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The organometallic synthesis of rhodium nanoparticles stabi-
lized with diphosphite ligands is described. These nano-
particles were investigated as catalysts in the styrene hydro-
formylation reaction, and their activity and selectivity were
compared with those of similar molecular complexes. NMR

Introduction

The use of metal colloids as catalysts has been attracting
growing interest in the past years.[1] Several catalytic reac-
tions have been investigated but hydrogenation is the most
studied process. Because it is well known that hydrogena-
tion takes place on metal surfaces, various metal nano-
particles systems have been used in this reaction.[1] More
recently, metal nanoparticles have also been used as catalyst
for other reactions, such as C–C coupling, where it is more
difficult to know if catalysis takes place on the metal sur-
face.[1e,2] The question of the nature of catalysis, namely
homogeneous or heterogeneous, is still open, as these pro-
cesses require different analytical techniques that are diffi-
cult to combine for the study of metal nanoparticles.[3]

Some authors dealt with this problem by using different
approaches, such as by studying reaction kinetics[3b–3d] or
by investigating the nature of the intermediate surface spe-
cies at the surface of the nanoparticles.[4] For example, some
of us have recently used various NMR spectroscopic
methods to study the reactivity of small molecules towards
ruthenium nanoparticle surfaces.[4,5]
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spectroscopic studies performed during the course of the
catalytic reaction showed that the synthesized nanoparticles
are not stable and produce molecular species.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

The synthesis of metal nanoparticles through hydrogena-
tion of organometallic precursors in the presence of organic
ligands has been developed.[6] This method allows metal
nanoparticles of various metals (Ru, Pd, Pt or Rh) to be
obtained with clean surfaces, and they may be used as cata-
lysts in several chemical reactions such as hydrogenation
or C–C coupling.[7] By using this method, an interesting
behaviour was observed for palladium nanoparticles stabi-
lized by chiral diphosphite ligands when they are used as
catalysts for enantioselective allylic alkylation reac-
tions.[2h,2i] More precisely, it was shown that such palladium
nanoparticles display different catalytic reactivities de-
pending on their robustness, which is related to the ligand
nature. Although some of them are able to induce high ac-
tivity and enantioselectivity together with a high degree of
kinetic resolution, which is not observed with the related
molecular catalytic system, other nanoparticles are less
stable and lead to metal leaching and to molecular species
activities. On the basis of these previous results, diphosphite
chiral ligands were used as stabilizers in the synthesis of
rhodium nanoparticles to investigate the influence of the
metal precursor and the diphosphite ligand on their cata-
lytic properties.

Rhodium nanoparticles are commonly used as catalysts
in hydrogenation reactions,[1] but only a few examples were
reported for hydroformylation reactions.[8] Nevertheless, in
most cases, the role of the metal nanoparticles in the cataly-
sis is not clear. Some results point out that the nature of
the catalyst is heterogeneous,[8d] whereas other studies show
that the active species are probably rhodium complex-
es.[8c,8e] In order to try to shed some light on the behaviour
of rhodium nanoparticles in the hydroformylation process,
we describe here the synthesis of new chiral diphosphite
ligand stabilized rhodium nanoparticles and investigations
on their use as catalysts in the hydroformylation of styrene.
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Catalytic tests together with poison tests and high-pressure
(HP) NMR spectroscopic studies allowed us to learn the
nature of the active species.

Results and Discussion

Synthesis and Characterization of Rhodium Nanoparticles

Rhodium nanoparticles were obtained by decomposition
of two different rhodium precursors, [Rh(η3-C3H5)3][9] and
[Rh(µ-OMe)(cod)]2,[10] which were synthesised by following
previously described methods. As a standard procedure, the
decomposition of each rhodium organometallic precursor
under an H2 atmosphere (3 bar) was carried out in thf in-
side a Fischer–Porter bottle at room temperature and in the
presence of the chosen ligand (1[11] or 2;[12] Rh/L, 1:0.2;
Scheme 1).[6] The decomposition of both rhodium precur-
sors took place in a similar way. The initial pale-yellow
solutions became black in a few minutes after dihydrogen
introduction, confirming decomposition of the rhodium
complexes. The rhodium nanoparticles were isolated as
black powders after pentane precipitation and washings af-
fording four samples in the presence of ligands 1 and 2,
respectively, namely, Rh1 and Rh2 from [Rh(η3-C3H5)3]
and Rh3 and Rh4 from [Rh(µ-OMe)(cod)]2.

