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Abstract

Twenty-seven phosphine and six bipyridine ligands were synthesised and characterized.
Additionally, a new route to the famil y of phosphine ligands via o-thioanisyldichlorophosphine
was found. The phosphine ligands contain thiomethylphenyl, methoxyphenyl, dimethylamino-
phenyl, pyridyl, naphthyl and anthracenyl groups, and the bipyridine ligands thiomorpholine
and piperidine groups. Metal complexes of 3-pyridyldiphenylphosphine, 6,6’-bis(methylthio-
morpholine)-2,2’-bipyridine and 4,4’-dimethyl-6,6’-bis(methylthiomorpholine)-2,2’-bipyridine
were prepared.

Ligands and complexes were characterized by 1H-, 13C-, 31P- and two-dimensional HSQC-
NMR spectroscopy, and crystal structures were determined for the ligands and two of the metal
complexes. Tertiary phosphine ligands were prepared for catalytic purposes and tested in
hydroformylation reaction at the Helsinki University of Technology and the University of
Joensuu. Bipyridine ligands were designed for bimetallic coordination.

The phosphine ligands cover a wide range of electronic and steric properties. The
spectroscopic parameters and crystal structures were studied with the purpose of charting trends
in the basicities and steric effects of the ligands.

Keywords: preparation, basicity,31P-NMR, steric effects
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1. Introduction

In coordination chemistry, a ligand is generally understood as a complexing group that
can either donate or accept electrons. The metal atoms in organometal complexes
often are in low-positive, zero or negative formal oxidation states, andπ-bonding
ligands typically stabilize these low oxidation states by delocalizing the high electron
density of the metal atom onto the ligand.[1]

It is essential in coordination chemistry to understand how ligands are bonded to
metal atoms. The interactions between ligands and metal atoms depend on the
orientation of the orbitals with respect to each other. According to their interactions,
ligands are classified into three types:σ-donor ligands,π-donor ligands andπ-
acceptor ligands. Theσ-donor ligands have an electron pair capable of being donated
directly an empty metal orbital.π-donor ligands may donate electrons, for example,
from a filled p-orbital on a ligand. Inπ-acceptor ligands,σ donation is complemented
by the ability of the ligand to accept electron density from the metal onto suitable
acceptor orbitals.[2]

The design and development of new ligands for specific purposes is a growth area
in organometallic and coordination chemistry.

1.1. Phosphine ligands

Work towards the synthesis of organophosphorus compounds began early in the 19th
century. A major driving force was the recognition of their biochemical activity.

Tertiary phosphine ligands, PR3, behave as bothσ-donors andπ-acceptors. The
nature of the R groups determines the properties of the ligands, and the strength of the
phosphine donor/acceptor properties can be modified through change in the R
groups.[2] Steric and electronic properties provide the basis for the selection of a
particular ligand for catalytic purposes. Catalytic properties of phosphines depend
among other factors, on their basicity.

Organophosphine compounds [3] are usually prepared by one of three routes: 1) via
organometallic reagents and appropriate halogenophosphines, 2) from metal
phosphides or 3) by hydride reduction.
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In the first route Grignard and organolithium reagents are the commonly used
organometallic reagents. Occasionally also other organometallic compounds, such as
organozinc and organocadmium, have been used [4]. The first route is the most useful
for the synthesis of tertiary phosphines of the type PR3, PR2R

1 and PRR1R2.[3]
The second route can be used for the preparation of primary and secondary

phosphines. The required phosphide and organophosphide anions can be obtained by
metallating the phoshines with strong base, by halogen metal or metal metal exchange
or by reductive metallation.[3]

In the third route, two types of reduction are involved in the preparation of
phosphorus compounds: reduction that do not involve the formation of a new P-H
bond and those where new P-H bonds are formed. Typically, the first type is used for
the preparation of tertiary phosphines and the second for the preparation of secondary
and primary phosphines.

Phosphines are widely used as ligands for transition metals. They promote the
solubility of metal complexes in a wide range of organic media. The majority of
phosphines are insoluble in water, though water soluble phosphines are found among
the sulfonated phenylphosphines and pyridylphosphines [5-8]. The property of
phosphines to stabilize low oxidation states of metal atoms provides compounds that
are useful in homogeneous catalysis. Asymmetric phosphines are designed for
stereoselective catalytic reactions. Hydroformylation [7-9], hydrogenation [5] and
hydrocyanation [10] are examples of catalytic reactions that use phosphine metal
complexes as catalysts.

1.2. Bipyridine ligands

Pure 2,2’-bipyridine was synthesised for the first time in the late 19th century by
distillation of copper picolinate. A more convenient synthesis was eventually achieved
when Raney-Nickel alloy was used as a catalyst. Since the preparation of the first
2,2’-bipyridine complex in 1888, the derivatives of bipyridine have been widely
employed in complexation experiments.

As described by Vögtle [11] 2,2’-bipyridine is both aσ-donor and aπ-acceptor.
The lone electron pair of nitrogen can form aσ-bond with the central atom, while the
aromatic system can take part in back-bonding. Bipyridine ligand stabilizes soft metal
ions, especially transition metal ions in low oxidation states. Ligands with two or
more donor atoms are able to form a chelate ring with metal atoms. 2,2’-Bipyridines,
having two nitrogen donor atoms separated by two carbons, form five-membered
rings, which are the most stable structures. The diimine part of the bipyridine
delocalizes the electrons in the chelate ring.

Diimines like 2,2’-bipyridines are of special interest as complex ligands in
coordination and supramolecular chemistry. Their long-lived, luminescent, charge-
transfer state enables them to be used as sensitizers in photochemistry [12-13].
Moreover, the ability of bipyridines to form ionic and neutral guest compounds makes
them useful precursors in supramolecular chemistry [11, 14-16]. Self-organization of
bipyridine structures and metal cations often leads to the formation of helicates, which
are supramolecular complexes formed between preorganized receptors and metal ions
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[17]. Studies in this area focuse on design and control for the selective preparation of
complicated organized chemical structures. In addition to the areas mentioned above,
bipyridine units are also significant in catalytic studies. Some examples of the widely
studied reactions are water-gas shift reaction [18-19], reduction of CO2 [20] and
hydroformylation of olefins [21].



2. Aims of the work

The present study is part of a project targeted at developing new, selective catalysts
for hydroformylation reactions. The primary focus of the study was the preparation
and characterization of new tertiary phosphine ligands. The ligands are now being
tested for their properties at the Helsinki University of Technology and the University
of Joensuu.

The study of the phosphine ligands had two specific objectives: 1) to synthesise and
characterize new heterodonor ligands for catalytic purposes and 2) to find trends in
their behaviour as ligands. Heterodonor phosphine ligands containing sulfur, oxygen
or nitrogen donor atoms in addition to phosphorus were prepared with the purpose of
obtaining particular structural properties such as multidentate bonding. The structures
were modified systematically by binding thiomethylphenyl, methoxyphenyl,
dimethylaminophenyl, pyridyl and large aromatic groups to phosphorus. Obtaining a
comprehensive series of ligands required that some previously reported ligands were
prepared as well. The availability of a family of closely related tertiary phosphine
ligands allows comparative study of their electronic and steric effects, and prediction
of the behaviour of the ligands in specific applications.

The promising results in catalytic tests [22] of a phosphine ligand containing
phosphorus and sulfur donors encouraged the design of new starting materials. This,
indeed, proved to be the most challenging part of the work, as the synthetic methods
reported in the literature failed when applied to the preparation of the desired
aryldichlorophosphine.

