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Abstract

Ž . Ž .The hydroformylation of methyl methacrylate MMA was studied with the in situ formed o-thiomethylphenyl diphenyl-
Ž .phosphine SP rhodium catalyst to establish the effect of the rhodium precursor, temperature, ligand-to-rhodium ratio, and

hydrogen and carbon monoxide partial pressures on the activity and selectivity of the reaction. The performance of the SP
Ž .modified reaction was compared to the performance of unmodified and triphenyl phosphine PPh modified reactions.3

In the case of the SP modified reaction, the rhodium precursor had a significant effect on the conversion, but only a
minor effect on the selectivity. In contrast to the PPh ligand, the regioselectivity of reaction did not change as the3

w x w xtemperature and the total pressure were varied with a fixed H r CO ratio. Unfortunately, the deactivation of the catalyst2

was strong at elevated temperatures. The increase in hydrogen partial pressure increased the conversion of MMA but had no
effect on the selectivity. A minimum carbon monoxide pressure was needed to achieve good chemo- and regioselectivities.
The increase in catalyst concentration accelerated the rate of parallel hydrogenation. q 2000 Elsevier Science B.V. All rights
reserved.
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1. Introduction

Hydroformylation is one of the most impor-
tant homogeneously catalysed reactions for
functionalising olefins and thus offering power-
ful routes for preparing a wide variety of signif-
icant intermediates, most notably for pharma-
ceutical, cosmetics, adhesives and coating

w xindustries 1–5 . The most active research area
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451-2622.
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in hydroformylation is ligand synthesis and their
w xcoordination chemistry 1 .

Many alkenic compounds containing various
functional groups, e.g. esters and alcohols, have
been successfully hydroformylated. The hydro-
formylation of esters of unsaturated acids, par-
ticularly the industrially available acrylic and
methacrylic acids, is an attractive synthetic route
for the preparation of bifunctional compounds.
The aldehydes derived from a-formylation can
be easily converted into substituted malonic es-
ters, and b-formylation products into 1,4-di-
carboxylic acids and esters, which are useful

1381-1169r00r$ - see front matter q 2000 Elsevier Science B.V. All rights reserved.
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w xcomponents for polyester manufacture 6 . Un-
der hydroformylation conditions, methyl metha-

Ž .crylate MMA is mainly converted into
Ž .branched methyl-a-formylisobutyrate a-MFIB

or the linear isomer, methyl-b-formyliso-
Ž .butyrate b-MFIB . Hydrogenation also occurs

to some extent yielding methyl isobutyrate
Ž .MIB .

Hydroformylation of MMA with bidentate
phosphine ligands was studied already in late

w x1970s by Tanaka et al. 7 . Later, triphenyl
Ž .phosphine PPh , the most used ligand in in-3

dustrial hydroformylation processes, and its var-
ious derivatives were studied as possible ligand

w x w xalternatives 8,9 . Recently, Alper and Zhou 10
Žintroduced a zwitterionic rhodium 1,4-bis di-

.phenylphosphino butane complex with high a-
selectivity.

In the hydroformylation of MMA, branched-
to-normal selectivity is highly dependent on

w xreaction parameters 7,8 . In case of a ,b-un-
saturated esters, elevated pressure and low tem-
perature favour the formation of the a-isomer,
whereas the opposite is observed for the b-iso-
mer. With PPh , the increase in ligand-to-3

rhodium ratio favours the formation of b-MFIB,
whereas at low-ligand-to-rhodium ratios, the

w xformation of a-MFIB is favoured 7–9 . In
industrial use, the excess of a ligand is needed
to preserve the stability of rhodium in the long
run. However, the excess of a ligand also gener-
ally decreases the activity because of stabilisa-
tion of the species, which must dissociate the

w xligands during the catalytic cycle 2 . The effect
of the excess depends strongly on the phospho-

w xrous ligand, e.g. Bergounhou et al. 11 reported
that both activity and selectivity were indepen-
dent of ligand-to-rhodium ratio with 1,2,5-tri-
phenylphosphole ligand, whereas in the case of

w xPPh 2,8,9 , selectivity is strongly dependent3

on the ligand-to-rhodium ratio.
It is generally accepted that when using the

Wilkinson’s catalysts, the active species are the
same regardless the nature of the rhodium source
Ž .Scheme 1 . On the other hand, the initial
rhodium source modifies the nature of the in
situ formed active complex and with some
rhodium precursor–ligand combinations, the in-
fluence on activity and selectivity can be signif-

w xicant 12 .
w xIn our previous work 13 , it was shown that

in MMA hydroformylation, the potentially
Ž .bidentate o-thiomethylphenyl diphenylphos-

