Phosphorus-Sulphur Donor Complexes of Palladium, Nickel
and Iridium:

Preparation, Coordination and Structural Characterisation

Thesis submitted in accordance with the requirements of the
University of Cardiff for the degree of Doctor in Philosophy
by

Simon James Baker

April 2007



UMI Number: U584975

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

Dissertation Publishing

UMI U584975
Published by ProQuest LLC 2013. Copyright in the Dissertation held by the Author.
Microform Edition © ProQuest LLC.
All rights reserved. This work is protected against
unauthorized copying under Title 17, United States Code.

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346



Abstract
Commercially available substrates for the synthesis of chiral bidentate

phosphinothiolate and phosphinothioether ligands are usually limited with low
molecular weights. We report the synthesis of two sterically diverse ligands and how
their backbones can influence reactivity and coordination geometries. Phosphinothiol
ligand 2-(diphenylphosphino)cyclohexanethiol (L'H) has been successfully synthesised
using commercially available cyclohexene sulphide and fully characterised. A second
chiral bidentate phosphinothiolate ligand 9, 10-ethanoanthracene-2-diphenylphosphino-
1-ethanethiol, 9-10-dihydro, (L*H) has been synthesised via a seven step process
derived from anthracene. A series of phosphinothioether ligands have been synthesised
using the phosphinothiolate L'Li and L’K precursors. The series includes thioether
moieties containing benzyl (Lan, Lan), 1-methyl naphthalene (Lll-MN, LZI-MN)
and 9-methyl anthracene (L19-MAN, L29-MAN ).

L'H reacts with divalent nickel and palladium to form complexes of general
formula M(L"), (7. M=Ni), (8, M=Pd), [M(L"Cl]> (9. M=Ni) and M(L"):MCl, (11.
M=Pd). We also report the formation of a novel dimer complex using the well
researched 2-(diphenylphosphino)ethanethiol (dppet) ligand, [M(dppet)Cl], (10, M=Pd).
We report the first structural characterisation of a nickel phosphinothiolate bis-chelate
and dimer complexes. L’H reacts with divalent palladium to produce a number of
polymeric complexes; M(L%), (12, M=Pd), M(L?SO,), (13, M=Pd) M[(L})CI], (14,
M=Pd) MCI:[Pd(LZ)gM(Hzo)Ch]Q (15, M=Pd) M[(Ll)Clb (16, M=Pd). Complexes are
structurally analysed via their crystallographic data and compared.

Complexation of phosphinothioether ligands using divalent nickel and palladium
yield the following dihalide complexes M(LIBI])BI"_) (17, M=Ni), (18, M=Pd),
M(L'Bn)Cl, (19, M=Ni), (20, M=Pd), M(L'1-MN)Cl, (21, M=Pd), M(1-MNL'1-
MN)Cl, (22, M=Pd), M(L19-MAN)C12 (23, M=Pd). The resulting complexes are
structurally compared to similar complexes reported in the literature. We report a
similar series of phosphinothioether ligands as previously described using the
phosphinothiolate precursor LK. Complexation of these ligands with divalent
palladium resulted in the corresponding dichloride complexes Pd(L*Bn)Cl, (24),
Pd(Lzl-MN)Clz (26) and Pd(Lz9-MAN)C12 (28). NMR analysis revealed the complexes
were fluxional between conformations and diastereoisomers at room temperature.
Variable temperature NMR studies show the relative intensities of the inter-converting
species. Finally the series of phosphinothioether ligands were coordinated using iridium
cod chloride dimer to form complexes: Ir(LZBn)(cod) (25), Ir(Lzl-MN)(cod) (27) and
Ir(L?9-MAN)(cod) (29).
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Glossary of abbreviations and symbols
Chemicals, ligands, radicals, etc.

9-MAN
acac
Ar
BINAP
BINAPHOS
Bu

Br

Bn

Cl
COD
Cp
DBU
decm
DMF
dppet
dpppt
DIOP

DIPAMP
DMF
DMSO
DSP

ES

Et

hv
iPr

9-methyl anthracene

acetylacetonate anion

aryl

2, 2’-bis(diphenylphosphino)-1,1’-binaphthyl
(1, I’-binaphthalen-2,2’-yl)phosphite
butyl(superscript i, s, or t refers to iso, secondary or tertiary butyl)
bromide

benzyl

Chloride

1. 5-Cyclooctadienyl

Cyclopentadienyl

1, 8-Diazabicyclo[5.4.0Jundec-7-ene
dichloromethane

N, N-Dimethylformamide
2-(diphenylphosphino)ethanethiol
2-(diphenylphosphino)propanethiol

2, 3-O-isoprepylidiene-2, 3-dihydroxy-1,4 bis(diphenylphosphino)-
butane

1, 2-bis(phenylanisylphosphino)ethane
dimethyl formamide

dimethyl sulphoxide, Me;SO
bis(o-methylthiophenyl)phosphine
Electrospray (Mass Spectrometry)

ethyl. CH;CH;

hours

Irradiation with light

Isopropyl

ligand

N

mPPhg

H

m”lu

2-(diphenylphosphino)cyclohexanethiol

14



HS PPh,

L’H
9, 10-ethanoanthracene-2-diphenylphosphino-1-ethanethiol, 9-10-dihydro
Me methyl
NMR nuclear magnetic resonance
1-MN 1-methyl naphthalene
OAc acetate ion
Ph phenyl, C¢Hs
PhMe toluene
py pyridine
R alkyl group
S solvent
SP o-methylthiophenyldiphenyl-phosphine
t-BuLi tertiary-Butyl Lithium
THF tetrahydrofuran
tol toluene
TSP tris(o-methylthiophenyl)phosphine
X halogen
Units, etc.
° Degrees
A Angstrom unit, 10"° m
Atm atmospheres, 1 atm = 101 325 Pa
cm™ wave number
e.e. enatiomeric excess
Hz hertz, s™!
IR infrared
nm nanometres, 10° m
ppm parts per million
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Chapter 1 Introduction

The coordination chemistry of bidentate phosphorus-sulphur donor ligands has
been studied intermittently for over thirty years, and this work has been
comprehensively reviewed 1621 To date a vast majority of phosphinothiolate and
phosphinothioether complexes contain relatively low molecular weight backbones. This
is due to the lack of availability and the difficulty of synthesising sulphur containing
precursors for ligand preparation. In industry there is a requirement for catalytic
complexes to be synthesised in a small number of synthetic steps from precursors which
are inexpensive and commercially available. In this thesis we will study whether the use
of such precursors affects the coordination of transition metal complexes. In this study
we have synthesised two novel classes’ of phosphinothiol ligands, one being
synthesised from the commercially available thiirane, cyclohexene sulphide (L'H) and

the second being synthesised via a seven step synthesis derived from anthracene (L*H).

These ligands have been reacted with suitable metal precursors to form a number
of structurally diverse transition metal complexes. Through the study, coordination
chemistry and modelling theories have been used to anticipate the relative geometries of
such complexes. We present how the bonding of transition metal complexes compares

with crystal field and molecular orbital theory.

1.1 Coordination chemistry

The geometrical arrangement of ligands varies according to the number of
ligands bonded to the metal centre, and to the coordination preference of the metal. The
number of ligands can vary from two to eleven per metal. One of the most common
geometries is octahedral, where six ligands are coordinated to the metal in a
symmetrical distribution, leading to the formation of an octahedron if lines were drawn
between the ligands. Other common complexes contain four coordinated ligands which
can be arranged around a central metal atom in several ways. Ligands can be placed at
the corners of a square, with the metal atom at the centre of the square; this is called
square planar geometry. Another way that four ligands could be arranged around the
central metal atom is at the corners of a tetrahedron; this is referred to as tetrahedral

geometry (Figure 1-1).
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Figure 1-1 Typical coordination geometries of metal complexes

1.1.1 Crystal field theory

The geometry of a complex can be anticipated using several different models
such as Crystal field theory, Molecular orbital theory and Ligand field theory, which
delivers insight into the process of chemical bonding in transition metal complexes. By
utilising such models, the geometries of phosphinothiol and phosphinothioether

complexes can be hypothesised before any chemical reactions take place.

Crystal field theory (CFT) is a model that describes the electronic structure of
transition metal compounds, all of which can be considered coordination complexes. In
CFT, the metal complex is treated as a “free ion”. The ligands are treated as point
charges. It is assumed that the orbitals on the metal and the ligands do not overlap.
Interactions between a transition metal and ligand arise from the attraction between the
positively charged metal cation and negative charge on the non-bonding electrons of the
ligand. It is typical to consider how the d-orbitals on a metal will be affected upon being
surrounded by an array of point charged ligands. The way these point charges interact
with the d-orbitals of a metal atom explains the geometries adopted by various transition

metal complexes.

In the absence of ligands, all d-orbitals in a particular metal have the same
energy and are said to be degenerate. When ligands coordinate to the metal, however,
the ligands cause the d-orbitals to be either stabilised or destabilised. A stabilising effect
from a ligand lowers the energy of the interacting d-orbital. whereas a destabilising
effect raises the energy of the d-orbital. In an octahedral complex, six ligands are placed
symmetrically along the axes of a Cartesian coordinate system, with the metal at the
origin. Knowing the shapes of the five d-orbitals is essential in understanding octahedral

geometry. There are two d-orbitals that point directly along the Cartesian axes: the dz*
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orbital, which points along the z-axis, and the dx*-y* orbital, which has lobes on both the

x- and y-axes (Figure 1-2).

dxz d)’Z

Figure 1-2: Diagram of transition metal d-orbitals 4’ dxz—yz, dyy, dy, and d,,

The interaction of six ligands with the dz* and the dx*-y* orbitals raises the energy
of these two d-orbitals through repulsive interactions. Moreover, the energy of these
two orbitals is increased by the same amount, so the dz* and the dx*y* orbitals are
degenerate. In the nomenclature of crystal field theory, these orbitals are called the e
orbitals. The other three d-orbitals, the dxy, dzx. and dyz orbitals, which all have lobes in
between the Cartesian axes, are repelled less by the ligands and are in effect stabilised to
a lower energy. The dxy, dxz, and dyz orbitals (Figure 1-2) are also degenerate;
collectively, they are called the ¢ orbitals. The six bonding molecular orbitals that are
formed are filled with the electrons from the ligands, and electrons from the d-orbitals
of the metal ion occupy the non-bonding and, in some cases, anti-bonding MQO's. The
energy difference between the e and ¢ orbitals is called A, (o stands for octahedral) and
is determined by the nature of the n-interaction between the ligand orbitals with the d-
orbitals on the central atom. n-donor ligands lead to a small A, and are called weak- or
low-field ligands, whereas m-acceptor ligands lead to a large value of A, and are called

strong- or high-field ligands.
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The spectrochemical series is an empirically-derived list of ligands ordered by
the size of the splitting A that they produce. It can be seen that the low-field ligands are
all t-donors, such as I', the high field ligands are n-acceptors, such as CN™ and CO, and

ligands, such as H,O and NH3, which are neither, are in the middle.

I <Br <S* <SCN < CI' <NO5s <Ny < F < OH < C;04* < H;0 < NCS" < CH;CN
< py (pyridine) < NHj; < en (ethylenediamine) < bipy (2,2'-bipyridine) < phen (1,10-
phenanthroline) < NO,; < PPh; < CN < CO

We use similar logic to explain the crystal field splitting of the d-orbitals in a
four-coordinate, tetrahedral complex. One way to represent a tetrahedral species is to
show four ligands on alternating corners of a cube. In a tetrahedral complex, the ligands
do not point directly at any of the five d-orbitals, but they come close to the dxy, dzx,
and dyz orbitals, which are directed toward the edges of the cube, these orbitals are
raised in energy and are degenerate. The dz* and the dx’-y* orbitals point toward the
sides of the cube and are therefore directed away from the attached ligands; these two

orbitals are lowered in energy and are degenerate.

Crystal field theory also explains the four-coordinate, square planar geometry. In
this case, we imagine an octahedral complex in which the ligands on the z-axis that is,
those interacting most directly with the dz* orbital are removed. The dz* orbital is
therefore lowered in energy. Furthermore, the other d-orbitals having z-character
specifically, the dzx and dyz orbitals also decrease in energy. However, since the ligands
are all now in the xy plane, both d-orbitals having x- and y-character namely, the dx*-y’

and the dxy orbitals are raised in energy (Figure 1-3).
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Tetrahedral -~ Octahedral Square planar

Figure 1-3: Crystal field splitting of tetrahedral, octahedral and square planar transition metal complexes

What determines whether a four-coordinate transition metal complex is
tetrahedral or square planar is dependant on the number of d-electrons in the central
transition metal. If the metal has eight d-electrons, as is the case for Pd™, it is
energetically advantageous for the complex to adopt a square planar geometry. In this
case, the eight d-electrons will achieve some stabilisation in energy by occupying the

dxz, dyz, dz%, and dxy orbitals.

1.1.2 Molecular orbital theory

Molecular orbital (MO) theory uses a linear combination of atomic orbitals
(LCAO) to form molecular orbitals which cover the whole molecule. These are often
divided into bonding orbitals, anti-bonding orbitals, and non-bonding orbitals. When
studying the interactions of transition metal complexes the differences in energy levels
of ligands and metals complexes are quite different. The ligand orbitals which are lower
in energy than the metal orbitals evolve into bonding molecular orbitals when the
complex is formed. This is a general result, orbitals with the lower energy are lowered
even further when the molecule is formed. The bonding molecular orbital is dominated
by the ligand orbitals which are closest in energy. In other words, the bonding
molecular orbitals in transition metal complexes are mostly ligand in character and have
a small but not zero metal character. Correspondingly, the metal orbitals evolve into

anti-bonding molecular orbitals which are mostly metal in character and have a small
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contribution from the ligand orbitals. With reference to octahedral complexes all these

factors can be identified.

In octahedral complexes six bonding molecular orbitals are formed which are
mostly ligand in character. Since each ligand contributes exactly two electrons, these are
always completely filled. The filling of these orbitals is the source of the stabilisation
which holds the complex together. Three of the metal d-orbitals have a symmetry which
excludes interaction with the ligand orbitals therefore they are non-bonding and
degenerate. Two of the metal d-orbitals interact with the ligand orbitals and produce a
pair of degenerate anti-bonding orbitals which are mostly metal in character. The
magnitude of this splitting (Aoc) is determined by the extent of interaction between the
metal and the ligand (Figure 1-4). If the interaction is large, the spacing is relatively
large. This is called the strong field case. With a weak interaction called the weak field
case, the spacing is relatively small. This splitting result has consequences on the colour
of octahedral complexes. The remaining metal orbitals also evolve into four anti-

bonding molecular orbitals.
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Figure 1-4: MO diagram for an octahedral metal complex

Some ligand ions in combination with certain metal ions have a preference for

tetrahedral coordination. Since a tetrahedral complex has a radically different symmetry,
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the metal and ligand orbitals must combine differently. The MO diagram for a
tetrahedral complex is given in Figure 1-5. The complex has four ligands and hence
there are only four bonding molecular orbitals which are mostly ligand in character.
These orbitals are completely filled as each ligand contributes as before a pair of
electrons. The filling of these orbitals is the source of the stability of the complex. In
contrast with the octahedral case, two rather than three of the d-orbitals are non-bonding
and hence entirely metal in character. Three rather than two of the d-orbitals are anti-
bonding and are mostly metal in character. The pattern for the tetrahedral complex is the
reverse of that for the octahedral complex. The remaining anti-bonding molecular
orbitals are unoccupied and do not make an important contribution to the bonding.
Tetrahedral complexes lack a centre of symmetry. This has an important consequence.
The propensity to absorb light is greatly increased and tetrahedral complexes which

absorb in the visible are very darkly coloured.
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Figure 1-5: MO diagram for a tetrahedral metal complex

For purposes of completeness, a molecular orbital energy diagram of a square planar
complex is given in Figure 1-6. The complex has four ligands and hence there are only
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four bonding molecular orbitals which are mostly ligand in character. These orbitals are
completely filled as each ligand contributes as before a pair of electrons. The filling of
these orbitals is the source of the stability of the complex. In this MO model, three of
the metal d-orbitals are non-bonding, one is slightly anti-bonding, and one is more anti-
bonding. The arrangement of these orbitals changes depending upon ligand and metal
complex. However, in every case one orbital which is anti-bonding is significantly

higher in energy than the other four which is the last orbital to be filled.
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Figure 1-6: MO diagram for a square planar metal complex

We have already noted that transition metals with a a8 configuration have a
preference for square planar coordination. A combination of thermodynamics and MO
theory provides an explanation for the formation of square planar complexes with d°
species. First entropy considerations alone would argue for a loss of ligands and a
reduction in the coordination number. The energetics of this conversion from octahedral
to square planar coordination must be examined to discover why this is most likely with
d® species and why square planar rather than tetrahedral coordination results. An

octahedral complex contains the elements of a square planar complex. The equatorial

23



ligands and the metal constitute a square planar arrangement. Consider an octahedral
complex of a a® species such as Ni%*. Two of the eight d-electrons are present in the eg*
anti-bonding molecular orbitals. If one examines the symmetry of these orbitals, one
discovers that they involve the two axial metal-ligand bonds. These axial bonds are

broken preferentially and the residual complex is a planar species.

1.2 Hard and soft acids and bases (HSAB)

The HSAB concept, also known as HSAB theory, is widely used in chemistry
for explaining stability of compounds, reaction paths etc. ‘Hard’ applies to species
which are small, have high charge states and are weakly polarised. ‘Soft’ applies to
species which are big, have low charge states and are strongly polarised. A summary of
the theory is that soft acids react faster and form stronger bonds with soft bases, where
hard acids react faster and form stronger bonds with hard bases, all other factors being
equal. The classification in the original work was based on equilibrium constants for
reaction of two Lewis bases competing for a Lewis acid. Table 1-1 summarises typical

examples of hard and soft bases and acids.

Acids Bases
hard soft hard soft
ﬁ‘gg}’s Li*Na'K* Palladium Pd®** Hydroxyl OH  Thiol RS
+ bulk 0 . :
Hydrogen H Metals M Alcohol RO Phosphine PR;
Titanium  Ti** Platinum Pt*  Halogens F,CI Hydride H
CH;Hg
Chromium Cr’*.Cr®* Mercury  *, Hg”*, Ammonia NHj Iodides r
Hg22+
Boron . + carboxylic s .
trifluoride BF; Silver Ag acid CH3;COO'" Thiocyanate SCN
Carbocation R;C* Borane BH; Carbonate C032' Carbon‘ CO
monoxide

Hydrazine N>H4 Benzene CeHs

Table 1-1: Examples of ‘hard’ and ‘soft’ acids and bases

Phosphinothiols contain phosphino and thiolate donor ligands which are both
classed as soft bases, therefore it would be suitable to coordinate such ligands to soft
acid metals to form stable transition metal complexes. Examples of suitable metals have

been highlighted in Table 1-1. Group 10 metals, palladium and platinum have been
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extensively reported in the literature in forming stable complexes with P, S ligands 4],

53], [72]

1.3 Chelating ligands

With the ligands prepared in this study being bidentate chelating ligands a
mention of the importance of chelates in chemistry must be made. Chelators are used in
chemical analysis, as water softeners, shampoos, preservatives, and in medicine
(chelation therapy), where they are employed to safely bind with poisonous metal
agents such as mercury, arsenic, or lead to stabilise them and allow them to be excreted
without further interaction with the body. Natural chelators include the porphyrin rings
in hemoglobin or chlorophyll and the Fe>* chelating siderophores secreted by
microorganisms, and are contained in herbs such as cilantro, which has long been used

as a treatment for heavy metal poisoning. A commonly used synthetic chelator is EDTA.

1.3.1 Chelate effect

It has been known for many years that coordination with chelating ligands
produce complexes which have much greater thermodynamic stability than their
monodentate counterparts. This can be seen by simply looking at the Gibbs free
energies for adding a number of monodentates compared with adding half the number
bidentate ligands to form a metal complex. A classic example is the coordination of
ethylenediamine compared with the separate ligand addition of ammonia in forming

Ni** complexes (Scheme 1-1).

