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Abstract

The hydroformylation of styrene over RhrSiO PAl O has been studied in the presence of the chiral diphosphines2 2 3
Ž . Ž .y -Chiraphos and y -DIOP. FTIR studies of the solid–liquid interface show that these molecules react with the surface

Ž .Ž .Ž . 31rhodium gem-dicarbonyl complex to yield Rh I CO P–P , which remains attached to the solid. FTIR and P CP MAS
NMR measurements, indicate that the optical modifiers are also adsorbed on the support and to a lesser extent, on the metal
surfaces. Leaching of rhodium is greatly reduced by controlling the water content of the solvent and the degree of hydration
of the catalyst surface. Catalytic activity is significantly decreased in the presence of the diphosphines although high levels

Žof both chemo and regio selectivity towards the chiral aldehyde are maintained. Optical yields are moderate maximum e.e.
.9.0% and drop to zero when the catalysts are reused. Styrene conversion is recovered after recycling of the catalyst. The

participation of metallic particles in the hydroformylation process is discussed in relation with the changes that occur under
reaction conditions. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Hydroformylation of styrene and its deriva-
tives attracts considerable attention as it offers a
possible route for 2-arylpropionic acid synthesis
w x1 which are used as non-steroidal analgesics
such as ibuprofen, and naproxen. Considerable
effort has been made towards the production of
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pure enantiomers as the interaction of each opti-
cal isomer with biological systems differs and
their therapeutic properties may also vary dra-
matically. The S-isomer of 2-arylpropionic acids
is reported to be ca. 28 times more effective in

w xthe case of naproxen 2 . Pt complexes of chiral
diphosphines promoted with SnCl have been2

used as catalysts for the asymmetric hydro-
w xformylation of arylaromatics 3,4 ; however, ho-

mogeneous systems based on rhodium, present
higher chemo and regio selectivity. When used
with asymmetric phosphinephosphite as optical
inductor, enantiomeric excesses of around 94%

w xcan be obtained 5 .

1381-1169r00r$ - see front matter q 2000 Elsevier Science B.V. All rights reserved.
Ž .PII: S1381-1169 99 00367-2



( )J.M. Coronado et al.rJournal of Molecular Catalysis A: Chemical 154 2000 143–154144

The application of heterogeneous catalysts to
homochiral compound synthesis is less well de-
veloped, despite the advantages of ease of sepa-
ration from the reaction media. Although
promising results in asymmetric hydroformyla-
tion have been attained using metal complexes

w xsupported on functionalised polymers 3,4,6 ,
use of organic supports requires solvent compat-

w xibility 6 . Inorganic supports do not present this
inconvenience and the ability to induce optical
activity in the presence of a chiral promoter has

w xbeen shown 7,8 . Although optical yields ob-
tained with these catalysts are modest and loss
of active phase into solution limits their use
w x7,8 , a better understanding of the mechanism
of these processes could result in the develop-
ment of industrially suitable heterogeneous
asymmetric catalysts.

In the present study, the feasibility of using
supported rhodium catalysts modified with chi-
ral diphosphines for the asymmetric hydro-
formylation of styrene has been investigated.
The influence of the state of the surface on the
adsorption of the optical promoter and on metal

Ž . Ž .leaching was studied. S -DIOP and S -
Chiraphos were used as optical modifiers due to
their availability and the abundance of informa-
tion concerning their use in asymmetric synthe-
sis. Amorphous silica–alumina was used as sup-
port because of the presence of Brønsted acidity
which could be used to anchor the active phase
via ion-exchange. SiO -supported catalysts were2

used for comparative purposes. Both materials
are mainly mesoporous and shape selectivity

w xinduced by the carrier 8 , was not expected.
This might simplify analysis as variations in
selectivity may be related in the main to changes
in the nature of the active sites.

2. Experimental

2.1. Catalyst preparation

Catalysts were prepared by mixing a suspen-
Žsion of silica–alumina Aldrich, 13% Al O ,2 3

S s475 m2 gy1, pore volume 0.77 cm3 gy1,BET

.67 mm average particle size and a solution of
Ž .RhCl Alfa products . The pH was held at 103

by the addition of NaOH, and after 3 h continu-
ous stirring, the solid was filtered and repeat-
edly washed with deionised water. The powder
obtained was dried overnight at 353 K and
stored. Catalyst conditioning was carried out in
a Pyrex reactor that could be connected to a
manifold where both vacuum and gas flow lines
were available. Reduction was performed by

Ž 3 y1.heating the sample in a flow 50 cm min of
H for 1 h. The solid was outgassed at the same2

temperature and, following cooling to 298 K,
immersed in toluene, to prevent contact with air
during transfer to the reactor.

A 1% RhrSiO , catalyst was prepared by2

wet impregnation, using RhCl and Aerosil 2003
Ž .Degussa silica. The sample was dried at 383

Ž . ŽK. Chiral diphosphines, S,S –Chiraphos Al-
. Ž . Ž .drich, 98% and R,R –DIOP Aldrich, 98% ,

were stored at ca. 263 K and used without
further purification.

