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Fe(MIL-53) metal-organic framework as a facile
and sustainable Lewis acidic catalyst for the one-
pot synthesis of xanthene derivatives
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The catalytic application of the easily preparable Fe(MIL-53) MOF was demonstrated as a sustainable solid
Lewis acidic catalyst in synthesising pharmaceutically essential xanthenes under mild conditions. The
Fe(MIL-53) MOF catalyst was synthesised and characterised using various analytical tools such as PXRD,
FTIR, SEM, TGA and ICP-OES. The presence of a high concentration of coordinatively unsaturated Fe**
sites in Fe(MIL-53) can efficiently catalyse the formation of xanthenes in the presence of a catalytic
amount (1.36 mg) of MOF using environmentally friendly, non-toxic and renewable ethanol as the
medium. A series of substituted xanthenes were synthesised in good to excellent yield with wide
functional group tolerance. The present methodology avoids the usage of any strong reagents and uses
stoichiometric amounts of the catalyst. The catalytic comparison studies with other homogeneous and
heterogeneous catalytic systems proved the efficiency of the present Fe(MIL-53) MOF catalyst. The hot-
filtration test and reusability profile prove the stability and sustainability of this catalyst, which were also
supported by PXRD, FTIR and SEM analysis of the reused catalyst.

Iron is one of the most abundant metals in nature, and iron-based metal-organic frameworks (MOFs) have garnered significant attention due to their

remarkable reactivity, stability, ease of handling, relatively low toxicity, and environmental friendliness while being cost-effective. Earlier-generation catalysts

were largely based on precious metals, often homogeneous, and suffered from significant recyclability challenges. Xanthenes are a crucial class of organic

compounds with diverse pharmacological properties. However, their synthesis presents challenges, particularly due to their acid-sensitive groups. The use of
iron-based MOFs offers a sustainable approach to overcoming these limitations. This work aligns with the United Nations Sustainable Development Goals

(SDGs) 7 and 12, which emphasize affordable and clean energy as well as sustainable consumption and production patterns, promoting a more environmentally

responsible approach to catalysis.

1. Introduction

Xanthenes are an important class of organic compounds with
several pharmacological properties, such as anti-coagulant,
spasmolytic, anticancer, antiviral, anti-inflammatory, antibac-
terial, antifungal, antiproliferative, antioxidant, and specific
IKca, channel blocking activities."” These compounds were
widely used as synthetic precursors for many valuable organic
compounds,® dyes,” and photoactive materials® and in laser
technologies™ and fluorescent materials for the visualisation of
biomolecules™ and detection of metal ions.™ Tetraketones and
their tautomeric enol forms are also considered to be important
biologically active compounds, being assessed as tyrosinase

“Supramolecular and Catalysis Lab, Dept. of Natural Products Chemistry, School of
Chemistry, Madurai Kamaraj University, Madurai-625021, Tamil Nadu, India.
E-mail: suresh.chem@mkuniversity.ac.in; ghemistry@gmail.com

*Department of Chemistry, Sethu Institute of Technology, Virudhunagar-626115,
Tamil Nadu, India

4746 | RSC Sustainability, 2025, 3, 4746-4758

inhibitors, and also leading intermediates in the preparation of
fused heterocyclic systems such as xanthendione, acridindione
and 4H-1-benzopyran derivatives.' Xanthene derivatives can be
prepared generally via the condensation between aldehydes and
1,3-dicarbonyl compounds. To obtain xanthenes, this type of
condensation reactions has been reported in the literature
using homogeneous catalysts, including protonic acids,*® Lewis
acids such as InCl;-4H,0,' indium triflate,"”” FeCl;-8H,0,"
CuCl,,"” and NaHSO,,* and heterogeneous catalysts, such as
Dowex-50W,** polyaniline p-toluenesulfonate,* p-toluenesulfo-
nic acid,”® sulfamic acid@MCM-41,>* PPA-Si0,,>® Ti0,/S0,4,**
nano-Fe;0,-TiO,-SO:H,”” Fe;0,@NFC@NNSM-Mn(u),”® Fe;-
0,@Si0,@APTES@  MPIB-Mn(n),®  TMP-PECH-COOH,*
CuCeO, NPs,* ZrO, NPs,*> Fe;0, NPs,*®* Cu(u) NPs,* CuS
quantum dots,* and Amberlyst-15.¢ In general, heterogeneous
solid acid catalysts have more advantages over homogeneous
acid catalysts as they can be easily recovered from the reaction
mixture by simple filtration and can be reused several times

© 2025 The Author(s). Published by the Royal Society of Chemistry
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without loss of their active sites, thereby making the process
more economically and environmentally feasible.?”

