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A greener synthesis of Cu-MOF-74 was obtained, for the first time, in methanol as the unique solvent and
at room temperature. Full characterisation of the MOF material showed its purity and also its nanocrystal-
line nature. Complete activation (150 °C for 1 h and 107> bar) of Cu-MOF-74 afforded unsaturated Cu
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sites was tested for the catalytic transformation of trans-ferulic acid to vanillin (yield of 71% and 97%
selectivity) and a plausible catalytic reaction mechanism was postulated based on quantum chemical

rsc.li/dalton calculations.

Introduction

For at least a couple of decades there has been great emphasis
on the development of clean and sustainable methodologies in
research fields such as catalysis, organic synthesis and phar-
macy. Comparatively, for the synthesis of metal-organic frame-
works (MOFs) this progress has been significantly slower.
MOFs are strongly proposed for different potential green appli-
cations but the lack of focus on their environmentally-friendly
synthesis compromises their accreditation as ‘green materials’.
In addition, if MOFs are intended for industrial applications,
their synthesis and processing must be scalable at relatively
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low pricing with high purity and yields. To date, the most
common methodology to synthesise MOF materials is based
on solvothermal batch reactions (long reaction times) quite
often using toxic, carcinogenic and environmentally hazardous
organic solvents. For example, dimethylformamide (DMF) is
perhaps the most common organic solvent for MOF synthesis
even though it is highly polluting, mutagenic and toxic." DMF
decomposes when heated at high temperatures for long
periods (e.g. solvothermal reactions) and thus, cannot be
reused.” Clearly, the replacement of such toxic solvents, with
more benign alternatives,® is urgently needed for MOF syn-
thesis. Another important parameter, which can considerably
contribute to the sustainability of the synthetic process, is the
reduction of the energy input as comprehensibly described by
Frig¢ié.* Room temperature synthesis is unquestionably the
best alternative to completely minimize energy input. Some
archetypal MOFs have been synthesised following this strategy
at room temperature:**” HKUST-1 was synthesised from Cu
(OH), in a water ethanolic solution,” ZIF-8 in a continuous
flow system,” and MIL-53 using the ligand sodium salt in
water.”” Nonetheless, some of the room temperature syntheses
could be improved by implementing a continuous flow system,
a promising technology to scale up the MOF production.® This
approach usually reports the nanometre size particles as a
drawback, however, in the field of catalysis it plays a very
important role by increasing the catalyst surface area. Our
research group has previously taken advantage of room temp-
erature synthetic approaches to fabricate MOF materials and in
particular the M-MOF-74 family (M = Mn(i), Co(u), Ni(u), etc.).”

M(DHTP),, M-MOF-74 or CPO-27M is one of the most
studied MOF materials due to its many interesting appli-
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cations as demonstrated for gas capture,® separation’ and
heterogeneous catalysis.'® Interestingly, this material has not
been investigated for the catalytic conversion of trans-ferulic
acid to vanillin.

We are interested in the generation of vanillin'! since it is
one of the most appreciated flavouring substances all around
the world heavily used in different industries such as food,
cosmetic, nutraceutical and pharmaceutical. Although vanillin
can be extracted from natural sources (Vanilla planifolia), its
worldwide production, by acid hydrolysis of lignin, corres-
ponds to 99%. However, this chemical hydrolysis includes
toxic solvents and strong oxidisers, which are very harmful to
the environment. Although bio-processes are considerably
more environmentally friendly, the drawback of long trans-
formation waiting time, long purification and the potentially
dangerous use of bacterial strains limit their applications.*?

We report herein the greener synthesis of Cu-MOF-74 for
the first time, to the best of our knowledge, using only metha-
nol as a solvent and at room temperature. Full characterisation
of the material, along with its application as a heterogeneous
catalyst, for the oxidation of trans-ferulic acid to vanillin,
under mild and environmentally compatible oxidation con-
ditions was performed. Additionally, a new catalytic reaction
mechanism as well as the possible structure degradation of
the catalyst is proposed base on computation studies.

