WO 03/029161 PCT/ EPO2/ 10687 - 1 ONE STEP HYDROFORMYLATI ON AND
HYDROGENATI ON PROCESS FOR PREPARI NG 1, 3- PROPANEDI OL This invention rel ates
to the sywiodwmasesicof an aliphatic 1,3-diol, particularly Fdyimopessedi ol ,
from ethylene oxide (hereafter EO and syngas in one step. 5 BACKGROUND
OF THE I'NVENTION Ali phatic 1,3-diols, particularly 1,3-propanediol, have
many applications as nononmer units for polyester and pol yurethane, and as
starting materials for the synthesis of cyclic conpounds. For exanpl e,

CORTERRA pol y i r r i i operties
”%?\IE' STEP WDR@%@L\Q’_ TR A?\Fd ﬁ?bﬁ@%éﬂbﬂd@?g ?Bﬁlﬁs{;ﬁfgh p

that is nmade of 1, 3-propane ] acid
(CORTERRA is a trademark). There |sﬁ%§§ﬁiﬁﬁ?ggﬁgPﬂﬂh the art in finding

new routes for synthesizing PDO that are efficient, econom cal, and
denonstrate process 15 advantages. U.S. Pat. Nos. 3,463,819 and 3, 456, 017
teach the hydrofornylation of ethylene oxide to produce 1, 3-propanedi ol
and 3-hydroxypropapgh s (hgreatish 3z1PAks HSi PledsyREALEEY of an
phosphine-nndifiedegg aFt car bony e20 cgtalyst? . S. 3,687,981 discloses a
process for syghthhatzeng, PP@ioln phitipnbsesy phaspreoppacdiPdn &rom

i nternedi ate product hydroxyethyl hydrox i oxgne.occur r ‘
t enper at ure, o?t38iF8?,Oﬁéééréﬁ§ﬁ§aﬁg?5r¥8? 88§ssy8ﬂggoiﬁy§%8ggga»Fon to
productg U. S.gRakefburRb besTub, 2ROeR270N5, 344, 993; 5, 459, 299; 5, 463, 144;

5,463, 145; 5, 4637146, 5, 545, 765, 5, 545, 7/66; 5, 545, 767;  and, 5, 563,302,
5,689,016, al | asshghpdatscshePrdinbso3parbictlpetyEppdresgpenediol,

have many applications as monomer units for polyester and

polyurethane, and as starting materials for the synthesis
of cyclic compounds. For example, CORTERRA polymer is a

10 polyester characterized by outstanding properties that is
made of 1,3-propanediol (hereafter PDO) and terephthalic
acid (CORTERRA is a trademark). There is much interest in
the art in finding new routes for synthesizing PDO that
are efficient, economical, and demonstrate process

15 advantages.

U.S. Pat. Nos. 3,463,819 and 3,456,017 teach the

hydroformylation of ethylene oxide to produce
1, 3-propanediol and 3-hydroxypropanal (hereafter 3-HPA)
using a tertiary phosphine-modified cobalt carbonyl

20 catalyst. U. S. 3,687,981 discloses a process for
synthesizing PDO. In this process phase separation of
intermediate product hydroxyethyl hydroxy dioxane occurs
at room temperature, or cooler, befofe the material goes
on to hydrogenation to product. U. S. Patent

25 Nos. 5,256,827; 5,344,993; 5,459,299; 5,463,144;
5,463,145; 5,463,146; 5,545,765; 5,545,766; 5,545,767;
and, 5,563,302, 5,689,016, all assigned to Shell,



di scl ose cobalt catal yzed hydrofornyl ation of ethylene oxide. US.
5,304,691, assigned to Shell, discloses a nethod of hydrofornylating

et hyl ene wwiod®24161 3- hydr oxypropanal 5 and 1, 3- propanedi olPCIEPODIG6RRL €] Y
contacting ethylene oxide (EQ, a ditertia%y_phosphene-nndified cobal t
carbonyl catalyst, a rutheniumcatal yst pronoter, and syngas (carbon
monoxi de and hydrogen) in an inert reaction solvent at hydrofornylation
reacti on condidiomkosd(cobals caiggesied hyerefornnbatieruef ngthnkene

t enper at ure of I$e reaction product mxture will result in a separation

of phases. HowW¥/erS it has been found that this is not always the case and

that at sone desirald e DEIHI69Y, conriednsy Jitakke, seépschbson aloesthod
occur nmerely by 15 reducing the tenperature. |n such a%§§se, ex ensiXe
liquid-to-1iquil BYSFREeTBYJF 139 sTHPY B Rt fot 2T RYYRT 21D

separaie the %&r%ﬁéﬁp Dy e, { ondi ¢ ghsté gt cadvaREEny Neth@1 @it which
is a single-step ydro¥ nyl ation and hydrogenation process 0 for
synt hesi zi ng RDG.adi tBOcana béitent bsrya shospeipaasedihied copelti ons

wher ei n phase separatjon cannot, wthout .the use our inventi be
i nduced by tedﬁ%&%?%YL C?E%ﬁ%?#bn? %%gh%?%ﬁ%c?aﬁfiyégngﬁgmggggfa%gg from
the reaction sghygat (vatboNtnbhexuse &hdhhghreget) exhrantinar5 or

distillation methods, thus permtting valuable hydrofornylation,catalyst
to be recycl edrenchiben SebheREatt oRYSFOERPBELRELPD HBARELPRARPPHSERSEFNg.

Furtheryiore, ol pLogesselsaXtherely eilicedhcoand chb! oURpGESBLEL of

flexibility in processrng Since resi he crude PDO product can
be converted ush&gréhetipnoductiuctseittasethelienesinbh 30l @eptpandtiha
heavy ends  (undesirable ByPLOZYCt 2. MEaY! SLfNR0. O AN SR RES PYLIRS,
always the case and that at some desirable operating
conditions, phase separation does not occur merely by
i5 reducing the temperature. In such a case, expensive
liguid-to-liquid extraction or distillation methods are
required to separate the materials.
We have found a distinct advance in the art which is
a single-step hydroformylation and hydrogenation process
20 for synthesizing PDO which can be run as a single phase
| under conditions wherein phase separation cannot, without
the use of our invention, be induced by temperature
reduction. The product PDO can be separated from the
reaction solvent without the use of high cost extraction
25 or distillation methods, thus permitting valuable
hydroformylation catalyst to be recycled without
degradation or exposure to downstream processing.
Furthermore, our process is extremely efficient and
allows greater flexibility in processing since residual
30 EO in the crude PDO product can be converted using the
product itself as the reaction solvent and the heavy ends
(undesirable byproducts heavier than PDO) can be purged

from the system with minimal impact to the catalyst.



fromthe systemw th mnimal inpact to the catalyst. WO 03/029161

PCT/ EPO2/ 10687 3 SUMMVARY This invention is a process for one-step

hydr of or mwlbaBioerieand hydr ogenati on synthesis of 1,3- propaaadirod/10687 ch
conprises: 5 (a) Contacting in a reaction vessel a mxture of ethylene
oxi de, carbon nonoxi de, hydrogen, a non- wat’er- mi sci bl e reaction sol vent
and a hydrofornylation catalyst conposition; (b) Heating said reaction

m xture to a t&8HYEARYure 10 within the range from30 to 150 C and a
pressure within tEg.range of ,0.7.to_27.6 MPa (.100 to_4900 psi) for a time
effective to produtBt8 SPNGPEIFRads PeREPFSASpr83ur e fitkPure cont ai ni ng
sufficient congeatbabirarRlaktioch, dnar epadredieaktsueah sthahephasersaparati on can
be induced 15 by tenperature reduction; and (c) |nducing phase separation
by at | east onBTRBERBELCIeMEECE] CPFBHR-ERE ‘gr oup consisting of: (i)

temperaf ure reFéLc{?t : éBn‘EQE"EELHﬁgiW gh g‘é{@'t%ﬂ”v%sél BhAs&+SRL! byl nduci ng
agent to the m'xture I'n an arnount 50°sufficient to induce phase
separation, (ikerhyésperakide,r edubbnomotoxtideed hwdirkhgkn, st addi-wgtar-

m scibilizing. ,cosolvent to keep the reaction _product mixtyre in _a._ single
phase and thenmﬂéﬁﬁpﬂﬁgrFﬁégﬁpgcﬁBﬁW@?Fnﬁndcésagyéﬁ or nh?)lppr§9t Sty a
m scibilizing gagghbyeptiod? to keep the reaction product mixture in a single
phase and then renoving the mscibilizing cosolvent, and (iv) adding a
phase split-indb¢i njeageny selchaepeidrnoflXprsGuEl B XEWPETRRUZR anount

suffi%k?nt to %EQHES Qﬁgs%an%%p%E%hi%%;to 150 °C and a pressure within

the range of 0.7 to 27.6 MPa (100 to 4000 psi) for a time
effective to produce a single-phase reaction product
mixture containing sufficient concentration of
1,3-propanediol such that phase separation can be induced

15 by temperature reduction; and
(c) Inducing phase separation by at least one method
selected from the group consisting of:

(1) temperatureAreduction combined with addition of a

phase split-inducing agent to the mixture in an amount

20 sufficient to induce phase separation, (ii) temperature
reduction combined with first adding a miscibilizing
cosolvent to keep the reaction product mixture in a
single phase and then removing the miscibilizing
cosolvent, (iii) first adding a miscibilizing cosolvent

25 to keep the reaction product mixture in a single phase
and then removing the miscibilizing cosolvent, and (iv)
adding a phase split-inducing agent to the reaction
product mixture in an amount sufficient to induce phase
separation;

30 wherein the phase separation results in a first phase
comprising a major portion of the reaction solvent, at

least 50 wt% of the catalyst composition, plus unreacted



30 wherein the phase separation results in a first phase conprising a
maj or portion of the reaction solvent, at |east 50 wt% of the catal yst
conposi t iwn,03pbkast unreact ed WO 03/ 029161 PCT/ EP02/ 10687 #CTatPayli@se oxi de,
and a second phase, which conprises a nmgjgr_portion of 1,3-propanediol.
The process can be carried out wherein the second phase also contains
catal yst, reaction_ solvent, and high 5 nolecul ar weight byproducts. The
process can al 8BhvhepevexpAgsi eBfl ¢ Separdt PAgSehe bl pRadRrHFKE ufe

followi ng the _jinducijion. phasess a3t LQn,1The process can further
conpri se recyc?%ﬂgyt%gggfgét phase g??%ct%y ?o the step (a) for further
reaction with previbaspyocaseacéedbelfastaedi ogt neheréahsthdheependess can

further conprise extracting, residual catalyst_fromthe.second ase
recycling saidpﬁiFﬁl§iF°t8°8F3bnfa??kﬁﬁﬁsgasg?ﬁ§£fﬂ% S?%ﬁ%?ﬁ!nﬁggegﬁﬁa
phase apnt ai ni fg1dc318F0RENEHEObybRoduciBanshkoproeesyeesn dheoneansiier
recovery of 15 1, 3-propanediol can be a distillation columm where product

1, 3- propanedi obhysisaparasenarpbiifi §hembrechhase RergHESHEObEBULRISthThe
process can further IS p i.ng. Ligh o] f
1,3-propanediofngﬁatggggérlgPﬁggth?éggg%éhfn P%ih%gPéﬁfgﬁgﬂgg 5ERF§ and 20
optional |y recyehpp@sendewiydliahgl thht fspbvephasbadkreotlyheostep (a). BRI EF

DESCRI PTION OF THE DRAW NGS Figure 1 is a schematic draw of the, pr.ocess
design of theShPBsGAl FAVRRFBREFnEPARE G sHYERaPEEBPBRAP B8TaRCFOR

feat urgs. DETA‘s’cFPtPﬁécﬁhE’&@thF THE pAVEMEEONahnstbenpresenbripyention we

have made severa
extracting residual catalyst from the second phase,

recycling said catalyst to step (a), and passing the
remaining second phase containing 1,3-propanediol to a
means for recovery. The means for recovery of

15 1,3-propanediol can be a distillation column where
product 1,3-propanediol is separated from high molecular
weight by-products. The process can further comprise
separating light solvents from 1,3-propanediol and
distilling to isolate individual light solvents and

20 optionally recycling individual light solvents back to
the step (a).
BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a schematic drawing of the process design
of the present invention including several optional
25 design features.

DETAILED DESCRIPTION OF THE INVENTION

In the present invention we have made several
surprising discoveries and incorporated them into a new
one-step hydroformylation and hydrogenation process for

30 synthesizing PDO which demonstrates a number of
advantages over anything currently available in the art.
In the present invention recycling of the reaction

solvént and catalyst, if desired, can be accomplished



surprising discoveries and incorporated theminto a new one-step

hydr of ormyl ati on and hydr ogenati on process for 30 synthesizing PDO which
denonst r awedsmqianber of advantages over anythi ng current lPgTaPaz/i@Bt e i n
the art. In the present invention recycl if{}\lg)_ of the reaction solvent and
catalyst, if desired, can be acconplished 03/ 029161 PCT/ EP02/ 10687 5
wi t hout prohibitive build-up of mscibjlizing side.  jroducts., In addition
residual EO and @ ytohift 1Yt 6 (F He psrlca(fuct can be

reacted such E;Itba&%ég%r EQ i sy sanvsl ted it o e Ging S akhesesadit ages have

been achievedint esent 1 nvention and further inprovenents can be
achi eved by: phartidiingnsa tmwdératsegoiatdd prwluwahtcas hagasd@d guch

solvent. 2. Inproving vyields by recycliing EO such that the % 10 EOis
mai nt ai ned bet tgl.ez ﬂ%dlsz(fé}g/ ‘66%41ttaqgr§3 Oéf}soulC “rates of reaction and

m ni m ze commer ci alhJRAGBFarBAs] s hatkl R drecaiterdvigl amajiey idnesefntt he EO

| eaving the reactor for recycle back to the reaction section. 3. Using one

or nmore |iqui diprenie aempihtiwngzer @%&W%Q%s?acrb_k?ea(ﬁq}}ltea‘feé REycl e of
EC and, most  MOordAMd Yo JQEMIL HANG SOy 10 ik RIS S dt 10

relative to catalys e process schene of" the present invention allows
nore efficientssepatation of PDO via thernmal recovery with | ess stress on

o o o ey ka0 18 SRSl e
fSt r es?oa' togethier; o R iheryme e pdiicen al | 0Wn @ 204 98 Sid BB Repiaken
rom the bottonms of the PDO-rich stream after thermal recovery. Degraded
cat al yst rates of reaction and minimize commercial reactor costs,
while recovering a majority of the EO leaving the reactor
for recycle back to the reaction section.
3. Using one or more liguid phase separations/

15 extractions to facilitate recycle of EO and, most
importantly, to enrich one of the liquid phases in PDO
relative to catalyst. The process scheme of the present
invention allows more efficient separation of PDO via
thermal recovery with less stress on catalyst. In

20 addition, it allows for a significant portion of catalyst
to recycle in the PDO-depleted reaction solvent phase,
avoiding thermal stress altogether. Furthermore, this
allows a purge stream to be taken from the bottoms of the
PDO~-rich stream after thermal recovery. Degraded catalyst

25 is expected to accumulate in this polar phase, such that
one méy selectively purge degraded catalyst with heavy
reactor byproducts, relative to the total catalyst
inventory, thus minimizing usage of very high cost
ligated hydroformylation catalyst.

