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"THE HYDROGENATI ON OF CARBOXYLI'C™ACI DS AND DERI VATI VES THEREOF The present

invention relates to a ho ess for the hydrogenation of

_carboxylic acids and/or dgﬂm‘mmmmm“mﬁr eof. More particularly it relates

to a homgg&&%yiodﬁydr ogenatll on gr ocess which can be carried out in the
wat e

- presence of r. 5 Many cat al%/&Y systens are known DEF/EBP3AR9 suit abl e
“for use in the hydrogenation of carboxylic acids, acid anhydrides, esters

. or amdes. Traditiongdls [ r ried out usin

- het er ogeneous cat al yst s Sﬁ%&gfpﬁgﬁﬂ%ﬁgﬁi@ﬁ?ﬁ%ﬁ{@FﬁgR%WP@%gr es. A

di sadvant age of these heterogeneous catal yst systens 1s that nany are
intolerant of acid feedstocks and therefore have limted use. 10 In order
to overcome this Theantsentincsation iylstes tormenogereous P Sorete hyalrodefion of

hydr ogenati on of [ | i.c agjds _and their derivatives based on

r ut heni un phosphicﬁg)os )s%%/%cﬁss. m@?ﬁ?ﬁﬁw@ v%ftﬁfrf‘ﬂ;s fu5t Rrirularly g relatss forke| ude
those described lomopihebi g Bfgenatils ROER3WRch S b5 2R Gut it iBe FREAALS US
5021589, US 4931573, US 4892955, "Hydrogenati on reacti on of "carboxylic
anhydri des catal YA% 15 by a new and highly active cationic ruthenium
conplex", Y-Hara et al ChemLett (1991) 553, US 3957827, US 4485245 and US
4480115 which are incorporated herein by reference. However, whilst the
systens descri bed”3m CRAlXEayStRES avkpe WbVl atesujiablafosse i thhbyalkogenatiogener al
adequat el y enabl : ki aGt e [ out .hey do suffer
20 fromcertain ?f]@g \?g%tﬁg%%éé@%%}gﬁg%é%?ﬁéﬁd hT%%lr e Isg‘\r'jl,réich%%? Fequire

t hat the hydr ogerariedout nginghetemgenegusatalystechdofien ligh teigeralecnd preefuresat er

since it is beliey water present .inhibits the catalyst or
significantly r e%%gasd%]:ﬁééerog@ése\g?teﬁo %1“%?'188 alyst BEtems S MDY i iniejennti 7561 an
organi ¢ sol vent iof acid feeldstnkls dntl thesefaé Bive mitbdaiset he anmount of water present
shoul d 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)
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" 25-weight. In "Hydrogenation reaction of carbonyl conpounds catal yzed b%/
"cationic rutheniumconpl exes", Hlnagald et al, Science and Tec nz)lN%y 0B
Catalysis (1994) 1  *@00002* 0 2 NOV 2006 WD 03/093208 PCT/ GB03/01819
327 it is explained that the presence of water retards the hydrogenation
reaction of wSueeiRi c anhydride in the presence of a rutheniumtrialkyl

- phosphene conplexXxés in the presence of a pronotor and RATAIBOB/01819S necessary

"to renove the r. _brodu hydrggenation in the gas streamand in US
3957827 and US 4@%52@”&%‘@'5%‘&8%&‘%53‘!%38%%%%%theé%%en@twyrmti@rofpr oduced in
.the reaction Mﬂcbﬁﬂiﬂhﬁhﬂﬁﬂ&ﬁfthdﬁ%ﬁb‘éioﬂﬂnﬂeﬁiuﬁlmﬁkﬂfﬁﬁosgﬁjﬂng«gﬁgﬁg{é} y. Many of

t hese known cafal yst s%stems al so require the presence o pronotor to
i ncrease the sbBfBEFGCH 49 PEmptos and that dtys pecessang torrgmpiesrthe wata ptalugedtby Exanpl es

of ‘this 1 ncl UbardfSuB Ao Bl AT PRSI B ARSI ons, are car 11 ed out

in the presence of an organic solvent and a neta

VA and [11- is Pe¢isremaeye anpwater producainip thpmeackhorovitiethe simaph@onhg jilg use of a
promotgr may bg f %{iﬂ&i‘jﬁg US 5077442. In this case a phosphorous conpound
is used to prormtpe selettivity and conversion. This docunent teaches that

any water produced in the reaction is renoved fromthe reaction zone as

t he presence t is said to decrease selectivity and conversion. 15
Anot her sui taﬁdevysrtﬁtﬁe g?ovgé%a@ﬁxsb%ﬁt"% g]éo teaviye thapresepeesns agromatordei d and i n

this connect iinereasefierseRedyityryd bﬁv@dﬁﬂk%&&i&?@&ﬁ?&% @%plﬂﬁ oFdme 925 In

this latter case, .11 .1s noted that conponents of the catialyst Systemare
susceptibl e to'nﬁ'g’f&rl‘kﬁt%?ﬁgz ah U2 #9318 whersaeaciings are pattied cutis theipebstdoat  a
hydrogen pur geofeR srghifélstiveRtlarddQ neBlMON &ted Waly ugad, during the reaction.
20 Wil st these processes go Some way to ps%r\(/nl%l ngcvg‘a%‘gﬁfség%?‘; yst

systed®, ther éSpgromotor.

