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Introduction

Separation and recycling are central problems that need to be
solved to apply homogenous catalysts in industrial pro-
cesses.[1, 2] One way to overcome these problems, is to immobi-
lize a homogenous catalyst onto an insoluble support materi-
al.[3] This strategy requires supports with large specific surface
areas, which can be realized either by applying very small par-
ticles or porous materials. There are intrinsic advantages and
disadvantages for both solutions; although for porous materi-
als the overall rate of the reaction may become limited by
pore diffusion, small particles may cause problems in the sepa-
ration (filtration) procedure. To avoid classical filtration of tiny
particles, superparamagnetic compounds may be considered
as alternative support materials. Such materials lose their mag-
netization after removal of the external magnetic field, allow-
ing an efficient redispersion of the catalyst. During the last
years, the immobilization of organic molecules onto magneti-
cally separable support materials has received wide interest
and has been applied for catalytically active systems.[4] Most

frequently, such catalyst supports consist of magnetic iron
oxide nanoparticles covered by a layer of silica,[5] which pre-
vents the aggregation of the nanoparticles and enables the
grafting of organic molecules by using siloxanes as anchoring
groups. However, preparing the silica layer requires an addi-
tional step and generally reduces the specific surface area of
the material.[6] Furthermore, the magnetization of the material
decreases drastically because only the relatively small core of
a core-shell material is magnetic.[7] Therefore, applying neat
nanoscale superparamagnetic iron oxides as supports could be
a promising alternative. Notably, magnetic nanoparticles can
themselves act as catalysts.[8] This factor has to be taken into
account when using them as support materials. However, only
a few examples have been reported to date in which organo-
catalysts or catalytically active metal complexes have been im-
mobilized directly onto the surface of iron oxide nanoparticles.
Lin and co-workers immobilized several 2,2’-bis-
(diphenylphosphino)-1,1’-binaphthyl (BINAP) complexes on
Fe3O4 nanoparticles and applied the obtained hybrid materials
for the asymmetric hydrogenation of aromatic ketones, achiev-
ing excellent activity and enantioselectivity.[9] Alper and co-
workers used magnetic-nanoparticle-supported proline as
a ligand for a copper complex, which catalysed the amidation
of various aromatic compounds.[10] Tucker-Schwartz and Garrell
immobilized 2,2,4,4-tetramethylpiperdine-1-oxyl (TEMPO) sites
on Fe3O4 nanoparticles by using click chemistry.[11] The result-
ing hybrid material was employed as a catalyst for the selec-
tive oxidation of alcohols. Polshettiwar, Baruwati, and Varma
grafted glutathione on magnetite nanoparticles by using the
thiol group of the internal cysteine moiety.[12] This organocata-
lyst was successfully used in the Paal–Knorr reaction and the
aza-Michael addition. In a similar manner, Gawande and co-
workers immobilized cysteine on Fe3O4 and applied this cata-
lyst for the synthesis of b-amino carbonyl compounds and hy-
droquinolines.[13]

A phosphonic acid functionalized triphenylphosphine rhodium
complex was synthesized and grafted onto neat superpara-
magnetic iron oxide nanoparticles. The material was investigat-
ed by elemental analysis, IR spectroscopy, thermogravimetric
analysis, XRD, N2-physisorption analyses, and TEM measure-
ments. The obtained hybrid material could be used as a catalyst

for the hydrogenation of alkenes with excellent yields and
a broad substrate scope. The catalyst can be reused ten times
without any loss of activity. According to the results from X-ray
absorption spectroscopy, it is likely that formation of Rh nano-
particles occurs during the reaction.
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Recently, our group reported the use of silica-coated mag-
netic nanoparticles as support materials for oxodiperoxo mo-
lybdenum complexes and palladium(II) phosphine com-
plexes.[14] The hybrid materials obtained could be successfully
used as catalysts for the epoxidation of olefins and for Suzuki–
Miyaura coupling reactions, respectively. However, trialkoxysil-
yl-functionalized linkers have turned out to be sensitive to
M�O�Si cleavage when applied with oxidic supports other
than silica. For grafting organic molecules with high efficiency
onto the surface of, for example, Fe2O3, Fe3O4, Al2O3, ZrO2, or
TiO2 alternative linker units have to be developed. The best
linker groups for directly anchoring functional organic mole-
cules onto these supports are phosphonic acids, carboxylic
acids, or catecholes.[15–17] As outlined in the literature, grafted
organic units will, furthermore, stabilize the nanoparticles and
prevent aggregation.[18] Herein, we describe the direct covalent
immobilization of a rhodium triphenylphosphine complex on
neat superparamagnetic iron oxide by using phosphonic acid
moieties as anchoring groups and demonstrate the application
of this catalyst in the hydrogenation of alkenes.

