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[57] ABSTRACT

Carbohydrates, especially aldose or ketose sugars, 1n-

cluding those whose carbonyl group is masked by hemi-
acetal or hemi-ketal formation, are decarbonylated by

heating the feed carbohydrate together with a transition
metal complex in a suitable solvent. Also, primary alco-
hols, including sugar alditols are simultaneously dehy-
drogenated and decarbonylated by heating a mixture of
rhodium and ruthenium complexes and the alcohol and
optionally a hydrogen acceptor in an acceptable sol-
vent. Such defarbonylation and/or dehydrogenation of
sugars provides a convenient procedure for the synthe-
sis of certain carbohydrates and may provide a means
for the conversion of biomass into useful products.

8 Claims, No Drawings

A statutory invention registration is not a patent, It has
the defensive attributes of a patent but does not have the
enforceable attributes of a patent. No article or advertise-
ment or the like may use the term patent, or any term
suggestive of a patent, when referring to a statutory in-
vention registration. For more specific information on the

rights associated with a statutory invention registration
see 35 U.S.C. 157,
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DECARBONYLATION AND
DEHYDROGENATION OF CARBOHYDRATES

This invention was made with Government support
under contract number DE-AC02-76CHO00016, be-
tween the U.S. Department of Energy and Associated
Universities, Inc. The Government has certain rights in
the invention.

BACKGROUND OF THE INVENTION

The present invention relates to the decarbonylation
of carbohydrates, including sugars, and to the simulta-
neous in-situ dehvdrogenation and decarbonylation of
alcohols, including sugar alcohols.

Metal complexes such as chlorotris(triphenylphos-
phine) rhodium and related compounds have been
known to be useful as aldehyde decarbonylation agents.
See, for example, U.S. Pat. No. 4,089.871; Osborn, J. A.,
et al., Inorg. Syn., 10:67-71 (1967); Baird, M. C,, et al,, J.
Chem. Soc. (A4), 348-351 (1968); Okno, K., et al., J. Am.
Chem. Soc., 90:99-107 (1968); and Doughty, D. H., et
al., J. Am. Chem. Soc., 100:7083-7085 (1978). However,
insofar as these materials have been used 1n the decarbo-
nylation of carbohydrates, their use has been himited to
the decarbonylation of protected sugars. See, for exam-
ple. Ward, D. J., et al.,, Chem. Ind., 162-163 (1976); lley,
D. E.. et al.. J. Am. Chem. Soc., 97:2563-2565 (1975);
and MacCoss, M., et al., Terrahedron Let., 26:4287-4290
(1985). See, also, Kruse, W., et al., Carbohyd. Res.,
64:293-296 (1978) and Rajagopal, S., et al., J. Mol. Ca-
tal, 22:131-135 (1983), which suggest the deactivation
of the hydrogenation catalyst RuCl(PPhi)s by the
decarbonylation of glucose, but which do not identify
the resulting sugar products.

This apparent prior limitation of the use of metal
- complexes to the decarbonylation of protected sugars 1s
not surprising since: (a) it is difficult to find a common
solvent for both free (unprotected) sugars and metal
complexes that is sufficiently non-coordinating to pre-
vent inhibition of the metal complexes and; (b) since
most sugars exist in non-reactive cyclic hemi-acetal and
hemi-ketal forms. In this latter regard, for example, it 18
known that the equilibrium composition of aqueous
glucose is 99+ % hemi-acetal and only about 0.002%
free aldehyde sugar at room temperature. See, for exam-
ple, Maple, S. R, et al, J Am Chem. Soc,
109:3168-3169 (1987) and Angyal, S. J., Adv. Carbohydr.
Chem. Biochem., 42:15-68 (1984).

SUMMARY OF THE INVENTION

It is an object of the present invention to provide an
improved process for the decarbonylation of carbohy-
drates using a transition metal complex decarbonylation
agent.

