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Abstract

Ž .Ž . w Ž1-Dodecene hydroformylation catalyzed by water-soluble rhodium complex, RhCl CO TPPTS TPPTS: P m-2
. xC H SO Na , in the presence of surfactants and alcoholic solvents was studied. The results indicated that the6 4 3 3

hydroformylation in biphasic catalytic system occurred in the interface of aqueousrorganic phases. The formation of micelle
was not only favorable for the reaction acceleration, but also favorable for the increase of linear aldehyde ratio in products.
The key factor of the enhancement of reaction rate was the richness of rhodium catalyst in the interlayer with the static
electricity attraction between active rhodium anion species and cationic end of surfactant. q 1999 Elsevier Science B.V. All
rights reserved.
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1. Introduction

Ž .The idea of biphasic aqueousrorganic
catalysis, which simplifies the separation of cat-
alysts from products by decantation and facili-
tates catalyst recycling, has attracted great atten-

w xtion in recent years 1–10 . The replacement of
organic solvents by water is also advantageous
for environmental, safety and economical rea-
sons. Nevertheless, there are few examples of
biphasic systems with acceptable catalytic activ-
ities, and the current applications of water-solu-
ble catalysts are limited to substrates that have
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significant water solubility. The reaction rate
could be reduced to such an extent that it be-
comes unacceptable when the solubility of the
substrates in the aqueous phase is low, e.g., in
the high olefin hydroformylation. Biphasic
catalysis relies on the transfer of organic sub-
strates into the aqueous phase containing the
catalyst or at the interphase. Therefore, the stud-
ies have focused on improving the affinities
between the two phases. The addition of co-

w x w xsolvents 11 , such as ethanol, surfactants 12 ,
w xco-ligands such as Ph P 10 , and modified3

w xcyclodextrins 13,14 , to enhance mutual so-
lubility or mobility of the components across
the phase boundary can increase the reaction
rate efficiently. Recently, ligands with sur-
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wŽ .factant structures, such as P CH C H SO -2 n 6 4 3
x w Ž . x Ž .Na , P C H CH C H SO Na , menthyl3 6 4 2 n 6 4 3 3

wŽ . Ž .P CH C H -p-SO Na, Ph P CH SO Na,2 8 6 4 3 2 2 n 3

the sulfophenylalkyl derivatives of BISBI and
BINAP, have been used in catalytic hydro-

w xformylation 15–19 . These ligands that have
the ability to aggregate under reaction condi-
tions and could improve the solubility of the
substrates in the aqueous phase containing cata-

Ž . Žlyst are superior to P C H -m-SO Na TP-6 4 3 3
.PTS for the catalytic hydroformylation of

higher olefins. However, in the presence of
surfactants, such as cetyltrimethylammonium

Ž .bromide CTAB , TPPTS showed higher activ-
w xity 20 and much lower price for the hydro-

formylation of higher olefins than these ligands
with surfactant structures. Moreover, the role of
surfactant and the mechanism of interface reac-
tion in biphasic system are not well-understood.
For this reason, we studied the effect of the type
and the concentration of surfactants on 1-dode-
cene hydroformylation catalyzed by water-solu-
ble rhodium complexes with TPPTS as ligand
and measured the critical micelle concentration
Ž .CMC of CTAB in the conditions closed to
which the catalytic reaction occurred.

2. Experimental

2.1. Materials

Ž .The trisodium salt of tri m-sulfonphenyl -
Ž .phosphine TPPTS was prepared in accordance

w xwith the method described in the literature 21 .
Ž .The sodium salt of tri m-sulfonphenyl phos-

phine oxide as an impurity was less than 5%.
Water content was less than 10%. The catalyst

Ž .Ž .precursor, RhCl CO TPPTS , was prepared2
w xaccording to the literature 22 . All surfactants

Ž . Ž .AR and organic solvents AR and 1-dodecene
Ž .Fluka were commercial and not treated prior
to use. Water was doubly distilled. Hydrogen
Ž . Ž .99.99% and carbon monoxide 99% were
purchased and mixed directly with the ratio of

1:1 and treated with deoxidizer and desulfurizer
prior to use.

2.2. Catalytic reaction

A typical procedure was conducted as fol-
lows: rhodium catalyst, TPPTS, surfactant or

Ž .alcohol if it was used , water, 1-dodecene and
heptane were added to a stainless steel auto-
clave of 100 ml with a magnetic stirrer. The
autoclave was evacuated and purged with syn-
thesis gas for three times. The autoclave was
heated at the desired temperature and then ad-
mitted synthesis gas at a constant pressure dur-
ing the entire run. After a given reaction time,
the stirring was stopped and the autoclave was
cooled quickly with cold water until ambient
temperature. The autoclave was vented slowly,
and the organic and aqueous phases were trans-
ferred to a separatory funnel. The products were
analyzed by gas chromatography HP 1890II

Ž .equipped with flame ionization detector FID
Ž .and a capillary column 30 m=0.25 mm SE-

30.
The surface tension was measured by the

maximum bubble pressure method.

