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The synthesis of the water-soluble tripodal phosphane ligand
cis,cis-1,3,5-(PPh,)3-1,3,5-[ CH,(OCH,CH,),OCH;|CgHg (x =
30—160) (5) has been achieved in a four-step reaction se-
quence. The alcohol Mo(CO);[cis,cis-1,3,5-(PPhy)3-1,3,5-
(CH,OH)3CgHg] (1) is converted to the corresponding alco-
holate 2, which forms the polyethylene glycol derivative 3 in
a polyaddition reaction with oxirane. After methylation of the
end groups of 3, the ligand 5 is obtained by a combined pho-
tochemical/oxidative demolybdenation reaction. The water-
soluble tripodal phosphane 5 and the methoxymethyl func-

tionalized tripodal ligand 6 react with Rh(PPh;)3(CO)H to
form the water-soluble and water-insoluble rhodium carbo-
nyl hydrido complexes 5a and 6a, respectively. The catalytic
activity of the rhodium complex 5a in the hydroformylation
of 1-hexene was found to be comparable in a single-phase
system (1-hexene/methanol) with that in the biphasic system
(1-hexene/water). Only traces of alcohol were found, which
demonstrates that the catalyst 5a displays higher selectivity
in hydroformylation than in hydrogenation.

Simplification of process engineering in the field of bi-
phasic homogeneous catalysts has spurred the successful in-
dustrial application of these systems.!!] For example, in
aqueous biphasic oxo-catalysis, the reactants and the prod-
ucts stay in the organic phase while the catalyst remains in
the aqueous phase.['I?l Such a two-phase system exhibits
low catalytic activity in the hydroformylation of higher ole-
fins because of mass transfer limitations that result from the
lower solubility of such longer-chain derivatives in water.
Water solubility of transition metal complexes is generally
achieved by using phosphane ligands that bear polar sub-
stituents such as —SO;Nal'PIlfIB] or —NR;*.[ It has been
suggested that the problems encountered due to mass trans-
fer limitations may be overcome by using phosphane li-
gands derivatized with polyalkylene glycol ether groups.
The inverse temperature dependence of the solubility of po-
lyalkylene oxide oligomers in waterl® leads to a single-
phase system at higher temperatures. In this way, at elevated
temperature, the catalyst migrates from the aqueous phase
into the organic phase and is available to perform homo-
geneous catalysis. Upon cooling the system, the catalyst mi-
grates back into the aqueous phase and can be recovered
by simple phase separation. Ethylene glycol moieties with
various chain lengths have been introduced into several
phosphane ligand systems.>I[18 Polyethylene glycol has
also been used as a hydrophilic film in which water-soluble
rhodium complexes were dissolved to act as immobilized
homogeneous catalysts.!

Herein, we report on the synthesis of water-soluble tri-
podal phosphanes and their rhodium complexes, and pres-
ent preliminary results of investigations into the catalytic
activity of these complexes in the hydroformylation of
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I-hexene. Our goal was to functionalize the cyclohexane
backbone of the tripodal phosphane ligand cis,cis-1,3,5-
(PPh,);CeHy (tdppcy)!'? with polyethylene glycol groups,
in order to solubilize tdppcy-type ligands and their metal
complexes in water.

Results and Discussion

In recent studies, it was demonstrated that the Mo(CO);
fragment serves as an excellent protecting group when mod-
ifying tripodal phosphane ligand systems with a cyclohex-
ane backbone.!'!l Thus, the thermally stable tris(hydroxy-
methyl) complex 11111 (Scheme 1) is an ideal starting mate-
rial for the functionalization of the cyclohexane backbone
with polyethylene glycol groups under the rather severe con-
ditions of a base-catalyzed oxirane polyaddition reaction.
In the first step, the triol 1 is converted into its correspond-
ing trialcoholate 2 with stoichiometric amounts of NaH in
hot THE.

Treatment of a solution of in situ generated 2 with ox-
irane at 170—185°C leads in a polyaddition reaction to the
polymer trisodium alcoholate, which is then converted into
the alcohol 3 with anhydrous NH4CI. The degree of poly-
merization can be controlled by adjusting the stoichio-
metric ratio of oxirane to 1 in the range 90:1 and 500:1. In
Table 1, the stoichiometric ratios of oxirane to 1 used in
typical polyaddition reactions are listed, together with the
properties of the resulting homologous polymers of 3, the
calculated average molecular weights M, and degrees of
polymerization P.

