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Abstract

Thirty phosphane ligands were prepared and characterized. Aryl groups of the phosphane ligands
were modified through change in functionaity. 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 potentialy bidentate
arylphosphanes containing nitrogen heteroatoms were prepared and characterized. Characterization
of theisolated complexes verified the monodentate coordination from phosphorus and two bidentate
coordination modes, (P,N)-bound and (N,N")-bound.

Ligands and complexeswere characterized by 1H, 13C{'H}, 31P{1H} , and two-dimensional NMR
spectroscopy, X-ray crystallography, and mass spectrometry. The 33C{*H} and SP{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-alkyl-
substituted 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-alkyl-
substituted 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 PPhg, but, the selectivity decreased simultaneously.

Keywords:. NMR  spectroscopy, o-akyl-substituted  arylphosphanes,  olefin
hydroformylation, preparation
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1 Introduction

A coordination compound contains a metal center surroubglachumber of oppositely
charged ions or neutral molecules (possessing lone gatsotrons), which are known
as ligands. The most straightforward way to affectctiemical behavior of a metal ion is
through change in its ligands. It is well recognized tblaanges within the first
coordination sphere of a metal ion can have a relgtdramatic impact on the properties
of the entire complex, whereas modifications of thanid substituents and superstructure
have subtler and somewhat more predictable effects [1].

The most common ligand in organometallic chemistrgagbon monoxide, which
may bond to a single metal or serve as a bridge betiveear three metals. A variety of
other ligands have been used, including diatomic ligandso@eih, nitrosyl), ligands
containing linear or cycliarelectron-systems (ethylene, butadiene, cyclopentalieny
benzene), alkyl and acyl ligands, hydrogen, phosphites,paodphanes [2,3]. The
phosphanes are the ligands studied in this work.

There are fundamental similarities in the bonding obaa monoxide, phosphanes,
and alkenes to metals: with all thereoiglonation from a suitable ligand orbital to the
metal center with concomitamtback-bonding into an empty and suitable antibonding
orbital of the ligand. In this work, carbon monoxide hakial function; most importantly
it is a substrate, but it also acts as a ligand, wikepbasphanes act as a ligand and
alkenes act as important substrates as in many atedytic reactions.[2]

Coordination compounds play an important role in homogeneatalysis, where the
organotransition metal catalyst and reagents are praséine same phase. In catalysis
the coordination of substrates and loss of products nmestr avith low activation free
energy, which means that the metal complexes musblie [4]. These labile complexes
are often coordinatively unsaturated in the sensdllegtcontain a free coordination site
or, at most, a site that is only weakly coordinated [4]

Designing new, modified phosphane ligands has become aimadrtant for the
creation of highly effective and selective catalyigstems. Looking back to the past
leaves no doubt that significant challenges remaithieffuture.
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1.1 Phosphaneligands

Tertiary phosphanes of form PBr PRR’ are usually prepared from phosphorus halides
and organometallic reagents. Grignard reagents and orgamoli reagents are
commonly used as the organometallic reagent, but otleeilsn(Al, Sn, Zn) have also
found use [5]. The reactions are generally exothermicaaadcarried out at or below
room temperature.

Phosphanes contain a lone electron pair at the phasphtom, which is used for the
formation of ac-bond with metalsr-Back-bonding from the d-orbitals of metals in low
oxidation states is important in the case of electicm-metals. The P—B*-orbitals are
utilized for Teback-bonding, and empty phosphorus 3d-orbitals also plale@ aorole
that is larger for ligands like trimethylphosphane tham frifluorophosphane
[2,6,7,8,9,10,11,12]. The nature of the R groups attached to piraspihus determines
the relative donor/acceptor ability of the ligand, alidvwas adjustment of the properties
of the phosphane ligands [10,11].

Understanding of the ligand system is the first esdestep toward catalyst design,
since steric and electronic properties of the liganddrastically influence the rate and
selectivity of catalytic reactions. A large numbernoéthods are available to study the
stereoelectronic properties of phosphorus ligands and atdeirdevelopment of more
efficient catalysts. In 1970 Tolman quantified steric aledteonic properties in terms of
cone angle d-value) and electronic parameter-value) [13,14,15,16]. Subsequently
other methods were developed for calculating the stéfiacte of ligands, which also
take into account the variation in cone angle withfdyaonformation [17,18]. Casey’s
natural biting angle has provided a useful tool for eluaidathe steric properties of
diphosphanes [19]. The quantification of electronic effdtas continued, including
investigations of parameters such as half neutralizgtimential for determination of
ligand basicity [20,21], NMR chemical shifts and couplingistants [22,23,24,25],
ionization potential [26,27], enthalpy of reaction [1522830], molecular electrostatic
potential minimum V;, [31] and the “aryl” effect E[32,33,34].

Correlations have been sought among these parameteesatoate steric and
electronic effects. Generally, the correlations lréted to similarly modified ligands
[22,31,35]. Correlations have been demostrated betweaitiessand cone angles of the
ligand series PMe PMePh, PMePh PPh and Pp-tolyl)s, P{mtolyl)s, P@-tolyl)s,
where basicity increased as the cone angle decreade@{@Eelation between molecular
electrostatic potential minimum )4 and the Tolman electronic parameter, and also
basicity, suggested that thg,Vparameter could be used as thdonating power of the
phosphane ligand to a metallic moiety. If there wasifiogimt Teback-bonding from the
metal to the phosphane, however, the correlatioad4d81].

Triphenylphosphane (odorless solid) is probably the maddely used tertiary
phosphane in homogeneous catalysis in part due to its aadgbility and stability in
air. Typically, trialkylphosphanes and mixed arylalkylphosp®a are liquids, air-
sensitive, expensive, and nasty and noxious to h@anulieperties that may not
recommend them for homogeneous catalysis [36]. Morgtivere are cases where they
generate less active or even inactive analogues tghagphane-based catalysts [36].
The major difference between complexes containingkyligthosphanes and triaryl-
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phosphanes is the greaterelectron donor ability (basicity) of the trialkylphpdsanes,
which leads to the formation of more stable andesise low-pressure transition metal
catalysts [37,38]. More recently, it has become appahettrhodium trialkylphosphane
complexes possess properties that make them suitable ddearange of catalytic
reactions [39]. Sometimes they are even the onliesys available: for example, the
much higher electron density on metal-containing triplkgsphanes facilitates oxidative
addition reactions, even of difficult substrates [39].eTbranching of alkyldiaryl-
phosphanes may improve both the i/n selectivity anddttigity [40,37].

Most commercial homogeneous catalysts are based onphmres complexes.
Processes include hydrogenation, hydroformylation, higliatson, hydrocyanation, and
oligomerization [1,40,41,42,43]. The phosphanes with theilityalho stabilize low
oxidation states of transition metals, and especiéyarylphosphanes with their greater
steric bulk and weaker bonding affinity for metals refatio the alkylphosphanes, are
ideal for the generatation of an empty or potentiadigctive coordination sites in the
metal reaction sphere [1]. In addition, the good solytifitphosphane complexes, which
can also be modified by changing the length of the alistituent and introducing
phenyl substituents, makes them highly attractive ligdod$iomogeneous catalysis.
Lately, the synthesis of new water-soluble phosphagandls such as sulfonated
arylphosphanes, pyridylphosphanes, and phosphanes contaimiitrgen group have
found industrially promising or relevant applications [4448547,48,49].

Evidently the first tertiary phosphane complex of a ¢iton metal was described by
Hoffmann as long ago as 1857. The triphenylphosphane ligana@ maajor role as a
catalyst modifier for example in the famous Reppe compou(@,(PPh), used in
alkene and acetylene polymerization, in the Wilkinsatalyst Rh(CO)(P{P); used in
homogeneous hydrogenation of alkenes, acetylene, andngartompounds, and in
Rh(CO)(PPh).ostype catalysts used in the hydroformylation of alkenis hydrogen
and CO [5].

1.2 Hydroformylation

Hydroformylation is the simultaneous addition of oneergsch of hydrogen and carbon
monoxide across a carbon—carbon double bond of alkenedaqga linear and branched
aldehydes having one more carbon atom than the origomapound (Scheme 1). The
reaction was discovered accidentally in 1938 by Otto Rodithough much progress
has been made since then through the development of effimient metal catalysts,
hydroformylation continues to be the subject of innuabkr studies, motivated by the
need to increase the selectivity to linear or bradchldehydes, to reduce by-product
formation, and to achieve milder and more environmbnfrdendly reaction conditions
[40]. Today's hydroformylation plants operate with cgdtd based on rhodium or cobalt,
while platinum, palladium, and ruthenium catalysts areséarch intrest [40,50].
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catalyst

linear or normal (n) branched or iso (i)

Scheme 1. Hydroformylation reaction.

The homogeneous hydroformylation reaction is one ebttlest processes making use of
soluble transition metal catalysts and it is one k& targest volume of industrial
applications of these catalysts. In the catalystsntlost extensively utilized ligands are
phosphanes and carbon monoxide. Phosphane ligands offeralsdenefits over
unmodified systems, including increased catalyst stghititproved reaction rates and
selectivities, and enhanced partitioning into two-prsyséems.[51,52,53]

Most of the seven million tons of aldehydes produced dhnb this process are
hydrogenated to alcohols or oxidized to carboxylic acidserification of the alcohols
produces plasticizersthe largest end-use. Detergents and surfactants make opxthe
largest category, followed by solvents, lubricants, acttemical intermediates.
Asymmetric hydroformylation of several functionalisedkenes opens the way to
production of chiral aldehydes, which can be used agtingtanaterial for the synthesis
of agro- and pharmaceutical chemicals.[40,41,51,45]

The most important hydroformylation process on industsaale, propene
hydroformylation, provides about 75% of all oxo chemicalssumed in the world [lII].
Traditionally, the aim of this process has been tapce regioselectively the linear
aldehyden-butanal. Via reactions to 2-ethylhexanol thbutanal is converted to dioctyl
phthalate, a plasticizer utilized in a wide range of Ry@lications [40]. Recently, intrest
has focused on selective formation of the branched,fdsobutanal, which now
represents 9% of total production capacity and finds ugkdrproduction of polyols,
such as neopentyl glycols [llI].



