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ABSTRACT: Porous chromium(III) 2-nitro-, 2-amino-, and nonfunctionalized
terephthalate (MIL-101Cr) metal organic frameworks are heterogeneous catalysts
for diacetal formation from benzaldehyde and methanol (B−M reaction) as well as
other aldehydes and alcohols. MIL-101Cr-NO2 obtained by direct reaction between
CrO3 and 2-nitro-terephthalate showed the highest activity with 99% conversion in
the B−M reaction in 90 min and turnover numbers of 114. The activity decreased in
the order MIL-101Cr-NO2 > MIL-101Cr > MIL-101Cr-NH2. Within different
samples of nonfunctionalized MIL-101Cr the activity increased with surface area.
Methanol gas sorption of the different MIL materials correlates with the BET
surface area and pore volume but not with the diacetalization activity. Benzaldehyde
adsorption from heptane showed no significant difference for the different MILs.
Gas sorption studies of CD3CN to probe for a higher Lewis acidity in MIL-101Cr-NO2 remained inconclusive. A high B−M
catalytic activity of wet MIL-101Cr-NO2 excluded significant contributions from coordinatively unsaturated Lewis-acid sites. pH
measurements of methanol dispersions of the MIL materials gave the most acidic pH (as low as 1.9) for MIL-101Cr-NO2, which
significantly increased over MIL-101Cr (3.0) to MIL-101Cr-NH2 (3.3). The increase in acidity is of short range or a surface
effect to the heterogeneous MIL particles as protons dissociating from the polarized aqua ligands (Cr−OH2) have to stay near
the insoluble counteranionic framework. The variation in Brønsted acidity of MIL-101Cr-NO2 >MIL-101Cr ≈MIL-101Cr-NH2
correlates with the withdrawing effect of NO2 and the diacetalization activity. The catalytic B−M activity of soluble, substitution-
inert, and acidic Cr(NO3)3·9H2O supports the Brønsted-acid effect of the MIL materials. Filtration and centrifugation
experiments with MIL-101Cr-NO2 revealed that about 2/3 of the catalytic activity comes from nano-MOF particles with a
diameter below 200 nm. The MIL-101Cr-NO2 catalysts can be recycled five times with very little loss in activity. The
diacetalization activity of MIL-101Cr-NO2 decreases with the alcohol chain length from methanol over ethanol, n-propanol, n-
butanol, to almost inactive n-pentanol, while conversions for benzaldehyde, paratolylaldehyde, 4-chlorobenzaldehyde, and
cyclohexanone all reach 90% or more after 90 min.

■ INTRODUCTION
In recent years metal organic frameworks (MOFs), also known
as porous coordination polymers (PCPs), have gained
enormous attention due to promising applications such as gas
storage,1 gas and liquid separation processes,2 sensing,3 drug
delivery,4 luminescence,5 magnetism,6 heterogeneous catalysis,7

heat transformation processes,8 and hosts for metal nano-
particles.9 MOFs are composed of metal ions or clusters,
connected through organic linkers which lead to versatile
topologies and architectures. MOFs surpass classical porous
materials such as zeolite or activated carbon in their permanent
porosities, high surface areas, tunable pore sizes, and top-
ologies.10 In MOFs BET surfaces range typically between 1000
and 4000 m2/g and pore apertures or channel diameters from
0.3 to 3.4 nm with pore volumes of up to 1.5 or 2 cm3/g.
Currently, MOFs are investigated as heterogeneous catalysts

for various organic reactions.11 An advantage of MOFs over
other related porous materials toward catalysis should be their
high order and uniformity of the porous network for size- and

shape-selective catalysis.12 There is a current focus on the Lewis
acidity/basicity in MOFs. Catalytic reactions of MOFs include
Lewis-acid catalysis, Lewis-base catalysis, enantioselective
catalysis, etc. MOFs having coordinatively unsaturated metal
centers can potentially interact with the substrate and act as
Lewis-acid catalyst.11d,13,14 The role and increase of active metal
sites for catalysis with MOFs was studied and critically
discussed by DeVos and co-workers.15,16 The presence of
suitable functional groups either in the organic linkers or
attached to the metal center can also influence the Lewis acidity
and catalytic activity of MOFs.17−21

MIL-101Cr is a three-dimensional chromium−terephthalate-
based porous material with the empirical formula [Cr3(O)-
(BDC)3(F,OH)(H2O)2] (where BDC = benzene-1,4-dicarbox-
ylate).22 Its structure resembles the augmented MTN zeolite
topology with pore diameters of about 2.9 and 3.4 nm (Figure
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1). MIL-101Cr has two terminal water molecules connected to
the trinuclear {Cr3(μ3-O)(O2C−)6(F,OH)(H2O)2} building
units with their octahedral Cr(III) ions (Figure 1a), which can
be removed under high vacuum, thus creating Lewis-acid
sites.17,23 MIL-101Cr8a or its derivatives8i show remarkable
stability toward water, which make them suitable for catalytic
reactions involving water.
The catalytic activity of MIL-101Cr or its derivatives has

been reported in the literature for various organic reactions
such as oxidation of aryl sulfides to sulfoxides,24 epoxidation of
alkenes with H2O2,

25 or cyanosilylation of aldehydes.26 Amine-
grafted MIL-101Cr has proven to be a useful catalyst for
Knoevenagel condensation reaction with high yield and high
selectivity.23,27 Pd loaded on amine-grafted MIL-101Cr has
been used as catalyst for Heck reaction.23 Similarly, Cu
nanoparticles embedded in MIL-101Cr act as a high-perform-
ance catalyst for reduction of aromatic nitro compounds.28

Recently, MIL-101Cr and its phospho-tungstic acid (PTA)
composite material have been proven as efficient catalysts for
aldehyde−alcohol reactions, including the benzaldehyde
dimethyl acetal formation (cf. Scheme 1), albeit of low activity
for MIL-101Cr only (24 h for 80% conversion).29

Acetalization is an important technique to protect aldehyde
or ketone groups in organic transformation reactions (Scheme
1). In homogeneous phase the reaction between the carbonyl
substrate and the alcohol or trialkyl orthoformates as reagents is
normally carried out in the presence of Brønsted acids (Scheme
1)30,31 or Lewis-acidic transition-metal catalysts (Scheme 2).32

The water formed in the equilibrium reaction has to be
removed for quantitative conversion, which is typically done

either azeotropically in a Dean−Stark apparatus or using trialkyl
orthoformate as a water scavenger. The Lewis-acid catalysis
mechanism is proposed as a simultaneous activation of the
alcohol and the aldehyde by coordination at two available cis
coordination sites (Scheme 2). Alcohol or alkoxide addition to
the carbonyl group is then an intramolecular concerted reaction
leading to a complexed hemiacetal or hemiacetalide (Scheme
2A or 2B, respectively). The reaction can proceed either
through formation of an oxocarbenium ion, which subsequently
undergoes external addition of ROH (Scheme 2A),33 or by
nucleophilic attack of ROH on the chelating hemiacetalide
(Scheme 2B).34 The intermediate metal hydroxide is then
transformed to the metal aqua species by the protonated
alcohol, and subsequently, the aqua ligand is substituted by the
aldehyde.34

