WD 02/ 098887 PCT/ EP02/ 06184 1 ONE- STEP PRODUCTI ON COF 1, 3- PROPANEDI OL FROM
ETHYLENE OXI DE AND SYNGAS W TH A CATALYST W TH A PHOSPHOLANCALKANE LI GAND
FI ELD OF WRVENJ4S®N The present invention relates to the syamiEre2/ec18f an
aliphatic 1,3-diol, particularly 1, 3-propanediol, from ethylene oxide and
syngas in one step. Mdre particularly 5 the present invention relates to a
catal yst that provides good yields under mld conditions in the one-step
synt hesi s of 1, 3-propanedi ol and denonstrates advantages with respect to
cost and performance. The catal yst of the present invention conprises a
honbgeneous binetallic 10 cobal t-rutheniumcatalyst in conmbination wth a
class of bis(phosphol ano) al kane |igands, solubilized in an ether solvent.
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1, 3-'propanedi ol , .15 haVETHEUBNEA PRI DEaAND ey NEASTDITAHER ORTABYSDr pol yester
and pol yurethane, and as st alning PHOSPEGILAVdAGKANTe L3@ANDesi s of cyclic
conpounds. For exanple, CORTERRA (trade mark) polynmer is a polyester
characteri zed by outstanding properties that is nade of 1, 3-propanedi ol
(hereafter 20 1, 3:ER0)omndnisgirepit halic acid. There is nuch interest in
the art in f|nd|ﬁg”ﬁéwrrﬁﬁré§‘f6r synthesizing 1,3-PDO that are efficient,
economi cal , and denpnBi§ A%EIEGcesTenhHYaAitHgEss US- Ahg48g8aitesdsd of an
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1, 3- propanediol and 3 hydroxypropana her ea P% using a tertiary
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3- hydroxypropanal and 1, 3-propanediol in a single step using an inproved
cat al yst systen19©©%ryxﬁhﬁf andebami 1d ezendirhiquisodphiche @mgaﬁkﬁn n

synthesis of 1,3-propanediol and demonstrates advantages
with respect to cost and performance. The catalyst of
the present invention comprises a homogeneous bimetallic

10 cobalt-ruthenium catalyst in combination with a class of
bis (phospholano)alkane ligands, solubilized in an ether
solvent.

BACKGROUND OF THE INVENTION

Aliphatic 1,3-diols, particularly 1,3-propanediol,
15 have many applications as monomer units for polyester and
polyurethane, and as starting materials for the synthesis
of cyclic compounds. For example, CORTERRA (trade mark)
polymer is a polyester characterized by outstanding
properties that is made of 1,3-propanediol (hereafter
20 1,3-PDO) and terephthalic acid. There is much interest
in the art in finding new routes for synthesizing 1,3-PDO
that are efficient, economical, and demonstrate process
advantages.
US-A-3463819 and US-A-3456017 teach the
25  hydroformylation of ethylene oxide to produce 1,3-
propanediol and 3-hydroxypropanal (hereafter 3-HPA) using
a tertiary phosphine-modified cobalt carbonyl catalyst.



5 conbination with a rutheniumcatalyst. In US-A-5304691, 1, 3-PDO and
3-HPA are produced by intimately contacting an oxirane, particularly

et hyl ene woiodegskereafter EQ, a ditertiary phosphi ne- nodcCirirpd2/eakal t
carbonyl catalyst, a rutheniumcatal st pronoter, and syngas (carbon
nmonoxi de 10 and hydrogen) in an inert reaction solvent at hydrofornylation
reaction conditions. A PDOvyield of up to 86-87 nole%is reported, using a
catal yst conprising cobalt ligated with

1, 2- bi s(9- phosphabi cy-enenykyet hanecl dfedidaprtaba bk gapdhoihaiathey
triruthenium 0) 15 dodecacarbonyl or bis[rutheniumtricarbonyl dichloride]
as cocatal yst. APSRYlSRE 931Ae5504688Y HomrIPsErdsaRt hed ~RyfmeHesiolof

3- hydr oxypropanal p Usiditha ediskept haiyg fhasphcieanedili e ldn car bonyl
catal yst and a catalyst pronoter. 20 The production of 1,3-PDO in one step
with mnimal i npefRtises%Ad cBYpt botet sl amy sheeshiveytierthd Y equires a
catal yst systsm whid 409dnStAabhl bt yubodh JHhRg) 18- PDR U Reslgoand
during product recovery and recycle. It is desitable in the art to
identify alternati¥yeERarady3rips aystrasiudest PieABhiTeae Y pERCtang

advantages in the, e -${ePpREEHUET 4 L1, Uenl13nBDOk s UMY - AR 26601 dance

with the foregoing, the preSent invention provides a new class of [i gands
for use in a 30 Gyrwiianyy ParEphihgdrobidiad erbeat atyshhoronsesiellysh, aThe

| i gands of the prgsent;.j [ j ot.ent | d e iLL.bhsLespect
to cost and erP%rnan8é&p¥%25%@§62#%%%%%?9P%%?E%g%?%%1g%£h%gb§g%%%?dé
i nvention prdVi dend shvshtogiepst inoaposiaitorreacoipni sPhgenta)ata cobal t

conponent COW”%%&%% 9L+ TBRE, 0001 I 9Rad¢8Ra! t ﬁ%ﬁl?‘c{);i%

. Sk @r@dug b) a
rut heni um conponent conprising in maor part a ruthenium carbonyl conpound

ligated with a phosptesl awdakkaaer¢pgdrafl, Tiséngosetaoxlydheomprising
hydrOfornylationcéﬁgfﬁ ﬁ%%a%gdtaﬁth 1,2-bis(9-phosphabicyclononyl)ethane
as bidentate ligand, and either triruthenium(0)

15 dodecacarbonyl or bis[ruthenium tricarbonyl dichloride]
as cocatalyst. Also see US-A-5304686 which discloses the
synthesis of 3-hydroxypropanal using a ditertiary
phosphine-modified cobalt carbonyl catalyst and a
catalyst promoter.

20 The production of 1,3-PDO in one step with minimal
impurities and byproducts involves recycle and ?equires a
catalyst system with good stability both during 1,3-PDO
gynthesis and during product recovery and recycle. It is
desirable in the art to identify alternative catalyst

25 sgystems that demonstrate potential advantages in the one-
step production of 1,3-PDO.

SUMMARY
In accordance with the foregoing, the present
invention provideg a new class of 1ligands for use in a

30 hydroformylation/hydrogenation catalyst composition.

The ligands of the present invention provide potential

advantages with respect to cost and performance. The



present invention involves a conplex that is postulated 10 to be a

cobal t - r ut heni um phosphol anoal kane conpl ex. One characterizing feature of

t he new cwDakysssT s t he use of a phosphol anoal kane | i gan@CiTiEpat/edss o
rutheniumrather than cobalt, as is Bhe case in US-A-5304691. A nunber of
phosphol anoal kane |igands are effective, particularly 15 bidentate,

bi s(phosphol ano) al kanes. The invention al so provides a one step process for
preparing a 1, 3-diol, conmprising the reaction of an oxirane with syngas at
hydr of or nyl at i onpzeselit i onsenticanpromédes solasrlyist theppsésermce of the

cat al yst conposigion . 20 the present invention. In particular, the

pr esent inventionO%?%&%l a process for preparing 1, 3-propanedio

f
conprising the stepsapf: f aocbadnt acthpogent ncanprdadhigonnal &t uiese etdwyl ene