Metal-organic frameworks (MOFs) are of immense interest
as a new class of synthetic porous materials in various appli-
cations.*® MOFs contain coordinatively unsaturated metal
centres/sites (CUS), which act as Lewis acidic centres,* or
functionalities suspended on their organic linkers, which act as
either Bronsted basic*® or acidic**®*** sites, promoting sustain-
able catalytic processes. The combination of abundant metal
content and porosity makes MOFs promising heterogeneous
catalysts for several organic transformations.** Besides the field
of catalysis, due to their fascinating features, which include
structural diversity, flexibility and alterability, intrinsic porosity,
and desirable chemical functionality, MOFs have been used in
diverse fields such as gas storage and separation, sensors, drug
delivery and bioimaging.*

Among the reported popular MOFs, iron-based organic
frameworks have attracted considerable attention** owing to
their remarkable reactivity, stability, ease of handling, relatively
non-toxic and environment-friendly nature, and low cost.
Various iron-based MOFs such as Fe(BTC),* Fe(MIL-100),%*
Fe(MIL-53),” Fe(MIL-101),"* NH,-MIL-101(Fe),* MOF-235,*
Fe;0(BDC)3,”* Fe;O(BPDC)3,°* and VNU-20 (ref. 53) have been
used for different applications. Amongst them, Fe(MIL-53) MOF
is a reliable iron-MOF that is explicitly used in photocatalysis,*
sensors,”® drug delivery,* etc. Centred in the middle of the d-
block elements and able to support formal oxidation states
varying from —II to +VI, iron-based catalysts can be widely
applied in the field of organic synthesis. Iron-based metal-
organic frameworks show comparable or superior catalytic
activity, along with improved stability and sustainability, when
used as catalysts for organic transformations. Further, the Lewis
acidity of iron varies from fairly modest to very high, and this
property is strongly associated with its oxidation state, and
hence tunable not only based on the choice of ligands. However,
although Fe(MIL-53) MOF possesses promising characteristics
for catalysis such as high porosity, thermal stability, and Lewis
acidic sites, its application as a heterogeneous catalyst in
organic synthesis has been relatively underexplored. To date,
only a limited number of organic transformations has been
reported using Fe(MIL-53), including Fenton-type oxidation®’
and the synthesis of heterocyclic frameworks such as pyrano
[2,3-c]pyrazoles,® 2-aryl-1H-benzimidazoles,” and pyrimido
[4,5-d]pyrimidine derivatives.®® In contrast, other Fe-based
MOFs, such as Fe-BTC and Fe-MOF-74, have been more widely
studied for diverse catalytic applications. However, to our
knowledge, there have been no reports on the iron-MOF-
catalysed synthesis of xanthenes via condensation reactions.
Therefore, our current study offers a novel contribution by
demonstrating the efficiency of Fe(MIL-53) MOF in catalysing
the synthesis of xanthenes, further expanding its catalytic utility
in organic transformations.

2. Results and discussion

In this study, we aim to explore the catalytic efficiency of
Fe(MIL-53) MOF as a heterogeneous iron catalyst for synthetic
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organic applications. Specifically, we have utilized this catalyst
for the synthesis of pharmaceutically active xanthene mole-
cules. The Fe(MIL-53) MOF was synthesised and systematically
characterised using various spectroscopic and microscopy
techniques. The FTIR (Fig. 7) and PXRD (Fig. 8) analyses
confirmed the formation Fe(MIL-53) as a framework, not as
a coordination polymer. Further, the crystalline nature of the
synthesised Fe(MIL-53) MOF (1) was proven by the SEM anal-
ysis, which showed the formation of highly crystalline rod-
shaped Fe (MIL-53) (Fig. 9). After confirming the structure of
the prepared MOF (1), it was used as a solid Lewis acid catalyst
for the synthesis of xanthene from benzaldehyde (2) and di-
medone (3) as model substrates. To obtain the optimum reac-
tion conditions, the catalytic reaction parameters such as
solvent, time, temperature and catalyst loading were screened.
When employing MOFs as catalysts in heterocyclic synthesis,
owing to the presence of multiple catalytic sites within their
pores, the role of solvent is highly inevitable. In the present
study, a spectrum of non-polar solvents was screened using
20 wt% of the Fe(MIL-53) MOF catalyst (Table 1) at the reflux
temperature of the respective solvent and arbitrarily fixing 3 h
as the reaction time.

The analysis of the solvent screening results clearly reveals
that the solvent played a notable role in the formation of the
product. In general, MOF catalysts are not more compatible
with non-polar solvents. This behaviour was reflected in the
present study. When non-polar solvents like toluene, di-
chloromethane, and dichloroethane were employed as the
solvent, a moderate yield (64-72%) was observed. Meanwhile,
polar solvents such as tetrahydrofuran, chloroform, 1,4-
dioxane, acetonitrile and DMF resulted in moderate to good

Table 1 Solvent optimisation for Fe(MIL-53) MOF-catalysed synthesis
of xanthene (4a)*

CHO o
Fe(MIL-53) (1)
@ * bv Solvent, reflux, 3 h
o

2 3
S. no. Solvent Yield” (%)
1 Methanol 85
2 Ethanol 98
3 IPA 89
4 Dioxane 80
5 ACN 58
6 DMF 88°¢
7 Toluene 64°
8 THF 82
9 CHCl, 74
10 Water 23¢
11 DCM 72
12 DCE 70

