WD 03/ 093208 PCT/ GB03/01819 HOMOGENEOQUS PROCESS FOR THE HYDROGENATI ON OF
CARBOXYLI C ACI DS AND DERI VATI VES THEREOF The present invention relates to a
honogeneow® qaroosm@ss for the hydrogenation of carboxylic adTisB@dsOr
derivatives thereof. Mre particularly it relates to a honbgeneous

hydr ogenati on process which can be carried out in the presence of water. 5
Many cat al yst syst enBEORIENEOMIMPRIESShFER @HE HYDRIEIATTON 08 ecarBOtIAC

hydr ogenati on of carboxylic aci d\CIBEiANDapRRIUGATTES, THERE@F S Or am des.
Traditionally such reactions are carried out using heterogeneous catal ysts
and often high tenperatures and pressures. A disadvantage of these

het er ogeneous caTh¢ psisestyinventionirelatdide arhmmpgenesus pragesy fonthe kfdregangtion of
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5079372, US 5580Q%9tkr. US 5077442, US 5021589, US 4931573, US

4892955, "Hydr ogenati on reacti on of carboxylic anhydrides catal yzed 15 by a
new and hi ghly active cationic rutheniumconplex", Y-Hara et al Chem Lett

(1551) 90 15 RSk A0, SRR ol R B S bt

docunment provi decRpH&Ae28Rls Meiddhhydriticg @RRfsAlr aaf@3u TralitioreMaRueh reactions are
hydr ogenation reactions to be carried out, they do suffer 20 fromcertain

di sadvant ages anchrdechousarsiog. heterogsagauis cathlysts andhefjeny gl fenwetatiares afbpressures.
hydr ogenation reacfiaqn is carrie ut in the absence of ter since. it |s
bol | oved that  amylTRieT SEERE HeRiPeTrRis AL CATaTas ISP S T Bolptegt
reduces the rate,@f.;§ fAALLAR and FIRreBXAMRL fimited s 5047561 an or-ganic
solvent is used and It Is stated that the anmount of water present should
be controlled and should be no higher than 1 % by
10 In order to overcome this problem, catalysts have been suggested for the
hydrogenation of carboxylic acids and their derivatives based on
ruthenium/phosphine systems. Examples of these catalyst systems include those
described in US 5047561, US 5079372, US 5580991, US 5077442, US 5021589, US
4931573, US 4892955,“Hydrogenation reaction of carboxylic anhydrides catalyzed
15 by a new and highly active cationic ruthenium complex”, Y-Hara et al Chem Lett

(1991) 553, US 3957827, US 4485245 and US 4480115 which are incorporated

herein by reference.

However, whilst the systems described in these document provide processes which
in general adequately enable hydrogenation reactions to be carried out, they do suffer
20 from certain disadvantages and drawbacks. In particular, they require that the
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 solvent is used and it is stated that the
amount of water present should be controlled and should be no higher than 1 % by
25 weight. In “Hydrogenation reaction of carbonyl compounds catalyzed by cationic

ruthenium complexes™, H-Inagaki et al, Science and Technology of Catalysis (1994)



25 weight. In "Hydrogenation reaction of carbonyl conpounds catal yzed by
cationic ruthenium conpl exes", HInagaki et al, Science and Technol ogy of
Cat al ysi swol@@4932081 WO 03/ 093208 PCT/ GB03/ 01819 327 it | exebaingn t hat
the presence of water retards the hydrogenation reaction of succinic

anhydri de i n3bhet RrepRied thit the freidhes bfiater radldy thefydsqpehatibnaeaqoyefs in
the presence of a pronotor and that it is necessary to renove the water

produced by sheaniogehgdridsrinitie prasengaef & ruthenvmidalikyl nhesplossgamplars DS

4485245 scavengers are. used. to ve any water produyced.in the rpeaction
Wi th the af mBTFSRIRG HOpoMrant BREias Brberet PueBgYe fEmemodlel Snown
catal yst SVS%gg&géﬁﬁﬁnmﬂfé'gragﬁ&éa& ata{qqﬁmc@mzmrmmm QeavkRre@ee the

selectivity a ctivity of  the rutheniumcatal yst. Exanples of this

i ncl ude US 5@#&Bid2emovt 4y waidi productden ¢her reactionomish teaim af impvingtyiéld t he
presence of an organic solvent and a netal selected from G oup |IVA VA and
111 §s requi eadprodyceity pronotor. Another exanple of the use of a pronotor
may be found in US 5077442. In this case a phosphorous conpound is used to
pronote selectivity and conversion. This docunment teaches that any water

produced in Mﬁgr@mtegeomadm Eaﬁﬂ?&t@st%ﬁa@@ls‘o%quifeemefﬂr@anmf@ @smoe tpr esence
of water is said to decrease selectivity and conversion. 15 Another

sui tabl e prommtressedbs selp@isdtyi andzactivity 0f dhecrushensung fcatatyshe Feamplesjof thigi s

connection refer e e S 5021589 and US. 4892955, 1n this
latter case!™® ?‘E‘F‘ﬁqﬁ ﬁ@%& B?ﬂgﬁ%c‘lc?h‘g% TR BRCHONS %ea%agfeés({u%glytg‘? Brr%s%écg
suscepti bl e {0, hyALQlVdlvent MPEhelaSe1sRAEALRAGIOAP BVAL IDSardNW & hafuid
hydrogen purge was required to renove water produced during the reaction.
20 Wil st thaseppmeesses go some way to providi ng adequat e catal yst
systens, there is still a need for alternative process which allow for
efficient hydrogenation of carboxylic acids and/or derivatives thereof

W th good conyghsl QMQOPQE Qsd b4 ﬁré’m&fbr may be found in US 5077442, In this case
a phosphorous compound is used to promote selectivity and conversion. This
document teaches that any water produced in the reaction is removed from the

reaction zone as the presence of water is said to decrease selectivity and conversion.

15 Another suitable promotor described is a conjugate base of an acid and in this
connection reference may be made to US 5021589 and US 4892955. In this latter
case, it is noted that components of the catalyst system are susceptible to hydrolysis
under the reaction conditions and that a hydrogen purge was required to remove

water produced during the reaction.