Irrespective of the mechanistic details, transition metals seem
to be catalytically active when (a) two “active sites” in cis
positions can easily be generated, e.g., by the presence of
weakly coordinated ligands, and (b) the bonds between the
metal center and the O donors are labile.32−34 Also, a high
charge of the metal ion is advantageous as it facilitates
polarization of the metal−carbonyl substrate bond and
promotes deprotonation of the coordinated ROH reagent.
Both effects favor nucleophilic attack onto the coordinated C
O group.32 For chromium(III) and MIL-101Cr the application
of these principles creates a dilemma: If two cis positions are
needed the Cr ions in MIL-101Cr will not have two “active
sites” in cis position unless one assumes missing dicarboxylate
linkers. Such missing linkers in MOFs can be possible as
recently demonstrated for UiO-66.20,35 For the moment we are
not aware of similar studies on linker deficiencies in MIL-101Cr
as for UiO-66. However, from coordination chemistry
principles it can be envisioned that construction faults during
the metal−ligand assembly in inert Cr(III) MOFs cannot easily
be corrected as in labile Zn(II) MOFs with a pronounced
dissociation equilibrium. Thus, there will be a certain degree of
imperfections, such as missing linkers also in Cr(III) MOFs.
However, one could also imagine that only the carbonyl
compound is activated on one Lewis-acid site while the alcohol
stays in the outer coordination sphere. Even then, Cr(III) does
not form labile but inert complexes. Even if there is initially a
vacant Lewis-acidic site on chromium the released water from
the condensation reaction will occupy the unsaturated metal
sites. Then, the rate constant for the water exchange in
[Cr(H2O)6]

3+ is a very small 2.4 × 10−6 s−1 (at 298.15 K).36 A
recent comprehensive review on transition-metal complexes in
the synthesis of acetals does not list chromium as a catalyst.

Figure 1.MIL-101Cr network with the (a) trinuclear {Cr3(μ3-O)(O2C−)6(F,OH)(H2O)2} building unit which forms the vertices of supertetrahedra
(b). Vertex-sharing supertetrahedra (b) then form two types of mesoporous cages with pentagonal and hexagonal windows (c). For presentation of
the pore and window size see Figure S1, Supporting Information.

Scheme 1. Diacetalization of Benzaldehyde with Different
Alcoholsa

aR = Me, Et, nPr, nBu, nC5H11, PhCH2 and the Brønsted-acid (proton)
catalyzed acetalization mechanism.30,31.
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Rather, chromium is in a list of precursors noted as less or
completely ineffective (see conclusions in ref 32).
Many solid materials such as zeolite,37 silica gel,38 and

aluminosilicate39 have been used as heterogeneous catalysts for
the acetalization reaction of aldehydes with trimethyl
orthoformate. Methanol has been reported for the condensa-
tion with aldehyde under refluxing condition, catalyzed by
siliceous mesoporous material MCM-41.40 Use of methanol in
this condensation reaction would be advantageous because of
its availability. Recently, MOF-catalyzed acetalization of
aldehydes with methanol has been reported with
Cu3(BTC)2

41 or MIL-101Cr/PTA composite materials.29 In
the present work, we study the effect of nitro and amino groups
in MIL-101Cr (1) with its (postsynthetic) derivatives MIL-
101Cr-NO2 (2-NO2) and MIL-101Cr-NH2 (3-NH2-ps) as
heterogeneous catalysts for the condensation reaction of
aldehydes with different alcohols (Scheme 1). Thereby, we
also consider the effect of nano-MOFs in the catalytic activities
of 2-NO2-d. The different porosity, particle size, and sorption

properties 1−3 should contribute to a better understanding of
how postsynthetic modifications influence the catalytic
behavior of MOFs. We verify the Brønsted acidity of chromium
MIL-101 which originates from aqua ligands versus the role of
Lewis acidity of possible open metal sites. Lewis acidity has
been the recent focus on the modification and tuning of MILs
for catalytic applications20,21,42 but does not seem to have taken
into account the simultaneous Brønsted acidity of these
MOFs.43,44

■ RESULTS AND DISCUSSION

Synthesis and Porosity. Three different batches of MIL-
101Cr samples (1a−c) with different surface areas and pore
volumes were reproducibly obtained by modifications in the
synthesis route (Table 1). Sample 1a was synthesized
hydrothermally through a base-mediated reaction of Cr(NO3)3
and terephthalic acid.45 MIL 1b and 1c were prepared through
reaction of Cr(NO3)3 and terephthalic acid under acidic
hydrothermal conditions22 but differ in the washing part of

Scheme 2. Proposed Mechanisms for Transition-Metal-Catalyzed Acetal Formationa

aAdapted from refs 32−34.

Table 1. Porosity and Particle Size Properties of MIL-101-Cr Materials

BET surface area (m2/g)a total pore volume (cm3/g)b

materials before after catalysise before after catalysise methanol loading (g/g)c particle diameter ± standard deviation (σ) (nm)d

1a 3055 3100e 1.51 1.56 1.08 479 ± 150
1b 2763 2712 1.45 1.43 n.d. 330 ± 160
1c 2509 2749 1.15 1.42 n.d. 300 ± 70
2-NO2-d 2429 2377, 2421f 1.32 1.35, 1.44f 0.89 380 ± 100
2-NO2-ps 1353 1550 0.74 0.89 n.d. 280 ± 50
3-NH2-ps 2920 2711g 1.60 1.53g 1.08 220 ± 30

aCalculated in the pressure range 0.05 < p/p0 < 0.2 from N2 sorption isotherm at 77 K. BET error margin is 20−50 m2/g. bCalculated from N2
sorption isotherm at 77 K (p/p0 = 0.95) for pores ≤ 20 nm. cGravimetric methanol uptake capacity calculated from methanol sorption isotherm at
298 K (see also Figure 4 below) at p/p0 = 0.8 (condensation effects possible at higher levels); n.d. = not determined. dObtained by dynamic light
scattering (DLS) of a particle suspension in methanol (see Figures S10−S12, Supporting Information). eAfter 90 min catalysis unless stated
otherwise. See corresponding N2 sorption isotherms as Figure S3, Supporting Information. fAfter five catalytic runs with 90 min each. gAfter a
catalytic run for 24 h.
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their activation procedure (see below). The different batches of
1a−c were each obtained reproducibly 2−3 times.
From the reaction of CrO3 with 2-nitroterephthalic acid,

MIL-101Cr-NO2 (2-NO2-d) was synthesized directly under
hydrothermal conditions as reported in the literature.8b In
addition, the postsynthetic modification of MIL-101Cr yielded
also MIL-101Cr-NO2 (2-NO2-ps) and MIL-101Cr-NH2 (3-
NH2-ps).

