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Chapter 1

Metal-Catalyzed Asymmetric Hydroformylation:
General Introduction

The asymmetric hydroformylation reaction is a versatile method to synthesize chiral
aldehydes in a one-step reaction starting from olefins. In this chapter, the reaction will be
introduced by an overview of the history as well as the most important recent
developments. An outline of this thesis will be given.

Chapter 1

1.1 Introduction
Hydroformylation –also called oxo-reaction– is the reaction of an alkene with
synthesis gas (CO/H2) forming aldehydes in the presence of a catalyst. Both the branched
and the linear aldehyde can be formed (scheme 1). This reaction was discovered by Otto
Roelen in 1938 during his research on cobalt-catalyzed Fischer-Tropsch reactions.[1]

Scheme 1: Schematic representation of the hydroformylation reaction.

Nowadays, hydroformylation is one of the most important homogeneously catalyzed
reactions in industry; more than 8 million tons of hydroformylation-product are produced
annually.[2,3] The most important processes in industry are the rhodium-catalyzed
hydroformylation of propene and 1-butene and the cobalt-catalyzed hydroformylation of
iso-octenes.[2] Although most of the hydroformylation-products are converted into
alcohols and used as detergent or plasticizer alcohols, aldehydes are interesting products
for fine-chemistry, for example for fragrances. Moreover, the aldehyde functionality is a
very versatile group, which can be converted to alcohols or amines, for example (scheme
2).

Scheme 2: Aldehydes as versatile intermediates in organic synthesis.
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1.2. Hydroformylation mechanism
Based on the results by Roelen and further experiments, Heck et al. proposed a
mechanism for the cobalt-catalyzed hydroformylation.[4-6] The rhodium-catalyzed
hydroformylation proceeds via the same mechanism, which is also known as the
dissociative mechanism (scheme 3).[7-9]

Scheme 3: Hydroformylation mechanism as proposed by Heck et al. and Wilkinson et al.

Hydroformylation starts with the dissociation of a CO-ligand from complex 1, the
resting state of the active catalyst. This yields species 2, which has an empty
coordination-site, where an alkene can associate leading to species 3. Migratory insertion
of the alkene into the rhodium-hydride bond leads to the formation of alkyl species 4.
Depending on the orientation of the alkene with respect to the rhodium-hydride bond,
either the branched or the linear alkyl species can be formed (scheme 4). Subsequent
association of an additional CO-ligand and migratory insertion leads to acyl-species 6.
The last step in the hydroformylation cycle is the formation of an aldehyde from the acyl
species, regenerating the rhodium-hydride species. This can proceed via oxidative
addition of H2 to the rhodium-complex and reductive elimination as shown in scheme 3
or via a σ-bond-metathesis-like reaction.[10] For Rh-complexes, no acyl-dihydride species
have been observed, although they have been observed for iridium-complexes.[11] Apart
from the hydrogenolysis-step, all elementary steps in the catalytic cycle are reversible. In
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most systems, either CO dissociation, alkene coordination or the migratory insertion of
the alkene into the rhodium-hydride bond is rate-determining, but for some phosphitemodified systems, the hydrogenolysis step of the acyl-complex was found to be ratedetermining.[12-14]
A mechanistic study by Cavalieri d’Oro et al. showed that the hydroformylation reaction
is first order in rhodium and alkene concentration, zero order in hydrogen and shows a
negative order in both phosphorus-ligand and CO concentration.[15]

Scheme 4: Formation of the linear and branched alkyl species, leading to the branched and linear
aldehyde, respectively.

Control over both the regioselectivity as well as the enantioselectivity is very
important in this reaction. In order to gain a better insight into the mechanism and to
understand in which elementary steps the selectivity is determined, deuterioformylation
(reaction of an alkene with CO/D2) studies have been performed.[14,16-18] In principle, both
the regio-and enantioselectivity are determined during the migratory insertion of the
alkene into the rhodium-hydride bond. However, in case the formation of the alkyl
species is reversible, both regio- and enantioselectivity are not fully determined until the
hydrogenolysis of the rhodium-acyl species.
Takaya et al.[16] showed that alkyl formation is irreversible for the styrene
hydroformylation using [RhH((R,S)-Binaphos)(CO)2] under normal reaction conditions.
Casey et al. demonstrated alkene coordination and formation of the rhodium-alkyl for
1-hexene deuterioformylation is irreversible using a rhodium-diphosphine catalyst.[17]
Van Leeuwen et al. observed irreversible rhodium-alkyl formation applying a rhodiummonodentate phosphorus diamide system at T = 41˚C in the deuterioformylation of
1-hexene.[14] Lazzaroni et al. also observed irreversible alkyl formation for 1-hexene at
room temperature using non-P-ligand-modified rhodium carbonyl complexes.[19]
However, they reported that alkene coordination as well as alkyl formation becomes
reversible at higher temperature.
The resting state of the active species is a trigonal bipyramidal (tbpy) hydridocarbonyl complex: [RhH(CO)2(P)2]. Two different conformations are possible for these
10
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complexes; containing either both phosphorus ligands in the equatorial plane (equatorialequatorial (ee) coordination) or one phosphorus ligand in the equatorial plane and one at
the axial position (equatorial-axial (ea) coordination) as shown in figure 1.

Figure 1: ee and ea coordination in [RhH(CO)2(P)2] species.

Brown et al. studied the resting state of the active species for L = PPh3 by in-situ high
pressure NMR spectroscopy and showed the preference for ee coordination in
[RhH(CO)2(PPh3)2].[7] Moreover, using PPh3 as ligand, an equilibrium between
[RhH(CO)2(PPh3)2]and [RhH(CO)(PPh3)3] species was observed. It is known that for
bulky phosphite-ligands, [RhH(CO)3(P)] species are formed.[10] In case of chelating
bidentate-phosphorus ligands, generally only the [RhH(CO)2(P^P)] complexes are
observed. These complexes have been studied extensively in the groups of Claver and
Van Leeuwen.[13,20-25]

1.3. Chirality
Van ‘t Hoff was one of the first to recognize the three dimensional structure of
molecules.[26] Molecules, in which a carbon-atom contains four different substituents
exist in general as two different isomers (enantiomers), which are mirror images of one
another (figure 2).

Figure 2: Schematic representation of the two enantiomers of a molecule.

The atom containing the four different substituents is called stereogenic and the
molecule is called chiral.An example of a chiral molecule is limonene (figure 3). There
are two enantiomers of limonene: (S)-limonene and (R)-limonene. Different enantiomers
have different (biological) properties. The (S)-enantiomer smells like lemons, whereas the
(R)-enantiomer smells like oranges.
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Figure 3: The two enantiomers of limonene.

Pure enantiomers can be obtained via several routes. The first method is to separate
racemates via crystallization, chromatography or via kinetic resolution.[27,28] The second
method is to synthesize enantiomerically pure compounds, starting from chiral startingmaterials.[29] A third method is the use of asymmetric synthesis. Asymmetric catalysis is
the most efficient enantioselective synthetic method, as only catalytic amount of the
chiral auxiliary are needed. This field started flourishing with the discovery by Knowles
et al. at Monsanto’s of an enantioselective synthesis towards L-DOPA (a drug used in the
treatment of Parkinson’s disease) using asymmetric hydrogenation (scheme 5).[30,31] In
this reaction, a cationic rhodium complex containing a chiral phosphorus ligand
(DIPAMP) is applied. During the catalysis, the chirality of the catalytic complex is
transferred to the product formed, yielding high enantioselectivity.

Scheme 5: Synthesis of L-DOPA using asymmetric hydrogenation.

The rhodium-catalyzed hydrogenation is by far not the only example of asymmetric
catalysis. A large number of metal-catalyzed reactions can be performed in a
stereoselective fashion, such as asymmetric epoxidation, asymmetric nickel-catalyzed
hydrocyanation,
palladium-catalyzed
allylic
alkylation,
palladium-catalyzed
methoxycarbonylation, rhodium- and platinum/tin-catalyzed hydroformylation and many
others.[32-37]
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1.4. Rhodium-catalyzed asymmetric hydroformylation
The rhodium-catalyzed reaction is an attractive method to synthesize chiral aldehydes
from alkenes in an atom-efficient, one step reaction. For example, α-aryl propionic acids
can be synthesized enantioselectively starting from vinyl arenes. Similar compounds,
such as (S)-Naproxen are important products in the pharmaceutical industry (figure 4). In
fact, the asymmetric hydroformylation reaction is potentially an efficient route to make
chiral intermediates for pharmaceutical products, although there is no application of this
reaction in the pharmaceutical industry to date, to the best of our knowledge.

Figure 4: (S)-Naproxen.

Styrene is often used as a benchmark substrate in asymmetric hydroformylation
studies.[38] The formation of the branched product is usually favored for styrene. This is
ascribed to the fact that the η1-σ-alkyl species leading to the branched product is
resonance-stabilized by the η3-benzyl-species, although these latter species have never
been observed as intermediates in the hydroformylation reaction (scheme 6).[12,39]

Scheme 6: η3-species versus η1-species.

The product stereochemistry can be rationalized by the use of quadrant diagrams. An
example, which shows the quadrant diagrams for a complex containing an eecoordinating phosphorus-ligand, is shown in figure 5. In these schemes, the space around
the rhodium atom in a trigonal bipyramidal complex is divided into four parts
(quadrants); the two parts containing most of the bulk of the ligand are depicted in grey.
Coordination of the alkene with the R-group directed towards the bulk of the ligand is
disfavored. This model can be used to predict the product stereochemistry.[40,41]
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Figure 5: Quadrant diagram.

Several types of ligands have been applied in this reaction, such as phosphines,
phosphites, phosphine-phosphites, aminophosphine-phosphites, etc. The most important
classes of ligands will be discussed here.
1.4.1. Diphosphine-rhodium-catalysts
The first rhodium-catalysts applied in the asymmetric hydroformylation reaction were
modified with monodentate phosphine ligands. These systems, however, showed low
ee’s. For example, hydroformylation of styrene using a P-stereogenic monodentate
phosphine ligands resulted in an ee of only 18%.[42,43]
More recently, Klosin et al. reported on the successful application of diphosphine
ligands, such as Ph-BPE and Binapine in the rhodium-catalyzed hydroformylation; both
ligands showed an ee of 94% for styrene.[38] These ligands were originally developed for
the rhodium-catalyzed asymmetric hydrogenation. Klosin et al. also reported on the
synthesis of diazaphospholane ligands (see figure 6) and their application in the
asymmetric hydroformylation of styrene, vinyl acetate and allyl cyanide. For these
substrates ee’s of 82%, 96% and 87% were reported, respectively.[40]

Figure 6: Diphosphine ligands applied in the Rh-catalyzed asymmetric hydroformylation.
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1.4.2 Diphosphite-rhodium-catalysts
A break-trough in the rhodium-catalyzed hydroformylation was achieved with the
introduction of Chiraphite by Babin and Whiteker at Union Carbide, derived from chiral
pentane-2,4-diol.[44] They reported an ee of up to 90% in the hydroformylation of various
alkenes applying ligands of this class. The length of the carbon-bridge between the
phosphite groups has a strong influence on the enantioselectivity of the corresponding
catalysts.[45] Ligands based on pentane-2,4-diol form eight-membered chelate rings with
the rhodium atom, which leads to the formation of ee-coordinated trigonal bipyramidal
[RhH(CO)2(P^P)] complexes. Using either shorter or longer bridges changes the
geometry of the corresponding rhodium complexes, resulting in lower enantioselectivity.

Figure 7: Diphosphite ligands applied in the Rh-catalyzed asymmetric hydroformylation.

A derivative of Chiraphite, containing two BINOL moieties with bulky substituents in
3,3’-position (1) was developed in the group of Van Leeuwen, yielding an ee of 86% for
styrene.[46] Afterwards, several other efficient diphosphite ligands have been developed,
such as Kelliphite. This ligand was developed at Dowpharma by Klosin et al.[47] In
contrast to the Chiraphite ligand, Kelliphite contains an achiral backbone. Still, an ee of
88% was reported for vinyl acetate. Another very interesting class of ligands are the
carbohydrate-based ligands, developed in the group of Claver.[23,48] The length of the
bridge is similar to that of Chiraphite. In styrene hydroformylation, an ee of 90% was
achieved together with a b/l ratio >98% under mild conditions.[48]
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Phosphites have the advantage that they can be easily synthesized, starting from
(chiral) alcohols.[45,49] Moreover, phosphite-ligands are π-acceptor ligands, whereas
phosphine ligands have mainly σ-donor character. Therefore, applying electronwithdrawing phosphite ligands, the extend of back-donation from the metal to the
carbonyl ligands will be decreased, leading to faster CO dissociation. This will improve
the overall rate of hydroformylation.[50]
1.4.3. Phosphine-phosphite-rhodium-catalysts
The development of the (R,S)-BINAPHOS ligand by Takaya and Nozaki was a very
important discovery in the rhodium-catalyzed asymmetric hydroformylation.[35] This
ligand combines the best of both phosphine and phosphite ligands. Up to 95% ee together
with a high regioselectivity towards the branched product was obtained in the
hydroformylation of styrene and a range of other substrates using Rh/BINAPHOS
systems. The BINAPHOS ligand was shown to coordinate to the rhodium center in ea
fashion, containing the phosphite moiety in the axial position and the phosphine in the
equatorial position.[35]

Figure 8: Phosphine-phosphite ligands applied in the Rh-catalyzed asymmetric hydroformylation.

Another example of a phosphine-phosphite ligand was reported by Deerenberg et
al. This ligand contains a stereogenic phosphorus atom in the phosphine-moiety. Also
this ligand was shown to coordinate to rhodium in ea fashion, but in contrast to the
BINAPHOS ligand, the phosphine moiety coordinates in the axial position.
[24]

1.4.4. AMPP-rhodium catalysts
In order to have an efficient chirality-transfer from the catalyst to the reaction
intermediate, the chiral information should be as close to the metal-center as
possible.[51,52] Therefore, ligands containing P-stereogenic phosphorus-atoms are a very
attractive class of ligands in asymmetric hydroformylation. Not only carbon atoms, but
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also phosphorus atoms can be stereogenic, as shown in figure 9. The P-atom has three
different substituents and a lone pair. The conformation of these four substituents is
stable,[53] since the energy barrier for interconversion of the two enantiomers is rather
high for most P-stereogenic compounds.[54] Therefore, it is possible to obtain
enantiomerically pure P-stereogenic compounds.

Figure 9: Stereogenic phosphorus-atom.

However, the synthesis of these ligands requires a large synthetic effort (see also
chapter 4).[29] Nevertheless, introducing a stereogenic phosphorus atom in a ligand often
causes a remarkable increase in ee. Ewalds et al. reported on the rhodium-catalyzed
asymmetric hydroformylation of styrene using AMPP ligand systems. A P-stereogenic
AMPP ligand gave an ee of up to 75%, whereas a non-P-stereogenic AMPP ligand gave
an ee of only 10% (see figure 10).[55] Computational studies by Carbó et al. showed that
the insertion of the alkene into the Rh-H bond is selectivity-determining, rather than the
coordination of the alkene to the rhodium. Moreover, the chirality of the ligand-backbone
was found to play a secondary role in stereodifferentiation.[56]

Figure 10: P-stereogenic (RP)-AMPP ligand (left) and non-P-stereogenic AMPP ligand (right).

1.5. Platinum-catalyzed asymmetric hydroformylation
1.5.1. Platinum/tin-systems
Square planar platinum-complexes are known to catalyze the hydroformylation
reaction, although the activity is very low.[57,58] Because of the low activity of these
systems, high temperatures are usually necessary, leading to a reduced selectivity towards
aldehyde formation. Later, it was discovered that the addition of tin(II)chloride can
provide a large improvement in activity.[59,60] The exact role of SnCl2 is still a matter of
debate, but this Lewis acid seems to be involved in different steps of the reaction. First,
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the SnCl2 inserts into one of the Pt-Cl bonds. This was studied by NMR spectroscopy.[61]
Secondly, the SnCl3- ion stabilizes the pentacoordinated platinum species (intermediate 3
and 5 in the catalytic cycle, scheme 7).[62]

Scheme 7: Mechanism of platinum/tin-catalyzed hydroformylation.[63,64]

Third, the SnCl3- anion is supposed to be a weakly coordinating counterion, which
facilitates the coordination of an alkene. This was shown by the addition of excess
phosphorus ligand to a [PtCl(SnCl3)(P^P)] complex, leading to the formation of cationic
[Pt(P^P)2]2+ complexes.[65] These type of complexes, which were also investigated by 31P
NMR as well as by Mössbauer spectroscopy, show activity in the hydroformylation of
various alkenes.[65,66] Fourth, tin(II)chloride is necessary in the hydrogenolysis step. The
hydrogenolysis is the reaction of the acyl-complex with H2, forming an aldehyde. It is the
last step of the hydroformylation cycle and is irreversible. It is shown that the acyl
complex is stable and that hydrogenolysis does not take place in absence of SnCl2.[59,67,68]
Platinum/tin systems are also known to lead to extensive isomerization. In some cases,
this side-reaction is desired.[69] Meessen et al. reported on the application of platinum/tin
systems modified with large-bite-angle diphosphine ligands in the hydroformylation of
methyl 3-pentenoate.[64,70]
This internal alkene could be hydroformylation leading to the selective formation of
the linear product (5-FMP, scheme 8). This is only possible if a tandem isomerizationhydroformylation reaction occurs. Van Duren et al. showed that 4-octene could be
hydroformylated selectively to form n-nonanal, albeit with low chemoselectivity.[71] In
case of 1-octene, a l/b ratio of > 250 was reported, together with high chemoselectivity.
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Scheme 8: Hydroformylation of methyl 3-pentenoate.

Casey et al. investigated the mechanism of the hydroformylation of styrene by
[PtCl(SnCl3)(bdpp)].[72] By deuterioformylation experiments they found that alkene
coordination and migratory insertion of the alkene into the platinum-hydride bond is
irreversible at 39˚C. At 100˚C however, these steps are reversible.
A drawback of these platinum/tin systems are the low regio- and chemoselectivity
often observed.[73] In many cases, hydrogenation of the alkene is an important sidereaction during the hydroformylation. Nevertheless, platinum/tin-systems have been
applied successfully in the asymmetric hydroformylation reaction of various olefins, such
as styrene, methyl methacrylate, 1-butene and vinyl acetate.[37,69,74]

Figure 11: Ligands applied in the Pt/Sn-catalyzed asymmetric hydroformylation.
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DIOP-modified Pt/Sn systems have been applied in the hydroformylation of styrene
and aliphatic olefins yielding moderate enantioselectivity.[75,76] The application of DBPDIOP (figure 11) in the same reaction led to higher enantio- as well as higher
regioselectivity.[77] A polymer-bound derivative of this system led to an ee of up to 65%
in the hydroformylation of styrene.
Application of a [PtCl(SnCl3)(bdpp)] pre-catalyst in styrene hydroformylation resulted
in an ee of 76%.[78] Addition of PPh3 to the system increased the ee to 89%.[79]
In 1990, Consiglio et al. reported an ee of 85% in the platinum/tin-catalyzed
asymmetric hydroformylation of styrene applying BCO-DBP (figure 11) as ligand.[80]
The chemoselectivity towards the aldehyde was 75%. In 1991, Stille et al. reported on the
asymmetric hydroformylation of several alkenes by [PtCl(SnCl3)(bppm)] catalyst with an
ee that exceeded 96%. The reactions were carried out in the presence of orthoformate. In
this way, the aldehydes were protected in-situ against racemization by the excess of
SnCl2.[37]

1.5.2. Cationic platinum-systems
In 2008, Kollár et al. reported on the asymmetric platinum-catalyzed
hydroformylation using tin-free systems.[81] In this case, phosphine-modified platinumdialkyl, instead of [PtCl2(L)2] complexes were used. The [Pt(alkyl)2(bdpp)] pre-catalysts
were activated using B(C6F5)3 to create a vacant coordination site. In this way, an ee of
up to 60% was reported for styrene hydroformylation, together with high chemo- and
regioselectivity.

Scheme 9: Formation of a cationic platinum-carbonyl complex by abstraction of an alkyl by a borane
under CO atmosphere.

Although very high enantioselectivity can be achieved using platinum/tin systems,
research mainly focuses on rhodium-systems, because of the higher activity and better
selectivity of these systems.
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1.6. Aim and scope of this research
The metal-catalyzed asymmetric hydroformylation reaction is an elegant route towards
the synthesis of chiral aldehydes, which are valuable intermediates in organic synthesis.
Much is still unknown about the factors determining the enantioselectivity in this
reaction. In order to develop efficient catalysts for this reaction, more knowledge about
the stereoselection mechanism is required. In this thesis, the asymmetric
hydroformylation reaction is studied from four different points of view.
In chapter 2, the asymmetric hydroformylation of the 1,1-disubstituted terminal
alkenes methyl methacrylate and α-methylstyrene is investigated. Hydroformylation of
these substrates leads to the introduction of a stereogenic center in the linear
hydroformylation product, instead of in the branched one. A rhodium-diphosphite system
is described, which combines a high enantioselectivity with a high regioselectivity
towards the linear product. More insight into the mechanism of this reaction was obtained
by deuterioformylation studies, indicating a high reversibility of both the alkene
coordination to the rhodium and the migratory insertion of the alkene into the rhodiumhydride bond. The rate of β-hydrogen elimination with respect to hydroformylation was
investigated by a mass spectrometry study on the residual gas after deuterioformylation
experiments.
Chapter 3 describes the study of the coordination behavior of three selected chiral
phosphorus ligands towards the rhodium center in a trigonal bipyramidal (tbpy) hydridocarbonyl complex by high pressure NMR and FT-IR spectroscopy. All three ligands
show excellent enantioselectivity in the asymmetric hydroformylation reaction. As
discussed, two modes of coordination are possible for tbpy complexes. Because of the
different three-dimensional structures of the two different conformations, it is thought
that ligands have to coordinate in one mode selectively to achieve high ee in the
hydroformylation.
In chapter 4, the synthesis of a series of phosphorus-ligands containing a
benzo[b]thiophene backbone is described. Phosphine-phosphonite as well as
monodentate and bidentate phosphine ligands are synthesized and applied in the
rhodium-catalyzed hydroformylation. By varying the substituent on the backbone, the
influence of the different functional groups in the ligand on the selectivity in
hydroformylation is investigated.
In chapter 5, the platinum-catalyzed hydroformylation is discussed. A chiral, largebite-angle diphosphonite ligand was applied in the platinum/tin-catalyzed asymmetric
hydroformylation of 4-methylstyrene, vinyl acetate and allyl acetate. Also a triptycenebased diphosphine ligand was applied in this reaction. However, formation of a (PCP)pincer-type complex was observed. Finally, the application of cationic platinum
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complexes without the use of SnCl2 in the hydroformylation reaction is described. These
systems show catalytic activity in the hydroformylation of 1-octene.
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Chapter 2

Selective Hydroformylation of 1,1-Disubstituted
Alkenes Using Chiral Diphosphite Ligands

________________________________________________________________________
Sugar-based diphosphite ligands were tested in the rhodium-catalyzed asymmetric
hydroformylation of the 1,1-disubstituted alkenes methyl methacrylate and
α-methylstyrene. The linear hydroformylation products of these substrates contain a
stereogenic carbon atom, whereas the branched products are achiral. High l/b ratios and
good enantioselectivities were reached in the asymmetric hydroformylation of methyl
methacrylate. At T = 60˚C, an ee of 71% was reached, which is the highest ever reported
for this substrate. In the asymmetric hydroformylation of α-methylstyrene, good l/b ratios
and moderate ee’s were obtained.
The mechanism of this reaction was studied by deuterioformylation experiments,
applying ligand 6. Both the coordination of the alkene and the formation of the
intermediate Rh-alkyl species proved to be reversible at T = 100˚C and at T = 60˚C. The
formation of HD and H2 during the deuterioformylation reaction was proven by mass
spectrometry of the residual gas after the deuterioformylation experiment.
Deuterioformylation and MS experiment were combined to investigate the rate of the
β-hydrogen elimination. After 1 hour of reaction, the turnover frequency (TOF) for
β-hydrogen elimination was found to be at least 29 times higher than the TOF for
hydroformylation.
____________________________________________________________________________________________________________

Chapter 2

2.1 Introduction
Asymmetric hydroformylation is an atom efficient reaction, which enables the
introduction of a stereogenic center and a very versatile aldehyde functional group in a
one step reaction, starting from alkenes.[1,2] However, asymmetric hydroformylation has
not been used yet on an industrial scale, because of the limited substrate scope of most
catalysts.[3] Therefore, it is a challenge to find suitable catalytic systems for less common
substrates to enable the synthesis of new classes of chiral aldehydes via asymmetric
hydroformylation.
1,1-Disubstituted terminal alkenes of the type RR’C=CH2 are an interesting class of
substrates[4-7], especially if the substituents on the 1-position are inequivalent. In that
case, the linear hydroformylation product contains a stereogenic carbon atom. If one of
these substituents is a methyl group, the branched, quaternary product is achiral. Methyl
methacrylate and α-methylstyrene are examples of this class of substrates (scheme 1).
γ
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Scheme 1: Hydroformylation of MMA, α-methyl styrene and styrene.

Moreover, the linear hydroformylation of methyl methacrylate (an α,β-unsaturated
ester) will yield a 1,4-disubstituted dicarboxylic compound,[8] which can be used for the
production of (chiral) polyesters, or as precursor for the production of
γ-butyrolactones.[9,10]
Another difference compared to linear alkenes is the position of the stereogenic carbon
atom introduced in the hydroformylation reaction. In case of the asymmetric
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hydroformylation of styrene, in which the branched product is formed predominantly, the
stereogenic carbon atom is formed in the α-position of the branched aldehyde, whereas in
the asymmetric hydroformylation of α-methylstyrene, the stereogenic carbon atom is
formed on the β-position (scheme 1).
It is a challenge to find suitable catalytic systems for the hydroformylation of
1,1-disubstituted terminal alkenes. A prerequisite for these systems is the ability to yield
high enantioselectivities in combination with high regioselectivities towards the linear
product. However, conventional catalytic systems are optimized to give branched
aldehydes,[11] since the most common substrates in asymmetric hydroformylation
(styrene, vinyl acetate, allyl acetate) only have a stereogenic carbon atom in the branched
hydroformylation product. Moreover, systems are needed that show high activity in
hydroformylation, because 1,1-disubstituted terminal alkenes are much less reactive
towards hydroformylation than monosubstituted terminal alkenes.

2.2.

Rhodium-catalyzed hydroformylation

As a starting point of our search for catalytic systems for the asymmetric
hydroformylation of 1,1-disubstituted alkenes several phosphorus ligands (diphosphines,
diphosphites, diphosphinites) were applied in the rhodium-catalyzed asymmetric
hydroformylation of methyl methacrylate. These systems are known to give good results
in the asymmetric hydroformylation of standard substrates, such as styrene and vinyl
acetate.[12,13]
The different ligands tested contain different chiral elements (axial chirality, planar
chirality, central chirality) (figure 1). The results are listed in table 1. Relatively high
temperature (T = 100˚C) and low pressure (p = 10 bar) were applied, because these
reaction conditions are known to improve the regioselectivity towards the linear
product.[5]
Table 1: Hydroformylation of methyl methacrylate
ligand
T (˚C) p (bar)
(R,R)-Ph-BPE
100
10
Walphos
100
10
MeoBiPhep
100
10
Xantphos
100
10
(R,R)-XantBino
100
10
(S)-Kelliphite
100
10
[PtCl(SnCl3)((R,R)-XantBino))]a 60
15

Conv. (%)
93
35
41
98
85
95
33 (Sald=37%)

l/b
0.21
0.47
0.32
71
2.0
286
no bb

ee (%)
41
31
0
0
2
6
20

CO:H2=1:1, L/Rh=2:1, toluene, cRh=1mM, S/Rh=1000. Preformation: T=60˚C, p=20 bar, t=1h. Reaction:
t=17h. aL/Pt =1, Pt/Sn=1, dichloromethane. Preformation: T=60˚C, p=15 bar, t=1h. Reaction: t=19h
b
No branched product detected by GC.
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Figure 1: Ligands applied in hydroformylation.

Aldehyde formation was achieved for all catalysts. Applying catalysts based on (R,R)Ph-BPE and Walphos, even moderate ee’s were obtained (41% and 31%, respectively).
The rhodium/(S)-Kelliphite catalyst showed a very high regioselectivity towards the
linear product. However, none of the catalytic systems succeeded in combining a high
regioselectivity towards the linear product with a high enantioselectivity.
Using [PtCl(SnCl3)((R,R)-XantBino))], which is a bimetallic platinum/tin precatalyst,
perfect regioselectivity was observed, together with a moderate ee. A disadvantage of this
system is the low chemoselectivity. Only 37% of the substrate consumed was converted
to the aldehyde, while 63% was converted to the hydrogenation product. Hydrogenation
of the substrate is commonly observed in platinum/tin-catalyzed hydroformylation.[14-16]
Some of the catalysts tested for methyl methacrylate, were also tested for
α-methylstyrene. The results are listed in table 2.
Table 2: Hydroformylation of α-methylstyrene
ligand
T (˚C) p (bar)
Xantphos
100
10
Josiphos
100
10
(R,R)XantBinoa
100
10
(S)-Kelliphite
100
10
[PtCl(SnCl3)((R,R)-XantBino))]b 60
15

Conv. (%)
18
<1
58
81
65 (Sald=53%)

l/b
56
1.5
58
401
82

ee (%)
5
2
32

CO:H2=1:1, L/Rh=2:1, toluene, cRh=1 mM., Preformation: T=60˚C, p=20 bar, t=1h. Reaction: t=17h
a
t=63h, b t=40h

The catalysts based on Xantphos and Josiphos showed very low activity. Rhodium
complexes of (R,R)-XantBino and (S)-Kelliphite gave more active systems with high
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regioselectivity towards the linear product. Enantioselectivity, on the other hand, was
rather low for these two systems.
As in the hydroformylation of methyl methacrylate, [PtCl(SnCl3)((R,R)-XantBino))]
showed a high l/b ratio and moderate enantioselectivity in the asymmetric
hydroformylation of α-methylstyrene, although the chemoselectivity was rather low.
In summary, active catalytic systems were found for the asymmetric hydroformylation
of 1,1-disubstituted terminal alkenes methyl methacrylate and α-methylstyrene and good
regioselectivities as well as moderate enantioselectivities were achieved. None of these
systems, however, showed the desired combination of high regioselectivity towards the
linear product and high enantioselectivity.