Ž .phine SP ligand exhibited considerably higher

Scheme 1. Wilkinson’s dissociative mechanism for rhodium catalysed hydroformylation.
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Ž .selectivity to a-MFIB irn;27 than did 1,2-
Ž . Žbis diphenylphosphino ethane and 1,4-bis di-

.phenylphosphino butane, which are known to
be very effective in selective a-formylation of
a ,b-unsaturated esters. We also showed that
even though regioselectivity of the reaction is
known to be highly dependent on process vari-

w xables 8 , the pressure increase had no effect on
the selectivity of the SP ligand. However, in
order to become an industrially interesting op-
tion, the effect of various process parameters on
the stability of the catalyst needs to be known.
Therefore, the aim of this work was to establish
the effect of the rhodium precursor, tempera-
ture, ligand-to-rhodium ratio, and hydrogen and
carbon monoxide partial pressures on the activ-
ity and selectivity of the in situ formed SP-
rhodium catalyst.

2. Experimental

All the hydroformylation experiments were
Ž .carried out in a 250-ml autoclave Berghof

equipped with a sampling system. The experi-
ments were carried out in a semi-batch mode. A
disposable inner Teflon reactor was used to
avoid the accumulation of rhodium on the reac-
tor walls. Furthermore, the purity of the system
was checked with blank runs before each exper-
iment. The rhodium precursors used in the ex-

Ž . Ž . Ž .periments were Rh NO Fluka , Rh CO Cl3 3 2 4 2
Ž . w Ž .Ž .Ž .xJohnson Matthey , Rh C H O CO PPh5 7 2 3
Ž . Ž . ŽJohnson Matthey , Rh CO Johnson4 12

. w Ž . x ŽMatthey , and Rh norbornadiene BF John-2 4
.son Matthey . The ligands used in the experi-

Ž .ments were commercial PPh Fluka, ;99%3
Ž . w xand SP )95% 13 .

In a typical experiment, the autoclave was
charged with the respective rhodium precursor
Ž . Ž0.02 mmol calculated as rhodium , MMA 50

. Žmmol, Merck, )99% , toluene 200 mmol,
.Fisher Scientific International, )99% , internal

Ž .standards decane 7 mmol, Fluka, )98% , and
Žcyclohexane 12 mmol, Riedel de Haen, )¨

.99% , and the respective phosphine. If not oth-

erwise stated, the ligand-to-rhodium ratio was
4:1. The system was first flushed with nitrogen

Žand heated to the reaction temperature 50–
.1508C with continuous stirring, and then pres-

Ž .surised to the reaction pressure 20–80 bar
Žwith a desired molar ratio of H and CO 1:1, if2

.not otherwise stated . Four samples were taken
for analysis in each experiment; one immedi-
ately after pressurising with H and CO, which2

was considered as the starting point of the reac-
tion, and one after every first, third and fifth
hour.

The products were analysed with a Hewlett
Packard 5890 GC equipped with a capillary

Ž .column HP-1, 1.0 mm=0.32 mm=60 m and
a flame-ionisation detector. Products were quan-
tified by the internal standard method. In addi-
tion, the aldehydes that formed were identified
by GC-MS analysis, and after fractional distilla-
tion, by 1H NMR spectroscopy.

Thermogravimetric analysis of the SP ligand
was performed under air at a rate of 58Crmin
up to 9008C.

Calculations of conversion, selectivity, yield,
and irn ratio were done on molar basis. Con-
version was calculated with respect to MMA.
The irn ratio of the products was defined as the
amount of branched product divided by the
amount of linear product.

