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The role of metal-organic frameworks (M OFs) in the field of catalysis
is discussed, and special focus is placed on their assets and limits in
light of current challenges in catalysis and green chemistry. Their
structural and dynamic features are presented in terms of catalytic
functions along with how MOFs can be designed to bridge the gap
between zeolites and enzymes. The contributions of MOFs to the field
of catalysis are comprehensively reviewed and a list of catalytic

candidates is given. The subject is presented from a multidisciplinary
point of view covering solid-state chemistry, materials science, and

catalysis.

1. Introduction

It is generally acknowledged that metal-organic frame-
works (MOFs) exhibit unique and outstanding properties,
which have been discussed in various reviews."? The
structural nanoporosity of MOF materials places them at
the frontier between zeolites and surface metal-organic
catalysts. MOFs therefore appear to be excellent candidates
for catalysis, with the understanding of their potential still
largely in its infancy.**l Herein we deal comprehensively with
MOFs in the field of catalysis, with special focus placed on the
design, structure—activity relationships, assets and limits in
light of current challenges in catalysis. In addition, an
inventory of potentially active MOF materials in catalysis is
given.

2. Solid Design by Molecular Approaches

Herein “design” refers to the identification of material
architectures that allow the generation of desired functions.
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2.1. Self-Assembly and Design by the
Building-Block Model

The conceptual approach for MOF
engineering is based on the self-assem-
bly of cationic systems acting as nodes

with polytopic organic ligands acting as linkers (Figure 1).P!
As an analogy to zeolite frameworks, this secondary building
unit (SBU) approach to MOF construction allows the design
of specific nanometer-scale framework geometries with
particular pore structures. In contrast to zeolites, for which
a relatively limited number of structures exists (178 to date),
MOFs take advantage of the versatile coordination chemistry,
polytopic linkers, and terminating ligands (F~, OH™, and
H,O, among others), which makes it possible to design an
almost infinite variety of MOF structures. Extensive reviews
on MOF structures can be found elsewhere.[**!

MOF materials can be classified into different families
according to the dimensionality of the inorganic framework
(Figure 2):®! 1) organic—inorganic hybrid materials in which
inorganic moieties can be organized into either 1D chains
(like MIL-53) or 2D layers (such as Zn,L) that are separated
by organic pillars;' and 2) open-framework coordination
polymers, which are made from 0D “inorganic” clusters or
isolated metal ions connected by bridging organic polytopic
ligands (MOP-1, MOF-5, and HKUST-1). This classification
is not only conceptual, since it has implications on the
properties observed. As demonstrated in Section 3.3, 0D
structures are more appropriate for photocatalysis applica-
tions and Lewis-type catalysis, whereas 1D may be appro-
priate for acid-base Brgnsted-type catalysis.

2.2. Towards Robust Open, Functionalized, and Sizeable
Frameworks

Coordination polymers have been known for decades, but
a breakthrough has come from the development of thermally
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stable porous coordination polymers (PCPs) which have
permanent porosity and are without guest molecules.'*!¥ The
“node and spacer” approach is very attractive for shape-
selective catalysis because it provides a route to networks with
tunable pore size.'? The strategy for increasing the pore size
and volume involves the expansion of known structure types
through the use of elongated but geometrically equivalent
organic bridging ligands. For the IRMOF series based on the
MOF-5 structure, the pore size can be varied from 3.8 to
28.8 Al by selecting linkers of various sizes (see Figure 1).
Other examples are [Cu(OOC-R-COO)teda] (teda = triethy-
lenediamine),"” the IRMOP series,'! the MIL-53 series,"”
the MIL-88 series,"®! the MOF-69 series,"! [Cuy(L,)-
(H,0),],”" and UiO-66/68.1*!]

The principal weakness of MOFs may lie in their lower
thermal, hydrothermal, and chemical stability compared to
that of oxides (zeolites). Unfortunately, stability data are
usually lacking in the literature. Moreover, when reported,
this data is often obtained under different conditions (air or
neutral atmosphere, different temperature) and by different
means (thermogravimetric analysis (TGA) or thermodiffrac-
tion), which makes it impossible to compare the data. Usually,
according to TGA, the thermal stability of carboxylate- and
imidazolte-based MOFs* is limited to 300-400°C in air (see
Supporting Information), though this does leave the door
open for most catalytic applications. On the other hand, the
chemical stability depends essentially on the cation coordi-
nation, provided that the linkers are robust. It is now well
established that IRMOF compounds based on Zn,O clusters
are very moisture sensitive and are readily transformed to
MOF-69 type, with an accompanying drastic decrease in
surface area.”! On the other hand, MIL-53(Al), MIL-
100(Fe), MIL-101(Fe), and ZIF-8, -9, -10 are very stable
under hydrothermal treatment, whereas rho-ZIF-11 under-
goes profound structural changes.?
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Figure 1. Self-assembly of polymetallic cluster nodes (left; top: p'-oxo {M,O(-CO,)¢}; bottom: {M,(-CO,),} paddlewheel) and organic linkers (right)

yielding metal-organic frameworks (center).'"'4
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Figure 2. Examples of structural dimensionality. From left to right:
0D (MOP-1), 1D (MIL-53), and 2D (Zn,L).

