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Metal—-organic frameworks (MOFs) are a family of porous crystalline materials that serve in some cases as

versatile platforms for catalysis.

heterogenous catalyst metal—organic framework (MOF)

| 1. Introduction

International Union of Pure and Applied Chemistry (IUPAC) defines MOFs as a coordination network with an open
framework containing potential voids [2l. This emerging class of porous coordination polymers are formed by metal
ion or cluster nodes and functional organic ligands, all connected through coordination bonds to form 1D, 2D o 3D
networks (Figure 1) ZRBI4IBIE MOFs can be easily obtained by several different synthetic methods, such as
electrochemical @, solvothermal B and mechanochemical &, slow diffusion 2% and more recently also by

microwave-assisted heating 21,

FRAMEWORKS
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Figure 1. Schematic representation of MOFs frameworks with different dimensionalities (3D, 2D, 1D).

The crystal structures of MOFs can be customized depending on the metal and ligand choice as also on the

solvents and reaction conditions employed. 2 Due to the high surface areas (X2 and ultrahigh porosity they are
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attractive for CH,, CO, and H, sorption and storage. Most MOFs have higher volumetric H, and CH, storage

capacities concerning traditional porous materials.

MOFs have been also investigated for their potential applications in biomedicine, for example for drug delivery 14
and biological imaging 3, mainly for the possibility to use biocompatible building blocks. MOFs were employed as
electrode materials for supercapacitors using Co-based coordination polymers 28 for magnetic and electronic
devices 17, for water harvesting where H,0 is extracted from the air by solar energy 181, and finally also for non-

linear optics 19,

The use of MOFs as a catalyst has been widely explored and several applications have been developed, for
example in the production of fine chemicals 29, or the definition of possible new green protocols replacing non-
eco-friendly catalysts [21. Differences in activity and selectivity toward specific organic reactions are significantly
dependent on the MOFs structure 22, The main MOFs advantage, when researchers consider their use in
catalysis, is in the possibility to design and predict the structural properties based on of linker features, coordination

number and geometry of the metal.

The presence of coordinatively unsaturated metal sites, the variety of basic linkers available, the stability to
solvents and to reaction conditions, the possibility to host guest molecules within the pores makes MOFs
perspective materials for heterogenous catalysis. They have also a lot of advantages concerning other inorganic
systems as zeolites and aluminophosphates, i.e., they can be modified using organic synthesis, being possible to
decorate their pores with catalytic sites. MOFs can be tailored by a simple change in the initial synthetic conditions
or by using post-synthetic reactions. These modifications make MOFs excellent candidates for designing functional

materials to allow the attachment of different catalysts 23],

While the characterization of deposited species upon conventional catalyst supports, such as metal oxides, tends
to be challenging due to the non-uniform surface and pore structures of the support, the crystalline nature of MOFs
enables visualization of the catalytically active species within the framework, which leads to a detailed

characterization of active catalytic sites and provides insight into structure—activity relationships.

Epoxides are important species and intermediates in the production of pharmaceuticals, agrochemicals, and
relevant industrial chemicals. In the global market, the production of propylene oxide achieves 8 million tons per
year with an expected annual increase of 5% 24, Due to the industrial relevance of catalytic oxidation of olefins to
fine chemicals, numerous studies have been devoted to the development of efficient homogeneous 24 and
heterogeneous catalysts 24, However, high selectivity and enantioselectivity in epoxidation reactions remain a
challenge. While recovery and product separation are the main drawbacks for homogenous catalysts, MOFs used

as heterogeneous catalysts in the oxidation of olefins have attracted significant attention (Figure 2) 251,
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Figure 2. General mechanism of epoxidation of alkenes with peroxycarboxylic acid as co-catalyst.

