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ABSTRACT 

The biphasic aqueous hydrogenation reaction of styrene and 1-octene could be efficiently 

carried out using phosphine-containing core-shell water-soluble polymers used as nanoreactors 

in presence of [Rh(COD)Cl]2. The catalytic aqueous phase could be successfully recycled up 

to six times. 
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1. Introduction 

 

Hydrogenation is clearly a major reaction in organic synthesis both at the laboratory and 

industrial scale. It has been reported that at least one catalytic hydrogenation step is included in 

around 25% of all chemical processes.1 Hydrogenation is applied at the very large scale such 

as, for instance, for the desulfurization of fuels,2,3 but is also largely used for the production of 

fine chemicals,4 including chiral ones.5,6,7,8 As a way to improve the efficiency of chemical 

processes9 in economic and environmental terms, biphasic aqueous catalysis is an elegant 

approach because it simplifies the catalyst separation by simple decantation and its subsequent 

recycling. This operational mode has found large scale industrial implementation in 

hydroformylation,10,11,12 but has also been used for hydrogenation reactions.13 Within this 

approach, the catalyst is usually confined in the aqueous phase14 while substrates and products 

are in the water-immiscible organic phase. The (pre)catalysts may be water-soluble 

complexes15,16,17,18,19,20,21, 22,23 or metal nanoparticles dispersed in water.24,25,26,27,28,29,30,31,32,33  

We have recently reported a new approach in aqueous biphasic catalysis, which consists of 

using stable latexes of unimolecular polymeric nanoreactors, characterized by a well-controlled 

core-shell structure with a narrow size distribution around 100 nm and a spherical 

morphology34,35 They were synthesized by controlled RAFT polymerization in water, yielding 

stable dispersions with a 25-30% polymer content in weight in a one-pot procedure. The 

polymeric nano-objects remain confined in the aqueous phase by virtue of their hydrophilic 

shell but contain a phosphine-functionalized core where the (pre)catalyst is covalently bound. 

The hydrophobic cores are swollen very rapidly by various organic compounds.36 We have 

shown that the [Rh(acac)(CO)2] precatalyst can be coordinated inside the polymer core36,37,38 

and the resulting metal-loaded nanoreactors were successfully used in the aqueous biphasic 

hydroformylation of 1-octene with excellent activity, low metal leaching, facile catalyst 

recovery and efficient recycling.36,39,40,41 We have also shown that other metal complexes, 

notably [RhCl(COD)]2, can be incorporated inside the polymer core, but the resulting objects 

were only studied in terms of coordination chemistry and interparticle metal migration 

dynamics and mechanism.37,38 In the present contribution, we report the first application of 

these amphiphilic core-shell polymers to the biphasic aqueous hydrogenation of alkenes. 

 

  



 

 

2. Experimental 

 

2.1. General Considerations.  

Chloro(1,5-cyclooctadiene)rhodium(I) dimer, (98%, Strem), 1-octene (99+%, Acros), 

1-nonanol (> 99%, Alfa TCI), n-decane (99%, Aldrich), n-dodecane (99%, Acros), toluene 

(99%, Acros) and anisole (99.0%, Fluka) were used as received. Styrene (99%, Acros) was 

purified by passing it through a column of active basic aluminum oxide to remove the stabilizer. 

Dihydrogen was obtained from Linde Gas. The triphenylphosphine (TPP) containing core 

cross-linked micelles, TPP@CCM134 and TPP@CCM240, were synthesized as described in our 

previous contributions and stored under an inert atmosphere. 

 

2.2. Catalytic tests.  

2.2.1 General procedure for the hydrogenation of styrene or 1-octene under biphasic 

conditions.  

 In a Schlenk tube under argon was added 1mL of latex (for TTP@CCM1: 0.12 mmol 

of TPP; (for TTP@CCM2: 0.063 mmol of TPP) and 2 mL of H2O. Toluene (0.2 mL) was then 

added to swell the particles and the reaction mixture was stirred for 1 min. Then, a solution of 

[Rh(COD)Cl]2 (for TPP@CCM1: 15.4 mg (0.03 mmol; P:Rh = 2); for TPP@CCM2: 3.77 mg 

(0.0078 mmol; P:Rh = 4) in toluene (0.3 mL) was added and the reaction mixture was stirred 

for 10 min at RT. The aqueous phase became yellow while the toluene phase became colorless.   

