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Abstract — 5-Hydroxymethylfurfural, a product from renewable feedstock, was
subjected to hydrogenolysis over palladium catalysts in 1-propanol aiming at the
synthesis of 2,5-dimethylfuran, a potential transportation fuel enhancer.
Intermediates are 5-hydroxymethyl-2-(propyloxymethyl)furan, formed with high
selectivity, and 5-methyl-2-(propyloxymethyl)furan. Acetals are assumed to be
initially formed. Acetalisation and hydrogenolysis are catalysed by traces of a
Brensted acid. Important variables are the palladium support and the solvent. In 2-
propanol also ether formation takes place. In 1,4-dioxane mainly 2,5-
bis(hydroxymethyl)furan is formed, in water ring opening becomes a major

reaction. The formation of some side-products is discussed.

INTRODUCTION

2,5-Dimethylfuran receives a growing interest as a liquid transportation fuel component. It is an excellent
octane enhancer with an exceptionally high blending research octane number of 215," whereas, for
example, ethanol has a number of 142 and methyl tert-butyl ether has an octane number of 118.2
2,5-Dimethylfuran is a stable compound, not miscible with water, it possesses a favourable energy

density and a higher boiling point compared to ethanol, nowadays a well known fuel additive.

This paper is dedicated to Professor Emeritus Keiichiro Fukumoto on the occasion of his 75th birthday.
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The rationale behind our investigations was to develop a novel synthesis of 2,5-dimethylfuran from 5-
hydroxymethylfurfural (HMF). This renewable compound is the key chemical in our synthesis and can be
obtained in good yields by acid catalysed dehydration of fructose. In the framework of a growing interest
in renewable feedstock for the chemical industry, fructose is an attractive starting material because of its
ample availability, easy purification and relatively low price. It is produced by isomerisation of glucose,
obtainable from starch or cellulose, by hydrolysis of sucrose, both followed by glucose/fructose
separation, or by hydrolysis of inulin (Scheme 1). One-pot hydrolysis/dehydration of inulin® might
constitute a direct route to 5-hydroxymethylfurfural. Its preparation from carbohydrates and the chemistry
of 2,5-disubstituted furans have been reviewed by Moreau et al.* These authors and a recent overview’
also point out the potentials of HMF derivatives such as furan-2,5-dicarboxylic acid® and 2.5-

bis(hydroxymethyl)tetrahydrofuran as monomers for polyester syntheses.
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Scheme 1. “Green” routes for the preparation of 2,5-dimethylfuran

Descotes et al. have studied carefully’ the hydrogenation of 5-hydroxymethylfurfural aiming at the
selective preparation of 2,5-bis(hydroxymethyl)furan or of 2,5-bis(hydroxymethyl)tetrahydrofuran. Raney
nickel and copper chromites turned out to be suitable catalysts. A careful control of reaction conditions
allowed reaction to stop at the 2,5-bis(hydroxymethyl)furan stage. In the analogous hydrogenation of
furfural to furfuryl alcohol copper chromites are industrially used as catalysts. Here also copper-on-

carbon® and modified Raney nickel’ catalysts gave good results.

As to the hydrogenation/hydrogenolysis of 5-hydroxymethylfurfural into 2,5-dimethylfuran we have
investigated two approaches: the direct multistep conversion of HMF and a route via 5-

chloromethylfurfural. In the latter synthesis'® this compound was hydrogenated over Pd-on-C to give first
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S-methylfurfural and subsequently 2,5-dimethylfuran. For the direct hydrogenation/hydrogenolysis of
HMF Dumesic et al. recently designed'' RuCu-on-C catalysts within a detailed liquid phase process
involving conversion of fructose into 2,5-dimethylfuran. In this process fructose-to-HMF selectivities up

to 84% and HMF-to-2,5-dimethylfuran selectivities up to 71% were obtained.

The present paper reports results on the Pd-catalyzed hydrogenation/hydrogenolysis of
5-hydroxymethylfurfural. Palladium is a well known catalyst for the hydrogenolysis of benzyloxy
compounds which are often applied as hydroxyl group protecting intermediates. The HMF hydrogenation
experiments were carried out in the liquid phase using alcoholic solvents. To our surprise the monoethers
of 2,5-bis(hydroxymethyl)furan were formed with high selectivity. This was not mentioned in earlier

publications on the production of furan derivatives.*'*"?