Results and Discussion

For the experiments described herein, maghemite (g-Fe2O3)
was chosen as the magnetic support. This material can be
easily synthesized, is inexpensive, chemically sufficiently stable,
and possesses a high specific magnetization.[19] We envisaged
a convergent strategy for synthesizing the required ligand: The
triphenylphosphine unit and the linker component were pre-
pared separately and then linked by formation of an amide
bond (Scheme 1). Unlike siloxane linkers, the assortment of
commercially available phosphonic acid linkers is rather limit-
ed. We therefore decided to design and synthesize the desired
linker 3, which is already known,[20] starting from 1,3-dibromo-
propane, by following a process modified from the literature.[21]

Firstly, a diethyl phosphonate moiety was introduced by apply-
ing triethylphosphite (1) in an Arbusow reaction.[22] In the fol-
lowing step, the residual bromo group was substituted by an
azido unit, giving diethyl azidophosphonate 2.[11] Using tri-
phenylphosphine in a THF/water mixture allowed the reduc-
tion of the azide to the amine (Staudinger reaction).[23] To sim-
plify further handling, the amine was transformed into its hy-
drochloride salt 3, which could be isolated in excellent yields.
For the preparation of the triphenylphosphine component, 4-
(diphenylphosphino)benzoic acid (6) was synthesized from di-
phenyltrimethylsilylphosphine and 4-fluorobenzoic acid utiliz-
ing a CsF-catalyzed C�P coupling reaction that we reported re-
cently.[24] Protection of 4-fluorobenzoic acid by transforming it
into the corresponding methyl ester, 4, allows the generation
of phosphine 5. After saponification of the ester, phosphino
acid 6 was obtained in an overall yield of more than 90 %. The
final coupling of 6 and amine 3 to create amide 7 was ach-
ieved by using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC), triethylamine (NEt3), and 4-dimethylamino pyridine
(DMAP) as the catalyst. Cleavage of the phosphonic acid di-
ethylester was performed with bromotrimethylsilane, followed
by treatment with water to yield phosphonic acid 8.

Strong absorptions in the IR spectra of compounds 1–3 and
7 at approximately 1225 (nP=O), 1020 and 950 cm�1 (2 � nP�O)
clearly demonstrate the presence of the phosphonate moi-
eties. The according resonance in the 31P{1H} NMR spectra ap-
pears at 31–33 ppm, whereas the resonance of the phosphine
phosphorous atom in compounds 5–8 is observed at �4 to
�5 ppm, allowing doubtless discrimination of the two phos-
phorous sites. The free phosphonic acid in compound 8 gives
a resonance at 30.54 ppm in the 31P{1H} NMR spectrum mea-
sured in a mixture of CDCl3 and CD3OH. In the IR spectrum of
8, there are two very strong absorptions at 998 and 944 cm�1,
which are assigned to the PO(OH)2 unit. Recrystallization of
compound 7 from methanol gave single crystals suitable for
X-ray structure analysis (Figure 1). Compound 7 crystallizes in
the space group P21/n. In the solid state, compound 7 forms
dimers by hydrogen-bond interactions between the hydrogen
atom of the amide group and the P=O oxygen atom of
a neighboring molecule. Because one of the phenyl groups

Scheme 1. Synthesis of 8.
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and both ethoxy units are disordered (see the Supporting In-
formation), a detailed interpretation of bond lengths and
angles would not make sense.

The molecule is found in an almost perfectly stretched con-
formation, leading to a P1�P2 distance of 11.50 �, which gives
an impression about the maximum distance between a metal
site coordinated to P1 and the surface of the support. The tor-
sion angle between the planar amide group and the phenyl
ring is 19.138 and the NH···O distance is 2.12 �, a typical value
for a hydrogen bond of this kind.[25]

Phosphine 8 was reacted with [(CO)2Rh(m2-Cl)]2 in a mixture
of dichloromethane and methanol, leading to the carbonyl
chlorido complex 9 (Scheme 2).

The successful synthesis of 9 is confirmed by its 31P{1H} NMR
spectrum (Figure 2), which shows one broad peak for the

phosphonic acid moiety at 30.48 ppm and a doublet for the
triphenylphosphine function coordinated to the rhodium
center at 30.38 ppm (1JRh,P = 127.0 Hz). The IR absorption of the
carbonyl ligand is found at 1974 cm�1, which is typical for car-
bonyl chlorido rhodium(I) species bearing two phosphine li-
gands in trans orientation.[26]

The decision to synthesize the rhodium complex first, in-
stead of immobilizing the phosphine ligand on the support,
followed by treatment with [(CO)2Rh(m2-Cl)]2 was made to re-
ceive a molecularly well-defined catalyst on the support. Graft-
ing only the ligand would yield statistically distributed phos-
phine molecules on the surface, all of which might not be in
an ideal position to coordinate to the rhodium(I) center in the
given manner. In 2010, we synthesized a structurally closely re-
lated system covalently supported on SBA-15, which could
completely be characterized spectroscopically.[27]

The superparamagnetic iron oxide nanoparticles were pre-
pared by reacting ferrous chloride and ferric chloride with
aqueous ammonia in isopropyl alcohol following an estab-
lished procedure. Detailed studies of the magnetic properties
of the superparamagnetic nanoparticles obtained this way
have been conducted by our group.[14a] The iron oxide nano-
particles exhibit a saturation magnetization (Ms) of 56 emu g�1.

Grafting of 9 onto the support material was achieved by stir-
ring both components in a 1:1 mixture of methanol and di-
chloromethane for 24 h. The amount of grafted complex was
determined by elemental analysis. Furthermore, the obtained
hybrid material was examined by IR, TEM, XRD, TGA, and BET
measurements.

The hybrid material exhibits a nitrogen content of 0.43 %,
from which a loading of 0.15 mmol g�1 can be computed. The
specific surface area of 88 m2 g�1 was calculated from the N2

adsorption–desorption isotherms (Figure 3), resulting in
a mean density of 1.35 complex molecules per nm2. The dis-
tance between the two phosphonic acid groups of 9 can be
estimated to about 11 �, assuming a parallel alignment of the
propylene chains, which is required for surface functionaliza-
tion, resulting in a calculated required space of at least 1 nm2

per complex molecule. A possible explanation for the high
value of 1.35 molecules of 9 per nm2 could be the partial for-

Figure 1. Molecular structure of 7 in the solid state, exhibiting a dimeric
structure by formation of intermolecular hydrogen bonds. The disordering is
omitted for clarity.

