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Abstract

RhCl2(Cp*)(monodentate P-ligand)- and trans-PdCl2(monodentate P-ligand)2-type complexes (where the P-ligand is either
a P-heterocyclic or a cyclopropane-based tertiary phosphine) have been used as catalyst precursors in hydroformylation and
hydroalkoxycarbonylation reactions, respectively. The chemoselectivity of hydroformylation is excellent (higher than 99%) in
all cases. A strong dependence of the regioselectivity on the P-substituents was found in the case of the P-heterocyclic ligands.
While the P-phenyl substituent favours the formation of the branched aldehyde regioisomer (3-phenyl-propanal), the introduc-
tion of ortho- and para-tolyl substituents resulted in the slightly preferred formation of linear aldehyde (2-phenyl-propanal). At
the same time, the introduction of tolyl groups instead of the phenyl one caused an unexpectedly high increase in the catalytic
activity.An unprecedented feature of the system has been observed by using complexes with cyclopropyl-phosphine ligands. The
formation of the linear aldehyde regioisomer (3-phenyl-propanal) is favoured by the decrease of the temperature. To cite this
article: G. Keglevich et al., C. R. Chimie 7 (2004).
© 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Les complexes de type RhCl2(Cp*)(monodentate P-ligand) et trans-PdCl2(monodentate P-ligand)2 (où le ligand P est une
phosphine tertiaire hétérocyclique ou cyclopropanique) ont été utilisés respectivement comme précurseurs catalytiques dans la
réaction d’hydroformylation ou d’hydroalkoxycarbonylation. La chimioselectivité de l’hydroformylation est excellente
(supérieure à 99%) dans tous les cas. La régiosélectivité est fortement influencée par la substitution sur le phosphore dans le cas
des hétérocycliques. Tandis que le substituant phényl du phosphore favorise la formation de l’aldéhyde branché (2-phenyl-
propanal), l’introduction d’un substituant tolyl en ortho- et en para- conduit, en plus faible proportion, à un aldéhyde linéaire
(3-phenyl-propanal). En même temps, l’introduction de groupes tolyl à la place d’un groupe phenyl conduit à une augmentation
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inattendue de l’activité catalytique. Une caractéristique sans précédent du système a été observée en utilisant des complexes
possédant des ligands cyclopropyl-phosphine. La formation d’un aldéhyde linéaire (3-phenyl-propanal) est favorisée par la
baisse de température. Pour citer cet article : G. Keglevich et al., C. R. Chimie 7 (2004).
© 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

Among the carbonylation reactions, hydroformyla-
tion has been playing an outstanding role for some
decades [1]. Several phosphorus containing mono- and
diphosphines, phospholes, and heterobidentate ligands
have already been tested in cobalt, rhodium and
platinum-catalysed hydroformylation reactions and
have been referenced recently [2]. Both the hydro-
formylation of simple substrates like propene and the
asymmetric hydroformylation (e.g., that of vinylaro-
matics resulting in a-phenylpropanals, the precursors
of a-aryl-propionic acids, which are of pharmacologi-
cal importance [3]) hold an enormous potential in
synthesis. Due to their high practical importance, hy-
droformylation catalysts have received particular at-
tention.

The synthesis of esters from alkenes via carbonyla-
tion reactions has also a potential in synthetic organic
chemistry. In the hydroalkoxycarbonylation (‘hydroes-
terification’) reaction, carbon monoxide and an alcohol
are added to an alkene [4]. The reaction has an obvious
relation to hydroformylation, where alcohol is used
instead of hydrogen. Hydroalkoxycarbonylation of a
linear olefin resulted in the predominant formation of
the linear ester, both in the presence of palladium [5]
and platinum [6] bimetallic catalysts.

A double hydroalkoxycarbonylation of conjugated
dienes like butadiene provides a direct route to di-
esters, like dialkyl adipates [7].

In spite of examples aimed at the synthesis of more
complicated structures of biological importance
[8–13], the palladium-catalysed hydroalkoxycarbony-
lation of simple vinyl aromatics like styrene still re-
mains the most important reaction. These compounds
may serve not only as model derivatives, but the pre-

dominantly formed branched esters containing a ste-
reogenic centre in position a can be considered as
useful intermediates. Therefore, the enantioselective
hydroalkoxycarbonylation is of special interest
[14,15].

