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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 e;ﬁyleng production from naphtha,
Li.queﬁ'_ed Petroluem Gas and dehydrogenaﬁon of butane. nButé'd\‘ich"e,jishorma.lly used to make
‘styrene butadiene rubbef; 'acryllonitrile-bﬁfadiéneésfyrene, adiponitiilé. and .chlo.r‘o.prer.le. Among
commercial polymers, Nylons and Nylon monomers are exceedingly inefﬁciént in térms of
energy and chemical utilization. In this disclosure, we report the invention of a green procesé for
- making butadiene and/or adipic acid, a Nylon 66 monomer, from y-\)alérolactoné. -
Valerolactone can be derived from hydrogenation of levﬁlinic acid, one of the so-called
biobased platfdnn molecules which can be readily obtéined from acid-catalyzed decomposition
of cellulose or C6 sugars. More generally, thé process may be used for production of dienes

and/or-diacids from lactones.
Summary of Invention

[0004] In a first aspect, fhere is provided a process for preparingvah 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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[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 temperéture of between about 200°C and about 400°C or about 220°C
+-10:360°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 to0-350°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 th;eugh the bed) may be from about 0.2 to about 2
b, orabout 0.5102, 102,02 t0 1,02 10 0.5, 0.5 to 1.5 or 0.5 to 1h", e.g. about 0.2, 0.3, 0.4,
.0.5, 0.6,0.7,0.8,09,1,1.1,1.2,1.3,1.4,1.5,1.6,1.7,1.8, 1.9 or 2h'1, although other flow rates
may be ﬁsed' 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 abouf 0.5 bar and

about 50 bar, or between aboutv_O.S_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
' .30bar eg. 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
50 bar. In some 1nstances 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 zinc. The mixed metal may be used in conjunction with oxygen. It may be activated,
e.g. activated by chrorﬁium., 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 usie.b The mixed metal may be
vanadium/iron or vanadium/nickel. The second catalyst system may 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, iron-zinc oxide, transition

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

[00010] In one embodiment, the process of ste? ®) éomprises the step of direct
dé_hydrogenation 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
limited by thermodynamics because of the oxidation of hydrogen to water. Reaction temperature
s below 600°C to minimize ovér oxidation. Pressure is ~34—103 kPa (5-15 psi).” The reaction
may be conducted, 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. It may be lcondﬁcted 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 6r 50 to 100kPa, e.g. about 30, 40, 50, 60, 70, 80, 90, 100 or 110kPa. .

[00012] 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).
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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 after step (b), and a

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

[00016] In another embodiment, the process further comprises the step of:
(b1) separating part or substantially all of the unreacted alkene from the alkyldiene.

[00017] In another embodimeﬁ:t, the process further compﬁses the step of:
(b2) recycling the separated unreacted alkene from step (b1) to Step (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:
(c) contacting the alkenoic acid with carbon monoxide, water and a third bcatalyst system to

'produc’e a reaction composition comprising the third catalyst system and a dicarboxylic acid.

[00021] In another em‘bodiment, step (c) is carried out substantiélly in the absence of oxygen. It
may be conducted in an atmosphere containing less than 0.1%v/v oxygen, or less than about
0.01,-0.001, 0.0001 or 0.00001% oxygen v/v. It may bé 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 (c) 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 and 40,1 and 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 comprises a palladium catalyst.
[00025] The palladium catalyst may have the formula (I):

\/

.
P~ X
7\

R'"R? .
O

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® may eéch
independently represent tertiary butyl. In a particular embodiment, R1, R, R® and R6 are each
tertiary butyl and X is CH;SOs". )

[00026] In one embodiment, the term X in formula (D) 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.

[00028] In some embodiments, the palladium catalyst is prepared in situ.
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[00029] In some embodiments, the palladium compound ie selected from the group conéisfing
of palladium carboxylates and palladium(0) compounds. The palladium compound may be

palladium acetate.

[0003 0] In another embodiment, the acid for preparing the palladium catalyst is selected from

the group consisting of sulfonic a01ds sulphunc acids, phosphorous acids and carboxyhc acids.