2.3. Functionalization Approach and Grafting

The conceptual approach used to increase the pore size of
MOFs through the use of longer ligands can be extended to
the design of multifunctional MOFs bearing an organic
function on the organic moiety. This is the case for IRMOF-
3(-NH,),"> MOF-101(-Br),!"! and MIL-53(-NH,),”"! to name
a few (see Table1 in Section5). This extension is not,
however, straightforward in practice.””?! Indeed, the chemis-
try of MOF network formation is very sensitive to the
chemical reactivity and solubility of functionalized linkers.”
This is particularly the case for functions such as -OH, -NH,,
-COOH, and N-donating groups, which can interfere with the
coordination chemistry associated with the assembly of the
SBU, and thus may lead to non-isostructural compounds. One
example of this phenomenon lies in the self-assembly of ZIF,
for which even a “minor” change in the ligand composition
leads to very different network and pore structure.”

When self-assembly fails for the synthesis of MOFs with
functional linkers, the post-functionalization of a parent MOF
appears to be a very valuable alternative. This approach
consists in modifying the organic part of the MOF by a
chemical reaction which takes place within the porous
framework (Figure 3). In this case, the parent MOF must
possess accessible reactive functional groups. Similar issues
have been resolved for MCM-like materials, for which various
functionalization methods have been developed.®! In a
similar fashion to alkylamine-functionalized MCM, amino-
derived MOFs, such as IRMOF-3, are excellent platforms for
the grafting of various synthons, such as aldehydes,*
isocyanates,® and anhydride acids.®” Also noteworthy is
the chemical modification of pendant carbonyl groups of ZIF-
90 either to imine by amine condensation or to alcohols by
NaBH, reduction.”™ In fact, post-synthesis opens the door to
advanced porous solids engineering by multiple synthesis
steps® and systematic adsorption and catalytic studies deal-
ing with the nature of the functional groups.®"! However, the
suitability, diversity, and availability of such synthons is not
sufficient for such studies. A valuable alternative lies in the
development of all kinds of post-functionalization methods
that are soft, do not liberate by-products that may remain
blocking the pore, allow the grafting of a wide variety of
chemical functions, and are generic enough to allow tailor-
made properties to be introduced. Recently, the “click
chemistry” method, which concurs with these requirements,
was shown to be effective on azide-functionalized MOFs.””
The question of instability of ungrafted azides nevertheless
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Figure 3. Examples of post-functionalization methods.

requires further attention. Also, the size of the generated
moiety, with respect to the size of the cavity, must be
controlled to avoid pore blockage.

3. MOF Materials: Golden Opportunities for
Catalysis

In this Section pore structures as well as dynamic proper-
ties are described in terms of the required functions for
catalysis. Similarities with zeolites and enzymes are high-
lighted.

3.1. Bridging the Pore Size Gap between Zeolites and Mesoporous
Materials

The small pore size of zeolites is usually underlined as a
key limitation to addressing the catalytic transformation of
large molecules, such as polyaromatics, carbohydrates, and
glycerides. Intense efforts have been devoted to the discovery
of aluminophosphates and zeolites with very large pores, such
as VPI-5% IM-12,") and ITQ-33.*1 On the other hand,
mesoporous silicate materials, such as MCM-41 have pores
too large to impose confinement effects. MOF materials
actually bridge the gap between these two porous material
types, because MOFs with pore systems ranging from the
ultramicroporous to mesoporous have been reported, as
shown in the arbitrary selection in Figure 4. The abundant
choice of structure which facilitates pore-size tunability is a
great opportunity for designing MOFs with pore openings
appropriate for generating size and shape selectivity. In
addition, the very large cavities of isoreticular MIL-101
(46 A) can, in principle, address triglycerides and small
protein substrates (< 10000 Daltons).“!!

