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Introduction

Accelerated decarbonylation of
5-hydroxymethylfurfural in compressed
carbon dioxide: a facile approach+

Maya Chatterjee, 2 *@ Takayuki Ishizaka® and Hajime Kawanami & *2®

Herein, decarbonylation of biomass-based 5-hydroxymethylfurfural (HMF) in compressed CO, with an
unexpected acceleration of the reaction rate and excellent catalytic activity is reported. Without any addi-
tive, CO surrogates, or any organic solvents, via the developed method, an excellent conversion of 99.8%
and highest selectivity of furfuryl alcohol (99.6%) in 4 h at 145 °C were achieved using an alumina-sup-
ported Pd catalyst (Pd/Al,Os). The superior activity is due to the unique characteristics (miscibility of reac-
tant gases and high diffusivity) of compressed CO, and the synergy between CO, and Pd/Al,Oz, where
CO, plays an interesting role in accelerating the reaction by enhancing the diffusion of CO and furfuryl
alcohol (both products have high solubilities in CO,), consequently shifting the equilibrium to the forward
direction. Characterisation of the catalyst suggested its direct interaction with the substrate and provided an
indication of the possible reaction path. Thus, a mechanism was outlined. Compared to the results obtained
using organic solvents, the results obtained using compressed CO, were superior in terms of activity, selecti-
vity, and reaction rate. This strategy highlights easy product separation, improved catalyst life, and a simple
sustainable process. The efficiency of this protocol is confirmed by its potential application to a series of
aldehydes with various substituents to produce decarbonylated products in good to excellent yields.

improved activity, and acceptor-less conditions' have been
investigated. The drawbacks associated with the developed

Biomass is a vast renewable resource suitable as a potential re-
placement of fossil fuels for the development of a sustainable
society. Naturally produced lignocellulosic biomass (a dry
plant-based material) with an intricate polymeric structure
consists of various oxygenated functionalities. One of the
targeted strategies for the implementation of bio-feedstock is
upgradation of the raw materials through the reduction of
oxygen content using defunctionalisation processes, which
include hydrogenation, dehydration, and hydrodeoxygenation;
in addition, decarbonylation is an effective transformation
process; however, it is currently less studied for biomass-
derived compounds. As a major step towards the development
of effective catalysts, metal-based homogeneous systems
with different ligands, the use of CO scavengers for
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catalytic systems are mainly related to the recovery of the
catalysts after the reaction, harsh reaction conditions, and
the requirement of high-boiling solvents, which make the de-
carbonylation process incompatible with a sustainable reaction
procedure.

In this regard, heterogeneous catalysts would be of signifi-
cant interest as compared to homogeneous catalysts because
they provide straightforward catalyst/product separation
through filtration, thus making catalyst recovery easier;
however, heterogeneous catalysts exhibit low reaction rates;
hence, the selective decarbonylation of different aromatic
aldehydes using heterogeneous catalysts in the gas phase faces
the difficulties of tedious reaction conditions, presence of
additives, catalytic deactivation, and low product yield.* Thus,
the development of suitable decarbonylation process that
perform under milder reaction conditions in different organic
solvents using metal nanoparticles or supported metal nano-
particles as catalysts was continued;® however, limitations
such as the requirement of metal additives, CO scavengers, use
of large excess of organic solvents, longer reaction times, and
product separation hindered these developments.

Furan-based compounds have the potential to generate a
variety of products and may thus be implemented in the bio-
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refinery concept; therefore, several strategies have been developed
for their transformation of bio-feedstock into speciality chemi-
cals. As a multifunctional compound, 5-hydroxymethylfurfural
(HMF) is beneficial for the production of a wide spectrum of fuel
or non-fuel materials through hydrogenation, oxidation, hydro-
genolysis of the C-O bond, dehydrogenation, decarbonylation,
rearrangement, dissociation, and polymerisation.®

Decarbonylation of the -CHO group requires abstraction of
the aldehydic hydrogen, which is an endothermic reaction;
thus, elevated temperatures are essential for this process. In
this context, one of the main challenges is to avoid humin for-
mation (soluble or insoluble polymeric species), which gener-
ally occurs at high temperatures and hampers the catalytic
activity.” In addition, the presence of highly active multi-func-
tional groups results in different side reactions and conse-
quently decreases the selectivity of the decarbonylated
product. Moreover, the adsorption and desorption of CO
causes deactivation of the metal surface. Rauchfuss and co-
workers employed an open system using the Pd/C catalyst at
comparatively lower temperatures (120 °C), but the presence of
oxygen was detrimental to the reduced catalysts as well as to
the highly active HMF.® A heterogeneous Pd catalyst supported
on mesoporous silica (SBA-15) provided promising results in
cyclohexane,’ but necessitated the presence of a molecular
sieve (MS 4A) as a CO surrogate (a negative consequence was
the regeneration of MS 4A, which was a tedious process and
changed the resin composition), required a prolonged reaction
time (12 h), and had restricted substrate scope and recyclabil-
ity. To improve the yield, Meng et al. applied alkali metal-
modified Pd catalysts; the decarbonylated product was
obtained at 180 °C with a yield of >90% in 16 h of reaction
after purging N, at an 8 h interval to prevent deactivation.'®*
The same group also employed 28% water along with 1,4-
dioxane, which improved the yield of furfuryl alcohol (95.3%)
under the same conditions as reported in their previous study,
but under a hydrogen atmosphere, i.e. fresh hydrogen was
flushed after 8 h;'°” hydrogen was used as a carrier gas to dis-
tinguish between hydrogenation and decarbonylation as the
furfural moiety could be readily hydrogenated on a Pd catalyst,
which was not reported in the study. Despite these advances,
the decarbonylation reaction conducted using heterogeneous
catalysts still has limited success because of the requirement
of harsh reaction conditions, longer reaction times, as well as
the use of a CO acceptor.

