29 Novenber 2005 1 ONE- STEP PRODUCTI ON OF 1, 3- PROPANEDI OL FROM ETHYLENE
OXI DE AND SYNGAS W TH A CATALYST W TH A PHOSPHOLANOALKANE LI GAND FI ELD OF
I NVENTI ON The present invention relates to the synthesis _of an  aljphatic
1,3-diol, particularly 1,3-propanediol, from ethylene off Y8VeRRF &Rgas in
one step. More particularly 5 the present invention relates to a catal yst
that provides good yields under mld conditions in the one-step synthesis
of 1, 3-propanedi ol and denonstrates advantages wth respect to cost and .
performance. The catal yst of the present invention conprises a honbgeneous
bimetallic 10 cobal t-rutheniumcatalyst in conbination with a class of '
bi s(phosphol ano) al kane |igands, solubilized in an ether solvent.
BACKGROUND OF THE | NVENTION Al i phatic 1,3-diols, particularly

1, 3-propanediol, 1 ) Lcat] .S ni for pol yest er
and pol yurethane, g’r%:%; B% II ei)f? 'ffp %yﬂjjl@é%fds of cyclic
conpounds. For - exanpl™&, E [5 § S

pfop

apol yester

characterized by outstandﬁﬁa : 1, 3- propanedi ol
(hereafter 20 1,3-PDO) and terephthalic acid. There is nmuch interest in
the art in finding new routes for synthesizing 1,3-PDO that are efficient,
econoni cal , antEM:AFIMVENTIPNocess advant ages. US- A- 3463819 and
US- A- 3456017 t eachmihe 29 bydeafenpylation . qf. ethyhen haeiEOoPraduce

. T : .
1, 3- propanedi ol grm? g hy&%xypr opana %%e]ar easf ter 3- HPX?%USI I:}l raa tertiary
phosphi ne- nodi¥imhtdebal. 8-carbonphrearwlamiy L Derpaarddel 20850mS530491
di scl oses a f O i NG .. € Iéyg% oXiyde- ot B3¢ bygy oxypr opanal
and 1,3-propg%%gﬁ%ﬁ% F%Xges%ﬁgrg&g %% ﬂ%f%gyan |ﬁproveg ggta?yst é%gtem -
conpri si ngd a Webairteseskt iavgnphosphéhetds gand icrtBlystbithati pnowidds a

rut heni um cat Y e O -P n ~HPA ar.e perad d intimtely
-contacting aﬁ%%%fﬁgﬁg?s Bé??Fcﬁ?%$|§°%§%%3?§ﬁ§’§&?§% %&grgg¥Fer EOQ, a
ditertiary phosjissie- pfdiL{Begdropaat¢dicharduhydemasirpses advantregsum

with respect to cost and performance. The catalyst of

the present invention comprises a homogenecus bimetallicg
10 cobalt-ruthenium catalyst in combination with a class of

bis (phospholano}alkane ligands, scolubilized in an ether

solvent.

BACKGROUND OF THE INYENTION

Aliphatic 1,3-diecls, particularly 1,3-propanediol,
15 have many applications as monomer units for polyester and
polyurethane, énd 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-propanediocl (hereafter
20 1,3-PD0) 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. 7
US-A-3463819 and US-A-3456017 teach the
25  Thydroformylation of ethylene oxide to produce 1,3-
propanediol and 3-hydroxyprcpanal (hereafter 3-HPA) using
a tertiary phosphine-modified cobalt carbonyl catalyst.



catal yst pronoter, and syngas (carbon nonoxi de and 10 hydrogen) in an inert
reaction solvent at hydrofornylation reaction conditions. A PDO yield of

up to 86-87 nole%is reported, using a catalyst conprisi %HRQ i gat ed
wi th 1, 2-bis(9-phosphabi cycl ononyl ) et hane, as bi dentate F?gﬁ% , a%@xtither

trirutheniunm(0) 15 dodecacarbonyl or bis[rutheniumtricarbonyl dichloride]
as cocatalyst. Al's 5304686 whi ch_djscl.oses.the nt i.s of

3- hydr oxypr opanal ﬁ§§§§4§§d5%§F PEFY apWSt%Pﬁepﬁogygfgg%%EBQ%%1%5%bonyI
catal yst and a-galah¥SbxiBE0RBt 8rhydRokbprppadutt hed aof 3lprdpa@edicdne step

with minimal inpurities and byproducts involves recycle and requires a
catal yst syst&ém @i hngoedsseRbIBiRg BBt BMBLPVARE Fa52pDOt $HUsEsi s and
during produc n Cc Lo LS ndesitabl ¢ indheart to
identify alte%%é ?géféétglggF83§ éggFgﬁgytﬁaggﬁeﬁnnst%g?g potenti al

advant age$ i ncohleinaeiocat epthr aductheniafn ta8aPpet .WOIL/ 72675 -dilkklagses a
one step process _for preparin of W01/ 72675

1,3-diol. _ Exanple 5,
di scl oses a %aﬁ%ﬁy@?ecBﬁB@EFF%oﬁYMﬁPEHmEBﬁﬁVi§ggt6FE&E§lFD3€XSEF5§HrbonyI,

tri rut heni um dodecagREbepyLe APdene( BRAL 3nebbstderostyl phosphalanalnet hane

ligand in a -1 gan rati o of in a methyl-t-butyl ether solvent

and a di net hyhdspbipeanpdefpednopbel tExanprays seseldistol G @3ltdierd Wy

Novenber 2005 ocess for_the_preparation_of nedi ol .wherejn the
process conpr?gééfgﬁﬁtgg?Pﬂgeﬁf 33 3yﬁgﬁgné0§%% % mn%ﬁnug?%éﬁgft

octacar borty! , hiabgehgnt imadodaepearbanylioan@ocdvent at

(R R 1, 2- bi s(di et hyl phosphol ano) ethane ligand in a 5 Cb:Fu;k%%ngfratio of
2:1:2 in a mebngrefpuiyilaginer reaghien CORGis 18rFet hi §&%ed pFonot er

wherein a 1:1._rakig~0 b xi-de and ;hydrogen Hihs addegd 4,0 o ifRt Nt ai n
a reaction pr%gsgéeggeﬁagg% %%.%egg El.i Nbé.bgg SUNﬁA Y In agiofﬁgﬁ%e W th
t he foregoi ngeobhktpilégened witknili, drbpsd@i-gpbe sphabil cylicdesniaafy ligfdwde f or

:§yL The |i gands

of the presentSi RYBEREGHEptOYPBE: pBOEN LN S0 A AVATTARRE A Th respect o
cost and qwer f ghABRSRarhBAy2I ooy tE@P5 um tricarbonyl dichloridel
as cocatalyst. Also see US5304686 which discloses the
synthesis of 3-hydroxypropanal using a ditertiary
phospine-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 requires a
catalyst system with good stability both during 1,3-FDO
synthesis and during product recovery and recycle. It is
desirable in the art to identify alternative catalyst

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

WO01/72675 discloses a one step process for
preparing a 1,3-diol. Example 5 of WO01/72675 discloses a
catalyst composition which comprises dicobalt

