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In the present work, nanocrystalline Zn-MOF-74 is shown to be a heterogeneous catalyst for the acid-
catalyzed ring-opening alcoholysis of cyclohexene oxide. The results corroborated that accessible open
metal sites within the material are critical conditions (Zn(i) Lewis acid sites) for this reaction. Zn-MOF-74
was tested at three different temperatures (30, 40, and 50 °C) for the alcoholysis reaction. Furthermore,
the cyclohexene oxide conversion was 94% in less than two days. A comparison of the catalytic activity
with different crystal sizes of Zn-MOF-74 and the homogenous phase, zinc acetate, was conducted. Zn-
MOF-74 exhibited excellent catalytic cyclability for three cycles without losing its activity. The material
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Introduction

The process of opening epoxide rings has attracted attention
because these species can produce relevant chemicals for
multiple applications in industry.” For this transformation, it
is necessary to use chemical agents that induce nucleophilic
attack, such as amines,** alcohols,>® water,” and phenols.?
Ring-opening of cyclohexene oxide produces an important
chemical precursor for synthesising products used in the
pharmaceutical industry.® Cyclohexene alcoholysis is a reaction
that occurs under relatively mild and safe conditions but with
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showed chemical stability by retaining its crystalline structure after the reaction and cyclability process.

poor conversion when a catalyst is not present.’ For this
reason, strong acids, Lewis bases, or Lewis acids are commonly
applied as heterogeneous catalysts to ensure faster product
production. Another advantage is that the reaction can be
carried out, with high efficiency, under mild conditions, such as
atmospheric pressure and a temperature of 50 °C or less."***

Research on obtaining better performance in this reaction
mainly focuses on heterogeneous catalysts with Lewis acid sites
in zeolites, mixed oxides, alumina, and others due to their
presumed chemical and thermal stabilities and recyclability.
Zeolite Sn-Beta-50 has been synthesized at high temperatures
and presented conversions of 90.2% at 40 °C." On the other
hand, materials possessing Brgnsted acid sites, such as gra-
phene oxide with sulphur molecules, exhibited a conversion of
approximately 97%."> However, conventional synthesis of this
type of catalyst is a process that demands high temperatures,
uses toxic reagents-solvents, and normally involves a very highly
energetic process to clean the catalyst.™ Thus, developing novel
catalysts that require considerably less aggressive and safer
synthesis methods are necessary.

Metal-Organic Frameworks (MOFs) are relatively new mate-
rials with increasing relevance in pollutant adsorption
processes™*® and heterogeneous catalysis.””>* These applica-
tions are possible due to the high porosity, facile synthesis, and
versatility of these materials, allowing the design of customized
MOF materials according to the application of interest.”>** In
catalysis, MOFs are commonly used as Lewis acid sites because
some materials possess labile solvent molecules that can be
removed via thermal or chemical activation to form open metal
sites (OMS). Our group has previously reported catalytic activity

© 2023 The Author(s). Published by the Royal Society of Chemistry
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with these sites to perform different reactions.*® Furthermore,
the inherent properties of MOF materials can allow for
outstanding performances as catalysts. The well-dispersion of
active sites and diverse morphologies of MOFs are desirable for
improved interaction of the reagents with the material.>” The
well-arrangement of the framework makes a high dispersion of
the active sites, thereby reducing a poisoning concern of the
active sites.”® Furthermore, the bonding strength between metal
ligands is sufficient to generate robust structures, which is ideal
for catalytic applications.”

MOFs have been used to open epoxide rings with alcohols as
heterogeneous catalysts. For example, UiO-type MOFs and
MOF-808, with Brensted acid sites, showed 40% and 100%
conversion, respectively.’ MOFs possessing Lewis acid sites
and exhibiting high catalytic activity have also been reported;
for instance, Fe(BTC) combined with styrene oxide yielded
a 93% conversion in methanol at 40 °C for 1 h.*° Moreover, a Cu-
based MOF presented a remarkably 100% conversion of cyclo-
hexene oxide with methanol.’