25 oxi de, carbon monoxi de,, hydrogen, an inert reaction solvent, and a
catal yst conposi tH8ACCorprisi fg Per9he™ st nore non-1igated cobal t

carbonyl conpounds; and 20 xuthenduhutbeporenic aciprykiagmpound) di gatred with
W Ehin the range THOME0N S ATEGETANGo P BREb B Br e Fedot 100 pei WD -
02/ 098887 PCT/ EPfRo&HBEnAIGHS BPgandor a time effective to produce a
(vorpase, | 1eacton BRGtuEt, I XALS, COUBLL 510 40, YBEST PIfoS, SeTRLL 0 <
plus unreacted ephyiene invatitden andodvioOvercdupase, twat Chs cosmiilsesda naj or
port1on O % LR S E SR ILE SR e oo
acconpanyi ng dr avhfescidri ZigMieaBur&i g8rnel rew aatypisal 14 Rispesdd wn of
the cobalt- a phospholanoalkane ligand ligated to ruthenium rather
than cobalt, as is the case in US-A-5304691. A number of
phospholancalkane ligands are effective, particularly
15 bidentate, bis(phospholano)alkanes.
The invention also provides a one step process for
preparing a 1,3-diol, éomprising the reaction of an
oxirane with syngas at hydroformylation conditions in an
inert solvent in the presence of the catalyst composition
20 of the present invention.
'~ In particular, the present invention provides a
process for preparing 1,3-propanediol comprising the
stepes of:
(a) contacting, in a reaction mixture, ethylene
25 oxide, carbon monoxide, hydrogen, an inert
reaction solvent, and a catalyst composition
comprising:
(i) one or more non-ligated cobalt carbonyl
compounds; and
30 (ii) a ruthenium carbonyl compound ligated with
a phospholanoalkane moiety; and

(b) heating said mixture to a temperature within the

range from 30 to 150°C and a pressure of at least 100 psi



ruthenium1, 2-bis[(2R 5R)-2,5- dinethyl phosphol anol et hane ( BDVPE)

catal yst during the one-step conversion of EOto 1, 3-PDO synthesis, where
the 15 i nvDI0al098887 Ru- BDMPE ratios are 1:0.67:1.2; and Fi gOTEPR2/0E84
cascade plot of the sanme cobalt- ruthéniuml, 2-bis[(2R, 5R)-2,5-dim

et hyl phosphol ano] ethane (BDMPE) catalyst .during EO to 1, 3-PDO synt hesi s.
DETAI LED DESCRI PTI ON OF THE | NVENTI ON 20 The sel ective

hydr of or myl ati on/ hydr ogenati on of ethylene oxide to 1,3-PDO in one step,
represented by: (888 kPQQfd2 EHRI@H2e HXEGIAN2Z HO CKFRAGEE Hhdyvdhedase

denonstrated usin bi |4l i -r i at al yst
systemin conbi na |%tnlcéllxﬂap}tﬁr%g ¢ a@?@?%f%ﬁ’gﬁﬁ%pﬁg%ﬁ%}ﬁ% | T g;nds,

sol ubilized in arompmering eavkion softient ofFgheegahpéet, atcdEalst- 50

ruthepi um!, 2-bis(2 5-dinmeth hosphol anag). et ha | vst. solubilized in
et iyl tert bt yICe er AT BEr Ean Bk e et 510 R 5 Poo
basis EO 30 hasgatk, durd Rglowsr gelimeset ivdrichr oomEO pdsisa Syaigas povibion

02/ 098887 PCT/ EPQO2/ 06184 5 nge%al |y the one-step process for synthesizing
1, 3- PDO conpri s@% Tt itndPaiy9¢8nt acti ng et hyl ene oxide, carbon nonoxi de
and hydrogen (syPREsy DEBURI@THONEOR| THE DReafTalcgst in a |iqui d-phase
solution in an inert reaction g sol vent at 8 terrpegat re o.fbf g)m 30 to
150C, and an el evat ed*HrFEEEGPE, TBY 1 erdb " 1108°F o° 4008 Pt e(‘% g ¥'3Y 27580
kPa). In this chemstanplidparthapefépeiad $d nbkudecoebdneientdRBROngecovery
fromthe cr uﬂf oxopat ed product solutions, and recycle of the active
binmetallic c aI‘Q/’]%JtCh'io conplex. In the present invention the 1,3-diols are
made by charging an mdurane, i€0a Riypiwsiph® apeakkaneof athd epalkeact i on
sol vent, and optional cocatalyst and/or_catalyst pronoter to a pressure
reactor with ther‘i“i'ﬁefrb’dﬁb"t]i'oﬁ'msiéz%yrfdés'z('é'm xture of hydrogen and
carbon nonoxi de)qimstHtidHEphBlandPéHadat (EoMek) Hea € Wit Jiukihg 8tfe

one-step conversion of EO to 1,3-PDO synthesis, where the

15 initial Co-Ru-BDMPE ratios are 1:0.67:1.2; and
| Figure 2 is a cascade plot of the same cobalt-
ruthenium-1, 2-bis[(2R, 5R)—2,5—diméthy1phospholano]
ethane (BDMPE) catalyst during EO to 1,3-PDO synthesis.
DETAILED DESCRIPTION OF THE INVENTION

20 The selective hydroformylation/hydrogenation of
ethylene oxide to 1,3-PDO in one step, represented by:

R COMHy — > Ghy CHp
H,C—CH, HO CH, OH
has been demonstrated using a bimetallic cobalt-ruthenium
homogeneous catalyst system in combination with a class
25 of bis(phospholano)alkane ligands, solubilized in an
inert reaction solvent. For example, a cobalt-
ruthenium-~1, 2-big(2,5-dimethylphospholano)ethane
catalyst solubilized in methyl tert-butyl ether (MTBE)
can provide up to 70 mole% yield of 1,3-PDO, basis EO

30 charged, during its generation from EO plus syngas.



preferably 2:1 to 6:1, under hydrofornylation conditions. The process of
the present invention may be carried out as a batch-type process,

cont i nuouwOopProessss, or a 20 m xture thereof. In the prefePcedremasi nent of
the present invention separate, conbfned or staged streanms of EO, syngas
and catalyst are charged to a reaction vessel,-which can be a pressure
reacti on vessel such as a bubble colum or a 25 stirred autocl ave, operated
bat ch-wi se or in a continuous nanner. Oxiranes of up to 10 carbon atons,
preferably up to 6 ciErzgldvobBe amel- $négdpameeexideriswmmhaéﬂzimdrlnay be

converted into tﬁﬁgr OG;%%goggLngatéf O%%ch the % 1£ﬁgﬂé§ﬁgdylatlon
reacti on with syngas CTH e preésence “Thé “cat'dl conplex of t he

present i nventi oafarldklsn md&| aparmycm‘ogdte (pyegeet | av@ g imetslithe use

f the Co-Ru-ph | k | WD 02/ 098887
gCT/EEOZ/OGlBZ O%g fﬁp%ﬁtggeﬁgu nd@% 1§%g§F?g9eﬁnt%P?£§ PS5 8™ novel

class of rutheni gmvad fHted eeﬁgéyet&emefemr@@teélzsm Bﬁataﬁe of this
novel class involves an oxidized rutheniumnetal that is Ilgated to a

phosphol anoal kanele5tqq RARESURFL hPEE ERHI Y d8RpEANEC RS R GF@nfer ion.