The parameters M, and P were calculated independently
from the mass balance of the reaction, as well as from the
relative integrals of the ethoxy and the phenyl proton sig-
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nals in the 'H-NMR spectra.!'?l According to Flory, the
distribution of the molecular weight of polyethylene glycol
ethers follows a Poisson distribution if (i) all the initiating
groups are accessible at the beginning of the reaction, (ii)
only the reaction of a polymer with a monomer occurs, and
(iii) all the reaction steps are kinetically identical.['31 It has
been shown that these criteria are met in the case of ad-
dition reactions of oxirane to monofunctional alcohols un-
der the conditions of a stoichiometric polyaddition reaction
used here.['¥ When it is further assumed that the three
chains in each molecule grow independently from one an-
other, this leads to a Poisson distribution with an expec-
tation value P for the degree of polymerization of the hom-
ologous polymers of 3. The relation of the degree of poly-
merization P to the degree of polymerization X of a single
chain attached to the cyclohexane backbone is then given
by the equation P = 3 X.

The hydroxylic end groups of the homologous polymers
of 3 react smoothly with methyl iodide under Williamson
ether synthesis conditions to form the corresponding tri-
ether complexes 4 (Scheme 1). Polymers 3 and 4 are mis-
cible with water in any ratio when the degree of polymeri-
zation is approximately 90 or greater. They are also soluble
in polar organic solvents such as THF, CD,Cl,, and CDCls;,
and swell in diethyl ether. Their properties are comparable
with those of polyethylene glycols with similar degrees of
polymerization. The local Cs, symmetry at the molyb-
denum centres of 3 and 4 is confirmed by spectroscopic
data of the complexes, which are comparable with those of
their monomeric counterparts.!!!l The IR spectra display
two sharp v(CO) absorptions at 1936 and 1844 cm™! for
the Mo(CO); fragment besides intense absorptions due to
the polyethylene glycol ether chains. The 3!'P{'H}-NMR
spectra show singlets at 8 = 46.2 (3) and & = 46.1 (4),
respectively. In the 3C{'H}-NMR spectra, the ring methyl-
ene and the quaternary carbon atoms display complex mul-
tiplet patterns as a result of interactions with the phos-
phorus nuclei. Two multiplets are observed for the axial and
equatorial cyclohexane ring protons in the 'H-NMR spec-
tra. Besides the intense absorptions attributable to the
ethoxy protons, the hydroxylic end groups of 3 and the
methyl end groups of 4 give rise to singlets in the 'H-
NMR spectra.

Liberation of the polyethylene glycol functionalized tri-
podal phosphane ligands 5 can be achieved by irradiating
solutions of 4 in the presence of the mild oxidizing agent
N,O (Scheme 2).111]

OC\ /H
Ph,P PPh, RK
°| PPh, Ph,p” 4 “PPh,
R R+ Rh(PPhy)y(COH =—> N PPh, o +3PPhs
R
R
5,6 5a,6a

R = CH,(OCH,CH,),0CHj, (5), CH,OCHj (6)

The solubility of 4 allows the reaction to be carried out
in a mixture of THF and aqueous K,CO;, under which
conditions the in-situ generated MoOj is converted into sol-
uble molybdate, thereby facilitating easy separation. The
homologous tripodal phosphane ligands 5 are obtained in
high yields as colorless to off-white waxy materials. Their

Table 1. Average molecular weight (Mp), degree of polymerization (P) and properties of 3[1%

1:C,H Ol T®I[°]  fel[h] Mt Pl Mpll Pl consistency color melting
range [°C]
1:102.9 180 14 4919 91.2 5078 94.8 highly viscous  pale-yellow, clear -
1:218.4 170 18 8893 181.5 8985 183.6 waxy yellow, transparent 52-55
1:223.5 170 18 10255 209.1 10355 211.6 brittle yellow, transparent 54-57
1:267.6 180 14 12206 256.8 12219 257.1 brittle yellow, transparent 57-61
1:582.9 175 18 22621 493.5 — —[f brittle pale-brown, transparent 62—65

[al Ratio of 1 to oxirane. — [} Reaction temperature. — [l Reaction time. — 4 Average molecular weight (Mp), degree of polymerization

