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Abstract

The rhodium-catalyzed hydroformylation of 1-dodecene was investigated with a series of sulfonated water-soluble phos-
phine ligands at a pressure of 60 bar C@#hd a temperature of 12€. Seven different groups of water-soluble phos-
phines were used for our investigations. We established an optimized ligand/rhodium ratio of 5 for the phdsphines
[PhP(CH)2S(CH:)2SOsNa], andlb, [PhP(CH,)2S(CH,;)3SOsNa]. The utilized arylphosphino-thioether-alkylsulfonates
formed with Rh(I) compounds highly active catalysts which could be recycled. The addition of detergents speeds up the
hydroformylation reaction, but disturbs the phase separation (recycling). The best promotion effect and the smallest negative
influence on phase separation gave polyoxyethylene—polyoxypropylene—polyoxyethylene triblock co-polymers. The ratio of
1-dodecene/rhodium could be increased up to 10.000 and we achieved turnover ngiai¢ss > 50.000 without any
surfactant and TONs of about 65.000 in presence of the co-polymers owing to the recycling on the catalytic system.
© 2003 Elsevier Science B.V. All rights reserved.

Keywords: Hydroformylation; 1-Dodecene; New water-soluble ligands; Rhodium complexes; Two-phase systems

1. Introduction Poulenc process as one of the first important indus-

trial processes which work with aqueous multiphase

Recycling of the catalyst is one of the impor- systems allows to produce an annual quantity of

tant problems in industrial homogeneous-catalytic 600.000t of butyraldehydfl]. In chemical industry
processes. An essential method for recovery of the and academic laboratories various catalytic reactions
catalyst is the separation of the product from the cata- with water-soluble complexes are investigated (C-C
lyst system. The extension of the Ruhrchemie/Rhone coupling reactions, hydrogenations). They offer the

advantage of separation of the aqueous catalyst phase.
" Corresponding author. Tek+49-381-4669-330; Receptly, results of exten;ive inve;tigations an(_j dis-
fax: +49-381-4669-324. cussions of hydroformylation reactions are published
E-mail address: guenther.oehme@ifok.uni-rostock.de (G. Oehme). [2—10], even for higher olefinel 1-22]
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So far, the hydroformylation of higher olefines et al.[26] reported highly reactive water-soluble hy-

(>Cg) corresponding to the aqueous multiphase droformylation catalysts based on rhodium polyethy-

systems was performed only with non-satisfying lene glycolate for the hydroformylation of 1-alkene

olefin/catalyst ratios €1.000). For these reactions at 100°C. After 3 h a turnover frequency (TOF) >600

solvents such as methanol or ethanol were applied was obtained for 1-dodecene. Haumann et[2F]

and detergents are used as solubility mediators, e.g.worked in the hydroformylation of 1-dodecene even

cetyltrimethylammonium bromide (CTAB), sodium with TPPTS/Rh= 4 and a greater amount of surfac-

dodecyl sulfate (SDS), polyethylene glycol (PEG). In tants (13%) with an ratio of alkene/Rha 3.000.

some cases, the instructions for the conditions are not In most publications, the recycling of the aqueous

clear in the literature. catalyst phase was discussed but the phase separation
Chen et al[11] used as catalysts in the hydroformy- was not mentioned.

lation of higher olefines (>§) water-soluble rho- Here, from a critical point of view, experiments

dium-poly (enolate - co-vinylalcohol-co-vinylacetate) are described with sulfonated phosphines in presence

complexes. The authors observed a high reactivity and absence of surfactants that normally increase the

(2.36 x 10~*kmol/kg(Rh)s) for 1-dodecene at a vyield of the hydroformylation reaction and decrease

temperature of 60C and a pressure of about 40 bar.
Fell et al. [12] found, that the application of sur-
factants leads to a successful hydroformylation of
alkenes >@ in an aqueous/organic two-phase sys-
tem. These authors used also catalysts \pitjpoly-
oxyethylene)phenylphosphines as liganfls3,14]
Similar ethoxylated phosphines are known from a
Russian groud15], but there are no details avail-

able for using these ligands in catalysis. In a recent

publication of the same group, the hydroformyla-
tion of 1-dodecene with rhodium complexes is also
described with water-soluble phosphine and phos-
phinite ligands (ratio 1-dodecene/rhodium is about
150) [16]. Kalck and coworker$17,18] reacted ter-
penes with water-soluble thiolate-bridged rhodium
complexes. Rhodium-TPPTS complexes (TPPTS:
Tris-(m-sulfonylphenyl)phosphine) have been used
in the hydroformylation and hydroxycarbonylation
of acrylic esters and for hydrocarboxylations with
an olefin/rhodium ratio of 50(19,20] By using
rhodium—TPPTS complexes for the hydroformyla-
tion of 1-dodecene with a large excess of the ligand
(>80/1) no reaction was observé¢dlla]. By adding
of 35 mass percent of polyethylene gly¢ailb] 13%
conversion of 1-dodecene could be achieved.