The oxidation stajeg@fidde r lihhgﬂié'”&@énﬁ@dr% @Q%;or@&ﬁt rel e S8 tﬁ’ﬂc@u&é”
theory, ruthenium may have a val ence even change

during the cour sefbfciand Pﬁ?dF@F@Yﬁ?YeﬁﬁQﬂtt#@aérpéﬁ O$Q%R#Qﬂ|ﬂ$9¢ucihe mol ar
ratio 10 of ruthe umd0 cabal L8Ry yaly el @belte'ﬁtté/etml@ e%@al_t,eeges

Sufficient cobalt(0) should be added to conpletely oxidize al
conpl exed rutthentemrlestpl oyed. An excess of cobalt can be added but |s not

of particular val ue. 1‘?‘1”'1:&1@mb¥esé£'€ IERJeq{tlo?lt LRe0f B%Qfl Jaﬁce”ﬁ)éd@ﬁ% from
4:1 to 1:4, preferably fro 4, "nmore preferably from1:1 to 1:2. A

nunber of phosph@tmat%meopcllganels Chca\)el phesphpdentd ate aompfleacti ve for

tSB|et QBFeSt ep PDQ SYALNGSIH1vEAE NIahd iRkl - CHEREM PR APl isbaeqypLe-

promoter to a pressure reactor with the introduction of
15 syngas (a mixture of hydrogen and carbon monoxide),

suitably in a molar ratio of Hp:CO of 1:1 to 8:1,

preferably 2:1 to 6:1, under hydroformylation conditions.

The process of the present invention may be carried

out as a batch-type process, continuous process, or a
20 mixture thereof.

In the preferred embodiment of the present invention
separate, combined or staged streams of EO, syngas and
catalyst are charged to a reaction vessel, which can be a
pressure reaction vessel such as a bubble column or a

25 stirred autoclave, operated batch—wise or in a continuous
manner.

Oxiranes of up to 10 carbon atoms, preferably up to
6 carbon atoms, and ethylene oxide in particular may be
converted into their corresponding 1,3-diols by the

30 hydroformylation reaction with syngas in the presence of
the catalyst complex of the present invention.

An essential part of the present invention is the

use of the Co-Ru-phospholancalkane complex. Thé complex



20 phosphol anoal kanes i ncl ude phosphol ane substituted al kane conpounds of
formula | and Il as follows: I, RR P~CnP RRII. RP--ECH2 A n R 3
WO 02/ 09888 02@BBRSEPO2/ 06184 7 where, in both Fornmula | amdTIHPP2/68186 a

| ower al kyl, trifluoronethyl, phenyl¢ substituted phenyl, aral kyl, or
ring-substituted aralkyl; and nis an integer from1l to 12; and for
formula I'l, Ais CCH3 CH Nor P. Preferred 5 are conpounds of fornula |
and Il wherein Ris a lower alkyl of C1 to C6 alkyl and nis 1 to 3. Mbst
preferred are t@ﬂS@@Qﬂm@ﬁdslﬁ{rezﬁwdeﬂ; lbeandvkl wheesigridd & neoEhyl and
nis 1to 3. Exagﬁ es of such conpounds, include, but are not' 10 limted

to, 1,2-bis(phos 2) EhEREIVE . BRE (e satalst Ryl PRosPTISGYdFhage,

1,2-bis[(2R 5R)fé’at51réjldfeﬁ:mﬂspﬂgﬁ@f'0&m athneeslad- Bk sd{23 59)-2, 5-
d|nethylphospholano]ethane 3-bi s(2, 5- dinethyl phosphol ano) propane;

tris[(2 5 15 di @%Wr&mﬁﬁéﬁénw%twﬂﬁwﬁnéo fr PRpgBhlancalkane

di met hyl phosgol anedes hylikankneshand dodooulrdt BisSE2, Soush dietiyl phosphol ano)
et hyl] ethane. Partlcularly useful, as denonstrated in the exanples, in

the present inventi orfigr @xbRaBRPAt At @IHitSepRBEPHBT EhG) ek 4Fe8°8uch as,
for exanple, 1,2.bis-d1( %Brté'f)l 1Zn ézéBx@Et QM&HQH%QH%%PQJ&F& '&aR}QléﬁPé/PE)

1, 2- bis[(25, 5S)-2,5-di methyl phosphol ano] ethane, a racemc m xture of
the two, plus 1,9t si{opf‘?dspﬁéfia‘ﬁwe@‘fﬁfhé?ha&gﬁt dBréngobhe tcaiseces thel ude

salts that are 2 &mlgglwer;@é@lae@l e%%o%%slpy heatpdibeatgens in an
at nosphere of hydrogen and carbon nmonoxi de. Exanplés’ of
10 "of ruthenium to cobalt may vary within relatively 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 of Ru:Co

15 may vary from 4:1 to 1:4, preferably from 2:1 to 1:4,
more preferably from 1:1 to 1:2.

A number of phospholanocalkane ligands have been
identified as effective for the one step PDO synthesis
using the cobalt-ruthenium catalyst couple. Suitable

20 phospholanocalkanes include phospholane substituted alkane

compounds of formula I and II as follows:

R R
-
R R
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T




such salts conprise, for instance, cobalt carboxylates such as acetates
and al kanoates of 6 to 12 carbon atons such as octanoates, which are

pref err edwoag/ogesBt as 30 cobalt salts of mneral acids suekhTaPoridiesi des,
fluorides, sul phates and sul phonates. 7Qperable al so are m xtures of these
cobalt salts. It is preferred, however, that when m xtures are used, at

| east one WO 02/098887 PCT/ EP02/ 06184 8 conponent of the m xture be a
cobalt al kanoate of 6 to 12 carbon atons, preferably cobalt octanoate. The

reduction may bgnhgesfammedtpr Fermtibathesdsa19f rt he gatlehysStskyar it may
be acconplished sipultaneously wth the 5 hydrofornylation process.in the
hydr of or nyl at i ontZoneCToMed hydunPBERY bn, SRSt Heded, BRERYS, 34l e®8d to

be a cobalt carpofylsursiGhuasat Beatopn! tardety agarhonyteg@hiiom 1Ce6CO) 4] -,
having a characteristic IR band in the region 1875 to 1900 cm 1,

parti'cul arly in the 3yifor fogpuin th  1ow¥er CHt Hf <4 éh i Rrehersedi ve

catal yst can e g Rdiddrls 8f Eberen] .1 GReltr ¢ackanyls £an he.generated
by reaction of the starting cobalt source such as cobalt octanoate with

synthesi s gas. ThE¥bIfr St bPchi GAEYEyaratT ol dDfl dobdl-t Mpgt hergigired s

phosphol anoal kang,d i \gand idmpHihal! ¥r | foddif of 3NQe a0k 1 OwPerd & 4 Bl es cobalt
: 0.25 to 2 noles ruthenium "0.4 to 3 noles phosphol anoal kane |igand. A’

breferred range okl 36 1 dg 3 B®l®s cobalt: 0.3 to 1.5 noles ruthenium
0.5 to 2 nol es phosgholgieal E@”Quél'lgé&l%eoxfn%rs exaaphe, 20,4 e’ nbe2. A

formul ation that worked well, for exanple, was cobal t: .

rut heni um 1, 1 bi 51l 8=d dioretLhy+bhe spites et atéaira  nbl 2rbist (@i &hi ometry of
1:0.67:1. 2, respggld WUak bgat ed. rpd.heni;um_eq ¥l s4s Jelieved to- be
far less eff ecti({i/:]ge:nfl eallrﬁ}&)bthﬁegcat g{lyg? lj%45 pr el|dar at :é’g?, ther e)fsor'e seeks to

| i gat e each rut h&imelhylpbosprhplane] prlefregir dd 2t-bas [{R8, nd¥lar2.5at i o of

LT AT O ooRB A ELATL el | 1 oS Besent nvent1on, i
conpl ex dimethylphospholano)propane; tris[(2,5-

156 dimethylphospholano)methyllmethane; tris[(2,5-
dimethylphospholano)ethyl]lamine; and 1,1,1-tris{(2,5-
dimethylphospholano)ethyl] ethane.

Particularly useful, as demonstrated in the
examples, in the present invention are bidentate,

20 Dbis(phospholano)alkanes such as, for example, 1,2-
bis[ (2R, 5R)-2,5-dimethylphospholanc] ethane (BDMPE), 1,2-
bis[ (28, 58)-2,5-dimethylphospholano] ethane, a racemic
mixture of the two, plus 1,2 bis{phospholano)ethane.

