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Abstract: In this work, we review some illustrative examples to evidence the potential of
two archetypal Zr-containing MOFs, UiO-66 and MOEF-808, as heterogeneous catalysts for
converting biomass-derived products into valuable chemicals. The reactions are organized
in three blocks, depending on the biomass source: carbohydrates, lipids, and other sources.
Through this review, we will show that the chemical properties of these two Zr-MOFs
are significantly different in terms of the nature and strength of acid sites, which largely
depends on the number of missing linker defects of the solid and its hydration state. While
hydrated UiO-66 bears relatively strong Brensted-induced acid sites, dehydrated MOF-808
is more than competent as a Lewis acid catalyst. Therefore, we will pick one or the other
catalyst depending on the particular demands of the catalytic transformation that we want
to carry out.

Keywords: biomass into chemicals; Zr-containing metal-organic frameworks; heterogeneous
catalysis

1. Introduction

The pressing environmental demands for more sustainable energy sources and renew-
able raw materials, together with the continuous depletion of oil reserves worldwide, have
strongly boosted the interest for developing new routes of biomass valorization, including
the preparation of biofuels. The aim of this industrial transformation at a global level is to
decrease the dependence on fossil fuels by substituting them with renewable resources and
to reduce the emission of greenhouse gases and carbon footprint.

Biomass comprises all the organic matter with a biologic or anthropogenic origin that
can be used as feedstock for obtaining energy and chemical products of industrial interest,
excluding that of a fossil origin used by the petrochemical industry [1]. According to this
definition, this encompasses all the organic matter produced by plants and animals such
as trunks, leaves, branches, peels and bones, animal dung, but also wastes or byproducts
from the paper, wood, or food industries related with human activities. Other sources of
biomass include the so-called energy crops, such as corn, beet, or sugar cane, produced for
energy purposes, or marine biomass, including the production of microalgae.

One of the most extended uses of biomass is as an energy source, either by direct
transformation into biofuels by gasification to obtain syn-gas, or by direct combustion.
Nevertheless, there is an increasing interest in recent years in biomass valorization, in
which biomass is used as a starting material to produce chemical compounds of industrial
interest, known as platform chemicals, which can then be used as intermediates for the
synthesis of several bulk and fine chemicals, such as solvents, fuel additives, fragrances,
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paints, or biopolymers [2]. Some of the main platform chemicals obtained from biomass
include furfural, 5-hydroxymethyl furfural, ethanol, succinic acid, or levulinic acid, among
others (see Scheme 1) [3].
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Scheme 1. Some of the main platform chemicals obtained from biomass.

The use of heterogeneous catalysis is critical for developing efficient transformation
routes for biomass valorization, since it allows easy separation, recovery, and reutilization
of the catalyst. Moreover, with the synthetic tools available nowadays, it is possible to
design materials with specific catalytic active sites, or even catalysts containing more than
one type of sites (multifunctional catalysts) that can be used in cooperative catalysis or
in multistep processes. Altogether, this allows us to develop novel transformation routes
combining two or more sequential reactions in one single reactor (one-pot cascade reactions),
thereby avoiding the isolation and purification of reaction intermediates and reducing the
energy consumption of the overall process. In this sense, several solid materials have been
considered so far as (multifunctional) heterogeneous catalysts to replace the homogeneous
catalysts traditionally used. Those include supported metal catalysts and heteropolyacids,
zeolites, metal oxides, and metal-organic frameworks (MOFs).

In the last two decades, we have been intensively involved in our group in using MOFs
as heterogeneous catalysts for developing new routes for biomass valorization from various
sources. Throughout this review, we will present the most relevant results obtained in this
research line by us and other groups. The article is structured depending on the origin of
the biomass used, whether carbohydrates, lipids, or other sources. But first, we will briefly
describe what are MOFs and why we want to use them as heterogeneous catalysts.

2. Metal-Organic Frameworks (MOFs) and Their Use in Catalysis

MOFs are a subclass of coordination polymers that are characterized by being crys-
talline, porous solids formed by the linkage of metal ions (or metal oxoclusters) and
polydentate organic molecules by metal coordination bonds, forming a crystalline net-
work defining pores of strictly regular dimensions [4,5]. These metal-ligand coordination
bonds are stronger and more directional than the hydrogen bonds or m—m stacking inter-
actions typically found in other amorphous, non-porous coordination polymers—hence,
the convenience for practical reasons of differentiating the MOFs within the large family
of coordination polymers [6]. What has drawn interest in these materials in recent years
is that it is possible to fine-tune the framework topology, as well as to control the shape,
dimensions, and connectivity of the structural pores, by properly selecting the structural
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units (metals and organic ligands) and the way in which they are connected. By a careful
selection of the structural units forming the MOF, it has been possible to prepare ultrahigh
porous materials that have largely surpassed the specific surface areas and pore volumes
found in other porous compounds (such as zeolites, mesoporous silicas, or carbons). Thus,
some MOFs feature astonishing specific surface areas over 7000 m?g~! and pore volumes of
4 cm3g~! or larger, such as the compounds known as NU-110 (7140 m?g~! and 4.40 cm®g~!,
respectively) [7] or DUT-60, holding the ultrahigh porosity world-wide record attained so
far with 7800 m?g~! and 5.02 cm3g~! [8]. When designing a material for heterogeneous
catalysis, large specific surface areas and wide pores are a must for ensuring a fast diffusion
of reactants and products in and out of the pores to reach the active sites located at the inter-
nal surface of the catalyst. Therefore, it is not surprising that since the discovery of MOFs,
these compounds have been considered for catalytic applications [9-11]. Moreover, rele-
vant chemical properties, such as Lewis/Brensted acidity, hydrophilicity /hydrophobicity,
the presence of specific functional groups, or the nature and magnitude of noncovalent
interactions inside the pores, can be largely determined by the chemical composition of the
material. This large tunability of MOFs opens up the possibility to use these materials in
size/shape selective reactions. In this way, if we have a mixture of two or more compounds
that can be potentially converted in a reaction, only those molecules whose dimensions
are small enough to enter the pores of the MOF will reach the catalytic active sites and
will be converted, while larger molecules (or with an unappropriated shape) will remain
unchanged in the reaction medium. Likewise, if different products or transition states can
be competitively formed during a reaction, only those transition states or products that can
fit inside the MOF pores will be viable. In other words, by finely tuning the pore size and
shape of a MOF, as well as other properties such as the chemical environment inside the
cavities, we can drive the reaction towards the formation of the desired product among
different possibilities, thereby achieving very high selectivity, emulating the behavior of
enzymatic catalysis. Nevertheless, it is always a good practice to compare the results
obtained with MOF catalysts with those previously reported in the scientific literature with
other catalysts (both homogeneous and heterogeneous), as this allows us to fairly appraise
the potential of the MOF for any given reaction.