(P), calculated from the mass balance of the reaction. — ¢l Avera;%e molecular weight (Mp), degree of polymerization (P), calculated from

the relative '"H-NMR integrals of ethoxy and phenyl protons. —
be calculated.
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solubilities are comparable to those found for the molyb-
denum complexes 3 and 4. The singlets in the 3'P{'H}-
NMR spectra of the homologous polymers of 5 are shifted
15.5 ppm further upfield compared to those of the molyb-
denum complexes. The alkane regions of the '3C{'H}-
NMR spectra display triplets (§ = 34.18, 2Jpc = 18.07 Hz)
and doublets of triplets (§ = 42.06, 'Jpc = 21.57, 3Jpc =
9.35 Hz), which result from interaction of the three methyl-
ene and the three quaternary carbon atoms with the phos-
phorus nuclei. In addition, the carbon atoms of the methyl
end groups, the ethoxy carbon atoms and the exocyclic
methylene carbon atoms attached to the cyclohexane ring
are each observed as singlets. In contrast to the spectra of
the molybdenum complexes 3 and 4, the ipso, ortho, and
meta carbon atoms of the phenyl rings of 5 are resolved
into doublets. The non-equivalent ring methylene hydrogen
atoms in the 'H-NMR spectra of 5 give rise to doublets of
triplets (§ = 1.93, 2Jyy = 13.61, 3Jpy = 10.13 Hz) and
broad doublets (5 = 2.26, 2Jyy = 13.61, 3Jpy < 5.0 Hz).
When Rh(PPh3);(CO)H is treated with equimolar
amounts of the tripodal ligands 5 or 6 at elevated tempera-
tures in DMSO, the solutions become deep-red or orange
in color, respectively. 3!P-NMR spectroscopic investigations
confirm that an equilibrium is set up between the tripod
ligands 5, 6, the complex Rh(PPh;);(CO)H, and free PPhs;,
leading to carbonyl hydrido species of the general compo-
sition [Rh(n™"*'tripod)(PPh;),_,(CO)H], n = 0—2. The
equilibrium can be shifted in favor of the carbonyl hydrido
complexes 5a, 6a (Scheme 2) by continuously removing
PPhj; in a liquid-liquid extractor using n-hexane as the ex-
tracting solvent and DMSO as the reaction medium.[']
However, this reaction procedure has the disadvantage that
the high boiling point of DMSO does not allow the com-
plete removal of the solvent from the polyethylene glycol
functionalized product 5a. If, on the other hand, stoichio-
metric amounts of 5 are treated with Rh(PPh;);(CO)H in a
melt at 80°C in vacuo, in the absence of solvent, the PPhj; is
removed by sublimation thereby affording 5a quantitatively.
The red-brown homologous polymers of the carbonyl-
hydrido complexes 5a are obtained as water-soluble waxy
solids, while the yellow-orange methoxymethyl func-
tionalized complex 6a is soluble in polar organic solvents.
Apart from the IR spectroscopic data, which are very
sensitive to changes in the functional groups at the ipso-
position of the cyclohexane ring!['®, the spectroscopic data
of compound 6a correspond to those of the polyethylene
glycol functionalized complex 5a. Two absorptions [1973,
1902 cm™! (5a) and 1950, 1911 cm ™! (6a)] are observed in
the IR spectra of the carbonyl hydrido complexes 5a, 6a,
which are characteristic of metal hydride and carbonyl
groups, respectively. Doublets in the 3'P{'H}-NMR spectra
[0 = 40.3, Jgpp = 118.4 Hz (5a), § = 43.3 Ugpp = 117.3
Hz (6a)] and doublets of quartets at 8 = —8.97 CJpy =
347, Urpu = 129 Hz) and § = —8.28 (3Jpy = 34.5,
"Jrna = 12.9 Hz) in the '"H-NMR spectra of 5a and 6a,
respectively, are what one would expect for dynamic penta-
coordinate rhodium complexes (Scheme 2). Thus, only one
set of resonances for the ring methylene and quaternary car-
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bon atoms is observed in the 3C{'H}-NMR spectra of
both complexes. In addition, characteristic signals in the
expected regions are found for the polyethylene glycol func-
tions and the methoxymethyl groups.

