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Abstract
The application of polyethylene glycol (donated as PEG), as an environmentally benign solvent instead of water, in rhodium 
catalyzed hydroformylation of long chain alkenes by using water soluble phosphine BISBIS or TPPTS (TPPTS: sodium 
salt of sulfonated triphenylphosphine, BISBIS: sodium salt of sulfonated 2,2′-bis(diphenylphosphinomethyl)-1,1′-biphenyl) 
is herein reported. The conversion of long chain alkenes in PEG-200 could reach above 95.0% after a short reaction time 
(15 min). In addition, an efficient phase separation and recycling of PEG-200 and catalyst were achieved. The leaching of 
rhodium into product phase detected by ICP-AES was less than 0.06 wt% of the initial amount.
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1  Introduction

Hydroformylation is a reaction route for olefins toward alde-
hydes with 100% atom economy and has been developed into 
one of the most important homogeneous catalytic processes 
[1–3]. The global production capacity of aldehydes is beyond 
10 million tons per year [4], which can be typically processed 
into valuable consumer products in cosmetics, bulk and fine 
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chemicals industries [5–9]. Rhodium complexes have been 
examined as the most effective homogenous catalysts for 
hydroformylation as they display high activity and selectiv-
ity under milder reaction conditions [10]. However, a serious 
shortcoming of homogeneous catalysis is the cumbersome 
separation by distillation of reaction products from catalyst.

Aqueous media are now viewed as excellent means to effect 
nearly complete catalyst separation and recovery [11–16], but 
the poor solubility of long chain alkenes (> C6) in water is of 
potential limitation. In addition, this process is not suitable for 
water-sensitive substrates.

Recently, as a nontoxic, biodegradable and inexpensive sol-
vent of low volatility, polyethylene glycol (PEG) has attracted 
much interest as a recycling solvent [17, 18].

Among rhodium catalyzed hydroformylation of long chain 
alkenes in PEG, the tested catalysts are commonly rhodium 
complexes with phosphines containing PEG chain or rhodium 
polyethylene glycolate complex, so as to increase the solubility 
and affinity of the catalyst to PEG. Results obtained show that 
the regioselectivity for linear aldehyde is low, alongside, the 
rhodium leaching into product phase is high (up to 10 wt% of 
the initial amount). To the best of our knowledge, the hydro-
formylation of long chain alkenes catalyzed by rhodium cata-
lyst with water soluble phosphine BISBIS or TPPTS (TPPTS: 
sodium salt of sulfonated triphenylphosphine, BISBIS: sodium 
salt of sulfonated 2,2′-bis(diphenylphosphinomethyl)-1,1′-
biphenyl) in PEG has not been described yet.

Herein, water soluble phosphine rhodium catalyzed the 
hydroformylation of long chain alkenes in PEG (Scheme 1) is 
chosen to investigate the reaction performance, phase behavior 
and catalyst recycling.

2 � Experimental

2.1 � Materials

Ligands TPPTS, BISBIS (Fig. 1) and rhodium precursor 
HRh(CO)(TPPTS)3 were prepared according to literatures [19, 
20]; DEG (Diethylene glycol), PEG-200, PEG-400 and PEG-
600 (the number refers to the average molecular weight) were 
purchased from Kelong Chemical Co. of Chengdu. All chemi-
cals were used without any additional purification; 1-octene, 
1-decene and 1-dodecene were purchased from Sigma-Aldrich; 
hydrogen (H2, 99.99%) and carbon monoxide (CO, 99.9%) 
were obtained from Southwest Institute. The composition of 
reaction mixture was determined by means of gas chromatog-
raphy (PANNA A91, KB-1: 30 m × 0.25 mm × 0.50 µm, FID). 

The content of rhodium in products mixture was detected by 
inductively coupled plasma-atomic emission spectroscopy 
(ICP-AES).

