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Abstract New efficient rhodium catalysts supported on

superparamagnetic iron oxide nanoparticles (NPs) have

been prepared using a novel method involving sulfonated

triphenylphosphine ligands. They successfully promote the

hydrogenation of olefins as well as the addition of aryl-

boronic acids to dimethyl itaconate (ItMe2) in water for up

to 10 recycles. The catalysts were stable towards leaching

of the metal complexes and were readily recovered by

applying an external magnetic field.

Keywords Magnetic nanoparticles � Rhodium catalyst �
Catalyst separation

1 Introduction

There has been considerable recent interest in employing

dispersed nanoparticles, NPs, as catalysts and supports

[1, 2]. Homogeneous catalysts are highly efficient but their

separation and recovery from the products can be prob-

lematic. Conversely, heterogeneous systems can suffer

from lower catalytic activities, generally due to limited

mass transport of reactants to the solid surface of the

catalyst [3]. Approaches designed to overcome these

drawbacks include using biphasic systems [1] and sup-

porting the active species on membranes [3], polymers [4]

or dendrimers [5]. Nanoparticulate supports form a ‘‘semi-

homogeneous’’ system and can serve as an intermediate

between these types.

One of the most promising nanoparticulate supports for

the development of high-performance catalyst supports is

superparamagnetic iron oxide. The NPs are attracted to a

magnetic field and so may be recovered, but they retain no

residual magnetism when the field is removed [6]. Using

these NPs offers advantages in ‘‘clean’’ chemistry since, in

addition to being readily recovered; they are non-toxic and

widely accessible. The NP surface can be functionalized

to allow the attachment of catalytically active groups.

For example, rhodium species on magnetic NPs

(as [Rh(cod)(g6-benzoic acid)]BF4) have been used in the

hydroformylation of olefins by Lee et al. [7]. The groups of

Gao et al. [8–10] and He [11, 12] recently reported the use

of iron oxide–Pd systems as efficient catalysts for certain

cross-coupling reactions. Magnetic NPs have also been

used as a support for chiral ruthenium complexes that have

been applied to the catalytic, asymmetric hydrogenation of

aromatic ketones [13].

In this paper, we report a novel method for the prepa-

ration of magnetically separable rhodium–phosphine

complexes by anchoring to Fe3O4 NPs as well as a pre-

liminary assessment of their application as recyclable

catalysts for the hydrogenation of alkenes and the 1,4-

addition of boronic acids. As far as we are aware, this is the

first report of Rh-functionalised magnetic NP catalyst that

can be used in water and recycled. An attractive feature of

this method is the simplicity of immobilisation procedure

since no modification of either the NP support or the

organometallic species is required.
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2 Experimental Section

2.1 Materials and Instrumentation

[Rh(cod)Cl]2 (98%), dimethyl itaconate (99%), trans-2-

phenylvinylboronic acid (97%), 4-biphenylboronic acid,

ammonium hydroxide (28% NH3 in water), hydrochloric

acid (37%), and tetrahydrofuran (99.5+%) were purchased

from Aldrich. Iron (II) chloride tetrahydrate (99%), iron

(III) chloride hexahydrate (99+%), tetramethylammonium

hydroxide pentahydrate (99%), phenylboronic acid

(98+%), 4-bromophenylboronic acid (98%), 4-meth-

oxyphenylboronic acid (97%), 3,5-dichlorophenylboronic

acid, 3-nitrophenylboronic acid (97%) were purchased

from Acros Organics, and methanol (HPLC grade), ethyl

acetate (LRG), and hexane (LRG) from Fisher Scientific.

Sodium 3-(diphenylphosphino)benzenesulfonate (TPPMS)

was synthesized applying Ahrland’s modified method [14].

Triphenylphosphine-3,30,300-trisulfonic acid trisodium salt

(precursor of rhodium(I) tris(trisodium triphenylphosphine-

3,30,300-trisulfonate) chloride, [Rh(TPPTS)3Cl]) was pur-

chased by Fluka. THF and methanol were purified and

dried using standard procedures [15]. All remaining

reagents and chemicals were used as received.

The size and morphology of resulting nanoparticles

were characterized by transmission electron microscopy.

Low-magnification TEM images were recorded on JEOL

JEM-1200EX II Transmission Electron Microscope (JEOL,

Tokyo, Japan) equipped with Gratan Digital Camera &

‘‘Digital Micrograph 3.4’’ Software (Grattan, Oxon, UK).