 Separately, a stock organic phase was prepared with the substrate (for styrene: 3.17 g, 30 mmol; 

for 1-octene: 3.37 g, 30 mmol) and decane (1.26 g, 9 mmol) as internal standard in 40 mL of 

the desired solvent to obtain a substrate concentration of 0.75 mmol/ml. For the reaction without 

solvent, a mixture containing 0.823 g of styrene (7.9 mmol) and 0.766 g of decane (5.38 mmol) 

was prepared.  

In a vial containing a magnetic stirrer under argon was added 0.5 mL of the aqueous 

phase containing the core cross-linked micelles and the rhodium precursor (see above) and 1 

mL of  the organic stock solution (see above). The vial was placed in a steel reactor, which was 

then charged with 20 bar of dihydrogen. The reaction mixture was then stirred at RT for 18 h 

with magnetic stirring set at a speed of 1200 rpm. After stopping the stirring and an additional 

4 h decantation under dihydrogen pressure, the reactor was vented and then flushed with argon. 

The organic layer was then withdrawn by syringe and the aqueous phase was extracted by two 

portions of 0.5mL of diethylether, all these operations being conducted under argon. The 

combined organic solutions were then analyzed by GC.  



 

 

For the recycling experiments, a new portion of the substrate stock solution was added 

to the vial under argon and the reaction was carried out as described above. 

 

2.2.2 Kinetic studies. 

The investigations under biphasic conditions were carried out as described in the 

previous section, using several identical vials. The reaction in each vial was stopped at a 

different reaction time before the GC analysis.  

For the homogenous catalytic reactions, triphenylphosphine (39.3 mg, 0.15 mmol), 

styrene (1.56 g, 15 mmol) [Rh(COD)Cl]2 (18.5 mg, 0.0375 mmol), and dodecane as GC 

standard (0.66 mg, 3.75 mmol) were dissolved in deoxygenized anisole (17.6 g) and used as 

stock solution. Several different vials with 2 ml each of the stock solution were used as 

described above. 

 

2.2.3 High resolution ICP-MS. 

The rhodium catalyst leaching to the organic phase was measured using high resolution 

ICP-MS on a XR Thermo Scientific Element. For the sample preparation, the recovered organic 

phase was diluted into water using a 105 volumetric dilution factor. In practice, a 1 L volumetric 

flask was filled at ~2/3 with milli-Q water, then 10 µL of the organic product phase were 

introduced using a Gilson P20 precision pipette. Borders were rinsed and the flask was 

introduced into an ultrasound bath for 1 hour. The solution was left overnight and the dilution 

was then completed with milli-Q water to the 1 L mark. Standards were prepared using solutions 

of Rh(acac)(CO)TPP in nonanol at various weight fractions of Rh in the (0.001-0.5)·10-9 range 

(1-500 ppt).  

 

3. Results and discussion 

 

3.1. Preliminary catalytic tests 

Two different polymer samples, TPP@CCM1 and TPP@CCM2, prepared as described 

in a previous report,36,37 have been used in this study. They contain unimolecular nanoreactors 

in which the spherical polymer particles are characterized by three distinct zones (see Fig. 1): a 

hydrophilic shell with an average of 30 monomers (50:50 mixture of methacrylic acid, MAA, 

and poly(ethylene oxide) methyl ether methacrylate, PEOMA) per chain, linear hydrophobic 

chains in the intermediate zone with an average of 300 monomer units per chain consisting of 

a mixture of styrene and diphenylphosphinostyrene (DPPS), and an inner cross-linked core with 



 

 

additional styrene and the cross-linking monomer, diethylene glycol dimethacrylate 

(DEGDMA) in a 90:10 ratio for a total of 100 monomers per chain. The two samples differ in 

the DPPS content in the intermediate hydrophobic layer: 10% for CCM1 and 5% for CCM2.   

The TPP@CCM1 sample was first used in the hydrogenation of styrene with toluene as 

organic solvent, after charging the polymer particles with the [Rh(COD)Cl]2 precatalyst as 

described in the Experimental part.38 This first test was carried out under the conditions depicted 

in Scheme 1 with a substrate/P/Rh ratio of 200/2/1. After 18 h at RT under H2 pressure, although 

the transformation of styrene to ethylbenzene was complete, the decantation process proved 

very problematic: only a small portion of the organic phase was observed at the top of the 

reaction vial, while the aqueous phase and most of the organic materials had formed a stable 

dense phase with the aspect of a gel. The failure of the mixture to properly decant obviously 

precludes an efficient product recovery and the recycling of the aqueous catalytic phase. 