Suitable cobalt sources include salts that are

25 reduced to the zero‘valence state by heat-treatment in an
atmosphere of hydrogen and carbon monoxide. Examples ofA
such galts comprise, for instance, cobalt carboxylates
such as acetates and alkanoates of 6 to 12 carbon atoms
such as octanoates, which are preferred, as well as

30 cobalt salts of mineral acids such as chlorides,
fluorides, sulphates and sulphonates. Operable also are
mixtures of these cobalt salts. It is preferxred,

however, that when mixtures are used, at least one



30 is the self-assenbly nethod, wherein all catal yst conponents are brought
together at the sane tine. As denonstrated in Exanple 1, the

cobal t - r twbenioesss O 02/ 098887 PCT/ EP02/ 06184 9 phosphol amrcaliranesi8ponpl exes
may be generated by self- assenbly, 18 one step, when solubilized in a
suitable ether solvent under synthesis gas conditions. The conditions
and, in particular, the solvent, are selected 5 such as to favour the
formation of a ligated ruthenium species, rather than a ligated cobalt

speci es. The presgpéeedt 'dhanBunikgatedbspecdemltabhrenbhesn dhe € 1bi gand
speci es may be confjrned by e§%. | R analgsis. Also within the scope of the
present inventi of2FEON 1B e FEELRFERI¥r Cd R e MTEPCREST ghPr At°8n of
the catalyst asphglboWserfbigeli bethost €9 i Wi YrepWeSeat PV, AlrOALI S
synt hesi s of the Ru-phosphol anoal kane conpl ex.. Thi.s_may be done by

bri nging a suitaBf¥ ¢ ARIMRIRSE6Hr SamuLtRequs vyt HéR Bff dodecacar bonyl, in

15 contact wish thersebastird idndardcedbt 8f Nald tRl¢oretRelat {G&adidne . A
avai | abl e rut heni um carbonyl derivatives,  such as_ ruthenium dicarbonyl

acetate pol yner and rTRASHHWIFEK Lony r fearbdty IrefivdiSor f8ePeH $9 F&y PBe

enpl oyed i nst ead,0f L4714 réid-NepiAM dadecaganRonydpaiutthescatisrnat i ves 20
i nclude the use of |ess expensive ruthenium sources that, under a sgngas
e

at nosphere, will anrhosit (CF adUt NerVing acatpsagespeti@siR PHedeiret
expensi ve ruthenium sources may include, for exanple, rutheniun(lV) oxide,
hydrate, ruthenr8E{PRIIBThItEr itdE0 &Rd™ r RHEHI WhEAYcaPbBRE ZB9ITRe 1¥8Far
rati o of phogphol angal kane |igand.to. rutheni um be_4; o 1.2
preferably aE@utc?:lf %??ﬂ%h5%%5n%%ﬁo%%ﬁ%F%ﬁggﬁﬁgngaE%} %%i%ﬁh$F for

i nstance, be nmadaobyfieacidmgHerientt heobad dodedangillbonyh baviddnexrated

stoi chionetric appunt_of.a s ted i amdéék . 30 solvent, at_a _, 4

t enper at ure vmthg?of tRCT ay e og%fSSFo ‘%5%% Sl.?lqt a7 I50° T O E Gnder a

carbon nonoxi de eetafyatdesith ggatatadsphesre, for 1 to 24 hours (i.e. until

WD 02/.098887 PCT/EPOZéggJ%gHar stoichiometry ratio of cobalt:ruthenium:

15 phospholanoalkane ligand is suitably in the range of 0.5
to 4 moles cobalt : 0.25 to 2 moles ruthenium: 0.4 to 3
moles phospholancalkane ligand. A preferred range would
be 1 to 3 moles cobalt: 0.3 to 1.5 moles ruthenium: 0.5
to 2 moles phospholanocalkane ligand, for example

20 1:0.7:1.2. A formulation that worked well, for example,
was cobalt: ruthenium:1,2-bis(2,5-
dimethylphospholano)ethaﬂe in molar stoichiometry of
1:0.67:1.2, respectively. Unligated ruthenium'carbonyl
is believed to be far less effective, and the catalyst

25 preparation therefore seeks to ligate each ruthenium
atom. It is preferred that the molar ratio of ruthenium
to cobalt be from 1:4 to 4:1.

In the present invention, the preferred method of

preparing the cobalt-ruthenium-phospholanocalkane complex

30 is the self-assembly method, wherein all catalyst
components are brought together at the same time. As

demonstrated in Example 1, the cobalt-ruthenium-



10 conpletion). At this point, optionally, said ruthenium |igand conpl ex
may be isolated as a discrete nmaterial. Next, in the stepw se nethod, the
Ru- 1 i ganowoonpdssg7 i s brought into contact with a suitabl ePcolEb2/o@ssrpound
5 by neans of a redox reaction to forththe Ru-Co-ligand conplex, again at
the aforenmentioned (noncritical) conditions. A suitable cobalt source is
cobalt octanoate, but other cobalt conplexes and salts maybe used as

wel | . For instance, the selected cobalt 10 octanoate, and optional

pronoters, if anyy.abkoBdded ke@e EBRpSOLLY iR, WA %an§a£@@ ﬁéltfai ned at

the el evated tenperature (from25 to 150C) for a'tine of nutes to 24
hours. Again, opetfeaaPly, irhenge®tebbayien ri’zﬂlhiémlaﬁﬁéhé%pﬁoﬂ;@ﬁ@&llﬁane

conpl ex may be | sohat echand:: L5aehaspet Ll A8 Tl aat Lyns Whether sai d

actlve :Co- Ru- phosphol anoal kane conplfex is generated by self assembly, or
step-wi se, it exhbbﬁi%im@axﬁtleﬁﬁspﬁtti@mwdélhe gaiveeul aaty selsictedg

cobal t carbonyl Q&Bﬁ AD éé‘efafv%%oe Opdeat {4y 309 %ﬁ&té‘b}er&t% Ine

[ Co(CO 41- anion us a series o ree or four rutheniumcar omr/nl bands.
inthe 1900 to sﬁeﬁlw 1rarté1@irohhaha@ hx@atpﬂﬁtqgibatledspmb@dué?heo cationic

rutheni um car bonékeégﬁ% eo%i tﬂée 8099%;5&&9 ‘M!;' %Qtﬁ@?s&&?% unds are

allowed 25 to forma co re not eritic nperat ure an pressure
may vary within lhgam@r@wn@lsvmaybbéowm\iiﬁmedr @efpecg tDthruml}’SlS

hydr of or myl ati on reacﬁg w1t rlne>é$rrpl goﬁ)S o tJﬁSO% é% mp&}ém% t_{,ssed as

gas cap during the corrp? ex form era o use a Sol vent,
30 preferabl 0t hehs ostvapitisgs ed isaqtlheti‘g/ljrdﬂsorgwbaEpanatmtqﬁ)rthedaw ousl Y,

this sol vent shoulg gg%c a%l the acLi YE.C talvyst wi t hout
affecting its WO-02700%s8 8?'/1@562/0 ﬁ SSBerti 4 %w abi’e sol vents
i ncl ude the et hepsepatescidarbed bghohes b cuSe:hen Rk ehhyohof aranilkamieon
process, in partl cui ar brﬁnchmay%kyéo tt]Deyr %rlsn%glqgag S&{){abeiéarrpl e
ruthenium source, e.g. triruthenium dodecacarbonyl, in
15 contact with the selected ligand. Alternatively, other
readily available ruthenium carbonyl derivatives, such as
ruthenium dicarbonyl acetate polymer and ruthenium(II)
tricarbonyl dichloride, dimer may be employed instead of
triruthenium dodecacarbonyl. Further alternatives
20 include the use of less expensive ruthenium sources that,
under a syngas atmosphere, will in-situ form ruthenium
carbonyl épecies. These less expensi&e ruthenium sources
may include, for example, ruthenium(IV) oxide, hydrate,
ruthenium(III) chloride, and ruthenium-on-carbon.
25 The molar ratio of phospholanoalkane ligand to
ruthenium may be 4:1 to 1:2, preferably about 2:1.
The ruthenium-phospholanocalkane complex may, for
instance, be made by reacting triruthenium dodecacarbonyl