30 4. Continuing hydroformylation of that fraction of EO
that leaves with the PDO-rich phase, versus with the PDO-

lean reaction solvent phase, can provide a means for



25 is expected to accunulate in this polar phase, such that one may
sel ectively purge degraded catalyst with heavy reactor byproducts,
rel ati ve wo oBhevitpt al catal yst inventory, thus mnim zi n@gCagegz1wB7 very
hi gh cost |igated hydrofornylation catalyst. 30 4. Continuing ‘
hydrof ornmyl ati on of that fraction of EO that |eaves wth the PDOrich
phase, versus with the PDO | ean reaction solvent phase, can provi df

not

means for WO O3VEORGLE19 BT/ Ereyrla 08BLe NG TPt ovitg B Y2t dsS ot
requiring therc?%tjrlefé/\filﬁg ofg'ﬁd.' H‘l’?éfrﬁ’zﬂ %e&%lé‘hﬂé’@illationtcﬁ; EO

recycle/distil i'on o an present safety hazards. Thus,
li qui d-1i qui d @hasereseaparsdiony dardedusdthtD, rigey cliegwl dra} oriiy piasde

EO, 5 with continued hydrofornyl ati of that. fraction ich xits-wth

the PDO-rich p??é%aem%%grheqaerktk?r%cﬁ%‘g%%er%]r? ¢h rb%%%%d%? @% & (usi ng
makeup smoder atﬁ&?'@éﬂﬁﬂnﬁ@@%%ﬁbﬁ@iﬂﬁﬁﬁié@ sErthet fiaerove weiahyst and
EO recycle. 10 The invention thus provides a greatly sinplified nethod for

conducting a preltisiwhly HepafRRTFcHIPIFR®- from recycl e catal yst and

reacti on solvent, thus 0 r.at i he. i P o, ri,of:

final purifi gé;’ti oéle s?}étplga}@%ﬁrpi %%%@%#%@%% [ r%:t%é%%pg%ﬁ%n of
product rat hermd e i mddedhicd | poll of 1t passa dt yom $ofuemt exte attamter whi ch
woul d | ater have to be repoved via added djstillation capability. This
more direct rgRECYS FheF BHSC 13RS BRet YW Fhtensive and affords a | ower

capi tgly requi remeniye AlsoenCatRl ¥isls SSRN Aded 205Fsom PO @srk £ eeycl ed in
this phase split manner is not subjected to stresses associated with
recovery via mndehodl fevaporducoineradpeel Inbnaon, separagled ektPaetive

from recycle catalyst and reaction solvent, thus
concentrating the desired PDO product prior to final
purificatioﬁ steps. This process utilizes a direct

15 separation of product rather than introduction of
possibly a liquid extractant, which would later have to
be removed via added distillation capability. This more
direct route is thereby less energy intensive and affords
a lower capital requirement. Also, catalyst separated

20 from PDO and recycled in this phase split manner is not
subjected to stresses associated with recovery via
thermal evaporation or distillation, or liquid extractive
means.

Using the process of the present invention, catalyst

25 degradation is kept to a minimum, as thermal stress is
not applied as in the use of distillation, nor is the
entire catalyst inventory subjected to an extraction
step. Heavy ends or by-product purging from the system
can now be accomplished with minimal impact to the

30 catalyst. Reaction rates can be increased, as higher EO
concentrations are possible, with the concept of a

“finishing reaction” on the crude PDO product.



means. Using the process of the present invention, catalyst 25 degradation
is kept to a mninmnum as thermal stress is not applied as in the use of
distillatwomz/omasiis the entire catalyst inventory subje®CadPon1@R7
extraction step. Heavy ends or by-product-purging fromthe system can now
be acconplished with mnimal inpact to the 30 catal yst. Reaction rates can
be increased, as higher EO concentrations are possible, wth the concept

of a "finishing rBagtFbmerenishe erle@aphD Padtet. ond b3/ Boedsds -

PCT/ EP02/ 10687 J0&, FLOHhenl s 3rs§P$§@&i§F9&§ﬂ£aHf°étB§§eﬁé°S§§§e 1

Separ at e, COﬁbl%%%rOF staged streans of "ethyl ene oxide 1, syngas (CIYHZ)
2, and cat al yssyBgas e (ChAHged2t oand hytabyetnyl aréonhareedi ba @essel (s) 4,
whi ch can be a 5 pressure reaction vessel such as a bubble colum or
stirred autocllayérobperstedient sparstonr veasal dht f nuBlschnbeR. P¥hd

reactiqn,is run to affor n rati gn of 1, PDQ . wher gby
partit?bning d?r?%%uFéagg?gEkgégg%ﬁ?efc%ﬁeﬁeg%n%u%g% by rgguctioﬁ of the
tenperature tosdfrtbe sabvgelatepbopbrfttd BOtEhwIhe orathi anconkinmeusr om

4, at a tenperature of about 80 C is passed ig oge fnbod'nent inline 5to
a chiller 6, WhP%R-iEherEPRFEDPY 18 FEAt TexB@hEAGEr2 F2T88bI ed to about 45

C and is then.,passedat 9oANoENEBEL fesEbY! jfoagtye&éﬁhn@roﬁe@aéat:@acsipﬂ@
whi ch can be a weir vessel, mxer-settler, filter bed coalescer or simlar

vessel . The pamiktﬁnﬁiqgnahd iB@U?Eﬁn@YCéﬂdb@téQFrPédtbﬁttﬁmpﬁrﬁFé§§uF@

requi 0 oot dehie FTHEE wFtAPR-BoBr Ski mar ey 58 5o%R Eof el Eurfoting

partitioning apd setsl tegpetathee of about 80 °C is passed in one
embodiment in line 5 to a chiller 6, which is preferably
a heat exchanger, is cooled to about 45 °C, and is then
passed to an unheated settling vessel or separator 8,

15 which can be a weir vessel, mixer-settler, filter bed
coalescer or similar vessel. The partitioning and
settling can be carried out at a pressure between
reaction and ambient, preferably at reaction pressure,
and will require residence times within approximately

20 30 minutes. Following partitioning and settling of the
reaction mixture, the phase containing predominantly
reaction solvent, unreacted ethylene oxide, and the
majority of the catalyst (shown as upper phase) is
recycled to the reactor via line 18. The PDO-rich phase

25 (shown as lower phase), containing a minor amount of the
reaction solvent and minor amounts of byproducts and
heavy ends (relative to product), is passed via line 9 to
splitter column 10 where light solvents are separated
overhead for optional recycle to the reaction. The

30 bottoms 13 from splitter column 10, cqntaining PDO and
residual catalyst, are directed to column 18 for
separation of product PDO 19 overheads from higher

molecular weight by-products, which exit at 20.



reaction m xture, the phase containing predom nantly reaction solvent,
unreacted ethylene oxide, and the majority of the catal yst (shown as upper
phase) isworeoynbed to the reactor via line 18. The PDO riPCh/RPhzaSBS25
(shown as | ower phase), containing a ninor8annunt of the reaction solvent
and m nor anounts of byproducts and heavy-ends (relative to product), is
passed via line 9 to splitter colum 10 where |ight solvents are separated
over head for obttenadtieeyyl eheoboheomeatdi Hrom THiel BOC&BHt ¢k 316 r oaR

splitter colunn 10, coptaining PDQ and_-.res] o afp directed to
col um 18 for b%e%%?%??%ﬁ g? %?o%ﬁ%%oﬁfi)§%£%ggéﬁe§%§£¥§%%$h¥gher
nol ecul ar wei ght byngrpdygets, avbb chhewst sare 20l MO D3AOP IS4t PETS ERO2/ 10687

8 AIternativeI% t he bottonms 13 fron1s€litter co| um 1ggcan be directed to
an optional catBPyR¥OEREFaeesEIn4. FTRePNFPHEF eCaF 5 oChAES V8T BF St FBnal

featurgs in tQﬁtEBHCEEStHQS&QPreﬁeriH&9H€£0ﬁ0§é €8t phystdsyst @Bal9sr 5
option’n the current 1nvention is to include a catal yst extractor, 14,

t hat enabl es rerovecyoof Lhe thablcaablas refocardl 98t theasnakl t 3mapnh t he

product rich phase. | hj cher fresh_or r |.ed cli solyent, 27
via 15, flomsogoEﬂF@Eyéﬁr¥§ﬁ§ ﬁf?ﬁstﬂégﬁragg Efﬁﬂ%?gdﬁégﬁ é@?gio #% t he
extractor vessghisl4chbPheOEi-Bghi Bti PBEQCh bgUrdactiani SoTtoshact 2Mgvihr ough

t he use of trays, packing, or forced agitation, such that the reactign
sol vent extracls, &tpWeeceunhrysEUFFBREtNethrtBe PDEF Br BHUcPrOFRETr eddver ed

catalyst then is rput 0 ingre 4. Vi Lpe; 16, p-a
streaﬁﬁ%f nakebB &gécggggggg %eﬁ%ggipzo?4’p??%@BF%nyhgnégﬁétgt%rguS, in
addition to theibeat cexchangey tbooligh)thé, uam opt toawms, f baskéngi sor

represent ed forced agitation, such that the reaction solvent extracts
active catalyst from the crude PDO product. The recovered
catalyst then is routed back to the main reactor 4 via
15 line 16 in a stream of makeup reaction solvent. Also,
prior to the separator, 8, in addition to the heat
exchanger (cooler), 6, an optional flasher is represented
by 23. An optional stream for introducing a phase split-
inducing agent is represented by 24. Options for inducing
20 and maintaining a phase split begin with the heat
| exchanger (cooler), 6, which reduces the temperature of
the hydroformylation product stream, such that a phase
split will occur under some conditions. The optional
flasher 23 can be used to remove miscibilizing cosolvent
25 that has been previously added to induce phase split. The
miscibilizing cosolvent may include, for example, short
chain alcohols. In stream addition 24 a small amount of
phase split-inducing reagent is optionally added to
induce the phase split after hydroformylation. The phase
30 split-inducing agent will be a substance that changes the
polarity of the mixture, and might include, for example,
water, or linear alkanes such as hexane, heptane, or

dodecane. Stream 25 is an optional recycle of additives



by 23. An optional streamfor introducing a phase split- inducing agent is
represented by 24. Options for inducing 20 and nmaintaining a phase split
begi n w tWwotld@2d1ent exchanger (cooler), 6, which reducesPChEPIZNGET at ur e
of the hydrofornylation product stream_syc_h that a phase split wll
occur under sone conditions. The optional “flasher 23 can be used to renove
m sci bilizing cosol vent 25 that has, been previously added to induce, phase
split. The niteabiindueg Rt vaptlhayStRiude! FRTLIRMPF SCRMFEIRhai n

al cohols. In stream j i S I t,of Iig)]p@§ l-d L=l Wafe)
reagent is opt?d aﬁ?&%ﬁe&t%@%ﬂu@t%@%ﬁgé@sﬁ t a%t‘%? éépéf‘éiyfbﬂ
hydr of or nyl at igd ddeyphaser Sddsplonal nbughingsalyesitsv |1 be a substance

t hat changes the olarity of the mxture, and m ght jnclude, for exanple,
wat er, or |inear aflp%n%%ys%wja%a%%n%f m%tfgrhae“f’gﬁpjdjoﬁe%%héé?e%t?%%m 25 is
an optizonal regycl g, of 5 agighiives WROIEO29Ede PLIA BEPO2EAPEBS readribhat

i nduce phase split, stream 27 represents separation and recycle of MIBE,
and stream 28 sebvesentschepaase i Hromafle rekeyes espiladdrit ohal 2% ght

sol vents. For any conbination of th spli h o mOPt alps a
PDO-rich pr odd&?xﬁ)ﬁ%ré%daa%mée'reall%:l]ge%gg% rllo%\%i_\t/s% J\E/eﬁﬁ?%ﬁ P ase%r om t he
phase split unife 8unAsacteationeddabone]otheyrefictaoal got veat contai ni ng
nost of the unreacted EO and a majority of catal (ﬁt conveniently

S

recycled to theomyeRbethy| BEFURLe@ak?i bRt Loverat %%ia%%o%nf%?gﬁbaPng

preferenti al rx?f%( CJhJ‘?né’flEQ %QE’% §ﬁ6ﬁl§{%tp£éfé’féﬂtﬁ§ﬁﬁJ:échélPéeoﬁ-EJhsnd
S t he heavi h

PDO-rich phase own as er ase) from8 is routed to a thermal
recovery sectioatalpstutls ngravigedt fer Tablenn. 10he pPoducickop@ane 18, and
reaction Solve?;hggéugg %%é ﬂga%ggr phase) from 8 is routed to a
thermal recovery section, including a splitter column 10,
product column 18, and reaction solvent column 12. In the
15 product column 18 PDO is separated overhead 19 and heavy
ends plus some residual catalyst leave via 20 with the
distillation or evaporator bottoms from 18. Data provided
in “% Totals” columns of Tables 2 and 4 show that only a
fraction of the catalyst partitions into the PDO-rich
20 phase. This allows heavy ends to be removed via a purge
stream 26, while losing significantly less catalyst than
would be possible with any other scheme. Thus, loss of
expensive one-step catalyst is substantially reduced.
Moreover, it is anticipated that the active catalyst will
25 prefer to recycle with the reaction solvent rich phase,
while‘catalyst purged with the bottoms following
distillation of the PDO-rich phase will be rich in
degraded catalyst, -which would preferably be eliminated
from the system.
30 A disadvantage of option 23, entailing a preflash
prior to phase split, is that this reduces the amount of

EO that can be conveniently recycled, and one must reduce

the pressure prior to flash distillation. Other options



15 product columm 18 PDO is separated overhead 19 and heavy ends plus sone
residual catalyst |eave via 20 with the distillation or evaporator bottons
from 18. Wwetoa/oprievi ded in Total s" columms of Tabl es 2 an@ca/EPhoweshat only
a fraction of the catalyst partitions intq the PDOrich 20 phase. This
al |l ows heavy ends to be renpved via a purge stream 26, while |osing
significantly |l ess catalyst than would be possible wth any other schene

Thus, |oss of akkpenigle BRRSSLED E‘atla?ylg%‘llilgaéﬁﬁgt5%??‘&9?9‘1?@%%& ase
Moreover, it %%fﬂ'gwa{gé {;f@tsi a%yehclaiﬁimew ][Hlm§§n grefer to
recycl e with t Feaction solvent ch phase, | e catal yst "purged with
t he bottons fo:l:éqmin@nenitst|Adiditmnnobftaes@@t)lramhuphasé phésebeptith in
degraded catal yst, which woul d refer mnated _fromthe sy

30 A sadvant bebi et Nopraont 282 CeR: By ArnEo e pEeFTaEn EhproreTheRragatil ¢
I's thaig this r@&?cﬁél%heTﬁ«QD{dH&sQf spEQ: t basueangbegenaveni gnekytrecycl ed,
and one nust reduce he pressure prior to flas% distillation. Qher
options WO 03/02d181i PCTWEPD2Lhe6B70-righ PhrFew High Pressapeeredpen
mai nt ai ned thr ut .t hase r o [

arpi ng - requi L ATot §5 REAEY SBn=5r LA S acmint of EhaSe Spr e RRg
agent after hyﬂé@ﬂ}@lwlabi@@aiﬁepnesmtedabphaée Sptah.hel p. The phase
split inducing agent will exit grl mar i i g the, P %Ch ghase will be
recovered in the ¥ sPERFRETEH § %t?@ﬂlt AR ehn3t REPEFBI L1 AL Bpt i onal |y
recyclgd to ag oi@é*ta%ftﬁ QH@S§u§9€hﬁen65r8ﬁ8%59ngg bhe addihkon of a
m sci b| i zi ng cosolvent with the subsequent renoval is one of the
options for comptibbhsnforheophasélipyi therpbess. sslitaprecess. Suitable

miscibilizing alcohols and agents include, for example,

|ng

short chain alcohols, such as methanol, ethanol, and
isopropanol. For example, one cosolvent, ethanol, with an

15 appropriate bulk solvent, can be added as required to
bring the product PDO up to the desired concentration at
reaction temperature. The cosolvent is used in an amount
to induce solubility, typically in an amount of 1 to 50%
by weight of the total reaction product mixture,

20 preferably 2 to 20% by weight, most preferably 5 to 20%
by weight.

