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TITLE

PROCESS FOR PREPARING 1, 6-HEXANEDIOL

This application claims priority under 35 U.S.C. §119(e) from, and
claims the benefit of, U.S. Provisional Application No. 61/582,067, filed
December 30, 201 1; U.S. Provisional Application No. 61/639,404 filed
April 27, 201 2; U.S. Provisional Application No. 61/639,436 filed April 27,
2012; and U.S. Provisional Application No. 61/639,449 filed April 27,
2012; all of which are by this reference incorporated in their entirety as a

part hereof for all purposes.

FIELD OF DISCLOSURE

The present invention relates to processes for preparing 1, 6-
hexanediol.
BACKGROUND

Industrial chemicals obtained from inexpensive sources are
desirable for use in industrial processes, for example as raw materials,
solvents, or starting materials. It has become increasingly desirable to
obtain industrial chemicals or their precursors from materials that are not
only inexpensive but also benign in the environment. Of particular interest
are materials which can be obtained from renewable sources, that is,
materials that are produced by a biological activity such as planting,
farming, or harvesting. As used herein, the terms "renewable" and
"biosourced" can be used interchangeably.

Biomass sources for such materials are becoming more
attractive economically versus petroleum-based ones. Although the
convergent and selective synthesis of C; and Cecarbocyclic intermediates
from biomass is difficult because of the high degree of oxygenation of
many components of biomass, use of such biomass-derived intermediates

as feedstocks would offer new routes to industrially useful chemicals.
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1, 6-Hexanediol is a useful intermediate in the industrial
preparation of nylon. For example, 1, 6-hexandiol can be converted by
known methods to 1, 6-hexamethylene diamine, a useful monomer in
nylon production.

There is an existing need for processes to produce 1, 6-
hexanediol, and synthetic intermediates useful in the production of 1, 6-
hexanediol, from renewable biosources. There is an existing need for
processes to produce 1, 6-hexanediol, as well as synthetic intermediates
useful in the production of 1, 6-hexanediol, from biomass-derived starting
materials, including Cg oxygenated hydrocarbons such as
levoglucosenone.

SUMMARY

In one embodiment, a process is disclosed, the process comprising
the steps of

a) contacting levoglucosenone with hydrogen in the presence of a
first hydrogenation catalyst at a first temperature between about 25°C and
about 150 °C to form product mixture (l); and

b) heating product mixture (1) in the presence of hydrogen and a
second hydrogenation catalyst at a second temperature between about
120 °C and about 260 °C to form product mixture (ll).

In one embodiment, product mixture (I) comprises one or more of
levoglucosenol, levoglucosanol, tetrahydrofuran 2,5-dimethanol,
2-hydroxymethyltetrahydropyran, 1,2,5,6-tetrahydroxyhexane, 1,2,6-
hexanetriol, and 2-hydroxymethyl-5-hydroxytetrahydropyran.

In one embodiment, product mixture (lI) comprises one or more of
1,2,6-hexanetriol, tetrahydrofuran 2,5-dimethanol, 2-hydroxymethyl-
5-hydroxytetrahydropyran, 1, 6-hexanediol, 1,2-hexanediol, 1-hexanol,
and 2-hydroxymethyltetrahydropyran.

DETAILED DESCRIPTION

As used herein, where the indefinite article "a" or "an" is used with

respect to a statement or description of the presence of a step in a
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process disclosed herein, unless the statement or description explicitly
provides to the contrary, the use of such indefinite article does not limit the
presence of the step in the process to one in number.

As used herein, when an amount, concentration, or other value or
parameter is given as either a range, preferred range, or a list of upper
preferable values and lower preferable values, this is to be understood as
specifically disclosing all ranges formed from any pair of any upper range
limit or preferred value and any lower range limit or preferred value,
regardless of whether ranges are separately disclosed. Where a range of
numerical values is recited herein, unless otherwise stated, the range is
intended to include the endpoints thereof, and all integers and fractions
within the range. It is not intended that the scope of the invention be

limited to the specific values recited when defining a range.

As used herein, the terms "comprises,” "comprising,” "includes,"”

"including,” "has," "having," "contains" or "containing," or any other
variation thereof, are intended to cover a non-exclusive inclusion. For
example, a composition, a mixture, process, method, article, or apparatus
that comprises a list of elements is not necessarily limited to only those
elements but may include other elements not expressly listed or inherent
to such composition, mixture, process, method, article, or apparatus.
Further, unless expressly stated to the contrary, "or" refers to an inclusive
or and not to an exclusive or. For example, a condition A or B is satisfied
by any one of the following: A is true (or present) and B is false (or not
present), A is false (or not present) and B is true (or present), and both A
and B are true (or present).

As used herein, the term "about" modifying the quantity of an
ingredient or reactant employed refers to variation in the numerical
guantity that can occur, for example, through typical measuring and liquid
handling procedures used for making concentrates or use solutions in the
real world; through inadvertent error in these procedures; through

differences in the manufacture, source, or purity of the ingredients
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employed to make the compositions or carry out the methods; and the like.
The term "about" also encompasses amounts that differ due to different
equilibrium conditions for a composition resulting from a particular initial
mixture. Whether or not modified by the term "about", the claims include
equivalents to the quantities. The term "about” may mean within 10% of
the reported numerical value, preferably within 5% of the reported
numerical value.

As used herein, the term "biomass" refers to any hemicellulosic or
lignocellulosic material and includes materials comprising hemicellulose,
and optionally further comprising cellulose, lignin, starch, oligosaccharides
and/or monosaccharides.

As used herein, the term "lignocellulosic" means comprising both
lignin and cellulose. Lignocellulosic material may also comprise
hemicellulose. In some embodiments, lignocellulosic material contains
glucan and xylan.

Hemicellulose is a non-cellulosic polysaccharide found in
lignocellulosic biomass. Hemicellulose is a branched heteropolymer
consisting of different sugar monomers. It typically comprises from 500 to
3000 sugar monomeric units.