2.3.

Rhodium-catalyzed
diphosphite ligands

hydroformylation

using

sugar-based

In order to obtain a catalytic system that is able to combine high regioselectivity
towards the linear product with high enantioselectivity, other classes of ligands were
needed. A promising class of ligands are the sugar-based diphosphite ligands, developed
by Claver and co-workers.[17-19] Since these ligands are based on sugars, such as
D-glucose, they contain several stereogenic centers, which might enhance chiral induction
in the catalytic process. Moreover, these ligands have been shown to coordinate in
equatorial-equatorial fashion,[19,20] which is known to be important for a high
regioselectivity towards the linear product.[21]
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Ligand
1
2
3
4
5
6
7
8
9
10
11
12

R
H
H
Me
Me
Me
CH2OiPr
H
CH2OsHex
CH2OiPr
CH2OnBu
CH2OsHex
CH2OnBu

R’
Bu
t
Bu
t
Bu
OMe
t
Bu
OMe
see picture
t
Bu
t
Bu
t
Bu
OMe
OMe
t

Figure 2: Sugar-based diphosphite ligands

2.3.1 Influence of substituents
The 12 different sugar-based ligands (1-12) were tested in the asymmetric
hydroformylation of methyl methacrylate and α-methylstyrene. The catalytic results
obtained are shown in table 3.
Table 3: Hydroformylation of methyl methacrylate and α-methylstyrene
methyl methacrylate
α-methylstyrene
Ligand R
R’
Xa (%) l/b
ee (%) Xa (%) l/b
t
1
H
Bu
61
14.2 44
5
15.9
t
2
H
Bu
54
13.6 46
7
19.1
t
3
Me
Bu
73
21.5 53
7
20.6
4
Me
OMe
69
29.6 56
10
31.1
t
5
Me
Bu
69
19.3 54
5
15.3
i
6
CH2O Pr
OMe
77
33.9 56
11
32.9
b
7
H
see picture 14
no b -8
3
no bb
s
t
8
CH2O Hex Bu
73
29.5 57
9
26.1
i
t
9
CH2O Pr
Bu
87
27.6 57
10
28.4
10
CH2OnBu tBu
85
26.6 53
10
28.4
s
11
CH2O Hex OMe
86
33.6 55
11
29.9
12
CH2OnBu OMe
87
34.4 52
14
38.2

ee (%)
20
13
32
30
34
33
15
32
35
34
31
30

CO:H2= 1:1 L/Rh=2 S/Rh=1000, cRh = 1 mM Preformation: p=10bar T=60ºC, t=1h. Reaction: T=100ºC,
p=10bar, t=16h. a X = conversion. bNo branched product detected by GC.

In the rhodium-catalyzed asymmetric hydroformylation of methyl methacrylate, the
size and nature of the R-substituent in the 5-position of the furanose backbone have an
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effect on conversion, the regio- and the enantioselectivity (1, 3, 8, 9 and 10). The
conversion increases in the order R = H < CH3 < CH2OiPr. However, it should be kept in
mind that the presence of an oxygen atom might influence the reaction as well, because
the electronic as well as the steric properties are changed. The conversion does not
increase further for R = CH2O-sHex with respect to R = CH2OiPr. Both regio- and
enantioselectivity increase with the size of the R-substituent, but little difference is
observed between catalysts based on ligands 8, 9 and 10 (R = CH2OsHex, CH2OiPr,
CH2OnBu). Thus, it can be concluded that regio- and enantioselectivity as well as activity
increase with increasing size of the R-substituent, although there seems to be an optimum
size for the activity.
Not only the R substituents, but also the R’-substituents in the 5,5’-position of the
biphenyl moieties were varied (3,4; 6,9; 8,11 and 10,12). A small effect on both activity
and enantioselectivity was observed. The activity is slightly lower for a MeO group than
for the tBu group, but the enantioselectivity is slightly higher. The nature of the
R’-substituent also influences the regioselectivity. The l/b ratio increases when changing
R’ from tBu to a OMe group. It is not clear whether this is an electronic or a steric effect.
Both a OMe group and a tBu group are electron donating groups; however, the latter one
is a stronger donating group. On the other hand, the tBu group is more bulky than the
OMe group.
The substitution pattern on the 1- and 2-position of the furanose ring was varied (1 vs.
2 and 3 vs. 5). In case of the OC16H33-substituent on the 2-position, the conversion was
lower. Regioselectivity was lower as well, but this difference was only small. On the
other hand, catalysts based on ligands with a O(CH2)15CH3 group gave slightly higher
enantioselectivities in hydroformylation.
Ligand 7, having an more flexible phosphite moiety, because of the presence of an
additional CH2 bridge and methyl groups, instead of tBu or MeO groups on the biphenyl
moiety showed low activity as well as low enantioselectivity in hydroformylation of
methyl methacrylate. Interestingly, rhodium complexes of ligand 7 show reversed
enantioselectivity compared to catalysts based on ligands 1-6 and 8-12, respectively.
The ligands were also applied for α-methylstyrene. The size of the R-substituent
influences the activity as well as the enantioselectivity (ligands 1, 3, 8, 9 and 10). When
changing R from H to Me, the ee increases from 20% to 32% and the l/b ratio increases
from 15.9 to 20.6 (ligand 1 and 3). Only a slight increase in activity and
enantioselectivity was observed for R > Me.
By changing the R’-substituent from R’= tBu to R’= OMe a small increase in activity
was observed, along with a slightly higher l/b ratio (3,4; 6,9; 8,11 and 10,12) in the
rhodium catalyzed hydroformylation of α-methylstyrene. The enantioselectivity, on the
other hand, was slightly decreases when catalysts with R’= OMe were used. It is not clear
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whether this difference in both activity and selectivity is caused by electronic or by steric
effects of the substituents on the ligand.
In the asymmetric hydroformylation of α-methylstyrene, ligands having a different
substitution pattern on the 1- and 2-position of the furanose-ring were applied. Unlike for
methyl methacrylate, no clear trends were observed in the asymmetric hydroformylation
of α-methylstyrene. For catalysts with R = H, activity and regioselectivity increase when
the ligand has a O(CH2)15CH3-substituent on the 2-position of the ring. However, the
enantioselectivity decreases. For catalysts with R = Me, the opposite effect is observed.
Catalysts based on ligand 7, having a more flexible phosphite moiety and R’= Me,
instead of R’= tBu or R’= OMe groups showed low activity in the hydroformylation of
α-methylstyrene. The enantioselectivity is considerably lower. The amount of branched
product formed was too low to be detected.

2.3.2 Influence of temperature
The catalytic experiments were carried out at T = 100 ºC and p = 10 bar of CO/H2
(1:1), since the formation of the linear product is usually favored at high temperature and
low pressure.[4] However, high temperatures can decrease the enantioselectivity. To
investigate the influence of the reaction temperature on the activity and selectivity of the
reaction, the catalyst based on ligand 6, which is the best performing ligand, was tested in
hydroformylation of both methyl methacrylate and α-methylstyrene at different
temperatures. The highest ee’s reported so far in methyl methacrylate hydroformylation
are 55.5% [22] and 60% [23]. Both results were obtained by using platinum-tin catalysts. In
case of α-methylstyrene hydroformylation, an ee of 46.2% was reached, using a rhodium
diphosphite system.[24]
Table 4: Temperature effect in AHF of methyl methacrylate using Rh/ligand 6.
T (ºC)
Conv. (%)
l/b
ee (%)
100
84
36.6
55
80
41
13.7
66
60
9
4.8
71
40
4
1.8
nd
CO:H2= 1:1 6/Rh=2 S/Rh=1000, cRh = 1 mM, p=10 bar, t = 24h. Preformation: T=60ºC, t=1h. n.d: not
determined.

With decreasing temperature, the activity (and thus the conversion) decreases, as well
as the l/b ratio. It is known that in case of monosubstituted terminal alkenes, the rate of
β-hydrogen elimination is higher for the branched alkyl species than for the linear alkyl
species.[25,26] In the linear alkyl species a primary carbon atom is attached to the rhodium
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atom, whereas in the branched alkyl species the rhodium atom is connected to a
secondary carbon atom. Moreover, the branched alkyl species contains more β-hydrogen
atoms, increasing the change of β-hydrogen elimination. In the hydroformylation of
methyl methacrylate and α-methylstyrene, the branched alkyl species contains a tertiary
carbon atom next to the rhodium atom, whereas the linear alkyl species has a primary
carbon atom connected to the rhodium atom. The branched alkyl species contains 6
β-hydrogen atoms, whereas the linear alkyl contains only one (figure 3). Therefore, for
these substrates an even higher difference in β-hydrogen elimination between the
branched and the linear alkyl species is expected.

Figure 3: branched and linear rhodium-alkyl species.

However, irreversible alkyl formation is often observed at lower temperature.[27] These
two observations indicate that the rate of β-hydrogen elimination decreases more with
temperature than the rate of hydroformylation, which explains the decrease in l/b ratio
with temperature.
In contrast to the activity and l/b ratio, the enantioselectivity increases at lower
temperature. At T = 60ºC, an ee of 71% was reached, which is the highest
enantioselectivity ever reported for this substrate.[23] At T = 40ºC, both conversion and l/b
ratio were too low to accurately measure the ee.
The temperature dependence of activity and regio- and enantioselectivity were
investigated for α-methylstyrene as well.
Table 5: Temperature effect in AHF of α-methylstyrene using Rh/ligand 6.
T (ºC)
t (h)
Conv.(%)
l/b
ee (%)
100
16
11
32.9
33
80
65
7
18.8
36
60
65
1
1.8
n.d
CO:H2= 1:1 6/Rh=2 S/Rh=1000, cRh = 1 mM, Preformation: p=10 bar T=60ºC, t=1h. Reaction: p=10 bar
n.d: not determined.

As in case of methyl methacrylate, the activity and l/b ratio decrease with temperature.
Only a small increase in enantioselectivity was observed by decreasing the temperature
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from T = 100ºC to T = 80ºC. Already at T = 60ºC, the conversion is very low and only
little linear aldehyde is formed.

2.3.3 Influence of hydrogen partial pressure
In rhodium-catalyzed hydroformylation alkene coordination or migratory insertion of
the alkene into the rhodium-hydride bond is often the rate determining step, but for some
phosphite modified systems, the hydrogenolysis of the acyl complex was found to be rate
determining.[28-31] If hydrogenolysis is the rate determining step, the rate of the reaction
will be higher at higher hydrogen partial pressure. Therefore, the catalytic system was
tested at higher hydrogen partial pressure (pH2 = 20 bar, pCO = 5 bar).
Table 6: Influence of hydrogen partial pressure on AHF of MMA and α-Me-styrene
substrate
pH2 (bar)
Conv. (%)
l/b
ee (%)
SHG (%)
MMA
5
91
40.5
56
4.4
MMA
20
91
25.2
57
29.7
α-Me-styrenea 5
11
32.9
33
a
α-Me-styrene
20
12
34.2
33
6/Rh = 2, S/Rh= 1000, cRh = 1 mM . Preformation: T=100ºC, pCO=5 bar, pH2preformation = pH2reaction, t=1h.
Reaction: T=100ºC, pCO=5 bar, t = 20h. a t = 16h

In case of α-methylstyrene hydroformylation, there is hardly any difference both in
activity and selectivity between a hydrogen partial pressure of 5 bar and 20 bar.
Apparently, the reaction rate is not affected by the hydrogen partial pressure. In case of
methyl methacrylate, there is a difference neither in activity nor in enantioselectivity
between the two different hydrogen pressures. The regioselectivity, on the other hand, is
lower in case of higher hydrogen partial pressures. The strongest effect of the increased
hydrogen partial pressure is the amount of hydrogenation product. Upon increasing pH2
from 5 to 20 bar, the amount of hydrogenation becomes more than 6 times higher.
Hydrogenation byproducts were also observed by Tanaka et al. in hydroformylation of
methyl methacrylate.[32]

2.3.4 Influence of pressure
The influence of the total pressure on the activity and selectivity of the asymmetric
hydroformylation of methyl methacrylate was investigated, using ligand 5. The results
are listed in table 7.
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Table 7: Influence of total pressure on AHF of MMA using ligand 5.
pressure (bar)
Conv. (%)
l/b
ee(%)
5
62
56
44
10
76
17
54
15
62
11
58
20
54
7.9
59

SHG (%)
7.6
9.5
12.8
16.2

5/Rh = 2, S/Rh= 1000, cRh = 1 mM . Preformation: T=60ºC, p=10 bar (CO:H2 = 1:1), t=1h. Reaction:
T=100ºC, CO:H2= 1:1, t = 16h.

The regioselectivity towards the linear product strongly decreases with increasing
pressure.[4] On the other hand, the enantioselectivity increases with pressure. The amount
of hydrogenation increases, too. In the previous paragraph, it was shown that
hydrogenation increases with increasing hydrogen partial pressure. The activity shows an
optimum at p = 10 bar. Apparently, a high pressure hampers the activity of the catalytic
system, whereas a very low pressure also slows down the reaction. The rate of
hydroformylation has a negative order in CO, since CO dissociation from the resting state
([RhH(CO)2(P^P)]) is necessary in order to coordinate an alkene to the rhodium.[33] At
high pressure, CO dissociation is more difficult. This explains the decrease in activity
with increasing pressure.[34]
At p = 5 bar, activity was low as well. It is possible that at this low pressure, the
hydrogenolysis of the acyl species becomes important in the overall rate equation of the
reaction.[30]
The CO pressure is also important for the regioselectivity. When an alkyl species is
formed by migratory insertion of an alkene into the rhodium-hydride bond, there are two
possibilities: the rhodium-alkyl species can coordinate an additional CO ligand and
subsequently form an acyl species or β-hydrogen elimination can take place. A high rate
of β-hydrogen elimination improves the l/b ratio (vide supra). However, β-hydrogen
elimination can only take place in a rhodium complex with a free coordination site. At
high CO pressure, the [Rh(alkyl)(CO)(P^P)] ⇄ [Rh(alkyl)(CO)2( P^P)] equilibrium will be
on the side of the [Rh(alkyl)(CO)2( P^P)] complex. This complex cannot undergo βhydrogen elimination and thus the l/b ratio will be lower.[34]
In the case where only the hydrogen partial pressure was varied, no changes in
reaction rate or enantioselectivity were observed. This suggests that the changes observed
here are caused by the variation in CO partial pressure. The increase in hydrogenation
can be explained by the increase in hydrogen partial pressure.
The system is most active at p = 10 bar, which is the same pressure that was normally
used throughout this study. Formation of the branched product and hydrogenation side
reaction can be reduced further by decreasing the pressure, but this will be at the expense
of enantioselectivity.
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2.3.5 Influence of L:Rh ratio
It is known that both the activity and the selectivity can be influenced by the ligand to
rhodium ratio.[20] At low L/Rh ratio the activity is generally high, but the
enantioselectivity is often lower than in the case of higher L/Rh ratio.[33] This is because
at low L/Rh ratio, non ligand modified rhodium carbonyl species can be present. These
species are very active in hydroformylation, but little selective. To prevent the formation
of these species, an excess of ligand is usually applied.
In previous experiments, a L/Rh ratio of 2:1 was applied. In order to see if the
enantioselectivity in the methyl methacrylate hydroformylation can be improved further,
the L/Rh ratio was varied (table 8).
Table 8: Influence of L/Rh ratio on AHF of MMA using ligand 6.
substrate
L:Rh
Conv. (%)
l/b
ee (%)
MMA
1:1
88
32
46
MMAa
2:1
77
34
57
MMA
5:1
86
34
56

SHG (%)
5.9
7.3
6.2

6/Rh = 2, S/Rh= 1000, cRh = 1 mM . Preformation: T=100ºC, p=10 bar (CO:H2 = 1:1), t=1h. Reaction:
T=100ºC, p=10 bar (CO:H2 = 1:1), t = 16h. a t=15h

The enantioselectivity was lower in case of a 1:1 L/Rh ratio. However, the
enantioselectivity did not improve on increasing the L/Rh ratio to 5:1, compared to the
2:1 L/Rh ratio normally used. Neither regioselectivity nor the amount of hydrogenation
did change significantly.
This confirms previous studies using these type of systems in the rhodium-catalyzed
asymmetric hydroformylation of styrene. It was found that a high excess of ligand is not
necessary to obtain good selectivity.[17,18]
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2.4 In-situ NMR study of α-methylstyrene hydroformylation
The conversion of α-methylstyrene in the hydroformylation experiments was much
lower than the conversion of methyl methacrylate. It is known that α-methylstyrene is
less active towards hydroformylation compared to styrene.[24,35] In order to rationalize the
low reactivity of this substrate compared to styrene, the formation of η3-species was
considered. The existence of η3-species has been discussed for hydroformylation of
styrene, for example.[28] If these η3-species are stable, further reaction to form an acyl
species and subsequent aldehyde formation will be hampered.

Figure 4: Equilibrium between η3-species and η1-species.

To investigate whether these type of complexes were formed an in-situ NMR
experiment was carried out. [RhH(3)(CO)2] was preformed in a high pressure NMR tube
under 10 bar of syn gas in toluene-d8. Subsequently, the tube was cooled to T = -20˚C
and depressurized. Afterwards, CO was bubbled through the solution to remove the major
part of the hydrogen gas and 1.2 equivalents of α-methylstyrene were added. Finally, the
sapphire tube was repressurized to p = 10 bar with CO.[30]
The tube was gradually warmed in the NMR spectrometer. Neither coordination of the
alkene to Rh, nor insertion of the alkene into the Rh-H bond was observed even at
T = 65˚C. At this temperature, the double bond signals of the alkene as well as the
hydride signal were still visible.
Since all the elementary steps in the hydroformylation cycle, except for the product
dissociation are reversible, the addition of an excess of substrate can move the
equilibrium towards the rhodium-alkene complexes. Therefore, the abovementioned
experiment was repeated with a 30-fold excess of α-methylstyrene. The first 1H NMR
spectrum was recorded at T = -20˚C. The spectrum showed the [RhH(3)(CO)2] complex
and the substrate. Gradually warming the sample did not change the spectrum
significantly until room temperature was reached. At T = 35˚C, broad signals with low
intensity appeared at 6 ppm. Those signals might indicate the presence of η3-species, due
to the loss of aromaticity along with an expected upfield shift of the corresponding
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protons.[36] By further increasing the temperature to T = 85˚C, a small aldehyde signal is
observed. Apparently, a small amount of H2-gas remained in solution after flushing the
mixture with CO gas, responsible for the aldehyde formation.
To illustrate the difference in reactivity towards hydroformylation between αmethylstyrene and styrene, the in-situ 1H NMR study was repeated using 30 equivalents
of styrene, instead of α-methylstyrene. In this case, a small aldehyde signal appeared
already at T = -20˚C, which slowly increased in intensity with temperature and became
constant at T = 5˚C. The hydride signal did not disappear. Apparently, only a small
portion of aldehyde can be formed due to the little amount of H2 present in the solution.
When there is no more H2 to react with the Rh-acyl species, all the rhodium complexes
are in equilibrium with each other and the [RhH(3)(CO)2] is still present. The fact that the
hydride signal is still visible indicates that either the coordination of the alkene to the
rhodium or the migratory insertion of the alkene into the rhodium-hydride bond is rate
determining.
Aldehyde formation was observed for styrene at a temperature 100˚C lower than for
α-methylstyrene. The appearance of broad signals at 6 ppm indicates the presence of
η3-species, which are less reactive than the η1-species and might decrease the reaction
rate. However, the main reason for the low rate in hydroformylation appears to be the fact
that even at high temperature, α-methylstyrene does not show coordination to the
rhodium catalyst. Probably, the fact that α-methylstyrene is more bulky than styrene
hampers the coordination to the metal center.

2.5 Mechanistic investigations
The rhodium-catalysts based on the sugar-based diphosphite ligands used in this study
show a remarkable selectivity in the asymmetric hydroformylation of methyl
methacrylate and α-methylstyrene. In order to get a better understanding of these systems
the formation of the alkyl species was investigated in more detail. If the formation of this
species is irreversible, then both regio- and enantioselectivity are determined at this step.
If however, formation of the alkyl species is reversible, then the regio- and
enantioselectivity are not determined yet when the alkyl species is formed.[25,27,37]
In deuterioformylation, the distribution of the deuterium atoms in the product formed
as well as in the recovered substrate gives information about the reversibility of both the
alkene formation and the substrate association.[26,27,37-39] For example, Takaya et al.[37]
showed that alkyl formation is irreversible for the styrene hydroformylation using
[RhH((R,S)-Binaphos)(CO)2] under normal reaction conditions. Casey et al.
demonstrated that at T = 32˚C, rhodium-alkyl formation and alkene coordination for
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1-hexene deuterioformylation using a rhodium-diphosphine catalyst was irreversible.[27]
Lazzaroni et al. observed irreversible alkyl formation in hydroformylation of 1-hexene at
room temperature, too[39] using non P-ligand modified rhodium carbonyl complexes.
However, they reported that alkene coordination as well as alkyl formation becomes
reversible at higher temperature.

Figure 5: DF of 1,1-disubstituted terminal
alkenes, formation of linear product.

Figure 6: DF of 1,1-disubstituted terminal
alkenes, formation of branched product.

Scheme 2: Formation of linear and branched alkyl species.

If the formation of the rhodium alkyl species is irreversible, the deuterium atoms will
only be incorporated into the aldehyde functionality and at the β-carbon of the formed
aldehydes. If, on the other hand, the formation of the rhodium alkyl species is reversible,
the deuterium atom can be incorporated in other positions as well. In fact, deuterium
incorporation can proceed in β-position as well as in α- or γ-position as shown in scheme
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3. If β-hydrogen elimination (or β-deuterium elimination) takes place, the formation of a
rhodium-hydride is more likely than the formation of a rhodium-deuteride species,
because of the 1H/2H kinetic isotope effect.[40]

Scheme 3: Reversible formation of rhodium-alkyl species.

It is important to keep in mind that for this class of substrates only the reversibility of
the formation of the branched alkyl species can be monitored, since the alkyl species
leading to the linear aldehydes lacks β-hydrogen atoms (scheme 2). Therefore, linear
alkyl species can only undergo non-productive β-H elimination (scheme 3).
Consequently, it is not possible to distinguish between linear alkyls that undergo βhydrogen elimination and linear alkyls that directly react further to form the acyl complex
and eventually will form the linear aldehyde.
Not only the formation of the alkyl species by migratory insertion of the hydride (or
deuteride) can be reversible, also the coordination of the substrate to the complex can be
reversible. If this is the case, deuterium atoms will also be incorporated into the substrate
(scheme 3).
The most suitable analytical techniques for deuteroformylation experiments are 1H
NMR, 2H NMR and GC-MS.[37,41] 1H NMR and 2H NMR are complementary; protons
are visible in 1H NMR, but not in 2H NMR and vice versa. The chemical shift gives
information about the position at which the deuterium atoms are built in. Moreover, the
chemical shifts in 1H NMR and in 2H NMR are equal.
GC-MS is a suitable analytical technique to measure the amount of deuterium atoms
incorporated per molecule.[41]
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Figure 7: 2H NMR spectrum of the crude reaction mixture (toluene), DF at 100ºC and 10 bar (CO:D2=
1:1).

Figure 8: 1H NMR spectrum, DF at 100ºC and 10 bar (CO:D2= 1:1) in CDCl3

Figure 7 shows the 2H NMR spectrum of the crude reaction mixture of the
deuterioformylation experiment for MMA performed at T = 100ºC and p = 10 bar
(CO:D2= 1:1) after 20 hours of reaction and 87% conversion. Both the branched and the
linear product are observed in the spectrum at δ = 9.5 ppm and δ = 9.4 ppm, respectively.
Because of the high regioselectivity of the catalytic system towards the linear product,
more linear than branched product is observed. In the branched product, deuterium can
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only be incorporated into the aldehyde function and the β-position, since there are no
α- or γ-positions available. 2H NMR confirmed the presence of deuterium atoms in the
aldehyde group and in β-positions. The molecular structure of the linear aldehyde,
however, allows deuterium scrambling to be observed. Indeed, the 2H NMR spectrum
shows the presence of deuterium atoms in the aldehyde function and in the α-, β- and
γ-position. This proves that the formation of the alkyl species is reversible and that
β-hydrogen elimination takes place.
The spectrum also shows incorporation of deuterium in the substrate. This shows that
not only β-hydrogen elimination takes place, but also that the coordination of the alkene
to the catalyst complex is reversible. As expected, no deuterium is incorporated into the
methyl group of the ester moiety (figure 7).

Figure 9: GC-MS spectrum of the linear aldehyde formed at T=100˚C

Figure 10: GC-MS spectrum of the non converted substrate at T=100˚C

In the 1H NMR spectrum of the product mixture, the protons of the methyl group of
the ester moiety, as well as the protons on the α-, β- and γ-position can be observed
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(figure 8). The chemical shifts in this spectrum differ from the ones in the 2H NMR
spectrum. This is due to the different solvents used (toluene for 2H NMR and CDCl3 for
1
H NMR, respectively). Surprisingly, also the aldehyde functionalities were detected.
This can be rationalized if a source of HD is formed by extensive exchange of D2 and
substrate-bound protons, as proposed by Jongsma et al.[42] and Casey et al.[38] The GCMS spectrum shows a broad isotope distribution for all the species present. This is
additional evidence that both the formation of the alkyl species and the coordination of
the alkene to the rhodium are reversible. After all, if one of these two steps would be
irreversible, all aldehyde formed would contain exactly two deuterium atoms.
In order to verify whether the exchange of hydrogen by deuterium gas does not
influence the outcome of the catalytic reactions, the deuterioformylation experiments
were compared with the hydroformylation under exactly the same conditions (table 9).
Conversion and enantioselectivity are comparable for the two reactions, although a slight
difference in the l/b ratio was observed. This small difference might be induced by the
isotope effect, since β-deuterium elimination is slower than β-hydrogen elimination and
thus, the l/b ratio might be lower in case of deuterioformylation.[40]
Table 9: Comparison between deuterioformylation and hydroformylation of MMA.
conversion
l/b (%l, %b)
ee
deuterioformylation 87
29 (97%, 3%)
53
hydroformylation
91
40.5 (98%, 2%)
56
6/Rh = 2, S/Rh= 1000. Preformation: T=100ºC, p=10 bar (CO:H2/D2 = 1:1), t=1h. Reaction: T=100ºC,
p=10 bar (CO:H2/D2 = 1:1), t = 20h.

The deuterioformylation experiment was repeated at T = 60ºC. It is known that the
reversibility of the formation of alkyl species is lower at lower temperatures. Since the
regioselectivity, activity and enantioselectivity of the catalytic system investigated shows
high temperature dependence, alkyl formation might become irreversible at lower
temperatures.
Figure 11 shows the 2H NMR spectrum of the crude reaction mixture after 4 days of
reaction and approximately 25% conversion. Although the conversion is lower than for
the experiment at higher temperature, the system still proves to be very reversible. In the
linear aldehyde, deuterium is incorporated in the α-, β- and γ-position. Deuterium was
also incorporated in the recovered substrate, which proves that also at this temperature,
alkene coordination is reversible and β-hydrogen elimination still takes place.
The 1H NMR spectrum shows protons at the α-, β- and γ-position. Also protons are
incorporated in the aldehyde functionality (figure 12).
The GC-MS spectra of the linear aldehyde as well as of the non-converted substrate
show a wide mass distribution (figure 13 and 14). This is supplementary evidence that the
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alkene coordination as well as the formation of the alkyl species is very reversible, also at
lower temperature.

Figure 11: 2H NMR spectrum of crude reaction mixture (toluene), DF at T= 60ºC and p=10 bar (CO:D2=
1:1)

Figure 12: 1H NMR spectrum of crude reaction mixture, DF at 100ºC and 10 bar (CO:D2= 1:1) in CDCl3.
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Figure 13: GC-MS spectrum of the linear aldehyde formed at T = 60˚C.

Figure 14: GC-MS spectrum of non converted substrate at T = 60˚C.

