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ABSTRACT: John Prausnitz was never content tomeasure new data solely because the data were new.He always had an application
in mind—a separation or even a process that required the data for implementation. We present here an advance in using designed
changes in phase equilibria to enable the facile recovery and recycle of homogeneous catalysts. We show a new application of
organic-aqueous tunable solvents (OATS) to run homogeneous reactions (fast rates and high selectivities) followed by facile and
efficient heterogeneous separations and the recycle of the homogeneous catalysts. This is done by using CO2 to manipulate the
phase behavior of monophasic organic-water mixtures to form heterogeneous organic-rich and aqueous-rich phases. The example
shown is the hydroformylation of hydrophobic p-methylstyrene catalyzed by rhodium catalyst to which is attached a hydrophilic
phosphorus ligand. The OATS method increases the conversion rate of styrene to the aldehyde products by an order of magnitude
compared to heterogeneously reported reactions. Also, the selectivity toward the branched aldehyde (the desired product) increases
by 30 %. The hydrophobic product partitions into the organic-rich phase with more than 99 % removal efficiency, and the
hydrophilic catalyst is retained in the aqueous-rich phase with 99.9 % efficiency. In addition, we recycle the catalyst for five
consecutive reactions without significant loss of catalytic activity.

’ INTRODUCTION

Organic-aqueous tunable solvents (OATS) are homogeneous
solutions of water with aprotic polar organics (examples are
acetonitrile (ACN), tetrahydrofuran (THF), and 1,4-dioxane
(Diox)), which undergo a phase change when exposed to CO2

pressures of (20 to 50) bar.1,2 The resulting biphasic system
consists of an aqueous-rich phase and an organic-rich phase.3

This phase behavior is used to couple homogeneous reactions
with heterogeneous separations. Thus it combines the benefits of
homogeneous reactions—high rates and selectivities—with the
ease of product separation and recycle of heterogeneous catalyst,
as shown in the OATS process schematic in Figure 1.

Ideally, tunable solvent systems provide an attainable phase
split (with lower pressures than supercritical conditions) with a
relatively large liquid-liquid region and asymmetric composition
distribution. Such a scenario would secure an efficient separation of
the products from the catalyst, allowing the recycle of the catalyst.4

Also, the solvents must have minimal interference with the chem-
istry of the process. Hallett et al.5 reported the Rh catalyzed
hydroformylation of 1-octene to produce the desired linear aldehyde
1-nonanal in THF-H2OOATS (70 vol % organic). The hydrophilic
ligands monosulfonated triphenylphosphine (TPPMS) and trisul-
fonated triphenylphosphine (TPPTS)—shown in Figure 2—were
compared. Overall, TPPMS-Rh showed higher catalyst activity
(turnover frequency (TOF) of 350) and comparable selectivity
(linear to branched ratio of 2.3) compared to TPPTS-Rh (TOF of
115 and linear to branched ratio of 2.8). The rate of the homo-
geneously TPPMS-Rh catalyzed hydroformylation of 1-octene in

OATS was approximately 2 orders of magnitude greater than the
biphasic reaction. The postreaction application of CO2 (3 MPa)
induces a phase split with the water-rich phase containing 99.5 %
of TPPMS and the organic-rich phase containing 99 % of the
1-nonanal. The recycle of the TPPMS-Rh catalyst for three con-
secutive reactions was successfully conducted with consistent
catalytic activity and TOFs of 51( 3 h-1. The leaching of rhodium
in the organic-phase was less than 1 ppm as determined by atomic
absorption spectroscopy. OATS have also been utilized for enzyme-
catalyzed reactions of hydrophobic substrates. An example is the
kinetic resolution of rac-1-phenylethyl acetate to (R)-1-phenyletha-
nol using Candida antarctica lipase B (CAL B)6 and CAL B
catalyzed hydrolysis of 2-phenylethyl acetate (2PEA) to 2-pheny-
lethanol (2PE).7

In this work, we extend the use ofOATS to the hydroformylation
of p-methylstyrene—shown in Figure 3—catalyzed with rhodium/
TPPMS. We chose p-methylstyrene as model compound as it
structurally mimics p-isobutylstyrene, a key synthetic precursor to
ibuprofen.8,9 This is particularly important as ibuprofen is a widely
used nonsteroidal anti-inflammatory drug with production of more
than 12 million kg per annum.10 p-methylstyrene reacts with syngas
(CO andH2, 3MPa) to produce the branched (2-p-tolyl-propanal)
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and linear aldehyde; the branched aldehyde is the desired product.
We show a comparison of the three OATS systems in terms of their
effect on the reaction and the subsequent separation. There is a
significant improvement in the rate of conversion and the yield of
the desired product with OATS compared to reported heteroge-
neous catalysis.11-14 We were able to isolate 99 % of the products
while recovering and recycling 99.9 % of the catalyst using 3 MPa
of CO2 pressures. Therefore, OATS can improve the sustainability
of hydroformylation processes by improving the rate, increasing
product yield, reducing byproduct, and providing a facile and
efficient separation, while also enabling recycle of the homogeneous
catalyst. These benefits translate to economical advantages, which
make OATS an attractive technique for selected applications in the
pharmaceutical industry.

