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A thermoregulated phase-transfer (TRPT) Rh(I) complex catalyst A prepared from Rh(acac)(CO),
and a thermoregulated ligand CH3;(OCH,CH;),PPh, (M,, =918) was applied to the biphasic
hydroformylation of 1-octene, and a high activity with an aldehyde yield of 97.5% was demonstrated.
After three recycling steps, the aldehyde yield gradually decreased. Transmission electron microscopy
(TEM) revealed that after the first cycle Rh colloids were generated in situ in the aqueous phase, and
in subsequent runs Ostwald ripening occurred. An independently prepared colloidal Rh(0) TRPT
catalyst D also exhibited high hydroformylation activity under identical experimental conditions, and
after two times of recycling an activity decrease was also observed. It is suggested that in situ from
Rh(acac)(CO); colloidal Rh particles are generated, which demonstrate thermomorphic behaviour and
a high hydroformylation activity. Subsequently, agglomeration processes result in an activity decay,
as observed in the TRPT Rh(I) complex catalyst system. Copyright © 2004 John Wiley & Sons, Ltd.
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INTRODUCTION

The catalytic behaviour of transition-metal colloids has been
a very active research field in past decades due to their
structural characteristics, which are expected to combine
the advantages of both heterogeneous and homogeneous
catalysis, ie. a ‘heterogeneous catalysis in solution’.!
Metal colloids may serve as a medium to investigate
the relationship between heterogeneous and homogeneous
catalytic mechanisms. Various transition-metal colloids
stabilized by surfactants or solvents have been applied
to hydrogenation,>~¢ oxidation,” ! hydrosilylation'!-** and
C-C coupling reactions.® On the other hand, in situ-
generated metal colloids have been observed during
homogeneous catalytic reactions using transition-metal
Complexes.]7 Very recently, studies focusing on the function
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of these in situ-generated colloids have attracted increasing
attention.'*17-2

The aqueous biphasic hydroformylation of propene,
namely the Ruhrchemie/Rhoéne-Poulenc (RCH/RP) process,
was industrialized by Ruhrchemie in 1984 and has been
used widely to produce n-butanal because the water-
soluble catalysts can be separated easily and completely
from the water-insoluble products.24 However, the rate
of hydroformylation drops dramatically with increasing
alkyl chain length of olefins (>Cs) because of their poor
solubility in water. A variety of tentative approaches
have been proposed to overcome this problem.?® Jin et al.
developed a concept of ‘thermoregulated phase transfer
catalysis (TRPTC)’, i.e. at higher temperatures the water-
soluble catalyst migrates into the organic phase to catalyse
the reaction, and at lower temperatures returns to the
aqueous phase. Therefore, by using biphasic systems
the catalyst-containing phase can be recovered easily by
decantation, and extremely water-immiscible substrates can
be hydroformylated.?

Copyright © 2004 John Wiley & Sons, Ltd.
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Scheme 1. Ligand a (M,, = 918).

Based on this concept, a series of phosphine ligands
with distinct cloud points having an inversely temperature-
dependent solubility in water have been prepared and were
applied successfully to the aqueous biphasic hydroformyla-
tion of long-chain alkenes.?”~-3! Typical TRPT catalysts can be
recovered and reused efficiently, although in most cases the
activity decays after several recycling steps. Because the reac-
tion was performed under a reductive atmosphere (CO/H,),
and colouration of the aqueous catalyst phase was generally
observed during the hydroformylation, we examined the cat-
alyst phase by transmission electron microscopy (TEM) to
check whether Rh colloids were generated in situ during the
catalytic reaction. Although it is generally accepted that the
formation of metallic precipitates causes decomposition of
the homogeneous Rh catalyst, no detailed study on the inter-
mediate role of colloidal Rh particles in hydroformylation
reactions was available.

In this study, biphasic hydroformylation of 1-octene
was performed with TRPT Rh(I) complex catalyst A, using
Rh(acac)(CO), as the catalyst precursor and a novel
thermoregulated phosphine CH3(OCH,CH,)PPh, (M, =
918), a, as the ligand (Scheme 1). Rhodium colloids both
in water-soluble form (hydrosol)*> and in organic solution
(organosol)® were prepared via Bonnemann'’s methods. Both
colloid types were dispersed in the aqueous phase by
ligand a, and applied to the hydroformylation of 1-octene
under identical experimental conditions. This enabled us to
examine the contribution of in situ-formed Rh colloids to
the hydroformylation reaction and to check the activities of
pre-prepared TRPT colloidal Rh catalysts for the biphasic
hydroformylation of long-chain alkenes.