In order to estimate hydrogen and carbon
monoxide concentrations in the liquid phase
during reaction, phase equilibrium of the reac-
tion was calculated with Soave’s modification

w xof the Redich Kwong equation of state 14 . The
properties of the reaction mixture were simu-
lated with the properties of toluene.

3. Results

The effect of the rhodium precursor on con-
versions and selectivities with the in situ formed
SP rhodium catalyst is shown in Table 1. At 20

Ž . w Ž .Ž .Ž .xbar, Rh NO and Rh C H O CO PPh3 3 5 7 2 3

gave quite low conversions, 9% and 14%, re-
Ž .spectively, whereas Rh CO Cl gave virtually2 4 2
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Table 1
Effect of rhodium precursor on conversions and selectivities with the SP ligand in the hydroformylation of MMAa

n.a.snot applicable; n.r.sno detectable reaction; t.a.s trace amount.

Precursor Pressure, bar Conversion, % Selectivity, %

MIB a-MFIB b-MFIB

Ž .Rh NO 20 9 9 86 53 3
Ž .Rh CO Cl 20 n.a. – t.a. –2 4 2

w Ž .Ž .Ž .xRh C H O CO PPh 20 14 4 83 145 7 2 3
Ž .Rh NO 60 43 4 87 43 3

cb c c cŽ .Rh CO 60 24 0 95 34 12
w Ž .Rh norboynadiene BF 60 n.r. – – –2 4

dw Ž .Rh norboynadiene BF 60 n.a. – t.a. –2 4

a1008C, H rCOs1:1, MMArRhs2500, LrRhs4, reaction times5 h.2
b Due to experimental procedure, the reaction mixture was in contact with air for a short period.
c Reaction times3 h.
d LrRhs2.

no detectable reaction in 5 h. At 60 bar,
Ž . Ž .Rh NO and Rh CO gave moderate con-3 3 4 12

versions, 43% and 24%, respectively. Due to
the experimental setup and the fact that MMA is
easily polymerised under inert atmosphere
Žstabiliser hydroquinone deactivates under inert

. Ž .atmosphere , Rh CO was in contact with air4 12

for a short time and thus carbonyl species started
to decompose, explaining the low activity of the

Ž .catalyst when compared to Rh NO . When3 3
w Ž . xRh norbornadiene BF was used as the2 4

rhodium source, there was no detectable reac-
tion during 5 h, even though with plain
w Ž . xRh norbornadiene BF the conversion was2 4

Ž .87% after 5 h b-form favoured .
The selectivity to a-MFIB was high regard-

less of rhodium precursor. Even in the case of
Ž . w Ž . xRh CO Cl and Rh norbornadiene BF ,2 4 2 2 4

trace amounts of a-MFIB were detected. How-
w Ž .Ž .Ž .xever, with Rh C H O CO PPh , the b-5 7 2 3

Ž .MFIB selectivity was significantly higher 14%
than with other precursors.

The dependence of conversion and selectivity
on LrRh ratio is shown in Fig. 1 for both SP
and PPh ligands at 20 bar and 1008C. The3

addition of PPh into the reaction mixture en-3

hances conversion up to LrRh ratio of 10,
whereas the addition of SP immediately de-
creases conversion and at LrRh ratio of 10, the
conversion was almost negligible. With the PPh3

ligand at LrRh ratio of 10, b-MFIB was still
Ž .the main product irn-1 and the formation of

a-MFIB became favoured only at LrRh ratio of
Ž .100 irns2 , whereas with SP, the a-MFIB

Ž . Ž .Fig. 1. a MMA conversion and b selectivity to a-MFIB as a
Žfunction of LrRh ratio with PPh and SP ligands 1008C, 20 bar,3

.MMArRhs2500, reaction times5 h .
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was practically the only hydroformylation prod-
Ž .uct already at LrRh ratio of 4 irns19 .

