reduces to four in Mn-
TPAP**°™ >® This coordination number change is facilitated by
a structural rearrangement which involves the breaking of
some Mn-O bonds involving manganese and the terephthalate
ligand. This synergy between the metal and ligand enhances
the framework’s structural integrity, making it suitable for
applications in catalysis. The activation of the Mn-TPA MOF
generates manganese open metal sites (OMSs), which behave
as Lewis acid sites and result in the formation of Mn-TPAP®*°",
Due to the presence of abundant OMSs, Mn-TPAP**°" effec-
tively functions as a heterogeneous catalyst for the synthesis of
benzoxazole and benzimidazole derivatives through the reac-
tion of o-aminophenol or o-phenylenediamine with various
aromatic aldehydes (Scheme 1). The reactions were carried out
in ethanol at 30 °C with both electron-withdrawing and elec-
tron-donating groups present on aldehyde substrates. A
minimal amount of catalyst (0.005-0.006 mmol) was used pro-
viding a high TON up to 9990 and a TOF up to 333. 99.9% con-
versions were achieved for eight aromatic aldehydes in benzox-
azoles and thirteen aromatic aldehydes in benzimidazoles
within 30-90 min. The catalyst demonstrated remarkable
recyclability in the benzimidazole reaction, maintaining 99.9%
conversion across 30 cycles. Notably, bulkier aldehydes such as
1-naphthaldehyde and 9-anthracenecarboxaldehyde also
reached 99.9% conversion in a short time. We propose that
the pores of Mn-TPAP®°" facilitate the diffusion of smaller
aldehydes, enabling efficient interaction with Lewis acid
manganese open metal sites (OMSs) for complete conversion,
while larger aldehydes interact with manganese OMSs on the
catalyst surface, ensuring full conversion.

Results and discussion
Characterization of Mn-TPA and Mn-TPAP®s°"

For catalytic experiments, bulk quantity of Mn-TPA was pre-
pared following the procedure outlined in ref. 53, 54 and 64.
Both Mn-TPA and Mn-TPA**°™ were characterized using
various techniques including FT-IR, PXRD, TGA, and NH;-TPD
profiles (Fig. S1-S61). FTIR analysis of Mn-TPA and Mn-
TPAP**°™ revealed the peaks of expected functional groups
from its starting materials (Fig. S1 and S27). The phase purity
of the as-synthesized samples of Mn-TPA and activated Mn-
TPAP**°™ was analysed by comparing its PXRD pattern with the
simulated pattern calculated from single-crystal data (Fig. S37).
The activated MOF shows extra peaks in the PXRD pattern,
which suggest structural transformation upon removal of co-
ordinated DMF molecules. TGA analysis of Mn-TPA provided
insights into its weight loss and thermal stability (Fig. S47).
TGA of Mn-TPA”**°" confirmed that the activated MOF under-
goes significant weight loss only above 400 °C, indicating com-

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 Mn-TPAP®°"Y MOF as a promising heterogeneous catalyst for the synthesis of benzoxazole and benzimidazole derivatives.

plete removal of DMF molecules from Mn-TPAP***" during the
activation process (Fig. S5t). The Lewis acidity of Mn-TPAP*"
was investigated using NH;-TPD experiments, which showed
that weak and medium-to-strong acidic sites are present in
Mn-TPA”**°" (Fig. 1 and S61). The morphologies of Mn-TPA
and Mn-TPAP**°" were studied using SEM (Fig. S7 and S81).
The SEM images of Mn-TPA reveal block shaped crystals with
some crystals having a rhombohedral morphology. The images
of Mn-TPA”**°" reveal smaller blocks compared to Mn-TPA.

X-ray photoelectron spectroscopy (XPS) analysis

XPS was employed to analyze the chemical composition and
oxidation state of elements present in Mn-TPA***™. The wide-
scan spectrum (Fig. 2a) reveals the presence of manganese
(Mn), oxygen (O), and carbon (C), confirming the successful
incorporation of these elements into the framework. The high-
resolution C 1s spectrum (Fig. 2b) exhibits two prominent
peaks with binding energies of 284.3 eV and 288.2 eV, corres-
ponding to the C-C and C=O0 bonds, respectively, which are
characteristic of aromatic and carboxylate functionalities.®®
Similarly, Fig. 2c shows the detailed O 1s spectrum of Mn-
TPAP*°V with peaks at 531.4 eV, which is attributed to oxygen

< Lewis Acid
” Manganese Open
Metal Sites

(pink spheres)

¢

Fig.1 3D view of Mn-TPAP®*°V clearly shows the presence of Lewis
acidic manganese sites in the channels. Color codes: manganese, pink;
carbon, light blue; and oxygen, cyan.