30 octacarbonyl, triruthenium dodecacarbonyl and a (R,R}1,2-
bis (dimethylphospholano} ethane ligand in a Co:Ru:ligand
ratio of 2:1:2 in a methyl-t-butyl ether solvent and a

dimethyldodecylamine promoter. Example 5 also discloses a



3 present invention provides a catalyst conposition conprising: a) a
cobalt conponent conprising one or nore non- |ligated cobalt conpounds; and
5 b) a ruthenium conponent conprising in major part a rgégecg m %ﬁfbonyl
conpound ligated with a phosphol anoal kang, | i gand. The n P f 3

hydr of ormyl ati on catal yst of the present 1nvention involves a conplex that

is postulated 10 to be a cobalt-rutheniun}phosEholgno | kane co %FX' One
charact eri zi ngrPeatar EOBf thRcPRERPERF 4PYs P BYPRENGEECSHr Whgreln the

phosphol anoal kane | i gand |i e . heni h t oy is
Phe-base i n IR ACe3naagtor A28t - HeheaPt L AROLENEP o (o perh AP, GRbeC wa A

ef fective, pasitcephat! yciachirBentat errbirathbasphobadefakckabesylThad a
invention al so provides a one ste rocess fo reparin 1,3-diol,

conpri si ng théRr%h%t?ohlﬁﬂdéWEtBXEPgﬁépﬁPﬁﬁn§§ﬁ§§§n§tlﬁﬁgpgfépnflation
condi ti 0n3 i N, NEGLAAOLYEND bE 509 BT €ReACheRhyLReLeatal Kihdromposi Li on
20 of the present 1nvention. In particular, the présent invention provides
a process fosobrveparand &, 8ipevpziddderyiempnesprgmolier stegeisf a ()l
contacting, in a.,reagtion mxture, .ethylen 25 oxi de, r bon _nonoxi de,
hydrogen, an FREFP Of eGRFPSH @8P9§ﬁg? éﬁg §Y§59§F§SESCS%%%%f§fbn
conprising: (fhdiRPEiAraNPEECROBNI baakedreobakiveear honyl tccamaumgs;. and 30
(ii) a ruthenium carbonyl conpound ligated with a phosphol anoal kane

noi ety; and (b) heating said mxture to a tenperature within the range
from 30 t@ 15 a pressure of at |east 100 psi 29 Novenber 2005 4 (690
kPa) forﬁ?tigéﬁggggctive to produce a two-phase reaction product m xture
conpri sing an uppeLnphaserdaanpr wikthgtaenmdpaegpanti,onhef rresesd vent, at

| east 50 wW % of the catal yst. conpositiogn, plus ynreacted ethylene 5 oxide,
and a | ower phﬁgﬁPt&HPcHrQHHﬁPFsésnﬁwnﬁ'SFSpSEtigﬁg 81 M5 p M 5Fartétiol

hydroformylation/hydrogenation catalyst composition.
The ligands of the present invention provide potential

15 advantages with respect to cost and performance. The



BRI EF DESCRI PTI ON OF THE. DRAW NGS The present invention will now be

descri bed by way of exanple with reference to the acconpanying drawi ngs in
10 which: Figure 1 is a typical IR spectrum of the cobal 2 r ut I"l)en'héqgr 1,
-bis[ (2R 5R)-2,5- di methyl phosphol ano] et hane (BDVPE) c&f MNPV 5°ng- t he
one-step conversion of EOto 1,3-PDQ synthesis, where the 15 initial

Co- Ru-BDVPE ratios are 1:0.67: 1. 2; ahd” Fi gure 2 is a cascade plot of the
same cobalt- rutheniuml, 2-bis[(2R, 5R)-2,5-dinethyl phosphol ano] ethane
(BDMPE) catalyst.during EOto 1, 3-PDO synthesis. DETAI LED DESCRI PTI ON OF
THE | NVENTI ON 20 The sel ectiye hydrof ornyl ation/ hydrogenat.i.on of ethyl ene
oxi de to 1,3- PBASREne EERY OF V6% SﬁFagYﬁécc‘? PR coH T CH
CH2 HO CH2 OHdmerleengdenonstrated using a binmetallic cobal t-ruthenium
honbgeneous catal yst system in_conbination with a, class.25 of

bi s( phosphol ano) al kahe | RgEHERLE sEPTRANS e FOPRT AR1NY AT Fe BATAYS! vent .

For exanple, aiGeRgkl- chbbkientsmpdunds Diand?, 5- di net hyl phosphol ano) et hane
catal yst solubilized in nmethyl tent-butyl ether (MIBE) can provide up to

70 ol e% yi 8l d of 1P3- PDB, TRBReRID FWHPFENGe FOmHE F 1P i ¥ MFIREr BRFEn from

EO plus syngas.g 29:NayedRecaA00»yD {afshald Yibhee@netdt a@p process for
synthesizing 1,3- PDO conprises ITntimately contacting ethyl ene oxi de,

car bon nonoxi dehgsghayaregtrareyhigand. and a binetallic catalyst in a

| i qui d- phase sol uti | B8l 1 Q814 ﬂ@%ﬁr%& SPmSOLVESE St is@MREr @kl e of
from30 to 150C, an ﬂgn c)e ]év%t?eoﬁ pressure,o pr§ef erably 100 to 4000 psi (690

to 27580 kPa) priesethi snedterion rinvalpas ancomnéedrshathdlsdestaniptédent PDO
et v bi mepal [T ol e T e e TRt
1,3-diols are r@deabyergh'amgi fﬁg}atarr::penmﬁ &he, ney- g@%ﬂﬁpﬁcﬁ &BGalyegnet
conpl ex, a phospholancalkane ligand ligated to ruthenium rather
than cobalt, as is the case in US-A-53046%1. A number of
, phospholapoalkane ligands are effective, particularly
15 bidentate, bis(phospholanc)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 prqvides a
process for preparing 1,3-propanediol comprising the
steps 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 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



reaction solvent, and optional cocatal yst and/or catalyst pronoter to a
pressure reactor with the introduction of 15 syngas (a m xture of hydrogen
and carbon nonoxide), suitably in a nolar ratio of H2: CQ of 1:1 t %53: 1,
~preferably 2:1 to 6:1, under hydrofornylation conditi ons.zgﬂ?éerﬁ'i’%@g of
the present invention may be carried out as a batch-type process,
conti nuous process, or a 20 m xture tyhereof. In the preferred enbodi nent of
‘the present invention separate, conbined or staged streans of EOQO syngas
and catalyst are charged to a reaction vessel, which can be a pressure
reaction vessel such as a bubble colum or a 25 stirred autocl ave, operated
batch-wi se or i (550 Gal)i Fdeus tIMENEEfedddveatRs pRlbduRet @ tloCahdan at ons,
preferably up to 6 carbon _atons, and ethyl ene oxide in particular may be
converted into FET T PFEEPREHITHIt UE S-SRI sk RE YOPRYdPBES® nyl ati on

reaction with Syngas sifot Bemd) 856968 MUn dhereAlRhYeht ORR! @ ddre
present invention. An essential part of the present invention is the use
of the Co- Ru- pit$pifdl &RGaFREREY BonPATeRes HHiene 0 MINEXURDEABVERIRFNIGES 6 of
the present 5 N 8RldeON a8 BRI bG¥E Gl EOMHIHE RmBRYEEs &! ASFoPlportion
rutheni um nodi fied catal ysts. The characterizing feature of this novel

