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ARTICLE INFO ABSTRACT

Keywords: Zr-containing UiO-66 and MOF-808 are evaluated for converting levulinic acid (LA) into y-valerolactone (GVL)

Zirconium MOFs through various routes: (i) Step-wise esterification of LA to n-butyl levulinate (nBuL) and Meerwein-Ponndorf-

IL\;[%F:GOB Verley (MPV) reduction to GVL; (ii) One-pot two-steps esterification with n-butanol followed by MPV reduc-
i0-

tion with sec-butanol; and (iii) direct conversion of LA into GVL through a tandem reaction. Selection of this
multistep complex reaction evidences the participation of the different acid sites (Lewis or Brgnsted) of the
material in each individual step: Brgnsted-induced acid sites catalyze esterification reaction efficiently, while
Lewis acid sites are the preferred sites for the MPV step. Sulfation of MOF-808 is used to enhance the Brgnsted
acidity of MOF-808, which improves the performance for esterification. However, the sulfate groups introduced
are detrimental for the MPV step, since they reduce the intra-pore space available to form the required bulky
transition state. These results evidence the need to find the best equilibrium between Brgnsted and Lewis acid
sites to optimize the outcome of this multistep reaction.

Levulinic acid
Gamma-valerolactone

Introduction

Levulinic acid (LA) is a largely available renewable compound that
can be obtained from the deconstruction of lignocellulosic biomass [1].
LA is a versatile platform chemical for preparing many other important
high value-added products in food and chemical industries, including
alkyl levulinates and y-valerolactone (4,5-Dihydro-5-methyl-2(3H)-fur-
anone, hereafter GVL) [2]. GVL can be considered a sustainable hy-
drocarbon source for energy and chemicals [3]. The use of GVL as a
renewable feedstock has attracted interest given the low toxicity and
high stability of this compound. The low vapor pressure of GVL reduces
the emission of volatile substances, which allows safe storage. On the
other hand, GVL has a high chemical stability, preventing the hydrolysis
to the acid form under neutral pH conditions and the formation of
peroxides upon heating. These properties make GVL a very attractive
compound as a fuel additive to produce cleaner-burning fuels, as a key
intermediate in the synthesis of fine chemicals, such as adipic acid,
valeric acid [4,5], or 5-nonanone [6], as a solvent, or as a component of
biocide formulations [7]. Not surprisingly given the interest in GVL,
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several routes have been described for its preparation [8]. Most of them
[9] are based on the conversion of LA or esther derivatives obtained
from biomass using noble metal catalysts (Ru, Pt) and using Hy or formic
acid [10] as reducing agents. The process may take one of the following
two routes: (i) reduction of LA to y-hydroxyvaleric acid followed by
intramolecular cyclization and dehydration; or (ii) acid-catalyzed
dehydration of LA to angelica lactone (5-methyl-2(3H)-furanone) fol-
lowed by hydrogenation of the C-C double bond (see Scheme 1). The first
route is used when relatively low temperatures (typically less than
250 °C) are adopted in the absence of strong acid catalysts, while the
second route occurs when higher temperatures (typically 300-350 °C)
and strong mineral acids or solid acids are used.

The main drawback associated with the above methods for produc-
ing GVL from LA is the elevated cost of the noble metal catalysts used
[11], along with the high pressures typically required (40-60 bar). On
the other hand, the water content of the feed must be very low (less than
ca. 2.5 wt%) to avoid metal leaching with the consequent loss of activity
of the catalyst. To circumvent these limitations, other alternative routes
to the synthesis of GVL from LA have been recently developed that are
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based on the chemoselective reduction of the keto group of LA by a
Meerwein-Ponndorf-Verley (MPV) catalytic transfer hydrogenation re-
action using a secondary alcohol as hydrogen source (see Scheme 2) [12,
13]. Early reports described the use of both zirconium oxide [14] and
Ni-Raney [15], thus avoiding the use of expensive noble metal catalysts.
Meanwhile, the use of a secondary alcohol as a hydrogen source also
avoids using Hy as the reducing agent. However, both ZrO, and Ni Raney
present also severe limitations, preventing their use for large scale GVL
production. On one hand, the low MPV activity of ZrO, requires the use
of an elevated amount of catalyst (up to twice the mass amount of LA)
and a large alcohol excess (up to 155 mols of alcohol per mol of LA are
needed to attain GVL yields higher than 90%). Also, the process only
works smoothly when a levulinate ester is used as a starting product,
while only a limited activity is observed when LA is directly used. This
limitation introduces necessary previous esterification and separation
steps of LA esters, complicating the preparation procedure of GVL. On
the other hand, Ni Raney is used in an aqueous suspension, which
difficult the management and the separation from GVL and presents
health hazards. At the light of these results, it is evident that large scale
conversion of LA into GVL through MPV reactions makes sense only if
considerably more active catalysts are used.

A qualitative leap in this direction is represented by the introduction
of tetravalent (Zr [16], Hf [17] or Sn [18]) or pentavalent (Nb or Ta
[19]) metal cations in zeolites to produce highly active catalysts for MPV
reduction of carbonyl compounds with secondary alcohols. In partic-
ular, Zr-and Hf-beta are good catalysts for preparing GVL from LA or its
esters [17,20-22]. Metal-Organic Frameworks (MOFs) represent an
interesting alternative to metal-containing zeolites as heterogeneous
catalysts for MPV-type reactions. In particular, de Vos and co-workers
[23] first demonstrated that Zr-containing UiO-66 [24] type MOFs can
catalyze the conversion of geraniol with furfural, and this activity was
improved by using a modulator synthesis approach [25]. Later, other Zr-
and Hf-MOFs, such as MOF-808 [26-30] and DUT-67 [26], were also
used as MPV catalysts [31,32]. In this sense, Valekar et al. [30], and
Rojas-Buzo et al. [29] have reported the use of various Zr and Hf MOFs
for the direct conversion of ethyl levulinate to GVL.

