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PRODUCTION OF GLUTARIC ACID AND DERIVATIVES FROM
CARBOHYDRATE-CONTAINING MATERIALS

FIELD OF THE INVENTION

[0001] The present invention generally relates to processes for the chemocatalytic
conversion of a pentose source to a glutaric acid product. The present invention includes
processes for the conversion of pentose to a glutaric acid product via pentaric acid and/or
derivatives thereof. The present invention also includes processes comprising the catalytic
oxidation of a pentose to a pentaric acid and catalytic hydrodeoxygenation of pentaric acid
and/or derivatives thereof to a glutaric acid product. The present invention also relates to
processes for the preparation of industrial chemicals such as diols (e.g., 1,5-pentanediol),
diamines (e.g., 1,5-diaminopentane), polyamides and polyesters from a glutaric acid product
obtained from processes for the chemocatalytic conversion of a pentose source which includes
the catalytic hydrodeoxygenation of a pentaric acid (e.g., xylaric and/or arabinaric acid) and/or

derivatives thereof.

BACKGROUND OF THE INVENTION

[0002] Hemicelluloses represent the second most abundant carbohydrate in nature,
constituting up to approximately 20—-35% of lignocellulosic biomass. Hemicelluloses are
heterogeneous polymers of pentoses (e.g., xylose and arabinose), hexoses and sugar acids. It 1s
known that hemicelluloses can be acid-hydrolyzed to xylose and subsequently cyclodehydrated
to produce furfural. Over 350,000 tonnes of furfural are produced from xylose annually for
applications 1n plastics, pharmaceuticals and agrochemicals. See for example, Furfural:
Hemicelluloses/xylose-derived biochemical, Mamman et al. Biofuels, Bioprod. Bioref. Vol. 2,
pp. 438-454.

[0003] One of the major challenges for converting biorenewable carbohydrate-
derived pentose (e.g., xylose and arabinose derived from hemicellulose) to a broader suite of
current commodity and specialty chemicals 1s the selective removal of oxygen atoms from the
carbohydrate. Approaches are known for converting carbon-oxygen single bonds to carbon-
hydrogen bonds. See, for example: U.S. Patent No. 5,516,960; U.S. Patent App. Pub.
2007/0215484 and Japanese Patent No. 78,144,506. Each of these known approaches suffers
from various limitations, and we believe that, currently, none of such methods are used

industrially for the manufacture of industrial chemicals.
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[0004] Given the abundance of hemicelluloses, there remains a need for new,
industrially scalable methods for the selective and commercially-meaningful conversion of
carbon-oxygen single bonds to carbon-hydrogen bonds, especially as applied in connection with
the production of chemicals from pentaric acid (and/or derivatives thereof) such as, for example,
xylaric acid, and especially for the conversion of pentose (e.g., xylose and arabinose) to valuable
chemical intermediates such as glutaric acid, which may be used in the manufacture of diols
(e.g., 1,5-pentanediol), diamines (e.g., 1,5-diaminopentane), polyamides, polyesters, polyester
polyols, fragrances and pharmacecuticals, among others. See Ullmann’s Encyclopedia of
Industrial Chemistry, Wiley-VCH 2009 and also US. Patents 5,290,852, 5,281,647, 4,439,551,
WO 2008/144514 and 2008/070762, Japanese Patents 2005060447 and 2001316311, and U.S.
Patent App. Pub. 2008/0103232.

SUMMARY OF THE INVENTION

[0005] Briefly, therefore, the present invention 1s directed to processes for preparing
a glutaric acid product. In accordance with one embodiment, a process for producing a glutaric
acid product from a pentose source 1s provided. The process comprises converting by
chemocatalytic means at least a portion of the pentose source to the glutaric acid product.

[0006] In accordance with another embodiment, the process for preparing a glutaric
acid product comprises reacting, in the presence of a hydrodeoxygenation catalyst and a halogen
source, a C5-backbone substrate and hydrogen to convert at least a portion of the C5-backbone
substrate to a glutaric acid product, wherein the C5-backbone substrate comprises a compound

of formula I

|

wherein X 1s independently hydroxyl, oxo, halo, acyloxy, or hydrogen provided that at least one
X is not hydrogen and R' is independently a salt-forming ion, hydrogen, hydrocarbyl, or
substituted hydrocarbyl; or a lactone thereof.

[0007] In accordance with another embodiment, the process for preparing a glutaric
acid product comprises converting at least a portion of a pentose source to a C5-backbone
substrate comprising pentaric acid or derivatives thereof, and converting at least a portion of the

pentaric acid or derivatives to a glutaric acid product.
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[0008] The present invention is further directed to processes for preparing pentaric acid. In
one embodiment, the process comprises reacting a pentose selected from the group consisting of
xylose, arabinose, ribose, lyxose, and mixtures thereof, with oxygen in the presence of an oxidation
catalyst and in the substantial absence of added base.

[0009] The present invention 1s further directed to processes for preparing pentaric acid by
reacting pentose with oxygen in the presence of an oxidation catalyst, wherein at least a portion of the
pentose 1s solubilized with a weak carboxylic acid, preferably acetic acid.

10010] The present invention is further directed to processes for the preparation of industrial
chemicals such as diols (e.g., 1,5-pentanediol) diamines (e.g., I,S-diaminopentane), polyamides and
polyesters, among others, from a glutaric acid product obtained from processes comprising the
chemocatalytic conversion of a pentose source to a C5-backbone substrate, and the catalytic
hydrodeoxygenation of a C5-backbone substrate (e.g., xylaric and/or arabinaric acid and/or derivatives
thereof) to a glutaric acid product.

|0011] The present invention 1s further directed to glutaric acid product, diols, diamines,
polyamides and polyesters produced at least in part from a process comprising the hydrodeoxygenation
of a C5-backbone substrate and, more particularly, xylaric acid and/or derivatives thereof.

|0011a] In one aspect, the invention relates to a process for preparing a glutaric acid product,
the process comprising: reacting, in the presence of a hydrodeoxygenation catalyst and a halogen
source, a C5-backbone substrate and hydrogen to convert at least a portion of the C5-backbone

substrate to a glutaric acid product, wherein the C5-backbone substrate comprises a compound of

formula I

O X O

RO OR’

l
wherein X 1s independently hydroxyl, oxo, halo, acyloxy or hydrogen provided that at least one X is
not hydrogen and R' is independently a salt-forming ion, hydrogen, hydrocarbyl, or substituted

hydrocarbyl; or a lactone thereof and the glutaric acid product comprises a compound of formula I1
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wherein R' is as defined for formula I.
[0011b] In a further aspect, the invention relates to a process for preparing a glutaric acid
product, the process comprising: a) converting at least a portion of a pentose source to a C5-backbone

substrate comprising a compound of formula I
O ) O

l
wherein X 1s independently hydroxyl, oxo, halo, acyloxy or hydrogen provided that at least one X is
not hydrogen and R' is independently a salt-forming ion, hydrogen, hydrocarbyl, or substituted
hydrocarbyl; or a lactone thereof; and b) converting, in the presence of a heterogeneous
hydrodeoxygenation catalyst comprising at least one d-block metal selected from the group consisting
of Co, N1, Ru, Rh, Pd, Os, Ir, Pt, and combinations thereof at a surface of a support, at least a portion

of the C5-backbone substrate to a glutaric acid product of formula Il
O O

11
wherein R' is independently a salt-forming ion, hydrogen, hydrocarbyl, or substituted hydrocarbyl.