Another example of the use of a promotor 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.



sti'fll a need for alternative process ' which allow for efficient g2 NOV 2006
‘hydr ogenation of carboxylic acids and/or derivatives thereof w th 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 of fldws, 3seerdiniate theipmstnt gpentich Ber? ihrovided Bbmogddesus ﬁsé‘ég%]ﬁ;,ng to
e

- the present inveption there is proyided a honpgeneous process for t

" hydr ogenat i onrhé? H% PSWOPC(’%H%E‘V RaFids artipr derivatives therepfinithe preseree of

. presence of a caddl ggﬁlpﬁgmgr:i sing: (a) ruthenium rhodium iron, osm um or
-palladium and (b) an oOrganic phosphine; 5 wherein the hydrogenation is
carried out in the (pr esemtizeniimyodiuntdron| oSfmiiyh eiallaliumiahgr . By
"honbgeneous. procezﬁi'j we nean that the catalyst is dissolved in the sol vent
for the reaction t Hat OTFAUCPROPPUREe of the water present and at | east

sone 50f the eMeRexiHel e afoiifs @ RVEAR! her eof st _pe in phase
with the catal yst. V\heHrale' %%) gxcessslénvx-/%taeow%n §‘?Q°‘Séc°§§8§§’;9ﬁ"@aa_é/§bwargéf

derivatives tWaasof is present, the excess nmay form a separate phase to
that conprising the catalyst. Additionally or alternatively, the product

may form a separate phase. By carboxylic acids and/or derivatives thereof,

we mean any nBkeRomBs&RobsbiycRs” F:[nptﬂét | I,d_functi pna roup for
exanpl e, car bozyl iC %.Ci ds, bgjicg%r %Bex‘g I C a?ll]%jg?&%%sﬂgf X%\cf‘&)‘hflg‘?l(‘fe%&f?ﬁs,
hydroxy car bohyifeactian and that ati¢ast some bbxhd waten predent aha ¢ Iedse §Sme BFES
esters, monoegfers of dic bg{éﬁyi ¢ acids and m xtures thereof. Were the
carboxylic acid & Graet N7 R yen thezenf must be inphasewith ithe catlpstwidbhere nay

be POesent aseicss wakyvaof @FbdxYEic BERAGHAR dedV Vel Bl dR1Yordsc B iDLy De

used. Wiere a solvent is used, the water W1l be presemtP as =47 Q% i ve
in the sol ver2prfofp| ¢ szpatsée phaser & dhhti congirising the emalyber reldiesdaftyi ye

arrangenent, hhe ac ' erivative or the product of the reaction my
be the sol vent. %9,%eﬁ}9§1u9tmay °rma5°PafateI§Lase- :

By carboxylic acids and/or derivatives thereof, we mean any molecule containing a
| carboxylic _ac_id functional__grogp for example, carboxylic acids, dicarboxylic acids,
15 ' polycarboxylic acids, hydroxy carboxylic acids, aromatic carboxylic acids,

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

Where the carboxylic acia 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
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“Were the carboxylic acid and/or derivative thereof is non-water sqlaubbe,206
- 'such as for exanple 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
in the solvent in an 3 AMENDED SHEET 0 2 NOV 2006

case, it sent
- WO 03/ 093%053"9[0‘@03/ 01819 ampunt of from about 1% to ROT&GROYVIELY | ity |imt

“of the water in the i%g’vego. Addi tional water may be present in a separate
aqueous phase. TPY05 06 T9m: dhoRalovie the polnhjliteimit of the weter én theasolveat. pr oduced i n

-situ as a by- pA@(ﬂﬁsﬂa]Qﬁter,ﬁA}q,eB%tgiggpg%Qg%gﬁa a “%?E’%‘éé he water is generated in

situ, if maxi mum benefits are Iev ‘wat er shoul d be
generated within the first few cycles of the 5 reaction. Were the water is

to be generat I i of wat er e .added initially to
cover the systelc'(‘=}r(r)1&l gﬂ?eg%ﬁera%wné%? Wat%rlﬁa?ﬁﬁprgﬁ%&cﬁﬁts@asﬁﬂ‘Mﬁ of gener at ed.
It will therefibe bydsegeusiver Siheredhe watdtis geherated DGRSSF AbxitdlB HAGRERL | nvention
of fers substatgtbi aal .advaﬁ%gugﬁs O\éﬁ'r the prior art arrangenents In that

wat er need notB8 “HEH B VERT FHoulh bergenerated within dhefirstfewtaycleshef he art of t he
reacti®dn and resctien.eWhor theWaterah 1l cendrhted B, A DAWR LB Wal QgD 1N the
reacti on need aggt be. renoved fromthe reactor. By this neans; The known

processes are Sfehinitalyip coprcthe fistem hrpquiremest unti] suSidiena wiatenBas Hew t her, we
have found thalendred.presence of water is beneficial in terms of catalyst
15 stability. It is noted that in prior art systens, decarbonylation of,
for exanple, the product alcohols or internedi ate al dehydes occurs and the

carbon nonoxi qdewhP iR B¢ LR %a! AR RLLS Lhe.catal yst.. To overconme this it
is usual, in prior art r%lrranger?\éxril‘t@I,‘;k tB%" B?O%Sﬁgf@ﬁrpfﬁ? LIRS be renpved
and a net hanatshestantinl advantagbseoven the iptiedart Arrdnpément i fat wateflgal ngl ) T ecycl i ng
of vefy gas tqer}l&%d %%31%19 I’rc'actan éAgrY(%rtd thte ma?t olfane ?eggtﬁ)%%gc? ?nl;i}){ 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, 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