Lignin is a complex high molecular weight polymer and can
comprise guaiacy! units as in softwood lignin, or a mixture of guaiacyl and
syringyl units as in hardwood lignin.

As used herein, the abbreviations "Lgone" and "LGone" refer to
levoglucosenone, also known as 1, 6-anhydro- 3,4-dideoxy- p-D-
pyranosen-2-one. The chemical structure of levoglucosenone is

represented by Formula (1).
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As used herein, the abbreviations "Lgol" and "LGol" refer to
levoglucosanol, also known as 1, 6-anhydro- 3,4-dideoxyhexopyranose,
and include a mixture of the threo and erythro stereoisomers. The
chemical structure of 1, 6-anhydro- 3,4-dideoxyhexopyranose is

5 represented by Formula (l1).

0O
Qo
HO
1

As used herein, the abbreviation "K1 28" refers to 1, 6-anhydro- 3,4-
dideoxy- p-D-pyranose-2-one. The chemical structure of 1, 6-anhydro-

10  3,4-dideoxy- p-D-pyranose-2-one is represented by Formula (lll).

(0)
A
(0

I

As used herein, the abbreviation "Tetraol" refers to 1,2,5,6-
tetrahydroxyhexane, also known as 3,4-dideoxyhexitol, and includes a
15 mixture of stereoisomers. The chemical structure of 1,2,5,6-

tetrahydroxyhexane is represented by Formula (1V).

OH

HOWOH

OH
Y

As used herein, the abbreviation "THFDM" refers to tetrahydro-2,5-
20 furandimethanol, also known as 2,5-bis[hydroxymethyl]tetrahydrofuran,

and includes a mixture of stereoisomers (cis- and racemic trans- isomers).

5
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The chemical structure of tetrahydro-2,5-furandimethanol is represented
by Formula (V).
o

Ho” {_J oH

v
As used herein, the abbreviation "1,2,6-HT" refers to 1,2,6-
hexanetriol and includes a racemic mixture of isomers. The chemical

structure of 1,2,6-hexanetriol is represented by Formula (VI).

HO\/\/\(\OH

OH
Vi

As used herein, the abbreviation "THPM" refers to tetrahydro-2H-
pyran-2-methanol, also known as 2-hydroxymethyltetrahydropyran, and
includes a racemic mixture of isomers. The chemical structure of
tetrahydro-2H-pyran-2-methanol is represented by Formula (VII).

OH
0

VI

As used herein, the abbreviation "HOTHPM" refers to 2-
hydroxymethyl-5-hydroxytetrahydro-2H-pyran, also known as 1,5-anhydro-
3,4-dideoxyhexitol, and includes a mixture of stereoisomers. The
chemical structure of 2-hydroxymethyl-5-hydroxytetrahydro-2H-pyran is

represented by Formula (VIII).
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As used herein, the abbreviation "1, 6-HD" refers to 1, 6-
hexanediol. The chemical structure of 1, 6-hexanediol is represented by

Formula (IX).

IX

As used herein, the abbreviation "1,2-HD" refers to 1,2-hexanediol
and includes a racemic mixture of isomers. The chemical structure of 1,2-

hexanediol is represented by Formula (X).

AN OH

OH

X

As used herein, the abbreviation "1,2-CHD" refers to 1,2-
cyclohexanediol and includes a mixture of stereocisomers (cis and racemic

trans isomers). The chemical structure of 1,2-cyclohexanediol is

o
OH

X1

represented by Formula (XI).

As used herein, the abbreviation "1,5-HD" refers to 1,5-hexanediol
and includes a racemic mixture of isomers. The chemical structure of 1,5-

hexanediol is represented by Formula (XII).

OH

)\/\/\OH

Xl

As used herein, the abbreviation "HexOH" refers to 1-hexanol. The

chemical structure 1-hexanol is represented by Formula (XIII).

/\/\/\OH

7
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Xl

As used herein, the abbreviation "PentOH" refers to 1-pentanol.
The chemical structure 1-pentanol is represented by Formula (XIV).
XV

As used herein, the abbreviation "A1 28" refers to 1, 6-anhydro-3,4-
dideoxy- p-erythro-hex-3-enopyranose, also known as levoglucosenol.

The chemical structure of A128 is represented by Formula (XV).

o)
Z
0
HO
XV

As used herein, the abbreviation “1,5-PD" refers to 1,5-pentanediol

The chemical structure of 1,5-PD is represented by Formula (XVI).

HO  >""0OH
XVI

Disclosed herein are processes for obtaining 1, 6-hexanediol, and
synthetic intermediates useful in the production of 1, 6-hexanediol, from
levoglucosenone, which in turn can be derived from a renewable
biosource. As used herein, the term "renewable biosource" includes
biomass and animal or vegetable fats or oils.

A renewable biosource can be pyrolyzed under high temperature
conditions in the presence of an acid catalyst to provide useful chemical
intermediates. For example, pyrolysis of wood, starch, glucose or
cellulose can produce levoglucosenone by known and conventional
methods (see, for example, Ponder (Applied Biochemistry and

8
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Biotechnology, Vol 24/25, 41-41 (1990)) or Shafizadeh (Carbohydrate
Research, 71, 169-191 (1979)). In some embodiments, levoglucosenone
as obtained by pyrolysis of biomass contains small amounts of acidic
components, for example levulinic acid.

In the processes disclosed herein, levoglucosenone is contacted
with hydrogen in the presence of a first hydrogenation catalyst at a first
temperature between about 25°C and about 150°C to form product mixture
(), which is then heated in the presence of hydrogen and a second
hydrogenation catalyst at a second temperature between about 120°C and
about 260°C to form product mixture (II). Product mixture (I) comprises
one or more of 1, 6-anhydro- 3,4-dideoxy- p-D-pyranose-2-one,
levoglucosenol, levoglucosanol, tetrahydrofuran-2,5-dimethanol,
2-hydroxymethyltetrahydropyran, 1,2,5,6-tetrahydroxyhexane, 1,2,6-
hexanetriol, and 2-hydroxymethyl-5-hydroxytetrahydropyran, each of
which can be a useful chemical intermediate in the synthesis of 1, 6-
hexanediol. Product mixture (lI) comprises one or more of 1,2,6-
hexanetriol, tetrahydrofuran-2,5-dimethanol, 2-hydroxymethyl-
5-hydroxytetrahydropyran, 1, 6-hexanediol, 1,2-hexanediol, 1-hexanol,
and 2-hydroxymethyltetrahydropyran.

