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Abstract 

The monophosphine 3,4-dimethyl-2,5,6-triphenyl-1 -phosphanorboma-25diene (1, DMTPPNOR) and the diphosphine 2,2’- 
bis ( diphenylphosphinomethyl ) - 1,l ‘-binaphthalene ( 7 ) were sulfonated by means of oleum. The sulfonation products 8 
(BINAS) and 2 (NORBOS) were purified by extraction-reextraction and by gel permeation chromatography. While the sodium 
salt 9 (BINAS-Na) of BINAS (8) was accessible as a mixture of different degrees of sulfonation, the sodium salt of NORBOS 
(2) was available as an analytically clean, completely characterized, triply sulfonated compound, NORBOS-Na (3). For the 
synthesis of 2,2’-bis( diphenylphosphinomethyl) - 1,l ‘-binaphthalene (7), a new method has been used: Commercially available 
I-bromo-2-methylnaphthalene (4) was first dimerized by means of magnesium, and then the resulting 2,2’-dimethyl-l,l’- 
binaphthalene (5) was treated with n-BuLilTMEDA and chlorodiphenylphosphine. In the ‘heterogeneous’ (bi-phasic) hydro- 
formylation of propene, the sulfonated ligands 3 and 9 exhibited very high activities and productivities at low phosphine/ 
rhodium ratios. Furthermore, phosphine 9 was advantageous in nliso ratios of the resulting butyric aldehyde (rhodium catalysis). 
The new catalyst system Rh’/BINAS-Na has an apparent activation energy of 10.8 kcal/mol explaining the outstanding 
performance of this system in continuous hydroformylation, with the activity data being: 16 (TPPTS), 90 ( BISBIS-Na), 118 
( NORBOS-Na), and 178 ( BINAS-Na). 
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1. Introduction 

Since the discovery of the water-soluble ligand 
tris ( sodium-m-sulfonatophenyl) phosphine 
(‘TPPTS’) by E.G. Kuntz of RhGne-Poulenc in 
1975 [ 1 ] and its introduction into biphasic, rho- 

* Corresponding author. 
’ For Part 6 of this series see ref. [ 121. 

dium-catalyzed hydroformylation of propene by 
Ruhrchemie AG, the reaction products no longer 
have to be separated by expensive and energy- 
consuming distillation from the catalyst. As a con- 
sequence thermal decomposition of the catalyst is 
minimal. The rhodium complex of TPPT’S is sol- 
uble in water and nearly insoluble in organic sol- 
vents. At the end of the reaction, the organic 
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products separate from the aqueous catalyst solu- 
tion. Furthermore, the water-soluble catalyst has 
a higher selectivity for the straight-chain isomer 
of butyric aldehyde as compared to the nonsulfon- 
ated catalyst [ 21. In spite of the benefits of water- 
soluble, heterogeneous catalysts, most of the 
hydroformylation products are still being pro- 
duced in homogeneous solution with cobalt car- 
bony1 catalysts [3]. In particular, rhodium 
catalysts are unsuitable for hydroformylation of 
long-chained or functionalized olefins. For this 
very reason and with the aim to once more opti- 
mize parameters like activity, selectivity and pro- 
ductivity, the search for new water-soluble 
phosphines for the rhodium-catalyzed two-phase 
hydroformylation is warranted. 

Phosphanorbomadienes are expected to 
become important in catalytic hydroformylation. 
For example, the phosphine 3,4-dimethyl-2,5,6- 
triphenyl- 1 -phosphanorboma-2,5diene ( 1) was 
reported to yield excellent selectivities in hydro- 
formylation experiments of ethyl acrylate [ 41. 
Upon decreasing temperatures, catalytic activity 
decreases but to a much lesser extent than for other 
phosphines. In the case of the phosphanorborna- 
diene 1, almost no decline was observed, and 
selectivities were up to > 99% with respect to 2- 
formyl propanoate. In the hydroformylation of l- 
hexene and ‘functionalized’ olefins like styrene, 
phosphanorbornadienes are also very efficient, 
with the catalytic activities being up to ten times 
higher than those observed for triphenylphosphine 
(rhodium catalysis) [ 51. The chelating diphos- 
phine 2,2’-bis( diphenylphosphinomethyl) - l,l’- 
binaphthalene (7) was reported to yield excellent 
linear-to-branched product selectivity, following 
the trend that chelating diphosphanes improve the 
nliso ratio of products for steric reasons. 

