1 Use of Supported lonic Liquid Phase (SILP) Catalyst Systems in the Hydroformylation of
Olefin-Containing Mixtures to give Aldehyde Mixtures with a High Proportion of 2-Unbranched
Aldehydes 5 Aldehydes with 5 to 11 carbon atoms which have a low content of isomer(s) branched in
the 2 position are desired precursors for the production of a large number of products. Thus for
exampl@@@%i@é%@%are starting materials for the production of pentanols) Syﬁgﬁgiyéﬁﬁ@g%d
pentylamines. By aldol condensation and total hydrpgenation of the 10 aldol condensation product,
decanols can be obtained from them, which are intermediates for the production of plasticizers,
detergents and lubricants. Through their aldol condensation, hydrogenation of the olefinic double bond

of the C ' idadj f Y , ic acids can
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n-pentanal or that the content of branched C5 aldehydes, such as in particular 2-methylbutanal, is as

low as Méstveesikaitibea dti gl divaportione afddttereasehedi Alstehyideshich after total 20

hydrogenation yield C12 alcohols. These can for example be used for the production of detergents.
"From C8 to C11 aldehydes, the corresponding alcohols, which are in particular used for the production

of plastigjagfs,LanbeabiainedByHavrEegeRAlAR HRUBRSNIRM deRaR RIS IR S Wt Aclow Gontent

of isomers branched in the 2 position from olefins with internal double bonds requires that the olefins
used béhSofrReERNRESIERHES, RFesURCISRTtesse dBRtinrRnl hirresarkes @b thistinternal

double bonds undergo hardly any hydroformylation. - 2 - The production of n-pentanal from 2-butene
or mixtures thereof by isomerizing hydroformylation is described in DE 101 08474, DE 101 08475, DE
101 08 Ahesitd ©aroplesrealdehydas AR s EBINP BRI RRIOAAGEOR ehRaANEL in at

least ongeRyshalerRYRIASHIN S HIAMEE BYrHIRIBING RAEHKSHBYSIRM With AyHRNGSRAIRS, igand which

contains a xanthene residue is used. With this catalyst system, 2-butenes can be hydroformylated

under A seRdesrlinayorhet siesanelheathhg ebtaineddigmuben whcBedeabout 85 to 15. The
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takes place in two steps. in the first hydroformylation step, with the use of a catalyst system consisting
of rhodiBlACAREROED$AERBp RYSERE HIOTRINTe iR dmRt thab s rianaadige ctivity

of 90% cEhgusRasieshRuinnas: srriabni-briRBasdaryMeassddndbesenendinkdaforaylation step
with the use of the aforesaid catalyst s%stem of rhodium/bisphosphine. The publications DE 101 08

476 an®BIRINeY, Y iipEsiQNR*3ImEIe-SR p8RIfsIh8 R HGtR € dekrieanis gl alersantties for
n-pentapaiH e wakpfRraiaHon A1 2 ieres Canbryabiaiaes Wit tBRiUe Qi cRiEiaESystem

consisting of rhodium and sterically demanding aromatic bisphosphites, such as are for example

describ808ATEPHRALEIY PRBIAEF PtHE S EnecORiEm: Sl ans hivshtedRIdeiy dRte SHONHAGHEY

long-terpy aplgRivibhaae Javes siacamrosifionsr atessafidhe catalyst system are achieved when the
catalyst system described in EP 0 213 639 is supplemented by a sterically hindered amine. A process

with the use of this catalyst system for the hydroformylation of 2-butene to pentanal mixture with high

n-pentanRishIre R ineasesHbDEdS 8A8INLEH JoHe dhakko aimyiasion e @lefins with the

use of rhodium-con,taininq catalyst systems is essentially performed according to two basic
modificAEHSIRTBHRNthiE R RHGRSPEARIY FRFCERE e (eRAIySE g%t%‘fﬂ%@ﬁ%f?ﬁg of
rhodiunyanggewater-soluble ligand, most often alkali metal salts of sulphonated phosphines, is
dissolved in an

From Cg to Cq4 aldehydes, the corresponding alcohols, which are in particular used for
the production of plasticizers, can be obtained by hydrogenation.

25
The production of aldehydes with a low content of isomers branched in the 2 position
from olefins with internal double bonds requires that the olefins used be isomerized to
1-olefines, that the 1-olefines be terminally hydroformylated and that internal double

bonds undergo hardly any hydroformylation.



30 aqueous phase. The educt-product mixture forms a second liquid phase. The two - 3 - phases are
mixed by stirring, and synthesis gas and olefin, if gaseous, are passed through them. The separation
of the educt-product mixture from the catalyst system is effected by phase separation. The separated
organic phase is worked up by distillation. 9 A disadvantage in this process, apart from the high capital
outlay afPtheRIGA1888rating costs, is the fact that only ligands stable to waf’e&i@r'? BR1ISLRP AP that
rhodium losses due to leaching are unavoidable. In the other modification, the rhodium-containing
catalyst system is homogeneously 10 dissolved #&an organic phase. Synthesis gas and starting olefin
are passed into this phase. The reaction mixture withdrawn from the reactor is separated by distillation
or memprane separation into a product-educt phase and a high-boiling phase, which contains the
rhodium-B5rit& i&@'@&tgﬁ/@f@% AR gmLRTQHt%?ng@QLU&ﬁQWWé’%Wé’r‘ﬁ@ﬂ?ﬁﬁ‘?%taining catalyst
system jiy/desioned taitieisedsieririneoter pBasrisHs workes4msbpdisiinten Heagpgopriate,
the aldeﬁgﬁs formed can be borpe out of the reactor with excess synthesis gas, the ,catale/% system

[

remaini t%g?@é%%o%h%‘%b@i?%@?ﬁgmﬁc%ftﬁ%tﬂ%ﬂ}%ﬁﬁ@ﬁc‘ﬁh%@%%ﬂdﬁﬁ ¥f olefins
with at mestydaitame2k PetEodhaduidrelesmdring daigyBedingsrofiats argHegprmdor the most

part the jol addition or aldol condensation products from the aldehydes tormed. So that the

e are ald : | ,
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in whicl:retrigtydeitnenpratiictmate romentiapdortiabhs. otad AhiefbrRbesiansppraunds are
contained %&Eﬁ{side strea rder to keep the rhodium losses small, rhodium must be recovered

N
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rhodiun it ses ariss hevecteselisine formakonyat dherihaeiivn. thkes e BdiHwe) ustgrs dapasit on the

plant walls %&d in somﬁ cases form alloys with the plant materials. These quantities of rhodium are - 4

- no lon QoY atiaDesiar WP enliacaAbRhaYSIER EaRTHYSOTERBIMBHANR and at

great expensphosperneaackgard of hetexseptonalytbig iorhgsiuranmticriin sessrkyorysdhepsgonomic
5 viability of an ind s{%;ial gydroform ation process is largely élependent on the specific rhodium
consumtg%ﬁ‘,”éﬁ@ﬁg% HEF Rt T e SR AISHTRARIEE R dBE RRFANG Y aralaiisie by lower

specificgfapdiith thesese Iof the deyelopimental sewy Sxaroie imytAIRHISBeSBRSEN g Barting point was
the idea 10 of immohilizing. the rhodium- ining catalyst systems, previously homogeneously
present‘?n"f%ﬂ‘éalgn @#ﬁﬁu@s%ﬁﬁ@é%rﬁ@lgg i< %ﬁﬁ BashgifsieR W m&sayatiation of a
reactiompitsedfsgedformed homogeneously, in this case the hydroformylation. The most promising

development until now is the hydroformylation of olefins to aldehydes by means of so-called Supported
ioni¢ Liquid Phase (abbreviated 15 as SILP) catalyst systems. These are catalytically active

composiigherzelevtiltipbasersypienandlichteensjgreforrsglifidnet. 2001ese S PR avhich is
covered wijth,an ionic liguid, the so-called SILP phase, whjch contains the catalyst containing the
ranaitiol TIAGR N6 B LR BB S ORI S LA 1S A reoie B e B G
homogeneoustiy bixbhetetoiges anitiasaistyizedsynibrsisomatianmaap beaombvedoltisdelates
above all to tlle #r?g{l:‘%t sigarati_on arEd C@eco. errﬁ/ of the catalyst, in particular of the transition metals
containdPtREIEHM S aficURANG géﬂ% mﬁhogeneously performed synthesis reactions. 25

Conversely, in heterogeneously catalyzed synthesis reactions, mass and heat transfer limitation can

o e e e
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achieved when the catalyst system described in EP 0 213 639 is supplemented by a
sterically hindered amine. A process with the use of this catalyst system for the
hydroformylation of 2-butene to pentanal mixture with high n-pentanal mixture is

25 disclosed in DE 10 2008 002187.3.
The hydroformylation of olefins with the use of rhodium-containing catalyst systems is
essentially performed according to two basic modifications. in one, the Ruhrchemie/
Rhone-Poulenc process, the catalyst system, consisting of rhodium and a water-soluble
ligand, most often alkali metal salts of suiphonated phosphines, is dissolved in an

30 aqueous phase. The educt-product mixture forms a second liquid phase. The two



- 5 - Hydroformylation with the use of SILP catalyst systems has previously only been described in the
literature for a-olefins, namely propene, 1-butene, 1-hexene and 1-octene: A.Riisager, R.Fehrmann,
P. Wasserscheid, R vanHal, Supported lonic Liquid Phase 5 Catalysis-Heterogenization of '
Homogeneous Rhodium Phosphine Catalysts, ACS Symposium Series 90?2005&, p.334-349 A.
Riisagewa?%?{%}%ﬁ M. Haumann, P. Wasserscheid, SILP Catalysis in a(ngll’ifus@E,11 11066760
Hydroformylation and Carbonylation, DGMK Conference Report (2006), pp.57-63 10 A. Riisager, R.
Fehrmann, S. Flicker, R van Hal, M. Haumann, P3Wasserscheid, Very Stable and Highly
Regioselective Supported lonic-Liquid Phase (SILP) Catalysis: Continuous Flow Fixed-Bed

Hydrof lati fP [ te C ie, Int ti | Edition, 2005, 44, 815-819 15 A.
R B T PR A YRS HR P aa LT BB CR RS L P)

CatalysisrdvginihevaliVe £ oacepition dbihe genetysddatelysistirdponntmisdtyBedy3eantry's, Eur. J.
Inorg. Chem, 2006, 695-706 20 Y. Yang, C. Deng, Y. Yuan, Characterization and hydroformylation
Ml e T O I e R A AU
Journal of Catalysis 232 (2005), 108-116 A. Riisager, R. Fehrmann, M. Haumann, B. S. K. Gone, P.
Wasserscheid, Stability.and. 25 Kinetic Studjes of Supported lanic Liquid Phase Catalysts for

Fych oG FUTHSR BPBP DS HHCEST, A CRLD DRk, 490 GBS g Cip 108 GRS
Haumanosts, \&/tsséasthiedd dihyRelantnstablepponatbtanie biguistdhase (LM Gaka st
ContinUﬁ)us F|?W Processes, Pr%clige ings- 30 Electrochemical Society, 2006, 630-638 - 6 - Riisager,

K.M. E get , E’?WQ&QF&%@% ('Firmann, Propene and 1-Octene hydroformylation with
silica-supported, ionic liquid phase (SILP) Rh-phosphine catalysts in continuous fixed-bed mode,
Catalysjs Letters, Vol. 90, Nos. 3:4, Qctqber 2003,.149- 5 153) However, inter alia, insufficient catalyst
Shel 18 QU0 sS4 BSla 8 T NG G ANk s LTSI ABRH5en incloated
in SILPdiatalysid onandrghusiciphpreed Bitthesialgakikewiseartoigheia ustiphpseduetionrssale it is
necessarty to stﬁ[_r't 10 from a diﬁ;:erent rﬁ\q material tf@n th%ﬁﬁrevjousg/ us§d ﬁ)uraiat-. r.1-olefins, e.g.
the so-(?aﬁ/ Fraf |ﬁgf3e%, QRAREYER &% rﬁg?aﬁ?ﬁ%t f?% 2t I? fifi ‘f’g Vel 8'& Bltane.
These arebyaios setsfratio péttolaynorkittieg vricg rafisaiagrobiegsinglinhighase bakrhon
unsaturated hydrpcarbon mixtures. These hydrpcarbon mixtures contain only a prgportion of the a- or
oleinC LGS TP Ry SR KU ATer TR SEHTE vtk P hreh SP A IBeD 084 and
multiplyrbodaturatectzionpaatd/ss sylstas iy miample ib, euteditne ssatuiatedraydroasedisns and
water. If,‘(?rr 8§no ic %P%rl?atit?nnOf a continuous process for the hydroformylation it is not only the use of
a very AGVE N selective ca(t)talyst that is important. A decisive part is in particular played by the
aspects catalyst recycling, combined with product separation, 20 and ligand stability - not only in view
of the hjgh rhodium and ligand prices, but also of the only appraxjmately known influence of impurities
fom g AR eSS A TR A R o e BT AT 51 known that
organopioiptisusdgydhd catdlysrofateylatomaing ibjie teaian iveseat, dbgy adad divaticch

deactivatign,process. [P..\W.. N. M. van Leeuwen, in %godiu. Catalyz ydroformylation, P. W. N. M.
o s aRPesss e p Y B RN o HIRARS WIL R YRS DYt
20

During the hydroformylation, high-boiling products are formed; for the most part these
are aldol addition or aldoi condensation products from the aldehydes formed. So that
the high-boiling product concentration in the reactor remains limited, a side stream, as
far as possible one in which the high-boiling products are concentrated, must be bled

25 off. Rhodium compounds are contained in this side stream. In order to keep the rhodium
losses small, rhodium must be recovered from this bleed stream. The separation of
rhodium from such streams is costly and incomplete. Further rhodium losses occur due
to cluster formation of the rhodium. These rhodium clusters deposit on the plant walls

and in some cases form alloys with the plant materials. These quantities of rhodium are



process, e.g. due to further reactions of the aldehydes, such as for example the aldol condensation,
and further reactions of the synthesis gas, there is said to be an inherent, system-related instability of
the catalyst system and the individual components thereof. Side reactions and degradation reactions
can for example be hydrolysis, alcoholysis, 5 transesterification, Arbusov rearrangement, P-0 bond
cleavagt/ S B245A8 cleavage [P. W. N. M. van Leeuwen, in Rhodium Cﬁglyé%t’dzﬁ?ﬂiﬁﬁ@?ﬁﬁllation,
P. W. N. M. van Leeuwen, C. Claver (Ed.), Kluwer, Dordrecht, 2000.; F. Ramirez, S. B. Bhatia, C. P.
Smith, Tetrahedron 1967, 23, 2067-2080.; E. Billigt A. G. Abatjoglou, D. R. Bryant, R. E. Murray, J. M.
Maher, (Union Carbide Corporation), US Pat. 4,789,753 1988; M. Takai, |. o Nakajima, T. Tsukahara,
Y. Tanaka, H. Urata, A. Nakanishi, EP 1 008 581 B1 2004.]. Li?and deactivation and degradation can
take pldd® W&ESWS%JMH hHeafdya 3Rd @5 bR sRUKIRWIS BT 81tb s8R RIMY &Bps of product

separatieacVita iy ey elingeeiedishiethermal stress. 15 For the aforesaid reasons, in all
large-scale industrial continuous hydroformylation processes operated in homogeneous phase, ligands

and if necessary also the relevant transition metal are replenished, in order to be able to maintain the

desired Sigibé tirangRrRIBCHYiItNOURE GIOREN Tagh 2A08 ISR GamMamicadyesicablete ke-ahisme dispense
with such céei\flys reple ishmint. Even with the use of catalytically active compositions based on SILP

catalyst'<Selhn e A BRIV YoM AR T REGPS dS R A SRR BARN AR B RREEHihadequate

catalystrmte@igm@ ifbﬂ@(ﬂﬁpt&llfnﬁs %treaw@o@@r@ ﬂﬁaa@naﬁmgns\;pm@?mwﬁsyﬂ@&é%i& &d%i%im@g@i?
contrast to the conventiona roformylation processes, direct replenishment of ligands, and also of
the rele§ ﬂﬁ%ﬁgﬁﬁ&%ﬁ& ?gﬁ?&cﬁf&éﬁ&u%mﬁ%%ugh the presence of organic amines,

abbreviated to OA, in the SILP phase is stabilization surprisingly achieved in such a manner that

regular replenishment of the 30 components of the catalytically active composijtion is not necessary for
mainten[grg SSP‘@‘-OMB%%ﬂiﬂ%@%ﬁ&&ﬁ\%@%ﬂpé@@&ﬁm%f&ﬁ&%ﬁ&‘fﬁ%ﬂ%‘iﬁ@é&%&f@%ficanUy.

In this cohmeeittiiing ftret thatithreuginthieinsecats\3 pRitshenreeicBRERYiRiRR A thrsgldehydes
due to concentratign in the SILP. pase iEbr%?rked%/ decgreased hasr%n additional favourable effect on
the lifetiiBSHY Er&&fﬁ?ﬁ?&?fbmﬁg g8 LS SO RNERIOD 3tRIP £RBmMBICERET 18012 e nsation, which
lead to theteleaetiiadinonasidadegiestaiianal taefeatavticathoaetiv aalpppsiivca4e twimized. On the
basis of this, the problem._comprised: |) the provision of a sujtable catalytically active compasition
fo the (VRIS YR of 56 ISR RIS RYSIORSBE kPG s ae DG AG R Rons. i)
the provsifinofadiydretismplationprocess-wileh S uspardbisceatalyliorl Piaetive sioprpogitian for the
productio%kﬂr?e%ﬁ/qes with a low content of isomers branched in the 2 position by hydroformylation
of dfefind s %IYSBEB? q8fids, which is characterized by a a low specific rhodium consumption
and low product losses due to 15 further reactions of the target product and ensures a catalyst lifetime

hich bl f he industrial scale and Hi) th iSi f shaped bodi hich di
it o ke Dt e L R S e

found thatiidiefiestyidrduts, $0mashomatienas wiiiorars intarreddaithlahmidcriuie thslkdasadated with
036 phes a1 AL g2 G ST ORI BN GHHOLEIFEE nA G GHIPB: least one
organipramﬁi}eRnZS I_t was partigula}rly sgrprising that these gatalytically active compositions according
AR e D R e s e R e e e
particuladyadyrpdsingtisireie roagiteraicandsy binediaei DY bk afynmgvitusictondie pialedo water,
a'COh°'%88%%4%%“598?é@%?&r?%%‘%ﬂgecsatéIf?s't, in particular of the transition metals contained

therein, which is difficult and costly in homogeneously performed synthesis reactions.

25 Conversely, in heterogeneously catalyzed synthesis reactions, mass and heat transfer
limitation can occur, as a result of which the activity of the solid catalyst decreases;
also, in heterogeneously catalyzed synthesis reactions lower chemo- and stereo-

selectivities are observed.



