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Hydroformylation of propene is the most important hydroformy-
lation process on the industrial scale. Typically, the aim has been the
regioselective production of the linear product n-butanal. Recently,
interest in selective formation of the branched aldehyde, isobutanal,
has increased due to its use in the production of polyols, such as
neopentyl glycol (2,2-dimethyl-1,3-propanediol). Study was made
of the effect of o-alkyl-substituted triphenylphosphine ligands on
the activity and regioselectivity in rhodium-catalysed propene
hydroformylation. In addition, the effect of the process conditions
on the activity and regioselectivity was investigated by varying the
ligand-to-rhodium ratio (0–40), temperature (353–403 K), and de-
activation for some of the ligands. The results suggest that o-alkyl-
substituted triphenylphosphine ligands enhance the selectivity to
isobutanal. However, the activity decreases at the same time. A cor-
relation was found between the 31P-NMR shifts of the ligands and
the regioselectivity and activity: as the shift decreases, the re-
gioselectivity to isobutanal increases and the activity decreases.
Changes in the process conditions had an effect similar to that in
the reaction modified with triphenylphosphine. c© 2001 Academic Press

Key Words: hydroformylation; phosphine ligands; isobutanal;
effect of process parameters.
INTRODUCTION

Hydroformylation of propene yielding n-butanal and
isobutanal is the most important hydroformylation pro-
cess on the industrial scale, representing approximately
75% of the world consumption of oxo chemicals (1, 2).
Propene is also an ideal test substrate for hydroformy-
lation because no double-bond isomerisation can occur
and it contains no other functional groups to distort the
regioselectivity. Indeed, hydroformylation of propene has
been widely studied: as a homogeneous process with phos-
phine and phosphite ligand modified catalysts (3, 4) even
in supercritical carbon dioxide (5), as a heterogeneous pro-
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cess with rhodium dispersed to various carriers (6, 7), and as
a two-phase process with a water-soluble ligand modified
catalyst (8, 9). The aim in all these approaches has been
regioselective production of the linear product n-butanal.
Recently, interest in selective formation of the branched
aldehyde isobutanal has increased due to its use in the pro-
duction of polyols, such as neopentyl glycol (2,2-dimethyl-
1,3-propanediol). Indeed, the production of isobutanal
already represents 9% of the world consumption of oxo
chemicals and it is expected to increase steadily in the near
future (2).

The most effective way to influence the selectivity of the
rhodium-catalysed reaction is through a modifying ligand
because the stereoelectronic factors of the transition state
determine the rate and selectivity of the reaction. Vari-
ous types of phosphine ligands have been studied since
Wilkinson (10) introduced the first rhodium phosphine
catalyst. Several studies (11) have been done on the mecha-
nism by which the ligands control the selectivity in hydro-
formylation. Perhaps the most successful example is the
natural biting angle concept of Casey et al. (12), according
to which the regioselectivity obtained with a diphosphine-
modified rhodium catalyst is correlated with the geometry
of the ligand. However, a satisfactory explanation of the
catalytic results in terms of the properties of the ligands has
yet to be provided (11, 13).

Regioselective control to a branched product has been
reported in the hydroformylation of 3,3,3-trifluoropropene
(14), but in this approach the other end of the alkene was
substituted with fluoro groups, changing the polarity of
propene, and thus the tailoring of the ligand is easier. In
our recent study (15) of propene hydroformylation with
triphenylphosphine-type ligands modified with different
heteroatom groups (–SCH3, –N(CH3)2, –OCH3, or –CF3)
in the ortho or para position of the phenyl ring, the aim was
to enhance the regioselectivity to the branched form, isobu-
tanal. The heteroatom modification did not, however, affect
the selectivity, but decreased the conversion markedly, and
in some cases the hydroformylation reaction was totally
hindered.
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SCHEME 1. Schematic structures of the ligands.