The preparation and characterization of several bipyridine based ligands constituted
another part of the work. Bipyridine unit is a well-known building block in
supramolecular chemistry and its rich coordination chemistry suggests that it, too,
might find use in catalytic applications. The bipyridine ligands were specifically
designed to combine two different metal centres. The bifunctionality of heterometallic
structures improves their range of properties.



3. Experimental

3.1. Reagents

Diethyl ether, tetrahydrofuran and toluene (Lab Scan) were distilled from
sodium/benzophenone ketyl under nitrogen before use. Chloroform (Lab Scan),
dichloromethane (Kebo Lab), carbon tetrachloride (BDH Chemicals), acetone (Shell),
petroleum ether (Lab Scan), methanol (Baker) and ethanol (Primalko) were used
without further purification. Sulfuric acid (Reachim) and hydrochloric acid (Baker)
were degassed with argon. AlCl3 (Riedel-de Haen) and ZnCl2 (Aldrich) were fresh and
anhydrous. RhCl3 (Johnson Matthey), N,N-dimethylaniline (EGA-Chem), NaOH (FF-
Chemicals) and MgSO4 (Riedel-de Haen) were used without further purification. All
other reagents were obtained from Aldrich, Merck or Fluka and used without further
purification.

3.2. Syntheses

The tertiary phosphine ligands were prepared mainly by the following procedure. The
brominated organic reagent was lithiated withn-butyl lithium in sodium-dried diethyl
ether and the mixture was stirred until lithiation was complete. Halogenated aryl-
phosphine was added in diethyl ether and the mixture was stirred until precipitation
occurred. The precipitate was filtered out, dried in vacuum and recrystallized from
ethanol or ethanol toluene solution.

Pyridylphosphine ligands were extracted to aqueous phase with sulfuric acid,
neutralized and extracted back to the organic phase. Purification was accomplished by
column chromatography.

Bipyridine ligands were prepared from appropriate starting materials under basic
reaction conditions by mixing them in N,N-dimethylformamide solution. The
precipitated products were purified by column chromatography.

All syntheses were performed in inert atmosphere by applying standard Schlenk
techniques [23].
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3.3. Instrumentation

Nuclear magnetic resonance spectroscopy.The characterization of the compounds
was based mainly on NMR techniques.1H- and13C-NMR spectra were recorded on a
Bruker AM200 spectrometer and13C-, 31P- and two-dimensional HSQC-NMR spectra
on a Bruker DPX400 spectrometer.1H-, 13C- and HSQC-NMR spectra were
referenced to internal tetramethylsilane (TMS), and31P-NMR spectra to external 85%
H3PO4. All samples were measured at room temperature with deuterated chloroform
(99.8 atom % D, 0.03 % v/v TMS, Aldrich) supplying the solvent.

X-ray crystallography. X-ray diffraction measurements of the phosphine ligands
and one complex were performed on Siemens R3m and Enfrad-Nonius KappaCCD
diffractometers using graphite-monochromated Mo-Kα radiation. X-ray diffraction
measurements of the bipyridine ligands and one complex were carried out on Syntex
P21 diffractometer using graphite-monochromated Cu-Kα radiation and Enfrad-Nonius
CAD4 diffractometer using graphite-monochromated Mo-Kα radiation. The phosphine
structures were solved by direct methods using the Siemens SHELXTL-Plus program
package [24] or the SHELXS97 [25] or SIR97 [26] programs and subjected to full-
matrix refinement using the SHELXL-93 or SHELXL97 programs [27-28]. The
bipyridine structures were solved by direct methods using the SHELXS [29] program
system and subjected to full-matrix refinement using the CRYSTALS [30] program.
X-ray diffraction measurements were done at the University of Joensuu and the
University of Jyväskylä.

FTIR spectroscopy. FTIR spectra were recorded on a Bruker IFS 66 spectrometer.
Samples were dissolved in dichloromethane, which was also used as a reference
solvent, and measured in a 0.1 mm KBr cuvette at room temperature.

Other techniques. Mass spectra were recorded on a Kratos MS-80 spectrometer in
EI or CI mode. Elemental analyses were carried out on a Perkin Elmer 2400 Series II
CHNS/O Analyzer. Analytical thin layer chromatography (TLC) was conducted on
Kieselgel 60 F254 (Merck) silica gel precoated aluminium plates with fluorescent
indicator UV254. Column chromatography was carried out on silica gel (particle size
0.063-0.2 mm, 70-230 mesh, Aldrich).



4. Heterodonor phosphine ligands

4.1. Syntheses

The properties of organometallic metal centres largely depend on the ligands bound to
them. The steric and electronic effects of the ligands in most cases influence the rate
and the selectivity of catalytic reactions, and change in the ligands allows fine-tuning
of the selectivity and activity of catalysts.

In this work multidentate binding, systematically added steric stress and different
electronic properties of the tertiary phosphine ligands were achieved by synthesising
heterodonor ligands containing sulfur, oxygen or nitrogen donor atoms in addition to
phosphorus. Preparation of a family of closely related phosphines offered the
possibility to study their electronic and steric effects as well as to predict the
behaviour of the ligands in applications.

PPh3, a commercial phosphine ligand used in catalytic hydroformylation, was taken
as the reference in varying the functionality of the ligands prepared in this work.
Modifications were achieved by introducing thiomethylphenyl, methoxyphenyl,
dimethylaminophenyl, pyridyl and two large aromatic groups as substituents at
phosphorus atom. The position of the heteroatom was varied systematically.

4.1.1. Starting materialsIV, V

Halogenated arylphosphines are widely used as starting materials in the preparation of
phosphine ligands. Unfortunately, only a few such compounds are commercially
available. Of these, PPh2Cl, PPhCl2, PCl3 and Cl2PCH2CH2PCl2 were used in the
present work. To widen the choice of arylchlorophoshines, new methods were sought
for their preparation and, indeed, this proved to be the most challenging part of the
work.

One of the first reported syntheses of aryldichlorophosphines was published by A.
Michaelis over a century ago [31]. In this method, which was later criticized for its
ineffective reaction conditions [32],p-methoxyphenyldichlorophosphine was prepared
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by aluminium trichloride catalysed Friedel-Crafts reaction. This method favours the
formation of para isomers, whilemeta directing groups prevent the substitution.
Syntheses modified from the original method [31] in reaction times, temperatures and
catalysts, have been used in most of the preparations of aryldichlorophosphines
reported in this century [33-37].

p-Methoxyphenyldichlorophosphine1 andp-thiomethylphenyldichlorophosphine2
(Fig.1) were prepared from anisole and thioanisole, respectively, with AlCl3 and
trichlorophosphine, by the method of Davies and Mann [35] forp-methoxyphenyldi-
chlorophosphine. In the preparation of compound2 the reaction time was prolonged to
90 hours.

A method that relies on Grignard reagent for activating theortho or metaposition
in the aromatic ring was developed by McEwenet al. [38] for the preparation ofortho
and metasubstituted aryldichlorophosphines. In this method the Grignard reagent of
the ortho or meta substituted aryl group is transmetallated with ZnCl2 to the
corresponding organozinc halide reagent, which is then allowed to react with PCl3 in
tetrahydrofuran under refluxing conditions.

