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ABSTRACT: The present work aims at preparing the EDTA−Zn(II) complex�supported on the amine-functionalized MIL-
101(Cr) MOF�as a new and effective heterogenized catalyst. The optimization of the hydrothermal process shows that 120 °C is
the best condition to grow the MIL-101(Cr)−NH2 MOF crystals. Moreover, regarding the use of the postsynthetic modification
(PSM) method, hexadentate EDTA was grafted on this support via a simple aminolysis process before further coordinating it with
Zn ions to create the corresponding Zn(II) catalytic complex. The catalytic activity of this compound was then investigated in the
context of a one-pot synthesis of polyhydroquinolines. This approach has a number of advantages including the following: the use of
a solvent that is not hazardous, applying a porous catalyst that is inexpensive, secure, and recyclable; rapid reaction times, high levels
of efficiency, and the simplicity of MOF catalyst separation. Accordingly, the process in question can be given the label of “green
chemistry”.

1. INTRODUCTION
Considering heterogeneous catalysis, metal−organic frame-
works (MOFs) have been developed into a popular
concept.1−3 They are self-assembled by the coordination of
metal cations or clusters acting as nodes and organic ligands
acting as linkers.4,5 As a result of the tenability of pore size,
chemical tenability, topologies, and a very substantial inner
surface area, significant metallic dispersion is to be anticipated
for MOFs, which will convert them into a unique class of
functional materials with potential applications in catalysis.6−10

Moreover, the thin micropore distribution of MOFs may result
in monodisperse nanometric metallic clusters, which are of
great importance for catalytic activity and selectivity.11−15 The
highly programmable organic and inorganic components of
MOFs distinguish them from other porous inorganic materials
like zeolites.16−18 In this sense, organic moieties allow them to
be customized with various functional groups (i.e., acid, bases
and metal complexes), also known as a postsynthetic

modification (PSM) process, to improve their characteristics
for various applications, especially in the field of catalysis.19−23

MIL-101(Cr)−NH2 (MIL stands for Materials of Institute
Lavoisier), which was constructed using chromium clusters
and a 2-amino terephthalate ligand, is one of the best-known
MOFs that have been previously produced.24−26 The
functionalization of this MOF can be achieved through the
PSM method on its active amine groups, offering a significant
technique to enhance its capacity for catalytic applications.26,27

Ethylenediaminetetraacetic acid (EDTA) is classified as a
hexadentate ligand that has six coordinative sites, four of which
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are occupied by oxygen atoms that come from carboxyl groups,
and the rest are occupied by nitrogen atoms, in which the lone
pairs of electrons have the ability to coordinate to the
positively charged metal ions. Moreover, it can form complexes
with almost any kind of metal ion.28−30 It is worth mentioning
that the presence of four carboxylic acid functionalities in this
structure provide immobilization on solid supports. Notably,
several research projects in this field aim to come up with
materials that can be used for a wide range of purposes.31−34 In
this study, we introduce a novel approach for supporting
EDTA onto the MIL-101(Cr)−NH2 MOF, distinct from
conventional methods commonly discussed in the literature.
While previous works have predominantly focused on utilizing
ethylenediaminetetraacetic dianhydride (EDTA−dianhy-
dride)35 or employing activators such as 1-ethyl-3-(3-
(dimethylamino)propyl) carbodiimide hydrochloride (EDC·
HCl) and N-hydroxysuccinimide (NHS) for EDTA immobi-
lization,36 our methodology offers a significant departure from
these conventional techniques. In this research, we explore the
feasibility of stabilizing EDTA on MIL-101(Cr)−NH2 MOF
through a straightforward aminolysis process. Here, the
carboxylic acid groups of EDTA interact with the surface
amine groups followed by complexation with Zn ions to form
the corresponding MIL-101(Cr)@EDTA−Zn(II) complex for
catalytic applications. This approach offers a robust and stable
method without the necessity for additional chemical
modifiers. This innovative approach not only streamlines the
synthesis process but also avoids the side reactions and
enhances the catalytic performance and reproducibility,
opening avenues for broader applications in various chemical
reactions. By elucidating these key differences, we underscore
the unique advantages and potential of our EDTA-stabilized
MIL-101(Cr)−NH2 catalyst compared to existing materials,
paving the way for its widespread adoption in catalysis and
beyond.