In addition to pore size, analogies between zeolites and
MOFs can be found when pore topology is considered. For
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Figure 4. Cavity size of porous MOFs [A] compared with standard
aluminosilicates and aluminophosphates (aluminosilicaltes = MCM-
41, ITQ-33, VPI-5, FAU, MFI, LTA, aluminophosphates = AIPO4-5,
MOFs = rest). The size of selected potential guests is also shown on
the top axis. MTBE = methyl tert-butyl ether; TIPB=1,3,5-triisopropyl-
benzene. Porous materials shown are selected arbitrarily; pore sizes
are approximate because of the variety of pore shapes involved.

example, the pore structure can be one-dimensional (1D)
with straight channels, 2D, or 3D (Figure 5). In addition, as for
zeolites, complex porous architecture with large cavities,
reduced pore aperture, and side pockets can be observed. A
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Figure 5. Comparison of porous features between zeolites and MOFs
(zeolites=SOD, VPI-5, MOR, MTW; MOFs =ZIF-8, CPO-27, HKUST-1,
MIL-53): alpha cages (top left), side pockets (bottom left), 1D straight
channels (top right) and 2D porous structures with small intersecting
channels (bottom right).

striking example is the HKUST-1 structure consisting of two
types of “cages” and two types of “windows” separating these
cages.””! Large cages (13 and 11 A in diameter) are inter-
connected by 9 A windows of square cross-section. The large
cages are also connected to tetrahedral-shaped side pockets
of roughly 6 A through triangular-shaped windows of about
4.6 A. These types of porous architectures are especially
appropriate for product-selectivity properties as observed in
catalytic alkylation®! and cracking.*! Giant cages can be
found in imidazole-based MOFs.*! Examples are the alpha
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(182 A) and beta cages found in rho- and sod-ZMOF,
respectively.! Finally, such topologies are very appropriate
for ship-in-a-bottle catalyst design, for which large molecular
catalysts, such as metalloporphyrins for selective oxidation,
can be encapsulated in the network.[)

3.2. Towards Biomimetic Design

Well isolated polynuclear clusters in specific flexible and
chemical environment are the main features of enzymes.
Some MOF materials may bridge the gap between zeolites
and enzymes when they combine isolated polynuclear sites,
dynamic guest-host responses, and a hydrophobic cavity
environment. The three aspects are discussed in the follow-
ing:

1) Cooperative catalysis involving two metal ions is a
common feature in enzymatic systems. The resulting cooper-
ative activation of both reaction partners leads to enhanced
reactivity and more specific control, thus making enzymes
very powerful catalysts. Some well-known examples of
dinuclear and higher nuclearity metal sites in biological
systems include: the diiron sites in methane monooxygenase,
dicopper in cytochrome c oxidase, and tricopper oxidases.'*”!
By analogy, polynuclear clusters are found in the 0D
coordination polymers, such as binuclear {Cu,} paddlewheel
6481 ynits found in MOP-1%* and [Cu,(btc),] (HKUST-1;
btc =benzene-1,3,5-tricarboxylate) or trinuclear units such as
[Fe;O0(CO,)¢} in MIL-88,"®1 and IRMOP-51.1"1 Thus, 0D
MOFs have accessible biomimetic catalytic centers.

2) In enzymatic systems, protein units have a high affinity
for specific substrates, a process that is referred to as
“molecular recognition.” Confining (chiral) substrates within
the micropores of solid material can, in principle, induce or
enhance (enantio)selectivities beyond those observed in
homogeneous solutions. The “locking-in” of a particular
configuration of the organometallic complex by entrapment
in the restricted spatial environment leads to greater selec-
tivity.®!! It appears that molecular recognition effects are
limited in zeolites by the rigid zeolite structure.? In contrast,
dynamic features and guest-shape response make MOFs
more similar to enzymes. Indeed many hybrid frameworks
contain organic parts that can rotate as a result of stimuli, such
as light and heat.’¥ This is the case for frameworks such as
IRMOF, MIL-53, and [Zn,(1,4-ndc),(dabco)], (ndc=naph-
thalenedicarboxylate, dabco = 1,4-diazabicyclo[2.2.2]octane).
For [Zn,(1,4-ndc),(dabco)],,, the aromatic rings are allowed to
spin unless an adsorbed guest hinders the rotation through
steric effects (Figure 6).°+

In addition some hybrid systems, such as those classified
by Kitagawa et al., may exhibit a variety of guest-induced
structural phase transitions upon guest adsorption—desorp-
tion.!'*3 MIL-53 is a very good illustration of the shrinking or
expanding of frameworks according to the polarity of guest
molecules. When water or CO, is adsorbed, hydrogen bonds
are formed with w,-OH units of the framework, resulting in a
shrinking of the diamond-type channel.” In addition to this
polarity-response, shape-response fitting has also been ob-
served: The pillar layer compound [Cu,(pzdc),(bpy)], (pzdc =
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Figure 6. Intrinsic dynamic motion upon input of thermal energy:
rotation of naphthalenate linkers between nodes in [Zn,(1,4-ndc),-
(dabco)],. The rotation is hindered by the incorporation of a guest in
the cavity.

pyrazine-2,3-dicarboxylate; bpy=4,4'-bipyridine), CPL-2,
can evolve in response to the shape of the benzene guest
molecule resulting in a change of the Cu coordination
between square pyramidal and square planar (Figure 7).””