46,47 The suffix “-d” denotes direct synthesis, and “-ps”
denotes postsynthetic synthesis. Organic linkers bearing
functional groups may be incompatible for reaction under
hydrothermal condition. Postsynthetic modification (PSM) is
an alternative technique to introduce suitable functional groups
in the material.48 Here, we used nitration of MIL-101Cr with
mixed acid (conc. HNO3/conc. H2SO4) to yield 2-NO2-ps.
MIL-101Cr-NH2 (3-NH2-ps) was then prepared through
subsequent reduction of 2-NO2-ps with SnCl2 and conc. HCl
(Scheme 3).

Analyses and catalytic studies were carried out on samples
which were purified (activated) as follows: Compounds 1a−c
were purified by washing with H2O, DMF, and ethanol,
followed by 12 h stirring in DMF at room temperature and 6 h
at 110 °C, concluded by 12 h stirring in ethanol at room
temperature and 3−5 h at 90 °C with a final washing with
water. Compound 1c was additionally treated with boiling
water for 12 h. The amount of solvent was 90 mL per washing
cycle (see Supporting Information for details). Compounds 2-
NO2-d and -ps as well as 3-NH2-ps were activated by washing
three times with water (see Supporting Information for details).
Finally, the materials 1−3 were collected by centrifugation and
dried at 70 °C overnight. For use in catalysis the materials 1−3
were dried in vacuum (10−6 Torr) for 48 h at 30 °C and stored
under nitrogen unless stated otherwise. Activation of MOF
materials is particularly important to obtain materials with high
surface area and pore volume. Different synthesized batches of
MOF samples may have different surface area. Many
parameters such as crystal defects and phase purity or the
presence of guest molecules may influence the surface area of
the materials. Previous studies17 showed the presence of a
significant amount of unreacted terephthalic acid within the

pores of MIL-101Cr, which is very difficult to remove from the
pores, leading to a decrease in surface area.
All compounds were characterized by powder X-ray

diffractometry (PXRD) and surface area analysis. PXRD
patterns match well with the simulated MIL-101Cr patterns
(Figure 2a), which suggest retention of framework structures
after postsynthetic modification. N2 sorption isotherms showed
typical type I isotherms, characteristic of a microporous
material (Figure S2, Supporting Information). BET surface
areas were calculated from N2 sorption isotherms at 77 K. MIL-
101Cr (1a) from base-mediated synthesis has a significantly
higher BET surface area and pore volume than the acid-
synthesized materials 1b and 1c (Table 1). The higher surface
area of 1a can be ascribed to the better solubility of terephthalic
acid in alkaline aqueous solution. Purification of 1b and 1c
differs by an additional final overnight washing cycle in hot
water for 1c (see Supporting Information for details).
Thermogravimetric analyses of 1−3 (dried at 10−6 Torr for

48 h at 30 °C) in Figure 2b showed that up to 200 °C a weight
loss of less than 8% occurred.

Catalytic B−M Reaction. Conversion of benzaldehyde
with methanol to benzaldehyde dimethyl acetal (B−M
reaction) in the presence of different catalysts (Scheme 1)
was screened, and conversion was followed by gas chromatog-
raphy. The alcohol was added in excess with the ratio between
alcohol to benzaldehyde as 50:1. For all experiments 10 mg of
the catalyst was used, which corresponds to a molar ratio of
chromium to benzaldehyde of 1:80. The materials 1−3 were
tested under identical conditions.
For the three nonfunctionalized MIL-101Cr materials 1a−c

it can be stated that a higher surface area leads to higher
conversion of benzaldehyde to dimethylacetal (Figure 3, Table
2). After 90 min, the highest surface area sample 1a (SBET =
3055 m2/g) shows a conversion of 73%. A notably higher
activity could be observed for the functionalized samples 2-
NO2-d and 3-NH2-ps (Figure 3, Table 2). After only 20 min a
conversion of 83% and after 90 min a quantitative conversion of
99% was measured for 2-NO2-d. The higher activity of 2-NO2-
d indicates a positive effect on the catalytic activity by the NO2
group because the surface area of 2429 m2/g of 2-NO2-d is 20%
lower than the surface area of 1a (3055 m2/g). The material 2-
NO2-ps with the lowest surface area of 1352 m2/g among all
samples 1−3 shows a lower catalytic activity than 1a (73%), but
with 56% conversion after 90 min its activity is still higher than
for the lower surface materials 1b (35%) and 1c (19%). In the
UiO-66Zr-catalyzed cyclization of (+)-citronellal to isopulegol
and its isomers and - conversion of geraniol in the Oppenhauer
oxidation with furfural the activity of UiO-66Zr-NO2 was also
strongly increased over the nonfunctionalized parent com-
pound.21 Also, the Meerwein reduction of 4-tert-butylcyclohex-
anone with isopropanol proceeded much faster with UiO-66Zr-
NO2.

20 Molecular modeling studies suggested that the nitro
group lowers the adsorption and activation free energy of the
reaction.21

Compound 3-NH2-ps, which is functionalized with NH2
groups, shows a slightly higher catalytic activity (77%) than the
nonfunctionalized MILs 1a (73%) but lower than 2-NO2-d
(99%), although 3-NH2-ps has a higher surface area than 2-
NO2-d (cf. Table 1). This finding contrasts with the observed
lowest activity for UiO-66Zr-NH2 in the UiO-66Zr-X-catalyzed
cyclization of (+)-citronellal to isopulegol and its isomers.
There, the activity of UiO-66Zr-NH2 was slightly lower than
that of the parent compound UiO-66Zr.21 In the UiO-66-Zr-

Scheme 3. Schematic Representation of the Synthesis of
MIL-101Cr-NO2 (2-NO2-ps, 2-NO2-d) and MIL-101Cr-NH2
(3-NH2-ps) through Postsynthetic (-ps) Modification of
MIL-101Cr or by Direct (-d) Synthesis
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catalyzed cyclization of citronellal the activity as log kx shows a
strong correlation with Hammett’s σ values for the linker.21

The BET surface areas of 1−3 were determined again after
the catalytic runs and found to be largely unchanged within
experimental error (1a, 1b, 2-NO2-d) or even slightly increased
(1c, 2-NO2-ps), and only for 3-NH2-ps there was a slight
decrease (Table 1). The increase of the surface area can be
assigned to the soaking and washing of the MIL material with
methanol during and after the catalysis run before drying for
the sorption measurement. Clearly, the materials 1−3 retain
their porosity (Table 1). Also, the phase identity and
crystallinity 1−3 was unchanged after the catalytic runs as
evidenced by powder X-ray diffraction (compare Figure 2 and
Figures S4 and S15, Supporting Information).
For material 3-NH2-ps the NH2 groups on the terephthalate

ligand could react with benzaldehyde in a Schiff base reaction.
This possibility was, however, not supported by IR spectros-
copy (Figure S6, Supporting Information). In the IR spectrum

Figure 2. (a) PXRD patterns of MIL-101Cr samples. (b) Thermogravimetric analysis of 1−3.

