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HOMOGENEQUS PROCESS FOR THE HYDROGENATI ON OF

DI CARBOXYLI C ACI DS AND/ OR  ANHYDRI DES THEREOF The
present invention relates to a honbgeneous process for
t he hydrogenation of dicarboxylic acids and/or
anhydrides thereof. More particularly it relates to a
conti nuous honbgeneous hydrogenati on process which
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particularly it relates 5 to a honpbgeneous process for
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To overcome this process heterogeneous precious metal systems have been developed
that allow the use of an acid starting material in the presence of water. However,
these require the use of exotic combinations of metals which have high cost

implications both for production of the catalyst and recycling thereof,

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

ruthenium/tin catalysts for the production of butanediol, tetrahydrofuran and/or y-
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but yrol act one. Wil st sonme of these are capabl e of
reduci ng aqueous acid streans, the productivity of
ethers is generally I ow and thus where the ether is
the desired product a second reactor has to be
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reaction is carried out in the absence of water Since
hereip by pdgrensged that any water present inhibits the
catal yst or significantly reduces the rate of

reaction. For exanple, in US 5047561. an organic
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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 higﬁer than 1% by
weight. In “Hydrogenation reaction of carbonyl compounds cataiyzed by cationic
ruthenium complexes”, H-Inagaki ef ¢/, Science and Technology of Catalysis (1994)
327 it is explained that the presence of water retards the hydrogenation reaction of
succinic ar_mhydride in the presence of a ruthenium trialkyl phosphine complexes in
the presence of a promotor and that it is necessary to remove the water i)rdduced by
hydrogenation in the gas stream and in US 3957827 and US 4485245 scavengers are
used to remove any water produced in the reaction with the aim of improving yield

and productivity.



327 it is explained that the presence of water retards
t he hydrogenation reaction of succinic anhydride in
the presence of a rutheniumtrial kyl phosphine

conpl exes in the presence of a pronotor and that it
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advant ages
which is incorporated herein by reference, it has been established that the presence

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

We have now established that a cost-effective process for the production of cyclic
 ethers, lactones and diols from dicarboxylic acids or anhydrides can be obtained in

which the presence of the water allows for reaction conditions to be utilised in which
-the desired product can be continuously removed from the reactor using a much

lower hydrogen stripping rate than has been achievable heretofore.



We have now established that a cost=effective process
for the production of cyclic ethers, |actones and
di ol s fromdi carboxylic acids or anhydri des can be
obtained in which the presence of the water allows
for reaction conditions to be utilised in which the
desired product can be continuously renoved fromthe
ct usi.ng a nuch |.ower hydro tripping rate
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particul ar the process of the present 1nvention
domtheweaeier. pr ocess conprising the steps of: (a)
feedi ng the dicarboxylic acid and/or anhydride to the
hydrogenati on reactor; (b) hydrogenating the

&t mmaticobax the ipeocess ofitha prtéent ingertiparik d eontinfi6ls prédey@mpHiing
t.he product in a hydrogen stream (d) separating the
HESHREPE £ rom t he hydrogen stream (e) recycling the
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renmoved catal yst and recycling the catalyst
react or; deRaPiqry) recovering the product.

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

©) recovering the product in a hydrogen stream;

(d) separating the product from the hydrogen stream;

(e) recycling the hydrogen stream to the reactor;

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

(g)  recovering the product.

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

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

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

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



For the purposes of the present invention the term

"di carboxylic acid" includes both dicarboxylic acids
and derivatives -thereof such as nono- or di- esters.
The dicarboxylic acid and/or anhydride may be
saturated or unsaturated. The di carboxylic acid and/or
anhydride is preferably a C4 dicarboxylic acid or
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may be produced by the fernentation of al dose.
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operation of the catalyst. Where acetic acid, fumaric acid and/or acrylic acid are

present they may be reduced under the reaction conditions of the present invention.

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

esters thereof,

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

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



present they may be reduced under the reaction
conditions of the present invention. Thus, for
exanpl e, acrylic acid may be-reacted to form propionic
acid, propanol and esters thereof. By "honbgeneous
process” we nean that the catalyst is dissolved in the
solvent for the reaction and that at Ieast sone of
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added initially to cover the system’s requirement until sufficient water has been

generated.

