Polyhedral oligomeric silsesquioxane (POSS) bonded ligands and the use thereof The
hydroforinylation of olefins and olefin-containing mixtures are a subject of research in the chemical
industry _ An ongoing objective in catalytic hydroformylation is retention of the activity and selectivity of
the catalytically @eti2é tbhmpaditibns used in respect of the olefins and etefineeanteining Zldsmixtures to
be hydroformylated under the reaction conditions. In particular, in the case of transition
metal-containing, catalytically active compositions, it is an object of research to prevent or at least

significantly decseasgnibg-ahibitign phthecatalyticls sHegh thafarmatiqpgklgnsition, (aeigl clusters
and the precipitz_iLt:lLona%’rdth ¢_=1t1r1 S{H'?Q rggtal tl__tﬁgll[.eg}e present invention makes a comribution to this
objective by shomﬁg—a—wareairh—a—eﬂﬁpf}e—way—sepa, ' f : rating the desired target products from the 20
catalytically active composition while retaining the catalytic activity of the latter and avoiding thermal
stress on the reagction mixtese.cHhe, pEesest invention provides g@%m@ﬁ}gﬂ#@%gs_nzl@lghere
POSSs are_polyhedral oligomeric silsesauioxane derivatives. The polyhedral oligomeric
silsesquioxgne a\elr:i{v%%ﬁgg usaerdeareareasc%& With ligar 822 H ko DB Cgﬁ%‘}ecs%}rting

with ligand ﬁreescurs_ors known E)e se.
P055-modified ligafds Have a grédtly incPegsed folecaias feight eompared to 36 tmmodified ligands.
In an embodimeny et thesinvention, @n alkypheryt-substituted, in partieulas an efhylphenyhsubstituted,
POSS-substituted iriphenylphosphine dgrivative is,prepared from triorganophosphines .such as

triphenylphosphine: WO 2011/107441PCT/EP201 /(?52%9%@1}/2 4 %%r%opﬁ%ﬁﬁ%ﬁfﬁb%z tu,l','Bu

flu 1,Si- 0 fr-Si 2889 _in «585pefp qkri-HaS - 21oEU 05! B 'BAEAIBUOP TR PBIST =| 90 i-0-
Bu Loflu Si€O-Sip1'Btixk €henical Rormulay G2RFEIN?0126i81 Prepakation of £ 0 SS-substituted
triphenylphosphing, A-Bramophenyletayl:ROSE.(11 9; 10.92 mmol) s digsolved.in 100 ml of THF and

cooled to -78C. n-BuLi (2.5 M in hexane, 4.8 ml, 12 mmol) is added dropwise and the reaction mixture
is stirred at this Ysmperatire for T Hodr. PCES 05 364 mAsdh)- S adaetRRepivise? Fhe 16 reaction
mixture is allowed to warmabreorm tepfperagseandtis stived versglit. The solvent issreatoved under

reduced pressugs; Jherreastion produstisaxtracted from, the;remaining selidwith tolyeneshexane (1:1,
150 ml) arﬂg wast%eide\(/:v'th d gaessgglrwater.. The erg%nic 15.phase is drie OVﬁr MaSO4. The_solvents
i &Y ReldPorr8% (8 a,

are removed under reduced p(eSSU(é(}al%Jéoﬁlroguct id 8htainet s §Wite 6
2.84 mmol). 1H NIR BYppAiz2ai@s, £ 12aH Lt ganaid Han 1214): 2169i(hs SH), 1.8Tésept, J =

6.7 Hz, 7H), 0.99resent  invention makes a contribution to this
objective by showing a way of, in a simple way,
separating the desired target products from the

20 catalytically active composition while retaining the
catalytic activity of the latter and avoiding thermal

stress on the reaction mixture.

The present invention . provides POSS-modified ligands,

25 where POSSs are polyhedral oligomeric silsesquioxane
derivatives. The polyhedral oligomeric silsesquioxane
derivatives wused are reacted with ligand precursors
known per se. The resulting POSS-modified ligands have
a greatly increased molecular weight compared to

30 unmodified ligands. In an embodiment of the invention,
an alkylphenyl-substituted, in particular an ethyl-
phenyl-substituted, POSS-substituted triphenylphosphine
derivative 1is prepared from triorganophosphines such as
triphenylphosphine:

35



20(d, LT = 6.6 Hz, 42H), 0.62 (d, J = 7 Hz, 14H) 13C NMR 8 (ppm): 145.15, 133.83, 127.94, 125.61,
28.97, 25.70, 23.88, 22.53, 14.07 WO 2011/107441PCT/EP2011/052957 - 3 - 31P HMR 8 (ppm):
-7.76 (s) Maldi-Tof: miz = 2809.07 (M+Na) Elemental analysis:calculated (found): C 46.45 5(46.54), H
7.69 (7.77) TheWorezeht iit#dn further provides transition metal-corgamnep zonpasstgswhich can
be obtained by reaction of the PUSS-modified ligands2with suitable transition metal precursors and are
catalytically active in the hydroformylation of olefins and olefin-containing mixtures. A characteristic of
these novel transition metal complexes prepared using POSS-modified ligands in the catalytically
active compositions is 15 that the activity and selectivity are maintained ipared to the transition
metal complexes which have not been modified WimPOSSfE the sa

