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1-Dodecene hydroformylation catalyzed by water soluble
rhodium complex [ RhC1(CO) (TPPTS), ] was studied in the
presence of TPPTS [ P(m-CgH,SO;Na);] and CTAB (cetyl-
trimethyl ammonium). The influence of reaction parameters
was discussed in detail based on micelle effect in biphasic sys-
tem. The modification for the microcircumstance of micelle
interface was conducted by the introduction of a catalyst pro-
moter TPPDS [ PhP( m-C¢H,SO;Na), ] into the reaction solu-
tion. A synergistic effect between TPPDS and TPPTS on the
regioselectivity of 1-dodecene hydroformylation was observed.
The selectivity of linear aldehyde in the products was so high
as 95.7% at the molar ratio of [ TPPDS]/[ TPPTS] =0.5.
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Introduction

Homogeneous catalysis provides a mild and selec-
tive synthesis route of valuable chemicals. However, the
separation of organic products from catalyst is trouble
and even difficult. Aqueous/organic two-phase catalysis
simplifies the separation process by decantation and fa-
cilitates catalyst recycling. Therefore, the study of two-
phase catalytic system has attracted great attention in re-
cent years and some new two-phase catalytic processes
using water soluble transition metal complexes with lig-
and TPPTS [ P(m-C¢H,SO;Na);] and TPPMS [ Ph,P-
(m-C¢H,SO;Na) | have been successfully developed and
applied to industrial productions.'? Nevertheless, the
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reaction rate could be reduced to such an extent that it
becomes unacceptable when the solubility of the sub-
strates in aqueous phase is too low, e. g. in long-chain
olefin hydroformylation. A lot of efforts have been done
for improving the affinities between the two phases. The
addition of co-solvents,> surfactants,*® co-ligand PhyP"*®
and modified cyclodextrins,® 10
efficiently increase the hydroformylation rate. Recently,

into biphasic system can

many diphosphine ligands with surfactant group, such as
the sulfophenylalkyl derivatives of BISBI and BI-
NAP,'"12 a5 well as Xantphos,' have been studied in
Although these

thodium diphosphine complexes exhibit better activity

long-chain olefin hydroformylation.

and high regioselectivity, the water soluble diphosphine
ligand are very expensive. Among above-mentioned ap-
proaches the Rh-TPPTS system adding cationic surfac-
tant, cetyltrimethyl
(CTAB), is the most cheap and prospective, but the re-

such as ammonium  bromide
gloselectivity of the catalytst system was low. A combi-
natorial system with high activity and high regioselectivi-
ty in long-chain olefin hydroformylation can be designed
if the behaviors of cationic surfactant micelle in two-
phase catalytic system are deeply understood. In this pa-
per we report the performance of the catalyst system
RhCI( CO) (TPPTS),-TPPTS-CTAB and novel high re-
gioselective catalyst system, which consisted of RhCl-
(CO) (TPPTS),-TPPTS-CTAB and a promoter TPPDS

[ PhP( m-C¢H;SO03Na), |, in aqueous/organic two-phase
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reaction of 1-dodecene hydroformylation.
Experimental
Materials

surfactant
cetyltrimethyl ammonium bromide (CTAB) were analyti-

All  organic solvents and cationic

cal reagents. 1-Dodecene (Fluka 96% ) was commercial
and not treated further. TPPTS [ P( m-C¢HySO3Na); |,
TPPDS [ PhP ( m-C¢H,;S0;Na), ] and rhodium complex
RhCI(CO) (TPPTS), were prepared by the method de-
scribed in the literature . '**'° The oxide content in TPPTS
and TPPDS was less than 5% . Water was doubly dis-
tilled. Hydrogen (99.99%) and carbon monoxide
(99% ) were mixed with the ratio of 1:1 and treated

with deoxidizer and desulfurizer prior to use.
Hydroformylation of 1-dodecene

Hydroformylation of 1-dodecene was conducted in a
stainless steel autoclave of 100 mL with a magnetic stir-
rer. After rhodium complex RhCI(CO)(TPPIS),,
TPPTS, TPPDS, CTAB, 1-dodecene and water were
added to autoclave, the reactor was evacuated and
purged with syngas for three times. The reaction solution
was heated at desired temperature and then syngas was
introduced. The reaction was carried out under a con-
stant pressure for a given time. The products in organic
phase were analyzed by GC HP1890 Il equipped with
FID and a capillary column (30 m x 0.25 mm) SE-30.

