- \
v
A4

http://pubs.acs.org/journal/acsodf

This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

Heterogeneous Acetalization of Benzaldehyde over Lanthanide
Oxalate Metal-Organic Frameworks

Reem H. Alzard,* Sara Alsaedi, Seeta Alseiari, Shooq Aljasmi, Hesham F. El-Maghraby, Vijo Poulose,
Abdelwahab Hassan, Mohamed Kamel, Aya Ali, M. Abdel-Hafiez, and Mohamed Abdellah*

I: I Read Online

Article Recommendations |

Cite This: ACS Omega 2024, 9, 37386-37395

ACCESS |

ABSTRACT: Lanthanides (Ln) from the f-blocks of the periodic
table have gained significant interest due to their unique
characteristics, including magnetism, photoluminescence, and
catalysis. In this study, a series of lanthanide metal—organic
frameworks [Ln-MOFs, Ln = Eu(III), Tb(III), Nd(III), Er(III),
Ho(I1I), Gd(III), Pr(III), and Dy(III)] were constructed based on
oxalic acid and lanthanide metals as the building blocks. These
MOFs were comprehensively characterized using various analytical
and spectroscopic techniques, including powder X-ray diffraction,
Fourier-transform infrared spectroscopy, thermogravimetric anal-
ysis, scanning electron microscopy, energy-dispersive X-ray
spectroscopy, nitrogen adsorption—desorption, and Raman spec-
troscopy. The magnetic properties of the investigated materials were examined, revealing both antiferromagnetic and ferromagnetic
interactions within the Ln-Ox MOFs. The catalytic activities of Ln-Ox MOFs were evaluated through the heterogeneous
acetalization of benzaldehyde with methanol. Reaction yields by the reported catalysts varied up to 90% depending on the MOF’s
metal center, and the product was confirmed by gas chromatography—mass spectrometry. Recycling experiments have confirmed the
stable regeneration of Ln-Ox MOFs in which the product yields remained the same over four consecutive cycles. The hydrothermal
synthesis of these MOFs paves the way for a diverse array of materials showcasing unique lanthanide properties, making them
suitable for various applications.
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Metal—organic frameworks (MOFs) are leading a new
revolution in materials science due to their wide range of
applications." The interaction between the metal and the
organic linker, as well as the nature of both components, allows
for the design of MOFs with anticipated structures for targeted

acetalization reactions have industrial importance, serving as
an ingredient in paints, solvents, and drugs.15 Due to the
increased production of glycerol (a coproduct of biodiesel),
benzaldehyde has also been used to produce bioadditives.'®"”
Acetal derivatives were traditionally prepared using strong

acids, such as HCI or H,SO, (Bronsted acids). However, these

applications such as gas storage and separation,”” catalysis,
chemical sensing,6 drug delivery,7 and light harvesting.8 The
permanent porosity of MOFs is crucial for their catalytic
applications, where it can be tuned and altered in a systematic
way by employing suitable metal ions and organic ligands.
Even more, open-channel MOFs are able to lose/reintroduce
the guest species without losing their identity as a framework.,”
Using metal ions is a common way to generate active catalytic
system-based MOFs.'”"" Lanthanide-based MOFs have
attracted increasing attention due to their luminescent,
catalytic, and magnetic properties.'>'> Lanthanide ions tend
to coordinate with different organic linkers in variable
coordination numbers (6—12) due to their large radius and
their partially filled 4f atomic orbitals.

In many organic syntheses, the protection of CO groups is a
very important step during the chemical reactions, such as
acetalization reactions.'* Furthermore, the products of
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synthesis routes are highly corrosive, produce large amounts of
effluents, and require numerous purification/neutralization
steps.”"® An alternative approach for better catalytic reactions
is using heterogeneous acid catalysts, such as graphene

19,20 21,22
*“* montmorillonite,”

1. 18 .

oxides, © carbon materials,
. 2324

lites,

Amberlyst.”>*® These are generally matrices with a high-

zeo-
and primarily solid-supported acid dopants such as

i 27,28
surface-area support, such as silica. However, these systems
are not easy to fabricate and require post-treatment steps, such
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as anchoring to the active phase and the thermal post-
treatment.”’