 

  

Figure 1. Structure of the reference core cross-linked micelles (TPP@CCM1 (n = 0.10) and 

TPP@CCM2 (n = 0.05)) from Zhang et al. 36 and Chen et al.37 

 

 

Scheme 1. Hydrogenation of styrene under biphasic conditions. Solvent = toluene or 1-nonanol. 

Styrene/P/Rh=200/2/1. 

 

3.2. Hydrogenation reactions of styrene in 1-nonanol 

We imagined that the behavior observed in the above preliminary test may result from 

interparticle coupling with formation of a macrogel. This hypothesis comes from our previous 

= catalytic site 



 

 

finding of rapid and reversible (in the absence of chemical reaction) interpenetration of the 

particles, involving core-core contact.37 This was proven by the irreversible particle aggregation 

in the presence of reactions leading to products in which the metal centers binds more than one 

TPP ligand. In the present case, after precatalyst activation involving COD removal as 

hydrogenated products, the unsaturated metal center with be stabilized by TPP, H2 and substrate 

coordination, with TPP being the preferred ligand. Since the P/Rh ratio is 2, species such as 

[RhCl(TPP)2]2, [RhH2Cl(TPP)2]2, or mononuclear olefin adducts should form. In any case, 

however, the presence of easily available coordination sites and the occurrence of interparticle 

core-core contact is likely to lead to particle coupling because of Rh binding to TPP ligands 

that belong to different particle cores resulting in macrogelation. On the basis of this hypothesis, 

we considered that a slightly coordinating solvent, even though less strongly binding than TPP, 

could help avoid the nanoparticle coupling by virtue of its large concentration (mass effect) but 

without completely blocking the catalytic sites. Indeed, using 1-nonanol as solvent, the 

hydrogenation took place at reasonable speed and a perfect phase separation was witnessed at 

the end of the reaction. The conversion of styrene was complete under the conditions indicated 

in Scheme 1, with ethylbenzene as the only product. The aqueous phase could be even recycled 

once without loss of activity. The reason for choosing a long linear chain alcohol is to maintain 

a biphasic system, since 1-nonanol has negligible water solubility. Monophasic reaction 

mixtures would be obtained by using smaller alcohols like methanol or ethanol. 

The kinetics of the styrene hydrogenation under these conditions was studied and 

compared with the homogenous version in anisole with free triphenylphosphine as supporting 

ligand and carried out with identical temperature, dihydrogen pressure, and substrate/P/Rh ratio 

(see figure 2). Under the biphasic conditions, 18 h are needed to reach full conversion, which 

is a rather interesting performance even though the rate is clearly slower than for the 

corresponding homogenous version, where full conversion is achieved in 10 h. The monophasic 

version exhibits a classical kinetic profile, with an induction time related to the precatalyst 

activation phase, which requires cyclooctadiene hydrogenation.42,43 This induction phase is 

partially visible also in the biphasic reaction.  The subsequent conversion rate after the catalyst 

activation phase is probably limited by mass transport in and out of the nanoreactor cores. 

 



 

 

 

Figure 2. Styrene conversion during the Rh-catalyzed hydrogenation under homogeneous 

(free triphenylphosphine in anisole) and biphasic (TPP@CCM1 and 1-nonanol as substrate 

solvent) conditions. P(H2) = 20 bar; styrene/P/Rh = 200/2/1; room temperature.  

 

3.3. Hydrogenation reactions of 1-octene in 1-nonanol 

The same conditions that allowed us to achieve the biphasic hydrogenation of styrene 

were next extended to 1-octene (scheme 2). This substrate could be efficiently hydrogenated 

with the Rh catalyst supported in the TPP@CCM1 nanoreactors and the catalytic aqueous phase 

could be recycled up to 6 times (see table 1). After 6 recycles, the catalytic activity remained 

high (full conversion), but the octane selectivity decreased to 90%, suggesting that the 

catalytically active species may have experience some modification.  The rhodium leaching 

was relatively low, around 0.5 ppm. Note that this leaching level is significantly lower than that 

observed with the same nanoparticles in the hydroformylation of 1-octene.36,40 This is probably 

a consequence of the milder reaction temperature. Indeed, we have shown that the Rh leaching 

in the hydroformylation reaction, which is conducted at 90°C, is directly correlated with the 

Upper Critical Solution Temperature (UCST) behavior of the POEMA monomers in the 

hydrophilic shell, which induce a slight compatibilization of the polymer shell with the organic 

phase at high temperature.40 

 

 

Scheme 2. Hydrogenation of 1-octene under biphasic conditions. Styrene/P/Rh=200/2/1. 