In the present review on biomass conversion routes over MOFs, we will focus our
interest on two families of compounds, namely UiO-66 [12] and MOF-808 [13]. Both of them
contain hexanuclear zirconium oxoclusters as the inorganic building block, and carboxylate
linkers: terephtalic acid (and derivates) in the case of UiO-66, and trimesic acid (and
derivates) in MOF-808. To understand the catalytic properties of these two compounds,
and why they behave in a different way as acid catalysts, it is important to know first their
structural details, with especial emphasis on their similarities and differences.

3. Structure and Properties of UiO-66 and MOF-808: Origin of Lewis and
Bronsted-Induced Acidity

UiO-66 (UiO stands for University of Oslo) is a robust zirconium terephthalate (1,4-
benzenedicarboxylate) formed by hexameric [ZrsO4(OH),] octahedral oxoclusters con-
nected by 12 terephthalate linkers into a face-centered cubic packing. This arrangement of
structural units leads to tetrahedral and octahedral cavities of about 8 and 11 A, respectively;
both of them accessible through triangular windows of about 6 A in diameter (see Figure 1).
The high coordination number of the inorganic building units to 12 organic linkers bestows
a remarkable thermal, chemical, and mechanical stability [14], which is seldom found in
other MOFs. An interesting property of UiO-66 is that Zr** ions can be replaced by other
tetravalent cations (Hf [15], Ce [16], Ti [17], etc.), while terephthalate linkers can be replaced
by other linkers with the same geometrical connectivity, including substituted terephtha-
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lates, and extended linear carboxylates, such as biphenyl-4,4’-dicarboxylate in UiO-67,
p-terphenyl-4,4”-dicarboxylate in UiO-68, or the large family of PIZOFs with even longer
linkers [18,19]. This affords a battery of isoreticular derivatives available, i.e., materials
having the same network topology and pore architecture as UiO-66, but with a tailored
pore size and chemical environment inside the cavities, and thus, with tunable properties.
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MOF-808

OH

Figure 1. Structure and pore cavities in UiO-66 and MOF-808. Figure adapted from references [12,13].
Copyright 2008 and 2014, American Chemical Society.

In the structure of UiO-66 and related solids, Zr** ions (or other M** cations) lack co-
ordination vacancies available for substrate binding, and thus, in the ideal UiO-66 structure,
Zr** ions should not behave as Lewis acid sites. However, real UiO-66 compounds usually
present missing linker defects, either randomly formed during the self-assembly formation
of the MOF [20] or intentionally created during or after the synthesis [21]. In this way, the
Zr** jons associated with these missing linker defects feature coordinative unsaturation
sites (cus), with the ability to accept electron density from species adsorbed inside the pores.
In UiO-66, each terephthalate linker is connected to four Zr*t jons. A missing linker defect
can be imagined as the removal of one of the twelve negatively charged terephthalate
linkers connecting the Zrg oxoclusters. When this happens, two of the four Zr ions initially
connected by the missing linker are saturated by “OH (or Cl17) anions to preserve the
electrical neutrality of the material, thus leaving two Zr** cus per missing linker molecule,
as shown in Scheme 2. As we have discussed in previous works [22], when the MOF is
hydrated, these cus will have strongly coordinated water molecules, which will introduce
Brensted-induced acidity in the material. These adsorbed water molecules will be highly
polarized due to the high charge-to-radius ratio of Zr** cations, so the acidity is noticeable.
However, these water molecules can be removed by thermal dehydration, exposing the
Zr** sites and making them available as Lewis acid sites. Therefore, it is possible to tune
the acid properties of UiO-66-type materials by simply controlling the hydration degree of
the material. Throughout this review, we will see examples in which both types of sites can
be used effectively to catalyze specific reactions for converting biomass into chemicals. A
key aspect to take into account in UiO-66 is that the active sites are associated with defects,
so: (i) not all the Zr** sites will participate in the reaction, and therefore (ii) the catalytic
activity will increase with the number of missing linker defects. In other words, we should
not expect any catalytic activity for an “ideal”, defect-free UiO-66.
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Scheme 2. (Top) Missing linker defects in hydrated and dehydrated UiO-66. (Bottom) Coordination
of Zr** cations in MOF-808 upon removal of formate linkers.

Next to UiO-66, the second protagonist of this review is MOF-808. This is a MOF
containing similar Zrg oxoclusters connected by trimesate (1,3,5-benzenetricarboxylate)
linkers, forming a much wider tridimensional network than UiO-66, with adamantane-
shaped cages of 18.4 A and openings of 14 A (see Figure 1). A first clear difference between
UiO-66 and MOF-808 is that the latter material will be able to adsorb much larger molecules
inside the pores, and thus, it will be able to catalyze the transformation of bulkier substrates
(see for instance [23]). But this is not the only difference. In MOF-808, each Zr; cluster is
connected by six trimesate molecules to other clusters (the connectivity in UiO-66 is 12,
as commented above), while the rest of the coordination positions of Zr** are saturated
by six bridging formate ions connecting two Zr inside the cluster. These formate linkers
can be removed by solvent washing or mild thermal treatment, leaving two coordination
vacancies on each Zr#* site. One of them is occupied by an ~OH group to keep the electrical
neutrality of the material, while the second position is either a coordination vacancy (in
dehydrated MOF-808) or is occupied by an adsorbed H,O molecule (in hydrated MOF-808).

Therefore, although both UiO-66 and MOF-808 have similar Zrg clusters in their
structures, their Bronsted-induced acid properties are completely different, both in number
and in acid strength. This is so because the Zr** cus in both materials are also different, as
shown in Scheme 2. Note that in MOF-808, all Zr** sites will participate in the catalytic
reaction, unlike in UiO-66, where only a small fraction will be available, depending on the
concentration of missing linkers. Also, in MOF-808, each Zr** is capped by one ~OH group
and one HyO molecule, simultaneously. Thus, the effective polarizing power of the Zr**
ions over the adsorbed water molecules is largely countered by the geminal ~OH groups,
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so their induced Brensted acidity is much lower than in UiO-66, in which geminal OH
groups are not present.

We can thus summarize the main acid properties of UiO-66 and MOF-808 as follows
(Table 1):

Table 1. Acid properties of hydrated and dehydrated UiO-66 and MOF-808.