¢ Reaction conditions: benzaldehyde (0.71 mmol, 1.0 eq.), dimedone
£1.42 mmol, 2.0 eq.), Fe(MIL-53) (25 wt%), solvent (2 mL), reflux, 3 h.
Isolated yield. ¢ 100 °C. ¢ MOF catalyst decomposed.
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yield (74-88%). Conversely, in protic polar solvents such as
methanol, ethanol, and isopropanol, the reaction proceeds
smoothly and yields good to excellent (85-98%). Further, to
explore the greener aspects, water was employed as the solvent;
however, the result was not encouraging, giving a lower yield of
45% and revealing that the MOF catalyst was not stable at the
end of the reaction (refer to SI, Fig. S54).

According to the overall analysis of the solvent screening
results, the readily available and renewable ethanol was iden-
tified as the optimum reaction medium for the Fe(MIL-53) (1)-
catalysed synthesis of xanthene (4a). Compared to the other
solvent systems, in recent days, ethanol was found to be
a benign reaction medium® owing to its renewable and non-
toxic nature; besides, it is cheap and readily available.

In the present synthesis of xanthene (4a), temperature plays
a crucial role, as inferred from the solvent optimisation. During
the solvent screening, most of the solvents were used at their
boiling point. The optimised ethanol was also used at its boiling
point; however, to find the optimum temperature, the reactions
were carried out at different temperatures.

The product yield fluctuated while tuning the temperature
(Fig. 1). Initially, at room temperature, an inferior product
(<2%) was noted. When the temperature increased, an
enhancement in yield was observed (Fig. 1) and it increased
proportionally with temperature. When the temperature
reached 60 °C and 70 °C, it offered a reasonable yield (75% and
83%, respectively); however, complete conversion and the ex-
pected yield were not achieved. Further, the reaction tempera-
ture increased up to the reflux temperature of the solvent (at the
boiling point of 80 °C) and gave the maximum yield (98%). To
investigate the reaction at 90 °C, a sealed vessel was used to
prevent solvent loss. The yield obtained under this condition
did not influence the yield and gave the maximum yield of 98%.
According to the temperature optimisation study, the reflux
condition (80 °C) was fixed as the optimum temperature.

100
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60
50

40

Yield (%)

30+
20—

10 +

0 1——————
35 40 45 50

1 1T 1T 1T 1T 111
55 60 65 70 75 80 8 90 95
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Fig. 1 Temperature optimisation for Fe(MIL-53)
synthesis of xanthene (4a).
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In heterogeneous catalysis, time optimisation is another
important factor that determines the efficiency of catalysts. In
the present reaction, the reaction was performed for 3 h for the
initial screening of the catalyst. With the optimised solvent and
temperature, the actual time required to attain the maximum
yield was studied by monitoring the reaction conversion at
certain intervals. Only 58% of product formation was observed
after 30 min of reaction (Fig. 2). Further studied reactions after
60 min, 90 min and 120 min showed 75%, 84% and 98% yield,
respectively. After 120 min and further allowing the reaction to
proceed for an additional 60 min, no notable enhancement in
the yield was observed. According to the above-mentioned
results, 120 min (2 h) is sufficient for the complete conversion
of the reactant and to achieve the maximum product (4a, 98%).
Hence, 120 min (2 h) was fixed as the optimised time for the
Fe(MIL-53) (1) MOF-catalysed synthesis of xanthene (4a).

After optimising the solvent, time and temperature, another
crucial parameter, the exact quantity of catalyst required for the
maximum product formation, was screened. In heterogeneous
catalysis, the amount of catalyst used determines the efficiency
and endorses the greener nature of the catalyst.

In the initial optimisation studies, 25 mg of the Fe(MIL-53)
MOF (1) catalyst was employed; however, further screening
started with 5% catalyst load, which resulted in moderate (70%)
product (4a) formation (Fig. 3). Further, to identify the appro-
priate catalyst loading, the amount of catalyst was increased
from 5% to 30 wt% and the isolated yield was calculated with an
increase in the catalyst load in every additional 5% load. The
screening results showed that 20 wt% catalyst loading provides
the maximum yield of 98%. Further increasing the catalyst load
to 25 and 30 wt% showed no remarkable improvement. This
screening study demonstrated that 20 wt% of Fe(MIL-53) (1)
catalyst load is adequate to get the maximum yield of xanthene
(4a).