[00031] In anothér embodiment, the acid is a C;-Cm aliphatic acid. The C, to C;o chain may be
straight chain 6r branched or may be cyclic or may be a combination of these. It may be C1 to -
C6, C1 to C3, C2 to C10, C6 to C10 or C3 to C6, e.g. C1, C2, C3, C4, C5, C6, C7, C8, C9 or
- C10. ‘

[00032] In another embodlment the a01d is selected from the group consisting of
methanesulfonic acid, triflic acid, tnﬂuoroacetlc acid and - -toluenesulfonic 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(¢-butyl)phosphinomethyl]benzene. |

[00034] In enother embodiment, the acid is present in molar excess relaﬁve to the palladium
compound. The molar ratio of the acid to the palladium compound may be from about 2:1 to
about 10000:1 or frorh 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 100:1, 2:1 to 10:1, 10:1 to 100:1, 10:1 to 1000:1, 50:1
to 500:1, 5:1 to 5000:1, 5:1 to 300:1 or 10-:1‘ t0 100:1. The molar ratio of the acid to the
palladium compound 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 bevfromv 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 (c) producing a reaction composition comprising unreacted

lactone and dicarboxylic acid.

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

(cl) separating part or substantially all the unreacted lactone from the dicarboxylic acid.
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[00037] In another embodiment, the process fufther 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 after 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 separated unreacted alkenoic acid from step (c3) to step ().

[00041] In anoﬂler embodiment, the process further coinprises the step of:

7 (c5) sccarating the ‘dicarbcxylnic acid from the remaind'er of the reaction composition to
produce a first portion compnsmg the dlcarboxyhc acid and a second portion compnsmg the

" third catalyst system. The separatmg may comprise reducmg the temperature to produce the first
portion comprising the dicarboxylic acid and substantially none of the third catalyst system, and
a second portioh comprising the third catalyst system. The first portion may be a solid portion. It
may consist essentially of the dicarboxylic acid (e.g. greater _tha,n 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. e ‘ . |

[00043] In another embodiment, step (c5) further comprises the step of reducing the temperature
3 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 compﬁse 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 cellulose. 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-butadiehé; the-alkenoic acid is pentenoic acid and the dicarboxylic acid is

adipic acid. -

- [00048] In one embodinient, the pentenoic acid comprises a mixture of at least two 6f 2-

pentenoic acid, 3-pentenoic acid and 4-pentenoic acid.
[00049] In one embodiment, the y-valerolactone is prepared by hydrogenatioﬁ of levulinic acid.

7 [00050] In one embodiment, the levﬁlinic acid is prepared by acid catalysed hydrolysis of

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

[00052] In a second aspect, there is provided a process for preparing a dicarboxylic acid
cdmprising 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 thlrd catalyst

system to produce an alkyldiene.

[00055] Advantageously; step (a) is carried out substantially in the absence of water, reducing
» 1ntermed1ate punﬁcatlon steps and generating less waste streams for treatment and disposal than .

if water was requlred for the process.

[00056] In one embodiment, the heating qf 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.

| [00057] 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 alumina, silica, a zeolite,

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

| [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 sfep of:
(a3)  separating part or substantially all of the alkenoic acid from the alkene.

[00063] In one embodiment, thé 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 é'ternperatllre 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; o 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 embodithent, 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
befWeen 10 bar and 50 bar, or between 20 bar and 60 bar, or between 30 bar and 70 bar.

[00067] In one émbodiment, the second catalyét system ‘compris'es a p"alladiﬁm catalyst.
[00068] The palladium catalyst may have the formula (I):

R5R®
\/

P~pg~ "
P~ X
7\

@

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 (I) is derived from an acid.