Square
Pyramidal

Square
Planar
Figure 7. Right: Pore-shape response upon guest (G) adsorption—
desorption. Left: these changes can also be accompanied by a change
in the coordination geometry of the framework metal centers.

Indeed, it could be anticipated that the shape of the cavity
might change upon adsorption, allowing transition-state
shape selectivity to take place. A striking example is the
activation of acetylene in [Cu,(pzdc),(pyz)] (pyz = pyrazine)
by a confinement effect arising from a molecular recognition
mechanism which is accompanied by structural transforma-
tion.”® This activation by deprotonation makes it possible to
carry out the anionic polymerization of acetylene derivates.
The straight monodimensional channels (4.0 x 6.0 A?) force
the polymerization to proceed by trans-addition, which
provides very specific product properties.!

3) Enzymes are able to select reactants according to
polarity and can perform bimolecular reactions between two
reactants of very different polarities. It should also be
emphasized that enzymes operate in aqueous media thanks
to control of water adsorption. Similarly, using the enzymatic
model, catalytic efficiency can be enhanced by adjusting the
hydrophobicity-hydrophilicity balance of the porous solid.[*’!
Zeolites containing charges are usually hydrophilic, while
defect-free full silica zeolites with no charges are strongly
hydrophobic. The hydrophobic nature controls the selectivity
of the oxidation of nonpolar hydrocarbons using H,O, as the
oxidant.’” The hydrophobic-hydrophilic properties of a few
MOFs have been investigated by water adsorption measure-
ments.™ HKUST-1 is highly hydrophilic, MIL-101 and MIL-
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100(Fe) are moderately hydrophilic, whereas ZIF-8 is highly
hydrophobic. It might be anticipated that MOF materials
exhibiting unsaturated coordinative centers, such as HKUST-
1,1 CcPO-27/®1 and others which have recently been
reviewed® could also be hydrophilic. On the other hand,
when the framework contains bridging hydroxy groups as in
MIL-53, it creates polar groups that are prone to adsorb H,O
through hydrogen bonding. Unlike zeolites, in MOFs differ-
ent pore systems with different levels of polarity can coexist
within the same structure. For example, [Cu/Pd(pymo)]
(pymo =2-hydroxypyrimidine) exhibits two hexagonal chan-
nels: one hydrophilic 4.8 A channel and one hydrophobic
8.8 A channel (Figure 8).1% Another MOF with two inter-
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Figure 8. [Cu/Pd(pymo)] exhibiting two types of cavity polarity: A hy-
drophilic and B hydrophobic. Red O, blue N, yellow Cu/Pd.

penetrating networks shows two strikingly different chemical
environments, with hydrophilic and hydrophobic networks
able to selectively adsorb 2-propanol and cyclohexane from a
mixture.[” Finally highly hydrophobic porous MOFs can be
obtained by functionalization with a perfluoro moiety.?"%!

3.3. Towards New Photocatalysts

In photocatalysis, the use of mononuclear complexes is
usually limited either because they only undergo single-
electron process or from the need for high-energy irradiation.
More valuable catalysts would adsorb visible photons and be
able to participate in the two-electron reactivity needed for
H, generation. In this case again, binuclear systems have a
number of attractive features for the development of photo-
catalysts.””! For 0D MOF structures, polycationic nodes can
act as semiconductor quantum dots which can be activated
upon photostimuli with the linkers serving as photon anten-
nae.'”>®! Theoretical calculations show that MOFs are semi-
conductors or insulators with band gaps between 1.0 and
5.5eV which can be altered by changing the degree of
conjugation in the ligands."” Experimental results show that
the band gap (closely related to the HOMO-LUMO gap) of
IRMOF-type samples can be tuned by varying the function-
ality of the linker, whereas the linker length does not have a
significant effect.”!! Photo-oxidation examples can be found
elsewhere.[®®71721 On the other hand, nanosized TiO,™ and
ZnO (1.4 nm)™ can be hosted in MOF-5 to generate new
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types of quantum-dot materials. Unfortunately, most of the
simulation and experimental studies have been carried out on
MOF-5. This compound liberates ZnO species (which may
become the active species) under humid atmosphere, in the
course of the oxidation process,[75] or under thermal treatment
(>250°C).”® More stable systems should be investigated to
evaluate the full potential of MOFs for photocatalytic
applications.

