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Stereoselective Intramolecular Dehydration of 2,5-Hexanediol in
High-Temperature Liquid Water with High-Pressure Carbon Dioxide
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ABSTRACT: Intramolecular HOH
dehydration of chiral 2,5-hexa- A/Y
nediol, (2R,SR)-(—)-2,5-hexa- H OH
nediol (2R,SR-HDO) or
(2S,55)-(+)-2,5-hexanediol

or

(2R,5R)-(-)-2,5-Hexanediol (28,58)-(+)-2,5-Hexanediol

HO H
A/Y H20 + C02 H3C~<i7/CH3
HO H 523 K

cis-2,5-Dimethyltetrahydrofuran

(25,55-HDO)), to cis-2,5-dimethyltetrahydrofuran (cis-2,5-DMTHF) was studied in high-temperature liquid water at 523 K. The rate of
dehydration could be enhanced by adding high-pressure carbon dioxide to the reaction system. Selectivity to cis-2,S-DMTHF was more
than 85% in the total product mixture comprising cis- and trans-2,5-DMTHEF from the dehydration of 2R,5R-HDO or 25,55-HDO at
523 K, indicating that the intramolecular dehydration proceeded mainly via an Sn2 pathway in high-temperature liquid water.
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he chemical transformation techniques of converting bio-

mass-derived carbohydrates to valuable compounds are
indispensable for establishing a sustainable society.' > Dehydra-
tion reactions of biomass-derived carbohydrates, which are
polyalcohol compounds such as fructose, sorbitol, and glycerol in
most cases, are important to obtain valuable products with desired
boiling points, water solubilities, octane numbers, and viscosities.”
The chemistry of intramolecular dehydration of polyalcohol com-
pounds provides a key technology for developing an eflicient
conversion process of biomass derivatives to useful materials.>®

High-temperature liquid water has attracted much attention as a
promising solvent and as an alternative to harmful organic solvents.”*
Self-ionization of water is highly feasible at higher temperature than
that at ambient temperature, leading to high values of concentrations
of proton and hydroxide ion which can enhance acid- or base-
catalyzed reactions.”® Furthermore, the addition of high-pressure
carbon dioxide in high-temperature liquid water is reported to
enhance the dehydration rate of polyalcohol compounds.” **
Carbon dioxide dissolves in water to form carbonic acid, accelerating
the acid catalysis of high-temperature liquid water. The combination
of water and carbon dioxide are environmentally benign because
the added carbon dioxide can be separated easily by simple
depressurization after the reaction.

In this paper, we report the stereochemistry of the intramo-
lecular dehydration of 2,5-hexanediol (2,5-HDO) to 2,5-di-
methyltetrahydrofuran (2,5-DMTHF) in high-temperature liquid
water and high-pressure carbon dioxide. The dehydration reactions
of (2R,5R)-(—)-2,5-hexanediol (2R,SR-HDO) or (25,55)-(+)-2,5-
hexanediol (25,5S-HDO) were reported previously to produce
cis-2,5-dimethyltetrahydrofuran (cis-2,5-DMTHF) by phosphoric
acid and both cis- and trans-2,5-dimethyltetrahydrofuran (tarns-2,5-
DMTHEF) were obtained using sulfuric acid.'*"® In this work, we
studied the intramolecular dehydration of 2,5-HDO without any
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strong inorganic acid and revealed the reaction mechanism of the
dehydration in high-temperature liquid water.

The chiral reactants, 2R,SR-HDO and 2S,5S-HDO, were
purchased from Wako Pure Chemical Industries, Ltd. and used
without any further purification. The dehydration of 2,5-HDO
(2R,SR-HDO or 25,55-HDO) was carried out in a batch reactor
(inner volume: 6 cm®) made of a SUS316 tube. 2,5-HDO
aqueous solution (3 cm”, 1 mol dm ™) was loaded in the reactor,
which was then purged with argon gas to remove air. Carbon
dioxide (10 MPa) was then loaded in the reactor at 323 K. The
reactor was submerged into a molten-salt bath at the desired
reaction temperature for a given reaction time and then sub-
merged into a water bath for cooling to ambient temperature.'* A
mixture of the reactant and liquid products was taken out from the
reactor with distilled water and filtered to remove solid products. The
amount of organic carbon in the liquid fraction was evaluated using a
total organic carbon analyzer. The quantitative analysis of the liquid
products was conducted by gas chromatography with a flame ioniza-
tion detector (GC-FID) equipped with a DB-WAX capillary column
(Agilent Technologies) using 1-propanol as an internal standard
material. The products, cis-2,5-DMTHF and trans-2,5-DMTHEF,
were analyzed by two discriminable peaks of GC-FID and spectra
of 'H and "*C NMR.