Compressed carbon dioxide (compressed CO,) is a promis-
ing alternative for rapid and selective organic synthesis owing
to its unique properties such as enhanced diffusion rates, easy
product separation, controlled mass transfer resistance, and
improvement of catalyst lifetime. However, reactions with
heterogeneous catalysts are still restricted mainly to hydrogen-
ation and oxidation because of the accelerated reaction rates,
different product distributions, as well as high selectivity
associated with the miscibility of the reactant gases (H, and O,).
A combination of heterogeneous catalysts and compressed
CO, can provide an immense opportunity to develop highly
efficient and environmentally and economically beneficial pro-
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cesses for a sustainable extension to the organic synthesis.
Geilen et al. first reported the decarbonylation of HMF using a
homogeneous Ir catalyst ([IrCl (cod)],) with different phos-
phine ligands in 1,4-dioxane with 5 MPa of compressed CO,.
Although HMF was decarbonylated to furfuryl alcohol with
95% selectivity, the reaction required dioxane as a solvent, a
very high temperature (220 °C), and a long reaction time
(12 h)."

In our previous study, we have successfully developed a
strategy to dehydrogenate alcohol over a heterogeneous Rh
catalyst in compressed CO, using HMF as a model com-
pound.'® During dehydrogenation, decarbonylation of the
aldehyde group was detected as a competing reaction that pro-
duced furfuryl alcohol depending on the reaction conditions.
While screening different metal catalysts for dehydrogenation,
we observed that Pd had the ability to mediate both reactions
(dehydrogenation of alcohols and decarbonylation of alde-
hyde) in one transformation, but the tuning of reaction para-
meters could direct the reaction in a desired direction.

Herein, we attempted the decarbonylation of HMF using a
commercially available Pd/Al,O; catalyst, focusing on the use
of only compressed CO, to play the dual role of a solvent and a
surrogate to the generated gases, especially CO. Specifically,
the goal of this study was to ensure the suitability of com-
pressed CO, in the development of a simple process through
the intelligent tuning of the advantageous physicochemical
properties that could be helpful in building a compact system
to achieve desired transformation under mild reaction con-
ditions without any additional components.

Results and discussion

As abovementioned, HMF can undergo different types of reac-
tions, which affect the selectivity of a particular product, and
eventually, a separation step is required to obtain the desired
compounds. However, the sensitivity of each process strongly
depends on the reaction conditions; hence, careful modulation
of the reaction parameters has an utmost importance in shift-
ing the reaction path towards the preferred direction.
Scheme 1 represents the general transformation routes of

Major path

5-Hydroxymethylfurfural

Furfuryl alcohol (FA)
(HMF)

AT =Y

2, 5-Diformylfuran Furfural (Fur)
(DFF)

Furan

Scheme 1 A general reaction pathway for the HMF transformation.
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HMEF, which can be converted to furfuryl alcohol and 2,5-difor-
mylfuran (DFF) via decarbonylation and dehydrogenation,
respectively. In addition, DFF can be transformed to furfural
again through decarbonylation followed by hydrogenation to
furfuryl alcohol. Furthermore, the dehydrogenation of furfuryl
alcohol can produce furfural, which can be decarbonylated to
furan.

Optimisation of different reaction parameters

CO, pressure. In the first step of optimisation, selection of
proper pressure is essential to tune the properties of com-
pressed CO,. To elucidate the effect of CO, pressure on the
catalytic performance of Pd/Al,O3, a series of reactions were
performed with pressure varying from 4 to 16 MPa while main-
taining a constant temperature (145 °C) and reaction time
(4 h) in the presence (Fig. 1a) and in the absence of air
(Fig. 1b). As shown in Fig. 1a, the reaction proceeded with a
change in catalytic activity depending on the applied pressure;
a very low conversion of ~9% was observed at 4 MPa, which
started to increase with the increasing CO, pressure and
reached 38% at 16 MPa. From the product distribution, it can
be seen that the selectivity of DFF is comparatively higher
(25% at 16 MPa); this suggests that dehydrogenation as
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Fig. 1 Effect of CO, pressure on the decarbonylation of HMF using the
Pd/Al,O3 catalyst; (a) presence of air and (b) N, atmosphere. Reaction
conditions: Catalyst : substrate = 1:10; temperature = 145 °C, and reac-
tion time = 4 h.
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another route competes with decarbonylation. Thus, it is
reasonable to conduct the reaction in the absence of air to
avoid the formation of unwanted by-products.