RESULTS AND DISCUSSION

Hydrogenolysis of 5-chloromethylfurfural (6) — 5-Chloromethylfurfural was subjected to Pd-catalysed
hydrogenolysis using 1-propanol as the solvent at 60 °C. After 90 min reaction time
5-chloromethylfurfural conversion was 98% and the selectivity to 2,5-dimethylfuran was 67.3%.
Moreover, the first hydrogenolysis product, compound 7, (Scheme 2) was present (9.2%) and also the
hydrolysis product of 5, the dione 8 (14.3%). Compound 4 was not observed in the reaction product
indicating that the hydrogenation of 7 is the slow step in the 5-chloromethylfurfural hydrogenolysis. It
may be noted that the hydrochloride acid, formed in the first step will accelerate the hydrogenolysis of 4.
These results are in good agreement with data in a Sumitomo patent,'® in two experiments in ethanol at

20 °C selectivities to 5 of 64.7 and 70.0% are reported.

C'VQ\//O %/Q\/O i>/[}\/°H %’/Q\%/é}\
6 7 4 5 8

Scheme 2. Synthesis of 2,5-dimethylfuran from 5-chloromethylfurfural

Hydrogenolysis of S-hydroxymethylfurfural in organic solvents — The hydrogenation sequence of
HMF in I-propanol using 10% Pd/C catalyst led to unexpected intermediate compounds. Using GC-
MS, we found that the monopropyl ether of 2,5-bis(hydroxymethyl)furan (10) was the main product
(>80% yield) in the initial stage of the reaction (Figure 1a).
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Figure 1. Main hydrogenolysis products of 5-hydroxymethylfurfural in 1-propanol over 10% Pd/C (a),

over 5% Pd/alumina (b), and over 5% Pd/alumina with HCI (¢) vs. reaction time

The formation of ethers from ketones under hydrogenation conditions has been reported before by
Verzele et al.,'* who applied PtO, as a catalyst precursor and lower alcohols, 2.5 M in HCI, as reactant
and solvent. A possible mechanism for this phenomenon was presented by Kieboom and Van Rantwijk'’
who proposed the formation of an intermediate hemiacetal, which is subsequently reduced to the
corresponding ether (Scheme 3). This reaction mechanism would require the presence of acid. In our case,
it is assumed that the palladium on activated carbon used, contains some Bronsted acid at the carbon
surface, which presumably originates from the reduction of PdCl, into Pd(0) and HCI during preparation
of the catalyst. The fact that no dipropyl ether of 2,5-bis(hydroxymethyl)furan was found, indicates that
these ethers are indeed only formed at the aldehyde group and not produced by reaction of 1-propanol
with the hydroxymethyl groups of 2 under these conditions (although an acid-catalysed mechanism can

easily be imagined). It was found that the ether (10) is first hydrogenolysed at the alcohol function,
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followed by hydrogenolysis of the ether bond to produce 2,5-dimethylfuran. Because only very small
amounts of 2,5-bis(hydroxymethyl)furan were found, we conclude that the propyl ethers are the
major intermediates in the hydrogenolysis of HMF (Scheme 3). When 2-propanol was used instead of 1-
propanol, a similar reaction sequence was found, with intermediate isopropyl ethers. Hydrogenolysis of
the isopropyl ether function, however, is slower than that of the propyl ethers. Consequently, compound

11 (R = iPr) becomes the major product here.
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Scheme 3. Main hydrogenolysis sequences of HMF to 2,5-dimethylfuran in 1-propanol over 10% Pd/C or
5% Pd/alumina (with HCI added), including the formation of ethers (R = Cs;H7)

Table I. Results of hydrogenolysis experiments of 5-hydroxymethylfurfural. All reactions at 60 °C, with
0.50 g of HMF, in 20 mL of solvent, and 1 atm H,

No. | solvent catalyst catalyst | reaction | conv. selectivities (%) to
dosage time (%)
(2) (min 2 4 5 7 8 |10 | 11 | 12 | 13 others
1 I-propanol | 10%Pd/C | 0.25 150 100 0 [07[357]| 0 [15]77]199]05]| 0 34.0
2-propanol | 10%Pd/C | 0.25 660 100 0 [09]206| 0 [35]85]431]09]| 0 22.5
3 1-propanol 5%Pd/ 0.50 495 19.2 | 73.4 | 2.1 0 0 0 0 0 0 0 24.5
alumina
4 1-propanol* | 5%Pd/ 0.50 420 100 0 0 | 283 0 (15|59 (248[05] O 38.0
alumina
5 1,4-dioxane | 10%Pd/C | 0.50 740 90.0 | 888 | 0 | 54 | 0 0 0 0 0 0 5.8
6 water** 10%Pd/C 0.25 410 975 1464 |13 09 [04 (24| O 0 0 | 28.2 20.4
7 water*/ 10%Pd/C 0.25 243 969 1200 (02| 27 [|02]45| 0 0 0 | 684 4.0
toluene(2:1)