Accordingly, the subject of the present invention is a composition comprising: a) an inert, porous
support material, b) an ionic liquid, c) a metal, selected from group 9 of the periodic table of the
elements, 5 d)a phosphorus-containing organic ligand, and e)at least one organic amine. In a
particular embodiment of the composition according to the invention the iner{:;t)a,qforous sugfﬁort material

is selectél B/ AE §#Bup comprising aluminium oxide, silicon 10 dioxide, tin TR aRKIERE/BEonium

dioxide, silicon carbide, carbon and mixtures of these components. In this particular embodiment, the
inert, porous support material exhibits the followiny parameters: a)SET surface area from 180 to 800
m2/g 15 b)pore volume from 0.32 to 0.97 ml/g and c)mean pore diameter from 2-50 nm. In further

embodiments_of the compgsition according fo the jnvention the inert, porous support material is
selectedMAAE™Y l?é‘d’&'ﬁpthﬁﬁﬁ%grggs%ﬁ@;‘ﬂ!ﬁﬁﬁéﬁﬁ?&*r‘ﬁ%ﬁ?fﬁ%ﬁ%%lmg’rila%‘??nacroporous

materiadis gy imaig litdsaRPECks phoisphataameppsdpiaersheiye)ar fease metal foams,
metaIIo%r anic frameworks, porous nitrides, porous oxynitrides, and silicate-based aerogels. With
t

regard to Eeﬁgfous phosphates as an inert, porous support material for the composition according to

the inveniRikRjgmMRIFehphasph&Eep/ardssurtically vapsiteds2h siicealivnivemaaphates such as for
exampIE:SA 0-34, can be used. As re%?éds the poraus nitrides or the porous oxynitrides as an inert,
Hé“ihé

e GRS R TBP A oyl BB bes B RS HAR CBREBI B Stac b on rtride.

carbon siffigi-eiumetaiieo g ameperds4aade used. - 10 - With regard to the mesoporous
materials as an inert, porous support material for the composition according to the invention, for

example MCM-41-, MCM-48-, SBA-15-layer silicates or also flame-hydrolytically produced silicates
can be AseRlisagaedar @ Hmamerdaotesamaialiris/ia it iaeHein0 OUP AR v alaBakiehihgeS

porous PR RUBH L0 418 Rt MR SCMMR e Y5 A RO Do B e way. aftor
subsequent coating with 10i)an ionic liquid, ii)a metal of group 9 of the periodic table of the elements,
Hi)a phl?\s.%%rggé??ga%ﬂgmoar%gpglig?c@%r?}g(dvan Hal, M. Haumann, P. Wasserscheid, Very

Stable and Highly Regﬁosefectivé Supported lonic-Liquid Phase (SILP) Catalysis:

Continuous Fiow Fixed-Bed Hydroformylation of Propene, Angewandte Chemie,

internationai Edition, 2005, 44, 815-819

15

A. Riisager, R. Fehrmann, M. Haumann, P. Wasserscheid, Supported lonic Liquid

Phase (SILP) Catalysis: An Innovative Concept for Homogeneous Catalysis in

Continuous Fix-Bed Reactors, Eur. J. Inorg. Chem. 2006, 695-706

20 Y. Yang, C. Deng, Y. Yuan, Characterization and hydroformylation performance of
mesoporous MCM-41-supported water-soluble Rh complex dissolved in ionic liquids,
Journal of Catalysis 232 (2005), 108-116

A. Riisager, R. Fehrmann, M. Haumann, B. S. K. Gorle, P. Wasserscheid, Stability and
25 Kinetic Studies of Supported lonic Liquid Phase Catalysts for Hydroformylation of
Propene, Ind. Eng. Chem. Res. 2005, 44, 9853-9859

Riisager, S. Flicker, M. Haumann, P. Wasserscheid, R. Fehrmann, Supported lonic
Liquid Phase (SiLP) Catalysts in Continuous Flow Processes, Proceedings-
s0  Electrochemical Society, 2006, 630-638



iv)at least one organic amine are suitable for effecting the hydroformylation in a slurry modification of
the process 25 according to the invention, such as for example in the presence of a 2-phase gas-liquid
reaction mixture, or as a fluidized bed modification of the process according to the invention, such as
for exar\rfl}?le with a single-phase reaction mixture. For the industrially interestingFmodification of

perform Bﬁ%?é%"& in fixed bed 20 reactors, it is firstly necessary that th@ﬁb @f@t%l)w B bhed

inert, porous support material be subjected to a shaping process, such as have long been known in
the state of the art, with addition of a binder. As siitable binders, as well as aluminas, ceramic clays
and colloids, for example alumosilicates, pyrogenic alumosilicates or amorphous zeolites can also be
used. Advantageously, the inert porous support materials modified 25 in this way are used in a form
wherein they present a low flow resistance, such as for example in the form of shot, pellets or shaped

bodies, Rlichgas, frl excmnipleiaietyy sydpaRiseRPFerEshexavdnRRRABISd huadieaeneral 1-20
weight %, ed o%}the We{ﬁht of the inert, porous support 30 material, of a dry binder as aforesaid
R SHaPg

togethel VTR W 4, AR ARES S R aA AR P e tes,

such agiasetnples Jixee!savoliatis ofsataldaisodi@iy s such s Jop exanuim e haose pibers, are
vigorougly mixed. This process can for example be performed in a kneader. Next, the shaped bodies
for the j(%%l) bed reactor are produced by a shaping process, such as for 5 example pelleting, extrusion
or dry pressing. Before installation, the shaped bodies are calcined in a temperature range from

200-70QC, whereby the t ry additi d. In thi t, a further embodiment of th
compodTNHECofbiRG ANETVHTBAGE B BRRIE L Je B35 WO FOH BIEWBIEDBRRSAS SR

materiathsuefpsienexanpe ilicandionidapratitihipdisaietian sdditionalipinsien selastr@dram the
group comprising: alumina, b) ceramic c¢lays, and | c) colloids 15 shaped bodies of different
three-di‘ﬁﬁgﬁgﬁ‘iﬁ%’ ﬁﬁ‘%:es\ég%%ﬁefrg%ﬁ 'é‘F%’i%r REGAKION Hogip driSAISFPEFRNGMR AT ellipsoidal
and, iftppolylaigesrodiesiarel iormatdnorcsisisangsdioput 10 orm-ddliies gattiewar

embodiment of the composition gccording to the.invention.is characterized in that as the ionic liquid
compouff?g drelndERnRYS ?ﬁzod'n%(ﬂi p%l@@lﬁ%f’nﬁiﬁ% 53&4%@‘?38:%% Ruoroborate

GBF41) bbexaduDHepieosizhbiepitthrls diorapatmiteutiN@INizP abis tuifinerterpribigssiiphomibimide
rexaiu ISR [SBHeR AT L A (Al A (e S gReRene7s03),
triflate (§GR3SQ3hpmdivalietehe o- or 1-olefins necessary for the hydroformyiation together with
15 olefins with an internal double bond and multiply unsaturated compounds, such as for
example 1,3-butadiene, saturated hydrocarbons and water.
For economic operation of a continuous process for the hydroformylation it is not only
the use of a very active and selective catalyst that is important. A decisive part is in
particular played by the aspects catalyst recycling, combined with product separation,
20 and ligand stability - not only in view of the high rhodium and ligand prices, but also of
the only approximately known influence of impurities from ligand degradation processes

on the activity and the product spectrum.

it is generally known that organophosphorus ligands in hydroformylation are subject to

25 an inherent degradation and deactivation process. [P. W. N. M. van Leeuwen, in
Rhodium Catalyzed Hydroformylation, P. W. N. M. van Leeuwen, C. Claver (Ed.),
Kluwer, Dordrecht, 2000.

Since some catalyst poisons such as water, alcohols, formic acid, oxygen or peroxides

30 are always formed in traces or are technically unavoidable in a hydroformyiation



30 (EC4F9S03r), tris-(pentafluumethyp-trifluorophosPhate ([PF3(C2F5)3D, thiocyanate - 12 - ([SCNI),
carbonate ([CO3]2-), [IT-COOT, [R-S03]-, [R'PaiR"]- or [(R'-S02)2Nr with R" and R" the same or
different, and each is a linear or branched aliphatic or alicyclic residue containing 1 to 12 carbon atoms
or a C5-C18 substituted aryl, C5-C18 substituted aryl-C1-06 alkyl or 01-06 alkyl-05-C18 substituted
aryl resitfiR 2044 ¢&#0e substituted with halogen atoms; wherein the catioRGS/5&igeEHP6APthe

group comprising: quaternary ammonium cations of the general formula [NR1R2R3R4]+;
phosphonium cations of the general formula [PR+ R2R3R41+; imidazolium cations of the general
formula 10 f(-5\ RI-NN7NR3 R2 wherein the imidazole nucleus can be substituted with at least one
group R, which is selected from 01-06 alkyl, 01-06 alkoxy, C1-C6 substituted aminoalkyl, 05-012

substituBsaCc&SH o @sdee S listhrl e eigne efdBemrtisifss, s Atdiol pranapbnther #fheneral

formuladdd génbattowherainhra yadi AY Gle usCamBeesibgHE e Vet ahlaastina gigHBBrtvhich is
selected from C1-C6 alkyl, C1-C6 alkoxy, 01-06 substituted arninoalg}/l, 05-012 substituted aryl or

05-012 SYBSHTiTElRIRgiestabli ) hRotRelysh sysirm aadiche brividyaheraronsats theseotwherein

the pyragiele rusdauasandassbgiitedvdiiohleashTpe SaMp B DEMGa s paie chpcbiiesis1-C6 alkyl,
01-06 alkoxy, 01-06 substituted aminoalkyl, 05-012 substituted aryl or C5-C12 substituted aryl-C1-C6

alkyF grBE e S HRLOSHAHPESRS T B B g R RothRd cleavage and P-C bond cleavage
{P. W. N. M. van Leeuwen, in Rhodium Catalyzed Hydroformylation, P. W. N. M. van

Leeuwen, C. Claver (Ed.}, Kluwer, Dordrecht, 2000.; F. Ramirez, S. B. Bhatia, C. P.

Smith, Tetrahedron 1867, 23, 2067-2080.; E. Billig, A. G. Abatjoglou, D. R. Bryant, R. E.

Murray, J. M. Maher, (Union Carbide Corporation), US Pat. 4,789,753 1988; M. Takai, .
10 Nakajima, T. Tsukahara, Y. Tanaka, H. Urata, A. Nakanishi, EP 1 008 581 B1 2004.].

Ligand deactivation and degradation can take place not only during the actual reaction
process, but also in the subsequent steps of product separation and catalyst recyciing,
&.g. due to thermal stress.

15
For the aforesaid reasons, in all large-scale industrial continuous hydroformylation
processes operated in homogeneous phase, ligands and if necessary also the relevant
transition metal are replenished, in order to be able to maintain the desired activity and
selectivity over a long period.

20 It is economically desirable fo be able to dispense with such catalyst replenishment.

Even with the use of catalytically active compositions based on SILP catalyst systems
these are subject to comparable degradation mechanisms. The aforesaid inadequate
catalyst lifetime in particular is an obstacle to implementation on the industrial scale,

25 since, in contrast fo the conventional hydroformylation processes, direct replenishment

of ligands, and also of the relevant transition metal, is not possible.

Only through the presence of organic amines, abbreviated to OA, in the SILP phase is
stabilization surprisingly achieved in such a manner that regular replenishment of the

3o components of the catalytically active composition is not necessary for maintenance of



RI 1\1 R2/3 N N wherein the triazole nucleus can be substituted with at least one group R, which is
selected from 01-06 alkyl, 01-06 alkoxy, 01-06 substituted aminoalkyl, 05-012 substituted aryl or
C5-C12 substituted aryl-C1-C6 alkyl groups, and the residues R1, R2, R3 independently of one

another are selected from the group 10 consisting of: hydrogen; linear or branched, saturated or
unsaturt8LUREPALRASr alicyclic alkyl groups with 1 to 20 carbon atoms; hef&rddr)148Hd /066760
heteroaryl-C1-06 alkyl groups with 3 to 8 carbon atoms in the heteroaryl 15 residue and at least one

hetero atom selected from N, 0 and S, which can 8e substituted with at least one group selected from
01-06 alkyl groups and/or halogen atoms; and aryl and aryl-C1-06 alkyl groups with 5 to 12 carbon
atoms in the aryl residue, which can optionally be substituted with at least one 01-06 alkyl group

and/or e Yes85eLatPhfinACtivily and sl ok el fgims Birisssrserioni iR Wmposition

accordiggdedhpdaventiendFaharsieisaginibaisbeonislippidgyselasieshiteahthaigiwspthe
comprisgglg: a) 1-ethyl1-3-methylimidazolium bisﬁrifluoromethylsuIphon limide, b

e i o b v T e VA ot s DA

tetrafluergdiacris: A fuhascarietlon arebgeinentad Bescomnagivmrg@sdingdetihed RyrRAtRn is
characterized in that the metal selected. from group 9 of the periodic table of the elements is rhodium.
t

10 A& pdRIcEENPIR LFASIR| AReOsRATRIIN Gl (erdity eHedsUAlion RNGHdrkadatianiffthat the

phosphpigs-seniaiung ssgesiediopddisonians ingastane covalent bond, which is selected from the
group consisting of: a)phosphorus-oxygen; and 15 b)phosphorus-nitrogen. A particularly preferred

embodiment of the compaosition according to the invention is characterized in that the
phosphoivs-eoéining igaie igabris setaptasttiom the group comprising:

o BB L o3 AR e VIR e formytaton o
10 olefin-containing hydrocarbon mixtures under isomerizing conditions,
ii) the provision of a hydroformyiation process with the use of this catalytically active
composition for the production of aldehydes with a low content of isomers branched in
the 2 position by hydroformylation of olefins with internal double bonds, which is
characterized by a a low specific rhodium consumption and low product losses due to
15 further reactions of the target product and ensures a catalyst lifetime which enables
transfer to the industrial scale and
i) the provision of shaped bodies which are used in a fixed bed reactor, as well as

slurry or fluidized bed process modifications.

20 Surprisingly it was found that olefins with 4 to 10 carbon atoms with an internai double
bond can be hydroformylated with high selectivity to aldehydes unbranched in the 2
position if the hydroformylation is performed in the gas phase with a SILP catalyst

system comprising rhodium, organophosphite ligands and at least one organic amine.

25 It was particularly surprising that these catalytically active compositions according to the
invention exhibit higher lifetimes in the hydroformylation than the SILP catalyst systems
described in the state of the art, which have phosphine derivatives as ligands. This
finding is particularly surprising since in general phosphines are by orders of magnitude
more stable to water, alcohols and aldehydes than phosphites.

30



- 15 - VII b) [2,2'4(3,3'-di-tert-butyl-5,5'-dimethoxy-[1,11-biphenyl]-2,2'-diy1)bis(oxy))bis(4,4,5,5-
tetraphenyl-1,3,2-dioxaphospholane)] according to formula VIIl and 0'-0 VIII  5c)
tris-(2,4-di-tert-butylphenyl) phosphite according to formula IX - 16 - In a particular embodiment of the
composition according to the invention the organic amine OA is selected from_the group comprising:
a) at Ieé(gpo%%%(%ﬂégﬁccording to formula X RcRd RbNRe Ra H Rf X 5 whér&ilf aZ,QQB,/%@, B, Re
and Rf are the same or different hydrocarbon residues, which can also be bound to one another, and
b) a tertiary amine, selected from the group of theSatiphatic, aromatic, cycloaliphatic and
heteroaromatic amines, or combinations thereof. A further, particular embodiment of the composition

according to the ipvg%ionésd lo.characterized.in that the ,or%anic amine OA contains at least one
compoutERItNG'S: 316 SYRGh Rt &GN M HELih SR HAS St BRI Sie:
a) an inert, porous support material,
b) an ionic liquid,
C) a metal, selected from group 9 of the periodic table of the elements,
5 d) a phosphorus-containing organic ligand, and
e) at least one organic amine.

In a particular embodiment of the composition according to the invention the inert,
porous support material is selected from the group comprising aluminium oxide, silicon
:0  dioxide, titanium dioxide, zirconium dioxide, silicon carbide, carbon and mixtures of
these components.
In this particular embodiment, the inert, porous support material exhibits the following
parameters:
a)  BET surface area from 180 to 800 m?/g
15 b) pore volume from 0.32 to 0.97 mi/g and

c) mean pore diameter from 2 - 50 nm.

In further embodiments of the composition according to the invention the inert, porous
support material is selected from the group comprising:

20 mesoporous materials, microporous materials, macroporous materials, spongy
materials, porous phosphates, porous polymers, polymer foams, metal foams, metallo-
organic frameworks, porous nitrides, porous oxynitrides, and silicate-based aerogels.
With regard to the porous phosphates as an inert, porous support material for the
composition according to the invention, aluminium phosphates and structurally modified

25 silicoalumihophosphates, such as for example SAPO-34, can be used.

As regards the porous nitrides or the porous oxynitrides as an inert, porous support
material for the composition according to the invention, silicon nitride, boron nitride,

carbon nitride or metallo-organic frameworks can be used.



wherein R represents an organic residue, hydrogen, a hydroxyl group or a halogen. The organic
residue R in the structure of the formula XI can also be an organic residue 15 bound to the
2,2,6,6-tetramethylpiperidine structural unit via a hetero atom, for example an oxygen atom. In
particular, the organic residue can contain polymeric structures or be an organic residue containing 1

to 50 cafior i1 8AB optionally hetero atoms. Particularly preferably, the BfgeRRA@LIHREEBRtains

carbonyl groups, such as keto, ester or acid amide groups. The organic residue optionally containing
hetero atoms can 20in particular be a substituted d8unsubstituted, aliphatic, alicyclic,
aliphatic-alicyclic, - 17 - heterocyclic, aliphatic-heterocyclic, aromatic, aromatic-aromatic or
aliphatic-aromatic hgdrocarbon residue with 1 to 50 carbon atoms, wherein the substituted

hydrocafihRIGHIE2 B RESRRIIBSH AR EReANHBRTTo MPMRYS SEEpRIbRESe falfan thfkyl groups,

alicycliccefagpsitryio Basisr @iy RS thB (RVRtioN HBA exR i Wine 460l ariogs-2 Srogupe 1i9dine, -CN,
-C(0)-R1,-C(0)H or -O(Ogl%;rgl, -CF3, -0-R1, -C(0)N-R1, -0C(0)R1 and/or -Si(R1)3, with R1 equal to a
monovalkiREFRRIRS MY ﬁ&Ué{@Mf@?%l?rﬁQHﬁ%dlsﬂB%ec%P@&p&b‘W-If several hydrocarbon

residuepRiegErdy eaemhidhepdRRESAattheithessama st diiesertshpsov Rstieatsonrg greferably

limited to those which have no influence on the reaction itself. Particularly preferable 10 substituents
can be SIBPRRIIPSHA TR HAISJERE s IMP RO TRk SRR IBRAK e BhAHENRISHAREStRE | residues,

such asfgsg®xample methyl, ethyl, propyl, iso-propyl, butyl, sec-butyl, t-butyl, neo-pentyl, sec-amyl,
t-amyl, iso-octyl, t-octyl, 2-ethylhexyl, iso-nonyl, iso-decyl or octadecyl, the aryl residues, such as for
example phenyl, naphthyl or anthracyl, the alkylaryl residues, such as for example tolyl, xylyi,

dimethytpreingrt 1 pehstiydpbeayt iimathpbema daatbupnenyisidiaty hervinteamsalkyl residues,
such as for ex:;\ggé)ée fe_nz I or%}gnylethyl, the alicyclic residues, such as for example cyclopentyl,

cycloheR§FER NS WaKe AIBERARTERYRBIHAGTISHEI, the alkoxy residues, such as for example

methoxyj, ethoxy, iBrepayyidutoxy or pentoxy, the aryloxy residues, such as for example phenoxy or
naphthoxy, -OC((J(?)‘?E 1 or.-C(0)R1, such as 20 for example acetyl, propionyl, trimethylacetoxy,
triethyldbetox ?ﬁh@f@f é@éwéﬁﬁiﬁﬁg%‘w %@%8@&%@#@[&@@% three carbon residues, such as
for exaniple trisngtindpirisalbyteilylry sigheiavisihidPariularly preferable are compounds of the
formula Xla which as the residue R have those which contain a 2,2,6,6-tetramethylpiperidine residue

and optl$hally 3 {GAREPIR BFINATHCand/or -NH2 group or mixtures thereof. 25 A particularly
preferregrembiaditagot efthaingiwaiignrRessdingrimtassiongnien ifkeliidiaeiameas-tcthal the organic

amine OA has, at least one of the com oun&;according to the formulae Xla to Xlh: WO

2012/0FE5REP O TR S 11YBBEIBOSUER 25 Tk XAl Agesence of a 2-phiase gas-liquid

reaction mixture, or as a fluidized bed modification of the process according to the

invention, such as for example with a single-phase reaction mixture.

For the industrially interesting modification of performing the reaction in fixed bed

20 reactors, it is firstly necessary that the previously described inert, porous support
material be subjected to a shaping process, such as have long been known in the state
of the art, with addition of a binder. As suitable binders, as well as aluminas, ceramic
clays and colloids, for example alumosilicates, pyrogenic alumosilicates or amorphous
zeolites can also be used. Advantageously, the inert porous support materials modified

25 in this way are used in a form wherein they present a low flow resistance, such as for
example in the form of shot, pellets or shaped bodies, such as for example tablets,

cylinders, spheres, exirudates or rings.

Thus in general 1-20 weight %, based on the weight of the inert, porous support
30 Material, of a dry binder as aforesaid together with temporary additives, such as for
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-11 -

example water, aqueous solutions, water substitutes, such as for example glycols,
polyglycols and also fixatives, such as for example celluiose ethers, are vigorously
mixed. This process can for example be performed in a kneader. Next, the shaped
bodies for the solid bed reactor are produced by a shaping process, such as for
example pelleting, extrusion or dry pressing. Before in'sta‘klation, the shaped bodies are
calcined in a temperature range from 200-700°C, whereby the temporary additives are

removed.

in this respect, a further embodiment of the composition according to the invention is
characterized in that from the inert, porous support material, such as for example silicon
dioxide, with the use of an additional binder, selected from the group comprising:

a) alumina,

b) ceramic clays, and

C) collioids

shaped bodies of different three-dimensional form, selected from the group containing:
i) spherical,

ii) cylindrical,

iii} ellipsoidal and

iv}) polylobular bodies

are formed in a size range from 1-10 mm.