In the present paper we report on a new synthe- 
sis of 2,2’-bis( diphenylphosphinomethyl) - 1,l ‘- 
binaphthalene, on the sulfonation of ligand 
precursors and on the hydroformylation of pro- 
pene with novel Rh( I) /NORBOS-Na and 
Rh( I) /BINAS-Na complexes. 

2. Results 

2. I. Precursor compounds 

2,2’- Bis( diphenylphosphinomethyl) - 1 ,l ‘- bi- 
naphthalene 7 was prepared by a new synthetic 
route ( Scheme 1) . 1 -Bromo-2-methylnaphtha- 
lene (4) was first dimerized by means of magne- 
sium. The resulting 2,2’-dimethyl- 1,l ‘-binaphth- 
alene (5) was then treated with n-BuLilTMEDA, 
leading to the substitution of one proton of each 
methyl group by one lithium. The diphosphane 7 
was finally obtained by treating the dimetallated 
compound 6 with chlorodiphenylphosphine. An 
alternative route has been described [ 61. The 2,2’- 
dimethyl- 1,l ‘-binaphthyl therein was prepared as 
above from I-bromo-2-methylnaphthalene [ 71. 
Following a benzylic bromination of 2,2’-dime- 
thyl- 1,l ‘-binaphthyl with N-bromosuccinimide 
and catalytic amounts of iV,N’-azobis( isobutyro- 
nitrile) [ 81 to give 2,2’-bis( bromomethyl) - l,l’- 
binaphthyl. The dibromide was converted to 2,2’- 
bis (diphenylphosphinomethyl) - 1,l ‘-binaphthyl 
dioxide by reaction with methyldiphenylphos- 
phinite. The dioxide finally was reduced with 
trichlorosilane/triethylamine [ 91 to yield 7. 
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Scheme 2. 

In contrast to this method, our new procedure 
has the advantage of avoiding oxidized interme- 
diates and expensive reduction steps. 

The phosphanorbomadiene 1 and its precursor 
3,4-dimethyl- I-phenylphosphole were synthe- 
sized by published procedures [ 10,l 1,161. Com- 
mercially available 2,3-dimethyl- 1,3-butadiene 
was added to bromochlorophenylphosphine to 
yield a halogenated, saturated heterocycle. Elim- 
ination of HX (X = Br, Cl) with a-picoline leads 
to the desired 2,3-dimethyl- 1 -phenylphosphole. 
At higher temperatures ( 110°C) the phenyl group 
migrates to the 2-position of the phosphole, which 
then reacts with the dienophile diphenylacetylene 
in a Diels-Alder reaction to yield the phospha- 
norbomadiene 1. 

Table 1 
Hydroformylation of propene with Rh/NORBOS-Na a 

2.2. Sulfonation 

The phosphines 1 and 7 were subjected sulfo- 
nation by means of oleum (Schemes 1 and 2). 
The sulfonation conditions were optimized by pre- 
viously reported in situ NMR techniques [ 12],24 
h room temperature for BINAS, and 30 min 5°C 
for NORBOS, respectively. 

The work-up reaction was achieved by careful 
hydrolysis of the crude product mixture with 
degassed ice-water. The strongly acidic solution 
was then neutralized with sodium hydroxide 
(50%). After the removal of water in vacua, until 
sodium sulfate precipitates, the resulting suspen- 
sion was cooled and filtered. The filtrate was 
poured into methanol to precipitate dissolved inor- 
ganic salts. The resulting sulfonation products, 
BINAS-Na and NORBOS-Na - still containing 
small amounts of oxidation products and sulfo- 
nation products with a various degree of sulfona- 
tion - were used without further purification in 
the hydroformylation experiments. 