compositions according to the invention can be@eparéigd@ —egmpletelyfrom the 20 reaction mixture
by means of organic nanofiltration and can be recﬁ@ﬁal‘gd ®he hydroformylation reaction. In one
embodiment of the fiREARERSHEBRYE R scribed I3U§S-sgkzs[ﬁtuted triphenylohosPhine is reacted
with a rhodium-containing, suitable transition met&*%@%@@mr&@m@.[Rh(acac)(CO)H,toformthe
catalytically active composition. The present inyem&bwf@rthe' provides for the use of
PUSS-modifiedligandsincatalyticallyactive 30 cBPnpositions in tee hydroformylation of olefins and
olefin-containing mixtures. In an emppgadiment of the invention, the above-described PUSS-substituted
trinhenylphosphine isreacted with a rhodium- containing, suitable transition metal precursor, e.g. 35
[Rh(acac)(C0)2], to form the catalytically active composition which is used in the hydroformylation of
olefins such as 1-octene: WO 09 /107441PCT/BP2011/05295§“-\4 - ExamaplgHydroformylation
ofl-octeneina continuously opéraied membrane reactor Theihyd\rofcgzﬁ’\ﬁaﬁ‘@ experiments were
carried out in a continuously opefated experimental plant; see skéiﬁ of lant, This experimental plant
consisted of a reaction part nd, &m mbrane part. The reactior;;3 art Sorppris tg a 100 ml autoclave b
with a circulation pump c. The gutgclave b was equipped with a p@sure Pe:gulaﬁ}r A 10 for the
synthesis gas. By means pr e regulator A, the synth€ Is g ;&‘e\sisure was kept constant in
the entire system during the reaction. The synthesis gas uptake of the systerA4wvas determined by
means of a flow metgt L For the introd of feed. 15 drigeashstrsbiftiols:Befire the start of the
reaction, the reactor was equipped with a pressure burette a which could be supplied with synthesis
gas and thus allowed introduction of the feed and catalyst solutions under reaction conditions. The
autoclave b 20 was additionally equipped with a level regulator B. The feed pump e was controlled by
this level regulator B and.then p &%i?f ed solution comprising the olefin-containing mixture,
optionally SO|V2%\% ro&r?nr atrleégrvﬁgh in o§ tﬁé%ﬁi%%a%%%sg S (1)1 %gpf?#é) 9B1&VE in the autoclave
constant. This feed reservoir h was blanketed with argon to avoid contact with air. The necessary
turbulencedn the-aitoclape waglganeyateddnsthe circylation pampewhichiitself was-ocopstucted for
this purpose. The pymp qnliuil(gglg)}grpg@gog _(fﬁr}ged:?,OC%eagygla Qlurtfgﬂﬁlf?ia Pg%leljg tki\e top of the
autoclave b and thus ensured appropriate gas/liquid exchange. The synthesis gas and the feed were
likewise fed intG fiePAGzzIe * - & &ossfidw cRafber fivas fkEifiSe iASEIEY fEthisBS cirEliE The
crossflow chambesn ¢ separatessthereactisn partfrom thetmembeane gastaftbe plant Jhe trossflow
chamber f bringgaout méxing qfthe membyapg cli{(ﬁglggioni\githatggégac@f%{gqlétéapd WQ
2011/107441FCT/EP2011/052957 -5-- ensured that the free gas in the outlet from the reactor could
not get intd the T@fbraNe Fart bilfinstad WAt chidtdtPithe Peaidh GFIRSTRE MEfbrane part
comprised a présslré fubstihickEontaied. alteraniib membiraset having arength of26@mm and a
specific filter area @i 8L21 reimand a cufeff of 450 Diand acirculation pump.g which.generated

circulation overtIhe merpgrane. The.connection £0 g1e reacﬂon ga{t was effected via the above-
rom e Temalining sSoll wit oluene-hexane (1:1,

150 ml) and washed with degassed water. The organic
15 phase is dried over MgSO,. The solvents are removed

under reduced pressure. The product is obtained as a

white solid in a yield of 78% (8 g, 2.84 mmol).

1H NMR & (ppm): 7.24 (a4, J = 12.4 Hz, J = 14.4 Hz,

12H), 2.69 (m, 6H), 1.87 (sept, J = 6.7 Hz, 7H), 0.97
20 (d, J = 6.6 Hz, 42H), 0.62 (d, J = 7 Hz, 14H)

13C NMR & (ppm): 145.15, 133.83, 127.94, 125.61, 28.97,

25.70, 23.88, 22.53, 14.07



10 described crossflow chamber f. The permeate flow through the membrane j was brought about by a
pressure regulator F on the permeate side. This regulator made it possible to build up a pressure
difference over the membrane area and thus produce a 15 product flow i of aldehydes. Before the
start, the reacti®® sy8idmigd4 ptessurized five times with 2.0 MPa of anhesizogas C/¢27(1:1) and
depressurized each time. The feed solution (1.9 M 4- ®ctere in toluene) was then transferred by means
of an 20 HPLC pump from the above-described feed reservoir h into the experimental Plant b to 90%
of the desired fil| levelhAfter stag-up of- thereactoy circuit, the reaction part was heated to 80C and a

pressure of 2.0 MPa of C0/112 (1:1.) t..The reaction system was 25 equilibrated for 1 hour
before the cataf%&%ﬁ/ éfzoté/lé c%/r%po—sﬁoi%r?tgin?#gﬁf% )mg (58 umol) of Rh(acac)(C0)2 and 815 mg

