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production of the catalyst and recycling thereof.

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

rutheniuny/tin catalysts for the production of butanediol, tetrahydrofuran and/or y-
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overco em catal ysts have been suggested
for the hydrogenation of car boxyl iC aC| ds and their

derivatives based on rutheni phos ne S ste .
In Eederp i@ OMsFooe 4S CRPblFYs ©2 ?yé‘ffé na F F?i‘dé for the

A R R RSN 18

ruthehidgeptaishline seaahs. OExa)ﬁplesadjﬁ abaskei catadysh pybterde énclude those

dencabnin SOV b SORSBES Be I 0T, Lignysissys

AR SRR AR B

bySYife s EeBgachedcdtibnichedhenidoc vomplexpy DiHade epajbo Chsmdsett
V\,hl ch in general adeauat ely enabl e h){dr Qgenati on
(19FAEABo RIS wma?,cldw 8R4 uand HiedARId 13 oirliieh axer iggorporated
cer di sadvant ages and drawbacks. In particul ar,
herqyp yfez?fﬁ{l?e that the hydrogenation reaction is
carried outin the absence of water since it is
believed that any water present inhibits the catalyst
Howevst, gvmrst tharsystgms depaukss in theseadosumeny @amdp @ﬁoces&@ﬁ which

exa i n. US 61 oralcsl
mlg?nei@ ag‘foéfj‘@&' g@%ﬁfgg%ﬁ%& 8 10 ff)g’F “or esen %O%Qﬂ- e
frOE &HQM &ké@%@g& shiogaGbi&ks N0 IhipghRuld haey ]r%(qﬁiye that the
wei ght Hydr ogenati on reacti on of carbonyl conpounds

hydaiganqtmadedgyon wtdaoiel @umtﬂtﬂeabssrm@:@fi‘fwatémgce it 4 hahigy %ddihat
et al, Scien

h
v REGSP R P NS O Pt e el ek
F&y&ra&%fé?% AN 56£881 28 r@hic solvent 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 carbonyl compounds catalyzed by cationic
ruthenium complexes”, H-Inagaki et ¢/, 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 trialkyl phosphine complexes in
the presence of a promotor and that it is necessary to remove the water produced 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.
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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.
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(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
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operatlon 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
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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.
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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 tetrahydrofuran 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
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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.



W thout wishing to be bound by any theory it is
believed that the presence of the water allows a side
Woeeaistost1st 0 occur in the hydrogenati on react OPCT/GB2004/004397
whi ch any carbon nonoxi de produced reacts with the
Avfarther ddvafiapenof dhd preseiitoiivehdionnis it thegemoriah of Hke carbon
wat er, gas shift reaction. Thi.s carbon di oxi de and
mﬁpwléa%%ﬁ%l}dﬁéomﬁ s o edleivn rF%e‘FBaft’rﬂ“rPgtth%\FPé&Yﬁ*h s
thtg %f’&%%s%zﬂ%r 1dn@ed beﬁéﬂy& GOV G i %m@&@@%@&&&%& 5Mhe
ereby reducing the” costs of the hydrogenation
repéttdess. Thus, this system not only providesa
cost-effective hydrogenati on process but al so obvi ates
the need to have a separate nethanation unit in the
e i SV f : A f. 3 r .
ThESHE, S PBAEEh LG R RGP S NERIC VRS BRFoc
adi@hiior Abpdrideds tAs pddtet If gtk Indavgemtibo vendt dierafafle stableat

regeneration of the catalyst. Thus the process offers
thexinitistien teapariyes, the peoogss ehihp RiereNt i iRyRIGPRCapRe operated

' f.1 t . i
FEEPPl8u0b S ADahER helnf T oYL bdfReslistlorypy cphon
moR6xig& RO 4llyagisthbi bRty id dydvédigndthe hba ip HRdUsdrestkd