MOFs, as versatile materials, can bestow Lewis and Bronsted
acid sites acting as the active catalytic centers in heterogeneous
catalysis.”* > Recently, different MOFs have been tested on
the acetalization of benzaldehyde with methanol since it was
first done by an MOF structure reported by Dhakshinamoor-
thy et al, which had higher catalytic activity for acetal
formation compared to zeolites.””** Shortly after, a series of
MOFs that are a bit close in design to the UiO-66 MOF was
produced by the Timofeeva group in which the relationship of
the catalyst acidity and the catalytic activity was studied by
varying the linking functional groups on the Lewis acid center
of the MOE.*! According to their results, the enhanced Lewis
acidity resulted in a higher catalytic activity in acetalization. In
addition to that, it was found out that the Bronsted acid sites
generate more essential catalytic activities in acetalization as
seen in MIL-100(Cr) and MIL-100(Fe) MOFs.*”> Never-
theless, it is still uncertain whether the Lewis or Bronsted acids
determine the catalytic performance of the reaction, even
though assorted MOF structures have been employed.”* Up to
now, the limited number of MOFs used for this reaction
documented in the literature indicates that the UiO-66(Zr)
MOF has superior catalytic acetalization performance.”"***’
Notably, only one study by Ren et al. reported the use of a
series of lanthanide-based MOFs as catalysts for acetalization
in which Tb-MOF achieved the highest product yield after 24
h of the reaction.

Inspired by that, in this study, we have prepared a series of
lanthanide-based MOFs using oxalic acid (Ln-Ox) as
heterogeneous catalysts for the acetalization of benzaldehyde
with methanol, serving as a model reaction. Unlike other
materials, lanthanide-based oxalic acid MOFs (Ln-Ox MOFs)
are very easy to prepare/activate, contain 1D channels,”® have
high thermal stabilities, and provide the acidic catalytic center
(lanthanide centers).”” The catalytic performances of lantha-
nide-based MOFs in terms of activity, heterogeneity, and
reusability were tested in the acetalization of benzaldehyde
with methanol using gas chromatography—mass spectrometry
(GC—MS). Our Ln-Ox MOFs show excellent catalytic activity
with high reusability.

B EXPERIMENTAL SECTION

Materials and Synthesis of Ln-Ox MOFs. Ln-Ox MOFs
were prepared as a previously reported procedure.’® In a
typical solvothermal synthesis, 2.5 mmol (315 mg) of oxalic
acid was first dissolved in 5 mL of DMF, and 1 mmol of the
Ln-nitrate salts (337.98, 435.02, 348.51, 441.02, 438.3S,
451.36, 443.35, and 435.01 mg of Eu-nitrate, Tb-nitrate, Dy-
nitrate, Ho-nitrate, Gd-nitrate, Er-nitrate, Nd-nitrate, and Pr-
nitrate, respectively) was dissolved in S mL of deionized water.
The metal solution was added dropwise to the linker solution
in which the mixture was then capped in a 23 mL Teflon-lined
Parr autoclave and placed in a preheated oven at 120 °C for 72
h. Then, the reaction was left to cool to ambient temperature.
The obtained products were washed with fresh deionized water
and acetone a couple of times before drying and activating
them at 120 °C under vacuum for 4 h.

Powder X-ray Diffraction (PXRD). The PXRD diffraction
patterns of Ln-Ox MOFs were obtained using a Rigaku
MiniFlex benchtop X-ray diffractometer with an excitation
source of a Cu Ka radiation tube (4 = 1.542 A) operating at 40
kV along the range 3—50° 26 and a rate of 2° min™".