EXPERIMENTAL

Compounds Rh(acac)(CO),, anhydrous RhCl;, tri(m-sulpho-
nyl)triphenylphosphine trisodium salt (TPPTS) and n-
dodecyl-N,N-dimethy-3-ammonio-1-propanesulphonate
(Sulfobetaine 12, SB12) are commercially available. Ligand
a was prepared from CH3;OPEG75,0S(0),CH; and LiPPh,
according to literature.®®

All reactions and operations were performed under argon
using standard Schlenk and syringe techniques, unless
stated otherwise. Organic solvents were carefully dried and
saturated with argon. 1-Octene, n-pentane and n-decane were

Copyright © 2004 John Wiley & Sons, Ltd.
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redistilled and saturated with argon prior to use. For the
hydroformylation reactions, deoxygenated water was used.

Preparation of complex catalyst A:
Rh(acac)(CO),/ligand a

Catalyst precursor Rh(acac)(CO), (30 mg, 0.116 mmol) was
introduced into a solution of ligand a (0.53 mg, 0.58 mmol)
in CH,Cl, (30 ml) according to a ratio of [P]/[Rh] = 5. The
resulting mixture was stirred at 25°C for 1day. Then the
solvent was evaporated out under reduced pressure and
32 ml of water was added. The resulting yellow solution A
was ready for use.

Preparation of Rh colloid 1 (hydrosol)?

To a stirred suspension of SB12 (9.86g, 29.4 mmol) in
tetrahydrofuran) (THF, 300 ml) was added dropwise a
solution of lithium triethylborohydride (Li[BEt;H], 3.25 g,
30.78 mmol) in THF (19 ml). The resulting clear solution was
added dropwise to a suspension of anhydrous RhCl; (2.05 g,
9.7 mmol) in THF (300 ml) at 65°C over 28 h. The resulting
black mixture was stirred at 65°C for a further 2h and
then cooled down to room temperature. After addition of
10 ml of acetone, the reaction mixture was allowed to settle
for 16 h. Following removal of the clear supernatant, the
black—brown precipitates were washed by another 10 ml of
acetone. After concentration and drying under vacuum, the
residue was dissolved in 14 ml of water, and addition of 30 ml
of acetonitrile caused the formation of a dark greyish-brown
precipitate. The mixture was allowed to settle for 16 h and
then heated to 80 °C for 10 min. Finally, the clear supernatant
solution was removed, and further drying under vacuum
yielded a grey colloidal powder (3.98 g) (1, Scheme 2) which
proved to be very soluble in water and ethanol. Elemental
analysis: Rh, 23.90%. Particle size (TEM): 2.6 £ 0.6 nm.

Preparation of colloidal catalyst B: Rh colloid
1/ligand a

Rhodium colloidal powder 1 (31mg, 0.072 mmol) was
introduced into 20 ml of an aqueous solution of ligand a
(0.33 g, 0.36 mmol) according to a ratio of [P]/[Rh] =5, and
stirred at 25°C for 1 day. The resulting yellow solution B was
ready for use.

Preparation of complex catalyst C:
Rh(acac)(CO),/TPPTS

Catalyst precursor Rh(acac)(CO), (30 mg, 0.116 mmol) was
introduced into 32ml of an aqueous solution of TPPTS
(329 mg, 0.58 mmol) according to a ratio of [P]/[Rh] =35,
and stirred at 25 °C for 1 day. The resulting yellow solution C
was ready for use.

Preparation of Rh colloid 2 (organosol)®

A solution of tetraoctylammonium triethylhydroborate,
N(octyl),[BEt;H], in THF (210ml, 0.19M) was added
dropwise at 40°C over 1h to a suspension of anhydrous
RhCl; (2.79 g, 13.33 mmol) in THF (390 ml). Stirring at 40 °C
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for 3 h and then at 25°C for 15 h gave a black solution. After
filtration, the clear, dark-black solution was concentrated
and dried under vacuum. The black—brown waxy residue
was redissolved in 500 ml of technical quality ether without
protective gas, and further addition of 50 ml of technical
quality ethanol caused a grey-black precipitate. After
removing the clear supernatant, the precipitate was washed
again with a mixture of ether (100 ml) and ethanol (10 ml).
Following removal of the supernatant, drying under vacuum
gave 1.1 g of black Rh colloidal powder (2, Scheme 3), which
was soluble in THF and partially soluble in toluene. Elemental
analysis: Rh, 80.21%. Particle size (TEM): 1.9 £ 0.4 nm.

