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Abstract  

 

Metal-Organic frameworks (MOFs) have attracted enormous interest in recent years due to their potential as 

heterogenous catalysts. Thus, MOF catalysts can be designed having active sites at the metallic units, at the 

organic ligands, or trapped inside their regular pore system. In this chapter, we will illustrate how cavity 

effects (i.e., the chemical environment in which the active sites are located) can largely influence their final 

catalytic properties through specific host-guest interactions, thereby introducing additional tools to modulate 

chemical specificity. 

  



  
21.1 Introduction 

 

Metal-organic frameworks are a relatively new class of crystalline porous solids that have attracted much 

interest in recent years. These materials are constructed by metal ions or metal oxoclusters (usually referred 

to as secondary building units, SBUs) connected to polytopic organic linkers through strong metal 

coordination bonds, as schematically shown in Figure 21.1.1 In this way, extended three dimensional networks 

are formed, containing a strictly regular system of pore channels and cavities of nanometric dimensions. By 

varying the type of structural units (metal ions and organic ligands) and the way in which these components 

are connected, a virtually infinite number of MOFs with different chemical compositions, properties and 

framework architectures can be constructed, with pore dimensions ranging from ultramicropores (2-3 Å) to 

well entered the mesoporous range (up to ~10 nm)2 and with unmatched specific surface areas of thousands 

of square meters per gram and huge pore volumes. As an example, a MOF referred to as Nu-1103 has a specific 

surface area (SBET) of up to 7000 m2g-1 and a pore volume over 4 cm3g-1, which gives an idea of the record-

holding textural properties attained with these compounds. Moreover, the possibility to modify an already 

existing MOF by post-synthesis methods,4, 5 either to introduce new functionalities or to change the chemical 

environment inside the pores, provides an additional dimension to the MOF synthesis and tunability. 

 

[Figure 21.1 near here] 

 

The outstanding properties of MOFs, along with their crystallinity and porosity and the potential for tailoring 

both their structure and properties on demand, have attracted much interest for several applications, including 

gas separation and storage,6, 7 sensing,8 biomedicine,9 or catalysis,10-14 among others. In the field of catalysis 

in particular, MOFs offer some interesting characteristics that make them particularly appealing with respect 

to other alternative catalysts (such as zeolites, metal salts or metallic complexes). On one hand, it is possible 

to introduce catalytic active sites at the metallic nodes, at the organic ligands, or encapsulated inside the MOF 

pores (even simultaneously). This affords an unprecedented tunability and a valuable means for the ready 

preparation of multifunctional heterogeneous catalysts, in which two (or more) types of active sites are 



  
combined in the same solid. In this way, the different actives sites can act in concert to exert dual activation 

of the reaction substrates (synergism), even mutually incompatible species (such as acid and bases), or they 

can catalyze cascade or tandem consecutive reactions.11, 15 On the other hand, it is relatively easy to introduce 

chirality in MOFs, thus opening the door to asymmetric (enantioselective) catalysis and separations. 

Asymmetric catalysis is routinely practiced in drug synthesis, usually relying on the use of expensive and non-

reusable homogeneous chiral catalysts. Chiral MOFs offer the possibility to carry out these transformations 

with heterogeneous, recoverable and recyclable catalysts. Conversely, attempts to prepare chiral zeolites have 

found only limited success, with only a few chiral zeolites being known so far.16-18  

 

Despite the advantages outlined above, the truth is that MOFs can hardly compete with other “conventional” 

catalysts (such as zeolites, metal salts, mineral acids or stoichiometric oxidants) for the synthesis of bulk 

chemicals. These alternative catalysts are generally cheaper and/or more robust than MOFs and will be the 

natural choice of industry. Unless we are able to exploit the high tunability of MOFs to engineer highly 

selective catalysts for the synthesis of (chiral) drugs and other high added value fine chemicals. The synthesis 

of these complex substances usually demands highly efficient and (enantio)selective catalysts; and this is more 

so when polyfunctional substrates are involved, which is the case of most fine chemicals. Then, also the 

chemo- and regioselectivity of the catalyst becomes an important issue; that is, the catalyst must be able to 

transform selectively a given functional group in the presence of other functionalities that are susceptible to 

react under the same conditions, triggering unwanted side reactions that decrease the overall yield of the target 

compound, increase the production of wastes, and complicate isolation and purification steps. 