2.5.1 MS residual gas analysis
Analysis of the deuterioformylation experiments by 1H NMR showed the presence of
protons in the aldehyde functional group. Moreover, GC-MS measurements (figure 9 and
13) showed that a small amount of the aldehyde formed did not contain any deuterium
atoms at all. The formation of non-deuterated aldehyde is only possible if the alkene
undergoes migratory insertion into a rhodium-hydride bond, which can be formed via
β-hydrogen elimination and if this species is hydrogenolyzed by HD or H2, or by a
rhodium hydride species later on in the catalytic cycle. This observation cannot be
explained by the deuterioformylation mechanism (figure 5 and 6). Apparently, a source
of hydrogen –HD or H2– is present during the reaction. This has been reported by
Jongsma et al.[42]
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In order to find out whether H2 or HD was formed during catalysis, the residual gas of
a deuterioformylation experiment was analyzed. In our opinion, the most straightforward
method to investigate whether HD or H2 were present in the residual gas was to analyze
the gas by mass spectrometry.
At first, the mass spectra of standard syn gas (CO:H2 = 1:1) and deuterated syn gas
(CO:D2 = 1:1) were recorded as reference. Argon was used as carrier gas. Apparently, the
sensitivity is different for different gasses, since CO shows a higher intensity in the mass
spectrum, although a CO:H2 = 1:1 mixture was used. Therefore, the intensities of H2, HD
and D2 were normalized to the intensity of CO, since the CO:H2/D2 ratio is supposed to
be constant during the reaction. Since both H2 and D2 have the same relative intensity to
CO, the relative intensity of HD was supposed to be equal to that of H2 and D2. The
normalized intensities of H2, HD and D2 are depicted in figure 15. Hardly any HD or D2
is present in syn gas (CO:H2=1:1). In deuterated syn gas (CO:D2=1:1), hardly any HD or
H2 is present.
1.0

relative abundance

0.8

H2
HD
D2

0.6

0.4

0.2

0.0
1

2

3

Figure 15: MS of CO:H2 (1), CO:D2 (2) and residual gas after 16 h (3).

After a deuterioformylation reaction was run for 16 hours, the autoclave containing the
reaction mixture was cooled to room temperature. Then, the residual gas was introduced
into a mass spectrometer, carried by an argon flow. The relative abundances of the
different gasses are shown in figure 15. It was found that D2, HD and even H2 were
present in the residual gas. HD is even more abundant than D2.
The presence of HD and H2 explains the presence of hydrogen atoms in the formyl
groups. Since there was hardly any H2 or HD detected in the deuterated syn gas used,
these gasses have to be formed during the deuterioformylation reaction. None of the steps
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of the hydroformylation mechanism (figure 5 and 6) can explain the formation of these
gasses.
There are several possibilities for HD and/or H2 to form out of rhodium-hydride and/or
rhodium-deuteride species. A first possible mechanism for HD and/or H2 formation is the
formation of [Rh(CO)2(P^P)]2 dimers out of the [RhH(CO)2(P^P)] species, producing H2.
If a [RhH(CO)2(P^P)] species and a [RhD(CO)2(P^P)] species form a dimer together, HD
will be split off. In principle, it is possible to determine the presence of binuclear species
under process conditions using HP FT-IR spectroscopy.

Scheme 5: Dimer formation.

A second option is deuterium activation on an unsaturated Rh-H complex, which can
be formed via β-hydrogen elimination and subsequent dissociation of an alkene (scheme
6). The species formed might either oxidatively add D2 and then reductively eliminate
HD to form a deuteride species or it might form HD via a σ-bond metathesis type
reaction. Rhodium trihydride species are known in literature.[43]

2

2

Scheme 6: Deuterium activation by a rhodium hydride species.

A third option is the interaction of hydridorhodium-complexes with aldehydes formed
in the deuterioformylation reaction, during which the deuterium atom at the aldehyde
functionality is exchanged by a proton. However, addition of non-deuterated aldehyde to
a catalyst solution under CO/D2 atmosphere proved that such an exchange does not take
place.
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Another possibility is the occurrence of a binuclear elimination reaction (scheme 4), in
which a hydride species and an acyl species react, forming an aldehyde. This is known to
occur in bimetallic Rh/Mn or Rh/Re systems.[44] In the latter case, no HD or H2 needs to
be formed.
Although the presence of HD and H2 in the gas phase does not exclude the binuclear
elimination reaction, this mechanism is rather unlikely to occur.[42] It is not possible to
exclude any of the three abovementioned HD/H2 formation mechanism based on the
results described here.

Scheme 4: Binuclear elimination reaction

2.5.2 Rate of β-hydrogen elimination
Regioselectivity is an important issue in hydroformylation and is controlled by several
factors. First of all, there is a difference in the formation of the branched alkyl and the
linear alkyl species. However, in the previous paragraph it was shown that at least the
formation of the branched alkyl species is highly reversible. Therefore, also the rate of
β-hydrogen elimination and the rate of reaction towards the acyl species of the two alkyl
species is important.
β-Hydrogen elimination generates hydride species.[42] Via a yet unknown mechanism,
HD and H2 are formed from these hydride species. Thus, all hydrogen atoms in the gas
phase must originate from the substrate. The only mechanism to liberate hydrogen atoms
from the substrate is via β-hydrogen elimination. Until now, it has been very difficult to
measure the rate of β-hydrogen elimination. However, combining the MS techniques
presented in the previous paragraph and the standard analytical techniques for
deuterioformylation studies, such as 2H NMR and 1H NMR, both the liquid phase and the
gas phase can be monitored and therefore the build up of H2 and HD in the system can be
quantified.
In order to do so, stock solutions of the catalyst and the substrate were prepared. In 5
different autoclaves, the catalyst was preformed at T = 100˚C and p = 10 bar (CO:D2 =
1:1) for 1 hour and after addition of the substrate solution, the reactions were run for 1, 2,
4, 8 and 16 hours respectively. The reactors were cooled quickly and the residual gas was
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analyzed. After analysis of the gas, the liquid phase was analyzed by GC, chiral GC,
GC-MS, 1H NMR and 2H NMR.
Figure 16 shows the conversion of MMA and the composition of the gas phase as a
function of time. It shows that right after the start of the reaction, hydrogen starts building
up in the gas phase. This means β-hydrogen elimination takes place. After eight hours,
however, the increase of HD and H2 in the gas phase slows down, which is logical for
statistical reasons as more and more H2 and HD are present in the gas phase, competing
with D2. Moreover, the substrate becomes more deuterium-rich. Conversion is low at the
beginning of the reaction, but some aldehyde is formed after one hour.

Figure 16: Conversion of MMA and composition of residual gas as a function of time

The GC-MS, 2H NMR and 1H NMR spectra give information about the distribution of
H and D throughout the substrate and products. Especially, in 1H NMR the relative
abundance of hydrogen can be determined, because of the presence of the methyl group
of the ester moiety, which can be used as an internal standard. Hydrogen atoms can be
build in in the α-, β- and γ-position as well as in the aldehyde function. The abundance of
hydrogen in the γ-position could not be determined properly, because of overlapping
signals. However, since the ratio between Hα and Hβ is constant during the reaction, we
assume the ratio between Hα, Hβ and Hγ to be constant as well during the reaction time.
The abundance of hydrogen atoms at different reaction times is shown in figure 17.
After one hour, the conversion towards aldehyde was still low and consequently the
integrals of the Hα and Hβ could not be determined accurately. After two hours, the ratio
between the hydrogen atoms build in via migratory insertion of the alkene in the
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rhodium-hydride or rhodium-deuteride bond and the hydrogen in the aldehyde function is
5.6. At the end of the reaction this ratio is 2.8. This means that more hydrogen is build in
in the aldehyde group, since the gas phase is becoming more hydrogen-rich. Moreover,
because of an isotope effect, H2 and HD are more reactive than D2.[42] The α- and βhydrogens become less intense during the reaction. This can be explained by the fact that
the longer the substrate has been in the reaction mixture, the more β-hydrogen
elimination has taken place and the more deuterium will be incorporated into the
substrate before hydroformylation occurs.

Figure 17: Hydrogen distribution in product formed versus time. Hα,β,γ is the integral value per
hydrogen/deuterium position available and is determined as (Iα+Iβ)/3

However, in order to quantify the amount of hydrogen liberated from the substrate by
β-hydrogen elimination, the D:H ratio in the gas phase needs to be considered. Since only
little product is formed after 1 hour, the gas consumption can be neglected and the
pressure can be supposed to be constant. The D/H ratio can be calculated from the
D2/HD/H2 ratio measured and is shown in table 10.
At the beginning of the reaction, the gas phase is still relatively poor in H and the
substrate is still relatively poor in D. Therefore, the TOF for β-H-elimination can be
determined from the amount of H introduced into the gas phase in the first hour of the
reaction. In the first hour, H is introduced into the gas phase at a rate of 6.0 mmol h-1.
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This means that TOFβ-H elimination is 950 h-1. However, since not all β-H-elimination
reactions are productive, the actual TOF will be somewhat higher than the value
calculated. Since only 3% of MMA is converted into aldehyde, the TOFHydroformylation is 33
h-1. This means that the β-H-elimination is at least 29 times faster than hydroformylation.
Table 10: Amount of deuterium left and hydrogen formed versus time
time (h)
conv MMA (%)
H(ald)a (%)
D(gas) (%)
0
1
2
4
8
16

0
3
13
31
56
80

0
0.15
0.24
0.26
0.33
0.32

100
84
74
68
61
59

H(gas) (%)
0
16
26
32
39
41

6/Rh = 2, S/Rh= 1100, Vtot=100ml, Vreaction mixture =6.9 ml, 7.07 mmol MMA per reactor. Preformation:
T=100ºC, p=10 bar (CO:D2 = 1:1), t=1h. Reaction: T=100ºC, p=10 bar (CO:D2 = 1:1).aDetermined by
integration of 1H-NMR spectrum of reaction mixture.

It is essential that the rate of H-exchange between the rhodium complexes and the gas
phase is much faster than the rate of β-H-elimination. If this were not the case, these
experiments would indicate the exchange rate between the rhodium bound hydride and
the hydrogen in the gas phase, rather than the rate of β-H-elimination. Therefore, an
autoclave with a CO:D2:H2 (2:1:1) mixture was kept under identical conditions, only the
substrate was left out. The catalyst was not preformed. After two hours, the gas
composition was measured and was found to be CO:D2:HD:H2 = 1: 0.3 : 0.4 : 0.3. This
means that the exchange between the gas phase and the rhodium bound hydrides and/or
deuterides is indeed faster than the β-H-elimination.

2.6 Conclusions
Good results were obtained in the rhodium-catalyzed asymmetric hydroformylation of
methyl methacrylate and α-methylstyrene using chiral sugar-based diphosphite ligands.
High regioselectivities towards the linear aldehyde were obtained for both substrates.
Moderate enantioselectivities were obtained for α-methylstyrene, whereas the highest ee
ever reported was obtained for methyl methacrylate, reaching 71% at 60˚C. The reaction
temperature has a large influence on the catalytic results. Both activity and l/b ratio
decrease strongly upon lowering the temperature. However, the enantioselectivity in
hydroformylation of methyl methacrylate increased when the reaction temperature was
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lowered. It was shown that the introduction of bulky substituents on the C5-carbon atom
of the furanose backbone improve both the regio- and enantioselectivity of these systems.
Deuterioformylation experiments were carried out to investigate the reversibility of
the formation of the rhodium alkyl species. 2H NMR and GC-MS showed that the
deuterium was scrambled in the aldehydes formed and was also incorporated in the
substrate, both at T = 100ºC and at T = 60ºC. This proves that both the coordination of
the alkene to the catalytic complex and the migratory insertion of the hydride into the
coordinated alkene are highly reversible. This means that regio- and enantioselectivity are
not fully determined yet when the alkyl species is formed. 1H NMR of the aldehydes
formed during deuterioformylation experiments showed the presence of hydrogen atoms
in the aldehyde functional group. MS experiments on the residual gas of a
deuterioformylation experiment confirmed the presence of both HD and H2, which
explains the presence of hydrogen atoms in the aldehyde groups. However, the
mechanism by which the gasses are formed is still unknown, but several exchange
mechanism were pointed out.
MS analysis of the residual gas proved to be a powerful tool to study the β-hydrogen
elimination. This step is very important for the regioselectivity of hydroformylation.
Analyzing both the liquid phase and the gas phase after reaction, the β-hydrogen
elimination was found to be at least 29 times faster than the hydroformylation.
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2.8

Experimental

Chemicals were purchased from Aldrich and used as received. Methyl methacrylate
and α-methylstyrene were filtered over neutral alumina, dried over CaH2, distilled and
degassed prior to use. All preparations were carried out under an argon atmosphere using
standard Schlenk techniques. NMR spectra were recorded on a Varian Unity Inova 500
(2H NMR and in-situ NMR studies) and Varian Mercury 400 spectrometer (1H NMR).
GC samples were analyzed on a Shimadzu GC-2010 equipped with a DB1 column
(30m, 0.32mm inner diameter) using helium as carrier gas (hydroformylation of methyl
methacrylate). The temperature profile started at T = 60˚C as was isothermal for 10 min.
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Subsequently, temperature was increased by 1˚C min-1 to 65˚C and by 15˚C min-1 to
280˚C. Enantiomeric excess was determined by chiral GC, using a Carlo Erba GC6000
Vega 2 machine with a Lipodex column (25m, 0.25 mm inner diameter), using helium
as carrier gas. The temperature was isothermal at 90˚C.
Samples of the hydroformylation of α-methylstyrene were analyzed using a HP Ultra
column (25m, 0.25mm inner diameter) and helium as a carrier gas. The temperature
profile started at T = 50˚C and was increased after 5 min by 8˚C min-1 to 280˚C. Chiral
analyses were performed on a Carlo Erba GC6000 Vega 2 machine equipped with a
β-dex column (30m, 0.25mm inner diameter) and hydrogen as carrier gas. The
temperature profile started at T = 100˚C. After 30 min, the temperature was increased to
160˚C by 10˚C min-1 and kept constant for 5 minutes. The conversion is defined as: (1((area of substrate/area of internal standard) after reaction/( area of substrate/area of
internal standard) before reaction))*100%.
GC-MS samples were analyzed on a HP 6890 equipped with a DB-1MS column (10m,
0.10mm inner diameter and 0.1µm film thickness, carrier gas was helium), connected to a
LECO PEGASUS II mass spectrometer.
Table 12: Retention times of substrates and reaction products.
retention times (min)
methyl methacrylate
α-methylstyrene
substrate
6.09
12.53
branched aldehyde
14.92
15.45
linear aldehyde
18.39
17.37
hydrogenated product
5.35
11.11
enantiomer 1
16.17
28.83
enantiomer 2
19.29
29.48
toluene
9.24
7.28
internal standard
20.64
12.87
Hydroformylation experiments
Catalysis experiments on a small scale were performed in the parallel autoclave
system AMTEC SPR16, equipped with pressure sensors and a mass-flow controller and
suitable for monitoring and recording gas uptakes throughout the reactions. The stainless
steel autoclaves (12 mL) of the AMTEC SPR16 were flushed automatically with argon 6
times to remove oxygen traces (3 times at T = 90°C, 3 times at room temperature). In the
meanwhile, 1.3 mg of [Rh(acac)(CO)2] (5.0 µmol) and 2 equivalents of ligands were
weighted and put in a Schlenk tube. Both were dissolved in 2 mL of dried and degassed
toluene. After a few minutes of stirring, the Rh containing solution was added to the
ligand solution, yielding a light yellow solution.
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The reactors were charged with a solution of this precatalyst (5 mL) under argon. The
atmosphere was further exchanged with a 1:1 mixture of CO/H2 (gas exchange cycle 1)
and the reactors were heated to the desired preformation temperature and pressurized
with CO/H2 to the desired preformation pressure. The preformation of the catalyst under
the applied conditions was performed for 1 hour. Subsequently, the substrate solution
containing n-decane as internal standard dissolved in the appropriate solvent (total
volume 1.5 mL) was injected and the desired temperature as well as the final pressure
was adjusted and kept constant throughout the experiment. The gas uptake of CO/H2 was
monitored and recorded automatically. At the end of the catalysis experiments, the
reactors were cooled to room temperature and the autoclave contents were analyzed by
means of GC and chiral GC.
In-situ NMR study of α-methylstyrene hydroformylation
8.0 mg of [Rh(acac)(CO)2] (5.0 µmol) and 1.05 equivalents of 3 were weighted and
put in a Schlenk tube. Both were dissolved in 0.9 mL of dried and degassed toluene-d8.
After a few minutes of stirring, the Rh containing solution was added to the ligand
solution, yielding a light yellow solution, which was transferred into a 10mm sapphire
NMR tube equipped with a titanium valve head. The tube was pressurized to 10 bar of
syn gas and allowed to perform overnight at T = 55˚C. After measuring the 1H NMR
spectrum, the probe of the NMR spectrometer was cooled to T = -20˚C. The catalyst
solution was taken out of the spectrometer, cooled as well and the tube was
depressurized. Under flushing with CO, substrate together with some extra solvent was
added to the mixture and the tube was repressurized to p = 10 bar with CO. The tube was
taken to the NMR spectrometer and 1H NMR spectra were recorded at different
temperatures.
Deuterioformylation experiments
Deuterioformylation experiments were carried out in an autoclave equipped with a
dropping funnel, temperature sensor and a sample unit. The autoclave was heated to T =
100ºC overnight under vacuum and flushed with argon for three times. In a typical
deuterioformylation experiment, 3.9 mg of [Rh(acac)(CO)2] (15.1 µmol) and 30.8 mg of
L6 (30.6µmol, 2.0 eq.) were weighted and put in a Schlenk tube. Both were dissolved in
6 mL of dried and degassed toluene. The rhodium solution was added to the ligand
solution, yielding a light yellow solution. This solution was put in the autoclave. 4.5 mL
of substrate solution (1.9 mL of methyl methacrylate, 1.9 mL of toluene and 0.6 mL of ndecane as internal standard) was put in the dropping funnel of the autoclave. The
autoclave was connected to a CO gas line. The line was flushed five times with 10 bar of
CO. The autoclave was flushed three times with 5 bar of CO and pressurized to p = 5 bar
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of CO. Subsequently, the autoclave was connected to the D2 gas line and this line was
flushed for some time with D2. Then the autoclave was pressurized to p = 10 bar.
The autoclave was heated to T = 100ºC. The catalyst was preformed for 1 hour, after
which the substrate solution was added to the reaction mixture. The reaction was allowed
to go to completion. Samples were taken after 2 hours and after 20 hours. The crude
samples were analyzed by 2H NMR, GC and chiral GC. After evaporation of the solvent
(and of remaining substrate), the sample was redissolved in CDCl3 and analyzed by 1H
NMR.
MS experiment
A deuterioformylation experiment was run for 16 hours and the autoclave containing
the reaction mixture was cooled to room temperature. The residual gas, together with a
flow of argon as carrier gas, was let into a Balzers QMA 400 mass spectrometer. The
base pressure of the mass unit was 2.0 * 10-6 mbar. The m/z ratios that were measured
were m/z = 2; 3; 4; 12; 14; 16; 28; 40. The intensities of m/z = 2; 3; 4 were normalized to
the m/z =28 intensity.
MS experiment versus time
Table 13: Conversion of MMA and composition of residual gas versus time
time (h)
conv MMA (%)
D2 (gas) (%)
HD (gas) (%)
H2 (gas) (%)
0
1
2
4
8
16

0
3
13
31
56
80

100
73
57
50
41
38

0
23
34
38
41
42

0
4
9
13
19
20

6/Rh = 2, S/Rh= 1100, Vtot=100ml, Vreaction mixture =6.9 ml, 7.07 mmol MMA per reactor. Preformation:
T=100ºC, p=10 bar (CO:D2 = 1:1), t=1h. Reaction: T=100ºC, p=10 bar (CO:D2 = 1:1).

A catalyst stock solution was prepared from 83.6 mg of 6, 11.6 mg of [Rh(acac)(CO)2]
and 36.5 ml of toluene. A substrate stock solution was prepared from 8 ml of MMA, 8
mL of toluene and 3.2 mL of n-decane. Each reactor was filled with 1.8 mL of substrate
stock solution and 5.1 mL of catalyst stock solution. The experiments were carried out
similar to the previously mentioned MS experiments. The most important data obtained
are listed in table 13.
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Chapter 3

Coordination Behavior of Selected Chiral
Bidentate

Phosphorus

Ligands

in

tbpy

[RhH(CO)2(P^P)] Complexes

In this chapter, the coordination behavior of the three selected phosphorus ligands (S,S)Kelliphite, (S)-Binapine and (R,R)-Ph-BPE towards rhodium is investigated by highpressure in-situ NMR and FT-IR techniques. Rhodium catalysts based on these ligands
show high enantioselectivity in the asymmetric hydroformylation reaction. It turned out
that (S)-Binapine and (R,R)-Ph-BPE coordinate to the tbpy rhodium center in an
equatorial-axial fashion, whereas (S,S)-Kelliphite coordinates in equatorial-equatorial
mode. At room temperature, the trigonal bipyramidal [RhH(CO)2(P^P)] complexes of all
three ligands show fluxional behavior on the NMR time scale. At low temperatures, the
slow exchange limits were reached.
The preformation of the rhodium complexes of the three ligands was studied by HP FTIR spectroscopy. Conversion of [Rh(acac)((R,R)-Ph-BPE)] into [RhH(CO)2((R,R)-PhBPE)] under syn gas pressure was almost instantaneous. [Rh(acac)((S)-Binapine)] and
[Rh(acac)((S,S)-Kelliphite)] were converted quantitatively into the corresponding
[RhH(CO)2(P^P)] complexes within 20 and 90 minutes, respectively.
The results described in this chapter strengthen the hypotheses that in order to have
efficient stereo-induction during hydroformylation, ligands are needed that exclusively
coordinate in one specific mode.

Chapter 3

3.1

Introduction

Asymmetric hydroformylation is an elegant and atom-efficient method to synthesize
chiral aldehydes starting from prochiral olefins in a one-step reaction. Aldehydes are
among the most versatile functional groups in organic chemistry. Therefore, chiral
aldehydes are very attractive as precursors for drugs or fragrances, for example.
Several classes of ligands have been designed for the rhodium-catalyzed asymmetric
hydroformylation, for example diphosphines, diphosphites and phosphine-phosphite
ligands. However, it is worth looking at the performance of ligands that were previously
developed for other reactions also in hydroformylation. Recently, Klosin et al.[1,2]
described the successful application of ligands originally developed for asymmetric
hydrogenation, such as (S)-Binapine, (R,R)-Ph-BPE and (S,S)-Kelliphite, in asymmetric
hydroformylation.

Figure 1: Chiral bidentate phosphorus ligands described by Klosin et al.[1,2]

Table 1: Asymmetric hydroformylation of prochiral substrates.

(R,R)-Ph-BPE
(S)-Binapine
(S,S)-Kelliphitea

styrene
% conv b/l
74
44.6
12
9.5
100
17.2

% ee
94 (R)
94 (S)
1 (S)

vinyl acetate
% conv
b/l
% ee
65
506.8 82 (S)
21
32.4 87 (R)
99
55.7 77 (S)

allyl cyanide
% conv b/l
% ee
99
7.1 89 (R)
49
6.7 94 (S)
100
10.8 70 (S)

T = 80˚C, p = 10.3 bar, CO:H2 = 1:1, L:Rh =2:1, S:Rh = 3000:1, 1 mL of substrates, t = 3h, toluene. a T =
70˚C, L:Rh =1.2:1, S:Rh = 500:1

It is known that the resting state of the active species in rhodium-catalyzed
hydroformylation is a complex of the type [RhH(CO)2(P^P)] (P^P = bidentate ligand)
with a trigonal bipyramidal (tbpy) geometry. The two phosphorus donors of the bidentate
ligand can coordinate either in equatorial-equatorial (ee) or in equatorial-axial (ea) mode.
Both species are depicted in figure 2.
The way of coordination of a ligand to the rhodium atom can make a significant
difference in the three-dimensional structure of the active complex. It is known that
ligands that coordinate in ea as well as ligands coordinating in ee fashion, can give good
enantioselectivities in rhodium-catalyzed asymmetric hydroformylation.[3-5] In contrast,
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ligands that give mixtures of the ee and ea complex usually give poor enantioselectivities.
Therefore, it is important to find a ligand that exclusively coordinates in one mode.

Figure 2: The two possible coordination modes of a bidentate ligand in a trigonal bipyramidal rhodium
complex.

The rhodium hydrido-carbonyl complexes can be investigated by high-pressure in-situ
techniques, such as high-pressure NMR spectroscopy (1H, 31P, 103Rh NMR) and highpressure FT-IR spectroscopy. Using these techniques, the mode of coordination of a
ligand can be revealed.[6]
In 1H NMR spectroscopy, the signal of the hydride is most useful. The 2JP-H values are
indicative for the coordination mode of the bidentate ligands. A small value of 2JP-H (2JP-H
< 30 Hz) is typical for a cis relation between the hydride and the phosphorus nucleus.[4,7]
For [RhH(CO)2(P^P)] complexes containing an equatorial-equatorial coordinating ligand,
2
JP-H values of up to 30 Hz have been reported.
In case of equatorial-axial coordination in a [RhH(CO)2(P^P)] complex, one
phosphorus atom is located in a cis position with respect to the hydride, whereas the other
one is in a trans position. The 2JP-H value for phosphorus atoms in the axial position
(trans) is much larger, typically larger than 100 Hz.[7] In principle three couplings are
therefore expected for the hydride signal: a 1JRh-H coupling constant, a small 2JP-H for the
equatorial phosphorus atom and a large 2JP-H for the axial phosphorus.
Not only 1H NMR spectroscopy can be useful in the analysis of tbpy complexes, but
also 31P NMR spectroscopy is a powerful tool to investigate these systems, because the
shifts, the coupling constants and the splitting patterns can give information about the
corresponding complex. At room temperature, the tbpy species often show fluxional
behavior and therefore averaged signals, caused by interchange of the phosphorus atoms
in the rhodium complex, as shown in scheme 1. Cooling the NMR samples slows down
the exchange processes in the rhodium complexes and enables observation of the shifts
and coupling constants of the two different phosphorus atoms.
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Scheme 1: Interchange of the two phosphorus atoms in an ea coordinated [RhH(CO)2(P^P)] complex.

High pressure FT-IR spectroscopy is another powerful tool for the investigation of
transition metal carbonyl complexes. Although it is more difficult to obtain structural
information using IR techniques compared to NMR, high pressure FT-IR has some
advantages.
First of all, FT-IR is a faster technique compared to NMR spectroscopy and therefore,
the measurement is faster than typical exchange processes in the complex.[4] Secondly,
FT-IR is a more sensitive technique, meaning that the same concentrations can be used as
in catalysis. Using high catalyst concentrations can in some cases lead to the formation of
catalytically inactive dimeric species, which renders the analysis of the active catalyst
more difficult.
In a FT-IR experiment, the CO stretch vibrations are used to investigate complexes. A
[RhH(CO)2(P^P)] complex gives two signals, because of the two different vibrational
modes of the CO ligands. Sometimes, the ν(Rh-H) can also be observed, but this signal is
usually weak and often hidden under the CO stretch vibrations. By monitoring the CO
stretch vibrations, it is possible to distinguish between equatorial-equatorial and
equatorial-axial coordination. Complexes that contain ee coordinating ligands show CO
stretch vibrations with a higher wave number (typically 2075 - 1970 cm-1) than
complexes with ea coordinating ligands (typically 2030 - 1920 cm-1).[4,7-9] Complexes
containing diphosphite ligands usually show higher wave numbers than complexes
containing diphosphine ligands. Another difference is the shape of the signal. In case of
ee coordination, the two signals have the same intensity, whereas in case of ea
coordination, the signals have different intensities.
In order to obtain extra evidence for the structure of the catalyst complex, hydrogen
can be exchanged for deuterium. Since ν(Rh-H) and trans νCO are coupled, there will be a
shift in the CO stretch vibrations for the equatorial-equatorial complex. In case of
equatorial-axial complexes, there is no axial CO ligand and therefore there will be no
change of the CO vibration frequencies.[10]
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3.2.

High pressure NMR Spectroscopy

The first method applied in the determination of the coordination mode of the three
ligands studied was high pressure NMR spectroscopy. In case of [RhH((S)Binapine)(CO)2] the 1H NMR spectrum at 25˚C shows a triplet of doublets in the hydride
region at δ = -8.90 ppm with 1JRh-H = 10.5 Hz and 2JP-H = 59 Hz (figure 3). The value of
2
JP-H lies in between the value expected for a cis 2JP-H and a trans 2JP-H. It is possible that
in this case, there is a phosphorus atom trans to the hydride and a phosphorus atom cis to
the hydride, which are in fast exchange on the NMR timescale. This will result in an
average value of both 2JP-H coupling constants.

Figure 3: 1H NMR spectrum of [RhH((S)-Binapine)(CO)2], hydride region.

The complex was investigated by selectively decoupled 31P NMR spectroscopy. In this
case, couplings between the phosphorus nuclei and the hydride signal were monitored,
whereas other phosphorus-proton couplings were decoupled. In this selectively decoupled
31
P NMR spectrum, shown in figure 4, a doublet of doublets at 116-118 ppm was
observed in C6D6 at room temperature. The splitting pattern is caused by a coupling of
the two phosphorous nuclei to rhodium (1JP-Rh = 116 Hz) and to the hydride (2JP-H = 50
Hz). As observed in the 1H-NMR spectrum, the phosphorus atoms seem to be equivalent.
According to the 31P NMR spectrum, the [RhH(CO)2(P^P)] complex is not the only
species present. Two small signals are observed at δ = 116.9 and 117.6 ppm, respectively.
A very intense, broad singlet is observed at δ = 75.1 ppm. The intensity of this signal
with respect to the doublet of doublets decreases at higher partial hydrogen pressures
(6.6:1 at pH2 = 10 bar and 2.0:1 at pH2 = 30 bar), which indicates that this broad singlet is
due to a binuclear rhodium species. Although the integrals in the 31P NMR spectrum do
not represent absolute values, the difference in ratios indicates that the abundance of the
[RhH((S)-Binapine)(CO)2] species increases with increasing hydrogen partial pressure. It
was not possible to reveal the nature of the other species observed by 31P NMR
spectroscopy.
A variable temperature (VT) NMR experiment was conducted to slow down the
exchange process and to verify the coordination mode of the ligand. In order to be able to
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record the spectra at low temperature, an acetone-d6/THF-d8 mixture (ratio 1:1) was used
as solvent.[11]

Figure 4: 31P NMR spectrum of [RhH((S)-Binapine)(CO)2] at different hydrogen partial pressures.

