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Abstract

Coupling of the triphenylphosphine moiety to poly-acrylic acid and poly-ethyleneimine, respectively, afford the
w Ž . Ž .xmacromolecular ligands PAA–PNH and PEI–PNH. Reaction of the ligands with Rh CO acac give water-soluble2

complexes that are active as catalyst in the hydroformylation of different olefins. SAP-catalysts based on PAA–PNH are
efficient in gas phase hydroformylation of propene and in liquid phase hydroformylation of 1-octene. Hydroformylations

Ž .under biphasic conditions are very slow but addition of sodiumdodecyl sulphate SDS or methanol increases the rate
significantly. Catalysts using PEI–PNH as ligands show lower stability and activity in both SAPC and biphasic applications.
q 1999 Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

The most severe drawback in homogeneous
catalysis is the inherent difficulty to separate the
catalyst from the reaction mixture. Different
immobilisation methods using ligand function-
alised solid supports, e.g., silica and crosslinked
poly-styrene have been extensively studied over
the years, but none of these attempts have been
successful, mainly due to metal leakage or de-

w xcomposition of the catalyst 1 . However, immo-
bilisation of the catalyst in a water phase, i.e.,
using an aqueous phase containing the catalyst
and an immiscible organic phase containing the
substrate, and after the reaction the product
w x2–4 has been shown to be a feasible way to
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solve the separation problem. This concept has
been developed to an industrial process for
rhodium catalysed hydroformylation of propene

w xby RuhrchemierRhone-Poulenc 5,6 .
The introduction of charged or polar groups

as substituents on a parent phosphine renders
catalyst based on such ligands water-soluble.
Tri- and mono-sulfonated triphenylphosphine
Ž w x w x .TPPTS 7,8 and TPPMS 9,10 , respectively
are probably the most well-known water-soluble
phosphines and TPPTS is the ligand used in the
RuhrchemierRhone-Poulenc process.

Ligand synthesis is of great importance in the
development of new catalysts having higher

w xactivity and selectivity 6 . In the last decade,
the development of new and more sophisticated
water-soluble phosphines has virtually exploded
w x11,12 .
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Biphasic catalysis often suffer from low reac-
tion rates imposed by slow phase transfer and
this becomes a severe problem when trying to
hydroformylate higher alkenes, which have very
low, or even negligible, solubility in water.

w x w xAddition of cosolvents 13 or surfactants 14,15
to the aqueous phase increase the rate of phase
transfer but at the same time it hampers the
separability. Application of amphiphilic phos-
phines, i.e., amino functionalised phosphines,
which are soluble in both water and in organic

w xsolvents 16,17 is an elegant way to overcome
the problem with low reaction rates. The reac-
tion is in this case performed in a homogeneous
organic phase and the catalyst is extracted into
an acidic aqueous phase after the reaction. The
catalyst can in this way easily be reused by
neutralising the aqueous phase and back extract-
ing the catalyst to a fresh organic phase.

The development of supported aqueous phase
Ž .catalysis SAPC , that is immobilisation of the

water-soluble catalyst in a thin water film, which
is adsorbed onto the surface of silica, is a new
and efficient way to facilitate the hydroformyla-

w xtion of heavier olefins 18 . SAPC hydroformy-
lation catalysts have been shown to be effective
for both polar substrates, such as methylacrylate
w x19 , and unpolar substrates, as oleylalchohol
w x20 .

We have previously described the preparation
of two new water-soluble phosphines using wa-
ter-soluble polymers as charge carrying units
w x21 and rhodium complexes of these phos-
phines have been shown to be efficient in bipha-

w xsic hydrogenations 22 . The present initial study
demonstrates that phosphines bound to water-
soluble polymers can be applied as ligands in
rhodium catalysed hydroformylation of both
gaseous and liquid olefins.