2.2. Catalyst characterization

BET surface area measurements of samples
outgassed at 473 K were performed using Ar as
adsorbate. Metal surface areas for samples that
had been pre-treated at 673 K in H were2

measured by introducing a succession of 0.323
mmol pulses of H into a flow of nitrogen2

carrier gas and passing these over the sample at
298 K. The proportion of unconsumed H in2

each pulse was measured using a TC detector.
Rhodium contents of the catalysts were deter-
mined using Atomic Absorption.31P CP MAS
NMR spectra of the samples were obtained
using a multinuclear Fourier Transform spec-

Ž31 1 .trometer P, 121.5 MHz; H, 300.1 MHz .
Spectral acquisition was carried out using a 908

pulse width of 6 ms; 1 ms contact time, 60 kHz
spectral width and a repetition time of 5.14 s.
Data was acquired into 8 k words and trans-
formed, using a line broadening of 100 Hz, into
8 k words. Powdered samples contained within
7.5 mm diameter zirconia ‘‘pencil’’ rotors were
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spun at 3.5 kHz using compressed air. Instru-
ment calibration was performed using 85%
H PO . Infrared spectra in the transmission3 4

mode were obtained of sample in the form of 25
mm diameter pressed powder discs located in a
quartz IR cell connected to a conventional vac-
uum line apparatus fitted with dosing bulbs and
connections to provide controlled gas flows.
Measurements in the presence of higher gas
pressures were conducted in a stainless steel
high-pressure transmittance cell with spectra
recorded at the elevated temperatures indicated
in the figure legends.

2.3. Catalytic tests

Pretreated catalysts were transferred under
toluene to a glass tube that fitted within the
walls of a 270 cm3 steel autoclave fitted with
inletroutlet ports, a pressure measuring gauge
and a magnetically coupled stirring device. Typ-
ically, ca. 20 cm3 of a solution of styrene
Ž . ŽAldrich, 99% in toluene Aldrich, 99.8%,

.HPLC grade previously dried with 5 A molecu-
lar sieve, was used. The olefinrmetal molar
ratio was fixed at 1500 while 12 mmol of the

Ž Ž .chiral diphophine molar ratio Rhr P–P s
.1.5–2.0 were added to the reaction mixture.

The autoclave was immersed in an oil bath
maintained at 338 K, unless otherwise stated.
The pressure inside the reactor was set at 80 bar

Ž .at 298 K using a 1:1 COrH mixture BOC2

which was purified using a commercial oxy
trap. Conversion to the various products was
determined by injection of the liquid sample
into a gas chromatograph fitted with a Poropak
Q column and an FID. Optical excesses were
measured using a 10-cm long cell placed in a

w xpolarimeter, using a published value 3,4 for
the specific rotation of 2-phenylpropanal.

3. Results

3.1. Catalyst characterisation

The RhrSiO PAl O catalyst contained 0.712 2 3

wt.% rhodium as determined by atomic absorp-

tion spectrometry. The BET area of the 473 K
dried catalyst was 375 m2 gy1 and the metal
dispersion after reduction at 673 K, was 0.46
HrRh. The RhrSiO catalyst, after calcination2

at 473 K gave a BET area of 185 m2 gy1 and
after reduction at 673 K gave a HrRh ratio of
0.34.

3.2. Interaction of the diphosphines with the
surface of the catalysts

Interaction of diphosphines with the sup-
ported rhodium catalysts was studied after ex-
posing the sample to a solution of the modifier
in toluene. Fig. 1 displays the FTIR spectra

Ž .obtained of the adsorption of y -Chiraphos on
RhrSiO PAl O . Spectra of a reduced sample2 2 3

Ž .exposed to CO at 298 K Fig. 1a show bands at
2223, 2112, 2070, 2052, and 1890 cmy1. The
2223 cmy1 band corresponds to CO at Lewis

w xcentres of the support 9 . The band at 2112
cmy1 is due to n CO of rhodium gem-di-sym

carbonyl, and the band at 2052 cmy1 to the
asymmetric stretching mode. These species pre-
sent bands at 2112 and 2048 cmy1 when co-
ordinated simultaneously to a water molecule

Fig. 1. Spectra of RhrSiO PAl O catalyst reduced in H at 6982 2 3 2
Ž . Ž .K a exposed to 65 Torr at 298 K and then b after immersion in

Ž .y -Chiraphos in toluene solution for 2.5 h, brief evacuation at
Ž .298 K and exposure to 65 Torr of CO and c subsequent

outgassing at 298 K until P -2=10y2 mbar. Gas phase contri-
butions have been subtracted.
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w xand to a zeolite framework oxygen ions 10 and
Ž .formation of a complex of the type Rh CO -2

Ž .Ž .O H O on the silica–alumina surface is fea-s 2

sible. Metallic sites were indicated by bands at
2070 due to linearly adsorbed CO along with
the broader feature at 1890 cmy1, due to CO on

w xbridging sites 11 . The sample was then im-
mersed in the diphosphine in toluene solution
for 2.5 h. A spectrum obtained after brief out-
gassing at 298 K and admission of CO is shown
in Fig. 1b. Bands corresponding to the solvent
dominate the spectrum, although it is possible to
appreciate modifications in the carbonyl region.
These changes become more apparent after ex-