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

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



It wll therefore be understood, that the process of
the present invention offers substantial advantages
over the prior art arrangenments in that water need not
be renoved fromany reactants prior to the start of
the reaction and nmay even be the solvent. Further,
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At the operating conditions of the present invenition a further advantage may be
noted. Without wishing to be bound by any theory it is believed that in the reaction
of maleic acid or anhydride to the formation of butanediol, tetrahydrofuran and/or Y-
butyrolactone at the reaction conditions if desired any butanediol can be rapidly
converted in-situ to tetrahydrofuran in the reactor. This may be required as
tetrahydrofuran is a desirable end product and also because the removal of
tetrahydrofuran may be found to be easier than that of the co-products. However, it -
will be understood that the relative distribution between butanediol, tetrahydrofuran



operating costs. At the operating conditions of the
present invention a further advantage may be noted.
Wthout wishing to be bound by any theory it is
believed that in the reaction of maleic acid or
anhydride to the formation of butanediol,
tetrahydrofuran and/ or y- butyrol actone at the
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recycli as to the reactor. However,
this is unnecessary -

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

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



in the process of the present invention. Wthout

W shing 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

car bon nonoxi de produced reacts with the water to form
carbon di oxide and hydrogen via the water gas shift

PURFET Seaditecol s PPl Rbiohin a° ihe Aaal ol g yabon

hipadkillyas derive sbdve AMOW R @60 rQRNEUSIEIPhOSHARY. Thus
reduci ng_t he cgﬂsts of the hydrogenation process. Thus,

fhsipgocess\piiers srtapded Saipkyst e whighla iy Eprovss theeconpmics of the
hywdEgoenation process but also obviates the need to
have a separate nethanation unit in the recycling
system for vent gases. 8 A further advantage of the
esent invention js that .t rempyval. of the carhon
55350t ee® U b A dof tpcel ol BN Gl Whig e rrboni
a€id emborahhpitide br thb erodastalf WethydrBpdsatiohiend? rﬂ%ﬁxﬁﬁ%ﬁﬁﬁl@ﬁts
extended catalyst |ife which in turn inproves the
HeonBifies teaqpe{%%% the REaCPBRl i Prefsieinvepiionsian fbe operated
PRERL) 8 SHOFR 1 ANleA % RERLibH S oy i sifedce e p Bl fon
ofonotide, thedhergpelin tstable moiatytis tehwyved lahg the thadtl iethah inctdased

initiation rature he process pof the present
e R o A Gt b b gl S e reaifial e omesate o
adattwaedhd catabst forfuirthertreadtiby By sOhese Mecprodes S8R abFlkd
cargon nmonoxi de, .the thermally unstable noiety is
ehbroatrengrpippigs Wi prolengedeatalystdifeased in the
presence of the hydrogen such that the water gas shift
reaction can operate to reactivate the catalyst for
Austitl rather agdaerttage of thBpresdnt mventianss thhtghere Bme sequiramet o add

[ . br . e. of _acids.wt rgl on
Bl of e Bt R i PRI e 26 bl e 08 e,
proasedt arenne eherally feqhiied add@EE inSsoRR ¢iRARSHaBFER NEveh e
gcld buffer salts of tr@hki nd used in the prior art to
¢lEiRRI9YSs d D Fractionispryferably eprmisd o d the apeproeldialidesr e not
generally required and may, in some circunstances,
even be deleterious. The reaction is preferably
dardescaledrhove, ivhetecthe Biserbowylisfacidalandles anhidridis swr solinbde in

FARY Ctne WA 16 L AT BRI 1RO, D UeMocP NI SR
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, tetrahydrefuran, ethylene glycol dimethy! ether, dioxane,
N-cyclohexylpyrrolidone, N-methylcaprolactam, 2-propanol, 2-butanol, secondary
alcohols, tertiary alcohols, or toluene with tetrahyydrofuran and other ethers being

particularly preferred.

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

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



water, the water may act as the solvent. However, the
nmet hod of the present invention nay be conducted in
t he absence of a solvent, ie the starting material or
reacti on product may be a solvent for the reaction.
However, if a solvent is used, any suitable solvent
may be sel ected and exanpl es of suitable solvents

i nclude, but are not limted to, diethyl ether, .
pisferisfy E\u@blfrcampoadﬁw%ﬂ!@segwgde canype ean§teddp getive species
i fx %ex]eactiuﬁ Y RdiR A PHBE InffeR&, sulphates, carboxylates, beta
N-net hyl capr ol actam 2-propanol, 2-butandl, secondary
diketohes| sandtcarbonys.y Rathotgh oxidsy carbbnyé mathendtés and complex

t et rahydr.of uran _an t her .ethers.bei .particul arl
Pt e A i SR SR iR DB ey
hIBY Bide@NSpeBift dxdinbles inuRide bt Ae [witedl ty Stuthelitg nitrate,
rutheniumi s generally proyjded as a ruthenium