Scheme 1. Synthesis of rhodium nanoparticles from [Rh(η3-
C3H5)3] and [Rh(µ-OMe)(cod)]2 in the presence of chiral diphos-
phite ligands 1 and 2.

The rhodium nanoparticles were characterized by trans-
mission electron microscopy (TEM), wide-angles X-ray
scattering (WAXS) and elemental analysis. Figure 1 pres-
ents TEM micrographs and size histograms of samples Rh1
and Rh2. In both cases the nanoparticles are similar, with
a small size, a spherical shape and a good dispersion on the
TEM grid. Some small agglomerates consisting of a few
nanoparticles were also observed. Mean diameters of ca.
3 nm and ca. 2 nm were found for the Rh1 and Rh2 nano-
particles, respectively.
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Figure 1. TEM micrographs of Rh1 and Rh2 nanoparticles and
corresponding size histograms.

The WAXS measurement (Figure 2) revealed in both
cases well-crystallized rhodium nanoparticles displaying a
fcc (face-centred cubic) structure with a coherence length
near 3.5 nm, which is slightly higher than the mean dia-
meter resulting from TEM observations. Nevertheless, Rh1
contains nanoparticles with a slightly shorter coherence
length than Rh2, which is in agreement with the size order
determined by TEM. In contrast, TEM micrographs of
Rh3 and Rh4 (Figure 3) revealed large and sponge-like
spherical superstructures having a tendency to agglomerate.
For Rh3 these superstructures have a mean diameter of ca.
50 nm and for Rh4 of ca. 35 nm. Images at higher magnifi-
cation suggest that these structures are composed of small
individual nanoparticles displaying a mean diameter esti-
mated at 4 nm.

Figure 2. Experimental RDF of rhodium nanoparticles Rh1 and
Rh2.

In addition, the WAXS measurement (Figure 4) revealed
for both colloids the presence of well-crystallized rhodium
domains displaying fcc structure and a coherence length of
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Figure 3. TEM micrographs of Rh3 (top) and Rh4 (bottom) nano-
particles.

4 nm, which is in accordance with TEM results. Although
TEM and WAXS analysis seem to indicate that these super-
structures are agglomerates of small individual nanopar-
ticles, we cannot exclude the possibility that they are large,
porous and polycrystalline particles. Similar sponge-like
structures have already been observed in the case of rho-
dium nanoparticles[13] or other metals such as ruthe-
nium,[14] nickel[15] and platinum.[16] From these works, it has
been shown that the reaction parameters (metal precursor,
method of synthesis, temperature, solvent, etc.) play an im-
portant role on the morphology of the nanoparticles. Here
we observe a similar phenomenon: the influence of the na-
ture of the rhodium precursor on the morphology of the
nanoparticles; [Rh(η3-C3H5)3] leads to small rhodium
nanoparticles, whereas sponge-like structures are obtained
with [Rh(µ-OMe)(cod)]2. This difference may be explained
by taking into account the byproducts resulting from de-
composition of each precursor. Indeed, the decomposition
of the olefinic precursor [Rh(η3-C3H5)3] only leads to the
production of propane (Scheme 1), which does not interact
strongly with the growing metal surface.[6] In contrast, the
decomposition of the rhodium [Rh(µ-OMe)(cod)]2 complex
produces cyclooctane and methanol, which remain in solu-
tion (Scheme 1).