Ky

[Ni(H20)6]** + 6NH, [Ni(NH3)g)**

A\ Ge=-49.2 kJ mol™

ko
[Ni(H20)e]**  + 3en

[Ni(en)]**
A G°=-104.4 kJ mol

Scheme 1-1: Complex formation of Ni** using ammonia (NH;) and ethylenediamine (en)

If we study the free energy of formation we see that the AH® values for each
reaction are almost identical, that is, heat is evolved to about the same extent whether

forming a complex involving monodentate ligands or bidentate ligands.
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What is seen to vary significantly is the entropy (AS°®) which changes from negative
(unfavourable) to positive (favourable). To explain this enhanced contribution from

entropy there are two areas to concentrate on.

One explanation is to count the number of species on the left and right hand side
of the equation above. It will be seen that on the bottom there are four species, whereas
on the top there are seven species, a net gain of three species which occurs as the
reaction proceeds. This can account for the increase in entropy since it represents an

increase in the disorder of the system.

An alternative view comes from trying to understand how the reactions might
proceed. To form a complex with six monodentates requires six separate favourable
collisions between the metal ion and the ligand molecules. To form the tris-bidentate
metal complex requires an initial collision for the first ligand to attach by one arm, the
other arm is always nearby and only requires a rotation to enable the ligand to form the
chelate ring. If you consider dissociation steps, then when a monodentate group is
displaced, it is lost into the bulk of the solution. On the other hand, if one end of a
bidentate group is displaced the other arm is still attached and it is only a matter of the
arm rotating around and it can be reattached again. Both sets of conditions favour the
formation of the complex with bidentate groups rather than monodentate groups. Such
advantages favour the formation of bidentate phosphinothiol and phosphinothioether

complexes compared to their monodentate counterparts.

1.3.2 Macrocyclic effect

Coordination chemists study macrocycles with three or more potential donor
atoms in rings of greater than nine atoms as these compounds often have strong and
specific binding with metals. This property of coordinating macrocyclic molecules is
the macrocyclic effect. A macrocycle has donor atoms arranged in more fixed positions
and thus there is less of an entropic effect in the binding energy of macrocycles than
monodentate or bidentate ligands with an equal number of donor atoms. Thus the
macrocyclic effect states that complexes of macrocyclic ligands are more stable than
those with polydentate ligands of similar strength. With bridging phosphinothiol
complexes the extended valency of sulphur could take advantage of the macrocyclic
effect. The combination of both effects makes the formation of such ligands and metal

complexes very desirable.
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14 Trans effect and influence

The trans effect is defined as the effect of a coordinated ligand upon the rate of
substitution of ligands opposite to it. It is attributed to electronic effects and it is most
notable in square planar complexes, although it can also be observed for octahedral
complexes. The intensity of the trans effect (as measured by the increase in rate of

substitution of the trans ligand) follows this sequence:

F~, H;0, OH < NH; < py < CI' < Br” < I, SCN", NO;", SRs, Ph™ < SO;*” < PR;,
AsRj, SR;, CH; < H, NO, CO, CN™ C;H4

A classic example of the trans effect is the synthesis of cisplatin. Starting from
PtCl,*, the first NH; ligand is added to any of the four equivalent positions at random,
but the second NH3 is added cis to the first one, because Cl™ has a larger trans effect
than NHs. If, on the other hand, one starts from Pt(NH3)42+, the zrans product is obtained
instead (Scheme 1-2).

g S NH; O NHs - NH, C'\PfNHa
a”’ cl c” el CI” 'NH,
HN_ NHy - HN_ Gl - HN_ C
Pt = Pt = P
HN" NH, HN" NH, ClI” NH,

Scheme 1-2: Trans effect demonstrated by the synthesis of cisplatin

The trans influence is purely a thermodynamic phenomenon where ligands can
influence the ground state properties of groups which are trans to them. Such properties
include; Metal-ligand bond lengths, vibrational frequencies and NMR coupling
constants. The trans influence series is based on structural data and has been given as;

R, H > PR3 > CO, CNR, CI', As(CHs)3, NH; > py

As we have previously discussed there is a preference of reacting group 10 transition
metal precursors with our P, S ligands to form square planar complexes. Therefore cis
and trans geometries of the resulting complexes could be observed. Phosphorus and
Sulphur have different electronic properties which affect the geometries of complexes

formed owing to the trans effect, the ligands also alter the bonding properties of groups
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trans to them by their differing trans influence. These properties have been discussed
with the inclusion of the changes 'in the trans effect and influence between

phosphinothiolates and phosphinothioethers.

1.5 Phosphine chemistry; electronic and steric properties

There are many properties which make phosphines desirable ligands to study in
co-ordination chemistry and homogeneous catalysis. One of the most useful
characteristics is the ability to act as m-acids as well as o-bases thereby assisting the
stabilisation of metals in low oxidation states. This back donation is postulated to be

[1]

either to empty d-orbitals on the phosphorus atom ' or to occupy o* antibonding

molecular orbitals on the phosphine (2. B31. 141, 151 (Figure 1-7).

N\

/\QCEO
. QO

Xy dxy T

CR
P~ M
d

Figure 1-7: Metal phosphine back-bonding

A second desirable feature of phosphine ligands is that they have the ability to
be ‘tuned’ for a particular purpose. Groups pendant on the phosphorus atom giving
differing electronic as well as steric properties to the phosphine. The steric properties of
a coordinated monodentate phosphine are often defined by the cone angle, a parameter
first described by Tolman."® The cone angle is measured by drawing a cone such that
the lines touch the outer most part of the groups bonded to the phosphorus atom, and the

lines intersect at the centre of the metal atom (Figure 1-8)

Figure 1-8: Tolman cone angle
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A simple measurement of the c-basicity of a phosphine is to take the pKa of the
conjugate acid (i.e. the phosphonium salt), a high pKa indicating a more basic
phosphine (Table 1-2). This method is not a true reflection of just o-basicity, but rather

a measure of the overall characteristics of the phosphine.

Phosphine pKa
P(1-Bu); 11.40
P(Et), 8.69
P(Ph), 273

Table 1-2: Relative pKa of selected phosphines

7 also devised a now widely accepted methodology to measure the

Tolman
relative m-acidity of a particular phosphine ligand. The n-acidity of a phosphine ligand
has an effect upon m-acidic co-ligands coordinated to a metal atom. Because a
phosphine with high n-acidity will accept more of the electron density from the metal,
this lessens the available electron density shared between the other coordinated ligands
bound to the same d-orbital. Synthesis of a number of phosphine metal-carbonyl species
allowed Tolman to compare the relative m-acidity of the phosphine ligands by
comparison of their IR spectra. As the electron density is removed from the metal by the
phosphine ligand, the carbonyl ligands receive less back bonding from the metal. This
has the effect of strengthening the C-O bond (the acceptor orbitals of CO are
antibonding) shifting the A; band in the IR to a lower wave number in the IR spectrum.

By comparison of the wavelength at which the A, band is observed, comparison of the

relative n-acidity of different phosphine ligands can be made.

1.6 Sulphur chemistry

Sulphur exhibits oxidation numbers of -2, 0, +2, +4 and +6 and is most
commonly seen in the sulphide ion, S”, and a typical compound is H,S, hydrogen
sulphide or hydro sulphuric acid. It has been widely used in coordination chemistry and
homogeneous catalysis due to its extended valency of 2, 3, 4 and 6. Complexes range
from monomeric sulphides to bridging polymeric structures. Applications of sulphur
have focused around biological aspects where the oxidation properties of sulphur have

been utilised.
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1.6.1 Thiolates

There are many properties which make thiolates desirable ligands to study in co-
ordination chemistry and homogeneous catalysis. Thiolates are generated by
deprotonating their thiol counterparts in the presence of a base. The resulting thiolate is
a very powerful nucleophile which drives complexation reactions. One of the most
useful characteristics of thiolates is their ability to act as a o-donor orbital and a lone
pair orbital that is principally sulphur 3p in character. The lone pair orbital has the
correct symmetry for © interactions with metal d orbitals (Figure 1-9). If the metal d-
orbitals are formally occupied, the thiolate ligand may effectively act as a four electron

donor (26 + 27) %,

N\

—— R

M\/S

Figure 1-9: Thiolate orbital interactions with metal centres

Sulphur bridging species are well known, and syn-anti isomerisation proceeds via a
bridge opening mechanism (Figure 1-10). Unidentate groups also are well known with
mononuclear thiolates forming from ions such as: Zn", Cd", Mn" and most commonly
Fe'. With their resemblance to proteins such as Desulphoredoxintype [Fe(Cys),],
biological processes which contain thiolate linkages has increased the profile of this

area of study.

\9 7.l o
R S
M>S<M M/ \M M/S\M /S\

syn anti

Figure 1-10: Main types of thiolate complexation
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1.6.2 Thioethers

A thioether is a functional group in organic chemistry that has the structure Ro-
S-R. They are relatively weak donors, but stronger binding occurs with chelating or
macrocyclic thioethers. Thioethers have two lone pairs so that when one is involved in
metal binding, complexes exhibit pyramidal inversion (Figure 1-11) of the metal-
coordinated sulphur atom(s), rates and activation energies can be evaluated by total
NMR bandshape analysis. AG? values range between 45-56 kJ mol™!, with chelating

and bridging dithioethers, the stereochemical nonrigidity can be quite complicated.

M R
—_— \S"'"A““ R’

S-mmmniR’

/

M R

Figure 1-11: Geometry of a thioether showing the potential inversion and chirality

1.7 Mixed donor ligands
The first mixed donor ligand that utilised the effect of two different donating

centres simultaneously was seen in the work of Mann and Watson 301

. Here they
demonstrated the influence of two donor groups giving the chelate multifunctional
properties. The chemistry of asymmetric ligands offers other significant possibilities,
specific transformation of donor atoms can be carried out, potentially mirroring ligand
reactivity in non-chelating complexes. Introduction of a second stereogenic centre can
give different ligand donor properties through chelation on a metal which are not
available with monodentate ligands. Due to their increased stability many metal centre

studies can be made without the problem of competing ligand substitution reactions.

Multidentate ligands have not only shown ability in many areas of asymmetric
catalysis where there is a need for more than one donor influence on selectivity.
Another area of interest lies in hemilability where a ligand contains both a strongly

binding donor centre and one weakly binding donor centre 7. They can be used to
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protect an active site at a metal centre until it is required to effect a transformation of a

substrate.

1.8 Phosphinothiol ligands

The synthesis of phosphinothiols may seem to be a reasonably straight forward
process, but it does present a number of challenges. Many simple thiirane precursor
compounds are not commercially available, or even chemically well understood. This is
often because they are highly unstable, the introduction of sulphur containing moieties
brings with it the possibility of the unwelcome formation of phosphine sulphides and
almost without exception, the compounds involved are difficult to manipulate being

toxic, smelly and air-sensitive.

Synthetic methods for the formation of phosphinothiolate ligands can be summarised
into three areas of study. A review was carried out finding the possible synthetic routes
used in the formation of phosphinothiolates (Table 1-3). The review shows that the
number of synthetic routes attempted was limited with a total of eleven different ligands
formed for coordinating phosphinothiolate complexes. There has been reported a small
number of phosphinothiolates formed as an intermediate in the formation of

phosphinothioether ligands ),

Each ligand has been categorised depending on their method of formation
showing the trend of methods used over the last forty years. In a historic review we
shall discuss the pros and cons of each type of synthesis and discuss the criteria used for

the selection of our ligand synthesis.

Type of Synthesis Ligand Date Reference
Ring-opening Ph,PC,H,SH 1965 [42]
Ring-opening MePhPC¢H,(SH 1973 [43]
Electrophilic Substitution MePhPC,H,SH 1986 [44]
Electrophilic Substitution Ph,PC;HsSH 1987 [45]
Electrophilic Substitution Ph,PC,H,SH 1989 [46]
Phosphite reduction Ph,P(BINAP)SH 1994 [47], [48]
Double Substitution CpFe[Ph,PCpCH(Me)SH] 1997 [49]
Ring-opening Ph,PC,H;(CH,OCH,Ph)SH 2002 [50]
Double substitution Ph,PCpFeCpSH 2002 [51]
Ring-opening Ph,PC,H;{C¢H3(CH;){CH(CH;),] }SH 2003 521
Ring-opening Ph,PC,H;(Et)SH 2003 [53]
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Table 1-3: Review of phosphinothiol ligand synthesis

1.8.1 Ring opening of episulfides

[4 [140]

Ring-opening reactions of thiiranes, 31'and to a lesser extent thietanes are
the preferred route for a majority of reactions for the synthesis of phosphino-thiolates.
This is due to the process being a one-step regioselective reaction. Nucleophiles attack
at the least sterically hindered site of the thiirane (Scheme 1-3). However this reaction
does have its limitations, the attacking species must be a better nucleophile than the
thiol formed on ring-opening, due to the ease of formation of poly(thioethers). This
effect is also seen in reactive thiiranes where polymerisation can occur at ambient

temperatures during formation or storage.

Another complication is the possibility of attack at sulphur rather than carbon.
This is rare in the case of thiiranes, although alkyl- and aryllithium compounds can
cause desulphurisation. However the initial attack at sulphur is the rule rather than the

exception in ring-opening reactions of thietanes (1401,

Nu:

Scheme 1-3: Nucleophilic ring-opening of thiiranes

Chiral phosphines can be formed using prepared secondary organophosphides,
depending on their counter ion they can change the ligands reactivity and solubility. The

(42]

first recorded ring opening of an episulphide was pioneered by Geigy who

synthesised the first chelating phosphinothiolate ligand from ethylene sulphide (Scheme

(531 using the same methodology

1-4). This opened the door for a whole range of ligands
for thiiranes that are commercially available **'. Hydrolysis of these ligands gave the
resulting phosphino-thiol ligands along with an inert halide salt which plays no further
part in the reaction. Compared to their phosphinothiolate counterparts, phosphino-thiols
have greater stability which reduces the possibility of ligand oxidation or

polymerisation.
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s sti H,0 SH
((Z—X - Pth/\/ = thp/\/ +LIOH

Ph,PLi

Scheme 1-4: The preparation of dppet by ring opening of ethylene sulphide

In the literature there have been reports of a number of commercially available thiiranes
used in the manipulation of phosphinothiolates 3 In terms of variety this does reduce
the number of potential precursors, so synthetic routes have been found for the synthesis
of these episulphides. Thiiranes may be stereo selectively synthesised from their

corresponding oxiranes using different thiolating agents: phosphine sulphides (541, 53]

[56] [57] {581,

(Scheme 1-5), benzothiazole-2-thiones ', potassium thiocyanate " and thiourea
1591 For all these methods a mechanism involving two Walden inversions, one for each
oxirane carbon has been proposed, indicating for terminal chiral oxiranes, as in the case
below, the stereochemistry of the resulting episulphide is opposite to that of the starting

material.

+H*
SRy —
L3
Ra Ba
Raa: Rom
+
HS IR, <LH_ S QIR
Lo, + L, | oS
LS"T o) Ry L3(| 0 Rz pseudo- Lo 1
L L, rotation 3

Scheme 1-5: Proposed reaction scheme for the conversion of an epoxide to the resulting episulphide
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t P where benzyl glycidyl ether was

An example was reported by Bruga
converted into the corresponding episulphide, benzyl thioglycidyl ether, using thiourea
as the sulphur exchange agent. The thiirane was then reacted with potassium
diphenylphosphide, a regioselective process where only the Sn? product was observed.
The resulting phosphinothiol ligand has the opposite stereochemistry to the starting
oxirane, but the same absolute configuration (S or R) due to a change in the C.LP

substituent order of precedence.

More recently synthesis using episulphides as precursors has moved towards
chemically tuned ligands. A good example of this can be seen in the work of Duran (521
where he reported the synthesis of enantiopure complexes of group 10 metals. Through
some simple organic synthetic reactions ligands are synthesised from low-cost
commercially available substrates. Starting with a precursor of menthone a bulky,
optically pure phosphinothiol is synthesised using potassium diphenyl phosphide
followed by a water work up (Scheme 1-6). This synthetic mechanism can potentially

be replicated to form other novel phosphinothiols using commercially available

substrates.

CH,S(0)(CHg)»
—_—
o o)
KSCN
i) KPPh,
i) H*
SH
-—eeeeee
S
PPh,

Scheme 1-6 Synthetic route of a phosphinothiol derived from (-)-menthone
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1.8.2 Nucleophilic substitution

In the search for new ligands with no general synthesis available, a new form of
synthesis was adopted by Block 1481 He reported a range of ligands being synthesised by
ortho-lithiation-electrophilic  substitution procedures. The systematic study of
phenylene-bridged phosphinothiols had previously been hampered by the lack of a
general preparative route until the discovery of ortho-lithiation of benzenethiol. The 2-
lithiobenzenethiolate can be quenched with chloro-diphenylphosphine to give 2-

(diphenylphosphino)benzenethiol (Scheme 1-7)

SH SLi SH
Li PPh,
n-BuLi Ph,yPCI
——— — -
Cyclohexane THF, -78°C
TMEDA

Scheme 1-7: Synthetic route for forming a new class of phosphinothiol ligands

Chirality in phosphinothiol ligands can be introduced in different ways. It can be
achieved by means of the addition of a substituent in the chelate chain, as in the case of

1-methyl-2-(diphenylphosphino)ethane-1-thiol 1601

, or by the use of a phosphine group
with different substituents, as in the case of 2-(phenylmethylphosphino)ethane-1-thiol
(611441 "Byt in the both cases the resulting phosphinothiols were obtained as racemic

mixtures.

It is fairly common that thiolate complexes contain phosphine moieties which,
operating as ancillary ligands, are able to enhance the properties of interest. For this
reason the chemistry of polydentate ligands with sulphur and phosphorus donor atoms
in their frameworks has attracted increasing interest, augmented by the observations of
unusual structures and reactivities in the resulting transition metal complexes 1641, They
exhibit ligands which place phosphorous and sulphur in a cis configuration, and this
should imprint electronic asymmetry on the metal centre to be transmitted to any trans

groups.
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1.8.3 Reduction of phosphinothiol oxides

Atropisomerically pure S-alkyl (R)-2-diphenylphosphino-1,1’-binaphthyl-2’-
thiol derivatives have been synthesised through a multi-step reaction sequence starting
from (R)-binaphthol "), The final step of the reaction sees the phosphine oxide sulphide
deoxygenated with trichlorosilane / triethylamine to complete the synthesis (Scheme
1-8). This is the only example of a phosphinothiol being formed through the reduction
of a phosphite such conditions are usually detrimental to a normally reactive ligand

product.

DMSO
Phy,PO
7 oy I 7 oy
OH [Pd(acac)(BuPPhg)l P(O)PPhy
i) NaH, DMF, 0°C
i) Me,NCSCI, 85°C
iiiy LIAIHg4, THF, rt, 90°C
Xylene
" gy 120°C 7z gy
A——
PPh, SiCl3 / NEts P(O)PPhy

Scheme 1-8: Reduction of phosphine oxide to a phosphinothiol ligand
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1.9 Phosphinothioether ligands

With the early development of phosphinothiol ligands in the mid 1960s it wasn’t
long before the development of phosphinothioethers was exploited and superseding that
of the phosphinothiolates. The first reported phosphinothioether was done by Dyer and
Meek in the form of a tetradentate ligand tris(o-methylthiophenyl)phosphane 841 After
phosphinothioethers were labelled to be less stable than the corresponding phosphine
and arsines, Dyer and Meek decided to make a series of ligands containing As, P and S
moieties. Comparisons show the relative stability of nickel complexes formed, opening

the door for a whole range of phosphinothioether complexes to be exploited.

After synthesising the tetradentate ligand Dyer, Meek and Workman formed the
first bidentate and tridentate phosphinothioether ligands 1851 The reaction scheme for all
three ligands is shown below with the final step determining the ligand composition
using primary, secondary or tertiary phosphides (Scheme 1-9). Two years after the
synthesis of the first phosphinothioether ligand, Sieckhaus and Layloff reported a novel
phosphinothioether ligand ®. The bidentate ligand diethylphosphinoethyl ethyl
sulphide (DPES) was synthesised by nucleophilic addition of 2-chloroethyl ethyl
sulphide to sodium diethyl phosphide. DPES was synthesised in order to study the
effects of phosphine and thioether linkages on the co-ordination number of nickel (II)

halide complexes.