2.2 � Hydroformylation and Catalyst Recycling

All hydroformylation was carried out in a 60 mL stainless 
steel autoclave equipped with a magnetic stirrer. HRh(CO)
(TPPTS)3, TPPTS or BISBIS, PEG and long chain alkene 
were introduced to the autoclave under a nitrogen atmos-
phere. The autoclave was closed, flushed with syngas three 
times, and then pressurized with syngas (H2:CO = 1:1) to 
desired pressure and heated to needed temperature for a speci-
fied time. After the reaction was finished, the autoclave was 
cooled to room temperature and carefully depressurized. The 
product phase was separated from the PEG phase containing 
water soluble rhodium catalyst by simple phase separation. 
The products were analyzed by GC (PANNA A91, KB-1, 
30 m × 0.25 mm × 0.50 µm, FID). In catalyst recycling experi-
ments, the PEG phase and new portion of long chain alkene 
were introduced to the autoclave under a nitrogen atmos-
phere. The other operations were the same as the former 
hydroformylation.

3 � Results and Discussion

As well known, bidentate phosphine ligands are crucial for 
regioselectivity control toward linear aldehyde, because their 
specific bite angle can improve the regioselectivity [21, 22]. 
In this report, 1-dodecene was chosen as a probe substrate, 
BISBIS as a water soluble bidentate phosphine ligand to 
investigate the reaction performance in PEG. Based on our 
previous research on rhodium catalyzed hydroformylation 
with BISBIS [23, 24], 3.0 MPa of syngas and 120 °C were 

Scheme 1   Hydroformylation of 
long chain alkenes
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Fig. 1   Structure of TPPTS and BISBIS
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selected as reaction parameters. According to the mechanism 
in literature [25], the catalytically active specie HRh(CO)(BIS-
BIS) is formed in situ by the ligand exchange reaction between 
HRh(CO)(TPPTS)3 and BISBIS. The side reactions include 
isomerization and hydrogenation of 1-dodecene. Table 1 indi-
cates that the average molecular weight of PEG and the vol-
ume of PEG-200 have a significant influence on 1-dodecene 
hydroformylation. The conversion of 1-dodecene increased 
significantly with the decrease in the average molecular 
weight of PEG. The order of 1-dodecene conversion is PEG-
200 > DEG > PEG-400 > PEG-600. Although the solubility of 
1-dodecene in different PEGs increases with the increase in the 
average molecular weight of PEG at 120 °C (0.7 g/100 g PEG-
200, 3.5 g/100 g PEG-400, 5.9 g/100 g PEG-600), the solubil-
ity of catalyst precursor HRh(CO)(TPPTS)3 and ligand BIS-
BIS decreases greatly. For example, the solubility of HRh(CO)
(TPPTS)3 in PEG-200 is about 130 g/100 g PEG-200 at 120 °C 
while the solubility of that in PEG-400 and PEG-600 is only 
0.8 g/100 g PEG-400 and 0.6 g/100 g PEG-600, which results 
into much lower conversions of 1-dodecene in PEG-400 and 
in PEG-600. 1-dodecene conversion could reach above 95.0% 
(entry 2) after a short reaction time (15 min) in PEG-200. As 
the similar explanation in literature [26], the reason may be 
that catalyst precursor HRh(CO)(TPPTS)3, ligand BISBIS and 
1-dodecene have a good solubility in PEG-200 under the reac-
tion conditions. However, the conversion is only 0.8% when 
water was used as a solvent in 1-dodecene hydroformylation 
due to the much lower solubility of 1-dodecene in water. In 
tested experiments, the regioselectivity for linear aldehyde 
remained almost about 95.0%, which is attributed to the biden-
tate ligand BISBIS with e.e. Configuration [27]. Results in 
Table 1 also show that the volume of PEG-200 has a obvious 
effect on activity of 1-dodecene hydroformylation. The rate of 
1-dodecene hydroformylation increased with increasing the 

volume of PEG-200, however, when it further increased, the 
1-dodecene conversion dropped to 85.5% due to the decrease 
in concentration of rhodium in PEG-200. The optimum dos-
age of PEG-200 was 4.0 mL under the reaction conditions. 
It can be seen from Table 1 that the selectivity for aldehydes 
achieved 90.0%, accompanied by about 10.0% isomerized 
dodecenes and dodecane as the main byproducts and the regi-
oselectivity for linear aldehyde around 95.0%. These results 
were similar to that obtained in aqueous biphasic 1-dodecene 
hydroformylation catalyzed by Rh/BISBIS in the presence of 
a surfactant [24].