[00070] In one embodiment, the palladium catalyst is prepared by _combiniﬁg a-palladium

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

- [00072] In another embodiment, the palladium cofnpound 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 ac1d for preparing the palladlum catalyst is selected from

the group con51st1ng of sulfonic acids, sulphunc acids, phosphorous acids and carboxyhc acids.
[00074] In another embodiment, the acid is a C;-C)y 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-b1s[d1(t—buty1)phosphmomethyl]benzene

[00077] In another embodiment, the acid is present in molar excess relative to the palladium

- ‘compound. Preferably the molar ratio of the acid tothe palladium compound is from 2.1:1 to .

.~ 10000:1 or from 5:1-to 5000:1 or from 5:1 to 300:1. Most preferably the molar ratio of fhe 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.

[000‘80] 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 embodimenf, 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) sepérating part or substantially all of the unreacted alkenoic acid from the dicarboxylic

~acid.

[00083] In a‘p_other' _émbodimen_t, the process further comprises the stef of:
(b4) recycling the separated unreacted alkenoic acid from step (b3) to step (b).

[00084] In another embodiment, the process further comprises the step of:
(b5) * separating the dicarboxylic acid from the remainder of the reaction compos1t10n to
produce a first portion comprising the dicarboxylic acid and a second portion comprising the

second catalyst system.

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

catalyst system.

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

.of the reaction composition such that the dicarboxylic acid crystalhses

[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 (c) 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 aﬂef step (c), and a

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

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

[00093] In another embodiment, the process further comprises the stép of:
(c¢2) 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 1,3-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 pentenoic acid comprises 2-pentenoic acid, 3-pentenoic acid

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

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

cellulpse.
[000100] In one embodiment, the cellulose is prepared by crabking lignocellulose.

[000101] Also disclosed is a process for preparing an alkyldiene and a dicarboxylic acid
comprising the steps of:
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(a) heating a lactone in the‘presence of a first catalyst system to produce an alkenoic acid, an
alkene and carbon dioxide; and ‘

(b) ’c‘on'tacting the alkene with a second catalyst system to produce an alkyldiene.

(c) 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.

[0001 02] 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. Optioﬁally, 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 temperaturé
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 émbodiment, step (a) is carried out at a préssure of Betiiveen about 0.5 bar and f
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.

[00010_6] In another embodiment, a portion of the lactone may be unreacted after step (a), i
whereby a reaction composition comprising unreacted lactone, alkenoic acid and alkene is

produced in step (a).

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

alkene.

[000108] In another 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 the‘ 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 embodirhent, the prbcess 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
. dehydrogenation of the alkene to produce the alkyldiene.

 [000113] In one erribbdinient, a pbrtion 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 andtﬁer- 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 alkcnbic acid may compﬁse a plurality of isomers.
[000117] In another embodiment, step (c) is carried out substantially in the absence of oxygen.

[00(')'1 18] 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 femperature 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 catalyst’ system comprises a palladium catalyst.
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[000121] The palladium catalyst may have the formula (I):

ROR® -
\/

_X
X

P
N,

O

(\’yhervein Xis a ligand and each of R', R% R’ and R% is independently an optionally substituted
h_ydrocarbon group. Preferably, Rl, R, R® and R® each iﬁdependently représent-a tertiary alkyl,
cycloalkyl, heterocyclyl or aryl. Most preferably, R, R?, R® and R each independently
““represent tertiary butyl.

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

. [000123] In one embodiment, the palladium catalyst is pfepared by combining a palladium

compound, a bidentate diphosphine and an acid. -
| [0661 24] 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

--palladium 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;-Co aliphatic acid.

- [000128)] 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.
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[000129] In another embodiment, the bidentate diphosphine for the palladium catalyst
preparation is 1,2-bis[di(z-butyl)phosphinomethyl]benzene.

© [000130] In another embodiment, the acid is present in molar excess relative to the palladium

compound. Préferably 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 to_300:1. _ | ‘ |

- [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 of:

(c1)  separating part or substantially all the unreacted lactone from the dicarboxylic acid.

[000133] In another embodiment, the process further comprises the step of:.
(c2) recycling the separated unreacted lactone from step (c1) to step (a).

