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The development of catalytic technologies for olefin epoxidation has attracted
attention due to the catalyst’s convenient separation after reaction. Metal-organic
frameworks emerge as alternative materials for olefin epoxidation via heterogeneous
catalysis. However, these materials exhibit lower catalytic performance than
commonly used homogeneous catalysts. Efforts to functionalize metal-organic
frameworks have been conducted to enhance their catalytic performance. Generally,
one-pot synthesis and post-synthetic modification are the two main methods for
functionalizing metal-organic frameworks with several functional species, such as
transition-metal ions and complex compounds. This review summarizes the catalytic
performance and structural stability of functionalized metal-organic frameworks for
olefin epoxidation from both modification methods. In addition, this review identifies

*Telp: +6285223580948

challenges and offers future research insights into olefin epoxidation.

Introduction

Nowadays, organic chemistry reactions
catalyzed by heterogeneous catalysts represent
a promising breakthrough for overcoming the
complex separation of homogeneous catalysts
[1]. Previously, several chemical reactions, such
as epoxidation [2], acetalization [3], and
isomerization [4], have been reported to use
homogeneous catalysts, particularly transition-
metal-based complexes. Despite the limitations
of homogeneous catalysts, they are still widely
employed due to their superior Ccatalytic
performance [5]. Thus, efforts have been
initiated to minimize the dependence on
homogeneous catalysts by gradually switching
to heterogeneous catalysts that offer high
catalytic = performance and  convenient
separation [6].

Metal-organic frameworks (MOFs) are
evolving to be suitable materials for
heterogeneous catalysts [7]. MOFs are porous
inorganic materials composed of metal-ion
clusters and organic linkers held together by
coordination bonds [8]. These materials possess
significant chemical and physical properties,

such as tunable structures and facile
modification, which are beneficial for catalytic
performance [9,10]. MOFs can be used directly
or indirectly as heterogeneous catalysts, namely
pristine and functionalized MOFs, respectively.
Chemical reactions, such as epoxidation,
catalyzed by pristine and functionalized MOFs
have been investigated [11-14].

Epoxidation of olefins is a significant
reaction for producing epoxides, which are
important intermediates in various fine
chemical industries [15]. Beforehand, olefin
epoxidation is mostly carried out with early
transition-metal-based  catalysts such as
titanium, vanadium, molybdenum, and
manganese [16,17]. However, these
homogeneous  catalysts  offer  excellent
conversion and selectivity; their difficult
separation likely limits the balance between
economic and environmental considerations [5].
Therefore, immobilizing complex compounds
within MOFs has been developed to address the
shortcomings of homogeneous catalysts [18—
20].
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Herein, recent advances in the catalytic
performance and structural stability of
functionalized MOFs for olefin epoxidation
prepared via one-pot synthesis and post-
synthetic modification (PSM) are reported.
Subsequently, the functionalization of MOFs
with transition-metal ions was also elucidated.
In addition, the defects within the frameworks
of functionalized MOFs and their relationship
to active-site formation and catalytic behavior
were briefly discussed. Furthermore, the future
insight was provided for further research.

Functionalization of Metal-Organic
Frameworks

Figure 1. The structures of (a) NU-1000,
[29],
copyright 2021 Inorganic Chemistry, (b)
UiO-67, reproduced with permission
[31], copyright 2013  Chemical
Communications, (c) HKUST-1,
reproduced with permission [32],
copyright 2014 The Journal of Physical
Chemistry C, (d) MIL-101(Cr),
reproduced with permission [33],
copyright 2016 ACS Sustainable
Chemistry & Engineering Journal.

reproduced with permission

Over 100,000 crystal structures of metal-
organic frameworks (MOFs) are collected in the
Cambridge Structural Database. Several MOFs
are named after the university that first reported
them, ie, UiO (University of Oslo), MIL
(Material Institute of Lavoisier), DUT (Dresden
University of Technology), NU (Northwestern
University), and HKUST (Hong Kong
University of Science and Technology). These
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series exhibit outstanding catalytic performance
across many applications, especially in catalysis
[21-25]. UiO-series MOFs like UiO-66 and UiO-
67 are constructed from zirconium(IV) metal
clusters of ZrsOsOH)s, connected by 1,4-
benzenedicarboxylate ~ (BDC) and 44'-
biphenyldicarboxylate (BPDC) organic ligands,
respectively [26,27]. DUT-52 and NU-1000 are
also zirconium(IV)-based MOFs linked to 2,6-
naphtalenedicarboxylate (NDC) and 1,3,6,8-(p-
benzoate)pyrene (TBAPy) ligands, respectively
[28,29]. MIL-101(Cr) is one of chromium(IIl)-
based MOFs with BDC ligand [30]. HKUST-1 is
copper(ll)-based MOFs linked to 1,3,5-
benzenetricarboxylate (BTC) ligand [23]. The
structures of MOFs are shown in Figure 1.