Bronsted-Induced Acidity
(Hydrated Material)

Lewis Acidity
(Dehydrated Material)

* Few acid sites (only at defect sites)

UiO-66 * Restricted pore space v Strongly polarized H,O molecules
(hindered Lewis sites) (strong Brensted sites)
v All Zr** sites available
MOF-808 v Wide pores % Weakly polarized H,O molecules due to

geminal ~OH groups

(efficient Lewis sites) (weak Bronsted sites)

4. Conversion of Biomass into Chemicals over UiO-66 and MOF-808

Scheme 3 summarizes some of the main existing routes for converting biomass into
chemicals using MOFs as heterogeneous catalysts. Following this very simple (and obvi-
ously incomplete) scheme, and to illustrate the great potential of archetypal UiO-66 and
MOF-808, in this review we have selected some representative examples from the literature,
which have been organized into three blocks, depending on the biomass source, as follows:

- Conversion of carbohydrates;
- Conversion of lipids (fatty acids and glycerol);
- Conversion of other biomass-derived compounds.
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Scheme 3. Main catalytic routes for converting biomass into chemicals.
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5. Conversion of Carbohydrates
5.1. Levulinic Acid into Chemicals
5.1.1. Levulinic Acid Derivates as Value-Added Chemicals

Levulinic acid (LA) can be obtained from the deconstruction of several kinds of raw
materials, including monosaccharides, polysaccharides, and renewable resources, such
as lignocellulosic biomass [2]. LA can be used as a starting material for the synthesis of
many other important products in food and chemical industries (Scheme 4), including alkyl
levulinate esters, y-valerolactone, and levulinic ketals [24].

(0]
0] OH
- o~y o
0 OR
Succinic acid

y-Valerolactone Monomer (o)
Solvent/Fuel additive L .
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Scheme 4. Main value-added LA derivatives and their uses.

Alkyl levulinate esters have low toxicity, high lubricity, and flashpoint stability (90 °C),
as well as moderate flow properties at a low temperature, which make them suitable
additives for gasoline and diesel fuels [25]. Ethyl levulinate (EL) can be used as an oxy-
genated additive in diesel formulations to reduce soot formation by up to 20% of the total
content. EL is also suitable in gasolines due to the high octane rating (RON 110, MON
102) and energy content (31.2 MJ/L). The properties of levulinate esters are similar to
biodiesel fatty acid methyl esters (FAMEs) but without their drawbacks of low cold flow
properties and gum formation. Besides their use as a fuel additive, levulinate esters are
also used in other areas, as flavoring compounds and fragrances, solvents, and plasticiz-
ers [2]. Levulinic ketals are prepared by reacting LA with polyalcohols in the presence of
an acid catalyst. The resulting compounds are used as building blocks for the synthesis of
pharmaceuticals, fragrances, plasticizers, cosmetics, or fuel additives [26-30]. Meanwhile,
v-Valerolactone (4,5-Dihydro-5-methyl-2(3H)-furanone, GVL) is used as a fuel additive to
produce cleaner-burning fuels [24,31], as a biomass-derived solvent [32], as a component of
biocide formulations, and as an intermediate for the synthesis of fine chemicals, such as
adipic acid, valeric acid [33,34], or 5-nonanone [35].
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5.1.2. Synthesis of Levulinate Esters

Given the interest in LA and its derivatives, one of the first reactions studied in
our group dealing with biomass conversion over MOF catalysts was the esterification
of LA with various alcohols [20]. We reported on the use of UiO-66 and its derivative,
UiO-66-NH, (containing 2-aminoterephthalate linkers), for the conversion of LA to ethyl
levulinate, n-butyl levulinate, and various long-chain alkyl levulinates. The relevance of
that work, which we will revise now, was that we established, for the first time, that a
direct correlation existed between the concentration of missing linker defects and catalytic
activity for this type of reaction. Later, we also investigated the reaction mechanism and
the influence of amino substituents in the terephthalate ring with ab initio methods [36],
and we demonstrated that the active sites for this reaction were Brensted-induced acid sites
formed by strongly polarized water molecules adsorbed onto coordinatively unsaturated
Zr** sites associated with missing linker defects [22].

Thus, our approach consisted of preparing several batches of UiO-66 and UiO-66-NHj,,
each of them having a variable amount of missing linker defects comprised between 2.5 and
13.2% for UiO-66, and between 2.1 and 8% for UiO-66-NH;. The exact amount of missing
linker defects in each sample was calculated from the corresponding thermogravimetric
curve (TGA), following the method proposed by Valenzano et al. [37]. These linker defects
were formed randomly during the synthesis of the MOEF, and are most likely due to small
differences in nucleation and crystal growth rates during the synthesis from batch to batch.
After checking that all catalysts were highly crystalline, we observed that all of them were
active for the esterification of LA with ethanol. However, a large variation of the catalytic
performance existed from batch to batch. Thus, calculated pseudo-first order kinetic rate
constants varied between 0.61 h~! and 0.07 h~! for UiO-66; i.e., an almost 9-fold increase
from the less active to the most active catalyst batch. Similar results, although with smaller
variations, were found for UiO-66-NH,;, with kinetic rate constants ranging from 0.33 h-1
to 0.43 h~1. The time-yield plots obtained for all the catalyst batches are shown in Figure 2.

The linear dependence of the kinetic rate constant on the concentration of the defects
of the catalyst is evident from the plot shown in Figure 2c, for both the UiO-66 and UiO-
66-NH, series of catalysts. Note also that, for a given defect concentration, UiO-66-NH
catalysts are, in general, slightly more active that UiO-66. This was first attributed [20] to a
cooperative bifunctional acid-base effect of the (Lewis acid) Zr** sites and the (basic) amino
groups of UiO-66-NH,. Later [36], we used a combination of experimental and ab initio
calculations to show that the amino groups in the terephthalate linkers do not participate
directly in the esterification reaction. However, their presence in the terephthalate linkers
increases the hydrophilic character of the solid and favors water adsorption (more water is
adsorbed and the interaction is stronger than in the UiO-66 lacking amino groups). And
these adsorbed water molecules do participate directly in the esterification reaction. Mean-
while, catalyst particle size has a different effect on UiO-66 (catalytic activity independent
of particle size) and UiO-66-NH; (lower activity as the particle size increases), as shown in
Figure 2d. This indicates that there is no diffusion control of the esterification reaction in
UiO-66. On the contrary, the amino groups reduce the free pore openings of UiO-66-NHo,
due to the large size of -NH; groups (of aminoterephthalate linkers) with respect to -H (in
terephthalate linkers). This prevents or at least hinders the diffusion of LA into the MOF
pores of UiO-66-NH,. In this way, the reaction should take place mainly at the external
surface of the catalyst.
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Figure 2. Yield of ethyl levulinate (EL) obtained over four different batches of (a) UiO-66 and
(b) UiO-66-NHy,. For each curve, the calculated pseudo-first order kinetic rate constant is indicated (c);
dependency of the esterification pseudo-first order rate constant (k) on the linker deficiency of the
catalyst. Closed and open symbols for UiO-66 and UiO-66-NH,, respectively; (d) dependency of the
esterification rate constant on the particle size of the catalyst. Error bars represent the size dispersion
(95% confidence interval) for each catalyst. Same symbols as in part (c) for UiO-66 and UiO-66-NH,.
Reproduced with permission from reference [20]. Copyright (2015) Elsevier.