Ancillotti et al. (16) showed that, in the hydroformyla-
tion of 2-butene with PtCl2(cod)/SnCl2 catalyst, the addi-
tion of the o-methylphenyldiphenylphosphine (MeP) lig-
and enhanced the selectivity to the branched aldehyde. To
determine whether o-alkyl-substituted triphenylphosphine
ligands also enhance the selectivity to a branched aldehyde
in rhodium-catalysed propene hydroformylation, we syn-
thesised a set of closely related o-alkyl-substituted ligands
(Scheme 1) differing in their steric properties. In addition,
to be able to distinguish the role of the process conditions
in the activity and regioselectivity for some of the ligands,
we studied the effect of the ligand-to-rhodium ratio, tem-
perature, and deactivation.

EXPERIMENTAL

Ligands

Synthesis and characterisation. The commercial ligand
used as reference in the experiments was triphenylphos-
phine (PPh3, Fluka, ∼99%). All alkyl-substituted ligands
(Scheme 1, (17); Scheme 2, (18)) were prepared accord-
ing to literature methods. NMR spectra were recorded on
Bruker AM200 and DPX400 spectrometers at room tem-
SCHEME 2. Schematic structure of the pyrMeP ligand; numbering
corresponds to the NMR data.
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perature in CDCl3. 1H NMR: reference SiMe4.
13C{1H}

NMR: CDCl3 was set to 77.0 ppm. 31P{1H} NMR: external
standard was 85% H3PO4. Exact mass peaks were deter-
mined on a Micromass LCT, ESI+.

To the best of our knowlegde, a detailed characterisa-
tion of (6-methyl-2-pyridyl)diphenylphosphane (pyrMeP,
Scheme 2) has never been published before and therefore
it is included here. 1H NMR (400 MHz, CDCl3): δ 2.38 (s,
3 H, H11), 7.11 (dd, 3JH–H= 6.6 Hz, 4JH–P= 4.8 Hz, 1 H, H3),
7.33 (d, 3JH–H= 1.6 Hz, 4 H, H8), 7.31–7.35 (m, 6 H, H9, H10),
7.35 (t, 3JH–H= 3.8 Hz, 1 H, H4), 8.48 (dd, 3JH–H= 4.6 Hz,
4JH–P= 1.4 Hz, 1 H, H5). 13C{1H}NMR (100 MHz, CDCl3): δ
20.02 (d, 3JC–P= 18.2 Hz, 1 C, C11), 122.55 (s, 1 C, C4), 128.30
(d, 3JC–P= 7.4 Hz, 4 C, C9), 128.73 (s, 2 C, C10), 134.28 (d,
2JC–P= 19.6 Hz, 4 C, C8), 135.85 (d, 1JC–P= 7.4 Hz, 2 C, C7),
136.85 (d, 3JC–P= 4.1 Hz, 1 C, C3), 138.53 (d, 2JC–P= 3.4 Hz,
1 C, C2), 147.83 (d, 3JC–P= 3.4 Hz, 1 C, C5), 160.50 (d, 1JC–P=
6.1 Hz, 1 C, C1). 31P{1H} NMR (161 MHz, CDCl3): δ−6.3.
TOF MS ES+ calcd. for (M+H)+ (C18H16NP): 278.1099.
Found: 278.1063.

Cone angle (θ) calculations. Gaussian 94 (19) and Sybyl
(20) programs were used in modelling of the ligands. For
geometric optimisations at the Hartree–Fock level, the
3-21G∗ basis set was used. Estimation of steric size of the
prepared phosphine ligands was estimated by Tolman’s
cone angle method. Cone angle determinations were done
with the metal(dummy atom)–phosphorus distance 2.28 Å
and the van der Waals radii of hydrogen 1.2 Å.

