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‘Ta ayoBa Komoig KTOVvIan.’
‘Good things in life are obtained through effort.’
‘No pain, No gain.’
- Ancient Greek proverb

‘We cannot teach people anything; we can only help them discover it within

themselves.’
- Galileo Galilei, Italian scientist, 1564-1642
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Abstract

In recent years there has been great interest in developing bidentate systems where only
one of the atoms is phosphorus. Mixed P, O— and P, N- donor ligands have been
extensively applied in catalysis and there is growing interest with respect to potential
applications of P, S-ligands. This thesis reports on the synthesis and application of a
range of substituted P, S-ligands and the catalytic results obtained are discussed.

Chapter 2 describes the synthesis of several bidentate phosphinothiolate and -thioether
(P, S) ligands. The P, S ligand 1-(diphenylphosphino)butane-2-thiol (L') was derived
from a thiirane which was synthesised by the ring-opening reaction of an epoxide. The
thioether tertiary-butyl derivative (L?) was also synthesised along with the thioether
methy] (L*), thioether benzyl (L*), thioether xylene (L®), thioether naphthalene (L°) and
thioether anthracene (L”). The ligands were subsequently coordinated to palladium and
the resulting complexes (1-12) exhibit a monomeric or dimeric geometry.

Chapters 3 and 4 detail the application of the palladium complexes in catalytic reactions.
The palladium phosphinothiolate and —thioether complexes have been tested as pre-
catalysts in the Heck and Suzuki cross-coupling reactions which were performed under
aerobic conditions. The Heck couplings with styrene and butyl acrylate were
investigated along with a variety of haloarenes, and the Suzuki reactions have explored
the cross-couplings of various haloarenes with benzene boronic acid. The complexes
tested were highly efficient catalysts in the coupling reactions. Turnover numbers
(TONSs) of up to 1 million have been achieved for Heck couplings and 1.98 x 10" for the
Suzuki coupling reactions.
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Chapter| - Introduction

1. Introduction

1.1 Group 10 metals

Group 10 consists of nickel, palladium and platinum. The general oxidation state for Ni
is +II and for Pd and Pt are +II and +IV. When Pd and Pt are in the +II state (d®
configuration) six electrons occupy the tyg orbitals and two electrons lie in the e, orbital
(Figure 1). Pd** is a paramagnetic ion but the resulting complexes are square planar,
bound to strong field ligands such as phosphines and are diamagnetic e.g. [Pd(H20)4]*",
along with other oxides, nitrates and sulphates. The simplest square planar complexes
are [PACLJ* and [PtCLy)*. Octahedral complexes can also occur for Ni. As compounds
in their II state, Pd and Pt tend to have an affinity for softer n-bonding ligands such as
alkenes, alkynes, R3P, R,P, CN™ and NO,". Pd and Pt can also occur as compounds with
in the +IV state (d® configuration) with an octahedral geometry, such as the reactive
complex [PdXs]> where X = F, Cl or Br and [Pt(NH;)4CL,]*". Pt(VI) is rare and is seen
with an octahedral geometry also, for example PtFs.

m,,, l “\\\\\\ //I/,,,, “\\\\\\

s

=

Octahedral Square planar  Square planar
Highspind, Highspind®  Low spind®,
weak field strong field

Figure 1. Energy level diagram for square planar complexes
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1.2 Palladium

Palladium is one of the most important transition metals with wide use in industry and
academia. Palladium is one of the most versatile catalysts used in organic chemistry due
to its use in C-C coupling reactions (Heck, Suzuki etc) as well as catalysing C-H, C-O,
C-P, C-N, C-S and C-CO-C bond forming reactions.

Palladium (0) can activate C-X bonds (where X = I, Br, Cl, O) by oxidative addition
forming palladium (II) complexes which can then react with nucleophiles, and hence
form the final complex after a number of steps. There exists a variety of Pd(0)
complexes. These include Pd(0)Ls where L = phosphine, which can catalyse any kind of
reaction possessing a nucleophile. The second type of Pd(0) complex is generated in situ
from a mixture of Pd;(dba); and phosphine, and is used in allylic substitution reactions,
such as the Tsuji-Trost reaction.'” The final Pd(0) complex is a mixture of divalent
Pd(OAc), and phosphine, which has shown catalytic efficiency in the Heck reaction. The
efficiency of the palladium catalyst depends on the ligand attached and also on the Pd(0)
precursor. The precursors of Pd(0) complexes have been determined to be Pd(II)
complexes such as PdX,L, (where X = Cl, Br, I). These complexes can catalyse cross-

coupling and Stille reactions.®

1.2.1 History

The first Pd(IV) organic complex was reported in 1986 by Byers and co-workers.” The
complex PdIMes(bpy) was synthesised by the oxidative addition of methyl iodide to the
Pd(II) complex PdMe,(bpy), as shown in Scheme 1.