 

And here is where noncovalent interactions and cavity effects come into play in porous MOFs. Indeed, 

noncovalent interactions play a pivotal role in determining the selectivity of any catalytic process.  

Enzymes are the paradigm of a highly selective catalyst, and these are definitively the model to follow when 

engineering MOF-based catalysts. The first stage in enzymatic catalysis consists in the formation of an 

enzyme-substrate complex. In this way, substrate adsorbs onto the active site located inside well-defined 

enzymatic cavities. In most cases, substrate recognition by the enzyme relies on reversible conformational 



  
changes and secondary interactions involving the active center and the residues of specific binding aminoacids 

to facilitate the formation of the desired transition state. In this way, the elevated specificity attained by 

enzymes depends not only on the active site itself, but on the multiple and very precise weak interactions 

involving the substrate and these binding aminoacids. These weak, noncovalent interactions can be 

electrostatic, hydrogen bonding or van der Waals forces involved by the hydrophobic effect. 

 

To illustrate the relevance of binding aminoacids and noncovalent interactions in enzymatic catalysis, let us 

consider carboxypeptidase A as an example. This enzyme hydrolyzes peptide bonds of C-terminal residues 

with aromatic or aliphatic side-chains. The active site is formed by a Zn2+ ion coordinated to two imidazole 

groups of histidines 69 and 196 and to the carboxylate group of glutamate 72. But besides His 69, His 196 and 

Glu 72, other binding aminoacids also participate in the formation of the enzyme-substrate complex (Glu 270, 

Tyr 248 and Arg 145), contributing to the necessary specificity of the catalytic process. The reaction then 

starts with the coordination of the carbonyl group of the peptide to the Zn2+ ion of the enzyme, thus polarizing 

de C=O bond. This polarizing effect is enhanced by the non-polar environment of the zinc ions inside the 

reaction cavity, which increases the effective net charge on the Zn2+ ions. The large polarization of the C=O 

bonds make the carbonyl carbon more prone to nucleophilic attack. Meanwhile, the negatively charged Glu 

270 removes a proton from a water molecule and the resulting –OH group attack the Zn2+-activated carbonyl 

carbon of the peptide, while Tyr 248 donates a proton to the NH group of the peptide bonds to be hydrolyzed. 

The overall process is schematically shown in Figure 21.2. 

 

[Figure 21.2 near here] 

Taking enzymatic catalysis as a source of inspiration, one possible strategy to prepare highly selective MOF-

based catalysts is to act not only on the type of active centers introduced, but also on the spatial environment 

surrounding them by tuning secondary, noncovalent interactions between these centers and the reaction 

substrates. Ideally, these secondary interaction within the MOF cavities should improve substrate adsorption 

and can determine their orientation and stabilization of certain transition states, thus driving the reaction 

towards the formation of the desired product among various possible side reactions. On the other hand, 



  
noncovalent interactions in MOFs, and their evolution during substrate adsorption, can also determine the 

pore architecture of the MOF, in a process that is somehow reminiscent of the induced fit model of enzyme 

catalysis proposed by Koshland.19 

 

To date, exploitation of noncovalent interactions as a tool to boost selectivity in MOF-based catalysis has been 

largely overlooked. Nevertheless, we are convinced that the enormous potential of this strategy will certainly 

trigger interesting new research in years to come. In this chapter, we will provide a handful of relevant 

examples to illustrate how noncovalent interactions can be crucial in the catalytic process. We will first 

consider how the occurrence of such noncovalent interactions can determine the pore architecture of the MOF 

and how the presence of certain guest substrates adsorbed inside the pores can modify the porosity of the 

material in a reversible way; the so-called dynamic porosity or breathing effect. Note that switching at will 

between open and close states of the catalyst pores would provide an ultimate control over the molecular 

traffic in and out of the material surface, which could endow the material with highly desired shape-selective 

properties triggered by external stimuli.  Finally, we will present some selected examples on how it is possible 

to finely tune the catalytic activity and selectivity of a MOF by introducing modulator groups close to the 

active sites to control the type of noncovalent interactions in action during the catalytic process.  