EBRRISI dliofiden JUEIINE) | tglsaoxifee Htheniug (sibyidpgxidey ruthenium
M@Q{oﬁu@&m@m&%g%& tr@@&ﬁuﬂﬁxﬁ@at&%th'@ﬁuﬁpﬁ\ﬁaﬁ%t@,%g-o

act’ive species under the react i_ on condi tions an
[asetylacksons)ruthenivm, wsolashdbordruthenivenx Wipotassinmb é¢teacarbonyl-

AabRes. SR SRR R RN 85 92 SR

bftﬁbny%émuthggﬁim,d @mh?ﬁnm rdamklldn emthemlxmg nﬂatr?m, fiihénium
. al.so be used, Specific examles ipclude, but are not
Aibprslrosidest o bisgimrRylehAse %%a,rbonef hemimm Jiedksagarbonyl-

&%ﬁ%@hﬁﬁm t elraRydrRiBdedadh BRI IR AIAAIRX | deyndeticRBBM

acetyl acét onate,” rut heni um acetate, ruthenium
hydrldesinghenatet Weaieihn catalyst isdo e farmed from rhodium, iron, osmium

(acet yl acet one) r.ut heni u ntacar.bonyl rut heni um
b pE A EPPE R Aol RRDBRER
y

cycl o- pent adi enyl di carbonyl trirutheni um
é_ﬁtr ydri dedeca- carbonyltetraruthenium ruthenium
B Kithraium ERmRAYPE Ay DS RIBSERtID any § ameu Foess tés

Biesdribly priseRh Y BROEPHE BEHL0.H002 1S W01 PHERABIYIOS to 1 mol,

dodecacar bonyl - trirutheni um

eeuthenipay e bige etreagtion pplutieryr ar ut heni um

undecacar bonyl - hydridetriruthenate. Were the
catalyst is to be fornmed fromrhodium iron, osm um

@iny psaiithllel iphosphiner map bedosed. cOappaumds whivh Ipeovidee didediate,
ruf heni um conpound..nmay, be present n any suitabl ,
Difsafe o iale Jieqngls i cheaibag) yWhetE s metalis thenium,
%@%&a&&e SHosfHisNate PR 1hDy Brefddted. H@AIPIARI ¥ulthbROphdsPhide
no 1

compounds include trialkylphosphines, dialkylphosphines, monoalkylphosphines, .
triarylphosphines, diarylphosphine, monoarylphosphines, diarylmonoalkyl

phosphines and dialkylmonoaryl phosphines. Specific examples include but are not -
limited to tris-1,1,1-(diphenylphosphinomethyl)methane, tris-1,1,1-
(diphenylphosphinomethyl)-ethane, tris-1,1,1-(diphenylphosphinomethyl)propane,
tris-1,1,1-(diphenylphosphino-methyl)butane, tris-1,1,1-
(diphenylphosphinomethyl)2,2dimethylpropane,  tris-1,3,5-(diphenylphosphino-
methyl)cyclohexane, tris-1,1,1-(dicyclohexylphosphinomethyl)ethane, tris-1,1,1-
(dimethylphosphinomethyl)ethane, tris-1,1,1-(diethylphosphinomethyl)ethane, 1,5,9-
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as rutheniumper liter of reaction solution. Any

sui tabl e phosphi ne may be used. Conpounds whi ch
provide tridentate, bidentate and nonodentate |igands
may be used. Where the netal is ruthenium tridentate
phosphi nes are particularly preferred. Exanples of

sui tabl e phosphi ne conpounds i ncl ude

o P irebap haty ol ekt orpanh: bd:9-triphenyl-1,5-9-
tH% a@ﬂﬁﬂ@ﬁéd e gﬁg@ﬁ%&@ﬁmwﬂ)ﬁéﬁg@y&gﬁm@adlé&rb

phi'nes7an yl ‘monoar phosp ecif

(élxobnml rhgsphino)efhiznenbis-1 3r(dipheny. thqsnhm@nrwme bls-l ;A-(dipheny]