Promising catalytic results for (o-thiomethylphenyl)diphenylphosphine [22]
directed the design of new starting materials towardso-thiomethylphenyldichloro-
phosphine4. In the preparation of this new material, examination was first made of
the lithiation procedure in combination with excess of PCl3. The reaction resulted in a
tertiary phosphine ligand, tris(o-thiomethylphenyl)phosphine, rather than the targeted
compound. Stopping the reaction at the step where only one chloride was eliminated
proved difficult and the combination of organolithium and organozinc halide reagents
in diethyl ether was chosen for the preparation of a reagent that was then allowed to
react with PCl3.

o-Methoxyphenyldichlorophosphine3 ando-thiomethylphenyldichlorophosphine4
(Fig. 1) were synthesised by a modified version of the method of McEwenet al. [38].
The organozinc halide reagent of anisole or thioanisole was allowed to react with
trichlorophosphine in diethyl ether, producing the desired aryldichlorophosphine. The
synthetic route is presented in Scheme 1.

Scheme 1. Synthetic route for the preparation ofo-substituted aryldichlorophosphines.

The improved method has two advantages over the original method of McEwenet
al. [38]. In diethyl ether the activation of theortho position of the aryl ring is faster
when organolithium reagent is used in place of Grignard reagent. A side product, 4-
chlorobutanol, is formed when the aryllithium compound is refluxed with ZnCl2 in
tetrahydrofuran as solvent [39], but the aryldichlorophosphine is obtained without
significant formation of side products when diethyl ether provides the solvent.

XMe

Br

XMe
Li

XMe

ZnY
n-BuLi ZnCl 2 PCl3

XMe

PCl2
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Fig. 1. Schematic structures ofp-methoxyphenyldichlorophosphine 1,p-thiomethylphenyl-
dichlorophosphine 2, o-methoxyphenyldichlorophosphine 3 and o-thiomethylphenyl-
dichlorophosphine 4.

4.1.2. Ligands derived from PPh2Cl, PPhCl2 and PCl3

The synthesis of tertiary phosphine ligands began with the use of commercially
available arychlorophosphines. The replacement of the chlorine atoms in
arylchlorophosphines by thiomethylphenyl, methoxyphenyl, dimethylaminophenyl or
pyridyl groups provided a group of phosphine ligands in which multidentate binding,
steric stress and various electronic properties were modified systematically.

The ligands treated in this section are reported in the literature. However, it was
considered important to prepare these compounds as well, in order to build
systematically a family of substituted tertiary phosphine ligands. New spectroscopic
and structural data were recorded from these structures. These ligands complement the
series of phosphine ligands synthesised here for the first time, providing a meaningful
set of ligands for the discussion of electronic and steric trends. Ligands5-12 were
tested in catalytic experiments.

In general, the syntheses of phosphine ligands were carried out by lithiating the
brominated organic reagent in diethyl ether at 0ºC and adding the appropriate
chlorophosphine. The synthetic route is presented in Scheme 2.

Scheme 2. Synthetic route for the preparation ofortho substituted phosphines derived
from PPh2Cl, PPhCl2 and PCl3.
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(o-Thiomethylphenyl)diphenylphosphine5, bis(o-thiomethylphenyl)phenylphos-
phine6 and tris(o-thiomethylphenyl)phosphine7 (Fig. 2) were prepared from liquido-
bromothioanisole and appropriate chlorophosphine according to the literature method
[40]. The reaction mixtures were stirred two hours after lithiation and an other two
hours after the addition of chlorophosphine. The ligands were recrystallized from
ethanol and dried in vacuum.

(o-Methoxyphenyl)diphenylphosphine8, bis(o-methoxyphenyl)phenylphosphine9
and tris(o-methoxyphenyl)phosphine10 (Fig. 2) were prepared basically by the same
method as the thiomethylphenyl ligands, fromo-bromoanisole and chlorophosphines
[40]. Both reaction times were shortened to one hour because the reactions proceeded
faster than with thiomethylphenyl substituents, with fairly good yields. The ligands
were recrystallized from methanol or ethanol, and dried in vacuum.

Fig. 2. Schematic structures of (o-thiomethylphenyl)diphenylphosphine 5, bis(o-thio-
methylphenyl)phenylphosphine 6, tris(o-thiomethylphenyl)phosphine 7, (o-methoxy-
phenyl)diphenylphosphine 8, bis(o-methoxyphenyl)phenylphosphine 9 and tris(o-meth-
oxyphenyl)phosphine 10.

For lack of theortho-brominated N,N’-dimethylaniline, the general method failed
in the preparation of (o-N,N’-dimethylaminophenyl)diphenylphosphine11 (Fig. 3).
Attempts to prepareo-bromo-N,N’-dimethylaniline by methylation from theo-
bromoaniline [41] were unsuccessful: the reaction produced a mixture of partly
methylated amines, which could not be separated by treatment with acetic anhydride
[42].

(o-N,N’-dimethylaminophenyl)diphenylphosphine11 was eventually prepared by
the literature method from N,N’-dimethylaniline,n-butyl lithium and diphenyl-
chlorophosphine by refluxing the reaction mixture in hexane for ten hours [43]. The
product was crystallized in relatively low yield by cooling to –20°C.
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Fig. 3. Schematic structure of (o-N,N’-dimethylaminophenyl)diphenylphosphine 11.

The formation of side products in the preparation of pyridylphosphines was
avoided by using low reaction temperatures. 3-Pyridyldiphenylphosphine12 (Fig. 4)
was prepared according to the method of Kurtevet al. [44] by lithiating 3-
bromopyridine withn-butyl lithium at -100°C and adding diphenylchlorophosphine.
The amphiphilic property of pyridine was exploited to extract the unreacted material
before isolating the product. The raw product was extracted to the aqueous phase with
sulfuric acid, neutralized with sodium hydroxide and extracted back to the organic
phase. The final product was purified by column chromatography on silica gel using
5% MeOH in CH2Cl2 as an eluent.

Fig. 4. Schematic structure of 3-pyridyldiphenylphosphine 12.

4.1.3. Ligand derived from Cl2PCH2CH2PCl2
II

Diphosphine ligands are important compounds in catalytic reactions especially
because of their steric properties. Depending on the backbone that connects the
phosphine atoms together, diphosphines can form either mono- or multimetal
complexes. The nature of backbone also affects the natural bite angle, which is the
ligand-metal-ligand angle. The bite angle is an important variable, which can be used
to control the reaction pathway [45-46]. The bite angle of diphosphine ligands is
easily modified by varying the backbone between the phosphorus atoms.

The preparation of simple diphosphines, such as 1,2-bis(diphenylphosphino)ethane,
can be carried out with use of the same general method as for tertiary phosphines. The
length of the methylene chain between the phosphorus atoms can be varied to give
different separations between the donor atoms. The length of the backbone
significantly affects the structure of the metal complexes. For example, Sanger [47]
showed that bis(diphenylphosphino)ligands having one, three or four carbon atoms
between the phosphorus atoms produce binuclear complexes with [Rh(CO)2Cl]2,
whereas with two carbon atoms the complex is the chelated monomer.

P

NMe2
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P

N

12



22

1,2-Bis[bis(o-thiomethylphenyl)phosphino]ethane13 (Fig. 5) was prepared from
liquid o-bromothioanisole and 1,2-bis(dichlorophosphino)ethane according to the
literature method for bis(o-methylthiophenyl)phenylphosphine [40]. The product was
dried in vacuum and recrystallized from dichloromethane. The ligand is a structural
analogue of the diphenylphosphinoethane and thiomethylphenyl phosphine ligands5-
7 prepared in this work. Both phosphorus and sulfur atoms have a strong tendency to
coordinate with late transition metal atoms.