(290 umol) of the FOSS-substituted PPh3 according to the invention, corresponding to an B:Rh ratio of
5:1, in 14 ml of Rwasintobucethudydlithe above-descriked-pressure husetie az 0) urdes the reaction
pressure. the c(';\aaély%t@olut;gmvyg@ m&apheﬁg under an argon atmosphere. A differential pressure TMP
of 0.35 mPa was subsequently set at the membrane j by means of the permeate pressure regulator F
in order 35 to remove the product i, aldehydes, formed from the system. The amount of product i
discharged wastthen replacechby feedwsahitiomfront the reservoirdoby Mmeans of dke; abdwe-described

level regulator & 0nthe WO 2011107441RCT/ER2011/052057 - 6.+ aufoclaye and the fil level in the

reaction system was thus kept constant. The reaction was carried out for a %ﬁe(r)IOd of 14 days; during

this time, sampleS3teretakef and-aifaly2&d At Fegttarift rvalsIFhe onterdion 9f -5 5tkEne and the
regioseledtivity {lileratioy were detetrained byaneawssobGCandlyssrRh andtR istentienslyy the

membrane werg determingd by CP1Q/ES analysis afthe-permeate Bothdhe,Rh losses and the P

losses were very small. Based on thte total amounﬁqof rhodium.and 10 phosphorus, these lgsses were
0.07% (Rh) andé/ 6'3786 [Py Eohtinuous By drofornyiglicr 5F T -otterte; Specifitiifths R8Xcion
volume220 ml Régdtivhtteaiperatifre80eoRégetivh fressmee®d MPENQORYS BHIPHRMG0.26 mM
[1-Octene]l.9 Migands in the catalytically active compositions is

15 that the activity and selectivity are maintained
compared to the transition metal complexes which have
not been modified with POSS. At the same time, the
catalytically active compositions according to the
invention can Dbe separated off completely from the

20 reaction mixture by means of organic nanofiltration and
can be recirculated to the hydroformylation reaction.
In one embodiment of the invention, the above-described
POSS-substituted triphenyvlphosphine is reacted with a
rhodium-containing, suitable transition metal

25 precursor, e.qg. [Rh(acac) (CO),1, to form the

catalytically active composition.

The present invention further provides for the use of
POSS-modified ligands in catalytically active
30 compositions in the hydroformylation of olefins and
olefin-containing mixtures. In an embodiment of the
invention, the above-described POSS-substituted
triphenylphosphine is reacted with a rhodium-~
containing, suitable transition metal precursor, e.g.
35 [Rh(acac) (CO),1, to form the catalytically active
composition which is used in the hydroformylation of

olefins such as l-octene:



SolventToluene L:Rh5:1 Reactor circulation0.45 1/min Membrane circulation2.27 limin
MembraneManufacturer = InO0O0r Material = TiO2 Length = 200 mm di = 7 mm da = 10 mm Pore size
= 0.9 nit Filtration area = 0.0217 m2 /m cutoff = 450 D TMP0.35 MPa Permeate flow10 g/h WO
2011/107441P®@0/RR201 10082057 - 7 - ContinuoushydroformylationofamystHatad PEIBHRh
1-octeneusingPOSS- Sample Time Yield(96) 1/b 1-32102000.01.3 4304.02.85

Example 1: Hydroformylation of l-octene in a

continuously operated membrane reactor

The hydroformylation experiments were carried out in a
5 continuously operated experimental plant; see sketch of
plant. This experimental plant consisted of a reaction
part and a membrane part. The reaction part comprised a
100 ml autoclave b with a circulation pump ¢. The
autoclave b was equipped with a pressure regulator A
10 for the synthesis gas. By means of this pressure
regulator A, the synthesis gas pressure was kept
constant in the entire system during the reaction. The
synthesis gas uptake of the system was determined by
means of a flow meter C. For the introduction of feed
15 and catalyst solutions ©before the start of the
reaction, the reactor was equipped with a pressure
burette a which could be supplied with synthesis gas
and thus allowed introduction of the feed and catalyst
solutions under reaction conditions. The autoclave b
20 was additionally equipped with a level regulator B. The
feed pump e was controlled by this level regulator B
and then pumped feed solution comprising the olefin-
containing mixture, optionally solvent, from a
reservoir h into the autoclave b so as to keep the
25 level in the autoclave constant. This feed reservoir h
was blanketed with argon to avoid contact with air. The
necessary turbulence in the autoclave was generated by
the circulation pump ¢ which itself was constructed for
this purpose. The pump ¢ built up circulation of the
30 reaction solution via a nozzle in the top of the
autoclave b and thus ensured appropriate gas/ligquid
exchange. The synthesis gas and the feed were likewise
fed into the nozzle.
A crossflow chamber f was likewise installed in this
35 circuit. The crossflow chamber £ separates the reaction
part from the membrane part of the plant.
The crossflow chamber £ brings about mixing of the