_the hydro fgenati on is not thermally stable at the
ini the piesanico Al the ydrogem puch thatdhqweles g8s diiftreaction sge pperate to

i nvention. can_.b er at ed ereby the.catal yst i .
e Gl R e B Sty PRERS el pE T bl B appticd
1oCRBBAN raiBE OKAG® with BrolbiglehRhthlystifd. abl e noi ety is

renoved and the heat is then increased in the presence

of the hydrogen such that the water gas shift reaction

c operate to reactivate the catal st for further
Al P gl pERR et FveripaS ol e Bl e g
baFE %ﬁ? of MMIRinA fusee it aqevyfjﬁd? a0 9 SRBRRe ¢t BdtFht ddd Ruthéy,

stil urt her advantageof the present inventionis that
ptdnerteissare@ot geperalymeqtired antt mayf fie somal disunfstanbes, lkeiverd be

used in the prior arf to stabjlise the catalyst. and
asleue TR bt itn g @i §° Ratidrs ehPAE may

in sone circunstances, even be deleterious. The

reaction is preferably carried out in the absence of
ARalkesdided absved edere the dicathowgic ackibs and/tweardiydaddsoacy kolable in

aci ds and/or anhydri des are | ubl e in water, e
Wk e Frepgie BBy a?§¥ R dhe splyenit Sﬁ‘%ﬂ%% rtf,?e (&:h‘ﬁjef”%gt? piesent
i faf BL 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 to, diethyl ether, tetrahydrefuran, 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



i nvention may be conducted in the absence of a

solvent, ie the starting material or reaction product
woayis@ssrsol vent for the reaction. However, ifPaT/GB2004/004397

solvent is used, any suitable solvent nmay be sel ected

préfacte@X BERIHES ccﬁﬁpcﬁmdi akd ﬁxose){vh&htcsn ibacbuodeted b actasreeSpnclts
limted to, diethyl ether etrahydr furan, neb
urgileyd@l rea¢tipnt ¢ppditionp @pd @,ch},@ﬁﬁgtrates sulphates, car ates eta

T A AP AROSE PR, o
ccﬁkﬁb@ﬁ&’ﬂ §6 ruflenfull, YRIMe1 ik tHy dfiébplaRpkinefitieaiuna nomplekes, may

et'hers bei ng partl cularly preferred, The preferred
algmbetigpdt Spedifie exaneen indlydee A fgﬁ ingt [imited to, ruthenium nitrate,

rugh h 2y ‘%[19}“ ?’ogﬁglﬁrg%ﬁg %t%lt%%’%(f(ﬁ] fentum {:‘%‘){erg gﬁkgﬁk} th omt enium

Wﬁ,léc‘éﬁﬁa@r RuRRRh AERATS uthShiutrabRak) MEheits: manhthp&s—
ich can” be converted to active species under the

(acaakatetom)mdmm,o rpsntanarbpmllr\uh@mmm réipetgssian) igacadonyl-

car boxyl ate bet a,.di k t and onyl Si |
TiEhGndREm car%?/ﬁ’el?tﬁ‘ihﬁ%ﬁ (ljmc%tnﬁ r‘elgn corrpou%igSs gffghé@
chH%ﬂé?l@iréiﬁihehﬁﬁ{ ugljtihi thnd 1di 640 8d) 0 siphbmamU tthiebixitl®, ruthenium
co exes, may al so be used. égecn‘l c exanpl es

dihpéronide, hnﬂ(tranémtydphdspfnnehtdca onylotheniirom rfodeeacarbonyl-
rut heni um di oxi.de, henl um XI de, rutheni um
gl de. OFUONEA AR RDOPY Tt BRARGRL ¢ HERFeARbonyl-

h f’él erdatdt RPRLH MR § toltel BP0 A WeddiiA! on, lDsmHim
ace acet one)rutheniu pent acar bonyl r ut heni um

ol ﬂnﬂﬂl&swﬂfmpcﬁﬂmhmyﬂs utaydwiused.
cycl 0- pent adi enyl di car bonyl tri rut heni um
t et rahydri dedecacar bonyl tetraruthenium rutheni um