In the processes disclosed herein, levoglucosanol may be
produced and converted as a mixture of stereoisomers (threo- and erythro
isomer); tetrahydrofuran-2,5-dimethanol may be produced and converted
as a mixture of stereoisomers (cis- and trans isomer with respect to the
hydroxymethy groups attached to the tetrahydrofuran ring: one cis meso
compound a trans racemate); 2-hydroxymethyltetrahydropyran may be
produced and converted as a racemate; 1,2,5,6-tetrahydroxyhexane may
be produced and converted as a mixture of stereoisomers differing only in
the configuration of the C2 and C5 carbon atom (one meso compound and
a racemate); 1,2,6-hexanetriol may be produced and converted as

racemate; 2-hydroxymethyl-5-hydroxytetrahydropyran may be produced
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and converted as a mixture of stereocisomers (two racemic stereoisomers);
and 1,2-hexanediol may be produced and converted as a racemate.

For contacting with hydrogen in the presence of a first
hydrogenation catalyst, the levoglucosenone is typically dissolved or
suspended in a liquid medium, referred to herein as a "solvent". Suitable
solvents include water, a c 1-C20 alcohol, a C2-C20 ether, a C2-C20 ester, or
mixtures thereof. Examples of suitable alcohols which are commercially
available include methanol, ethanol, propanol, butanol, and hexanol.
Examples of suitable ethers which are commercially available include
dibutylether, dihexylether, methyl-t-butyl-ether, tetrahydrofuran, and
dioxane. Examples of suitable esters which are commercially available
include ethyl acetate, butyl acetate, methyl butyrate, ethyl butyrate, butyl
butyrate and hexyl acetate.

The concentration of levoglucosenone in the solvent, whether
dissolved or as a suspension, is between about 1 wt% and about 50 wt%;
in some embodiments it is between and optionally includes any two of the
following values: 1wt%, 5 wt%, 10 wt%, 15 wt%, 20 wt%, 25 wt%, 30
wit%, 35 wt%, 40 wt%, 45 wt%, and 50 wt%. It is anticipated that higher
concentrations of levoglucosenone in water, or even neat
levoglucosenone, could be used. The optimal concentration will depend
on the intended reaction conditions.

The first hydrogenation catalyst can be homogeneous or
heterogenous. The first hydrogenation catalyst comprises one or more of
supported platinum catalysts, supported palladium catalysts, supported
ruthenium catalysts, supported nickel catalysts, catalysts derived from
nickel-aluminum alloys, catalysts derived from cobalt-aluminum alloys, and
organophosphorous or organometallic complexes of Rh, Ir, Ru, or Ti.
Examples of commercially available catalysts suitable for use as the first
hydrogenation catalyst include RANEY® nickel, RANEY® cobalt,
palladium on carbon, palladium on alumina, platinum on carbon,

ruthenium on carbon, and organophosphorous or organometallic

10
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complexes of Rh, Ir, Ru, or Ti, for example
chlorotris(triphenylphosphine)rhodium(l) [CAS# 14694-95-2],
(tricyclohexylphosphine)(1 ,5-
cyclooctadiene)(pyridine)iridium(l)hexafluorophosphate  [CAS# 64536-78-
3], bis(pentamethylcyclopentadienyl)titanium(lV) dichloride [CAS# 11136-
36-0], chloro[rac-2,2'-bis(diphenylphosphino)-1 ,1'-binaphthyl](p-cymene)
ruthenium(ll) chloride [RuCl(p-cymene)(binap)]Cl [CAS# 145926-28-9],
and a combination of bis(diphenylphosphino)ethane [CAS# 1663-45-2]
and bis(1 ,5-cyclooctadiene)rhodium(l) tetrafluoroborate [CAS# 351 38-22-
8].

Hydrogen, optionally in combination with an inert gas such as
nitrogen or argon, is contacted with the levoglucosenone and the first
hydrogenation catalyst at a total applied pressure which can range from
ambient pressure (i.e., O applied pressure) to about 1000 psi. In some
embodiments, the applied pressure is between and optionally includes any
two of the following values: 0, 50, 100, 200, 300, 400, 500, 600, 700, 800,
900, and 1000 psi. If an inert gas is used in combination with the
hydrogen, the amount of the inert gas should be such that it does not
negatively impact the formation of product mixture ().

The levoglucosenone, first hydrogenation catalyst, and hydrogen
are contacted at a first temperature between about 25°C and about 150°C,
for example between about 50°C and about 100 °C. In some
embodiments, the temperature is between and optionally includes any two
of the following values: 25°C, 30°C, 40°C, 50°C, 60°C, 70°C, 80°C, 90°C,
100°C, 110°C, 120°C, 130°C, 140°C, and 150°C. The contacting is
performed for a period of time sufficient to react at least about 90%, for
example at least about 95%, of the sum of levoglucosenone and any 1, 6-
anhydro- 3,4-dideoxy- p-D-pyranose-2-one isomers and/or 1, 6-anhydro-
3,4-dideoxy- p-erythro-hex-3-enopyranose isomers to one or more

chemical species, including levoglucosanol.
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At the end of the designated contacting time, if desired, the first
hydrogenation catalyst can be separated from product mixture (I) by
methods known in the art, for example by filtration. After separation from
the catalyst, if desired the product mixture components, including one or
more of levoglucosanol, tetrahydrofuran-2,5-dimethanol,
2-hydroxymethyltetrahydropyran, 1,2,5,6-tetrahydroxyhexane, 1,2,6-
hexanetriol, and 2-hydroxymethyl-5-hydroxytetrahydropyran, can be
separated from one another using any appropriate method known in the
art, for example distillation. In one embodiment, product mixture (1)
comprises levoglucosenol. In one embodiment, product mixture (l)
comprises tetrahydrofuran-2,5-dimethanol.  In one embodiment, product
mixture (I) comprises 2-hydroxymethyltetrahydropyran. In one
embodiment, product mixture (I) comprises 1,2,5,6-tetrahydroxyhexane.
In one embodiment, product mixture (I) comprises 1,2,6-hexanetriol. In
one embodiment, product mixture (I) comprises 2-hydroxymethyl-
5-hydroxytetrahydropyran.

