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Abstract

The hydroformylation of 1-alkenes can be performed in solventless conditions using ligand-modified or unmodified Rh(0) nanoparticles prepared
in imidazolium ionic liquids as catalyst precursors. There is a strong influence of the nanoparticle size on the hydroformylation reaction. Aldehydes
are generated when 5.0 nm Rh(0) nanoparticles are used in the hydroformylation of 1-alkenes and /b selectivities up to 25 can be achieved by
addition of Xantphos (9,9-dimethyl-4,5-bis(diphenylphosphino)xanthene). Although small nanoparticles also generate catalytically active species
the chemoselectivity decreases (around 11-17% of olefin isomerization) compared to those performed with the 5.0 nm nanoparticles. In contrast,
the large sized nanoparticles (15 nm) produce only small amounts of aldehydes similar to that observed with a classical heterogeneous Rh/C catalyst
precursor. TEM, XRD, IR and NMR experiments indicated that these Rh(0) nanoparticles are probably degraded under the reaction conditions

into soluble mononuclear Rh-carbonyl catalytically active species.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The high surface area-to-volume ratio of solid-supported
metal nanoparticles is mainly responsible for their catalytic
properties and this can be exploited in many industrially impor-
tant reactions [1]. Recently, it was found that soluble or non-
supported nanoscale materials can in some cases give rise to
novel and unique catalytic behaviour [2]. This has been possi-
ble, to a large extent, due to the significant recent advances in
controlling synthetic pathways to metal nanoparticle. This has
rendered possible a better fundamental understanding of the cat-
alytic properties of metal nanoparticles by studying soluble or
non-supported transition-metal nanoparticles as “model” mate-
rials [3-7]. In this respect, it is expected that transition-metal
nanoparticles of 1-10 nm in size will exhibit physical-chemical
properties intermediate between those of the smallest element
from which they can be composed and those of the bulk material
[8]. Indeed, in many cases this new generation of nanopar-
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ticles gives rise to unique catalytic activities/selectivities and
their metal-surface properties can be modulated by the addi-
tion of ligands, for example Ref. [9]. However, in other cases
these nanomaterials behave like classical heterogeneous cata-
lysts [10-12] and in some other cases these soluble materials are
degraded, under the reaction conditions, generating monometal-
lic homogenous catalytically active species [13].

The hydroformylation of olefins is catalyzed by a plethora
of monometallic complexes modified or not by several dif-
ferent types of ligands [14—16]. Molecular clusters have also
been investigated but under the hydroformylation conditions
these multinuclear compounds degraded into at least bimetal-
lic species, which promote the reaction [17-23]. For example,
multinuclear compounds such as [Rh4(CO)1>] and [Rhe(CO) ;6]
are transformed into [RhH(CO)3], which is responsible for the
catalytic activity [24,25]. Therefore, the hydroformylation of
olefins can constitute a chemical reaction probe for investigat-
ing the properties of transition-metal nanoparticles, i.e., if they
possess typical molecular metal cluster or surface-like catalytic
properties. We wish to disclose herein our results concerning
the catalytic properties of Rh(0) nanoparticles in the solvent-
less hydroformylation of olefins in the presence and absence of
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Fig. 1. X-ray diffraction pattern of the isolated Rh(0) nanoparticles dispersed in BMI-BF, before (left) and after (right) the hydroformylation reaction.

Xantphos (9,9-dimethyl-4,5-bis(diphenylphosphino)xanthene)
[26].

2. Results and discussion
The Rh(0) nanoparticles were prepared by simple hydro-

gen reduction of RhCl3-nHyO dissolved in 1-n-butyl-3-
methylimidazolium tetrafluoroborate (BMI-BF,) ionic liquid

[27] using a similar experimental protocol recently developed
for the preparation of various stable transition-metal nanoparti-
cles [28]. The Rh(0) nanoparticles were isolated by centrifuga-
tion, washed with methanol, dried under reduced pressure and
analyzed by X-ray powder (XRD) diffraction and transmission
electron microscopy (TEM).