1 g%%pgrﬁum %%@P%ﬁ o Bl 38 OIS ol RBI ISR HoN B it i

Fi-n trlcar onyl rut heni um

pRAFESI P BREGIO By anhount dslﬁfmmﬁ 0001 to 5 mol, preferably 0.005 to 1 mol,
tetra ydri dedecacar bonyl| t et r ar ut heni um
amml@f@amp@dﬁ?ﬂ fo@%qtlé’étsioi‘}qﬁ’@lhenate Where the catal yst
is to be formed fromrhodium iron, osm um or

pal | adi um correspondi ng conpounds may be used. The

At aﬁﬁb% pRay rtﬂay'fb¢ tised. piCBRGIRUNIN vaikh rivideridentate,
b%ré?é?ar?émmé&vﬁ%;m Heowe i 63 bl WISTORS L oo,
tr1 en ta% Hosp ffes Ialrlet pearrtlculad? %?etﬂn?&l SE&(&H‘&)QQ of suitable phosphine
compounds include trialkylphosphines, dialkylphosphines, monoalkylphosphines,
triarylphosphines, diarylphosphine, monoarylphosphines, diarylmonoalkyl
phosphines and dialkylmonoaryl phosphines. Specific examples include but are not
limited to 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-

10



Any sui tabl e phosphi ne may be used. Conpounds which
provide tridentate, bidentate and nonodentate |igands

woayoshhsiarsed. Where the nmetal is ruthenium trPAe/GBR0E/004397

phosphi nes are particularly preferred. Exanples of

tri&liiy1-abi-o-phwspdp e yelvdodendse,i ncl ude 1,5,9-triphenyl-1,5-9-
trial kyl phosphi nes, d| aI kyI phasphi

triphorRRr¥e)edoe s B, ,bég.{ diphyy; @Wﬁpﬁ)@@enylphosphme bis-1,2-

(mgﬁﬁ§%ﬁﬁﬂ§%9§ gﬁgla £?$A§#Barygﬂbﬂhspﬂ?bgﬁ%lQ%Qg??ﬁ%kmﬁ

ph&SpRTHS ?lﬁ@arﬂend uste-1titdimethyhot ﬁhbﬁphnﬁﬂeﬂhane bis-1,3-(diethyl
tris-1,1,1- phenyl phosphi nonget h %rret hane,

phosphigo)prapase, wﬁr@wpl;gh@gfﬂmhqsemﬁ e drigyeiqhexylphosghine,

tric’gc{}é ﬁag]h%% ﬁ@gﬁaﬁl? :1' nonﬁ{,@%’ lt)l@{}?cgﬁlgﬁ% thﬁﬂe trlp}fny}fht)sphme

wit(hd itrﬁ’sh? "1‘}1'—@%‘% B?hﬁé/rhét& yBetnme hbd:lﬁé Olﬁtafi@ularly preferred.

(di pheny Ehosphl nonet hy %/cl ohexane,
Pamculsmly advanipgosc Feshlix g mbxgmschdﬁﬂt ﬁs; onéate dfeially capped
s-1,1, Lpho hi nomet thane, drisc 4.
phps_p eit h‘% hogbﬁ'}nﬁhon ﬁ‘)g% and "' 111

dipfRynbdphfloRydth al%ﬁerba% Rgdgcane,
( IF, gﬁ) -tp'rhl pheny %,r)\ , 5-9- tgrllg)%fhiosphgiéycl ododecane,
bi s( 2- d|phylephosphlnoethyl)phenylphosphlne bis-1, 2-

B SRR Bh e asrs 0 Bepieralpd it VR Slestren dich
phgi?os $ sgc’ﬂ( 'ﬂgtlmk-(mb?@@ﬂbmm)et%é isltodre( b @ity be

hi no) pr opane,
preféraléld ireprefonirethyl cohgdehinrtby Bhsenceeof water prior to commencing the
tricycl ohexyl phosphi ne, trioctyl phosphine, trinethyl
Pﬂﬁﬁﬁ§ﬁﬁh%3m“¥F1§V?$HW1 phosphi ne, triphenyl phosphine
wth tris-1,1,I-(diphen.yl phosphi nonet hyl) - et hane
bei ng part|cularly preferred. Particularly

