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| nvent i orwOhiB®6s7R/ent i on rel ates to the hydrof ornyl ati on ®cd/EPayar4e@enat i on
synthesis of an aliphatic 1,3-diol, parttcul-arly 1,3-propanediol, from an
oxirane, especially 5 ethylene oxide (hereafter EQ, and syngas in one step
using a catal yst system conprised of cobalt carbonyl and a |igand.

BACKGROUND OF T HENT | 6N il i st i i1, B-shils, uper i out atducED L.IGAND
1, 3- propanediol, 10 have nanéﬁgﬁgllcatlons as nmonomer units for polyester

and pol yurethane, and as §P §RAaPYr PHPs WRABERt RETERRTAGYi s  of cyclic
conpounds. For exanpl e, CORTERRA poly- trimethylene terephthalate is a
pol yester characterized by outstanding properties that is nade of

1, 3- propanedi olFi5 d heff gdfd emRBD@i@and terephthalic acid. There is nuch

interest in the ar |n f.indi new routes for synthesizin PDOthat are
efficient, econonicall® anitfe A Hrice ﬁ&(ﬁ%ﬁﬂ %( R is a

tradenark) . Uk@drpca}ena{\@loé SELRAL s assigned tpﬁla%l% l1, 31920 Corrpany,

di scl oses a net hod of hydr of ormyl ating et hyl ene” oxi de t'o 1hyofr oxypr opanal
and 1, 3-pr opanm@lduiaaflwlngﬁ-@mwglamm a?rqmnmowmmeal yestp exyisd Ehy
corrprls ng It tertla Qs andl conbi nation with a

rut heni um cat aI %?‘ty eﬁaﬁ Ogat eatﬂ SR & DR YhEER ne
ligand is enpl ayddg Iat daScallq;.mﬂ éy%ifé?fbaﬂdmprclasfebﬂrbﬁ cdeendidye y
assigned U.S. Patent plication Ser. Nos. 09/808,974 and 09/ 963, 068

di scl ose, inted &Lg&an 03/ 068720 - - PCT/EP03/ 01460 phosphine |i gated

bi metal I'i c cat dSicrRRMRPYE S Ilﬂﬁ/%\]"tlloﬂpn the one-step synthesis of PDQ,

and a process for—ome=—step synthests of In these references the
phosphi ne |i gands Adri@hduind 1t,3-tche syt Ipemtummmﬂqurid I-givhgyarddminnl,

10 have many applications as monomer units for polyester and

polyurethane, and as starting materials for the synthesis
of cyclic compounds. For example, CORTERRA poly~
trimethylene terephthalate is a polyester characterized
by outstanding properties that is made of ‘1,3-propanediol

15 (hereafter PDO) and terephthalic acid. There is much
interest in the art in finding new routes for
synthesizing PDO that are efficient, economical; and
demonstrate process advantages (CORTERRA .is a trademark).
’ U.S. Pat. No. 5,304,691, assigned to Shell Oil

20 - Company, discloses a method of hydroformylatlng ethylene
oxide to 3- hydroxypropanal and 1,3-propanediocl in a
single step using an improved catalyst system comprising
a cobalt-tertiary phosphine ligand in combination with a
ruthenium catalyst. In the aforementioned patent, where a

25 phosphine ligand is employed, it is bound to cobalt
carbonyl. ' |

Copending commonly assigned U.S. Patent Application

Ser. Nos. 09/808,974 and 09/963,068 disclose, inter alia,



5 the cobalt conpound. Ruthenium carbonyls nodified wi th phosphine Iigands
are quite effective as catal yst conplexes in the one-step synthesis of
PDO. Howewero3/ogdtesphi ne | igands are relatively expensi vePam@EPod/o4s®ne
cases, catalyst recycle 10 may fall short™ of optimal. At the sane tine,
product selectivity may fall short upon repeated recycle. These

observati ons hae st o arigeddes! idinedtaidri graghiadiststv esdmpo sisel v spds fiel

| i gands i n hydr.f | ation catalysts .for rcial use. |t uld be.
extrenmely desi rlgb?trehrgl/fo Ssr%ueﬁastsé’ﬁ%{ti%ﬁﬁjf Ioefs?ﬂq'gfﬁﬁf\ﬁerperoé}refsesct i 9 a
bimetal lic catederstsyenmiss fofr Hite ane-iar erdrsiceLHtRDA b fne

ot her nodifications, such'as water extraction, enhanced the use of a
reduced ratio ard@adsHh ARUREIND t&f fihg emthendaye|eomprorsl megrhen rihan

accordagce wt 189 de present invention is a process for
nhcgﬂegﬁzé;b%yd?!%%ﬁatl ng

hydr of or nyl at i oxi ranes, especially ethyl ene oxide,
carbon nonoxi de, &mwd heydnog e rbonyleducel ifliigphatith bhdsthdlng, 12%ands
especially PDO,_in one ste \A({}ere r‘ecov%gr/l of product is kB acconplished via
aqueous ext r actdén, TPt Wit 7S RRAEILYSH SOMRIGXSS AR piss €T oth e

bul k reaction dymtisisThe pref.eHmd #0Cess d segdde sheps of 1 (a)
Contacting at a tenperature within the range from 30730 to 150 C and a
pressure withi Faisd ivadge esPp iy 25ndra, irasoma rc@ses paatiadyisdr Ineatdihd ene

oxi de, ; gar bon FR” i-de, , hydr - I n,an.essentially non-water-
m sci bjfg sol ven i%)é[lhe S&%gger??e%ggqgn%léf ;l‘é:c{%lhvee SSarIrn[?un l% &3 0- 3 -

PCT/ EP03/ 01460 sedfeca ivdrmgergo a1 meicald iupdiy drepfetrond atdit1eat alhessde
conprising a cobalt carbonyl compound, preferahly an essentially

non-1igated colPRSETVATHORA Peofpding, fard M dec ddatr@ty st RaoRibivHIveh tixs
sel ect ed {1 om LN BHdLBh heC AR P53 o A RAldiRM Wi ARdhich | S

gated with a |igand selected froma phosphine”ligand, a irdentate or
mul ti dent at e Ndesmeredyd! ived.i Jandoudd be extremely desirable if

15 substantially less ligand were effective in a bimetallic
catalyst complex for the one-step synthesis of PDO and if
other modifications, such as water extraction, enhanced
the use of a reduced ratio and contributed to efficient
recycle.

20 Summary

In accordance with the foregoing, the present
invention is a process for hydroformylating and
hydrogenating oxiranes, especially ethylene oxide, carbon
monoxide, and hydrogen to produce aliphatic 1,3-diols,

25 especially PDO, in one step where recovery of product is
accomplished via aqueous extraction, preferably with
water, of a diol rich phase from the bulk reaction
liquor. The preferred process comprises the steps of:

(a) ,Contacting at a temperature within the range from

30 30 to 150 °C and a pressure within the range of 3 to
25 MPa, an oxirane, particularly ethylene oxide, carbon
monoxide, and hydrogen, in an essentially non-water-

miscible solvent in the presence of an effective amount



por phorine |Iigand, and a phosphol anoal kane |igand, optionally in the
presence of a promoter, preferably a 10 I|ipophilic promter, wherein the
mol ar ratwo oefed7e@gand to cocatal yst netal atom i s in theprcarepes/ofic®. 2: 1. 0
to 0.6:1.0, preferably 0.20:1.0 to 0.4071. 307 under reaction conditions
effective to produce a reaction product mixture containing an aliphatic
1, 3-di ol such ag PDCDm@QeﬁﬁpuAdbﬂmgta&laquégd$OqumUdatdOQahdtaéaGtion

product m xtur tractl |nto ai d.aqueous | portion
of the 1, 3- dloFg?gggfﬁé 8 gg%%%ragu530pg§5gpﬁgﬁunfoopéeggrgﬁl i @ an
aqueous phase éeﬁﬁhtiamgythen}l3gdtéﬂ €cBbRLtI raghealer coapeant, akingn ot han
the 20 concentrati on_of 3-di ol g in the reaction product mxture and
an organic pha§@066ﬁﬁﬁﬁ§|ﬁﬁt§9 | & §Fhalsp§?@?§ﬁe§ffﬁﬁ@ Blibeai e

hydr of af myl at i al p e p I; ( ing the
aqueouggphase gggﬁggheﬁgkégggg %ﬁh Eggngﬁﬂé %?gnhﬁ%gﬁa §g%tgrt%trdeferably
returning at IeaSh a lpgahdoaedéctbd 6mgmnacppbaphlmenﬂagamdg @atalyst to

I I e B o o
conprise: a) eﬁBk@Mb@Qné 18 gahdf Okdd begaogpaamanableW%r1hbgaadlcocatalyst
nmetal ratios than fective; b) enploying water WO

reV|ousIé t hought e
03/ 068720 - 4 oPPEIRERDHI/ Or4EDE @%ﬁrsa@t:ieOﬁft@ pé@wéerpr@@f@éterahdyr@cycl e

Cr I o et pBk T EabEARR 8k Plind, 85 A0EELORRY a0 2AATLE o3 3BLAGS o

t he use of redu i gand- o rs the potentia stantial
| i gand usage andcaﬁaﬂys%hmb@aﬂﬁh&bmS1exﬁnatheomaabb00$ veeyal.e @b a
majority of cagaly with _the ent phase wi ith reduced thernal

degr adat i on. EESEF?B?F@HEBf t h8: Br dwFAgS - EPgdr 8- 1updes SeRefirne

draw ng of thec858§€§%n9feE@@ct@%@sgetpkB&ﬁEE'QnreégtEbQUbQOaub§ a graph
showi ng a plot of HPA to

mixture contalnlng an aliphatic 1 3-diol such as PDO;

15 (b) Adding an aqueous liquid to said reaction product
mixture and extracting into said aqueous liquid a major
portion of the 1,3-diol (PDO) at a température less than
100 °C to provide an aqueous phase comprising the
1,3-diol (PDC) in greater concentration than the

20 concentration of 1,3-diol (PDO) in the reaction product
mixture and an organic phase comprising at least a
portion of the bimetallic hydroformylation catalyst and
preferably any promoter;

(c) Separating the aqueous phase from the organic

25 phase; and
(d) Optionally but preferably returning at least a
poftion of the organic phase containing catalyst to
step (a); )