CO, is the primary greenhouse gas in the atmosphere, and it is the cause of environmental and energy-related
problems in the world. Nowadays, the development of new methods is fundamental to capture and convert
CO, into useful chemical products to improve the environment and promote sustainable development. Several
studies have been carried out on MOF's efficiency to capture CO,. The linkers that connect the MOFs metal nodes
are the major sites for CO, binding. The linkers that connect the MOFs metal nodes are the major sites for
CO, binding, and they can be chemically modified with functional groups to increase their interaction with CO..
Moreover, unsaturated metals ions can be introduced in the MOFs structure. A significantly benefit generated from
the possibility to have adequate quantities of CO, in concentrated form within a MOF is the possible use of CO, as
a chemical reagent (Figure 3).

Figure 3. Representation of cycloaddition reaction of CO,, captured by MOFs, to epoxides.

A significant number of MOFs has been recently reported to catalyse the CO, cycloaddition reaction to epoxides to
give cyclic organic carbonates (OCs) and several papers describe the potential and effectiveness of MOFs in this
important process, so it is necessary to identify better strategies to build new advanced materials as MOFs or

MOF-based species to grow selectivity, capacity, and conversion of this catalytic reaction.

| 2. Epoxidation with MOF-Based Composites
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One possible way to improve the chemical and mechanical stability of MOFs as potentially heterogeneous
catalysts is their immobilization onto/into supports. In this contest, solid polymer, graphene, and inorganic particles

28] or inorganic polymers 27 are largely employed as supports.

To overcome the poor hydrostability of [Cuz-BTC,] 28, a porous dendrimer-like porous silica nanoparticles
(DPSNs) has been utilized as a carrier to support Cu-BTC Nps. The nanocomposites DPSNs@Cu-BTC were
prepared by growing Cu,O NPs in the center-radial porous channels of DPSNs. After that, Cu,O NPs were
dissolved in the presence of acid, oxidant and 1,3,5-benzenetricarboxylic acid (H3BTC) 22, The obtained Cu-BTC
NPs have shown limited growth and a uniform distribution without agglomeration. The small size of Cu-BTC NPs
(40 = 25 nm) is useful in the aerobic epoxidation of various cyclic olefins achieving high catalytic activity without by-
products. Good yield and selectivity were detected with inert terminal linear alkenes. Otherwise, epoxidation of

styrene only achieved 65% of conversion due to the kinetic instability of styrene oxide B9,

The amphiphilic MIL-101-GH, a porous hierarchical material, has been explored as catalyst for the biphasic
epoxidation reaction of 1-octene with H,O,. MIL-101-GH hydrogel was obtained by dispersing MIL-101
nanoparticles homogeneously in aqueous graphene oxide (GO) solutions. The TS-1 catalyst, commercially used in
this biphasic reaction, was then introduced in MIL-101-GH. The resulting system, MIL-101-GH-TS-1, overcame the
lower activity toward olefin epoxidation of TS-1, and the amphiphilic MIL-101-GH increased the contact areas of
TS-1 with both H,O, and 1-octene. The catalytic performance of MIL-101-GH-TS-1 has been much higher than

that of single TS-1 and the 1,2-epoxyoctane was obtained without other by-products B,

Polyoxometalate-based (POMs) heterogeneous catalysts are attractive species in the catalytic epoxidation of
olefin. They have got great catalytic activity, selectivity, and easy separation but their leaching mainly due to the
strong complexing capability of solvent and H,O, oxidants, represents the major obstacle in the possible
applications 82838l To overcome the stability issue of POMs, the polyoxomolybdic cobalt (CoPMA) and
polyoxomolybdic acid (PMA) species were incorporated into UiO-bpy, a Zr-based MOFs, through self-assembly
process under solvothermal condition B4, CoPMA@UiO-bpy showed the highest catalytic activity for cyclooctene
oxidation with H,O, and also for the oxidation of styrene and 1-octene with O, as oxidant and tert-butyl
hydroperoxide (t-BuOOH) as initiator. This is due to the uniform distribution and better immobilization of POM
clusters within the size-matched cages of Zr-MOFs owing to the presence of bipyridine groups in the UiO-bpy
framework. It is noteworthy that CoPMA@UiO-bpy shows excellent recyclability and stability against the leaching of

active POM species.

