HOMOGENEOUS PROCESS FOR THE HYDROGENATION OF
DICARBOXYLIC ACIDS AND/OR ANHYDRIDES THEREOF The present
invention relates to a homogeneous process for the hydrogenation of
dicarboxylic acids and/or anhydrides thereof. More particularly it relates to
a continuous homogeneous hydrogenation process which enables an
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these require the use of exotic combinations of metals which have high
cost implications both for production of the catalyst and recycling thereof.
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and ruthenium/tin_catalysts for the production of butane

?é?ﬂé}ﬁ%@ﬂp&ﬁrgﬂ%w_a@droﬁmn and/or y-butyrolactone these are intolerant

of acid and aqueous feedstocks and therefore the reaction must be carried out starting
with maleic anhydride which must be esterified before reaction can be carried out.

These additional process steps increase the processing costs and render the process
less economical. To address this many suggestions have been made to integrate the
maleic anhydride production with the hydrogenation of the maleic to the desired

products.

To overcome this process heterogeneous precious metal systems have been developed
that allow the use of an acid starting material in the presence of water. However,
these require the use of exotic combinations of metals which have high cost

implications both for production of the catalyst and recycling thereof,

Suggestions have been made relating to the use of supported ruthenium and

ruthenium/tin catalysts for the production of butanediol, tetrahydrofuran and/or y-



butyrolactone. Whilst some of these are capable of reducing aqueous acid
streams, the productivity of ethers is generally low and thus where the
ether is the desired product a second reactor has to be included to
convert the diols produced to the cyclic ethers which adds to the cost of
the reaction. Examples of these catalyst systems can be found in
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complexes", H-Inagalci et al, Science and Technology of Catalysis (1994)

Berpip; by s€pienfied that the presence of water retards the hydrogenation

reaction of succinic anhydride in the presence of a ruthenium trialkyl
hosphine c_:orgﬁ‘liexes in the presence of a promoter and that it is
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hydrogenation reaction is carried out in the absence of water since it is believed that
any water present inhibits the catalyst or significantly reduces the rate of reaction.
For example, in US 5047561 an organic solwvent is used and it is stated that the
amount of water present should be controlled and should be no higher than 1% by
weight. In “Hydrogenation reaction of carbomyl compounds catalyzed by cationic
ruthenium complexes”, H=Inagaki ef a/, Science and Technology of Catalysis (1994)
327 it is explained that the presence of water retards the hydrogenation reaction of
succinic anhydride in the presence of a ruthenium triatkyl phosphine complexes in
the presence of a promotor and that it is necessary to remove the water éroduced by
hydrogenation in the gas stream and in US 3957827 and US 4485245 scavengers are
used to remove any water produced in the reaction with the aim of improving yield

and productivity.



and productivity. n Many of these known catalyst systems also require the
presence of a promoter to increase the selectivity and activity of the
ruthenitun catalyst. Examples o. f such systems include those described
in US 5079372 and US 4931573 where reactions are carried out in the
presence of an organic solvent and a metal selected from Group IVA, VA

d Il is required as a promotor. Another example of the use of a
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catalyst system are susceptible to hydrolysis under the reaction
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there is provided a homogeneous process for

Whilst these processes go some way to providing adequate catalyst systems, there is
still a need for an alternative process which allow for efficient hydrogenation of
carboxylic acids and/or derivatives thereof with good conversion and selectivity to
the desired products. As detailed in co-pending application no PCT/GB03/001 819,
which is incorporated herein by reference, it has been established that the presence

of water is not only not disadvantageous but indeed offers positive advantages.

We have now established that a cost=effective process for the production of cyclic
ethers, lactones and diols from dicarboxylic acids or anhydrides can be obtained in
which the presence of the water allows for reaction conditions to be utilised in which
the desired product can be continuously removed from the reactor using a much

lower hydrogen stripping rate than has been achievable heretofore.



the hydrogenation of dicarboxylic acids and/or anhydrides in the presence
of a catalyst comprising: (a) ruthenium, rhodium, iron, osmium or
palladium; and (b) an organic phosphine; wherein the hydrogenation is
carried out in the presence of at least about 1% by weight water and
wherein the reaction is carried out at a pressure of from about 500 psig to
about 2000 psig and a temperature of from about 200C to about 300C
diep agsardisiodboRiee BN estiaadhere ds e Gt o Pogercare usswecessdiip |

mela absracich Tomdisseaetaridn RAMisUALYB RO S5 Of e Rresent

invention is a continuous process comprising the steps of: (a) feeding the
GrEhsbSeEEEREand/or anhydride to the hydrogenation reactor; (b)

hydroganating:thenriearhesxyuhs Reid angien anhyudadam ehdecovering the
produc@in a ré%dro en sfream, (d) separating the product from the
hydrogen str i REEWB ’the hydrogen stream to the reactor; (f)
separatithg apdrogenaiedicataticst andirebyclirgdite odtalysistabbet 1eactor;
and {(g) recovering the product. For the purposes of the present invention
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produced in the 4 hydrogenation reaction it may be recovered or maybe
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the steps of’

(a)  feeding the dicarboxylic acid and/or anhydride to the hydrogenation
reactor;

(b)  hydrogenating the dicarboxylic acid and/or anhydride;

(c) recovering the product in a hydrogen stream;

(d) separating the product from the hydrogen stream;

(e) recycling the hydrogen stream to the reactor;

® separating any removed catalyst and recycling the catalyst to the
reactor; and

(g)  recovering the product.