Figure 4. Experimental RDF of rhodium nanoparticles Rh3 and
Rh4.
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Previous studies reported the role of alcohols in the stabi-
lization of metal nanoparticles through a segregation phase
phenomenon.[13,14] In our case, the presence of cyclooctane
and methanol in thf may also lead to the formation of drop-
lets segregating from the reaction media in which nanopar-
ticles are confined into agglomerates as previously observed
for the synthesis of ruthenium nanoparticles from
[Ru(C8H10)(C8H12)] in the presence of alcohols.[14] It is also
possible that methanol forms some hydrogen bonds with
the phosphorus ligands, which thus leads to agglomeration.

Hydroformylation of Styrene

The use of carbohydrate-derived diphosphites 1 and 2 as
ligands in the hydroformylation of vinylarenes catalyzed by
rhodium molecular complexes has been previously re-
ported.[11,12,17] As a result of the interesting results provided
with these Rh/diphosphite systems we considered testing
our diphosphite-stabilized rhodium nanoparticles as cata-
lysts in the hydroformylation reaction. Thus, Rh3 and Rh4
nanoparticles were investigated in the rhodium-catalyzed
asymmetric hydroformylation of styrene (Scheme 2). The
results are given in Tables 1 and 2. The reaction was carried
out at 80 or 70 °C, under 20 bar of pressure (pCO/pH2 = 1)
with and without the addition of an excess amount of the
respective ligand in the catalytic media. The Rh3 catalytic
system showed low conversions (Table 1, Entries 1 and 2),
whereas the Rh4 catalytic system was more active under the
same conditions (Table 1, Entries 3 and 4). In both cases
the addition of free ligand in the reaction media led to a
less active but more regioselective catalytic system (Table 1,
Entries 2 and 4 vs. Entries 1 and 3). The enantioselectivity
was also affected by the addition of free ligand: from 0 to
40% (S) for Rh3 (Table 1, Entries 1 and 2) and from 13 to
24% (S) for Rh4 (Table 1, Entries 3 and 4).

Scheme 2. Hydroformylation reaction of styrene.

Table 1. Styrene hydroformylation with Rh3 and Rh4 colloidal cat-
alysts.[a]

Entry Catalyst Rh/L/S[b] t [h] % Conv.[c] % Regio.[d] % ee

1 Rh3 1:–:200 24 28 57 0
2 Rh3 1:0.2:200 24 11 �99 40 (S)
3 Rh4 1:–:200 24 95 54 13 (S)
4 Rh4 1:0.2:200 24 80 90 24 (S)

[a] Nanoparticle (3 mg), 80 °C, p = 20 bar, pCO/H2 = 1, Rh/S
1:200, styrene (5.8 mmol), toluene (10 mL). [b] Molar ratio between
rhodium, excess ligand added to the catalysis and substrate. [c] Per-
cent conversion of styrene determined by GC. [d] Percent of 2-
phenylpropanal.

Comparison of the TEM micrographs before and after
catalysis (Figure 5) did not show any significant change in
the size and shape of the particles. Although this observa-
tion could indicate the presence of stable nanoparticles un-
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der the catalytic reaction conditions, it was necessary to
study more precisely these catalytic systems to know the
role of the metal nanoparticles in the catalysis.

Figure 5. TEM micrographs of Rh3 (top) and Rh4 (bottom) nano-
particles: a) before and b) after catalysis.

Firstly, the activities of the two colloidal systems were
compared to those of equivalent molecular ones. Table 2
reports the results obtained for the colloidal systems Rh3
and Rh4 and for the corresponding molecular systems
Mol3 and Mol4 prepared in situ. The molecular systems
with total conversions after 15 h of reaction (Table 2, En-
tries 1 and 5) showed higher activity than the colloidal sys-
tems (Table 2, Entries 2 and 6). However, the enantio-
selectivities reached with the colloidal systems were slightly
higher than those with the respective molecular systems
(Table 2, Entries 1 and 5 vs. Entries 4 and 8). In order to
better compare the colloidal and molecular catalytic sys-
tems, which display very different reaction rates, a series of
complementary experiments was carried out.