with a stoichiometric amount of a selected ligand in a
30 solvent at a temperature within the range of 25 to 150°C,

suitably 100 to 110°C, under a carbon monoxide or

synthesis gas atmosphere, for 1 to 24 hours (i.e. until



MIGE. 5 In the one step hydrofornylation/hydrogenation using the catalyst
conposition of the present invention., the optinumratio of oxirane in the
feed to GWoRaopssgand conplex will, in part, depend upon wPoa/EPar/odi8ul ar
conpl ex enployed. However, nolar ratitos of oxirane to the cobalt 10 within
the Co-Ru-ligand conplex from2:1 to 10,000:1 are generally satisfactory,
with nolar ratios of from50:1 to '500:1 being preferred. Were the
oxirane is EO the EOw || preferably be maintained throughout the

reaction in a coa&qmétatdrgn nat tli5s|]§f§§1ﬁ hanptQodatady ¥eightutmgenaral |y
wi thin the range_ of 2 to_20 % by welght, preferably 1 to 10 % by weight,

based on the tot JaJrg%%’} FATRIEXt RBYr Bt FOMP iRk flr 8. AFRer Peadtatéir igdl-vent

shoul d be inert, neanjdig,that cnbt stsphoic GRNSWE U kA0 e geQf the
reaction. 20 Ideal sol vents for the invention process will solubilize the

f eed and product 55 RFIUEt ABtEoAPEERGE YHE regtdiitahle pobali |cswWOsHASe

separation atsr egicgehdLmpenatUass. resit 18P, $okMephs R Soslasglied in
US- A-5304691. Good results may be achieved with al kyl ethers, "particularly

25 branched al kyFowRfet:s agaia fbr ’éh*baﬁ@tem%ﬁtllym?ért(ﬂ@wrl‘%wﬂdn
at om contal ni ng_abkyl ekher s The 30l deipdiseddiacedopongtiat e the presen

i nvention was nethyl-tert-butyl. ether. Pronoters nmay be enpl oyed.
Sui t abl e pronot epetanaate30bysserheedcohrIyS: W@Q@KGSlan@r@l%maV et ed.

Exanpl es of —progplers LRy wopk -well,.te rneadily-avaylala. and have

denonstrated the pronotion of EO conversion are tertrary am nes such as N,
N- di net hyl dotfecybetanmatand and Opf DOSEB PIRCHERS2/ 06184y, &g ridgiedykani ne,

as wel| as alkal iy saldiniauahyAscoml WleAGelate nllic campenants gl the feed

streams are contacte a suifable reaction solvent in the presence of
the 5 catal yst cosquesetofret Hérpnez®nto i¥BASAY i bor AHslngr ofeds vinutde

present i”Ve”ti0@5‘5ﬂ‘ﬂ§ﬁr%@rrkSQiHPtoﬂéhéﬁéﬁﬂgﬁiEHS“ﬁew cobalt-

ruthenium-phospholanoalkane complex may be isolated and
15 characterized.
Typically, whether said active Co-Ru-
phospholanoalkane complex is generated by self assembly,
or step—wisé, it 'exhibits characteristic IR bands,

particularly a strong cobalt carbonyl band in the region
20 1875 to.1900 cm~l due to the [Co(CO)4]~ anion, plus a
series of three or four ruthenium-carbonyl bands in the

1900 to 2200 cm~l region that are postulated to be due to
cationic ruthenium carbonyl species.
The conditions at which these compounds are allowed
25 to form a complex are not critical. Temperature and
preséure may vary within the ranges given below with
respect to the hydroformylation reaction, for example 25
to 150°C. Syngas may be used as gas cap during the
coﬁplex formation. It is preferable to use a solvent,
30 preferably the solvent used in the hydroformylation
reaction. Obviously, this solvent should be capable of

dissolving the active catalyst, without affecting its



node, while maintaining said EO concentration, by.for instance, staged EO
addition. For best results, the one step 10 hydrof ornyl ati on/ hydr ogenati on
i s conducwed2/ur$eT conditions of el evated tenperature anadCpEPeyUT1e4
Reaction tenperatures range from 30 td 150C, preferably from50 to 125C
and nost preferably from60 to 110C. The reaction pressure (total pressure,
or partial 15 pressure if inert gaseous diluents are used) should be at

| east 100 psi (690 kPa). A.suitable operating pressure is in the range of
100 psi (690 kPaprioped0@6spsi SERTAHR) sckPaht spiefbeddblbhe edhet800 psi to

2000 psi (6900 to 13,7 Kk st .pr r i (10,340
20 kPa) 250 psi%ffgfgggga$éi?% égba C l%rg%és@?&%ﬁgg%ﬁggégggngéf?%sS’-
general |y be conplreperwithiar lbtandhdioalsylAethdes concdtusisonfof éhemple
hydroﬂornylation§[ %ption, the 1,3-PDO is recovered fromthe product

m xture by conventional methods such as sel ective extraction, 25 :
fractional disétillatian, thhasee separ atyidanfandy Set bot ihyeirogeyist abh i watnpn.

The unreacted startin terials as _.well _as. the catalyst and reaction

sol vent nay be, AT CRFEFEFAbTYATE CHEcoE BAS IGTST Tt Hel SHEEom Pares ¢ i oni ng
of the reaction rEpttivne eabibeopranmtzeed i30thy féed addidd-en-dfgand
phase-split inducing.agent. . Sujtable agents _includ | ycol,s such as

bthyl ene gl ycol  CSAMLERNEAIL | KAMR uBRPSES TH7 cximfiod - LABURE AT TN WO
02/ 098887 PCT/ EP@%:06%84. l1Bowévagemolat] krabeoadsiedhtia e cbears i @sbdmxt ure

in an anmount, Within the range of 2 to 10%Db i ght, preferabl 4-t0 8%
by wei ght, _bded "B PiRetEBt &P PRaCTH RPRPUNS. 290 thrnabi va AR hbdee

i ncl ude additionehelalipropaneti®@ory,i Rtiont heldLacit iy BEXEUER $©: Dridg
product concentration _up to the target proportion. Al so, mscibilizing
al cohol s and agem®® ‘Wi PRLBFP¥ESi%rity such as ethanol, propanol and

i sopropanol can be adgedrinihé adtisardher renoyed mgiwvnit @rthersubsespient
i nducenent of the 10 phase separation, , i
maintained throughout the reaction in a concentration not

15 less than 0.2 % by weight, generally within the range of
0.2 to 20 % by weight, preferably 1 to 10 % by weight,
based on the total weight of the reaction mixture.

The reaction solvent should be inert, meaning that
it 1s not consumed during the course of the reaction.

20 Ideal solvents for the invention process will solubilize
the feed and products during the course of the reaction,
but allow phase separation at reduced temperatures.
Suitable solvents are described in US-A-5304691. Good
results may be achieved with alkyl ethers, particularly

25 Dbranched alkyl ethers, and more particularly tertiary
carbon atom-containing alkyl ethers. The solvent used to
demonstrate the present invention was methyl-tert-butyl
ether.