Experimental section

Synthetic preparations

A solution of 2,5-dihydroxyterephthalic acid (DHTP, 0.20 g,
1.0 mmol) in MeOH (6.67 g, 208 mmol) was added dropwise
over a solution of Cu(OAc),-H,O (0.40 g, 2.0 mmol) in MeOH
(3.33 g, 104 mmol) for a period of 10 min with constant agita-
tion and at room temperature. A precipitate containing Cu-
MOF-74 as the only crystalline phase is formed. The agitation
was continued for 20 h, at room temperature, after which the
crystalline solid was recovered by centrifugation and washed
with 10 mL of MeOH five times. The crystalline solid was kept
immersed in 10 mL of MeOH for 6 days and exchanged for the
same amount of fresh MeOH 3 times.

PXRD experiments

Powder X-ray diffraction (PXRD) data were collected under
ambient conditions on a Bruker AXD D8 Advance diffract-
ometer operated at 160 W (40 kV, 40 mA) for Cu Kol (1 =
1.5406 A).

Scanning electron microscopy (SEM)
Morphology studies were carried out in an ultrahigh resolution
Philips XL 30 SEM instrument with a tungsten filament.

TGA experiments

Thermal gravimetric analysis (TGA) was performed under N, at
a heating rate of 2 °C min~" using a TA Instruments Q500HR
analyser.
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Gas chromatography experiments

Gas chromatography (GC) was performed using a Carbowax
column (25 m x 0.25 mm ID and 0.25 pum) with a He flow of
2.5 mL min™", FID 250 °C, heating ramps of 8 °C min™" from
40 to 180 °C and of 10 °C min~" from 180 to 210 °C.

Sorption isotherms for N,

N, sorption isotherms (up to P/P, = 1 and 77 K) were per-
formed on a Belsorp mini II analyser under vacuum (10~° bar).
Ultra-pure grade (99.9995%) N, was purchased from PRAXAIR.
Samples of Cu-MOF-74 were activated at 150 °C for one hour
(under 107* bar). N, adsorption isotherms for activated Cu-
MOF-74, at 77 K, were performed to estimate a BET area
(0.01 < P/P, < 0.04) of 1013 m* g~' and a pore volume of
0.37 cm® g™,

DRIFT spectroscopy

DRIFT spectra of the catalytic material (Cu-MOF-74) were
recorded using an FTIR Nicolet 6700 spectrophotometer (DTGS
detector) with a 4 cm™ resolution equipped with a diffuse
reflectance vacuum chamber with KBr windows. DRIFT spectra
were obtained on the as-synthesised Cu-MOF-74 sample (at
room temperature), under vacuum (~6 x 10~ Torr, 8 x 107°
bar), and after increasing gradually the temperature up to
150 °C (in situ experiment).

Catalytic protocol

The activated catalyst (Cu-MOF-74: 150 °C for one hour and
1077 bar), 0.05 g (6 mol%) suspended in EtOH (10 mL, all
EtOH used here was previously degassed by bubbling N, for
5 min) was mixed with 5 mL of H,0, (50 wt% in H,0),
0.25 mL of acetonitrile and 0.50 g (2.57 x 107> mol) of trans-
ferulic acid (dissolved in 20 mL of EtOH) under continuous
stirring. 20 mL more of EtOH were added to the reaction
mixture and heated to reflux for 4 h. In order to follow the
catalytic reaction, an aliquot of 0.2 mL was taken every
30 min and its composition was analysed by column chromato-
graphy. After the reaction was complete, the catalyst was
recovered by filtration; the filtrate was extracted with ethyl
acetate and washed with a saturated solution of NH,CI. The
combined organic phases were dried with anhydrous
Na,S0,, filtered and concentrated under vacuum. Finally, the
residue was purified by column chromatography (AcOEt-
hexane 5 : 95).

Computational studies

Calculations associated with geometry optimisations were
carried out by implementing Gaussian 09."* The geometry of
the model was fully optimised at the B3LYP/LANL2DZ
level.""® Harmonic analyses were performed and local
minima were identified (zero negative values).