Fig. 1b shows the excellent pressure (density)-dependent
performance in the absence of air (an inert atmosphere). The
conversion of HMF increased significantly even at a low
pressure of 4 MPa (79.9%). After reaching a maximum of >99%
at 6 MPa, the conversion remained almost constant until 8
MPa. Surprisingly, the conversion of HMF dropped substan-
tially to 54.6% when the pressure was increased to 16 MPa. As
CO, is a compressed gas, at a fixed temperature of 145 °C,
there is a huge change in the density from 0.054 g ml™*
(vapour) to 0.259 g ml™" (supercritical) (NIST chemistry web
book) with an increase in pressure (4 to 16 MPa) that sub-
sequently affects the solubility of the substrate. Thus, it is
reasonable to understand the experimental environment
(phase behaviour) inside the reactor that can provide an expla-
nation for the CO, pressure-based activity of the present reac-
tion. Because of the technical constraints related to the reactor
used to perform the reaction, video monitoring of the phase
behaviour was conducted in a separate setup. After replicating
the applied conditions, the video is expected to offer an actual
scenario of the number of phases present in the system during
the reaction. Fig. 2a-f show the images of the phase behaviour

Fig. 2 Images obtained during the phase observation of the HMF-CO,
system in a view cell at 145 °C. (a) Empty, (b) HMF in cell at various CO,
pressure (c) 6 MPa, (d) 8 MPa, (e) 12 MPa, and (e) 16 MPa. For 12 and 16
MPa, the image obtained taken during stirring is presented, which
clearly shows the status of HMF. Dotted red line represents the liquid
meniscus.

Stirrer bar:

HMF
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obtained at various CO, pressures. Fig. 2a and b represent the
images of the cell before and after the introduction of HMF,
respectively. Naked eye observation indicates a sharp change
in the system environment with a change in CO, pressure
(Fig. 2c—f); at 6 MPa, the view cell is mainly filled with vapour,
and a liquid phase is evident below the stirrer bar (Fig. 2c).
Interestingly, as the CO, pressure was increased beyond 8 MPa,
the liquid phase started to diminish (as can be seen from the
change in the meniscus position) (Fig. 2d and e), and finally, a
single phase was obtained at 16 MPa. By correlating the phase
behaviour with the catalytic activity, it was logical to suggest
that the adsorption of the substrate on the catalyst surface con-
trolled the reaction'® because the substrate was more concen-
trated around the catalyst when the CO, pressure was low, and
the reaction progressed with an accelerated rate. On the other
hand, at higher pressures, the increased solubility of HMF in
compressed CO, caused a decrease in the substrate concen-
tration near the catalyst surface and generated a HMF-enriched
CO, phase (Scheme 2); this could explain the reduced catalytic
performance related to a change in the mass transfer
properties.'*

Effect of temperature. As abovementioned, decarbonylation
of aldehyde is an endothermic reaction; hence, most of the
studies have revealed an exceptionally high temperature
regime for catalytic decarbonylation. By conducting the reac-
tion in compressed CO,, the temperature can tune the density
and consequently the solubility, which in turn affects the
phase behaviour. The conversion of HMF was investigated in
the temperature range from 80 °C to 150 °C at a fixed pressure
of 6 MPa (Fig. 3). Notably, the vapour state of CO, was main-
tained in the temperature range studied herein, and there was
a nominal change in the density from 0.110 g ml™* (80 °C) to
0.0835 g ml™" (145 °C) at the fixed pressure of 6 MPa. Thus, no
significant change was observed in the phase behaviour. The
results presented in Fig. 3a revealed an unexpectedly poor con-
version of HMF (6.1%) at 80 °C that increased monotonically
with temperature and plateaued at or above 145 °C. Almost
quantitative conversion of HMF (>99%) was achieved at
145 °C. There was a significant difference in the product
selectivity depending on the temperature; as seen in Fig. 3a,
the product selectivity transferred from dehydrogenation (DFF)
to decarbonylation (FA) at 130 °C; the formation of DFF was
favoured at low temperatures, and DFF was the major product

co, (g)
Reactant + COI (U}
Reactant
Catalyst / Support Catalyst / Support
(@) (b)

Scheme 2 Schematic of the possible scenario inside the reactor under
(a) low and (b) high pressure conditions.
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Fig. 3 Effect of temperature on the (a) catalytic activity and selectivity
and the rate of (b) decarbonylation (TOFg) and dehydrogenation
(TOFprr) over the Pd/Al,Os catalyst. Reaction conditions: catalyst:
substrate = 1:10, Pco, = 6 MPa, and reaction time = 4 h. TOF =
Turnover frequency (TOF) = number of moles reacted/moles of metal x
time (calculated on the basis of the lowest conversion of around 6%).

from 80 °C (selectivity ~80%) to 100 °C (selectivity 61%)
(Fig. 3a), but decarbonylation dominated above 130 °C.