To realize a successful hydroformylation of
long-chain alkenes the development of new ligands
with amphiphilic propertie$22] or the use of surfac-

the separability of the aqueous and organic phase.
The phosphines were prepared in our laboratory
[28,29] and have been previously used in catalytic
reactiong30-32]

2. Experimental part

All reactions were carried out under exclusion of
oxygen using an argon atmosphere and solvents dis-
tilled under argon. Olefins, CTAB and SDS were pur-
chased from Aldrich and Fluka, rhodium(ll) acetate
was a product of ABCR. The Synperonics were kindly
donated by Fa. C.H. Erbslth (Spezialchemikalien und
Industriematerialien, Krefeld).

Phosphined—7 used in this work $cheme Ywere
prepared as mentioned below or from procedures given
in [28-30]

The diphosphiner was synthesized byp-phenyl
cleavage of 1,2-bis(diphenylphosphino)ethane with
lithium followed by reaction with 1,4-butane-sultone
[28]. The new type of water-soluble thioether-alkyl-
phosphinesd, 2 and 6) were easily prepared by re-
action of the corresponding vinylphosphine with the
commercially available sodium 2-mercaptoethanesul-
fonate or sodium 3-mercaptopropanesulfonate in
ethanol/water[29]. The phosphines was obtained
by addition of 2-mercaptoethanesulfonic acid to di-

tants as phase-transfer reagents seems to be necessamninylphenylphosphine followed by treatment with

Chinese groups hydroformylated 1-dodecene with
rhodium catalysts in biphasic medja3-25] They

tetran-butylammonium hydroxide.
The phosphineg8a and 3b were prepared by ad-

conclude, that the catalysis takes place in the interface dition of the corresponding sodium mercaptoalkane-
between the aqueous and the organic phase. Borrmanrsulfonates to ethynyldiphenylphosphine under reflux.
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PhyP—(CH,),—S—(CH,),—SO;Na PhP—[(CHz)z— S—(CHy)— 803N4 2
1a: n =2 (325) 2a: n = 2 (540)
1b: n = 3 (250) 2b: n = 3 (440)
S—(CH ,),—SO0 ;Na Ph ,P —(CH ,),—SO ;M
Ph,P—CH ,-CH . s M<Li
—_— _ a:n-= = LI
ST(CH 2), SO0 Na 4b:n=4 M=Li
e = 4c:n=3 M =K (360)
3a: n =2 (820
3b:n=3((740; 4d:n=4 M =K (330)

PhP[ —(CH ,),—S—(CH ,),—SO; ﬁ( n-Bu) 4], P[—(CH,),—S—(CH;),—SO3Na];

5 6a:n =2 (1860)
6b: n =3 (2500)

(I)HzP(Ph)CHZCHZCHZCstoaLi
CH,P(Ph)CH,CH,CH,CH,SO0,Li
7

Scheme 1. Sulfonated phosphines used in this paper. In parenthesis, solubility in water (g/l).

The purity of the phosphines was established GC analysis: 30 m capillary HP 5 (95% dimethyl-
by 3P NMR, IR-spectra and elemental ana- polysiloxane+ 5% diphenylpolysiloxane), tempera-
lysis. ture program 8C/min from 50 to 260C.