All the above-mentioned preliminary screening studies di-
sclosed that Fe(MIL-53) (1) acts as an efficient heterogeneous
catalyst for the synthesis of xanthene (4a) with 20 wt% (1.36 mg
of Fe, 0.0243 mmol) of catalyst in renewable ethanolic medium
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Fig. 2 Time optimisation for Fe(MIL-53) MOF (1)-catalysed synthesis

of xanthene (4a).
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Fig. 3 Optimisation of catalyst (Fe(MIL-53) (1)) load for the synthesis of
xanthene (4a).

under reflux conditions. With this mild and the reliable opti-
mised reaction conditions in hand, to further unlock the
potential of this catalyst for the synthesis of xanthene, its scope
was extended to various aldehydes under the above-optimised
condition, and the results are depicted in Table 2. Under the
optimised reaction conditions, a series of aldehydes with
different electronic natures was reacted with dimedone in the
presence of 20 wt% of Fe(MIL-53) (1) as the catalyst in ethanolic
medium. All the studied aryl aldehydes gave the respective
xanthenes in good to excellent yield, and the products are pre-
sented in Table 2. Aldehydes containing electron-releasing
substituents like methyl, methoxy, ethoxy, isopropyl and
hydroxy (4c-4f and 4h) at the para position gave excellent yield
of the corresponding xanthenes (94-97%), respectively; mean-
while, aldehydes possessing methyl and hydroxyl substituents
on the ortho position (4b and 4g) resulted in a slight drop in the
yield (89% and 92%, respectively) owing to steric factors.
Similarly, aldehydes containing electron-withdrawing groups
such as fluoro, chloro, bromo, nitro and cyano (4i-4k, 4n, and
40) at the para position gave moderate to good yield (82-91%),
while the same groups present at the ortho (41) and meta (4m)
positions showed a slight drop in the yield to 84% and 87%,
respectively. In the case of di-substituted aldehydes (4p) with
methoxy groups at the para and meta positions, they also
resulted in good yield (91%). Fused ring systems like naphthyl
(4q) and aryl aldehyde substituted with a reactive functional
group such as boronic acid (4r) underwent the reactions
smoothly and gave the respective xanthene derivatives in good
yields of 90% and 92%, respectively.

Next, the scope was extended to aldehydes containing
heterocyclic atoms like oxygen (4s), which underwent the reac-
tion readily and produced oxygen-rich xanthene derivatives in
moderate yield (85%); meantime, aldehydes containing
nitrogen did not give the respective xanthene. The poor or no

© 2025 The Author(s). Published by the Royal Society of Chemistry
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reaction of the nitrogen-containing aldehyde is rationalised due
to the coordination of the nitrogen atom with the active metal
sites (Fe®*) present in the catalyst, which prevents the progress
of the reaction. Notably, the optimised catalytic system was also
compatible with aliphatic aldehyde, which gave the corre-
sponding product 4t in good yield (93%). Further, to under-
stand the efficiency of the catalyst in bulk production, the
synthesis was scaled up to the one-gram scale under the iden-
tical optimised conditions, which gave excellent yield (94%)
without any by-products or incomplete reaction. This scale-up
also proved the efficiency of Fe(MIL-53) (1) MOF and present
developed conditions for the industrial-scale production of
xanthenes. According to the abovementioned substrate scope
studies, they undoubtedly demonstrated that under the opti-
mised conditions, the Fe(MIL-53) (1) MOF act as an efficient
heterogeneous iron catalyst for the synthesis of a spectrum of
xanthenes.

According to the screening and substrate scope studies,
Fe(MIL-53) MOF (1) effectually catalysed the synthesis of
a spectrum of xanthenes (4a-4t) with the minimum iron load
under moderate conditions without the usage of any base,
ligand or oxidant. However, to identify the role of iron present
in the framework and prove its true inherent catalytic efficiency,
the same xanthene synthesis was carried out using various other
homogeneous iron sources under the present optimised reac-
tion conditions, and the results are provided in Table 3.
Initially, the iron source used for the synthesis of the Fe(MIL-53)
MOF (1), iron nitrate (Table 3, entry 2), was employed as the
catalyst. However, although the reaction proceeded under the
optimised conditions, the yield was not impressive. A similar
result was observed with other iron salts (entries 3-5, Table 3),
and only poor product was produced, even after a longer reac-
tion time (24 h). Furthermore, to understand the role of the
framework metal in the synthesis of xanthene, other Lewis acid
MOF catalysts were tested (Fig. 4).

Under the identical optimised reaction conditions, other
transition metal-derived frameworks such as chromium
[Cr(SO3H) MOF], nickel [Ni(HBTC)(BPY) MOF| and copper
[Cu3(BTC), MOF] were tested and compared in the present
xanthene synthesis. However, although all the tested MOFs
catalysed the formation of xanthene, the yield is not comparable
to that of Fe(MIL-53) MOF. Among the screened MOFs, the
copper-based MOF Cu;(BTC), only gave a moderate yield (72%).
Even another iron-MOF, Fe(BTC), gave only 80% of the product.
This comparative study revealed the catalytic efficiency of the
Fe(MIL-53) MOF (1) in the synthesis of xanthene. All the above-
observed results from the control studies confirm that the Fe**
present in the Fe(MIL-53) MOF (1) can efficiently catalyse the
formation of xanthene derivatives. The observed results
strongly evidenced that the unique characteristics of the
Fe(MIL-53) MOF (1) such as high surface area, porous nature,
and coordinatively unsaturated metal centre ligated by tereph-
thalic acid are responsible for its high catalytic activity. Further,
to prove its catalytic ability, another control experiment was
performed using a 1:1 physical mixture of Fe(NOj3);-9H,O0:

RSC Sustainability, 2025, 3, 4746-4758 | 4749
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Table 2 Fe(MIL-53) (1) MOF-catalysed synthesis of xanthene derivatives®

0 Fe(MIL-53) (1)
H\fo (20 wt %) 2 R 2
+
R o Ethanol, |
reflux, 2 h o
2a-t 3 4a-t
(82-98%)
Entry Aldehyde Xanthene Yield” (%)
1 ¢HO 2a 4a ‘98%, 94% (Gram-scale synthesis)
M Me
2 e 2b 9 9 4b 89%
CHO
|
(¢)
Me
3 © 2¢ 4c 95%
CHO
CHO
4 © 2d 4d 97%
OMe
OEt
5 © 2e 4e 97%
CHO
6 é 2f af 94%
CHO
HO ; H8 o
0,
7 ¢Ho 2g 4ag 92%
| |
(6]
OH
8 © 2h 4h 95%
CHO

4750 | RSC Sustainability, 2025, 3, 4746-4758 © 2025 The Author(s). Published by the Royal Society of Chemistry
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0 Fe(MIL-53) (1)
H. O (20 wt %)
.
R o Ethanol, |
reflux, 2 h o
2a-t 3 4a-t
(82-98%)
Entry Aldehyde Xanthene Yield” (%)
F
9 © 2i 4i 89%
CHO
Cl
10 © 2j 4j 91%
CHO
Br
11 © 2k 4k 90%
CHO
O,N’ ;
12 ¢Ho 21 41 84%
O,N
13 2m 4m 87%
CHO
NO,
14 © 2n 4n 89%
CHO
CN
15 © 20 40 82%
CHO
OMe
OMe
16 2p 4p 91%

Q
I
@]

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 (Contd.)
0 Fe(MIL-53) (1)
H\fo (20 wt %) 2 R 2
R : o Ethanol, |
reflux, 2 h o
2a-t 3 4a-t
(82-98%)
Entry Aldehyde Xanthene Yield” (%)
0,
17 tho 2q 4q 90%
B(OH),
18 © 2r 4r 92%
CHO
Me
_ o
19 2s 4s 85%
CHO
0o
20 Ko) 2t | at 93%

“ Reaction conditions: aldehyde (0.71 mmol, 1.0 eq.), dimedone (1.42 mmol, 2.0 eq.), Fe(MIL-53) (20 wt%), ethanol (2.0 mL), reflux (80 °C), 2 h. ? All

are isolated yields. ¢ Gram-scale synthesis.

terephthalic acid (precursors of Fe(MIL-53) MOF) as a catalyst in
xanthene synthesis under the optimised conditions. The phys-
ical mixture also catalysed the reaction but only gave 17% yield.
This catalytic performance of the physical mixture unambigu-
ously confirms that the presence of the framework is respon-
sible for the high catalytic efficiency in the synthesis of
xanthene derivatives.

After successfully exploring the true catalytic efficiency of the
present catalyst 1, it was necessary to understand the stability of
the heterogeneous catalyst under the screened reaction condi-
tions, and thus hot filtration studies were carried out under the
optimised conditions. During the heterogeneity test, the cata-
lyst was removed from the reaction medium by simple filtration
after 30 min under hot conditions.

Aliquots of the reaction mixture were subjected to HPLC
analysis at 30 min. Extended intervals showed no further
increase in the yield (Fig. 5). The hot filtration test strongly
evidenced that the catalyst is highly stable and acts in a truly
heterogeneous manner under the optimised reaction condi-
tions without breaking or deforming the framework of Fe(MIL-

4752 | RSC Sustainability, 2025, 3, 4746-4758

53) (1). The result obtained from the hot filtration studies was
strongly endorsed by the inductively coupled plasma optical
emission spectroscopy (ICP-OES) measurements of the filtrate
from the reaction mixture in ethanol. The catalyst was filtered
from the reaction medium after 30 min, and then the filtrate
was subjected to ICP-OES analysis, where no proof of iron
leaching was observed, manifesting the true heterogeneity of
the Fe(MIL-53) MOF (1).

The reusability aspect determines the stability and sustain-
ability of a heterogeneous catalyst. This is considered one of the
indispensable parameters for a reliable heterogeneous catalytic
system. Due to this, the catalyst was recovered by simple
filtration at the end of the reaction, dried under vacuum at 120 ©
C for 2 h and reused. This procedure was repeated at the end of
each cycle, and the recovered catalyst was reused up to 5 times
without any remarkable loss in its activity (Fig. 6). In addition,
the stability of the catalyst was confirmed by subjecting the
recovered catalyst to analytical confirmations such as FTIR,
powder XRD and SEM.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Effect of different iron sources in xanthene (4a) synthesis®

o
+
o)

2 3

CHO
Fe Sources

EtOH, reflux, 2 h

Entry Iron source Yield” (%)
1 J— J—

2 Fe(NO;);-9H,0 22%

3 FeCl, 38°

4 Fe;0, 29°

5 Fe(m)acac 35°

6 Fe(MIL-53) 98¢

“ Reaction conditions: catalyst (0.71 mmol), benzaldehyde (0.71 mmol,
1.0 eq.), dimedone (1.42 mmol, 2.0 eq.), ethanol (2.0 mL), reflux.
b Isolated yield. ¢ 24 h. ¢ Catalyst (20 wt%).