Scheme 2. Synthesis of 9 and its grafting onto the nanoparticles.

Figure 2. 31P{1H} NMR spectrum of 9.
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mation of a double layer. The hybrid material exhibits a type II
isotherm (as defined by IUPAC), typical for a non-porous mate-
rial showing a slight hysteresis, which is caused by capillary
condensation in the gaps between the nanoparticles.[28]

Powder XRD examinations, as well as the TEM imaging, con-
firmed the successful synthesis of the nanoparticles and
proved the expected morphological properties. The powder
XRD pattern of 9@Fe2O3, shown in Figure 4, exhibits the char-

acteristic diffraction peaks of the maghemite phase (g-Fe2O3):
2q= 29.58 (220), 35.08 (311), 42.88 (400), 56.88 (511), and 62.4
(440).[4b, 19a, 29] TEM images show separated iron oxide nanoparti-
cles of an average size of 10 nm (Figure 5).

Hybrid material 9@Fe2O3 appears as a brown powder and
gives a black suspension when stirred in isopropanol (Figure 6,
left). The catalyst shows the expected superparamagnetism
and can quickly and completely be separated from the solvent
by using a simple magnet (Figure 6, right).

By means of thermogravimetric analysis (TGA, Figure 7) ap-
plied to 9@Fe2O3, a loss of physisorbed water and residual sol-
vent molecules can be detected below 100 8C. At approximate-
ly 200 8C, the decomposition and desorption of compound 9
begins, resulting in a total weight loss of 13 % (including 2 %
for the loss of volatiles). This result confirms the loading of the
complex calculated from elemental analysis.

In the IR spectrum of 9@Fe2O3 (Figure 8), a band at
1980 cm�1 can be assigned to the C=O stretching vibration of
the carbonyl ligand coordinated to the rhodium center.[27] This
band is only shifted by a few cm�1 towards higher energy
compared to the data of the rhodium precursor 9. This finding
can be explained by a weak interaction of the carbonyl oxygen
site with the Lewis acidic support. Typical absorptions for the

Figure 3. N2 physisorption isotherms of 9@Fe2O3.

Figure 4. Powder XRD pattern of 9@Fe2O3.

Figure 5. TEM images of 9@Fe2O3.

Figure 6. 9@Fe2O3 suspended in isopropanol (left) and magneto filtration
after 1 min (right).

Figure 7. TGA plot of 9@Fe2O3.

Figure 8. IR spectra of 9 (dashed line) and 9@Fe2O3 (solid line).
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amide unit at 1632 (amide I) and 1545 cm�1 (amide II) can also
be detected. The aryl phosphine vibration and the C�H defor-
mation vibrations of the methylene units of the propyl chain
are visible in the band at 1437 cm�1.[30] The extinction of the
P�OH stretching vibration at 933 cm�1 proves the formation of
covalent bonds between the complex and the support.[31] Ad-
ditional evidence for the bonding is the shift of the PO3

stretching vibration from 982 cm�1 to a higher wavenumber,
together with the broadening of this band.[10]

Catalytic hydrogenation of alkenes plays an important role
in industrial fine-chemical synthesis, therefore, it has been in-
tensively investigated over the last decades.[32] To evaluate the
activity and selectivity of our catalyst, cyclohex-2-enone was
used as the model substrate because it contains both, a C=C
and a C=O double bond. The reaction was carried out with
1.0 mol % of catalyst (with respect to the Rh content) in isopro-
panol under an ambient pressure of hydrogen. Before use, the
catalyst was stored for one week in air because such a pretreat-
ment turned out to have a positive effect on the catalytic reac-
tivity in preceding investigations.[29] Hybrid material 9@Fe2O3

exhibited good reactivity, providing a complete conversion of
the substrate in 3 h. The only product of the reaction was cy-
clohexanone. Thus, although the C=C double bond is hydro-
genated with high efficiency, the carbonyl group of the sub-
strate remains untouched.

To demonstrate the scope of 9@Fe2O3 as a catalyst for hy-
drogenation reactions, a series of different alkenes was em-
ployed as starting materials (Table 1). The catalyst exhibits
a high activity and selectivity : terminal as well as internal
double bonds are hydrogenated, no byproducts such as iso-
merization products are observed, and carbonyl groups are
not affected. Even sterically hindered alkenes are completely
converted (see Table 1, entries 2 and 6). Vinyl benzoate, cin-
namyl alcohol, and benzylidene acetone exhibit only a low re-
activity (entries 7, 8, and 9).