For the purposes of the present invention the term “dicarboxylic acid” includes both
dicarboxylic acids and derivatives-thereof such as mono- or di- esters. The

dicarboxylic acid and/or anhydride may be saturated or unsaturated.

The dicarboxylic acid and/or anhydride is preferably a C, dicarboxylic acid or
anhydride such that the process is a process for the production of butanediol,

tetrahydrofuran and/or y-butyrolactone. Where y-butyrolactone is produced in the



reactor. The process may include a step for separating co-products.
Suitable C. starting materials include fumaric acid, maleic anhydride,
maleic acid, succinic acid and succinic anhydride. These starting
materials can be obtained from any suitable source. Maleic acid and
anhydride can he produced by any suitable means for example by the
xi%%tiggagflgye%acr&e ar bengﬁene. Maleic anhydride is often recovered by
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The mixed water, acid and/or anhydride may be provided from the
absorber to the reactor without the need for a separation step, If the acid
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be fed directly into the reactor and the solvent recovered at the end of the reactor.

The feed may be pure or impure. For example, organic impurities such as those
associated with the production of, for example, maleic acid and/or anhydride such as
acetic acid, fumaric acid and/or acrylic acid may be present and will not effect the
operation of the catalyst. Where acetic acid, fumaric acid and/or acrylic acid are
present they may be reduced under the reaction conditions of the present invention.

Thus, for example, acrylic acid may be-reacted to form propionic acid, propanol and

esters thereof,

By “homogeneous process” we mean that the catalyst is dissolved in the solvent for
the reaction and that at least some of the water present and at least some of the
dicarboxylic acid and/or anhydride must be in phase with the catalyst. Where excess

water and/or dicarboxylic acid and/or anhydride is present, the excess may form a



product may form a separate phase. Where the dicarboxyiic acid and/or
anhydride is water soluble, the water may be present as the solvent for
the reaction. Alternatively a solvent may be used. Where a solvent is
used, the water will be present as an additive in the solvent or will be
generated in-situ. In another alternative arrangement, the acid or its
derivative or the product of the reaction may be the solvent. Where the
drearte afTecaidhahersrraipdidcatrlissf id dbfonalte osclliblestseth tis
fRoexampedan higharcapaan content dicarboxylic acids and esters, the
reactant or product may be the solvent for the reaction or an organic
solvent maybe used and the water may be present as an additive. In this
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neadtidef Wheestthe watbe ibdediegenerated in-situ, an amount of water
may be added initially to cover the system's requirement until sufficient
water has been generated. It will therefore be understood, that the
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have cost implications. Further the use of the specified reaction
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reactors which are generally operated in series. The reactors maybe
stirred tank reactors. Where a plurality of reactors are

In one alternative arrangement, the water may be produced in-situ as a by-product of
the hydrogenation. Where the water is generated in-situ, if maximum benefits are
to be achieved, the water should be generated within the first few cycles of the
reaction. Where the water is to be generated in-situ, an amount of water may be

added initially to cover the system’s requirement until sufficient water has been

generated.

It will therefore be understood, that the process of the present invention offers
substantial advantages over the prior art arrangements in that water need not be
removed from any reactants prior to the start of the reaction and may even be the
solvent. Further, any water produced in the reaction need not be removed from the
reactor. By this means, the known processes are simplified which will have cost
implications. Further the use of the specified reaction conditions will enable the

desired product to be removed from the reactor in a cost effective manner.



used the product will typically be removed from the last reactor and the
catalyst and hydrogen are preferably recycled back to the first reactor
together with any unreacted starting material or intermediates. The
pressure of the reaction is from about 500 psig to about 2000 psig with
pressures in. the region of 900 psig being particularly preferred. The
temperature of hydrogenation reaction is from about 200C to about 300C
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However, it will be understood that therelative distribution between
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and operating costs, particularly energy and other utility requirements, are largely

determined by the flow rate of the gas. The size of the compressors, heat exchangers
and interconnecting pipework is dictated by the gas flow rate and thus a reduction in

the flow rate required to remove the product will enable a reduction in capital and

operating costs.

At the operating conditions of the present invention a further advantage may be
noted. Without wishing to be bound by any theory it is believed that in the reaction
of maleic acid or anhydride to the formation of butanediol, tetrahydrofuran and/or Y-
butyrolactone at the reaction conditions if desired any butanediol can be rapidly
converted in-situ to tetrahydrofiran in the reactor. This may be required as
tetrahydrofuran is a desirable end product and also because the removal of
tetrahydrofuran may be found to be easier than that of the co-products. However, it -
will be understood that the relative distribution between butanediol, tetrahydrofuran



and controlling the concentration of free organic acids in the reactor. A
further advantage of the present invention is that with the low hydrogen
stripping rate achieved in the present invention, in a process for the
formation of butanediol, tetrahydrofuran and/or y-butyrolactone, only
water, tetrahydrofuran and low boiling impurities may be recovered.

