A process to produce a diene from a lactone

Field
[0001] This application relates to a process to produce a diene from a lactone.
Priority

[0002] This application claims priority from Singaporean patent application no. 201202262-0,

the entire contents of which are incorporated herein by cross-reference.
Background

{00031 Concerns for the availability of fossil feedstocks and climate change have led to
significant interests in chemicals and polymers derived from biomass. Butadiene is one of the
most desired chemicals. It comes mainly as the byproduct of ethylene production from naphtha,
Liquefied Petroluem Gas and dehydrogenation of butane. Butadiene is normally used to make
styrene butadiene rubber, acrylonitrile-butadiene-styrene, adiponitrile and chloroprene. Among
commercial polymers, Nylons and Nylon monomers are exceedingly inefficient in terms of
energy and chemical utilization. In this disclosure, we report the invention of a green process for
making butadiene and/or adipic acid, a Nylon 66 monomer, from y-valerolactone. y-
Valerolactone can be derived from hydrogenation of levulinic acid, one of the so-calied
biobased platform molecules which can be readily obtained from acid-catalyzed decomposition
of cellulose or C6 sugars. More generally, the process may be used for production of dienes

and/or diacids from lactones.
Summary

[0004] There is provided a process for preparing an alkyldiene comprising the steps of:
(a) heating a lactone in the presence of a first catalyst system to produce an alkene and
carbon dioxide; and

(b) contacting the alkene with a second catalyst system to produce an alkyldiene.
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[0004a] In an aspect, there is provided a process for the production of a diene comprising the
steps of:

(a) heating a lactone in the presence of a first catalyst system and substantially in the
absence of water to produce an alkene and carbon dioxide; and

(b) contacting the alkene with a second catalyst system to produce an alkyldiene.

[0005] Advantageously, step (a) is carried out substantially in the absence of water. This may
serve to reduce intermediate purification steps and/or to generate less waste streams for
treatment and disposal than if water was required for the process. The lactone and/or other
components used in step a) (e.g. the first catalyst system, any carrier used) may be dried prior to

use in step a).

[0006] In one embodiment, the heating of the lactone in step (a) is conducted in a flow reactor.
Step (a) may comprise passing the lactone through a bed, optionally a heated bed, of the first
catalyst system. The bed may be a packed bed. Optionally, the heating of the lactone in step (a)
is carried out at a temperature at or above the normal boiling point of the lactone. Preferably,
step (a) is carried out at a temperature of between about 200°C and about 400°C or about 220°C
to 360°C or about 240°C to 360°C or about 260°C to 340°C or about 280°C to 330°C or about
200°C to 300°C or about 300°C to 400°C or about 250°C to 300°C or about 250°C to 350°C or
about 300°C to 350°C, e.g. at about 200, 210, 220, 230, 240, 250, 260, 270, 280, 290, 300, 310,
320, 330, 340, 350, 360, 370, 380, 390 or 400°C. In some instances even greater temperatures
may be used. The flow in the flow reactor (or through the bed) may be from about 0.2 to about 2
h", orabout0.5t02,1t02,02t01,021t00.5,05t01.50r0.510 lh"i, e.g. about 0.2, 0.3, 0.4,
0.5,06,0.7,08,09,1,1.1,1.2,1.3,14,1.5,1.6,1.7,1.8,1.90or 2h, although other flow rates
may be used in particular cases. The unit h™ will be recognised to be a volume independent unit,
which may be considered equivalent, for example, to litres reagent per hour per litre of bed

volume.

[0007] In one embodiment, step (a) is carried out at a pressure of between about 0.5 bar and
about 50 bar, or between about 0.5 and 25, 25 and 50, 10 and 40, 0.5 and 20, 0.5 and 10, 0.5 and
5,0.5and 2, 0.5 and 1, 1 and 50, 10 and 50, 20 and 50, 10 and 50, 10 and 20, 5 and 20 or 20 and
30 bar, e.g. about 0.5, 1,1.5,2,2.5,3,3.5,4,4.5,5,6,7, 8,9, 10, 15, 20, 25, 30, 35, 40, 45 or
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50 bar. In some instances even higher pressures may be used. The pressure may be such that, at

the bed temperature, the lactone is a vapour.

[0008] In one embodiment, the first catalyst system comprises an acidic catalyst. The first
catalyst system, e.g. the acidic catalyst, may be a heterogeneous solid catalyst. The acidic
catalyst may also be a homogeneous catalyst. The acidic catalyst may be selected from a group

consisting of alumina, silica, a zeolite, a clay, sulphuric acid, p-toluenesulfonic acid and
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methanesulfonic acid. Mixtures of these may also be used. The second catalyst system may
comprise a metal based catalyst. It may comprise a tin catalyst, such as tin phosphate catalyst.
The tin phosphate catalyst may be lithium promoted. The second catalyst system may comprise
a mixed metal catalyst. One of said metals may be molybdenum. Another (or the other) may be
cobalt or zine. The mixed metal may be used in conjunction with oxygen. It may be activated,
e.g. activated by chromium. It may be combined with a modifier, e.g. an alkali oxide or '
hydroxide modifier. It may be supported or unsupported. It may be supported on a mineral
support e.g. alumina, silica etc. It may be calcined before use.. The mixed metal may be
vanadium/iron or vanadium/nickel. The second catalyst system maﬁ be zirconia based or iron
oxide based. It may comprise some other dehydrogenation cafalyst. The second catalyst system
" may be a mixed metal oxide. It may be bismuth-molybdenum oxide, ifqn—iinc} oxide, transition

metal promoted magnesium oxidé or vanadium phosphorﬁs‘oxide. :
[0009] In one embodiment, the alkene of step (a) comprises a pluraliiy of isomers.

[00010] In ohe embodiment, the process of step (b) comprises the step of direct
déhydro genation of the alkene to produce the alkyldiene.

{00011] In another embodiment, the process of step (b) comprises the step of oxidative
dehydrogenation of the alkene to produce the alkyldiene. This reaction is known, see for
example Kirk-Othmer Encyclopedia of Chemical Technology, Volume 4, p 365-392, 5™ Ed.,
2004, John Wiley & Sons section on Butadiene (authors H. N, Sun and J. P. Wristers) and
reference therein: “Normal butenes can be oxidatively dehydrogenated to butadiene in the
presence of high concentration of steam with fairly high selectivity. The conversion is no longer
Timited by thermodynamics because of the oxidation of hydrogen to water. Reaction temperature

' is below 600°C to minimize over oxidation. Pressure is ~34--103 kPa (5-15 psi).” The reaction

may be coﬁducted, for example, at a temperature of about 400 to about 600°C, or about 400 to

500, 500 to 600 or 450 to 550°C, e.g. about 400, 450, 500, 500 or 600°C, 1t may be ‘condlucted at

a pressure of about 30 to about 110kPa, or about 50 to 110, 80 to 110, 30 to 100, 30 to 70, 30 to

50 of 50 to 100kPa, e.g. about 30, 40, 50, 60, 70, 80, 90, 100 or 110kPa. “

[00012] In another embodiiment, a portion of the lactone may be unreacted after step (a),

whereby a reaction composition comprising unreacted lactone and alkene is produced in step

(a).
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- [00013] In another embodiment, the process further comprises the step of:
(al) separating part, or substantially all, of the unreacted lactone from the alkene.

