
pubs.acs.org/IC Published on Web 10/06/2009 r 2009 American Chemical Society

9998 Inorg. Chem. 2009, 48, 9998–10000

DOI: 10.1021/ic901792b

H2-Driven Deoxygenation of Epoxides and Diols to Alkenes Catalyzed by

Methyltrioxorhenium

Jeanette E. Ziegler, Michael J. Zdilla,‡ Andrew J. Evans, and Mahdi M. Abu-Omar*

Brown Laboratory, The Center for Catalytic Conversion of Biomass to Biofuels (C3Bio),
Department of Chemistry, Purdue University, 560 Oval Drive, West Lafayette, Indiana 47907.
‡Current address: Department of Chemistry, Temple University, 130 Beury Hall, 1901 N. 13th Street,
Philadelphia, PA 19122.

Received September 8, 2009

Catalytic deoxygenation of epoxides and diols is underdeveloped.
This reaction is appealing in the context of making value-added
organics from biomass. Methyltrioxorhenium (MTO) catalyzes the
conversion of epoxides and vicinal diols to olefins with dihydrogen
(H2) as the reductant under reasonably mild conditions (150 �C
and 80-300 psi). The only reaction byproduct is water. The
reaction is selective for cis cyclic diols, signaling a mechanism of
alkene extrusion from a coordinated epoxide via a metallaoxetane
intermediate.

Catalytic epoxidation and dihydroxylation of alkenes is a
well-studied reaction and widely used in organic synthesis
and industry.1 Its prominence is due, in part, to our reliance
on petroleum-based chemicals for the preparation of high-
value-added organics (HVOs) that contain heteroatom func-
tionality. In contrast, the reverse reaction, deoxygenation of
epoxides and diols to make olefins, is much less developed.
Multiple steps and stoichiometric reagents are required.2

Only a couple of organometallic oxorhenium complexes have
been reported to catalyze the deoxygenation of epoxides to
alkenes via oxo transfer to phosphines.3 Cook and Andrews
have extended alkene extrusion from [Cp*ReV(O)(diolate)]
to catalytic deoxydehydration of diolswith phosphines.4 This
catalysis is sluggish, limited by requiring slow addition of the
excess phosphine to avoid inhibition and overreduction to

rhenium(III), and produces a stoichiometric amount of
waste byproduct, phosphine oxide. As society moves toward
utilization of biomass and organic renewables for fuels
and HVO,5 deoxygenation of diols derived from lignocellu-
losic biomass will become invaluable. Ellman et al. have
recently described didehydroxylation of vicinal diols using
stoichiometric formic acids at 230-240 �C.6 Bullock and co-
workers used ruthenium catalysts and dihydrogen (H2) to
convert diols to alcohols under acidic conditions.7 In this
paper, we report an efficient catalytic method for deoxygena-
tion of epoxides and diols using methyltrioxorhenium
(MTO) as the catalyst and molecular hydrogen (H2) as the
reductant, under reasonably mild conditions, 150 �C and
80-300 psi (eq 1).

1-Hexene oxide was initially employed as a prototypical
substrate. The addition of 10 mol % MTO to a 1-hexene
oxide solution in tetrahydrofuran (THF) in a Parr reactor,
which was subsequently pressurized to 300 psi with H2 and
heated to 150 �C, resulted in quantitative conversion of
1-hexene oxide to hexane (96% yield) and a trace amount
of 1-hexene (Table 1, entry 1). Reducing the reaction time to
4 h improved the alkene yield to 76%. Nevertheless, signifi-
cant alkane was still formed (18%) (entry 2). Reducing the
pressure to 80 psi elongated the reaction time, as would be
expected, but resulted in quantitative conversion to 1-hexene
(95%) (Table 1, entry 3).
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The reaction was found applicable to several other ep-
oxides including aromatic and cyclic epoxides (Table 1).
Styrene oxide was deoxygenated to styrene with very good
selectivity, 80% yield (Table 1, entry 5). Cyclohexene oxide
was quite reactive, affording cyclohexene in 73% yield after
only 1/2 h reaction time (entry 4). The remainingmass balance
was cyclohexanediol. The epoxide in this instant underwent
ring opening, which is catalyzed by MTO in the presence of
water, a reaction byproduct. cis- and trans-stilbene oxide
afforded moderate yields of both alkene isomers (Table 1,
entries 6 and 7), signaling a mechanism that involves iso-
merization of the epoxide. In the case of cis-stilbene oxide, in
addition to unreacted cis-stilbene oxide (35%), a small
amount of trans-stilbene oxide (7%) was detected (entry 6).
1,2-Hexanediol exhibited lower activity in comparison to

the epoxide and significant charring at 80 psi of H2 and
150 �C. However, no charring was observed at the higher
pressure condition (300 psi), and 1,2-hexanediol converted
smoothly to hexane (Table 1, entry 8). In contrast, cis-1,2-
cyclohexanediol (a cyclic diol) was converted to cyclohexene
(60% yield) with a small amount of cyclohexane (3%) as a
byproduct (Table 1, entry 10). The reduced yield was due to
isomerization of cis-1,2-cyclohexanediol to unreactive trans-
1,2-cyclohexanediol. We observed that the remaining mass
balance of the reactionwas cyclohexanediolwith the isomeric
ratio trans/cis= 4. In fact, trans-1,2-cyclohexanediol did not
form any of the corresponding alkene after 8 h at 150 �C and