This invention relates to modifications of said one-

30 step process for synthesizing aliphatic 1,3~diols,
especially PDO, which comprise: a) employing 4- to 5-fold
less ligand at lower ligand/cocatalyst metal ratios than

previously thought effective; and b) employing water



conversion versus ligand/Ru ratio. Detailed Description of the Invention
The present invention wll now be described by way of exanple, with

ref er encewb@3mbss2acconpanyi ng drawi ngs, in 15 which sevePall/ErcEss

nodi fications have been found that can, pérflcularly i n conbi nation, be
beneficial with respect to product recovery, catalyst recycle, and overal
econoni cs of aeahéa§¢é9nhyarmﬁapwyrapmodu&Mdanﬁydeoge&atcahaﬂyetes@hk@@

pr oduci ng allpha 20 es S|n a cobal t: cocat al yst
metal: ligand RySror é?%ﬁpgﬁl %f@5tﬁlg§9nlﬁﬁ¥ﬁggc%88 nGWRAF298xt ASct i ng
the product wi thewaker ogngeeipkayilngaad e@Bakt: @ﬁ@abalt}éﬁttlaﬁt ab: l'igand
catal yst system having a_|ower concentration of and than previously
bel i eved to 25ubsterféedilve resuggyangageousans ?ﬁ% 6RELst Bpidgnihssirs of

al i phat4c 1, 3- d t al o ocess
costs 63 both %?g%%F§FE§ %ﬁggggnﬁgFga?g F?ggn§52g§%§&d 08%?82 QH ikh
condi ti ons andthy spigbetephiakl yiphacedgctiethegaad dagmhdhtnSnpOSS|bly a
30 nore stable_conf|ourat|on i bound to .the cocatalyst nmetal which.
preferably is TEREFLRE CRELR gF optinm zes recycle of

catal yst and enhan@@ﬁu@@talygta sERBhbEL Y. dIQ@lhgqefdtﬁétbéekéQQ deegppot
entail thermal WO 03/068720 - 5 - PCT/EP03/01460" stress of high cost

cat al yst conpoﬁéﬁﬁ@ntahﬁvehén@é is an advantageous nmet hod for recycl e of
cat al during- ¢ | .prod i h b ng.p u ch as

1, 3- pﬁgéanedlol Eggﬁggea %gcgségékgt an efit |nte%F ng g Fg es of
up-to 10 carbonoaﬁems;opreéesablylganﬁ¢R6 eatben atons, and ethylene‘oxide

(EQ in particular, y _be converted_into_their correspondlng 1, 3-diols by
the hydro for ng ﬁpFAHtﬁthhog\/EhﬁcIpﬁe?ﬂﬁéoﬂr esence of a 10

hydr of ornyl ati on C@hél%§éseﬁephﬁ¥eﬂéy539w§11EHUﬁesera&;erleédCBga&ggyék
netal :ligand, as w | e described below. The 3-diols are natde
chargi ng the ogkempée, cutdhysefeandter toathkystcpmpanyéng dmdwiegsti an
soIveqF
5

‘which several process modifications have been found that
can, particularly in combination; be beneficial with
respect to product recovery, catalyst recycle, and
overall economics of a one-step hydroformylation and
hydrogenation process for producing aliphatic 1,3-diols,
20 especially PDO, using a cobalt:cocatalyst metal:ligand
hydroformylation catalyst. It has been found that
extracting the product with water énd employing a
cobalt:cocatalyst metal:ligand catalyst system having a
lower concentration of ligand than previously believed to
25 be effective is advantageous in the one-step synthesis of
aliphaﬁic 1,3-diols. The reduced ligand catalyst system
can reduce process costs by both minimizing the amount of
ligand exposed to process conditions and by
preferentially placing thé ligand in what is possibly a
30 more stable configuration, i.e. bound to the cocatalyst
metal which preferably is ruthenium. Extracﬁion with
water optimizes recycle of catalyst and enhances catalyst

stability. The liquid extraction does not entail thermal



to a pressure reactor with the introduction of syngas (a 15 m xture of
hydr ogen and car bon nonoxi de, suitably in a nolar ratio of 1:1 to 8:1,

pr ef er ablwo23/m64700 6: 1) under hydrof ornyl ati on conditi ons PCTIPOpo6Ess of
the present invention may be operated as & batch-type process, continuous
process, or mxed 20 forms thereof, however the features of the present

i nventi on woul dtpessi efahdight crgbusatnéystepoppotess st oandpehaneenvie
effectively and_efficiently than, previousl ssi bl e.  The i nvention
process can beaEa?Fﬁé&%SSF%Pﬁ Pﬁ&go ogpfn5§ﬁ¥%38d8?iﬁagaﬁgﬁﬁggﬁ§68§‘
reaction m xtueemméheidd peaeaiic@nogond highsbwhileRgpPprBdLctRi surpdg sof
operation include use of a noderate ‘polarity solvent or solvent blend,
(descri bed bel dwp Par@aafd%Rilrane concentration in the reaction nixture of
at leass 0.1 W% act,.on..| e i d i (EQ
additigi is 30 pre§§r§g§ PgFeggﬁt%%ugﬁé g%%?%?FS%EO$EE§g§é-g?%%ggggcgg;n
process incl udep: tonvér saokoof atthe, opiredreaEOyt apPPO %I aarrbber aedmat, e
3- hydr oxypr opanal,, iich is far nd _hydrogenated to PDO in-situ. By
WO 03/ 068720 -aéd-eE@QﬁEE@3P6%§83?g83tam PRIERCS Leant BRY PE RERNE ERSL
conversi on of iﬁteykﬁegrO&b@@eggoBQthslgata&@dsogy whehaytirbsol ation of
the i nternedi ate 3-hydroxypropanal and in the presence of  a single
cat al yst syst efPkylbsiRnhyeretopnyWathoayagdssinydhegenascone Phear eacti on
is caryded out Ltion [ r a_r .0 roduct
nixtuf%jcontaiH?%gggﬁfﬁ&?ghagglg??ég§§%n¥§gﬁgggnﬁgggg8fa §%§§89§xgsg&ﬁanal
(3-HPA), acet abdebydetrzagdtheavylendsan@nater vald whi dbsatebkasbevolati| e
than the desired 10 prgdgg&%. The foll qw ng descrLBtion of the process will
speci fical l'y highl F§Rt *PBCPBAL St RECpIBEEsEYdeRBFPRRFORNESOXLARBRded t 0 be

descriptive of -REQEessesha/BRkeebhokt ghkbRRALLC And- dbaksids Wehkenfor
best results, the process is conductéd under 15 conditions of elevated

t enper at ure antiopeepsgseéurReaeticonr wéibekhtuiatsrrdngéibnomfasyngas (a
tenpeﬁﬁ§ure, p&%&%&%gl%f hydrogen and carbon monoxide, suitably in a

in

molar ratio of 1:1 to 8:1, preferably 2:1 to 6:1) under
hydroformylatioﬁ conditions.
The process of the present invention may be operated
as a batch-type process, continuous process, or mixed
20 forms thereof, however the features of the present
invention would permit a continuous one-step process to
operate more effectively and efficiently than previously
possible. The invention process can be carried out in the
continuous mode in a homogeneous reaction mixture. The
25 reaction conditions which permit this mode of operation
include use of a moderate polarity solvent or solvent
blend, (described below), and- -an oxirane concentration in
the reaction mixture of at least 0.1 wt%. Reaction in 2
to 4 reactors with staged oxirane (EO) addition is
30 preferred for continuous operation.
Thé one~step reaction process includes conversion of
the oxirane EO to PDO via intermediate 3-hydroxypropanal,

which is formed and hydrogenated to PDO in-situ. By “in-



30 C, to 150 C, preferably from50 to 125 C, and nost preferably from 60
to 110 C. The reaction pressure (total pressure, or partial pressure if

i nert gaswouws/ 62 di | uents are used) is desirably in the ramg®os/omne 3 to 25
MPa, preferably from5 to 15 MPa, nost preferably from 7 to 12 MPa. In a
batch process, the reaction will generally be conplete within 1.5 to 5
hours. The one%{téﬁ' L.3-rigp avadienit preepmaatt dhasr mnﬁlom&ﬂ he present

i nvention can ni e ed e er nce Separ a
or conbi ned st%gcg({n}é@ﬁfee g{lhdﬁye(r%e%%(qg £, rcraiLr %1)}‘1 %tfqﬁlfcﬁ ﬁb J22
are charged tcthleydjmj‘ermadlatﬁeom—\rg&&eixy@rd@darﬁl card hey &hdorpﬁc%%érrfte of
reaction vessel sych as a bubble colum or 30 agitated tank, operated

bat chwi se or i ® &GS rﬁ?&?sl Starsysterrfos é&?%t@yégr?sfoa?{@%ﬁ{%taé‘eﬁl n the

presence of thedid Fanedy metaldiig, gat &
ot on o Agcdd Bl BAN I TR Gl |a)§v§v‘lulng {he hyé{raoi’ fornyl ation

reaction, the" COhnydd!toiO@rSrryelfaitaocm“eeata |1:m®q:uamwctremottmre pkoghrttai ni ng  PDO
and HPA, the reaction sol ent i net i cat and a no nount
of other reactiol ttﬁ)lrrodL?cot al§”1n§ %@sé’& eeggﬁt&cﬁaéy“\}é?srelam\?uq? \/ﬂfch an
aqueous | i qui d-hgenesaipnspaalar , (mbagpt Ia@é&lalme&ﬁﬁd@ l i heSR) WBs are

added via 6 for extraction and concent ration of the PDO. Li qu extraction
can be effect edMgyegdylssuiiah anfedess yodietdd anithen diet Id@fsslre@acked or
trayed; 30 extr i oI S r Cct can

i f des] (r;ed be g)atrordi%e ou?ﬂl%n f(r2r>u (tgl r&%tsf? e?tg%he%\%t/a?gfe &ontai %’l ng )

hydr of or nyl at | eperdddtdadn y [hni@dhllolgm BDar @utarthteeppm tde st rSetdildmai 4 ank
(not shown) for resol uti Oglﬁl nt o aﬁ qQus and organi c phases. 15 The anount

of water added&SPFEhyEr SoFRAS Ve QacPEITSHEudC MaKEUPENAT |
general | y be sgthﬁgttl@ 1PROVda A watnm xture ratio within the range of

1:1to :20, preferably 1:1 to 1:10, nopst preferably 1: 5. The
For best results, the process is conducted under

15 conditions of elevated temperature and pressure. Reaction
temperatures range from ambient temperature, preferably
30 °C, to 150 °C, preferably from 50 to 125 °C, and most
preferably from 60 to 110 °C. The reaction pressure
(total pressure, or partial pressure if inert gaseous

20 diluents are used) is desirably in the range from 3 to
25 MPa, preferably from 5 to 15 MPa, most preferably from
7 to 12 MPa. In a batch process, the reaction will
generally be complete within 1.5 to 5 hours.