’MATERIALS AND EXPERIMENTAL METHODS

Materials. The following solvents were degassed by the
freeze-pump-thaw method: HPLC grade ACN (Sigma-Al-
drich,g 99.9 %), Diox (Fischer Scientific, 99.9 %), HPLC grade
THF (Sigma-Aldrich, g 99.9 %, inhibitor free), BHT stabilized
THF (Sigma-Aldrich, g 99.9 %, 250 ppm BHT) HPLC grade
water (Sigma-Aldrich), and p-methylstyrene (Alfa Aesar, > 98 %).
Carbon dioxide with supercritical fluid chromatography grade (SFC
grade, Air Gas, 99.999 %) was purified via a Matheson gas purifier
and filter cartridge (model 450B, Type 451 filter) and synthesis gas
(syngas, 1:1 molar ratio of H2:CO) was used as received. The
following materials were used as received from the suppliers and
stored in a nitrogen filled glovebox: triphenylphosphine-3-sulfonic
acid sodium salt (TPPMS, TCI America, > 90 %) and rhodium(I)
dicarbonyl acetylacetonate (Rh(acac), Sigma-Aldrich, 98 %).

p-Methylstyrene Hydroformylation in OATS. The hydro-
formylations were carried out in a 300 mL stainless steel Parr
autoclave (Parr Instrument Company, model 4561). The reac-
tion pressure was monitored with a calibrated digital pressure
transducer (Heise, model 901B) providing a precision of ( 0.7
bar. A proportional-integral-derivative (PID) temperature
controller and tachometer (Parr Instrument Company, model
4842) were used to control the temperature of the reactor to (
2 �C and the stirring speed to ( 5 rpm. The temperature inside
the reactor was monitored with a type J thermocouple, and heat
was provided by a heating mantle. The catalyst solution was
prepared by weighing the desired amounts of Rh(acac) and
TPPMS in the glovebox, adding degassed solution of OATS, and
then stirring for about 20min to ensure complete solubility of the
catalyst. The reactions were started by evacuating the Parr
autoclave and flushing it with 3.5 bar of syngas. The degassed
p-methylstyrene, the catalyst solution, and OATS solvents were
added using gastight syringes (SGE Analytical Science). The
total volume of the reaction mixture was 50 mL with a p-
methylstyrene concentration of 0.15 M. The concentration
equivalences of Rh(acac) and TPPMS are 0.0025 and 0.017,
respectively. The reactor was heated to temperature, stirred at
300 rpm, and subsequently pressurized with 31 bar of syngas.
After a one hour reaction period, a liquid phase sample was
withdrawn, captured in acetone or methanol, and analyzed with
an Agilent gas chromatography-flame ionization detector (GC-
FID, model 6890) with an Agilent column (model HP-5MS).
External standards of known concentrations were used to
calibrate the FID response.
Separation of Substrates in OATS. A homogeneous OATS

mixture (2.0 mL of p-methylstyrene or 2.3 mL of 2-(p-tolyl)
propanal—0.15 M concentration of both—and 98 mL of 70/30
(v/v) organic/water OATS solution) was charged to the Parr
autoclave described above, and CO2 was added to the cell using
an ISCO syringe pump until the desired pressure was reached.
After equilibrium (we determined that mixtures reach equilibri-
um in 15 min of stirring and 30 min of settling), three samples
each of the organic-rich and the aqueous-rich phases were taken
using a six-way sample loop and analyzed using the Agilent GC-
FID described above. We used a similar procedure for the
separation experiments of TPPMS except that the samples were
analyzed with a UV-vis to measure the concentration of the
ligand.
Catalyst Recycle Experiments in OATS. To demonstrate

catalyst recycle we ran homogeneous hydroformylation reactions
at 60 �C for 1 h and sampled as above. After an ice quench of the
reaction the syngas was vented. We flushed the reactor with CO2

to remove any syngas and pressurized to 3.1 MPa of CO2. A dip-
tube removed products and unreacted startingmaterial. This dip-
tube was engineered to remove 85 % of the organic-rich phase, so
that fresh p-methylstyrene and organic solvent could be added
and the next reaction cycle started. Make-up catalyst was also
added to compensate for catalyst removed during sampling and
to maintain constant catalyst to substrate ratio.