In 2010, we published a study on the synthesis and the cata-
lytic activity of a structurally closely related system in which
we grafted a Rh(CO)Cl complex coordinated by two functional-
ized triphenylphosphine ligands, each equipped with a
�C(O)NH(CH2)3Si(OMe)3 linker, covalently onto the surface of
a neat silica SBA-15 support.[27] The catalytic activity of this cat-
alyst and 9@Fe2O3 was investigated under identical conditions.
Obviously all substrates that were converted quantitatively
with the silica-supported material could also be converted
quantitatively with 9@Fe2O3. However, the SBA-15-based cata-
lyst provided poorer yields for several substrates; cyclooctene
is hydrogenated in less than 15 % (9@Fe2O3 : quantitative),
3,5,5-trimethylcyclohex-2-enon showed no conversion
(9@Fe2O3 : quantitative), and 1,3-diphenylprop-2-enon also
showed no conversion (9@Fe2O3 : 17 %). This observation can
be assigned to the increased accessibility of the catalytically
active sites located on the outer surface of the magnetic-nano-
particle support compared with sites that are located inside
the pores of the SBA-15 material. The differences become evi-
dent for substrates that are more difficult to hydrogenate
owing to steric hindrance (3,5,5-trimethylcyclohex-2-enon), or
steric bulk (e.g. cyclooctene), and will give rise to pore-diffu-

sion hindrance. However, in the preceding study we also
found that, for example, cinnamyl alcohol, which is not hydro-
genated at 40 8C and 1 bar H2, can be quantitatively converted
into 3-phenylpropan1-ol by changing the conditions to 60 8C
and 15 bar H2.

To prove that the catalysis is in fact conducted by the
heterogenized rhodium sites present on 9@Fe2O3 and not by
a rhodium species leached out in solution, a filtration experi-
ment was carried out. The solution containing cyclohex-2-
enone as the substrate and the catalyst were separated by fil-
tration after the conversion had reached 20 %. The filtrate was
again set under an atmosphere of hydrogen and stirred for ad-
ditional 20 h. The yield versus time curve of the filtration ex-
periment and the normal course of the reaction are shown in
Figure 9. In the first hours after the filtration no further reac-
tion is observed, however after 20 h an additional increase of
25 % was discovered. These findings show that the reaction is
significantly slowed down by the separation of the catalyst.
For the additional turnovers after the separation there are two
possible explanations. Either, detached complex molecules in
solution are responsible for the catalytic activity to a very small
extent, or the filtration was incomplete and small support par-
ticles caused the additional conversion. In both cases, the rho-
dium complex was perhaps transformed into rhodium nano-
particles, which then are responsible for the activity, after a cer-
tain period of time (see discussion below).

Table 1. Hydrogenation of various alkenes with 9@Fe2O3 as the cat-
alyst.[a]

Entry Alkene Product Yield
[%][b]

1 >99

2 >99

3 >99

4 >99

5 >99

6 >99

7 3

8 1

9 17

[a] Reaction conditions: 0.5 mmol alkene, 105 Pa H2, 1.0 mol % of
9@Fe2O3, 3 mL isopropanol, 40 8C, 20 h. [b] Determined by GC-MS analy-
sis.
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To gain further insight into the recyclability of the catalyst,
the material was separated, by magneto filtration, from the re-
action mixture, washed twice with ethyl acetate, dried under
reduced pressure, and reused for catalysis. Even after ten runs
the catalyst showed no signs of losing reactivity (Table 2). In
contrast, there is a steady increase of activity the more often
the catalyst is reused. Several explanations for this behavior
seem plausible (see below).

To further investigate this issue, the reaction and washing
solutions of the first, second, third, and tenth run were ana-
lyzed by atomic absorption spectroscopy (AAS). No rhodium
species could be detected down to the limit of detection
(0.01 mg L�1). This proves that the maximum loss of the rhodi-
um species present in the catalyst is 0.016 %, higher losses
would have exceeded the detection limit. Additionally, the
reused catalyst was examined by elemental analysis after the
first and the tenth run. The results reveal that the loading re-
mains constant. A pronounced loss of immobilized molecules
can, therefore, be excluded.

During the reaction the rhodium site loses its carbonyl
ligand, as documented by the IR spectra of the reused catalyst
(Figure 10).

The ageing in air only slightly affects the intensity of the car-
bonyl absorption of the catalyst, and the band is still clearly
visible after ten months. However, after the first run the band
at 1980 cm�1 (nCO) had almost disappeared. By a detailed spec-
troscopic investigation, Gao and Angelici proved that the car-
bonyl ligand in such complexes can be replaced by one mole-
cule of water.[33] In our experiments, residual water from the
solvent or from the support may be responsible for this effect.
However, if the dissociation of the carbonyl ligand is responsi-
ble for the increasing activity of the catalyst, this increase
should be observed even after the first run, which is not the
case. Alternatively, the formation of rhodium nanoparticles or
structural changes of the support material could explain the
ongoing increase of the reactivity, but TEM images (Figure 11)
of the used 9@Fe2O3 catalyst did not show any signs of the
formation of rhodium nanoparticles.

The IR measurements also prove that cleavage of the immo-
bilized complex from the support does not occur. Even after
the tenth run the characteristic bands are still present
(Figure 10). The broadening of the bands is caused by changes
in the support, rendering the environment of the immobilized
molecule more heterogeneous.

To gain further insight into the fate of the rhodium sites, X-
ray absorption spectroscopy (XAS)[34] measurements were per-
formed on the [(CO)2Rh(m2-Cl)]2 precursor and on the catalyst,

Figure 9. Filtration experiment and normal course of reaction for the hydro-
genation of cyclohex-2-enone with 9@Fe2O3 as the catalyst.

Table 2. Recycling experiments for the hydrogenation of cyclohex-2-
enone with 9@Fe2O3 as the catalyst.[a]

Run Time for complete conversion
[min]

1 180
2 180
3 160
4 150
5 150
6 120
7 45
8 20
9 15
10 15

[a] Reaction conditions: 1 mmol cyclohex-2-enone, 105 Pa H2, 1.0 mol %
9@Fe2O3, 10 mL isopropanol, rt, reaction monitoring by GC-MS analysis.