%111 (gt?a{ogiol, y-butyrolactone, succinic acid etc. will predominantly remain
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costs implications of the need to separate co-products are avoided. In one
arrangement, a cooler may be used on the exit gas from the reactor to
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the present invention. Without wishing to be bound by any theory it'is
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the hydrogenation reactor in which any carbon monoxide produced reacts
ith the water to form carbon dioxide and hydrogen via the water gas
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iedaathmpibandod besegastara be readily removed from the reaction
system thereby reducing the costs of the hydrogenation process. Thus,
this system not only provides a cost-effective hydrogenation process but
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strongly inhibits the catalyst. To overcome this it is usual, in prior art arrangements,
for the carbon monoxide to be removed and a methanation unit to be included in the
plant to deal with recycling of vent gas to the reactor. However, this is unnecessary

in the process of the present invention.

Without wishing to be bound by any theory it is believed that the presence of the
water allows a side reaction to occur in the hydrogenation reactor in which any
carbon monoxide produced reacts with the water to form carbon dioxide and
hydrogen via the water gas shift reaction. This carbon dioxide and hydrogen may be
further reacted to form methane. These gases can be readily removed from the
reaction system thereby reducing the costs of the hydrogenation process. Thus, this
system not only provides a cost-effective hydrogenation process but also obviates the

‘need to have a separate methanation unit in the recycling system for vent gases.



the process offers extended catalyst life which in turn improves the
economies of the reaction. The water gas shift reaction does require heat
for its initiation. Where the carboxylic acid and/or anhydride or the product
of the hydrogenation is not thermally stable at the initiation temperature,
the process of the present invention can be operated whereby the

catalyst is allowed to be inhibited by the presence of generated carbon
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that there is no requirement to add buffer salts of the kind used in the

prior art to stabilise the catalyst and further, promotors are not generally
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starting material or reaction product may be a solvent for the reaction.

HRRREASE: the bsrnally iungtabis meietyiisme shadthedippidssbraciateasnd
exanpies.Aleuitabley sRlyanisdn it arg oot imited;ia. dietay.aiher.

tetrahydrofuran, ethylene glycol dimethyl ether, dioxane,
BT8R ER TS AT SRR BT SRS RS Wroares sabieamliod
secondadyaaicofialsddeniap dleohelsatandolne with tetrahydrofuran and
other ethers being particularly preferred. The preferred catalyst ofthe
present invention is a rutheniumlphosphine catalyst. The ruthenium is
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referred, Suitable. compounds are those which,can be converted to active
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qaxioxiplsters, battgenerally required and may, in some circumstances, even be

deleterious. The reaction is preferably carried out in the absence of halides.

As described above, where the dicarboxylic acids and/or anhydrides are soluble in
water, the water may act as the solvent. However, the method of the present
invention may be conducted in the absence of a solvent, ie the starting material or
reaction product may be a solvent for the reaction. However, if a solvent is used, any
suitable solvent may be selected and examples of suitable solvents include, but are
not limited o, diethyl ether, tetrahydrofuran, ethylene glycol dimethyl ether, dioxane,
N-cyclohexylpyrrolidone, N-methylcaprolactam, 2-propanol, 2-butanol, secondary
alcohols, tertiary alcohols, or toluene with tetrahydrofuran and other ethers being

particularly preferred.

The preferred catalyst of the present invention is a ruthenium/phosphine catalyst. The

ruthenium is generally provided as a ruthenium compound although halides are not -



diketones, and carbonyls. Ruthenium oxide, carbonyl ruthenates and
complex compounds of ruthenium, including hydridophosphineruthenium
complexes, may also be used. Specific examples include, but are not
limited to, ruthenium nitrate, ruthenium dioxide, ruthenium tetraoxide,
ruthenium dihydroxide, ruthenium acetylacetonate, ruthenium acetate,
ruthenium maleate, ruthenium succinate, tris- (acetylacetone)ruthenium,
pesfacarb Swyikiteninowndipotatsisaristiacarlbergavertied iiuantive species

Q}ﬁ?i& %}@&'@&Y I%ﬁ t@&ﬁym&ufﬂﬁﬂ&émﬁﬁ%%hx%ﬂg%gC@arbo lates, beta

carbonyltetraruthenium, ruthenium dioxide, ruthenium tétraoxide,

rdidréorieim ahhyarosaalts; h&‘eﬁmmmmmmﬁewlcm@mm@rmmex
ct@%%ﬁﬁ@sﬂa@mthemthemumﬂgemwt seasaciR t@%gw@ﬂa

undecacarbonyl- hydrldetrlruthenate here the catalyst |st eforme

frsih I BREL P PBIRC SSRMRAS drgatiadithicorrs divaiirarie, comamoun ddtisiay
betbsHen ThR i e RieemPeHAskMaY RereseNtimARY.Suiabiehenium

amount However it is preferably Eresent in an amount of from 0.0001 to

SRS SRAI T B (TG ARt AaFRfe FHET b T Shfipate, tris-

qawm@mwmbmhmammmm Gmmtmtttqs whishadkavide
tr| {entate bldentate antcgl 0(% atei be used. Where the