A AN
I Me
Me NF OA Me | N
pd"\ + Mel —— Pd'V\
Me” N” ' Me/l N” l
A I

Scheme 1. Synthesis of the first Pd(IV) complex in 1986

This reaction has generated a great interest in Pd(IV) chemistry and allowed mechanisms
to be studied that include oxidation and reductive elimination steps. The reactivity of the

Pd(II) complex PdMe,(bpy) has been studied by 'H NMR investigations and results
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showed that when reacted with Mel in (CD;3;,CO a cation of
[PdMes(bpy)((CD3),CO)]'T is formed. Following this the Pd(IV) complex is formed
which reductively eliminates ethane to give the Pd(II) complex PdIMe(bpy).}

1.2.2 Reactivity

Organopalladium intermediates are often generated in situ from the inorganic palladium
compounds or salts. Palladium is easily recoverable and reusable in subsequent reactions
hence the use of stoichiometric amounts in organic synthesis is both economical and
desirable.’ Palladium(0) is usually an unreactive metal for use in organic chemistry but
the finely divided metal supported on carbon has proven to be a useful catalyst for
hydrogenations. Examples of this type of catalyst include
tetrakis(triphenylphosphine)palladium(0) (the synthesis of which is shown in Scheme 2)
and bis(dibenzylideneacetone)palladium(0).

2(PhsP),PdCl, + 4PhP + 5N,Hy ———s 2(PhP),Pd + 4N,Hs'CI +N,
Scheme 2. Preparation of tetrakis(triphenylphosphine)palladium(0)

Palladium(Il) o-bonded complexes are stabilised by complexation with certain ligands
such as phosphines, in particular triphenylphosphine due to its low cost and ease of
accessibility. The first route to synthesising Pd(II) complexes (Scheme 3) is the
oxidative addition of organic halides to the Pd(0) precursor, which produces monoalky],
vinyl, heterocyclic or arylpalladium derivatives. The second general method of synthesis
(Scheme 3) is the metathesis reaction with Main Group organometallics and palladium
salts. The Pd(II) complexes produced are dependent on the reactants and the alkylating
agent and can be mono- or dialkyl, or arylpalladium derivatives. Pd(II) complexes are
generally seen as the in situ intermediates generated from palladium salts in palladium-
catalysed reactions and from the oxidation reaction of an organic halide to a Pd(0)

complex.
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(C2H5)3 P\ Br (C2H5)3P\ /CH3
AN
Br/ P(C,Hs), H,C P(C,Hs);
Ph;P. Br
C¢HsBr + Pd(PPh;); ——> \P d/ + 2PPh;
/ N\
C6H5 PPh3

Scheme 3. Synthesis of Pd(II) complexes

More stable than the o-allylic palladium derivatives are the m-allylic systems. Their
stability is due to the delocalised system of n-electrons and the palladium atom being
directly joined by two coordination positions to the allylic substrate. The five main
methods of preparation for the m-allylic palladium complexes include the reaction of
Pd(0) compounds with allylic halides by oxidative addition, the metathesis Pd(II) salts
with main group allylic compounds, the reaction of Pd(Il) salts with alkenes, the
addition reaction of a Pd(II) compound to a conjugated diene and alkenes reacting with

vinylic Pd compounds.’

The main chemistry that palladium is involved in includes palladium catalysed
rearrangements (Pd(II) and Pd(0)), oxidation (Pd(II)) and coupling reactions. Palladium
also plays a role in substitution reactions involving = alkenes. The palladium compounds
formed can subsequently be utilised in elimination reactions which result in the

formation of organic compounds.

Palladium has recently found widespread use as a catalyst, most notably in C-C coupling
reactions, such as Heck®'*"? and Suzuki.%'*"'7 The parameters that must be fulfilled for
the metal complex to display good catalytic activity are stability in the resting state but

activation in solution allowing catalytic interaction with substrates.'®

1.3 Phosphines

Phosphine ligands (PR3) have found great importance in homogeneous catalysis and are
considered one of the most important groups of ligands. Since their discovery in the late

19" century, including triphenylphosphine in 1885,"° transition metal phosphine
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chemistry has been studied extensively and the phosphine ligands can be ‘tuned’ to
possess the properties needed to synthesise a wide range of complexes which can be

used in a variety of applications.

1.3.1 Diphosphines

Diphosphines have shown wide use in catalysis and other synthetic applications. In
particular, chiral bidentate phosphines have been used broadly in asymmetric
transformations. Symmetrical ligands of this type possess two donor atoms bearing
similar steric and electronic parameters, examples include (+) or (-) DIOP and axially
chiral BINAP. Phosphines bearing two donor atoms with different substituents show less
symmetry. Ligands of this type include DIPAMP and BINAPHOS, as shown in Figure

2 20
>< iy kCHZP Phy MeO l PR,
MeO, PR
CH,PPh, \ 2

DIOP BINAP

Me
O—p—O Q
o e SOl O
MeO\C( ) i
DIPAMP BINAPHOS

Figure 2. Symmetrical and unsymmetrical diphosphines

Symmetrical diphosphines which coordinate to transition metals form five membered
rings in one of two conformations, 8- or A-skew. For chiral diphosphines often one
conformer is more favourable due to stereochemical differences of the ligand backbone

i.e. equatorial vs. axial groups. Brunkan and co-workers showed the preferred
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It has been noted that steric effects dominate over electronic parameters. In 1977
Tolman?’ stated that the steric bulk of a phosphine ligand could be measured and hence
detail the electron donating or withdrawing character of the ligand. Phosphines can exert
a steric influence on the metal to which it is bonded and influence its electronic
character. This ultimately has an impact on the overall reactivity of the complex.
Tolman’s cone angle 8 measures the steric requirement of the ligand and illustrates the
spacial needs of the ligand. 6 can be defined as ‘the apex angle of a cylindrical cone,
centred 2.28 A from the centre of the P atom, which just touches the Van der Waals radii
of the outermost atoms of the model’ as illustrated in Figure 5. As can be seen from
Table 1.1 the larger O the greater the steric influence of the ligand, for example for PHj,
0 = 87 deg, for the bulky tertiary phosphine P'Bu; = 182 deg.