The one-step 1,3-propanediol preparation process of

25 the present invention can be conveniently described by
reference to Fig. 1. Separate or combined streams of
ethylene oxide 1, carbon monoxide and hydrogen 2 are
charged to hydroformylation vessel 3, which can be a
pressure reaction vessel such as a bubble column or

30 agitated tank, operated batchwise or in a continuous
manner. The feed streams are contacted in the presence of
the dilute ligand bimetallic catalyst of the present

invention.



addition of water at this stage of the reaction may have 20 the additional
advant age of suppressing formation of undesirable heavy ends. Extraction
with a rewvatiswed’go smal | anount of water prOV| des an aque®a3/EPhaeled hat i s
greater than 10 wt % PDO, preferably greater’ than 200 w% PDO 25 The water
extraction is preferably carried out at a tenperature within the range of
5 to 90 C nost pFefidcatiing 2het hysroCormitiathioghewratoeriper, attivees avoi ded

to mnimze co ion.praoducts (heavy ends) and  catalyst deconposition.
In order to rragﬁy%r?%t CERY, &I%ﬁor’séﬁagég&\?égfroi Sts TS dd 38 53 Fickm t he

wat er extracti @mo WREEHPA, MtHTHEAH 1003 S? vanWPa L %Jl%{&%'ml% 3to 1.2
MPa, of carbon nonoxi de at 25 Cto 55 C. The carbon nonoxi de may be

present as theSPAPLVAIL /pRESs @r &1510Ta 2WOLGE/ OF8 PLOICRCTEERIZ/I 460d 8t s t ot al
L T U P PR OGNSR Sre ST 2 oKLl Bt e Y 09°n 29
e F

used for the réaction organi c phase Contaimi

sol vent and t heqomjder g}é@reMaeryoﬁuattlée biamiel aipitiieneat ﬁl}é‘@:ﬁb@d&zﬁ%é recycl ed
fromthe extraction vessel to the hydro- fornylatiaon reaction via 7.
Aqueous ext ractO8VFETt oftfoRddSy Fd&s&d TORr GG aGié Or amsy é?o@(gedltlr@ﬁlon

exchange resigrbeds %DborLﬁ%ﬁﬁﬂﬁ%x@&a@%ﬁoﬁak%hy%g %&%%%%%d.%”t518¢'0”a'

post hydrogenation step may be conducted to 10 conplete the t reversion
of al dehyde i nsediivebilet mepos,disvich ik dﬂglerred;etﬂiersxt pactent owatterayEd can

be re ered b thl_ﬁlasé lonat| n_in cal unm il an%ll %;:yc %\i’ﬁ 2 to the water
extraction proCessvia & §FsEPPECEn it Com °f%-for separation
and purge of |Eg|ﬁﬁ:aelﬁd&n EB@ REOdeeoftal Bengastiedmols qalnnmtﬁ%i%ed to one
or nore distillation colums 14 for recovery of PDO 15 from heavy ends

16. The one=st ép2F§ar ofdLMyPAEITORCRRE LI 8Loh¥AELILOFMYG atdget ireadts ozarri ed
out in a "qU'BraahE%”hlk%% L bant be passed to a settling tank (not

shown) for resolution into aqueous and organic phases.

15 The amount of water added to the hydroformylation
reaction product mixture w1ll generally be such as to
provide a water:mixture ratlo within the range of 1:1 to
1:20, preferably 1:1 to 1:10, most preferably 1:5. The
addition of water at this stage of the reaction may have

20 the additional advantage of suppressipg formation of
undesirable heavy ends. Extraction with a relatively
small amountJof water provides an aqueous phase that is
greater than 10 wt% PDO, preferably greater than 20 wt$%
PDO.

25 The water extraction is preferably carried out at a
temperature within the range of 5 to 90 °C, most
preferably 25 to 55 °C, with higher temperatures avoided
to minimize condensation‘products (heavy ends) and
catalyst decomposition. In order to maximize catalyst

30 recovery, it is preferred to perform the water extraction
under a minimum of 0.3 to 5 MPa, preferably 0.3 to
1.2 MPa, of carbon monoxide at 25 °C to 55 °C. The carbon

monoxide may be present as the partial pressure of a



reactants. By "inert" is neant that the solvent is not consunmed during the
course of the reaction. In general, ideal solvents will solubilize carbon
nonoxi de, waioBloedye0 essentially non-water-m sci ble and w | IPCedPOBO1460 oW t O
25 noderate polarity such that the PDO will8 be sol ubilized to the desired
concentration of 5 w% under hydrofornylation conditions, while

si gni ficant solteértl gaid Imirgnmien casita isEpay atth ephasenpdpem st efudxtgAact i on.

By "essentially non-water-mscjble” is neant that the 30 sol vent has
solubility in \ﬂﬁf‘écruraﬁs p i &y4r€§$W Fsh USes o ddead e ismst Sfepar at e

hydrocarbon-rich phase o rdpen cghels & dnaalingm g0k RDPIeMdh& o1 vent and
hydrof ornmyl ation reaction mxture. Preferably this solubility is less than

WD 03/ 068720 9 thep@RiEr0HUI46wm oD theyp imede 1arief ardislly Steswmnt fien 5 wt %

The sod ubilizatl f i i.nt l.ect ed.sol.vent wll

gener aIEFy be g?tgg erl%t%ﬁ%?%@%s;é%g %éctl%n %%Sa%,l Ct|c())r gcthéargﬁll O§r eater than
0.25 v/v, exprdssenyliatiter meaeft ionOstival’d ceefdfous etrsacbuig akl e sol vents
are described in U S 5 304,691 Good results nay be achieved with ethers,
including cycPPERRdlady Baseest FGrOLIFpanenan e @& &N Gxakiange an

al cohol or aromakiig @é@i@@arf%qn-re%%ieb&%%g! %%'tlé%stlgrfe%r nxanp e,
met hyl -t-butyl ether, ethyl-t-butyl ether, i et hyl “ether, p‘)aheny I sobutyl .
et her, et hoxyethyilogielepostdiyyiteeglenettion, siaeg diays ber apylduetteer to

parti arly hyl -t - butyl_ et her. 1t i.s_general] referred tq reqgul ate
the 1 concentgg ér?tgf %\l;\!l/aét/écroe%’laﬁ t17e Hy ot 8Enfi‘leigte¥lt¥p S RGBSR AR (%, as
excessi ve anoudislof iwaldersireduce PDO sel ectivity bel ow acceptable |evels
and may induce formation of a second |iquid phase. Acceptable water

level s wi |l dependThfof*thecssnteiptesed? GRPhPRDEECHTREED2DYSOl vent s

Pt mm v or FRVSTe Par Tyt STArD] At BA BeaYParE L biey I e Rer SGol vent
are believed- tatbeciibth prokessande af fhirthe?. Biwt%l 1M4tienh (not shown)
15 for separation and purge of light ends. The PDO- o
containing stream 13 can be passed to one or more

distillation columns 14 for recovery of PDO 15 from heavy
ends 16.
The one-step hydroformylation and hydrogenation

20 reaction is carried out in a liquid solvent inert to the
reactants. By "inert" is meant that the solvent is not
consumed during the course of the reaction. In general,
ideal solvents will solubilize carbon monoxide, will be
essentially non-water-miscible and will exhibit low to

25 moderate polarity such that the PDO will be solubilized
to the desired concentration of 5 wt% under
hydroformylation conditions, while significént solvent
will remain as a separate phase upoﬁ water extraction. By
"essentially non-water-miscible" is meant that the

30 solvent has solubility in water at 25 °C of less than
25 wt% so as to form a separate hydrocarbon-rich phase
upon water extraction of PDO from the hydroformylation

reaction mixture. Preferably this solubility is less than



concentrations are to a |large degree set by the 25 solubility of water in
the solvent, as introduced for the extraction step. The oxirane (EO
concent r avom®a/068720mai ntained at a low level to mnimze uRSEIEPO3/IME0 Si de
reactions. Oxiranes wll preferably be faintai ned t hroughout the reaction
in 30 a concentration not |ess than 0.2% by weight, generally wthin the
range of 0.2 t3020%shy masitgbirefpretdyablypslthan 50%tBy Weieght, based on the
total weight of %ggéreac rocess of the_inyentiqgn can be carrled

. _Th
out in a WD 0378 §116 lo%C?FE§%§£8T4§8n°§dHF|ﬁﬁoﬁ S5 §e ST §olvent

mai nt ai ni ng saivd 1EOgepreentableoRreal¥ rstagad oE@sagdivt i@nathor 2examl e.
Catal ysts useful in the one-step process schene of the present i nvention
i ncl ude certalﬁrﬁéﬁﬁééﬁéoﬂ§e§tﬁﬁnebéplpeZéanNysﬁ§Pé§ﬁﬁﬁdsﬂﬁgtéreebaﬂi

car bonyd conp@g@dagadC%eegg@5%5¥§t met al conponent, preferably a
rut henium copper, platinum or palladiumconpound, ligated with a |igand

sel ected from a ph8sphiebéel sgandnta bmdedéabelbednmhtUdentﬁnéo4 691.

N- het erocyclic¢c |igand, 10 hori ne |i gand hosphol_anqal kane
ligand. The nBP8 F&FPgtéfmg gﬁdaF 1E8¢€ ¥F§§t ﬁg?gﬁ'aﬂdﬁl HEyFary from

0:2:1.0 to O. 6c%c@1cp&ﬁaeéégbllg %Qherg t9p916Qa119 1ng%H%ﬁna%9@%dwﬁ%%!os
may be enployed to reduce formation i ght ends byproducts, but result

in increased perocassohpsd @esﬁgpmsﬁnpabwérecbabpnsoﬁugéseah§@S|n@b&@desalts

h d I h
2t mosphor e of Ryl SUSHEARA EFHOR MoROXY deCTORFr| BrEHD CCOBRYT £b) Ehoul d

be added to CodmbehgﬂyeﬁhedbZ@h@hbl@%oBﬁtymeetﬁ@§|eé@ﬁo&@@&h@ﬂY%&h@&{a|
enpl oyed. An excess of cobalt can be added, _but is not of particular
val ue. SU|tabﬁ&ph?ﬁelCSEgﬁéky§Pdn§ﬂéPOPEOEBBa?Fhﬁ6PaPaFéﬂFGlééﬁY be as | ow

as 0.05:1.0, pﬁggﬁggbkybgt§lleghe§nd generally varies from4:1 to 1:4,
preferably from2:1 to 1.3, nore 25 preferably from1l:1 to 1:2. Exanples of

such salts conpri &, itopearanply, pcebaktredatboxygbaiesestbh as

15 concentration of water in the hydroformylation reaction
mixture, as excessive amounts of water reduce PDO
selectivity below acceptable levels and may induce
formation of a second liquid phase. Acceptable water
levels will depend upon the solvent used, with more polar

ZQ solvents generally more tolerant of higher water
concentrations. For example, optimum water levels for
hydroformylation in methyl-t-butyl ether solvent are
believed to be within the range of 1 to 2.5 wt%. Water
concentrations are to a large degree set by the

25 solubility of water in the solvent, as introduced for the -
extraction step.

The oxirane (EO) concentration is maintained at a low
level to minimize unseiective side reactions. Oxiranes
will preferably be maintained throughout the reaction in

30 a concentration not less than 0.2% by weight, generally
, within the range of 0.2 to 20% by weight, preferably 1 to
10% by weight, based on the total weight of the reaction.