The use of MOFs for various chemical
reactions aligns with their excellent catalytic
performance, including high conversion and
selectivity, as well as catalyst reusability [22,34].
These properties are crucial for the long-term
and large-scale use of the catalyst, particularly
at the industrial level [35]. MOFs have been
identified as suitable support materials for
homogeneous catalysts in various chemical
reactions, particularly for olefin epoxidation
[20,34,36]. Aside from complex compounds,
MOFs can also be functionalized with metal
oxides, ionic liquids, polyoxometalates, and
transition-metal ions [15,37-39].

In general, the functionalization of MOFs
with transition metal ions or
compounds has been reported using one-pot
synthesis and PSM methods. A one-pot
synthesis method fabricates functionalized

complex

MOFs by directly dissolving the functional
species into a mixture of MOF precursors, then
heating the mixture under solvothermal
conditions [5]. Meanwhile, the PSM method
proceeds in several steps: synthesis of MOFs,
followed by the introduction of functional
species into their structure. In summary, one-
pot synthesis offers shorter reaction times than
the PSM method. However, the PSM method
allows greater dispersion of functional species
within the MOF structure, thereby enhancing
catalytic performance [40].
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The Catalytic Performance of Functionalized
Metal-Organic Frameworks

The epoxidation of olefin changes the
double covalent bond of carbon atoms into a
three-membered cyclic ether called epoxide
through an oxygen-atom transfer reaction [11].
The catalytic performance of functionalized
MOFs for olefin epoxidation involves the
conversion of olefin and the selectivity of
desired epoxides. Yildiz et al. evaluated the
functionalization of DUT-5 with Co(II), Mn(II),
and Mn(IIl) complexes using the PSM method,
which was used as a catalyst for the aerobic
epoxidation of trans-stilbene. They employed
the 2,2’-bipyridine-5,5"-dicarboxylate (BPyDC)
organic ligand to facilitate the immobilization of
cobalt and manganese ions. Salicylaldehyde
was used to modify the amine-functionalized
DUT-5 before the incorporation of metal ions.
The trans-stilbene epoxidation catalyzed by
DUT-5-BPyDC(10)-Co
conversion (93%) and selectivity (75%) than
DUT-5-BPyDC(10)-Mn, only 0.02%
catalyst loading. This result was presumably
associated with the metal properties, in which
cobalt was more compatible for the epoxidation

achieved higher

using

of trans-stilbene than manganese [36].

A functionalization of MOFs by the PSM
method for olefin epoxidation was also reported
by Zhao et al. UiO-66-(COOH): was
incorporated with CuSO+5H:0,
Cu(NOs)223H20, CuCl»2H20 metal salts to
obtain Cu@UiO-1, Cu@UiO-2, and Cu@UiO-3,
respectively. After Cu(Il) incorporation, the
Cu@UiO-(1-3)
catalysts remained consistent with that of
pristine UiO-66-(COOH)2, indicating material
stability. They studied the epoxidation of
cyclooctene using Cu@UiO-(1-3) catalysts. The
highest  conversion selectivity  of
cyclooctene,  approximately = >99%, was
catalyzed by Cu@UiO-1 after 4 h of reaction.
This result was associated with the porosity of
Cu@UiO-1, with pore volume and surface area
values close to those of pristine UiO-66-
(COOH)z. Furthermore, Cu@UiO-1 was shown
to  catalyze

crystalline structure of the

and

cyclooctene  epoxidation,
maintaining 99% conversion and selectivity
even after 8 runs [41].