cl ass invol ves %n loRi-grepanedieeni um netal that is ligated to a

phosphol anoal kafg propES@RPFTI N tdk areO Ry ReePound as the counter ion. The

oxi dation statée of the ruthenmumratom s not—entirely certain (in theory,
rut heni um may have Fheabeagent ofnenio.c@) widddnowybevéeschilped juniayg t he
course of the JydLg I cti-on. Accordi |.ar. rat,io 10
of rutheniumto co%afn?igng%%%?{#gmee%#aﬁ ;Egl g?’ :évé%gﬁé%%}éigga%e@.nggu# fi ci ent
cobal t (0) dRoumitib:added to conpletely oxidize all of the conpl exed

rut heni um enpl oyedg,. ess of_.cabalt .can_be ded ut i t of
particul ar val ue. Sgﬁégﬁgﬁ Jt%ea ﬁﬁlﬁjg'rcarlagﬁosg*ecﬁggr&ooﬁS&rr%ycc\’/%ga from4:1
to 1:4, preferabkhehiom®; 12tk @R, BB)e2pbeferably from1l:1 to 1:2. A

nber of phosghol anoal kane 1j gands,h identjfied as effective f
the one st 6p. PREREDAT HEATEnaieiR] SRe EosaPRERL. Rem R @ Ebbpl o,

Sui t abl e 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-dimethylphospholano]
ethane (BDMPE) catalyst during EQ to 1,3-PDO synthesis.
DETATLED DESCRIPTION ‘OF THE INVENTION

20 The selective hydroformylation/hydrogenation of

ethylene oxide to 1,3-PDQ in one step, represented by:

A COMy ———» CHy CHy
HC—CH; HO CH, OH
has been demonstrated using a bimetallic cobalt -ruthenium
homogenecus catalyst system in combination with a class
25 of bis({phospholano)alkane iigands,‘solqbilized in an
inert reaction sclvent. For example, é cobalt-
ruthenium-1, 2-bis(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:



20 phosphol anoal kanes i ncl ude phosphol ane substituted al kane conpounds of

formula | and Il as follows: I, R1 R P~-CF4P RRII. RH,M AR J 3 29
Noverber 2005 7 where, in both Formula.l and Il, Ris a |8$fr aékéé
£rifluoronethyl, phenyl, substituted phenyl, aralkyl, or 29NOMYMRSIKL] ¢ ut ed
aral kyl; and nis an integer froml to 12; and for formula Il, Ais CCH3
CH, Nor P. Preferred 5 are conpound% of formula | and Il wherein Ris a

| ower -alkyl of Cl to C6 alkyl and nis 1 to 3. Mdst preferred are those
compounds of formula | and Il wherein Ris nmethyl and nis 1 to 3.

Exanmpl es of such congounds i ncl ude, but are not 10 limted tao,

1, 2- bi s( phosphol anofBEREHELY 1£he ARE-ZtSP BrREERT HRDSPAYIRERDZ 1&6hind;
1, 2-bi s[ (2R, 5kEbo2cempeis@s ddihaseh %&%Qbhﬁﬁﬁ; elhArdns[ddFe,59) - 2, 5-
di net hyl phosphol ano] et hane; 1, 3-bis(2,5- dinethyl|lphosphol ano) propane;
tris[(2,5 15 diCAEPAYI ‘B%%’b’rﬁﬁ &1 MRPopRet A¥RE25] v | 374 2 himetallic

d!”Ethy|phOSthEEQQ%EEhﬁﬁ)é”ﬂﬂ&ﬁidi akelsbiliti8h(2n%an inert reaction _
di met hyl phosphol ano) et hyl ] et hane. Particularly useful, as. denobnstrated . in

the exanpl s, soimenheapraesmempanatante of frembBdent at$)°C,28nd an

bi s(phosphol ang) al kanes_such_as, for. ex I 1, 2-, bis[ (2R

SR) - 2, 5- di et h?#ﬁﬁ%@% P& ureet'hé’ﬁgf%é%g% ?”R,E"b’f@ﬁf&‘,l (690 to

5S) - 2, 5- di net hglrpboskphs] andin efHizneheaiksaeenitpotaitiriagaiortshdntdadepl us
1, 2 bi s(phosphol.ano) et h . Suitabl e _cobali sourcges inclu sal.ts that are
25 aduced to FROTSLIEE Wl FRFWREYe By PnEAE - £F BAE SRR S b spher o of

hydrogen and cabbabis®snoXnde réoyaipl 6 ehe sttive dbimetel ik saralpst
instance, bal t Cfrpoxylates such as acetates and al kanoates of 6 to 12
car bon atoﬁ@ compiex. | '

In the present invention the 1,3-diocls are made by

charging an oxirane, Co-Ru-phospholancalkane complex,

reaction solvent, and optional cocatalyst and/or catalyst

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

suitably in a molar ratio of H5:CO of 1:1 to 8:1,

preferably 2:1 to 6:1, under hydroformylation conditions.
The process of the present invention may be carriéd
out as a batch-type ﬁrocess, 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 véssel,'which can be a
pressure reaction vessel such as a bubble column or a

25 stirred aupoclave, 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 Thydroformylation 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



such as octanoates, which are preferred, as well as 30 cobalt salts of

m neral acids such as chlorides, fluorides, sulphates and sulphonates
Operable also are nixtures of these cobalt salts. ferreg
however, that when m xtures are used, at |east one 29 hb B0%
conponent of the m xture be a cobalt al kanoate of 6 to 12 carbon atons,
preferably cobalt octanoate. The redgction my be perfornmed prior to the
use of the catalysts, or it nay be acconplished: sinultaneously with the 5
hydrof ornyl ati on process, in the hydrofornylation zone. The counter ion,
for best results, is believed to be a cobalt carbonyl, such as the cobalt

tetracarbonyl gnigp LHEREGD ﬂlve?gfr}{y 3 t e%’%ﬁ gL %é@ér%—% r}%‘;epbt he

region 1875 to 1900 cm 1, particu regi on wever,
this ion in thelaas of e’aﬂ:blaysumcmdb’él%d qeidhilfyisdat.i Bhet bbavadt exGaiialt

carbonyl's can e aener fredn; BYaLeRe LA PTLLRRLALALL! B0 aohal ! source such

as cobalt octanoate wth synt Sstolc |orretry rati o of
cobal t: rut henixmhhenismpmesphothabval k ahiagd i egarne |asphusphb19mmaﬂ.]¢dne range of