High-resolution HRTEM images were obtained using a

JEOL JEM 2010 with LaB6-Cathode and CCD-Camera

(TVIPS). EDX patterns were recorded on a JEOL JSM

5900 LV with wolfram cathode. X-ray diffraction data

were obtained using a Philips 4 kW X-ray generator

(PW1730) with a CuKa X-ray source (k = 1.54060 Å) and

the diffractometer goniometer (PW1820) controlled via

Philips (PW1877 PC-APD) software. The rhodium con-

tents in supernatants were determined by atomic absorption

spectrophotometry (AAS) with a Varian AA 275 atomic

absorption spectrophotometer.

2.2 Catalyst Preparation

2.2.1 Synthesis of Iron Oxide Nanoparticles (NPs)

Iron oxide nanoparticles were prepared by a slight modi-

fication of the known co-precipitation method [16], in

which co-precipitation of ferric and ferrous salts in basic

medium is followed by stabilization using OH- ions. In a

typical synthesis FeCl3 � 6H2O (5.4 g, 20 mmol) and

FeCl2 � 4H2O (2.0 g, 10 mmol) were dissolved under N2 in

an acidic solution (10.3 mmol HCl in 25 cm3 H2O), such

that Fe3+ to Fe2+ molar ratio was 2. The as-prepared

solution was added dropwise to 250 cm3 of a deoxygenated

1.5 M NH4OH with vigorous stirring. The black precipitate

was isolated from the solvent via magnetic decantation.

The washing–decantation procedure was repeated three

times followed by washing twice with 100 cm3 of 0.1 M

TMAOH. Finally, the suspension was precipitated with

acetone and methanol, and the precipitate dried in a des-

iccator overnight.

2.2.2 Synthesis of [Rh(TPPMS)(cod)Cl]

[Rh(cod)Cl]2 (25 mg, 0.05 mmol) and TPPMS (36 mg,

0.10 mmol) were dissolved under N2 in 10 cm3 of dried

THF and stirred at room temperature for 1.5 h. The solvent

was removed by evaporation to give a yellow solid, which

was further dried in vacuum overnight. The solid was used

for immobilization without further purification.

2.2.3 Immobilization of Rh Complex onto NPs

[Rh(TPPMS)(cod)Cl] or [Rh(TPPTS)3Cl] (129 mg,

0.07 mmol) and dry NPs (2.0 g) were placed into a flask

and purged with N2 for 15 min. About 20 cm3 of dried

MeOH was added via syringe and the mixture was sub-

jected to ultrasonication using a 30 kHz, 50 W cleaning

bath for 3 h. The solid catalyst was separated using an

external permanent magnet and washed several times with

dried methanol until no Rh in supernatant was detected by

means of AAS. The surface coverage of rhodium catalyst

on iron oxide nanoparticles was calculated on a basis of

AAS measurements of Rh remaining in supernatants and

was estimated to be *48–50 lmol/g (*0.25 mol/nm2).

2.3 General Procedures for Catalytic Reactions

2.3.1 Coupling Reactions

All boronic acid addition reactions were done according to

the procedure described in Frost et al. [17, 18]. In a typical

reaction, 1 equiv. (32 mg, 0.20 mmol) of dimethyl itaco-

nate, 2 equiv. (0.40 mmol) of arylboronic acid, and 0.30 g

of NP-[Rh(TPPMS)(cod)Cl] catalyst (*7 mol% of Rh)

were added to 5 cm3 of water. The mixture was refluxed

under an air atmosphere for 24 h and aliquots of solution

were taken at fixed intervals for GC analysis. The mixture

was then cooled to room temperature and the catalyst was

separated from the reaction medium using an external

permanent magnet and used in the next cycle without
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purification. The product was extracted from the aqueous

phase using ethyl acetate (3 9 5 cm3). The combined

organic phases were washed with brine (15 cm3) and dried

over MgSO4. After filtration the solvent was evaporated

under vacuum and the product analysed using 1H NMR.

2.3.2 Hydrogenation

The hydrogenation of dimethyl itaconate (ItMe2) was car-

ried out in a 50 cm3 high-pressure stainless steel reactor.

The reactor was charged with ItMe2 (63 mg, 0.40 mmol),

NP-[Rh(TPPTS)3Cl] catalyst (0.35 g), and 20 cm3 of

MeOH and then sealed. It was alternatively purged with N2

and H2 four times and finally filled with H2 up to the

pressure of 3.5 bar. The reaction mixture was stirred at

50 �C for 4 h. After the reaction time, the reactor was

cooled to room temperature and depressurized to atmo-

spheric pressure. The catalyst was separated by magnetic

decantation, washed three times with MeOH and used for

the subsequent reaction without further purification. The

reaction mixture and supernatants after catalyst washing

were collected and solvent evaporated under vacuum.