The process of the invention can be carried out in a



acetates, octanoates, etc., which are preferred, as well as cobalt salts
of mneral acids such as chlorides, fluorides, sulfates, sulfonates, etc.
Cobal t oxwO®3/068730 hydroxi de nmay be fed as_a slurry. Oper ZoT&EPas/8@6H S

m xtures of these cobalt salts. The'rtedUci]-poﬁ may be perfornmed prior to
the use of the catalysts, or it nmay be WO 03/068720 PCT/ EP03/01460 - - 11
acconpl i shed sionilirarmecusioden twhitlee rnidriafioring &dich EQragesnine ttien,
hydr of or myl ati.on zone. e ampunt of cobalt present in the reaction m xture
will vary depéﬁfdisﬁ&%%ﬁé{% ' S (TR itions, 5 but will

general ly fall w thimaithe d angesrof & Ghd onk-Wi%p PrefRy=aPlseHzmd 4o 0.3
wt % based on the weight of the reaction m xture. The oxidation state of

t he cocat al ysttheetriie sardm jnverdotorenitn¢laide @atta i Horesnami®e, in theory

rut henpum 10 e Vv 8, whi v Jh%@ﬁgl[e during the
cour segof ther%iincf’rhcca)af\{Lolr%yIai’:%[c}L r%ac%rﬁ%l%l%c%;r |nagjlecy,e&t e ar ratio of
cocat al yst netaimgaund ovad ta meycaterly si tnietra Ir edcatporsdnt b o aaaiges . a

Sui tabl e cocatalyst, nmetal sources include, but are not limted to, 15

carbonyl's, oxiTdEdIeTEd HoOXARRDYy, ety © FLiun QQMRRINGS 1 ut heni um
dodecacar bonyly angd Juthei W (i 94na Bd det ckher £abal torymonent1 Igande a
ligated with the same ligand that is in the cocatalyst nmetal |igand or

with a 20 diffisteritate gandiuthelgrieits Medaaeigstsl @ oidnd & nost |y

(essentially), preferably. co etely on- |.i gat ed [t o] and
li gat Eb cocat a‘?@rﬁ%%%ﬁ ]cjo(%%émao;r & gqsoes%ha a%/%afl]gagprfegllel és)rmé'anrﬁgée
identified bwmsignatattio @DSOIGndMTPesdsatorl wit indtaal edapeciy waof t he
catal yst 25 conposition. The cocatal yst netal nay be Iigoat ed wit :

di phosphi ne | ifgeat®.0 Fhel of gHosph? ne bhddphii i1y dhmd i%: o‘?%%e‘“&eﬁe‘?al

formul a: RRP*%fgﬁef?ligand ratios may be employed to reduce formation
of light ends byproducts, but result in increased process
15 costs.

Suitable cobalt sources also include salts that are
reduced to the zero vélence state by heat-treatment in an
atmosphere of hydrogen and carbon monoxide. Sufficient
cobalt (0) should be added to completely oxidize all of

20 the complexed cocatalyst metal employed. An excess of
cobalt can be added, but is not of particular value.
‘Suitably, the cocatalyst metal to cobalt molar ratio can
be as low as 0.05:1.0, preferably 0.1:1.0, and generally
varies from 4:1 to 1:4, preferably from 2:1 to 1:3, more

25 preferably from 1:1 to 1:2. Examples of such salts
comprise, for example, cobalt carboxylates such as
acetates, octanoates, etc., which are preferred, as well
as cobalt salts of mineral acids such as chlorides,
fluorides, sulfates, sulfonates, etc. Cobalt oxide or

30 hydroxide may be fed as a slurry. Operable also is
mixtures of fhese cobalt salts. The reduction may be

performed prior to the use of the catalysts, or it may be



30 wherein each group R and R independently or jointly is a hydrocarbon
noi ety of up to 30 carbon atons, and Qis an organic bridging group of 2
to 4 at onwoios/obssagt h. The group R or R, when nonoval ent pCr@pobeldad kyl ,
cycl oal kyl, WD 03/ 068720 PCT/ EP03/ 01460 —-112- bicycl oal kyl or aryl, and
preferably of up to 20 carbon atons, nore preferably of up to 12 carbon

atons. Al kyl awdioomp lcystleghlskiylu lgramemsa sdre wirtef ertree chy divef (il tQ drs
preferably composed of .carbon_atons, which may formpart 5 of a ring system
such as a beng%ﬁgqﬁﬁﬁ;%ﬂ'te%ﬁ%“ﬁﬁ@%&ﬁglﬁﬁ%ﬂi AM¥%e preferably Qis an

al kyl ene group of Zhe3a@ount @& ROBaALOTR dsRtenl hhd sty JiRhe LAkl 2
carbon atoms in _length. A non-limting list of illustrative diphosphines
of this class Madllugesyl depsingligionpeyl the phdsphinse)cdtieneonditions,

1, 2- bi s{di et hy 0 i-n t : -2- bi.s . (.di i,sobut yl pho i no) et hane

( BDI BPE%; 1, 2&)%Qs?’&r1§y%|)eg’ﬁg%9ﬁ6’h§;a&% %&%hét”héc s FARNPY MY €

1, 2-bi s(2, 4, 4- tir Wt hylredrtnalijogpltisna)etthan&t s, based on the weight of

1, 2- bi s(di et hyl phosphi nq) propane; 15 1, 3-bi s(di et hyl phosphi no) pr opane;

1- (di et hyl phospiendFAsEt1C8 BidtsH S osphi no) pr opane,

1,2-b!5(dipheny'ph@%@“b&@hat&bﬂa%%ét%,%be%%dE%ﬁ%E%ﬁg%ﬁ!H@Q%Hh%QQ%FH. ne;
1,2-bis(2- pyridyl, phenyl phosphanyl)benzene; 1,2-bis(dicyclopenty-
phosphi no) et hanet en3-iied (2 cérdatini oy lepempy €20 1ph dsyslvinyo rprtowariem

1, 2- bis{di phenyl_phosphi no) henzene.. .Thes Qups R and R nmy be ,
substif%ted mﬁ%ﬁehgﬁgeh?d%g &F56n Odr Qups ?h%ﬁ&@gvgﬁy §8FW’§?@§§? RUFdDr
both groups Rthemyoalse b@r ffha hivdgo reirkly1bhe cphespkerws ) .aton(s), such as

a phosphacycl oal kane of from5 to_ 258 atons. Exanples on 5-ring systens
(phosphol ano- bA§€@TngdNds Fhien&lcdgs raziki &L( presraETo Fetiadnd,o

1002, 0 s n0) et AT LR M2 Bt
ring 30 itself compthéypéar methla souktiesi dgcdysitembuExanel estoflinguwel rid)g
systeqﬁsnay becg%%ggy&g,tggigggteggg 2%9 gtéggland metal. Examples
include triruthenium dodecacarbonyl and ruthenium (IV)
oxide. '
The cobalt component may be ligated with the same
ligand that is in the cocatalyst metal ligand or with a
20 different ligand. The preferred catalysts comprise a
mostly (essentially), preferably completely, non-ligated
cobalt component and ligated cocatalyst metal compound.
These catalyst complexes can be identified. by éignature
absorption peaks on an infrared spectrum of the catalyst
25 composition.
The cocatalyst metal may be ligated with a
diphosphine ligand. fhe diphosphine phosphorus ligand is-
of the general formula:
RRP~Q-PR’'R’
30 wherein each group R and R’ independently or jointly is a
hydrocarbon moiéty of up to 30 carbon atoms, and Q is an

‘organic bridging group of 2 to 4 atoms in length. The
grbup R or R’, when monovalent, may be alkyl, cycloalkyl,



patent and in WO A-9842717. In the fornmer phosphabi- cyclononyl groups are
described, in the latter adamantyl WD 03/068720 - 13 - PCT/ EP03/01460 |ike
groups arWO@h/@Sﬁphtatrl oxatricycl odecyl groups in particul acTapes/descri bed.

Di phosphi nes wherein both groups R and R 1orma ring with the phosphorus
atomare preferred. The nost preferred ligands are 1,2-P, P -bis 5

( 9- phosphabi cy&mﬁmalkxahdénrazfy&lz diq r;mm/fe)rﬁhﬁn@f ﬁﬂaet@imf <|t:§fbon
BOPBN-2), its 1 P P' an or 3- P, P' - propane anal ogue
(herei nafter BQFBB?{E%’) m eﬁi’)lferg‘??aqb:{% ?J’%n% 1 g]a%o%a%?%n cORPRS ci Al kyl

avai | abl e. Cat adi$tSr Pt RHRS £k § heg £k aF & M\&f@dthﬁq nd.their
nmet hod of prepar ation is descr%b:% mlpéndet alzlk u. S t%ﬁ %EB (339“?101 204

and 3,527, 818. PFrRfepHoEpheoRpIseAnedsS ernbet s&l)thJes,paflan,@hIIyay)xf@lrmeﬂar’o
phosphi'ge oxid i d inthe 691 p
ligat i ng the rut eapnl%l}r}]?gt pérné?sg?(fg%dg)coca A YSLE %Q%Iorvﬁlt?y%fﬂ?%%%%hl ne

ligand, for exanple, NMdré préfpoidiesiges thata 1l oS Wiohs & L2 t3agy
di phosphine rutheniumtricarbonyl conpound, but it m ght also be a bis

(tertiary di phdspitimeT @I vy %ﬂ%'ar%?ﬁlp%f%’@ﬁﬂd(lr@f @rﬁ@@@@@d
rut heni um car bodmd sibeldgy@ad. 10 L - ﬁ%l% Jhes@%'fflu?%a cat al yst
ere 1

preparation therefore seeks to ligate eac eni um at om
ligand is a N r@tFéTQﬁWcllnetﬁ ot IErige qﬂmﬂferlna)]fudédmt,e?m:ys:{dmmmabunds

have begn identifi S suita s for. the ne ste PDO synt hesi s
usi ng ?ﬁ cob rios%iil%lo U albjy?[ bCJ%JQ eI RNGS Nehident ate
and nul tident atlg NGt efdicysdhee Y ligadshid)d dithhe b@ngag@ not linmted. to:

i azi nes such as rimdine, pyra2| ne, pyridazine, as well as 30

benzodi azi nes sucv Qﬂﬁ%é?z]d? W@W%Walﬁwner‘m spyridi nes such as
2L PV Oyl 0B 22 % BB LR (B e algant ol ne
14 - PCT/ EP03/ Q146(®is (diethylphosphino)propane;

15 1,3-bis (diethylphosphino)propane; 1-(diethylphosphino)-3-

* (dibutylphosphino)propane, 1,2-bis(diphenylphosphino) -
ethane; 1,2-bis(dicyclohexylphosphino)ethane; 1,2-bis(2-
pyridyl, phenylphosphanyl)benzene; 1,2-bis(dicyclopenty-
phosphino)ethane; 1,3-bis(2,4,4~trimethylpenty-

20 phosphino)propane; 1,2-bis(diphenylphosphino) benzene.
These groups R and R’ may be substituted with non-
hydrocarbon groups themselves. Both groups R and/or both
groups R’ may also form a ring with the phosphorus
atom(s), such as a phosphacycloalkane 6f from 5 to

25 8 atoms. Examples on 5-ring systems (phospholano-based
ligands) include 1,2-bis (phospholano)ethane,
1,2-bis (2, 5~dimethylphospholano) benzene, optically pure
(R, R), (R, S), (S, S) 1,2-bis(2,5-dimethyl-
phospholano)ethane or its racemic mixture. The ring

30 _itself may be part of a multiring system. Examples of
such ring systems may be found in the aforementioned ‘691
patent and in WO-A-9842717. In the formerAphosphabi—

cyclononyl groups are described, in the latter adamantyl-



5, 6-di net hyl phenant hrol i ne, 4, 7-di net hyl phenant hrol i ne, 2,2'-biquinoline,
neocuproi ne, and 2,2'-dipyridylamne; nultipyridines such as .