’RESULTS AND DISCUSSION

The OATS-mediated hydroformylation of p-methylstyrene
allows the reaction to be conducted homogeneously followed by
CO2-induced heterogeneous separation. We compared the reac-
tion and separation in three OATS systems and discuss the
underlying effects that cause differences among these systems.

Figure 1. Schematic of catalyzed reaction with OATSmediated separation.

Figure 2. Hydrophilic ligands for hydroformylation reactions.

Figure 3. Hydroformylation of p-methylstyrene with Rh/TPPMS to
produce branched (desired) and linear aldehydes.
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The hydroformylation of p-methylstyrene to produce p-tolylpro-
panal (branched product)—Figure 3—was conducted in ACN/
H2O, Diox/H2O, and THF/H2O. The conversions after one
hour of reaction time and the branched product yields (as a
percentage of total products) at different temperatures are shown
in Table 1. The conversion and yield in ACN/H2O and Diox/
H2O are similar; the reactions proceed slowly at 40 �C with p-
methylstyrene conversion of less than 20 % after one hour and
selectivity of about 95 %. As would be expected the conversion
rises rapidly with temperature giving complete conversion of the
starting materials after one hour at 80 �C. However, increasing
the reaction temperature decreases the branched product yield;
the 2-(p-tolyl)-propanal yield after 1 h of reaction time decreases
to about 84 % at 80 �C and decreases further to about 50 % at
120 �C. The decrease in the branched product yield at elevated
temperatures is attributed to the increase of β-hydride
elimination.15 The intermediate complex of the branched pro-
duct with the rhodium catalyst reverts to the starting material at
reaction temperatures greater than 60 �C as observed in the
reactions in ACN/H2O OATS.

Early in this research, it was observed that the reactions in
THF/H2O OATS mixtures worked only in 2,6-di-tert-butyl-p-
cresol (BHT, free radical scavenger) stabilized THF. We spec-
ulate that the peroxides present in THF16 may interfere with the
reaction by causing catalyst poisoning. Also, we observed color
change in catalyst solution from yellow to dark gray when using
THF/H2O OATS. In stabilized THF/H2O, the reaction pro-
ceeds, but conversion rates are lower than those measured for
ACN/H2O and Diox/H2O OATS. THF was therefore not
investigated further, and we chose to focus on the Diox/H2O
and ACN/H2O systems.

The conversion rate of p-methylstyrene in OATS is 2 to 10
times greater than the analogous heterogeneous hydroformyla-
tion using zeolites,12 hydrotalcite clays,11 ionic liquid modified
silica sol-gel,13 or inorganic supports.14 Also, the selectivity
toward the desired product in OATS increases by more than 30
% compared to these heterogeneous systems. The improvement
in yield and conversion results from the mitigation of mass
transfer limitations that are often a limiting factor in hetero-
geneous catalysis.

We assess the efficiency of product separation and catalyst
recovery by measuring the concentrations of product and the
catalyst in the organic-rich phase and the aqueous-rich phase.

The ratio of the branched product concentration in the organic
phase to that in the aqueous phase (partitioning coefficient) is
shown in Figure 4 for Diox/H2O and ACN/H2O OATS at
20 �C. The partition coefficient of p-(2-toly)-propanal in ACN/
H2O OATS increases exponentially as CO2 pressure increases,
and more than 99 % of the desired product is separated in the
organic phase at 2.5 MPa of CO2. The partition coefficient in
Diox/H2O shows a similar trend, but more CO2 pressure is
required to achieve comparable separations; 99 % of the desired
product is separated in the dioxane phase at 4 MPa of CO2. The
difference in separation efficiency between ACN/H2O and
Diox/H2O OATS is explained by examining the molecular
interactions between H2O with dioxane and H2O with ACN.
Goats et al.17 reported favorable interactions between dioxane
and water and hypothesized the possibility of H-bonded com-
plexes ranging from 1C4H8O2:3H2O to 2C4H8O2:1H2O in a
dioxane mole fraction range of 0.25 to 0.60 (the Diox/H2O
OATS system has a dioxane mole fraction of 0.33); the favorable
interactions between dioxane and water require greater amounts
of CO2 to yield an efficient phase separation. In ACN/H2O
binary mixture and in the range of water mole fraction of 0.2 to
0.7 (the ACN/H2O OATS system has a water mole fraction of
0.55), water-water interactions are dominant, 18 and the separation
of acetonitrile from water with CO2 is achieved with relatively low
pressures.