Preliminary studies aimed at demonstrating the catalytic
activity of complex 5a have been conducted. The results are
summarized in Table 2. The hydroformylation of 1-hexene
catalyzed by 5a (P = 209.1) was performed either in a single
homogeneous phase with methanol as solvent, or in a bi-
phasic system (water/1-hexene).

Table 2. Hydroformylation of 1-hexene with complex 5a (P = 91)
as catalystl

biphasel®!
amount [%0]

single phase!®

product amount [%0]

n-hexane
1-hexene

2- and 3-hexene
2-methylhexanal
n-heptanal
2-methylhexanol
n-heptanol

NS
| @XN=as
— L2 00 L W
INSIS)
CONOOW |
W=BioLn

[al Conditions: 119°C, 2 h, 15 bar of CO, 15 bar of H,, 1:5000
catalyst to substrate ratio. — [Pl 1-Hexene/methanol, 10:3 (v/v). —
[l 1-Hexene/water, 10:3 (v/v).

The pressure of the synthesis gas (15 bar of CO, 15 bar
of H,) and the temperature (119°C) were kept constant dur-
ing the whole reaction period. The organic products were
separated from the catalyst by distillation (single phase) or
by decantation of the clear, colorless organic phase from
the clear, red-brown aqueous phase (biphase). The hydro-
carbon- and aqueous phases were analyzed by 3'P{!H}-
NMR spectroscopy. No detectable amounts of 5a were
found in the organic phase, whereas the aqueous phase con-
tained 5a and decomposition products. Both systems
showed high activity, since only minor amounts of 1-hexene
remained after a reaction time of 2 h. Catalyst 5a displayed
higher selectivities towards hydroformylation than hydro-
genation. In neither medium was any hexane detected, and
traces of heptanol were only observed in the biphasic sys-
tem. The degree of conversion to n-heptanal was compar-
able in both systems, while the extent of hydroformylation
of the isomerized hexenes was greater in the biphasic me-
dium.

This work was supported by the Fonds der Chemischen Industrie,
Frankfurt/Main, Germany, and the University of Tiibingen. We
thank BASF AG and DEGUSSA AG for loans of Mo(CO)g and
RhCl;- 3 H,0, respectively.

Experimental Section

General: All reactions were carried out under an atmosphere of
dry argon using standard Schlenk techniques. Solvents were dried
under argon; THF was distilled from Na/Ph,CO; dichloromethane
was distilled from CaH,; methanol was distilled from Mg; water
was degassed by the freeze-pump-thaw technique. Oxirane and
N,O were commercial and medical grade, respectively, and were
used without further purification. The molybdenum complex 11,
the ligand 6!''1 and Rh(PPh3);(CO)H 71 were prepared as described

39



FULL PAPER

P. StoBel, H. A. Mayer, F. Auer

in the literature. — 'H-, 13C{'H}-, and 3'P{'H}-NMR spectra were
recorded on a Bruker DRX250 spectrometer operating at 250.13,
62.90, and 101.26 MHz, respectively. 'H chemical shifts were refer-
enced to the residual proton peaks of the solvents and are quoted
in ppm downfield from TMS. '3C chemical shifts were calibrated
against the deuterated solvent multiplet are referenced to TMS. 3'P
chemical shifts were measured relative to external 85% H;PO,4 with
downfield values taken as positive. In addition to a 3C{'H}-NMR
spectrum, a '"3C-DEPT experiment was routinely performed for
each compound. Infrared spectra were recorded on a Bruker ISF
48.