Promoters may be employed. Suitable promoters are

30 described in US-A-5304691, previously cited. Examples of

' promoters that work well, are readily available, and have
demonstrated the promotion of EO conversion are tertiary

amines such as N, N-dimethyldodecylamine and



Commercial operation will-require efficient catalyst recovery with
mul tiple cycles of essentially conplete recycle of catalyst to the
reacti on.wohe/opsef erred catal yst recovery process invol vesTaEPpao@sd on of
the two 15 liquid phase m xture noted2previously and recycle of the bulk
sol vent phase to the reactor and return therewith of at least 60 to 90 %
by weight of the starting catalyst. In a preferred manner of running the
process, reaction conditions such as oxirane concentration, 20 catalyst
concentration, samhienhylpnigectascordénbeatilbali agedl treescichonst soghewmat ure are
selected so as to %%Q;:gve a honobgeneous reaction m xture at el evated
t enper at ures and ®“Cabsé-a partitioning of the reaction mxture into an
upper solvent phase, CThatacmpdgenclofoththeeedt sl ysins amd c3btact«eivwim phase
cont ai ni ng nost of th é 3- pr opanedi ol pon cooling the m'fxture. Such a
partitioning - faéi Isi"ltlgf’l %ei‘g%afa Dh Sﬁr]igeflgcb{}etf’ ® HPEEFGPT Yotycl e of
catal yst, and5remaallyet beaydeerds theoprebens ol neniiticnystrae pdddsss of
process'is referred to as a haset 30 sega%ati on cat al yst, recycl e/ product

a

recovery nethod. P PRPESPYT or ST i Me CRBARE of 2 LB MY dPeaf PROWEHIY

settle or are traigker wRJlé onairidindbbesyeased @dncpitessibas vanghng from
at nospheric to near reaction WO 02/098887 PCT/ EP02/ 06184 14 pressure
where, upon sl i ghPSEAREBNsFRTHh®E @GGREAGR: distinct phases may form t hat

are substantially ditbersais heingsgonskder@bétegich in 1, 3-propanedi ol
product, or in catalyst and solvent. The phase rich in 5

cobal t - rut heﬂpun?‘ﬁﬁﬁgﬁﬂﬁT‘&%‘aWﬁ’é(dEBHﬁFé igh B APHCERS vBiFRct |y

recycled for furiberiteassi on sidvdtkaedempaterizad _SandP[VpQQHQ{Jréa 3-PDO is
recovered fromthe product rich phase by conventional nethods.

For mul ati ons confRerrFAgncobrperafeirasoaregpnfra0 YoM AaCfGn misfierably
LrLuthenium dogcacabony! 2t b a(phoseiol anolal kene,| L gapds geovided |
The cobalt octanoat e- ther téd@ilidtiMpressure (total pressure, or partial
156 pressure if inert gaseous diluents are used) should be at

least 100 psi (690 kPa). A suitable operating pressure

is in the range of 100 psi (690 kPa) to 4000 psi (27,580

kPa), preferably from 1000 psi to 2000 psi (6900 to

13,790 kPa), and most preferably about 1500 psi (10,340

20 kPa) + 250 psi (1725 kPa). 1In a batch process, the

reaction will generally be complete within 1 to 5 hours.
At the conclusion of the hydroformylation reaction,

the 1,3-PDO is recovered from the product mixture by

conventional methods such as selective extraction,

25 fractional distillation, phase separation and selective
crystallization. The unreacted starting materials as
well as the catalyst and reaction solvent may be, and
preferably are, recycled for further use.

Partitioning of the reaction mixture can be promoted

30 Dby the addition of a phase-split inducing agent.
Suitable agents include glycols such as ethylene glycol

and linear alkanes such as, for example, dodecane. Such



dodecacar bonyl -1, 2-bi s(2, 5-di net hyl phosphol ano) et hane 15 cat al yst
precursors, solubilized in MIBE, allowed 1, 3-PDO to be generated from EO

pl us synga® oen9sgsrat er than 70 nol e% yields (basis EO chacyga®p2/odies e,
hydrof ormmyl ation is conducted at 9003and 1500 psi (10,340 kPa), using 4:1
(H2/ CO gas. Typically, the liquid product conprises two 20 phases, wherein
the desired 1,3-PDOis concentrated in the heavier phase (B) ( See
"Phases" columm of Tables). For this heavier phase, in Exanple 1, the

estimated 1,3- PROIRADPRAJUCHe 88H& 5 Ghe F2acthBnlndzRRQ BtOdratio is
83, and the acetal dehyde content only 0.2% 25 Said oxonation-active

sol utions typi cabTguRf SHItAIN EBRt BRPESIYnat (oe 1ORT PHr eel Pathd PHet erpbly

regions: 1850 - 4900 gmpl, 1960 ' BL2005 I LnThEs81 SPELLE forflf ihl-Wst rat ed
in Figures 1 and 2 for the Co-Ru-BDVPE system in MBE during EOto 1,3-PDO

synthesis. The PHGSmaivehastsods in¢liste addd tianERanpl T oBprapseigddi ti on

of excess BDMPE {0 saiyfk CoRY;icAt @l WiSlre SQ Wi QRS pEESHLL Sedifb R 3k gBLS i cant
1, 3- PDO production WO 02/098887 PCI/ EP02/ 06184 1% and no signature

i nfrared bands i tte tHB0022260 BRPHOrEiment r Al speghdneiliteieinabl e 3,
Exanpl e 16) . Thea{(%gl}]&vg %Qldeéﬁgﬂjcg%i’\%ﬂ 'si%ﬂrl‘ég FBlélr!ag%té £ d1e  present

i nvention disclose erein. e exanples are nten only as a neans of
il lustration andestrndld nmopabel comdt s capsnpilniceinge t dddet gpe tahlihie

present. inventj [ ; [ ' h ] gni ze
many vari ations %lﬁéal% %@%&mﬁéég;&/??ﬁto% éu%%%%tglnxr:\g??%%%% s?gi (rglﬁfg“ of the
di scl osed pr¥serphadse iswpemkicenn. Exanple 1 Preparation of 1,3-PDO To a 100

T str S0 o ARy LB L0, DEE SR LRTDEL L e
207 mg (0.80 mMmmevefy WitR- hustipIPRydRE ©Z, eSsentially complete
dinEthylphOSph0|§gg9é¥é“% ba%élgét(%o(gﬁ@ fga%%g %U' The preferred
catalyst recovery process involves separation of the two
15 liguid phase mixture noted previously and recycle of the
bulk solvent phase to the reactor and return therewith of
at least 60 to 90 % by‘weight of the starting catalyst.
In a preferred manner of running the process,
reaction conditions such as oxirane concentration,
20 catalyst concentration,‘solvent, product concentration
and reaction temperature are selected so as to achieve a
homogeneous reaction mixture at elevated temperatures and
cause a partitioning of the reaction mixture into an
upper solvent phase, containing much of the catalyst, and
25 a lower 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 solvent
system. This.process'is referred to as a phase
30 separation catalyst recycle/product recovery method.
In this process, the reactor contents are allowed to
settle or are transferred to a suitable vessel at

pressures ranging from atmospheric to near reaction



flushed nethyl tert-butyl ether (MIBE), 93 ng (0.48 mmole Ru) of
trirutheni um dodecacarbonyl, and 17 ng (0.21 20 mmol e) of sodi um acet at e.
The aut ocwewe/09s87 seal ed and pressurised to 1300 psi (89®@0ThPa)/ 0684 h