20 Whilst these processes go some way to providing adequate catalyst systems, there is
still a need for alternative process which allow for efficient hydrogenation of
carboxylic acids and/or derivatives thereof with good conversion and selectivity to
the desired products. Surprisingly, we have now established that the presence of

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



the desired products. Surprisingly, we have now established that the
presence of water is not only not disadvantageous but indeed offers
positive wivamwames. 2 WO 03/093208 PCT/ GB03/ 01819 Thus, muuosasingist o t he
present invention there is provided a honbgeneous process for the
hydr ogenat i ofyaf a&%fd?ﬂf%(ﬁbl th€prasenfifivathh FherdRpkAAddduaRntdpeRcRk piodeds isr

ys

presence of a catal conprising: (a) ruthenium rhodium 1ron, osm um or
pal | adi um athe hydhgeanior ganitoxphosgqds mel/orslevimatings therdnd i fhirmessneg ofon i s
carried out in the presence of at |east about 1% by weight water. By
"honngeneousaﬁﬁ§€$§§nﬂm§ﬂﬁéan that the catalyst is dissolved in the sol vent

for the reaction,and . : p. ent and at | east
gai .hﬁﬁléml%hh J#g?%&n, ?@Fos%mﬁlhﬁp dtlim Pad

sonme of the carboXylic aci rivatives thereof nust be in phase
with the catal yst)Wengod@nepheghivgt er and/ or carboxylic acid and/or
derivatives thereof is present, the excess may forma separate phase to
t hat conpri swhereiththedastdapgenationsgdiatiesnent iy thy presgnee phat feastiapout hé Byr oduct
may forma s&g}laégte Phase. By carboxylic acids and/or derivatives thereof,
we rmean any WoIBEEWPE containing a carboxylic acid functional group for
exanpl e, carboxylic acids, dicarboxylic acids, 15 polycarboxylic acids,
hydr oxy carboxylic acids, aromatic carboxylic acids, anhydrides, am des,
esters, nonoBgtkemogEhedisqrodsestyd meacthashecatalystis diseddvechimrthefolvenpifer e t he

carboxylic acid and/or derivative thereof is water sqluble, the ter may
be present abeureetion andthat g, e%SF.éomsgéttheow.afemeé%ﬁ“ﬁfgﬁ%ﬁSES%IB? \9£ﬁ?e may be

used. | Wher e Sl 8h dhfob 85lor QB GHuslbt | RSO AR B ctdarmadd ti ve

t he sol vent or ener a In situ. o] r alternative

ar ngngenent , extcbs vagérchndror chrbotidici a¢it dndéorderivitives fireombti i predent, ke ex@esst i on may
be the solvent. Were the carboxylic acid and/or derjvati v(? ,thei eof is
non-wat er sohablferm s eapasate frhase to that comprising the catalyst. Additionally or

alternatively, the product may form a separate phase.

By carboxylic acids and/or derivatives thereof, we mean any molecule containing a
carboxylic acid functional group for example, carboxylic acids, dicarboxylic acids,
15 polycarboxylic acids, hydroxy carboxylic acids, aromatic carboxylic acids,

anhydrides, amides, esters, monoesters of dicarboxylic acids and mixtures thereof.

Where the carboxylic acid and/or derivative thereof 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
20 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 carboxylic acid and/or derivative thereof is non-water soluble, such as for
example for higher carbon content carboxylic acids and esters, the reactant or product
may be the solvent for the reaction or an organic solvent may be used and the water

25 may be present as an additive. In this case, it may be present in the solvent in an



exanpl e for higher carbon content carboxylic acids and esters, the reactant
or product may be the solvent for the reaction or an organic solvent may
be used awmm® i3mw3water 25 nmay be present as an additive. | rpdiGBomase, it
may be present in the solvent in an 3 WO 03/093208 PCT/ GB03/ 01819 anount

of from aboutylint %ftﬁtﬁn S@btbidd 1o/ thd Mihviffy BBt YRURS whitr tiHahs QbMRRL -
Addi tional water may be present in a separdte aqueous phase. In one

al ternative addingmireater naydewatsent immseparateraquersie phase. situ as a by- product
of the hydrogenation. Were the water is generated in situ, if maxi num

benefits are to be achieved, the water should be generated within the

first few cy I ed in
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requirenent i hydrsgtnkti6h. EWhewbthe fwalfsSs Q@ﬁfhte@m%ﬁﬁ affaﬁaxmﬁms/\béﬂeﬁtmé efore
be understood, that the process of the present invention offers
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are sinplified which will have cost inplications. Further, we have found
t hat the pregemratedf water is beneficial in terns of catal yst 15
stability. It is noted that in prior art systens, decarbonylation of, for
exanpl e, the product al cohols or internedi ate al dehydes occurs and the

carbon monoxydg;f ofBfre 5 LARGY0d AP IHSorbORs SR Yitkent HAVONRRCAMESLhi S 1!

is usual, in pri art arrangenent’s, or t m)nOX| 2" removed
and a net hanaﬁbs@dhtiahadvahmgbeova%e:@eﬂr aft dri@gerdradin that desdr n&ed lﬁot Beycling
of vent gas to the reactor. However, this is unnecessar 20 in the process
of ¥he preserMoveddrm 8AY reAptantRrioRte Hiengart of the rersting aﬁé maveveRdsrihe it is

SN hagolgeh & BLARE" ?/ v%te;t Ig}%duced in the reaction need not be removed from the

reactor. By this means, the known processes are simplified which will have cost

implications.

Further, we have found that the presence of water is beneficial in terms of catalyst
15 stability. It is noted that in prior art systems, decarbonylation of, for example, the
product alcohols or intermediate aldehydes occurs and the carbon monoxide formed
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

20 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
25 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



water allows a side reaction to occur in the hydrogenation reactor in which
any carbon nonoxi de produced reacts with the water to form carbon di oxi de
and hydrwegess/oesmst he water gas shift reaction. This carb@acmsBs/desand
hydrogen may be 25 further reacted to form nmet hane. These gases can be
readily r e_rm\éfsqelﬁrn@f‘%ﬁl??_rovid’e@ﬁEb@@ﬂ%&ﬁk%gﬁfogﬁ{aﬁbﬂpfo@%%ﬂﬂsé bsvigesths of the
hydr ogenati on” process.” Thus, this 4 W 03/093208 PCT/ GB03/01819 system
not only provkeet® mve astparitt evtthanstioy unidpethatdcyelingr yyswssios ventgdages. obvi at es
the need to have a separate nethanation unit in the recycling systemfor
vent gases. A further advantage of the present invention is that the
renoval of the ) f - Al NSy pve
regenerat i ona‘of&?%ép%@é{ a?%(s)y ﬁ%hﬁlgsgl?%@eéﬁg%gsgg}égﬁée#s exe{1 SEJE%E%%F%I yst
life which i mdnekilleiaeReS abdhi@ atlows dor affectife febenerdiionedthe catalyfindhwat er gas
shift reaction does require heat for_its injitiation. Wiere the cafr)tgoxyl iC
aci d and/ or dtherproesss ofers exiendasicatstyst e iduadundmprayss Fipcoranist pioRei s not
thermally stabl.e at the initiation tenperature, the process of the present
i nveﬂ?i on caff¥B™operated whereby the catalyst is allowed to be inhibited
by the presence of generated 10 carbon nonoxide, the thermally unstable

moi ety is renoved and the heat is then increased in the presence of the
hydr ogen suche water gheshifh reactioyadoes hiquire hegd feriitsrnitiation. ofybergtthe easbaxediet i vat e

th tal yst f, furth ) ti ) t hj h .
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to add 15 bu r salts o sed in the prior art to stabilise the
cat al yst andopethich eherebp tlan@italyss isallewed to lgpeinkibiied by thequésera aligdneratpd i n

sone circunstances, even be _deleterious. The reaction i ref erapl
carW ed out Pﬁb?h@m@%ﬁleﬂﬁquyd‘éﬁa% mQEEE i IBB’@VS‘ES’{}‘E ﬂPW & ?’ﬁé

boxyl i id d/ ' i | j; weah N
vt or oy acioh@o D G5 POk LA RRRE Bh s ok s R B cah

operate to reactivate the catalyst for further reaction. By this means the process can

be applied to a broad range of acids with prolonged catalyst life.