Fig. 5. Schematic structure of 1,2-bis[bis(o-thiomethylphenyl)phosphino]ethane 13.

The diphosphine ligand prepared in this work had in addition to the diphosphine
moiety four sulfur donor atoms. Study of the metal complexes of the potentially
hexadentate ligand13 turned out to be difficult because the reactions produced a
mixture of complexes with different coordination modes. Al-Dulayammiet al. [48]
have, however, prepared molybdenum and tungsten complexes of13. In these
complexes 1,2-bis[bis(o-thiomethylphenyl)phosphino]ethane13 behaves as a
tridentate bridging ligand forming binuclear carbonyl complexes.

4.1.4. Ligands derived from p-substituted aryldichlorophosphinesIV

The six ligands discussed in this section were prepared with modified electronic
properties relative to the ligands described in section 4.1.2. Ligands14 and17, and15
and18 are steric analogues of ligands9 and6, respectively, while ligands16 and19
resemble PPh3. The electronic effects were modified by adding electron withdrawing
substituents inpara position of the aromatic ring. Although ligands14 [49] and 16
[50] have been mentioned in the patent literature, their preparation and
characterization are not reported.

Ligands 14-19, which were derived from p-methoxyphenyl- and p-
thiomethylphenyldichlorophosphines, each contain onepara substituted and twoortho
substituted aryl groups. The synthesis of thepara substituted aryldichlorophosphines
used as starting materials has been described in section 4.1.1.

Syntheses of the ligands (Fig. 6) were carried out via the general method described
in section 3.2. The reaction times varied from one to two hours depending on the
substituent group (methoxyphenyl and thiomethylphenyl, respectively). The reaction
temperature was kept at 0°C except for the pyridyl ligands, which were prepared at
-100°C. The ligands were purified by recrystallization.
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Fig. 6. Schematic structures of (p-methoxyphenyl)bis(o-methoxyphenyl)phosphine 14, (p-
methoxyphenyl)bis(o-thiomethylphenyl)phosphine 15, (p-methoxyphenyl)bis(2-pyridyl)-
phosphine 16, (p-thiomethylphenyl)bis(o-methoxyphenyl)phosphine 17, (p-thiomethyl-
phenyl)bis(o-thiomethylphenyl)phosphine 18 and (p-thiomethylphenyl)bis(2-pyridyl)-
phosphine 19.

4.1.5. Ligands derived from o-substituted aryldichlorophosphinesVI

The ligands discussed in this section were prepared with both electronic and steric
properties modified relative to the ligands described above. Combining phosphorus,
sulfur and oxygen donor atoms in the same structure served to modify the electronic
properties of the ligands, while addition of large aromatic groups made the ligands
more bulky and altered their steric factors. The large aromatic groups also decreased
the basicity of ligands.

The new ligands20-27 (Fig. 7), derived fromo-methoxyphenyl- ando-thiomethyl-
phenyldichlorophosphines, were prepared by the general method described in section
3.2. In all these ligands, large aromatic groups, in addition to methoxyphenyl and
thiomethylphenyl groups, were introduced to modify the properties. The reaction
times varied from one to two hours depending on the substituent group
(methoxyphenyl and thiomethylphenyl, respectively). The reaction temperature was
kept at 0°C in all reactions.

The synthesis of catalytically promising heterodonor ligands24-27 required the
development of a synthetic route for the preparation of new starting material,o-
thiomethylphenyldichlorophosphine4. This route has been described in section 4.1.1.
Also o-methoxyphenyldichlorophosphine3 that was used for the preparation of
ligands20-23 was prepared by this improved method.
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Fig. 7. Schematic structures of (o-methoxyphenyl)bis(o-thiomethylphenyl)phosphine 20,
(o-methoxyphenyl)bis(p-thiomethylphenyl)phosphine 21, (o-methoxyphenyl)bis(1-
naphthyl)phosphine 22, (o-methoxyphenyl)bis(9-anthracenyl)phosphine 23, (o-thiomethyl-
phenyl)bis(o-methoxyphenyl)phosphine 24, (o-thiomethylphenyl)bis(p-thiomethylphenyl)-
phosphine 25, (o-thiomethylphenyl)bis(1-naphthyl)phosphine 26 and (o-thiomethyl-
phenyl)bis(9-anthracenyl)phosphine 27.

4.1.6. Observations on the syntheses

The general method in the preparation of tertiary phosphine ligands was quite
straigtforward. When appropriate chlorophosphine was available, syntheses proceeded
easily at 0°C. The only exception was the syntheses of pyridylphosphines that
required low temperature, -100°C, in order to avoid the formation of side products.
The pyridylphosphine ligands were also more difficult to handle because of their air
and moisture sensitivity.

The synthetic experiments showed that obtaining reasonable yields of the ligands
containing thiomethylphenyl groups demanded twice as long reaction times as for the
ligands containing only methoxyphenyl groups. The reason for this difference is not
clear. Possibly, the lithiation reaction of brominated thiomethylphenyl group did not
proceed to completion in the same time scale as the lithiation of brominated methoxy-
phenyl group. In addition to longer reaction times the reaction might also have
demanded an excessn-butyl lithium.

The most challenging part of syntheses were the preparation of new arylchloro-
phosphines. Every new chlorophosphine starting material opens a route to a series of
new phosphines.
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4.2. Characterization of the phosphine ligands

Characterization of the ligands was based mainly on NMR spectroscopy.1H-, 13C-,
31P- and two-dimensional HSQC-NMR techniques were used routinely in the
identification of the prepared compounds. Although the combination of1H-, 13C- ,
31P- and HSQC-NMR spectra clearly revealed the individual chemical structures of
the ligands, the characterization was confirmed by X-ray diffraction studies, mass
spectroscopy and elemental analyses.31P-NMR data, boiling and melting points and
yields of the syntheses are presented in Table 1.

Table 1. Analytical data of the tertiary phosphine ligands.

Ligand δ (31P), ppm Bb. or Mp., ºC Yield, %
1 163.6 98-100 / 0.3 torr 11.0
2 165.1 125-126 / 0.15 torr 8.8
3 164.6 86-89 / 0.1 torr 37.4
4 150.5 100-104 / 0.1 torr 26.3
5 -18.1 104 62.7
6 -22.0 100-103 86.5
7 -30.2 169-171 94.8
8 -15.6 119-120 99.1
9 -26.7 144-147 87.1

10 -37.1 191-195 92.8
11 -12.5 115-118 12.4
12 -11.2 Oily 63.0
13 -30.1 214 69.6
14 -27.7 146-149 55.1
15 -23.1 155-157 59.2
16 -2.3 100-101 83.2
17 -25.9 151-152 62.0
18 -21.1 144 45.0
19 -1.6 122-123 38.7
20 -30.0 156-159 47.0
21 -15.3 103-106 71.6
22 -31.9 222-224 32.3
23 -40.4 232-233 17.1
24 -34.1 180-182 62.2
25 -13.9 113-115 40.4
26 -29.7 204-205 73.8
27 -38.4 231-232 64.3

The 31P-NMR spectra were characteristic for each of the ligands. The chemical
shifts varied from 0 to –41 ppm for the ligands having organic substituent groups, and
from 150 to 165 ppm for the dichlorophosphines.