4/ 1(H2: CO synthesis gas, and heatedl4t o 130C for three hours, with
stirring, at 1500 psi (10,340 kPa). At this point, the reactor and
contents were cooled to 5C and the gases 25 vented. Ethylene oxide (3.6 gm
82 nmpl e) was added to the reactor systemand, after repressurising to
1300 psi (8960 kPagswid hvma/rlacHapSQ)ssygtﬁJaSQr tdmsiaaehple veSohigai,ed to
90C, for 5-6 hours at 150 g %\10 340 kPa). Additional %nt hesi s gas was
suppl i ed as need®dSt B if e@o PYn§°TD 't AES SHASYRREL 4Y 21.07 gmof a

two- phase | i qui dgpfoghiieic Waseigal baﬁts@@lewlxslldm 14%6100-padpLiediol
MIBE-'sol vent rich phase and 5.07 gmof a 1,3 WO 02/ 098887 PCT/ EP0O2/ 06184
16 propanedi ol rPERIPHas&r AﬁaF?E@%Y%‘F RSP IR Epr odBEL PRRFY Ui iF D Hases (T

and B), plus & subsgotlenitnaati k- gaagph&%néazgmneofcotnﬁﬁekeéﬁaoerold%tg@s
showed a 1,3-PDO yield, basis char of 71 nole% From further gc

anal yses 5 of thelheeviereseded( Byri fu’F%h%rﬁﬂa&&éﬁ’nt Hathtfeed esti nat ed

PDO' HPA product patépidss ca Pr%éuc%h@ f-%&th_l recro@te'rgd' 8r83, 11N G AR et
acet al dehyde content is onI 2% agf t(ﬁo -17 Exanples 2 to 17 were
€5

carried out acco?ﬁ?lhgplﬁﬁetﬁéf C?Gvﬁﬁéé dexanple 1. In these runs the

cobal t- ruthenium h%@%ﬂﬁﬁ%‘é%nga&@ﬁ&’éﬁzﬁﬂ@rc%ﬂéi%dobﬂaﬁéé@&':‘?H' on wtha
series of bis(phosphol ano) al kane 1i gands. @erl mental sunmary data are

provi ded in coﬁmwafglorrrafbrtéstzlrwthwr@ pepebsnYd ardpost wat er
wash of the 15 Rarg Lgl'%lﬁﬁan%nglk@néSf{%n&erp%tv%QEdlmgeP;&ﬁynt heses have

been denonstrated using:” a) A series o I 'gands, including 1, 2-bis([(2R
5R) - 2, 5- di net hy| s¥esipEol samd] ét,ﬁaﬁ@O[‘BWPE(qf\lu]qQ)l]lze@ 2n %msta[bl(ezsth%) -2,

5-di rret hyl phosph f‘?%%] £ £t h ar@a)t] etrAQutheLfhacem c mxture,

as well as 1, 2- ospho ano) et ane
dodecacarbonyl 1, 2-bis(2,5- dlmethylphospholano)ethane

15 catalyst precursors, solubilized in MTBE, allowed 1,3-PDO
to be generated from EO plus syngas in greater than 70

mole% yields (basis EO charged). Here, hydroformylation

is conducted at 90°C and 1500 psi (10,340 kPa), using 4:1

(Hy/CO) gas. Typically, the liguid product comprises two

20 phases, wherein the desired 1,3-PDO is concentrated in
the heavier phase (B) ( See “Phases” column of Tables).
For this heavier phase, in Example 1, the estimated 1,3-
PDO/HPA product ratio is ca. 52, the 1,3-PDO/EtOH ratio
is 83, and the acetaldehyde content only 0.2%.

25 Said oxonation-active solutions typically display

certain signature infrared bands in the regions: 1850 -~

1900 cm~1, 1900 - 2200 cm~1. These spectra are
illustrated in Figures 1 and 2 for the Co-Ru-BDMPE system
in MTBE during EO to 1,3-PDO synthesis. The PDO
30 synthesis is illustrated in Example 15.
The addition of excess BDMPE to said Co-Ru catalyst

golutions results in no significant 1,3-PDC production



b) A range of cobalt:rutheni um phospholano initial catalyst ratios. c) A
range of operating tenperatures (80-100C), 25 and pressures (500 to 1500
psi; 3550W0®20088840 kPa). d) A range of synthesis gas (H2PCDEPODOqI8sI ti ons.
WO 02/098887 PCT/ EP02/06184 17 rd o0 -i a) OWmr-1 co O 1'D >D a) H al
Lnm P4 HoMIn>Aerl Ln H1I0 mmr-1 NLn mNLn a) MLD Wr Ln m[H

r I DmlOco Or-1 1.) rl mV~d~r r ~-1L11r m~- Or-1 Lnm'...~ th
d+ mtnr HM Or d MOmHInLn m.-1 IO o NMr Mwm P4 QHMMCco
Nd, NMMH M mM¥ ﬁoasigIMtdlz@\ 1hBr§):le<ﬂlbaN1cQ Llrm @hw mabd) 2200NdMla P4 H w
MOrr-lHQ MOOTr-1 rf -~ o" rrr-1104 04 W

rN O Q N -, N WRECR# Ll’t?%q_nﬁ déeﬁ/l TaPis %\4 r@’iaﬁplmlﬁh Inin 10° A

The following examples will serve to illustrate the

present invention disclosed herein. The examples are

5 intended only ds a means of illustration and should not
be construed as limiting the scope of the present
invention in any way. Those skilled in the art will
recognize many variations that mayAbe made without
departing from the spirit of the disclosed present

10 invention.

Example 1
Preparation of 1,3-PDO

To a 100 ml, stirred, Parr autoclave, equipped with

the necessary temperature and pressure controls was

15 charged 228 mg (0.66 mmole) of cobalt octanocate, 207 mg
(0.80 mmole) of 1,2-bis[(2R, 5R)-2,5-
dimethylphospholano]l ethane, 23 ml of dry, nitrogen-
flushed methyl tert-butyl ether (MTBE), 93 mg (0.48 mmole
Ru) of triruthenium dodecacarbonyl, and 17 mg (0.21

20 mmole) of sodium acetate. The autoclave was sealed and

pressurised to 1300 psi (8960 kPa) with 4/1 (Hy:CO)

synthesis gas, and heated to 130°C for three hours, with
stirring, at 1500 psi (10,340 kPa). At this point, the
reactor and contents were cooled to 5°C and the gases

25 wvented. Ethylene oxide (3.6 gm, 82 mmole) was added to
the reactor system and, after repressurising to 1300 psi

(8960 kPa) with 4/1(H5:CO) syngas, the reactor was heated
to 90°C, for 5-6 hours at 1500 psi (10,340 kPa).
Additional gynthesis gas was supplied as needed.

30 After cooling to ca. 4°C, and venting, 21.07 gm of a

two-phase liquid product was collected comprising 16.00
gm of a MTBE-solvent rich phase and 5.07 gm of a 1,3-



Nrmrri NOOLwd O Mr .. br MIDd~r V, MN'Q ID~H pr-I r-1
,-lr-1 r-1r-1 U 3 HP+ NQ3PM3EW3H@HB ELCEB N(j) InJ tom
Ln H CL wOa210998870 W E OO UOOOO O0O0Oo0HHTr-L RCHEPO2/0G61841 WW W

WWwpEL1EiI VWD HOa ~Tnr-11rd04C7/r~ I I ~L™~L., LLxXx NN
HNr NHrH1 NH~i ,-1 r-l NH4HNa AUWOPTrl1 OPHOP4r-1 O
rq aarLON UUUUTr x LI-) PP dP.r P m-P r MWMRO .L.) mM -
InmmM Inato WWno W' 11 Ua o 0040 PO40 a oL Ca.. i aNN OOO

Orl OATri Oq propapadidl €OchlpGAS: . UMorhys€©sCqf Ohesg ©jo ‘pxroRuctN M In

10 r.b A iiquid phases (T and B), plus a subsequent water-wash-
(24.1 gm) of the reactor, by gc, showed a 1,3-PDO yield,
basis EO charged, of 71 mole%. From further‘gc analyses

5 of the heavier phase (B) it is concluded that the
estimated PDO/HPA product ratio is ca. 52, the PDO/EtOH
ratio is 83, and the acetaldehyde content is only 0.2%.