[00014)] In another embodiment, the process further comprises the step of:
| (a2) recycling the separated unreacted lactone from step (al) to step (a). |

[00015] In one embodiment, a portion of the alkene may be unreacted afier step (b), and a

reaction composition comprising unreacted alkene and alkyldiene is produced in step (b).

[06016] In another embodiment, the process further comprises the step of:
(b1} separating part or substantially all of the unreacted alkene from the alkyldiene.

[00017) Tn another embodiment, the process further comprises the step of:

(b2) recycling the separated unreacted alkene from step (b1) to étep (b).

[00018] In one embodiment, heating the lactone in the presence of the first catalyst system in
step (a) further produces an-alkenoic acid. The alkenoic acid may comprise a plurality of -

isomers. These isomers may include a substituted acrylic acid.

[00019]. In another embodiment, the process further comprises the step of:
(a3)  separating part or substantially all of the alkenoic acid from the alkene.

[00020] In another embodiment, the process further comprises the step of:
(¢)  contacting the alkenoic acid with carbon monoxide, water and a third catalyst system to

‘f)roduc'e a reaction composition comprising the third catalyst system and a dicarboxylic acid.

[00021] In another emiaodiment, step (c) is carried out substahtiaily in the absence of oxygc::n. 1t
may be conducted in an atmosphere containing less than 0.1%v/v oxygen, or less than about
0.01, 0.001, 0.0UOi or 0.00001% oxygen v/v. It may be-conducted under an atmosphere of
carbon monoxide, nitrogen, helium, neon, argon or a mixture of any two or more of these, or

under some other anoxic atmosphere.

[00022] In another embodiment, step (c) is carried out at a temperature of between about 50°C
and about 150°C. Step (¢) may be carried out at a temperature of between about 50 and 100, 100
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and 150, 70 and 100, 100 and 130, 80 and 120, 85 and 115, .90 and 110, 95 and 110, 80 and 100,
100 and 120, 100 and 105 90 and 100 or 100 and 110°C, e.g. about 50, 60, 70, 80, 90, 100, 110,
120, 130, 140 or 150°C, or at some other temperature.

[00023] In one embodiment, step (c) is carried out at a pressure of between about 1 bar and |
about 80 bar, or between about 1 anci 40,1and 20, 1 and 10, 1 and 5, 10-and 80, 20 and 80, 40
and 80, 10 and 50, 20 and 60, 30 and 70 or 40 and 60 bar, e.g. about 1, 2, 3, 4, 5, 6,7, 8, 9, 10,
15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75 or 80 bar, or at some higher pressure. '

[00024] In one embodiment, the third catalyst system comprisés a palladium catalyst.
[00025] The palladium catalyst may have the formula (I):

RORE

S@=
& p- d\x
A |

R' R?
I

wherein X is a ligand and each of R', R%, R’ and R® is independently an optionally substituted
hydrocarbon group. The aromatic ring of (I) may be substituted (other than as shown above) or
may be unsubstituted (other than as shown above). R', R?, R® and R® may each independently
represent a tertiary alkyl, cycloalkyl, heterocyclyl or aryl. R1, R? R’ and R° maj each
independently represent tertiary butyl. In a particular embodiment, R1, R% R’ and Rﬁ are each
tertiary butyl and X is CH;SOs". o

[00026] In one embodiment, the term X in formula (I} is derived from an acid, e.g. a sulfonic

| acid, sulphuric acid, phosphorous acid or carboxylic acid. -

[00027] In one embodiment, the palladium catalyst is prepared by combining a palladium

compound, a bidentate diphosphine and an acid.

((}0028] In some embodiments, the palladium catalyst is prepared in situ.
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[00029] In some embodiments, the palladium compound ié selected from the group consisting
of palladium carboxylates and palladium(0) compounds. The palladium compound may be

pal]adium acetate.

[00030] In another embodlment the acid for preparing the palladium catalyst is selected from

the group consisting of sulfonic amds sulphunc acids, phosphorous acids and carboxyhc acids.

[00031] In anothér em’oodimenﬁ, the acid is a Cy-Cyq aliphatic acid. The Cy to Cyo chain may be
straight chain 6r branched or may be cyéiic or may be a combination of these. It may be C1 to - ‘
C6,C1to C3,C21t0 C10,C6 to Cl10or C3 to C6, e.g. C1, C2, C3; C4, C5, C6, 7, C8,C9or
C10. ’

[0003 21In another embodlment thc amd is seiected from the group conmstmg of
methanesulfomc acid, triflic acid, tnﬂuoroacetlc acid and p—tolucnesulfomc acid. The acid may

- for example be methane sulfonic acid.

[00033] In another embodiment, the bidentate diphosphine for the palladium catalyst
preparation is 1,2—bis[di(z‘-butyl)pho_sphinomethyl}behzene. ‘

{060034] In éncther embodiment, the acid is present in molar excess relative to the palladium
oompoﬁnd. The molar ratio of the acid to the palladium compound may be from about 2:1 to
about 10000:1 or froxﬁ about 3:1 to 10000:1, 5:1 to 10000:1, 10:1:10000:1 100:1 to 10000:1,
1000:1 to 10000:1, 2:1 to 1000:1, 2:1 to 1001 2:1to 10:1, 10:1 to 100:1, 10:1 to 1000:1, 501
to 500:1, 5:1 to 5000:1, 5:1 to 300:1 or 10: 1 to 100:1. The molar ratio of the acid to the
palladium compqund may be about 2:1, 3:1, 4:1, 5:1, 10:1, 20:1, 50:1, 100:1, 200:1, 500:1,
1000:1, 2000:1, 5000:1 or 10000:1. It may bc‘ﬁom_ about 5:1 to about 300:1.

[00035] In another embodiment, a portion of the lactone is unreacted after step (a), producing a
reaction composition comprising unreacted lactone and alkene and part or substantially all of the
unreacted lactone is present in step (¢} producing a reaction composition compnsmg unreacted

lactone and dicarboxylic acid.

[00036] In another embodiment, the process further comprises the step of:

(c1)  separating part or substantially all the unreacted lactone from the dicarboxylic acid.
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[00037] In another embodiment, the process further comprises the step of:
(c2) recycling the separated unreacted lactone from step (c1) to step (a).

[00038] In another embodiment, a portion of the alkenoic acid is unreacted afier step (c),
producing a reaction composition comprising unreacted alkenoic acid and dicarboxylic acid

from step (c).

[00039] In another embodiment, the process further comprises the step of:
(c3)  separating part or substantially all of the unreacted alkenoic acid from the dicarboxylic

acid.

[00040] In another embodiment, the process further comprises the step of: -

(c4) recycling the separatéd unreacted alkenoic acid from step (c3) to step (c).

{00041] In another embodiment, fhe process fuiﬁwr coinprises the step of:

* (c5) separatmg the dicarboxyhc acid from the remamder of the reaction composition to

producc a first portion compnsmg the dlcarboxyhc acid and a second portion compnsxng thé

" third catalyst system. The separatmg may comprise reducmg the temperature to produce the furst

 portion comprising the dicarboxylic acid and substantially none of the third catalyst system, and
a second portidﬁ comprising the third catalyst system. The first portion may be a solid portion. It
may consist esscntialiy of the dicarboxylic acid (e.g. greater fchan about 95, 96, 907, 98 or 99%

w/w). The separating may comprise crystallising the dicarboxylic acid.