Product mixture (I) is then heated in the presence of hydrogen and
a second hydrogenation catalyst at a temperature between about 120°C
and about 260°C to form product mixture (ll). In one embodiment, product
mixture (1) is dissolved or suspended in a solvent, which can be the same
or different from any solvent used with the levoglucosenone in the first
step of the process. In one embodiment, product mixture (I) is used
without any added solvent.

In some embodiments, the second hydrogenation catalyst
comprises a metal M1 and a metal M2 or an oxide of M2, and optionally a
solid support, wherein:

M1 is Pd, Pt, or Ir; and M2 is Mo, W, V, Mn, Re, Zr, Ni, Cu,
Zn, Cr, Ge, Sn, Ti, Au, or Co; or

M1is Rh and M2 is Re, Mo, W, V, Mn, Ni, Cu, Zn, Cr, Ge,
Sn, Ti, Au, or Zr; or

M1 is Ag, Auor Co; and M2 is Re, Mo, or W;

12
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M1is Cu, Pd, Fe, or Ni; and M2 is Re, Mo, Cu, Zn, Cr, Ge,
Sn, or W; or

M1 is Ag, Pt, Cu, or Au, and M2 is Ni, Fe, Sn, Ge, or Ir; or

M1 is Co and M2 is Fe; or

M1is Niand M2 is Co or Fe; or

M1is Mn and M2 is Cr.

The M1 and M2 components of the catalysts may be derived from
any appropriate metal compound. Examples include but are not limited
to: rhodium (lll) chloride hydrate , copper (Il) nitrate hydrate , nickel (ll)
chloride hexahydrate, iridium (IV) chloride hydrate, iron (Ill) nitrate
nonahydrate, tetraammineplatinum (ll) nitrate, platinum chloride,
hexachloroplatinic acid, tetrachloroplatinic acid, palladium chloride,
palladium nitrate, palladium acetate, iridium trichloride, ammonium
perrhenate, ammonium tungsten oxide hydrate, ammonium molybdate
hydrate, manganese (Il) nitrate hydrate, and ammonium vanadium oxide.

The loading of M1 may be 0.1 - 50% but preferably 0.5 - 5% by
weight, based on the weight of the prepared catalyst (i.e., including the
solid catalyst support where present). The loading of M2 may be 0.1 -
99.9%, preferably 2-10%. Preferably the atomic ratio of M1 to M2 in
catalysts containing both M1 and M2 is 1:0.5 to 1:5. Optionally, M2 may
be incorporated into the catalyst support or serve as the catalyst support,
e.g. Pt supported on tungsten oxide or molybdenum oxide. Regarding the
catalyst, all percentages are interpreted as weight percent relative to the
weight of the prepared catalyst.

In some embodiments, the second hydrogenation catalyst
comprises metals M1, M2, and M3 and optionally a support, wherein M1 is
Mn, Cr, V, or Ti; M2 is Ni, Co, or Fe; and M3 is Cu, Ag, Pt, Pd or Au; or M1
is Pt or Rh; M2 is Cu, Nior Pd; and M3 is Mo, Re or W.

In some embodiments, the second hydrogenation catalyst

comprises a Cu component; optionally a heteropoly acid component;
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optionally a second metal or metal oxide; optionally one or more
promoters; and optionally a support, wherein:

the Cu component comprises Cu or a Cu oxide;

the heteropoly acid component is H,[P(W;0io),] ,
Ha[Si(W ;0i0)4], Cs2.5Ho.5[P(W;0i0),] ; phosphomolybdic acid, or
silicomolybdic acid,;

the second metal or metal oxide is Cr, a Cr oxide, Ni, a Ni
oxide, Mn, a Mn oxide, Zn, or a Zn oxide; and

the one or more promoters are selected from the group
consisting of Ba, Ce, Mg, Na, K.

In some embodiments, the catalyst comprises CuO. In some
embodiments, the catalyst comprises from 2 wt% to 98 wt% CuO and
further comprises from 98 wt% to 2 wt% of at least one oxide selected
from the group consisting of zinc oxide (ZnO), magnesium oxide (MgO),
barium oxide (BaO), chromium oxide (Cr,0,), silica (5102), alumina
(A1,0,), nickel oxide (NiO), manganese oxide (MnO,), sodium oxide
(Na20), potassium oxide (K,0), cerium oxide (Ce02), lanthanum oxide
(La20 ), iron oxide (Fe20 ;), silver oxide (Ag,0) and cobalt oxide (Co20 ,),
based on the total weight of the catalyst. In one embodiment, the catalyst
further comprises ZnO. In one embodiment, the catalyst further comprises
MgO. In some embodiments, the catalyst further comprises carbon.
Examples of suitable commercially available catalysts include but are not
limited to the following: CuO/ZnO, BaO/CuO/Cr ,04SiO,, BaO/CuO/Cr ,O,
BaO/CuO/MnO ,/Cr,0,, CuO/SiO ,, CuO/Al ,O,, CuO/NiO/Al O,
CuO/Cr ,04/Mn0O,, CuO/Cr,04, CuO/MnO ,/ Al,O4, CuO/Cr O,
Cu0/znO/Al ,04, CuO/SiO ,/Cr,04/MgO, CuO/ZnO/CeO2/Al ,0,/Na,O/C,
CuO/NIO, and NiO/CuO/K ,0/Cr,0/CaF,. In one embodiment, the
catalyst comprises CuO/ZnO, CuO/ZnO/Al ,0,, or
Cu0/Zn0O/Ce02/Al ,0,/Na,O/C.

