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METHODS OF PRODUCING ALKYLFURANS

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provisional Patent Application Serial No.
61/866,491, filed August 15, 2013, the disclosure of which is hereby incorporated herein by

reference in its entirety.

FIELD

[0002] The present disclosure relates generally to methods of producing dialkylfurans and
other alkylfurans, and more specifically to methods of producing 2,5-dimethylfuran and 2-

methylfuran.

BACKGROUND

[0003] Dialkylfurans, such as 2,5-dimethylfuran (DMF), and other alkylfurans have potential
applications for use as biofuels. Several methods are known in the art to produce DMF. Current
methods known in the art to produce DMF from other furan compounds have been challenging
with respect to minimizing the furan ring reduction. Thus, what is needed in the art are methods

of selectively reducing furan compounds to produce DMF.

BRIEF SUMMARY

[0004] Provided herein are methods to reduce furan compounds to produce alkylfurans. In

some aspects, provided is a method of producing a compound of formula (I’):

RL RZ
e

wherein:
R' is Cp alkyl, wherein m is an integer greater than or equal to 0, provided that
when m is O, R is H; and

R” is C,, alkyl, wherein n is an integer greater than or equal to 1,

by reducing a compound of formula (A) to produce the compound of formula (I’), wherein the

compound of formula (A) is:
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wherein:
R is Cp alkyl, or —(CHy)Y, wherein:
m is as defined for formula (I"), provided that when m is 0, R"%is
H; and
Y is halo; and
R* is —(CH»),.1CH(O), —(CH,),OH, or —(CH,),X, wherein:
n is as defined for formula (I'); and

X is halo.

[0005] In some embodiments, the compound of formula (A) is reduced to produce the

compound of formula (I’) in the presence of:

hydrogen,

a catalyst, and

a reagent of formula (i), (ii) or (iii), or any combinations thereof,
wherein:

the reagent of formula (i) is:

wherein:
each R*, R” and R¢ is independently H, aliphatic, aryl, or heteroaryl; or
R* and R" are taken together with the nitrogen atoms to which they are

connected to form a cyclic moiety having at least 3 ring atoms; and

the reagent of formula (ii) is:

re. L Ra

R R® (i),

wherein:
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[0006]

(A)  each R R R°and R® is independently H, aliphatic, aryl or

heteroaryl; or

(B)  R*and R" are taken together with the nitrogen atoms to which they
are connected to form a cyclic moiety having at least 3 ring atoms; and each R*

and R’ is independently H, aliphatic, aryl or heteroaryl; or

(C)  eachR*and R is independently H, aliphatic, aryl or heteroaryl;
and R and R? are taken together with the nitrogen atoms to which they are

connected to form a cyclic moiety having at least 3 ring atoms; or

(D)  R*and R" are taken together with the nitrogen atoms to which they
are connected to form a cyclic moiety having at least 3 ring atoms; and R® and R
are taken together with the nitrogen atoms to which they are connected to form a

cyclic moiety having at least 3 ring atoms; or

(E)  each R" and R is independently H, aliphatic, aryl or heteroaryl;
and R” and R* are taken together with the nitrogen atoms to which they are

connected to form a cyclic moiety having at least 5 ring atoms; or

(F) each R” and R? is independently H, aliphatic, aryl or heteroaryl;
and R" and R° are taken together with the nitrogen atoms to which they are

connected to form a cyclic moiety having at least 5 ring atoms; and

the reagent formula (iii) is:

wherein:
each R* and R° is independently H, aliphatic, aryl or heteroaryl; and

tis an integer greater than or equal to 0.

In yet other aspects, provided is a method of producing a compound of formula (I’):
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wherein:

R' is Cp alkyl, wherein m is an integer greater than or equal to 0, provided that
when m is 0, R is H; and

R” is C, alkyl, wherein n is an integer greater than or equal to 1,

a) converting a compound of formula (B) to a compound of formula (C), wherein:

the compound of formula (B) is:

RL_ O R
T o,

wherein:
R'is Cm alkyl, wherein m is as defined for formula (I’); and

R?is —(CH,),—, wherein n is as defined for formula (I’),

the compound of formula (C) is:

wherein:
R' and R? are as defined for formula (B); and

X is halo; and
b) reducing the compound of formula (C) to produce the compound of formula (I’).

[0007] In some variations, the compound of formula (C) is reduced to produce the compound

of formula (I”) in the presence of:
hydrogen,
a catalyst, and

any one of reagents of formula (i), (i1) and (iii) described herein, or any combinations

thereof.

[0008] In one aspect, provided is a method of producing 2,5-dimethylfuran, by:

4
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a) providing (5-methylfuran-2-yl)methanol; and

b) selectively reducing the (5-methylfuran-2-yl)methanol to produce 2,5-
dimethylfuran.

[0009] In some embodiments, the (5-methylfuran-2-yl)methanol is selectively reduced in the

presence of hydrogen and a catalyst.
[0010] In another aspect, provided is a method of producing 2,5-dimethylfuran, by:
a) providing (5-methylfuran-2-yl)methanol;

b) converting the (5-methylfuran-2-yl)methanol to 2-(chloromethyl)-5-methylfuran

in the presence of an acid; and

c) selectively reducing the 2-(chloromethyl)-5-methylfuran to produce 2,5-
dimethylfuran.

[0011] In some embodiments, the 2-(chloromethyl)-5-methylfuran is selectively reduced in

the presence of hydrogen and a catalyst.
[0012] In other embodiments, the (5-methylfuran-2-yl)methanol is provided by:
1) providing 5-methylfuran-2-carbaldehyde; and

i1) converting the 5S-methylfuran-2-carbaldehyde to (5-methylfuran-2-yl)methanol in

the presence of acid, hydrogen and a catalyst.
[0013] In yet other embodiments, the (5-methylfuran-2-yl)methanol is provided by:
1) providing 5-(chloromethyl)furfural;

i1) converting the 5-(chloromethyl)furfural to 5S-methylfuran-2-carbaldehyde in the

presence of hydrogen and a catalyst; and

ii1) converting the 5-methylfuran-2-carbaldehyde in the presence of acid, hydrogen

and a catalyst.

[0014] In one embodiment that may be combined with any of the preceding embodiments,

the catalyst is a palladium catalyst.
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[0015] In other aspects, provided herein are also compositions that include any of the
compounds of formula (A), catalysts, hydrogen, and amine or urea reagents described herein. In
some embodiments, the compositions may also include any of the acids and/or solvents

described herein.

DESCRIPTION OF THE FIGURES

[0016] The present application can be best understood by reference to the following
description taken in conjunction with the accompanying figures, in which like parts may be

referred to by like numerals.
[0017] FIGS. 1 and 2 depict exemplary reaction schemes to produce a dialkylfuran.

[0018] FIGS. 3A-3E depict exemplary reaction schemes to convert 2-(chloromethyl)furfural
to 2,5-dimethylfuran.

[0019] FIGS. 4A and 4B depict exemplary reaction schemes to produce 5-
(chloromethyl)furfural.

[0020] FIGS. SA-5D depict exemplary reaction schemes to produce 2,5-dimethylfuran, and
FIGS. SE-5G depict exemplary reaction schemes to produce 2-methylfuran.

[0021] FIG. 6 depicts an exemplary reaction scheme to produce an alkylfuran having the

structure of formula (I') from a compound having the structure of formula (A).

DETAILED DESCRIPTION

[0022] The following description sets forth exemplary methods, parameters and the like. It
should be recognized, however, that such description is not intended as a limitation on the scope

of the present disclosure but is instead provided as a description of exemplary embodiments.

[0023] Provided herein are methods of producing dialkylfurans, such as 2,5-dialkylfurans,

and other alkylfurans, such as 2-alkylfurans.

[0024] For example, in one aspect, provided is a method of producing 2,5-dimethylfuran
from (5-methylfuran-2-yl)methanol. With reference to FIG. 1, process 100 is an exemplary
reaction scheme for producing dialkylfurans 110. In some embodiments, R is alkyl, and R*is —
(CH,),—, where n is an integer and at least 1. In one embodiment, R'is methyl and R?is —
(CH3)—, such that compound 102 is (5-methylfuran-2-yl)methanol and compound 110 is 2,5-

dimethylfuran. Compound 102 may be selectively reduced in the presence of hydrogen and a
6
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catalyst, such as palladium (Pd) catalyst. (5-Methylfuran-2-yl)methanol may be converted into

2,5-dimethylfuran by selectively reducing the alcohol functional group of (5-methylfuran-2-

yl)methanol without reducing, or by minimizing the reduction of, the furan ring.

[0025] In another aspect, with reference to FIG. 2, process 200 is another exemplary reaction
scheme for producing dialkylfurans 210. In some embodiments, R'is alkyl, and R?is —(CHy)y—,
where n is an integer and at least 1. In one embodiment, R is methyl and R? is —(CH,)—, such
that compound 202 is (5-methylfuran-2-yl)methanol, compound 204 is 2-(halomethyl)-5-
methylfuran (wherein X is halo), and compound 210 is 2,5-dimethylfuran. (5-Methylfuran-2-
yl)methanol may be converted under acidic conditions into 2-(halomethyl)-5-methylfuran, such
as 2-(chloromethyl)-5-methylfuran. In one example, (5-methylfuran-2-yl)methanol may be
reacted with hydrochloric acid and a salt (e.g., lithium chloride salt) to produce 2-
(chloromethyl)-5-methylfuran. With reference again to FIG. 2, 2-(halomethyl)-5-methylfuran,
such as 2-(chloromethyl)-5-methylfuran, may subsequently be converted into 2,5-dimethylfuran
by selectively reducing the halide functional group of 2-(halomethyl)-5-methylfuran without

reducing, or by minimizing the reduction of, the furan ring.

[0026] In some embodiments, compounds 102 (FIG. 1) and 202 (FIG. 2) may be obtained
from any commercially available sources or produced according to any suitable methods known

in the art.

[0027] In other embodiments, for example, with reference to FIG. 3A, 5-
(chloromethyl)furfural 302 may be converted to S-methylfuran-2-carbaldehyde 304 in the
presence of hydrogen and a catalyst, such as a palladium (Pd) catalyst. In one variation, with
reference again to FIG. 3A, 5-methylfuran-2-carbaldehyde 304 may then be reacted with an acid,
such as hydrochloric acid, in the presence of hydrogen and a metal catalyst, such as a palladium
(Pd) catalyst, to produce (5-methylfuran-2-yl)methanol 306, which may then be reduced to form
2,5-dimethylfuran 310.

[0028] In another variation, with reference to FIG. 3A’, 5-(chloromethyl)furfural 302 may be
converted to 5-methylfuran-2-carbaldehyde 304 in the presence of hydrogen, a catalyst, such as a
palladium (Pd) catalyst, and an amide or urea reagent as described herein. In one variation, with
reference again to FIG. 3A’, 5-methylfuran-2-carbaldehyde 304 may then be reacted with an
acid, such as hydrochloric acid, in the presence of hydrogen, a metal catalyst, such as a
palladium (Pd) catalyst, and an amide or urea reagent as described herein, to produce (5-
methylfuran-2-yl)methanol 306, which may then be reduced to form 2,5-dimethylfuran 310. In

7
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certain variations, the catalyst used in FIGS. 3A and 3A’ may be the same or different. In certain

variations, the amide or urea reagent used in FIG. 3A” may be the same or different.

[0029] In yet other embodiments, with reference to FIG. 3B, 5-(chloromethyl)furfural 302
may be converted to 5-methylfuran-2-carbaldehyde 304 in the presence of hydrogen and a
catalyst, such as a palladium (Pd) catalyst. 5-Methylfuran-2-carbaldehyde 304 may then be
reacted with an acid, such as hydrochloric acid, in the presence of hydrogen and a metal catalyst,
such as a palladium (Pd) catalyst, to produce (5-methylfuran-2-yl)methanol 306, which may then
be converted to 2-(chloromethyl)-5-methylfuran 308, and in turn reduced to form 2,5-
dimethylfuran 310.