NH, NH,
(1) Na, CgHsOH

(2) CHal
SH SCH;
(1) NaNOQ, H2$O4
(2) CuBr, KBr
SCH;
Br
(1) C4Hgli
n(CeHs)P ~
(2) (CeH5)nPClz
3-n SCHs
n=0,1,2

Scheme 1-9: Synthetic route for the first series of phosphinothioether ligands
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This work was followed by the synthesis of 1-diphenyl-phosphino-2-

methylthioethane using the standard method for that time by Ross and Dobson (871, They

also employed a new method via a Grignard synthesis (Scheme 1-10), similar to that

employed by Mann and Miller in the preparation of a mixed nitrogen-phosphorus ligand

[88)

HPPh, +

Ph,PMgBr  + C'\/\S e

Dry Ether
——

/\ MgBr

Dry Ether
—_—

Ph,PMgB
Benzene 2PMger

Benzene

Scheme 1-10: Grignard synthesis of 1-diphenyl-phosphino-2-methylthioethane

For

an extended period of time

the interest

thp\/\ _~+  MgBrCl
S

in developing new

phosphinothioether ligands was halted. It wasn’t until the early 1990s that a new series

of phosphinothioether ligands was formed using the standard methods (Table 1-4).

These ligands had a range of different substituents on the sulphur moiety giving new

{911, [41], [94]

electronic and steric effects .

Type of Reaction Ligand Date Reference
Nucleophilic Substitution = P(C¢H,SMe); 1965 [84]
Nucleophilic Substitution  Ph,PC¢H,SMe, PhP(CsH,SMe), 1967 [85]
Grignard reaction Ph,PC,H,SMe 1968 [86]
Nucleophilic Substitution  Et,PC,H,SEt 1967 [87]
Ring-opening Ph,PC,H;MeSR 1999 [89]
Substitution (Bu-Li) (OC¢H,Bu,),PGlucoseCH,SR R = Me, i-Pr, Ph 2000 [90]
Nucleophilic Substitution  Ph,PC¢H,CH,SR, R = Et, Cy, 1995 [91]
CH,C¢H,;OHCHMe,
Ring-opening Ph,POMeC,H,(CHMe;,)SR, Ph,POC¢H,;,SBu 2000 [92]
Double halide substitution Ph,PCH,C¢H,SMe 2002 [93]
Ring opening Ph,PC,H;(Et)SH 2003 [53)
Phosphite reduction Ph,P(BINAP)SMe, Ph,P(BINAP)S iso-Pr 1994 (47]
Electrophilic Substitution ~ Ph,PB,oH,,CH,SH 1997 [41]
Electrophilic Substitution  CpFePh,PCpCH(Me)S(glucose), 1996 [94]

thPC6H4Cst CH2C6H7OHCHM32

Table 1-4: Review of phosphinothioether ligand synthesis
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In 1999 Hauptman developed a new strategy for the synthesis of chiral
phosphinothioethers *”). It was based on the opening of chiral non-racemic episulphides
using phosphorus nucleophiles. The opening of thiiranes by phosphorus nucleophiles
has been reported and in the case of terminal episulfides proceeds regioselectively to the
less hindered site as described in the synthesis of phosphinothiolates. Subsequent
quenching with reactive electrophiles leads to the corresponding phosphinothioether

ligand (Scheme 1-11).

S SLi
1R2PLi + A?ZR —— "_" 2R
Z ] Z
* RoP *
3RX
H
..\\\\\2R MX4 SSR
"RF s /—_4 g X
2
\ / \SR 1R2P //H

20N
X X
Scheme 1-11: Tuning ability of reacting electrophiles with pre-formed phosphinothiolates

The scheme above shows two nearly quantitative steps allowing chirality to be
introduced to the ligand through three degrees of molecular diversity represented by 'R,
’R and °R. This approach seems to be adequate for controlling the synthesis and ease of
adaptability (the first step is by-product free while the second step generates inert LiCl).
Coordination of these groups of ligands to a metal centre places the modified sulphur,
directly next to the metal where the key enantioselective step occurs. The presence of
large groups on phosphorus make the phosphorus coordination site sterically more
hindered. In addition, bulky groups both on the backbone and sulphur would cause *R
and 'R to be trans to each other upon ligand coordination, limiting the number of
coordination modes of alkene substrate. Finally, the electronic differences between
sulphur and phosphorus might lead to electronic effects that have found to be important
in some cases for obtaining favourable enantiomeric excesses in such catalytic
processes. All of the above arguments give us just cause in the preparation of these
ligands. More examples using this new method of ligand synthesis can be seen in the

(53] (92]

work of Dervisi and Evans
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1.10 Coordination chemistry of phosphinothiols

In comparison to the extent of phosphinothioether ligands, only a small range of
phosphinothiolate ligands that have been reported, with a number of co-ordinated
complexes to a range of transition metals. Table 1-5 shows a review of publications
with their respective ligands, dates and the period of time it has taken for these ligands
to be fully researched. Furthermore we can identify that a limited number of large

stericallly demanding phosphinothioether complexes have been synthesised.

Complex Metal Ligands Date Reference
Mo, Cr, W Ph,PC,H,SH 1975 [63]
Mo Ph,PC,H,SH 1979 [64]
Fe, Mn, Mo Ph,PC,H,SH 1980 (65}
Ir Ph,PC,H,SH 1983 [66]
Ti, Cu Ph,PC,H,SH 1985 {671
Mo Ph,PC,H,SH 1999 [68]
Pd Ph,PC,H,SH 2000 [69]
Pd Ph,PC,H,SH 1984 [70]
Ni, Pd, Pt MePhPC,H,SH 1986 [44]
Ti, Rh Ph,PC;H¢SH 1987 [45]
Pd Ph,PC,H,SH, Ph,PC;H,SH 1999 (71]
Ni, Pd, Pt Ph,PC,H;(Et)SH 2003 [53]
Pd Ph,PC,H;(CH,OCH,Ph)SH 2002 [50]
Au, Pd, Pt Ph,PCcH,SH 1994 [72]
Ir Ph,PC¢H,SH 1995 [73]
Re Ph,PC¢H,SH 1997 [74]
Re Ph,PC¢H,SH 1998 [75]
Re Ph,PC¢H,SH 1998 [76]
In Ph,PC¢H,SH 1999 [77)
Mo Ph,PC¢H,SH 2005 [78]
Ni, Pd, Pt Ph,PC¢H,SH 2003 [79]
Ni. Pd PhP(C¢H,SH), 2002 [80]
Mo. W, Re, Fe, Ru, Os, Rh, Ir, Ni  PhP(C¢H,SH),, P(C¢H,SH); 1996 {81]
Au PhP(C¢HSH),, P(CcHsSH);3 2000 [82]
Ti P(C¢H.SH); 2005 (83]
Pd, Pt Ph,PC,H;{C¢H3(CH;3)[CH(CH;),]}SH 2003 [52]
Ni, Pd, Rh Ph,PCpFeCpSH 2002 [51]
Pd, Pt CpFe[Ph,PCpCH(Me)SH] 1997 [49]
Pt Ph,CH,P(S)Ph, 2004 [131)

Table 1-5: Review of chelating phosphinothiolate complexes
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What is evident is the recent resurgence in the interest of phosphinothiolate
complexes mostly due to their application in asymmetric catalysis. The first
phosphinothiolate complex to be formed was that of group VI transitions metals with 2-
(diphenylphosphino)ethanethiolate described by Doyle in the mid 1970s 1631 Over this
time period interest was centred on the coordination chemistry of different combinations
of ligands. With the development of crystal structure data, new complexes were needed
for the study of interactions between donor ligands and metal centres. It was also the
start of mimicking natural and enzymatic systems that spurred the next growth of
phosphinothiolate complexes with discoveries that molybdenum was ligated by sulphur

in iron-molybdenum proteins of nitrogenase 1641,

The first reference to phosphinothiolates being linked catalysis was made in
1983 in the work of Stephan !°). He referred to the involvement of thiolates and
thioethers with respect to enzymatic and non-biological catalytic processes and the use
of phosphine complexes in a variety of catalytic reactions. The development of these
two fields led to the interest in mixed donor phosphorus-sulphur ligands. In 1985
Stephan again used the sulphur moiety to link two transition metals together forming a
heterobimetallic species '”). This formed the first sulphur bridging phosphinothiolate

complex, binding titanium and copper in close proximity.

After following the development of the earliest chelating P, S ligand complexes
we now turn our attention to the most extensively studied phosphinothiolate ligand. 2-
(diphenylphosphino)thiobenzene ligand was first prepared along with a series of
aromatic P, S ligands in the late 1980s. It wasn’t until 1994 that a range of transition
metals complexes were synthesied for a number of industrial applications "?. With the
interest of the biomedical industry, inorganic complexes were beginning to find
application in the clinical market. Complexes of platinum gained attention with the
development of treatments of throat and prostate cancer. Cisplatin is the leading
example with it becoming a leading anti-cancer drug in the early 80s. The use of gold
complexes as an antiarthritic drug was also coming to the attention of scientists. The
formation of these complexes was being led by Dilworth with complexes of rhodium,

™) and rhenium 74 being reported in the following years and his work was

[76]

iridium

extended by Sousa and his group in the coordination of more rhenium and indium

77 complexes.
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1 1 where he discovered a

An interesting communication was reported by Rea
previously synthesised palladium bis-chelate complex Pd(Ph,PCsH4S)2, when dissolved
resonated between cis/frans equilibrium (Figure 1-12). Phosphinothiolate bis-chelate
complexes predominantly take a trans orientation due to the bulky diphenylphosphino-
group being in close proximity in the cis form. In this case the cis form was isolated,

characterised and reported for the first time.

N — @:P\pd/”:Q
. \S I S/ \S

%

" N\o

AV
oW

ph Ph

Figure 1-12: Chemical equilibrium of the inter-converting palladium bis-chelates

1.11 Phosphinothioether coordination

In the early development of phosphinothioether complexes Meek and Dyer
formulated complexes of nickel and compared them to those formed with an arsenic
donor atom. With the collaboration of Workman, a series of complexes were
synthesised using their ligands: o-methylthiophenyldiphenyl-phosphine (SP), bis(o-
methylthiophenyl)phosphine (DSP) and tris(o-methylthiophenyl)phosphine (TSP). The
behaviour between the d® metal ions, palladium (II) and nickel (II) were studied, with
regard to the types of complexes formed. In addition they studied the different
coordinating properties of sulphur, phosphorus and arsenic in structurally similar
polydentate ligands. In the final series of phosphinothioether ligands Dyer and Meek
formed complexes of cobalt using ligands containing sulphur, selenium and arsenic.
During the early development of phosphinothioether complexes the coordination

chemistry of a small number of ligands were reported due to their limited applications.

It was not until 1975 that Doyle discovered another route to synthesising

phosphinothioether complexes 163]

. He performed a reaction between chromium,
molybdenum and tungsten phosphinothiolate complexes and methyl or allyl halides to
generate the corresponding thioether complexes. This approach of forming thioether
complexes using alkyl halides was extended in the research of Roundhill 7} 8 170}
studying the equilibrium and conversion of palladium methylthioether complexes into

their corresponding palladium phosphinothiolate complexes.
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Complex Metal Ligands Date Ref

Ni P(CsH,SMe); - 1965 [84]
Pd Ph,PC¢H,SMe, PhP(C¢H,SMe),, P(CcHsSMe); 1967 [85]
Ni Ph,PC¢H,SMe, PhP(C¢H,SMe), 1967 [95]
Co Ph,PC¢H,SMe 1967  [96]
Ni Et,PC,H,Set 1967 (86]
Cr, Mo, W, Mn Ph,PC,H,SMe 1968  [87]
Cr, Mo, W Ph,PC,H,SMe, Ph,PC,H,SCH,CHCH, 1975 [63]
Pd Ph,PC¢H,SMe 1979  [97]
Pd Ph,PC¢H,SMe 1980 [98]
Pd Ph,PC¢H,SMe 1984 [70]
Pt Ph,PC¢H,SMe 1986  [99]
Pd, Rh Ph,P(BINAP)SMe, Ph,P(BINAP)S(i-Pr) 1994 [47]
Rh Ph,PC¢H,;SMe, Ph,PC,H,SMe 1995  [100]
Pd Ph,PC,H,CH,SR, R = Et, Cy, CH,C¢H,OHCHMe, 1995 [91]
Pd PhP(C,H;)(CH,CHCMeCMe)SPh 1996 [101]
Pd CpFePh,PCpCH(Me)S(glucose), Ph,PC¢H,CH,SCH,CcH,OHCHMe, 1996 [94]
Pd CpFePh,PCpCH(Me)S(glucose), Ph,PCcH,CH,SCH,CcH,OHCHMe, 1996 [102]
Rh, Ir, Pt CpFePh,PCpCH(Me)S(glucose), Ph,PCH,CH,SCH,CcH,OHCHMe, 1997 [103]
Pd Ph,PCcH,S(C;s0,) 1997 [104]
Pd, Rh Ph,PC,H;MeSR 1999 [89]
Ir (OC¢H,Bu,),PGlucoseCH,SR R = Me, i-Pr, Ph 2000 [90]
Pd Ph,PC,H,SMe 2000 {10s]
Pd. Rh, Ir Ph,POMeC,H,(CHMe,)SR, Ph,POC:H,,SBu 2000 [92]
Pd, Rh, Ir Ph,POMeC,H4(CHMe,)SR, Ph,POC¢H;(SBu 2002 [106]
Pd PhPC,H(CN)[SCHC(Me)C(Me)] 2002 [134]
Rh, Ir Ph,PB,¢H,,CH,SH 2002 [107]
Pd, Rh Ph,PC,H,SCsH,OC,H,PPh, 2002 [108]
Pd Ph,PCH,CsH,SMe 2002 [93]
Pd Ph,PC,H;(Et)SMe 2003 [53]

Table 1-6: Review of chelating phosphinothioether complexes

1.12  Catalysis

Chiral chelating ligands find wide applications as auxiliaries in a variety of
organic transformations. In particular diphosphines have been shown to be effective in

8. [9]

catalytic reactions such as hydrogenations " P! carbonylations !0 [ 1121

hydroformylations 3l allylic substitutions, C-C " and C-N !*! coupling reactions.
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Chelating chiral diphosphines are classical ligands extensively used in metal-

catalysed enantioselective processes (18]

. Besides the asymmetry introduced by the
chelate ring, many of these diphosphines have two donor atoms with similar electronic
and steric properties (e.g. DIOP 71 BINAP "8}, In order to decrease the symmetry of
the bidentate ligand, diphosphines with different substituents at each phosphorus have
been synthesized (DIPAMP “9]), and some chemical changes have been introduced
(BINAPHOS [20]). In this case, electronic differences between the two donors may
control reaction selectivities via operation of the trans effect and trans influence. In
addition, steric differences between the two co-ordination sites of the chelate can

control the catalyst regioselectivity by accommodation of the more bulky side of the

participating ligand adjacent to the least hindered side of the chelate.

Qom Q
.'p P".

DIPAMP
o]
PPhy 0—F
PPhy PPh,
BINAP BINAPHOS

Figure 1-13: Structures of phosphine ligands

Sulphur is often talked about as being a poison of catalysts, arising from its
passivation of many platinum-metal based heterogeneous catalyst systems, especially in
the petrochemical industry, by the formation of various sulfide phases. However
homogeneous catalysis have different requirements of reactivity and, as seen,
homogeneous catalysis systems containing sulphur can display enhanced activity

compared with more traditional systems (21,1221, (231, (4]

Reports in the literature have shown sulphur complexes to be in the form of

thiolato-bridged complexes of palladium or platinum and demonstrating an enhanced

45



(261 and alkylations (271281 Recent reports point

catalytic activity for allylic aminations
to the particular nature of catalytic carbonylation systems that incorporate thiolato
ligands. Aminothiolato complexes of palladium with triphenylphosphine catalyse the
conversion of styrene to 2-phenylpropionic acid in high yield and excellent

regioselectivity (291,

In recent years, however, there has been great interest in developing chiral
bidentate systems as suitable candidates for catalytic precursors where only one of the
donor atoms is phosphorus. Catalytic precursors have been recently developed using
chiral bidentate systems where only one of the donor atoms is phosphorus. For example,
mixed P, O B 3% and P, N donor 1** ligands have been exclusively applied in catalysis
with respect to closed chelating systems. Phosphino-oxazolines in particular have found

applications that cover a wide range of catalytic processes; hydroboronations 133]

[35], [36] [371, (381, [39]

, allylic
aminations **, allylic alkylations and substitutions

The development of P, S donor ligands for catalytic applications has also been
of interest recently, it was thirty three years after the synthesis of 2-
(diphenylphosphino)ethanethiol when Polo and Real ) used the same ligand for
applications in enantioselective catalysis (Scheme 1-12). The key elements for
phosphinothiol selection were their steric asymmetry and differing electronic influences
of the ligand coordination sites, with key intermediates that control the stereochemistry
of the products of reactions that are thought to be dependent on two adjacent

coordination sites, such as catalytic palladium mediated carbonylations.

Ph,
N [PACIo(PhCN),] iS\ /P PAPPNy)Cl, 1IN /S
Ph,P SH R Pd - Pd
Tol \
P/ \s CI/ P
Phe 110°C Phe

Scheme 1-12: Formation of a palladium complex used for carbonylation reactions

Finally the interest in phosphinothioether ligands was somewhat slow until the
early 1990s where palladium allyl phosphinothioether complexes were shown to have
potential application to the catalytic allylic alkylations o1, Reports on catalytic reactions
using phosphinothioether ligands are scarce partially owing to fear of metal poisoning
by sulphur. The use of these ligands has been reported for the carbonylation of methanol

[ 147), [109]

1% the reduction of ketones by hydrogen transfer , and the hydroformylation of
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styrene '*”). Pregosin has synthesised and structurally characterised a number of metal
complexes bearing chiral P, S-donor ligands In particular, palladium complexes with
ligands such as 2,3,4,6-tetra-O-acetyl-1-[(diphenylphosphino)benzyl]thio-D-

glucopyranose and were shown to carry out allylic alkylation (94, 11021, [103]

1.13  Aims of the project

Using the information gathered from literature sources we concluded that there
has been limited research for the development of phosphinothiolate and
phosphinothioether ligands and their relating complexes thus far. Although studies of
simple backboned phosphinothiolate complexes have been carried out, the same efforts
have not been made at developing novel ligands of the same class. Two areas have been
identified for further study, the first being a lack of conformationally confined ligands,
limiting the relative positioning of the coordinating sulphur and phosphorus moieties.
The second being the development of high molecular weight ligands, due to the ease of
synthesis using simple commercially available substrates the size of P, S ligands has
been limited to simple backboned ligands which have little influence of the coordinated

metal centre.

It is our aim to synthesise two phosphinothiolate ligand backbones with
contrasting appearances, the first being synthesised using a simple commercially
available substrate with a confined backbone leaving the coordinating functional groups
with limited flexibility. The second ligand is to have a more intricate backbone, created
using a number of synthetic steps, to enable the ligand to have an influence on any

coordinated species.

HS

) HS P
p

L'H L2H
Figure 1-14: Structures of ligands L'H and L*H
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81 we would then convert the

Using a strategy developed by Hauptman
resulting phosphinothiolate ligand into a series of phosphinothioether ligands via a
simple one-step nucleophilic substitution. The number of possible halide precursors is
limitless, we concluded that using electron donating substituents would increase
reactivity due to the more stable intermediate and give higher yields for ligand
synthesis. Our second criterion for selecting halides was made by varying and
comparing relative steric properties. We wanted to study whether the size of

substituents on the thioether moiety would induce electronic and steric constraints on

the coordinated species.
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Chapter 2 Ligand synthesis

2.1 Phosphinothiol ligands

Of the various mixed donor ligands the study of phosphorus and sulphur centred
bidentate ligands are especially interesting. Both phosphorus and sulphur are excellent
ligand donor atoms for a wide range of metals, while the low ionisation energy of
sulphur and the existence of several lone pairs of electrons offer the possibility of a vast

sulphur based chemistry of complexes.