[0012]  Other objects and features will become apparent and/or will be pointed out hereinafter.

DESCRIPTION OF THE PREFERRED EMBODIMENTS
[0013] In accordance with the present invention, applicants disclose processes for the

chemocatalytic conversion of a pentose source to a glutaric acid product.
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[0014] Further, 1n accordance with the present invention, applicants disclose processes for the
catalytic hydrodeoxygenation of a C5-backbone substrate to a glutaric acid product. The catalytic
hydrodeoxygenation includes reacting, in the presence of a hydrodeoxygenation catalyst (i.e., catalyst
suitable for the hydrodeoxygenation reaction) and a halogen source, a C5-backbone substrate and
hydrogen to convert at least a portion of the C5-backbone substrate to a glutaric acid product. The
hydrodeoxygenation catalyst of the present invention comprises a d-block metal (i.e., transition metal;
groups 3 - 12 ot the periodic table) that 1s hydroxyl, halo, oxo or acyloxy selective, more typically
hydroxyl-selective, Which increases yield and improves process economics.

[001S] The present invention also relates to processes for the catalytic production of pentaric

acid and/or derivatives thereof from a pentose selected from the group consisting of
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xylose, arabinose, ribose, lyxose, and mixtures therecof. The process includes reacting the
pentose with oxygen (wherein the oxygen 18 supplied to the reaction as air, oxygen-enriched air,
oxygen alone, or oxygen with one or more other constituents substantially inert to the reaction)
in the presence of an oxidation catalyst and 1n the substantial absence of added base.

Conducting the oxidation reaction in the substantial absence of added base facilitates product
recovery and improves process economics. Further, this reaction may be conducted 1n the
presence of a weak carboxylic acid, such as acetic acid, in which at least a portion of the pentose
1s solubilized.

[0016] In another aspect of the invention, a glutaric acid product prepared 1n
accordance with the disclosed processes may be converted, according to processes known 1n the
art, to various other industrially significant chemicals including, for example, diols (e.g., 1,5-
pentanediol), diamines (e.g., 1,5-diaminopentane), polyamides and polyesters among others.
Thus diols (e.g., 1,5-pentanediol), diamines (e.g., 1,5-diaminopentane) polyamides and
polyesters, among others, may be prepared from pentoses derived from biorenewable sources

containing hemicellulose.

1. Keedstocks

[0017] Pentoses are sugars containing five carbons and generally include xylose,
arabinose, ribose, and lyxose. Pentoses can be obtained from various carbohydrate-containing
sources (particularly hemicellulose-containing sources) including biorenewable sources such as
energy crops, plant biomass, agricultural wastes, forestry residues, sugar processing residues and
plant-derived household wastes. More generally, biorenewable sources that may be used in
accordance with the present invention include any renewable organic matter that includes a
source of hemicellulose such as, for example, switch grass, straw (e.g., rice straw, barley straw,
wheat straw, rye straw, oat straw), oat hulls, miscanthus, cassava, trees (hardwood and
softwood), vegetation, and crop residues (e.g., bagasse and corn stover). Other sources can
include, for example, waste materials (e.g., spent paper, green waste, municipal waste, etc.).
Pentoses may be 1solated from biorenewable sources containing hemicelluloses using methods
that are known 1n the art. Furthermore, methods to convert pentoses to a limited suite of
chemicals are also known 1n the art. For 1llustrations of these methods, see, for example, Saha,
J. Ind. Microbiol. Biotechnol. vol. 30, pp. 279-291 (2003), and Kamm, Gruber and Kamm,
Biorefineries-Industrial Processes and Products, Wiley-VCH, Weinheim 2006.
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11. Preparation of a Pentaric Acid

[0018] In accordance with the present invention, pentose selected from the group
consisting of xylose, arabinose, ribose, lyxose, and mixtures thereof, 1s converted to pentaric
acid and/or derivatives therecof. The preparation of various pentaric acids (pentaric acids include
xylaric, arabinaric, ribaric and lyxaric) can be accomplished from pentoses using oxidation
methods that are generally known 1n the art. See, for example, Journal of Molecular Catalysis,
Vol. 77, pp. 75-85 (1992), which 1llustrates a method for the preparation of pentaric acids from
aldopentoses using a platinum catalyst 1n the presence of oxygen and a base. Other oxidation
methods may also be employed, see for example, U.S. Patent Nos. 6,049,004, 5,599,977, and
6,498,269, and U.S. Patent App. Pub. No. 2008/033205. Similarly, U.S. Patent No. 5,731,467
discloses method of producing xylaric acid by the oxidative degradation of 5-ketogluconic acid
or a salt thereof 1n alkaline medium using oxygen. However, these processes suffer from
economic shortcomings resulting from, among other matters, process yield limitations and the
requirement for additional reaction constituents.

[0019] Applicants have discovered that pentose (i.e., an oxidation substrate) selected
from the group consisting of xylose, arabinose, ribose, lyxose, and mixtures thercof, may be
converted to pentaric acid 1n high yield by reacting the oxidation substrate with oxygen (wherein
the oxygen 1s supplied to the reaction as air, oxygen-enriched air, oxygen alone, or oxygen with
one or more other constituents substantially inert to the reaction) in the presence of an oxidation

catalyst and 1n the absence of added base according to the following reaction:

O OH O
Oxidation O,
b —_—ee HO OH
OH OH

pentaric acid

[0020] Surprisingly, conducting the oxidation reaction in the absence of added base
and 1n accordance with the reaction conditions set forth herein, does not lead to significant
catalyst poisoning effects and catalyst oxidation activity 1s maintained. The absence of added
base advantageously facilitates separation and 1solation of pentaric acid, thereby providing a
process that 1s more amenable to industrial application, and improves overall process economics
by eliminating a reaction constituent. The “absence of added base” as used herein means that
base, 1f present (for example, as a constituent of a feedstock), 1s present 1n a concentration which

has essentially no effect on the efficacy of the reaction; 1.¢., the oxidation reaction 1s being
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conducted essentially free of added base. It has been further discovered that conducting the
oxidation reaction under increased oxygen partial pressures and/or higher oxidation reaction
mixture temperatures tends to increase the yield of pentaric acid when the reaction 1s conducted
in the substantial absence of added base. It has also been discovered that this oxidation reaction
can be carried out 1n the presence of a weak carboxylic acid, such as acetic acid, in which
pentose 18 soluble. The term “weak carboxylic acid” as used herein means any unsubstituted or
substituted carboxylic acid having a pKa of at least about 3.5, more preferably at Ieast about 4.5,
and more particularly unsubstituted acids such as acetic acid, propionic acid or butyric acid, or
mixtures thereof.