Figure 3. Time-dependent conversion of benzaldehyde to dimethyl acetal over 90 min: (a) Nonfunctionalized MIL 1a−c and (b) 1a and
functionalized MIL-101 derivatives 2-NO2-d, 2-NO2-ps, and 3-NH2-ps (right).

Table 2. Catalytic Activities in the Acetalization of
Benzaldehyde with Methanol with Different MIL-101Cr
Catalystsa

materials conversion [%] TONb TOF [h−1]c

1a 73 84 56
1b 35 40 27
1c 19 22 15
2-NO2-d 99 114 76
2-NO2-d-wet 74 85 57
2-NO2 ps 56 65 43
3-NH2 ps 77 89 59

aStandard reaction conditions: reaction time 90 min, benzaldehyde
(340 μL, 3.34 mmol), methanol (6.7 mL, 166 mmol), total volume
7.04 mL, catalyst (10 mg =2.9 × 10−2 mmol chromium (2/3 of total
n(Cr) = 0.043 mmol)). Every reaction was performed at least in
duplicate to ascertain reproducibility. bTON = mol of product/mol of
chromium. cTOF = mol of product/(mol of chromium·time(h))
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of 3-NH2-ps no additional signal for a NC bond could be
detected after the catalytic run (which would have been
expected as a very strong band between 1600 and 1630 cm−1).
The XRD stayed unchanged and confirmed that material 3-
NH2-ps was still intact and crystalline after catalysis (Figure S6,
Supporting Information) and the surface area decreased only
slightly (Table 1).
Methanol and Benzaldehyde Adsorption. From all

catalysts 2-NO2-d shows by far the best performance with near
quantitative conversion in less than 90 min, so that we studied
its properties in more detail in comparison to the other
materials. If the catalytic reaction takes place inside the pores
then the kinetics and thermodynamics of the substrate
adsorption and product desorption may also determine the
conversion rate. In order to rule out or support this effect,
methanol gas ad- and desorption isotherms (Figure 4), which

reflect the thermodynamic sorption behavior, were collected for
1a, 2-NO2-d, and 3-NH2-ps on a Quantachrome iQ MP with
all gas option (see Supporting Information for experimental
details). The maximum MeOH uptake correlates with the BET
surface area and pore volume (Table 1). There are slight
differences in the onset of MeOH uptake (Figure 4). MIL 1a
and 3-NH2-ps reach the uptake of 0.15 g MeOH/g MIL already
at p/p0 < 0.05, while MIL 2-NO2-d shows this uptake not until
p/p0 > 0.05. Still, the differences in the MeOH gas uptake are
not significant enough and do not follow the activity order 2-
NO2-d > 3-NH2-ps > 1a.
Considering that MeOH is present in 50-fold excess

compared to benzaldehyde, the uptake of benzaldehyde may
have a more significant effect on the activity. In the
acetaldehyde−phenol condensation with MIL-101/PTA the
acetaldehyde uptake capacity PTA > MIL-101/PTA > MIL-101
correlated with the activity.29 Therefore, the time-dependent
liquid-phase adsorption of benzaldehyde from a heptane
solution was measured with gas chromatography (Figure 5).
The different MILs show an uptake of benzaldehyde between

0.45 (2-NO2-d) and 0.71 g/g (1a). The benzaldehyde
adsorption occurs within the first 5 min and does not change
anymore over the next 15 min. The slight fluctuation over time
in Figure 5 indicates the experimental error, so that small
differences, e.g., between the 5 and 10 mg samples, should not
be overinterpreted. The uptake in the general order 1a > 3-

NH2-ps > 2-NO2-d follows the trend in surface area (cf. Table
1).
Thus, the methanol and benzaldehyde adsorption studies do

not provide evidence that the substrate adsorption has a
decisive influence on the catalytic activity. In consequence, the
high catalytic activity of 2-NO2-d compared to 1a and 3-NH2-
ps should be reasoned by electronic effects from the nitro
group.

Lewis Acidity and Brønsted Acidity. The nature of the
active sites in MIL-101Cr is still an open question here: Lewis-
acid vacant Cr(III) sites or Brønsted-acid sites from polarized
acidic aqua ligands (Cr−OH2), perhaps enhanced by the acid
treatment of MIL-101Cr upon modification?15 Metal ions
polarize and thereby increase the acidity of their aqua ligands.
For [Cr(H2O)6]

3+,36,49 [CrBr(en)(H2O)3]
2+,50 [Cr(en)(NH3)-

(H2O)3]
3+,51 and some other Cr(III) aqua−amine complexes52

the first dissociation constant is estimated at pKa ≈ 4. The first
acid dissociation constants for [Cr(III)(NH3)n(OH2)6−n]

3+ lies
between 4.4 and 5.3 depending on the number of aqua ligands,
their cis, trans, fac, or mer orientation.53 The acidity constant of
cis-[Cr(C2O4)2(NCS)(H2O)]

2− has been determined spectro-
photometrically to pKa = 7.06 ± 0.18.54 It has been shown that
both Lewis and Brønsted acidity and thereby the catalytic
activity of MIL-100Fe can be further enhanced via creation of
additional active sites using a postsynthesis acid treatment.15,55

For the materials 1−3 we have to decide here if the activity
of the benzaldehyde acetalization depends on the Lewis or
Brønsted acidity of the vacant Cr or aqua-ligand Cr−OH2 sites,
respectively. Before reaction each catalyst was activated under
identical conditions (drying under high vacuum of 10−6 Torr
for 48 h at 30 °C unless stated otherwise) and stored in a
glovebox under anhydrous and anaerobic conditions. Thus, we
can assume that the number of dehydrated and hydrated
chromium sites is very similar in 1−3. Therefore, we suggest, so
far, that the Lewis or Brønsted acidity of the Cr(−OH2) sites

Figure 4. MeOH gas sorption isotherms (closed symbols for
adsorption, and open symbols for desorption).