2. Experimental

All reactions were done under an inert atmo-
sphere and water was double distilled prior to

Fig. 1. The ligand PAA–PNH.

use. The ligands PAA–PNH and PEI–PNH,
containing 3.2 and 2.6% phosphorus, respec-

Ž .tively Figs. 1 and 2 , were prepared as previ-
w xously described 21 . The hydroformylation of

propene was done in a continuous flow reactor
w xas described earlier 23 with a 1:1:1 mixture of

CO:H :C H . The conversion to n- and iso-2 3 6

butanal was determined by GLC on a Shimadzu
GC9-A equipped with a SCOT Squalan column.
Batch hydroformylations of 1-hexene and 1-oc-
tene were carried out in a Roth stainless steel

Ž .autoclave with 1:1 CO:H mixture AGA using2

methytlnaftalene as internal standard.
w Ž . Ž .xRh CO acac was purchased from Johnson2

Matthey and used as received. 1-octene and
1-hexene were supplied by Acros and distilled

Ž .prior to use. Silica Sylopol 952 W Grace was
used as carrier for the SAP catalysts. Toluene
used in the SAPC autoclave hydroformylation

Fig. 2. The ligand PEI–PNH.
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was distilled from sodiumrbenzophenone. Gas
chromatographic analyses were carried out on a
Varian 3300 using a OV 101 packed column. IR
spectra were recorded on a Nicolette 20 SX
FT-IR instrument using KBr tablets or Nujol-
mulls. NMR spectra were recorded on a Varian
XL 300 MHz instrument. TMS was used as
standard for 1H NMR and 85% H PO for 31P3 4

NMR, giving positive values down field. Ele-
mental and water analyses were performed by
Mikro Kemi, Uppsala Sweden.

[ ( ) ( ) ] (2.1. Preparation of trans- Rh L CO X Ls2
)PAA–PNH 1, PEI–PNH 2

A Schlenk tube containing 10-ml water was
Žcharged with 500 mg of the ligand 0.52-mmol

.P PAA–PNH, 0.42-mmol P PEI–PNH . The
solution was stirred till the ligand was com-
pletely dissolved whereafter a solution of
w Ž . Ž .x ŽRh CO acac PAA–PNH, 63.9 mg 0.252

.mmol; PEI–PNH, 51.9 mg 0.20 mmol in 5 ml
Ž .of CH Cl was added Rh:Ps1:2.1 . The re-2 2

sulting biphasic mixture was stirred for 30 min
and then allowed to phase separate giving a
yellow aqueous phase and a colourless organic
phase. After phase separation the organic phase
was discarded and the water phase washed twice
with 5-ml portions of CH Cl . The water phase2 2

was evaporated till dryness giving the title com-
pounds as orange powders.

31 Ž .P NMR D O 1:29.7 broad;2
31 Ž . 1P NMR D O 2:27.1, d, J 124 Hz;2 Rh – P

Ž . y1 y1IR KBr :1 1979 cm ; 2 1980 cm .

[ ( ) ( ) ] (2.2. Preparation of trans- Rh L CO OCN L2
)sPAA–PNH

Ž .A total of 100 mg of 1 0.049 mmol Rh was
Ž .dissolved in 5-ml water and 4-mg KOCN s

Ž .0.049 mmol was added. The solution was
stirred for 10 min and the solvent evaporated.

31 Ž . 1P NMR D O :27.8, d, J 120 Hz;2 Rh – P
Ž . y1IR KBr : 1982, 2170, 2225 cm .

(2.3. Preparation of SAPC-catalyst SAP , SAP ,1 2
)SAP3

ŽA total of 200 mg of PAA–PNH 0.206
.mmol P was dissolved in 10-ml degassed water

w Ž . Ž .x Žunder N . Rh CO acac SAP , 23.3 mg 0.092 2 1

mmol; SAP , 10.7 mg 0.041 mmol; SAP 5.362 3
.mg 0.021 mmol dissolved in 4 ml of CH Cl2 2

was added and the mixture stirred for 30 min.
The organic phase was evaporated and 3.0-g
dried silica was suspended in the remaining
aqueous phase. The mixture was stirred for 30
min after which the water was evaporated and
the silica particles dried under high vacuum.

Ž .The resulting catalysts were stored under Ar g
in a Schlenk tube.

Elemental analyses: SAP 0.21% P, 13.6%1

H O; SAP 0.19% P, 6% H O; SAP 0.21% P,2 2 2 3

9.8% H O.2
ŽRh content calculated based on a complete

.uptake of Rh : SAP ca 2.8 mg Rhrg catalyst;1

SAP ca 1.3 mg Rhrg catalyst; SAP ca 0.7 mg2 3

Rhrg catalyst.