Table 2 shows the influence of temperature
on conversions and selectivities with unmodi-

Ž Ž . .fied rhodium Rh NO , PPh , and the SP3 3 3

ligand modified reaction at 20 bar. In every
case, the effect was different. With unmodified
rhodium, the increase in temperature increased

Ž .hydrogenation S : from 6% to 52% at theMIB

expense of b-MFIB formation, which was still
the main hydroformylation product at 1508C.
With PPh , conversion had a maximum at 1008C3

and selectivity changed from favouring a-MFIB
at low temperatures to favouring b-MFIB at
higher temperatures. Hydrogenation also in-
creased with the temperature. In case of the SP
ligand, the reaction occurred only at 1008C,
where a-form was the favoured hydroformyla-
tion product.

Because conversion was low with the SP
ligand at 20 bar and clearly improved at 60 bar
w x13 , we decided to test the temperature be-
haviour of the SP ligand also at higher pressure.
Fig. 2 shows the conversion and selectivity
obtained as a function of temperature at 60 bar.
The high selectivity to a-MFIB prevailed re-
gardless of the temperature. However, as the
temperature increased, the formation of b-MFIB
was enhanced, but mainly at the expense of

Table 2
Effect of temperature on conversions and selectivitiesa

n.a.snot applicable; n.r.sno detectable reaction.

Ligand Temperature, Conversion, Selectivity, %
8C % MIB a-MFIB b-MFIB

No ligand 100 43 6 4 91
b b b bNo ligand 150 45 52 2 45

PPh 50 4 0 9 463

PPh 100 63 3 30 673

PPh 150 48 16 3 813

SP 50 n.r. n.a. n.a. n.a.
SP 100 9 9 86 5
SP 150 n.r. n.a. n.a. n.a.

a 20 bar, H rCOs1:1, MMArRhs2500, LrRhs4, reac-2

tion times5 h.
b MMArRhs6000.

Fig. 2. Effect of temperature on conversion and selectivity with
Žthe SP ligand 60 bar, MMArRhs2500, LrRhs4, reaction

.times5 h .

Ž .hydrogenation irn ratios13 at 1208C . As
Fig. 2 shows, the conversion increased with
temperature up to 1008C. Below 808C, the reac-
tion was slow, again at 508C there was no
detectable reaction probably due to the poor
solubility of the ligand at low temperatures.
Above 1008C, the catalyst showed activity loss
so that conversion at 1508C was less than 1%.

The rapid loss of activity raised the question
of the SP ligands thermal stability and therefore
the issue was studied further. Thermogravimet-
ric analysis under air showed that the ligand did
not decompose until 2508C. In addition, the SP
ligand was refluxed in toluene for several days,
and based on 31P NMR measurements, no alter-
ations had occurred. Nevertheless, when we did
an experiment in which the reaction mixture

Žwas first heated to 1208C for 15 min under
.nitrogen atmosphere and then cooled back to

reaction temperature of 1008C, the activity of
the catalyst was about half of the activity of a
standard experiment at 1008C and about twice
as much as in a standard experiment at 1208C
Ž .Fig. 3 . The selectivity to a-MFIB remained
unchanged, but a slight increase in b-MFIB
formation was observed again mainly at the
expense of hydrogenation.

The obtainable conversion with the SP ligand
modified reaction at 20 bar and 1008C was quite

Ž .low ;9% after 5 h and as an attempt to
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Fig. 3. Thermal stability of the in situ formed SP-rhodium catalyst
Ž . Ž .a standard experiment at 1008C; b before the experiment, the

Žreaction mixture was heated to 1208C for 15 min under nitrogen
.atmosphere after which it was cooled back to reaction tempera-
Ž . Žture 1008C; c standard reaction at 1208C 60 bar, MMArRhs

.2500, LrRhs4, reaction times5 h .

increase the conversion, the amount of the cata-
Ž .lyst was tripled LrRh ratio was kept constant ,

whereas other reaction parameters were kept
constant. However, as Fig. 4 shows, the in-
crease in conversion was only 5 percentage
points. Furthermore, selectivity of the catalyst
changed significantly, a-selectivity decreased,

Ž . Ž .Fig. 4. Effect of catalyst concentration on a conversion and b
Žselectivity with the SP modified hydroformylation 20 bar, 1008C,

.LrRhs4

Fig. 5. Effect of total and partial pressures on MMA conversion
Žwith the SP modified hydroformylation 1008C, MMArRhs