Due to the wide variety of pharmacological and biological
characteristics of polyhydroquinolines with a 1.4-dihydroqui-
noline core in their structure, these compounds are regarded as
significant organic substances.5,37−39 As discussed by Kazemi
and Mohammadi, different catalysts have been described in the
earlier literature for the synthesis of polyhydroquinoline and its
derivatives due to its broad variety of uses in diverse fields.40

Despite having certain benefits in the synthesis of poly-
hydroquinoline derivatives, each of these approaches typically
suffered from a slow and inefficient process, a poor yield,
catalyst toxicity, a constrained range of reactions, harsh
reaction conditions, etc. In order to circumvent such
restrictions, there is a need to develop novel catalysts.
Given the aforementioned concerns, herein, the PSM

method was used to synthesize a new EDTA-based catalytic
complex on MIL-101(Cr)−NH2 MOF. Afterward, because
metal complexes act as catalysts in multicomponent reactions,
it was also used as an efficient catalyst in the multicomponent
Hantzsch reaction to make polyhydroquinolines in a way that
was environmentally friendly.

2. EXPERIMENTAL SECTION
2.1. Typical Procedure for the Synthesis of MIL-

101(Cr)@EDTA−Zn(II) Complex. In a typical procedure,
MIL-101(Cr)−NH2 was primarily prepared applying the
hydrothermal method. In this sense, a mixture of Cr(NO3)3·
9H2O (2 mmol, 0.8 g), 2-aminoterephthalic acid (2 mmol,
0.360 g), and 5 mmol of NaOH was added to 15 mL of DMF.
Afterward, we aimed at placing the reaction vessel under
ultrasound radiation for 5 min in the ultrasound bath, and
then, it was transferred to the steel autoclave reactor. Finally, it
was placed in the oven at 120 °C for 24 h. After completion of
the reaction and gradual cooling of the reactor, the settled
green sediment was filtered with a Büchner funnel and well
washed with DMF and ethanol under vacuum filtration, and
then, the obtained MIL-101(Cr)−NH2 powder was dried in an

Scheme 1. Stepwise Synthesis of MIL-101(Cr)@EDTA−Zn(II) Complex (schematic structures)
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oven at 50 °C for 24 h. Moreover, the EDTA ligand was linked
to MIL-101(Cr)−NH2 through an aminolysis process.
Considering this procedure, 1 g of the prepared MIL-
101(Cr)−NH2 powder was well dispersed in ethanol (50
mL), and then, 20 mL of the ethanolic solution (containing 1.2
g (4 mmol) of EDTA ligand) was injected to the MIL-
101(Cr)−NH2 suspension in a dropwise manner. Afterward,
the resultant mixture was continuously mixed on a magnetic
stirrer for 24 h at reflux conditions. Subsequently, the product
was filtered with a Büchner funnel and then thoroughly washed
using ethanol under vacuum filtration before being dried
overnight in an oven at 80 °C. Finally, 10 mL of an ethanolic
solution of Zn(OAc)2 (0.95 g) was added to a 250 mL flask
containing 100 mL of the well-dispersed ethanolic suspension
of MIL-101(Cr)@EDTA (1 g), and then, the resulting mixture
was subjected to continuous stirring at reflux conditions for 24
h. Subsequently, the product was filtered using a Büchner
funnel and washed with water and ethanol under vacuum
filtration. Moreover, the obtained MIL-101(Cr)@EDTA−
Zn(II) complex was dried in an oven at 80 °C for an entire
night (Scheme 1).
2.2. General Procedure for the Synthesis of Poly-

hydroquinolines over the Catalysis of MIL-101(Cr)@
EDTA−Zn(II) Complex. A mixture of ethyl acetoacetate (1
mmol), dimedone (1 mmol), ammonium acetate (1.5 mmol),
aryl aldehyde (1 mmol), and MIL-101(Cr)@EDTA−Zn(II)
complex (11 mg) was stirred in ethanol (2 mL) at reflux
temperature for an adequate time. After completion of the
reaction (as determined using TLC), the reaction was diluted
via 10 mL of hot ethanol, and then, MIL-101(Cr)@EDTA−
Zn(II) catalyst was separated via simple filtration. Additionally,
it was washed using ethanol and acetone, dried at 80 °C for 4
h, and then utilized in the next run. In the next step, the
volume of the solvent was reduced via evaporation and the
product was recrystallized from ethanol, which was then
purified through washing with diethyl ether (Scheme 2).