Ž .tensive evacuation at 298 K Fig. 1c . In the
2200–1800 cmy1 range, an overall reduction of
the intensity along with a red–shift of most of
the bands are observed. The band due to n COsym

of the dicarbonyl was centred at 2109 cmy1, the
peak at 2070 appears as a shoulder, but without
significant displacement, and the n CO of theasym

dicarbonyl appeared at 2041 cmy1. The bridg-
ing carbonyl band became narrower and rela-
tively more intense, and CO species on the
support were no longer detected. Adsorption of
chiraphosrtoluene solution also led to the ap-
pearance of several bands in the 1700–1300
cmy1 and 3100–2800 cmy1 regions of the
spectrum. Bands at 1602, 1495, and 1462 cmy1

correspond to n C–C of a substituted ring and
peaks at 1438 and 1386 cmy1 to the asymmet-
ric and symmetric deformation modes of CH 3

w xgroups, respectively 12 . As the presence of
toluene even after extended evacuation may not
be neglected, and both solute and solvent con-
tain monosubstituted benzene ring structures,
the above bands can not be unambiguously
attributed to the diphosphine.

To gain further insight in to the role of the
support and the state of the metal on the nature
of the interactions with the chiral diphosphines,
an experiment was conducted using the
RhrSiO . Fig. 2a displays the spectrum of the2

calcined sample after exposure to CO at 363 K.
Under these conditions it is expected that Rh,

Ž .initially present as Rh III , is reduced to

Ž .Fig. 2. Spectra of RhrSiO calcined in air at 473 and then a2
Ž .exposed to CO 30 Torr at 363 K. Same sample then immersed in

Ž . Ž .a y -DIOP in toluene solution for 1 h and b after brief
Ž . Ž . Ž .outgassing at 298 K and c contacted with CO 10 Torr and d

exposed to air.

Ž .Ž . w xRh I CO complexes 10,13 . This process2

may take place in the presence of water:

Rh III q3COqH O or OHyŽ . Ž .2

™Rh I CO qCO q2Hq or Hq 1Ž . Ž . Ž . Ž .2 2

Dicarbonyls are confirmed by the bands at 2099
and 2043 cmy1. The relatively high frequency
of the n CO suggests that dicarbonyl speciesasy

are also bound to both oxygen and OHrH O2
w xgroups of the support 10 . Following exposure

Ž .to y -DIOP in toluene and brief outgassing,
Žthe most intense feature of the spectrum Fig.

. y12b appeared at 1996 cm . Although the rela-
tively broad nature of this band obscures the
peak at 2043 cmy1, the reduced intensity of the
high frequency component clearly indicates that

Ž .Ž .a proportion of the Rh I CO has been de-2

pleted. As no linear carbonyl species are present
Ž .in the initial sample Fig. 2a , displacement of

these by the co-adsorbate molecule is not a
possible assignment for the 1996 cmy1 band. It
may be tentatively ascribed to the formation of

Ž .Ž .Ž .Rh I CO DIOP species. Monocarbonyl
rhodium complexes, co-ordinated to different
phosphines, present bands below 2000 cmy1

w xand are formed under similar conditions 10 .
Bands in the 1800–1300 cmy1 range of the

Ž .spectrum Fig. 2b confirm the presence of
diphosphine on the surface. The most intense
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features in this region appeared at 1487, 1438,
y1 Ž .and 1384 cm , due to aromatic n C–C ,

Ž . Ž .d CH and d CH vibrations, respec-asy 3 sym 3
w xtively, of the DIOP molecule 12 . Further CO

Ž . y1Fig. 2c , reduced the intensity at 1996 cm
and enhanced maxima of Rh gem-dicarbonyl
species. Band positions of 2102 and 2023 cmy1

are shifted with respect to the initial spectrum
Ž .Fig. 2a suggesting changes in the immediate
environment of the Rh site. Conversion of a

Ž .Ž . Ž .proportion of Rh CO DIOP to DIOP –
Ž .Rh CO in the presence of CO might account2

for these modifications. Exposure of this sample
to air resulted in further changes to the dicar-
bonyl species, giving shifts to 2096 and 2026

y1 Ž .cm Fig. 2d . In addition, the carbonyl band
y1 Ž .Ž .Ž .at 1996 cm indicative of Rh I CO DIOP

was no longer observed and a new feature at
1690 cmy1 appeared. By comparison with spec-

w xtra of acetone on SiO and RhrSiO 14,15 ,2 2
Ž .this is attributed to the n C-O mode of this

hydrolysis product present at very low cover-
age. This acid catalysed reaction retains the

w xconfiguration of the asymmetric centre 6 . When
the more acidic silica–alumina support was
used, cleavage of the acetal group occurred
readily without the need for atmospheric mois-
ture.

Fig. 3 displays the 31P CP MAS NMR spec-
tra of RhrSiO PAl O pre-treated under dif-2 2 3

ferent conditions, and then contacted with solu-
tions of the chiral diphosphines and finally ex-
posed to air. When the catalyst was treated in

Ž .vacuum at 498 K and contacted with y -DIOP
Ž .Fig. 3a two lines appeared at 42 and y27
ppm, along with the corresponding side bands.