A further, particular embodiment of the composition according to the invention is
characterized in that as the ionic liquid compounds are used wherein the anion is

selected from the group comprising:

Tetrafluoroborate ([BF47'), hexafluorophosphate ([PF6]), dicyanamide ([N(CN).]),
bis(trifluoromethylsulphonyl)imide (INTH.]), tricyanomethide ([C(CN)s]'), tetracyano-
borate (IB(CN)4]'), halide (CI', Br, F', I), hexafluoroantimonate ([SbF¢]"), hexafluoro-
arsenate ([AsFg]), sulphate ([SO4J*), tosylate ([C7H;SOs]), triflate ([CF3S04]), nonaflate
([CsFoSO3]), tris-(pentaflucroethyl)-trifluorophosphate ([PF3(CaFs)s]), thiocyanate



5 with R = C6 to 020 alkyl A quite particularly preferable embodiment of the composition according to
the invention is characterized in that a further organic amine according to the formulae Xlla to- Xllj: Xlla
N)5-0 IXlle 1 1\1" XIIf NM e2 5NNXIIh XIlli Xllj is present. 10 A particular embodiment of the present
invention is a multiphase reaction mixture, containing: a) an olefin-containing hydrocarbon mixture, b)
a gas mixfirROE3PpH4hg carbon monoxide and hydrogen and c) aldehydes PG 6HaZ2A4tHAGEERHY the
composition according to the invention as the catalytically active composition. -21 - A further subject
of the present invention is a process for the hydreftZmylation of olefin-containing hydrocarbon mixtures
to aldehydes with addition of the composition according to the invention as the catalytically active

composition, wherein: a) the wateg content of the olefin- contalnln%h drocarbon mixture is adjusted to
at most®® %H carbonate ([CO3]7), [R™-COOT, [R-SO4], [R'PO {or [(R-SO;)NT with R’

and R” the same or different, and each is a linear or branched aliphatic or alicyclic

residue containing 1 to 12 carbon atoms or a C5-C18 substituted aryl, C5-C18

substituted aryl-C1-C6 alkyl or C1-C6 alkyl-C5-C18 substituted aryl residue, which can
5 be substituted with halogen atoms;

wherein the cation is selected from the group comprising:

quaternary ammonium cations of the general formula [NR1R2R3R4]+:

phosphonium cations of the general formula [PR1RZR3R4]+;

imidazolium cations of the general formula

10

R4

|
RM@\N\

Re

RS

wherein the imidazole nucleus can be substituted with at least one group R, which is
selected from C1-C6 alkyl, C1-C6 alkoxy, C1-C6 substituted aminoalkyl, C5-C12
substituted aryl or C5-C12 substituted aryl-C1-C6 alkyi groups;

15 pyridinium cations of the general formula

R2

@N—-W

wherein the pyridine nucleus can be substituted with at least one group R, which is
selected from C1-C6 alkyl, C1-C8 alkoxy, C1-C6 substituted aminoatkyl, C5-C12
substituted aryl or C5-C12 substituted aryl-C1-C6 alkyl groups:

pyrazotium cations of the general formula



b) the content of multiply unsaturated compounds in the olefin-containing hydrocarbon mixture is
adjusted to at most 3000 ppm, c¢) a molar ratio of organic amines, selected from the group comprising
the formulae X, XI, Xla - Xlh, Xlla-X11j, to phosphorus-containing organic ligands according to 10the
formulae VII, VIII or IX, of at least 4:1 is set, and d) a molar ratio of phosphorus-containing organic
ligands W SRAREHI 1€ formulae VII, VIII or IX to rhodium of at least 10:1 isFet/AR2AEHR$S T8
reaction temperature of the process according to the invention, in a 15 particular embodiment this is
performed in a range from 60-150C, in particular-fi@n 70- 140C, particularly preferably from 80-120C.
With regard to the reaction pressure of the process according to the invention, in a particular
embodiment this is performed in a range from 0.01-6.0 MPa absolute, in particular from 0.5-5.0 MPa
absolute, particularly preferably from 1.0-2.5 MPa absolute. 20 A particular embodiment of the process
according to the invention is characterizeg,in that the reaction mixture is periodically subjected to a
stripping gas treatment to strip out the aldéhydes. A particularly preferred embodiment of the process

according to the invention is characterizegNin thathe stripping gas is selected from the group
comprising: 25 a)mixtures of carbon o( de and hydrogen; b) mixtures of C2-C6 alkanes; c)

mixtures of C2-C6 alkanes and C2-C6 alk€ries; and d) inert gases. - 22 - A further, particularly
preferable embodiment of the process according to the invention is characterized in that after

conclusioheaéhherremxﬂamnmbr@‘u@@W@@%@Hﬁﬁgtwmﬂwmﬁsﬁ@m@a@i@mh@m&ﬁﬂ@n zone
again. A par Ss ac the invention is characterized in 5 that the
separat %#ﬂ#e n{‘%o %}ﬁ%@ @a% gq’zf?éﬁt %%W%%%%%@%%Me&&éa%m the group
comprlsm@sa)lﬁ&tﬁ@tyom m&mmmtw abﬁcmuom Hghadsorrtiemand e) pervaporation. A
further, artlcularl F§ efera & embodlr%lr?nt of he process according to the invention is characterized in

thaﬁhe %%FH Bh cATHEAIMIRII'E selected from the group comprising: 15 a)ethylene, b)
propylene,

I
N
|r+\_m R2/
N =N
wherein the triazole nucleus can be substituted with at least one group R, which is

selected from C1-C8 alkyl, C1-C6 alkoxy, C1-C8 substituted aminoalkyl, C5-C12

substituted aryl or C5-C12 substituted aryl-C1-C6 alkyl groups,

and the residues R1, R2, R3 independently of one another are selected from the group
10 consisting of:

hydrogen;

linear or branched, saturated or unsaturated, aliphatic or alicyclic alky! groups with 1 to

20 carbon atoms;

heteroaryl and heteroaryl-C1-C6 alkyl groups with 3 to 8 carbon atoms in the heteroaryi
15 residue and at least one hetero atom selected from N, O and S, which can be

substituted with at least one group selecied from C1-C6 alkyl groups and/or halogen

atoms; and

aryl and aryl-C1-C6 alkyl groups with 5 to 12 carbon atoms in the aryl residue, which

can optionally be substituted with at ieast one C1-C6 alkyl group and/or one halogen

20 atom.



c) C4-olefins and multiply unsaturated compounds, and d) C5-olefins and multiply unsaturated
compounds. A further subject of the present invention is a process for the production of aldehydes 20
with 5 to 11 carbon atoms with a low proportion of isomers branched in the 2 position by
hydroformylation of olefins with 4 to 10 carbon atoms with an internal double bond, with addition of the
compos\m Qégé%?ﬁ&% the invention as the catalytically active compositioﬁcz-@'%’%%éé@?&othe
production of n-pentanal from 2-butene-containing mixtures is in particular a subject of the invention.
The present invention has the following advantagelstcompared to conventional processes: - 23 -
Almost all of the rhodium used remains in the catalytically active composition during the

hydroform %?ijon. ith the remgval of the de _ctivateg g%ILP catalyst system, almost the whole quantity
of thodi RIS R ATBIEASY %%ﬂﬁfh?ﬁ%?‘%? R R AREICRRGGRI S B felatively small

quantityipfdhecraiglyleadyieative FPIMEDHEOB MEaRRIE ke BIasessRImTiHS wersdhe sastsdgor the
processing ang decriésest e rhodium Ios?)es Téﬂs results in low specific. rhodium costs for the

hydrofofthylatioiFrétasd eHhdiiaazRlin tREEHBRIBY FdRhaeK) iR R high. The degradation of
the ligands is siayutyesutisehipiteddigaingcosisandrajangdhietenadar the catalytically active

compositjon. 10 Processes F'E\)yr_th_e hydroformylation of olefin-containing hydrocarbon mixtures to
aldehycfés with%)fggtéfcké"g?? Hionish QQHTJ%%EBFHBS@E% according to the invention are described

in more detail below. 15 Examples All the operations performed are performed with maintenance of
the blanket gas atmosphere (argon). 20 Example 1. Preparation of the SILP catalyst system As the
nert bR oA T i B e TiRC s GGE08 Y032 Hh 6 CEYaRaan or thormel
pretreatghemscidrigadsholievet madushies 4t irsrungleupyarvetabapbRatdmersafiry, the silicon
dioxide is store undergn argon atmosphere. 0.052 g 25 of 0.2 mmol of rhodium

dicarboﬁ;fi’g&% F‘aLSeEBH igr'@abbreviation Rh(acac)(C0)2) is dissolved in ca. 50 ml of CH2CI2 and
stirkgd for 10 mins. Next, 2 mmol of the particular phosphorus-containing organic ligand L of the

formula V11, V]Il or IX used.is added, with stirring, After a fyrther 10 minutes, 8 mmol of the organic
amine PR BB R S L DR SMOR (oMK 8 B BB RS HGREEN of the
ionic ligiridhit BibepbodrtibyisSoneimiligicrzmicmidzistdiunsmmeethrresWpbarybinsite@breviation -
24 - [Enl\%lg‘\”f?@is (ﬁ%&gted ?%ter a further 10 mins stirring, whereby a loading level a is set such that
it assu VRIGE OO 16 9674 ‘?8&6&3&{%1% . In connection with SILP catalyst systems, a
loading dgvel aghaupsieraieaskigencamdhe ratio of the volume of the particular ionic liquid IL used to the
pore vool? me of bhe Esrticular sugp ort material used. 5 The aforesaid value of the loading level a of 0.1

or 16 vot’ 9% relpge 88}’9\75?8 mined from preliminary experiments. It represents an optimum as
regards the catalytic activity-typically stated as TOF or turnover frequency in hr-1-and the retention of

T R B S R B R
characterized in that the phosphorus-containing organic ligand is selected from the
group comprising:

20 @) [6,6'-((3,3'-di-tert-butyl-5,5'-dimethoxy-[1,1-biphenyi}-2,2'-
diyl)bis(oxy))bis(dibenzo[d,f][1,3,2]dioxaphasphepine)] according to formula VI



0 100, Merck) are added and a rhodium loading of the SILP catalyst systems mRh of 0.2 weight (1/0 is
thus set. After ca. 60 mins, the solvent is cautiously removed on the rotary evaporator and the product
is then stored under argon until use. Before the start of an experiment, the SILP catalyst system is
preformed each time for 24 hrs at 100C, 1.0 MPa and with a synthesis gas (a mixture of CO and H2
in the 1%"%381.2194%%%& of 100 Nml/min. Example 2: Experimental procetﬁ’ &/BBREHIRAIYs gas
phase apparatus consisting of metering unit, evaporator unit, mixer, reaction section and condensation
section is used for the hydroformylation reaction: The substrate to be hydroformylated is passed into
the evaporator (T = 160C) via an I-PLC pump and brought to reaction temperature with the synthesis
gas stream. After %n% passage through 5 e catalyst bed, a side-stream is sent for gas analysis and the
remaining stream condensed out (for f fther analytical purposes). - 25 - 12 g of the catalyst prepared
according to example R, | ed ) the apparatus while maintaining the blanket gas atmosphere,
and preformed as de§ @ reaction is started by connection of the raffinate stream.

il O/H2), reduction to 105 Nml/min beyond 141 hrs, 0.15 ml of
raffinate | (liquid), Tfgvaporgioryy 160C;Byreactor):100C. A raffinate | is used which contains at most
3000 ppm of multiply unsa}lﬁrate hydrocarbon compounds, such as for example 1,3-butadiene. In
addition, a water content’of at mos 20 ppm is ensured by standard techniques, such as for example

Tt e ofthe ilon gas on the catalyst bed is ca. 12.5 secs. o After
attainment @ pady state, the followingip t mixture is obtained over a period of 250 hrs:
Composition 0 Rat ,
+ 43) 41 E pentanals

VH
b) [2,2'-((3,3-di-tert-butyl-5,5"-dimethoxy-{1,1"-biphenyl}-2,2'-diyl)bis{oxy))bis(4,4,5,5-

tetraphenyl-1,3,2-dioxaphospholane)] according to formula VIl and

Vil




8 10 trans-butene 17 16 n-butane 11 10 i-butane 4 5 side components SC 3 1 GC % areas (column
silica 50 m " 0.32 mm, coating Al203/Na2304, DF =5 pm); carrier gas helium, 91.6 ml/min; carrier gas
pressure 0.12 MPa; detector: FID; evaporator temperature: 200C, temperature program: 120C
isothermal, 10 mins) 2 Weight percent calculated from GC percentage area (HP Pona 50m * 200
pm*0.5 M 204418t B8 helium 74 mi/min, carrier gas pressure 0.36 MPa; détecitr 1 &8846Fator
temperature: 200C; temperature program: 50C -200C, 15 mins isothermal, 25C/min up to 200C, 40
mins isothermal The selectivity S for n-pentanal wihin the aldehydes formed is > 99% and is
calculated according to the following formula: 15 5 = n-pentanal/faldehyde 2-aldehyde = n-pentanal +

3-MBA + 2-MBA + pivalaldehyde lllustration 1 corresponds tp Figure 1 - 26 -
ina particuigr em%o Er¥1ent ol# tthe compos{tionpaccord?ng o the invention the organic
amine OA is selected from the group comprising:

a) at least one amine according to formula X

5 wherein Ra, Rb, Rc, Rd, Re and Rf are the same or different hydrocarbon residues,
which can also be bound to one another, and
b) a tertiary amine, selected from the group of the aliphatic, aromatic, cycloaliphatic

and heteroaromatic amines, or combinations thereof.

A further, particular embodiment of the composition according to the invention is
10 characterized in that the organic amine OA contains at least one compound with a

2,2,6,6-tetramethylpiperidine unit according to the formula Xt

R

N
|

H X1

wherein R represents an organic residue, hydrogen, a hydroxyl group or a halogen.

The organic residue R in the structure of the formula Xl can also be an organic residue
15 bound to the 2,2,6,6-tetramethylpiperidine structural unit via a hetero atom, for example
an oxygen atom. In particular, the organic residue can contain polymeric structures or
be an organic residue containing 1 to 50 carbon atoms and opfionally hetero atoms.
Particularly preferably, the organic residue contains carbonyl groups, such as keto,
ester or acid amide groups. The organic residue optionally containing hetero atoms can

20 In particular be a substituted or unsubstituted, aliphatic, alicyclic, aliphatic-alicyclic,



Example 4: Hydroformylation of crude butane with use of the ligand of the formula VII 129 of the SILP
catalyst system prepared according to Example 1 with the following 5 composition (0.052 g
Rh(acac)(C0)2, 1.57 g VII, 3.85 g OA, 1.59 [EMIM][NTf2], 10 g Silica 100) are installed in the

apparatus while maintaining the blanket gas atmosphere and preformed as described. Next the
reactiomgﬁgﬁé%ﬁﬁnnection of the crude butane stream. On the basis dT#t¥/ gﬁﬁwééoﬁ%%%ess

side-stream, the C4-containing olefin mixture crude butane is to be regarded as free from multiply
unsaturated 'a hydrocarbon compounds, such as 1arexample 1,3-butadiene, down to a detection limit
of 1 ppm. Residual contents of water are reduced to at most 20 ppm, as already described in Example
3. Parameters: 1.0 MPa, 144 I/min (CO/H2), 0,15 ml/min crude butane (!jquid), T(evapgorator):
160C, T%é%@%?‘i‘bé’&?%?‘i"z%\“ér??égﬁéé%'ﬂﬁ/e%&? ifaAratieH's-Berraahe S RAEP M. Table

Composifigra cdressisledsitasesiil €opipasition afpredudisteaatnd 800suLannesitibal product
stream rlezscl) uepskcza%_ g&gngé’sgt%teer?t% ge eAétle(ﬁrS%z p}irﬁgpj?gg&n?dary or tertiary alkyl
groups, alicyclic groups, aromatic groups, -N{R1)2, -NHR1, -NH2, fluorine, chlorine,

5 bromine, iodine, -CN, -C(O)-R1,-C(O)H or -C(O)O-R1, -CF3, -O-R1, -C(O)N-R1,
-OC(0O)R1 and/or -Si(R1)3, with R1 equal to a monovalent hydrocarbon residue,
preferably having 1 to 20 carbon atoms. If several hydrocarbon residues R1 are
present, then these can be the same or different. The substituents are preferably limited
to those which have no influence on the reaction itself. Particularly preferable

10 substituents can be selected from the halogens, such as for example chlorine, bromine
or iodine, the alkyl residues, such as for example methyl, ethyi, propyl, iso-propyl, butyl,
sec-butyl, t-butyl, neo-pentyl, sec-amyl, t-amyl, iso-octyl, t-octyl, 2-ethylhexyl, iso-nonyl,
iso-decyl or octadecyl, the aryl residues, such as for example phenyl, naphthyl or
anthracyl, the alkylaryl residues, such as for exampile tolyl, xyiyi, dimethyiphenyl,

15 diethylphenyi, trimethylphenyl, triethylphenyl or p-alkyiphenyl, the aralkyl residues, such
as for example benzyl or phenylethyl, the alicyclic residues, such as for example
cyclopentyl, cyclohexyl, cyclooctyl, cyclohexylethyt or 1-methyicyclohexyl, the alkoxy
residues, such as for example methoxy, ethoxy, propoxy, butoxy or pentoxy, the aryloxy
residues, such as for example phenoxy or naphthoxy, -OC(O)R1 or -C(O)R1, such as

20 for example acetyl, propionyi, trimethylacetoxy, triethylacetoxy or triphenylacetoxy, and
the silyl residues -Si(R1)3 have three carbon residues, such as for example trimethyl-
silyl, triethylsilyl or triphenylsityl. Particularly preferable are compounds of the formula
Xla which as the residue R have those which contain a 2,2,6,8-tetramethylpiperidine
residue and optionally a further -N(R1)2, -NHR1 and/or -NH2 group or mixtures thereof.

25 A particularly preferred embodiment of the composition according to the invention is
characterized in that the organic amine OA has at least one of the compounds

according to the formulae Xla to Xih:



15 cis-butene 11 10 10 trans-butene 29 26 16 n-butane 57 54 10 i-butane < 1 < 1 5 side components
SC <1 3 n-selectivity 97 95
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GC % areas (column silica 50 m * 0.32 mm, coating Al203/Na2S04, DF = 5 pm); carrier gas helium,
91.6 ml/min; carrier gas pressure 0.12 MPa; detector: FID; evaporator temperature: 200C, temperature
program: 120C isothermal, 10 mins) 2 Weight percent calculated from GC percentage area (HP Pona
50m *200 pm*0.5 pm; carrier gas helium 74 ml/min, carrier gas pressure 0.36 MPa; detector: FID;
evapord¥ét EmgBrdte: 200C; temperature program: 50C -200C, 15 mins iS6thé&nvd 128857/ up to
200C, 40 mins isothermal The selectivity for n-pentanal is stated within the aldehydes formed. 5
Example 5: Hydroformylation of a C4 olefin mixtur&éwith use of the ligand of formula VII 12 g of the
catalyst prepared according to Example 1 with the following composition (0.103 g Rh(acac)(C0)2, 3.15
g VIl, 7.69 g OA, 3 g [EMIM][NTf2], 20 g Silica 100) are lo installed in the apparatus while maintaining
the blanket gas atmidsphere and preformed as described. Next the reaction is started by connection of
the 04 olefirmi : WW@M Nml/min (CO/H2), 0.15 ml/min C4 olefin mixture
(liquid), Eﬁl aporator): 160C, Ti(reactor): 120C After attainment of a steady state, the following product

mixture is obtairied: - 28 - CQmposition of C4 mixture/% 1 Composition of product gas /% 2
1-butene/isoldutene 60 (18+42) 21 E pentanals xﬁz cis-butene 8

withn=11t17
FosCia L
N —<: NH
™~
O Xlg
O
O‘J\R
N
H Xih

5 with R = C6 to C20 alkyl

A quite particularly preferable embodiment of the composition according to the invention

is characterized in that a further organic amine according to the formulae Xlla to Xlij:
NMEzNMeg

Xila

Xlib



2 trans-butene 15 8 n-butane 13 11 i-butane 4 4 side components SC 2 n-selectivity 60 GC %
areas (column silica 50 m *0.32 mm, coating Al203/Na2S04, DF =5 pm); carrier gas helium, 91.6
ml/min; carrier gas pressure 0.12 MPa; detector: FID; evaporator temperature: 200C, temperature

program: 120C isothermal, 10 mins) 2 Weight percent calculated from GC percentage area (HP Pona
50m * %%%@%@ﬁﬁ%arrier gas helium 74 ml/min, carrier gas pressure OB%%@%&Q@@@D

evaporator temperature: 200C; temperature program: 50C -200C, 15 mins isothermal, 25C/min up to
200C, 40 mins isothermal -20 -

OHM OH

)
CH; Xlie OMe Xlid

\
5 =N N Xilh

<7
Xilj

is present.

10 A particular embodiment of the present invention is a multiphase reaction mixture,
containing:
a) an olefin-containing hydrocarbon mixture,
b) a gas mixture comprising carbon monoxide and hydrogen and
c) aidehydes,
15 characterized by the composition according to the invention as the catalytically active

composition.



lllustration 3 corresponds to Figure 3 5 The selectivity for n-pentanal is stated within the aldehydes
formed. Example 6: Hydroformylation of raffinate Il with use of the ligand of formula VIl 12 g of the
catalyst prepared according to Example 1 with the following composition o (0.103 g Rh(acac)(C0)2,
3.15g VII, 7.69 g OA, 3 g [EMINA]INTf2], 20 g Silica 100) are installed in the ajlq aratus while
maintaiW@%ﬂgﬁpéﬁ%%as atmosphere and preformed as described. Next fffe r’%&’&%ﬂf@@%@%d by

connection of the raffinate stream. On the basis of its origin as a process side-stream, the
C4-containing olefin mixture raffinate 1l is to be regjarded as free from multiply unsaturated
hydrocarbon compounds, such as - 29 - for example 1,3-butadiene, down to a detection limit of 1
ppm. Resjdual contents of water are reduced to at most 20 ppm, as already described in Example 3.

Parametef &S RHDIES A 1 pReFEE Sientionds aprsressiantbainyRiee ryalignrislsinsoc,
T(reactepnfAfing Hpiratamae riigfircd ea AiRIRlRIdb it 0 WiEoRr e gy BuxiEsisabtained:

Composition of raffinate 1111% 1 Composition of product stream/% 2 1-butene/isobutene (30 + <1) 1

/ pentaﬁ’ﬁgo@%ﬂr@st%m@r{@v%‘@oﬂ?ﬁt%t%ﬂ@iﬁca ly active composition, wherein:

a) the water content of the olefin-containing hydrocarbon mixture is adjusted to at
5 most 20 ppm,

b} the content of multiply unsaturated compounds in the olefin-containing
hydrocarbon mixture is adjusted to at most 3000 ppm, _

¢} a molar ratio of organic amines, selected from the group comprising the formulae
X, Xl, Xla - XIh, Xila-Xllj, to phosphorus-containing organic ligands according to

10 the formulae VII, VHi or IX, of at least 4:1 is set, and

d) a molar ratio of phosphorus-containing organic ligands according to the formulae

ViL, VI or iX to rhodium of at least 10:1 is set.

