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Abstract
Thirty phosphane ligands were prepared and characterized. Aryl groups of the phosphane ligands
were modified through change in functionality. The side chains were the following:
trifluoromethylphenyl, selenomethylphenyl, 9-anthryl, alkyl-substituted aryl groups, and pyridyl and
alkyl groups. In addition, three chromium carbonyl complexes of potentially bidentate
arylphosphanes containing nitrogen heteroatoms were prepared and characterized. Characterization
of the isolated complexes verified the monodentate coordination from phosphorus and two bidentate
coordination modes, (P,N)-bound and (N,N')-bound.
Ligands and complexes were characterized by 1H, 13C{1H}, 31P{1H}, and two-dimensional NMR
spectroscopy, X-ray crystallography, and mass spectrometry. The 13C{1H} and 31P{1H} NMR
spectra, and calculated cone angles of the o-alkyl-substituted aryl- and arylalkylphosphane ligands
provided valuable parameters, which could be plotted against catalytic results in the search for
correlations between the structures and catalytic behavior of ligands. Correlations were found
between the parameters and the catalytic behavior of Rh-catalysts modified with the o-alkylsubstituted phenylphosphanes.
The research reported here was directed toward the preparation and characterization of phosphane
ligands which would favor the formation of isobutanal in propene hydroformylation. The o-alkylsubstituted arylphosphanes, which were studied most throughly, gave the highest selectivity to
isobutanal but at the cost of activity. Linear n-butanal was still the main product, though only barely.
Alkyl substituents in meta position increased the activity of propene hydroformylation even up to the
level with the reference ligand PPh3, but, the selectivity decreased simultaneously.
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1 Introduction
A coordination compound contains a metal center surrounded by a number of oppositely
charged ions or neutral molecules (possessing lone pairs of electrons), which are known
as ligands. The most straightforward way to affect the chemical behavior of a metal ion is
through change in its ligands. It is well recognized that changes within the first
coordination sphere of a metal ion can have a relatively dramatic impact on the properties
of the entire complex, whereas modifications of the ligand substituents and superstructure
have subtler and somewhat more predictable effects [1].
The most common ligand in organometallic chemistry is carbon monoxide, which
may bond to a single metal or serve as a bridge between two or three metals. A variety of
other ligands have been used, including diatomic ligands (nitrogen, nitrosyl), ligands
containing linear or cyclic π-electron-systems (ethylene, butadiene, cyclopentadienyl,
benzene), alkyl and acyl ligands, hydrogen, phosphites, and phosphanes [2,3]. The
phosphanes are the ligands studied in this work.
There are fundamental similarities in the bonding of carbon monoxide, phosphanes,
and alkenes to metals: with all there is σ-donation from a suitable ligand orbital to the
metal center with concomitant π-back-bonding into an empty and suitable antibonding
orbital of the ligand. In this work, carbon monoxide has a dual function; most importantly
it is a substrate, but it also acts as a ligand, whereas phosphanes act as a ligand and
alkenes act as important substrates as in many other catalytic reactions.[2]
Coordination compounds play an important role in homogeneous catalysis, where the
organotransition metal catalyst and reagents are present in the same phase. In catalysis
the coordination of substrates and loss of products must occur with low activation free
energy, which means that the metal complexes must be labile [4]. These labile complexes
are often coordinatively unsaturated in the sense that they contain a free coordination site
or, at most, a site that is only weakly coordinated [4].
Designing new, modified phosphane ligands has become an art, important for the
creation of highly effective and selective catalytic systems. Looking back to the past
leaves no doubt that significant challenges remain for the future.
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1.1 Phosphane ligands
Tertiary phosphanes of form PR3 or PR2R’ are usually prepared from phosphorus halides
and organometallic reagents. Grignard reagents and organolithium reagents are
commonly used as the organometallic reagent, but other metals (Al, Sn, Zn) have also
found use [5]. The reactions are generally exothermic and are carried out at or below
room temperature.
Phosphanes contain a lone electron pair at the phosphorus atom, which is used for the
formation of a σ-bond with metals. π-Back-bonding from the d-orbitals of metals in low
oxidation states is important in the case of electron-rich metals. The P–R σ*-orbitals are
utilized for π-back-bonding, and empty phosphorus 3d-orbitals also play a rolea role
that is larger for ligands like trimethylphosphane than for trifluorophosphane
[2,6,7,8,9,10,11,12]. The nature of the R groups attached to phosphorus thus determines
the relative donor/acceptor ability of the ligand, and allows adjustment of the properties
of the phosphane ligands [10,11].
Understanding of the ligand system is the first essential step toward catalyst design,
since steric and electronic properties of the ligand can drastically influence the rate and
selectivity of catalytic reactions. A large number of methods are available to study the
stereoelectronic properties of phosphorus ligands and aid in the development of more
efficient catalysts. In 1970 Tolman quantified steric and electronic properties in terms of
cone angle ( -value) and electronic parameter ( -value) [13,14,15,16]. Subsequently
other methods were developed for calculating the steric effects of ligands, which also
take into account the variation in cone angle with ligand conformation [17,18]. Casey’s
natural biting angle has provided a useful tool for elucidating the steric properties of
diphosphanes [19]. The quantification of electronic effects has continued, including
investigations of parameters such as half neutralization potential for determination of
ligand basicity [20,21], NMR chemical shifts and coupling constants [22,23,24,25],
ionization potential [26,27], enthalpy of reaction [15,28,29,30], molecular electrostatic
potential minimum Vmin [31] and the “aryl” effect Ear [32,33,34].
Correlations have been sought among these parameters to evaluate steric and
electronic effects. Generally, the correlations are limited to similarly modified ligands
[22,31,35]. Correlations have been demostrated between basicities and cone angles of the
ligand series PMe3, PMe2Ph, PMePh2, PPh3 and P(p-tolyl)3, P(m-tolyl)3, P(o-tolyl)3,
where basicity increased as the cone angle decreased [35]. Correlation between molecular
electrostatic potential minimum Vmin and the Tolman electronic parameter, and also
basicity, suggested that the Vmin parameter could be used as the σ-donating power of the
phosphane ligand to a metallic moiety. If there was significant π-back-bonding from the
metal to the phosphane, however, the correlation failed [31].
Triphenylphosphane (odorless solid) is probably the most widely used tertiary
phosphane in homogeneous catalysis in part due to its ready availability and stability in
air. Typically, trialkylphosphanes and mixed arylalkylphosphanes are liquids, airsensitive, expensive, and nasty and noxious to handleproperties that may not
recommend them for homogeneous catalysis [36]. Moreover, there are cases where they
generate less active or even inactive analogues of arylphosphane-based catalysts [36].
The major difference between complexes containing trialkylphosphanes and triaryl
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phosphanes is the greater σ-electron donor ability (basicity) of the trialkylphosphanes,
which leads to the formation of more stable and less active low-pressure transition metal
catalysts [37,38]. More recently, it has become apparent that rhodium trialkylphosphane
complexes possess properties that make them suitable for a wide range of catalytic
reactions [39]. Sometimes they are even the only systems available: for example, the
much higher electron density on metal-containing trialkylphosphanes facilitates oxidative
addition reactions, even of difficult substrates [39]. The branching of alkyldiarylphosphanes may improve both the i/n selectivity and the activity [40,37].
Most commercial homogeneous catalysts are based on phosphane complexes.
Processes include hydrogenation, hydroformylation, hydrosilylation, hydrocyanation, and
oligomerization [1,40,41,42,43]. The phosphanes with their ability to stabilize low
oxidation states of transition metals, and especially the arylphosphanes with their greater
steric bulk and weaker bonding affinity for metals relative to the alkylphosphanes, are
ideal for the generatation of an empty or potentially reactive coordination sites in the
metal reaction sphere [1]. In addition, the good solubility of phosphane complexes, which
can also be modified by changing the length of the alkyl substituent and introducing
phenyl substituents, makes them highly attractive ligands for homogeneous catalysis.
Lately, the synthesis of new water-soluble phosphane ligands such as sulfonated
arylphosphanes, pyridylphosphanes, and phosphanes containing a nitrogen group have
found industrially promising or relevant applications [44,45,46,47,48,49].
Evidently the first tertiary phosphane complex of a transition metal was described by
Hoffmann as long ago as 1857. The triphenylphosphane ligand has a major role as a
catalyst modifier for example in the famous Reppe compound Ni(CO)2(PPh3)2 used in
alkene and acetylene polymerization, in the Wilkinson catalyst Rh(CO)(Ph3P)3 used in
homogeneous hydrogenation of alkenes, acetylene, and carbonyl compounds, and in
Rh(CO)(PPh3)2or3-type catalysts used in the hydroformylation of alkenes with hydrogen
and CO [5].

1.2 Hydroformylation
Hydroformylation is the simultaneous addition of one mole each of hydrogen and carbon
monoxide across a carbon–carbon double bond of alkene to produce linear and branched
aldehydes having one more carbon atom than the original compound (Scheme 1). The
reaction was discovered accidentally in 1938 by Otto Roelen. Although much progress
has been made since then through the development of more efficient metal catalysts,
hydroformylation continues to be the subject of innumerable studies, motivated by the
need to increase the selectivity to linear or branched aldehydes, to reduce by-product
formation, and to achieve milder and more environmentally friendly reaction conditions
[40]. Today’s hydroformylation plants operate with catalysts based on rhodium or cobalt,
while platinum, palladium, and ruthenium catalysts are of research intrest [40,50].
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Scheme 1. Hydroformylation reaction.

The homogeneous hydroformylation reaction is one of the oldest processes making use of
soluble transition metal catalysts and it is one of the largest volume of industrial
applications of these catalysts. In the catalysts, the most extensively utilized ligands are
phosphanes and carbon monoxide. Phosphane ligands offer several benefits over
unmodified systems, including increased catalyst stability, improved reaction rates and
selectivities, and enhanced partitioning into two-phase systems.[51,52,53]
Most of the seven million tons of aldehydes produced annually by this process are
hydrogenated to alcohols or oxidized to carboxylic acids. Esterification of the alcohols
produces plasticizersthe largest end-use. Detergents and surfactants make up the next
largest category, followed by solvents, lubricants, and chemical intermediates.
Asymmetric hydroformylation of several functionalised alkenes opens the way to
production of chiral aldehydes, which can be used as a starting material for the synthesis
of agro- and pharmaceutical chemicals.[40,41,51,45]
The most important hydroformylation process on industrial scale, propene
hydroformylation, provides about 75% of all oxo chemicals consumed in the world [III].
Traditionally, the aim of this process has been to produce regioselectively the linear
aldehyde, n-butanal. Via reactions to 2-ethylhexanol the n-butanal is converted to dioctyl
phthalate, a plasticizer utilized in a wide range of PVC applications [40]. Recently, intrest
has focused on selective formation of the branched form, isobutanal, which now
represents 9% of total production capacity and finds use in the production of polyols,
such as neopentyl glycols [III].