2,4, 6-triworoBdyd726-tri azi ne (TPTZ), 3,6-di-%-pyridyI-1,2,¢Ciﬂweﬂﬂamlne,
2,2':6',2"- 5 terpyridine, 2,3-bis(pyrid9|} yrazine, and 3-(2-pyridyl)-
5,6-diphenyl-1,2,4-triazineéﬁgyridine, 3- hydr oxypyri dine, and qqlnollne,
particul arly tHéXeowEouRss @it pslosphes rigeeitvdd violodeoydl graupextimact s; and

certain 2,6-pytidyl.-. dijm_nes . 2, 6-.bi s(Ns phenyl . o

met hyl i mi no) pyFi i)enlecu%(?xr;r?%%z ,O%%g:r%sl?%d('zﬁépéﬂ(s%&r“&% MEIRERH QY1 i i no] -

pyri di ne. Pref@mba@shatammbwclE@rﬁoﬁg@un@sF%%$N$&@ @?osbh@QQQSgt@ﬁlgy%

2,2' -dipyridyl (D . 2,2 -Dbi pyrimdine ‘M, an L.

2,4,6-1 P%/pyr%/dﬂ&?gepﬁeéi &S TEFFZ)_PrIeﬁetrﬁédcéééa\Rﬁ]ér érrutthénPumt’ shiisgat ed

with a'g5 phospholanedhkaneycaui[kall.e ;phosnhel 3103 kangsyiyls! ude,fut are

not limted to, 1,2-bis(phoSpholano) éthane, :

1,2-bis(2,5-did@ﬁﬁ@ﬁ@@éiﬁhoE@ﬁ@ﬁeﬂhanéﬁ81lZQBEsg@ZRprﬁﬁhne and/or its

2, 5-di met hyl phosghal ano] et hane; 1, 2-bi s[ (,2S,. 59) -2, 5- _ ‘

dinethylphospthgngT th ﬁ@?aff3§ﬁﬁﬁﬁﬂyﬁ-d%ﬁﬁ?ﬁ?ﬁfgﬁrpﬁggﬁﬁoﬁéno)propane;

tris[(2,5-dinethyl phesphobagophorphhyk] MTeHRARE; are commercially ‘

tris[ (2, 5-dinmethyl phosphol ano)ethyl]- amne; or . .

1,1, 1-tris[ (2, BVaiAePh{l- phespraEaE0 PLeRRREH] §hﬁéﬁ§.roma:atr|ec lltlnarw‘h% 18_3 éﬂltaal( 2?; e

bi dentaf e, bi h h ) al S u [ e , 2-bis

SR 2. B di met gl Bhacphol ano] Shang CBDPES Txf 9npg psecriet

5S) - 2, 5- di met hgkephddphol @n6l.efharet HosraBerDE,aDAt une Gf, 52Mes180, Thleus

1,2-bis(phosphobanoﬁn et hane. Porghor'ne igands,g&neralLy,conprlse four

pyrrol e- 30 tyPBOPPAJ FoitdEFBES BR¥andEl PR RaEVE i-dYsORGELAPE, tPhat  may

optional l'y al sghbBe@rBer akeduwar iaushal kxhnardgasyhkiperbshi tuentgohot h on

the pyrrole rings and on the connecting nethine groups. Suitable

por phorine | i gRA8SNER WO 03/ 068720 - 15 - PCT/EP03/01460h thF practice of

this iqnvention inc . - hyl =, por rines and tetr en or phorti nes,

as melqyas t he clgggﬁyggé?gﬁgé 5 hgﬁg§§3ﬁPﬂésgge p;e%grre¥ oc Qa&yS%
metal, with a diphosphine ligand, for example, it is

hypothesized that the result is a tertiary diphosphine
ruthenium tricarbonyl compound, but it might also be a
bis (tertiary diphosphine ruthenium) pentacarbonyl

20 compound. Unligated ruthenium carbonyl is believed to be
an inactive species, and the catalyst preparation
therefore seeks to ligate each ruthenium atom.

Where the ligand is a N-heterocyclic, a large number

of N-heterocyclic compounds havé been identified as

25 suitable ligands for the one-step PDO synthesis using the
cobalt-ruthenium catalyst couple. Suitable types of
bidentate and multidentate N-heterocyclic ligands
include, but are not limited to: iazines such as
pyrimidine, pyrazine, pyridazine, as well as

30 benzodiazines such as gquinazoline and quinoxaline;
bispyridines such as 2,2’'-dipyridyl (DIPY),
2,2’ -bipyrimidine (BPYM), 1,10¥phenanthroline (PHEN) ,
di?2—pyridyl ketone, 4,4’-dimethyl-2, 2’-dipyridyl,



Generally the preferred counter ion is believed to be 5 cobalt
tetracarbonyl ([Co(CO4]-), although the ion in the active catalyst may be
.a nodi fiwetmBoes7eher eof . Part of the cobalt conpound nayPog/EPOHIf4bed with
(excess) tertiary diphosphine, e.g., up to 75 nole% preferably up to 50
nol e% However, the counter-ion is preferably the 10 non-ligated cobalt

t et racar bonyl . 5 Cobaimethybphghanthnobéne gehie7 atéde byyiphenannhoblanst arti ng

bal t : balt hydroxide with ,as, descri bed.in_J.
Fal be, " Cor bo’ MTORTHGLTR-CF GUNT &0 SR hESI s Spr 7 nd EVBT UG R

(1970), for exanptepydbdihescatahysss2myeber ?@ﬂﬁ?ﬂ—@¥t£b§z§h@p“ﬁse_ ,
met hod, which is greferred‘ or the self-assenbly nethod, both of which

are discussed bFPB¢)y BePodiaddrueseyinedli 4 poFetrdeingt 2n20: 8! - P4tent
No. 6,469, 222: f d . enhodi S i Lo, -
4 té?%§§8dgﬁgf?éf?dbl§?§§9§§?§L%??a£bh§r'?Mgng'?QU%QQSQY%A

condi tions and, articular, are selected

favor the forhpét+oipbénnltigat édtridhene unpycopgpee, praydnorypyotdine,
paIIadiun1speciqi, rathgr t han a lig tef cobal% sggcies. Whet her generated
by stepwise or?3@| FUdRSEMBEy, PRhELCEE2pt B1 BRF etOBFHEEAFFi ROBALAPYEE S

exhi bit speci fi&rsi-nat e cobOf Lo edePBRYSEs ASafllSeussgdhi P, LSy Pat,ent No.
6,469, 222. The presence of the cocatal yst netal - |igated species rather
than the Co-|id¢uirinepesiie’ any2be-beéoffiphedyby, methylinnahpyysdine30 The
opti rati o of .oxirane_teed,to bi |lic, catalys ohplex will in part
depegg%]upon thaen%aér(tlé% %Fﬁ %h%l%&%%%?%@%%?h%% %r?ﬁ I&f'n?mi os of

oxi rane to thepycbDhéhé. wotbfartbe katatysycTOOptexpdtinds 2fdrt@sd02600: 1 WO
03/068720 PCT/ EPO3/ 01460 16 are generally satisfactory, with nolar ratios
of from 50:1 %hg%@@$11%%%Hﬁep?e¥eT?éHYr#ﬂ%lh§H¥%¥brn%tgtTBhPYEé@%ﬁbﬂe

mi xture optiongkbyy) ANgnaPs of eEABLYpy I bi11 80k pie, Sngalabys]  promter to 5
accelerate the reaction rate. Suita Ye pronoters 1 nclude :
In the case where ruthenium is ligated with a

15 phospholanoalkane, suitable phospholanoalkanes include
but are not limited to, 1,2-bis(phospholano) ethane,
l,2—bis(é,5—dimethylphospholano)ethane, 1,2-bis[(2R, 5R)~-
2,5-dimethylphospholanolethane; 1,2-bis[(25, 58)-2,5~-
dimethylphospholano]ethane; 1,3-bis(2,5-dimethyl-

20 phospholano)propane; tris[(2,5—dimethylphospholéno)—
methyl]methane; tris[ (2, 5-dimethylphospholano)ethyl]-
amine; or 1,1;l—tris[(2,5—dimethylphospholano)-
ethyl]ethane. Particularly useful are bidentate,
bis (phospholano)alkanes such as, for example,

25 1,2-bis[ (2R, 5R)-2,5-dimethylphospholano]ethane (BDMPE),
1,2-bis[(2S, 5S)-2,5-dimethylphospholano]ethane, a
racemic mixture of the two, plus 1,2-bis(phospholano)-
ethane. |

Porphorine ligands generally comprise four pyrrole-

30 type ring moieties, arranged in a cyclic structure, that
may optionally also incorporate various alkyl and aryl
substituents both on the pyrrole rings and on the

connecting methine groups. Suitable porphorine ligands in



sources of nono- and nultivalent netal cations of weak bases such as

al kali, alkaline earth and rare earth netal salts of carboxylic acids.
Exanpl es wbD oaloksaké netal salts that have been found suit @bTEPOsICi46Ee
sodi um brom de, 10 sodi um i odi de, potassTL%éibdide, sodi um borate, |ithium
acetate, potassium acetate, cesiumacetate, and particularly sodium '
acetate. Al so shet abketare bifpbphisl iovpnbroneisciude astakithgphilic
phosphoni um salts_and.lipophilic,am pes, .whic 15 accelerate the rate of
v of or nyl s | BREREDASAES) R £EG RYGRSHPFPEPEF A Aat 6F SrabPR EVE to t he
active catal yst1osByy" kepapbul bethk3obBantnthBat the pronoter tends to
remain in the organi c phase after extraction of PDOw th water. Lipophilic

conpounds may i ncl B8BSrBhiynbhepberederrafit eaunter gaat éenkeyiammdnitomber
phosphapi um sabbg, 1l LREROELLEATN NP cofRENTLTLNS. A30MoLLRORYL! & PGS ne

oxi de. Such quaternary ammoni um enzyl trrbutyl amioni uim
acetate, benzythei pethykanmbailyst meyhbxi demobdefizyhtt brethylrasionPumt:

hydr oxi de and 2 hoxy| ated quaternary a ni umsalts such as those
avai | abl e unde??tﬁéetféhéaﬁa_ mpe %V gggﬂogﬁé%ﬁﬁiWétho%F§€§s§ﬁclude
tri phenyl phosphipe;: gxiydei phbsBHE ¥k, Qh@??ﬂg?etexwgemole%, greferably up

di met hyl phenyl phosphi ne oxi de, and trie phosphi ne oxi de.
Tri phenyl phosphPnéOoxpde?i sHggepart i thearbyntsef dbn Sachrerfsirabdyi tbkude

Good Tabul 1 | HOPPG ERhRE) e e ket SEHOFROFANT o Cab™ The WBC0308o72D oo

PCT/ EP03/ 01460geAdrapedamdiereuttiogener al kyabeipgesenhlti Boarcampush Wist hi n
the range of 0.01 to 0.6 noles per nole.of cobalt. Cgtinun1connercial
operation wil|cPeglfrBYerpreéfent1ah| GYBIRFgaRd €8EEF}BEdr éBover Jawben

essentially conpheben menbge¥e! €nobr§ahalys niﬁeghg"byﬁgeﬁﬁgg¥L%gkﬁa
t or ste8§,

reaction. The catalyst recovery process may involve " “nor e
begi nning wi t hNYhélaBbVe- descekbwdlaat er extraction of PDO under carbon

nnnoxH%F fromthe Pﬁgrggggfyéggiggy be prepared by the stepwise method,
which is preferred, or the self-assembly method, both of
which are discussed briefly below and described in more
detail in U.S. Patent No. 6,469,222. In the preferred
embodiment of this invention, the conditions and, in -

20 particular, the solvent, are selected such aé to favor
the formation of a ligated ruthenium, copper, platinum,
or palladium species, rather than a ligated cobalt
species. 4 ,

Whether generated by stepwise or self-assembly, the

25 preferred bimetallic catalysts exhibit specific signature
infrared bands, as discussed in U.S. Patent
No. 6,469,222. The presence of the cocatalyst metal-
ligated species rather than the Co-ligated species may be
confirmed by, e.g., IR analysis.