Given the excellent results obtained for the synthesis of ethyl levulinate, we wanted to
test the performance of UiO-66 catalysts for the synthesis of other interesting levulinate
esters [20]. Thus, we prepared n-butyl levulinate and esters with biomass-derived long
chain monohydric aliphatic alcohols with equally good results.

It is interesting to determine the exact nature of the active sites in UiO-66 that catalyze
the esterification reaction, as well as the influence of the hydration degree of the catalyst. To
do so, we compared the catalytic activity of hydrated and dehydrated UiO-66 [22], and we
observed a definite decrease in the catalytic activity upon dehydration. We also found that a
clear interdependence exists between some key parameters of UiO-66; namely, the amount
of linker defects, the amount and strength of adsorbed water molecules, the hydration
degree of the solid, and the Brensted acidity of the solid, in terms of the pH measured
from a methanolic dispersion of UiO-66. All these parameters are tightly correlated and
they all determine the final catalytic activity for esterification [22]. This is evidenced in
Figure 3, where we plotted the logarithm of the kinetic rate constant for LA esterification,
log k, versus the measured pH after dispersing various MOFs and other heterogeneous or
homogeneous catalysts in methanol. This strong correlation between k and the pH decrease
in methanol produced by the catalyst clearly suggests that the Bronsted-induced acid sites
of the MOF are the most likely active sites for the esterification of LA.
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UiO-66 (7% of defects); (2) Dehydrated UiO-66 (7% of defects); (3) Hydrated UiO-66 (2% of defects);
(4) Dehydrated UiO-66 (2% of defects); (5) Hydrated UiO-66-NH, (8.8% of defects); (6) Dehydrated
UiO-66-NH; (8.8% of defects). Reproduced with permission from reference [22]. Copyright (2020)
American Chemical Society.

5.1.3. Direct Ketalization of LA

Another reaction that effectively exploits the Brensted-induced acidity of defective
UiO-66 is the direct ketalization of LA. In this process, LA is reacted with a polyalcohol
in the presence of an acid catalyst to form the corresponding ketal. Although seemingly
a simple process, direct ketalization is complicated by the occurrence of the competing
esterification of either the resulting levulinic ketal, or the starting LA, or both, thus yielding
a mixture of products, namely ketal, ester, and ketal-ester, which lower the final yield of the
desired ketal (see Scheme 5). For this reason, most of the reported studies on ketalization
address the use of ethyl levulinate instead of LA to minimize competing (trans)esterification
side reactions and to improve the final ketal selectivity [38—40]. Meanwhile, the direct
ketalization of LA with various polyols was reported by Amarasekara and Animashaun
over Amberlyst-15 and p-TSA catalysts [41]. Those authors concluded that selectivity to
ketal depends on the catalyst structure and the number, nature, and accessibility of the
active sites.
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Scheme 5. Possible reaction routes of LA and 1,2-propanediol in the presence of an acid catalyst.

Given that the direct ketalization (and esterification) of LA is a largely unexplored
reaction, we decided to test the effectivity of the Brensted-induced acidity of defective
UiO-66 for this reaction [42]. Our results showed that UiO-66 indeed catalyzes the direct
ketalization of LA with 1,2-propanediol, achieving ketal selectivities over 90% at 90%
conversion under optimized conditions. The results obtained depended on the alcohol
excess used, thermal pre-activation of the catalyst, as well as the number of linker defects of
UiO-66. This is clearly observed in Figure 4, where time—conversion plots of LA are shown
for UiO-66 samples containing between 6 and 18% linker defects (part a). The calculated
TOFs also increase linearly with the total number of defects of the catalyst, ranging from 9.2
to 20.3 h~! from the least to the most defective materials (part b). Interestingly, the intrinsic
activity per defective Zr#* site was found to be roughly constant for all materials and around
68 - 5h~! (part c), which demonstrates that all active sites are isolated and independent
from one another, so that UiO-66 can be considered a true single-site catalyst [11]. Finally,
it is also worth mentioning here that the activity of the other Zr-MOF considered in the
present study, MOF-808, afforded a very limited activity for this reaction; only 35% LA
conversion was achieved after 23 h of reaction, with an almost equal distribution of ester
and ketal products and a very low TOF of 0.055 h~!. This result was not unexpected,
given the very weak character of the Bronsted acid sites in MOF-808, as discussed above
in Section 3. This provides further proof that Brensted acid sites are the true active sites
for both esterification and ketalization reactions. On the other side of the scale, when a
very strong Brensted acid such as p-TSA was used as a catalyst, LA conversion was very
fast (TOF = 56 h~1), but the ketal selectivity was only 38%, with ketal-ester being the main
reaction product. Similarly, Amberlyst-16, containing also strong sulfonic groups, afforded
a good TOF of 36 h~!, with an initially good selectivity to ketal at a short reaction time,
but rapidly yielding the ester as the main reaction product. Taken together, all the results
demonstrated that the nature and strength of the acid active sites strongly determine the
final product distribution in this complex catalytic process. During the ketalization of LA
and the esterification of both LA and the levulinic ketal formed in the first step, all reactions
compete for the same active sites.
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Figure 4. (a) Time—conversion plots of LA over various UiO-66 catalysts with different missing linker
defects; (b) TOFyot, calculated as mols of LA converted per total amount of Zr in the catalyst and per
hour; and (c¢) TOF 4, calculated as mols of LA converted per amount of Zr associated with linker
defects and per hour. Both TOF;yt and TOF 4. are calculated at short reaction times (LA conversion
lower than 30%). Reproduced from reference [42].

5.1.4. Synthesis of y-Valerolactone (GVL)

LA conversion to GVL is usually achieved by one of the following two routes [43,44]:
(i) the reduction of LA to y-hydroxyvaleric acid followed by intramolecular cyclization
and dehydration; and (ii) the dehydration of LA to angelica lactone catalyzed by acids
and the hydrogenation of the C—C bond (Scheme 6). However, both routes use expensive
noble metal catalysts and relatively high pressures (40-60 bar), and the water content of
the LA feedstock used must be very low (<2.5 wt%) to avoid metal leaching and loss of
catalytic activity. A third promising route has then been developed to overcome these
limitations, consisting of a chemoselective reduction of the keto group of LA through a
Meerwein-Ponndorf-Verley (MPV) catalytic transfer hydrogenation using a secondary
alcohol as sacrificial source of hydrogen [45,46]. This route avoids the use of noble metal
catalysts and the use of H; as a reducing agent. Both ZrO, [47] and Ni-Raney [48] were
initially evaluated for this reaction. However, severe limitations were found, including
the use of very elevated amounts of catalyst and sacrificial alcohol excess, and the process
only worked smoothly when a levulinate ester was used as a starting product, but not
directly from LA. Later, Zr- and Hf-beta zeolites [47,49-51] were used as catalysts for the
MPV synthesis of GVL, starting either from LA or its esters. We then wanted to evaluate
the potential of Zr MOFs as catalysts for this reaction. Indeed, de Vos and co-workers [52]
first demonstrated the use of UiO-66 as an MPV catalyst for the conversion of geraniol with
furfural, and later other Zr- and Hf-MOFs, such as MOF-808 [23,53-56] and DUT-67 [23],
were successfully used as well. In particular, Valekar [56] and Rojas-Buzo [55] showed the
use of Zr- and Hf-MOFs for the synthesis of GVL from ethyl levulinate, while we explored
the direct synthesis from LA through various routes using UiO-66, MOF-808, and sulfated
MOFEF-808 as catalysts [57].
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Scheme 6. Synthesis of GVL from LA or its esters. (a) Acid-hydrogenation mechanisms; and
(b) Meerwein-Ponndorf-Verley (MPV) catalytic transfer hydrogenation.