Figure S. Tolman’s cone angle

Table 1.1. Tolman cone angles for phosphine ligands

Phosphine Cone angle (°)
PH; 87
PMe; 118
PEt; 132
PPh; 145
P'Bu; 182
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1.4 Chelates

Chelates are ligands that have two or more points of attachment on to the metal cation to
which they are bound. They are more stable than the analogous unidentate ligands due to
the greater number of bonds that need to be broken in the polydentate ligand for
dissociation to occur. A ring structure is formed and the stability of chelates can be
increased by the presence of delocalised bonding in the system, and the more rings that
are formed the greater the stability of the resulting complex. Examples of bidentate
ligands include 2,2-bipyridine (bipy) and 1,2-ethanediylbis(diphenylphosphine) (diphos)

as shown in Figure 6.

/ \_/ H,C—CH,
\ / /
N\ /N (C¢Hs)oP. P(C¢Hs),

N

bipy diphos
Figure 6. Five membered bidentate ligands

The chelate effect describes the higher stability constants that chelating ligands possess
in comparison to the non-chelating analogs. The chelate ligands are more stable as when
one end of the ligand falls off the metal to which it is attached and dissociates the ligand
still has at least one point of attachment to the metal centre. It is more likely that the
ligand would reattach back onto the metal than another dissociation to occur. A
unidentate (non-chelating) ligand would fall off completely resulting in total loss of the
ligand.
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1.5 Mixed donor ligands

In recent years there has been great interest in the development of chiral bidentate
systems for use in catalysis where only one of the donor atoms is phosphorus. In these
mixed donor ligand systems (P, $;*3¢ P, 0¥’® and P, N**%%) differences are seen
between the two coordinating groups i.e. varying electronic and steric properties. Here
the symmetry which was previously seen for the classical diphosphine is broken, but
these new ligands may be effective in a multitude of reactions where an unsymmetrical
structure is advantageous. Mixed donor ligands have produced promising results as the

precursors of catalysts in allylic alkylations*!*2

and Heck reactions.”’ Catalytic work
using P,S ligands has been reported, however due to the possible danger of metal

poisoning by sulfur, the scope of reactions is believed to be limited.*

1.5.1 Synthesis

Phosphinothiolate ligands possess a phosphine centre and thiol functionality. The
combination of good donor atom properties from both phosphorus and sulfur and the
low ionisation energy held by sulfur make these ligands excellent asymmetric
multidentate  ligands.** Well known examples include R,P(CH,CH,SH),*
R,P(C¢H4SH),** R,P(CH,SH), RP(CeHsSH),*' 352 and P(C¢H4SH)3.*

In recent years a vast amount of work has been undertaken on the synthesis of P,S
ligands. Early work on polydentate P,S ligands was reported in 1967 when Meek and co-
workers> investigated three ligands of this class with aromatic backbones (diphenyl(o-
methylthiophenyl)phosphine 1, bis(o-methylthiophenyl)phenylphosphine 2 and tris(o-
methylthiophenyl)phosphine 3), which were complexed onto palladium. The synthesis

of these ligands is shown in Scheme 4.
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P(CgHs),
@[ PC,Hs p
SCHj

SCH; /2 SCH;3 /3
1 2 3
where n =2 where n =1 where n=0
Hy (1) Na, C2H50H NH, (1) NaNoO,, H,S0, Br
.
(2) CH;l SCH (2) CuBr, KBr @[

3 SCH3

(1) C4HgLi

(2) (CeHs)PCl3

H,CS

n(C6H5)P

n=0,1,2

Scheme 4. The synthesis of polydentate P,S ligands by Meek and co-workers

The synthesis of PPh(2-C¢HsSH),»' and other 2-phosphino- and 2-
phosphinylbenzenethiols54 (Scheme 6) have been described, along with a range of
ligands of the type Phy(2-(RSCH,)CsH4)P,*? the synthesis of which is shown in Scheme
5. Bidentate P,S ligands have also been reported by Romeo and co-workers,>* shown in
Figure 7 and by Evans and co-workers*' (Scheme 7).

Cl SR
-Cl
PPh, + SR ———m> PPh,
1:R=CH,CH; 1-3

2:R= cyCIO'C6H1|

J:R=

OH
H,C

Scheme 5. Synthesis of Phy(2-(RSCH;)CgHy4)P ligands
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Ph

Ph,P
/\ / Ph2P Ph 2
Ph,P S \/\S J/ \/\ S/\

P-CH,SPh P-SPh P-SEt

Figure 7. P,S ligands used by Romeo and co-workers

SH SH LiH
SiMe Li SiMe;
n-Buli Me3S|Cl 3 .
n-BuLi
© cyclohexane THF, -78 °C hexane
Ph,SiCl
THF Ph,PCI
-78 °C THF
-78 °C
SH SH
PhsSi SiMe; Ph,P SiMe;
2