2 Aims of the work
The present study was part of a project targeted at developing new rhodium catalysts for
the propene hydroformylation reaction that would favor the formation of the branched
aldehyde, isobutanal. The primary focus here was the preparation and characterization of
new tertiary phosphane ligands and, while a second objective was to find trends in their
behavior as catalytic ligands.
Steric and electronic properties of the phosphane ligand were modified with the aim
of producing branched aldehydes in propene and 1-hexene hydroformylation. The first
modifications were minor relative to the reference ligand triphenylphosphane, but as the
work progressed the catalytically most promising features were combined with new
modifying pieces. Some of the ligands have been reported earlier, but new preparation
was essential to allow investigation of systematically modified groups of ligands.
Additionally, most of the spectroscopic data for the ligands is new.
Publication I reports on trifluoromethyl-substituted phenylphosphanes. The main idea
in introducing an electron-withdrawing substituent into the para or ortho position(s) was
to increase the π-back-bonding from the rhodium atom to phosphorus atom and
simultaneous to reduce the rhodium-to-carbonyl π-back-bonding of the trans-CO ligand.
This would cause the CO molecule to be less strongly bonded to the rhodium center and
facilitate alkene coordination. In the ortho position(s) the trifluoromethyl substituent also
caused steric crowding.
Publications II-IV describe the steric modification of arylphosphane ligands through
introduction of ortho-alkyl substituents to the aromatic group. The use of ortho-alkylsubstituted ligands was suggested by earlier finding in which (o-methylphenyl)diphenylphosphane ligand, as part of a platinum catalyst in the hydroformylation of 2-butene,
exhibited enhanced selectivity to the branched aldehyde [54]. In this work the bulk of the
alkyl group was increased step by step, from methyl to ethyl, isopropyl, and cyclohexyl.
Publication V was focused on ortho-alkyl-substituted arylalkylphosphanes. By
combining the ortho-alkyl-substituted aryl group through the phosphorus atom with
better σ-donor groups, the alkyls, we concomitantly modified the steric and electronic
properties of phosphanes.
The third and fifth papers reported on investigations of hydroformylation reactions
with ortho-alkyl-substituted pyridylphosphanes. The pyridyl ring(s) was chosen to be a
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second modifying group since, in earlier investigations, the reaction rates obtained with
pyridyl-modified compounds had been higher than the rates of their phenyl analogues.
This has been attributed to the electron-withdrawing capacity of the pyridyl ring, which
causes the CO molecule to be less strongly bonded to the rhodium center, thus facilitating
alkene coordination [48,55].
Additionally, studies on sterically crowded polyaromatic monodentate phosphanes,
anthryl- and naphthylphosphanes, are reported in the first, fourth, and fifth papers, since
such ligands have rarely been studied in organometallic chemistry [56,57,58], let alone in
hydroformylation reactions [59].
During the work it was noted that the catalytic properties of meta-alkyl-substituted
triphenylphosphanes had not been extensively studied [60,61,62,63]. π-Electron density
of the benzene ring is lower when this is substituted with electron-releasing alkyl group
in meta position rather than in ortho or para position [64], and as a consequence the metaalkyl-substituted phosphanes are poorer electron donor ligands than their ortho and para
analogues. Use of m-alkyl-substituted phenylphosphanes as ligands also creates more
space in the coordination sphere of a metal, though at the same time the steering effect is
less than in the ortho-alkyl-substituted arylphosphanes. This work contains preliminary
results of propene hydroformylation tests with three new meta-isopropyl-substituted
phenylphosphanes.
Further, the synthesis and characterization of three unpublished chromium carbonyl
complexes with arylphosphanes containing nitrogen heteroatom are reported for the first
time in this publication. The compounds were synthesized to study the coordination
chemistry of the prepared tertiary phosphane ligands.
Both the alkyl-substituted arylphosphane and alkyl-substituted mixed arylalkylphosphane ligands allowed comparative study of their properties and catalytic behavior,
and correlations could be sought between spectroscopic and steric properties of the
ligands and the hydroformylation results.
The catalytic properties of the ligands in hydroformylation were tested at the Helsinki
University of Technology and the University of Joensuu. The modeling work and X-ray
crystallographic work were carried out at the University of Joensuu. Some of the
hydroformylation results are discussed here since properties of the modified phosphanes
can be clarified through reference to their performance in catalysis.

3 Synthetic work
3.1 Reagents
Diethyl ether (Lab Scan) was distilled from sodium/benzophenone ketyl under nitrogen
before use. Dichloromethane (Lab Scan), hexane (Lab Scan), ethanol (Altia), and
methanol (Baker) were used without further purification or degassed with argon. H2SO4
(Reachim) and NaOH (FF-Chemicals) solutions were degassed with argon. Cr(CO)6
(Aldrich) and (CH3)3NO*2H2O (Fluka Chemica) were used as received. The other
reagents were obtained from Aldrich, Lancaster, Merck, or Fluka and used without
further purification.
Analytical thin layer chromatography (TLC) was conducted on aluminium plates
precoated with Kieselgel 60 F254 silica gel (Merck). Column chromatography was carried
out on degassed silica gel.

3.2 General procedure for preparation of phosphanes
Triphenylphosphane, a commercial phosphane ligand used in catalytic hydroformylation,
was taken as the reference and starting point in varying the functionality of ligands.
Modification was achieved by introducing trifluoromethylphenyl, selenomethylphenyl, 9anthryl, alkyl-substituted phenyl and naphthyl, pyridyl, and alkyl groups as substituents at
the phosphorus atom. Emphasis was on modification of the bulk and steric effects of
phosphanes. As is well known, steric effects are not, however, easily distinguished from
electronic effects.
The phosphane ligands were prepared mainly by the following procedure. Undiluted
commercial solution of n-butyllithium (2.5 M solution in hexane) or a solution of nbutyllithium in diethyl ether was transferred dropwise via a canula to a freshly prepared
solution of brominated organic reagent in diethyl ether at around 0°C. After several hours
stirring, a solution of an appropriate chlorophosphane in diethyl ether was slowly added
to the mixture of lithiated organic reagent and stirring was continued for a further few
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hours. After slow warming to room temperature, solid and liquid layers were separated by
filtration and solvent was removed in vacuum. Expectionally, in the synthesis of
pyridylphosphanes and (9-anthryl)phenylphosphanes, the reaction temperatures and
reaction times were different from those described above. The reaction route is shown in
Scheme 2.

X

X

PR2Cl

P
R

R
X

X

Br
n-BuLi

Li
PRCl2

P
R
X

X = CF3, SeMe,
Me, Et, i-Pr,
Cy, Ph

X

PCl 3
R = Ph, i-Pr, Cy
P

X
X

Scheme 2. Reaction route for the preparation of substituted phosphanes.

Halogenated arylphosphanes (Scheme 2) PPh2Cl, PPhCl2, PCl3, P(i-Pr)2Cl, P(i-Pr)Cl2, and
PCy2Cl, are commercially available and widely used starting materials for the preparation
of phosphane ligands. In addition to these, (2,5-dimethylphenyl)dichlorophosphane was
synthesized by Friedel-Crafts reaction of phosphorus trichloride with p-xylene by earlier
published literature methods and was used as starting material [65,66]. All reactions were
performed in inert atmosphere with standard Schlenk techniques. The yields of the
prepared ligands are presented in Table 1 section 4.2.1.

3.2.1 Trifluoromethyl- and selenomethyl-substituted phenylphosphanesI
Trifluoromethyl- and selenomethyl-substituted phenylphosphanes were prepared in order
to investigate the difference in effect of electron-withdrawing and electron-releasing
groups in modifying arylphosphanes. Additionally, in the olefin hydroformylation,
answers were sought to the question in which direction the functionality of substituents in
phenylphosphanes should be modified for optimum performance.
First, hydroformylation tests were performed with known arylphosphanes containing
an electron-releasing OMe-, SMe-, or NMe2-substituted phenyl ring. The main interest
here was the potential bidentate bonding from different donor atoms to the metal center
[59,67,68]. Rhodium catalyst modified with the SMe-substituted phenylphosphane, (o-
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thiomethylphenyl)diphenylphosphane, has produced improved results in the
hydroformylation of MMA [59,68]. Trifluoromethyl-substituted phenylphosphanes 1-4
(Scheme 3) were prepared as a means of understanding in which way the electronwithdrawing functionality affects the hydroformylation results of olefins relative to the
potentially bidentate ligands modified with electron-releasing functionality. Furthermore,
a heterodonor phosphorus-seleno and electron-releasing ligand, (o-selenomethylphenyl)diphenylphosphane 5, was prepared and tested in the hydroformylation of olefins to
supplement the series of above-mentioned heterodonor ligands.
CF3

CF3
P

CF3

CF3

P

P

F3C

1

3

2
CF3

SeMe
P

F3C

P

CF3

4

5

Scheme 3. Schematic structures of (o-trifluoromethylphenyl)diphenylphosphane 1, tris(o-trifluoromethylphenyl)phosphane 2, (p-trifluoromethylphenyl)diphenylphosphane 3, tris(p-trifluoromethylphenyl)phosphane 4, and (o-selenomethylphenyl)diphenylphosphane 5.

The synthesis of trifluoromethyl- and selenomethyl-substituted phenylphosphanes has
been reported earlier [69,70,71,72]. The trifluoromethyl-substituted triphenylphosphane
ligands (o-trifluoromethylphenyl)diphenylphosphane 1, tris(o-trifluoromethylphenyl)phosphane 2, (p-trifluoromethylphenyl)diphenylphosphane 3, and tris(p-trifluoromethylphenyl)phosphane 4 (Scheme 3) were prepared from liquid 1-bromo-2-(trifluoromethyl)benzene or 1-bromo-4-(trifluoromethyl)benzene and the appropriate chlorophosphane,
and likewise the (o-selenomethylphenyl)diphenylphosphane 5 (Scheme 3) was prepared
from 1-bromo-2-(selenomethyl)benzene and diphenylchlorophosphane. Times for both
reaction steps at 0°C were 1.5 h, and finally hydrolysis with hydrochloric acid (0.2 M)
was carried out only with ligand 5 since the CF3-substituted phenylphosphanes were
known to oxidize easily and to convert slowly to the phosphane oxide during isolation
from the reaction mixture [70]. The reaction of selenomethyl-substituted ligand 5 was
also carried out at 0°C, because earlier the yield of tris(o-selenomethylphenyl)phosphane
had not been improved when the reaction temperature was reduced to -78°C [72]. The
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ligands 1-4 were washed with hexane, and ligand 5 was recrystallized from ethanol. The
final solid products were brown (1-2), orange (3-4), and white (5).