The functionalization of zirconium(IV)-

based MOFs for olefin epoxidation was also
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performed by Noh et al. NU-1000 was
functionalized with molybdenum(VI) oxide via
solvothermal deposition in MOFs to produce
Mo-SIM. This material was utilized as a catalyst
for the epoxidation of cyclohexene. After 7 h of
reaction, Mo-SIM exhibited 93% conversion and
99% selectivity for cyclohexene. In comparison,
the catalytic performance of pristine NU-1000,
devoid of molybdenum species, was evaluated
for cyclohexene epoxidation. The low
conversion of cyclohexene (5%) after 7 h of
catalyzed by pristine NU-1000
that ~ molybdenum  species
significantly contributed to Mo-SIM catalytic
performance. The versatility of the Mo-SIM
catalyst was examined for the epoxidation of 1-
hexene and cis-cyclooctene, with selectivity
>99% confirmed. Additionally, the Mo-SIM
catalyst maintained its catalytic performance for
up to 3 runs [39].
Ghasemiyan et al.

reaction
indicated

reported  the
functionalization of a zinc-based MOF with a
Co(Ill) complex using a PSM method. ZIF-8
linked by a 2-methylimidazole ligand was
functionalized with CoDMG complex to
produce CoDMG@ZIF-8 catalyst for olefin
epoxidation. The catalytic performance of
CoDMG@ZIF-8 was explored in the cyclooctene
epoxidation. The catalyst exhibited 96%
conversion and 82% selectivity after 24 h of
reaction. Compared with pristine ZIF-8 (47%
conversion, 63% selectivity), the addition of the
CoDMG complex to ZIF-8 significantly
improved catalytic performance (conversion:
80%, selectivity: 95%). Further experiments
were conducted to evaluate the recyclability of
CoDMG@ZIF-8. The catalyst maintained its
catalytic performance through 4 runs, with only
a slight reduction [6].

Song et al. successfully employed another
approach to modify two types of zirconium(IV)-
based MOFs for olefin epoxidation. UiO-67 and
UiO-BPy (BPy = 2,2'-bipyridine-5,5'-
dicarboxylate ligand) were functionalized with
polyoxomolybdic  cobalt (CoPMA) and
polyoxomolybdic acid (PMA) by a one-pot
synthesis method. They examined the catalytic
performances of CoOPMA@UiO and PMA@UiO
for cyclooctene epoxidation. CoPMA@UiO-BPy
delivered the highest conversion (91%) and
selectivity (>99%) after 6 h of reaction. In
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addition, CoPMA@UiO-BPy also demonstrated
exceptional recyclability and stability compared
to CoPMA@UiO-67. The presence of the BPy
ligand within the UiO-BPy
contributed to the catalyst's enhanced stability.
Besides that, the uniform distribution of
CoPMA the cages of UiO-BPy
frameworks delivered the high -catalytic
performance of CoPMA@UiIO-BPy  for
cyclooctene epoxidation [15].

Similar to Song's approach, Hu et al. also
used a one-pot synthesis to modify UiO-66 with

framework

inside

transition-metal heteropolyacids (TM-HPAs)
for olefin  epoxidation. UiO-66  was
functionalized with Fe, Co, Ni, and Cu
monosubstituted phosphomolybdic acids to
different TM-HPA@UiO-66
catalysts. The crystalline structures of TM-
HPA@UiO-66 were in accordance with the
UiO-66, indicating the UiO-66
framework was stable upon the incorporation
of TM-HPA. They investigated the catalytic
these catalysts the
epoxidation of styrene. Among them, Co-
HPA@UiO-66 delivered the highest conversion
and selectivity of styrene by 96% and 82%,

obtain  four

pristine

performance of for

respectively, after 2 h of reaction. This result
could be attributed to the cage size of the UiO-
66 framework, which facilitates the confinement
of Co-HPA clusters and thereby enables the
efficient conversion of styrene to the
corresponding epoxide [42].

Jin et al. reported the functionalization of
UiO-66 with Mo(VI) via a one-pot synthesis
method. They synthesized several Mo@UiO-66
catalysts using (NH4)sMo07O24.4H20O as the
Mo(VI)
namely formic acid (For) and acetic acid (Ac),
were used to control the framework defects in
UiO-66. These catalysts were employed for the
epoxidation of cyclohexene. The results showed
that Mo@UiO-66-100For exhibited the best
catalytic performance among all other catalysts.