Ph Ph
DMSO
PhP(O)CI —
SLi z 2 \© 20°C, 24h

Li THF, -78 °c S—S§

PCls, THF

78 °C, H* HS SH
SH

Scheme 6. Synthesis of 2-phoshino- and 2-phosphinylbenzenethiols and related

compounds
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Y 0
Ve S\ S 0
o) 0  tBuMgBr o~ \_p, i-BuMgCl ) Me
TTHE - é\/k
. on THF THF/ELO gy Me
Me’ - OH
Ph Me”
ph Ph a
HO_ .R HO_ 4R
+
O. o..
S i-Pr S i-Pr
R'=Me, Ph, i-Pr !_Bu I_Bu
Reaction conditions :
a. (i) LDA, THF, -78 °C
(ii)) RCHO b b
b. BH;-THF, rt
¢. n-BuLi, Ph,PCI, 0 °C
HO_ .R HO_ 4R
+
S i-Pr S i-Pr
!—Bu t-Bu
(v [
, R
Ph, R P th/\(
+ N
?/ ‘i_Pr ? l-Pl'
t-Bu t-Bu

Scheme 7. Chiral mixed P,S ligands
Jalil and Hui have shown a method where by a cyclic sulfate has been attached to a S-
containing heterocycle, thiophene,’ as shown in Scheme 8. This method has enabled the

specific requirements for the steric and electronic properties of the ligand to be selected

12
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by choosing different substituents on the phosphorus or heterocyclic rings and cyclic

sulfates.

. PPh,Li
o o ____H _ - —
Ny THF O\ THF PPh,
0”0 S\ S\

S

Scheme 8. Synthesis of P,S ligands by attachment of thiophene to a cyclic sulfate

The precursors used for the preparation of P,S ligands are pungent and toxic. There are

seven main methods for the synthesis of phosphinothiolate ligands :*¢

i) ring opening reactions of thiiranes and thietanes
ii) nucleophilic substitution at the sp’ carbon

iii) free radical addition across C-C double bonds
iv) addition of thioketones

V) ortho-lithiation of phosphinothiols

vi) preparation from thioethers

vii)  Arbuzov type rearrangement of aryl dithiophosphonates

The ring opening reaction of thiiranes and thietanes is the standard method for the
formation of P,S ligands (Schemes 9 and 10).43 The S-containing reactant is treated with
a nucleophile (e.g. diphenylphosphide anion). The formation of poly(thioethers) could
occur but this is avoided by using an attacking species that is a better nucleophile than
the new thiol formed. A second problem that could be encountered is attack occurring at
the sulfur instead of the expected carbon atom. This is unusual for thiiranes but
desulfurisation can be caused by alkyl- and aryllithium compounds.*®

13
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/ H,C llz N, NP
CH;,

S + RLi
H,C
\ inversion H; rotatlon
3(: SR 3c ¢ SR
CH;
erythro threo l E
2
—/ + RSLi
_ 4 RsLi \—/ + st
Rzﬂ.C4H9
Scheme 9. Reaction of episulfide with n-BuL.i
RlpL S R3Cl
i+ —_——
LN /——< _"f——< * Lic
2 RL,P R,P

Scheme 10. The ring opening of a thiirane using lithium salts of phosphines

The nucleophilic substitution at the sp> carbon method is not often used as a mixture of
products can be formed due to competition between the phosphorus nucleophile and the
thiolate centre. The method has been used for a number of syntheses including 3-

(diphenylphosphino)propanethiol.®’

The third method involving the free-radical addition across carbon-carbon double bonds
has been used for the formation of thioacetic S-esters of trimethylene- and
tetramethylene- bridged phosphinothiols. The synthesis does not involve the formation
of the by-product phosphine sulfide.

14
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The addition of a phosphorus nucleophile to a thioketone is not as a simple a route as
first anticipated due to the irregular reactivity of thioketones when compared to

5860 (Scheme 11). Examples of reactions of thiocarbonyl compounds with

ketones
nucleophiles include the reaction of (dimethyloxosulfonio)methanide with thioketones to
yield thiiranes. Reports have shown the phosphorus attacking the carbon rather than the

sulfur and a tendency to form polymeric products.

R R
/C—S reduction H >C SH
R R

Scheme 11. Reaction of thioketone

The ortho-lithiation of benzenethiol (Scheme 12) has been used to study the chemistry of
phenylene-bridged phosphinothiols.* This has allowed the development of a method
for the preparation of substituted phosphinothiols but hindrance in the lithiation step has
restricted this method.

SH

SH
PPh,
BuLn TMEDA 1. thPCl
TMEDA 2. HCl

Scheme 12. Preparation of 2-(diphenylphosphino)benzenethiol by the ortho-lithiation of
benzenethiol

The preparation from phosphinothioethers method accounted for the first complexes of
phenylene-bridged phosphinothiols. The route involves the dealkylation of

phosphinothioethers.

The final method for the preparation of phosphinothiolates is the Arbuzov-type
rearrangement of aryl dithiophosphonates (Scheme 13).
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S
SH  php(=s)ci(oPh) S\r<"h BuLi S<1_-Ph
SI OPh - @i ~OPh

Br Br SH

LiAlH,

SH

O

o)
NO, g/R (i) reduction l;l,/R
RP(OEt),/MeCN <j: NOEt (i) diazotization NOEt
——
0, NO, (iii) SCN/FeCl,

N
SCN

LiAlH,

SH

Scheme 13. Preparation of phosphinothiols by Arbuzov-type rearrangements

Phosphinothioethers can be prepared by the disconnection methods.** The bond broken
can either be the phosphorus-carbon bond (forming a carbanion or carbocation) or the

sulfur-carbon bond (forming an electrophilic carbon and also a thiolate anion).