4. State of the Art of Catalytic MOFs
4.1. Lewis Acid Catalysis

HKUST-1, which has accessible copper clusters, is an
outstanding demonstration of the concept of Lewis acid
MOFs."" The [Cu,(btc),(H,0)] structure includes a binu-
clear Cu, paddlewheel.®” The Cu?* ions are connected
through a weak bond and the second axial coordination site
is filled by a weakly bonded water molecule pointing towards
the interior of the cavity. Coordinated water can therefore be
easily removed by heat treatment at 383 K, making the Cu
Lewis acid center directly accessible to a reactant diffusing
within the porous network. Various model reactions for
characterizing Lewis acidity were tested: benzaldehyde
cyanosilylation,’”! isomerization of alpha-pinene oxide, cit-
ronellal cyclization, and rearrangement of ethylene acetal of
2-bromopropiophenone.” HKUST-1 was shown to be quite
selective, which is typical of hard Lewis acid centers.
Although the solid does not show Brgnsted sites when
properly activated, protic solvents may create Brgnsted
acidity, which can account for variations in properties when
different solvents are used.™ On the other hand, strongly
coordinating solvents, such as THF, can bond the acidic Cu
sites and thus prevent Lewis type reactions from taking
place.l'”!

Lewis acid solids can also perform selective oxidations;
for example, Ti-silicate (TS-1) selectively oxidizes alkenes
into the corresponding epoxides. Recently, Cu®" trinuclear
networks showed high activity and selectivity for the perox-
idative oxidation of cyclohexane to the corresponding alco-
hols and ketones (MeCN/H,O/HNO, media).”! The structure
is based on a stable {Cu;(p;-OH)(p-pyrazole)} SBU for which
the tetracoordinate metal has readily accessible axial sites. Its
activity is comparable to that of the best molecular systems,
such as copper and iron complexes (32 % yield and turnover
number (TON) of 44 h™"). Although the mechanism is still
unclear, these trinuclear copper networks are the most
efficient catalysts reported to date for the mild peroxidation
of alkanes.

4.2. Bronsted Acid Catalysis

Férey and co-workers have reported the catalytic activity
of two different MIL-100(Fe, Cr) for Friedel-Crafts benzyla-
tion.®™ Despite their identical [MyOF, 55(OH),;5(H,0),(btc),]
structures, the Fe®" catalyst shows much higher catalytic
activity the Cr’* catalyst and even surpasses HBEA and HY
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zeolites. As shown by CO chemisorption at low temperature,
MIL-100(Cr**) shows Cr-OH Brgnsted sites of medium
acidity and several types of Lewis centers.”®$! In our group,
we have tested 1D MOF materials (rod-shape structure) with
structurally  well-identified hydroxy centers, namely
[Ga(OH)(bdc)]  (bdc=Dbenzene-1,4-dicarboxylate)  and
[Zn;(OH),(bdc)], also known as IM-19 and MOF-69C,
respectively.®) We anticipated that bridging OH groups
would generate a Brgnsted-type acidity such as that found
in the H form of zeolites*! (Figure 9). IM-19 is the Ga form of

I
.
\\;i'/ \Igu/ :J !
A LA

Figure 9. Analogy between a Bronsted acidic site on a H-form zeolite
(left) from [43]and a MOF with a bridging hydroxy group between
cations in MIL-53 (right).

the parent structure MIL-53(Ga), which is built from infinite
chains of corner-sharing MO,(p,-OH), (M= AI**, Cr*"),®
whereas MOF-69C consists of chains of ZnO,(OH), tetrahe-
dron and ZnO4,(OH), octahedron with p;-OH as the bridging
species.'”) IM-19 shows full conversion for toluene terbuty-
lation at 50°C (TON =220 h™" at 100°C),™ while MOF-69C
is very shape selective for the alkylation of large polycyclic
aromatics, such as biphenylene.® A systematic study of the
acid-base properties of this class of 1D MOF is highly desired
to determine potential application domains.

4.3. Base Catalysis

A few amino-functionalized MOFs have been obtained by
direct self-assembly. Solvothermal synthesis using amino-
derived ligands, such as 2-aminoterephthalic acid and 3,5-
diamino-1,2,4-triazole (Am,Taz), with zinc yield IRMOF-3,
and [ZnF(Am,Taz)], respectively. IRMOF-3 shows conver-
sion for the Knoevenagel reaction,® while IRMOF-3 and
[ZnF(Am,Taz)] are active for Aza-Michael condensations
(TON of 1.4 h™" and 0.15 h™', respectively at 25°C) and fatty
methyl ester transesterification (TON=3.3h™" and 0.3 h™" at
130°C).®" With the exception of POST-1 (a case described
below), there are few examples of MOF materials containing
free Lewis bases that are accessible for catalytic applications.
This might be due to experimental difficulties associate with
the synthesis of free-nitrogen-donating MOF materials. In-
deed, when nitrogen-containing aromatic moieties in carbox-
ylic-based ligands (such as pyridine/imidazole dicarboxy-
lates’®) are used, the nitrogen lone pair usually strongly
coordinates to the metal ion and is therefore not available for
substrate activation. The use of post-functionalization for
base catalysis appears to be a valuable alternative (see
Section 2.3).
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4.4. Enantioselective Catalysis

The design of homochiral MOFs for enantioselective
catalysis is of high interest since many useful reactants for
chiral transformations are nanometer-sized or larger.’” To
date, however, most homochiral MOFs have not proven
sufficiently robust to show permanent porosity, making this
topic a continuing challenge.”! Three strategies have been
applied to the synthesis of homochiral MOFs: 1) the use of a
rigid homochiral organic ligand as spacer (as with POST-1);
2) the grafting of a homochiral ligand as an auxiliary pendant
which does not directly participate in the framework back-
bone but induces a specific chirality to the structure; and 3) in
some cases, the specific orientation of achiral linkers can
generate homochiral porous solids.’]