Herein, we comparatively evaluate the use of Ui0O-66 and MOF-808
(see the structure of these compounds in Fig. S1) as heterogeneous
catalysts for the conversion of LA to GVL. We have considered various
chemical routes: (i) A step-wise reaction (two-pots), consisting of
esterification of LA to n-butyl levulinate (nBul), followed by MPV
reduction to GVL with sec-butanol; (ii) A one-pot two-steps process
(without intermediate separation of products), using a linear alcohol (n-
butanol) for the esterification and a secondary alcohol (sec-butanol) for
the MPV; and (iii) A direct tandem esterification/MPV conversion of LA
into GVL. Special emphasis is focused on disclosing the role of different
types of acid sites (Lewis or Brgnsted) in each reaction step, and to
establish how these sites can be further modified in MOF-808 to improve
the catalytic properties and optimize its performance.

Results and discussion
Brgnsted-induced acidity in Zr-MOFs

We have recently shown that hydrated Zr-MOFs based on Zrg
oxoclusters (such as UiO-66 and DUT-67) often possess Brgnsted acidity
related with strongly polarized H2O molecules adsorbed onto (defective)
Zr** sites [33]. Since both Brgnsted acidity and hydration degree of the
MOF are key factors determining their reactivity [34,35], it is necessary
to determine whether these Brgnsted-induced acid sites are present or
not (and to what extent) in order to understand the catalytic properties
of the compound. The Brgnsted acid properties of a material can be
directly determined by measuring the pH change of a solvent upon
immersing the solid inside [36]. This can be carried out by potentio-
metric acid—base titrations, by dispersing the solid in an aqueous so-
lution with a suitable electrolyte, such as NaNO3 or NaCl, and allowing
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to equilibrate for several hours before the measurement [37]. However,
potentiometric titrations in aqueous media cannot be used if we want to
take into account the effects of the hydration degree of the solid.
Alternatively, measurements in methanol can be carried out, following
the procedure described before [33,38]. The results obtained for the
Zr-MOFs studied in this work are summarized in Table 1.

As it can be seen in Table 1, when hydrated UiO-66 is dispersed in
methanol, the pH decreases from 6.0 (for pure methanol) down to 2.2,
thus evidencing the Brgnsted acidity of the solid. This effect is less
pronounced for the dehydrated material (pH = 4.0), which is in agree-
ment with the origin of the Brgnsted acidity to strongly coordinated
water molecules, as discussed in detail elsewhere [33]. Conversely,
dispersion of MOF-808 into methanol has almost no effect on the final
pH of the solvent, regardless of whether it is hydrated or dehydrated.
Therefore, it can be concluded that the Brgnsted-induced acidity of
MOF-808 is much less pronounced that in UiO-66. In order to increase
the acidity of MOF-808, the solid was submitted to a sulfation process
(see below). In this way, two new MOF-808 samples (labelled
MOF-808-1.47S04 and MOF-808-2.63S04 in Table 1) were prepared
with two different sulfation degrees. This sulfation process is well known
to increase the Brgnsted acidity of MOF-808, as first reported by Trickett
et al. [35,39]. Accordingly, direct pH measurements in methanol
revealed a noticeable decrease of the final pH of the dispersion
depending on the sulfation degree of the solid, from 5.8 in as-prepared
MOF-808, down to 3.0 and 2.0 for the sulfated solids (see Table 1).
Note also that the acidity of sulfated MOF-808 is partially lost upon
dehydration, similar to UiO-66 and in line with previous observations by
Trickett et al. [35], evidencing the direct participation of water mole-
cules in the Brgnsted acid sites. Finally, it is important to stress that the
Brgnsted acidity of the MOFs is a surface effect; i.e., the pH is only
lowered at the vicinity of the MOF particle. When the solid MOF was
removed by filtration or centrifugation, the pH of the filtrate was
virtually the same as that of pure methanol.

In order to complete the characterization of the acid properties of
UiO-66 and MOF-808, and to confirm the observed effect of the hy-
dration state of the sample, we have used solid-state >'P magic-angle-
spinning (MAS) NMR using trimethylphosphine oxide (TMPO) as
probe molecule. A handful of examples exist on the use of phosphines
and phosphine oxides as probe molecules adsorbed on MOFs [35,36,39,
40], and they are widely employed for probing the acidic properties of
other solid acid catalysts, such as zeolites [41], metal oxides [42,43], or
heteropolyacids, and even ionic liquids and homogeneous catalysts [44,
45]. In this study, we have selected TMPO because of its relatively small
size (kinetic diameter ca. 0.55 nm) so it can readily enter the pores of
both, UiO-66 and MOF-808 (pore openings of 0.6 and 1.4 nm, respec-
tively, see Fig. S1) and interact with all the acid sites of the solid. TMPO
interacts with both Brgnsted and Lewis acid sites through the oxygen
lone pairs, resulting in an upward 3!P chemical shift proportional to the
acid strength of the center.

TMPO was first adsorbed from a CH,Cl, solution on the UiO-66
sample with or without prior activation under a vacuum to remove
adsorbed water, as detailed in the Experimental Section. The corre-
sponding >'P MAS NMR spectra obtained are compared in Fig. 1. In the
spectrum of hydrated UiO-66, main peaks are observed at chemical

Table 1

pH values of stirred suspensions of various MOFs in methanol “.
Catalyst Hydrated Dehydrated®
Ui0-66 2.2 4.0
MOE-808 5.8 5.9
MOF-808-1.47504 3.0 3.9
MOF-808-2.63S04 2.0 2.8
Blank (methanol alone) 6.0

2 pH of a stirred suspension of 6 mg of MOF in 24 mL of methanol, 25 °C. ® The
MOF was dried 12 h at 150 °C under vacuum before preparing the suspension in
methanol.
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Fig. 1. 31p MAS NMR spectra of TMPO adsorbed onto hydrated UiO-66 (black curve), dehydrated UiO-66 (red curve), hydrated MOF-808 (blue curve) and hydrated
MOF-808-1.47504 (magenta curve). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

shifts of 70, 66, 58 and 48 ppm. While the latter peak can be readily
attributed to free TMPO inside the pores, the peaks above 55 ppm
correspond to TMPO adsorbed onto acid sites of increasing strength.
Dehydration of UiO-66 brings about clear changes in the NMR spectrum,
which is now dominated by a strong peak at 58 ppm (with a shoulder at
55 ppm) and a small peak at 34 ppm. Meanwhile, the peaks above 58
ppm that were present in hydrated UiO-66 are absent in the spectrum of
the dehydrated sample. This clearly indicates that the strongest acid
sites of UiO-66 are lost upon dehydration, in agreement with the direct
pH measurements shown above, which evidence a definite diminution of
the number of Brgnsted acid sites in dehydrated UiO-66. Finally, the
small peak at 34 ppm (which is below the chemical shift of 39 ppm
expected for crystalline TMPO) has been previously attributed to “mo-
bile” TMPO in the intracrystalline voids or weakly adsorbed near the
pore openings [41].