- [00042] In another embodiment, the first portion comprises substantially none of the third
catalyst system. S

{00043] In another embodiment, step (c5) further comprises the step of reducing the temperature
. of the reaction composition such that the dicarboxylic acid crystallises. The reduction in
temperature may be by at least about 5 Celsius degrees, or by at least about 10, 50, 20, 25, 30,
35, 40, 45 or 50 Celsius degrees.. In some instances a solvent is present, either from step (c) or
separately added after step (c). The solvent may be such that the dicarboxylic acid is
recrystallisable therefrom. It may be such that the dicarboxylic acid is substantially more soluble

therein at high temperature than at low temperature. In this context, the difference between high
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and low temperatures may be at least about 5 Celsius degrees, or at least about 10, 50, 20, 25,

30, 35, 40, 45 or 50 Celsius degrees.

[00044] In another embodiment, the process further comprises the step of:

(c6) recycling the second portion, comprising the third catalyst system, to step (c).

{00045] In one embodiment, the lactone is y-valerolactone, the alkene is butene and the
alkyldiene is 1,3-butadiene. The lactone may be a bio-based lactone. It may be bio-based y-
valerolactone. The process may comprise the step of preparing the y-valerolactone. This may for
example be by hydrogenation of levulinic acid. The process may further comprise the step of
preparing the levulinic acid, e.g. by acid catalysed hydrolysis of celiulose. The process may

further comprise the step of preparing the cellulose, e.g. by cracking lignocellulose.

[00046] In one embodiment, the butene comprises 1-butene and 2-butene.

[00047] In one embodiment, the lactone is y-valerolactone, whereby the alkene is butene, the
alkyldiene is 1,3-butadiene, the alkenoic acid is pentenoic acid and the dicarboxylic acid is

adipic acid.

[00048] In one embodiment, the pentenoic acid comprises a mixture of at least two of 2-

pentenoic acid, 3-pentenoic acid and 4-pentenoic acid.

[00049] In one embodiment, the y-valerolactone is prepared by hydrogenation of levulinic acid.

[00050] In one embodiment, the levulinic acid is prepared by acid catalysed hydrolysis of

cellulose.

[00051] In one embodiment, the cellulose is prepared by cracking lignocellulose.

[00052] In one embodiment, there is provided a process for preparing a dicarboxylic acid
comprising the steps of:
(a) heating a lactone in the presence of a first catalyst system to produce an alkenoic acid

and carbon dioxide; and
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(b)  contacting the alkenoic acid with carbon monoxide, water and a second catalyst system
to produce a reaction composition comprising the second catalyst system and the dicarboxylic

acid.

[00053] In one embodiment, heating the lactone in the presence of the first catalyst system in

step (a} further produces an alkene.

[00054] The process may comprise the step of (c) contacting the alkene with a th1rd catalyst

system to produce an alkyldiene.

' [00055] Advantageously; step (a) is carried out substantially in the absence of water, reducing
‘ mtermednate pm 1ﬁcat1on steps and generating less waste streams for treatment and disposal than

if water was requn’ec for the process.

[00056] In one embodiment, the heating of the lactone in step (a) is conducted in a flow reactor. . -

Optionally, the heating of the lactone in step (a) is carried out at a temperature at or above the
normal boiling point of the lactone. Preferably, step (a) is carried out at a temperature of
between 200°C and 400°C or 220°C and 360°C or 240°C and 360°C or 260°C and 340 °C or
280°C and 330°C.

[0005"7] In one embodiment, step (a) is carried out at a pressure of between about 0.5 bar and 50
bar, or 0.5 bar to 25 bar, or 25 bar to 50 bar, or 10 bar to 40 bar.

[00058] In one embodiment, the first catalyst system comprises an acidic catalyst. The acidic
catalyst may be a heterogeneous solid catalyst. The acidic catalyst may also be a homogeneous
catalyst. The acidic catalyst may be selected from a group consisting of alumma, sﬂlca, a zeolite,

a clay, sulphuric acid, p-toluenesulfonic acid and methanesuifomc acid.

[00059] In another embodiment, a portion of the lactone may be unreacted after step (a),
whereby a reaction composition comprising unreacted lactone and alkenoic acid is produced in
step (a). | : i

| [00060] In another embodiment, the process further comprises the step of:

(al) separating part, or substantially all, of the unreacted lactone from the alkenoic acid.
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[00061] In another embodiment, the process further comprises the step of:
(a2) recycling the separated unreacted lactone from step (al) to step (a).

[00062] In another embodiment, the process further comprises the step of:
(a3)  separating part or substantially all of the alkenoic acid from the alkene.

[00063] In one embodiment, the alkenoic acid of step (a) comprises a plurality of isomers.
[00064] In another embodiment, step. (b) is carried out substantially in the absence of oxygen. -

[00065] In-another embodiment, step (b) is carried out at a temperature of between 50°C and .

- 150°C. More preferably, step (b) is carried out at a temperature of between 80°C and 120°C, or
85°C to 115°C; 0f 90°C to 110°C, or 95°C to 110°C, or 80 °C to 100 °C or 100 °C to 120 °C or
100°C to 105°C.

- [00066] In one embodiment, step (b) is carried out at a pressure of between 1 bar and 80 bar, or
~between 1 bar and 40 bar, or between 1 bar and 20 bar, or between 40 bar and 80 bar, or |
between 10 bar and 50 bar, or between 20 bar and 60 bar, or between 30 bar and 70 bar.

(000671 In one embodiment, the second cataiyét sj}s;cém -c'ompn'sés a p"alladiﬁm catalyst.
[00068] The palladium catalyst may have the formula (I):

ROR®
\/

P~pg~
p X

@

wherein X is a ligand and each of R', R%, R® and R% is independently an optionally substituted
hydrocarbon group. Preferably, R', R?, R® and R® each independently represent a tertiary alkyl,
cycloalkyl, heterocyclyl or aryl. Most preferably, R1, R%, R and R® each independently
represent tertiary butyl. ’ |
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[00069] In one embodiment, the term X in formula () is derived from an acid.

: [00070} Tn one embodiment, the palladium catalyst is prepared by pombiniﬁg-awpalladium

compound, a bidentate diphosphine and an acid.
[00071] In another embodiment, the palladium catalyst is prepared in situ. |

-[00072] In another embodiment, the palladium compound is selected from the group consisting
of palladium carboxylates and palladium(0) compounds. Preferably the palladium compound is .

palladium acetate. .

[00073] In another embodiment, the acid for preparing the palladium catalyst is selected from

the group consisting of sulfonic acids, sulphuric acids, phosphorous acids and carboxylic acids.
[00074] In another embodiment, the acid is a C,-Cy aliphatic acid.

[00075)-In -another embodiment, the acid is selected from the group consisting of
‘methanesulfonic acid, triflic acid, trifluoroacetic acid and p-toluenesulfonic acid. Preferably, the

acid is methane sulfonic acid.