Ž .Phosphines attached to rhodium I give reso-
Ž .nances in the 70–30 ppm range, with J Rh–P

w xof about 190 Hz 16 . This parameter does not
vary significantly when these species are bound
to polymeric or inorganic matrices. The chemi-

Ž .Ž .Ž .cal shift of the free Rh l Chiraphos acac com-
plex is 60.8 ppm, whereas when attached to a
silica–aluminate network, the value of d shifts

w xto 59.5 ppm 17 . The resonance at 42 ppm may
Ž .Ž .be attributed to the presence of Rh I DIOP on

Fig. 3. 31 P CP MAS NMR spectra of RhrSiO PAl O contacted2 2 3
Ž .with a DIOP in toluene solution after a reduction in H flow at2

Ž . Ž .498 K or b evacuation at 498 K for 1 h. c Previous sample
Ž .after storage at 263 K for 4 months and d spectrum of RhrSiO2

PAl O catalyst treated in H at 673 K for 1 h and immersed in a2 3 2
Žsolution of chiraphos in toluene. Spinning-side bands marked by

.asterisk.

the silica–alumina surface. The signal at lower
chemical shift may therefore indicate diphos-
phine adsorbed on the support as both free, and
supported phosphines, present resonances at

w xnegative d values 16,18,19 . The measured
chemical shift is down-field shifted from re-

Žported values for neat DIOP y11.8 and y18.3
.ppm and out of the range reported for

w xmonophosphines supported on silica 18,19 .
These results indicate considerable modification
to the phosphorous nucleus. This can not be
attributed to the formation of the diphosphine
diol because a similar shift of the signal to
lower fields was observed when Chiraphos was

Ž .contacted with the catalyst Fig. 3d . Bearing in
mind the evacuation pretreatment of the sam-
ples, it seems likely that the resonance at y27
ppm is related to DIOP molecules at Lewis acid
sites of the silica–alumina. When RhrSiO P2

Al O is pre-treated under H , the diphosphine2 3 2
Žgave essentially the same surface species Fig.

.3b , as deduced for the observed resonances.
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However, the ratio between signals correspond-
ing to DIOP attached to the metal and to the
support differs appreciably with a smaller pro-
portion of support anchored species for the pre-
reduced sample. After 4 months storage at 263
K, a spectrum of the RhrSiO PAl O catalyst2 2 3

modified with DIOP showed some transforma-
Ž .tions Fig. 3c . The detection of additional lines

at 24.1 and 31.5 ppm, along with the slight
depletion at y27.0 ppm, suggest that DIOP
molecules attached to support may undergo oxi-

w xdation to some extent 20 . The Rh–DIOP sur-
face complexes, on the other hand, appear more
stable to oxidation, with no indication of metal

Ž .bound P V species. A possible weak contribu-
tion at 70.4 ppm appeared after ageing. This
may be due to protonated diphosphine species
w x20 or to DIOP attached to oxygen covered
rhodium clusters.

When RhrSiO PAl O sample was reduced2 2 3

at 673 K and exposed to Chiraphos solution in
toluene, the 31P NMR spectrum displays lines at

Ž .y14.9 sh , y6.9, 43.7, and 52.9 ppm with the
others due to spinning side-bands of the 43.7

Ž .and 52.9 ppm resonances Fig. 3d . Following
the assignment given for DIOP, the diphosphine
attached to the acid sites of the support gives
rise to the resonances at negative d , whereas
signals in the 55–40 ppm range can be at-
tributed to rhodium–Chiraphos complexes
w x16,17 . Although adsorbed species on particles
with metallic character can be difficult to detect
due to signal broadening caused by the metal

w x 31magnetic susceptibility 21 , P NMR spectra
of phosphines attached to polynuclear Rh0 com-
plexes show resonances below those for the

Ž . w xcorresponding Rh I complexes 16,22 . The
component at 43.7 ppm may be tentatively as-
signed to Chiraphos adsorbed on metallic aggre-

Ž .gates with the 52.9 ppm line due to Rh I
chiraphos. Oxygen would shift the 31P reso-
nance of chiraphos on Rh metal to lower field,
although the measured value indicates that oxi-

Ž .dation to P V is not taking place. Phosphine
Ž .oxide after reaction with Rh CO gives rise6 16

w xto signals at around 110 ppm 22 . Possible

explanations for the low field resonance is that
diphosphine molecules are adsorbed at Rh sites
affected by exposure to air or that phosphonium
ion formation on the metallic surface occurred.
The isotropic line-shape suggests limited hetero-
geneity in the environment of these surface
species.

3.3. Metallic phase under hydroformylation
conditions

Reaction was carried out using RhrSiO P2

Al O subjected to various pre-treatments.2 3

Aldehyde selectivity was always )90% and
the branchedrlinear isomer ratio was relatively

Ž .insensitive to pretreatment Table 1 . The high-
est selectivity to linear aldehyde was obtained
using recovered solution after a previous cat-
alytic run. AA analysis of the solution after
reaction indicated that an amount of rhodium

Ž .had been leached to the liquid phase Table 1 .
The amount of metal present in the reaction
media was strongly influenced by the state of
the catalyst. The greatest measured loss from
the solid phase was ca. 60%, which occurred for
a sample treated in CO at 373 K and then left in
2-phenylpropanal overnight. Results obtained
using solvents that had not been dried before
use indicated that the presence of water was
also important with its presence favouring trans-

Ž .fer to solution Table 1 . These leached Rh

Table 1
Styrene hydroformylation over RhrSiO PAl O submitted to dif-2 2 3

ferent treatments
a b cCatalyst treatment Rate S 2Phr3Ph % Rh inHydf

solution

Outgassed at 500 K 98.5 )99 86r14 7.9
Reduced in H at 500 K 137.7 )99 87r13 14.52

dRecovered solution 188.3 100 84r16 100
eReduced in H at 673 K 130.4 98.0 86r14 3.42