3.2.2 (9-Anthryl)phenylphosphanesI
Bulkier aromatic phosphanes containing anthryl ring(s) instead of phenyl ring(s) were
synthetized in order to investigate the effect of steric stress on the catalytic activity and
selectivity of the hydroformylation reaction.
The (9-anthryl)diphenylphosphane 6 and bis(9-anthryl)phenylphosphane 7 (Scheme
4) were synthetized according to the literature method of Wesemann et. al. [73]. A diethyl
ether solution of 9-bromoanthryl was added to a solution of n-butyllithium in ether at
–30°C. The mixture was stirred for 30 min, after which the appropriate chlorophosphane
in diethyl ether was added over a period of 30 min. The resulting mixture was refluxed
for 3.5 h and finally the cooled mixture was pumped dry in vacuum. The raw product was
dissolved in dichloromethane and filtered over degassed Al2O3 (basic). The ligands were
yellow solid products.

P

6

P

7

Scheme 4. Schematic structures of (9-anthryl)diphenylphosphane 6 and bis(9-anthryl)phenylphosphane 7.

3.2.3 Alkyl-substituted arylphosphanesII, III, IV
The modification of steric properties was continued by increasing the bulk of the
arylphosphanes with o-alkyl substituents: the bulk of alkyl group was increased step by
step from methyl to ethyl, isopropyl, and cyclohexyl. Functional groups were varied in
the hope of finding relationships between the catalytic behavior and steric properties of
the ligands since the ortho-alkyl-substituted ligands are electronically fairly similar.
All the phosphane ligands, (o-methylphenyl)diphenylphosphane 8, bis(o-methylphenyl)phenylphosphane 9, (o-ethylphenyl)diphenylphosphane 10, bis(o-ethylphenyl)phenylphosphane 11, (o-isopropylphenyl)diphenylphosphane 12, (o-cyclohexylphenyl)diphenylphosphane 13, and (o-phenylphenyl)diphenylphosphane 14 (see Scheme 5), were
prepared by a modified literature method [74]. Undiluted solution of n-butyllithium
reagent was added dropwise to a solution of brominated organic reagent in diethyl ether,
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after which a solution of the appropriate chlorophosphane in diethyl ether was added.
Times of both reaction steps at 0°C were two hours. The ligands were recrystallized from
ethanol and as pure products they were white or translucent solids. Attempts to
recrystallize ligand 10 were at first unsuccessful but after many attempts and an
exceptionally long time (several weeks) was eventually achieved. Single crystals of 9-11
and 13 for X-ray crystallographic analysis were grown from a mixture of
dichloromethane/hexane at room temperature. The o-phenyl-substituted phenylphosphane
14 was prepared to assess the difference in catalytic behavior between o-alkyl- and oaryl-substituted ligands.
All the phosphane ligands introduced in this section, except 13, have been mentioned
in the literature [75,76,77]. However, it was considered to prepare all these ligands, with
systematically increasing bulk, and as well to obtain a full range of spectroscopic and
structural data for them.
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Scheme 5. Schematic structures of (o-methylphenyl)diphenylphosphane 8, bis(o-methylphenyl)phenylphosphane 9, (o-ethylphenyl)diphenylphosphane 10, bis(o-ethylphenyl)phenylphosphane 11, (o-isopropylphenyl)diphenylphsophane 12, (o-cyclohexylphenyl)diphenylphosphane 13, and (o-phenylphenyl)diphenylphosphane 14.

The ligands (2,4,5-trimethylphenyl)diphenylphosphane 15 and (2,5-dimethylphenyl)diphenylphosphane 16 (Scheme 6) were prepared to find out how the presence of an orthoalkyl substituent together with meta-alkyl and para-alkyl substituents and with a metaalkyl substituent affect the hydroformylation results. Furthermore, (2-methylnaphthyl)diphenylphosphane 17 was prepared to combine the steric crowding of the polyaromatic
ring with an ortho-methyl substituent. Ligands 15-17 were prepared like ligands 8-14 and
the recrystallization from ethanol likewise gave white solid products. A different method
has been reported for the synthesis of ligand 16, but with lower yield and without NMR
data [78].
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Scheme 6. Schematic structures of (2,4,5-trimethylphenyl)diphenylphosphane 15, (2,5-dimethylphenyl)diphenylphosphane 16, and (2-methylnaphthyl)diphenylphosphane 17.

Preparation of meta-alkyl-substituted phenylphosphanes was undertaken with the goal of
achieving improved activity of the hydroformylation reaction. The newly prepared
ligands (m-isopropylphenyl)diphenylphosphane 18, bis(m-isopropylphenyl)phenylphosphane 19, and tris(m-isopropylphenyl)phosphane 20 (Scheme 7) have the important
bulky alkyl-substituent, but its steering role is less important in meta position.
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Scheme 7. Schematic structures of (m-isopropylphenyl)diphenylphosphane 18, bis(m-isopropylphenyl)phenylphosphane 19, and tris(m-isopropylphenyl)phosphane 20.

Ligands 18-20 were prepared by the method described for o-alkyl-substituted
phenylphosphanes. Lengthening of the time of the first reaction step to 3.5 h did not
increase the yields. The ligands were purified by column chromatography on silica gel
using dichloromethane/hexane (1:2) as eluent. The pure ligands 18-19 were translucent
and oily, whereas the ligand 20 was a white solid. Single crystals of 18 for X-ray
crystallographic determination were grown from a mixture of dichloromethane/hexane at
room temperature.
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3.2.4 Alkyl-substituted pyridylphosphanesIII, V
In compound 21, (3-methyl-2-pyridyl)diphenylphosphane, the o-alkyl substituent was
combined with pyridyl ring. o-Alkyl and pyridyl functions are in different side chains of
the phosphane in ligands (2,5-dimethylphenyl)bis(3-pyridyl)phosphane 22 and (2,5-dimethylphenyl)bis(4-pyridyl)phosphane 23 (Scheme 8). The pyridyl ring was chosen to be
a second modifying piece since pyridylphosphane catalysts have shown higher reaction
rates than the corresponding phenylphosphanes, probably because of their stronger πback-bonding character [48,55].
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Scheme 8. Schematic structures of (3-methyl-2-pyridyl)diphenylphosphane 21, (2,5-dimethylphenyl)bis(3-pyridyl)phosphane 22, and (2,5-dimethylphenyl)bis(4-pyridyl)phosphane 23.

(3-Methyl-2-pyridyl)diphenylphosphane 21 was prepared according to the literature
method by adding a solution of 2-bromo-3-methylpyridine in diethyl ether to a cooled
solution of n-butyllithium in diethyl ether at −100°C [79]. The low reaction temperature,
which was essential to decrease the formation of side products, was maintained by means
of an ethanol/liquid nitrogen bath. After 1.5 h stirring, a solution of chlorodiphenylphosphane in diethyl ether was added and stirring was continued at −100°C for 1 h. After
slow warming to room temperature, the raw product was extracted with sulfuric acid and
the aqueous layer was separated and made alkaline with sodium hydroxide. The solid
product was extracted back to the organic phase with diethyl ether and dried in vacuum.
The ligand 21 has been mentioned in the patent literature [80].
Addition of TMEDA was essential to obtain ligands 22 and 23. The syntheses were
performed according to the method of Bowen et al. [81] by adding the appropriate 3- or
4-bromopyridine in diethyl ether to the cooled diethyl ether mixture of n-butyllithium and
TMEDA at −115°C. After 5 min stirring, two thirds of the dichloro(2,5-dimethylphenyl)phosphane was added and stirring was continued for 0.5 h. The rest of the dichloro(2,5dimethylphenyl)phosphane was then added and the mixture was stirred for a further 2.5 h
at −100°C, before warming to room temperature overnight. The raw products were
extracted and dried like ligand 21. The products were purified by column
chromatography on silica gel using dichloromethane/hexane/methanol (10:3:1) as eluent.
Ligands 21 and 22 were white solids and 23 was transparent solid. Single crystals of 23
for X-ray crystallographic analysis were grown from dichloromethane/hexane mixture at
room temperature.
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3.2.5 o-Alkyl-substituted arylalkylphosphanesV
Earlier studies on 1-hexene hydroformylation have shown that Rh-catalyst modified with
linear trialkylphosphanes produce only alcohols, whereas the catalyst with triphenylphosphane or no phosphanes at all mainly form acetals [82]. The Rh-catalysts modified
with triisopropylphosphanes promote the formation of aldehydes and the catalysts with
mixed ethylphenylphosphanes the formation of mixtures of aldehydes and alcohols [82].
In other words, catalytic properties of alkylphosphanes are very much dependent on the
site and degree of branching. In general, more stable metal complexes are formed with
alkylphosphanes than with arylphosphanes owing to their greater σ-electron donor ability
[37]. However, little attention has been paid to trialkylphosphane and mixed arylalkylphosphane rhodium complexes as catalysts for hydroformylation [39], it was to fill this
gap that ortho-alkyl-substituted arylalkylphophanes were prepared.
Isopropyl or cyclohexyl groups were combined with three different ortho-alkylcontaining aromatic groupso-methylphenyl, o-cyclohexylphenyl, and 2-methylnaphthylgiving the following ligands: (o-methylphenyl)diisopropylphosphane 24, (ocyclohexylphenyl)diisopropylphosphane 25, (o-methylphenyl)dicyclohexylphosphane 26,
(o-cyclohexylphenyl)dicyclohexylphosphane
27,
bis(o-methylphenyl)isopropylphosphane 28, (2-methylnaphthyl)diisopropylphosphane 29, and (2-methylnaphthyl)dicyclohexylphosphane 30 (Scheme 9). The ligands were synthesized by the same method
as the o-alkyl-substituted arylphosphanes but with use of the appropriate chloroalkylphosphanes. The ligands 24 and 29-30 were purified by column chromatography on silica
gel using dichloromethane/hexane (1:2) as eluent, the ligands 26-27 were recrystalized
from ethanol, the ligand 25 was washed with hexane, and 28 was dissolved in ethanol and
filtered over silica gel. The pure ligands 24-25 and 28 were oily and translucent
compounds, whereas 26-27 and 29-30 were white solids. Single crystals of 27 for X-ray
crystallographic analysis were grown from dichloromethane/hexane mixture at room
temperature.
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Scheme 9. Schematic structures of (o-methylphenyl)diisopropylphosphane 24, (o-cyclohexylphenyl)diisopropylphosphane 25, (o-methylphenyl)dicyclohenylphosphane 26, (o-cyclohexylphenyl)dicyclohexylphosphane 27, bis(o-methylphenyl)isopropylphosphane 28, (2-methylnaphthyl)diisopropylphosphane 29, and (2-methylnaphthyl)dicyclohexylphosphane 30.