3. Results and discussion

3.1. Effect of different surfactants

The results of 1-dodecene hydroformylation
in the presence of different surfactants were
summarized in Table 1. For comparison, the
results with alcoholic solvents and without any
additive were also listed. In the reaction condi-
tions, the hydroformylation did not occur in the
absence of surfactants or alcoholic solvents. Ad-
dition of cationic surfactants and alcoholic sol-
vents enhanced dramatically the reaction rate. In
contrast with the results reported in the litera-

w xture 12 , the addition of nonionic surfactants
did not obviously enhance the rate of 1-dode-
cene hydroformylation and the anionic surfac-
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Table 1
Two-phase hydroformylation of 1-dodecene with different surfactants and alcoholic solvents

a aAdditive Nil. Tween 20 Span 40 SDS CTAB DTAB BDAC Diglycol Ethanol Propanol
amethyl ether

bŽ .Yield % 0 3.8 3 0 61.3 60.9 44.8 12.0 24.5 42.3
cnri – – – – 6.1 5.6 6.3 3.9 3.4 3.6

w x y4 w x w xReaction conditions: Rh s6.4=10 molrl; TPPTS r Rh s16; 1-dodecene: 22.6 mmol; heptane: 5 ml; water: 20 ml; surfactant:
y3 Ž .5.5=10 molrl; 1008C, 0.5 MPa constant ; reaction time, 120 min.

a Ten milliliters of alcohol instead of surfactant, water: 10 ml.
bConversion of olefin to aldehydes.
c Molar ratio of normal to iso-aldehyde.
CTAB: cetyltrimethylammonium bromide; DTAB: dodecyltrimethylammonium bromide; BDAC: benzyltetradecyldimethylammonium

Ž .chloride; Tween 20: polyoxyethylene 20 sorbitan monolaurate; Span 40: sorbitan monopalmitate; SDS: sodium dodecyl sulfate.

tant inhibited the reaction. The addition of alco-
holic solvents probably caused the change of
solution properties and increased the solubility
of 1-dodecene in the aqueous phase or of the
rhodium complex in organic phase, so that the
reaction rate was remarkably accelerated. How-
ever, this would cause a part of rhodium com-
plexes to leach into organic phase. The great
promotion of the cationic surfactants could be

Ž .attributed to following two factors: 1 the for-
mation of micelle was favorable for increasing
the interfacial area of two phases and breaking
phase barrier and promoting the substrate trans-
fer to interface and coordination with rhodium

Ž .complexes; 2 the micelle cationic end oriented
to the aqueous phase and formed a positive
charge ion layer. It would attract the active

Ž .w Žrhodium complex anion species, HRh CO P m-
. x3ny ŽC H SO , to the interfacial layer Stern6 4 3 3 n

w x.and Gauy–Chapmon layer 23 from aqueous
Žsolution with static electricity interaction see

.Scheme 1 . Thus, the catalyst was highly con-
centrated in the interfacial layer and more easily
coordinated with olefin solubilized in micelle.
Although anionic and nonionic surfactants also
had the ability to form micelle and increase
greatly the interfacial area of two phases, the
effect was not the most important. It was possi-
ble that rhodium catalyst concentration in the
interfacial layer did not obviously increase when
nonionic surfactant was added. Therefore, the
reaction rate was not obviously accelerated.
Moreover, in the presence of anionic surfactant,

the olefin solubilized in micelle of anionic sur-
factant could not contact with the central metal
of catalyst in aqueous phase as a result of the
static repulsion between the anionic end of mi-
celle and the catalytic active species with nega-
tive charge. In the nature of things, the concen-
tration of rhodium anionic active species in the
interfacial layer was very low, and the hydro-
formylation of olefin was inhibited. These re-

Scheme 1. Sketch map of catalytic active species in the interfacial
layer of cationic micelle.
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sults suggested further that the key factor accel-
erating 1-dodecene hydroformylation in the
presence of cationic surfactant was the richness
of rhodium catalyst concentration in the interfa-
cial layer; of course, the formation of micelle
was a necessary condition.

