" 14 Novenber 2005 - 1 ONE-STEP PRODUCTI ON OF |, 3' - PROPANEDI OL FROM
ETHYLENE OXI DE AND SYNGAS W TH A CATALYST WTH A N- HETEROCYCLI C LI GAND

FI ELD OF I NVENTION - The present invention relates to the nt hesi 5of an
aliphatic 1,3-diol, particularly 1,3-propanediol, from f‘ﬁ{v}wﬂ% 3@? de and
syngas in one step. Mre 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-propanediol and denonstTat €s advantages with respect to
cost and oxidative stability. The catalyst of the present invention
conprises a honogeneous 10 binmetallic cobalt-ruthenium'catalyst, plus a
bi dentate N-heterocyclic ligand, or nultidentate N-heterocyclic |I|igand.
BACKGROUND OF THE | NVENTI ON Ali phatic 1, 3-diols, %Sggigx
1,3-propanediol , 15 I93\FeSTERy PRBPIFEAPN FF Jas3 ELPARE ERF%8r pol yester
and pol yurethane, and as s@%%flr FRYEE ANE Ae E??wghgg of cyclic
conpounds. For exanpl e, CORAERRE FITAdR W%ERO&}I pol yest er
characteri sed by outstanding properties that is made of 1, 3-propanedi ol
(hereafter 20 gre3:0PR®) r&wdnteorpht halic acid. There is nuch interest in

the art in finding new routes_for snthe5| ficient,
economi cal , and dendh Piﬁé%?’o%ﬁ‘s’%x Jad]\“/aﬂ%lfgq%ss t @B%i%gg&s%ﬁd@f s
US- A- 3456017 t eaclpH=ha <23, Bydﬁ.eiprmﬂ:‘aictm'lranify éi,ﬁy-lpeneaogﬁéleltofmlmduce

1, 3- propanedi ol d 3- hydr,ox 1;0 anal -H rfiary
phosphl ne- nodi f‘?‘ﬁﬂ'rl(%‘ﬁa )f{‘lgﬁr%g YAt ystc%aeEts zZei ﬁ%zf%%? %‘%J'%ngl];% p
,, a X' 745 P. 00Che p&ésuﬁteﬁtheeneﬂ@fs re:!zatelﬁm %M@leFséhe‘ée@%ﬁ’#ﬁﬁSﬂod of
hydr of ormyl ati n et h ne. oxi de { P r Qpra pr opanedi ol
in a single st éllgﬁ uf}p?(r)v% g‘?l %%%s?@m%g%ng?igs%ﬁép
cobalt-tertiar ysmhsnefl Egaﬁgrmplaﬁe@imﬁalm idemopstRagep u@gﬁﬂtﬁﬁes
catalyst. In US-A.5304691 P r d ntimately
contacting an N af&r eﬁgrH’cu?gg%ﬁg?%’%degrév%xggab?ﬁg?gaf '?gl?é EOQ, a
ditertiary phosptaigstodiEf kbd pobaeit cintsRhilonc gPAPF3EESaR RRRPEATR NS

cat al yst r onot.er y C i 0 hy ch, atd) an

i nert A@tl on soe\}"ggfdu% g%g%%éf%%ﬁ%?&rt%gcf%ongggﬁdl tlﬁ?ﬂa A PDO yield
of up to 86- 8mﬂml'te%pr:scaepolife@ldus¢mgm-’d~t(,1§3?alrt?§\.e HohPBFPEPHY L obal t
ligated with 1.5 §.(9- phosphabi cycl ononyl) ethane as bidentate |igand,
and either tri ru henl um( 0) 15 dodecacar bonyl or bis[rutheniumtricarbonyl
di chl ori de) P d KLY descri bes a process for preparing
al kanedi ol s, such aiﬂt Halk epay @dapéls uaaa&gna«,uqa&awita ﬁﬁdparﬁémm Cobalt
car bonyl corrpound to ich a 20 rutheni'um car bonyl f rra‘{e

as a proibt er hays map5e8ophlaekiPrhHers IPOBEEs §TREF g PRTTHYS %an

pr opanedi ol :ﬁ:@l%%tﬂaﬁét al¥&ta s NSty rateehals foarbieaydyrcamepasnd, to
whi ch a tertla am ne may be added as a prqnoter. ﬁg V\DA—9€/105§(|%

descri bes a pr the§é’cfléf5 EP’@B‘&‘P?% 1,BRX S38mRaGi oFORT yst

ngp{jl sing a coRahier car B%Miy@%%rd&e\ﬂibeh Byt sutéeaydang ne my be
adde

propertles that is made of 1,3-propanediol (hereafte;

20 1,3-PDO) and terephthalic acid. There is much intersst
in the-art in finding new routes for synthesizing 1,3-PDO
that are efficient, economical, and demonstrate process
advantages. .

US~A~3463819 and US~A~-3456017 teach the

25 hydroformyiation of ethylene oxide to produce 1,3-

propanediol and 3-hydroxypropanal (hereafter 3-HPAR) using

a tertiary phosphine-modified cobalt'carbonyl catalyst.
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as a pronoter. US-A-4433177 discloses a catalyst for making 30 acetal dehyde
from net hanol, carbon nonoxi de and hydrogen, conprising rutheni um powder,
a cobal t-containing compound and an am ne pronoter. Enpfaigi t: 22%@{??/ 2003
13:25 :: ~ ~-741 P.006 DEn .SHEET:, 14 November 2005 - 2a%"PHEST8%40cti on
of 1,3-PDO in one step with mnimal inpurities and byproducts involves
recycle and requires a catalyst systemw th _good stability both during
1, 3-PDO synthesis and during product recovery and recycle. I't 5 would be

very desirable if a catal yst systemwere availabl.e that - PDO
in one step, in good Y& 1539,46§ﬁd8ﬁ¥%%%5f a‘E‘ct’“‘éert?‘s‘:'gdc’%yfz}ﬁtrjgétfeE %H%o.l%tégﬁi ve
stability duringthy3-Pa0cidehesi S-rndrsoqmipenaln anddll} B+prepaiwspldi ne
ligands are relatively expensive apd 10 it woul d be. desi %I,ett have t he

option of a |igddd2 §yiddd® ShaP Provs ddd YIRF RS 5%%??’%)n2 dvant ages, but

was | ess expensiigmpyrSUVMARY cbBaa€cns gheney widsphliaef biggnidnin the present
15 invention proviéjes an alternative to the u j |

, ‘ ] e .of _phosphine, sina
hydr of or myPat | orf TRE&RFCR: Bb8s Pt FHrESFHE ﬁa\scée}ﬁég "of §€h{ég(§? egsjen ’

i nvention provi de 33 RS aneiX peRPhVerEnp piaraid K32 AABARAt By 2Sertactdng , 5741
P.007 rX or) Z's P, 14 Novenber 2005 3 alternative, ha\(ge:t:et'aefaebxi lﬂot)y to
form stabl e conpifePdd rafer hPa&F5LH AT yt?’%&ietnieoﬁ“%s{aal >Cand pr ovi'de “good
oxi dative stabi ldittertiReyPprasephiheviesdd Sl roptizdescarbeayhl getalosiposi ti on
conprising: 5 a) a cobalt conﬁonent cor?ri siqrEI% one or rmarlebcpor}aonloixqﬁteed
cobalt car bonyl EHGHRIGIAISAERLYSh) PLOT Herni A CSRBBReAT = ERAD I EHG )

rut heni umqpgcar bed hg@FeQWR] hhoehethavd hrexdiilet epdepctiat |igand sel ected
fromthe group consisting_of 10 bidentate and,nmultident i I clic
li gands. Bi dent%OéﬁJm#&FFFBBnf%%’étﬂr\%e‘i"é‘r"g&}c?ﬁcs gf?%§ ’?%%e& %3? g‘éti al .
advant ages of greAl@-sgxirdakhVessiapstidd, usdommer catklpsideiEdiistipg( at

| east in certain cases),, otentjally, | ower cost n i lJstyy to form
stabl e 15 conpl &PE&LF %"HQGESE’Ip”*/{:IPli‘t?r'abﬂssl t$°01 %r?%f’ﬁ giégglr&%eryal l e,

2,2' -dipyridyl - ethheri us peaphexes, layany =eichedishebavei pererdaro@3t r at ed

to exhibit | ong-t tabi|ity_und dr of or gyl at { hos]
preseure dBni {RGHEFE<3BOTRY FEVEH (1 aVia Ry FFoF BF UM L | or P Ayt of

the present inwenkoeatelyekves a conpl ex which i-s postulated to be a

rut heni um N- het erocyl.j.c. || -~ cobal t.,.coml ex. e S Ng feature
of the new catal yst |h§_ﬁﬁ:§gggg030 e%c%lbc?esg%a )e'%cg?;rgruftg?zéﬁ%aten%‘
N-het erocycl i c leilganed2blki gatel 2o ¥ A+trovpamedirher ushes T oRIALYS3s is the

s os o or S3aAeL-oINE BLESPD!CLINE WrloRab BY | dlesein pre St e
process for pre Fng*a 1,3-8| o, cofprising the reaction of an oxirane
with syngas at hypdhehdnmykbarbonyl oraligdunes @y be addehedd ZARREPESER t he

presence of the cat alxsh s6BERLEX: &l H}eaPse 328k ebBVEE SFepddiouSBRET

propanedicl involwving a catalyst comprising a cobalt
carbonyl compound, to which a tertiary amine may be added
2s a promoter. ‘

25 WO-A-96/10552 describes a process for preparing 1, 3-
alkanediols involving a catalyst comprising & cobalt.
carbonyl compound, to which a tertiary amine may be added
&5 & promoter.