In the process of the present invention represented
by Figure 1, oxiranes of up to 10 carbon atoms,
preferably up to 6 carbon atoms, and ethylene oxide (EO)

25 in particular, can be converted into their corresponding
1,3-diols by the hydroformylation reaction with syngas in
the presence of a specified group of hydroformylation
catalyst complexes, as will be described below.

The 1,3-diols are made by charging the oxirane,

30 catalyst, optional cocatalyst and/or catalyst promoter
and reaction solvent to a pressure reactor with the

introduction of syngas (a mixture of hydrogen and carbon



m sci bilizing al cohols and agents include, for exanple, short chain

al cohol s, such as nethanol, ethanol, and isopropanol. For exanple, one
cosol ventwoahanel , with an 15 appropriate bul k sol vent, ean/Bre2/agded as
required to bring the product PDO up tq_H_e_desired concentration at
reaction tenperature. The cosolvent is used in an anount to induce
solubility, typically in an anount of 1 to 50% by weight of the tota
reaction produ@@nﬂikﬂaresuQDabiﬁféﬁaﬁl?Oéaforéé@9b9fmér§hFo fbdt preferably

5 to 20% LOBL, o0t e PrgCess) ofnlibe H@S%ﬂngyse&bancsﬁaie:%eﬂged

by Figure 1 rraneS of Gpto 1 car on ato preferably up to 6 carbon
atons, and ethylenEhexpdecéEE»OEStha paeﬁenhlanVenahODecennber@Bdrahed

th d | s_by the hydrof t t t.h
in ho prosontd B baLEhEIPRoBTroa” of CHydRBPOPnYFAEPON: ChLAFOEE

conpl exes, as whlhsbendeseki badwbebewndheecdt3rdsobg ane Pad@ehy char gi ng
t he oxirane, 30 catal yst, optlonal cocat al yst and/or catalyst pronoter and

reaction soIvemnveotaOpr@Qgﬁdepﬁéaétoﬁ aPnAinKHeus| ARPoELEPI BAC6ESSyhfas (a

Cur tably i n 5 ROTARCPalPbcoP oE a1 P CFAPRRl ' 3: 15 BX 1) Gnder

hydrOfornylat'g@s@@ﬁdbt'@ﬁ@ 1n¥bﬁtmbﬁcp38cetstbanpbeseatruadenutomncahebe
operated as a batch-type process, continuous process 5 forns

m X
thereof, howevEPRERBUPEAL IPEE BY PReNpASEERE PW@@ﬁPFégymbﬂlggﬁernit a

cont i nupus 0”%%58&85%@%%&@ ufRen aken ARk AuRf beot twakknardrebhi ekently
than previously possible. The invention process can be carried out in the

conti nuous nodeebyherdi nTaieniregchdrpgenaidiyipnst Waich permit this mode

of operation include an EO concentration in the reaction
mixture of at least about 0.5 wt% and avoidance of the
formation of byproducts such as light alcohols and

15 acetaldehyde, or use of a flash step to remove said
byproducts. Reaction in 2-4 reactors with staged EO
addition is preferred for continuous operation.

The reaction process includes conversion of the EO to

PDO via intermediate 3-hydroxypropanal, which is formed

20 4 and hydrogenated to PDO in-situ. By “in-situ” in this
context is meant that conversion of ethylene oxide to PDO
is carried out without isolation of the intermediate
3-hydroxypropanal and in the presence of a single
catalyst system for both hydroformylation and

25 hydrogenation. The reaction is carried out under
conditions effective to produce a reaction product
mixture containing a target maximum concentration window
of PDO with relatively minor amounts of 3-hydroxypropanal
(HPA), acetaldehyde and heavy ends.

30 For best results, the process is conducted under
conditions of elevated temperature and pressure. Reaction
temperatures range from ambient temperature to 150 °c,

preferably from 50 to 125 °C, and most preferably from 60



10 reaction mxture until a maxi num PDO concentration is reached. The
reaction conditions which permt this node of operation include an EO
concent r awban/02916t he reaction mxture of at | east about @CI/ERY%a@RI

avoi dance of the formation of byproducts&%c_h as |ight alcohols and 15

acet al dehyde, or use of a flash step to'r ve said byproducts. Reaction

in 2-4 reactors with staged EO addition is preferred for continuous
operation. Thete cbk®i of- pfloe essa¢htPmdese svnvrr st bfPERRS TR t 00 PDO vi a

i nternedi ate 3- hydr oxypropanal , . whj S h ed_to PDO
in-situ. By "i?% H%i( Ilgﬁe%)%i“gé Cjbj}’ll\{]lei #sg%r%%%gt%%?u%gg%e%% glgg(%?)t e?%yl ene
oxi de to PDO dsstadpbigdinuthai tdmowe fsahation Db NMhe, | pitef eedh By ef rom

3- hydroxypropanal and in the presence of a single catal %/lst system for both

hydr of or nyl at i drc@ntd PRy df bgenad Foh. PAReSF act ot 3 he? i &t but  under

Condit%OHS_efagéﬁéygliy P& OdMES1 & & BRLEA DN Produsts Whxtsre containing a
target maxi num concentration window of PDOwth relatively mnor anounts

of 3-hydroxyproparBie ¥¢Ra)iomceebvehyde rreil ¢realRly ehgert 3ongrimest
results, the process_is _conducted under _condi ; elg_v@}tigd tenperature

and pressure. ReActTontStR3RherBrTFES r%\ﬁﬁjen?r%%gn%?%n? fenperature to 150

C, preferabl yrdz0m60. t 0dd2b feaebibmnsslpseterabt yriie omeon>H3/ 029161
PCT/ EPO2/ 10687 - 12 to 110 C..  The reaction pressure (total pressure, or
partial pressuPec¢ess neitl gaekbeRslire ueht stere WRHrPIUCHsirabrY Thet he

(an0e fom © {015t pietesghlyof ome i e bARe: Laparbelsh ggocess
reacti on sol ven¢diisegreémpabbyuraert Idehnregction solvents will
exhibit low to moderate polarity such that the PDO
(produced and converted in-situ) will remain in solution
during the course of the reaction but will readily split
15 into distinct phases upon cooling. Suitable reaction
solvents are described in U.S. 5,304,691 incorporated
herewith by reference in the entirety. Good results can
be achieved with ethers, including cyclic and acyclic
ethers, optionally in combination with an alcohol or
20 aromatic hydrocarbon.
One group of suitable reaction solvents is alcohols
and ethers that can be described by the formula:
R>-0-Rq
Where Ry is hydrogen or Cq_pp linear, branched, cyclic,

25 or arpmatic hydrocarbyl or mono- or polyalkylene oxide
and Rp is Cjp-p¢ linear, branched, cyclic or aromatic
hydrocarbyl, alkoxy or mono- or polyalkylene oxide.
Preferred reaction solvents can be described by the

formula:

Rj
R4—é|—0—-—R1
Rs



that it is not consuned during the course of-,the reaction. Ideal reaction
solvents for the invention process wll solubilize the feed and products
during t wobl/oeaar se of the reaction, but allow phase sep&cCatEPori@s7
reduced tenperatures. ldeal reaction solvenfs will exhibit |owto noderate
polarity such that the PDO (produced and converted in-situ) will remain in
solution during the course of the reaction but will readily split _15 into
di stinct phasesnupbhckoBli hg. hpBreasnecreattBovdsersehys are BascRibed in
U S. 5,304,691 incorporated herewith by reference in_the entiret od
results can ba"@acRbedEl %PgﬁP@FﬁﬁPE?yi%E#ﬁﬂgﬁé g§8Wiglaﬁdﬁ¥9§8F?%by§?hers,
optionally in ¢ ination_wth an al ¢qhol 2 | ro bon. One
group of suita%?gg¥§ac?FoﬁY%3P$8%t X%§Ga|%§ %Igtﬁéngagbﬁépégfhg§£can be
described by thgafprayl acthR2-O-BhtYheeenBt, i sthyllrogentol €thao,|inear,
branched, cyclic, 25 or aromatic hydrocarbyl or nono- or polyal kyl ene

oxi de %and R2 fiethyRoekpfaBar Phep¥heReBUtEycPFRSEr 3FBH§YFEhY yﬁF%@ﬁrbyl,

al koxy or monog; yakkyleng gxiydes pPeslier eedeteaghi-oncgohyepts can be
descri bed by N S G e S NS
13 I n which Rhetbyhydrbgeploetllar8 hydrocarbyl and R3, R4, and RS are

Such et hers §nol UdBier BY “ekanBrernBongl o Bat §roarer haPharoflaai °°
et her, reaction in a concentration not less than about 0.2% by

10 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 mixture. The process of the
invention can be carried out in a continuous mode, while
maintaining said EO concentration, by staged EO addition,

15 for example.

Catalysts useful in the one-step process scheme of
the present invention include certain homogeneous
bimetallic catalysts comprising an essentially nonligated
cobalt carbonyl compound and a second Group VIII metal

20 component preferably selected from ruthenium or iron
compound, optionally ligated with a ligand selected from
a phosphine ligand, a bidentate or multidentate
N-heterocyclic ligand, a porphorine ligand, or a
phospholanocalkane ligand.

25 Syitable cobalt sources also include salts that are
reduced to the zero valence state by heat-treatment in an
atmosphere of hydrogen and carbon monoxide. Examples of
such salts comprise, for example, cobalt carboxylates
such as acetates, octanoates, etc., which are preferred,

30 as well as cobalt salts of mineral acids such as
chlorides, fluorides, sulfates, sulfonates, etc. Operable
also are mixtures of these cobalt salts. It is preferred,

however, that when mixtures are used, at least one



5 diethyl ether, phenylisobutyl ether, ethoxyethyl ether, diphenyl ether,
and diisopropyl ether, particularly nethyl-t-butyl ether. The EO w ||

pr ef er ablwolma/omaibnt ai ned t hroughout the reaction in a comCEmPOALIG68N NOt

| ess than about 0.2% by 10 wei ght, gene[q%{y_mjthin the range of 0.2 to
20% by wei ght, preferably 1 to 10% by wei ght, based on the total weight of
the reaction mxture. The process of the invention n be carried out in a
cont i nuous nnd@omRﬁPPEt Réi Bh&i BiLK§UESi BSED ESﬁééﬁt@i?PBHatSyogt g&@ EO

addition, 15 jor SéBBH'stoﬁétabxét§eaﬁe&gbn'eahh%eoger§b%aeer ¢ess sehene
of the present |nvent|on I nclude certain honogeneous binetallic catalysts

conprising an essenseabfythenbagaﬁgdtseobalutcaabohyla@@ﬁp@&mdhadd a second
Goup VIII netal E Wﬁ%ﬁf B bé selecte fron1ruthen|un1o% ron
conpound, opt i SHEH §ap? 5? HaCESrBYLE8G1PPoRr 5 BRoSPhitRE

| i gand,s a b|deﬁgaggfggmgygghggngah@ N—heterocycllc | i gand, a porphori ne

| i gand, or osphol anoal kane |igand. 25 Suitable cobalt sources al so

include salts thathﬁeprﬁéﬁﬁﬁéd catehEsier 60URFéAEe 2Bt GEESBYIRLAY- PPBAt nent

t h gh | t
comri so, Tor SXARGFE. LEBRArt CEArBagy atas TouEh chs SehrAral CoRPaRires, |

etc., which arEhésefeatedysﬁocampmekbsasanobaludsakuileﬂ biynerghasairgs such
as chlorldes fluorides, sulfates, sulfonat are

|
m xtures of theB8OEBbAPPR BSPKS. OPt &Ps ipfERse eapec%5%@v§&a?bﬁaFa 7 HSt
m xtur@gs are usgflyoatcheast raae MPnA34029¢6% BeThEBAZLU0G8Eh o 14

conponent of the nlxture be a cobalt al kanoate of to
diphosphine ligand, a multidentate or bidentate

N-heterocyclic ligand, or a class of bis (phospholano)
alkane ligands. '

The catalysts can be prepared by the stepwise method

15 or the self-assembly method discussed below.