We evaluated the temperature-dependent reaction rate
corresponding to dehydrogenation (TOFpgr) and decarbonyla-
tion (TOFg,) in terms of turnover frequency (TOF) at the con-
version level of ~6%. Fig. 3b shows a comparison between the
rate of formation of furfuryl alcohol (TOFg,) and that of DFF
(TOFppp) with the applied temperature. At 80 ©°C, TOFg,
(1.6 h™") was lower than TOFpgp (4.8 h™'), but started to
increase with temperature and reached a maximum of 92.0 h™*
at 145 °C. When the temperature was further increased to
150 °C, the TOF was slightly improved to 94.1 h™". On the
other hand, except those at 80 °C, all TOFpgr values were lower
than the TOFg, values (Fig. 3b) and further reduced at higher
temperatures (12.4 h™'; 145 °C). This suggests that the acti-
vation energies of the two paths leading to the formation of
furfuryl alcohol and DFF are different. Therefore, the obtained
results underline the importance of the applied temperature to
dictate the dominance of the kinetically or thermodynamically
controlled path."® Hence, kinetics is a straightforward explica-
tion for the increase in TOFg, with temperature rather than the
correlation of the reaction rate with the phase change model,

This journal is © The Royal Society of Chemistry 2018
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as described in Fig. 2. Based on the results presented in
Fig. 3a and b, a temperature of 145 °C was used as the
optimum temperature for HMF decarbonylation.

Reaction time versus catalytic performance. Fig. 4a presents
the time profile of the reaction (temperature of 145 °C and
Pco, of 6 MPa). With the variation of reaction time from
15 min to 8 h, the activity of the catalyst changed (Fig. 4a).
There was no detectable transformation right after the intro-
duction of the substrate (0 min). At the shortest time (15 min),
the conversion of HMF was low (6.1%), but started to increase
with time, which reached a maximum of >99% in 4 h and then
remained almost constant. The change in conversion was also
associated with the alteration of the product selectivity; after
15 min, the product mixture contained 76.7% furfuryl alcohol
and 23.3% DFF. No other products were observed in the detect-
able range. As the reaction progressed, the selectivity of fur-
furyl alcohol increased to 99.6%, whereas the selectivity of DFF
decreased to 0.4%. This observation suggests that the trans-
formation of HMF to furfuryl alcohol can occur (i) via direct
decarbonylation and (ii) through DFF. The yield vs. conversion
curve provides further possibility to distinguish between the
primary and secondary reactions. The curve with a linear
approach from the origin represented the primary product; on
the other hand, the product recognised by an increased fol-
lowed by a decreased yield corresponded to the secondary reac-
tion.'® The conversion-dependent yield plot (Fig. 4b) revealed
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Fig. 4 Time profile of the (a) catalytic decarbonylation of HMF and (b)
yield vs. conversion on Pd/Al,O3 catalyst. Reaction conditions: catalyst :
substrate = 1:10, Pco, = 6 MPa, and temperature = 145 °C.
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that at the lowest conversion, furfuryl alcohol and DFF were
obtained with a yield of 3.9% and 1.4%, respectively. The yield
of furfuryl alcohol increased steadily with conversion (major
path), but DFF disappeared after reaching a maximum (4.4%)
at 20% conversion (minor path of the HMF transformation).
Notably, we also detected furfural with a very low yield (0.6%)
at 50% conversion that disappeared in the final product.
According to Scheme 1, furfural can be obtained from the dec-
arbonylation of DFF or through the dehydrogenation of fur-
furyl alcohol. Herein, we can ignore the possibility of the
direct formation of furfuryl alcohol from HMF by hydrogenoly-
sis, which requires the presence of water and CO,."” In a con-
trolled experiment, DFF was completely converted mainly to
furfural (86.3%) (Table 2; entry 7). On the other hand, furfuryl
alcohol was converted to 36.9% furfural although with a very
poor conversion (5.1%) (Table 2; entry 8). Based on the results
of the controlled experiments, DFF has emerged as a possible
source of furfural that can be further hydrogenated to furfuryl
alcohol using surface hydrogen, which has also been con-
firmed by another experiment with trace amounts of hydrogen
(Table 2; entry 9). Hence, the transformation of HMF to fur-
furyl alcohol can occur through direct decarbonylation (major)
as well as via DFF (minor) under the present conditions.
Catalyst/substrate ratio. Like the case of other parameters
(temperature, pressure, etc.), the optimisation of the catalyst to
substrate ratio under the studied reaction conditions is also
important. Investigations on the variation of catalyst : substrate
(wt) ratio was carried out from 1:1 to 1:30 at a fixed reaction
time of 1 h (Fig. 5a). At a low ratio of 1: 1, complete conversion
was observed, but it dropped significantly (4.9%) as the sub-
strate amount increased 30 times that of the catalyst. At the
lowest conversion (~5%), the TOF is enhanced from 18 h™*
(1:1) to 116 h™" (1:30); thus, to achieve a high performance
after maximising the substrate concentration, appropriate reac-
tion conditions are necessary. In this context, increasing the
reaction time can also enhance the conversion. Fig. 5b pre-
sents the catalytic activity and product selectivity after 4 h of
reaction. The result shows that except for the case of the 1:1
system, in which the conversion dropped (70.2%) because of
the generation of black polymeric substances, the conversion
increased after extending the reaction time to 4 h. A highest
conversion of >99% was achieved using the 1:10 ratio,
whereas a vast improvement (40.2%) was observed for
maximum substrate concentration (1:30). A comparison of
the product distributions (Fig. 5a and b) indicated that at a
low substrate concentration (1:1), the selectivity of furfuryl
alcohol dropped from 93.7% (1 h) to 80.2% (4 h); this might
be attributed to the longer reaction time that led to the sub-
strate scarcity near the catalyst surface and triggered other side
reactions. On the other hand, although a higher ratio (1:30)
showed improved selectivity of furfuryl alcohol from 52.8%
(1 h) to 87% (4 h), unwanted products (dehydrogenated, con-
densation, etc.) were also detected. Thus, at high substrate con-
centrations, the overcrowded surface resulted in the increased
selectivity of DFF that might be related to a change in the
adsorption geometry that influenced the activity and selectivity
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Fig. 5 Effect of the catalyst: substrate ratio (wt.) on the activity of Pd/
Al;Os3 catalyst at (a) 1 h and (b) 4 h. Reaction conditions: Pco, = 6 MPa
and temperature = 145 °C.