The recovered catalyst was analysed by FTIR spectroscopy
before the next catalytic cycle. The FTIR analysis of the reused
catalyst showed that the vibrational bands are almost identical
to the as-synthesised MOF without the appearance of any new
peaks, even after reusing five times. In the FTIR spectrum of Fe-
MIL-53 (1) (Fig. 7), the absence of strong vibrational bands in
the range of 1760-1690 cm ™" confirmed that the framework did
not undergo any decomposition under the reaction conditions,
and the carboxylate groups are still coordinated with the iron
metal centre and exist as organic linkers coordinating with the
secondary building units.

The observed stability results of the recovered catalyst from
FTIR were further supported by the PXRD analysis. The powder
XRD patterns of the recovered catalyst are identical to the fresh
catalyst even after five consecutive reuses.

The presence of sharp diffraction patterns located nearly at
20 = 12.68° and 25.44° (Fig. 8) indicates that the reused MOF
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View Article Online

RSC Sustainability

100 -
90
80
70

Time optimization
=== Hot filtration test

60 e e e e e
50

40 -
30
20 -
10 4

0 T T T T
0 30 60 90 120

Time (min.,)

Yield (%)

150 180

Fig. 5 Hot filtration test for understanding the true heterogeneity of
Fe(MIL-53) MOF (1).
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Fig. 6 Reusability profile of Fe(MIL-53) MOF (1) for the catalytic
synthesis of xanthene (4a).
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Fig. 4 Optimisation of different MOFs as catalysts for the synthesis of xanthene (4a). “Reaction conditions: catalyst (20 wt%), benzaldehyde
(0.71 mmol, 1.0 eq.), dimedone (1.42 mmol, 2.0 eq.), ethanol (2.0 mL), reflux. Reaction monitored by HPLC.
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Fig. 7 FTIR spectra of fresh Fe(MIL-53) MOF (1) (a) and reused Fe(MIL-
53) MOF after the second run (b) and fifth run (c).
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Fig. 8 Powder XRD patterns of fresh Fe(MIL-53) MOF (a) and reused
Fe(MIL-53) MOF after the second run (b) and fifth run (c).

catalyst retained its crystalline nature, and the absence of any
new peaks also confirmed this.

Further, the SEM analysis supports the observed stability of
the reused catalyst in the PXRD analysis. The fresh Fe(MIL-53)
MOF is highly crystalline in nature, with a rod-like shape and
a porous and rough surface (Fig. 9). The SEM images of the
reused catalyst appeared highly crystalline, and the same

h

S0 um

- |
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morphology and rod-like shape were retained in the fifth reused
catalyst. This strongly disclosed that the reaction conditions,
solvent and the formed products did not affect the surface
morphology of the catalyst, which was responsible for retaining
the catalytic efficiency of the Fe(MIL-53) MOF (1) even after
several reuses.

All the above-mentioned analytical, experimental and reus-
ability studies of the Fe(MIL-53) (1) catalyst strongly evidenced
the true heterogeneity and sustainable nature of the catalyst in
heterocycle synthesis. Considering this fabulous efficiency of
the Fe(MIL-53) MOF (1), it can be employed as a catalyst for the
synthesis of xanthenes.

Further, a plausible mechanism (Scheme 1) has been
proposed to understand the catalytic nature based on the
literature reports.®>*® The presence of a large surface area and
high density of coordinatively unsaturated open Fe*" are highly
responsible for the high catalytic efficiency of Fe(MIL-53) (1).
The presence of a high density of open Fe*" in the secondary
building unit and its inherent Lewis acidic nature initiate the
catalytic cycle. The electron-rich oxygen on the carbonyl carbon
of the benzaldehyde (2) coordinated with the Lewis acidic Fe**,
enhancing the nucleophilicity of the carbonyl carbon. The
coordinated benzaldehyde (2) undergoes Knoevenagel conden-
sation with a dimedone (3) molecule, followed by the elimina-
tion of a water molecule and an intermediate (I). After the
formation of the Knoevenagel condensation intermediate,
another molecule of dimedone attacks the condensed inter-
mediate, resulting in the Michael addition product (III). Then,
the intermediate (III) undergoes internal cyclisation to form
(Iv), which upon elimination of water, forms the desired
product (4a) and the catalyst Fe(MIL-53) MOF (1) also gets reg-
enerated and ready for another catalytic cycle.