To find an appropriate balance of chemo- and regi-
oselectivities, as well as a satisfactory catalytic activ-
ity, the search for efficient catalysts is a never-ending
story. In the present work, we describe the application
of novel phosphorus ligands either with an endo- or
with an exocyclic phosphorus atom [16,17] in the
rhodium-catalysed hydroformylation and in the
palladium-catalysed hydroalkoxycarbonylation of sty-
rene. Our systematic work on the fine tuning of the
steric and electronic properties of the phosphole
ligands [18] made available novel cyclic P-ligands, as
well as ligands possessing a cyclopropane moiety
(Fig. 1).

2. Results and discussion

The most active complexes used in hydroformyla-
tions have the general formula HxMy(CO)zLn, where
M = cobalt and rhodium. We wished to test the activity
of Rh(III) complexes lacking a CO moiety in the coor-
dination sphere. It was also a challenge for us to inves-
tigate the properties of catalysts with novel P-ligands.

Styrene (8) displaying a relatively high reactivity
among the alkenes was chosen as the model substrate
that was reacted with CO/H2 (1/1) at 40–100 °C and at
a pressure of 100 bar (Table 1) in the presence of one of
the RhCl2(Cp*)(L)-type precursors (where L = 1–7,
Fig. 1).
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(1)
PhCH = CH2

8
→

CO⁄H2

PhCH(CHO)CH3
9

+ PhCH2CH2CHO
10

+ PhCH2CH3
11

In addition to the formyl regioisomers 9 and 10,
some hydrogenation product 11 is also expected. Sur-
prisingly, by using RhCl2(Cp*)(ligand) catalytic pre-
cursors, the formation of 11 was negligible (less than
0.5% and, in most cases, less than the detection limit).

The hydroformylation activity of RhCl2(Cp*)(1)
and RhCl2(Cp*)(2) catalysts is moderate and the con-
versions are nearly the same (Table 1, entries 1 and 3).
Higher activities have been observed with the cyclo-
propyl ligands 5 and 6 bearing an exocyclic phospho-
rus atom (Table 1, entries 11 and 15). Moreover, for
longer reaction times, the latter ligand proved to be
active even at 40 °C (Table 1, entry 16). Note that the
introduction of a methyl substituent in the cyclopro-
pane ring in trans position to the phosphorus atom
(ligand 7) resulted in a spectacular decrease of the
catalytic activity (Table 1, entries 11 and 17).

The catalysts formed with ligands possessing
o-tolyl and p-tolyl substituents (3 and 4) can be consid-
ered as inactive at low temperatures, but the rhodium-
Cp* type complexes of both ligands provided excellent

conversions at 100 °C in comparison with the catalyst
containing ligand 1 with similar structure, but bearing
a phenyl group at the phosphorus atom (Table 1, entries
6–10). Thus, the introduction of tolyl groups instead of
the phenyl one caused an unexpectedly high increase in
activity.

It is worth noting that the chemoselectivity of the
hydroformylations is excellent in all cases, where the
catalyst is active at all. Ethylbenzene could be detected
by immediate GC–MS analysis only in traces (vide
supra).

As far as the regioselectivity is concerned, a dra-
matic drop in regioselectivity has been observed in the
ligand series 1, 3, 4 going from 1 to 3–4. The introduc-
tion of o- and p-tolyl substituents (3 and 4) caused a
pronounced decrease of the regioselectivity from 85%
to 33% and 42%, respectively (Table 1, entries 1, 7 and
9).

A further feature has been observed by the applica-
tion of the cyclopropane-based ligands 5 and 6, i.e. the
regioselectivity towards the branched aldehyde (9)
seems to be significantly influenced by the basicity of
the phosphorus ligands. The use of the more basic
phosphine 6 results in lower regioselectivities. More-
over, the selectivity changes in favour of the linear
aldehyde (10) (Table 1, entries 11 and 15, respec-
tively). Going from ligand 5 to ligand 7, the regioselec-

Fig. 1. Compounds 1 to 7.
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tivity again decreased (Table 1, entries 11 and 17). It is
noteworthy that the activity and the regioselectivity of
the hydroformylation in the presence of 5–7 are chang-
ing in the opposite direction.