NORBOS-Na was purified by gel chromatog- 
raphy techniques as established in our institute 
[ 13,141. The fractions leaving the column were 
detected by a refractive index detector. Isolation 

Entry Propene Product Aldehyde b Selectivity Alcohols h C3 Condensation Activity ’ Productivity t Yield P 
(g/h) (g/h) (%) (%) (%) hydrocarbons ’ products ’ (n+ 

(%) (%) is0 % ) 

1 35.7 29.1 92.8 78.3 0.4 4.5 2.4 61.51 0.19 44.1 
2 46.9 42.6 92.8 78.1 0.8 4.3 2.7 89.92 0.28 49.1 
3 57.6 47.4 91.7 78.9 0.3 5.7 2.2 99.03 0.3 1 44.1 
4 44.4 24.8 91.0 81.4 0.4 4.5 4.1 51.41 0.16 29.1 
5 43.0 8.4 93.7 80.7 0.3 3.8 2.2 17.93 0.06 10.7 
6 27.7 4.2 95.8 80.3 0.3 2.0 2.0 9.16 0.03 8.5 
7 30.4 12.8 91.4 80.9 0.4 4.1 4.1 26.63 0.08 22.5 
8 37.0 22.5 90.4 79.8 0.4 4.5 4.7 46.32 0.14 32.1 
9 22.1 7.5 92.4 79.1 0.4 3.0 4.1 15.79 0.05 18.3 
10 38.0 56.1 91.1 78.9 0.5 4.2 4.1 117.69 0.37 79.4 

“Reactionconditions: T= 125”C,p=725 psi, CO/HZ= l/l, [Rh] = 177 ppm, P(III)/Rh= 135/l. pH=6.6. 
b % of the overall product. 
’ Propene and propane, % of the overall product. 
d Thick oils (‘Dickol’), for instance 2-ethylhexanol. 
e Activity = [mol(n + iso aldehyde) ] / [gram atom(rhodium) x min]. 
f Productivity = ]gram(n + iso aldehyde) I ! [ ml( catalyst solution) X h] ; ml( catalyst solution) = 59 ml. 
gYield=[mol(n+isoaldehyde)/hj![mol(propene)/h]. 
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Table 2 
Hydroformylation of propene with Rh/BINAS-Na a 

Entry Propene Product b Aldehyde b Selectivity Alcohols b C, Condensation Activity e Productivity ’ Yield g 
(g/h) (%) (%) (%) (%) hydrocarbons ’ products d (n+ 

(%) (%) is0 % ) 

11 42.2 38.0 90.9 96.7 2.6 5.1 0.9 53.37 0.31 47.8 
12 44.0 39.0 92.4 95.7 2.1 4.4 1.1 55.68 0.32 47.8 
13 38.4 39.8 93.2 96.5 2.5 3.9 0.4 57.32 0.33 56.4 
14 47.8 54.0 91.2 97.2 4.4 4.9 0.4 76.09 0.44 60.1 
15 68.8 70.4 90.5 97.3 3.3 5.1 0.6 98.42 0.56 54.1 
16 92.4 71.2 91.2 97.3 2.4 6.3 0.1 108.80 0.62 44.5 
17 125.6 116.0 88.2 97.0 1.7 10.0 0.1 158.00 0.91 41.5 
18 128.2 112.0 92.2 97.8 1.3 6.4 0.1 159.57 0.91 47.1 
19 132.8 110.0 92.6 98.0 1.0 6.2 0.2 157.33 0.90 44.1 
20 131.6 104.4 94.1 97.6 1.0 4.9 0.0 151.76 0.87 43.6 
21 135.8 122.0 94.7 98.0 0.9 4.3 0.1 178.45 1.02 49.7 
22 122.2 94.0 95.8 98.0 0.0 2.3 1.9 139.12 0.80 43.0 
23 129.9 115.5 95.4 98.1 1.0 0.4 3.1 170.27 0.98 49.5 
24 139.8 114.2 94.1 94.3 0.0 0.4 5.5 166.00 0.95 44.9 
25 35.0 30.8 92.1 97.8 2.0 5.1 0.3 43.80 0.25 47.3 
26 39.1 31.0 91.3 91.5 2.2 6.0 0.5 43.73 0.25 42.4 

a Reaction conditions: T= 125”C,p=725 psi, CO/H,= l/l, [Rh] =261 ppm, P(III)/Rh=6.8/1, pH=5.7. 
b-s See Table 1. 