Table 2. Styrene hydroformylation with Rh3 and Rh4 colloidal sys-
tems in comparison with the corresponding molecular systems.[a]

Entry Catalyst Rh/L/S[b] t [h] % Conv.[c] % Regio.[d] % ee

1 Mol3[e] 1:1:200 15 92 95 36 (S)
2 Rh3 1:0.2:200 15 3 �99 –
3 30 10 �99 –
4 45 35 95 45 (S)
5 Mol4[f] 1:1:200 15 99 78 20 (S)
6 Rh4 1:0.2:200 15 31 97 –
7 30 70 95 –
8 45 90 95 31 (S)

[a] Nanoparticle (3 mg), 70 °C, p = 40 bar, pCO/H2 = 1, Rh/S
1:200, styrene (5.8 mmol), toluene (10 mL). [b] Molar ratio between
rhodium, excess ligand added to the catalysis and substrate. [c] Per-
cent conversion of styrene determined by GC. [d] Percent 2-phenyl-
propanal. [e] [Rh] = 9.04�10–4  70 °C, p = 40 bar, pCO/H2 = 1,
Rh/S 1:200, styrene (1.8 mmol), toluene (10 mL). [f] Substrate/Rh
= 200, styrene (2.7 mmol), [Rh(acac)(CO)2] (0.0135 mmol), 60 °C,
p = 20 bar, pCO/H2 = 1, toluene (15 mL).

The catalyst concentration of the homogeneous molecu-
lar system Mol3 was decreased, so that the reaction rates
were comparable to those of the colloidal ones. The results
are summarized in Table 3. As expected, a decrease in the
catalyst concentration gave rise to a decrease in the conver-
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sion. However, with dilutions higher than 1:1:2000 (Table 3,
Entries 3, 7 and 12) no enantioselectivity was observed.
This may be due to the formation of [RhH(CO)4], which
is a highly active achiral hydroformylation catalyst.[18] It is
known that the formation of this species is favoured at
small concentrations of rhodium with respect to the CO
quantity in the medium, which displaces the coordinated
ligand. To circumvent this phenomenon, free ligand was
added in the reaction medium at the same concentration as
that used in the colloidal systems (Tables 1 and 2). Under
these conditions, lower activities (e.g., Table 3, Entry 3 and
5 vs. Entries 7 and 10) but higher enantioselectivities were
observed, as expected. However, at higher dilutions than
1:1:20000 (Table 3, Entries 10, 16 and 22) such addition of
free ligand was not enough to maintain the presence of rho-
dium complex with a coordinated diphosphite ligand, as
the enantioselectivity was lower than that observed at lower
dilutions.

Table 3. Styrene hydroformylation with diluted Mol3 catalytic sys-
tem.[a]

Entry Rh/L/S[b] t [h] % Conv.[c] % Regio.[d] % ee

1 1:1:200[e] 15 92 95 36(S)
2 1:1.6:200[e,j] 15 89 96 37(S)
3 1:1:2000[f] 15 84 87 0
4 1:7:2000[f,j] 15 35 91 –
5 30 86 95 36 (S)
6 1:1:20000[g] 15 35 84 –
7 30 91 79 0
8 1:65:20000[g,j] 15 5 �99 –
9 30 16 �99 –
10 45 85 92 19 (S)
11 1:1:100000[h] 15 7 �99 –
12 30 59 85 0
13 1:323:100000[h,j] 15 1 �99 –
14 30 7 �99 –
15 45 15 �99 –
16 60 30 �99 29 (S)
17 1:1:200000[i] 15 0 – –
18 30 �1 �99 –
19 1:645:200000[i,j] 15 �1 �99 –
20 30 8 �99 –
21 45 18 �99 –
22 60 31 �99 29 (S)

[a] 70 °C, p = 40 bar, pCO/H2 = 1, styrene (1.8 mmol), toluene
(10 mL). [b] Molar ratio between rhodium, excess ligand added in
the catalysis and substrate. [c] Percent conversion of styrene deter-
mined by GC. [d] Percent 2-phenylpropanal. [e] [Rh] =
9.04�10–4 . [f] [Rh] = 9.04�10–5 . [g] [Rh] = 9.04�10–6 . [h]
[Rh] = 1.81�10–6 . [i] [Rh] = 9.04�10–7 . [j] An excess amount
(5.8�10–3 mmol) of ligand was added.