Hydrogenation catalysts suitable for use in the second step of the

processes disclosed herein can be synthesized by, for example, mixing
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the Cu component with a solution of the heteropolyacid component,
evaporating the solvent (e.g., water) to dryness and calcining the resulting
powder. The heteropolyacid component may itself be provided as a
solution of heteropolyacid and a basic salt, for example, a solution
containing a mixture of H,[P(W;0io),] and cesium carbonate in suitable
proportions to form Cs2.5Ho.5[P(W ;0i0),,

In some embodiments, it is useful to utilize a solid catalyst support
to enhance the stability and economic feasibility of the process. Examples
of supports include, without limitation: WO3, S102, AI203, carbon, TiOz2,
ZrO2, Ce02, S102-Al203, clays (e.g., montmorillonite), SiO2-TiO2,
tungstated ZrO,, zeolites (such as H-Y zeolite), V,0., and M0O3. In other
embodiments, it may be desirable to not have a solid support.

The prepared hydrogenation catalyst can be in any physical form
typical for heterogeneous catalysts, including but not limited to: powdered
(also known as "fluidized") forms with 0.01 - 150 um particle size, formed
tablets, extrudates, spheres, engineered particles having uniform 0.5 - 10
mm size, monolithic structures on which surfaces the catalyst is applied, or
combinations of two or more of the above. When a solid support is utilized
a catalyst containing both M1 and M2, it is desirable that M1 be intimately
associated with the M2 component, the M3 component, or both, as
measured by transmission electron microscopy with energy dispersive
spectroscopy. It is further preferable that the particle size of the M1
component be less than 10 nm and most preferably less than 3 nm as
measured by the same techniques. In this case, particle size of the M1
component may be interpreted as particle size of a mixture of the M1 and
M2 components, an alloy of the M1 and M2 components, a particle of the
M1 component adjacent to a particle of the M2 component, or a particle of
the M1 component on the support which contains the M2 component.

The second hydrogenation catalysts can be synthesized by any
conventional method for preparing catalysts, for example, deposition of

metal salts from aqueous or organic solvent solutions via impregnation or
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incipient wetness, precipitation of an M1 component and / or an M2
component and/or an M3 component, or solid state synthesis. Preparation
may comprise drying catalyst materials under elevated temperatures from
30-250 °C, preferably 50-150 °C; calcination by heating in the presence of
air at temperatures from 250-800°C, preferably 300-450°C ; and reduction
in the presence of hydrogen at 100-400°C, preferably 200-300 °C, or
reduction with alternative reducing agents such as hydrazine, formic acid
or ammonium formate. The above techniques may be utilized with
powdered or formed particulate catalyst materials prepared by tableting,
extrusion or other techniques common for catalyst synthesis. Where
powdered catalysts materials are utilized, it will be appreciated that the
catalyst support or the resulting catalyst material may be sieved to a
desired particle size and that the particle size may be optimized to
enhance catalyst performance.

Hydrogen, optionally in combination with an inert gas such as
nitrogen or argon, is present during the heating of product mixture (1) in the
presence of the second hydrogenation catalyst. The total applied
pressure can range from 100 psi to about 2000 psi. In some
embodiments, the applied pressure is between and optionally includes any
two of the following values: 100, 200, 300, 400, 500, 600, 700, 800, 900,
and 2000 psi. If an inert gas is used in combination with the hydrogen, the
amount of the inert gas should be such that it does not negatively impact
the formation of product mixture (l1).

The second temperature is between about 120°C and about 260°C,
for example between about 140°C and about 200°C. In some
embodiments, the temperature is between and optionally includes any two
of the following values: 120°C, 130°C, 140°C, 150°C, 160°C, 170°C,
180°C, 190°C, 200°C, 210°C, 220°C, 230°C, 240°C, 250°C, and 260°C.

At the end of the designated heating time, if desired, the second
hydrogenation catalyst can be separated from product mixture (ll) by

methods known in the art, for example by filtration. After separation from

16



10

15

20

25

30

WO 2013/101969 PCT/US2012/071893

the catalyst, if desired the product mixture components, including one or
more of tetrahydrofuran-2,5-dimethanol, 2-hydroxymethyltetrahydropyran,
1,2,6-hexanetriol, 2-hydroxymethyl-5-hydroxytetrahydropyran, 1,2-
hexanediol, 1-hexanol, and 1, 6-hexanediol can be separated from one
another using any appropriate method known in the art, for example
distillation. In one embodiment, product mixture (Il) comprises 1, 6-
hexanediol. In one embodiment, product mixture (lI) comprises
tetrahydrofuran-2,5-dimethanol.  In one embodiment, product mixture (Il)
comprises 2-hydroxymethyltetrahydropyran. In one embodiment, product
mixture (Il) comprises 1,2,6-hexanetriol. In one embodiment, product
mixture (Il) comprises 2-hydroxymethyl-5-hydroxytetrahydropyran. In one
embodiment, product mixture (II) comprises 1,2-hexanediol. In one
embodiment, product mixture (Il) comprises 1-hexanol.

The first and second steps of the processes can be run in batch or
continuous modes, in liquid phase, gas phase, or biphasic conditions. In a
batch or continuous mode of operation, the amount of each catalyst used
will depend on the specific equipment configuration and reaction
conditions.

EXAMPLES

The methods disclosed herein are illustrated in the following
examples. From the above discussion and these examples, one skilled in
the art can ascertain the essential characteristics of this invention, and
without departing from the spirit and scope thereof, can make various
changes and modifications of the invention to adapt it to various uses and
conditions.

All commercial materials were used as received unless stated
otherwise and were obtained from Sigma-Aldrich (St. Louis, MO) unless
stated otherwise. Levoglucosenone (90% purity) was obtained from
TimTec LLC (Newark, DE). 2,5-Tetrahydrofurandimethanol was obtained
from the PenAKem corporation (Memphis, TN). 5% Platinum on carbon

(Pt/C) and 5% palladium on carbon (Pd/C) were received from the Aldrich
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Chemical Company (Aldrich catalogue numbers 20,5931 and 33,01 2-4,
respectively). 1, 6-anhydro- 3,4-dideoxy- p-D-pyranose-2-one ("K128")
and 1, 6-anhydro-3,4-dideoxy- p-erythro-hex-3-enopyranose ("A128") were
prepared as described in Journal of Organic Chemistry, 63 (1998) 8133-
8144.