This performance was likely associated with the

source. Two different modulators,
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strong Lewis acidity of Mo@UiO-66-100For,
along with the suitable porosity of pristine UiO-
66, which enabled high Mo(VI) dispersion and
led to efficient epoxidation of cyclohexene.
Furthermore, this  catalyst
consistent performance for up to 4 runs [5].

The encapsulation of several transition-

maintained

metal species, including Mo, Co, and Cu, within
pristine MOFs significantly enhanced catalytic
performance for olefin epoxidation. The Mo(VI)
species acts as a Lewis acid, promoting the
epoxidation of the olefin via a heterolytic
mechanism [19]. The Co(IIl) species forms a tert-
butyl peroxy radical via homolytic cleavage of
Oz, which then reacts with the olefin to produce
an epoxide [6]. Subsequently, the Cu(Il) species
acts as an active intermediate via a radical chain
mechanism to form epoxide [42].

The functionalized MOFs exhibit better
catalytic performance than the pristine MOFs
for epoxidizing olefins. Both one-pot synthesis
and PSM methods
functionalize pristine MOFs with various
functional groups. Moreover, these catalysts
maintain their catalytic performance in terms of
conversion and selectivity over several runs,

have been used to

indicating that functionalization of pristine
MOFs is necessary for catalytic applications. In
addition, the PSM method provided a better
distribution of the functional active site within
the structure of pristine MOFs compared to the

one-pot synthesis method [6,36,39]. The
uniform dispersion of the active sites,
confirmed by EDX mapping, increased

substrate accessibility, leading to efficient
catalytic performance of the functionalized
MOFs and further explaining the stable
structure of pristine MOFs upon modification
by this method [41]. The reported catalytic
performance for olefin epoxidation using
several pristine and functionalized MOFs is
summarized in Table 1.
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Table 1. Catalytic Performance of Pristine and Functionalized MOFs for Olefin Epoxidation

Conv. Sel. Reaction .
Catalyst Substrate %) %) Condition Oxidant Ref.
NU-1000 Cycloh 5 86 °
yclohexene 60 °C, 7 h, N2 TBHP [39]
Mo-SIM Cyclohexene 93 99 atmosphere
UiO-66-NH: Cyclooctene 11 68
UiO-66-sal-MoA Cyclooctene 99 99 80°C,24h TBHP [40]
UiO-66-sal-MoD Cyclooctene 99 99
UiO-66-(COOH)2  Cyclooctene 13 99
Cu@UiO-1 Cyclooctene 99 99 40°C,4 h O [41]
Cu@UiO-3 Cyclooctene 96 99
Zr-MOF-bpy Cyclooctene 23 87
90°C,12h TBHP 43
Zr-MOF-bpy- Cyclooctene 88 95 w
CuBr: y
CuBTC Cyclooctene 46 50
60°C,2h TBHP [44]
Mo-AMP-CuBTC  Cyclooctene 99 99
ZIF-8 Cyclooctene 47 43
°C,24h TBHP
CoDMG@ZIF-8 Cyclooctene 96 82 60°C, 2 B L6]
CusBTC2-AMP-
PA-Mo Cyclooctene 95 99
90°C,3h TBHP [18]
CusBTC2-AMP-
PA-V Cyclooctene 77 99
PMA@UIO-
}S oPMA@UIO Cyclooctene 91 99
Py 70°C, 6 h H0O» [15]
CoPMA@UIO-67 Cyclooctene 82 99
UiO-67- o
MoO:Cl(bpydc) Cyclooctene 97 100 75°C, 24 h TBHP [45]
224011C0@U10- Cyclohexene 55 69
. 60°C, 6 h TBHP [46]
PMOnCooUIO- Cyclooctene 68 99

66

116
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The Structural Stability of Functionalized
Metal-Organic Frameworks

The structural stability of functionalized
MOFs after the catalytic olefin epoxidation
reaction is also important to examine. For
instance, the  structural stability = of
functionalized MOFs can be affected by the
the
functionalization species, and the -catalytic
reaction temperature. Several catalytic reactions
were carried out at high temperatures, which
could lead to the leaching of functionalized

thermal stability of pristine MOFs,

species or the collapse of the frameworks. On
the other hand, the structural stability of
functionalized MOFs as catalysts also correlates
with their catalytic performance over several
runs.