 

 

 

21.2 Dynamic porosity an noncovalent interactions  

 

Kitagawa and Kondo proposed a classification system for MOFs based on their porous properties.20 Following 

these authors, first generation MOFs are materials having a pore system sustained only by guest molecules 

that irreversibly collapses when they are removed. Second generation materials have a robust pore system, 

featuring permanent porosity upon evacuation of the guest molecules. Finally, third generation MOFs feature 

a flexible pore system, which may change reversibly depending on the presence of guest molecules or by 

application of certain external stimuli, such as light, temperature, pressure or the application of an electric 



  
field. This last category is also referred to as dynamic porosity, and includes structural transition phenomena 

such as the so-called breathing or gate-opening effects. While first generation MOFs would find very limited 

use in heterogeneous catalysis, second and third generation show a high potential for this and other 

applications. Note that in second generation MOFs, strong metal-ligand interactions are responsible for the 

observed permanent porosity; meanwhile, noncovalent interactions are responsible for the occurrence of a 

flexible pore system. 

 

The flexible nature of MOFs originates from the structural transformation of the components (ligands and/or 

SBUs) upon external stimuli, as well as the regional movements of organic linkers such as twisting, rotating, 

bending, or tilting. In the case of interpenetrating networks, the dynamic behavior can also arise from relative 

movement of the networks triggered by host−host and host−guest interactions. Figure 21.3 summarizes the 

different breathing motions that can be observed in flexible MOFs, according to Murdock et al.21  

 

[Figure 21.3 near here] 

 

Metal terephthalates compounds of the MIL-53 family are representative examples of breathing MOFs.22  The 

structure of these isoreticular compounds is formed by chains of μ2(OH) corner-sharing MO6-octahedra, where 

M is a trivalent cation: Al3+, V3+, Cr3+, Fe3+, Ga3+, or In3+. These chains are interconnected by terephthalate 

ligands to form one-dimensional pore channel system, as shown in Figure 21.4. Taking Cr3+-MIL-53 as an 

example, it has been reported that in the as-synthesized form, MIL-53as (Figure 21.4.a), the material pores 

are filled with disordered free terephthalic acid that can be removed by calcination to give MIL-53ht (Figure 

21.4.b); this latter compound hydrates at room temperature to give MIL-53lt (Figure 21.4.c). In the hydrated 

form, water molecules are located at the center of the pores, strongly interacting through hydrogen bonds with 

hydroxyl groups of the inorganic network, one H2O molecule per μ2(OH) site. As it can be observed from 

Figure 21.4, hydration-dehydration process is accompanied by very large changes in the a and b cell 

parameters (those delimiting the pores), and thus, on the pore apertures. In this way, both MIL-53as 

(containing free terephthalic acid within the pores) and MIL-53lt (containing guest water molecules) do not 



  
exhibit any accessible porosity, while MIL-53ht has pores of 9.4 x 11.4 Å free aperture. Interestingly, the 

hydration-dehydration process of MIL-53ht-MIL-53lt is fully reversible, implying a reversible opening and 

closing of the pores. This effect is attributed to the operation of two different types of noncovalent forces: (i)  

strong hydrogen bonds between the H2O molecules and the μ2(OH) groups along the chains (d(Ow-O) ~ 3-

3.4 Å); and (ii) the onset of π−π interactions because of the benzyl groups (d(C-C) ~ 3.9-4.5 Å). Thus, in the 

presence of water, the pores are closed, and when the material is evacuated, the pores open wide. 