4



*20in the process of the present invention. Wthout w shing to be b®YNngh P Yoos
"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
.monoxi de produced reacts with the water to form carbon di oxi de and
hydrogen vi gdf3ges9@t €r gas shift reaction. This carbon di oxi de and hydrogen
- may be 25 further reacted to form nmethane. These gases REHCHI$0BEadi |y
renoved fromt r jon.systemdthereby reducing the costs of the
_ hydrogenati on r&%@g&ﬁ r_gvsl?&\é?ﬁ?sg]e CUW%X’WBB@CCSW%?@%‘E@@G
- PCT/ GB03/ 01819nesy &t leave a edparateinyetiphfioh 4658 indheredblilsh Q6h korSeftpalc@genat i on
process but al so obviates the need to have a separate nethanation unit in
the recycling systemfor vent gases. A further advantage of the present
invention is tRanthddQdvaanpy af el prd ; : i s.det ai.l ed above
allows for effective re tgger ati oprrl S?f? %Q@gfﬁggﬁﬂﬁﬁgﬁt eecafh%cess offers
ext ended cat al ?@QOX}Cﬁeﬁéd‘?%ﬁleé abqvA alleysifor effective eenetation oftho it gt Ofk he 5
reaction. The ' r i es, require heat for its
initiation. vm%?féf% feﬁ%‘%&ﬁ%{é&@ﬁd@%{é?fg’?@%&w'" DOV AR GEORREF BBt or ¢ he
produc® of theretpfidn.ogenation is not thernmally stable at the initiation
tenperature, the process of the present invention can be operated whereby
the catalyst is allowed to be inhibited by the presence of generated 10
car bon nonoxi dﬂxeWatwegdshﬁﬁmbﬁqnddmé@béﬂeaﬂﬁ}iﬁtimﬁgﬁgnrm%&E&y}ipe heat is
then increased., nd/th .grese ce of the hydrogen such that the water gas
shift reacti orf“t4h %%5 ajves fgreqf on the progdpct of thehydseanajien ismot thérmakiher
reaction. By tshibk R itatien RERESER, BRMrod GRA bRGnl fvenddl Q20! ange of
acids with prol onggd catalyst life. A still further advantage of the
present i nventIPEAET wherenyithe qaislyat is allopyed fode imhibiserdhytthet ppesemtel of gberiterf f er sal t s
of theo ki nd usfboh faohbddiieaherifly biduable il BSerhVBa G A YSH ;88 fur ther,
pronmotors are not generally requited an mat{/, N Sone o ik ghces, even
be del et eri ougcreayeqdn the prasensp of the hyrdedeen sich thatothe waterhaosHift ieactiohearabsence of

hal i des. 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.

Astill furthgr 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 theréof 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.



" As ‘descri bed above, where the carboxylic acids and/or derivatives tﬂzrw 2006

~-are soluble in water, the water may act as the solvent. However, t

nmet hod 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 reacti ogoom%?{er, if a solvent is used, any suitable solvent nmay be
- sel ected and exanples of suitable solvents include, butPCRiGBo3/mM&y |imted
et hyl ene gl ycol dinmethyl ether,

to, diethyl ethqe?r, tetr%gé,drofuran, ) en
di oxane,  2- pr G5dnderedsaisiystfdhe pressptdpvration ige u/phosphinieaatglystl cohol s, or

.toluene wWith PR h@bmahidstsi t in rticularly
preferred. 5 0 2 NOV 2_oo5é el BB B el S A B BEdPhr 1 ed
catal yst of t Heelpreds Spitablensgitsareitinse whiclacan be tramérediopbeppickeugatied yst.  The
rutheniumis ” ! ru ni um salt although halides are
not preferr e%?&gﬁﬁoa%lf‘@{sg}a{t tﬂgg%%zﬁatﬁﬁ’%}g i 1°5$°’&§?§°Sbt§ Bt 8l t 0 acti ve
speci es under dafenyls.e &Keithepinmeoxidt] tarbonyl antbnateCandddmiick fBtBSmdS b Phat es,

car boxyl at es, a di.ket anes, . an arbgnyl s. Rut heni um oxi de, carbonyl
rut hen%t es an @‘%“rr‘bﬂl’&&%‘gﬂfp@@ﬁagp%fpi@e%&%&wiCewlemc gy iaksg be used.

hydr i dophosphiSpe¢ifié bemipls iGende] ButeSs ndtainiRl S0 rIBediSe LirateSARGLLLC €Xxanpl es

i ncl ude, but a(ﬁwot limted to, rutheniumnitrate, ruthénium dioxide,

rut heniumtetr egirthepiymeFAoHids-dvthsninm dibprioxide, rutheniumracetyletesanate.ct onat e,

rut heni um acetrghéniuk Ut RRRkLM AeREhe. nalldeniWRaMeciHate,, tris-

(acetyl acetone)rut heni um pentacarbonylr ut’her?lmtijgm di psgfcé%ager ulfet r acar bonyl
10 rut heni um (@ptlasetprayuthanivmy Ipgitecarbonyiptbeniimy ) tdiyenistium  edcaabiger i dedeca-
car bogy! t et r arjgt b, um I sphoni um. rut heni di oxi de,

rut heni um tetraoxi de, régt@%é%lq Eﬁ%cﬁ% o%@#’%m’ tetrahydridedeca-

bi s(tri-n-but yhbprydeiraretbiniym, ctetrdpbeny ipbiodphonivmy) ruthetbale daskaie Dahind ! i r ut heni um

tetrahydri ded Aarut henj. t et r aphenyl phosphoni um

undecacar bonyﬁ%&%ﬁ?édjgwl rukﬁgjﬁa?xé.e’ {fg(glfﬂ'gm?'{?{“?‘?gﬂ?ﬂ%??m?ﬁ%@l%y be present
in any suitabldedeaearbonylonehetium t | GtralpideiiededafayboRy €SB Rlhdnin AN amount  of
from 0.0001 t ?eu%&%nﬂgﬂldspﬁ%)%l%ﬁn?Ll?‘&%!:%argéngﬁgd}ic%tﬁ?uthenate.

15 The ruthenjum 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~methy1)cyclohexane, tris-1,1,1-



" nol, as rutheniumper liter of reaction solution. Any suitable phogphinge 2006

‘may be used. Conpounds which provide tridentate, bidentate and nonodent ate
| i gands may be used. Where the netal is ruthenium 20 tridentate

.phosphines are particularly preferred. Exanples of suitable phosphine
conpounds i wghidswes 1 al kyl phosphi nes, di al kyl phosphi nes,

- monoal kyl phosphi nes, triaryl phosphi nes, di aryl phosphi F&T/GB03/01819

‘nonoarylphosph}ﬁsélh i ﬁ%%ﬂﬁﬁ&ﬁ! s phi d di.al kyl oonoar yl

_ phosphi nes. Spgéiffagg%a l'es |X§%kﬁgggﬁﬁaé#§§§%ﬁng? & yﬁ%ﬁ?@ﬁs-
. - (di phenyl phos prii-dohnt(dydthpehbsptenomeitgd Yetlarke, 25 1,5,9-triethyl-1,5-9-