Another object of the present invention is to provide
a process for the simultaneous in-situ dehydrogenation
and decarbonylation of alcohols, particularly sugar
alcohols, using a mixture of two or more transition
metal complexes and a hydrogen acceptor. One possible
long term application of this process is to provide an
ecologically sound process for the conversion of bio-
mass into syn-gas or other valuable chemical end prod-
ucts. |

These and other objects and advantages of the inven-
tion are accomplished in one aspect by mixing a carbo-
hydrate, such as an unprotected aldose sugar or ketose
sugar, together with a transition metal complex decar-
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bonylation agent, such as chiorotris(triphenylphos-
phine)rhodium, in a polar solvent, such as an N-methy!-
2-pyrrolidinone, and heating the mixture to a tempera-
ture of from about 75° to about 150° C. for at least about
20 minutes, and usually about 1-12 hours, under nitro-
gen or another inert gas.

-In another aspect, the objects of the invention are
achieved by mixing together in a suitable solvent an
alcohol, such as a sugar alcohol, a hydrogen acceptor,
such as cyclooctene, and a mixture of a transition metal
complex dehydrogenation agent such as dichlorotris(-
triphenylphosphine)ruthenium, and a transition metal
complex decarbonylation agent such as chlorotris(tri-
phenylphosphine)rhodium, and heating the resulting
mixture under a nitrogen or other inert atmosphere at a

.- temperature of about 110°-140° C. for at least about 12
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hours and usually from about 1-5 days to effect a simul-
taneous in-situ dehydrogenation and decarbonylation.
Suitable solvents for this purpose include amides, such
as N-methyl-2-pyrrolidinone.

DESCRIPTION OF PREFERRED
EMBODIMENTS

In its simplest form, the present invention 1s a process
for the decarbonylation of carbohydrates, using a transi-
tion metal complex decarbonylation agent. Another
aspect of the invention is the use of one or more transi-
tion metal complexes and optionally a hydrogen accep-
tor to effect both the dehydrogenation and decarbony-
lation of alcohols, specifically carbohydrate (sugar)
alcohols. |

Pertaining to the first aspect of this invention, aldose
or ketose sugars are decarbonylated by treating the
sugar with a transition metal complex in a suitable sol-
vent. For example, glucose, an aldose sugar, 1s smoothly
decarbonylated by reacting it with a chlorotris(tri-
phenylphosphine)rhodium decarbonylation agent 1n
N-methyl-2-pyrrolidinone solvent at 75°-150° C.,
order to produce arabinitol, a sugar alcohol. Similarly,
fructose, a ketose sugar, yields furfuryl alcohol when
treated in a similar manner.

The aldose and ketose sugars that may be used as the
starting material in the process of this invention are
monosaccharide carbohydrates and those di- and oligo-
saccharides, such as lactose, maltose and cellobiose,
which have a hemi-acetal/aldehyde functionality.
Monosaccharides are colorless, crystalline solids, or
syrups that are soluble in water, but are relatively insol-
uble in non-polar solvents. These simple sugars contain,
in addition to other functionalities such as aldehyde,
ketone, amine, etc., the repeating unit [CHjo),, where n
equals three or more. The backbone of monosaccha-
rides is an unbranched, or in some cases a branched,
single-bonded carbon chain; one of the carbon atoms 1n
this chain is double-bonded to an oxygen atom to form
a carbonyl group. If the carbonyl group is at the end of
the chain, the monosaccharide is an aldose (containing
an aldehyde moiety); if the carbonyl group 1s at any
other position, the monosaccharide is a ketose (contain-
ing a ketone moiety). The 4, 5, 6, and 7 carbon-contain-
ing aldoses are called, respectively, tetroses, pentoses,
hexoses, and heptoses. The pentose xylose, the hexose,
glucose, and hexulose fructose, are the most abundant
monosaccharides in nature.