[000134] In another A'embodiment; a 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 andthér embodimeht, the process further comprises the step of:

(c3) separating paﬁ or substantially all of the unreacted alkenoic acid from the dicarboxylic

acid.

[000136] In another e;nbodiment, the process further comprisés the step of:
(c4) recycling the separated unreacted alkenoic acid from step (c3) to step (c).

- [000137] In another embodiment, the process further comprises the step of:
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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.

' '[(500139] In another embodiment, step (c5) further comprises the step of reducing the

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

[0001407 In another embodiment, the process further comprises the step of:
(¢6)  recycling the second portion, comprising the third catalyst system, to step (c).

[000141] In one _embodiment, the lactqne 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 hydro genation 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 cracking lignocellulose.’
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[000148] In third aépect, there 1s provided a process to produce an alkyldiene and a
dicarboxylic acid,‘ the process comprising the steps of:

()  heating a lactone in the presence of a first catalyst system to produce an alkene, an
alken01c acid and carbon dioxide; and -

() contachng the alkene of step (a) with a second catalyst system to produce the alkyldlene
(¢)  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)f removmg the édkyldiéhé 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 stép (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 (e) 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
'1ntermed1ate purification steps and generating less waste streams for treatment and d1sposa1 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 l‘aétone 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. B

[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 éom'pﬁses the step of:
(al) separating part, or subStantially all, of the unreacted lactone from the alkene.

[000159] In another embodiment, the process further comprises the step of: .
(a2) recycling the separated unreacted lactone from step (al) to.step (a).-

»[000160] In one embodiment, a portion of the alkene may be unreacted 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 stép (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 temperature 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 () 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.

[000168] In one embodiment, the third catalyst system comprises a palladium catalyst.
[000169] The palladium catalyst may have the formula (I):

RSR®
\/

X

Se-
P~ X
AN

R' R?
4y

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 R® each independently
represent tertiary butyl. ' '

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

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

compound, a bidentate diphosphine and an acid.
[000172] In another embodiment, the palladium catalyst is prepared in situ.

[000173] In another embodiment, the palladium compound is selected from the group consisting
of .palladium cé.rboxylates and palladium(0) compounds. Preferably the palladium compound is

palladium acetate.



WO 2013/147708 PCT/SG2013/000123

22

{000174] In another embodiment, the acid for preparing the palladium catalyst is selected from

the group consisting of sulfonic acids, sulphun'c acids, phosphorous acids and carboxylic acids.
[_()00175] In another embodiment, the acid is a C;-Cyg aliphatic acid.

[000176] In another embodiment, the acid is selected from the group consisting of
methanesulfonic acid, triflic acid, trifluoroacetic acid and p—tohjenesulfonic acid. Prefefably, the

acid is methane sulfonic acid.

[000177] In another embodiment, the bidentate diphosphine for the palladium catalyst
preparation is 1 ,2'-bis[d@(t-butyl)thsphinomethyl]benzene.

[000178] In another embodiment, the acid is preéent in “molar excess relative to the palladium
N cémpbund. Pr_éfefaBI& thc 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 t0 300:1.

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

comprising unreacted lactone and dicarboxylic acid.

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

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

[000183] In a fifth aspect, 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 a sixth aspect, 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 tharl 99%.
- [000186] In orre embodi‘ment,ﬂthe diearboxylic acid is adipic ecid.
'Brief Description of Drawings

[000187] Figure 1 shows a scheme of reactrons aceordihg to the present invention. -
" Deseription of tE‘mbodiments

[0001 88] The process provides a cost competitive method of producmg 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.
B_m_cs§_é .
[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.
1000191] Step 2: Dehydrogenate butene isomers to butadiene.