A still further advantage of the present invention is that there is no requirement to add
15 buffer salts of the kind used in the prior art to stabilise the catalyst and further,
promotors are not generally 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 carboxylic acids and/or derivatives thereof are soluble

in water, the water may act as the solvent. However, the method of the present
20 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 to, diethyl ether, tetrahydrofuran, ethylene glycol dimethyl ether, dioxane,

2-propanol, 2-butanol, secondary alcohols, tertiary alcohols, or toluene with
25 tetrahydrofuran and other ethers being particularly preferred.



20 invention may be conducted in the absence of a solvent, ie the starting
mat erial or reaction product may be a solvent for the reaction. However, if
a sol vent wiceouwemg any suitable solvent may be sel ect ed avd/eB@mps®s of
suitabl e solvents include, but are not limted to, diethyl ether,
tetrahydrof ungn., SLHY ¢ YAk prsBRLBVntBh ek rulks ospn® LAREO! |

2- but anol , secor?éary al cohol s, tgrtlary al cohols, or toluene wwth™ 25

t et r ahydr of urfae rathdnoih r geathlly prévvdebaparithenitrarshly atheighr hadides &re\WOt

03/ 093208 PCT/ GB03/01819 The preferred catal yst of the present .i nyention
is a rut heni prfess phitable salisarg those whish can RaRA8YVRIHRC e agfisSPEteS IFJNF ded as

Those whi on aupReuaaR paf e R ot Shpnale Bl e Ykl ARUGpaTahd ore

active’specl €s un reac
condi tions apgdboRelsUdRuehfAT 8ideSEhrBER] aGthef@ed any lcaimplex Befgoudikefones,
and carbonyl s. t heni um oxi de, carbonyl ruthenates and conpl ex conpounds

of % rut heni umheningl, irtilwdjng ppdiidhpbhesphinerytbenitineommexesnprayxdse betigedal so be
used. Specific examples inclyde, but a not limited tao. ruthenium
nitrate, rut I$@ﬁ?1(§ﬁ1 examiﬁsora&ugﬁte% ' F?P{ @’E"r‘%@%?’d‘é‘fthmé’ﬁﬁrﬁﬁﬂ ]alﬁ?%?ﬂlrr%xi de,
rut heni um acet vl AC eLABANLEY tetrhdXide MiHBRI AMEIIRY Boxitb AERh M ARdfadefonatet heni um
succinate, tris- (acetylacetone)ruthenium Jpentacarbonylruthenium

di pot assi um ighesioar boaeygtatedl 0 ruthéreninummaleate, ruthenium  succinate,  tris-
cycl o- pent adi enyl di car bonyl tri rut heni um

1 t et rahydr,j dedeca-
car bonyl t et r §2agbtieastansrutheniugh hB?NP‘fﬁ‘ﬁ%’ﬁHﬁ&‘Fﬂ‘h‘P{r droqtastim deteerdanyl-

rutheni um tetraoxide, ruytheni di Ry W% : : -
bi s{(’q ri-n- bulr%’ﬁlﬁg?phi neyt pll @éé#@é%w %%%’%élrlﬁﬁnnﬁu thenium, tetrabydridedeca
dodecacar bonyhibhjltdHab@Rénitm, tataphdydstiodsitedanandbeninh ediosideyt futtvniim

t et raphenyl phosphoni um undecacar bonyl hydri detriruthenate. 15 The ruthenium
conpound may tdmopideseitheniym gdify dsaxiden bisétiarbuiiiphoppiiae)Bicarhonylrathenipgs o ap| y

resent in a mount, of .from,0. 0001 to .1 f . 5 nol,
gs rut heni umﬁﬁa?cqc’laflé‘?ny&ftmgghet“il%rﬁ’ sol f t?%hr‘?;‘rﬂ kﬁ?gé%ﬁa?%@%%%%%‘gg |1%I(e}l’ may be
used. ConpouRgds W yHhRpRMIEE, fidedRAFRIngIhydridetriruthenate.

15 The ruthenium compound may be present in any suitable amount. However, it is
preferably present in an amount of from 0.0001 to 100 mol, preferably 0.005 to 5

mol, as ruthenium per liter of reaction solution.

Any suitable phosphine may be used. Compounds which provide tridentate,
bidentate and monodentate ligands may be used. Where the metal is ruthenium,
20 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 to tris-1,1,1-(diphenylphosphinomethyl)methane, tris-1,1,1-
25 (diphenylphosphinomethyl)-ethane, tris-1,1,1-(diphenylphosphinomethyl)propane,
tris-1,1,1-(diphenylphosphino-methyl)butane, tris-1,1,1-(diphenylphosphino-
methyl)2-ethane-butane, tris-1,1,1-(diphenylphosphinomethyl)2,2dimethylpropane,
tris-1,3,5-(diphenylphosphino-methyl)cyclohexane, tris-1,1,1-



bi dent at e and nonodentate |igands may be used. Were the netal is
ruthenium 20 tridentate phosphines are particularly preferred. Exanples
of suit abw® @hospki ne conmpounds i ncl ude trial kyl phosphi ne®CT/GB03/01819

di al kyl phosphi nes, nonoal kyl phosphi nes, triaryl phosphi nes,

di aryl phosphi @gsyclonegaphdsphiasmbhigahand] @isyll, Nbdialckylphopitsmdtind ettand,

di al kyl nronoaryl phosphi nes. Specitic exanples include but are not_ limted

to tris- 1, 1frist1,1di-phiethyrhesphinemsthyl)pthantane, t45,8=triethyl-d55-9-
di phenyl phosphi thyl)-eth . . .