Enantioselective transesterification was performed with a
chiral MOF with free basic centers (POST-1).’” The self-
assembly of the D-tartric acid derivative and Zn*" produces a
trinuclear SBU {Zn;(;-O)(tartrate)} interconnected through
coordinating Zn ions and some pyridyl groups, thereby
generating a hexagonal porous system (Figure 10). Other

_(_/' Zn(NQ3),
HoO—{  j—NH H,0/MeOH
od I

=N

Figure 10. Formation of POST-1.

pyridyl groups point toward the center of large 1D chiral
channels (13 A). The ligand chirality induces the structural
chirality, selectively leading to D-POST-1 or L-POST-1
materials. The transesterification of dinitrobenzyl acetate
with a racemic mixture of 1-phenyl-2-propanol in the
presence of D-POST-1 or L-POST-1 produces the correspond-
ing esters with about an 8 % enantiomeric excess in favor of
the S or R enantiomer, respectively.

Examples of grafting molecular catalytic entities onto the
walls of a porous network, for example, post-functionaliza-
tion, are scarce. The homochiral [Cd;Cls(L,);]-4 DMF-
36MeOH-H,0 (L, is (R)-6,6'-dichloro-2,2"-dihydroxy-1,1"-
binaphtyl-4,4'-bipyridine) is a 3D network with large chiral
channels of about 16 A x 18 A and a specific surface area of
601 m?g~!.* The dihydroxy groups that are readily accessible
from the open channels are used to anchor titanium alkoxide
units as isolated catalytic sites. The resulting catalyst performs
the addition of diethylzinc to 1-naphthaldehyde, leading to
(R)-1-(1-naphthyl)propanol with complete conversion and
93% ee, which is comparable to results obtained with
homogeneous analogues.
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4.5. C—C Bond Formation and Polymerization

The [Pd(2-pymo),]-3H,O (2-pymo = 2-hydroxypyridimi-
dolate) material is an outstanding example of MOF material
design for catalytic applications.”) The nodes consist of
tetracoordinate palladium ions which are accessible from
channels of two different sizes (4.8 A and 8.8 A), enabling the
activation of substrates to form penta- or hexacoordinate
intermediates (see Figure 8). The C—C cross-coupling reac-
tion between aryl halides and arylboronic acids, known as
Suzuki-Miyaura coupling, is a benchmark reaction used to
rank the activity of palladium catalysts. The palladium-based
MOF has a turnover frequency (TOF) of 1230 h™! at 150°C
for this reaction and can be reused without special treatments.

BASF has pioneered polymerization studies with MOFs.
Zinc carboxylates have been shown to be active for the
polymerization of propylene oxide with CO, (20 bar) to yield
polycarbonates (My = 60000-75000 gmol).*! Polyols have
been obtained by alkoxylation of propylene glycol or acrylic
acid with ethylene/propylene oxides on the same type of
catalysts.” Topotactic radical polymerization of divinyl-
benzne in the pillared [M,(bdc),(teda),] (M =Zn**, Cu®")
can be carried out with 2,2’-azobisisobutyronitrile (AIBN) as
the initiator. The 1D porous channel (7.8 A x7.8 A), which
imposes constraints on the mobility of the styrene molecules
(7.2 Ax72 A), is responsible for the high selectivity and the
very low polydispersity index (M,/M, = 1.6).””*l Outstanding
trans-selective polymerization of methyl propiolate is ob-
tained in [Cuy(pzdc),(pyz),].!*' Short comprehensive reviews
can be found elsewhere."”