of the reaction.’® As the reaction progressed, the transform-
ation of DFF to furfuryl alcohol occurred, and the selectivity
increased. Hence, in the applied protocol, the catalyst:
substrate ratio is a critical parameter to control the activity and
selectivity. To achieve maximum conversion and selectivity to
furfuryl alcohol, an optimum ratio of 1:10 was used through-
out the experiment.

Different organic solvents and solvent-CO,. After optimizing
the reaction parameters, different organic solvents, such as
tetrahydrofuran (THF), cyclohexane, and hexane, were tested
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for the decarbonylation of HMF under the present reaction
conditions. Notably, a nonpolar and a borderline (THF)
solvent were chosen to compare the activity with that of com-
pressed CO,, and the results are shown in Table 1. Under the
same reaction conditions, the conversion of HMF varied
depending on the solvent used and followed the order: hexane
(92.5%) > cyclohexane (85.2%) > THF (59.1%) (Table 1; entries
1 to 3). Furfuryl alcohol was detected as the major product
independent of the solvent used, and the selectivity order was
hexane (95.6%) > cyclohexane (76.9%) > THF (50.1%), showing
a clear trend depending on the solvent polarity. No DFF was
detected in hexane and cyclohexane (Table 1; entries 1 and 2),
but 43% of DFF-enriched product mixture was found in THF
(Table 1; entry 3).

After applying a fixed pressure of CO, (6 MPa) to the above-
mentioned solvents, a change was observed, especially in the
selectivity of furfuryl alcohol (Table 1; entries 4 to 6). The
selectivity increased to 90% and 92% in THF and cyclohexane,
respectively, (Table 1; entries 4 and 5) after suppressing the
other side reactions observed in the absence of CO,; however,
hexane maintained a constant selectivity (95%). A positive
influence was also observed on the conversion of HMF in THF,
which increased significantly to 70%, but slightly dropped in
the other two solvents. This might be attributed to the pres-
ence of a co-solvent that affected the solvation of CO, mole-
cule, and the activity decreased.’® Hence, by comparing the
results with those obtained using non-polar solvents, it can be
inferred that compressed CO, has a decisive influence on the
catalytic activity, and it is possible to achieve a significantly
improved performance regarding the selectivity of furfuryl
alcohol.

Effect of the support materials. It has to be mentioned that
the catalyst support has a wide range of effects that originate
from direct involvement and influence the particle size (dis-
persion), charge transfer between metal and support (metal
support interaction), redox property etc., which can influence
the activity of the catalyst.>® To elucidate the role of the
support material in the decarbonylation of HMF in com-
pressed CO,, we examined Pd supported on different types of
materials (Table 2). In each case, the metal concentration was

Table 1 Decarbonylation of HMF in different organic solvents and in solvent + CO, using the Pd/Al,O5 catalyst

Product selectivity (%)

Entry Solvent Conv. (%) Furfuryl alc. DFF Furfural Others
Organic solvent

1 THF 59.1 60.1 32.9 6.9 —

2 Cyclohexane 85.2 76.9 . 5.2 17.9

3 Hexane 92.5 95.6 — 4.4 —
Organic solvent + CO,

4 THF 70.0 90.9 5.5 3.3 —

5 Cyclohexane 81.4 92.0 3.4 4.6 —

6 Hexane 84.0 95.5 — 4.5 —

Reaction conditions: catalyst : substrate = 1:10; Py, = 0.1 MPa; Temp. = 145 °C; reaction time = 4 h; metal content ~5 wt%; entries 1-3: solvent =

~7 ml (corresponds to the moles of CO, used); entries 4-6: Pco, = 6 MPa.
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Table 2 Activity of the supported Pd catalysts for the decarbonylation of HMF in compressed CO,
Product selectivity (%)

Entry Catalyst Dispersion” (%) Conv. (%) DFF Furfuryl alc. Other
1 Pd/AlLLO; 21.4 99.8 0.4 99.6 —

2 Pd/MCM-41 5.6 22.8 26.1 73.9 —

3 Pd/AI-MCM-41 4.8 45.6 9.1 90.9 —

4 Pd/C 12.1 86.0 10.4 86.6 2.7

5 Pd/hydrotalcite 20.2 65.2 58.3 37.9 3.8

6 Al,O4 — — — — —

7° Pd/ALO; — >99.0 — — >99.0°
8? Pd/AlLLO; — 5.1 — — >99.0°
9/ Pd/AlL,O; >99.0 — 97.8 —