Fourier-Transform Infrared (FT-IR) Spectroscopy. An
Agilent Cary 600 series FT-IR spectrometer with ATR-IR
spectroscopy was used to record the FT-IR spectra of Ln-Ox
MOFs. The spectral measurements were taken between 4000
and 500 cm™, and for each spectrum, an average of 512 scans
was computed by using a spectral resolution of 2 cm™. The
background spectrum, which was recorded initially, was
automatically subtracted from the MOF spectra.

Thermogravimetric Analysis (TGA). Thermal analysis of
Ln-Ox MOFs was conducted by a Shimadzu TGA-50 analyzer
under nitrogen flow at a rate of 100 mL min~'. The heating
flow of the chamber was § °C min~" where an aluminum pan
holder was used to carry the samples.

Scanning Electron Microscopy (SEM) and Energy-
Dispersive X-ray Spectroscopy (EDX). SEM images were
taken under high vacuum conditions using an accelerating
voltage of 30 kV and a magnification of 5000X with a Quattro
SEM instrument equipped with an energy-dispersive X-ray
(EDX) for metal composition analysis.

N, Adsorption—Desorption. The BET (Brunauer—
Emmet—Teller) measurements were conducted through N,
adsorption—desorption methods on a NOVA touch 2LX
within the relative pressure (P/P,) range of 0.05—1.0, at a
temperature of 77.4 K.

Magnetic and Temperature-Dependent Studies.
Magnetic measurements were carried out using a Quantum
Design Physical Property Measurement System (PPMS)
instrument. The temperature-dependent direct-current (DC)
magnetization measurements were carried out for samples at
an applied field of 1000 Oe. In addition, the variation of DC
magnetization as a function of the field was done with an
applied field ranging from —70 to +70 kOe at different
temperatures.[m’41

Raman Spectroscopy. Raman spectroscopy was utilized
to investigate the vibrational patterns of the Ln-MOFs. The
investigations were carried out using a Renishaw inVia
spectrophotometer (UK) with an Ar* laser excitation source
at 514.5 nm. Spectra were recorded within the range of 100—
1800 cm ™}, with an acquisition time of approximately 10 s. In
addition, a 50X objective lens combined with a CCD camera
enabled the identification of specific sample regions for spectral
examination. This methodology permits the assessment of
potential structural or compositional variances across the
material’s surface.

Catalytic Activity Testing. The catalytic reaction of
benzaldehyde acetalization with methanol was performed over
Ln-Ox MOF catalysts. Prior to catalytic experiments, the
MOFs were further activated in a vacuum oven at 120 °C for
around 4 h to ensure that the lanthanide active sites were
unsaturated with any trapped solvents or humidity. Then, the
activated samples were cooled down to room temperature
under a nitrogen atmosphere. Benzaldehyde (0.5 mmol,
equivalent to 52 pL) was added to 1.5 mL of methanol
(MeOH) where 40 mg of the catalyst was also added. The
reaction took place in a capped Pyrex glass vial where the
solution was stirred at S0 °C for 12 h. After the reaction
completion, the catalyst was washed with MeOH and removed
by syringe filtration (except for the recyclable catalyst). The
obtained product was then analyzed using GC—MS. The
recovered catalyst used for recycling experiments was rinsed
with MeOH, dried, and reused with fresh benzaldehyde and
methanol for the next run.

https://doi.org/10.1021/acsomega.4c05760
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Gas Chromatography—Mass Spectrometry (GC—MS).
A Shimadzu GC-2010 Plus gas chromatograph equipped with
a 30 m X 0.25 mm id, 0.25 ym thickness capillary column
(RXi-S Sil) and coupled to a triple-quadrupole detector
(GCMS-TQ8040, Japan) was operated with the electron
impact (EI) ionization mode at 70 eV. The oven temperature
was programmed as follows: starting at 30 °C with a 1 min
hold, increasing to 100 °C at a rate of S °C per minute with no
hold time, and then ramping up to 280 °C at a rate of 10 °C
per minute with a 3 min hold. The temperatures for the
injector, ion source, and interface were each set to 250 °C. A
sample of 5.0 uL was dissolved in 5 mL of methanol, and 0.20
uL was injected in a split mode (1:20) with helium as the
carrier gas at a flow rate of 2.0 mL/min. Mass spectra were
scanned from m/z 30 to 500. The identification of the analyte
was achieved through total ion chromatography (TIC)
retention time and by comparing the mass spectra of the
identified substance with those of the molecular formulas of
individual compounds.