As regards ihe reaction temperature of the process according to the invention, in a
15 particular embodiment this is performed in a range from 60-150°C, in particular from 70-
140°C, particularly preferabty from 80-120°C.
With regard to the reaction pressure of the process according to the invention, in a
particular embodiment this is performed in a range from 0.01-6.0 MPa absolute, in
particular from 0.5-5.0 MPa absolute, particularly preferably from 1.0-2.5 MPa absolute.
20 A particular embodiment of the process according fo the invention is characterized in
that the reaction mixture is periodically subjected to a stripping gas treatment to strip out
the aldehydes.
A particularly preferred embodiment of the process according to the invention is
characterized in that the stripping gas is selected from the group comprising:
25 a) mixtures of carbon monoxide and hydrogen;
b) mixtures of C2-C6 alkanes;
c) mixtures of C2-C6 alkanes and C2-C6 alkenes: and

d) inert gases.



21 n-butane 21 17 i-butane < 1 < 1 side components SC 1 n-selectivity 96 GC A) areas (column
silica 50 m " 0.32 mm, coating Al203/Na2S04, DF = 5 pm; carrier gas helium, 91.6 ml/min; carrier gas
pressure 0.12 MPa; detector: FID; evaporator temperature: 200C, temperature program: 120C
isothermal, 10 mins) 2 Weight percent calculated from GC percentage area (HP Pona 50m *200
pm"0.5 Wﬂ;@éﬁf@?g@%ﬁhelium 74 ml/min, carrier gas pressure 0.36 MPa; d &Y@P?ﬁﬁ?%@%tor
temperature: 200C; temperature program: 50C -200C, 15 mins isothermal, 25C/min up to 200C, 40
mins isothermal 10 lllustration 4 corresponds to FEfire 4 - 30 - Example 7: Experimental series for the
hydroformylation of isobutene In a reaction in the plug-flow reactor, a phosphite ligand was for the first
time used.in an SILP catalyst system. The purpose of the experiments was to achieve the highest 5
possibid AL HRTEAY ROF FiPa PR By e R IGIEE AP RO DRI BE By pected
with isolgutharacineecheiepiRe afittestRlitrRNfS asdrasie GONditens slmesysxebisivRly dberierminal
3-methylbutyra|de{1yde (abbreviation 3-MBA) is formed. Scheme 1.Simplified mechanism for isobutene
hydrofofAiSidols @%ﬁ%ﬁﬁ?% {7 Phosphite ligand L according to formula IX,

2,4-di-t-B g &rphaay phosrhiswbichésgioouss fachigt ag tivith dawasas oy cRagline aikenes, is used.
s that the separation of the product from the reaction zone is effected by a process step
selected from the group comprising:
a) extraction,

b) condensation,

O

absorption

.

)
10 d) adsorption and
)

e pervaporation.
A further, particularly preferable embodiment of the process according to the invention
is characterized in that the olefin-containing hydrocarbon mixture is selected from the
group comprising:
15 a) ethylene,
b) propylene,
c) C4-olefins and multiply unsaturated compounds, and
d) C5-olefins and multiply unsaturated compounds.
A further subject of the present invention is a process for the production of aldehydes
20 with 5 to 11 carbon atoms with a low proportion of isomers branched in the 2 position by
hydroformylation of olefins with 4 to 10 carbon atoms with an internal double bond, with
addition of the composition according to the invention as the catalytically active

composition.

25 A process for the production of n-pentanal from 2-butene-containing mixtures is in

particular a subject of the invention.

The present invention has the following advantages compared to conventional

processes.



From preliminary experiments, it was known that phosphites are decomposed in the hydroformylation
in the presence of water. Hence in the experiments described here 15 three strategies were tried for
suppressing this decomposition in order to obtain longterm storage-stable SILP catalyst systems.
Firstly, the effect of the ligand excess on the stability was investigated. Further, organic amines

(abbrevidfibfPEZA§WWERS added in order to prevent ligand degradation. As a tRird frBaRitHE6RT $faces of

water were to be removed from the substrate through a so-called guard bed above the catalyst bed
and 20 the lifetime of the catalyst thus increased- B3 all experiments, SILP catalyst systems were
prepared which contained Silica 100 (63-200 pm) from Merck as the support material, which was
calcined at 450C for 24 hrs. - 31 - In the first experiment, a molar ligand/rhodium ratio L/Rh of 10 was

used. FAIMASiEYRidhateeivm oeeddsmaionmpihmeaiantisaliymelre epimp siine wrine 4o -state
value ohgarcibnyhieir (Eiheld sesiawas= Jiktilaeal daging:in) f NR{SIAMALP ignificant

increase In conversion could be achieved by a temperature increase to 5 110C. At 120C the

conversidiPie SMaRYIOTIRe M MRS tHET D Nt STef [ PNt an i de8RGHVEEIRE level of 20%.
Thereaftgs it i gaRE @éﬁ%i&h%ﬁﬁﬂ%ﬁﬁw%ﬁh@@wwm@%ﬁa@sﬁ%mﬁ%@y- A

temperature and pressure increase gave no chantE]a in this (see. Table 1, Experiment 4-5). Table

1. HydrdfdRRYIERERSSER oblIR IRt e eateiferslerminers fiRe Sividesicasandia rbpstem
Experimesdakcanglitiersits m IOR-shdffichodin SoMB 3 tRE hdeRemyAIG Pomobe¥alume

flowisobutene= 1.8-3.5 ml min", Volume flowH2= Volume flowco = 6.8 - 8.3 ml min', MSILF5 =3.00,

mim= 0586 CHnity, of ite farmeatiegaf higridelivdeminniab) Tesstlegradationatoselioangdsdel. / STY /

GHSV /siow, resulting in low ligand costs and a long lifetime for the catalytically active
composition.
10
Processes for the hydroformylation of olefin-containing hydrocarbon mixtures to
aldehydes with the use of the catalytically active composition according to the invention

are described in more detail below.

15
Examples
All the operations performed are performed with maintenance of the blanket gas

atmosphere {argon).
20 Example 1: Preparation of the SILP catalyst system

As the inert, porous support material, silicon dioxide is heated at 450°C over 24 hrs for
calcination or thermal pretreatment, which is followed by a further 24 hrs under vacuum
at 200 Pa. Thereafter, the silicon dioxide is stored under an argon atmosphere. 0.052 g

25 of 0.2 mmol of rhodium dicarbonylacetylacetonate (abbreviation Rh(acac)(CO),) is
dissolved in ca. 50 m! of CH2Clz and stirred for 10 mins. Next, 2 mmol of the particular
phosphorus-containing organic ligand L of the formula Vi, VIll or IX used is added with
stirring. After a further 10 minutes, 8 mmol of the organic amine bis(2,2,6,6-tetramethyl-
4-piperidyl)sebacate (abbreviation OA) are added. The addition of the ionic liquid IL,

30 e.g. 1-ethyl-3-methylimidazolium bis(trifluoromethanesulphonyl)imide, abbreviation



S'tability C MPa sec A) hr-1 % kgl1"t"hr-1 1I"(1hr-1 / hr 100 1.0 28 20.7 287.2 99.8 0.09 4.98 19 2 110
1.028 -
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[EMIM]INT{,], is effected afier a further 10 mins stirring, whereby a loading level a is set
such that it assumes a value from 0.1 or 10 vol. % respectively. In connection with SILP
catalyst systems, a loading level a is understood to mean the ratio of the volume of the
particular ionic liquid L. used to the pore volume of the particular support material used.
5 The aforesaid value of the loading level a of 0.1 or 10 vol. % respectively was

determined from preliminary experiments. it represents an optimum as regards the
catalytic activity-typically stated as TOF or turnaver frequency in hr'*-and the retention
of the particular transition metai-containing complex compounds used on the inert,
porous support material. After a further 30 mins, 10 g of calcined silicon dioxide (Silica

0 100, Merck} are added and a rhodium loading of the SILP catalyst systems mgy, of 0.2
weight % is thus setf. After ca. 60 mins, the solvent is cautiously removed on the rotary
evaporator and the product is then stored under argon until use.
Before the start of an experiment, the SILP catalyst system is preformed each time for
24 nrs at 100°C, 1.0 MPa and with a synthesis gas (a mixture of CO and H; in the

15 ratio1:1) flow rate of 100 Nmi/min.

Example 2: Experimental procedure

20 A continuous gas phase apparatus consisting of metering unit, evaporator unit, mixer,

reaction section and condensation section is used for the hydroformylation reaction.

The subsirate to be hydroformylated is passed into the evaporator (T = 160°C) via an
HPLC pump and brought to reaction temperature with the synthesis gas stream. After
25 passage through the catalyst bed, a side-stream is sent for gas analysis and the

remaining stream condensed out (for further analytical purposes).

Example 3: Hydroformylation of raffinate | with the use of the ligand of the formula VIlI



21.2 293.599.9 0.09 5.23 6 3 120 1.0 28 20.3 281.4 99.8 0.09 5.14 331 4 130 1.0 28 4.5 63.0 99.7
0.021.18
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12 g of the catalyst prepared according to example 1 are installed in the apparatus while
maintaining the blanket gas atmosphere, and preformed as described. Next, the
reaction is started by connection of the raffinate stream.

Parameters: 1.0 MPa, 144 Nml/min (CO/H.), reduction to 105 Nmil/min beyond 141 hrs,
0.15 mi of raffinate | (liquid), T{evaporator): 160°C, T(reactor):100°C. A raffinate | is

used which contains at most 3000 ppm of multiply unsaturated hydrocarbon

w

compounds, such as for example 1,3-butadiene. In addition, a water content of at most
20 ppm is ensured by standard techniques, such as for example molecular sieve.
The residence time of the reaction gas on the catalyst bed is ca. 12.5 secs.
10 After attainment of a steady state, the following product mixture is obtained over a
period of 250 hrs:
Composition of Composition of

raffinate | (anhydrous) /% ' product gas/% 2

1-butene + isobutene 60 (17 + 43) 41
¥ pentanals 15
cis-butene 8 ‘!0
trans-butene 17 16
n-butane 11 10
i-butane 4 5

side components SC 3

T GC % areas (coiumn silica 50 m ~ 0.32 mm, coating AIZ03/Na2504, DF = 5 jm; carrier gas helium, 91.8 mi/min; carrier
gas pressure 0.12 MPa; detector: FID; evaporator temperature: 200°C, temperature program: 120°C isothermal, 10 mins)
* Weight percent calculated from GG percentage area (HP Pona 50m * 200 Mm*0.5 pm; carrier gas helium 74 mi/min,
carrier gas pressure 0.36 MPa; detector. Fi; evaporator temperature: 200°C; temperature program: 50°C -200°C, 15 mins
isothermal, 25°C/min up to 200°C, 40 mins iscthermal

The selectivity S for n-pentanal within the aldehydes formed is > 99% and is calculated

according to the following formula:

s S, = n-pentanal/laldehyde
2.aldehyde = n-pentanal + 3-MBA + 2-MBA + pivalaidehyde

IHustration 1 corresponds to Figure 1



5130 2.0 26 10.3143.099.80.04 1.34 10 - 32 - lllustration 5 corresponds to Figure 5 lllustration 5.
Hydroformylation of isobutene with Rh-2,4-di-t-Bu triphenylphosphite SILP catalyst system
(ligand/rhodium = 10) Experimental conditions: T = 100- 130C, p = 1.0-2.0 MPa, = 26 - 28 secs,
H2:CO=1 Volume flowsobutene = 1.8-3.5 ml min-1, Volume flowH2= Volume flowco = 6.8 -8.3 nil

min-1, WP BPE15RN= 0.20, LIRh = 10, cclL = 10 vol. % (IL = [EMIMUNPGREP2PibRRRZ6% om

the course of the curve it must be assumed that the excess of ligand was gradually degraded within
the first 55 hrs. In experiment 5, the reaction pressifie was raised from 1.0 to 2.0 MPa. Thereby the
conversion could be raised briefly from 2.5% to 10%, however, the SILP catalyst system deactivated
further. If the turnover frequency (TOF) at 20% initial conversion is considered, then a value of 10 287
hr-" is obtained. The space-time yield (abbreviation STY) corresponds to 0.09 kgl cat-lhil and the gas

hourly sprempiotitylfakifeemghionGbiSvide boisatwitil(bd piEKeariaratS tethemiapasation of the
SILP catalyst system, the mole ratio of ligand to rhodium was was increased to 20:1; L/Rh = 20

beforehand. Should the deactivation now proceed more slowly or set in later than in the preliminary
experimeRigvafitHdILP catalyst system prepared according to Example 1 with the following

s composition (0.052 g Rh(acac){(CO),, 1.57 g VII, 3.85 g OA, 1.5 g [EMIM][NTf,], 10 g
Silica 100) are installed in the apparatus while maintaining the blanket gas atmosphere
and preformed as described. Next the reaction is started by connection of the crude
butane stream. On the basis of its origin as a process side-stream, the C4-containing
olefin mixture crude butane is to be regarded as free from multiply unsaturated

10 hydrocarbon compounds, such as for example 1,3-butadiene, down to a detection limit
of 1 ppm. Residual contents of water are reduced to at most 20 ppm, as already
described in Example 3.

Parameters: 1.0 MPa, 144 Nml/min (CO/H.), 0.15 ml/min crude butane (liquid),
T(evaporator): 160°C, T(reactor):100°C, or 120°C respeciively.

lllustration 2 corresponds to Figure 2



15 10, then it must be assumed that the ligand was degraded. - 33 - Table 2.Hydroformylation of
isobutene with Rh-2,4-di-t-Bu triphenylphosphite SILP catalyst system Experimental conditions: T =
100- 130C, p = 1.0-2.5 MPa, t = 15- 56 secs, H2:CO = 1, Volume flowlsobutene = 1.3-17.6 ml min-1,
Volume flowH2= Volume flowco = 3.5- 7.6 ml MSILP = 3.0 g, mRh= 0.2%, Lé Ii: = ol. % (iL
= [EmiMRFRY ELEECT/ C p/ MPa T/ sec X/ % TOF / hr-1 nfiso sel. / STY! § ﬁ%ﬁ’?ﬁé /
licat'lhrA 6 100 1.0 28 18.63 283.3

- 927 -
Table
Composition  Composition of  Composition of
of crude product stream  product stream
butane /% ' 100°C /% * 120°C /% *
1-butenefisobutene 3 1 41
(2 +1)
> pentanals 7 15
cis-butene 11 10 10
trans-butene 29 26 16
n-butane 57 54 10
i-butane <1 <1 5
side componenis SC < 3
n-selectivity 97 95

TGC % areas {column silica 50 m * 0.32 mm, coating Ai203/Na2804, DF = 5 um; carrier gas heliura, 81.6 mimin;
carrier gas pressure 0.12 MPa; detecior: FID; evaporator femperature: 200°C, temperature program: 120°C isothermal,
10 mins)

2 Weight percent calculated from GC percentage area {HP Pona 50m * 200 pm™0.5 ymy; canier gas helium 74 mifmin,
carrier gas pressure 0.36 MPa; detector; FID; evaporator temperature: 200°C; temperature program: 50°C -200°C,

15 mins isothermal, 25°C/min up to 200°C, 40 mins iscthermal

The selectivity for n-pentanal is stated within the aldehydes formed.
Example 5: Hydroformylation of a C4 olefin mixture with use of the ligand of formula Vil

12 g of the catalyst prepared according to Example 1 with the following composition
(0.103 g Rh({acac)(CO),, 3.15 g VI, 7.69 g OA, 3 g [EMIM][NTf,], 20 g Silica 100) are

10 installed in the apparatus while maintaining the blanket gas atmosphere and preformed
as described. Next the reaction is started by connection of the C4 olefin mixture.
Parameters: 1.0 MPar 144 Nmi/min (CO/H2), 0.15 ml/min C4 olefin mixture (liquid),
T(evaporator): 160°C, T(reactor): 120°C

After attainment of a steady state, the following product mixture is obtained:



99.9 0.08 4.5 7 100 1.5 42 39.51 599.1 99.9 0.17 6.3 8 100 2.0 56 28.74 436.5 99.9 0.13 3.5 9 100 2.5
37
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Composition of C4 Composition of product
mixture/% ' gas /% 2

1-butene/isobutene 60 (18+42) 21

Z penianals 52

cis-butene 8

trans-butene 15 8

n-butane 13 11

i~butane 4

side components SC

n-selectivity 60

" GC % areas (column silica 50 m * 0.32 mm, coating AI203/Na2804, DF = 5 um; carrier gas
helium, 91.6 mi/min; carrier gas pressure .12 MPa; detector: FID; evaporator temperature:
200°C, temperature program: 120°C isothermal, 10 mins)

2 Weight percent calculated from GC percentage area (HP Pona 50m * 200 uym*0.5 um; carrier
gas helium 74 mi/min, carrier gas pressure .36 MPa; detector: FID; evaporator temperature:
200°C; temperature program; 50°C -200°C, 15 mins isothermal, 25°C/min up to 200°C, 40 mins
isothermal

Hlustration 3 corresponds to Figure 3
s The selectivity for n-pentanal is stated within the aldehydes formed.
Example 6: Hydroformylation of raffinate lil with use of the ligand of formula Vi

12 g of the catalyst prepared according to Example 1 with the following composition

10 (0.103 g Rh(acac)(CO),, 3.15 g Vil, 7.69 g OA, 3 g [EMIM][NT,], 20 g Silica 100) are
installed in the apparatus while maintaining the blanket gas atmosphere and preformed
as described. Next the reaction is started by connection of the raffinate stream. On the
basis of its origin as a process side-stream, the C4-containing olefin mixture raffinate Il

is to be regarded as free from multiply unsaturated hydrocarbon compounds, such as



2‘2.97,348.7 99.9 0.10 2.2 10 100 2.0 35 10.55 160.2 99.8 0.05 1.3 11 110 1.0 20 9.75 443.8 99.8 0.13
7.212120 -

10
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for example 1,3-butadiene, down to a detection limit of 1 ppm. Residual contents of

water are reduced to at most 20 ppm, as already described in Example 3.

Parameters: 1.0 MPa, 144 Nml/min (CO/H,), 0.15 ml/min raffinate Il (liquid),
T(evaporator): 160°C, T{reactor): 120°C

After attainment of a steady state, the following product mixture is obtained:

Composition of Composition of
raffinate 111/% product stream/% 2

1-butene/isobutene (30 +<1) 1

2 pentanals 51

cis-butene 16 8

trans-butene 32 21

n-butane 21 17

i-butane <1 <1

side components SC 1

n-seleciivity T

" GC % areas (column silica 50 m * 0.32 mm, coating AI2Z03/Na2S04, DF = 5 um; carrier gas
helium, 91.6 ml/min; carrier gas pressure 0.12 MPa; detector: FID; evaporator temperature:
200°C, temperature program: 120°C isothermal, 10 mins)

2 Weight percent calculated from GC percentage area (HP Pona 50m * 200 um*0.5 um; carrier
gas helium 74 ml/min, carrier gas pressure 0.36 MPa; detector: FID; evaporator temperature:
200°C; temperature program: 50°C -200°C, 15 mins isothermal, 25°C/min up to 200°C, 40 mins
isothermal

lHlustration 4 corresponds to Figure 4



1.0 15 6.22 472.0 99.7 0.14 7.9 13 130 1.0 15 3.34 253.8 99.5 0.07 4.3 In Experiment 6 at 100C and
10 bar and a residence time of 28 secs with the same settings as in the preliminary experiment, the
activity was somewhat lower than in the 5 comparative experiment with an L/Rh ratio of 10. The
conversion here corresponds to 18.6% in contrast to 20.7%. As regards the optimization of the
conversi¥a, ARG GAfent 7 the reaction pressure was increased to 1.5 MP&CITHE RS 4/¢efwast sion of
40% was achieved. This increase in the conversion is attributable firstly to the longer residence time of
42 secs, and to is higher activity of the catalyst at¥igher pressures. In Experiment 8, the catalyst loses
activity markedly. Even an increase in the pressure to 2.5 MPa (Experiment 9) brought no
improvement. Presumably at the higher conversions of more than 40% there is product concentration
in the idR@MRIRY TRG@EIMeRtH saEes for dhe Werkonow alicydieskuiere the excess product is
stripped out of 15 the ionic liquid in Experiments 9-10. - 34 -

In a reaction in the plug-flow reactor, a phosphite ligand was for the first time used in an
SILP catalyst system. The purpose of the experiments was to achieve the highest
possible activity and stability for the SILP catalyst system. A selectivity problem is not to

o

be expected with isobutene, since because of the steric and electronic conditions

almost exclusively the terminal 3-methylbutyraldehyde (abbreviation 3-MBA) is formed.

COH
COMH, /[/cos«a.
R +
PN {Rh - ™

isubutene 3-methytbutyraidehyde pivalaldehyde

Scheme 1. Simplified mechanism for isobutene hydroformylation

10 Hence the sterically demanding phosphite ligand L according to formula X, 2,4-di-t-Bu
triphenylphosphite, which is known for high activity towards slow-reacting alkenes, is
used.

From preliminary experiments, it was known that phosphites are decomposed in the
hydroformylation in the presence of water. Hence in the experiments described here

15 three sirategies were tried for suppressing this decomposition in order to obtain fong-
term storage-stable SILP catalyst systems. Firstly, the effect of the ligand excess on the
stability was investigated. Further, organic amines (abbreviation OA) were added in
order to prevent ligand degradation. As a third modification, traces of water were to be
removed from the substrate through a so-called guard bed above the catalyst bed and

20 the lifetime of the catalyst thus increased.

in all experiments, SILP catalyst systems were prepared which contained Silica 100
(63-200 pm) from Merck as the support material, which was calcined at 450°C for 24
hrs.