It has been shown that the lower the temperature
was, the lower regioselectivities towards the branched
aldehyde 9 were detected, i.e. a decrease in tempera-
ture favours the formation of the linear aldehyde 10
(Table 1, entries 11 and 12). This tendency is opposite
to that observed with well-known preformed (e.g.,
HRh(CO)(PPh3)3) or in situ prepared rhodium–PPh3

systems [19]. Similar regioselectivity-temperature de-
pendence has been observed for the analogous
HRh(CO)(dppe) system.

The application of widely used in situ systems
formed from [Rh(COD)Cl]2 or [Rh(CO)2Cl]2 precur-
sors in the presence of conventional PPh3 or a,x-
bis(diphenylphosphino)alkanes resulted in regioselec-
tivities towards 9 up to 96% [20].

Considering the whole ligand series (1–7) investi-
gated, it turned out that using the catalytic system
containing sterically slightly more bulky (and more
basic) ligands (3, 4, and 6) the activity increases, while
the regioselectivity towards branched aldehyde drops
substantially. It is explained by the formation of a more
active catalytic species, HRh(CO)2(L) rather than pen-
tacoordinated HRh(CO)2(L)2 18-electron species that
might form the R(CO)Rh(CO)2(L)2 acyl intermediate
that does not react with hydrogen because of the lack of
a vacant coordination site for molecular hydrogen to
undergo oxidative addition [21]. It has to be mentioned
that the oxidative addition of molecular hydrogen to
Rh complexes possessing phosphine and diphosphine
ligands is considered as the rate-determining step of
hydrogenation. Kinetic studies revealed, however, that
the rate-determining step depends on the nature of the
ligand and in some cases alkene insertion into Rh-
hydride bond becomes the slowest step [22]. The fact

Table 1
Hydroformylation (HF) and hydroethoxycarbonylation (HEC) of styrene with rhodium–Cp*–(phosphorus ligand) and palladium–(phosphorus
ligand) (ligand = 1–7) complexes, respectively a

Entry Complex Reaction Temp.
(°C)

Reaction
time (h)

Conv.
(%)

TOFe(h–1) Rc
b

(%)
Rbr

c

(%)
1 RhCl2(Cp*)(1) HF 100 12 19 63 96 85
2 RhCl2(Cp*)(1) HF 70 24 28 40 > 99.5 86
3 RhCl2(Cp*)(2) HF 100 11 25 91 98 83
4 RhCl2(Cp*)(2) HF 70 24 2 3 > 99.5 95
5 RhCl2(Cp*)(2) HF 40 22 0 — — —
6 RhCl2(Cp*)(3) HF 40 14 0 — — —
7 RhCl2(Cp*)(3) HF 100 4 > 99.5 1000 > 99.5 33
8 RhCl2(Cp*)(3) HF 40 72 0 — — —
9 RhCl2(Cp*)(4) HF 100 4 99.3 993 > 99.5 42
10 RhCl2(Cp*)(4) HF 40 70 0 — — —
11 RhCl2(Cp*)(5) HF 100 9 97 431 > 99.5 68
12 RhCl2(Cp*)(5) HF 70 24 > 99 167 > 99.5 27
13 RhCl2(Cp*)(5) HF 40 16 0 — — —
14 RhCl2(Cp*)(5) HF 40 26 2 3 > 99.5 39
15 RhCl2(Cp*)(6) HF 100 4 99.5 995 > 99.5 34
16 RhCl2(Cp*)(6) HF 40 70 52.5 30 > 99.5 5
17 RhCl2(Cp*)(7) HF 100 4 15 150 > 99.5 24
18 RhCl2(Cp*)(7) HF 40 70 0 — — —
19 trans-PdCl2(2)2 HEC 90 48 2 2 > 99 d >99
20 trans-PdCl2(5)2 HEC 90 48 21 17 > 99 d 98

a Reaction conditions: 100 bar CO/H2 = 1/1; Rh/styrene = 1:4000; solvent: toluene (HF); 90 bar CO; Pd/styrene = 1:4000; solvent:
toluene/ethanol (HEC).

b Chemoselectivity (9+10)/(9+10+11) × 100 (HF); (12+13)/(12+13+oligomers) × 100 (HEC).
c Regioselectivity towards branched regioisomer 9/(9+10)*100 (HF); 12/(12+13) × 100 (HEC).
d Oligomerisation (dimerisation) of styrene as side reaction.
e Turnover frequency: mmol converted substrate/(mmol catalyst × reaction time).