 

 

 

Table 1. Results of recycle runs for the 1-octene hydrogenation under biphasic conditions with 

TPP@CCM1.a 

Recycle 

number 

1-octene 

conversion/% 

Octane 

yield/%  

2-octenesb 

Yield/% 

[Rh]org/ppm  

- 100 99 0 0.55 

1 100 96 0 0.63 

2 100 98 0 0.45 

3 100 93 2 0.45 

4 100 92 6 0.46 

5 100 91 6 0.30 

6 100 90 9 0.59 

a Reaction conditions as shown in Scheme 2. b As a mixture of cis and trans isomers. 

 

3.4. Hydrogenation reactions of styrene under other conditions 

We have imagined that the macrogelation phenomenon observed in the preliminary 

catalytic test described in section 3.1 could also be limited or suppressed by increasing the P/Rh 

ratio and by using a less-densely functionalized by triphenylphosphine (TPP) core cross-linked 

micelles, namely TPP@CCM2 (see figure 1). This way, each Rh atom would be able to find 

nearby, within the same nanoreactor core, a sufficient number of ligands to stabilize itself.   

Using TPP@CCM2 and a P/Rh ratio of 4, the catalytic reaction was carried out with 

three different organic solvents, as well as without solvent (see table 2). Under all these 

conditions (table 2, entries 1, 3, 4 and 7), the conversions were high and a clear phase separation 

was observed. It is worth pointing out that, for the hydrogenation without solvent, the 

conversion remains high in spite of the greatly increased substrate/Rh ratio (4000), with a 

quantitative conversion for the first two runs (entries 7 and 8). However, the ethylbenzene 

selectivity was relatively low under these conditions, as well as in 1-nonanol. A limited number 

of recycling experiments were also carried out under these conditions. Recycling was especially 

efficient in terms of catalytic activities and ethylbenzene selectivities for the catalysis with 

toluene as solvent up to the third run (table 2, entries 4, 5 and 6). Both in 1-nonanol and under 

solvent-free conditions, the reaction rates were even slightly higher in the second run than in 

the first run (table 2, entries 1/2 and 7/2), probably because of an induction in precatalyst 

activation42,43 during the first runs. 



 

 

 

  



 

 

Table 2. Hydrogenation of styrene under biphasic conditions with TPP@CCM2 and a P/Rh 

ratio of 4.a  

Entry solvent Styrene conversion Yield of 

ethylbenzene 

1 1-nonanol (first run) 95.2% 85.3% 

2 1-nonanol (second run) 100% 83.6% 

3 1-nonanol/toluene  

(1/1, v/v) 

99.6% 98.3% 

4 toluene (first run) 100% 99.8% 

5 toluene (second run) 100% 98.9% 

6 toluene (third run) 100% 99.5% 

7 no solvent (first run) 99.4% 92.4% 

8 no solvent (second run) 100% 84.2% 

9 no solvent (third run) 79.4% 79.0% 

a Conditions as in Scheme 1, except styrene/P/Rh = 400/4/1 for entries 1-6 and 4000/4/1 for 

entries 7-9.  

  

4. Conclusions 

  

We have shown that the triphenylphosphine-functionalized core-shell polymers 

TPP@CCM1 and TPP@CCM2 can be successfully used in the biphasic aqueous hydrogenation 

of simple alkenes (styrene and 1-octene). We have shown that we can avoid the polymer 

macrogelation during the reaction by either using 1-nonanol as solvent or by increasing the 

P/Rh ratio to 4. The catalytic aqueous phase can be recycled efficiently at least 6 times, but the 

activities and the selectivities are slightly eroded in some cases. We are now investigating ways 

to further stabilize the catalytic species and to optimize the nanoreactor structure in order to 

improve the catalytic efficiency and recyclability. 
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