After the literature review of synthetic routes for phosphinothiols we came to the
conclusion that ring opening of episulphides would provide the best opportunity to form
our sterically diverse ligands. This is followed by conversion into a series of
phosphinothioethers through classical nucleophilic substitutions which could be

achieved irrespective of the ligands steric differences.

2.1.1 Synthesis of 2-(diphenylphosphino)cyclohexanethiol L'H

Herein we report the synthesis and stereochemical analysis of phosphinothiol
L'H (Figure 1-1). Using a racemic starting material with two chiral centres one would
expect up to four stereoisomer structures being synthesised. The advantage of using a
conformationally confined backbone is that they can limit the number of possible
stereoisomers formed. The starting cyclohexane sulphide has an episulphide ring which
can only be accommodated in an equatorial position on the cyclohexyl substituent due
to geometric constraints. Due to the Sx* type addition of diphenyl phosphine the ligand
species adopts a trans position with respect to the sulphur moiety. This again limits the

number of stereoisomers possible for synthesis.

mPPh2

Figure 2-1: Diagram of 2-(diphenylphosphino)cyclohexanethiol L'H

The racemic phosphinothiolate ligand L'Li was prepared as a representative
example for this class of ligand, the reaction sequence for its synthesis is shown in
p q y

Scheme 2-1. Due to the conformationally confined starting material there are two
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possible forms of cyclohexene sulphide with the episulphide positioned in the equatorial
position. Therefore when nucleophilic addition by lithium diphenylphosphide occurs the
resulting enantiomers are formed. These enantiomers are non-distinguishable by NMR

spectroscopy therefore only one compound would be observed.

H
H
HS >
%,
D , > “PPh,
S I) Etzo, OOC H
H m
b LiPPh, iy THF, H,0 59
enantiomers
H
H
PhPW"
KF - . HS
S i) Et,0, 0°C
w i) THF, H,0 H
H
(R, R)

Scheme 2-1: Formation of 2-(diphenylphosphino)cyclohexanethiol L'H

Subsequent reaction of cyclohexene sulphide with lithium diphenylphosphide
followed by hydrolysis via a water work-up afforded the required phosphinothiol L'H
in reasonable yield (76%). Excess of diphenylphosphine was removed by subsequent
washings with diethyl ether to give the phosphinothiolate as a fine white powdery solid.
In deuterated degassed chloroform a '"H NMR spectrum of L'H shows the expected
observation of one isomer due to the spectroscopic equivalence of enantiomers. The
spectra consisted of eleven protons in the saturated hydrocarbon region representing the
thiol and cyclohexyl backbone and ten protons in the aromatic region for the diphenyl
phosphino- group. The resulting ligand is air sensitive and 3'p ("H} NMR shows a sharp

singlet at dp -6.3, the oxidised form of the ligand is distinctively visible at 8p 22.0.
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2.1.2 Synthesis of 9, 10-ethanoanthracene-2-diphenylphosphino-1-ethanethiol, 9-
10-dihydro, L*H
With a design based on an anthracene precursor, we utilised the ability of
anthracene to form bridging compounds via a Diels-Alder addition. To give the
proposed ligand a degree of flexibility the P, S moieties are connected using an ethylene
bridge forming a chiral centre (Figure 2-2). This Diels-Alder reaction proceeds using
elevated temperatures as anthracene is more reactive with a higher electron affinity than

that of benzene and naphthalene.

L2H
Figure 2-2: Diagram of 9.10-ethanoanthracene-2-diphenylphosphino- 1-ethanethiol, 9-10-dihydro, L*H

The racemic ligand L2H was prepared from anthracene in a seven-step synthesis
according to Scheme 2-2. The first step of the synthesis is a Diels-Alder reaction of
anthracene with butyl acrylate at 170°C to give 9, 10-ethanoanthracene-11-carboxylic
acid, 9-10-dihydro, butyl ester 1 in good yield (94%) with no further purification
needed. Alcohol 2 was easily formed from the reduction of ester 1 using lithium
aluminium hydride keeping a steady reflux by the drop-wise addition of the dissolved
precursor. This white crystalline solid was converted to its corresponding bromide 3
giving a by-product of triphenyl phosphine oxide that was separated with a crude

column using 9:1 petroleum ether: ethyl acetate solution giving reasonable yields (62%).
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o - A K

X = OH (2); X = Br (3)

IV

PPh,
g (vn) K (v (vi) K

X=0,5;X=S5,6

Scheme 2-2: Seven step synthesis of ligand L’H Reagents and conditions: (i) butyl acrylate, 170°C, 24h;
(i) LiAlH,, ether, rt, 2h; (iii) CBr,;, PPh;, imidazole, 80°C, 24h; (iv) DBU, 140°C, 24h; (v) chloro-
perbenzoic acid, HCCls, 0°C, 24h; (vi) SC(NH,),, methanol, rt, 72 hours; (vii) KPPh,, THF, 0°C, ih, H,0

Bromide 3 was reduced to alkene 4 by heating a solution of compound 3 with
diazabicyclo [5.4.0] undec-7-ene (DBU) at 140 °C. The salt by-product was removed by
column chromatography with the same solvent system giving the alkene pure in good
yields (60-80%). Novel epoxide 5 was formed by the reaction alkene 4 with chloro-
perbenzoic acid, which gave the best yields at low temperatures (0°C). Washing the
compound with a sodium hydroxide solution (10%) removed excess acid leaving the
epoxide 5 as a white crystalline solid. Compound 5 was transformed into the
corresponding episulphide 6 (Spiro[9, 10-ethanoanthracene-1-2-thiirane] 9-10-dihydro)
using thiourea 1381 159] This reaction was somewhat slow, even when using a large excess
of the sulphur transfer agent. The reaction yields were moderate (50-75%), but as the
reagents are easily available the reaction was still convenient. Regioselective ring
opening of the thiirane 6 with one and a half equivalence of KPPh; followed by a water
work-up gave ligand L*H in good yield (75%) and purity. For industrial applications this
reaction mechanism is not as suitable as the previously synthesised ligand L'H with the
large number of synthetic steps leading to an overall yield of less than 10%. Potassium
diphenyl phosphide is a commercially available substrate and was chosen in preference
to that of the lithium counterpart. The larger potassium counter-ion causes the resulting
ligand to precipitate out of solution and therefore leaving no requirement for washing.
The novel phosphinothiol proved to be unstable in air with the tertiary phosphine
oxidising. Compounds 1-6 were structurally characterised in solution by NMR

spectroscopy. Reaction progress was monitored using 'H NMR spectroscopy following
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the shift in characteristic bridgehead protons (H®, H'%) ranging from 8y 3.55-4.64 (Table
2-1). In compound L’H, the methylene protons (H"”, H'") near the phosphine are
diastereotopic showing a *Jyp coupling constant with the phosphorus atom, seen in the
'H NMR spectrum. The phosphorus NMR spectrum of L?H shows a single sharp
resonance at dp —23.0. The ligand proved to be stable towards sulphur transfer from the

tertiary carbon to the phosphorus 521

Compound & &'
1 4.60 4.27

2 4.34 4.17

3 4.40 4.20

4 4.64 4.26

5 3.62 427

6 3.57 4.28
L’*H 457 423

Table 2-1: Characteristic 'H NMR signals of bridgehead protons H® and H' for compounds 1-6 and L*H

2.2 Phosphinothioether synthesis

In the past years there have been a number of coordinated dialkyl sulfides
complexes with relatively little studied due to the instability of many of the complexes
formed. The generation of chelates with greater stability has allowed many complexes

to be successfully prepared and studied, as we have discussed in Chapter 1.

Phosphinothioether ligands generally have an advantage over their
phosphinothiolate counterparts having added steric bulk in the region of catalytic
activity. On complexation an extra degree of chirality is introduced into the molecule,
the sulphur centre becomes chiral on complexation which is placed directly next to the
metal where the key enantioselective step occurs. This combined with the presence of
large groups on phosphorus, make the phosphorus coordination site sterically more
hindered. In addition, bulky groups both on the backbone and sulphur would cause
bonded alkyl groups and the carbon backbone to be trans to each other upon ligand
coordination, limiting the number of coordination modes. Finally, the electronic
differences between sulphur and phosphorus might lead to electronic effects that have
been found to be important in some cases for obtaining favourable enantiomeric
excesses in catalytic processes 191 Al] of the above arguments give us just cause for the

preparation of these ligands.
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2.2.1 Synthesis of 2-(diphenylphosphino)cyclohexanethioether L'R ligands

In the literature there have been a number of examples phosphinothioether
ligands where the starting material is the corresponding phosphinothiolate ligand (411, 1471,
1531 Such a route of synthesis gives us the opportunity to fine tune the corresponding
ligands by easily changing the steric and electronic properties of the thioether moiety.

91 we propose the systematic

Following the synthetic route proposed by Hauptman
synthesis of a number of sterically diverse phosphinothioether ligands L'R (Scheme

2-3).

%Pphz +RX I

Li

+ LiX

ol
m”lllu..
T
o
=
o

ml”ll:

Scheme 2-3: Reaction scheme of the tuning ability of reacting electrophiles with performed
phosphinothiolates.

The selection of halides for such a classical nucleophilic substitution is done
keeping in mind their reactivity to ensure elevated temperatures are not required, which
would result in the decomposition of targeted phosphinothioethers. For the first
synthesis we decided to use the least sterically hindered halide compound to combine
with our phosphinothiolate ligand L'Li. To increase the likelihood of nucleophilic
attack we selected benzyl bromide for our initial reactions, due to its increased activity
and the electron donating ability of the benzyl substrate. Synthesis of phosphino-
thioether L'Bn was prepared in one step from the reaction of phosphinothiolate L'Li

dissolved in THF followed by the drop-wise addition of benzyl bromide (Scheme 2-4).

Br
%m THF
7 2+ —_— . pph, + LiBr
Li

L'Bn

[2)) I,
Diny,,

Scheme 2-4: Reaction scheme of the formation of phosphinothioether ligand L'Bn

After one hour a *'P NMR spectrum of L'Bn revealed a single sharp resonance
at 8p -11.7. To confirm the completion of the reaction a 'H NMR spectrum shown the

presence of two protons in a region of the spectrum characteristic of benzylic protons.
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These benzylic protons were shifted from that of benzyl bromide to 8y 3.56 showing the
addition of the benzyl group forming the desired phosphinothioether L'Bn. The
increased proton integration in the aromatic region of the spectrum gave further
evidence of the addition of the thioether moiety. As we have previously seen for
phosphinothiol ligand L'H, one preferred isomer of the free phosphinothioether ligand
L'Bn is observed using spectroscopic analysis. This method does have its drawbacks
with the formation of a by-product which can influence resulting complexes (Chapter

5).

After the successful synthesis of L'Bn using an aryl methyl bromide we decided
to use the less reactive methyl aryl chlorides for the nucleophilic addition step. This
revised method would produce a by-product of LiCl which could be removed through
an aqueous work-up. The systematic synthesis of phosphinothioether ligands was
carried out using benzyl chloride, 1-chloromethyl naphthalene and 9-chloromethyl

anthracene (Scheme 2-5).

% P THF
: PPhz 4 R . —> %pphe + LiCl

R

\__

& & ok

L'Bn L"1-MN L'9-MAN

m/llh,

mlllln...

Li

Scheme 2-5: Reaction scheme showing the formation of phosphinothioether ligand L'1-MN

This method resulted in the formation of phosphinothioether ligands L'Bn, L'1-
MN and L'9-MAN after washing giving good yields. All spectroscopic data were
recorded using ligands dissolved in deuterated degassed chloroform. Single peaks were
observed in the *'P NMR spectra for all ligands in the region &p -11.8. 'H NMR
spectroscopy reveals the presence of benzylic, methyl naphthalene and methyl
anthracene thioether moieties in the CH, and aromatic region. ">°C NMR data shows a
total of seven signals in the saturated region of the spectra indicating addition of the
thioether moieties for all ligands. The final ligand synthesis modification relates to the
halide addition step. For early ligand synthesis reactions benzyl chloride and 1-methyl

naphthalene were added directly to the reaction through a syringe, therefore leading to
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less control over halide addition. To rectify this control all halides were diluted to a
standard concentration using the preferred solvent of THF before being transferred to

the reaction mixture.

2.2.2 Synthesis of 9, 10-ethanoanthracene-2-diphenylphosphino-1-

ethanethioether, 9-10-dihydro L’R ligands

Phosphinothioether ligands previously reported, in general have contained
simple low molecular weight backbones (531, 1851 891 ' Therefore interactions between the
backbone and the thioether moiety have not been observed. We plan to synthesis a
phosphinothioether with a large sterically encumbering backbone generating
interactions between its own substituents, the coordinated metal and the thioether
moiety. After the successful generation of a series of phosphinothioether ligands from
L'Li. we replicated similar phosphinothioether ligands using the phosphinothiolate

2
precursor LK.

Following the seven step synthesis outlined previously, phosphinothiolate L’K
was synthesised and washed in anhydrous degassed THF. The high reactivity of ligand
L'K forms the corresponding phosphinothioether which then dissolves in solution
(Scheme 2-6). Reactions times were dependant on the type of halide, benzyl chloride
reacted over a twelve hour period whereas 9-methyl anthracene reacts to completion
within two hours. All phosphinothioether ligand synthesis produced a by-product of
LiCl which was removed through an aqueous work-up to leave the products in

reasonable yields (69-76%).

KS PPh, R
~——s PPh,
THF
. —_——
R/\C!
LK
o ~|‘
L?Bn L?1-MN L?-MAN

Scheme 2-6: Reaction scheme for the formation of ligands L?Bn, L?1-MN and L?9-MAN



With the presence of one chiral centre, it was expected to see the single
stereoisomer present for each reaction as the two enantiomers are non-distinguishable
through spectroscopic techniques. The *'P NMR spectra of the ligand solutions revealed
the presence single signals between 8p-23.7 and -24.7. C NMR spectra of all ligands
show the presence of six saturated carbons, confirming the presence of the thioether
moiety. 'H NMR spectroscopy reaffirmed the synthesis of one stereoisomer with the
observation of one set of saturated hydrocarbon signals on the backbone of the ligand
and the new methylene protons from the thioether moiety. Methylene protons were
identified in the "H NMR spectra for all phosphinothioethers in the range of &y 2.97-

4.58 depending on the electron donating abilities of the thioether groups.

Figure 2-3: '"H NMR numbering scheme for LR

With data for a whole series of ligands it is beneficial to compare each spectrum
to evaluate the interactions of changes in the thioether group and how they effect the
environment of the backbone of the ligand. All NMR data is tabulated below to show
how the proton environments are effected by the change in thioether electron-density.
Nearly all signals are shifted downfield with the increase in thioether size and electron
donating ability, except for the bridge-head (H'% proton of the benzyl ligand L?Bn
which is shifted slightly more downfield to that of the methylnaphthalene thioether, as
shown in Table 2-2.
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Proton L?Bn - L*1-MN L?9-MAN

H 4.44 4.46 4.64
H" 4.14 4.12 427
H" 1.82 1.82 2.02
H" 1.94 1.94 2.02
H" 2.49 2.53 2.80
H" 2.25 2.32 2.70
H" 297 3.55 4.39
H'C 3.39 3.92 4.58

Table 2-2: Comparison of "H NMR data between synthesised ligands.

With the successful synthesis of a range of phosphinothiolate and
phosphinothioether ligands we will coordinate and structurally compare complexes
formed. From these results we will identify the influences ligand backbones have on

electronic and steric properties of ligand-metal bond interactions.
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2.3 Experimental

Materials and methods

All manipulations were preformed using standard Schlenk techniques under a
nitrogen atmosphere, except where otherwise noted. All metal complexes were prepared
under an inert atmosphere but after their formation they are air-stable. All other reagents
were used as received. Solvents were purified by standard literature methods *!. Mass
spectra were obtained in FAB (Fast Atom Bombardment) mode in a 3-nitrobenzyl
alcohol matrix. NMR spectra were obtained on Bruker Avance AMX 400 or Jeol Eclipse

300 spectrometers and referenced to external TMS.

HS

P\\\\‘\\' %

Preparation of HSCsH;oPPh; L'H. Diphenyl phosphine (1.63 g, 8.76 mmol) was
diluted with anhydrous diethyl ether (30 ml) whilst stirring under argon. The solution
was then cooled to 0°C using an ice bath and followed by addition of n-BuLi (2.5 M,
1.52 ml, 8.76 mmol) drop-wise over a period of five minutes turning the solution bright
yellow. After stirring for thirty minutes cyclohexene sulphide (1.00 g, 8.76 mmol)
dissolved in anhydrous diethyl ether (20 ml) was added to the reaction drop-wise at 0°C
whilst stirring under argon. After stirring for 2 hours the phosphinothiolate precipitates
from solution in the form of a white solid. This solid was filtered and washed with
diethyl ether (3 x 30 ml). The L'Li was then hydrolysed using degassed water (1 ml),
dissolved in (20ml) and then dried using magnesium sulphate. Evaporation of the
solvent left the desired product in the form of a white solid. Yield 1.627 g (60%). 8y
(CDCl3, 400MHz) 0.90 (1H, m, Cy), 1.19 (2H, m, Cy), 1.44 (2H, m, Cy), 1.57 (1H, m,
Cy), 1.75 (1H, m, Cy), 2.08 (2H, m, Cy / SH), 2.30 (1H, m, Cy), 2.77 (1H, m, Cy),
7.06-7.23 (SH, m, ArH), 7.23-7.41 (SH, m, ArH), 7.60 (1H, m, ArH). éc (125 MHz,
ppm, CDCl3) 24.58 (1C, s, Cy), 25.10 (1C, d. Cy, “Jcp = 2.5), 26.50 (1C, s, Cy), 36.07
(1C. s, Cy), 40.84 (1C, d, Cy, “Jcp = 18.9), 43.26 (1C, d, Cy, *Jcp = 13.8), 128.21 (1C, s,
Ph), 128.34 (1C, s, Ph), 128.40 (1C, s, Ph), 129.29 (1C, s, Ph), 129.54 (1C, s, Ph),
131.17 (1C, s, Ph), 131.26 (1C, s, Ph), 132.34 (1C, s, Ph), 135.52 (1C, s, Ph), 135.65
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(1C, s, Ph), 136.92 (1C, d, Ph, 2Jcp = 13.8), 139.16 (1C, d, Ph, 2Jcp = 13.8). 8p (CDCl3,
121MHz) - 6.3. '

Preparation of C;sH;;CO:Bu 9, 10-ethanoanthracene-11-carboxylic acid, 9-10-
dihydro, butyl ester 1. Anthracene (19.31 g, 0.11 mol) was added to butyl acrylate
(13.138 g, 0.11 mol) in a sealed vessel. The mixture was heated to 170°C and stirred for
24 hours. Using column chromatography the resulting product was separated leaving a
white crystalline solid. Yield (24.148 g (73%). 'H NMR (CDCls, 400MHz) 0.85 (3H, t,
CH3, *Jun = 7.4), 1.25 (2H, m, CH,), 1.48 (2H, m, CH>), 1.93 (1H, m, CH5), 2.10 (1H,
m, CHa), 2.79 (1H, m, CH), 3.90 (2H, m, CH,), 4.27 (1H, t, CH, *Juyy = 2.6), 4.60 (1H,
d, CH, *Juy = 2.5), 7.00 (4H, m, ArH), 7.20 (4H, m, ArH). 8¢ (125MHz, CDCls) 13.85
(1C, s, CH3), 19.27 (1C, s, CHy), 30.82 (1C, s, CHy), 43.97 (1C, s, CHy), 44.27 (1C, s,
CH), 47.09 (1C, s, CH), 64.67 (1C, s, CH), 123.38 (1C, s, Ar(C), 124.86 (1C, s, ArC),
125.46 (1C, s, ArC), 125.83 (1C, s, ArC), 126.29 (1C, s, ArC), 128.30 (1C, s, ArC),
140.19 (1C, s, ArC), 142.63 (1C, s, ArC), 143.84 (1C, s, ArC), 144.13 (1C, s, ArC),
173.64 (1C, s, C=0).