2.1. General procedure for catalysis
experiments 3. Results and discussion

To perform the hydroformylation reaction an All phosphines presented iBcheme lare active
autoclave (100ml, Fa. Parr) with teflon coating ligands in a water-olefin two-phase hydroformylation
and equipped with a hollow shaft gas inlet stirrer system except the extremely water-soluble phosphines
(1000 rpm) was used. The reaction mixture contain- 6a and6b. The necessity of at least a small solubility
ing water, olefin, surfactant and the catalytic system of the rhodium complex in the organic phase could be
(see tables) was transferred from a Schlenk tube into an indication that the hydroformylation occurs at the
the autoclave under an argon atmosphere. After that, interphase between aqueous and organic phase. A col-
the argon was displaced by purging with synthesis oring of the organic phase at the reaction temperature
gas (CO/H, 1/1) the pressure was increased to 60 bar by the catalytic system was never observed.
at room temperature. The autoclave was heated up to Table 1summarizes the results obtained in the pres-
120°C within 30 min with stirring and kept for 5h  ence of different phosphines as ligands. The ligands
under these conditions. After cooling, the reaction 6aand6b are omitted because of very low conversion.
mixture was isolated, the phases were separated, and 1-Dodecene was the substrate in all experiments
the aqueous phase with the catalyst was recycled.and the ligand/rhodium ratio used was 5. Hence, the
The organic phase was mixed with 20 ml hexane and ligand/rhodium ratio is much smaller compared to the
dried with sodium sulfate. A part of the experiments hydroformylation of lower olefins and even in earlier
was worked up by distillation in vacuum. two-phase experiments with 1-octene and 1-dodecene.
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Table 1
Hydroformylation of 1-dodecene catalyzed by rhodium complexes
with different ligands (se&cheme B
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Table 2
Hydroformylation of 1-dodecefigvariation of the ratios of ligands
la and 1b and rhodium)

Entry Ligand 1-Dodecene/Rh Entry Ratio (/Rh) Aldehydes (%) ni
450 10,000 1 5 (la/Rhy 82 0.5
: 2 5 (1a/Rh) 77 0.7
Conversion n/l®  Aldehydes per n/b° 3 10 (1&/Rh) 5 17
(%) conversion (%) 4 20 (a/Rh) 1 -
Without 5 2.8 5 40 (la/Rh) 0 -
1 TPPTS  >99 1.2  55/55 1.3 6 60 (1a/Rh) 0 -
TPPTS 71/75 0.5 7 5 (1b/Rh)y 84 0.6
2 TPPMS >99 32 75/76 07 g 13 ﬁﬁfﬁﬂ; 6; 2‘2
TPPMY 89/89 0.5 :
10 20 (Lb/Rh) 2 -
3 la >99 1.2 77/80 0.7 11 40 (Ib/Rh) 0 -
1a¢ 82/84 0.5 12 60 (Lb/Rh) 0 -
4 1b >99 1.4  62/66 11 a45mmol 1-dodecene; 5ml water; 0.00225mmol [Rh-
1pe 84/86 0.6 (OAc)2]2; xmmol ligand (ligand/Rh= see table); 60bar COMH
5 2a 87 18 44/48 16 (71); 5h at 120C.
250 25/95 1.8 Rz_itlo of normal (n) and branched (b) aldehydes.
¢ Without CTAB.
6 2b 86 12 51/53 11
2bd 42/42 0.9
7 % 94 19 78/78 1.0 an indication for a P-S Rh chelate tH® NMR of the
3a 25/43 13 Rh complex [Rh(cod)1b]Bfshowed a P/Rh coupling
8 3b 94 07 81 0.7 of 160 Hz[33]. Early investigations have shown, that
d . . . .
3b 28/47 0.9 the sulfur in thioetherphosphines act as a coordina-
9 4a 95 2.3  22/44 1.2 tion site forming a P—S chelate with rhodiyB4], but
10 4 20/46 16 we found no significant difference between sulfonated
thioetherphosphines and sulfonated alkylphosphines
11 4c 97 21 43/56 1.9 . . ) .
40 32/48 0.9 (4) in the hydroformylation reaction. A sulfur contain-
ing catalytic hydroformylation system with bridging
12 ad >99 23  36/58 1.3 thi : . :
g iolate groups in a dimeric rhodium complex was re-
ad 38/50 0.9
ported by Kalck and coworkefd7,18]
e e 13  30/67 15 Table 2shows the conversion of 1-dodecene in de-
14 7 71178 0.7 pendence on the ligantlrhodium ratio. The reac-

a45mmol 1-dodecene; 5ml water; 0.05 or 0.00225mmol
[Rh(OAc)]2; 0.5 or 0.0225mmol ligand (ligand/Rh= 5);
0.54 mmol CTAB; 60bar CO/K (1/1); 5h at 120C.

b Ratio of normal (n) and branched (b) aldehydes.

CTPPTS: Tris-fn-(sulfonylphenyl)phosphine).

dwithout CTAB.

€ TPPMS: m-sulfonylphenyl-diphenylphosphine.

The following investigations were focussed on the

tion is inhibited in the presence of more than 5mol
L/mol rhodium. This result is quite different in com-
parison with the hydroformylation of propene. We ob-
served for the aldehyde fraction an increase of the
normal/branched (n/b) ratio with an increasing ligand
concentration.