MOF-74 has been described as a honeycomb-like material
containing a pore size of about 12 nm. A mixture of divalent
metal ions and 2,5-dihydroxyterephthalic acid forms the
framework.** Each metal ion is coordinated with three O atoms
from the carboxylate linker and two from two n,-OH groups. At
the same time, the remanent molecule is a labile water molecule
coordinated to the metallic centre, which can be readily
removed to generate an OMS.** The structure of the Zn-MOF-74
with the open metal site is shown in Fig. 1. Furthermore, MOF-
74 can be constructed with different metallic centres such as
Co(u), Cu(u), Mg(u), Mn(u), Ni(u), and Zn(u),** allowing the
variation of the Lewis acidity strength. These materials have
been demonstrated to have high efficiency as heterogeneous
catalysts in different oxidation reactions.*® Our research group
has developed the synthesis of MOF-74 at room temperature in
methanol, which guarantees a faster and safer process, in
addition to the possibility of real-time synthesis analysis and
the minimization of the washing steps.”*** Zn-MOF-74 shows
relatively high thermal stability and possesses Zn(u) OMS.
Moreover, Zn-MOF-184, which is isoreticular to MOF-74, has
shown the best catalytic activity of its family as a Lewis acid in
the opening of epoxides for CO, addition.*® Thus, Zn-MOF-74
was our best candidate to evaluate its activity as a catalyst in
the alcoholysis of a cyclohexene oxide reaction. In the present

Fig. 1 Structure of porous Zn-MOF-74 containing OMS within the
structure. Atom label: green: zinc, black: carbon, and red: oxygen.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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work, we report Zn-MOF-74 synthesized at room temperature in
methanol for the open ring reaction of cyclohexene with
methanol, evaluated at different temperatures, and compared
with Zn-MOF-74 synthesized by the conventional method.

Results and discussion

The basic characterization of Zn-MOF-74 synthesized at room
temperature was performed with the following techniques:
PXRD is shown in Fig. 2b and S1,f which are in a good rela-
tionship with the simulated structure of Zn-MOF-74 for room
temperature and conventional synthesis. The BET surface area
was calculated from N, adsorption isotherms (Fig. S27) in
conventional and room temperature Zn-MOF-74 synthesis. The
data yielded surface areas of 837 and 737 m* g * for conven-
tional and room temperature Zn-MOF-74 synthesis respectively.
These values are in agreement with the different synthesis
methodologies in this family of MOFs.*® Furthermore, Zn-MOF-
74 exhibits high thermal stability at 350 °C by TGA (Fig. S31).
SEM analysis (Fig. S41) was performed to observe the difference
in the crystal size of Zn-MOF-74 synthesized at room tempera-
ture and conventional methods. Also, high-resolution XPS was
conducted to corroborate the Zn** state in the materials
(Fig. S57). The survey analysis displays the contribution of Zn, C,
and O atoms. The O 1s spectra show the peaks for Zn-O and
C-O bonds. The spectra for Zn 2p exhibit the characteristic two
bands related to Zn 2p;, and 2p;.,, showing a separation of
23.15 eV, which is in line with the Zn®" oxidation state.?”

Our first attempt in the alcoholysis reaction using Zn-MOF-
74 was with a reaction temperature of 30 °C in methanol.
However, the epoxide conversion was slow and thereby, we
decided to increase the temperature of the reaction. According
to the graphs of cyclohexene oxide conversion as a function of
time (Fig. 2a), the conversion increases with the reaction
temperature. This behavior is similar to the study of ring-
opening of styrene oxide with benzoic acid (i.e., the conversion
increased, and the time of reaction decreased when the reaction
temperature rose).*® Therefore, in this type of reaction, the
catalytic activity is associated with the reaction temperature. As
shown in Fig. 2a, the Zn-MOF-74 catalyst transforms practically
all the cyclohexene within two days at 50 °C.