Thathhe PG eitspoRlinas barpeesanﬂmmnyctumma atoudie nHawever, it is
facially capped phosphl nes wt
preferablyiprisentin @n ARAUBRRSEHORUN. 9<P $ anal gpretegahdy 0.005 to 1 mol,
nonet hyl ) al kane bei ng
as,?é?ﬁpl %xuﬂpggpteg‘é';fg%%%gg&ﬁﬁi € catal yst may b e preforned
or gener at ed |n S|tu Where an electron rich phosphi ne

such as tris-| (di et hyl phosphi nonet hyl ) et e |s
I wil M@@@odtthﬁabe Dot oF B AR BV ERENOY FRERUISES Rk

fob?sg ng gorgllnu?ﬁg S}% rﬂ‘%?er thP Eé %sttlgn&%ﬂgd 9}90&19&1 monox1de

e-present inven
or if poisoning in this way occurs, the catalyst can be regenerated by reaction with the

water.

e

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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The phosphi ne compound may be present in any suitable
anount. However, it is preferably presentin an anount
wof0d5r08m78. 0001 to 5 nol, preferably 0.005 to BPCTGHB20@H04397
phosphine per liter of reaction solution. It wllbe
Examigle §it lostriteatthathmaleicoaed snayf be heccpsséigdnhydrogesateddn the
is particularly suitable for use in a continuous
PIESFReERh ¥tee the cat al yst is not poisoned by carbon
nonoxi de or if poisoningin this way occurs, the
cat al yst canbe regeneratedby reaction with the water.
Ruthatiem(Iiacesylateyatates (0@6owanolk) anslpe andacmolr mﬁ(dfphenyl-
exanpl e, th a roduct remgval_ stream nay

phpa%‘mr@@ PRI SR H §-386). trager @ga @J@ﬂrmafm@ad (ex

f
FIREIEAb Y Efv%l%%ﬁsé"gh%? S0 IS el Sfho et d TRE AR S0
andipigedngittoRytiivges befoge bding pressuiisedtd 700 Fei@Mheydrogen and
illustrates that nmaleic acid may be.successfully

hepfpd to gethkt ePen 25@1"@ é‘?ébé%@bé?veda@’é geactor was topped up with

t 8l
g D R R B ERAR B e TR B BB e
a misgMRxEmeth:, 3$J§ibh ré&@fd@d ﬂ{e7dngaun@6ﬂhmg%h<ad@&i AtBXend of the
FI uka, 20. Zg) were transferred into a 300m Hastello

oy
regesion thethydregen spmly wassisokudde dndiibe peactprdcadledn At room

h ef ore bei ng pres urlsed to
RO e Ao WD SESedc s 35 65e Uit Sifipery g
anaigsures@@re blmg saate rmaﬁrdda@ﬂo%s tfanmédhﬁsmdﬁle%&t&oand
1 psig and this pressure was nai ntai ned throughout
weighed (gladlg) onlhe malsicremssersionwasatetarmingdibyhtitration ofldd lighil
of the reacti on

it fepipb L SBEm BiSre Grost 05 2l Ve’ Feane amlsis
W&%{eﬁﬁmed\ﬁﬂh%‘%ﬂ‘ﬂlegﬁ%?&ﬂeﬁﬁ%ﬁgﬁ tﬂ@@éﬁg sitia st P (wi%):

anal ysed using a Pye-Unica ySer,
deﬁf @36é2hq3mpamein(t0ﬁ) fEtrehyuirofinat (ReR) peopiereicl atidofh ihey-

<0G CHVBY LTSI o G0 EhAnE | §ioneRHomasE SalsaniEs o

AR S i T A S
equi pped with a mcro TCD (W % :