3.3 Cr carbonyl derivatives of phosphane ligands containing nitrogen
The coordination chemistry of (o-N,N-dimethylaminophenyl)diphenylphosphane L1, (pthiomethylphenyl)bis(2-pyridyl)phosphane L2, and (p-methoxyphenyl)bis(2-pyridyl)phosphane L3 (Scheme 10) was studied here with chromium carbonyl derivatives in view
of the earlier use of Cr(CO)5L-type complexes to estimate the steric and electronic
properties of phosphane ligands [17]. Changes in the electronic, steric, and geometric
environments of 31P nuclei can be detected by means of the widely used and extremely
sensitive 31P NMR spectroscopy measurements [83]. Ligands L1 and L2 have earlier
been utilized in hydroformylation tests of MMA [59,68], and L1 has been used to probe
hydroformylation reactions of propene and 1-hexene [I].
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Scheme 10. Schematic structures of (o-N,N-dimethylaminophenyl)diphenylphosphane L1, (pthiomethylphenyl)bis(2-pyridyl)phosphane L2, and (p-methoxyphenyl)bis(2-pyridyl)phosphane L3 used as ligands in the preparation of chromium carbonyl derivatives.

Chromium hexacarbonyl (1.00 mmol), ligand (1.00 mmol), and trimethylamine N-oxide
dihydrate (1.00 mmol) were dissolved in 30 ml of dichloromethane and the resulting
mixture was stirred at room temperature for 2 h. The solvent was removed in vacuum and
the brown raw product was purified by column chromatography using silica gel as
stationary phase. In the purification a mixture of dichloromethane/hexane (3:1) was used
as eluent in the case of chromium carbonyl derivatives of (o-N,N-dimethylaminophenyl)diphenylphosphane (L1) and (p-methoxyphenyl)bis(2-pyridyl)phosphane (L3) and the
above mentioned mixture and a mixture of methanol/dichloromethane (4:1) were used in
the case of chromium carbonyl derivatives of (p-thiomethylphenyl)bis(2-pyridyl)phosphane (L2) ligand. The syntheses of ligands and their Cr carbonyl derivatives were
carried out by earlier published methods [84,85,86].
In the purification, a yellow fraction was isolated when L1 was used as ligand and
yellow and red fractions were isolated when L3 was used as ligand. In the case of Cr
carbonyl derivatives containing ligand L2, purification with methanol/dichloromethane
eluent gave yellow and brown fractions, whereas the dichloromethane/hexane eluent gave
yellow and red fractions. However, after drying in vacuum and characterization, only one
Cr carbonyl derivative of each ligand was verified. Single crystals for X-ray studies were
grown from dichloromethane/hexane mixture. The crystals were orange for the complex
of (o-N,N-dimethylaminophenyl)diphenylphosphane, yellow for the complex of (p-thiomethylphenyl)bis(2-pyridyl)phosphane, and red for the complex of (p-methoxyphenyl)bis(2-pyridyl)phosphane. The yields of the characterized chromium carbonyl derivatives
are presented in section 4.3.2.

4 Characterization
4.1 Instrumentation and measurements
NMR spectroscopy: The phosphane ligands and chromium carbonyl derivatives were
characterized with 1H, 13C{1H}, 31P{1H} NMR spectra, but with most of the ligands
assistance in the interpretation was required from two-dimensional H,H-correlated
COSY-90, H,C-correlated HSQC or C,H-correlated HETCOR, or long-range C,Hcorrelated COLOC NMR spectra. Most of the spectra were recorded on a Bruker
DPX400 spectrometer at room temperature with deuterated chloroform (99.8% D, 0.03%
TMS, Aldrich); a few of the 1H NMR spectra were recorded on a Bruker AM200
spectrometer. The 1H, 13C{1H} and two-dimensional NMR spectra were referenced to
internal tetramethylsilane (TMS) and 31P{1H} NMR spectra to external 85% H3PO4.
Exceptionally, (2,5-dimethylphenyl)bis(3-pyridyl)phosphane and the chromium complex
of (p-thiomethylphenyl)bis(2-pyridyl)phosphane were measured with deuterated acetone
(99.9% D, Aldrich) because of solubility problems. The 1H shifts were referenced to the
residual signal of protons of partly deuterated acetone (2.05 ppm) and the 13C shifts to the
shift of deuterated acetone (30.5 ppm).
Mass spectrometry: Accurate masses were recorded with a Micromass LCT
spectrometer using ESI+ method and a TOF mass analyzer.
X-ray crystallography: The X-ray measurements were performed with a Nonius
KappaCCD diffractometer at the University of Joensuu. Further details of the
measurements can be found in the original papers [I,II,V].
Quantum mechanical calculations: Geometrical arrangement and steric size of the
free ligands were studied theoretically at the University of Joensuu by ab initio HartreeFock method using the 3-21G* basis set. The steric size of the free phosphane ligands
was estimated by Tolman’s cone angle method [16]. Further details of the modeling work
can be found in the original papers [I-V].
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4.2 Structure of phosphane ligands
The molecular masses of the prepared phosphanes were verified with measurements of
accurate mass peaks. The structural characterization was based mainly on 1H, 13C{1H},
and 31P{1H} NMR techniques. In addition, to assign the 1H and 13C{1H} NMR shifts twodimensional H,H-correlated COSY-90, H,C-correlated HSQC or C,H-correlated
HETCOR, or long-range C,H-correlated COLOC NMR spectra were needed, especially
for the alkyl-substituted arylphosphanes and mixed arylalkylphosphanes. The molecular
structures of successfully crystallized ligands 9–11, 13, 23, and 27 were further
determined by X-ray crystallography at the University of Joensuu. Qualitative pictures of
the phosphane structures obtained from the quantum mechanical calculations carried out
at the University of Joensuu were useful in the studies of activity and selectivity trends in
hydroformylation reactions.

4.2.1
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P{1H} NMR spectra and cone angles

The 31P NMR shifts were characteristic for each of the phosphane ligand types (aromatic
phosphanes, pyridylphosphanes, mixed arylalkylphosphanes). In general, as the
substituents near the phosphorus atom became more sterically demanding, the 31P nuclei
experienced an increasing shielding effect and the phosphanes showed a shift from –2.6
to –27.7 ppm, while the cone angles increased from 149 to 223˚. The 31P NMR shifts,
yields, and calculated cone angles of phosphane ligands 1-30 are presented in Table 1.
The 31P NMR resonances were singlets if not stated otherwise.
As expected, the 31P nuclei of meta- or para-substituted phenylphosphanes (18-20 and
3-4) were deshielded (δP = –2.6 to –4.3 ppm) relative to the ortho-substituted ones. The
shielding effect caused by the o-alkyl substituents were also detected for the o-alkylsubstituted arylalkylphosphanes, whose 31P NMR shifts in ppm were less than those of
unsubstituted arylalkylphosphanes [87,88]. The shielding of the 31P nuclei in
polyaromatic phosphanes 6-7 and 17 was increased (low δP-values), whereas in the
polyaromatic o-phenyl-substituted phenylphosphane 14 the shielding was lesser. The
polyaromatic ligands have different electronic properties than the o-alkyl-substituted
phenylphosphanes, including stronger ring current effect, which along with the steric bulk
affected the 31P NMR shift.
For monodentate phosphorus ligands the cone angle is defined as the apex angle of a
cylindrical cone, centered at 2.28 Å from the center of the phosphorus atom, which
touches the outermost atoms of the model. For phosphanes containing different
substituents an average for the three substituents is taken [41]. In general, the structures
of free ligands are relatively flexible. Optimization of the o-substituted phosphanes
mostly led to conformations where the substituents were located outside the cone. The omethyl-substituted arylphosphanes (8 and 17) and o-alkyl-substituted mixed arylisopropylphosphanes (24, 25 and 29) exhibited much lower steric repulsion than the
others and the o-alkyl substituent of the ligands 8, 17, 24, 25, and 29 was located inside
the cone.
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Table 1. Yields, P NMR shifts (δP), and calculated cone angles (θ) of ligands (L).
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L
Name
1 (o-trifluoromethylphenyl)diphenylphosphane

Yield [%]
97

2 tris(o-trifluoromethylphenyl)phosphane

92

3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

98
68
30
72
61
53
87
50
71
23
72
69
64
92
24
33
30
58
47
30
12
35
84
82
76
81
41
66

(p-trifluoromethylphenyl)diphenylphosphane
tris(p-trifluoromethylphenyl)phosphane
(o-selenomethylphenyl)diphenylphosphane
(9-anthryl)diphenylphosphane
bis(9-anthryl)phenylphosphane
(o-methylphenyl)diphenylphosphane
bis(o-methylphenyl)phenylphosphane
(o-ethylphenyl)diphenylphosphane
bis(o-ethylphenyl)phenylphosphane
(o-isopropylphenyl)diphenylphosphane
(o-cyclohexylphenyl)diphenylphosphane
(o-phenylphenyl)diphenylphosphane
(2,4,5-trimethylphenyl)diphenylphosphane
(2,5-dimethylphenyl)diphenylphosphane
(2-methylnaphthyl)diphenylphosphane
(m-isopropylphenyl)diphenylphosphane
bis(m-isopropylphenyl)phenylphosphane
tris(m-isopropylphenyl)phosphane
(3-methyl-2-pyridyl)diphenylphosphane
(2,5-dimethylphenyl)bis(3-pyridyl)phosphane
(2,5-dimethylphenyl)bis(4-pyridyl)phosphane
(o-methylphenyl)diisopropylphosphane
(o-cyclohexylphenyl)diisopropylphosphane
(o-methylphenyl)dicyclohexylphosphane
(o-cyclohexylphenyl)dicyclohexylphosphane
bis(o-methylphenyl)isopropylphosphane
(2-methylnaphthyl)diisopropylphosphane
(2-methylnaphthyl)dicyclohexylphosphane