The reason can be the chelation of rhodium owing
to the bidentate thioetherphosphine. Another reason
could be the low solubility of the olefin as educt and

use of sulfonated thioether phosphines as ligands. Asthe aldehyde mixture as product in the water phase

shown inTable 1 the monosulfonated and the disul-
fonated phosphineka, 1b, 2a, 2b, 3a, 3b and5 gave

containing the catalyst. In contradiction, propene is
relatively soluble in water and a high ligand concen-

good conversions. Comparable in the structure are thetration gave a high n/b ratio of the butanals. In case

sulfonated diphenylalkylphosphines of the typeAs

of higher olefins, the water-soluble phosphine ligand
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could inhibit the reaction of the catalytic system at
the interface. As mentioned above, a solubility of the
catalyst in the organic phase is to exclude.

With the aim to apply the resulting aldehydes as
basis for plasticizers the n/b ratio should be tolerable
in a wide range, but a high fraction ofaldehydes

99

n-selectivity seems to decrease with the decrease of
the catalyst concentration. This might be explained
by a parallel isomerization reaction, which is less
dependent on the substrate/rhodium ratio than the
hydroformylation reaction. At extremely low catalyst
concentrations the conversion was found to be higher

would be necessary as basis for detergents. On thewithout use of CTAB. With the three checked ligands

other hand, industry seems to prefer indeed the termi-

nal aldehydes but a low n/b ratio is a general problem
in the hydroformylation of higher olefing2].
Hydroformylation with [Rh(OAc}]» without any P
ligand yielded a relatively high n/b ratio of 2.8 but
only a very low conversion (5%).
The variation of the substrate/rhodium complex ra-
tio from 450 to 10,000 influences conversion and even

the conversion was satisfying at a substrate/catalyst
ratio of 4500. Most of the following experiments were
carried out with a substrate/rhodium ratio of 10,000
to differentiate activities.

A study of the time dependence of the conversion
shows, that in the starting period of the reaction the
n/b ratio is highestKig. 1).

Fig. 2 displays the dependence of the hydroformy-

the ratio of normal/branched aldehydes: an extremely lation on the temperature. Below 6C there is no

low catalyst concentration increased the formation

conversion but above there is a very fast enhancement.

of branched aldehydes. The highest conversion was The maximum of conversion was found at&D but

observed with ligands of medium hydrophilicity
(TPPMS, 33, 3b and 7 as a more hydrophilic ex-
ception). An increase of hydrophilicity seems to be
combined with a decrease of efficac3a(3b > 1a,
1b > 2a, 2b > 6a, 6b). The suitability of the ligands
can be adjusted by the degree of sulfonation or the
balance of hydrophilicity and lipophilicity. The easy
to synthesize phosphinds and1b were used in the
following experiments.

Table 3 shows a selection of experiments with
three ligands at different catalyst concentrations. The

Table 3
Hydroformylation of 1-dodecene at different 1-dodecene/Rh ratios

Entry Ligand 1-Dodecene/ Water Aldehydes n/tP

Rh ml) (%)

1 1b 450 20 >99 1.4
2 4500 5 64 2.2
3 10000 5 62 0.8
4 Without CTAB 10000 5 84 0.6
5  TPPMS 450 20 85 3.2
6 4500 5 95 2.8
7 10000 5 75 0.7
8  Without CTAB 10000 5 89 0.5
9  TPPTS 450 20 99 2.1
10 4500 20 99 1.9
11 10000 5 50 15
12 Without CTAB 10000 5 71 0.5

a45mmol of 1-dodecene; 0.05, 0.005 or 0.00225mmol
[Rh(OACc)]2; 0.5, 0.05 or 0.0225mmol ligand (ligand/Rh 5);
0.54 mmol CTAB; 60bar CO/k (1/1); 5h at 120C.

bRatio of normal (n) and branched (b) aldehydes.

the maximum yield of aldehydes was found at 220
Although the best n/b ratio was observed at 80we
decided to work at 120C because of the higher yields
of aldehydes.

The difference between conversion of 1-dodecene
and the yield of aldehydes is explained by the for-
mation of isomeric dodecenes, which are analyzed in
Fig. 3. Apparently, there is a significant isomerization
reaction of 1-dodecene to 3-dodecene.