* 17 puL conc. HCl added, ** 6 pL conc. HCl added
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When 5% palladium on alumina catalyst was applied, no formation of the ethers was observed (Figure
1b); at the same time the yield of 2,5-dimethylfuran decreased drastically. The main product was the diol
2. The hydrogenation of HMF to 2 ceased almost completely after 100 min. Oligomeric products formed
on the alumina might be the reason for this. By adding a small amount of concentrated HCI, the formation
of the propyl ethers 10 and 11 could be induced again (Figure 1c, Table I, Entry 4). This shows that the
presence of a trace of acid is absolutely necessary for the hydrogenolysis of HMF to 5.

Selectivities to 5 did not exceed 40% and passed through an optimum due to the formation of over-
hydrogenated products. Thus, prolonged reaction times caused ring hydrogenation of 5 to 12 and
hydrolytic ring opening of 5, resulting in the formation of 8. Small amounts of the hydrogenation product
of 8, 2,5-hexanediol, were also detected. Furthermore, (partial) ring hydrogenation of the ethers 10 and 11
resulted in the formation of a large number of unquantified products (Table I). From Figure 1 it can be
concluded that Pd/C is the most active catalyst but also increased the consecutive conversion of 5 towards
non-wanted compounds.

Hydrogenolysis proceeded slowly in 1,4-dioxane and, as might be expected,'® 2 became the main product

in this medium.
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Scheme 4. Formation of 1-hydroxyhexane-2,5-dione (13) and 1,2,5-hexanetriol (14) from 5-
hydroxymethylfurfural

Hydrogenolysis of 5-hydroxymethylfurfural in water — Since HMF is produced by acid catalysed
dehydration of fructose in aqueous mixtures, the direct hydrogenolysis in water over Pd/C under acidic
conditions would be interesting. Hydrogenolysis of HMF in water at pH 2.5 and 60 °C (Table I, Entry 6)
resulted in the formation of 2 and of 1-hydroxy-2,5-hexanedione (13), the latter formation was mentioned
earlier’ and ascribed to the hydrogenation of one of the intermediates in the conversion of HMF into

levulinic acid. Alternatively, 13 could be formed via hydrogenation and hydrolysis of HMF.
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Hydrogenation of the furan ring of 2 to the tetrahydrofuran compound and the hydrogenation of 13 and 14
were not observed under our mild reaction conditions.

The yield of 5 by reduction of HMF in water under the present conditions did not exceed 1%. In an
attempt to remove 5 from the water layer during the reaction, toluene was added (Table I, Entry 7). In this
way the yield of 5 could be raised slightly to 2.6%, but the main product was 13, resulting from acid
catalysed ring opening of HMF followed by hydrogenation.

CONCLUSIONS

5-Hydroxymethylfurfural can be converted with hydrogen over Pd catalysts in I-propanol into
2,5-dimethylfuran, with selectivity of up to 36%. Intermediate products are 5-hydroxymethyl-2-
(propyloxymethyl)furan (selectivity > 80%) and 5-methyl-2-(propyloxymethyl)furan. Acetals are
assumed to be initially formed. Acetalysation and hydrogenolysis are catalysed by traces of Brensted acid.
Hydrogenation of 5-hydroxymethylfurfural in water under slightly acidic conditions produces only small
amounts of 2,5-dimethylfuran, the major products are 2,5-bis(hydoxymethyl)furan and the ring opening
product 1-hydroxy-2,5-hexanedione.

EXPERIMENTAL

Chemicals — HMF was kindly provided by Siidzucker AG and was dried prior to use. 5-
Chloromethylfurfural was prepared from HMF."” The 10% palladium on carbon was a sample from H.
Drijfhout NV, Amsterdam. 5% Palladium on alumina powder (Degussa type E211 R/D catalyst) was
obtained from Aldrich.

Hydrogenolysis — Hydrogenolysis experiments were performed in a thermostatted glass batch reactor of
50 mL. A mixture of HMF (0.50 g), catalyst (0.25 g) and solvent (20 mL) was magnetically stirred at
60 °C under 1 atm of hydrogen. Consumption of hydrogen was monitored and samples of the reaction
mixture were drawn via a septum and analysed by GC and GC-MS.

In case of HMF hydrogenation in water, the aqueous samples were first extracted with chloroform. The
chloroform layer was analysed by GC and GC-MS and the water layer was analysed by HPLC and
HPLC-MS.
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