F phonyF phoo EREBEAMoSELAE T ' iftipur.5 dviphosphacyclododecane, bise2-

- ( f“h plhegyl ltoﬂosmbhﬂfphmwbtpﬁ)ph?ﬂmfoéprfhs;bi&ﬂ,z%ﬁ&hﬁ pRApkRAERR YIQ-

TR Wy phos DA HERBY b i nbrs shomisouae, 12
tris-153,5-(di axy1p i h h Ls-1..1,.1 6 0 2 NOV
2006 WO 03/ 09?’388%3 R %ﬁﬂgﬁélé %%?e%ﬁ‘ﬁﬂtﬁﬁxyfff‘gﬁ’gﬁ‘ﬁ)ﬁﬁﬁm R‘%‘ll)]“ét hane,
tris- 1, 1, 1 (dariebewny | phaslinibyentt Wigyolehenephosphine, trioctyl phosphine,

tris-1,1,1-(di i DO %ﬂ¥&) ne, ;- ri.ethyl-1, 5-9-
triphosphacyclgggﬁgggﬂg,H%g5€§-t |6ﬁ%ﬁ%ﬁglFé@§W&@%%h8% éé@%&égédecane,
bi s(2- di phyl efsinbsmiiphosphitopicthphetmebaing phitimdarlyiireferied2- ( di phenyl
phosphi no) et hane, bis- 1, 3-(di phenyl phosphi no)propane, bis-1,4-(di phenyl
phosphi no) but ane, bis-1,2 5 (di nethyl phosphino)ethane, bis-1, 3-(diethyl
Fh,os ph: nﬁ) pr Fpﬁh@hohihmekfépm(n? infay bk mwﬁyin 4k @x;ﬁta_bie mtﬂl)ﬁﬂlwt aﬁaeverﬁ it is
ri cygl ohexyl pho ne, trioc QS n rimethy osphi ne,
tri pyﬁde| pho%’B%FaﬁLY, Pf?%"?‘dﬂ&%@%?}ﬂgé}ﬂﬁ?%@o@ﬂlt‘ﬁ 19G mal. afFff{agly 0.005to0 5
(di phenyl phos phblnasTetbyilh peti@rerdadiongoraant i cul arly preferred. The
phosphi ne conpound may be present in any suitable anobunt. However, it is
10 preferably present in an amount of from 0.0001 to 100 nol, preferably
0.005 to 5 NDAny AStablekéHBMinUBMPRAturk infa be Ybed’ qq’ﬁ}e'v&f‘instﬂé befflor iV SU table
in the 0 e

reaction tenperature nay be used. However, process
present invention, particular advantages may be noted if the hydrogenation is carried

1, 1, 1

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.
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‘is carried out at tenperatures in the region of from about 150C to about
350C. 15 Any suitable pressure may be used with a reaction pressure of from
~about 250 psig to about 2000 psig, preferably of from800 psig to 1200

psi g and mogl Rpkher ably 1000 psig. The process may be carried out either
-in a batch systemor in a continuous system However, BGT/GHOBAISI9e
~under st ood t haty il ®e RERERSS 3 thd ol pyention is particularly 20
_suitable for use in a conti nu_ousﬂ}gcfstoe%%geﬁéggm‘f ”eoncréf‘%g)}‘&eg‘?n?"‘mﬁ poi soned

- by carbon nonoxiesetalyst may by eprdiethiorsetaiysts which hava peendntibiied dirtie peakabyst can be
regenerated by . rLepGk! 1 er. ere the catalyst is renoved from
the reactor, f(gr e2<anpuﬁg?r%w&u?lﬁ}ogﬁB%%%ﬁeéfm}{\h%?fﬁﬂesc%bces prior agtaRd pe
recycl ed by anynpamcplaﬂymthan&na defabed o, Thus, chQrd%gNQ/se&Qﬂ@spe\{p 03/ 093208
PCT/ GB03/018190¥ Wi | | ge u&%ertﬁtood that the process of the present
i nvention rel atl % PESTE JERHOR Y S rABded A BIpsesy fopmsgenseating ol dataly'st o
cat al yst s whi cRotiristngbeen i nhi bited during processes carried out under
conventional processes such as those described in the prior art and in
particularly in the@focEWBEn, shadum, iren, spwivm or pladiumagdor di ng to a second
aspect of the pres(]gyt iag\éleggﬁjg%smifé:e is provided a process for
regenerating a catalyst 5 conpri s[ng’;: (a) ruthenium rhodium iron, osmum
or pal | adi um 3herein(tay regenemtign i carrisd oup i the prevdner efl hydrb@nra@&aREati on is
carried out injfhe dr n and water, preferably via the
wat er gas shifF reag{\?%%gg%%?éaﬁg%ﬁé%gﬁ%lr ation may be carried out at any
suitable tenperature with tenperatures of from about 150C to about 350C

: ¢ _ ! : . . Cohoref
Peine R el et ! dhe hSeRESPER) bd AR bW anl sulablt Wingarte with temporatnes | | < OO

of from about 150°C to about 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(IT)acetylacetonate (0.46 mmols, 0.181 g) 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

8



exanpl es which are not intended to be linmiting on the scope of thé2 NOV 2006
‘invention. Exanple 1 illustrates that nmaleic acid may be successfully
hydrogenated in the 15 presence of water. Rutheniun{lll)acetyl acetonate
.(0.46 mols, 0.181g) and 1,1,1 tris(di phenyl- phosphi nonet hyl ) et hane
(triphos) (Wwoloswseles, 0.38g), water (71g) and nal eic acid F];Siex Fl uka, 20.2g)
~were transferred into a 300m Hastelloy Parr autocl ave FCHBOAHE  seal ed
and purged W t tprddpciraggiest 0.08f sodiemlbedrodddeD(>99.9%4). | The hate antiPgaRf lafhiyMist h hydr ogen
20 and heated to een achi eved, the reactor was topped

. 41C.. ce 241C had b

.up with hydr od‘éaﬁ%? o35 %%@%@ém&@dvﬁ%amm@ fre¥)t hr oughout

the reaction wa@erqgm,sp&,b@w @mgrwhm e@.‘éé)dﬁrggoﬂgaéﬁr?d?m f hydrogen
y g p

added. At the end of the reaction the hydrogen s y was '1'sol ated and the
reactor cool ed.busrolaciRn, (2¢enpesmsdiol 289 givingd sp avarallymslanadectivid osed usi ng a
Pye- Uni cam refi SSn IAYE j vented. . T oduct was
renmoved fromt ﬁ%h%%déct or %ﬂgmﬁgﬁgmﬁgﬁﬁsﬁhﬁ@%% ) ‘ﬁ?eg}ngzofjgﬁqf%r si on was
det ermihed by tothersd7i3dm of the liquid 8 0 2 NOV 2006 WD 03/093208

