WO 01/ 72675 PCT/ EP01/03497 - 1 ONE STEP PROCESS FOR PREPARI NG A 1, 3-DI OL
Field of the Invention The present invention relates to a one step process
for prepavong7m7d, 3-diol, and 1, 3-propanedi ol in particubar/ErBaskygr ound of
the Invention 5 1,3-Diols have plenty of -uses, particularly in the

synt hesis of polynmers. For instance, "CORTERRA" (trademark) is a polyester
made of 1, 3-propanediol (hereinafter "PDO ) and terephthalic acid, which
pol ymer has outstanding properties. OGher 1,3-diols 10 may find simlar

use. Conmercially attraffs ¥eEPOPRESESEOFDREPREGARYNE A, 3- diphprare
therefore highly desirable. US-A-5304691 and the art described therein
relates to a process for making PDO and HPA (3- 15 hydroxypropanal, a

3- hydr oxyal dehy . S- A- 5304691, PDO and HPA are nade by inti mat el y
contacting an om%g%%—eﬁ%—%%—b%‘? hereinafter “EQ), a ditertiary
phosphi ne-nodi fied ophalbre SO G G Vid1atted Udeni 4ia et gl yst
pronoter, and 20 syngas (carbon nonoxide and hydrogen) in an inert
reaction sol ventpabcdyslr Déorpme @ ong reart3 odioontid i D/Bs-progiXediel d of
up to 86-87 nole%is reported, using a catalyst conprising cobalt |igated
with 1,2-bis(9- p‘l’fbsﬁ%’é‘b}%‘%‘?]@nonyl )et hane as 25 bidentate |igand, wand

ei t her trlruthergm ‘ |.s[ rutheniumtricarbonyl
dichloride] as T PCT/ EPO1/ 03497 2

5 1,3- Dlols have plenty of uses, particularly in

the synthesis of polymers. For instance, “CORTERRA”
(trademark) is a polyester made of 1,3-propanediol
(hereinafter ‘PDO’) and terephthalic acid, which
polymer has outstanding properties. Other 1,3-diols

10 may find similar use. Commercially attractive routes
to prepare such 1,3-diols are therefore highly
desirable.

US-A-5304691 and the art described therein
relates to a process for making PDO and HPA (3-

15 hydroxypropanal, a 3-hydroxyaldehyde). In
US-A-5304691, PDO and HPA are made by intimately
contacting an oxirane (ethylene oxide, hereinafter
‘EO’), a ditertiary phosphine-modified cobalt
carbonyl catalyst; a ruthenium catalyst promoter, and

20 syngas (carbon monoxide and hydrogen) in an inert
reaction solvent at hydroformylation reaction
conditions. A PDO yield of up to 86-87 mole% is
reported, using a catalyst comprising cobalt ligated
with 1,2-bis(9-phosphabicyclononyl)ethane as

25 bidentate ligand, and either triruthenium(0)
dodecarbonyl or bis[ruthenium tricarbonyl dichloride]

as cocatalyst.



As mentioned, this process typically results in the synthesis of a m xture
of HPA and PDO. However, it would be nuch nore attractive to produce PDO
in a simbersteep, or in a higher yield, obviously w thoupCHER@/(@BrIIIUCI NQ
inmpurities that inhibit the use of PDO i-n2the preparation of polynmers etc.

In order for this process to be particularly successful, recycle of the
catal yot without s GRSTTEHRE agter PO 8 PERCEPS pEVPOrRRLKETPETEEGAR

Surprisingly sucéhenggHEﬁé is L@ %nQi§t8§E35¥5hP§UEBBbbﬁo?sﬁgwEOEEein’ has
Su he

now been found. ry of t | nvention Accordingly the present invention
provi des a processwbaldabei npravedrexatanechydeotor pybdticenPDd5incat al yst,
the i nproved oxirane_hydrofornylation catalyst, and a one_step process for
preparing a 1,3 8iBglensERR: pPEséRcd B#ggﬁéhyéeégtaPPgﬁoﬂﬁéVeW1Fg€H§ery of

product is prefepab | i; Vs e. - at | a_di rich
phase fro§1the bé§k£¥§§8§gg§tF%ﬁggﬁéhg?.9 %Eaéégggégcgﬂgﬁgﬁetﬁg g#gsent
invention there i theoprdpdratpbacesspbdymprepatengra Bydeef sorytRikon
catal yst which involves: a) formng a conplex (A) by contacting a 25

rut heni un{O) conpbofes@i £A BedpeeEtFalgrpHosparagsiplgangcyahd Bf tbening a

Carbonyl | tonpoulBe 6o nALRRPEaRba Nt oRheSRPEEARPS RSP Fon (here is
al so provided a pydegipapybaltoneeatal yshrprepehgdybyuch R ge6sesuhi ch
i nvol ves: WO 01/72675 PCT/ EPO1/ 03497
10 and a catalyst suitably used therein, has now been
found.
Summary of the Invention
Accordingly the present invention provides a
process for an improved oxirane hydroformylation
15. catalyst, the improved oxirane hydroformylation
catalyst, and a one step process for preparing a 1,3-
diol in the presence of such a catalyst where
recovery of product is preferably accomplished via
phase separation of a diol rich phase from the bulk
20 reaction liquor.

In accordance with the present invention there ig
provided a process for preparing a hydroformylation
catalyst which involves:

a) forming a complex (A) by contacting a

25 ruthenium(0) compound with a ditertiary phosphine
ligand; and »
b) forming a complex (B) by subjecting complex (A)
to a redox reaction with a cobalt (0) carbonyl
compound.

30 In accordance with the present invention there is
also provided a hydroformylation catalyst prepared by

a process which involves:



3 a) formng a conmplex (A) by contacting a ruthenium (0) conpound with a
ditertiary phosphine ligand; and b) formng a conplex (B) by subjecting
conpl ex W) o1/tw7R redox reaction with a cobalt(0) carbonypPCEER@MBeNd. Sai d
hydr of ormyl ati on catal yst preferably has a cobalt carbonyl anion IR band

ol ves compl ex*( B) LOMREH ReCBBSLETalel b8 Bethecions 4 Fathekilm

i nvol ves conpl ex

rut heni un(+1) - théPhbeﬁthﬁén&@Eﬁ QQQ@H::LQr%)FﬁQQEh?ﬁe Ibgaﬁaaréﬁhe“ﬂ ng
feature of the novel <catalyst is that t he me berng ligale

rut heni um rat heb)t hforobdbgl & aemphewS(B)569469bjeceingredmpbeabﬁme
| ndeed, upon anal ysi s of both 15 systens a distinct difference in the
catal ysts was nbPed Ff Pﬁer?ﬁFEbQEtWéthTﬁeCPﬁaébéefrEﬁfBPnYﬁe cat al yst

according to the in

phosphor8§ rutheﬁ?uﬁ?ggﬁds e 1%9?285%@@?93%59§0§é€§%?§€,B&EF%ﬁag%g not
present in the IﬁaaoasaebhnuntafbbhylcahabnstRabaﬁadhﬂglagothg igvention
of US-A-5304691. Furthernore, the present invention also provides a one
step hydrofornylamrén process for preparing a 1,3-diol, conprising the
reaction of an oxirane with 25 syngas at hydrofor | ation conditions in an
inert solvent in thﬁh%rE@%ﬁ%e06¥r%nﬁyBY6¥6?ﬁ?mE%gghoncﬁﬁ%?¥X$tprepared by

a process whi ch i“¥8i¥§§mn§%p28%it 3,6 OUR! ¢X %A%tQ a€88t€8tb %2

rut henium (0) conpoun |ary phosphrne gand; 230 b)
form ng ﬁ)CO”D|eﬁu{ﬁ%nme$Ubjeﬁhb@ﬁhﬁﬁépbﬁaeﬁeétéo.achQD% Keaptlon wth a

cobalt (O carbonyl conpound.
complex. The characterizing feature of the novel
catalyst is that the metal being ligated is
ruthenium, rather than cobalt as in US-A-5304691
referred to above. Indeed, upon analysis of both
15 systems a distinct difference in the catalysts was
noted in the IR spectra. The IR spectrum of the

catalyst according to the present invention revealed

the presence of phosphorus-ruthenium bands at 2107,

2053, and 2040 cm-1 , which are not present in the IR
20 spectrum of the catalyst according to the invention

of US-A-53046091.

Furthermore, the present invention also provides

a one step hydroformylation process for preparing a

1,3-diol, comprising the reaction of an oxirane with
25 syngas at hydroformylation conditions in an inert

solvent in the presence of a hydroformylation

catalyst prepared by a process which involves:

a) forming a complex (A) by contacting a ruthenium

(0) compound with a ditertiary phosphine ligand; and
30 b) forming a complex (B) by subjecting complex (A)

to a redox reaction with a cobalt (0) carbonyl

compound.



WO 01/ 72675 PCT/ EP01/03497 - 4 |In accordance with the present invention
there is further provided a one step hydrofornylation process for

prepari ngv@oli7878i ol , conprising the reaction of an oxirPOEERI/I34EyNngas at
hydrof ormmyl ation conditions 5 in an inertgsolvent in the presence of a
hydr of ormyl ati on catal yst which is a ruthenium (+1)- phosphine bidentate :
cobalt (-1) conpl ex WReREFATERRCS| VR ctNAePEFSFRE r HRTRRAF10R Rk 1s

condi tions whi che, Pt REET BPbY; HBANa CORP! SELE hohrbEE-MY1 LANSh ¥ PIBSs L0
reacti on cause a phase separation of fthe reaction mxXxture info an upper

sol vent phase whish psepathngna Tasaliysl, atcmprieiry phaseesdt Lonisfrich in
the 1,3- diol, recycling the.U£per phase rich in catalyst directly to the
hydr of or nyl at i o2 e@¥iranef vitRusYpgas at hydrefonrnyd 2hipn esodist yons
unreacte% startigg Ha{gr{glgblgndtrfgogerin eégecl,g-déol fromthe | ower
phase rich in 1, 2t ol T h - aB@or dance mn?% Rhe p?e%en¥ invention there is

still further prw&ﬂsﬂoﬁnpmf%ﬁr@%ﬂ%@@ wilahyss 20rWh&hi g @1yt henium
(+1) - phosphi ne bidentate : cobalt (- conpl ex wherein the |ligated netal

is ruthenium Brhe$priDeserbpienpad theolFdbur éslTheompkserwhéreomtiloa wil |

now be described b 25 way of ,exanple with reference_to.the acconpanying
drawi ngs, in whi Jrélatii‘?(gdf‘ee‘yifi S WloEe hePRit RS 1 ibect r um of

the invention calalystakey BEGRAGHLN L, Shehl-Stitaddy gumof a

conparison catalyst (as O prepared) ; Figure 2 is a conpdarison of the

In-situ 1R reaction cause a phase separation of the reaction
mixture into an upper solvent phase which is rich in
catalyst and a lower phase which is rich in the 1,3-
diol, recycling the upper phase rich in catalyst
directly to the hydroformylation reaction for further

15 reaction with previously unreacted starting

materials, and recovering the 1,3-diol from the lower
phase rich in 1,3-diol.

In accordance with the present invention there is
still further provided a hydroformylation catalyst

20 which is a ruthenium (+1)-phosphine bidentate
cobalt (-1) complex wherein the ligated metal is
ruthenium.

Brief Degcription of the Figures

The present invention will now be described by

25 way of example with reference to the accompanying
drawings, in which:

Figure 1 is a comparison of the in-situ IR
spectrum of the invention catalyst (as prepared) with
the in-situ IR spectrum of a comparison catalyst (as

30 prepared) ;

Figure 2 is a comparison of the in-situ IR

spectrum of the HPA absorbance at 1728 cm’® over the



spectrum of the HPA absorbance at 1728 cm 1 over the WD 01/ 72675

PCT/ EP01/ 03497 5 course of the reaction using a catalyst in accordance
with thewoesexwtsi nventi on, as conpared to the conpari soprCcTapralosgs7, and
Figure 3 is an IR spectrumof catalyst regisons of 5 the isolated solid of
Exanple 5. Detail ed Descrli %Eon of the Present Invention, K Oxiranes of up to
10 car bon atonB,CBP§F§r8§I§ pTeAG Lt OB HSdRTaoRR L 24K E L elRy PEFOTERNEE i n

particular nay pe gopyar b?gsieﬂttoihb‘éhrtigﬂr,rSngBﬁ%Qgea’ odigls 10 by the

hydr of ormyl ati on reaction"wth syngas 1n the presence of conplex (B) as
catal yst. The 1, 3oflpakssanecardeyby ;chadgi ng the oxirane, catalyst,
optional cocatal yst and/or catalyst pronoter and reaction solvent to a
pressure reactor 15 WigHrehd iAt RBdERt PBACErUByA§asatalwbkt yegiohs hfdr ogen

and carbopn nonoxide, .suktably iR. lar __ratip of 1:1 to 8:1, preferably
2:1to 6:%) unde#geh§593 gfﬁyﬁgﬁﬁgnggo% ?WPgﬁsg'The process of the present

invention conpripesai2Bdbakebriyppechr B€CE66SpPregBht NEAYEHRPRBGESSES and
m xed fornms thereof. For best results, the process is conducted under
condi tions of el evate@diranperafunp &ndlpressher. at®wact buaferapéyatipr es

range from anbi ent tenperature 25 to 150 C _preferaQly from5Q0 to 125 C,
andgnnst prefer &8I § ggB §OaF8mT10aEé ?HQY}EEEtPKHQEré?sBPEtlﬁPgﬁﬁl

bLessuLy, O PALRRgL ol peRURECLh Logtl mseoten diaR s s leg s |
bat ch 301(pr ocessbyt hrer Bgdrbbormyllhtgenerahtyibr eovhl eyagas in the
presence of complex (B) as catalyst.