4.6. Nanosized Metallic Particles Supported on MOFs

Because of the very high surface area of MOFs, high
metallic dispersion can be expected on such materials, as is
the case for carbon-type supports.'® In addition, the narrow
micropore distribution may lead to monodisperse nanometric
metallic clusters, which is of high interest for catalytic activity
and selectivity. The position of the metallic clusters within the
MOF and their size distribution have been investigated by
electron microscopy.'"™”! Chemical vapor infiltration of organ-
ometallic precursors was shown to be an appropriate method
for obtaining a very high loading (>30 wt%) of nanosized
metal particles, such as Pt, Au, Pd,"**) and Ru,'™ into the
pores of MOF-5, and MOF-177.* The palladium-based
catalyst was shown to be active for CO oxidation and
cyclooctene hydrogenation. More recently, chemical-based
methods were developed to prepare 1wt% palladium-
supported MOF-5 by either incipient wetness impregnation®*!
or co-precipitation.'™ Activity superior to Pd/C was ob-
served for the hydrogenation of various alkenes and esters in
three-phase reactions."*! Nanosized Au was hosted in various
supports (CPL-1, CPL-2, HKUST-1, MIL-53, and MOF-5) by
deposition of [Me,Au(acac)] followed by mild reduction
under H, flow (20% in N,) at 120°C."%! Very narrow gold
cluster distribution centered at 1 nm is found for 1 wt % Au/
MIL-53(Al). All gold-supported catalysts are active for the
aerobic oxidation of benzyl alcohol in methanol. Au/MOF-5
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showed the highest catalytic activity for obtaining methyl
benzoate, with a yield of 91% at full conversion (TOF =
82 h~' at 80°C), whereas copper-based MOFs, which are
Lewis acids, drive the selectivity toward benzaldehyde. It is
suggested that the MOF support affects the gold cluster so
that the activation of alcohol is allowed in the absence of a
base, in contrast to active carbons. Finally, an advanced
synthesis method led to active nanocomposite Cu/ZnO/MOF-
5 for methanol synthesis (60 % of the activity of a state of the
art catalyst), but such solids rapidly degrade on stream.['"

4.7. Catalysis by Organometallic Complexes Supported on MOFs

5,10,15,20-tetra(carboxyphenyl)porphyrin (tcpp) a por-
phyrin macrocycle functionalized at its four meso positions by
4-carboxyphenyl groups is an extremely versatile building
block for the self-assembly of framework solids (Figure 11).
Its square planar symmetry with diverging carboxylic func-
tions is perfectly suited for the construction of open quad-
rangular supramolecular networks.""1%! A review of coordi-
nation polymers using porphyrin functionalized ligand can be
found elsewhere.'” The assembly of tcpp with the paddle-
wheel SBU Zn,O generates a 3D porous MOF (PIZA-4;
Langmuir surface =800 m?g~") that is thermally stable up to
400°C. It was shown that the hydrophobic-hydrophilic
balance of such MOFs is very sensitive to the structure,
which in turn depends on the SBU.

Mori et al. have synthesized various rhodium tcpp coor-
dination polymers with dinuclear rhodium paddlewheel
nodes.""M They show high activity for the gas-phase
hydrogenation of propene. From H,-D, exchange results at
100 K, it was suggested that H, is activated on the metal-
loporphyrin, whereas propene is adsorbed on the rhodium-
based node. A similar microporous ruthenium(ILIII) com-
plex with porphyrin, [Ru,(H,tcpp)|BF,, (H,TCPP = 4,4’ 4’ 4-
(21H,23H-porphine-5,10,15,20-tetrayl )tetrakis benzoic acid)
showed outstanding selectivity for oxidation of primary
aliphatic alcohols with air without any additives at room
temperature.['"! For example, the oxidation of benzyl alcohol
gives the corresponding aldehyde with a selectivity of 95 %
and a TON of 10 for 24 h of reaction. MOF design was further
extended to chiral Mn(salen) struts.""*! The Mn(salen) com-
plex was incorporated through binding of the metal center to
pyridine units while biphenyldicarboxylate ligands were used
as pillars. The oxidation of 2,2-dimethyl-2H-chromene with

PIZA-1
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iodosylbenzene as the oxidant yields an 82% enantiomeric
excess, rivaling results obtained with the molecular analogues.
Similarly, ligands based on metallo Schiff bases were used to
immobilize coordinatively unsaturated metal centers into
porous frameworks.14

5. Challenges and Outlook

The published studies of catalytic applications using MOF
materials generally suffer from a lack of characterization with
respect to sample homogeneity and purity. In most cases, only
powder X-ray diffraction (XRD) analyses are performed,
although low quantities of amorphous metal oxide phases or
other crystalline phases present can be responsible for the
catalytic activities observed.’”! In addition, the homoge-
neity of samples at short range is usually not investigated,
although catalytic phenomena take place at the molecular
level. It is indeed well known that structural defects play a
major role in catalysis, especially for zeolites.'') We have
observed that structural defects in MOF-5 arising from water
sensitivity generate acid sites which can carry out aromatic
alkylkation."! The building-block approach to MOF con-
struction makes it possible to regard such materials as
extended molecules, though they are essentially solids. In this
respect, MOFs are quite similar to zeolites, and thus the
characterization issues that come with local defects must also
be considered.

In light of the structure—activity relationships observed in
acid-base catalysis, Table 1 lists MOFs that are potential
catalyst candidates, along with a description of their porous
structures (dimensionality and pore size).