.2500, LrRhs4, reaction times5 h .

and selectivity to MIB increased 13 percentage
points, whereas selectivity to b-MFIB remained
rather constant.

w xIn our previous work 13 , we showed that,
unlike with other ligands while the conversion
increased with total pressure, chemo- and re-
gioselectivities of the catalyst stayed constant
with the SP ligand. Fig. 5 shows how the varia-
tion of carbon monoxide and hydrogen partial
pressure influenced the conversion when total
pressure was kept constant. At moderate pres-

Ž .sures 20–40 bar , there was no difference be-
tween the conversion obtained with the syn gas
mixtures in which there were either equal
amounts of carbon monoxide and hydrogen or

Žin which hydrogen was in excess H rCOs2
.2:1 . At higher pressures, the highest conversion

was achieved with the syn gas mixture where
hydrogen was in excess and the conversion was

ŽFig. 6. Effect of CO partial pressure on selectivity 1008C,
.MMArRhs2500, LrRhs4, L sSP, reaction times5 h .
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ŽFig. 7. Effect of H partial pressure on selectivity 1008C,2
.MMArRhs2500, LrRhs4, L sSP, reaction times5 h .

substantially lower when carbon monoxide was
Ž .in excess H rCOs1:2 . Fig. 6 and Fig. 72

show the selectivity as a function of respective
partial pressure. The chemo- and regioselectivi-
ties of the reaction were independent of the
hydrogen partial pressure and after the mini-

Žmum carbon monoxide partial pressure 10 bar
.in the feed , regioselectivity became indepen-

dent of the carbon monoxide partial pressures as
well.

4. Discussion

4.1. Precursor

It is commonly accepted that when using
Wilkinson’s catalyst, the active species in the
hydroformylation of a-alkenes are the same

Žregardless of the initial rhodium source Scheme
. w x1 12 . However, in the case of the SP ligand,

the rhodium source had a significant effect on
the obtainable conversion and minor effects on
the selectivity in MMA hydroformylation. As
Table 1 shows, the best conversions and a-
selectivities were obtained with the smallest

Ž . Ž .rhodium precursors, Rh NO and Rh CO ,3 3 4 12

where there are no additional ligands hindering
the formation of the catalytically active a-selec-
tive complex and the reaction thereafter.
w Ž .Ž .Ž .xRh C H O CO PPh precursor contains 15 7 2 3

PPh unit, thus, the reaction was actually modi-3

fied with a mixture of phosphine ligands instead
Žof just one ligand PPh rSPs1:4 on molar3

.basis . This could lead to a mixture of two
catalytically active species: one of the Wilkin-
son type and the other of the chelating SP type.
The presence of Wilkinson type species en-
hanced the activity, and thus led to increased
b-MFIB formation compared to the standard
reaction. However, the formation of a complex
containing both PPh and SP ligands cannot at3

this stage be excluded.
Ž . w ŽNeither Rh CO Cl nor Rh norborna-2 4 2

. xdiene BF gave any reaction with the SP lig-2 4
w xand. According to Prokai-Tatrai et al. 9 in the´ ´

hydroformylation of MMA, the chlororhodium
species are active at low PrRh ratios yielding
b-MFIB, whereas at higher PrRh ratios, or in
the presence of NEt , a-MFIB is formed.3

Therefore, we tested a complex formed in the
Ž . Žreaction between Rh CO Cl and SP Scheme2 4 2

. w x2 15 without the excess of the SP ligand
under the same conditions as the in situ formed
complex, but the result was the same: no reac-
tion. Apparently, even at low LrRh ratios, the
rhodium in the chlororhodium species was sta-
bilised to the extent that it was not at all active
in MMA hydroformylation. In the case of
w Ž . xRh norbornadiene BF , it seems that SP was2 4

unable to displace norbornadiene ligands and
thus the complex became sterically too hindered
for the catalytic cycle to take place.