Where the ligand is a N-heterocyclic, a large number
of N-heterocyclic compounds have been identified as
suitable ligands for the one-step PDO synthesis using the
cobalt-ruthenium catalyst couple. Suitable types of

20 bidentate and multidentate N-heterocyclic ligands
include, but are not limited to: diazines such as
pyrimidine, pyrazine, pyridazine, as well as
benzodiazines such as quinazoline and gquinoxaline;
bispyridines such as 2,2’ -dipyridyl (DIPY), 2,2'-bi-

25 pyrimidine (BPYM), 1,10-phenanthroline (PHEN), di-2-
pyrid&l ketone, 4,4’ -dimethyl-2,2’-dipyridyl, 5,6-
dimethylphenanthroline, 4,7-dimethylphenanthroline, 2,2'-
biquinoline, neocuproine, énd 2,2"-dipyridylamine;
multipyridines such as 2,4,6-tripyridyl-s-triazine

30 (TPTZ), 3,6-di-2-pyridyl-1,2,4,5~-tetrazine, 2,27:6",2"-
terpyridine, 2,3-bis(pyridyl)pyrazine, and 3-(2-pyridyl)-
5,6-diphenyl-1,2,4-triazine; pyridine, 3-hydroxypyridine,

and gquinoline, particularly the lower cost homologues



12 carbon atons. The reduction can be perforned prior to the use of the
catal ysts, or it can be acconplished sinultaneously with the

hydr of or mybaBioorniepr ocess in the 5 hydrofornylation zone. PCh@&ppr/efeeT r ed
catal ysts conprise an essentially non- i ed cobalt conponent and |i gated
rut heni um conpound. These catal yst conpl éXes can be identified by
signature absorption peaks on_an infrared spectrum of the_catal yst _10
conposi tion. TRET+UEHehFam 68AlpEari §EEEACHET n2BAdFBREEPRI AebTPYaRdY1E

mul ti dentate og. bi a N hebegq I fCrhl d, - '
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have been idenPYF?ganés suitable |igands for the one-step PDO synthesis
usi ng the cobalt-puthepium ratakyslctouptempSuhtiabEert ypesasf12§ahiident at e
and nul tidentate N-heterocyclic |ligands include, but are not limted to:

di azi nes such asclpgei & df néirpyidyindPIBYP i dazénePingrwBifing (BPYM),

benzodi azi nes such,as gui b and, qu | i, A8~y bi ri.di h_as
22 —di pyri dyl 10y ey B ERr B AR EHR (EETe ¥ Y S RER RS o R
(PHEN), di-2- pyesdykthketoNehededocgriethybx2, 28s- dpopyowdyl, 5, 6-

di met hyl phenant hrol i ne, 4, 7-di met hyl phenant hrol i ne, 2,2'- biquinoline,
neocuproi ne, and 2,2'-di pyridylamne; multipyridines such as
2,4,6-tripyridyl-s-triazine 30 (TPTZ), 3,6-di-2-pyridyl-1,2,4,5-tetrazine,
2,2':6',2"- terpyri BERE, 2, 3-bi s(pyridyl)pyP&ZMne, and 3-(2-pyridyl)-

5, 6-di phenyl -1, 2,4-triazine; pyridine, 3-hydroxypyridine, and quinoline,
particularly the | ower cost honol ogues
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The cobalt counter ion, for best results with N-

10 heterocyclic ligated ruthenium, is believed to be the
cobalt tetracarbonyl anion, ([Co(CO)4]17), having a
characteristic cobalt carbonyl IR band in the region 1875
to 1900 cm~l, particularly in the region 1888 em~ 1.

In the case where ruthenium is ligated with a

15 phospholanoalkane, suitable phospholanoalkanes include

phospholane substituted alkane compounds of formula I and

IT as follows:



WO 03/ 029161 PCT/ EPO2/ 10687 - 15 derived fromcoal-tar extracts; and
certain 2,6-pyridyl- diimnes such as 2, 6-bis(N phenyl,

met hyl i mwo)opyedidi ne and 2, 6-bi s[ N-(2, 6-di i sopropyl phenylPCmatPaykdesi noj -
pyridine. 5 Preferred heterocyclic conpou %s_for use as |igands include
2,2' -dipyridyl (D PY), 2,2'-bipyrimdine ? PYM, and
2,4,6-tripyridyl-s-triazine (TPTZ). The structures of these three .
N-heterocyclics are as follows: DIPY BPYM C-~fNN, -NN NN TPTZ N N"N
1 N UN N The cobalt counter ion, for best results with N 10 heterocyclic

| i gated ruthenium is believed fo be the 'tobalt tetracarbonyl anion,
([Co(CO4]-), having a characteristic cobalt carbonyl IR band in the

region 1875 to 1900 cm1, FtNcul/apl W 1 /'t region 1888 cm 1. In the
case where rutheniumis |igated Rith &7FF phosphol anoal kane, suitable
phosphol anoal kanes i ncl ude phol ane su 't ut ed al kane conpounds of
formula | and |1 as follows: 03/ 029161 /PCT/ EPO2/ 10687 - 16 I, RR
P ~CH2-~ P n R R

I1. _

f
>

P—(CH?_}n——

R 1,

where, in both Formula I and II, R is a lower alkyl,

trifluoromethyl, phenyl, substituted phenyl, aralkyl, or
ring-substituted aralkyl; and n is an integer from 1 to

12; and for formula II, A is CCH3 CH, N or P. Preferred

5 are compounds of formula I and II wherein R is a lower

alkyl of Cq to Cg alkyl and n is 1 to 3. Most preferred

are those compounds of formula I and II wherein R is
methyl and n is 1 to 3.
Examples of such compounds include, but are not
10 limited to, 1,2-bis(phospholano)ethane, 1,2-bis(2,5-
dimethylphospholano)ethane, 1,2-bis[(2R, 5R)-2,5-
dimethylphospholano]ethane; 1,2-bis[ (25, 5S)-2,5-
dimethylphospholanojethane; 1,3-bis(2,5-dimethyl-
phospholano)propane; tris[(2,5-dimethylphospholano) -
15 methyl]methane; tris[(2,5-dimethylphospholano)-
ethyl]lamine; or 1,1,1-tris[(2,5-dimethylphospholano)-
ethyl]lethane. Particularly useful are bidentate,
bis(phospholand)alkanes such as, for example,
1,2-bis[ (2R, 5R)-2,5-dimethylphospholano]ethane (BDMPE),
20 1,2-bis[(2S, 58)-2,5-dimethylphospholanc]ethane, a



RR Il. RP-- CH2 A R3 where, in both Formula | and Il, Ris a |ower
al kyl, trifluoronethyl, phenyl, substituted phenyl, aral kyl, or
ri ng- subswotoaedenr al kyl ; and n is an integer from1l to PEI/EMZ1desT

formula I, Ais CCH3 CH N or P. Prefe[ng 5 are conpounds of fornula
and Il wherein Ris a lower alkyl of O to C6 alkyl and nis 1 to 3. Most
preferred are those conpounds of fornmula | and Il wherein Ris nethyl and

nis 1to 3. BEeaphts Bixtyed ebnpbanbeci nelwdel  bupiafehaspholane) mit ed
to, 1, 2-bis(pho ggéano)ethane, 1, 2-bi s(2,5- dinethyl phosphol ano) et hane,
1, 2- bi s[ (2R, §ﬁ%? , 5= di met hyl phosphol ano] et hane; 1, 2-bis[(2S, 5S)-2,5-
di met hyl phosphol anmth et betvel t 1t Scbasd Zhdadl nethyh, pbo$Phpl Endpprdpane;
tris[(2,5-dinmet.hyl phosphol ano) 15 nethyl | net hane;

tris[(2,5-di mnetdylgnedphol baothe echyhtani ren 6pr best results with the

b dent Ste. b REHOSHROTaRDSaT Ranbe ddcr e T B Eribnt bh Ly, YRRt *°
5R) - 2, 5- di met hy4 phpsphotanopet haned{ BDMPE) on 20hdraebi s[ ( 2S,

5S) - 2, 5-di net hyl phosphol ano] et hane, a WO 03/ 029161_PCT/ EP02/ 10687 - 17
racem c mxture ofAtfataiwst ppustamothak(bhobphdl ahbFetetRamRd TR B8B4I t

tetracar bonyl fﬁi@%}&%émé&-@ ks im@ﬁ!si:fé(@@ tQebgnbbe sgunter ion for

best results wtht sphol anoal kane |igand. However, this ion in the
active process design of the present invention is a ruthenium-
10 modified catalyst characterized by an oxidized ruthenium

metal that is ligated by a tertiary diphosphine ligand
"having a preferably unligated cobalt compound as counter
ion.
The phosphorus ligand is a tertiary diphosphine of
15 the general formula:
RRP-Q-PR’R’ 4
wherein each group R and R’ independently or jointly is a
hydrocarbon moiety of up to 30 carbon atodms, and Q is an
organic bridging group of 2 to 4 atoms in length. The
20 group R or R’, when monovalent, can be alkyl, cycloalkyl,
bicycloalkyl or aryl, and preferably of up to 20 carbon
atoms, more preferably of up to 12 carbon atoms. Alkyl
and/or cycloalkyl groups are preferred. The group Q is
preferably composed of carbon atoms, which may form part
25 of a ring system such as a benzene ring or a cyclohexane
ring.pMore preferably Q is an alkylene group of 2, 3 or 4
carbon atoms in length, most preferably of 2 carbon atoms
in length. A non-limiting list of illustrative
diphosphines of this class include 1,2-bis(dimethyl-
30 phosphino) ethane; 1,2-bis(diethylphosphino)ethane; 1,2-
bis (diisobutylphosphino)ethane; 1,2-bis(dicyclohexyl-
" phosphino)ethane; 1,2-bis(2,4,4-trimethylpentyl-
phosphino)ethane; 1,2-bis(diethylphosphino)propane;



catal yst can be a nodification thereof. A catalyst systemthat is very
effective and was used in Exanples 1 to 14 to denonstrate the phase split
process dweiogi2ablt he present invention is a ruthenium 10 PaodiPh2/edstTat al yst
characterized by an oxi di zed rutheniun1_nﬁ%aL that is ligated by a tertiary
di phosphine ligand having a preferably uniigated cobalt conpound as

counter ion. The phosphorus ligand is a tertiary diphosphine of 15 the
general for mulh: 3RRPs PRI PhpEpRi Ro BREPP RO UP! RIGHIT R L Phepehdeht Py or
jointly is a i t 04 30_ @Qﬂh is_an
organic bridgiQ%ﬂ%?gﬁ%g@?sgg%§5Zpg%%%ﬁein11%ng?%?8$%§ég %?oup %ﬁ%? R
when nonoval endth£ad; be, at kit (dtyetbah&yllphbsgythopdkihner arytbiahd-
preferably of up to 20 carbon . atons, re preferably, of to. 12 carbon
B ore, Al Kyl B ey foyBhoay kynogsbabel EPEn Brar or e o onadirbin SBe Y
preferably conposedh ofioFathoRe at o118 pbi ghy ﬂ@-ytf%gﬂﬁ)ﬁll&/%eﬁéyﬁlﬁoﬁpﬁiﬂ@) -
system such as a benzene ring or a cyclohexane ring. re preferably Qis
an al kyl ene grpuppane?, 1320pig(déphpornlaherBhinc) ehghhenapsen@riherably of
2 carbon atoms,.in | th. Anon-Limting LLst, of i Lve: di p phi nes
of this class }h%?udﬁg%?ﬁ-%F%faFn%t%§? go %ags% i%% %?E%%g%& #1£hPROA

1, 2- bi s(di et hyhphesphipeneghanps themsbisédii Bobnt ykphpspRi andédhaneth

1, 2- bi s(di cycl ohexyl - Ehosphino)ethane; 1,2-biséﬁ,4,4-t6ineéh%lgentyl-
phosphi no) et ha@eouRs 2Rbi BeRi 8L K| BABRpAI hoFBr BhaRe N 837 8BRS

PCT/ EROR/ 10687_, - 1.3-pi stdLe 1 59) RLARABE; £ 5t
1-(dié§ﬁylphos%%?%é$23-5?8$b§%y p%gééﬁ?%E B!pL)!rgopane, 1, rom °

2- bi s(di phenyl phosphsnofxamples on 5-ring systems (phospholano-based

ligands) include 1,2-bis(phospholano)ethane, 1,2-bis(Z2,5-
dimethylphospholano)benzene, optically pure (R,R), (R,S),
(S,8) 1,2-bis(2,5-dimethylphospholano)ethane or its

15 racemic mixture, and the like. The ring itself can be
part of a multiring system. Examples of such ring systems
can be found in the aforementioned ‘691 patent and in
WO-A-9842717, incorporated by reference herein in the
entirety. In the former phosphabicyclononyl groups are

20 described, in the latter adamantyl-like.groups and
phosphatrioxatricyclodecyl groups in particular are
described. Diphosphines wherein both groups R and R’ form
a ring with the phosphorus atom are preferred. The most
preferred ligands are 1,2-P,P’-bis(9-phospha-

25 bicyclo[3.3.1] and/or {4.2.1]nonyl) ethane (hereinafter
B9PBN-2), its 1,2-P,P’-propane and/or its 1,3-P,P’-
propane analogue_(hereinafter BO9PBN-3) .

Ditertiary phosphine ligands are commercially

available. Catalysts prepared therefrom are known in the

30 art and their method of preparation is described in
detail in U.S. Patent Nos. 3,401,204 and 3,527,818, which
are both incorporated by reference herein in the

entirety. The phosphine ligands may also be partially



et hane; 1, 2-bi s(di cycl ohexyl phosphi no) et hane; 1, 2-bis(2- pyridyl,

phenyl phosphanyl ) benzene; 1, 2-bi s(dicycl openty 5 phosphi no) et hane;

1, 3- bi s( 2vo,08029161et hyl pent yphosphi no) - propane; 1, 2-bi s( @cperaylqbosphi no)
benzene, and the |ike. These groups R and R_ can be substituted with non-
hydr ocar bon groups thensel ves. Both groups R and/or both groups R may
also forma ring with the phosphorus 10 aton(s), such as a , .
phosphacycl oal ®k&h@l pdf FenpEotRh Bnat Rbde ExhinpFa’ BRNBSF | RS eyEhedsin
(phospholano-bgggd‘G%i gﬁg i ncl ude 1, 2-bi s(phosphol ano) et hane,

1, 2-bis(2,5- dinethylphosp oFéno)benzene, optically pure (RR, (RYS),

(S,S) 1, 2-bis(2,5-Theretdyiphos phiod sniod m¢ hbhgamwd §¢ sruthemteni ztom xbay e, and

the like. The ring itsel an b part of lLiring. system.Exanpl es of
such ring syst¥%ws Eﬁﬁmb%’fogﬂdff%'tﬁﬁeg?ﬁggﬂgn%?%ﬂeg'EGéi %%?éﬁ?ggﬁd in
WO- A- 9842717, | ncerpobaledrby el ergnges hengi Dsimosheprentiasly. about he

former phosphabi cycl ononyl groups are 20 described, in the latter
adamant yl - 1 i kel gt oups amdhyphbspharedokaati Eyes oseeyltyrbupd Farpharycul ar

are described,. D phosphi nes, wher ei p R . for . ring with
t he phosphorusd q% Br ep?% %??gﬂﬁ gﬁggégggﬁg%ré @%?% d1i%%§d£%é@%&hg

1, 2- P, P' - bi s( 92 phespbaa 251 bityet 0b By 3diphasdhbne [ dulhddhany| perthane
(hereinafter BQPBN—Z}, its 1,2-P P':grogane nd/or its 1,3-f,P‘= pr opane
anal ogue ( her eFaEPeRY . EOPBROYNI- VRELEFEFY PRDEPRIE FRERNY! atd

commergy al l'y ' e abyst saPrepar sgethes ef 1o ehe kaeunyisp the 30
art ag' their ﬁ%?%%gggftgfé%aégtéoﬁ I's desg$ibed in detail in LYS. Pat ent

Nos. 3,401, 204paeadaBat23n8iBerahvch saeksbbthliaebe porahetublyentfi@r ence
herein in the entirety. The phosphine |igands may al so be partially WO
03/ 029161 PCT/ &EPBB/ 10687

The counter ion, for best resglts, is believed to be
cobalt tetracarbonyl ([Co(CO)417), although the ion in

15 the active catalyst can be a modification thereof. Part
of the cobalt compound can be modified with (excess)
tertiary diphosphine, e.g., up to 75 mole%, say up to
50 mole% or less. However, the counter ion is preferably
the non-ligated cobalt tetracarbonyl mentioned before.