Composite material has been obtained by encapsulating Hs-PMo,¢V,049 polyoxometalates (POMs) and 1-octyl-3-
methylimidazolium bromide, ionic liquids (ILs), in the mesoporous cages and large surface area of MIL-100 (Fe).
The synergic effect of ILs, Lewis and Brgnsted acid sites in both PMo44V, species and MOF created a PMo10V2-
ILs@MIL-100(Fe) hybrid with significant catalytic properties in cycloolefins epoxidation. Indeed, the PMo10V2 was
activated by the imidazolium cations originated from ILs and the incorporation on MIL-100(Fe) prevented the

leaching of POMSs 23], This composite is easily regenerated for 12 cycles without loss catalytic performance 81,
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MIL-100(Fe) combined with the polyoxometalate (C1gH36N)gKo[y-SiW,gO36] has been reported to catalyse
epoxidation of 3Z,6Z,9Z-octadecatriene to the corresponding 6,7-epoxide with high site selectivity (82.35%). The
conversion catalysed by POM/MIL-100(Fe) exhibits a greater performance when the MOF contains unsaturated
Lewis acid iron ions 7. The main product of this epoxidation is a sex pheromone of E. obliqua Prout and can be

potentially used in pest insect control with environmental friendliness.

Two POMs-based MOFs, [Cug(bip)12(PM0oVI115040)2(PMoVMoVI;104005)]-8H,0 and
[C03"Co,"'(H,bib),(Hbib),(PWgO34)2(H20)g]-6H,0  (Hobip = 1,3-bis(imidazolyl)propane; bib = 1,4-
bis(imidazol)butane)), have been fabricated using a flexible N-containing bidentate ligands via hydrothermal
condition. They have been employed in the catalytic processes for selective alkene epoxidation and recycled four

times without loss of quality (Figure 4) [38],
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Figure 4. (a) The 2D structure of [Cug(bip)12(PM0Y'1,040)2(PM0YMoY!;10400,)]-8H,0; (b) the coordination
environment of the Cu(ll) cations. Hydrogens and hydroxyls are omitted for clarity. Light-blue polyhedral

correspond to the (PMo;5) polyanion.

Metal nanoparticles can grow without agglomeration in a porous matrix to produce a stable and active
heterogeneous catalyst. Pd NPs have been loaded on the pre-synthesized UiO-66-NH, using a simple solution
impregnation method and NaBH, reduction. The amino groups in the linkers allow a strong interaction with Pd (ll)
ions which is essential to yielding well-dispersed Pd/UiO-66-NH, catalyst. The experiments suggest that the best

catalytic activity for styrene epoxidation has been found under Pd NPs loadings of 3.69 wt% (32,

A dually functionalized catalytic system for the tandem H,O,-generation/alkene-oxidation reaction has been
realized. A microcrystal of UiO-66-NH, has been used as a platform to encapsulate Au and Pd metal NPs and later
Pd/Au@UiO-66-NH, surfaces have been post-synthetically modified with a (sal)MoY' (sal = salicylaldimine)
molecular epoxidation catalyst. The porosity of Pd@UiO-66-sal(Mo) allows H, and O, gases to come into contact
with the encapsulated NPs to generate H,O,. The synergic effect of the generated H,0, and (sal)MoV! in a MOF

enhanced epoxide productivity reducing alkene hydrogenation side reaction. This study showed that (sal)Mo
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moieties in Pd@UiO-66-NH, epoxidize cis-cyclooctene substrate faster, leading to the more effective usage of the
H,0, oxidant 22,