[0021] In these and various other embodiments, the initial pH of the reaction mixture
1S no greater than about 7, and typically less than 7 such, for example, 6 or less when a weak
carboxylic acid 1s used to solubilize at least a portion of the pentose. In accordance with the
present invention, the initial pH of the reaction mixture 1s the pH of the reaction mixture prior to
contact with oxygen 1n the presence of an oxidation catalyst. It 1s expected that the pH of the
reaction mixture after oxygen contact will vary as the reaction proceeds. It 1s believed that as
the concentration of pentaric acid increases (as the reaction proceeds) the pH will decrease from
the 1nitial pH.

[0022] Another advantage of the present invention 1s the essential absence of
nitrogen as an active reaction constituent. Typically, nitrogen 1s employed in known processes
as an oxidant such as in the form of nitrate, in many instances as nitric acid. The use of nitrogen
1in a form 1n which 1t 1s an active reaction constituent, such as nitrate or nitric acid, results in the
need for NOy abatement technology and acid regeneration technology, both of which add
significant cost to the production of pentaric acid from these known processes, as well as
providing a corrosive environment which may deleteriously affect the equipment used to carry
out the process. By contrast, for example, 1n the event air or oxygen-enriched air 18 used 1n the
oxidation reaction of the present invention as the source of oxygen, the nitrogen 1s essentially an
1nactive or inert constituent. Thus, for example, in accordance with the present invention, an
oxidation reaction employing air or oxygen-enriched air 1s a reaction conducted essentially free
of nitrogen 1n a form 1n which 1t would be an active reaction constituent.

[0023] In various embodiments, the pentose 1s selected from the group consisting of
xylose, arabinose, and mixtures thereof. In these and other embodiments, the pentose 1s
converted to a pentaric acid selected from the group consisting of xylaric acid, arabinaric acid,

and mixtures thereof.
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|0024] Generally, the temperature of the oxidation reaction mixture is at least about 40°C,
more typically 60°C or higher. In various embodiments, the temperature of the oxidation reaction
mixture 1s from about 40°C to about 150°C, from about 60°C to about 150°C, from about
70°C to about 150°C, or from about 70°C to about 140°C, or from about 80°C to about 120°C.

[0025] Typically, the partial pressure of oxygen is at least about 15 pounds per square inch
absolute (psia) (104 kPa), at least about 25 psia (172 kPa), at least about 40 psia (276 kPa), at least
about 60 psia (414 kPa). In various embodiments, the partial pressure of oxygen is up to about
1000 psia (6895 kPa) or, more typically, in the range of from about 15 psia (104 kPa) to about 500 psia
(34477 kPa).

(0026] 'The oxidation reaction is typically conducted in the presence of a solvent to pentose.
Solvents suitable for the oxidation reaction include water and weak carboxylic acids such as acetic
acid. Utilization of weak carboxylic acid as a solvent adds cost to the process which cost, as a practical
matter, must be balanced against any benefits derived from the use thereof. Thus, suitable solvents for
the present invention include water, mixtures of water and weak carboxylic acid, or weak carboxylic
acid.

[0027] In general, the oxidation reaction can be conducted in a batch, semi-batch, or
continuous reactor design using fixed bed reactors, trickle bed reactors, slurry phase reactors, moving
bed reactors, or any other design that allows for heterogeneous catalytic reactions. Examples of
reactors can be seen in Chemical Process Equipment - Selection and Design, Couper et al., Elsevier
1990. It should be understood that the pentose(s), oxygen, any solvent, and the oxidation catalyst may
be introduced into a suitable reactor separately or in various combinations.

0028] Catalysts suitable for the oxidation reaction ("oxidation catalyst") include

heterogeneous catalysts, including solid-phase catalysts comprising one or more supported or

unsupported metals. In various embodiments, metal is present at a surface of a support (i.e., at one or
more surfaces, external or internal). Typically, metal is selected from the group consisting of
palladium, platinum, and combinations thereof. Additional other metals may be present, including one
or more d-block metals, alone or in combination with one or more rare earth metals (e.g. lanthanides),
or alone or in combination with one or more main group metals (e.g. Al, Ga, Tl, In, Sn, Pb or Bi). In
general, the metals may be present in various forms (e.g., elemental, metal oxide, metal hydroxides,
metal 1ons, etc.). Typically, the metal(s) at a surface of a support constitute from about 0.25% to about
0%, or from about 1% to about 8%, or from about 2.5% to about 7.5% (e.g., 5%) of the total weight

of the catalyst.
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[0029] In various embodiments, the oxidation catalyst comprises a first metal (M1)
and a second metal (M2) at a surface of a support, wherein the M1 metal 1s selected from the
oroup consisting of palladium and platinum and the M2 metal 1s selected from the group
consisting of d-block metals, rare earth metals, and main group metals, wherein the M1 metal 15
not the same metal as the M2 metal. In various preferred embodiments, the M1 metal 1s
platinum and the M2 metal 1s selected from the group consisting of manganese, 1ron, and coballt.

[0030] The M1:M2 molar ratio may vary, for example, from about 500:1 to about
1:1, from about 250:1 to about 1:1, from about 100:1 to about 1:1, from about 50:1 to about 1:1,
from about 20:1 to about 1:1, or from about 10:1 to about 1:1. In various other embodiments,
the M1:M2 molar ratio may vary, for example, from about 1:100 to about 1:1, from about 1:50
to about 1:1, from about 1:10 to about 1:1, from about 1:5 to about 1:1, or from about 1:2 to
about 1:1.

[0031] Morcover, the weight percents of M1 and M2 relative to the catalyst weight
may vary. Typically, the weight percent of M1 may range from about 0.5% to about 10%, more
preferably from about 1% to about 8%, and still more preferably from about 2.5% to about 7.5%
(e.g., about 5%). The weight percent of M2 may range from about 0.25% to about 10%, from
about 0.5% to about 8%, or from about 0.5% to about 5%.