membrane circulation with the reactor output and
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ensured that the free gas in the outlet from the
reactor could not get into the membrane part but
instead was recirculated to the reaction circuit.
The membrane part comprised a pressure tube which
5 contained a ceramic membrane 3j having a length of
200 mm and a specific filter area of 0.0217 m‘/m and a
cutoff of 450 D and a <circulation pump g which
generated circulation over the membrane. The connection
to the reaction part was effected via the above-
10 described crossflow chamber £.
The permeate flow through the membrane j was brought
about by a pressure regulator F on the permeate side.
This regulator made it possible to build up a pressure
difference over the membrane area and thus produce a
15 product flow i of aldehydes.
Before the start, the reaction system was pressurized
five times with 2.0 MPa of synthesis gas CO/H, (1:1) and
depressurized each time. The feed solution (1.9 M 1-
octene in toluene) was then transferred by means of an
20 HPLC pump from the above-described feed reservoir h
into the experimental plant b to 90% of the desired
fill level. After start-up of the reactor circuit, the
reaction part was heated to 80°C and a pressure of
2.0 MpPa of CO/H; (1:1) was set. The reaction system was
25 equilibrated for 1 hour before the catalytically active
composition containing 15 mg (58 umol) of Rh(acac) (CO),
and 815 mg (290 umol) of the POSS-substituted PPh;
according to the invention, corresponding to an L:Rh
ratio of 5:1, in 14 ml of toluene was introduced wvia
30 the above-described pressure burette a (t = 0) under
the reaction pressure. The catalyst solution was made
up under an argon atmosphere. A differential pressure
TMP of 0.35 MPa was subsequently set at the membrane j
by means of the permeate pressure regulator F in order
35 to remove the product i, aldehydes, formed from the
system. The amount of product i discharged was then
replaced by feed solution from the reservoir h by means

of the above-described level regulator B on the
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WO 2011/107441 PCT/EP2011/052957

autoclave and the fill level in the reaction system was
thus kept constant. The reaction was carried out for a
period of 14 days; during this time, samples were taken
and analyzed at regular intervals. The conversion of 1-
5 octene and the regioselectivity (1/b ratio) were
determined by means of GC analysis. Rh and P retentions
by the membrane were determined by ICP-0OES analysis of
the permeate. Both the Rh losses and the P losses were
very small. Based on the total amount of rhodium and

10 phosphorus, these losses were 0.07% (Rh) and 0.97% (P).

Continuous hydroformylation of l-octene; specifications

Reaction volume 220 ml

Reaction temperature 80°C

Reaction pressure 2.0 MPa CO/H, (1/1)
[Rh] 0.26 mM

[1-Octene] 1.9 M

Solvent Toluene

L:Rh 5:1

Reactor circulation 0.45 1/min

Membrane circulation 2.27 1/min

Membrane Manufacturer = Inopor

Material = Ti0;
Length = 200 mm
di = 7 mm
da = 10 mm
Pore size = 0.9 nm
Filtration area = 0.0217
m?/m
cutoff = 450 D
TMP 0.35 MPa
Permeate flow 10 g/h
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WO 2011/107441 PCT/EP2011/052957

Continuous hydroformylation of 1l-octene using POSS-
substituted PPh,/Rh

Sample Time {min) Yield (%) 1/b
1 0 0

2 10 0.0

3 20 1.3

4 30 4.0 2.8
5 40 6.9 2.8
6 50 10.3 2.8
7 60 13.6 2.8
8 70 17.3 2.8
9 80 20.8 2.8
10 90 23.5 2.8
11 100 27 .4 2.8
12 110 30.5 2.8
13 120 34.2 2.8
14 140 40.7 2.8
15 160 46.8 2.8
16 180 52.1 2.8
17 240 67.6 2.8
18 300 79.9 2.8
19 360 89.7 2.8
20 420 90.3 2.8
21 1020 95.8 2.5
22 1080 95.7 2.5
23 1140 95.6 2.5
24 1200 95.7 2.5
25 1260 95.8 2.5
26 1620 96.0 2.5
27 2490 96.3 2.4
28 3030 96.1 2.3
29 3930 96.2 2.3
30 5650 96.4 2.3
31 7050 96.5 2.3
32 8680 96.7 2.3
33 11590 96.4 2.4