4.2. Process Õariables

As the LrRh ratio grows, the a-formation
becomes favoured in the PPh and SP modified3

Scheme 2. RhSPCOCl complex formed in the reaction between
Ž .Rh CO Cl and SP.2 4 2
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reactions. As the a-formation becomes the main
reaction, the conversion decreases. The change
in regioselectivity cannot, however, be ex-
plained by the extent of the reaction so that
a-MFIB would be favoured at lower conversion
levels. The regioselectivity in both PPh and SP3

modified reactions stayed constant regardless of
w xthe conversion level during one experiment 13 ,

Ž .as well as in experiments at 1008C and 60 bar
Ž .where the extent of the reaction varied Fig. 8 .

Rather, the different stereoelectronic aspects of
the ligands determined the regioselectivity.

The variation of hydrogen and carbon
monoxide partial pressures clearly indicates that
the conversion level is — particularly at higher
pressures — dependent on the hydrogen partial

Ž .pressure Fig. 5 . It has been suggested that the
dependence of hydrogen partial pressure is a

w xresult of mass transfer limitations 2 , e.g. hy-
drogen’s poor solubility in the reaction mixture.
Indeed, the estimation of H and CO concentra-2

tions in the liquid phase revealed that when the
H rCO molar ratio in the gas feed was 1:1, it2

was approximately 0.5:1 in the liquid phase.
Since hydroformylation consumes equimolar
amounts of both H and CO, the solubility2

differences caused CO to be in excess in the
liquid phase. The high CO concentration in turn
may enhance the formation of a catalytically
inactive rhodium species containing two CO
ligands instead of one H and one CO ligand
w x16 , thus deactivating the catalyst.

Fig. 8. Regioselectivity as a function of conversion with the SP
Žmodified reaction 1008C, 60 bar, MMArRhs2500, LrRhs4,

.reaction time: 1, 3 and 11 h, 3 experiments .

Generally in the case of a ,b-unsaturated es-
ters, increasing temperature increases conver-
sion, but changes the regioselectivity of the
reaction so that the linear form becomes the

w xmain product 2,8 because the formation of the
linear isomer is thermodynamically more

w xfavoured at higher temperatures 13 . Our re-
sults with PPh obeyed this phenomenon,3

whereas with the SP ligand, even though the
conversion increased with increasing tempera-
ture up to 1008C, regioselectivity remained ap-
proximately the same, favouring the a-isomer
formation regardless of the temperature. In the
cases of unmodified and PPh modified reac-3

tions, the extent of hydrogenation increases
steadily with temperature and selectivity to MIB,

Ž .particularly with plain Rh NO , was quite high3 3

at 1508C. With the SP ligand, regioselectivity
did not change and chemoselectivity even im-

Ž .proved during deactivation Fig. 3 , thus the
loss of catalytic activity observed at higher tem-
peratures was due to the deactivation of a-
selective complex rather than plain ligand
degradation. Neither ligand nor rhodium precur-
sor alone are decomposed at 1508C. However,
deactivation affects the reaction in the same
way as if the amount of catalyst was smaller —
conversion is lower but regioselectivity is the
same. Apparently, part of the rhodium activity
was permanently suppressed without decompo-
sition of all a-selective species. Indeed, it has

w xbeen postulated 1,17 that the main reason for
the deactivation of PPh modified hydroformy-3

lation is the formation of complex phosphido
bridged rhodium carbonyl clusters which are
inactive for hydroformylation. According to

w xMoser et al. 18 , the deactivation starts as
the most catalytically active intermediate,

Ž . Ž .RhH CO PR , converts to a less active or-2 3 2
w Ž .Ž . xange dimer, Rh CO PR , which eventually3 2 2

forms a totally inactive binuclear complex con-
taining a bridged phosphido ligand. This deacti-
vation process is irreversible and accelerated by
high temperatures. Moreover, the deactivation
was quite rapid in the case of PPh ligands3

containing strongly electron donating sub-
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stituents in the para position. Similarly, in the
case of the SP ligand where the electron donat-
ing substituent is in ortho position, the slight
increase in temperature accelerated the irre-
versible deactivation process even though the
chelation control could have prevented deactiva-
tion by increasing the degree of coordinative

w xsaturation in the complex 17 as is the case
with chelating diphosphines.