The ratio of linear to branched aldehyde also
indicated that the microcircumstances, in which
catalytic reaction occurred, were different in the
presence of alcoholic solvents and cationic sur-
factants. Evidently, in the former case, the mi-
crocircumstance was similar to the homoge-
neous situation, and the reactions occurred
mainly in aqueous phase. However, in the pres-
ence of cationic surfactants, the catalytic reac-
tions occurred on the interface of aqueousr
organic phases. The micelle structure created an
orderly and compact microcircumstance where
olefin was solubilized and coordinated with
rhodium complexes—which was favorable for
the formation of a less-crowded linear aldehyde.
If the situation were true, the change of stirring
rate would cause the variation of reaction mi-
crocircumstance, which could influence the rate
and selectivity of olefin hydroformylation be-
cause vigorous stirring will disturb the meta-sta-
ble micelle structure. The hypothesis was con-
firmed by the results listed in Table 2. The data
showed that the rate constant k increased with
increasing stirring rate, but the selectivity for
linear aldehyde decreased, both in the case of
w x w xTPPTS r Rh s30 and 15, respectively. The
higher stirring rate was favorable for the trans-
fer of substrate to the interface, which increased
the hydroformylation rate, but it was disadvan-
tageous for the formation of micelle, which

Table 2
Influence of stirring rate on catalytic activity and selectivity

w x w xTPPTS r Rh 30 15

Ž .Stirring rate rpm 300 400 600 400 600
3 Ž .k=10 rmin 6.33 8.26 8.66 9.40 9.69

nr i 7.6 5.4 4.1 4.6 3.4

w x y4Reaction conditions: Rh s9.6=10 molrl; water: 50 ml;
1-dodecene: 56.5 mmol; heptane: 12.5 ml; 1.0 MPa, 908C; CTAB:
5.5=10y3 molrl.

Fig. 1. Influence of CTAB concentration on 1-dodecene hydro-
w x y4 w x w xformylation. Rh s3.53=10 molrl; P r Rh s30, 0.5 MPa

Ž .constant ; P :P s1.2; toluene: 5 ml; 1-dodecene: 22.6 mmol;H CO2
Ž .H O: 30 ml; 908C, 60 min. ` Conversion of olefin to aldehyde.2

Ž .D nr i.

lowered the ratio of linear to branched alde-
hyde.

3.2. Influence of surfactant concentration

The influence of cationic surfactant CTAB
concentration on the activity and selectivity of
1-dodecene hydroformylation in biphasic cat-
alytic system was studied. According to the

w xresults of solvent effect 23 , 1-dodecene hydro-
formylation in toluene as organic solvent showed
the comparable activity and selectivity with in
heptane. However, the presence of heptane eas-
ily caused severe emulsification of two-phase
system when CTAB concentration was higher.
Therefore, toluene was used instead of heptane
as organic solvent in the investigation of CTAB
concentration effect. The data were plotted in
Fig. 1. In the beginning, the rate increased
rapidly with increasing CTAB concentration.
When CTAB concentration was over 2=10y3

molrl, the rate increase became slow and then
did not obviously change when CTAB concen-
tration was over 4.5=10y3 molrl.

To understand the variation rule, the surface
tensions of CTAB solutions in water and in
mimic reaction mixture were measured at 908C
and plotted in Fig. 2. From the profiles, we
found CMC of CTAB to be about 1.0=10y3

molrl and 0.6=10y3 in water and in mimic
reaction mixture, respectively. The CMC of
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Fig. 2. Profiles of surface tension to CTAB concentration, 908C.
Ž . Ž . w x y4 w x w x` No additive. D Rh s9.6=10 molrl; TPPTS r Rh s
16; 1-dodecene: 2.5 ml; tridecanal: 2.5 ml.

CTAB in water did not obviously change at
908C as compared with that at room temperature
Ž y4 w x.9.2=10 molrl 24 , but the addition of
rhodium complex, TPPTS and tridecanal caused
the obvious decrease of CMC of CTAB in
water. These results demonstrated further that
the rapid increase of the rate in the reaction
condition was correlated with micelle forma-
tion. When CTAB concentration was higher
than CMC, the increase of CTAB concentration
brought about the increase of micelle numbers
and the interfacial area between two phases, as
well as the concentration of rhodium complexes
in the interfacial layer. This would favor the
coordination between olefins and rhodium com-
plexes and the acceleration of the hydroformyla-
tion. The further increase of CTAB concentra-
tion could induce micelle to expand and even to
form OrW microemulsion in the presence of
organic compounds, especially in the presence

w xof polar aldehydes formed in the reaction 25 .
Although this could also cause the increase of
the interfacial area, the increase was limited
because the interfacial area of micelle was much
larger than that of microemulsion. It would
induce slow increase of catalytic species con-
centration on the interfacial layer. Therefore, the
rate increase became gradually slow and almost
reached constant at high CTAB concentration.

4. Conclusion

The study demonstrated that 1-dodecene hy-
droformylation in biphasic catalytic system oc-
curred in the interface of aqueousrorganic
phases. The formation of micelle was not only
favorable for the reaction acceleration, but also
favorable for the increase of linear aldehyde
ratio in products. The key factor of the enhance-
ment of reaction rate was the richness of
rhodium catalyst in the interfacial layer with the
static electricity attraction between active
rhodium anion species and cationic end of sur-
factant.
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