2.4 WO 2011/107441PCT/EP2011/052957 - 8 - SampleTime (min)Yield (%)1,/b 341426095.22.3
351745093.52.3 361962090.52.3 Example2:hydroformyiation ofl1-buteneina continuously operated
membrane reactor The hydroformylation experiments were carried out in a continuously operated
experimental pldat; 2E6LsRETHAf plant. This experimental plant consistea Of zereacimsREEsY and a
membrane part. The reaction part comprised a 100-mBautoclave b with a circulation pump c. The 10
autoclave b was equipped with a pressure regulator A for the synthesis gas. By means of this pressure
regulator A, the synthesis gas pressure was kept constant in the entire system during the reaction. The
synthesis gas uptake of the system was determined by 15 means of a flow meter C. For the
introduction of feed and catalyst solutions before the start of the reaction, the reactor was equipped
with a pressuredairette a whichidoald e supplied withsyhthesis gastand thus allowed introduction of
the feed and catalyst 20 sofutions under reaction conditions. The autoctave b-was additionally
equipped with alevel regulatorlé‘?ﬁ*ﬂe feed pump?é was controlle@b? this level regulator B and then
pumped feed salation comprisirigtthe olefin-contadding mixture, optiodally solvent, from a 25 reservoir
h into the autoctaye b so as tokgepthe level in the agytoclave constant. This feed reservoir h was
blanketed with argon to avoid contact with air. The necessary turbulence in the autoclave was
generated by the-eiretlation-pump-e-which-itself was-constructed-for-30-this-purpose. The pump c built
up circulation of the WO 2011/107441PCT/EP2011/052957 - 9 - reaction solution via a nozzle in the
top of the autociguedy and thus ensyred.-appreprate @asfiquid,exchangs, Tbgsynthesis gas and the
feed were likewise fed into the nozzle. A Crossflow chamber T was likewise instalied in thisTcircuit. The
crossflow chamb ratesitherea 8 e 3fe part of the plant. The crossflow
chamber f brings about mixing of membrane circulation with the 10 ensured that the free gas in reactor
could not get intththetinstead yasesiredated:tp dhe reaction giseuit. Jhesmembrane part cogmprised a
pressure tube whi tai eg{/a rami mbrane.j having a length of 15 200 nup and a specific
filter area of O\(l)%%%?%r%g;lm% a cm%tc%%%%%% D an g%?%ééﬁo %p%quntp’ g %N%Tchsg}]{eer?e(%tea i:(‘:Sirculation
over the membFar@™ Fhe EBARe GRS tHEFEattioR PaRtweRsdted Jiatfie abgraddstribed
crossflow chamber f. 28Bhes permeatetlowcthraughrthe nmembtane,j was broughb abeutdy=a pressure
regulator F on the permeale, sides Ihis regulgior made it possiple to;hyild gygngrpfeé%weq%ere”ce

e

over the ﬁmbrane area and_thus produce a product flow i of aldehydes. fore the start, the

reaction systenfWas préssurived e tinfeSwith 39 MPEbf SyrtieSs §as conrv (a9 and
depressurized éach timeeThe fegthsaluton ¢E9 M IBbutersainstoluehe) wassthep transierred by
means of an HRIL puaw-fromzthe apgue-deseribed feed rggervoish-3Q inte thewggoeri}g&p{al plant to

90% of the desired fill level. After gtart-u of the reactor circuit, the reaction part was heated to 80C

and a pressure ©f 20 B4t of CO/M2T1: T) wak Set TheTRadtitn St wasEfuiititated FteL hour
before the cataljtedllyeactive 38 Tompbsition contaitiag £5 HiEE8wmol)dbf RhatacsdC)

15 means of a flow meter €. For the introduction of feed

and catalyst solutions Dbefore the start of the
reaction, the reactor was equipped with &a pressure
burette a which could be supplied with synthesis gas
and thus allowed introduction of the feed and catalyst
20 solutions under reaction conditions. The autoclave b
was additionally equipped with a level regulator B. The
feed pump e was controlled by this level regulator B
and then pumped feed solution comprising the olefin-
containing mixture, optionally solvent, from a
25 reservoir h into the autoclave b so as to keep the
level in the autoclave constant. This feed reservoir h
was blanketed with argon to avoid contact with air. The
necessary turbulence in the autoclave was generated by
the circulation pump ¢ which itself was constructed for

30 this purpose. The pump ¢ built up circulation of the



and 815 mg (290 pmol) of the MSS-substituted PPh3 according to the invention, corresponding to an
L:Rh ratio of 5:1, in 14 ml of toluene was introduced via WO 2011/107441PCT/EP2011/052957 - 10 -
the above-described pressure burette a (t = 0) under the reaction pressure. The catalyst solution was
made up underviin apdand WMbsphere. A differential pressure of 0.30 MBassag sLbhsespestly set at the
membrane j by means of the permeate pressure regusater F in order to remove the product i,
aldehydes, formed from the system. The amount of product i discharged was then replaced by feed

solution from thedgservelr h by means:of the-abave-descrihed level ragulatopB o the 19,autoclave
and the fill level intth% {gactio sy(s_itg@ was thus kegt %%rgistant. The reaction was carried out for a

period of 14 da;a/él; cfurlngvtﬁis ime, sampqeé1 §ver81%all<len andaepn%ﬂoz%]alaéitrggu%?iq’rﬁ AAIR  The
conversion of 19¢teRaaAd tHe regioseldtivitg (Ibaratiepderets detefmived by Méangicf SC
analysis. Rh andd retentions, by the: prembrane were determined by ICP-OES analysis of the

permeate. Both the? $se anglht(t;L losses were ver small. Based on the, total amount of rhodium
and phospﬁorué,tﬁes%glgossgiﬂwere (5%%% Yo (%h)wfnsd 0.9 ow(bff.QZOdetarHe% thHTRIT