O PR ES B Re: i Pl - phosphgeyglodogecane, b
- (di phenyl pho&g@ﬁgg@gdggmxéﬁlﬂ%l%ﬁﬂf%@&e, Bis-112-(diphdr§l PREPYINBIERRAB) Me-

met hyl ) 2- et han ne, tris:
- (di phenyl phogpkiiphemt! hyhgsghiad)pretany) piselpéuidiphenyl phosphino)butane, bis-1,2-

tris-1,3,5-(di phenyl phosphi no-pet hyl ) cycl ohexane,, tris-1,1,1- 6 |

03/ 063208 PCT(ldmet:hyb1@h98phelm)€t9@1%hé&§7?(§r(6‘m noW%é’tSnyP?l?F?Pé‘ﬁ%, Pﬁ\é\ﬁs‘l' 1, 1,
1 -(di met hyl phe i t . : : .

i ST 1 (RO RRAe SRR, ficyclobgyighesppine,  ilopty} phosplne,

t ri phosphacy ci-pskaekac pidsphihed tiptridyp Hhoyphide, Striphenyilptivsphine cyith dbedgckne,

bi s(2- di phyl ephosphi noet hyl ) phenyl phosphi ne, bis-1, 2-(di phenyl

phosphi no) et Hgli@enﬂipbosph;mqﬂhﬁhe% e heingspatiedydy Bisdseed. bi s- 1, 4- (di phenyl
phosphi no) but ane, bis-1,2 5 (di nethyl phosphi no)ethane, bis-1, 3-(diethyl
phosphi no) pr opane, bis-1,4- (dicyclohexyl phosphi no)butane,

tricyclohexyl 'ﬁ@ﬁl bife c_t)ﬁfﬁgﬁﬁd’fna?lb@%laﬂeip ank [sultE816 Yoo SR RY, it is
tripyridyl phosphine, triphenyl phosphine with tris-1,1, 1-
(di pbenyl phosphfengbie tpraskdt-iatahaneubtoifop 000 uo i00ymels pieésratdy 0.0pAdo 5

phosphi ne conpound .be present in.any suitable anmount. However, it is
10 pref erabl W%é%@ﬁnﬁgm‘ﬁné’ﬁrﬁ%ﬁ aﬁonf%l’gﬁﬂo@: 0001 to 100 nol, preferably

0.005 to 5 nol, as rutheniumper liter of reaction solution. Any suitable
reaction tenperature may be used. However, in the process of the present

i nvention, pashy euitfble aevtoy epgeratay thay houedl. i Howkeerhydthegeeess ohtlies
carried out at tenperatures in the region_of fropghago&t 15QC to ab%ut
350C. present ivention, part1cular advantageS may be noted if the hydrogenation is carrie

out at temperatures in the region of from about 150°C to about 350°C.

15 Any suitable pressure may be used with a reaction pressure of from about 250 psig
to about 2000 psig, preferably of from 800 psig to 1200 psig and most preferably
1000 psig.

The process may be carried out either in a batch system or in a continuous system.
However, it will be understood that the process of the present invention is particularly
20 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.



15 Any suitable pressure may be used with a reaction pressure of from about
250 psig to about 2000 psig, preferably of from 800 psig to 1200 psig and
nost pref eioai3/0p3200000 psig. The process may be carried outP@/GCB®EI018TY a
batch systemor in a continuous system However, it will be understood
that the prockséll bé undeestpodthetthe provessof the pr@elptamternbgﬂl mlatylg t@eegengratg e f or

use in a continuous systemsi.nce the cat nat ned by carbon
monoxi de or i®ef 6@%"‘? #pnligd Lo oak Y%t&@&%fl ﬁ f ]Blycesses

regenerated by, Eagt @r é’tﬂn‘i@n{&o‘ﬁ%ﬁé u§es sWhec{th s@%e&ﬁb@d ¥the bﬁofﬁ’frﬁhﬁsd from

the reactor, tor exanple rermva stream 1t  may be
recycl ed by aimpaﬁwulaﬂl?hﬁt}{mMﬁmEmS tidrailedesbovar This, MRoRBAY B2 88 0nd aspect
PCT/ GB03/01819 It will be understood that the process of the resent

i nvention r el eft thag presenteigsemtion: therg is tmevided aipyecesysy Iﬁéené’ﬁ'fﬁlnige%i catalyst
catalysts which have been inhibited during processes carried out under
conventi onal W&é‘%s such as those described in the prior art and in

particularly in thg)docyiRmism dabdiuhe oA A¥Aum bR palladehOdddl Ng to a second
aspect of the present i nvention there is provi ded a process for

regenerating a cat@i)ystan&gamnmhoﬂlhng, (a) rut heni um rhodium i ron osm um
or palladi um nd %‘2) an or, ani CE‘E éﬁlhl n wherein tEe re ene ;[on IS
carried out iV ?rﬁ’él erg%‘?’i’@@t B Hy ’88 %ﬁteé‘?nce by BYPE "4 The
water gas s 7 w%% neHigdeRgsat i on may be carried out at any

sui tabl e tentéel%gethﬁjrfllg%q ?1 eratures of from about 150C to about 350C

being preferred. The present invention wll now be described with reference

to the following exanples which are not |ntenijed to be I|mt| ng on the
scopd of the Thegencasiion maahprasriad pyh a gpy afikble apergire MR PRCHEY he

successfully c;}yiggrg %ﬁ&ﬂtl%ﬂ d: B 5t 350°C being preferred.

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.

Example 1 illustrates that maleic acid may be successfully hydrogenated in the

15 presence of water.

Ruthenium(IIl)acetylacetonate (0.46 mmols, 0.181g) and 1,1,1 tris(diphenyl-
phosphinomethyl)ethane (triphos) (6.1mmols, 0.38g), water (71g) and maleic acid
(ex Fluka, 20.2g) were transferred into a 300ml Hastelloy Parr autoclave. This was
sealed and purged with hydrogen before being pressurised to 700 psig with hydrogen
20 and heated to 241°C. Once 241°C had been achieved, the reactor was topped up
with hydrogen to 1000 psig and this pressure was maintained throughout the reaction
via a mass flow meter, 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 Pye-Unicam refinery gas
25 analyser, before being vented. The product was removed from the reactor and

weighed (91.42g). The maleic conversion was determined by titration of the liquid



15 presence of water. Rutheniunm(lll)acetyl acetonate (0.46 mmls, 0.181Q)
and 1,1,1 tris(diphenyl- phosphinonethyl)ethane (triphos) (6. 1mmols,

0. 38g), watoess/bFbg) and maleic acid (ex Fluka, 20.2g) werreTGBoBAI&Mr ed
into a 300mL Hastelloy Parr autoclave. This was _seal ed and purged with

hydr ogen bef opmduei agginst @M godienhydsoxide (p9-Yoni The Woigr @@eﬁg%c alﬁﬁiyﬁﬁeat ed
to 241 C On 241 C h b hi fh t th
hydr ogen o 1006 dpiegantstEs fa B aS Siibinaleateh ERTb A NS e hEGE ICT ot
react fon Vi a,8,0%8 sbl GofHPY0 kAR BERLHEALA ABPURG I fwrhogen

added. At the e eaction the ydr ogen supply was isol at ed and t he
reactor cool eﬂuty@(bladit@ﬁm(zné)’rbeﬂaaed]mle (2188); r@mgpaneo\geml wadar sseleciivitd taisi ng a