Table 3 
Hydroformylation of propene with Rh/BINAS-Na” 

Entry Propene Product Aldehyde b Selectivity Alcohols b Cs Condensation Activity ’ Productivity f Yield g 

(g/h) (g/h) (%) (%) (%) hydrocarbons ’ products d (n+ 
(%) (%) is0 %) 

Reaction conditions A 
21 40.3 41.0 92.9 91.2 2.3 4.7 0.3 58.81 0.34 55.2 
28 38.7 42.6 93.0 97.0 2.4 4.3 0.4 61.19 0.35 59.8 
29 35.6 44.5 93.4 96.7 2.6 3.9 0.1 64.16 0.37 68.1 
Reaction conditions B 
27 42.4 29.0 88.1 96.9 3.1 4.9 3.2 39.46 0.23 35.2 
28 37.5 42.6 87.8 96.7 3.1 4.6 0.5 46.11 0.26 46.5 

a Reaction conditions: A: T= 128”C,p=725 psi, CO/H,= l/l, [Rh] =261ppm, P(III)/Rh=6.8/1, pHz5.7. B: T= 116”C,p=725 psi, CO1 
Ha= l/l, [Rh] =261 ppm, P(III)/Rh=6.8/1,pH=5.7. 
b-g See Table 1. 

and characterization of the pure trisodium salt of 
3,4-dimethyl-2,5,6-tris (p-sulfonatophenyl) - l- 
phosphanorbornadiene (3) was thus achieved. 

catalyst properties on reaction parameters such as 
temperature, pressure, and amount of olefin. 

2.4. Propene hydroformylation 
2.3. Catalysis 

The apparatus for the catalytic tests was appro- 
priate for continuous hydroformylation, see pre- 
vious reports [ 121. Reaction conditions can easily 
be varied in order to investigate dependence of 

The new BINAS- and NORBOS-rhodium cat- 
alysts were first tested for catalytic activity 
towards the hydroformylation of propene. The 
results can be summarized as follows, keeping in 
mind that thephosphoruslrhodium ratios (PIRh) 



W.A. Herrmann et al. /Journal of Molecular Catalyis A: Chemical 97 (1995) 65-72 69 

for both BINAS and NORBOS were signijkantly 
lower than those typically used with TPPTS: 
BINAS 6.8:1, NORBOS 13.5:1, TPPTS 80: 1. The 
data are summarized in Tables 1, 2 and 3. 

For BINAS, the catalytic activity and produc- 
tivity are as high as 178.5 and 1.0, respectively. A 
twelve-( five) fold increase in activity and produc- 
tivity in comparison with commonly used TPPTS 
is achieved (TPPTS: activity 14-16, productivity 
0.19-0.21) . Interestingly, the nliso isomer ratio 
of the butyric aldehyde increased to 98:2 with an 
increase of the ‘load’ (amount of propylene 
injected into the reactor per hour), while the rate 
of ‘condensation products’ and alcohol produc- 
tion decreased (0.93% and 0.08%, respectively). 
An increasing amount of propylene had little 
effect upon the yield of aldehyde. 

For NORBOS, the catalytic activity was 117.8. 
The productivity was 0.37. This performance is 
34% and 64% lower than that of BINAS, respec- 
tively. Nonetheless, these values represent an 
eightfold increase in activity and a productivity 
twice as high as the commonly and commercially 
used TPPTS. 

In comparison to BINAS, the nliso ratio of 
NORBOS, at best 82: 18, was rather poor. The rate 
of alcohol production was low (under 0.5%)) but 
as the feeding of the system increased, so did the 
building rate of condensation products. With 
BINAS, a general trend was observed in which 
lower reaction temperatures lead to lower activity 

t 

160 

120. 

IOO- 

80. 

60. 

and productivity, lower n/iso ratios, and lower 
building rates of alcohol and condensation prod- 
ucts. Surprisingly, NORBOS showed almost no 
catalytic activity below 116°C. This observation 
warrants further investigation which would also 
shed some light on mechanistic details. 