B RESULTS AND DISCUSSION

Characterization of Ln-Ox MOFs. PXRD patterns of the
activated Ln-Ox samples were investigated to confirm their
crystalline structures and phase purities by comparing them to
the simulated PXRD patterns*”*’ (Figure 1). The obtained
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Figure 1. PXRD patterns of the prepared Ln-Ox MOFs compared to
the simulated PXRD patterns.

Intensity (a. u.)

diffraction patterns revealed the successful synthesis of
isostructural frameworks with a chemical formula of
[Me,NH,][Ln(0x),]-3H,0 (Ln = Eu, Tb, Ho, Er, Pr, Dy,
and Gd, ox = oxalic acid). All of Ln-Ox MOFs share
orthorhombic crystal lattices with unit cell parameters of a =
12.606 A, b = 12.000 A, and ¢ = 12.686 A, which was also
confirmed by the literature.*”

The surface morphologies of Ln-Ox MOFs are shown by the
SEM images in Figure 2. Tb-Ox and Eu-Ox exhibit diamond-
like crystals of ~5—10 pm size, while the other MOFs vary in
shapes between blocks, plates, or needles. The presence of
lanthanide metals within the framework was also evidenced by
EDX analysis (Figure S1 and Table S1, Supporting
Information).

The solid-state interaction and the binding mode of oxalic
acid with Ln metals were confirmed by using FT-IR
spectroscopy (Figure 3). The spectrum of the organic linker

was compared to the prepared MOF where the carboxylic acid
band was clearly shifted to a lower wavenumber (1656 cm™
for oxalic acid to 1618, 1919, 1626, 1625, 1626, 1619, 1627,
and 1619 cm™! for Eu-Ox, Tb-Ox, Gd-Ox, Dy-Ox, Nd-Ox, Ho-
Ox, Er-Ox, and Pr-Ox MOFs, respectively). This indicates the
coordination interaction between the carbonyl groups and the
lanthanide ions. Another shift was also observed at ~1317
cm™ corresponding to C—O bond stretching. In addition, the
shift of the O—C—O band in oxalic acid was significantly
shifted from 721 to ~797—800 cm™" in all Ln-Ox MOFs as it is
a part of the binding site, which is further evidenced on the
chelation of the carboxylate groups to the metal sites. On the
other hand, the C—C bond of oxalic acid (at 1380 cm™)
remains intact in all the FT-IR spectra.

Raman spectroscopy was used for the assessment of
potential structural or compositional variances across the
material’s surface. All of the vibration bands obtained for free
oxalic acid (C,H,0,-2H,0) as well as the different MOFs
were identified. Figure 4 (black line) shows the vibration bands
of free oxalic acid. The vibration at 863 cm™" corresponds to
the in-plane bending for 5(C—C) and symmetric stretching for
v(C—0). The peak at 478 cm™ was observed for §(C—C—0)
+ 8(C—C). Across all MOF samples, the C=0 and C—C-0O
peaks were observed with weak intensity and slight shifts
because of new lanthanide—oxygen bonds."* Furthermore, the
appearance of a peak at 207 cm™' for v(Ln—0) confirmed the
MOF formation for all samples.

The TGA profiles of Ln-Ox MOFs were obtained from 25 to
600 °C under a N, atmosphere. All the prepared materials have
shown similar thermal weight loss behavior. As indicated by
Figure S, a weight loss of up to 20% is observed in step (1) at
around 100 °C, which is attributed to the loss of water
molecules trapped within the frameworks. In the following step
(2), starting from 340 °C, a significant weight loss had
occurred, which corresponds to the total decomposition of the
organic moieties of the MOF lattices (oxalic acid linkers). The
formation of a body-centered cubic form of Ln,0;** was a
result of the decomposition of the MOFs, which was also
physically observed through the change of color in each Ln-Ox
MOEF.