Dehydration of 1.0 mol dm > 2R,SR-HDO or 25,55-HDO
proceeded slowly in water at 523 K (Figure 1) without adding
carbon dioxide, as shown by the yield of product, 2,5-DMTHE,
6% even for S h. 2,5-DMTHEF (mixture of cis and trans form) was
the sole liquid product from the intramolecular dehydration of
2R,5R-HDO. The dehydration of 25,55-HDO in water at 523 K
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Figure 1. Yields of 2,5-DMTHF (sum of cis and trans form) and 2,5-
HDO as a function of elapsed time for the 2R,SR-HDO or 25,55-HDO
dehydration reactions at 523 K in water (initial 2,5-HDO concentration:
1.0 mol dm™%; @: 2R,SR-HDO, O: 2,5-DMTHEF from 2R,5SR-HDO, H:
2S,5S-HDO, O: 2,5-DMTHEF from 25,55-HDO; carbon dioxide partial
pressure: 0 (black) and 17.7 (red) MPa). The bars indicate the range of
error for yields of 25,5S-HDO and 2,5-DMTHEF from 2S,55-HDO.

without carbon dioxide also provide 2,5-DMTHF (mixture of cis
and trans form), of which yields were almost the same as those
from the 2R,SR-HDO dehydration (Figure 1).

The dehydration of 2R,SR-HDO to 2,5-DMTHF was en-
hanced by the addition of high-pressure carbon dioxide
(Figure 1). The initial formation rate of 2,S-DMTHF from the
2R,5R-HDO dehydration increased by more than 50 times by the
addition of carbon dioxide. 2,5-DMTHF was the sole liquid
product from the 2R,SR-HDO dehydration even when carbon
dioxide was added. The dehydration of 25,5S-HDO in water at
523 K in the presence of 10 MPa of carbon dioxide also
proceeded much faster than that without carbon dioxide. The
2,5-DMTHEF yields from 25,5S-HDO in water at 523 K with the
addition of carbon dioxide were almost the same as those from
2R,SR-HDO dehydration. The intramolecular dehydration reac-
tion of 2,5-HDO to 2,5-DMTHEF was catalyzed by the protons in
high-temperature water,''® the concentration of which was
increased by the addition of high-pressure carbon dioxide
because of the formation of carbonic acid.” " The pH was
estimated to be 4 in high-temperature liqluid water (523 K) with
high-pressure carbon dioxide (10 MPa)."

The material balance, defined as total yield of 2,5-HDO and
2,5-DMTHEF, decreased with reaction time for the 2R,SR-HDO
or 25,58-HDO dehydration with carbon dioxide. The material
balance for the dehydration (3 h) of 2R,SR-HDO or 25,55-HDO
in the presence of carbon dioxide was 60%, equivalent to the
amount of total organic carbon estimated as 60% in the liquid
phase. This result indicated that the products in the liquid phase
were only 2,5-HDO and 2,5-DMTHEF and that the solid pro-
ducts, such as polymers, would be formed during the dehydration
of 2,5-HDO in high-temperature liquid water. We investigated
the stability of 2,5-DMTHF (mixture of cis and trans form) in water
at 523 K in the same reaction conditions as those for the 2,5-HDO
dehydration reaction, using 0.3 mol dm™ > 2,5-DMTHF aqueous
solution instead of 2,5-HDO aqueous solution. The reverse reaction
(formation of 2,5-HDO) was not observed during the high-
temperature water treatment of 2,5-DMTHEF, and the recovery yield
of 2,5-DMTHEF was 50% for 3 h at 523 K under both conditions,
with and without carbon dioxide. The total organic carbon (50%) in
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Figure 2. Percentage of cis-2,5-DMTHEF in the product of total 2,5-
DMTHEF (sum of cis and trans form) as a function of elapsed time for the
2R,SR-HDO or 2§,5S-HDO dehydration reactions at 523 K in water
(initial 2,5-HDO concentration: 1.0 mol dm™3; reactant: 2R,SR-HDO
(O), 25,5S-HDO (O); carbon dioxide partial pressure: 0 (black) and
17.7 (red) MPa). The bars indicate range of error for the data of reactant
2S5,5S-HDO.