Figure 10. IR spectra of fresh 9@Fe2O3 and of reused 9@Fe2O3 after the first
and tenth run.

Figure 11. TEM images of 9@Fe2O3 after the first run.
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9@Fe2O3, before and after the catalytic hydrogenation. The
corresponding X-ray absorption near edge structure (XANES)
spectra are shown in Figure 12, together with the Fourier
transformed extended X-ray absorption fine structure (EXAFS)
spectra. The structural parameters obtained by fitting the ex-
perimental EXAFS functions with theoretical models are dis-
played in Table 3. The precursor could be fitted with a four-
shell model according to the molecular structure.[35] Important
for the structural assignments is the Rh�C pair from the CO
ligand at 1.84 � and the Rh�Cl contribution found at a distance
of 2.4 �. For 9@Fe2O3, significant changes in the XANES spec-
trum can be observed, indicating an altered coordination envi-
ronment. This is also reflected in the structural parameters
given in Table 3. Approximately two Rh�P pairs, one Rh�C con-
tribution from the CO ligand, and 1.5 remaining Cl neighbor
can be assigned. The distance between the rhodium site and
the CO ligand is increased by approximately 0.15 �, whereas
the Rh�Cl distance is identical to that of the precursor. The
Rh�P distance of approximately 2 � is, by 0.2 �, shorter than
the expected value. This is explained by interference effects of
the P and Cl backscatter, caused by their close proximity in the

periodic table. Nevertheless, the structure proposed in
Scheme 2 was confirmed by the XAS results.

After the reaction, further changes in the XANES spectrum
become apparent. To understand this, the EXAFS analysis has
to be considered first. In Figure 12, the Fourier transform of
the EXAFS functions shows an enlarged intensity at around
2.7 �. This can only be interpreted by including the formation
of a Rh�Rh shell, which yields an exact distance of 2.7 �, typi-
cal for metallic Rh. Because this is unambiguous proof for the
presence of Rh0, the XANES spectrum of 9@Fe2O3 after the cat-
alytic reaction was subjected to a linear combination XANES fit
(LC-XANES fit).[36] In this fit, the XANES spectra of the as pre-
pared 9@Fe2O3 and a bulk Rh foil were fitted to the spectrum
of 9@Fe2O3 after application in catalysis, yielding a content of
25 % Rh0 and 75 % of the as prepared 9@Fe2O3. This finding is
in rough agreement with the parameters extracted from the
EXAFS analysis, in which 1.1 instead of 1.5 Rh�Cl neighbors
were found. A light-atom shell is still present at 2 �. IR results
exclude the presence of CO ligands, therefore, this light-atom
contribution could be attributed, for example, to water, and is
consequently denoted Rh�O in Table 3. Because two of these
neighbors were found, the Rh�P coordination is reduced to
one. Summarizing the XAS results for 9@Fe2O3 after the reac-
tion, it can be concluded that part of the Rh centers are re-
duced to Rh0, whereas the main fraction is transformed into
species that cannot be further identified by XAS.

Conclusions

A rhodium triphenylphosphine complex could be successfully
immobilized on superparamagnetic iron oxide nanoparticles
by applying a novel ligand with a phosphonate-based linker
unit. This magnetically separable catalyst exhibits excellent ac-
tivity for the hydrogenation of alkenes and high selectivity to-
wards C=C double bonds. It can be recycled ten times without

Figure 12. XANES (top) and Fourier transformed EXAFS (bottom) spectra of
the samples 1) [(CO)2Rh(m2-Cl)]2, 2) as prepared 9@Fe2O3, and 3) 9@Fe2O3

after application in catalytic hydrogenation. In the EXAFS graphs, the experi-
mental spectra are shown as black solid lines, the simulated spectra accord-
ing to the parameters in Table 3 are presented as grey dotted dashed lines.

Table 3. Neighbor atoms, coordination numbers, and distances calculat-
ed from the EXAFS data.

Sample Abs-Bs[a] N(Bs)[b] R(Abs-Bs)
[�][c]

s

[��1][d]

R
[%][e]

[(CO)2Rh(m2-Cl)]2 Rh�C 2.3�0.2 1.87�0.02 0.059�0.012 15.8
Rh�Cl 2.1�0.2 2.39�0.02 0.067�0.014
Rh�Rh 1.1�0.2 2.95�0.02 0.067�0.021
Rh�O[f] 9.1�1.8 3.25�0.03 0.110�0.042

9@Fe2O3

as prepared
Rh�P 2.6�0.3 1.94�0.02 0.105�0.021 27.8
Rh�C 1.5�0.2 2.02�0.02 0.055�0.011
Rh�Cl 1.5�0.2 2.40�0.02 0.039�0.008

9@Fe2O3

after the reaction
Rh�O 2.1�0.2 2.05�0.02 0.095�0.019 25.8
Rh�P 1.1�0.1 2.20�0.02 0.055�0.011
Rh�Cl 1.1�0.1 2.32�0.02 0.055�0.011
Rh�Rh 1.9�0.2 2.67�0.03 0.071�0.014

[a] Abs = X-ray absorbing atom, Bs = backscattering atom. [b] Number of
backscattering atoms. [c] Distance between absorbing atom and back-
scattering atom. [d] Debye-Waller-like factor. [e] Fit index. [f] Signal com-
posed by Rh�(C)O and multiple scattering signal from the carbonyl
group.
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any loss of activity. The observed increase of reactivity during
the recycling process might indicate the formation of rhodium
nanoparticles. This indication is supported by X-ray absorption
spectroscopy. However, according to TEM investigations, the
particle diameters have to be far below 2 nm. No cleavage of
the organic ligand from the support takes place during the
catalysis and no leaching of rhodium could be detected by
AAS. We assign these findings to the strategy of synthesizing
the rhodium complex before tethering it onto the iron oxide
surface. Hereby, at least two of the phosphine units are in
close proximity to each other, stabilizing the complex on the
surface as well as the small rhodium nanoparticles. Further-
more, the phosphonate linker strongly binds to the maghemite
surface. These promising results open up new opportunities
for the immobilization of other homogenous catalysts on non-
silica-based inorganic oxides. We are currently investigating
the immobilization of different metal complexes on various
metal oxides by using the phosphonic acid bearing ligand 8.