30 The optimum ratio of oxirane feed to bimetallic
catalyst complex will in part depend upon the particular
complex employed. However, molar ratios of oxirane to the

cobalt within the catalyst complex from 2:1 to 10,000:1



product m xture. The organi c phase can be recycled to the 10

hydr of ornmyl ation reactor, wth optional purge of heavy ends. That portion
of the cawelog®6s7ahmi ch remains with the aqueous product plRaeTEPIRY14bE
recovered and recycled via an alternate séparation scheme, including
thermal separation (distillation). ‘Use of ligand in the catal yst 15
formul ati on deereagesectriad Iyolsattiilsifieytofr yv; atvdltys tho leonpenedntss o faliram ng
recycle with ”rt]’%'gf\? togz)opgﬁ%e from thermal recovery separations such as
distillation oP”* t)ar‘|6)o ti-on Y PHT GMETG -exanpl es wil | serve to
illustrate the 20ThaveRbireFodgakesed heheilonThe x@xaPlet 13ha 117t ended
only as a neans of illustration and should not be construed as Iirmting

t he scope of tR&efgraktlivon vildladycluge aTlkeselylsit! pepmatetthdcart wil |
recognize many Liatians.that e e w t.hout departing fr.om.the 25
spirit 9F the dcce Sg%‘ 2 ﬁt\?éent%iec?@i%égggwg’ﬁgf 1a6n€f%é°§“°fe%f Batpae
one-step synt hesescefs bf3monopanedi ahltPRA)enfr amatetlhyHaeneexicde wde@® and

syngas (CO H2) were 30 condu&teag_i n a 300-mL stirred autoclave with
stirred draftPP§66 GESTdPSpérl&ednrt §lkRddre eRcdl émd §ads iegdith medsd
transfer. ReackihoRgMott W:6$ MRN8 PLeRased gl 02+ r. 110 X [
02-free solvents and chem cg\l%ll.’ \?\Da03/@8687E|§%@ﬂf85 %ffPé%%E%@ﬁ%f% 0sléﬁtrég
Prepar ati on enthitethawei fleieng floonge snidadld eandc2 ugeap®ddfum bromide,

di cobal t oct acar banyl , .trirutheniundodecacar.bonyl, a catalyst lLi.,gand (e.qg.
bi dentalaq e phosﬁﬁgﬁémo%ogrhdﬁé) POLasSLfy ilS?ﬁllgleOnﬁtogﬁu(rb.%é’.r 5di &&%glc‘éltmat e),
and sol vent, oacstatkyepbtaisstiume aastaeededek vbr aretbhe,t aihal reaction
mass to 150 grans. M xtures were added to the stainless steel autoclave

body, capped wPBRtTERLeNlst §pperm argtateansported out of the glove box to
the'reactor assembhyoo CIEELENG! 3-8 15gHemAs k) o10nThe Ui xedyr gactor head
was purged with nitrogen. Separate nhitrogen Firne was “connected to the
reactor body lipophilic phosphonium salts and lipophilic amines, which

15 accelerate the rate of hydroformylation without imparting
hydrophilicity (water solubility) to the active catalyst.
By “lipophilic” is meant that the promoter tends to
remain in the organic phase after extraction of PDO with
water. Lipophilic compounds may include, but not be

20 limited to, quaternary ammonium or phosphbnium.salts,
lipophilic amines, or arsine, and lipophilic phosphine
oxide. Such quaternary ammonium salts include
benzyltributylammonium acetate, benzyltrimethylammonium
methoxide,'benzyltrimethylammoniuﬁ hydroxide and’

25 ethoxylated quaternary ammonium salts such as those
available under the trade name ETHOQUAD. Such phosphine
oxides include triphenylphosphine oxide, tributyl-
phosphine oxide, dimethylphenylphosphine oxide, and
triethylphosphine oxide. Triphenylphosphine oxide is

30 particularly useful. Such arsines include triphenylarsine

~and triethylarsine. Dimethyldodecylamine was used with

good results in the examples summarized in Table 3. The



containing the air sensitive reaction mxture, such that wupon renoving the
st opper, the body and head could be connected under flowi ng nitrogen, to
excl ude awp.03/068325 seal ed assenbly was then depressured @ou/EPozesor ed
three times with nitrogen to renove any~régidual . oxygen. The appropriate
syngas ratio for reaction was then established by pressuring the reactor

with a target parmartte o fw iH2, Jeoldmaigd, e prressur. ng Vel i fhrr&mi:‘er’lgai_Szl—(iGD 20
and H2) blend of the desir conmposition. Since a "qne step" synthesis of
PDO from EO vvaghtﬁaeéﬁafjé’cf Oafe%‘ Ph &9 & bPFCOREUS i Hedha 1&mt hesi s

gas, to provide foppradfind iadlerdrake dﬂ)%raﬂ%gla%lq.fl ﬂﬁ_{bﬁ.%er %flClelT_f[ oA

stoichionetric corrp05| tion: 25 Hydrofornyl ation:
Hydr ogenat i on: dSiHP-R 4 igand cEtR IR0 wesay er3- HléAth iess stemg: 13 Jywd rasonyplregpanal

syngas of the SRS I 50 THA oo e By e Over T st on The
const ant H2/ COcaytrQast atd vyl @f@mesrmmtyalmﬁcuvﬂﬁe;me@cﬁ Inrdrsddy L was

first heated to the desired .reactlon tenmperature (typically 60-100 O
under 7 to WO B$P86822Y Witd thsCHOoPE3ASEAs0 PES MaE ST ququﬁef orm

the desired catp@oy%tnd%&ec‘da%orp&doqfomé quaﬂ%té o AP A

Typically 30 mnutes were allowed for preformng he reactl on appar at us
was equi pped wiptrledaqlr essuinirzsd Tieg lotr ggindss phasfel |dagd be a:etcrya:r]sa‘cértd ridm a

o 550 gr ams PTG AE T tRe So Speene G A e Gosi ng

into the autoclaws.r @a¢iomhorA i IFJehe @:ra%ws% q;fth:rﬁ debhaliny NRanas e
mai nt ai ned on the EO 10 cylinder, and the sight glass apparatus was

prepr essur ed WILE o2 SpipFOAMAtoPhEST Ry & Fecoygasd such l’tem/tChE@ Welst
transferred under 4 %_F%r QLG ig e%al?c]aac’llé &l Qe L.L?xcﬂ\(l%flglgEé mtaﬁLem?: ﬁgl woul d

al | ow expl osi ve sel econposit concen I’atl ons
reacti on m xt usepaee ion (dlstlllatlon). Use of ligand in the catalyst

15 formulation decreases the volatility of catalyst
components, allowing recycle with the bottoms phase from
thermal recovery separations such as distillation or
evaporation.

The following examples will serve to illustrate the

20 invention disclosed herein. The examples are intended
only as a means of illustration and should not be
construed as limiting the scope of the invention in any
way. Those skilled in the art will recognize many
variations that may be made without departing from the

25 spirit of the disclosed invention. 4

EXPERIMENTAL

Examples 1-42

Batch one-step syntheses of 1,3-propanediol (PDO)
from ethylene oxide (EO) and syngas (CO, Hp) were

30 conducted in a 300-ml stirred autoclave with stirred
draft-tube gas dispersion to insure excellent gas~liquid
mass transfer. Reaction mixtures were prepared in an

Oz-free glove box using Op-free solvents and chemicals.



15 limted to less than 15 weight percent, to avoid regines where

expl osi ve deconposition could occur at reaction tenperatures. Syngas was
used to pweswesI2a he EO fromthe sight glass into the re&Crmpovei4bmiti ate
a reaction run. Upon 20 addition of EC[‘§¢hgas was consuned per the

hydr of ormyl ati on and hydrogenati on reactions descri bed above. The
correspondi ng Heepaagtion pnesslied wsighine baasekngfedsvaada2pgesssr ef
transmtter ang.r coa;\ginﬂ‘a devi ce t he g%essure di m ni shed_from 12 to8
MPa, the 25 redttBrawhe hARAAPPYYTef FFHEEtIPEATRIAGES2CHRRORE ct Pon  was
assuned CO”D'?&@t&bﬁ@tplﬁ§§ﬁae(épﬁakﬁidéﬂtﬂtéhﬁﬂoé?hiﬁégbkgbﬁhﬁeﬁ?tgs- The
reactor was fitted with a dip tube which allowed iquid sanples to be

t aken at desigﬁ%%@HlP%tEFQ%PE?r3®eA®préﬁdhﬁmeayegﬁéesrg@aﬁss©lvgahplermere

purged5throyghso¥@§%gi£i£ygg azs€ éMe&nt rﬂ?fnéotﬂgteggaf §$§BE§on
representative of the stirred reactor contents.”Sanples ~cou e collected
directly in amasnéraceti5eettrafhior MiftWWEO3WO68720ded2t6 thCILEPABESI460

| ine anal ysis of catal yst_specje These species were found to be
FL st ;

sufficiently stabfe FOLAFIBW aNaFYsi SERPERi L tBOT R HOY St 8PPEENPRTAY.

Alternatively, ttheshbarbd sappbe tM@S?EéﬁéfH$£YtéhEHét£§QC%B£OH§QeﬁEly.

i nternal standard solution chilled To zero degrees centigrade to trap

unconverted EXTHERLGN sasphetvademaok) on a tenperature progranmmed capillary
gas chromat ogr aph ipped.wth , flame_ionization detector.for analysis of
iy eadted EOL 3 iR FPER skt AT e0t Ater b tth cPnd wEED b ubRbefR et Kanol 10
byproducts. Sepapatetéiqutdoganplesevwese asahyZeddbyo ahenteaspPeet hegHoPy
to confirmcobalt, ruthenium and Iligand (P, concentrations. The entire

assenbly was heRRERFPHG Ro®d21H HPRYEREVE pEPaGHHED Bipbitre 6chthhpEne
Toni fori g and BYor bty oA AR Sl BCrTY ol | 7 hear ol TaaKaraar sotd e
tenperature comdmmécted théereftdwingAuionaged, to exclude air. The
15 | sealed assembly was then depressured and pressured three
times with niﬁrogen‘to remoﬁe any residual oxygen. The
appropriate syngas ratio for reaction was then

established by pressuring the reactor with a target

amount of Hp, followed by pressuring with a syngas (CO
20 and Hp) blend of the desired composition. Since a “one

step” synthesis of PDO from EO was desired, a 2:1 ratio

of Hp/CO was desired as synthesis gas, to provide for

additional “make dp”'syngas of the correct stoichiometric
composition:

25 Hydroformylation: EO + Hp + Cd —> 3-HPA
Hydrogenation: 3-HPA + Hyp —> 1,3-PDO
where "“3-HPA” is the 3-hydroxypropanal intermediate
formed via EO hydroformylation. Thus, by adding makeupl
syngas of the same ratio as that consumed by the overall