20 Cobalt carbonyls can be generated by reaction of a
starting cobalt source such as cobalt hydroxide with
syngas, as described in J. Falbe, “Carbon Monoxide in
Organic Synthesis”, Springer-Verlag, NY (1970), or
otherwise. '

25 The oxidation state of the ruthenium atom is not
entirely certain (in theory, ruthenium may have a valence
of 0 to 8), which may even change during the course of
the hydroformylation reaction. Accordingly, the molar
ratio of ruthenium to cobalt may vary within relatively

30 broad ranges. Sufficient cobalt:-(0) should be added to
completely oxidize all of the complexed ruthenium '
employed. An excess of cobalt can be added, but is not of

particular value. Suitably, the molar ratio varies from



- 19 oxidized to phosphine oxides in the manner described in the 691
patent. The ratio of phosphine ligand to rutheniumatommy vary from2:1
to 1:2, pwefeenadaby from3:2 to 2:3, nore 5 preferably frearfrd21ws?: 5 and
is nost preferably about 1:1. It is hypot %sted that this results in a
tertiary diphospine rutheniumtricarbonyl conpound, but it mght also be
a bis(tertiary diphosphine rutheniun) penta-_carbonyl conpound, Unlj gated
rut heni um car bbnyIte sl 1, PRF¢EERP1Y HePBR i hal? i v sd@‘&g%s?r%fn%r?

catalyst preparatipn therefore seeks to ligate each ruthenium atom The
counter ion, for best results, is believed to be cobalt tetracarbonyl
([Co(CO 4]-), altithghrédetion niktuse thil hgriekerzhy ysnckade be a

nodi fication thereof. Part of the cobali conmpound e ified with
(excess) tert?%ﬁ@f%?ﬁh%gﬁﬂ?B%F %99??0%%e¥%t SH%%|%§€C€%3H3%5{%'50 nol e% or

| ess. However, s €a1508Nb £6mbOEr & SiE Bl @ abdbyrcédeonateohdgased cobal t
tetracarbonyl nentioned before. 20 Cobalt carbonyls can be generated by
reaction of a mehrivabecbbastakotrbtor®cht déezbpaitehydirehi de a Ealisyngas,
as described in J.,Falb - Car X} ' j hesisa ;
Springer-V@rIa%}giﬁ;?iggﬁfFﬁéfgggt e?%ﬁ%%ftggn%%%gggégggygﬁ g%%?%x%%l%he
rut heni um at omyésd®oindentit thyy cantaés. (The t hbeongyter urhehi gemenylhaveea
valence of 0 to 8), which may even ¢ agge during the_cours

f..the
hydr of or nyl at i BREF @Rkt + Bn" ARBBMUF iyt hE" frof & ger%fi%b%?gr@t%%ngﬂn1to
Cobalgiﬁay varypMit hhnergbatkveby 3016readcspages. sSutibteentt£0haks1¢o)

shoul d be added to conpletely oxidize all of the conpl exed ruthenium
include sodium, potassium, and cesium acetates, .
propionates and octoates; calcium carbonate and lanthanum
acetate. The preferred promoters, by virtue of their
availability and demonstrated promotion of ethylene oxide
15 conversion, are dimethyldodecylamine and triethylamine.
The homogeneous bimetallic catalysts described can be
prepared by the step- wise method as described below. It
is also within the scope of the invention to prepare the
catalyst complex by a self-assembly method wherein all
20 catalyst components are brought together at the same
time, but the conditions and, in particular, the solvent,
are selected such as to favor the formation of a ligated
ruthenium species, rather than a ligated cobalt species.
In the stepwise method, the ligated ruthenium
25 component is prepared first, and then the cobalt carbonyl
component and any promoter are added to the ruthenium
complex solution. The ruthenium complex is formed by
reaction of a ruthenium éarbonyl such as triruthenium
dodecacarbonyl with a stoichiometric amount of the
30 selected ligand. The reaction is carried out in a solvent
in which any catalyst intermediates are soluble. The
solution is heated to a temperature within the range of

about 90 to about 130 °C, preferably about 100 to about



enpl oyed. An excess of cobalt can be added, but is not of particular
value. Suitably, the nolar ratio varies from W 03/029161 PCT/ EP02/ 10687 -
20 4:1 twolb3Aipreferably from2:1 to 1:3, nore preferablPgT/HPonmet? 1 to
1:2. The reaction mxture will preferably . .nclude a catalyst pronoter to
accelerate the reaction rate. 5 Suitable onoters include sources of
nono- and nultival ent netal cations of weak bases such as al kali, alkaline
earth, and rarel@ar@h weder 3afasber BARGBHXIEi tm@EPETAndiPEri B ani nes.

The pronoter w | ener al b ng I At hinst of
about 0.01 to %f#%é%ﬁ ng.%gﬁn %%8%§?gn%?%g%$g%gﬁgr?ﬁe2%%$%§?eﬁﬁgégﬁggsalts
i ncl ude sodi unruipedassh UM santl gesbhont atet at alsout pB opoonat eShansle betbatles;
cal cium carbonate and | ant hapum acetate. The preferred Q%onntﬁrs Eg
F2nEoxi de

virtue of thei%oPakhi FapPPRYY 3D YeKoRsTTated B?%ﬁL?F%n Pl e

15 conversi on, L es & gt by dedecyl 88k neuenent ik et AybaRy Neand Thee honbgeneous
bimetallic catalysts described can be prepared bg the step- w se nethod as
A

descri bed bel owplutionsialsainkahiedt it teepelevathe FeveArRbAreofpFepare
the catalyst conple a_self-assenbly erein all 20 catal yst
tJdPn%u% tg?t{%‘é& ﬁért%ta]?%ujc 68%9?9%\@'

conponents are e safne e, but the conditions and,
in particular, thergsotneniel fasessabegtedtisoeh asrédul aveietheofoofiathen of
a ligated ruthenium species, rather than a |igated cobalt species. n the
st epwi se net hoeetzhest i gaeedrFaFfednt2s E%ﬁﬁgMEFtPFEPﬁF@BéQEdS?'V@P, and

ﬁﬂfﬂetr#bﬁmcogg'é 86‘{19%{%@%0@0839&&9&9aEMepaegpkéa argaaddedai 9sthe
npl éx solution. The ruthenium conplex is formed by " reaction
of a rutheni unccapbeinyiosuchtasst necashanyuficr the ligand to react with
the ruthenium carbonyl prior to the generation of any
cobalt (0) carbonyl by reduction. Self-assembly catalyst
preparation is carried out by combining, in a solyent, a
15 cobalt salt such as cobalt octanoate, a ruthenium (O)
carbonyl such as triruthenium dodecacarbonyl, and a
ligand for the ruthenium. The starting ingredients are
present in a Co: Ru ratio within the range of about
1:0.15 to about 1:2, preferably 1:2, and a Ru: ligand
20 ratio within the range of about 1:0.16 to about 1:1. The
solution is heated at a temperature within the range of
~about 110 to about 130 °C under a reducing atmosphere

such as 1:4 CO:Hy for a time effective for essentially

complete ligation of the ruthenium, generally about 1 to
25 about 3 hours.

The optimum ratio df 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

30 are generally satisfactory, with molar ratios of from
50:1 to 500:1 being preferred.
At the conclusion of the hydroformylation reaction in

the present invention, the product mixture is preferably



dodecacarbonyl with a stoichionetric anmount of the 30 selected |igand. The
reaction is carried out in a solvent in which any catal yst internedi ates
are sol ubWwe.o3MkEe1 sol ution is heated to a tenperature w trCa/RPaB1068Nge of
about 90 to about 130 C, preferably about J00 to about WO 03/029161

PCT/ EPO2/ 10687 21 110 C, under a carbon oxi de at nosphere, for a tine
sufficient for conplete reaction of the ligand with the ruthenium usually
about 1 to abowec8vhgeds byTphasel ecpedatiebalfoldmsshly sedeamy. pr onot er

used are then added h l.ut.i o o LUt hem r yl and the
solution is na%ﬁ? 3%é§t§f&&%g%gﬁe&gtgﬁgkékpg%%&%}é%%oﬁQgﬁg?%%gQ%?'about 15
to about 60 ni Bghesdingnrizherdellfs,assenelly met hbe, ceardfut seldectiaotioh the

catal yst precursors and the catal yst preparation solvent 10 are inportant
i n obtaining tﬁ@lﬂé§¢reécﬁiﬁ§Ft%§Fan - % STECEGT. 1Y SNE 108 SO EFor

the ligand to reaghmwhih ;1R vidbheniyceabonyh Ridrakikott katganaration of
any cobalt (0) carbonyl by reduction. Self-assenbly catalyst preparation
is carried out regovenmyi mingywiith awddlivdet cysles ©dbaglstsenzialdyclsoapledisal t

octanoate, a ruthenium (0) _.carhonyl ch_as trirut ium cacar bonyl ,
and a |igand F6FYERE P ﬁ@ﬁ@3¥F%T%$ Eﬁgrﬁfﬁﬁtﬁﬁﬁre |%n geg%g%egfesent ina

Co: Ru ratio wchitian yiite reage r§f palbeilss Lnolyelso sabautation, o eher abily
1:2, and a Ru: ligand 20 ratio within the range of about 1:0.16 to about
1:1. The sol utlig@iids Phesice fidtus o SRTELaPHed TRVEHIN 3N TesGd St &bGut

Ao\ ygtont Lyt yader e g Sl ensudicterd o tor 2
general | y aboutthkreeit25 cfheut 1Basdured. to 90% by weight of the starting
catalyst.

In a preferred manner of running the process,
reaction conditions such as oxirane concentration,

15 catalyst concentration, reaction solvent, product
concentration, reaction temperature, and the like, are
selected such as to achieve a homogeneous reaction
mixture at elevated temperatures and cause a partitioning
of the reaction mixture into a reaction solvent phase

20 containing much of the catalyst and a second phase
containing most of the 1,3-propanediol, upon cooling the
mixture. Such a partitioning facilitates isolation and
recovery of product, recycle of catalyst, and removal of
heavy ends from the reaction solvent system. This process

25 is referred to as a phase separation catalyst
recycie/product recovery method.

In the process, the reactor contents are allowed to
settle or are transferred to a suitable vessel at or near
reaction pressure where, upon slight or considerable

30 cooling, distinct phases may form that are substantially
different, being considerably rich in product or in
catalyst and reaction solvent. The phase rich in catalyst

and reaction solvent is directly recycled for further



The optinmumratio of oxirane feed to binmetallic catalyst complex will in
part depend upon the particular conplex enployed. However, nolar ratios of
oxi rane twotoam29iepbalt within the catal yst conplex from 2PCTIRPOAN68D0: 1 30
are generally satisfactory, with nolar ratips of from 50:1 to 500:1 being
preferred. At the conclusion of the hydrofornylation reaction in the
present invention, the product mxture, is preferably. WD 03/029161

PCT/ EP02/ 10687reachpon, d¢bhefe@dpfeprasalseparatiich 81 F5GRISH§IsEVEFal

di stillation SEEPS EedegE”E&cheﬁﬁﬁgengyoéoﬁeéﬁaﬁbﬁgl sb@8Rblsg materials, as
wel |l as the cata ygt and reaction solvent, for further use. The Eresent

i nvention provi desI§ ascoamentiall yhetabhe peactsenwishrenfferBnthakt al yst

d with ti.pl | es. of tial : I f
catalyst Lot hBEPGHEE] BROTTRE BalBr: G4 CEarary bR SEEeary Br hess | nvol ves

separ atj on of thectwen higusdiphBpse fbxt phessokegaphevbausbyefpndabagycl e of
the 10 bul k reaction solvent phase to the_reactor and_return therew th of
at |east 60 totbeusrppceerghtion Phetiealt BngroratarySt. 1PnfEoPr &f &Prad™

manner of runnj.jg,LRgLRr 8gefie +beas! koNceaBrl bolacEURR RaraXbEANEI ght

concentrati on, al yst concentration, reaction solvent, product
concentration, ofeabki apthénperatioe, papduthemikkerear ¥ogel predgrsbdly,as to

2 part i1 oni ng heT CPESREECEign MExEOFe f A 6 Aor2aes Pan "SoR VR Spidsd 20
cont aif\y ng nmuchyof;ct hetcatakyst tardiarsaeendnphasauceontaicni-agbyostightt he
1, 3-propanedi ol ; upon cooling the mxture. Such a partitioning facilitates
i sol ati on and of the total reaction product mixture. Most preferably,
the concentration of the 1,3-propanediol is from 16 to
20% by weight of the total reaction product mixture by
weight of the total reaction product mixture.
15 Temperature during quiescent settling of phases can
be between just above tﬁe freezing point of the reaction
mixture up to at least 10 °C less than the reaction
temperature. Preferably, the temperature during phase
separation is reduced from 10 to 100 °C, depending upon
20 the reaction temperature, and preferably from 10 to
40 °C. Preferably, the temperature during phase
separation can be from 27 to 97 °C, most preferably 37 to
47 °cC.
The EO concentration is maintained to avoid the
25 formation of light alcohols and aldehydes that are
miscibilizing agents. Oxiranes will preferably be
maintained throughout the reaction in a concentration not
less than about 0.2% by weight of the total reaction
product mixture, generally within the range of 0.2 to 20%
30 by weight of the total reaction product mixture,
preferably 1 to 10% by weight of the total reaction

product mixture.



recovery of product, recycle of catalyst, and renoval of heavy ends from
the reaction solvent system This process 25 is referred to as a phase
separ at i owooawadigst recycl e/ product recovery nethod. |n teha/Epozeesss, the
reactor contents are allowed to settle or,,are transferred to a suitable
vessel at or near reaction pressure wheré&, upon slight or considerable 30

cooling, distinct phases may formthat are _substantiall%rqn different, being
consi derably rich The prerftictonrcam be it vt YEARE e stYEM: The

phase rich in %@v@e‘}%ﬂ: éﬁﬁg%%/e%%g@lg%%@mig Si& ok Ym{ 868 Chedn I gh

further WO 03/ reaction mnth feed mat eri al s.
Product is receavecat: faohons hef ppoodett racd phasenbyizonvehnybaaphasehods.