Table 4 summarises several catalytic systems reported for the
synthesis of xanthene derivatives. The peculiarity of Fe(MIL-53)
MOF (1) is justified based on its selectivity in the synthesis of
xanthenes over other existing systems, which is excellent in
comparison with the other reported homogeneous and hetero-
geneous catalysts. The present Fe(MIL-53) MOF (1) exhibits
enhanced catalytic activity regarding the catalyst load, reaction
time, temperature and selectivity for this reaction. Furthermore,
Fe(MIL-53) MOF (1) is highly stable, reusable, and feasible for
the scaled-up synthesis of xanthenes.

Fig. 9 SEM images of fresh (1) (a) and reused Fe(MIL-53) MOF after fifth run (b—d).

4754 | RSC Sustainability, 2025, 3, 4746-4758

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00191a

Open Access Article. Published on 26 August 2025. Downloaded on 1/12/2026 4:21:41 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

O 3
Fe-MIL-53 (1)

(0]

(1

H\O
H/_\
% o o
@
H,0

View Article Online

RSC Sustainability

0O

(&)

H (0]

Scheme 1 Plausible mechanism for the Fe(MIL-53) MOF (1)-catalysed synthesis of xanthene (4a).

Table 4 Comparison of catalytic potential of Fe(MIL-53) MOF (1) in the synthesis of xanthene derivatives®

Entry  Catalyst Solvent Catalyst load  Temp (°C)  Time Yield (%)  Reusability  Ref.
1 FeCl;-6H,0 [bmim][BF,] 0.1 mmol 80 6h 92 5 18
2 Fe;0, NPs EtOH 0.1 mmol rt 2.45h 82 5 33¢
3 Indium triflate [In(CF5S05)3] Neat 0.02 mmol 1h 95 5 17
4 p-Toluene sulfonic acid Toluene 0.07 mmol 110 30 min 82 — 23?
5 Nano-Fe;0,-TiO,-SO;H (n-FTSA) Neat 0.01g 110 50 min 90 5 27
6 Fe;0,@NFC@NNSM-Mn (i) EtOH 0.5 mol% 45 10 min 98 6 28°
7 Fe;0,@Si0,@APTES@MPIB-Mn(u)  Neat 0.05¢g 100 10 min 100 6 29
8 TMP-PECH-COOH polymer Water 8 mg 50 10 min 97 6 30
9 CuCeO, NPs Water 10 mol% 80 12 min 98 5 31
10 ZrO, NPs Neat 20 mg 100 20 min 85 5 32
11 Cu(u) NPs EtOH 02¢g Reflux 3.5h 98 5 34
12 CuS quantum dots Neat 6 mg 80 6 min 95 5 35
13 Amberlyst-15 CH;CN 200 mg Reflux 5h 92 3 36
14 NaHSO, [bmim]BF, 0.2 mmol 100 1h 93 5 20
15 Fe-MIL(53) EtOH 20 wt% 80 (reflux) 2h 98 5 This work

¢ NPs-nanoparticles, 1-n-butyl-3-methylimidazolium tetrafluoroborate-{bmim|BF,. * N-tosylhydrazone. ¢ carboxylic acid.

3. Conclusions

In summary, a simple, facile, economical and efficient meth-
odology for the synthesis of xanthenes was developed using an
iron-based metal-organic framework Fe(MIL-53) (1) as
a sustainable heterogeneous catalyst. The presence of coor-
dinatively unsaturated Fe*" in the secondary building unit
catalyses the present heterocyclic synthesis through its inherent
Lewis acidic nature. This catalyst offers a straightforward

© 2025 The Author(s). Published by the Royal Society of Chemistry

catalytic methodology to access a wide range of xanthene
derivatives without any influence from the electronic nature of
the substituents on aldehydes. The catalyst could be easily
recovered by simple filtration and reused up to five times
without any remarkable loss in its activity. The hot filtration test
proved the stability and true heterogeneity of the catalyst. This
Fe(MIL-53) MOF (1) replaces the homogeneous and non-
reusable Lewis acid catalyst and acts as a solid-heterogeneous
Lewis acid catalyst, replacing iron-salt-based catalysts. A
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scaled-up synthesis has also been achieved effectively without
significant loss in activity. To our delight, this catalyst may find
broad applications in synthetic and medicinal chemistry in
industry and academia. Notably, this study will open the
opportunity to employ Fe(MIL-53) MOF as a potential green and
sustainable alternative to homogenous iron catalysts employed
in the synthesis of active pharmaceutical intermediates.