This journal is © The Royal Society of Chemistry 2025

in O-C=O0 environments, indicating the coordination of car-
boxylate groups to the metal centres. The high-resolution Mn
2p spectrum (Fig. 2d) shows two main peaks due to Mn 2ps,
and Mn 2p,,. When the Mn 2p;/, peak was deconvoluted, we
observed two peaks at 641.1 eV and 642.8 eV. These two peaks
are attributed to the presence of Mn(i1) and Mn(m) in the acti-
vated MOF.®® The presence of variable oxidation states of
manganese in Mn-TPA**°" is advantageous for carrying out
Lewis acid catalytic reactions.

Catalytic study

In order to achieve facile conversion, it is important that the
substrate molecules interact efficiently with the TPA-MOF "
catalyst. Majority of the substrate molecules are polar in nature
and contain functional groups such as -CHO, -OH, -NH,, etc.
The substrates o-phenylenediamine/o-amino phenol contain
amino/hydroxyl groups and are capable of forming hydrogen
bonds with the terephthalate groups of the TPA ligand
through carboxylate groups. Furthermore, the aromatic rings
of o-phenylenediamine and o-amino phenol may involve in n-n
stacking interactions with the aromatic benzene rings of the
TPA ligand, providing additional stability to the structure of
substrate-framework intermediate. These non-covalent inter-
actions influence the framework properties, such as the poro-
sity, flexibility, and overall performance of the Mn-TPAP**°"
MOF in catalysis.

Synthesis of benzoxazole derivatives

The permanent porosity and presence of abundant open metal
sites within the activated Mn-TPAP**®™ MOF prompted us to
investigate its potential as a Lewis acid catalyst for the syn-
thesis of benzoxazole derivatives. Initially several reactions
were performed to optimize the catalyst loading, reaction
temperature and time to obtain high conversion. Mn-TPA was
activated at 120 °C for 12 h under high vacuum before con-
ducting catalytic reactions. For optimization, o-aminophenol
(1 mmol) and p-tolualdehyde (1.1 mmol) were selected as
model substrates to carry out reactions in ethanol. When

Dalton Trans., 2025, 54,10627-10639 | 10629
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Fig. 2 XPS spectra of Mn-TPAP®*°: (a) complete survey scan of Mn-TPAP=°Y: (b) C 1s spectrum of Mn-TPAP®*°Y: (c) O 1s spectrum of Mn-

TPAPe°Y: and (d) Mn 2p spectrum of Mn-TPAPesel,

1 mmol aldehyde was used with 1 mmol aminophenol, the
o-aminophenol was not completely consumed. Therefore,
1.1 mmol aldehyde was used to achieve maximum conversion
in the reaction. When 0.005 mmol Mn-TPAP*°"™ was used at
30 °C, the conversion reached 79% within 10 min (entry 1,
Table S1}). Further the reactions were carried out using
0.006 mmol catalyst in 6 and 8 min, which led to 70% and
81% conversions, respectively (entries 2 and 3, Table S1t).
However, using 0.006 mmol of Mn-TPAP**°" catalyst at 30 °C
for 10 min resulted in an impressive 99.9% conversion (entry
4, Table S1%). To prioritize low energy consumption, a temp-
erature of 30 °C and a reaction time of 10 min were selected as
the best optimised conditions. On increasing the catalyst
loading to 0.007-0.008 mmol under similar reaction con-
ditions led to 99.9% conversion of benzoxazole derivatives
without any change in the reaction time (entries 5 and 6,
Table S1t). Upon increasing the reaction temperature to 40 °C
and 50 °C using 0.006 mmol Mn-TPAP**°", a 99.9% conversion
was achieved in 8 min (entries 7 and 8, Table S17). The as-syn-
thesized MOF, Mn-TPA, achieved a conversion of 55%, which
is significantly lower than that of the desolvated MOF (entry 9,

10630 | Dalton Trans., 2025, 54, 10627-10639

Table S1t). It emphasizes the critical role and efficiency of
OMSs in enhancing conversion rates. The acid ligand (TPA)
did not facilitate any conversion, while the metal source Mn
(NO3),-4H,0 exhibited only 16% conversion under the opti-
mized conditions (entries 10 and 11, Table S1t). The reaction
did not proceed at all in the absence of a catalyst (entry 12,
Table S1t). The results demonstrate the necessity of using Mn-
TPAP**°V as a catalyst rather than the as-synthesized MOF or
its individual components. It is worth noting that 0.006 mmol
Mn-TPAP**°" provided adequate active acidic sites, enabling
the reaction to proceed effectively with excellent conversion.
Consequently, a catalyst loading of 0.006 mmol Mn-TPAP¢sl
was selected for subsequent catalytic reactions.