This journal is © The Royal Society of Chemistry 2018
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Results and discussion
Characterisation of Cu-MOF-74

After the room temperature synthesis was complete (see syn-
thetic preparations, Experimental section) the crystalline
material (Cu-MOF-74) was first characterised by PXRD. Fig. 1
(top) shows the simulated and experimental PXRD patterns for
Cu-MOF-74 where a good match is observed. The main charac-
teristic of Cu-MOF-74 is the nanocrystalline nature covering
the crystal size range from 35 to 50 nm, with a strong tendency
to agglomerate as shown by SEM microscopy. Fig. 1 (bottom)
shows a SEM micrograph of the as-synthesised Cu-MOF-74
nanocrystals where it is possible to observe, due to the crystal
size, the agglomeration of the crystalline particles which were
isolated after a mild sonication treatment. Thermogravimetric
analysis (TGA, see Fig. S1, ESIf) confirmed the purity of the
sample and the surface area of the activated catalyst (150 °C
and 1077 bar for 1 h) was measured using N, as a probe gas at
77 K. Application of the standard Brunauer-Emmett-Teller
(BET) model to the adsorption data (P/P, = 0.05-0.3) afforded a
measured surface area of 1013 m* g™

Activation of the catalyst (Cu-MOF-74)

The preparation of catalytically active MOFs'® is quite often
carried out using active (unsaturated) metals, which constitute
a coordination network. Thus, the generation of vacant coordi-
nation sites on metal ions is normally achieved by the removal

— Simulated Cu-MOF-74
e As-synthesised Cu-MOF-74

Intensity

20 (%)

SO
500nm

Fig. 1 (Top) PXRD patterns of the calculated (black) and as-synthesised
(green) Cu-MOF-74; (Bottom) scanning electron micrograph of Cu-
MOF-74.
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Fig. 2 PXRD patterns of the Cu-MOF-74 before and after the activation
process.

of labile ligands, commonly solvent molecules. Certainly, the
generation of uncoordinated metal sites has been extensively
focused on enhancing H, uptake in MOFs,"” and remarkable
examples have been presented for catalysis applications.'®
Apart from demonstrating the accessibility for uncoordinated
metal sites, the retention of the crystallinity after the activation
process is fundamental. Thus, we activated an as-synthesised
sample of Cu-MOF-74 at 150 °C for 1 h and under vacuum
(107 bar) to investigate the retention of the crystallinity by
PXRD experiments. Fig. 2 shows the PXRD patterns of the as-
synthesised Cu-MOF-74 and activated samples where the reten-
tion of the crystallinity of the material upon activation is
clearly observed.

Thus, it was demonstrated through PXRD experiments that
the suggested activation conditions did not affect the crystal-
line structure of Cu-MOF-74. To establish whether the acti-
vation conditions removed the coordinated MeOH molecules
(labile ligands) from the metal Cu(u) centres, in situ DRIFT
experiments were carried out. A spectrum was recorded for the
as-synthesised Cu-MOF-74 at 25 °C (room temperature), which
is non-activated. After that, the cell-chamber was outgassed
(~8 x 107 bar) at the same temperature, and a new spectrum
was recorded. Under these conditions, the sample was heated,
by the progressive increase of temperature, from room temp-
erature to 150 °C; a decrease in the intensity of the band
associated with coordinated MeOH to the Cu(u)-metal centre
(1035 em™)'**? was observed. This band, almost disappeared
at 150 °C, indicating that the coordinated MeOH molecules to
the Cu(u)-metal centre were removed as is shown in Fig. 3. In
other words, the overall intensity of the FTIR spectra decreases
when the temperature increases. However, the characteristic
band (1035 cm™") corresponding to coordinated MeOH to the
Cu(u) is completely lost from the spectra (at 150 °C), as pre-
viously reported.'