US-A-4433177 discleses a catalyst for making

30 acetaldehyvde from methanecl, carbon monoxide and hydrogen,

comprising ruthenium powder, a cobalt-containing compound

and an amine promcter.
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In particular, the present invention provides a process for preparing

1, 3-propanedi ol conprising the steps of: (a) contacting, in a reaction

m xture, ethylene oxide, carbon nonoxide, hydrogen, an i n
solvent, 5 and a catal yst conposition conprising; (i) onquwewg?g%bg
non-|igated cobalt carbonyl compounds; and (ii) a ruthenium carbonyl
conpound ligated with a N-heterocyclic |igand selected fromthe group 10
consisting of bidentate and nultidentate Fkﬁ%férocyclic | i gands; and (b)
heating said mxture to a tenperature of from30 to 150C and a pressure of
from 100 to 4000 psi rl@@ozvmiuqmcse@»fkﬂa)? FBP &ntpme FFRectitRem™BiBrbduce a

two- phase 15 reaQ{ub&ﬁ fi%ﬁd rﬂygatfﬁrd%c%g”&ﬁ\ré!lﬁgs afe SRR al?ﬁa:?gquf?.@é@ré sing
a maj or portion o e sol vent | east 50 W % of t'he cataly

conposi tion, . pl usatmkestexstarhidhe 9o ababhhity #%F%&%l WhP P
conprises a najo o] | Tl OF THE
DRAW NGS The preé n%?%%#\'/%%ﬁréju ﬁﬂ%r %g?vﬂﬁgtdgggﬁ%ﬁ%? \%E?gg? el egii\trrpl e
with referénce teoekht kecomarmasigadiawifigs, civalydt EYstEIgHRES1 is an IR
spectrum of a cobal{ry L hepiym f?m% @ed2§ Eibﬁd{riz‘i’%né -deldpaZi RegedET2)

catal yst after preformng in , i oxol ane; Figure 2 is an IR cascade pl ot
showi ng t he fornm$¢k#ﬁ(ﬁanqIN?SC@hR§ﬂ$P¥Zléa@apvsir%ﬁ$%§'P&Hé@Fbﬁeof tine;
Figure 3 shows the,lf (F)iflswqaﬁrﬂgofl @h@u@sﬁkﬂ?ﬂs 3hLaleRhyst. duging the

one-step conversion et hyl'éné oxi de and” synthesis gas to

1, 3- pr opanedi ol ; addighin 4 Hré:smmﬂ dagende protreaidived Y RePeRsRe Pz
catal yst dgring {H6,aner HeRiek:3:BPO BYhEeS! e ek EHPOLZ61 11 6424 08/ 2003
19: 25 k1Afvl FNnKn fi 1 KF1 74] P.008 14 Novenber 55 Figure 5is a bar
graph showi ng E@xﬁmeamé:nawoﬁféﬁedatbebaf@r%ﬁrﬁémnﬂﬁ 29FDHRBSTF i RHT

catal yst, solub|¢4§n¥Lsglgékéasqngolane when used for 1, 3-propanedi ol
one-step syntheses | LED DESCRI PTI ON OF THE INVENTICN The sel ective
hydr of or nyl at i o3 B$H#Bdgenati on of ethylene oxide to 1,3-PDO in one step,
represented by: 0  CH2r GeRorfafohHR: HOOHRe GRQdoing 2 the Passdoen

denonstrated using a cobal t-rutheni um honogeneous catal yst system.in
conj uncti dR wi t FTYSNFHCe PEPTAALA! 80 oR 1 HRTRS feth &% tRenBFRr 3t RI9PhINGands.

N heterocyclic il gards :that thIQUEQEmQPQ&cE:?SéHﬁa&sttn&bHQSsiﬂﬁoﬁ or mpeanpl e,
the comrercially available 2 i pyridyl bi pyri m di ne, and

2,4,6-tripyri dyliSands, Sfnghe PRE=BRAE- Jsrﬂwtﬁr%&g?"flgﬁ gy heFR S H I 17 23- PDO
generally conprises intimately contacting ethyl ene oxide, carbon nonoxide
and hydrogen (syngas), at a carbon 20 nonoxi de to-hydrogen nolar ratio of
from4:1 to 1:6, and a binetallic catalyst in a |liquid-phase solution in
an inert reaction solvent at a tenperature of from30 to 150C, and an

el evated pressure. The use of the new Co-Ru-N heterocyclic system 25
requires certain synthesis changes in conparison with
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wor k where a phosphine ligand is ligated to a Co conpound, such as

US- A- 5304691. I nportant aspects of the one-step process of the present
Jdnvention include the need for particular solvents, the %%§W0f
hydrogen-rich 14 November 2005 6 synthesis gas, and oper atitHeEPer 8% mewnat
hi gher pressure. Preferred solvents include cyclic aliphatic ethers.
Preferred operating pressure is closer B30 2000 psi (13,790 kPa), whereas
in the case of the phosphine 5 |igated Co the preferred pressure is closer
to 1500 psi (1 thiPiye, ChBoe kmMROBLANY thaclorfoim g devebaprerksof
this chemstry include efficient PDO recovery fromthe crude oXxonated
product sol uti dhsth PR cYEIE brangdtieni weteds 1 @ml-Rreeideoggedi c
catal yst. The -] e. by C i 0Xi .

opt  onal  cocat TS Ghip o EFEFreY JPEROPRRSAAII AN 1ol BBo¥es 3
pressure react @atelyst hsompaosiodoat compefisiymgas (a m xture of hydrogen

and carb 15 noxi de, sujtably in a nolar ratio of 1:1 to 8:1,
preferabl%nil 2: 1%o _Es:al)ccﬂ:?ﬁgjeF % _BFSPFryFa{“PGAS&BHdiOt‘?%@ maRe BPBTess of
the present inventianJiyede 61t clapdbngs, BofBumidaPady ocess,
continuous process, or a conbination thergof. 20 In the preferred

enmbodi ment of the presamheniwentovpongerpacanpricdmg Fed;uitheniaged streans
of EO syngas, and catalyst are charged t reaction vessel jch can be
a pressure reacti orc‘n:avr(?s%éf%‘ SRAPRENg gﬁ%ﬁgggc&l BN i’e ’i’c??ggﬂlc

autocl ave, oper at ed 133f=6f WX Of edi NERoROPhENYRHEP 2PNEM8Ing @¢ ranes of
up to 10 carbon atons, preferably up to 6 carbon atons, and ‘ethyl ene oxide

in partilul ar may b®idesheda eand Ml thdentaber Nsheneinsgyrld-aliloigangs ¢ he
hydr of ornmyl ation re i j { i resen f..3Q .t he cat al yst
conmpl ex of the presggpe%%§£% Fgﬁ_qﬁﬁﬁggggéﬁggﬁ ﬁaﬁ?ggﬁaﬁ%§%%%ﬁyﬁ§¥er the
invention is tpeteatiadf aldvariaadeie bbflefi €4 e B oxibRitdeRt At Iialgr ocyclic
conpl ex. The conpl ex of .the present invention is 14 November 2005 7

bel i eved t o coRfFMEECaadodddiciakisl bty r (R ek dFt nbRi FREG21EaCASER)s. The

character i singpbeahtig19l hifhe Al ClARE chOVObYES LN e0Xsdied daheni um

netal that is Tigate identate or nmultidentate”N-heterocyclic

| i gand, 1 t h acbmpdbaks warigho@mbugs YL corateition. m&helsat i @ox gand to
rut heniumatom.is giefe agLy ,ronLZ'%ato %iZ,_nDre BieferableFbout 1:1. .
The oxi dation SFaFRGt Phé rOHRGFATIAOHERHGE CURPLPERS cAMPREN (in
theory, ruthenstpesBy have deedl fonskdffed £O StniMhtchomgyrevan change
during the course of the, hydrofornylation reaction. Accordingly, the nolar

rati o of rutheptadipdlbtrobadermaydrafominliatiorl 2yvehesikr gas pasgssre

Sufficient cob . | d be added to conpletely oxidise all of the .
conpl exed ruthgéé%%%iéggﬁﬁloyed. An excess of cobalt can be added, but is

not of2@articul ar vhtuRovelli ballnane meydfd fyrmiyld i yar E868aleemo4: thieo
1:4, preferably from2;1 to 1:3, nore preferably froml:1 to 1:2. A large
number of N hetE$9RYktl +RVEBRPEIndSIRAVE Shde PO §% it i FhediSaBostiriabed

L 1 {1 0 1 e FEh ISR ES UG Lhcydhe Lopi bebbi 63t ) v
The characterising feature of the new catalyst is the use
of a bidentate or multidentate N—heterocyclicjligand

25 ligated to ruthenium rather than cobalt, as is the case
in US-A-5304691.
The present invention also provides a one step
process for preparing a 1,3-diol, comprising the reaction
of an oxirane with syngas at hydroformylation conditions .
30 in an inert solvent in the presence of the catalyst

complex of the present invention.



heterocyclic ligands include, but are not limted to: D azines such as

pyrim di ne, pyrazine, pyridazine, 25 as well as benzodi azi nes such as

gui nazol ine and qui noxaline; bispyridines such as 2,2'-dipyri dg/l ﬁ&Dl PY) ,
|

2,2 -bipyrimdine (BPYM, 1,10-phenanthroline (PHEN), di-142{oygp 0%et one,

4, 4" -di methyl -2, 2" -di pyridyl, 5,6- dinethyl phenanthroline,

4, 7-di met hyl phenant hrol i ne, 2,2" 30 biquinoline, neocuproine, and

2,2 -di pyridylamne; nultipyridines such-a&-2,4,6-tripyridyl-s-triazine

(TPTZ), 3,6-di-2-pyridyl-1,2,4,5-tetrazine, 2,2 :6"',2"- terpyridine,

2, 3-bi s(pyridyl) pyrazjne,s ai¢udac?- Bié i ghddentd iNoeRRbBOhL BRO®ided a process

5, 6-di phenyl -1, 2, 4-tr1azine; and certain 2,6-pyridyl- dilmnes such as

2, 6- bi s( N- pheny| fommuapanEngolpy rraPRenedip] comprising the steps oi:

2,6-biS[N—(2,6-dk£§0g&%ﬁg&g&%g¥llﬂEghyéééﬂﬂuﬂ milythirdi, Nnethhlénedxnsyl t s

were denonstrated in the exanples herein usin% 2“2I-digﬁrid¥%T(u£$HVt

2,2 -bipyrindine (BRAYD BracEides-RYFIRAIY BN APFTL, FRECEIPT ALV

structures of these thyfe Nahat9soCyshpSSi Bt awmpelilsang: 10 DI PY BPYM TPTZ

15 Suitabl e cobalt sources also include salts that a&ﬁ 8reduce to the zero
y

val ence state by heatUfr e®NSeRE PRTANMORTHEHTS OB i i s T

nonoxi de, e.g. synthesisggas. Exanples of such salts conprise, for

i nstance, cobalt carboxylates such as acetates and 2% ctapoates, which are
preferred, as well astiddb® FUSHPPEVE, PRTEFBY SHOBPGEM Ogégi F3g P £ ¢t