L= (di in I t han
B osp%mf)o m_ ( (di dB%ﬁf;% §(FLEI%&1§P ﬁﬂgnép% ?egfx%.n? *han elS -1,3-(diethyl
phoiphind)piopane, gisFﬂE«Q@i&vpbh&@Lph@@pfﬁﬁd)Wtéﬂéﬁﬁﬂ&[@cxylphosphme
t%l{)(%t'zl p%rol L e, nlxrgetgnl }%sp e, Itxgp%rrl yl ]gl%sphme triphenylphosphine

wieh @r'i‘sePWl @?59 glﬁ{/ﬁ?ﬁ.\ﬁé&é@ y 15 SHhARL h‘%in? PRAARarly preferred.

tris- hosphi no- net hyl') cycl ohexane,

Rartrcglanly Pdlar(telgcwtlr S\ Iadsp‘mdnmtbtmsiwm Hacigly capped

tih h
bk kg (PR BIORRI AL G o1
mﬁM@khmmmnmﬂaﬂMyMQn&hﬂmgmhﬁm%ﬂwnkﬁhmhne,
1,5,9-triphenyl-1,5-9- triphosphacycl ododecane,
bi s(2-di phyl ephosphi noet hyl ) phenyl phosphi ne, bis-1., 2-
T RRERY Imd) NS Phrprlaat mé\%era@dsmjﬂn% ( rHehe By lelectron nch

phosphi no) propane, bis-1,4-(d

eny|
e |81r9b)'dbtrtsahéai -(dieﬁwmh@mpmthﬁk)rthmosﬁ@rhen@?ceﬁ manbe

eféra 2 ﬁ; ]%‘%ID P & éo%ongp?&%h%é; gﬁlgnﬁzg %g@?fé:ﬁ )éx:lor to commencing the
Ih&maMEMQhﬁxyhph@aﬂhmne trioctyl phosphine, trinethyl
phosphene, tripyridyl phosphine, triphenyl phosphine
Wth tris-1,1, 1- (di phenyl phosphi nonet hyl ) - et hane bei ng
mrﬂhbgpmr@rdomp@nﬁa eHal D presélfif boHhiabl aAHOUAN IRGRIBS it is

results are achieved with tridentate facially capped
Hg«pfgrglyﬁ prgsant iy aramount of from 0.0001 to 5 mol, preferably 0.005 to 1 mol,

onethyl)alkane and
b%p# %p%iﬁ%! aF%&Pg%%sp I nonet hyl ) al kane bei ng
part|cularly preferred The catal yst may be preforned
Igwﬁg"ﬁn i attgc%ichm%@e process o? g praegen% lmevcé}ltgo%nls Irnalxmgulaxly suitable
fof 4ss inla donfindoitis 8§ dith BlAESROEARAR Ishok pSSdHBABY éFbdnindiBxide

used it may be preferable to preformthe conplex in
qriifgpoispriasiwdhis waygeeis. Hicicatlysisar bemegensrarg bymeaction with the

water.

-

>

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

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

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

examples which are not intended to be limiting on the scope of the invention.
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process of the present invention. The phosphine
conpound may be present in any suitable anount.
However, it is preferably present in an anount of
fromO0.0001 to 5 nol, preferably 0.005 to | nol, as
phosphi ne per liter of reaction solution. It will be
understood that the process of the present invention

' artj for use in a continuous
3Bl L i Ealet A el Brici o B SpsresbHeaybpeeigon te
pRsexe ofewater. 1 f poi soning in this way occurs, the
catal yst can be regenerated by reaction with the
wat er. Where the catal yst is renoved fromthe reactor,

oot X0 i, T, Bl

OéslemmqthW)@ruhana (triptios) (6riaundie, Odﬁ‘g)? Wwalee@ 1Y ahd) nﬁgfcgafzﬁ@&@ |
bl Pfiob s Bt o 00 Rasilion bumanrestave T e
dnd purgesitwigt I8$drbbehi befdRé Bifig ﬁFésg.uﬁ@&’ tobﬁ)O %k'l%%ﬁ&sl{yltﬂ-o g¥n and

dro enated in the presence o

é?] Foiron) Qeea 203 ied ibaere ac(lmew@, thmbetpr @as]tSﬂ;@)i uphdth

ﬂyﬂof@n {1086 ﬂs&%@@%s %{,g{g%g?éf rggjgtag%%)cbﬁ%l}gg ﬂgcar Iacp gg%a

Fmassaﬂowmet@g )whmrrecotdedmlm‘ amowed of iydfogan aﬂ@m At"ﬁé&ﬁi' Jr e
This was. seal ed g

cl
EQ%J"SB‘g‘ﬁ %Hgﬁa‘l\%eeé WBPI oV ise %& theorepgior p@qlgi WlAthroom
i&m@é@@l@d']thaﬁﬂeadhﬁi@& @ Was ArHGsed 25% ﬂ}ﬁga_[gr OCQCW gas

achi eved, the reactor was toppe p wth
ar8tyeery Befgrepeing Hientesr Blss produpiawasrednmived fieeh &ier:@atgdsroauti

h ded |
B U8 S 01

produst agamsumbmmmghyurmn@@wm»s) IThe hate BnBdtgarid fnal 81s
t enperat ure_the headspace g