The 1H-NMR signals of substituent thiomethyl protons were observed as follows:
o-thiomethyl protons gave a signal at about 2.4 ppm, while the correspondingp-
thiomethyl protons gave a signal 0.1 ppm to lower field. With methoxy protons the
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observed signals were at about 3.7 ppm and 3.8 ppm foro-methoxy andp-methoxy
protons, respectively.o-N,N-Dimethyamine had a typical methyl signal at 2.6 ppm.

The resonance signals of the aromatic protons varied from 6.7 to 7.3 ppm,
excluding the pyridyl protons, which had signals up to 8.7 ppm. Partial overlapping of
the signals in1H-NMR spectra complicated the interpretation and the coupling
information could not be fully resolved. Therefore only the centre of the signal groups
is noted in the tables. Overlapped signals are given with 0.1 ppm accuracy, while
independent signals are given with 0.01 ppm accuracy. Full interpretation of the1H-
NMR spectra (and also13C-NMR spectra) required two-dimensional HSQC-NMR
spectra and decoupling experiments.1H-NMR data of the main substituent groups is
performed in Tables 2-5.

Table 2.1H-NMR data of the o-thiomethylphenyl group.

Ligand H3 H4 H5 H6 H7

4 8.08 7.5 7.5 7.5 2.52
5 7.3 7.3 7.05 6.76 2.43
6 7.3 7.3 7.06 6.74 2.43
7 7.3 7.3 7.05 6.72 2.45

13 7.2 7.2 7.0 7.0 2.34
15 7.3 7.3 7.05 6.74 2.43
18 7.3 7.3 7.06 6.74 2.44
20 7.3 7.3 7.05 6.76 2.44
24 7.3 7.3 7.03 6.8 2.43
25 7.3 7.3 7.06 6.78 2.44
26 7.3 7.3 6.95 6.70 2.46
27 7.3 7.3 6.99 6.86 2.31

Table 3.1H-NMR data of the o-methoxyphenyl group.

Ligand H3 H4 H5 H6 H7

3 6.94 7.51 7.12 7.93 3.93
8 6.9 7.3 6.9 6.66 3.75
9 6.9 7.3 6.9 6.66 3.74

10 6.89 7.32 6.89 6.69 3.74
14 6.8 7.31 6.8 6.67 3.73
17 6.9 7.33 6.8 6.68 3.74
20 6.86 7.3 6.91 6.64 3.75
21 6.9 7.34 6.9 6.69 3.75
22 7.0 7.0 6.76 6.58 3.78
23 6.7 7.3 6.86 6.7 3.39
24 6.85 7.3 6.9 6.67 3.75
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Table 4.1H-NMR data of the p-thiomethylphenyl group.

Ligand H2 H3 H5

2 7.78 7.32 2.52
17 7.2 7.2 2.48
18 7.2 7.2 2.48
19 7.2 7.2 2.48
21 7.2 7.2 2.48
25 7.2 7.2 2.47

Table 5.1H-NMR data of the p-methoxyphenyl group.

Ligand H2 H3 H5

1 7.82 6.99 3.84
14 7.22 6.8 3.80
15 7.24 6.90 3.81
16 7.3 6.99 3.82

As in the 1H-NMR spectra the methyl carbon signals in the13C-NMR spectra
exhibited typical chemical shifts. The methyl carbon signals ofpara substituted
groups appeared at higher field than those of the correspondingortho substituted
groups. The carbon signals of theo-thiomethyl carbons were at about 17.2 ppm and
those of thep-thiomethyl carbons at about 15.2 ppm. Similarly the signals of theo-
methoxy carbons andp-methoxy carbons appeared at about 55.7 and 55.1 ppm,
respectively.o-N,N-Dimethyamine gave a characteristic methyl carbon signal at 45.5
ppm. The signals of the aromatic carbons varied from 110 to 165 ppm. The13C-NMR
data of the main substituent groups are set out in Tables 6-9. The numbering follows
the schemes presented above.

Table 6.13C-NMR data of the o-thiomethylphenyl group.

Ligand C1 C2 C3 C4 C5 C6 C7

4 140.6 142.1 130.4 132.5 128.4 132.9 20.5
5 136.8 143.7 126.6 129.3 125.4 133.2 17.4
6 136.3 143.8 126.8 129.3 125.3 133.3 17.3
7 135.5 144.1 126.9 129.4 125.4 133.5 17.3

13 136.7 144.2 126.3 129.1 125.2 131.5 17.0
15 136.8 143.5 126.8 129.2 125.3 133.1 17.3
18 136.2 143.7 126.8 129.3 125.3 133.3 17.3
20 135.9 144.0 126.7 129.2 125.2 133.4 17.4
24 136.4 143.8 126.8 130.0 125.2 133.3 17.4
25 136.7 143.5 126.5 129.3 125.3 133.0 17.2
26 134.9 144.3 126.7 128.6 125.3 132.8 17.1
27 136.8 144.4 127.1 128.7 125.3 133.0 17.2
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Table 7.13C-NMR data of the o-methoxyphenyl group.

Ligand C1 C2 C3 C4 C5 C6 C7

3 127.4 160.7 111.0 130.8 121.7 134.2 56.1
8 125.6 161.1 110.2 130.3 121.0 133.6 55.6
9 125.1 161.3 110.2 130.1 120.9 133.7 55.7

10 124.7 161.5 110.2 129.8 120.8 133.8 55.6
14 125.7 161.2 110.1 130.0 120.8 133.5 55.6
17 125.1 161.3 110.2 130.1 120.9 133.7 55.7
20 124.0 161.6 110.3 130.4 121.1 134.0 55.7
21 125.4 161.0 110.2 130.4 121.0 133.5 55.7
22 123.9 161.7 110.3 130.5 121.2 132.6 55.8
23 126.1 161.4 110.1 129.8 121.1 132.7 55.3
24 124.4 161.6 110.3 130.1 120.9 133.9 55.7

Table 8.13C-NMR data of the p-thiomethylphenyl group.

Ligand C1 C2 C3 C4 C5

2 131.9 127.0 132.2 148.3 15.1
17 132.4 125.8 134.4 139.1 15.2
18 131.3 126.1 134.7 140.0 15.1
19 132.3 126.5 136.6 142.0 14.8
21 132.6 125.9 134.2 139.5 15.2
25 132.1 126.0 134.3 139.9 15.2

Table 9.13C-NMR data of the p-methoxyphenyl group.

Ligand C1 C2 C3 C4 C5

1 131.9 114.4 132.6 162.3 55.4
14 126.8 113.9 135.6 160.1 55.1
15 125.9 114.4 136.1 160.5 55.1
16 127.0 115.2 137.7 162.0 55.5

The chemical shifts of the different proton and carbon atoms (Tables 2-9) were
more or less the same for the different phosphines. The one-dimensional1H- and13C-
NMR spectra proved difficult to interpret, however, and two-dimensional HSQC-
NMR spectra were required for full assignment of the signals. Assignment of the1H-
and 13C-NMR signals was carried out step by step. The spectra of the ligands with
only thiomethylphenyl7 or methoxyphenyl10 substituent groups, were solved first,
by considering the1H-, 13C- and HSQC-NMR data together. The interpretation of
these substituent groups was then utilized along with the data for the
triphenylphosphine ligand in assigning the signals of other substituent groups.