1 X: 741 P. OO KANLENDE[ S SHEET¥4oddc Noy exiipind2GR@I ek et fieval tlaxeigisowguch as

chl orides, fluorides, sulphates, ,hand | phonat es. erable also are
m xtures of these cobal t CSFFLEEIRE ?glﬁb’r éd?n%f}\‘égg%se%% € when

m Xtures are used, at |eastheferéoppDietigindsheaniixture be a cobalt
al kanoate of 6 to 12 carhon atons., The reduction maxuge 'P?r;% p:rni or to

h
the use of the Bt aPP8EdRIoFate M HE® & PrFEREa 5T ful't aneousl'y Wit h
t he hydrof ornyl ati on jpnocessdi 8 pheshyck of Ormpimatbontzoae00 fd€t I dent er
ion, for best results, is believed to be a alt carhop ' S
the cobalt tetracar b@ﬂylﬂoaﬁ?ﬁh, g?f AdEFUE ,ecﬁa&t\‘/riené_gap%%%‘ﬁ%%t%?{ s?lt ;bg%%
cobalt carfgonyl | R bardciAchhpré@gtomit&ib e ech®@@lsinglan weped @Hase y in
the region 1888 cm 1. However, this,ion 15 .in. th cti t al,yst nshe a
modi fi cation t her eof SOPBE-FLiBP ?Hga%%%éﬁr% S) gknghrg}a%b%geﬁ’diagﬁ Z]'cfav%\nit AN
het erocyclic |igand, weigofuphéocdbalydedamreessiosaypips wor SEhast ekhyiens
| ess. However, the counter ion is,_preferably : ~Ligas ed eohal t
tetracarbonyl anion . 6dﬁén?P§n%dl?£§%nﬁaa bgkggga?g§ﬁ§%s cannﬁg gener at ed
by reaction of a stakkitagncobal |2 sormsmesiiold .as cobalt hydroxide with
syngas, as,.descr] I  — Hkp ide in Organi c Synthesis",
Spri nger - rlag,é q‘ E? e MH%E% ionmetry ratio of
cobal t:rutheni um N- Ithgapdesensuitwityiom willd narngbeofiedcbiled pyrpiays ot
cobalt: 0.3 to 2 nol.es_ ruthepj i §aNGr o ndy efigr red
range woul d be 1ex[a5‘P31err3fL§§ g%%%flfm?%lto% %r’%oggtfsgpﬁho#gser uﬁlenr}gtjgm fo 0.5 to
1 noles N-ligandehigh30 formnul ation that worked well, for exanple, was

cobal t: Figure 1 is an IR spectrum of a cobalt-ruthenium-2,4,6—

25 tripyridyl-s—triazine (TPTZ) catalyst after preforming in
1,3~-dioxolane; , l
Figure 2 is an IR cascade plot showing the formation of
the Co-Ru-TPTZ catalyst as a function of time;
Figure 3 shows the IR spectrum of the Co-Ru-TPTZ
30 catalyst during the one-step conversion of ethylene oxide and
synthesis gas to 1,3-propanediocl; '
Figure 4 is an IR cascade plot showing the Co-Ru-

TPTZ catalyst during the one-step 1,3~PDO synthesis; and
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ruthenium 2,4,6-tripyridyl-s-triazine in nolar stoichionetry of 2: 1: 0.7.
A preferred formulation is 14 Novenber 2005 10 cobalt: ruthenium

2,2 -bipyrimdine or 2,2 -dipyridyl in a nolar stoichiongt 0 11 to
1:1:1. Preferably the cobalt conpound is dicobalt octacgﬁﬁ%ﬁﬁmgméﬂés

rut henium conpound is trirutheni um dodecacarbonyl, and the N5
heterocyclic ligand is 2,2'-bipyrimdineSor 2,2' - dipyridyl, in which the
molar ratio of Co;Ru:ligand is preferably 2:1:1 to 1:1:1, or the cobalt
compound i s di cobal tFimiER aY bbhyd , bahegrapheshomiognpdumgtiake thdimas Herm um

dodecacar bonyl , N Ligand is,2,4, 6.10 tripyridyl-s-triazine,..in

whi ch the nol ar a?gﬁ%ﬁg% I\J‘E%}?%&Wg%h% Qi ggtRvE) f.a%?é%.ysﬁm isé’étué’dlllse'd
rut heni um carbdmyll,i%-diedsicvate f Oovlen auéed £68S130tbYRpaReeiiey, ok st
catal yst preparation therefore seeks to ligate each  rutheniumatom 15 The
catal yst conpl e®YPah&f®Srade as follows: The first step in the catalyst
preparat i@ | 9etahage sy ot | B8 reoRRkeNy T S Y be done by
bringing a sui e dodecacar bonyl, in
contact with the N h&ber eeildditvd gandko iyl et behielyogbhattibnr wrheni um
dodecacar bonyl n?¥ ge repl.aced with other readily avail abl e ruthenium
carbonyl deri vEtIVesnes ¢t dss tUtheti R Bt P BBn§ECRc e FaPEEEERAS PYand
rut henium(11) tricarbonyl dichloride, diner. Further alternatives include
the use of |ess expensive ruthenium 25 sources that, under a syngas

at nosphere, will in-si@u formruthenium carbonyl species. These |ess
expensi ve rutheni umySouxkces may include rutheniunlV) oxide, hydrate,

rut henium(111) chlomgi-de, d rutiheni -- carhaon, (30 T diti

whi ch t hese conpoJ%%% ar%ﬂgilomed tgﬂnghla conpl ex argﬂﬁgﬁgcriig?gpgf
Tenperature and pressure may vary within the ranges given bekowAu t h
respect to the hydrofornylation reaction, for exanple 25 14 No@Hpber 2005
11 to 150C. Syngas may be used as gas cap during the conplex formation. it
IS prefe?%ble to use a solvent, preferably the sol.vent used in the

07 S50l vi g the Tas (5ESR PlroaPYERERY 1 Be? a0 oA b UG | oo S rabl e
sol vent s i ncl udeoridipe oé dies Scaﬁl§$9é£b§?§?@fcn§\éﬂln{ gfogﬁ?glhdg{ﬁi%rbggjh%? Sso;r%}%le

hydr of ormyl ati on process, in particu |

rut heni um N het@ﬁfﬁd}kﬂ#% ¢F gandt hdgntatei Hshetegocr e ddrangs r eal¥ti ng
trirutheniunldqﬁﬁggﬁﬁﬁggﬂy 1 Lchi ri .. of S :

N- het erocyclic 1 gan I'n ‘Jfa jéqb %%ﬁ 2{19’46:1 E‘éﬂﬁgg'trdaet f?rogbr&/)vi Sll‘ﬁLtt%e J?Iléﬁgﬁe(g%f 25
to 15045 suit dulry ekGingloe,1 HIG: uncehe actal bon avaiaxitde @, 2'sydigyesi dypAas

at nospher e, fob ﬁ't 24 hours. (i.e. until 15 cqonpletiaon). At this point,
optionally, sai‘d“r Gt AR N 2R y et fc O ThRPPHE 1M e HIER R as a

discrete merial. diexlond el AELeLOBYE! Lonkhaand soqmyl e s br ought

into contact with a suitable cobalt car npoun means of a
redox reacti ondedefredmyt konREiGe N-ingimat ebppkerntaagding atthyilene oxide,
aforenentionedcg condi.tions. A uitablg cogglt soyrce i s

]

i tical,
di cobal t octaca?§§%;h§4§%QQﬁfﬁﬁ PITRMPFEREESAnd 3sa § The used
as wel | 20For i nsharade kle rSRIrRGad @Dt tratio of from 4:1 to 1:6, and

a bimetallic catalyst in a liquid-phase solution in an
inert reaction solvent at a temperature of from 30 to
150°C, and an elevated pressure.
The use of the new Co-Ru~-N-heterocyclic system
25 requires certain synthesis changes in comparison with
work where a phosphine ligand is ligated to a Co
compound, such as US-A-53046%1. Important aspects of the

one-step process of the present invention include the

need for particular solvents, the use of hydrogen-rich




25 carbonyl, and optional pronoters, if any, are added to the solution
which is then maintained at the elevated tenperature (from25 to 150C) for
atime of 15 mnutes to 24 hours. This process is referrejﬁ%o )
step-wise preparation method. Again, optionally, the new? 8‘1‘1?‘3@305

rut heni um N- het erocyclic conplex may be isolated and characterised. It is
also within the scope of the present invention to prepare the

cobal t -rut heni um N- het erocyclic conplex by 14 Novenber 2005 12 a

sel f-assenbly net hod, wherein all catalyst conponents are brought together
at the sane tinsyHdrezkanpie, &hd operaktjon Aty absomerdhdly righen- wise

met hod wherein all _ the conmpongnts are brought .together_ at, .the sa time 5.
under synthesis pgraesssc%%li t in%ﬁ%. e’i’ﬁ%gcﬁB I"Fpgﬁt fr’éll?lq'ﬁlr?rel\l-cyﬁe}tjecr &%ﬁ%tjjc _
conpl exes may beigrites at eprdfe sebd- 8peeiBling preseReeStieD c M sb ulido sed
in a suitable ether solvent wunder synthesis gas condi tions, but the

condi ti ons and, PSin (at+12eFa) ¢ hehespaenin Bhe sals€cdd the Phespibing

favour the formti lJ,gat : i LeS .. ~al f hﬁq :

| i gated cobalt ngﬁ'g%%eeg %e{% ]gen%%kgga #%E%ﬁ_ﬁh ggt géogtﬁre}gitei ra (%eprsji han
the Co-ligand spéedi,&d0 reBalbe confirmed by e*g. IR analysis. Typically,

whet her said active Co-Ru-N-heterocyclic catalyst_ is rated 15

en ,
step-wi se, or by sel PHAEEMAIRLT TN exhREFPES chBr ’é@?efifgéﬁe’ CPMRMYarffs 4% he
met al - car bonyl -&@LeR, ir f A r n o] b Rand d e
region 1875 toc%%ggggﬁQQ%éﬁgﬁg%gﬁ%%f?%%%%£5%?§ g%k%ﬁ?%%|gg%§‘serié§ﬂ§%h
three or four rotbhestwd cardshiod $adsiomst hand20et900et 0£210@ @ative €&gi-on
that are ostulﬁﬁe E% be due -t.o catioric rut heni um car bonyl speci es.