Also included within the scope of this invention are
the monosaccharides with four or more carbons occur-
ring in cyclic or ring formations, e.g. the hemi-acetal
and hemi-ketal sugars. The common cyclic forms of
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sugars are furanoses (5 member ring) and pyranoses (6
member ring), for example, glucopyranose. The hemi-
acetal and hemi-ketal forms of the sugar are formed by
an intramolecular condensation of a hydroxyl group
and an aldehyde or keto carbonyl group, respectively.

The decarbonylation agent of this invention is a tran-
sition metal complex. Suitable transition metal com-
plexes typically have substituted phosphine ligands,

such as those taught in the references cited on page 1 of

this specification. A preferred group of decarbonylation
agents are halogen-containing triphenylphosphine tran-
sition metal complexes, with the most preferred being
chlorotris(triphenylphosphine)rhodiums. Another pre-
ferred decarbonylation agent is the dimer complex di-
chlorotetrakis(triphenylphosphine)dirhodium. Exam-
ples of still other suitable decarbonylation agents in-
clude, but are not limited to, chlorotris(diphenylmethyl-
phosphine)rhodium, RuCl>(PPhs);, and
[Rh(Ph>PCH>CH>CH>PPhy)> .

A decarbonylation agent or a mixture of such agents
will be used in quantities sufficient to effect decarbony-
lation. In one preferred embodiment, at least about 0.5
to 2 equivalents, most preferably one equivalent, of the
transition metal complex decarbonylation agent are
used per equivalent of starting sugar.

The process of this invention can be used to selec-
tively decarbonylate sugars and other carbohydrates by
removing a carbon monoxide from the sugar. For exam-
ple, when the preferred chlorotris(triphenylphos-
phine)rhodium decarbonylation agent 1s used, carbon
monoxide is trapped by the rhodium complex to form
chlorocarbonylbis(triphenylphosphine)rhodiums.

The solvents used in the practice of this invention are
solvents which are polar enough to dissolve the sugar,
but is sufficiently non-coordinating to permit the transi-
tion metal complex to function effectively. Also, sol-
vents must be free of potential CO-donating impurities.
If the substituted phosphine component of the metal
complex has a strong polar substituent, such as a sulfo-
nate ion, the metal complex could be water soluble; 1n
such a case water could then serve as the solvent,
Amide solvents, except for formamides, are especially
acceptable solvent systems, with N-methyl-2-pyrrohdi-
none (NMP) and dimethylacetamide being preferred.
Examples of other suitable solvents include but are not
limited to glyme ethers and sulfolane.

The decarbonylation reaction must be carried out in
the presence of nitrogen, or another nert gas, at a tem-
perature in the range of 75°-150° C., typically about
130° C. for a period of from 20 minutes to about 48
hours, typically from about 1 to 12 hours. Conducting
the process according to the present invention results in
about 70% to about 100% of the sugar alcohol product.

As noted above, another preferred aspect of this in-
vention relates to the simultaneous in-situ dehydrogena-
tion and decarbonylation of primary alcohols, including
sugar alcohols, by a one-step process comprising treat-
ing the alcohol with a transition metal complex decar-
bonylation agent and a transition metal complex dehy-
drogenation catalyst, and optionally a hydrogen accep-
tor in a suitable solvent. This one-step process prefera-

bly is performed under nitrogen or other inert gas. If

sugar alcohols are used as the feed matenal, the process
results in the production of alcohols having fewer car-
bon atoms than the starting alcohol. Simple primary
alcohol feed stocks yield alkanes having one less carbon
atom; for example decanol yields nonane.
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The dehydrogenation catalysts appropriate for use in
this invention are well known in the art and include, for
example, dichlorotris(triphenylphosphine)ruthenium
and carbonylbistrifluoroacetatebis(triphenylphos-
phine)ruthenium. When carbonylbistri-
fluoroacetatebis(triphenylphosphine)ruthenium 1s used
as the dehydrogenation catalyst, no hydrogen acceptor
is needed. The ruthenium dehydrogenation catalyst
may be used in conventional catalytic amounts, and
may be substituted for by other known dehydrogena-
tion catalysts. Other dehydrogenation catalysts which
may be used in the present invention include, for exam-
ple, HRh(PPh3)s, HoRu(PPh3)4, and even RhCl(PPh;);
itself.