Reduced in H at 673 K 147.2 92.0 88r12 0.02

a mmoles Sty hy1 mmol Rhy1.
bSelectivity to Aldehydes.
c BranchedrLinear Ratio.
d Using 5 cm3 of the solution recovered from the previous

experiment.
eSolvent used without drying.
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species were highly active for styrene hydro-
formylation as demonstrated by use of a small

Žvolume of recovered solution after reaction Ta-
.ble 1 . Not all styrene conversion could be

attributed to Rh in solution, since there are
cases where the measured metal losses were
small or negligible, it still gave specific activi-
ties of ca. 150 mmol styrene hy1 mmol Rhy1.
This value was somewhat lower than the value
for the homogeneous reaction, but clearly
demonstrates the participation of the supported
phase in the oxo process. The regio selectivity
did not vary significantly with the proportion of
rhodium in the liquid phase.

Spectra in the carbonyl region for reduced
RhrSiO PAl O exposed to high pressure gas2 2 3

mixtures are displayed in Fig. 4. Following
admission of 1 bar CO at 423 K, the spectrum
shows bands at 2206, 2106, 2064, 2039, and
1865 cmy1. These are almost coincident with
bands in a spectrum of the sample at 298 K and

Ž .at a low pressure of CO Fig. 1a . The highest
frequency band is assigned to CO adsorbed on
the support, whereas peaks at 2106 and 2041

y1 Ž .Ž .cm are associated with Rh I CO com-2

plexes. Bands at 2064 and 1865 cmy1 corre-
spond to CO adsorbed on-top and at bridging

Fig. 4. FTIR spectra RhrSiO PAl O catalyst reduced in H at2 2 3 2
Ž .673 K exposed to a 1 bar of CO at 423 K, then increasing the

Ž . Ž . Ž .pressure to b 6 bar of CO at 423 K 2.8 h , and c fresh sample
Ž .after same pretreatment H at 673 K followed by exposure to ca.2

35 mmol of styrene and ca. 1.5 bar of COrH at 358 K and then2
Ž .d after 3.1 h at 358 K in 12.1 bar COrH . Gas phase contribu-2

tions have been subtracted.

sites, respectively, on metallic rhodium. As a
function of time under 6 bar of CO at 423 K,
the intensity of the dicarbonyl bands increased
along with a shift to 1877 cmy1 for the bridge

Ž .CO band Fig. 4b , while the other features
remain basically unchanged. This formation of

Ž .Rh CO species as a function of contact time2
w xwith CO is well documented 11,22 . The shift

of the bridging band may be due to coverage
effects but could also be related to the formation

Ž .of Rh CO clusters whose formation is4 12
w xfavoured on acidic supports 23 .

After the same pretreatment and following
exposure of the RhrSiO PAl O to 35 mmol of2 2 3

styrene and 1.5 bar of COrH at 358 K, the2

greatest change was the almost complete ab-
sence of dicarbonyl species and the reduced

Ž y1.intensity of the bridge 1882 cm CO band
Ž .Fig. 4c . The band due to linearly adsorbed CO
was only slightly affected, being shifted to 2059
cmy1. These changes are most likely due to
co-adsorption with the styrene. After a period of
time at 358 K under higher COrH pressure,2

bands at 2098 and 2039 cmy1 were detected,
indicating the formation of dicarbonyl species
Ž .Fig. 4d . The bridging carbonyl band regained
intensity and shifted to 1875 cmy1. These
changes may be explained by displacement of
styrene by CO under higher-pressure conditions.
However, changes in frequency and increased
widths of the gem-dicarbonyl bands indicate
modification to the environment of the adsorp-
tion site. The presence of ligated water or
changes to the chemical nature of the surface
oxygen bound to the metal centre have been

w xused to account for these modifications 10,24 .

3.4. Asymmetric hydroformylation of styrene

Table 2 summarises results obtained for the
asymmetric hydroformylation of styrene using
RhrSiO PAl O in the presence of chiral2 2 3

Ždiphosphines. The pre-treatment conditions H 2
.at 673 K and outgassing at 673 K were chosen

in order to minimise rhodium loss. Using these
conditions and providing that the solid was not
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Table 2
Styrene hydroformylation over RhrSiO PAl O modified with2 2 3

chiral diphophines
a b cCycle Modifier Rate S 2Phr3Ph e.e.Hydf

Ž . Ž .1 y -DIOP 7.8 94.4 88r12 3.8 R
d2 None 165.6 92.0 91r6 0.0

eŽ .1 y -Chiraphos 1.4 63.7 84r16 n.m.
f Ž . Ž .1 y -Chiraphos 7.5 86.7 78r22 9.0 R
d2 None 142.2 95.8 87r13 0.0

a mmoles Sty hy1 mmol Rhy1.
bSelectivity to Aldehydes.
c BranchedrLinear Ratio.
d Using catalysts recovered from the previous experiment.
eNot measured.
f Reaction temperature 353 K.

exposed to atmospheric moisture, rhodium could
not be detected in the solution after reaction by
atomic absorption. Although some leaching of
the active phase below the detection limit can-
not be totally ruled out, the contribution of
homogeneous species to the measured reactivity
can be considered negligible.