Fig. 1 also shows the 3'P NMR spectrum obtained after adsorbing
TMPO onto hydrated MOF-808. This spectrum contains two main peaks
at 60 and 57 ppm, both associated to acid sites. Compared with hydrated
UiO-66, these peaks appear at lower chemical shifts, which reveals the
lower acid strength of the acid sites in MOF-808, in good agreement with
the direct pH measurements in methanol. The spectrum of dehydrated
MOF-808 (not shown) was identical to that of the hydrated compound.
Finally, upon adsorption of TMPO onto MOF-808-1.47S04 the intensity
of the peak at 60 ppm increases to equal the signal at 57 ppm, and a clear
tail appears on the left hand side of the peak at ~ 64 ppm, revealing the
higher acidity of the sulfated sample with respect to as-prepared MOF-
808. The spectra obtained for both MOF-808 samples are analogous to
those previously reported [39].

Despite both UiO-66 and MOF-808 having similar Zrg oxoclusters in
their structures, the Brgnsted-induced acid properties of the two com-
pounds are completely different. This is because coordinatively unsat-
urated Zr*" sites (cus) in both materials are also different. In UiO-66,

Zr** vacancies are created when a terephthalate linker connecting two
adjacent oxoclusters is lost (missing ligand defect). Consequently, two
Zr** are coordinated to OH groups (to maintain the electrical neutrality
of the material) and the other two are coordinated to one H,O molecule
each, as shown in Scheme 3. Conversely, in MOF-808 cus are created
upon removal of the bridging formate ligands connecting two Zr ions in
the same oxocluster. Since each Zr is initially connected to two formate
ligands, the final material contains Zr** sites capped by one OH group
and one Hy0 molecule, simultaneously. Therefore, the effective polar-
izing power of the Zr** ions over the adsorbed water molecules is largely
countered by the geminal OH groups. Hence, the Brgnsted acidity of
these coordinated HoO molecules is much lower than in UiO-66, in
which geminal OH groups are not present.

Once the acid properties of UiO-66 and MOF-808 have been char-
acterized, we proceeded with the use of these compounds as acid cata-
lysts for the conversion of LA into GVL. Different synthetic routes are
explored, with the aim of determining the participation of each type of
acid site (either Brgnsted or Lewis) in the individual (trans)esterification
and MPV steps.

Conversion of LA into GVL. First step: esterification of LA to nBuL

The first route explored for converting LA into GVL consisted in a
two-steps process carried out in separate batch reactors. In the first step,
LA is esterified with n-butanol (n-BuOH) to nBuL. Then, the nBuL formed
in the first step, conveniently isolated and purified, is finally reduced to
GVL through a MPV reaction using sec-butanol (sec-BuOH) as the sec-
ondary alcohol. This route has clear drawbacks, including the use of two
different alcohols (one primary alcohol to accelerate the esterification
step and one secondary alcohol to facilitate the MPV reaction); as well as
the need of additional isolation and purification steps between the two
steps. Obviously, this methodology involving multiple steps and
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multiple solvents makes the process cost intensive and it is thus not
feasible for the commercial production of a bulk chemical such as GVL.
Nevertheless, it is still convenient from an academic point of view to
evaluate this preparative route to gain valuable information on the
participation of the different types of acid sites of the solid catalyst, both
Lewis and Brgnsted, as well as the existing differences between UiO-66
and MOF-808 catalysts. Note also that C4-alcohols were used for both
esterification and MPV steps instead of a more convenient alternative
such as isopropanol, due to their higher boiling points, which allowed us
to carry out the reactions at higher temperatures to accelerate LA
conversion.

We already reported the esterification of LA with n-BuOH using UiO-
66 as catalyst [34,46]. Therefore, in the present work we have focused
on MOF-808 to optimize the reactions conditions to maximize the yield
of nBuL. The reaction parameters analyzed included the alcohol excess
used, the catalyst loading, and the thermal pre-activation of the catalyst.
All the reactions discussed in this work were carried out at 130 °C.

First, we analyzed the effect of the alcohol excess on the temporal
distribution of products and final nBuL yields obtained. To do this, two
LA:n-BuOH molar ratios of 1:6 and 1:22 were used. The results obtained
are shown in Fig. S5 and Table 2.

In a preliminary blank experiment without any catalyst, a significant
conversion of LA is obtained under the conditions used: 55% conversion
after 24 h (entry 1 in Table 2), due to the autocatalytic role of LA and the
relatively high reaction temperature used (130 °C). Nevertheless, in all
cases the presence of the solid MOF catalysts afforded higher conver-
sions, compared with the blank experiment. According to the time-
conversion plots shown in Fig. S5, the reaction between LA and n-
BuOH produces acetal in the first place, which reaches a maximum yield
after 8 h of reaction and then it is progressively transformed into nBuL.
However, this transformation is not complete even after 18 h of reaction,
so that nBuL is not the sole product at the end of the reaction. By
comparing the results obtained with the two LA:n-BuOH ratios, a large
alcohol excess produces a slowdown of the reaction (TOF of 1.31 and
1.25 h’l), increases the amount of acetal formed (up to ca. 18% yield
after 8 h of reaction) and decreases the final yield of nBuL, from 82% to
60% for 1:6 and 1:22 ratios, respectively (compare entries 2 and 3).