Tricarbonyl[cis,cis-1,3,5-tris(diphenylphosphanyl)-1,3,5-tris( hy-
droxypolyethoxymethyl) cyclohexane Jmolybdenum (3): A steel auto-
clave fitted with a Teflon inlet was charged with a suspension of
907 mg (1.0 mmol) of 1 and 72 mg (3.0 mmol) of NaH in 120 ml
of THF. The suspension was heated to 100°C for 2 h, and then
cooled to —20°C, whereupon the desired amount of oxirane was
condensed into the autoclave. The reaction mixture was heated at
170°C for 18 h, and was then allowed to cool to room temp. The
pale-yellow solution was transferred to a Schlenk tube and the
autoclave was rinsed with two 25-ml portions of THF. The com-
bined organic phases were reduced to a volume of 100 ml under
reduced pressure so as to remove remaining traces of oxirane. Then,
177 mg (3.3 mmol) of anhydrous NH4Cl was added. The resulting
mixture was heated at 80°C for 2 h, the solvent was removed under
reduced pressure at 50—60°C, and the remaining pale-yellow, vis-
cous oil was dissolved in 100 ml of dichloromethane. The salts
(NaCl and residual NH4Cl) were filtered off by passage through
a short column of SiO, (1 cm) and washed once with 25 ml of
dichloromethane. The dichloromethane was removed from the
combined solutions under reduced pressure and the pale-yellow
residue was dried in vacuo (12 h at 60°C). Yield quantitative. — IR
(KBr): v = 3487 cm™! v(OH), 2883 v(CH,), 1936, 1844 v(CO),
1113 v(OCH,). — *'P{'H} NMR (CD;OD): § = 46.2 (s). — 'H
NMR (CD;0D): § = 1.77-1.95 (m, 3 H, CHH,), 2.48—2.81 (m,
3 H, CHH,), 3.44—-3.70 [m, 6 + 4X(P — 1) + 12 H, CH,O(CH,-
CH,0)p_,CH,CH,OH], 4.56 [br. s, 3 H, CH,O(CH,CH,-
0)p»_CH,CH,0H], 6.91-7.30 (m, 30 H, C¢Hs). — *C{'H} NMR
(CD;0OD): 6 = 30.18—30.82 (m, CH,), 39.85—40.00 (m, CP), 62.77
[s, CH,O(CH,CH,0),_,CH,CH,0H], 71.29 [s, CH,O(CH,CH,-
O)p_;CH,CH,0H], 73.45 [s, CH,O(CH,CH,0),_;CH,CH,0OH],
128.41 (br. s, meta-C¢Hs), 129.79 (s, para-C¢Hs), 136.85 (br. s, or-
tho-C¢Hs), 138.00—138.51 (m, ipso-C4Hs), 220.66—221.67 (m,
CO).

Tricarbonyl[cis, cis-1,3,5-tris(diphenylphosphanyl)-1,3,5-tris-
(methoxypolyethoxymethyl) cyclohexane Jmolybdenum (4): A mix-
ture of 1.0 mmol of a homologous polymer of 3 and 216 mg (9.0
mmol) of NaH in 150 ml of THF was heated in a sealed Schlenk
tube at 80°C for 2 h. After cooling to room temp., 1.1 ml (18.0
mmol) of iodine-free methyl iodide was added dropwise via a syr-
inge. The mixture was heated at 60°C for 16 h under exclusion of
light, and was then reduced to a volume of 100 ml under reduced
pressure. Subsequently, 481 mg (9.0 mmol) of anhydrous NH,Cl
was added. The resulting mixture was heated at 80°C for 2 h, the
solvent was removed under reduced pressure at 50—60°C, and the
remaining pale-yellow, viscous oil was dissolved in 100 ml of di-
chloromethane. The salts (NaCl and residual NH,4Cl) were filtered
off by passage through a short column of SiO, (1 cm) and washed
once with 25 ml of dichloromethane. The dichloromethane was re-
moved from the combined solutions under reduced pressure and
the pale-yellow residue was dried in vacuo (16 h at 60°C). Yield
98—100%. — IR (KBr): v = 2883 cm ™! v(CH,), 1936, 1844 v(CO),
1113 v(OCH,). — 3'P{'H} NMR (CD,Cl,): § = 46.1 (s). — 'H
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NMR (CD,CL): § = 1.77—-1.93 (m, 3 H, CHH,), 2.48—2.81 (m,
3 H, CHH,), 3.31 [s, 9 H, CH,O(CH,CH,0),_,CH,CH,OCHj],
3.40—3.66 [m, 6 + 4X(P — 1) + 12 H, CH,0O(CH,CH,0)p_,CH>-
CH,OCH;], 7.04—7.31 (m, 30 H, C¢Hs). — 3C{'H} NMR
(CD,Cly): 8 = 29.15-29.73 (m, CH,), 38.85—39.00 (m, CP), 58.77
[s, CH,O(CH,CH,0),_;CH,CH,OCH3;], 69.86 [s, CH,O(CH,-
CH,0)p_,CH,CH,OCH;], 71.53 [s, CH,O(CH,CH,O)p_,CH,-
CH,OCH;], 127.34 (br. s, meta-C¢Hs), 128.84 (s, para-CgHs),
135.83 (br. m, ortho-C¢Hs), 136.84—137.33 (m, ipso-C¢Hs).