2 Aims of the wor k

The present study was part of a project targeted at dewglogiw rhodium catalysts for
the propene hydroformylation reaction that would favar tormation of the branched
aldehyde, isobutanal. The primary focus here was the @tigaand characterization of
new tertiary phosphane ligands and, while a second blgjegas to find trends in their
behavior as catalytic ligands.

Steric and electronic properties of the phosphane ligard modified with the aim
of producing branched aldehydes in propene and 1-hexene hydytEftion. The first
modifications were minor relative to the refererigamd triphenylphosphane, but as the
work progressed the catalytically most promising featuvese combined with new
modifying pieces. Some of the ligands have been reposadittre but new preparation
was essential to allow investigation of systemadiicahodified groups of ligands.
Additionally, most of the spectroscopic data for theridgis new.

Publication | reports on trifluoromethyl-substituted pHphgsphanes. The main idea
in introducing an electron-withdrawing substituent inte ffara or ortho position(s) was
to increase therrback-bonding from the rhodium atom to phosphorus atom and
simultaneous to reduce the rhodium-to-carbarlhck-bonding of thérans-CO ligand.
This would cause the CO molecule to be less stronglgldmbito the rhodium center and
facilitate alkene coordination. In the ortho posit&)rthe trifluoromethyl substituent also
caused steric crowding.

Publications II-IV describe the steric modificationasf/iphosphane ligands through
introduction ofortho-alkyl substituents to the aromatic group. The usertifo-alkyl-
substituted ligands was suggested by earlier finding in wioichethylphenyl)diphenyl-
phosphane ligand, as part of a platinum catalyst in tleofgrmylation of 2-butene,
exhibited enhanced selectivity to the branched aldelsale Ih this work the bullof the
alkyl group was increased step by step, from methyl td,esopropyl, and cyclohexyl.

Publication V was focused omrtho-alkyl-substituted arylalkylphosphanes. By
combining theortho-alkyl-substituted aryl group through the phosphorus atom with
better o-donor groups, the alkyls, we concomitantly modified ttegic and electronic
properties of phosphanes.

The third and fifth papers reported on investigationsyolrdformylation reactions
with ortho-alkyl-substituted pyridylphosphanes. The pyridyl ring(s) wassen to be a
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second modifying group since, in earlier investigatiohs,reaction rates obtained with
pyridyl-modified compounds had been higher than the ratéiseaf phenyl analogues.
This has been attributed to the electron-withdrawiraciy of the pyridyl ring, which
causes the CO molecule to be less strongly bonded thaékdeum center, thus facilitating
alkene coordination [48,55].

Additionally, studies on sterically crowded polyaromationodentate phosphanes,
anthryl- and naphthylphosphanes, are reported in thefiitsth, and fifth papers, since
such ligands have rarely been studied in organometabinishry [56,57,58], let alone in
hydroformylation reactions [59].

During the work it was noted that the catalytic propsrtémetaalkyl-substituted
triphenylphosphanesad not been extensively studied [60,61,62,83lectron density
of the benzene ring is lower when this is substitutéd @lectron-releasing alkyl group
in meta position rather than in ortho or para posittzl}, and as a consequence tieta
alkyl-substituted phosphanes are poorer electron donordsgduan their ortho and para
analogues. Use aftalkyl-substituted phenylphosphanes as ligands also cresaies
space in the coordination sphere of a metal, thoudieagame time the steering effect is
less than in thertho-alkyl-substituted arylphosphané&his work contains preliminary
results of propene hydroformylation tests with thre& meetaisopropyl-substituted
phenylphosphanes.

Further, the synthesis and characterization of thrgmiblished chromium carbonyl
complexes with arylphosphanes containing nitrogen hdtaroare reported for the first
time in this publication. The compounds were synthestpedtudy the coordination
chemistry of the prepared tertiary phosphane ligands.

Both the alkyl-substituted arylphosphane and alkyl-substitutéxed arylalkyl-
phosphane ligands allowed comparative study of their prepeaitid catalytic behavior,
and correlations could be sought between spectroscopicstenid properties of the
ligands and the hydroformylation results.

The catalytic properties of the ligands in hydrofornigiatwvere tested at the Helsinki
University of Technology and the University of Joenslibe modeling work and X-ray
crystallographic work were carried out at the UniversifyJoensuu. Some of the
hydroformylation results are discussed here since prepastithe modified phosphanes
can be clarified through reference to their performanaatalysis.



3 Synthetic work

3.1 Reagents

Diethyl ether (Lab Scan) was distilled from sodium/lmgienone ketyl under nitrogen
before use. Dichloromethane (Lab Scan), hexane (Lan)S ethanol (Altia), and
methanol (Baker) were used without further purificatiordegassed with argon ,$0,
(Reachim) and NaOH (FF-Chemicals) solutions were dedagsth argon. Cr(CQ)
(Aldrich) and (CH);NO*2H,0O (Fluka Chemica) were used as received. The other
reagents were obtained from Aldrich, Lancaster, MemrkFluka and used without
further purification.

Analytical thin layer chromatography (TLC) was conddctan aluminium plates
precoated with Kieselgel 6Q.4z 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 usethigticahydroformylation,
was taken as the reference and starting point in \@ryie functionality of ligands.
Modification was achieved by introducing trifluoromethydpiyl, selenomethylphenyl, 9-
anthryl, alkyl-substituted phenyl and naphthyl, pyridyl, atigl groups as substituents at
the phosphorus atom. Emphasis was on modification obtitle and steric effects of
phosphanes. As is well known, steric effects are mmyever, easily distinguished from
electronic effects.

The phosphane ligands were prepared mainly by the folippincedure. Undiluted
commercial solution of-butyllithium (2.5 M solution in hexane) or a solution ref
butyllithium in diethyl ether was transferred dropwise aicanula to a freshly prepared
solution of brominated organic reagent in diethyl etltearound €C. After several hours
stirring, a solution of an appropriate chlorophosphardigthyl ether was slowly added
to the mixture of lithiated organic reagent and stirriras wontinued for a further few
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hours. After slow warming to room temperature, solid léndd layers were separated by
filtration and solvent was removed in vacuum. Expectignah the synthesis of

pyridylphosphanes and (9-anthryl)phenylphosphanes, theiamatmperatures and
reaction times were different from those describedi@bbhe reaction route is shown in
Scheme 2.

PR,CI X
>

P
R~ R

X Br X Li
n-BuLi PRCI P.
[N o g
X
X = CF,, SeMe, Pl X
Me, Et, i-Pr, Tl N
Cy, Ph R = Ph, i-Pr, Cy
P
L T~

X

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

Halogenated arylphosphanes (Scheme 2)@PRPhC} PCk, P(-Pr)Cl, P{-Pr)Ch, and
PCy.Cl, are commercially available and widely used stantiagerials for the preparation
of phosphane ligands. In addition to these, (2,5-dimethyigytéchlorophosphane was
synthesized by Friedel-Crafts reaction of phosphorabkltiide withp-xylene by earlier
published literature methods and was used as starting alg@ri66]. All reactions were
performed in inert atmosphere with standard Schlenk tgubs. The yields of the
prepared ligands are presented in Table 1 section 4.2.1.

3.2.1 Trifluoromethyi- and selenomethyl-substituted phenylphosphanes

Trifluoromethyl- and selenomethyl-substituted phenylphospkavere prepared in order
to investigate the difference in effect of electrathdrawing and electron-releasing
groups in modifying arylphosphanes. Additionally, in thefiolehydroformylation,
answers were sought to the question in which directierfunctionality of substituents in
phenylphosphanes should be modified for optimum performance.

First, hydroformylation tests were performed with knaavglphosphanes containing
an electron-releasing OMe-, SMe-, or NMibstituted phenyl ring. The main interest
here was the potential bidentate bonding from diffedemtor atoms to the metal center
[59,67,68]. Rhodium catalyst modified with the SMe-substitytieenylphosphanep{



21

thiomethylphenyl)diphenylphosphane, has produced improved tgesil the
hydroformylation of MMA [59,68]. Trifluoromethyl-substitetd phenylphosphanes4
(Scheme 3) were prepared as a means of understanding ¢h whi the electron-
withdrawing functionality affects the hydroformylatioasults of olefins relative to the
potentially bidentate ligands modified with electron-asiag functionality. Furthermore,
a heterodonor phosphorus-seleno and electron-releagarglli 0-selenomethylphenyl)-
diphenylphosphan®, was prepared and tested in the hydroformylation ofnglefo
supplement the series of above-mentioned heterodonadkga

P G €
spelepelvge

SeMe
o, OoU
FC CF,
4 5

Scheme 3. Schematic structures of (o-trifluor omethylphenyl)diphenylphosphane 1, tris(o-tri-
fluoromethylphenyl)phosphane 2, (p-trifluoromethylphenyl)diphenylphosphane 3, tris(p-tri-
fluoromethylphenyl)phosphane 4, and (o-selenomethyl phenyl)diphenylphosphane 5.

The synthesis of trifluoromethyl- and selenomethylssitited phenylphosphanes has
been reported earlier [69,70,71,72]. The trifluoromethykstiied triphenylphosphane
ligands 6-trifluoromethylphenyl)diphenylphosphang, tris(o-trifluoromethylphenyl)-
phosphang, (p-triffluoromethylphenyl)diphenylphosphaleand trisp-trifluoromethyl-
phenyl)phosphané (Scheme 3) were prepared from liquid 1-bromo-2-(trifluordrylgt
benzene or 1-bromo-4-(trifluoromethyl)benzene and thywrapriate chlorophosphane,
and likewise thed-selenomethylphenyl)diphenylphosphaméscheme 3) was prepared
from 1-bromo-2-(selenomethyl)benzene and diphenylchlargpiane. Times for both
reaction steps at°’C were 1.5 h, and finally hydrolysis with hydrochlorcda(0.2 M)
was carried out only with ligan8 since the Cfsubstituted phenylphosphanes were
known to oxidize easily and to convert slowly to the ggfmne oxide during isolation
from the reaction mixture [70]. The reaction of sehlapthyl-substituted ligan& was
also carried out at°C, because earlier the yield of tasgelenomethylphenyl)phosphane
had not been improved when the reaction temperatureaslased to -78C [72]. The
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ligands1-4 were washed with hexane, and ligddas recrystallized from ethanol. The
final solid products were browrl{), orange §-4), and white ).