[0032] In various other embodiments, a third metal (M3) may be added to produce a
M1/M2/M3 catalyst wherein the M3 metal 1s not the same metal as the M1 metal and the M2
metal. In other embodiments a fourth metal (M4) may be added to produce a M1/M2/M3/M4
catalyst wherein the M4 metal 1s not the same metal as the M1 metal, the M2 metal, or the M3
metal. The M3 metal and M4 metal may cach be selected from the group consisting of d-block
metals, rare earth metals (e.g. lanthanides), or main group metals (¢.g. Al, Ga, T1, In, Sn, Pb
or B1).

[0033] Suitable catalyst supports include carbon, alumina, silica, ceria, titania,
zirconia, niobia, zeolite, magnesia, clays, 1ron oxide, silicon carbide, aluminosilicates, and
modifications, mixtures or combinations thereof. The support materials may be modified using
methods known 1n the art such as heat treatment, acid treatment or by the introduction of a
dopant (for example, metal-doped titanias, metal-doped zirconias (e.g., tungstated-zirconia),
metal-doped cerias, and metal-modified niobias). Preferred supports are carbon (which may be
activated carbon, carbon black, coke or charcoal), alumina, and silica. In various embodiments,
the support of the oxidation catalyst 1s selected from the group consisting of carbon, alumina,

and silica.
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[0034] When a catalyst support 1s used, the metals may be deposited using
procedures known 1in the art including, but not limited to, incipient wetness, 10n-exchange,
deposition-precipitation, and vacuum impregnation. When two or more metals are deposited on
the same support, they may be deposited sequentially or simultancously. In various
embodiments, following metal deposition, the catalyst 1s dried at a temperature of at least about
50°C, more typically at least about 120°C for a period of time of about 1 hour, more typically 3
hours or more. In these and other embodiments, the catalyst 18 dried under sub-atmospheric
pressure conditions. In various embodiments, the catalyst 1s reduced after drying (e.g., by
flowing 5% H, 1n N, at 350 "C for 3 hours). Still further, in these and other embodiments, the
catalyst 1s calcined, for example, at a temperature of at least about 500°C for a period of time
(e.g., at least about 3 hours).

[0035] The pentaric acid produced 1n accordance with the above may be converted to
various other pentaric acid derivatives, such as salts, esters, ketones, and lactones. Methods to
convert carboxylic acids to such derivatives are known 1n the art, see, for example, Wade,

Organic Chemistry 3" ed, Prentice Hall 1995.

I11. Preparation of a Glutaric Acid Product

[0036] In accordance with the present invention, a glutaric acid product may be
prepared by chemocatalytic conversion of a pentose source. In various embodiments,
preparation of a glutaric acid product includes chemocatalytic conversion of a pentose source to
pentaric acid. In these and other embodiments, a C5-backbone substrate comprising at Icast a
portion of the pentaric acid or derivatives thereof 1s converted to a glutaric acid product.
Derivatives of pentaric acids include compounds as defined below.

[0037] The C5-backbone substrate comprises a compound of the formula I:
O X O

I
wherein X 1s independently hydroxyl, oxo, halo, acyloxy, or hydrogen provided that at least one
X is not hydrogen and R' is independently a salt-forming ion, hydrogen, hydrocarbyl, or
substituted hydrocarbyl; or a lactone thereof.
[0038] As used herein, the term “hydrocarbyl” refers to hydrocarbyl moieties,

preferably containing 1 to about 50 carbon atoms, preferably 1 to about 30 carbon atoms, and
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even more preferably 1 to about 18 carbon atoms, including branched or unbranched, and
saturated or unsaturated species. Preferred hydrocarbyl can be selected from the group
consisting of alkyl, alkylene, alkoxy, alkylamino, thioalkyl, haloalkyl, cycloalkyl,
cycloalkylalkyl, heterocyclyl, N-heterocyclyl, heterocyclylalkyl, aryl, aralkyl heteroaryl, V-
heteroaryl, heteroarylalkyl, and the like. A hydrocarbyl may be optionally substituted
hydrocarbyl. Hence, various hydrocarbyls can be further selected from substituted alkyl,
substituted cycloalkyl and the like.

[0039] Salt forming 1ons include, without limitation, for example ammonium 10ns
and metal ions (e.g., alkali and alkaline earth metals). When R’ is a salt forming ion (i.c., a
cation), the carboxyl group may be considered to be anion (1.e., carboxylate anion).

[0040] In various embodiments, the C5-backbone substrate comprises a compound
of formula I, wherein X 1s mdependently hydroxyl, oxo, halo, Ci-Cg acyloxy, or hydrogen
provided that at least one X 1s not hydrogen. In other embodiments, the C5-backbone substrate
comprises a compound of formula I, wherein X is hydroxyl and R' is independently a salt-
forming 10n, hydrogen, hydrocarbyl, or substituted hydrocarbyl.

[0041] As shown in formula I, the C5-backbone substrate contains a tive carbon
chain comprising three chiral centers. As a result several stereoisomers are possible. In various
embodiments, the preferred C5-backbone substrate comprises a pentaric acid selected from the
oroup consisting of xylaric acid, arabinaric acid, and mixtures thereof.

[0042] The C5-backbone substrate may also include various ketones. For example,
not wishing to be bound by theory, when pentaric acids are further oxidized, ketones such as an
a-keto-xylaric acid (2,3-dihydroxy-4-oxopentanedioic acid) and various stereoisomers thereof,
may be formed.

[0043] The C5-backbone substrate may comprise various lactones derived from
pentaric acids. For example, not wishing to be bound by theory, it 1s believed that various
monolactones may be present 1in equilibrium with various pentaric acids 1n aqueous solution,
including for example, xylaro-5,2-lactone, arabinaro-5,2-lactone, ribaro-5,2-lactone, and lyxaro-
5,2-lactone or stercoisomers thereof. Moreover, processes have been developed to quantitatively
convert pentaric acids or a salt thereof 1n solution to one or more lactones and recover a
substantially pure lactone stream. See, for example, U.S. Patent App. Pub. Nos. 2006/0084817
and 2006/0084300.

[0044] In accordance with the present invention, a glutaric acid product (formula II)
may be prepared by reacting, in the presence of a hydrodeoxygenation catalyst and a halogen

source a C5-backbone substrate (formula I) and hydrogen (i1t being understood that hydrogen
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means essentially hydrogen or hydrogen in combination with other constituents that are

essentially 1nert to the reaction), according to the following reaction:

O X O
H, O O
Halogen source )J\/\/“\
—_——
1 1
R'O OR Catalyst R10 OR'
X X
I 11

wherein X and R' are defined as described above.

[0045] In preferred embodiments, the glutaric acid product (formula II) comprises
glutaric acid.

[0046] In the above reaction, a C5-backbone substrate 1s converted to a glutaric acid
product by catalytic hydrodeoxygenation in which carbon-hydroxyl groups are converted to
carbon-hydrogen groups. In various embodiments, the catalytic hydrodeoxygenation 1s
hydroxyl-selective wherein the reaction 1s completed without substantial conversion of the one
or more other non-hydroxyl functional group of the substrate.