Systems composed of a magnetic uniform FezO,4(PAA) microspheres core and of a copper-doped MOF shell
demonstrated an easily catalyst recovery approach improving turnover number and turnover frequency. In addition,
these magnetic core—shell heterogeneous catalysts improve both stability of the metal active site and dispersity of
catalyst materials reducing the metal leaching. Two interesting magnetic core-shell copper-doped catalysts,
Fe;0,@P4VP@ZIF-8 and Fe304/Cus(BTC), have been prepared by combining the solvothermal method with
layer-by-layer assembly. Initially, monodispersed PAA-modified Fe;O, particles were synthesized by solvothermal
methods 411, In the case of Fe;0,/Cus(BTC),, Fes0, particles were alternately immersed in solutions containing
Cu(CH3C0O0),-H,0 and H3BTC such that Cuz(BTC), nanocrystals grow layer-by-layer on the surface of PAA-
modified Fe3O, particles. This nanosized porous structure increases the contact between the Cu(ll) active sites
present in the Cus(BTC), shell and the catalytic substrates 42, In Fe;0,@P4VP@ZIF-8 catalyst, on the other
hand, the Fe304(PAA) core has been coated with P4VP middle layer to adsorb a large number of Zn?* for the
growth of the ZIF-8 shell thickness on the surface of the core—shell Fe30,(PAA)@P4VP. Then, the Zn?* ions were
partially substituted by Cu?* ions in the ZIF-8 shell framework. The ions exchange allowed a well-dispersed copper

active site in the resulting copper-doped ZIF-8 structure, avoiding their leaching 22!,

Aerobic epoxidation of cyclic olefins (e.g., cyclohexene, norbornene) using both magnetic core—shell copper-doped
Fe;0,@P4VP@ZIF-8 and Fe3;0,/Cu3(BTC), as heterogeneous catalyst achieved high conversion and selectivity
(99%) in the formation of the epoxide under mild reaction conditions. Epoxidation of styrene by using
Fe;0,@P4VP@ZIF-8 as a catalyst has brought only 54% selectivity of the desired epoxide owing to the kinetic

instability of styrene oxide and its oxidation into benzaldehyde 441,

A series of Zr-based core-shell MOF composites with mesoporous cores and microporous shells have been
synthesized by solvothermal under kinetic control. PCN-222(Fe) crystals have been synthesized and used as seed
crystals to grow the Zr-BPDC(UiO-67) crystals. Meso- and micro-porosity inside of PCN-222(Fe)@Zr-BPDC(UiO-
67) drives the catalytic performances for olefin epoxidation reaction 22, Indeed, the core MOF with Fe-porphyrin
moieties represents the catalytic center, while the shell controls the selectivity of the substrate through tuneable

pore size. This size-selective catalyst showed almost complete conversions for small olefins.

Table 1 MOF-based composites for epoxidation reaction.