[00076] In another embodiment, the bidentate diphosphine for the palladium catalyst
preparation is 1,2-bis[di(-butyl)phosphinomethyl]benzene. '

[00077] In another embodiment, the acid is present in molar excess relative to the palladium
~ compound. Preferably the molar ratio of the acid to the palladium compound is from 2}1 to -
- 10000:1 or from 5:1-to 5000:1 or from 5:1 to 300:1. Most preferably the molar ratio of the acid

to-the palladium compound is from 5:1 to 300:1.

{00078] In another embodiment, a portion of the lactone is unreacted after step (a), producing a
reaction composition comprising unreacted lactone and alkenoic acid and part or substantially
all of the unreacted lactone is present in step (b) producing a reaction composition comprising

unreacted lactone and dicarboxylic acid.

[00079] In another embodiment, the process further comprises the step of:
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(bl)  separating part or substantially all the unreacted lactone from the dicarboxylic acid.

[000ﬂ8 0] In another embodiment, the process further comprises the step of:
- (b2)  recycling the separated unreacted lactone from step (b1) to step (a).

~ [00081] In another embodiment, a portion of the alkenoic acid is unreacted after step (b),
producing a reaction composition comprising unreacted alkenoic acid and dicarboxylic acid

from step (b).

[00082] In another embodiment, the process further comprises the step of:
(b3)  separating part or substantially all of the unreacted alkenoic acid from the dicarboxylic

~acid.

- [00083] In another 'é‘mbodimen.t, the process further comprises the sfép off
(b4)  recycling the separated unreacted alkenoic acid from step (b3) to step (b).

[00084] In another embodiment, the process further comprises the step oft
(b5) * separating the dicarboxylic acid from the remainder of the reaction compbsitioh to
produce a first portion comprising the dicarboxylic acid and a second portion comprising the .

second catalyst system.

[00085] In another émbodiment, the first portion comprises substantially none of the second

catalyst system.

- - [00086] In another embodiment, step (b5) further comprises the step of reducing the temperafﬁre

.of the reaction composition such that the dicarboxylic acid crystallises,

[00087] In another embodiment, the process further comprises the step of: _
(b6)  recycling the second portion, comprising the second catalyst system, to step (b).

[00088] In one embodiment, the alkene of step (a) comprises a plurality of isomers.

[00089] In one embodiment, the process of step (c¢) comprises the step of direct dehydrogenation
of the alkene to produce the alkyldiene.
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[00090] In-another embodiment, the process of step (¢) comprises the step of oxidative
dehydrogenation of the alkene to produce the alkyldiene.

[00091] In one embodiment, a portion of the alkene may be unreacted after step (c), and a

reaction composition comprising unyreacted alkene and alkyldiene is produced in step (c).

[00092] In another embodiment, the process further comprises the step oft
(c1) separating part or substantially all of the unreacted alkene from the alkyldiene.

[00093] In another embodiment, the process further comprises the step of:
(c2) recycling the separated unreacted alkene from step (c1) to step (é).

[00094] In one embodiment, the lactone is y-valerolactone, the alkene is butene and the

alkyldiene is l,3-butadiene.
[00095] In one embodiment, the butene comprises 1-butene and 2-butene. -

[00096] In one embodiment, the lactone is y-valerolactone, whereby the alkene is butene, the
alkyldiene is 1,3-butadiene, the alkenoic acid is pentenoic acid and the dicarboxylic acid is

adipic acid.

[00097] In one embodiment, the pentenéic acid comprises 2-pentenoic acid, 3-pentenoic acid

and 4-pentenoic aeid.
[00098] In one embodiment, the y-valerolactone is prepared by hydr0g¢nation of levulinic acid.

- [00099] In one embodiment, the levulinic acid is prepared by acid catalysed hydrolysis of

cellulose.
[060100] In one embodiment, the cellulose is prepared by cracking lignocellulose.

[000101] Also disclosed 1s a process for preparing an alkyldiene and a dicarboxylic acid

comprising the steps of:
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(@)  ‘heating alactone in the presence of a first catalyst system to produce an alkenoic acid, an
alkene and carbon dioxide; and '
(b) contacting the alkene with a second catalyst system to produce an alkyldiene.

(©) contacting the alkenoic acid with carbon monoxide, water and a third catalyst system to -

produce a reaction composition comprising the third catalyst system and the dicarboxylic acid.

[000102] Advantageously, step (a} is carried out substantially in the absence of water, reducing
intermediate puriﬁcation stéps and generating less waste streams for treatment and disposal than

if water was required for the process.

[000103] In one embodiment, the heating of the lactone in step (a) is conducted in a flow
reactor. Optionally, the heating of the lactone in step (a) is carried out at a temperature at or
above the normal boiling point of the lactone. Preferably, step (a) is carried out at a temperature
of between 200°C and 400°C or 220°C t6 360°C or 240°C to 360°C or 260°C to 340°C or
280°C to 330°C. |

[000104] In one embodiment, step (a) is carried out at a pféssure of bet.'{ve@n about 0.5 bar and "
50 bar, or 0.5 bar to 25 bar, or 25 bar to 50 bar, or 10 bar to 40 bar. ’

[000105] In oné embodiment, the first catalyst system comprises an acidic catalyst. The acidic
catalyst may be a heterogeneous solid catalyst. The-acidic catalyst may also be a homogeneous
catalyst. The acidic catalyst may be selected from a group consisting of alumina, silica, a zeolite,

a clay, sulphuric acid, p-toluenesulfonic acid and methanesulfonic acid.

[000106] I another embodiment, a portion of the lactone may be unreacted afler step (a),
whereby a reaction composition comprising unreacted lactone, alkenoic acid and alkene is

produced in step (2).

[000107] In another embodiment, the process further comprises the step oft
(al) separating part, or substantially all, of the unreacted lactone from the alkenoic acid and

alkene.

[000108] In zinother embodiment, the process further comprises the step of:
(a2) recycling the separated unreacted lactone from step (al) to step (a).
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[000109] In another embodiment, the process further comprises tiae_ step of:
(a3)  separating part or substantially all of the alkenoic acid from the alkene.

[000110] In one embodiment, the alkene of step (a) comprises a plurality of isomers.

[000111] In one embodifnent, the process of step (b) comprises the step of direct
dehydrogenation of the alkene to produce the alkyldiene.

[000112] In another embodiment, the process of step (b) comprises the step of oxidative

R dehydrogenation of the alkene to prdduce the alkyldiene.

[000113] In one embbdinﬁent, a portion of the alkene méy be unreacted aﬁer‘step\ (b), and a

reaction composition comprising unreacted alkene and alkyldiene is produced in step (b).

[000114] In another embodiment, the process further comprises the step of: ‘
(b1) separating part or substantially all of the unreacted alkene from the alkyldiene.

[000115) In another embodiment, the process further comprises the step of:
(b2) recycling the separated unreacted alkene from step (b1) to step (b).

[000116] In another embodiment, the alkenoic acid may compriée a plurality of isomers.
[000117] In another embodiment, step (c) is carried out substantially in the absence of oxygen.