Comparative Example 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, 13.9g) 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%e.
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wat er (86.52), propanol (0.84), tetrahydrofuran (7.02)
propionic acid (0.14), g - butyrolactone (2.47)
wouab@nsti7el (2.83); giving an overall nolar sePeTtEB20d4j004397
to tetrahydrofuranof 51.1% to g-butyrol actone of
Exbmgi¥s 2 adlhakstiatestibd diven hgtirogbnation s¥sudcinip acidtih vies frxsengd e
1 denonstrates that under the preferred reaction
a 9bf¥8f-t i ons the addition of sodiumsalts of strong
acids is detrimental to the reaction reducing both the
conversion and the selectivity. Exanple 1 was repeated

In @Bxatiple 2 Hataniple 1 dsatpentpd wsdgeedcsptatht m@l@icLHﬁdDwﬁs)ﬂepl%@
sul phonate were added. At the end of the reaction

wighhishecimg| acil (20,38)ni-metlsil-d-pyrplidgye (s61® C‘Werr@hlda% @s a

he, |
sob AL B S Pt TR oAy SEL KRt B s
anRIyQecma fourfdl 1d B (witetwakyegr ad) @@a&& (Q9)), tewgafomm@@ 69),
acid (1. 4782 g- but yr ol act one . 67),. but anedi ol

pr@moels)acldg(ﬁ/ ﬂgvhntyml@@tam (%W)abutge@de@lt GS@Zﬁ,yglwmg an overail

seleFhv OB B2 o T MR B VAP B Ruepdbiolet
(915Q)§1§1g86@}e?/§1&i(@fﬁ93@/§ 2 illustrates the direct

hydr ogenati on of succinic acid in the presence of a
solvent. In Exanple 2, Exanple 1 mas repeated usi ng

SR s BB e A ol BT aR BSAD hoMumie iiines
|ncluded as a solvent and the 49. 869 wat er were used.
At the end of the reaction the products were anal ysed

Rw(ackchoun@.Sdaghe t](ile,%l -(dhiethylph6sphii®metipd pmnel QE®OEN) N-

t rahydr of
bt b3t 3 B B GpS 5 00 gt
I
A B P AR DAY (PO TR AR Tl PP Jhg ppthod

of @ixdmplecbweethen aepeatd eBEY th‘ax 3351‘69 N—ﬁethlylpy&bhddsmérh added
use of other tridentate faci I,I)[1 co-or di nat
(8}

in.ﬁp&g]sgﬁhmhenﬁg{l aesiypcetonage S CA{ the end of Scjhe reaction the

prighn o ePeliontl BIGD 9@?% /255 Chazh TaaeR! (19
@akgaaofaianktasﬁgaj pRyidaiautidal0ass, yibh@lfolhaaﬁee@ &I) B0@nddiol

for 30 mnutes to preformthe catalyst. The t hod
(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 supplied to 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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of Exanple 1 was then repeated except that 15.89
N- et hyl pyrrol i done were added i nstead of the

worbis@iiaam acet yl acet onate and tri phos. At therPemgB2604/004397
the reaction the products were anal ysed and found to

optgationtthl makdieicid 6dludd) wapadiedraoh céktdid yate Whﬂst the deionised
tetrahydrofuran (3,69), propionic acid

watepitey pédescerdn o (nan@aasl thegyelie ghegragtes: 2%516 leyehin e tactor

R LINNT R R O
3 8NEbrArdIRN L ASVPhe @Emh%@&’w@i‘e’i EphRarfetric |puﬁipr Exessstdagito that

the catal ysis may be@(ferfor med on a continuous basis.
re?ﬁhleectmrthfr readinn wasssided andhthe ﬁ%qeéijre@m\f@d]wsb therfolatile products

S e B R AB e o A B v

cdeeic@ YR ctet fdtP Ihe Bx@abdas WS v&u@@ﬂw@htacba&@eesma edglator.
via a Bronkhorst mass thernal flow control