Figure 5: 1H NMR VT experiment on [RhH((S)-Binapine)(CO)2]; measured (left) and simulated (right).

At T = 298 K, the hydride signal appears as a triplet of doublets, which becomes
broader upon cooling, as shown in figure 5. Between T = 213 K and 193 K coalescence is
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reached and at T = 173 K, the signal has changed into a broad doublet with a coupling
constant of 124 Hz, which is a normal value for a trans 2JP-H coupling. In principle, one
would expect a doublet of doublets of doublets, because in case of a trigonal bipyramid
with an equatorial-axial coordinating ligand, the hydride couples to the rhodium atom and
to two inequivalent phosphorus nuclei. Since the signals in the 1H NMR spectrum
become broader at low temperatures, due to the increased viscosity of the solvent, the
resolution is not good enough to observe the small cis 2JP-H and 1JRh-H couplings. The
larger trans 2JP-H coupling on the other hand, can be observed. This indicates that the
ligand coordinates in an equatorial-axial mode to the rhodium center. The spectra
measured were simulated using gNMR.[8,11-13] The cis 2JP-H coupling was supposed to be
< 3 Hz. The simulated spectra are depicted at the right side of figure 5. By simulating the
NMR spectra, the coupling constant determined on the basis of the measured spectra, can
be verified. Moreover, the rate of the exchange processes can be quantified (vide infra).

Figure 6: 31P NMR VT experiment on [RhH((S)-Binapine)(CO)2]; measured spectra (left) and simulated
spectra (right).

In the selectively decoupled 31P NMR spectrum, broadening of the signals is observed
upon cooling. At approximately T = 213 K coalescence is reached and the different
couplings can no longer be observed. Upon further cooling, the two different phosphorus
signals become visible. At δ = 114.1 ppm, a signal is observed with 1JRh-P = 130 Hz and
2
JP-P = 34 Hz. A 2JP-H coupling could not be resolved. This signal can be ascribed to the
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phosphorus atom in the equatorial position. At δ = 118.0 ppm, another phosphorus signal
is observed, showing a more extended coupling pattern, with 1JP-Rh = 102 Hz, 2JP-P = 34
Hz and 2JP-H = 129 Hz. Because of the large 2JP-H coupling, this signal is attributed to the
axially coordinating phosphorus atom. The values found for the chemical shifts and
coupling constants of the complex were confirmed by simulation using gNMR.
Comparable coordination behavior was observed for (R,R)-Ph-BPE. At room
temperature, the 1H NMR spectrum of the [RhH(CO)2((R,R)-Ph-BPE)] showed a triplet
of doublets at δ = -9.26 ppm with 1JRh-H = 11 Hz and 2JP-H = 61 Hz (figure 7). The
presence of a triplet of doublets and the value of the corresponding 2JP-H coupling
indicate that the ligand coordinates in an ea fashion, in which the two phosphorus atoms
are exchanging fast on the NMR timescale.

Figure 7: 1H NMR spectrum of [RhH(CO)2((R,R)-Ph-BPE)], hydride region

In the 31P NMR spectrum a doublet of doublets was observed at δ = 98.4 ppm with
1
JRh-P= 120 Hz and 2JP-H = 53 Hz.
Gradually cooling the sample to 163 K resulted in the appearance of a broad doublet at
δ = -9.76 ppm in the 1H NMR spectrum with a corresponding 1JP-H of 132 Hz, indicating
the presence of a phosphorus atom in trans position with respect to the hydride. In the 31P
NMR spectrum, the coalescence temperature was reached at approximately 213 K.
Further decrease in temperature resulted in the appearance of two phosphorus signals,
one at 99.1 ppm and one at 101.2 ppm. The first one showed a 1JRh-P coupling constant of
139 Hz. For this complex, the 2JP-P could not be resolved even at 163 K. The latter
phosphorus signal showed a 1JRh-P of 101 Hz and a 2JP-H of 132 Hz. Therefore, this
phosphorus atom was assigned as Paxial.
The third ligand investigated by HP-NMR was (S,S)-Kelliphite. At room temperature,
the 1H NMR spectrum of the [RhH(CO)2((S,S)-Kelliphite)] complex shows a broad
singlet δ = -10.31 ppm. The broad singlet observed can be explained by the presence of
two small 2JP-H couplings and a 1JRh-H coupling, which overlap. In the 31P NMR spectrum
a doublet was observed at δ =152.8 ppm with 1JRh-P = 241 Hz, which is a typical value for
ee coordinating diphosphite ligands.[4,14]
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Table 2: NMR data of [RhH(CO)2(P^P)] complexes at low temperature (T=173 K).
1
δP1
δP2
δH
JP1-Rh 1JP2-Rh 2JP1-P2 2JP2-H
[RhH((S)-Binapine)(CO)2]

114.1

118.0

-9.12

130

102

34

129

b

132

[RhH(CO)2((R,R)-Ph-BPE)]

99.1

101.1

-9.58

139

101

nr

[RhH(CO)2((S,S)-Kelliphite)]a

150.4

156.0

-10.52

243

240

307

nrb

1

JH-Rh and 2JP1-H could not be resolved at low T. For [RhH((S)-Binapine)(CO)2] and [RhH(CO)2((R,R)-PhBPE)] P1 is Pequatorial and P2 is Paxial. aSpectra measured at T=183 K. bnot resolved.

At lower temperatures, the hydride signal appears as a broad singlet in the 1H NMR
spectrum. The coupling constants are too small to be resolved, even at T = 183 K. In the
31
P NMR spectrum however, the decrease in rate of exchange between the two different
phosphorus atoms can be observed. Upon cooling the sample, the doublet observed
becomes broader. At approximately T = 213 K coalescence is reached and a very broad
signal appears in the 31P NMR spectrum. Upon decreasing the temperature further, a
coupling pattern is observed, which is typical for ee coordinating ligands.[15,16] A doublet
of doublets of doublets was observed with one set of signals at δ = 155.95 ppm and one at
δ = 150.4 ppm . The signal at δ = 156.0 ppm shows coupling constants of 1JRh-P = 240 Hz
and 2JP-P = 307 Hz, while the signal at δ = 150.39 ppm couples to rhodium with 1JRh-P =
243 Hz. Those are normal values for coupling constants for ee coordinating diphosphite
ligands in trigonal bipyramidal rhodium-hydride complexes.[4,14-18] Simulation using
gNMR confirmed these shift and coupling constants. [8,11,12]

Figure 8:
(lower).

31

P NMR spectrum of [RhH(CO)2((S,S)-Kelliphite)] at 183 K: measured (upper) and simulated
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All three ligands investigated showed fluxional behavior in the [RhH(CO)2(PˆP)]
complexes at room temperature. Exchange between two phosphorus atoms coordinating
to a rhodium atom is unlikely to proceed via cleavage of the phosphorus-rhodium bond,
because a significant difference in the coupling pattern would have to be observed.
Interchange by dissociation and subsequent association of CO ligands is another possible
explanation for the exchange of the phosphorus atoms, but this is unlikely too, since this
process is known to be relatively slow.[9]
Furthermore, exchange of the two phosphorus atoms can be based on pseudorotational mechanisms in the complex. Several types of rotational mechanisms have been
described for trigonal bipyramidal complexes. A very well known example of a pseudorotational mechanism is the Berry rearrangement, in which two equatorial ligands
exchange positions in one-step with two axial ligands.[19] In case of bidentate ligands,
however, this is supposed to be more difficult, because of the flexibility required from the
bidentate ligands. Moreover, the intermediate would have a hydride ligand in an
equatorial position, which is not very likely.[11] A second possible type of rearrangement
for trigonal bipyramids is the turnstile rotation.[20] This mechanism however, also
requires a large variation in bite angle and is therefore not very likely either for bidentate
ligands. A third rearrangement mechanism is the rearrangement mechanism proposed by
Meakin,[11,21,22] in which the hydride ligand moves to the position axial to the phosphorus
atom in equatorial position and a simultaneous movement of the CO ligands into the
equatorial plane as shown in scheme 2. In this way, the axial phosphorus atom and the
equatorial one interchange. This mechanism is more likely than the other two, because
CO and hydride ligands are much smaller than the phosphorus bidentate ligand and no
variation in bite angle of the bidentate to the rhodium is required.

Scheme 2: Interchange via the “Meakin type” rotational mechanism for [RhH(CO)2(P^P)] complexes
containing an ea coordinating ligand.

Scheme 3: Interchange via the “Meakin type” rotational mechanism for [RhH(CO)2(P^P)] complexes
containing an ee coordinating ligand.
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In case of complexes containing ee coordinating ligands, the rearrangement
mechanism proposed by Meakin is also possible. However, in this case, movement of the
phosphorus ligand is required. This rearrangement is depicted in scheme 3.
From the VT experiments, in combination with gNMR simulations, the rate of
exchange of the two different phosphorus atoms can be determined at different
temperatures. For [RhH((S)-Binapine)(CO)2] and [RhH(CO)2((R,R)-Ph-BPE)], the
determination of the rates of exchange could be determined independently by the 1H and
the 31P NMR spectra, because fluxional behavior of the complexes was observed both in
the 1H and in the 31P NMR spectra. For [RhH(CO)2((S,S)-Kelliphite)] however, the small
cis 2JP-H couplings could not be resolved at lower temperature. Therefore, the rates of
exchange for this complex could be determined by 31P NMR only. The rate of exchange
is correlated to the activation parameters, as described by the Eyring equation (equation
1, with kB = 1.3807·10-23 J K-1 and h = 6.63·10-34 J s)
∆H ‡

−
k T −
k = B e RT e
h

∆S ‡
R

equation 1

Equation 1 can be written to the linear form, as shown in equation 2.
‡
∆H ‡ 1
k
 k  ∆S
+ ln B  +
ln  = −
R T
T 
 h  R

equation 2

The assumption is made that both ∆S‡ and ∆H‡ are constant within the temperature
range examined. The Gibbs free energy of activation is calculated from ∆S‡ and ∆H‡ via
equation 3.

∆G ‡ = ∆H ‡ − T∆S ‡

equation 3

Table 3: Activation parameters obtained from VT NMR spectroscopy.
complex
∆G‡298K (kJ mol-1) ∆H‡ (kJ mol-1) ∆S‡ (J mol-1K-1)
[RhH((S)-Binapine)(CO)2]
[RhH(CO)2((R,R)-Ph-BPE)]
[RhH(CO)2((S,S)-Kelliphite)]

a

40.7 ± 3.3

32.9 ± 1.3

-26.3 ± 6.6

47.8 ± 1.9

19.4 ± 0.9

-95.4 ± 3.5

43.5 ± 2.5

25.1 ± 1.1

-61.7 ± 4.7

The activation parameters found are comparable to the ones found by Buisman et al.
for [RhH(CO)2(P^P)] complexes of a family of diphosphite ligands.[11] The enthalpy of
activation is lower for [RhH(CO)2((R,R)-Ph-BPE)] than for [RhH((S)-Binapine)(CO)2],
which can be explained by the nature of the ligands. (S)-Binapine is a more bulky and
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rigid ligand than (R,R)-Ph-BPE and therefore rearrangement will be more difficult.
Complexes containing ee coordinating ligands are supposed to have a higher energy
barrier for rearrangement than complexes containing ea coordinating ligands. In the latter
complexes only the carbonyl and hydride ligands have to move, whereas in the ee
complexes, also movement of the phosphorus ligand is required. However, [RhH((S)Binapine)(CO)2] has a higher enthalpy of activation than [RhH(CO)2((S,S)-Kelliphite)].
This might again be due to the high rigidity of (S)-Binapine. All three ligands differ in
structure, which makes it difficult to compare the corresponding thermodynamic
parameters.

3.3

High pressure FT-IR spectroscopy

3.2.1 Coordination
FT-IR spectroscopy was used in addition to HP NMR spectroscopy to investigate the
coordination behavior of these three ligands. The first complex to be analyzed by HP IR
spectroscopy was [RhH(CO)2((R,R)-Ph-BPE)]. The spectrum obtained is depicted in
figure 9 (left spectrum). The spectrum shows two signals, which means the ligand
coordinates in one mode only.[23] Complexes containing both equatorial-equatorially and
equatorial-axially coordinating ligands would show four signals in HP FT-IR
spectroscopy.

Figure 9: FT-IR spectra of [RhH(CO)2((R,R)-Ph-BPE)] (left) and [RhD(CO)2((R,R)-Ph-BPE)] (right) .
Conditions: p = 20 bar, T = 60ºC, Rh:L = 1:2, CO:H2/D2 = 1:1, CRh = 1.1 mM

In order to verify whether the coordination mode is indeed equatorial-axial, as
suggested by the NMR data, an additional experiment was carried out, in which CO:D2
was used instead of CO:H2. If coordination is ea indeed, the wave numbers of the signals
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(1991 cm-1 and 1947 cm-1 for [RhH(CO)2((R,R)-Ph-BPE)] will not change. If, on the
other hand, the coordination is equatorial-equatorial, the wave numbers of the CO stretch
frequencies will change, because of the coupling of ν(Rh-H) and trans νCO.[10,11]
The spectrum for CO:D2 (figure 9, right) is essentially the same as for CO:H2 , with
wave numbers of the observed signals at 1990 cm-1 and 1947 cm-1. This means no shift
has taken place upon the exchange, proving that the ligand coordinates exclusively in an
equatorial-axial mode. No signal was observed in the CO bridging range, indicating that
no dimeric species are present.
[RhH((S)-Binapine)(CO)2] was investigated by HP IR as well and the corresponding
spectrum was similar to the spectrum of [RhH(CO)2((R,R)-Ph-BPE)]. Two signals were
observed; one at 2011 cm-1 and one at 2042 cm-1. Investigation of the [RhD((S)Binapine)(CO)2] complex by FT-IR still showed the two signals at 2011 cm-1 and 2042
cm-1. This is additional evidence that (S)-Binapine coordinates in ea fashion to the
rhodium center. However, in the IR-spectrum of [RhH((S)-Binapine)(CO)2], not only the
two CO stretch vibrations of the [RhH(CO)2(P^P)] complex were observed, but also
signals of bridging (1734 cm-1 and 1772 cm-1) and terminal (1967cm-1) CO ligands of
dimeric species.[8,24,25] As shown before, HP NMR studies indicated the presence of
dimeric [Rh((S)-Binapine)(CO)2]2 species as well. However, HP NMR spectra are
recorded at much higher concentrations, which makes dimer formation more likely. The
presence of dimeric species in HP FT-IR indicates that also under normal
hydroformylation conditions, inactive dimeric species are present.
The [RhH(CO)2((S,S)-Kelliphite)] complex was also studied by HP FT-IR
spectroscopy. In this case, no dimeric species were observed. The FT-IR spectrum shows
four signals at 2062 cm-1, 2023 cm-1, 2012 cm-1 and 1990 cm-1. This indicates that two
species are present. Analysis of [RhD(CO)2((S,S)-Kelliphite)] by FT-IR under identical
conditions shows only two signals; one at 2050 cm-1 and one at 2005 cm-1. Since this
spectrum shows two signals, which are shifted with respect to the ones in the
[RhH(CO)2((S,S)-Kelliphite)] spectrum, these signals are assigned to a complex with
(S,S)-Kelliphite coordinating in equatorial-equatorial mode.

Figure 10: Schematic representation of the 2 different geometries of the [RhH(CO)2((S,S)-Kelliphite)]
complex, containing (S,S)-Kelliphite in ee coordination mode.

It is possible that there are two different conformations for the [RhH(CO)2((S,S)Kelliphite)] complexes, which differ from one another with respect to the position of the
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hydride ligand. Based on the results obtained in the HP NMR studies, we suppose that
(S,S)-Kelliphite is coordinated to the rhodium center in ee fashion in both the
conformational isomers. Both conformational isomers will have the hydride ligand in an
axial position, but one will have the hydride at one side of the equatorial plane of the C1symmetric complex, the other isomer at the other side, as is shown schematically in
figure 10.
One conformational isomer shows absorptions at 2062 cm-1 and 2012 cm-1, the other at
2023 cm-1 and 1990 cm-1. The formation of the latter conformational isomer might
become unfavorable when hydrogen is exchanged for deuterium, because of an isotope
effect.
In order to verify this hypothesis, the three dimensional structure of the
[RhH(CO)2((S,S)-Kelliphite)] complex was investigated in more detail by NOESY NMR
spectroscopy. The section of the spectrum concerning the hydride signal is shown in
figure 11.

Figure 11: NOESY-NMR spectrum of [RhH(CO)2((S,S)-Kelliphite)] (hydride region).
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A strong NOE is observed between the hydride signal and the tBu signals. This means at
least one of the tBu groups is in close proximity to the hydride ligand. This is in
agreement with the three dimensional structure of the [RhH(CO)2((S,S)-Kelliphite)]
complex as calculated by Carbó et al. (see paragraph 3.3). This structure also predicts the
close proximity of the Rh-hydride to part of the methyl groups and one of the aromatic
protons on the biphenyl moiety. Indeed, the NOESY spectrum shows a cross signal
between the hydride and the methyl groups. However, the cross signal between the
hydride and the aromatic proton on the biphenyl moiety is rather weak. The NOESY
spectrum as depicted in figure 11 also shows a NOE signal between the aromatic protons
on the backbone and the hydride. In the calculated structure of the complex, these protons
are rather far apart. A structure, in which the phosphorus-ligand adopts a different
conformation with respect to the hydride, though, could explain this observation.
Thus, the presence of more than one conformational isomer is not unlikely, based on
NOESY NMR spectroscopy. However, the [RhH(CO)2((S,S)-Kelliphite)] complex shows
fluxional behavior on the NMR timescale, as was shown in paragraph 3.2. This means
that the positions of the ligands with respect to the hydride ligand are not fixed.
Therefore, the NOE signals obtained at room temperature do not reflect one (or more)
conformation, but merely a time averaged of all the conformations present.

3.2.2 Preformation
FT-IR spectroscopy cannot only be used to study the structure of the resting state of
the catalyst complex, it can also be applied to investigate the preformation time.[26]
Rhodium catalysts are typically prepared by mixing a ligand with [Rh(acac)(CO)2],
which is further converted into the [RhH(CO)2(P^P)] complex by reaction with synthesis
gas (scheme 4). However, the rate of formation of the [RhH(CO)2(P^P)] complex depends
on the type of ligand used, as well as on the reaction parameters (temperature, pressure
and solvent).
It is important to know the preformation time of a catalytic system, in order to be able
to optimize the performance of the system. HP IR spectroscopy is a suitable method,
because the increase in concentration of [RhH(CO)2(P^P)] can be deduced from the
increase of the CO stretch vibrations. Since FT-IR spectroscopy is a more sensitive
technique than HP NMR spectroscopy, catalytic concentrations of the transition metal
complex can be used.

Scheme 4: Formation of [Rh(acac)(PˆP)] by reaction of PˆP and [Rh(acac)(CO)2] and subsequent
conversion of [Rh(acac)(P^P)] to [RhH(CO)2(P^P)] by synthesis gas.
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In order to be able to measure the preformation time accurately, 10 mL of solvent was
inserted into the reactor under an argon atmosphere and temperature and pressure were
set to the desired value. Subsequently, a solution of the rhodium complex was inserted
via a dropping funnel, which was pressurized with synthesis gas. The moment the
catalyst precursor was inserted into the autoclave, the pressure was monitored and the
measurement was started.
The preformation time was measured by recording the FT-IR spectra of the complex at
certain time intervals. Although no absolute values were measured and the exact
concentration of [RhH(CO)2(P^P)] could not be calculated, the increase in concentration
can be investigated by monitoring the relative intensities of the CO stretch vibrations in
the different spectra. Thus, as long as the intensity of the vibrations is increasing, the
concentration of [RhH(CO)2(P^P)] is increasing and preformation is not finished yet. If
on the other hand, a plateau is reached, preformation is finished.
The first complex investigated was [RhH(CO)2((R,R)-Ph-BPE)]. At T = 60 ºC and p =
20 bar of synthesis gas, preformation is very fast, as can be seen in figure 12, where
signal intensities of the CO stretch frequencies at 1947 cm-1 and at 1991 cm-1 are plotted
as a function of time.

Figure 12: Intensity of the two CO stretch vibrations for [RhH(CO)2((R,R)-Ph-BPE)] as a function of time.
T = 60˚C, p = 20 bar, CO:H2 = 1:1.

The signal at 1947 cm-1 increases very little after the start of the preformation and the
signal at 1991 cm-1 is constant throughout the whole experiment. Since the intensities of
the signal at 1947 cm-1 and 1991 cm-1 is zero before insertion of the catalyst precursor
into the IR-autoclave and the intensities of the signals hardly increase after the first
measurement, we can conclude that preformation of [RhH(CO)2((R,R)-Ph-BPE)] at p =
20 bar of CO/H2 (1:1) and T = 60 ºC is finished almost instantaneously. Also at p = 20
bar (CO/H2) and T = 25 ºC, preformation was instantaneous.
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At p = 10 bar and T = 25 ºC preformation was fast, too. About 80 percent of the
maximum intensity was reached at the time of the first measurement (2 min after
insertion of the catalyst precursor). However, formation of [RhH(CO)2((R,R)-Ph-BPE)]
was quantitative after fifty minutes. At p = 30 bar and T = 60 ºC, preformation was fully
completed 10 minutes after insertion of the catalyst into the reactor.
Preformation of rhodium complexes of (S)-Binapine and (S,S)-Kelliphite were only
tested at 60˚C and 20 bar of syn gas pressure. The signals at 2081 cm-1 and 2011 cm-1 are
ascribed to [Rh(acac)(CO)2].[18] Apparently, the formation of [Rh(acac)(P^P)] from
[Rh(acac)(CO)2] and P^P is reversible under CO pressure. The intermediate complex
[Rh(acac)(P^P)] does not show any absorbance in the CO region.[18] [Rh(acac)((S)Binapine)] was converted into [RhH((S)-Binapine)(CO)2] within 15 to 20 minutes. One
of the signals of [RhH((S)-Binapine)(CO)2] coincides with a signal of [Rh(acac)(CO)2].
Conversion of [Rh(acac)((S,S)-Kelliphite)] into the [RhH(CO)2((S,S)-Kelliphite)]
complex was completed within 90 minutes (figure 12). In the graph, only the intensity of
the signals at 2011 cm-1 and 2063 cm-1 is depicted. Therefore, the intensity is rather low.

Figure 13: Intensity of the CO stretch vibrations as a function of time of [RhH((S)-Binapine)(CO)2] (left)
and [RhH(CO)2((S,S)-Kelliphite)] (right). T = 60˚C, p = 20 bar, CO:H2 = 1:1.

3.3

Theoretical studies

Recently, a computational study on the coordination behavior of (S)-Binapine, (R,R)Ph-BPE and (S,S)-Kelliphite to rhodium was carried out by Aguado and Carbó using a
3D-QSSR method based on DFT calculations.[27] The optimized structures for the three
[RhH(CO)2(P^P)] complexes are shown in figure 14.
This study confirmed the results obtained by high-pressure in situ spectroscopic
techniques. In case of (S)-Binapine and (R,R)-Ph-BPE, the most stable geometry of the
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corresponding [RhH(CO)2(P^P)] complex was the geometry in which the bidentate
phosphorus ligands coordinate in ea fashion. In case of (S,S)-Kelliphite, the most stable
geometry of the rhodium hydrido carbonyl complex contained an ee coordinating ligand.
Moreover, in case of the [RhH(CO)2((S,S)-Kelliphite)] complex, an additional stable
conformation was found, which was 3.9 kJ mol-1 higher in energy than the most stable
conformation. In this second conformation, the ligand coordinates to the rhodium center
in ee fashion as well, but differs from the most stable one in the conformation of the
phosphorus ligand with respect to the hydride and carbonyl ligands, as is depicted in
figure 14. This finding confirms the results obtained on [RhH(CO)2((S,S)-Kelliphite)] in
high pressure IR-spectroscopy, in which two complexes containing ee coordinating
ligands where assumed to be present.

Figure 14: Optimized structures of [RhH(CO)2(P^P)] complexes determined by 3D-QSSR method. Upper
left: [RhH((S)-Binapine)(CO)2]; upper right: [RhH(CO)2((R,R)-Ph-BPE)]; lower left: [RhH(CO)2((S,S)Kelliphite)]; lower right: second most stable geometry for [RhH(CO)2((S,S)-Kelliphite)].
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3.4

Conclusions

The coordination mode of (R,R)-Ph-BPE, (S)-Binapine and (S,S)-Kelliphite in the
trigonal bipyramidal rhodium [RhH(CO)2(P^P)] complexes was investigated by high
pressure NMR spectroscopy (1H NMR and 31P NMR) and high pressure FT-IR
spectroscopy. (R,R)-Ph-BPE and (S)-Binapine showed coordination to rhodium in
equatorial-axial mode only, whereas (S,S)-Kelliphite coordinated to rhodium in
equatorial-equatorial fashion exclusively. These findings were confirmed by
computational studies by Carbó and coworkers. All three complexes showed fluxional
behavior on the NMR timescale, but the low exchange limits were reached at low
temperature during VT-NMR experiments. From these VT-experiments, the activation
parameters for exchange between the two phosphorus atoms were determined.
High-pressure FT-IR experiments confirmed the mode of coordination of all three
complexes. They showed as well that [RhH((S)-Binapine)(CO)2] forms dimeric species,
even at low concentrations. High-pressure FT-IR experiments were also carried out to
investigate the rate of preformation of the resting states. [RhH(CO)2((R,R)-Ph-BPE)] was
preformed instantaneously under normal hydroformylation conditions, whereas
and
[RhH(CO)2((S,S)-Kelliphite)]
showed
longer
[RhH((S)-Binapine)(CO)2]
preformation times.
Rhodium complexes of (S)-Binapine do not only form the trigonal bipyramidal
hydrido carbonyl species, but also form dimeric species, which are inactive in
hydroformylation. Indeed, the activity of the catalyst based on (S)-Binapine was lower in
hydroformylation of all three substrates investigated by Klosin et al.[1] compared to the
other catalysts. Based on the results obtained in this study, we can conclude that activity
of this catalyst can be improved by applying a higher hydrogen partial pressure.
The results of this investigation provide further evidence that development of ligands
for rhodium-catalyzed asymmetric hydroformylation should focus on designing ligands
that coordinate in one mode only.

3.5

Acknowledgements

Dr. Cobley from Dr. Reddy’s (former Dowpharma) is kindly acknowledged for the
supply of (R,R)-Ph-BPE and (S,S)-Kelliphite. Dr. Carbó and Sonia Aguado from
Universitat Rovira i Virgili in Tarragona, Spain are thanked for the computational results
as described in paragraph 3.3

77

Chapter 3

3.6

Experimental

High pressure NMR
High pressure NMR experiments were carried out on a Varian Unity Inova 500 MHz
spectrometer. Benzene-d6 was used as solvent, but in case of low temperature NMR
experiments, a mixture of THF-d8 and acetone-d6 (ratio 1:1) was used instead. 10 mm
sapphire tubes with a titanium valve head were used. In a typical HP-NMR experiment,
9.7 mg of [Rh(acac)(CO)2] (37.6 µmol) and 1.05 equivalent of ligand were weighted.
Both were dissolved in 1 mL of deuterated solvent and the solutions were stirred for 15
minutes. Subsequently, the solution of the rhodium precursor was added drop-wise to the
stirred solution of the ligand, in order to be sure there was a constant excess of ligand.
The resulting solution was stirred for five minutes and transferred into the sapphire tube
under argon atmosphere. The tube was flushed three times with 10 bar of synthesis gas
and finally pressurized to 20 bar. The pressurized tube was left overnight at 50 ºC, in
order to be sure preformation was finished.
1
H-1H NOESY NMR experiments were carried out in a 4 mm sapphire tube with a
titanium valve head. A mixing time of 600 ms was used. 16 scans for each of the 256 t1
increments were recorded covering a spectral width of 13496 Hz / 27 ppm.
Chemical exchange processes were simulated using gNMR[13] by interchange of the
two phosphorus-atoms in the tbpy [RhH(CO)2(P^P)] complex. The following linewidths
were used in the simulations were: [RhH((S)-Binapine)(CO)2] ( 16.2 Hz in 31P NMR; 5.6
Hz for 1H NMR), [RhH(CO)2((R,R)-Ph-BPE)] ( 25.9 Hz in 31P NMR; 8.3 Hz for 1H
NMR) [RhH(CO)2((S,S)-Kelliphite)] (3.0 Hz for 31P NMR). The cis 2JP-H coupling of <
3Hz was used for gNMR simulations for all three complexes.
High pressure FT-IR
High pressure FT-IR experiments were recorded on a Shimadzu FT-IR 8300
spectrometer. The spectra were recorded in the transmission mode. The IR autoclave was
flushed for 1.5 hours with argon before the start of the experiment.
In a typical experiment, 4.5 mg of [Rh(acac)(CO)2] (17 µmol) and 2.0 equivalents of
the phosphorus ligand were weighted, both were dissolved in 8 mL of 2methyltetrahydrofuran and stirred for 15 minutes. The solution of the rhodium precursor
was added drop-wise to the ligand solution. Upon addition, gas was formed and the
solution turned bright yellow. The resulting solution was stirred for five minutes and
subsequently filled into the autoclave under a light argon flow. The autoclave was flushed
by applying 8 bar of synthesis gas and releasing the pressure three times. Then, the
pressure was increased to 18 bar and the solution stirred for 2 minutes, allowing the
solution to get saturated with the gas. Afterwards, the autoclave was repressurized to 18
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bar and heated to 60ºC. When that temperature was reached, the pressure was increased
to 20 bar and the measurement was started.
Data were corrected by subtracting the spectrum of the solvent at the same
temperature and pressure, yielding the spectrum of the catalyst complex itself.