Next, two different catalyst loadings were tested, corresponding to
9.3 and 18.7 mol% of zirconium with respect to LA. As shown in Table 2
(entries 3 and 4), the final nBuL yield increased from 82% (at 86% total
LA conversion after 18 h of reaction) up to 94% nBulL yield (at 99%
conversion after 14 h) for catalyst loadings of 9.3% and 18.7%,
respectively.

For the sake of comparison, the esterification of LA with n-BuOH was
also carried out over UiO-66 under the same conditions, using 18.7 mol
% of Zr and a LA:n-BuOH molar ratio of 1:6. According with the results
obtained, UiO-66 clearly outperformed MOF-808, with a much higher
TOF (4.96 vs 1.50 h~! for Ui0-66 and MOF-808). Full conversion of LA
wasattained after only 5 h, producing nBuL quantitatively as the sole
reaction product (see entry 8).

As we discussed before, hydrated UiO-66 is more active in the
esterification of LA with ethanol than the dehydrated material [33,34].

Table 2
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This is due to a relevant participation in the esterification reaction of the
Brgnsted-induced acid sites arising from strongly polarized water mol-
ecules adsorbed on Zr** cus. Upon dehydration of UiO-66, these polar-
ized water molecules are removed and the Brgnsted acidity of the
material is largely lost, as revealed by direct pH measurements in
methanol and 3!P NMR spectra of adsorbed TMPO (see above). We
wanted to evaluate whether a similar effect of the
pre-activation/dehydration was also observed for MOF-808. However,
our results showed that the effect of the hydration state of MOF-808 is
the opposite of what had been observed in UiO-66; i.e., the esterification
of LA to nBul is slightly slower (1.50 vs 0.82 h™!) and less selective for
hydrated than for dehydrated MOF-808 (compare entries 4 and 5 in
Table 2).

The different behavior and opposite trend observed for hydrated and
dehydrated UiO-66 and MOF-808 clearly points to a different partici-
pation of the active sites in both materials. While hydrated UiO-66 is a
relatively strong Brgnsted acid solid, the Brgnsted acid sites in MOF-808
are considerably weak, so the esterification is more effectively catalyzed
by its Lewis acid sites; i.e., Zr*" cus. When MOF-808 is dehydrated
during the pre-activation step, these Lewis acid sites become more
exposed and available to catalyze the esterification reaction, and a slight
increase of the catalytic activity is then observed.

We can thus conclude that in both materials esterification reactions
are preferentially catalyzed by different types of acid: Strong Bregnsted
sites in the case of (hydrated) UiO-66 and Lewis sites in (dehydrated)
MOF-808. Since UiO-66 is more active than MOF-808 (compare entries 4
and 8), then it can be concluded that Brgnsted sites are more efficient
than Lewis sites for the esterification reaction. We then reasoned that
increasing the Brgnsted acidity of MOF-808 could improve the catalytic
activity of this material for the esterification reaction. One way to ach-
ieve this goal is by submitting MOF-808 to a sulfation process. According
to Yaghi and co-workers, sulfation of MOF-808 can endow the material
with superacid properties [35,39].

Indeed, as it is shown in Table 2, sulfation of MOF-808 produces a
significant increase of the catalytic activity compared with the pristine
material. This reinforces our assumption that Brgnsted acid sites are the
most effective catalytic sites for esterification. Moreover, the catalytic
activity of two sulfated MOF-808 samples increases with the sulfation
degree of the solid. Thus, MOF-808-1.47S04 produces full conversion of
LA after 11 h of reaction (TOF = 2.23 h’l), while MOF-808-2.63S04
requires only 5 h (TOF = 4.29 h™1). Interestingly, the use of sulfated
MOF-808 produced a small amount of GVL (up to 16%) as byproduct.
Indeed, GVL was also formed in non-sulfated MOF-808, though to a
much lower extend (< 2%). This result is a bit surprising since only a
primary alcohol (n-BuOH) was present in the reaction medium. It is well
known that MPV reactions are largely facilitated when a secondary
alcohol is used as sacrificial hydride source.

Second step: MPV reduction of nBuL to GVL

Next, we studied the conversion of nBuL to GVL through a MPV re-
action using sec-BuOH as the secondary alcohol. As in the first step, we

Esterification of levulinic acid (LA) with n-butanol (n-BuOH) to produce n-butyl levulinate (nBuL) at T = 130 °C.

Entry Catalyst time (h) LA:n-BuOH Molar ratio Metal (mol%) Conv.? (mol%) TOF? (h’l) Yield (mol%)°
acetal nBuL GVL

1 Blank 24 1:6 - 55 - 3 52 0

2 MOF-808 18 1:22 9.3 72 1.25 12 60 0

3 MOF-808 18 1:6 9.3 86 1.31 4 82 0

4 MOF-808 14 1:6 18.7 >99 1.50 3 94 2

5 MOF-808¢ 14 1:6 18.7 78 0.82 3 73 2

6 MOF-808-1.47S04 11 1:6 18.7 > 99 2.23 1 83 16
7 MOF-808-2.63504 11 1:6 18.7 97 4.29 0 91 6

8 Ui0-66° 5 1:6 18.7 > 99 4.96 0 >99 0

2 Conversion of LA, determined by GC. ® Turnover frequency: Moles of product converted per mol of catalyst and per hour, calculated at short reaction times. ¢ Yields of

the indicated products, determined by GC. ¢ The catalyst was not pre-activated before the esterification reaction. GVL: y-valerolactone.
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also evaluated the effect of catalyst pre-activation, alcohol excess and
catalyst loading. The results are summarized in Table 3.

Besides the expected formation of GVL, our catalytic results revealed
that the reaction between nBuL and sec-BuOH produces also small
amounts (<5 mol%) of sec-butyl levulinate (coming from a trans-
esterification reaction) and the acetal of sec-butanol as byproducts.

