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Micellar effect in hydroformylation of high olefin
catalysed by water-soluble rhodium complexes associated
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Abstract

High linear alkenes (1-octene and 1-decene) have been hydroformylated using water-soluble rhodium complexes associated
with sulfonated diphosphines in the presence of ionic surfactants or methanol. In all cases, the hydroformylation activities were
higher than in experiments without additives. The selectivity in aldehydes was higher when we used cetyltrimethylammonium
hydrogensulfate (CTAHSO4) as the surfactant or methanol as the co-solvent.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

The catalytic hydroformylation of long-chain
alkenes is an interesting reaction for transforming
alkenes into aldehydes using carbon monoxide and
hydrogen[1,2]. The hydroformylation of linear olefins
is a well-known industrial process and a key step in
the manufacture of oxo alcohols.

Hydroformylation can be carried out in biphasic
aqueous systems using a rhodium catalyst associated
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with the water-soluble ligand sodium trisulfonated
triphenylphosphine (TPPTS= P(C6H4-m-SO3Na)3)
[3]. Since this system was first used in 1984 by
Rhône-Poulenc/Ruhr-Chemie in the industrial hydro-
formylation of propene[4–6], research into biphasic
catalysis has became very active[7]. However, this
process is limited to short-chain alkenes (propene and
1-butene) because a certain solubility of the alkene
in water is required[8]. This process is therefore not
economically viable for long-chain alkenes, which
are not very soluble in water. One way to increase
the solubility of the substrates in water is to add sur-
factants to the system[7]. The amphiphilic nature of
these substances drastically lowers the surface ten-
sion of water because aggregates such as micelles or
vesicles form above the critical micelle concentration
(CMC) [9]. These aggregates increase the solubility
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of hydrophobic substances thus improving the mass
transfer[10,11]. This strategy has been used in the
hydroformylation of alkenes with rhodium–TPPTS
(Rh–TPPTS) systems[12–14]. In the hydroformy-
lation of 1-dodecene, the activity increases in the
presence of cationic surfactants such as cetyltrimethy-
lammonium bromide (CTAB). In hydroformylation
of ω-alkene carboxylic acids methyl esters up to
ω-decene, cationic tensids were the best systems.
The hydroformylation of alkenes between C6 and
C16 in reverse micellar systems has been studied by
Vyve and Renken[15] using sodium dodecylsulfate
(SDS) in association with butanol as a co-solvent.
Reaction rates were high in the hydroformylation
of 1-dodecene with Rh–TPPTS in a microemulsion
using nonionic surfactants of alkylpolyglycolether
[16].

Another way to increase the solubility of alkenes
in water is to add a co-solvent to the system.
This was widely studied in catalytic systems using
water-soluble rhodium complexes and TPPTS as a
ligand. For example, the hydroformylation of 1-octene
was studied in the presence of co-solvents such as
ethanol, methanol, acetonitrile and acetone[17]. The
co-solvents increase the concentration of alkene in
water and simultaneously prevent the presence of wa-
ter in the organic phase. The best result was obtained
when ethanol was used as the co-solvent. Adding al-
cohols as co-solvents was also studied by Bahrmann
and Bogdanovic[18], who found that the reaction
rate was enhanced when MeOH was added.

Diphosphines generally provide higher selectivi-
ties in hydroformylation in organic media[19,20],
but the sulfonated diphosphines have hardly been in-
vestigated. This is probably because it is difficult to
prepare pure sulfonated ligands.

The sulfonated biphenyl derivative BISBIS-Na
[8,21,22] and BINAS-Na [23] associated with the
[Rh(acac)(CO)2] complex (acac= acetylacetonate)
has higher activities and selectivities than the
rhodium–TPPTS system in the hydroformylation of
propene under the same reaction conditions. The
BISBIS-Na system is also active in the hydroformy-
lation of higher olefins such as 1-hexene.

Alkyl sulfonated diarylphosphines have hardly been
studied in hydroformylation. The system Rh–dppets
(dppets: (C6H4-m-SO3Na)P(CH2)2P(C6H4-m-SO3-
Na)2) [24] gave a low conversion in the hydroformyla-

tion of 1-octene. The [Rh(acac)(CO)2]/dppbts system
(dppbts: (C6H4-m-SO3Na)P(CH2)4P(C6H4-m-SO3-
Na)2) has also been studied in the hydroformylation
of methyl acrylate but this provided very poor chemo-
and regioselectivity[25].