General procedure for preformation time measurement.
In a typical experiment, 4.5 mg of [Rh(acac)(CO)2] (17 µmol) and 2.0 equivalents of
the phosphorus ligand were weighted, both were dissolved in 3 mL of 2methyltetrahydrofuran and stirred for 15 minutes. The solution of the rhodium precursor
was added drop-wise to the ligand solution. Upon addition, gas was formed and the
solution turned bright yellow. The resulting solution was stirred for five minutes.
In the meanwhile, the autoclave was filled with 10 mL of 2-methyltetrahydrofuran
under a light argon flow. The autoclave was flushed by applying 8 bar of synthesis gas
and releasing the pressure three times. Then, the pressure was increased to 18 bar and the
solution stirred for 2 minutes, allowing the solution to get saturated with the gas.
Afterwards, the autoclave was repressurized to 18 bar and heated to 60ºC, causing the
pressure to reach almost 19 bar. In the meanwhile, a dropping funnel was flushed with
argon and connected to the autoclave. The catalyst solution was filled into the dropping
funnel under argon atmosphere. Afterwards, the dripping funnel was closed and
connected to the synthesis gas line. This line was flushed 5 times with synthesis gas.
After flushing, the connection between the dropping funnel and the gas line was opened
and the pressure was increased to a slightly higher value than the pressure inside the
autoclave. Subsequently, the catalyst solution was pushed into the autoclave. After
addition, the pressure was checked and increased to 20 bar. After pressure had reached
the desired value, the autoclave was closed. Using this method, the first measurement
could be taken 1 to 2 minutes after the addition of the catalyst solution.
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Chapter 4

Novel Benzo[b]thiophene-Based Ligands for
Rhodium-Catalyzed Hydroformylation

In this chapter, the synthesis of a new family of C1-symmetrical ligands containing a
benzo[b]thiophene backbone is described. Monodentate phosphine-ligands as well as
bidentate phosphine-ligands and phosphine-phosphonite-ligands have been synthesized
and applied in the rhodium-catalyzed hydroformylation of styrene. The influence of the
ligand structure on the activity and selectivity of the corresponding catalysts was
investigated by varying the substituents of both the phosphine and the phosphonite
moiety.

Chapter 4

4.1 Introduction
Rhodium-catalyzed hydroformylation is one of the most studied homogeneously
catalyzed reactions. [1-7] It allows the conversion of an alkene to an aldehyde in an atom
efficient, one-step reaction. Good results were obtained in this reaction with many types
of phosphorus-ligands, such as phosphines, phosphites, phosphine-phosphites and
phosphonites, even though some of these ligands were originally designed for other
reactions than hydroformylation.[8-12] An example is the class of phospholane ligands
(such as Ph-BPE (1)), which often give high enantioselectivity both in hydrogenation and
hydroformylation reactions.[9,13,14]
Berens et al. developed a phospholane-phosphonite ligand with a benzo[b]thiophene
backbone (2) for asymmetric hydroformylation, inspired by the bidentate phospholano
ligands, which have successfully been applied in asymmetric hydrogenation reactions.[13]
Asymmetric hydroformylation of styrene using this phospholano-phosphonite ligand,
also called BinoLane was studied by Zijp.[15]

Figure 1: (R,R)-Ph-BPE (1, left) and (R,R,R)-Me-Binolane (2, right)

Table 1: Results in hydroformylation of styrene using Binolane ligands.[15]
ligand
conversion (%)
b/l
ee (%)
(R,R,R)-Binolane
100
21
31 (R)
(R,R,S)-Binolane
27
21
37 (S)
Reaction conditions: T = 60˚C, p = 20 bar, L/Rh=2, S/Rh = 1250, CO:H2 = 1:1, toluene, t=24 h.
Preformation: t=1h.

It was found that in the Binolane ligand, the configuration of the binol moiety
determines the configuration of the enantiomer formed in excess in the asymmetric
hydroformylation reaction. The (R,R,R)-Binolane gave 31% ee (R), whereas the (R,R,S)Binolane gave 37% ee (S).[15] Thus, the difference in enantioselectivity between the two
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diastereoisomers appears to be rather small. It seems that the phospholane group has only
little influence on the stereoselectivity of the corresponding catalyst in this reaction.
The synthesis of ligand 2 starts with the introduction of a phospholane group at the 3position of benzo[b]thiophene (figure 1) in a five-step procedure.[13] There are other
possible synthetic routes towards phospholane compounds, but all methods known
require many steps and involve sensitive intermediates.[16,17]
The benzo[b]thiophene backbone allows a modular synthesis of this family of ligands.
Because of the hetero-atom present, the 2- and 3-position of this molecule can be
functionalized selectively.[13,18-20] The 3-position can be brominated selectively, whereas
the 2-position can be lithiated selectively.[18,21] Therefore, different substituents can be
introduced at the benzo[b]thiophene backbone in a regioselective fashion, as shown in
scheme 1.

Scheme 1: Regioselective substitution on benzo[b]thiophene.

In this chapter, the synthesis of novel benzo[b]thiophene-based ligands as well as their
performance in the rhodium-catalyzed asymmetric hydroformylation of styrene is
described. The aim of this chapter is to study the influence of the ligand structure on the
(stereo)selectivity in this reaction. The Binolane ligand 2 was used as a starting point for
further investigations. Therefore, the different substituents on the benzo[b]thiophene
backbone are varied and the performance of the resulting catalysts in the
hydroformylation reaction is investigated. The study includes the synthesis of a Pstereogenic phosphine ligand. In order to have an efficient chirality-transfer from the
catalyst to the reaction intermediate, the chiral information should be as close to the
metal-center as possible.[22,23] Therefore, ligands containing P-stereogenic phosphorusatoms are a very attractive class of ligands in asymmetric hydroformylation, although the
synthesis of these ligands requires a large synthetic effort.[24] Introducing a stereogenic
phosphorus atom in a ligand often causes a remarkable increase in ee. Ewalds et al.
reported on the rhodium-catalyzed asymmetric hydroformylation of styrene using AMPP
ligand systems. A P-stereogenic AMPP ligand gave an ee of up to 75%, whereas a non-Pstereogenic AMPP ligand gave an ee of only 10% (see figure 2).[25] Deerenberg et al.
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reported an increase in ee in rhodium-catalyzed hydroformylation of styrene from 18% to
63% applying P-stereogenic ligands.[26]

Figure 2: P-stereogenic (RP)-AMPP ligand (left) and non-P-stereogenic AMPP ligand (right).

One of the many possible routes, which has proven very efficient for the synthesis of
P-stereogenic ligands involves the synthesis of a borane-protected oxazaphospholidine, as
described by Jugé et al. (scheme 2).[24]

Scheme 2: Synthesis of P* phosphinite according to Jugé et al.

In this first step PhP(NEt2)2 is reacted with (R,S)-ephedrine, forming an
oxazaphospholidine, which is protected by a borane. This reaction proceeds in a
diastereoselective fashion, because of the chiral ephedrine. The borane-protected
oxazaphospholidine can be ring-opened selectively by a RLi compound, with
conservation of configuration. Subsequent reaction with methanol/H+ yields a Pstereogenic phosphinite with inversion of configuration. This borane-protected Pstereogenic phosphinite can be reacted with a RLi compound to yield a borane protected
P-stereogenic phosphine compound.[24]
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4.2. Results and Discussion
4.2.1.Phosphine-phosphonite ligands
As discussed, the binol moiety seems to have a larger influence on the
enantioselectivity in the asymmetric hydroformylation than the phospholane group. To
investigate this further, ligand 5 was synthesized, in which the phospholane group was
replaced by a diphenylphosphine group (scheme 3).

Scheme 3: Synthesis of ligand (R)-5.

The first step in the synthesis of 5 is the formation of 3(diphenylphosphino)benzo[b]thiophene (3) from 3-bromobenzothiophene and ClP(Ph)2.
A solution of these two reagents in THF was added to a mixture of magnesium turnings
and THF. It is important to trap the Grignard reagent formed with the electrophile to
prevent migration of the Mg-Br group from the 3- to the 2-position on the
benzo[b]thiophene. After removal of the salts formed, compound 3 was purified by
precipitation from acetonitrile, yielding a white solid in 81% yield. The phosphonite
moiety was introduced at the 2-position of the benzothiophene as described for the
Binolane ligand.[13] Ligand 5 was obtained as a light yellow, air and moisture sensitive
solid with an overall yield of 73%. Two doublets were observed in the 31P spectrum at δ
= -26.9 ppm (phosphine moiety, 3JP-P = 179 Hz) and δ = 166.7 ppm (phosphonite moiety,
3
JP-P = 179 Hz), respectively.
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In order to investigate the coordination behavior of 5 towards rhodium under syn gas
atmosphere, high pressure in-situ NMR spectroscopy was considered (see chapter 3). A
sample was prepared from [Rh(acac)(CO)2] and a slight excess of ligand 5 in C6D6,
which was pressurizing to 20 bar with syn gas. A relatively low concentration was used,
to prevent the formation of dimeric species. However, no hydride signal could be
observed in the 1H NMR spectrum. In the 31P NMR spectrum several signals were
observed, which could not be assigned.
It is known that introducing bulky substituents at the ortho position of the binol
moieties can increase the enantioselectivity in the rhodium-catalyzed asymmetric
hydroformylation.[27] A derivative of ligand 5, bearing phenyl substituents in the 3,3’position of the binaphthyl moiety was synthesized from 4 and (R)-3,3’-diphenyl-2,2’bisnaphthol. The latter compound was synthesized by coupling of iodobenzene to (R)2,2’-bisnaphthol, based on a procedure reported by Manabe et al.[28] and by Wilting et al.
[29]

Scheme 4: Synthesis of ligand (R)-6

Compound 6 was obtained as an air and moisture sensitive, light yellow solid in
quantitative yield. The 31P spectrum shows two doublets at δ = -22.6 ppm (phosphine
moiety, 3JP-P is 185 Hz) and at δ = 162.4 (phosphonite moiety, 3JP-P is 185 Hz),
respectively. The values of the chemical shifts and 3JP-P coupling are close to the ones
observed for ligand 5.
Not only the phosphonite moiety of the ligands was modified, also the phosphine
groups were varied. Lithiation of 3-bromobenzothiophene at T = -78˚C and subsequent
treatment with a borane-protected phosphinite ((S)-methoxy(methyl)(phenyl)phosphine
borane) yielded the borane-protected monodentate P-stereogenic phosphine 7.[24] Since
the reaction of the borane-protected phosphinite is known to occur with inversion of
configuration, the P-atom in 7 is expected to show the (R)-configuration (vide infra).[24]
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The product was purified by column chromatography (silica, n-heptane/CH2Cl2 3:2) and
obtained in an overall yield of 60%.

Scheme 5: Enantioselective synthesis of 7.

Compound 7 was reacted with BuLi in order to synthesize a bidentate P*-phosphinephosphonite ligand. However, reaction of 7 with nBuLi or tBuLi did not lead to lithiation
at the 2-position of the backbone (scheme 6). Probably, the BH3 group hampers the
lithiation reaction. It is known that lithiation can also take place at the methyl-group of
the phosphine.[24] However, reaction of 7 with nBuLi and subsequent quenching of the
reaction mixture with either H2O or D2O did not show differences in the integral values
of the methyl-group in the 1H NMR spectrum.

Scheme 6: Attempted lithiation of compound 7.

Deprotection of the phosphine moiety by removal of the BH3 group via overnight
heating in HNEt2 resulted in the formation of compound 8 (scheme 7).[24] Deprotection of
7 could be observed in the 31P NMR spectrum. The broad signal at δ = 2.5 ppm (JP-B
couplings) disappeared and a singlet appeared at δ = -41.3 ppm. Optical-rotationmeasurements on 8 showed that no racemisation had taken place during the deprotectionstep.
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Scheme 7: Deprotection of compound 7.

Compound 8 could be lithiated at the 2-position, but this resulted in the racemisation
of the phosphine group, since reaction of this lithiated compound with ClP(NMe2)2 and
subsequent reaction of the intermediate formed with (R)-2,2’-bisnaphthol showed two
diastereoisomers in 31P NMR spectroscopy (scheme 8). Four doublets were observed in
the corresponding 31P NMR spectrum at δ = 169.0 ppm (3JP-P = 187 Hz), δ = 167.8 ppm
(3JP-P = 178 Hz), δ = -45.5 ppm (3JP-P = 187 Hz) and δ = -48.4 ppm (3JP-P = 178 Hz),
respectively. Compound 7 and 8 will be further discussed in paragraph 4.2.3 and 4.2.4.

Scheme 8: Lithiation of compound 8, reaction with ClP(NMe2)2 and subsequent reaction with (R)-Binol
under formation of two diastereoisomers.
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The ligands discussed so far contain a phosphine moiety at the 3-position of the
benzo[b]thiophene backbone and a phosphonite group at the 2-position. The modularity
of the synthesis of this class of ligands enables the synthesis of ligands, which have the
phosphine and phosphonite moiety interchanged. Therefore a derivative of ligand 5,
which contains the phosphine group at the 2-position and the phosphonite group at the 3position was synthesized (compound 9, figure 3).

Figure 3: Ligand 9.

In the synthesis of ligand 5, first the phosphine moiety is introduced via a Grignard
reaction. Subsequently, the 2-position of benzo[b]thiophene is lithiated, which eventually
leads to the introduction of a phosphonite moiety. In principle, the phosphonite moiety
could be introduced at the 3-position of the backbone via lithiation of 3bromobenzo[b]thiophene and subsequent reaction with ClP(NME2)2. Refluxing the
resulting intermediate with Binol would lead to the introduction of the phosphonite
moiety. However, lithiation of the 2-position to introduce the phosphine moiety would
lead to cleavage of the phosphorus-oxygen bonds.
Therefore, a different synthetic route needs to be developed in order to synthesize the
desired ligand. A promising route starts with 2,3-dibromobenzo[b]thiophene (10), which
can be synthesized easily by reacting benzo[b]thiophene with bromine.[30] It is possible to
selectively exchange the bromine on the 2-position in 2,3-dibromobenzo[b]thiophene by
lithium.[30] The resulting organolithium compound can be reacted with ClP(Ph)2, which
yields 3-bromo-2-diphenylphosphinobenzo[b]thiophene (11), as shown in scheme 9.
Extraction from a CH2Cl2/water mixture and subsequent precipitation from acetonitrile
yielded an air sensitive white solid in 67% yield. The product shows a signal at δ = -18.3
ppm in the 31P NMR spectrum.
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Scheme 9: Synthesis of 11 by selective lithiation of 10.

Because of the bromine substituent, the benzo[b]thiophene backbone can now be
lithiated selectively at the 3-position. Subsequent reaction with ClP(NME2)2 yielded
intermediate 12 as a brown oil in 92% yield. This intermediate was reacted with (R)-2,2’bisnaphthol forming ligand 9. The product 9 is an air and moisture sensitive, light yellow
solid and was formed quantitatively. Product 9 shows two doublets in the 31P NMR
spectrum at δ = -23.2 (phosphine moiety, 3JP-P = 190 Hz) and at δ = 182.2 (phosphonite
moiety, 3JP-P = 190 Hz), respectively.

Scheme 10: Synthesis of ligand 9.
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4.2.2. Asymmetric hydroformylation of styrene
The newly derived ligands were applied in the rhodium-catalyzed asymmetric
hydroformylation of styrene (scheme 11). The results are shown in table 2. The results
obtained using Rh/Binolane catalysts are included for comparison.[15]

Scheme 11: Hydroformylation of styrene.

Table 2: Results in hydroformylation of styrene using phosphine-phosphonite-ligands.
ligand
conversion (%)
b/l
ee (%)
5
59
28
7 (R)
6
99
77
12 (R)
9
100
2.7
0
(R,R,R)-Binolaneb
100
21
31 (R)
(R,R,S)-Binolaneb
27
21
37 (S)
Reaction conditions: T = 60˚C, p = 20 bar, L/Rh=2, S/Rh = 1250, CO:H2 = 1:1, toluene, cRh = 1.7 mM, V =
6.5 mL, t=16 h. Preformation: t=1h. b treaction = 24h.

The activity of the catalyst based on ligand 5 was in between the activity of (R,R,R)Binolane (2) and (R,R,S)-Binolane-based catalysts. Although the regioselectivity was
slightly higher using ligand 5, the enantioselectivity was only 7%, indicating that the
presence of the phospholane group is important for stereoselectivity in asymmetric
hydroformylation. The introduction of phenyl-substituents in the 3,3’-positions of the
bisnaphthol-moiety improves both activity and selectivity of the corresponding Rhcatalyst (ligand 5 versus 6).
Exchanging the position of the phosphine and the phosphonite-moiety has a large
influence on the activity and selectivity of the corresponding catalyst. The Rh/9 system is
more active in the hydroformylation of styrene than Rh/5. However, regioselectivity
towards the branched product was significantly lower and no ee was observed for the
Rh/9 system.
In addition, the influence of the pressure and the temperature on the hydroformylation
reaction was investigated (table 3 and table 4).
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Table 3: Influence of temperature on hydroformylation of styrene using Rh/5 and Rh/6.
ligand
T (˚C)
conversion (%)
b/l
ee (%)
5
40
5
40
7 (R)
5
60
47
28
7 (R)
5
80
90
12
4 (R)
b
6
40
22
100
22 (R)
6b
60
99
77
12 (R)
Reaction conditions: p = 20 bar, L/Rh=2.1, S/Rh = 1250, CO:H2 = 1:1, toluene, cRh = 1.7 mM, V = 6.5 mL
t=16 h. Preformation: t=1h. b V = 15 mL.

Figure 4: Gas uptake curves for styrene hydroformylation using Rh/5.

The activity of both catalysts increases with temperature. In case of the Rh/5 systems,
the TOF at 20% conversion could be determined from the corresponding gas uptake
curves. At 60˚C, the TOF is 37 h-1, whereas at 80˚C, the TOF is 192 h-1. For this system,
only very little variation in ee was observed with increasing the temperature. The
regioselectivity towards the branched product, on the other hand, decreases. In the
hydroformylation of styrene, formation of the branched product is generally preferred.[2]
As discussed in chapter two, an increased rate in β-hydrogen elimination might explain
the decrease in b/l ratio with temperature. In case of the Rh/6 system, the activity and
selectivity follow the same trend as observed for the Rh/5 system, but the ee increases at
lower temperature. A similar trend was observed applying Rh-BinoLane catalysts in this
reaction.[15]
Table 4: Influence of pressure on hydroformylation of styrene using Rh/5.
p (bar)
conversion (%)
b/l
ee (%)
10
51
16
5 (R)
20
59
28
7 (R)
40
68
24
8 (R)
60
76
23
7 (R)
Reaction conditions: T = 60˚C, L/Rh=2, S/Rh = 1250, CO:H2 = 1:1, toluene, cRh = 1.7 mM, V = 6.5 mL
t=16 h. Preformation: t=1h.
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The influence of the total pressure on the hydroformylation of styrene using Rh/5 as
catalyst was investigated as well. The activity increased with pressure. According to the
generally accepted hydroformylation mechanism (see chapter 1 and 2), the increase in
activity seems to be caused by the increase in hydrogen partial pressure. However, an
increase in the hydrogen partial pressure also shifts the equilibrium between the resting
state of the active catalyst [RhH(CO)2(P^P)] and the inactive, dimeric species
([Rh(CO)2(P^P)]2) towards the [RhH(CO)2(P^P)] species. After hydroformylation, the
reaction mixtures showed a red-brown color, which indicates the presence of these
dimeric species.[31] Moreover, no hydride signal was observed for the Rh/5 system in
high pressure 1H NMR spectroscopy, which is an additional indication that the systems
tend to form dimeric species.
No significant change of the enantioselectivity with pressure was observed. Also the
b/l ratio changed only little with pressure.

4.2.3. Mono- and bidentate phosphine ligands

Figure 5: Molecular structure of compound 7 in the crystal. Displacement ellipsoids are drawn at the 50%
probability level.

In the previous paragraph, the synthesis of the P-stereogenic compound 7 was
described. Colorless crystals suitable for X-ray crystal structure determination were
obtained by recrystallization from a CH2Cl2/n-heptane mixture. The molecular structure
is shown in figure 5. The phosphorus atom has a slightly distorted tetrahedral geometry
with angles between 103.96(6) and 113.62(7)°. As expected, 7 shows the (R)configuration at the phosphorus atom. The compound crystallizes in an enantiomerically
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pure form in the non-centrosymmetric space group P212121. The bond angles in the
thiophene ring are in the expected range with a C1 – S1 – C8 angle of 91.14(7)°. The C2 –
C3 bond length of 1.4508(18) Å is longer compared to 1.4274(11) Å in free thiophene[32].
A similar bond length was observed in the molecular structure of 2,3-Bis[(2S,5S)-2,5diisopropylphospholan-1-yl]benzo[b]thiophene.[13]
Table 5: Selected bond lengths and bond angles for compound 7.

P1 – C2
P1 – B1
P1 – C9
P1 – C10
S1 – C1

1.8054(13)
1.9193(16)
1.8115(15)
1.8159(13)
1.7355(13)

C2 – P1 – C10
C2 – P1 – C9
C2 – P1 – B1
C9 – P1 – B1
C9 – P1 – C10
C10 – P1 – B1

103.96(6)
106.85(7)
113.62(7)
111.77(8)
107.39(7)
112.69(7)

Bond lengths (Å)
S1 – C8
C1 – C2
C2 – C3
C3 – C8

1.7423(13)
1.3609(18)
1.4508(18)
1.4084(19)

Angles (degrees)
C1 – S1 – C8
S1 – C1 – C2
C1 – C2 – C3
C2 – C3 – C8
C3 – C8 – S1

91.14(7)
113.33(10)
112.45(12)
111.34(11)
111.72(10)

As discussed before, the benzo[b]thiophene enables the regioselective introduction of
different substituents. In the previous paragraph, a diphenylphosphine-group was
introduced at the 2-position of the backbone starting from 2,3dibromobenzo[b]thiophene. However, if no further substitution of the backbone is
needed, the diphenylphoshphine-substituent can be introduced by selective lithiation of
the backbone at the 2-position and subsequent reaction with ClP(Ph)2, yielding 2diphenylphosphinobenzo[b]thiophene (ligand 13, figure 6).[21] Moreover, ligands with a
phosphine moiety at the 2-position of the backbone are supposed to behave differently in
catalysis with respect to the 3-phosphine substituted ones, because of the different
electronic and steric properties.

Figure 6: Ligand 13.
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To complete the study, also the bidentate ligand 14 was synthesized, having
diphenylphosphine substituents at both the 2- and the 3-position. This ligand was
synthesized by lithiation of 3 with nBuLi in THF at T = -78˚C in the presence of TMEDA
(scheme 12). After stirring overnight and warming up to room temperature, ClPPh2 was
added to the reaction mixture. After removal of the formed salts the product was purified
by precipitation from acetonitrile. An air sensitive, white solid was obtained in 45%
yield. The 31P NMR spectrum showed two doublets in the phosphine region at δ = -25.7
(d, 3JP-P = 138) and at δ = -21.2 (d, 3JP-P = 138 Hz), respectively.

Scheme 12: Synthesis of 14.

Colorless crystals suitable for X-ray diffraction were grown by slow diffusion of Et2O
into a CH2Cl2 solution of 14. The molecular structure is shown in figure 7.

Figure 7: Molecular structure of compound 14. Displacement ellipsoids are drawn at the 50% probability
level.

The structure of the benzo[b]thiophene backbone is very similar, compared to the
molecular structure of compound 7. The P1 – C2 and P2 – C1 bond lengths are
comparable. However, the P1 – C9 and the P1 – C21 bond length are slightly shorter than
the P2 – C15 and the P2 – C27 bond lengths. The P1 – C2 – C1 and the P2 – C1 – C2 bond
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angles are similar to the ones found for 2,3-Bis[(2S,5S)-2,5-(diethylphospholan-1yl)]benzo[b]thiophene.[13] The substituents of the phosphorus atoms are arranged in
slightly distorted tetrahedral geometry. The distance between the two P-atoms is 3.285 Å.
The dihedral angle for P1 – C2 – C1 –P2 is 1.40(16).
Table 6: Selected bond lengths and angles for ligand 14

P1 – C2
P2 – C1
P1 – C9
P1 – C21
P2 – C15
P2 – C27

C2 – P1 – C9
C2 – P1 – C21
C9 – P1 – C21
C1 – P2 – C15
C1 – P2 – C27
C27 – P2 – C15
P1 – C2 – C1

1.8276(13)
1.8286(13)
1.8339(13)
1.8284(14)
1.8337(14)
1.8435(14)

102.58(6)
107.56(6)
101.08(6)
102.04(6)
100.49(6)
101.68(6)
116.74(10)

Bond lengths (Å)
S1 – C1
S1 – C8
C1 – C2
C2 – C3
C3 – C8

1.7359(13)
1.7341(14)
1.3763(18)
1.4533(18)
1.4141(18)

Angles (degrees)
P2 – C1 – C2
C1 – S1 – C8
S1 – C1 – C2
C1 – C2 – C3
C2 – C3 – C8
C3 – C8 – S1

126.29(10)
91.58(6)
113.10(10)
111.98(11)
111.51(12)
111.81(10)

The coordination of ligand 14 to rhodium was investigated by HP NMR spectroscopy
(see chapter 3). A sample containing [Rh(acac)(CO)2] and a slight excess of ligand 14 in
toluene-d8 was prepared. Pressurizing to 20 bar with synthesis gas yielded a red/orange
solution. The solution was heated overnight at 50˚C. In contrast to the Rh/5 system,
hydride signals could be observed in the 1H NMR spectrum. In fact, two hydride signals
were detected at δ = -8.60 and δ = -9.96, respectively, although the relative intensities
were low (0.06 and 0.01 with respect to the H-acac signal at δ = 16 ppm (based on
integral values). The hydride-signals are shown in figure 8.

Figure 8: Hydride signals of [RhH(14)(CO)2] (scale in ppm).
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The signal at δ = -8.60 appears as a doublet of doublets of doublets, with trans 2JH-P =
95.5 Hz, J = 10.5 Hz and J = 24.0 Hz. Based on the 1H NMR spectrum, it is not clear
which of the latter two couplings can be assigned to 1JH-Rh and which is cis 2JH-P.
Nevertheless, this coupling pattern is typical for a [RhH(CO)2(P^P)] complex containing
an ea-coordinating ligand. This was expected on basis of the structure, since ligands
forming a five-membered ring with the rhodium atom generally coordinate in ea-fashion.
All complexes discussed in chapter 3 showed fluxional behavior on the NMR timescale
and the low exchange limit was only reached at low temperatures. In this case, the low
exchange limit is already reached at room temperature. This might be caused by the
rigidity of the backbone, which makes interchange of the phosphorus atoms in the
complex unfavorable. The coupling pattern of the signal at δ = -9.96 could not be
resolved, because of the low intensity.
The signals of [RhH(14)(CO)2] were also observed in the selectively decoupled 31P
NMR spectrum (see chapter 3). The phosphorus atom coordinating in trans-position with
respect to the hydride shows a signal at δ = 44.9 ppm (1JP-Rh = 150 Hz, 2JH-P = 95 Hz).
The JP-P coupling could not be resolved. The phosphorus atom coordinating in cisposition with respect to the hydride shows a signal at δ = 36.4 ppm (1JP-Rh = 136 Hz, 2JH-P
= 21 Hz). Based on this, we could assign the coupling of 24 Hz, observed in the 1H
spectrum to the cis 2JH-P (a small deviation is possible, because of the broad signals
observed in the 31P NMR spectrum) and assign the coupling of 10.5 Hz to be 1JH-Rh. The
value for the cis 2JH-P is relatively large, which could indicate a distorted trigonal
bipyramidal geometry around the rhodium-atom.

4.2.4. Hydroformylation of styrene
The phosphine-ligands described in this section were tested in the rhodium-catalyzed
hydroformylation of styrene (scheme 9).

Figure 9: Ligands 8 and 15.
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In order to investigate the influence of the stereogenic phosphorus atom on the
stereoselectivity, ligand 8 (the deprotected derivative of 7) was applied in the asymmetric
hydroformylation of styrene, together with the monodentate phospholane ligand 15,
which is a precursor for ligand 2.[13] Ligands 8 and 15 are depicted in figure 9. In earlier
studies, P-stereogenic ligands have been shown to be beneficial for the enantioselectivity
of the reaction.[25,26]
Table 7: Rhodium catalyzed hydroformylation of styrene using 8 and 15.
ligand
conversion (%)
b/l
ee (%)
8
99
8.5
0
15
90
12
13 (R)
Reaction conditions: T = 60˚C, L/Rh=4, S/Rh = 1250, CO:H2 = 1:1, toluene, cRh = 1.7 mM, V = 15 mL
t=16 h. Preformation: t=1h.