0.5 to 4 |l e | t 25 nnles r uf heni nol es
phosphol anggl k;lng : %ga‘r"{ tg pF ?aef?e T eéwoul 58“‘.“[':?’6 {'Sorhbl es cobal t:
0.3 to 1.5 noles ruﬂ'henoumﬂaﬂlan dtate i ahephashbnb an ot deanics Irjcgand for

le 20 1:0.7;1.2, A formil that worked well f ,
Cobal t rut hen Pl Fe3Y oreT5abn bR oSG RO Rk 1o, Srofemee

stoi chionetry ef 01t6. 87, ladd m®ppeain \WangeUduirgageths Utberidlpscarneonyl
is believed to s _effective, and theﬁﬁata st ZS%eparatlon

b
therefore seek&Y 550?95‘5}@555%% TRAHSTUm AFCORALPELY s HherRiady TehaP t he

mol ar rati 600f ofutrheReniumt o Cobted 1t Ryl ﬁ;&lfylwithﬂn“réla&ﬂrélf}e boggent
i nvention, the %PEf erred nethod of _pr epar| n

th
cobal t - r ut heni GRPERBs phBPEhbE] K ST (@) & “FQ Pperddnrd ERsenbl y net hod

wherein all cat:atnpmétéppm@ﬁ@cm@e a8 [OYsRl chagetRed Alridifgane tine. As
denonstrated in Exa t he cobal t-ruthenium 29 Novenber 2005 9

phosphol anoal k§H® EB%I exéé% FESP T YeFOPadEdopy belddded, 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 phospholancalkane ligands have been
identified as effective for the one step PDO synthegis
using the cobalt-ruthenium catalyst couple. Suitable

20 phospholancalkanes include phospholane substituted alkane

compounds of formula I and II as follows:

R R
Qp’(c"'zgﬁpé
& R

II. -

5
o
't




‘reacting triruff

assenbly, in 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 | i gat ed ruthenlum
Species, rather than a ligated cobalt species. The pres@ﬁé@“ bar g0
Ru-1igated species rather than the Co- |igand species may be confirnmed by
e.g. IR analysis. Also within the sd%pe of the present invention is 10 the
stepwi se or sequential design preparation of the catalyst as follows. The
first step in the stepwise preparation is synthesis of the '

Ru- phosphol anoal kane conpl ex. This may be done by bringing a sui tabl e

rut heni um sour ¥bere, gintpothtReamula dodsdadar bBni% 2 ikpwER @dlvdet with the

|l ected | I bonyl
St eoted L1 0and MLSEORLNAL Y mAlY, SLEBdiLic Y SlaBhe ULbegh mgar bony
rut heniun(11) rirgecavbenifutdic relkygd,; dnden bmyameingmgesy&domndtiead of

triruthenium dggec%ﬁgr yéomutirt tﬁr il t‘ergéﬁ' ves %0 !rngl udlgr perrues(f of

| ess expensi ve T Ut heni L SoUT Ces thdt | a §yngas at nosp ere
in-situ formr arhenompmumﬁ bxﬁwilorspéal ESanaThBBewlheasareRpaBsavbowar henl um

sources may in e, .for rut_ heni un( o]
rut heni un(l11) giﬁ}’gr?‘aeg Sﬁ'd Fuﬁﬁgﬁ]l Lﬁﬂ%ﬁl cEr Lbl\qﬁ gsq%ls I ar l?-gfil o] of
phosphol anoal kase thgseddmpoundisheifi fgxrtayabe and 1D whe2eiprrfbsably about

2:1. The ruthen;j phosphal anoal k ne conpl ex may, for instance, be made by
é%ﬁn?%%d’ed‘asc % with a stoichionmetric amount of a

selected |i gand I N Bx@fplsd \WEnkuah aoﬁaga’aﬂﬁﬁtitﬁcﬂlu/ﬂet hbott keerasge of 25 to

150C, SUili@ 100 o 110C, der ﬁ Eon nonoxi de _or X%hem S gas
at nosphere'° f or 31t 299'hc}Ur23 F‘Bhoﬁﬁ P a’?@} ert 2085519 Ronpl et i on) .
At this point, dQ@étl@ﬁPﬂ;ﬂd@PMbﬂonﬁthgﬂhunl fgngﬂg\[j(zmrmmxznay be isolated

as a discrete naterial. Next, in the stepwi se net hod, the | i gand conpl ex

i s brought int & ESHRRRNSAA1ZNSlPEERTE’ c%)b%ﬂl?lscb%ouﬁﬁ) -8 %y means of a

redox reactiongifedfTpHR@NBI=ER] kt8aAE; COMPlde (Beai n at the
af orenenti oned (noncrl tical) conditions. A suitable cobalt source is

cobalt oct ano®tBetBAPKASREP1ABBAPEORBRPI kxS btk Ssal ts nay be used as
well. For imstaieeehdihoiphethad)7ebalt jmethane; tris[(2,5- :

dimethylphospholano)ethyllamine; and 1,1,1-tris[(2,5-
dimethylphospholano) ethyl] ethane. |
| Particularly useful, as demonstraEed in the
~ examples,. in the preéent invention are bidentate,

20 bis(phospholanc)alkanes such as, for example, 1,2-
bis[{2R, 5R)-2,5-dimethylphospholanc]ethane (EDMPE), 1,2-
bis[ (28, 58)-2,5-dimethylphospholanc] 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 of
such salts-comprise, for instance, cobalt carboxylates
such aé acetates and alkancates of 6 to 12 carbon atoms
such as octanocates, which are preferred, as well as

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

however, that when mixtures are used, at least one



10 octanoate, and optional pronoters, if any, are added to the solution
which is then maintained at the el evated tenperature (fron125 to 150C) for
atime of 15 mnutes to 24 hours. Again, optionally, % new cob %%

rut heni um phosphol anoal kane conpl ex may be isol at ed and 9 Sloygahes rized
Typical ly, whether said active Co-Ru- phosphol anoal kane conplex is
generated by self assenbly, or stepgswise, it exhibits characteristic IR
bands, particularly a strong cobalt carbonyl band in the region 20 1875
t0-1900 cm1 due to the (Co(CO 41- anion, plus a series of three.or four
rut heni um car bonyl bands in the 1900 to 2200 cm 1 region that are

postul ated to hegiigehe 6@t tﬁ@lﬁlﬁyﬁf@rﬂm 9By L1%BAELES of e t%Ofl%ltlonS

at which "these conpounds are allowed 25 to forma conplex are not
critical. Tenpetasthpne agams, pPé%éW@blquml)F \mcttmnnathe Thegeeduphion bel ow

wWth respect to.fRe Qudegiar d%f‘{ézor}:cflec% lu%'% o0 h@xéﬁ%ﬁzg% to?c }e0C.

Syngas nmay be uséd as“gas cap conpl ex ornat )
preferable to UBE’@esebvemp113EE®r&imukﬂﬂnpcmhéysUhvhnthased in the

hydr of or myl &t i V, hi abl e of

di ssol vi ng g%e c?{gggég?gF S? §£%§%§%nﬁh'F%éCg&ﬁggk?gmgggﬁﬁegﬁ%%% ‘2005 11
properties. SU|tabI@hsobventerlxmmluﬁpﬁIb@sethesaltdesm5|beﬁlémédnnofbe use
in the hydroforny n_process par cula al.k et hers, such
as, for exanpl & qﬁ%@Eg ggfbo?%e éﬂgfﬁb% ?dF8%8E%yF3Fr%%7¥P%#Y enation
using t he cat andsh,cdaposdljibn @hvﬁhg pr ebetdcteawrat iR Waad apt tmam
ratio of oxirane in the feed to Co-Ru-ligand conplex will, in part, depend
upon the parti celgapncdaps exo Iﬂqﬁ(nmﬂi . Hawevenlanblain rahé assagifonoiBBane to

the cobalt 10 Mﬁt?ln the Co-Ru-ligand conplex from2:1 to 10,000:1 are
general |y d8ti $Mact or Jowewesr ridriay hom iios the PPBWSOCEt%bYSQSG@nleeﬁng

preferred  WhergdiBecaiifAndiedl) (BaEQ Bhbhoftyeh Cbah! e Mendgatahai ned

t hroughout the reaction in a concentration not | ess tharm 0.2 % by
wei ght, gener aPlYy reRERion t¢fe thm@tagtioa2cobalh spwycewsush aspcebathbly 1

to 10 1 by wei gitanclesesh QD LA Hdhd! guei ght of the reaction m xture.