Effect of solvents towards the synthesis of benzoxazole
derivatives

Solvents play a crucial role in catalytic reactions, and their
influence varies depending on the specific catalyst used.
Therefore, for this reaction, we have tested various solvents
such as water, dichloromethane, chloroform, acetonitrile,
hexane, tetrahydrofuran and ethanol. This reaction proceeds

This journal is © The Royal Society of Chemistry 2025
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Table 1 Synthesis of benzoxazole derivatives using p-tolualdehyde and Mn-TPAP®*°Y in different solvents

Mn-TPAPes°V (0.006 mmol)

NH
@[ S OHCQOCHs

N
oo
(0]

EtOH, 30 °C
OH

Entry Solvent Conversion (%)
1 CH,Cl, 56

2 CHCl, 59

3 CH,CN 72

4 THF 74

5 H,0 53

6 EtOH 99.9

Reaction conditions: p-tolualdehyde (1.1 mmol), o-aminophenol (1.0 mmol), catalyst (0.006 mmol), time 10 min, and temperature 30 °C.

in dichloromethane and chloroform with 56% and 59% con-
versions, respectively (entries 1 and 2, Table 1). In contrast, sol-
vents like acetonitrile and tetrahydrofuran provided 72% and
74% conversions, respectively (entries 3 and 4, Table 1). Polar
and protic solvents, water and ethanol, provided 53% and
99.9% conversions, respectively (entries 5 and 6, Table 1).
Screening of solvents suggested ethanol as the most effective
solvent among those tested, providing good to excellent results
in the synthesis of benzoxazole derivatives. Ethanol is effective
in this reaction for several reasons. As a polar protic solvent,
ethanol can form hydrogen bonds with o-amino phenol,
helping to stabilize the reactants and enhance their interaction
in the reaction medium. This solvent improves the solubility of
the substrates, ensuring efficient diffusion of the reactants
into the manganese active sites of the Mn-TPA***™ MOF and
forming benzoxazole products in high
Furthermore, the environment friendly and non-toxic nature of
ethanol also makes it ideal for green chemistry applications.
Consequently, ethanol was selected as the optimized solvent
for subsequent catalytic reactions.

After optimization of the reaction conditions, to assess gen-
erality and the broad substrate scope, several aryl aldehydes
containing electron-withdrawing and electron-donating groups
were examined under optimized conditions. The optimized
reaction conditions were found to produce good conversion
regardless of whether the aryl aldehydes exhibited electron-
withdrawing or electron-donating groups. On a gram scale syn-
thesis, experiments were performed where aldehydes
(55 mmol) reacted with o-aminophenol (50 mmol) in ethanol
at 30 °C in the presence of the Mn-TPAP**°" catalyst (Fig. 3).
Benzaldehyde demonstrated excellent catalytic performance
and achieved 99.9% conversion of benzoxazole within 30 min,
accompanied by a high TON of 8325 and TOF of 277 min™"
(entry 1, Fig. 3). The aryl aldehydes bearing electron-withdraw-
ing groups like -F, —Cl, -Br, -NO,, and -CN afforded excellent
98-99.9% conversion of the desired products of benzoxazole
derivatives, within 45 min accompanied by a high TON of
8166-8325 and TOF of 181-185 min™" (entries 2-6, Fig. 3). The
aryl aldehydes bearing electron-donating groups like m-meth-
oxybenzaldehyde, p-methoxybenzaldehyde, and p-tolualdehyde
resulted in 99.9% conversion of the desired products within

conversions.

This journal is © The Royal Society of Chemistry 2025

60 min accompanied by a high TON of 8325 and TOF of
138 min~" (entries 7-9, Fig. 3). To check if the reaction occurs
on the surface or within the pores, a sterically hindered bulky
substrate, 1-naphthaldehyde, was used in the reaction. It is
obvious that if the reaction occurs on the surface, increasing
the size of the substrates is unlikely to significantly affect the
conversion. Conversely, if the reaction occurs within the pores,
an increase in the size of the reactants could hinder their
diffusion into the inner cavities and it will significantly impact
the conversion.