The addition of diphosphines in general, had
a detrimental effect on the hydroformylation
rates, and a higher reaction temperature was
selected to increase styrene conversion when

Ž .using y -Chiraphos. After recycling a previ-
ously modified catalyst, recovery or even slight
improvement in activity with respect to unmodi-
fied catalyst was obtained. The observed rate
increases may, to some extent, result from un-
derestimating the amount of Rh due to losses
during manipulation. These results contrast with
those for RhrSiO under similar conditions,2

where a ca. 10-fold activity decrease was found
for reused catalysts.

Selectivity to hydroformylation was generally
high with only limited dependence on conver-
sion. The contribution of direct hydrogenation
of styrene was not very significant, but during
the early stages, a considerable amount of oxy-
genated products, resulting from processes other
than hydroformylation, were detected. These
products, mainly phenyl ketones, were gener-
ated by carbonylation of styrene on the silica–

w xalumina surface 25 . Although this reaction

proceeded faster than hydroformylation during
the initial stages, the active sites were quickly
deactivated. Branched aldehyde was favoured
over linear aldehyde formation and regio selec-
tivity was relatively insensitive to the presence
of chiral modifiers. A chiraphos modified cata-
lyst, operating at higher temperature produced
relatively higher proportions of 3-phenylpro-
panal. Asymmetric induction, although modest,
was attained after addition of the chiral diphos-

Ž .phines to the reaction mixture Table 2 . The
Ž .optical isomer in excess in all cases was R -2-

phenylpropanal. Although the results are not
Ž .directly comparable, y -Chiraphos appeared
Ž .more effective than y -DIOP. Reused cata-

lysts, previously exposed to the optical modi-
fiers, gave racemic mixtures.

31P CP MAS NMR confirmed the presence
of the chiral diphosphines on RhrSiO PAl O2 2 3

catalyst after use in the hydroformylation reac-
tion. Fig. 5 displays spectra of solids recovered
after reaction where the optical modifier was
used. To fill the NMR rotors, the recovered
catalysts were physically mixed with silica–
alumina in ca. 1r10 ratio. The poor signal to
noise ratio does not, therefore, reflect insignifi-
cant quantities of the diphosphine. The reso-

Ž .nance at y29.8 ppm Fig. 5a is due to DIOP
attached to the support, while the peak at 42.8

Fig. 5. 31 P CP MAS NMR spectra of the RhrSiO PAl O2 2 3
Ž . Ž .catalyst a reduced at 500 K in H , or b at 673 K and recovered2

Ž . Ž .after styrene hydroformylation in presence of a DIOP and b
Chiraphos.
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Ž .ppm is due to diphosphine at isolated Rh I sites
w x16–20 . The resonance at 65.0 ppm, along with
a weak line at ca. 90 ppm, are most likely
related to DIOP molecules on the surface of
particulate Rh, which are influenced by the
presence of other adsorbates. Resonances at

Ž .76.3, 42.8, and y22.3 ppm Fig. 5b are at-
tributed to equivalent species formed by interac-
tion of Chiraphos with the different surface sites
of RhrSiO P Al O . Slight differences in2 2 3

chemical shift may result from the influence of
reagents and products on the configuration of
the adsorbed species. Comparing results with
those displayed in Fig. 3 shows the absence of

Ž .two lines for Chiraphos Fig. 5b and an addi-
tional signal for the DIOP modified catalyst.
Signals with positive chemical shift are more
intense after reaction than following direct ad-
sorption from toluene solution. These differ-
ences result from conditions generated by the
hydroformylation reaction, which appear to
favour adsorption of the optical modifier at
metallic Rh centres.

4. Discussion

The reactivity of phosphine modified Rh
complexes on various supports has been studied
w x Ž .Ž X.10,17 . Formation of Rh CO PR R com-2

Ž X .plexes R,R smethyl, hexyl or phenyl groups
Ž .Ž .from Rh I CO on NaX and NaY zeolites2

treated with PR RX was indicated by an IR band2
y1 w xin the 1990–64 cm range 10 . Similar trans-

formations would explain results where gem-di-
carbonyl species are exposed to solutions of

Ž .DIOP in toluene Fig. 2b . Decreased intensity
Ž .Ž .of the n CO band of the Rh I CO speciessym 2

Ž .on exposure to Chiraphos Fig. 1 may indicate
that similar complexes are formed for both mod-
ifiers. Bands due to monocarbonyl species are
not clearly observed for the latter, possibly due
to overlap with other bands. A band just outside

w xthe range reported by Rode et al. 10 is ob-
y1 Ž .served at ca. 1950 cm Fig. 1b however, this

forms one of the four bands in the 2000–1600

cmy1 region which are characteristic overtones
of gCH vibrations of monosubstituted benzenes
w x12 . Support for co-ordination of Chiraphos and

Ž . 31DIOP to Rh I sites is provided by P NMR
Ž .Fig. 3 . As experiments were performed with
samples exposed to air, results are relatively
insensitive to catalyst pretreatment conditions.