In general, BINAS can adapt better to changes 
in reaction parameters than NORBOS, for 
instance the propylene flow. At higher tempera- 
tures, BINAS produces aldehydes with up to 68% 
yield. 

3. Discussion 

Keeping in mind a ligand-to-rhodium ratio of 
only 3.4:1 (BINAS-Na 9) and 13S:l (NOR- 
BOS-Na 3), the reported data of the new water- 
soluble phosphines represent the best results so far 
recorded in the rhodium-catalyzed hydrofotmy- 
lation of propylene. Extremely high catalytic 
activities and, for the novel BINAS-Na, nliso 
ratios are particularly noteworthy. The reasons for 
the special catalytic performance of the phosphine 
9 can be explained by electronic effects: displace- 
ment of the biphenyl unit of BISBIS-Na [ 91 by a 
binaphthyl unit leads to an increase of the catalytic 
activity. The steric effect of the binaphthyl unit, 
in addition, causes higher nliso ratios. Theoretical 
studies are underway to achieve 
explanation [ 17 ] . 

a more precise 

TPPTS-Na BISBIS-Na NORBOS-Na BINAS-Na 
Fig. 1. Different ligands in the biphasic rhodium catalyzed hydroformylation of propylene: activities and n/is0 selectivities (with the latter being 
indicated on the columns). 
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Phosphanorbomadienes have already shown 
high catalytic activities in homogeneous hydro- 
formylation of n-hexene and ethyl acrylate [ 41. 
In comparison with triphenylphosphine, an 
increase of the activity was observed (Fig. 1). 
This trend can also be noticed for the sulfonated 
derivatives 3 and TPPTS in the biphasic hydro- 
formylation of propylene. The catalytic activity of 
phosphine 3 is even better than the activity of 
BISBIS-Na. In comparison with TPPTS and BIS- 
BIS-Na, sulfonated phosphanorbornadiene 3 
leads to low nliso ratios. Steric effects can be 
considered as the reason, but best selectivities 
never can be obtained with non-chelating phos- 
phines. This problem certainly will disappear if 
functionalized or long-chain alkenes are used. 

From hydroformylation experiments with 
BINAS-Na at different temperatures, apparent 
activation energies for rhodium-catalyzed hydro- 
formylation were calculated from an Arrhenius 
plot. A quantity of 10.8 kcal/mol (BINAS-Na), 
in comparison to the previously calculated 16.8 
kcal/mol for BISBIS-Na, explains its high cata- 
lytic activity. 

4. Experimental 

4.1. General procedures 

All NMR spectra were recorded on a JEOL 
JMN-GX 400 FT-NMR spectrometer (31P-{ ‘H} 
NMR, 20°C 161.8 MHz referenced to external 
85% H3P04. 13C-{ ‘H) NMR, 20°C 100.5 MHz; 
‘H-NMR, 2O”C, 400 MHz). Elemental analysis 
were carried out at the microanalytic laboratories 
of the Technische Universitat Miinchen. Air sen- 
sitive materials were manipulated in an inert 
atmosphere using Schlenk techniques. Solvents 
were dried in the usual way. Ice was prepared from 
degassed water. The separation of the reaction 
products was performed by chromatography with 
Sephadex-G- 15 ( LKB-Pharmacia) . The fractions 
leaving the column were detected by an Abimed 
refractive index detector. 3,4-Dimetbyl-l-phen- 

ylphosphole was prepared by the procedure 
described in ref. [ 15 ] . 

4.2. 2,2’-Bis(diphenylphosphinomethyl)-l,l’- 
binaphthalene 

200 ml of a 1.6 m n-BuLi solution in n-hexane 
(0.352 mol n-BuLi) were combined in a two- 
necked 500 ml round-bottom flask. At 40°C the 
solvent was removed in vacua. The yellow, 
slightly viscous residue was dissolved in 160 ml 
diethyl ether and cooled in an ice bath 35 g (0.124 
mol) of 2,2’-dimethyl- 1,l ‘-binaphthalene [ 161 
were added. The intensely red mixture was stirred 
for 20 min at 0°C. Subsequently, 48.6 ml (37.42 
g, 0.322 mol) TMEDA (N,N,N’,N’-tetramethy- 
lethylenediamine) were added. The mixture was 
then warmed to ambient temperature. Within two 
days deep red crystals form. The residual ether 
solution was filtered and the crystals were washed 
with 20 ml of pentane. The yield is about 60% of 
regioselective dilithiated 2,2’-dimethyl- 1,l ‘-bi- 
naphthalene. 