3. RESULT AND DISCUSSION
3.1. Catalyst Characterization. Figure 1 shows the

infrared spectra of the samples at each step of the synthesis
process. These spectra are labeled as follows: (Figure 1a) MIL-
101(Cr), (Figure 1b) MIL-101(Cr)@EDTA, and (Figure 1c)
MIL-101(Cr)@EDTA−Zn(II). At the 772, 867, 975, and 1008
cm−1 frequencies, the stretch vibrations of the Cr−O bonds
were detected. The bands at 1400 and 1614 cm−1 are assigned
to the symmetric vibrations of the carboxylate groups and
adsorbed water.41 Regarding MIL-101(Cr)@EDTA, the
appearance of strong signals from the C�O bands�in
addition to N−H bands as strong signals�demonstrated the
successful immobilization of EDTA through the aminolysis
reaction. Finally, the observed shifts on the carboxylate and
amide bands to lower frequencies that are due to the π-back-

bonding effect provide conclusive evidence that the target
MIL-101(Cr)@EDTA−Zn(II) complex is effective.42−44

Figure 2 a−d shows the XRD patterns of MIL-101(Cr)−
NH2 synthesized at a temperature range of 100−150 °C. As
shown in Figure 2, the temperature was an important factor in
forming the target MOF crystals. When the reaction was
performed at 100 °C, an amorphous phase of MIL-101(Cr)−
NH2 was obtained. Regarding the temperature increase to 120
°C, the crystallinity of the product also increased, and sharp
diffraction peaks appeared at 26.44°, 29.44°, 31.84°, 35.79°,
and 39.09°. But, at higher temperatures (140 and 150 °C), the
crystallinity decreased. The possible reason is that varying the
temperature affects the vapor pressure in the sealed container.
Moreover, at higher pressures, the MOF topology is conserved
or reconstructive due to pressure-induced amorphization,
leading to a phase transition and the loss of crystallinity.
Interaction between an MOF and the pressure-transmitting
medium can lead to spurious behavior such as negative volume
compressibility. Therefore, 120 °C was selected as the optimal
temperature for the synthesis of MIL-101(Cr)−NH2. Figure 2e
and 2f shows the XRD patterns for MIL-101(Cr)@EDTA−
Zn(II) at a low angle and a normal angle, respectively. The
PXRD pattern of MIL-101(Cr)@EDTA−Zn(II) shows addi-
tional characteristic peaks at 2θ = 12.19°, 13.99°, 15.75°,
17.20°, 18.40°, 18.71°, 20.98°, 22.99°, 24.01°, 24.61°, 25.55°,
and 42.95°, which correspond to the (011), (012), (110),
(111), (112), (013), (004), (014), (022), (120), (114), and
(035) Miller indices (hkl) of the peaks (ref. code 96-411-
2213).45 In addition, comparison of the XRD patterns of MIL-
101(Cr)@EDTA−Zn(II) (Figure 2f) and MIL-101(Cr)−NH2
(Figure 2c) shows that after the PSM process, several new
peaks appeared in the catalyst pattern. These new peaks are the
characteristic diffraction peaks of the EDTA−Zn complex,
which prove that the target complex was successfully
immobilized on the MOF support. Furthermore, the similarity
of the main PXRD diffraction peaks of the catalyst and MIL-
101(Cr)−NH2 shows that the crystalline phase of the support
did not change during the PSM process.
Figure 3 shows the MIL-101(Cr)@EDTA−Zn(II) complex

TGA and DSC curves. The initial mass loss (12%) below 200
°C is due to the evaporation of moisture absorbed in the pores
of MOF from solvents and air.2,46 The next weight loss that
occurred in the range of 225−480 °C, which is equal to
45.02%, was caused by the pyrolysis of the organic
moieties.2,46,47 The DSC curve shows two continuous
endothermic pyrolysis processes for this range that confirm
the stepwise pyrolysis of 2-aminoterephthalic acid and EDTA
in the MOF-supported complex. In addition, there was still
37% of the material, even after heating to 1000 °C, which is
almost the same as the approximate quantity of zinc and
chromium that was determined using EDX. The observed
results confirm the formation of MIL-101(Cr)−NH2 and its
stepwise functionalization via an EDTA−Zn(II) complex.