It is essential that the reaction is run such that, . product dio i ntains
concentration 1%@%?%0?na?%es%b$%%E??5ng$?§es%??%ﬁ?%l$ SHFhed %%%Q?ation.

C
r-phase
Preferaply, tggogpgggntration of the 1,3-propanediol is from1l to 50% by
wei ght of the total Teaction product m xture by weight of the total
reaction product nixtadeitieeteretmpartiure t Fedeshtent ra@fbhtberine of

1, 3--propanediol is from 0.32% 10_ by, vej the 194ali58agki gn
pr oduct nixturgh%yr%%?gﬁ?g % X%ﬁg%tg?glb¥§ %?%%ﬁé%r% uct n#iture. Most
preferably, tPHeagongsenitaihaacohgt hgeit 3- puopanedagent switdnbe6added20% by

wei ght of the total reaction product nmixture by weight,of {he_ total
reacti on produe® BRRtHpectignTRAPEFREUFR ﬂﬁr?ﬁéuﬂﬁiggggh? Eé?tF?ﬂaeo?f

phases fan beaBS?MB?”tLU% aheve t@@i{;ﬁ@?zbﬂgféﬁhﬁlyoi tbelpeant| oand
m xture up to at least 10 C | ess ¥han he reaction tenperature. Preferably,
t he tenperat ureostrpngfphabky 4epar 8t #oh baseddoeetlerbpiad reagbpor,
dependi ng Uponmixture. Suitable agents include, but are not limited to,
glycols, such as ethylene glycol, and linear alkanes,
such as hexane and dodecane.
15 The optimum amount of each phase-inducing agent will
| vary and can be determined by routine experimentation.
For example, hexane induces reaction mixture partitioning
when present in methyl-t-butyl ether reaction solvent in
a concentration of about 16 wt%, based on total reaction
20 solvent. Therefore, the primary reaction solvent and any
phase-inducing agent will influence the partitioning
behaviour of the reaction mixture.
Partitioning can be accomplished by the addition of
PDO into the reaction mixture to bring product
25 concentration up to the target proportion. Also,
miscibilizing alcohols and agents with similar polarity
such as ethanol, propanol and isopropanol can be added
initially (the miscibilizing cosolvent), then removed
prior to, and subsequently induce the phase separation.
30 For example, under normal reaction conditions in methyl-
t-butyl ether reaction solvent a homogeneous PDO

concentration of about 16 wt$% at about 70 °C will result

in partitioning of the reaction mixture into a reaction



20 the reaction tenperature, and preferably from10 to 40 C. Preferably,
the tenperature during phase separation can be from27 to 97 C,  nost

pr ef er ablwo33/0eae61 47 C. The EO concentration i s mai ntai ne@Cr®rayoicd7 t he 25
formati on of |ight alcohols and aldehde§:i$q; are mscibilizing agents.
xiranes wll preferably be maintained throughout the reaction in a
concentration not |ess than about 0..2% by weight of the total reactiagn
product mi xt urgolygemeraich mhesenakfear BRgerdfhorbaes vHoR 30eBYChePghPLof

the total reactign t.m , 1=2peefe y i . nf _the
t ot al reactionte%?%géggyﬁi§5L§%g£€&§83/§29§g§£%%%/ g%%?%%§89$§#gg%08%ﬁg
reacti on can bef rtine wéhcaidbmoppbdsetsyskenre dloweveoncgnekdsiandwithin
selectivities are naxiniz%d whe gigh gongegtrggions of product are
present in a sthglE2pHaseT #RAEEI ont8nd Sibs&qliEAt phase separation occurs

upon 5 scool i ng. Inc@ﬂﬂéf&ﬂalt@péﬁgaﬁbﬁtwiﬁlr@ég@ik@nef@aéiéhtoaaﬂglyét t he
reaction m xture can be pronDted‘bX addition of a phase_split-inducing
agent. Such anregewnerwi vithemadtenlet eyehesr edcepeAnRiRLLYeCPRPARt&NDUNt

wi thin the range of. 10 abg 9 L ght, e to 10 %,
and nost pref ?%%?%e4O$oc§£@£¥gga§gd€%% ?%%E?%?QF ?g%cégéﬁgkﬁféture.
Sui t abl e agent satacisdercbuteayepnotekknihedives sgbyeatspnsuthths ewhyl ene

glycol, and linear al kanes,  such as hexane and dgdeca e. 15 The %p%kwum
amount of eachlpBake- PhAGEI BgXhYERt NAEPF PYSVYCHAdYcaRhECHEEEF nPhed By

Lg?t:Pﬁ%ﬁ?ggriﬂgfkaEEQBtioﬁOEo§¥éﬁPlBhangﬁeeth@dH€§§t6§aﬁhHOBeﬁh%hUre
therewith of at least 60 to 90% by weight of the starting
catalyst.

The following examples will serve to further
illustrate the invention disclosed herein. The examples
15 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 can be made without departing from the

spirit of the disclosed invention.

20 EXPERIMENTAL

Table 1 lists categories of materials, formulations,

and abbreviations used in the examples.



when present in nethyl-t-butyl ether reaction solvent in a concentration
of about 16 wt % based on total reaction 20 solvent. Therefore, the primary
reacti on woloeetieand any phase-induci ng agent wll i nfl uecrErPoirencs?
partitioning behaviour of the reaction myxture. Partitioning can be
acconplished by the addition of PDO into e reaction mxture to bring
product 25 concentration up to the target proportion. Also, mscibilizing
al cohol s and afiehis Wi tMasenikdp pobafprpulafieAngs et hanol, propanol and

i sopropanol can be added initially (the miscibilizing cosolvent), then
removed praersé@rcandsbsequenblyti pditoatehe phase separation. 30| For
exanpl e, under nornal| reaction _conditions in th&_- t-butyl ether feaction
sol vent a |honogeneoug 80  con@eROPALItoRCERCEEETYE6 Wt % at aboub{;o Cwll
result ir Tt o —ther i 14 I action

03/ 029161 [Py EBUST 10685 - 26 T aalvtnt Srreh o ses  ang A DO i ch phase
upon reduction of teRRIGt ur ¢Btie (alttbend 3mCt richaonypcbdotrésiepart | ti oni ng

of the reaet onA§¢ochL—nixLu:° at—a QCﬁeeﬁ*rat%on wgﬁh#a——%he—%gﬁge of
about 5 to wboRRd8 w FoEENComer G &l Foperiat PoRPPRePeqy e ey LT eht
catal yst Jrecovery with nultipl@nayel es of essentially conplete regycle of

catal yst tjo the reactfion. The|preferred catalyst recoveré process | nvol ves
separation of the twjBOEEUI d|phadsbimi(dietdyrphedrpiag)eiseyeand repycl e of

the 10 bulk reaction t phase,tq the r I r ere th of
at least 60 to 9096by%§£¥%ﬂt o?’?hgl&ﬁ&%ﬁ?ﬁgﬁ%&gpgﬁggp}%%ﬁgQPSFFomjng

exanples wi Il serve tiwdard het 1, -busta,at, e-theméthamenanldi scl osed perein.
The exanplles

phosphino) ethane
BDMPE (R,R) 1,2-bis(dimethylphospholano) -
ethane
Reaction |MTBE Methyl-t-butyl ether
Solvent T/CB 5:1 v/v mixture of toluene/
chlorobenzene
Oxirane EO Ethylene oxide
Promoter DMDA Dimethyldodecylamine
NaAc Sodium acetate

Example 1
Phase separation catalyst recycle/product recovery

process with catalyst formed by self-assenbly.
In an inert atmosphere drybox, to a 300 ml autoclave,
5 1.85 grams (5.35 mmole Co) cobalt (II) ethylhexanoate,
1.392 grams (4.48 mmole) 1,2-bis(S-phosphacyclononyl)
ethane, 0.509 grams (2.3 mmole Ru) triruthenium
dodecylcarbonyl, 145.85 grams methyl-tert-butyl ether
(MTBE) and 0.30 grams dimethyldodecyl amine was added.
10 The autoclave body was sealed and fitted to a benchscale

process unit. Under a headspace of 4:1 Hp : CO ratio

syngas at 1500 psi (10.3 MPa) the mixture was allowed to

reach equilibrium and preform catalyst over 2 hours at



15 are intended only as a neans of illustration and should not be construed
as limting the scope of the invention in any way. Those skilled in the
art will wems@mige nmany variations that can be made w t heata/mpepars8? ng from
the spirit of the disclosed invention. 20,EXPERI MENTAL Table 1 lists
categories of materials, fornmulations, and abbreviations used in the

exanpl es. V[)03/029161 PCT/ EP02/ 10687, - 26 _Table teria

formul ati ons 63%sobir cBe@GERT SQPFrSEPﬁﬁtgaECE@EFESBa%h ggtakar%Bnyl Ru

source TRC Tr'éHhﬁgﬂbH”bQOQ%C@%agQﬁﬂ¥|OBR§@h§&§ﬁéUbﬂ§HéUWEO was made
tricarbonyl chl ori de) and BOPBN-2 1,2-P, P -bis phosphablcyclgyonyl)

et hane BDEPE 1a2dbaé@@wgﬁhyppmggﬁﬁlwgyétﬁaﬁ@assﬁﬁpé at a

1, 2- bi s(di i osbutyl phosphi_.no) et hane BDOPE 1 s(2,4,4-trimeth ent yl
phosphi no) ethéﬁngDwPEléRtE £0 28b§§?8Fﬁ€?ﬁ9EBHosBHE|ﬁﬁs)COQPﬁsﬁé g

Reactl MI'BE B%bgﬁheh b%hﬁ'r@%@%ﬁr §8h¥@ﬁE WégBt§a$SYéYr€HX%ﬁ%§r0f

toluen chl orobenzene Oxirane EO Et hyl ene oxi de Pronoter
Di nethyldodecykaacneonNaAndSdeuﬁlaoeaapéaSExaﬁpaeailpha§és§ééawhﬁmﬁn

S B S ey ARG LR9BH bR 2GR B LDy S ER NS bnkOLIRE R
12.94 grams lower layer material was isolated. The upper
layer reaction liquor was recycled back to the reactor.

10 Compositions of the upper and lower layer are given in
Table 2. Catalyst partition data is shown in Table 3. The
product, 1,3-propanediol, was produced at an average rate
of 20 g/L/hr.

Example 2
15 Phase separation process, Recycle 1
The recycled reaction liquor from Example 1 was
heated to 90 °C. An addition of 14.74 grams ethylene

oxide was made and allowed to react under a head space of

2:1 Hp: CO ratio syngas at 1500 psi (10.3 MPa) until the

20 EO was substantially consumed. The reactor contents were
transferred under syngas pressure to a phase separation
vessel where phase separation began immediately resulting
in the isolation of 8.22 grams of lower layer material.
Upper layer reaction liquor was recycled back to the

25 reactor. Compositions of the upper and lower layer are
given‘in Table 2. Catalyst partition data is shown in
Table 3. The averaged reaction rate through this recycle
gave 14 g/L/hr.

Example 3

30 Phase separation process, Recycle 2
The recycled reaction liquor from Example 2 was heated to
90 °C. An addition of 14.74 grams ethylene oxide was made
and allowed to react under a headspace of 2:1 Hp : CO



In an inert atnosphere drybox, to a 300 ml autoclave, 5 1.85 grams (5.35
nmol e Co) cobalt (I1) ethyl hexanoate, 1.392 grans (4.48 mmol e)

1, 2- bi s( 9wphwesphacycl ononyl ) ethane, 0.509 granms (2.3 mmplCa/ERA}/10687
trirutheni um dodecyl carbonyl, 145.85 grans,drethyl-tert-butyl ether (MIBE)
and 0. 30 grans dinet hyl dodecyl am ne was a 10 The autocl ave body was

ded
sealed and fitted to a benchsc proce upit,. Und a headspace of 4.1 H2
COratio syhghs®aPyY2E86 BEi%%ﬁe.EsﬁPziotHeMﬁ?ituﬁgewé§a8IP wEqEE" Peach

equi | i brium and.pref orareatabystin@¥er sgnhayr pratsWP086089484 se
PCT/ EP02/ 10687 27 130 C. Reactor tenpefature was reduced to 90 C. An
addi tion of 16s€&pagramsnofeeshy| wherexphas¢ESprauastiadebegnad al l owed to

react with syngas feed at a_2: . CO ratio until _the EO. LS.

Cubstant i Iy, BUEURGEEsnara: &r 505ItoMSUABILoHRE. FEUETorEont Mt "Als
transferred ungeplateact uppegonditirorsateianphagaogepasatreencessdhcrher e
phase separation began imediately. Fromthe vessel, 12.94 grans | ower

| ayer materi al taahfssRacEar - ThempppéEiongyef FBSctPBRTI PHGoLOWES Fey§dl ed

back to the re O, 4 ki @ns u and_| L ay e.igiven
n Table 2. CAEal gAY Rar D FrBh aat st thatne e ah B 5 o SPSRnCA®

1, 3- propanedi oTablas3pr BHacedeatgad averchagenr anee thr20ggl Ehhe. rExaepke 2
15 Phase separation rogizgk Recycle 1 The recycled reaction |liquor from
Exampl e 1 was JA&&tad ¢ C. An addition of 14.74 grams ethylene oxide
was made and akkowsdet@ react under a head space of 2:1 H2: COratio
syngas at 1500 psi (10.3 MPa) until the 20 EO was substantially consuned.
The reactor contenPbBagergeparation process, Recycle 3

The recycled reaction liquor from Example 3 was
heated to 90 °C. An addition of 14.74 grams ethylene
oxlide was made and allowed to react under a head space of

15 2:1 Hp : CO ratio syngas at 1500 psi (10.3 MPa). The

reactor contents were transferred under syngas pressure
to a phase separation vessel where phase separation began
immediately and 19.50 grams of lower layer material was
isolated. Upper layer reaction liquor was recycled back
20 to the reactor. Compositions of the upper and lower layer
are given in Table 2. Catalyst partition data is shown in
Table 3. The averaged reaction rate through this recycle
gave 49 g/L/hr.
Example 5
25 Phase separation process, Recycle 4
The recycled reaction liquor from Example 4 was
heated to 90 °C. An addition of 14.74 grams ethylene
oxide was made and allowed to react under a head space of

2:1 Hp : CO ratio syngas at 1500 psi (10.3 MPa). The

30 reactor contents were transferred under syngas pressure
to a phase separation vessel where separation began
immediately and 32.80 grams of lower layer material was

isolated. Upper layer reaction liquor was recycled back



transferred under syngas pressure to a phase separation vessel where phase
separation began imedi ately resulting in the isolation of 8.22 grans of

| ower | aywo ogmteEri al . Upper |ayer reaction |iquor was re@®gairrd2/bmsk to t he
25 reactor. Conpositions of the upper and % wer |ayer are given in Table
2. Catalyst partition data is shown in Table 3. The averaged reaction rate
through this recycle gave 14 glL/hr. Exanple 3 30 Phase separation
process, Recyct® Pheh&cpreEpEl eHOFBRELEAANEI GlotPer YRPEXaRPFe L9V GAs LA¥EEed

to 90 C. An addit] f.l4 r ans e [ WaS ejsa I d
to react underggéhgggggaéé g%ﬁ%gléHzcgkg%&%% Bgﬁgggigﬁ 8%$%E582gg8257qw? 28
rati o syngas aTabb603psiTheleévarkBe}. réhetieactretecthrengd theserecandkerred
under syngas pressu % t ghase separation vessel where phase separation
began imedi af&ly é dgnga grams of |ower layer nmaterial was 5 isol ated.