Hydroformylation

Propene hydroformylation experiments were carried out
in a 250-ml autoclave (Berghof) equipped with a sampling
system. The experiments were done in semibatch mode so
that synthesis gas pressure was kept constant during the ex-
periment. The rhodium precursor was Rh(NO3)3 (Fluka).
In a typical experiment the autoclave was charged with the
rhodium precursor (0.02 mmol calculated as rhodium), ace-
tone (310 mmol, Merck,>99%), internal standards decane
(7 mmol, Fluka, >98%) and hexane (12 mmol, Riedel de
Häen, >99%), and the respective phosphine. If not other-
wise stated, the ligand-to-rhodium ratio was 10 : 1 on a mo-
lar basis. The system was flushed with nitrogen, pressurised
with propene (0.1 or 0.2 MPa, Aga, 99.8%), heated to the
reaction temperature (353–403 K) with continuous stirring,
and then pressurised to the reaction pressure (1 MPa) with
a 1 : 1 molar ratio of H2 and CO (MG, 99.997%). At least
nine samples were taken for analysis in each experiment:
one of the fresh reaction mixture, one immediately after
pressurising with H2 and CO, which was considered as the
starting point of the reaction, six during the experiment,
and one after the reaction.

A disposable inner Teflon reactor was used to avoid the

accumulation of rhodium on the reactor walls. Further-
more, the purity of the system was checked with blank runs
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before each experiment. The products were analysed with a
Hewlett Packard 5890 GC equipped with a capillary column
(HP-1, 1.0 µm× 0.32 mm× 60 m) and a flame-ionisation
detector. Products were quantified by the internal standard
method. In addition, the aldehydes were identified by GC-
MS analysis.

In the deactivation experiments, the rhodium precursor,
phosphine, acetone, and internal standards (hexane and
decane) were charged into the autoclave. The system was
flushed with nitrogen, heated to 373 K, and pressurised with
H2 and CO to 1 MPa. The reactor was left overnight (12 h)
under synthesis gas pressure at 373 K. It was then rapidly
cooled with ice, the pressure released, propene fed, and the
standard hydroformylation test performed.

Conversion, selectivity, and i/n ratio were calculated on
a molar basis. Conversion was calculated with respect to
propene and selectivity with respect to aldehydes. The
i/n ratio of the aldehydes was defined as the amount of
branched product divided by the amount of linear product.
The formation of propane was not detected in any of the
experiments.

The initial rates of aldehyde formation were calculated
according to the equation

r initial,ald. = ntot

nRh

dX
dt

[1]

in which ntot is the amount of propene in the beginning
of the experiment and dX/dt is calculated by fitting a
polynomial function to a curve presenting propene conver-
sion as a function of time and then calculating the derivative
of the polynomial function at time zero.

Propene, hydrogen, and carbon monoxide concentra-
tions in the liquid phase during the reaction were estimated
by calculating the phase equilibrium of the reaction with
Soave’s modification of the Redlich–Kwong equation of
state (21 ).

RESULTS

Effect of Alkyl-Substituted Ligand

When unmodified rhodium is used as a catalyst in
propene hydroformylation, n-butanal and isobutanal are
formed in a roughly equal amount. Typically, if a ligand is
added to the reaction mixture, the regioselectivity of the
reaction changes to favour n-butanal. Table 1 shows the
presence of this effect when PPh3, MeP, EtP, or 2,4,5-MeP
is introduced to the mixture. However, with MeP, EtP, and
2,4,5-MeP ligands the decrease in the selectivity to isobu-
tanal is less drastic when compared to that with PPh3. Inter-
estingly, with Me2P and Et2P the selectivity is even slightly
on the side of isobutanal. Figure 1 shows the regioselec-
tivity as a function of time. The i/n ratio stayed more or

less constant with the ligands MeP, EtP, and 2,4,5-MeP. The
downward slope and thereafter rapid increase in the i/n
ET AL.