Reaction
DL Conversion Epoxide
MOF Substrate T (°C) P Oxidant/Cocatalyst/Solvent ? % s elc':ctivit % Ref.
(atm) Time 4
(h)
DPSNs@Cu-BTC Cyclooctene 40 1 4 O,/TMA/CH3CN 99 99 29]
Styrene 40 1 6 O,/TMA/CH3CN 62 65 29
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Reaction
Data . .
MOF Substrate T (°C) P  Oxidant/Cocatalyst/Solvent aConv;orswns e'fg;)i(""ijte% Ref.
(atm) Time 4
(h)
Cyclohexene
Fe30,@P4VP@ZIF-8 Cyclooctene 60 1 12 O2/TMA/CH3CN 99 99 [24]
Norbornene
Cyclohexene 6
Fe304/Cuz(BTC)2 Cyclooctene 40 1 s 02/IBA/CH3CN 99 99 42
Norbornene
Styrene 40 1 68‘ 0,/IBAICH3CN 99 84 42
PCN-222(Fe)@Zr-BPDC(UiO-67) 1-Hexene rt 1 12 PhIO/-/CH3CN 99 sl
Cyclopentene rt 1 12 PhIO/-/CH3CN 99 145)
Cyclohexene rt 1 12 PhlO/-/CH3CN 99 5]
CoPMA@UiO-bpy Cyclooctene 70 1 6 H202/-/CH3CN 91 99 24
Styrene 80 1 6 0,/t-BUOOH/- 80 56 =24
PMo10V2-ILs@MIL-100(Fe) Cyclohexene 60 1 4 H202-/CH3CN 92 93 48]
[CUG(bip)lz(PMOVl12040)2(PM0VM0V|1104002)]-8H20 Cyclooctene 20 1 4 HzOz/tBUOH/CH:gCN >99 74.1 =8
1-Hexene 20 1 4 H202,tBuOH/CH3CN >99 91.9 £
1-Octene 20 1 4 H202tBuOH/CH3CN >99 71.5 =8l
Pd/UiO-66-NH>2 Styrene 80 1 12 N2/TBHP/CH3CN 90.8 96.5 129
[Co3""Co,"(H2bib)2(Hbib)2(PWgO34)2(H20)s] -6H20 Cyclohexene 20 1 4 H,0,/tBUOH/CHLCN 72.9 95.3 1281
1-Hexene 20 1 4 H202/tBUOH/CH3CN >99 85.9 1281
1-Octene 20 1 4 H20,/tBUOH/CH3CN 955 70.1 &8
32,6Z,9Z- 37
POM/MIL-100(Fe) e 40 1 24 H202/-/CH3CN 30 82
MIL-101-GH-TS-1 Octane 40 1 12 H202 (30%)/-/- 15 - S
, L.;
—~ cis- . . [40] .
Pd@UiO-66-sal(Mo) Cyclooctene rt 1 6 H202/CH30H/H20 a.tlon

polymers (IUPAC Recommendations 2013). Pure Appl. Chem. 2013, 85, 1715-1724.

2. Furukawa, H.; Cordova, K.E.; O’Keeffe, M.; Yaghi, O.M. The Chemistry and Applications of Metal-
Organic Frameworks. Science 2013, 341, 1230444.

3. Pettinari, C.; Marchetti, F.; Mosca, N.; Drozdov, A. Application of metal-organic frameworks.
Polym. Int. 2017, 66, 93.

4. Li, H.; Eddaoudi, M.; O’Keeffe, M.; Yaghi, O. Design and synthesis of an exceptionally stable and
highly porous metal-organic framework. Nat. Cell Biol. 1999, 402, 276-279.

5. Schaus, S.E.; Brandes, B.D.; Larrow, J.F.; Tokunaga, M.; Hansen, K.B.; Gould, A.E.; Furrow,
M.E.; Jacobsen, E.N. Highly Selective Hydrolytic Kinetic Resolution of Terminal Epoxides
Catalyzed by Chiral (salen)Colll Complexes. Practical Synthesis of Enantioenriched Terminal
Epoxides and 1,2-Diols. J. Am. Chem. Soc. 2002, 124, 1307.

atBuOH = tert-butyl alcohol; TMA = trimethylacetaldehyde; IBA = isobutyraldehyde
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|5.310€k0n®|us§m18ynthesis of Metal-Organic Frameworks (MOFs): Routes to Various MOF

Topologies, Morphologies, and Composites. Chem. Rev. 2011, 112, 933.

MOF-based catalysts are now a verylgromising class of compounds as they merge relevant characteristics of both

7. Camrpa%nol, N.; Souza, E.R.; De Vos, D.E.; Binnt()emans, K.,; Frfans er, ﬁ Lumiqeicent t%rb_ium-
homogeneous and "heterogeheous’ catalysts. They can be easily modified by changing linkers substituents to
___contai |n_%/q1etal—or anic [)ramework films: It\)lew aa{)C?roach s for the electrochemical synthesis and
Increase aiiini or reactants, or Yy growing the number of Ive catalytic sites.

application as detectors for explosives. Chem. Commun. 2014, 50, 12545-12547.