Pl thenfoie RRaEsiste PhGSPRi slraureeﬁla ularlyt%tfglfg é deca-
E:xampmemﬁ&hntamle phmwinme dmnptaumﬂstmniudemﬂkylﬁ&)os@mm

hi t hos
R e R, sy
dtatlkghmnmmaryl ﬁb@dptdnési@pw%mkahmtﬁbm@mde butiadecaatrdimited
%ﬂﬁd@ﬂf\ﬂh '&Q%&%ﬁ&%@%ﬁ%@? frmﬁ 1;1’1bld%1m iron, osmium
(diphenylpho

sphinomethyl)-ethane,

tﬂsmlmueamﬁasm%mmmmﬁymﬁoban@d
tris-1,1,1-(diphenylphosphino-in ethyl) butane, tris-1,1,1-

(diphenylphosphinomethyl)2,2dimethylpropane,

ﬁéﬁlr@@f{ﬂlilﬁrf@ml}@%ﬁﬁmé Iﬂ@ﬂ?ﬂ)@@@h@*{ﬁw amount. However, it is

tgfefér&bty@égaﬁlﬁtwmﬁasehhﬁamemt)ptb@nﬁatrtﬁret&a%ry 0.005 to 1 mol,
(dimethylphosphinomethyl)ethane,

tﬁ%riﬂie’?ﬂ’&lg‘?ﬁylﬁﬁBQWﬁttﬁ’ﬁwéﬂ]&‘i’)‘ethane 1,5,9- 10

Any suitable phosphine may be used. Compounds which provide tridentate,
bidentate and monodentate ligands may be used. Where the metal is ruthenium,
tridentate phosphines are particularly preferred. Examples of suitable phosphine
compounds include trialkylphosphines, dialkylphosphines, monoalkylphosphines,
triarylphosphines, diarylphosphine, monoarylphosphines, diarylmonoalkyl
phosphines and dialkylmonoaryl phosphines. Specific examples include but are not
limited o tris-1,1,1-(diphenylphosphinomethyl)methane, tris-1,1,1-
(diphenylphosphinomethyl)-ethane, tris-1,1,1-(diphenylphosphinomethyl)propane,
tris-1,1,1-(diphenylphosphino-methyl)butane, tris-1,1,1-
(diphenylphosphinomethyl)2, 2dimethylpropane,  tris-1,3,5-(diphenylphosphino-
methyl)cyclohexane, tris-1,1,1-(dicyclohexylphosphinomethyl)ethane, tris-1,1,1-
(dimethylphosphinomethylethane, tris-1,1,1-(diethylphosphinomethyl)ethane, 1,5,9-
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triethyl-1,5-9-triphosphacyclododecane, 1,5,9-triphenyl-1,5-9-
triphosphacyclododecane, bis(2-diphylephosphinoethyl)phenylphosphine,
bis-1,2- (diphenyl phosphino)ethane, bis-1,3-(diphenyl
phosphino)propane, bis-1,4-(diphenyl phosphino)butane,
bis-1,2-(dimethyl phosphino)ethne, bis-1,3-(diethyl phosphino)propane,
bis- 1,4-(dicyclohexylphosphnno)butane, tricyclohexylphosphine, trioctyl
pheSyhih e -Arvaimiy phbapisitral odipsaiassl phosphinel friptieintiphpisptfire

wm&gm@;daﬂgb&wm@?amﬂ%%mﬁ&@ v% af' is-1.0-
preferred. Particularl y advanta ous results are achle th entate
famBaRy ?ﬁ{ﬂ%emyi mqwmmgmn@mbﬂagﬂmme

91?&5%&)%11&11@'a|k)ﬁ@h@l@éﬂlﬂ@mﬁthyQ%&%ﬂﬁlgﬁm&ﬁamCHJ@“M (diethyl

preferred. The catalyst may be preformed or enerated in-situ. Where an

g]ﬂgéﬂ‘dﬂ)m{ﬁp&igﬁ(}gﬁﬂeﬁ £digyeiplrxyl phosphino)butane, tricyclohexylphosphine,

m@:@x Tlofplieiby pheaphi @U@m&aﬂm@ﬁ &@@Mﬁ@duliﬁmmeﬁosphme
ferabl 1}% ?é Pbrmég Iex he absence of water prior to