Figure 5. Benzaldehyde adsorption from heptane solution: (red
squares) 1a, (green circles) 2-NO2-d, and (purple triangles) 3-NH2-
ps; filled symbols belong to 5 mg of MIL and the empty symbols to 10
mg of MIL sample. Uptake was calculated from the gas chromatogram
peak area (initial benzaldehyde amount − benzaldehyde left after
equilibration) per mass of MIL. n-Dodecane was used as internal
standard. The molar ratio of benzaldehyde to Cr was 10:1 for 5 mg of
MIL and 5:1 for 10 mg of MIL sample (see Supporting Information
for experimental details).
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gets stronger with an electron-withdrawing −NO2 group on the
linker and close to the metal site (see below).19

Lewis Acidity. Chemisorption of CD3CN has been used to
measure the number and strength of the Lewis-acid sites.20 The
CN stretching frequency is increased by about 40 cm−1 for
CD3CN chemisorbed at a Lewis-acid chromium site (Cr-
NCCD3) compared to physisorbed CD3CN. For 1a and the
nitro-modified material 2-NO2-d, chemisorption of CD3CN
was investigated by infrared spectroscopy following sample
activation as for catalysis (drying under high vacuum of 10−6

Torr for 48 h at 30 °C) (Figure 6, see Supporting Information
for more details).

Spectra show a time-dependent increase of adsorption both
for physisorbed CD3CN at 2269 cm−1 (overlaps with the band
for free, gaseous CD3CN) and for chemisorbed CD3CN at
2311 and 2315 cm−1 for 1a and 2-NO2-d respectively. For
chemisorbed CD3CN the CN stretching frequency was
reported to be 2326−2321, 2304, 2305, and 2298 in MIL-
100Al, Fe, Cr, and UiO-66, respectively.20,44 The large
hypsochromic frequency shift versus free CD3CN for MIL-
100Al is associated with the high Lewis-acid strength of Al3+.44

Assuming the same molar amount of Lewis-acid sites in 1a and
2-NO2-d, normalization of the chemisorbed bands then shows
a higher CD3CN physisorption for 1a due to its higher surface
area (cf. Table 1). The slight hypsochromic shift of the signal of
2-NO2-d versus 1a may signify stronger Lewis-acid properties
for the nitro-modified material.44 We note that coordination of
CD3CN like coordination of CO to the H atom of an aqua
ligand43 will also result in a hypsochromic shift with respect to
free CD3CN. Thus, the acetonitrile test showed the same
amount (by absorption) and a very similar strength (by
wavenumber) of Lewis-acid sites in 1a and 2-NO2-d. Thereby,
we conclude from the test that the catalytic difference cannot
be explained by differences in Lewis acidity as these could not
be verified.
Acetalization of aldehydes is a condensation reaction,

generating water within each formula conversion. From
adsorption studies of water on MOFs it is known that the

metal centers are coordinated first by the water molecules.8e

Thus, even if the catalyst exhibits coordinative unsaturated sites
(CUS) at the beginning, in the course of the reaction they will
be coordinated by the released water, thereby blocking initially
active Lewis-acid sites.43 Hence, for the most active catalyst 2-
NO2-d the effect of wetting (wetness effect) was tested. For this
experiment 10 mg of vacuum-dried 2-NO2-d was suspended in
H2O (5 mL) and stirred for 20 min at room temperature. The
solid was separated by centrifugation, and the supernatant
solution was removed. The powder was dried in air at room
temperature for 48 h. After this drying period the material 2-
NO2-d-wet still contained about 48 wt % water, determined by
thermogravimetry (see Figure S16, Supporting Information),
and was employed as a catalyst under otherwise identical
reaction conditions (Figure 7).

After wetting, 2-NO2-d-wet shows reduced catalytic activity,
especially at the beginning of the reaction, but reaches 74%
conversion after 90 min, which still puts 2-NO2-d-wet among
the high active materials (cf. Table 2). The loss in activity can
be ascribed to the initial pore filling with water and, in part, to
the adverse effect of water in the equilibrium formation of the
product.56 However, from the still high activity of this water-
filled MOF it becomes quite clear that vacant Lewis-acid
chromium sites are not needed for catalytic activity.
When the B−M reaction was carried out with the

corresponding amount of chromium(III) nitrate nonahydrate
as a catalyst under otherwise identical but homogeneous
conditions even faster reaction rates and higher conversions
were observed (see also Figure 13 below and Figure S9,
Supporting Information). Hexaaquachromium(III) is very inert
to ligand substitution with a rate constant for the water
exchange in [Cr(H2O)6]

3+ of 2.4 × 10−6 s−1 (at 298.15 K).36

These last two observations lend strong support to the
already indicated Brønsted-acid catalysis from deprotonation of
the aqua ligands (see above) rather than Lewis-acid catalysis.
The high activity of Cr(NO3)3·9H2O also excludes that the

higher activity of dry versus wet 2-NO2-d (cf. Figure 7) is due
to the known water uptake capacity of about 1 g H2O/g MIL-
101.8i The hydrated Cr(III) salt with the hexaaquachromium-
(III) cation lacks a significant water binding capacity.

Brønsted Acidity and pH. A Brønsted acid should be
verifiable by its pH change to a solvent. Consequently, the pH
value of catalysts 1a, 2-NO2-d, and 3-NH2-ps were measured in
methanol. The pH was assessed using two different procedures.

Figure 6. Time-dependent IR spectra for the CD3CN chemisorption
on 1a (red) and 2-NO2-d (green). Spectra start at 30 min after the
beginning of CD3CN exposure and are measured every 10 min up to 2
h: (dotted line) measured after 30 min, (solid line) measured after 2 h
(bands at intermediate times are not shown for clarity).

Figure 7. Activity of 2-NO2-d after an additional wetting with water.
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First, the pH was measured in slowly stirred suspensions of the
dried MIL-101 powders in methanol. For the second procedure
methanol was dropped onto MIL-coated KBr disks, and the pH
of the wetted MIL surface was measured with a flat membrane
electrode. Both methods show the same trend of pH value, that
is, the pH is highest for 3-NH2-ps intermediate for 1a and
lowest for 2-NO2-d (Table 3). A higher concentration of MIL

probes (10 mg of MIL in 6.7 mL of methanol versus 1 mg of
MIL in 4 mL of methanol) approached the pH of the surface
measurement of the MIL-coated KBr disk. Noteworthy, the pH
values were only lowered in the near vicinity of the MIL
particles. This explains the lower pH of the more concentrated
suspension and of the wetted MIL-KBr coating. The pH values
immediately rose for the supernatant MeOH solvent upon
sedimentation of the particles when stirring was stopped. The
suspensions were also filtered through a syringe filter and
afterward centrifuged at 22 000 rpm for 40 min. By DLS it
could be shown that the MIL material was completely removed.
For the filtrates a much higher pH value was measured than
with MIL sample, which shows clearly that the acidity
originates from the MIL framework. Protons dissociating
from the aqua ligands (Cr−OH2) will leave a negatively

charged hydroxyl group (Cr−OH−). Thus, the insoluble
framework will be the counteranion of the proton. By the
electroneutrality principle the proton has to stay near the
anionic framework. Hence, the Brønsted acidity of the MIL-101
compounds is a surface effect. At least in methanol it was
verified that the acidity did not leach much into the
surrounding liquid (see Supporting Information for pH
measurements of the MIL materials in water). In methanol
the variation in Brønsted acidity of 3-NH2-ps <1a < 2-NO2-d
follows the electron-donating effect of NH2 and the electron-
withdrawing effect of NO2.
Also, chromium nitrate nonahydrate in methanol yields a

very acidic solution (Table 3) such that its high catalytic activity
(see below) is due to the large proton concentration of the
solution.
Brønsted acidity arising from coordinated hydroxyl groups,

belonging to the framework, or water molecules was
investigated by infrared spectroscopic studies of interaction of
CO with monomeric or multimeric water species in the case of
MIL-100Al.44 pH measurements of the MIL-101 probes
support the assumption that the high activity of, especially, 2-
NO2-d orginates from the Brønsted-acid nature of the catalysts.