Ž .In the case of DIOP adsorption, the Rh I bound
species formed are relatively homogeneous and

Žthe spectra display only one resonance Fig.
.3a,b . In contrast, Chiraphos generates at least

Ž . Ž .two different Rh I complexes Fig. 3d . There
is no clear explanation for this behaviour since
both modifiers posses comparable symmetries,
although interaction of the oxygenate group of
the DIOP could influence the mode of interac-
tion. 31P NMR experiments indicate that species

Ž .Ž .of the type Rh I DIOP are very stable. The
corresponding resonance remains basically unal-
tered even after 2 months exposure to atmo-
sphere at 263 K. This is of relevance as stability
could be a key feature in the handling of cata-
lysts based on these species. Contact with mois-
ture may have a detrimental effect on their
performance, not only affecting Rh leaching
Ž .Table 1 but also leading to hydrolysis of the

Ž .DIOP acetal group Fig. 2d .
Adsorption of phosphines has received little

attention, although the interactions of some PR 3

molecules with several metals have been studied
w xby IRAS 26 . Evidence for adsorption of Chi-

raphos on different Rh0 sites was detected indi-
rectly here by frequency and intensity modifica-
tions to bands due to adsorbed CO. Shifts to
lower frequencies accompanied by reduced band
intensity and increased band width indicate di-
rect interaction with the CO adlayer. An as-
sumption would be that the diphosphines are
preferentially located on terrace sites, which
would maximise interactions with the surface.
31P NMR spectra suggest the presence of Chi-
raphos attached to rhodium clusters in different
forms. Adsoprtion of equivalent species for
DIOP on metal crystallites appears less likely,
although NMR experiments provide evidence
for their existence. This behaviour may be the
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result of specific interactions of the oxygen
groups of this molecule with the surface. In
contrast with the behaviour of the modifier at

Ž .Rh I sites, diphosphines adsorbed on metal sites
and on the support are less stable and gradually

w xundergo oxidation andror protonation 20 . As
metallic sites are likely to participate in the
hydroformylation reaction, these transforma-
tions might influence the activity of catalysts
contacted with atmospheric air. None of the

Žobserved reactions oxidation, protonation or
.diol formation , however, is expected to change

the chirality of the modifier and therefore the
w xability to induce optical activity 6 .

Diphosphines were identified in the same
Ž .variety of adsorption sites after reaction Fig. 5 ,

suggesting similar interactions between the
modifier and catalyst under hydroformylation
conditions. The relative proportion of optical
modifier at metal centres was greater than sim-
ple adsorption. This is significant in the case of
reaction involving DIOP as species located on
Rh0 were only observed under these conditions.
As exposure to atmospheric air could result in
changes in the characteristics andror the rela-
tive proportion of the surface complexes, it
cannot be inferred with certainty that the species
detected by 31P NMR are identical to those
present in the reaction media. Despite this limi-

Ž . Ž .tations, data suggest that Rh I and Rh 0 sites
are modified by the chiral diphosphines in the
course of the reaction.

Rhodium on inorganic supports may success-
fully catalyse the hydroformylation of various

w xolefins in the liquid phase 7,27,28 . Conversion
of 1-hexene and selectivity to alcohols and alde-
hydes over RhrC, are comparable with results

w xobtained under homogeneous conditions 28 .
Substituted styrene is converted to the corre-

Ž .sponding aldehydes using Rh–B– Zn rSiO to2

give comparable yields to the homogeneous re-
w xaction 27 . However, extensive leaching of the

active phase is common for supported catalysts.
Modifications using B or Zn may overcome this
problem, which in extreme cases may result in
losses of up to 40% of the active phase during a

w xsingle hydroformylation experiment 27,28 . The
mechanism of this process is not well estab-
lished but a link between the amount of oxy-
genates in the solution and the extent of solubil-

w xity of the active metal has been reported 28,29 .
The influence of the reaction products on Rh

leaching is confirmed here. When RhrSiO P2

Al O was pre-treated in CO at 363 K, leaving2 3

all the Rh as gem-dicarbonyls, and subse-
quently contacted with a solution of 2-phenyl-
propanal in toluene for 12 h, ca. 60% of the
initial Rh was lost from the solid. Some of the

Ž .Ž .isolated Rh I CO species are apparently read-2

ily transferred from the support in the presence
of oxygenates. The amount of water present
either in the solution or adsorbed on the solid
influenced the leaching process. When using
solvents not previously dried, or low tempera-
ture pretreatment conditions which fail to re-
move adequate amounts of surface water, losses

Ž .of rhodium were notably greater Table 2 . It is
known that in the presence of H O or surface2

w xhydroxyl groups 23 , CO adsorption can lead to
disruption of metallic rhodium particles and the
formation of rhodium gem-dicarbonyl species
Ž .Eq. 1 . IR experiments under conditions similar

Ž .to the activity measurements Fig. 4b confirm
Ž .Ž .an increase in the number of Rh I CO species.2

A quantity of Rh gem-dicarbonyl sites were
present even when water was strictly excluded
and similar species were detected even where
no metal was lost into solution. It would appear
that the rhodium gem-dicarbonyls formed via
Eq. 1 are more susceptible to extraction from
the solid surface. One possible explanation for
this behaviour is that there are different types of