Samples were analyzed using 1H NMR and gas

chromatography.

3 Results and Discussion

Scheme 1 shows the route used to prepare the catalyst NPs.

Chemical co-precipitation of Fe2+ and Fe3+ in basic solu-

tion yielded magnetite NPs [16]. Rhodium was anchored to

the surface by using a complex containing sulfonated

ligands, these previously having been shown to have high

affinity for the NP surface [19]. Two approaches were used.

Firstly, rhodium (I) tris(trisodium triphenylphosphine-

3,30,300-trisulfonate) chloride (synthesized using the method

developed by Herrmann et al. [20, 21]; the structure con-

firmed by comparison of the NMR data1), [Rh(TPPTS)3Cl]

(1), was used directly for immobilisation without the

necessity of any ligand modification. Secondly, a rhodium

precursor, [Rh(cod)Cl]2 (cod = 1,5-cyclooctadiene), was

reacted with sodium 3-(diphenylphosphino)benzenesulfo-

nate to give [Rh(TPPMS)(cod)Cl] (2), which could also be

easily attached to NPs. AAS analysis of the residual Rh in

the supernatant after immobilization showed the Rh load-

ing on the NPs to be 49 ± 1 lmol/g, typical of loadings

reported by other authors [7–13].

High-resolution TEM micrographs confirmed the for-

mation of a crystalline core coated by an amorphous

organic shell, shown by Fig. 1a for NP-[Rh(TPPMS)(cod)

Cl]. The average particle size was ca. 10 nm, although

there was a relatively wide size distribution. Moreover, the

pictures show that most of the particles deviate from

sphericity, due to the spinel nature of magnetite. Powder

X-ray diffraction (XRD) patterns corresponded well to

standard magnetite reflections [22] and particle sizes esti-

mated from the Debye–Scherrer formula are consistent

with those observed by TEM. The particle composition was

confirmed by selected area diffraction (SAD) (Fig. 1b) and

energy-dispersive X-ray (EDX) spectra.

Superconducting quantum interference device (SQUID)

analysis allowed the characterization of the particle mag-

netization as well as giving another independent

measurement of the iron oxide core size. Figure 2 shows

the magnetization curves for the bare NPs and then after

functionalisation with [Rh(TPPMS)(cod)Cl]. The curves

were fitted to Langevin equation giving mean particle

diameters of 8.7 ± 4.0 nm and 8.2 ± 3.1 nm for bare and

functionalized NPs respectively, agreeing reasonably well

with TEM and XRD. As expected for iron oxide NPs, the

typical characteristics of superparamagnetic behaviour,

zero coercivity and no remanence on hysteresis were

observed. Additionally, it can be seen that neither the

presence of the organometallic layer nor the immobilisa-

tion procedure have any significant effect on the magnetic

properties of the NPs.

To investigate the catalytic performance of our catalysts,

their activity in single-phase (1,4-addition of boronic acids)

and two-phase (hydrogenation) reactions was studied in

water with dimethyl itaconate, ItMe2, as the substrate

(Tables 1, 2). Initial hydrogenation of ItMe2 using

NP-[Rh(TPPTS)3Cl] at atmospheric pressure and ambient

temperature gave 60% conversion (Table 1, entry 1).

However, complete conversion was achieved in 4 h by

operating at p(H2) = 3.5 bar and T = 50 �C. The catalyst

was also tested with n-hexene, and n-dodecene (Table 1,

entries 2 and 3) and showed very good activity with[99%

of alkane produced within 4 h and high selectivity.

Importantly, no 2-alkene side product from isomerisation

was observed. After each reaction, separation of the cata-

lyst was achieved by using an external permanent magnet,

from which the reaction mixture was decanted.

Building on the excellent results obtained for hydroge-

nation, attention was focused on the rhodium catalysed 1,4-

addition reaction of boronic acids. Table 2 illustrates the

results obtained for the NP-[Rh(TPPMS)(cod)Cl] catalysed

conjugate addition of boronic acids to ItMe2 using the

method described by Frost et al. [17, 18]. In each case,

excellent conversions were achieved after 24 h irrespective

of the electronic nature of the arylboronic acid. Workup was

1 1H NMR (d6-acetone, ppm): d7.81 (dd, 2H, phenyl sulfonate),

7.46–7.40 (m, 12H, phenyl), 4.10 (s, 4H, cod), 2.47 (m, 4H, cod), 1.81

(m, 4H, cod).
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again facilitated since the aqueous phase was simply dec-

anted from the catalyst held in place by an external magnet.