[0047] In accordance with the present invention, a C5-backbone substrate 1s
catalytically hydrodeoxygenated 1n the presence of hydrogen, a halogen source and a
hydrodeoxygenation catalyst. Without being bound by theory, it 1s believed that during this
reaction the C5-backbone substrate 1s halogenated with the halogen source, to form a
halogenated intermediate containing a carbon-halogen bond (e.g., a secondary alcohol group on
the pentaric acid 1s converted to a halide to produce an alkyl halide). The carbon-halogen bond
of the halogenated intermediate 1s believed to be converted to a carbon-hydrogen bond via one
or more of the following pathways. In the first pathway, the halogenated intermediate reacts
with hydrogen 1n the presence of the hydrodeoxygenation catalyst leading to the formation of a
carbon-hydrogen bond along with the generation of hydrohalic acid. In the second pathway, the
halogenated intermediate undergoes a dehydrohalogenation reaction to form an olefin
intermediate and hydrohalic acid. The olefin 1s further reduced m the presence of the
hydrodeoxygenation catalyst leading to the formation of a carbon-hydrogen bond (or the olefin
may be an enol form of a ketone which can iterconvert to a keto form which can reduce to an
alcohol group which can undergo further hydrodeoxygenation). Effecting the reaction pursuant
to the above described first and second pathways generates hydrohalic acid as a by-product,
which 1s available for further reaction. In the third pathway, the halogenated intermediate reacts
with hydrohalic acid leading to the formation of a carbon-hydrogen bond along with the

formation of molecular halogen (or interhalogen). Effecting the reaction pursuant to the third
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pathway generates molecular halogen as a by-product, which 1s available for further reaction.
One or more of the various pathways described above may occur concurrently.

[0048] It should be recognized that the hydrodeoxygenation reaction can be
conducted by first forming and optionally purifying or isolating these various intermediates
formed by combining a C5-backbone substrate and a halogen source and subsequently reacting
the intermediate with hydrogen 1n the presence of the hydrodeoxygenation catalyst and
optionally 1n the absence of any additional halogen source.

[0049] In various embodiments, the C5-backbone substrate 1s halogenated with
hydrohalic acid to form a halogenated intermediate (e.g., an alkyl halide). In other
embodiments, the C5-backbone substrate 1s halogenated with a molecular halogen to form the
halogenated intermediate (e.g., an alkyl halide).

[0050] The halogen source may be 1in a form selected from the group consisting of
atomic, 1onic, molecular, and mixtures thereof. Halogen sources include hydrohalic acids (e.g.,
HBr, HI, HCI1 and mixtures thereof; preferably HBr and/or HI); halide salts; (substituted or
unsubstituted) alkyl halides; or elemental chlorine, bromine or 10dine or mixtures thereof
(preferably bromine and/or 10dine). In various embodiments the halogen source 1s in molecular
form and, more preferably, 1s bromine or 10dine. In more preferred embodiments, the halogen
source 1s a hydrohalic acid, 1n particular hydrogen bromide or hydrogen 1odide.

[0051] Generally, the molar ratio of halogen to the C5-backbone substrate 1s equal to
or less than about 1. In various embodiments, the mole ratio of halogen to the C5-backbone
substrate 1s typically from about 0.1:1 to about 1:1, more typically from about 0.3:1 to about
0.7:1, and still more typically about 0.5:1.

[0052] Generally, the reaction allows for recovery of the halogen source and catalytic
quantities (where molar ratio of halogen to the C5-backbone substrate 1s less than about 1) of
halogen can be used, recovered, and recycled for continued use as a halogen source.

[0053] Generally, the temperature of the hydrodeoxygenation reaction mixture 1s at
least about 80°C, more typically at least about 100°C. In various embodiments, the temperature
of the hydrodeoxygenation reaction mixture 1s from about 80°C to about 250°C, more preferably
from about 100°C to about 200°C, and still more preferably from about 120°C to about 180°C.

[0054] Typically, the partial pressure of hydrogen 1s at least about 25 psia (172 kPa),
more¢ typically, at least about 200 psia (1379kPa), or at least about 400 psia (2758 kPa). In
various embodiments, the partial pressure of hydrogen 1s from about 25 psia (172 kPa) to about
2500 ps1a (17237 kPa), from about 200 psia (1379 kPa) to about 2000 psia (13,790 kPa), or from
about 400 psia (2758 kPa) to about 1500 psia (10,343 kPa).
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[0055] The hydrodeoxygenation reaction is typically conducted in the presence of a solvent.
Solvents suitable for the selective hydrodeoxygenation reaction include water and carboxylic acids,
amides, esters, lactones, sulfoxides, sulfones, and mixtures thereof. Preferred solvents include water,
mixtures of water and weak carboxylic acid, and weak carboxylic acid. A preferred weak carboxylic
acid 1s acetic acid.

[0056] In general, the reaction can be conducted in a batch, semi-batch, or continuous reactor
design using fixed bed reactors, trickle bed reactors, slurry phase reactors, moving bed reactors, or any
other design that allows for heterogeneous catalytic reactions. Examples of reactors can be seen in
Cnemical Process Equipment - Selection and Design, Couper et al., Elsevier 1990. It should be
understood that the C5-backbone substrate, halogen source, hydrogen, any solvent, and the
hydrodeoxygenation catalyst may be introduced into a suitable reactor separately or in various
combinations.

0057} In various embodiments, the hydrodeoxygenation catalyst is heterogeneous, but
suitable homogeneous catalyst may be employed. In these and various other preferred embodiments
the hydrodeoxygenation catalyst comprises a solid-phase heterogeneous catalyst in which one or more
metals is present at a surface of a support (i.€., at one or more surfaces, external or internal). Preferred
metals are d-block metals which may be used alone, in combination with each other, in combination
with one or more rare earth metals (e.g. lanthanides), or in combination with one or more main group
metals (e.g., Al, Ga, Tl, In, Sn, Pb or Bi). Preferred d-block metals are selected from the group
consisting of cobalt, nickel, ruthenium, rhodium, palladium, osmium, iridium, platinum, and
combinations thereof. More preferred d-block metals are selected from the group consisting of
ruthenium, rhodium, palladium, platinum, and combinations thereof. In general, the metals may be
preseht (n various forms (e.g., elemental, metal oxide, metal hydroxides, metal ions etc.). Typically,
the metal(s) at a surface of a support may constitute from about 0.25% to about 10%, or from about
[% to about 8%, or from about 2.5% to about 7.5% (e.g., 5%) of the catalyst weight.

|[0038] In various embodiments, the catalyst comprises two or more metals. For example, two
of more metals (M1 and M2) may be co-supported on or within the same support (e.g., as a mixed-
metal catalyst on silica; M1/M2/Silica catalyst), or they may be supported on different support
materials. In various embodiments the hydrodeoxygenation catalyst comprises a first metal (M1) and a
second metal (M2) at a surface of a support, wherein the M1 metal comprises a d-block metal and the
M2 metal is selected from the group consisting of d-block metals, rare earth metals, and main group

metals, wherein the M1 metal 1s not the same metal as
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the M2 metal. In various preferred embodiments, the M1 metal 1s selected from the group
consisting of ruthenium, rhodium, palladium, and platinum. In various embodiments, the M2
metal 1s selected from the group consisting of titanium, vanadium, chromium, manganese, 1ron,
cobalt, nickel, copper, molybdenum, ruthenium, rhodium, palladium, silver, tungsten, iridium,
platinum, and gold. In more preferred embodiments, the M2 metal 1s selected from the group
consisting of molybdenum, ruthenium, rhodum, palladium, iridium, platinum, and gold.