Ž .Ž . Ž .Rh I CO species present Fig. 4d but only2

some are strongly held at the surface, possibly
at the ion exchange sites on the Brønsted acidic
solid. This is supported by the more extensive
leaching of metal found when using RhrSiO2

where the later sites are absent. Oxygenate
molecules formed during reaction may saturate
the co-ordination sphere of the Rh complexes
when detaching these from the surface, thus
facilitating their transfer to solution.
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The specific activity of Rh in solution is
greater that the corresponding supported catalyst
Ž .on a mol Rh basis , but is slightly less on an
atom basis when the supported catalyst disper-
sion is considered. Although reports show that
activity may be comparable, conversions over
heterogenised systems are usually lower than
for the corresponding complexes in solution
w x27,28,30 . As solid surfaces present a range of
adsorption sites, it is difficult to determine
whether differences in activity result from an
inherently lower activity of supported metals or
to the averaging of the characteristics of the
different centres. Studies using relatively well-
defined surfaces, suggest lower activity for the

w x Ž .supported complexes 24,30 . Although Rh I
species are usually considered as the active site
for hydroformylation by analogy with results
obtained in the homogeneous phase, evidence
for the participation of metallic particles in the

w xprocess has been reported 31,32 . Studies of
C H hydroformylation over supported Rh sug-2 4

Ž .gest propanal formation occurs at Rh 0 centres
w x31,32 . Decreased activity for the modified cat-

Ž .alysts Table 2 suggest a contribution of the
metallic particles to the hydroformylation reac-

Ž .tion. The diphosphines are adsorbed at Rh I
Ž .and Rh 0 sites, but it is not expected that the

oxidised centres are detrimentally affected by
Ž .Ž . Ž .the modifier. Isolated Rh I CO PR speciesx 3 y

encapsulated in different zeolites show consid-
erable activity for the hydroformylation of dif-

w xferent substrates 24 . Similarly, a positive effect
of excess optical modifier has been reported for

Ž . w xPd II exchanged catalysts 8 . For extended
metal surfaces such as those possessed by par-
ticulate Rh, adsorption of the diphosphines could
lead to loss of active sites that would account
for the decreased activity. Styrene is not strongly

Ž .adsorbed on Rh 0 surfaces as indicated by the
limited modification to the IR spectrum in the
carbonyl range after its admission and the ease
with which it was displaced by increasing CO

Ž .pressure Fig. 4 . The existence of competitive
adsorption equilibrium between the substrate and
the modifier would seem reasonable. A similar

argument has been used to explain the low
Ž .activity of Rh–B– Zn rSiO catalysts for2

styrene hydroformylation when using DMF as
w xsolvent 27 . Accepting this behaviour would

imply a higher efficiency of the metallic sur-
faces for styrene hydroformylation, since their
blockage would lead to the most significant
decrease in activity. On the other hand, the
hydrogenation rate remained very low, despite
reports of high activity of metallic Rh for this

w xreaction 27 . Experiments conducted at higher
temperatures showed increased ethylbenzene
formation. Hydroformylation in the liquid phase
using heterogeneous Rh catalysts has shown

w xhigh selectivity to oxygenated products 27 .
Regio selectivity does not show high sensitivity
to catalyst pretreatment, and branchedrlinear
ratios of ca. 86:14 were obtained even with a

Ž .fully homogeneous catalyst Table 1 . These
values are comparable with those obtained for a
number of homogeneous and heterogeneous

w xrhodium catalysts 7,24,27,28 . In contrast with
results here, an increase in branched aldehyde is
generally observed after the addition of diphos-

w xphines 24,33 . The species determining the re-
gio selectivity is the alkyl-intermediate complex
w x34 . Interaction of styrene with Rh centres
would appear to take place preferentially through
the C of the molecule, regardless of the cata-a

lyst characteristics.
Optical activity using RhrSiO PAl O in2 2 3

the presence of chiral diphosphines was less
than 50% of that for the homogeneous catalyst
w x34 , although the absolute configuration of the
enantiomer in excess was the same. Similar
behaviour was reported for other solid systems

w xmodified with asymmetric diphosphines 3,4,9 .
The need for significant excess of the optical
promoter to achieve enantioactivity has been

w xhighlighted 8 . This is consistent with forma-
tion of racemic mixtures for the recycled cata-

Ž .lysts Table 2 and indicates that significant
coverage by the modifier is necessary to induce
optical activity. When the diphosphine concen-
tration is too low, equilibrium favours their
presence in solution, and the resultant surface
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looses its chiral character. In addition to interac-
tions via the phosphorus atom as in the homoge-
neous case, adsorption on the metal may also

w xinvolve the aromatic ring 26 leading to a less
effective orientation of the modifier for the
formation of a particular enantiomer, than in the
homogeneous case

5. Conclusions

Chiral diphosphine modifiers were located
Ž . Ž .predominantly at Rh I and Rh 0 centres of the

pre-reduced catalysts used in hydroformylation,
whereas adsorption from solution resulted in a
higher concentration of diphosphines attached to
the support. Modified catalysts were stable al-
though some transformations take place follow-
ing contact with moisture andror oxygen.
RhrSiO P Al O exhibits high activity for2 2 3

styrene hydroformylation, which is comparable
with the homogeneous equivalents. Leaching of
Rh could be limited by careful preparation of
catalyst and solvents by minimising water con-
tent. Metallic sites participate in the oxo process
but do not significantly increase selectivity to
hydrogenation. Asymmetric induction is
achieved with modified catalysts, although the
optical yield obtained is lower than in the ho-
mogeneous case. Large excesses of chiral
diphosphine are necessary to obtain enan-
tiomeric excesses.
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