Filtration Tests. The MIL materials in this study were
introduced as heterogeneous catalysts. In order to prove that no
leaching occurs, the materials were tested in filtration
experiments. After approximately 50% conversion the catalyst
was separated by centrifugation at 6000 rpm and subsequent
filtration from the reaction mixture using a 0.2 μm (200 nm)
syringe filter. The possible increase in conversion was
continued to be monitored on the visually clear solution by
GC. For the solution from MIL 2-NO2-d the reaction did
indeed continue with only a slightly lower conversion rate than
for the nonfiltered reaction (Figure 8a). In contrast, for 1a and
1b the catalytic reaction came to a stop after filtration of the
solid MIL compound (1c was not tested due to the low
conversion rate). Reaction with 2-NO2-ps showed only a slight
increase of 7% conversion after filtration (Figure S8, Supporting
Information). Additionally, the B−M acetalization reaction was
performed without MIL catalysts but under otherwise identical
conditions. No conversion was observed for the first 3 h. After
24 h reaction time 26% 1,1-dimethoxytoluene had formed

Table 3. pH Values of the MIL-101 Materials and Cr(NO3)3
9H2O in Methanola

pH value

material
methanol
suspension

KBr disk coated with
material

methanol 7.6
KBr, not coated 6.6
1a 3.9,b 5.9c 3.0
2-NO2-d 2.6,b 5.3c 1.9
3-NH2-ps −,b 6.6c 3.3
filtrate from 1ad 6.2
filtrate from 2-NO2-d

d 6.3
Cr(NO3)3 9H2O

e 1.4
aSee Supporting Information for more details. bA 10 mg amount of
MIL in 6.7 mL of MeOH. cA 1 mg amount of MIL in 4 mL of MeOH.
dFitrate of a suspension of 10 mg of MIL sample in 6.7 mL of MeOH
(0.2 μm syringe filter, centrifuged at 22 000 rpm for 40 min). eA 12 mg
amount in 6.7 mL of MeOH.

Figure 8. (a) Time conversion plot for 2-NO2-d and 2-NO2-d with attempted separation (6000 rpm centrifugation plus 0.2 μm filtration) of the
catalyst completed after 5 min. (b) Time conversion plot for 1a and 1b; separation of 1a completed after 40 min and of 1b completed after 90 min
(marked by arrows).
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(Figure S7, Supporting Information). This observation is
consistent with previous studies.29,41

Two explanations are possible. On one hand, some leaching
of Cr(III) species could have occurred. In a comparative test
experiment with 4.2 × 10−5 mol of Cr(NO3)3, which
corresponds to the amount of chromium(III) in 10 mg of
MIL, a conversion of 94% was measured after 20 min (Figure
S9, Supporting Information). As a consequence, soluble Cr(III)
species have a high catalytic activity for acetalization of
benzaldehyde. On the other hand, it is also comprehensible
that some of the MIL particles are smaller than the 200 nm (0.2
μm) pore size of the syringe filter. Such nano-MOFs could
form a clear colloidal solution and further act as catalyst system.
DLS measurements have shown that the particle diameter
distribution is quite broad (Table 1, Figure S10 and S11,
Supporting Information). SEM pictures show that the particles
of 2-NO2-d are smaller than 1a (Figure 9).

As a consequence, the filtrates of the reaction solutions were
checked by DLS, TEM, and atomic absorption spectroscopy
(AAS) for their particle and chromium content (Table 4, Figure
10). It is evident that the functionalized MILs 2-NO2-d, -ps,
and 3-NH2-ps give rise to smaller particles which can pass
through 200 nm filters.

By AAS, chromium could only be detected in the filtrates of
2-NO2-d, 2-NO2-ps, and 3-NH2-ps but not in 1a−c, which
explains why the reaction went on after filtration for these
catalysts. The results of TEM and DLS clearly show MOF
particles smaller than 200 nm. Besides, the presence of
nanoparticles could be shown by the Tyndall effect (Figure
10c). Together with the DLS and AAS data, it is reasonable that
nano-MOF particles are responsible for the ongoing reaction.

Still, the above centrifugation and filtration experiments cannot
fully exclude the possibility of leaching.
Therefore, if only nano-MOFs are indeed responsible for the

continued conversion after filtration, it should be possible to
separate the nano-MOF particles using an ultracentrifuge with a
higher speed of rotation. Reaction of 2-NO2-d with methanol
and benzaldehyde was run for 1 min to 12% conversion. Then
the solution was carefully filtered with a syringe filter as before
and additionally centrifuged at 24 000 rpm for 5 min. This
procedure lasted 19 min, during which solid 2-NO2-d was still
in contact with the reaction mixture so that the catalytic
reaction could continue. Separation was complete after a total
of 20 min. After this 20 min the conversion was monitored on
the clear solution in a new vial by GC (Figure 11a). The
reaction between MeOH and benzaldehyde came to a stop after
removal of solid 2-NO2-d through ultracentrifugation. There-
fore, we can rule out any leaching of soluble Cr(III) species.
This result is supported by DLS measurements of the filtrate
after ultracentrifugation, where no particles could be detected
anymore.
In order to assess the activity of the 2-NO2-d nano-MOF

particles, the following experiment was carried out: first,
methanol (6.7 mL) was added to 2-NO2-d (10 mg), and the
resulting suspension was stirred for 10 min. Then the
suspension was filtered with the 0.2 μm syringe filter, and
benzaldehyde (3.3 mmol) was added to the clear filtrate
solution. The catalytic reaction was monitored as before under
standard conditions. DLS measurements showed the nano-
MOF particles in solution (Figure S14, Supporting Informa-
tion). The amount of nano-MOF was determined from the
filtrate after filtration with the 0.2 μm syringe filter. This filtrate
was centrifugated at 24 000 rpm, and the residual solid was
weighed to much less than 1 mg. The activity of 2-NO2-d after
separation of the larger particles (cf. Figure 9) can be compared
with the activity of the 2-NO2-d nanoparticles alone (Figure
11b). After separation of the larger particles conversion with
the remaining nano-MOF particles increased from 63% to 93%
over the next 80 min. The amount of less than 1 mg of 2-NO2-
d nano-MOF alone enables a conversion of 68% in 90 min
(Figure 11b). Thus, the small amount of nano-MOFs is much
more active than the larger MIL particles.
In conclusion, a much lower sample amount of 2-NO2-d

(less than 1 mg) can catalyze the acetalization reaction to about
60% conversion after 90 min (Figure 11b), which is nearly the
same conversion as achieved for 10 mg of 1a. This observation
can be transferred to the small particle size in 3-NH2-ps, which
leads to a slightly increased activity despite the lower Brønsted
acidity compared to 1a (Tables 2 and 3).