The Rh/8 and the Rh/15 systems are active in the hydroformylation of styrene. The
regioselectivity is comparable for the two systems. Surprisingly, no ee was observed
using the P-stereogenic ligand 8, whereas the catalyst based on ligand 15 gave an ee of
13% (R). A possible explanation for the observed low ee’s is that mixtures of
[RhH(CO)(P)3] and [RhH(CO)2(P)2] species (P = monodentate ligand) as well as
different conformational isomers of these complexes might be present under
hydroformylation conditions (see also chapter 3).[33] Moreover, the overall geometry of
the active catalyst is not well defined in systems containing monodentate ligands in
comparison to catalysts containing chelating ligands. This might explain the lack of
enantioselectivity for the Rh/8 system. Another possibility is the racemisation of the
complex under reaction conditions. This is not very likely however, since P-stereogenic
compounds are known to be conformationally stable.[34,35]
Also the diphenylphosphine-substituted ligands were applied in the hydroformylation
of styrene. The results are shown in table 8. The reaction of the alkene with CO/H2 was
monitored by the gas uptake, as shown in figure 10.
Table 8: Rhodium-catalyzed hydroformylation of styrene using Rh/3, Rh/13 and Rh/14.
ligand
conversion (%)
TOF (h-1 at 20%)
b/l
3
100
556
12
13
100
391
144
14
49
43
29
Reaction conditions: T = 60˚C, L/Rh=4 (2 & 8), L/Rh=2 (9), S/Rh = 1250, CO:H2 = 1:1, toluene, cRh = 1.7
mM, V = 6.5 mL t=16 h.Preformation: t=1h.

The activity of the Rh/monodentate ligand systems is higher than that of the Rh/14
system. From the gas uptake curves, the TOF at 20% of conversion was determined. Rh/3
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shows a TOF of 556, Rh/13 of 391, whereas the Rh/14 system shows a TOF of 43 and
reaches only 49% of conversion after 16 hours. A remarkable difference in
regioselectivity is observed between the three systems. The Rh/13 system reaches a b/l
ratio of 144 in styrene hydroformylation, whereas the Rh/3 system only reaches a b/l ratio
of 12. Also between the Rh/3 and the Rh/14 system there is a difference in
regioselectivity. It is not known whether this difference is caused by electronic or by
steric differences. The regioselectivity obtained using the Rh/14 system is in between the
regioselectivity of Rh/3 and Rh/13.

Figure 10: Gas uptake during styrene hydroformylation by Rh/3, Rh/13and Rh/14, respectively.

4.3. Conclusions
A series of new ligands derived from benzo[b]thiophene has been synthesized and
applied in rhodium-catalyzed asymmetric hydroformylation of styrene. The molecular
structure of the borane-protected P-stereogenic compound 7 was elucidated by X-ray
crystal structure determination. Also the structure of bidentate phosphine ligand 14 was
studied by this technique. Replacing the phospholane group of the BinoLane ligand (2)
by a diphenylphosphine group led to improvement of the regioselectivity on the expense
of enantioselectivity. The introduction of bulky phenyl groups on the ortho-position of
the binol moiety in ligand 6 improved activity and regio- as well as enantioselectivity
considerably. Exchanging the position of the phosphine and the phosphonite group
resulted in higher activity, but lower selectivity. It is not clear whether this is caused by
steric or electronic factors.
In case of the monodentate phosphine ligands, the position of the substituent with
respect to the backbone influences the activity and regioselectivity of the reaction.
Comparison of ligands 3 and 13 showed a remarkable difference in regioselectivity
between the two ligands. The chiral monodentate phosphine ligands 8 and 15 were also
applied in the hydroformylation of styrene. In case of the P-stereogenic ligand 8, no ee
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was observed, whereas a low ee was observed for phospholane-ligand 15. A phosphinephosphonite ligand containing a stereogenic phosphine moiety could not be synthesized,
since lithiation of the 2-position did not succeed. Possibly, lithiation is possible if another
protecting group of the phosphorus (oxygen for example) were used instead of BH3.
Coordination behavior of the bidentate phosphine-ligand 14 showed that the ligand
coordinates to the rhodium center in ea mode. The complex did not show fluxional
behavior on the NMR-timescale, which indicates that the system is very rigid.

4.4. Experimental Section
Chemicals were purchased from Aldrich and used as received. Styrene was filtered
over neutral alumina, dried over CaH2, distilled and degassed prior to use. All
preparations were carried out under an argon atmosphere using standard Schlenk
techniques. NMR spectra were recorded on a Varian Unity Inova 500 (HP NMR studies)
and Varian Mercury 400 spectrometer (1H, 13C and 31P NMR). Elemental analyses were
performed by Kolbe Mikroanalytisches Laboratorium, Mülheim an der Ruhr, Germany.
Catalysis experiments on a small scale were performed in the parallel autoclave
system AMTEC SPR16, equipped with pressure sensors and a mass-flow controller for
the recording of gas uptake throughout the reactions. The stainless steel autoclaves (12
mL) of the AMTEC SPR16 were flushed automatically with argon 6 times to remove
oxygen traces (3 times at T = 90°C, 3 times at room temperature). In the meanwhile, 1.3
mg of [Rh(acac)(CO)2] (5.0 µmol) and 2 equivalents of ligand (4 equivalents in case of
monodentate ligands) were weighted and put in a Schlenk tube. Both were dissolved in 2
mL of dried and degassed toluene. After a few minutes of stirring, the Rh containing
solution was added to the ligand solution, yielding a light yellow solution.
The reactors were charged with a solution of this pre-catalyst (5 mL) under argon. The
atmosphere was exchanged with a 1:1 mixture of CO/H2 (gas exchange cycle 1) and the
reactors were heated to the desired preformation temperature and pressurized with CO/H2
to the desired preformation pressure. The preformation of the catalyst under the applied
conditions was performed for 1 hour. Subsequently, the substrate solution containing ndecane as internal standard dissolved in the appropriate solvent (total volume 1.5 mL)
was injected and the desired temperature as well as the final pressure was adjusted and
kept constant throughout the experiment. The gas uptake of CO/H2 was monitored and
recorded automatically. At the end of the catalysis experiments, the reactors were cooled
to room temperature and the autoclave contents were analyzed by means of GC and chiral
GC.
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Hydroformylation experiments on a larger scale were carried out in an autoclave
equipped with a dropping funnel and a temperature sensor. The autoclave was heated to T
= 100ºC overnight under vacuum and flushed with argon three times. In a typical
hydroformylation experiment, 3.9 mg of [Rh(acac)(CO)2] (15.1 µmol) and 2.0 eq of
ligand (4 eq in case of monodentate ligands) were weighted and put in a Schlenk tube.
Both were dissolved in 6 mL of dried and degassed toluene. The rhodium solution was
added to the ligand solution, yielding a light yellow solution. This solution was put in the
autoclave. 4.5 mL of styrene stock solution was put in the dropping funnel of the
autoclave. The autoclave was connected to a syn gas line. The line was flushed five times
with 10 bar of syn gas. The autoclave was flushed three times with 10 bar of syn gas and
pressurized to p = 20 bar. The autoclave was heated to T = 60ºC. The catalyst was
preformed for 1 hour, after which the substrate solution was added to the reaction
mixture. The reaction was run for 16 hours.
GC samples were analyzed on a Shimadzu GC-2010 equipped with a HP Ultra column
(25m, 0.25mm inner diameter) and helium as a carrier gas. The temperature profile
started at T = 50˚C and was increased by 8˚C min-1 after 5 min. Chiral analyses were
performed on a Carlo Erba GC6000 Vega 2 machine equipped with a β-dex column
(30m, 0.25mm inner diameter) and hydrogen as carrier gas. The temperature profile
started at T = 100˚C. After 30 min, the temperature was increased to 160˚C by 10˚C min-1
and kept constant for 5 minutes. The yield is defined as: (1-((area of substrate/area of
internal standard) after reaction/( area of substrate/area of internal standard) before
reaction))*100%.
High pressure NMR spectroscopy
In a typical HP-NMR experiment, 7.1 mg of [Rh(acac)(CO)2] (27.5 µmol) and 1.05
equivalent of ligand were weighted. Both were dissolved in 1 mL of toluene-d8 and the
solutions were stirred for 15 minutes. Subsequently, the solution of the rhodium precursor
was added drop-wise to the stirred solution of the ligand, in order to be sure there was a
constant excess of ligand. The resulting solution was stirred for five minutes and
transferred into a 10 mm sapphire tube with a titanium valve head under argon
atmosphere. The tube was flushed three times with 10 bar of synthesis gas and finally
pressurized to 20 bar. The pressurized tube was left overnight at 50 ºC, in order to ensure
that preformation was finished.
Synthesis of 3-diphenylphosphinobenzo[b]thiophene (3)
A 250 mL three-neck Schlenk flask containing THF (20 mL) and Mg turnings (4.10 g,
169 mmol) was equipped with a reflux cooler and a dropping funnel. The dropping
funnel was filled with a solution of 3-bromobenzo[b]thiophene (17.25 g, 80.9 mmol) and
chlorodiphenylphosphine (20.11 g, 91.1 mmol) in THF (30 mL), which was added drop101
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wise to the mixture in the flask. After a few minutes, the reaction mixture became warm
and eventually started refluxing. The reaction mixture became dark brown. After addition
was complete, the reaction mixture was kept at reflux temperature for 2 more hours. The
reaction mixture was allowed to cool to room temperature and the remaining solids were
remove by filtration. The solvent was removed under reduced pressure and the residue
was redissolved in hexane and filtered to remove salts. The solvent was removed under
reduced pressure. The product was precipitated from warm ethanol, yielding a white solid
(yield: 20.9 g, 65.5 mmol, 81%).
1
H NMR (400 MHz, CDCl3): δ = 6.98 (d, 1H, J = 2.8), 7.21-7.43 (m, 12H), 7.78 (d, 1H, J
= 7.6), 7.90 (d, 1H, J = 7.6 ). 13C NMR (101 MHz, CDCl3): δ = 122.65, 123.57 (d, J =
9.2), 124.27, 124.56, 128.56, 128.64, 129.00, 132.05, 133.61, 133.81, 135.79 (d, J = 9.2),
140.10. 31P NMR (81 MHz, CDCl3): δ = -21.09. Anal. Calc. for C20H15PS·C2H3N:
C,73.51; H, 5.05. Found: C, 73.81; H, 5.02.
Synthesis of 2-bis(dimethylamino)phosphanyl-3-diphenylphosphinobenzo[b]thiophene
(4)
A solution of 3-(diphenylphosphine)benzo[b]thiophene (4.36 g, 13.7 mmol) and
TMEDA (1.59 g, 13.7 mmol) in THF (30 mL) was cooled to T = -78˚C and 6.5 mL of
n
BuLi (2.5 M in hexanes, 16.3 mmol) was added drop-wise to the reaction mixture. The
mixture was allowed to warm to room temperature and stirred overnight. Subsequently, a
solution of ClP(NMe2)2 (2.20 g, 14.2 mmol) in THF (10 mL) was added drop-wise to the
reaction mixture. The reaction was checked for completion by 31P NMR spectroscopy.
After the reaction had gone to completion, the solvent was evaporated and the residue
was redissolved in hexane and filtered to remove the salts formed. The solvent was
removed under reduced pressure, yielding a brown oil (yield: 5.4 g, 12.3 mmol, 90 %).
1
H NMR (200 MHz, CDCl3): δ = 2.70 (d, 12H, J = 9.2), 6.94-7.02 (m, 1H), 7.10 (d, 1H, J
= 8.2), 7.18-7.22 (m, 1H), 7.24-7.34 (m, 5H), 7.35-7.46(m, 5H), 7.88 (d, 1H, J = 8.2). 13C
NMR (50 MHz, CDCl3) δ = 41.65 (dd, NCH3, J = 18.2, J = 1.4), 122.23, 123.60, 123.69,
127.96, 128.30, 128.42, 132.29, 132.67, 136.98 (dd, J = 12.5, J = 2.4), 142.88 (dd, J =
5.1, J = 2.1), 143.34, 159.6 (dd, J = 18.5, J = 10.4). 31P NMR (81 MHz, CDCl3): δ = 24.6 (d, 3JP-P = 93.8 Hz), 91.05 (d, 3JP-P = 93.8 Hz).
(R,R)-4-{3-[diphenylphosphino]benzo[b]thiophen-2-yl}-3,5-dioxa-4Synthesis
of
phosphacyclohepta[2,1-a:3,4-a-]dinaphthalene (5)
A mixture of 4 (0.58 g, 1.3 mmol), azeotropically dried (R)-2,2’-bisnaphthol (0.38, 1.3
mmol) and toluene (13 mL) was heated to reflux temperature and reacted for 20 hours.
The HNME2 formed was removed three times during the reaction under reduced
pressure. After completion, the solvent was evaporated and the last traces of toluene were
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removed by co-evaporation using 3 mL of CH2Cl2, yielding a light yellow solid in
quantitative yield (yield: 0.82 g, 1.3 mmol, 100%).
1
H NMR (400 MHz, CDCl3): δ = 6.26 (d, 1H, J = 8.8), 7.09 (t, 1H, J = 7.6), 7.15-7.19
(m, 1H), 7.23-7.33 (m, 8H), 7.35-7.50 (m, 10H), 7.64 (t, 2H, J = 9.2), 7.69-7.73 (m, 2H),
7.79 (d, 1H, J = 8.0), 7.96 (d, 1H, J = 8.0), 8.04 (d, 1H, J = 8.4). 13C NMR (101 MHz,
CDCl3): δ = 121.28, 121.39, 122.83, 123.97, 124.04, 124.19, 124.75, 124.86, 125.02,
125.29, 125.45, 125.80, 126.01, 126.23, 126.92, 127.48, 128.18, 128.21, 128.26, 128.42,
128.48, 128.55, 128.79, 128.86, 129.02, 129.21, 129.64, 130.65, 131.03, 131.45, 131.70,
131.87, 132.52, 132.89, 133.81, 134.01, 141.12, 144.13, 148.69, 149.80. 31P NMR (162
MHz, CDCl3): δ = -26.88 (d, 3Jp-p = 179 Hz), 166.67 (d, 3Jp-p = 179 Hz).
Synthesis
of
(11bS)-4-(3-(diphenylphosphino)benzo[b]thiophen-2-yl)-2,6-diphenyl
dinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosphepine (6)
A mixture of 4 (0.30 g, 0.68 mmol) and azeotropically dried (R)-3,3’-diphenyl-2,2’bisnaphthol (0.30, 0.68 mmol) and toluene (13 mL) was heated to reflux temperature and
reacted for 36 hours. The HNME2 formed was removed three times during the reaction
under reduced pressure. After completion, the solvent was evaporated and the last traces
of toluene were removed by co-evaporation using 3 mL of CH2Cl2, yielding a light
yellow solid in quantitative yield (yield: 0.53 g, 0.67 mmol, 100%).
1
H NMR (400 MHz, CDCl3): δ = 6.96 (t, 1H, J = 6.8), 6.99-7.54 (m, 27H), 7.613 (d, 2H,
J = 6.0), 7.84 (s, 1H), 7.98 (s, 1H), 7.99 (s, 1H), 8.05 (s, 1H). 13C NMR (101 MHz,
CDCl3): δ = 122.18, 123.53, 124.30 (d, JP-C = 4.9 Hz), 125.19, 125.29, 125.37, 125.63,
125.69, 125.76, 125.99, 126.19, 126.97, 127.04, 127.12, 127.27, 127.55, 127.76, 127.89,
127.96, 128.08, 128.13, 128.22, 128.28, 128.34, 128.48, 128.54, 128.61, 129.03, 129.59,
129.92, 129.96, 130.34, 130.77, 131.19, 131.42 (d, JP-C = 6.1 Hz), 132.00, 132.47,
132.51, 132.56, 132.69, 132.91, 133.11, 134.40, 134.90 (d, JP-C = 10.0 Hz), 135.61,
137.39, 137.89, 140.45, 143.57, 146.24 (d, JP-C = 6.1 Hz), 147.35, 150.12. 31P NMR (162
MHz, CDCl3): δ = -22.61 (d, 3JP-P = 185 Hz), 162.37 (d, 3JP-P = 185 Hz).
Synthesis of (R)-benzo[b]thiophen-3-yl(methyl)(phenyl)(boran)phosphine (7)
A solution of 3-bromobenzo[b]thiophene (0.64 g, 3.0 mmol) in diethylether (7 mL)
was cooled to T = -78˚C and tBuLi (1.5 M in pentanes) (0.44 mL, 2.2 eq) was added
drop-wise via a syringe. To this solution was added a solution of (S)-phenylmethyl(methyl phosphinite) borane (0.52 g, 1.03 eq) in diethylether (3 mL). After addition was
complete, the cooling bath was removed and the reaction mixture was stirred overnight.
The reaction was quenched by adding 7 mL of water. The product was extracted by
washing the water phase 3 times with 10 mL of CH2Cl2. The organic layer was dried with
Na2SO4 and the solid was removed by filtration. Evaporation of the solvent yielded a
yellow oil. The product was purified by column chromatography (silica, n-
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heptane/CH2Cl2 3:2, Rf = 0.1) yielding compound 7 (yield: 0.53 g, 1.8 mmol, 60%).
Crystals could be obtained from a n-heptane/CH2Cl2 mixture.
1
H NMR (200 MHz, CDCl3): δ = 0.2-1.6 (m, 3H, BH3), 1.99 (d, 3H, PCH3, J = 10), 7.237.56 (m, 5H), 7.59-7.74 (m, 3H), 7.92 (d, 1H, J = 7.6), 8.09 (d, 1H, J = 8.6). 13C NMR
(101 MHz, CDCl3): δ = 11.71 (d, 1JP-C = 41.2 Hz), 123.06, 123.86, 124.81, 124.97,
128.91, 129.01, 131.19, 131.22, 131.31, 131.41, 137.23, 137.38, 138.45 (d, 1JP-C = 8.4
Hz), 141.52 (d, 1JP-C = 9.2 Hz). 31P NMR (81 MHz, CDCl3): δ = 2.46 (m). MS ESI m/z
calculated for C15H16BPS(Na+): 293.1; observed: 293.2. Anal. Calc for C15H16BPS: C,
66.69; H, 5.97. Found: C, 66.25; H, 6.10
Synthesis of (R)-benzo[b]thiophen-3-yl(methyl)(phenyl)phosphine (8)
The BH3 protecting group was removed from compound 7 (0.125 g, 0.43 mmol) by
stirring in HNEt2 at T = 50˚C for 2 hours. The reaction was monitored by 31P NMR
spectroscopy. After the reaction was complete, the solvent was removed under reduced
pressure and the product was redissolved in toluene and filtered over a column of neutral
alumina, yielding a colorless oil in quantitative yield (yield: 0.109 g, 0.43 mmol, 100%).
1
H NMR (400 MHz, CDCl3): δ = 1.71 (d, 3H, CH3, J = 3.6 ), 7.26-7.34 (m, 5H), 7.437.47 (m, 3H), 7.76 (d, 1H, J = 6.8), 7.89 (d, 1H, J = 8.4). 13C NMR (101 MHz, CDCl3): δ
= 12.00 (d, 1JP-C = 12 Hz), 122.71, 123.49 (d, 1JP-C = 8.3 Hz), 124.11, 124.56, 128.45,
128.52, 128.60, 129.52, 129.58, 131.85, 132.04, 134.16 (d, 1JP-C = 18.3 Hz), 138.83,
141.25. 31P NMR (162 MHz, CDCl3): δ = -41.34 ppm. Anal. Calc for C15H13PS: C,
70.29; H, 5.11. Found: C, 70.65; H, 5.59.
Synthesis of (11bR)-4-(2-(diphenylphosphino)benzo[b]thiophen-3-yl)dinaphtho[2,1d:1',2'-f][1,3,2]dioxaphosphepine (9)
A mixture of 12 (0.34 g, 0.77 mmol), azeotropically dried (R)-2,2’-bisnaphthol (0.22
g, 0.77 mmol) and toluene (9 mL) was heated to reflux temperature and reacted for 20
hours. The HNME2 formed was removed three times during the reaction under reduced
pressure. After completion, the solvent was evaporated and the last traces of toluene were
removed by co-evaporation using 3 mL of CH2Cl2, yielding a light yellow solid in
quantitative yield (yield: 0.49 g, 0.77 mmol, 100%).
1
H NMR (400 MHz, CDCl3) δ = 6.38 (t, 1H, J = 8.0), 6.62 (d, 1H, J = 8.8), 6.97-8.05 (m,
24H). 13C NMR (101 MHz, CDCl3) δ = 117.87, 121.24, 121.36, 121.58, 123.88 (d, 1JP-C =
3.0 Hz), 124.33, 124.51, 124.72, 125.01, 125.25, 126.17, 126.26, 126.74, 126.93, 127.31,
128.06, 128.14, 128.23, 128.35, 128.44, 128.51, 128.68, 128.76, 129.33, 129.63, 130.08,
130.69, 131.17, 131.86 (d, 1JP-C = 5.0 Hz) 131.92 (d, 1JP-C = 4.7 Hz), 132.09 (d, 1JP-C =
3.8 Hz), 133.38, 133.57, 133.94, 134.16, 136.60 140.85, 142.43, 150.02, 152.79. 31P
NMR (162 MHz, CDCl3) δ = -23.15 (d, 3JP-P = 190 Hz), 182.18 (d, 3JP-P = 190 Hz).
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Synthesis of (3-bromobenzo[b]thiophen-2-yl)diphenylphosphine (11)
A solution of n-BuLi (2.5 M in hexanes, 1.7 mL, 4.25 mmol) in 10 mL of diethylether
was added drop-wise via a syringe to a solution of 2,3-dibromobenzo[b]thiophene (1.07
g, 3.66 mmol) in 8 mL of diethylether at T = -15 ˚C. After the addition was complete, the
solution was stirred for 30 minutes at T = -15 ˚C. Subsequently, ClPPh2 (0.86 g, 3.9
mmol) was added drop-wise to the reaction mixture via a syringe. The reaction mixture
was allowed to stir for 2 hours and checked for completion by 31P NMR. The reaction
was quenched by addition of degassed water to the reaction mixture. The product was
extracted from the aqueous phase by extracting 2 times with 15 mL of CH2Cl2. The
organic layer was dried by Na2SO4 and the solid was removed by filtration. The solvent
was removed under reduced pressure. Precipitation from acetonitrile gave a white solid
(yield: 0.97 g, 2.5 mmol, 67%).
1
H NMR (400 MHz, CDCl3) δ = 7.34-7.47 (m, 12H), 7.71 (d, 1H, J = 8.0), 7.85 (d, 1H, J
= 6.8). 13C (50 MHz, DMSO) δ = 116.25, 122.96, 123.28, 125.96, 126.42, 129.29 (d, 1JP1
C = 7.3 Hz), 130.10, 133.34, 133.74, 135.00 (d, JP-C = 9.6 Hz), 135.82, 136.44, 138.96,
141.22. 31P NMR (162 MHz, CDCl3) δ = -18.28 ppm. Anal. Calc. for C12H14BrPS: C,
60.47; H, 3.55. Found: C, 60.89, H, 3.78.
Synthesis
of
3-[Bis(dimethylamino)phosphanyl]-2-(diphenylphosphanyl)benzo[b]
thiophene (12)
To a solution of 11 (0.53 g, 1.3 mmol) in 10 mL of THF at T = -78 ˚C was added
drop-wise a solution of n-BuLi (2.5 M in hexanes, 0.55 mL, 1.4 mmol). After the
addition was complete, the reaction mixture was stirred for an additional hour at T = -78
˚C. ClP(NMe2)2 (0.24 G, 1.6 mmol) was added drop-wise to the solution and the solution
was allowed to warm to room temperature and stirred overnight. The solvent was
removed under reduced pressure and the product redissolved in hexane and filtered to
remove the salts formed during the reaction. The solvent was removed under reduced
pressure, yielding a brown oil (yield: 0.53 g, 1.2 mmol, 92%).
1
H NMR (400 MHz, CDCl3) δ = 2.67 (d, 12H, NCH3, J = 14), 7.16-7.84 (m, 13H), 8.10
(d, 1H, J = 8.4). 13C NMR (101 MHz, CDCl3): δ = 40.10 (d, NCH3, J = 16), 121.6,
122.34, 124.0 (d, J = 9.2), 128.18, 128.26, 128.90, 132.70, 132.91, 133.72, 133.94,
138.06 (d, J = 13.0), 144.80 (dd, J = 37, J = 20). 31P NMR (81 MHz, CDCl3) δ = -11.53
(d, 3JP-P = 31 Hz), 98.75 (d, 3JP-P = 31 Hz).
Synthesis of 2,3-bis(diphenylphosphino)benzo[b]thiophene (14).
Compound 2 (1.36 g, 4.27 mmol) and TMEDA (0.53 g, 1.06 eq) were dissolved in 10
mL of THF. The mixture was cooled to T = -78˚C using an acetone/dry-ice bath. 1.8 mL
of nBuLi (2.5 M in hexanes; 4.5 mmol, 1.05 eq) was added drop-wise to the reaction
mixture. The mixture turned brown. The mixture was allowed to gradually warm to room
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temperature and stirred overnight. Subsequently, 1.0 g of chlorodiphenylphosphine (4.53
mmol, 1.06 eq) was added to the reaction mixture via a syringe. The reaction was
checked for completion by 31P NMR and quenched with 0.2 mL of water. Salts were
removed by extraction with a CH2Cl2/water mixture. The organic layer was dried with
Na2SO4. Solids were filtered off. Solvent was removed under reduced pressure and the
remaining solid was washed with acetonitrile, yielding a white solid (yield: 0.97 g, 1.93
mmol, 45%).
1
H NMR (400 MHz, CDCl3) δ = 7.01 (d t, 1H, J = 8.0, J = 1.2), 7.16 – 7.42 (m, 22H),
7.73 (d, 1H, J = 8.0). 13C (101 MHz, CDCl3): δ = 122.27, 123.97, 124.33, 125.21, 128.01,
128.21, 128.27, 128.34, 128.42, 129.11, 132.41, 132.59, 133.78, 133.97, 135.35 (d, 1JP-C
= 10.7 Hz), 135.39 (d, 1JP-C = 11.1 Hz), 136.71 (d, 1JP-C = 9.8 Hz), 136.76 (d, 1JP-C = 11.1
Hz) 142.00, 143.66. 31P NMR (162 MHz, CDCl3) δ = -25.66 (d, 3JP-P = 138 Hz), -21.23
(d, 3JP-P = 138 Hz). Anal. Calc. for C32H24P2S: C, 76.48; H, 4.81. Found: C, 76.42; H,
5.01.
X-ray crystal structure determinations.
Reflections were measured on a Nonius KappaCCD diffractometer with rotating
anode (graphite monochromator, λ = 0.71073 Å) at a temperature of 150 K. Integration
of the intensities was performed with the programs HKL2000 (compound 7) or Eval15
(compound 14).[36,37] The program SADABS was used for absorption correction and
scaling.[38] The structures were solved with Direct Methods using the program SHELXS97.[39] Refinement was performed with SHELXL-97 against F2 of all reflections.[39] Nonhydrogen atoms were refined with anisotropic displacement parameters. All hydrogen
atoms were located in difference Fourier maps and refined freely with isotropic
displacement parameters (compound 7) or with a riding model (compound 14). Geometry
calculations and checking for higher symmetry was performed with the PLATON
program.[40]
Crystallographic data for 7:
C15H16BPS, Fw = 270.12, colorless plate, 0.60 x 0.48 x 0.12 mm3, orthorhombic,
P212121 (no. 19), a = 9.4433(1), b = 10.9643(1), c = 14.0419(2) Å, V = 1453.89(3) Å3, Z
= 4, Dx = 1.234 g/cm3, µ = 0.311 mm-1. 32607 Reflections were measured up to a
resolution of (sin θ/λ)max = 0.65 Å-1. Absorption correction range 0.70-0.96. 3325
Reflections were unique (Rint = 0.041), of which 3200 were observed [I>2σ(I)]. 227
Parameters were refined with no restraints. R1/wR2 [I > 2σ(I)]: 0.0232/0.0597. R1/wR2
[all refl.]: 0.0250/0.0610. S = 1.040. Flack x-parameter -0.01(5). Residual electron
density between -0.14 and 0.22 e/Å3.[41]
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Crystallographic data for 14:
C32H24P2S, Fw = 502.51, colorless block, 0.30 x 0.30 x 0.12 mm3, monoclinic, P21/c
(no. 14), a = 9.9424(3), b = 14.2425(4), c = 18.9607(5) Å, β = 108.335(1)°, V =
2548.62(12) Å3, Z = 4, Dx = 1.310 g/cm3, µ = 0.272 mm-1. 47799 Reflections were
measured up to a resolution of (sin θ/λ)max = 0.65 Å-1. Absorption correction range 0.880.97. 5842 Reflections were unique (Rint = 0.027), of which 5086 were observed
[I>2σ(I)]. 316 Parameters were refined with no restraints. R1/wR2 [I > 2σ(I)]:
0.0307/0.0758. R1/wR2 [all refl.]: 0.0381/0.0799. S = 1.052. Residual electron density
between -0.23 and 0.39 e/Å3.
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Chapter 5

Platinum-Catalyzed Hydroformylation

Three large-bite-angle phosphorus ligands have been applied in the platinum-catalyzed
hydroformylation reaction. The asymmetric hydroformylation using [PtCl(SnCl3)((R,R)XantBino)] as a catalysts resulted in 80% ee for allyl acetate and 77 % ee for vinyl
acetate, respectively. Hydroformylation of 4-methylstyrene resulted in up to 12.4% ee
with a b/l ratio of 78:22 and a chemoselectivity of 79%. The application of a platinum/tin
system based on a triptycene diphosphine ligand led to low activity in the
hydroformylation of octenes. It was found that C-H bond activation occurred in the
triptycene-backbone, leading to the formation of a pincer-type platinum/tin-complex,
which was characterized by X-ray crystal structure determination.
Besides the use of neutral platinum/tin-complexes in hydroformylation, also in-situ
generated cationic platinum systems were applied in the hydroformylation of 1-octene, 2octene and styrene. The in-situ generated catalysts based on [PtMe2(Xantphos)] gave
active systems for 1-octene, but in case of 2-octene, no activity towards isomerization or
hydroformylation was observed. The diphosphonite complex [PtMe2((R,R)XantBino)]/B(C6F5)3 did not show any activity for styrene. For 1-octene on the other
hand, some hydroformylation activity was observed. In none of the cases, hydrogenation
by-products were detected. This is in clear contrast to classical platinum/tin-systems.
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5.1 Introduction
Platinum/tin-complexes have been intensively studied as catalysts for the
hydroformylation reaction.[1-3] The commonly used platinum(II)halide precursor
complexes have to be activated by a Lewis acid (usually SnCl2) to form an active species,
as was discussed in chapter 1. Before the break-through achieved in the rhodiumcatalyzed asymmetric hydroformylation by (R,S)-BINAPHOS, high enantioselectivities
had only been achieved by phosphine-modified platinum/tin catalysts.[1,3-5] A drawback
of these Pt/Sn systems are the low regio- and chemoselectivity often observed.[6]
Large-bite-angle ligands based on a xanthene backbone were developed in the group
of Van Leeuwen and have been successfully applied in several catalytic reactions, such as
the rhodium-catalyzed hydroformylation.[7,8] Xantphos-based ligands have been studied
in Pt/Sn-catalyzed hydroformylation as well. It was found that the Pt/Sn complexes of the
large-bite-angle ligands with a rigid xanthene backbone give very stable and selective
catalysts for the hydroformylation of alkenes.[9]
In addition, chiral ligands based on the xanthene-backbone have been developed and
applied in asymmetric catalysis, such as nickel-catalyzed asymmetric hydrocyanation of
vinylarenes, palladium-catalyzed asymmetric allylic alkylation of dimethyl malonate and
rhodium-catalyzed asymmetric hydroformylation of styrene. [10-13] An example of such a
ligand is (R,R)-XantBino (2).[10]

Figure 1: The large-bite-angle ligands Xantphos (1) and (R,R)-XantBino (2).