Pye- Uni cam refi ner as 25 _anal yser, before t was
renoved from tay@hy&n @FOfaﬁHW‘\nél b’ﬁ%‘ﬂlrﬁ‘@@eﬁb % P‘%h @raee%lrf@efég" n Was
det erdri ned by {hl ﬁl}l\}(g)n of the liquid 8 W 03/093208 PCT/ GB03/ 01819
product agai ngH*e sodi um hydr oxi de. (>99.9% . The water and organic

anal ysis was determ ned using an HP gas chronat ograph equi pped with a
mcro TCD (wt%: water (86. 521 propanol (0.84), tetrahydrofuran (7.02)
propi oni ¢ aci €optparatiye Example, dlug@@tgqq‘@e effedof tha prasrage of inguffigrent wateyi ng an

overall nolar selectivit r drofuran of 51.1% to y-butylractone
of 15.1% andt qlﬁ‘aﬁﬁﬂlﬁwﬁlwﬁ%f’%%r 5 others 17.3% Conparative Exanpl e

1l illustrates the effect of the presence of insufficient water to maintain
the activity of the reaction. Exanple 1 was repeated except that the water
and nal ei ¢ acEgdamplee]l meplremsatbdarceptehdtythe pratgyiapd analeic i) weredeplresd esact i on

o oduct was. rBE8vL @Eﬁo&é‘reﬁ@éf’w‘%?@e%%c@%?Eﬂnqh%teﬁ”ai 18k kg S OB Re | o
et Y (2. 10y o o e KR TR O v B et e A kel
(0.25) amount of yellow sohd The solution was analysed and found to be (wt%) methanol
(7.15), water (2.10), propanol (8.46), methyl propionate (75.62), propionic acid (0.25)
propyl propionate (4.99); giving a selectivity to propanol of 75.2mol% and to propyl
propionate of 23.0 mol%. The molar conversion was 16.9%. It can therefore be seen
15 that the absence of added water, insufficient water is generated in the initial
hydrogenation of the ester to allow the reaction to continue to completion. The solid
component from this reaction was analysed and found to be [Ru(triphos)(CO)(H),]

and thus it was concluded that the catalyst had been poisoned with the carbon

monoxide.

20 Comparative Example 2 demonstrates that in the absence of water the isolated
solid is not active for the reduction and in particular that in the absence of added

water the deactivated catalyst [Ru(triphos)(CO)H,] is effectively inactive.

Several reactions were performed in the manner of Comparative Example 1 and the
solid product, [Ru(triphos)(CO)(H),] was collected, washed and dried (0.2263g) then
25 returned to the reactor with a fresh charge of methyl propionate (17.7g) and
isopropanol (38.6g). This was then heated at 164°C for 15.5 hours, at the end of this



propyl propionate (4.99); giving a selectivity to propanol of 75.2nmol % and
to propyl propionate of 23.0 nmol % The nolar conversion was 16.9% It can
t her ef or eweo3gwexns 15 t hat t he absence of added water, i|nsud/cGB@®nusMater is
generated in the initial hydrogenation of the ester to allow the reaction
to continue ttimethepkatirovas cobled sid $212g efprpduns mecoversd The liquidprodpeivagas

fhat the cat Abechaadogend gbi teofelanpl 4% Hoardiao! Rh wdfe 335, 1o
Conpar ative ﬁ;&gﬂi}]@ rggtzﬁi)e nﬁ@%ﬁ ?%o‘jﬁ%rfﬁ?ﬁ%!ﬂ) bhe pﬁ)@r??ﬁﬁ)%id?lfatev\(@t(%P; §ikmhe

i solated soli act | eduction and in particular that in

t he absence aholadstestiivitiet ef oRI13€s fbe pedpanaltand afad.dty/for pfdRyl propjpimew)apd®@) H2] i s
effectively inactive. Several reactions were performed in the nmanner of
Conpar at i ve Brelaprenversiemofhad” solid product, [Ru(triphos)(CO) (H 2] was

col |l ected, washed and dried (0.2263g) then 25 returned to the reactor with
a fresh charge of nethyl propionate (17.7g) and isopropanol (38.6g). This

was then heatgeghghled §4frd 3lembasttdiRytrsgendtion B af Bteith thdpesene YORE.093208
PCT/ GB03/ 01819 tine the reactor was cool ed and 52.2g of product recovered.

The liquid priBuusetexamples atemopsisate dhat ihoha dressneseohiakrarester by dmgpnation

i sopropanol (73.0 ter ~82) ropanol (1.23), nethyl propionate
(23.53) and mrewﬁgm%\%caﬁﬁggo%@é‘}’&s ving nolar selectivities of 92.5%
for propanol and of 3.1 % for propyl propionate and a nolar conversion of
7.3%5 Exanples 2 and 3 denonstrate hydrogenation of an ester in the
presence of vaBxamplelh)EsemplednpisaspaitdonmpA8itdg bhwater and 33e2Ggrof dametbylof

wat er ester hydrogenation proceeds to, effectivyely 100% conver.sion. |In
Exanpl e 2, ExadpateasfogdIhegpretioniag coniycies .afstf)dggf Afiet 8{ hojgthsdic

hounl the 11 dare iAol Sord a8 SR b o KNG R b st ©°

product anal ysadold 1688 ofhge faolgy ayatiygen (98.9), carbon monoxide (0.08), methane
(0.01) and carbon dioxide (0.113) liquid (wt%) methanol (15.37) water (67.11)
tetrahydrofuran (27.43), y-butyrolactone (0.333) and butanediol (12.29) giving a
molar conversion of 99.5mol% and a selected activity to desired products of (mol%)

15 tetrahydrofuran (27.43) y-butylractone (1.88) butanediol of (66.24).

In Example 3, Example 1 was again repeated using 48.4g of water and 20.1g of
methyl propionate as feed. The reaction was conducted at 192°C. After 15 hours the
reactor was cooled and the liquid product analysed by gas chromatography and found
to be methanol (10.25) water (70.75) propanol (18.27) methyl propionate (<0.1)
20 propionic acid (<0.1) propyl propionate (<0.1), giving a molar selectivity and

conversion of >99.5%
Example 4 illustrates the reactivation of the deactivated catalyst by the use of water

In particular to establish that the effect of water on the deactivated catalyst is to

cause a change in the nature of the species and to cause carbon dioxide to be released.