Differences in the1H- and13C-NMR spectra, as well as in the31P-NMR spectra, are
greater for the metal complexes of the ligands than for the ligands themselves. The
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magnitude of the shifts is dependent on both the binding behaviour of the ligands and
the nature of the coordinated metal atoms [43, 51-52].

X-ray crystal structures were systematically determined for all ligands. Single
crystals of the ligands were obtained by slow evaporation of solvent or by vapour
diffusion method. Structures were determined at the University of Joensuu.

Fig. 8. Crystal structures of 1,2-bis[bis(o-thiomethylphenyl)phosphino]ethane 13, (p-thio-
methylphenyl)bis(2-pyridyl)phosphine 19, (o-methoxyphenyl)bis(p-thiomethylphenyl)-
phosphine 21 and (o-thiomethylphenyl)bis(9-anthracenyl)phosphine 27.

Molecular structures of the ligands were as expected: only minor differences were
found in the bond angles and distances. Differences in structures and bonding were more
pronounced in transition metal complexes of the ligands. Multidentate as well as
monodentate behaviour was clearly observed [51].
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4.3. Properties and trends

The ligands prepared in this work are potentially multidentate. Ligands that containo-
methoxyphenyl,o-thiomethylphenyl ando-dimethylaminophenyl groups can coordinate
to a metal atom by forming a bridge between the two donor atoms.

Experimental results show that the ligands containingo-thiomethylphenyl groups
typically behave as bidentate ligands in metal complexes [51]. Theo-methoxyphenyl
ligands, in turn, mostly behave as monodentate ligands [53-54]. Diphosphine ligands,
which have two CH2 groups as a backbone, typically behave as a bidentate, bridging
ligands [47]. Although 2-pyridyl ligands are potentially multidentate, they have been
found to form either monodentate complexes or to behave as bridging ligands in
bimetallic coordination compounds [55-56]. Heterodonor atoms inpara position of
aromatic rings do not take part in the metal coordination. Their effect on the ligand is
mainly electronic.

Nitrogen donors offer a way of modifying the solubilities of phosphines and their
complexes. The solubility of pyridylphosphine ligands, in both aqueous and organic
solvents, is easily controlled simply by adjusting the acidity of the solution [6]. This may
be a useful property in homogeneous catalysis where the catalyst needs to be separated
from the products [7-8].

The basicity of the ligands reflects the electronic effects of the substituents. Electron
donating substituents such as alkyl groups increase the basicity of ligands, while electron
withdrawing substituents such as aromatic groups with electronegative substituents
decrease it. The basicity of phosphine ligands can be varied systematically by altering the
substituents on the phosphorus atom. [57-58]

Stability of phosphine ligands against air oxidation is dependent on their basicity. The
experimental results show that the basic alkyl phosphines tend to be both air and moisture
sensitive. The relatively good stability of the aromatic tertiary phosphines, in turn, is a
recommending feature for the use of these ligands in catalysis.

Although the electronic and steric effects are intimately related, and in many systems
difficult to distinguish, they are discussed separately in the next two sections for the
closely related tertiary phosphine ligands prepared in this work.
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4.3.1. Electronic effects

The electron donor and acceptor properties of the phosphorus atom form the basis for the
behaviour of the phosphines as ligands.31P-NMR is a valuable tool for obtaining
information about the electronic state of the phosphorus atom. The31P-NMR chemical
shifts have been shown to depend on the R groups of tertiary phosphine PR3 [59-60]. The
chemical shifts of tertiary phosphine ligands can be calculated with the empirical equation
(1) [59]

�
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nσδ (1)

whereσP values are increments characteristic for each substituent group. The reference
value represents PMe3 (δ -62 ppm, reference 85 % H3PO4).

The increments (σP) for the different substituent groups used in constructing the new
tertiary phosphine ligands can be calculated from the31P-NMR chemical shifts reported in
the literature (Table 10). In the literature ligands all three substituent groups are the same.
When these increments were used to calculate the31P-NMR chemical shifts for the
ligands of this work, relatively good agreement was obtained with the experimental values
(Table 11).

Table 10.31P-NMR chemical shifts of the PR3 type phosphines and the corresponding
calculated increment values of the substituent groups.

Ligand 31P-NMR chemical shift (δ, ppm) σP increment (δ, ppm)
PCl3 220.4 94.13
PEt3 -20.0 14.0
PPh3 -3.3 19.57
(o-MeSC6H4)3P -30.2 [61] 10.60
(p-MeSC6H4)3P -8.3 [62] 17.90
(o-MeOC6H4)3P -37.1 [61] 8.30
(p-MeOC6H4)3P -9.60 [63] 17.47
(o-Me2NC6H4)3P -27.8 [64] 11.41
(o-NC5H4)3P -1.3 [65] 20.23
(m-NC5H4)3P -24.7 [65] 12.77
P(naf)3 -32.6 [66] 9.80
P(anthr)3 -44.0 [67] 6.00

Chemical shift values for the aryldichlorophosphines calculated by equation (1) are
systematically 15-30 ppm too low. Otherwise, the compatibility of the measured and
calculated chemical shifts is good, the largest difference (-18.1 ppm, -12.26 ppm) being
for ligand5.
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Table 11. Comparison of measured and calculated31P-NMR shifts of the ligands
synthesised in this work.

Ligand Measured31P-NMR shift (δ, ppm) Calculated31P-NMR shift (δ, ppm)

1 163.6 143.73
2 165.1 144.10
3 164.6 134.56
4 150.5 136.86
5 -18.1 -12.26
6 -22.0 -21.23
7 -30.2 -30.20 (see Table 10)
8 -15.6 -14.56
9 -26.7 -25.83

10 -37.1 -37.10 (see Table 10)
11 -12.5 -11.45
12 -11.2 -10.09
13 -30.1 -26.80
14 -27.7 -27.93
15 -23.1 -23.33
16 -2.3 -4.07
17 -25.9 -27.50
18 -21.1 -22.90
19 -1.6 -3.64
20 -30.0 -32.50
21 -15.3 -17.90
22 -31.9 -34.10
23 -40.4 -41.70
24 -34.1 -34.80
25 -13.9 -15.60
26 -29.7 -31.80
27 -38.4 -39.40

Tolman [68] has estimated the electron donating properties of tertiary phosphines from
the IR frequencies of the carbonyl groups in Ni(CO)3(PR3). The frequencies of different
ligands were compared with the frequency of tri-t-butylphosphine, which was the most
basic ligand in the series. On the basis of the experimental results, Tolman calculated the
substituent contributions (χi) for different substituent groups. The empirical equation (2)
for the trend is

( ) 1
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where the frequency 2056.1 cm-1 is the CO stretching frequency of the nickel carbonyl
complex of tri-t-butylphosphine. The larger theχi value, the less basic is the ligand.

It has been postulated that there is no general correlation between basicity and31P-
NMR chemical shifts of the phosphine ligands [58, 69]. However, the basicity of
phosphines has been shown to be directly related to the31P-NMR chemical shifts of
corresponding phosphine oxides [70]. In that study, phosphine oxides were used to
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minimize the effect of the lone pair of phosphorus on the chemical shift and thereby allow
the electronic effects to dominate.

Evidently within certain chemically related groups of phosphines, a relationship can be
found between the31P-NMR shifts and basicity. For example, the values correlate fairly
well for trialkylphosphines: P(t-Bu)3 2056.1 cm-1 vs. 63 ppm, P(i-Pr)3 2059.2 cm-1 vs. 19.4
ppm, PEt3 2061.7 cm-1 vs. –20.0 ppm and PMe3 2064.1 cm-1 vs. –62 ppm (Fig. 9).