Recycling/Multiple Run Experiments. The possibility of
catalyst recycling was tested for 1a and 2-NO2-d over 5 runs.
Catalyst runs were carried out for 90 min each for 1a and 2-
NO2-d. For less active 1a the runs were also extended over 15 h
each to achieve nearly quantitative conversion. After the first
and fifth runs a PXRD spectrum was recorded to check for
catalyst stability (Figure 12).
Catalysts 1a and 2-NO2-d have a relatively stable catalytic

activity over 5 runs of 15 h and 90 min, respectivly (Figure
12a). For 1a the catalytic conversion drops from 73% to 50%
for the 90 min runs. After the runs the materials were analyzed
for their porosity and crystallinity. The results of the BET
surface areas after five runs (90 min each) are for 1a 3100 m2/g
and for 2-NO2-d 2421 m2/g, (Table 1, Figure S2, Supporting
Information), so that the materials retain their initial porosity.

Figure 9. SEM pictures of (a) 1a and (b) 2-NO2-d.

Table 4. DLS and AAS Results of Filtrates

materials

time of
filtration
(min)a

DLS particle diameter ±
standard deviation (σ) (nm)

in filtrateb

AAS Cr(III)
concentration

(mg/L) in filtratec

1a 90 n.d. n.d.
1b 90 n.d. n.d.
1c 90 n.d. n.d.
2-NO2-d 5 245 ± 117c Cr detected, ∼0.003
2-NO2-d 90 131 ± 52c 0.04
2-NO2-d 90 in 5th

run
187 ± 66c 0.02

2-NO2-ps 90 161 ± 57c 0.005
3-NH2-ps 90 171 ± 54c 0.02
aFrom MeOH/benzaldehyde dispersion at 25 °C, filtered with a 0.2
μm (200 nm) syringe filter. bSee Figure S13, Supporting Information.
cn.d. = not detected; the detection limit for AAS is 0.003 mg/L.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic5006456 | Inorg. Chem. XXXX, XXX, XXX−XXXI



At the same time, the PXRD analysis shows some deterioration
of the microcrystallinity and possibly a phase change for 1a
after the five 15 h runs and substantial crystal deterioration and
phase change for 2-NO2-d after the five 90 min runs (Figure
12b). Yet, 1a still retains its structure after the five 90 min runs;
hence, the nonfunctionalized MOF 1a is more stable than 2-
NO2-d under the catalytic conditions. SEM pictures after 5 runs
for 1a and 2-NO2-d did not show any significant changes
(Figure S15, Supporting Information).
Acetalization Reactivity of 2-NO2-d with Other

Alcohols. MOFs are discussed in terms of heterogeneous
catalysts which can possess the selectivity properties of
homogeneous catalysts.20,57 The pores of the MOF are viewed
as a “reactor”, which can exert selectivity, e.g., by size exclusion
effects.41,58,59 If the reaction does indeed take place mainly
inside the pores then the reaction rate should be influenced by
the size and shape of the reagents. For larger substrates the
diffusion of reagents and products through the pores and pore
windows of the MOF material is expected to be slower, and in
consequence, the catalyst activity should decrease. MIL-101Cr
has pore sizes of 2.9 and 3.4 nm, which are accessible through
cage windows of 1.2−1.6 nm (Figure S1, Supporting
Information).22 In order to investigate the effect of the size

of the alcohol, the conversion rate with 2-NO2-d in the
benzaldehyde acetalization reaction is compared in Figure 13a
for methanol, ethanol, 1-propanol, 1-butanol, and 1-pentanol.
A decrease of conversion rate with increasing chain length of

the homologous n-alcohol series can be observed. These results
support our expectation and are in agreement with the studies
of Garciá and co-workers, who investigated the catalytic activity
of Cu3(BTC)2 in the acetalization of benzaldehyde. Hence, the
decrease of conversion rate with increasing alcohol chain length
can be ascribed mostly to steric hindrances for substrate
diffusion in the pore system.41 Taking into account that the
cage windows of MIL-101Cr with 1.2 and 1.6 nm are bigger
compared than the ones of Cu2(BTC)3 (0.8 nm),41 this is
another important factor for the higher catalyst activity of MIL-
101Cr.
Still, even under homogeneous conditions in the absence of

steric hindrance on the catalyst center, a longer chain alcohol
would be expected to react more slowly. Therefore, the
benzaldehyde acetalization reactions were run under homoge-
neous but otherwise identical conditions with Cr(NO3)3·9H2O
as catalyst, with the equivalent molar amount of chromium to
10 mg of MIL-101Cr (Figure 13b). After 90 min conversion for
all alcohols except pentanol is higher than 82%. A slight

Figure 10. TEM image of the filtrate of 2-NO2-d filtered with a 0.2 μm (200 nm) syringe filter after (a) 5 and (b) 10 min. (c) Filtered solution of 2-
NO2-d showing the Tyndall effect upon 650 nm laser irradiation.

Figure 11. Time conversion plot for (a) 2-NO2-d after separation (0.2 μm filtration and 24 000 rpm centrifugation) completed after 20 min and (b)
2-NO2-d with attempted separation (6000 rpm centrifugation plus 0.2 μm filtration) of the catalyst completed after 5 min (cf. Figure 9a) and 2-
NO2-d nano-MOF.
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decrease of conversion is seen with increasing alcohol chain
length. Yet, even n-pentanol gives 75% conversion after 90 min
with Cr(NO3)3·9H2O, compared to only 4% with 2-NO2-d
(Table S2, Supporting Information). The strong decrease of
conversion rate with increasing chain length of the alcohol for
2-NO2-d supports the assumption that catalysis occurs mainly
inside the pores of the MIL material.
Similarly, different aldehydes were tested under the same

standard conditions with 2-NO2-d and Cr(NO3)3·9H2O as
catalyst (Figure 14, Table 5). All benzaldehyde derivatives and
cyclohexanone show high and rapid conversion under
heterogeneous and homogeneous conditions. Under heteroge-
neous conditions p-chlorobenzaldehyde reacts slower but also
reaches over 90% conversion after 90 min. For cyclohexanone
the conversion is fast and reaches the final value already after 20

min, where it remains unchanged to 90 min under both hetero-
and homogeneous conditions. Noteworthy, conversion of
cyclohexanone is higher with 2-NO2-d (90%) than with
Cr(NO3)3·9H2O (84%) as catalyst (Figure 14). Significant is
the very low conversion for cyclohexylmethylketone, which is
faster with the MIL than in homogeneous solution (Figure 14).
The +I effect of the ketone leads to a reduced rate for the attack
on the carboxyl carbon atom. It is reported that also for
acetophenone and benzophenone no acetalization occurs.32

Perhaps the higher and faster conversion of the aliphatic
ketones cyclohexanone and cyclohexylmethylketone with 2-
NO2-d compared to Cr(NO3)3·9H2O are evidence for a water
binding effect of the MIL network.