More than 83% of the conversion was obtained in the first 30
hours of reaction; the rate became slower afterward. To guar-
antee the stability of the catalysts after each reaction, Zn-MOF-
74 was separated from the reaction mixture by centrifugation
and was analysed by PXRD; the obtained diffractograms are
shown in Fig. 2b and demonstrated that the crystalline struc-
ture was retained. Therefore, the material can be used as
a heterogeneous catalyst since it is stable under the reaction
conditions. Recyclability experiments of Zn-MOF-74 were
carried out with the sample that achieved the best conversions.
Table 1 and Fig. S6f show that the conversion was not
decreased, demonstrating that the catalyst is regenerated. In
addition, the stability of Zn-MOF-74 after the third cycle was
determined by PXRD (Fig. 2b). To confirm that there is no
leaching of the catalyst, a lixiviation test was carried out at 50 °©
C, where the catalyst was removed after 21 hours of reaction

RSC Adv, 2023, 13, 27174-27179 | 27175
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(a) Conversion of cyclohexene oxide with methanol using Zn-MOF-74 at different temperatures 50 °C (red), 40 °C (orange), and 30 °C

(pink). (b) PXRD of Zn-MOF-74 synthesized at room temperature (purple) and simulated (black), Zn-MOF-74 after alcoholysis reaction at 30 °C
(pink), 40 °C (orange), 50 °C 1 cycle (red) and 3 cycles (blue). (c) Steps proposed for the alcoholysis of cyclohexene oxide with methanol catalyzed

by Zn-MOF-74.

Table1 Conversion values of alcoholysis of cyclohexene oxide at 46 h
of reaction

Conversion
Material (%)
0—CHj
CH,OH
P10
Zn-MOF-74
OH
Zn-MOF-74 50 °C-1 cycle 93.8
Zn-MOF-74 50 °C-2 cycle 94.3
Zn-MOF-74 50 °C-3 cycle 94.8
Zn-MOF-74 40 °C 69.8
Zn-MOF-74 30 °C 23.1
MOF-74 conventional 50 °C 51.1
Zn(0,CCHy),-2(H,0), 50 °C 26.2
Leaching test 21 h 70.6
Leaching test 46 h 71.4
Blank (30, 40, and 50 °C) <2

through centrifugation. Subsequently, the reaction mixture was
kept at the same temperature until 46 hours of reaction. The
conversion did not increase significantly compared to after 21
hours of reaction, indicating the absence of leaching.

It has been reported that the MOF synthesis temperature
affects the crystal size obtained; this generally occurs at
higher temperatures,*>*° generating a larger crystal size under
certain considerations, which is why the conventional
synthesis of Zn-MOF-74 generates a material of larger crystal
size than the synthesis at room temperature. Considering

27176 | RSC Adv,, 2023, 13, 27174-27179

this, Zn-MOF-74 was synthesized under conventional condi-
tions and tested for the alcoholysis of cyclohexene oxide at
50 °C for 46 hours with a conversion of nearly 51.1%, repre-
senting almost half of Zn-MOF-74 synthesized at room
temperature (93.8%). The difference in the catalytic activity
can be attributed to the crystal size of the material because
the synthesis at room temperature generates nanocrystal
materials. It has been observed, precisely with this family of
materials, that nanocrystalline MOF-74 exhibits better cata-
lytic activity because its size allows better interaction with the
reagents, as demonstrated with oxidation reactions.*® Finally,
the precursor metal salt of MOF-74 (zinc acetate) was utilized
to perform the reaction in a homogeneous system, with
a conversion of 26.2% at 50 °C for 46 hours. The low
conversion observed can be due to the ligand dissociation of
the Zn(u) complex and, ultimately, to metal decomposition
behavior reported in the Cu(NOj3), salt.?® Conversely, a MOF-
type system is more stable since it is heterogeneous. Recov-
ering the catalyst in a homogeneous system is also a chal-
lenge. To rationalize the result obtained with Zn-MOF-74, we
compare our catalyst with various materials shown in Table 2.
The time of conversion of cyclohexene oxide using (near to
100%) Zn-MOF-74, at 50 °C, is higher than that of other
catalysts reported at a similar temperature as sulphated
yttria-zirconia,** H-Mont-3,*> Cu-MOF,® and Cu(BF,), nH,0.?
Another factor is the solvent type employed, which can harm
the environment, such as CH,Cl, or the solvent employed
during the catalyst synthesis.> Furthermore, heating during
the synthesis process results in materials requiring more