782 G. Keglevich et al. / C. R. Chimie 7 (2004) 779–784



that the less hindered (and less basic) ligand decreases
the reaction rate, but increases the regioselectivity to-
wards the branched aldehyde, indicates that the regi-
oselectivity is determined in the alkyl–Rh formation
step from the p-olefin Rh complex [23].

Due to the great variety of rhodium–ligand systems
used in the hydroformylation of styrene, we focused on
those catalysts formed from Rh–Cp precursors. By
using P-ligand-free (Cp)Rh(CO)2 catalyst, nearly
equal amount of linear (10) and branched (9) aldehyde
was formed. The application of Rh–Cp complexes con-
taining ester functionalities on the Cp ring slightly
increased regioselectivity. Upon addition of PPh3, ex-
cellent branched-to-linear aldehyde ratios towards
branched aldehydes were, however, obtained. The
presence of a phosphine ligand in these rhodium-Cp
systems seems to be essential to achieve regioselectivi-
ties of practical importance [24].

In those cases, when sterically demanding phospho-
rus ligands (3, 4, and 6) are used, good to excellent
turnover frequencies (TOFs) up to 1000 have been
obtained referring to the determining role of coordina-
tively unsaturated HRh(CO)2(L) species of high activ-
ity. It is worth noting that the high activity was accom-
panied by practically complete chemoselectivities
towards aldehydes.

The palladium-catalysed hydroalkoxycarbonyla-
tion of styrene (Eq. (2)) resulted in much lower cata-
lytic activities than the rhodium catalysts (containing
the same ligands) in hydroformylation. The palladium
precursor containing cyclopropanyl ligand 5 formed a
more active catalyst than the analogous trans-
PdCl2(2)2 complex. In both cases, the formation of the
chiral branched ester 12 is highly favoured (Table 1,
entries 19 and 20).

(2)

PhCH = CH2
8

→
CO⁄EtOH

PhCH(COOEt)CH3
12

+ PhCH2CH2COOEt
13

3. Experimental

All reactions were carried out under argon using
standard Schlenk tube techniques. Toluene was dis-
tilled from sodium in the presence of benzophenone.
Styrene was freshly distilled before use. The phos-

phine ligands were prepared by a known deoxygen-
ation reaction of the corresponding precursors bearing
P=O moiety by trichlorosilane [25]. The rhodium(III)
and Pd(II) complexes used as catalytic precursors were
prepared as described earlier [16,17].

3.1. Hydroformylation experiments

In a typical hydroformylation experiment a solution
of 0.00125 mmol RhCl2(Cp*)(L) catalyst in 1.5 ml of
toluene containing 5 mmol of styrene was transferred
into a 20-ml stainless steel autoclave under argon. The
reaction vessel was pressurised to 100-bar total pres-
sure with CO/H2 (1:1) and the magnetically stirred
mixture was heated in an oil bath. The pressure was
monitored throughout the reaction. After cooling and
venting of the autoclave, the solution was immediately
analysed by gas chromatography.

3.2. Hydroethoxycarbonylation experiments

In a typical experiment, a solution of 0.00125 mmol
PdCl2(L)2 catalyst in 1.5 ml of toluene containing
5 mmol of styrene and 0.5 ml of ethanol was trans-
ferred into a 20-ml stainless steel autoclave under ar-
gon. The reaction vessel was pressurised with CO to
90 bar and the magnetically stirred mixture was heated
in an oil bath. The pressure was monitored throughout
the reaction. After cooling and venting of the auto-
clave, the solution was immediately analysed by gas
chromatography.
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