Copper catalysts of various compositions were received from
different commercial sources as described below. All copper catalysts
were ground with a mortar and pestle and passed through a 0.01 65" mesh

sieve prior to use.

Table 1. Copper Catalysts Used in Some of the Examples

Catalyst Name Vendor Vendor Catalog Composition
Number
BaO/CUO/Cr0s | syedchemie G-22 CUO 41%, Cr,0, 43%,
BaO 12%
BaO/CUOMNO/Cr:0s | gyedchemie G-99B-0 CUO 47%, Cr,0; 46%,

MnO- 4%, BaO 2%

CuO/MnO,/AL O3

SuedChemie T-4489 CuO 56%, MnO, 10%,
ALO; 34%
CuO/ZnO/ALOs | guedchemie | ActiSorb®301 CuO 53%, ZnO 27%,
ALO; 20%
Cu0O/znO SuedChemie T-2130 CuO 33%, ZnO 66%
CuC/Sio, BASF Cu-0860 Decan-1-ol 30.0-50.0%,

(BASF Cu-0860) Copper 25.0-40.0%,

Silicon dioxide 10.0-
20.0%, Calcium oxide
0.0-10.0%, Copper oxide
0.0-10.0%, Palygorskite 7
0.0-7.0%, Crystalline
silica 0.0-1.0 %

Cu0O/ZnO/CeO/AlO4/
Na,O/C

Johnson PRICAT CZ CuO 39 wt.%, ZnO 45
Matthey 30/18 T 6*5 mm wt.%, Ce,03 2 wt.%,
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ALO; 8 wt.%, Na,O 0.3
wt.%, Graphite 2.5wt.%,
H,O, CO, Balance
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The PYWI/TiO2 catalyst was synthesized using the following
procedure. 0.92 Grams of Aerolyst 7708 T102 (Evonik) that had been
ground with a mortar and pestle and passed through a 0.01 65" mesh
sieve, then wetted with 1.0 ml of deionized water, was impregnated with
0.08 g of tetraammineplatinum  (ll) nitrate (Strem, Cat # 78-201 0) dissolved
in 1.0 ml of deionized water. The resulting wet suspension was vortexed
for 15 minutes and then vacuum-dried at 110 °C overnight. The resulting
precipitate was wetted with 1.0 ml of deionized water, and then 0.0535 ¢
of ammonium tungsten oxide hydrate (para analogue) (Alfa, stock #
22640) which had been thoroughly dissolved in 2.0 ml of deionized water
was added on to the wetted precipitate. The resulting wet suspension was
vortexed for 15 minutes and then vacuum-dried at 110 °C overnight. After
reaching room temperature, the material was transferred to a ceramic boat
and calcined in air at 400 °C for three hours. The calcined Pt/W/TiO2
catalyst had a Pt loading of 4 wt% based on the total weight of the
catalyst, and a 1:1 molar ratio of Pt:W .

Reactor feeds and reaction products were analyzed by gas
chromatography using standard GC and GC/MS equipment: Agilent
5975C, HP5890, Stabilwax Column Restek Company Bellefonte, PA (30m
X 025 mm 0.5 micron film thickness). Chemical components of reaction
product mixtures were identified by matching their retention times and
mass spectra to those of authentic samples.

The following abbreviations are used in the examples: "°C" means
degrees Celsius; "wt%" means weight percent; "g" means gram; "min"
means minute(s); "ul" means microliter; "wt%" means weight percent;
"RV(s)" means reaction vessel(s); "PSI" means pounds per square inch;
"mg/g" means milligram per gram; "unn" means micrometer; "ml_" means
milliliter; "mm" means millimeter and "mL/min" means milliliter per minute;
"MPa" means megapascal; "GC" means gas chromatography; "MS"

means "mass spectrometry”, "EX" means Example.

Examples 1-4
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Examples 1 through 4 demonstrate the conversion of LGone to a
first product mixture at 60°C (Examples 1A, 2A, 3A, and 4A) and the
subsequent conversion of the first product mixture to a second product
mixture at 180°C (Examples 1B, 2B, 3B, and 4B), as shown in Reaction

5 Schemes A and B, respectively. In these Examples, the same catalyst

was used for the first (A) and second (B) process steps.

O\POZLO H, 800 DSI :Lo :L /\(_7/\

Cat
2h, 60 C K128 LGol THFDM
LGone
OH OH
(o) O.
+ +
HO
HOTHPM THPM
Reaction Scheme A
OH OH
01 + H, 800 psi HO/\Q/\OH . .
Y0 ug ©  cat HO
o 4h, 180 C THFDM HOTHPM THPM
K128 LGol
10 +16-HD + 1,2,6-HT

Reaction Scheme B

In a glass vial equipped with a magnetic stir bar (1.5 ml_ glass vials,

ROBO Autosampler Vial, VWR International, Radnor, PA), 0.75 ml of

15 solvent (water, ethanol or ethyl acetate [abbreviated as EtOAc]) were
added to 37.5 mg of levoglucosenone and about 20 mg of Pt/C or of Pd/C
as catalyst as indicated in Table 2 below. The vials were capped with a
perforated septum to limit vapor transfer rates. The vials were placed in a
stainless steel (SS31 6) parallel pressure reactor having 8 individual wells.

20  The reactor was connected to a high pressure gas manifold and the
contents were purged with nitrogen gas (1000 psi) 3 times. About 800 psi
of H, was then added and the reactor was heated to 60°C. After 2 h the
reactor was allowed to cool to room temperature and the pressure was

released. Under inert gas atmosphere a 100 u1 sample of the first reaction
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product was taken from each vial, diluted with n-propanol and analyzed by
GC and GC/MS. Results for the first reaction products are given in Table
3.