δP [ppm]
-9.4
(q, 4JPF 53 Hz)
-15.6
(q, 4JPF 55 Hz)
-4.1
-4.3
-10.4
-22.9
-27.7
-10.7
-19.0
-14.0
-23.5
-13.8
-13.6
-11.9
-11.8
-9.5
-16.5
-2.6
-2.8
-3.0
-6.3
-25.0
-15.7
-4.8
-4.4
-11.6
-14.6
-22.3
6.6
-8.1

[°]
174
221
149
149
176
207
151
158
169
194
187
184
191
159
159
223
161
161
184
151
181
165
172
181
211
198
199
185

Mingos’ statistical analysis has provided some interesting insights into the Tolman cone
angle. Specifically, it has demonstrated that the cone angle in real complexes vary much
more than previously believed and that there are systematic periodic differences in the
average cone angles. The cone angles may also be affected by the steric requirements of
the co-ligands and the coordination number of the complex. More surprisingly, the
analysis suggests that even within a single complex containing two or more phosphane
ligands the cone angle may vary considerably.[3]
The cone angles were larger in the free ortho-alkyl-substituted ligands than in their
Rh(acac)CO(L) complexes, mainly because the phosphane ligands in Rh(acac)CO(L)
complexes were surrounded by other ligands that caused steric pressure on the phosphane
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side chains in the direction of the phosphane atom. For ligands 26 and 27, the difference
between the free and Rh(acac)CO(L)-coordinated ligand was about 10° [V]. In both the
free and coordinated forms the o-alkyl-substituents of 26 and 27 were oriented outside
the cone. In the case of ligands 8 and 17 the o-methyl substituent, which was oriented
inside the cone in the free ligands, was oriented outside the cone in the Rh(acac)CO(L)
coordinated state [IV]. The dissimilar orientation gave a 5° difference between the cone
angles of the free and coordinated ligand 8 and as much as 64° for 17.
Although the above-mentioned statistical analysis and the results of the cone angle
calculations based on optimized free ligand structures are not alone sufficient for the
estimation of steric requirements of the coordinated ligands, they should give a
qualitative idea of the steric size of the ligand. Moreover, in most cases the ab initio
Hartree-Fock (HF) calculations and the determined X-ray crystal structures of the free
ligands have indicated a similar orientation for the o-alkyl substituent. These results
confirm the reliability of the HF calculations and make them valuable, particularly for the
non-crystallizable phosphane ligands.

4.2.2 1H and 13C{1H} NMR spectra
The 1H and 13C{1H} NMR spectra were characteristic for each type of phosphane. In
general, the 1H NMR shifts of aromatic and cyclohexyl spin systems were not of first
order. This complicated the interpretation and even with the assistance of twodimensional spectra the 1H spectra could not be fully assigned. The 13C{1H} NMR
spectra contained only a few overlapping and broad resonance peaks whose precise
interpretation was not possible. Some differences in the 1H and 13C NMR shifts due to
electronic and steric dissimilarities of the phosphanes are described in this section. The
main emphasis is on the characterization of o-alkyl-substituted phenylphosphanes. NMR
shifts of the m-isopropyl-substituted phenylphosphanes 18-20 and chromium carbonyl
derivatives, which have not been published previously, are presented in detail.

4.2.2.1 o-Substituted arylphosphanes
The differences in the 1H and 13C NMR shifts of phosphane ligands modified with
electron-withdrawing and electron-releasing functionality become clear in a comparison
of the shifts of o-trifluoromethyl-substituted phenylphosphanes with those of o-selenomethyl-substituted and o-alkyl-substituted phenylphosphanes. The aromatic protons of
electron-withdrawing o-trifluoromethyl-substituted ligands were mainly deshielded in
relation to the protons of electron-releasing o-selenomethyl-substituted and o-alkylsubstituted ligands; for example, the shift of H6 was 7.2 ppm for ligand 1 and 6.8 ppm for
ligands 5 and 8 (see Scheme 11 for numbering of hydrogen and carbon atoms).
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Modification of ortho position with R group:
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Scheme 11. Numbering of hydrogen and carbon atoms in NMR measurements.

The differences in the 13C NMR shifts of the o-substituted phenyl ring are summarized in
Table 2. The size of the o-alkyl substituent affected the 13C NMR shifts of the substituted
phenyl ring. The carbon C2 in all the electron-releasing o-substituted arylphosphanes was
least shielded, as expected, since generally the replacement of hydrogen by more
electronegative carbon causes an increased δC-value of that deshielded carbon. The
carbon C1 was most shielded (lowest δC-value) in the o-(i-Pr)-substituted phenylphosphane (12) and least shielded (highest δC-value) in the o-SeMe-substituted
phenylphosphane (5), whereas in o-CF3-substituted phenylphosphane (1) and o-alkylsubstituted phenylphosphanes (8, 10, 13) the shielding of carbon C1 was between them.
Relative to the shift of carbon C3 of the o-CF3-substituted phenyl ring, the shifts of the oMe- and o-Et-substituted phenyl rings were increased like the shifts of the o-SeMesubstituted phenyl ring, whereas the shifts of the o-(i-Pr)- and o-Cy-substituted phenyl
rings were decreased. The shifts of carbons C2 and C4-C6 of all comparable o-alkylsubstituted phenylphosphanes were similar to those of o-selenomethyl-substituted
phenylphosphane 5. For these electron-releasing ligands (5, 8, 10, 12, 13) the carbon C2
was deshielded (higher δC-value) and the carbons C4-C6 were shielded (lower δC-value),
in contrast to the carbons of electron-withdrawing ligand 1.
Table 2. 13C NMR shifts (ppm) for the o-substituted phenyl rings of phosphane ligands 1,
5, 8, 13, and 14. R indicates the o-substituent of the phenyl ring. See Scheme 11 for
numbering of carbon atoms.
δC
C1
C2
C3
C4
C5
C6

1
(R = CF3)
136.6
134.9
126.4
131.6
128.9
136.1

5
(R = SeMe)
139.2
139.3
130.0
129.4
126.2
133.4

8
(R = Me)
136.0
142.2
130.0
128.6
126.0
132.7

13
(R = Cy)
134.8
152.2
126.1
129.0
125.9
133.4

14
(R = Ph)
135.9
148.4
130.1
127.3
127.2
134.1
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In general, as the o-alkyl-substituent became more bulky with both types of ligands
(phenylphosphanes 8, 10, 12, 13 and phenylalkylphosphanes 24-27) the carbons C1 and
C3 showed a tendency to shielded shifts and carbons C2 and C7 to deshielded shifts. The
shifts of C1, C2 and C3 of the o-alkyl-substituted phenylphospanes calculated from the
empirical equations express this as well [89]. The tendency of the carbon C7 to deshield
was also seen for the electronically different o-phenyl-substituted phenylphosphane 14.
The trends are illustrated in Scheme 12, in which the cone angles of the free ligands are
used to characterize the steric size of the ligands created by the o-substituents. It should
be noted, however, that although there is a correlation between the cone angle and the 13C
NMR shifts of C1-C3 there is no obvious dependence. Most likely, the shifts reflect the
electronic effects caused by the particular o-alkyl substituent. This correlation is relevant,
however, to the interpretation of the catalytic results below.
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Scheme 12. Cone angle of the o-substituted phenylphosphanes (8, 10, 12, 13, 14) plotted as a
function of the 13C NMR shifts of C1, C2, C3, and C7 (see Scheme 11). The o-substituent is
shown in parentheses.

4.2.2.2 m-Isopropyl-substituted phenylphosphanes
The 1H and 13C{1H} NMR data for m-isopropyl-substituted phenylphosphanes 18-20,
which are reported here for the first time, are presented in Table 3, and the numbering of
the hydrogen and carbon atoms is given in Scheme 13. The 1H NMR resonances of
protons Hm-1 were septets and protons Hm-2 were doublets, whereas the 1H NMR
resonances of aromatic spin systems were not of first order. In the 13C{1H} NMR spectra,
the shifts were doublets if the coupling constant are reported and singlets if not.
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Scheme 13. Numbering of hydrogen and carbon atoms of ligands 18-20 in NMR
measurements.

Table 3. 1H and 13C NMR shifts (ppm) and coupling constants (Hz) for the m-isopropylsubstituted phenylphosphane ligands 18-20. See Scheme 13 for numbering of hydrogen
and carbon atoms.
δH
JHH
Hm-1
3
JHH
Hm-2
3
JHH
H2
H4
H5
H6
H8
H9
H10

δC
JCP
Cm-1
Cm-2
C1
1
JCP
C2
2
JCP
C3
3
JCP
C4
C5
3
JCP
C6
2
JCP
C7
1
JCP
C8
2
JCP
C9
3
JCP
C10

18
2.8
7
1.2
7
7.2-7.3
7.2
7.2-7.3
7.1
7.3
7.2-7.3
7.3

19
34.0
23.9
136.7
10
132.3
24
148.9
8
126.8
128.4
6
131.0
15
137.4
11
133.7
19
128.4
7
128.6

2.8
7
1.2
7
7.2-7.3
7.2
7.2-7.3
7.1
7.3
7.2-7.3
7.3

20
33.0
23.9
137.0
10
132.1
23
148.8
8
126.8
128.4
6
131.0
16
137.7
11
133.6
19
128.3
7
128.5

2.8
7
1.2
7
7.2-7.3
7.2
7.2-7.3
7.1
-

34.0
23.9
137.2
10
132.0
22
148.7
7
126.7
128.3
6
131.0
16
-
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The 1H NMR resonances appeared in the same region for all three m-isopropylphenylphosphanes (18-20). The 1H shifts of H2, H5, and H9 overlapped and appeared in
the range 7.2 to 7.3 ppm. In the assigment of H6 and H2, recording of the COSY spectrum
was necessary where correlation peaks were observed between H6 and H5 and between H5
and H4. This additional information made it possible to assign the shifts of C2 and C6 on
the basis of HSQC spectra.
The shifts of aromatic carbons varied from 126.7 to 148.9 ppm. In general, the carbons
C2-C5 of the m-isopropyl-substituted phenyl ring and C9-C10 of the unsubstituted phenyl
ring were shielded a little and carbons C1 and C7 deshielded as the number of misopropyl-substituted phenyl rings increased and the phosphanes became more bulky. The
carbon C3 gave a chemical shift in the lowest field at around 148.7 to 148.9 ppm.