Interestingly, 1-naphthaldehyde was observed to effectively
produce the corresponding product with excellent 99.9% con-
version within 90 min accompanied by a high TON of 8325
and TOF of 92 min™" (entry 10, Fig. 3). The result of the bulky
substrate indicates that increasing the size of the aldehyde
substrate has no effect on percentage conversion. This
suggests that the reaction takes place on the surface of Mn-
TPAP**°" and is also supported by our previous studies on cya-
nosilylation reactions.>**° The percentage conversion of all
catalytic reactions was confirmed by 'H NMR spectroscopy
(Fig. S9-518%). The results suggest that aldehydes with elec-
tron-withdrawing substituents react faster and have high TOF
values, compared to those with electron-donating substituents.
In comparison bulkier substrates exhibited slow reaction rates
and comparatively low TOF values. This indicates that both
electronic effects and steric factors play important roles in
determining the reaction rate. Additionally, the Mn-TPAP®*"
catalyst is highly efficient for benzoxazole derivative synthesis.

The heterogeneity test is one of the crucial control tests in
heterogeneous catalysis. For this study, a filtration test was per-
formed using o-aminophenol and p-tolualdehyde in ethanol at
30 °C under optimized reaction conditions (Fig. 4). After two
minutes, the Mn-TPAP*°" catalyst was filtered out. The reac-
tion with the filtrate was then allowed to proceed under
similar reaction conditions without the solid catalyst for an
additional 30 min. Samples were collected periodically and
analyzed using "H NMR spectroscopy. No significant progress
was observed in the reaction after the removal of Mn-TPAP*°",
This indicates that no active functional species were present
inside the reaction mixture, proving the truly heterogeneous
nature of the Mn-TPAP**°" catalyst.

Dalton Trans., 2025, 54,10627-10639 | 10631
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Fig. 4 Heterogeneity study of the Mn-TPAPs°V catalyst for the syn-
thesis of benzoxazoles using p-tolualdehyde and o-aminophenol.
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The catalytic activity of Mn-TPA®**°*™ is compared with
other reported homogeneous and heterogeneous catalysts for
benzoxazole synthesis and the results are summarized in
Table S2.t As shown in Table S2,% Mn-TPAP*°" exhibits
superior catalytic performance under mild and sustainable
reaction conditions compared to other previously reported cat-
alysts. Some of the catalysts mentioned in the table (entries 7,
10 and 11, Table S21) also produce desired products with good
conversion; however, they require high-temperature and
extended reaction time. Therefore, it can be concluded that
Mn-TPAP**°M acts as a highly efficient and facile heterogeneous
catalyst for the synthesis of benzoxazole derivatives.

Synthesis of benzimidazole derivatives

Inspired by the excellent catalytic performance of Mn-TPAP*°"
in synthesizing benzoxazole derivatives, this catalyst has also
been employed as an effective heterogeneous catalyst for the
synthesis of benzimidazole derivatives. To optimize the reac-
tion, p-chlorobenzaldehyde (1 mmol) and o-phenylenediamine
(1 mmol) were chosen as model substrates using ethanol.

This journal is © The Royal Society of Chemistry 2025
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Using 0.004 mmol Mn-TPA”***" led to 82% conversion within
10 min (entry 1, Table S31). Further experiments revealed that
increasing the catalyst amount to 0.005 mmol resulted in 69%
and 82% conversions within 6 and 8 min, respectively (entries
2 and 3, Table S31). However, this reaction with 0.005 mmol
Mn-TPAP**°" catalyst at 30 °C for 10 min achieved an excellent
conversion of 99.9% (entry 4, Table S37). Increasing the cata-
lyst loading to 0.006-0.007 mmol under similar reaction con-
ditions led to 99.9% conversion of benzimidazole derivatives
without affecting the reaction time (entries 5 and 6,
Table S3t). Further increasing the reaction temperature to
40 °C and 50 °C using 0.005 mmol catalyst reduced the
required time to achieve 99.9% conversion in 8 and 6 min,
respectively (entries 7 and 8, Table S37}). Therefore, to minimize
energy consumption, subsequent catalytic reactions were per-
formed at 30 °C for 10 min. The as-synthesized MOF, Mn-TPA,
exhibited a significantly lower conversion (49%) compared to the
desolvated MOF, Mn-TPA”***" (entry 9, Table S3t). This empha-
sizes the critical role and efficiency of OMSs in enhancing conver-
sion rates. When the acid ligand (TPA) was used, no conversion
was observed while the metal source Mn(NOj3),-4H,0 provided
only trace conversion under optimized conditions (entries 10 and
11, Table S37). This reaction was also performed without a cata-
lyst, resulting in no desired products (entry 12, Table S3t).
Therefore, this reaction showed that the presence of a catalyst is
essential to obtain the desired conversion of the product. These
results highlight the important role of desolvation in enhancing
the catalytic activity, making Mn-TPAP*°" the preferred catalyst
over the as-synthesized MOF or its individual components.
Notably, a loading of 0.005 mmol Mn-TPA"***™ was sufficient to
facilitate efficient reaction progress with excellent conversion.
Thus, a catalyst loading of 0.005 mmol Mn-TPA”***™ was chosen
for subsequent catalytic reactions.