3.2.2 (9-Anthryl)phenylphosphanes

Bulkier aromatic phosphanes containing anthryl ring(sjeiad of phenyl ring(s) were
synthetized in order to investigate the effect ofiststress on the catalytic activity and
selectivity of the hydroformylation reaction.

The (9-anthryl)diphenylphosphateand bis(9-anthryl)phenylphosphanéScheme
4) were synthetized according to the literature methodesfamanret. al.[73]. A diethyl
ether solution of 9-bromoanthryl was added to autiewl of n-butyllithium in ether at
—30°C. The mixture was stirred for 30 min, after which thprapriate chlorophosphane
in diethyl ether was added over a period of 30 min. Thatheg mixture was refluxed
for 3.5 h and finally the cooled mixture was pumped dry inuvat The raw product was
dissolved in dichloromethane and filtered over degassgokAbasic). The ligands were
yellow solid products.
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Scheme 4. Schematic structures of (9-anthryl)diphenylphosphane 6 and bis(9-anthryl)-
phenylphosphane 7.

3.2.3 Alkyl-substituted arylphosphanes """V

The maodification of steric properties was continued hgréasing the bulk of the
arylphosphanes with-alkyl substituents: the bulk of alkyl group was increaseg by
step from methyl to ethyl, isopropyl, and cyclohexyl. &ional groups were varied in
the hope of finding relationships between the catabgicavior and steric properties of
the ligands since thartho-alkyl-substituted ligands are electronically fairly dsmi

All the phosphane ligandso-nethylphenyl)diphenylphosphar® bis(-methyl-
phenyl)phenylphosphan®, (o-ethylphenyl)diphenylphosphank®, bis(-ethylphenyl)-
phenylphosphanél, (o-isopropylphenyl)diphenylphosphari, (o-cyclohexylphenyl)-
diphenylphosphan&3, and 6-phenylphenyl)diphenylphosphafi4 (see Scheme 5), were
prepared by a modified literature method [74]. Undiluted smhutf n-butyllithium
reagent was added dropwise to a solution of brominatediorggagent in diethyl ether,
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after which a solution of the appropriate chlorophosphiandiethyl ether was added.
Times of both reaction steps &were two hours. The ligands were recrystallized from
ethanol and as pure products they were white or transludids. Attempts to
recrystallize ligand10 were at first unsuccessful but after many attempts and an
exceptionally long time (several weeks) was eventualyesed. Single crystals 6f11

and 13 for X-ray crystallographic analysis were grown from raixture of
dichloromethane/hexane at room temperature offigenyl-substituted phenylphosphane
14 was prepared to assess the difference in catalyticvimehzetweeno-alkyl- ando-
aryl-substituted ligands.

All the phosphane ligands introduced in this section, ext®giave been mentioned
in the literature [75,76,77]. However, it was considecegrepare all these ligands, with
systematically increasing bulk, and as well to obtaifullarange of spectroscopic and
structural data for them.
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Scheme 5. Schematic structures of (o-methylphenyl)diphenylphosphane 8, bis(o-methyl-
phenyl)phenylphosphane 9, (o-ethylphenyl)diphenylphosphane 10, bis(o-ethylphenyl)phenyl-
phosphane 11, (o-isopropylphenyl)diphenylphsophane 12, (o-cyclohexylphenyl)diphenyl-
phosphane 13, and (o-phenylphenyl)diphenylphosphane 14.

14

The ligands (2,4,5-trimethylphenyl)diphenylphosphdbeand (2,5-dimethylphenyl)di-
phenylphosphan&é (Scheme 6) were preparedfited out how the presence of artho-
alkyl substituent together wittmetaalkyl andpara-alkyl substituents and with meta-
alkyl substituent affect the hydroformylation results. Funtiae, (2-methylnaphthyl)-
diphenylphosphan#&7 was prepared to combine the steric crowding of the pmiyatic
ring with anortho-methyl substituent. Ligand$-17 were prepared like ligan@&s14 and
therecrystallization from ethanol likewiggave white solid products. A different method
has been reported for the synthesis of liga@dbut 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-di-
methylphenyl)diphenylphosphane 16, and (2-methylnaphthyl)diphenylphosphane 17.

Preparation ofmetaalkyl-substituted phenylphosphanes was undertaken with #iefjo
achieving improved activity of the hydroformylation céan. The newly prepared
ligands (-isopropylphenyl)diphenylphosphanel8, bismisopropylphenyl)phenyl-
phosphand9, and tris(nisopropylphenyl)phosphar® (Scheme 7) have the important
bulky alkyl-substituent, but its steering role is less ingoat in meta position.
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Scheme 7. Schematic structures of (m-isopropylphenyl)diphenylphosphane 18, bis(m-iso-
propylphenyl)phenylphosphane 19, and tris(m-isopr opylphenyl)phosphane 20.

Ligands 18-20 were prepared by the method described &alkyl-substituted
phenylphosphanes. Lengthening of the time of the feattion step to 3.5 h did not
increase the yields. The ligands were purified by coluhmoroatography on silica gel
using dichloromethane/hexane (1:2) as eluent. The pure lig&ts were translucent
and oily, whereas the ligan®) was a white solid. Single crystals ©8 for X-ray
crystallographic determination were grown from a mixufréichloromethane/hexane at
room temperature.
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3.2.4 Alkyl-substituted pyridylphosphanes'""

In compound2l, (3-methyl-2-pyridyl)diphenylphosphane, tlealkyl substituent was
combined with pyridyl ringo-Alkyl and pyridyl functions are in different side chairfs o
the phosphane in ligands (2,5-dimethylphenyl)bis(3-pyridyphane22 and (2,5-di-
methylphenyl)bis(4-pyridyl)phosphai28 (Scheme 8). The pyridyl ring was chosen to be
a second modifying piece since pyridylphosphane catalgsts shown higher reaction
rates than the corresponding phenylphosphanes, probataydee of their stronger
back-bonding character [48,55].
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Scheme 8. Schematic structur es of (3-methyl-2-pyridyl)diphenylphosphane 21, (2,5-dimethyl-
phenyl)bis(3-pyridyl)phosphane 22, and (2,5-dimethylphenyl)bis(4-pyridyl)phosphane 23.

21

(3-Methyl-2-pyridyl)diphenylphosphan@l was prepared according to the literature
method by adding a solution of 2-bromo-3-methylpyridinaligthyl ether to a cooled
solution ofn-butyllithium in diethyl ether at100°C [79]. The low reaction temperature,
which was essential to decrease the formation ofgsidéucts, was maintained by means
of an ethanol/liquid nitrogen bath. After 1.5 h stirrirgsolution of chlorodiphenyl-
phosphane in diethyl ether was added and stirring wasceatiat-100°C for 1 h.After
slow warming to room temperature, the raw product wasebed with sulfuric acid and
the aqueous layer was separated and made alkaline with shgidnoxide. The solid
product was extracted back to the organic phase with diethgt and dried in vacuum.
The ligand21 has been mentioned in the patent literature [80].

Addition of TMEDA was essential to obtain ligan?2® and23. The syntheses were
performed according to the method of Bovetral. [81] by adding the appropriate 3- or
4-bromopyridine in diethyl ether to the cooled diethileetmixture ofh-butyllithium and
TMEDA at-115°C. After 5 min stirring, two thirds of the dichloro(2,5vtkthylphenyl)-
phosphane was added and stirring was continued for 0.5 hre$thef the dichloro(2,5-
dimethylphenyl)phosphane was then added and the mixturdiwad $or a further 2.5 h
at -100°C, before warming to room temperature overnight. The paoducts were
extracted and dried like ligan®l. The products were purified by column
chromatography on silica gel using dichloromethane/herstbanol (10:3:1) as eluent.
Ligands21 and22 were white solids an&3 was transparent solid. Single crystal28f
for X-ray crystallographic analysis were grown fromhdicomethane/hexane mixture at
room temperature.
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3.2.5 o-Alkyl-substituted arylalkylphosphanes’

Earlier studies on 1-hexene hydroformylation have shibzah Rh-catalyst modified with
linear trialkylphosphanes produce only alcohols, whetbascatalyst with triphenyl-
phosphane or no phosphanes at all mainly form ac&2]sThe Rh-catalysts modified
with triisopropylphosphanes promote the formation of ldes and the catalysts with
mixed ethylphenylphosphanes the formation of mixtureddehegdes and alcohols [82].
In other words, catalytic properties of alkylphospharresvary much dependent on the
site and degree of branching. In general, more stabial m@mplexes are formed with
alkylphosphanes than with arylphosphanes owing to theatgro-electron donor ability
[37]. However, little attention has been paid to kyfghosphane and mixed arylalkyl-
phosphane rhodium complexes as catalysts for hydroforimyl§&9], it was to fill this
gap thabrtho-alkyl-substituted arylalkylphophanes were prepared.

Isopropyl or cyclohexyl groups were combined with thredediht ortho-alkyl-
containing aromatic groupso-methylphenyl, o-cyclohexylphenyl, and -Phethyl-
naphthyll giving the following ligands: d-methylphenyl)diisopropylphosphar2d, (o-
cyclohexylphenyl)diisopropylphospha@s, (o-methylphenyl)dicyclohexylphospha@s,
(o-cyclohexylphenyl)dicyclohexylphosphane 27, bis(-methylphenyl)isopropyl-
phosphane&8, (2-methylnaphthyl)diisopropylphospha@®, and (2-methylnaphthyl)di-
cyclohexylphosphang0 (Scheme 9). The ligands were synthesized by the sart®dne
as theo-alkyl-substituted arylphosphanes but with use of the apptepciaoroalkyl-
phosphanes he ligand24 and29-30 were purified by column chromatography on silica
gel using dichloromethane/hexane (1:2) as eluent, the lig281d8 were recrystalized
from ethanoal, the ligan#s was washed with hexane, a2flwas dissolved in ethanol and
filtered over silica gel. The pure ligandl-25 and 28 were oily and translucent
compounds, where&6-27 and29-30 were white solids. Single crystals 2 for X-ray
crystallographic analysis were grown from dichlorometihexane mixture at room
temperature.
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Scheme 9. Schematic structures of (o-methylphenyl)diisopropylphosphane 24, (o-cyclohexyl-
phenyl)diisopr opylphosphane 25, (o-methylphenyl)dicyclohenylphosphane 26, (o-cyclohexyl-
phenyl)dicyclohexylphosphane 27, bis(o-methylphenyl)isopropylphosphane 28, (2-methyl-
naphthyl)diisopropylphosphane 29, and (2-methylnaphthyl)dicyclohexylphosphane 30.