The XRD pattern (Fig. 1) confirmed the crystalline Rh(0) and
it was adjusted by indexation of five Bragg reflections corre-
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Fig. 2. Parts of the transmission electron micrograph and histograms illustrating the particle size distribution of the Rh(0) nanoparticles dispersed in BMI-BF, before

(left) and after the hydroformylation reaction (right).
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sponding to the Rh(0) (111),(200), (220),(311) and (222)
as face-centered cubic (fcc) with lattice parameter a =3.8028.
A mean diameter of 4.6nm could be estimated from the
XRD diffraction pattern by means of the Debye-Scherrer equa-
tion (using the parameters obtained with Rietveld’s refine-
ments) which corresponds well with the average diameter of
5.0 & 1.0 nm determined from TEM images (see below).

The size and morphology of the Rh(0) nanoparticles in the
ionic liquid were also investigated in situ by TEM analysis.
The nanoparticle-size distribution was estimated from the mea-
surement of about 600 particle diameters, assuming a spherical
shape, found in an arbitrary chosen area in enlarged micropho-
tographs (Fig. 2). These particles display a monomodal size
distribution with an average diameter of 5.0 + 1.0 nm.

The isolated Rh(0) nanoparticles were mixed with 1-hexene,
1-octene or 1-decene in an autoclave and a CO/H; mixture
(50bar, 1:1) was admitted to the system at 100 °C and 660 rpm
stirring rate. Note that these reactions are performed in a typical
“solventless” condition where the substrates and products are
per-definition the solvent(s) of the catalytic process. The fall in
the syngas pressure in the autoclave was monitored with a pres-
sure transducer interfaced with a PC. The olefin consumption
and the formation of the products were also followed by GC and
GC-MS. At the end of the reaction the nanoparticles were easily
separated as a black powder by a simple decantation procedure.

The conversion of the olefins during the hydroformylation
reaction is presented in Fig. 3. The results obtained under dif-
ferent conditions are summarized in Table 1. In all experiments,
induction periods of 1-4 h (not shown in Fig. 3) were observed
indicating the transformation of the nanoparticles into catalyti-
cally active species.

Aldehydes were the major products observed in all reac-
tions without any trace of hydrogenation products (Scheme 1),
except in the reactions performed with large Rh nanoparticles or
Rh/C (entries 5-7, Table 2). This is quite surprising since Rh(0)
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Fig. 3. Hydroformylation of 1-hexene (A), 1-octene (M) and 1-decene (@)
(10 mmol) by Rh(0) nanoparticles (5 mg) at 100 °C and 50 atm of CO/H, (1/1).

nanoparticles are highly active catalysts for the hydrogenation
of olefins [29].

The mean diameter of 4.8 nm estimated from the XRD
diffraction pattern by means of the Debye-Scherrer equation of
the isolated metal particles from the ionic liquid after the hydro-
formylation indicated no modification on their size. However,
the recovered nanoparticles analyzed by TEM (Fig. 2) showed
a significant narrowing of overall particle size with a slight
increase of particle size, in particular those with 5-6nm (see
histograms in Fig. 2). Indeed, a mean diameter of 5.4 &+ 1.0 nm
was estimated from the measurement of about 600 particle diam-
eters, assuming a spherical shape, found in an arbitrary chosen
area in enlarged microphotographs of the Rh(0) in the ionic
liquid after the hydroformylation of 1-hexene. This process is
typical of an Ostwald ripening-type mechanism, i.e., the growth

Table 1

Hydroformylation of olefins by Rh(0) nanoparticles®

Entry Catalyst Olefin ¢ (h)° cv. (%)° b Is.° (%) 1t.f (h)
1 Rh(0) 1-Decene 18 100 1.5 <1 2.5
2 Rh(0) 1-Octene 13 100 1.7 <1 <1

3 Rh(0) 1-Hexene 41 100 1.8 <1 2.0
4 Rh from 3 1-Hexene 6 100 1.8 <1 <1

5 Rh from 4 1-Hexene 19 100 1.5 <1 <1
6 Rh from 5 1-Hexene 19 100 1.3 <1 1.0
7 Rh from 6 1-Hexene 21 100 1.5 <1 <1
8 Rh from 7 1-Hexene 19 98 1.4 <1 <1
9 Org. phase from 3 1-Hexene 16 100 1.8 <1 <1
10 Rh(0)/Xantphos® 1-Hexene 30 100 25 <1 4.0
11 Org. phase from 10 1-Hexene 18 97 2.0 <1 <1

& Reaction conditions: Rh(0) (5 mg); olefin (10 mmol); CO/H; (1/1, 50 bar); and 7= 100 °C.

b Time for the CO/H, consumption without the induction time.