  

[Figure 21.4 near here] 

 

To mention only a few more examples of flexible MOFs, the compound known as [Cu(2-pymo)2] is formed 

by copper ions and 2-oxypyrimidine ligands.23 In the presence of water, the material has a rombohedral 

structure featuring distorted sodalite-type cuboctahedral cages. When dehydrated or when contacted with an 

alcohol, the structure of the MOF changes to a cubic cell, by a simple conformational change of the pyrimidine 

rings. Something similar occurs with another MOF, referred to as ZnCar, containing Zn2+ ions and dipeptide 

carnosine ligands (β-alanyl-L-histidine).24 This 3D compound offers chemical stability, structural diversity 

and chirality, permanent porosity, and structural adaptability on the framework in the presence of different 

guest molecules. Thus, the material responds diversely in the presence of methanol or H2O guest (see Figure 

21.5), thanks to the torsional flexibility of the main His-β-Ala chains, while keeping the rigidity due to the 

Zn-imidazole chains.  

 

[Figure 21.5 near here] 

 

These are just relatively few examples of flexible MOFs that can adapt their pore systems to respond to the 

presence of guest species adsorbed inside (or in general, to precise external stimuli). This is in sharp contrast 

with most rigid heterogeneous catalysts, such as zeolites or metal oxides, which are not able to modify 

significantly their crystalline structure or porosity in respond to adsorbed guests. As mentioned above, this 

behavior of flexible MOFs clearly resembles the adaptive properties of enzymes on substrate binding,19 and 



  
is driven by noncovalent interactions. Implications of this adaptive behavior to catalysis is evident, since the 

dynamic changes of metal, ligands and pores represent a completely new dimension in the control of key 

aspects in catalysis, such as substrate adsorption/discrimination, molecular traffic control (including shape-

selective properties), or selective stabilization of certain transition states versus other potential candidates. 

 

21.3 Modulator groups inside the reaction cavities 

 

As we briefly mentioned in the introduction to this chapter, binding aminoacids play a pivotal role in 

enzymatic catalysis, going well beyond the (simple) role of the catalytic center itself. These binding 

aminoacids are the true responsible for the high binding affinity and catalytic activity toward the desired 

substrate typical of the enzymatic process, by assuring the correct formation of the enzyme-substrate complex 

(see Figure 21.2). Very well defined noncovalent interactions are thus stablished by binding aminoacids 

within the active site of the enzyme. These interactions are able to discriminate a specific target substrate 

from a myriad of similar compounds, and to fix it in the right position and proper orientation, channeling the 

transformation down one pathway to yield a single product. It is therefore evident that development of 

artificial enzymes should certainly consider the introduction of specific modulator groups to tune the catalytic 

activity of the active site. In the field of MOFs, this has been pursued most of the times by anchoring those 

modulators to the organic linkers by chemical modifications of tagged functional groups. 

 

Farrusseng and co-workers have shown that it is possible to post-synthesis modify a MOF, SIM-1, containing 

pendant aldehyde groups in their organic ligands, by reacting them with long chain primary amines to yield 

the corresponding imino-functionalized MOF.25 In this way, the long alkyl chains anchored to the organic 

linkers confer hydrophobic character to the MOF cavities. Meanwhile, the Zn2+ ions at the cornerstones of 

the MOF pores confer Lewis acid character. The authors studied the ability of the new hydrophobic MOFs 

to accelerate the rate of reactions involving water formation, as demonstrated for the Koevenagel 

condensation reaction of aldehydes and activated methylene compounds (Equation 21.1). The water molecule 

that is produced in this condensation reaction competes with substrates for adsorption, thus acting as a poison. 



  
The authors anticipated that the hydrophobic environment of the modified MOFs would facilitate that these 

water molecules would be preferentially diffused out of the MOF pores, thus lessening the poisoning effect.  

    

 

 (21.1) 
 

 
When benzaldehyde was contacted with ethyl cyanoacetate in the presence of the MOF catalyst, the authors 

observed a clear acceleration of the reaction rate with the material modified with dodecylamine with respect 

to the unmodified, parent compound. This translated into a >10-fold increase of the initial reaction turnover 

frequency (TOF), moving from 120 h-1 to 1400 h-1 for the parent and C12-modified MOF. 