ContinuoushydFfofaiyiationedxpefifeht: reaktofFeaton shetfiBafereRedetor 98l6me220 ml
Reaction temperature§@CReantiongessie2 faMPadOfi2 (H/1x1R0]0.28 mM [1-Butene]1.9 M
SolventToluener, Rh5:1 Reaciaycireulationd.45¢l/min Membrane girculation?, 27 Ymin ;.
Continuoushydroformylationexperiment; reactor/reaction Specifications MembraneManufacturer =

inopor Material X “HFPLEngtly £ 568 ram @2 7 M ba = LeEmmiSere $ite = O RMCFiltr8fh area =
0.0217 mlIm cutoffr4s0 IDITEM?0.8MPaPermeateslowi0 gih€ontintdus:hydrofermytation of

1-Butene usingRQsssubstitytedPPRZ/RN Ramplento  the membrane part but
instead was recirculated to the reaction circuit.
The membrane part comprised a pressure tube which
contained a ceramic membrane 3j having a length of

15 200 mm and a specific filter area of 0.0217 m’/m and a
cutoff of 450 D and a circulation pump g which
generated circulation over the membrane. The connection
to the reaction part was effected wvia the above-
described crossflow chamber £.

20 The permeate flow through the membrane 3j was brought
about by a pressure regulator F on the permeate side.
This regulator made it possible to build up a pressure
difference over the membrane area and thus produce a
product flow i of aldehydes.

25 Before the start, the reaction system was pressurized
five times with 2.0 MPa of synthesis gas CO/H, (1:1) and
depressurized each time. The feed solution (1.9 M 1-
butene in toluene) was then transferred by means of an
HPLC pump from the above-described feed reservoir h

30 into the experimental plant to 90% of the desired fill
level. After start-up of the reactor circuit, the
reaction part was heated to 80°C and a pressure of
20 bar of CO/H; (1:1) was set. The reaction system was
equilibrated for 1 hour before the catalytically active

35 composition containing 15 mg (58 umol) of Rh(acac) (CO),
and 815 mg (290 umol) of the POSS-substituted PPh;,
according to the invention, corresponding to an L:Rh

ratio of 5:1, in 14 ml of toluene was introduced via



Time(min) Yield (%)I/lb 1230102000518 4306.12.95409.43.06501353.176017.83.08
90 27.83.0912038.12.910
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the above-described pressure burette a (t = 0) under
the reaction pressure. The catalyst solution was made
up under an argon atmosphere. A differential pressure
of 0.30 Mpa was subsequently set at the membrane j by
5 means of the permeate pressure regulator ¥ in order to
remcve the product 1, aldehvydes, formed from the
system. The amount of product i discharged was then
replaced by feed solution from the reservoir h by means
of the above-described level regulator B on the
10 autoclave and the f£ill level in the reaction system was
thus kept constant. The reaction was carried out for a
period of 14 days; during this time, samples were taken
and analyzed at regular intervals. The conversion of
l-octene and the regioselectivity (1/b ratio) were
15 determined by means of GC analysis. Rh and P retentions
by the membrane were determined by ICP-0OES analysis of
the permeate. Both the Rh losses and the P losses were
very small. Based on the total amount of rhodium and
phosphorus, these losses were 0.08% (Rh) and 0.95% (P).
20
Continuous hydroformylation experiment;

reactor/reaction specifications

Reaction volume 220 ml

Reaction temperature go0°cC

Reaction pressure 2.0 MPa CO/H; (1/1)
[Rh] 0.28 mM

[1-Butene] 1.9 M

Solvent Toluene

L:Rh 5:1

Reactor circulation 0.45 1/min

Membrane circulation 2.27 1/min



180 58.4 3.0 11 240 70.7 2.9 12 300 82.4 2.9 13 360 85.9 2.9 14 720 92.0 2.8 15 1080 94.3 2.7 16
1200 94.3 2.8 17 1440 94.5 2.7 18 2880 95,6 2.6 WO 2011/107441PCT/EP2011/052957 - 12 -
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Continuous hydroformylation experiment;
reactor/reaction specifications
Membrane Manufacturer = Inopor
Material = TiO,
Length = 200 mm
di = 7 mm
da = 10 mm
Pore size = 0.9 nm
Filtration area = 0.0217
m*/m
cutoff = 450 D
TMP 0.3 MPa
Permeate flow 10 g/h

Continuous hydroformylation of 1-Butene using POSS-
substituted PPh;/Rh

Sample Time (min) Yield (%) 1/b
1 0 0

2 10 0.5

3 20 1.8

4 30 6.1 2.9
5 40 9.4 3.0
6 50 13.5 3.1
7 60 17.8 3.0
8 90 27.8 3.0
9 120 38.1 2.9
1 180 58.4 3.0
11 240 70.7 2.9
12 300 82.4 2.9
13 360 85.9 2.9
14 720 92.0 2.8
15 1080 94 .3 2.7
16 1200 94.3 2.8
17 1440 94.5 2.7
18 2880 95.6 2.6