Preparation of colloidal catalyst D: Rh colloid
2/ligand a

Rhodium colloidal powder 2 (20 mg, 0.16 mmol) was added
to a biphasic system of 30 ml of toluene and 30 ml of H,O.
After shaking, the toluene layer gave a black colour due to
the dissolution of rhodium colloid, whereas the water layer
remained colourless. Then, 740 mg of ligand a (0.80 mmol)
was added to the biphasic system and the mixture was
stirred at 25°C for 1 day. After settling for another day, the
organic layer turned colourless and the aqueous layer became
black—-brown. The upper toluene layer was removed and the
aqueous phase was washed twice with 10 ml of fresh toluene.
Finally, the aqueous phase was diluted with 14 ml of water
to obtain a colloidal aqueous solution D, which was ready
for catalytic reaction. The catalyst could be obtained also in a
black waxy form after evaporation and drying under vacuum;

RhCl3 + 3N(octy)4BEtgH —— 1 >

this form was soluble in water, partially soluble in ethanol
and ether and slightly soluble in THF and CHCls.

Hydroformylation

Hydroformylation reactions were carried out in a 50-ml
stainless-steel autoclave equipped with a magnetic stirrer. All
preformed catalyst solutions were diluted to [Rh] = 3.6 mM
and [P] =18 mM with a ratio of [P]/[Rh]=5. A typical
experiment was performed in the following manner (Table 1,
entry 1). The Rh(I) catalyst aqueous solution A and a mixture
of 1-octene, n-pentane and n-decane (internal standard) were
transferred to the evacuated autoclave by syringe. Then
the autoclave was pressurized up to 40 bar of syngas and
heated to 90°C under stirring. The reaction was kept at
90°C for 4h. After cooling down and depressurizing, the
upper organic layer was decanted and analysed by gas
chromatography—mass spectrometry (GC—-MS). Then a fresh
batch of 1-octene, n-pentane and n-decane were introduced
to perform the next cycle.

Mercury poisoning test

A mercury poisoning test was performed when using
colloidal catalyst D in the hydroformylation reaction. After
six cycles, the organic product layer was removed from the
autoclave and 1.5 g of Hg(0) (350 equiv. of Rh) together with a
fresh batch of 1-octene, n-pentane and n-decane were added.
The reaction mixture was stirred at 25°C for 1h and then
pressurized up to 40 bar of syngas and heated to 90 °C under

Colloid 2

Scheme 3.
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Table 1. Hydroformylation? of 1-octene with complex catalyst
A in the aqueous biphasic system

Entry Cycle Conversion (%) S.q® (%) L/Bratio Si” (%)

1¢ 1 98.3 97.5 24 0.8
2 98.1 96.8 24 1.3
3 99.7 97.3 24 24
4 99.0 94.5 24 45
5 98.1 91.8 24 6.3
6 99.9 89.7 22 10.2
7 98.0 75.6 1.9 22.3
8 97.3 68.3 1.8 29.0
2d 1 99.2 96.7 21 25
3¢ 1 99.6 78.8 2.0 20.8

2 Reaction conditions: Pjpitia = 40 bar (25°C), CO/H; =1:1, T =
90°C,t=4h, Vorganic/Vaqueous =1.5,[P]/[Rh] = 5.

bS 1, selectivity in aldehydes; Siso, selectivity in isomeric octenes (2-
and 3-octene).

¢ [Rh] = 3.6 mM, ratio of 1-octene to catalyst ([Sub]/[Rh]) = 1000.
d[Rh] = 1.8 mMm, [Sub]/[Rh] = 2000.

€ [Rh] = 0.9 mM, [Sub]/[Rh] = 4000.

stirring. The reaction was kept at 90°C for 4 h, as with the
previous cycles.

Characterization

1H, 13C and *'P NMR measurements were carried out on a
Bruker DPX-300 spectrometer to check the feasibility of the
ligand exchange process for the preparation of TRPT colloidal
catalyst D. Chemical shifts of 'H and *C NMR spectra were
calibrated according to the deuterated solvent signals and
converted to the Si(CHs)4 scale. The 3'P NMR spectra were
recorded with 85% H3;POy as an external reference.