10



and found to be off gas (nol% hydrogen (98.9), carbon nonoxide (0.08),
nmet hane (0.01) and carbon dioxide (0.113) liquid (w% nethanol (15.37)
wat er (67whl)3/09sm@8r ahydr of uran (27.43), y-butyrol actone (@®GEBo3ansi9

but anedi ol (12.29) giving a nolar conversion of 99.5n0l % and a sel ected
activity to desisamglepobthecdeactofatedneitatyst, [Fu(trgihoali@o)af|u 0353627 déidhised

y- but yl ractoneq(yé.r.SS) but agedi | of (66, 24,). I n E;a le 3, Exanple 1 was
agai n r epeat edvaid (-0 )45 6?“%&@@@%61%.g)lwﬁe adg&ﬁ’(“hﬁe PsEHEed as
feed. Th I C t . . t

cool ed and ¢ ne st RSO TAGRb bufay vAiBychen MMERT i SBRRR T

be met hanol ( 1972h)sightief hedté®to/B)3°QEOPENS hotird 8 A4 the drtdTYlhis BhRhOFatRr ( <0. 1)
20 propionic acid (<0.1) propyl propionate (<0.1), giving a nolar

sel ectivity amnds cooledend thsrhead spage gavpEgedihraigh a COyBracgerdybe, ithis slowly
reactj vation of the deact.iyated catal yst he use .of .water | articul ar
o esk abl | on fwmed Dals ChrriEadie GEPEsER of (O-be S50k BHECE sapliot e, o
cause a change,i i : Loxide to
be- ol cased. e BB e B I L e e el
cat al yst, [ RugcbmppledsivittGhtizbedtim3sdened fieno fRe@dphos(CENH(W BistHggd amd

t et rahydr of uran 17.§Lg) were | oaded into the autoclave used previously,
whi ch was t hefPteBsie Takyrged with hydrogen, pressurised with hydrogen to
714psig then heated to 193C for 15.5 hours. At the end of this tine the
reactor was cool ed and the head space gas purged through a CO2 Draeger
tube, this sl gukyRo(tipiaaHEHLén Ry drofliativesg dhbctprigialoabledindGtRlet t he
solution fromthe reaction was anal ysed %¥ prot on decoupl ed phosphorus NWVR

and ¥ound to Ble25onds3drrom regprstvelyolidae easewit the sempledhedad brembratgdiawer r om
Ru(tri ph H2] di ssol ved i t rahydr of T t £i;ph CO) H2
- tet ranyar ofraren it S8R Bite el Gt HAHY A hopdl b S PR ATL L
34 ppm respectimple-artd) dEhGasehatf illub@atiarbethctRbcthatdogrbBich Bad edepinder

removed.

Example 5 illustrates the direct hydrogenation of a simple (propionic) acid,
15 producing sufficient water in-situ to maintain the reaction. This further demonstrates
that acids may be hydrogenated directly with the water produced in the reaction

causing the in-situ reactivation of the catalyst.

The method of Example 1 was repeated except that the water and maleic acid were
replaced with propionic acid (69.7g, 98% pure ex Aldrich). After 5 hours at
20 temperature, the reactor was cooled to room temperature and the off gas analysed and
found to contain (mol%) carbon dioxide (0.29), methane (0.95), carbon monoxide
(0.73), ethane (2.21) and propane (0.31). The liquid product was recovered from the
autoclave and found to be two phase, 64.8g of an upper (organic layer) and 5.6g of
a lower (aqueous layer). These layers were analysed and found to be (wt%) upper,
25 water (17.0), propanol (38.59), propionic acid (11.9), propyl propionate (31.9); lower
water (83.66) propanol (11.73), propionic acid (3.47) and propyl propionate (0.6).

11



hydrogen in water, these signals had conpletely di sappeared, to be repl aced
by a conplex array of other signals illustrating that the deactivated
speci es hww d3@9se0sr enoved. Exanple 5 illustrates the di redcingBosmgemati on
of a sinple (propionic) acid, 15 producing sufficient water in-situ to

mai ntain the %b@s@tga@ﬁ anpierall froelansalecdizitp e prapeed oft b %@ prapyl pegpiomate

hydr ogenated gdirect]y, with the r. produced i.n the r.eact.i causi ng the
in-situ react%g%i‘gﬁhfn{t?? W%?lglﬁ%fq P"?ﬁoé’ af?é&%?"%@ﬂﬁ%ﬁ%%ﬂ/as repeat ed
except that the water and naleic acid were replaced with propionic acid
(69.79, 98%pure ex Aldrich). After 5 hours at 20 tenperature, the reactor.
was cool ed t oExmapletteriaasdd thedhydrgendion of fungas aitbdndsiethomstiattothat other
contain (nol 0/%1 carbon _di oxi de (0,29), nethane (0.95), carbon nonoxi de
(0.73), ethan a%@?g@)’bﬁrli’éfd]iﬂ%‘ﬂ?é% (0.31). The liquid product was recovered

fromthe autoclave and found to be two phase, 64.8g of an upper (organic
| ayer) and 5.6g of a |ower (aqueous |ayer). These | ayers were anal ysed and

found to be (TWdthethp@6f Exadiplvdinas repéaiedexceptthRalitahaléidAcidSas roflaidome aci d
(11.9), propyl propionate (31.9); lower water (83.66) propanol (11.73),
propboni ¢ aciiimesicaviy (33, MBepyAtier bbhenaekteppesiure, thel repgiop $m9 9aHed to

PCT/ GB03/ 01819 Th ; | | I lectivity. t | of
64. 5% pr opyl OBPOSTBrATE o Rindurt o Prsied ey dqcrg QI bol and
a conversi on Hf1y63d 3k anke §8s ghpt 9§%ﬁaﬁolt F(gélsz,%g«gﬁeﬁbi %icpr%of.ouj,ari c

acid and denonstrates that other diaci may ogenat ed. e et hod
of Exanpl e 1 temshydepfesandd.00% ceputylriione @el Metiugrinediat (830 eivieglaoentrali th 5

f i id (20.3g, 98% . Af h t t , ot

cooled t o dBARE SUBERAB P ISRt o7 e ¥ SO PGS BF P omd e
t ogl 9 3 Noaoal , :

orofont o aci saRlbr YECTiaHb ool GO 1 REARRE Ravd 2083

but anedi ol ( &o3%¢rsiogiofithegfuaarioaeidal |

Example 7 illustrates the direct hydrogenation of lactic acid. This further

demonstrates that organic acids may be hydrogenated.

The method of Example 1 was repeated except that the water and maleic acid were
15 replaced with lactic acid, 85+%, solution in water, (93.34g, ex Aldrich). After 6 hours
at 190°C, the reactor was cooled to room temperature. The liquid product was
recovered from the autoclave and found to be single phase, 94.47g. The analysis
found (wt%): water (26.25), and propylene glycol (72.74) which represented a

conversion of >99.5%.
20 Example 8 illustrates the direct hydrogenation of an acid in the presence of a solvent.