Typi cal g@ectra U B hEETOS YRR LA ¥ st systemin 1, 3-di oxol ane, . both
during the preparatirps Qf 3salid1GAtale Shada sl dethh PgihfeanEQksyag@s reaction
to give 1,3-PDO, are illustrated in 25 the acconpanying Figures 1-4. The
optimumrati o ofabalvate ioptilasleapeatRivTo-andl pyandtadisteprpmatern
part depend upo h r.t.i cul_ar. | ex_ enpl , lar_.ratios of
oxirane to thegggbg g%ﬁﬁfuu$§ zgﬁgﬁkfr$+$$%%%§9%o%%%gﬁgkrgg&?:fhfb 30

10, 000: 1 are gehatabbyctdbnsbdctsgmgasm (d mitire abf oRyatogkhorndl chriben
500: 1 beipg preferred. 14 Novenmber 2005 13 The reactign_sol vent shoul d be

i nert, négning PREPXEEE, | SUASRLdOh duherdl BRAFHERREC cBEir L610FCt Bé lreact i on

| deal  sol vent SpEﬁEeEQ& “‘2‘??} LLQN ArOCE SR IM Lﬂ&&%g{?{:x’g&/ﬁt%ﬁ cbaed talds .

products during the courSe of the reaction, phase separation at
reduced tenper at ur €ehe Sprbabke ofolthentrsreerenideigtreteton nmag- Be58a469&d

Good | t be_achi ith ethers, ticul arl lic, aliphati
o her . opt | onabFy #9 GoRBE AR F SR SWHIPRE S A hGoH BEGCERRanGE 6

tert-butanol, apghwinafidhoPBLirec¥) hydrocarbon, such as toluene and the
chl orobenzenes. The summary data in Tables 1 and 2 illustrate the
i mport an€0yi el d andi®Bethet Pyeforagdasmppsimentyfhhe presentyinvensinar

sol vents such a xanpl g. t not limtedto he.fLye- red_:ri,ng,
1, 3-di oxol ane, %%P%ééF%fxgﬁgﬁﬁggéd ﬂﬁuitéﬁ%é(ﬁ%%&ﬁﬁé g%dtqf4g§g§§§ﬁea gee
exanples 1 to légtaMesBuard bRATGrE te &f hefaciiicon asess@l hywhieht chut pe a

ether (MIBE, see exanple 17). 1,3- dibxane is of particular interest since
it can be readiP¥eSYeRer BERALLAROVES SEIndKEhtd DR dPulbbe pEolwmphor a

stirred autoclave, operated batch-wise or in a continuous
25 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
hydroformylation reaction with syngas in the presence of
30 the catalyst complex of the present invention.
| An essential part of the present invention is the use ~
of the Co-Ru-bidentate or multidentate N-heterocyclic

complex. The complex of the present invention is



20 formal dehyde. 2-Ethyl-2-nethyl -1, 3-di oxol ane proved to be a
particularly interesting solvent choice since it allows PDO product phase
separation under normal operating conditions (see exanpledég) Here t
PDOis concentrated in a PDO-rich phase in ca. 36% 25 co eBei2ofio The
estimated 1,3-PDO yield is 58 nole% and the PDO selectivity 54-73%
Pronoters may be enpl oyed. Suitable pronoters are described in

US- A-5304691, previously cited. Exanples of pronoters that work well, are
readi ly avail abl h i C L.QN
are tertiary amsﬁ%gggugﬁ\ﬁ% %% %—%t*ﬁ% ec & %%192% aﬁlgtg%?fg%“hgp\égﬁeg

as well as aIkalcasaaystsucbnﬁsdhuﬁaﬂteﬁﬂ&ﬂﬁﬁfﬁeéﬂquWQﬂbEhlﬁ0ﬁ5vé4 Edass
best results, the oni step hydrofornylatlon/hydrogenatlon i s conducted

under condi ti onsMEPLERSy &Pe §*LEHFEH T KD Rl EhatRehgt Fbgated to a
temper at ures angeaLouta0oom30GasMAS! Ao fefd SR D (21286, @REpTRS!
preferably from®60" to he reaction pressure (total presslre,

parti al p5essurQOBaltnepmpgagdoas ¢heuemm tare irged) Eoutat be higahdaﬁb
100 psi (690 kPa sui tabl e o erati su ange of 100
psi (690 kPa) to%ﬁEJ@% RhEf %"z"?ms & 86#%&)%1’%' e‘?r%tﬂs W P%ﬁ %oo‘g%?— (10, 340
kPa) to 2500 pS|préﬁgrgﬁgﬁkggbuta@dlnnst preferably 2000 psi (13,790 kPa) f

250 psi (1725 kPa). In a batch process, the reaction wll generally be
conplete within 1.5 The W%b@ﬁ%lorrhétééﬁp@ﬁeﬁhg qmtmm@bcmmm ebsren@k e

d b f th
Catalyst  compl STOLERL REBEERL | RDohRPERY T ORI MR r LI § v hencs

mai nt ai netD t hr oughdutt ¢ h@) y edlsi EbNmap aveanedahiga! iditinkottHeSSodPgd 2 %
by wei ght, generally within the range of 0.2 to_20 % by weight, preferably
1 to 10 % by weildift | %r%%%%fﬂy%%t%ﬁ’é reestiggi ghAcsrreiagisactitm melaxr e.
The process of Pr %%§@&| r 0

node, while mai rﬁéﬁm n?gf;‘lhgl‘ conggn rgg ?gnﬁgsfb;‘/r,%quo%rlltr?s an:gegfg&:ﬁv’
addition. At thémettlxmiges of $hEfhyientorophati(Gn saaatlidbe éﬁﬁédmxo
product m xture is r.ecovered q%&conve ti naI nEthOSP§ﬁ§UCh s selective

extraction, fractdBHati%tdHidtssmtd ph sEhgeEQWB afd T EaEWT ve

crystal | i1gat i onemp1@yed\r eatd &k Sd 4 té PIHBASE! bR B8 g@hledas ddie fsatr%a/st
and reaction solvent may, and preferably are, recycled for 30 further

use. Partitioni 8§ @ﬁnﬂﬂﬁukﬁﬂnvaﬁuenxt&metcbhybetpeomnﬂed rigy itchevaadidig | on
of a phase- spll Iy d Giqn er .2005,1 | e_agents

i ncl ude glycols sugh%as gfhaiw% FgggﬁdfFPﬂear§aE he? &ﬁ%

dodecane. Such pmeageabrwlﬂronba_@ddgﬁ 1opthe reaction mxture in an anmount

within the range of 2 to 10% by wei preferably 4 to 8% by 5 ht ,
based on the total fea@Fidén WReR @ Nt@%@tp%clh@t%@rasouﬁésm@vm asron

of al, 3- Qoopane%eht&?l%dt N8 836k QD ﬂriérlﬂéf £8rb£h£'9%H{a°Q%% PDO
concentration up to target proportio SO, m scCi i sing alcohol s
and agents w thysthekas pshagltmemﬂﬁb&&tfﬁﬁEMmm;umr@@aamystOG@m@le.

i sopropanol can_be. a gged initially, and then renoved, prior to_the

subsequent i ndutPhgeBret hEPETaSE & gt ansd et ei derbatraliron will
require effici epét€abab¥3ic ligands include, but are not limited to:

Diazines such as pyrimidine, pyrazine, pyridazine,

. EO

25 as well as benzodiazines such as gquinazoline and
gquinoxaline; bispyridines such as 2,2'-dipyridyl (DIPY},
2,2'-bipyrimidine (BPYM), 1,10-phenanthroline (PHEN), di-
2-pyridyl ketone, 4,4’-dimethyl-2,2’-dipyridyl, 5,6~
dimethylphenanthreoline, 4,7-dimethylphenanthroline, 2,2’'-

30 bigquinoline, néocuproine, and 2,2’ ~dipyridylamine;
multipyridines such as 2,4, 6é-tripyridyl-s-triazine
(TPTZ), 3,6-di-2-pyridyl-1,2,4,5-tetrazine, 2,2’:67,2"-
terpyridine, 2,3-bis(pyridyl)pyrazine, and 3-(2-pyridyl)-



recovery with nultiple cycles of essentially conplete recycle of catalyst
to the reaction. The preferred 15 catal yst recovery process involves
separation of the two |iquid phase m xture noted previou and recycl e of
the bulk solvent phase to the reactor and return ther ew1f‘ll?'%6? mbgg 2005 | east
60 to 90 % by wei ght of the starting catalyst. In a preferred manner of
runni ng the process, reaction conditions such as oxirane concentration,
catal yst concentration, solvent, product Cohcentration, reaction

tenperature and the I|ke are selected so as to achleve a_honogeneous
reaction mxtur e5al§ SlEhetEd 1, 2, 4-triaabRs ataie SeARA1Rads E~BYPETY 1T oni ng
of the reaction M W 10 2aB-HPP - I%:gr}&qnt mglaﬁ§glﬁgﬁ{,gpptmﬂajch of
t he catal yst and a ower 1%ase contalnlng nost™ of propanedi ol upon
cooling the nlxtﬂmé 2£§nﬁlsiﬂ nénﬁrﬂﬁeﬁ@P@PHEQRHﬁﬂE&ﬂ@§th¥%Fﬁ%P6 and
recovery of gﬁft !{ecycle of catalyst and reanaI of heavy ends 30 from
t he sol vent syst |s process is referred to as Ehase separati on
catal yst rdcycl e/ prodisstd mesoLEsyWeRRt $RRPI I 3NGFe ABeFR208%2RBLEH t hi s
process, the re ﬁé?%n?%tﬁi ts 3 ed%+9y@$lt@IﬁettbeZOngﬁerMﬂﬁéerred to
a suitable vesse pressureés ran ron1atnDsp eric_to near reaction
pressure where, (B iagkt 201, scenspww@-e@eemge £THTEY i ncthases may
form that are substanilald be dhELET ehtee el GoRSEYCESDEYe rhEREs L UQduCt
or in catalyst and solvent. e phase rich in cafalyst and solvent is
directly recycled for further reactlon with feed materials. Product is
recovered1fron1the progyst 10 rich phase by conventigpeh nethods. It is
preferable that... the reaction is run such that product diol mintains
concentration levels in the reaction mx suitable for phase separation.