Ok T IRVenRORe TREHSHESBhiRk erred

Eamgﬂarm mmn’mmeaiuhsamm sutitabledanibin diMWRVELcilliS capped

eferabl present in.an nt of. from 0. mol, preferahly 0,005
? hes ruclﬂ é/as pll%wgospﬁjne ’géqr]ﬁ]er (? hosn?ﬁgn sé%l!llu}ftl((?)aﬁarfl?/v|IIZ‘B’éI ‘iﬂ’éyg’t{jé)d
tdalthplmopbesssitiyb gdkesehtimypativnlslpartitutady suitable for use in
a continuous system since the catalyst is not poisoned by carbon

monoxide or if poisoning in this way occurs, the catalyst can be
refePréREE doiy rbacpsiomigtioe greregtedvinesiithe Watay shisiemoyedh

mbmffe (BactR 0N ARGy Witk ARoAuE inmaual: S SR kel MAY

€W%;cled by any suitable means to the reactor.” The present invention will

BRI lesurisea Wit craraleniche aheersiaWiniece Rep pesowhichs mestivot

iieded iR:belging apithe scope of the invention. 11 Example 1
lllustrates that maleic acid may be successfully hydrogenated in the

presence of water
The phosphine compound may be present in any suitable amount. However, it is

preferably present in an amount of from 0.0001 to 5 mol, preferably 0.005 to 1 mol,

as phosphine per liter of reaction solution.

It will be understood that the process of the present invention is particularly suitable
for use in a continuous system since the catalyst is not poisoned by carbon monoxide
or if poisoning in this way occurs, the catalyst can be regenerated by reaction with the
water.

Where the catalyst is removed from the reactor, for example, with a product removal

stream, it may be recycled by any suitable means to the reactor.

The present invention will now be described with reference to the following

examples which are not intended to be limiting on the scope of the invention.
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Ruthenuum(lil)acetylacetonate (0.46 mmol.s, 0.181g) and 1,1,1
tris(diphenyl- phosphhaomethyl)ethane (triphos) (6.1mmols, 0.38g), water
(71g) and maleic acid (ex Fluka, 20.2g) were transferred into a 300m1
Hastelloy Parr autoclave. This was sealed and purged with hydrogen
before being pressurised to 700 psig with hydrogen and heated to 250C.
(?gme 250C had been achieved, the reactor was topped up with hydrogen
16 R hdi LLferaies Ak SeRlrdcuisi adsit A B eriE b dutiteenetsdtionthia
areassdlawmneter, which recorded the amount of hydrogen added. At the
end of the reaction the hydrogen supply was isolated and the reactor
cooled. At room temperature the headspace gas was analysed using a

Ffvéhblﬁwaﬁia f Ilﬁfmtycgﬁﬁaﬁnﬁﬂb/@@rnﬁ%‘iﬂég bgizs]%gyeﬁi@m,lme RIQENGENYRS
r 2d fr reactar an ighed (91.429), The maleic conversion
O SRR T [ e o oenerhco
Hijdendf e {>08 9 Uity etthbinated (ina Siganicyamalysiscwas tatermingtd
' ; raph.equli Sed.wi aJnicrg TCD (wt%): water
S AR i oy
é’\?ﬁ\ﬁé@c%éﬂ"é?(z Qrypiadiiediel (a3 poliving. dheoveral wmolaspeteetivitn
t ah raraf 0,19 Ve one 105.%,_dto_ i
bgggaﬁ#%digj (f)?(fi} .go:aﬁ%p%rﬁ%gaé%%%% e%%rngﬁ]}é a5 R AP GR MiRe
Brifss ey &xtte diRiitRsded e Aeiibobhrddgemasdis ofistrongiatits
inegleisingtabio daseashion isdusing: ol dhg conyersion and the

selectivity. Example 1 was repeated except that two molar equiva ehteBf
SEARTAIE SIS iRk riate Wasranalised ysinthe eRredftienreatitian @as

winitgssolisk (s Csitticoaeislidd 90 WRSIRGONSISE AN i digu %%gyctgn
(gzgg% ir Tal}((ged by.gas chromatograph and found to be vvt/%rwa er
5 V%o%& ol (O°TBT S PARY BN &3S OomiBed b Hieasieriofitr)uid
oyt elmbtsirie] {4 65ivnutadasinl 0-38)ogiyinganayesal L analysis

lectivity.to tetrahydrofyran qf 2.43% ,y-butyrolactone of 38:25%, and to
S T B st ol b ieOL I Do

Exean(ieS2.iifrstpates (h84ireatdhydrogenationo) suesipiccasid ipthe, y-
RIERENCH A (2.477) butanediol (2.83); giving an overall molar selectivity to
tetrahydrofuran of 51.1%, to y-butyrolactone of 15.1%, and to butanediol of 16.5%.

Comparative Exammple 1 demonstrates that under the preferred reaction conditions
the addition of sodium salts of strong acids is detrimental to the reaction reducing
both the conversion: and the selectivity. Example 1 was repeated except that two
molar equivalents of sodium-p-toluene sulphonate were added. At the end of the
reaction a white solid (succinic acid, 43.9g) was recovered and the liquid products
(82.5g) were analysed by gas chromatograph and found to be (Wt%) water (95.90)
propanol (0.10), tetrahydrofuran (0.09), propionic acid (1.478) y-butyrolactone
(1.67), butanediol (0.38); giving an overall molar selectivity to tetrahydrofuran of