Effect of solvents towards the synthesis of benzimidazole
derivatives

For benzimidazole derivative synthesis, we have tested solvents
such as chloroform, ethanol, water, dichloromethane, aceto-
nitrile and tetrahydrofuran. The reaction of p-chlorobenzalde-
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hyde and o-phenylenediamine in chloroform provided 35%
conversion (entry 1, Table 2). In comparison, solvents like di-
chloromethane, tetrahydrofuran and acetonitrile showed con-
versions of 43%, 47% and 84%, respectively (entries 2-4,
Table 2). Polar and protic solvents such as water and ethanol
exhibited significantly higher conversions of 50% and 99.9%,
respectively. This screening of the solvent study highlights
ethanol as the most efficient solvent, provided excellent per-
centage conversion for the synthesis of benzimidazole deriva-
tives (entries 5 and 6, Table 2) as well. Therefore, ethanol was
chosen for further catalytic reactions.

After optimizing the reaction conditions, various aromatic
aldehydes with electron-withdrawing and electron-donating
groups were evaluated under optimized conditions to assess
the broad substrate scope. The optimized reaction conditions
achieved excellent conversion, irrespective of whether the aro-
matic aldehydes containing electron-withdrawing or electron-
donating groups.

On a gram scale synthesis, experiments were conducted in
which aldehydes (50 mmol) reacted with o-phenylenediamine
(50 mmol) in ethanol at 30 °C in the presence of Mn-TPAP*°"
(Fig. 5). Benzaldehyde exhibited remarkable 99.9% conversion
of the desired product within 30 min, along with an impressive
high TON of 9990 and TOF of 333 min™" (entry 1, Fig. 5). The
aromatic aldehydes containing electron-withdrawing groups
such as -F, -Cl, -NO, and -CN exhibited an excellent 99.9%
conversion of the desired products within 30 min, along with
an impressive high TON of 9990 and TOF of 333 min "
(entries 2-7, Fig. 5) While p-bromobenzaldehyde exhibited
99.9% conversion within 45 min accompanied by a high TON
of 9990 and TOF of 222 min~" (entry 8, Fig. 5). The aromatic
aldehydes containing electron-donating groups like p-tolualde-
hyde, o-tolualdehyde, and p-methoxybenzaldehyde resulted in
99.9% conversion of the desired products within 45 min
accompanied by a high TON of 9990 and a TOF of 222 min™*
(entries 9-11, Fig. 5). To assess whether the reaction occurs on
the surface or inside the pores, bulky substrates such as
1-naphthaldehyde and 9-anthracenecarboxaldehyde were used
in the reaction. Interestingly, both the sterically hindered

Table 2 Synthesis of benzimidazole using p-chlorobenzaldehyde and Mn-TPAP®*°V in different solvents

Mn-TPAPesolV (0,005 mmol)

NH,
@[ + OHC c

IO

EtOH, 30° C N

NH, H
Entry Solvent Conversion (%)
1 CHCl, 35
2 CH,Cl, 43
3 THF 47
4 MeCN 84
5 H,0 50
6 EtOH 99.9

Reaction conditions: p-chlorobenzaldehyde (1.0 mmol), o-phenylenediamine (1.0 mmol), catalyst (0.005 mmol), time 10 min, and temperature

30 °C.

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Results of the synthesis of benzimidazole derivatives using the Mn-TPAP®°Y catalyst. Reaction conditions: aldehyde (50 mmol),
o-phenylenediamine (50 mmol) and Mn-TPAP®°Y (0.005 mmol) at 30 °C. The blue text indicates percentage conversion, the wine text indicates

time, the pink text indicates TON and the black text indicates TOF (min™?).

bulky substrates 1-naphthaldehyde and 9-anthracenecarboxal-
dehyde exhibit an excellent conversion, a high TON and a high
TOF towards the conversion of corresponding benzimidazole
derivatives. The substrate 1-naphthaldehyde demonstrated
99.9% conversion of the desired product within 60 min achiev-
ing a high TON of 9990 and TOF of 166 min~' (entry 12,
Fig. 5). Whereas 9-anthracenecarboxaldehyde provided 99.9%
conversion with a prolonged reaction time (90 min)
accompanied by a high TON of 9990 and TOF of 111 min™"
(entry 13, Fig. 5). The results from bulky substrates show that
increasing the size of the aldehyde substrates did not affect