3.3 Cr carbonyl derivatives of phosphane ligands containing nitrogen

The coordination chemistry ob{N,N-dimethylaminophenyl)diphenylphosphane Lit; (
thiomethylphenyl)bis(2-pyridyl)phosphane L2, ang-nfethoxyphenyl)bis(2-pyridyl)-
phosphane L3 (Scheme 10) was studied here with chromiumngdiderivatives in view

of the earlier use of Cr(Ceg)-type complexes to estimate the steric and electronic
properties of phosphane ligands [17]. Changes in the @héctrsteric, and geometric
environments of'P nuclei can be detected by means of the widely usedaramely
sensitive®’P NMR spectroscopy measurements [83]. Ligands L1 and L2 éaier
been utilized in hydroformylation tests of MMA [59,68hdaL1 has been used to probe
hydroformylation reactions of propene and 1-hexene [l].
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Scheme 10. Schematic structures of (o-N,N-dimethylaminophenyl)diphenylphosphaneL 1, (p-
thiomethylphenyl)bis(2-pyridyl)phosphane L2, and (p-methoxyphenyl)bis(2-pyridyl)-
phosphane L3 used as ligandsin the preparation of chromium carbonyl derivatives.

Chromium hexacarbonyl (1.00 mmol), ligand (1.00 mmol), amdetfiylamineN-oxide
dihydrate (1.00 mmol) were dissolved in 30 ml of dichlororaethand the resulting
mixture was stirred at room temperature for 2 h. Theesdlwas removed in vacuum and
the brown raw product was purified by column chromatograpdigg silica gel as
stationary phase. In the purification a mixture of diotieethane/hexane (3:1) was used
as eluent in the case of chromium carbonyl derivatifés-N,N-dimethylaminophenyl)-
diphenylphosphane (L1) ang-tnethoxyphenyl)bis(2-pyridyl)phosphane (L3) and the
above mentioned mixture and a mixture of methanol/dichietbane (4:1) were used in
the case of chromium carbonyl derivatives @fti{iomethylphenyl)bis(2-pyridyl)-
phosphane (L2) ligand. The syntheses of ligands and theiai®onyl derivatives were
carried out by earlier published methods [84,85,86].

In the purification, a yellow fraction was isolatedemhL1 was used as ligand and
yellow and red fractions were isolated when L3 was useligand. In the case of Cr
carbonyl derivatives containing ligand L2, purificatiorttwimethanol/dichloromethane
eluent gave yellow and brown fractions, whereas th@atiomethane/hexane eluent gave
yellow and red fractions. However, after drying in vaciamd characterization, only one
Cr carbonyl derivative of each ligand was verified.gBércrystals for X-ray studies were
grown from dichloromethane/hexane mixture. The crystal®e orange for the complex
of (o-N,N-dimethylaminophenyl)diphenylphosphane, yellow for thegiex of p-thio-
methylphenyl)bis(2-pyridyl)phosphane, and red for the compfgjp-methoxyphenyl)-
bis(2-pyridyl)phosphane. The yields of the characteritedraium carbonyl derivatives
are presented in section 4.3.2.



4 Characterization

4.1 Instrumentation and measurements

NMR spectroscopyThe phosphane ligands and chromium carbonyl derivatives we
characterized withH, *C{*H}, *P{*H} NMR spectra, but with most of the ligands
assistance in the interpretation was required from diweensional H,H-correlated
COSY-90, H,C-correlated HSQC or C,H-correlated HETCQOR,long-range C,H-
correlated COLOC NMR spectra. Most of the spectra weworded on a Bruker
DPX400 spectrometer at room temperature with deuteratexbéirim (99.8% D, 0.03%
TMS, Aldrich); a few of the'H NMR spectra were recorded on a Bruker AM200
spectrometer. ThéH, *C{*H} and two-dimensional NMR spectra were referenced to
internal tetramethylsilane (TMS) aridP{'"H} NMR spectra to external 85% 3;FQ,.
Exceptionally, (2,5-dimethylphenyl)bis(3-pyridyl)phosphane #melchromium complex
of (p-thiomethylphenyl)bis(2-pyridyl)phosphane were measurel déuterated acetone
(99.9% D, Aldrich) because of solubility problems. Theshifts were referenced to the
residual signal of protons of partly deuterated acetone (05 and thé>C 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.theur details of the
measurements can be found in the original papers [I,II,V]

Quantum mechanical calculation&eometrical arrangement and steric size of the
free ligands were studied theoretically at the Universfitloensuu bwb initio Hartree-
Fock method using the 3-21G* basis set. The steric sitleediree phosphane ligands
was estimated by Tolman’s cone angle method [16]. Fuditails of the modeling work
can be found in the original papers [I-V].
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4.2 Sructure of phosphane ligands

The molecular masses of the prepared phosphanes weredveith measurements of
accurate mass peaks. The structural characterizatiomasas mainly ofH, **C{*H},
and®*P{*H} NMR techniques. In addition, to assign teand**C{*H} NMR shifts two-
dimensional H,H-correlated COSY-90, H,C-correlated HSQEC C,H-correlated
HETCOR, or long-range C,H-correlated COLOC NMR speateae needed, especially
for the alkyl-substituted arylphosphanes and mixed arylalkgphanes. The molecular
structures of successfully crystallized liganfisll, 13, 23, and 27 were further
determined by X-ray crystallography at the Universftyaensuu. Qualitative pictures of
the phosphane structures obtained from the quantum meahealiculations carried out
at the University of Joensuu were useful in the studiastwvity and selectivity trends in
hydroformylation reactions.

4.2.1 *P{*H} NMR spectra and cone angles

The3P NMR shifts were characteristic for each of thegpih@ne ligand types (aromatic
phosphanes, pyridylphosphanes, mixed arylalkylphosphanes)general, as the
substituents near the phosphorus atom became morakyedEmanding, th&P nuclei
experienced an increasing shielding effect and the phosplkshoeed a shift from —2.6
to —27.7 ppm, while the cone angles increased from 149 to 288°%'F NMR shifts,
yields, and calculated cone angles of phosphane ligh3Qsare presented in Table 1.
The®'P NMR resonances were singlets if not stated otherwis

As expected, th&P nuclei of metaor parasubstituted phenylphosphané8-Q0 and
3-4) were deshieldedd= —2.6 to —4.3 ppm) relative to the ortho-substituted ones. Th
shielding effect caused by thealkyl substituents were also detected for thalkyl-
substituted arylalkylphosphanes, whd¥ NMR shifts in ppm were less than those of
unsubstituted arylalkylphosphanes [87,88]. The shielding & %P nuclei in
polyaromatic phosphanes7 and 17 was increased (lowy-values), whereas in the
polyaromatico-phenyl-substituted phenylphosphai# the shielding was lesser. The
polyaromatic ligands have different electronic properthesn theo-alkyl-substituted
phenylphosphanes, including stronger ring current effedéthadong with the steric bulk
affected thé'P NMR shift.

For monodentate phosphorus ligands the cone angle isdiefinthe apex angle of a
cylindrical cone, centered at 2.28 A from the centethef phosphorus atom, which
touches the outermost atoms of the model. For phosphem@sining different
substituents an average for the three substituentken {d1].In general, the structures
of free ligands are relatively flexible. Optimizatior the o-substituted phosphanes
mostly led to conformations where the substituent®warated outside the cone. Tde
methyl-substituted arylphosphane8 énd 17) and o-alkyl-substituted mixed aryl-
isopropylphosphane4, 25 and 29) exhibited much lower steric repulsion than the
others and the-alkyl substituent of the ligand 17, 24, 25, and29 was located inside
the cone.
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Table 1. Yields}'P NMR shifts §), and calculated cone angle§) ©f ligands (L).

L Name Yield [%] Op [ppm] 0 [°]
1 (o-trifluoromethylphenyl)diphenylphosphane 97 -9.4 174
(q! 4‘]PF 53 HZ)
2 tris(o-trifluoromethylphenyl)phosphane 92 -15.6 221
(@, “} 55 Hz)

3 (p-trifluoromethylphenyl)diphenylphosphane 98 -4.1 149
4 tris(p-trifluoromethylphenyl)phosphane 68 -4.3 149
5 (o-selenomethylphenyl)diphenylphosphane 30 -10.4 -
6 (9-anthryl)diphenylphosphane 72 -22.9 176
7 bis(S-anthryl)phenylphosphane 61 -27.7 207
8 (o-methylphenyl)diphenylphosphane 53 -10.7 151
9 bis(o-methylphenyl)phenylphosphane 87 -19.0 158
10 (o-ethylphenyl)diphenylphosphane 50 -14.0 169
11 bis(o-ethylphenyl)phenylphosphane 71 -23.5 194
12 (o-isopropylphenyl)diphenylphosphane 23 -13.8 187
13 (o-cyclohexylphenyl)diphenylphosphane 72 -13.6 184
14 (o-phenylphenyl)diphenylphosphane 69 -11.9 191
15 (2,4,5-trimethylphenyl)diphenylphosphane 64 -11.8 159
16 (2,5-dimethylphenyl)diphenylphosphane 92 -9.5 159
17 (2-methylnaphthyl)diphenylphosphane 24 -16.5 223
18 (m-sopropylphenyl)diphenylphosphane 33 -2.6 161
19 bis(m-sopropylphenyl)phenylphosphane 30 -2.8 161
20 tris(m4sopropylphenyl)phosphane 58 -3.0 184
21 (3-methyl-2-pyridyl)diphenylphosphane a7 -6.3 151
22 (2,5-dimethylphenyl)bis(3-pyridyl)phosphane 30 -25.0 181
23 (2,5-dimethylphenyl)bis(4-pyridyl)phosphane 12 -15.7 -
24 (o-methylphenyl)diisopropylphosphane 35 -4.8 165
25 (o-cyclohexylphenyl)diisopropylphosphane 84 -4.4 172
26 (o-methylphenyl)dicyclohexylphosphane 82 -11.6 181
27 (o-cyclohexylphenyl)dicyclohexylphosphane 76 -14.6 211
28 bis(o-methylphenyl)isopropylphosphane 81 -22.3 198
29 (2-methylnaphthyl)diisopropylphosphane 41 6.6 199
30 (2-methylnaphthyl)dicyclohexylphosphane 66 -8.1 185

Mingos' statistical analysis has provided some intargsnsights into the Tolman cone
angle. Specifically, it has demonstrated that the eargge in real complexes vary much
more than previously believed and that there are sgsiemperiodic differences in the
average cone angles. The cone angles may also beedffacthe steric requirements of
the co-ligands and the coordination number of the compote surprisingly, the
analysis suggests that even within a single complex icam¢gtwo or more phosphane
ligands the cone angle may vary considerably.[3]

The cone angles were larger in the fogtho-alkyl-substituted ligands than in their
Rh(acac)CO(L) complexes, mainly because the phosphgardk in Rh(acac)CO(L)
complexes were surrounded by other ligands that causedstsaure on the phosphane
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side chains in the direction of the phosphane atomligamds26 and27, the difference
between the free and Rh(acac)CO(L)-coordinated ligarsdalvaut 10° [V]. In both the
free and coordinated forms tloealkyl-substituents 06 and27 were oriented outside
the cone. In the case of ligan8sand17 the o-methyl substituent, which was oriented
inside the cone in the free ligands, was oriented outbigleone in the Rh(acac)CO(L)
coordinated state [IV]. The dissimilar orientation gave°® difference between the cone
angles of the free and coordinated lig@&whd as much &4° for 17.