9. MisafiRf Y. res6arkherss ApYih aalored Hig ability oMQAE B0 MOFE Rafips e BN B AIBNE TN E & ShelRl bwsstes
towgietaleity § Beid ftiam affb R dinxsio erairRad¢iigtroporous carbon composite for electrochemical

applications. J. Mater. Chem. A 2014, 3, 732.
Researchers have observed that the olefin conversion and the epoxide selectivity are strongly dependent on the

RedaRRRDENMers, MOSRI - spliks Befny RRPHLRSARANGASBNEAL YIRS M RaMi&HERARGE

by EEARIISY G IEBMENRIKS WL RFR oK G G50 ol I ufdyStEngComm 2014, 17,
686.

1%!’_\7\%@33'(. Me ﬁgoc,a'f‘. Re aFRqgC fiﬁ.s-fgl.lﬁ rﬂ‘m%%%ddf' SRR AMNS 8RR SRR BB BESH Bt
beirg 0RRIPREIMID ey fRe MY AnARE ROPAfTFon Polymers. Cryst. Growth Des. 2013, 13, 2953.

18eIKhad fiMAicnHNgRsLpS - IntrSyitde sisoafametaheiganie Hamaw arksdi{AEs)vabavaIskewaARIKY, pyridyl,
amidiérase wofoRapithreacienbase rmelempitghanes SizadedHction. hagste fuieBteRRICeZhbte, 28Raric

acid,1salen, and analogous molecules can be inserted or deposited to obtain also greater selectivity. UiO-66,

199G 40 .F&:C.!\'S?&‘}re?@.r P4 R IR A A e P 508 B SRV AR PRSP 56T s A% 1A Rg case
of 108 LN ERPEBHORey. 2017, 46, 3104-3107.

1RoMuees Loripdéiesaald. oitentefhibyblydrogriesterage HydneiabimoanissicameVwarks ohesp. feeerm

epdRiautid® s 38f 5384fid Ilhstrates as norbornene or octadecatriene. Specifically, a porous dendrimer-like
9P SR RO VYIRS FEFELIO RIPHIAGETCANP EYRSEATE Rz o
[Cles Ry P AU RIS RIS 3B U RSN DK R YSTS AHRE B A SRR YRR Micro Lett.

- 2020, 12, 103. _ - " .
Finally, MOFs and MOF-based composites show a great efficiency toward CO, cycloaddition to epoxides,

1&on\Wagien Heify Mé&riatainr ganie fratgeworksdar Miasansingtanibbioinnaghog apelicadionshic@aighnds and
amREAMcRaxiZQ(LiGadds sk8fhskdBe very promising. The CO, binding mode can in fact open new strategies

118" BA¥Rten BiSHde 3791t BN vang, L.; Wang, B. MOFs and COFs for Batteries and

Supercapacitors. Electrochem. Energy Rev. 2019, 3, 81-126. o _
However, the low reactivity and inert nature of CO, make Its incorporation and activation into organic substrates

1t Stavidaenge Talimefth). 1Al aedeshelb BusMIIEDBSast elgaivericaanien piortetiranicalepiean, heim.at
the &0RriR&Y. st@ldarfBihabRrhkes the costs of productions of these materials extremely pricey. It is desirable that

182 XUPRYEPEGET NSRRI SHRREE EYQGRHAS 1BFNEREY MaREHIRS BT 1 rnARSHHdrgduction to
aIIO)g\/ng/h[eﬁ'{1 éarﬂﬁféci‘f%ﬁﬁaﬁ'@@'bdﬁdh%nff'-}tzlg’llir§51h's entry clearly shows that MOFs are now perspective

materials and valid candidates for catalytic epoxidation and CO, cycloaddition reactions.
19. Zhang, L.; Li, H.; He, H.; Yang, Y.; Cui, Y.; Qian, G. Structural Variation and Switchable Nonlinear

Optical Behavior of Metal-Organic Frameworks. Small 2021, 17, 2006649.
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