N, adsorption—desorption measurements were conducted in
which Ln-Ox MOFs exhibited type IV isotherms (Figure 6).
Surface areas of Ln-Ox MOFs were measured by BET analysis
ranging between 5.92 and 11.99 m*/g. It is worth mentioning
that those materials exhibit low surface areas compared to
classical MOFs; however, this could be because of oxalic acid
being a simple and small linker, which limited the extension of
the framework. Average pore sizes of Ln-Ox MOFs were
measured to be around 5-20 nm, which is typical for
mesoporous MOF materials” (Table S2, Supporting In-
formation).

Magnetic Studies of Ln-Ox MOFs. In lanthanide MOFs,
magnetic studies elucidate the nature of both antiferromagnetic
and ferromagnetic interactions.”*~** Antiferromagnetic inter-
actions occur when neighboring magnetic moments align in
opposite directions, resulting in a net magnetization of zero.
To gain deeper insights into the magnetic characteristics of all
examined Ln-Ox MOF samples, temperature-dependent
magnetization measurements at 1000 Oe ranging from 2 to
300 K were conducted. Figure 7 illustrates the zero-field-
cooled (ZFC) magnetization data for the samples under
applied magnetic fields of 1000 Oe. At elevated temperatures,
the magnetization data exhibit a clear behavior, gradually

https://doi.org/10.1021/acsomega.4c05760
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Figure 4. Raman spectra of free oxalic acid and Ln-Ox MOFs.

increasing as temperature decreases, likely attributed to either
localized spin clustering®’ or the growth of ferromagnetic
domains.” Below a certain temperature dependent on the
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Figure S. Thermogravimetric analysis of the Ln-Ox MOFs.

applied field, the magnetization begins to rise at low
temperatures, a phenomenon interpretable in terms of a
spin-glass transition or the immobilization of domain wall
motion.”’ Throughout the investigated temperature range
from 300 to 2 K, the temperature dependence of magnetization
consistently diminishes, indicative of antiferromagnetic inter-
actions. This reduction is possibly a consequence of antiparallel
coupling between the magnetic moments of neighboring
lanthanide ions facilitated by coordination with organic
ligands. Further signatures of the possible observed anti-
ferromagnetic behavior are seen from the magnetic hysteresis
loop at 2 K (Figure 7). Although the T. is increasing by
changing the rare earth, only a signature of single-phase
antiferromagnetic ordering is evident in the temperature
dependence (Figure 8). From the M versus H data in Figure
7, an antiferromagnetic type of behavior at 2 and 10 K is
observed, while no hysteresis is shown in the inset at 300 K
data. Due to the interesting magnetic behavior of these MOFs,
a full study of their magnetic properties at different parameters
is ongoing and to be published.

Ln-Ox MOF Catalytic Activities. The Lewis acid
properties of lanthanide active centers in Ln-MOF catalysts
were investigated through an acetalization reaction. As a model
substrate, benzaldehyde was selected, and its acetalization with
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Figure 8. Temperature dependence of magnetization measured under 1000 Oe for all Ln-Ox MOFs.

methanol as a solvent and reagent in the presence of a catalyst
was screened. The percentage composition and conversion
yields of the reaction components were determined qual-
itatively by GC—MS (Figures S2 and S3, Supporting
Information). This determination was based on comparing
the retention times of each component with their respective
mass spectra.