¢ Olefin conversion.

d Ratio linear/branched aldehydes.

¢ Percentage of internal olefins.

f Induction time required for the beginning of CO/H, consumption.
& Xantphos (10 mg, 0.017 mmol).
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Table 2
Hydroformylation of olefins by Rh(0) nanoparticles with different sizes and Rh/C?
Entry Catalyst Olefin t (h)® cv. (%)° /b Is.° (%) 1t.f (h)
1 Rh(0) (5.0 nm) 1-Decene 18 100 1.5 <1 2.5
2 Rh(0) (5.0 nm) 1-Hexene 41 100 1.8 <1 2.0
3 Rh(0) (2.7 nm) 1-Hexene 23 93 1.9 17 3.0
4 Rh(0) (2.7 nm) 1-Decene 40 92 0.5 11 2.0
5 Rh(0) (15nm) 1-Decene 22 4 1.1 2 4.0
6 Rh(0) (15 nm) 1-Decene 46 72 2.0 54 3.5
7 Rh/C (5%) 1-Hexene 20 21 1.5 16 2.0

4 Reaction conditions: Rh(0) (5 mg); olefin (10 mmol); CO/H; (1/1, 50 bar); and 7=100°C.

b Time for the CO/H, consumption without the induction time.

¢ Olefin conversion.

d Ratio linear/branched aldehydes.

¢ Percentage of internal olefins.

f Induction time required for the beginning of CO/H, consumption.

of larger nanoparticles from those of smaller size which have
a higher solubility than the larger ones. Moreover, this process
may explain the presence of monometallic thodium species in
solution during the hydroformylation reaction (see below).

The recovered nanoparticles could be re-used five times with-
out significant changes in their catalytic activities (see entries
4-8, Table 1). The I/b ratio (1.1-1.8) obtained with the nanopar-
ticles is the same as the one usually obtained with unmodified
rhodium complexes under homogeneous or biphasic conditions
[15]. Note that the 1-hexene hydroformylation is slower in the
first run (Table 1, entry 3) than the recharges using the recovery
Rh(0) nanoparticles (Table 1, entries 4—6). This is probably due
to the presence of more exposed surface atoms after the first
hydroformylation run. However, the mixture of solid Xantphos
and Rh(0) nanoparticles also gives rise to only aldehyde products
but a //b (linear/branched) ratio of 25 (entry 10, Table 1) typi-
cal of Rh-Xantphos molecular catalysts.[26] This suggests the
possible formation of modified Xantphos nanoparticle species
and/or the degradation of the nanoparticles with the formation
of molecular Rh-Xantphos complexes that are in fact the cat-
alytically active species.

In other to verify these hypotheses the recovered organic
phase of the unmodified Rh nanoparticles was used as a cat-
alyst precursor for the hydroformylation of 1-hexene (entry 9,
Table 1) and hydroformylation occurred with a 1.8 I/b selectiv-
ity. Even though the catalytic activity of this organic phase was
modest compared to that observed with the recovered nanopar-
ticles (entry 4, Table 1) this is an indication of the presence of
soluble Rh species (Fig. 4).

The appearance, in the IR spectra, in an organic solution, of
a weak stretching band at 1814 cm ™! (besides the CO stretching
band of the aldehydes at 1780 and 1790 cm™!) is an indication
of the presence of a carbonyl ligand attached to a Rh cluster
nucleus. Rh ionic species was not observed by ESI-MS in both
positive and negative modes of the organic phase. We have also