Ni trogen was regul ated down to the desired pressure

Ribenrel MDY et ial iy biscD B4 B Bt bl Ginhen

pfg%%ﬁfnow}?yl)%&&me @qrﬁrﬁoﬂsh@ 70888t 9569 @fefe"\ﬁax%?é}&%pfnto the

P constanetric punps. Duringoperation the maleic
reactbﬂ Fhiks wiais aealed pusgtdedtlanitragenbefo@iteinggiressutised g0 900mmig

i TSGR 1S Wt P01 Sef PO o AR P P e %E#g%e
st%t Jﬂaﬁ‘t%f ﬁf@gﬁgﬁﬁ the Qpa%fo%tws% fhRI0Er BeSSEH

Ing a ore controller to drive the de|on|se
readieﬁrth@mastbﬂwai Tefidfopmminuesc EX0g of 46wt%6 ntdheit acié spliti@dwas

in the reaction was, added and the ex&ess removed with
pRBed; Bt e TeagiprrdthS Wolen PHIRSEASSUNES R & BRI BIe Igyrbin

th\éolje { gndgp ﬁ%dlg&ﬁ@ﬁe‘ﬁ tsa?t%% laf! 190&]9?1@ eI aafﬁgh&eﬁ the

€ excess gas was vente

teﬁﬁp’eﬁdsﬂlﬂ’é ofitHeacAchirass liﬁc@eerse@td)l B0eC.. MAlidwsid sott{onlwas fed into
acetyl cetonate (0.91mmols 0.3606g) and
therteactor at an {ndtiad ﬁéwwf&q@abﬁnmmt zﬁ&@) 228 g on fing gripfel of

7l A VBl B RE 300 R g 8Bl ivine

al 0@&RH M8RChaAlhc AATHLA Whiwhs blikee ran@raﬂalyiwsmmat&eand
as the set point for the back pressure regulator, the

organicranalysisavasedeterminedoningmHE gah shiomategseph revinped vath a

oigp TP Fbh e Gy -SRI D SRR Ban b Rl

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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punped into the reactor and the water punp was turned

on to maintain the level in the reactor and the
waypdsege1sf |l ow started at 100NLPH. After a fur POBIGH20041004397

the tenperature of the reactor was increased to 250 C

Mal ei ¢ acid solution was fed into the reactor at an

initial rate of 0.5mM s/ mnute. After 228 hours on line
GLABYY of 7126g of nmaleic acid and water had been fed

and 6739g of product recovered giving an overall mass

bal ance of 95% This was bul ked and anal ysed, the

Ivat erA brdogengeun sroadsalfyisths hy‘ﬁaﬁcdﬁti&i of aiestbbRyIRhcRR ahlfor
gas chronat ograph equi pped with a mcro TCD (W %

wat eanpigigidesin the pepsergs| of @rateiyst cqraprigipg dr of ur an

(4.33), propionj.cacid (.0.52):.d-but | act one (5.79)
ot he?gs) (O.rgtglfl,%%’\r/ior%u%hlr%g%%@] %ﬁ’%{ﬂg’y&?@e@. vity to
t et r @hy dr af bE@midphodffitneand to g-butyrol act one of
59% CLAI M5 . A honpbgeneous process for the

hy dr 6\gerean thedyaroganatian ioseytiddeouk il e prasericerof anleyst nbaled %

in the presence o cat.al yst..canprisi.ng; (a

Fut hd i"%_%ﬁ% PR PﬂfénW%F‘FHh, ° g“'_@?ﬁ‘%ﬂ# 8?“‘69|°ﬂ5%}i%ﬁ%?53‘éﬁd>f dopm
an ORBANIS00 PHEIE HbdHR 2000 SiEAN 4 BRPEAEROSLAGIBBul B0°C to
carried out in the presence of at | east about 1% by

wei ghboute08rCsneh Wae frommahicue 1 meeldo iabouti 19 mal of lgdrapeh are

at a_pressure.of .from about 500 psig to about 2000

psi gugeﬁigtoﬁ%ffé}rﬁ@l%?ﬁ?r@g%tL%‘P%ﬁﬁeé%&ﬁﬁ% 200 C to about

300 C such that from about 1 nol to about nol of
hydrogen are used to strip 1 nole of product fromthe
2r eactAoproce®s advopding esGlaim d ovletireig theoprGtess in dlconfig@isprodess

process i.s a_continyous process conprising the steps
of : Ewp?lgéﬁwt?ﬁé)%di car boxylic acid and/or anhydride

o0 AL 56 B 0 INGOASEEHL ik
product i meaatorphydrogen stream :
(b)  hydrogenating the dicarboxylic acid and/or anhydride;
(c) recovering the product in an 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.