The transformation results of benzaldehyde with methanol
to (dimethoxymethyl)benzene are summarized in Table 1.
Based on our results, the corresponding dimethyl acetal was

Table 1. Acetalization of Benzaldehyde with Methanol over
Ln-Ox MOF Catalysts”

H__O 0.0,
Ln-Ox MOFs
CH,OH
catalyst conversion (%)” TON* TOF (h™!)?
Tb-Ox 90 + 2 4.343 0.362
Pr-Ox 87 4.002 0.334
Eu-Ox 80 3.791 0.316
Nd-Ox 76 8.001 0.294
Er-Ox 75 3.697 0.308
Gd-Ox 70 3.363 0.280
Dy-Ox 60 2.922 0.244
Ho-Ox SS 2.695 0.225

“Reaction conditions: benzaldehyde (0.5 mmol), catalyst (40 mg),
and methanol (1.5 mL), 50 °C for 12 h. “Determined by GC—MS.
“TON: turnover number = (mmol of the product)/(mmol of the
catalyst). “TOF: turnover frequency = (mmol of the product)/(mmol
of the catalyst) (reaction time, h).

37391

observed as the major product (x74%) with each catalytic
reaction along with neglectable percentages of benzoic acid
(<2%) as a byproduct, which is probably due to the presence
of some molecular oxygen.”” Furthermore, no hemiacetal
products were detected, probably because of their unfavorable
formation equilibrium.>> The GC mass spectrum of
benzaldehyde at a retention time of 11.3 min revealed a
molecular mass peak at m/z = 105 (MW of C,HO, —106.12)
(Figure S3a, Supporting Information) accompanied by major
fragment ion peaks at m/z = 77 (base peak). For the
(dimethoxymethyl)benzene product observed at a retention
time of 15.6 min, the mass spectrum displayed a molecular
mass peak at m/z = 152 (MW of CoH;,0,, —152.19) along
with the major fragment ion peaks at 121 (base peak), 105, 77,
and 51, corresponding to the molecular formula CyH1,0,
(Figure S3b, Supporting Information). Benzoic acid, a possible
side product resulting from the oxidation of benzaldehyde, was
detected in small quantities at a retention time 17.09 min with
the mass spectrum exhibiting a molecular mass peak at m/z =
122 (MW of C,H40,, —122), with major fragment ion peaks
at 105 (base peak), 77, 51, and 32 corresponding to the
molecular formula C;H,O,.

In catalysis, it is always important to highlight the selectivity,
which involves the catalyst’s ability to promote favorable
reaction pathways, maximizing desired products and minimiz-
ing byproducts.”* For that, we have calculated the selectivity
coefficient (@) in terms of the adjusted retention times (t) of
the starting material and the products (Figure S4, Supporting
Information). It was found that the dimethyl acetal product is
retained longer than benzaldehyde by a factor of 1.49,
indicating a clear separation. Meanwhile, benzoic acid is
retained longer than dimethyl acetal by a factor of 1.10,
indicating a clear peak resolution. Overall, the selectivity values

https://doi.org/10.1021/acsomega.4c05760
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indicate good separation among the starting material,
acetalization product, and side product. Each peak is confirmed
by both the retention time and mass.

According to Table 1, the highest conversion yield of
benzaldehyde was observed over the Tb-Ox MOF with a
percentage of 90 + 2%, while the lowest product yield was
observed over the Ho-Ox MOF catalyst. According to the
literature and as mentioned in the Introduction, the acidity
(Lewis or Bronsted) of the catalytic center is an essential factor
for determining the catalytic activity as also explained by
previous reports summarized in Table 3. However, there is no
specific reason on the variety of conversion yields among
similar Ln-based MOF materials used to this kind of reaction.
Ren et al,, for example, reported a series of Ln-MOFs based on
the H,dpa linker (1,4-phenylenediacetate) where the highest
yield was also obtained by Tb-MOF (84%) (entry 7, Table 3)
presenting no clear reason on the variety of the conversion
yields as well.”> We speculate that the geometry of the
framework could affect the accessibility of the active sites to
the substrate. Moreover, the MOF can experience structural
changes upon the substrate binding,> affecting the catalytic
activity; however, there is still no proven evidence on that for
these particular Ln-MOFs, and our findings remain incon-
clusive.