The dehydrogenation catalyst normally will be used

.- in amounts ranging from about 0.1 to 100, preferably 1
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to about 10 mole percent, based on the moles of alcohol
being converted.

The hydrogen acceptors suitable for use in this aspect
of the invention are well known and include, for exam-
ple, cyclooctene, benzalacetone, benzalacetophenone.
and styrene.

This aspect of the invention can be exemplified by the
treatment of glucitol under nitrogen with RhCl(PPhz)a
alone or a mixture of the ruthenium and rhodium com-
plexes noted above, and a hydrogen acceptor such as
cyclooctene, in N-methyl-2-pyrrolidone solvent to
yield a mixture of furfuryl alcohol, the five-carbon
sugar alcohols arabinitol and xylitol, and smaller
amounts of the four carbon sugar alcohols erythritol
and threitol.

The alcohols which can be dehydrogenated and
decarbonylated in accordance with this aspect of the
present invention include sugar alcohols, as well as
simple alkanols and glycols. Examples of suitable pri-
mary alcohol starting materials include, but are not
limited to, 1,2-propanediol, glucitol, mannitol, arabini-
tol, xvlitol, furfuryl alcohol, erythritol, threitol, and
1-decanol. Since aldose sugars are decarbonylated to
sugar alcohols under these reaction conditions, aldose
sugars may also serve as feedstocks for this process.

The decarbonylation reaction, and the simultaneous
in-situ dehydrogenation and decarbonylation reactions
can be carried out either batchwise or continuously. In
any of these methods, the transition metal complex(es)
can be recycled. In recycling the used complex(es), a
fresh supply of the complex(es) may be added.

The desired alcohol can be separated and recovered
from the reaction mixture by customary methods. Any
conventional separating methods can be used for this
purpose. For example, after the reaction has been com-
pleted, the liquid phase may be distilled or extracted to
recover desired products. In one embodiment, the
amide solvent is evaporated and the resulting solid 1s
partitioned between chloroform/water. The metal com-
plex will migrate to the chloroform and the sugar will
dissolve in the water phase, from which it can be recov-
ered by evaporation of the water.

Although the above description of the invention in-
cludes a recitation of preferred embodiments, this i1s not
intended to limit the invention.

The following Examples illustrate the present mven-
tion more specifically.

EXAMPLE 1

In a typical reaction, sugar (150 pmol) and
RhCI1(PPh3); (150 umol) are dissolved in N-methyl-2-
pyrrolidinone (NMP) (Aldrich HPLC grade, 5 mL) and
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heated under nitrogen at 130° C. until the solution be-
comes yellow or no further color change is observed.
Sugar products are identified and quantitated by FID
capillary GC after silylation of an aliquot of the reaction
mixture with trimethylsilylimidazole/pyridine (Pierce
Chemical). ldentifications are confirmed by GC-MS

and/or 1H or 13C NMR. Rh(CO)CI(PPhj); is identified

and quantitated by IR (yield >90% in almost all cases).
The carbonyl complex can be recycled to RhCI(PPh3)s.
Dimethylacetamide or other suitable solvents may be
used in place of NMP. Small amounts of water do not
interfere, but solvents must be free of potential CO
donating impurities.

One method of ascertaining that the solvent i1s free of
impurities is by heating RhCI(PPh3)3 alone in the sol-
vent and comparing the intensity of the 1977 cm=1CO
stretch of the resulting Rh(CO)CI(PPha)a vs. a standard
solution. The NMP used here gave =1 umol
Rh(CO)CI(PPh;);/ml after 48 hr at 130°, indicating that
It 1S pure.