Results and discussion
Effect of total and partial pressure

The effects of syngas total pressure and partial pres-
sure of H; and CO on 1-dodecene hydroformylation were
summarized in Fig. 1 and Table 1. The results in Fig. 1
showed that when the total pressure was lower than 0.5
MPa, the reaction rate increased with increasing syngas
pressure, but the rate almost did not change over 0.5
MPa. The ratios of linear/branched aldehyde (L/B val-
ue) in the products decreased with the increase of syngas
pressure. The data in Table 1 indicated that when the
total pressure was maintained constant (0.5 MPa) the
increase of partial pressure of hydrogen promoted the re-

action and the formation of linear aldehyde. The L/B
values were 21.6 and 26.6 as the ratios of partial pres-
sure between H, and CO were 2:1 and 4:1, respective-
ly. It suggested that the higher partial pressure of hydro-
gen was favourable for the formation of linear aldehyde,
but this would cause the hydrogenation of 1-dodecene.
The excessive high partial pressure of carbon monoxide
would reduce the reaction rate.
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Fig. 1 Effect of total pressure on 1-dodecene hydroformyla-
tion. Reaction conditions; [Rh] = 1.86 x 107 mol/
L, [TPPTS]/[Rh] = 16, [CTAB] = 1.1 x 10?
mol/L, 1-dodecene: 22. 6 mmol, cyclohexane; 5
mL, CO/H, =1:1, 100°C,120 min. The total pres-
sures are constant during the reaction, €. conver-
sion, M. L/B—linear/branched aldehyde ratio.

Table 1 Effect of partial pressure of CO
and H;, on the hydroformylation

CO:HZ;Ar. Cone. (%) L/B n-Dodecane
(pressure ratio) (%)
4.1:0" 60.4 4.7 /
2:1:2 74.1 5.9 /
1:1:3 75.6 10.1 /
1:2.2 77.0 21.6 5.98
1:4,0 79.1 26.6 5.91

Reaction conditions: [Rh] =9.6 x 10 mol/L, [ TPPTS]/[ Rh]
=16, 1-dodecene: 22.6 mmol, cyclohexane: 5 mL, total pres-
sure = 0.5 MPa, 80°C, ¢ =150 min, * ¢ = 180 min.

Effect of temperature

The effects of temperature on 1-dodecene hydro-
formylation were determined at two different molar ratios
of [TPPTS]/[Rh] (15 and 30) and the constant pres-
sure (1 MPa) . The reaction rate constants and L/B value
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at different temperature were given in Table 2. The ratio
of linear/branched aldehyde decreased with increasing
the reaction temperature and decreasing the ratio of
[TPPTS]/[Rh]. The activation energies of 1-dodecene
hydroformylation in two-phase catalytic reaction condi-
tions were 71.4 and 82.5 kJ/mol at [ TPPTS]/[Rh] =
15 and [TPPTS]/[Rh] = 30, respectively. The higher
activation energies in two-phase catalytic system than in
homogeneous reaction (57.1 kJ/mol)’® were in agree-

ment with the higher dissociation energy of TPPTS from

- HRh(CO) ('TPPTS); than that of PPh; from HRh(CO)

(PPhy)3.!7 The data showed that the diffusion factor of
the reactants across the phase boundary had been elimi-
nated at the stirring rate of 600 rpm.'® The increase of
[TPPTS]/[ Rh] ratio was not favourable for the dissoci-
ation of TPPTS from HRh(CO) (TPPTS);, which would
make the increase of activation energy at higher

[ TPPTS]/[Rh] ratio.

Table 2 Effect of reaction temperature on the rate constant k of 1-dodecene hydroformylation in two-phase system

{TPPTS]/[Rh] 30 15
T (K) 343 353 363 373 343 353 363 . 373
kx 10? (min?!) 1.61 4.33 8.28 15.35 2.61 6.03 9.69 19.13
r* 0.995 0.999 0.998 0.995 0.998 0.997 0.998 0.998
L/B 5.1 5.5 4.1 4.3 3.8 3.7 3.4 3.6

Reaction conditions: 1.0 MPa (constant), [Rh] =9.6x 10* mol/L, CO:H, =1;1, stirring rate; 600 rpm, * Correlation coefficient.