Although the above-mentioned statistical analysis d&edrésults of the cone angle
calculations based on optimized free ligand structuresatr@lone sufficient for the
estimation of steric requirements of the coordinateghnds, they should give a
qualitative idea of the steric size of the ligand. Meegpin most cases thab initio
Hartree-Fock (HF) calculations and the determined Xerggtal structures of the free
ligands have indicated a similar orientation for thelkyl substituent. These results
confirm the reliability of the HF calculations and keahem valuable, particularly for the
non-crystallizable phosphane ligands.

4.2.2 *H and *C{*H} NMR spectra

The *H and **C{*H} NMR spectra were characteristic for each type obgghane. In
general, the'H NMR shifts of aromatic and cyclohexyl spin systemsavnot of first
order. This complicated the interpretation and even wfth assistance of two-
dimensional spectra thiH spectra could not be fully assigned. THE{*H} NMR
spectra contained only a few overlapping and broad resenpeaks whose precise
interpretation was not possible. Some difference$iéntil and**C NMR shifts due to
electronic and steric dissimilarities of the phosphaaresdescribed in this section. The
main emphasis is on the characterization-afkyl-substituted phenylphosphanes. NMR
shifts of them-sopropyl-substituted phenylphosphar@&20 and chromium carbonyl
derivatives, which have not been published previoustypagsented in detail.

4.2.2.1 o-Substituted arylphosphanes

The differences in théH and **C NMR shifts of phosphane ligands modified with
electron-withdrawing and electron-releasing functiogddécome clear in a comparison
of the shifts ofo-trifluoromethyl-substituted phenylphosphanes with those-séleno-
methyl-substituted and-alkyl-substituted phenylphosphanes. The aromatic protons of
electron-withdrawingo-trifluoromethyl-substituted ligands were mainly deshielded i
relation to the protons of electron-releasiogelenomethyl-substituted arnmtalkyl-
substituted ligands; for example, the shift 8fths 7.2 ppm for ligantl and 6.8 ppm for
ligands5 and8 (see Scheme 11 for numbering of hydrogen and carbon Jatoms
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Modification of ortho position with R group:

5 3 0-1 0-2 0-3

= -2
6 2 R=CF R:i-Przil{Q R:Ph:@ 4
o-1 0-
R
1 R = SeMe

0-2 0-2 0-3

P. -

7 o-1 :

B R = Me: — CH, 02 0-3
R =Cy: 0

10 0-1 o0-2 0-4

R =Et: — CH,CH, o H3

Scheme 11. Numbering of hydrogen and carbon atomsin NMR measur ements.

The differences in thEC NMR shifts of theo-substituted phenyl ring are summarized in
Table 2. The size of the-alkyl substituent affected tHéC NMR shifts of the substituted
phenyl ring. The carbon®n all the electron-releasirgsubstituted arylphosphanes was
least shielded, as expected, since generally the replateshehydrogen by more
electronegative carbon causes an incredgedalue of that deshielded carbon. The
carbon ¢ was most shielded (lowesic-value) in theo-(i-Pr)-substituted phenyl-
phosphane 1) and least shielded (highest-value) in the o-SeMe-substituted
phenylphosphane5), whereas ino-Cks-substituted phenylphosphan® @nd o-alkyl-
substituted phenylphosphanés 10, 13) the shielding of carbon’Gvas between them.
Relative to the shift of carbon*®f theo-CFs-substituted phenyl ring, the shifts of the
Me- and o-Et-substituted phenyl rings were increased like the sbifthe o-SeMe-
substituted phenyl ring, whereas the shifts of dHePr)- ando-Cy-substituted phenyl
rings were decreased. The shifts of carboAsa® C-C° of all comparablen-alkyl-
substituted phenylphosphanegere similar to those ob-selenomethyl-substituted
phenylphosphang. For these electron-releasing ligan8sg, 10, 12, 13) the carbon &
was deshielded (highée-value) and the carbons C® were shielded (lowslc-value),

in contrast to the carbons of electron-withdrawimggtidl.

Table 22°C NMR shifts (ppm) for the o-substituted phenyl rings of phosphane lijands
5, 8, 13, and 14. R indicates the o-substituent of the phenyl ring. See Scheme 11 for
numbering of carbon atoms.

1 5 8 13 14
¢ (R=CR) (R = SeMe) (R = Me) (R = Cy) (R = Ph)
ct 136.6 139.2 136.0 134.8 135.9
c? 134.9 139.3 142.2 152.2 148.4
c? 126.4 130.0 130.0 126.1 130.1
c 131.6 129.4 128.6 129.0 127.3
c® 128.9 126.2 126.0 125.9 127.2
c’ 136.1 133.4 132.7 133.4 134.1
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In general, as the-alkyl-substituent became more bulky with both types ganids
(phenylphosphaneg; 10, 12, 13 and phenylalkylphosphanéd-27) the carbons €and
C? showed a tendency to shielded shifts and carbéms@ C to deshielded shifts. The
shifts of ¢, C* and C of the o-alkyl-substituted phenylphospanes calculated from the
empirical equations express this as well [89]. The tendehthe carbon Cto deshield
was also seen for the electronically differeqphenyl-substituted phenylphosphat#e
The trends are illustrated in Scheme 12, in which tine @ngles of the free ligands are
used to characterize the steric size of the ligandgenieby the-substituents. It should
be noted, however, that although there is a correldétween the cone angle and i@
NMR shifts of C-C® there is no obvious dependence. Most likely, the shiftect the
electronic effects caused by the particdaikyl substituent. This correlation is relevant,
however, to the interpretation of the catalytic resbelow.
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Scheme 12. Cone angle of the o-substituted phenylphosphanes (8, 10, 12, 13, 14) plotted asa
function of the *C NMR shifts of C*, C?, C3 and C’ (see Scheme 11). The o-substituent is
shown in parentheses.

4.2.2.2 m-Isopropyl-substituted phenylphosphanes

The *H and *C{'H} NMR data for m-isopropyl-substituted phenylphospharis20,
which are reported here for the first time, are preskm Table 3, and the numbering of
the hydrogen and carbon atoms is given in Scheme 13HWMR resonances of
protons H'* were septets and protons"Hwere doublets, whereas tHel NMR
resonances of aromatic spin systems were not obficer. In thé’C{*H} NMR spectra,
the shifts were doublets if the coupling constant gperted and singlets if not.
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Scheme 13. Numbering of hydrogen and carbon atoms of ligands 18-20 in NMR
measur ements.
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20

Table 3'H and**C NMR shifts (ppm) and coupling constants (Hz) for the m-isopropyl-
substituted phenylphosphane ligari#s20. See Scheme 13 for numbering of hydrogen
and carbon atoms.

O dc
i i 18 19 20
H™ cm™ 2.8 34.0 2.8 33.0 2.8 34.0
33 - 7 - 7 - 7 -
H™2  cm? 1.2 23.9 1.2 23.9 1.2 23.9
33 - 7 - 7 - 7 -
- ct - 136.7 - 137.0 - 137.2
- Yep - 10 - 10 - 10
H? c? 7.2-7.3 132.3 7.2-7.3 132.1 7.2-7.3 132.0
- 2Jep - 24 - 23 - 22
- c? - 148.9 - 148.8 - 148.7
- 33cp - 8 - 8 - 7
H* ct 7.2 126.8 7.2 126.8 7.2 126.7
H® c 7.2-7.3 128.4 7.2-7.3 128.4 7.2-7.3 128.3
- 33cp - 6 - 6 - 6
H® (o 7.1 131.0 7.1 131.0 7.1 131.0
- 2Jep - 15 - 16 16
- c’ - 137.4 - 137.7 - -
- Yep - 11 - 11 - -
H® ct 7.3 133.7 7.3 133.6 - -
- 2Jep - 19 - 19 - -
H® 309 7.2-7.3 128.4 7.2-7.3 128.3 - -
- Jep - 7 - 7 - -
H*° c* 7.3 128.6 7.3 128.5 - -
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The 'H NMR resonances appeared in the same region for ede ti-isopropyl-
phenylphosphaned&-20). The'H shifts of H, H°, and H overlapped and appeared in
the range 7.2 to 7.3 ppm. In the assigment®aimti H, recording of the COSY spectrum
was necessary where correlation peaks were obserieedoet! and H and between H
and H. This additional information made it possible to asshymshifts of €and € on
the basis of HSQC spectra.

The shifts of aromatic carbons varied from 126.7 to 148.9 ppgeneral, the carbons
C%-C® of them-isopropyl-substituted phenyl ring and-C*° of the unsubstituted phenyl
ring were shielded a little and carbon$ &d C deshielded as the number f
isopropyl-substituted phenyl rings increased and the phosplaname more bulky. The
carbon € gave a chemical shift in the lowest field at around 148148.9 ppm.