checked the organic phase of the reaction performed in the pres-
ence of Xantphos (entry 11, Table 1) by >'P-{'H} NMR. The
3P-{'H} NMR spectrum shows only two broad singlets at 28.7
and 30.2 ppm, which can be attributed to the Xantphos associ-
ated with Rh-carbonyl compounds. Interestingly, the addition
of Xantphos to the organic phase recovered from the hydro-
formylation of 1-hexene promoted by Xantphos-Rh nanoparti-
cles suppresses the catalytic activity of this solution. Moreover,
the 3'P-{'H} NMR spectrum of a mixture of Rh(0) nanoparti-
cles, Xantphos and aldehyde shows two relatively broad peaks
centered at 32 ppm and no peak corresponding to free-Xantphos
was observed, suggesting that all the Xantphos ligand interacts
with the Rh centers. The IR spectra of the Rh(0) nanoparticles
(CaF; pellets) under 1bar of CO during 20h shows bands at
2088 and 2019 cm™! (Fig. 5) characteristic of Rh(CO), species
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Fig. 4. Hydroformylation of 1-hexene by Rh(0) nanoparticles and Rh/C. (H)
Rh(0) (5.0 nm) first run; (@) Rh(0) recovered; (A) organic phase recovered; (V)
Rh(0)/Xantphos; (¢) Rh/C.
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Fig. 5. Part of the IR spectra of the Rh(0) nanoparticles (CaF; pellets) under
1 bar of CO (20 h).

present in Rh surfaces covered by CO [30]. The same IR spec-
trum was obtained for the Rh nanoparticles under 1 bar of CO/H,
(1/1) during 24 h.

We have also tested smaller (2.7 nm) [11] and larger (15 nm)
[31] Rh(0) nanoparticles prepared by hydrogen reduction of
RhCl3-nH;0 and [RhCl(cod)],, respectively, dissolved in 1-
n-butyl-3-methylimidazolium hexafluorophosphate ionic liquid
(see Table 2).

There is a strong influence of the nanoparticle size on
the hydroformylation reaction: although small nanoparticles
also generate catalytically active species the chemoselectivity
decreases (around 11-17% of olefin isomerization) compared to
those performed with the 5.0 nm nanoparticles. In contrast, the
large sized nanoparticles produce only small amounts of alde-
hydes similar to that observed with a classical heterogeneous
Rh/C catalyst precursor (compare entries 5-6 and 7, Table 2).
It is obvious that the lower catalytic activity observed with the
large sized nanoparticles is related with the presence of less Rh
atoms on the surface than those with 5.0 nm. It is also impor-
tant to note that the isolated nanoparticles prepared either in
1-n-butyl-3-methylimidazolium tetrafluoroborate or hexafluo-
rophosphate contains residual ionic liquids on their surfaces as
observed by XPS analysis [31,32]. Therefore, the higher cat-
alytic activity obtained with the 5.0 nm nanoparticles (prepared
in 1-n-butyl-3-methylimidazolium tetrafluoroborate) compared
to those obtained with the 2.7 and 15 nm (both prepared in 1-
n-butyl-3-methylimidazolium hexafluorophosphate) can be also
due to the presence of more exposed Rh atoms on their surface
since BF,4 anion is much less coordinating than PFg anion [33].

3. Conclusions

We demonstrated that unmodified or ligand-modified 5.0 nm
Rh(0) nanoparticles are catalyst precursors for the hydroformy-
lation of 1-alkenes. Although at this stage of our studies we

cannot exclude that the hydroformylation reaction occurs at the
nanoparticle surface, most of the data including the induction
periods observed in all reactions starting from the nanoparti-
cles are indicative of nanoparticle degradation under the reaction
conditions into soluble mononuclear Rh-carbonyl catalytically
active species as observed earlier in the reactions performed
with Rh-carbonyl molecular clusters [17]. However, whatever
the path involved in the formation of the catalytically active
species it is clear that it depends on the size of the starting Rh
nanoparticles.

4. Experimental
4.1. General

All reactions were performed under an argon atmosphere
using Schlenk techniques. The substrates (Acros or Aldrich)
were obtained from commercial sources and used as received.
The ionic liquids were prepared according to known proce-
dures [27], dried over molecular sieves (4 A) and their purity
was checked by an AgNOs test, I and !13C NMR, and
Cyclic Voltametry. The water [34] (<0.1 wt%) and chloride [35]
(<1.4 mg/L) contents in the ionic liquids used were determined
by known methods. NMR analyses were performed on a Var-
ian Inova 300 spectrometer. Infrared spectra were obtained on a
Bomen B-102 spectrometer.