[006 118] In another embodiment, step (c) is carried out at a temperature of between 50°C and
150°C: More preferably, step (c) is carried out at a iemperature of between 80°C and 120°C, or
85°C to 115°C, or 90°C to 110°C, or 95°C to 110°C, or 80 °C to 100 °C or 100 °C to 120 °C or
100°C to 105°C.

[000119] In one embodiment, step (c) is carried out at a pressure of between 1 bar and 80 bar, or
between 1 bar and 40 bar, or between 1 bar and 20 bar, or between 40 bar and 80 bar, or

between 10 bar and 50 bar, or between 20 bar and 60 bar or between 30 bar and 70 bar.

[000120] In one embodiment, the third cata}yst' system comprises a palladium catalyst.
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[000121] The palladium catalyst'may have the formula (I):

RSRGA.
\/

S Qs
¢ X
A\

R'R?
(D

‘{j\rhérgin X is:_a ligand and each of RY, R, R® and R® is independently an ﬁptionally substituted
lzy&rocal'bon group. Preferably, R, R?, R’ and R® each independently repr'csentra tertiary alkyl,
cycloalkyl, heterocyéiyl or aryl. Most preferably, R!, R?, R® and R® each independently

_ “represent tertiary butyl.

i [000122] In one embodiment, the term X in formula (1) is derived from an acid.

. {000123] In one embodiment, the palladium catalyst is pi'cpared by combining a palladium

compound, a bidentate diphosphine and an acid.
[000124] In another embodiment, the palladium catalyst is prepared in situ.

[000125] In another embodiment, the palladium compound is selected from the group consisting
of palladium carboxylates and palladium(0) compounds. Preferably the palladium compound is

.-palladitim acetate.

| [000126] In another embodiment, the acid for preparing the palladium catalyst is selected from

the group consisting of sulfonic acids, sulphuric-acids, phosphorous acids and carboxylic acids.
[000127] In another embodiment, the acid is a C;-Cyq aliphatic acid.

[000128) In another embodiment, the acid is selected from the group consisting of
me‘i‘hanes_ulfonic acid, triflic acid, trifluoroacetic acid and p-toluenesulfonic acid. Preferably, the

acid is methane sulfonic acid.
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[000129] In another embodiment, the bidentate diphosphine for the palladium catalyst
preparation is 1,2-bis[di(f-butyl)phosphinomethyllbenzene.

[000130] In another embddiment, the acid is present in molar excess relative to the palladium
compound. Preferably the molar ratio of the acid to the palladium compound is from 2:1to
10000:1 or from 5:1 to 5000:1 or from 5:1 to 300:1. Most preférably the molar ratio of the acid
to the palladium compound is from 5:1 t0.360:}. . V | ‘ |

*[000131] In another embodiment, a portion of the lactone is unreacted after step (a), producing a
reaction composition comprising unreacted lactone, alkenoic acid and alkene and part or
substantially all of the unreacted lactone is present in step (c) producing a reaction composition

comprising unreacted lactone and dicarboxylic acid.

{000132] In another embodiment, the process further comprises the step oft

(cl)  separating part or substantially all the unreacted lactone from the dicarboxylic acid.

[000133] In another embodiment, the process further comprises the step of:

(¢2)  recycling the separated unreacted lactone from step (c1) to step (a).

[000134] In another embodiment,ﬂa portion of the alkenoic acid is unreacted after step (c),
producing a reaction composition comprising unreacted alkenoic acid and dicarboxylic acid

from step (c).
[000135] In another elnbodjmeht, the process further comprises the step of:

(3)  scparating patt or substantially all of the unreacted alkenoic acid from the dicarboxylic

acid,

[0001 36} In another &ixbodiment, the process further comprises the step oft
(c4) recycling the separated unreacted alkenoic acid from step (c3) to step (c).

- [000137] In another embodiment, the process further comprises the step oft
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(c5)  separating the dicarboxylic acid from the remainder of the reaction composition to
produce a first portion comprising the dicarboxylic acid and a second portion comprising the

third catalyst system.

[000138] In another embodiment, the first portion comprises substantially none of the third

catalyst system.

' [000139] In another embodiment, step (c5) further comprises the step of reducing the

~ temperature of the reaction composition such that the dicarboxylic acid crystallises.

[000140] In another embodiment, the process further comprises the step of:

- (c6) recyéljngf.he‘é‘éc‘:ond portion, comprising the third catalyst system, to step (c).

[000141] In one embodiment, the lactone is y-valerolactone, the alkene is butene and the .

alkyldiene is 1,3-butadiene.
[000142] In one embodiment, the butene comprises 1-butene and 2-butene. '

[000143] In one embodiment, the lactone is y-valerolactone, whereby the alkene is butene, the
alkyldiene is 1,3-butadiene, the alkenoic acid is pentenoic acid and the dicarboxylic acid is

adipic acid.

[000144] In one embodiment, the pentenoic acid comprises 2-pentenoic acid, 3-pentenoic acid

and 4-pentenoic acid.

[000145] In one embodiment, the y-valerolactone is prepared by hydrogenation of levulinic

acid.

'[000146] In one embodiment, the levulinic acid is prepared by acid catalysed hydrolysis of

cellulose,

[000147] In one embodiment, the cellulose is prepared by crackﬁng lignoceliulose.”
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[000148] In one embodiment, there is provided a process to produce an alkyldiene and a
dicarboxylic acid, the process comprising the steps of

(a) heating a lactone in the presence of a first catalyst system to produce an alkene, an
alkenoic acid and carbon dioxide; and

(b) contacting the alkene of step (a) with a second catalyst system to produce the alkyldiene,
(c) contacting the alkenoic acid of step (a) with carbon monoxide and water and a third

catalyst system to produce the dicarboxylic acid.

[000149] The process may comprise the step of (d) removing the alkyldiene from the
carbon monoxide and water before step (c). It should be noted that butadiene may be used a co-
feed for step (c). It may slow down the carbonylation reaction or may place different
requirements on the Pd catalyst due to pi-allyl formation. Also, small amounts of butene from
step (b) may end up in step (c) with the carbon monoxide, however this is unlikely to cause a
problem: it is likely that they would be carbonylated to valeric acid, a compound that is formed

in small amounts during both step (a) and (c) in any event.

[000150] The process may comprise the step of (¢) removing the dicarboxylic acid from

the third catalyst system after step (c).

[000151} Advantageously, step (a) is carried out substantially in the absence of water, reducing
intermediate purification steps and generating less waste streams for treatment and disposal than

if water was required for the process.

[000152] In one embodiment, the heating of the lactone in step (a) is conducted in a flow
reactor. Optionally, the heating of the lactone in step (a) is carried out at a temperature at or
above the normal boiling point of the lactone. Preferably, step (a) is carried out at a temperature
of between 200°C and 400°C or 220°C to 360°C or 240°C to 360°C or 260°C to 340°C or
280°C to 330°C.

[000153] In one embodiment, step (a) is carried out at a pressure of between about 0.5 bar and

50 bar, or 0.5 bar to 25 bar, or 25 bar to 50 bar, or 10 bar to 40 bar.