To improve the transition of the water-soluble cat-
alyst to the interphase we added cetyltrimethylam-
monium bromide (CTAB) as a typical phase-transfer
reagent Table 1. A positive effect of such surfac-
tants in multiphase hydroformylation reactions is well
known [2,3,11,12,22] Chinese authors proposed the
existence of aqueous micellg3,25]

A disadvantageous side effect is the more difficult
phase separation under our conditions. We found no
satisfying effect on the conversioiigble 1), and no
influence of the surfactant concentration on the ratio
could be observed. Alternatively, the use of sodium
dodecyl sulfate gave no advantage.

To decrease the soap effect we checked as non-
ionic amphiphiles the commercially available poly-
oxyethylene—polyoxypropylene block co-polymers of
the type H(OCHCH,),—(OCH(CH;)CH>),,—(OCH,
CHy),,OH (Synperonics, Pluronics). These surfactants
are important technical products which can be reg-
ulated in the consistence by the synthesis (L: lig-
uid, P: pasty, F: solid)35]. Selected data with 0.20 g
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Fig. 1. Hydroformylation of 1-dodecene at 120 (for conditions se@able 1 1-dodecene/Rk= 10,000).
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80 - /I/.\l
60 —&—C , aldehydes
—8—n/bx10
4 conversion
40 4
1 n
= '/./.\
J o SUN
A SEEEEE—
. _ ____—n
I - 1 * 1 * I L I , 1 . 1 .
20 40 60 80 100 120 140

temperature [°C]

Fig. 2. Dependence of the hydroformylation of 1-dodecene on the temperature (for conditiorebkeé 1-dodecene/RE= 10,000).
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Fig. 3. Isomerization of 1-dodecene within the hydroformylation, 5h at°@@this fraction is the difference between conversion and
yield of aldehydes).

of amphiphile as phase-transfer reagent are shown inTable 4

Table 4 Hydroformylation of 45mmol 1-dodecene catalyzed by
In the bold marked examples the yield was more 900225 mmol [Rh(OAg)2 and 0.0225 mmollb

than 90% (F 68, L 101, P 103, P 105, L 121, P Entry Synperoni¢g® nm? n® min® Yield® (%) n/if

123, F 127). In all cases, more branched aldehy-

1 Without 84 0.5

des than normal aldehydes were formed. Obviously, 2 L 64 30 13 23 8143) 0.8
some Synperonics showed a negative effect and led 3 F 68 30 76 04 99415 03
to lower yields than in the blank experiment. Not 4  F87 39 61 06 74410) 06
in all cases, there is a similarity to the influence of 2 Efgl 5369 1%3 110'24 9767\;_(?2) 8'2
the amphiphiles on the asymmetric hydrogenation - P 103 56 17 33 97413) 05
of methyl @)-a-acetamidocinnamate catalyzed by s P 104 56 27 2.1 84#0) 0.6
rhodium complexe§36]. 9 P 105 56 37 15 96412) 05
The chosen concentration of Synperonics seems too10 F 108 56 132 04 833) 06
high with respect to a convenient phase separation i; ;1591, gg 2‘(‘) 1;:2 gi Eg; 8:2
andTable 5summarizes a selection of highly effective ;3 F 127 69 99 07 95411) 06

Synperonics used with a much lower concentration
0.05 . ¢ 1-Dodecene/Rhk= 10,000; 1b/Rh = 5; 60bar CO/H (1/1); 5ml
(0.059 per eXp,e”men )- L. water; 5h at 120C; different Synperonics (0.20 g).

The conversion was almost quantitative in all exper-  ag 20 g Synperonic: HO(CH-CHy—0),~(CH(CHs)~CHo—O),,
iments. The column “emulsion” gives an impression —(CH,—CH,—O),H.
about phase separability. Only the entries 1, 2 and 8 .b Isolation of the water phase in presence of the amphiphile is
with very low values of “emulsion” are suitable for a dlﬁlcult.tln riarenthe5|s, difference to the yield without Synperonic

. e see entr .