&/%%%LC; in “esa"‘%?f ﬁg %s ngtperaph equipped, @,ﬂya g%fgo TCD (wt%)

water (8§D £oB (084Nt U ved
fro 68t he) féphgl?:t gr (ang e hgitgm%rle¢ gg]?gﬁ%ile rml
RubpQlastanco?-4nAks bearedioli &G%bgmng ragt pmalbmounselecmuyoto

RHEAJ e Fur AR 5’1181%0[0 3 tﬁry;@lgéggﬁ@ W lq}é,l bu%nec?u@ of 16.5%.

wat er and organic

(

Comparative Example 1 demonstrates that under the preferred reaction conditions
the addition of sodium salts of strong acids is detrimental to the reaction reducing
both the conversion and the selectivity. Example 1 was repeated except that two
molar equivalents of sodium-p-toluene sulphonate were added. At the end of the
reaction a white solid (succinic acid, 43.9g) was recovered and the liquid products
(82.5g) were analysed by gas chromatograph and found to be (wt%) water (95.90)
propanol (0.10), tetrahydrofuran (0.09), propionic acid (1.478) y-butyrolactone
(1.67), butanediol (0.38); giving an overall molar selectivity to tetrahydrofuran of
2.43% y-butyrolactone of 38.25%, and to butanediol of 8.26%. Thus conversion had
fallen to 33.49mol%e.
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was determ ned using an HP gas chromat ograph equi pped
wth amcro TCD (wt%: water (86.52), propano
(0.84), tetrahydrofuran (7.02) propionic acid (0.14),
y- butyrol actone (2.47) butanediol (2.83); giving an
overal | nolar selectivity to tetrahydrofuranof 5 1.1
% to y- butyrolactone of 15.1% and to butanedi ol of
ara a e 1 deponstrates that under
Fismples ? dhiABaes tha et i ADREratPBALSE RS Asitinthapresstos of
S&Waan salts of strong acids is detrinental to the
reaction reducing both the conversion and the
selectivity. Exanple | was repeated except that two

BB R LB oy Pl Bl o St WO il Lol nreplices
“‘3 SS“;‘?““ s °*%”?"e‘°m9'm2‘§“?eqagfm%’ﬁﬁ.ﬁt‘%ﬂt“agsha

51T 4500 M g W o posiagh % Tctipn e prdovie e
&ﬁly&@fh&‘xﬂ Found bR (cvt%pv%ater B7.99), ﬁBb&loP(@'IQ) %@Sﬁy Fohran 3.69)

y-butyrol actone (1. but’anedi ol
Rroripaic|ackid0ds) yét\lé@tﬂmtpw(& it lattmﬂnpbl ffon)r givingfan oRerdl3 %

R Y s XN ST W,

(257Dhmhatcannvasmhbﬁ>8l8%ect hydr ogenati on of succinic
acid in the presence of a solvent. In Exanple 2,
Exanple 1 was repeated using except that nmaleic acid

PREmpRP ifGRSites e e SH6HEN R : i
1- meitshyll 2- pye?r oli gone (20. % &S%cvva cg%é%ac}g%pl}fgphéms'

sol vent and the 49.86g water were used. At the end of

hEeLR0s 30 "SR kB R itaghal” GBR K0
e 53 58t o1 540 ),
Firbla oo B ADBC 3o minaniy areinet i o4 oSk She meinod
OF Einpleq VRS RASercdidd SldepPibsh 15BONLARSARo1Ene e %dd)ad

and a conversion of >88% Exanple 3 i'I'l'ustrates
%%adcﬁf ﬂ&rhtépmﬂmuaeeﬁtamt@natmd@plwm &+ thectind af the reaction the

| s-1,1, 1%3% ﬁ&f %osptﬁl noﬁé{“ﬁ % (t?};\ 4@ pzo%&l) O
tnuaﬂysitqﬁgmm @ .6%0 pmp(otﬁa agid e 8), |Y9laﬂlﬁdlauﬁﬂee (3.87)JBitartediop
'739 g1v1ng an overg'.lll sagctlwty to tetrahydrofuran (30.49) to y-butyrolactone