Preparation of C;7H14OH 9, 10-ethanoanthracene-11-methanol, 9-10-dihydro 2.
Into a two-necked flask fitted with a dropping funnel and reflux condenser lithium
aluminium hydride (0.30 g, 7.88 mmol) was mixed with dried ether (20 ml). To this
grey mixture, ester 1 (2.238 g, 7.30 mmol) dissolved in dry diethyl ether (30 ml) was
added drop-wise maintaining a steady reflux and stirred for 2 hours. The reaction was

quenched with water (1 ml, 56 mmol) producing a white precipitate. The mixture was
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then washed with diethyl ether (20 ml) and CH,Cl, (20 ml). The organic phases were
combined and dried over magnesium Sulphate. Removal of the solvent left a white
crystalline solid. Yield 1.35g (73%). 'H NMR (CDCl;, 400MHz) 1.00 (1H, m, CH,),
1.25 (1H, t, OH, *Jun = 5.1), 1.88 (1H, dt, CHy, “Juu = 2.8, *Juu = 10.1), 2.10 (1H, m,
CH), 2.90 (1H, m, CH,), 3.28(1H, q, CH,, “Jus = 5.1), 4.17 (1H, t, CH, *Jyy = 2.7), 4.34
(1H, d, CH, *Jynu = 2.3), 7.03 (4H, m, ArH), 7.19 (4H, m, ArH). 8¢ (125MHz, CDCl3)
31.08 (1C, s, CHy), 40.99 (1C, s, CH,), 44.08 (1C, s, CH), 45.57 (1C, s, CH), 66.10 (1C,
s, CH), 123.18 (1C, s, Ar(), 123.50 (1C. s, ArC), 123.61 (1C, s, Ar(C), 125.37 (1C, s,
ArC), 12544 (1C, s, ArC), 125.69 (1C, s, ArC), 125.70 (1C, s, ArC), 125.74 (1C, s,
ArC), 125.76 (1C, s, ArC), 126.04 (1C, s, ArC) , 140.54 (1C, s, ArC), 143.89 (1C, s,
ArC).

Br

Preparation of C;7H4Br 9, 10-ethanoanthracene, 11-(bromo-methyl)-9-10-dihydro
3. Using a round bottom flask fitted with a reflux condenser alcohol 2 (1.250 g, 5.29
mmol) was dissolved in dry acetonitrile (20 ml) followed by carbon tetrabromide (3.001
g, 9.05 mmol) and imidazole (0.101 g, 1.48 mmol). Triphenylphosphine (1.95 g, 7.43
mmol) was then added slowly at 0°C causing the reaction to slightly warm. The reaction
was then stirred and refluxed at 80°C for 24 hours. The resulting bright orange solution
was then evaporated and the desired product separated using column chromatography
leaving a pale yellow solid. Yield 0.980 g (62%). 'H NMR (CDCls, 400MHz) 1.12 (1H,
m, CHa), 2.00 (1H, m, CH>), 2.28 (1H, m, CH), 2.73 (1H, t, CH,, *Juu = 9.8), 3.02 (1H,
t, CHa, *Jun = 6.3), 4.20 (1H, t, CH, *Jyy = 2.6), 4.40 (1H, d, CH, *Jyu = 2.3), 7.04 (4H,
m, ArH), 7.18 (4H, m, ArH). é¢ (125MHz, CDCls) 34.97 (1C, s, CHy), 38.19 (1C, s,
CH»), 41.18 (1C, s, CH), 44.33 (1C, s, CH), 47.35 (1C, s, CH), 123.42 (1C, s, ArC),
123.61 (1C, s, ArC), 124.00 (1C, s, ArC), 125.78 (1C, s, ArC), 126.00 (1C, s, ArC),
126.03 (1C, s, ArC), 126.16 (1C, s, ArC), 126.45 (1C, s, ArC), 139.67 (1C, s, ArC),
143.34 (1C, s, ArC), 143.48 (1C, s, ArC), 143.65 (1C, s, ArC).
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Preparation of Cy;7H;4 9, 10-ethanoanthracene, 9-10-dihydro-11-methylene 4.
Bromide 3 (2.009 g, 6.70 mmol) was added to diazabicyclo[5.4.0Jundec-7-ene (1.320 g,
mmol) in a sealed vessel. The mixture was then heated to 140°C and stirred for 24
hours. The resulting brown oil was washed over a silica filter stick using ethyl acetate.
The solvent was evaporated leaving a white solid. Yield 0.190 g, (51%). 'H NMR
(CDCl3, 400MHz) 2.38 (2H, d, CHa, Jyp = 2.2), 4.26 (1H, t, CH, *Jyy = 2.4), 4.60 (1H,
s, CH), 4.64 (1H, s, CH3), 5.05 (1H, s, CH;), 7.02 (4H, m, ArH), 7.20 (4H, m, ArH). 8¢
(125MHz, CDCl3) 35.08 (1C, s, CH,), 40.99 (1C, s, CH), 44.08 (1C, s, CH), 45.57 (1C,
s, =CHp), 66.10 (1C, s, =C), 123.18 (1C, s, ArC), 123.50 (1C, s, ArC), 123.61 (1C, s,
Ar(), 125.37 (1C, s, Ar(), 125.44 (1C, s, ArC), 125.69 (1C, s, ArC), 125.74 (1C, s,
Ar(), 125.76 (1C, s, ArC), 126.04 (1C, s, ArC), 128.25 (1C, s, ArC), 140.54 (1C, s,
Ar(C), 143.89 (1C, s, ArC).

Preparation of C;7H;40 9, 10-ethanoanthracene-1, 2-oxide, 9-10-dihydro 5. Chloro-
perbenzoic acid (0.660 g, 3.83 mmol) was dissolved in chloroform (5 ml) in a sealed
vessel. The solution was then cooled to 0°C and alkene 4 (0.50 g, 2.29 mmol) was
added under constant stirring. The clear solution was stirred at 0°C for 24 hours. The
excess chloro-perbenzoic acid was removed by washing an excess of 10% sodium
hydroxide (10 ml) and then water (2 x 20 ml). The solution was then dried over
magnesium sulphate and removal of the solvent left a white solid. Yield 0.468 g (87%).
'H NMR (CDCls, 400MHz) 1.75 (1H, dd, CHa, 2Jun = 2.7, *Jun = 13.3), 2.10 (1H, dd,
CHa, *Juu = 2.6, “Jun = 13.3), 2.69 (1H, d, CH, “Jun = 6.3), 2.88 (1H, d, CHy, Jyy =
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4.6), 3.62 (1H, s, CH), 4.27 (1H, t, CH, >Juy = 2.6), 7.05 (4H, m, ArH), 7.23 (4H, m,
ArH). C NMR (125MHz, CDCls) 34.75 (1C, s, CHy), 44.33 (1C, s, CH»), 52.47 (1C, s,
CH), 54.05 (1C, s, CH), 62.65 (1C, s, C), 123.67 (1C, s, ArC), 123.72 (1C, s, ArC),
124.78 (1C, s, ArC), 125.19 (1C, s, ArC), 126.07 (1C, s, ArC), 126.21 (1C, s, ArC),
126.49 (1C, s, ArC), 126.61 (1C, s, ArC), 140.56 (1C, s, ArC), 140.64 (1C, s, ArC),
143.05 (1C, s, ArC), 144.00 (1C, s, ArC).

Preparation of C;7H;4S Spiro[9,10-ethanoanthracene-1-2-thiirane], 9-10-dihydro 6.
Epoxide 5 (0.677 g, 2.88 mmol) and thiourea (0.318 g, 4.18 mmol) was dissolved in
methanol (15 ml). This solution was then stirred at room temperature for 3 days. The
sulphide was obtained after extraction with diethyl ether (2 x 20 ml). The ether fractions
were combined and extracted with saturated 10% sodium chloride (10 ml) solution and
subsequently dried over magnesium sulphide. Removal of the solvent left a white solid.
Yield 0.540 g (75%). '"H NMR (CDCls, 400MHz) 2.12 (1H, dd, CHa, *Juu = 2.6, *Jun =
13.2), 2.30 (1H, dd, CHy, *Jun = 2.7, “Juu = 13.2), 2.40 (1H, s, CH,), 2.53 (1H, s, CH)),
3.57 (1H, s, CH), 4.28 (1H, t, CH, *Juy = 2.5) 6.76-7.39 (1H, m, ArH). 8¢ (125MHz,
CDCl3) 34.15 (1C, s, CHy), 40.74 (1C, s, CH»), 44.90 (1C, s, CH), 50.10 (1C, s, CH),
56.87 (1C, s, ©), 123.57 (1C, s, ArC), 123.71 (1C, s, ArC), 124.21 (1C, s, ArC), 124.43
(1C, s, Ar(), 126.12 (1C, s, ArC), 126.13(1C, s, ArC), 126.36 (1C, s, ArC), 126.58 (1C,
s, ArC), 142.06 (1C, s, Ar(C), 142.49 (1C, s, ArC), 142.89 (1C, s, ArC), 143.27 (1C, s,
ArQC).
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9, 10-ethanoanthracene-2-diphenylphosphino-1-ethanethio), 9-10-dihydro, L*H.
Sulphide 6 (1.01g, 4,04 mmol) was dissolved in dry, degassed THF (30 ml) and added
drop-wise to a solution of potassium diphenylphosphide (12.1 ml, 0.5M, 6.1 mmol) at
0°C whilst stirring under argon. After 1 hour the ligand L’K precipitated from the
solution as a white solid. The ligand was washed with THF (3 x 30 ml) to remove any
excess phosphide before being quenched with deoxygenated water (15 ml). The product
was then extracted with dichloromethane (2 x 20 ml) and dried under MgSO4. Removal
of the solvent left the product as a white powder. Yield 1.23 g (75%). 'H NMR (CDCls;,
400 MHz): 8y 2.10 (3H, m, H'"'? / H” / SH,) 2.43 (1H, dd, H", *Jup = 5.1, Vs =
14.8), 4.07 (1H, t, H'®, *Jyy = 2.5) 4.43 (1H, s, H), 6.82-7.31 (18H, m, ArH). °C NMR
(125 MHz, CDCl3): & 43.61 (1C, s, CH), 44.84 (1C, d, CH,, 2Jcp = 6.2), 46.64 (1C, s,
CH), 49.86 (1C, d, CH,, “Jcp = 18.0), 56.58 (1C, d, C, *Jcp = 8.8), 122.23 (1C, s, ArC),
122.24 (1C, s, ArC), 124.54 (1C, s, ArC), 124.68 (1C, s, ArC), 124.86 (1C, s, Ar(C),
125.27 (1C, s, ArC), 125.31 (1C, s, ArC), 127.32 (1C, s, ArC), 127.34 (1C, s, ArC),
127.38 (1C, s, ArC), 12740 (1C, s, ArC), 127.50 (1C, s, ArC), 131.66 (1C, s, ArC)
131.81 (1C, s, ArC), 132.19 (1C, s, ArC), 132.35 (1C, s, ArC), 137.69 (1C, s, ArC),
137.79 (1C, s, Ar(C), 138.14 (1C, s, ArC) 138.23 (1C, s, ArC), 139.94 (1C, s, ArC),
140.62 (1C, s, ArC), 141.12 (1C, s, ArC), 141.23 (1C, s, ArC). *'P NMR (CDCl;,
121MHz): 8p -23.0; exact mass calculated for CyoHpsSP+H" requires m/z 437.1493,
found m/z 437.1510 (ES).
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Preparation of C;H;SC¢H1oPPh; L'Bn. Diphenyl phosphine (1.71 g, 9.21 mmol) was

cDI/II,,,

diluted with dry, degassed THF (30 ml) whilst stirring under argon. The solution was
then cooled to 0°C using an ice bath, followed by the addition of n-BuLi (2.5 M, 1.60
ml, 9.23 mmol) drop-wise turning the solution bright yellow. After one hour of stirring
cyclohexene sulphide (1.05 g, 9.22 mmol) was dissolved in anhydrous THF (20 ml) and
added to the reaction drop-wise at 0°C whilst stirring under argon turning the solution
colourless. After one hour of stirring benzyl bromide (1.58 g, 9.25 mmol) was added
drop-wise. Removal of the solvent left a white crystalline solid. Yield 2.62 g (73%). dy
(CDCl3, 400MHz) 1.16 (1H, m, Cy), 1.35 (2H, m, Cy), 1.52 (1H, m, Cy), 1.65 (2H, m,
Cy). 1.85 (1H, m, Cy), 2.20 (1H, m, Cy), 2.54 (1H, t, Cy, *Jun = 4.2), 2.65 (1H, t, Cy,
*Jun = 4.6), 3.56 (2H, d, CH, *Juu = 6.0), 7.05-7.40 (15H, m, ArH), (1H, m, ArH). 8¢
(125MHz, CDCls) 23.14 (1C, s, Cy), 23.42 (1C, s, Cy), 25.18 (1C, d, Cy, *Jcp = 8.1),
29.79 (1C, s, Cy), 35.97 (1C, s, CHy), 39.42 (1C, d, Cy, Jep= 15.0), 44.74 (1C, d, Cy,
2Jcp = 16.7), 126.89 (1C, s, Ph), 128.06 (1C, s, Ph), 128.53 (2C, s, Ph), 128.87 (1C, s,
Ph), 129.06 (1C, s, Ph), 130.60 (1C, s, Ph), 130.67 (1C, s, Ph), 131.67 (1C, s, Ph),
131.80 (1C, s, Ph), 133.13 (2C, d, Ph, *Jep = 19.0), 134.15 (2C, d, Ph, *Jcp = 20.2),
136.51 (1C, d, Ph, *Jep = 16.7), 137.38 (1C, d, Ph, *Jcp = 14.4), 138.79 (1C, s, Ph). &

(CDCls, 121MHz)

-11.7.
Preparation of C;;HySCcH;0PPh, L'1-MN. Diphenyl phosphine (1.57 g, 8.43 mmol)
was diluted with dry, degassed THF (30 ml) whilst stirring under argon. The solution

ml’”l,,

was then cooled to 0°C using an ice bath, followed by the addition of n-BuLi (2.5 M,
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1.47 ml, 8.45 mmol) drop-wise turning the solution bright yellow. Cyclohexene
sulphide (0.96 g, 8.43 mmol) was dissolved in dry THF (20 ml) and added to the
reaction drop-wise at 0°C whilst stirring under argon. To this schlenk a solution of 1-
chloromethyl naphthalene (1.49 g, 8.47 mmol) was added drop-wise turning the
solution colourless. Removal of the solvent left a white crystalline solid. Yield 2.22 g
(60%). 6y (CDCl3, 400MHz) 1.17 (1H, m, Cy), 1.34 (2H, m, Cy), 1.56 (1H, m, Cy),
1.67 (2H, m, Cy), 1.86 (1H, m, Cy), 2.22 (1H, m, Cy), 2.56 (1H, t, Cy, *Juu = 4.4), 2.70
(1H, t, Cy, *Jun = 4.4), 3.95 (2H, d, CHa, *Juy = 2.6), 6.93-7.74 (18H, m, ArH), 8.01
(1H, d, ArH, *Juy = 8.4). 8¢ (125MHz, CDCl) 23.26 (1C, s, Cy), 23.50 (1C, s, Cy),
25.29 (1C, s, Cy), 29.96 (1C, s, Cy), 33.87 (1C, s, CHy), 39.61 (1C, s, Cy), 45.52 (1C, s,
Cy), 124.35 (1C, s, Ph), 125.38 (1C, s, Ph), 12591 (1C, s, Ph), 126.19 (1C, s, Ph),
126.92 (1C, s, Ph), 128.03 (1C, s, Ph), 128.40 (1C, s, Ph), 128.50 (1C, s, Ph), 128.58
(1C, s, Ph), 128.67 (1C, s, Ph) , 128.88 (1C, s, Ph), 129.11 (1C, s, Ph), 131.78 (1C, s,
Ph), 13191 (1C, s, Ph), 132.98 (1C, s, Ph), 133.22 (1C, s, Ph), 134.12 (1C, s, Ph),
134.40 (1C, s, Ph) , 136.35 (1C, s, Ph), 136.57 (1C, s, Ph), 137.41 (1C, s, Ph), 137.61
(1C, s, Ph). 6p (CDCl3, 121MHz) -11.8.

Preparation of CisH{1SC¢HioPPh, L'9-MAN. Diphenyl phosphine (1.64 g, 8.79

m”lll,,

mmol) was diluted with dry, degassed THF (30 ml) whilst stirring under argon. The
solution was then cooled to 0°C using an ice bath, followed by the addition of n-BuLi
(2.5 M, 1.53 ml, 8.83 mmol) drop-wise turning the solution bright yellow. Cyclohexene
sulphide (1.01 g, 8.85 mmol) was dissolved in anhydrous THF (20 ml) and added to the
reaction drop-wise at 0°C whilst stirring under argon. To this schlenk a solution of 9-
chloromethyl anthracene (2.02 g, 8.90 mmol) dissolved in THF (30ml) was added drop-
wise turning the solution colourless. Removal of the solvent left a white solid. Yield
3.40 g (79%). éu (CDCl3, 400MHz) 1.14 (1H, m, Cy), 1.31 (2H, m, Cy), 1.56 (2H, m,
Cy), 1.62 (1H, m, Cy), 2.21 (2H, m, Cy), 2.54 (1H, t, Cy, 3Jun = 4.1), 2.68 (1H, t, Cy,
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3Tup = 4.4), 3.93 (2H, d, CH,, *Jyp = 2.6), 6.94-7.73 (18H, m, ArH), 8.00 (1H, d, ArH,
2Jun = 8.4). 8p (CDCl3, 121MHz) —11.8.