Because of the good results obtained in Pt/Sn-catalyzed hydroformylation using
xanthene-based diphosphine ligands and the good enantioselectivity often observed using
Pt/Sn-systems, ligand 2 was considered a promising ligand in this reaction. The
coordination chemistry of 2 towards platinum as well as the application of
[PtCl(SnCl3)(2)] (3) in asymmetric hydroformylation of styrene was previously studied in
our laboratory by Van der Vlugt and by Van Duren.[12-14] The 31P NMR spectrum of
[PtCl2(2)] (4) showed inequivalence of the two phosphorus atoms. This was confirmed by
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X-ray crystal structure determination of the [PtCl2((S,S)-XantBino)] (5) complex, which
showed different orientation of the two binaphthalene moieties with respect to the
xanthene backbone (figure 2). Moreover, the platinum atom is located outside of the
plane defined by the backbone and the phosphorus atoms, which is quite unusual for this
type of complexes.[14]

Cl2
Cl1
P1
O2

Pt

P2

O1

O3

O4

Cl1

Pt

P2

P1
O1

Cl2

O2
O4

O3

Figure 2 a) Molecular structure of 5; b) Detail of backbone and metal fragment. Displacement ellipsoids
are drawn at the 50% probability level; hydrogen atoms are omitted for clarity.

Hydroformylation of styrene using 3 as the catalyst gave up to 30 % ee (R) at T = 0˚C
and p = 20 bar. A summary of the results obtained is shown in table 1.
Table 1: Asymmetric hydroformylation of styrene using complex 3.
p (bar) T (˚C) t (h)
conversion (%) HG (%)a
b/l
10
80
2
83
64
45:55
20
80
2
95
53
57:43
60
80
0.5
35
36
70:30
60
40
4
21
25
73:27
20
0
64
23
35
69:31

ee (conf) (%)
6 (S)
1 (S)
2 (S)
8 (R)
30(R)

Ligand/Pt/SnCl2 = 1:1:1, substrate/Pt = 1000, CO:H2 = 1:1, CH2Cl2, cPt = 0.5 mM, Vtot = 28 mL,
preformation: T = 60˚C, p = 20 bar, t = 2 h. aHG: hydrogenation
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5.2. Results and Discussion
5.2.1 Asymmetric hydroformylation by [PtCl(SnCl3)((R,R)-XantBino)]
Although [PtCl(SnCl3)((R,R)-XantBino)] (3) has been studied before in the
hydroformylation reaction, the structure of complex 3 has not been studied yet. Reaction
of [PtCl2((R,R)-XantBino)] (4) with 1 equivalent of SnCl2 in CH2Cl2 yielded complex 3.
The 31P NMR spectrum of this complex is depicted in figure 3 and shows two doublets
(JP-P is 15.2 Hz) with 195Pt and 117Sn/119Sn satellites. The signal at δ = 124.7 ppm shows a
1
JP-Pt coupling of 4909 Hz and a 2JP-Sn coupling of 197 Hz and was assigned as the
phosphorus atom in cis position with respect to the SnCl3 group (Po). The signal at δ =
132.8 ppm shows a 1JP-Pt coupling of 4108 Hz and a 2JP-Sn of 5856 Hz and 5596 Hz,
respectively. Two values for 2JP-Sn are found, because both the coupling of the
phosphorus atom to a 119 Sn nucleus, as well as to a 117Sn nucleus are observed. This is
assigned as the phosphorus atom in trans position with respect to SnCl3 (Px).[15,16] A small
amount of starting material (4) was observed as well.

Figure 3: 31P NMR spectrum of [PtCl(SnCl3)((R,R)-XantBino)] (3), recorded in CDCl3 at T = -50˚C. SM =
starting material.

Table 2: Assignment of the 31P spectrum of 3, δ in ppm, J in Hz.
1
2
δ(P)
JP-Pt
JP-Sn
Po
124.7
4909
197
Px
132.8
4108
5856, 5596

JP-P
15.2
15.2

As discussed before, the starting material contains two inequivalent phosphorus atoms.
As a consequence, reaction with SnCl2 could lead to the formation of two different
isomers. In the 31P NMR spectrum, however, only one compound was observed. Either
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one isomer is formed selectively or fast exchange between the two isomers on the NMR
timescale leads to averaged signals.
The [PtCl(SnCl3)((R,R)-XantBino)] complex was used as catalyst in the
hydroformylation of 4-methylstyrene, vinyl acetate and allyl acetate (scheme 1). As
shown in scheme 1, hydroformylation of these substrates can lead to the formation of the
linear or the branched hydroformylation product (7 and 8, respectively) or to the
hydrogenation product (9).

Scheme 1: Hydroformylation of 4-methylstyrene (6a), vinyl acetate (6b) and allyl acetate (6c).

Table 3: Asymmetric hydroformylation of 4-methylstyrene (6a) using complex 3.
p (bar)
T (˚C)
conversion (%) HG (%)a
b/l
ee(%)
10
80
61
46
43:57
12.4
20
80
100
40
61:39
3.1
60
80
100
33
71:29
4.7
60
40
85
21
78:22
4.8
Ligand/Pt/SnCl2 = 1:1:1, substrate/Pt = 1000, CO:H2 = 1:1, CH2Cl2, cPt = 0.6 mM, Vtot = 8 mL,
preformation: T = 60˚C, p = 20 bar, t = 2 h. aHG: hydrogenation

The results obtained for 4-methylstyrene (6a) are listed in table 3. The corresponding
gas uptake curves are shown in figure 4. The conversion, which was corrected for
hydrogenation by-product formation, since hydroformylation reactions consume twice as
much gas as hydrogenation reactions, is shown on the right y-axis.

Figure 4: Gas uptake curves measured during hydroformylation of 4-methylstyrene.
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The conversion of the substrate as well as the b/l (7a/8a) ratio increases with pressure.
The increase in CO partial pressure is assumed to decrease the reaction rate, since CO
dissociation is a prerequisite for alkene coordination to the platinum center.[9] However,
hydrogenolysis of the platinum-acyl species has been established to be the ratedetermining step in Pt/Sn-catalyzed hydroformylation and an increase in hydrogen partial
pressure is therefore supposed to increase the rate of hydroformylation.[17,18] The
observation that the conversion increases with pressure agrees with this. The branched
over linear ratio (b/l) also increases with pressure. This can be rationalized by the lower
rate in β-hydrogen elimination generally observed at higher (CO partial) pressure, with
respect to the overall rate of hydroformylation, as depicted in scheme 2.

Scheme 2: β-hydrogen elimination versus formation of the acyl complex.[9]

Migratory insertion of an alkene into the platinum-hydride bond yields a platinumalkyl species. This species can coordinate an additional CO ligand and subsequently an
acyl species can be formed. On the other hand, the alkyl-species can also undergo βhydrogen elimination. Moreover, the branched alkyl species is more prone to β-H
elimination than the linear one. A high CO pressure will favor the formation of the acyl
species and therefore lower the rate of β-H elimination. Therefore, more branched
product will be formed at high pressure.
The amount of hydrogenation decreases with pressure, which was also observed for
styrene. Apparently, this reaction path is influenced by the partial pressure of CO.[19]
At a pressure of 10 bar, an ee of 12.4% was observed. Increasing the pressure lowered
the enantioselectivity of the catalyst. Little difference in ee was observed between p = 20
and 60 bar.
Increase in temperature from T = 40 to 80 ˚C led to an increase in activity as well as a
decrease in the b/l ratio. The same trend was observed for styrene. Rappé et al. showed
by a molecular modeling study that in case of Pt/Sn-catalyzed hydroformylation of
styrene the branched η1-alkyl species is more stable than the linear alkyl species.[20]
Because of the similarity between styrene and 4-methylstyrene, a similar trend is
expected for the latter substrate. Therefore, migratory insertion of the alkene into the
platinum-hydride bond is expected to give predominantly the branched alkyl species.
This species can undergo either β-H elimination or coordinate an additional CO ligand, as
shown in scheme 2. It is known that at higher temperature, the rate of β-H elimination is
higher with respect to the overall rate of hydroformylation.[19] Since the branched alkyl
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species is more prone to β-H elimination than the linear one, the b/l ratio decreases with
temperature.
Hydrogenation increases at higher reaction temperature as well. This process is
predominantly governed by a larger temperature dependence of the first-order reaction
(alkyl formation and β-H elimination) compared to the competing second-order reaction
(acyl formation and acyl hydrogenolysis towards the hydroformylation product).[19] The
reaction temperature hardly influences the enantioselectivity in this case.[21]
Table 4: Asymmetric hydroformylation of vinyl acetate (6b) using complex 3.
ee (conf) (%)
p (bar) T (˚C) t (h) conversion (%) HF (%)a HG (%)b b/l
10
80
64
36
5
31
22:78 58 (R)
20
80
64
82
14
18
28:72 67 (R)
40
80
64
99
21
22
28:72 75 (R)
60
80
64
100
21
28
21:79 77 (R)
Ligand/Pt/SnCl2 = 1:1:1, substrate/Pt = 1000, CO:H2 = 1:1, CH2Cl2, cPt = 0.6 mM, Vtot = 8 mL
preformation: T = 60˚C, p = 20 bar, t = 2 h. aHF: hydroformylation. bHG: hydrogenation.

Table 5: Asymmetric hydroformylation of allyl acetate (6c) using complex 3.
p (bar) T (˚C) t (h)
conversion (%) HF (%)a HG (%)b b/l
10
80
12
61
20
13
9:91
20
40
64
100
47
25
13:87
20
80
12
100
34
24
11:89
40
80
12
100
35
31
13:87
60
80
12
100
33
30
12:88

ee(%)
75
80
79
74
71

Ligand/Pt/SnCl2 = 1:1:1, substrate/Pt = 1000, CO:H2 = 1:1, CH2Cl2, cPt = 0.6 mM, Vtot = 8 mL
preformation: T = 60˚C, p = 20 bar, t = 2 h. aHF: hydroformylation. bHG: hydrogenation.

Figure 5: Gas uptake curves measured during hydroformylation of allyl acetate (left) and vinyl acetate
(right). The conversion, corrected for the observed chemoselectivity (Conversion * (SHF + 0.5 SHG)), is
shown on the right y-axes.

Interestingly, the hydroformylation of vinyl acetate (6b, table 4, figure 5 right) and
allyl acetate (6c, table 5, figure 5 left) gave much better results in terms of
enantioselectivity compared to the styrene derivatives. Thus, 80% ee was achieved in the
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hydroformylation of 6c at 20 bar of CO/H2 and 40˚C. Also when applying different
reaction conditions, still high ee’s for the branched product were observed. A clear
drawback, however, is the fact that the chemoselectivity (hydrogenation vs.
hydroformylation) as well as the regioselectivity towards the desired branched aldehyde
is quite low (Table 5). Moreover, unwanted side reactions leading to unidentified
products occurred in some cases, accounting for the observed discrepancies in conversion
and product distribution (see also table 4). Parrinello et al. observed that the linear
hydroformylation product of vinyl acetate, 3-acetoxypropanal was degraded to acetic acid
and 2-propenal, which was hydrogenated to propanal under hydroformylation
conditions.[22] Similar degradation processes might take place for hydroformylation of
allyl acetate.
In the hydroformylation of vinyl acetate (6b) moderate to good enantioselectivities of
up to 77% were obtained. As for allyl acetate, low selectivities towards the desired
branched aldehyde were observed for vinyl acetate.

5.2.2 Platinum/tin-catalyzed hydroformylation using a triptycene-based diphosphine
Triptycene-based ligands, such as 10 possess a large bite-angle and a very rigid
backbone, and are therefore an interesting class of ligands for this reaction.[23] These
ligands have been successfully applied in the rhodium-catalyzed hydroformylation of 1–
octene and in the nickel-catalyzed hydrocyanation of butadiene.[23,24] Platinum complexes
of triptycene ligands have also been studied. The cis-[1,8-bis(diisopropylphosphino)triptycene] platinum complex contained the triptycene ligand in a cis
coordination mode, but for other metals, trans coordination was observed.[25]

Figure 6: 1,8-bis(diphenylphosphine)triptycene (ligand 10).

A platinum/tin precatalyst of ligand 10 was prepared by adding SnCl2 to a CH2Cl2
solution of [PtCl2(10)], yielding a yellow solution after 3 hours of stirring at room
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temperature. This complex was applied in the hydroformylation of 1-octene and 2-octene.
The results are listed in table 6.
The hydroformylation of 1-octene shows a high selectivity towards the linear product
(l/b = 153). Activity on the other hand, is low. Only little isomerization (1%) was
observed under the conditions applied and no hydrogenation product could be detected.
For 2-octene, essentially no hydroformylation activity was observed at p = 20 bar, not
even at T = 120˚C. It is known that applying lower pressure improves the isomerization
activity.[18] Therefore, the pressure was decreased to p = 7 bar resulting in considerable
isomerization of the substrate. Although the activity towards hydroformylation was still
low, the linear product was formed selectively, starting from an internal alkene.
Table 6: Hydroformylation of 1-octene using the [PtCl2(10)]/SnCl2 complex.
substrate
p (bar) T (˚C)
conv.(%)
HF (%)a
l/b
isom (%)b
1-octene
20
60
13
12
153
1
2-octene
20
60
0
0
0
2-octene
20
100
1
0
1
2-octene
20
120
0
0
0
2-octenec
7
100
34
3
6.6
31
d
2-octene
7
100
43
2
7.3
41
Ligand/Pt/SnCl2 = 1:1:1, substrate/Pt = 1000, CO:H2 = 1:1, CH2Cl2, cPt = 1 mM, Vtot = 11 mL,
preformation: T = 60˚C, p = 20 bar, t = 2 h. aHF: hydroformylation. bisomerization. c t=24h. dH2:CO = 2:1

Figure 7: 31P NMR spectrum of [PtCl2(10)]/SnCl2, (T = -50˚C, CD2Cl2). S: unidentified side product.

In order to gain more insight in these systems, the mixture [PtCl2(10)]/SnCl2 was
analyzed by 31P NMR spectroscopy (T = -50˚C, CD2Cl2, figure 7). Interestingly, the
complex did not show the expected spectrum of a classical Pt/Sn complex (vide supra).
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In contrast, two signals were observed in the 31P NMR spectrum at δ = 48.2 ppm (P*, 1JP2
1
2
Pt = 2766 Hz and JP-Sn = 243 Hz) and δ = 18.8 ppm (Po, JP-Pt = 2312 Hz and JP-Sn = 230
Hz), respectively. No JP-P was observed. Based on the 2JP-Sn couplings, both phosphorus
atoms are supposed to be in a cis position with respect to the Sn nucleus.[15,16] Also some
starting material ([PtCl2(10)]), P∆) as well as some unidentified side products (S) were
observed.
Since 31P NMR spectroscopy indicated that this complex is not a classical Pt/Sncomplex, attempts were made to obtain structural information. Colorless crystals suitable
for X-ray diffraction could be obtained by slow diffusion of diethylether into a CH2Cl2
solution of [PtCl2(10)]/SnCl2. A representation of the molecular structure in the crystals
is depicted in figure 8.

Figure 8: Representation of the molecular structure of complex 11 in the crystal (left: front view, right:
side view, phenyl groups are omitted for clarity). Displacement ellipsoids are drawn at the 50 %
probability level. Hydrogen atoms are omitted for clarity.

Table 7: Selected bond lengths and angles from crystal structure for complex 11.
Sn1 – Pt1
Pt1 – P1
Sn1 – Pt1 – P1
Sn1 – Pt1 – P1A
P1 – Pt1 – C14

2.5700(4)
2.2855(13)

Bond lengths (Å)
Pt1 – P1A
Pt1 – C14

2.2836(13)
2.153(5)

97.06(3)
95.93(3)
83.45(12)

Angles (degrees)
P1A – Pt1 – C14
Sn1 – Pt1 – C14
P1 - Pt1 – P1A

84.28(12)
177.36(11)
159.86(4)

In the molecular structure, the molecule is located on a general position and has
therefore only C1 symmetry. Interestingly, the X-ray crystal structure analysis reveals the
presence of a [Pt(PCP)(SnCl3)] complex, in which the triptycene ligand is coordinating in
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a pincer-type fashion, rather than a bidentate fashion. The two phosphorus atoms are
orientated in trans position with respect to one another. The C14 carbon atom is
covalently bound to the platinum atom. Apparently, complex 11 is formed by reaction of
[PtCl2(10)] and SnCl2 under C-H bond activation and formation of HCl (scheme 3).

Scheme 3: Formation of complex 11 starting from complex 10 and SnCl2.

The molecular structure shows a distorted square planar environment around the
platinum atom (figure 8, right). The Pt-P bond lengths are comparable to other Pt-PCPpincer complexes, but the Pt-C14 bond is relatively long.[26-29] In solution, 31P NMR
spectroscopy on the pure compound 11 shows one signal at δ = 47.9 ppm (r.t., CDCl3,
1
JP-Pt = 2778 Hz and 2JP-Sn = 249 Hz). Complex 11 can thus be ascribed as the major
compound observed in the 31P NMR spectrum depicted in figure 7. A small difference in
chemical shift and coupling constants was observed with respect to the spectrum shown
in figure 7, because of the different solvent and temperature used. The unidentified
intermediate as described in figure 7 (δ = 18.8 ppm) might be a symmetrical Pt-complex,
in which the C14-H bond of the ligand is not activated yet (figure 9).

Figure 9: Structure proposed for the intermediate triptycene-platinum/tin complex.

In fact, the starting material, [PtCl2(10)] contains the triptycene ligand in cis
coordinating mode. In principle, insertion of SnCl2 into one of the Pt-Cl bonds, is
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expected to yield a [PtCl(SnCl3)(P^P)] complex, in which the phosphorus-ligand is
coordinated to the platinum in cis fashion. However, both complexes observed by 31P
NMR spectroscopy are symmetrical, tin-containing species and contain the phosphorusligand in trans coordinating mode. In order to study if any intermediate species
containing both a cis coordinating triptycene ligand and a SnCl3 ligand were involved in
the reaction between [PtCl2(10)] and SnCl2, a suspension of these two compounds in
CD2Cl2 was gradually warmed in the NMR spectrometer, starting at T = -20˚C. At T =
-20˚C, only the signal of [PtCl2(10)]was observed in the 31P NMR spectrum (δ = -2.28,
1
JP-Pt = 3776 Hz). Up to T = 10˚C, no other signals were observed. At T = 20˚C, the
signal of the unidentified trans-coordinated platinum complex is visible at δ = 18.9 ppm.
No signal of the pincer-type complex was yet observed. Moreover, signals were detected
at δ = 70.3 (1JP-Pt = 3902 Hz), at δ = 30.0 and at δ = 42.8 ppm. Because of the low
intensity and possible overlap, no couplings could be resolved for the latter two signals.
However, the appearance of these signals indicates that the trans-coordinated complex is
not formed immediately, but that there are intermediate species present. The coupling of
3902 Hz of the signal at δ = 70.3 ppm is in the order of magnitude expected for cis
[PtCl(SnCl3)(P^P)] complexes ( see paragraph 5.2.1). After 5 days at room temperature,
only complex 11 could be observed by 31P NMR spectroscopy, indicating that this
complex is formed quantitatively.
The pincer complex was further studied by 31P NMR spectroscopy under syn gas
atmosphere (p = 20 bar) in CD2Cl2. Under these conditions, complex 11 was partially
converted into another complex, with δP = 51.0 ppm and JP-Pt = 2598 Hz. No coupling to
a tin nucleus was observed. The nature of this second species is not completely clear, but
possibly the hemilabile SnCl3 ligand was replaced by a CO ligand (figure 10). No hydride
signal was observed in the 1H NMR spectrum of the mixture. This experiment shows that
formation of the Pt-C bond is irreversible under the conditions used.

Figure 10: Proposed structure of complex formed from 11 under syn gas pressure.
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The isolated pincer complex (11) was used as a catalyst in the hydroformylation of 1octene and 2-octene. The results are summarized in table 8.
Table 8: Hydroformylation of 1-octene and 2-octene using complex 11.
substrate
T (˚C)
Conv. (%)
HF (%)a
l/b
1-octene
60
3
3
no bc
1-octene
100
9
1
no bc
2-octene
100
0
-

isom (%)b
0
8
-

Substrate/Pt = 1300, CO:H2 = 1:1, CH2Cl2, cPt = 1 mM, Vtot = 11 mL. Preformation: T = 60˚C, p = 20 bar,
t = 1 h. Reaction: p = 20 bar, t = 16h. aHF: hydroformylation. bisomerization. cno branched product
detected.

Only 3% of conversion towards the aldehyde was observed using 1-octene as a
substrate at T = 60˚C. At T = 100˚C, 8 % of the substrate was isomerized towards internal
octenes. In case of 2-octene, no aldehyde formation or isomerization was observed. No
hydrogenation products were observed.
The low hydroformylation activity found for complex 11 can be rationalized by the
fact that the formation of the bond between the platinum atom and the carbon atom on the
backbone of the ligand is irreversible under syn gas pressure and the fact that to the best
of our knowledge, no active hydroformylation catalysts based on (PCP)-Pt-pincers have
been reported so far.

5.2.3 Hydroformylation by cationic platinum complexes
Platinum catalysts are not very active in hydroformylation. The use of a Lewis acid cocatalyst, such as SnCl2 can improve the activity.[30,31] However, an excess of SnCl2 often
leads to racemization of the aldehyde product.[32] Moreover, reaction of a platinumchloride species with hydrogen gas leads to the formation of hydrogen chloride, which
can lead to the formation of unwanted by-products or to racemization.[33,34]
Racemization of the product by the excess of SnCl2 can be circumvented by using an
equimolar amount of this Lewis acid. However, in this case still HCl will be present.
Different methods have been considered to circumvent this problem. One of the
possibilities is to abstract the chloride ligand from the platinum by sodium or silver
salts.[35,36] In this way, a vacant coordination site can be created at the platinum atom.
Another possibility is to use [PtR2(P^P)] (R = alkyl) complexes, instead of [PtCl2(P^P)]
complexes. These [PtR2(P^P)] complexes are not active in hydroformylation. However,
active systems can be generated in-situ by abstraction of an alkyl ligand using a strong
Lewis acid, such as BF3 or B(C6H5)3. Activation of metal pre-catalysts by boranes or
borates is known from the field of polymerization catalysis.[37,38] Kollár et al. reported on
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the successful application of borane-activated [Pt(CH3)2(bdpp)] in asymmetric
hydroformylation (Figure 11).[39]

Figure 11: BDPP ligand (2S,4S)-2,4-bis(diphenylphosphino)pentane.

Large-bite-angle diphosphine ligands with a rigid backbone, such as Xantphos are
known to perform well in platinum/tin-catalyzed hydroformylation. Therefore, they were
considered a promising class of ligands for the hydroformylation using in-situ generated
[PtMe2(P^P)]-borane complexes.
The [PtMe2(Xantphos)] complex can be prepared either by reaction of
[PtCl2(Xantphos)] with MeLi or by reaction of Xantphos with [PtMe2(cod)], as shown in
scheme 4.[40] This second option is also applicable to phosphonite ligands, whereas
reaction of MeLi with a Pt-complex of a diphosphonite might lead to cleavage of the P-O
bonds.

Scheme 4: Formation of [PtMe2(Xantphos)] (12) by reaction of Xantphos with [Pt(Me)2(cod)].

Complex 12 shows a signal at δ = 17.5 ppm with 1JP-Pt = 1772 Hz in the 31P NMR
spectrum, which is typical for a cis-[PtMe2(P^P)] complex.[41] Via the same route also
[PtMe2((R,R)-XantBino)] (13) was synthesized, which shows two signals in the 31P NMR
spectrum; one at δ = 166.4 ppm (1JP-Pt = 2469 Hz, JP-P = 10.0 Hz) and one at δ = 167.8
ppm (1JP-Pt = 2589 Hz ). Also the [PtCl2((R,R)-XantBino)] complex as discussed in
section 5.1 shows two doublets in the 31P NMR spectrum, caused by the different
orientation of the two binaphthalene moieties with respect to the backbone. The
inequivalence of the two phosphorus atoms in complex 13 is also assumed to be caused
by this difference in conformation. Both complexes were obtained as white solids in
quantitative yield.
The structures of the activated platinum-alkyl species were studied by 31P NMR
spectroscopy. Addition of 1 eq of HBF4 to complex 12 gave a complex, which shows a

122

Platinum-Catalyzed Hydroformylation

signal at δ = 33.3 ppm with 1JP-Pt = 2993 Hz. This indicates the presence of a symmetrical
species. The absence of couplings other than 1JP-Pt, indicate that the species formed is not
a dimeric species, as was reported by Kollár et al.[39] Possibly, a cationic platinum
complex is formed, in which the Xantphos-oxygen atom coordinates to the metal center
(figure 12). Similar structures have been reported for cationic palladium complexes.[42]

Figure 12: Cationic complex as observed by Zuideveld et al. (M = Pd, R = p-C6H4CN, X = CF3SO3) and
suggested as reaction product for 12 + B(C6F5)3 (M = Pt, R = Me, X = BF4).

Addition of 1 equivalent of tris(pentafluorophenyl)borane (14), trityl tetra
(pentafluorophenyl)borate (15) or dimethylphenylammonium tetra(pentafluorophenyl)
borate (16) (figure 13), respectively resulted in the formation of the same type of
complexes, as was shown by 31P NMR spectroscopy.

Figure 13: Borane and borates used for generating in-situ cationic platinum/alkyl catalysts.

Scheme 5: Reaction of 12 with 14, 15 and 16, respectively.
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Addition of 1 eq of 14 to 12 under CO pressure led to the formation of a complex with
δ = 26.9 ppm with 1JP-Pt = 3392 Hz in the 31P NMR spectrum (recorded in toluene-d8).
This is not in agreement with the findings of Kollár et al., who report the formation of a
[PtMe(CO)(P^P)]+ species under these conditions.[39] In our case, either a symmetrical
complex is formed or fast exchange takes place on the NMR timescale. If H2 is added to
the sample, the mixture turns bright yellow. The signal at δ = 26.9 ppm (1JP-Pt = 3392 Hz)
does not disappear, but two additional signals were observed in the 31P NMR spectrum;
one at δ = 19.4 (1JP-Pt = 3555 Hz) and one at δ = -6.0 (1JP-Pt = 3097 Hz). No JP-P couplings
were observed. Apparently, several species are present under syn gas atmosphere.
[PtMe2(Xantphos)] (12) was applied in the hydroformylation of octenes; 14, 15 and 16
were used to activate the platinum-alkyl species. The results are listed in table 9.
Table 9: Hydroformylation of 1-octene and 2-octene using [PtMe2(Xantphos)].
entry
substrate
borane
T (˚C)
Conv. (%) HF (%)a l/b
isom (%)b
1
1-octene
14
60
10
9
26
1
2
1-octene
14
100
39
19
3.4
20
3
1-octene
14
120
85
42
6.5
43
4
1-octene
14c
60
12
11
8.3
1
d
5
1-octene
14
60
3
1
2.6
2
6
1-octene
14e
100
21
11
2.9
10
f
7
1-octene
14
100
18
5
2.4
13
8
1-octene
15
60
16
1
nd
15
9
1-octene
15
100
38
9
1.6
29
10
1-octene
16
100
28
6
1.7
22
11
2-octene
14
100
0
0
0
12
2-octene
14g
100
0
0
0
13
1-octene
60
0
0
0
Pt:B =1:1, substrate/Pt = 450, CO:H2 = 1:1, Toluene. Preformation: T = 60˚C, p = 20 bar, t = 1 h.
Reaction: p = 20 bar, t = 16h. aHF: hydroformylation. bisomerization cPt:B = 1:2 dPt:B = 1:5 ep = 40
bar, CO:H2 = 1:3 fp = 15 bar, CO:H2 = 1:2 gp = 8 bar.