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

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

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

water were supplied to the reactor via two concept PUIII constametric pumps. During
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aut ocl ave, then heated at. 200C for 30 mnutes to
preformthe catal yst. The nethod of Exanple 1 was
then repeated except that 15.89 N nethyl pyrrolidone
wer e added instead of the ruthenium acetyl acetonate
and triphos. At the end of the reaction the products
were anal ysed and found to be (W% water (61.43),
propanol (0.14) tetrahydrofuran (3.69), propionic
Qpsratiquahemleiciacid gofition aves added ata eppytantyate arhélet the deionised

L
245 B oAl B @ Bt 1508 P kot e ovel iy thegptor
el mooitdyed bynibe differate p3dmpErjtuamds then processed wingfMEREY0

Ie4i| ustrates.that the catalysis be
ST PR AU (R it et S TR cEn L v s o that
@l eDinh tﬁ‘&@&iﬁ%h s 8dded BnBBO exbksstign vl vith 1RSREER products

equi pped with a Parr Magana drive, gas induction

ieateaied trangfarlipe. Rhedvolatis pradusts condgpgedbigarsondesser ampwverg
hor st
PR e PARRL CfheleBrs e R ol Bt LR Sl
to the desired pressure and suppl ied to the reactor ,
MR B b Pl Pt St LS B
pﬁ@@mbmumgl)&m@nec @lnﬁﬁﬁbls Pblbbm | 65,015 R RRES nbndRHSinto the

Durln 13 operation the maleic acid solution was

is wag galedaprreqdawich Riipgentbefonebeirg pressurstd toR00psig
h
Y *’Fﬁ’@%ﬁ o1 i e S0 e U o DS S Dol el SRS e

glifrérestaated et |1ﬁ0(i)rpnpatdatlhe| It&cWﬂSvak lheated tO2@SE 0n¢LS2008 was

Moor e' 1con r.to drive.the deioni sed_ water
Eeé‘ﬁ‘??ﬁ?elf?“i Aﬁ{%éﬁ@é‘%ﬁeaaléoe gf ft Oyate maleig arid saiution Wape
penpdd afd thefeaddd 8kl @B Wateh ﬁutﬁ%ﬂ *asfarded & glaiﬂ'tairhthg n:@el in
vol atile products via a ed transfer |ine.

%‘l T584tprcang the Grdreseotiene seeer atnl 0ANEBHd efviierra farthler\hemethe
S ven

AR oL B AR ]

ﬁ@ebgdt(awtannuﬂhel (2 mﬂTﬁn]anlﬁutBGM@) 228 Hours on line a total of

{2k ahipeiie 5 B B8 Rand O Pt b v aviee

512 @0¢rall mab¥ balaH@SofSEHb. e%s%@iﬁﬂkéﬂ" #nld AAbilE968 %&
bei ng pr essurised to 900psi with nitrogen and t

Reegnis gnalygs pag determipes waing s HR Hes quatggra@sqsuu@ped thh a
0 I- I
PRSP s B ) B 01, Mgl AT S8, i

acid (0.52); y-butyrolactone (5.79) others (0.02), giving an overall molar selectivity
to tetrahydrofuran of 34%, and to y-butyrolactone of 59%.

™
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reached the reactor was left for 30 mnutes. 150g of
30wt % mal ei ¢ acid solution was punped into the
reactor and the water punp was turned on to naintain
the level in the reactor and the hydrogen fl ow
started at 100NLPH. After a further hour the
tenperature of the reactor was increased to 250C.
Mal ei ¢ acid solution was fed into the reactor at an
initial rate of 0.5m s/ mnute. After 228 hours on line
LLAMB of 7126g of maleic acid and water had been
fed and 6739g of product recovered giving an overall
mass bal ance of 95% This was bul ked and anal ysed, the
wat er Agkno [ Vgl erdi ned using an. HP
gas chr orra.tgggf?%g Foecg%i%%rptg%ﬁyw t%ngt%nréfrca‘}csﬁ%%‘c( y4nd/or
wat er 2plggrides)in the mpsenad of @atblit cotmptrismpy dr of ur an
(4.33 propi onic ;acid .(0.52): y-butyrolactone (5.79)
ot herla)(o. %%?m“d?’ P?fﬁ‘“}} B B glwmagdt i vity to
t et r aly)dr ofmiorganio bhadpliine;and to y-butyrol actone of 59%
14 CLA(IQI\/IS. % @Fhormgeneou_s process-for the
hy dr o JEREH BHhYsEoRgNton psagrier Qubiaithpspressadennt abledsy alycutl &%
i n they REREERS t : '-'n:(a%Ff