PCT/ GB03/ 01819 product agai nst O 1M sodi um hydroxi de. (>99.9% . The water
and organic analysis was determ ned using an HP gas chromat ograph equi pped
with a mcro TChn{patve Example ilB6atEsdhe efotid &R presdle SthhsufficRhd pdr of ur an
(7.02) propionic acjd f 0. 1#%}; P/ but.yrol act one (2.47) butanediol (2.83);

gi ving an over & PARBtpe WHVIDCGtATEACG,  { ot r ahydr of uranof 51.1% to

y-butyl ractone of 15.1% and to butianediol of 16.5% 5 others 17.3%

Conparative Exanple 1 illustrates the effect of the presence of
Cinsufficient wateRPled vatdeRsatsd preem dhah thej water pndmaleisacidavers feplaced Byanpl e 1 was

repeat ed excepiyethhBirofitifite Endalﬁgem . fid Hgtl l met hyl
propi onate (64Q) glra\% I% he \rlégtagzt I on con ugge'%&at %ﬁ&gﬁ%?’%%??ﬁ%ur s, at the
10 endlOof the FedRfthearrotiongSUde efprogucoarreconed ase yellowr sehitiarswizh agpiall ow sol uti on
with a small amount of yellow solid. 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, [Ril(uiphos)(CO)(H)z] was collected, washed and dried (0.2263g) then
25 returned to the reactor with a fresh charge of methyl propionate (1 7.7g) and |

isopropanol (38.6g). This was then heated at 164°C for 15.5 hours, at the end of this



“anount of yellow solid. The solution was anal ysed and found to be gwtRv 2006
‘met hanol (7.15),. water (2.10), propanol (8.46), nethyl propionate (75.62),
propionic acid (0.25) propyl propionate (4.99); giving a selectivity to
.propanol of 75.2nmol % and to propyl propionate of 23.0 nol% The nol ar
conver si on Q3/d6209% It can therefore be seen 15 that the absence of added
- water, insufficient water is generated in the initial P&W$BBYBHAti on of the

“ester to all owiibee k@86 Watobled £85% didrddRctGaBrEL T iqui '8‘6? conponent
fromthis reacti on was_ anal ysed and OUI¥ld ‘t:o ber[Ru {#qimg;bg%?? (Hj and

L“thus it was cofrabyserband fopndtip de spathangistl.Odh dsapeapanab 7 EWhewaten (O162),he car bon
i de. 20 | M : t t hat. | b f
0 20 CHRBB 8, S TS0 4 B OB, oo

wat er the isol ated solid is not acti
that in the abzelacwsleotivitaddéd2.5%dergroptivd ardie ait .1 Weforadory Bprapivifite and a

[ Ru(triphos) ( 2] is..eff Lvely inactive. Several reactions were
performed in t eﬂrn%f)r?k%?lg%fjﬁéoor"mar ative Exanple 1 and the solid product,

[Ru(triphos)(CO(H),] was collected, washed and dried (0.2263g) then 25

returned to thg regctor wih a fresh charge_of methyl propionate (17.7Q)

and i sdpr opanoﬁx"("ﬁg‘.’ség‘)“.d%fng% g’fdﬁ%ﬂ‘?m}‘i'@&t’@@ln ester mgherresgpce pEwatehour s,  at

the end of t hi Shes® eRarabldNAémRRte WP DI A8 &HGHt iLye the
R e i i

reactor was cool ed and_52.2g of product Trecovered. roduct was
anal ysed and fPasfadsts electively A¢ioronyersion) | i sopropanol (73.02), water
(0.62), propanol (1.23), nmethyl propionate (23.53) and propyl propionate
(0.08); giving nolar selectivities of 92.5% for propanol and of 3.1 %for
propyl propi onktbxample2.Example 4 wagrpeatsd uiing#86Hg 7 vBlér 5od2R 26gdfaimehyand 3

exanpt os demonit o s teofheiecho Rl Sinadl ot 1o RRESERpBiaa bt nar t on
procedfs to ef faswmbs predupts WeB¥odelrueths liquid productanaygell By fis cHmaidt@hyl WS
repeated usi ngané?dugé % b%fo gag 8’1r10l‘%s.ll(ljydlz'osgian2 89.95),fcargcl>nn§gn%¥ljde (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%)

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 20.1 g 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



mal'eate as feed. The reaction was conducted at 191C. After 53 hougg Woie 2006
‘l'iquid and 10 gaseous products were cooled and the liquid product anal ysed
by gas chromat ography and found to be off gas (nol % hydrogen (98.9),
.carbon nonoxi de (0.08), nethane (0.01) and carbon dioxide (0.113) liquid

(Wt % et hai®hsoshs 37) water (67.11) tetrahydrofuran ‘gﬁcﬁl%isw
- y-butyrol actone (0.333) and butanediol (12.29) giving a Aol AP onver si on

“of 99.5n0l % andy ¢ of the dlesdtdtad da i : 9 15
0 nol % and\ sangsit @ edtdtad dapalysq rﬂﬁ(?igg)@#@wmﬁ@i d&?}g%a_@z P

. tetrahydrofuran (27 4%)&&% utyl ract one S ut anedi ol “of

. Exanpl e 3, Exar’PEﬁeé (45. aa@&lr%hyrir@&éaa@a (Bivsep lasled iptahe piecdaveased 20. 1g of

nmet hyl propi on ioasly Vagd. i : . . After 15
e e e T e R S R

hours the reactor was cool ed and >9 gas
chr omat ogr aphy tahidpsis tfieg heated to)1937@ fdnd S5 hogrs 0ADHY endaf this tiGhe/B)ctqar opanol