The 1,3-diols are made by charging the oxirane,
catalyst, optional cocatalyst and/or catalyst
promoter and reaction solvent to a pressure reactor

15 with the introduction of syngas (a mixture of
hydrogen and carbon monoxide, suitably in a molar
ratio of 1:1 to 8:1, preferably 2:1 to 6:1) under
hydroformylation conditions.

The process of the present invention comprises

20 batch-type processes, continuous processes and mixed
forms thereof.

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

25 to 150 °C, preferably from 50 to 125 °C, and most
preferably from 60 to 110 °C. The reaction pressure
(total pressure, or partial pressure if inert gaseous
diluents are used) is desirably in the range from 5
to 15 MPa, preferably from 8 to 10 MPa. In a batch

30 process, the reaction will generally be complete
within 1.5 to 5 hours. The reaction solvent is

preferably inert, meaning that it is not consumed



within 1.5 to 5 hours. The reaction solvent is preferably inert, neaning
that it is not consuned WO 01/ 72675 PCT/ EPO1/ 03497 6 during the course of
t he reactweoni/7d6deal sol vents for the invention process wCi/EBala3l7 i ze t he
feed and products during the course of the reaction, but allow phase

separation at reduced tenperatures. Suitable 5 solvents _are _described in
US- A- 5304691. FofUrAdiBakde COyEsE Pésbbes Irgy tieracAderdd splvenésnhdos,

ncluding cycli ¢rand gexelin eligless 0ALNOBBNLLINN LORBENGLEGN L th an

al cohol or aromatic hy car I'ent” results have been ac ved with

met hyl tert butybrbduetieduiVhBE: handoargiexodr €hef reaktens, Mol allow
chl orobenzene. The process of the present invention, in respect of the
preferred enmbodi PBaseorepPREasyRNhasi FegncpPoLenpgyasaresny Sniisably

described.as follows. Separate, 15.conbined or streans _of EO syngas
and catal§st arEO?%EPgsdaFS geP§§&%F§219eg§eé;ggﬁ%§%16aﬁoﬁe158tﬁpg§sure
reaction vessel gdel 2esalbubhae el HERiEVeA with' teteddt 0Ochavggipper at ed
bat ch-wi se or in"a continuous nmanner. 20 The conponents of the feéd

streans are cont egrédc andaasyictlabl etheaest i optdonaedity in thabpnesépne of
the catalyst of th [ The EOw || preferably_be

Et resEnt i pvention. Th E i
mai nt ai ned t hr oulib halrehedi 6n PRogatdsnB¥AEPSAFER noEXFEddePhan 0.2 %
by wei ght, 25 gepecah by walhl BebiCabAT@Gell wOch hBcAd1 YRy vBLobL, .
preferably 1 to 10 % by wei ght, based on the total i ght of the reaction
m xt ure. 10he proeekerof(MrBeE) pndsanthikbuest bdnteanehe @aehi ed out in a
continuous node, whilst nmaintaining said EO concentration, by

chlorobenzene.

The process of the present invention, in respect
of the preferred embodiment on the synthesis of PDO,
can be conveniently described as follows. Separate,
15 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

stirred autoclave, operated batch-wise or in a

continuous manner.

20 The components of the feed streams are contacted

in a suitable reaction solvent in the presence of the

catalyst of the present invention. The EO will

preferably be maintained throughout the reaction in a

concentration not less than 0.2 % by weight,

0,

25 generally within the range of 0.2 to 20 % by weight,
preferably 1 to 10 % by weight, based on the total
weight of the reaction mixture. The process of the
present invention can be carried out in a continuous
mode, whilst maintaining said EO concentration, by

30 for instance staged EO addition.

At the conclusion of the hydroformylation

reaction, the product mixture is recovered by



30 for instance staged EO addition. At the conclusion of the

hydr of ornmyl ation reaction, the product m xture is recovered by WD 01/ 72675
PCT/ EPO1MI349T2675 7 conventional methods such as sel ecti peT/grewraed7 on,
fractional distillation, phase separation, 7 decantation and sel ective

crystallization. The unreacted starting naterials as well as the catalyst
5 gnd reaction sS?VXﬁPtﬁBQageTeﬁﬁﬁgﬁrﬁ?gpaﬁFysﬁfﬁ?t1Y%c9§FEﬂCFb?nfurthe¥

use. In a preferred-pRongi QfstyDihogohhe REO6eSSpark€26HI ON conditions
such as oxirane concentration, catalyst toncentration, solvent, product 10

concentrati on andeteactttbont enpesataceive ecsgbeal bilzasilch. ashéo achi eve a

honogeneous reaction m xture at elevated tenperatures and cause a
partitioni ng of WRES2Fe&Et FHATHIRY UPRLERIBLAN2B PRt sBFvERE pakaLYst

contai i g mich ofat heacel ahysly 0 Bl OWEL PIRIS,rdPo£O01H! BERY MOST of

the 1, 3- propanedi 6I' upon cool 1 hg tionl ng
facilitates isotatyene@ntlofec@rehyrofisroduct, recyle of catalyst and
renoval of heavy ends fromthe solvent system This process is referred to
as a phase separati obn2@ peebtysed reayree oL progubnd riekeve¥gce®shod. | n
this process, the reactor cogtents are

allowed. to settle or are
transferred to a SuftaBleVadEetORE SOrh nddr OFLERET onCPF el e Wher e upon
slight or considerablgr coghbag: £helbACt SPHRSEE. MBYodQEM that 25 are
substantially different, being considerably rich “in product or in catalyst
and sol vient. Thecqphesetratidniandatedysiomndespeévanire satk recliéytedcycl ed
Por Turther rean o M L S A Ssenions Teddtion 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
15 containing most of the 1,3-propanediol upon cooling
the mixture. Such a partitioning facilitates
igsolation and recovery of product, recyle of catalyst
and removal of heavy ends from the solvent system.
This process is referred to as a phase separation
20 catalyst recycle / product recovery method.
In this process, the reactor contents are allowed
to settle or are transferred to a suitable vessel at
or near reaction pressure where upon slight or
considerable cooling distinct phases may form that
25 are substantially different, being considerably rich
in product or in catalyst and solvent. The phase
rich in catalyst and solvent is directly recycled for
further reaction with feed materials. Product is
recovered from the product rich phase by conventional
30 methods.

It is essential that the reaction is run such

that product diol maintains concentration levelg in



recovered fromthe product rich phase by conventional 30 nethods. It
essential that the reaction is run such that product diol mintains

concentr av@on7déevel s in WO 01/ 72675 PCT/ EPO1/ 03497 8

suitable for phase separation. For exanple, -concentration of

1, 3- propanedi ol
preferably from

C, and preferabl

ess

is

t heCT/BREIVG3897 N X

ter than 50, % by_wei ght,

n be from | t han t r .
R o705k By BT B GaRLr af Y PRORT 6 8005 3550 W el ght
and preferably f&pamdbet 0c8Rcdbyat W6hobE - 1 TEPLEBLNEGi YT ERE HYI £564Nt
settling of phases can be fromjust above the freezing point of the
reaction m xtureléss 180a, 1ahd geegtérkehyn 5o ghelby geneghw)ly from 27 to 97

r

10 f 3
to avoid the for%ﬁ??%ﬁa}gg’l gﬁ‘ﬂ‘f‘ %1! E8hofs %d""ehﬁp}a’éhyﬂ%%eﬁé%yaﬁéom 8
mscibilizing agegts, Oy A)Esqnitt LhaPbeL ELABbYy DE- B! 5 L fedo thrgyghout

the reaction in a concentrati

n not l'ess t by wer ght,

to 47 C. _The EO concentration.is pmintained

general |y w thi nrwéhght angeeopebatute 20rhdyqueegdtént peeteiadlyfl to 10 %
by wei ght, based on the total weight of the reaction. The reaction can be
run with a two-PIEesS s53Ehe FoaBvarst 2o Hhel EeeezingipoErt o8

maxi m zed when hé
phase reaction an

asé Separatidn occurs‘upon cébling.

@Q f@%&@i‘éﬁ%&ﬁ&m 2050 s praucl, ALe R GS§AL J 0 a single
supsequent p

Partitioning of Hiwh&eAachéReral Xy Uf Lok ady bigo 7 ot %&bﬁé}%ﬂﬂ}xi on of a

phase-split inducing agent.

Sui t abl e agents include glycols such as 25

et hyl enel0gl ycol frem|3hee 47k hesThsudl® avndetegaidon Siscmadmtagersd wi | |
added to the reaction mxture_. in armynf.vﬁthifthe ranl%e of 2 to 10 %,
to av n o ight alco

15

20

25

30

| a
oid the format{B hols a
aldehydes that are miscibilizing agents. Oxiranes
will preferably be maintained throughout the reaction

o)

in a concentration not less than 0.2 % by weight,
generally within the range of 0.2 to 20 % by weight,
preferably 1 to 10 % by weight, based on the total
weight of the reaction. The reaction can be run
with a two-phase system. However, yields and
selectivities are maximized when high concentrations
of product are present in a single phase reaction and
subsequent phase separation occurs upon cooling.
Partitioning of the reaction mixture can be
promoted by the addition of a phase-split inducing
agent. Suitable agents include glycols such as
ethylene glycol and linear alkanes such as dodecane.
Such an agent will be added to the reaction mixture
in an amount within the range of 2 to 10 %w,
preferably 4 to 8 %w based on the total reaction
mixture. Alternate methods include addition of 1,3-
propanediol into the reaction mixture to bring
product concentration up to the target proportion.

Also, miscibilizing alcohols and agents with similar

be



preferably 4 to 8 %v based on the total reaction mxture. Alternate

nmet hods i nclude addition of 1,3 30 propanediol into the reaction m xture to
bring pmoodovt2eécdncentration up to the target proporti on. PCAEB®,/03497

m scibilizing al cohols and agents with $4ﬁdeu VI)01/72675 PCT/ EPO1/ 03497

9 polarity such as ethanol an d |so n can be added
initially, then P@ﬁﬁﬁ&& pﬁQﬁﬂﬂﬁéj%5%§no ub?@& 3yaPﬁH&éPR§°Pﬁ€ hase
separation. It i3 eS$RNtifded Qn&Q%aﬁﬁ%VGt%%%C&%ﬁﬁQeﬁf9&%%% 2, B3y as

catal yst a conplex (B) is used. Conpléx (B) is believed to conprise a
novel cl ass of renbemqmanuhymﬂhdmiun@tahysp&aséhee@habaabarlZ|ng feature of

this novel class involves an oxidized rutheniumnetal that is ligated by a
tertiary di phosphi neIlci ggn&SSe0tirdhia EBBarPo¥EnEsERT1REIcBEREEFS on, that

may be byt prefejably %a{a}%tlystgat %g)pg)x %gggsagomd' ' ety g&eﬁggcormound

of this conplex conprises hos STi d. "As nenti | i gand

is a dltertlarylalb&qa@h@@eum=dbh@rg%@eaahob@nnuuass15fRBBthBBhR- wher ei n
each group R and R independently or jointly is a hydrocarbon noiety of up
to 30 carbon at ompdifagd Qd&@laﬁt@rgahﬁcCBarégtﬁgigdagpf@ﬁtgrEOOI atoms in
| engt h. Preferab al en

th 20, h
i ndependent | y is ey%l < EFO&PR99V68|89CP§égE§Fd Fugkﬁpgg%oWSta%ach

group R and Rl EhﬁEe&%bhigb@@%P%QdﬁnEEEtE€§ UBlbﬁo%BhQﬁébQHgaﬁEOWB nmore
preferably up to 12 carbon™at ons. ybr cycl oal kyl groups are

preferretiv The gwaup @ %bbpﬂafebmpbyndoaprcseatearhon atbas, mafgi bk may form
part of a ring s%sten1such as a benzene ring or
ut preferably is not ligated by a phosphorus ligand.
One compound of this complex comprises the
phosphorus ligand. As mentioned, this ligand is a

ditertiary diphosphine of the general formula:
15 RRP-Q-PR'R’

wherein each group R and R’ independently or jointly
is a hydrocarbon moiety of up to 30 carbon atoms, and
Q is an organic bridging group of 2 to 4 atomsg in
length. Preferably, the group R and R’, when

20 monovalent, each independently is an alkyl,

cycloalkyl, bicycloalkyl or aryl group. Each group R

and Rl preferably independently has up to 20 carbon
atoms, more preferably up to 12 carbon atoms. Alkyl
and/or cycloalkyl groups are preferred. The group Q

25 preferably comprises carbon atoms, which may form
part of a ring system such as a benzene ring or a
cyclohexane ring. More preferably Q is an alkylene
group of 2, 3 or 4 carbon atoms in length, most
preferably of 2 carbon atoms in length. A non-

30 limiting list of illustrative diphosphines of this

class include 1,2-bis(dimethylphosphino)ethane; 1,2-



cycl ohexane ring. More preferably Qis an al kylene group of 2, 3 or 4
carbon atons in length, nost preferably of 2 carbon atons in |ength. A non
30 Iimtiwgol/istvs of illustrative di phosphines of this clpewEPOIGI3Ue

1, 2- bi s(di et hyl phosphi no) et hane; 1,2 W0 QY 72675 PCT/ EPO1/ 03497 - 10

bi s(di et hyl - phosphi no) et hane; 1, 2- bi s(diisobutyl phosphi no)ethane; 1, 2-

bi s(di cycl ohexyl phdsphehY Lt RRREPhinol glaane y k. 2-

trinmethyl tyl [ 1 = bi j | ; 5, ph hi ,
11 3 bi S ot iyl PPCSOR hey o7 bpaae PR FEEREALY ] 1 o PRoSPRI NO) PTOPANE