Valekar et al. [56] reported a maximum GVL yield of 92.7% after 2 h of reaction when
ethyl levulinate (EL) was reacted with 2-propanol (IPA) in a 1:100 EL:IPA molar ratio at
200 °C in the presence of UiO-66. Meanwhile, MOF-808 was found to be the most active Zr-
catalyst at 130 °C in terms of the GVL formation rate (94.4 mmol g~! min~1), which is very
relevant for the discussion below. Rojas-Buzo et al. [55] reported the use of Hf-MOF-808
for the conversion of EL to GVL with IPA (~1:52 EL:IPA molar ratio), attaining a 94% yield
after 8 h of reaction at 120 °C.

We explored different routes for converting LA into GVL [57]. The first route consisted
of a two-step process in which LA was first esterified with n-butanol to n-buthyl levulinate
(nBuL), and the results are shown in Figure 5 (data points before the vertical straight line
in parts a-d) over UiO-66 (a), MOF-808 (b), and two sulfated MOF-808s with different
degrees of sulfation (c and d). The sulfation process used was adapted from [58], as detailed
in [57]. Once the esterification was completed, the resulting nBuL was reduced to GVL
through a MPV reaction with sec-butanol (data points after the vertical line). Note that
we used a primary alcohol in the first step to accelerate the esterification reaction, while
a secondary alcohol was used to facilitate the ensuing MPV reaction. Obviously, the use
of two different alcohols is not convenient from a practical point of view, but it is still
useful from an academic point of view to evaluate the role of different types of acid sites in
each individual step. Indeed, it is interesting to note here that, while the esterification and
ketalization reactions commented above are both catalyzed by Brensted acid sites only, the
conversion of LA to GVL in two steps requires the simultaneous presence of two types of
acid sites in the catalyst: Bronsted acid sites for the first esterification step and Lewis acid
sites for the ensuing MPV step.
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Figure 5. One-pot two-step conversion of LA over: (a) UiO-66; (b) MOF-808; (c) MOF-808-1.4750,;
and (d) MOF-808-2.6350O,. Vertical line indicates the end of the first step (esterification) and the
addition of sec-BuOH to start the second step (MPV). Reproduced from reference [57].

As commented above, UiO-66 is a highly active catalyst for the esterification of LA,
due to the presence of strong Brensted-induced acid sites. As it can be observed in Figure 5a,
LA is fully esterified to nBuL in 5 h. Conversely, the Bronsted acidity of MOF-808 is very
weak. Therefore, the activity of MOF-808 for the esterification of LA with nBuOH was only
moderate (Figure 5b). However, when MOF-808 was submitted to a sulfation process to
increase the Brensted acidity of the solid [58,59], the catalytic performance of the resulting
MOF-808-S0; catalyst significantly improved. Thus, the time needed to achieve full LA
esterification passed from 14 h for MOF-808 to 11 h and 5 h for two MOF-808-50, samples
with increasing sulfation degree (Figure 5c,d).

On the other hand, UiO-66 was not a good catalyst for the MPV reaction, which
requires Lewis acid sites. The reasons for the poor performance of UiO-66 are two: (i) the
small amount of Zr** Lewis sites in UiO-66, associated with missing linker defects; and (ii)
the small pores of this MOF, which hinders the formation of the bulky transition state of the
MPYV reaction. In sharp contrast, MOF-808 has both a large amount of available Lewis sites
(all Zr** centers can participate in the reaction) and much wider cavities to accommodate
the sterically demanding transition state. Therefore, the catalytic activity of MOF-808 was
much higher than UiO-66, as expected. Concerning sulfated MOF-808, the performance
of the lowest sulfate sample was very good and comparable to pristine MOF-808, but it
decreases somewhat for the deepest sulfated sample. This is probably due to the increasing
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steric hindrance introduced by the sulfate groups in the MOF pores. Therefore, increasing
the sulfation degree of MOF-808 has a positive effect on the first esterification step, but it
does not compensate for the slowdown on the second MPV step. These results evidence
the need to find the best equilibrium between Brensted and Lewis acid sites in the solid
catalyst to optimize the outcome of this multistep reaction.

6. Conversion of Lipids
6.1. Esterification of Free Fatty Acids (FFAs)

Biodiesel is a mixture of methyl and ethyl esters of long chain fatty acids (FAMEs
or FAEEs) obtained from oils or fats (triglycerides), with properties similar to that of
diesel obtained from oil (gasoil) [1,2]. However, compared with gasoil derived from
petroleum, biodiesel has the main advantages of being biodegradable and it emits much
fewer SOy, CO, and solid particles when burnt in diesel engines. Therefore, biodiesel
is considered to be less toxic than petroleum diesel. At the industrial scale, biodiesel is
produced by the transesterification of tryglycerides using stoichiometric amounts of bases,
such as sodium methoxide/potassium hydroxide. However, the triglycerides used as
raw materials must have low water content to avoid catalyst neutralization or dilution,
together with a low amount of free fatty acids to avoid saponification side reactions and
the formation of emulsions, which complicate the separation of the target esters. Thus, the
direct esterification of FFA with low molecular weight alcohols (methanol, ethanol) is an
alternative route for preparing biodiesel compounds when raw materials with high FFA
concentrations are used (such as wastes and byproducts coming from biomass processing
plants or from food residues) [60]. This direct esterification of FFA with alcohols is usually
carried out in the presence of an acid catalyst, such as sulfuric, phosphoric, hydrochloric,
or organic sulfonic acids [61]. However, it is much preferred to develop new solid acid
catalysts to allow the recovery of the catalyst, to facilitate the isolation of the target esters,
and to reduce equipment corrosion associated with the use of mineral acids. As we will
show throughout this section, metal-organic frameworks containing various metal cations
(mainly Zr** or Hf**) have shown a high potential for this reaction.