the liquid phase after the high-temperature water treatment of 2,5-
DMTHEF was almost the same as the recovery yield of 2,5-DMTHEF,
indicating that no liquid products were formed from 2,5-DMTHF
and that solid products would be formed by the ring-opening
polymerization of 2,5-DMTHEF. We also carried out the dehydration
of 2R,5R-HDO to 2,5-DMTHEF in high-temperature liquid water at
the higher reaction temperature of 573 K with and without carbon
dioxide. The reactant 2R,SR-HDO almost disappeared within 0.5 h at
573 Kwith carbon dioxide; however, the 2,5-DMTHE yield was only
30%. The total organic carbon was also 30% in the liquid phase after
the dehydration reaction, indicating that polymerization reaction
would occur predominantly at 573 K.

Figure 2 shows the percentage of cis-2,5-DMTHF (cis
selectivity) in the total product mixture of cis- and trans-
2,5-DMTHF from the dehydration of 1.0 mol dm > 2R,5R-
HDO or 25,55-HDO in water at 523 K. The cis selectivities of
2,5-DMTHEF from 2R,SR-HDO dehydration were almost the
same as those from 2§,5S-HDO dehydration under all the
experimental conditions (Figure 2), indicating that dehydration
reactions of 2R,5R-HDO and 2§,55-HDO in high-temperature
liquid water were identical in terms of product yields (Figure 1)
and selectivities (Figure 2). The cis selectivities of 2,5-DMTHF
were more than 85% under all the experimental conditions for
both 2R,SR-HDO and 2§,5S-HDO dehydration at 523 K, indi-
cating that sterically hindered cis-2,5-DMTHEF, which was ther-
modynamically less stable than trans-2,5-DMTHF, was produced
preferentially from 2R,SR-HDO or 25,55-HDO in high-tempera-
ture liquid water. We confirmed that the isomerization reaction
between cis-2,5-DMTHF and trans-2,5-DMTHF did not pro-
ceed in high-temperature liquid water with high-pressure carbon
dioxide at 523 K for 5 h. The high cis selectivities of 2,5-DMTHF
from the 2R,SR-HDO and 2§,5S-HDO dehydration demon-
strated that 2,5-HDO dehydration proceeded via an Sy2 sub-
stitution of a protonated hydroxyl group as shown in Scheme 1.
At first, hydroxyl group at C2 or CS position was protonated, and
then oxygen atom in a non-protonated hydroxyl group attacked
the carbon atom with a protonated hydroxyl group and simulta-
neously water molecule was eliminated (Scheme 1). The 2R,5R-
HDO or 25,55-HDO dehydration by concentrated sulfuric acid
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Scheme 1. Reaction Pathway of (2R,5R)-(—)-2,5-hexanediol and (25,5S)-(+)-2,5-hexanediol Dehydration
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at 293 K was reported to produce a mixture of cis-2,5-DMTHF
(ca. 50%) and trans-2,5-DMTHEF (ca. 50%).'>"* The strong
affinity of concentrated sulfuric acid for water is sufficient to
eliminate a water molecule from protonated 2,5-HDO to form
the carbocation, and the 2,5-HDO dehydration proceeds via Sy 1
mechanism by concentrated sulfuric acid.

In summary, we successfully demonstrated that the combina-
tion of high-temperature liquid water and high-pressure carbon
dioxide was beneficial in providing protons for the stereoselective
intramolecular dehydration of chiral 2,5-hexanediol. This tech-
nique can be extended to other acid-catalyzed reactions, which
will lead to an environmentally benign technology for the
conversion of biomass derivatives to valuable chemicals.
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