1- (di et hyl phosphb 1) dBedl bhéxy Dphsgbh ved pscipane; 1,2-bis(2,4,4-

1, 2- bi s(di phenyl phosphi no) et hane; 1, 2-bi s(dicycl o- hexyl phosphi no) et hane;
1, 2- bi s( 2- pyri dytripgielhylpephpiphasphipeleoirne 1 2. preiaidyetopenty 10
phosphi ng) et hane;, 1, 3-bis(2. 4 4-1ri hyl ty-, P hi no) pf opane; and
Bl s (0 phenyl CBTSRRMIA0E = OBaRs b » et bt b loRESRAHET RhsbRhe
substituted W th- n@le gl F835PRINES 0PI HOFPELNESph B Np o6 eMRs, R and/ or

both groups R may al so be part of a bivalent 15 group, to forma ring(s)
wi th the phosphol u3-htstdsphenglphosphnphetiphaey cl catkaneddéy¢tom 5 to 8

atons. Exanples on 5-ring systens hosphal anp- based i gands)_ i ncl ude
1,2-bis(phosphol%ﬁﬁ%%ﬁW@ﬁébl ?b?t%?é¥2,%y%ﬂ ﬁ@T%%B%%H%!aﬁ%S%%%?ene,
optically pure . 1S 9); 2=l -
dinethylphosphoﬁ%ﬁ%§%§§%¥%)%éh%%%efacé?;%}%#éé%#%fbﬁ%%%;ring itself may be
part of B nmulti phogplsirsdeathafxanp) B2sbid (Buchd it Nnsylsy Bpentypy be found in

the aforenentioned US-A-5304691 and in WO- A-98/42717. In 25 the forner,
phosphabi cycl ond@BPSRh HipsPEPRAMR s cR1b ek, 2 - il (diphepry] aphesphino)
adamantyl - 11 ke ggé%‘éhéﬁ“&hese groups R and R’ may be substituted
with non-hydrocarbon groups themselves. Both groups R
and/or both groups R’ may also be part of a bivalent
15 group, to form a ring(s) with the phosphorus atom(s),
such as a phosphacycloalkane of from 5 to 8 atoms.
Examples on 5-ring systems (phospholano-based
ligands) include 1,2-bis(phospholano)ethane, 1,2-
bis(2,5-dimethylphospholano)benzene, optically pure
20 (R,R), (R,S), (8,8) 1,2-bis(2,5-
dimethylphospholano)ethane or its racemic mixture.
The ring itself may be part of a multi ring system.
Examples of such ring systems may be found in the
aforementioned US-A-5304691 and in WO-A-98/42717. In
25 the former, phosphabicyclononyl groups are described,
and in the latter, adamantyl-like groups and
phosphatrioxatricyclodecyl groups in particular are
described. Diphosphines wherein both groups R and R’
form a ring with the phosphorus atom are preferred.

30 The most preferred ligands are 1,2-P,P’'-bis(9-
phosphabicyclo[3.3.1] and/or [4.2.1l]lnonyl) ethane



phosphatri oxatricycl odecyl groups in particular are described.

Di phosphi nes wherein both groups Rand R forma ring with the phosphorus
at om ar e wo ef/ezered. 30 The nost preferred |igands are 1, 2P@r/Broini3s{7O-
phosphabi cycl o[ 3. 3. 1] and/or [4.2.1] nonyl)1ethane WO 01/ 72675

PCT/ EPO1/ 03497 - .11 . (hereinaf PBN-2), its 1,2-P, P'-propane and/or
its 1,3-P,P‘-proﬁgﬁgeéEEEGSEeggkﬁbégﬁafEEF)%QﬁBﬁJ§)fprSPPQFtP S%hosphi ne
| i gands are commeggi gl by payai_lLableneCatahysts RLeRaLed ¢ etk aLe known
in 5 the art and their néthog o? gfeparatéon greggésgr%%gg %P%%§2?2r| in
US- A- 3401204 and US- AiBb2¥848y. phbephphesphigaadki gardsonmaypraliad e

partially oxidized tg 5$hos hi ne oxides in the manner described in
R

US- A- 5304691. 102YRé Po SRtPlyshE PyeParrenthrrstsRMayeynpwnf dam 2; 1

to 1:2, preferab f X 2.3 [ r Ly.fro 4 to 4:5 . and is
nost pref%rably kégoé?gagTa Fgeﬁg ﬁ?%%?ﬁe??zg%gF%§?¥%ﬁﬁsg?gséFﬁgrﬁﬁeg
tertiary di phospifededubheniumusrncarnbanyk eedaposnd-3557Busk,i.t TReght al so be
a bis(tertiary diﬁhos hine_ rutheni um Rentacarbonyl conmpound. Unli gated
rut heni um car bonphopphbaki ékgands mayanlspabei partipédvesxidadgedhéocat al yst

preparation therehorehseeks 1o |, agg each rut?eniu. atom 20 The counter
ion, for best reBUPPEMTS 8§F98§e&gt ©pB2LBEAI ESPSEFRESY BBny !
([Co(CO4]-), aliBopghabhgerion in the active catalyst may be a

nodi fication thereof. Part of the cobalt conpound may be nodified wth
(excess) laertiary di phespatmne, of. §igand to rbtRBESnimmedfomaypayupvapy50 nol e%
However, the counter ion is preferably the non-ligated cobalt
t et racar bonyl rom 2:1 to 1:2, preferably from 3:2 to 2:3, more
preferably from 5:4 to 4:5 and is most preferably
about 1:1. It is hypothesized that this results in a
tertiary diphospine ruthenium tricarbonyl compound,
15 but it might also be a bis(tertiary diphosphine
ruthenium) pentacarbonyl compound. Unligated
ruthenium carbonyl is believed to be an inactive
gpecies, and the catalyst preparation therefore seeks

to ligate each ruthenium atom.

20 The counter ion, for best results, is believed to
be cobalt tetracarbonyl ([Co(CO)4]~), although the

ion in the active catalyst may be a modification
thereof. Part of the cobalt compound may be modified
with (excess) tertiary diphosphine, e.g., up to 75

25 mole%, say up to 50 mole%. However, the counter ion
is preferably the non-ligated cobalt tetracarbonyl
mentioned before. Cobalt carbonyls can be generated
by reaction of a starting cobalt source such as
cobalt hydroxide with syngas, as described in J.

30 Falbe, “Carbon Monoxide in Organic Synthesis”,

Springer-Verlag, NY (1970), or otherwise.



menti oned before. Cobalt carbonyls can be generated by reaction of a
starting cobalt source such as cobalt hydroxide with syngas, as described
inJ. 3@We6al/ms75" Carbon Monoxide in Organic Synthesis", PSpEPoigsu9Verl ag,
NY (1970), or otherwi se. WO 01/ 72675 PCT{EP®1403497 - 12 The oxidation
state of the rutheniﬁg1atomhi . not egtirglg certghn gin theorﬁ, r ut heni um
may have a val ence OFC0CFHIB)ICRNPER Rt ebBA EHERGRIUT: RRG™ RS PB5urse of
the hydr0f0r”V|aéh@@ré@ﬁ?&é?ﬂaiﬁpqghdtﬂgb¥y,5rh€ﬁeﬂ9hﬁrmé§Fth@farUthen'Um
to cobalt may vary wthin relatively broad ranges. SufficCient cobalt (0)
shoul d be added tvelenapl efeDPytoxBdi zehakh whyt beencohphgzedurihienham

enpl oyed. An excess of cgbalt _can be added, but is not of particular

val ue. 10 SuitabF§urefeChofar PXEreieamyéatirBntgactiony: Accopfanglypl y
from2:1 40 1:3, gor oF%?ffé@?gyo%rgﬂkﬂé%%u%ot igobgf€ ﬁ2§aL¥§g1 conpl ex
ol | ows step at

(B), may be made as ereafter. e firs In“the al yst
preparation 15 wsthbe sybhbesklyobreadprergéd). Fhisionynbecebagetby
bringing a suitable Ru(0) source, e.g. triruthenium dodecacarbonyl, in
contact with the(Pbth@Fid HephAddphi he. canpéehal vvekydieaeat ti et hBAI um
dodecacar bonyl ma

_ _ b re | ac H mﬁ&h | ess _expensjve Zoeguth niug1 urces
that in-situ forh’ R %}, sﬁ%ﬁ £ty Pu?ﬂ@g?ﬁ I'v) OxFHES ﬁyafa?g.aiﬁe
condi tions at whigh bhesgasqnPeundssanst 8kl pueditQréprymausonpl ex are not
critical. Tenperature and pressure nmay vary within the ranges 25 al ready
mentionet) i n resPectabliyt hehaydobdor mptadi variesattoémns : Byhgas: dmy be used
as gas cap duringréggrably from 2:1 to 1:3, more preferably from 1:1
to 1:2.
The catalyst, complex (B), may be made as follows
hereafter. The first step in the catalyst preparation
15 is the synthesis of complex (A). This may be done by
bringing a suitable Ru(0) source, e.g. triruthenium
dodecacarbonyl, in contact with the tertiary
diphosphine. Alternatively, the triruthenium
dodecacarbonyl may be replaced with less expensive
20 ruthenium sources that in-situ form Ru(0), such as
ruthenium(IV) oxide, hydrate.
The conditions at which these compounds are
allowed to form a complex are not critical.
Temperature and pressure may vary within the ranges
25 already mentioned in respect of the hydroformylation
reaction. Syngas may be used as gas cap during the
complex formation. On the other hand, it is
preferable to use a solvent, preferably the solvent
(if any) used in the hydroformylation reaction.
30 Obviously, this solvent should be capable to dissolve

the active catalyst, without affecting its

properties. Suitable solvents include the ethers



conpl ex formatio
preferably the s

Qovi ousl wwovh7x750l vent shoul d be capabl e'to dissol ve

w t hout affectin
01/ 72675 PCT/ EPO
ether (MIBE) in

n. On the other hand, it is preferable to use a solvent,
olvent (if any) used in the hydrofornylation reaction. 30

g its properties. Suitable3selvents include the ether
described before,  and

R Lbgrh et ong o gl B i ke e Bty Rl ¥ e

t hecrEPINMB4at al yst ,

s WO

ary-butyl

by

reacting trirut hqpram dodepagankeny With a 5 stoichiometric amount of a
in a solvent at a tenperature within the range of 90 to

selected Iigand
130 C, suitably
3 hours (i.e. un
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critical)gcondit
but ot her cobal
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sel ected cobalt
solution which
of 15 to 60 m nu
preparation neth

100 frbeltom@lemndd) aayarfbeoninsbaoxedbeatmadspbgre, for
til conpletion). 10 Next, the conplex,gA) i s brought
SERCABIE CEBIMENETAPBUARIcEgSPRPRRYENYItEf &

t(0) conplexes, preferably w e exception of 15
edloenpl exea, teapelatusedwashwal khe Fangenstfansoetot he
carbonyl, and _optional gronnters, if any, are added t

130t fen #ad hallyietO @t tehel @ Crateiqfempeiaman for a
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spRScrAGTULLAR SncopbaLl S0UEGRCkaqdha0a! sotacar bonyl,
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are

reduced to the zepppvakenas.state by heat- treatnment e.g. in an atnosphere

of hydrogen and
i nst ancel0 cobal t

15

20

25

30

car bon nonoxi de. Exanpl es of such salts conprise, for
carNexyl atbs soubles d3ét asebrandht in contact with

a suitable cobalt compound, again at the
aforementioned (non critical) conditions. A suitable
cobalt source is dicobalt octacarbonyl, but other
cobalt (0) complexes, preferably with the exception of
phosphine-modified complexes, may be used as well.
For instance, the selected cobalt carbonyl, and
optional promoters, if any, are added to the solution
which is then maintained at the elevafed temperature
for a time of 15 to 60 minutes. This process is
referred to as a step-wise preparation method.
Suitable cobalt sources also include salts which
are reduced to the zero valence state by heat-
treatment e.g. in an atmosphere of hydrogen and
carbon monoxide. Examples of such salts comprise, for
instance, cobalt carboxylates such as acetates and
octanoates, which are preferred, as well as cobalt
salts of mineral acids such as chlorides, fluorides,
sulfates and sulfonates. Operable also are mixtures
of these cobalt salts. It is preferred, however, that
when mixtures are used, at least one component of the
mixture be cobalt alkanoate of 6 to 12 carbon atoms.

The reduction may be performed prior to the use of

25



oct anoates, which are preferred, as well as cobalt salts of mneral acids
such as chlorides, fluorides, sulfates and sulfonates. Operable also are
m Xt ur es wobi/tlese cobalt salts. It is preferred, howeverpCT/mBai1/B®MWhen
m xtures are used, at | east one conponen{ pf the mxture be cobalt
al kanoate of 6 t% cgﬁ@xn at ons, [g eduction é @e performed prior to
the use of WO 01 956?% ?Eﬁo??oéﬁg?ay $43CPREPLEFRPYsts or it may be
acconpl i shed 5'5Hh&§8§ﬁ§§h¥ly‘%BthhghEYH?Q§QEB¥h?§h@ﬂoﬁrBESéésbnlnthe
hydr of ormyl ati on zone is also with he scope of the present 5
i nvention to prepheehgdmpfexmyPrthygnazeref-assenbly nethod, wherein al
catal yst conponents are brought  together at the same time, but the
conditions and in péFtF%u?é?otﬂétngth? sgPBe sef ebRedPXEERNEs to favour
the for i on of d.ru 0,.r.ath hap at ed
cobal t gg%0|es %ﬁgg%ggégnEé %?855ﬁ81§§ﬁ?18 t((a]éi;L bgc%egé%gtﬁ é?h% t he
Co- phosphi ne Spﬁétmd;rawhbeemnéuneetbyystgcodnﬁoﬁéﬁtysaﬁe baoti§hs respect
it is enphasized that in the aforenmentioned US-A-5304691 it was said that
the form 15 of FﬁgerﬁﬁeﬁFuﬁhﬁsSﬂ@? Eimei chnt AheheapAitions anggésted to
use ruthenlun1cong§gxes of phosphi nes describ d %n this refe ence, any

P

such use is clea? lf%lﬁ?epa?e ??Sryapﬁosp e%oﬁp? x84 %balt
car bonyl cataly8f§vowktthOﬂéﬁﬁaeﬂ&hyofhs 1 0§58t 88 thendRium species,

phosphi ne-conpl exed rutheniumstarting material. The optimumratio of
oxirane fleed to cahbéextbﬁm awl fgatedpapbatiepspecipon The paesénaeart
conpl ex enployed, Howey lar ratios of oxirane to the cobalt within

conpl ex (B) fron?belRPoli@aB% - §PgFLes rather than the Co-phosphine
species may be confirmed by e.g. IR analysis.