2.4. Biphasic hydroformylation in the autoclaÕe

In a typical reaction 25 mg of PAA–PNH
Ž .0.0258 mmol P was dissolved in 2.5-ml H O2

w Ž . Ž .xfollowed by addition of 2.2 mg Rh CO acac2
Ž .0.0086 mmol corresponding to a Rh:P ratio of

Ž1:3 the amount rhodium added is dependent on
.the selected Rh:P ratio . 2.5 ml of toluene was

added and the resulting biphasic mixture was
stirred till the organic phase was colourless.

Ž0.128 ml of 1-octene 0.86 mmol or 0.267-ml
.1-hexene, 2.15 mmol and methyl naphthalene,

used as internal standard, were added and the
Ž .vessel was placed in the preheated 608C auto-

clave. After pressurising and venting three times
Ž .with CO:H 1:1 the pressure was set to 40 bar2

and the reaction commenced by starting the
stirring. After the reaction the autoclave was
cooled to room temperature and depressurised.
The phases were separated and the organic phase
collected and immediately analysed with GC.
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In the recycling experiments, the phase sepa-
ration was carried out under N and the aqueous2

phase containing the catalyst washed once with
2.5-ml toluene. The aqueous catalyst solution
was then brought back to the autoclave and the
reaction repeated by addition of fresh solvent
Ž . Ž .2.5-ml toluene and 1-octene 0.128 ml as
described above. Yields and reaction times are
given in Table 1.

2.5. Hydroformylation with SAP-catalyst

General procedure: The reaction vessel was
charged with the selected amount of catalyst
Ž300 mg of SAP ; 630 mg SAP ; 1200 mg SAP1 2 3
Ž .. Ž0.008 mmol Rh , toluene SAP , 2.5 ml; SAP ,1 2

. Ž5.25 ml; SAP , 10 ml , 1-octene 0.12 ml, 0.83
.mmol and internal standard. The vessel was

Ž .then fitted into the preheated 608C autoclave,
which was pressurised and vented three times

Ž .with CO:H 1:1 before the pressure was set to2

40 bar and the reaction started. After the se-
lected reaction time the autoclave was allowed
to reach room temperature and the catalyst fil-
tered and washed with 2-ml toluene. The com-
bined organic phases were analysed with GC.

In the recycling experiments, the catalyst was
allowed to sediment, the liquid phase decanted
and the catalyst washed twice with degassed

Ž .toluene 2 ml . A second run was started by
addition of toluene and 1-octene following the
same procedures as for the first run. Yields and
reaction times are given in Table 1.

2.6. Continuous gas phase hydroformylation of
propene

ŽThe selected amount of the SAP-catalyst 53.8
Žmg SAP , 112 mg SAP , 228 mg SAP 0.00141 2 3

..mmol Rh was placed in a stainless steel tubu-
lar reactor. The pressure was set to 5.0 bar and
CO:H was flushed through the system for 302

min whereafter the reactor was placed in a
Ž .preheated 1008C oil bath. The gas flow was

adjusted to maintain a conversion of propene of
Ž .approximately 1% approximately 25 mlrmin .

This allowed calculation of the turn over fre-
Ž .quency TOF for n- and iso-butanal formation

w xas F aldehyde rW where F is the gas flowRh
w xin mlrs from the reactor, aldehyde is the

Ž .concentration of n- or iso-butanal molrml in
the product stream and W is the weight ofRh

rhodium in the reactor. The amount of n- and
iso-butanal were determined by GLC analysis of
the outlet gas, which was periodically injected
on the column by a sample loop and a splitter
valve.