S PPh,

Preparation of C;H;SC;7H14PPh; L’Bn. Potassium diphenylphosphide (2M, 4.38ml,
8.76 mmol) was diluted with anhydrous THF (30 ml) giving a deep orange solution.
Thiirane 6 (1.00 g, 8.76 mmol) was dissolved in anhydrous THF (20 ml) and added to
the reaction drop-wise at 0°C whilst stirring under argon to give a green solution. After
one hour a white precipitate had formed which was filtered and washed with THF (3x
30ml) and finally THF was added (30 ml) to give a suspension. To this schlenk benzyl
chloride (1.11g, 8.76 mmol) was added drop-wise and the solution stirred for a further
12 hours. The potassium salt reacts to for the desired phosphino-thioether which
dissolves in the THF to give a colourless solution. Removal of the solvent left a white
solid. Yield 3.50 g (76%). 8y (CDCls, 400MHz) 1.82 (1H, dd, CHa, *Juu = 2.8, 2Jun =
13.3), 1.94 (1H, dd, CHz, *Jun = 2.6, Jun = 13.3) 2.25 (1H, dd, CHa, *Jup = 4.2, “Jun =
14.9), 2.49 (1H, dd, CH,, *Jup = 3.3, “Juu = 14.9), 2.97 (1H, d, CHa, *Jun = 11.0), 3.39
(1H, d, CHa, YJyun = 11.0), 4.14 (1H, t, CH, *Juy = 2.6) 4.44 (1H, s, CH) 6.72 (2H, m,
ArH), 6.98-7.39 (11H, m, ArH). 6c (125MHz, CDCls3) 32.23 (1C, s, CH), 41.51 (1C, d,
C. *Jep = 11.3), 42.12 (1C, d, CHy, “Jcp = 8.8), 43.42 (1C, s, CH), 52.29 (1C, d, CH,
Jep = 17.6), 53.50 (1C, d, CHy, *Jep = 6.3) 122.32 (1C, s, ArC), 122.41 (1C, s, ArC),
124.06 (1C, s, ArC), 124.35 (1C, s, ArC), 124.51 (1C, s, ArC), 124.74 (1C, s, ArC),
124.83 (1C, s, ArC), 125.32 (1C, s, ArC), 125.56 (1C, s, ArC), 125.93 (1C, s, Ar(),
126.62 (1C, s, Ar(), 126.97 (1C, s, ArC), 127.14 (1C, s, ArC), 127.14 (1C, s, ArC),
127.24 (1C, s, ArC), 127.29 (1C, s, ArC) 127.37 (1C, s, ArC), 127.43 (1C, s, ArC),
127.51 (1C, s, ArC), 127.69 (1C, s, ArC), 128.12 (1C, s, ArC), 131.41 (1C, s, ArC)
131.56 (1C, s, Ar(C), 132.74 (1C, s, ArC), 132.90 (1C. s, ArC), 135.74 (1C, s, ArQ),
138.84 (1C, s, ArC), 140.17 (1C, s, ArC), 141.04 (1C, s, ArC), 142.15 (1C, s, ArC). &p
(CDCl3, 121MHz) -23.7
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Preparation of C,;;HosSCi7H4PPh; L*1-MN. Potassium diphenylphosphide (2M,
8.89ml, 17.78 mmol) was diluted with anhydrous THF (30 ml) giving a deep orange
solution. Thiirane 6 (2.03 g, 17.78 mmol) was dissolved in anhydrous THF (20 ml) and
added to the reaction drop-wise at 0°C whilst stirring under argon to give a green
solution. After one hour a white precipitate had formed which was filtered and washed
with THF (3x 30ml) and finally THF was added (30 ml) to give a suspension. To this
schlenk 1-chloromethyl naphthalene (3.14g, 17.78 mmol) was added drop-wise turning
the solution colourless over a period of 12 hours. Removal of the solvent left a white
crystalline solid. Yield 7.08 g (69%). 8y (CDCls, 400MHz) 1.82 (1H, dd, CHa, *Jun =
2.7, *Juu = 13.7), 1.94 (1H, dd, CH,, *Jun = 2.6, *Juy = 13.3) 2.32 (1H, dd, CHz, *Jup =
4.3, *Juy = 15.0), 2.53 (1H, dd, CHy, *Jup = 2.8, *Juu = 15.0), 3.55 (1H, d, CH,, “Juu =
11.2),3.92 (1H, d, CH,, *Jyu = 11.2), 4.12 (1H, t, CH, *Juy = 2.4) 4.46 (1H, s, CH) 6.76
(1H, d, ArH, *Juy = 6.3), 6.95-7.80 (11H, m, ArH) 8.04 (1H, d, ArH, 2Juy = 6.3). °C
NMR (125MHz, CDCl3) 31.44 (1C, s, CH), 42.76 (1C, d, C, *Jcp = 6.2), 43.05 (1C, d,
CHa, *Jcp = 18.0), 43.42 (1C, s, CH), 44.68 (1C, s, CH,), 53.90 (1C, s, CHy) 122.32
(1C, s, ArC), 122.41 (1C, s, ArC), 124.06 (1C, s, ArC), 124.35 (1C, s, Ar(C), 124.51
(1C, s, ArC), 124.74 (1C, s, ArC), 124.83 (1C, s, ArC), 125.32 (1C, s, ArC), 125.56
(1C, s, ArC), 125.93 (1C, s, ArC), 126.62 (1C, s, ArC), 126.97 (1C, s, ArC), 127.14
(1C, s, ArC), 127.14 (1C, s, ArC), 127.24 (1C, s, ArC), 127.29 (1C, s, ArC) 127.37 (1C,
s, ArC), 127.43 (1C, s, ArC), 127.51 (1C, s, ArC), 127.69 (1C, s, ArC), 128.12 (1C, s,
ArC), 131.41 (1C, s, ArC) 131.56 (1C, s, ArC ), 132.74 (1C, s, ArC), 132.90 (1C, s,
ArC), 135.74 (1C, s, ArC), 138.84 (1C, s, ArC), 140.17 (1C, s, ArC), 141.04 (1C, s,
ArC), 142,15 (1C, s, ArC). 8p (CDCl3, 121MHz) -24.1
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Preparation of C;sH;;SCi7H;4PPh; L?9-MAN. Potassium diphenylphosphide (2M,
6.88ml, 13.75 mmol) was diluted with anhydrous THF (30 ml) giving a deep orange
solution. Thiirane 6 (1.57 g, 13.75 mmol) was dissolved in anhydrous THF (20 ml) and
added to the reaction drop-wise at 0°C whilst stirring under argon to give a green
solution. After one hour a white precipitate had formed which was filtered and washed
with THF (3 x 30ml) and finally THF was added (30 ml) to give a suspension. To this
schlenk a solution of 9-chloromethyl anthracene (3.12g, 13.75 mmol) dissolved in
anhydrous thf (20 ml) was added drop-wise turning the solution colourless and stirred
for two hours. Removal of the solvent left a white solid. Yield 12.13 g (71%). du
(CDCl3, 400MHz) 2.02 (2H, m, CH,), 2.70 (1H, d, CHa, *Jyu = 15.1), 2.80 (1H, dd,
CHa, *Jyp = 5.0, Juy = 15.1) 4.27 (1H, t, CH, *Jyy = 2.4), 439 (1H, d, CH,, *Juy =
10.8), 4.58 (1H, d, CH,, *Jun = 10.9), 4.64 (1H, s, CH), 7.25 (2H, d, ArH, *Jyy = 1.3),
7.20-7.71 (20H. m, ArH), 8.00-8.42 (7H, m, ArH). ¢ °’C NMR (125MHz, CDCls)
25.77 (1C, d, CH,, %Jcp = 3.7), 37.94 (1C, s, CH), 40.70 (1C, d, C, *Jcp = 7.3), 43.53
(1C, s, CH), 53.11 (1C, d, CHa, *Jcp = 15.8), 54.30 (1C, d, CHa, 2Jcp = 4.9), 122.32 (1C,
s, ArC), 122.53 (1C, d, ArC, “Jep = 7.3), 123.79 (1C, s, ArC), 123.90 (1C, s, ArC),
124.16 (1C, s, ArC), 124.32 (1C, d, ArC, *Jcp = 19.5), 124.75 (2C, s, ArC), 124.91 (1C,
d, ArC, %Jep = 9.7), 125.17 (1C, d, ArC, *Jep = 12.1), 125.84 (1C, s, ArC), 126.18 (1C,
s, ArC), 126.73 (1C, s, ArC), 127.26 (1C, s, ArC), 127.36 (1C, d, ArC, *Jcp = 6.1),
127.55 (1C, d, ArC, *Jep = 6.09), 127.69 (1C, s, ArC), 127.89 (2C, s, ArC), 128.22 (1C,
s, ArC) 129.23 (1C, s, ArC), 130.37 (2C, s, ArC), 131.56 (2C, d, ArC, *Jcp = 18.3),
132.51 (2C, d, ArC, %Jcp = 19.5), 138.46 (1C, d, ArC, *Jep = 14.6), 139.15 (1C, d, ArC,
2Jep = 12.2), 140.47 (1C, s, ArC), 141.06 (1C, d, ArC, *Jep = 12.2), 142.48 (1C, s, ArC).
dp (CDCl3, 121MHz) -24.7
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Chapter 3 Conformationally confined phosphinothiolate complexes

3.1 MUY, complexes

The most common type of co-ordination compounds formed between
phosphinothiolate ligands and the group 10 metals are bis-chelating complexes of the
type [M(P-S),]. Most bis-chelating complexes reported so far adopt a trans arrangement
around the metal centre due to the bulky nature of the diphenylphosphino- group.
However, there are a few examples even with nickel, the smallest metal of the triad,
where cis geometry is preferred. We performed a number of experiments to synthesise
palladium and nickel bis-chelate complexes using ligand L'H. The synthetic route
adopted was similar to those proposed in the literature. Below shows the synthetic step
used in the synthesis of nickel (II) bis-2-(diphenylphosphino)cyclohexanethiol 7
(Scheme 3-1).

%Pm
HS i 2

. PhMe /
2 PhaP‘\\\\ + NiCl,.6H,0 —_— N,'\s
Pth\\\""..&

Scheme 3-1: Synthesis of nickel (II) bis-2-(diphenylphosphino)cyclohexanethiol 7

[ [1LT0

Examples of bis-chelate complexes with one unresolved chiral centre forming
two bis-chelate complexes have been reported 501 In keeping with the stereoisomer
analysis of compound trans-Ni(L'), 7, the preferred geometry of the chiral chelate ring
depends on the orientation of the chiral carbons of the cyclohexane backbone. As
discussed in the previous chapter two enantiomers are formed during the ring opening
of cyclohexene sulphide with the two chiral centres being either (R, R) or (S, S). Figure
3-1 shows the possible combinations of stereoisomers which we would expect to
observe in the synthesis of such complexes. All reactions are monitored using NMR
spectroscopy which cannot distinguish between enantiomers, therefore we would expect

to see four diastereoisomers in NMR analysis.
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Figure 3-1: Conformational analysis for complex Ni(LY), 7

The nickel centred bis-chelate complex was synthesised by reacting one
equivalent of NiCl,.H,O and two equivalents of racemic L'H in toluene. On addition of
the ligand the solution turned a dark green colour, ’'p NMR spectroscopy was used to
determine the end point of the reaction, showing the formation of a peak in the positive
region of the spectrum and the disappearance of that of the free ligand at 8p-6.3. Using
the racemic ligand mixture it was initially presumed that four products would be
observed for the meso and rac forms of both the cis and rrans isomers. However, in the
phosphorus NMR spectrum we observed only one peak, at dp 63.2, showing that even in
solution the complex adopts a single conformation. The 'H NMR spectrum of trans-
Ni(L'), 7 shows there to be equivalent proton environments for the two ligands in the
complex with ten saturated protons between 3y 0.79-2.24. Green block crystals of trans-
Ni(L"), 7 suitable for X-ray analysis were obtained by slow diffusion of petroleum ether
into a CH,Cl, solution. An ORTEP view of bis[2-
(diphenylphosphino)cycylohexanethiol] nickel (II) 7 is shown in Figure 3-2 and
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equatorially on the cyclohexane backbone. If adopting the A conformation one of the
coordinating ligands would be placed in an axial position therefore breaking a metal-
ligand bond. Finally a diagram of the favoured & conformation of L' is shown with the

ligand donors taking an equatorial position.

H

H H
R P v— |\ — G

P, s |\ /| o S - H
” n
H 1
R
H
S(d) S(A)

7

Figure 3-3: Skew conformations showing both the favourable (&) and unfavourable (1) conformations for
a phosphinothiol complex S isomer.

Crystallographic data obtained for trans-Ni(L'),7 giving selected bond lengths
and angles is shown in Table 3-1. The Ni-P bonds at 2.1708(7) A are slightly longer to
the tridentate complex with the 1, 2-bis(diphenylphosphanyl)-ethane ligand,
PhP(C¢H.S), %, The chelate angles at 88.99(3)° are the first reported and have no
nickel (II) complexes to compare. The metal plane is an exact square planar with the
P(1)-Ni(1)-P(2) and S(1)-Ni(1)-S(2) bond angles measuring 180.00(4)°. According to
the crystallographic data the complex does not contain any points of symmetry due to

the different stereogenic centres of each ligand backbone being R and S.
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Ni(1)-P(2) 2.1708(7) : Ni(1)-P(1) 2.1708(7)

Ni(1)-S(1) 2.1713(7) Ni(1)-S(2) 2.1713(7)
P(1)-C(13) 1.818(3) S(H-C(1) 1.836(3)
P(2)-Ni(1)-P(1) 180.00(4) P(2)-Ni(1)-S(1) 91.01(3)
P(1)-Ni(1)-S(1) 88.99(3) P(2)-Ni(1)-S(2) 88.99(3)
P(1)-Ni(1)-S(2) 91.01(3) S(1)-Ni(1)-S(2) 180.00(4)

Table 3-1: Selected bond lengths (A) and angles (°) of trans-Ni(L'), 7

The majority of P, S bis-chelate complexes reported in the literature are

palladium (II) complexes due to their ease of formation and available precursors (113],

(141 " As we have explained previously a combination of the HSBA theory and the
chelate effect makes palladium an ideal candidate for the formation of stable
phosphinothiol complexes. Palladium bis-chelate 8 was synthesied in the form of
Pd(L"), using the same synthetic methodology of trans-Ni(L'), 7. Again it was assumed
that two diastereoisomers of the trans and cis form would be observed in any
spectroscopic monitoring. On addition of two equivalents of the racemic free ligand
L'Hta CH,Cl, solution of palladium bis-benzonitrile dichloride at room temperature
an orange solution was formed, the reaction progress was then monitored by *'P NMR

spectroscopy. After one hour the reaction was complete with formation of two singlets

in the positive region of the 3'P NMR spectrum.

. chCh  § AN
2 pp + PANCPh)Cly e "r\s — PI—g
trans-8 cis-8

Scheme 3-2: Reaction scheme for the synthesis of complexes cisltrans-Pd(L'), 8

Dissolved in a solution of deuterated chloroform *'P {'"H} NMR analysis
showed two singlets at dp 62.6 and Jp 59.9, with an intensity ratio of 4:1, which
suggested that the bis-chelate complex was present in both trans and cis forms (Figure
3-4). NMR spectroscopy proved to be the best tool to analyse the isomeric mixtures,

due to the cis-trans interconversion equilibria being relatively slow. Slow crystallisation
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in CH,Cl, / Et;0 afforded pure cis-[Pd(Ll)z], this homogeneous crystalline material had
a single resonance at 8p 59.9 in cﬁloroform, and its cis-P,P geometry was finally
established by X-ray diffraction. When re-dissolved in a chloroform solution cis-
[PA(LY,) undergoes slow isomerisation, and in 24 hours at room temperature the pattern
of two singlet resonances of the original trans / cis equilibrium mixture is observed
again. The more soluble trans-[Pd(L"),] was isolated by slow diffusion of CHCl; / Et;O
which afforded both the rrans and cis forms. The trans-Pd(Ll)z crystals were in the
shape of yellow blocks and could be separated. The *'P NMR shows a singlet at 5p 62.6
before any chemical isomerism can take place, which falls in the region where other
trans palladium bis-phosphinothiol complexes have been isolated (501 152} 1721 e
observed behaviour is explained by the existence of two distinct equilibria. Using d-
methanol an increase in the ratio of the cis isomer was observed compared to those
dissolved in chloroform and benzene, as seen in Figure 3-5. This preference of solvent
of cis-Pd(L"), 8 can be attributed to the dipole moment which is induced by vibrations
of the Pd-P and Pd-S bonds. The trans-Pd(L'), 8 complex is a symmetrical compound

therefore no dipole moment is induced and prefers to be dissolved in non-polar solvents.

In general, slow crystallisation causes the formation of crystals of the less
soluble form, which in turn should displace the isomerisation equilibrium accordingly.
In non-polar solvents, equilibrium mixtures crystallise in the form of the more polar cis-
Pd(L"), 8 exclusively. When a polar solvent is used the opposite is observed and the
trans-Pd(L"), 8 crystallises preferentially. In aged solutions, the isomerisation
equilibrium mixture shown in the above figures is always observed for each of the

solutions.
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Figure 3-4:*'P NMR spectrum of equilibria of cis / trans-Pd(L"), 8 dissolved in CDCl,
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Figure 3-5:*'P NMR spectrum of equilibria of cis / trans- Pd(L"), 8 dissolved in CD;0D
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Complexes cis / trans-Pd(Ll)z 8 were also isolated by the reaction of Pd(PPhs),
with two equivalents of L'H. The reaction is thought to proceed via the oxidative
addition of L'H to palladium (0) and form an unstable intermediate hydride complex
which reacts further with free L'H to form complex the equilibrium mixture of cis /
trans-Pd(L"), 8 (Scheme 3-3). The same reactivity has been previously observed with

the phosphinothiol ligands dppet and dpppt """,

HS
PP & H
©) 3 O —ppn
- (PPha)s S\\\\\\...
HS

- H(PPhg)
PhPY

s S
H PhyP. /
S\Pd(") —_— \ ({0}
P%P\\\\wv& PhyP "I"“m
trans-8 cis-8

Scheme 3-3: Proposed chelate assisted oxidative addition of a phosphinothiol L'"H

After isolating the cis-Pd(L'), 8 isomer through re-crystallisation the solid was
dissolved in deuterated d* methanol for 'H NMR analysis. The NMR spectrum of cis-
Pd(L'), 8 resulted in the observation of the single stereoisomer. The spectrum shows ten
protons in the saturated hydrocarbon region representing the cyclohexyl backbone and
ten protons in the aromatic region for the phenyl protons which means ligand protons

are in an equivalent environment in the liquid phase.

In the literature only one cis-phosphinothiolato complex has been isolated and
reported by Real 191 and Canseco-Gonzilez !, here we report the second such complex
being isolated and make direct comparisons of their crystal structures. Similarly they

talk about the chemical equilibrium of a bis-(2-diphenylphosphino-benzenethiol)
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angle difference between the two complexes due to the carbons on the chelate ring
being of different hybridisation states. The chelate carbons of cis-Pd(Ph,PCsH4S), being
sp2 compared to the carbons of cis-[Pd(Ll)z] being sp3 , steric repulsion must be an over-

riding factor.

Two opposite forces determine the cis / trans structural preference of IM(LY),]
complexes, repulsive steric interactions clearly favouring the trans isomers while
electronic factors should favour the cis isomers. These electronic factors can be
attributed to the trans effect where the thiolato group has a higher trans effect to that of

the diphenylphosphino group placing the second chelating ligand in a cis geometry.

cis-Pd(L"), 8 cis-Pd(Ph,PCcH,S),™
Pd(1)-P(2) 2.271(5) 2.2802(8)
Pd(1)-P(1) 2.274(5) 2.2845(8)
Pd(1)-S(1) 2.298(5) 2.3209(8)
Pd(1)-S(2) 2.317(5) 2.3194(9)
S(2)-C(19) 1.808(19) 1.761(3)
P(1)-C(1) 1.833(17) 1.820(3)
P(2)-Pd(1)-P(1) 100.57(17) 100.57(3)
P(1)-Pd(1)-S(1) 86.74(19) 87.24(3)
P(1)-Pd(1)-S(2) 170.48(19) 170.48(3)
P(2)-Pd(1)-S(1) 171.00(2) 171.05(3)
P(2)-Pd(1)-S(2) 87.39(19) 87.06(3)
S(1)-Pd(1)-S(2) 85.85(17) 85.16(3)

Table 3-2: Selected bond lengths (A) and angles (°) of cis-Pd(L"), 8 and cis-Pd(Ph,PC¢H,S),

In the literature there is a number of palladium phosphinothiol bis-chelate

complexes only isolated in the trans geometry [53). 143]

. Only a small number of
complexes have been structurally characterised using X-ray diffraction methods, shown
in Table 3-3 which will be used to make direct structural comparisons. Palladium bis-
chelate trans-Pd(L')g 8 was isolated by crystallisation from CHCly/petroleum ether in
the shape of a yellow block shaped crystals. These crystals were then dissolved in
CDCl; for NMR analysis for comparison to that of the cis complex. Similarities can be
seen in the '"H NMR which is expected with no changes to the chemical environment of
any of the corresponding protons. The only anticipated chemical shift changes would be

in the aromatic region of the spectrum. With the overlapping of signals in this region it
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Complex dM-S)[A] dM-P)[A] P-Pd-S[] PNMR  Ref

cis-Pd(Ph,PC¢H,S), 2.2802(8) 2.2802(8) 87.24(3) 48.01 [69]

2.2845(8) 2.2845(8) 87.06(3)

cis-Pd(L"), 2.298(5) 2.271(5) 86.74(19)  59.90 8
2.317(5) 2.274(5) 87.39(19)

trans-Pd(L"), 2.3173(5) 2.2971(5) 85.739(19) 62.64 8

trans-Pd(Ph,PC,H,(CH,OCH,Ph), 2.319(2) 2.282(2) 86.96(7) 50.56 [50]

trans-Pd{Ph,PC,H;[2-(CMe,)5- 2.287(12) 2.335(13) 86.08(5) 50.10 [52]

MeC¢HsS }»

trans-Pd(Ph,PC¢H,S), 2.308(2) 2.291(1) 86.6(1) 53.74 [72]

Table 3-3: Data for all structurally characterised palladium bis-chelate phosphinothiolato complexes

3.2 [M(LY)CI]; Complexes

Several methods have been used for preparing sulphur-bridged dimers of d°

153]

transition metals, including direct formation using metal precursors " and indirectly by

converting existing coordinated complexes into sulphur-bridging complexes Y.
Examples where palladium and platinum sulphur-bridged dimers have been formed
directly by reacting a ferrocenyl phosphinothiolato ligand with M(CH3;CN),Cl, 1,
Another example of a direct formation is seen in the formation of [Pd(dpppt)Cl]. by
reacting Pd(PPh3);Cl, and dppptH without formation of the expected
triphenylphosphine complex [Pd(dpppt)(PPh3)Cl] , Sulphur bridged dimers have also
been obtained by cleavage of the S-C thioether bond, the complex
[Pd{PCy,CH,CH(CH3)S}Cl], was obtained according to this method ®”. The nickel
dimer [Ni(L")Cl]> 9 was isolated as a deep red solid after reacting equimolar amounts of

NiCl,.6H>0O and L'H in a dichloromethane solution (Scheme 3-4).
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Scheme 3-4: Reaction scheme for the direct synthesis of [Ni(L")Cl], 9

Thiolato ligands are well known for forming sulphur-bridged species in the
absence of other suitable ligands. Although the chloride may also act as a bridging
ligand the bridging ability of the sulphur is over-riding, as evidence of this has been
previously reported (891, Starting from racemic L'H the 3lP{ lH} spectrum of [Ni(Ll)Cl]z
9 shows one singlet at 6p 42.3 instead of the expected two singlets due to the
diasteromeric meso and rac isomers of [Ni(L")Cl], 9. Single crystals of [Ni(L")CI],9
were grown by the slow diffusion of diethyl ether into a solution of CH,Cl,. Using these
crystals, crystallographic data was obtained by X-ray diffraction confirming the
complexes dimeric structure as shown in Figure 3-8, where the 5-membered chelates
adopt an S(5) skew confirmation. The nickels are bridged by thiolates, and the chloride
atoms take up non-bridging positions at the end of each dimer unit. The ORTEP view
shows [Ni(Ll)Cl]g to be a rac orientation with the ligands being of (R, R)

stereochemistry.