TABLE 1

Results of Propene Hydroformylation with
o-Alkyl-Substituted Triphenylphosphinesa

Cone 31P-NMR Initial rate,b Sisobutanal, Sn-butanal,

Ligand angle, θ shift mol/(molRh s) % %

PPh3 149◦ −3.30 53 36 64
MeP 151◦ −10.7 30 43 57
EtP 169◦ −14.2 20 46 54
Me2P 158◦ −19.0 3 53 47
Et2P 194◦ −23.5 2 51 49
2,4,5-MeP 159◦ −11.8 20 45 55
No ligand n.a. n.a. 1 50 50

a 373 K, ptotal= 1 MPa, propene/Rh= 2250, L/Rh= 10.
b Initial rate for aldehyde formation.

ratio with ligands Me2P and Et2P most probably reflect an-
alytical discrepancies at the beginning of the reaction due
to the small amount of products in these experiments (less
than 3% propene conversion).

The initial aldehyde formation rates (Table 1) were
considerably lower with all the o-alkyl-substituted ligands
(2–30 mol mol−1

Rh s−1) than with the PPh3 ligand (53 mol
mol−1

Rh s−1). In fact, the initial rates of aldehyde formation
with Me2P and Et2P were so low (3 and 2 mol mol−1

Rh s−1, re-
spectively) that we abandoned the idea of testing the effect
of process conditions with these two ligands.

Effect of Process Conditions

On the industrial scale, an excess of ligand is required
to ensure the activity of rhodium in the long run. How-
ever, the excess of ligand also decreases the activity because
of stabilisation of the species that must dissociate the lig-
ands during the catalytic cycle (22 ). The effect of an excess

FIG. 1. Regioselectivity of propene hydroformylation as a function of
time with o-alkyl-substituted triphenylphosphines (373 K, ptotal= 1 MPa,

propene/Rh= 2250, L/Rh= 10).
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FIG. 2. Effect of L/Rh ratio on (a) selectivity to isobutanal and (b)
initial aldehyde formation rate with MeP, EtP, and PPh3 ligand modified
reactions (373 K, ptotal= 1 MPa, propene/Rh= 3200).

of the ligand on the rate and regioselectivity depends on
the type of phosphorus ligand (23). Figure 2 shows the ef-
fect of the L/Rh ratio on the selectivity to isobutanal and
on the initial rate of aldehyde formation when the cata-
lyst was modified with MeP, EtP, and PPh3. With all lig-
ands the selectivity to isobutanal decreases as the L/Rh
ratio increases, but the differences in selectivity between
the ligands remain. In the MeP-modified reaction, how-
ever, it appears that the selectivity would stabilise at L/Rh
ratios greater than 20. The effect of the L/Rh ratio on the
initial aldehyde formation rate is similar for the three lig-
ands; at low L/Rh ratios the rate increases with L/Rh and
at higher L/Rh ratios it stabilises or even decreases slightly.
The induction period effect cannot totally be ruled out, es-
pecially at low L/Rh ratios, even though the product distri-
bution stayed constant during the whole experiment, indi-
cating that the active complex stays unaltered during the
run.

In the case of α-alkenes the selectivity to the branched

form is increased with temperature (22). As Fig. 3 shows,
the selectivity to isobutanal is enhanced with both MeP-
E HYDROFORMYLATION 305

and PPh3-modified catalysts and the difference in the selec-
tivity of the ligands is preserved at all temperatures tested.
Even though, in general, an increase in temperature should
mean an increase in the reaction rate, above 373 K the ini-
tial aldehyde formation rates started to drop. Possible cause
seems to be the vaporisation of the reactants at high tem-
perature because the phase equilibrium calculations show
(ptotal= 1 MPa) that at 403 K the liquid phase contains 30%
less propene and 17% less H2 and CO relative to the con-
centrations at 373 K. The possible decomposition of the
active complex caused by the higher temperature could be
ruled out because the initial aldehyde formation rate with
PPh3 at 423 K under higher synthesis gas pressure (6 MPa)
was almost 3 times higher (320 mol mol−1

Rh s−1) than that at
373 K (120 mol mol−1

Rh s−1).