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparison of catalysts in the alcoholysis of cyclohexene oxide with methanol

Temperature Conversion
Material Time (h) (°C) (%) Ref
Zr-UiO-66-NHCH, Naph- 30 60 98 43
OH
Ga-MOF 10 120 92 44
Sulfated yttria-zirconia 1.5 45 84 41
H-Mont-3 3.5 24.5 92 42
Cu-MOF 10 RT 99 9
Cu(BF,), - nH,0 2 RT 94 2
Graphene oxide 24 RT 62 11
Zn-MOF-74 46 50 94 This work

energy consumption. Other catalysts such as Zr-UiO66-
NHCH, Naph-OH** and Ga-MOF** present good conversion,
which could be due to the higher temperature of the reaction.
As a comparison, the thermal stability of Zr-UiO66-NHCH,
Naph-OH (285 °C) is roughly similar to Zn-MOF-74 (350 °C).
Although the UiO-66 family displays chemical stability under
aqueous and acid conditions against Zn-MOF-74.*>¢
However, the MOF-74 family exhibits stability under organic
solvents, which is necessary for catalytic reactions. In addi-
tion, the solvent exchange (in this case, methanol) avoids the
material's activation, saving steps and energy costs. On the
other hand, the conversion of Zn-MOF-74 at 50 °C is superior
(73.2% at 21 hours) to that reported with graphene oxide at
similar conditions." Also, using methanol as a nucleophile;
may be due to the efficient renewal of Zn (Zn-MOF-74) in the
catalytic cycle and the acid strength of the metal centre since
this influences the opening of the epoxide.

The mechanism for the ring-opening of cyclohexene oxide
reaction has been proposed previously in the literature,* as is
shown in Fig. 2c. The first reaction stage (step I) involves access
to unsaturated metal sites, which can be achieved by activating
MOF-74 that removing solvent molecules coordinated to the
metal centre.*” It is worth mentioning that the synthesized Zn-
MOF-74 is submerged in methanol, the same reagent as the
nucleophile for the alcoholysis reaction. Thus, the activation in
our system occurs automatically within the reaction system
without requiring more energy, either for heating or vacuum.
Subsequently (step II), the OMS acts as Lewis acid and generates
an interaction with the oxygen of the epoxide, producing partial
charges in the structure.”” This behavior has been observed in
similar systems, for example, in cycloaddition reactions of CO,
to epoxides openings for adding aromatic amines.*® In the third
stage (step III), the opening of the epoxide and the addition of
methanol occur through a nucleophilic attack of the oxygen of
the methanol to the epoxide carbon with a partial positive
charge.*® At the same time, the oxygen of the epoxide ends its
interaction with the OMS and attacks the methanol carbon.
Finally, 2-methoxycyclohexanol is produced and released. Then
Zn-MOF-74 is returned to the reaction system with reusable
Zn(u) complexes that can perform further catalytic cycles. The
excellent performance of this material demonstrated the
advantages of heterogeneous systems since they allow an effi-
cient interaction of the reagents with the catalyst, preventing

© 2023 The Author(s). Published by the Royal Society of Chemistry

the metal from leaching within the material and simply sepa-
rating the catalyst from the reaction mixture.

Experimental
Synthesis of Zn-MOF-74 at room temperature

Zn-MOF-74 was synthesized following the method reported at
room temperature with a molar ratio of 2 metal: 1 linker.** Two
solutions were prepared: solution 1 of 1 mmol of 2,5-dihy-
droxyterephthalic acid (DHTP) and 6.6 mL of methanol was
added by drip, solution 2 of 2 mmol of zinc acetate dihydrate
(Zn(CH3COO0),-2H,0) and 3.3 mL of methanol, solution 1 was
added to solution 2 by slow drip under continuous stirring at
room temperature for 18 hours. Subsequently, the Zn-MOF-74
crystals were separated by centrifuging and washed with
methanol three times to remove the excess reactant within the
pores of the MOF. The material was stored submerged in
methanol.