Reaction conditions: Catalyst: substrate = 1:10; Pco, = 6 MPa; Py, = 0.1 MPa; Temp. = 145 °C; reaction time = 4 h; 0.05 mol% of Pd.
“ Approximate expression of metal dispersion = 0.9/diameter (in nm); [see ref. 36]. ° DFF as substrate. ©86.3% = furfural and 13.7% = other.
4 Furfuryl alcohol as substrate. 36.9% furfural and 63.1% condensation products. /Controlled experiment with DFF in the presence of trace

amounts of hydrogen for 1 h.

fixed to ~0.05 mol%. The dispersion of Pd was calculated from
the particle size distribution (ESI; Fig. S6), which varied from
5% to ~21% depending on the support used. An inert support
such as MCM-41 (only Si) provided <25% conversion (Table 2;
entry 2); however, after modification with Al, the conversion
reached ~46% (Table 2; entry 3). A very high conversion of
86% was observed on Pd/C (Table 2; entry 4), whereas 65.2%
HMF was converted over Pd/hydrotalcite, which was a basic
support (Table 2; entry 5). The product distribution also high-
lights the support effect. Under the applied conditions, fur-
furyl alcohol was the major product on MCM-41 (73.9%) as
well as on AI-MCM-41 (90.9%) (Table 1; entries 2 and 3). In
addition, Pd/C also offers an excellent selectivity of furfuryl
alcohol (86.6%) accompanied by DFF (10.7%) and 2.7% of
other by-products (Table 2; entry 4). Although Pd/Al,O; and
Pd/hydrotalcite exhibit comparable Pd dispersion, dehydro-
genation predominates over decarbonylation on hydrotalcite;
DFF is obtained as a major product with a selectivity of 58.3%
(Table 2; entry 5). The conversion and selectivity of furfuryl
alcohol among the catalysts were investigated; they followed
the order Al,O; > C > hydrotalcite > AI-MCM-41 > MCM-41 and
Al, O3 > C > AI-MCM-41 > MCM-41 > hydrotalcite, respectively.
From these results, it can be suggested that all the catalysts are
active under the studied conditions. Furthermore, the nature
of the support material plays an important role; acidic sup-
ports are more efficient than basic supports; this can be
explained by their role in the modification of active sites (Pd)
through the enhancement of the electron deficiency of noble
metals.”® The excellent performance of Pd/Al,0; may be
related to the possible interaction of Pd with Al,O; ** as Al,O;
itself is completely inactive in the reaction (Table 2, entry 6).
However, the present results do not allow us to reach a precise
conclusion, which requires a detailed study. Previously, a
support-dependent activity has also been observed in the gas-
phase decarbonylation of furfural.”

Scope of the developed method. After successful application
of the developed method in the decarbonylation of HMF, the
process was further extended to other heterocyclic aldehydes

This journal is © The Royal Society of Chemistry 2018

under the optimised reaction conditions (temperature of
145 °C, reaction time of 4 h, and Pco, of 6 MPa) (Table 3). In
each case, the decarbonylated product was detected as the sole
product. Furfural and 5-methylfurfural were converted to their
corresponding decarbonylated compounds with an excellent
yield of >99% and 92.5%, respectively (Table 3; entries 1 and 2).
Furthermore, in addition to furanic compounds, pyrrole alde-
hyde also underwent decarbonylation to produce pyrrole
(56.2% yield) (Table 3; entry 3). The method was then extended
to a series of substituted benzaldehyde. Depending on the
presence of electron-withdrawing and electron-donating
groups, the activity of the compound varied; nitro-substituted
benzaldehydes exhibited good to excellent yields based on the
position of the substituent, which followed the sequence
- (100%) > m- (90.6%) > o- (26.8%) (Table 3; entries 4, 5, and 6).
The presence of -OH and -OMe groups in p-substituted benz-
aldehyde also affords the corresponding decarbonylated pro-
ducts without affecting the other functional groups; p-hydroxy-
benzaldehyde shows tolerance to the -OH group and is suc-
cessfully converted to phenol with 64.4% yield (Table 3; entry 7).
On the other hand, 76% anisole was generated smoothly from
the decarbonylation of p-anisaldehyde (Table 3; entry 8).
Moreover, 55% toluene was obtained from p-tolylaldehyde
(Table 3; entry 9). Interestingly, styrene reached an excellent
yield of 99% from the decarbonylation of trans-cinnamalde-
hyde (Table 3; entry 10). Indole-3-carboxaldehyde, a bicyclic
compound, also decarbonylated to indole with a high yield of
68.3%. Thus, the efficiency of the developed method was con-
firmed by the powerful performance of a wide range of alde-
hydes to achieve quantitative selectivity of the targeted decar-
bonylation products.