The product was suspended in 200 ml of hexane 
and transferred into a 500 ml addition funnel. In 
a 1000 ml-two necked round-bottom flask, 82.0 g 
(66 ml, 0.372 mol) chlorodiphenylphosphane 
were dissolved in 200 ml of hexane, to which the 
deep red suspension was added gradually at 0°C 
over a period of 1 h. After completion the reaction 
mixture was refluxed for 20 min. After addition 
of 200 ml of toluene the mixture was allowed to 
warm to room temperature. The amber suspension 
was carefully hydrolysed with 30 ml of ethanol 
and 200 ml of water. The organic amber solution 
was separated, washed with water (3 X 50 ml), 
dried with magnesium sulfate and filtered. Sol- 
vents were removed in vacua. A black- brownish 
residue remained, which was diluted with 300 ml 
of a mixture of n-propanollmethanol (2: 1) with 
vigorous stirring. Successively the oil converted 
at 60°C into a white crystalline mass, which was 
filtered off and washed with methanol. Yield: 
12.48 g (19.48 mmol), 15.7%. 31P-NMR (161.8 
MHz, CD&l,) : S P = - 14.1 ppm. 
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4.3. 3,4-Dimethyl-2,5,6-triphenyl-I - 
phosphanorborna-2,Pdiene 

A solution of 9.58 g (51 mmol) of 3,4- 
dimethyl- 1 -phenylphosphole and 9.07 g ( 5 1 
mmol) of diphenylacetylene in 30 ml of toluene 
was heated under reflux conditions for 50 h. After 
the reaction period, the solvent was removed in 
vacua. The residual crystalline mass was crushed 
and washed with hexane (3 X 30 ml) until the 
hexane washings were completely colorless. The 
crude product was recrystallized from methylene 
chloride. The substance is clean according to the 
3’P-NMR ( CDC13) : 8 P = - 8.4 ppm. 

4.4. Sulfonation 

10.7 g (29.2 mmol) of 3,4-dimethyl-2,5,6-t- 
phenyl- I-phosphanorbornadiene were added in 
small amounts over a period of 10 min to 60 ml 
of vigorously stirred, ice-cooled oleum that con- 
tained 25% S03. The solution was stirred for an 
additional 30 mitt, while the temperature was 
maintained in the range of 0-5°C. After comple- 
tion the slurry was hydrolyzed under careful tem- 
perature control by pouring the solution dropwise 
onto 300 g of ice. The resulting yellow solution 
was neutralized with a solution of sodium hydrox- 
ide (50%). Water was then removed in vacua 
until sodium sulfate began to precipitate. The salt 
was filtered off and the filtrate added to 300 ml 
methanol. Precipitated sodium sulfate was once 
again filtered off, and the solvents were removed 
in vacua. The residue was dissolved in 8 ml of 
water and injected into 170 ml vigorously stirred 
methanol. The rest of the inorganic salts were pre- 
cipitated and filtered off. Water and methanol 
were removed in vacua, the crude product was 
purified by chromatographic methods as 
described above. Yield: 17.2 g (23.67 mmol, 
81%) 3,4-dimethyl-2,5,6-tris(p-sulfonato- 
phenyl) - 1 -phosphanorborna-2,5-diene (Fig. 2). 

Elemental analysis C26H26Na&PS3r 
M=726.62. Calc.: C 42.98, H 3.61, 0 26.42, P 
4.26, S 13.24%. Found: C 43.31, H 3.67,O 26.56, 
P 4.45, S 13.08%. 