To confirm the role of Rh in the catalysis of both

hydrogenation and 1,4-addition reactions, control

experiments were performed using unfunctionalised NPs.

As expected, neither bare iron oxide NPs nor NPs coated

only with the phenylphosphine ligands, were active in

either reaction under the conditions used herein. More-

over, it is notable that NP-[Rh(TPPMS)(cod)Cl] gave

conversions similar to those from the same level of

Fig. 1 TEM micrographs and selected area diffraction (SAD) patterns of iron oxide-supported catalyst NP-[Rh(TPPMS)(cod)Cl]: (a) HRTEM

image; (b) SAD pattern; (c) before reaction; (d) after reaction, showing aggregation
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Fig. 2 SQUID hysteresis of [Rh(TPPMS)(cod)Cl] functionalised iron

oxide NPs (numbers in legend correspond to the catalyst loading—see

Fig. 3)

Table 1 Hydrogenation of olefins catalysed by NP-[Rh(TPPTS)3Cl]

Entry Substrate Product Conversion (%)

1

MeO2C
CO2Me

MeO2C
CO2Me

60a 100b

2 45a [99b

3
7 7

40a 100b

a 4 h at p(H2) = 1 bar, T = 25 �C
b p(H2) = 3.5 bar, T = 50 �C. All conversions determined by 1H

NMR spectroscopy and gas chromatography

Scheme 1 Preparation of

magnetic nanoparticle-

supported rhodium catalysts
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Table 2 Additiona of arylboronic acids to dimethyl itaconate catalysed by NP-[Rh(TPPMS)(cod)Cl]

MeO2C
CO2Me

MeO2C
CO2Me

ArAr B(OH)2

[Rh]

H2O 100°C 24 h

cat.

Entry Ar Product Conversion (%)

4 h 24 h

1

MeO2C
CO2Me

100 100

2

MeO

MeO2C
CO2Me

OMe
84 [99

3
O

MeO2C
CO2Me

O
80 99

4

Br

MeO2C
CO2Me

Br
91 99

5

MeO2C
CO2Me

9 97

6
Cl

Cl

MeO2C
CO2Me

Cl

Cl
30 96
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homogeneous [Rh(TPPMS)(cod)Cl] (96% conversion

after 4 h) and also comparable with those of the parent

rhodium precursor [Rh(cod)Cl]2 (100%) under the same

reaction conditions.

The influence of catalyst loading on the magnetic NPs

was also investigated for NP-[Rh(TPPMS)(cod)Cl] cata-

lysed 1,4-addition of phenylboronic acid to ItMe2

(Fig. 3). Under the dry conditions of TEM analysis, the

increase of catalytic layer around the nanoparticles is

clearly evident. Analysis of results shown in Fig. 4 sug-

gests the existence of an optimum coverage, above which

the reactivity of the catalyst is almost constant. Further

increase of catalytic loading does not influence the cat-

alyst performance; however it can influence the economy

of the process in terms of the cost of a catalyst. The

detailed analysis of the kinetics over the first hour was

studied for three catalyst scenarios shown schematically

on Fig. 5. The measured kinetic results were interpreted

assuming: (i) second order reaction (Eq. 1a), and (ii) the

linear influence of the catalyst concentration on the

reaction rate (Eq. 1b).

a: �rAð Þ ¼ kapp � cAcB

b: kapp ¼ k� � ccat

ð1Þ

where (-rA) = rate of reactant (phenylboronic acid) dis-

appearance, kapp = apparent second order kinetic constant,

ccat = catalyst concentration, k* = kinetic constant,

c = concentration.

The increase of the mass of catalyst (from 3.6 to

7.0 mol%), keeping the same catalyst loading (as moles of

[Rh(TPPMS)(cod)Cl] per gram of nanoparticles) resulted

with almost the same rate constant (compare catalysts 1

and 2), which is in agreement with principles of homoge-

neous catalysis (concentration independent kinetic

constant). However, the immobilisation of thicker layer of

catalyst resulted in a higher rate constant (catalyst 3,

Fig. 5). It could be that a thicker organic layer stabilises the

nanoparticles in the reaction medium, so less agglomera-

tion took place and the resulting reactivity was higher.