y W sréﬁfi uﬁe&&tﬁéﬁéé@ﬂoﬁ%'&&ﬁ%&aﬁgg A Bissurs ofifrom

rutheni um rhodium iron, osmum or
(b) anbay §Rfhpsis tolbeys BOMpsigrind medmpdritere by SoRGBHADDOTT oS

carri d r.esence of | east about 1 % by
wei ghiooiB ey Gl R PR R malla #ER | L mebotéoeemer
at a psedsssirip 1afiolt bOprodedd Goin hORa8H 9 t 0 about 2000

psig and a tenperature of from about 200C to about
300C such that fromabout 1 nol to about 10 nol of

hydr og&fio@EEacedt ' .mle of product fromthe
Peactor 2. A p?%g éiglagﬁcglg’rﬁ 31]6}1188 p BrodF A O PRPoEHie
pr ocesunprising thosiepsnfous process conprising the steps

o (B AR A e
di car boxylreactargi d and/ or anhydri de;

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

(c) recovering the product in an hydrogen stream;

(@ separating the product from the hydrogen stream;

(e) recycling the hydrogen stream to the reactor;

® separating any removed catalyst and recycling the catalyst to the

reactor; and

(g)  recovering the product.

3. A process according to Claim 1 or 2 wherein the dicarboxylic acid and/br
anhydride is a C, dicarboxylic acid or anhydride such that the process is a

process for the production of butanediol, tetrahydrofuran and/or Y-
butyrolactone.
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(c) recovering the product in an hydrogen stream (d)
separating the product fromthe hydrogen streanm (e)
recycling the hydrogen streamto the reactor; (f)
separating any renoved catal yst and recycling the
catalyst to the reactor; and (g) recovering the
product. 3. A process accordl ng to Caiml or 2

&1° 5 B FrEaheR Oty Ao R0 B RS P&oﬂgcedmtﬁe
pr oc ebydrpgengtionprartios & réaycled kethp hodtogshation redctor.

but anedi ol , tetrahydrofuran and/or y- butyrol actone.
15 4. A process according to Claim3 wherein any

$- but pr st afrdhORUTIERh B by Mrkeheré?ﬁ( Qg edii@a%&@hc acid or

reactiaon i s recycled to the hyd rogenatlon re
A pr o&*&éféﬂ%@éﬁemﬁgw% nglei¢ pntydede, maltieacd, sucdinc @4d or

di car hpxmtd ?cg'ld‘é anhydride is fumaric acid,

mal ei ¢ anhydr mal ei ¢ acid, succinic acid or

succi ni c anhydr| de. 6. A process accord| ng to any one
gf rcess °5~‘P\Ag ei n wat er present as the
sol ventp? ?Pé e c?f‘¥8‘?f’° "“ﬂsﬁrt‘b%@’ greig thegyaterig piessnt
any oasethegolﬁnafme];egcgorﬁ wherein one or both of the
reactants or the product are the solvent for the-
catalyst. 8. A process according to aim?7 wherein a

sol ve ent as an
Tt C PR FRacaRth Afonk Bt Clunh® B FREEN oBp i of
one ofeacthrs orsthd proguds anettier wivent foethe@htelysti S  pr oduced in

situ as a by-product of the hydrogenation reaction.
10 A process according to any one of Clainms 1 to 9

Bher eAprédess dceadinga Clais &Swhddbia @ olvEnt TR taﬁ@&xe%‘ie is
reactor and the reactors are operated in series f A

pr oce%r§se&‘&%§cﬁnd’ﬁﬂ‘§“’?’@%§ﬁ)lﬁne of Claims 1 to 9 wherein
the reaction is

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

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

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

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

11. A process according to any one of Claims 1 to 9 wherein the reaction is

carried out at a pressure of about 900 psig.