Figure 12. (a) Conversions in catalyst recycling experiments for 1a (red, each run 15 h; red squared, each run 90 min) and 2-NO2-d (green bars).
(b) XRD spectra of 1a and 2-NO2-d before and after the catalytic runs.

Figure 13. (a) Catalysis of 2-NO2-d or (b) chromium(III) nitrate nonahydrate with benzaldehyde in methanol, ethanol, n-propanol, n-butanol, and
n-pentanol.
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In comparison with other catalysts, the material 2-NO2-d
displays excellent activity, surpasses other MOFs, and can
compete with the homogeneous catalyst TiCl4 (Table 6).
Compared with the results for Cu3(BTC)2

41 and MIL-100Fe,
MIL-101Cr-NO2 (2-NO2-d) shows a significantly higher
catalytic activity for acetalization of benzaldehyde as well as
for other aldehydes and alcohols (not shown in Table 6). In
particular, for reaction of p-tolylaldehyde with methanol 2-
NO2-d shows 94% conversion after 90 min, which is a
significant improvement compared to Cu3(BTC)2 (ca. 30%
after 24 h). These results could be obtained in a shorter time
with a much lower catalyst loading and a higher amount of
aldehyde (3.3 vs 1 mmol).

■ CONCLUSIONS

In the diacetalization of aldehydes and ketones with alcohols
the high surface area of MIL-101Cr materials is not the decisive
factor for high catalytic activity. Introduction of a nitro, −NO2,
group to the terephthalate ligand of MIL-101-Cr enhanced the
catalytic activity significantly, although the BET surface area of
the nitro modification 2-NO2-d is lower than that of the
nonfunctionalized materials, e.g., 1a. Compound 2-NO2-d is an
efficient and a reusable heterogeneous solid catalyst for
formation of dimethyl acetals. A possible stronger Lewis acidity
through nitro modification is not the primary reason for the
excellent activity of 2-NO2-d. Instead, pH measurements show
that the activity can be explained by Brønsted-acid catalysis
from deprotonation of the polarized aqua ligands, which is

Figure 14. (a) Catalysis of 2-NO2-d or (b) chromium(III) nitrate nonahydrate with methanol and different aldehydes or ketones.

Table 5. Reaction of Different Aldehydes and Ketones in Methanol with 2-NO2-d as Catalysta

aStandard reaction conditions: aldehyde (3.3 mmol), methanol (166 mmol), catalyst (10 mg); every reaction was performed at least in a duplicate.
bConversion after 90 min is stated; 4.2 × 10−5 mol Cr(NO3)3·9H2O was used under otherwise identical conditions.
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strongly enhanced for 2-NO2-d. In addition it could be shown
that very small amounts of nanoscale MIL particles of 2-NO2-d
(<200 nm) result already in a high conversion compared with
the bulk material. The effect of particle size then increases the
activity of the amino modification 3-NH2-ps over the
nonfunctionalized material 1a despite a slightly lower Brønsted
acidity of the former. By comparing a series of longer chained
alcohols with homogeneous Cr(NO3)3 catalyst it could be
shown that catalysis takes place inside the pores of the MIL
materials. Therefore, MIL-101Cr and possibly other MILs can
be active heterogeneous Brønsted-acid catalysts whose activity
can be enhanced by electron-withdrawing linker modifications
and small particle size.
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Table 6. Comparison of Different Catalysts for Acetalization of Benzaldehyde in Methanol (B−M reaction)

catalyst
amount of catalyst (mg/mmol

metal)a
molar ratio

benzaldehyde:methanol
temperature

(°C)
time
(h)

conversion
(%)

TOF
(h−1)b ref

MIL-101/PTAimp 10/0.001 PTA + 0.043 mmol
Cr(III)

3.3:166 25 24 93 2.9 29

PTA (phospho-tungstic acid) 0.003c 3.3:166 25 24 93 43 29
Cu3(BTC)2 (HKUST-1, Basolite
C300)

50/0.25 1:74 rt 2; 24 63; 88 1.2; 0.2 41

Fe(BTC) (Basolite F300) 50/0.19 1:74 rt 2; 24 49; 71 1.3; 0.2 41
Al2(BDC)3 (MIL-53Al, Basolite
A100)

50/0.24 1:74 rt 24 66 0.12 41

MIL-100Fe 10/0.046 3.0:123 40 5; 21 79:84 10.3; 2.6 57
MIL-101Cr-NO2, 2-NO2-d 10/0.043 3.3:166 rt 1.5 99 50.7 this

work
MIL-101Cr-NO2, 2-NO2-d 10/0.043 3.3:166 rt 0.7 94 103 this

work
MIL-101-NO2, 2-NO2-d nano-
MOF

1/0.0043 3.3:166 rt 1.5 68 348 this
work

TiCl4/NH3 1 mol %/ 0.05 mmol 5.0:246 0 0.5 98 196 33
aThe milligram amount refers to the total mass of catalyst used; the mmolmetal amount refers to the total molar amount of metal in the catalyst mass.
No corrections for coordinative unsaturated sites were made. bTOF = molproduct/(molmetal·time).

cTotal amount PTA in solution (6.7 mL methanol)
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M. W. E.; Muhler, M.; Fischer, R. A. Chem. Mater. 2008, 20, 4576−
4587. (e) Dhakshinamoorthy, A.; Garcia, H. Chem. Soc. Rev. 2012, 41,
5262−5284.
(10) Stock, N.; Biswas, S. Chem. Rev. 2012, 112, 933−969.
(11) (a) Lee, J. Y.; Farha, O. K.; Roberts, J.; Scheidt, K. A.; Nguyena,
S. T.; Hupp, J. T. Chem. Soc. Rev. 2009, 38, 1450−1459. (b) Phan, N.
T. S.; Nguyen, T. T.; Ho, P.; Nguyen, K. D. ChemCatChem 2013, 5,
1822−1831. (c) Huang, Y.; Liu, T.; Lin, J.; Lü, J.; Lin, Z.; Cao, R.
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