Other catalytic reaction conditions were studied to validate
our findings using the Tb-Ox MOF as an example (Table 2). A

Table 2. Control Experiments Carried Out by Tb-Ox
MOFs“

conditions conversion (%)” TON°  TOF (h™")"
40 mg of Tb-Ox, 50 °C 90 4.343 0.362
40 mg of Tb-Ox, no heat 40 1.930 0.161
no Tb-Ox 3 0.145 0.012
S mg of Tb-Ox 48 2316 0.193
10 mg of Tb-Ox 51 2.461 0.205
20 mg of Tb-Ox 53 2.557 0.213

“Reaction conditions: benzaldehyde (0.5 mmol), catalyst (x mg), and
methanol (1.5 mL), 50 °C for 12 h. *Determined by GC—MS. “TON:
turnover number = (mmol of the product)/(mmol of the catalyst).
“TOF: turnover frequency = (mmol of the product)/(mmol of the
catalyst) (reaction time, h).

blank control indicated the production of a very small quantity
of (dimethoxymethyl)benzene (3%) upon the reaction of
benzaldehyde with methanol in the absence of the catalyst,
which proves that the acetalization reaction requires a
heterogeneous catalyst to occur. In addition, the effect of
heat plays an important role in achieving higher product yield
in which only a 40% product was yielded at room temperature
compared to the reaction at 50 °C. The loading quantity of the
catalyst was also studied in which 40 mg was found to be the
optimum catalyst loading required to achieve the highest
conversion yields compared to lower quantities presented in
Table 2 (S, 10, and 20 mg), which is attributed to the
availability of more active catalytic sites.

Moreover, recycling experiments were conducted using
benzaldehyde and methanol with the Tb-Ox MOF as the
catalyst. The reaction was carried out under identical
conditions as described earlier. Before being used for the
next cycle, the Tb-Ox MOF was washed several times with
methanol and separated by centrifugation. The solvent was
then decanted, and the sample was dried at 100 °C for 2 h in

an oven prior to PXRD measurements. The PXRD patterns of
the catalyst were recorded after each cycle where the MOF
retained its crystal structure indicating the stability of Ln-Ox
MOFs over this reaction (Figure 9). The product conversion
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Figure 9. PXRD patterns for the recycled Tb-Ox catalyst with a bar
chart of reaction conversion yields.

yield remained the same after three consecutive cycles.
However, at the fourth cycle, a decrease in the product yield
was observed (83%), which is typical for catalyst performance
after the time properly due to the saturation of the active
canters within the MOF moieties.”® Moreover, SEM images
were also recorded after the fourth cycle for the Tb-Ox catalyst
(Figure SS, Supporting Information), which also shows not
much change of the material surface morphology after the
catalytic reaction.

Finally, Table 3 summarizes the recent work reported for the
acetalization of benzaldehyde and methanol using MOF
materials as catalysts for the sake of comparison. Multiple
reaction conditions were tested to determine the optimum
conditions to achieve the highest product yields. Generally,
even though the reaction conditions of all reports are not
exactly the same, it is worth noting that our Ln-Ox MOFs have
great potential for high catalytic performance, which can be
carried out to try other related organic reactions in future
work.