Scheme 2. Synthesis of Polyhydroquinolines over the Catalysis of MIL-101(Cr)@EDTA−Zn(II) Complex
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Figure 1. FT-IR analysis of (a) MIL-101(Cr)−NH2, (b) MIL-101(Cr)@EDTA, and (c) MIL-101(Cr)@EDTA−Zn(II) complexes.
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EDX spectroscopy shows that the MIL-101(Cr)@EDTA−
Zn(II) complex has the expected components, which is in line
with the goal of our strategy for making the heterogenized Zn
complex (Figure 4). Regarding this spectrum, the existence of
Cr is related to the metal oxide clusters of MOF support.
Organic ligands are responsible for the presence of large
amounts of C, N, and O elements. Moreover, the existence of
the Zn element shows the successful complexation of MIL-
101(Cr)@EDTA with the Zn ions. Finally, based on ICP-OES

analysis, the exact amounts of Cr and Zn elements in the
sample were 0.54 × 10−3 and 1.86 × 10−3 mol·g−1, respectively,
confirming the complexation of metal ions with the ligand.
STEM elemental mapping shows that the Cr, C, N, O, and

Zn elements are homogeneously spread out in the MIL-
101(Cr)@EDTA−Zn(II) matrix (Figure 5). This shows that
EDTA−Zn(II) is uniformly grown on the MIL-101(Cr)−NH2
MOF. Moreover, it can be seen that the high content of Zn in
the sample, which is close to the EDX and ICP values, proves
the successful formation of the target complex with good
accessibility of Zn sites for catalytic applications.
SEM was used to study the surface morphology of MIL-

101(Cr)@EDTA−Zn(II) (Figure 6). The SEM pictures show
the formation of nanosheet-structure MOF crystals with a

Figure 2. XRD patterns of MIL-101(Cr)−NH2 synthesized at (a) 150, (b) 140, (c) 120, (d) 100, and 150 °C and (e) low-angle and (f) normal-
angle MIL-101(Cr)@EDTA−Zn(II) complex.

Figure 3. TGA and DSC curves of MIL-101(Cr)@EDTA−Zn(II)
complex.

Figure 4. EDX analysis of MIL-101(Cr)@EDTA−Zn(II) complex.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c01117
ACS Omega 2024, 9, 28114−28128

28118

https://pubs.acs.org/doi/10.1021/acsomega.4c01117?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01117?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01117?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01117?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01117?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01117?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01117?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01117?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01117?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01117?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01117?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01117?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c01117?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


hexagonal shape that are in close contact with a uniformly
distributed layer with cauliflower-like morphology and
homogeneous size around them. Because the EDTA−Zn(II)
complex is bulky and covalently supported to MIL-101(Cr)−
NH2, catalytic functionality loading should affect the nano-
morphology of the MOF. Significantly, the observations
confirm that the chemical modifications affected the
morphology of the parent MOF. However, the initial
morphology was retained in some areas, indicating that the
prepared catalyst has good quality in terms of crystallinity and
its components which have formed chemical bonds rather than
simple physical mixing.
To delve into the morphology and particle size of the MIL-

101(Cr)@EDTA−Zn(II) complex, we conducted TEM
examinations (Figure 7). The transmission electron micro-
graphs unveil the crystalline nature of the MIL-101(Cr)@
EDTA−Zn(II) complex particles. Notably, the stepwise
modification and functionalization of the MOF surface seem
to influence the catalytic support, introducing certain
variations. Despite these effects, the synthesized MOF exhibits
distinctive characteristics indicative of its crystalline structure.
An interesting observation from the micrographs is the
discernible space between the MIL-101(Cr) support and the
catalytic shell. This spatial distinction provides compelling

evidence supporting the assertion that the MIL-101(Cr)
support indeed takes the form of a solid crystal. This nuanced
understanding of the complex’s structural features contributes
to a more comprehensive characterization of its morphology,
shedding light on the interplay between the catalytic
components and the MOF support.
The N2 adsorption and desorption isotherms were used to

characterize the porosity of MIL-101(Cr)@EDTA−Zn(II). As
depicted in Figure 8, the absorption isotherm of type III and a
hysteresis loop of type H3 are evident, characteristics classified
by IUPAC as indicative of mesoporous materials. Table 1
provides details about the synthetic sample.48 The results are
presented in Table 1. The obtained results reveal that the
surface area and pore volume of the MIL-101(Cr)@EDTA−
Zn(II) complex are 91.259 m2/g and 0.2589 cm3/g,
respectively. These values demonstrate a notable decrease
compared to MIL-101(Cr)−NH2,