We recently studied the use of chiral sulfonated
diphosphines as ligands in the rhodium asymmetric
hydroformylation of styrene in a biphasic aqueous sys-
tem. The conversions in water were low but the enan-
tiomeric excesses were quite similar to those reported
for organic solvents[26,27].

In this paper, we describe how adding anionic and
cationic surfactants, SDS and cetyltrimethylammon-
ium hydrogensulfate (CTAHSO4), respectively, affects
the hydroformylation of long-chain alkenes (1-octene
and 1-decene) in the presence of the rhodium comple-
xes [Rh(�-OMe)(cod)]2 (cod = 1,5-cyclooctadiene)
associated with sulfonated diphosphines 1,3-bis(diphe-
nylphosphino)propane (dpppts) and 1,4-bis(diphenyl-
phosphino)butane (dppbts).

2. Experimental

2.1. General methods

The rhodium catalyst precursors were synthesised
using standard Schlenk techniques under a nitrogen
atmosphere. Solvents were distilled and deoxygenated
before use. All other reagents were used as supplied.
The complex [Rh(�-OMe)(cod)]2 [28] and the diphos-
phines dpppts and dppbts were prepared as previ-
ously reported[29,30]. Gas chromatography analyses
were performed using a Hewlett–Packard 5890A chro-
matograph in an Ultra-2 (5% diphenylsilicone/95%
dimethylsilicone) column (25 mm×0.2 mm∅) to sep-
arate the products. The pH were measured with a
pH-meter Crison micro pH 2001.

2.2. Catalysis

Hydroformylation experiments were carried out in
an autoclave with magnetic stirring. The catalytic so-
lution was kept in a teflon vessel. The inside of the
cap of the autoclave was also teflon-covered to pre-
vent the solution from coming into direct contact with
the stainless steel. An electric heating mantle kept the
temperature constant.
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2.2.1. Standard hydroformylation experiment
The complex [Rh(�-OMe)(cod)]2 (0.05 mmol)

and the ligand (0.12 mmol) in water (6 ml) or wa-
ter/methanol (3 ml/3 ml) were stirred for 1 h at room
temperature. NaOH (0.25 M) was then added to adjust

(1)

the pH to the desired value. The surfactant in the cor-
responding concentration and the substrate (15 mmol)
were added, and the resulting solution was introduced
into the evacuated autoclave. The system was pres-
surised and heated. When thermal equilibrium was
reached, more gas mixture was introduced until the
desired pressure was attained. After the reaction time,
the autoclave was cooled to room temperature and de-
pressurised. The reaction mixture was extracted with
dichloromethane (3× 5 ml). In some cases using the
anionic surfactant SDS, the final two phases system
formed emulsions that were eliminated by addition of
sodium chloride. The organic phase was dried over
magnesium sulfate and analysed by GC. The products
were identified by GC-mass spectrometry.

2.2.2. Recycling experiments
In the case of the recycling experiments, the sepa-

ration was performed under nitrogen. The pH of the
aqueous solution was readjusted to the desired value.
Fresh substrate was added and the mixture was intro-
duced again into the autoclave following the standard
procedure.

3. Results and discussion

We studied the hydroformylation of 1-octene (1a)
and 1-decene (1b) to obtain the corresponding lin-
ear (2) and branched aldehydes (3) (Eq. (1)) in

aqueous systems. We prepared the catalyst precur-
sors in situ by adding the sulfonated diphosphines
dppbts (dppbts: tetrasulfonated 1,4-bis(diphenylph-
osphinobutane) (4) or dpppts (dpppts: tetrasulfonated
1,3-bis(diphenylphosphinopropane) (5) to the rhodium
complex [Rh(�-OMe)(cod)]2.

We adjusted the initial pH of the aqueous phase to
11 because in the literature, activity was reported to
be higher in basic medium than in neutral medium
in the hydroformylation of 1-octene catalysed by
[Rh(�-Cl)(cod)]2/TPPTS [31]. At the end of the
reaction generally the pH decreased.

In this study, we chose an anionic surfactant, SDS,
and a cationic surfactant, CTAHSO4. The CMC values
for these surfactants in water at 25◦C are 8× 10−3 M
(SDS) and 9.2 × 10−4 M (CTAHSO4), respectively.
To test how the concentration of the surfactants affect
the conversion, we used three concentrations of sur-
factants (C1 = 6.3 × 10−3 M, C2 = 1.8 × 10−2 M,
andC3 = 3.0 × 10−2 M).