[0030] In yet other embodiments, with reference to FIG. 3B’, 5-(chloromethyl)furfural 302
may be converted to 5-methylfuran-2-carbaldehyde 304 in the presence of hydrogen, a catalyst,
such as a palladium (Pd) catalyst, and an amide or urea reagent as described herein. 5-
Methylfuran-2-carbaldehyde 304 may then be reacted with an acid, such as hydrochloric acid, in
the presence of hydrogen and a metal catalyst, such as a palladium (Pd) catalyst, and an amide or
urea reagent as described herein, to produce (5-methylfuran-2-yl)methanol 306, which may then
be converted to 2-(chloromethyl)-5-methylfuran 308, and in turn reduced to form 2,5-
dimethylfuran 310. In certain variations, the catalyst used in FIGS. 3B and 3B’ may be the same
or different. In certain variations, the amide or urea reagent used in FIG. 3B’ may be the same or

different.

[0031] In some embodiments, the reaction may be performed as a “one pot” reaction, in the
same reaction vessel and/or without isolating, for example, 5-methylfuran-2-carbaldehyde or (5-
methylfuran-2-yl)methanol as depicted in FIGS. 3A, 3A’, 3B and 3B’. In other variations, 5-
methylfuran-2-carbaldehyde may be isolated prior to conversion to (5-methylfuran-2-

ylD)methanol.

[0032] An example of a one pot reaction is provided in FIG. 3C. Thus, in one variation, with
reference to FIG. 3C, 5-(chloromethyl)furfural 302 may be converted to 2,5-dimethylfuran 310
in a one pot reaction. As depicted in the exemplary scheme of FIG. 3C, this conversion may be
performed in the presence of hydrogen, a palladium catalyst, and an amide or urea reagent as
described herein. In another variation, this conversion may be performed in the further presence
of an acid. In other variations, however, this conversion may be performed with acid generated in
situ, in the presence of a palladium catalyst, hydrogen and an amide or urea reagent as described

herein.
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[0033] With reference to FIG. 3D, in another exemplary reaction scheme, 5-

(chloromethyl)furfural 302 may be converted to S-methylfuran-2-carbaldehyde 304 in the
presence of hydrogen and a catalyst, such as a palladium catalyst. 5-Methylfuran-2-
carbaldehyde 304 may in turn be reduced to form 2,5-dimethylfuran 310 in the presence of acid,
such as hydrochloric acid, hydrogen, a palladium catalyst (such as palladium on carbon), and an
amide or urea reagent as described herein. In other variations, however, this reduction may be
performed with acid generated in sifu, in the presence of hydrogen, a palladium catalyst (such as

palladium chloride), activated carbon, and an amide or urea reagent as described herein.

[0034] With reference to FIG. 3E, in another exemplary reaction scheme, 5-
(chloromethyl)furfural 302 may be converted to (5-methylfuran-2-yl)methanol 306, which may
then be reduced to form 2,5-dimethylfuran 310 in the presence of acid, such as hydrochloric acid,
hydrogen, a palladium catalyst (such as palladium on carbon), and an amide or urea reagent as
described herein. In other variations, however, this reduction may be performed with acid
generated in sifu, in the presence of hydrogen, a palladium catalyst (such as palladium chloride),

activated carbon, and an amide or urea reagent as described herein.

[0035] 5-(Halomethyl)furfural 302 used in the exemplary reaction schemes depicted in
FIGS. 3A-3E may be obtained from any commercially available sources or produced by any

suitable methods known in the art.

[0036] In some embodiments, 5-(halomethyl)furfural may be produced from 5-
(hydroxymethyl)furfural, as depicted in the exemplary reactions of FIGS. 4A and 4B. With
reference to FIG. 4A, 5-(hydroxymethyl)furfural may be converted into 5-(chloromethyl)furfural
in the presence of an acid. In one example, 5-(hydroxymethyl)furfural may be reacted with 10N
HCI at room temperature. In another example, 5-(hydroxymethyl)furfural may be reacted with

5N H" and 11N CI” at room temperature.

[0037] With reference to FIG. 4B, glucose may be converted to fructose in the presence of an
acid and/or salt. For example, in an exemplary reaction, glucose may be converted to fructose
using IN H*, 12N CI, 11N Li", and toluene as a solvent at elevated temperatures (e.g., 110°C).
Fructose may then be converted to 5-(hydroxymethyl)furfural, which may in turn be converted to

5-(chloromethyl)furfural as described above.

[0038] Thus, provided herein are methods to produce alkylfurans from various furan

compounds. For example, various furan compounds may be used to produce 2,5-dimethylfuran

9
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as shown in the exemplary reaction schemes in FIGS. SA-5D. Such furan compounds may
include, for example, 5-(halomethyl)furfural (or also referred to as 5-(halomethyl)furan-2-
carbaldehyde; FIG. SA; where Y is halo), 5-methylfuran-2-carbaldehyde (FIG. 5B), (5-
methylfuran-2-yl)methanol (FIG. 5C), and 2-(halomethyl)-5-methylfuran (FIG. SD; where X is
halo).

[0039] In other examples, various furan compounds may be used to produce 2-methylfuran
as shown in the exemplary reaction schemes in FIGS. SE-5G. Such furan compounds may
including, for example, furfural (or also referred to as furan-2-carbaldehyde; FIG. SE), furan-2-

ylmethanol (FIG. 5F), and 2-(halomethyl)furan (FIG. 5G; where X is halo).

[0040] With reference in FIG. 6, in some variations, the alkylfurans are compounds having

the structure of formula (I'):

R1' O RZ'
U @),

wherein:
R is Cp alkyl, wherein m is an integer greater than or equal to 0, provided that when m
is O, R is H; and

R” is Cy alkyl, wherein n is an integer greater than or equal to 1.

[0041] Thus, with reference to process 600 in FIG. 6, in certain aspects, provided is a method
of producing a compound of formula (I") by reducing a compound of formula (A) having the

structure:

R'Ia O RZa

U (A)

wherein:

R'%is Cm alkyl, or —(CH2)n Y, wherein m is as defined for formula (I’), provided that
when m is O, R'7is H; and Y is halo; and

R*is —(CH,),.1CH(O), —(CH,),OH, or —-(CH,),X, wherein n is as defined for formula
("), and X is halo.

[0042] In one variation, the compound of formula (A) is reduced to produce the compound
of formula (I”) in the presence of a catalyst, and hydrogen. In another variation, the compound

of formula (A) is reduced to produce the compound of formula (I’) in the presence of a catalyst,
10
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hydrogen, and one or more reagents having an amide or urea moiety. In yet another variation, the
compound of formula (A) is reduced to produce the compound of formula (I’) in the presence of

a catalyst, hydrogen, one or more reagents having an amide or urea moiety, and solvent.

[0043] The alkylfurans (e.g., the compounds of formula (I’)), the furan compounds (e.g., the
compounds of formula (A)), the catalysts, the acids, the hydrogen, the amine or urea reagents
and the solvents, as well as the reaction conditions to produce the compounds of formula (I’) are

each described in further detail below.
Alkylfurans

[0044] In some aspects, the methods provided herein produce alkylfurans that are

compounds having the structure of formula (I’):

wherein:
R' is Cpy alkyl, wherein m is an integer greater than or equal to 0, provided that when m
is O, R is H; and

R” is Cy alkyl, wherein n is an integer greater than or equal to 1.

[0045] In some variations, the methods provided herein produce compounds having the
structure of formula (I'), wherein m is 0, and thus R" is H. Examples of such compounds

include compounds of formula (I-a):

H O RZ'
U

wherein:

R” is C,, alkyl, wherein n is an integer greater than or equal to 1.

Thus, in some variation, provided herein are methods of producing a compound of formula (I-a)

from a compound of formula (A).

[0046] In other variations, the methods provided herein produce compounds having the
structure of formula (I'), wherein R is Cp, alkyl, wherein m is an integer greater than or equal to

1. Examples of such compounds include compounds of formula (I-b):

11
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R’I' O RZ'
\@/ (I_b),

wherein:
R' is Cpy alkyl, wherein m is an integer greater than or equal to 1; and

R” is Cy alkyl, wherein n is an integer greater than or equal to 1.

Thus, in some variation, provided herein are methods of producing a compound of formula (I-b)

from a compound of formula (A).

[0047] In some aspects, the methods provided herein produce dialkylfurans having the

structure of formula (I):

wherein:
R'is Cp alkyl, wherein m is an integer greater than or equal to 1; and

R? is —(CH,),—, wherein n is an integer greater than or equal to 1.

Thus, in some variation, provided herein are methods of producing a dialkylfuran of formula (I)

from a compound of formula (A).

[0048] In some variations of the compound of formula (I') or (I-a), m is 0. In other
variations of the compound of formula (I"), (I) or (I-b), m is between 1 and 50, between 1 and 25,
between 1 and 20, between 1 and 15, between 1 and 10, or between 1 and 5. In certain

variations, mis 1, 2, 3, 4, or 5. In one variation, m is 1.

[0049] In some variations of the compound of formula (I'), (I), (I-a) or (I-b), n is between 1
and 50, between 1 and 25, between 1 and 20, between 1 and 15, between 1 and 10, or between 1

and 5. In certain variations, nis 1, 2, 3, 4, or 5. In one variation, n is 1.

[0050] In other variations of the compound of formula (I’), (I), (I-a) or (I-b), it should be
understood that any combinations of variables m and n described above can be used. For
example, in certain variations of the compound of formula (I’) or (I), m is between 1 and 50; and
n is between 1 and 50. In one variation, mis 1, and n is 2. In another variation of the compound
of formula (I) or (I-a), m is 0, and n is 1. Variables m and n may, in certain embodiments, be the

same integer or a different integer.

12
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[0051] In certain embodiments, the compound of formula (I’) or (I-a) may be an alkylfuran

such as:

@)
H
U/(i.e., 2-methylfuran), wherein m is O and n is 1.

[0052] In certain embodiments, the compound of formula (I’), (I) or (I-b) may be a

dialkylfuran such as:

0
\@/ (i.e., 2,5-dimethylfuran), wherein mis 1, and nis 1; or

O
/\@/ (i.e., 2-ethyl-5-methylfuran), wherein mis 2, and nis 1; ormis 1, and n is 2.

[0053] It should be understood that the methods described herein to produce the compounds
of formula (I’) also apply to the compounds of formula (I), (I-a) and (I-b), to the extent that is

chemically feasible.
Compounds of Formula (A)

[0054] In some aspects, the methods provided herein produce compounds of formula (I")

from compounds of formula (A):

wherein:
R is Cpy alkyl, or —(CHy)nY, wherein:
m is an integer greater than or equal to 0, provided that when m is 0, R is H; and
Y is halo; and
R*is —(CH»),.1CH(O), —(CH;),OH, or —(CH,),X, wherein:
n is an integer greater than or equal to 1; and

X is halo.

[0055] In some variations, the methods provided herein produce compounds having the

structure of formula (I’), wherein m is 0, and thus R is H, from compounds of formula (A-i):

13
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H R
U (A-Q)

wherein:
R*is —(CH,),.1CH(O), —(CH,),OH, or —-(CH,),X, wherein n is as defined for formula
("), and X is halo.