Upper l=qyer reggghgmelbquor was recycled back to the reactor. Conpositions
of the upper an OWer layer are given in Table 3. Catalyst partition data

i s shown in Tabl ePBas¥hecnserhyen PEAEEPsn R&F¥CLRrdugh this recycle gave
37 gfL/hr. 10 Exanpjg éegg?.%ggsEQQE@%bHHlEQBS‘ESgr Regxahed Shgagecycl ed
e was to 9 . An a

reaction |iquor from EXxa eate rtron of 14.74
grans et hyl enehecaxedetwad0ndde andadbliiowed bd Aldad¥ gmdes athgddnspace of
15 2:1 H2 : COratio syngas at 1500_psi .(10.3 MPa). The reactor contents
were transferr 8418Rd¥ASsTARGEs 2p eég&Pgedt%OarﬁﬁggeuggﬁﬁrﬁtSSﬁdv§8§8F ere
phase ggparati gnjbggan co ratio syngas at 1500 psi (10.3 MPa). The
reactor contents were transferred under syngas pressure
to a phase separation vessel where phase separation began
immediately and 71.90 grams of lower layer material was
isolated. Upper layer reaction liquor was recycled back
15 to the reactor. Compositions of the upper and lower layer
are given in Table 2. Catalyst partition data is shown in
Table 3. The averaged reaction rate through this recycle
gave 30 g/L/hr.
The three most important results for the phase
20 separation are: 1) achieve an acceptable high enough rate
of production of PDO, 2) recycle most of the catalyst (in
the upper phase), and 3) recover concentrated product
(PDO) in the lower phase. '
The data on rate of production of PDO in the examples
25 above shows that an acceptable rate of reaction is
achie%ed and that the catalyst is active after 5 recycles
(#1) .
Table. 3 shows that a high percentage of the catalyst
is directly recycled in the upper phase (#2).
30 Table 2 shows high recovery of PDO in the lower
product phase, and high recycle of EO in upper, recycled

phase (#3).
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Exanpl e 5 25 Phase separation procCess,
reaction |iquor from Exanple 4 was

gave 49

heated to 90 C. An addition of 14.74
oxi de was made and al

react under a head space of

2:1 H2 ;00 rapio ov0as 41500008t £10n3. PRahmpdber Bngeactor contents
were transferred under syngas pressure to a phase separation vessel where
separ ati on bggatamp eediateal v | @nd232. ATBEaR® Of Mdoselg) jy%arAvmjtJerim Nas
i sol ated. Upperlayertreaction-tiguorvas—_recyecled-pack—Wo
PCT/ EP02/ 10687- - 29 |f&%ate f&dct/Or. |E8midsitijohe-of the Upper and | ofer
llayer are givem i TagiR,4 CaGAlyST R Gt 1 onf gaga 1S5 ghawn inTabl e 3.
The averaged jreaction|rate thiough this recyclel gave 34 |g/l/hr. 5 Exafple
6 Phase separfadion prodessr Redyclod 5| The 1becyc| 8d50 eact i|joh-+1i quor from
Exanpl e 5 wasl—heated-to0-90—Ci—Ar—addition-of 14— 4—grams—ethylene—oxi de
was made and |af | owed Y&t |drdér a ﬁga83space1%f5q0 211742 . O ratio
syngas at 15005psi (103 MRa) [ 45N [ €26t 0 coa&gg;gomere ig ansterred Under
syngas pressure_to a|phase separation vessel ere phase separation began
i mmedi ately anél 71. 90 |§reaves: off 470wér | aper’8mat ef T &l 9Was * isoi&t ed. Uppér
| ayer reacti op—t-guor—was—reeyeled—bagk

1 Upper |4.74 85.70 152.36 * e

2 Upper |5.15 87.16 160.04 e

3 Upper |17.67 |77.60 167.19 e

4 Upper 27.31 54.86 163.47 92.45

5 Upper 14.41 69.85 147.04 89.45

6 Upper |10.59 |[80.36 93.46 74.94

* Reactions where EO purposefully

reacted to extinction



15 to the reactor.

Conposi tions of the upper and | ower
Table 2. Catalyst partition data is shown in

react i on watog/oedispugh this recycle

inmportant results for the phase 20 separat
hi gh enough rate
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t he upper
phase.
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| ayer
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( PDO)
t he exanpl es

are given in

atipn are: 1) achieve an acceptable
of production of PDO, 2)"Tecycle nost of the catalyst (in
recover concentrated_product
The data on rate of production o2 i

in the | owner
25 above

shows that an acggeptabl ecLat e, 0f @ggg%{ Bnksq BshLeved and that the
catalyst is act?ve a?ter é re%ycles #?)? T%bPe.S shows that a high
per cent age of | thempatal ysdyvers di r g lof rrecyicladl e rcathel wyppefCpitase (#2).
30 Table 2 shpwshi-gh—+recovery—of RBDOi-n—thelower—product—phase,—and high
recycle of EQin upper,| repB%d phase (0). WO ) o261 PCT/ EP02/ 10687 -
30 Table 2 Tapte Z Phase b@gﬁéf#inary Conposi T oS Exggipl € Layer PDOVwv
MIBE %w Mass (q) % Availl. EO™ 1 Lover 59.70 18.13 12.94 2 Lower 47.97|16. 60
8.22 3 Lower 45.97319.15 8.Us®ek Lovier 47.32 21. 7339 5300 7.55 5 Lower 45.16
20.99 32.80 1p-55-—6-Lawer—4+-50-25—+78+41-9025-06—1 pper—4—+4-85-—+0
152.36 2 Uppel 5. 15 87.116 PB4 3 |Upper 17.67 77%G 167.19 4 Upper 27.31
54.86 163. 47 9274575 Upper g AL 69.85 147.04 89.74p ; GUpper 10.59 380} 36
93.46 74.94 *|Reactions| wheré EO purposefully reacted to extinction
03/ 029161 PCT/EP0Z2 10687 JU®kr 61 ; 75

1 Lower 10 ; 12

2 Lower 9 ; 12

3 Lower 7: 9

4 Lower 18 ; 25

5 Lower 21 ; 29

6 Lower 38 ; 25

Example 7

10

15

Phase separation catalyst recycle / product recovery

process with catalyst prepared via stepwise procedure.

In an inert atmosphere drybox,

2.14 grams (6.90 mmole) 1,2-bis (9-phosphacyclononyl)
ethane, 0.694 grams (3.25 mmole Ru) triruthenium
dodecylcarbonyl, 119 grams methyl tert-butyl ether (MTB

to a 300 ml autoclave,

E)

was added. The autoclave body was sealed and fitted to a

bench scale process unit. Under a headspace of 4:1

(Hp : CO)

syngas at 1500 psi

(10.3 MPa) the mixture was

allowed to reach equilibrium over 1 hour at 105 °C. To

the reactor a solution of 1.11 grams

dicobalt octacarbonyl and 0.108 grams

(6.50 mmole Co)

(1.32 mmole) sodi

acetate in 33.3 grams MTBE was added at reaction

um

conditions. The catalyst was allowed to preform at 105 °C

and 1500

psi

(10.3 MPa)

for 1.75 hours. Reactor



Table 3 Table 3 Catalyst Partitioning Data Exanple Layer % of Avail able
Catal yst (Co;Ru) 1 Upper 90 ; 88 2 Upper 91 ; 88 3 Upper 93 ; 91 4 Upper
82 ; 75 WwWOlWpfpraeir8 ; 71 6 Upper 61 ; 75 1 Lower 10 ; 1PCTEPIDWSB7O ; 12
3 Lower 7 ; 9 4 Lower 18 ; 25 5 Lower 21,5, 29 6 Lower 38 ; 25 Exanpl e 7
Phase separation catalyst recycle / produc? recovery process wth catal yst
prepared via stepw se procedure. In an inert atnosphere drybox, to a 300

I1

m haut ocl ave, BSeRpeLagaes WeE. JBMASIk)EoL 9. hiGs (o REHEGFC| qns
et hane, 0.694 gr & o Tdih | YR dodacyl IR
grans methyl tgro{%ﬁdt% %t'%‘%ﬁ%@ \A&?ﬂaégﬁegﬂ%he %&?oﬁ%qﬁ?&y was
seal ed and fitteddwed tdarcdriscaltdh @pr dcdss(Hni:t COUndengashdéagsipacsidf - 4: 1
10 (H2 : CO syngas at 1500 psi (10.3 MPa) the mixture was allowed to
reach equili brismnsteertibHouraldt A0FhEe Efb Washeqreadtsst: plMaddrof 1. 11

O A Bac i B U VI AU S R s ')
catal yst was alleawrd dimry efartpatl DpHE sankpEb0t jrsi (sl ME)e fmrade 75
hours. Reactor WO 03/029161 PCT/ EP02/ 10687
separation was allowed to equilibrate at 43 °C. B lower
phase of 36.8 grams was isolated. Upper phase was
recycled back to the reactor. Compositions of the upper
10 and lower phase are given in Table 4. Catalyst partition
data is shown in Table 5. The product, 1,3-propanediol
was produced at an average rate of 26 g/L/hr.
Example 8
Phase separation process, Recycle 1
15 The recycled reaction liquor from Example 7 was
heated to 90 °C. An addition of 14.74 grams ethylene
oxide was made and allowed to react under a head space of
2:1 syngas at 1500 psi (10.3 MPa). The reactor content
was transferred under syngas pressure to a phase
20 separation vessel. When equilibrated to 43 °C, 28.5 grams
of lower phase material was isolated. Upper phase
reaction liquor was recycled back to‘the reactor.
Compositions of the upper and lower phase are given in
Table 4. Catalyst partition data is shown in Table 5. The
25 averaged reaction rate through this recycle gave
24 g/i/hr.
Example 9
Phase separation process, Recycle 2
4Thé recycled reaction liquor from Example 8 was
30 heated to 90 °C. An addition of 11.00 grams ethylehe
oxide was made and allowed to react under a head space of
2:1 .syngas at 1500 psi (10.3 MPa). The reactor content

was transferred under syngas pressure to a phase



- 32 tenperature was reduced to 90 C. Two separate additions totaling
13.2 grans of ethylene oxide (EOQ were nade and allowed to react with a
2:1 (H2 :wop/ogsmgas feed until substantially all of the PEO/ERAY1@G8hSuned.
The reactor 5 contents were transferred _gngly_syngas pressure to a
tenperature controll ed phase separation vessel. The phase separation was
allowed to equilibrate at 43 C. A |lower phase of 36.8 grans was i sol at ed.
Upper phase waseppagjdbad viegsielt-o Wiga eeidddPratsfpssi tidons of d-Be WFFS 10
and | ower phase .ar (Y i | e..4. al.yst rdity is shown in
Tabl e 5. The p?c];d&?f'v,grl,%@-aﬁgo}p;%%g ilé)élll 9\%;55 l%r%c% E%gd tgtp anr vtgr%aege rate of
26 g/ L/ hr. Examphket8obBhaseuseparat irecyprlecessckReoyche kebstPhre recycl ed
reaction |iquor from Exanple 7 s heated tq 90 C._ An additiaqn of .14.74
granms et hyl ene CoBRPd ti& Smde tgra?d URPIEGWES golwggcphﬁﬁgelarg Fed§spate of
2:1 syngas at %30Q.pai. ChQad MRalarthe ieaches G@nis@Rim Was Thbaksfer rmed
under syngas pressure to a phase 20 separation vessel. \Wen equilibrated to
43 C, 28.5 graweragkd owecisieas & avgt ahirgualadiisoracea@leyspee phase
reaction |iquor sWas; r%%ycl ed back to the reactor. Conpositions of the
upper and Iowe? pﬁé&é re given in Table 4. Catalyst partition data is
shown in Tabl egkamphe 125 averaged reaction rate through this recycle gave
24 g/ L/ hr. Exanpl'e 9 Phase separation process, Recycle 2 The recycled
reaction |iquor frSREERAFFIPETE LIRS PIORES e&eCY % An addition of 11.00

grams gghylene oxipde was mBde and Alilewad L0 ¢aeh wdap1a headsspace of
heated to 90 °C. An addition of 11.00 grams ethylene

oxide was made and allowed to react under a head space of
2:1 syngas at 1500 psi (10.3 MPa). The reactor contents
were transferred under syngas pressure to a phase
15 separation vessel. When equilibrated to 43 °Cc, 19.1 grams
of lower phase material was isolated. Upper phase
reaction liguor was recycled back to the reactor.
Compositions of the upper and lower phase are given in
Table 4. Catalyst partition data is shown in Table 5. The
20 averaged reaction rate through this recycle gave
23 g/L/hrx.
Example 11

Phase separation process, Recycle 4
The recycled reaction liquor from Example 10 was
25 heated to 90 °C. An addition of 11.00 grams ethylene
oxide was made and allowed to react under a head space of
2:1 syngas at 1500 psi (10.3 MPa). The reactor content
was.transferred under syngas pressure to a phase
separation vessel. When equilibrated to 43 °C, 38.9 grams
30 of lower phase material was isolated. Upper phase
reaction liguor was recycled back to the reactor.
Compositions of the upper and lower phase are given in

Table 4. Catalyst partition data is shown in Table 5. The



2:1.syngas at 1500 psi (10.3 MPa). The reactor content was transferred
under syngas pressure to a phase WO 03/029161 PCT/ EPO2/ 10687 - 33

separ at i owowaszsablt \Wien equilibrated to 43 C, 24.8 grans Pofi/HPomers8phase
material was isolated. Upper phase reactigp Liquor was recycled back to
the reactor. Conpositions of the upper and | ower phase are given in 5
Table 4. Catalyst partition data is shown in hle 5. The averaged
reaction rate EAESEPTS Fie®GeQcI@ tGard rosady L?]H-F. re@)@’&ﬁﬁ &31G Phase
separation proci%sa{ll ycle 3 10 The recycled reaction |iquor from Exanple
9 was heated to . An addition of 11.00 grans ethylene oxide was nade
and al |l owed toExeagtieurider a head space of 2:1 syngas at 1500 psi (10.3
MPa) . The reactor %ntents wer.e transfeersred lél’(]zg,%r Séngas pressure to a
phase 15 separatio s SCPARREH BB S e@ 8 45 @ 19.1 grams  of | ower

phase material was 1ihg0l@icgd1ddppeiadiiase 1 gt ifoon iBguaplwad Ir eaycl ed back
to the reactor. Conpositions of the upper and _|ower phase are _given in

Table 4. Catal ysta thit i%h “Gat &1 29KHAPN RITAN-d 0 ITARE SR YR aged
reaction rate throug atsh'rrfaé:{ei‘:&ﬁg & 19 £ 3 I urla Rl @bl B of

separation process, Recyc e recycled reaction |Iiquor from Exanple 10
was 25 heat ed 2:d ¥yrgasAretaddial grsiof (101.. D0 Ry)anshet mdaarieor oordenias made

and allowed to react under a head space of 2:1 syn as at %%06 psi (10.3
MPa). The react'dS ddit er%&C Ut“l‘jfrfgfséfrnrg@c? FFEe Syngds ressiire to a phase

10 separation vessel. When equilibrated to 43 °C, 38.9 grams

of lower phase material was isolated. Upper phase

reaction liquor was recycled back to the reactor.