Examples 2-17

Examplegs 2 to 17 were carried out according to tﬁe
10 procedures of Example 1. In these runs the cobalt-
rutheﬁium homogeneous catalysts were used in association
with a series of bis (phospholano)alkane ligands.
Experimental summary data are provided in accompanying
Tables 1- 4, where W/W refers to a post water wash of the
15 Parr reactor, and ND is not detected.
1,3-PDO syntheses have been demonstrated using:
a) A series of P-ligands, including 1,2-bis([ (2R,
5R) -2, 5~-dimethylphospholanc] ethane [BDMPE(R, R}], 1,2-
bis[ (28, 58)-2,5-dimethylphospholanc}ethane [BDMPE(S,S)], -
20 their racemic mixture, as well as 1,2-
bis (phospholano)ethane (BPE). -
b) A range of cobalt:ruthenium:phospholano initial-
catalyst ratios.
c) A range of operating temperatures (80-100°C), ;
25 and pressures (500 to 1500 psi; 3550 to 10,340 kPa).
d) A range of synthesis gas (H2/CO) compositions.
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WO 02/098887 PCT/EP02/06184 21 CL Al MS 1. A catalyst conposition
conpri si NyO 0eMI8887 cobal t conponent conpri sing one or norePAArEPOL/H@gas ed
cobalt compounds; and (b) a rutheni umiconponent conprising in mgjor part 5
a rut heni um carbonyl conmpound ligated with a phosphol anoal kane |igand. 2.
The catal yst conposition of Caim1l solubilized in an ether solvent. 3.
The conposition of Caiml or 2 wherein the 10 phosphol anoal kane is
represented by: RR P. ~CH2 nP RR or Il. RP--{CH2 A n R3

CLAIMS

1. A catalyst composition comprising:
(a) a cobalt component comprising one or more non-
ligated cobalt compounds; and
(b) a ruthenium comporient comprising in major part
5 a ruthenium carbonyl compound ligated with a
phospholanocalkane ligand.
2. The catalyst composition of Claim 1 solubilized in

an ether solvent.

3. The composition of Claim 1 or 2 wherein the
10 phospholancalkane is represented by:
I. R R
CH :
R R
or
Ir. __ —_
R

0 .
0
@]
o
uf
-
>

R
- —3
wherein, in both I and II, R is a lower alkyl,
15 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.



wherein, in both | and Il, Ris a lower alkyl, 15 trifluoronethyl, phenyl,
substituted phenyl, aralkyl, or ring-substituted aralkyl; and n is an

i nt eger fwormeasss? 12; and for formula Il, Ais CCH3, CH, PRNT@EPOP06ISYD

02/ 098887 PCT/ EP02/ 06184 22 4. The c@nposition of Claim3 where, in both I
and Il, Ris alower alkyl of C1 to C6 alkyl and nis | to 3. 5. The
conposition of Claim4 where, in formula | and 11, Ris nmethyl. 5 6. The

conposition of Claiml where the, phosphol anoal kane is sel ected fromthe
group consi sting?®- of TOIOPFRbEPRoP AT Thaneherep. hpglpotis. I and II,

di met hyl phosphol ganpj et haRer A12ybi sf (ERE&RcZa3%yl and n is 1 to 3.

di net hyl phosphol ano] et hane; 1,2-bis[(Z2S, 5S5)-2,5 10

di met hyl phosphol &ano] etHrarnempds 3t bos (&f Sc1ladinet kephosjphof @amo)ler dpané;
tris[(2,5- di rretﬂ/l q@o.s hoelt%ng) met hyl ] net hane; tris[(2,5- A

di et hyl phosphol ano) etlhyI"] anrné; and 1,1, 1-tris[(2,5- dinethylphosphol ano)
ethyl] ethdne. 16.7. THee cooppestionnodfCiGial m bhetrer ehe t he rut heni um

conmpound is selected from ta‘? roup cansi stj of . rutheni um I.I%.
Cri carbonyl chl PREREITAICGLREAF UM TOHECaarBoRY Fer 6t Hani (4P Bony
acet ate pol yner, of ut febiwnphbbphehdms ) eithareyt heni-bas (2 M- oxide or its 20
hydrate, and rutheni um.on-carbon. g A process.for prepari
1, 3- propanedi ol Jor?ﬁﬁli}ys-'ipr]i’é’ng’ﬁgag? P (1a)2“€6ﬁtfé§%i§§7,'$%'a reaction
m xture, ethyl engiméexiyiighcesphbbanapatrdrts, 1hedbaggn2sansgnerts- 25 reaction
solvent, and a catal yst conposition. . conprising: él% one or nore
non- | i gat e@) coba %m%‘é'fyﬂ(?%ﬁggh8b)%%ﬂ ’iﬁ?neafn&'(zgi“g’gf( T Ut heni um car bonyl
conmpound | i gat edai - wiphodppbospbbadRaldaneiegiety; and (b) heating said
m xture to a tenperature within the ran % from 30 to,l??c and a pressure of
at | east 100 »1methy1phospholano)methéa methane; trisi(2,5-
dimethylphospholano) ethyllamine; and 1,1,1-tris[(2,5-
dimethylphospholano)ethyl] ethane.
15 7. The composition of Claim 1 wherein the ruthenium
compound is selected from the group consisting of
ruthenium (II) tricarbonyl chléride, triruthenium
dodecacarbonyl, ruthenium dicarbonyl acetate polymer,
ruthenium(III) chloride, ruthenium (IV) oxide or its
20 hydrate, and ruthenium-on-carbon.
8. A process for preparing 1,3-propanediol comprising
the steps of:
(a) contacting, in a reaction mixture, ethylene

oxide, carbon monoxide, hydrogen, an inert

25 reaction solvent, and a catalyst composition.
comprising:
(1) one or more non-ligated cobalt carbonyl

compounds; and
(iii) a ruthenium carbonyl compound ligated
30 ' with a phospholanocalkane moiety; and
(b) heating said mixture to a temperature within
the range from 30 to 150°C and a pressure of at least 100

psi (690 kPa) for a time effective to.produce a two-phase



psi (690 kPa) for a time effective to produce a two-phase WO 02/ 098887

PCT/ EPO2/ 06184 23 reaction product m xture conprising an upper phase
conpri si nyoaz4oe§ssT portion of the solvent, at |east 50 wr@TaPor/mascat al yst
conposition, plus unreacted ethyl ene 230xi de, and a | ower phase, which
conprises a major portion 5 of 1,3-propanediol. 9. The process of Caim3$8
wherein the catalyst conposition is made by a sel f-assenbly net hod wherein
all the conmponents are brought together at the sanme tinme under synthesis
gas conditions. t€ad@iompyroguetensxbhir€ eonmig simer ennupher cetasey st

W th & phosphol adiriay & RISk b8kl o " SRR Y Easehn 390 T che
range--of 25 to 159€ ehdsubseqlgnt| yoopusiedidry pider goreactestdethgaencon 15
with the cobalt compound at 3 fempgrature in,the tange of 2519 150G
5 of 1,3-propanediol.
9. The process of Claim 8 wherein the catalyst
composition is made by a self-assembly method wherein all
the components are brought together at the same time
under synthesis gas conditions.
10 10. The process of Claim 8 wherein the catalyst
composition is made stepwise wherein the ruthenium
compound is reacted with a phospholanocalkane in the

presence of syngas at a temperature in the range of 25 to
150°C and subsequently caused to undergo a redox reaction
15 with the cobalt compound at a temperature in the range of

25 to 150°C.