4.2.2.3 Isopropyl and cyclohexyl groups directly bonded to phosphorus
The 1H NMR data of the isopropyl groups directly bonded to phosphorus (ligands 24, 25,
29) are presented in Table 4. The 1H NMR shifts of the cyclohexyl groups appeared at 0.8
to 2.1 ppm for arylcyclohexylphosphanes 26, 27, and 30; the exact peaks for the
cyclohexyl groups could not be determined owing to the overlapping of signals. The
13
C{1H} NMR data for phosphane ligands containing isopropyl or cyclohexyl groups
directly bonded to phosphorus are presented in Table 5. In the 13C{1H} NMR spectra, the
the shifts were doublets if the coupling constants are reported and mainly singlets if not.
As can be seen, for ligand 26 the shift of carbon C7 was broad, while for ligand 27 it was
partly overlapping with the shift of carbon Co-2. Scheme 14 shows the numbering of the H
and C atoms.
R

R
8

7
8'

8

P
9

7

P

8'

10
9'

Scheme 14. Numbering of hydrogen and carbon atoms in NMR measurements. R means omethyl- or o-cyclohexyl-substituted aryl ring.
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Table 4. H NMR shifts (ppm), multiplicities and coupling constants (Hz) for the
isopropyl group directly bonded to phosphorus. See Scheme 14 for numbering of
hydrogen and carbon atoms.
δH

24

JHH, JHP
H7

25

2.1 (dsep)

2.1 (dsep)

3

JHH
2
JHP

H8

2.7 (broad)

7
2

7
2

0.9 (dd)

-

0.9 (dd)

3

JHH
3
JHP

H8’

29

0.7 (dd)

7
12

7
12

1.1 (dd)

7
14

1.1 (dd)

3

JHH
3
JHP

1.3 (dd)

7
15

7
15

7
17

Table 5. 13C NMR shifts (ppm) and coupling constants of doublets (Hz) for isopropyl and
cyclohexyl groups directly bonded to phosphorus. See Scheme 14 for numbering of
hydrogen and carbon atoms.
δC

24

JCP
C7

24.1
1

19.3
2

JCP

8’

C

2

JCP

C

3

19

JCP

C

19

-

-

-

29

7

25
27.0

-

12
26.5

11
33.5

-

27.3
13

26.4

14

17

9

13
30.5

23.0

27.2

27.2
-

-

8

14

35.8
14

21.2

30.8

27.1

-

JCP

7

30

25.5
-

29.3

30.3

-

3

11

29

∼34.5
-

29.0

20.3

-

9’

C

11

27

∼33.7
13

19.3

20.2

9

26

24.2
13

JCP

C8

10

25

8
26.9

-

13
26.4

The COLOC NMR spectra, which were measured only for the o-alkyl-substituted
aryldialkylphosphanes 24, 27, and 29, showed long-range 13C–1H (3JCH) couplings and
the nonequivalent carbons C8 and C8’ and correspondingly C9 and C9’ were possible to
assign on the basis of these couplings. Such long-range coupling is possible only if the
two nuclei belong to the same alkyl group. Thus, in the isopropylphosphane ligands 24,
25, and 29, and in the cyclohexylphosphane ligands 26, 27, and 30, the two alkyl groups
directly bonded to phosphorus are equivalent to each other. Earlier unsubstituted
phenyldiisopropylphosphane [90] and phenyldicyclohexylphosphane [88,91,92] have
showed similar magnetic nonequivalency of the carbons and protons as well. Assignment
of 13C NMR shifts of the isopropyl and cyclohexyl carbons in the ligands 24, 25, 26, 27,
and 29 agreed with the earlier published shielding order (C7)> (C8’), (C8)> (C9’),
(C9)> (C10) [91]. The 2JCP and 3JCP values for C8’ and C9’ were considerably larger than
those for C8 and C9 as has been noted for unsubstituted phenyldicyclohexylphosphane
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[90,91,92]. Apparently, the observed nonequivalency of the protons and carbons in the
NMR spectra of the o-alkyl-substituted aryldialkylphosphanes was a consequence of
steric crowding. Therefore, the rotation around the P–C bonds was rather restricted in the
NMR timescale.

4.2.3 X-ray crystal structures
Ligands 9, 10, 11, 13, 18, 23, and 27 formed single crystals, whose X-ray crystal
structures were determined at the University of Joensuu. The bond distances and angles
of the structures were in the predictable range; in general, there were only minor
differences in the bond angles and distances. The X-ray crystal structures of ligands 9, 18,
23, and 27 are presented in Figure 1.
In all structures with a single alkyl substituent in ortho position of the phenyl ring, the
substituent was located outside the cone owing to the steric demands (see ligands 9 and
27 in Fig. 1). The m-isopropyl substituent (ligand 18) was oriented analogously. In the
crystal structure of (2,5-dimethylphenyl)bis(4-pyridyl)phosphane 23 the m-methyl
substituent was coordinated inside the cone and the o-methyl substituent outside the cone.
The COLOC NMR spectra of ligands 24, 27, and 29 indicated that carbons C8 and C8’
were magnetically nonequivalent (see Scheme 14). In the crystal stucture of ligand 27,
the nonequivalency of carbons C8 and C8’ was observed in one of the cyclohexyl rings
directly bonded to phosphorus, where the C8–C7–P and C8’–C7–P angles were dissimilar
(109.42° and 117.93°). In the other cyclohexyl ring the angles were almost equal
(108.49° and 109.97°). The dissimilarity may have an effect on the NMR spectra if the
rotation around the P–C bonds has become limited in the NMR timescale.
In the free ligand state and in both Rh-coordinated complexes, Rh(CO)(Cl)(L)2 and
Rh(acac)CO(L), the o-alkyl substituent was similarly oriented outside the cone close to
the Rh-center [II,V]. Apparently, in most cases the crystal structure of the free ligand
gives a qualitatively picture of the orientation of the o-alkyl-substituent in the Rhcoordinated complexes and so can assist in the prediction of catalytical behavior.
However, sterically smaller o-alkyl substituents (like methyl) can more easily orientate
inside the cone than can bulkier substituents and it is riskier to use their crystal structures
to estimate the orientation of the smaller size o-substituent in metal complexes.
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P

P

18

9

N

P

P
P

N

23

27

Fig. 1. Crystal structures of bis(o-methylphenyl)phenylphosphane 9, (m-isopropylphenyl)diphenylphosphane 18, (2,5-dimethylphenyl)bis(4-pyridyl)phosphane 23, and (o-cyclohexylphenyl)dicyclohexylphosphane 27.

4.3 Structure of Cr carbonyl derivatives
The molecular masses of the chromium carbonyl derivatives were verified from their
mass spectra. In addition to the X-ray crystal structures, the characterization of the Cr
complexes of (o-N,N-dimethylaminophenyl)diphenylphosphane and (p-thiomethylphenyl)bis(2-pyridyl)phosphane ligands was based on 1H, 13C{1H}, 31P{1H}, and H,Ccorrelated HSQC NMR techniques. The spectra of the free ligands and the shifts of the
free ligands calculated with empirical equations assisted in the interpretation of NMR
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spectra of the complexes [68,84,85,89]. The assignments of the CO resonance peaks of
the complexes were based on the 13C signal intensity ratios and the magnitude of the C–P
coupling constants. The Cr complex of (p-methoxyphenyl)bis(2-pyridyl)phosphane
decomposed rapidly in deuterated chloroform and did not give interpretable NMR
spectra. After the measurement its color was also changed, to light turquoise.

4.3.1 NMR spectra
The 1H and 13C{1H} NMR data for the unpublished chromium complexes of (o-N,Ndimethylaminophenyl)diphenylphosphane [Cr(CO)4(L1)] and (p-thiomethylphenyl)bis(2pyridyl)phosphane [Cr(CO)5(L2)], hitherto unpublished, are presented in Table 6. The
numbering of the hydrogen and carbon atoms for these complexes and for [Cr(CO)4(L3)]
is shown in Scheme 15. The 1H NMR shifts for the methyl protons were singlets, while
the aromatic resonances were not of the first order. In the 13C{1H} NMR spectra, the
shifts were doublets if the coupling constants are reported and singlets if not.
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P
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[Cr(CO)5(L2)]

O

[Cr(CO)4(L3)] CH3

Scheme 15. Numbering of hydrogen and carbon atoms of Cr complexes of (o-N,N-dimethylaminophenyl)diphenylphosphane (L1), (p-thiomethylphenyl)bis(2-pyridyl)phosphane (L2),
and (p-methoxyphenyl)bis(2-pyridyl)phosphane (L3).
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Table 6. H and C NMR shifts (ppm) and coupling constants (Hz) for (o-N,Ndimethylaminophenyl)diphenylphosphane (L1), Cr(CO)4(L1), (p-thiomethylphenyl)bis(2pyridyl)phosphane (L2), and Cr(CO)5(L2).
δH
Ho-1
Hp-1
H3
H4
H5
H6
H8
H9
H10
-

δC
JCP
Co-1
4
JCP
Cp-1
C1
1
JCP
C2
2
JCP
C3
3
JCP
C4
4
JCP
C5
3
JCP
C6
2
JCP
C7
1
JCP
C8
2
JCP
C9
3
JCP
C10
4
JCP
A
2
JCP
B
2
JCP
C
2
JCP

L1
2.6
7.2-7.4
7.2-7.4
7.0
6.8
7.2-7.4
7.2-7.4
7.2-7.4
-

Cr(CO)4(L1)
45.5
4
134.5
10
158.0
19
120.5
129.8
124.4
134.2
138.2
12
133.7
19
128.2
4
128.3
-

3.1
7.5-7.6
7.5-7.6
7.3
7.3
7.5-7.6
7.4-7.5
7.4-7.5
-

L2

59.9
2.5
14.8
160.7
164.1
32
4
161.0
22
119.5
8.7
150.9
9
12
131.8 7.1-7.2 123.3
2
127.1
136.2
7.6
4
133.7 7.1-7.2 128.9
20
135.2
132.3
38
10
132.6
7.4
136.6
12
3
128.7 7.1-7.2 126.6
10
9
130.0
142.1
2
218.2
13
225.1
3
228.7
13
-

Cr(CO)5(L2)
2.5
8.8
7.3
7.7
7.3
7.5
7.3
-

14.9
160.1
60
150.2
17
123.7
2
135.8
6
127.4
17
129.4
38
133.6
11
125.7
10
142.4
2
216.6
13
222.2
6
-

Because of the coordination of nitrogen to the metal center, the Ho-1 and Co-1 of methyl
groups in the P,N-coordinated bidentate complex [Cr(CO)4(L1)] were deshielded in
relation to the corresponding nuclei of the free ligand. The 4JCP coupling constant of
carbon Co-1 was not observed for the coordinated form. Coordination of L1 also affected
the other coupling constants: 2JCP of C8 decreased, 3JCP of C9 increased, while 3JCP of
carbons C3 and C5 and also 4JCP of C10 and C4 became observable. Moreover, the
coordination of phosphorus to the metal center caused a clear 26 Hz increase in the 1JCP
coupling constant of C7 and a 22 Hz increase in the 1JCP of C1. The carbon C7 directly
bonded to phosphorus showed about 3.0 ppm shielding relative to the free ligand,
whereas the carbon C1 was deshielded and appeared at 160.7 ppm.