While Chizallet et al. [62] and Savonnet et al. [63] described the transesterification of
triglycerides or fatty esters using MOF catalysts, our group focused on the esterification
of free fatty acids. We reported on the use of Zr-containing UiO-66 compounds, namely
UiO-66 and UiO-66-NH,, for the methanol and ethanol esterification reaction with a series
of saturated fatty acids. These included saturated fatty acids with 12, 16, or 18 carbon
atoms (C12 lauric acid; C16 palmitic acid; and C18 stearic acid), as well as unsaturated
fatty acids with 18 carbon atoms (C18:1 oleic acid; C18:2 linoleic acid; and C18:3 «-linolenic
acid) [64]. The results obtained in terms of the pseudo-first order rate constant are shown
in Figure 6. In all the reactions studied, full acid conversion was achieved over UiO-66
and UiO-66-NH; and the ester was the only product detected. Moreover, both MOFs
were found to be stable and reusable under the experimental conditions used. As can be
observed in Figure 6, the reaction rate progressively decreases with the increase in the
chain length and unsaturation degree of the fatty acid, which was attributed to a stronger
adsorption of the reaction substrates or products on the catalyst surface and progressive
deactivation of the acid centers [64]. Nevertheless, this deactivation is fully reversible and
the catalysts recovered the initial activity by simply washing with ethanol.



Appl. Sci. 2025, 15, 2609

16 of 27

0.6
0.5
0.4
0.3
<
< |
0.2
0.1
0.0
Cc12 C16 c18 C18:1 C18:2 C18:3
Fatty acid

Figure 6. Pseudo-first order reaction rate constant (k) of esterification of saturated and unsaturated
fatty acids with EtOH over UiO-66-NH,.

6.2. Glycerol Valorization: Formation of Glyceryl Acetates

The increasing production of biodiesel in recent years has generated large stocks of
glycerol, since this molecule is stoichiometrically formed from glyceride transesterifica-
tion by 10 wt% of total biodiesel production [30]. Therefore, there is a great interest in
developing novel routes for converting this largely abundant biodiesel by-product into
commodity chemicals, such as reduction, oxidation, esterification, or acetalization, among
others. In particular, glycerol reacts with carbonyl compounds to yield a mixture of 5- and
6-membered ring compounds, viz. 1,3-dioxan and 1,3-dioxolan, respectively, as shown
in Scheme 7 [65-67]. The resulting glyceryl acetates find applications as fragrances [68],
pharmaceutical products [69], surfactants [70], or fuel additives [66]. In this sense, we have
recently reported on the use of Zr-UiO-66 as a heterogeneous catalyst for the synthesis of
hyacinth and other glyceryl acetal fragrances [71].

R R’ R R’
R)LR, o <5 <o

+

-+
-H,0
OH OH
K HO OH

1,3-dioxane 1,3-dioxolane

Scheme 7. Glycerol acetalization produces a mixture of dioxane and dioxolane.

We have found that the catalytic activity of UiO-66 increases with the number of
missing linker defects (see Figure 7), similar to the case of LA esterification discussed
above. However, the intrinsic activity per defective Zr*" site was roughly constant at a
TOF around 350 h~1, thus behaving as a single site catalyst. Interestingly, we found that
the dioxolane-dioxane ratio in the final product can be adjusted between 2.8 and 4.6 by
introducing -NH, in the MOF catalyst used and by controlling the amount of missing
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linker defects. This affords a means to fine-tune the organoleptic characteristics of the final
hyacinth fragrance mixture, which is highly desired for the fragrance industry.

a)
é-//—’_/f

-~ ‘!'_.-_/_//

S ‘!:-“,-"

5 e

AUIO-66 @ UIO-66-NH2
b)
100 A - -

50 AUIO-66 @ UIO-66-NH2

Figure 7. Turnover frequencies (TOFs) calculated for UiO-66 and UiO-66-NHj catalysts containing
a variable amount of missing linker defects. In part (a), all the Zr in the catalyst is considered for
TOF calculation, while in part (b), TOF is obtained only for Zr*4 sites associated with missing linker
defects. Reproduced from reference [71].

Similar to the hyacinth fragrance, other acetals are indeed widely used in the fragrance
industry, since acetalization can modify vapor pressure, aroma, and solubility of the
starting aldehyde or ketone flavor. Interestingly, UiO-66 catalysts were also active for the

acetalization of other carbonyl compounds, and the results obtained are summarized in
Table 2.
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Table 2. Acetalization of various carbonyl compounds with glycerol over UiO-66 1.
Carbonvl Time Conw. Select. Select.
y (h) (%) Dioxane (%) Dioxolane (%)
x._-CHO
©/\/ 3 100 57.8 422
CHO
©/ 1 100 334 66.6
X
3 100 60.9 39.1
CHO
24 18.7 17.7 82.3
O
3 99 30.5 69.5
O
7 100 0 100

N

1 Reaction conditions: aldehyde or ketone (1 mmol), glycerol (2 mmol), toluene (3 mL), UiO-66 (10 mg), Dean-Stark,
130 °C.

7. Conversion of Other Biomass-Derived Compounds
7.1. Isomerization of Terpenoids: Citronellal to Isopulegol Conversion

Menthol is a very important naturally occurring monoterpenoid compound largely
used in the production of pharmaceuticals, agrochemicals, cosmetics, toothpastes, chewing
gum, and other products. Natural (1R,25,5R) —menthol is obtained from peppermint oil, but
it is also manufactured by Takasago from myrcene [72]. An important step in this reaction
is the carbonyl-ene isomerization of citronellal to isopulegol shown in Scheme 8, which is
usually carried out catalytically using aqueous ZnBr; or tris(2,6-diarylphenoxy)aluminum
catalysts. Citronellal can be converted into a mixture of four isomers, of which (-)-isopulegol
is the target compound for the menthol synthesis. Therefore, several heterogeneous Lewis
acid catalysts have been explored to improve the final stereoselectivity of the process.
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Scheme 8. Carbonyl-ene isomerization of citronellal to isopulegol isomers. Isopulegol (2) is the target
compound for the synthesis of (-)-menthol.

Alaerts et al. [73] first showed that the Cu?* Lewis acid sites of copper trimesate MOF
known as HKUST-1 can catalyze the isomerization reaction of various terpene derivatives,
including «-pinene oxide to campholenic aldehyde and citronellal to isopulegol, as well
as the rearrangement of the ethylene acetal of 2-bromopropiophenone. In the case of
citronellal isomerization, the selectivity to (-)-isopulegol ranged between 65 and 69%. Later,
we and others have shown that other MOFs can also catalyze this reaction, including Cr3*
in MIL-101 [74] or Zr** sites in UiO-66 [22,52] or MOF-808 [58].