Chiral thioether-phosphite ligands have been synthesised from 1,2-O-isopropylidene-a-
D-xylofuranose 1 (Scheme 14)%°. The first step involves the conversion of 1 into the
monotriflate 2 by addition of triflic anhydride and pyridine. The next step afforded the
thioethers 3 — 5, which were subsequently reacted with (3, 3°, 5, 5’-tetra-tert-butyl-1, 1°-
biphenyl-2, 2’-diyl)phosphorochloridite 6 in the presence of base, to give the final
thioether phosphite ligands 7 — 9 in a moderate yield of 50%.
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HO TfO
OH Tf,0 / Py OH RSH / NaH RS OH
CH,Cl, THF
o 0o 0
OV OV :

l’,’ ”
1 v 2 %Y

Scheme 14. Synthesis of thioether-phosphite ligands

1.5.2 Geometry
Investigations carried out on our P,S complexes have shown that for the dimeric forms a

hinged structure is seen (Figure 8).”® Examples of dimeric complexes that have shown
this geometry include [Pd(Ph,PCH,CHEtS)Cl], and [Ni(Ph,PCH,CHEtS)Cl],.
hinged shape

Et

coordination plane

Figure 8. A schematic diagram (top view) showing the hinged shape of a P,S dimeric

complex.
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1.6 Catalytic Work

The application of palladium-mediated processes in synthetic chemistry has grown in the
past 30 years. Highly active palladium catalysts are involved in a wide range of reactions
including those discovered by Sonogashira; Migita and Stille; Heck; Suzuki and
Miyaura and others. The discovery and growing interest in these reactions has

encouraged the study of the processes and mechanisms involved.®

The Sonogashira reaction (Scheme 15) uses mild conditions (often room temperature)
and a palladium (0) catalyst to encourage the coupling of terminal alkynes with aryl or
vinyl halides. This coupling has found use in ene-diyne antibiotics. The reaction also
requires the use of a base and the presence of a copper salt, which acts as a co-catalyst.
The steps included in the mechanism involve oxidative addition of the starting material
giving a palladium (II) intermediate. Transmetallation and reductive elimination affords

the product and recycled palladium (0) catalyst.

Pd(0), Cul

Ar—X + H R m’b Ar—=—R + E,NH.HX
ase, rt

aryl halide terminal alkyne coupled product

Scheme 15. Sonogashira reaction

Stille coupling (Scheme 16) follows similar mechanistic steps as the Sonogashira
reaction. The coupling of aromatic and vinylic triflates or halides undergoes oxidative
addition, giving a palladium intermediate, which subsequently undergoes
transmetallation. The resulting organopalladium intermediate has o-bonds. The final
step is the reductive eliminative step and regeneration of the catalyst. The Stille coupling

reaction accounts for over half of cross-coupling reactions today.

OTf PA(PPhy), AN

BusSn” N THF

Scheme 16. Stille reaction
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Heck coupling reactions (Scheme 17) are extremely efficient and have been labelled as
one of the most synthetically useful palladium catalysed reactions. The halide or triflate
undergoes nucleophilic addition to an alkene, resulting in the formation of a new alkene
product. The reaction can occur with both electron donating and electron withdrawing
groups and the base need not be strong. The R group can be aryl, vinyl or alkyl, but must
not have B hydrogens on the sp’ carbon atom. The X group can be a halide or a triflate.

R—X + H{_~ 2 Pd(0) catalyst R R2 + H-X
base

Scheme 17. Heck reaction

The Heck reaction was discovered in 1971. Previously, Heck and Tsuji had shown that
organopalladium (II) compounds could be used to catalyse the conversion of olefins into
coupled vinylic products. However, the active species was derived from mercury
compounds, and hence an undesirable precursor. When it was found that oxidative
addition of RX yields the coupled product, the palladium promoted C-C coupling was
found to be a much safer and desirable route to synthesising the vinylic species.
Together with the revelations that only a catalytic amount of the palladium complex is to
be present (typically 1-5 mol%) and that base was needed for the reaction to go to
completion, the Heck reaction opened a new door to the possibilities for organic

synthesis.67

The Suzuki reaction (Scheme 18) has proven to be an important tool in organic
synthesis. The reaction is defined as ‘the palladium catalysed the cross-coupling reaction
between organoboron compounds and organic halides or triflates as a general method for

the formation of carbon-carbon bonds.’'’

< > Pd catal;st
R X o+ R'Q—B(OH); base R‘O——@R'

Scheme 18. Suzuki reaction
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1.7 Aim and scope of this thesis

This project involves the development of novel P,S-ligands (Figure 9) and their
corresponding palladium(Il) complexes and their application in catalysis. Our
investigations have concentrated specifically on the C-C coupling involved in the Heck
and Suzuki reactions.

SR'
PR,

R"

Figure 9. General structure of P,S ligands used in this work

P,S ligands have recently shown potential in catalytic applications due to their
interesting steric and electronic properties. This has arisen from the differences between
the two donor heteroatoms, with other similar examples including P,O and P,N ligands.
A range of phosphinothiolate and —thioether ligands and their corresponding complexes
have been prepared (Chapter 2).