3.1. Hydroformylation of 1-octene in aqueous
systems

Table 1shows the results of 1-octene hydroformyla-
tion in water using [Rh(�-OMe)(cod)]2/dppbts as the
precursor (entries 1–6). For comparison purposes, the
results without surfactant are also given. In the con-
ditions we studied, the products formed were the iso-
meric aldehydesn-nonanal andiso-nonanal, and the
isomerization products 2-trans-octene, 2-cis-octene,
and 3-trans-octene. No hydrogenation product was
observed.Table 1also shows, therefore, the selectivity
in isomerization products.

The aldehyde conversion and selectivity in aldehy-
des of the catalyst [Rh(�-OMe)(cod)]2/dppbts were
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Table 1
Hydroformylation of 1-octene (1a) in aqueous systems using [Rh(�-OMe)(cod)]2/L (L = dppbts (4) and dpppts (5)) as the catalyst
precursorsa

Entry Ligand [Surfactant]b P (bar) H2/CO T (◦C) Conversion (%)c Sald (%)d 2/3 Sisom (%)e

1 4 – 7/7 80 5 40 72/28 55
2 4 SDS (C2) 7/7 80 8 38 72/28 50
3 4 SDS (C3) 7/7 80 98 31 65/35 62
4 4 SDS (C3) 7/7 65 5 55 72/28 45
5 4 CTAHSO4 (C1) 7/7 80 24 96 79/21 1
6f 4 CTAHSO4 (C3) 7/7 80 95 79 75/25 12
7 5 – 7/7 80 5 80 75/25 <1
8 5 SDS (C2) 7/7 80 33 25 73/27 73
9 5 SDS (C3) 7/7 80 66 12 75/25 79

10 5 SDS (C2) 25/25 80 30 60 69/31 30
11 5 SDS (C2) 17/33 80 13 62 71/29 31
12 5 CTAHSO4 (C1) 7/7 80 17 82 58/42 12

a Reaction conditions: substrate= 15 mmol, [Rh(�-OMe)(cod)]2 = 5×10−3 M, substrate/precursor= 500, solvent= H2O (6 ml), P/Rh
ratio = 4 (L/[Rh(�-OMe)(cod)]2 molar ratio= 4), time= 24 h, pH 11.

b Concentration:C1 = 6.3 × 10−3 M, C2 = 1.8 × 10−2 M, C3 = 3.0 × 10−2 M.
c Aldehyde conversion measured by gas chromatography.
d Selectivity in aldehydes defined as percent aldehyde conversion/percent total conversion.
e Selectivity in isomerised products defined as percent isomerization products/percent total conversion.
f Loss of catalyst in the organic layer.

very low both without any additive (Table 1, entry
1) and with the addition of SDS at low concentra-
tion (Table 1, entry 2). Adding anionic surfactant SDS
at a higher concentration (Table 1, entry 3) increased
the activity (complete conversion was observed at the
same reaction time). However, the selectivity was low
and similar to the one obtained without additive. Re-
gioselectivity was the same in water as at a low con-
centration of SDS (Table 1, entry 2), but a higher
concentration of surfactant increased the amount of
iso-nonanal.

To prevent the formation of isomerization products
by �-elimination, we performed one experiment at
65◦C. Decreasing the temperature of the reaction ef-
fectively enhanced the selectivity in aldehydes; unfor-
tunately the conversion was very low (Table 1, entry 4).

Adding cationic surfactant CTAHSO4 increased
the conversion and selectivity in aldehydes (Table 1,
entries 5 and 6). This could be due to two factors:
the substrate is efficiently dissolved in the micellar
system, or the cationic micelle has a positive charged
surface that attracts the catalytic rhodium species to
the micelle surface through the sulfonated groups,
which are negatively charged[12]. This promotes
the contact between the substrate and catalyst. How-

ever, high concentrations of surfactant can lead to
a loss of catalyst in the organic phase. This can be
easily observed because the organic phase became
coloured.