In this respect it is emphasized that in the

aforementioned US-A-5304691 it was said that the form
15 of the ruthenium is not critical. Although it is

suggested to use ruthenium complexes of phosphines

described in this reference, any such use is clearly

to prepare tertiary phosphine-complexed cobalt

carbonyl catalysts, with consequently the loss of the
20 phosphine-complexed ruthenium starting material.

The optimum ratio of oxirane feed to complex (B)
will in part depend upon the particular complex
employed. However, molar ratios of oxirane to the
cobalt within complex (B) from 2:1 to 10,000:1 are

25 generally satisfactory, with molar ratios of from
50:1 to 500:1 being preferred.

Promoters, such as described in the
aforementioned US-A-5304691 may be used. The
currently preferred promoters, because of their

30 availability and demonstrated promotion of EO
conversion are dimethyldodecylamine and

triethylamine.



25 generally satisfactory, with nolar ratios of from 50:1 to 500:1 being
preferred. Pronoters, such as described in the aforenentioned US-A-5304691
may be usedor/Twes currently preferred pronoters, because PETER@I/3480
availability and denonstrated pronotion of1£0G conversion are
dinethyldodecylaninecand tri?thég%n}neh ¥M591/72675 PC%/EP01/93497 - 15
Conmerci al oper at i on“APETFadhi PREEFH PRI APIRYEE FEESTAFY Wi t h

mul tiple cycles ghtg3s8ant kabbyergOWRtAt RULEEYELEOE163t BEY8EsLAL A
reaction. The preferred catalyst recovery process involves 5 separaylon of

the two |iquid phaspletset ueeynbeedf pateilyas| yoahber segctiont The bul k
sol vent phase to e regctor ?nd return therewith of at_|east 60 to 90 by

t
wei ght of the stBFEFRGTEL: GPYRLYSHLECHPEEENt PFAGERF SRVPSVEErt her

illustrated by 10,6bgcfiohl QM PR €XRBPh $§uidaBhEsd- mMREELL LS8R

formul ations Co source CoCc Cobalt octoate D cobalt octacarbonyl Ru
source TRC Triruphenionsllgdendcaebpaye BRCENBI blkt hehyant phase to
tricarbonylchloride) Ligand B9PBN-2 1,2-P, P -bis(9- Ehosphabicyclononyl)
et hane BDEPE 1, 2tBestapretay| pROspAFHEReERarawWiBh PE at least 607 to 90

1, 2- bi s(dii osbutyl phosphine) eth , 2= bi 4,4
trinethylpentylpﬁogghﬁggéﬂgtﬁgngﬂgEfﬁ%iiﬁééFgag%;§§Fé(dinethylphospholano)
et hane The present invention is further illustrated by

10 the following examples.

Table 1. Materials and formulations

Co source | CoOc Cobalt octoate
DCO Dicobalt octacarbonyl
Ru source | TRC Triruthenium dodecacarbonyl
BRCC Bis (ruthenium tricarbonylchloride)
Ligand BO9PBN-2 | 1,2-P,P’-bis{(9-
phosphabicyclononyl) ethane
BDEPE 1,2-bis(diethylphosphino)ethane
BDIPE 1,2-bis (diiosbutylphosphino)ethane
BDOPE 1,2-bis(2,4,4-
trimethylpentylphosphino)ethane
BDMPE (R,R) 1,2-
bis (dimethylphospholano) ethane
Solvent MTBE Methyl-t-butyl ether
T/CB 5:1 v/v mixture of
toluene/chlorobenzene
Oxirane EO Ethylene oxide
Promoter | DMDA Dimethyldodecylamine
NaAc Sodium acetate

The IR analysis was conducted with in situ
cylindrical internal reflectance reactors of the type
15 described by W.R. Moser, J.E. Cnossen, A.W. Wang, and
S. A. Krouse in Journal of Catalysis, 1985, 95, 21;
sold by Spectra-Tech Inc. mated to a Nicolet Magna
550 spectrometer. The spectral region of interest

includes both the catalyst bands and aldehyde

20 intermediates in the region of 1500 to 2500 cm~1.



Sol vent MIBE Met hyl -t-butyl ether T/CB 5:1 v/v m xture of

t ol uene/ chl orobenzene Oxirane EO Et hyl ene oxi de Pronoter DVDA

D net hyl doolerydéasri ne NaAc Sodi um acetate The | R anal ysi s namER@mdwat ed with
insitu cylindrical internal reflectance feactors of the type 15
described by WR_ Mser, J.E. Cnossen, AW Wang, and S. A Krouse in
Journal of Catal ysiegpl ayreparatlan * &t+*iTech Inc. mated to a

Ni col et Magna 550 spectr t i .Qf. i nterest Jncludes
both the catal yst ban staan aIGHéJe’%;/E % %ﬁﬁﬁﬁé%riﬁ}%g%er}s}%lﬁ e 5 ééalaéilr?%gf 1500
to 2500 cm 1. WOiltl/ 268D RAT/FHBHIRIAO 6t eell GedotaWifa theddmaRM ati on of
conplex (B) In a dry box the followi ng materials were |oaded into a 50 ni
stai nl ess steel PP&dce Han tigy ittt regstiion menitewdingy byeadd @R nonitori ng
by md IR.5 anal ysis: 61 ng . TRC (.. 28 les Ru), 171 BO9PBN- 2 Q. 551
mol es) aRd 17 m¥"n YW@E%@% o(?) %g% ToQles Wrmg‘%& o MRS dr y
box, placed intqqthgopiiaaals)bereh 16f man JeRva@ct ronmeter, and pressuri zed

to 2.2 MPa with carbon nonoxi de. The 10 reactor was heated to 105 C and the
progress of the confihex reActioar watsi sealas , noebeedd firypml RheOdee bbs,

Lo B appr oxi mat B8P Sqoni P08 PoVCH ConrR dRe Sectaanedca,
0 an. appr oxi ma . a . . m . ’ .
sol ution of 113 ngy s%@%i%édnlooa.%gg?gggﬁ%ﬂl%Qbe% RoibxQheMBRe  USi NG

excess 1:1 syngas pressure to bring t
10 reactor was heated to 105 °C and the progress of the

complex (A) formation was monitored by IR. Once the
temperature reached 105 °C, hydrogen was added to
bring the gas composition to an approximate 3:1
syngas ratio.

15 To this mixture was added a solution of 113 mg
DCO and 47 mg of DMDA dissolved in 5 ml of MTBE,
using excess 1l:1 syngas pressure to bring the total
reactor pressure to 8.6 MPa. After an additional 35
minutes at 105 °C the reactor was cooled.

20 Comparative Example A, preparation of a ligated Co

catalvst as in US-A-5304691

In a dry box the following materials were loaded
into a 50 ml stainless steel reactor fitted with
optics for in-situ reaction monitoring by mid IR

25 analysis: 228 mg CoOc (0.66 mmoles Co), 74 mg BRCC
(0.289 mmoles Ru), 222 mg B9PBN-2 (0.715 mmoles), 18
mg sodium acetate (0.22 mmoles) and 23 ml T/CB.

The reactor was sealed, removed from the dry box,
placed into the optical bench of an IR spectrometer,

30 and pressurized to 9.0 MPa with 4:1 syngas. The
reactor was heated to 130 °C and the progress of the

catalyst formation was monitored by IR.



reactor pressure to 8.6 MPa. After an additional 35 mnutes at 105 C the
reactor was cool ed. 20 Conparative Exanple A, preparation of a |igated Co
cat al yst ve@ 0i/medS- A- 5304691 In a dry box the foll owi ng nmaPeT/ERd1203wET €

| oaded into a 50 m stainless steel reactonr fitted with optics for
in-situ reaction_nonitoring by md LR 25_an is: Oc (0.66 nmol es
Co), 74 ny BRCC Ef8IRaS RRERALLSB, Ofry CRBARIKS (B bY S SR es), 18 ny
sodi um acetate (Qg22mpH9l €s) and 23 m T/ CB. The reactor was seal ed,
removed fromthe dry box, placed into the optical bench of an IR
spectronmeter, 30 anfopaedsdr mzedutoclalleMvaswchhrded syngasanhbe react or
was heated to 130 C and the progress of the _catal ¥st formati on was

noni tored by | R SHBLO2F75675°PRRFEPGYPOBAOTPLIe 27 2BRaMElI 899C pPeplrati on

of conplex (B) b - S Q 1 ayt,ogha .C g in a
manner sgl(m' | ar %{%‘8@3%33 ?‘gghégﬁr‘rp?% &8 %g xg%%&ﬁ%?3@26 E§r7r‘r1%rgl e); 23
mM MIBE, 62 ng TBEPBN-29 (onBbejiinoleY ; mgnB89PBNng (18AS80 (0MRhenmoaad .17 ny
NaAc (0.21 nmole). Again the progress of the catal yst formation was

nmoni tored by | R Againl {be rnabyseEs b§ rReloatpbrshddpPrmahien BOPBN-2 to

TRC, the TRC bands a{i 285& igzg and 2009 cm 1- di sappeared and an
increase was notPBadCFR%bE¥ds™cat 1954, 1884 and 1853 cm 1. Upon additi on

of cobalt carbonybthesexidatiensoby ghel ated ruthenium took place
acconpani ed by an I nstantaneous shift in the IR bands, generating
char act efd sti c bandsUapn284Qit20630faREPRBNOZ tor TRAs the TRC bands at

2059, 2029 and 2009 cm~ ! disappeared and an increase

was noticed in bands at 1954, 1884 and 1853 cm~1l.
Upon addition of cobalt carbonyl the oxidation of
chelated ruthenium took place accompanied by an

15 instantaneous shift in the IR bands, generating
characteristic bands at 2040, 2053, and 2107 cm™ ! as

well as a band at 1890 cm~l that is characteristic
for the (unligated) cobalt carbonyl anion.
Referring to Figure 1, the solid line is an in-
20 gitu IR spectrum of the complex (B) prepared as

described in Example 1. The predominant catalysts

bands (at 2040, 2053, and 2107 cm~1l) are
characteristic of phosphine-modified ruthenium
compounds. The dotted line is an in-situ IR spectrum
25 of the comparative catalyst. The in-situ IR spectrum
of the complex (B) prepared by the self-assembly
method closely corresponded to that of the catalyst
made in Example 1.
Example 3 reparation of PDO
30 At 80 °C 1.1 g EO was added to the reaction

mixture of Example 1, using excess 1l:1 syngas



well as a band at 1890 cm 1 that is characteristic for the (unligated)
cobalt carbonyl anion. Referring to Figure 1, the solid line is an in- 20
situ IR speot/rasms of the conplex (B) prepared as descri beBCi/mPEsrgl e 1.
The predom nant catal ysts bands (at 2040,1820653, and 2107 cm 1) are

characteristic of_ phosphing-nodified rutheni conmpounds. The dotted |ine
e st u | PERR T SEhgre hELDRR iR BT Ao RRea i e i cu 1 R
spectrum of the-complex Bt Rrepesefabycdie ot frassenbh yprasthipd closely
corresponded to that of the catalyst nade in Exanple 1. Eaarrpl e 3,

preparation of RREXBOemtl@H Grid1ly. EQIbms HusleEd twas hel teeeditom m xture
of Exanple 1, using excess. 1:1 syn‘g}?s WO 01/ 72675 PCT/ EPO1/ 03497 - 18
pressure. Syngast®ACh)ComRl kY- AR RA Y HE FRACEPHHT xPRFRET 0

mai ntain 5t he reaaﬁ]ic.ioep & &e Pf&ﬁf‘?c‘?r\u i @I&é& JG&/PQnair §i§o Was

allowed to react conpletely. Wien cool ed, the reactor was opened 5 and a

t wo- phase | i qui drévasalsdl e dor Ghaap by sder i va¥ aatedudtheiprbowiy EO deri ved
product in both phases was PDO (Yield of greater than 50 nole% In a
simlar manner, RIRSXWAFSEPRf € R vIres&aml tehan Rsneked. Howrver,

t he two- phase Iisqlunildlailrsor@largrc?edratt&é) éatkealen o(; tchiﬁ ex @{_\i,rreg}t(am ef und to
conprise a | ower thase shiowi'ng an approx‘\f nat eﬁy m XT ur'e and