[0056] In other variations, the methods provided herein produce compounds having the
structure of formula (I'), wherein R is Cp, alkyl, wherein m is an integer greater than or equal to

1. Examples of such compounds include compounds of formula (A-ii):

wherein:
R is Cpy alkyl, or —(CHy)nY, wherein:
m is an integer greater than or equal to 1; and
Y is halo; and
R*is —(CH»),.1CH(O), —(CH;),OH, or —(CH,),X, wherein:
n is an integer greater than or equal to 1, and

X is halo.

[0057] In some variations of the compound of formula (A) and (A-i), R s H. Examples of

such compounds include:

O
H O H_ O H_ O
U/[(H , U/\OH and U/\X (wherein X is halo).

[0058] In other variations of the compound of formula (A) and (A-ii), R'%is Cpn alkyl. For
example, in one variation, R'%is methyl (i.e., C; alkyl), ethyl (i.e., C, alkyl), or propyl (i.e., C;

alkyl). Examples of such compounds include:

O
0] 0] o)
\@/Z(H , \@/\OH , and \@/\X (wherein X is halo).

[0059] In yet other variations of the compound of formula (A) and (A-ii), R'is —(CHp)nY.
For example, in one variation, R'7is —-CH,Y,-CH,CH,Y, or -CH,CH,CH,Y. In one

14



WO 2015/023918 PCT/US2014/051209

embodiment, Y is chloro. In another embodiments, Y is bromo. In yet another embodiment, Y

is fluoro. Examples of such compounds include:

O
o)

Yo\

H (wherein Y is halo).

[0060] In some variations of the compound of formula (A), (A-1) and (A-ii) that may be
combined with any of the foregoing variations, R* is —(CH,),.;CH(O). Examples of such

compounds include:

O @] O
o H_ O o)
\ 7 H , \_/ H ,and Y \_/ H (wherein Y is halo).
[0061] In other variations of the compound of formula (A), (A-i) and (A-ii) that may be

combined with any of the foregoing variations, R* is —(CH,),OH. Examples of such compounds

include:

0o H_ O

WA

[0062] In other variations of the compound of formula (A), (A-i) and (A-ii) that may be
combined with any of the foregoing variations, R* is —(CH,),X. In one embodiment, X is
chloro. In another embodiments, X is bromo. In yet another embodiment, X is fluoro.

Examples of such compounds include:

o) e
\@/\X and U/\X (wherein X is halo).

[0063] It should be understood that any variations of R' and R* may be combined as if each
and every variation was individually listed. For example, with reference to FIG. SA, the

compound of formula (A) is

R'Ia O RZa

U (A)

wherein:
R is(CH2)mY, wherein:
m is an integer greater than or equal to 1; and

15
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Y is halo; and

R* is —(CH,)».1CH(O), wherein:

n is an integer greater than or equal to 1.

O
Y

In one variation, the compound of formula (A) is:

[0064] In another example, with reference to FIG. SB, the compound of formula (A) is:

wherein:
R'%is Cpy alkyl, wherein:
m is an integer greater than or equal to 1; and
R* is (CH,),.;CH(O), wherein:

n is an integer greater than or equal to 1.

O
Y

In one variation, the compound of formula (A) is:

[0065] In another example, with reference to FIG. SC, the compound of formula (A) is:

wherein:
R'%is C,, alkyl, wherein:
m is an integer greater than or equal to 1; and
R* is (CH,),OH, wherein:

n is an integer greater than or equal to 1.

O
In one variation, the compound of formula (A) is: \@/\OH .

[0066] In yet another example, with reference to FIG. 5D, the compound of formula (A) is:

16
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R1a @) R2a

U (A)

wherein:
R'%is Cpy alkyl, wherein:
m is an integer greater than or equal to 1; and
R* is —(CH,), X, wherein:
n is an integer greater than or equal to 1; and

X is halo.

O
In one variation, the compound of formula (A) is: \@/\X (wherein X is halo).

[0067] In another example, with reference to FIG. SE, the compound of formula (A) is:

R'Ia O RZa

r (A)

wherein:
R'%is H; and
R* is —(CH,),.;CH(O), wherein:
n is an integer greater than or equal to 1.

HO
\ / H

In one variation, the compound of formula (A) is:

[0068] In yet another example, with reference to FIG. SF, the compound of formula (A) is:

wherein:
R'%is H: and
R* is —(CH,),OH, wherein:

n is an integer greater than or equal to 1.

O
H
In one variation, the compound of formula (A) is: U/\OH .
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[0069] In yet another example, with reference to FIG. 5G, the compound of formula (A) is:

wherein:
R'is H: and
R* is —(CH,), X, wherein:
n is an integer greater than or equal to 1; and

X is halo.

@)
H
In one variation, the compound of formula (A) is: U/\X (wherein X is halo).

[0070] In some variations of the compound of formula (A) or (A-i), mis 0. In some
variations of the compound of formula (A), (A-1) or (A-ii), m is between 1 and 50, between 1 and
25, between 1 and 20, between 1 and 15, between 1 and 10, or between 1 and 5. In certain

variations, mis 1, 2, 3, 4, or 5. In one variation, m is 1.

[0071] In some variations of the compound of formula (A), (A-1) or (A-ii), n is between 1
and 50, between 1 and 25, between 1 and 20, between 1 and 15, between 1 and 10, or between 1

and 5. In certain variations, nis 1, 2, 3, 4, or 5. In one variation, n is 1.

[0072] In other variations of the compound of formula (A), (A-i) or (A-ii), it should be
understood that any combinations of variables m and n described above can be used. For
example, in certain variations of the compound of formula (I’) or (I), m is between 1 and 50; and
n is between 1 and 50. In one variation, mis 1, and n is 2. In another variation, m is 0, and n is

1. Variables m and n may, in certain embodiments, be the same integer or a different integer.

[0073] In certain embodiments, the compound of formula (A) or (A-i) may be:

@)
\_/ H , U/\OH , Or \@/\Cl (wherein m is 0 and n is 1 in each instance).

[0074] In certain embodiments, the compound of formula (A) or (A-ii) may be:

18
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O 0
@) O O 0
CI/\WH , \@/[(H , \@/\OH , Or \@/\Cl (whereinmis 1 andnis 1

in each instance).

Catalysts

[0075] In some variations of the methods provided herein to produce alkylfurans, the
compounds of formula (A) may be reduced in the presence of a catalyst. The catalysts used
herein may be obtained from any commercially available sources or prepared according to any
suitable methods known in the art. Suitable catalysts include any catalysts that can improve
selectivity of the formation of dialkylfurans and other alkylfurans, while minimizing the

formation of other products.

[0076] In some embodiments, the catalyst includes palladium. Suitable catalysts may

include, for example, palladium on carbon (Pd/C) or palladium chloride (PdCl,).

[0077] In certain embodiments, the catalyst further includes a solid support. In other words,
the catalyst may be a solid supported catalyst. Suitable supports may include, for example,
carbon, and alumina (Al,O;). For example, in some variations, the catalyst includes palladium
supported on carbon or alumina (Al>O3). In one variation, the catalyst is palladium on carbon

(Pd/C) or palladium on alumina (Pd/alumina).
Acid

[0078] In some variations of the methods provided herein to produce alkylfurans, the
compounds of formula (A) may be reduced in the further presence of acid. Suitable acids may
include acids having the formula H-X, where X is halo. In one variation where the acid is H-X,
X is chloro. In another variation, X is bromo. In yet another variation, X is fluoro. In other

variations, the acid is a solid acid.

[0079] Such acid may be added to the reaction mixture or generated in sifu from the catalysts
described herein. For example, in one variation, hydrochloric acid may be generated in sifu in
the reaction mixture from 5-(chloromethyl)furfural in the presence of hydrogen. In other
variations, hydrochloric acid may be generated in sifu in the reaction mixture from 5-

(chloromethyl)furfural in the presence of a catalyst and/or carbon (e.g., activated carbon).
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[0080] The amounts of acid present in the reaction mixture may vary based on the compound
of formula (A), the catalyst, the amount of hydrogen, and the amine or urea reagent. In certain
variations, the amount of acid present in the reaction mixture does not exceed an amount that

would decrease the activity of the catalyst.

[0081] In other variations, the amount of acid present in the reaction mixture is an amount
that results in a yield of at least 10%, at least 15%, at least 20%, at least 25%, at least 30%, at

least 35%, at least 40%, at least 45%, at least 50%, at least 55%, at least 60%, at least 65%, at
least 70%, at least 75%, at least 80%, at least 85%, at least 90%, at least 95%, or at least 99%,

with respect to the compound of formula (1), (I"), (I-a) or (I-b).
Amide and Urea Reagents

[0082] In some variations of the methods provided herein to produce alkylfurans, the
compounds of formula (A) may be reduced in the presence of a reagent that has an amide or urea

moiety. The reagents described herein may, under certain conditions, also act as a solvent.

[0083] In some embodiments, the reagent is a compound of formula (i):

wherein:
each R*, R” and R¢ is independently H, aliphatic, aryl, or heteroaryl; or
R* and R" are taken together with the nitrogen atoms to which they are connected to form

a cyclic moiety having at least 3 ring atoms.

[0084] In some variations of the reagent of formula (i), each R*, R” and R® is independently
H, alkyl, aryl, or heteroaryl. In certain variations, each R* and R® is independently alkyl. In one
variation, each R* and R” is independently C;4 alkyl. In other variations, R® is H, alkyl, or aryl.
In certain variations, R® is H, C;4 alkyl, or Cs_15 aryl. In one variation, R® is H, methyl, ethyl, or

phenyl.

[0085] In yet other variations, R is alkyl, aryl or heteroaryl. In certain variations, the
reagent of formula (i) is other than N,N-dimethylformamide and N,N-dimethylacetamide. In
other variations of the reagent of formula (i), when R® is H or methyl, then one of R* and R® is

other than methyl.
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[0086] In other embodiments, the reagent is a compound of formula (ii):

0

R&NJLN,Ra

RERY (i),
wherein:
(A)  eachR* R” R®and R%is independently H, aliphatic, aryl or heteroaryl; or

(B)  R"and R" are taken together with the nitrogen atoms to which they are connected
to form a cyclic moiety having at least 3 ring atoms; and each R® and R%is independently H,

aliphatic, aryl or heteroaryl; or

(C)  eachR*and R"is independently H, aliphatic, aryl or heteroaryl; and R® and R are
taken together with the nitrogen atoms to which they are connected to form a cyclic moiety

having at least 3 ring atoms; or

(D)  R*and R" are taken together with the nitrogen atoms to which they are connected
to form a cyclic moiety having at least 3 ring atoms; and R® and R are taken together with the
nitrogen atoms to which they are connected to form a cyclic moiety having at least 3 ring atoms;

or

(E)  each R"and R° is independently H, aliphatic, aryl or heteroaryl; and R® and R? are
taken together with the nitrogen atoms to which they are connected to form a cyclic moiety

having at least 5 ring atoms; or

(F each R” and R is independently H, aliphatic, aryl or heteroaryl; and R and R are
taken together with the nitrogen atoms to which they are connected to form a cyclic moiety

having at least 5 ring atoms.

[0087] In some variations of the reagent of formula (ii), each R*, R” and R¢ is independently
H, alkyl, aryl, or heteroaryl. In certain variations, each R* and R® is independently alkyl. In one
variation, each R* and R” is independently C;4 alkyl. In other variations, R® is H, alkyl, or aryl.
In certain variations, R® is H, C;4 alkyl, or Cs_15 aryl. In one variation, R® is H, methyl, ethyl, or

phenyl.

[0088] In some variations of the reagent of formula (ii), R* and R® are taken together with the

nitrogen atoms to which they are connected to form a cyclic moiety having at least 4, or at least
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5, or between 3 and 20, or between 3 and 15, or between 4 and 20, or between 4 and 15, or

between 4 and 10, or between 4 and 8 ring atoms.