[0059] In more preferred embodiments, the M1 metal 1s selected from the group of
platinum, rhodium and palladium and the M2 metal 1s selected from the group consisting of
ruthenium, rhodium, palladium, 1iridium, platinum, and gold.

[0060] In various embodiments, the M1:M2 molar ratio may vary, for example, from
about 500:1 to about 1:1, from about 250:1 to about 1:1, from about 100:1 to about 1:1, from
about 50:1 to about 1:1, from about 20:1 to about 1:1, or from about 10:1 to about 1:1. In
various other embodiments, the M1:M2 molar ratio may vary, for example, from about 1:100 to
about 1:1, from about 1:50 to about 1:1, from about 1:10 to about 1:1, from about 1:5 to about
1:1, or from about 1:2 to about 1:1.

[0061] Morcover, in various embodiments, the weight percents of M1 and M2
relative to the total catalyst weight may vary. Typically, the weight percent of M1 may range
from about 0.5% to about 10%, more preferably from about 1% to about 8%, and still more
preferably from about 2.5% to about 7.5% (e.g., about 5%). The weight percent of M2 may
range from about 0.25% to about 10%, from about 0.5% to about 8%, or from about 0.5% to
about 5%.

[0062] In various other embodiments, a third metal (M3) may be added to produce a
M1/M2/M3 catalyst wherein the M3 metal 1s not the same metal as the M1 metal and the M2
metal. In other embodiments, a fourth metal (M4) may be added to produce a M1/M2/M3/M4
catalyst wherein the M4 metal 1s not the same metal as the M1 metal, the M2 metal or the M3
metal. The M3 metal and M4 metal may cach be selected from the group consisting of d-block
metals, rare earth metals (e.g. lanthanides), or main group metals (¢.g. Al, Ga, T1, In, Sn, Pb
or Bi).

[0063] Preferred catalyst supports include carbon, alumina, silica, ceria, titania,
zirconia, niobia, zeolite, magnesia, clays, iron oxide, silicon carbide, aluminosilicates, and
modifications, mixtures or combinations thercof. The supports may be modified through
methods known 1n the art such as heat treatment, acid treatment, the introduction of a dopant

(for example, metal-doped titanias, metal-doped zirconias (e.g. tungstated zirconia), metal-doped
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cerias, and metal-modified niobias). In various preferred embodiments, the hydrodeoxygenation
catalyst support 1s selected from the group consisting of silica or titania.

[0064] When a catalyst support 1s used, the metals may be deposited using
procedures known 1n the art including, but not limited to, incipient wetness, 10n-exchange,
deposition-precipitation and vacuum impregnation. When the two or more metals are deposited
on the same support, they may be deposited sequentially or simultancously. In various
embodiments, following metal deposition, the catalyst 1s dried at a temperature of at least about
50°C, more preferably at least about 120°C for a period of time of at least about 1 hour, more
typically at least about 3 hours, or more. In these and other embodiments, the catalyst 1s dried
under sub-atmospheric pressure conditions. In various embodiments, the catalyst 1s reduced
after drying (e.g., by tlowing 5% H; in N, at 350 °C for 3 hours). Still further, in these and other
embodiments, the catalyst 1s calcined, for example, at a temperature of at least about 500°C for a
period of time (e.g., at least about 3 hours).

[0065] Without being bound by theory not expressly recited 1n the claims, catalysts
mixtures (co-catalysts or mixed metal catalysts) containing more than one metal may affect
separate steps of the mechanistic reaction pathway.

[0066] A glutaric acid product may be recovered from the hydrodeoxygenation
reaction mixture by one or more conventional methods known 1n the art including, for example,

solvent extraction, crystallization, or evaporative processes.

1V. Downstream Chemical Products

[0067] Various methods are known 1n the art for conversion of glutaric acid to
downstream chemical products or intermediates including diols (e.g., 1,5-pentanediol), diamines
(e.g., 1,5-diaminopentane), polyamides and polyesters, among others. See, for example
Ullmann’s Encyclopedia of Industrial Chemistry, Wiley-VCH 2009, and also US Patents
5,290,852, 5,281,647, 4,439,551, WO 2008/144514 and 2008/070762, JP 2005060447, JP
2001316311, US Patent Appl. 20080103232.

[0068] In various embodiments, a glutaric acid product 1s converted to 1,5-
pentancdiol wherein the glutaric acid product 1s prepared in accordance with the present
invention. 1,5-pentanediol 1s a specialty chemical intermediate used 1n the production of various
polymers and plasticizers. See, for example, JP 20013163 11.

[0069] In other embodiments, a glutaric acid product 1s converted to

1,5-diaminopentane, wherein the glutaric acid product 1s prepared 1n accordance with the present
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invention. 1,5-diaminopentane can be used in the production of polyamides. See, for example,
JP 2005060447 .

[0070] In other embodiments, a glutaric acid product 1s converted to a polyester,
wherein the glutaric acid product 1s prepared 1in accordance with the present mvention.

[0071] Moreover, various methods are known 1n the art for conversion of xylaric
acid to downstream chemical products such as polyhydroxypolyamide polymers. See, for
example, U.S. Patent No. 4,833,230. Therefore, in various embodiments, xylaric acid 1s reacted
with polymer precursors to form a polyhydroxypolyamide polymer, wherein the xylaric acid 1s
prepared 1n accordance with the present invention.

[0072] When introducing elements of the present invention or the preferred
embodiments(s) thereof, the articles "a", "an", "the" and "said" are intended to mean that there
are one or more of the elements. The terms "comprising”, "including", "containing" and
"having" are intended to be inclusive and mean that there may be additional elements other than
the listed elements.

[0073] In view of the above, 1t will be seen that the several objects of the invention
arc achieved and other advantageous results attained.