The method of Example 1 was repeated except that maleic acid was replaced with
succinic acid (20.03g), 1-methyl-2-pyrrolidinine (20.61g) was included as a solvent
and the amount of water (49.86g) included, was reduced. At the end of the reaction

the products were analysed and found to be (wt%): water (61.43), propanol (0.14),

12



nol ar selectivity to tetrahydrofuran of 40.0% y-butyrolactone of 12.2%
and to 10 butanediol of 44.53% Titration against 0.01M sodi um hydr oxi de
gave >98%woawyowsasi on of the fumaric acid Exanple 7 il ustrc@aveBostohgiodi r ect
hydr ogenation of lactic acid. This further denonstrates that organic acids

may be hydr ogesahgdtofuliie (31890 @eorénibaeith((615), wastyrelpsahe .8X); dptanktial t he
water and naleic acid were 15 replaced with |actic acid, 85+% solution in
wat er, (93. 34(f-2Dxeimingraneyrall spleetivity th stabydrafurangd 30-4Oke o whubBelagiase cool ed

and found o BE&H i S Einega ot St R PR R A i o mter

(26.25), and propylene glycol (72.74) which represented a conversion of
>99.5% 20 Exanple 8 illustrates the direct hydrogenation of an acid in the
presence of a solvent. The nethod of Exanpl e 1 was repeated except that
mal ei ¢ acid was regqaced with succinjc acid 0.0 gé%ql ,

1- net hyl - 2- pyExampl %llh’étf{itzﬁ)ﬂﬁihl)e%b)édri’gf@ﬁm ydgds @mecordaree Wil anpunt
of water (49. g}%%)r do h{; was reduced. At the end of the reaction the
products were a \ found to be (W% : water (61.43), propanol
(0.14), 12 WD 03/093208 PCT/ GB03/01819 tetrahydrofuran (3.69), propionic
acid (0.15), y-butyrolactone %3 87), butanediol (5.22); giving an overall
sel ebtivity t &hewethathpiExdople Wr@aWQ%CWHh%MIWQW@ﬁé %P end19%

and to butanediol of 34. and a e S f >990%

i | lustrates tAOPHYSEd @dﬁ? WﬁPF%’ﬁ ‘Lnﬁli%ﬁr? d%t?lﬂp%{ tg% 31%1 $8G t n
the present 'Wééﬂ%éle@ t r&ﬂﬁ RO nd R B Gal amgsddemaf&@kd%%malﬁ hat
propi oni ¢ anhydri de 23g) and propionic aC|d were used as feed.

After 5 hour s(mdsl%)emimnadmmdﬁ (0.22), nmh,atmr(O 9%:9@ deia)d eth@n¢ GbA1 % erapenat ur e
and the off g

(0.29), netha k)o%g%fl?lg’é?b’r}g@icg %”a% rEROHAHFA o8 ﬁ‘?)aql?‘iﬂf%vﬁcar WindlBe £
10 phase, 73.2g of an upper (organic layer) and 1.8g of a lower (aqueous layer). These
layers were analysed and found to be (wt%) upper, water (15.91), propanol (40),

propionic acid (9.54), propyl propionate (33.88); lower water (63.25) propanol

(21.89), propionic acid (4.59), propyl propionate (10.15). These gave an overall

molar selectivity to propanol of 65.8%, propyl propionate 28.7% and a conversion

15 of 80.87%.

Example 10 illustrates the direct hydrogenation of an amide in accordance with the
present invention. It also illustrates that the catalyst is stable in the presence of

nitrogen containing compounds such as ammonia and amines

The method of Example 5 was repeated at 164°C, except that the propionic acid was

20 replaced by propionamide (20.14g), water, 20.26g and tetrahydrofuran (solvent,
44.22g). After 14 hours the reactor was cooled and vented and the contents analysed
(area%) water + ammonia (9.81), propanol (10.57), tetrahydrofuran (53.76),
dipropylamine (0.57) propyl propionate (1.32) propanamide (15.92) N-propyl
propanamide (7.33).

13
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03/ 093208 PCT/ GB03/01819 Exanples 11 to 20 denonstrate that whil st

tris-1,1, 1- diphenylphosphinonethyl)et@gmﬁ
conmpound under these p

condi ti ons

ot her

1S the preferred phosphine
osphines are al so suitable.

nmet hod of Exanple 5 was repeated except that the tris-1,1,1-diphenyl-

and

13 WO

The

phosphinonELhyL}ﬁ$h§n° Was—r-eplaced—-by—a—variety of oth aTH
various 5 |feR® uwPEWH@HWine r1Ph%§§“?he_reSJtP§V§F@nsunn§Fk9@ﬁUﬁn Tahl e
1 Table 1 BMmpl e pheephpwsl phos phithetivmmsicer si 6mokel ect i vi {§ropael +conmpdqund
rutheniumrlatio (nmol% (propanol |+ propyl
propionate)
(mol%)
11 tris-1,1,1- 1 76.4 93.7
diphenylphosphino
methyl)ethane
10 12 Triphenylphosphine | 1.01 11.6 40.4
13 Triphenylphosphine | 6 8.8 40.7
14 Tricyclohexyl- 3.09 16.0 68.2
phosphine
15 Tricyclohexyl- 6.02 21.0 87.2
phosphine
16 Trioctyl phosphine | 6.1 39.3 89.0
15 17 1,2 bis(diphenyl 2 24.8 81.5
phosphino)
ethane
18 1,2 bis(diphenyl 1 14.3 67.0
phosphino)
ethane
19 1,2 bis(dipheny 1 10.0 54.6
Iphosphino)
propane
20 1,2 bis(diphenyl 2 16.7 79.1
phosphino) ‘
propane
Comparative Example 3 demonstrates the unsuitability of a catalyst system
20 comprising phosphine plus a strong acid promoter under the conditions preferred in

this invention. This demonstrates that under these conditions the addition of strong

14



propyl propionate) (mol% 11 tris-1,1,1- 1 76.4 93.7 diphenyl phosphi no
nmet hyl ) ethane 10 12 Triphenyl phosphine 1.01 11.6 40.4 13

Tri pheny| ploosspieszoe 6 8.8 40.7 14 Tricycl ohexyl - 3.09 16. Pd@8GRo3/ps0OSphi ne
15 Tricycl ohexyl - 6.02 21.0 87.2 phosphine 16 Trioctyl phosphine 6.1 39.3

89.0 15 17 1a3ddik géglinpneiyd the redétidh il tie stphg aplicanjtsetf teanduced Exbmple
bi s(di phenyl 1 14.3 67.0 phosphino) ethane 19 1,2 bis( dlpheny 1 10.0 54.6
i phosphi no) ptéopesaepgated exeepi 5‘@ golar epuivglentszef p-tofirege sHiphenic Ackhane

Conpar ative Exang%%HB denmons the t ahi stem
20 conpri si ng™Ph A f)rle“uasdtdﬁSl ghe © gte%er g%t){lééé XYJh% t@let Eéﬂc%s?\g' éllons
preferred in gpalysed, a sulphurous odour was detected indicative of H,S and the conversion had

fallen to 10.2 mol% and the selectivity to propanol and propyl propionate to 68.2%.

5 Comparative Example 4 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

10 (82.5g) were analysed by gas chromatography 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 selectivity to tetrahydrofuran of 2.43%,
to y-butyrolactone of 38.25%, and to butanediol of 8.26%. The conversion had fallen

to 33.49 mol%.