[000192] Step 3: Convert PEA isomers to adlplc acid in the presence of CO, water, and a
palladium catalyst. Isolate and purify adipic acid to polymerrzatlon 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 to 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 toz 110°C, e.g; >about 80, 85, 90, 95, 100, 105, 110, 115 or 120’°C.
The pfessuré may be 1.to 50, 1 to 20,1t010,1t0 5, 5to 80, 10 to 80, 20 to 80, 50 to 80, 5 to
50, 5 to 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 'prevssures may also be used. Any suitable

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

[OOO 195] Butadiene.'c.:én be obtained by direct dehydrogenation dr,,oxidative dehydrd genation of

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

[000196] This reaction is endothermic. In practice, butadiene is commonly manufactured by
passing butenes over a~dehydrdgénaﬁon catalyst at suitable conditions of temperafure 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 éatalysts which must be regenerated at the

certain period.

[000197] Along with the developnient 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, SCH¢+ H,O (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 moveci far to the butadiene side. For example, at 0.1 bar, the equilibrium -
conversions for the reactlon (a) are 35% and 71%.at 500°C and 600°C respectively, while the

: equ111br1um converswn for the reactlon (b) is essentially 100% over the complete temperature
and pressure range of 1nterest In practice ‘non-oxidative commercial processes operate with 40-
50% conversion with 70-90% selectivities. The oxidative processes can operate at per pass
conversions of at least 70% with selectivity of 90% or higher. Another advantage of the

' oxidative pfOCess is that much longer on-stream periods are'possible In addition, oxygen in the
vapor phase inhibits the accumulation of coke on the catalyst so that the regeneration frequency

could be dramatically reduced in terms of months rather than mmutes or hours
Chemistry

[000199] The process involves catalytic reaction of y-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 i isomers to butene isomers. The PEA

~ isomers are fed to the carbonylation unit in the presence of water to generate ad1p1c acid w1th

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-valerolactone and water at'375 to
400°C has been previously disclosed. The reaction was propesed 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 écid~catalyzed surfaces as it may eompete for adsorption at acid sites.
~ Tt has been observed that water is necessary to minimize the extent of catalyst deactivation in the
deearb.e;iiylation of PEA to produce butenes. Under the present reaction conditions, the
| iiiventors 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 fhe 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 inhibsits 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 producing a mixture of pentenoic acid isomers with high selectivity and

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

[000202] By contrast, in the current invenﬁon, a rhixture of pentenoic.acid isomers and butene
isomes can be readily 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 ébsence"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, femperature and flow velocity. Thus selecting
a higher reaction tgmperaﬁue will in general result in a higher proportion of alkene and a lower
proportion of alkenoic acid, other variables Béing constant. Seiecting a higher ﬂ;;v&; réte iﬁ : -
general results in a higher proportion of alkenoic acid and a lower proportion of alkene, other

variables being constant.

[000204] Carbonylation of 3—pehtenoic 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(t-butyl)phosphinomethyl]benzené, and methane sulfenic acid

as shown below.

Pd(OAc), ' RR

| \/ |
+ 2CH3SO3H -2 HOAc @C P >Pd:§3:§:3
R O3 3
. 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

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

- [000207] However, it has not previously been recognised that a mi_xtﬁre 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.

Illustrative 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
convérsion :
(°C) h %
%

PEA | butene | others

1 280 10 | 142 866 | 124 | 1.0
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2 300 05 32.4 288 | 503 ] 00

-3 - 330 1.0 67.2 14.1 848 | 1.1

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 inmdl), and degassed éoﬂcentrated 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 gahl_s.' The Parr reactor was evacuated and refilled with
Cd 2 Bar). Aw‘yellow solution of catalyét consi.;téd o>f'.' ﬁalladium acetaté (30.5 mg, .0. 14 mmol),
1,2-bis[di(t-butyl)iihosphinomethyl]benzene (108.2 mg, O.27ﬂmmol), and methane sulfonic acid
(0.1 mL, 1.5 mmol) in .diglyme (10 ml) was injected into the reactor undef 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 Sh, the reactor was cooled, vented
and opened to air. A yellow reaction mixture was obtained which was placed in the fridge to
crystallize out“ 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). Analysis of thé ’
reaction mixture by NMR showed adipic acid as the only product. ‘
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CLAIMS
1. A process for the production of a diene comﬁrising the steps of:
@) heating a lactone in the presehce 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.
2. The process of claim 1 wherein step (a) is carried out substantially in the absence of water.