82



. BA

<*U

61 !'$ "

7

B 'S -
# L
@ JJ 9>
6< 7
# 6% ($
R
# ( ="M
3( ;"M 3(5! "M

5* 5=M 6 7 @

) 9> - >

# (

9!



and Ni(2)-S(2) are affected by the greater trans influence of -PPh, compared to Ni(1)-
S(2) and Ni(2)-S(1) which are trans to -Cl. The degree of trans influence can be seen in
the relative bond lengths with the greater trans influence of -PPh, causing the Ni(l)-
S(2) and Ni(2)-S(1) bond lengths to be stretched to 2.2353(6) A and 2.2184(6) A
compared to that of Ni(1)-S(1) and Ni(2)-S(2) being 2.1694(6) A and 2.1651(7) A. A
similar trend was observed for the analogous thiolate complex [Ni(dppet)Cl],, where the
corresponding Ni-S distances were 2.230(3) and 2.164(3) A | respectively %), The
chelate bite angles, P-Ni-S, 88.39(6)° and 88.96(6)° are unexceptional and the Ni-Ni

distance of 2.7882(4) Ais very close to what is seen in the literature 153,

Ni(1)-P(1) 2.1680(6) Ni(2)-P(2) 2.1520(6)
Ni(1)-S(1) 2.1694(6) Ni(2)-S(2) 2.1651(7)
Ni(1)-S(2) 2.2353(6) Ni(2)-S(1) 2.2184(6)
Ni(1)-CI(1) 2.1779(7) Ni(2)-Cl(2) 2.1803(7)
P(1)-C(6) 1.840(2) P(2)-C(24) 1.853(2)
S(H-C(1) 1.836(2) S(2)-C(19) 1.842(2)
P(1)-Ni(1)-S(1) 88.34(2) P(2)-Ni(2)-S(2) 89.28(2)
P(1)-Ni(1)-S(2) 165.95(3) P(2)-Ni(2)-5(1) 168.05(3)
P(1)-Ni(1)-CI(1) 93.47(3) P(2)-Ni(2)-C1(2) 92.13(3)
CI(1)-Ni(1)-S(2) 98.42(3) Cl(2)-Ni(2)-S(2) 98.65(2)
S(D-Ni(1)-CI(1) 176.01(3) S(1)-Ni(2)-C1(2) 177.86(3)
S(1)-Ni(1)-S(2) 79.34(2) S(2)-Ni(2)-S(1) 79.81(2)

Table 3-4: Selected bond lengths (A) and angles (°) of [Ni(Ll)C]]z 9

Attempts were then made to prepare the palladium dimer complex analogous to
that of [Ni(Ll)C]]z 9. The first attempt was by means of a direct addition of one
equivalent of the ligand L'H to a CH,Cl, solution of palladium bisbenzonitrile
dichloride. The reaction produced two peaks in the phosphorus NMR and was later
found to be the cis / trans equilibrium of the bis-chelates. Attempts were then made to
form the dimer complex indirectly by reacting one equivalent of palladium
bisbenzonitrile chloride with a toluene solution of the mixture cis / trans-Pd(L"), 8 at
120°C. Again the dimer product was not isolated leaving the final route of forming the
dimer by initially synthesising the thioether complex palladium 2-
(diphenylphosphino)cyclohexanethiomethyl and demethylating to produce the
corresponding palladium dimer complex. Failure to produce the dimer in this reaction

led us to the conclusion that the rigid backbone of the ligand stops the thiol from
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orientating itself into a position that can accommodate the tri-coordinated bridging
sulphur. There is evidence that phosphinothiolate ligands only form square planar
complexes, they are usually seen in ligands that have a constrained backbone not
allowing the sulphur to sit in a pyramidal arrangement Y1 For this particular ligand the
cyclohexyl backbone forces the sulphur into a position that favours the formation of the

bis-chelate complex.
3.3 Bis[palladium 2-(diphenylphosphino)cyclohexanethiol chloride] 10

The synthesis of 2-(diphenylphosphino)ethanethiol (Hdppet) has been well
documented *?. Coordination of such a ligand with a number of late transition metals
has been studied, including the synthesis of palladium (II) complexes "'l From the
literature review on phosphinothiol complexes (Scheme 3-5) we discovered that
synthesis of a palladium (II) chloride dimer using ligand Hdppet had not been reported.
Our aim was to synthesis the [Pd(dppet)Cl], complex using an alternative method to
that used in the direct formation of [Ni(L')Cl], 9. Initially the bis(2-
diphenylphosphino)ethanethiolate) palladium (II) complex was formed using a
previously published method by Brugat "', The complex was then recrystallised for
purification, and reacted with one equivalent of palladium bis-benzonitrile dichloride in
a solution of toluene. The solution was heated to 110°C and stirred overnight (Scheme
3-5).

Ph,
P PA(NCPh),Cl, S\ /F’ PANCPRI,Cl, O\ /S\ /Pphz
_— Pd _— P’ Pd
Ph,P SH PhMe
2 CH,Cl, F,/ \s thP/ \S/ \CI

Ph, 110°C \ /

Scheme 3-5: Two-step process for the synthesis of bis[palladium 2-(diphenylphosphino)ethanethiol
chloride] 10

The reaction progress was monitored by *'P NMR spectroscopy following the
expected disappearance of the signal corresponding to the bis-chelate at 8p 64.2
followed by the appearance of the desired product at dp 59.3. Crystals suitable for X-ray

diffraction analysis were grown by the slow diffusion of diethyl ether into a solution of
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Crystallographic data obtained for 10 are listed in Table 3-5 showing selected

bond lengths and angles. The dihedral angle defined by the two PdS; planes in complex
10 is 128.63(5)° at the high end of dihedral angles. The S-Pd-S angles are 80.99(5)° and

80.69(5)° respectively and are at the lower end of the literature range of 80-88° !''?, For

similar complexes the rather small S-Pd-S angles and syn orientation of the sulphur

substituents have been attributed to the repulsive interaction between the lone pairs on

the sulphur atom and metal d-electrons 12) The chelate bite angles, P-Pd-S, 87.62(5)°
and 86.71(5)° are unexceptional and the Pd-Pd distance of 3.010(5) A shows that a Pd-

Pd bond cannot be made over such a distance. With the two metal centres based on the

dihedral angle there are no vacant d-orbitals which can orientate into a position where a

metal-metal bond can form.

Pd(1)-P(1)
Pd(1)-S(1)
Pd(1)-5(2)
Pd(1)-CI(1)
P(1)-C(1)
S(1)-C(2)

P(1)-Pd(1)-S(1)
P(1)-Pd(1)-CI(1)
S(2)-Pd(1)-CI(1)
S(1)-Pd(1)-S(2)
P(1)-Pd(1)-S(2)
S(1)-Pd(1)-CI(1)

2.2353(13)
2.2901(13)
2.3749(13)
2.3287(13)
1.836(5)
1.839(5)

87.62(5)
92.67(5)
98.35(5)
80.99(5)
167.33(5)
176.45(5)

Pd(2)-P(2)
Pd(2)-S(2)
Pd(2)-S(1)
Pd(2)-Cl(2)
P(2)-C(15)
S(2)-C(16)

P(2)-Pd(2)-S(2)
P(2)-Pd(2)-CI(2)
S(1)-Pd(2)-Cl(2)
S(1)-Pd(2)-S(2)
P(2)-Pd(2)-S(1)
S(2)-Pd(2)-Cl(2)

2.2477(14)
2.2895(14)
2.3895(13)
2.3405(14)
1.836(5)
1.828(5)

86.71(5)
96.40(5)
96.67(5)
80.69(5)
163.61(5)
176.11(5)

Table 3-5: Selected bond lengths (A) and angles (°) of [Pd(dppet)Cl], 10
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3.4 Palladium (II) Dbis(diphenylphosphino)cyclohexanethiol palladium (II)
dichloride 11 '

The work of Roundhill ¥ reported the interconversion of o-
(diphenylphosphino)thioanisole to the dimer complex
diiodobis[(diphenylphosphino)benzenethiolato]dipalladium (II) shown in Scheme 3-6.
They reported that the dimer was synthesised through the demethylation of [PdIx(o-
MeSCsH4PPhy)]. The species was identified using spectroscopic evidence obtained after
heating [PdI;(0-MeSC¢H4PPh,)] in DMF solvent. To re-coordinate and reform the
starting phosphinothioether complex the dimer was dissolved in DMF, and reacted with

methyl iodide and an excess of iodide.

Me AN

Ph,P. S [
\Pd/l \Pd/ \Pd/
/\I Mel + I 1/ \s \PPh2
P
Ph,

Scheme 3-6: Formation of a palladium dimer via an indirect thermal conversion

The progress of the reactions was monitored using UV-Vis spectroscopy with
each coordinated species giving its own distinct absorbance. After previous
unsuccessful attempts to synthesise the corresponding bis-
(diphenylphosphino)cyclohexane thiol dichloride dipalladium (II) complex this similar

synthetic route was utilised.
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The mixture of cis / trans-Pd(L'), 8 dissolved in toluene was reacted with
cyclohexyl chloride at elevated temperatures (70°C) overnight (Scheme 3-7). With bis-
chelate complex 8 existing in a cis / trans equilibrium we expected the disappearance of
both the chelate signals in the *'P NMR spectrum. After a period of 3 hours the reaction
was proceeding with a signal seen in the *'P NMR spectrum at 8p 45.0, completion of
the reaction was observed after stirring overnight. With one singlet in the ’'P NMR
spectrum, trans-Pd(LICy)z was proposed with the observation of cyclohexane protons
in the saturated region of the 'H NMR spectrum. Attempts to isolate the intermediate
proved unsuccessful, therefore the reaction was continued in attempt to isolate the final
product. The final synthetic step involved heating the intermediate to 110°C in a
solution of toluene and adding one equivalent of palladium bis-benzonitrile chloride.
Over a period of 24 hours the solution formed a dark orange colour and *'P NMR

spectroscopy shown a new signal at 8p 63.2.

PPhy %Pphz

PhMe
+ CyCl >

!

Cy

wlinu
wlinn

———Pd—wug — Pd~—— S/

O
. e el
Ph P Ph,PW™”

PhMe
Pd(NCPh),Cl, 110°C

T ——Pd——PPh,

1,

)

Cl—Pd— "
ci

11

Scheme 3-7: Formation of cis-bis(diphenylphosphino)cyclohexanethiol dichloride palladium (1I)
complex [cis-Pd(L"),PdCl,] 11
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The dihedral angle defined by the two PdS; planes in complex 11 is 133.01(4)°

is one of the largest reported so far. Selected bond angles and lengths of complex cis-

Pd(L'),PdCl, 11 are shown in Table 3-6. The most notable information gathered from

this data is found in the variation of Pd-S bond lengths giving evidence of the trans

influence similar to that seen in complex 9.

Pd(1)-P(1)
Pd(1)-P(2)
Pd(1)-S(1)
Pd(1)-S(2)

P(1)-Pd(1)-S(1)
P(1)-Pd(1)-S(2)
P(2)-Pd(1)-S(1)
S(1)-Pd(1)-S(2)
P(2)-Pd(1)-S(2)
P(1)-Pd(1)-P(2)

2.2811(12)
2.2804(12)
2.3089(11)
2.3177(12)

88.30(4)
168.06(5)
168.12(4)
80.87(4)
87.78(4)
102.66(4)

Pd(2)-5(2)
Pd(2)-S(1)
Pd(2)-Ci(1)
Pd(2)-Cl(2)

S(1)-Pd(2)-5(2)
S(2)-Pd(2)-CI(1)
S(1)-Pd(2)-CK(1)
S(2)-Pd(2)-CI(2)
S(1)-Pd(2)-Cl(2)
CI(1)-Pd(2)-Cl(2)

2.3063(12)
2.3157(13)
2.3290(12)
2.3301(13)

80.96(4)
172.85(5)
91.88(5)
92.66(4)
173.58(5)
94.49(5)

Table 3-6: Selected bond lengths and angles of cis-[Pd(L"),PdCl,] 11
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Below is a list of phosphinothiol complexes that allow palladium dimer
complexation and their respective sulphur coordination bond angles (Table 3-7). In the
formation of palladium dimer complexes the sulphur must have to some extent a degree
of flexibility. From the data gathered one can see the range of bond angle which the
sulphur must accommodate coordination, the simple ethylene backbone of
[Pd(dppet)Cl]; exerts the least strain on the sulphur coordination with the smallest M-S-
C bond angle. Compared to the largest backbone of the ferrocenyl complex which
imparts an opening of the M-S-C bond angle to 113.08°, this is over ten degrees more
than a simple ethylene backbone. For our ligand which has a conformationally confined
backbone which limits the amount of movement in the backbone of the ligand and

therefore does not accommodate the formation of a sulphur bridging dimer complex.

Complex M-S-C (®) [M(L)C1}, formation M-S-C(®) Ref
Pd(dppet), Not available  [Pd(dppet)Cl], 102.43, 10
104.39
Pd(Ph,PC,H,S), [Pd(Ph,PC¢H4S)11, 106.35, [98]
104.88
Pd(Cy,PC,H;MeS), [Pd(Cy,PC,H;MeS)Cl], 104.56, [89]
102.74
Pd(Ph,PC,H;EtS), 104.65 [Pd(Ph,PC,H;EtS)Cl], 103.61, [53]
106.75 105.14
Pd(Ph,PCpFeCpS) [Pd(CpFePh,PCsH,CHMeS)Cl],  109.23, {491
108.84
Pd(Ph,PCpFeCpS) [Pd(Ph,PCpFeCpS)N(tBu)], 113.08, [49]
111.13
trans-Pd(L"), 105.96 Not formed Not Formed 8
105.96
Pd(Ph,PC,H;CH,OCH,Ph 107.6(3) Not formed Not Formed [50]
105.3(2)
Pd[Ph,PC,H;CsH;Me(t- 107.4(2) Not formed Not Formed [52]
Bu)S] 102.4(2)

Table 3-7: Review of ligand and their formation of palladium dimer complexes
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Formation of complex 11 gives further evidence that the backbone of the ligand
influences the readiness of the formation of palladium dimer complexes. As we can see
from the data below (Table 3-8) the factors that influence the formation of a standard
dimer complex are not dependant on bond lengths. Preference for ligand L! to form the
cis-Pd(L), complex instead of a standard dimer can be attributed to the bite angles of
the ligand which are relatively fixed by the ligand backbone. In the case of cis-Pd(L"), 8
the bite angles fit perfectly for a cis-bis-chelate and replicates the orientation of cis-
Pd(Ph,PCeH,4S),'* as discussed previously. The nickel complex Ni(L'); 7 shows how
the cis geometry is not formed with a total preference of the meso trans-Ni(L"), bis-
chelate. This means there is no preference of the cis geometry and allows the standard
rac dimer to be synthesised. A combination of ligand bite angle and the preference of
conformationally confined stereoisomers attributes to the preferred synthesis of the
meso-trans, rac-cis bis-chelates or rac-dimer complexes. The formation of cis-bis-
chelates is unusual and in the case of ligand L' the conformational confined backbone
gives such preference to the formation of the rac cis-Pd(L"), geometry that the rac-

dimer cannot be synthesised.