Effect of [TPPTS]/[Rh] ratio

When the molar ratio of [ TPPTS]/[Rh] was lower
than 20, the conversion of 1-dodecene increased with in-
creasing [ TPPTS]/[ Rh] ratio, but it decreased as the
molar ratio of [ TPPTS]/[Rh] was over 25, see Fig 2.
The ratio of linear/branched aldehyde always increased
with raising the molar ratio of [TPPTS]/[Rh]. The in-
crease of [ TPPTS]/[ Rh] ratio under lower TPPTS con-
centration coud be beneficial for the formation and stabi-

lization of catalytic active species with following equili-
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Fig. 2 Effect of molar ratio of TPPTS to rhodium complexbon
1-dodecene hydroformylation. Reaction conditions:
[Rh] =9.6 x 10* mol/L, total pressure = 0.5 MPa,
the other conditions are the same as in Fig. 1, @,
conversion, . L/B.

brium and thus the reaction rate increased with raising
[TPPTS]/[Rh] ratio.

RhCI(CO)(TPPTS), + H, + TPPTS ==

HRh(CO) (TPPTS); + HCI (1)
HRh(CO) (TPPTS),=—=
HRh(CO) (TPPTS), + TPPTS (2)

The too high ratio of [ TPPTS]/[ Rh] would inhib-
ited olefin coordination because the competition coordi-
nation of TPPTS with rhodium atom was stronger than
that of olefin, thereby the dissociation of TPPTS from
HRh(CO) (TPPTS); forming coordination unsaturated
catalytic active species HRh( CO) (TPPTS), became dif-
ficult. This was agreement with the above-mentioned da-
ta of activation energy.

Effect of pH value

The effect of pH values of aqueous solution on the
catalytic activities was graphically showed in Fig. 3.
The curves a and b displayed the similar variation ten-
dency although the reaction pressures were different. The
results indicated that the highest activity exhibited at
about pH = 6—8, i. e. the aqueous solution was near
neutrality, and the activity would decrease whether the
aqueous solution was of acidity or basicity. This was as-
cribed to that the increase of acidity in aqueous solution
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would be infavourable for the formation of catalytic active
species HRh (CO) (TPPTS ), as showed in above men-
tioned Egs. (1) and (2). Wilkinson et al." reported
the similar equilibrium movement in homogeneous cataly-
sis with an analogue RhC1(CO) (PPh; ), as catalyst. A
longer induction period for 1-dodecene hydroformylation
in the acidic solution was observed. If the acidity was
such strong as pH=2.5, the reaction was almost inhib-
ited at 0.5 MPa (curve a). The reaction did not also
occur under pH = 4.5 and atmospheric pressure (curve
b). The surfactant CTAB could decompose in basic so-
lution and a slurry material formed after end of the reac-
tion. Probably this was the main factor of the conversion
drop in the basic solution.
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Effect of aqueous pH value on 1-dodecene hydro-
formylation. Reaction conditions: 1-dodecene: 45
mmol, H,0: 40 mL, 80°C, 8 h, the others are the
same as in Fig. 1, ¢; 0.5 MPa, m. atmospheric
pressure.

Effect of catalyst and 1-dodecene concentration

When the amount of RhCl1(CO) (TPPTS), and 1-
dodecene, as well as the ratio of [ TPPTS]/[ Rh] were
maintained constant, the change of water and organic
phase volume would influence the hydroformylation. The
results were listed in Table 3. The fact that the conver-
sion increased with increasing aqueous volume could be
due to the extension of the interfacial area between two
phases. Although the catalyst concentration in aqueous
phase was diluted by the addition of water, the rhodium
complex concentration enriched in interfacial layer be-
tween two phases could not change obviously. ' The in-
crease of organic solvent would cause the dilution of sub-

strate and then 1-dodecene conversion decreased.

Table 3 Effect of volume ratio of H,O to organic
solvent on the hydroformylation

H,0 Cyclohexane Conv. LB TOF
(mL) (mL) (%) (min™)
10 5 75.1 7.1 10.1
20 5 86.7 5.5 11.8
30 5 89.9 6.0 12.0
20 10 84.4 5.3 11.5
20 20 66.6 5.6 9.1

Reaction conditions; [Rh] =1.38 x 10 mol/L, [TPPTS]/
[Rh] =28, 1-dodecene: 22.6 mmol, 100°C, 0.5 MPa.