[0089] In some variations of the reagent of formula (ii), R® and RY are taken together with the
nitrogen atoms to which they are connected to form a cyclic moiety having at least 4, or at least
5, or between 3 and 20, or between 3 and 15, or between 4 and 20, or between 4 and 15, or

between 4 and 10, or between 4 and 8 ring atoms.

[0090] In some variations of the reagent of formula (i), R" and R? are taken together with the
nitrogen atoms to which they are connected to form a cyclic moiety having at least 6, or at least
7, or between 6 and 20, or between 6 and 15, or between 7 and 20, or between 7 and 15, or

between 7 and 10 ring atoms.

[0091] In some variations of the reagent of formula (ii), R* and R® are taken together with the
nitrogen atoms to which they are connected to form a cyclic moiety having at least 6, or at least
7, or between 6 and 20, or between 6 and 15, or between 7 and 20, or between 7 and 15, or

between 7 and 10 ring atoms.

[0092] In other embodiments, the reagent is a compound of formula (iii):

X
RE-N7N-R?
—)

b i),
wherein:
each R* and R° is independently H, aliphatic, aryl or heteroaryl; and

tis an integer greater than or equal to 0,

[0093] In some variations of the reagent of formula (iii), each R* and R° is independently H,
alkyl, aryl, or heteroaryl. In certain variations, R is alkyl. In one variation, R* is C;.4 alkyl. In
other variations, R is H, alkyl, or aryl. In certain variations, R is H, C; alkyl, or Cs.1, aryl. In

one variation, R® is H, methyl, ethyl, or phenyl.

[0094] In some variations of the reagent of formula (ii1), t is an integer greater than or equal
to 1. In certain variations, t is an integer between 1 and 12, between 1 and 10, between 1 and 9,

between 1 and 8, between 1 and 7, between 1 and 6, or 5, 4, 3, 2 or 1.
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[0095] In some embodiments of the methods described herein, exemplary amide or urea
O

N° N ~N7 N

reagents suitable for use in the methods provided herein include: ., S,

JOL 0
NN )J\N/\J\/

[0096]  In other variations, the reagent is K) A VA

0 (@) o ITI N @)
ooy A T o

[0097] In one variation, the reagent is:

O
O @] O O
\NJ\N/ \NJ\N/ \NJ\N/ lN/ )J\N/
K) / | | | or |

2 2 2

[0098] In yet another variation, the reagent is:

j\ 0
SNTONT \N)kN/ ~ J\ -
/

N

[0099] Any combination of the reagents described herein, including the reagents having the

or 1

2

formula (i), (i1) and (iii), and the specific examples of reagents described above, may also be

used.
Hydrogen
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[0100] In some embodiments, the compound of formula (A) is reduced to produce the
compound of formula (I’), (I), (I-a) or (I-b) in the presence of hydrogen. The hydrogen may be
provided in the form of hydrogen gas or by transfer hydrogenation (e.g., by addition of

cyclohexene or cyclohexadiene to the reaction mixture as the hydrogen source).

[0101] In certain variations, the compound of formula (A) is reduced to produce the
compound of formula (I’), (I), (I-a) or (I-b) in the presence of hydrogen gas. In one variation, the
compound of formula (A) is reduced at a pressure of at least 1 psi, or at least 10 psi; or between

1 psi and 1500 psi, between 1 psi and 1000 psi, between 500 psi to 1500 psi, between 1 psi and
50 psi, between 1 psi and 100 psi, between 1 psi and 80 psi, between 1 psi and 75 psi, or between
30 psi and 60 psi. It should be understood that the hydrogen gas may be dissolved, or at least

partially dissolved, in the reagents and/or other solvents described herein.
Solvent

[0102] In some embodiments, the compound of formula (A) is reduced to produce the
compound of formula (I’), (I), (I-a) or (I-b) in the presence of solvent. The solvents used may be

obtained from any source, including any commercially available source.

[0103] In certain embodiments, the solvent includes organic solvent. Suitable organic
solvents may include, for example, aromatic solvents. In some variations, the solvent includes at
least one mono-aryl compound, at least one di-aryl compound, or at least one tri-aryl compound,
or any mixtures thereof. In one variation, the solvent includes toluene or para-xylene. Any

combinations or mixture of the solvents described herein may also be used.

[0104] In other embodiments, as discussed above, the reagents of formula (i), (ii) and (iii), or
any combinations thereof, may act as a solvent. Thus, in one variation, no additional solvent is
added where the reagents of formula (1), (ii) and (iii), or any combinations thereof, are used. In
another variation, the compound of formula (A) is reduced to produce the compound of formula
(I"), (I, (I-a) or (I-b) in the presence of a reagent of formula (i), (ii) or (iii), or any combinations

thereof, and any of the other solvents described herein.
Reaction Conditions

[0105] The operating temperature refers to the average temperature of the reaction mixture in
the vessel. In some embodiments, the operating temperature may be at least 10°C, at least 15°C,

at least 25°C, at least 100°C, or at least 150°C; or between 0°C and 250°C, between 0°C and
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200°C, between 0°C and 150°C, between 0°C and 100°C, between 5°C and 80°C, or between

10°C and 75°C, between 15°C and 65°C, or between 130°C and 250°C.

[0106] The operating pressure refers to the average absolute internal pressure of the vessel.
In some embodiments, the operating pressure may be at least 1 psi, or at least 10 psi; or between
1 psi and 1500 psi, between 1 psi and 1000 psi, between 500 psi to 1500 psi, between 1 psi and
50 psi, between 1 psi and 100 psi, between 1 psi and 80 psi, between 1 psi and 75 psi, or between
30 psi and 60 psi.

[0107] It should be understood that temperature may be expressed as degrees Celsius (°C) or
Kelvin (K). One of ordinary skill in the art would be able to convert the temperature described
herein from one unit to another. Pressure may also be expressed as gauge pressure (barg), which
reters to the pressure in bars above ambient or atmospheric pressure. Pressure may also be
expressed as bar, atmosphere (atm), pascal (Pa) or pound-force per square inch (psi). One of
ordinary skill in the art would be able to convert the pressure described herein from one unit to

another.

[0108] The method (e.g., the reduction of the compound of formula (A) to the compound of
formula (I)) may be performed with or without stirring. In certain embodiments, the method
(e.g., the reduction of the compound of formula (A) to the compound of formula (I’), (I), (I-a)

and (I-b)) is performed with stirring to increase conversion and/or selectivity.

[0109] Additionally, the methods described herein may be carried out batch-wise or
continuously. The reaction time (in a batch-wise process) or residence time (in a continuous
process) will also vary with the reaction conditions and desired yield, but is generally about 1 to
72 hours. In some of the foregoing embodiments, the reaction time or residence time is
determined by the rate of conversion of the starting material. In some of the foregoing
embodiments, the reaction mixture is reacted for 1 to 24 hours. In some of the foregoing
embodiments, the reaction mixture is reacted for 1 to 10 hours. In some of the foregoing
embodiments, the reaction mixture is reacted for 1 to 5 hours. In some of the foregoing
embodiments, the reaction mixture is reacted for 1 to 3 hours. In some of the foregoing
embodiments, the reaction mixture is reacted for less than 2 hours, less than 1 hour, less than 30

minutes, less than 10 minutes, or less than 5 minutes.

25



WO 2015/023918 PCT/US2014/051209
Isolation and Purification

[0110] The methods described herein may further include isolating and/or purifying the
alkylfurans, e.g., the compounds of formula (I’), (I), (I-a) and (I-b), from the reaction mixture.
Any methods known in the art may be employed to isolate and/or purify the alkylfurans. For
example, the alkylfurans, e.g., the compounds of formula (I"), (I), (I-a) and (I-b), may be isolated
and/or purified by distillation. In another example, the alkylfurans, e.g., the compounds of
formula (I"), (I), (I-a) and (I-b), may be isolated by distillation, and the isolated alkylfuran may
be further purified by chromatography.

[0111] It should be understood that in certain variations, the alkylfuran produced is not
isolated and/or purified, and may be further used in one or more downstream reactions described

herein (e.g., to produce para-xylene and/or terephthalic acid).
Yield, Conversion and Selectivity

[0112] The yield of a product takes into account the conversion of the starting materials into

the product, and the selectivity for the product over other products that may be formed.

[0113] The difference between yield, conversion and selectivity is explained in the examples
provided below. For example, with respect to the conversion of a compound of formula (A) into
a compound of formula (I’), (I), (I-a) or (I-b), the reaction can be generalized as follows, where
“A” represents the moles of the compound of formula (A); and “C” represents the moles of the

compound of formula (I"), (I), (I-a) or (I-b); and “a” and “c” are stoichiometric coefficients.

aA — cC

[0114] Conversion of A is the percentage of reactant A that has been consumed during the

reaction shown above, as expressed by the following equation:

Ao—aAf
% Conversion = &2 % 100%,

where A, is the initial number of moles of reactant A; and Ay is the final number of moles of

reactant A.

[0115] Selectivity is the stoichiometrically relative amount of product C produced from the

converted amount of reactant A, as expressed as a percentage by the following equation:
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Cf 2
o

Selectivity (%) = &= * 100%,

where A, is the starting moles of reactant A; A¢is the final number of moles of reactant A; and
Ct is the number of moles of product C. In some embodiments where “a/c” = 1, and the equation

can be simplified to:

Cf
Selectivity (%) = Ao—Af 100%.

[0116] The yield of product C is the percentage of reactant A that is converted into product

C, as expressed by the following equation:

Yield (%) = Conversion (%) * Selectivity (%)

[0117] In certain embodiments, the methods described herein have a yield of at least 10%, at
least 15%, at least 20%, at least 30%, at least 40%, at least 50%, at least 60%, at least 70%, at
least 75%, at least 80%, at least 85%, at least 90%, at least 95%, or at least 99% by weight. In
other embodiments, the yield is between 10% to 100%, between 10% to 90%, between 15% to
100%, between 15% to 90%, between 20% to 80%, between 30% to 80%, between 40% to 80%,
between 50%-80%, or between 60%-80% by weight.

[0118] In certain embodiments, the methods described herein have a selectivity of at least
10%, at least 20%, at least 30%, at least 40%, at least 50%, at least 60%, at least 70%, at least
80%, at least 90%, or at least 99%. In other embodiments, the selectivity is between 40% to
99%, between 40% to 95%, between 40% to 90%, between 40% to 80%, between 50% to 99%,
between 50% to 95%, between 50% to 90%, between 50% to 80%, between 60% to 99%,
between 60% to 95%, between 60% to 90%, between 60% to 80%, between 70% to 99%,
between 70% to 95%, between 70% to 90%, or between 70% to 80%.

Downstream Products

[0119] The compounds of formula (I’), (I), (I-a) and (I-b), such as 2,5-dimethylfuran and 2-
methylfuran, produced according to the methods described herein may be suitable for
manufacture of one or more plastics, fuels (e.g., transportation fuels) or other compounds. For

example, 2,5-dimethylfuran may be converted to para-xylene. See e.g., U.S. 2013/0245316.

[0120] Thus, in some aspects, provided is a method of producing para-xylene, by combining

2,5-dimethylfuran produced according to any of the methods described herein and ethylene to
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produce para-xylene. In other aspects, provided is a method of producing terephthalic acid by:
combining 2,5-dimethylfuran produced according to any of the methods described herein and
ethylene to produce para-xylene; and oxidizing the para-xylene to terephthalic acid. In yet other
aspects, provided is a method of producing polyethylene terephthalate by: combining 2,5-
dimethylfuran produced according to any of the methods described herein and ethylene to
produce para-xylene; oxidizing the para-xylene to terephthalic acid; and polymerizing
terephthalic acid with ethylene glycol to yield polvethylene terephthalate using any methods

known in the art,

[0121] It should be understood that reference to “about” a value or parameter herein includes
(and describes) embodiments that are directed to that value or parameter per se. For example,
description referring to “about x” includes description of “x” per se. In other instances, the term
“about” when used in association with other measurements, or used to modify a value, a unit, a

constant, or a range of values, refers to variations of +/- 10%.