To investigate the catalytic reactivity of phosphinothiolate and —thioether complexes the
aim was to test a range of novel and previously reported complexes prepared by our
group. Therefore catalytic testing was undertaken with our complexes in Heck (Chapter
3) and Suzuki couplings (Chapter 4). The differences in catalytic activity for various

substrates with these complexes are discussed and compared to previous work.
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Chapter 2 — Phosphinothiolates and -thioethers

2. Phosphinothiolates and -thioethers
2.1 Introduction

Phosphinothiolates are of particular interest due to the electronic effects exhibited by the
phosphorus and sulphur atoms, which are known to influence the trans effect. The trans
effect is defined as the ability that certain ligands hold to influence the rate of
substitution of a leaving group trans to itself in square planar complexes. The rate of
substitution of the ligand is accelerated if that ligand is either a strong o-donor or n-
acceptor. The correlation followed for o-donor ligands is OH" <NH3 < CI'<Br <CN" <
CO, CH; <T <SCN" < PR3 <H'. For n-acceptors, the order of effectiveness is Br <1 <
NCS” <NO; < CN’ < CO, C;H,. The greater the overlap of the orbitals of the ligand and
metal, the stronger the trans effect.’ Hence, the trans effect in turn plays a role in the
reaction selectivities of the ligands. Mixed donor ligands have attracted a lot of attention
due to the excellent potential they show in a number of reactions including
carbonylations, hydrogenations, allylic alkylations, hydroformylations and aminations.
In recent years P,S ligands have attracted particular interest with research into this area

expanding 2!

Metal ions can be classified as hard or soft, dependent on the strength of the bonds
formed with ligands. For these acid-base interactions hard acids (metal ions that are
small, from Groups 1 and 2 and the left hand side of the transition metals, which form
high oxidation states) have an affinity for hard bases (ligands such as CI" and F"), and
soft acids (low oxidation state metals such as those from the right hand side of the
transition metals) are attracted to soft bases (ligands such as I, SCN™ and CN"). Pearson
summarised this theory stating, ‘hard acids prefer to react with hard bases, and soft acids
react with soft bases.”'> Phosphorus and sulphur are both soft donor atoms, and with the
presence of two different coordinating groups this allows for varying electronic and
steric properties. Hence, thiophosphines are stronger chelate complexes than
diphosphines. The presence of lone electrons in the form of a non-bonding pair allows
the S atom to act as a n-donor. The neutral P atom is assigned the role of the n-acceptor
(or m-acid), due to it having no non-bonding electron pairs following the formation of a
M-P bond."
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The combination of all of these factors presents a desirable class of new ligands to
explore, both synthetically and catalytically. Phosphinothiolate ligands are coordinated
onto Group 10 metals, in particular palladium. The resulting complexes typically possess
a square planar geometry, and can have a bis-chelate, monomer or dimer structure. We
report herein our attempts to synthesise novel phosphinothiolate ligands and their

palladium complexes.
2.2 Results and Discussion

The path undertaken for the synthesis of new P, S ligands and the resulting complexes is

reported. Characterisations are discussed along with unsuccessful syntheses.

2.2.1 Epoxides

In the complexation studies of these P,S ligands their racemates were used, although the
enantiomerically pure ligands may be prepared by the method involving the hydrolytic
kinetic resolution (HKR) of epoxides, as previously reported by Jacobsen.'* HKR was
used in the synthesis of terminal epoxides and 1,2-diols from racemic mixtures by

Jacobsen and researchers (Scheme 1). This method yielded chiral thiiranes.

OH
0 Chiral catalyst 0
(+) - b HO X OH
R 2 R + R

Scheme 1. Hydrolytic kinetic resolution of terminal epoxides with water

2.2.2 Thiiranes

The first step in the P, S ligand synthesis involves formation of a thiirane. Thiiranes
(also known as alkene sulfides, episulfides, ethylene sulfides, thioalkyene oxides and
thiacyclopropanes) are three-membered ring systems with one sulfur atom i.e. the

simplest of the sulfur heterocycles.
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VAW
|

Figure 1. General structure of a thiirane

There are a number of possible methods of synthesis. The most important and widely
used involves the conversion of an epoxide (alkene oxide) to the thiirane, with the use of

. . . . . 15.1
thiourea or inorganic thiocyanates, as shown in Scheme 2. 516

o S
~ / <+ (HN)CO

—— C—C
| I or OCN~

\c/ o+ (HN)CS
| | or SCN-

Scheme 2. Synthesis of a thiirane via the thiourea / thiocyanate route

The reaction proceeds at 0-20 °C in an aqueous or alcoholic solution. If temperatures
above 60 °C are used then an undesirable side reaction of polymerisation occurs. The
thiirane formed and any remaining epoxide can easily be separated by performing an
aqueous work-up, as the thiirane is water insoluble while the epoxide is soluble in water.
Cheap epoxides can give yields of thiirane, via the thiocyanate or thiourea routes, of up
to 98%. The final step in the thiirane synthesis is purification which can be performed
via a fractional distillation.'® Previous attempts have shown that thiiranes cannot be
made via the thiourea / thiocyanate method with certain epoxides which include stilbene

oxide, styrene oxide and cycloalkene oxide.>!”

The thiirane is derived from the ring-opening reaction of an epoxide. The mechanism is
SN2, which is a one-step reaction and an inversion of stereochemistry occurs at the
stereogenic carbon centre. The nucleophile enters at the opposite direction to the
departing group, forming a new bond onto the carbon. The departing group leaves from

the opposite side which inverts the stereochemistry of the molecule.'®
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During the thiirane formation the epoxide reacts with potassium thiocyanate in its
nucleophilic form, NCS’, attacking the carbon atom adjacent to the oxygen atom. A five
membered ring transition state is generated with a C=N double bond and finally the

thiirane product is formed (Scheme 3).