[000154] In one embodiment, the first catalyst system comprises an acidic catalyst. The acidic

catalyst may be a heterogeneous solid catalyst. The acidic catalyst may also be a homogeneous
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catalyst. The acidic catalyst may be selected from a group consisting of alumina, silica, a zeolite,

a clay, sulphuric acid, p-toluenesulfonic acid and methanesulfonic acid.
[000155] In one embodiment, the alkene of step (a) comprises a plurality of isomers.

[000156] In another embodiment, the process of step (b) comprises the Step of oxidative
dehydrogenation of the alkene to produce the alkyldiene.

[000157] In another embodiment, a portion of the lactone may-be unreacted after step (a),

whereby a reaction composition comprising unreacted lactone and alkene is produced in step

{(a).

[000158] In another embodiment, the process further comprises the step of:

(al) separating part, or sub".st'antially all, of the unreacted lactone from the alkene.

[000159] In another embodiment, the process further comprises the step ofs
(a2) recyciing the separated unreacted lactone from step (al) to. stép (a).~

[0001 60} In one embodiment, a portion of the alkene may be unteacted after step (b), and a

reaction composition comprising unreacted alkene and alkyldiene is produced in step (b).

[000161] In another embodiment, the process further comprises the step of:
{(b1) separating part or substantially all of the unreacted alkene from the alkyldiene.

[000162] In another embodiment, the process further comprises the step of:
(b2) recycling the separated unreacted alkene from step (b1) to step (b)

[000163] In one embodiment, the alkenoic acid of step (a) may comprise a plurality of isomers.

[000164] In another embodiment, the process further comprises the step of:
(a3)  separating part or substantially all of the alkenoic acid from the alkene.

[000165] In another embodiment, step (c) is carried out substantially in the absence of oxygen.
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[000166] In another embodiment, step (c) is carried out at a ‘temperatilre of between 50°C and
150°C. More preferably, step (c) is carried out at a temperature of between 80°C and 120°C or
85°C to 115°C or 90°C to 110°C or 95°C to 110°C or 100°C to 105°C.

[000167] In one embodiment, step (c) is carried out at a pressure of between 1 bar and 80 bar or
between 1 bar and 40 bar or between 1 bar and ?0 bar, or between 40 bar and 80 bar, or between
.10 bar and 50 bar, or between 20 bar and 60 bar or ‘oetween 30 bar and 70 bar.

[000168] In one embodiment, the third catalyst system comprises a palladiumn catalyst.

[000169] The palladium catalyst may have the formula (I):

R5R6
Qs

Pd_

P X
R \R2

@

wherein X is a ligand and each of R!, R?, RS and R is independently an optionally substituted
hydrocarbon group. Preferably, R, R% R® and RS each independently represent a tertiary alkyl,
cycloalkyl, heterocyclyl or aryl. Most preferably, R!, R% R% and RS each independently
represent tertiary butyl, ' ‘

[000170] In one embodiment, the term X in formula (1) is derived from an acid.

[000171] In one embodiment, the palladium catalyst is prepared by combining a palladium

compound, a bidentate diphosphine and an acid.
[0600172] In another embodiment, the palladium catalyst is prepared in situ.

[000}73] In another embodiment, the palladium compound is selected from the group consisting
of pailadmm ca.rboxylates and palladium(0) compounds Preferably the palladinm compound is

palladium acetate.
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[000174] In another embodiment, the acid for preparing the palladium catalyst is selected from

the group consisting of sulfonic acids, sulphuric acids, phosphorous acids and carboxylic acids.
[000175] In another embodiment, the acid is a C,-Cyy aliphatic acid.

[000176] In another embodiment, the acid is selected from the group consisting of
methanesulfonic acid, triflic acid, trifluoroacetic acid and p-toluenesulfonic acid. Preferably, the

acid is methane sulfonic acid.

0001777 In another embodiment, the bidentate diphosphine for the palladium catalyst

preparation is 1,2-bis[di(z-butyl)phosphinomethyl]benzene.

[000178] In another embodiment, the acid is present in molar excess relative to the palladium
compound. Preferably the molar ratio of the acid to the palladium compound is from 2:1 to
10000:1 or from 5:1 to 5000:1 or from 5:1 to 300:1. Most preferably the molar ratio of the acid
to the palladium compound is from 5:1 to 300:1.

[000179] In another embodiment, a portion of the lactone is unreacted after step (a), producing a
reaction composition comprising unreacted lactone, alkenoic acid and alkene and part or
substantially all of the unreacted lactone is present in step (c) producing a reaction composition

comprising unreacted lactone and dicarboxylic acid.

[000180] In a one embodiment, there is provided an alkyldiene prepared in accordance with the

process as defined above.
[000181] In one embodiment, the alkyldiene has a purity of greater than 99%.
[000182] In one embodiment, the alkyldiene is 1,3-butadiene.

[000183] In one embodiment, there is provided use of the 1,3-butadiene produced by the process
as defined above in the manufacture of styrene butadiene rubber, acrylonitrile-butadiene-

styrene, adiponitrile or chloroprene.
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[000184] In one embodiment, there is provided a dicarboxylic acid prepared in accordance with

the process as defined above.

"[000185] In one embodiment, the dicarboxylic acid has a purity of greater than 99%.

[000186] In one embodiment, the dicarboxylic acid is adipic acid.

Brief Description of Drawings

000187] Figure 1 shows a scheme of reactions according to the present invention.

Description of Embodiments

[000188] The process provides a cost competitive method of producing butadiene and/or adipic
acid from a renewable feedstock. Based on the market need, the ratio of PEA/butene therefore

adipic acid/butadiene can be adjusted accordingly.

Process

{000189] The process comprises 3 steps as show in Fig. 1:

[000190] Step 1: Pyrolyze y-valerolactone (GVL) in a flow reactor to a mixture of pentenoic
acid isomers (PEA), butene isomers, and CO, in the presence of an acid catalyst. Adjust reaction

temperature and residence time to produce the desired ratio of PEA to butene.

[000191] Step 2: Dehydrogenate butene isomers to butadiene.

[000192] Step 3: Convert PEA isomers to adipic acid in the presence of CO, water, and a
palladium catalyst. Isolate and purify adipic acid to polymerization grade product by
precipitation and recrystallisation. Recycle the filtrate containing catalyst and unreacted

pentenoic acid for carbonylation.

[000193] The reaction in step [1] can be carried out in the presence of an acid catalyst. A wide

range of acid catalysts can be used. These include homogenous catalysts such as sulfuric acid, p-
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toluene sulfonic acid, and methane sulfonic acid. Heterogeneous solid acids such as alumina,

zeolites, and clay are also effective. Heterogeneous solid acids are preferred.

[000194] The carbonylation reaction is commonly carried out at temperature between 80 to
120°C and pressure ranging from 1 1o 80 bars in the presence of a palladium catalyst system
composed of a palladium compound, a bidentate diphosphine, and an acid. The temperature may
be 80 to 100, 100 to 120 or 90 to: 110°C, e.g; >about 80, 85, 90, 95, 100, 105, 110, 115 or 120’°C.

The pressure may be 1o 50, 1 t0 20, 1 to 10, 1to 5, 5 to 80, 10 to 80, 20 to 80, 50 to-80, 5 to
50,5 t0 20, 20 to 50 or 30 to 60 bar, e.g. about 1, 2, 3, 4, 5, 10, 15, 20,25, 30, 35, 40, 45, 50, 55,
' 60, 65, 70, 75 or 80 bar. Other temperatures and pressures may also be used. Any suitable

combination of the temperafures and pressures listed above may be used.