48 confirming the successful
postmodification
3.2. Catalytic Study. Our studies on the synthesis of

polyhydroquinolines began with the reaction of 4-chloroben-
zaldehyde as the model substrate. Primarily, the effect of the
solvent was looked into, and then, the performance of the
reaction was tested with common laboratory solvents that are
in line with green chemistry using a random and fixed amount

Figure 5. STEM elemental mapping images of MIL-101(Cr)@EDTA−Zn(II) complex.
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of catalyst (5 mg) (Table 2, entries 1−6). The results showed
that both acetonitrile and dimethylformamide are good
solvents for these organic transformations. On the contrary,
there are problems in using these solvents, i.e., the need for

more purification steps and the need to use ethyl acetate for
extraction in a separating funnel, making this method less
effective and less cost effective. When the reaction was tested
in water, the yield of the corresponding product went down.

Figure 6. SEM images of MIL-101(Cr)@EDTA−Zn(II) complex.

Figure 7. TEM images of MIL-101(Cr)@EDTA−Zn(II) complex.
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This is likely because some of the raw materials did not
dissolve and there were fewer collisions and interactions

between the raw materials, which are needed to turn them into
intermediates and the corresponding products. The results
show that ethanol gives the best yield, and accordingly, it was
chosen as the best medium for this reaction (Tables 2, entry
4).
Considering ethanol as the optimal solvent, the effect of the

catalyst amount was looked at as the second optimization
parameter. At the outset of the catalyst optimization studies, an
uncatalyzed reaction was performed without adding any MIL-
101(Cr)@EDTA−Zn(II) or additive, which resulted in trace
product formation (Table 2, entry 7). The next step involved

Figure 8. N2 adsorption and desorption isotherms and pore size distribution curve of MIL-101(Cr)@EDTA−Zn(II).

Table 1. BET Characteristics of MIL-101(Cr)@EDTA−
Zn(II)

sample

BET
surface area
(m2/g)

average pore
diameter
(nm)

total pore
volume
(cm3/g)

MIL-101(Cr)−NH2
48 1708 <10 1.46

MIL-101(Cr)@EDTA−Zn(II) 91.259 11.346 0.2589

Table 2. Optimization of the Reaction Conditions for the Synthesis of Polyhydroquinolines over the Catalysis of MIL-101(Cr)
@EDTA−Zn(II)

entry catalyst amount catalyst (mg) solvent temperature (°C) time (min) yield (%)a,b

1 MIL-101(Cr)@EDTA−Zn(II) 5 DI water 80 15 43
2 MIL-101(Cr)@EDTA−Zn(II) 5 CH3CN 80 15 85
3 MIL-101(Cr)@EDTA−Zn(II) 5 DMSO 80 15 55
4 MIL-101(Cr)@EDTA−Zn(II) 5 EtOH reflux 15 64
5 MIL-101(Cr)@EDTA−Zn(II) 5 MeOH reflux 15 60
6 MIL-101(Cr)@EDTA−Zn(II) 5 solvent free 80 15 47
7 catalyst free EtOH reflux 60 trace
8 MIL-101(Cr)@EDTA−Zn(II) 3 EtOH reflux 15 51
9 MIL-101(Cr)@EDTA−Zn(II) 6 EtOH reflux 15 82
10 MIL-101(Cr)@EDTA−Zn(II) 8 EtOH reflux 15 91
11 MIL-101(Cr)@EDTA−Zn(II) 11 EtOH reflux 15 98
12 MIL-101(Cr)@EDTA−Zn(II) 15 EtOH reflux 15 98
13 MIL-101(Cr)@EDTA−Zn(II) 11 EtOH 25 15 trace
14 MIL-101(Cr)@EDTA−Zn(II) 11 EtOH 50 15 63
15 MIL-101(Cr)@EDTA−Zn(II) 11 EtOH 60 15 84
16 MIL-101(Cr) 11 EtOH reflux 15 47
17 MIL-101(Cr)@EDTA 11 EtOH reflux 15 53
18 EDTA−Zn(II) 11 EtOH reflux 15 72