15 Example 21 relates to catalyst recycle and demonstrates the recyclability of the

ruthenium-phosphine catalyst.

The method of Example 5 was repeated except that the reaction was conducted at

241°C for 4 hours. At the end of the reaction, the product liquor was placed in a

rotary evaporator and reduced down to a minimal volume (~5mls) at 70-80°C and 60

20 Torr. The overheads were then analysed for acid conversion. The residual solution
containing the catalyst was returned to the autoclave and made up to a total weight

of 70g with propionic acid and the reaction repeated. The results are summarised in

Table 2 below. For recycle number seven the catalyst was not returned to the

autoclave, instead 70g of propionic acid was used on its own to demonstrate that the

25 activity was not due to the precipitation of ruthenium on the reactor walls etc.

15
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aut ocl ave, instead 70g of propionic acid was used on its own to denonstrate
that the 25 activity was not due to the precipitation of rutheniumon the
react or vablog/ogexes 15 WO 03/ 093208 PCT/ GB03/01819 Tabl e PRTRERNgOIS9 Nunber
Conversion (nmol% 0 42 1 46 2 445 3 46 456 546 6 51 7 0 blank run
10 8 44 1t CBAIM$refore be seen that the conversion rate is maintained
during recycle. 16 WO 03/093208 PCT/ GB03/01819 CLAIMS 1. A honpbgeneous
process for the hydrogenation of carboxylic acids and/or derivatives

e e s i o PA SRR rgagsa]{)oﬁﬁeﬁfdm KBbBRRE (@b LR g0 g um

iron an ‘or gani c p erein the

hydr ogenati on l&le@ﬁréﬁd'é%dh&éﬁf ih fhel fr€scptEsRNERalPst oafnphgmgi about 1 % by
wei ght water. 2. A honpbgeneous process accordi nglto Claim1 wherein the

carboxyl i ¢ aci d9a) andtitheniger, irhedipmeison, lpsméwn oppaladiiasemd as sol vent .
) an organic phosphine;
wherein the hydrogenation is carried out in the presence of at least about 1%

by weight water.

2. A homogeneous process according to Claim 1 wherein the carboxylic acids

and/or derivatives thereof are present as solvent.

3. A homogeneous process according to Claim 1 wherein a solvent is present

and the water is present as an additive therein.

4. A homogeneous process according to Claim 3 wherein the water is present

in an amount of from about 1% to the solubility limit of the water in the

solvent.

5. A homogeneous process according to Claim 3 wherein the water is present
in an amount greater than the solubility limit of the water in the solvent and

the excess water forms an aqueous phase.

6. A homogeneous process according to Claim 1 wherein water is generated in
situ.
7. A homogeneous process according to Claim 2 wherein the product of the

reaction forms the solvent.

8. A homogeneous process according to Claim 1 wherein the water is a solvent

for the reaction.
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3. A honpbgeneous process according to Claim1l wherein a solvent is present
and the water is present as an additive therein. 4. A honbgeneous process
accor di ngwoe3@baisn 3 wherein the water is present in an RCEWGR3OI81Pr om
about 1%to the solubility Iimt of the water in the solvent. 5. A
honogeneoud. pr odebemeganeouti prgcess acoading B avtyeoneioff Gleiesviatody wharejprtbsent i n

an anount greater, than the soluybility limt of the water in the solvent and
t he excess vvatercat?@rsﬁfae{ﬁ%gﬁﬁggﬁéos ]%fégg‘f‘tgfé’?ts,xﬁﬁg’rmgeneous process accordi ng
to Caim1l wherein water is generated in situ. 7. A honbgeneous process

according tQ Claim2 wherein the prodyct of the reaction forns the
sol vent . 8.18-A h%w%@?é%‘&?@uﬁr%‘é‘@é% a&%gm&itﬁgci%md) avherein,jhe  RiosPhipe water s

a solvent for (BRpbRaEbi BB cathfysV§sRA RY3EAEHETAEERRUL1819 9. A

honbgeneous process according to any one of Clains 1 to 8 wherein the
catal yst is a ruthenium phosphi ne catal yst system 10. A honbgeneous process

accordi ng d aj in the ine co nent, of. + he catal yst
systemis g?'t ri aﬁe%‘%?g\gﬁ %ﬁlgé’ g%ﬁe%ea.c ‘ﬁﬁ‘%?\o ﬁnc?’n%rgeone g Splrt(S’cleOs ﬁe&?@&ﬁ%i ng to
any one of C ai phosbhire tOmpbwdnei of tthe capilys plyisteen denpBrgh -(afphedd- cat al yst
systemis tris-1,1, :ngzdi agﬁg%/l - phosphi nonet hyl ) et hane. 12. A honobgeneous
process accor di ﬁbostp IR ®Clains 1 to 11 wherein the reaction is
carried out in the absence of a pronmotor for the catalyst. 13. A
honbgeneous process according to any one of Clains 1 to 12 wherein the
reaction i §2.car A kaanagignequp prasessaseunias toanshereiaf&laims 1 to 11 wherein the

reaction is carried out in the absence of a promotor for the catalyst.

13. A homogeneous process according to any one of Claims 1 to 12 wherein the

reaction is carried out in the absence of halide.

14 A homogeneous process according to any one of Claims 1 to 13 wherein the

reaction temperature is in the range of from about 150°C to about 350°C.

15 A homogeneous process according to any one of Claims 1 to 9 wherein the

reaction pressure is in the range of from about 250 psig to about 2000 psig.

16 A homogeneous process according to Claim 10 wherein the pressure is from

about 800 psig to about 1200 psig.

17. A homogeneous process according to any one of Claims 1 to 16 wherein the

catalyst is regenerated in the presence of the water and hydrogen.

18. A process for regenerating a catalyst comprising:
(a) ruthenium, rhodium, iron, osmium or palladium; and
(b) an organic phosphine;

wherein the regeneration is carried out in the presence of hydrogen and water.

18



14 A honpbgeneous process according to any one of Clains 1 to 13 wherein the
reaction tenperature is in the range of from about 150C to about 350C. 15
A honpgenewus/opsmeess according to any one of Clains 1 to FETWhBB@ISI9t he
reaction pressure is in the range_of from about 250 psig to about 2000
psig. 16 A%hondyRieeessscording ixClaie dp avbetpin tecpgangration wheardedoutiséapr essur e
is from about I i o honbgeneous process
according to ansé}g%ée}éﬁol%%‘?ﬁngyémglég%% l%}lteﬁo ﬁal\e catal yst is regenerated
in the presence of the water and hydrogen. 18. A process for regenerating a
catal yst conprising: (a) ruthenium rhodium iron, osmumor palladium and
(b) an organi c phosphine; wherein the regeneration is carried out in the
presence of hydrogen and water. 18 WD 03/093208 PCT/ GB03/01819 19. A
process according to Caim18 wherein the regeneration is carried out at a
tenperature of from about 150C to about 350C. 19
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