Fig. 9. Correlation of νννν(CO) and δδδδ(31P) values of trialkylphosphines.

The same kind of correlation, although of opposite direction, is observed for the group
of anisyl substituted phosphine ligands.ν(CO) values of these ligands have been
experimentally measured or they can be calculated by using the substituent contributions
of o-C6H4OCH3 (0.9 cm-1) and C6H5 (4.3 cm-1) reported by Tolman [68]. Comparison of
the experimental31P-NMR shifts and calculatedν(CO) values reveals reasonably good
agreement: PPh3 2069.0 cm-1 vs. –3.3 ppm, PPh2(o-MeOC6H4) 2065.6 cm-1 vs. –15.6
ppm, PPh(o-MeOC6H4)2 2062.2 cm-1 vs –26.7 ppm and P(o-MeOC6H4)3 2058.8 cm-1 vs.
–37.1 ppm (Fig. 10).

Fig. 10. Correlation of Tolmans νννν(CO) values and experimental δδδδ(31P) values of anisyl
substituted phosphine ligands.
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The fairly good correlation between the31P-NMR shifts andν(CO) values in these
examples suggests that the31P-NMR chemical shifts provide information about the
basicity of closely related phosphine ligands.

The behaviour of the phosphines as electron pair donors (Lewis basicity) has strong
effect on the coordination chemistry of these ligands. The experimental31P-NMR data
suggest that, of the ligands prepared in this work, the pyridyl ligands16 and 19, should
have the highest Lewis basicity, and the ligands with large aromatic groups23 and 27,
should be less basic. These relationships are in good agreement with previous results [57].
In the groups ofo-thiomethylphenyl5-7 ando-methoxyphenyl8-10 ligands, the basicity
of the ligands seems to increase with the decreasing number of thiomethyl or methoxy
groups in the ligand. Addition of the substituents topara position of the phenyl ring
affects only the electronic properties of the ligands, while substituents inortho positions
also have steric effects.

4.3.2 Steric effects

The steric properties of the phosphine will affect the selectivity of organometallic
catalysts prepared from it. The steric effect is not merely a measure of a ligand’s size, but
also its spatial requirement in the coordination environment. Often the spatial requirement
is expressed as the Tolman cone angleθ [69, 71]. For symmetrical phosphine ligands the
cone angle,θ, is defined as the apex angle of a cylindrical cone with origin 2.28 Å from
the centre of the P atom. For unsymmetrical ligands, the effective cone angle can be
defined by using a model to minimize the sum of half-angles [72].

As alternatives for cone angle determination, also some other methods such as solid
angle measures, angular symmetric deformation coordinate and ligand repulsive energy
parameters have been reported for estimating the steric properties [73].

In this work, a family of tertiary phosphine ligands was prepared with their steric
properties systematically modified. The reference ligand was PPh3, which has a cone
angle of 145° [71]. The series of ligands5-7 and8-10, where steric stress relative to PPh3

was added systematically, were prepared witho-thiomethylphenyl ando-methoxyphenyl
substituent groups, respectively. In addition, large aromatic groups like naphthyl and
anthracenyl were added modify the steric properties. In thepara substituted and pyridyl
ligands that were prepared, the steric stress was kept more like that of the PPh3 ligand,
allowing the electronic properties to be studied more independently. In the case of
bidentate coordination of the ligand steric effects can not be described with cone angle
measurements.

Since the main burden of this work was the study of free ligands rather than of
complexes, detailed consideration of the steric effects is being deferred to future studies.
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4.4. Rh(I) and Co(0) complexes of 3-pyridyldiphenylphosphineIII

Pyridylphosphines have shown clear potential in the modification of catalytically active
metal centres. The amphiphilic property of their complexes make them of considerable
interest for use in catalytic reactions. Preparation of metal complexes of the less known 3-
pyridyldiphenylphosphine was considered important therefore. 3-Pyridyldiphenyl-
phosphine is capable of bridging two metal centres to form bimetallic complexes, but
more importantly, its electronic properties as a ligand differ from those of 2- and 4-
pyridyldiphenylphosphines. Sterically 3-pyridyldiphenylphosphine is similar to PPh3, and
it also forms complexes with structures similar to complexes of PPh3.

The metal carbonyl reagents were dissolved in tetrahydrofuran, and 3-pyridyldiphenyl-
phosphine in tetrahydrofuran was added dropwise. The mixture of Rh(I) complex was
stirred at room temperature for about four hours and the mixture of Co(0) complex
overnight. The Rh(I) complex was precipitated with acetone, whereas the Co(0) complex
precipitated during the reaction. The products were filtered and dried in vacuum. Single
crystals of (3-PyPPh2)2RhCOCl were obtained by slow evaporation of dichloromethane
solution. The crystallization of Co2(CO)6(3-PyPPh2)2 was not successful because the
complex decomposed in solution. The crystal structure of (3-PyPPh2)2Rh(CO)Cl is
presented in Fig. 11.

Fig. 11. The X-ray crystal structure of (3-PyPPh2)2Rh(CO)Cl.

3-PyPPh2 preferentially binds through its phosphorus atom to give the mononuclear
complex. The crystal structure of (3-PyPPh2)2RhCOCl is very similar to the structures of
its 2-PyPPh2 [55, 74] and PPh3 [75-76] analogues. Comparison of the spectroscopic
parameters of (3-PyPPh2)2Rh(CO)Cl with those of the analogues [74] confirms the
similarity in structure of (3-PyPPh2)2Rh(CO)Cl and the corresponding Rh(I) complexes of
2-PyPPh2 and PPh3 also in solution.

The reaction of 3-pyridyldiphenylphosphine with Co2(CO)8 produced the bimetallic
compound Co2(CO)6(3-PyPPh2)2. In the solid state, the product was reasonably air-stable.
In solution, however, it decomposed slowly. The IR spectra in the carbonyl region
indicated an unbridged structure [77]: no signals were found in the bridged carbonyl
region around 1700 cm-1. Comparison of the IR parameters of Co2(CO)6(3-PyPPh2)2 with
those of the analogous complexes of 2-PyPPh2 [77] and PPh3 [78] suggests similar
structures.



5. Bipyridine based ligandsI

The bipyridine ligands prepared in this work were designed to coordinate with two
different metal centres. Piperidine ligands were prepared to study the square planar
coordination site, and thiomorpholine ligands to study the potential binding together of
two different metal centres. The bifunctional nature of these heterometallic structures
broadens the range of their properties. In catalysts containing two metal centres, one may
act to bind the substrate while the other acts to feed electrons to or remove them from the
first site. Also, the different metal centres can preferentially bond to different substrates.

5.1. Synthesis of starting materials

6,6’-Bis(bromomethyl)-2,2’-bipyridine28 and 4,4’-dimethyl-6,6’-bis(bromomethyl)-2,2’-
bipyridine 29 were prepared by a modification of the methods of Craig [79] and Rode
and Breitmaier [80]. The 2-amino-6-methylpyridine was brominated, coupled with Raney-
Nickel catalyst [81] and the fresh 6,6’-dimethyl-2,2’-bipyridine obtained was brominated
with N-bromosuccinimide.

Fig. 12. Schematic structures of 6,6’-bis(bromomethyl)-2,2’-bipyridine 28 and 4,4’-dimethyl-
6,6’-bis(bromomethyl)-2,2’-bipyridine 29.