4.2.2.3 Isopropyl and cyclohexyl groups directly bonded to phosphorus

The'H NMR data of the isopropyl groups directly bonded to phosph@igands24, 25,

29) are presented in Table 4. TH¢ NMR shifts of the cyclohexyl groups appeared at 0.8
to 2.1 ppm for arylcyclohexylphosphangs, 27, and 30; the exact peaks for the
cyclohexyl groups could not be determined owing to the appihg of signals. The
13C{*H} NMR data for phosphane ligands containing isopropyl ymlohexyl groups
directly bonded to phosphorus are presented in Table Beld@{*H} NMR spectra, the
the shifts were doublets if the coupling constants gperted and mainly singlets if not.
As can be seen, for ligar® the shift of carbon Gwas broad, while for ligan27 it was
partly overlapping with the shift of carbor?"€ Scheme 14 shows the numbering of the H
and C atoms.

! ]
Aadhod
8 100; \O
9.

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

Oy
1o 1o 24 25 29
H’ 2.1 (dsep) 2.1 (dsep) 2.7 (broad)
3 7 7 -
2de 2 2 -
H® 0.9 (dd) 0.9 (dd) 0.7 (dd)
33 7 7 7
S TS 12 12 14
H® 1.1 (dd) 1.1 (dd) 1.3 (dd)
33 7 7 7
33 15 15 17

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

O % 24 25 26 27 29 30
P
c’ 24.1 24.2 [B3.7 [(B4.5 25.5 35.8
Yep 13 13 - - 14 13
ct 19.3 19.3 29.0 29.3 21.2 30.5
2Jep 11 11 7 8 14 11
c® 20.2 20.3 30.3 30.8 23.0 335
2Jep 19 19 14 17 29 25
c® - - 27.1 27.2 - 27.0
3ep - - 9 7 - 8
c” - - 27.2 27.3 - 26.9
33cp - - 13 12 - 13
c* - - 26.4 26.5 - 26.4
The COLOC NMR spectra, which were measured only fa dkalkyl-substituted

aryldialkylphosphane®4, 27, and29, showed long-rang€C—"H (*Jy) couplings and
the nonequivalent carbon€ énd ¢ and correspondingly Cand € were possible to
assign on the basis of these couplings. Such long-rangéireg is possible only if the
two nuclei belong to the same alkyl group. Thus, in tbprigpylphosphane ligandsl,
25, and29, and in the cyclohexylphosphane liga8s27, and30, the two alkyl groups
directly bonded to phosphorus are equivalent to each offemlier unsubstituted
phenyldiisopropylphosphane [90] and phenyldicyclohexylphospH88£1,92] have
showed similar magnetic nonequivalency of the carbodgpaotons as well. Assignment
of °C NMR shifts of the isopropyl and cyclohexyl carbonshia ligand<4, 25, 26, 27,
and 29 agreed with the earlier published shielding or8g@’)>5(C?), 5(C%>5(C?),
3(C%)>8(C') [91]. The?Jp and®Jep values for € and C were considerably larger than
those for € and € as has been noted for unsubstituted phenyldicyclohexylpansph
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[90,91,92]. Apparently, the observed nonequivalency of thtopsoand carbons in the
NMR spectra of theo-alkyl-substituted aryldialkylphosphanes was a consequence of
steric crowding. Therefore, the rotation around the Beitls 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, whos¢-ray crystal
structures were determined at the University of JoenBuel.bond distances and angles
of the structures were in the predictable range; in génénere were only minor
differences in the bond angles and distances. The Xryatal structures of ligan@ 18,

23, and27 are presented in Figure 1.

In all structures with a single alkyl substituent in ontlosition of the phenyl ring, the
substituent was located outside the cone owing to thie stiemands (see ligan@sand
27 in Fig. 1). Them-sopropyl substituent (liganti8) was oriented analogously. In the
crystal structure of (2,5-dimethylphenyl)bis(4-pyridyl)pploane 23 the m-methyl
substituent was coordinated inside the cone and-thethyl substituent outside the cone.

The COLOC NMR spectra of ligan@d, 27, and29 indicated that carbons’@nd ¢
were magnetically nonequivalent (see Scheme 14). lerirstal stucture of ligan@7,
the nonequivalency of carboné @&nd ¢ was observed in one of the cyclohexyl rings
directly bonded to phosphorus, where tffe@-P and €—-C’—P angles were dissimilar
(109.42 and 117.93. In the other cyclohexyl ring the angles were almegtal
(108.49 and 109.99). The dissimilarity may have an effect on the NMiectra if the
rotation around the P—C bonds has become limited iNR timescale.

In the free ligand state and in both Rh-coordinated cexegl Rh(CO)(Cl)(L)and
Rh(acac)CO(L), the-alkyl substituent was similarly oriented outside theecolose to
the Rh-center [II,V]. Apparently, in most cases thgstal structure of the free ligand
gives a qualitatively picture of the orientatiafi the o-alkyl-substituent in the Rh-
coordinated complexes and so can assist in the prediofiaratalytical behavior.
However, sterically smallep-alkyl substituents (like methyl) can more easily or¢at
inside the cone than can bulkier substituents andigkier to use their crystal structures
to estimate the orientation of the smaller sizbstituent in metal complexes
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Fig. 1. Crystal structures of bis(o-methylphenyl)phenylphosphane 9, (m-isopropylphenyl)-
diphenylphosphane 18, (2,5-dimethylphenyl)bis(4-pyridyl)phosphane 23, and (o-cyclohexyl-
phenyl)dicyclohexylphosphane 27.

4.3 Structure of Cr carbonyl derivatives

The molecular masses of the chromium carbonyl devestivere verified from their
mass spectra. In addition to the X-ray crystal strustufee characterization of the Cr
complexes of d¢-N,N-dimethylaminophenyl)diphenylphosphane ang-thiomethyl-
phenyl)bis(2-pyridyl)phosphane ligands was basedryn*c{*H}, **P{'H}, and H,C-
correlated HSQC NMR techniques. The spectra of thelifyjaads and the shifts of the
free ligands calculated with empirical equations assistetthé interpretation of NMR
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spectra of the complexes [68,84,85,89]. The assignmente @@hresonance peaks of
the complexes were based on @ signal intensity ratios and the magnitude of the C—P
coupling constants. The Cr complex dg-riethoxyphenyl)bis(2-pyridyl)phosphane
decomposed rapidly in deuterated chloroform and did not giterpiretable NMR
spectra. After the measurement its color was alsoggt} to light turquoise.

4.3.1 NMR spectra

The *H and**C{*H} NMR data for the unpublished chromium complexes @N(N-
dimethylaminophenyl)diphenylphosphane [Cr(GQ))] and p-thiomethylphenyl)bis(2-
pyridyl)phosphane [Cr(CQ)L2)], hitherto unpublished, are presented in Table 6. The
numbering of the hydrogen and carbon atoms for thespleges and for [Cr(CQ{L3)]

is shown in Scheme 15. ThEH NMR shifts for the methyl protons were singlets,ileh
the aromatic resonances were not of the first ondethe **C{*H} NMR spectra, the
shifts were doublets if the coupling constants are regand singlets if not.

C C
A Co co
o-1 A B CO/,\ /
CH co ‘c A
CO 3 0-1 A r
2o, | CH, CQ .CO 3 / \\co
":, e g, D 2
/Cr Cr A N N
Co "o )23 | co | |
X A2 o N
P
1| NS 3 6 ]
10 | \Ne s 8
5 9
CH3 Z 10
p-1 o\
[Cr(CO),(L1)] [Cr(CO).(L2)]
5 [Cr(CO),(L3)] H

Scheme 15. Numbering of hydrogen and carbon atoms of Cr complexes of (0-N,N-dimethyl-
aminophenyl)diphenylphosphane (L1), (p-thiomethylphenyl)bis(2-pyridyl)phosphane (L2),
and (p-methoxyphenyl)bis(2-pyridyl)phosphane (L 3).



Table 6H and *C NMR shifts (ppm) and coupling constants (Hz) for (o-N,N-
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dimethylaminophenyl)diphenylphosphane (L1), Cr¢lQ), (p-thiomethylphenyl)bis(2-
pyridyl)phosphane (L2), and Cr(Cgi).2).

O ic L1 Cr(CO)(L1) L2 Cr(CO)(L2)

P
Ht ot 26 455| 3.1 59.9 - - - -
- 4JCP - 4 - - - - - -
Ht  cP? - - - - 2.5 14.8 2.5 14.9
- ct - 134.5 - 160.7 - 164.1 - 160.1
- Yep - 10 - 32 - 4 - 60
- c? - 158.0 - 161.0 - - - -
- 2Jep - 19 - 22 - - - -
H3 c® |7.2-7.4 1205|7.5-7.6 119.5 8.7 150.9 8.8 150.2
- 33cp - - - 9 - 12 - 17
H* c* |7.2-7.4 129.8|7.5-7.6 131.8/7.1-7.2 1233 7.3 123.7
- “Jep - - - 2 - - - 2
H® c® 70 1244| 73 1271 7.6 136.2 7.7 135.8
- %Jcp - - - 4 - - - 6
H® (o 6.8 134.2| 7.3 133.7/7.1-7.2 1289 7.3 127.4
- 2Jep - - - - - 20 - 17
- c’ - 138.2 - 135.2 - 132.3 - 129.4
- Yep - 12 - 38 - 10 - 38
H® c® |7.2-7.4 133.7|7.5-7.6 132.6| 7.4 136.6 7.5 133.6
- 2Jep - 19 - 12 - 3 - 11
H® c® |7.2-7.4 128.2|7.4-75 128.7/7.1-7.2 126.6 7.3 125.7
- 33cp - 4 - 10 - 9 - 10
H*° Cc® |7.2-7.4 128.3|7.4-75 130.0] - 1421 - 142.4
- “Jer - - - 2 - - - 2
- A - - - 218.2 - - - 216.6
- 2Jep - - - 13 - - - 13
- B - - - 225.1 - - - 222.2
- 2Jer - - - 3 - - - 6
- C - - - 228.7 - - - -
- “Jep - - - 13 - - - -

Because of the coordination of nitrogen to the megatar, the B* and C* of methyl
groups in the P,N-coordinated bidentate complex [Cr¢C@)] were deshielded in
relation to the corresponding nuclei of the free ligahie “Jp coupling constant of
carbon G* was not observed for the coordinated form. Coordinatfo_1 also affected
the other coupling constantske of C* decreased®Jr of C° increased, whiléJp of

carbons € and C and also*Jer of C° and ¢ became observable. Moreover, the

coordination of phosphorus to the metal center causéeshn 26 Hz increase in tHép
coupling constant of Cand a 22 Hz increase in thip of C'. The carbon Cdirectly
bonded to phosphorus showed about 3.0 ppm shielding relatitlee téree ligand,
whereas the carbon'@as deshielded and appeared at 160.7 ppm.
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The C{'H} spectrum of the bidentate [Cr(CfM)1)] complex exhibited three
carbonyl doublets, indicating the presence of three tgbesarbonyls, one trans to
phosphorus (225.1 ppriike 3 Hz), one trans to nitrogen (2282 13 Hz), and one cis
to both phosphorus and nitrogen (218.2 pfk, 13 Hz).%Jr coupling constants of the
carbonyl groups followed the earlier noticed trend inalwithe coupling of carbonyls cis
to phosphorus was higher than the coupling of carbonys tra phosphoru$J.«(cis) >
| 2Jce(trans) [93].