4.2. XRD analysis of the isolated nanoparticles

For the XRD analyses the nanoparticles were isolated as a
fine powder and placed in the sample holder. The wide angle
X-ray diffraction (WAXD) experiments were carried out on a
SIEMENS D500 diffractometer equipped with curved graphite
crystal using Cu Ko radiation (A =1.5406 A). The diffraction
data were collected at room temperature in a Bragg-Brentano
0-26 geometry. The equipment was operated at40 kV and 20 mA
with scan range between 10° and 100°. The diffractograms were
obtained with a constant step 0.05. The Rietveld’s refinement
(Fig. 6) was obtained using the FULLPROF code.

4.3. TEM analysis

The nanoparticle size and morphology of the particles iso-
lated before and after hydroformylation reaction were inves-
tigated in situ by TEM analysis carried out directly on the
ionic liquid nanoparticle-containing phase. The morphologies
of the obtained particles were carried out on a JEOL JEM-2010
equipped with an energy dispersive X-ray spectroscopy (EDS)
system and JEOL JEM-1200 EXII electron microscope operat-
ing at an accelerating voltage of 200 and 120kV, respectively.
The samples for TEM were prepared by deposition on a carbon-
coated copper grid of the rhodium nanoparticles dispersed in
the ionic liquid at room temperature. The histograms of the
nanoparticles size distribution were obtained from measurement
of about 300 particles (600 counts), and were reproduced in dif-
ferent regions of the Cu grid, assuming spherical shape, found in
an arbitrary chosen area of enlarged micrographs. The HRTEM
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Fig. 6. Rietveld’s refinament of X-ray diffraction patterns of the Rh(0) nanoparticles before (left) and after (right) the hydroformylation reaction.

images (Fig. 7) were analyzed by in Gatan Software from which
it was obtained the Fourier transformed.

4.4. Nanoparticle formation and isolation

In a typical experiment, a Fischer Porter bottle containing
a red solution of RhCl3-xH,O (26 mg, 0.1 mmol) in methanol
(5 mL) was added to BMI-BF, (1 mL) and stirred at room tem-
perature for 15 min. The volatiles were then removed under
reduced pressure (0.1bar) at 75°C for 1h. The system was
kept at 75 °C and hydrogen (4 bar) was admitted to the system.
After stirring for 1 h a black solution was obtained and 15 mL
of methanol were added and the nanoparticles were isolated by
centrifugation (3000 rpm) for 5 min and washed with methanol
(3 x 15 mL) and dried under reduced pressure. The Rh samples
thus obtained were prepared for TEM and X-ray analysis, and
for catalytic experiments.

Fig.7. Highresolution transmission electron micrograph (HRTEM) of the Rh(0)
nanoparticles dispersed in BMI-BF, before the hydroformylation reaction.

4.5. Catalytic experiments

Catalytic experiments were performed in a 50 mL capacity
stainless-steel reaction vessel (Parr) using a mechanic stirrer
(660 rpm). The fall in the CO/H; pressure in the reaction vessel
was monitored with a pressure transducer interfaced through a
Novus converter to a PC and the data workup via Microcal Ori-
gin 5.0. The Rh(0) nanoparticles (5 mg) and the desired olefin
(10 mmol) were transferred under argon to the reaction vessel.
Thereafter, the reaction vessel was pressurized with 50 bar of
CO/H; (1/1) and the reaction was initiated by placing the reac-
tion vessel into a temperature-controlled oil bath preheated at
100 °C. Catalytic reactions were terminated by removing the
vessel from the oil bath and depressurized after cooling in an ice
bath. In all cases the organic layer was readily separated from
the solid nanoparticles. The organic phase was analyzed by GC
using a Varian gas chromatograph with a FID and 30 m long
capillary column with a dimethylpolysiloxane stationary phase
and using di-n-butyl ether as standard. The organic compounds
were characterized by GC-MS and by comparison of their GC
retention times with those of authentic samples.
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