Gas chromatography—-mass spectrometry experiments
were carried out with an HP 5890 gas chromatograph cou-
pled to a Finnigan SSQ 7000 quadrupole mass spectrometer
to determine the conversion and selectivity of the hydro-
formylation reactions. Separations were accomplished on an
RTX-1 capillary column (30 m x 0.25 mm L.D., film thickness
0.25 um).

Transmission electron microscopy (TEM) measurements
were performed using a Hitachi H 7500 instrument operated
atan accelerating voltage of 120 kV. Specimens were prepared
by placing a drop of the post-reaction aqueous phase on
a carbon film, which was supported on a copper grid,
and then drying at room temperature. Energy-dispersive
X-ray spectroscopy (EDX) analyses were performed to
obtain a chemical analysis of the colloid particles using an
Oxford Instruments INCA EDX spectrometer attached to the
microscope.

Ultraviolet—visible (UV-Vis) spectroscopy analyses were
performed on a Varian Cary 500 UV spectrophotometer.

Inductively coupled plasma optical emission spectroscopy
(ICP-OES) analyses were carried out on an Iris Interpid
DUO ER/S instrument (Thermo Elemental, USA) to check
the amount of leaching Rh in the organic layers.

Copyright © 2004 John Wiley & Sons, Ltd.
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Elemental analyses of Rh colloids 1 and 2 were performed
at H. Kolbe Microanalysis Laboratory, Muelheim an der Ruhr,
Germany.

RESULTS AND DISCUSSION

Complex catalyst A: Rh(I)/ligand a

First, we studied the biphasic hydroformylation of 1-octene
with TRPT complex catalyst A, using Rh(acac)(CO), as the
precursor and a as the ligand. The hydroformylation reaction
was performed at 90 °C, just above the cloud point of ligand a
(85°C). As shown in Table 1 (entry 1), catalyst A provides
a very high hydroformylation activity towards 1-octene.
The aldehydes are produced in 97.5% yield and a linear
to branched (L/B) ratio of 2.4, but no hydrogenation products
are observed.

Then the recycling was evaluated. Table 1 (entry 1) shows
that after five cycles the aldehyde yield is still as high as
91.8% and selectivity of the linear aldehyde is maintained.
The high activity and recyclability of catalyst A correspond to
the thermomorphic behaviour of TRPT catalysts in aqueous
biphasic reaction, i.e. the hydroformylation of 1-octene takes
place in the organic phase. In addition, Table 1 mirrors
the gradually increasing isomerization rate from 1-octene
to internal octenes (2-octene and 3-octene) with increasing
number of runs, which may correspond to the decreasing
aldehyde yield, considering the very low hydroformylation
rate of internal alkenes.

During the reaction, it was observed that the aqueous phase
turned from light yellow to dark brown after the first cycle.
Because the colouration in homogeneous catalysis generally
arises from colloidal metal formation,'*3 in the present study
the aqueous layers after reaction were examined by TEM and
UV-Vis spectroscopy. As shown in Fig. 1a, colloidal particles
of 22+ 0.5nm are observed after the first run. Figure 1b
indicates that the colloidal size increases to 2.6 & 0.4 nm after
the second run, and Fig. 1c shows that agglomeration starts
after the third run resulting in a mean diameter at 3.0 nm.
A severe agglomeration takes place after five cycles (Fig. 1d).
After the seventh cycle, only very small colloidal particles
of 1.5+ 0.3 nm are left in solution. Finally, after recycling,
Rh black was observed in the autoclave. Energy-dispersive
X-ray spectroscopy revealed that the particles observed in
TEM were colloidal Rh.

Herein, the behaviour of in situ-generated colloids can be
ascribed to an Ostwald ripening process, which introduced
two limiting mechanisms for cluster growth: the first involved
diffusion of intact clusters and subsequent coalescence of
the diffusing clusters; the second involved detachment
of atoms from smaller clusters and then reattachment to
larger clusters.®-% Hence, the colloids generated during
the hydroformylation reaction were comparatively stable in
the first two cycles and then started to aggregate. These
Rh aggregates precipitated out later when Rh black was
observed after the reaction. Therefore, only small-sized

Appl. Organometal. Chem. 2005; 19: 81-89
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Figure 1. Transmission electron micrographs of the
post-reaction aqueous phase when using complex catalyst
A: (a)first run (2.2 +0.5 nm); (b) second run (2.6 + 0.4 nm);
(c) third run (3.0 £ 0.8 nm); (d) fifth run (4.2 £ 1.3 nm; larger
ones: 40-60 nm); (e) seventh run (1.5 0.3 nm). Scale bar:
50 nm.