As commented above, we have observed that catalyst pre-activation
has an opposite effect on the reaction rate of esterification for UiO-66
and MOF-808: the reaction rate decreases in the first case, and in-
creases in the latter. However, in the case of the MPV reaction, catalyst
pre-activation improves the catalytic activity of the catalyst in all cases,
both in MOF-808 and in UiO-66. This is because it is well-known that
MPV requires Lewis acid sites, and dehydration of the catalyst by ther-
mal activation improves the accessibility of these sites to the reaction
substrates. Therefore, all the data shown in Table 3 correspond to pre-
activated materials.

To determine the effect of the excess of sec-BuOH with respect to
nBulL, two different molar ratios were used: 1:6 and 1:22. The larger
alcohol excess (1:22 molar ratio) improves the catalytic results (compare
entries 2 and 3), as opposite to what we observed for the esterification
reaction. Likewise, increasing the catalyst loading from 9.3 to 18.7% is
also beneficial for the reaction (entries 3 and 4).

As compared with MOF-808, UiO-66 presents a considerably lower
catalytic activity (compare entries 4 and 7: TOFs of 2.10 vs. 0.03 h™1).
Thus, when MOF-808 was used as a catalyst, 95% conversion of nBuL
was obtained after 12 h of reaction, with a 90% final yield of GVL.
Conversely, with UiO-66 only 10% conversion of nBuL. was obtained
after 24 h and the reaction was less selective to GVL (40% of the nBuL
converted was transformed into secBuL through a transesterification
reaction). In this sense, it is worth recalling than in UiO-66 the presence
of coordinatively unsaturated Zr** sites depends on the amount of linker
defects. Therefore, only a fraction of the total Zr ions present in the solid
catalyst are accessible to substrate binding and can thus function as
Lewis acid sites. Considering that the UiO-66 used in this work con-
tained 9.5% of missing linkers, and that each missing linker molecule
(terephthalate) creates two coordinatively unsaturated Zr**, it is infer-
red that a fraction of only 19% of the total zirconium ions can participate
in the reaction. Conversely, all Zr** jons can participate in the reaction
in MOF-808. If the TOF value reported for UiO-66 is recalculated taking
into account only the accessible Zr*t sites (19%), the value obtained
(0.16 h™Y) is still much lower than that of MOF-808 (2.10 h'}). Therefore,
the availability of Zr** is not the only reason behind the lower activity of
UiO-66 for the MPV reaction. It is worth recalling here that MOF-808
features considerable wider pores (adamantane-shaped cavities of
18.4 A with apertures of 14 f\, see Fig. S1) than UiO-66 (octahedral
cavities of ca. 11 A and triangular windows of ca. 6 A). Therefore, there
is more space in the cavities of MOF-808 than in UiO-66 to accommo-
date the sterically demanding six-membered cyclic transition state of the
MPYV reaction (see Scheme 4). Both, the larger availability of 7Zr*t jons
and the presence of wider pores make MOF-808 a much more competent
catalyst for the MPV reduction of nBuL than UiO-66. These results are in
line with previous studies evidencing the superior behavior of MOF-808

Table 3
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with respect to UiO-66 in MPV reactions [26,27,29,30,33].

Finally, we have also analyzed the effect of sulfation of MOF-808 on
the catalytic activity in the MPV reaction. As it is observed in Table 3,
sulfation of MOF-808 is detrimental for this reaction, and the negative
effect increases with the degree of sulfation. In this way, the deepest
sulfated sample, MOF-808-2.63S04, produced 49% conversion of nBuL
after 24 h (TOF = 0.38 h’l), with 43% yield of GVL. These results
somewhat improved for the less sulfated sample, MOF-808-1.47S04
(81% nBuL conversion and 76% GVL yield after 24 h, TOF = 1.05 h b,
but they are still well below those obtained for the pristine MOF-808
(95% nBuL conversion and 90%GVL yield after 12 h, TOF = 2.10
h™1). This is most likely related with the increased steric hindrance
introduced by the sulfate groups inside the MOF cavities [35], which
hampers the formation of the transition state of the MPV reaction. In any
case, the increased Brgnsted acidity of sulfated MOF-808 does not pro-
duce any significant increase of the formation of acetals, which
remained in all cases below 5 mol%.

One-pot two-steps process

The next step in this study was to couple the two reactions, esteri-
fication and MPV, in a one-pot process, using two alcohols: a linear
alcohol to facilitate the first esterification step, and a secondary alcohol
as both solvent and hydride source to favor the MPV reaction in the
second step. Coupling the two steps into a one-pot process avoids in-
termediate separation and isolation steps, which improves the process
described above in two separate batch reactors. Nonetheless, the use of
two different alcohols for the two steps is still a serious inconvenient for
the practical viability of this catalytic route.

According to the previous results commented above, the one-pot
two-steps process was carried out using 6 equivalents of n-BuOH with
respect to LA in the first step, to minimize the formation of acetal, while
22 equivalents of sec-BuOH were used in the second step to accelerate
the formation of GVL. The second alcohol was added directly to the
reaction medium, without any separation or purification step, and once
LA was quantitatively converted to nBuL. Note that this time varied from
catalyst to catalyst, depending on the catalytic activity of each material
for the esterification step. The addition of the second alcohol is indicated
by a vertical line in Fig. 2. In all cases, the catalyst loading used was 18.7
mol% Zr and the reaction temperature was 130 °C. The results obtained
are summarized in Table 4.

When hydrated UiO-66 was used as a catalyst, esterification reaction
produced nBuL quantitatively as the sole product after 5 h (see Fig. 2a).
However, when sec-BuOH was added to the reaction medium, the con-
version of the nBuL formed in the first step was very slow. Only 8% yield
of GVL was obtained after 21 h (26 h of total reaction time), mixed with
about 4% of the transesterification product, sec-BuL (Table 4, entry 5).
According to these results, UiO-66 does not seem to be a good catalyst
for the one-pot two-steps synthesis of GVL from LA.

As discussed in the previous sections, MOF-808 is a better catalyst
than UiO-66 for the MPV reaction, but it is worse for the esterification
step. The overall performance of MOF-808 with respect to UiO-66 thus

Meerwein-Ponndorf-Verley reduction of n-butyl levulinate (nBuL) with sec-butanol at T = 130 °C.