The facile magnetic separation and recovery of the NPs

gives great potential for the recycling and repeated use of

the catalyst. We have successfully reused NP-[Rh(TPPTS)3

Table 2 continued

Entry Ar Product Conversion (%)

4 h 24 h

7
O2N

MeO2C
CO2Me

NO2
40 92

a Reaction conditions: NPs loaded with [Rh(TPPMS)(cod)Cl] were added (7 mol% Rh) to dimethyl itaconate (1.0 equiv.) and boronic acid

(2.0 equiv.) in water. The mixture was stirred at 100 �C and the catalyst separated using an external magnet. The product was extracted with

EtOAc
b Determined by 1H NMR spectroscopy and gas chromatography

Fig. 3 HRTEM images of

magnetic nanoparticles with

various loading of

[Rh(TPPMS)(cod)Cl].
a Moles of Rh per mass

of iron oxide nanoparticles
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Cl] for 10 cycles of ItMe2 hydrogenation without any loss

of activity (see Table 3). The catalyst efficiency was

maintained even when repeatedly employed over the

course of several days with no special treatment. NPs were

used in air and washed three times with MeOH to remove

the product. In case of phenylboronic acid addition, further

aliquots of reactant added at 4 h intervals showed that

NP-[Rh(TPPMS)(cod)Cl] retained activity, giving conver-

sions of 93% for the second addition and 53% for the fifth.

These results suggest that the catalyst may be suitable for a

continuous flow reaction system. Recovery of the catalyst

after the first 4 h reaction and subsequent reuse was a less

successful approach. After decanting the aqueous phase,

the catalyst held by an external magnet was washed, dried

under nitrogen and used for a subsequent run of the same

reaction without further treatment. More than 96% of the

mass of NP-[Rh(TPPMS)(cod)Cl] was recovered. Wash-

ing with water led to a low conversion (15%) in the

second run. GC analyses of the supernatant after each

washing showed no product remained in solution. TEM

observation of these catalyst NPs after a repeat run showed

evidence of some particle agglomeration (compare Fig. 1c,

Table 3 Magnetic supported catalysts recycling

Catalyst Reaction Conversion

NP-[Rh(TPPTS)3Cl]

CH3O
OCH3

O

O

CH3O
OCH3

O

O

H2

Conditions

100%

10 consecutive

runs of catalyst

NP-[Rh(TPPMS)(cod)Cl]

CH3O
OCH3

O

O

+ (OH)2B

X
CH3O

OCH3

O

O

X

Conditions

Washing

1st run: [99%

2nd run: 63.8%

Continuous

1st run: [99%

2nd run: 92.7%

Time  [hours]
0 1 2 3 4 5

C
on

ve
rs

io
n 

 [%
]

0
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40
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100

Loading 1 
Loading 2 
Loading 3 
Loading 4 
Loading 5 

Loading Rh0
a

mol/g NP 

Rhb

mol/g NP 

Rhc

mol % 

1) 1⋅10-4 9.6⋅10-5 7.0

2)  3.6 

3)
5⋅10-5 4.9⋅10-5

7.0

4)  3.6 

5)
1⋅10-5

8.3⋅10-6

7.0

Fig. 4 The influence of catalyst loading (amount of Rh per

mass of NPs) on the conversion of dimethyl itaconate.
a Initial Rh amount, b immobilised Rh amount, c mol% of Rh

in the system
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1 2 3
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noitcae
R
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s
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]
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80

3.6 % 7.0 %

7.0 %

Fig. 5 The influence of catalyst loading on the reaction kinetic

constant (the same condition as in Fig. 4). Note: Catalyst 1
corresponds to loading 2 in Fig. 4, catalyst 2 corresponds to loading

3, and catalyst 3 corresponds to loading 1
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d) which could explain the reduction of catalytic activity.

In both cases (ligands 1 and 2), AAS analysis for Rh

(detection limit 0.1 ppm) in reaction mixture suggested

that no catalyst leaching occurred, a conclusion supported

by the lack of ligand signals seen in the NMR spectra of

products.

4 Conclusions

In summary, we have demonstrated a simple procedure for the

preparation of novel magnetic nanoparticle-supported rho-

dium catalysts using sulfonated ligands which eliminate the

need for intermediate treatments of the nanoparticles prior to

functionalisation. The anchored [Rh(TPPTS)3Cl] catalyst can

be readily separated in magnetic field and used for olefin

hydrogenation more than 10 times without loss of activity.

The NP-[Rh(TPPMS)(cod)Cl] system also efficiently cataly-

ses the aqueous reaction of dimethyl itaconate and arylboronic

acids. While further optimisation is necessary, the systems

show good potential as recyclable catalysts for clean synthe-

sis. The simplicity of the presented catalyst immobilisation

approach, the remarkably high catalytic activity as well as the

easy separation procedure are promising directions for

designing of other efficient nanomagnet-based systems for a

range of catalytic reactions.
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