3. A process according to Claim 1 or 2 wherein the dicarboxylic acid and/or
anhydride is a C, dicarboxylic acid or anhydride such that the process is a
process for the production of butanediol, tetrahydrofuran and/or y-
butyrolactone.

15



(d) separating the product fromthe hydrogen stream
(e) recycling the hydrogen streamto the reactor; (fj
weep@raid7ang any renoved catal yst and recycl i ngPCI&B2004/004397
catalyst to the reactor; and (g) recovering the
4.pr odAgprocess acéondingde Ehimccwhattingny ¢-totaplastongproduced in the
wherein the.di carboxylic acid.and/or anhydride is a C
di cab%?(%ﬂn?%oré‘&aﬁfl i Eﬁ?ﬁf}ﬁﬂcﬁ%‘e %rl‘?g?rf?gf’xtr% Y ocess
is a process for the production of butanediol,
tetrahydrofuran and/or g - butyrol actone. 4. A process
5.accoAdirngest acirdingt@ Gitier 2ion 4dawkerginitbie W, cliachaxylic acid or

producged .i.n.the hydrpgenation reaction.is.yrecycl.ed to
P e R IR e rBieic BThyAT g oRael aidh SHAHg apid o

d ai : gLein the C dicarboxylic acid or
anhy I‘CI gg?@y&gnﬁri c acid, maleic anhydride, maleic

acid, succinic acid or succinic anhydride. 6. A

process according to any gneaof Cains 1to 5 wherein
6.t he RXRNESS ACCpidEgdA enpale (L LIRBIJeAs Y5 fie Wkt pient

7. %ﬁﬁ@&ﬁ%ént%ﬁ@%ﬁéagﬁo o any one of Clains 1 to 5

wherei n one or ‘he reactants or the product
are the solvent for the catalyst. 8. A process
according to Caim7 wherein a solvent is used and the
T.wat eft Iracesy acerding & agy onagf Hapss il jo yghezein g er bagh ofsthe
proc [ ' to 5 wherein
Phe fanafSPuE Bkea Tt SR BPHIE (00 ot he
hydr ogenati on reaction. 10. A process according to any

one of Clains 1 to 9 wherein the reaction takes place
8.in ndrmsoedsypcending énclaim Tayhereine sobyrnt by used pad Bisevaieiid

in series. A ess .according to any one of Clains 1
to QPWeé"ig??fl%&é&‘feel ﬁ‘?sooqung' carried out at a pressure
of about 900 psig.

9. A process according to any one of Claims 1 to 5 wherein the water is

produced in situ as a by-product of the hydrogenation reaction.

10. A process according to any one of Claims 1 to 9 wherein the reaction takes

place in more than one reactor and the reactors are operated in series.

11. A process according to any one of Claims 1 to 9 wherein the reaction is
carried out at a pressure of about 900 psig.
12. A process according to any one of Claims I to 10 wherein the reaction is

carried out at a temperature of about 240°C to about 250°C.