No.  Complex M-P (A) M-S (A) P-M-S(®) M-S-C(®) Stereoisomer
7 trans-Ni(L"), 2.1708(7) 2.1713(7) 91.01(3) 106.82(10) meso
trans-Pd(L"), 2.2971(5) 2.3173(5) 85.74(19)  105.96(7) meso
cis-Pd(L"), 2.271(5) 2.298(5) 86.74(19)  105.5(5) rac
2.274(5) 2.317(5) 87.39(19)  105.3(5)
9 [Ni(LY)Cl}, 2.1680(6) 2.1694(6) 88.34(2) 105.90(7) rac
2.1520(6) 2.2353(6) 89.28(2) 111.65(8)
2.1651(7) 107.21(8)
2.2184(6) 115.37(8)
10 [Pd(SC,H,PPh,)Cl], 2.2353(13)  2.2901(13)  87.62(5) 111.25(18) No chiral
2.2477(14)  2.2895(14)  86.71(5) 102.43(17) centre
111.36(18)
104.39(18)
1 cis-Pd(L"),PdCl, 2.2811(12)  2.3157(13)  87.39(19)  110.94(17) meso
2.2804(12)  2.3177(12)  86.74(19)  102.65(16)
2.3063(12) 113.16(16)
2.3089(11) 103.21(15)

Table 3-8: Structural comparison of selected bond lengths (A) and angles (°) of complexes synthesised
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3.5 Experimental

=,

Preparation of trans-Ni(SCsH oPPh,), 7. NiCL.6H,0 (0.13 g, 0.547 mmol) and L'H
(0.16 g, 0.547 mmol) were dissolved in anhydrous PhMe (30 ml) whilst stirring under

i

argon. The reaction mixture was then stirred at room temperature for 2 hours. trans-
Ni(Ll)z 7 was isolated from slow diffusion of petroleum ether into a dichloromethane
solution. This method afforded green block type crystals suitable for X-ray diffraction.
Yield 0.23g (63%).6y (CDCls, 400MHz) 0.79 (2H, m, Cy), 1.04 (1H, m, Cy), 1.23 (1H,
m, Cy), 1.48 (2H, m, Cy), 1.81 (2H, m, Cy), 2.05 (1H, m, Cy), 2.27 (1H, m, Cy), 7.16-
7.62 (15H, m, ArH), 7.82 (2H, m, ArH), 7.95 (1H, m, ArH). p (CDCls;, 121MHz) 63.2.
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Preparation of Pd(SC¢H;oPPh,); cis / trans-8. PACl,(NCPh), (0.27 g, 0.705 mmol)
and L'H (0.21 g, 0.705 mmol) were dissolved in anhydrous CH,Cl, (30 ml) whilst
stirring under argon. The reaction mixture was then stirred at room temperature for 2
hours. Yield 0.36g (72%) cis-Pd(L‘)z 8 was isolated from slow diffusion of petroleum
ether into a dichloromethane solution. This method afforded yellow needle type crystals
suitable for X-ray diffraction. trans-Pd(L'), 8 was isolated from slow diffusion of

diethyl ether into a solution of chloroform. This method afforded yellow block type

crystals suitable for X-ray diffraction.

rac- cis=Pd(L"), 8. 84 (CDCl;, 400MHz) 0.81 (2H, m, Cy), 0.92 (1H, m, Cy), 1.30
(1H, m, Cy), 1.48 (3H, m, Cy), 1.95 (1H, m, Cy), 2.13 (1H, m, Cy), 2.29 (1H, m, Cy),
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7.00 (4H, t, *Jupn = 6.7 0-ArH), 7.08 (1H, m, p-ArH), 7.20 2H, t, *Juu = 6.6), 7.32 (1H,
m, ArH), 7.50 (2H, t, *Juy = 9.4). 8¢ (125 MHz, CDCls) 29.71 (1C, s, Cy), 37.85 (1C, s,
Cy), 41.12 (1C, s, Cy), 42.50 (1C, s, Cy), 57.75 (1C, s, Cy), 58.03 (1C, s, Cy), 127.89
(1C, m, Ph), 128.15 (1C, t, Ph, *Jcp = 3.7). 128.58 (1C, t, Ph, *Jcp = 3.7), 129.75 (1C, t,
Ph, *Jep = 9.7), 130.29 (1C, s, Ph), 131.01 (1C, s, Ph), 131.85 (1C, t, Ph, *Jcp = 4.9),
132.08 (1C, t, Ph, *Jcp = 4.9), 136.26 (1C, t, Ph, *Jcp = 7.6). 8p (CDCl3, 121MHz) 59.9.

meso- trans—Pd(L"), 8. 8, (CDCls, 400MHz) 0.75 (1H, m, Cy), 0.87 (1H, m, Cy), 1.15
(IH, m, Cy), 1.58 (2H, m, Cy), 1.72 (1H, m, Cy), 1.88 (1H, m, Cy), 2.09 (1H, m, Cy),
2.36 (2H, d, Cy), 4.07 (1H, d, Cy, “Juy = 13.6), 4.94 (1H, d, Cy, 2Juy = 13.6) 7.14-7.73
(15H, m, ArH). &¢ (125 MHz, CDCl3) 24.58 (1C, s, Cy), 25.10 (1C, s, Cy), 26.50 (1C, s,
Cy), 36.07 (1C, s, Cy), 40.84 (1C, s, Cy), 43.26 (1C, s, Cy), 128.21 (1C, s, Ph), 128.34
(1C, s, Ph), 128.40 (1C, s, Ph), 129.29 (1C, s, Ph), 129.54 (1C, s, Ph), 131.17 (1C, s,
Ph), 131.26 (1C, s, Ph), 132.34 (1C, s, Ph), 135.52 (1C, s, Ph), 135.65 (1C, s, Ph),
136.92 (1C, s, Ph), 139.16 (1C, s, Ph). 6p (CDCl;, 121MHz) 62.6.
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Preparation of [Ni(SCsHoPPh;)Cl]; 9. NiCl,.6H,0 (0.15 g, 0.651 mmol) and L'H
(0.20 g, 0.651 mmol) were dissolved in anhydrous CH,Cl, (30 ml) whilst stirring under
argon. The reaction mixture was then stirred at room temperature for 2 hours. Removal
of the solvent left a red solid. [Ni(Ll)Cl]z 9 was isolated from slow diffusion of diethyl
ether into a dichloromethane solution. This method afforded dark red block type crystals
suitable for X-ray diffraction. Yield 0.29 g (57%). éy (CDCls, 400MHz) 0.75 (1H, m,
Cy), 0.87 (1H, m, Cy), 1.15 (1H, m, Cy), 1.58 (2H, m, Cy), 1.72 (1H, m, Cy), 1.88 (1H,
m, Cy), 2.09 (1H, m, Cy), 2.36 (2H, d, Cy), 4.07 (1H, d, Cy, 2Jun = 13.6), 4.94 (1H, d,
Cy, Jun = 13.6) 7.14-7.73 (15H, m, ArH). 8 (CDCl3, 121MHz) 42.3.
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Preparation of [Pd(SC,;H4PPh;)Cl]; 10. Pd(NCPh),Cl, (0.20 g, 0.51 mmol) and dppet
(0.25 g, 1.02 mmol) were dissolved in anhydrous CH,Cl, (30 ml) whilst stirring under
argon. The reaction mixture was then stirred at room temperature for 2 hours. Removal
of the solvent left a red solid. The solid was then dissolved in a solution of toluene (30
ml) along with PA(NCPh),Cl, (0.20 g, 0.51 mmol) and heated to 110°C with constant
stirring for 24 hours. The solvent was removed leaving a dark red solid. [Pd(dppet)Cl],
10 was isolated from slow diffusion of diethyl ether into a dichloromethane solution.
This method afforded dark red block type crystals suitable for X-ray diffraction. Yield
0.38 g (48%). don (CDCl3, 400MHz) 2.86 (4H, m, CH,), 2.97 (4H, m, CH,), 7.48 (12H,
m, Ph), 7.89 (8H, m, Ph). p (CDCl;, 121MHz) 59.3.
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Preparation of cis-Pd(SC¢H;(PPh;),PdCl, 11. Pd(Ll)z (0.21 g, 0.298 mmol) and
cyclohexyl chloride (0.08 g, 0.61 mmol) were dissolved in anhydrous toluene (30 ml)
whilst stirring. The reaction mixture was then stirred at 70°C for 24 hours in a sealed
pressure tube. PA(NCPh),Cl; (0.12g, 0.31 mmol) was then added to the reaction and the
solution was stirred at 110°C for a further 24 hours in a sealed pressure tube. Removal

of the solvent left a red solid. Pd(Ll)deClz 11 was isolated from slow diffusion of
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diethyl ether into a chloroform solution. This method afforded dark red needle shaped

crystals suitable for X-ray diffraction. Yield 0.084 g (32%). &p (CDCl3, 121MHz) 63.2.
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Chapter 4 Sterically hindered phosphinothiolate complexes

4.1 Palladium phosphinosulfinato complexes

In the previous chapter we have concentrated on a ligand based on a simple
commercially available substrate. This route of synthesis in turn forms a relatively small,
conformationally confined backbone due to the fixed steric properties. In this chapter the
focus will switch to using a higher molecular weight substrate (L?H) with more freedom
around the functional groups. Coordinating this ligand with palladium has formed metal
complexes which can be structurally compared to those synthesied in the previous

chapter.

Phosphinothiolate complexes can be oxidised stepwise to the corresponding

sulfenato (-RSO) and sulfinato (-RSO,) analogues with suitable oxidising agents ''2°

(1321 U331 The redox chemistry of thiols plays key roles in many biological processes !'**,
The important biochemical oxidations of cysteine include its conversion to disulfides
(cystine) and the formation of oxy acids such as cysteine sulfenic acid, cysteine sulfinic
acid (CSA), hypotaurine, cysteic acid and taurine !'*). In this chapter we report the

spontaneous oxidation of ligand L*H during complexation to form a sulfinato complex.

As part of our structural studies concerned with chiral phosphinothiolate and
phosphinothioether ligands we considered thiol L*H as a potential auxiliary. Here, we
report the synthesis of new bulky chiral phosphinothiol monomeric, oligomeric and

sulfinato palladium (II) complexes.

4.2 Co-ordination of 9, 10-ethanoanthracene-2-diphenylphosphino-1-ethanethiol,
9-10-dihydro L’H

Our initial studies for the coordination chemistry of the dihydro-anthracene
ligand L*H have focused on the preparation of palladium (II) complexes, due to the
‘soft’ acid and base properties of the metal precursor and ligand respectively.
Phosphinothiolate ligands form bis-chelate and sulphur-bridged dimeric complexes with
group 10 metals as we have observed in the previous chapter. But we have also observed
that the backbone of the ligand can influence the geometries of the metal complexes
formed. Here we study what influences the sterically diverse ligand (L*H) has on
standard coordination reactions. The first complex to be synthesised was that of the

palladium bis-chelate following the synthetic method outlined in the previous chapter.
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Accordingly, the reaction of two equivalents of phosphinothiol L’H with
PdCl,(NCPh), in anhydrous degassed THF was carried out (Scheme 4-1). The *'P NMR
spectrum of the below reaction showed the presence of two signals, resonating at dp 50.0
and Op 48.0 respectively with equal intensity for both fresh and aged solutions. The
complex Pd(L?), was isolated first, after fractional crystallisation by the slow diffusion
of diethyl ether into a THF solution (8p 50.0). To our surprise the second compound
isolated, with &p 48.0, was the bis-sulfinato (-SO,R) complex, 13, according to
spectroscopic and crystallographic data. Reactions were carried out in anaerobic
conditions with the only oxygen source being THF. Thus far we have not ascertained the
source of this oxidation and can only report our findings. The same reaction was
repeated several times always forming complexes Pd(L?), 12 and Pd(Lzoz)z 13 in

equimolar ratios.

PPh,

; Pd(NCPh)Cly
2

Scheme 4-1: Reaction scheme for the formation of Pd(L?), 12 and oxidised Pd(L0,), 13
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Deliberate oxidation of S-bound thiolates to sulfenates and sulfinates can be
achieved using a variety of oxidants such as hydrogen peroxide and hexaquacobalt(III)
11281 Spontaneous oxidation of metal-thiolates however has rarely been reported. The
only case of serendipitous S-oxidation we have come across is that of a nickel bis-
sulfonato complex, isolated during the synthesis of the parent complex Ni(dsdm), dsdm
= N,N'-dimethyl-N,N'-bis(mercaptoethyl)ethylenediamine. As was the case with the
Ni(dsdm) complex, the bis-thiolato complex 12 is air-stable indefinitely both in the solid
state and in solution with no S-oxidation products observed, thus leading us to conclude
that it is the presence of other reactants during the formation of 13 that cause the redox
chemistry to occur. A complex containing a combination of oxidised and non-oxidised
ligand, [PA(L*)(L20,)], was not observed. Factors which lead to stable bis-thiolato and

bis—sulfinato complexes vs. disproportionation products are not well understood.

Both complexes are isolated in equimolar amounts and combine to give a
reasonable overall yield of 76%. Each of the complexes are isolated and purified due to
their differing solubility in polar solvents (Acetonitrile). Starting with the racemic ligand
L*H both rac and meso complexes were expected to form in equimolar amounts.
However, only the meso isomers of 12 and 13 are observed according to the NMR and
crystallographic data obtained, possibly due to the steric requirements of the bulky
dihydro-anthracene backbone. In the case of the geometry it is controlled by the bulk of
the —PPh; groups, as the trans-P,P arrangement is sterically more stable than the cis-P,P
configuration, which places the bulky groups close to each other. It would seem that the
steric interactions of the two —PPh; groups is not the only cause for the fact that the cis
isomer of 12 and 13 are not observed, as the phenyl groups can rotate to accommodate
each other in a cis isomer. We suggest that it is because of the bulky ligand interference
that the phenyl groups cannot adopt a conformation compatible with the cis geometry,
forcing 12 and 13 to exist only in the trans-P, P form with high geometrical rigidity. The
'H NMR spectrum of complex 12 reveals a dramatic upfield shift for the aromatic
protons of the [2.2.2] dibenzobicyclic unit when compared to the free ligand. This is
particularly true for the aromatic protons H' and H® located on the substituted side of the
ethylene bridge resonating at 3y 4.89 and 6.11, respectively (numbering scheme shown
in Scheme 4-1). The neighbouring protons H? and H’ show a smaller downfield shift at
6.45 and 6.55, respectively. In contrast, resonances for the aromatic protons on the non
substituted side of the bicyclic, H® and H*®, appear in the normal aromatic range, at 8y

6.80 and 8y 6.96, respectively.
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The infrared spectrum of 13 contains three strong bands at 1049, 1099 and 1214
cm’' which can be assigned to V(SO) stretches. These bands are very close to the ones
reported by Darensbourg for a related bis-sulfinato Pd(N,S;) complex !'?!. The 'H
NMR spectrum of Pd(L20,), shows a downfield shift of protons affected by the
oxidation of the sulphur. The protons most influenced are those at the bridgehead
position nearest the sulphur, H, resonating at 8y 4.18 and the aromatic protons H' and
H®, at &; 5.48 and & 7.10, respectively. COSY NMR spectra for compounds 12 and 13
were recorded in deuterated chloroform. The data was used to identify the backbone
protons H'"" > and H'* ', which are both neighbouring the ligand chiral carbon and have
complex couplings. Protons H'"'? can be identified by their correlation to bridgehead
proton H'® which protons H'* '* do not contain such correlation. The spectrum for 12
identifys 8y 2.27 and 2.40 being protons H''"* % and &y 2.47 and 2.90 corresponding to
H'"*'*. Compound 13 shows a slight increase of sepataion between protons H'""'? (8, =
2.21 and 2.42) and a decrese of the separation between H'* % (84 = 2.62 and 2.74).
Electrospray mass spectroscopy analyses were carried out for both complexes. Apart
from the parent ions, stepwise loss of oxygen is observed for the sulfinato complex
showing that at least under mass spectrometry conditions the sulfenato and

sulfinato/sulfenato intermediates are formed.
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Crystallographic data of the two complexes are given in Table 4-1 showing
selected bond lengths and angles. Upon oxidation of the sulphur, the Pd-S bond slightly
lengthens from 2.2975(18) A in complex 13 to 2.3095(8) A in the sulfinato complex
(123 1271 "1 engthening of the Pd-P bond from 2.2848(19) in 12 to 2.3103(8) A in
complex 13 is also observed, as a result of the steric influences of the addition of two

oxygen and greater electron donation of the sulphur donor !'%%,

trans-Pd(LY), 12 trans-Pd(L?0,), 13
P(1)-Pd(1) 2.2848(19) 2.3103(8)
S(1)-Pd(1) 2.2975(18) 2.3095(8)
P(2)-Pd(1) 2.285(2) 2.3103(8)
S(2)-Pd(1) 2.2975(18) 2.3095(8)
S(1)-0(1) 1.473(2)
S(1)-0(1) 1.461(2)
P(1)-Pd(1)-S(1) 86.30(7) 83.59(3)
P(1)-Pd(1)-S(2) 93.70(7) 96.41(3)
S(1)-Pd(1)-S(2) 180.00(10) 180.00(2)
P(1)-Pd(1)-P(2) 180.00(10) 180.00(2)
P(2)-Pd(1)-S(1) 93.70(7) 96.41(3)
P(2)-Pd(1)-S(2) 86.30(7) 83.59(3)

Table 4-1: Selected bond lengths (A) and angles (°) for complex Pd(L?), 12 and Pd(L20,), 13

Next we studied the chemical oxidation of complex 12 in order to isolate S-
oxygenate intermediates. Using re-crystallised complex 12 dissolved in degassed
acetonitrile, excess hydrogen peroxide was added at room temperature. Within one hour
the bis-chelate had completely oxidised to sulfinato complex 13. The bis-chelate
complex 12 is air stable and does not oxidise in solution like analogous complexes (120,
(1241 Pyurthermore no mixture of sulphoxide palladium was observed giving only the fully
oxidised disulfonate complex using excess hydrogen peroxide. Pd(L?), cleanly oxidises
in the presence of excess hydrogen peroxide to the fully oxygenated complex 13 without
any sulfenate intermediates observed. In an attempt to form a partially reduced
intermediate, the thiolate complex was reacted with one equivalent of H,O,.urea adduct.
3P NMR revealed a mixture of products. Integration of the peaks showed relatively
equal amounts of unreacted bis-chelate 12 (8p 50.0), fully oxidised sulfinato 13 (3p 48.0)

and a new peak at Jp 46.0 attributed to the bis-sulfenato Pd(L?0), complex.
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4.3 Preparation and isolation of polymetallic complexes using L’H

Several attempts were made to obtain the dimeric palladium complex, [Pd(Lz)Cl]z,
by mixing equimolar amounts of the ligand L*H and Pd(PhCN),Cl, in anhydrous
degassed THF (Scheme 4-2). *'P NMR spectra of the dissolved materials consistently
showed the presence of two distinct complexes giving rise to a sharp singlet at dp 40.4
(dimer 14) and a set of doublets at 5,39.9 and 8 46.9, 2Jpp = 11.1 Hz. After prolonged
standing of the mixture the set of doublets disappears from the >'P NMR spectrum and a
new singlet is observed at 8 50.0 corresponding to the bis-chelate complex, 12. It was
possible to establish the identity of the species giving rise to the set of doublets in *'P

NMR (complex 15) from single crystal X-ray diffraction studies.

HS PPh,

’ Pd(NCPh),Cly
AN

Scheme 4-2: Reaction scheme for the formation of [PdL2Cl], 14 and PdCl5[PdCly(H,0)-Pd(L?),], 15
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Crystallographic data in Table 4-2 shows selected bond lengths and angles. Both
Pd(Lz)z subunits form the meso isomer, which in combination with the requirement to
place one dibenzobicyclic unit above the coordination plane and the other below the
plane in order to minimise steric repulsions, places the methylene group of the
dibenzobicyclic unit of S-LYina pseudoaxial position and the chelate adopts a distorted
d-skew conformation. This is the only example in the solid state structures of L?
complexes where the methylene group faces the chelate ring, in all other structures L?

adopts an almost perfect envelope conformation with the bridgehead proton in an axial

position.
Pd(1)-CI(2) 2.288(10) Pd(3)-S(6) 2.340(10)
Pd(1)-S(1) 2.315(11) Pd(3)-S(3) 2.341(10)
Pd(1)-CI(1) 2.328(10) Pd(4)-P(9) 2.274(10)
Pd(1)-P(3) 2.281(10) Pd(4)-P(6) 2.285(10)
Pd(2)-P(1) 2.284(10) Pd(4)-S(6) 2.327(10)
Pd(2)-S(3) 2.317(10) Pd(5)-0(2) 2.080(10)
Pd(2)-S(1) 2.323(11) Pd(5)-C1(5) 2.289(10)
Pd(3)-CI1(3) 2.299(10) Pd(5)-S(9) 2.308(10)
Pd(3)-Cl(4) 2.304(10) Pd(5)-Cl(6) 2.339(11)
O(1)-Pd(1)-CI1(2) 176.33(8) CI(3)-Pd(3)-Cl(4) 179.37(7)
O(1)-Pd(1)-S(1) 86.18(7) CI(3)-Pd(3)-S(6) 91.87(7)
O(1)-Pd(1)-CK(1) 86.02(7) CI(3)-Pd(3)-S(3) 87.00(6)
C1(2)-Pd(1)-S(1) 97.03(7) C1(4)-Pd(3)-S(6) 87.56(7)
Cl(2)-Pd(1)—-ClI(1) 90.90(6) Cl(4)-Pd(3)-S(3) 93.56(7)
S(1)-Pd(1)-CI(1) 171.23(8) S(6)-Pd(3)-S(3) 178.86(8)
P(3)-Pd(2)-P(1) 102.04(7) P(9)-Pd(4)-P(6) 102.04(7)
P(3)-Pd(2)-S(3) 86.54(6) P(9)-Pd(4)-S(9) 86.64(7)
P(3)-Pd(2)-S(1) 168.93(8) P(9)-Pd(4)-S(6) 170.85(8)
P(1)-Pd(2)-S(3) 170.18(8) P(6)-Pd(4)-S(9) 168.39(8)
P(1)-Pd(2)-S(1) 86.22(7) P(6)-Pd(4)-S(6) 86.31(7)
S(3)-Pd(2)-S(1) 85.92(7) S(9)-Pd(4)-S(6) 85.63(7)

Table 4-2: Selected bond lengths (A) and angles (°) for PACL-{Pd(L?),-[PdCl,(H,0)]}, 15
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