Entry Catalyst time (h) nBuL:sec-BuOH Molar ratio
1 Blank 48 1:22

2 MOF-808 12 1:6

3 MOF-808 12 1:22

4 MOF-808 12 1:22

5 MOF-808-1.47504 24 1:22

6 MOF-808-2.63504 24 1:22

7 Ui0-66 24 1:22

Metal (mol%) Conv.” (mol%) TOF® (h 1) Yield (mol%)°
acetal secBuL GVL

- 2 - - - 2
9.3 82 4.06 3 4 75
9.3 88 5.40 4 3 81
18.7 95 2.10 5 0 90
18.7 81 1.05 3 1 76
18.7 49 0.38 2 1 43
18.7 10 0.03 0 4 6

2 Conversion of nBul, determined by GC. ® Turnover frequency: Moles of product converted per mol of catalyst and per hour, calculated at short reaction times ¢
Yields of the indicated products, determined by GC. GVL: y-valerolactone; secBuL: sec-butyl levulinate.
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Fig. 2. One-pot two-steps conversion of LA over: (a) UiO-66; (b) MOF-808; (c) MOF-808-1.47S04; and (d) MOF-808-2.63S0,. In all graphs, the vertical line indicates
the end of the first step (esterification) and the addition of sec-BuOH to start the second step (MPV).

Table 4
One-pot two-steps conversion of LA to GVL “.

Entry  Catalyst time” Conv.® Yield (mol%)“
(h) (mol%)
acetal nBuL  secBuL  GVL

1 Blank - - - - - -
2 MOF-808 26 > 99 5 3 1 91
3 MOF-808- 19 > 99 2 2 0 96

1.47504
4 MOF-808- 26 > 99 1 16 2 81

2.63504
5 Ui0-66 26 > 99 0 88 4 8

@ Reaction conditions: LA: n-BuOH molar ratio = 1:6 (first step); LA: sec-BuOH
molar ratio = 1:22 (second step); catalyst loading 18.7 mol% Zr, T = 130 °C.

b Total reaction time (first step + second step).

¢ Conversion of LA, determined by GC.

4 Yields of the indicated products, determined by GC. nBuL: n-butyl levulinate;
secBuL: sec-butyl levulinate; GVL: y-valerolactone.

depends on the balance between these two opposite effects. As it is
observed in Fig. 2b and Table 4, the esterification reaction over MOF-
808 took up to 14 h to complete, but the ensuing MPV step was very
effective. The overall one-pot two-steps process was accomplished after
26 h of total reaction time and GVL was obtained with a final yield of
91%, mixed with small traces of transesterification product (1% yield
secBuL) and unreacted nBuL from the first step (3%). Therefore, MOF-
808 was overall a better catalyst than UiO-66 for this process.

With respect to pristine MOF-808, the sample with the lowest sul-
fation degree, MOF-808-1.47S04, produced better results for the one-pot
two steps process: 96% GVL yield was obtained after only 19 h of re-
action (Fig. 2¢). However, the catalytic results were worse when the

deepest sulfated sample was used, MOF-808-2.63S04. As it can be seen
in Fig. 2d, the esterification reaction was very fast (< 5 h), but the MPV
was significantly slower. Overall, the acceleration in the first step does
not compensate the slowdown of the MPV. A maximum GVL yield of
81% is obtained after 26 h, as compared to the 96% obtained with MOF-
808-1.47S04 after 19 h. These results evidence the need to find the best
equilibrium between Brgnsted and Lewis acid sites to optimize the
outcome of this multistep reaction.

Direct conversion of levulinic acid to y-valerolactone

Finally, we studied the direct conversion of LA to GVL through a MPV
reaction using sec-BuOH as the secondary alcohol. One of the main
limitations of existing reports so far on GVL synthesis through a MPV
reaction is the relatively low activity of most catalysts when LA is used as
the starting product. Most of them require the use of levulinate esters as
more suitable precursors. Obviously, the direct conversion of LA to MPV
in one-pot represents a clear improvement towards process intensifica-
tion. Moreover, the direct conversion of LA to GVL requires using only
one alcohol for the whole process, thus improving the atom economy of
the process.

Based upon the previous reactions studied above, the following re-
action conditions were selected: 18.7 mol% of pre-activated catalysts
with respect to LA, a 1:22 LA:sec-BuOH molar ratio and a reaction
temperature of 130 °C. A summary of the results is presented in Table 5,
while Fig. 3 shows the corresponding kinetic data.

As it can be seen in Fig. 3b, full LA conversion was obtained after 70 h
of reaction over MOF-808, with an overall 97% yield of GVL. At short
reaction times, a small fraction (below 10 mol%) of the ester product,
secBul. was formed but it was progressively converted to GVL.
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Table 5
Direct conversion of levulinic acid into y-valerolactone .

Entry Catalyst Conversion® (mol%) Yield (mol%)°

acetal secBuL GVL
1 Blank 20 17 3 0
2 MOF-808 100 3 0 97
3 MOF-808-1.47504 100 5 12 83
4 MOF-808-2.63S04 84 1 70 13
5 Ui0-66 67 1 56 10

# 18.7 mol% of pre-activated catalysts with respect to LA, a 1:22 LA:sec-BuOH
molar ratio and reaction temperature of 130 °C were used in all cases. The
conversion and yield data correspond to 70 h of reaction time. > Conversion of
LA, determined by GC. ? Yields of the indicated products, determined by GC.
GVL: y-valerolactone; secBuL: sec-butyl levulinate.
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Conversely, when UiO-66 was used the LA conversion was only 67%
after the same reaction time, and the product evolution was completely
different, being the ester the main product and the final GVL yield as low
as 10% (Fig. 3a and entry 5 in Table 5). Therefore, MOF-808 is far more
competent than UiO-66 for the direct production of GVL from LA.