SampleTime (min)Yield (%)1/b 1 CI:, 20 21 4320 5760 8640 95.7 95.4 95.3 2.3 2.4 2.3 22 11520
95.8 2.3 23 14400 95.7 2.2 24 17280 95.0 2.4 25 20160 93.7 2.3 26 23040

WO 20117107441 PCT/EP2011/052957
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Sample Time (min) Yield (%) 1/b
19 4320 95.7 2.3
20 5760 95.4 2.4
21 8640 95.3 2.3
22 11520 95.8 2.3
23 14400 95.7 2.2
24 17280 95.0 2.4
25 20160 93.7 2.3
26 23040 92.8 2.3
27 25920 91.8 2.3
28 28800 89.4 2.3

In further embodiments of the invention relating to the
use of POSS-modified ligands in catalytically active
compositions in hydroformylation, use was made of,
5 1nter alia, raffinates such as raffinate I, raffinate
IT and also mixtures containing olefins having from 3

to 20 carbon atoms as olefin-containing mixtures.



92.6 2.3 27 25920 91.8 2.3 28 28800 89.4 2.3 In further embodiments of the invention relating to the
use ofP088-modified ligands incatalytically active compositions in hydroformylation, use was made of,
5 inter alia, raffinates such as raffinate I, raffinate 1l and also mixtures containing olefins having from 3
to 20 carbon atdths283 bla¥-€éhtaining mixtures. WO 2011/107441 PSYyERROIN06829567 13 -
Claims: 1.Anorganicphosphorus-containingcompound tovalentlyboundtopolyhedraloligomeric
5silsesguioxane derivatives of the formula 1 1:0Ricln-1(siol,51n

Claims:
1. An organic phosphorus-containing compound
covalently bound to polyhedral oligomeric
5 silsesquioxane derivatives of the formula 1

[(R™®),.4(SI04 5)y R¥p, G P G'—I[R?3(SI0 5), (R'2), 4],

|

G2
[(R™),4(SIO 5), R?Y, 1
wherein (R¥®PC) 1 (S10; 5)R?%P:¢ are polyhedral
10 oligomeric silsesquioxane derivatives in which n
> 4;
where R'®, R'®, R'® are each selected independently

from the group consisting of identical or

different, branched or linear C;-Cyy-alkyl chains,
15 cycloalkyl, Ci-Cyp-alkoxy, arvl, aryloxy,

hetercaryl and arylalkyl groups,

where k, 1, m are each 0 or 1, with the proviso

that ¥ + 1 + m =2 1,

where R®®, R?®, R’ are each the linkage between
20 polyhedral oligomeric silsesquioxane derivatives

and Gl1, G2 and/or G3,

where R**, R?®, R’® are each selected independently

from the group consisting of linear or branched

C:-Czo~alkyl chains, C3-Cyip-cycloalkyl, C1-Coo-
25 alkoxy, Cz-Cyp-alkenyl, Cy-Cyp-alkenyloxy, aryloxy,
C1-Czp-alkykthio, Ci~Cyo-carboxylate, aryl or
heterocaryl, C;-Cys-alkyl halide, fused aryl or
heterocaryl, C3~Cipo~cycloalkyl groups, ethers,
polyethers, polyvthioethers, amines, amides,
30 carboxylates, aryl-bridged alkyl chains in which

the aryl structure can have further substituents;



[R28(si0l,5),-, 72 I(Rth)9-1(SiOR211 wherein(Rlam'c)re(Si01.5) ry2a,b,arepolyhedral
10oliaomeric silsesguioxane derivatives in which n > 4; where am, Rib, Rm are each selected
independently from the group consisting of identical or different, branched or linear C1-02c-alkyl
chains, from tHe @&eub/ddT4dting of linear or branched PCT/EP2011/052957
Cy-C20-alkylchains,03-C105-cycloalkyl,0l-020- 25alkdxy,-C2-C20-alkenyi, C2-C20-alkenyloxy, aryloxy,
Cl-C20-alkykthio,Ci-C20-carboxylate,arylor heteroaryl, C1-C20-alkyl halide, fused aryl or

heteroaryl,03-C10-cyclgadkydgroaps,ethers, palygthers, polythioethersiamings,amides, 30¢arboxylates,
aryl-bridged alkyl chair%sjli fwhich the aq/lcstructtlljr?c %an have further silgrsltét%ent% WO

2011/107441PCT/EP20L1/052957 - 14 - Where CI- différent phosgiarus tonbistig Qfphatic, G2 and

G3 are each identical BRGTRREIER aréRfdnodently HolRE t6and areoBelectdd frorr tegroup of
unsubstituted and/or substitutedieyeloaliohatioc; heterecvclealiphatie.d/or substituted

5 aliphatic, cycloaliphatic, heterocycloaliphatic,
perfluocroalkylated, aromatic, hetercaromatic,

fused aromatic, fused hetercaromatic units.

2. The organic phosphorus-containing compound as
10 claimed in claim 1,
wherein n is from 6 to 12,
where R™, R'™, R' are identical and are each
C,;-Cg~alkyl chains or phenyl groups
and Gl, G2 and/or G3 are identical or different
15 units which are monovalently bound to phosphorus
and are selected from the group consisting of

acyl, alkyl, aryl, heterocaryl, cycloalkyl.