The results of these experiments suggest the formation of
molecular species, as the diluted molecular system
1:1:10000 (Table 3, Entry 16) leads to similar conversions
as those obtained with the colloidal Rh3 system (Table 2,
Entry 4). In order to have more information, we carried out
a series of poisoning tests (Tables 4 and 5). CS2 or Hg was
added to the molecular and to the colloidal catalytic sys-
tems at the beginning of the reaction (Table 4) and after
≈20% conversion (Table 5).
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Table 4. Poison added at the beginning of the styrene hydrofor-
mylation reaction with Rh3 and Mol3 catalysts.[a]

t % %
Entry Catalyst Rh/L/S/poison[c] % ee

[h] Conv.[d] Regio.[e]

1 Mol3[b] 1:1:200/– 15 92 95 36 (S)
2 Mol3[b] 1:1:200:4 (CS2) 15 96 93 15 (S)
3 Mol3[b] 1:1:200:100 (Hg) 15 96 92 15 (S)
4 Rh3 1:0.2:200/– 15 3 �99 –
5 30 10 �99 –
6 45 35 95 45 (S)
7 Rh3 1:0.2:200:4 (CS2) 15 14 �99 –
8 30 47 96 40 (S)
9 45 64 96 36 (S)
10 Rh3 1:0.2:200:100 (Hg) 15 3 �99 –
11 30 18 95 33 (S)
12 45 38 95 30 (S)

[a] Nanoparticle (3 mg), 70 °C, p = 40 bar, pCO/H2 = 1, Rh/S
1:200, styrene (5.8 mmol), toluene (10 mL). [b] [Rh] =
9.04�10–4 , 70 °C, p = 40 bar, pCO/H2 = 1, Rh/S 1:200, styrene
(1.8 mmol), toluene (10 mL). [c] Molar ratio between rhodium, ex-
cess ligand added to the catalysis, substrate and poison. [d] Percent
conversion of styrene determined by GC. [e] Percent 2-phenylpro-
panal.

Table 5. Poison added at ≈20% conversion in the styrene hydrofor-
mylation reaction with Rh3 and Mol3 catalysts.[a]

% %
Entry Catalyst Rh/L/S/poison[c] t [h] % ee

Conv.[d] Regio.[e]

1 Mol3[b] 1:1:200/– 3 13 �99 46 (S)
2 15 �99 �99 34 (S)
3 Mol3[b] 1:1:200:4 (CS2) 15 �99 94 34 (S)
4 Mol3[b] 1:1:200:100 (Hg) 15 �99 96 34 (S)
5 Rh3 1:0.2:200/– 45 19 �99 43 (S)
6 Rh3 90 61 98 44 (S)
7 Rh3 1:0.2:200:4 (CS2) 90 50 98 43 (S)
8 Rh3 1:0.2:200:100 (Hg) 90 58 98 41 (S)

[a] Nanoparticle (3 mg), 70 °C, p = 40 bar, pCO/H2 = 1, Rh/S
1:200, styrene (5.8 mmol), toluene (10 mL). [b] [Rh] =
9.04�10–4 , 70 °C, p = 40 bar, pCO/H2 = 1, Rh/S 1:200, styrene
(1.8 mmol), toluene (10 mL). [c] Molar ratio between rhodium, ex-
cess ligand added to the catalysis, substrate and poison. [d] Percent
conversion of styrene determined by GC. [e] Percent 2-phenylpro-
panal.