cis,cis-1,3,5-Tris(diphenylphosphanyl)-1,3,5-tris(methoxypoly-
ethoxymethyl) cyclohexane (5): A solution of 0.5 mmol of 4 in 150
ml of THF and 5 ml of an aqueous solution of K,CO; (2.0 M) were
placed in a double-walled Duran Schlenk tube and the mixture was
degassed by using the freeze-pump-thaw technique. The vigorously
stirred solution was cooled to 15°C (cooling solvent: water) and
dinitrogen monoxide (N,O) was added (1.0—1.3 bar). Then, the
reaction mixture was irradiated for 1.5 h with light from a TQ
150 W (Original Hanau) high-pressure mercury lamp, which was
positioned 5 cm from the Schlenk tube. After 1.5 h, the progress
of the reaction was monitored by 3'P{'H}-NMR spectroscopy. If
small amounts of the starting material were still present, irradiation
was continued. After complete conversion, the brown solution was
concentrated to a volume of 10 ml under reduced pressure. The
brown, viscous residue was dissolved in 100 ml of dichloromethane,
the aqueous layer was removed, and the organic layer was dried
over 5 g of CaO (2 h). The CaO was then filtered off and washed
with two 25-ml portions of dichloromethane. The solvent was re-
moved under reduced pressure and the colorless to off-white, vis-
cous oil was dried in vacuo (12 h at 60°C). Yield 88—92%. —
SIP{TH} NMR (CD;0D): § = 30.8 (s). — '"H NMR (CD;0D): § =
1.93 (dt, 2Jyy = 13.61, 3Jpy = 10.13 Hz, 3 H, CHH,), 2.26 (br. d,
2Juu = 13.61, 3Jpy < 5.0 Hz, CHH,), 3.35—3.80 [m, 6 + 4 X (P
- 1) + 12 H, CH,O(CH,CH,0)p_,CH,CH,OCHj], 3.41 [s, 9 H,
CH,O(CH,CH,0),_,CH,CH,OCH3], 7.37—7.54 (m, 30 H, CcHs).
— BC{'H} NMR (CD;0D): § = 34.18 (t, 2Jpc = 18.07 Hz, CH.,),
42.06 (dt, WJpc = 21.57, 3Jpc = 9.35 Hz, CP), 59.08 [s, CH,O(CH,-
CH,0),_-,CH,CH,0CHj;], 71.21 [s, CH,O(CH,CH,0)p_,CH>-
CH,0CH;], 72.77 [br. s, CH,O(CH,CH,0),_,;CH,CH,OCHj3],
129.17 (d, 3Jpc = 6.73 Hz, meta-C¢Hs), 129.90 (br. s, para-C¢Hs),
135.68 (d, 'Jpc = 21.57 Hz, ipso-C¢Hs), 135.76 (d, 2Jpc = 21.57
Hz, ortho-C¢Hs).

Carbonylhydrido [ cis,cis-1,3,5-tris( diphenylphosphanyl)-1,3,5-
tris(methoxypolyethoxymethyl) cyclohexane Jrhodium(1) (5a): A
stirred mixture of a homologous polymer of 5 (0.5 mmol) and 459
mg (0.5 mmol) of Rh(PPh;);(CO)H was heated at 90°C for 24 h
under reduced pressure (0.1—0.5 mbar). The PPh; sublimed during
the course of the reaction. The viscous, deep-red to brown, clear
reaction mixture was then allowed to cool to room temp. to furnish
a quantitative yield of 5a. — IR (KBr): ¥ = 1973 cm~! vw(RhH),
1902 v(CO). — 3'P{'H }NMR ([Dg]THF): & = 40.3 (d, 2Jgpp =
118.4 Hz). — 'H NMR ([Dg]THF): § = —8.97 (dq, 2Jpy = 34.69
Hz, Jgpu = 12.87, 1 H, RhH), 1.82—1.96 (m, 3 H, CHH,),
2.29-3.18 (m, 3 H, CHH,), 3.29 [s, 9 H, CH,O(CH,CH,0)p_,-
CH,CH,OCHj;], 3.35-3.73 [m, 6 + 4X(P — 1) + 12 H, CH,0-
(CH,CH,0)p_CH,CH,0OCH3;], 6.96—7.47 (m, 30 H, C¢Hs). —
BC{'H} NMR ([Dg]THF): § = 31.54—31.84 (m, CH,), 40.68 (d,
2Jpc = 13.51 Hz, CP), 58.92 [s, CH,O(CH,CH,0),_CH,CH,.
OCH;), 71.17 [s, CH,O(CH,CH,0)p_,CH,CH,OCHj;], 72.73 [s,
CH,0(CH,CH,0)»_,CH,CH,OCHj;], 127.59—-127.72 (m, meta-
CgHs), 129.81 (br. s, para-C¢Hs), 136.12—136.36 (m, ortho-C¢Hs),
134.38—140.92 (m, ipso-C¢Hs).