The molar stoichiometry ratio of cobalt:ruthenium:
19 phospholancalkane 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 cobait: 0.3 to 1.5 moles ruthenium: 0.5
to 2 moles phospholanoalkane ligand, for example
20 1:0.7:1.2. A formulation that worked well, for example,
was cobalt: rutheniumzl,z-bis(z,s—
dimethylphospholano)ethaﬁe in molar stoichiometry of
1:0.67:1.2, respectively. Unligated ruthenium Earbonyl
is believed to be far less effective, and the catalyst
25 preparation therefore seeks to ligate each ruthenium
atom. It is preferrxed that thé molar ratioc of ruthenium
to cobalt be from 1:4 to 4:1.
In the present invention, the preferred method of
preparigg the cobalt-ruthenium-phospholancalkane complex
30  is the self-assembly method, wherein all catalyst
compbnents are brought togethef at the same time. As

demonstrated in Exawmple 1, the cobalt-ruthenium-



The reaction solvent should be inert, nmeaning that it is not consuned
during the course of the reaction. 20 Ideal solvents for the invention
process will solubilize the feed and products during theia?\%ursg % ghe
feaction, but allow phase separation at reduced tenperat YemMbes % bl e
solvents are described in US-A-5304691. Good results nmay be achieved with
al kyl ethers, particularly 25 br ancHed al kyl ethers, and nore particularly
tertiary carbon atomcontaining alkyl ethers. The solvent used to
denonstrate the. present invention was nethyl-tert-butyl ether. Pronoters
may be enployed. Suitable pronoters are 30 described in US-A-5304691,
previously cit @iosprabphesllkEne propdeees mbyt baogkngxatied Hyesedddi |y
avai | abl e, and _have, ,denpnstrated the,pro | I: Sl are
tertiary am ngg’sgﬁ%ﬁyas“ﬁl,orﬁ cfﬁ:rreﬁ’h&P%%dgg%Pgﬁﬁéeggf%g%gég &r 2005 12
triethyl am ne, eahewekblesntal aldr s3hithesiehgas souliimiorscet dhe. The
conponents of the feed strecfm;. are _cqnt gct ed_jn c?lsé“ taglr% rsgilc'g{'__g
sol vent in the PPESEAERS GA19 he™s PESARY FrCoFI’%?e'?( of e PreSSAECTRVent i on.
The process5of sutheapresefdvauiv alid Gordanibr 6frd i kibamad iruthendahi nuous
node, while maintaining said BO concentration, by. for . instance, staged EO
addi ti on. For- BBECifBs FaeR hPaghé Jt8RCEH ﬁ%?%rf dsrl?ﬁﬁ:'aeﬁ'on?ﬁﬁdrogenat i on

i s conduct ed upgdesen6&nslf tiNRON ighevdt edettaperaiise tdiah phessur €.
Reaction tenperatures range from 30 to _150C, Er ef er aléllgl frlom.50 to 125C,
and nost pref er-dBRHf FREFIETF M5 Y1 RECCOREATMESCPY o Br €T AP Y EOPal pressure,

or partial 15 pressylgoididnief ttngaseope Ol tratsredentusedknsheonl fs be at

| east 100 psi &690 kPa). A suitable gperating pressure ., is in the range of
100 psi (698 kPHP BBEROUTE ¥ SEIReDEAalkPEFIIRRFRIAY FY 6f 880 psi to
2000 psi (6900 cLpa1¢s: 720 dflalowsand ThRSkipEef sEapl ih abulsctpl@=psi (10, 340
20 kPa) 250 psi (1725 kPa). In a batch process, the reaction wll

general |y be cBRpPeratifn Hish synthesifonf sthat ReRISHRAIGEC8ARBREt he

hydrof ornyl at i egm%fé’f:[ | OfLis WG be3uBRO by BELAYSILd fFhamabhie product
m xture by conventional methods such as sel ective_ extraction, .
ruthenium source, e.g. triruthenium dodecacarbonyl, in
15 contact with the selected ligand. Alternmatively, other
readily available ruthenium carbonyl derivatives, such as
ruthenium dicarbonyl acetate polymer and ruthenium(II)
tricarbonyl dichloride, dimer may be employed instead of
triruthenium‘dodecacérbonyl. Further alternatives
20 include the use of less expensive ruthenium sources that,
under a syngas atﬁosphere, will in-situ form rﬁthenium
carbonyl épecies. These less expensiﬁe 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



25 fractional distillation, phase separation and sel ective

crystallization. The unreacted starting materials as well as the catalyst
and reaction solvent may be, and preferably are, recycled for furé&e use. .
Partitioning of the reaction mxture can be pronoted 30 BWNVHBLAENR i on of
a phase-split inducing agent. Suitable agents include glycols such as

et hyl ene glycol and linear al kanes guch as, for exanple, dodecane. Such 29
Novenber 2005 13 an agent will be added to the reaction mxture in an
amount within the range of 2 to 10% by weight, preferably 4-to 8% by

wei ght, based on the total reaction mxture. Alternative nethods include

addi tion of 1, 3sqArangd)ol n h ct tyre Lasbri roduct
concentration up'to the)t arsgt EB%%p {%n ép orgaxllys’m E’llldl ZI E%E&a‘fr%ohol S
and agents w t Hisiamd gompdear mey bechsa.‘atmmamla q:rs@pr@mel matekris0pr opanol

can be added initia e e r|or to,t uent inducenent of
the 10 phase separ at&q:%ﬁ E@n’ﬁ%‘rgcgg ?arﬁt&?% rﬁ"er é&uﬁ?‘gaﬁ f FRTRA X

catal yst recouer @Imghtmhtopbentgct esittf se3neinfaidld yobalpl ebmpourrycl e of
catalyst togth The referred catalyst recovery pyocess involves
separ at i on 3 eﬁlt lgf qu?‘go’ﬁhxé%% R Fe %d‘i"é& ﬁﬁsi’s)g% recycl e

of the bulk scdou@ﬂtexphagaanat hehéemﬁﬁmeadtddrﬂwr(&ohbeiewiib of at |east

60 to 90 % by vei h of the startl lLyst. In a preferred manner of
ki Lainte gires

running the pr &?élss PBEctiBn® adfc BN CExAFaREPabhcent rati on, 20

cat al yst concemwictahbate, sbthwecﬂtihe:prélsb&tt %H@Q@B:E%t bfA saNgs MRALHeON
t enper at ure are s | ect ed go as to, achi eve honpbgeneoqus. reaction m xture

at el evated t emM§&EFaftir 88l and FRQURS BN ENt | Pieoﬁieﬂﬁcéﬁdt fgbalact i on ni xt ur e

into an upper o&ﬁhﬂﬁﬂtepw,oﬁﬂiﬁﬁfﬂlm me el s0f Ehﬁnﬁatﬂyﬁddeﬁ"QO25 a
| ower phase cong ai mf‘?’? post of the 1, 3-pr opaned| ol, upon cooling the

m xture. Such &PPaPPtErtoR MPiendy itheregaisspanrenatinthe elevatydof

product, recyckempérat@tdl yistom M U LABYAE) Of P EAWY: s fis0pNhE.SO! vent
system This process is referred to as a phase 30 separation cat a?yst

recycl e/ product®r &t RRHTE netisidn /| PREAPS2pLcesbe Bew eekaditor cont ent s are
al lowed to Seﬁfﬁeﬁuﬁfﬁiéégﬁi&fﬁfJaQQa}lQ éoaﬂiéﬁbllngyvﬁésf‘éol%tted and