In all cases we did not observe any significant change in
the activity or selectivity between the poisoned and unpoi-
soned systems. Nevertheless, because it is known that rho-
dium does not amalgamate with Hg0[3b] and that CS2 begins
to dissociate from the heterogeneous catalyst at tempera-
tures higher than 50 °C,[3b] whereas the catalytic experi-
ments are carried out at 70 °C, the poisoning tests cannot
be considered conclusive. For this reason we carried out in
situ HP NMR spectroscopic experiments to study the fate
of colloidal Rh3 catalysts under catalytic conditions. Pre-
viously, solution 31P NMR spectra of Rh3 nanoparticles
were recorded in [D8]toluene or in [D8]thf (where the nano-
particles were more soluble). In both cases we did not ob-
served any signal. Then, a sapphire tube (ø10 mm) was
filled under an atmosphere of argon with Rh3 and
0.2 equiv. of ligand 1 in [D8]toluene. The tube was pressur-
ized with CO/H2 mixture (pCO/H2 = 40 bar, pCO/pH2 = 1).
After a reaction time of 45 h during which the solution was
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shaken at 70 °C, the solution was analyzed at room tem-
perature by NMR spectroscopy. In the 1H NMR spectrum
a new signal at –10.15 ppm appeared, whereas in the 31P
NMR spectrum a new doublet at δ = 161 ppm (1JRh,P =
227 Hz; Figure 6) was observed. These signals correspond
to the well-known hydridorhodium diphosphite complex
[RhH(CO)2(1)] previously described,[11,17] and this species
is considered as the resting state in the homogeneous hydro-
formylation reaction.[18]

Figure 6. 1H and 31P{1H} NMR spectra of Rh3 nanoparticles un-
der hydroformylation conditions (T = 70 °C, pCO/H2 = 40 bar,
pCO/pH2 = 1) in the presence of ligand 1.

This indicates that the [RhH(CO)2(1)] complex is formed
under hydroformylation conditions from rhodium(0) nano-
particles. Therefore, we have evidence that molecular species
are formed from rhodium nanoparticles during the reac-
tion, which is probably responsible for the observed cata-
lytic activity even if we cannot exclude the possibility that
some activity comes from the rhodium nanoparticles. Such
results are in agreement with previous ones, such as the
evolution of rhodium(0) nanoparticles into molecular rho-
dium(I) complexes when used as catalysts in the carbon-
ylation of methanol[19] or in the hydroformylation of 1-al-
kenes.[8c,8e] These studies report that the nanoparticles are
not stable under the reaction conditions and lead to soluble
mononuclear rhodium–carbonyl catalytically active species,
as we observed in our case by in situ HP NMR spec-
troscopy. However, such rhodium nanoparticles could be of
interest as catalysts in other reactions such as arene hydro-
genation where ruthenium nanoparticles stabilized with di-
phosphite ligands derived from carbohydrates have already
shown interesting results.[20]

Conclusions

New rhodium nanoparticles were successfully synthe-
sized in the presence of carbohydrate-derived ligands 1 and
2. From these results we can say that the shape, size and
dispersion of the nanoparticles depend strongly on the
metal precursor. We attributed the observed different be-
haviours to the presence of byproducts in the reaction me-
dia that result from decomposition of the precursor, which
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leads to a segregation phase phenomenon. Interesting re-
sults were also obtained when some of these nanoparticles
were tested as catalysts in the rhodium-catalyzed asymmet-
ric hydroformylation of styrene. In particular, different ex-
periments were carried out in order to shed some light on
the catalytic species responsible for the activity. Although,
the diluted experiments and the poisoning tests were not
conclusive, the use of in situ HP NMR under hydrofor-
mylation conditions revealed the formation of molecular
species that probably are the ones active in the studied reac-
tion. However, we have to highlight that colloidal catalysts
reached higher enantioselectivities than the ones obtained
with the corresponding diluted molecular system. So, such
colloids could be considered as a reservoir for molecular
catalysts.