Berijani et al. evaluated the structural
stability of [C-NU-1000-Mo] catalyst for styrene
epoxidation. There were no significant changes
in the structure of the recycled catalyst after 5
runs compared to the fresh catalyst, as indicated
by PXRD analysis. It can be concluded that the
recovered [C-NU-1000-Mo] holds an intact
crystal structure. [C-NU-1000-Mo] was also
proven as a stable functionalized Zr-MOFs
following the BET analysis [25]. Moreover, the
molybdenum ions showed no leaching up to 5
runs. The structural alteration and leaching
possibility of Mo(n-STI)/M-MOF catalyst (M =
Zr, Hf) were studied by Gomes et al. The PXRD
analysis showed no loss of crystallinity after the
contact test with TBHP in TFT. SEM-EDS
analysis confirmed the confinement of Mo(CO)s
guest within the pore of MOFs. The structure of
UiO-66 was also maintained after the catalytic
reaction with cis-cyclooctene [19].

Zhang et al. reported the structural
stability of Zno1Coi-MOEF-D2-24 catalyst for o-
pinene epoxidation. There was no significant
change in the PXRD patterns of recycled
catalysts after 6 runs compared with those of the
fresh catalysts, indicating the materials retained
their intact crystal structure. The sustained
catalytic activity of the ZnoiCoi-MOF-D2-24
catalyst after 6 runs, with 91.2% conversion and
90.6% selectivity, confirmed that no metal
leaching occurred. In addition, SEM analysis
showed no considerable change in the lamellar
structure and morphology of the recycled
catalyst. IR and XPS showed agreement in the
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signal peaks of the recycled catalyst with those
of the fresh catalyst [38]. Zhu et al. investigated
the stability of POV-MOF catalysts for internal
and terminal olefins by soaking in different
solvents and at different pH values. The PXRD
patterns of soaked catalysts showed no
backbone collapse, indicating
stability compared with those of the pristine
catalysts [47].

The structural stability of Cu@UiO-66-
(COOH)2 catalyst for aerobic epoxidation of
cyclooctene was investigated by Zhao et al.
After 8 runs, the Cu@UiO-1 catalyst with 1.87
wt% copper species catalytic
activity, with 99% conversion and 99%
selectivity in each recycle. The excellent
recyclability of Cu@UiO-1 was supported by
PXRD analysis, which showed that the internal
structure remained consistent. Furthermore, the
leaching test of copper species in the Cu@UiO-1
catalyst, verified by ICP-AES analysis, showed

structural

maintained

a copper level of 0.04 ppm, indicating no
significant loss during the reaction [41].

The structural stability of the Mo-SIM
catalyst for cyclohexene epoxidation was
studied by Noh et al. The Mo-SIM catalyst,
derived from the functionalization of NU-1000
with molybdenum(VI) oxide, demonstrated no
leaching of molybdenum species into solution
upon recycling. This result was aligned with the
ICP-OES measurements: before and after the
catalytic process, the amount of molybdenum
per node remained consistent at 2.8 + 0.3. In
addition, the Mo-SIM catalyst showed no
decrease in yield up to 3 runs. The exceptional
stability of the Mo-SIM catalyst was also
confirmed by PXRD patterns, which showed
that the crystallinity of the functionalized MOFs
remained consistent with that of the pristine
NU-1000, indicating the robustness of the
parent frameworks. Moreover, SEM-EDS
analysis revealed the maintained morphology
and dispersity of the Mo-SIM catalyst [39].

The structural stability of functionalized
MOFs after multiple catalytic reaction cycles
was confirmed by PXRD and SEM analysis. No
significant difference between the fresh and
reused catalysts, as shown by the PXRD
patterns and SEM images, indicated the catalyst
stability. Moreover, catalyst stability was
aligned with recyclability, as evidenced by
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consistent catalytic performance (conversion
and selectivity). Figures 2a and 2b, respectively,
displayed the PXRD patterns of the reused
CoDMG@ZIF-8 and CoPMA@UiO-bpy, which
were in agreement with their fresh peak
position [6,15]. Meanwhile, SEM images with
EDS line scans of the fresh and reused Mo-SIM
are shown in Figures 2c and 2d [39].