aIsolated yield. bReaction conditions: 4-Chlorobenzaldehyde (1 mmol), dimedone (1 mmol), ethyl acetoacetate (1 mmol), ammonium acetate
(1.5 mmol), catalyst (mg), and solvent (3 mL).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c01117
ACS Omega 2024, 9, 28114−28128

28121

https://pubs.acs.org/doi/10.1021/acsomega.4c01117?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01117?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01117?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01117?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01117?fig=tbl2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01117?fig=tbl2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c01117?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Table 3. Synthesis of Polyhydroquinoline Derivatives over the Catalysis of MIL-101(Cr)@EDTA−Zn(II) Complex4961

aIsolated yield. bReaction conditions: Aromatic aldehyde (1 mmol), dimedone (1 mmol), ethyl acetoacetate (1 mmol), ammonium acetate (1.5
mmol), and MIL-101(Cr)@EDTA−Zn(II) (11 mg) in ethanol (2 mL) under reflux conditions.
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adding different amounts of MIL-101(Cr)@EDTA−Zn(II) to
the reaction mixture as catalyst and also evaluating their
efficiency and effect on the reaction progress (Table 2, entries
8−12). The results show that the reaction worked better when
the amount of catalyst went from 3 to 11 mg. Based on this
evaluation, 11 mg of the catalytic complex gave the best results
(98% efficiency). In addition, increasing the catalyst loading
(15 mg) did not lead to a yield increment as compared to the
amount of 11 mg. Because of this, 11 mg of the MIL-101(Cr)
@EDTA−Zn(II) complex was thought to be the best amount
of the catalyst for this reaction.
In order to find the best temperature for the reaction, the

effects of different temperatures, from room temperature to the
reflux temperature, were studied. The results, which are shown
in Table 2, show that only a trace amount of the product was
formed at room temperature. On the other hand, as the
temperature goes up, the reaction proceeds faster. Significantly,
the best results were found at reflux conditions. Finally, we

investigated the impact of catalyst moieties on the reaction
(Table 2, entries 16−18). The results indicate that lower
performance was observed with compounds containing such
moieties; these blank testes indicate synergistic effects between
the MOFs and the complex. Conversely, the MIL-101(Cr)@
EDTA−Zn(II) catalyst demonstrated superior performance,
yielding the best overall yield (Table 2, entry 11). As a result,
the reflux temperature was considered the optimal temper-
ature. According to the obtained results, the optimal
conditions include an amount of 11 mg of the MIL-101(Cr)
@EDTA−Zn(II) catalyst in ethanol under reflux conditions.
After figuring out the best conditions for the synthesis of

polyhydroquinolines, the developed method was examined in
the synthesis of different derivatives of these heterocyclic
compounds. This was done to test the milestones and limits of
the method. The effect of electron-donating and electron-
drawing groups on different positions of the aryl ring on the
yield and reaction time was studied. The results are
summarized in Table 3. The results show that the studied
substrates were turned into polyhydroquinoline derivatives in a
short amount of time and with good to excellent yields. This
illustrates that the proposed method to make these compounds
works well. Moreover, the reaction of aryl aldehydes with
positive resonance affects on the aryl ring (electron-donating
groups (Me, OMe)) reacted in a longer time. The efficiency of
these organic changes was average during this reaction. This is
likely due to the transfer of an electron to the carbon of the
carbonyl group, which has a partial positive charge, leading to
the stabilization of this carbon and making that group less
reactive. On the other hand, aldehydes bearing functionalities
with a negative resonance effect in the ortho and para positions
of the aromatic ring reacted faster and more efficiently. The
main reason for this big difference is that the positive charge on
the carbon of the functional group of the aldehyde increased,
which made this group more active.
Based on what we had learned before, a plausible reaction

mechanism (Scheme 3) was proposed for this transformation
(Scheme 3).62,63 The Lewis acid sites including Zn and Cr will
initially lead to the aryl aldehyde activation. Afterward, the

Scheme 3. Possible Mechanism for Hantzsch Reaction over
the Catalysis of MIL-101(Cr)@EDTA−Zn(II) Complex

Figure 9. Reusability of MIL-101(Cr)@EDTA−Zn(II) complex in
Hantzsch reaction.