practical use. The dependence of separability on the( CAverZ\ge) ratio with 12 Synperonics 0,55
amount of the Synperonic is demonstratedable 6 dL 64, L 101, P 103, P 104, P105, F 108, P 123 co-catalyze

for F 68 (n = 30;n = 76). the homogeneous hydrogenatif86].
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Table 5 Table 7
Hydroformylation of 45mmol 1-dodecene catalyzed by Hydroformylation of 1-dodecene catalyzed by 0.00225mmol
0.00225 mmol [Rh(OAg)2; 0.0225 mmollb (different Synperon- [Rh(OAc)]2; 0.0225mmol 1b; 1-dodecene/Rh = 10,000;
ics (0.059)) 1b/Rh=5; 60 bar CO/H (1/1); 5ml water; 5h at 120C
Entry Synperonig Normal/branchédd Emulsiorf (ml) nvnP Yield of aldehydes (%) Normal/branched
1 F 68 0.5 1 0.4 Use 84 0.6
2 L 101 0.5 1 5 Recycle 78 0.6
3 P 103 0.5 15 17 Recycle 75 0.7
4 P 104 0.5 10 27 Recycle 67 0.6
5 P 105 0.5 7.5 37 Recycle 65 0.7
6 L 121 0.5 6 17.3 Recycle 61 0.7
7 P 123 0.5 15 35 Recycle 51 14
8 F 127 0.5 1 0.7 Recycle 31 14
Recycle 20 2.0

1-dodecene/RE= 10,000; 1b/Rh = 5; 60bar CO/H (1/1); 5ml
water; 5h at 120C.

aConversion was almost quantitative.

bSeeTable 4 The phase separation was convenient and the selectiv-

¢Emulsion >5ml shows no separated water phase. ity and activity were promoted in comparison to re-
sults inTable 7 Under the chosen conditions the use of
The lowest amount of amphiphile with an accept- amphiphilip block co-polyme.rs gave the best resulfcs.
able effect and a satisfying separability seems to be _Finally, it should be mentioned some results with
0.05g Synperonic per experiment. It is an impor- different buffer solutions. Buffers of pH 10 (carbonate
tant conclusion to use Synperonics as phase-transfer®’ Porate), pH 7 (carbonate) and pH 4 (citrate) were
reagents in the hydroformylation of 1-dodecene. The USed, but the results in hydroformylation were not re-
suitability of polymeric amphiphiles is better than producible. We found that the pH_ofthe carbqnate and
those of monomeric such as CTAB or SDS. the borate buffers changed within the reaction. Dur-
The critical test of our system should be recycling N9 5hat120C and 60bar CO/pithe pH 10 buffers

experiments. Some experiments were carried out with- d€creased to values between pH 7.8 and 7.5 and the
out surfactantsTable 7. pH 7 buffer decreased to pH 6.4. Only the pH 4 buffer

Without surfactant we achieved satisfying yields remains constant. The pH change was independent of
and the catalytic system was recycled eight times. The (1€ presence of the substrate. 1-Dodecene and an anal-
yields of aldehyde was decreased but the ratio of nor- YSiS Of the residue indicated the formation of formate.
mal and branched aldehydes was increased after theP detailed investigation of this effect is in preparation.
recycle. As the sum of all successful reactions it gave
a turnover number (TON) of 53.000 and a turnover Table 8

frequency of 1.200 mol/h. Hydroformylation of 1-dodecene in presence of 0.05g of Synper-
Table 8summarizes a recycling experiment in pres- onic F 68 (for conditions se@able 3
ence of the Synperonic F 68 in a low concentration. Yield of aldehydes (%) Normal/branched

Use 99 0.5
Table 6 Recycle 91 0.5
Hydroformylation in dependence on small amounts of Synperonic Recycle 90 0.5
F 68 (for conditions sed@able 5 Recycle 83 0.6
- - - Recycle 66 0.7
Entry  Yield of Normal/ Emulsion  Synperonic Recycle 57 1.1
aldehydes (%) branched (ml) F 68 (9) Recycle 51 1.4
1 96 0.7 15 0.20 Recycle 43 1.4
2 94 0.6 10 0.10 Recycle 31 15
3 96 0.6 1 0.05 Recycle 25 1.8
4 87 0.5 1 0.02 Recycle 18 2.0
5 73 0.5 0 0.01 Recycle 4 2.3
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4. Conclusions

It was demonstrated that in situ complexes of a
new type of sulfonated thioether-alkylphosphinés (
e.g. PBP(CH,)2S(CH,)2.3S0O3Na) with [Rh(OAc)]2
are active hydroformylation catalysts with the ratio
1-dodecene/RhR= 10.000 in aqueous two-phase sys-
tems at a pressure of 60 bar CQ/&hd a temperature
of 80 or 120°C, respectively. For the catalytic aque-

ous systems, a thioetherphosphine/rhodium ratio of 5

is suitable. Turnover numbers of more than 50.000

were observed without surfactants within the success-

ful recycling of the catalyst. The application of am-
phiphiles like CTAB or SDS increased not always the
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