colloidal particles are left in the post-cycles, as shown in
Fig. le. Very recently, El-Sayed et al.®® attributed the size
variations of PVP-palladium nanoparticles observed during

Thermoregulated phase-transfer phosphine Rh(I) catalyst

the Suzuki reaction to Ostwald ripening. They found that the
Pd colloidal particle size increased in the beginning of the
reaction and levelled off towards the end of the first cycle,
whereas the size decreased when the catalyst was applied
to the second cycle, which was explained by the larger
nanoparticles aggregating and precipitating from solution.
Herein, the Ostwald ripening process seems much slower.

The variations of complex catalyst A before and after
hydroformylation reaction in entry 1 are also evidenced by
UV-Vis spectroscopy (Fig. 2a—d), in which the broad absorp-
tion peak at 240-300 nm from Rh(I) gradually decreases with
the developing runs, whereas a broad tailing absorption in
the range from the ultraviolet to the visible region appears,
which may arise from the plasmon resonance of Rh colloids.*
Prior to hydroformylation, complex catalyst A shows a band
at 395 nm due to the metal-to-ligand charge transfer transi-
tion of Rh(I) to ligand a, which becomes obscure after the
first cycle and almost disappears after seven cycles, whereas
the characteristic band with a marked vibrational fine struc-
ture from an aryl compound is observed at 250-270 nm,
which is apparently assigned to ligand a. This indicates the
variation of interaction between ligand a and rhodium cat-
alyst, which might result from the formation of zero-valent
rhodium colloids. In addition, the intensity variation of the
absorbing tails in the visible region during recycling (see inset
of Fig. 2) seems to be due to the scattering of the different size
colloidal particles. Firstly the absorption intensity increases
with developing runs and then starts to decrease after five
cycles, indicating the growth of colloidal particles in the early
cycles and size reduction in the post-cycles, which is in good
agreement with the observations in TEM.

It is generally accepted that complexation of monophos-
phines gives rise to a weak ligand-to-metal bond strength.
The rhodium carbonyl clusters [Rh4(CO);2] and [Rhe (CO)16],
have been identified from infrared spectroscopy as the main
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Figure 2. The UV-Vis spectra of the aqueous phase before and after reaction when using complex catalyst A: (a) before reaction;
(b) first run; (c) fifth run; (d) seventh run. References: for Rh(l): Rh(acac)(CO), in CH,Cly; for ligand: ligand a in H,O.
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products in the hydroformylation post-reaction mixture when
using [Rh(acac)(CO)(PPhs)] as the catalyst.?* Thus, in the
present study the formation of Rh colloids via degradation of
the above-mentioned Rh carbonyls is not surprising.

Leaching of catalytic material in the product phase is
generally regarded as one key problem in recyclable catalytic
systems.?! Here, the product phase was examined by ICP-
OES. After the first seven consecutive cycles, the amount
of Rh metal leaching in the organic phase added up to
5.2%. However, increasing the ratio of 1-octene to catalyst
([Sub]/[Rh]) from 1000 (Table 1, entry 1) to 2000 (Table 1,
entry 2) still gives rise to very high hydroformylation activity.
Therefore, activity loss due to metal leaching can be ruled
out in the present study. A further increase of [Sub]/[Rh]
ratio to 4000 (Tabel 1, entry 3) leads to a relatively low
aldehyde yield, while the isomeric octenes notably increase,
which is comparable to the activity of the seventh cycle in
entry 1. It is known that a catalyst concentration decrease in
Rh/PPh; systems results in a lower selectivity in aldehydes
and regioselectivity in the linear isomeric products.®* With
respect to entry 1, the colloidal precipitates would result
in a low catalyst concentration in the reaction. Thus the
hydroformylation activity loss shown in entry 1 might be
due to the decreasing catalyst concentration in the aqueous
phase. To prove this postulation, the activities of the rhodium
colloids and agglomeration generated during the reaction
have to be examined.