The vials containing the undiluted Step 1 reaction products and
catalyst were returned to the reactor, which was then repressurized with
800 psi Hy and allowed to heat to 180°C. After 4 h the reactor was
allowed to cool to room temperature within 2 h and depressurized. The
second reaction solutions were diluted with n-propanol, filtered through a
standard 5 micron disposable filter, and analyzed by GC and GC/MS.

Results for the second reactor products are given in Table 3.

Table 2. Catalysts and Solvents Used in Examples 1 through 4.

Example Process Step Catalyst Solvent
1A First Pt/C H.O

1B Second PYC H.0
2A First Pd/C EtOAc
2B Second Pd/C EtOAC
3A First Pd/C H.O

3B Second Pd/C H2O
4A First Pd/C EtOH
4B Second Pd/C EtOH

Table 3. Product Distributions (% mol, based on GC area% corrected

using relative response factors) for Examples 1 through 4.

Ex | LGone | K128 | LGol | THFDM | HOTHPM | THPM | 1,6- | 1,2,6-
HD HT
1A <1 2 94 3 1 0 - -
1B <1 - <1 84 7 2 5 1
2A <1 0 95 2 2 1 - -
2B 7 - 93 2 2 0 3 0
3A <1 0 87 2 3 7 - -
3B - - 5 70 20 5 0 0
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4A <1 56 42 1 1 0 - -
4B n/a * n/a n/a n/a n/a n/a n/a n/a
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* "n/a" means not available. The vial containing Example 4B reaction

solution broke before the contents could be analyzed.

Example 5
Conversion of THFDM to a product mixture comprising 1, 6-HD and 1,2,6-
HT using a Pt/W/TiO2 catalyst at 160°C and a 6 hour reaction time

To a stainless steel (SS31 6) pressure reactor equipped with a
magnetic stir bar and 5 ml of water were added 250 mg of 2,5-
tetrahydrofurandimethanol (-95% pure) and about 250 mg of 4%
Pt/W/TiO2 catalyst. The reactor was sealed, connected to a high pressure
gas manifold, and purged with nitrogen gas (1000 psi) three times. About
800 psi of hydrogen was then added and the reactor was heated to 160°C.
After 6 h, the reactor was allowed to cool to room temperature within 2 h
and depressurized. The reaction product solution was diluted with n-
propanol and a known amount of diethyleneglycoldiethyl ether as an
internal standard and filtered through a standard 5 micron disposable filter.
A sample was taken and analyzed by GC and GC/MS; results are given in
Table 4.

Table 4. Results for Example 5

THPM | 1,2-HD | 1,5-HD | 1,5-PD | 1, 6-HD | THFDM | 1,2,6-HT | others
m [mg] 2 2 10 0 132 7 53 6
n[mmol] | 0.01 0.02 0.09 0 1.1 0.05 0.40 0.05
Yield 1% 1% 5% 0% 62% - 22% 3%
Example 6

Conversion of THFDM to a product mixture comprising 1, 6-HD and 1,2,6-

HT using a PYWI/TIO,, catalyst at 160°C and a 24 hour reaction time

Example 6 was conducted the same way as Example 5 but the

reaction time was 24 h instead of 6 h. Results are given in Table 5.
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Table 5. Results for Example 6

THPM | 1,2-HD | 1,5-HD | 1,5-PD | 1, 6-HD | THFDM | 1,2,6-HT | others
m [mg] 0.8 14.0 17.0 3.2 177.0 0.0 0.0 ~8.4
n [mmol] 0.0 0.1 0.1 0.0 1.5 0.0 0.0 n.d.
Yield 0% 7% 4% 2% 83% - 0% 4%
Example 7

Conversion of LGone to a first product mixture comprising LGol at 60 °C

To a stainless steel (SS31 6) pressure reactor equipped with a
magnetic stir bar and 5 ml of water were added 250 mg of
levoglucosenone (-90% pure, 10% water) and about 50 mg of 5% Pt/C
catalyst. The reactor was sealed, connected to a high pressure gas
manifold, and purged with nitrogen gas (1000 psi) three times. About 800
psi of hydrogen was then added and the reactor was heated to 60°C.
After 2 h, the temperature was increased to 100°C over the course of 30
min. After 2 h at 100 °C the reactor was allowed to cool to room
temperature within 2 h and depressurized. The reactor was rinsed with
water and the reaction product mixture was filtered through a standard 5
micron disposable filter. GC analysis of the filtered product mixture
showed quantitative conversion of the levoglucosenone to the
corresponding the alcohol levoglucosanol (LGol).

The filtered product mixture of Example 7 was used as the feed
solution for Examples 8 through 15, where it is referred to as the "first

product mixture".

Example 8 through Examplel 5
Conversion of a first product mixture comprising LGol to a second product
mixture comprising THFDM and HOTHPM
In these Examples, 0.75 ml portions of the filtered product mixture

from Example 7, referred to here as the "first product mixture”, were
placed in each of eight glass vials (1.5 mL glass vials ,ROBO Autosampler
Vial, VWR International, Radnor, PA) together with the amount of catalyst
indicated in Table 6. Each portion of the first product mixture contained

about 27 mg of LGol. Each vial was equipped with a magnetic stir bar
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(magnetic stirbar 7 x 2 mm,VWR International, Radnor, PA) and capped
with a perforated septum to limit vapor transfer rates. The vials were
placed in a stainless steel (SS31 6) parallel pressure reactor having 8
individual wells. The reactor was connected to a high pressure gas
manifold and the contents were purged with nitrogen gas (1000 psi) 3
times. About 1200 psi of hydrogen was added while the reaction solutions
were stirred. The reactor was then heated to 200°C and the pressure was
adjusted to 2000 psi. After 4 h the reactor was allowed to cool to room
temperature within 2 h and depressurized. The second product mixture
was diluted with n-propanol and a known amount of diethylene glycol
diethyl ether as an internal standard and filtered through a standard 5
micron disposable filter for GC and GC/MS analysis. Results are given in
Table 6.