[0122] It should also be understood that reference to “between” two values or parameters
herein includes (and describes) embodiments that include those two values or parameters per se.

For example, description referring to “between x and y” includes description of “x™ and “y” per

S€E.

[0123] As used herein, “aliphatic” refers to a moncradical unbranched or branched
hydrocarbon chain that may be saturated (e.g., alkyl) or unsaturated (e.g., alkenyl or alkynyl). In
some embodiments, aliphatic as used herein, such as in reagents of formula (1), (ii) and (iii), has
1 to 20 carbon atoras (i.e., 5 aliphatic), 1 to 8 carbon atoms {i.e., (5 aliphatic}), 1 to 6 carbon

atoms {i.e., U5 aliphatic}, or I to 4 carbon atoms (i.e., 4 aliphatic).

[0124] “Alkyl” refers to a monoradical unbranched or branched saturated hydrocarbon chain.
In some embodiments, alkyl as used herein, such as in compounds of formula (I’) (including, for
example, formula (I), formula (I-a) and formula (I-b)) and formula (A) (including, for example,
formula (A-1) and (A-ii)), has 1 to 50 carbon atoms {(i.e., Cisp alkyl), 1 to 20 carbon atoms (i.e.,
{20 alkyl), 1 to 8 carbon atorus (i.e., Cig alkyl), 1 to 6 carbon atoms (r.e., Crs alkyl), or L t0 4
carbon atoms (i.e., C4 alkkyl). Examples of alkyi groups include methyl, ethyl, propyl,
isopropyl, n-butyl, sec-butyl, tert-butyl, pentyl, 2-pentyl, isopentyl, neopentyl, hexvi, 2-hexyl, 3-
hexyl, and 3-methvipentyl. When an alkyl residue having a specific number of carbons is

named, all geometric isomers having that number of carbons may be encompassed; thus, for
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example, “butyl” can include n-butyl, sec-butyl, 1sobutyl and t-butyl; “propy!” can include n-

propyl and isopropyl.

[G125] “Aryl” refers to an aromatic carbocyelic group having a single ring {e.2., phenyl),
multiple rings (e.g., biphenyl}, or multiple fused rings {e.g., naphthyl, fluorenyl, and anthryl). In
certain erobodiments, aryl as used herein, such as in compounds of formula (A) (including, for
example, formula (A-i) and (A-ii)), has 6 to 50 ring carbon atoms {i.e., Casp aryl), 6 to 20 ring
carbon atoms (f.e., Csop aryl), or & to 12 carbon ring atorns (i.e., Ceyz aryl), Aryl, however, does
not encompass or overlap in any way with heteroaryl, separately defined below. In certain
embodiments, if one or more aryl groups are fused with a heteroaryl ring, the resulting ring

system is heteroaryl.

(8126} “Heteroaryl” refers to an aromatic group having a single ring, multiple rings, or
multiple fused rings, with one or more ring heteroatoms independently selected from nitrogen,
oxvygen, and sulfur. In some erabodiraents, heteroaryl is an aromatic, monocyclic or bicyclic
ring countaining one or more heteroatoms independently selected from nitrogen, oxygen and
sulfur with the remaining ring atorns being carbon. In certain embodiments, heteroaryl as used
herein, such as in compounds of formula (A) (including, for example, formula (A-1) and (A-ii)),
has 3 to 50 ring carbon atorns (i.e., Casy heteroaryl), 3 to 20 ring carbon atoms (.e., Cigg
hetercaryl), 3 to 12 ring carbon atoms (i.e., Cs.po heteroaryl), or 3 to 8 carboun ring atoms (i.e., Cs.
¢ heteroaryl); and 1 to 5 hetercatoms, 1 to 4 heteroatoms, 1 to 3 ring heteroatoms, 1 or 2 ring
heteroators, or 1 ring heteroatow independently selected from nitrogen, oxygen, and sulfur, In
one example, a hetercaryl has 3 to 8 ring carbon atoms, with 1 to 3 ring heteroatoms
independently selected from nitrogen, oxygen and sulfur. Examples of hetercaryl groups include
pyridyl, pyridazinyl, pyrimidinyi, benzothiazolyl, and pyrazolyl. Heteroaryl does not encompass

or overlap with aryl as defined above.

(6127} Further, it should be understood that when a range of values is listed, it is intended to
encompass each value and sub-range within the range. For example, “Cj_s alkyl” (which may
also be referred to as 1-6C alkyl, C1-C6 alkyl, or C1-6 alkyl) is intended to encompass, C;, Ca,
Cs, C4, Cs, Cs, Cr6, Cr5, Cra, Cr3, Cra, Cos, Cas, Cog, Co3, Ca6, Ca5, C34, Cu6, Cy 5, and
Cs ¢ alkyl.
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ENUMERATED EMBODIMENTS

[0128] The following enumerated embodiments are representative of some aspects of the

invention.
1. A method of producing 2,5-dimethylfuran, comprising:
a) providing (5-methylfuran-2-yl)methanol; and

b) selectively reducing the (5-methylfuran-2-yl)methanol to produce 2,5-
dimethylfuran.

2. The method of embodiment 1, wherein the (5-methylfuran-2-yl)methanol is selectively

reduced in the presence of hydrogen and a catalyst.
3. A method of producing 2,5-dimethylfuran, comprising:
a) providing (5-methylfuran-2-yl)methanol;

b) converting the (5-methylfuran-2-yl)methanol to 2-(chloromethyl)-5-methylfuran

in the presence of an acid; and

c) selectively reducing the 2-(chloromethyl)-5-methylfuran to produce 2,5-
dimethylfuran.

4. The method of embodiment 3, wherein the 2-(chloromethyl)-5-methylfuran is selectively

reduced in the presence of hydrogen and a catalyst.

5. The method of any one of embodiments 1 to 6, wherein the (5-methylfuran-2-

yl)methanol is provided by:
1) providing 5-methylfuran-2-carbaldehyde; and

i1) converting the 5S-methylfuran-2-carbaldehyde to (5-methylfuran-2-yl)methanol in

the presence of acid, hydrogen and a catalyst.

6. The method of any one of embodiments 1 to 6, wherein the (5-methylfuran-2-

yl)methanol is provided by:

1) providing 5-(chloromethyl)furfural;
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i1) converting the 5-(chloromethyl)furfural to 5S-methylfuran-2-carbaldehyde in the

presence of hydrogen and a catalyst; and

ii1) converting the 5-methylfuran-2-carbaldehyde in the presence of acid, hydrogen

and a catalyst.
7. The method of embodiment 2, 4, 5 or 6, wherein the catalyst is a palladium catalyst.

8. A method of producing a compound of formula (I’):

R1' @) R2'
U,

wherein:
R is Cp alkyl, wherein m is an integer greater than or equal to 0, provided that
when m is O, R is H; and

R” is Cy alkyl, wherein n is an integer greater than or equal to 1,

the method comprising converting a compound of formula (A) to the compound of formula (I”)
in the presence of hydrogen, a catalyst and a reagent of formula (i), (ii) or (iii), or any

combination thereof,
wherein:

the compound of formula (A) is:

wherein:
R is Cp, alkyl, or -(CH,), Y, wherein:
m is as defined for formula (I"), provided that when m is 0O, R"%is
H; and
Y is halo; and
R*is —(CH,),.1CH(O), —(CH»),OH, or —(CH,),X, wherein:
n is as defined for formula (I’); and

X is halo; and

the reagent of formula (i) is:
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wherein:
each R*, R” and R¢ is independently H, aliphatic, aryl, or heteroaryl; or
R* and R" are taken together with the nitrogen atoms to which they are

connected to form a cyclic moiety having at least 3 ring atoms; and

the reagent of formula (ii) is:

wherein:

(A)  each R* R® R¢and R is independently H, aliphatic, aryl or

heteroaryl; or

(B)  R"and R" are taken together with the nitrogen atoms to which they
are connected to form a cyclic moiety having at least 3 ring atoms; and each R®

and R%is independently H, aliphatic, aryl or heteroaryl; or

(C)  eachR*and R"is independently H, aliphatic, aryl or heteroaryl;
and R and R? are taken together with the nitrogen atoms to which they are

connected to form a cyclic moiety having at least 3 ring atoms; or

(D)  R*and R" are taken together with the nitrogen atoms to which they
are connected to form a cyclic moiety having at least 3 ring atoms; and R® and R¢
are taken together with the nitrogen atoms to which they are connected to form a

cyclic moiety having at least 3 ring atoms; or

(E)  each R"and R° is independently H, aliphatic, aryl or heteroaryl;
and R and R? are taken together with the nitrogen atoms to which they are

connected to form a cyclic moiety having at least 5 ring atoms; or

32



WO 2015/023918 PCT/US2014/051209
(F) each R” and R? is independently H, aliphatic, aryl or heteroaryl;

and R" and R° are taken together with the nitrogen atoms to which they are

connected to form a cyclic moiety having at least 5 ring atoms; and

the reagent of formula (iii) is:

wherein:
each R* and R° is independently H, aliphatic, aryl or heteroaryl; and

tis an integer greater than or equal to 0.
9. The method of embodiment 8, wherein:

the reagent of formula (i) is other than N,N-dimethylformamide and N,N-

dimethylacetamide; or

the reagent is a reagent of formula (i), provided that when R® is H or methyl, then one of

R* and R" is other than methyl.

10. The method of embodiment 8, wherein the reagent of formula (i), (ii) or (iii) is selected
O

0 0 0
<~ A - Py

O =0 OO

from the group consisting of I — | - )

2

0

0 o ITIJ\N/ o)
/\NJ\N/\ @\ M /© @ ©)LN/
N“ N |
) K , | , ,and , Or any
combinations thereof.

11. The method of any one of embodiments 8 to 10, wherein the compound of formula (I’) is

a compound of formula (I-a) or (I-b):

H (@] R2' R1' @) R2'
U (I-a) or \@/ (I-b),
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wherein R" is Cp alkyl, wherein m is an integer greater than or equal to 1.

O
12. The method of embodiment 8, wherein the compound of formula (I”) is\@/ or
O
H
.
13. The method of embodiment 8 or 9, wherein the compound of formula (A) is a compound

of formula (A-1) or (A-ii):

12 O

H R% R R2
U (A-i) or U (A-ii),

wherein m is an integer greater than or equal to 1.

14. The method of any one of embodiments 8 to 11 and 13, wherein R"%is —(CHy)nY.
15. The method of any one of embodiments 8 to 13, wherein R*is —(CH,),.1CH(O).
16. The method of any one of embodiments 8 to 13, wherein R* is —(CH,),OH.

17. The method of any one of embodiments 8 to 13, wherein R* is —(CHy)uX.

18. The method of any one of embodiments 8 to 11, wherein the compound of formula (A) is
0] 7 O 7 O 0] 7 0]
H H
\ X U x

19. The method of embodiment 8, wherein the compound of formula (A) is

R'Ia O RZa

U (A)

wherein:
R is(CH2)mY, wherein:
m is an integer greater than or equal to 1; and
Y is halo; and
R* is (CH,),.1CH(O), wherein:
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n is an integer greater than or equal to 1.

20. The method of embodiment 8, wherein the compound of formula (A) is:

wherein:
R'%is C,, alkyl, wherein:
m is an integer greater than or equal to 1; and
R* is (CH,),.1CH(O), wherein:

n is an integer greater than or equal to 1.