25



lllustration 6 corresponds to Figure 6 lllustration 6. Hydroformylation of isobutene with Rh-2,4-di-t-Bu
triphenylphosphite SILP catalyst system (ligand/rhodium = 20) Experimental conditions: T = 100-
130C, p =1.0-2.5 MPa, = 15 - 56 secs, H2:CO = 1, Volume flOwrsobutene = 1.3-17.6 ml min-1,
Volume flowH2= Volume flowco= 3.5 - 7.6 ml MSILP = 3.0 g, rnRh= 0.2%, L/Rh = 20, alL= 10 vol. ")/0
(IL = [EMIMKRIZ{84]846f Experiments 6-9 are compared with Experiment 107 fHeERRE BHOBEIARlyst
system loses almost half of its activity (conversion: 18.8% to 12.5%) within the first 80 hrs. In
Experiment 10, the activity slowly reduces over 553irs with the same setting. Presumably the ligand is
continuously degraded over the whole period due to introduction of water. In Experiments 11, 12 and

13, attempﬁ v¥ere again made to increase the STY or the GHSVét’)'y increasing the partial pressure of
isobutenB. A% WL EXREEEAR Yt 4 J80IRS ligaRAT hrdiugh Rlisiddhiey thuanyssdrram@dtter falls

markediyphieies ARGERIAI0 WesAdSIPIaUPE! BRNSSAUEER TBiS Wasdlsr.8ee atesihg iemeval of the

SILP catalyst s¥stem from the reactor. If the losses of activity in. Experiments 6 and 10 are considered
15 alond&tHe §0Rt £3 “enéNiaNiE Sa% PRRSs RBeRGRé sliophdinsreradiana e faanarairadation:

8 and 1NpEghiatasciBriatien dheeeirstiibuREsEcasER R thB COUESSRINereReFIBRRtHom
99.9% tqt%%.%%. B’E/-g[’%dﬂ%? such as long-chajn alcohols, for example, formed by aldol condensation,
could no efddléd. CPRYREERRsaER MHAREaRdiREaw han Ry fPEiIBDe detected

after then2@iresprstment byrgrsibroesPeramy. TherSHHR calalysiaamyoshansavsabimoowith
methangl a%iL;[ e cor&bined solution investigﬁated béﬁ%as chromatography, 3-MBA being detected. - 35
S

_ As a cOeRYionCHRNR Y staRPagate IALIEAEKEAYhA TSI RIREE? ROSHRrESTHERINIST %R 10:1 to
20:1 is reheufficteniige avigiRinge Iandbierm Emﬁ;ﬁélﬂ&p@plyst system in the hydroformylation of
isobutene. In the subsequent experiments, in the preparation of the SILP catalyst systems the L/Rh 5
ratio was increased to 40:1, in order to slow the ligand degradation with a marked excess of ligand.
Table 3.Hwtleformylatigdrofasopattene with it 2i4- dirt:Budripheryhahosphite iR reatalyst system
Experimental gapglifins, T = 130C, p = 2.0 MPa, T = 19 - 27 secs, H2:CO = 1, Volume flowsobutene =
1.7-8.8 ml min-1, V?Iume_flov_ng: Volume flowco = 6.7 - 8.2 ml MSILP = 3.0 g, mRh=0.2%, L/Rh =
40, octi. =TOUBCYE (AL AR v I i 21 %iﬂt?‘?/%"\ﬁ’/al\ﬁpa?ééé%%fbﬁg Rth nfiso sel. /

Volume lowiesuens = 1.8-3.5 mi min™, Volume flowz = Volume flowen = 6.8 - 8.3 mil min”’,
Mgyp=3.0 g, mgy=0.2%. L/Rh = 10, o = 10 vol. % (il = [EMIM][NTE]).

Expt. T/ p/ 1/ X/ TOF/ nisosel./ SIY/ GHSV/  Stability
°C MPa sec % hr' % Kgleat hr" N 'NE S hr

1 100 1.0 28 207 2872 998 0.09 4.98 19

2 110 1.0 28 212 2935 999 0.09 523 6

3 120 1.0 28 203 2814 008 0.09 5.14 33

4 130 1.0 28 45 630 99.7 0.02 1.18 -

5 130 2.0 26 103 1430 998 0.04 1.34 -

10

' Deactivation takes place after a total experiment run time of 58 hrs.The activity and selectivity of

Experiments 4 and 5 relate to the initial activity, since the SILP catalyst system aiready deactivates.



STY/ kg1811hr-1 GHSV / 11"t-1 hr-1 14 130 2.0 27 34.98 627.0 99.9 0.15 4.5 15 130 2.0 26 29.36
1578.999.8 0.38 11.4 16 130 2.0 22

10
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llustration 5 corresponds to Figure 5

lHustration 5. Hydroformylation of isobutene with Rh-2,4-di-t-Bu triphenylphosphite SILP catalyst
system (ligand/rhodium = 10)

Experimental conditions: T = 100 - 130°C, p = 1.0-2.0 MPa, T = 26 - 28 secs, H..CO =1,

Volume flowisepytene = 1.8-3.5 mi min™, Volume flowy, = Volume flowso = 6.8 - 8.3 mi min™,

mgie= 3.0 g, mey= 0.2%, L/Rh = 10, o =10 vol. % (li_ = [EM'M[[NTfQD

However from the course of the curve, it must be assumed that the excess of ligand
was gradually degraded within the first 55 hrs. In experiment 5, the reaction pressure
was raised from 1.0 to 2.0 MPa. Thereby the conversion could be raised briefly from
2.5% to 10%, however, the SILP catalyst system deactivated further.

if the tumover frequency (TOF) at 20% initial conversion is considered, then a value of
287 hr'' is obtained. The space-time yield (abbreviation STY) corresponds to 0.09 kgl
cat'hr" and the gas hourly space velocity (abbreviation GHSV) to 5.0 licat *hr "

- In Experiment 6, in the preparation of the SILP catalyst system, the mole ratio of ligand

to rhodium was was increased to 20:1; L/Rh = 20 beforehand. Should the deactivation
now proceed more slowly or set in fater than in the preliminary experiment with L/Rh =

10, then it must be assumed that the ligand was degraded.



20.93 1125.5 99.8 0.27 8.2 17 130 2.0 19 9.15 820.3 99.7 0.20 5.9 This series of experiments was
started with 2.0 MPa and 130C. Thereby the SILP mo catalyst system already reached a conversion
between 35% at the start. The activity falls at the start because of the high conversions and the
product concentration in the SILP phase resulting from this. lllustration 7 corresponds to Figure 7
llustratBP2H¢dridRylation of isobutene with Rh-2,4-di-t-Bu triphenylphoBHiteF20 P! 65&TH6t
system (ligand/rhodium = 40) Experimental conditions: T = 130C, p = 2.0 MPa, t = 19 - 27 secs,
H2:CO =1, Volume flowisobutene = 1.7-8.8 ml mi#3L; Volume flow-12= Volume flowco = 6.7- 8.2 ml
msiLp = 3.0 g, mRh=0.2%, L/Rh = 40, alL = 10 vol. % (IL = [EMIMP1112]). - 36 - In Experiment 15,
with the residence time remaining the same, the partial pressure or the volume flow of isobutene was
tripled. As a result, in comparison to section 14 very high STY or GHSV could be achieved. Under
these conditi®ds, the ST¥rafras 0eB Kyicahiitf rendtthidnGH¥SW-BL ditisenhihBehitegtbié whole experiment,

the catalyst system
Experimental conditions: T = 100 - 130°C, p = 1.0-2.5 MPa, 1= 15 - 56 secs, Hy;:CO =1,
Volume flowisgsuens = 1.3-17.6 mi min™, Volume fiow,;, = Volume flowee = 3.5 - 7.6 ml min™,

Msip = 3.0 g, Mpp= 0.2%, L/RK = 20, oy = 10 vol. % (IL = [EMIM][NTf.]).

Expt. T/ p/ t/ X/ TOF/ nfisosel./ STY/ GHSV/
°C MPa sec % hr'? % Kgleat N g

6 100 10 28 1863 2833 999 0.08 45

7 100 1.5 42 3951 5981 999 0.17 6.3

8 100 20 56 2874 4365 999 0.13 3.5

9 100 2.5 37 2297 3487 999 0.10 2.2

10 100 20 35 1055 1602 998 0.05 1.3

11 110 1.0 20 975 4438 908 0.13 7.2

12 120 1.0 15 622 4720 997 0.14 7.9

13 130 1.0 15 334 2538 995 0.07 4.3

In Experiment 6 at 100°C and 10 bar and a residence time of 28 secs with the same
settings as in the preliminary experiment, the activity was somewhat lower than in the

s comparative experiment with an L/Rh ratio of 10. The conversion here corresponds to
18.6% in contrast to 20.7%.
As regards the optimization of the conversion, in Experiment 7 the reaction pressure
was increased to 1.5 MPa. Thereby a conversion of 40% was achieved. This increase in
the conversion is aftributable firstly to the longer residence time of 42 secs, and to

10 higher activity of the catalyst at higher pressures.

in Experiment 8, the catalyst loses activity markedly. Even an increase in the pressure
to 2.5 MPa (Experiment 9) brought no improvement. Presumably at the higher
conversions of more than 40% there is product concentration in the ionic liquid. Through
the increase in the volume flow of synthesis gas, the excess product is stripped out of

15 the ionic liquid in Experiments 9-10.



Kid

5Lselectivity remained between 99.9 and 99.7% for 3-MBA. Over 15 hrs in this section a constant
conversion of 30% could be achieved. In the penultimate section, the volume flow of isobutene was
once again increased, as a result of which the activity began to fall after 60 hrs. The deactivation rate
is very low, but nonetheless indicates ligand degradation, such as was already described in the is
prelimi¥fy ZXFéhHiéAs. For plant engineering reasons, the experiment had fe WeRétthirietédtater 120
hrs. Overall, the increase in the ligand excess leads to a more stable SILP catalyst system, which
nonetheless still slowly deactivates. Consequentl\Bthe attempt was made by means of a so-called
guard bed to reduce possible contamination with water, which 15 leads to degradation of the ligand or
hydrolysis thereof and to deactivation of the hydro- formylation. The guard bed filling was introduced
into the fixed bed reactor before the SILP catalyst system and consisted of silicon dioxide [Silica 100,
Merck] [t pied A ESHUED & toBti giipBgyIphosphite in order to trap water before it reaches the
SILP catalyst system. For comparison the experiment was performed with no guard 20 bed. - 37 -
Table 4.Hydroformylation of isobutene with Rh-2,4-di-t-Bu triphenylphosphite SILP catalyst system
with e HREASKAIRSEHSIEH 10500 00 LAl B eBMEnURaRARS: 4ndd Q) pperimenta
conditions: T = Pa, r =71 secs, 1, Volume flOWisobutene = 0.8 ml mirfl,
Volume ?P&Wmé"ga\?{%im??é“ﬂbw’e% 3.0 ml min-1, MSILP 3.0 g, mRh = 0.2%, L/Rh = 10, OL= 10 vol.
% (IL = [EveiaiEl 2dndiErps: Guald -T130101t ¢ X/ PSP Mitiso séh 156 secs, HxCO =1,

Volume flowissutens = 1.3-17.8 ml min™, Volume flowy; = Volume flowgs = 3.5 - 7.6 mi min™,
Mgyp= 3.0 g, Mgey= 0.20/0, LRh= 29, o= 10 vol. % {EL = [EM%M][NT?Q])

If Experiments 6-9 are compared with Experiment 10, then the SILP catalyst system

(6

loses almost half of its activity (conversion: 18.8% to 12.5%) within the first 80 hrs. In
Experiment 10, the activity slowly reduces over 55 hrs with the same setting.
Presumably the ligand is continuously degraded over the whole period due to
introduction of water.

10 in Experiments 11, 12 and 13, attempts were again made to increase the STY orthe
GHSV by increasing the partial pressure of isobutene. An effect is seen at 145 hrs,
where the conversion briefly increases and thereafter fails markedly. Here once again
there is product concentration. This was also seen after the removal of the SILP catalyst
system from the reactor. If the losses of activity in Experiments 6 and 10 are considered

15 alongside 8 and 12, then this aiso points to two different phenomena (6 and 10: ligand
degradation; 8 and 12: product accumulation). The selectivity decreases in the course
of the experiment from 99.9% to 99.5%. By-products such as long-chain alcohols, for
example, formed by aldol condensation, could not be detected.

Product concentration in the removed SILP catalyst system could be detected after the

20 experiment by gas chromatography. The SILP catalyst was washed several times with
methanol and the combined solution investigated by gas chromatography, 3-MBA being
detected.



STY/ GHSV / Bed C MPa sec % hr-1 % kglOat-11-el licat-1hr-1 18 Yes 100 4.0 71 78.92 1412 99.9
0.34 4.7 19 No 100

10

15
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As a conclusion, it can be stated that the increase in the mole ratio of ligand to rhodium
from 10:1 to 20:1 is not sufficient for obtaining a long-term stable SILP catalyst system
in the hydroformylation of isobutene.

in the subsequent experiments, in the preparation of the SILP catalyst systems the L/Rh
ratio was increased to 40:1, in order to slow the ligand degradation with a marked

excess of ligand.

Tabie 3, Hydroformylation of isobutene with Rh-2,4-di-t-Bu triphenylphosphite SILP
catalyst sysitem

Experimentai conditions: T =130°C, p =2.0 MPa, 1 = 19 - 27 secs, Hx:CO =1,

Volume flowisopuiene = 1.7-8.8 ml min™, Volume flownz = Volume flowge = 6.7 - 8.2 ml min™,

Mgie = 3.0 g, Mmar= 0.2%, L/IRh = 40, oy = 10 vol. % (IL = [EMIMIINTT,]).

Expt. T/ p/ v/ X/ TOF/ nfisosel./ STY/ GHSV/
°C MPa sec % hr” % Kgleae " Tl R
14 130 20 27 3498 6270 009 0.15 45
15 130 20 26 29.36 1578.9 99.8 0.38 11.4
16 130 20 22 2093 14255 9938 0.27 8.2
17 130 20 19 915 8203 997 0.20 5.9

This series of experiments was started with 2.0 MPa and 130°C. Thereby the SILP
catalyst system already reached a conversion between 35% at the start. The activity
falls at the start because of the high conversions and the product concentration in the

SILP phase resulting from this.

lllustration 7 corresponds to Figure 7

Mustration 7. Hydroformylation of isobutene with Rh-2,4-dit-Bu friphenylphosphite SILP catalyst
system (ligand/rhodium = 40)

Experimental conditions: T = 130°C, p = 2.0 MPa, 1 =19 - 27 secs, H;:CO = 1,

Volume flowigpuene = 1.7-8.8 ml min”, Volume flowy, = Volume flowee = 6.7 - 8.2 ml min™,

Mge = 3.0 0, Mrr= 0.2%, L/IRh =40, oy = 10 vol. % (IL = [EMIM[[NT%]).



4.07175.23 1346 99.9 0.3 4.5 At the start, a reaction pressure of 4.0 MPa and a temperature of
100C were set. Furthermore, the residence time was increased to 71 secs. As a result, at the start, in
5 the first section, maximal conversions up to 85% could be achieved. However, the conversion fell
markedly again in the course of the experiment, since once again product concentration occurred. This
could b&&%ﬂ?@f@ﬂ@ﬁ% vacuum phase for 10 hrs after 95 hrs, since an incrB&5eER 2R Y8p&&Sion
from 50% to 70% could briefly be discerned. During the vacuum phase, product and high boilers were
removed from the 10 ionic liquid. (See lllustration 8. After a short time, the conversion again fell to the
initial deactivation rate. After 120 hrs, the catalyst possessed only half of its activity of 41% conversion.
The deactivation rate corr$§fonds to that in Experiment 8, hence this guard bed can neither prevent

nor retalfd e RSLE N {Re SeRis8cR HEciRa anes drassmmer MginariabprasfiRi e used as
a guardihedofuel #IPbEXRIPOIE AR IMNSHIoNide. 18238 1A BEARIRILR AT BIRIEHR yle

deactivation with H20. In a further experiment, it could be seen that likewise no success could be

obtaine8idfitS the AEFREIRRHId DS RrTIAVEFe MRdsRIIE IR SoRIBINSe R RAYtHASO the isobutene
and syriiesisggas SHeaahinageHg ditttethesteesd driasidnrbadsrlist Bask, thereaction

temperature or reaction pressure also did not counteract the deactivation. 2 Average activity for the

first 10 RRESHU MR ShRWasRD SH A8 fvales kiR venlR gdmttisisasianafirst 10

hrs opetaiiRgsines sirgsithestadabstslgacivalasavatkedly. - 38 - The selectivity for 3-MBA during the
experiments remained constant at over 99.7%. Byproducts in this experiment only appeared towards

the endSHEPSHHETE B SPriatciiralma Y Ric RBusasWRs PIsE ARRIMIE TBASEF.cRRm
alcoholsguarediormrh tHevuevioTybegarR et nasaray sraltAadasevairRthtmliess thay ok of the

total 5 products. lllustration 8 corresponds to Figure 8 10lllustration 8. Effect of the vacuum phase in
the hyd Whg}pﬁ islicates ligand degradation, such as was already described in the
10 preliminary experiments. For plant engineering reasons, the experiment had to be
terminated after 120 hrs.
Overall, the increase in the ligand excess leads to a more stable SILP catalyst system,
which nonetheless still slowly deactivates. Consequently the attempt was made by
means of a so-calied guard bed to reduce possible contamination with water, which
15 leads to degradation of the ligand or hydrolysis thereof and to deactivation of the hydro-
formylation. The guard bed filling was introduced into the fixed bed reactor before the
SILP catalyst system and consisted of silicon dioxide [Silica 100, Merck]. This was
coated with 2,4-di-t-Bu triphenylphosphite in order to trap water before it reaches the
SILP catalyst system. For comparison the experiment was performed with no guard
20 bed.



Experimental conditions: T = 140C, p = 4.0 MPa, = 71 secs, H2:CO = 1, Volume flow -
rsobutene = 0.82 ml mini Volume flowN2= Volume flowRo = 3.0 ml min-1, msR,R= 3.0g. mRh = 0.2%,
L/Rh =10, olL = 10 vol. % (IL = [EMIM][NTf2l). 15 As a third modification for maintenance of the
hydroformylation activity, organic amines (abbreviation OA) were for the first time used in the SILP
catalyst¥ P& SiHing to Example 1. The organic amine OA used, such BS TérRa@iihes6760
bis(2,2,6,6-tetramethy1-4- piperidyl)sebacate, inter alia prevents or retards the hydrolytic
decomposition of the 20 ligand. The action of thesg7organic amines OA for the protection of polymers
against short wavelength radiation, for example UV radiation, has previously been described, as is
also shown for bis(2,2,6,6-tetramethyl-4-piperidyl)sebacate. As part of the SILP catalyst system, the
organic amines OA react with the phosphoric acid derivatives that form, which arise from the ligand
degradaflghl®§- water. Hdrefessyiftiahef dshotentr atibriRbf22bdbhBspimoyeticsdistivaitiPes tadthe
formation ofs&srﬂnewmhmam@@r&@aa@hdrd@w@@m&ﬂdmwe@@QWE&&M&J%N@@r@@g,Qd%Ih%s@me tirr:le- Thus
in the pr @? ( tzaj%c estryctiye action of th p% sphoric acid derivatives on the
ligands c%a§(r$ %%ﬁg%[glgaéﬁ& urstkclgr e ra’cf)atité)lijfgI tr'%{g%’ti%n?o ecﬁ’(?gij %e Iﬂgand§ are shown in Scheme 2.
TransestéNiR&dSH-@-¢ AV ge" oMo' dralatye Mt EtdiPdaciicis it the aldehyde 30 formed, e.g.
aldol condensatidpsrand aeetaliFations also @oairy. Scrdmei2)Rossible side-reactions which lead to
atonigstration & . . stration 9-Qeganic-aminesOA-used:
bis(2,2,6,6-tetram hé(l-4-pi|g rid f&/ﬁgbacate T}{e exg‘gll riments were performed with a molar OA to

nLLAlLD) iy ry e~

)
[ e \ |
ligand ratio of 4. In fle experiments With 3%8ditién of the orgarﬁ’c amine O,K\g,lﬁ‘tt@h]ptéiiﬂ?e’f‘é made to
increase tfe long téem stabilf§owitd-lwet vol e flotvs df isciilRene anddéwer 10 céfversions due to
lower reaation presgsire and {emperaturezr - 4G5 Fablafs Hydsefprmylation of isobutgre with
Rh-2,4--- ivhemyphosphite P-cataty ystem-with-the-use-of-an-organic-amine-OA
Experimental conditions: T = 100-150C, p = 1.0-2.5 MPa, = 28.1 secs, H2:CO =1, Volume
flOWLséthenstart] £@8:tidmpretshie whé. MR andoiLimerstars 8t 9-009anvasiispt 3.0 g, mRh =

0.2%, Lﬁjptﬁe%i%’o?e, %hg ?'é&lclier?c%%%oé'\://% Is"nér %Iglel ]tEN;{Zg)e:Es)(,p/&sTe!\ %g&t',waﬁ%he stari, in

s the first section, maximal conversions up to 85% could be achieved. However, the

conversion fell markedly again in the course of the experiment, since once again
product concentration occurred. This could be confirmed by a vacuum phase for 10 hrs
after 85 hrs, since an increase in the conversion from 50% to 70% could briefly be
discerned. During the vacuum phase, product and high boilers were removed from the

10 ionic liquid. (See lliustration 8). After a short time, the conversion again fell to the initial
deactivation rate. After 120 hrs, the catalyst possessed only half of its activity of 41%
conversion. The deactivation rate corresponds to that in Experiment 8, hence this guard
bed can neither prevent nor retard the loss of activity. It should be considered whether
another drying agent should be used as a guard bed, such as for example calcium

15 fluoride, so as to be able to completely rule out deactivation with H,O.
In a further experiment, it could be seen that likewise no success could be obtained with
the aid of helium as an inert stream which was introduced in addition to the isobutene
and synthesis gas stream in order to dilute the feed or to strip the catalyst. Raising the

reaction temperature or reaction pressure also did not counteract the deactivation.