Catalytic reaction

After experimentally demonstrating that the activation of the
catalyst (Cu-MOF-74) did not affect its crystal structure (PXRD

Dalton Trans., 2018, 47, 4639-4645 | 4641
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Fig. 3 In situ DRIFT spectra of Cu-MOF-74 at various temperatures
under vacuum emphasising the transmission band attributed to co-
ordinated MeOH.

experiments) and the possibility to gain access to the unsatu-
rated Cu(n)-metal centres (DRIFT experiments), catalytic experi-
ments were carried out (see Experimental). The selection of
the oxidation of trans-ferulic acid to vanillin in this contri-
bution was based on previous studies."" Fig. 4 shows the kine-
tics of the total yield of vanillin obtained from the oxidation of
trans-ferulic acid using the activated catalyst Cu-MOF-74 and
in the absence of any catalyst (blank experiment). When the
catalytic reaction was complete (4 h), the reaction yield was
equal to 71% and 97% vanillin selectivity was reached. The
chemical composition of the reaction mixture was confirmed
by GC analysis, and 'H and "*C NMR spectroscopy (see the
ESIT). This reaction yield is comparable to the one obtained by
Pagliaro and co-workers®® and also by using an active Cu(u)-
MOP.""* Furthermore, the use of a copper(n) salt as a catalyst
in the oxidation of ¢rans-ferulic acid was assayed by replacing
Cu-MOF-74 for only Cu(NO;),."* No conversion to vanillin was
observed (Fig. 4).

After completing the catalytic reaction, the catalyst was
recovered by filtration, washed with fresh ethanol and analysed

100 4
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Fig. 4 Vanillin yields resulting from the oxidation of trans-ferulic acid in
the presence of the activated catalyst Cu-MOF-74 and without a catalyst
with H,O, as a function of reaction time, and Cu(NOs), as a control.
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Fig. 5 PXRD patterns of the catalyst Cu-MOF-74 before and after the
catalytic experiment.

by PXRD. Fig. 5 shows the PXRD patterns of the as-synthesised
Cu-MOF-74 and the catalyst after the oxidation of ¢rans-ferulic
acid. Clearly, the crystallinity of the catalyst was partially lost
affording a semi-amorphous material. For a heterogeneous
catalyst it is important to keep its material integrity (e.g. crys-
talline structure) and none or no significant leaching of the
catalytic active metal centre. Thus, inductively coupled plasma
mass spectrometry (ICP-MS) was performed on a hot filtrate
from the catalytic reaction, see the ESLt{ The ICP-MS experi-
ments revealed a Cu(u) leaching of 3.3 mg L™"'. We previously
observed this relatively low chemical stability for Cu-MOF-74
in the oxidation of cyclohexene.'®"

The crystalline phase was identified as copper(n) oxalate
(see ESI, Fig. S41), and it was formed in situ. As previously
reported," the trans-ferulic acid oxidation mechanism leads to
the formation of glyoxylic acid as a by-product, which upon
additional oxidation results in the formation of oxalic acid (for
full mechanism see ESI, Scheme S1t). SEM analyses of the Cu-
MOF-74 after the catalytic reaction showed the presence of two
phases; one can be identified as the amorphous result of the
MOF decomposition, the second are flower-like crystals radiat-
ing from an amorphous centre presumably copper oxalate (see
ESI, Fig. S15%). Additionally, EDS analyses showed a homo-
geneous copper dispersion in both samples (see ESI,
Fig. S16-77), these reinforce our hypothesis of the Cu-MOF-74
partial decomposition and the growth of copper oxalate in situ.

A reaction mechanism for the catalytic transformation, con-
sidering the access to uncoordinated Cu(u) metal sites, has
been previously proposed.'’ Thus, we have taken a simplified
model (structure 1, see Fig. 6) to computationally describe
such a catalytic mechanism (from trans-ferulic acid to vanil-
lin): a Cu(u) metal centre, in a square planar geometry, con-
nected to two carboxylate ligands (Fig. 6 and Scheme 1). In
this model, geometry optimisations were performed.