Experimental Section
General Methods: All syntheses were performed by using standard
Schlenk and Fisher–Porter bottle techniques under an argon atmo-
sphere, and all other manipulations were performed in an argon-
filled glove box. Solvents were purified by standard procedures.
Ligands 1[11] and 2[12] were prepared by methods described pre-
viously. All other reagents were used as commercially available. 1H,
13C{1H} and 31P{1H} NMR spectra were recorded with a Varian
Gemini 400 MHz spectrometer. Chemical shifts are reported rela-
tive to SiMe4 (1H and 13C) as an internal standard or H3PO4 (31P)
as an external standard. TEM samples were prepared by slow evap-
oration of a drop of each colloidal solution deposited under an
argon atmosphere onto a holey carbon-covered copper grid. The
TEM experiments were performed at the “Service Commun de
Microscopie Electronique de l’Université Paul Sabatier” (TEM-
SCAN) in Toulouse with a JEOL 200 CX-T electron microscope
operating at 200 kV and a Philips CM12 electron microscope op-
erating at 120 kV with respective resolutions of 4.5 and 5 Å. The
TEM analyses of the nanoparticles after catalysis were performed
at the “Servei de Recursos Científics” at the University Rovira i
Virgili in Tarragona with a Zeiss 10 CA electron microscope at
100 kV with a resolution of 3 Å. The particles size distributions
were determined by a manual analysis of enlarged images. At least
150 particles on a given grid were measured in order to obtain a
statistical size distribution and a mean diameter. WAXS experi-
ments were performed at the “Centre d’Elaboration des Matériaux
et d’Etudes Structurales” (CEMES-CNRS) in Toulouse. All sam-
ples were sealed in Lindemann glass capillaries. Measurements of
the X-ray intensity scattered by the sample irradiated with graphite-
monochromatized Mo-Kα (0.071069 nm) radiation were performed
by using a dedicated two-axis diffractometer. Radial distribution
functions (RDF) were obtained after Fourier transformation of the
reduced intensity functions. Hydroformylation reactions were car-
ried out in a Parr 450-mL multiple reaction vessel autoclave. Gas
chromatographic analyses were run on a Hewlett–Packard HP
5890A instrument (split/splitless injector, J&W Scientific, HP-5,
25 m column, internal diameter 0.25 mm, film thickness 0.33 mm,
carrier gas: 150 kPa Ar, F.I.D. detector) equipped with a Hewlett–
Packard HP3396 series II integrator. Enantiomeric excesses were
measured after oxidation of the aldehydes to the corresponding
carboxylic acids with a Hewlett–Packard HP 5890A gas chromato-
graph split/splitless injector, J&W Scientific, Supelco β-DEX 110
(30 m. column, internal diameter 0.25 mm, carrier gas: 100 kPa He,
F.I.D. detector).
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Synthesis of Rhodium Nanoparticles from the [Rh(η3-C3H5)3] Pre-
cursor: As a standard procedure, [Rh(η3-C3H5)3] (80 mg,
0.354 mmol) was dissolved under an atmosphere of argon at
–110 °C (ethanol/N2 bath) in tetrahydrofuran (80 mL) containing
the chosen ligand (0.2 equiv.) in a closed pressure bottle (75.5 mg
of diphosphite 1 for Rh1 and 107.4 mg of diphosphite 2 for Rh2).
The Fischer–Porter reactor was then pressurized at room tempera-
ture under dihydrogen (3 bar) for 30 min. The initial yellow solu-
tion became black after 1 h. Vigorous magnetic stirring and dihy-
drogen pressure were maintained for 18 h. After that period of
time, the hydrogen pressure was eliminated, and a drop of the col-
loidal solution was deposited under an argon atmosphere on a
holey carbon-covered copper grid for electron microscopy analysis.
Precipitation with a tetrahydrofuran/pentane mixture at low tem-
perature gave rise to a black precipitate that was washed with pen-
tane (2�40 mL) and dried under vacuum. Yield Rh1: 23.3 mg
(64%); Rh2: 39.9 mg (74%). The colloids were characterized by
TEM analysis, elemental analysis and WAXS. Elemental analyses
of the isolated samples: Rh1: C 4.70, H 0.47, P 0.61, Rh 34.23;
Rh2: C 6.79, H 0.59, P 2.48, Rh 37.74, Si 3.88.