For exanple, con 1, 3- propanedi ol ca | ess than 15
1 and greater than 50pf6 by; wei ght, generally bet 732%.by wei ght,
and preferably be 20% by weight. Te ¥ng qui escent
settling of phases can be between just above the int of the
reaction m xture up to at |east 150C, and maybe higher, 20 generally
between 27 and 97C, and preferably Qﬁﬁﬁﬁen 37 and 47C. The EO
concentration is maintained to avoid e formation of |ight alcohols and
al dehydes that are mscibilising agents. Oxiranes will preferably be

mai nt ai ned t hroughout the reaction | concentration not 25 |l ess than 0.2%
by weight, generally within the range off 0.2 to 20 % by wei ght, preferably
1 to 10% by weight, based on-the t wei ght of the reaction. The

reaction can be run with a two-phasejsystem However, yields and
selectivities are maxi m sed when hi ggcentrations of 30 product are
present in a single phase reaction *and ubsequent phase separation occurs
upon cooling. 14 Novenber 2005N17 cont ai ni ng both bidentate
and nultidentate |igands peffor results have been
denonstrated with binetallic ng It-ruthen~qm

15 Suitable eobalt sources also include salts that are
reduced to the zero valence state by heat—treatment in an
atmosphere of hydrogen and carbon'monoxide, e.qg.
synthesis gas. Examples of such salts comprise, for
instance, cobalt cafbexylates such as acetates and

20 octanoates, which are preferred, as well as cobalt salts

it. : | ma,g@»cwww ermnEonitarger 741 P.OM
e 2ol COVO/208 1926 gt



catalysts in conbination with a variety of bidentate N 5 heterocyclic

| i gands when. sol ubilised in suitable ether solvents. The

cobal t-ruthenium 2, 2" -bi pyrimdine and 2,2'-dipyridyl catalyst precursors
are particularly effective (see, for exanple, the data i NeMsmesr 2003nd 2) .
Good results have al so been realised with 10 nultidentate N-heterocyclic

| i gands, for exanple, using the 9
cobalt-ruthenium2,4,6-tripyridyl-s-triazine (TPTZ) catalyst precursor; in
cyclic ether sol ¢v&ning neke 13-, 6l a@@] : 3zdi o . 1..4- di_oxane, and
2-ethyl-2- methyl-1, 3-di ogo%a%ﬁ%ds(gasg%}g%e a?%llaﬁg‘rag?ggf)l?je 3 /ﬁgl Pﬂf’lgietsu :
infra-red study éfdt Relpbbalatasut hdpamable 48 Bstrapyr ndytugelsr oZZkRese
catalyst in 1, 3-di ane exanpl e 58, Table 10), shows the formation of
four characteri g?%%aﬁaét%n t Hestaq’iec%%?éd RRYPBRT at theggwhengso,

1986, and 2015 ciiitduesngre efs@d)i i ofeddie 2 Ches er
synthesis gas (CO H2, 1: 43}@ After addi tei oér}eof etatl%/ ﬁeﬁgéggi Qg tahe’%gg%\g??on
Fa

m xture at® 90C, Pégai Aoba syanpeadies cfa$ preesslrearicont abhoms . t pheexhi bi t
a strong band at I ddition bands ., at,_ 1950, 1984, 2015, and
2048 cm 1. Thi s,r%%%gﬁ%)g%t]%?% 5% %g%&ito&-gle rﬁ’?ilgorl,tsc_l p?lb?)a‘r’l%ﬁi BE EBemat i on.
Typical IR spectagalysts, cascadema{yomz, aUcRMPIOWhdd 18k €sndads1y TPfth
ustrate the present invention d'Ysc osed

follow ng exanples will serve to il .

herein. The exanﬁ?‘%g’%@@f?ﬁq‘ﬁ%ﬂﬁaoﬁnwoé§sé patdieofhydtefernyl ani amd
should not 30 bg,gonstrued as [imting the scope of the present invention
in any way. Those skilled in the art will recognise many vari ations that
may be naté without The Nouanber 2605 f8rdepatt regufiren tihe Kl fddedftd N&

di scl osed present cgb%ﬁgltiagg% Exiarrpl es 1-20 Exanples 1-20 were conducted in
a 300 cc 5 capadl ¥ FHAIVY L syiP R T hERREt EBe mabad ytRfarcarbonyl
mani fold. In ex les beterocyclic ligand .is, varied, bhut only -
two cyclic et he%rﬁrslgﬁ\iem{s%%a&@ on:ta"."w"\{?ﬂ BxSRPEESTEFST YhEdRAent i s

varied. Variati in._qther .conponents and conditions are noted., Data are
10 given in ‘Tablgggbfnéfﬁ‘d&% b.%gpp‘rrév?lb‘?us*’?/gh%ﬂtigﬁédﬁopérgtoioctﬂnﬁrllfy good

| t d i ' dj pyri DLPY). 2.2 - bipyr.im.di
(BPYM © and 2, abReraebTatds Sl ot el BN UAYs SN wSyamer, obhiise igso.
of theselfhree AnlBhbetetdeycldatnlyptiscdn 10 phenant fiekikaen( RHEM.oA. N the

one-step PDO sthh si% aée provided in Table 1. Here PDO yields are
cal cul ated on a‘fibFaPtbhBFs Cobaddd qRFRP U majy dpe i ngddfiethylisheNoxi de

charged, while RFPe: : Vi r tinmt hr t ograph (GO
20 anal ysis of the g?ﬁ%é%?o%&?ﬁﬁfﬂ?ag'i 'ns‘ﬁ}a.'ltgéej ﬁi%??gcgg%%duggé’ &p
i ncl ude ethanol t¢th@ majed oo- pesductiowevant,i affe thdntereisrdiate,

acet al dehyde, an g' smal | uantity of heavies that include -
3- hydr oxypr opyl _ge_z %@%y&ﬁﬁyfl%rﬁéﬂ,at@-d [RRRMy prepyRcarbonyl anion
3- hydr 0x@@r opi anat s oRsd ase 3 rBDY Egb%ﬁtterca‘ifbcﬁﬁ}yéir@%ﬁ( %é’pg?ﬂéﬁté&' by

confirmed by GC-ns/1R). The promoter was N, N-di'net hyl dodecyl'am ne
(Me2C12N). | n TeAE-4on exkindl 8tartingdecbed tats A0E@ eni sunch 1880ceisal1€ 12, 410

he po0 i bor odane O R dndaE 0ne bRty et iy FafhS, [ Soarbod
Acet al dehyde cofmoentirds iion OrgéhecCEyHenpseguct S'ﬁﬂqiébfﬁve;?ﬂég, Q4% In

the first Co- Ru(-llgl%\g .exarrpl e (see exanple

25 The molar stoichiometry ratio of cobalt:ruthenium:N-
ligand is suitably in the range of 0.5 to 4 moles cobalt:
0.3 to 2 moles ruthenium: 0.1 to 2 moles N-ligand. A
preferred range would be 1 to 3 moles cobalt to 0.5 to
1.5 moles ruthenium to 0.5 to 1 moles N-ligand. A

30 formulation that worked well, for example, was cobalt:
ruthenium: 2,4,6-tripyridyl-s~triazine in molar

stoichiometry of 2: 1: 0.7. A preferred formulation is



14 Novenber 2005 19 2, Table 1), conducted at 90C, with 2000 psi (13,790
kPa) of 1/4 (CO H2) syngas, the 1,3-PDO nolar yieldis 54% the esti mat ed
PDO et hanol wt ratio is 13, the PDOHPA ratio is ca. 2. §4£? tpg

acet al dehyde 5 concentration in the crude product liquid 5”@9? qDEi al

PDO plus HPA nolar yield is ca. 74% while the dark purple product

sol ution shows no signs of precipitates and the reactor is clean. Miultiple
ethyl ene oxide additions, (as in exanpl & 5), raise the PDOvyield to 66 10
nol e, and here the PDO' HPA ratio in the final product is >100. Wth TPTZ

as the added N hejesDEyCchethéhdhRgepari' obipgir inieliink emeciiza'tmrﬁ%i@yneﬁn
quantitative and in both exanples 7 and 8 the PDO HPA ratio is >10
1,3-PDO 15 yi el & RRXaX yprearhioBeisy as| €: ludi Ag IF 141 ofd?%f%’samf}’]ethe

I d d
Take 1’ al so berSiD: 106 BRSrad £ AP R, e he Bl Y SRR

precipitates w tdomgdinsd Nt et i poyliériuvni thdecdenirbgniile GordRUEHEP T

cat al yst preparation stage,,or during the DQgeneration phase. Pr oduct’
di stri but @ns mé’reé:e&'g%q%c%bﬁfhmgbﬁs %nsfpﬁp A“B'é‘rlt“iecﬁratb rgdvant age in

the use of 2,2 ofiégm di, '&tmichtthé RETHRT E-la%'lloyo%v@ol a1 @ figH1
exanpl e, Zeneca rporation or Sigma-Aldrich. A sanple of DIPY~ 25 (97@6

purity) from ZempewseQuiphy a2 i brl (ts@el ekaﬂml e:CchEabtbbait RROHRNG ats 0 6. 6,
PDO Et OH ratio 14) perforned sim to ou or| s from

A drich Furt hePLosBA s it are B ZhecUhnebLtn 2omBaine Reane
reCFVSta||lsatlQ&ﬂfﬁﬂhe&Ehﬁqdadéﬁﬂbéwﬁdn% 1 mekginahe3N-afigasld UporR ,i4 s6-
performance in PDO service (see exanple 0, PDO HPA ratio again 6.6) A

second i iPr ovenﬁﬁftlnﬁl%b]stss‘wzia@?eaws‘é’dlﬁ? ﬁb?n@ollétfhéﬁl o G’IfOXI de
hydrate 14 Novephe 2%%5 Q% aS; tatbeoﬁ‘é’tfgflb'm?sougﬁ ggge S L

rut heni um car bony pre rsors in-sttu (examle reatne

160C wi th CO ri earpasyPRR HdPA addirtyiled ds fae 1bes aeeﬁ%a Bp@b&te@ﬂ raaido
is 15, and acetal dehyde 5 concentration 0.5% Another alternative is tq use
r ut heni um on- cafB&n @&ﬂ%ﬁﬂPERE?quﬁﬁﬁQHf%@erﬁf?ﬁ8u§ﬁ9kﬁeF€ LReE G &AFR ant

liquid product gg % > ca. 910 ppm ruthenium. 14 Novenber 2005 21
Qro Ho _ riodr Oy') .-1I CLAOANLnWNNI nLnIntryu) O 0 ! s a
wow M 15 The catalyst complex can be made as follows: The

first step in the catalyst preparation is synthesis of
the Ru-N-ligand complex. This may be dene by bringing a
sultable Ru(0) source, e.g. triruthenium dodecacarbonyl,
in contact with the N-heterocyclic ligand.

20 Alternatively, the triruthenium dodecacarbonyl may be
replaced with other readily available ruthenium carbonyl
derivatives, such as ruthenium dicarbonyl acetate polymexr
and ruthenium(II) tricarbonyl dichloride, dimer. Further
alternatives include the use of less expensive ruthenium

25 sources that, under a syngas atmosphere, will in-situ
form ruthenium cafbonyl species. These less expensive
ruthenium sources may include ruthenium(IV) oxide,
hydrate, ruthenium({III) chloride, and ruthenium-on-
carbon. |

30 . The conditions at which these compounds are allowed
to form a complex are not critical. Temperature and
pressure may vary within the ranges given below with

respect to the hydroformylation reaction, for example 25
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to 150°C. Syngas may be used as gas cap during the
complex formation. It is preferable to use a solvent,
preferably the solvent used in the hydroformylation
reaction. Obviously, this solvent should be capable of
dissolving the active catalyst, without affecting its
properties. Suitable solvents include the ethers
described below for use in_the'hydréformylation process,
in particul&r cyclic aliphatic ethers.