42
13

1

The C{ H} spectrum of the bidentate [Cr(CO)4(L1)] complex exhibited three
carbonyl doublets, indicating the presence of three types of carbonyls, one trans to
phosphorus (225.1 ppm, 2JCP 3 Hz), one trans to nitrogen (228.7, 2JCP 13 Hz), and one cis
to both phosphorus and nitrogen (218.2 ppm, 2JCP 13 Hz). 2JCP coupling constants of the
carbonyl groups followed the earlier noticed trend in which the coupling of carbonyls cis
to phosphorus was higher than the coupling of carbonyl trans to phosphorus 2JCP(cis) >
2
JCP(trans) [93].
The 31P NMR shift was clearly increased upon coordination of the ligand L1 to the
metal center: δP was –12.5 ppm for the free ligand and 58.3 ppm for the P,N-coordinated
[Cr(CO)4(L1)] complex. Typically, the 31P NMR shift of phosphorus-bound bidentate
complexes is around 25 to 32 ppm deshielded relative to the corresponding monodentate
P-coordinated complexes [94].
In the monodentate complex [Cr(CO)5(L2)] the shifts of Hp-1 and Cp-1 appeared almost
unchanged relative to the free ligand L2. Coordination of L2 affected the coupling
constants as well: the 2JCP coupling constant of C6 decreased, 2JCP of C8 increased, 3JCP of
carbons C3 and C9 and also 1JCP of C7 increased, and 3JCP of C5 and 4JCP of C4 and C10
became observable. Moreover, the coordination of phosphorus to the metal center caused
a huge 56 Hz increase in the 1JCP coupling constant of C1, and an increase of 28 Hz in the
1
JCP of C7. The shift of C1 showed 4.0 ppm shielding relative to the free ligand.
The 13C{1H} spectrum of the monodentate complex [Cr(CO)5(L2)] exhibited two
carbonyl doublets, at 216.6 ppm and 222.2 ppm, due to the carbonyls oriented trans and
cis to phosphorus. 2JCP coupling constants of the carbonyl groups followed the same trend
as for the P,N-coordinated complex: 2JCP(cis) (13 Hz) > 2JCP(trans) (6 Hz) [93].
The 31P NMR shift was clearly increased upon coordination of the ligand L2 to the
metal center: for the free ligand δP was –1.6 ppm and for the P-coordinated
[Cr(CO)5(L2)] complex 63.4 ppm.

4.3.2 X-ray crystal structures
The X-ray crystal structures were consistent with the NMR spectra, showing the
phosphane ligand to have replaced one or two of the carbonyl ligands. The structures of
complexes [Cr(CO)4(L1)], [Cr(CO)5(L2)], and [Cr(CO)4(L3)] showed slightly distorted
octahedral geometry (Figure 2). The carbonyl ligands trans to phosphorus or nitrogen had
a slightly shortened Cr–C bond relative to the cis-carbonyls. The Cr–N bond lengths were
slightly shorter than the Cr–P bond lengths. The Cr–P bond of the bidentate complex
[Cr(CO)4(L1)] was 2.329 Å and the Cr–N bond was 2.279 Å. For the monodentate
complex [Cr(CO)5(L2)] the Cr–P bond was 2.371 Å, and for the bidentate [Cr(CO)4(L3)]
complex the Cr–N bonds were 2.155 Å and 2.157 Å. Complexation caused some changes
in the bond angles. For example, in the bidentate complex [Cr(CO)4(L1)] the angle P–Cr–
N was 81.7° and in the complex [Cr(CO)4(L3)] the angle N–Cr–N was 85.5°. The angles
also induced deviations in the other angles, the carbonyl ligands being pushed away from
the phosphane ligands.
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Fig. 2. Crystal structures of monodentate [Cr(CO)5(L2)] and bidentate [Cr(CO)4(L1)] and
[Cr(CO)4(L3)] complexes.

The structure of the P,N-coordinated [Cr(CO)4(L1)] complex was analogous with the
bidentate stucture of the P,S-coordinated Cr complexes of o-thiomethyl-substituted
phenylphosphane [86]. The closely related pyridylphosphane ligands L2 and L3
coordinated monodentately and bidentately. It was interesting that two such similar
ligands showed different coordination modes. In fact, purification of the two complexes
with dicloromethane/hexane eluent gave yellow and red fractions and only the yellow
fraction obtained in the preparation of the ligand L2 complex [Cr(CO)5(L2)] could be
characterized. Both NMR and X-ray crystal structure methods showed it to be
monodentate. The few incidentally crystallized single crystals of the red fraction obtained
in the preparation of ligand L3 complex were identified in X-ray crystal structure
determination as complex [Cr(CO)4(L3)]. The yields of the crystallized complexes were
as follows: 82% for orange [Cr(CO)4(L1)], 33% for yellow [Cr(CO)5(L2)], and 6% for
red [Cr(CO)4(L3)].

5 Hydroformylation
Besides the reaction conditions, the reactivity of a transition metal center strongly
depends on the donor/acceptor properties and steric crowding of the ligands bound to it.
Tailoring of the catalyst sphere through sophisticated ligand design allows steering of the
selectivity and activity of the catalysts.
Earlier in Rh-catalyzed hydroformylation studies with electronically modified p-CF3-,
p-OMe-, and p-NMe2-substituted triphenylphosphanes, the rates of the 1-hexene
hydroformylation reaction were found to increase with slightly decreasing i/n ratios as the
electron density on the rhodium atom was reduced by electron-withdrawing functionality
on the modifying phosphane ligand [95,96]. Pyridylphosphanes have shown a similar
tendency for hydroformylation rates [48,55]. On the other hand, phosphane ligands such
as alkylphosphanes, which have greater σ-electron donor ability (more basic ligands),
have in general been found less active since their dissociation requires higher reaction
temperatures [37].
Increasing the steric crowding of phosphorus ligands through the addition of o-alkyl
substituents of triphenylphosphite [97,98,99,100] or triphenylphosphane [54,101] or
branched/cyclic alkyl groups of alkylphosphane or mixed alkylphenylphosphane
[82,37,38] has increased iso-selectivities and, in the case of aromatic ligands, also
reaction rates in olefin hydroformylation. It has been suggested that bulky ligands favor
low coordination numbers and, thus, the coordinative unsaturation of the metal center
becomes greater favoring branched products [40,97,98,99,100,102].
The phosphane ligands of this work were designed to increase the i/n ratio in propene
or 1-hexene hydroformylation. In the 1-hexene process isomerization is unavoidable,
yielding the internal olefins 2- and 3-hexene [103]. The internal olefins, which are less
reactive, predominantly form branched products, 2-methylhexanal and 2-ethylpentanal
[103,104]. Previous investigations on 1-hexene isomerization have shown that a sterically
bulky phosphane ligand or several triphenylphosphane ligands bound to rhodium center
hinder the coordination of olefins to a metal center and decrease isomerization [105,106].
Additionally, donor–acceptor properties of the phosphane ligands affect the electron
density of the metal center and thereby the mode and the strength of the coordination of
olefins [105,106].
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The 1-hexene hydroformylation tests were carried out at the University of Joensuu
and the propene hydroformylation tests at the Helsinki University of Technology. Ms.
Merja Harteva has carried out the preliminary propene hydroformylation tests of misopropyl-substituted phenylphosphanes (18-20). In both cases the phosphane ligands
were combined in situ with the rhodium precursors. The reaction conditions in the 1hexene hydroformylation were as follows: p = 15 bar [I,II] or 20 bar [V] or 25 bar [IV], T
= 80°C [I,II,IV] or 100°C [V] or 120°C [II], precursor = Rh4(CO)12 [I,II] or
Rh(acac)(CO)2 [IV,V], L/Rh = 5 [V] or 10 [I,II] or 50 [IV], 1-hexene/Rh = 815 [II,IV] or
10 000 [I,V]. Reaction conditions in the propene hydroformylation were: p = 10 bar
(CO/H2 = 1), T = 100°C, precursor = Rh(NO3)3, L/Rh = 10, and propene/Rh = 512 [IV-V]
or 2250 [III] or 3200 [I].
In the 1-hexene hydroformylation tests, the sterically bulky arylphosphane and mixed
arylalkylphosphane ligands did not suppress the isomerization activity in the manner
earlier observed with bulky tri-n-butylphosphane ligand [106]. The donor–acceptor
properties of these phosphanes are dissimilar, which means that the ligands have a
different effect on the electron density of the metal center, and probably both the mode
and the strength of the coordination of 1-hexene were dissimilar. Optimization of the
reaction conditions in 1-hexene hydroformylation was both complicated and time
consuming. In part because of that, high isomerization activity was associated with most
of the ligands and, apparently, affected the i/n ratios. Even so, in the final stage of the
work improved reaction conditions with five of the ligands afforded better
chemoselectivity to the aldehydes 2-methylhexanal and 1-heptanal [IV].
The main challenge in propene hydroformylation was to obtain high iso-selectivity
with reasonably high initial rate. The properties of the o-alkyl-substituted phosphanes,
which produced best iso-selectivity, are discussed in more detail, and, reasons for the
catalytic behavior are sought in the structural parameters of the ligands.
The propene hydroformylation reaction studied with o-alkyl-modified phosphanes
was sometimes carried out in different propene-to-rhodium ratio, which complicates the
comparison of the results. However, the reference ligand (PPh3) was tested under all the
reaction conditions and the PPh3 results reveal when the comparison is out of line.
Comparison of the catalytic results should give a general indications of the properties of
the studied phosphane ligands.

5.1 Trifluoromethyl- and selenomethyl-substituted
phenylphosphanesI
Even though the main purpose of the CF3 substituents was to modify the electronic state
of the phosphorus atom, the ortho-substitution in ligands 1 and 2 also affected the cone
angles of the ligands. The ligands 1 and 2 behaved alike in the hydroformylation by
blocking those reactions that most likely where due to steric reasons.
The Rh-catalysts modified with p-CF3-substituted phosphane 4 showed selectivities
for the branched aldehydes at the same levels as PPh3; however, the aldehydes were
minor products. The conversions in hydroformylation reactions were for both propene
and 1-hexene fairly high. The closely similar ligand 3, in turn, blocked the

46
hydroformylation reactions entirely. The reason for this unexpected behavior is not clear,
but handling errors are suggested since ligand 3 oxidized easily in accurate mass peak
measurement.
The catalytic behavior of o-SeMe-substituted phenylphosphane (ligand 5) was similar
to that of the potentially bidentate o-SMe- and o-OMe-modified ligands: all three blocked
the propene hydroformylation reaction. p-SMe-Modification and o-NMe2-modification,
on the other hand, produced n-butanal as the main product. Consistent with the potential
bidentate coordination mode of o-SMe- and o-NMe2-modified phosphanes [107], the
behavior of o-SeMe might also explained in terms of bidentate coordination to the
rhodium center.