As far as the sulfated MOF-808 are concerned, their catalytic activity
for the production of GVL was bad compared with the pristine MOF-808.
Moreover, the results were worse when the degree of sulfation
increased: the increased Brgnsted acidity of the solid introduced upon
the sulfation process clearly favors the formation of the intermediate
secBuL. over GVL, as expected. Note that in the case of MOF-808-1.47S04
(relatively low Brgnsted acidity) the time evolution of products re-
sembles that of MOF-808, while in MOF-808-1.47S04 (stronger Brgnsted
acidity) it is more similar to UiO-66.
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Fig. 3. Direct reaction of LA with sec-BuOH over: (a) UiO-66; (b) MOF-808; (c) MOF-808-1.47S04; and (d) MOF-808-2.63S0.
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Scheme 1. Synthesis of GVL from LA using acid/hydrogenation catalysts.
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Scheme 2. Alternative synthesis of GVL through a tandem esterification/Meerwein-Ponndorf-Verley (MPV) reaction.
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Stability and reusability of MOF-808

Finally, we wanted to check the stability and reusability of MOF-808
for the direct conversion of LA to GVL. To do so, the reaction was carried
out for three consecutive cycles, and the LA conversion and GVL/sec-BuL
yields obtained after 23 h were compared. After this reaction time, LA
conversions of around 40% were obtained, which allowed us a fair
appraisal of eventual catalyst deactivation. In all cases, full LA conver-
sion was attained after 70 h of reaction. Between two consecutive cat-
alytic cycles, the solid catalyst was washed with sec-BuOH, dried at room
temperature and pre-activated at 150 °C under vacuum overnight before
the next cycle.

As shown in Fig. S6, a small decrease of both LA conversion and GVL
yield was observed between the first and the second reuse, but the ac-
tivity is stable for the ensuing cycle. This initial decrease of activity is

most likely due to both, a progressive deterioration of the crystalline
structure of the MOF and to the irreversible adsorption of reaction
products on the surface of the solid. This adsorbates are not completely
removed during the washing and pre-activation process, and partially
block the active sites of the catalyst. Note that the effect of the pore
clogging upon reuse has a little or no effect on the production of the
ester, secBuL, while it severely decreases the formation of GVL, whose
transition state is more spatially demanding. Meanwhile, the crystal-
linity of MOF-808 is preserved during the catalytic use, acccording to the
X-ray diffractogram of the solid recovered after the last catalytic cycle
(see Fig. S7 in the Supporting Information), while the specific surface
area of the material recovered after three catalytic runs is lowered by ca.
20% with respect to pristine MOF-808 (from 1542 to 1215 m?g™!

Fig. S8), in line with the partial pore clogging commented above. The
presence of adsorbed products on the solid after the catalytic reaction is
clearly evidenced by comparing TGA and FTIR spectra with those of the
fresh catalyst (see Figs. S9 and S10).

Conclusions

Herein we have studied in detail the conversion of LA into GVL over
two Zr-containing MOFs: UiO-66 and MOF-808. Three different routes
have been considered: (i) Step-wise conversion of LA into nBuL followed
by MPV reduction to GVL in two separate reactors; (ii) One-pot two-
steps reaction (without intermediate purification of intermediates) using
a linear alcohol (n-BuOH) for the esterification and a secondary alcohol
(sec-BuOH) for the MPV; and (iii) Direct tandem esterification/MPV
conversion of LA into GVL using sec-BuOH.

Despite their chemical similarities regarding the presence of Zrg
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hexanuclear inorganic nodes, the two MOFs behave differently, based
upon the type of acidity (Lewis or Brgnsted) of the material. While
(hydrated) UiO-66 possesses strong Brgnsted acidity arising from
strongly polarized H,0 adsorbed on Zr** defective sites, the acidity of
MOF-808 comes mainly from their Zr** cus, acting as Lewis acid sites.
Since LA esterification is favored by strong Brgnsted acid sites, UiO-66 is
more active than MOF-808 in this reaction. However, MPV reaction is
more efficiently catalyzed by Lewis acid sites, and therefore the opposite
trend in reactivity is observed.

Given the preferred participation of Brgnsted acid sites in the ester-
ification reaction, we have submitted MOF-808 to a sulfation process, as
a means to improve its Brgnsted acidity as well as the catalytic activity in
this reaction. However, sulfation of MOF-808 has a negative effect on
the catalytic activity for the MPV reaction, since it decreases the pore
space available to form the required bulky six-membered transition
state. These results evidence the need to find the best equilibrium be-
tween Brgnsted and Lewis acid sites to optimize the outcome of a
multistep reaction such as the formation of GVL from LA. This can be
achieved by the judicious selection of the most appropriate material
(Ui0-66 or MOF-808), catalyst pre-treatment (activation/dehydration)
or post-synthesis treatment (e.g., sulfation)..

Experimental section
Synthesis of Zr MOFs

UiO-66 was prepared using the method reported by Kandiah et al.
with slight modifications [47]. Briefly, ZrCly (375 mg, 1.6 mmol) was
dissolved in 25 mL of N,N-dimethylformamide (DMF) and 1,4-benzene-
dicarboxylic acid (BDC) was dissolved in 20 mL of DMF. Then, both
solutions were sonicated during 15 min at ambient temperature and
mixed inside a screw-capped glass bottle. The resulting mixture was
placed in the oven at 80 °C during 24 h and then the temperature was
raised to 100 °C and the mixture was kept for another 24 h. The resulting
white precipitate was recovered by filtration under vacuum and washed
with DMF and CHyCl,. Finally, the obtained solid was dried under
vacuum at ambient temperature. The as-prepared sample contained
9.5% of missing linker defects, as determined by the procedure indicated
in the Supporting Information.

MOF-808 was prepared following the procedure described by Fur-
ukawa et al. [48] with slight modifications. First, 728 mg of
ZrOCl,e8H50 was dissolved in 44.8 mL of formic acid-DMF solvent
mixture with 3:1 (v/v) ratio. Then, 316 mg of trimesic acid (BTC) was
dissolved in 22.4 mL of DMF. Both solutions were mixed and placed in a
Teflon lined autoclave. Then, the autoclave was introduced into an oven
at 130 °C for 48 h. After cooling down to room temperature the material
was recovered by centrifugation. Finally, the obtained solid was washed
3 times with DMF (changing the solvent every 15 min) and 3 times with
ethanol (changing the solvent every 30 min). After removing the solvent
by centrifugation the solid was dried in air at ambient temperature.