The ruthenium-N-heterocyclic ligand may for instance

be made by reacting triruthenium dodecacarbonyl with a

_ stoichiometric amount of a selected N-heterocyclic ligand

in a 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
completion). At this point, optionally, said ruthenium-
N-heterocyclic complex may be isoléted as a discrete
material. '

Next, the Ru-N-heterccyclic ligand complex is brought
into contact with a suitable cobalt carbonyl compound by
means of a redox reaction to férm the Ru-Co-N-ligand
complex, again at the aforementioned (noncritical)
conditions. A suitable cobalt source is dicobélt
octacarbonyl, but other cobalt complexes and salts may be
used as well. .For instance, the selected cobalt
carbonyl, and optional promoters, if any, are added to
the sclution which is then maintained at the elevated
temperature (from 25 to 150°C) for a time of 15 minutes
to 24 hours. This ﬁrocess is referred fp as a step-wise
preparation method. Again, optionally, the new cobalt-
ruthenium-N-heterocyclic complex may be isolated and
characterised.

It is also within the scope of the present invention

to prepare the cobalt-ruthenium~-N-heterocyclic complex by
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a self-assembly method, wherein all catalyst components
are brought together at the same time. For example, the
catalyst may be made by a'step~wise method wherein all
the components are brought together at the same time
under synthesis gas conditions. The cobalt-ruthenium-N-

heterocyclic complexes may be generated by self-assembly,

" in one step, when solubilised in a suitable ether solvent

under synthesis gas conditions, but the conditions and,
in particular, the solvent, are selected such as to

favour the formation of a ligated ruthenium species,

-rather than a ligated cobalt species. The preseﬁce of

the Ru-ligated species rather than the Co-ligand species
may be confirmed by e.g. IR analysis. Typically, whether
said active Co-Ru-N-heterocyclic catalyst is generated
step-wise, or by self assembly, it exhibits
characteristic IR bands in the metal-carbonyl region,

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

1900 to 2100 cm~l region that are postulated.to be due to
cationic ruthenium carbonyl species. Typical spectra
for the Co-Ru-TPTZ catalyst system in 1,3-dioxolane, both
during the preparation of said catalyst, and during the
EO/syngas reaction to give 1,3-PDO, are illustrated in
the accompanying Figures 1-4.

The optimum ratio of oxirane in the feed to Ru-Co-N-
ligand complex will in part depend upon the particular
complex employed. However, molar ratios of oxirane to
the cobalt within the Ru~-Co-N-ligand complex from 2:1 to
10,000:1 are generally satisfactory, with molar fatios of

from 50:1 to 500:1 being preferred.



rr~chz r) r~Dz alLf) z 0 rtas(aroa)ita)to z 0O z U) NCOrn V) v) to U
a) ()(1)a)a)a)a)()a)a) >4>>tN>-~a}~"'~V z U fuUC C zfu GO)Nrol>1 (1) O

443 "[Iri CG30 XIr XWA) 14 xr-1 rlriOx~1 r4w HL ' 0)D H.Qta- tN a) O
rMM7.1 "G ME | riria) ril r,zz NNN OHW1 U z HO' ﬁgt"%m@belﬂglo‘i?m.cz

FC Ov U HH
13

The reaction solvent should be inert, meaning that it
is not consumed during the course of the reaction. Ideal
solvents for the invention process will solubilise the
feed and products during the course of the reaction, but

5 allow phase separation at reduced temperatures. Suitable
solvents are described in US-A-5304691. Good results may
be achieved with ethers, particularly cyclic, aliphatic
ethers,-optionally in combination with an alcohol, such
as ethanol or tert-butanol, and/or an aromatic

10 hydrocarbon, such as toluene and the chlorobenzenes.

The summary data in Tables 1 and 2 illustrate the
important yield and sélecfivity advantages of using
certain cyclic ether solvents such as, for example, but
not limited to, the five-membered ring, 1,3-dioxolane,

15 the six-membered ring, 1,3-dioxane, and 1,4-dioxane (see
examples 1 to 16}, versus.a non-cyclic ether such as |
methyl tert-butyl ether (MTBE, see example 17). 1,3~
dioxane is of particular interest since it can be readily
generated through condensation of 1,3-PDO with

20 formaldehyde. 2-Ethyl-2-methyl-1, 3-dioxolane proved to
be a particularly interesting solvent choice since it
allows PDO product phase separation under normal
operating conditions (see example 16). Here the PDO is
concentrated in a PDO-rich phase in ca. 36%

25 concentration. The estimated 1,3-PDO yield is 58 mole%
and the PDO selectivity 54-73%.

Promoters may be employed. Suitable promoters are
described in US-A-5304691, previously cited. Examples of
promoters that work well, are readily available, and have

30 demonstrated the promotion of EO conversion are tertiary
amines such as N, N-dimethyldodecylamine and
triethylamine, as well as alkali salts such as sodium

acetate.
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24 Exanmple 21 In Exanple 21 a typical life study of the catalyst conplex

was conduct ed. Dicobalt octacarbonyl-triFﬁthenium
dodecacar bonyl -2, 2" -di pyridyl catalyst solubilised in 5 1, 3-di oxol ane was
used as the catalystF@rebastoresu&tselghEeQWEE@t&ddltlons and four PDO

distillations. I_i‘?ygrc:fc:z:rnylat.wn/h;.rn:ircu;;enatJ.c:nn is conducted under
conditions of elevated temperature and pressure.

Reaction temperatures range from 30 to 150°C, preferably

5 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) should be at
least 100 psi (690 kPa). A suitable operating pressure
is in the range of 100 psi (690 kPa) to 4000 psi (27,580
10 kPa), preferably from 1500 psi {10,340 kPa) to 2500 psi
(17,240 kPa}{ and most preferably 2000 psi {13,790 kPa) %+
250 psi (1725 kPa). In a batch process, the reaction
will generally be complete within 1.5 to 5 hours.
The components of the feed streams are contacted in a
15  suitable reaction solvent in the presence of the catalyst
complex of the present invention. The EO will preferably
be maintained throughout the reaction in a concentration
not less than 0.2 % by welght, generally within the range
of 0.27to 20 % by weight, preferably 1 to 10 % by weight,
20 based on the total weight of the reaction mixture. The
proCess of the present invention can be carried ocut in a
continuous mode, while maintaining said EO concentration,
by, for instance, sfaged.EO addition.
At the conclusion of the hydroformylation reaction,
25 the product mixture is recovered by conventional methods
such as selective extraction, fractional dlstlllatlon,
phase separation and selective crystallisation. The
unreacted starting materials as well as the catalyst and
reaction solvent may, and preferably are, recycled for
30 further use.
Partitioning of the reaction mixture can be promoted

by .the addition of a phase-split inducing agent.



the initial Co-Ru-DIPY stoichionetry was 1:1:1 and each EO

hydr of ormyl ati on was conducted at 90C under 2000 psi (13,790 kPa) of 1/4
(CO H2) syngas. The typical 10 operating procedures are ag &oll WS, %. Four
EO additions to the Co-Ru-N-heterocyclic catalyst sol ubi It Y8%Me8 200y ¢
ether solvent, with hydrofornylation/hydrogenation of each EO addition to
PDO as detailed previously. 15 2. PDO rewsovery by vacuumdistillation
after solvent stripping. 3. Recycle of the bottons Co-Ru-N heterocyclic

catal yst sol uti @uital®lO ayehhsf iﬁérueéhgn yeRl\ent,-hDafsa eaafrgrﬂéﬁ/@ﬂgigfbol
Table 3: 20 Table 3 # EO PDO Yield PDO Sel'. "PDQ Et OHDi stilled PDO
Addi ti ons(nol e %G (FHeaseFUsangs IUON3858884462677. 05UCKG BT RS will

2524411. 3N. D. Ge [ b ound_that _as.the_nunber .of ., cycl

i ncreases there :bgé gééc%leoc\j/v %?J% ujgg%$€%)$8aﬂil§%?§eh&8vl‘ags amouny d“{ﬂtj%ﬂ/eé‘e
3- hydroxypropyl - Zangl axfye2 e 1dks Noy epbegh200prdseehbely, 43y dgoxpropyl
3-hydroxyp3$pionate, and the PDO EG esters of 3-hydroxypropionate

(i dentified by GHeIEyyRPAK/E PR HE L2l gGRECEARDI MAYLUTRe systtennative
al so being deple i the tine mket, a EO
upt ake is stret ch%%kﬁdgfnqﬁlo y h%%)drjém% ?fp}?bgﬁgwggf‘%?%%s&g’}% %ﬁe very -
little residual HRActioh/miarhize etaliseiryglep eatiitictonoratnatrb@isSnneyetd i

above 0.4% After _18 EO additions the final product. is a c¢lear, deep. red
liquid, with no E\?F&@Ecé’rélﬁ’oﬁrtelﬁrbi tgile%c?r ot eobat+iaiRdr af ReRpdm and

recoveries are 68%eand G4%n %Qﬁ%%&ﬂ\ﬁﬂﬂérf%?i§u8§t§$Se€H§h¥§?SF§5p%§%l

rorescenc%). Li kewi se, inspecting the reactor after 5 weeks' o
operation Vit isapFedsoPwopaned cadi disaladded dintxbabl v, 22nd5then removed

experinmental serj e imlar to that .of , Exanmpl 1 al so perfor.nmed
mhgre t he intern%g?g¥eE¥s§de§u Srited X rﬁQﬁPQ%%gﬂﬂftgﬁ%vgﬁ?ﬁﬁ B?BéEég?ﬂQre
removed by filtrati oQofpeireialoope@adiizii Wiati odqwie aftefid8tELstalyst

additions a small quantity of make-up 20 catal yst was added. An additional
four EO additi onS®GeVeTIYcHhpletdtindRi fyslay il evientbilby. campiptake

times for this caka ibeLst i ustr L Figure 5.
Exanpl es 23-98 2§§§?§g$igg %%ﬁé%ggﬁthu#%%%?ﬁ%%'%ﬁ%ébng@ﬁ% 5 5?§g$9 in
associ ati ® wi t hcatalpber retoiebgt proeysls drviafands sepsd©aeigh oyedther two
one-step 1,3-PDQ synthesis, usin different nolar ratios of conponents of
catal yst conpl ex-*9¥A i RERSE JPYEREES BRESE PHRYE s eadtd die t p&nkhe30