Colloidal catalyst B: Rh hydrosol 1/ligand a
Transition-metal colloids generally show poor catalytic activ-
ity in homogeneous catalysis due to decomposition or
agglomeration processes in solution. To overcome this
problem metal sols are immobilized on supports such as
silica, charcoal, alumina or oxides.*® Recently, immobiliza-
tion of colloids in the aqueous phase based on biphasic
catalysis has attracted growing attention.®#-% In particu-
lar, numerous authors in the literature have reported the
application of Rh colloidal catalysts in aqueous bipha-
sic hydrogenation reactions.>#447-% However, biphasic
hydroformylation reactions so far have been predominantly
exemplified with homogeneous catalysts: Liu et al., however,
reported hydroformylation of propylene with poly(N-vinyl-
2-pyrrolidone)-protected Rh colloid in an aqueous biphasic
system.>

Therefore, we decided to investigate the activity of colloidal
Rh catalysts towards biphasic hydroformylation of 1-octene
in the TRPTC system. At temperatures above the cloud point
of ligand a, to some extent, Rh colloids might be transferred
from aqueous phase into the organic phase.

Sulfobetaine-stabilized Rh(0) hydrosol 1 was prepared via
Bonnemann’s method using a THF-soluble 1:1 adduct of
SB12 and Li[BEt;H] as the reducing agent.>>%! Transmission
electron microscopy shows that the average particle size
of colloid 1 is ~2.6 nm (see Fig.3a). Because colloid 1 is
water soluble, and a ligand exchange process by using
ligand a to displace the original protecting shell (SB12)

Copyright © 2004 John Wiley & Sons, Ltd.
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Figure 3. Transmission electron micrographs of Rh colloids:
(@1 (2.6+0.6nm); (b) 2 (1.9 £ 0.4 nm). Scale bar: 50 nm.

Table 2. Hydroformylation?® of 1-octene with colloidal catalyst
B in the aqueous biphasic system

Cycle Conversion (%)  Sud® (%) L/Bratio  Sio° (%)
1 2.7 2.6 3.3 0.1
2 29 29 3.1 —

3 Reaction conditions: Pjpitia) = 40 bar (25°C), CO/Hy; =1:1, T =
90°C, t = 4 h, Vorganic/Vaqueous = 1.5, [Rh] = 3.6 mMm, [P]/[Rh] = 5.
bg 4 selectivity in aldehydes; Siso, selectivity in isomeric octenes (2-
and 3-octene).

Table 3. Hydroformylation? of 1-octene with complex catalyst
C in the agueous biphasic system

Cycle Conversion (%)  Sud® (%) L/Bratio  Sio° (%)
1 3.8 1.8 3.2 2.0
2 3.0 15 3.0 1.5

3 Reaction conditions: Pjnjtia = 40 bar (25°C), CO/Hy; =1:1, T =
90°C, t = 4 h, Vorganic/Vaqueous = 1.5, [Rh] = 3.6 mm, [P]/[Rh] = 5.
bg 4, selectivity in aldehydes; Sis,, selectivity in isomeric octenes (2-
and 3-octene).

seems unattainable, we introduced ligand a to an aqueous
solution of colloid 1 with a ratio of [P]/[Rh]=5 and
then applied it to biphasic hydroformylation of 1-octene.
The reaction was performed under identical conditions as
using complex catalyst A. As shown in Table 2, colloidal
catalyst B exhibits very low conversion rates. This result
is apparently not comparable with that of catalyst A,
considering that the activity of the latter is still very
high after the colloidal formation. Furthermore, catalyst C
prepared from Rh(acac)(CO),/TPPTS was also applied to
the hydroformylation of 1-octene under identical conditions
for the purpose of comparison. Table 3 presents the very
low conversion rates when using catalyst C, which are
related to the low solubility of 1-octene in the aqueous
catalyst phase.”® It can be concluded that colloidal catalyst
B shows comparable hydroformylation activity to catalyst
C. Therefore, the suspected thermomorphic behaviour
of colloidal catalyst B might be suppressed completely
due to the existence of the hydrophilic protecting shell
(SB12) on colloidal surfaces. Consequently, the ligand

Appl. Organometal. Chem. 2005; 19: 81-89
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exchange process was tried by using a Rh organosol
to obtain a ‘clean’ Rh(0) colloidal catalyst stabilized by
ligand a.