21. The method of embodiment 8, wherein the compound of formula (A) is:

wherein:
R'%is C,, alkyl, wherein:
m is an integer greater than or equal to 1; and
R* is (CH,),OH, wherein:

n is an integer greater than or equal to 1.

22. The method of embodiment 8, wherein the compound of formula (A) is:

wherein:
R'%is H; and
R* is —~(CH,),.;CH(O), wherein:

n is an integer greater than or equal to 1.
23. The method of embodiment 8, wherein the compound of formula (A) is:
R'Ia O RZa

U (A)
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wherein:
R!*is H: and
R* is —(CH,),OH, wherein:

n is an integer greater than or equal to 1.

24. The method of embodiment 8, wherein the compound of formula (A) is:

wherein:
R'is H: and
R* is —(CH,), X, wherein:
n is an integer greater than or equal to 1; and

X is halo.

25. The method of embodiment 8, wherein the compound of formula (A) is:

wherein:
R'%is C,, alkyl, wherein:
m is an integer greater than or equal to 1; and
R* is —(CH,),X, wherein:
n is an integer greater than or equal to 1; and

X is halo.

26. The method of any one of embodiments 8 to 11, 13, 14, and 18 to 25, wherein Y is

chloro.

27. The method of any one of embodiments 8 to 11, 13, 17, and 18 to 25, wherein X is

chloro.

28. The method of any one of embodiments 1 to 20, 22, and 24 to 27, wherein the catalyst

comprises palladium.

29, The method of any one of embodiments 1 to 20, 22, and 24 to 28, wherein the catalyst

comprises palladium and a solid support.
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30. The method of embodiment 29, wherein the solid support is carbon or alumina.

31. The method of any one of embodiments 8 to 30, wherein the catalyst is palladium on

carbon, palladium chloride, or any combinations thereof.

32. The method of any one of embodiments 8 to 31, wherein the compound of formula (A) is

converted to the compound of formula (I') in the further presence of acid.

33. The method of any one of embodiments 8 to 32, wherein the compound of formula (A) is

converted to the compound of formula (I') in the further presence of solvent.

34. The method of embodiment 33, wherein the solvent comprises organic solvent.
35. The method of embodiment 33 or 34, wherein the solvent comprises aromatic solvent.
36. The method of any one of embodiments 33 to 35, wherein the solvent comprises at least

one mono-aryl compound, at least one di-aryl compound, or at least one tri-aryl compound, or

any mixtures thereof.

37. The method of embodiment 37, wherein the at least one mono-aryl compound is toluene

or para-xylene.

38. A method of producing a compound of formula (I’):

RL R?
U (),

wherein:
R is Cp alkyl, wherein m is an integer greater than or equal to 0, provided that
when m is O, R is H; and

R” is Cy alkyl, wherein n is an integer greater than or equal to 1,
the method comprising:
a) converting a compound of formula (B) to a compound of formula (C), wherein:

the compound of formula (B) is:
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wherein:
R'is Cn alkyl, wherein m is as defined for formula (I’); and

R?is —(CHy)y—, wherein n is as defined for formula (I’),

the compound of formula (C) is:

wherein:
R' and R? are as defined for formula (B); and

X is halo; and
b) reducing the compound of formula (C) to produce the compound of formula (I’).

39. The method of embodiment 38, wherein the compound of formula (C) is reduced to
produce the compound of formula (I’) in the presence of hydrogen, a catalyst, and a reagent of

formula (1), (ii) and (iii), or any combinations thereof,
wherein:

the reagent of formula (i) is:

wherein:
each R*, R” and R¢ is independently H, aliphatic, aryl, or heteroaryl; or
R* and R" are taken together with the nitrogen atoms to which they are

connected to form a cyclic moiety having at least 3 ring atoms; and

the reagent of formula (ii) is:

re. J Rre

RY R (i),

wherein:
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(A)  each R R R°and R® is independently H, aliphatic, aryl or

heteroaryl; or

(B)  R*and R" are taken together with the nitrogen atoms to which they
are connected to form a cyclic moiety having at least 3 ring atoms; and each R*

and R’ is independently H, aliphatic, aryl or heteroaryl; or

(C)  eachR*and R is independently H, aliphatic, aryl or heteroaryl;
and R and R? are taken together with the nitrogen atoms to which they are

connected to form a cyclic moiety having at least 3 ring atoms; or

(D)  R*and R" are taken together with the nitrogen atoms to which they
are connected to form a cyclic moiety having at least 3 ring atoms; and R® and R
are taken together with the nitrogen atoms to which they are connected to form a

cyclic moiety having at least 3 ring atoms; or

(E)  each R" and R is independently H, aliphatic, aryl or heteroaryl;
and R” and R* are taken together with the nitrogen atoms to which they are

connected to form a cyclic moiety having at least 5 ring atoms; or

(F) each R” and R? is independently H, aliphatic, aryl or heteroaryl;
and R" and R° are taken together with the nitrogen atoms to which they are

connected to form a cyclic moiety having at least 5 ring atoms; and

the reagent of formula (iii) is:

wherein:
each R* and R° is independently H, aliphatic, aryl or heteroaryl; and

tis an integer greater than or equal to 0.

40. The method of embodiment 39, wherein the reagent of formula (i), (ii) or (iii) is selected
O

0 0 0
O e v oo
I U A |, ,

39

from the group consisting of



WO 2015/023918 PCT/US2014/051209
O

0 o ITIJ\N/ 0
Pl N J\ N N @\ JJ\ @ ©)J\ N e
N“ N |
) K , | , ,and , Or any
combinations thereof.

41. The method of embodiment 39 or 40, wherein the catalyst comprises palladium and

optionally a solid support.
42. The method of embodiment 41, wherein the solid support is carbon or alumina.

43. The method of any one of embodiments 39 to 42, wherein the catalyst is palladium on

carbon, palladium chloride, or any combinations thereof.

44. The method of any one of embodiments 39 to 43, wherein the compound of formula (C)

is reduced to produce the compound of formula (I') in the further presence of acid.

45. The method of any one of embodiments 39 to 44, wherein the compound of formula (C)

is reduced to produce the compound of formula (I') in the further presence of solvent.

46. The method of embodiment 45, wherein the solvent comprises organic solvent.
47. The method of embodiment 45 or 46, wherein the solvent comprises aromatic solvent.
48. The method of any one of embodiments 45 to 47, wherein the solvent comprises at least

one mono-aryl compound, at least one di-aryl compound, or at least one tri-aryl compound, or

any mixtures thereof.

49. The method of embodiment 48, wherein the at least one mono-aryl compound is toluene

or para-xylene.
50. A composition, comprising:

a compound of formula (A):

wherein:

R is Cp, alkyl, or -(CH,), Y, wherein:
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m is an integer greater than or equal to 0, provided that when m is
0, R is H; and

Y is halo; and
R*is —(CH,),.1CH(O), —(CH»),OH, or —-(CH,),X, wherein:

m is an integer greater than or equal to 1; and

X is halo; and
a reagent of formula (i), (ii) or (iii), or any combinations thereof, wherein:

the reagent of formula (i) is:

wherein:

each R*, R” and R¢ is independently H, aliphatic, aryl, or
heteroaryl; or

R* and R" are taken together with the nitrogen atoms to which they

are connected to form a cyclic moiety having at least 3 ring atoms; and

the reagent of formula (ii) is:

0

R&NJ\N,Ra

RT R i),
wherein:

(A)  each R* R® R¢and R is independently H, aliphatic, aryl or

heteroaryl; or

(B)  R"and R" are taken together with the nitrogen atoms to
which they are connected to form a cyclic moiety having at least 3 ring
atoms; and each R and R% is independently H, aliphatic, aryl or

heteroaryl; or

(C)  eachR*and R"is independently H, aliphatic, aryl or

heteroaryl; and R® and R are taken together with the nitrogen atoms to
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which they are connected to form a cyclic moiety having at least 3 ring

atoms; or

(D)  R*and R" are taken together with the nitrogen atoms to
which they are connected to form a cyclic moiety having at least 3 ring
atoms; and R® and R? are taken together with the nitrogen atoms to which

they are connected to form a cyclic moiety having at least 3 ring atoms; or

(E)  each R" and R is independently H, aliphatic, aryl or
heteroaryl; and R® and R? are taken together with the nitrogen atoms to
which they are connected to form a cyclic moiety having at least 5 ring

atoms; or

(F) each R” and R? is independently H, aliphatic, aryl or
heteroaryl; and R* and R® are taken together with the nitrogen atoms to
which they are connected to form a cyclic moiety having at least 5 ring

atoms; and

the reagent of formula (iii) is:

X
RE-N7N-R?
—)

b i),
wherein:
each R* and R° is independently H, aliphatic, aryl or heteroaryl;
and

tis an integer greater than or equal to O;

hydrogen; and

a catalyst.
51. The composition of embodiment 50, wherein the reagent of formula (i), (i1) or (iii) is
O
o) o) O
N Y
O G v o
selected from the group consisting of , | | ,

2
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) K , | , ,and , Or any
combinations thereof.

52. The composition of embodiment 50 or 51, further comprising a compound of formula

I):

R’I' O RZ'
\@/ (I’),
wherein R' and R? are as defined for formula (A).

53. The composition of embodiment 51, wherein the compound of formula (I') is a

compound of formula (I-a) or (I-b):

H (@] R2' R1' @) R2'
U (I-a) or \@/ (I-b),

wherein R is Cp, alkyl, wherein m is an integer greater than or equal to 1.

O
54. The composition of embodiment 51, wherein the compound of formula (I’) is\@/
O
H
or \@/
55. The composition of any one of embodiments 50 to 52, wherein the compound of formula

(A) is a compound of formula (A-i) or (A-ii):

)

H (@) R2a R1a R2a
U (A-i) or U (A-ii),

wherein m is an integer greater than or equal to 1.
56. The composition of any one of embodiments 50 to 53 and 55, wherein R'7is —(CHy)nY.
57. The composition of any one of embodiments 50 to 55, wherein R* is —(CH3),.1CH(O).

58. The composition of any one of embodiments 50 to 55, wherein R*is —(CH,),OH.
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59. The composition of any one of embodiments 50 to 55, wherein R*is —(CH»).X.

60. The composition of any one of embodiments 50 to 53, wherein the compound of formula

0 0 0
0 0 0 0 0
(A) is YA@/Z(H, WH, \@/\OH, H\@/Z(H, HU/\OH,
0 0

61. The composition of embodiment 50, wherein the compound of formula (A) is

wherein:
R'* is(CH,),Y, wherein:
m is an integer greater than or equal to 1; and
Y is halo; and
R* is (CH,),.;CH(O), wherein:

n is an integer greater than or equal to 1.

62. The composition of embodiment 50, wherein the compound of formula (A) is:

wherein:
R'%is Cpy alkyl, wherein:
m is an integer greater than or equal to 1; and
R* is (CH,),.;CH(O), wherein:

n is an integer greater than or equal to 1.

63. The composition of embodiment 50, wherein the compound of formula (A) is:

wherein:

R'%is C,, alkyl, wherein:
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m is an integer greater than or equal to 1; and
R* is ~(CH,),OH, wherein:

n is an integer greater than or equal to 1.

64. The composition of embodiment 50, wherein the compound of formula (A) is:

wherein:
R'%is H; and
R* is —(CH,),».1CH(O), wherein:

n is an integer greater than or equal to 1.

65. The composition of embodiment 50, wherein the compound of formula (A) is:

wherein:
R'%is H: and
R* is —(CH,),OH, wherein:

n is an integer greater than or equal to 1.

66. The composition of embodiment 50, wherein the compound of formula (A) is:

wherein:
R'is H: and
R* is —(CH,), X, wherein:
n is an integer greater than or equal to 1; and

X is halo.