Encouraged by the catalytic performance of the above 
studied system, the hydroformylation of other long chain 
alkenes catalyzed by water soluble phosphine rhodium cata-
lyst HRh(CO)(TPPTS)3 and BISBIS in PEG-200 was also 
investigated. Results presented in Fig. 2 indicate that the 
conversion of long chain alkenes decreased slightly with 
increase in carbon number of them. For example, the con-
version of 1-octene was 97.6%, but that of 1-dodecene was 
95.1%. The reason might be attributed to the different reac-
tion activity of long chain alkenes. After hydroformylation 
finished, the interphase boundary of two phases was very 
obvious. The upper phase was colorless, while the lower 
phase containing catalyst and BISBIS was golden yellow 
(see Fig. 3). Results in Fig. 2 further show that the hydrofor-
mylation of other long chain alkenes was also successfully 
performed in PEG-200.

Table 2 firstly summarizes the recycling experimental 
results in 1-dodecene hydroformylation catalyzed by the 
catalytic system derived from HRh(CO)(TPPTS)3, BISBIS 
and PEG-200, exhibiting high catalytic efficiency and long 
service life with no significant loss in activity, selectivity 
or Rh loss for more than five cycles. TPPTS is one of the 
most widely used water soluble monodentate phosphines, 

Table 1   Hydroformylation of 
1-dodecene with HRh(CO)
(TPPTS)3/BISBIS system in 
PEG

Reaction conditions Rh = 2.0 × 10−2  mmol, [BISBIS]/[Rh] = 17.5, S/C = 450, 1-dodecene = 2.0  mL, 
P = 3.0 MPa (CO:H2 = 1.0:1.0), T = 120 °C, t = 15 min
a Conversion of 1-dodecene
b Selectivity for aldehydes
c Linear aldehyde content in total aldehydes
d Turnover frequency defined as the moles of converted alkene per mole of Rh per hour

Entry Solvent Volume (mL) Conv. (%)a SAld. (%)b SLinear ald. (%)c TOF (h−1)d

1 DEG 4.0 78.2 89.4 96.9 1408
2 PEG-200 4.0 95.1 90.1 96.5 1712
3 PEG-400 4.0 25.3 88.6 95.8 455
4 PEG-600 4.0 1.7 53.8 98.2 31
5 H2O 4.0 0.8 89.8 93.8 14
6 PEG-200 1.0 63.1 90.6 96.8 1136
7 PEG-200 2.0 89.1 91.0 96.7 1604
8 PEG-200 4.0 95.1 90.1 96.5 1712
9 PEG-200 5.0 85.5 88.3 96.4 1539
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however, the activity decreased slightly after five catalytic 
cycles when BISBIS was replaced with TPPTS. The main 
reason may be that TPPTS was partly oxidized owing to 
contact with air during the separation. In contrast, the chelat-
ing complex Rh/BISBIS formed with HRh(CO)(TPPTS)3 
and bidentate ligand BISBIS is more stable during the 
separation. Therefore the catalyst recycling is significantly 
improved. As far as the two catalytic systems, the content of 
rhodium leaching into product phase was less than 0.06 wt% 
because of their own strong charge of BISBIS and TPPTS. 
It could be seen that the catalytic systems consisting of 
HRh(CO)(TPPTS)3, TPPTS or BISBIS and PEG-200 show 
a good catalyst recycling performance.

4 � Conclusions

In conclusion, a simple, highly effective and recyclable 
hydroformylation catalytic system for long chain alkenes has 
been established based on water soluble phosphine BISBIS 
or TPPTS, HRh(CO)(TPPTS)3 and PEG-200, which showed 
an excellent hydroformylation efficiency for 1-octene, 
1-decene and 1-dodecene. The analysis of Rh loss and cata-
lyst recycling experiments indicated that the water soluble 
phosphine rhodium catalysts can be effectively immobilized 
in PEG-200 due to the strong charge of BISBIS or TPPTS, 
which significantly improved the stability and reusability of 
catalytic system during the catalytic cycle. No significant 
loss of catalytic efficiency or Rh was observed for more than 
five cycles. Nowadays, the application of the catalytic sys-
tems in functional olefin hydroformylation and other reac-
tions was under the way.
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