Scheme 1 reports the optimised structures (from 1 to 9) of
the models that were used in this investigation, according to
the plausible reaction mechanism for the oxidation of trans-
ferulic acid towards vanillin."* Then, the optimised structure 1

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Schematic representation of (A) the pore structure of Cu-
MOF-74 showing the MeOH molecules inside the channel; (B) the pore
structure free of MeOH molecules (as confirmed by in situ DRIFT); (C)
section of the pore (model) that was taken to perform computational
calculations and (D) the optimised structure of the model.
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Scheme 1 Proposed reaction mechanism (via geometry optimisations)
for the oxidation of trans-ferulic acid to vanillin.

(Scheme 1) is coordinated (nucleophilic attack) by H,0, (2)
and breaks two coordination bonds from the carboxylate func-
tional groups to the Cu-metal centre. Structure 2 (see
Scheme 1) is highly stabilised by relatively strong hydrogen
bonds, forbidding the re-coordination of the carboxylate
groups to the metal centre. Indeed, structure 2 is the most
interesting of the catalytic cycle since it entails the activation
of the Cu centres to react in contact with ¢rans-ferulic acid (3),
pushing forward the catalytic transformation. Additionally,
structure 2 explains why Cu(u) ions were leached out after the
catalytic reaction: H,0, is able to partially destroy the square
planar geometry around Cu(u), and at the same time (via
hydrogen bonding) to stabilise these metal centres to perform

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Two different views of the optimised structure 8 emphasising
the intramolecular hydrogen bond lengths.

the catalytic reaction. However, once some coordination bonds
were lost (due to the addition of H,0,), the overall crystallinity
of Cu-MOF-74 was also lost and some leaching of the Cu(u)
ions was observed. In other words, the addition of H,0, pro-
motes (i) the catalytic transformation and (ii) the partial
decomposition of Cu-MOF-74.

Interestingly, all the structures (from 2 to 8, Scheme 1)
showed intramolecular hydrogen bonds (see the ESIt) which
contributed to the stabilisation of the catalytic transformation,
but also broke the coordination bonds around the catalytic
metal centre and for this reason, the reaction did not continue
up to 1 (see Scheme 1).

For example, Fig. 7 shows the optimised structure of struc-
ture 8 (intramolecular hydrogen bonds are indicated), where it
is clearly observed that these hydrogen bonds promote the dis-
sociation of two of the Cu-O bonds and the catalytic Cu(u)
centre is modified.

Conclusions

A greener synthesis of Cu-MOF-74 was successfully achieved,
for the first time to the best of our knowledge, in only metha-
nol at room temperature. PXRD, BET and TGA analyses con-
firmed its purity and SEM microscopy showed the nanocrystal-
line nature of the synthesised material (crystal size from 35 to
50 nm). Access to the uncoordinated Cu(u) metal sites, within
Cu-MOF-74, by thermal activation was demonstrated by in situ
DRIFT experiments. PXRD data showed the retention of the
crystallinity of the MOF material after the activation con-
ditions. Activated Cu-MOF-74 was used as a heterogeneous
catalyst for the transformation of trans-ferulic acid to vanillin,
giving a reaction yield of 71% and 97% vanillin selectivity. The
recovered catalyst was analysed by PXRD showing the phase
transformation of Cu-MOF-74, and ICP-MS experiments con-
firmed the certain leaching of Cu(u), 3.3 mg L™'. Geometry
optimisations corroborated the proposed reaction mechanism
and, more importantly, explained the relatively low chemical
stability of Cu-MOF-74 under the reaction conditions. Our pro-
posed optimised model (Cu(u) in a square planar geometry
connected to two carboxylate ligands) showed how upon
coordination of H,0,, the dissociation of two Cu-O bonds
occurred and although the catalytic reaction proceeded, the
disruption on the framework structure was irreversible, trans-

Dalton Trans., 2018, 47, 4639-4645 | 4643
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formed into copper oxalate. Currently, our research group is
investigating the use of different (softer) organic bases in
order to catalytically convert trans-ferulic acid to vanillin and
to preserve the material integrity of Cu-MOF-74.
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