Colloidal catalyst D: Rh organosol 2/ligand a
Bonnemann etal. have developed a general route to
synthesize the transition-metal colloids in groups 6-11
by reducing the metal salts with tetraalkyl ammonium
triorganohydroborates in THF.52-% It was suggested that
the NR, " salts were formed in high local concentration at the
reduction centre as an efficient ligand shell to provide the
colloids with redispersibility in organic solvents and prevent
their aggregation.®%

In this part, Rh organosol 2 was prepared according to
Bonnemann’s method (see Fig. 3b), and then the ammonium
moieties on rhodium surfaces were displaced by ligand a to
functionalize and immobilize the zero-valent Rh colloid in
aqueous phase. The ligand exchange proceeds smoothly and
a ligand-to-rhodium ratio of 5 is enough to disperse the Rh
colloid in the aqueous phase. Monitoring the process via 'H,
13C and 3'P NMR revealed that ligand a in the toluene phase
and N(octyl),Cl in the water phase are almost not detectable.
Thus a ‘clean’ colloidal Rh catalyst stabilized by ligand a has
been obtained. The aqueous colloidal Rh solution is stable
over months.

As shown in Table 4, the colloidal Rh catalyst D exhibits
very high activity towards hydroformylation of 1-octene. The
first cycle gives an aldehyde yield of 97.1% and an L/B ratio
of 2.4, which is surprisingly identical to that using complex
Rh(I) catalyst A. Similar to A, the hydroformylation activity
decreases after recycling twice, along with increasing isomeric
products from 1-octene.

Table 4. Hydroformylation? of 1-octene with colloidal catalyst
D in the aqueous biphasic system

Entry Cycle Conversion (%) Sad® (%) L/Bratio Sis® (%)

1¢ 1 99.8 97.1 2.4 2.7
2 99.9 97.6 23 2.3
3 99.6 94.2 2.3 54
4 99.9 89.6 23 10.3
5 99.8 81.7 2.3 18.1
6 99.8 77.1 2.0 22.7
7d 99.8 63.3 22 36.5
2¢ 1 96.7 74.6 1.5 22.1
3f 1 93.7 38.3 24 55.4
48 1 99.7 85.4 1.4 14.3

2 Reaction conditions: Pjpjtia = 40 bar (25°C), CO/H; =1:1, T =
90°C,t=4h, Vorganic/Vaqueous =15,[P]/[Rh] =5.

bS 1, selectivity in aldehydes; Siso, selectivity in isomeric octenes (2-
and 3-octene).

¢ [Rh] = 3.6 mM, ratio of 1-octene to catalyst ([Sub]/[Rh]) = 1000.

4 Mercury poisoning experiments.

¢ [Rh] = 1.8 mM, [Sub]/[Rh] = 2000.

f[Rh] = 0.9 mMm, [Sub]/[Rh] = 4000.

& [Rh] = 3.6 mM, [Sub]/[Rh] = 1000, [P]/[Rh] = 2.5.

Copyright © 2004 John Wiley & Sons, Ltd.
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Figure 4.
post-reaction aqueous phase when using colloidal catalyst
D: (a) first run (2.3 £0.5 nm); (b) second run (2.0 + 0.5 nm);
(c) fourth run (1.8 & 0.5 nm). Scale bar: 50 nm.

Transmission electron micrographs of the

A TEM investigation of the aqueous phase (see Fig. 4)
shows that the average particle size of Rh colloids increased
from 1.9 nm originally to 2.3 nm after the first cycle. Then the
average particle size decreases to 2.0 nm after the second cycle
due to slight agglomeration, and to 1.8 nm after the fourth
cycle. During the recycling steps, the colour of the aqueous
phase changed from black—brown to light brown, indicating
thatagglomeration and precipitation of colloidal particles had
occurred. After reaction, Rh black was found in the autoclave.
These observations suggest that large Rh nanoparticles tend to
aggregate very quickly under the hydroformylation reaction
conditions, leading to immediate precipitation, in contrast to
the observations made by TEM in the post-reaction aqueous
phase.

The hydroformylation reaction also was performed at
lower catalyst concentrations by increasing the ratio of
[Sub]/[Rh] from 1000 (Table 4, entry 1) to 2000 and 4000
(Table 4, entries 2 and 3), respectively. A similar trend is
observed with complex catalyst A, where the isomerization
of 1l-octene increases greatly with decreasing catalyst
concentration. Inductively coupled plasma OES showed that
the total amount of leaching rhodium in the organic phase of
entry 1 was 3.4% after six cycles, these findings imply that
the significant increase of isomeric octenes and decrease of
hydroformylation activity after five cycles (Table 4, entry
1) result from the decreased rhodium concentrations in
the biphasic system, which is attributed mainly to the
agglomeration of colloidal Rh during repeated recycling.