The phase separation temperature is another variable that we
have studied. Increasing the temperature could result in im-
proved separation due to reduction of hydrogen bonding be-
tween the branched product and water. However, the increase in
temperature also results in solubility enhancement of the product
in the water and solubility decrease of gases in liquids; the overall
effect of these competing effects results in diminished partition-
ing at 40 �C when compared to 20 �C as shown in Figure 5.

The efficiency of TPPMS retention in the aqueous phase is
shown in Figure 6. We measured the concentration of the
TPPMS in both the aqueous-rich and the acetonitrile-rich phases
at 20 �CanddifferentCO2 pressures. The partitioning of TPPMS in
the aqueous phase increases exponentially with CO2 pressure, and
99.9 % of the TPPMS is retained in the aqueous phase at 4 MPa of

Table 1. p-Methylstyrene Conversion and Branched Product
Selectivity after 1 h of Reaction Time in Different Homo-
geneous Solvent Systems

OATS mixture

(70 vol % organic)

reaction

temperature (�C) conversion (%)

branched

product yield (%)

ACN/H2O
a 40 17.2( 3.7 94.4( 0.9

60 47.6( 3.0 95.9( 0.5

80 100.0( 0.0 83.9( 4.7

120 99.2( 0.9 66.2( 3.6

Diox/H2O 40 10.0 ( 2.1 97.8( 1.3

80 100.0( 0.0 82.0( 2.7

120 99.0( 0.3 52.0( 1.9

THF/H2O 40 10.7( 7.6 97.3 ( 2.2

80 83.7( 7.4 87.5( 0.7

120 93.3( 0.9 51.0( 2.6
aReaction data were reported earlier.1

Figure 4. Differences in OATS on the separation of 2-(p-tolyl)-
propanal in the organic phase as a function of CO2 pressure.
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CO2. The concentration of TPPMS in the ACN-rich phase is below
1 ppm at 3.5 MPa of CO2. At the same pressure, the calculated
amount of rhodium leaching is less than 100 ppb (rhodium leaching

is calculated by assuming that one rhodium molecule coordinates
with three molecules of TPPMS). The TPPMS retention and Rh
leaching measurement are comparable to those reported by Hallett
et al. in THF/H2O OATS.5

The recycling of catalyst for five consecutive reactions is
demonstrated in Figure 7. We ran the reaction for 1 h at 60 �C
and then used 3.1 MPa of CO2 (same as reaction pressure) to
cause phase separation; we then removed 85 vol % of the organic-
rich layer. The average p-methylstyrene conversion of the five
recycle experiments is 47.6 ( 3.0 %, and the branched product
selectivity is 95.9 ( 0.5 %. The recycle experiments reflect
constant catalytic activity with an average TOF of 193.2 ( 12.3.

’CONCLUSIONS

We have demonstrated the use of phase equilibria for creating
sustainable processes. In the work we report the use of organic-
aqueous tunable solvents for a pharmaceutically relevant reac-
tion, the hydroformylation of p-alkylstyrene (with p-methylstyr-
ene as model compound). The homogeneous reactions provide
an order of magnitude improvement in rate and more than 30 %
increase in the desired product selectivity when compared to
their heterogeneous analogues. The CO2-induced heteroge-
neous separation of the product from the catalyst provides and
efficient and simple way to remove 99 % of the product and to
recover 99.9 % of the catalyst, which was then successfully
recycled for five consecutive reactions.

’AUTHOR INFORMATION

Corresponding Author
*E-mail: charles.eckert@chbe.gatech.edu. Tel.: 404-894-7070.
Fax: 404-894-9085.

Funding Sources
This paper is based upon work supported in part by National
Science Foundation (Project No. CTS-0553690).

’ACKNOWLEDGMENT

The authors offer special thanks to Sarah Lenceski and Charles
Burge for their assistance with experimental work.

’REFERENCES

(1) Blasucci, V. M.; Husain, Z. A.; Fadhel, A. Z.; Donaldson, M. E.;
Vyhmeister, E.; Pollet, P.; Liotta, C. L.; Eckert, C. A. Combining
homogeneous catalysis with heterogeneous separation using tunable
solvent systems. J. Phys. Chem. A 2010, 114, 3932–3938.

(2) Eckert, C. A.; Liotta, C. L.; Bush, D.; Brown, J. S.; Hallett, J. P.
Sustainable reactions in tunable solvents. J. Phys. Chem. B 2004,
108, 18108–18118.