67. The composition of embodiment 50, wherein the compound of formula (A) is:
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wherein:
RY%is Cpy alkyl, wherein:
m is an integer greater than or equal to 1; and
R* is —(CH,), X, wherein:
n is an integer greater than or equal to 1; and

X is halo.

68. The composition of any one of embodiments 50 to 53, 55, 56, and 60 to 67, wherein Y is

chloro.

69. The composition of any one of embodiments 50 to 53, 55, 59, and 60 to 67, wherein X is

chloro.

70. The composition of any one of embodiments 50 to 62, 64, and 66 to 69, wherein the

catalyst comprises palladium.

71. The composition of any one of embodiments 50 to 62, 64, and 66 to 70, wherein the

catalyst comprises palladium and a solid support.
72. The composition of embodiment 71, wherein the solid support is carbon or alumina.

73. The composition of any one of embodiments 50 to 72, wherein the catalyst is palladium

on carbon, palladium chloride, or any combinations thereof.

74. The composition of any one of embodiments 50 to 73, wherein the compound of formula

(A) is converted to the compound of formula (I') in the further presence of acid.

75. The composition of any one of embodiments 50 to 74, wherein the compound of formula

(A) is converted to the compound of formula (I') in the further presence of solvent.

76. The composition of embodiment 75, wherein the solvent comprises organic solvent.

7. The composition of embodiment 75 or 76, wherein the solvent comprises aromatic
solvent.

78. The composition of any one of embodiments 75 to 77, wherein the solvent comprises at

least one mono-aryl compound, at least one di-aryl compound, or at least one tri-aryl compound,

or any mixtures thereof.
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79. The composition of embodiment 78, wherein the at least one mono-aryl compound is

toluene or para-xylene.

80. The method of any one of embodiments 8 to 49, further comprising isolating the

compound of formula (I").

81. The method of any one of embodiments 8 to 49, further comprising purifying the

compound of formula (I").
82. A method of producing para-xylene, comprising:

combining a compound of formula (I’) produced according to the method of any one of
embodiments § to 49 and ethylene to produce para-xylene, wherein the compound of formula (I")

is 2,5-dimethylfuran.
83. A method of producing terephthalic acid, comprising:

combining a compound of formula (I’) produced according to the method of any one of
embodiments § to 49 and ethylene to produce para-xylene, wherein the compound of formula (I")

is 2,5-dimethylfuran; and
oxidizing the para-xylene to terephthalic acid.
84. A method of producing polyethylene terephthalate, comprising:

combining a compound of formula (I’) produced according to the method of any one of
embodiments 8 to 49 and ethylene to produce para-xylene, wherein the compound of formula (I")

is 2,5-dimethylfuran;
oxidizing the para-xylene to terephthalic acid; and

polymerizing terephthalic acid with ethylene glycol to produce polyethylene

terephthalate.
EXAMPLES

[0129] The following Examples are merely illustrative and are not meant to limit any aspects

of the present disclosure in any way.
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Example 1

Synthesis of 2,5-dimethylfuran (DMF) from 5-(chloromethyl)furfural (CMF)

O H . 0
Cl H >~ \Q/
\ Na,HPO, \_/
Pd/C
H,

[0130] Reaction No. 1: In a 250 mL Parr container (cooled to room temperature) was added
22.5 mL of N,N-dimethylformamide (DMFD) and Na,HPO, (0.51 eq, 17.802 mmol, 2.5272 g).
To 502 mg of 10% Pd/C was added 1 ml of DMFD and the wet paste was stirred for 1 min with
a spatula. The synthesized wet paste was then added to the reaction flask under air. The
remaining Pd/C paste in the vial was washed with 1.5 ml of DMFD. The reaction was then
preheated to 35 °C (23 min, max T reached 42 °C) under shaking and argon (purge line
connected to Argon line). CMF (5 g, 34.587 mmol) was added and the reaction was first stirred 2
min and then charged with H, up to 50 psi (charged and purged 4 times to 20 psi). The flask was
refilled to 50 psi when the pressure was observed to drop to 40 psi. When H, was charged, a
leak observed. H, was flushed and Argon was added while a screw was tightened. 2 g of
Na,HPO, was added under argon after purging with H,. After about 80 minutes, the reaction
mixture was diluted to 100 ml with acetone and an aliquot was taken for analysis by GCMS

coupled with FID. Selectivity from CMF to DMF: 79%; Yield from CMF to DMF: 72%.

[0131] Reaction No. 2: In a 250 mL Parr container (cooled to room temperature) was added
5.0058 g (34.628 mmol) of CMF followed by 25 mL of DMFD, Na,HPO, (0.6 eq, 20.76 mmol,
2.9471 g) and under Argon 502 mg of 10% Pd/C. The reaction flask was then preheated to 35 °C
(30 min, max T reached 45 °C) under shaking and Argon (purge line connected to Argon line).
The reaction was then charged with H, up to 50 psi (charged and purged 4 times to 20 psi). The
flask was refilled to 50 psi every time the pressure dropped to 40 psi. After about 142 minutes,
the reaction mixture was diluted to 100 ml with acetone and an aliquot was taken for analysis by
GCMS coupled with FID. Selectivity from CMF to DMF: 80%; Yield from CMF to DMF:
76%.
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Example 2

Synthesis of 5-methylfuran-2-carbaldehyde (MF) from 5-(chloromethyl)furfural (CMF)

“ \ /" Pd/C ] \ / H

Ho

[0132] In a 250 mL Parr container (cooled to room temperature) was added 5.0012 g (34.596
mmol) of CMF (97%) followed by 25 mL of DMFD and under Argon 50 mg of 10% Pd/C. The
reaction mixture was charged with H, up to 2 psi (charged and purged 4 times to 20 psi). When
a 1 psi drop was observed, the flask was refilled to 2 psi until 65 psi was reached. After about 73
minutes, the reaction mixture was diluted in 100 ml volumetric flask with dichloromethane and
an aliquot was taken for analysis by GCMS coupled with FID. Selectivity from MF to CMF:
99%:; conversion from MF to CMF: 97%.

Example 3

Synthesis of 2,5-dimethylfuran (DMF) from S-methylfuran-2-carbaldehyde (MF)

PdCl,
Darco G60
Hy

[0133] To a 250 ml Parr Shaker, 3.8051 g (34.51 mmol) of MF was added followed by 25 ml
of DMFD and under Argon 100 mg of PdCl, and 500 mg of carbon Darco G60. The reaction was
then charged with H, up to 50 psi (charged and purged 4 times). When a 10 psi drop was
observed, the flask was recharged to 50 psi. After about 105 minutes, the reaction mixture was
diluted to 100 ml and an aliquot was taken for analysis by GCMS coupled with FID. Selectivity
from MF to DMF: 68%:; conversion from MF to DMF: 100%; conversion from MF to (5-
methylfuran-2-yl)methanol (MFA): 96%.
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Example 4

Synthesis of 2,5-dimethylfuran (DMF) from 5-(chloromethyl)furfural (CMF)

H,, heat
N LN
O solvent O
catalyst
reagent

[0134]

(chloromethyl)furfural (CMF) using various catalysts, solvents and other reagents.

This Example demonstrates the production of 2,5-dimethylfuran (DMF) from 5-

[0135]

Solvent A (as listed in Table 1 below). The CMF was dissolved in a mixture of organic Solvent

To a 250 ml Parr shaker bottle was added CMF (5 g, 34.62 mmol) and 25 ml of

A and Reagent B (as listed in Table 1 below), by stirring at room temperature for 5-10 minutes.
Then, the catalyst (50 mg of Pd on support, as listed in Table 1 below) was either immersed in
Reagent B up to the incipient wetness point and transferred to the container, or added directly
into the container under argon. The reaction mixture was heated to 30-35 °C, and the reaction
flask was installed into the Parr Shaker. The flask was charged with hydrogen up to 50 psig
(charged and purged 4 times to 20 psig). The flask was shaken to initiate the reaction, and the
flask was refilled to 50 psig every time the pressure was observed to drop to about 40 psig. After
180 psig of hydrogen was consumed (2.96 eq of hydrogen), the Parr Shaker was stopped, and
hydrogen was flushed out of the flask. The reaction mixture was then transferred into a 100 ml
volumetric flask and diluted with acetone. An aliquot of the reaction mixture was taken, and

products were quantitatively measured on GC.

Table 1. Summary of reactions and results

Catalyst CMF Solvent A, Reagent B, Reaction DMF DMF
loading” | weight % weight % time selectivity yield
(%) (%)
Pd/Al,O; 16% Toluene, 0 120 min 82-84 82-84
77% ~ )]\ -
U
DMPU 23%
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Pd/Al,Os 16%

120 min

17 15

Pd/Al,Os 16%

Toluene,
77%

70 min

63 63

Pd/Al,Os 16

Toluene,
78%

186 min

59 59

Pd/Al,O; 16

300 min

61 61

Pd/Al,O; 16

86 min

36 17

Pd/Al,Os 16

120 min

83 83

Pd/Al,O; 26

120 min

81 81

Pd/C 16

70 min

82 82

51




WO 2015/023918 PCT/US2014/051209

Pd/C 16 Toluene, 0 48 min 82 82
48% L
N
|
DMFD
52%
Pd/AlL,O; 16 Dowtherm ™ 0 222 min 64 59
G. 78% QN/
|
DMFD
18%

* CMF % loading = mass of CMF per total volume of reaction in solvent mix (Solvent A +

Reagent B)
Example 5

Synthesis of Methylfuran (MF) from Furfural

[0136] This Example demonstrates the synthesis of methylfuran from furfural. To a 250 mL
parr hydrogenation flask was added palladium (II) chloride (199.0 mg), Darco G-60 activated
carbon (999.0 mg), dimethylpropyleneurea (5 ml), and toluene (15 ml). The flask was then
sealed and placed into a Parr hydrogenation apparatus. The headspace was then purged 4 x with
10 psig of hydrogen. The flask was then pressurized with hydrogen to 20 psig and the bottle was
shaken for 20 minutes. After the metal reduction step, the flask was then depressurized from
hydrogen and furfural (3.314 g, 34.492 mmol) was then added to the flask via pipette transfer
using an additional 5 ml of toluene. The flask was then re-purged with hydrogen in a similar
manner as described above, and the flask was filled with hydrogen to 50 psig, and the reduction
was started. The reaction temperature and consumption of hydrogen over time were monitored,

and the values are summarized in Table 2 below.
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Table 2.

Time (min) continuous Temperature Reaction Total Hydrogen Consumed
(°C) (mmol)

3.7 27 to 29 6.63
7.5 30 12.16
11.3 31 17.69
15.2 33 23.22
19.3 33 29.85
23.5 34 35.38
28.3 34 40.91
33.9 33 46.43
41.5 32 51.95
52.8 30 57.47
72.4 29 62.98
105.6 28 68.49

[0137] After about 106 minutes, the flask was depressurized and removed from the
apparatus. The reaction mixture was then diluted to 100 ml in acetone, followed by a 5 x

dilution in acetone for GCMS analysis.