- N? -
O ) )l\ S
- OCN i : -
q — 0)(—\5‘8 — + OCN
R

R “SCN R

Scheme 3. Mechanism of thiirane formation

The mechanism for the reaction of epoxides with thiocyanates also undergoes a Walden
inversion.'” A Walden inversion involves an inversion of stereochemistry, for example,
the conversion of a pure enantiomeric (+)-malic acid to the (-)- form, via nucleophilic
substitution reactions. For this conversion to take place there must be an inversion or

change of configuration at the stereogenic centre.*’

The oxygen is activated as a leaving group during the intermediate step which involves
intramolecular sulfur to oxygen cyanide migration, as shown in Scheme 4. The first two
steps of the mechanism have been noted to proceed very quickly, while the last two steps
are slower. Walden inversion occurs at the two carbon atoms of the three-membered ring
(i.e. D-(+)-2-butene oxide forms L-(-)-2-butene oxide).'® Inversions occur only in the
trans orientation of respective rings. During the entire mechanism two Walden
inversions take place — one for the opening of the epoxide ring, and one for the closing
of the final thiirane ring made. Evidence for this mechanism includes the monitoring of

pH during the reaction and the optical rotation.!
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0
A I
SCN — N
—C——C— _c=Ne
| | NCS—C—— —C—S)
|
C\ NCO—C—
e

Scheme 4. Mechanism for the reaction of epoxides with thiocyanate

Other methods of thiirane formation include the reaction of epoxides with carbon
disulfide, as shown in Scheme 5. The formation of the thiirane is dependent on the
catalyst and reaction conditions employed. (5) and (6) can be made selectively at high

temperature, while the synthesis of (2) — (4) is more difficult.”?

S 0 S
O catalyst )I\ )I\ /Ik
o C5 0 S o S S
R R (2 R (3) R @4 R
catalyst = R;N, R,;N*X", MX i j
6)

Scheme 5. Reaction of epoxides with carbon disulfide

The new method of thiirane formation via an epoxide route has also been reported
whereby phosphorus pentasulfide in ethanol on alumina supported ammonium acetate
was heated at reflux temperature in ethanol (or solvent free), and treated with microwave
irradiation. Using this procedure a yield of 55% was obtained in 2 minutes, whilst

without the microwave irradiation or alumina the yield was 46% in 24 hours.!”
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Another route for thiirane synthesis involves the addition of a sulfur-protected sulfenyl

chloride to an alkene followed by closure of the ring (Scheme 6)."

of ;_5 o ﬁ =Y

100% 49%

Scheme 6. Addition of a sulfenyl chloride to an alkene

The condensation of carbonyl compounds with sulfur-stabilised carbanions has also been

reported (Scheme 7.1

OCS,CH,Li OCS,CH,CHC4H ;5 S
OLi _Hy0"
1
+ CgH;3CHO > ZA\
t-Bu t-Bu 1% CeHy3

Scheme 7. Condensation of carbonyl compounds

The first reports on the synthesis of a thiirane came in 1916 by Staudinger and
Pfenninger.” The classic route for the formation of thiiranes involved reactions which
had poor yields, long reaction times and high temperatures and the use of reagents that
had bad smells."’

2.2.3 Phosphinothioether and —thiolate ligands
The preferred route for the formation of the requisite thiiranes was by reaction of the
corresponding epoxide with SCN". Subsequent steps yield novel phosphinothiol and —

thioether ligands via reaction with a phosphine source.

30



Chapter 2 — Phosphinothiolates and -thioethers

O KSCN,H0 _ __KPPhy/LiPPhy skH R — poh R
A’ﬂ,‘ Step 1 ALL, Step 2 th/\Rr Step 3 R
L':R=Et L’:R=Et,R '=Me
L*: R=Et,R =Bn
LS : R=Et, R' = CH,Xyl
L®: R =Et, R = CH,Naphth
L7 : R=Et, R' = CH,Anth

Scheme 8. General scheme for the synthesis of P, S ligands

The ligands were synthesised using standard Schlenk techniques throughout and
generally once made were used in subsequent complexation reactions. The pure ligands
were white or colourless oils or solids. Decomposition to the ligand-oxide was noted on

exposure to air.

2.2.3.1 Synthesis of 2-butylene sulfide, 1
S

A\

Et
1

The synthesis of thiirane 1 is shown in Scheme 8, step 1 where R = Et. Reaction of 1
equivalent of potassium thiocyanate in water along with 1 equivalent of 1, 2-
epoxybutane was the first stage of the thiirane synthesis. After stirring for a day, another
Y2 equivalent of potassium thiocyanate was added to the cloudy mixture and stirred. The
reaction proceeded smoothly over another day at room temperature. A standard work-up
was undertaken and the pure thiirane 1 was isolated by distillation of the crude product.
Thiirane 1 distilled at 103-104 °C at atmospheric pressure. 'H NMR spectrum proved the

thiirane contained no proton-containing impurities and the yield of 1 was 54%.