The aqueous catalyst dispersions were examined also by
UV-Vis spectroscopy before and after hydroformylation
reactions. As shown in Fig.5a, colloidal Rh catalyst D
prepared from Rh organosol 2 and ligand a gives a
characteristic absorption band arising from ligand a and
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Figure 5. The UV-Vis spectra of the aqueous phase before
and after reaction when using colloidal catalyst D: (a) before
reaction; (b) first run; (c) second run; (d) fifth run.

a broad tailing absorption. No significant spectral changes
were observed during recycling, except that the intensity of
the broad tailing absorption underwent a similar fluctuation
as observed in Fig. 1, due to the variation of Rh particle size.

To evaluate the contribution of the precipitates formed
during recycling, mercury poisoning experiments were
performed after six cycles (Table 4, entry 1). Mercury(0) is
a well-known poison for heterogeneous catalysts due to
its adsorption on the catalyst surface or amalgamation
with the metal catalyst.”-%® Because Rh metal does not
form amalgams with Hg(0), large excess equivalents of
Hg(0) (Hg(0)/Rh > 300) have tobe used to contact the catalyst
surface sufficiently.®! Here, 350 equivalents of Hg(0) were
added into the aqueous catalyst phase and stirred at 25°C
for 1h before performing the seventh cycle. From the
results of the seventh cycle in entry 1 (Table 4), it seems
that Hg(0) almost has no influence on reuse of the catalyst
phase, indicating that the Rh precipitates formed during the
reaction are not catalytically active. Therefore, the increasing
isomerization during recycling can be attributed only to the
low catalyst concentration in solution.

The above results suggest that the colloial Rh catalyst
D stabilized by ligand a also demonstrates thermomorphic
behaviour in the aqueous biphasic hydroformylation reaction.
During recycling, colloidal agglomeration occurs and this
results in the low catalyst concentration in the aqueous phase,
which enhances the competing isomerization reaction and
leads to a low hydroformylation activity.

However, because the complex Rh(I) catalyst A and the
colloidal Rh(0) catalyst D exhibit identical catalytic activity,
and determining the reaction mechanism in metal cluster
catalysis is inherently difficult,®?> we cannot conclude on the
‘true’ active site during the early cycles of the TRPTC biphasic
system. More work is necessary to resolve the ‘precise nature’
of the active species in colloidal metal catalysis.

Copyright © 2004 John Wiley & Sons, Ltd.
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It should be noted that we do not refer to ligand leaching
because no significant changes of regioselectivity in linear
aldehydes are observed, especially in the early cycles. As
shown in Table 4 (entry 4), a remarkable decrease of the L/B
ratio occurs when [P]/[Rh] = 2.5 is used. Thus, ligand leach-
ing does not account for the observed catalytic deactivation.

CONCLUSION

The in situ formation of Rh colloids was observed when
a TRPT complex Rh(I) catalyst A was applied to aqueous
biphasic hydroformylation of 1-octene. These colloidal
Rh particles show Ostwald ripening behaviour during
recycling, and finally precipitate from the catalyst dispersion
after long reaction times. This leads to a low catalyst
concentration in the aqueous phase. As a consequence,
the competing isomerization reaction rate is enhanced
and the hydroformylation rates decrease. Furthermore,
colloidal Rh catalyst D prepared from Rh organosol 2
and TRPT ligand a also exhibits a high activity in the
hydroformylation of 1-octene, comparable to catalyst A.
Although the thermomorphic behaviour accounts for its high
activity in the biphasic system, Ostwald ripening and activity
decay of colloidal Rh catalyst D are also observed. These
findings suggest that the in situ-generated colloids (2.2 nm)
in the classic TRPT complex Rh(I) catalytic system do not
deactivate the hydroformylation activity during the first
steps of recycling. However, they are liable to agglomeration
after long reaction times and finally precipitate. This leads
to low catalyst concentrations in the biphasic system and
subsequently to the ‘death’ of Rh catalyst.

Attempts should be made to prevent Rh colloidal growth
and increase the stability of TRPT complex Rh(I) catalysts,
by using bidentate phosphine ligands with distinct cloud
points. This work implies that colloidal Rh catalysts stabilized
by TRPT ligands demonstrate thermomorphic behaviour
in an aqueous biphasic reaction. Boénnemann’s method,
particularly using colloid 2 stabilized by TRPT ligands,
has great potential to widen the scope of colloidal catalyst
applications in biphasic catalytic reactions under mild
conditions.
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