When the volume of organic and aqueous phase
were kept constant, the reaction rate increased with in-
creasing 1-dodecene concentration in the range of 0.5—
3.5 mol/L, see Fig4. The range of 1-dodecene concen-
tration in two-phase system was much higher than that in
homogeneous catalysis using Wilkinson catalyst. In the
latter case, the rate did not change as the olefin concen-
tration was over 0.36 mol/L.'® This difference exhibited
the characteristics of micelle catalysis in aqueous/organ-
ic two-phase system wherein olefin hydroformylation oc-
curred in interfacial layer rather than in organic phase.
The solubilization of olefin in micelle created an efficient
transfer passway of olefin from micellar core to its inter-
face . If olefin solubilization was not unsaturated as olefin
concentration was lower than 3.5 mol/L, olefin solubi-
lization would increase with increasing its concentration
(as showed in Fig 4). This would be favourable for
raising the reaction rate. When olefin solubilization was

Rate (10*mol/ min)

04 —7——7—
0 1 2 3 4 5
Olefin concentration (mol / L)

Fig. 4 Effect of olefin concentration on reaction rate of 1-do-
decene hydroformylation. Reaction conditions: the
volume of organic phase was kept constant (15 mL),
(Rh]=9.7 x 10* mol/L, [CTAB] = 1.37 x 10?
mol/L, 80°C, 0.5 MPa.



62 Hydroformylation

saturated in a certain CTAB concentration, the further
increase of olefin concentration would not influence the
reaction rate as observed over 3.5 mol/L of its concen-

tration.

High regioselectivity catalyst system of 1-dodecene hydro-
Jormylation

The above mentioned and reported results® demon-
strated that the micelle formation played very important
role for the acceleration of biphasic catalytic reaction,
but the ratio of linear/branched aldehyde in the products
was low. In order to promote the formation of linear
aldehyde, we studied the modification of the microcir-
cumstance of catalytic reaction. TPPDS as a promoter
was introduced into the biphasic system. The data listed
in Fig.5 showed that the addition of TPPDS could re-
markably improve the regioselectivity of 1-dodecene hy-
droformylation and greatly increase the ratio of linear/
branched aldehyde in the products. When the molar ra-
tio of total phosphine/thodium complex concentration
was kept constant and the phosphine ligand TPPTS or
TPPDS was used alone, the ratio of linear/branched

aldehyde was low. However, when TPPTS and TPPDS ’

were simultaneously used, a synergistic effect promoting
the formation of linear aldehyde was observed. The ratio
of linear/branched aldehyde increased rapidly with the
addition of TPPDS into the catalytic system when the mo-
lar ratio between TPPDS and TPPTS was lower than 0.5.
The regioselectivity was so high as 95% at [ TPPDS]/
[TPPTS] = 0.5 (molar ratio) , which could be compared
with the results reported in Ref. 11 using very expensive
diphosphine ligand. The ratio of [ TPPDS]/[ TPPTS] in-
creased further, the regioselectivity decreased gradually.
The change of [ TPPDS /[ TPPTS] ratio did not obvious-
ly influence the catalytic activity. The results suggested
that the addition of TPPDS caused a subtle variation of
the catalytic active species. When a part of TPPIS in
rhodium complex was displaced by TPPDS, a new rhodi-
HRh(CO) (TPPTS) ,, (TPPDS),,
form. Tis steric effect and d orbital electron density of

um complex could

thodium atom would be different from the analogues con-
taining only TPPTS or TPPDS as ligand. The gentle
modification for rhodium catalyst created a favourable
microcircumstance in Stern layer of micelle for the for-
mation of linear aldehyde in long chain olefin hydro-

formylation .
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Fig. 5 Effect of molar ratio of TPPDS to TPPTS on 1-do-
decene hydroformylation. Reaction conditions; [Rh]
=1.0x 103 mol/L, [CTAB] =5.53 x 107 mol/
L, 1-dodecene; 13.5 mmol, H,0: 15 mL, 100<C,
1.5 MPa (constant), 0.L/B, m. TOF.
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