In fact, when we used the highest concentration of
cationic surfactant, which was above CMC (Table 1,
entry 6), there was a loss of catalyst in the organic
phase. At concentrations above CMC, there is an
equilibrium between the free surfactant and the mi-
cellar species. Electrostatic interaction between an-
ionic species of the rhodium complex and cationic
surfactant-free species may have been responsible for
the loss of catalyst in the organic phase. At a lower
concentration of surfactant (Table 1, entry 5), which
is closer to CMC this phenomenon did not occur and
there was a slight increase in conversion and a higher
selectivity. The regioselectivity was better than that of
the system without additive (with cationic surfactant,
regioselectivity in nonanal was around 80%).

Table 1 shows the results when the precursor
[Rh(�-OMe)(cod)]2/dpppts was used (entries 7–12).
If we compare the different systems, we can see that
the Rh/dpppts system was more selective in aldehy-
des than the Rh/dppbts system when no additive was
added (Table 1, entry 7 versus entry 1).
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Adding SDS to the Rh/dpppts system had the same
effect as in the Rh/dppbts system. Conversion in-
creased but selectivity decreased when we raised the
concentration of the surfactant. To improve the selec-
tivity, we increased the pressure to 50 bar (Table 1,
entries 10 and 11). When the hydrogen:carbon monox-
ide ratio was 1:1, selectivity improved but conversion
remained the same (Table 1, entry 10 versus entry 8).
On the other hand, when the H2:CO ratio was changed
to 1:2, there was a drop in conversion (Table 1,
entry 11). The regioselectivities obtained in the pres-
ence of SDS were similar to those obtained without
additive.

Adding CTAHSO4 had the same effect as the system
that used dppbts as the ligand (Table 1, entry 12), i.e.
both the activity and the selectivity increased. Note
that regioselectivity in nonanal was lower than that of
the system that used dppbts as the ligand (Table 1,
entry 12 versus entry 5).

If we compare the two systems [Rh(�-OMe)(cod)]2/
dppbts and [Rh(�-OMe)(cod)]2/dpppts, we can con-
clude that the system with dpppts is more selective
in aldehydes with no additive. Adding SDS enhanced
the total conversion, but not the selectivity in aldehy-
des. On the other hand, adding CTAHSO4 enhanced
both total conversion and selectivity but conversion
was still low. Finally, regioselectivities in nonanal
were higher when dppbts was used as the ligand and
CTAHSO4 was used as the surfactant.

Table 2
Hydroformylation of 1-decene (1b) in aqueous systems using [Rh(�-OMe)(cod)]2/L (L = dppbts (4) and dpppts (5)) as the catalyst
precursorsa

Entry Run Ligand [Surfactant]b Conversion (%)c Sald (%)d 2/3 Sisom (%)e

13 1 4 – 15 20 73/20 80
14 1 4 SDS (C2) 48 31 75/25 69
15 1 4 SDS (C3) 88 25 65/35 75
16 1 4 CTAHSO4 (C1) 63 97 78/22 3
17 2 4 CTAHSO4 (C1) 72 96 69/31 4
18 1 5 – – – – –
19 1 5 SDS (C2) – – – –
20 1 5 SDS (C3) 68 21 74/26 76
21 1 5 CTAHSO4 (C1) 3 86 55/45 13

a Reaction conditions: substrate= 15 mmol, [Rh(�-OMe)(cod)]2 = 5×10−3 M, substrate/precursor= 500, solvent= H2O (6 ml), P/Rh
ratio = 4, P = 14 atm, H2/CO = 7/7, T = 80◦C, time= 24 h, pH 11.

b Concentration:C1 = 6.3 × 10−3 M, C2 = 1.8 × 10−2 M, C3 = 3.0 × 10−2 M.
c Aldehyde conversion measured by gas chromatography.
d Selectivity in aldehydes.
e Selectivity in isomerised products.

3.2. Hydroformylation of 1-decene in aqueous
systems

Table 2shows the results of the hydroformylation
of 1-decene. Interestingly, when [Rh(�-OMe)(cod)]2/
dppbts was used as the precursor (Table 2, entries
13–17), the conversion observed in the hydroformyla-
tion of 1-decene was higher than that of 1-octene in
water (Table 1, entry 1). However, the selectivity in
aldehydes was low, and the main products obtained
were isomerization products.

Adding SDS to the system [Rh(�-OMe)(cod)]2/
dppbts (Table 2, entries 14 and 15, versusTable 1,
entries 2 and 3) has the same effect than in the case
of 1-octene. The conversion increased with increasing
amount of surfactant, but the selectivity in aldehydes
and the regioselectivity in nonanal decreased.