13. A process according to any one of Claims 1 to 12 the catalyst is a

ruthenium/phosphine catalyst.
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12. A process according to any one of Clains 1 to 10
wherein the reaction is carried out at a tenperature
woho@msa75 240 C t o about 250 C. 13. A process BCT@BLI0Ig04397
to any one of Clainms 1 to 12 the catalyst is a
14. ut h&s pracedgrvosydhigte anpbod gﬁfllaizns 1% b}whasm deqottdhivgn is
to any one of C:Ialrrvsé.rrCJ g) \6,h the rutheniumis
or coBRISHE AN &% SRR L Srort D08 TG00t ¢ Hehemitmagper Lter of
rut h@RitlyR Pedtiohl ter of reaction solution. 15. A
process accoré)l ng to any one of Clains 1 to 14 wherein
the phosphine is tridentate phosphine. 16. A process
according to any one of Clainmg 1 to 14 wherein the
hos‘é &S %Cc%iy 1RE tOAY 100G r?? Haimp dyJe b 3dsrim éhe phosphine is
dlal ne.MONOAl kyl phosphi nes,
tri aﬂr%lklgéwo?ﬁﬁl nes ° diar yl phosphi ne,
nnnoarylphosphlnes di aryl nonoal kyl phosphi nes and
di al kyl monoaryl phosphines. 17. A process according to

fm ai %Wﬁ%ﬁ%otm forsa e R Claigg L é@ fégvberedmihernbesphine is

d i i’dh WWJHO@@{E&?M ail{gﬁ;ﬂa?ﬂﬁ?est& ﬁ%%lhylg{;]osphmgs

tri ﬁﬂarylphos hlnés‘»;i phosphiep %@ﬂﬁ@iﬂ%bﬁlﬁﬁ@?dﬁ@lmonomkﬂ
tris-1,1,1- d| enyl phosphi nonet hyl’) but ane,

tri SP@SRMEC%@%@WMMQWhPMHMWI ) 2, 2di et hyl pr opane

, tris- ,3,5-(di phenyl phosphi no-net hyl ) cycl ohexane,

tris-1,1, 1 (di eyel ohexyl phosphi nonet hyl ) et hane
1LrisA piloc%ss decbkding @leﬁllim 6I wiikréln helihBsyfir® i §d1¥ctdd from tris-

t hane , ,
(edl Zlnﬁyllp(@sﬁtﬁmdmétdwlh)lebhmtél,ylbm%haﬂe; riethsis-1,1,1-

5 O-.1r acycl adodec
. 5, bdw#% ik ¥ BRI s dSacy bitdtodecankis- 1,1, 1-

bl S((%h]ﬂ"leﬂmﬂh% ﬁ&ﬁbﬂ‘@ﬁbf&ﬂah@heny{rﬁhp§ﬂb('dfkﬁﬁg%ﬁ?ﬁésphino-

, 2- (di phenyl rhosphi nd)et han€, bis-|
p hosiphihpbppreg atrés-1.6i ls(dﬁph¢nfl¢hqzﬂphmyfneﬁiyb§ ,@Idimﬂhjdpt@amc

O i3, 9. ety iphospai-meths heytotexane, 3 (ARG Y]

(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-(dicyclohexyl phosphino)butane,
tricyclohexylphosphine, trioctyl phosphine, trimethyl phosphine, tripyridyl
phosphine, triphenylphosphine.
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phosphi no) propane, bis-1,4-(dicycl ohexyl

phosphi no) but ane, tricycl ohexyl phosphine, trioctyl
wohosphaiste, trinmet hyl phosphine, tripyridyl pheepltBn2e)4/004397

tri phenyl phosphine. 18. A process accordingto Claim
18wheneprocdsh acqotisgioi Gleins | G whereinglie pirasphine issselepted fijom tris-

- (di I hi hyl k d is-%4, 1,.1-
(i Ar kA DROVBRBR RO PSS A psdess Hitoh-dr g
to Eﬁ%%l&[b%o?ﬁhhgrﬁéﬂ@)aﬁaﬁemer ein, the phosphine is

present “I'n 1'n an armount of from 0.0001 to 5 nol as
phosphi ne per liter of reaction solution. 20. A

process according to any .of d ai 1.to, 19 wherein
19t he ABIORFy SECRGINE NS L 4 i IR TG Phosahiae i

and plggsgﬁpﬁqgan amount of from 0.0001 to 5 mol as phosphine per liter of

reaction solution.

20. A process according to any one of Claims 1 to 19 wherein the catalyst is

regenerated in the presence of water and hydrogen.
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