Figure 10. FT-IR analysis of recovered MIL-101(Cr)@EDTA−
Zn(II) catalyst.
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amine sites in the catalyst remove a proton from the active
methylene compounds to produce a carbanion. Subsequently,
this carbanion rapidly interacts with the activated aryl aldehyde
to produce the Knoevenagel intermediate (I), which requires
the removal of water molecules and the renewal of the metal
complexes. In contrast, the combination of ethyl acetoacetate
and ammonium acetate will result in the formation of an
enaminone molecule. Moreover, the mesylate anion removes
the proton from the enaminone (II), and then, the resulting
anion combines with the adduct (I) to form polyhydroquino-

lines. This process also results in eliminating water molecules
and renewing the catalyst.
3.3. Recovery and Reusability. One thing that

heterogeneous catalysts have in common is that they can be
recycled and reused again. This is important in both industry
and the lab considering economic and environmental issues.
The MIL-101(Cr)@EDTA−Zn(II) complex capacity in being
recycled and reused in the above-mentioned model reaction
was evaluated. As seen in Figure 9, the catalyst was recovered
and employed for eight continuous runs. Evaluation revealed

Figure 11. XRD pattern of recovered MIL-101(Cr)@EDTA−Zn(II) catalyst.

Figure 12. XRD pattern of recovered MIL-101(Cr)@EDTA−Zn(II) catalyst.
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that there was no appreciable loss of catalytic activity at each
stage, and the recovered catalytic complex still possessed
unique catalytic properties. The recovered catalyst underwent
thorough characterization via ICP-OES analysis, confirming
the presence of Cr (10.6 wt %) and Zn (13.4 wt %), consistent
with their concentrations in the fresh catalyst. Additionally,
FT-IR and XRD analyses of the recycled catalyst exhibited
remarkable consistency with the spectrum of the fresh catalyst
(Figures 10 and 11). This comprehensive characterization
provides compelling evidence for the stability of both the
crystalline phase and the functional group content of the
catalyst over successive reaction cycles. Moreover, SEM images
indicate that the recovered catalyst has maintained its high
quality in terms of crystallinity even after eight cycles (Figure
12). These findings affirm the catalyst’s stability under optimal
reaction conditions.
3.4. Leaching and Hot Filtration Tests. An investigation

into the heterogeneous nature of the MIL-101(Cr)@EDTA−
Zn(II) complex and the stability of EDTA−Zn(II) on the
catalytic support was carried out through performing hot
filtration and leaching tests on the model reaction according to
the method that was described before in the literature.62 The
findings of the hot filtration experiment substantiated the
hypotheses that the MIL-101(Cr)@EDTA−Zn(II) complex is
heterogeneous in composition and that it is insoluble in the
reaction medium. The ICP-OES analysis shows that there was
no metal leaching into the reaction medium.
3.5. Comparison. As compared to other methods, the

catalytic activity and efficiency of this protocol for the synthesis
of polyhydroquinolines are depicted in Table 4. This
comparison shows that the MIL-101(Cr)@EDTA−Zn(II)
catalytic complex is an efficient catalyst for the synthesis of
these compounds. Moreover, it also shows that our protocol is
superior in terms of the amount of time required for the
reaction, the temperature of the reaction, and the expected
yield for both of the aryl aldehydes with steric hindrance and
positive and negative resonance effects.

4. CONCLUSION
In summary, PSM was used as a simple and easy method to
synthesize the EDTA−Zn(II) complex that was immobilized
on the MIL-101(Cr)−NH2 MOF as a porous substrate. The
constructed catalytic complex was very good at producing
polyhydroquinoline derivatives through Hantzsch reaction in
an environmentally friendly way. Comparison of its activity to
other catalytic systems showed that this method is better from
both efficiency and recycling points of view. Moreover, this
catalytic system has a lot of benefits, such as how cheap it is to
be made, how different it is, how stable it is physically and
chemically, and how easy it is to be recycled without losing
much of its effectiveness.
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