Table 6. Results for Examples 8-15

Ex Catalyst Catalyst Yield mol %
amount THFDM HOTHPM Other alcohols and
[mg] unidentified by-
products
Cu0/ZnO 60 38 7 54
BaO/CuO/Cr,05 60 50 7 44
10 BaO/CuO/MnOy/ 60 51 7 42
Cr,03
11 Cu0O/SiO, 60 54 8 38
12 Cu0O/ZnO/AlLO4 60 62 8 30
13 CuO/ZnO/CeOyf 60 52 5 43
Al,O3/Na,O/C
14 CuO/MnO,/ Al,O5 60 54 6 40
15 5% Pt/C 5 66 10 24
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CLAIMS

What is claimed is:

1. A process comprising:

a) contacting levoglucosenone with hydrogen in the presence of a
first hydrogenation catalyst at a first temperature between about 25°C and
about 150 °C to form product mixture (1); and

b) heating product mixture (I) in the presence of hydrogen and a
second hydrogenation catalyst at a second temperature between about
120 °C and about 260 °C to form product mixture (l1).

2. The process of claim 1, wherein product mixture (I) comprises one or
more of levoglucosenol, levoglucosanol, tetrahydrofuran 2,5-dimethanol,
2-hydroxymethyltetrahydropyran, 1,2,5,6-tetrahydroxyhexane, 1,2,6-
hexanetriol, and 2-hydroxymethyl-5-hydroxytetrahydropyran.

3. The process of claim 1, wherein product mixture (Il) comprises one or
more of 1,2,6-hexanetriol, tetrahydrofuran 2,5-dimethanol, 2-
hydroxymethyl-5-hydroxytetrahydropyran, 1, 6-hexanediol, 1,2-hexanediol,
1-hexanol, and 2-hydroxymethyltetrahydropyran.

4. The process of claim 3, wherein product mixture (II) comprises 1, 6-

hexanediol.

5. The process of claim 1, wherein the first hydrogenation catalyst
comprises one or more of supported platinum catalysts, supported
palladium catalysts, supported ruthenium catalysts, supported nickel
catalysts, catalysts derived from nickel-aluminum alloys, catalysts derived
from cobalt-aluminum alloys, and organophosphorous or organometallic

complexes of Rh, Ir, Ru, or Ti.
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6. The process of claim 1, wherein the second hydrogenation catalyst
comprises a metal M1 and optionally a metal M2 or an oxide of M2, and

optionally a support, wherein:

M1is Pd, Pt, or Ir; and M2 is Mo, W, V, Mn, Re, Zr, Ni, Cu,
Zn, Cr, Ge, Sn, Ti, Au, or Co; or

M1is Rhand M2 is Re, Mo, W, V, Mn, Ni, Cu, Zn, Cr, Ge,
Sn, Ti, Au, or Zr; or

M1 is Ag, Au or Co; and M2 is Re, Mo, or W;

M1 is Cu, Pd, Fe, or Ni; and M2 is Re, Mo, Cu, Zn, Cr, Ge,
Sn, or W; or

M1 is Ag, Pt, Cu, or Au, and M2 is Ni, Fe, Sn, Ge, or Ir; or
M1 is Co and M2 is Fe; or

M1 is Niand M2 is Co or Fe; or
M1 is Mn and M2 is Cr.

7. The process of claim 1, wherein the second hydrogenation catalyst
comprises a catalyst comprising Pt, Cu, Ni, Pd, Rt, Rh, Ir, Ru, or Fe on a

WO, or WOx support.

8. The process of claim 1, wherein the second hydrogenation catalyst
comprises a catalyst comprising metals M1, M2, and M3 and optionally a

support, wherein:

M1 is Mn, Cr, V, or Ti; M2 is Ni, Co, or Fe; and M3 is M1 is;
and M3 is Cu, Ag, Pt, Pd or Au; or

M1 is Pt or Rh; M2 is Cu, Nior Pd; and M3 is Mo, Re or W.

9. The process of claim 1, wherein the second hydrogenation catalyst

comprises a Cu component, optionally a heteropoly acid component;
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optionally a second metal or metal oxide; optionally one or more

promoters; and optionally a support, wherein:
the Cu component comprises Cu or a Cu oxide;

the heteropoly acid component is Hg[P(W;0io),] ,
Hs [Si(W 50i0)4], Cs2.5Ho0.5[P(W0i0),] ; phosphomolybdic acid, or

silicomolybdic acid;

the second metal or metal oxide is Cr, a Cr oxide, Ni, a Ni

oxide, Mn, a Mn oxide, Zn, or a Zn oxide; and

the one or more promoters are selected from the group

consisting of Ba, Ce, Mg, Na, K.

10. The process of claim 1, wherein the catalyst comprises from 2 weight
percent to 98 weight percent CuO, and further comprises from 98 weight
percent to 2 weight percent of at least one oxide selected from the group
consisting of zinc oxide, magnesium oxide, barium oxide, chromium oxide,
silica, alumina, nickel oxide, manganese oxide, sodium oxide, potassium
oxide, cerium oxide, lanthanum oxide, iron oxide, silver oxide, and cobalt

oxide, based on the total weight of the catalyst.

11. The process of claim 1, wherein the second hydrogenation catalyst
comprises BaO/CuO/Cr 203/Si02, BaO/CuO/Cr 203, BaO/CuO/MnO 2/Cr203,
CuO/SiO ,, CuO/Al ,04, CuO/NIO/Al ,04, CuO/Cr ,0,/MnO ,, CuO/Cr ,0

273 273 2
CuO/MnO ,/ AL,O,, CuO/Cr ,0,, CUO/SIO ,/Cr,0/MgO, CuOINiO, or
NiO/CuO/K ,0/Cr,0/CaF ,.

31
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12. The process of claim 1, wherein steps a) and b) further comprise a
solvent, and the solvent comprises water, a Ci-CzoaIcohoI, a CZ-Czoether,

a C,-Cy, ester, or mixtures thereof.
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