30 reaction, a constant Hp/CO syngas ratio could be

maintained.
The reaction mixture was first heated to the desired

reaction temperature (typically 60-100 °C) under 7 to



overtenperature shut downs were included for a thernocouple in the reactor
jacket. A rupture disk or 20 EO conpati ble pressure relief valve was

enpl oyed wo 03p687e@®ct the reactor and assenbly agai nst ovePpra&PsuomEs0 Tabl e
1 shows the final concentrations of caté1y§%"conponents tested via -
preparations in this manner. Table 2 shows a dilute |igand conparison of
the self 25 assentiPg aﬁdssngpmﬁséoppeéﬁonmnbhhodesimEBEcatalyst species

met hyl -t - butylether E = d| Eﬁleth r_ TBA —tt Qut¥ alc WO 03/ 068720
PCT/ EP03/ 01460°PF 1931 olE By °% BQ FRARCARCcoTYPIGEY ?/ 0 WO UO0) m

Co co Ln o O G0, mintxes Weré+a£io&bd foR @r@f@rﬁlﬂgP ®h8 PeBcPiBn0 0 0 4)
U>1+4) 4-i HCototoLn NHCo N Ln a oo Ntototo oo co L- Ln

Ln co Ln Min 2Bya%agps-v¥ed 690iBPgdzsth @ pressupiged siphN d@laNsO Ln d

Wior! Hm Tt T Bl R e aeu BB 1or R B 10 O 1
HHrl Ut~ N aapdcftﬁ))equﬁ@peu withddlpLhuh@htbnanmow trdndfewood M Ln L-

Lno >1 (C4)_ 140 MMN U Lf) _Ln Ln LO Ln
[n N LO L(n Ln)in5‘ﬂn IERME RO Ej ealyieﬂeloﬁlﬂeuto%h% Bl%t files®y 0fero 0 0 0 O

OO0OO0OO0Oo0o0 Fﬁ%aéhfégbdbkﬁhg71590C%ﬂ@ g@t@@l&@eaPeﬁhyﬁgp ﬁnnltrogen

pressure of 0.5 to 1.5 MPa was maintained on the EO
10 cylinder, and the sight glass apparatus was prepressured
with a minimum of 0.3 MPa of nitrogen, such that EO was

transferred under a protective blanket of Ny, to avoid

regimes which would allow explosive self-decomposition.
Concentrations of EO in.the final reaction mixture were
15 limited to less than 15 weight percent, to avoid :egimes
A where explosive decompbsition could occur at reaction
temperatures. |
Syngas was used to pressure the EO from the sight
glass into the reactor to initiate-a reaction run. Upon
20 addition of EO, syngas was consumed per the
hydroformylation and hydrogenation reactions described
above. The corresponding decrease in pressure vs. time
was logged via a preséure transmitter and recording
device. As the pressure diminished from 12 to- 8 MPa, the
25 reactor was manually refilled with syngas. The reaction
was assumed complete when pressure uptake diminished to
negligible rates.
The reactor was fitted witﬁ a dip tube which allowed
liquid samples to be taken at designated intervals.
30 Approximately 3 to 5 grams of sample were purged through
the dip tube assembly in order to obtain a sample
representative of the stirred reactor contents. Samples

could be collected directly in an infrared cell for off-
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was carefully throttled through an internal standard
5 solution chilled to zero degrees centigrade to trap
unconverted EO. This sample was shot on a temperature
programmed capillary gas chromatograph equipped with
flame ionization detector for analysis of unreacted EO,
3-HPA intermediate, PDO product, and acetaldehyde/ethanol
10 byproducts. Separate liquid sampleé were analyzed by
atomic spectroscopy to confirm cobalt, ruthenium, and
ligand (P, N) concentrations.
The entire assembly was housed in a hood to prevent
personnel exposure to ethylene oxide and carbon monoxide.
15 A CO detector and fire eye provided monitoring and
protection. An electrically heated jacket provided
temperature control for the reactor. Automated
overtemperature shut downs were included for a
thermocouple in the reactor jacket. A rupture disk or
20 EO—compaﬁible pressure relief valve was employed to
protect the reactor and assembly against overpressure.
Table 1 shows the final concentrations of‘catalyst
components tested via preparations in this manner.

Table 2 shows a dilute ligand comparison of the self-

25 assembly and stepwise preform method.
MTBE = methyl-t~butylether
DPE = diphenylether
TBA = t-butyl alcohol
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temperature relative to the reaction step, and under CO
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pressure, to suppress degradation of metal carbonyl

catalyst. For the current batch experiments, this was

. accomplished via cooling the reaction mixture to 45 °C or

lower. The desired amount of water (typically 1/5 to 1/10
of the reaction mass to effect concentration of product)
was then added to a small cylinder connected to the top
of the reactor and “blowcased” into the reactor via
application of syngas pressuie. Extraction was
accomplished via stirring the water/solvent mixture (two
immiscible liquid phases) using the same autoclave
agitator as that used to mix and disperse syngas during
reaction. After stirring for 0.5 to 1.0 hours, the entire
mixture was transported to a separator assembly
comprising a pressure cylinder (500-ml) with a bottom
sight glass sized such that the bottom 10 to

75 milliliters of sample would be visible to allow visual
discernment of the interface between solvent and aqueous
product phases. The separator assembly was maintained at
a temperature below 45 °C and at a pressure of at least

3 MPa of 2:1 syngas (minimum 1 MPa CO partial pressure).
Under these conditions, ﬁo decomposition of metal
carbonyl catalyst was observed. Aqueous product and
solvent phase could thus be separated.

The separator apparatus was equipped with a bottom
drain valve to allow draining of all aqueous products
(typically 10 to 40 grams) into a sample vessel. The
remaining solvent and catalyst could then beApressured
back into the autoclave reactor, to effect a second
reaction cycle, taking into account the loss of solvent

and catalyst due to sampling during‘reaction. Five or
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03/068720 - 2 5 - PCT/EP03/ 01460 Water Extraction The water extraction
shoul d bewomn®esaeo a reduced tenperature relative to the PeampPodo4st ep, and
under CO pressure, to suppress degradatTo%GOT nmetal carbonyl 5 catalyst.
For the current batch experinments, this was acconplished via cooling the
reaction m xt umereo A% l€sorcoulowbe. cTiiecdtesi bed camuntnudfatiateerl gy piftal |y

1/5 to 1/10 of_ th ti t ffect trati ,Of duct
Uhen added 1o RORHGR B AP 30in e Eaa 6% REFEos 10 BRIt Hofhct of and.

" bl owcased” i noptlibeanasst eiddiia ondfPlsiod #ehen cofu 18y RS JHRE Y &1 1ow
Extraction was acconplished via stirring the water/solvent mxture (two

i mmi sci bl e |iqlihg peayedesuiongrosecsdams audddges cagiatlatsér as that used
to mx and dispgrse syngas during 15 reaction. After stirring for 0.5 to
1.0 hours, the entire mxture was transported to a separator assenbly
conprising a pEssspilescy7i-Bder (500-m ) with a bottom sight glass sized
such that the bottgg110,to 7% illjliters of sanple would be visible to
al l ow visual 20 di'sCEFITENCIoPALRE FHPEFFLEEBLEet'RSerO8GFesE &9d aqueous

product phasesdehb@stepaatde 3388Ahliy Was pakBiaiRed Ak d Lepeiture
below 45 C and at a pressure of at |leasSt 3 MPa of 2:1 syngas (m nimum,
MPa CO parti al ppresislr end remgedet héseneontieri oasalys td@ddipes inoinen

of - met 25 carhonyl cat t s _observed. Aqueous product and solvent .
phase @%uld thﬁggﬁé ?%%&?%%%d?o ﬁgngeBQESFOr apparatus was equi pped with a

bottom drain val vehtorakkewrdnakaurg ebmpklsaguegss spyeduet 95 Geypiaal |y
10 to 40 grans% into a sanple vessel. The 30 renmining solvent and cat al yst
F

coul d then be HPESSHNEYL B&ERT Ht'8BENe 2Rt 661 BvarPBacPSr cthanelf st a
second reacti@gic¥ake, Thakhig LBL0LAREAUBE of Bal@SS Ot A ent

2-ethylhexanoate (“cobalt octoate”) at 16.5% cobalt metal

15 ’ content, 0.54 grams of triruthenium dodecacarbonyl,
1.50 grams of “B9PBN-2” bidentate phosphine, 0.4 grams of
dimethyldodecylamine promoter, 0.1 grams of triethyl-
phosphine oxide (marker for nmr characterizétion of
phosphine ligand), and 1.0 grams of toluene (organic

20 marker for reaction species). The mixture was charged to

1500 psi (10.3 MPa) with 4:1 H5/CO and heated to 135 °C

to preform active catalyst.
The reactor mixture was cooled to 90 °C and

12.0 grams of ethylene oxide (EO) were added to initiate
25 reaction. The reaction was allowed to proceed until gas

uptake stopped, indicating virtually complete conversion

of EO. An additional 10.4 grams of EQC was added for a

second reaction phase. After gas uptake again diminished,

?he reactor contents wére cooled to ambient teﬁperature
30 (< 30 °C) and 25.2 grams of deionized water were added to

extract product under 3 MPa of syngas. After 15 minuteé,

the extracted mixture was transferred to the sight -

glass/separator (under syngas pressure) and allowed to



and catal yst due to sanpling during reaction. Five or WD 03/068720 - 2 6 -
PCT/ EP0O3/ 01460 nore cycles could be effected before cunul ative | oss of

sol vent awo os@ésakyst prevented further exam nation. Opti @calEpgi/omedi ti onal
sol vent. coul d be added to allow the recyckés-to proceed at a diluted

catal yst 5 concentration. Exanples 47-52 A series of batch experinents was
conducted to geévmrstygiardtee Vikahidddwl tdhgrat@idudCyicd et O( TR COURFams )
product and recycle of, one-step catalyst with a non- 10 water-m scible

sol vent phase. “Q/Pﬁeqr@dﬂeéjr LRt e SRYGeSEd -133. 5 grams of net hyl -
tert-butyl ether (NIBE-&RdnL4h f I t i S
added 2.0 grans of cobg:lt fﬁggﬁﬁp?gr}%%e? ?%%ggﬁsc%%ﬁ'kﬁacg ttl%%bgva
cobal t netal . 15eeortcentand) hegptats tof A0 | QU tuinets urk :do deoas=a bd@ty lwasd. 50

grans of "B9PBN 2". bi.dent ate sphine,, 0.4 grans o di net hyl dodecyl am ne
pr onot e‘ir’, 0.1 §anme oJTneEtrrol é‘}che?#?cdg%’@gﬁ & &isfgﬁﬁﬁﬁcﬁwyrﬁﬁcdle'
characterizati anief presEhivee ldgandue@nth rbuyrgrans, Qfed,oluene A ga C
20 marker for reaction species). The m xture was charged to 1500 psi (10.3
MPa) with 4:1 ﬁiﬁ@@&ﬁ’d%@é@e ‘to 135 C to preformactive catalyst. The
reactor mxture was cooled to 90 C and 12. 0 grans of ethyl ene oxide (EO
were added to initiate 25 reaction. The reaction was allowed to proceed
until gas uptake stopped, indicating virtually conplete conversion of EQ
An additional 10.4 grans of EO was added for a second reaction phase.