{00019 51 Butadieneéén be obtained by direct dehydrogenation or oxidative dehydrogenation of

butenes. The main reaction for direct dehydrogenation, or steam dehydrogenation is following:
CH, 5 CH + H, (@

[000196] This reaction is endothermic. In practice, butadiene is commonlfy manufactured by
passing butenes over a dehydrogenation catalyst at suitable conditions of temperatﬁre and
pressure. In géneral, the butenes are diluted with steam, both to help stabilize the temperature
during the endothermic dehydrogenation reaction and to help shift the equilibrium in the desired
direction by lowering the partial pressure of the product hydrogen and butadiene. On stream

. periods are generally short to avoid coke on the 6ata]ysts which must be regenerated at the

certain period.

[000197] Along with the development of dehydrogenation of butenes, oxidative
dehydrogenation of butene to butadiene has also been proposed and developed. The main -

reaction is following:
CH; +1/2 0, SCHs + HO (b)

[000198] This reaction is exothermic. These oxidative processes exhibit several significant
advantages over the older non-oxidative processes, chief among these being that when hydrogen

is removed from the system by being converted to water, the constraints of thermodynamic
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equilibrium are moved far to the butadiene side. For example, at 0.1 bar, the equilibrium -
conversioris for the reaction (a) are 35% and 71%.at 500°C and 600°C, respectively, whilé the

| eciuiiibrium conversioﬁ-'for the reaction (b) is essentially 100% over the complete temperature
and pressure xange of mterest In practwe, non-oxidative commercial processes operate with 40-
50% conversion with 70-90% se}ecu\ntles The oxidative processes can operate at per pass
conversions of at least 70% with selectivity of 90% or higher. Another advantage of the

' ox'idative pfoc';eﬁs is that much longer on—stream periods ar'c'po;ssible In addition, ox&gen in the
vapor phase inhibits the accumulation of coke on the cataiyst so that the regeneration frequency

could be dramatically reduced in terms of months rather than minutes or ho urs.
Chemistry

[000199] The process involves catalytic reaction of v-valerolactone in the presence of an acid
catalyst to a mixture of pentenoic acid isomers and butene isomers. This reaction can be
controlled to adjust the product ratio of pentenoic acid 1 isomers to butene isomers. The PEA

_ isomers are fed to the carbonylation unit in the presence of water to generate ad1p1c acid Wlth

high selectivity (Fig. 1). The butenes can be used to make butadiene via dehydrogenation.

[000200] The production of butenes from a co-feed of y-valérolactone and water at'375 to
400°C has been previously disclosed. The reaction was propdsed to occur via the
decarboxylation of pentenoic acid intermediates. The inventors note that water has a negative
effect on the reaction rate and it is therefore highly preferable to exclude water in this reaction.
In fact, water may inhibit acid-catalyzed surfaces as it may compete for adsorption at acid sites.
* Tt has been observed that water is necessary to minimize the extent of catalyst deactivation in the
deéat’i)g;{ylati011 of PEA to produce butenes, Under the present reaction conditions, the
| inventors did not observe significant catalyst deactivation over a one month run. Without
wishing to be bound by theory, the inventors hypothesise that ring-opening of GVL leads to a
' carbocationic intermediate (with the positive charge oﬁ ﬂle C4 position), which can undergo
isomerisation to its carbocationic isomers. Proton abstraction then provides the various
pentenoic acid isomers. The decarboxylation can occur to the carbocationic intermediate or to
the pentenoic acids. The present inventors have observed that water inhibits the ring opening

reaction (GVL-PEA). Previous work had suggested that water prevents catalyst deactivation, but
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no significant catalyst deactivation was observed in the present work. This may possibly be due

to the previous work being conducted at higher temperature.

[000201] A method of producmg a mixture of pentenoic acid isomers with high selectmty and

without the formation of butenes by reactive distillation of GVL had been previously disclosed.

[000202] By contrast, in the current mvention, a mixture of pentenoic acid isomers and butene
isomers can be rea,dﬂy obtained in high selectivity by flowing GVL through a bed of solid acid
catalyst at a temperature range between 200 and 380°C but substantially in ‘the absence of water.
The ratio PEA to butene can be adjusted by controlling reaction variables siich as témperatﬁre,

space velocity, etc.

{000203} More generally, the process may comprise the step of selecting a value for at least one
. process variable so as to obtain a desired ratio of alkenoic acid to alkene in step (a). The process
variables which may be selected include pressure, temperature and flow velocity. Thus selecting
a h1gher reaction temperatmfe will in general resultin a hlgher proportion of aIkene and a lower
proportion of alkenoic acid, other variables bemg constant. Selectmg a higher ﬂow rate in.
general results in a higher proportion of alkenoic acid and a lower proportmn of alkene, other

variables being constant.

[000204] Carbonylation of 3-pentenoic acid to adipic acid can proceed with very high -

selectivity in the presence of a palladium cétalyst derived from a palladium compound, a _
sterically bulky diphosphine, and an acid. A particularly effective catalyst system is derived = -
from palladium acetate, 1;2~bis[di(&butyl)phosphinomethyi}benzene, and-tnétﬁam sulfonic acid

as shown below.

PA(OAC), - TR -
, /
+ 2CH;SO5H 2 HOAc @CP >de§3:2:3
R . OsSCHy
. PR, R/\
PR, R
R=t-Bu

[000205] Carbonylation of a mixture of 2-pentenoic acid, 3-pentenoic acid, and 4-pentenoic acid

to adipic acid with high selectivity has not been previously repdrted.
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[000206] Conversion of adipic acid can be achieved with a process comprising:
I) Reacting at least one lactone selected from a group which consist of GVL with carbon
monoxide and water in the presence of a homogeneous rhodium catalyst and at least one
promoter selected from the group consisting of an iodide compound and a bromide
compound; and

II) Quenching the reaction when the rate of carbon monoxide uptake declines sharply.

[000207] However, it has not previously been recognised that a milxtu're of pentenoic acid
" . isomers and butene isomers could be produced via pyrolysis of y-valerolactone in a flow reactor

in the presence of an acid catalyst but absence of water.
Ilustrative Examples

[000208] Example 1: Preparation of pentenoic acid isomers and butenes via catalytic reaction

“of y-valerolactone

<[000209] The conversion of GVL to PEA was carried out in an up-flow fixed bed reactor
(ID=6mm) loaded with catalyst silica-alumina (Sigma Aldrich, grade 135,6g). The reactor was
seated in a tubular furnace with temperature controller. GVL (Sigma Aldrich) was fed using a
HPLC pump (Lab Alliance Series I) to get the required weight-hourly space velocities (WHSV).
The system pressure was controlled by a back pressure regulator at 32 bar. The reaction product

was analysed by GC. The experimental results are summarized in Table 1.