Reused CoODMG@ZIF-8
(a) -—Fle:sshCoE:MG@%F—S (c)

l“

D W5 UYT SN W W—

)

Intensity (a.u.

Al.AL adl sl

5 15 25 35 45
20/degree

(b) (d)

Intensity (a.u.)

5 10 15 20 25 30
2theta (Degree)

Figure 2. PXRD patterns of (a) CoDMG@ZIF-8,
reproduced with permission [6],
copyright 2024  Elsevier, (b)
CoPMA@UiO-bpy, reproduced with
permission [15], copyright 2019 ACS
Sustainable Chemistry & Engineering
Journal, SEM images of (c) fresh, and
(d) reused Mo-SIM (respectively),

[39],

the

reproduced with permission
copyright 2016 Journal of
American Chemical Society.

The defects within the frameworks of
functionalized MOFs also correlated with the
catalyst's catalytic behavior. For instance, in the
functionalization of UiO-66(Zr/Hf) with
Mo(CO)s for the epoxidation of cis-cyclooctene,
functionalized UiO-66(Hf), owing to its higher
defectivity, exhibited better recyclability than
functionalized UiO-66(Zr). The defect in UiO-
66, as the support material, allowed excess
loading of the guest species onto the missing
linker and the cluster [19]. The structural defect
in UiO-66, subsequently functionalized with
Mo species, also showed improved catalytic
performance in the epoxidation of cyclohexene.
Mo@UiO-66-100for the highest
catalytic activity at missing-cluster defects,

displayed
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leading to the efficient
cyclohexene [5].

Besides the defect factor, the pore size,

epoxidation of

metal node, and ligand functionality of the
functionalized MOFs the
catalytic outcomes of olefin epoxidation. These
factors explained the relationship between the

also influenced

catalyst's structure and activity. Functional
species were likely confined within the pores of
MOFs rather than on their external surfaces,
which served as the catalytic active sites. For
example, the pore size of UiO-67, which was
larger than that of UiO-66, allowed better
accessibility for Mo(CO)s incorporation,
resulting in the higher catalytic activity [45]. On
the other hand, different metal nodes within the
isostructural MOFs also contributed to the
catalytic performance. For example, UiO-66(Zr)
and UiO-66(Hf), in which Hf-based was more
oxophilic and acidic than Zr-based, resulting in
increased activity as a catalyst with a similar
loading of Mo [19]. It was also reported that the
ligand functionality affected the immobilization
of functional species, such as Mo(VI) complexes,
via adduct formation, thereby enhancing
catalytic activity [48].

As explained previously, the structural
stability of functionalized MOFs also
encompasses aspects of metal leaching and
robustness of the frameworks. In this case, the
functionalization method helped mitigate these
issues. The PSM method exhibited high
dispersion of functional species on the
framework and enabled the formation of a
the thereby
improving catalytic performance [40,43]. The
PSM method ensured the robustness of the
frameworks during the stepwise
functionalization process, thereby preventing
metal leaching from the functional groups. On
the other hand, the one-pot synthesis method
mainly offered shorter reaction times but
required higher reaction temperatures to
produce pristine MOFs. In short, the PSM
method minimized damage to the functional
species during functionalization by using a
lower reaction temperature than the one-pot
synthesis method [49].

chelating group on linker,
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Conclusion and Outlook

The catalytic performance of MOFs in
olefin epoxidation has upon
functionalization with various active species,
such as transition-metal ions and complex

increased

compounds, incorporated into the frameworks.
In general, one-pot synthesis and post-synthetic
modification are the two main methods for
functionalizing MOFs. The functionalized
MOFs exhibit structural stability comparable to
that of the pristine MOFs and excellent
recyclability after several runs. However, it
should be noted that defects within the
frameworks of certain MOFs may influence the
dispersion of active species. The uniform

distribution of active species and the
availability of suitable cages in MOFs
significantly enhance their catalytic

performance. The catalytic performance of
other functionalized MOFs prepared with green
chemistry methods needs to be explored. In
addition, the use of green oxidants, the low-
temperature process, and the catalyst's scale-up
challenges must be discussed. Furthermore, the
reaction mechanism is also important to
examine. The development of heterogeneous
catalysts will have a significant impact on large-
scale applications in the future.
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