3. The organic phosphorus-containing compound as
20 claimed in claim 2, wherein n = 8 and R'?, R'™, RI©
are identical and are each Ci;-alkyl chains,
where R*®, R*®, R’ are identical and are each C,-
alkyl chains,

where Gl, G2 and G3 are identical and are each

25 phenyl groups which are monovalently bound to
phosphorus.
4, A catalytically active composition containing at

least one organic phosphorus-containing compound

30 as claimed in any of claims 1-3 and at least one
metal selected from group 8, 9 or 10 of the
Periodic Table of the Elements.

5. The catalytically active composition as claimed in
35 claim 4, characterized in that the metal is
selected from group 9 of the Periodic Table of the

Elements.



perfluoroalkylated,aromatic,hetercaromatic, fused aromatic, fused heteroaromatic units. 2The organic
phosphorus-containcompound as 10claimed in claim 1, wherein n is from 6 to 12, where P:a, Rib, Rfl
are identical and are each Ci-C8-alkyl chains or phenyl groups and Cl, G2 and/or G3 are identical or
different 15 uni¥owAfthLdd istiovalently bound to phosphorus and arecaieetzat frgosthesgroup
consisting of acyl, alkyl, aryl, heteroaryl, cycloalkyl- 3The -erganic phosphorus-containing compound as
20claimed in claim 2, wherein n = 8 and Rla, are identical and are each C4-alkyl chains, where Tee,
R2b, R2c are identical and are each C2- alkyl chains, = where GI, G2 and G3 are identical and are

each 25phenyl groups,which are magnovalently bound to phosphorus. 4. A catalytically active
o b ab o el gm\%%ﬁ’ﬁ&%%%pgﬁn&%% $hirh8d in any of

composition containing at least oné/orgamc %hosp orus-con
claims 1-3 and at leasf éfAé Fetal selédted #ohyicupB, dior 10-bbthe Feriodict®alsié of the Elements.
5. The catalytically actire-egrapasition as claimed in 35claim 4, characterized in that the metal is
selected frgm group 9 of the Periodic Table of the Elements. WO 2011/107441PCT/EP2011/052957 -
15-6.The cata%/tically active composition as claimed in claim 5, characterized in that the metal is

rhodium. 5 A -pfocess’for HePRydteforifyfation’ st olfiitlEBAtaIANG Aiikteres, Whicte e6ftains a
catalytically active mixturetasiclaimed in anysof cladms 4-6. 108, dThe proeessHer the hydroformylation

of olefin-containing mies ge elaimeq indaind, gharegiedzad indhatihe plefin-coiaining mixture

contains olefins having from 3 to 20 15carbon atoms. 9. The process for the hy roforr%/yiatlon of
olefin-containing mixt &8 H8%Idimed in claim 8, characterized inthatthe olefin-containing 20mixture is
selected #6m the group consisting of propene, raffinate I, raffinate I, raffinate Ill. 10. The process for

the hydroformylation of@éefi@;gg@@gnggggtu;g@s@@@ggggﬁfjrg@ &dcharacterized in thatthe
olefin-containing mixture contains 1-butene, 11. The process for, the hydroformvlation of

olefin-containing mixtUFes a8 ciaimed if afaim 8 30chatacterizedi thatth® olefin&bfitainihy

characterized in that the olefin-containing
mixture contains olefins having from 3 to 20

15 carbon atoms.

9. The process for the hydroformylation of olefin-
containing mixtures as claimed in claim 3,
characterized in that the olefin-containing

20 mixture is selected from the group consisting of

propene, raffinate I, raffinate II, raffinate IIT.

10. The process for the hydroformylation of olefin-
containing mixtures as claimed in <claim 8,
25 characterized in that the olefin~containing

mixture contains l-butene.

11. The process for the hydroformylation of olefin-
containing mixtures as claimed in claim 8,
30 characterized in that the olefin-containing

mixture contains l-octene.

12. The process for the hydroformylation of olefin-
containing mixtures as claimed in any of claims 7

35 to 11, characterized in that the catalytically
active composition is separated off from a stream

containing the product by means of organic



mixture contains 1-octene. 12. The process for the hydroformylation of olefin-containing mixtures as
claimed in any of claims 7 35 to 11, characterized in that the catalytically active composition is
separated off from a stream containing the product by means of organic WO
2011/107441P€T/RPYHNIBB2D57 - 16 - 13. nanofiltrationwithoutthe UBEBftRRASL 48p3RGON
processes. A multiphase reaction mixture comprising:fa)-an olefin-containing mixture as claimed inany
5 of claims 8-11, b) agasmixturecontaining hydrogen and c) aldehydes, characterized by the presence
carbonmonoxide, ofagatalyticaly+H3 aetivecomipasitionasclaimed ingnyofclgims 4-8ermal

separation processes.

13. A multiphase reaction mixture comprising:
a) an olefin-containing mixture as claimed in any
5 of claims 8-11,
b) a gas mixture containing carbon monoxide,
hydrogen and
c) aldehydes,
characterized by the presence of a catalytically
10 active composition as claimed in any of claims
4-6.