EXAMPLES 2-6

Using the above described procedure of Example 1,
glucose (Example 2) was cleanly decarbonylated by one
equivalent of chlorotris(iriphenylphosphine)rhodium to
yield arabinitol (88%) in about 4 hours. Similarly, arabi-
nose (Eiample 3) yielded erythritol (84%). Glyceraide-
hyde (Example 4), which has a higher free aldehyde
content (ca. 2% in aqueous solution at room tempera-
ture), yvielded ethvlene glycol (95%) in just 30 minutes
under the same conditions. Similar results were ob-
served with glycol aldehyde, which yielded methanol
(83%) and glucoheptose which yielded glucitol (889%)
(Example 5). A practical demonstration of the utility of
this reaction is provided by the one-step conversion of
commercially available 2-deoxyribose (Example 6) into
the much less accessible 1-deoxyerythritol (30 min.,
~909%). This is particularly significant in that the best
known synthesis of 1-deoxyerythritol requires seven

steps from glucose [Chaby, R., et al., Terrahedron,
27:3197-3205 (1971)].

EXAMPLES 7-8

Ketose sugars can also be readily decarbonylated
using the process of this invention. Thus, fructose (Ex-
ample 7) yielded furfuryl alcohol as the major product
(2 hours, 79%), while 1,3-dihydroxyacetone (Example
8) reacted with excess chlorotris(triphenylphosphine)r-
hodium to give about 1.8 to 1.9 equivalents of carbonyl-
chlorobis(triphenylphosphine)rhodium and methane (8
hours, >90%).
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EXAMPLE 9

In a typical combined dehydrogenation/decarbony-
lation, 1l-decanol (398 umol) was treated with
RuCl>(PPh3); (19 pumol), RhCl(PPh3): (96 pmol) and
benzalacetophenone (438 pmol) in 2 ml of N-methyl-2-
pyrrolidinone and heated under nitrogen at 125° C.
After 40 hours, 64 umol of nonane had formed; after 6
days the yield of nonane was 92 umol (96% based on
Rh).

While particular embodiments of the invention have
been described, it will be understood, of course, that the
invention is not limited thereto, and that many obvious
modifications and variations thereof can be made, and
that such modifications and variations are mtended to

We claim:
1. A process for the decarbonylation of an aldose or

‘kitose sugar, each of said sugars having unprotected

alcohol moieties, comprising the steps of:

(a) dissolving said sugar in a solution containing a
transition metal complex decarbonylation agent,
selected from the group consisting of chlorotis(iri-
phenylphosphine)rhodium, dichlorotetrakis(tri-
phenylphosphine) dirhodium, chlorotris(diphenyl-
methylphosphine)-rhodium,
[Rh(Ph,PCH,CH>PPH:)»] —, and mixtures
thereof, and a suitable aprotic, polar solvent free of
CO-donating impurities, under an 1nert atmo-
sphere; and

(b) heating the carbonyl-free solution containing the
dissolved sugar which results from step (a) for a
time sufficient to effect decarbonylation of said
sugar while maintaining said inert atmosphere.

2. The method of ¢laim 1 wherein the decarbonyla-

tion process is conducted under nitrogen.

3. The process of claim 1, wherein said aldose sugar is
selected from the group consisting of glucose, arabi-
nose, glyceraldehyde, 2-deoxyribose, glucoheptose and
glycol aldehyde.

4. The process of claim 1 wherein said ketose sugar 1s
selected from the group consisting of fructose and 1,3-
dihydroxyacetone.

5. The process of claim 1 wherein said sugar 1s an
unprotected sugar existing predominantly in the form of
a hemi-acetal or a hemi-ketal.

6. The process of claim 1 wherein the resulting mix-
ture is heated to a temperature in the range of from
about 75° C. to about 150° C.

7. The process of claim 1 wherein said suitable sol-
vent is selected from the group consisting of polar
amide solvents.

8. The process of claim 7 whetein said solvent is
selected from the group consisting of N-methyl-2-pyr-

rolidinone and dimethylacetamide.
' % X ¥ x %
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