HPA and an upperyfhasfeEonichéevdd, RIS tiRA prak ot hprided 861t sg 4oYiel d of
greater then 50 nole% The progress of both reactions were tracked by 15

| R, obsdlvi ng t hehe rerehsif tlofs adrquehiamee ofag Heoundttee neohiptisse a
3-hydroxypropi Onlaclv(rjeerhyp easce?'rsbl'(x)c?vyingt[)aanr(lj approximately 50/50 mixture of
PDO and HPA and an upper phase containing PDO, HPA
and other materials. (Yield of greater then 50 mole%)
The progress of both reactions were tracked by
15 IR, observing the intensity of absorbance of the

intermediate 3-hydroxypropionaldehyde carbonyl band

(1728 cm~l) . The results are reproduced Figure 2.
Using the catalyst of the present invention, the
aldehyde band was seen to rise only slightly at the
20 onset of reaction and then decrease rapidly as the
HPA was converted into PDO. Said band increased
steadily over the course of the reaction when the
catalyst of Comparative Example A was used. This
indicates the superior hydrogenating ability of the
25 catalyst of the present invention.
Comparative Example B
The experiment of Example 3, using the catalyst
of Comparative Example A was essentially followed,
with staged addition of EO (4 steps). In about 4 to 6
30 hours 1,3-PDO was prepared in a yield of 66 mole% at
80 % selectivity. Next, the crude liquid product was

fractionally distilled under vacuum (< 0.1 kPa) to



(1728 cm1). The results are reproduced Figure 2. Using the catal yst of the
present invention, the aldehyde band was seen to rise only slightly at the
20 onset v or/emei i on and then decrease rapidly as the HPRCwaBoosmrert ed
into PDO. Said band increased steadily oveLothhe course of the reaction when
the catalyst of Conparatjve Ex e A was used. This .i.ndicates the
superior hydr ogeR&t g a #F%fﬁggggFﬁélf§eb§F§1 v g%afﬁé£ﬁ¥e i nventi on.
Conpar ative Exanpl@aBnhe QsRerml of WEXd R34 0h8inGd e akalowst  of
Conparative Exanple A was essentially followed, wth staged addition of EO
(4 steps). |n abpltusdrakesudl sedventl £9rPBOssaengr epar.e dhien POy iyeled dof 66
nol e% at 80 % selectivit Next, the crude l|iquid_ product was

fractional ly di stesl &8 &P Prc @Y 440 M lepa) Wibhwergy #2675

PCT/ EPO1/ Q3497 - I r di.stil I I i Qn he
renaindergmas regfé%gélﬁﬁgﬁga§§$¥%gﬁgl&E%#ﬁngggy%gggﬁﬁ%p%ﬁgﬁﬁﬁﬁeyﬁ% sol vent
for a second runretiyelRBOayidelad 1owesl tourdthldyikze anithi4d malng%chei tihoonl y
67 %5 selectivity. Wen the remainder of this product was recycled and

al l owed to catal y2eld brcdr @ssgntipddypmaniphedd (Radodesential |y vani shed (2
nol e%) Exanple 4ETh% ﬁép%rinent of Exanple 3, using a catalyst 10
corresponding to anple 1, however using BDEPE instead was

essential ly fol | onedrhw thpstagedt addiekbaplel 3EOCuednst apehtalpsgbout 4 to
6 hours PDO was prepared in a yield of 48 nole% at 57 % selectivity.
Next, théOcrude kpguesdppnddogt twathds pfaExiaopdkl |, dheweviead ugidgr vacuum
(< 0.1 kPa) to BDEPE instead was essentially followed, with staged
addition of EO (4 steps). In about 4 to 6 hours PDO
was prepared in a yield of 48 mole% at 57 %
selectivity. Next, the crude liquid product was
15 fractionally distilled under vacuum (< 0.1 kPa) to
recover PDO as distillate product fraction. The
remainder was recycled with additional EO and s?ngas,
plus make-up solvent for a second run. The PDO yield
was found to be 40 mole%, with 54 % selectivity. When

20 the catalyst was recycled and allowed to catalyze the

reaction in this manner for the tenth time, the PDO

o

yield was still found to be 49 mole%, with 59
selectivity.
No apparent loss of catalyst activity was noticed
25 over 12 EO additions. Furthermore, P-NMR of the final
product solution indicated no free BDEPE, with most
of the P-ligand still bound to the ruthenium. It may
therefore be concluded that the novel catalysts of
the present invention possess increased stability.
30 Example 5
Various (scouting) experiments similar to that of

Example 3 were conducted, using a catalyst prepared



recover PDO as distillate product fraction. The remainder was recycled
with additional EO and syngas, plus make-up solvent for a second run. The
PDO yi el avowaz6fdund to be 40 nol e% with 54 % sel ecti vi t pCTVh@m324ey t he
catal yst was recycled and allowed to catal%2e-the reaction in this manner
for the tenth tigg, kel s st nd_ tg. b % _wth 59
% selectivity. g%ggr gﬁtgef"%%? q’fféjglatagﬁl &mtgg?l g?t ﬁu\/\g%é%c} lggg%r% over
12 EO addi tions. rhutbheenpk e 2P- B efestheefsumals aﬁéodéébribbdt ianthe

i ndicated no free BDEPE, with nost of the P-ligand still bound to the
ruthenium It mafolifeiBgorabbe-concl uded that the novel catalysts of the
present invention possess increased sta Iblt 30 Exanple 5 Various
(scouting) experinments simlar to that gﬂli%-%rpl e 3 were conducted, using
a catal yst prepared WD 01/72675 PCT/FP01/03497 - 20 by self assenbly with
an initial Co:RubigpRd ncl%PO ¥Jaﬁl% (:molzeﬂ) ?@@ tS@§1eCrtééfe|tﬁfs @&e
described in theg . ‘ e g a—PPO
Selectivity (% 48- 8 87 BDEPE 36- 53 BDCPE 31 69 BDWE
51-71 78-95 5 HrEBHp@mese TREIEIS T may be conglhuggd that—the ——cataltyst s
of the present ijnvention gre invariably suitable for the one-step
conversi on of oxiBzors. Bdanple 6, preparationesf conplex (B)

BDMPE 51-71 78-95

From these results it may be concluded that the
catalysts of the present invention are invariably
suitable for the one-step conversion of oxiranes.

Example 6, preparation of complex (B)

10 In a dry box the following materials were loaded
into a 50 ml stainless steel reactor fitted with zinc
sulfide optics for in-situ reaction monitoring by mid
IR analysis: 128 mg TRC (0.600 mmoles Ru), 186 mg
B9PBN-2 (0.600 mmolesg), 9 ml of toluene and 9 ml of
15 MTBE.

The reactor was sealed, removed from the dry box,
placed into the optical bench of an IR spectrometer,
and pressurized to 1.7 MPa with carbon monoxide. The
reactor was heated to 105 °C and the progress of the

20 complex (A) formation was monitored by IR. Upon

heating the TRC bands at 2059, 2029 and 2009 cm-1

disappeared and an increase was noticed in bands at

1954, 1882 and 1861 cm 1. After one hour at 105 °C,
hydrogen was added to bring the gas composition to an
25 approximate 3:1 syngas ratio, 8.29 MPa, and a

solution of 105 mg DCO (0.614 mmoles Co) dissolved in



10 In a dry box the following materials were |oaded into a 50 nml stainless
steel reactor fitted with zinc sulfide optics for in-situ reaction
nonitori mgoby72srdl | R anal ysis: 128 ng TRC (0. 600 mmol es RO)/EPd1BB497y
BOPBN-2 (0.600 mmles), 9 m of toluene amil 9-nm of 15 MIBE. The reactor

| ed, d. f dry b Laced into_the optical bench of
'R spect ronet or o ShaCpr HeSh: Potsiien. TR arPh skHCaRCrBhoRPHEC The

reactor was heatpdihgihg5theabdeherphegpresprobstibe £301608PMeX . (A
formati on was nonitored by IR Upon heating the TRC bands at 2059, 2029 and

2009 cm1 di sapPepanedddatian PAcrebsétwasrhonivtedtha bandstavn 0854, 1882

and 1861 cm 1. After one hour at 105 C drogen was added to bring the
gas conposition ?%eiﬁt é 5BEE8§FHEtEogklpiéﬁﬁagc?ﬁTpﬁ?l%g2§YN®8, and a

sol ution of 105 pgePLr(Re614 BRREESifHOLndi $ROLYRAs! NgUfLPI{ {2§7S
PCT/ EP01/ 03497 - 21 6 nl of MIBE was added via exceSs syn gaS pressure,

bringing the totahstgacte]sPieSEHhEst At 19080 MPaos3 UngRgasgidhyi ep-of jgobal t
carbonyl, the oxidation of chelated rutheniumtook place acconpani ed by an

5 instantaneous gliftaknatBeniRabandso emnerehhfgisChREAsEEELSELEEchbands at
2040, 2053, and 2107 cm1l as well as a band at 1890 cm1 that is
characteristic for the (unligated) cobalt carbonyl amion. THhiswass hel d

at 105C for 1.5 hours Wt hout arent_change, 10 in the catal yst
conposi tion. Upoheﬂ@a?Fnbo?oclggg,1'?h€°H¥ﬁ Y& %%Et?%ﬂ??ﬁﬂFcé?@Hgﬁo

alteratigp in the, gggagyégwgepeéén%%gﬂteﬁ er Ohe Y@5n 095659'3f>9 room

tenperature, opened and 0. 25 grans yel Tow orange catafyst solids were
i sol ated by sucttlhae hidit IRt §pactrum indicated no alteration in the

catalyst composition. The reactor was cooled to room
temperature, opened and 0.25 grams of yellow-orange
catalyst solids were isolated by suction filtration
15 and dried in vacuo. An infrared spectrum of the
igsolated solid is shown in Figure 3; the only metal
carbonyl bands present are due to phosphine iigated
ruthenium (I) with a cobalt (-I) tetracarbonyl anion.
No other cobalt carbonyls are present. This complex
20 igs identical to catalyst solids isolated from a one
step 1,3-propanediol reaction of the present
invention.
Example 7, use of isolated complex (B) for

preparation of 1.3-propanediol in a single step.

25 In a dry box 0.24 grams of catalyst solids from
Example 5 and 23 ml of MTBE were loaded into a 50 ml
stainless steel reactor fitted with zinc sulfide
optics for in-situ reaction monitoring by mid IR
analysis. The reactor was sealed, removed from the

30 dry box, placed into the optiéal bench of an IR |
spectrometer, and pressurized to 7.0 MPa with 4:1;

hydrogen:carbon monoxide. The reactor was heated to



15 and dried in vacuo. An infrared spectrumof the isolated solid is shown
in Figure 3; the only netal carbonyl bands present are due to phosphi ne

| i gated wabhexwrum (1) with a cobalt (-1) tetracarbonyl apCTEPO1/(Sa970t her
cobalt carbonyls are present. This conplex20 is identical to catalyst
solids isolated froma qgne step 1,3-propanediQl. reaction of the present

i nvention. ExanpP8°% 2@delof PEemstefd ESnpRreExa€8sds bP tReepaRrEEieR of

1, 3- propanedi ol |k Ln t n,a 0] cat.al yst
soi 1 ds from txalareuEeatatad' ERegtl Ep gRhinpREa uRd BLadB.pe PoklL
stainl ess steel reackpnthebisdgubthagi aadedl tbdeheopthesibArmiRLtairtu
reaction nonitoring by md IR analysis. The reactor was seal ed, renoved
fromthe 30 dry bexmaphhadd fnreacheropreeanreehehweenahol R as@etfrBnet er,

and pressurized 7.0 MPa.with 4:1: drogen: car bon_nopoxj de. The reactor
was heated to V[&gi/72@$EgﬁET7EP€3?535€¥ E}gﬁg agbﬁpaﬁd? .§£%¥5ﬁgeof EO was
added to the reagki@8 wHbXEHhSuMSHNENEXEESEcInd BYHL§LahS 9aSspgesmyre. The
1:1 synthesis gas was added to the reaction mxture "to maintain a reactor

pressure betweent¢dal)anf ¢ohplénd/Paxid¢ttas anjaouedt betditlke al i quot of
ethyl ene oxide was consuned and a second 1.9 grans ( of

3.8.grans total)
et hyl ene oxi de mﬁ@aFﬁ?Ectgﬁh?n¥%a?ﬁéonr@%fFBF? ﬁﬂﬁl?eEEP?gLYn???ﬁ?@eggain
rapidiy consumedsysyRLRes! SadfsmakBKe, Uhadase PG daaddeds as.ageded. 10 The

reacti on was run essentfally conp EO consunption ring the entire
reactionio t he | Rthepesacutonfwidereat od ysssergiahly ecdnpbetdeEsane as the
starting catal yst solids. Upon cooling and,

consumption during the entire reaction, the IR

spectrum of the catalyst region remains the same as

the starting catalyst solids. Upon cooling and

opening the reactor a two phase mixture was obtained.

15 GC analysis of both phases revealed a PDO yield in
excess of 50% with only trace amounts of HPA

detected.

Example 8, Phase separation catalyst recvcle

product recovery process with catalyst formed by gelf
20 assembly.

In an inert atmosphere drybox, to a 300 ml
autoclave, 1.85 grams (5.35 mmole Co) cobalt(II)
ethylhexanoate, 1.392 grams (4.48 mmole) 1,2-bis(9-
phosphacyclononyl) ethane, 0.509 grams (2.3 mmole Ru)

25 triruthenium dodecylcarbonyl, 145.85 grams methyl-
tert-butyl ether (MTBE) and 0.30 grams
dimethyldodecyl amine was added. The autoclave body
was sealed and fitted to a benchscale process unit.