12. A process according to any one of Claims 1 to 10 wherein the reaction is

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

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

ruthenium/phosphine catalyst.
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carried out at a pressure of about 900 psig. 12. A
process according to any one of Clains 1 to 10 wherein
the reaction is carried out at a tenperature of about
240C to about 250C. 13. A process according to any one
of Clainms 1 to 12 the catalyst is a '

rut heni um phosphi ne catalyst. 16 14. A pr ocess

agcor di f wher

e o ket ofiing B onEoE it L I Lrhatin Gorigpin
5 nol pegsent it ke ninommtpef frdth 063000 fto Sr@alCdsi ﬁ&eﬁﬂ#ﬁér%er of
15. A ocess .according to any one of Cains |

wher el i The® Iéphl ne is tridentate phosphi ne. 16 A
process according to any one of Clains 1 to 14 wherein
Ee phosphine is selected fromtrial kyl phosphi nes,

dPal kI RSPRESHTIMEing toramioRelofI(Gitios pio hewherein the phosphine is
tri ar){.dgﬁgégmhl Dhie. di aryl phosphi ne,

nonoar yl pho nes, diaryl nonoal kyl phosphi nes and
dlalkylnonoaryl phosphlnes 17. A process according to

16 V\,here hosphi is selected fromtris-
?61 12 "r?y?fg‘r?é ﬁ%n%ﬁ@? ﬁ%ﬂ)ﬂﬁéﬁ%h“n@hﬂm the phogphine is
(di pheegtenosPHbRPBRSPYNYs, Al
(di phenyl phosph?ﬁgg‘étfyl )g r opaneos%eg-dmf}oa%ylpkowhmes

- (di pRERyPIRRIERAS: diary! mhwe) sanaergiphosphines, diarylmonoalkyl

Pt R RRA L Ny Y vl onexane.

tris-1,1, 1- (dlcyclohexylphosphlnonethyl) et hane,
is-1,1, 1- th hos hlnometh et hane, tris- 1 ,

T}., 1111 _prcicaﬁsg{(. [Te ZHH g@%}@ne is selected from tris-

1,5, 9t fr, 1 etdi heﬁ %o HhB?@étﬁ& decan

1,5, 9 tri Sﬁw : yﬁp SlJt i phospﬁacycihoag%decangt -L1,1-

bi s(2 QJH ?/P@ghb@ﬁmmmmylt)bp’ﬂéﬂytlphnsphl netrisi-g9-1,1-

1, 2- (@ ne,

phosphi no)ﬁ%l%ﬁé%sgﬁgl,%%?ig D??oi;‘a{i@ hetﬂfl'ﬁ LI igd“(’ ngg&%k“n‘"

methyl)butane, tris-1,1,1 -(diphenylpho sphinomethyl)2,2dimethylpropane,

tris-1,3,5-(diphenylphosphino-methyl)cyclohexane, tris-1,1,1-
(dicyclohexylphosphinomethyl)ethane, tris-1,1,1-
(dimethylphosphinomethyl)ethane, tris-1,1,1-
(diethylphosphinomethyl)ethane, 1,5,9-triethyl-1,5-9-

triphosphacyclododecane, 1,5,9-triphenyl-1 ,5-9-triphosphacyclododecane,
bis(2-diphylephosphinoethyl)phenylphosphine, bis-1,2-(diphenyl
phosphino)ethane, bis-1,3-(diphenyl phosphino)propane, bis-1,4-(diphenyl
phosphino)butane," bis-1,2-(dimethyl phosphino)ethane, bis-1,3-(diethyl
phosphino)propane, bis-1,4-(dicyclohexyl phosphino)butane,
tricyclohexylphosphine, triocty! phosphine, trimethyl phosphine, tripyridyl
phosphine, triphenylphosphine.

17



phosphi no) buane, - bi s-1, 2- (dmet hyl phosphi no) et hane,
bi s-1, 3-(di ethyl phosphi no)propane, bis-

1, 4- (di cycl ohexyl phosphi no) buane,
tricycl ohexyl phosphi ne, trioctyl phosphine, trinethyl
phosphi ne, tripyridyl phosphine, triphenyl phosphine.
17 18. A process according to CGaim16 wherein the

h hi d f - . .
B B Reiesn G oA WUFLy'a Pl it fegted s
(di ankyl1pmsaemm@phmm@dhmmkaa& A QEOCeSTris 11, 1-

accordlng to any one of Clainms 1 to 18 wherein, t he
phos fdirbmiphesphingmetBdialkang i n an anmpunt of from 0. 0001
to 5 nol as phosphene per liter of reaction solution.
20. A process according to any one of Clainms 1 to 19
Mher el protheaccaddalgyts anyl cme of Etpimet & Biwhereinhthe phc&ﬁlﬁﬂ@ﬁ

of V\%tre%er:ntalrrll gn DAURY L%t of ﬁom 0.0001 to 5 mol as phosphine per liter of

reaction solution.

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

regenerated in the presence of water and hydrogen.
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