The isomerization of citronellal is usually carried out in the presence of a Lewis acid
catalyst, attaining high selectivities to the desired (-)-isopulegol isomer. However, clear
differences are observed when the reaction is catalyzed by Brensted acid sites. Isopulegol is
still the major product obtained, but the final diastereoselectivity is considerably lower. This
trend was clearly observed by comparing the catalytic activity of pristine and sulfated MOEF-
808 catalysts for this reaction. Pristine MOF-808 produced a very low citronellal conversion
(only 8% conversion after 8 h of reaction), but a very high selectivity to isopulegol of 85%.
Conversely, after the sulfation of MOF-808 to increase the Bronsted acidity of the catalyst,
the activity increased considerably (98% citronellal conversion after 1.5 h of reaction time),
but at the expense of isopulegol selectivity, which dropped to 55% [58].

As we have discussed above, UiO-66 type compounds provide a rare opportunity for
tuning the Lewis/Bronsted acid properties by simply adjusting the hydration degree of
the material, as depicted in Scheme 2. Accordingly, we explored the catalytic activity of
hydrated and dehydrated UiO-66 containing 7% of missing linker defects for the citronellal
isomerization, and the results obtained are shown in Figure 8. It is clearly observed that
the catalytic activity of UiO-66 is higher for the dehydrated solid. Thus, the calculated
rate constant of hydrated UiO-66 increases from 0.076 to 0.360 h~! upon dehydration,
i.e.,, an almost 5-fold increase. This higher activity for the dehydrated material versus
hydrated UiO-66 indicates that Lewis acid sites catalyze the isomerization of citronellal
more efficiently than Brensted acid centers. Meanwhile, the selectivity to isopulegol also
increases for dehydrated (Lewis acid) UiO-66, from 75% to 86%. The participation of the
Zr** sites of UiO-66 in citronellal isomerization was also suggested by Vandichel et al. by
using first-principle kinetic calculations [75]. Those authors concluded that Zr** would
be present at defect positions, and they accordingly observed an increase in the catalytic
activity with the number of linker defects [76]. Meanwhile, Bronsted acid centers in
hydrated UiO-66 are not so effective, since the adsorption of citronellal onto Zr* sites must
compete with strongly bound water molecules, resulting in a slowdown of the reaction.
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Figure 8. (a) Time—conversion plots of citronellal over hydrated (O) and dehydrated (M) UiO-66 with
7% of missing linker defects. Parts (b,c) show citronellal conversion (M) and yields to isopulegol (O)
and other isopulegols (*) for hydrated (part (b)) and dehydrated (part (c)) UiO-66. Reproduced from
reference [22].

7.2. Reduction of Carbonyl Compounds: Synthesis of Hydroxysteroids

One important route for the reduction of carbonyl compounds to the corresponding
alcohol is the so-called Meerwein—-Ponndorf-Verley (MPV) reaction using a secondary
alcohol as a hydride source [77-79]. Interestingly, it can also be used in the opposite
reaction, known as Oppenauer oxidation, to oxidize an alcohol with a sacrificial carbonyl
compound, as shown in Scheme 9.

o) OH MPV reductiorl OH 0]
DU G- - Lo L

R R R R
! 2 3 4 Oppenauer oxidation

Scheme 9. MPVO transfer hydrogenation.

One main advantage of the MPVO reaction is that it is a chemoselective process. This
means that the reaction can be carried out even with molecules containing other reducible
functional groups besides the target carbonyl, such as conjugated and unconjugated unsat-
urated C-C bonds, esters, or nitro groups. This is not always the case with other existing
methods for the reduction of carbonyls, such as direct hydrogenation with H, or reduc-
tion with other reducing agents, such as NaBHy. In the case of the oxidation reaction
(Oppenauer), no overoxidation to the carboxylic acid takes place. Another advantage of
MPVO reactions is that they occur under mild conditions, which is highly desirable for the
synthesis of natural products.

Various zirconium-containing MOFs have been successfully applied so far for MPVO
reactions. Thus, Vermoortele et al. reported on the use of UiO-66-NO,, the nitro analog
of UiO-66, for the Oppenauer oxidation of geraniol with furfural [52]. Later, the same
group demonstrated that the defects induced in UiO-66-NO, by treating the catalyst with
HCI produced an enhancement of the catalytic activity of this material, UiO-66-NO5.10g¢y,
for the MPV reduction of tert-butylcyclohexanone with 'PrOH compared to defective
UiO-66-10y) [76]. Meanwhile, MOF-808 was also used for the MPV reduction of several
o, B-unsaturated carbonyls, including the terpenoid R-carvone, using (S)-1-indanol as a
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reducing agent [53]. We recently demonstrated the excellent performance of MOF-808 as a
catalyst for the diastereoselective reduction of substituted cyclohexanones [23,80]. Also, as
commented above, the reduction of levulinic acid or a levulinate ester can be carried out
through a MPV reaction as well using MOF-808 as a catalyst [57]. In the following, we will
describe in more detail an interesting use of MOF-808 as a heterogeneous catalyst for the
reduction of ketosteroids to the corresponding hydroxysteroids.

As we have discussed above, UiO-66 has only a moderate activity for the MPV reaction.
The reason for this limited performance is that only the Zr** ions at defect sites participate
in the reaction. Additionally, the MPV reaction requires the formation of a bulky transition
state, which can barely fit inside the reduced space of UiO-66 pores. Accordingly, we have
shown that UiO-66 was a poor catalyst to reduce cyclohexanone to cyclohexanol through a
MPV reaction with 'PrOH as a hydride source; only 12% cyclohexanone conversion was
attained after 1 h of reaction time [23]. On the other hand, all Zr** sites in MOF-808 can
participate in the MPV reaction, and the pore cavities are much wider to accommodate the
transition state. Therefore, a much higher cyclohexanone conversion was achieved under
the same reaction conditions: 69% conversion after 1 h. And this activity improved further
when defective sites were introduced by combining tritopic (trimesic acid) and ditopic
ligands (isophthalic or pyridine dicarboxylic acid) during the synthesis of MOF-808; the
conversion of cyclohexanone increased to 91 and 93% after 1 h, respectively.

Given the outstanding performance of MOF-808 and the large space available inside
the pores, we then wanted to use it for converting very bulky substrates, such as substituted
cyclohexanones [80] or estrone [23,81]. This is a natural steroid molecule with approximate
dimensions of 11.2 A x 6.2 A x 4.2 A. As expected, UiO-66 was completely inactive for the
reduction of estrone (E1) to estradiol (E2), but both pristine and defect-engineered MOF-808
afforded the full conversion of E1 after 24 h of reaction.

The reduction of the (pro-chiral) carbonyl group of E1 at position 17 can give rise to a
mixture of two estradiols: 17x-E2 and 173-E2, as shown in Scheme 10.

HO
Estrone 17 a-estradiol 17B-estradiol
(E1) (170-E2) (17B-E2)
87 : 13

Scheme 10. Reduction of estrone (E1) yields a mixture of estradiols: 17x-E2 and 173-E2 diastere-
oisomers.