[0074] As various changes could be made 1n the above compositions and processes
without departing from the scope of the invention, 1t 1s intended that all matter contained 1n the
above description shall be interpreted as illustrative and not 1n a limiting sense.

[0075] Having described the invention in detail, 1t will be apparent that modifications
and variations are possible without departing from the scope of the invention defined in the
appended claims.

EXAMPLES

[0076] The following non-limiting examples are provided to further illustrate the
present invention.

[0077] Reactions were conducted in 1 mL glass vials housed 1n a pressurized vessel
1in accordance with the procedures described in the examples below. Product yields were
determined using a Dionex ICS-3000 Chromatography system. For Example 1, the products
were first separated on an Tonpac® ASII-HC column and then quantified by conductivity
detection through comparison with calibration standards. For Example 2, the products were first

separated on an Acclaim® Organic Acid column and then quantified by an ICS-Series PDA-1

UV Detector through comparison with calibration standards.
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EXAMPLE 1: OXIDATION OF XYLOSE, RIBOSE AND ARABINOSE

Preparation of 4 wt.% Pt/Silica Catalysts

[0078] Multiple portions of suitably concentrated aqueous Pt(NO3), solutions
(Heracus) were added to the appropriate support (wherein the total combined volume of the
Pt(NO3), solutions was matched to equal to the pore volume of the silica support) with agitation
between additions. Post impregnation, the product was dried 1n a furnace at 120 °C for 12

hours. Material for catalyst testing was prepared by reduction under flowing 5 vol.% H; in N

for 3 hours at 200 °C.

Oxidation Reactions

[0079] Catalysts were dispensed into 1mL vials within a 96-well reactor insert
(Symyx Solutions). The reaction substrates were aqueous solutions of D-(+)-Xylose,
D-(-)-Ribose, and D-(-)-Arabinose (all Acros Organics). To each vial was added 250 uL of
substrate solution. The vials were each covered with a Teflon pin-hole sheet, a silicone pin-hole
mat and steel gas diffusion plate (Symyx Solutions). The reactor insert was placed 1n a pressure
vessel and charged three times with oxygen to 100 psig with venting after each pressurization
step. The reactor was then charged to 75 psig with oxygen, closed, and placed on a shaker and
heated at 90 °C for 8 hours. After the reaction time had elapsed shaking was stopped and the
reactor cooled to room temperature whereupon the reactors were vented. Samples for
1on-chromatography (IC) analysis were prepared by adding to each reaction vial 750 pL of water
then the plate was covered and mixed followed by centrifugation to separate catalyst particles.
Each reaction sample was further diluted by performing two 16-fold dilutions with 100 pL 50
ppm HCI solution added as internal standard during the second serial dilution step. The results

are presented 1n Table 1.

Table 1. Oxidation Reactions with 4 wt.% Pt catalysts

Substrate Catalyst mass / Pentaric
Example Substrate | concentration / Catalyst support acid yield /
mg

mM %
| Xylose 5352 Silica Cariact G-6 Spm 8 29
2 Xylose 552 Silica Merck 10180 8 14
3 Xylose 552 Silica Davisil 635 8 18
4 Ribose 552 Silica Cariact G-6 Spum 9 52
5 Ribose 552 Silica Merck 10180 8 38
6 Ribose 552 Silica Davisil 635 8 +4
7 Arabinose 552 Silica Cariact G-6 Spm 8 46
8 Arabinose 552 Silica Merck 10180 8 34
9 Arabinose 552 Silica Davisil 635 8 35
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EXAMPLE 2: XYLARIC ACID TO GLUTARIC ACID

Preparation of M1/Silica Catalysts (M1 = Rh, Pd, Pt).

[0080] 2 gofdried 5 um Silica Cariact (Fuj1 Silysia) was weighed into vials.
Suitably concentrated M1 stock solutions (M1 = Rh, Pd, Pt) were prepared from concentrated
acidic stock solutions purchased from Heracus (see Table 1). For each M1, multiple additions of
the dilute M1 stock solution were added to the support (Silica pore volume = 0.7 mL/g) until a
total volume of 1.4 ml was reached. After cach addition, the mixtures were agitated to
impregnate the support. Post impregnation, the 5 wt.% M1/Support mixtures were dried 1n a
furnace at 120 °C for 12 hours, followed by calcination at 500 °C or 3 hours. Upon cooling the

catalysts were stored 1n a dessicator until used.

Xylaric Acid to Glutaric Acid Reactions.

[0081] The arrays of catalysts were transferred to 1 mL glass vials within a 96-well
reactor msert (Symyx Solutions). Each vial within each array received a glass bead and 250 uL
of 0.2 M Xylaric Acid 0.1 to 0.3 M of either HBr (in Acetic Acid, Sigma-Aldrich) or HI (Sigma-
Aldrich). Upon solution addition, the arrays of vials were covered with a Teflon pin-hole sheet,
a silicone pin-hole mat and steel gas diffusion plate (Symyx Solutions). The reactor insert was
placed 1n a pressure vessel, pressurized and vented 3 times with nitrogen and 3 times with
hydrogen before being pressurized with hydrogen to 710 psig, heated to 140 °C and shaken for 3
hours. After 3 hours the reactors were cooled, vented and purged with nitrogen. 750 ul of water
was then added to each vial. Following the water addition, the arrays were covered and shaken
to ensure adequate mixing. Subsequently, the covered arrays were placed 1n a centrifuge to
separate the catalyst particles. Each reaction samples was then diluted 2-fold with water to

generate a sample for analysis by HPLC. The results are presented 1n Table 2.

Table 2.
prampi | Catyoninnts | | [ o B | Cusit | Gluaie
Number Support) Precursor | Source (M) (ng) (%)
| 5% Rh / Silica 5 ym Cariact | Rh(NOs); HBr 0.3 8 41
2 5% Rh / Silica 5 pm Cariact | Rh(NO;3); HBr 0.2 8 39
3 5% Pt/ Silica 5 uym Cariact | Pt(NOs); HI 0.2 8 35
4 5% Rh / Silica 5 pm Cariact | Rh(NO;3); HI 0.1 8 37
5 5% Pt/ Silica 5 uym Cariact | Pt(NOs); HI 0.1 8 31
6 5% Pd / Silica 5 um Cariact | PA(NOs3), HBr 0.1 8 39
7 5% Rh / Silica 5 ym Cariact | Rh(NOs); HBr 0.1 8 24
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CLAIMS:
. A process for preparing a glutaric acid product, the process comprising:

reacting, 1n the presence of a hydrodeoxygenation catalyst and a halogen source, a
C5-backbone substrate and hydrogen to convert at least a portion of the C5-backbone

substrate to a glutaric acid product, wherein the C5-backbone substrate comprises a compound

of formula |

RO OR

I
wherein X 1s independently hydroxyl, oxo, halo, acyloxy or hydrogen provided that at least
one X is not hydrogen and R' is independently a salt-forming 1on, hydrogen, hydrocarbyl, or

substituted hydrocarbyl: or a lactone thereof and the glutaric acid product comprises a

O O
R1O)j\/\/IJ\OR1

[l

compound of formula II

wherein R' is as defined for formula 1.