Deactivating Treatment

Some ligand-modified rhodium catalysts are rather eas-
ily deactivated at elevated temperatures (24). To be
able to compare the stabilising effect and deactivation

FIG. 3. Effect of temperature on (a) selectivity to isobutanal and (b)

initial aldehyde formation rate with MeP and PPh3 ligand modified reac-
tions (ptotal= 1 MPa, propene/Rh= 2250, L/Rh= 10).
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FIG. 4. Effect of deactivating pretreatment on initial aldehyde for-
mation rate in PPh3-, MeP-, and EtP-modified reactions (j standard test;

tests with deactivating pretreatment, 373 K, ptotal= 1 MPa, propene/Rh=
2250, L/Rh= 10).

pattern of the MeP and EtP ligand modified reactions with
those of PPh3, we compared the initial aldehyde forma-
tion rates obtained from the standard experiments (373 K,
p= 1 MPa, L/Rh= 10) with those obtained from the ex-
periments where a deactivating pretreatment was done.
As Fig. 4 shows, the deactivation pattern is more or less
the same for the three ligands—the initial activity drops
to about half. However, MeP and EtP performed slightly
better than PPh3 (decrease 44, 48, and 51%, respectively).
In the deactivation tests the regioselectivities remain un-
altered when compared to the respective non-deactivated
tests with all three ligands.

DISCUSSION

Ancillotti et al. (16) found that, in the hydroformyla-
tion of 2-butene with a platinum catalyst modified with
MeP or tris(o-methylphenyl)phosphine ligand, the selec-
tivity to the branched form increased while the activity de-
creased relative to the PPh3-modified catalyst. Our studies
show, in a similar way, that o-alkyl-substituted triphenyl-
phosphines applied in the rhodium-catalysed hydroformy-
lation of propene enhance the selectivity to isobutanal.
The regioselectivity of the hydroformylation reaction is
determined by the stereoelectronic factors of the catalyti-
cally active complex. Electronically, the o-alkyl-substituted
ligands do not differ much from PPh3 because the modi-
fication is obtained through a nonpolar alkyl group. This
suggests that the difference in the selectivity could be due
to the steric stress created by the alkyl group. However, the
cone angles (Table 1), which are commonly used to mea-
sure the steric stress created by the ligand, do not correlate
with the regioselectivity.

The electronegativity of the substituents on phospho-
rus and the angles between the substituents are the two

31
most important variables determining P-NMR shifts, and
hence the shift reflects the stereoelectronic state of the
ET AL.

phosphorus atom (25). Indeed, there are clear correla-
tions between the 31P-NMR shifts of these closely re-
lated ligands and the regioselectivity and activity of the
reaction (Fig. 5). As the shift decreases, the selectivity to
isobutanal increases and the activity decreases. Apparently,
then, the stereoelectronic factors of the catalytically ac-
tive complex correlate with the regioselectivity and activ-
ity. In their unpublished studies on the complex forma-
tion of these o-alkyl-substituted ligands (Scheme 1) with
Rh2(µ-Cl)2(CO)4, Suomalainen et al. (17) found that two
o-alkyl-substituted ligands coordinate in a monodentate
fashion to rhodium, in the manner the PPh3 ligand does.
However, an interesting finding was that the o-alkyl groups
in the complex are rotated so that they are facing each
other and, thus, blocking one side of the complex. Further-
more, the crystal structures of the complexes showed that
the o-alkyl substituents are very close to the metal cen-
tre. In such structures the alkyl groups are in close contact
with the coordinating reactants during the catalytic cycle
and this would appear to direct the insertion of propene
as well as the subsequent hydrogen insertion so that the
formation of isobutanal is as favoured as the formation of
n-butanal.