(3) Lazzaroni, M. J.; Bush, D.; Jones, R.; Hallett, J. P.; Liotta, C. L.;
Eckert, C. A. High-pressure phase equilibria of some carbon dioxide-
organic-water systems. Fluid Phase Equilib. 2004, 224, 143–154.

(4) Lu, J.; Lazzaroni, J.; Hallett, J. P.; Bommarius, A. S.; Liotta, C. L.;
Eckert, C. A. Tunable solvents for homogeneous catalyst recycle. Ind.
Eng. Chem. Res. 2004, 43, 1586–1590.

(5) Hallett, J. P.; Ford, J. W.; Jones, R. S.; Pollet, P.; Thomas, C. A.;
Liotta, C. L.; Eckert, C. A. Hydroformylation catalyst recycle with gas-
expanded liquids. Ind. Eng. Chem. Res. 2008, 47, 2585–2589.

(6) Hill, E. M.; Broering, J. M.; Hallett, J. P.; Bommarius, A. S.;
Liotta, C. L.; Eckert, C. A. Coupling chiral homogeneous biocatalytic
reactions with benign heterogeneous separation. Green Chem. 2007,
9, 888–893.

Figure 6. Retention of the ligand TPPMS in the aqueous phase in
ACN/H2O OATS as a function of CO2 pressure.

Figure 7. Hydroformylation catalyst recycles in ACN/H2OOATS with
3.1 MPa of CO2.

Figure 5. Effect of temperature on the separation of 2-(p-tolyl)-
propanal in the organic-rich phase in ACN/H2O OATS.



1315 dx.doi.org/10.1021/je1011407 |J. Chem. Eng. Data 2011, 56, 1311–1315

Journal of Chemical & Engineering Data ARTICLE

(7) Broering, J. M.; Hill, E. M.; Hallett, J. P.; Liotta, C. L.; Eckert,
C. A.; Bommarius, A. S. Biocatalytic reaction and recycling by using
CO2-induced organic-aqueous tunable solvents. Angew. Chem., Int. Ed.
2006, 45, 4670–4673.
(8) Neibecker, D.; Reau, R.; Lecolier, S. Synthesis of 2-arylpropio-

naldehydes through hydroformylation. J. Org. Chem. 1989,
54, 5208–5210.

(9) Riley, D. P.; Getman, D. P.; Beck, G. R.; Heintz, R. M. Selective
metal-catalyzed autoxidation of 2-arylpropionaldehydes - an improved
synthesis of ibuprofen. J. Org. Chem. 1987, 52, 287–290.

(10) Colour Publications Pvt, L. Ibuprofen. J. Chem. Bus. India 1999,
13, 59.
(11) Sharma, S. K.; Parikh, P. A.; Jasra, R. V. Hydroformylation of

alkenes using heterogeneous catalyst prepared by intercalation of HRh-
(CO)(TPPTS)(3) complex in hydrotalcite. J. Mol. Catal. A: Chem.
2010, 316, 153–162.
(12) Mukhopadhyay, K.; Chaudhari, R. V. Heterogenized HRh-

(CO)(PPh3)3 on zeolite Y using phosphotungstic acid as tethering
agent: a novel hydroformylation catalyst. J. Catal. 2003, 213, 73–77.

(13) Hamza, K.; Blum, J. Highly selective hydroformylation of
vinylarenes to branched aldehydes by [Rh(cod)Cl]2 entrapped in ionic
liquid modified silica sol-gel. Eur. J. Org. Chem. 2007, 4706–4710.
(14) El Ali, B.; Tijani, J.; Fettouhi, M.; El-Faer, M.; Al-Arfaj, A.

Rhodium(I) and rhodium(III)-heteropolyacids supported on MCM-41
for the catalytic hydroformylation of styrene derivatives. Appl. Catal., A
2005, 283, 185–196.
(15) Lazzaroni, R.; Raffaelli, A.; Settambolo, R.; Bertozzi, S.; Vitulli,

G. Regioselectivity in the Rhodium catalyzed hydroformylation of
styrene as a function of reaction temeperature and gas-pressure. J.
Mol. Catal. 1989, 50, 1–9.
(16) Schurz, J.; Stubchen, H. Explosion beim destillieren von tetra-

hydrofuran. Angew. Chem., Int. Ed. 1956, 68, 182–182.
(17) Goates, J. R.; Sullivan, R. J. Thermodynamic properties of the

system water-para-dioxane. J. Phys. Chem. 1958, 62, 188–190.
(18) Cringus, D.; Yeremenko, S.; Pshenichnikov, M. S.; Wiersma,

D. A. Hydrogen bonding and vibrational energy relaxation in water-
acetonitrile mixtures. J. Phys. Chem. B 2004, 108, 10376–10387.