These runs vere 1wondugs edens dRsECtEaRAL! LA ad LIS NOOKEH1LR Br
synthesis gas mani fold, and having the appropriate tenperature/pressure
readouts and c@f rbtast Theseodaba%i byuveighe tdfe tiee sifarting catalyst.
In a preferred manner of running the process,
20 reaction condipions such as oxirane concentration,
~catalyst concentration, solvent, product concentration,
reaction temperature and the like are selected so as to
achieve a homogeneous reaction mixture at elevated
temperatures and cause a partitioning ofvthe reaction
25 migture into an upper solvent phase containing much of
the catalyst and a lower phase containing most of the
1,3-propanediol upon cocling the mixture. Such a
partitioning facilitates isolation and recovery of
product, recycle of catalyst and removal of heavy ends
30 from the solvent system. This process is referred to as
a phase separation catélyst recycle/product recovery
method. .
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bi pyrimdi ne (BPYM, 2,2'-dipyridyl (DPY), 2,4,6- tripyridyl-s-triazine
(TPTZ), 1,10-phenanthroline, 2,2'-biquinoline, 2,2'- dlpyrl | am
di-2-pyridyl 5 ketone, 4,7-dinethyl phenanthroline, 5,6 ineR5a 2605
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3,6-di-2-pyridyl-1,2,4,5 tetrazine, 2, 2° :6',2"-terpyridine, and
3-(2-pyridyl)- 5,6-diphenyl-1, 2, 4- triazif®. 10 A series of ruthenium
precursors including triruthenlunldodecacarbonyl rut heni un(1V) oxide, and
10% r ut heni um on- car bonthi& paogessf, @ﬂ?leerreéac;ttmnt@omh@muaiagewmowed to

tetrahydrofuran (T 1,3-dio olan oxolan
di met hyl- 1, 3- di oé‘é@% OF. RenJEAns g rFed Hor S9ftabl? vessel at

et hyl - 2- net hyl - dhex8kares %&ﬁg].tn@' @x@&a@&mos&s@m&et@ h8gkudkagtion
triethylamne and N, N di et hyl dodecyl am ne, ‘as wel |l as sodi um acet ate.

Experi ment al datnraseugarrwhlelr@edumm wé:lfgéw o reen2odgapbee goedingr this

direct, on stepy sion_of u as to
1, 3- propangdlol th P?ﬁé bBSESEt & COQéﬂg ﬁg §“$%€£$§%5§ se, Bis
the bottom phasgiffetranthebkanal cbh@duiétrawlqﬂ W0idly imeppdaaaet | xphasent,

and WWis water wash. 27 0 * a_U) r-1 NNOOQQ O u)lu v ri N V'
OOM .--1 N O Ccgtalystpppd EON"&nﬁA Theorbhase NFAFR in_cataipt aPrdH Ln

NO mz solvent is directly recycled for further reaction with
feed materials. Product is recovered from the product
10 rich phase by conventional methods. .

It is preferable that. the reaction is run such that
product diol maintaing'concehtration levels in the
reaction mix Suitable for phase separation. For éxample,-
concentration of 1,3-propanediol can be between less than

15 1 and greater than 50% by weight, generally between 8 and
32% by weight, and preferably between 16 and 20% by
‘weight. Temperature during quiescent settling of phases
can be between just above the freezing point of the
reaction mixture up to at least 150°C, and maybe higher,

20 genefally betﬁeen 27 and 97°C, and preferably between 37
and 47°C. The EQ concentration is maintained to avoid
the formation of light alcohols and aldehydes that are
miscibilising agents. Oxiranes will preferably be
maintained throughout the reaction in a concentration not

25 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 haximised when high concentrations of

30 product are present in a single phase reaction and

subsequent phase separation occurs upon cooling.
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Formulations containing both bidehtate and
multidentate ligands performed well. Good results have
been demonstrated with bimetallic cobalt-ruthenium
catalysts in combination with a variety of bidentate N-

5 heterocyclic ligands when solubilised in suitable ether
solvents. The cobalt-ruthenium-2,2’'-bipyrimidine and
2,2’ -dipyridyl catalyst.precursors are particularly
effective (see, for example, the data in Tables 1 and 2}.

' Good results have also been realised with

10 multidentate N-heterocyclic ligands, for example, using
the cobalt-ruthenium-2,4,é6~-tripyridyl-s-triazine (TPTZ)
catalyst precuréor; in cyclic ether solvents such as 1, 3-
dioxolane, 1,3-dioxane, 1,4-dioxane, and 2-ethyl-2-
methyl-1, 3-dioxolane (again see data in Table 1).

15 An_in—situ infra-red study of the cobalt-ruthenium-
2,4,6-tripyridyl-s-triazine catalyst in 1,3-dioxolane
(example 58, Table 10), shows the formation of four
characteristic bands in the metal-carbonyl region at

1888, 1950, 1986, and 2015 cm™ during preforming of the
20 active species at 90°C under synthesis gas (CO/Hp, 1:4).
After addition of ethylene oxide, the reaction mixture at
90°C, again under synthesis gas pressure, continues to
exhibit a strong band at 1888-cm~1, plus additional bands

at 1950, 1884, 2015, and 2048 cm~l. This band pattern’
25 remains during 1, 3-propanedicl formation. Typical IR
spectra, plus cascade plots, are shown in Figures 1-4.
The following examples will serve to illustrate the
present invention disclosed herein. The examples are
intended only as a means of illustration and should not
30 be construed as limiting the scope of the present
invention in any way. Those skilled in the art will

recognise many variations that may be made without
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departing from the spirit of the disclosed present

invention.

Examples 1-20
Examples 1-20 were conducted in a 300 cc

5 capacity Parr reactor system, integrated into a syngas
manifold. In examples 1-12 the N-heterocyclic ligand is
varied, but only two cyclic ether solvents are employed.
In examples 13-20 the solvent is varied. Variations in
other compeonents and conditions are noted. Data are

10 given in Tables 1 and 2.

" As previously mentioned, particularly good results
were demonstrated using 2;2'-dipyridyl (DIPY), 2,2'-
bipyrimidine (BPYM), and 2,4,6-tripyridyl-s-triazine
(TPTZ). Summary data for the use of these three N-

15 heterocyclics, plus 1,10-phenanthroline (PHEN)}, in the
one-step PDO synthesis are provided in Table 1. Here PDO
yields are calculated on a molar basis, based upon the
quantity of ethylene oxide charged, while PDO

' selectivities are estimated by gas chromatog;aph (GC)

20 analysis of the crude product fractions. The primary co-
products include ethanol (the major co-product
fraction), HPA intermediate, acetaldehyde, and a small
quantity of heavies that include 3-hydroxypropyl-2-
hydroxyethyl ether, 3- hydroxypropyl B-hydroxypropionate,

25 and a PDO/EG ester of 3-hydroxypropionate (all confirmed
by GC-ms/IR). The promoter was N,N—dimethyldodecylamine
{(MepCy1oN). 1In Table 1, example 1, conducted at 20°C with

1800 psi (12,410 kPa) of l/5 (CO/H;) syngas,  the 1,3-PDO
yield is 49 mole%, basis EO charged, the PDO/HPA product
30 ratio is 26, and the 1,3-PDO/EtOH ratio is 8.

Acetaldehyde concentration in the crude product liguid is

only 0.3%. In the first Co-Ru-DIPY example (see example
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2, Table 1), conducted at 90°C, with 2000 psi (13,790

kPa) of 1/, (CO/Hp) syngas, the 1,3-PDO molar yield is

54%,.the estimated PDO/ethanol wt ratio is 13, the
PDO/HPA ratio is ca. 2.8, and the acetaldehyde
5 concentration in the crude product liquid is 0.8%. Total
PDO plus HPA molar yield is ca. 74%, while the dark
purple product solution shows no signs of precipitates
and the reactor is clean. Multiple ethylene oxide
additions, (as in example 5), raise the PDO yield to 66
10 moled, and here the PDO/HPA ratio in the final product is
>100. | ' o
With TPTZ as the added N-heterocycle, hydrogenation
of the intermediate HPA is neér quantitative and in both
examples 7 and 8 the PDO/HPA ratioc is >100. 1,3-PDO
15 vields are typically 57-59 mole%. Using 1,4-dioxane as
the solvent, as in example 8, the 1,3-PDO/EtOH ratio is 7
and the acetaldehyde make is also below 0.1%. Basis in-
situ IR studies, we see no evidence for preéipitétes with
this N-heterocycle, either during the CO-Ru-TPTZ catalyst
20 preparation stage, or during the PDO generation phase.
Product distributions were again confirmed by.GC-ms/IR.
A particular advahtage in the use of 2,2'-dipyridyl
is that it is commercially available from, for example,
Zeneca Corporation or Sigma-Aldrich. A sample of DIPY
25 (97% purity) from Zeneca Corporation (see example 9,
Table 1, PDO/HPA ratio 6.6, PDO/EtOH ratio 14) performed
similarly to our original samples from Aldrich. Further
purification of the Zeneca material through hexane
recrystallisation (m.p. 69-71°C} had only a marginal.
30 effect upon its performance in PDO service (see example
10, PDO/HPA ratio again 6.6). A second improvement in

costs may be realised by using ruthenium dioxide, hydrate
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as the ruthenium source and generating the ruthenium
carbonyl precursors in-situ {(example 11) by pretreatment
at 160°C with CO-rich gas, PDO+ HPA molar yields are then
>65%, PDO/EtOH ratio is 15, and acetaldehyde

5 concentration 0.5%. Another alternative is to use
ruthenium-cn~carbon ‘(example _12, from Alfa), although
here the éﬁpernatant ligquid product typically- shows ca.

910 ppm ruthenium..
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Example 21
In Example 21 a typical life study of the catalyst

complex was conducted. Dicobalt octacarbonyl-triruthenium
_ dodecacarbonyl~2, 2’ -dipyridyl catalyst solubilised in
£é] i,3-dioxolane was uséd as the catalyst precursor for
eighteen EO additions and four PDO distillations. Here

the initial Co-Ru-DIPY steoichiometry was l:1:1 and each
EO bhydroformylation was conducted at 90°C under 2000 psi
(13,750 kPa) of 1/4 (CO/Hp) syngas. The typical

10 operating procedures are as follows: ,
1. Four EO additions to the Co-Ru-N-heterocyclic
catalyst solubilised in a cyclic ether soivent, with
hydroformylation/hydrogenation of each EO addition to PDO

as detailed previously.