As shown in Fig. 5, the decrease in activity is more dras-
tic than the increase in the selectivity as a function of 31P
NMR shift. Before the o-alkyl-substituted ligands can be
incorporated in industrially viable catalysts, the activity
will have to be increased. Since the 31P NMR shift re-
flects both the electronic and steric properties of the lig-
and, the question arises whether the activity is lower be-
cause the alkyl groups block one side of the complex or
because of the electronic state of the phosphorus atom.
We suspected that the decrease in activity with the o-alkyl-
substituted ligands was due to the steric effect of the alkyl
groups rather than the low activity of the rhodium centre. To
test this hypothesis, we synthesised and tested in propene
hydroformylation a ligand, pyrMeP (Scheme 2), closely re-
sembling MeP in structure (methyl group in ortho position;
FIG. 5. Correlation between the P NMR shifts of the ligands and
the regioselectivity and activity of propene hydroformylation.
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cone angle 151◦, the same as in MeP), but having a higher
31P-NMR shift (−6.3 vs−10.7). Indeed, the regioselectivity
achieved with pyrMeP (Sisobutanal: 42%) was similar to that
achieved with MeP (Sisobutanal: 43%), but the initial aldehyde
formation activity was even lower than that of MeP (20 and
30 mol mol−1

Rh s−1, respectively). Usually, the reaction rates
obtained with pyridyl-modified compounds are higher than
the rates of their phenyl analogues, which has been at-
tributed to the electron-withdrawing capasity of the pyridyl
ring causing the CO molecule to be less strongly bonded
to the rhodium centre and thus facilitating alkene coordi-
nation (26). However, in the case of o-pyridyl groups the
reaction rates have been reported (27, 28 ) to be lower com-
pared to their phenyl analogues even though the electron-
withdrawing capasity of the ortho nitrogen should be
stronger than that of meta or para nitrogen. Thus, it seems
that ligands containing 3- or 4-pyridyls and an o-alkyl
group would have been a better alternative than the tested
2-pyridyl (pyrMeP) where the ortho nitrogen (27) is not as
inert as the para or meta nitrogens.

Changes in the process conditions for the o-alkyl-
substituted ligands induced changes in regioselectivity sim-
ilar to those found in the PPh3-modified reaction. Although
the ligand-to-rhodium ratio has an influence on the regio-
selectivity, as also shown by Diéguez et al. (13), within
the range of L/Rh ratios we tested the selectivities of the
MeP- and EtP-modified catalysts to isobutanal were con-
stantly higher than the selectivity of PPh3. The deactiva-
tion pattern of the MeP and EtP ligands was similar to that
of PPh3: the activity decreased but the regioselectivity re-
mained unaltered. Apparently, the o-alkyl-substituted lig-
ands deactivate by the same mechanism as proposed (11,
29, 30) for PPh3. To summarise, it appears that even though
the process conditions have an effect on the regioselec-
tivity, the conditions selected for comparison are not the
cause of the higher selectivity to isobutanal with the MeP-
and EtP-modified catalysts when compared to those with
PPh3.

CONCLUSIONS

We have shown that, in the rhodium-catalysed hydro-
formylation of propene, o-alkyl-substituted triphenylphos-
phine ligands enhance the selectivity to isobutanal. Unfor-
tunately, the activity decreases drastically as the selectivity
increases. A correlation was found between the 31P-NMR
shifts of these closely related ligands and the regioselectiv-
ity and activity: as the shift decreases the regioselectivity
to isobutanal increases, while the activity decreases. The
regioselectivity and activity seem to be controlled through
the steric properties of the active complex in which one side
of the complex is blocked by the alkyl substituents. The be-

haviour of the o-alkyl-substituted ligands closely resembles
that of PPh3: changes in the process conditions (L/Rh ratio,
E HYDROFORMYLATION 307

temperature, and deactivation) induce a pattern of changes
similar to those induced by PPh3.
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Jääskeläinen, S., Haukka, M., Pursiainen, J. T., Pakkanen, T. A., and
Krause, A. O. I., J. Mol. Catal. A: Chem., in press.

16. Ancillotti, F., Lamiand, M., and Marchionna, M., J. Mol. Catal. 63, 15
(1990).
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