Proposed Mechanism for Acetalization using the Th-
Ox Catalyst. As discussed before, there is no clear mechanism
or hypothesis for the acetalization reaction of benzaldehyde
with methanol. However, the Martos research group has
recently reported a plausible mechanism on a Hf-MOF catalyst
used for this reaction.”* This mechanism can be adapted by
our Ln-Ox MOFs as hafnium metal has a close nature to
lanthanides.*” It is known that the metal center and the oxygen
donors are labile;>”° thus, there is a chance for high charge of
the metal ion in addition to the fact that lanthanide metals can
have multiple coordination vacancies.*” This is an advantage as
it boosts the polarization of a metal—carbonyl bond substrate
and promotes deprotonation of the coordinated ROH reagent
(methanol molecules). As shown in Scheme 1, it is speculated
that the reaction is initiated when the oxygen of benzaldehyde
coordinates to the hydrogen atom of the hydroxyl group on the
Lewis acid center (lanthanide), which increases the electro-
philicity of the carbon in benzaldehyde. Then, a nucleophilic
attack occurs between the oxygen atom of methanol and the
carbon atom of the carbonyl group of benzaldehyde. Followed
by an intermolecular nucleophilic attack by the reaction
intermediate, a transfer of a hydrogen atom from the alcohol
group to the aldehyde oxygen atom occurs. The carbon of
benzaldehyde undergoes another nucleophilic attack by
another methanol molecule, which releases an OH group.
Finally, a hydrogen atom from the second methanol molecule
is bound to the resulting OH, producing a water molecule
along with a benzaldehyde dimethyl acetal product where the
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Table 3. Summary of Recent MOFs Used as Catalysts for
the Benzaldehyde Acetalization Reaction

entry catalyst conversion yields (%) (x hour) reference

1“  MOF-808(Zr) ~95% 34
MOF-808(Hf) ~95%
Ui0-66(Zr) ~65%
Ui0-66(Hf) ~92%

2 MOF-808 (Zr)-F  ~95% (0.03 h) 57
MOF-808 (Zr)-S  ~0 (0.03 h)

3°  UiO-66-DES 94 (1 h) 37
UiO-66-DMF 93 (1 h)

4 UiO-66-Zr 86, 91, and 83% (0.25, 1, and 24 h, 36

respectively)
Ui0-67-Zr 16, 85, and 80% (0.25, 1, and 24 h,
respectively)

5¢ UiO-66-Zr 50% (4.5 h), 100% (24 h) S8
UiO-66-NO,~Zr  100% (6 h)

6° MIL-101Cr 73% (1 h) 59

(Cr(BDC))

79 Ln-MOFs: s3
[La,(dpa),] <5% (10 h)
[Nd,(dpa),] <5% (10 h)
[Eu,(dpa);] 26% (10 h)
[Yb,(dpa),] 35% (10 h), 56% (20 h)
[Tb,(dpa);] 78% (10 h), 84% (20 h)

8¢ Fe(BTC) 49% (2 h), 71% (24 h) 33
Cu,y(BTC), 63% (2 h), 88% (24 h)
AL(BDC), 66% (24 h)

“Reaction conditions: catalyst (0.2 wt %), benzaldehyde (1 mmol),
and methanol (37 mmol) at 30 °C. Other conditions were studied.
bCatalyst (20 mg), benzaldehyde (4 mmol), and methanol (75 mmol,
10 mL) at 30 °C for 0.03 h. “Catalyst (50 mg), benzaldehyde (0.94
mmol), and methanol (75 mmol, 3 mL) at room temperature.
9Catalyst (100 mg), benzaldehyde (1 mmol), and methanol (3 mL)

at room temperature.

Scheme 1. Proposed Mechanism of the Acetalization
Reaction of Benzaldehyde and Methanol over Ln-Ox
Catalysts
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catalyst is recovered.”* Despite the provided mechanism, it is
still challenging to further explore other possible routes of the
mechanism and exactly understand the role of the active center
as side products such as benzoic acid are also produced by this
acetalization reaction.

B CONCLUSIONS

We have successfully synthesized a series of isostructural
lanthanide-based MOFs using a simple one-pot solvothermal
method, all sharing orthorhombic crystal structures. These
materials were thoroughly characterized through various
analytical, spectroscopic, thermal, and magnetic techniques,
revealing their diverse physical and chemical properties. For
the first time, Ln-Ox MOFs were employed as efficient
heterogeneous catalysts in the acetalization of benzaldehyde
with methanol, achieving high product yields, along with
remarkable stability and reusability. This study highlights the
immense potential of lanthanide-based materials for a broad
spectrum of catalytic and magnetic applications, paving the
way for future innovations.
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