* Average activity for the first 10 hrs operating time, since the catalyst deactivates markedly.

3 Average activity for the first 10 hrs operating time, since the catalyst deactivates markedly.



I's X | % TOF/ hr-1 nfiso sel. / STY! kgleat-Ihri GHSV / ll0allhrl Stability / hr 20 100 1.0 28.1 9.03
105.099.8 0.04 2.2 90 21 150 1.0 28.1 2.15 25.0

WO 2012/041846 PCT/EP2011/066760
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The selectivity for 3-MBA during the experiments remained constant at over 99.7%. By-
products in this experiment only appeared towards the end, since owing to the product
accumuiation aldol condensation occurred and longer-chain alcohols were formed.
However, the quantity was very small and amounted to less than < 1% of the total

products.

o

lilustration 8 corresponds to Figure 8

10 THustration 8. Effect of the vacuum phase in the hydroformylation of iscbutene.
Experimenial conditions: T = 140°C, p = 4.6 MPa, t = 71 secs, H:CO =1,
Volume flowissuene = 0.82 ml min™', Volume flowy, = Volume flowes = 3.0 ml min™,
Mee= 3.0 9, Mra=0.2%, L/Rh = 10, oy = 10 vol. % (L = [EMIM]NTE,]).

As a third modification for maintenance of the hydroformylation activity, organic amines
(abbreviation OA) were for the first time used in the SILP catalyst system according to
Example 1. The organic amine OA used, such as for example bis(2,2,6,6-tetramethyi-4-
piperidyl)sebacate, inter alia prevents or retards the hydrolytic decomposition of the

20 ligand. The action of these organic amines OA for the protection of polymers against
short wavelength radiation, for example UV radiation, has previously been described, as
is also shown for bis(2,2,6,6-tetramethyl-4-piperidyl)sebacate. As part of the SILP
catalyst system, the organic amines OA react with the phosphoric acid derivatives that
form, which arise from the ligand degradation by water. As a result, the concentration of

25 phosphoric acid derivatives and the formation of further phosphoric acid derivatives
through autocatalysis decrease at the same time. Thus in the presence of water the
catalytic destructive action of the phosphoric acid derivatives on the ligands can be
avoided. Further degradation reactions of phosphite ligands are shown in Scheme 2.
Transesterification, O-C cleavage, O-P cleavage and side-reactions with the aldehyde

30 formed, e.g. aldof condensations and acetalizations also occur.
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ustration 9 corresponds to Figure 9

hydroly sis

alcoholysis

Arbusov rearrangement

Possible side-reactions which lead to Hgand degradation

lliustration 9. Organic amine OA used: bis(2,2,6,6-tetramethyl-4-piperidyl)sebacate

The experiments were performed with a molar OA to ligand ratio of 4.

in the experiments with addition of the organic amine OA, aﬁefnpts were made to

increase the long term stability with lower volume flows of isobutene and lower

conversions due to lower reaction pressure and temperature.
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Table 5. Hydroformyiation of isobutene with Rh-2 .4-di-t-Bu friphenylphosphite SILP catalyst
system with the use of an organic amine QA '

Experimental conditions: T = 100-150°C, p = 1.0-2.5 MPa, 1 = 28.1 secs, H,:CO =1,
Volume flowisesuens = 1.6-9.8 mi min™, Volume flowy, = Volume flowgo = 3.9-7.9 mi min™,
Msip = 3.0 9, Mgs= 0.2%, L/Rh = 10, OA/L = 4, o= 10 vol. % (IL = [EMIM][NTT,]).

Expt. T/ p/ T/ K TOF/ nfisosel./ STY/ GHSV / Stability
°C MPa s % hr” % kglea B Nl e /hr

20 100 1.0 281 903 1050 99.8 0.04 2.2 90

21 150 1.0 281 215 250 98.0 0.01 0.6 5

22 100 10 281 880 1027 99.8 0.04 2.2 67

23 100 1.0 281 254 1027 998 0.03 1.8 7

24 100 1.0 281 877 1023 9938 0.04 22 16

25 100 20 281 3411 3980 998 0.15 4.1 14

26 100 2.5 281 37.30 1740  99.9 0.65 14.4 -

illustration 10 corresponds to Figure 16

Hiustration 10. Hydroformylation of isobutene with Rh-2,4-di-t-Bu triphenyiphosphite SILP catalyst
system with the use of an organic amine QA

Experimental conditions: T = 100-150°C, p = 1.0-2.5 MPa, 1 = 28.1 secs, H;:CO =1,

Volume fiowiggpuens = 1.6-9.8 mi min™, Volume flowy, = Volume flowge = 3.9-7.9 mi min™,

Mgrp = 3.0 g, Mpy= 0.2%, LIRh = 10, OAIL = 4, gy = 10 vol. % (IL = [EMIM][NTE]).

* Catalyst begins to lose activity



99.9 0.65 14.4 lllustration 10 corresponds to Figure 10 5 lllustration 10. Hydroformylation of
isobutene with Rh-2,4-di-t-Bu triphenylphosphite SILP catalyst system with the use of an organic

amine OA Experimental conditions: T = 100-150C, p = 1.0-2.5 MPa, = 28.1 secs, H2:CO =1, Volume
flowisobutene= 1.6-9.8 ml minl, volume flowH2= Volume flowco= 3.9-7.9 ml. min-1, lo msiLgT: 3.00,

mRh = B/8%601 A 1848 OA/ = 4, ow= 10 vol. % (IL = [EMIM][NTI2i). 15 4 CRRIYEFBagHIGR RRe

activity -41 - In Experiment 20, the conversion fell from 13% to 9% within 50 hrs. Beyond an
experiment run time of 50 hrs, the conversion nowtemained constant at 9% up to a reaction period of
180 hrs. Because of the organic amine OA used and the lower conversions, there seems to be no

ligand degradation or less product concentration. 5 The selectivity for 3-MBA during the 180 hrs was
o e S ST SRSt Be ELHATOR t e S 10 B BRAOBRAR tested. The
result objip thmperaibreniRcef SBEhrasifedenieassdn msoamasan dordfanSaebRahaviolr is in
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Experinent/a2sithes|ritiglccopditions peiodgrindekyvhestiopory leesptalystidhneativased and again
yielded the initjal 9% conversign. In Experim 3, the attempt was made, to increase the GHSV or
the S Tv BRI o P B BB R T aSeh HEEQ et once agai fel © 2%,
whereupo & thedinittattskitings werevegainbiteptedaeretal 50, hevinitinliednwession Thaesddibef

hieved. In Experiments 25 and 26, the, attempt de to raisg the activity of the SILP
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o AR e S R D B aclon tereo. 2
In Experiment 23, the attempt was made to increase the GHSV or the STY through a
high volume flow of isobutene. However, the conversion once again fell to 2%,
whereupon the initial settings were again adopted. Here also, the initial conversion
15 could be achieved.
In Experiments 25 and 26, the attempt was now made to raise the activity of the SILP
catalyst system by variation of the pressure. A first increase in the pressure to 2.0 MPa
brought an increase in conversion from 9% to 34%, which could be maintained constant
for 20 hrs. An increase in the pressure to 2.5 MPa once again led fo an increase in the
20 conversion to 37%, however, the catalyst began to deactivate as a result. A vacuum
phase at 330 hrs brought no reactivation of the system. Nonetheless, at 220 hrs, the
SILP catalyst system with organic amine OA in the gas phase hydroformylation of

isobutene is markedly more stable than experiments without addition thereof.

25 The high dependence on pressure with use of the ligand of the formula X, 2,4-di-t-Bu
triphenyiphosphite must be emphasized. With a slight increase in the total pressure,
very high conversions can already be achieved, which however lead to product

accumulation in the ionic liquid IL.

36



triphenylphosphite must be emphasized. With a slight increase in the total pressure, very high
conversions can already be achieved, which however lead to product accumulation in the ionic liquid
IL. - 42 - Table 6.Pressure dependence of the Rh-2,4-di-t-Bu triphenylphosphite SILP catalyst system
with the use of an organic amine OA Experimental conditions: T = 100C, p = 1.0-5.0 MPa, = 70.1 secs,
H2:COW@A%%%QQI‘E§N,SObutene = 0.7-3.3 ml min-1, Volume flowH2= Vollithé #&xed HOBEBEY m
many= 3.0 g, mRh = 0.2%, L/Rh = 10, OA/L = 4, au_ = 10 vol. % (IL = [EMIMIINTfa Expt. Tl p1 fic/ X/
TOF / nfiso sel. / STY! GHSV / C MPa sec % hr-#20-kglcat-1hr-1 llcat-1hr-1 27

Table 6. Pressure dependence of the Rh-2,4-di-t-Bu triphenylphosphite SILP catalyst
systemn with the use of an organic amine GA

Experimental conditions: T = 100°C, p = 1.0-5.0 MPa, 1 =70.1 secs, HuCO =1,

Volume floWisobutene = 0.7-3.3 ml min™, Volume flowy, = Volume flowee = 1,-3.2 ml min™,

Meie = 3.0 g, Mpn = 0.2%, URh = 10, OA/L = 4, a4 = 10 vol. % (IL = [EMIMENTT,]).
Expt. T/ p/ T/ X/ TOF/  nfisosel./ STY/ GHSV/

°C MPa sec % hr” % Kgloar 'hr" e 'R
27 100 1.0 701 34.16 389.5 099 0.15 8.2
28 100 2.0 701 4976 5805 099 0.22 5.6
29 100 30 701 71.31 8319 999 0.31 5.7
30 100 40 701 7319 8539 999 0.32 4.4
31 100 5.0 701 7594 886.0 999 0.33 3.7

On consideration of Table 6, two different sections in the increase in the conversion are

discerned. Between 1.0 and 3.0 MPa the conversion doubles from 35% at 1.0 MPa fo

71% at 3.0 MPa. Thereafter, between 3.0 mPa and 5.0 mPa hardly any further increase
s in the activity can be discerned. The conversion rises further up to 75% at 5.0 mPa. The

selectivity for 3-MBA remains constant at about 99.5%.

Operating an SILP catalyst system with undiluted substrate and high conversions
inevitably results in product becoming concentrated in the ionic liquid IL. As a result, the

15 quantity of substrate in the Il decreases and consequently the conversion falls. With
low conversions and low substrate contents, the SILP catalyst system with the use of an
organic amine OA in the gas phase hydroformylation of isobutene can be operated with
long-term stability (see lllustration 10, Experiments 20-24).

15

Example 8: Experimental series for the hydroformylation of propene
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In addition, the long-term stability of these SILP catalyst systems is of interest for the
hydroformylation of ethene and propene with the phosphorus-containing organic ligands
L of the formulae VIl and VIII. In prior thermogravimetric measurements, the thermal
stability of the SILP catalyst systems was studied and found to be stabie up to at most

150°C. For certainty, the stability experiments were run at 120°C reaction temperature.

llustration 11 corresponds to Figure 11

lilustration 11. Long-term stability of the propene hydroformylation during 170 hours of operation with the
use of the ligand VIll in the SILP catalyst sysiem

Experimental conditions: T =60 -110°C, p = 1.5-2.5 MPa, 1 = 24 -60 secs, H2:CO = (.8-1.2,

Volume loWropene = 1.2-5.4 mi min™, Volume flowy; = Volume flowgo = 2.3-10.0 ml min-',

Volume flowneium = 1.4-4.0 mi min”

Msip = 1.88 g, Mpy = 0.2%, L/Rh =10, OA/L = 4, oy = 10 vol. % (1L = [EMIMINTE.]).

Reference conditions 1: T = 92°C, p = 1.5 MPa, 1 = 30 secs, H,:.CO =1, v propene™ 2.8 Ml min™,

Vie=V co=76mmin™, ¥ i = 3.10 ml min™,

In order to investigate the stability of the SILP catalyst system used, the reference

conditions 1 were repeated during the experiments at defined time intervals.

In lNlustration 11, the total run time of the propene hydroformylation with the ligand VIl in
the SILP catalyst system is shown. During the 170 hr experiment duration, different
parameters were varied. It is evident that during the 170 hrs the SILP catalyst system
does not lose activity and with the same reference conditions 1 yields identical
conversion. The selectivity for linear butanal is constant at over 98%. For this
experiment the GHSV are at most 25.94 licat'hr, the STY about 0.52 kglcat 'hr" and
the TOF about 2982 hr'*. The maximum conversion is about 48.3%.



5.7 30100 4.0 70.1 73.19 853.9 99.9 0.32 4.4 31 100 5.0 70.1 75.94 886.0 99.9 0.33 3.7 On
consideration of Table 6, two different sections in the increase in the conversion are discerned.
Between 1.0 and 3.0 MPa the conversion doubles from 35% at 1.0 MPa to 71% at 3.0 MPa.
Thereafter, between 3.0 mPa and 5.0 mPa hardly any further increase 5 in the activity can be
discern®f PAELH\R4Gion rises further up to 75% at 5.0 mPa. The selectiviR-fOFEERIBNOEGI&ths
constant at about 99.5%. Operating an SILP catalyst system with undiluted substrate and high
conversions inevitably results in product becoming4encentrated in the ionic liquid IL. As a result, the
10 quantity of substrate in the IL decreases and consequently the conversion falls. With low
conversions and low substrate contents, the SILP catalyst system with the use of an organic amine OA
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llustratigl dehExparnerivigioddlittne ligand of the formula VI in the SILP catalyst system

is shown.

Hiustration 12 corresponds to Figure 12

lllustration 12. Long-term stability of propene hydroformylation with the use of the ligand Vil in the

SILP catalyst system over 100 hours of operation

Experimental conditions: T = 60-125°C, p = 1.5 MPa, 1 = 30 secs, H::CO =1,

Volume flow,gpene = 2.3-2.8 ml mir{1, Volume flowy, = Volume flowee = 7.2-7.9 mi min'1,
Volume flowaim = 2.8-3.4 ml min”

Mgpe = 1.88 g, Mg, = 0.2%, L/IRh =10, QAL = 4, gy = 10 vol. % (IL = [EMIM][NTE,]).
Reference conditions 1: T =922°C, p = 1.5 MPa, 1 = 30 secs, H;:CO =1, 14 propene= 2.6 Ml min”,

V Hz = V co™ 9.0 mi min"i, V helium™ 3.2 Ml min“1.

Once again various parameters were varied, whereby the conversion and the selectivity
for n-butanal, at the start as also at the end of the experimental series, with setting of
the reference conditions 1, exhibit values which were already previously achieved with
the use of the ligand of the formula Viil.

Lo

Example 9: Experimental series for the hydroformylation of ethene

lilustration 13 corresponds to Figure 13

Hustration 13. Long-term siability of ethene hydroformylation during 215 hours of operation with the
use of the ligand VI in the SILP catalyst system

Experimental conditions: T = 54 -116°C, p = 1.5-2.5 MPsg, © = 30 - 60 secs, H;:CO = 0.65-1.2,
Volume flowWggpens = 0.5-3.5 ml min™, Volume flow, = Volume floweo = 4.5-10.0 mi min™,

mgp= 1.88 g, mp = 0.2%, LIRh =10, OAL =4, gy = 10 vol. % (IL = [EMIM][NTf,]}. Reference
conditions 1: T =72°C, p = 1.5 MPa, 1 = 33 secs, H,:CO = 1, v ethene= 0.8 mi min™,

V He = V co= 8.8 mi min'i.

llustration 13 shows the whole course (215 hrs) of the ethene hydroformylation with the

15 use of the ligand of the formula VIii in the SILP-catalyst system which was already



Example 8: Experimental series for the hydroformylation of propene - 43 - In addition, the long-term
stability of these SILP catalyst systems is of interest for the hydroformylation of ethene and propene
with the phosphorus-containing organic ligands L of the formulae VII and VIII. In prior

thermogravimetric measurements, the thermal stability of the SILP catalyst systems was studied and

found t %Qé%’i@“‘l]ﬁ‘i@ at most 5 150C. For certainty, the stability experimen nts (FEreP L6186

reaction temperature. lllustration 11 corresponds to Figure 11 lllustration 11. Long-term stability of
the propene hydroformylation during 170 hours efdfperation with the louse of the ligand VIII in the SILP
catalyst system Experimental conditions: T = 60-110C, p = 1.5-2.5 MPa, t = 24-60 secs, H2:CO =
0.8-1.2, Volume flovvpropene = ml min-1, Volume flowH2 = Volume flowco = 2.3-10.0 ml

min-1, VERARE %r?E’e“fED@BJZFHI"'EﬂYH\aNﬂJ&f-"E Ogyrsy, g hooxnsrRen JeBRPL Sy = 10

vol. % (irbs:d&rMMﬁhéléﬁa)pr%%B@F@r@ﬁgerﬂ@ﬂél@é@@r@s&eﬂa’!@arﬁea haMBeid dedbraans Hig:CO = 1,
rk propene= 2.6 ml min-1, 121 H2 = 12- Co = 7.6 m| min, V helium =3.10 ml. In order t%dnvestlgate

the stadftyy 8t h'fé%?ﬁ@%ﬁt&?é%%&y%‘f’ﬂtﬁseéheﬂ?e Tk dnEpRatRshecting @ iBeiaiiing the

experimgingiabaefingsttime @@ﬁ&&mﬂﬂr@mmng@dﬁstm t@t@émeﬁmﬂ of the paengeeafter a
hydroform%latlon with the li nd VIIIin the&sl%ll__P catal r]%/éstem IS wn. Durln%the 170 hr
nié

expérinfeH Rira88 A ifRY Saﬁ‘élﬁfe%& é'\/%ﬁé Sit 1dEﬁt YWRIS M9 hrs the SILP

catalystaysiaaaR5Hoemp® Tosametiviysaneiib the- saine tRESTRDEeabondBG0S Aryieltthddentical
conversion. The select|V|t¥ for linear butanal is Eongjnt at over 98%. For this experiment the GHSV
I

are at "TBRKISBHA GRATAIT G SIaR &, PE%S ©h and the TOF about 2982 hr-1. The maximum
conversigmHg ﬁﬂ@ﬂiﬁ@ Fﬂ%straﬂérr mt'ﬁ@ef@k@@méwwm% the @f@téﬂ@%t&@ﬁﬁ? entthe
long-term stability of the ene hydroform Wit the d of the f ula n the SILP

ontaly R CHSTH RUSESHER 1 JGREBSIHE (PR M Sl S G RSBty o
propenghydigformylation with the use of the ligand VIl in the SILP catalyst system over 100 hours of
operation Experimental conditions: T = 60-125C, p = 1.5 MPa, T it' 30 secs, H2:CO =1, Volume

flowpropene = 2.3-2.8 ml min-1, Volume flowH2= Volume flowco= 7.2-7.9 ml Volume flowhelium
2.8-3.4 muetratiowitnedrddspondd todF2dor/Rh = 10, OA/ = 4, ocIL = 10 vol. % (IL = [EMIM][NTf2]).

fllustration 14. Long-term stability of the ethene hydroformyiation with the use of the ligand Vil in the
SILP catelyst system over 190 hours of operation

Experimental conditions: T = 62-110°C, p = 1.5-2.5 MPa, © = 30 - 57 secs, H;xCO =1,

Volume flowsgene = 0.8-3.8 mi min™, Volume flow,y, = Volume flowgo = 4.8-9.3 mi min™

mgp= 1.88 g, M= 0.2%, L/Rh = 10, OA/L = 4, oy = 10 vol. % (IL = [EMIM][NTf,]).

Reference conditions 1: T =87°C, p = 1.5 MPa, 1 = 30 secs, H,CO = 1,17 ethene™= 2.5 mi min'j,

Vo=V co=9.1mimin™.

The variation of the experimental parameters after a 190 hr duration with repeated
setting of the reference conditions 1 once again yields the values achieved at the
15 beginning as regards the conversion and is evidence for the long-term stability of the

SILP catalyst system with the ligand V1.