The *P NMR shift was clearly increased upon coordinatiothefligand L1 to the
metal centerd was —12.5 ppm for the free ligand and 58.3 ppm for the P,N-cadedi
[Cr(CO)(L1)] complex. Typically, the*P NMR shift of phosphorus-bound bidentate
complexes is around 25 to 32 ppm deshielded relative to thesporrding monodentate
P-coordinated complexes [94].

In the monodentate complex [Cr(GQ)2)] the shifts of B and ¢ appeared almost
unchanged relative to the free ligand L2. CoordinatiorL2faffected the coupling
constants as welthe ). coupling constant of Odecreased,J.pof C? increased®Jp of
carbons € and € and alsd'Jp of C increased, antllep of C° and*Jep of C* and CG°
became observable. Moreover, the coordination ofgdtmsis to the metal center caused
a huge 56 Hz increase in this coupling constant of Cand an increase of 28 Hzthe
13ep of C'. The shift of € showed 4.0 ppm shielding relative to the free ligand.

The 2C{*H} spectrum of the monodentate complex [Cr(g03)] exhibited two
carbonyl doublets, at 216.6 ppm and 222.2 ppm, due to the carboeyited trans and
cis to phosphorugJes coupling constants of the carbonyl groups followed tiheesmend
as for the P,N-coordinated compléXicg(cis) (13 Hz)>| 2J(trans) (6 Hz) [93].

The *P NMR shift was clearly increased upon coordinatiothefligand L2 to the
metal center: for the free ligand was —-1.6 ppm and for the P-coordinated
[Cr(CO)(L2)] complex 63.4 ppm.

4.3.2 X-ray crystal structures

The X-ray crystal structures were consistent with MR spectra, showing the
phosphane ligand to have replaced one or two of theredrligands. The structures of
complexes [Cr(CQJL1)], [Cr(COX(L2)], and [Cr(CO)(L3)] showed slightly distorted
octahedral geometry (Figure 2). The carbonyl ligands tiapbosphorus or nitrogen had
a slightly shortened Cr—C bond relative to the cis-amayls. The Cr—N bond lengths were
slightly shorter than the Cr—P bond lengths. The Cr—+Rllmf the bidentate complex
[Cr(CO)(L1)] was 2.329 A and the Cr-N bond was 2.279 A. For the monaten
complex [Cr(CO)(L2)] the Cr—P bond was 2.371 A, and for the bidentate [OJ{TC3)]
complex the Cr—N bonds were 2.155 A and 2.157 A. Complexationccaase changes
in the bond angles. For example, in the bidentate conipl¢gO),(L1)] the angle P—-Cr—
N was 81.7 and in the complex [Cr(CQL3)] the angle N-Cr—N was 85.5The angles
also induced deviations in the other angles, the carligapds being pushed away from
the phosphane ligands.
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Fig. 2. Crystal structures of monodentate [Cr(CO)s(L2)] and bidentate [Cr(CO)4(L1)] and
[Cr(CO)4(L3)] complexes.

The structure of the P,N-coordinated [Cr(Q@Q))] complex was analogous with the
bidentate stucture of the P,S-coordinated Cr complexes-tbfomethyl-substituted
phenylphosphane [86]. The closely related pyridylphosphagends L2 and L3
coordinated monodentately and bidentately. It was istieg that two such similar
ligands showed different coordination modes. In fact, watibn of the two complexes
with dicloromethane/hexane eluent gave yellow and rettifires and only the yellow
fraction obtained in the preparation of the ligand L2 piax [Cr(CO}(L2)] could be
characterized. Both NMR and X-ray crystal structure hod$s showed it to be
monodentate. The few incidentally crystallized singistals of the red fraction obtained
in the preparation of ligand L3 complex were identified irray crystal structure
determination as complex [Cr(C)3)]. The yields of the crystallized complexes were
as follows: 82% for orange [Cr(Cg.1)], 33% for yellow [Cr(COX(L2)], and 6% for
red [Cr(CO)(L3)].



5 Hydroformylation

Besides the reaction conditions, the reactivity ofransition metal center strongly
depends on the donor/acceptor properties and steric crowflihg ligands bound to it.
Tailoring of the catalyst sphere through sophisticatghlil design allows steering of the
selectivity and activity of the catalysts.

Earlier in Rh-catalyzed hydroformylation studies witbc&ronically modifiedp-CFs-,
p-OMe-, and p-NMe,-substituted triphenylphosphanes, the rates of the 1-hexene
hydroformylation reaction were found to increase \sitghtly decreasing i/n ratios as the
electron density on the rhodium atom was reduced by efegtithdrawing functionality
on the modifying phosphane ligand [95,96]. Pyridylphosphames Bhown a similar
tendency for hydroformylation rates [48,55]. On thesothiand, phosphane ligands such
as alkylphosphanes, which have greateglectron donor ability (more basic ligands),
have in general been found less active since theiocl@fon requires higher reaction
temperatures [37].

Increasing the steric crowding of phosphorus ligands thrtlugladdition ob-alkyl
substituents of triphenylphosphite [97,98,99,100] or triph@méphane [54,101] or
branched/cyclic alkyl groups of alkylphosphane or mixed allgmgtphosphane
[82,37,38] has increased iso-selectivities and, in the chsaromatic ligands, also
reaction rates in olefin hydroformylation. It hasbesuggested that bulky ligands favor
low coordination numbers and, thus, the coordinative turston of the metal center
becomes greater favoring branched products [40,97,98,99,100,102].

The phosphane ligands of this work were designed to iretbas/n ratio in propene
or 1-hexene hydroformylation. In the 1-hexene proceswdsaation is unavoidable,
yielding the internal olefins 2- and 3-hexene [103]. Therimal olefins, which are less
reactive, predominantly form branched products, 2-meéixghal and 2-ethylpentanal
[103,104]. Previous investigations on 1-hexene isomerizater shown that a sterically
bulky phosphane ligand or several triphenylphosphane ligamdwliio rhodium center
hinder the coordination of olefins to a metal ceated decrease isomerization [105,106].
Additionally, donor—acceptor properties of the phosphanendigaaffect the electron
density of the metal center and thereby the mode andttbngth of the coordination of
olefins [105,1086].
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The 1-hexene hydroformylation tests were carried odhetUniversity of Joensuu
and the propene hydroformylation tests at the Helsirmkivéssity of Technology. Ms.
Merja Harteva has carried out the preliminary propengrdigrmylation tests ofn-
isopropyl-substituted phenylphosphané8-20). In both cases the phosphane ligands
were combinedn situ with the rhodium precursors. The reaction conditionshim 1-
hexene hydroformylation were as follows: p = 15 baf][td 20 bar [V] or 25 bar [IV], T
= 8C°C [LILIV] or 100°C [V] or 12C°C [ll], precursor = RRCO). [III] or
Rh(acac)(CQ)[IV,V], L/IRh =5 [V] or 10 [,lI] or 50 [IV], 1-hexene/Rh= 815 [lI,IV] or
10 000 [I,V]. Reaction conditions in the propene hydrofoatigh were: p = 10 bar
(CO/H, = 1), T=100C, precursor = Rh(N§, L/Rh = 10, and propene/Rh =512 [IV-V]
or 2250 [Ill] or 3200 [I].

In the 1-hexene hydroformylation tests, the steridaliiky arylphosphane and mixed
arylalkylphosphane ligands did not suppress the isomerizatitivity in the manner
earlier observed with bulky tri-butylphosphane ligand [106]. The donor—acceptor
properties of these phosphanes are dissimilar, whicmsn#aat the ligands have a
different effect on the electron density of the metter, and probably both the mode
and the strength of the coordination of 1-hexene wemgndiar. Optimization of the
reaction conditions in 1-hexene hydroformylation washboomplicated and time
consuming. In part because of that, high isomerizatitinity was associated with most
of the ligands and, apparently, affected the i/n rafe®n so, in the final stage of the
work improved reaction conditions with five of the ligsn afforded better
chemoselectivity to the aldehydes 2-methylhexanal aneptanal [IV].

The main challenge in propene hydroformylation washtain high iso-selectivity
with reasonably high initial rate. The properties haf v-alkyl-substituted phosphanes,
which produced best iso-selectivity, are discussed in rdetail, and, reasons for the
catalytic behavior are sought in the structural paramefehe ligands.

The propene hydroformylation reaction studied witlalkyl-modified phosphanes
was sometimes carried out in different propene-to-rhodati, which complicates the
comparison of the results. However, the referencentig®Ph) was tested under all the
reaction conditions and the PPtesults reveal when the comparison is out of line.
Comparison of the catalytic results should give a geriedidations of the properties of
the studied phosphane ligands.

5.1 Trifluoromethyl- and selenomethyl-substituted
phenylphosphanes

Even though the main purpose of the;Gkbstituents was to modify the electronic state
of the phosphorus atom, the ortho-substitution in ligandaed2 also affected the cone
angles of the ligands. The ligantisand 2 behaved alike in the hydroformylation by
blocking those reactions that most likely where dudencsreasons.

The Rh-catalysts modified with-CFs-substituted phosphareshowed selectivities
for the branched aldehydes at the same levels ag BBWever, the aldehydes were
minor products. The conversions in hydroformylationctieas were for both propene
and 1-hexene fairly high. The closely similar ligargl in turn, blocked the
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hydroformylation reactions entirely. The reasontfos unexpected behavior is not clear,
but handling errors are suggested since ligamidized easily in accurate mass peak
measurement.