Synthesis of Zn-MOF-74 conventional

Zn-MOF-74 was synthesized under the conventional method at
high temperatures.*® In a covered glass tube of 20 mL were
added 2.9 of zinc acetate dihydrate, 1 mmol of DHTP, 2 mL of
water, and 38 mL of DMF. This mixture was heated at 100 °C for
20 hours. Later, the Zn-MOF-74 crystals were separated by
centrifuging and washed two times with DMF, and after three
times with methanol, the material was stored submerged in
methanol.

Gas chromatography experiments

Gas chromatography (GC) was performed using a Carbowax
column (25 m x 0.25 mm ID and 0.25 pm) with a He flow of 2.5
mL min ", FID 250 °C, heating ramps of 15 °C min~" from 80 to
180 °C and of 10 °C min™ " from 180 to 210 °C.

Power X-ray (PXRD) diffraction experiments

Materials were dried before diffraction measurements. The
analyzes were carried out on a Bruker AXD D8 Advance
diffractometer operated at 160 W with a Cu lamp Kal (A =
1.5406 A).

RSC Adv, 2023,13, 27174-27179 | 27177
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Fig. 3 Flowchart of alcoholysis of cyclohexene oxide in Zn-MOF-74.

Thermogravimetric analysis (TGA)

Thermal stability was determined by TGA, with a heating rate of
20 °C min~" under airflow from 30 to 600 °C.

Isotherms of adsorption/desorption of N,

This analysis was performed to know the apparent surface area
of conventional and room temperature Zn-MOF-74. N, sorption
isotherms were performed on a Belsorp analyser under vacuum
(1073 bar), with the pressure of P/P, from 0 to 1 and 77 K. Both
Zn-MOF-74 were activated at 150 °C for 16 h (under 10~ bar).

Scanning electron microscopy (SEM)

Morphology and crystal size studies were carried out in an
ultrahigh resolution Philips XL 30 SEM instrument with
a tungsten filament.

Alcoholysis of cyclohexene

This reaction was evaluated in a 10 mL covered glass reactor at
three different temperatures (30, 40, 50 °C), each one by tripli-
cate, with the following amounts of reagents: 3.0 mmol cyclo-
hexene oxide, 0.3 mmol toluene (internal standard), 75 mmol
methanol (nucleophile) and 0.03 mmol of a catalyst under
continuous stirring of 250 rpm (Fig. 3). An Aliquot of 0.1 mL was
taken and dissolved in 1 mL of acetonitrile to be analysed by GC.
After each reaction, the catalyst was separated from the reaction
mixture by centrifugation and washed 2 times with methanol.

Conclusions

Zn-MOF-74 has become an efficient heterogeneous catalyst for
the acid-catalysed ring-opening alcoholysis of cyclohexene
oxide. The reaction is governed by thermodynamics, being at
50 °C the best temperature employed, which yields the highest
conversion; this effect may be because the catalyst regenerates
faster and the reactants access the unsaturated Zn(u) sites
within the material. Under the best conditions, a conversion
greater than 73% was obtained in the first 21 hours and around
94% in less than two days of reaction. The nanocrystalline Zn-
MOF-74 material, synthesized at room temperature, showed
higher activity than the large crystal size due to diffusional
effects. The material showed no degradation, leaching, or

27178 | RSC Adv, 2023, 13, 27174-27179
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decrease in its catalytic activity in 3 reaction cycles. Therefore, it
is clear that the porous Zn-based-MOF material is an efficient
catalyst for alcoholysis reactions, allowing its reuse without
losing catalytic activity, resulting in an exciting platform to
perform heterogeneous catalysis.
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