10634 | Dalton Trans., 2025, 54,10627-10639

the reaction conversion, indicating that the reaction occurs on
the surface of Mn-TPAP**°", The percentage conversion of all
the products was confirmed through "H NMR spectroscopy
(Fig. S19-S31%). The results indicate that aldehydes bearing
electron-withdrawing groups react faster and have higher TOF
values compared to those with electron-donating groups. In
contrast, bulkier substrates show slower reaction rates and
lower TOF values. It highlights the influence of both electronic
and steric effects on the reaction rate. Furthermore, Mn-
TPAP**°" exhibits high efficiency in the synthesis of benzimi-
dazole derivatives.

This journal is © The Royal Society of Chemistry 2025
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To check the heterogeneity of the Mn-TPAP**°" catalyst, a
filtration experiment was conducted using p-chlorobenzalde-
hyde and o-phenylenediamine at 30 °C in ethanol (Fig. 6). The
Mn-TPAP**°" catalyst was removed by filtration after two
minutes of reaction. The resulting filtrate without a catalyst
was allowed to react further under similar reaction conditions.
At regular intervals, the samples were collected and analyzed
using '"H NMR spectroscopy. There was no noticeable progress
in percentage conversion after removal of the Mn-TPAP**"
catalyst. This suggests that no homogeneous species was
present in the reaction mixture. This confirms the truly hetero-
geneous nature of the Mn-TPAP**°" catalyst.

It is widely recognized that the recyclability of a hetero-
geneous catalyst is a critical factor for its commercialization
and large-scale industrial implementation. In this context, the
reusability of Mn-TPAP***" was examined in the reaction invol-

100 4 (a) With Catalyst
(b) Catalyst removed after 2 min

S 80-
0
g
= 60
o
]
g’ 40 4
5 o T oo xxxxxio XY R XI0]
S 20 (b)
8 A

0

Time (min)

Fig. 6 Percentage conversion vs. time graph for the synthesis of benzi-
midazole derivatives using p-chlorobenzaldehyde with Mn-TPAPe°Y a5

a catalyst.
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ving p-chlorobenzaldehyde and o-phenylenediamine (Fig. 7).
After completion of the catalytic reaction, Mn-TPA”**°" was
recovered by centrifugation of the reaction mixture, followed
by filtration and washing with acetone. The catalyst was dried
for 5 h and activated under a high vacuum pump overnight at
120 °C. It was then reused 30 times for recyclability testing.
The filtered solution was analyzed using "H NMR spectroscopy
after each cycle. As illustrated in Fig. 7, 99.9% conversion was
obtained in each cycle, demonstrating the remarkable
efficiency of the Mn-TPAP**°" catalyst.

In order to evaluate the stability of the catalyst during the
30 cycles of catalysis, PXRD patterns were recorded after each
cycle. Fig. 8 shows that PXRD pattern of each catalytic reac-
tions are similar to the PXRD pattern of the activated MOF
(Mn-TPAP**°"), This suggests that the structural integrity of
the MOF catalyst was intact for 30 cycles, confirming the
robust nature of Mn-TPAP¢*°",

Furthermore, the catalytic performance of Mn-TPA”**°" is
evaluated in comparison with various reported homogeneous
and heterogeneous catalysts for the synthesis of benzimida-
zoles (Table S4f). Notably, the Mn-TPAP**°" catalyst demon-
strates excellent catalytic performance under mild conditions
surpassing the performance of many previously reported cata-
lysts. Several catalysts mentioned in the table (entries 6, 9, 10
and 12, Table S4t) produced desired product formation with
significant conversion, although required elevated temperature
and prolonged reaction time. In contrast, the results demon-
strate that Mn-TPAP**°" is a highly efficient heterogeneous
catalyst for the synthesis of benzimidazole derivatives.

Following the literature, a plausible mechanism for the syn-
thesis of benzoxazoles and benzimidazoles from o-amino-
phenol or o-phenylenediamine with aromatic aldehydes is
depicted in Fig. 9.*%7 Initially, the aldehyde molecule is acti-
vated by the Lewis acid site of manganese present on the Mn-
TPAP**°™ catalyst via Mn---O coordinative interaction (see
Fig. 9). The electrophilicity of the carbonyl carbon on the acti-

10 11 12 13 14 15 16 17 18 19 20 21 24 25 26 27 28 29 30

Reaction Cycles

Fig. 7 Recyclability results of Mn-TPAP®°Y in the synthesis of benzimidazole derivatives using p-chlorobenzaldehyde for 30 consecutive catalytic

cycles.