The catalytic behavior ai-SeMe-substituted phenylphosphane (ligahdas similar
to that of the potentially bidentadeSMe- andb-OMe-modified ligands: all three blocked
the propene hydroformylation reactign-SMe-Modification ando-NMe,-modification,
on the other hand, producaébutanal as the main product. Consistent with the patenti
bidentate coordination mode ofSMe- ando-NMe,-modified phosphanes [107], the
behavior ofo-SeMe might also explained in terms of bidentate cooridinatio the
rhodium center.

5.2 Alkyl-substituted arylphosphanes and arylalkylphosphanes '

The selectivity to isobutanal was increased at ths¢ gbactivity with all theo-alkyl-
substituted aryl- and arylalkylphosphanes as well as (@thhenylphenyl)diphenyl-
phosphaneld).

The iso-selectivities (B of Rh-catalysts modified withmetaisopropyl-substituted
phenylphosphanesl®-20) in propene hydroformylation were comparable with the
selectivity of the catalyst modified with PPt = 36%). The catalysts modified with
alkyl-substituted phosphanes and thghenyl-substituted phenylphosphaid)(showed
highest selectivity to branched aldehyde isobutanak (82-53%), except for the {2
methylnaphthyl)dialkylphosphane®9( 30: S = 35% and 33%, respectively). In the
improved reaction conditions for 1-hexene hydroformgtatithe selectivity to branched
2-methylhexanal was higher for Rh-catalysts modified hwithe o-substituted
arylphosphanesli@-14, 16-17, S = 26-32%) than for the PRImodified catalys(S =
24%) [IV]. However, the effect of the modified ligands lmranching was less than for
propene. Polyaromatic anthrylphosphan®@§ without o-alkyl-substituent did not
promote the formation of branched aldehydes [l]. Evigethie o-substituents of
arylphosphanes near the coordination sphere of rhodivmasignificant steering effect
in the propene hydroformylation, the electronicallyfedtént, bulkyo-alkyl-substituted
polyaromatic phosphane ligands, such as the theefhylnaphthyl)dialkylphosphanes
(29 and30), interfere with the formation of branched isobutana

The initial rates and conversions for propene hydroftation were more
unpredictable than the selectivities. Initial rated aonversions were highest when the
Rh-catalyst was modified with PPK53 and 45 mol mal™* s when the propene/Rh
ratio was 2250 and 512, respectively, conversion 98-99%). Mardovpreliminary tests
m-isopropyl-substituted phenylphosphan&8-20) increased the initial rate of propene
hydroformylation even up to the level of the refereligand PPk and also showed good
conversions. The Rh-catalysts modified witha{kylphenyl)diphenylphosphaneg, (10,
12-13, 15-16) gave higher initial rates (20-35 mol raof s*) than the mixedd-alkyl-
phenyl)dialkylphosphane@4-25, 27: 12-17 mol ma,;* 7). Likewise, the conversions
of the p-alkylphenyl)diphenylphosphanes (63-70%) were higher thamiked ©-alkyl-
phenyl)dialkylphosphanes (35-52%). The-alkyl-substituent containing pyridyl-
phosphane21-23 [l1l,V] and the o-phenyl-substituted phenylphosphat®egave lower
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initial rates in propene hydroformylation than thalkyl-substituted phenylphosphanes.
These initial rates of the pyridylphosphanes were intregt to earlier observations in 1-
octene hydroformylation [48,55]. With the improved reactconditions, the conversion
in 1-hexene hydroformylation was as much as 90 to 99% titeecatalyst was modified
with o-substituted arylphosphan#s, 14, or 17 compared with 82% for PRfIV]. The
steric crowding of bistalkylphenyl)diphenylphosphanes, (L1) and the greates-donor
ability of mixed bis¢-methylphenyl)isopropylphosphang8f and (2methylnaphthyl)-
dialkylphosphane£0-30) almost blocked the propene hydroformylation reactiwhtae
initial rates were only about 2 to 5 mol mpt s%). The bulkyo-substituent reduces the
initial rate of propene hydroformylation, but alterinytioe electronic effects of the-
substituents and changing the two unsubstituted phenyl grougisetalkyl groups
directly bonded to phosphorus—isopropyls or cyclohexyls—hawee minpredictable
suppressing effects. Relative dealkyl-substituted phenylphosphanes thésopropyl-
substituted phenylphenylphosphanes allow more space for stibstrate in the
coordination sphere of rhodium, but they also havedbsiy to release electron density
to the phosphorus atom [64]. For these reasonsntisopropyl-substituted phenyl-
phosphanes have higher initial rates thaalkyl-substituted phenylphosphanes in
propene hydroformylation but are less capable of stgdhia reaction toward branched
isobutanal.

The parameters ofsubstituted arylphosphane ligands investigated for the gésari
of catalytic behavior in propene hydroformylation were cone angle, tHéP NMR shift
and the"*C NMR shifts. Calculated cone angles are a measutedftéric properties of
the ligands and do not characterize any electronicteffariations of phosphane ligands.
Note, however, that the cone angles of closelyedlahosphanes may correlate with the
13C NMR shifts (Scheme 12 in section 4.2.2.1). Schemes 161@nshow that the
selectivity increases and the initial rate decreaseshe cone angle af-substituted
arylphosphane increases. However, even minor eléctchianges such as 2,5-dimethyl-
substitution of the phenyl ring (ligari®) can cause a deviation in the selectivity pattern
(Scheme 16). Electronic modifications of the ligandsehavstill more unpredictable
effect on the initial rate (Sheme 17) and a trend és smly for closely related ligands
whose steric bulk has increased step by Sep2( 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
parentheses.

Besides the electronic propertis of the ligand, i NMR shift reflects the spatial
surrounding of the phosphorus atom. Schemes 18 and 19 shouwh¢hatlectivity
increases and the initial rate decreases as™®e\MR shift of o-alkyl-substituted
arylphosphanes decreases?henyl-substituted ligant¥4 was off the chart of selectivity
(Scheme 18), apparently, because the out of cone oriphtet/l substituent altered the
electronic effect (such as gave stronger ring currdectyf which affected th&P NMR
shifts differently than did the-alkyl substitutent. As in the case of cone angles,®eh
17), a correlation between ti# NMR shifts and initial rates is observed for thesely
related phosphanes. Even the electronically alteredethyl-substituted naphthyl-
phosphand? seems to fit the trend (Scheme 19).
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The *C NMR shift of C (see Scheme 11 for numbering of carbons) is an irdirec
measure of the stereoelectric state of the phospligaredland, simultaneously, it seems
to correlate linearly with the cone angles of thesely relatedo-substituted
phenylphosphane ligand§, (10, 12, 13, and14; Scheme 12). The ring current effect is
less important if°C NMR spectroscopy [108] and the extra ring current effexited by
polyaromatic groups could thus be neglected in the case & shift. Furthermore, the
carbon C may be less affected by the steric effects of bolspbstituents than is the
phosphorus atom. The shift of the polyaromatic ligdddppears in both correlations
(Schemes 20 and 21). However, the initial rate of thgapoinatic ligandl7 does not fit

in the initial rate trend af-substituted phenylphosphanes. Evidently, the bulkier naphthyl
group reduces the initial rate more drastically thanstkec bulk of theo-substituents.
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Analogously, the anthryl groups of ligand weakened the conversion in propene
hydroformylation [I].
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Scheme 20. Selectivity to isobutanal plotted as a function of the *C NMR shift of C’ (see

Scheme 11 for numbering of carbons). The values are for o-substituted arylphosphanes. The
substituent is shown in parentheses.
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NMR shift of C’ (see Scheme 11 for numbering of carbons). The values are for o-substituted
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All the parameters discussed in this section could be tegéa correlate more or less
linearly with the catalytic results of catalyst €yas modified with a still wider group of
closely relatedb-alkyl-substituted phenylphosphanes. In the case of thangtead.;
even the electronically dissimilar ligarid fit in the correlations with initial rate and
selectivity to isobutanal. At the same time, thefithe dissimilar ligands5, 16, 17, and
21 in some of the correlations must be considered atémcie at this time given the
limited results for these kinds of ligands.
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The parameters discussed above allow a rough predicttbe o&talytic properties of
sterically and electronically closely related phosphligends. The findings also show
that separation of the steric and electronic effechosphane ligands is hard indeed. It
is also important to bear in mind that use of anyheté parameters alone could lead to
erroneous conclusions.



6 Conclusions

The research summarized here was directed at the piepaaatd characterization of
phosphane ligands that would favor the formation of isoiait in propene
hydroformylation. Rh-catalysts prepared from the mbstdughly studied ligands-
alkyl-substituted arylphosphanes, showed promising selyctiriisobutanal, but linear
n-butanal was still the main product, though only barelprédver, the selectivity
increased at the cost of activity. Isopropyls in npisition appeared to increase catalyst
activity and the initial rate of propene hydroformytetito levels slightly higher than in
the case of the reference ligand RPHowever, them-isopropyl-substituted phenyl-
phosphanes affected the selectivity in the oppositetdineagiving lower i/n ratios than
the correspondin@-alkyl-substituted phenylphosphanesAlkyl substituents near the
coordination sphere of rhodium had an important steeriffgcte in olefin
hydroformylation but the resulting limited space aroundrtioglium center reduced the
activities of the catalysts.

13C{*H} and *P{*H} NMR spectra of the-alkyl-substituted phosphane ligands gave
parameters, which together with cone angles could beinsséarch for correlations
between properties of ligands and their catalytic beinain the hydroformylation of
propene with Rh-catalysts modified with closely relatedlkyl-substituted phenyl-
phosphanes, correlations were apparent between tHgticatabehavior (selectivity to
isobutanal and initial rate) and the parameters (cogeg'P NMR shift and*C NMR
shift of C'). The selectivity to isobutanal increased as the @ngle and thEC shift of
carbon C increased and decreased as ¥ffeshift increased. However, the initial rate
decreased as the cone angle and¥ehift of carbon Cincreased, and increased as the
31p shift increased. These results suggest the need foioadtlistudies with a larger
series of related phosphane ligands. Even now, howtherparameters can roughly
predict the catalytical behavior of closely relatedlkyl-substituted phenylphosphanes.
The several correlations of the different paramatkrstrate, as well, that separation of
steric and electronic effects of phosphane ligandsfisutf
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