2.43% y-butyrolactone of 38.25%, and to butanediol of 8.26%. Thus conversion had
fallen to 33.49mol%a.
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a solvent. In Example 2, Example | was repeated using except that maleic
acid was replaces with succinic acid (20.03g) I-methyl-2-pyrrolidone
(20.61g) was included as a solvent and the 49.86g water were used. At
the end of the reaction the products were analysed and found to be (wt%)
water (67.43), propanol (0.14) tetrahydrofuran (3.69), propionic acid
0.15) y-butyrolactone (3.87), butanediol (5.22); giving an overall

BRI 14!ttty dhstirert (wsissy yeBembRICoRiE fai 91 jameessnce of
butanediol of (9.57) and a conversion of >88%. Example 3 illustrates the
use of other tridentate facially co-ordinated phosphines. Ru(acae);,
(2.5419) tris-1,1,1-(diethylphosphinomethyl)ethane (2.00g) N-
mneﬁhyli?mngu@maelzﬁ%&gmeﬁeakeaﬁieﬁ%mg@%amm@m&@%&l rfeplacesh,
Hastelloy. C autoclave, then ted at or inutes to prefarm the
S B P R Ao L rea vt
RohvetrapipthediicRizevaterevadidedd. instéaceod tifebrifediinthe products were

nRas, ALt of the reactjon the products were
e Ry T S R R B 8.5
wopieyirefitdA- (S)6o)yyopsttoatiB 0. belnedioty(ltarieifd 87 dverall
butanediol, (RrlAladiv ) | Vi drafuran (30.49) to
y-butyrg?g{c(:)tone @%ﬁ%ﬁ’éﬁ%‘fﬁi5%2%%%@%%3%?}3@8éﬁ‘\%ﬁgggﬁng
£39%) mdatpasipa St a®that the catalysis may be performed on a

continuous basis. The continuous reactor consisted of an 800 ml
Hastelloy Reactor elggripped with a Parr Magana drive, gas induction

SixratplsAribusaAtr T RS 0E R Iy e geatGigPiney vadipaiad shasphisesto
the reactor via a Bronkhorst mass thermal flow controller. Nitrogen was
regulatid down to the desired pressure and supplied to the reactor, when

Farseviah Heddle Wive! 3ot s Rhommbnempetnedanind @dRmisad
wiateylyereligunpliedie thereaniaiavismbao6enceniPAYBcansIamals
umps. Dtﬁring 1%0%2‘5@%%9?5 maleic acid solution was added at a
2ORStAT FATR WWAIFSH S U SioRTsttr iRt QB il dorit e mahnaritae
It amphe] reactben Tdpededebit dheieali@O N-methylpyrrolidone were added
instead of the ruthenium acetylacetonate and triphos. At the end of the reaction the
products were analysed and found to be (wt%) water (61.43), propanol (0.14)
tetrahydrofuran (3.69), propionic acid (0.15), y-butyrolactone (3.87), butanediol
(5.22); giving an overall selectivity to tetrahydrofuran (30.49) to y-butyrolactone

(26.81) and to butanediol of (34.57) and a conversion of >99%

Example 4 illustrates that the catalysis may be performed on a continuous basis.

The continuous reactor consisted of an 800 ml Hastelloy Reactor equipped with a
Parr Magana drive, gas induction stirrer, baffles and thermowell. Hydrogen
(stripping gas) was supplied to the reactor via a Bronkhorst mass thermal flow
controller. Nitrogen was regulated down to the desired pressure and suppliedto the
reactor , when required via a needle valve. 30wt% maleic acid solution and deionised

water were supplied to the reactor via two concept PUIII constametric pumps. During
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was monitored by the difference in temperature was then processed using
a Moore's 351 controller to drive the deionised water constametric pump.
Excess gas to that required in the reaction was added and the excess
removed with the volatile products via a heated transfer line. The volatile
products condensed in a condenser and were collected in a catch pot.
The excess gas was vented through a baclcpressure regulator.

Ruptiaseriu the Hijlateayl tetbrimteves ddethals ébﬁﬁﬁﬁtg)aam[ﬁlst the deionised

t%é%@@&@&% RQ%&H&%%%{% efhane 'mmOﬁeq e 19, 156,9

were transferred into the reactor. This was sealed; purged with Ritr&gah
befe radsepTedone Setifidereny 00 0psigragith Wmdwpmdsﬂmtmmag shloagsthe

s PEIRLIATING RAGK MESSUreLeQNRI0N 105  Stite éﬁ&; ] &l 100%0 e

and the reactor was heated to 200C. Once 200 wa rea

eRliET 8w ensigreyas sblsbIEchnss seseimendd wmmwm@ mmmped

iRte ANRACAGIRLANGIBe WRIRSRUTR ASUIAM QB MainiaiRdhe Javglin
the reactor and the hydrogen flow started at 100NLPH. After a further hour

thidlseRaAtai erth ﬁ%s&ﬁs\%ﬁéﬂ’w%@é%@%%@éamréwa@aulator

solution was fed into the reactor at an initial rate of 0.5mis/minute. After

8 hours op line at tal of 71269 of maleic acid and water had been fed
(545D 0 a6 ELar ol STHE B S0P L s O,