15 characterized.
Typically, whether said active Co-Ru-
phospholano;lkane cpmplex is generated by self assembly,
or steﬁ—wise, ip'exhibits characteristic IR bands,

particularly a strong cobalt carbonyl band in the region
20 1875 to.1500 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 thgse‘compounds are allowed
25 to form a complex are not critical. Temperature and
pressure may vary within the ranges given below with
;esPect_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



pressures ranging from atnospheric to near reaction 29 Novenber 2005 14
pressure where, upon slight or considerable cooling, distinct phases nay
formthat are substantially different, being considerabl ricqﬂ
1, 3-propanedi ol product, or in catalyst and solvent. Thé& ﬁﬁ&?@‘??gﬁ inb5
cobal t - rut heni um phosphol anoal kane gnplex and solvent is directly
recycled for further reaction with ed materials. Product 1,3-PDOis
recovered fromthe product rich phase by conventional nethods.
Forrmul ati ons containing cobalt octanoate in 10 conbination with

trirutheni um dodecacarbonyl _an LS osphol ano) al k L [.gands provided
one-step synt HREGREXSACE 3. Igﬁégﬁﬁ’gﬁ é‘ggﬁ%&f? zlenacqiura]djesglﬂfgag#e&é her sol vents.
(Tge cgbaltholct a&@ﬁx&h : : l-Hefd Ihdlhaﬁzniftim udedmaﬂwl horttofbrm@l bt $on pbr<:|>cess,

, 5-di met hyl phosphol ano). et hane 15 cat.alyst precursors, solubilized in
MIBE, allowed 1B aEebﬁé‘HEPﬁ‘Ele%hFY% %%ﬁﬁ'uf‘f&nﬁ?& %‘?‘F JrEdFe® t han

70 nol e% yi el dgreghasi s EO charged). Here, hydrofornylation is conducted
at 90C and 1500 psi (10,340 kPa) , using 4.1 H2/ as. Typically, the
liquid proditt conprlifsdde \HGEZGLﬁHaE?é@;’OWF@?)Qi lmg%&gP%?P’{i?%ﬂ s
concentrated innd kg thagdieicoppaser{B 4&f Sate 'Paeas’ iaokatiowf chabl es).
For this heavier phase, 'in Exanple 1, the estimted 1, 3-_PDQ HPA product

ratio is ca. 5XPRifm ratppOoft OKAFART ol 7 i BT e%h &t FB'%‘_&&%@ yde
content only 0.2, 123 %@1@.,0&9ﬂ§55;9,ﬂ-@@éérv&_uwwtah@ngawpwﬁﬂ Yectipa Rhay

certain signature infrared bands in the regjions: 185 1900 cm 1, (1900
-2200 cm 1. Theswlsyes:r a BOWeVEr) uBPFaX SRt IPTiqfucEd r g ntP X% CobRe t

Co- Ru- BOVPRSY S1.8:.] RMTBE-ULL00a 8 &gk ARG yRihes £o, e PERE30
in Exanp

- synthesis is illustrate e 15. The addition of excess BDWE to

sai d Co- Ru cat aleperaldyl geitésfareenyt swith M lsrgaatiean®t 1£3238 :3r 58uct i on
29 Novenber 20%01_5 %ré(?‘n%og}%gg%g&e infrared bands in the 1900-2200 cm 1
' ‘See labl ) X

spectral regions (se anpl e 16). The foll owi ng exanples will
serve to illustrateWhiereptbeenkiravents FP.ditde EevihérereferpidyeRgnpl es

are 5 intended Qnly 33,3 TRABIRELL ! INS IR ShEbhEeRation not

15 1less 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 is not consumed during the course of the reaction.

20 1Ideal solvents for the invention process will solubilize
the feed and products during the course of the reactioh,
but allow phase separation at reduced températures.
Suitable solvents are described in US-A-5304691. Good
results may be achieved with alkyl ethers, particuiarly

25 Dbranched alkyl ethers, énd more particularly tertiary
carbon atom-conﬁaining 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—Af5304691, previously cited. Examples of
promoters that work well, are readily available, and have
demonstrated the promotion of EO conversion are textiary

amines such as N, N-dimethyldodecylamine and




be construed as |imting the scope of the present. invention in any way.
Those skilled in the art wll recognize many variations that nay be made
wi t hout departing fromthe spirit of the disclosed pres«;giN 10 n&g&ti on.
Exanple 1 Preparation of 1,3-PDO To a 100 m, stirred, P&°PTNONRPEERER,
equi pped with the necessary tenperature and pressure controls was 15
charged 228 ng (0.66 mmol-e) of cobalik octanoate, 207 ng (0.80 mmol e) of
1,2-bis[ (2R, SR)-2,5- dinethyl phosphol ano)ethane, 23 m of dry, nitrogen-
flushed nethyl tert-butyl ether (MIBE), 93 ng (0.48 mole Ru) of
trirutheni um dodecacar bonyl, and 17 ng (0.21 20 nmmol e) of sodi um acet ate.

The autocl ave vesisthybshiaiy] apr @83Urisesh i i1 30 gasisucBo68 kBajumi th
4/ 1(H2: CO synthesis gas, and heated to 130C for three hours, with
stirring, at 15%8°PRF®{ 10,340 kPa). At this point, the reactor and

contents vere cool edrik® ddmpandntbecgasrs Lhed Wt alnsEabyl eBacoxtde {3 6 gm
82 Mol e) was added, to _ the reactor systemand, after repressurising to

1300 psi (89603 kPHI Lottt MpEtionCepl ésigaln thife Dresense fhstheated -to 90C,

for 5-6 houss atad&DPsUorpl@n34f KRd)prefif Uik 1SWNt Basi MESe
supplied as needed. 30 Afot_n{e;":l goolli ng t%re(':a. 46,. andlventi ng,ﬁrzﬁs? gm of a
t wo- phase | i quitPPrRIRREPGGSVEDL iRt @ah dmmaiing petodn gneehtnuous

-MTBE- sol vent r1ighidhaas 1andhadnldi gmofepid, . 20 :
propanedi ol rich phase. Anal ygeslogfhseagledlt%o%%rno éggggﬁf)éhg%%ﬁ%%es (T and
B), plus a subsetpiafcamatsspoadsBO (2ddittipn- of the reactor, by gc, showed a