Synthesis of Rhodium Nanoparticles from the [Rh(µ-OMe)(cod)]2
Precursor: As a standard procedure [Rh(µ-OMe)(cod)]2 (160 mg,
0.330 mmol) was dissolved under an argon atmosphere at –110 °C
(ethanol/N2 bath) in tetrahydrofuran (160 mL) containing the cho-
sen ligand (0.2 equiv.) in a closed pressure bottle (141.2 mg of di-
phosphite 1 for Rh3 and 200.6 mg of diphosphite 2 for Rh4). The
Fischer–Porter reactor was then pressurized at room temperature
under dihydrogen (3 bar) for 30 min. The initial yellow solution
became black in a few minutes. Vigorous magnetic stirring and hy-
drogen pressure were maintained for 18 h. After that period of
time, the hydrogen pressure was eliminated, and a drop of the col-
loidal solution was deposited under an argon atmosphere on a
holey carbon-covered copper grid for electron microscopy analysis.
Precipitation with a tetrahydrofuran/pentane mixture at low tem-
perature gave a black precipitate that was washed with pentane
(2�40 mL) and dried under vacuum. Yield Rh3: 44.5 mg (65%);
Rh4: 59.0 mg (87%). The colloids were characterized by TEM
analysis, elemental analysis and WAXS. Elemental analysis of the
isolated samples: Rh3: C 2.84, H 0.10, P 0.10, Rh 73.69; Rh4: C
4.59, H 0.38, P 0.11, Rh 76.71, Si 5.24.

Hydroformylation Experiments: The catalytic precursors were pre-
pared in a multiple reaction vessel autoclave in a glove box. The
experiments with colloidal systems were carried out with the nano-
particles (3 mg), the ligand (5.8�10–3 mmol) and styrene
(5.8 mmol) in toluene (10 mL). The experiments with molecular
systems were carried out with [Rh(acac)(CO)2] (9�10–3 mmol), the
ligand (9�10–3 mmol) and styrene (1.8 mmol) in toluene (10 mL).
After pressurizing with syngas to the desired pressure and heating
the autoclave to the chosen temperature, the reaction mixture was
stirred for the necessary reaction time. After the given time, the
autoclave was cooled to room temperature and depressurized. The
reaction mixture was analyzed by gas chromatography. The alde-
hydes formed through hydroformylation were oxidized into carbox-
ylic acids to determine the enantiomeric excess (ee) by gas
chromatography.

Poisoning Test Experiments: The catalytic precursors were prepared
in a multiple reaction vessel autoclave in a glove box as described
previously. After that, CS2 (4 equiv.) or Hg (100 equiv.) in a ration
relative to the introduced rhodium was added at the beginning of
the reaction or at ≈20% conversion (3 h for the molecular system
and 45 h for the colloidal system). The autoclave was pressurized
and heated, and the reaction mixture was stirred as for the other
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catalytic tests. After cooling, the reaction mixture was analyzed by
gas chromatography. The aldehydes resulting from hydrofor-
mylation were oxidized into carboxylic acids to determine the enan-
tiomeric excess (ee) by gas chromatography.

In Situ HP NMR Hydroformylation Experiments: A sapphire tube
(ø10 mm) was filled under an argon atmosphere with Rh3 (10 mg)
nanoparticles and ligand 1 (19.3�10–3 mmol) in [D8]toluene
(2 mL). The HP NMR tube was purged three times with CO and
pressurized to the appropriate pressure of CO/H2 mixture. After a
reaction time of 45 h, during which the solution was shaken at
70 °C, the solution was analyzed.
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