Table 1
Hydroformylation of 1-hexene and 1-octene using rhodium complexes of PAA–PNH

Substrate Rh:olefine Rh:P Yield Percentage of Remarks
Ž . Ž .entry timerh n-isomer

Ž . Ž .1-octene 1 1:100 1:2.3 100 20 67 SAP 1
Ž . Ž .1-octene 2 1:100 1.5 100 20 65 SAP 2
Ž . Ž .1-octene 3 1:100 1:5 100 20 58 Recycled
Ž . Ž .1-hexene 4 1:250 1:2.5 24 15 74
Ž . Ž .1-hexene 5 1:250 1:8.5 2.5 20 85
Ž . Ž .1-hexene 6 1:250 1:4.5 100 20 69 25-mM SDS
Ž . Ž .1-octene 7 1:100 1:7 10 22 84
Ž . Ž .1-octene 8 1:100 1:7 9 22 80 Recycled
Ž . Ž .1-octene 9 1:100 1:3 25 15 73
Ž . Ž .1-octene 10 1:100 1:3 3 15 87 27-mM NaClO4
Ž . Ž .1-octene 11 1:100 1:3.1 54 15 72 20% MeOH
Ž . Ž .1-octene 12 1:100 1:3 100 6 69 10-mM SDS

40 bar, CO:H 1:1, 608C.2
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3. Results and discussion

3.1. Complex formation

The preparation of the water-soluble phos-
Žphines PAA–PNH, PEI–PNH see Figs. 1 and

. w x2 have been described earlier 21 . The feasibil-
ity of the ligands in hydrogenation of olefins
under biphasic conditions using cationic
rhodium complexes have also been demon-

w xstrated 22 but no account for their use in
hydroformylation reactions have been given be-
fore.

w Ž . Ž .xIt is well documented that Rh CO acac2
Ž .and phosphines L in a 1:1 ratio react and give

w Ž . Ž .xthe complex Rh CO L acac . For LsPPh this3

complex exhibit a doublet at 48.7 ppm with a
Rh–P coupling constant of 175 Hz in its 31P

w xNMR spectrum 24 . The reaction of the ligand
w Ž . Ž .xPAA–PNH with Rh CO acac in a 1:1 Rh:P2

molar ratio under biphasic conditions
Ž .H OrCH Cl do not, however, follow the2 2 2

expected pattern. The organic phase is not fully
decolourised indicating that the Rh-precursor is
not fully consumed. Furthermore, the 31P NMR
spectrum of the isolated product shows one
resonance at 29.7 ppm, so broad that not even
the Rh–P coupling constant can be seen 1 and,
importantly, the resonances around 48 ppm ex-

w Ž . Ž .xpected for the Rh CO L acac complex is not
present. The IR shows one peak in the CO
stretching region at 1979 cmy1 but no peaks at
1580 and 1520 cmy1 for coordinated acac.
When the same reaction is run at a rhodium
phosphine ratio of 1:2 the organic phase is
completely decolourised and the 31P NMR spec-
trum as well as the IR-spectrum of the isolated
product are identical to those obtained at the 1:1
stochiometry thus confirming that the same
product is formed, independent of the stochiom-
etry.

1 The dipole–dipole contribution to the T relaxation time for1

small molecules is low. The slow tumbling of macromolecular
aggregates do however not average the dipole–dipole contribution
to the T relaxation thus causing broad NMR resonances.1

Complexes of the general formula trans-
w Ž .Ž . x ŽRh CO PPh X where X is an anion or a3 2

. 31solvate molecule exhibit a doublet in their P
NMR spectra around 30 ppm and CO stretching

y1 w xfrequencies around 1980 cm 25 . Further-
w Ž . Ž .xmore, reaction of Rh CO acac with excess2
w Ž .Ž .Ž . xTPPTS gave trans- Rh CO OH TPPTS ex-2

Ž1hibiting a doublet at 31.8 ppm J s129Rh – P
. w xHz 8 . Accordingly, we conclude that

w Ž .Ž . x ŽRh CO L X L s PAA –PNH, X s2
.carboxylate group or H O is formed indepen-2

dently of Rh:P ratio.
Double substitution in the precursor complex

can be explained taking the concentration gradi-
ent over the phase boundary and rates of substi-

wtution into account. The solubility of Rh-
Ž . Ž .xCO acac in water is very low and the rate2

of diffusion of rhodium into the aqueous phase
is thus determined by the rate of the initial
CO–phosphine exchange reaction. Once the
mono-substituted product is formed it will be
contained in the aqueous phase, where an ex-
cess of phosphine and carboxylate groups will
be present thus promoting the second acac-
phosphine substitution reaction.