Catalyst recycling

Recycling is one of the most advantageous factors of a hetero-
geneous catalyst for the environmental and economic sustain-
ability of a process. In the decarbonylation process, it is con-
sidered that the catalytic deactivation can originate from the
adsorption of CO on the metal surface. Thus, to assess the
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Table 3 Substrate scope of the decarbonylation reaction on the Pd/
Al,Os3 catalyst

Entry Substrate Product yield (%)
a ) o_H
' Y I
(>99.0)
2 (0] 0 H
Y —
(92.5)
3 N Ne_H
N If° \
(56.2)
° (>99.0)
5 Q. Q.
02N = O2N H
(90.6)
6 O\ H
o e
NO2
(26.8)
° (64.4)
0 C
’ /o—<: :>—// /O H
(75.8)
9
)
(53.7)
(98.9)
11° 0= H
fe SR
N N
(68.3)

Reaction conditions: catalyst : substrate = 1:10; Pco, = 6 MPa; Py, = 0.1
MPa; Temp. = 145 °C; time = 4 h. a = 6.5 h, b = 12 h; in each case, the
decarbonylated product was detected as the sole product.

efficiency of the spent catalyst, it was recycled after separation
from the product mixture by filtration (ESI; Fig. S1t). The used
catalyst retained its activity until the 5™ recycle, which then
dropped slightly without affecting the product selectivity. After
confirming the stability of the metal by a hot filtration test,
surface characterisation of the catalyst was conducted using
different spectroscopic techniques.

Green Chem.
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Transmission electron microscopy (TEM) images of the
fresh and used catalysts and the corresponding particle size
distributions are shown in Fig. 6a and b, respectively. In the
fresh catalyst, spherical Pd particles with an average size of
4.2 + 0.4 nm were detected on the Al,O; surface (Fig. 6a).
Similarly, from the calculation of the particle size distri-
butions, the TEM image of the spent catalyst (Fig. 6b) did not
reveal any sign of agglomeration of metal particles or depo-
sition of carbonaceous materials, and the particle size of 4.8 +
0.3 nm was almost retained.

The FTIR spectra of the fresh and used catalysts were
obtained in the range of 4000-400 cm™' and are depicted in
Fig. S2a and S2b,T respectively (details are provided in the ESI
sectiont). In the spectrum of the spent catalysts (Fig. S2b¥), no
peak was detected in the 1800-2100 cm ™" range (dotted rec-
tangle in Fig. S2bt) corresponding to adsorbed CO on metallic
Pd,”® which is one of the possible factors of catalyst de-
activation during decarbonylation.** The high miscibility of
CO in compressed CO, might prevent the adsorption of CO on
the catalyst surface, as confirmed from the analysis of the
gaseous part after the reaction (ESI; Fig. S3t), eventually
improving the catalyst life. Thus, the decreased catalytic
activity can be related to the loss of catalyst because of hand-
ling during separation.

In the fingerprint region (1700-1100 ¢cm™"), the FTIR spec-
trum of the used catalyst also shows a number of signals at
1190, 1280, 1400, 1510, 1620, and 1676 cm™" (an expanded
view is illustrated in ESI; Fig. S4at). The described IR bands
belongs to HMF,* and the assignments can be made from an
overlay spectrum of HMF (ESL: Fig. S4b; details are in the
ESIt). The band at 1676 cm ™" is due to the carbonyl group of
HMF, which shifts to 1665 cm™" in the used catalyst because

Fig. 6 TEM images and particle size distribution of the Pd/Al,O3 cata-
lyst: (a) fresh and (b) used.

This journal is © The Royal Society of Chemistry 2018
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of the possible adsorption on Pd, and explains the interaction
of HMF with the metal surface through the aldehyde function-
ality.*® In addition, a very weak band appears at 1620 cm™,
which may be attributed to the C=C stretching vibration of
the furan ring bound to the carbonyl group. A small shoulder
at 1720 cm™" indicates the possible C=0 stretching of alde-
hyde (marked with *). Regarding the peaks in the -OH region
(3500-3200 cm™), the signal of the spent catalyst is broader
than that of the fresh catalyst with a maxima at 3425 cm™*
because of the possible change upon adsorption of HMF. In
addition, the peaks related to the aromatic and aldehyde C-H
stretching are observed at 2920 cm ™' and 2860 cm™,
respectively.

To understand the change in the metal environment before
and after the reaction, XPS was performed on the fresh and
recycled catalysts (ESI; Fig. S5T). Fig. S5a and S5b¥ exhibit the
3d region spectra of Pd in the fresh and used catalyst, respect-
ively. The Pd 3d core level spectrum of the fresh catalyst con-
tains two well-separated components at 334.9 eV (3ds;,) and
340.3 eV (3ds),) corresponding to Pd°, which are also present
in the spectrum of the recycled catalyst (335.3 eV (3ds/,) and
340.6 eV (3dj,), respectively). There is no peak related to the
PdO, species in the higher binding energy region. The atomic
concentrations calculated in the fresh and recycled catalyst are
4.7% (Pd), 36.8% (Al), and 58.5% (O) and 4.4% (Pd), 37.2%
(Al), and 58.7% (O), respectively. In addition, XPS revealed a
slight change in the amount of Pd atoms on the surface of Pd/
Al,O; measured in terms of Pd/Al ratio, which increased
slightly from the fresh catalyst (0.072) to the recycled catalyst
(0.110) and was attributed to a nominal change in the dis-
persion of the metal on the catalyst surface.?” The XPS spectra
of the support materials confirmed the minor changes in the
binding energies of the Al 2p and O 1s spectra (ESIf).