4. Experimental
4.1 General information

All reagents and starting materials were purchased commer-
cially from Sigma-Aldrich, Alfa-Aesar, Merck, Spectrochem or
CDH and used without any further purification unless other-
wise noted. All 'H and **C NMR spectra were recorded in CDCl,
or DMSO-ds with TMS as an internal standard using a 300/75
MHz, 400 MHz and 500 MHz Bruker spectrometer unless
otherwise noted. The powder XRD patterns of the MOF samples
were recorded using a XPERT-PRO instrument using Cu Ko
radiation at RT. FTIR spectra were recorded using a Shimadzu
instrument in the range of 4500-500 cm ', and the samples
were dispersed using the KBr pellet technique. A Netzsch
Thermoanalyzer STA 409 was used for thermogravimetric
analysis (TGA) at a heating rate of 10 °C min~" under an N,
atmosphere at 20-800 °C. SEM images were taken using a TES-
CAN VEGA3 instrument with an SE detector and equipped with
an EDAX energy-dispersive X-ray spectroscopy (EDX) detector.
ICP-OES measurements were performed using a PerkinElmer
OPTIMA 5300 DV. HPLC analysis was carried out using
a Thermo Fisher Scientific instrument using a C18 column
(XBridge, 4.6 x 150) 5 um at a flow rate of 1.0 mL min "
(0.05 mol ammonium acetate buffer and acetonitrile) in the UV
range of 254 nm.

4.2 Synthesis of Fe(MIL-53) MOF 1

Fe(MIL-53) was prepared according to the reported liter-
ature.>**®® Briefly, 4.04 g (10 mmol) of terephthalic acid, 1.66 g
(10 mmol) of iron(m) nitrate nonahydrate and 100 mL of DMF
were placed in a 1 L stainless steel autoclave and the tempera-
ture was maintained at 150 °C for 48 h. Then, the reaction
mixture was naturally cooled to room temperature. The result-
ing crude Fe(MIL-53) was recovered as an orange solid by
filtration. Further, the resulting orange crystals were washed
with DMF followed by acetone and dried in air. The resulting
dry solid was further super dried at 100 °C under vacuum in
a Buchi® glass oven for 8 h, yielding 1.60 g (94%) of Fe(MIL-53)
metal-organic framework as a brown solid with respect to 1,4-
benzenedicarboxylic acid.

The resulting Fe(MIL-53) MOF (1) crystals were characterised
using FTIR, PXRD, TGA, SEM and elemental analysis (ICP-OES
and EDAX). In the powder XRD pattern, the presence of the
very sharp peaks located nearly at 260 = 12.68° and 25.44°
(Fig. S2) indicates that the MOF was highly crystalline in nature,
and the observed pattern exactly matches the reported and
simulated patterns.®” The FTIR spectrum of Fe(MIL-53) exhibits

the absence of strong vibrational bands at 1760-1690 cm™ ',
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which confirmed the deprotonation of the carboxylic acid
groups in 1,4-benzenedicarboxylic acid. As shown in Fig. S1, the
characteristic peaks were located at 576, 743, 1406 and
1553 em ' in its infrared spectrogram, providing evidence for
the presence of -COOFe metallic esters in MIL-53(Fe). The
bands at 744, 809 and 893 cm ™" are due to the existence of the
C-CO, bond.*” TGA showed that Fe(MIL-53) exhibited good
stability, which is in good agreement with the previous studies.
The freshly synthesised Fe(MIL-53) exhibited the initial weight
loss at approximately 100 °C due to the evaporation of acetone
and guest water molecules present inside the MOF pores. After
that, there was a gradual weight loss up to 310 °C due to
evaporation of coordinated DMF solvent in the pores of the
MOF. Further, the material began to decompose at 310 °C,
which indicates that the Fe(MIL-53) MOF is stable up to 300 °C.
According to the ICP-OES data, the iron loading was found to be
about 0.124 mmol g~ ' (6.93% of iron), which is consistent with
the EDAX measurement. The SEM micrograph of the Fe(MIL-53)
MOF shows a crystalline morphology with rod-like shape, which
is in good agreement with the literature.®® The overall analysis
of the prepared Fe(MIL-53) MOF is well supported by the re-
ported results.

4.3 General procedure for Fe(MIL-53)-catalyzed synthesis of
xanthenes

A mixture of aldehyde (0.71 mmol, 1.0 eq.) and dimedone (1.42,
2.0 eq.) was dissolved in 3.0 mL of ethanol in an oven-dried
glass vessel with a magnetic stir bar and placed in an oil bath.
Then 20 wt% of Fe(MIL-53) MOF (1) catalyst was added to the
reaction mixture and stirred under reflux conditions (80 °C) for
2 h. The course of the reaction was monitored by TLC. Upon
completion of the reaction, the reaction mixture was cooled to
room temperature. Then, the catalyst was separated and
recovered by a simple filtration. Further, the catalyst was
repeatedly washed with ethanol to remove the products present
inside the pores of the MOF. The combined organic layer was
evaporated to dryness under vacuum, and the crude product
was purified by passing through silica gel (60-120 mesh) using
9:1 petroleum ether and ethyl acetate as the eluent, which
yielded the pure product. All the purified compounds were
characterised by '"H and "*C spectroscopy. The recovered cata-
lyst was washed with chloroform and dried in a glass oven at
120 °C. After drying, it was analysed by FTIR, PXRD and SEM to
confirm its original structure for further use.
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