The 31P NMR shift and CO stretching fre-
quencies of complexes 1 and 2 are almost iden-
tical and this indicates that the same type of
complex is formed independent of polymer type.
The situation with respect to phosphine and
anion excess is the same for both ligands except
that the anion in the PAA–PNH case is carbox-
ylate groups from the polymer and in the PEI–
PNH case CH SOy anions. The two complexes3 3

differ, however, with respect to the line width in
the 31P NMR, the line-width for the PAA–PNH
ligand being considerably larger. For both poly-
mers part of the line broadening can be ex-
plained by slow tumbling of the large polymeric
aggregates but dynamic processes at the com-
plex can of course also contribute. Having dif-

Ž y y.ferent X groups COO and CH SO in the3 3

two complexes the extra broadening in complex
1 can be caused by a dynamic process involving
the anionic group and this hypothesis can be
tested by exchanging the anionic group.
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Addition of 1 equivalent isocyanate OCNy,
Ž . w xwhich forms strong complexes with Rh I 26

to complex 1 results in a new complex which
w Ž . Ž .Ž .xwe formulate as Rh L CO OCN . This com-2

plex displays a 31P NMR resonance at 27.8 ppm
with a Rh–P coupling constant of 120 Hz,
typical for trans phosphines. The IR spectrum
displays three characteristic vibrations one at
1982 cmy1 for the carbonyl and two at 2170
and 2225 cmy1 for coordinated OCNy. The
observed decrease in line-width as OCNy is
added shows that the X ligand in 1 partitions in
an exchange process. The well resolved doublet
in 2 indicates that the exchange rate of X is fast
while the extra broadening observed for 1 indi-
cates a rate of exchange comparable to the
NMR time scale. Thus, it is possible to suggest
that X in 1 is –COOy since it is expected to
exchange slower than the labile ligand CH SOy.3 3

3.2. SAP catalysts

Ž .In supported aqueous phase catalysis SAPC
the heterogenisation relies on interaction be-
tween surface hydroxyl groups on the carrier
particle, the thin layer of water and the hy-
drophilic groups on the catalyst. The thin layer
of water makes the complex fairly mobile and
its mobility resembles that of a homogeneous
catalyst in solution.

Controlled pore glasses CPG-240 and CPG-
350 with slight variations in their surface area,
67.5 and 77.5 m2rg, respectively, were applied
as carriers in the first SAPC applications but no
difference in activity depending on surface area
w x20 was observed for these two carriers. Fur-
thermore, it has been shown that ordinary silicas
can be used as SAP carriers with very good
results and mesoporous materials with a narrow
pore distribution is not a prerequisite to obtain a

w xgood catalyst 27 .
The three different SAP catalyst investigated

in the present study are all based on Sylopol
952 W Silica as carrier, with a surface area of
307 m2rg and a pore volume of 1.58 mlrg.
However, the catalysts prepared differ with re-

spect to their Rh:P ratio and consequently to
their rhodium content. Their Rh:P ratio, rhodium
and water content varies as follows: SAP 1:2.3,1

2.7 mg Rhrg catalyst and 13.6% water; SAP2

1:5, 1.3 mgrg catalyst and 6.0% water; SAP3

1:10, 0.7 mg Rhrg catalyst and 9.8% water.
The rhodium contents given has been calculated
from the amount rhodium added and are thus
only approximate.

Attempts to characterise the catalyst by IR
spectroscopy have failed the CO stretching fre-
quency of the complex is obscured by strong
absorbtions of the carrier around 1900 cmy1.

4. Catalysis

4.1. SAP catalysts

4.1.1. Gas phase hydroformylation of propene
The variations in activity and regioselectivity

with time on stream using SAP and SAP as1 2

catalysts in gas phase hydroformylation of
propene are shown in Figs. 3 and 4. The initial

Ž .total TOF of 3.29 mmolr s gRh for catalyst
SAP is high but it decreases rapidly and a1

Ž .constant TOF of 1.40 mmolr s gRh is reached
after 100 min on stream. The regioselectivity
behaves slightly different it increases at first but
after having reached a maximum of 2.9 after 50
min it decreases and reaches a constant value of
2.1. No induction period is observed for catalyst