Possible mechanism

Elucidation of the reaction mechanism is important to under-
stand each reaction step and helpful for further implemen-
tation of the developed method. It is difficult to predict a clear
cut mechanism for the studied reaction based on the present

OH

Scheme 3 Proposed reaction mechanism.
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results; thus, only an outline is proposed (Scheme 3). Herein,
the reaction was conducted in compressed CO,, and there was
every possibility of the chemical participation of CO,>® by
direct interaction with the substrate®® and with the catalyst.*®
Considering the experimental results, we observed that the
highest catalytic activity was obtained in the substrate-rich
phase; hence, the possibility of substrate-CO, interactions was
dismissed. The IR spectrum of the used catalyst shows no
bands related to the carbonate species that generally exist in
the presence of CO,.*! Therefore, CO, can be considered a CO
acceptor in the present system, which causes a shift in the
reaction equilibrium and enhances the reaction rate (ESI;
Fig. S37).

The best performance of the catalyst was achieved under
the two-phase condition (CO,-substrate), suggesting a surface-
controlled reaction; however, only the support surface (Al,O3)
is completely inactive in the reaction, which requires Pd
(Table 2; entry 6). Therefore, we propose that in the first step,
HMF is invariably adsorbed on the metal surface through the
aldehyde functionality, as confirmed from the product distri-
bution. From the spectral analysis of the used catalysts, we
also detected a shift of the aldehyde ~C-O band and a change
in the aromatic skeletal vibration region (1600 and 1500 cm™*).
The transformation of HMF into furfuryl alcohol can be postu-
lated as a consequence of the C-C bond scission between the
aryl and aldehyde groups. Previously, Song et al. have reported
that the cleavage of a C-C bond is easier than that of a C-H
bond in aryl aldehyde due to the strong interaction between
the aryl group and the catalyst surface that causes a weakening
of the C-C bond.*® In addition, a strong interaction of the
aldehyde group and furan ring with the same metal surface
was also reported.®® In the next step, the cleavage of the C-C
bond causes decarbonylation followed by reductive elimin-
ation and results in the decarbonylated product. The minor
dehydrogenation reaction might be the consequence of the
interaction of the -OH proton with the neighbouring surface
oxygen.”* Furthermore, the role of the support material cannot
be ignored, as described in the previous section, which needs
further investigations.

Conclusion

In conclusion, we have developed an efficient decarbonylation
methodology free from any organic solvent or CO scavenger for
the selective decarbonylation of biomass-based platform mole-
cules, such as HMF, using a commercially available Pd/Al,O;
catalyst in compressed CO,. The unique properties of the reac-
tion medium can be beneficially applied in the conversion of
HMF to furfuryl alcohol with very high selectivity (99.6%).
Indeed, the incorporation of compressed CO, significantly
improved the catalytic activity. Neither CO, nor Pd alone
appears suitable for the reaction, but a combination of both
provides high catalytic performance and excellent product
yield through the proper control of the reaction variables. A
minor path through dehydrogenation was also detected, but
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had nominal effect on the product selectivity. This process
allows an easy separation of the product simply by depressuri-
sation. Based on the characterisation of the fresh and used
catalyst, a reaction mechanism was proposed. The catalytic
system provides appreciable reusability and shows tolerance to
a series of different types of substrates with various substitu-
ents, which generate the corresponding decarbonylated com-
pounds with good to excellent yield without affecting the sub-
stituents. Our future challenge is to investigate the role of the
oxide support in the presence of compressed CO, and to deter-
mine the exact reaction mechanism after the proper under-
standing of the status of the reaction medium.

Experimental

Materials

5-Hydroxymethylfurfural (HMF) (Aldrich) was used as received.
Carbon dioxide (>99.99%) was supplied by Nippon Sanso Co.
Ltd. 5% Pd/C and 5% and 1% Pd/Al,O; were obtained from
Aldrich. Pd(u) sodium chloride was obtained from Aldrich, and
~1% Pd/hydrotalcite was obtained from Wako Pure Chemicals.
Cetyltrimethylammonium bromide used as a template for the
MCM-41  synthesis was  obtained from  Aldrich.
Tetraethylorthosilicate, which was used as the silica source,
was obtained from Wako Pure Chemicals.

The metal catalyst supported on MCM-41 was synthesised
in our laboratory using a modified method.?* In each case, the
metal content was maintained as ~5%. Unless otherwise
stated, all the chemicals were used without further purifi-
cation. Details of the catalyst characterisation techniques are
provided in the ESL{

Phase observation

Video monitoring of the phase behaviour of HMF in com-
pressed CO, at 145 °C was performed separately in a 10 ml
high-pressure view cell. At first, HMF was introduced into the
cell followed by CO, after stabilisation of the temperature. For
phase observation during the reaction, the content was stirred
continuously, and images were obtained at each step.

Catalytic performance

A 50 ml batch reactor placed in a hot air circulating oven was
used to test the reaction on the laboratory scale. In a typical
experiment, a specified amount of the catalyst and substrate
were introduced into the reactor. The reactor was flushed
5 times with nitrogen to remove air. The reactor was heated for
a specified amount of time to stabilise to the required temp-
erature (145 °C). After stabilisation, CO, was charged into the
reactor using a high-pressure liquid pump and then com-
pressed to the desired pressure. The content of the reactor was
stirred with a magnetic stirrer bar during the reaction. After
the reaction, the reactor was quenched using an ice bath, fol-
lowed by careful depressurisation and the separation of the
solid catalyst from the liquid product simply by filtration. The
detailed analytical method is provided in the ESL.f
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