Under a headspace of 4:1 Hy : CO ratio syngas at

30 10.34 MPa g (1500 psig) the mixture was allowed to
reach equilibrium and preform catalyst over 2 hours

at 130 °C Reactor temperature was reduced to 90 °C.



opening the reactor a two phase m xture was obtained. 15 GC anal ysis of
both phases revealed a PDO yield in excess of 50%wth only trace anounts
of HPA daedentmds Exanple 8, Phase separation catal yst repgTERV0349r oduct
recovery process with catalyst formed by-sz3f- 20 assenbly. In an inert

at nosphere drybo 3 utoclave, 1.85 grans (5.3 Co
cobalt(1l) ethy eégﬁggf‘gg %3§§'%r8a?r§a?1§. ﬂg ﬁﬁg}’%nﬁ,a’l‘bgg?@bf} wag
phosphacycl ononyh)det Bafeal onQ gbapBal?. wiBAOEGnGHY 28elir b ushgnhum
dodecyl car bonyl, 145.85 grans nethyl- tert-butyl ether (MIBE) and 0. 30
grans di net hyl dédec¢P uathe watihdted. EPhésagubstanbibsblly buwasneeal ed and
fitted to a benchscal e process unit. Under a headspace of 4.1 H2 : CO
rati o syngas at SompdeBglypgopsumsdo Pegyeafboni xpntenwawaal | onwed to

reach equilibriumand_preformcatal yst, over 2 hours at 130 C Reactor
tenperature was Pﬁ%ﬁ%ggrf% 96“@‘#&%63?’7‘2%78%@:‘#%%%/ b3437PRass3  an

addi tion of 16-9§e?éﬁﬁﬁi8ﬁ @égyéﬁn@héféd§h£§£3s@?&raﬂ?@ﬁ B84agl | oved to
react with syngas feed at a 2:1 H2 :COratio until the EOTs substantially

but not conpl et ehyeddbasehgd. Fhemrehet vesseht eh? . ddisgbams ahstverr ed under

reaction conditions to a phase separation _vessel where phase separation
began i nmedi at et §YeErBATehbal @3] 1525269d gr aFRe | WRRET f%&%? material was

i sol ated. Th , ' ' | h
i solate e UpPEécé%ﬁrl}&?ﬁag%% iécgggi?é@’aﬁaéﬁcé@ £ back {9, the

reactor. 10 Conpositrons o upper ower layer are given in Table
3. Catalpyst part¢émpdstiedent Soshohe uppdabard Howdhelpyodugie given
1, 3-propanedi ol , was produced at_ an

in Table 3. Catalyst partition data is shown in Table

4. The product, 1,3-propanediol, was produced at an

average rate of 20 g/L/hr.

Example 9, Phase geparation process, recycle 1

15 The recycled reaction liquor from example 8 was
heated to 90°C. An addition of 14.74 grams ethylene
oxide was made and allowed to react under a head

space of 2:1 Hy : CO ratio syngas at 10.34 MPa (1500
2 g

psig) until the EO was substantially consumed. The

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

25 reactor. Compositions of the upper and lower layer
are given in Table 3. Catalyst partition data is
shown in Table 4. The averaged reaction rate through

this recycle gave 14 g/L/hr.

Example 10, Phase separation process, recycle 2

30 The recycled reaction liquor from example 9 was

heated to 90 °C. An addition of 14.74 grams ethylene



average rate of 20 g/L/hr. Exanple 9, Phase separation process, recycle 1
15 The recycled reaction liquor fromexanple 8 was heated to 90C. An

addi ti onvwob oli2673t grans et hyl ene oxi de was nmade and al | oneTUEP@/03¢ECt under
a head space of 2:1 H2 : COratio syngas a4 10.34 MPa g (1500 psig) until
the EO was substantially consuned.. The 20 reactor contents were transferred
under syngas pr8%¥idfe"p§ HaFRadE séﬁé?ﬁ?ﬂoﬁ°v€§§€F %ﬁéﬁé phhsad separation

began i nmedi at el ulti Bg+ip. th i ian, ayer
mat eri al . Upper¥Pé§§rB%egc%i§ﬁ lﬁﬁﬂd@gagi resic?ed back tolgaég gfé%%ctor
Conposi ti ons of_ggggﬁpp@heaggabew@rcbﬁxeﬁtsaw@ra'E%ang@elégheuﬁde tal yst

partition data i own in . The averaged reaction rate through
this recycl e gaveyhdag/ bikssukEranpl a pﬁasehaapasapabatvessan0®B§3e recycl e
2 30 The recycled reaction |iquor fromexanmple 9. was _heated to 90 C. An

addi tion df 14. 7R §F§n§eéﬁﬁ?Féﬁé VEBGEI?T@?@lPE?FEPGEﬂO§4§? grapg ofxi de
was made and aII C a of H ratio
syngas at 10. 34 a g ?ng% Esg?gﬁng egrggg Qéggontgépérmé?g %I;nsferred
under syngas pressdteoholagibaswasepacatlien ¥asgetowhneerdapbase
separation began i mediately and 8.50 grans of |ower layer material was
i sol ated. Upper C@WE@Slﬁéééﬁl@ﬁ Fhqueppaasandcyered baykrt@rchglvcactor

Co t f th

ar (111 on'dat & | SCRBRRG) A TABFA 700 4BSTHiC AOBAAED #BasPHR i B<Pheough

this recygle gaye 37n@/ bibragEdanRhec 1dn PRASCCRRRALAL LANSPEEEESSe T ecyCl e
gave 37 g/L/hr.

Example 11, Phase separation process, recycle 3

The recycled reaction liquor from example 10 was
heated to 90 °C. An addition of 14.74 grams ethylene
15 oxide was made and allowed to react under a head

space of 2:1 Hy : CO ratio syngas at 10.34 MPa g (1500

psig) . The reactor contents were transferred under
syngas pressure to a phase separation vessel where
phase separation began immediately and 19.50 grams of

20 lower layer material was isolated. Upper layer
reaction liquor was recycled back to the reactor.
Compositions of the upper and lower layer are given
in Table 3. Catalyst partition data is shown in Table
4. The averaged reaction rate through this recycle

25 gave 49 g/L/hr.

Example 12, Phase geparation process, recycle 4

The recycled reaction liquor from example 11 was
heated to 90 °C. An addition of 14.74 grams ethylene
oxide was made and allowed to react under a head

30 space of 2:1 Hy : CO ratio syngas at 10.34 MPa g

(1500 psig). The reactor contents were transferred



The recycled reaction liquor fromexanple 10 was heated to 90 C. An
addition of 14.74 grans ethylene 15 oxide was made and all owed to react
under a hwadyspate of 2:1 H2 : COratio syngas at 10. 34 MRarT/gr¢iBe®Y psig).
The reactor contents were transferred unde25 syngas pressure to a phase
separation vessel ere hase _s ration_began i diately and 19.50 grans
of 20 | ower IayepnﬁgféFVE%aﬁagrﬁggﬁgfeég @pBgFSFaye A&ACH ST SSFquor was
recycl ed back toyhbeer @a¢la@iat icB0BRESN! iaRedehtehs WppBen2and lngs er
are given in Table 3. Catalyst partition data is shown in Table 4. The
aver aged react i ohowere lelyeguglateniielr wepclieo2stgdve ¥opghllhyerExanpl e 12,

Phase separation process, .recycle 4 The recycled. reaction |iquor from
exanpl e ?1 was ﬁgaFé&OP01@8UéF XﬁsaaﬁFVFgﬁéoka 5.%@ §b§n§e§gﬁ?Féne oxi de

was made and al | puedokq rheaet o#Ndee apBead3A $Bgee 9LyRrlaR giGRyratio
syngas at 10.34 MPa g (1500 psig). Tﬁe reactor contents were fransferred
WO 01/ 72675 PCT/ EROTEB3492 . CaRadlyshdearsihdas pgaessuseshowa pha¥eble
separation vessel where separation began i mediately and 32.80 grans of

| ower | ayer matefiafhRagvesaesfedeachper Fajsr threnehi Shifi §66¥ Chas
recycl ed back to actor, 5 Conpositions of the upper and | ower | ayer
are given in Taﬁ%283%%C§{§V§§f partition data is shown in Table 4. The
averaged reactio e gave 34 g/L/hr. Exanple 13.
Phase separation QHe By EEESre 8 6nSPquor from

exanpl e i@ was heat ot @e80cFeqABegddl LhoM; Gliol4 £ F8mIE2aRpeENYbERgs OXi de
was made and all owed to react under a head

heated to 90 °C. An addition of 14.74 grams ethylene

E rate throug is rec
2 P L& 3 _.‘ = :ﬂ-.v

ASE § =

oxide was made and allowed to react under a head

space of 2:1 Hy : CO ratio syngas at 10.34 MPa g

(1500 psig). The reactor contents were transferred
15 under syngas pressure to a phase separation vessel
where phase separation began immediately and 71.90
grams of lower layer material was isolated. Upper
layer reaction liquor was recycled back to the
reactor. Compositions of the upper and lower layer
20 are given in Table 3. Catalyst partition data is
shown in Table 4. The averaged reaction rate through
this recycle gave 30 g/L/hr.
The three most important results for the phase
separation are: 1) achieve an acceptable high enough
25 rate of production of PDO, 2) recycle most of the
catalyst (in the upper phase), and 3) recover
concentrated product (PDO) in the lower phase.
The data on rate of production of PDO in the
Examples above shows that an acceptable rate of
30 reaction is achieved and that the catalyst is active

after 5 recycles (#1).



space of 2:1 H2 : COratio syngas at 10.34 MPa g (1500 psig). The reactor
contents were transferred 15 under syngas pressure to a phase separation
vessel wheog7phiase separati on began i mmedi ately and 71. 9BCT/grPans4af | ower

| ayer material was isolated. Upper |ayer 2eaetion |liquor was recycled back
to the reactor. Conpgsitions of the upper. and |ower |ayer 20 are given in
Table 3. Catal yst pa&?hﬁﬁo &%ﬁ&sighaghSWHlﬁ PEBCET A 29Ph&TaFEFaged
reaction rate thegughysthiis G 93%ey30ed bhhkheThedh! ¢8RSt

i nportant results for "the phase separation are: 1) achieve an acceptable
hi gh enough 25 r(#Ré .of production of PDO, 2) recycle nost of the catalyst
(in the upper phase), and 3) recover. concentrated product (PDO) in the

| ower phase. The daf@Pef PaSBoys BAGHUEEFSHESY PBOPPR fRe tERakPIEX above
shows that an ac&ggggbu§35ate of 30 reaction is achieved and that the
catalyst Ts active after 5 recycles (#1). WD 01/72675 PCT/ EP0O1/ 03497 - 26

Tabl e 4 shows that a hi gh percentage afaBlwe 3 catalyst is directly recycled
in the upper phase_(#2). Table 3 shows high recovery of PDO in the |ower

5 phase (#3). Tabl e 3 Phase Spiaise $21ithry it ssimPesasiexanpl e Layer |PDO
YW MIBE %w Mass ()==8—tonwerT 557038133294 —Ftower A+ P+316-60-8-422
xgmpLe Layer P@ 2 "I\EJE;EE W Mass
10 Lower 45.97 19.1§ §.§5 11 Lower 47)32 1qu 19. (9
8 Lower 59.70 18.13 12.94
9 Lower 47.97 16.60 8.22
10 Lower 45.97 19.15 8.50
11 Lower 47.32 21.73 19.50
12 Lower 45.16 20.99 32.80
13 Lower 47.50 25.78 71.90
8 Upper 4.74 85.70 152.36
9 Upper 5.15 87.16 . 160.04
10 Upper 17.67 77.60 167.19
11 Upper 27.31 54 .86 163.47
12 Upper 14.41 69.85 147.04
13 Upper 10.59 80.36 93 .46
Table 4
Record | Recycle# J[Layer Ru %w Co %w P %w % Co Catalyst
23661-187-2 / RO Lower 0.21 0.25 0.23
236671-188-1/R1 LCower 0.21 0.18 0.21 91
23661-188-4 T R2 Lower 0.16 0.15 0.14 93
23661-188-7TR3 Lower 0.14 013 0.12 82
23661-188-10 /' R4 Lower 0.09 0.1 0.08 78
23661-191-3 7 R5 Lower 0.06 0.09 0.04
23661-187-3 /' RO Upper
23661-188-2 T R1 Upper 0.08 011 0.11 9
236671-188-5TRZ Upper 0.08 0.1 01 7
23661-188-8 T R3 Upper 0.05 0.07 0.06 18
23661-188-11T7 R4 Upper 0.05 0.08 0.07 21
23661-191-4 TR5 Upper 0.14 0.11 0.12




12 Lower 45.16 20.99 32.80 13 Lower 47.50 25.78 71.90 8 Upper 4.74 85.70
152.36 9 Upper 5.15 87.16 160.04 10 Upper 17.67 77.60 167.19 11 Upper
27.31 54v0@01687317 12 Upper 14.41 69.85 147.04 13 Upper PCDEB&/B®™736 93. 46
Tabl e 4 Record ecyc a Layer Ru %w Co ow-P2Gw-% Co Catal yst Lower 0.21

23661 -1 - LowerE)Qai ﬁ% ; ]$66[Jh£38e8 A éa% .!z%weé' !O'lﬁg !i Lcovvelr 0: 0.12 7-R
--Lower 0:0 O0.J - .._~Peer 8

Tf 1- - Upper ( ﬁcﬂdb& Medove®y Btocess WRRH cat BRR pr éﬁ%d -via PPer
0.05 0.08 -T.07- 21 ) . ... Upper 2 WO 01/ 72675 PCT/ EPO1/ 03497 - 27

Exanpl e 14. Phastemige aueg yst recycle /  product recovery process
W th catal yst prepared via step Il Se _procedyre In an in r atnDsphere
drybox, to a 300 m Iens a&htltfbefrati/eavgmfsfﬁlegrrear‘rtry%é?)@ 23 B bi s( 9-
phosphacycl ononyl ) Ktihare, L. ﬁ&ﬂg{ﬂrﬁm(d?y@w&r&e RY-B1d (3t heni um

dodecyl car bonyl, 119 granms neth
phosphacyclononyl) ethane, 0.694 grams (3.25 mmole

Ru) triruthenium dodecylcarbonyl, 119 grams methyl
tert-butyl ether (MTBE) was added. The autoclave body
was sealed and fitted to a benchscale process unit.