This journal is © The Royal Society of Chemistry 2025

Dalton Trans., 2025, 54,10627-10639 | 10635


https://doi.org/10.1039/d5dt00500k

Published on 10 June 2025. Downloaded on 3/11/2026 6:48:48 PM.

View Article Online

Paper Dalton Transactions

A‘ sl ~— )
| S AN (m)
Y N AN 0]
Y N et (k)
L —~—— i)
| S . 0]
\ J (h)
k | S A @
L L A A .. T, I A )
A~ A (@)
A | Y VYV S )
A | WV N (¢

1 — o

.l e o
.

a
-
o
-
(3,
N
o

25

30 35 40 45 50

20(degrees)

Fig. 8 PXRD patterns of the recyclability of Mn-TPA MOF at various stages: (a) simulated; (b) as-synthesized; (c) Mn-TPAP®*°Y; (d) after the 1" cata-
lytic cycle; (e) after the 3" catalytic cycle; (f) after the 6™ catalytic cycle; (g) after the 9" catalytic cycle; and (h) after the 12" catalytic cycle; (i) after
the 15" catalytic cycle; (j) after the 18™ catalytic cycle; (k) after the 21% catalytic cycle; (1) after the 24" catalytic cycle; (m) after the 27" catalytic

cycle; and (n) after the 30" catalytic cycle.

vated aldehyde increases, facilitating the attack of the amino
group of o-aminophenol or o-phenylenediamine on carbonyl
carbon. Due to proton transfer and subsequent elimination of
a water molecule as a byproduct, a stable imine (C=N) bond is
formed. Furthermore, a ring closure reaction occurs through
intramolecular nucleophilic attack of an ortho-substituted OH
or amine group (-XH, X = O or NH) with the carbon atom of
the imine group. Subsequently, proton transfer occurs, fol-
lowed by a dehydrogenation process facilitated by oxidative
aromatization. Finally, a stable desired product is successfully
formed followed by the recovery of the Mn-TPAP**°" catalyst.
The regenerated catalyst reactivates as an effective active site to
facilitate the formation of the desired product in subsequent
reaction cycles.

Experimental methods
Materials

All the reagents and solvents were supplied by Merck and
Central Drug House chemical companies and used without
any further purification.
Physical measurements

Powder X-ray diffraction (PXRD) patterns were recorded using
a Rigaku Miniflex 600 using Cu-Ka radiation (1 = 1.54 A) in the

10636 | Dalton Trans., 2025, 54,10627-10639

26 range of 5-50°. Fourier transform infrared (FT-IR) spectra
were recorded using a Bruker Alpha machine in the region of
4000-600 cm™'. Thermogravimetric analysis (TGA) data were
acquired using a Shimadzu DTG-60H instrument from 50 to
600 °C at a heating rate of 10 °C min™" under a N, gas flow. 'H
NMR spectra were recorded using a Bruker 400 MHz spectro-
meter and a Magritek model Spinsolve spectrometer at a fre-
quency of 80 MHz, using CDCl; and DMSO-dg solvents and
tetramethylsilane as an internal reference. The acidic and
basic properties were determined by temperature-programmed
desorption of ammonia (NH;-TPD) using a BELCAT II instru-
ment. Morphological studies have been performed using a
Zeiss Gemini SEM 500 field emission scanning electron micro-
scope (FE-SEM). X-ray Photoelectron Spectroscopy (XPS)
measurements were performed using a Thermo Fisher instru-
ment, equipped with Al-Ka radiation as the excitation source.

Preparation

Preparation of Mn-TPA. The Mn-TPA MOF was prepared via
a solvothermal method based on procedures outlined in ref.
39, 40 and 49. Initially, a Teflon-lined stainless steel autoclave
was loaded with 1.0 mmol Mn(NOj;),-4H,0, 1.0 mmol ter-
ephthalic acid and 10 mL of DMF. The obtained solution was
stirred for 30 min and then the vessel was closed and placed
in an oven that was previously kept at 120 °C. The reaction was

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 Proposed mechanism for the synthesis of benzoxazole and benzimidazole derivatives with the Mn-TPAP®*°Y catalyst.

continued for 48 hours. After cooling the autoclave to room
temperature, transparent crystals were formed. The reaction
mixture was filtered and washed with DMF several times and
dried under vacuum in a desiccator. The Mn-TPA transparent
crystals were obtained with an 85% yield based on manganese.
Anal. caled for C,,H,,N,Mn,0Og: C, 45.35; H, 3.76; N, 4.80.
Found: C, 44.56, H, 4.05; N, 4.60. IR: vas(OCO), 1538; 1s(OCO),
1374 (Fig. S17).