Experimental Section

General remarks

All manipulations were performed under a nitrogen atmosphere
by using standard Schlenk techniques unless otherwise specified.
Solvents were dried by standard methods. Reagents were pur-
chased from ACROS, Alfa Aesar, or Sigma–Aldrich and used without
further purification, unless otherwise noted. NMR spectra were re-
corded with a Bruker DPX 400 and a Bruker Avance 600 spectro-
meter. Elemental analyses were carried out at the Fachbereich
Chemie (TU Kaiserslautern). The infrared spectra were recorded by
using a PerkinElmer FT-ATR IR 1000 spectrometer equipped with
a diamond-coated ZnSe window. Rhodium leaching was deter-
mined by atomic adsorption spectroscopy with a PERKIN ELMER
AAnalyst 300. XRD patterns were obtained on a Siemens D5005
diffractometer with Cu Ka radiation (40 kV, 30 mA, l= 0,15405 nm).
Nitrogen physisorption isotherms were measured at liquid nitrogen
temperature by using a Quantachrome Autosorb 1 sorption ana-
lyzer. The specific surface areas were calculated by the BET equa-
tion at a relative pressure of 0.05 to 0.5 (p/p). Thermogravimetric
analyses (TGA) were carried out on a Setaram Setsys 16/18. TEM
images were recorded on a Philips CM 300 UltraTwin microscope
with a LaB6 cathode at an acceleration voltage of 300 kV. The sam-
ples were deposited onto commonly used copper TEM grids
coated with a continuous carbon film. For the procedures used for
the synthesis of compounds 1–6 and of the g-Fe2O3 nanoparticles,
as well as for the assignment of the NMR resonances and further
details on X-ray structure analysis and X-ray spectroscopy, see the
Supporting Information.

Diethyl (3-(4-(diphenylphosphino)benzamido)propyl)phospho-
nate (7): Diethyl (3-aminopropyl)phosphonate hydrochloride (3)
(10.86 g, 44.6 mmol) and triethylamine (11.7 mL, 84.4 mmol) were
dissolved in dichloromethane (20 mL). In a different Schlenk tube,
4-(diphenylphosphino)benzoic acid (6) (9.60 g, 31.3 mmol), 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide (EDC, 7.20 g, 37.6 mmol),
and 4-dimethylaminopyridine (DMAP, 150 mg, 1.22 mmol) were dis-
solved in dichloromethane (50 mL). The content of the first Schlenk
tube was added to the second tube and the resulting mixture was
stirred for 72 h at rt. Then, the solvent was removed under reduced
pressure and the residue was combined with HCl (1 m, 150 mL)

and diethylether (100 mL). The layers were separated and the
aqueous layer was extracted twice with diethylether (100 mL). The
combined organic layers were washed five times with HCl (1 m),
once with saturated Na2CO3 solution and twice with brine. After
drying over MgSO4 the solvent was removed under reduced pres-
sure and a colorless solid was obtained (yield: 11.4 g, 23.6 mmol,
75 %). 1H NMR (400 MHz, CDCl3): d= 7.83–7.76 (m, 2 H, H-3), 7.37–
7.27 (m, 12 H, ArH), 4.14–3.99 (m, 4 H, H-9), 3.59–3.52 (m, 2 H, H-6),
2.01–1.79 (m, 4 H, H-7, H-8), 1.32–1.26 ppm (m, 6 H, H-10);
13C{1H} NMR (101 MHz, CDCl3): d= 167.2 (s, C-5), 141.8 (d, 1J(P,C) =
13.1 Hz, C-1), 136.5 (d, 1J(P,C) = 10.7 Hz, C-i), 134.6 (s, C-4), 134.0 (d,
2J(P,C) = 20.0 Hz, C-o), 133.6 (d, 2J(P,C) = 18.9 Hz, C-2), 129.1 (s, C-p),
128.7 (d, 3J(P,C) = 7.3 Hz, C-m), 127.1 (d, 3J(P,C) = 6.5 Hz, C-3), 61.9
(d, 2J(P,C) = 6.6 Hz, C-9), 40.3 (d, 3J(P,C) = 12.1 Hz, C-6), 23.6 (d,
1J(P,C) = 141.4 Hz, C-8), 22.5 (d, 2J(P,C) = 4.6 Hz, C-7), 16.5 ppm (d,
3J(P,C) = 6.0 Hz, C-10); 31P{1H} NMR (162 MHz, CDCl3): d= 32.93 (s,
PO(OEt)2), �5.02 ppm (s, PPh2R); IR (ATR): ñ= 3287 (m) (NH), 2984
(w), 2937 (w), 1655 (vs) (CO), 1597 (m), 1550 (s), 1479 (m), 1434
(m), 1391 (m), 1302 (s), 1235 (vs), 1219 (s), 1174 (m), 1091 (m), 1023
(vs), 961 (vs), 852 (m), 817 (s), 743 (vs), 696 cm�1 (vs) ; elemental
analysis calcd. (%) for C26H31NO4P2 (483.48): C 64.59, H 6.46, N 2.90;
found: C 64.38, H 6.60, N 2.86.