 

Hydrophobic forces inside the cavities surrounding the catalytic sites do not influence only the rate of a 

reaction, but can also have effects on the final product distribution and, thus, on the overall selectivity of the 

process. We have reported a clear example on how the intra-cavity chemical environment in a MOF can 

determine the probability of side reactions to happen, leading to the undesired formation of byproducts. Thus, 

we showed that two isoreticular Cr3+ and Fe3+-containing terephthalate MOFs known as MIL-101 can both 

catalyze the oxidation of benzylic compounds.26 Interestingly, this reaction is carried out under neat and 

aerobic conditions and in the absence of additional oxidizing reagents. We demonstrated that several benzylic 

compounds, including indane, ethylbenzene, n-butylbenzene, iso-butylbenzene, 1-bromo-4-butylbenzene, 

sec-butylbenzene, and cumene, were all selectively oxidized to the corresponding alcohol/ketone (ol/one) 

mixture. When the results were analyzed in detail, using indane as model compound we observed that the 

selectivity towards the wanted ol/one mixture was higher for MIL-101(Cr) (87% selectivity at 30% 

conversion) than for MIL-101(Fe) (71% selectivity at 30% conversion). This difference in the reaction 

selectivity was attributed to differences in the hydrophobic character inside the MOF cavities, being higher 

for the more selective catalyst, MIL-101(Cr). Thus, if the oxidation reaction takes place inside the MOF 

cavities (where the metallic sites for O2 activation are located), then indane will be preferentially adsorbed 

over the more polar ol/one compounds. The process can be easily followed from the reaction scheme shown 



  
in Figure 21.6. Therefore, as soon as indane is oxidized, the indanol or indanone thus formed will diffuse out 

of the hydrophobic MOF pores, driven by the adsorption of fresh indane form the bulk solution that is 

preferentially adsorbed. This will largely decrease the probability of formation of byproducts coming from 

the overoxidation of the ol/one compounds. Obviously, the more the hydrophobic environment inside the 

cavities, the more favored the desorption of ol/one compounds over secondary oxidation/decomposition 

pathways.     

 

[Figure 21.6 near here] 

 

The above two examples evidence how hydrophobicity inside the cavities is influencing the outcome of the 

catalytic process in terms of both, activity and selectivity. We have seen than hydrophobic cavities assist in 

excluding water molecules formed during the reaction away from the active site, thus reducing poisoning 

effects. At the same time, hydrophobic forces can also dictate the preferential desorption of sensitive 

intermediate products, avoiding consecutive transformations by unwanted side-reactions. This is strongly 

evocative of the structure of active sites in enzymes, displaying hydrophobic pockets around the catalytic 

center that can keep water out.      

 

A more sophisticated example has been recently reported by Telfer and co-workers.27 These authors decribed 

the synthesis of a multicomponent MOF containing three different types of ligands located at topologically 

distinct lattice sites within the framework to ensure complete pore homogeneity. Then, the authors showed 

that the pore architectures and chemical environment inside the cavities could be programmed by installing 

functional groups on the organic linkers of those multicomponent MOFs MUF-7 and MUF-77, [Zn4O-

(bdc)1/2(bpdc)1/2(trig)4/3] (bdc = 1,4-benzenedicarboxylate, bpdc = 4,4′-biphenyldicarboxylate, trig = 1,3,5-

benzenetribenzoate or a truxene analogue). Consequently, the pores in the resulting MOFs display a precise 

and predictable three-dimensional array of chemical groups that can be tuned with precision at the molecular 

scale. In a first step, the authors introduced a catalytic unit in one of the three linkers of MUF-77. To do so, 

the authors prepared bdc linkers modified by prolinyl groups as organocatalytic sites, that would selectively 



  
replace the bdc linkers in the original MUF-77 compound. A second step in this strategy consisted in 

introducing modulador groups in the other two linkers that do not bear the catalytic unit. According to the 

authors, these modulator groups should be able to influence the catalytic reaction via specific noncovalent 

interactions, thereby altering the reaction rate, the regio- or the stereoselectivity of product formation. The 

whole process is depicted in Figure  21.7. 