Af ter ‘gas uptake again dimnished, the reactor contents were cooled to
anbi ent tenperature 30 (< 30 C) and 25.2 grans of deionized water were
added to extract product under 3 MPa of syngas. After 15 m nutes, the
extracted m xture was transferred to the sight glass/separator (under
syngas pressure) and allowed to WD 03/068720 PCT/ EP03/ 01460 27 _



phase separate. The resulting product |ayer (29.3 grans) was drained from
the separator. The remai ning upper |ayer was transferred back to the
react or awo osebegat ed to 90 C under 4:1 syngas. EO was 5 ageairreposioreduced to
initiate a second reaction cycle. Thi'sz%r‘ocess was continued through 6

cycles, with rgsults shown Iin Tablg 3: WD 03/0p8720 [PCT/[EPO37 01460 - 28
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reaction selectivity and extraction efficiency for a
given cycle, an average‘molar yield of 88% was obtained.
Some catalyst was lost each extraction to the water

5 rhase, but the overall reaction rates per mole of cobalt
remained nearly constant. The PDO product strongly
partitioned into the water phase, whereas the catalyst
preferentially remained with the upper solvent phase (see
Table 4, below). Importantly, the conversion of 3-HPA to

10 PDC remained high for all cycles, indicating effective
recycle of the hydrogenation catalyst component needed to
effect a “one-step” synthesis. Table 4'shows the analysis
of catalyst components leached into aqueous product for a

number of the cycles:

Table 4
Cycle # Phase Co ppm Ru ppm P ppm
0 UL 2145 1650 1950
1 LL 1100 1600 1600
3 LL 41 50 200
6 LL 71 6.4 65
6 UL 800 300 1000
LL = lower aqueous layer
UL = ubper solvent layer
15 Significant amounts of catalyst components were lost

with the first water extraction. This was consistent with
visibly poor separation (“rag” layer). However, given the

small ratio of aqueous phase solvent (1:7 HpO/solvent

extraction ratio), this did not result in significant
20 loss of catalyst. Subsequent reaction cycles and
extractions produced clean aqueous/organic phase

separations with efficient recovery of PDO (Table 3) but



Wil e the net yield of PDO fromEO reflects both reaction selectivity and
extraction efficiency for a given cycle, an average nolar yield of 86% was
obt ai ned.wo®ames7e@mt al yst was | ost each extraction to the warg@rosopbase, but
the overall reaction rates per nole of cob®t~ remmi ned nearly constant.
The PDO product strongly partitioned into the water phase, whereas the
catal yst pref épenilpabkyg pénmaebedy®it hombenepper (§eblent)phaae fdeal Tabl e

4, below). I|nportantl th onversion_of _3-HPA to,_10 PDQ r emai ned .hi gh for
21 oyoles, i nOPRER RELEPRE CAYEE FagyanalSrErna thydPosBRaPToR CAStryal
conponent neededet @nagf/kest sAowane=5taR L o8YBENESESHsTAREE a4 ?BQWﬁohh%f
anal ysis of catalyst congonents | eached i nto aqueous product for a nunber

of the cycles: tirabPeiginpd| sakapraseatd ppirRarpprePPppiitdonl 2145 1650
1950 LL 1100 L 1 71.6.4 300
1000 L = | ower*aqaeate TajoF "B Sopacr"5e VER( Fayer & gRLALean
anounts of catabyshecanpenent phasee |lost wth the first water extraction.

This was consigtent with visibly poor separation ("rag" |ayer). However,
given the snaéiﬂﬁéﬁiﬁiaﬁgaqueous phase sol vent (1:7 H2Q sol vent extraction

ratio), this did natcyesel bnknsebgniEheanbn 2QpkesaeAt sCatAbYstraBdbsgauent
reaction cycles and ‘extractions produced cl ean aqueous/organi c phase

separations w &hiditvcrenefifecbver promaPpOsePabheign blt cbad3s068720 - 3 O
- PCT/ 03/014? S f I onponents.(Tabl e 4%. The .fi nal
upperjgglvent g?%#8§;§9§n§§§§£dgg%%?§§£8ﬁdngfm?é853%3n9f PheuiE JSi s
shows retenti oaxbtaatsdbshast tht pattirophate,thaitei gi nakoeatyl ygt and a
favorabl e partition . , ) , ) ~
' catalyst in active form is retained in the upper solvent
phase and which can be recycled back to the reaction.
Liquid extraction does not entail thermal stress of
15 high cost catalyst components and hence is an
advantageous method for recycle of catalyst during
commercial production of high boiling products such as

1, 3~propanediol.



5 coefficient for all conponents (Co, Ru, and P) relative to the aqueous
phase. Significance: Recycle one-step reaction experinents denonstrate an
ability twoaBfesTeo a pri mary separation of catal yst and 10PordPodbi466 a wat er
extraction. A nmgjority of product is extragted into the water phase, while
a majority of catalyst in active formis retained in the upper solvent
phase and which can be recycled back to the reaction. Liquid extraction
does not entail thermal stress of 15 @i]Q%CP%E catal yst conponents and
hence is an advantageous nethod for recycteof——catal yst during comerci al
production of high boiling products such as 1, 3-propanediol. WO 03/068720
PCT/EP03/01460 . - 31 _CL AI_MS 1. A-process .far, producihg aliphatic
1,3-diols which- ¢ QTS O UG ﬁﬁjé’qag}?&gr]md#r%l‘%ﬁ H’f}gl‘f}he range
from30 to 15Gdmpickeds Pressure within the range of 3 to 25 MPa, 5 an
oxirane, carbon nonoxide, and hydrogen, in an essentially

non- wat er - m scidl e EBILAF1INH athe greaparat wie vei el adid i ngmufitornf3@

car bonyl — conpotnd Sha G Tkt aryt St ar T Pl UL A g T

group cbnsi sti e afxirtdeeni cagb@oppeaigx et iantnhydarsherpalimdium and whi ch
is ligated with a |i g,andjnaael ected fromthe group consjsting of a phosphine
ligand, a bi déftStE o Ol HEH d e NHRID RN T i Gard!© PTohorehe
ligand, and a phpsphol &Noal kasudd 4% HomQRiHoNA lyihdt 4 he; presence of a
pronoter, wherein the nolar. ratio of ligand to cocatalyst netal atomis
in the range dfydxrXormatol@n ezatadlysindmmpEasiniom coneh i asrbaiyect i ve
to produce a reaction product mxture containing.an-aliphatic 1,3-diol; 20
b) Adding an adﬁ%@ﬁﬂyqétﬁh%;%(F%ﬁﬁ%flyé% B& 'h is séﬁec ed from

reacti1 on pr UCC
10 the group consisting of ruthenium, copper, platinum, and

palladium, and which is ligated with a ligand selected
from the group consisting of a phosphine ligand, a
bidentate or multidentate N-heterocyclic ligand, a
porphorine ligand, and a phospholanocalkane ligand,

15 optionally in the presence of a promoter, wherein the
molar ratio of ligand to cocatalyst metal atom is in the
range of 0.2 :1.0 to 0.6:1.0, under reaction conditions
effective to produce a reaction product mixture
containing an aliphatic 1,3-diol;

20 b) Adding an aqueous liquid to said reaction product
mixture and'ext;acting into said aqueous liquid a major
portion of the aliphatic 1,3-diol at a temperature less
than 1QO °C to provide an aqueous phase comprising the
aliphatic 1,3-diol in greater concentration than the

25 concentration of the aliphatic 1,3-diol in the reaction
product mixture and an organic phase comprising at‘least
a portion of the bimetallic hydroformylation catalyst;
c) Separating the agqueous phase from the organic phase;

and



m xture and extracting into said aqueous liquid a major, portion of the
aliphatic 1,3-diol at a tenperature less than 100 C to provi de an aqueous
phase comppio3ioery2a he aliphatic 1,3-diol in greater conceRCraPodo4sthan the
25 concentration of the aliphatic 1, 3-diol 3%n the reaction product m xture
and an organi ¢ phase conprising at least a portion of the binetallic
hydrof ornyl ati ot cfirtiicsnally)rSapariaig et tYes siguequsciphaseo f rime t he

organi ¢ phase; _and MD 03/068720 -, 32 - PC%%EPOSIOMGO dz Optional ly
returning at | 4o pdttiteh GF RN A Phake TR at™ ng catal yst to

step (a). 2. The. prEcessrefesd abimdiahereivhd e € o te S POyl rp &epFPound
is an essentially nonligated cobalt carbonyl 5 conpound. 3. The process of

claims 1 or 2 \HERIWE hesS A% phatektially diviligatied-erlophinech vdonytl The
processzof any nglainms 1 to 3 wherein the ligand to cocatalyst netal
molar ratio is in‘the range of 10 0.20:1.0 to 0.40:1.0. 5. The process of
any one of claidws IThe prades=iorf tdieincodatat ystwhetaln ithe Wheshatmc 6. The
process  of any one of clai % to 5 wherein the cocatalyst netal to cobalt
mol ar ratio is &t 1EHt Ja”bgfn "RECRARRAMOL 7 The process of any one of

claims 1 to 6 farthele SUBRIISING £ A IdW Jgsirdual Gatal éi&?”&ﬁé‘re
aqueous phase and returning said résidual catalyst to step a‘S. 8. The
process of any lgrganst 0t afematialywsty meerleimp latr 2001 jemsis alporie arende the

or gani E9phase P Cfalzijfr:_id‘ngC caé.%q/:slgrois returned to step (a). 9. A catalyst
e at’i

conposition for 1t ydr of or on of ethylene oxide to 1, 3-PDO prepared

by a process onpritss ikoce?d &) drof g o camlrex I Ao by vataet ihge a
cocatal yst netal compound, which is selected fromthe group consisting of

rut heni um copp&catiRiatsthuttahd Harutdeimm.-

6. The process of any one of claims 1 to 5 wherein the
cocatalyst metal to cobalt molar ratio is at least about

15 0.05:1.

7. The process of any one of claims 1 to 6 further
comprising extracting residual catalyst from the adueous
phase and returning said residual catalyst to step (a).
8. The process of any one of claims 1 to 7 wherein at

20 least a portion of the organic phase containing catalyst
is returned to step (a). |
9. A catalyst composition for the hydroformylation of
ethylene oxide to 1,3-PDO prepared by a process
comprising:

25 a) forming a complex (A) by contacting a cocatalyst
metal compound, which is selected from the group
consisting of ruthenium, copper, platinum, and palladium
compouﬁds, with a ligaﬁd, wherein the molar ratio of
ligand to cocatalyst metal atom is in the range of

30 0.2:1.0 to 0.4:1.0;

b) forming a complex (B) by subjecting complex (A) to a

redox reaction with a cobalt compound.



conpounds, wth a ligand, wherein the nolar ratio of |igand to cocatal yst
nmetal atomis in the range of 30 0.2:1.0 to 0.4:1.0; b) form ng a conpl ex
(B) by suwpesisstgo conplex (A) to a redox reaction wth aPcalEos/omenpound.
WO 03/ 068720 PCT/ EP03/ 01460 - 33 10. The32onmposition of claim9 wherein
the cobalt compound is an essentially nonligated cobalt carbonyl
conpound.

10. The composition of claim 9 wherein the cobalt

compound is an essentially nonligated cobalt carbonyl

compound.