Fig. 3. Hydroformylation of propene with SAP . 1008C, 5 bar1

CO:H :propen 1:1:1. Is nr iso ratio, 's rate.2
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Fig. 4. Hydroformylation of propene with SAP . 1008C, 5 bar2

CO:H :propen 1:1:1. Is nr iso ratio, 's rate.2

SAP and this is probably due to that the cata-1
w Ž .Ž . xlytically active complexes, HRh CO L and2

w Ž . Ž .xHRh CO L , are easily formed when the2

P:Rh ratio is low.
Ž .The behaviour of catalyst SAP Fig. 4 is in2

many respects rather similar to that of SAP ,1

i.e., a rapid decrease in the initial activity fol-
lowed by a constant TOF after about 50 min on
stream and an initial increase followed by a
slow decrease in the regioselectivity. The longer
activation period for SAP and the somewhat2

higher constant TOF of 2 and the higher regios-
electivity of 6 are the main differences between
SAP and SAP .1 2

The characteristics features of catalyst SAP3
Ž .Fig. 5 are similar to that of catalyst SAP but2

in both the total TOF and the regioselectivity
are continuously decreasing over the period

Ž .studied 6 h and no constant TOF is reached.
It is well documented that the regioselectivity

of the parent organo-soluble complex
w Ž .Ž . xHRh CO PPh increases by increasing the3 3

P:Rh ratio in the reaction mixture but that it
becomes independent at a P:Rh ratios over 10
w x28 . It is thus pleasing to note that the present
ligand system resembles its triphenylphosphine
counterpart in this respect. However, the upper
limit at which the phosphine excess does not

Ž .increase the regioselectivity is lower P:Rhs5
Ž .than that of triphenylphosphine P:Rhs10 .

The initial activation period for SAP and2

SAP , but not for SAP , are not surprising since3 1

the higher P:Rh ratio favours the formation of
w Ž .Ž . xthe complex RhH CO L and dissociation of3

one of the phosphine ligands from that complex
is a prerequisite for the formation of the cata-
lytically active hydroformylation complex.

The initial light yellow catalysts are slightly
brownish after use and this might indicate de-
composition and formation of inactive com-
plexes. Two type of deactivation mechanisms
have been suggested for Wilkinson type hydro-
formylation catalysts namely formation of phos-
phido bridged dimers and orthometalation of

w xone of the phenyl rings 29,30 . The formation
of phosphido bridged dimers has been shown to
be the major deactivation pathway. It is impos-
sible to draw any definite conclusions from the
activity vs. water content but it is interesting to
note that SAP , with lowest water content, has2

the highest activity and the best stability.
SAP catalysts based on the PEI–PNH ligand

are considerably less active than those based on
the PAA–PNH ligand and they deactivate very
fast and within 3 h low or no activity is ob-
served. It has previously been shown that amino
functionalised phosphines give very low activity
in acidic aqueous solutions due to acid pro-
moted decomposition of the hydrido rhodium
phosphine complex responsible for the catalytic

w xactivity 16 . We suggest that the same mecha-
nism is the cause of the low stability and activ-
ity observed for the PEI–PNH based SAP-cata-
lysts.

Fig. 5. Hydroformylation of propene with SAP . 1008C, 5 bar3

CO:H :propen 1:1:1. Is nr iso ratio, 's rate.2
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4.1.2. Liquid phase hydroformylation of 1-oc-
tene

To demonstrate the applicability of our SAP
catalysts for heavier olefins hydroformylation of
1-octene have been performed. The autoclave
we are having access to is not equipped with a
sampling device and all runs were therefore

Ž .conducted setting a fixed 20 h reaction time.
Both SAP and SAP behaves very similar giv-1 2

ing 100% conversion and a regio-selectivity of
67% n-isomer. The conversion is maintained
upon recycling of the catalyst a second time but
the regioselectivity drops to 58% n-isomer. Vi-
sually the catalysts seem to be rather stable, the
organic phase remains uncoloured and the cata-
lyst maintains its original light yellow colour.