MOF-808-1.47504 was prepared following the method described by
Jiang et al.[39] MOF-808 prepared by the method described above was
first activated at 150 °C under vacuum during 16 h. Then, 134 mg of
activated MOF-808 was suspended in 14 mL of 0.005 M H3SO4 for 24 h,
during which time the mixture was stirred once every 2 h. The material
thus obtained was solvent exchanged with miliQ water for 6 h (changing
the solvent every 2 h), then quickly exchanged with acetone (5 times)
and finally suspended in chloroform for 6 h (changing the solvent every
2 h). After that, the chloroform was removed by filtration and the
resulting material was dried under vacuum at ambient temperature. The
number “1.47” in the sample name indicates the degree of sulfation of
the sample, as calculated by the procedure indicated in the Supporting
Information.

MOF-808-2.63504 was prepared using the same procedure as for
MOF-808-1.47S04 but using 0.01 M H,SO4 aqueous solution to get a
higher grade of sulfation of MOF.
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Characterization of MOFs

All synthetized MOFs were characterized by Powder X-ray diffrac-
tion (Phillips X’Pert, Cu Ka radiation) to confirm the expected structure
and high crystallinity of the materials. XRD diffraction patterns of all
synthetized MOFs are shown in Fig. S2 (see SI).

Textural properties were determined by N3 adsorption-desorption
experiments at 77 K after outgassing the solids at 423 K overnight
using a Micromeritics ASAP 2420 instrument. The isotherms obtained
and calculated specific surface areas (Sggr) are shown in Fig. S3.

Thermogravimetric analysis (TGA) of the synthetized MOFs was
performed under a flow of air and a heating ramp of 10°C min ! using a
NETZSCH STA 449 F3 Jupiter analyzer. TG and derivative curves (DTG)
are presented in Fig. S4. Elemental microanalysis (CNHS) of the as-
synthetized MOFs was performed in a EuroEA3000 CHNS-O Analyzer.
The results of elemental analysis are presented in the Table S1.

The metal content of the MOFs was determined by both Inductively
Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) analysis
using Varian 715-ES equipment, and from the corresponding TGA
curves, in which the solid residue corresponded to ZrOs, as confirmed by
XRD. The results of Zr content obtained by both techniques coincide
fairly well, as shown in Table S1 (see SI).

Adsorption of trimethylphosphine oxide (TMPO) was carried out as
follows. The solid catalyst (30 mg), either as-prepared or pre-activated
at 150 °C under a vacuum for 18 h to remove adsorbed water, was
contacted with a CH,Cl; solution (1 mL) of TMPO (0.074 mg TMPO/mg
of solid) at room temperature. The mixture was allowed to equilibrate at
room temperature for 4 h and the excess of CH,Cl, was eliminated under
a vacuum at room temperature. 31p MAS NMR spectra were recorded on
a Bruker Avance III HD 400 spectrometer using a 3.2 mm probe, with a
spinning rate of 15 kHz and a recycle delay of 20 s. A /2 pulse length of
4.5 ps was used with proton decoupling (spinal 64) during acquisition.
Chemical shifts are reported in ppm relative to H3POj4.

Catalytic experiments

Esterification of levulinic acid with n-butanol. Esterification reactions
were performed in batch reactors using the following procedure: 0.9
mmol of levulinic acid, the required amount of n-butanol and the solid
MOF were placed in a closed glass tube reactor. The reaction was carried
out under stirring at 130 °C and followed by taking sample aliquots at
regular time periods. The reaction samples were analyzed by GC (Varian
3900) with a P20(WAX) column (15 m long, i.d. 0.32 mm) using
dodecane as internal standard. All products were identified by mass
spectrometry analysis. The amounts of alcohol and MOF were varied and
specific conditions for each reaction are presented in the footnotes of the
corresponding graphics and tables. When indicated, activation of the
MOFs was carried out at 150 °C under vacuum during 18 h before
reaction.

Synthesis of GVL from n-butyl levulinate through a MPV reduction. The
MPV reaction was carried out using the following procedure: 0.9 mmol
of n-butyl levulinate, the required amount of sec-butanol and the solid
MOF were placed in a glass tube reactor. The reaction mixture was
carried out under stirring at 130 °C taking sample aliquots at regular
time periods. The reaction was followed by GC (Varian 3900) with a P20
(WAX) column (15 m long, i.d. 0.32 mm) and using dodecane as internal
standard. All products were identified by mass spectrometry analysis.
The amounts of alcohol and MOF were varied and specific conditions for
each reaction are presented in the footnotes of corresponding graphics
and tables. When indicated, activation of the MOFs was carried out at
150 °C under vacuum during 18 h before reaction.

One-pot two-steps conversion of levulinic acid into GVL. Levulinic acid
was converted into GVL by a one-pot two-steps esterification-MPV
process. In the first step, esterification of LA with n-butanol was car-
ried out using the following procedure: 0.9 mmol of levulinic acid, 6
mmol of n-butanol and MOF (18.7 mol.%) were placed in a glass tube
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reactor. The reaction was carried out under magnetic stirring at 130 °C.
Once LA was totally converted, sec-butanol (22 mmol) was added to the
reaction to trigger the MPV reaction (second step). Reaction samples
were taken at regular time periods and analyzed by GC (Varian 3900)
with a P20 (WAX) column (15 m long, i.d. 0.32 mm) using dodecane as
internal standard. All products were identified by mass spectrometry
analysis. When indicated, activation of the MOFs was carried out at
150 °C under vacuum during 18 h before reaction.

Direct synthesis of GVL from LA and sec-butanol. The one-pot reaction
was performed using the following procedure: 0.9 mmol of LA, 22 mmol
of sec-butanol and MOF (18.7 mol.%) were placed in a glass tube reactor.
The reaction mixture was magnetically stirred at 130 °C in a closed
reactor. The reaction samples were analyzed by GC (Varian 3900) with a
P20(WAX) column (15 m long, i.d. 0.32 mm) using dodecane as internal
standard. All products were identified by mass spectrometry analysis.
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