NaO,S 

Fig. 2. Trisodium salt of 3,4-dimethyl-2,5,6-tris(p-sulfonato- 
phenyl) - I-phosphanorbornadiene (3) 

3’P-(1H} NMR (D,O): SP= -4.9 (s) ppm. 
‘H-‘H-COSY-NMR (D,O) : S= 2.0 ( ABX, 

‘H,2JAa = 10.2 Hz, 2JAp= 9.8 Hz, CH,-P), 1.84 
( ABX, ‘H, 2JAB = 10.2 Hz, 2JsP = 10.3 Hz, C&- 
P), 1.04 (s, 3H, Me), 1,78 (s, 3H,Me),7.75 (d, 
2H, ‘J,,=8.1 Hz, C,8,20-H), 7.76 (d, 2H, 
2JHH = 7.9 Hz, C ,4.,2-H),7.51 (d, 2H, 2Jmr=7.9 
Hz, C24.26-H),6.94 (d, 2H, 2JH,=8.1 Hz,C,~.~~- 
H), 7.10 (d, 2H, 2JH,=7.95 Hz, C,,,,,-H), 7.24 
(d, 2H, 2JH,=7.9 Hz, C,5.,1-H). 

13C {‘H} NMR (D,O): 6= 15.76 (s, C,), 
20.17 (s&),65.57 (s,C,),73.48 (s,C,), 163.79 
(s, C,), 162.25 (s, C,), 152.33 (d, 2Jp,=24.4 
Hz, C,), 147.58 (d, 2Jp,=21.37 Hz, C,), 142.41 
(d, 3Jpc=20.6 Hz, Cd, 141.95 (m, C13.19.25), 
141.22 (d, 4Jp,=18.31 Hz, C22), 141.03 (d, 
3Jpc= 19.84 Hz, Cd, 129.09 Cm, c14.12.18.2d9 
128.76 (m, 4Jpc=8.39 Hz, C21.17), 128.59 (m, 
5Jpc=6.86 HZ, C23,27), 126.18 (m, 4Jpc= 11.45 
Hz, Ci5.11 ), 125.87 (m, C24.26). 

IR: (KBr, cm-‘): 3446 (sst, H,O), 2962, 
2925,2544,1636 (P-C),1596,1490,1456,1396, 
1186 (sst, S-O), 1124, 1037, 1011. 

4.5. Hydroformylation experiments 

9.0 g of the crude ‘BINAS-Na’ were dissolved 
in 60 ml of distilled water. Elemental analyses of 
phosphorus( III) compounds indicated 0.236 
moles of P(II1) per kg solution (p2’= 1.0953 g/ 
cm3). 22.8 ml (25.0 g) of this solution, corre- 
sponding to 5.9 mmol P( III) were inserted into a 
stainless steel reactor with a volume of 150 ml. 
4.48 ml (0.875 mmol) of a rhodium(II1) acetate 
solution (c = 20.09 g Rh/l) and 300 ml water 
were added. An initial P/Rh ratio of 6.8/l is 
obtained, corresponding to a ligand/Rh ratio of 
3.411. 
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A concentrated, aqueous solution of crude 
‘NORBOS-Na’ was diluted with 60 ml of water. 
Elemental analysis of phosphorus (III) com- 
pounds indicated 0.184 mol of P( III) per kg solu- 
tion (p= 1.0699 g/cm3). 29.9 ml (31.99 g) of 
this solution, corresponding to 5.89 mm01 P( III) 
were placed in the stainless steel reactor described 
above. 2.24 ml (0.430 mmol) of the rhodium( III) 
acetate solution (c = 20.09 g Rh/l), correspond- 
ing to 45 mg of Rh, and 295 ml water were added. 
An initial P/Rh ratio of 13.5/ 1 was obtained. 

The apparatus was constructed for continuous 
hydroformylation and consists mainly of three 
autoclave vessels described previously in this 
journal [ 121. Propene was liquified at - 7”C/225 
psi and was continuously pumped into the reaction 
vessel. The olefin flow was controlled by a bal- 
ance. GC analysis was used to determine yields of 
aldehyde, the nliso ratio, and amounts of byprod- 
ucts, such as alcohols or condensation products. 
Unreacted and undissolved propene was removed 
with the exhaust gas. The pH was measured in a 
bypass of the catalyst circuit. Increasing pH values 
were counterbalanced by addition of dilute sul- 
furic acid. 
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