4.2. Biphasic hydroformylation using PAA–PNH
( )1 based catalysts

4.2.1. 1-hexene and 1-octene as substrates
The low solubility of heavier olefins in water

and the accompanying slow rates is one of the
drawbacks with biphasic hydroformylation. This
is also a general trend for the PAA–PNH ligand
system and clearly born out for both substrates

Ž .studied entry 4 and 7; Table 1 . Is the low rate
observed merely an effect of the very low solu-
bility of the olefin in water or are there other
causes? A report describing the effect of car-
boxylic acids on the yield and selectivity of the
hydroformylation of 1-hexene catalysed by

w xRhrPPh complexes has appeared 31 . The3

presence of carboxylic acid has a inhibiting
effect, which was suggested to be due to the
formation of carboxylate complexes. We cannot
rule out that coordination of the carboxylate
groups to the rhodium centre also contribute to
the low rates observed but the experiments dis-
played in Table 1 clearly shows that the low
solubility of the olefin is the main cause.

For instance, addition of sodiumdodecyl sul-
Ž .phate SDS , which increases the solubility of

unpolar substrates in water, increases the con-
Žversion for both substrates substantially com-
.pare entries 4 and 6 or 9 and 12, Table 1 . The

100% conversion obtained in these cases are a
clear indication that low conversion is not re-
lated to poor performance of the catalyst itself
but to the low solubility of the olefin. Co-
solvents can also enhance the solubility, e.g.,
addition of EtOH to a solution of a RhrTPPTS
catalyst in water increases the rate of hydro-

w xformylation of 1-octene dramatically 13 . A
higher conversion as a result of performing the
reaction with 20% methanol in the aqueous

Žphase was consistently observed entries 9 and
.11 also in the present study.
Addition of salt have been shown to increase

the rate of hydroformylation using complexes of
surface active phosphines, because higher salt
concentration facilitates the formation of struc-

w xtured aggregates 32 . An increased salt concen-
tration, however, also increases the polarity of
the aqueous phase and hence decreases the olefin
solubility. The second aspect of an increased
ionic strength is the prevailing one for the pre-
sent ligand system since addition of NaClO4

Žsignificantly reduces the conversion entries 9
.and 10 . A lower conversion as the ionic strength

is increased also explains the effect of an in-
Žcrease in the P:Rh ratio entries 4 and 5 or 9 and

.7 . The ligand PAA–PNH is a poly-electrolyte
and an increase in PAA–PNH concentration
increases the ionic strength thus lowering the
olefin solubility in analogy with NaClO addi-4

tion. The effects of recycling of the catalysts are
very small, the conversion remains the same
while there is a small decrease in regioselectiv-

Ž .ity entries 7 and 8 , as also observed for the
SAP catalyst. A more general comparison of the
regioselectivity in the different runs displayed in
Table 1 cannot be made because the variations
in conversion is large and a variation in regiose-
lectivity with conversion cannot be ruled out.

4.3. Biphasic hydroformylation using PEI–PNH
( )2 as ligand

The pH of an aqueous solution of catalyst 2
is approximately 3 and a low pH is necessary
for keeping the polymer protonated and thereby
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soluble in water. Aforementioned, low pH af-
fects the stability of the active rhodium hydride
complex and performing hydroformylations in
acidic aqueous solution is thus not suitable.
Biphasic hydroformylation of 1-octene using 2
as catalyst give after 4 and 17 h 2 and 100%
conversion, respectively. The 100% conversion
observed is somewhat surprising, but the remain
after evaporating the organic phase was slightly
yellow in the 17 h reaction while the remain
was colourless in the 4-h reaction. Accordingly,
we conclude that the catalyst degrades over time
under the rough conditions applied leaking
phosphine and rhodium to the organic phase.
The conversion observed is therefore not the
result of biphasic catalysis but the outcome of a
homogeneous reaction in the organic phase.

5. Conclusion

For heavy olefins the rate of hydroformyla-
tion is largely controlled by the rate of olefin
diffusion into the aqueous phase irrespective of
the ligand applied and the polymer back-bone of
our ligands do not improve the performance of
catalyst based on these ligands relative that of
catalysts based on the TPPTS ligand. The poly-
mer based ligands are, however, well worth
further studies in SAPC applications for both
light and heavy olefins and the PAA–PNH is
for reasons of stability the most interesting of
the ones described in this paper.
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