18. 27) net hyl | <Q. ,oni i <0 r | propionate
(20 D)) grvi ng " SRl feball e 68 oRIOPWARLE S B, Frobeer ube oBL N D 0"
i |l ust Pat es t héurnedgmie bheetindicating tht presedaafidO) ahedlutiod Bbry He r¥tidiRgasuse of

water In particahllsgr btor?ést&bl iéh hat t ffect .af water on the

deactivat ed caf¥3rsd of ST98 degoypled phos ‘Pﬁi\*ﬁ&@"ﬁ‘rﬁﬂgﬁ@n & b dffgentywhenspeci es and

to cause car boroipaped eléthttbe BRcthid @BEREd frodO [Ru(RpINGYCEREP disi¥R43,093208

PCT/ GB03/ 01819 A sggg! e of the deactivated cat aFyst , (tri1phos) (CO H2]

(0.3536Q), dei BRI ter (49.059g ) and tetrahydrofuran (17.47g) were

| oaded into the autoclave used previously, which was then seal ed, purged

wth hydrogen,TEressu.ri sed with hydrogen to 714psig then heated to 193C

for 15.5 hour s TaafRu(ighes{HONBE] ip ferahydiofusan gives p charsttonistic deubletamd iripdetand t he

head sjpace gas I : his. slo turned pale
i R ST g R S L

bl ue indicati ng the presence of rom ion was
anal ysed by pr bydsegedde vafst, dsqfignalp hat cranpléidly disappéanadntd Heaephedlby her ent when

conpar ed w1 bAipiSPESYBBPLRLASHLAR hR S AaBRGE) (IRl Lol ved I
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 recovéred from the
autoclave and found to be two phase, 64.8g of an uppef (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 (0.65.
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* The [Ru(triphos)(COH2] in tetrahydrofuran gives a characteristi cugoﬁ@ 305

~-and triplet 10 at 25 and 34 ppmrespectively. In the case of the

t hat had been heated under hydrogen in water, these signals had conpletely
.di sappeared, to be replaced by a conplex array of other signals

illustrati t he deactivated species had been Exanpl e 5
il lustrat eg‘%t 1 ?8r ect hydrogenation of a sinple (propf%%?%])’m’é&g d,

" produci ng SUfleiHseEdve\éﬁbﬁb‘i'aﬂxﬂolﬁﬂ &ucﬁ@tyrfapmp@brbﬂdsﬂ%qﬁsgﬂﬁfb iohktk S fu ther
denonstrates that acids nmay hydrogenat ed directl Fhe wat er

. produced in th@Q‘Véﬁ’é‘Fp%‘“e]é&’B’é‘Flﬁw OTQHé’r?HarU@laﬂP‘iOéW?I\ﬁétTW b0f the catalyst.
The nmet hod of Exanple 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 tEramnies wlates torthrehyrdrogenatm ofdgoagio adidahdidemonstrates tapelieat ur e and
the of f gas an o contain (nol % carbon dioxide (0.29),

nmet hane (0. QS)QL%%?%%%@%%&%%H&& (0.73), ethane (2.21) and propane (0.31).
The |iquid product was recovered fromthe aut oclave and found to be two

phase, 64.8g u anic | ower (aqueous
| ayer). These% P?B%Xé&olﬁgl%r@e ‘)FBt ’ngﬁa"(“i‘/\k"%reﬂifﬁ‘éw tho5 wat er
(17.0)5 prOpanmhmﬁs?a%ldiﬁ)sg,mprﬁémqhaﬁﬂsdné&ﬁem%m tHeRr wak aRidnat e (31.9);
| ower water (83.66) propanol éll 73), propionic acid (3.47) and propyl

propi onat e ( 0.6y tempgrapye Thefiguid product v epverodiumtheerodardPOi®eod These gave
an overal |l nolgpjysal SQE%)V' dodtert C{spmpad?éﬂan&f (@f&)5°6}opwn$b°y4cxdpr(§gh°”at e_27.0%

which in itself woul 1- pr opanol a conversion of 3% Exanple

6 relates to tth@hbi‘%f“@géﬁﬁﬁ Y:hutblracmﬁ@rl% ba@ilqdwhnﬁ&ﬁﬂegmmstanaw&lthat ot her

di aci ds may be,hydlng glﬂ:gt} Eéﬁw ted except
that the nal ei c&acslre% %tgtt thégo Wé’fﬁﬁo@? ma |3&3%§636?22%$§§8u§8% After
12 houfs at tcmiraedioluofe, 4415131% Tiratemagaimas 0.0 06 sediurh drydrogidengheemp@loat ur e The
liquid productcoyl\@e%lgngf%%ﬁgw LQm t he autocl ave (90.1g) and

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 iliustrates the direct hydro genaﬁon 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



‘-anal ysed (wt%, water (82.74), propanol (0.13), propionic acid (O. 04)2 nov 2005
‘tetrahydrofuran (6.00), y-butylractone (2.19), butanediol (8.35); giving an
overall nolar selectivity to tetrahydrofuranof 40.0% vy-butyrol actone of

.12.2% and to 10 butanediol of 44.53% Titration agai nst 0.01M sodi um
hydr oxi de e >980% conversion of the fumaric acid Exa 7 illustrates

- the di rect%m/ {98’ Bnation of lactic acid. This further @Wﬁ’gWat es that

“organic acids d ﬂ%i ol_ﬁ!g E‘f’%ﬁ %@I% epeat ed

_ except that th{e@wé’ 8?‘“%‘n{§%ng|1’§ﬁ3p§9né%rw%ér hY I)lap an@ﬁ?l\n% a(ﬁ:tl c acid,
~85+°/<% sol utlOn(S:.ZZZj‘g?tr@hnerQéﬂsBlégJVltgmtﬁaﬂ}_’rdrr](ﬁhl)moﬂgﬂge%, yhm?wdact@b 190C, tge
reactor was cooled to roo [ e liqui uct was recovere
fromthe aut ocP%@%nﬂ‘dft‘bg] eH@F%@‘*gm’g?”é‘aﬁﬂ% lon £B% The anal ysis
found (W% : water (26.25), and propyl ene egcoI (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 nmet hod of Exarrpl e 1 was

repeat ed excep deSH s d (20.039),
1- net hyl - 2- pyr?:o 'P@l ni ne A(t%(}gecafgc %Oﬁ‘l&%{é ed agaéeso ven ean t he anmount
of wat er (49. 86gpresentinucitidy was reduced. At the end of the reaction the

products were anal ysed and found to be (W% : water (61.43), propanol
(0.14), 12 02 NOv 2006 WD 03/093208 PCT/ GB03/01819 tetrahydrofuran