3. The process of claim 2 additionally compriéing the step of drying the lactone prior to step

4.  The process of any one of claims 1 to 3 wherein step (a) is conducted in a flow reactor.

5.  The process of any one of claims 1 to 4 wherein step (a) is carried out at a temperature at

or above the normal boiling point of the lactone.

6. The process of any one of claims 1 to 5 wherein step (a) is carried out at a pressure of

between about 0.5 bar and SO‘bér. ‘

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

acidic catalyst.

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

solid catalyst.

9.  The process of any one of claims 1 to 8 wherein step (b) comprises:
| i direct dehydrogenation of the alkene to produce the alkyldiene or
ii. . oxidative dehydrogenation of the alkene to produce the alkyldiene.

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

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

(a2) recycling the separated unreacted lactone from step (al) to step (a).

12.  The process of any one of claims 1 to 11 wherein a portion of the alkene is unreacted after
step (b) whereby a reaction composition comprising unreacted alkene and alkyldiene is produced -

in step (b).

13. The process of claim 12 further comprising the step of:
(1) separatmg part or substantially all of the unreacted alkene from the alkyldlene and
(b2) recycling the separated unreacted alkene from step (bl) to step (b)

14, The process of any one of claims 1 to 13 wherein step (a) also produces an alkenoic acid.

15. The process of claim 14 further comprising the step of: -
(c) contactmg the alkenoic acid with carbon monox1de, water and a thlrd catalyst system to

produce a reaction composition comprising dlcarboxyhc acid.

~16.  The process of claim 15 wherein step (c) is carried out substantially in the absence of

oxygen.

17. The process of claim 15 or claim 16 wherein step (c) is carn'ed out at a temperature of

between about 50°C and about150°C.

18 The process of any one of claims 15 to. 17 wherein step (c) is carried out at a pressure of

. between about 1 bar and about 80 bar.

19.  The process of any one of claims 15 to 19 wherein the third catalyst system comprises a

palladium catalyst.

20. The process of claim 19 wherein the palladium catalyst has formula (I):



WO 2013/147708 PCT/SG2013/000123

31

R3R®
\/

TP ~pg
P~ X

.

wherein X is a ligand and each of R', R% R® and R®is independéntly an optionally substituted
hydrocarbon group.

21. The process of claim 20.comprising the step of preparing the palladium catalyst by -

combining a palladium corripouhd, a bidentate diphésphihe and an acid.

22. The process of claim 21 wherein the step of preparing the palladium catalyst is conducted

in situ.

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

group consisting of palladium carboxylates and palladium(0) co_mpdunds.

24. The process of any one of claims 21 to 23 wherein the acid is selected from thcvl group

- consisting of sulfonic acids, sulphuric acids, phosphorous acids and carboxylic acids.

- 25. The process of any one of claims 21 to 24 wherein the bidentate diphosphine for the
palladium catalyst preparation is 1,2-bis[di(z-butyl)phosphinomethyl]benzene.

26. The process of any one of claims 15 to 25 wherein 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.

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

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



WO 2013/147708 PCT/SG2013/000123

32

28. The process of any one of claims 15 to 27 wherein a portion of the alkenoic acid is
unreacted after step (c), producing a reaction composition comprising unreacted alkenoic acid

and dicarboxylic acid from step (c).

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

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

30. The process of any one of claims 15 to 29 further comprising the step of:

~ (c5)  separating the dicarboxylic acid from the remainder of the reaction composition by
reducing the temperature to produce a first portion comprising the dicarboxylic acid and
substantially none of the third catalyst system, and a second poftion comprising the third catalyst

system.

31 The process of claim 30 add.iti'onally comprising the step of:

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

32.  The process of any one of claims 1 to 31 wherein the lactone is y-valerolactone, whereby

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

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

hydrogenation of levulinic acid.

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

hydrolysis of cellulose.

35. The process of claim 34 comprising preparing the cellulose by cracking lignocellulose.
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