TﬁnsSmaad@w&gd)amﬂrm@ﬂyﬁﬁaomemmwganﬂswgm@ WANSIRWVARo the
dete d usm as chr ra h eq ipped with a micro TCD
(wf’cF rget%‘ ‘73? Sréf SP&‘)’C A REEssayise RS ie
amﬁl(m'E@dedtyhﬁmlﬁ 3 ﬁ‘ﬁ)settbetﬁt (ﬂm): givingrasueyeiallmpelale

SRR AR Mt s o 1t
graibediaxytictacivssdeftfor SamhipdiidelSy e (bwéﬁﬁnﬂiemicadcmtaiyﬁi was
Pz (3) FWADRNAR 0Ol RPIIHED BF PRI AN P
the reactor and the hydrogen flow started at 100NLPH. After a further hour the
temperature of the reactor was increased to 250°C. Maleic acid solution was fed into
the reactor at an initial rate of 0.5mls/minute. After 228 hours on line a total of
7126g of maleic acid and water had been fed and 6739g of product recovered giving
an overall mass balance of 95%. This was bulked and analysed, the water and
organic analysis was determined using an HP gas chromatograph equipped with a
micro TCD (wt%s) water (89.17), propanol (0.17), tetrahydrofuran (4.3 3.), propionic
acid (0.52); y-butyrolactone (5.79) others (0.02), giving an overall molar selectivity
to tetrahydrofuran of 34%, and to y-butyrolactone of 59%.

™
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wherein the hydrogenation is carried out in the presence of at least about
1% by weight water and wherein the reaction is carried out at a pressure
of from about 500 psig to about 2000 psig and a temperature of from
about 200C to about 300C such that from about 1 mol to about 10 mol OIMCSLLP
hydrogen are used to strip 1 mole of product from the reactor. 2. A

process according to Claim 1 wherein the process is a continuous process
commvising the steps of: (a) feeding the dicarboxylic acid and/or anhydride

to the hydrogenation reactor; (b) hydrogenating the dicarboxylic acid

and/or anhydride; (c) recovering the product in an hydrogen stream; (d)
deparatinpdine gerashust fronethedry drodenistpeantiofedfedigatingxties acids and/or
hydrogen stream to the reactor; eparating any removed catalyst and
?‘é&@ﬁ%sthneﬁé%gﬁlssep o &%ar%ag%ft%)srt;s C(ét)rrrllg r(lés scovering the product. 3. A
proces@accordihgniont | it funvhizreiote ditaryekipituacidehd/or

anhydréﬁgi)e isa %gf %}ﬁaf %)éﬁkiﬁ: acid or anhydride such that the process is

a proc 5 for the %ro&ﬁ:tlo o?%’utanediol, tetrahydrofuran and/or y
-butyroldetene tht. Ky grogessiacdodingdodanmths witeseds anytyeast about 1% by
-butyrolactone pr. edint r I iQn.| C
o e O g i out 500
weieteintibet CAMdigstboyie daporaturyyelritieris ahawiarie03€ido rabirie300°C such
ANl ARG BEAE AEEIRIPAGIL PHSUSIOIE A0 NANYS A BRESP product
according to Claim 1 wherein the water is présent as the solvent for the
feactionreaciprocess according to Claim 1 wherein one or both of the

reactants or the

2. A process according to Claim 1 wherein the process is a continuous process
comprising the steps of:

(a) feeding the dicarboxylic acid and/or anhydride to the hydrogenation
reactor;

(b) hydrogenating the dicarboxylic acid and/or anhydride;

(©) recovering the product in an hydrogen stream;

(d) separating the product from the hydrogen stream;

(e) recycling the hydrogen stream to the reactor;

(f) separating any removed catalyst and recycling the catalyst to the reactor;
and

(2) recovering the product.
3. A process according to Claim 1 wherein the dicarboxylic acid and/or anhydride

is a C4 dicarboxylic acid or anhydride such that the process is a process for the

production of butanediol, tetrahydrofuran and/or y -butyrolactone.

4, A process according to Claim 3 wherein any y -butyrolactone produced in the

hydrogenation reaction is recycled to the hydrogenation reactor.
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product are the solvent for the catalyst. 8. A process according to Claim 7

wherein a solvent is used and the water is present as an additive in the

solvent. 9. A process according to Claim | wherein the water is produced MCSLLP

in situ as a by- product of the hydrogenation reaction. 10. A process

according to Claim | wherein the reaction takes place in more than one

reactor and the reactors are operated in series. 11. A process according

 Claim jrofistaiochiaiaetiomimcaiiedeautiat @ pieastieyof abidutrBydride is
sig. 12. A rocess a‘?ﬂﬁ}%ﬁ‘ to Claim | wherein the reaction is carried OLIJl drid
‘Fﬁa{&m?fé attte of & c‘i’ba ot 250818 A Prsceds BECOHTing ™Y e

to Claim 1 wherein the catalyst is a ruthenium/phosphine catalyst. 14. A

Erocess accordln(? lai here réeerut eniu |s regseergtlgs p}e solvent for
moun{\cﬂiﬁ GO61118 P ru enium per Piter & 0 actlon solution,