5.2. Synthesis of ligands

6,6’-Bis(methylthiomorpholine)-2,2’-bipyridine30, 4,4’-dimethyl-6,6’-bis(methylthio-
morpholine)-2,2’-bipyridine31, 6,6’-bis(methylpiperidine)-2,2’-bipyridine32 and 4,4’-di-
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BrBr

28

N N

BrBr
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methyl-6,6’-bis(methylpiperidine)-2,2’-bipyridine33 were prepared by the following
general method. An excess of thiomorpholine or piperidine was added dropwise to a
solution of 6,6’-bis(bromomethyl)-2,2’-bipyridine or 4,4’-dimethyl-6,6’-bis(bromo-
methyl)-2,2’-bipyridine and potassium carbonate in N,N-dimethylformamide at room
temperature. The reaction mixture was stirred for one hour and filtered using a double
ended needle. The solution was evaporated and the solid product subjected to column
chromatography on silica gel (CH2Cl2 : EtOH : acetone, 2 : 2 : 1, v/v). The major yellow
band was collected, the solvent removed and the light yellow ligand dried in vacuum. The
synthetic route is presented in Scheme 3.

Scheme 3. Synthetic route for the preparation of bipyridine based ligands.

5.3. Characterization

The characterization of the bipyridine based ligands and their Cu(I) complexes was based
mainly on1H-NMR measurements. Bipyridine protons gave signals in the aromatic area,
at 7.2-8.3 ppm. Thiomorpholine and piperidine units had characteristic signals at 2.7-2.9
and 1.7-2.6 ppm, respectively. The –CH2 arm in the 6,6’-position of the pyridyl ring
typically exhibited a signal at about 4.0 ppm and the methyl group in 4,4’-position at
about 2.5 ppm. Changing the substituent from thiomorpholine to piperidine did not
significantly affect the positions of the resonance signals of other groups. The analytical
data of the bipyridine ligands is compiled in Table 12. and the1H-NMR data in Table 13.

Table 12. Analytical data of the bipyridine ligands.

Ligand Mp., ºC Yield, %
30 153 74.8
31 168 67.1
32 194 65.0
33 252 69.1
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Table 13.1H-NMR data of the bipyridine ligands

Ligand H4 H5 H6 H7 H9, H13 H10, H12 H10, H11, H12 H14

30 7.4 7.8 8.3 3.8 2.9 2.7 - -
31 7.3 - 8.1 3.8 2.9 2.8 - 2.4
32 7.5 7.8 8.3 3.8 2.6 - 1.7 -
33 7.6 - 8.2 4.1 2.6 - 1.9 2.5

Structural analyses of ligands30 and31 were performed by X-ray crystallography. The
crystal structure of 4,4’-dimethyl-6,6’-bis(methylthiomorpholine)-2,2’-bipyridine31 is
shown in Fig. 13.

Fig. 13. Crystal structure of 4,4’-dimethyl-6,6’-bis(methylthiomorpholine)-2,2’-bipyridine 31.

5.4. Cu(I) complexes of 6,6’-bis(methylthiomorpholine)-2,2’-bipyridine
and 4,4’-dimethyl-6,6’-bis(methylthiomorpholine)-2,2’-bipyridine

In the syntheses of copper complexes of bipyridine based thiomorpholine ligands the aim
was to obtain complexes with square planar coordination where all nitrogen donors were
coordinated to metal atom. This requires an octahedral or a square planar coordination
sphere around the metal atom. Attempts were made to prepare Cu(II) complexes, but the
insolubility of the products made interpretation difficult. Cu(I) formed soluble complexes
and was used in complexation studies, although it has tetrahedral coordination geometry
and can not coordinate all nitrogen atoms at the same time. Later, the Cu(II) complex was
prepared with the analogous piperazine ligand [82].

The Cu(I) complexes of ligands30 and 31 were prepared by the following method.
6,6’-Bis(methylthiomorpholine)-2,2’-bipyridine or 4,4’-dimethyl-6,6’-bis(methylthio-
morpholine)-2,2’-bipyridine was dissolved in ethanol water 4:1 (v/v) mixture. Solid CuCl
was added to the solution in one portion. The reaction mixture changed colour from green
to orange during one hour stirring. The excess of CuCl was filtered of with a double ended
needle and the solvent was evaporated. The precipitate was subjected to column
chromatography on silica gel with acetone used as eluent. The dark orange band was
collected, the solvent removed and the product dried in vacuum.
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The 1H-NMR spectra of the Cu(I) complexes of ligands30 and31 showed only minor
differences, from the spectra of the free ligands. The signals were slightly broadened, but
the chemical shifts were the same as for the free ligands. Structural analysis of the Cu(I)
complex of ligand30 was performed by X-ray crystallography (Fig. 14).

The Cu(I) complex of the ligand30 (Fig. 14) formed spontaneously pseudo-helical
structure (Fig. 15), where the dimeric assemblies were bound together by intermolecular
contacts between sulfur and hydrogen atoms. This kind of self-organization is typical for
the Cu(I) complexes of bipyridine and polypyridine structures [83]. Similar helical entities
have been constructed with a variety of transition metals, for example Zn(II) [84] and
Ag(I) [85].

Fig. 14. Crystal struture of the Cu(I) complex of 6,6’-bis(methylthiomorpholine)-2,2’-
bipyridine 30.

Fig. 15. Side view of the helical packing of the Cu(I) complex of 6,6’-bis(methylthio-
morpholine)-2,2’-bipyridine 30.



6. Conclusions

The research reported here was directed at the preparation and characterization of
heterodonor ligands. Most of the work pertained to the preparation and characterization
of tertiary phosphine ligands with systematically modified electronic and steric properties.
Thiomethylphenyl, methoxyphenyl, dimethylaminophenyl, pyridyl and large aromatic
substituent groups were introduced to the phosphorus environment.

Some of the prepared ligands,1-3 and 5-13, were known already, but new
spectroscopic and structural data were collected from them. Two ligands mentioned in the
patent literature,14 and 16, were presented as new ligands because no synthetic
information had been reported. One new dichlorophosphine4, which offers a new
synthetic route for the preparation of aryldichlorophosphines, and fourteen new ligands
14-27 were prepared during the work. All ligands were characterized by NMR
spectroscopic methods. In addition, X-ray crystal structures were systematically measured
for all ligands.

The phosphine ligands were prepared for catalytic purposes and were taken for
homogeneous hydroformylation studies at the Helsinki University of Technology and the
University of Joensuu. In catalytic studies a family of ligands offers the best basis for the
future development of new effective and selective catalysts, and for this reason some
previously reported ligands were synthesised as well.

Ligands 7 and 13 were sent for testing in the disease-orientedin vitro anti-cancer
screening program of the National Cancer Institute, USA, and ligand13 has shown some
interesting activity.

Bipyridine based ligands were prepared at the beginning of the work with the objective
of obtaining ligands capable of forming bimetallic complexes. Six ligands28-33 were
prepared and characterized by NMR spectroscopic and X-ray diffraction methods, and
used in complexation experiments. Unfortunately, most of the complexes proved to be of
very low solubility, and this could not be improved significantly by adding methyl groups.
The studies on bipyridines were not continued therefore.

The synthesis of tertiary phosphine ligands will continue. In future work, tailoring of
the ligands will be directed more strictly towards existing applications. The trends that
were observed provide a solid basis for the development of other ligands for new
applications in the future.
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