MOFs are active and selective catalysts for a wide variety
of reactions, from acid-base to redox catalysis. They will offer
new opportunities for reactions in the field of commodity and
speciality products, provided it is possible to tailor not only
the nature of the active sites and the dimension/shape of the
pores, but also the adsorption properties and local geometry
of the active sites. To date, many industrial heterogeneous
processes involve acidic zeolites. It is unlikely that MOF
materials will replace existing catalysts for mature processes.
On the other hand, for many important applications, zeolite
pores are too small to target the production of bulky, high
added-value molecules. MOFs may therefore play a role in
applications involving biomass raw materials, such as ter-
penes, carbohydrates, fatty methyl esters (FAMEs), and

Figure 11. Different MOF structures using porphyrin (porph) carboxylate as linkers; from [107] and [109].
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Table 1: Selection of MOF candidates for acid-base or redox catalysis.
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Compound®! Material name  Metal coordination ~ Por/inorg®!  Cavity size Acis sites!!  Basic sites  Ref.
(Al
[Cus (btc),] HKUST-1 {Cu,0.} 3D/0D N/A L no [60]
[Cu,(bpta)] MOF-505 {Cu,04) 3D/0D 8.3,10.1 L no (18]
[Zn, (dhbo)] MOF-74 {ZnOg} 1D/1D 5.5%10.3 Bl no (9]
[V(OH) (bdc)]os MIL-47 (vog 1D/1D 10511 B no [119]
[M(OH) (bd<)]oss (M=Al, Cr, Ga)  MIL-53 {MOg} 1D/1D 8.5x8.5 B no 2]
[V(OH) (bdc)] MIL-68 V(OH),0.} 1D/1D 18.6 B no [120]
[Tb(btc)] MIL-103 {TbO,} 1D/1D 10 L no [121]
[M(bdc)] (M =Rh, Cu, Mo) N/A N/A 2D/0D 6 L no [111]
[Mg, (ndc), (dmf).] TUDMOF-2 {Mg:0} 2D/0D N/A L no [122]
[Ni; s(OH) (L-Asp),] N/A {NiOg} 1D/1D 5x8 B yes [123]
{NiON}
[M,(dhtp)] (M= Co, Ni) CPO-27 (N)  {NiOg} 1D/1D 1 L no [(61,124]
[Co, (bdc),(dabco)] N/A {Co,04} 3D/0D 7.6x7.6/54 L no [125]
[Mn(ndc)] N/A {MnOg} 1D/1D 6.1 L no [126]
(21604 (OH)4(CO,) 1] UiO-66/67/68  {Zrs00y} 3D/0D 6/8/10 B no [127]
[Fe(OH) (nbdc)] MIL53_NH,  {MOg} 1D/1D N/A B yes [26]
[My(HCOO){] (M=Co, Mn, Nij)  N/A MOy} 1D/0D 5.5 L no [128]
[Zn;(NH,bdc),] N/A {Zn:05} 1D/0D N/A N/A yes [129]
[Cu(bdc)] MOP-1 {Cu,04) 3D/0D 15 L no [49]
[M(OH) (bdc)] (M=1In, Ga) MIL-68 {MO,(OH),} 1D/1D 6& 16 B no [130]
[CrXO (bdc);] (X=F, OH) MIL-101 {MO,X} 3D/0D 29 & 34 B+L no [131]
[Fe,(0);Cl(bdc)] MIL-88B_NH,  {FeOg} 1D/1D N/A yes [26]
[Fe(OH) (NH,_nbdc)] MIL101_NH,  {FeOg} 3D/0D 29 & 34 B yes [26]

[a] Coordinated solvent or H,O molecules have been omitted. [b] Dimensionality of the inorganic part (following Férey’s classification) and of the
porous structure. [c] Bridging ---OH and coordinatively unsaturated clusters are denoted B (Brensted) and L (Lewis), respectively. [d] ---NH, center
available. bptc=biphenyltetracarboxylate, dhbc=2,5-dihydroxybenzoic acid, dhtp=2,5-dihydroxyterephthalate, nbdc=2-aminobenzenedicarboxy-

late.

glycerides. In this case, the successful tailoring of adsorption
and diffusion properties will be crucial; porous channels with
the appropriate hydrophilic-hydrophobic balance will need
to be prepared to achieve the appropriate reactant stoichi-
ometry in the solid. This approach will open the doors to
green catalysis using water as the solvent. Finally, homochiral
MOFs and photoluminescence properties offer new oppor-
tunities for enantioselective catalysis and photocatalysis,
domains in which zeolites have met limited success.!'"”

MOF materials are dream compounds for catalysis
because 1)they can be designed on a rational basis and
2) site isolation allows the assessment of structure-activity
relationships. The tunability, versatility, and original flexibility
of MOFs make them unique, placing them at the frontier
between zeolites and enzymes. The combination of different
functions will allow complex cascade reactions and concerted
mechanisms to an extent that cannot yet be anticipated,
opening great new roads to discovery.
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