Compositions of the upper and lower phase are given in

Table 4. Catalyst partition data is shown in Table 6. The
15 averaged reaction rate through this recycle gave

17 g/L/hr.

The data on rate of production of PDO in the examples
above shows that an acceptable rate of reaction is
achieved and that the catalyst is active after 5

20 recycles (#1).

Table 5 shows that a high percentage of the catalyst
is directly recycled in the upper phase (#2).

Table 4 shows high recovery of PDO in the lower phase

(#3) .
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» 6. The [ 15 averlaged reaction rate through tthis recycle gave
» 9dat a on Lawerof pB oliBict i - ©3 FWI)ZQ#a@he e é@pHés above
An~ANE a-—rvatal ~Ff raoact @ ~wn 1 o 4 + b + ko
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11 Lower 33 ; 37

i2 Lower 27 ; 27

Example 13

Recycle of lower phase stepwise assembled catalyst
Lower layer samples from Examples 7 and 8, rich in
1,3-propanediol product, were distilled at 90-110 °C
5 under vacuum conditions of 60-4 mm Hg. Collections of
methyl tert-butyl ether reaction solvent and 1,3-
propanediol were made on the column overhead. Overhead
material was greater than 92% 1-3, propanediol. The
distillation was carried out such that 75% of the initial
10 charge mass was distilled. A 10 gram sample of the
distillation bottoms containing recycled catalyst, some
1-3,propanediol and minor amounts of heavy ends was
inventoried into a 300 ml autoclave in an inert
atmosphere dry box. To the autoclave was added 74 grams
15 of fresh methyl tert-butyl ether reaction solvent. The

autoclave was sealed and fitted to a bench scale process
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37 units. The catalysteliguRrpN@ase heab et D090y &bl hyhstdrai ngs tnder a
headspace of 4.1 (H2 : CO syngas, 11.00 granms of ethylene oxi de was added

and al | oned to phasetseTheatbartioegzont @ swibl ibemster rbd. angdeansypgas 5
pressure to a phase separation vessel_ where 5 . ph e ion
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began. Wen eq ower “phase neterial®was i sol at ed.

Thi s | ower phas€on€ontad nsel. 563 4798 1p Bopdvpanedi ot etuctppdippstia phase
reaction |iquor was recycled back to the reactor and 10 heated to 90 C
under a syngas ¥eaet Headspaeer ofa; qecybed kayk b e steaeher edfd eacti on

sol vent pphase, 11 09 grass of ehhylenesoxide pasqaddedsgnd. abtoyed to

react. The reactor contents were transferred under syngas .
: (Hp : CO). To this recycled reaction solvent phase,

11.00 grams of ethylene oxide was added and allowed to
react. The reactor contents were transferred under syngas
pressure to a phase separation vessel where at 43 °C

15 phase separation began. When equilibrated, 24.5 grams of
lower phase material was isolated. This lower phase
contained 45.14% 1,3-propanediol product. These reactions
afforded an 81% product yield. This proves that the
catalyst is robust and still active even after being

20 distilled from the product phase and recycled twice
through the upper phase of subsequent reactions.

Example 14

Use of Hexane as phase split inducing agent
In an inert atmosphere dry box, to a 300 ml
25 autoclave, 1.159 grams (3.73 mmole) 1,2-bis (9-
phosphacyélononyl) ethane, 0.696 grams (3.27 mmole Ru)
triruthenium dodecylcarbonyl, 119 grams methyl tert-butyl
ether (MTBE) was added. The autoclave body was sealed and
fitted to a benchscale process unit. Under a headspace of

30 4:1 (Hp :CO) syngas at 1500 psi (10.3 MPa) the mixture

was allowed to reach equilibrium over 1.5 hour at 105 °C.
To the reactor a solution of, 1.13 grams (6.50 mmole Co)

dicobalt octacarbonyl and 0.108 grams (1.32 mmole) sodium
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began. Wen equilibrated, 24.5 grans of |ower phase material was isol ated.
Thi s | onwewophas®ae1 cont ai ned 45. 14% 1, 3- propanedi ol producteCTHPeF®I6BEACt | ONS
af forded an 81% product yield. This proves hat the catalyst is robust and
still active even after being 20 distilled fromthe product phase and
recycled twice through the_ upper phase of subsequent reactions. Exanple
14 Use of HexarR S phase gf)i ?tgﬁfg%évr[?@‘: N2 5 i FRFEt I Posphere dry
box, to a 300 non@be AMOC!BWE cde dPPs OB B SR d™Pb & rdsdedi st (P05 °c
phosphacycl ononyl ) ethane, 0.696 grans (3.27 mmole Ru) triruthenium

dodecyl car bonyland 15 @ apsi nEthyd MRz} -ber yl. 72theerf MIBE cwas added. The

aut ocl ave body was sealed and fitted . to enchscal e pcess upit. Under a
headspace of 30 FI TS S sVH %%e%tt(ig%(g ;@1 C&%.%&R?PSJJOI? h%Pm' xture was

al | owedst o reactp egitdrhd by Ust 1Dy BEEnd.. Sxhoair (B0) 1RSs Gradd Cahdlea T BawEQr t 8
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oxi de (EQ was made and allowed to react with a 2:1 (H2 : CO syngas feed.
The reactor coIREFMILIRE evas anbieTe@d areierl Siligpise prlesbdir €t R alower

pber ahir e SO Lot Baags SPRALD ugsasleq TR lBsg,, seRpal on ves
i sol ated. Upperrghaseedvasack to the reactor. As in a fashion similar to

above examples additional ethylene oxide was added to the
recycled uppei layer and allowed to react followed by a
temperature induced phase split. On the third recycle in

15 this example 11.00 grams of ethylene oxide was added and
allowed to react at 90 °C and 1500 psi (10.3 MPa).
Transfer to phase separation vessel and subseguent to
cooling to 35 °C, no phase separation was apparent. Two
separate additions of 11.00 gram aliquots of ethylene

20 oxide followed by reaction at stated conditions, and
cooling to 33 °C did not produce a 1,3-propanediol
concentration where a phase separation could be made. We
believe that this reaction produced some by-products,
such as ethanol and propanol that are miscibilizing in

25 nature that prevented the phase separation. Addition of
10 gréms of hexane while in the reactor at stated
conditions followed by transfer to the separation vessel
and cooling induced a phase separation at 77 °C. This is
one way fo change the polarity of the system such that a

30 phase split can be induced. It is even possible to add
before or during the reaction miscibilizing agents to
ensure a single phase reaction. Thése miscibilizing

agents can then be removed; such as by distillation or



recycled back to the reactor. As in a fashion simlar to above exanples
addi tional ethylene oxide was added to the recycled upper |ayer and
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equilibrating to 43 C, the |ower |ayer sanple of 92.7 grans was isol ated
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1. A process for one-step hydrofornylation and hydrogenation synthesis of
1, 3-propanedi ol which conprises: (a) Contacting in a reaction vessel a

m xt ure oWo®3meedigl ene oxi de, carbon nonoxi de, hydrogen, aPQOIEPOAIEE?

m sci bl e reaction solvent and a hydrofornylation catal yst conposition; (b)
Heating said reaction mxture to a terrper_at4§ré within the range from30 to
150 C and a pressure within 10 the range of 0.7 to 27.6 MPa (100 to 4000
psi) for atime effective to produce a single-phase reaction product

m xture containing sufficient concentr&athdh bf™1S3- propanedi ol such that
phase separation can be induced by tenperature reduction; and 15 (c)

I nduci ng phase separation by at | east one nethod selected fromthe group
consisting of: 1J) A eypetedirfor eshustsdiorp donhioBsrmyg Y4t Batdididn of a phase
split-inducing agent to the mxture in an ampunt suffjcjent, to induce
phase separ ati gH/A4399N& etRyerNRrEe T (Bdubt T o RAFHER WRHER i r st addi ng
a mscibilizin nt to keep the reaction product mxture in a

si ngl e phase a%fﬁéﬁggéihnving the mscibilizing .cosolvent, (iii) first
addi ng a mi sci b{d)i ziGupoosoinentn & ocdarplaheveseet i dmMprogietofi xture in a

singl e phase 25 and then renoving the mscibilizi osol vent, and (iv)
addi ng 3 phase Spty e-ri%a‘fféjrcﬁeg’ a?fe%forf SURE T eea’ct}?%gn o%erlg’du%tnén?x #rj%éi n an
amount suffi ci gitsd i NdusecPhesesobepar adndna MRIOSF ORI Bt RGT/ EPO21 19687
- 41 wherein the phase separation results in a first phase conprising a
maj or portion cfonpRsS¥EeRi on sol vent, at

(b) Heating said reaction mixture to a temperature
within the range from 30 to 150 °C and a pressure within

10 the range of 0.7 to 27.6 MPa (100 to 4000 psi) for a time
effective to produce a single-phase reaction product
mixture containing sufficient concentration of 1,3-
propanediol such that phase separation can be induced by
temperature reduction; and

15 (c) Inducing phase separation by at least one method
selected from the group consisting of:

(i) temperature reduction combined with addition of a
phase split-inducing agent to the mixture in an amount
sufficient to induce phase separation, (ii) temperature

20 reduction combined with first adding a miscibilizing
cosolvent to keep the reaction product mixture in a
single phase and then removing the miscibilizing
_cosolvent, (iii) first adding a miscibilizing cosolvent
to keep the reaction product mixture in a single phase

25 and then removing the miscibilizing cosolvent, and (iv)
adding a phase split-inducing agent to the reaction
product mixture in an amount sufficient to induce phase

separation;



| east 50 wt % of the catal yst conposition, plus unreacted ethylene oxide,
and a second phase, which conprises a 5 nmajor portion of 1, 3-propanediol.
2. The prwoas®2abi claim 1 wherein the second phase al so eomtEROns068AL al ySt
reaction solvent, and high nolecular weight byproducts. 3. The process of
claim1 or 2 further conprising 10 physically separating the two-phase

m xture followi ng the induction of phase separation, 4. The process of
clai m 3 furt her" o siiHgy RPRRSRI FTRPATIHETH | %ﬁ‘%ﬁ%s@dﬁ‘r%&?@ R 3%he step

(a) for. furt hercoﬁﬁﬁ%iﬁg azvirﬁ{p&f avh pusdy dnreactedh stadt i dwvalerials. 15
5. The process of claim3 or further conprising extracting residual
catal yst from tleasecohdvphask,the ecyldlyrf swtnepeontalignt pustwprdagtednd

passi ng the remaining second phase. cont aj ni 3-propanediol. to a mneans
for recovery. ﬁnﬁ@’r&efﬁee Pt o ee’ssa%? %Isaﬁcrﬁqﬁvé}gar%el’n @hj‘e&?ne%%sp?osresf etovery

of 1, 3-propanedifjor oariiidt a j prpespangdmdier e product 1, 3- propanedi ol
is separated from high nol ecul ar wei ght by-products. 7. The process of

claim5 further? cofi§ SRFETHAaFIHT 25 ThgRitdtiemecsrdmhase also
1, 3- propanedi ol , ﬂ&ét%%évalu(}gsa o risolate dndividual,d ighty sgb Vet s and

optionally recycling in |1 ght solvents back to the step (a). 8.
The process of wdiaghi Ibywwersdictcd he tenperature during phase separation is

fromjust above the freezin oint of, 30 the yeaction mxture is from27 to
07 C.' 9. The privestiP G & wHersh 1 I tenpl aith Uy "Phase

separ atiigpon i s fhm 310y Adelar WA #h3/ 029 160 -HEHA &P0RY 1068 folKhRving the
induction of phase separation.
4. The process of claim 3 further comprising recycling
the first phase directly to the step (a) for further
reaction with previously unreacted starting materials.

15 5. The process of claim 3 or 4 further comprising
extracting residual catalyst from the second phase,
recycling said catalyst to step (a), and passing the
remaining second phase containing 1, 3-propanediol to a
means for reéovery.

20 6. The process of claim 5 wherein the means for recovery
of 1,3-propanediol is a distillation column where product
1,3-propanediol is separated from high molecular weight
by-products.

7. The process of claim 5 further comprising separating

25 light solvents from 1,3-propanediol and distilling to
isolate individual light solvents and optionally
recycling individual light solvents back to the step (a).
8. The process of claim 1 wherein the temperature during
phase separation is from just above the freezing point of

30 the reaction mixture is from 27 to 97 °C.

9. The process of claim 8 wherein the temperature during

phase separation is from 37 to 47 °C.



10. The process of claim1 wherein the tenperature during phase separation
is fromjust above the freezing point of the reaction mxture is from 27
to 97 C, wba3soemacentrati on of the 1, 3-propanedi ol is fromCI/HPO2/5%6 by 5
wei ght of the total reaction product m xtupe, —-and the oxirane
concentration is greater than 0.2% by weight of the total reaction product
m xture. 11. The process of claim 10 wherein the tenperature during phase
separation is from37 to 47

is from8 to 32¢bby *SWEGHE Sc% C{ﬁggcjt%g'tmgl n%zlg%{elaité{n%&egalueé{beenﬁja xtt:%{f?ere? anﬁ‘g{I ﬁle
oxi rane concentgraideOsdpadatarer. ik tfrc20 %yt wight tofe theeediot@lpsiactédn
product nlxtur%he reaction mixture is from 27 to 97 °C, the
concentration of the 1,3-propanediol is from 1 to 50% by
5 weight of the total reaction product mixture, and the
oxirane concentration is greater than 0.2% by weight of
the total reaction product mixture.
11. The process of claim 10 wherein the temperature
during phase separation is from 37 to 47 °C, the
10 concentration of the 1, 3-propanediol is from 8 to 32% by
weight of the total reaction product mixture, and the
oxirane concentration is from 0.2 to 20% by weight of the

total reaction product mixture.