1,3-PDO yield, basig,EQeha f e' s. Fromfurther gc analyses 5
of the heavi er phase (IE) S 'Ee %ggg%%%’l ut ed%at&teﬁe esti mat ed PDQ HPA product

ratio is cd0 5hydinf PDOLELObh/ hydragerat8dn disd cohduatefatmiddryde content is
only 0.2% Exaigy 2- 1.7 to 17 were carried out according to
ﬁscfl%éisar?pgrg .E%d?tthe"?era he %t ﬁ-&%Bﬁg’F?‘:‘W ut heni um

the- 10 procedures o n ese ru

honogeneous catralation\tefpysetulds A5 Frban 30WMbh180%E! ieerekrabiy _
bi s(phosphol ano) al kane |i gands. Experinental sumary data are provided in
acconpanyi ng- from 50 to 125°C, and most preferably from 60 to 110°C. -

The reaction pressure (total pressure, or partial
15 pressure if inert gaseous diluents are used) should be at
least 109 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 (63900 to
13,790 kPa), and most preferably about 1560 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 methode such as selective extxaction,

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



Tables 1- 4, where WWrefers to a post water wash of the 15 Parr
and ND is not detected. 1, 3-PDO syntheses have been denonstrated using:

A series of P-

| i gands, including 1,2-bis([(2R, B5R) -2,

5- di met hyl phesphol ano] et hane [ BDMPE(R, R)], 1, 2- b.s((zs293§wem%ﬂ‘w°5
, S-di m~t hyl phosphol anoJet hane [BDNPES S, 9], 20 their racemc nixt ure,

wel | as 1,2- bis(phosphol ano) et hand

cobal t: rut heni

(BPE). b) A range of
um phosphol ano initial catalyst ratios. c) A range of

operating terrper atures (80-100C), 25 and pressures (500 to 1500 psi;

to 10, 340 kPa).

Novenber 2005
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d) A range of synthesis gas (H2/CO conpositions. 29
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4.to 8% by weight, based on the total reactlon mixture.

Alternatlve methods include addition of 1,3-propanediocl

~into the reaction mixture to bring product concentration

up to the target proportion. Also, miscibilizing
alcohols and agehterwith similar‘polarity such as
ethanol, propancl and isopropancl can be added initially,
then removed prior to the subsequent inducement of the
phase separation.

Commercial operation will require efficient catalyst
recovery with multiple cycles of essentially complete
recycle of catalyst to the reaction. The preferred
catalyst recovery process involves separation of the two
liguid phase mixture noted previously and recycle of the
bulk sclvent phase to the reactor and return therewith of
at least €0 to 50 % bylweight of the starting catalyst.

In a preferred manner of running the process,
reaction conditions such as oxirane concentiation,
catalyst concentration,e501Vent, 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
a lower phase containing most of the 1,3-propanediol,
upon cooling the mixture. Such a partitioning
facilitateg 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
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
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pressure where, upon slight or considerable cooling,
distinct phases may-form that are substantially
different, being considerably rich in 1,3-propanediol
product, or in catalyst and solvent. The phase rich in
5 cobalt—ruthenium—phosPholanoalkaﬁe complex and sclvent is
directly recycled for further reaction with feed
materials. Product 1,3-PDO is recovered from the product
rich phase by conventional methods.
Formulations containing cobalt octanoate in

10 combination with triru;ﬁenium dodecacarbonyl and
bis (phospholano)alkane ligands provided oné-step
eynthesis of 1,3-PD0O when solubiiized in suitabie ether
solvents. The cobalt octanocate-triruthenium
dodecacarbonyl-1, 2-bis(2,5-dimethylphospholano)ethane

15 catalyst precursors, solubilized iﬁ MTBE, allowed 1,3-PDO
to be generated from EO plus syngas in greater than 70
mple% yields (basis EQ charged). Here, hydroformylation
is conducted at 90°C and 1500 psi (10,340 kPa), using 4:1
{Ho/CO) gas. Typicaiiy, the liquid 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 ratic is ca. 52, the 1,3-PDO/EtOH ratio
is 83, and the acetaldehyde content only 0.2%.

25 Said oxcnation-active solutions typically display
certain signature.infrared bands in.the regions: 1850
1900 em~l, 1900 - 2200 em~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

solutions results in no significant 1,3-PDO production
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and no sigmature infrared bands in the 19006-2200 cm~1
spectral regions (see Table 3, Example 16}.
The following examples will serve to illustrate the
-presént invention disclosed herein. The examples are
5 intended only as a means of illustration and should not
be éoﬁstrued as limiting the scope of the present.
invention in any way; Those skilled in the art will
recognize many variations that may'be 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 téﬁperature and pressure ccntrols was

15 charged 228 mg (0.66 mmole) of cobalt octanoate, 207 mg
(0.80 mmole) of 1,2-bis[{2R, 5R}-2,5-
dimethylphospholanc) ethane, 23 ml of dry, nitrogen-
flushed methyl tert-butyl ether (MTBE), 93 mg (0.48 mmole
Ru} of triruthenium dodecacarbonyl, and 17 mg (0.2;.

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

‘26  vented. 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 synthesis gas was supplied as needed.

30 After cooling to ca. 4°C, and Qenting, 21.07 gm of a
two-phase liquid product was collected comprising 16.00

gn of a MIBE-solvent rich phase and 5.07 gm of a 1,3-
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propanediol rich phase. Analyses of these two product
iiquid phases (T and B}, plus a subsequent water-wash-
(24.1 gm) of the reaétor, by gc, showed a 1,3-PDO yield,
‘basis EO charged, of 71 ﬁole%. From furtherlgc 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
Examples 2 to 17 were carried out according to the

10 procedures of Example 1. In these runs the cobalt-
.ruthehium 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 tb 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-dimethylphospholano] ethane [BDMPE(R, R)1, 1,2-
bis[ (28, 5S)-2,5-diméthylphospholano] ethane [BDMPE(S,S)],

20 their racemic mixture, as well as 1,2-
bis (phospholano) ethane (BPE). _ _

b) A range of cobalt:ruthenium:phospholanc initial-
catalyst ratios.
c) A range ofloperating temperatures (80-100°C}),

25 and pressures (500 to 1500 psi; 3550 to 10,340 kPa).

d) A range of synthesis gas (H2/CO) compoéitions.
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1. A catal yst conposition conprising: (a) cobalt conpone onpri sj one
or nore non- |ligated cobalt conpounds; angh (b) rutheniun?%gﬁ%% é%?bﬁg
conprising in major part a 5 ruthenium carbonyl conpound ligated with a

phosphol anoal kane |i gand, wherein theggaggbéghd conposi tion does not
conprise dicobalt octacarbonyl, trir -dodecacar bonyl and a

(R R 1, 2- bis(dinethyl phosphol ano)ethane ligand in a Co:Ru:ligand 10 ratio

of 2:1:2 in a_neth I-t-b#§%l et her sol.vent and_.a, di net hyl dodecyl am ne
pronoter. 2. Fhe cht SRVt YEEnHEEPPESH 6T EPTPM B8 ubi I i zed in  an ether

solvent. 3. The conpesitiepRadt EbabBndnthessiptiktheg baephaspiaianea kane is
"epresent ed in ted cobalt compounds; and
ga P 7
(b) ruthenium component comprising in major part a
5 ruthenium carbonyl compound ligated with a
phospholancalkane ligand, wherein the catalyst
composition does not comprise dicobalt octacarbonyl,
triruthenium dodecacarbonyl and a (R,R)1,2-
bis(dimethylphospholanc)ethane ligand in a Co:Ru:ligand
10 ratio of 2:1:2 in a methyl-t-butyl ether sclvent and a
dimethyldodecylamine promoter.