300 psi of H2 in the presence of 10mol%MTO. This result is
in agreement with a diol deoxygenation mechanism that
proceeds through the epoxide.MTO catalyzes the isomeriza-
tion of the epoxide as observed for cis-stilbene oxide and the
isomerization of cis-1,2-cyclohexanediol to trans-1,2-cyclo-
hexanediol via cis-cyclohexene oxide. Even though trans-1,2-
cyclohexanediol may coordinate to rhenium to form a metal
diolate, it cannot form a cis-epoxide, which requires the
intermediacy of the unknown trans-cyclohexene oxide, and
hence it does not react further.
To investigate the course of the reaction, we collected

liquid samples at different time intervals. This required a
larger reaction volume (45mL) to avoid significant depletion
from successive sampling. In our experiment, the data from
sampling experiments are suitable for semiquantitative ana-
lysis and cannot be used to provide precise kinetics. Never-
theless, following the deoxygenation of styrene oxide pro-
vided valuable information regarding the sequence of pro-
duct formation (Figure 1). Early on in the reaction, some
styrenediol is formed. MTO is known to catalyze the ring
opening of epoxide to diol. Styrene oxide and styrenediol are
converted to styrene. The maximum amount of styrene
formed is ca. 80% after 4 h, which is quite consistent with
that observed for the batch reaction (Table 1, entry 5). Sub-
sequently and after the concentration of the epoxide is
depleted, styrene is hydrogenated to ethylbenzene. The use
of MTO as an alkene hydrogenation catalyst is new, and the
details of this reaction will be reported elsewhere.
To demonstrate the utility of ourDiol-to-AlkeneReaction

(DARe) in the context of biomass-derived substrates, we
investigated the polyalcohol erythritol that is produced from
fermentation of starch.8 MTO has the advantage of being
water-soluble. However, erythritol afforded significant
charring under our conditions even at 500 psi of H2. Never-
theless, erythritol can be converted to 1,4-anhydroerythritol
mediated by acid catalysis.9 Anhydroerythritol afforded

Table 1. Deoxygenation of Epoxides and Diols with H2 Catalyzed by MTOa

aTypical reaction conditions: 1.2mmol of substrate and 0.12mmol of
MTO inTHF (Vtot=15mL) at 150 �Cand the specifiedH2 pressure in a
Parr reactor. bDetermined by gas chromatography. c18% hexane was
formed. dThe remaining mass balance (ca. 27%) was 1,2-cyclohexane-
diol. e18% ethylbenzene byproduct. f5 mol % MTO (0.06 mmol) was
used. gcis/trans-stilbene = 2.9; the remaining mass balance was cis-
stilbene oxide (35%) and its isomerization product trans-stilbene oxide
(7%). htrans/cis-stilbene = 4.7; the remaining mass balance was un-
reacted trans-stilbene oxide. i 3% hexane was also formed. Significant
charring was observed under these conditions. j In addition, 3% cyclo-
hexane was formed. The remaining balance included unreacted cis-1,2-
cyclohexanediol (ca. 4%) and its isomerization product trans-1,2-cyclo-
hexanediol. k 5 mol % MTO at 150 �C in dioxane. l In addition, THF
(5%) was formed.

Figure 1. Reaction profile for styrene oxide deoxygenation with H2

catalyzed by MTO. The lines are an interpolated smoothing function
and not a kinetic fit.
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2,5-dihydrofuran and THF in modest yields (Table 1,
entry 11).
The mechanism of epoxide deoxygenation by oxorhenium

has been suggested to proceed through a rhenium diolate or
an epoxide intermediate that extrudes alkene either via a
concerted mechanism or in a stepwise fashion involving a
metallaoxetane.10,11 Methyldioxorhenium (MDO) is formed
from the reaction of MTO with organic phosphines in
organic media and hypophosphorus acid in aqueous solu-
tion.12Weobserve under our conditions a change in the color
of the catalyst from colorless to red, which is consistent with
the formation of MDO.13 Upon completion of the reaction,
venting of H2, and exposure of the solution to air, the cata-
lyst reverts to colorless MTO. On the basis of these ob-
servations and in conjunction with the stereoselectivity for

cis-1,2-cyclohexanediol and observed epoxide isomerization
of cis-stilbene oxide, we propose deoxygenation via an
epoxide-rhenium adduct (Scheme 1), which extrudes alkene
most likely via metallaoxetane, as has been suggested by
Gable et al.Kinetic details and theirmechanistic implications
are in progress.
It is intriguing that an excellent epoxidation catalyst such

as MTO1a,b,14 can also operate as a reduction catalyst for
epoxides and diols. There has been interest in the literature
recently on the use of high-valent metal oxo and imido
complexes in hydrosilylation reactions.15 Therefore, future
exploration of other metal oxo species in reductions of diols
and polyols via the described deoxygenation reaction with
molecular hydrogen is a worthwhile endeavor.
In conclusion, we have shown a new catalytic reaction for

the deoxygenation of epoxides and vicinal diols to alkenes
with molecular hydrogen (H2) under reasonably mild condi-
tions (150 �C and 5-20 atm). The reaction employs a
commercial catalyst (MTO) that is stable to water and air.
The featured catalysis is selective and potentially competitive
with the standard stoichiometric approaches.2 Our results
provide evidence for a deoxygenation mechanism that pro-
ceeds through a coordinated epoxide and the formation of a
metallaoxetane intermediate. The described reaction chem-
istry is extendable to biomass-derived diols.
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Scheme 1. Mechanism Postulated for DARea

aL = solvent molecule, THF, or water; n = 1 or 2.
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