15 2. PDC recovery by vacuum distillation after solvent
stripping. _ 7
3. Recycle of the bottoms Co-Ru-N-heterocyclic catalyst

solution in PDO, with fresh ether soclvent.

Data are given in Table 3:

20
Table 3
# EO PDO Yield PDO Se;. PDO/EtQH | Distilled PDO
Additions | (mole %) (%) (gm) .
3 T 74 5.0 15
4 49 73 6.8 38
4 52 67 7.9 49
4 65 ' 57 5.8 31
2 52 44 11.3 N.D.

Generally, it has been found that as the number of

cycles increases there is a slow build-up of organic

25 heavies, particularly 3-hydroxypropyl-2-hydroxyethyl




OMr-4.-4 10-1 >'10 ~ QU OWUN Oro ' PAN-WA UUab coUa a G o N
04coa) O/ xvelnv) to InUro rorob O2TG >1>tU) UU NNZ x x \ o 0O U O U
v.ro O ~N O4 Nri r-14Jri U.G .GOX 43 .HbaJ -rt rl 3 -HO 3 u
3 ACOGMrdO0,4 Q ri #0d Xmo CDto z o m471 r4 WNovemperROQs co ni
en CONri. r-i wra6 0O U rl -H4-1 .4ri v) 0) 100U Q il 4] -P
PA CD04 Ao0O CDrqCDC 0o0O300N228MU U ri 49 Q.Nb It
ether, 3-hydroxypropyl 3-hydroxypropicnate, and the
PDO/EG esters of 3-hydroxypropionate (identified by GC-
ms/IR). With constant ligquid sampling, the system is
also being depleted of catalyst, so that the time to
5 " complete each EO uptake is stretched from 4 to 9 hours.
All product solutions exhibit very little residual HPA
(<1%) and acetaldehyde exit concentrations never rise
above 0.4%. After 18 EO additions the final product is a
clear, deep red liguid, with no evidence of precipitates.
10 Cobalt and ruthenium recoveries are 68% and 64%,
respectively, basis metals analyses (X~ray florescence).

Likewise, inspecting the reactor after 5 weeks of

operation, it is clean, with no residual solid.

Example 22

15 An experimental series very similar to that of
Example 21 was also performed where the intermediate
solids formed during the multi-cycling process. were
removed by filtration (prior to PDO distillation) and
after 18 EOQ additions a small quantity of make-up

20 catalyst was added. An additional four EQO additions were
completed, making a grand total of 22. EO uptake times
for this second catalyst life study are illustrated in
Figure 5.

Examples 23-98 ‘
25 A series of cobalt-ruthenium homogeneous catalysts

in association with a number ¢of N-heterocyclic ligands
were employed for one-step 1,3-PDO synthesis, using

different molar ratios of components of catalyst complex,

various solvents, and a range of reaction conditions.

30 These runs were conducted in 100 cc capacity batch
reactors, hooked to a synthesis gas manifeold, and having
the appropriate temperature/pressure readouts and

controls. These data illustrate the use of:
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* A series of N-hetérocyclic ligands including 2,2'-
bipyrimidine (BPYM), 2,2’'-~dipyridyl (DIPY), 2,4, 6-
tripyridyl-s-triazine (TPTZ), 1,1l0-phenanthroline,
2,2'-biquinocline, 2,2’'-dipyridylamine, dl ~2-pyridyl

5 ketone, 4,7- dlmethylphenanthrollne, 5,6~
dimethylphenanthroline, pyrimidine, pyridazine,
quinazoline, neocuproine, 3,6-di-2-pyridyl-1,2,4,5-
tetrazine, 2,2':6’,2"-terpyridine, and 3-(2-pyridyl)-
5, 6-diphenyl-1,2, 4-triazine.

10 * A series of ruthenium precursors including
triruthenium dodecacarbonyl, ruthenium(IV) oxide, and
10% ruthenium-on-carbon.

e A range of ether solvents including MTBE,

tetrahydrofuran (THF), 1,3-dioxolane, 1,4-dioxolane,
15 dimethyl-1, 3-dicxolane, 4-methyl-1,3-dioxolane, 2-
ethyl—2—methyl—dioxdlane,_and 1, 4-dioxane.

» Promoters including triethylamine and N,N-
dimethyldodecylamine, as well as sodium acetate.

BExperimental data are summarized in the following
20 Tables 4-19 for this direct, one-step, conversion of
ethylene oxide plus synthesis gas to 1, 3-propanediol. In
the Product Phases column, T is the top phase, B is the
bottom phase, P is the total product when only one phase

is present, and W/W is water wash.
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with 1/5 (CO/Hp) qas _
b Considerable black precipitate in reactor at end of run

Considerable hard reddish precipitate in reactor at end of run

d Solid suspension in this water wash phase

Run

a
C
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19.5

W/W°

90°

"

Cop (CO) g-
Rus3 (CO) 15—
1/4 2,2:6,2-

Terpyridine

87

Run with 1/, (CO/Hy) gas

a
b

Solid suspension in water wash phase

Half the usual EO charge -
d Small amount of solids in water wash phase

C

Some s0lids in product phase

e
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Novenber 2005 50 CL Al MS 1. A catalyﬁé conposition conprising: a) a
cobalt conponent conprising one or nore n-

CLAIMS
1. A catalyst composition comprising:
a) a2 cobalt component comprising one or more non-

~ligated cobalt carbonyl compounds; and
b) a ruthenium component comprising a ruthenium
5 - carbonyl compound ligated with a N—heterocyclic'
ligand selected from the group consisting of

. bidentate and multidentate N-heterocyclic

ligands.
2. The composition of Claim 1 wherein the N-
10 heterocyclic ligand is a diazine or a benzodiazine.
3. The composition of Qlaim 2 wherein the N-—

heterocyclic is selected from the groﬁp consisting of
pyrimidine, pyrazine, pyridazine, quinazoline and
quinoxaline.
15 4. The composition of Claim 1 wherein the N-
heterocyclic is a bispyridine.
5. The composition of Claim 4 wherein the N-
heterocyclic is selected from the group consisting of
2,2’ -dipyridyl ( (DIPY}, 2,2’-bipyrimidine (BPYM), 1,10-
20 phenanthroline (PHEN), di-2-pyridyl ketone, 4,4’-
dimethyl-2, 2’ ~dipyridyl, 5,6-dimethylphenanthroline, 4,7-
dimethylphenanthroline, 2,2’-biquinocline, neocuproine,

and 2,2’ -dipyridylamine.

6. The composition of Claim 1 wherein the N-
25 heterocyclic is a multipyridine.
7. The composition of Claim 6 wherein the N-

heterocyclic is selected from the group consisting of
2,4,6-tripyridyl~s~triazine (TPTZ), 3,6-di-2-pyridyl-
1,2,4,5~tetrazine, 2,2':6’,2”-terpyridine, 2,3-



| i gated cobalt carbonyl conpounds; and b) a ruthenium conmponent conpri sing
a ruthenium5 carbonyl conpound ligated with a N-heterocyclic 1|igand
selected fromthe group consisting of bidentate and nult'qinta%e
N-heterocyclic ligands. 2. The conposition of aimil thf‘r FETPHEORP 10
heterocyclic ligand is a diazine or a benzodiazine. 3. The conposition of
Claim2 wherein the N heterocyclic is selected fromthe group consisting
of pyrimdine, pyrazine, pyridazine, quimragbldne and quinoxaline. 15 4.
The conposition of Claim1l wherein the N heterocyclic is a bispyridine. 5.
The ' conposi ti on wifs (gyak %) pdies £ime | hend\ shqRepoeyayi c-5 s6-salpengd~f rom t he
group consisting of. 2 2'-di£%ridyl((DlPY), 2,2'-bipyrimdine (BPYM, 1,10
20 phenant hr ol i né-"@PRERFL3E 29 pyri dyl ketone, 4,4' - . :

di met hyl - 2, 2' - di py.ri dyl precésdi eihyppaesinidhr Dl i-iropsnédiol comprising

di met hyl phenant hrgol i ne, 2, 2! -bi qui noline, neocuproine, and

2,2 -di pyri dyl anit€. *8°PFh2ftonposition of Caim 1 wherein the N 25
heterocyclig is a mul tapyréshtectifhg, THe @orpeasticmmidtdai ehynhageei n the

N- heterocyclic is selected fromthe group consisting of . ,

2.4, 6-tripyridyl - - trPESTSe CHIFD FORSsaGE: SOYRRT4RT - 2 SPETS. FERFLIOhe,
2,2':6",2"-terpyridi neplderd 14 ddb\serdacs1368605cominds i thics( pypdykipyr azi ne,
and 3- (2-pyridyl) -5, 6-djphenyl- 1,2 4-triazine. 6. cess for
preparing 1, 3-propanedi ol rrpf%?i 33 TPhE %?'ééfg(?ft:eds_c?sgigoﬁ?’é%ﬁ%, in a
reaction m xture, ethyl enecdnpoaridde, aqar bon nonoxi de, hydrogen,. an inert
reaction | vent, and a cat,al yst nmposition conprising: .(1)_one. or, re
non- | i gat eg(ﬁ)cobal t car bony&"f}c§nﬁ8§ﬁa }uﬁn%la:'ir}‘]cirﬁy acpﬁpﬁgﬁ?u#%%?%%rﬂ?‘ltgo
conpound ligated with a N hethetecyelictikbl Dadahd ededeiceeddl Faomt bee gy oiyp
consi sting of bidentate and | ti.dentate, N heterocyclic Li,gapnds; and (b)
heating said nixture to a %05%& at'ar 5%051??%?ﬁt1% %%icf“&if%S%ngﬁgéa pr essur e
of from 100 to 4D00 psi:- (Eetero2yci80 kiggndsor sad i me effective to

produce a two-phase actiqn .product. m.xifure .conprisin n.._uppe hase
conprising a major po{hfeii otﬁlegftl?‘ﬁeggé ven %ura? q%ast e\%ﬁ&"g? ?ﬁef‘%%‘f al yst
20 conposit3on, plus ihrteadteédCetihyl enproxsuies cdndram LOGeto phee padhi ch

O e B o O rhortd R B 23 SuoPPRANESY U « AP Leeebt o2/ OF/ Allhack™ 26-
& two-phase reaction product mixture comprising an
upper phase comprising & major portion of the
solvent, at leaszst 50 wt® of the catalyst

20 compesition, plus unreacted ethylene oxide, and a
lower phase, which comprises a major poition of 1, 3-

propanediol.
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