10 Under a headspace of 4:1 (H, : CO ) syngas at 10.34
MPa g (1500 psig) the mixture was allowed to reach
equilibrium over 1 hour at 105C. To the reactor a
solution of, 1.11 grams (6.50 mmole Co) dicobalt
octacarbonyl and 0.108 grams (1.32 mmeole) sodium

15 acetate in 33.3 grams MIBE was added at reaction
conditions. The catalyst was allowed to preform at
105°C and 1500 psig for 1.75 hours. Reactor
temperature was reduced to 90°C. Two separate
additions totaling 13.2 grams of ethylene oxide (EO)

20 were made and allowed to react with a 2:1 (Hy : CO)

syngas feed until substantially all of the EO was
consumed. The reactor contents were transferred under
syngas pressure to a temperature controlled phase
separation vessel. The phase separation was allowed
25 to equilibrate at 43°C. A lower phase of 36.8 grams
was isolated. Upper phase was recycled back to the
reactor. Compositions of the upper and lower phase
are given in Table 5. Catalyst partition data is
shown in Table 6. The product, 1,3-propanediol was

30 produced at an average rate of 26 g/L/hr.



tert-butyl ether (MIBE) was added. The autocl ave body was seal ed and
fitted to a benchscal e process unit. 10 Under a headspace of 4:1 (H2: CO)
syngas atwaQ01/2675s MPa g (1500 psig) the m xture was al | oweBCT/@PoIcBEIT

equi libriumover 1 hour at 105C. To the retor a solution of, 1.11 grans
(6.50 mol e Co) Eigr%’fclat gabo I _mmol e) sodi um
15 acetate in 33737 Qrans MBI Z1e e OT drtions. The

catal yst was al | onvedThe® P&&§O18HAteadldbn AN ISPOLPShIekple 7Pa hQRES.
Reactor tenperature was reduced to 90C. Two separate additions totaling
13.2 grans of ethgtead bxi 8e°¢ EGn 20ididrieomarfe land/ aldwwes ¢tthyleast with a
2:1 (H2 : CO sgfgs feed u(gtil ub@iantially all of the EQ was consuned.
The reactor cont eEFe PRdRsPRAr 24LAWERr FOSTRRYESE PRECEuR N RRa

t enper at iy e cont has al | ongVess h S araf i on was
al | oned ?5 to eqﬁligcjf‘ié%?%?e@é? ig%&é% %\/\g?'gﬁa@ao §%9g§g§%%€f)v\géé

i sol ated. Upper phaseomasomeentcl|edsbacansbethed uedet osyngagposessans of

t he upper and | ower phase are given in Table 5. Catalyst partition data is
shown in Tabl e 6tC ThePPRrBRUBEDAT2BIPR opaRER] ol "hRR 30l btlbEaeed &2 an
average rate of / r | 126,71 PO/ . - 28 . | e, 15,
Phase separati on42€)°r(%c(I;‘/sats]',5 %&%}%15%%%eeprrcg:k%cﬁ%eg%%%%ﬁlon Slqlll%fl reéim
exanpl e 14 was thesé£0phfs0keadbisfdliy@dr Ofad drddy gl 8asbeERYE &NEhe OXi de
was nmade and allowed to react under a head 5 space of 2:1 syngas at 10.34
MPa g (1BDO psi gyeadier. reomposicopnentt wale tupper canddl awelerphysgas
pressure to a phase separati essel ., Wien equilibrated.to 43C 28.5
granms of | ower p%%egjrﬁé%)%rjr%lf)gﬁgeigol%?%?jfySt Parertfon aata is

shown in Table 6. The averaged reaction rate through

on _proce

this recycle gave 24 g/L/hr.

Example 16, Phase separation process, recycle 2

15 The recycled reaction liquor from example 15 was
heated to 90°C. An addition of 11.00 grams ethylene
oxide was made and allowed to react undef a head
gspace of 2:1 syngas at 10.34 MPa g (1500 psig). The
reactor content was transferred under syngas pressure

20 to a phase separation vessel. When equilibrated to 43°
C, 24.8 grams of lower phase material was isolated.
Upper phase reaction liquor was recycled back to the
reactor. Compositions of the upper and lower phase
are given in Table 5. Catalyst partition data is

25 shown in Table 6. The averaged reaction rate through

this recycle gave 35 g/L/hr.

Example 17, Phase separation process, recycle 3

The recycled reaction liquor from example 16 was
heated to 90°C. An addition of 11.00 grams ethylene
30 oxide was made and allowed to react under a head
space of 2:1 syngas at 10.34 MPa (1500 psig). The

reactor contents were transferred under syngas



Upper phase reaction |liquor was recycled back to the 10 reactor.
Conpositions of the upper and | ower phase are given in Table 5. Catal yst
partiti owaat/z2¢7s shown in Table 6. The averaged reacti orCT/A@P@/W3g70ugh
this recycle gave 24 g/L/hr. Exanple 16,- Pmse separation process, recycle

2 15 The recycl ed reactlo queor. _from exappl ted to 90C. An
addition of 11. oﬁra?ﬁ Eﬁyﬁ Basgxﬁagaﬁﬁggngdgegﬁ% alloagﬁ to react under

a head space of e%uilﬂSBQEédanlQB% MRS, O A2 $5i Wwed hShageact or
content was transferred under syngas pressure 20 to a phase separation
vessel . Wen equinhibrasédwas 48oleted4. sUgpanspbéseoveacphaseligteri al was

lated. U h t | ed_back to.th t
Composi i ons. of YRS ERRER L BRISrGlict phaSes SRR Eob veRorROTABEnS, Ofat ol ysi

partitionsdata '§h§5u§?9¥“ah8 T@QE? EhaEBea§¥e§§98H [Ragkhea kate through
this recycle gave 35 g/L/hr. Exanple 17, Phase separation process, recycle
3 The recycl ed reatalpatlpqmbntﬁonnﬁexanpsesnﬁwmasn Tekhled6ét 0o 9BE. An
addition of 11.00 grans _ethylene 30 oxide was nade and all owed to_react
under a head spa@¥cbrISdIrepRgasnarate. BArRRAN (G858 FEFYFieTHRVEr 8ict or
contents were trgyﬁ/ﬁ fred under syngas WO 01/72675 PCT/EPOL/ 03497 - 29
pressure to a phase separatlon vessel . When equilibrated to 43C, 19.1
grans of | ower phase ction Iiquor
was recycl ed backEeBE : :
phase arg given in Tﬁ%eréc cﬁéaawg&tpaﬁtnw@rd)@f&n'éxémﬁm 9 dakle 6.
The averaged reaction rate through this recycle gave 2

heated to 90°C. An addition of 11.00 grams ethylene

er

mas |solated U ghase re

oxide was made and allowed to react under a head
space of 2:1 syngas at 10.34 MPa (1500 psig). The
reactor content was transferred under syngas pressure

15 to a phase separation vessel. When equilibrated to 43°
C, 38.9 grams of lower phase material was isolated.
Upper phase reaction liquor was recycled‘back to the
reactor. Compositions of the upper and lower phase
are given in Table 5. Catalyst partition data is

20 shown in Table 6. The averaged reaction rate through

this recycle gave 18 g/L/hr.

Example 19, Phase separation process, recycle 5

The recycled reaction liquor from example 18 was

heated to 90°C. An addition of 11.00 grams ethylene

25 oxide was made and allowed to react under a head
space of 2:1 syngas at 10.34 MPa g (1500 psig). The
reactor content was transferred under syngas pressure
to a phase separation vessel. When equilibrated to
43°C, 38.9 grams of lower phase material was isolated.

30 Upper phase reaction liquor was recycled back to the
reactor. Compositions of the upper and lower phase

are given in Table 5. Catalyst partition data is



g/ L/ hr. Exanple 18, Phase separation process, recycle 4 10 The recycl ed
reaction |iquor fromexanple 17 was heated to 90C. An addition of 11.00
grans et iwbenee67dxi de was made and all owed to react underprar/mead34sspace of
2:1 syngas at 10.34 MPa (1500 psig). The- Beaetor content was transferred

under syngas pressure 15 to hase separation vessel., Wen equilibrated to
23 C, 5800"gr amSTEIR e A & B AVARESSS GRATEon G hHERien
reaction liquor wasd ee¥s/iad Rack 4o /Heactor. Conpositions of the
upper and | ower phase are given in Table 5. Catalyst partition data is 20
shown in Table 6. Th&havekagedn eatlid af pateuchriomnglof tHDCS inecyel e gave 18
g/ L/ hr. Exanple 19, Phase separation process, recycle 5 The recycled
reaction |iquor FPGRPESFROVES shews (dite @t GCFEEL 3R eadditS of 11.00
grans et hyl ene i | r er. space
of 2 1 syboas at 1A Ded% TIBT LB RS R TR AT 4l SEAYe
transferred underfapigas rigicgsdW=e (#10 .a phase separation vessel. Wen
equilibrated to 43C, 38.9 grans of |ower phase material was isolated. 30
Upper phase reacti onTabdgof whevwsesfcted bdckh psrcratageacfortheConpositi ons
of the upper and | r,_phase ;.are given |n-Tabl.e Catal yst .partition data
s W0 01 Do670 PERTERYER0dRg 21 ety TR EROLR Phe Rrfiol é’\%rséaged
reaction rate thrgggh this recycle gave 17 g/L/hr. The data on rate of
production of PDOin the exanples above shows that an acceptable rate of 5
reactionl®s achi evedTabdet hashowe tagal yecovergcbifv@®DOafinethe deeyel es

(#).

phase (#3).
Table 5
Phase Split Primary Compositions
Example Layer PDO %W MTBE %w Mass (g)
14 Lower 63.68 16.15 24 .80
15 Lower 49.68 17.38 28.50
16 Lower 68.08 18.03 24 .80
17 Lower 53.34 24 .31 19.10
18 Lower 33.32 19.39 38.90
19 Lower 30.03 25.91 29.80
14 Upper 7.20 44 .63 165.07
15 Upper 8.89 61.35 152.73
16 Upper 36.69 48.66 1359.09
17 Upper 16.88 54 .86 131.42
18 Upper 6.14 86.65 104.92
19 Upper 27.30 34.57 88.12




Tabl e 6 shows that a high percentage of the <catalyst is directly recycled
I n the upper phase (#2). 10 Table 5 shows high recovery of PDO in the

| ower phegel/{wys Table 5 Phase Split Primary Conpositi onBCEERI3@7Layer
PDO %V MIBE %w mass (g) 14 Lower 63.68 46315 24.80 15 Lower 49.68 17.39
28.50 16 Lower 68.08 18.03 24.80 17 L%ggﬁ 5%;34 24.31 19.10 18 Lower

33.32 19.39 38.90 19 Lower 30.03 25.91 5% 14 Upper 7.20 44.63 165. 07
15 Upper 8.89 61. G _Upper 36_69_48 66 139 .09 17 Upper 16. 88
54.86 131.42 18 cygemplayer 1 iy g pet %7 Joeefanlyed 12 wo
01/ 72675 PCT/ EPO1Z¥8EY7-2/R031] oWl ¢ P-Becpor B2ecy ¥ Bayler aw drv W %o
Cat al yst 23661- 18¥6P18BI o Zpweoker0dy. 1 018 ohWed2. 16 . 95 - "4 93
23661-188-71 M LJ@&%P1-088%4 RZ36)p 1Lowen_gwek160. 00005 1 | /@-14ower 0906 . §09 Upper
23661 -1 882~~ U{P®PT-IBBOTRE - p. D00 |1 0.8 | 043 | 012 )

66118610 RE | Tower | 0.00 01 0.08 78

23661-191-3/ RS Lower 0.06 0.09 0.04

23661-187-3 TR0 | Upper

236671-188-2 1 R Upper |~ 0.08 011 0.1 9
7366118851 RD Upper | 0.08 0.1 01 7
23661-1868 RS Upper | 0.05 0.07 0.06 18
2366118811 TRE | Upper | 0.05 0.08 0.07 1

5611914715 Upper | 0.74 0.1 012

Example 20, Recycle of lower phase stepwise assembled
catalyst

5 Lower layer samples from examples 14 and 15 rich
in 1,3-propanediol product were distilled at 90-110°C
under vacuum conditions of 60-4 mm Hg. Collections
of methyl tert-butyl ether solvent and 1;3—
propanediol were made on the column overhead.

10 Overhead material was greater than 92% 1-3,
propanediol. The distillation was carried out such
that 75% of the initial charge mass was distilled. A
10 gram sample of the distillation bottoms containing
recycled catalyst, some 1-3,propanediol and minor

15 amounts of heavy ends was inventoried into a 300 ml
autoclave in an inert atmosphere drybox. To the
autoclave was added 74 grams of fresh methyl tert-
butyl ether solvent. The autoclave was sealed and
fitted to a benchscale process unit. The catalyst

20 liquor was heated to 90°C with stirring. Under a
headspace of 4:1 (H, :CO) syngas, 11.00 grams of
ethylene oxide was added and allowed to react. The

reactor cnontents was transferred under syngas



pper 0.08 Upper 0.05 18 Upper 0.08 0.07 21 7MW 91-4 / RS --Up-per 0.14 1
0. 11 Exanple 20, Recycle of |ower phase stepw se assenbled catalyst 5
Lower | aweo ovzxeps es from exanples 14 and 15 rich in 1, 3- pCcOEROESHDI

product were distilled at 90-110C under-vauum conditions of 60-4 nmm Hg.

Col I ections of nethél tert-butﬁl et her sol vent and i,S- groganedlol wer e
made on the col URREEYBFRehd. 21BNeF8r AERATARLCR ¥PSREL Wheteerttharf 92% 1- 3,

propanedi ol . Th LSLI QP MAas i ed A9 ; 5% 9f -the initia
charge nass mase%ﬂég%l%ég%£%?l§% 8% %?éan%ﬁghoéagﬂél%?g%?ﬁfa%?b% bot t ons
contai ning recygtredscatalygser phaeelm3dtpropinedsolisabdtasinor TAbsanmounts of
heavy ends was inventorjed into a 300 m autoclave in an inert atnosphere
drybox. To the JOvSE|BYeSRaSCREBEBCE458r 4% &f 3fPEQRRRRER9L PEPEUCHUL I

et her sohyent. ;Q§p§gt§ﬁgg¥erg@§tﬁgglfgqﬁgggg%;;%ggyé?eg Qggﬁhﬁﬁa%ﬁeprocess

unit. The catal I'quor was heate IFring. dér "a
headspace of 4: lréi2to£hndyngasedlio000Yyr amder a elyngmnerand de was added
and allowed to react. The reactor contents was transferred under syngas WO
01/ 72675 PCT/ EPO¢@dgpnace-oB22: br é8sur 60 0 aTphhbésseparaleénsedysat where

o 2C oPheSe, SeRLELLOR, DR R MeRe Gl Bes! sl Sy ghaus ol over
1, 3-propanedi ol RIPENEY. to react. The reactor contents were
10 transferred under syngas pressure to a phase
separation vessel where at 43°C phase separation
began. When equilibrated, 24.5 grams of lower phase
material was isolated. This lower phase contained
45.14% 1,3-propanediol product. These reactions
15 afforded an 81% product yield. This proves that the
catalyst is robust and still active even after being
distilled from the product phase and recycled twice

through the upper phase of subsequent reactions.