2. The catalyst composition of Claim 1 solubilized in

an ether solvent.

3. The compogition of Claim 2 wherein the
15 phospholancalkane is represented by:
I. R R
CH
[ip’( zgﬁpij
R R
or
IT. _ —
R

wherein, in both I and II, R is a lower alkyl,

20 trifluoromethyl, phenyl, substituted phenyl, aralkyl, or



l. RRP~CR-~- PRRor I P(CH} nRA3 werein, inboth | and Il, R
is a lower alkyl, 20 trifluoromethyl, phenyl, substltuted phenyl, aral kyl,
or 22 29 November 2005 ring- substit ut ed aralkyl and n is_an |nte%er from1
to 12; and for formula Il, Ais CCH3 CH, ,N or P. 4. The 28iAseper €89 of
Clain13 where, in both | and I, R is a lower alkyl of Cl1 to C6 al kyl and
nis 1lto3 5 S Th conp05|t|on Cla|n14 where, in fornmula | and

is methyl. 6. TR E8RBGSLESA 5fraéa i Oghé& & & e %ﬂ%

sel ected frO”&bheaﬂHOlﬁng(fB%ﬁtl'anﬁl ofp :li.sz'd@l-é( I@?PSIN‘QJra@) et hane,
1, 2-bi s(2,5 10 di et hyl phosphol ano) et hane, bi s[ (2R 5R)- 2, 5-

di met hyl phosphol anghet &a’ﬁ@osltaobﬂ SiE( 2821758 MHeredi MEt BAHhOS phed ar)
et hane; 1, 3-bis(2,5- _dinethyl ph ospholano)propane tris[(2,5-
d|nethylphospﬁoFéné)%@Wﬁ?l i@ﬂﬂaﬁ@ Car it§] Cz, & and n is 1 to 3.

di th | h | t hyl | -,
G et T nosPRe] Snahe: W@?ﬁ%ﬁena# %%ﬁé%&nes%%(&% oo EEH A 1 VAT ei n

t he ruthenluntICOnggngetﬁ viel ected fromthe group consisting of ruthenium
(rr) trlcarbonyl chl ori de, trlruthenlun120 dodecacar bonyl, rutheni um
di car bonyl acétateTb§I?@@POSlﬁapﬁe@ﬁuﬁﬂﬁﬂﬂylcmhﬁraﬁih&thenlun1(IV) oxi de

O L ohydr abe ARSI LUENSLUT 1 8100 e ArPTISOIRL 0L draRall ¢

1, 3- propanedi e’steps o con |ng, In ction
m xture, ethybéne, 2ebhdeph©aph@nam@n@thﬁae hydmegﬁ@,zam-lnert reactlon
sol vent,,, and a cat% iSt conmposi tion conpr|5|ng Ek.on or nDre

¢

non-1i g% ed cBbRPEh¥APBERpRolanc)ethane,” 1,2-b1s [
dimethylphospholano]lethane; 1,2-bis[{(25, 58)-2,5-

dimethylphospholanocl ethane; 1,3-bis{(2,5-
dimethylphospholanc)propane; tris[(2,5-
dimethylphospholano)methyl]methane; tris[(2,5-

15 dimethylphospholanc)ethyl]amine; and 1,1,1-tris[(2,5-

dimethylphospholano)ethyl] ethane.

7. The composition of Claim 1 wherein the ruthenium
compound is selected from the group consisting of
ruthenium (II) tricarbonyl chloride, triruthenium

20 dodecacarbonyl, ruthenium dicarbonyl acetate polymer,

ruthenium{III) chloride, ruthenium (IV) oxide or its
hydrate, and ruthenium-on-carbon.

8. A process for preparing 1,3-propanedicl comprising
the steps of:

25 (a) contacting, in a reaction mixture, ethylene
oxide, carbon monoxide, hydrogen, an inert
reaction solvent, and a catalyst composition
comprising:

(i) one or more non-ligated cobalt carbonyl

30 compounds; and
(iii)a ruthenium carbonyl compound ligated with

a phospholancalkane moiety; and



30 conpounds; and (iii)a ruthenium carbonyl conpound ligated with a
phosphol anoal kane noi ety; and 23 29 Novenber 2005 (b)heating said m xture
to a tenperature within the range from 30 to 150C and a Bressure g& at

| east 100 psi (690 kPa)for a tine effectiye to produce & {NRerphel 2005
reaction product m xture conprising an upper phase conprising a 5 mjor

portion of the solvent, at |least 50 wt% of the catalyst. cqonmpqsition | us
unreacted et thélﬁ%aBkPae?aéﬁdmz%tPGﬁeFopﬁa§§f“p\'7?ﬁia5hlr@oﬁi}rtl%sl@s %}erns'ﬁadirgep

portion of 1,3ypr 88apedhale cWAgKe N phrl@aRireCeTS a#0a2 ¥ 10UTRIdS€(690
contacting at 80C ethyl ene oxide w tﬁ) di cobalt 10 octacar bonyl,

trirutheni um §8défararbbayke affeatiReRED, RProgiusediammey piRsspisiagio)®t hane
ligand in a Cg;

.Ligand io of 2.1 2 ] | -t- of. |
and a dinet h?Fggagtsf%gﬁitHr %Tol‘r%ﬁ‘g’trélsl eraléﬁnﬁl%gré% %Xlraastel ?%%grlgstalrr}g{bnaso vent

monoxi d& and hygeegebriscaddedthe FRilRkeaitn atl3dseactdconwyy esSuwies bet ween
10.4 to 11.1 Moa. 9. The process of Claim8 wherein the catal yst
conposi ti on i SARBA¥SEy CRTRERE t468e mBILPSBREAHTEr StRvAane (e omfiknt s

are brought tqg e t iR rdRder SYRtkesi@asEddit ians. 20
10. The pr ocegs?%ﬁ}gé glhr%tsg’v\h@rqgl’lnct hg cat al f/lst t:'corrppc?)jsi tion 1's nmade
st epwi se wher proptheddioflhewheme ico meu pd ccs sse dlctesd neitt ltanprise

b 25 o 150C-GRE2ER5E8qaENEDy CoRTEod TH SRdSryd STt S Fbtet on 25 v th
the cob@ t cogpedpdrdbnglt eFRERAWed ik ARG HRINY12%ddD al5SGGR) 1, 2-
bis (dimethylphospholano)ethane ligand in a Co:Ru:ligand
ratio of 2:1:2 in a methyl-t-butyl ether solvent and a
dimethyldodecylamine promoter wherein a 1:1 ratio of
carbon monoxide and hydrogen is added to maintain a
15 reaction pressure between 10.4 to 11.1 Mpa.
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.
20 10. The process of Claim 8 wherein the catalyst
composition is made stepwise wherein the ruthenium
compound is reacted with a phospholancalkane in the

presence of syngas at a temperature in the range of 25 to

150°C and subsequently caused to undergo a redox reaction

25 with the cobalt compound at a temperature in the range of

25 to 150°C.