Table 1 Reaction conversion and selectivity

Experiment | Temperature | WHSV GVL Product selectivity
oonv:arsion .
(°C) h! %
%

PEA | butene | others

T 280 10 | 142 866 | 124 | 1.0
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2 300 0.5 32.4 48.8 50.3 0.8

3 330 10 672 41 848 1T

Example 2: Carbonylation of isomeric mixtures of pentenoic acids to adipic acid

[000210] The stainless steel 300 ml Parr reactor was.charged with degassed diglyme (40 ml),”
degassed deionised water (5.0 ml, 278 mmol), and degassed concentrated PEA mixtures (13.6
- ml, 64.3 mmol PEA isomers, distillate composition by GC: 2-PEA, 12%; 3-PEA, 20%; 4-PEA,
14%, GVL, 54%) under a stream of argon gas. Thc Parr reactor was evacuatcd and refilled with
CC (2 bar). A ycllow solution of catalyst con sisted of yanaui‘dm acetate (30.5 mg, 0.1 14 mm ol},
1,2-bls[dx(t«butyl)phosphmomethyl]benzene (108.2 mg, 0.27‘mmol), and methane sulfonic acid
(0.1 mL, 1.5 mmol) in ‘digiymc (10 ml) was injected into the reactor andex; a stream of CO gas.
After that the Parr reactor was pressurized with CO (60 bar). The reaction mixture was stirred at
1000 rpm. The Parr reactor was heated at 105°C for 5 h. After 5h, the reactor was cooled, vented
and opened to air. A yellow reaction mixture was obtained which was placed in the fridge to
crystallize ou.t” the adipic acid. The crude adipic acid was filtered, washed with ethyl acetate and
dried under vacuum at 60 °C to give 1.999 g of adipic acid crystals (13.7 mmol). Analyszs of thc

reaction mixture by NMR showed adipic acid as the only product.
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CLAIMS

1. A process for the production of a diens comprising the steps of,
(a)  heating a lactone in the presence of a first catalyst system and substantially in the
absence of water to produce an alkene and carbon dioxide; and

(b)  contacting the alkene with a second catalyst system to produce an alkyldiene.

2. Theprocess of claim 1 additionally comprising the step of drying the lactone prios to
step (a).

3. The process of claim 1 or claim 2 wherein step {a) is conducted in a flow reactor.

4. The process of any one of claims 1 to 3 wherein step () is carried put at & temperature

at'or above the norrnal boiling point of the lactone,

5. The process of any one of claims | to 4 wherein step (a) is carried out at a pressure of

between about 0.5 bar and 50 bar,

6. The process of any one of claims 1 to 5 wherein the first catalyst system comprises an

acidic catalyst.

7. The process of any one of claims 1 to 6 wherein the first catalyst system is a

heterogencous solid catalyst.

8. The process of any one of claims 1 to 7 wherein step (b) comprises:
i direct dehydrogenation of the alkene to produce the alkyldieng or

if. oxidative dehydrogenation of the alkene to produce the alkyldiene.

9. The process of any one of claims 1 to 8 wherein a portion of the lactone is unreacted
after step (a), whereby step () produces a reaction composition comprising unreacted lactone
and the alkene. ’

10.  The process of claim 9 further comprising the steps of:
(al) separating part, or sabstanlially all, of the unreacted Javtone from the alkene; and

(a2) recj/cling the separated unreacted lactone trom step (al) to step (a).
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11.  The process of any one of claims I to 10 wherein a portion of the alkene {s unreacted
after step (b) whereby a reaction composition comprising unreacted alkene and alkyldiene is

produced in step (b).

12.  The process of cledim 11 further comprising the step oft
{b1) separating part or substantially all of the unreacted alkene from the alkyldiene;
and

(b2) recycling the separated wmreacted alkene from step (bl) to step (b).

‘13, The process of any one of claims 1 to 12 wherein step (a) also produces an alkenoic

acid.

14, The process of claim 13 firther compnsing the step of:
(¢)  contacting the alkenoic acid with carbon monoxide, water and a third catalyst system

to produce a reaction composition comprising dlcarboxylic acid.

15. The process of claim 14 wherein step (¢} is carried out substantially in the absence of

OXygen.

16.  The process of claim 14 or claim 15 wherein step (¢} is casried out at a temperatore of
between about 50°C and about 150°C.

17, The process of any one of claims {4 1o 16 wherein step (c) is carried out at a pressure of

between about t bar and about 80 bar,

18.  The process of any one of claims 14 ta.17 wherein the third catalyst system comprises a

palladivin catalyst.
19.  The process of claim 18 wherein the palladivm catalyst has formula (I):

Rﬁ RS

PN
L‘\ ! .\/F"\‘/ ‘X

R' R?
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wherein X is a ligand and each of R}, R%, R? and R% is independently an optionally substituted

hydrocarbon group.

20.  The process of claim 19 comprising the step of prepaning the palladium catalyst by

combining a palladivm compound, a bidentate diphosphine and an acid.

21. The process of claim 20 wherein the step of preparing the palladium catalysi is

conducted in situ.

22. The process of claim 20 or claim 21 wherein the palladium compound is selected from

the group consisting of palladium carboxylates and palladivm(0) compounds.

23.  The process of any one of claims 20 to 22 wherein the acid is selected from the group

consisting of sulfonic acids, sulphuric acids, phospborous acids and carboxylic acids.

24.  The process of any one of claims 20 to 23 wherein the bidentate diphosphine for the

palladium catalyst preparation is 1,2-bis[di{s-butyl)phosphinomethylJoenzene.

25.  The process of any one of claims 14 to 24 wherein a portion of the lactone is unreacted
after step (a), producing a reaction composition comprising unreacted lactonte, alkenoic acid
and alkene, and part or substantiaily ali of the unreacted lactone is present in step (c),

producing a reaction composition comprising unreacted lactone and dicarboxylic acid.

26. The process of claim 25 further comprising the steps of:
(c1)  separating part or substantially all the unreacted lactone from the dicarboxylic
acid; and

{c2)  rcoycling the separated unreacted lactone from step (c1) to step (a).

27.  The process of any one of claims 14 to 26 wherein a portion of the alkenoic acid is
unreacted after step (c), producing a reaction composition corprising unieacted alkenoic acid

and dicarboxylic acid {rom step (c).

28.  The process of claim 27 further comprising the steps of:
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(c3)  separating part or substantially all of the unreacted alkenoic acid from the
dicarboxylic acid; and

(c4)  recycling the separated unreacted afkenoic acid from step (c3) to step (c).

29. The process of any one of claims 14 to 28 further comprising the step of:

(c5)  separating the dicarboxylic acid fiom the remainder of the reaction composition by
reducing the temperatire to ;;roduce a first portion comnprising the dicarboxylic acid and
substantially none of the third catalyst system, and a second portion comprising the third

catalyst system.

30.. The process of claim 29 additionally comprising the step of:

(c6)  recycling the second portion, comprising the third catalyst system, to step (c).

31, Theprocess of any one of claims 1 to 30 wherein the lactone is y-valerolactone,

whereby the alkene is butene and the alkyldiene is 1,3-butadiene.

32. The process of claim 31 comprising the step of preparing the y-valerolactone by

hydrogenation of levulinic acid.

33.  The process of claim 32 comprising preparing the levulinic acid by acid catalysed

hydrolysis of cellulose.

34.  The process of claim 33 comprising preparing the cellulose by crzicking lignocelinlose,
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