(3-(4-(Diphenylphosphino)benzamido)propyl)phosphonic acid
(8): Diethyl (3-(4-(diphenylphosphino)benzamido)propyl)phospho-
nate (7) (7.00 g, 14.5 mmol) was dissolved in dichloromethane
(60 mL). Trimethylbromosilane (7.50 mL, 56.8 mmol) was added
dropwise to the solution over a period of 1 h and the resulting
mixture was stirred for 12 h at rt. Then, the solvent and the residu-
al trimethylbromosilane were removed under reduced pressure.
The residue was combined with NaOH solution (1 m, 150 mL). Di-
chloromethane (100 mL) was added to this suspension and the re-
sulting two-phase mixture was stirred vigorously for 10 min, fol-
lowed by the addition of HCl (1 m) until no further precipitation of
a solid was observed and the pH value was 1. The solid was re-
moved by filtration, washed several times with water, acetone, and
dichloromethane before drying at 40 8C under reduced pressure.
The colorless solid is prone to oxidation and should be stored in
a cool place (yield: 6.05 g, 14.2 mmol, 98 %). 1H NMR (600 MHz,
CDCl3 + CD3OD): d= 7.77–7.73 (m, 2 H, H-3), 7.36–7.25 (m, 12 H,
ArH), 3.47–3.41 (m, 2 H, H-6), 1.92–1.83 (m, 2 H, H-7), 1.79–1.71 ppm
(m, 2 H, H-8); 13C{1H} NMR (101 MHz, CDCl3 + CD3OD): d= 169.2 (s,
C-5), 142.8 (d, 1J(P,C) = 12.5 Hz, C-1), 136.8 (d, 1J(P,C) = 9.9 Hz, C-i),
134.8 (s, C-4), 134.4 (d, 2J(P,C) = 19.5 Hz, C-o), 133.9 (d, 2J(P,C) =
19.1 Hz, C-2), 129.7 (s, C-p), 129.2 (d, 3J(P,C) = 7.9 Hz, C-m), 127.6 (d,
3J(P,C) = 7.0 Hz, C-3), 40.8 (d, 3J(P,C) = 17.2 Hz, C-6), 25.0 (d, 1J(P,C) =
138.8 Hz, C-8), 23.3 ppm (d, 2J(P,C) = 3.9 Hz, C-7); 31P{1H} NMR
(243 MHz, CDCl3 + CD3OD): d= 30.54 (s, PO(OH)2), �4.66 ppm (s,
PPh2R); IR (ATR): ñ= 3313 (m) (NH), 3051 (m), 2927 (m), 2693 (m)
(POH), 2205 (m), 1815 (w), 1708 (m) (CO), 1596 (m), 1541 (s), 1481
(m), 1434 (s), 1319 (m), 1278 (m), 1197 (m), 1141 (m), 1030 (m), 998
(vs), 944 (vs), 851 (m), 744 (vs), 724 (s), 692 cm�1 (vs) ; elemental
analysis calcd. (%) for C22H23NO4P2·(CH2Cl2)0.1 (435.86): C 60.90, H
5.37, N 3.21; found: C 60.36, H 5.66, N 3.30.

Carbonylchloridobis[(3-(4-(diphenylphosphino)benzamido)pro-
pyl)phosphonicacid]rhodium(I) (9): (3-(4-(Diphenylphosphino)-
benzamido)propyl)phosphonic acid (8) (220 mg, 514 mmol) was
suspended in dichloromethane (5 mL). A solution of tetracarbonyl-
di(m-chlorido)dirhodium(I) (50.0 mg, 129 mmol) in dichloromethane
(5 mL) was added to this mixture. The resulting suspension was
combined with methanol (1 mL) and the now clear yellow solution
was stirred for 40 min. After filtration and removal of the solvent
under reduced pressure, the yellow residue was washed twice with
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dichloromethane (20 mL) and four times with diethylether (40 mL).
The obtained yellow solid was dried under vacuum for 5 h. The
complex decomposes slowly at rt and, therefore, should be stored
in a cool place (yield: 254 mg, 249 mmol, 97 %). 1H NMR (600 MHz,
CDCl3 + CD3OD): d= 7.83–7.78 (m, 4 H, H-3), 7.75–7.66 (m, 12 H,
ArH), 7.47–7.36 (m, 12 H, ArH), 3.45–3.40 (m, 4 H, H-6), 1.91–1.83 (m,
4 H, H-7), 1.79–1.70 ppm (m, 4 H, H-8); 13C{1H} NMR (151 MHz,
CDCl3 + CD3OD): d= 187.4 (dt, 1J(Rh,C) = 73.4 Hz, 2J(P,C) = 16.8 Hz,
CO), 168.7 (s, C-5), 137.4 (m, C-1), 136.4 (s, C-4), 135.3 (m, C-o),
135.1 (m, C-2), 132.6 (m, C-i), 131.2 (s, C-p), 129.0 (m, C-m), 127.4
(m, C-3), 40.9 (d, 3J(P,C) = 16.9 Hz, C-6), 25.1 (d, 1J(P,C) = 138.7 Hz,
C-8), 23.3 ppm (d, 2J(P,C) = 4.7 Hz, C-7); 31P{1H} NMR (243 MHz,
CDCl3 + CD3OD): d= 30.48 (s, PO(OH)2), 30.38 ppm (d, 1J(Rh,P) =
127.0 Hz, P-Rh); IR (ATR): ñ= 3299 (w), 3053 (w), 2867 (w), 2281 (w),
1974 (vs) (CO), 1630 (m), 1599 (m), 1535 (s), 1482 (m), 1434 (s),
1390 (w), 1307 (m), 1150 (s), 1114 (m), 1094 (vs), 979 (vs), 932 (vs),
845 cm�1 (s) ; elemental analysis calcd. (%) for
C45H46ClN2O9P4Rh·(H2O)3 (1075.15): C 50.27, H 4.87, N 2.61; found: C
50.62, H 5.08, N 2.48.