5.2 Alkyl-substituted arylphosphanes and arylalkylphosphanesII-V
The selectivity to isobutanal was increased at the cost of activity with all the o-alkylsubstituted aryl- and arylalkylphosphanes as well as with (o-phenylphenyl)diphenylphosphane (14).
The iso-selectivities (Si) of Rh-catalysts modified with meta-isopropyl-substituted
phenylphosphanes (18-20) in propene hydroformylation were comparable with the
selectivity of the catalyst modified with PPh3 (Si = 36%). The catalysts modified with oalkyl-substituted phosphanes and the o-phenyl-substituted phenylphosphane (14) showed
highest selectivity to branched aldehyde isobutanal (Si = 42-53%), except for the (2methylnaphthyl)dialkylphosphanes (29, 30: Si = 35% and 33%, respectively). In the
improved reaction conditions for 1-hexene hydroformylation, the selectivity to branched
2-methylhexanal was higher for Rh-catalysts modified with the o-substituted
arylphosphanes (12-14, 16-17, Si = 26-32%) than for the PPh3-modified catalyst (Si =
24%) [IV]. However, the effect of the modified ligands on branching was less than for
propene. Polyaromatic anthrylphosphanes 6-7 without o-alkyl-substituent did not
promote the formation of branched aldehydes [I]. Evidently the o-substituents of
arylphosphanes near the coordination sphere of rhodium have a significant steering effect
in the propene hydroformylation, the electronically different, bulky o-alkyl-substituted
polyaromatic phosphane ligands, such as the the (2-methylnaphthyl)dialkylphosphanes
(29 and 30), interfere with the formation of branched isobutanal.
The initial rates and conversions for propene hydroformylation were more
unpredictable than the selectivities. Initial rates and conversions were highest when the
Rh-catalyst was modified with PPh3 (53 and 45 mol molRh–1 s–1 when the propene/Rh
ratio was 2250 and 512, respectively, conversion 98-99%). Moreover, in preliminary tests
m-isopropyl-substituted phenylphosphanes (18-20) increased the initial rate of propene
hydroformylation even up to the level of the reference ligand PPh3 and also showed good
conversions. The Rh-catalysts modified with (o-alkylphenyl)diphenylphosphanes (8, 10,
12-13, 15-16) gave higher initial rates (20-35 mol molRh–1 s–1) than the mixed (o-alkylphenyl)dialkylphosphanes (24-25, 27: 12-17 mol molRh–1 s–1). Likewise, the conversions
of the (o-alkylphenyl)diphenylphosphanes (63-70%) were higher than the mixed (o-alkylphenyl)dialkylphosphanes (35-52%). The o-alkyl-substituent containing pyridylphosphanes 21-23 [III,V] and the o-phenyl-substituted phenylphosphane 14 gave lower
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initial rates in propene hydroformylation than the o-alkyl-substituted phenylphosphanes.
These initial rates of the pyridylphosphanes were in contrast to earlier observations in 1octene hydroformylation [48,55]. With the improved reaction conditions, the conversion
in 1-hexene hydroformylation was as much as 90 to 99% when the catalyst was modified
with o-substituted arylphosphanes 13, 14, or 17 compared with 82% for PPh3 [IV]. The
steric crowding of bis(o-alkylphenyl)diphenylphosphanes (9, 11) and the greater σ-donor
ability of mixed bis(o-methylphenyl)isopropylphosphane (28) and (2-methylnaphthyl)dialkylphosphanes (29-30) almost blocked the propene hydroformylation reaction and the
initial rates were only about 2 to 5 mol molRh–1 s–1). The bulky o-substituent reduces the
initial rate of propene hydroformylation, but altering of the electronic effects of the osubstituents and changing the two unsubstituted phenyl groups to the alkyl groups
directly bonded to phosphorus—isopropyls or cyclohexyls—have more unpredictable
suppressing effects. Relative to o-alkyl-substituted phenylphosphanes the m-isopropylsubstituted phenylphenylphosphanes allow more space for the substrate in the
coordination sphere of rhodium, but they also have less ability to release electron density
to the phosphorus atom [64]. For these reasons the m-isopropyl-substituted phenylphosphanes have higher initial rates than o-alkyl-substituted phenylphosphanes in
propene hydroformylation but are less capable of steering the reaction toward branched
isobutanal.
The parameters of o-substituted arylphosphane ligands investigated for the description
of catalytic behavior in propene hydroformylation were the cone angle, the 31P NMR shift
and the 13C NMR shifts. Calculated cone angles are a measure of the steric properties of
the ligands and do not characterize any electronic effects variations of phosphane ligands.
Note, however, that the cone angles of closely related phosphanes may correlate with the
13
C NMR shifts (Scheme 12 in section 4.2.2.1). Schemes 16 and 17 show that the
selectivity increases and the initial rate decreases as the cone angle of o-substituted
arylphosphane increases. However, even minor electronic changes such as 2,5-dimethylsubstitution of the phenyl ring (ligand 16) can cause a deviation in the selectivity pattern
(Scheme 16). Electronic modifications of the ligands have a still more unpredictable
effect on the initial rate (Sheme 17) and a trend is seen only for closely related ligands
whose steric bulk has increased step by step (8, 12, 13, 17).
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Scheme 17. Initial rates of propene hydroformylation reaction plotted as a function of cone
angle. The values are for o-alkyl-substituted arylphosphanes. The substituent is shown in
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Besides the electronic propertis of the ligand, the 31P NMR shift reflects the spatial
surrounding of the phosphorus atom. Schemes 18 and 19 show that the selectivity
increases and the initial rate decreases as the 31P NMR shift of o-alkyl-substituted
arylphosphanes decreases. o-Phenyl-substituted ligand 14 was off the chart of selectivity
(Scheme 18), apparently, because the out of cone oriented phenyl substituent altered the
electronic effect (such as gave stronger ring current effect), which affected the 31P NMR
shifts differently than did the o-alkyl substitutent. As in the case of cone angles, (Scheme
17), a correlation between the 31P NMR shifts and initial rates is observed for the closely
related phosphanes. Even the electronically altered o-methyl-substituted naphthylphosphane 17 seems to fit the trend (Scheme 19).
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The 13C NMR shift of C7 (see Scheme 11 for numbering of carbons) is an indirect
measure of the stereoelectric state of the phosphane ligand and, simultaneously, it seems
to correlate linearly with the cone angles of the closely related o-substituted
phenylphosphane ligands (8, 10, 12, 13, and 14; Scheme 12). The ring current effect is
less important in 13C NMR spectroscopy [108] and the extra ring current effect created by
polyaromatic groups could thus be neglected in the case of the C7 shift. Furthermore, the
carbon C7 may be less affected by the steric effects of bulky o-substituents than is the
phosphorus atom. The shift of the polyaromatic ligand 14 appears in both correlations
(Schemes 20 and 21). However, the initial rate of the polyaromatic ligand 17 does not fit
in the initial rate trend of o-substituted phenylphosphanes. Evidently, the bulkier naphthyl
group reduces the initial rate more drastically than the steric bulk of the o-substituents.

50

Selectivity to isobutanal [%]

Analogously, the anthryl groups of ligand 7 weakened the conversion in propene
hydroformylation [I].
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Scheme 20. Selectivity to isobutanal plotted as a function of the 13C NMR shift of C7 (see
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Scheme 21. Initial rates of propene hydroformylation reaction plotted as a function of the 13C
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All the parameters discussed in this section could be expected to correlate more or less
linearly with the catalytic results of catalyst systems modified with a still wider group of
closely related o-alkyl-substituted phenylphosphanes. In the case of the parameter δC7
even the electronically dissimilar ligand 14 fit in the correlations with initial rate and
selectivity to isobutanal. At the same time, the fit of the dissimilar ligands 15, 16, 17, and
21 in some of the correlations must be considered coincidence at this time given the
limited results for these kinds of ligands.
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The parameters discussed above allow a rough prediction of the catalytic properties of
sterically and electronically closely related phosphane ligands. The findings also show
that separation of the steric and electronic effects of phosphane ligands is hard indeed. It
is also important to bear in mind that use of any of these parameters alone could lead to
erroneous conclusions.

6 Conclusions
The research summarized here was directed at the preparation and characterization of
phosphane ligands that would favor the formation of isobutanal in propene
hydroformylation. Rh-catalysts prepared from the most thoroughly studied ligands, oalkyl-substituted arylphosphanes, showed promising selectivity for isobutanal, but linear
n-butanal was still the main product, though only barely. Moreover, the selectivity
increased at the cost of activity. Isopropyls in meta position appeared to increase catalyst
activity and the initial rate of propene hydroformylation to levels slightly higher than in
the case of the reference ligand PPh3. However, the m-isopropyl-substituted phenylphosphanes affected the selectivity in the opposite direction, giving lower i/n ratios than
the corresponding o-alkyl-substituted phenylphosphanes. o-Alkyl substituents near the
coordination sphere of rhodium had an important steering effect in olefin
hydroformylation but the resulting limited space around the rhodium center reduced the
activities of the catalysts.
13
C{1H} and 13P{1H} NMR spectra of the o-alkyl-substituted phosphane ligands gave
parameters, which together with cone angles could be used in search for correlations
between properties of ligands and their catalytic behavior. In the hydroformylation of
propene with Rh-catalysts modified with closely related o-alkyl-substituted phenylphosphanes, correlations were apparent between the catalytical behavior (selectivity to
isobutanal and initial rate) and the parameters (cone angle, 31P NMR shift and 13C NMR
shift of C7). The selectivity to isobutanal increased as the cone angle and the 13C shift of
carbon C7 increased and decreased as the 31P shift increased. However, the initial rate
decreased as the cone angle and the 13C shift of carbon C7 increased, and increased as the
31
P shift increased. These results suggest the need for additional studies with a larger
series of related phosphane ligands. Even now, however, the parameters can roughly
predict the catalytical behavior of closely related o-alkyl-substituted phenylphosphanes.
The several correlations of the different parameters illustrate, as well, that separation of
steric and electronic effects of phosphane ligands is difficult.
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