Interestingly, when MOF-808 was used as an MPV catalyst for the reduction of E1, the
main product obtained was 17x-E2, with a diastereoselectivity ratio of up to 87:13 under
optimized conditions. It is worth noting that the formation of 17x-hydroxy steroids from the
corresponding 17-ketosteroid is, in general, challenging. Usually, the 17f3 isomer is obtained
almost exclusively when NaBHy or other reducing agents are used; the steric hindrance of
the 18-methyl group imposes the approaching direction of the hydride from the anti-face,
giving rise to —CHj and —OH groups in syn configuration in the final product. Therefore,
when 17x-OH compounds are the desired product, additional reactions are required to
produce the inversion of the 173-OH isomer through Mitsunobu reactions [82], involving
multiple protection-deprotection steps and resulting in very low final yields. For example,
Han et al. described the synthesis of a similar 17x-OH steroid (5x-androstane-3f3,17x-diol)
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from the 17-ketosteroid by a four-step reaction involving reduction, tosylation, acetate
substitution, and hydrolysis, with a final yield of the 17 product of only 4% [83]. Ohta et al.
introduced later a modification of this process by adding three more steps: epoxidation
with peracetic acid, reduction with NaBHy4, and hydrolysis with NaOH, attaining a final
yield of 54% [84]. Gondos and Orr used a chiral Rh complex, yielding the 17x-hydroxy-
estrone-3-methyl ether in 36%, together with the 17-compound in a 26% yield [85]. In
sharp contrast with these poor results, the use of MOF-808 as an MPV catalyst affords
a means for producing 17«-E2 in 87% selectivity in one single reaction step. Moreover,
we showed that the solid catalyst can be easily recovered at the end of the reaction by
simple filtration or centrifugation and used in consecutive catalytic runs without losing the
activity of the diastereoselectivity to the elusive 17x-E2 compound for at least six catalytic
cycles [81].

However, we wanted to go a step further and check if this remarkable diastereoselec-
tive synthesis of 17x-E2 could also be applied to the synthesis of other 17x-hydroxysteroids,
as well as to address other important aspects of the reaction, such as the regio- and chemos-
electivity of the MPV reduction of 17-ketosteroids over MOF-808. Scheme 11 summarizes
the considered reactions and the results obtained.

HO HO
Epiandrosterone 5a-androstan-3p3,17a-diol  5a-androstan-3p,17p-diol
EPIA o—EPIAdiol B-EPIAdiol
84 X 16

A%-androstene-3,7-dione Testosterone Epitestosterone
Ad | T ET |

Diol isomers

(1)
70-80% conv > 80@ select

5 95

NOT DETECTED

Scheme 11. Summary of the results obtained in the MPV reduction of EPIA and A4 over MOF-808.
See reference [81] for a detailed discussion.

Similar to E1, epiandrosterone (EPIA) also bears a keto group in position 17. When
this molecule was submitted to a MPV reaction under the same conditions and using
the MOEF-808 catalyst, we also observed the formation of the 17x-OH compound as the
main reaction product, thus evidencing the general applicability of the method. Moreover,
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we then considered androstenedione (A*-androstene-3,17-dione, A4) as a substrate. This
compound contains two keto groups, in positions 3 and 17, as well as another easily
reducible functional group, a C=C bond in position 4. Therefore, the use of A4 as a reaction
substrate allowed us to evaluate the chemo- and regioselectivity of the MPV process using
MOF-808 as a catalyst. To our delight, we observed the following: (i) the C=C bond in
position 4 remains unaffected (100% chemoselectivity); (ii) no traces of monohydroxylated
products in position 3 were detected (100% regioselectivity); (iii) reduction of the 17-keto
group produces almost exclusively epitestosterone (ET), with a diastereoselectivity > 95%;
and (iv) dihydroxylated products were only detected at high A4 conversions and long
reaction times. Nevertheless, after optimization of the reaction conditions, we were still able
to attain an A4 conversion of up to 70-80% while maintaining an excellent selectivity higher
than 80% to the monohydroxylated product in position 17, forming ET almost exclusively.
In order to understand the excellent results obtained for the MPV reduction of
17-ketosteroids to the challenging 17x-OH derivatives over MOF-808, we performed
temperature-dependent kinetic analysis to evaluate the reaction rate constants of E1 reduc-
tion with 'PrOH and 2-BuOH. The apparent activation energies and the corresponding
thermodynamic parameters were derived from the corresponding Arrhenius and Eyring—
Polanyi equations. The analysis of the energy differences between the two transition
states leading to 17«-E2 and 17(3-E2 revealed a dominant contribution from the entropic
term when 2-BuOH was used as a hydride source, while the entropic and enthalpic terms
partially neutralize each other when 'PrOH is used, resulting in a lower diastereoselectiv-
ity [81]. These findings suggest that the selectivity to the 17 isomer originates from the
confinement of the reaction inside the MOF cavities, where Zr** sites are located.

8. Conclusions

In this work, we have reviewed illustrative examples that demonstrate the great
potential of Zr** MOFs UiO-66 and MOF-808 as heterogeneous catalysts for the conversion
of biomass-derived compounds into valuable chemicals. Despite the many similarities
existing between these two Zr-MOFs, such as the presence of ZrsO4(OH)4 oxoclusters,
their chemical properties are very different in terms of Brensted /Lewis characteristics,
and they depend upon (i) the number of missing linker point defects (in UiO-66) and
(if) the hydration state of the solid at the beginning of the reaction. By adjusting these two
important parameters, we have shown that it is possible to shift easily from a Brensted acid
to a Lewis acid, which adds a new dimension in the design and engineering of MOFs for
catalytic applications. Thus, depending on the reaction that we want to address and the
nature of the acid sites required to catalyze it, it is preferable to use one or the other catalyst.

In this review, we have limited ourselves to consider only example reactions in which
UiO-66 and MOF-808 compounds are used for the conversion of biomass compounds.
However, it is worth recalling that these materials have been successfully used as hetero-
geneous catalysts for many other reactions, including the synthesis of fine chemicals [11].
Moreover, the reported examples are not just limited to Zr-containing compounds, since
these materials can be readily obtained with other tetravalent ions such as Hf, Ce, or
Ti [16,55,86,87]. This provides additional tools for finely tuning the catalytic properties of
the solid, such as the hardness/softness of the Lewis acid sites, Bronsted acid strength,
or their redox properties. To this, it has to be added the possibility to modify the organic
linkers to include additional functional groups that can participate directly in the cat-
alytic reaction or they can modify the acid strength of the metal ions through electronic
effects [52]. Altogether, the possibilities to change the chemical composition and properties
are almost endless, which convert these MOFs into excellent platforms for evaluating
structure-composition-activity relationships.
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