Adding CTAHSO4 (Table 2, entry 16) improves
both the conversion and the selectivity; it is to be
noted that they are even higher than those obtained
in the case of 1-octene. A conversion of 63% with
selectivity in aldehydes of up to 97% was achieved.
Additionally, we were able to recycle the system,
the conversion and selectivity in aldehydes being
maintained (Table 2, entry 17).

When the system Rh–dpppts was used no conver-
sion was detected. Adding SDS resulted in a high
increase of the conversion in the highest concentra-
tion studied. However, the selectivity was low and
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the main products were isomerized products (Table 2,
entry 20).

Adding CTAHSO4 improved the activity only very
slightly (Table 2, entry 21). If we compare this result
with those from the same system in the hydroformyla-
tion of 1-octene (Table 1, entry 12, versusTable 2, en-
try 21) we can see that the regioselectivity in nonanal
was very low when dpppts was used as the ligand.

3.3. Hydroformylation in aqueous–methanolic
systems

To compare the strategies for improving the mass
transfer between the two phases, we also studied
the effect of a co-solvent such as methanol. When
methanol was used as the co-solvent, [Rh(�-OMe)-
(cod)]2/dppbts or [Rh(�-OMe)(cod)]2/dpppts as the
catalyst precursor, and 1-octene as the substrate
(Table 3, entries 22 and 23), activities were higher than
those obtained in water (Table 1, entries 1 and 7), while
the regioselectivities in nonanal were lower. When
Rh–dppbts was used as the ligand (Table 3, entry 22),
selectivity in aldehydes was 90%. When 1-octene
was used as the substrate, the results for both total
conversion and selectivity in aldehydes were highest
when methanol was used as the co-solvent. However,
regioselectivity in nonanal was low with this system.

In the hydroformylation of 1-decene, adding
methanol considerably increased conversion when
the Rh–dpppts system was used (Table 3, entry 25).
When dppbts was used as the ligand (Table 3, entry
24), activity did not improve and only selectivity in

Table 3
Hydroformylation of 1-octene (1a) and 1-decene (1b) in aqueous–
methanolic systems using [Rh(�-OMe)(cod)]2/L (L = dppbts (4)
and dpppts (5)) as catalyst precursorsa

Entry Ligand Substrate Conversion
(%)b

Sald

(%)c
2/3 Sisom

(%)d

22 4 1a 60 90 58/42 3
23 5 1a 67 57 68/32 42
24 4 1b 14 79 74/26 11
25 5 1b 60 23 71/29 60

a Reaction conditions: substrate= 15 mmol, [Rh(�-OMe)
(cod)]2 = 5×10−3 M, substrate/precursor= 500, solvent= H2O/
MeOH (3 ml/3 ml), P/Rh ratio= 4, time = 24 h, pH 11,T =
80◦C, P = 14 atm (CO/H2 = 1/1).

b Aldehyde conversion measured by gas chromatography.
c Selectivity in aldehydes.
d Selectivity in isomerised products.

aldehydes improved. Regioselectivities with both lig-
ands dppbts and dpppts were similar to those obtained
when water was the only solvent.

4. Conclusions

In the Rh-sulphonated diphosphine hydroformyla-
tion of 1-octene and 1-decene, selectivities and total
conversions are modified when surfactants are added
or a co-solvent is used.

In the hydroformylation of 1-octene, the results
for conversion and selectivity in aldehydes were best
when methanol was the co-solvent and dppbts was the
ligand, but regioselectivities in nonanal were lower.
Adding surfactants increased the conversion with the
systems Rh–dpppts and Rh–dppbts. However, selec-
tivity in aldehydes did not improve when SDS was
added. Adding CTAHSO4 increased both the total
conversion and the selectivity, and there was a slight
improvement in regioselectivity in nonanal. However,
a high concentration of surfactant led to a loss of the
catalyst in the organic phase.

For 1-decene hydroformylation, the results were
best when CTAHSO4 was used as the surfactant
and dppbts was used as the ligand: conversion was
63% and selectivity in aldehydes was 97%. More-
over, we could recycle the system maintaining the
same activity and selectivity in aldehydes. Adding
SDS increased activity, but unfortunately selectivity
in aldehydes did not improve. When methanol was
used as the co-solvent with the system Rh–dppbts,
selectivity increased but the activity was similar to
the activity in water.
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