Activating [PtMe2(Xantphos)] by 14 yielded an active hydroformylation catalyst. The
conversion of the substrate increases with temperature (entries 1-3). Both the activity
towards hydroformylation as well as towards isomerization increases. No clear trend was
observed for the regioselectivity. Using two, instead of one equivalent of borane 14
(entry 1 versus 4) hardly changed the activity of the system. However, a decrease in the
l/b ratio was observed. In case of using five equivalents of borane (entry 5), the activity
of the system decreased. The reason for this is not yet fully understood. Possibly, the
boranes coordinate towards the metal center, inhibiting alkene coordination. Application
of a borate (15, 16) slightly improved the activity of the system (entry 8 vs 1 and 9, 10 vs
2). However, the rate of hydroformylation with respect to the rate of isomerization
decreased. In case isomerization took place, only nonanal and 2-methyloctanal were
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observed as hydroformylation products. No other hydroformylation products were
detected. The use of a borane or borate was necessary to activate the platinum complexes,
since non-activated platinum-alkyl species were inactive in hydroformylation (entry 13).
Although no difference was observed in the 31P NMR spectrum of the activated
[PtMe2(Xantphos)] complex, the outcome of the reaction was influenced by the borane or
borate used. Also Kollár et al. reported that using their systems, the activation of the
platinum-diphosphine-alkyl species under inert atmosphere led to the formation of the
same complexes, whereas a difference in selectivity was observed during catalysis.[39] It
is not yet known what is the exact mechanism of the hydroformylation reaction using
these in-situ generated platinum-alkyl species. It might be that the boranes or borates also
influence other elemental steps during catalysis.
No activity was observed in the hydroformylation of 2-octene. As for 1-octene, no
hydrogenation of 2-octene was observed. This indicates that the nature of the active
species for these systems is different from the ones in classical platinum/tin catalysts. For
the latter systems, the high amount of hydrogenation by-product generally observed has
always been one of their major drawbacks. The in-situ generated platinum-alkyl-borane
systems therefore are a promising new class of catalysts for platinum-catalyzed
hydroformylation, although the activity needs to be improved.
Since it was shown that active systems for hydroformylation of terminal alkenes could
be obtained, we were interested in designing similar catalytic systems for asymmetric
hydroformylation. Therefore, the previously discussed [PtMe2((R,R)-XantBino)] (13) was
tested (results obtained are shown in table 10).
Table 10: Hydroformylation of styrene and 1-octene using (13)/(14).
entry
substrate
T (˚C)
Conv. (%) HF (%)a
l/b
1
styrene
60
0
0
2
styrene
100
0
0
3
1-octene
100
10
1
nd

isom (%)b
0
0
9

Pt:14 =1:1, substrate/Pt = 450, CO:H2 = 1:1, Toluene. Preformation: T = 60˚C, p = 20 bar, t = 1 h.
Reaction: p = 20 bar, t = 16h. aHF: hydroformylation. bisomerization.

Hydroformylation, using [PtMe2((R,R)-XantBino)] and borane 14 did not yield an
active catalyst for styrene hydroformylation, neither at T = 60˚C, nor at T = 100˚C. Some
aldehyde formation was observed for 1-octene, but the rate of hydroformylation was very
low. The difference in activity between activated [PtMe2(Xantphos)] and [PtMe2((R,R)XantBino)] might be caused by the increased bulk of the XantBino ligand with respect to
the Xantphos ligand. Another possible explanation is the different electronic properties of
diphosphine ligands (σ-donors) on the one hand and diphosphonite ligands (π-acceptors)
on the other hand.
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In this paragraph, a new application of large-bite-angle phosphorus ligands in the
platinum-catalyzed hydroformylation was described. In-situ generated cationic catalysts
based on [PtMe2(Xantphos)] showed activity in the hydroformylation of 1-octene. No
activity was observed for 2-octene. No hydrogenation of the substrates was observed,
which is in contrast to the classical platinum/tin-catalysts. The systems described here
show lower activity in the hydroformylation reaction than the systems described by
Kollár et al.[39] However, the nature of the phosphorus ligand as well as the substrate used
was different. More research is needed in order to gain a better understanding of this type
of platinum-catalyzed hydroformylation.

5.3. Conclusions
Different large-bite-angle diphosphine and diphosphonite ligands have been applied in
the platinum-catalyzed hydroformylation. Asymmetric hydroformylation using
[PtCl(SnCl3)((R,R)-XantBino)] as a catalyst led to ee’s of up to 80 % for allyl acetate and
up to 77 % for vinyl acetate. Hydroformylation of 4-methylstyrene gave higher
regioselectivity towards the branched product and less hydrogenation than styrene under
similar conditions.
Application of a triptycene ligand in platinum/tin-catalyzed hydroformylation led to
poorly active systems. It was found that C-H bond activation in the triptycene backbone
occurred, leading to the formation of a pincer-like platinum/tin-complex, which was also
characterized by X-ray crystal structure determination. This isolated pincer-like complex
showed hardly any activity, explaining the low activity observed in the hydroformylation
of octenes using triptycene-Pt/Sn systems.
Besides the use of classical platinum/tin systems in hydroformylation, also in-situ
generated cationic platinum-alkyl/BR4 systems were applied in the hydroformylation of
octenes and styrene. The in-situ catalysts based on ([PtMe2(Xantphos)] gave active
systems for 1-octene, but in case of 2-octene, no activity towards isomerization or
hydroformylation was observed. The diphosphonite complex [PtMe2((R,R)-XantBino)]B(C6F5)3 did not give activity for styrene. For 1-octene on the other hand, some
hydroformylation activity was observed. In none of these cases, hydrogenation byproducts were detected. This is a profound contrast to the classical platinum/tin-systems.
Therefore, the in-situ generated platinum-alkyl/BR4 complexes are a promising class of
platinum catalysts, but more active systems are needed to improve hydroformylation
activity and enable the development of efficient enantioselective systems for this
reaction.
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5.4. Experimental
Chemicals were purchased from Aldrich and used as received. Alkenes were filtered
over neutral alumina, dried over CaH2, distilled and degassed prior to use. All
preparations were carried out under an argon atmosphere using standard Schlenk
techniques. NMR spectra were recorded on a Varian Unity Inova 500 MHz (HP NMR
studies), a Varian Mercury 400 MHz and a Varian Mercury 200 MHz spectrometer.
Hydroformylation experiments
Hydroformylation of 4-methylstyrene (6a), vinyl acetate (6b), and allyl acetate (6c).
Catalysis experiments were performed simultaneously in the parallel autoclave system
AMTEC SPR16, equipped with pressure sensors and a mass-flow controller suitable for
monitoring and recording gas uptakes throughout the reactions. General procedure for the
catalysis experiments: Four stainless steel autoclaves of the AMTEC SPR16 were heated
to 90˚C and flushed with Ar (15 bar) four times. Subsequently, the reactors were cooled
to room temperature and flushing with Ar was repeated again for four times. The reactors
were charged each with the solution of the Pt/Sn-complex dissolved in CH2Cl2 under Ar.
The atmosphere was further exchanged with synthesis gas (CO/H2 1:1) (gas exchange
cycle 1), and the reactors were pressurized with CO/H2 to 10 bar. After heating to 60˚C,
the pressure was increased to 20 bar and kept constant during the preformation time.
Subsequently, the substrate was injected via a syringe, and the final pressure and
temperature were adjusted. In case of 6a, and 6c, n-decane was used as an internal
standard. In the case of 6b, ethyl propanoate was used as the internal standard. At the end
of the catalysis experiments, the reactors were cooled to room temperature and the
autoclave contents were analyzed by GC.
Hydroformylation using triptycene-PtCl2/SnCl2 systems.
In a typical experiment, a standard autoclave was dried under vacuum at T = 100˚C
overnight and filled with argon. A solution of the platinum complex in CH2Cl2 (4 mL,
13.3 µmol platinum) and 4 mL of CH2Cl2 was inserted into the reactor. The dropping
funnel was filled with 1.8 mL of a substrate stock solution (1 mL alkene, 1.5 mL CH2Cl2,
0.3 mL n-decane as internal standard). The autoclave was flushed with synthesis gas for
three times, pressurized to 20 bar and heated to T = 60˚C. After two hours, the
temperature was adjusted to the desired reaction temperature, the valve between the
dropping funnel and the reactor was opened and the reaction was run for 16 h. At the end
of the catalysis experiments, the autoclave was cooled to room temperature,
depressurized and the reaction mixtures were analyzed by GC.
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Hydroformylation using in-situ generated cationic Pt-alkyl complexes.
In a typical experiment, 13.5 mg (12.7 µmol) of complex 12 and 6.6 mg (12.9 µmol) of
borane 14 were weighted. Both were dissolved in 5 mL of toluene. A standard autoclave
was dried under vacuum at T = 100˚C overnight and filled with argon. The solution of the
platinum-complex was inserted into the reactor. The dropping funnel was filled with the
borane solution and 2 mL of a substrate stock solution (5 mL alkene, 5 mL toluene, 1 mL
n-decane as internal standard). The autoclave was flushed with synthesis gas for three
times, pressurized to 20 bar and heated to T = 60˚C. After one hour, the temperature was
adjusted to the desired reaction temperature, the valve between the dropping funnel and
the reactor was opened and the reaction was run for 16 h. At the end of the catalysis
experiments, the autoclave was cooled to room temperature, depressurized and the
contents analyzed by GC.
GC Analysis
Hydroformylation of 1-octene and 2-octene
GC samples were analyzed on a Shimadzu GC-2010 equipped with a DB1 column
(30m, 0.32mm inner diameter) using helium as carrier gas. The temperature profile
started at T = 60˚C and was isothermal for 10 min. Subsequently, temperature was
increased by 1˚C min-1 to 65˚C and by 15˚C min-1 to 280˚C. The conversion is defined as:
(1-((area of substrate/area of internal standard) after reaction/( area of substrate/area of
internal standard) before reaction))*100%.
Hydroformylation of styrene and 4-methylstyrene
GC samples were analyzed on a Shimadzu GC-2010 equipped with a HP Ultra column
(25m, 0.25mm inner diameter) using helium as a carrier gas. The temperature profile
started at T = 50˚C and was increased by 8˚C min-1 after 5 min. Chiral analyses were
performed on a Carlo Erba GC6000 Vega 2 machine equipped with a β-dex column
(30m, 0.25mm inner diameter) using hydrogen as carrier gas. The temperature profile
started at T = 100˚C. After 30 min, the temperature was increased to 160˚C by 10˚C min-1
and kept constant for 5 minutes.
Hydroformylation of vinyl acetate (6b).
GC samples were analyzed on a Shimadzu GC-2010 equipped with a HP PONA
column (25m, 0.25mm inner diameter) using helium as a carrier gas. The temperature
profile started at T = 40˚C and was increased by 12˚C min-1 after 20 min to reach 250˚C.
Chiral analyses were performed on a Carlo Erba GC6000 Vega 2 machine equipped with
a Lipodex column (25m, 0.25mm inner diameter) and hydrogen as carrier gas. The
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temperature profile started at T = 70˚C. After 5 min, the temperature was increased to
110˚C by 2˚C min-1.
Hydroformylation of allyll acetate (6c).
GC analysis: see 1-octene and 2-octene. Chiral analysis: see vinyl acetate.
Complex synthesis
Triptycene-pincer (11).
A solution of [PtCl2(10)] (32.2 mg, 36.3 µmol) in 2.5 mL of CH2Cl2 was added to a
suspension of SnCl2 (7.0 mg, 36.9 µmol) in 6.5 mL of CH2Cl2. The mixture was stirred
for three hours, yielding a yellow solution. After five days, 31P NMR spectroscopy
showed the complete conversion into 11.
1
H NMR (500 MHz, CDCl3) δ = 5.51 (s, 1H), 6.55 (t, 1H, J = 18 Hz), 6.64 (t, 1H, 15 Hz),
6.82-7.63 (m, 28H). 13C NMR (126 MHz, CDCl3) δ = 53.63, 67.08 (1JC-Pt = 871 Hz),
123.63, 124.01, 125.15, 126.55, 127.10, 127.69, 127.80, 129.01 (t, J = 12.2 Hz), 129.38
(J = 11.4 Hz), 130.34, 131.80, 132.07, 133.19 (t, J = 13.8 Hz), 134.58 (t, J = 15.2 Hz),
145.66, 146.09. 31P NMR (162 MHz, CDCl3) δ = 47.91 (1JP-Pt = 2778 Hz, 2JP-Sn = 249
Hz). Anal. Calc. for C44H31Cl3P2PtSn: C, 50.73; H, 3.00. Found: C, 49.94; H, 2.57.
[PtMe2(Xantphos)] (12).
Pt(cod)(Me)2 (67.7 mg, 0.203 mmol) and Xantphos (124 mg, 1.05 eq) were weighted
and dissolved together in 5 mL of CH2Cl2, yielding a pale yellow solution. This solution
was stirred for 10 minutes. The solvent and 1,5-cyclo-octadiene (cod) were removed in
vacuo, yielding a white powder (yield: 163 mg, 0.203 mmol, 100% ).
1
H NMR (400 MHz, CDCl3) δ = 0.36 (d tr, 6H, Pt(CH3)2, JH-H= 2.0 Hz, 3JH-P = 14.8 Hz,
2
JH-Pt = 71.2 Hz), 1.68 (s, 6H, CH3), 6.81 (t, 2H, J = 13.6 Hz), 6.93 (t, 1H, 15.2 Hz), 7.027.24 (m, 12H), 7.32-7.37 (m, 6H), 7.46 (d d, 2H, J = 7.6 Hz, J = 1.2 Hz), 7.51-7.59 (m,
2H),7.71 (dd, 1H, J = 5.6 Hz, J = 3.6 Hz). 31P NMR (162 MHz, CDCl3) δ = 17.48 ppm,
1
JP-Pt = 1772 Hz. Anal. Calc. for C41H38OP2Pt: C, 61.27; H, 4.77. Found: C, 61.38; H,
5.11.
[PtMe2((R,R)-XantBino)] (13).
Compound 13 was prepared following the procedure for compound 12, yielding a white
powder in 98 % yield.
1
H NMR (400 MHz, CDCl3) δ = 0.51-0.95 (m, 6H, PtCH3), 5.60 (s, 1H), 6.38 (s, 1H),
6.93-8.11 (m, 34H). 31P NMR (162 MHz, CDCl3) δ = 166.4 ppm (1JP-Pt = 2469 Hz, JP-P =
10.0 Hz), δ = 167.8 ppm (1JP-Pt = 2589 Hz ). Anal. Calc. for C57H42O5P2Pt·CH2Cl2: C,
60.68; H, 3.86. Found: C, 61.26; H, 4.85.
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Synthesis of [PtMe(Xantphos)]+ [BR4]-.
In a typical experiment, 2.3 mg (2.9 µmol) of complex 12 and 1.5 mg (2.9 µmol) of
borane 14 were weighted. Both were dissolved in 0.3 mL of toluene-d8. The solution of
the platinum complex was added to the solution of 12 and the resulting mixture was
stirred for 10 minutes. No color change was observed. The mixture was analyzed by 31P
NMR spectroscopy. 31P NMR (162 MHz, toluene-d8) δ = 33.3 ppm (1JP-Pt = 2995 Hz).
Replacing 14 by 15, 16 or HBF4, gave practically the same results. The differences both
in chemical shifts (± 0.5 ppm) and coupling constant (± 8 Hz) fall within the
experimental error.
X-ray Crystal Structure Determination of Triptycene-platinum-pincer (11).
C44H31Cl3P2PtSn, Fw = 1041.76, yellow block, 0.12 x 0.08 x 0.06 mm3, monoclinic,
P21/n (no. 14), a = 13.3194(4), b = 16.3804(3), c = 17.3541(6) Å, β = 90.775(2)°, V =
3785.92(18) Å3, Z = 4, Dx = 1.828 g/cm3, µ = 4.679 mm-1. 46568 Reflections were
measured on a Nonius KappaCCD diffractometer with rotating anode (graphite
monochromator, λ = 0.71073 Å) up to a resolution of (sin θ/λ)max = 0.57 Å-1 at a
temperature of 150(2) K. The crystal consisted of two fragments with arbitrary
orientation with respect to each other. Therefore two orientation matrices were used
during integration of the intensities with EvalCCD and a reflection file with only nonoverlapping reflections was generated.[43] Absorption correction and scaling was
performed with SADABS (0.22-0.43 correction range).[44] 5867 Reflections were unique
(Rint = 0.062), of which 4698 were observed [I>2σ(I)]. The structure was solved with
automated Patterson Methods using the program DIRDIF-99 and refined with SHELXL97 against F2 of all reflections.[45;46] Non hydrogen atoms were refined with anisotropic
displacement parameters. Hydrogen atoms were introduced in calculated positions and
refined with a riding model. 460 Parameters were refined with no restraints. R1/wR2 [I >
2σ(I)]: 0.0275 / 0.0513. R1/wR2 [all refl.]: 0.0447 / 0.0559. S = 1.059. Residual electron
density between -0.59 and 1.22 e/Å3. Geometry calculations and checking for higher
symmetry was performed with the PLATON program.[47]
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Summary
Metal-Catalyzed Asymmetric Hydroformylation: Towards the Understanding of
Stereoselection Processes
The metal-catalyzed hydroformylation reaction is one of the most important
homogeneously catalyzed reactions. The asymmetric hydroformylation is an elegant an
atom-efficient way to produce chiral aldehydes, which are valuable intermediates in fine
chemistry. Much is still unknown about the factors determining the enantioselectivity in
this reaction. In order to develop efficient catalysts for this reaction, more knowledge
about the stereoselection mechanism is required. In this thesis, the asymmetric
hydroformylation reaction was studied from four different points of view. An overview
of the history of the reaction and the most important recent developments were described
in chapter 1.
The selective hydroformylation of 1,1-disubstituted alkenes has been described in
chapter 2. For this class of substrates, the linear hydroformylation product contains a
stereogenic center. High enantioselectivity, together with high regioselectivity towards
the linear product were obtained applying sugar-based diphosphite ligands in the
rhodium-catalyzed hydroformylation of methyl methacrylate (MMA) and αmethylstyrene. In case of MMA, an ee of 71% was reached, which is the highest ee ever
obtained for this substrate. The remarkable selectivity of these catalytic systems was
further investigated by deuterioformylation experiments using MMA as a substrate.
Analysis of the reaction mixture by 2H NMR spectroscopy and GC-MS analysis showed
that both at T = 100 and 60˚C, coordination of the alkene to the rhodium center as well as
alkyl formation are highly reversible. Analysis by 1H NMR spectroscopy showed the
presence of hydrogen atoms in the aldehyde functionality, indicating that a source of H2
or HD was present in the gas phase. This was confirmed by MS analysis of the residual
gas after a deuterioformylation experiment. Monitoring the gas composition during a
deuterioformylation experiment as a function of time enabled for the first time, to the best
of our knowledge, to estimate the rate of β-hydrogen elimination versus the rate of
hydroformylation. It was shown that β-hydrogen elimination is at least 29 times faster
than hydroformylation in the system studied. We feel that this new method bears great
potential to study the performance of catalysts, especially in the isomerizing
hydroformylation of internal alkenes.
In chapter 3, the coordination behavior of three selected chiral bidentate phosphorus
ligands towards the rhodium center in trigonal bipyramidal hydrido-carbonyl complexes
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was investigated by high pressure in-situ NMR and FT-IR spectroscopy. All three ligands
were found to coordinate to the metal center in one mode exclusively. This is assumed to
be a prerequisite for efficient chiral induction during catalysis. (R,R)-Ph-BPE and (S)Binapine were shown to coordinate in equatorial-axial fashion. Moreover, (S)-Binapine
was found to form dimeric species of the type [Rh(CO)2(P^P)]2 under hydroformylation
conditions. (S,S)-Kelliphite coordinates to the rhodium center in equatorial-equatorial
fashion. All three ligands showed fluxional behavior on the NMR timescale. Slow
exchange limits were reached at low temperature. For the [RhH(CO)2((S,S)-Kelliphite)]
complex, two ee-coordinated conformations were detected in HP FT-IR spectroscopy.
This was confirmed by computational methods.
In chapter 4, the synthesis and application in the rhodium-catalyzed hydroformylation
of styrene of a series of new ligands based on benzo[b]thiophene was described.
Phosphine-phosphonite as well as monodentate and bidentate phosphine ligands were
considered. The influence of the ligand structure on the activity and selectivity of the
corresponding catalysts was investigated by varying the substituents of both the
phosphine and the phosphonite moiety. The molecular structures of a P-stereogenic,
borane-protected monodentate phosphine as well as a bidentate diphosphine ligand were
investigated by X-ray crystal structure determination. HP NMR spectroscopy showed that
the latter ligand coordinates in ea fashion to the rhodium center in a tbpy hydridocarbonyl complex.
In chapter 5, the platinum-catalyzed hydroformylation was considered. Asymmetric
hydroformylation using the classical platinum/tin catalyst [PtCl(SnCl3)((R,R)-XantBino)]
resulted in 77% ee for vinyl acetate and 80% ee for allyl acetate. Hydroformylation of 4methylstyrene resulted in 12.4% ee with a b/l ratio of 78:22 and a chemoselectivity of
79%. The platinum/tin system based on a diphosphine ligand with a triptycene backbone
showed low activity in the hydroformylation of 1-octene and 2-octene. 31P NMR studies
together with X-ray crystal structure determination revealed the formation of a pincertype [Pt(PCP)(SnCl3)] complex. Besides the classical platinum/tin catalysts, also in-situ
generated cationic [PtMe2(P^P)]/BR4 systems were applied in the hydroformylation
reaction. The in-situ generated catalyst based on [PtMe2(Xantphos)] showed activity in
the hydroformylation of 1-octene. On the other hand, no activity towards
hydroformylation or isomerization was observed for 2-octene. The diphosphonite
complex [PtMe2((R,R)-XantBino)]/B(C6F5)3 did not show any activity for styrene. For 1octene on the other hand, some hydroformylation activity was observed. In none of the
cases, hydrogenation by-products were detected, in clear contrast to the classical
platinum/tin-systems.
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Metaal Gekatalyseerde Asymmetrische Hydroformylering: Op Weg naar het
Begrijpen van Stereoselectie Processen.
De metaalgekatalyseerde hydroformylering is een van de belangrijkste homogeen
gekatalyseerde reacties. De asymmetrische hydroformylering is een elegante en
atoomefficiënte methode voor het vervaardigen van chirale aldehydes, die veelzijdige
tussenproducten in de fijnchemie zijn. Er is nog veel onbekend over de factoren die de
enantioselectiviteit in deze reactie bepalen. Om efficiënte katalysatoren te ontwikkelen is
meer kennis nodig. In dit proefschrift is de asymmetrische hydroformylering vanuit vier
verschillende invalshoeken bestudeerd. In hoofdstuk 1 zijn zowel de geschiedenis van
deze reactie als de belangrijkste, recente ontwikkelingen in dit vakgebied beschreven.
De selectieve hydroformylering van 1,1-digesubstitueerde, terminale alkenen is
beschreven in hoofdstuk 2. Voor dit type substraat wordt er een stereogeen centrum
gevormd in het lineaire hydroformyleringsproduct. Het gebruik van op suiker gebaseerde
difosfietliganden in de rhodium gekatalyseerde hydroformylering van methyl
methacrylaat (MMA) en α-methylstyreen leidde tot zowel hoge enantioselectiveit als
hoge regioselectiviteit naar het lineaire product. Voor MMA werd een enantioselectiviteit
van 71% behaald. Dit is de hoogst behaalde enantioselectiviteit die ooit voor dit substraat
vermeld is. De opmerkelijke selectiviteit van deze systemen is verder onderzocht door
middel van deuterioformylering van MMA. Analyse van de reactiemengsels met behulp
van 2H NMR spectroscopie en GC-MS wees uit dat zowel de coördinatie van het alkeen
aan het rhodium centrum als vorming van rhodium-alkyl verbindingen reversibel zijn bij
temperaturen van 100˚C en 60˚C. Bij analyse van de reactiemengsels met 1H NMR
technieken bleken er waterstofatomen aanwezig te zijn in de aldehydegroepen. Dit duidt
op de aanwezigheid van H2 en/of HD in de gasfase, wat bevestigd is door analyse van het
gasresidu na een deuterioformyleringsexperiment met behulp van massa spectrometrie.
Door de samenstelling van het gas tijdens een deuterioformyleringsexperiment als functie
van de tijd te volgen, was het –naar wij weten– voor het eerst mogelijk om de snelheid
van β-waterstof eliminatie ten opzichte van de snelheid van hydroformylering te bepalen.
β-Waterstof eliminatie bleek in het bestudeerde systeem ten minste 29 keer sneller te zijn
dan hydroformylering. Naar onze mening is deze meetmethode een veelbelovende manier
om de prestaties van katalytische systemen te onderzoeken, in het bijzonder in de
isomeriserende hydroformylering van interne alkenen.
In hoofdstuk 3 wordt de coördinatie van 3 verschillende chirale bidentaat fosforliganden
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aan rhodium in trigonale bipiramidale [RhH(CO)2(P^P)] complexen onderzocht met
behulp van hoge druk in-situ NMR en infrarood spectroscopische technieken. Alle drie
de liganden bleken op slechts een manier aan het rhodium te coördineren, hetgeen een
voorwaarde is voor efficiënte overdracht van de chiraliteit van het katalysatorcomplex
gedurende de katalyse. (S,S)-Kelliphite coördineert op equatoriaal-equatoriale wijze aan
het rhodium centrum in het [RhH(CO)2(P^P)] complex, terwijl (R,R)-Ph-BPE en (S)Binapine op equatoriaal-apicale wijze coördineren aan het rhodium atoom. In geval van
(S)-Binapine werd de aanwezigheid aangetoond van dimere [Rh(CO)2(P^P)]2 complexen,
welke inactief zijn in de hydroformylering onder normale reactiecondities. Alle drie de
onderzochte liganden wisselden de fosforatomen onderling uit op de NMR-tijdsschaal.
Bij lage temperaturen werd de langzame uitwisselingslimiet bereikt.
Hoofdstuk 4 beschrijft de synthese en toepassing in de hydroformylering van styreen
van een serie nieuwe, van benzo[b]thiopheen afgeleide liganden. Zowel fosfine-fosfoniet
als mono- en bidentaat fosfineliganden worden beschreven. De invloed van de
substituenten op de activiteit en selectiviteit werd onderzocht door de substituenten van
zowel de fosfine- als de fosfonietfunctionaliteiten te variëren en de selectiviteit en
activiteit van de overeenkomstige rhodiumkatalysatoren te testen in de asymmetrische
hydroformylering van styreen. De moleculaire structuur van een P-stereogeen, boraan
beschermd monodentaat fosfineligand en van een bidentaat difosfineligand zijn
gekarakteriseerd met behulp van Röntgendiffractie. Hoge druk in-situ NMR
spectroscopie aan een rhodium complex van het laatstgenoemde ligand toonde aan dat het
ligand op equatoriaal-apicale wijze coördineert in een trigonaal bipiramidaal complex.
In hoofdstuk 5 wordt de platina gekatalyseerde hydroformylering behandeld. De
asymmetrische hydroformylering met behulp van een klassieke platina/tin katalysator
[PtCl(SnCl3)((R,R)-XantBino)] leidde tot een ee van 77% voor vinylacetaat en een ee van
80% voor allylacetaat. In de asymmetrische hydroformylering van 4-methylstyreen werd
een ee van 12.4% behaald, in combinatie met een regioselectiviteit van 78:22 voor het
vertakte product en een chemoselectiviteit van 79%. De platina/tin katalysator afgeleid
van een op triptyceen gebaseerde difosfineligand resulteerde in lage activiteit in de
hydroformylering van 1-octeen en 2-octeen. 31P NMR spectroscopie en Röntgendiffractie
technieken wezen uit dat er een [Pt(PCP)(SnCl3)] pincercomplex gevormd werd. Naast
klassieke platina/tin systemen zijn ook in-situ gegenereerde [PtMe2(P^P)]/BR4 systemen
toegepast in de hydroformyleringsreactie. De in-situ uit [PtMe2(Xantphos)] gegenereerde
katalysator bleek actief in de hydroformylering van 1-octeen. Voor 2–octeen werd echter
geen activiteit voor hydroformylering of isomerisatie waargenomen. Het difosfoniet
systeem [PtMe2((R,R)-XantBino)]/B(C6F5)3 gaf geen activiteit in de hydroformylering
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van styreen, maar wel voor 1-octeen. In geen van de gevallen werd hydrogenering
waargenomen. Dit is een duidelijk verschil met de klassieke platina/tin katalysatoren.
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