Preparation of Mn-TPA”**°™, The Mn-TPA MOF was sub-
jected to heating at 120 °C for 12 h under high vacuum to
ensure the complete removal of coordinated DMF molecules
and moisture, allowing the manganese sites to become accessi-
ble to substrate molecules. Anal. caled for C;;HgMn,Oq4: C,
43.84; H, 1.87. Found: C, 43.54; H, 2.08. The lack of N indicates
that the DMF solvent has been entirely removed upon heating
at 120 °C. IR: vas(OCO), 1555; vs(OCO), 1383 (Fig. S27).

Catalytic experiments

Procedure for the synthesis of benzoxazole derivatives using
the Mn-TPA”**°" catalyst. A round bottom flask was loaded
with o-aminophenol (1.0 mmol), aldehyde (1.1 mmol) and
0.006 mmol Mn-TPAP**° catalyst in ethanol at 30 °C, followed
by stirring the reaction mixture for 10 min. Upon completion
of the reaction, monitored by TLC and '"H NMR spectroscopy,
the catalyst was separated by filtration, and the organic solvent
was evaporated to obtain the concentrated product. The col-

This journal is © The Royal Society of Chemistry 2025

lected product was dissolved in CDCl; and examined via 'H
NMR spectroscopy to determine the percentage conversion of
the product.

Procedure for the synthesis of benzimidazole derivatives
using the Mn-TPA"**°" catalyst. A round bottom flask was
loaded with a mixture of o-phenylenediamine (1.0 mmol),
aldehyde (1.0 mmol) and 0.005 mmol Mn-TPAP***" catalyst in
ethanol at 30 °C, followed by stirring the reaction mixture for
10 min. Upon completion of the reaction, monitored by TLC
and "H NMR spectroscopy, the catalyst was separated by fil-
tration, and the organic solvent was evaporated to obtain the
concentrated product. The collected product was dissolved in
CDCl; and DMSO-dg, and then examined via 'H NMR spec-
troscopy to determine the percentage conversion of the
product.

Bulk-scale procedure for benzoxazole derivatives. A similar
procedure to that mentioned above for the synthesis of benzox-
azoles was followed with variations in the concentration of
substrates. A 100 mL round bottom flask was loaded with
o-aminophenol (50 mmol), aldehyde (55 mmol), Mn-TPAP*°"
(0.006 mmol) and 10-15 mL of EtOH, followed by stirring the
mixture at 30 °C.

Bulk-scale procedure for benzimidazole derivatives. A
similar procedure to that described above was employed for
the synthesis of benzoxazoles, by varying the concentration of
substrates. A 100 mL round bottom flask was loaded with
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o-phenylenediamine (50 mmol), aldehyde (50 mmol), Mn-
TPAP**°V (0.005 mmol) and 10-15 mL of EtOH, followed by
stirring the mixture at 30 °C.

Conclusion

In summary, we demonstrate the exceptional catalytic perform-
ance of a robust 3D manganese-based MOF,
{Mn,(TPA),(DMF),},, where the desolvated form Mn-TPAP*"
acts as a highly efficient heterogeneous catalyst due to its
accessible manganese open metal sites (OMSs). This material
exhibits remarkable activity in synthesizing benzoxazole and
benzimidazole derivatives under exceptionally mild conditions
(30 °C in ethanol), achieving quantitative conversions (99.9%)
across a wide range of aldehydes. Furthermore, the catalyst
provides outstanding turnover numbers (TONs up to 9990) and
frequencies (TOFs up to 333 min~") even with challenging
sterically hindered substrates like 1-naphthaldehyde and
9-anthracenecarboxaldehyde. The catalyst maintains its struc-
tural integrity and highest catalytic efficiency through an un-
precedented 30 reaction cycles, demonstrating exceptional
stability not commonly observed in MOF-based systems. These
combined attributes, including the mild reaction conditions,
broad substrate scope, extraordinary TON/TOF values, and
exceptional recyclability, not only distinguish Mn-TPAP®s"
from other reported catalysts but also highlight its strong
potential for industrial-scale applications. Furthermore, the
versatility of this robust catalytic system suggests promising
opportunities for extending its utility to other organic trans-
formations, while structural modifications could further
enhance its activity and selectivity for specific applications.
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