Reference conditions 1: T = 92C, p=1.5MPa, T =30 secs, H2:C0O = 1,1)- propene = 2.6 ml min-I, T)’
H2 = V09.0mImin, r2- helium= 3.2 ml S Once again various parameters were varied, whereby the
conversion and the selectivity for n-butanal, at the start as also at the end of the experimental series,

with setting of the reference conditions 1, exhibit values which were already ' i with
the useWﬁﬁ&@%&%ﬁthe formula VIII. 10 Example 9: Experimental series %@%@%%r%@o%r%%tion of

ethene lllustration 13 corresponds to Figure 13 lllustration 13. Long-term stability of ethene
hydroformylation during 215 hours of operation wift®the use of the ligand VIII in the SILP catalyst
system Experimental conditions: T = 54-110C, p = 1.5-2.5 MPa, = 30 - 60 secs, H2:CO = 0.65-1.2,
Volume flow - ethene = 0.5-3.5 ml min-1, Volume flowH2= Volume flowco= 4.5-10.0 ml min-1, 11-Islip=
1.88 g, mRh = 0.2%, L/Rh =10, OA/ = 4, alL = 10 vol. %= [EMIMI[NTf2]). Reference conditions 1: T =
72C, p E:labiMiB e 0T Exp3rseesthiZ 6@ s for 12e étydoéerOdatibmiv-|-Hatené00= 8.0 ml min*
lllustration 13 shows the whole course (215 hrs) of the ethene hydroformylation with the 15 use of the
ligand of the formula VIl in the SILP catalyst system which was already - 45 - tested in the propene
hydroforihiylaticatitan 13GbrseBpwingdhte Sipenientht, temperature, residence time and pressure or

partial pifsyige vete YaliedhiL gLy IpASIENming (6 AL NSHERPI e aatasta(h pthene

Through the repeated sefling o erence conditions 1 and the conversion remaining constant,

deactivatitifi Beie ehtiyspatedl dse -6ty Hiry¥6lid be ruled out. For this experiment, the GHSV
were at rigstrd@:fdlcatdiivds; the ®Tv2atibut 0 M4Rnkedcat1Asdcand e TOF about 3600 hr-1. The
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series on the long-term stability of the ethene hydroformylation wi i of the formula VIl in the
S1LP caf8Raf %@%Hﬂ%“@)zsfﬁg\’/vli Tlﬁfstga%{%ﬁ ?[’éfx &6rqré§’§‘c‘)r{‘l’dg ) %}\9}5@% lustration 14. Long-term

stability gfdfae:aibensinyelafarmytationpwithaheeuse-ofsthe-igantoslinthe, SH 2 catalySt system over

190 hours. of operation %erimental conditions: T = 62-110C, p = 1.5-2.5 MPa, r = 30 - 57 secs,

H2:CO =Ii,Hi\foﬁ/m@e=ﬂ@) tf&he = 0.8-3.8 ml min-1, Volume flowH2= Volume flowco= 4.8-9.3 ml
min-1, nisoy= 1.88 g, mRh=0.2%, URh = 10, OA/L. = 4, alL = 10 vol. % (IL = [EMIMI[NTf2]) Reference
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were repeatedly set, whereby approximately the same activities and selectivities were
achieved. The selectivity for linear n-pentanal is over 99% throughout. In addition to the

10 hydroformylation activity, the hydrogenation and isomerization of the catalyst during the
experimental phase were recorded. The conversion of 1-butene which was hydro-
formylated lies between 8.5% (60°C) and 53.6% (120°C). in parallel, the SILP catalyst
system hydrogenated between 0.2% (60°C) and 4.4% (120°C) of 1-butene to n-butane.
The isomerization of 1-butene o 2-butene was 0.5% to 13.1%, the ratio of trans-2-

15 butene to cis-2-butene varying between 1.2 and 3. For this experiment, the GHSV is at
most 12.8 licat 'hr!, the STY about 0.19 kgicat*hr™! and the TOF about 1128 hr'. The
maximal constant conversion is about 53.6%.

The use of the ligand of the formuia Vi in the SILP catalyst system for the hydro-
formyfation over ca. 190 hrs is shown in the following lllustration 16.

20



- 46 - Example 10: Experimental series for the hydroformylation of 1-butene Illustration 15 corresponds
to Figure 15 lllustration 15. Long-term stability of the 1-butene hydroformylation during 166 hours of
operation with the use of the ligand VIII in the SILP catalyst system Experimental conditions: T = 60
-120C, 1.0 mPa, t = 16 secs, H2:CO = 1, Volume flowi-butene= 3.2-395 nil min-1, volume flowH2=
vOlume‘?ﬁQv%62/9§1§4ﬁ4 4 ml min-1, MSILP = 3.0 g, mRh = 0.2%, L/Rh = 16" GAFER 1410861601, %%
(IL = [EMIM][NT121). Reference conditions 1: T = 105C, p = 1.0 mPa, t = 16 secs, H2.CO =1, r
2.1-Buten= 3.2 ml min-1, Pl H2= V00= 122 ml 514 period of 166 hours of operation, the
hydroformylation of 1-butene with an SILP catalyst system with the use of the ligand of the formula VIII
was subjected to temperature variation; see lllustration 15. During this time, the reference conditions 1
were repeatedly set, whereby approximately the same activities and selectivities were achieved. The

selectiviipksrr e mp%ﬁ@y@@ggqr&ﬁ?@amm@hout In addition to the 10 hydroformylation activity,
the hyd t|on isomerizatj th catalyst he experimental phase were recorded. The
convers{l%%%& ?‘ﬁ? bu§l r?‘Onwcli/hec W%S,[ ﬁgro (;?rrbr% ag %y oo e v?/té%nn"@lﬁs@e(égﬁe Qeﬁdggg e\éﬁ l&ZOC). In
paralIeIE%é'Q?ant@ﬂa%hW§le§y§YéfﬁW@@ﬁﬁ?@@%ween 0.2% (60C) and 4.4% (120C) of 1-butene to
n-butarnexpEhedsemerdation DE da et fo-2-buieaerwas 0sb%ete, H3.A00s theqatio of trans-2- is butene
o cis- 2pyiFaayp g'nghﬁw%?%% ang 3 EAL IS QUREHMRNL, (b SHSV s Aimost 12.8 licatlhr-1,
the STY about O g callhr and the TOF abouF%LlZS hirl. Thé’maximal constant conversion is about
53.6%. WWS&G‘HHWE IRydAd BY 8 formula VIl in the S1LP catalyst system for the hydroformylation
over camifF hrezig, straw 4t théfot 6Wing = dsteatie i 16 [EMURIINARistration 16 corresponds to Figure 16
llustration 16. Long-term stability of the 1-butene hydroformylation.with the fthe1I|gand Vilin the
SILP ca‘tga?fﬁrsetngssctem%)veﬁ 190 lﬁég())u(rf;s of c%pgérft’lon Eé%erlm?tgﬁcon\ﬁ:tl ong’ TLbSg OC p = 1.0 mPa,
t = 27 - 8Q.8€5.44270@=05-4.0, Volume flowi-butene= 1.1-3.0 ml min1, volume flowH2= Volume
flowco= 2.7-11.3 ml min-1, Volume flowhelium = 0-17.0 ml min-1 n1SIL=45 4.02 g, mRh= 0.4%, L/Rh
=10, (AL = 10 vol. % (IL = [EMIIVIPITf2D. Reference conditions 1: T =100C, p=1.0 mPa, T = 39
secs, HPlerarigildn tfsheeaxp2i@mardsinpay aivieizrsidfieoa T mi Theatianatidh afibatedperimental
parame t] e fin feren Iti nce again
yields tr%(;%li\?a g);f gﬁc%ﬂg\%w@ &%’éégg mg;]‘l?n(%a%sg r%%érd gégtcgqr;%v\é?z?ogrg <':1§r(?(lzll]1 4éls% t%gtge'lectlvny for
n- pentaln@@nmmh@@asmger&satimammenstarbamelﬁa/\thmlsabea:muofbempsatwaealvaﬂdtﬂeuse of the

ligand bili
of he STLL 2R VA Lt 2 RH EAT R B BB b S R e e 2
from thueféhpémmeul@l ‘déhéé“wwhghlés!|gmt@émﬁEaam:atmé&m"@aue:iagamfeuthmwrmd in Table
7. Tablg Rl IYAHOE) 1R NRYG LYRm with the ligand of the formula VI,

16 As a conclusion, the stability data from this experimental. series with the ligands used in

each case are once again summarized in Table 7.

Table 7. Stability data from the kinetic study

Substrate / Ligand Stability / hrs
ethene / Vil > 214
ethene / VI > 187
propene / VIl > 171
propene / VIl 100
-butene / VIl > 166
1-butene / VI > 193

The long-term stability studies, in addition {o the thermal stability, indicate stable SILP

15 catalyst systems up to a reaction temperature of 120°C.



Substrate / LigandStability / hrs ethene / VII1>214 ethene / VII>187 propene / VIII> 171 propene /
VII100 1-butene / VIII> 166 1-butene / VII>193 - 48 - Example 11: Experimental series for the
hydroformylation of raffinate | For the first experiments, a raffinate | with a water content of 500 ppm
was used in order 5 to test the stability of the SILP catalyst system with the use of the ligand VIl
towardS{MLEIBSHARICAL temperatures between 80C and 100C and an oveP$HTPRERAITE ST EOmPa,
the following progressions in the activity and selectivity were plotted against the experiment time.
lllustration 17 corresponds to Figure 17 lllustratierd&%. Hydroformylation with water-containing raffinate
| with the use of the ligand VIII in the SILP catalyst system Experimental conditions: T = 80-100C, p =
1.0 mPa, T = 29 secs, H2:CO = 1, Volume flow -raffinatel = 2.6 ml mini Volume flowH2= Volume
flowco = 5.6 ml MSILP(Rh-L200) = 3 g, men= 0.2%, L/Rh = 10, ck = 10 vol. A) (IL = [EMIMIIN112D 10
The activity progression in lllustration 17 shows an activity loss within the 80 hr experiment run time for
all three_temperatures. The deactivation rate increases with higher temperature. Firstly, after a short

activatiriPhRe e BXPErURRINA S§ResTordheRxdciRBIM Blita &6 rafiatrily at 80C and 90C.
Thereaftey, #e et ibpEsatcian A24mmdRunith hissbassHeiyiabiogprmadivasmtipsgsreases

continuously from 10 until the activity maximum is reached, where the ratio L/Rh corresponds to 1. The

loss’of Hfienl ifeRiBRENOHhe stidctaiglyst Avstammithdhaarte ol drolosnm i ih&onsids maximum

is reachpf Hipdirtie seleshviraanty Risvddieduenchied aidetysles hadieri ¥ ssure of
2-methylbutyraldehyde (2-MBA) and 3-methylbutyraldehyde (3-MBA), 20 depending on the conversion

of isobutéh B AMBA Yoy g SreeresNABR thscaciiin@nd srlertitimuere Melisemeast on the
butene fracippdieaeitdie at 100C, 18% at 90C and 14% at 80C. The butane fraction of the
raffinate | is regarded as inert, and is not taken into account in the calculation of the conversion.

llustration 17 corresponds to Figure 17

ilustration 17. Hydroformylation with water-containing raffinate 1 with the use of the ligand VIII in
the SILP catalyst system

Experimental conditions: T = 80-100°C, p = 1.0 mPa, 1 = 29 secs, H,:CO = 1,
Volume oWt = 2.6 Ml min™', Volume flowy; = Volume flowgn = 5.6 mi 'm'in*,
Msieri2z00) = 3 @, Men= 0.2%, LR =10, oy = 10 vol. % (IL = [EMIMINT%]).
16
The activity progression in lllustration 17 shows an activity loss within the 80 hr
experiment run time for all three temperatures. The deactivation rate increases with
higher temperature. Firstly, after a short activation phase the SILP catalyst system
reaches a stable plateau, especially at 80°C and 90°C. Thereafter, the activity rises to a
15 maximum. In this phase the initial ligand/rhodium ratio decreases continuously from 10
until the activity maximum is reached, where the ratio L/Rh corresponds to 1. The loss
of activity then begins. The selectivity for n-pentanal is stable over 98% until the activity
maximum is reached. Next, the selectivity gently falls. The branched aldehydes that
form are 2-methylbutyraldehyde (2-MBA) and 3-methylbutyraldehyde (3-MBA),
20 depending on the conversion of isobutene (3-MBA) or 2-butenes (2-MBA) in the
raffinate |. The maximal conversion based on the butene fraction reached 25% at
100°C, 18% at 90°C and 14% at 80°C. The .bu’iane fraction of the raffinate | is regarded

as inert, and is not taken into account in the calculation of the conversion.



- 49 - In the next experiments, an organic amine OA was used, analogously to Example 7 and the
hydroformylation of isobutene. Deviating from the general preparation of the SILP catalyst systems
according to Example 1, a minimal OA/ ratio of 1 was at first used. For comparison, the gas phase
hydroformylation was performed at 80C and 1.0 mPa 5 overall pressure (H2/CO = 1:1). The result is
shown inﬁ@éﬂa{%q 3 in which the longterm stability in the preliminary expRarERRAKMEGE &S lition of
the organic amines OA could be doubled to 160 hrs. At the start of the experiment, the TOF is about
100 hfl and ends at about 80 hr-". The maximum-cé@version is about 10% and the selectivity for
n-pentanal is constant at over 99%. Higher-boiling products were not detected during 10 this
experiment. Illustration 18 corresponds to Figure 18 lllustration 18. Hydroformylation with

water-cHhiBm R ARSIENSHD Bk SR BICRBIRAG WWRRUHRMS A baeupy feanmipetiaishtal

conditiof yarB8smiyaded mﬁ%&ﬁ@@%\h@dﬁ@r‘o% Yelyasdianrfiinaishof et -1,
Volume flowH2= Volume flowco = 5.6 ml min-1, MSILP(Rh4.200)= 3 g, mRh= 0.2%, L/Rh = 10, ON!..

= 1, alL G2 RMSEPIEINS FERMAIKNK T amiige p R GrEdgish Lok frtioRhku@sEblirsitseds the
catalystrayistmm Brissm ofi{B ey Fggg@ 19ardrEeRRiation AHEesHbRHatedAdiPaiehin-CifRIHg achieve

a higher long-term stability than hrs, raffinate 1 was dried. During 20 this, the water content of 500
ppmP Rl eS8 HeraeiSe i It BriEasdisishews imMiciEiefe! tnpuihish s Atsis gas,
CO 3.0 was Fﬁ@iﬁﬁ%@%@%r@%lﬁ%@&&@é%@éﬁﬂﬁ@ﬁéﬂ% Ha8 Mo GodioRgHhibe pipRAr AN Of the

SILP catalyst system on the basis of Example 1 the organic amine OA was added in the ratio OA/L =

2. This FRIPARRISI BP e uheH A rd e Siarhabirienpesiaianty Brenl&rE iBabostsiPHE (see

lllustratigRdLEyaATEarB3R:1euNs Of PRErALAIMIeNIL FVeRbRYSISSYSIRIN WS AP he selectivity for
2012/041846PCT/EP2011/066760 - 50 - evacuated for 2 hrs. During an operating time of 6%0 hrs up

to the tIRMANAL i CRABNR! QYRICEITS: fdighsrsheling Rrdsstipts ridesstedWeragge in the
partial m@g%;qgépm@,[affinate I, the TOF could be raised from 350 hr.-Ito 1200 hicl, as a result of
which it was higher by a factor of 3.5- 12 than in the previous experiment. The highest space- 5 time
yield (STY), at 0.45 kglcaflhr-lwas achieved at high partial pressures of raffinate | (GHSV = 24.8

Ilcallhr-l);dgﬁgﬁmqg%@pfw{9 Figui@ 43 lllustration 19. Hydroformylation with dried raffinate

| with the use of the qu{and VIII in the SILP catalxst,s, stem ‘ , _
Riustration 18. Fydroformylation with water-containing raffinate | with the use of the ligand Vil in the

SILP catalyst system
Experimental conditions: T = 80°C, p = 1.0 mPa, 1t = 35 secs, M, CO = 1,
Volume flowagnaes = 2.5 ml min™, Volume flowss, = Volume flowee = 5.6 mi min™,

MgiLpRL200) ™ 3 g, Mpp= 0.2%, LIRh =10, QAL = 1, oy =10 vol % (li._ = [EM‘M}ENTE])

The progression confirms marked stabilization of the catalyst system by use of the

15 amine OA.
Preparation of the substrate raffinate |

in order to achieve a higher long-term stability than 160 hrs, raffinate | was dried. During
20 this, the water content of 500 ppm was reduced fo at most 20 ppm. In order to reduce

continuous water input via the synthesis gas, CO 3.0 was replaced by CO 3.7.

Hydrogen 5.0 was again used. In addition, in the preparation of the SILP catalyst

system on the basis of Example 1 the organic amine OA was added in the ratio

OA/L = 2. This preparation of the substrate resulted in a long-term stability of more than
25 500 hrs (see lllustration 19). After 630 hours of operation the SILP catalyst system was



Experimental conditions: T = 100C, p = 1.0 mPa, t = 15-32 secs, H2:CO = 1, Volume flow raffinate 1 =
3.3 - 20 ml min, Volume flowR2= Volume floweo = 3.2 - 6.0 ml min-1, MSILP(Rh-L200) = 3 g, mRh=
0.2%, L/Rh =10, OA/ = 2, alL= 10 vol. % (IL = [EMIM][N112]). In lllustration 20, the hydroformylation of
dried raffinate, | with the use of an elevated 10 0A/ligand ratio of 4 is shown. By means of the increased
content‘@&é@%@%ﬁe, the long-term stability could be raised to more thﬁ%’@%gq{}y‘fgﬁg@aectiviw
for n-pentanal constantly reached over 98%, while the average conversion was 25%. In comparison to
the previous experiment the TOF was at a compa?8bie 400 hil. Overall therefore, a TON of 436000
was obtained, with an STY of 0.1 kglcat 111(1. (GHSV = 5.0 llcat-Ih11). It 15 was found that a larger

guantity of organic.amine daubles the long-term stability, After about 900 hrs the activity and selectivity
egan ST STAIO AR e B0 ot AP B G b o Sc by 8 RSB DT 1 Sy e Pgs
phase Hiydredtrotyiaifor sefantihustiationdis tarigspasdsats Figiuh 200d usttiati a2 | hyesefoemylation
with dried raffingte | and organjc amine, OA Expetimenial.condijtions: T,=.100C, p = 1.0 mPa, t = 15-32
secs, 1B B BT e o e R g TR0 A ol A2 2% AR HOMBLoR 4
min-1, M S$&PiiRI209) o fAgomit8-50-2% thaR hrrtid pAicud esglbrimEdv aThgor(ihe JEMDMEN112]). -
51 - STY Optimization.In order_t timjze the space-time yield (abhreviation STY) the overal

oreou VTR ] SR B VP o re:ety T B € ok R A S0 bine
120C. I{GHb\e-82dildient ba‘r%)meters, especially temperature, pressure and the partial 5 pressure of
raffinate |, were optimized. The residence time was between 22 secs and 28 secs. The conversion and

the STY rose with higher partial pressure of raffinate | (Experiment 1-4). The temperature did not have
a major Hiiestradince tBecactivgpovadsoia\ijgihtlyi Bicreased with higher temperature (Experiments 2-3).

AL 25 MRgRCAACING R ORES) STAKRARE 59 it epy s aghayqueg gperod of 10 s

(Experiment 9). Experiment /7 likewise showed a very high STY of r-1 over 50 hrs.

Table 8. WO Zation
Experimental conditions: T = 100°C, p = 1.0 mPa, t = 15-32 secs, H;:CO =1,

Volume fiowasinate: = 3.3 - 20 m| min”, Volume flowy, = Volume floweg = 3.2 - 6.0 ml min™,

msng(Rh_ngg):‘_‘ 3 O, Mep™ 0.20/6, L/IRh = 10, OA/L = 2, Oy = 10 vol. % (iL = ;:E.M!?A}{NT‘TQD

In llustration 20, the hydroformylation of dried raffinate | with the use of an elevated

10 OAfligand ratio of 4 is shown. By means of the increased content of organic amine, the
long-term stability could be raised to more than 1000 hrs. The selectivity for n-pentanal
constantly reached over 98%, while the average conversion was 25%. In comparison to
the previous experiment the TOF was at a comparable 400 hr”'. Overall therefore, a
TON of 436000 was obtained, with an STY of 0.1 kglcat'hr”. (GHSV = 5.0 llcat*hr'"). It

15 was found that a larger quantity of organic amine doubles the long-term stability. After
about 800 hrs the activity and selectivity began slowly to fali. This is the longest stable
experiment phase of an SILP catalyst system in gas phase hydroformylation so far.

ustration 20 corresponds to Figure 20

itustration 20. Hydroformylation with dried raffinate | and organic amine OA
Experimental conditions: T =100°C, p = 1.0 mPa, © = 15-32 sécs, HaCO =1,

Voiume flow,sgmer = 16.6 ml min™, Volume flow,; = Volume fiowge = 6.4 ml min™,
MsiprnL200) = 3 @ Mgp= 0.2%, LIRh = 10, OA/L = 4, oy = 10 vol. % (IL = [EMIM][NTT,]).

20



Enxperimental conditions: T = 100-120C, p = 1.0-2.5 MPa, t = 17 - 28 secs, H2:CO = 1.0-2.0, Volume
flow -raffinatel= 3.3-12.2 ml min-1, Volume flowEi2= Volume flowco =3.5-8.8 ml min-1, Volume flow -
helium = 0-4.5 ml mial. MSILP= 3.0 g, MRh0.2%, L/Rh = 10, OA/ =4, all_=10vol. )/0 (IL =

[EMIN][NTf2l). Expt. T/ C p/ MPat/sec X/ % TOF/ hr-1 n/ so sel. % 2-but. / % trans/cis STY Butene /
koloat-IH<1 2 11%@“%%@8 23.38 PCT/EP2011/066760

-51-

STY Optimization
tn order o optimize the space-time yieid (abbreviation STY) the overall pressure was
varied between 1.0 and 2.5 MPa. The reactor temperature was between 100°C and
120°C. In Table 8, different parameters, especially temperature, pressure and the partial
s pressure of raffinate |, were optimized. The residence time was between 22 secs and

28 secs.
The conversion and the STY rose with higher partial pressure of raffinate | (Experiment
1-4). The temperature did not have a major effect, since the activity was only slightly
increased with higher temperature (Experiments 2-3). At 2.5 MPa and 120°C the

10 highest STY at 0.85 kg lcat” hr™? could be achieved over a period of 10 hrs (Experiment
9). Experiment 7 likewise showed a very high STY of 0.66 kg lcat™” hr' over 50 hrs.