1% Ageragess according to CIalm | wherein the phosphine is tridentate
phosphine. 16 MCSLLP 16. A process according to Claim 1 wherein the
phosphine is selected from trialkylphosphines, dialkylphosphines,
monoalkyiphosishikes;dinarytpidsphinewhattany kpreospHinty of the reactants or the
r ine kyl phosphines and dialkylmonoaryl
ospat%rg:g g p?ofgéaé%a{:@coyd%g to Claim 16 wherein the phosphine
|s selected from tris- 1,1,1-(diphenylphosphinomethyl)methane,
%IS 1.1, E)I(P fégs (P *2)?88 Ng t{%}%"?%@l%m a solvent is used and the water is
tris-1,1, |p eny osp inomethyl)propane,
uvmtm,asédipﬂéﬁytphmﬁ@mb\lemethyl)butane,
tris-1,1,1-(diphenylphosphinomcthyl)2,2dimethylpropane, tris-1,3,5-
(diphenylphosphinomethyl)cyclohexane, iris- | ,1,1-
@icyclohaxylpiesshimdmeteyéaimnewherein the water is produced in situ as a by-

tidude bdinesibdpboseiinesgty)ethanc,

10. A process according to Claim 1 wherein the reaction takes place in more than

one reactor and the reactors are operated in series.

11. A process according to Claim 1 wherein the reaction is carried out at a pressure
of about 900 psig.
12. A process according to Claim 1 wherein the reaction is carried out at a

temperature of about 240°C to about 250°C.

13. A process according to Claim 1 wherein the catalyst is a ruthenium/phosphine
catalyst.
14. A process according to Claim 1 wherein, the ruthenium is present in an amount

of from 0.0001 to 5 mol as ruthenium per liter of reaction solution.

15. A process according to Claim 1 wherein the phosphine is tridentate phosphine.

16



tris-1,1,1-(diethylphosphinomethyl)ethane, 1,5,9-triethyl-1,5-9-
triphosphacyclododecane, 1,5,9-tiphenyl-1,5-9-triphosphacyclododecane,

bis(2- diphylephosphinoethyl)phenylphosphine, bis-1,2-(diphenyl MCSLLP
phosphino)ethane, bis-1,3- (diphenyl phosphino)propane,

bis-1,4-(diphenyl phosphino)butane, bis-1,2-(dimethyl phosphino)ethane,
bis-1,3-(diethyl phosphino)propanc, bis-1,4-(dicyclohyxyl

phosphing)eitasie aticyalapexyldiasphineylisrtty| theophbipaintintethylbcted from

hosphine, tripyridyl ?ﬁﬁ? El'ine and triphenyl hine. 18. A proces .
TSV A TR Bhos T L SUBEHET ot e 3Rosphines,
Lidsli{ebappiphosphinomeifyyhtalkpiieesand  diarylmonoalkyl ~ phosphines  and
gs-l,il,l-(dialiylggo hinomethyl)alkane. 19. A process according to

Ia&}ﬂﬂ TRAInPIREN e§phine is present in an amount of from 0.0001 to
5 mol as phosphine per liter of reaction solution. 20. A process according

i%c(i: lﬁ;%g?évé%es%e.}gc@%&ag}%y %Igrgle?g nwelrlgrtf%% iﬁlghShgsrpehsl%chg ggl\é\é%égrfrom tris-
1,1,1-(diphenylphosphinomethyl)methane, tris-1,1,1-(diphenylphosphinomethyl)-ethane,
tris-1,1,1-(diphenylphosphinomethyl)propane, tris-1,1,1-(diphenylphosphino-
methyl)butane, tris-1,1,1-(diphenylphosphinomethyl)2,2dimethylpropane, tris-1,3,5-
(diphenylphosphinomethyl)cyclohexane, tris-1,1,1-
(dicyclohexylphosphinomethyl)ethane,  tris-1,1,1-(dimethylphosphinomethyl)ethane,
tris-1,1,1-(diethylphosphinomethyl)ethane, 1,5,9-triethyl-1,5-9-
triphosphacyclododecane, 1,5,9-triphenyl-1,5-9-triphosphacyclododecane, bis(2-
diphylephosphinoethyl)phenylphosphine, bis-1,2-(diphenyl phosphino)ethane, bis-1,3-
(diphenyl phosphino)propane, bis-1,4-(diphenyl phosphino)butane, bis-1,2-(dimethyl
phosphino)ethane,  bis-1,3-(diethyl ~ phosphino)propane,  bis-1,4-(dicyclohyxyl
phosphino)butane, tricyclohexylphosphine, trioctyl phosphine, trimethyl phosphine,
tripyridyl phosphine, and triphenylphosphine.

18. A process according to Claim 16 wherein the phosphine is selected from tris-

1,1,1-(diarylphosphinomethyl)alkane and tris-1,1,1-(dialkylphosphinomethyl)alkane.

19. A process according to Claim 1 wherein, the phosphine is present in an amount

of from 0.0001 to 5 mol as phosphine per liter of reaction solution.

20. A process according to Claim 1 wherein the catalyst is regenerated in the

presence of water and hydrogen.

17