Example 21, Use of hexane as phase split inducing

20 agent

In an inert atmosphere drybox, to a 300 ml
autoclave, 1.159 grams (3.73 mmole) 1,2-bis(9-
phosphacyclononyl) ethane, 0.696 grams (3.27 mmole
Ru) triruthenium dodecylcarbonyl, 119 grams methyl

25 tert-butyl ether (MTBE) was added. The autoclave body
was sealed and fitted to a benchscale process unit.

Under a headspace of 4:1 (Hy :CO) syngas at 10.34 MPa

(1500 psig) the mixture was allowed to reach

equilibrium over 1.5 hour at 105°C. To the reactor a
30 gsolution of, 1.13 grams (6.50 mmole Co) dicobalt

octacarbonyl and 0.108 grams (1.32 mmole) sodium

acetate i 33.3 grams MTBE was added at reaction



5 Upper phase reaction |iquor was recycled back to the reactor and heated
to 90C under a syngas feed headspace of 2:1 (H2: CO. To this recycled

sol vent whas®e711. 00 grans of ethyl ene oxi de was added ardi/ERé1/mwed t o
react. The reactor contents were 10 transf®Bred under syngas pressure to a
phase separation v el where, at %%C hase separation, began. \Wen

equi | i brat ed, 24?@“?33&&“57- I gﬂ?r S SS-LQS%n&aé:’r iaglllowg it?opgteg&rmﬂ?its | ower
phase contai ned 1@%9@4&ha,@opB@pﬁpsdQOklgbgdﬁgig)Th§§elt¢§03b99§.15

af forded an 81% product yield. This proves that the catalyst is robust and
still active eveReaftter empgrativse Waed redoiwethéopivdddct Ophasédandon

recycled twice thrqugh the upper ase of subsequent reactions. Exanple
21, Use of hexan& agzpﬁ%§@E%6&thP§§&8Fn6X1§G é&gﬁthﬁ r9enénd at nospher e

drybox, te a 300 t 1.k r (%73 I - ki s (9-
phosphacyglononyF?hgpﬁghg?J%¥%6§ g%gﬁtg(%?§7(ﬁﬁnfe%gg)%?P%P%t%§%$Um

dodecyl carbonyl , Thi9 QLM% MRAtent &5 Wbkt thihylr-etar uhMEBEL s sadded.
The autocl ave body was sealed and fitted to a benchscal e proCeSs unit.

Under a headspaceresstre (2 a: EOnpeyagaseatcobdrdld 1¥Haphas08epairgk iome
m xture was allowed tQ reach equilibriumover 1.5 hour at 105C. To the
reactor a 30 sol YEF§R1lof, 11e1BNGEENSePEYE6 iRRoWESCa) 1a"e8baPt  oct acar bonyl

o0, 0,108 3 ok TIALR) ROU A, ELGE! gl 3c 0529k, B nde:
al l oned t® pref otvasati sol@b€dandpber3shiBa ¢aclreCypdied) bhek to7%hkours.
Reactor tenperature was reduced to 90C. One addition
reactor. As in a fashion similar to above examples
additional ethylene oxide was added to the recycled
upper layer and allowed to react followed by a
temperature induced phase split. On the third
15 recycle in this example 11.00 grams of ethylene oxide
was added and allowed to react at 90°C and 10.34 MPa g
(1500 psig). Transfer to phase separation vessel and
subsequent to cooling to 35°C, no phase separation was
apparent. Two separate additions of 11.00 gram
20 aliquots of ethylene oxide followed by reaction at
stated conditions, and cooling to 33°C did not produce
a 1,3-propanediol concentration where a phase
separation could be made. We believe that this
reaction produced some by-products, such as ethanol
25 and propanol, that are miscibilizing in nature that
prevented the phase separation. Addition of 10 grams
of hexane while in the reactor at stated conditions
followed by transfer to the separation vessel and
cooling invoked a phase separation at 77 °C. This is
30 one way to change the polarity of the system such
that a phase split can be induced. It is even

possible to add before or during the reaction



of 22 grans of ethylene oxide (EO was nade and 5 allowed to react with a
2:1 (H2 : CO syngas feed. The reactor contents were transferred under
syngas Wwesswoesto a tenperature controll ed phase separ apCDEPOMBI®El . The
phase separation was allowed to equilibraBe at 43C. A | ower phase of 9.746

grans 10 was i sol atseco&. . p.pzeirnghaase%tv\s/)ast rec ScI ed back toetg%s reactor. As in
a fashion sinilafmto zﬂ)l ee rrpﬁes additi-onal aetsr%ﬁgelnep e was added to

the recycled uppeladwivl. anthedd aviedt itk 1i6aGlg fazjhérm@d:alw thdreHRer ature
i nduced phase split. On the third 15 recycle in this exanple 11.00 grans of

et hyl ene oxi de wwesncariibd suwh ald dwedlitsd ildadticat ROC lawhit®,34dVPa ¢

(1500 psig). Transfer to %ase separatj on vessel and subsequent to cooling

to 35C, no phase &Rk ARaRs S PR e foER0di BT of 11. 00
gram 20 akiquots at4 ' fopl | d,b Chli a t

conditi ong, and (%qunlg?&lta?lgli?g@é?%:;ngt’ g}rﬁgdﬁcgoalgél?g-ggrro%gﬁgg?o?g
concentrati on where 7a qrwase weseparcdtatenl amd ddreaniadel A% heldeve that this
reaction produced sone by-products, such as ethanol 25 and propanol, that
are mscibilizi n@49® HRAuUGSr-event ed the phase separation. Addition
of 10 granms of hexane while in the reactor at stated conditions followed
by transfer to the separation vessel and cooling invoked a phase
separation at 77 C. This is 30 one way to change the polarity of the system
such that a phase split can be induced. It is even possible to add before
or during the reaction WO 01/72675 PCT/ EP01/ 03497 - 34 mscibilizing
agents to ensure a single phase reaction. These m scibilizing agents can

t hen be



renoved, such as by distillation or flashing, to invoke a phase split for
product recovery. After 5 equilibrating to 43C, the a | ower |ayer sanple of
92.7 grameowaRersol at ed and cont ai ned 48% 1, 3- propanedi oPCpERaGE7 WO

01/ 72675 PCT/ EP0O1/03497 35 CL Al MS 135A process for preparing a

hydr of ormyl ati on - catal yst which involves: a) formng a conplex (A by
contacting a ruthenium (0) conpound with a ditertiary phosphine |igand;
and 5 b) formng a conplex (B) by subjecting conplex (A) to a redox
reaction with a cobalt(0) carbonyl c@gmopwnd. M.c The process of claiml1,
wherein the ditertiary phosphine ligand is of the general fornmula: 10

RRP-Q PR R wherein each group R and R independently or jointly is a
hydrocarbon noi ejy of HEoE@s§0f8§r€98 §£9H§’aaHerSEb§m9@a9£83n'C bri dgi ng
group of 2 to 4 atons In |engt % he proctess of tlaim?2, wherein
group R and R eathlystepbndentihyolsean aIkyI cycl oal kyl, b|cycloalkyl
or aryl group. 4. The process of claim2 or 3 mhereln group conpri ses
carbon atons. 2025 fﬁémbPSC@s§°6P1%¥alﬁ?4meﬁ%PE?ﬁt€P93aaﬁu5 f91L¥%e group

of 2, 3 or 4 Car?89mg5$g8uh8 M?gﬂtg d?te?@?g?&ogﬁéépﬁinén Qﬁdofahﬁed

precedlng cl ai ns n'the ditertiary pho 1ne“l'igan s sél ec
from any pne or Bprefofming 35cbmp16kcy3}OByxyhbﬁQSﬁhh§0¢©théﬁ,(1)2-

to a redox reaction with a cobalt (0) carbonyl

compound.
2. The process of claim 1, wherein the ditertiary
phosphine ligand is of the general formula:

10 RRP-Q-PR'R’
wherein each group R and R’ independently or jointly
is a hydrocarbon moiety of up to 30 carbon atoms, and
Q is an organic bridging group of 2 to 4 atoms in
length.

15 3. The process of claim 2, wherein group R and R’
each independently is an alkyl, cycloalkyl,
bicycloalkyl or aryl group.

4. The process of claim 2 or 3 wherein group Q
comprises carbon atoms.

20 5. The process of claim 4, wherein Q is an alkylene
group of 2, 3 or 4 carbon atoms in length.

6. The process of any one of the preceding claims,
wherein the ditertiary phosphine ligand is selected
from any one or more of 1,2-

25 bis (dicyclohexylphosphino)ethane, 1,2-
bis(diphenylphosphino)ethane, 1,2-bis(diethyl-
phosphino)ethane, 1-(diethylphosphino)-3-
(dibutylphosphino)propane, 1,2-bis(diphenyl-
phosphinc)benzene, 1,2-bis(dimethylphosphino)ethane,



bi s(di phenyl phosphi no) et hane, 1, 2-bi s(di et hyl- phosphi no) et hane,

1- (di et hyl phosphi no) - 3- (di butyl phosphi no) propane, 1, 2-bi s(di phenyl -
phosphi noydenzene, 1, 2-bi s(di net hyl phosphi no) et hane, WO ORCT/RBIIH3497
PCT/ EPO1/ 03497 36 1,2-bis(2,4,4- trinethyhpentylphosphino)ethane 1 2-

bi s(dii sobutyl phos no)ethane bi s(9- 0S cycl o[ 3.

and/ or [4. 2 11nohy ?@ ErlTeEﬁ¥£%ﬁ ﬂgghb ° ?Eh%ngtPlFQ pr opane
anal ogue. aye a ss which
vl ves: 2) fof*r#%géﬁi%%W%Z%b?ﬁfﬁ%ﬁ%%%%%%%?ﬁgfagrﬁfﬁen%%’n??(o> conpound
with a diterti aryhpsplsgbi agclo@and; 1anandpdrf 64 n2 ng] aonphpteXand) bys

subj ecting conplex (A) 10 to a redox reaction with a cobalt(0) carbonyl
conpound. 8. A ohe?sPep’ tHBPBRBE nyPHL i b br%c%s% fB¥°E@@%a§Pﬂ 9%?1 3-di ol

condi 11 ong i n-an’ 15 oy EeEPTRA AENR LTI 08P B AP F s i o

cat al yst prepar eghbyh ai pvroetess: whi ch involves a) fornlng a conplex (A by
contacting a ruthenlun1 (0) conpound with a ditertiary phosphine |igand;

and b) forming @ cofprexng B Wmlélmi(eéfbl ﬂ@/mm@qtmg 20rggheniwdox

L;gfg;gpn;1;Pign?gfg%%é%g?%sr g%a?lﬁg %&%%Eyfﬁ?ﬁsékﬁﬂ%rfgéﬁﬁdfh%n?eaction

of an oxirane whf h;@&ﬁgﬁ§gaé bydh oEer ) agycghgggggiﬁ r@bmﬁqgg 2b) i nert

solvent in the presence of a hydrofornylati'on catalyst which is a

rut heni ul (+1) - phosphredox brdaot adve withbal tcoally (Conphexomhkrei n t he

|1 gated compound.
8. A one step hydroformylation process for preparing
a 1,3-diol, comprising the reaction of an oxirane
with syngas at hydroformylation conditions in an

15 inert solvent in the presence of a hydroformylation
catalyst prepared by a process which involves:
a) forming a complex (A) by contacting a ruthenium
(0) compound with a ditertiary phosphine ligand; and
b) forming a complex (B) by subjecting complex (A)

20 to a redox reaction with a cobalt (0) carbonyl
compound.
9. A one step hydroformylation process for preparing
a 1,3-diol, comprising the reaction of an oxirane
with syngas at hydroformylation conditions in an

25 inert solvent in the presence of a hydroformylation
catalyst which is a ruthenium (+1)-phosphine
bidentate : cobalt (-1) complex wherein the ligated
metal is ruthenium, under conditions which preferably
upon completion of the oxirane/syngas reaction cause

30 a phase separation of the reaction mixture into an

upper solvent phase which is rich in catalyst and a

lower phase which is rich in the 1,3-diol, recycling



metal is ruthenium under conditions which preferably upon conpletion of

t he oxirane/syngas reaction cause 30 a phase separation of the reaction

m Xt ure iwo0o1/ax75 upper sol vent phase which is rich in catetyEPoz3add7a | ower
phase which is rich in the 1,3-diol, recycitng WO 01/ 72675 PCT/ EPO1/ 03497
37 the upper phaﬁe rich in_catal %sh di rectl¥ to éhe hﬁdrof ornyl ation
reaction for furtEREr UPBEE: PBASG FACprByFBEerYShinfleheeblY skar PRy
material s, and ' , Badhek Jhr t r igh.in 5
Lo ol 10, A PEarer oyt ar T on coraryer hrchir So EPRaGFoR, fich

(+1) - phosphi ne bpdemiatiely unbahttédltaptphgxmanbeiels, thrdl i gated net al

i's ruthenium ) i
recovering the 1,3-diol from the lower phase rich in
5 1,3-diol.
10. A hydroformylation catalyst which is a ruthenium
(+1) -phosphine bidentate : cobalt (-1) complex

wherein the ligated metal is ruthenium.