(3.69) 5 propi Omhd}nalﬁjddfﬁihmbﬁz)iWfé}ﬁit@d@b@ﬁhﬂ@pl@ﬁcBtil)vdndmﬂ%?g)ﬁndl (5.22);
gi ving an overall selet'v' to tetrahy ran of 30.49Y%

y- but yr ol act oanP’BPlC?@Sé%’}qg g’ﬁﬁ“ﬁfﬁl Bt aﬁg‘iff%ﬁ Oufy atigmpergre &E‘Fo‘e%[’méonverm on

of >99% Exanphgs &olel! 1t $édndte@ipetahite mdr@@bfffyﬁmgeéuaiddqeuﬂftoeamaﬁhydrl de in

accordance with the resent i nvention was

repeat ed excepfmalipysar Prds @QQhWéhaP‘?j@ 9@13@02@5?) aﬁhepe (BQSpPTBWE aci d
(33.99) were ugefl)agfiRed préfubasRedd Ot S tht @AW A Sounli RFb RBCT OF

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 anatysed
(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).
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- was cooled to roomtenperature and the of f gas anal ysed and found to 2 NOV
‘contain (ol % carbon dioxide (0.29), methane (0.95), CO (0.73), ethane 2006
(2.21), propane (0.31). The liquid product was recovered fromthe

.autocl ave and found to be two 10 phase, 73.2g of an upper (organic |ayer)
and 1. 8g of (aqueous | ayer). These |ayers wer and found

- to be (vw%wiﬂp?@g%@vvater (15.91), propanol (40), prop?%ﬁ‘?@lyé@?gg (9.54),
pr_ogyl(4pr5(9);)i onEi:ﬁnIlﬂas’B. 88} ; I«awerzloé\/aa%mc(n_raﬁhte%) tHat OPamQk: (u?llg_l.lﬁg), I pr opi oni ¢

. aci : ., pr.opy r opi onat .. : ese gave an overa nmol ar
-selectivity tod‘B'i‘CB}f}HﬁﬁPﬁEﬁ‘n%Q’s e it Bpprefemedanpiphing eommpund ynderdhese conver si on

15 of 80.87% EpnaifiBhCothe: dhbiphiks At A% dufididi rect hydrogenation of an am de

in accordance with the present invention. It also illustrates that the

catalyst is stable in the presence of nitrogen containing conpounds such

as ammoni a andrahlB@sq 'Bﬁleaxgﬁb%ogj“gg réggazégp%geﬁ NASHL eR&e tl?l?—(?@l%efy 64C, except

that the propionic acid was 0O rep y “propi onam dé g), water,
20. 26g and t et phebhinonfethyhethineoyas eeplaced by v2giefy of ¢therghosplinéstin varicnbie r eact or
was coqQl ed an . : t nal vsed . rea% water + ammoni a
(9. 81)f3 pr opagrg?ﬁ%?%g%g%b%gf&?gigﬁ}ﬁ%?% ”‘?:a%?%é?,(rgbl?jl propyl ani ne (0. 57)
propyl propionate (1.32) propanam de (15.92) N-propyl propanam de (7.33).
13 0 2 NOvV 2006 WO 03/093208 PCT/ @%3?%%1819 Exanples 11 to 20 denonstrate
that whilst tris-1,1,1- di phenyl phosptfi’tfonet hyl)ethane is the preferred
phosphi ne conpound under these conditions, other phosphines are also

sui t abl e. The-retheg—of—txanpteSwas—repeatpdexcept—thatthe
lris-1,1,1-d Kﬂ - ﬂ%’g‘?@i nomz*tphXP hane WA¥VFESPacedel§ @ varidty of
ot her phosphjm&s in [\f3FPY 5 1 A DhosflRE rat i|dBoPAle resylts are
sumarised ip Table.| | Table 1 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



- Exanpl e phosphi ne phosphi ne: Conversion Selectivity No. conpound ramlwgoihﬁ@
‘ratio (not% (propanol + propyl propionate) nmol% 11 tris-1,1,1- 1 76.4
93.7 di phenyl phosphi no nmethyl)ethane 10 12 Tri phenyl phosphine 1.01 11.6
.40.4 13 Tri phenyl phosphine 6 8.8 40.7 14 Tricycl ohexyl- 3.09 16.0 68. 2
phosphi ne 15 Tricycl ohexyl- 6.02 21.0 87.2 phosphine 16 Trioctyl phosphine
- 6.1 39.3 89W%°3’°f%%817 1, 2" bi s(di phenyl 2 24.8 81.5 pho@EKGR0I8Ehane 18

"1, 2 bis(diphenyl. 1 .3 Q hosphipo) ethane .19 1,2 bis(di pheny 1 10.0
_54.6 | phosphi ﬁ%‘?“fﬁ}%?fﬁ?{’ggt%‘% O%P‘Iéﬁ’a?‘ﬁ‘?ﬁ’éﬁ?}ﬂca?l‘i%b}“ég@i- nghi no)

- propane  Conpaiftiay gegextadBicept Shal eOMSIaF a§udvaldnRRf Upfiehakiljtohi¥ 6 a cat al yst
system '

monohydrate were added. At the end of the reaction when the products were
analysed, 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



- 20 ‘conprising phosphene plus a strong acid pronoter under the condigti qpg 2006
‘preferred in this invention. This denonstrates that under these conditiong
the addition of strong 14 0 2 NOV 2006 WO 03/093208 PCT/ GB03/01819 aci ds

.is detrimental to the reaction and the strong acid can itself be reduced.
Exanple 14 was repeated except that two nol ar equival ents of p-tol uene