4.3. SelectiÕities

The hydrogenation tendency of the SP ligand
deserves some discussion. According to Falbe
w x w x w x2 , the increase of the H r CO ratio at con-2

stant total pressure raises the hydrogenation ten-
dency. However, with the SP ligand, the varia-

w x w xtion of H r CO ratio from 0.5 to 2 had no2
Ž .effect on the yield of MIB Table 3 . Moreover,

unlike the unmodified and the PPh modified3

reactions, hydrogenation did not increase with
increasing temperature. It seems that the SP
modified reaction is more chemoselective to
hydroformylation than the PPh modified reac-3

tion. But, when the amount of catalyst — both
ligand and rhodium — was tripled, chemoselec-
tivity of the catalyst changed significantly.

w xThere are contradictory reports 2,19 on the
effect of catalyst concentration on regioselectiv-
ity in the ligand modified hydroformylation.

Table 3
Effect of H rCO ratio on selectivitiesa

2

w xTotal pressure, H r Selectivity, %2
w xbar CO MIB a-MFIB b-MFIB

20 0.5 7 85 4
20 1 8 86 5
20 2 8 73 15
40 0.5 7 84 4
40 1 8 88 4
40 2 6 87 5
60 0.5 8 84 6
60 1 7 88 3
60 2 7 89 3
80 0.5 7 87 5
80 1 7 87 4
80 2 7 89 3

a1008C, MMArRhs2500, LrRhs4, reaction times5 h.

w xTucci 20 found no influence on the irn ratio
in the hydroformylation of 1-alkenes with the

Ž . Ž . w xHCo CO PBu whereas Rupilius et al. 213 3

noted, especially at low ligand to metal ratios,
an increase in the formation of the linear prod-
uct in the hydroformylation of 1-alkenes with

Ž .the in situ from PPh and Co CO formed3 2 8

catalyst. Our results support the findings of
w xTucci 20 : only the chemoselectivity of the

reaction is affected by the increase in catalyst
concentration.

The increase in total pressure from 20 to 80
bar at 1008C with the SP ligand showed no such
change in the regioselectivity, as observed in

w xthe case of the other ligands 8,13 . Moreover,
unlike the PPh modified MMA hydroformyla-3

tion in which the selectivity to the normal prod-
w x w x w xuct increases as the H r CO increases 8 , the2

regioselectivity of the SP modified reaction was
w x w x Žfairly independent of the H r CO ratio Ta-2

.ble 3 . However, as Fig. 6 and Fig. 7 show, at
low syn gas pressures, a critical initial CO
pressure is needed in order to form an a-selec-
tive carbonyl complex from rhodium nitrate and
SP ligand. Thus, the dependence of the a-MFIB
selectivity on CO concentration is of positive

Žorder at low concentrations up to 10 bar in the
.gas feed and zero order at higher concentra-

tions, whereas it is independent of the H con-2

centration within the tested pressure range.

5. Conclusions

We have shown that in the in situ formed SP
rhodium complex, the rhodium precursor has a
significant effect on the conversion. In contrast
to PPh ligand, the regioselectivity of the reac-3

tion does not change as temperature and total
w x w xpressure change with a fixed H r CO ratio.2

However, operable temperature window is un-
Ž .fortunately narrow 90–1108C , at low tempera-

tures the reaction is slow due to poor solubility
of ligand and at higher temperatures the catalyst
starts to deactivate strongly. The deactivation is
likely caused by the formation of complex
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rhodium clusters. The increase in hydrogen par-
tial pressure increases conversion of MMA but
has no effect on the selectivity, whereas a mini-
mum carbon monoxide pressure is needed to
achieve good chemo- and regioselectivities. The
catalyst concentration is the best way to control
the amount of hydrogenation in the SP modified
hydroformylation. To summarise, in the SP
modified hydroformylation of MMA, the activ-
ity of the reaction is most sensitive to the
increase in the total pressure, temperature, and
ligand-to-rhodium ratio, whereas — with the
exception of ligand-to-rhodium ratio — the pro-
cess variables do not alter regioselectivity. In
addition, deactivation is strong at elevated tem-

Ž .peratures )1208C , but otherwise no deactiva-
tion or shifts in selectivity were observed.
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