 

[Figure 21.7 near here] 

The authors showed that the prolynil-functionalized MUF-77 was able to catalyze the asymmetric aldol 

condensation of 4-nitrobenzaldehye and acetone. Although the enantiomeric excess attained were very low in 

all cases (<30% ee), the catalytic results obtained clearly demonstrated that modulator groups placed on linkers 

remote from the active sites have an impact on the asymmetric aldol reaction, both in terms of reaction rate 

constant and the amount and sign of the enantiomeric excesses obtained. Similar results were obtained when 

the study was extended to the aldol reaction between cyclopentanone and p-nitrobenzaldehyde. 

 

Besides the examples discussed above, other similar reports exist describing how the outcome of catalytic 

reactions taking place inside the cavities of a MOF can be tuned by modifying the pore structure of the 

material.28-32 Yet, the number of such reports is still scarce and still in its infancy, though on can expect new 

innovations in this line, given the high potential of this strategy. 

 

21.4 Conclusions and perspectives 

 

The field of MOFs and related compounds is quickly evolving, with thousands of papers being published and 

novel materials being synthesized every year. In the field of catalysis,10-14 this rush started relatively recently, 

at the beginning of the past decade. At first, earlier reports consisted of merely proofs of concept, with 

mediocre performances and serious concerns on the materials stability. With the discovery of more robust 

materials, the performance of MOF-based catalysts has been sharply improved. Little by little, we have learnt 

how to exploit the outstanding tunability offered by MOFs to develop new “smart” catalysts, which can 



  
overrun some of the limitations shown by alternative “conventional” catalysts. Throughout this chapter, we 

have shown through a few selected examples that noncovalent interactions are crucial for the development of 

highly selective catalysts. We have shown that by using MOFs it is possible to design novel materials by 

carefully taking into account and controlling these noncovalent interactions. We can do this by intentionally 

modifying the MOF with functional groups located in the vicinity of the active sites that can exert noncovalent 

interactions with the reaction substrates, including hydrogen bonding and hydrophobic effects. Or by taking 

advantage of the dynamic behavior of flexible MOFs, that can adapt their pore structures in response to certain 

guest molecules or external stimuli We are convinced that in years to come we will witness a revolution in the 

field that will represent important breakthroughs towards the realization of high–performing MOF-based 

artificial enzymes. With each new report in this direction, we will be getting closer and closer to this goal. 
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Figure Captions 

Figure 21.1 Metal-organic frameworks are constructed by self-assembly of metal ions (blue spheres) and 

multidentate organic linkers (red boxes) to form a regular system of pores.  

 

Figure 21.2. Active site and binding aminoacids involved in the enzyme-substrate complex of 

carboxypeptidase A. 

 

Figure 21.3. Different breathing motions that can be observed in flexible MOFs. Reproduced with permission 

from Ref. 21 Copyright (2014) Elsevier. 

 

Figure 21.4. View of the pore systems of (a) MIL-53as, (b) MIL-53ht, and (c) MIL-53lt. Reproduced with 

permission from Ref. 22 Copyright (2002) American Chemical Society. 

 

Figure 21.5. The structures of a) ZnCar⋅DMF, b) desolvated ZnCar, c) resolvated ZnCar⋅MeOH, and d) 

resolvated ZnCar⋅H2O. ZnCar⋅DMF, ZnCar, and ZnCar⋅MeOH show one type of pore with square or 

parallelogram shape. ZnCar⋅H2O has two types of pores. Reproduced with permission from Ref. 24 Copyright 

(2014) The Authors. Published by Wiley‐VCH Verlag GmbH & Co. KGaA under Creative Commons 

Attribution License. 

 

Figure 21.6.Aerobic oxidation of indane inside the MOF pores yield indanol/indanone mixtures (1), which 

can then either diffuse out of the pores (2) or remain adsorbed and over-oxidized to byproducts (3), 

depending on how hydrophobic are the MOF cavities. (M3+ stands for Cr3+ or Fe3+).  

 

Figure 21.7. Pores in MUF-77 modified with a catalytic site and modulator groups to influence the course of 

the reaction. Reproduced with permission from Ref. 27 Copyright (2017) American Chemical Society.  
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Figure 21.2 
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Figure 21.3 
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Figure 21.4 
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Figure 21.5 
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Figure 21.6 
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Figure 21.7 

 

 

 