Grafting of 9 on superparamagnetic g-Fe2O3 nanoparticles
(9@Fe2O3): The iron oxide nanoparticles prepared according to the
procedure given in the Supporting Information were transferred to
a Schlenk tube and the supernatant methanol was discarded. The
particles were suspended in a mixture of methanol (8 mL) and di-
chloromethane (8 mL), followed by the addition of carbonylchlori-
dobis[(3-(4-(diphenylphosphino)benzamido)propyl)phosphonic
acid]rhodium(I) (9) (100 mg, 98 mmol). This mixture was stirred for
24 h and placed five times, for 15 min, in an ultrasonic bath. The
nanoparticles were magnetically separated and washed three
times with a 1:1 mixture of methanol and dichloromethane. The re-
sulting hybrid material was dried under vacuum at 50 8C and
stored under air.

General procedure for the hydrogenation of alkenes : The alkene
(0.5 mmol) and 9@Fe2O3 (1.0 mol % of Rh) were mixed with isopro-
panol (3 mL) in a small Schlenk tube equipped with a rubber bal-
loon as hydrogen reservoir. The mixture was degassed and purged
with hydrogen (105 Pa) three times. Afterwards, the mixture was
stirred at the indicated temperature for the given time. The yields
were determined by GC-MS. For the reusability test the catalyst
was magnetically separated, washed twice with ethyl acetate and
dried under reduced pressure.

X-ray structure determination : Detailed crystal data and refine-
ment parameters for compound 7 are summarized in the Support-
ing Information. The structures was solved by using direct meth-
ods (SIR92[37]), completed by subsequent difference Fourier synthe-
ses, and refined by full-matrix least-squares procedures.[38] Semi-
empirical absorption corrections from equivalents (Multiscan) were
carried out.[39] All non-hydrogen atoms were refined with aniso-
tropic displacement parameters. All hydrogen atoms were placed
in calculated positions and refined by using a riding model. CCDC-
1031751 contains the supplementary crystallographic data for this
paper, which can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_re-
quest/cif.

XAS measurements : XAS experiments were performed at beam-
line BM23 at the ESRF (European Synchrotron Radiation Facility) in
Grenoble, France. The measurements were carried out at the Rho-
dium K-edge with a Si(311) double-crystal monochromator and
a maximum synchrotron beam current of 200 mA. Spectra of undi-
luted powders between two Kapton windows were recorded in

the fluorescence mode at ambient temperature. The second mono-
chromator crystal was tilted for optimal harmonic rejection. Data
evaluation started with background absorption removal from the
experimental absorption spectrum by subtracting a Victoreen-type
polynomial. Owing to several inflection points in the absorption
edge, the threshold energy E0 was determined consistently by
taking the energy at half of the edge jump. To determine the
smooth part of the spectrum, corrected for pre-edge absorption,
a piecewise polynomial was used. It was adjusted in such a way
that the low-R components of the resulting Fourier transform were
minimal. After division of the background-subtracted spectrum by
its smooth part, the photon energy was converted to photoelec-
tron wave numbers k. The resulting c(k)-function was weighted
with k3 and Fourier transformed by using a Hanning window func-
tion. Data analysis was performed in the k-space on filtered data.
The filtered range was chosen according to the range of the signif-
icant data (1–4 �). Adjustment of the common theoretical EXAFS
expression:

cðkÞ ¼
X

j

Nj

kr2
j

S2
0ðkÞFjðkÞe�2k2s2

j e�2rj=l sin 2krj þ djðkÞ
� �

(Nj : one type of neighbor atoms, j, in a shell. rj : distance of atoms j
from the X-ray absorbing atom. S2

0: amplitude reduction factor. Fj :
backscattering amplitude. s2 : Debye-Waller-like factor. dj : overall
phase shift) according to the curved wave formalism of the
EXCURV98 program with XALPHA phase and amplitude functions
was carried out. The mean free path of the scattered electrons was
calculated from the imaginary part of the potential (VPI set to
�4.00 eV). An inner potential correction, Ef, was introduced when
fitting experimental data with theoretical models that accounts for
an overall phase shift between the experimental and calculated
spectra. The amplitude reduction factor was 0.8.
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A Rhodium Triphenylphosphine
Catalyst for Alkene Hydrogenation
Supported on Neat
Superparamagnetic Iron Oxide
Nanoparticles

A hybrid for hydrogenation: The graft-
ing of a functionalized carbonyldichlori-
dobis(triphenylphosphino)rhodium com-
plex, by means of two phosphonate
linker units, onto neat maghemite nano-

particles generates a magnetically sepa-
rable catalyst for olefin hydrogenation.
X-ray absorption spectroscopy shows
that in the course of the catalysis rhodi-
um nanoparticles are formed.
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