2. The process as set forth in claim 1 wherein the C5-backbone substrate comprises a
compound of formula I, wherein X is hydroxyl and R' is independently a salt-forming ion,

hydrogen, hydrocarbyl, or substituted hydrocarbyl.

3. The process as set forth in claim 1 or 2 wherein hydrocarbyl refers to moieties

containing 1 to 18 carbon atoms.
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4, The process as set forth in any one of claims 1 to 3 wherein R' is independently a salt-

forming 10on, hydrogen, optionally substituted alkyl or optionally substituted cycloalkyl.
5. 'The process as set forth in any one of claims 1 to 4 wherein at least one X is hydroxyl.

6. The process as set forth in any one of claims 1 to 5 wherein the C5-backbone substrate

comprises a pentaric acid.

7. The process as set forth in any one of claims 1 to 6 wherein the C5-backbone substrate
comprises a chemical selected from the group consisting of xylaric acid, arabinaric acid, and

mixtures thereof.

8. The process as set forth in claim 6 wherein the pentaric acid comprises an acid selected

from the group consisting of xylaric and arabinaric acid.

9. The process as set forth in claim 1 wherein the glutaric acid product comprises glutaric
acid.
10.  The process as set forth in any one of claims 1 to 9 wherein at least a portion of the

C5-backbone substrate 1s solubilized with a weak carboxylic acid.

t1.  The process as set forth in claim 10 wherein the weak carboxylic acid is acetic acid.

12. 'The process as set forth in any one of claims 1 to 11 wherein the hydrodeoxygenation

catalyst comprises a heterogeneous catalyst.

3. The process as set forth in any one of claims 1 to 12 wherein the hydrodeoxygenation

catalyst comprises at least one d-block metal at a surface of a support.
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14.  The process as set forth in claim 13 wherein the at least one d-block metal is selected

from the group consisting of Co, Ni, Ru, Rh, Pd, Os, Ir, Pt, and combinations thereof.

15.  The process as set forth in claim 13 wherein the d-block metal is selected from the

group consisting of Ru, Rh, Pd, Pt, and combinations thereof.

16.  The process as set forth in any one of claims 12 to 15 wherein the catalyst comprises a
first metal and a second metal, wherein the first metal is selected from the group consisting of
Ru, Rh, Pd, Pt, and combinations thereof, and the second metal is selected from the group
consisting of Mo, Ru, Rh, Pd, Ir, Pt, and Au, and wherein the second metal is not the same as

the first metal.

17. The process a set forth in any one of claims 12 to 16 wherein the hydrodeoxygenation

catalyst support is selected from the group consisting of carbon, silica and zirconia.

18. The process as set forth 1n any one of claims 1 to 17 wherein the halogen source

comprises 1onic and/or molecular forms of bromine or 10dine.

19.  The process as set torth in any one of claims 1 to 17 wherein the halogen source is
selected from hydrohalic acids, halide salts, alkyl halides or elemental chlorine, bromine or

10dine or mixtures thereof.

20.  The process as set forth in any one of claims 1 to 17 wherein the halogen source

cofnprises a hydrohalic acid.

21.  The process as set forth in claim 20 wherein the hydrohalic acid comprises hydrogen

bromide or hydrogen 10dide.

22. The process as set forth in claim 20 wherein the hydrohalic acid comprises hydrogen

brdmide.
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23.  The process as set forth in any one of claims 1 to 17 wherein the halogen source 1s

molecular bromine or 1odine.

24.  The process as set forth in any one of claims 1 to 23 wherein the molar ratio of the

halogen source to C5-backbone substrate 1s equal to or less than about 1.

25.  The process as set forth in any one of claims 1 to 24 wherein the reaction 1s maintained

at a temperature of at least about 80°C.

26.  The process as set forth in any one of claims 1 to 25 wherein the temperature of the

reaction 1s from about 100°C to about 200°C.

7. The process as set forth in any one of claims 1 to 26 wherein the reaction i1s conducted

under a partial pressure of hydrogen ranging from about 25 psia (172 kPa) to about 2500 psia
(17237 kPa).

28.  The process as set forth in any one of claims 1 to 27 wherein at least a portion of the

C5-backbone substrate 1s derived from a pentose.

29.  The process as set forth in any one of claims 1 to 28 wherein the process further

comprises preparing the C5-backbone substrate by reacting a pentose with oxygen, in the
presence of an oxidation catalyst to convert at least a portion of the pentose to the

C-5 backbone substrate of tormula I.

30.  The process as set torth in claim 29 wherein pentose 1s reacted with oxygen in the

absence of added base.

31. A process as set forth in claim 29 or 30 wherein the oxygen 1s supplied to the reaction

as air, oxygen-enriched air, or oxygen alone.
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32: A process for preparing a glutaric acid product, the process comprising:
a) converting at least a portion of a pentose source to a C5-backbone substrate

comprising a compound of formula |

I
wherein X 1s independently hydroxyl, oxo, halo, acyloxy or hydrogen provided that at least

one X is not hydrogen and R' is independently a salt-forming ion, hydrogen, hydrocarbyl, or
substituted hydrocarbyl; or a lactone thereof; and

' b) converting, 1n the presence of a heterogeneous hydrodeoxygenation catalyst
comprising at least one d-block metal selected from the group consisting of Co, Ni, Ru, Rh,
Pd, Os, Ir, Pt, and combinations thereof at a surface of a support, at least a portion of the

C5-backbone substrate to a glutaric acid product of formula I
O O

11

wherein R' is independently a salt-forming 1on, hydrogen, hydrocarbyl, or substituted

hydrocarbyl.

33.  The process as set forth in claim 32 wherein the glutaric acid product COMPrises

glutaric acid.

34.  The process as set forth in claim 32 or 33 wherein the process further comprises

converting a source of carbohydrates to the pentose source.
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35. A process for preparing a downstream chemical product or intermediate, the process
comprising:

preparing a glutaric acid product as set forth in any one of claims 1 to 34; and
converting the glutaric acid product to the downstream chemical product or
intermediate, wherein the downstream chemical product or intermediate is selected from the

group consisting of pentanediol and diaminopentane.

36. A process for preparing a polymer, the process comprising:
preparing a glutaric acid product as set forth in any one of claims 1 to 34; and
reacting the glutaric acid product and a polymer precursor, thereby forming the
polymer, wherein the polymer is selected from the group consisting of polyamide and

polyester.
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