- sul phoni ¢ ¥OB@"3%Bnohydrate were added. At the end of %ﬂé“?ﬂ%@ﬁion when the
"products were anal ysed, a sul phurougaggeur was detected indicative of H2S

. and the conversion had fallen to 10.2 nol % and the selectivity to propanol
-and propyl propionate to 68.2% 5 Conparative Exanple 4 denonstrates that
under the pr -ed—+eacton ¢H-+orrs~—t1 67 f

strong aci ds cifd .S

and the sel ¢f@tivity FExanple 1 w ; !

equi val ent s |df sodi umrp-tolyene sul phonhdf . - of the

reaction a Waite solid (succinic acid 148 9g) was recovered and the |iquid
producds 10[B82.5g) were anal ysed by gad6chromatography and found to be

(WM %: watenfg(9b.90), propanol (0.10) [56etrahydrofuran (0.09), propionic

acid (1.478)zy=butyroractone (1.67), huganedi ol (0.38); giving an overall

selectivity o tetratydroforarr of 2. 23957 L0 Y- DUl yr ol act one of .25% and

to butanediﬁ' o826 —Fre—conversST UM {j§int fial €17 L0 S3. 49 N1 %0 15
Exanple 21 r i A BRI A= aoa Ea‘w genomstrates—tieTecyc] abil ity
of thé0 ruth i t alyst—Fhe—nmet-hod—of—Exarpte—5—was r epeat ed

except that the reaction was conducted at 241 C for 4 hours. At the end of

the reaction, e dREQeHdGE sdeh edOthe WaSerfibeds msintained diriag yecplapor at or  and
reduced down to a mininmal volune (-5ms) at 70-80C and 60 20 Torr. The

over heads were then anal ysed for acid conversion. The residual solution

containing the catalyst was returned to the autoclave and nmade up to a

total weight of 70g with propionic acid and the reaction repeated. The

results are sunmmari sed in

AL alare
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" Table 2 bel ow. For recycle nunber seven the catal yst was not r et urggdvolvo 206
‘the autoclave, 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 reactor walls etc. 15 0 2 NOV 2006 WD 03/093208

PCT/ GB03/ 01819 Table 2 Recycle Nunber Conversion (nmol% 0 42 1 46 2 44 5
-346 456 546 651 7 0 blank run 10 8 44 It can therefore be seen that
“the conversioncraf®gs's mai ntai ned during recycle. 16 0 2 NOV 2006 CLAINMS
. 1. A honogeneous process for the hydrogenation' of carboxylic acids and/or
-derivatives thereof in the presence of a catalyst conprising: (a)

rutheni um rhogi um Ait{tﬁ?;bg émﬁl#;gcggs o el drdBen 8138 of ChtboRAic UL ind/or
he hy at

phosphi ne; wherein t roge ion Is carried out in the presence of nore
than 1 % by wei ghtdemivatives thereqf in thenyessoen of arabsteemprisibedi ng to Caim 1
wherein the car boxydaBC %mrhodium,imn,osmimqrpaﬂadim;and

(b) an organic phosphine; . |

wherein the hydrogepation is carried out in the presence of more than 1% by

weight water.

A homogeneous process according to Claim 1 whercin the carboxylic acids

!\.I

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 more than 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 proccss 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.

17
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'~ and/or derivatives thereof are present as solvent. 3. A honbgeneoug pR@E
according to Caim1l wherein a solvent is present and the water is present

as an additive therein. 4. A honpbgeneous process according to Claim3

.Wherein the water is present in an anount of nore. than 1%to the

solubility imt of the water. in the solvent 5. A honpbgeneous process

- accor di ng WQUX®EMM 3 wherein the water is present inP@FRIM greater

than the so ub|I| mt of the water in th oIvn t he excess water
_forms an agq eoué%ﬁ’é?ﬁneo%s.pr%eﬁ&ﬁ%’vg et8 neoggss ag% erﬁmﬂ?o Claim1

- wherein water |&atg@ﬁésamﬂdnihm/ph@hlmca?alysﬁsylstemogeneous process according to
Claim2 wherein the product of the reaction forns the solvent. S. A
honbgeneous process according to Claim1l wherein the water is a sol vent
for the reatd.i orA homogeAdvENDEDeSHEETdiGE 20 KB 20 GBerein(the PhGRER0
PCT/ GB03/ 01819 o any one of Clains 1 to
8 wherein the %b é?lggt{w?lgggtgl §Sﬁ5{e%f1§§ hosph I(I:%'at al yst system 10. A
honbgeneous process according to Caim 9 vvherel n t he phosphene conponent
of the catalyst &mﬁo%@eb&p@ocush&%@wmpfaeémms1aeho\Aesaarfpaeneous process
according to any one of Clains 0 wherein the hosphene conponent of
the catal yst sydJhesphing gopjpguent Pflth‘( (PP'ﬁ-l?{éthSIempﬁbéfb’n] ﬁb‘ﬁ%ﬁhﬁ%)et hane. 12. A
honogeneous Pr oGS hRcaethfllefind. 0 any one of Clains 1 to 11 wherein the
reaction is carried out in the absence of a pronotor for the catal yst.

12. A homogeneous process according to any one of Claims 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 ! 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



13> A honpbgeneous process according to any one of Clains 1 to 12 wjheriw 2006
‘the reaction is carried out in the absence of halide. 14 A honbgeneous
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
honbgeneous process according to any one of Clains 1 to 9 wherein the

- reaction pVes¥W®8is in the range of from about 250 pé’Fa’Gthméf)lgut 2000

Tpsig. 16 A Omglggzﬂ‘?e@yéc&ﬁlﬁé?{%ﬁmﬁ%%@ﬂeﬁghérg egxﬂﬁdﬁ'lél-&n’{ga%?dtﬁ the pressure
. is from about psig to about 120 gl honbgeneous process

according to anyelowﬁéat@fﬁofﬁ%ﬁ@“&ﬁ%c%bﬁﬁgﬁﬁpn the catalyst 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 02 NOV 2006 WO 03/093208

PCT/ GB03/ 01819 19. A process according to Claim 18 wherein the regeneration
is carried out at a tenperature of from about 150C to about 350C. 19
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