[0138] For the GCMS analysis, 1uL of sample/standard was injected into an Agilent 6890
GC with FID detection with a 5:1 split ratio at a flow rate of 2.3 mL/min of helium carrier gas
and onto the Agilent 5975 MSD with a split ratio of 25:1 at a flow rate of 1.5 mL/min of helium
carrier gas. The temperature program started with an initial temperature of 35°C and ramped up
to a final temperature of 240°C at 60C/min and was held at 240°C for 4 minutes. 2-Methylfuran
was observed at 1.83 minutes for MS detection and at 1.86 minutes for FID detection. Thus,

based on this GCMS analysis, 2-methylfuran was observed to be produced.
Example 6
Synthesis of 2,5-dimethylfuran (DMF) from 5-(chloromethyl)furfural (CMF)

[0139] This Example demonstrates the synthesis of DMF from CMF. To a 250 ml Parr
hydrogenation bottle was added CMF (5 g; 34 mmol). Dowtherm-G (10 ml) was then added and
the CMF was allowed to dissolve with light mixing under ambient conditions for a few minutes
until a homogeneous solution was observed. In a separate vial, dimethylformamide (2 ml) was
then added to 5% Pd/Alumina (994.3 mg) and the resulting slurry was mixed under ambient
conditions for about 30 seconds. The slurry was then pipetted into the reaction flask, and 3 mL

of dimethylformamide was used to quantitatively transfer the catalyst. Then, 10 mL of
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Dowtherm-G was used to wash the residual dimethylformamide from the vial into the reaction
flask. The mixture was then heated to about 25°C before placing the reaction flask into a Parr
Shaker. The head space of the flask and the ballast connected to the hydrogen cylinder were then
flushed with hydrogen (15 psig of hydrogen in the bottle head space) for about 1 minute. The
flask was then purged 4 x with 10 psig of hydrogen and filled to 40 psig. The first ballast
reading was then taken and the pressure was increased to 50 psig. The consumption of hydrogen

over time was monitored, and the values are summarized in Table 3 below.

Table 3.

R R R R R RN R

R R R R R RN RN

[0140] The yield of DMF was observed to be about 59%, and the selectivity of DMF was

observed to be about 64%. 5-Methylfurfural was also observed to have been produced.
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CLAIMS

What is claimed is:

1. A method of producing a compound of formula (I’):

wherein:
R' is Cp alkyl, wherein m is an integer greater than or equal to 0, provided that
when m is O, R is H; and

R” is C,, alkyl, wherein n is an integer greater than or equal to 1,

the method comprising converting a compound of formula (A) to the compound of formula (I”)
in the presence of hydrogen, a catalyst and a reagent of formula (i), (ii) or (iii), or any

combination thereof,
wherein:

the compound of formula (A) is:

wherein:
R is Cpy alkyl, or —(CH,)nY, wherein:
m is as defined for formula (I"), provided that when m is 0O, R"%is
H; and
Y is halo; and
R*is —(CH»),.1CH(O), —(CH;),OH, or —(CH,),X, wherein:
n is as defined for formula (I’); and

X is halo; and

the reagent of formula (i) is:

wherein:
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each R*, R” and R¢ is independently H, aliphatic, aryl, or heteroaryl; or

R* and R" are taken together with the nitrogen atoms to which they are
connected to form a cyclic moiety having at least 3 ring atoms; provided that

when R® is H or methyl, then one of R* and R” is other than methyl; and

the reagent of formula (ii) is:

re. L Ra

RTRY (i),
wherein:

(A)  each R* R® R¢and R is independently H, aliphatic, aryl or

heteroaryl; or

(B)  R"and R" are taken together with the nitrogen atoms to which they
are connected to form a cyclic moiety having at least 3 ring atoms; and each R®

and R%is independently H, aliphatic, aryl or heteroaryl; or

(C)  eachR*and R"is independently H, aliphatic, aryl or heteroaryl;
and R and R? are taken together with the nitrogen atoms to which they are

connected to form a cyclic moiety having at least 3 ring atoms; or

(D)  R*and R" are taken together with the nitrogen atoms to which they
are connected to form a cyclic moiety having at least 3 ring atoms; and R® and R¢
are taken together with the nitrogen atoms to which they are connected to form a

cyclic moiety having at least 3 ring atoms; or

(E)  each R"and R° is independently H, aliphatic, aryl or heteroaryl;
and R and R? are taken together with the nitrogen atoms to which they are

connected to form a cyclic moiety having at least 5 ring atoms; or

(F each R” and R is independently H, aliphatic, aryl or heteroaryl;
and R" and R® are taken together with the nitrogen atoms to which they are

connected to form a cyclic moiety having at least 5 ring atoms; and

the reagent of formula (iii) is:
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wherein:
each R* and R° is independently H, aliphatic, aryl or heteroaryl; and

tis an integer greater than or equal to 0.

2. The method of claim 1, wherein the compound of formula (I’) is a compound of formula

(I-a) or (I-b):

o)

H (@) RZ' R'I' RZ'
U (I-a) or \@/ (I-b),

wherein R is Cpp alkyl, wherein m is an integer greater than or equal to 1.

o)

3. The method of claim 1 or 2, wherein the compound of formula (I”) is\@/ or
O
H
AV
4. The method of any one of claims 1 to 3, wherein the compound of formula (A) is a

compound of formula (A-i) or (A-ii):

O a O

H RZa R1 RZa
U (A-i), or U (A-i),

wherein m is an integer greater than or equal to 1.
5. The method of any one of claims 1 to 4, wherein R"™is Cpy alkyl.
6. The method of any one of claims 1 to 4, wherein R'%is —(CHo)nY.
7. The method of any one of claims 1 to 6, wherein R*is —(CH,),.1CH(O).
8. The method of any one of claims 1 to 6, wherein R*is —(CH,),OH.

9. The method of any one of claims 1 to 6, wherein R*is —(CHy).X.
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10. The method of any one of claims 1 to 3, wherein the compound of formula (A) is
O @) @)
0 o) o o e
O O
H H

11. The method of claim 1, wherein the compound of formula (A) is:

R1a O R2a

U w

wherein:
R'* is(CH,),Y, wherein:
m is an integer greater than or equal to 1; and
Y is halo; and
R* is (CH,),.1CH(O), wherein:

n is an integer greater than or equal to 1.
12. The method of claim 1, wherein the compound of formula (A) is:

R1a O R2a

U w

wherein:
R'%is Cpy alkyl, wherein:
m is an integer greater than or equal to 1; and
R* is (CH,),.;CH(O), wherein:

n is an integer greater than or equal to 1.

13. The method of claim 1, wherein the compound of formula (A) is:

R1a O R2a

U w

wherein:
R'%is C,, alkyl, wherein:
m is an integer greater than or equal to 1; and
R* is (CH,),OH, wherein:
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n is an integer greater than or equal to 1.

14. The method of claim 1, wherein the compound of formula (A) is:

wherein:
R'%is H; and
R* is —~(CH,),.;CH(O), wherein:

n is an integer greater than or equal to 1.

15. The method of claim 1, wherein the compound of formula (A) is:

wherein:
R'%is H: and
R* is —(CH,),OH, wherein:

n is an integer greater than or equal to 1.

16. The method of claim 1, wherein the compound of formula (A) is:

wherein:
R'is H: and
R* is —(CH,),X, wherein:
n is an integer greater than or equal to 1; and

X is halo.
17. The method of claim 1, wherein the compound of formula (A) is:

R1a O R2a

U w

wherein:
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R'%is C,, alkyl, wherein:
m is an integer greater than or equal to 1; and
R* is —(CH,),X, wherein:
n is an integer greater than or equal to 1; and

X 1s halo.
18. The method of any one of claims 1 to 4 and 6 to 11, wherein Y is chloro.
19. The method of any one of claims 1 to 6,9, 10 16 and 17, wherein X is chloro.

20. The method of any one of claims 1 to 19, wherein the reagent of formula (i), (ii) or (iii) is
O

U O G O
selected from the group consisting of /
@L X

combinations thereof.

21. The method of any one of claims 1 to 20, wherein the compound of formula (A) is

converted to the compound of formula (I’) in the further presence of acid.

22. The method of any one of claims 1 to 21, wherein the compound of formula (A) is

converted to the compound of formula (I’) in the further presence of solvent.

23. The method of claim 22, wherein the solvent comprises organic solvent.
24. The method of claim 22 or 23, wherein the solvent comprises aromatic solvent.
25. The method of any one of claims 22 to 24, wherein the solvent comprises at least one

mono-aryl compound, at least one di-aryl compound, or at least one tri-aryl compound, or any

mixtures thereof.

26. The method of claim 25, wherein the at least one mono-aryl compound is toluene or para-

xylene.
27. A method of producing 2,5-dimethylfuran, comprising:

60



28.

29.
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a) providing (5-methylfuran-2-yl)methanol; and

b) reducing the (5-methylfuran-2-yl)methanol to produce 2,5-dimethylfuran.
A method of producing 2,5-dimethylfuran, comprising:

a) providing (5-methylfuran-2-yl)methanol;

b) converting the (5-methylfuran-2-yl)methanol to 2-(chloromethyl)-5-methylfuran

in the presence of an acid; and

c) reducing the 2-(chloromethyl)-5-methylfuran to produce 2,5-dimethylfuran.

The method of claim 27 or 28, wherein the (5-methylfuran-2-yl)methanol is provided by:
1) providing 5-methylfuran-2-carbaldehyde; and

i1) converting the 5S-methylfuran-2-carbaldehyde to (5-methylfuran-2-yl)methanol in

the presence of acid, hydrogen and a catalyst.

The method of any one of claims 27 to 29, wherein the (5-methylfuran-2-yl)methanol is

provided by:

31.

1) providing 5-(chloromethyl)furfural;

i1) converting the 5-(chloromethyl)furfural to 5S-methylfuran-2-carbaldehyde in the

presence of hydrogen and a catalyst; and

ii1) converting the 5-methylfuran-2-carbaldehyde in the presence of acid, hydrogen

and a catalyst.
A composition, comprising:

a compound of formula (A):

wherein:

R is Cp, alkyl, or -(CH,), Y, wherein:
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m is an integer greater than or equal to 0, provided that when m is
0, R is H; and

Y is halo; and
R*is —(CH,),.1CH(O), —(CH»),OH, or —-(CH,),X, wherein:

m is an integer greater than or equal to 1; and

X is halo; and
a reagent of formula (i), (ii) or (iii), or any combinations thereof, wherein:

the reagent of formula (i) is:

wherein:

each R*, R” and R¢ is independently H, aliphatic, aryl, or
heteroaryl; or

R* and R" are taken together with the nitrogen atoms to which they
are connected to form a cyclic moiety having at least 3 ring atoms;
provided that when R is H or methyl, then one of R and R® is other than

methyl; and

the reagent of formula (ii) is:

0

R&NJLN,Ra

RTRY (i),
wherein:

(A)  each R* R® R¢and R is independently H, aliphatic, aryl or

heteroaryl; or

(B)  R"and R" are taken together with the nitrogen atoms to
which they are connected to form a cyclic moiety having at least 3 ring
atoms; and each R and R% is independently H, aliphatic, aryl or

heteroaryl; or
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(C)  eachR*and R is independently H, aliphatic, aryl or

heteroaryl; and R® and R are taken together with the nitrogen atoms to
which they are connected to form a cyclic moiety having at least 3 ring

atoms; or

(D)  R*and R" are taken together with the nitrogen atoms to
which they are connected to form a cyclic moiety having at least 3 ring
atoms; and R® and R? are taken together with the nitrogen atoms to which

they are connected to form a cyclic moiety having at least 3 ring atoms; or

(E)  each R" and R is independently H, aliphatic, aryl or
heteroaryl; and R® and R? are taken together with the nitrogen atoms to
which they are connected to form a cyclic moiety having at least 5 ring

atoms; or

(F) each R” and R? is independently H, aliphatic, aryl or
heteroaryl; and R* and R® are taken together with the nitrogen atoms to
which they are connected to form a cyclic moiety having at least 5 ring

atoms; and

the reagent of formula (iii) is:

)
RC\N)J\N’Ra
b S
(iii),

wherein:

each R* and R° is independently H, aliphatic, aryl or heteroaryl;

and
tis an integer greater than or equal to O;
hydrogen; and

a catalyst.
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