Carbonylhydrido[ cis, cis-1,3,5-tris( diphenylphosphanyl)-1,3,5-tris-
(methoxymethyl)cyclohexane Jrhodium(I) (6a): 385 mg (0.5 mmol)
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of 6 and 459 mg (0.5 mmol) of Rh(PPh;);(CO)H were dissolved in
100 ml of DMSO at 100°C. After the reaction mixture had cooled
to 60°C, it was extracted with n-hexane for 4 h in a liquid-liquid
extractor. The reaction mixture was maintained at 60°C through-
out the course of the extraction. DMSO was removed from the
orange reaction mixture under reduced pressure at 60°C. The re-
maining orange solid was suspended in 100 ml diethyl ether, the
orange solid was filtered off (P3), washed with five 25-ml portions
of diethyl ether, and dried in vacuo. Yield 401 mg (89%), m.p.
221°C (dec.). — IR (KBr): ¥ = 1950 cm~! v(RhH), 1911 v(CO).
— 3IP{'H} NMR ([Ds]pyridine): § = 43.3 (d, 2Jgpp = 117.3 Hz).
— 'H NMR ([Ds]pyridine): 8 = —8.28 (dq, 2Jpy = 34.53 Hz,
rnn = 12.85, 1 H, RhH), 2.07-2.22 (m, 3 H, CHH,), 2.47—3.28
(m, 3 H, CHH,), 3.17 (s, 9 H, CH,OCHs;), 3.86 (br. s, 6 H,
CH,OCH3), 7.02—7.76 (m, 30 H, Ce¢Hs). — "3C{'H} NMR
([Ds]pyridine): 8 = 31.08—31.39 (m, CH,), 40.08—40.29 (m, CP),
58.44 (s, CH,OCH3), 77.32—77.48 (m, CH,OCH3), 127.63—127.71
(m, meta-C¢Hs), 128.44 (br. s, para-C¢Hs), 135.81—135.97 (m, or-
tho-CgHss), 139.92—140.43 (m, ipso-C¢Hs). — MS (FAB), m/z: 899.1
[M* — H], 871.2 [M* — H — CO]. — C4Hs,RhO,P; (900.77):
caled. C 65.34, H 5.82; found C 65.13, H 5.58.

Hydroformylation: The hydroformylation of 1-hexene with 5a as
catalyst was performed in a 100-ml steel autoclave. During the reac-
tion, the temperature and pressure were monitored electronically
and were kept constant. The catalyst and the substrate were trans-
ferred into the autoclave under an argon atmosphere. After heating
the autoclave to the reaction temperature, the gases CO and H,
were introduced. After separation, the products were analyzed by
gas chromatography and the catalyst residues by 3'P{'H}-NMR
spectroscopy.

1-Hexenel Methanol (Single Phase): A mixture of 152.8 mg
(0.015 mmol, P = 209.1) of 5a, 9.4 ml (75 mmol) of 1-hexene, and
2.8 ml of methanol was pressurized with 15 bar of CO and 15 bar
of H, at 119°C. After 2 h, the autoclave was allowed to cool to
room temperature. The organic products were separated by vacuum
distillation and analyzed by gas chromatography.

1-Hexenel Water ( Biphase): A mixture of 152.8 mg (0.015 mmol,
P = 209.1) of 5a, 2.8 ml of water, and 9.4 ml (75 mmol) of 1-
hexene was pressurized with 15 bar of CO and 15 bar of H, at
119°C. After 2 h, the autoclave was allowed to cool to room tem-
perature. The clear, colorless organic solution was separated by de-
cantation and distilled prior to gas chromatographic analysis.
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