Tabie 8. STY Optimization

Experimental conditions: T = 100-120°C, p = 1.0-2.5 MPa, 1 = 17 - 28 secs, H,:CO = 1.0-2.0,
Volume flowgnater® 3.3-12.2 ml min”, Volume flow., = Volume floweo =3.5-8.8 ml min™”,
Volume flowpejus = 0-4.5 ml min™.

mge= 3.0 0, mp = 0.2%, L/Rh =10, OA/L = 4, gy = 10 vol. % (L = [EMIM][NTf,]).

Expt. T/ o/ T/ X/ TOF/ 2-but./ trans/cis  STY
°‘C MPa sec % hr' nfiso sel. % Buiene /
% kglear Thr™
1 100 1.0 28 2338 3848 99.61 25.0 - 0.09¢
2 100 1.0 28 3114 15375 9956 254 - 0.35
3 120 1.0 28 31.72 1566.1 99.14 249 - 0.36
4 120 2.0 27 3619 1786.2 99.28 29.7 2.96 0.41
5 120 15 17 3275 26951 9942 29.6 2.98 0.62
5] 120 2.0 23 3495 28758 99.44 28.8 3.30 0.66
7 120 2.0 19 3484 28673 99.35 29.2 3.20 0.66
8 120 2.0 17 30.70. 35365 9913 20.3 3.00 0.58
9 120 25 21 31.99 35727 9870 30.0 2.63 0.85




384.8 99.61 25.0 0.09 2 100 1.0 28 31.14 1537.5 99.56 25.4 0.35 3 120 1.0 28 31.72 1566.1 99.14
249 0.36
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iHlustration 21 corresponds to Figure 21

{fiustration 21. STY optimization in the raffinate | hydroformylation

Experimental conditions: T = 100-120°C, p = 1.0-2.5 MPa, 1 = 17 - 28 secs, H,:CO = 1.0-2.0,
Volume flow smmater= 3.3-12.2 ml min”, Volume flow,, = Volume floweg =3.5-8.8 ml min™,
Volumne flownggum = 0-4.5 ml min™, |

Mgp= 3.0 g, Men = 0.2%, L/Rh = 10, OA/L = 4, ¢y = 10 vol. % (IL = [EMIM][NT,]).

In Hlustration 21, mass flow of raffinate | is plotied against the STY and the TOF
respectively. It is evident that with increasing mass flow of raffinate [ the TOF and STY
rise linearly. At moderate mass flows of raffinate I, the SILP catalyst system already
achieves the standard resuits of a homogeneous catalyst in hydroformylation. Hence

high productivity of this system for industrial application is a reality.

in summary, it can be stated that a long-term stable SILP catalyst system in the gas
phase hydroformylation of raffinate | can be created through the combination of dried
substrates and the use of an organic amine OA in a ratio of OA/L = 4, in order to ensure

hydroformylation activity for over 1000 hrs.
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Patent Claims

1. Composition, comprising:

a) an inert, porous support material;

b} an ionic liquid,

)
c) a metal, selected from group 9 of the pericdic table of the elements,
d) a phosphorus-containing organic ligand, and

)

e) at least one organic amine.

. Composition according to Claim 1, characterized in that the inert, porous support

materiai is selected from the group comprising aluminium oxide, silicon dioxide,
titanium dioxide, zirconium dioxide, silicon carbide, carbon and mixtures of these

components.

. Composition according to Claim 2, characierized in that the inert, porous support

material has the following parameters:
a) BET surface area from 50 to 800 m?/g
b) pore volume from 0.1 to 2.0 ml/g and

¢) mean pore diameter from 2 - 80 nm.

. Composition according to Claims 1 - 3, characterized in that from the inert, porous

support material with the use of an additional binder, selected from the group
comprising:

a) alumina,

b} ceramic clays, and

¢) colloids _

shaped bodies of different three-dimensional form selected from the group
comprising:

i} spherical,

i) cylindrical,

iy ellipsoidal, and



2875.8 99.44 28.8 3.30 0.66 7 120 2.0 19 34.84 2867.3 99.35 29.2 3.20 0.66 8 120 2.0 17 30.70
3536.5 99.13 29.3 3.00 0.58
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iv) polylobular bodies

are formed in a size range from 1 - 10 mm.

. Composition according to Claims 1 - 4, characterized in that as the ionic liquid

compounds are used wherein the anion is selected from the group comprising:
tetrafiuoroborate ([BF4]), hexafluorophosphate ([PFg]), dicyanamide ([N{(CN)I),
bis(trifluoromethylsulphonyl)imide ([NTf.]"), tricyanomethide ([C{CN)s]"),
tetracyanoborate ([B(CN)4]'), halide (CI, Br, F', I'), hexafiuoroantimonate ([SbFg]’),
hexafluoroarsenate (JAsFg]), sulphate ([SO4%), tosylate ([C7H;SO3]), triflate
(ICF3S03]), nonaflate ([CsFoSO4]'), tris-(pentafluoroethyl) trifluorophosphate
([PF3(CoFs)al), thiocyanate ({SCN]), carbonate ([COs%), [R-COOT, [R-SO4],
[R'PO4R T or [[R’-SO,)2NT with R” and R" the same or different, and each is a
linear or branched aliphatic or alicyclic residue containing 1 to 12 carbon atoms or a
Cs-C1s substituted aryl, Cs-Cqg substituted aryl-C+-Cq alkyl or C4-Cg alkyl-Cs-Cog
substituted aryl residue, which can be substituted with halogen atoms;

wherein the cation is selected from the group comprising:

quaternary ammonium cations of the general formula [NR'R*R°R*]";

phosphonium cations of the general formula [PR'R*R*R**; and

imidazolium cations of the general formula

R4

|

2

R3

wherein the imidazole nucleus can be substituted with at least one group R, which
is selected from C1-C6 alkyl, C1-C6 alkoxy, C1-C6 substituted aminoalkyi, C5-C12
substituted aryl or C5-C12 substituted aryl-C1-C6 alkyl groups;

pyridinium cations of the general formula



9120 2.5 21 31.99 3572.7 98.70 30.0 2.63 0.85 - 52 - lllustration 21 corresponds to Figure 21
lllustration 21. STY optimization in the raffinate | hydroformylation Experimental conditions: T =
100-120C, p = 1.0-2.5 MPa, t = 17 - 28 secs, H2:CO = 1.0-2.0, Volume flow raffinatel = 3.3-12.2 ml
min-1, Volume flowH2= Volume flowco =3.5-8.8 ml Volume flownenum= 0-4.5 ml msiLp= 3.0 g, mRh =
0.2%, LYER 2019061848 4, chiL = 10 vol. % (IL = [EMIMINTI2]). In lllustratiorP ST/ s | 0 &6Rxffinate
| is plotted against the STY and the TOF respectively. It is evident that with increasing mass flow of
raffinate | the TOF and STY 5 rise linearly. At medérate mass flows of raffinate |, the SILP catalyst
system already achieves the standard results of a homogeneous catalyst in hydroformylation. Hence
high productivity of this system for industrial application is a reality. In summary, it can be stated that a
long-term stable SILP catalyst system in th€ gas 2.0 phase hydroformylation of raffinate | can be
created through the combination of drie strates and the use of an organic amine OA in a ratio of
OA/ =4, in order to ensure hydroformy@é\%tivﬁy for over 1000 hrs. - 53 - Patent Claims 1.

/

Composition, comprising: —.

wherein the pyridine nucleus can be substituted with at least one group R, which is
selected from C1-C6 alkyl, C1-C6 alkoxy, C1-C6 substituted aminoalkyl, C5-C12
substituted aryl or C5-C12 substituted aryl-C1-C6 alkyl groups;

5 pyrazolium cations of the general formula

R?
|

Non—R2
; /

wherein the pyrazole nucleus can be substituted with at least one group R, which is
selected from C1-C6 alkyl, C1-C8 alkoxy, C1-C86 substituted aminoalkyl, C5-C12
substituted aryl or C5-C12 substituted aryl-C1-C6 alkyl groups; and

10 triazolium cations of the general formula
R‘l
i
N
lr-l-\?__ [213
N\/N

wherein the triazole nucleus can be substituted with at least one group R, which is
selected from C1-C6 alkyl, C1-C6 alkoxy, C1-C8 substituted aminoalkyl, C5-C12
substituted aryl or C5-C12 substituted aryl-C1-C6 alkyl groups,
and the residues R, R?%, R® independently of one another are selected from the

15 group consisting of;
hydrogen;
linear or branched, saturated or unsaturated, aliphatic or alicyclic alkyl groups with 1
to 20 carbon atoms;
heteroaryl-, heteroaryl-C1-C6 alkyl groups with 3 to 8 carbon atoms in the

20 heteroaryl residue and at least one hetero atom selected from N, O and S, which



a) an inert, porous support material; b) an ionic liquid, 5¢) a metal, selected from group 9 of the
periodic table of the elements, d) a phosphorus-containing organic ligand, and e) at least one organic
amine. 2. Composition according to Claim 1, characterized in that the inert, porous support 10material
is selected from the group comprising aluminium oxide, silicon dioxide, titanium dioxide, zirconium

dioxid li ide, carbon and mixtures of these components. 3.C it ing to
RO fahide WPREBiAnReAR

Claim 2, ¢ in that the inert, porous support 15material has the following parameters: a)
BET surface area from 50 to 800 m2/g b) pore volume from 0.1 to 2.0 ml/g and ¢) mean pore diameter
from 2-80 nm. 20 4. Composition according to Ctafms 1 -3, characterized in that from the inert, porous
support material with the use of an additional binder, selected from the group comprising: a) alumina,

the groun et L T asia i CBIE 0 Aoular

bodies are tiatogshiatarsizearghge from 1 - 10 mm. 5. Composition according to Claims 1 - 4,

characterized in i 4 12 (A IGHAYLUER IR B Y5 FLARBOABIRLIRE YRR issigigsted from the

group comprising:
which can optionally be substituted with at ieast one C1-C8 alkyl group and/or a

5 halogen atom.

6. Composition according to Claims 1- 5, characterized in that the ionic liquid is
selected from the group comprising :
a) 1-ethyl-3-methylimidazolium bis(trifluoromethyisulphonyl)imide,
10 b) 1-butyl-3-methylimidazolium hexafluorophosphate, and

¢} 1-butyl-3-methylimidazolium tetrafluoroborate.
7. Composition according to Claims 1 - 6, characterized in that the metal is rhodium.

15 8. Composition according to Claims 1-7, characterized in that the phosphorus-
containing organic ligand contains at least one covalent bond, which is selected from
the group consisting of:

a) phosphorus-oxygen; and
b} phosphorus-nitrogen.
26
9. Composition according to Claim 8, characterized in that the phosphorus-containing
organic ligand is selected from the group comprising:
a) [6,6'«((3,3"-di~tert-butyl-5,5-dimethoxy-[1,1"-biphenyl}-2,2'-
diyl)bis{oxy))bis(dibenzo[d,f][1 ,3,2]d£oxaphosphepine)] according fo formula VI



tetrafluoroborate (PFJ), hexafluorophosphate ([PF61"), dicyanamide ([N(CN)2r),
bis(trifluoromethylsulphonyl)imide UNTf2f), tricyanomethide ([C(CN)3l), tetracyanoborate ([B(CN)4f),
halide (Cr, BC, F, r), hexafluoroantimonate ([SbF6]), hexafluoroarsenate ([AsF6l), sulphate ([Sai]2),
tosylate 7H7SOOé) triflate 10([CF3S03l), nonaflate ([C4F6S03] ), tris- (pentafluoroethyl)
trifluorophE2pRAESGEHE8(C2F5)31), thiocyanate USCNII), carbonate ([CO3[2"F$HEEBeHT /QRERE03]-,
[R'PO4R"I or [(R'-S02)2NI with R and R" the same or different, and each is a linear or branched
aliphatic or alicyclic residue containing 1 to 12 carbdh atoms or a C5-C18 substituted aryl, C6-C18
substituted aryl-C1-C6 alkyl or C1-C6 alkyl-C6-018 15substituted aryl residue, which can be
substituted with halpgen atoms; wherein the cation is selected from the group comprising: quaternary
ammonium cations o% e general form 4 gTNR1R2R3R4]t phosphonium catlons of the general formula

SHASd 5
with at least one group R, vyhich issselected from Cl C6 alkyl, 01-06 alkoxy, 01-06 substituted
aminoalkyl, 05-012 substifuted aryl 6r.05-C12 substituted aryl-C1-C6 alkyl groups; pyrazolium cations

of the generaft OF{ON-R2 W eré? pyrazole nucleus can be substituted with at least one
group R, Whi selected from C1 C6 alkoxy, 01-06 substituted aminoalkyl, 05-012
substituted ary of C5 substitutegha €6 alkyl groups; and 10triazolium cations of the general

formula W NI R213 N
VI
b} [2,2'-((3,3'-di-teri-butyl-5,5-dimethoxy-[1,1'-biphenyl}-2,2'-diyl)bis(oxy))bis(4,4,5,5-

tetraphenyl-1,3,2-dioxaphospholane)] according to formula Vill, and
~0 ~0

P S s
Bo S,

c) Tris-(2,4-di-tert- butylphenyl phosphite according to formula {X

@
Q..

(813

o/"\



wherein the triazole nucleus can be substituted with at least one group R, which is selected from 01-06
alkyl, C1-C6 alkoxy, C1-C6 substituted aminoalkyl, 05-012 substituted aryl or 05-012 substituted
aryl-C1-06 alkyl groups, and the residues R1, IR2, R3 independently of one another are selected
from the 15group consisting of: hydrogen; linear or branched, saturated or unsaturated, aliphatic or
alicycli¥ikgPgeaRp$Hith 1 to 20 carbon atoms; heteroaryl-, heteroaryl-C1-E& AR\ bUIERTRA 3 to 8
carbon atoms in the 20heteroaryl residue and at least one hetero atom selected from N, 0 and S,
which - 56 - can be substituted with at least one-@®up selected from C1-C6 alkyl groups and/or
halogen atoms; and aryl and aryl-C1-C6 alkyl groups with 5 to 12 carbon atoms in the aryl residue,

which can optionally be substituted with at least one Cl-CG‘%ggl. group and/or a Shalogen atom. 6.
Compodfidroaceesiiing areasting 1o £lakaratetzebarpaiariass ishibaiiie MeRNC RN M6IBthe group

CompriSi”gs'electeé)fe%ﬁtmé'&fénu%twmﬂﬂémium bis(trifluoromethylsulphonyl)imide, 10b)
1-buty1-3-methylimidazolium hexafluorophosphate, and c) 1-buty1-3-methylimidazolium
tetrafluorolforaelepstonspaditihascssing toferaima X - 6, characterized in that the metal is rhodium.
15 8. Composition according to Claims 1-7, characteriggd in that the phosphorus-containing organic
ligand contains at least one covalent bond, which is se’ected from the group consisting of: a)
phosphorus-oxygen; and b) phosphorusjﬁhro en. %’O 0. Ca‘ﬁposition according to Claim 8,
characterized in that the phosphorus-containirmorglanR:f-ligang is selected from the group comprising:
a) [6,6'-((3,3'-di-tert-butyl-5,5-dimethoxy-[1,11-bipheny1]-2,2'-
diy@bis(oxyhrrisidiBenRi{dRf1 R |Biexaph 8BS aire pive foace anddifjamefiarhyadeob4rbob reslijues,
[2,2'4(3,3'-dj-tert-butyl-5,5'-dimethoxy41,11-bi enyEI}]- ,2'-diyObis(oxy))bis(4,4,5,5-
tetrapheny hic ,5%%)‘(%% gsltﬁ) %]i'é?n%]oggcgpéﬁﬂnge{o S%mula VIIl, and - 58 -

b) a tertiary amine, selected from the group of the aliphatic, aromatic, cycloaliphatic

and heteroaromatic amines, or combinations thereof,

10 11.Composition according to Claim 10, characterized in that the organic amine contains
at least one compound with a 2,2 ,6,6-tetramethylpiperidine unit according to formula
Xl

>N

H X

where R represents an organic residue, H, a hydroxyl group or a halogen.

12. Composition according to Claim 11, characterized in that the organic amine contains

at least one of the compounds according to the formulae Xia to Xih:

O O
8
HN : O O N
20 Xla



10. Composition according to Claims 1 - 9, characterized in that the organic amine is selected from the
group comprising: a) at least one amine according to formula X RcRd RbNRe Ra H RfX 5wherein Ra,
Rb, Rc, Rd, Re and RI are the same or different hydrocarbon residues, which can also be bound to
one another, and b) a tertiary amine, selected from the group of the aliphatic, aromatic, cycloaliphatic
and helMEZdM&t! &Mfines, or combinations thereof. 11. Composition accoRfigEB20rEIRBRT 60
characterized in that the organic amine contains at least one compound with a
2,2,6,6-tetramethylpiperidine unit according to forfs@la XI: where R represents an organic residue, H,
a hydroxyl group or a halogen. 12. Composition according to Claim 11, characterized in that the
organic amine contains at least one of the compounds according to the formulae Xla to Xlh: - 59 -
Xlb Xlc with n = 1 to 20 HANN 00 ->ac-

BS

n Xib
withn =1 to 20
P |
N H
>(5< N
I
; H Xlc
N
[
H
Xld Xle
withn= 110 12

10 with n =110 17



XldXie with n = 1 to 12 XIf 10withn=1t0 17 -60- OAR with R = C6 to C20 alkyl 5 13.
Composition according to Claims 10 - 12, characterized in hat contains a further organic amine
according to the formulae Xlla to XIlj: Nme2Nme2 OH 7C-1;j7 CH3 Xllc

WO 2012/041846 PCT/EP2011/066760
- 860 -~
H25012
N NH
O Xlg
O
OJJ\R
D
H Xl

with R = C6 to C20 alkyl

s 13.Composition according to Claims 10 - 12, characterized in that contains a further

organic amine according to the formulae Xlla to XIij:
NMBzNMGZ

N/
Xib

OH OH

N y

CHy Xlic OMie Xlid

{ o
N
16 l Xile



0 10IXlle -61 - Xlij 5 14.Multiphase reaction mixture, containing: a) an olefin-containing hydrocarbon
mixture, b) a gas mixture comprising carbon monoxide and hydrogen and c) aldehydes,
10characterized by a composition according to one of the previous claims as the catalytically active
composition. 15. Process for the hydroformylation of olefin-containing hydrocarbon mixtures to
aldehyd&&) @iediftifith of a composition according to the previous claims aB#EERFE 068 active
composition, wherein: a) the water content of the olefin-containing hydrocarbon mixtures is adjusted
to at most 20 ppm, b) the content of multiply unsa@drated compounds in the olefin-containing
hydrocarbon mixture is adjusted to at most 3000 ppm, 20c) a molar ratio of organic amines according
to Claims 10-13 to phosphorus- containing organic ligands according to Claims 8 - 9 of at least 4:1 is
set, d) a &t ratio of phosphorus-containing organic ligands according to Claims 8 -9 - 62 - to
rhodiu least 10:1 is set. 16. Process for the hydroformylation of olefin-containing hydrocarbon
mixture& acgording to Claim 15, characterized in that the reaction mixture is periodically 5subjected to
a strippind‘gas X&@tment for removal of the aldehyde. 17.Process according to Claims 15-16,
characterized in that the stripping gas is selected from the group comprising:

=N N - Xlh

/

<7
Xilj

14. Multiphase reaction mixture, containing:
a) an olefin-containing hydrocarbon mixture,
b) a gas mixture comprising carbon monoxide and hydrogen and
c¢) aldehydes,
10 characterized by a composition according to one of the previous claims as the

catalytically active composition.

15.Process for the hydroformylation of olefin-containing hydrocarbon mixtures to
aldehydes, with addition of a composition according to the previous claims as the
15 catalytically active composition, wherein:
a) the water content of the olefin-containing hydrocarbon mixtures is adjusted to at
most 20 ppm,
b) the content of multiply unsaturated compounds in the olefin-containing
hydrocarbon mixture is adjusted to at most 3000 ppm,
20 c} a molar ratio of organic amines according to Claims 10-13 to phosphorus-
containing organic ligands according to Claims 8 - @ of at least 4:1 is set,

d) a molar ratio of phosphorus-containing organic ligands according to Claims 8§ - 9



a) mixtures of carbon monoxide and hydrogen; 10b) mixtures of C2-C6 alkanes; c) mixtures of C2-C6
alkanes and C2-C6 alkenes; and d) inert gases. 18.Process according to Claims 15-17, characterized
in that after conclusion of the 15reaction a part of the gaseous reaction mixture is fed back into the
reaction zone again. 19. Process according to Claims 15-18, characterized in that the olefin-containing
hydrocatSoRHxtdr € selected from the group comprising: 20a) ethylene, HEFEE2E1d/46C00lefins
and multiply unsaturated compounds, and d) C5 olefins and multiply unsaturated compounds.

-B82 -

to rhodium of at ieast 10:1 is set.

16. Process for the hydroformylation of olefin-containing hydrocarbon mixtures
according to Claim 15, characterized in that the reaction mixture is periodically

5 subjected to a stripping gas treatment for removal of the aldehyde.

17.Process according to Claims 15-16, characterized in that the stripping gas is
selected from the group comprising:
a) mixtures of carbon monoxide and hydrogen;
10 b) mixtures of C2-C6 alkanes;
¢) mixtures of C2-C6 alkanes and C2-C6 alkenes; and
d) inert gases.

18. Process according to Claims 15-17, characterized in that after conclusion of the
15 reaction a part of the gaseous reaction mixture is fed back into the reaction zone
again.

19. Process according to Claims 15-18, characterized in that the olefin-containing
hydrocarbon mixture is selected from the group comprising:
20 a) ethylene,
D) propylene,
¢) C4 olefins and multiply unsaturated compounds, and

d) C5 olefins and multiply unsaturated compounds.