2.2.3.2 Synthesis of phosphinothioether ligand L'
SH SK
thp/Y thP/Y
Et Et
L'H L'k
The phosphinothiolate ligand L' could be synthesised via two methods, as shown in step
2 of Scheme 8 where R = Et. The first path involved reaction of Ph,PH with BuLi and
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thiirane 1, followed by a hydrolysis reaction to give the P,S ligand, L'H. The second
route involved reaction of potassium diphenylphosphide and the thiirane 1 giving L'K.
Both paths gave L' in good yields (approx. 90%), which could then be used for
subsequent steps without further purification. The preferred route was the second,

yielding L'K, as it was found to produce the ligand in greater purity.

L'K was used for the synthesis of the naphthalene and anthracene ligands L and L’.
The benzyl and xylene phosphinothioethers L* and L® could be prepared from either
method, although they were made the first time via the lithium salt method.

Analysis of the *'P{'H} and 'H NMR spectra confirmed formation of L'. The 'H NMR
spectrum confirms the formation of L'K by the appearance of characteristic peaks at 0.7
ppm (3H, triplet) for the methyl of the ethyl group and sets of multiplet peaks at 0.95
(1H, multiplet), 1.45 (2H, multiplet), 2.1 (1H, multiplet) and 2.4 ppm (1H, multiplet)
assigned to the remaining five aliphatic protons. For L'H the '"H NMR spectrum was
very similar, with only a slight shift in positioning of the peaks : 0.85 (3H, triplet), 1.55
(1H, multiplet), 1.8 (2H, multiplet) and 2.3 ppm (2H, multiplet). The signal due to the
proton attached directly to the S was noted at 2.75 ppm (1H, multiplet). The main
features of the ?C NMR of L! are the four carbon atoms in the range 10.3-38.9 ppm,
found in the ‘backbone’ of the ligand. In the *'P{'H} NMR spectrum a singlet appeared
at -18 ppm. Further evidence supporting the expected structure of L' was the high
resolution mass spectrum which determined the mass of the parent ion, L'H+, to be

275.1014, as expected for this ligand.

2.2.3.3 Synthesis of tertiary-butyl phosphinothioether ligand L?

O KSCN,H,0 S PPh,Li SLi THF
Z_\X — Z_XX_—"Z php” Y + Mel —— » thp/:FSMe

L2

Scheme 9. Synthesis of ligand L2
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The methylated t-butyl phosphinothioether ligand L? was prepared in a one pot synthesis
from the thiirane SCgH,,, as shown in Scheme 9. The crude mixture was extracted with
hexane and then toluene, finally being acquired in 83% yield. The 3Ip{'H} NMR in d*
benzene revealed the ligand peak to be a singlet at -16.5 ppm, with a small amount of
ligand at +65.7 ppm indicative of MeP*Phy(R) formation. The 'H NMR clearly showed
the methyl t-butyl protons as a doublet at 0.85 ppm, indicating the presence of a ‘Bu

group.

2.2.3.4 Synthesis of methyl phosphinothioether ligand L’

SMe
Php” Y
Et
L3
Addition of 1 equivalent of methyl iodide to a diethyl ether solution of L'K afforded
cleanly the methylated P,S ligand L*. The structure of L* was supported by *'P{'H}

NMR spectroscopy which revealed a peak at -20 ppm and the 'H NMR spectrum
showed a peak for the methyl group on sulfur at 2.0 ppm.

2.2.3.5 Synthesis of benzyl phosphinothioether ligand L*

Ph,P /\E,t/ S/O

L4

Addition of one equivalent of benzyl bromide to L'K yielded ligand L* as a colourless
liquid. Analysis of its 3 1P{‘H} NMR did not reveal an appreciable chemical shift from
the parent ligand L' (-18 ppm) to -20 ppm. Inspection of the '"H NMR data, however,
clearly showed 2 doublets corresponding to the two benzylic protons at 3.53 and 3.58
ppm. High resolution mass spectral analysis (365.1499 m/z) also supported the synthesis
of a new benzylic-phosphinothioether ligand.
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2.2.3.6 Synthesis of xylene phosphinothioether ligand L*

S
PP Y~

Et
LS
Reaction of L'K with 3,5-dimethylbenzyl bromide in diethyl ether afforded L® as a
colourless liquid, with a yield of 72%. The most notable features in the 'H NMR
spectrum were the 2 doublets at 3.47 and 3.52 ppm due to the 2 benzylic protons. The
3p{'"H} NMR spectrum revealed a singlet peak at -20.8 ppm, as is typically observed
for this class of ligand. The accurate mass spectrum was reported as 393.1793 m/z (for
the calculated mass of 393.1806), favouring the proposed structure for L*.

2.2.3.7 Synthesis of naphthalene phosphinothioether ligand L°
S
thp/\/
e
L6

Ligand L® was prepared by reaction of L'K with 1-chloromethylnaphthalene in a
THF/diethyl ether solution. A yield of 65% was achieved for L®. L® gave satisfactory
3Ip¢'H} NMR (-20.5 ppm) and '"H NMR data (a set of double doublets at 4.0 ppm
corresponding to the 2 benzylic protons). Elemental analysis by high resolution MS
determined LH" as 415.1647.

2.2.3.8 Synthesis of anthracene phosphinothioether ligand L’

S
WY,

RS

L7

The new anthracene ligand was made by reaction of L'K with 9-
chloromethylanthracene. As for its naphthalene counterpart, L” produced good * 'P{'H}
and 'H NMR data, which supported the proposed structure. The 3p { 1H} NMR spectrum
showed a singlet peak at -20.01 ppm and the two benzylic protons were noted in the 'H
NMR spectrum at 4.55 ppm, as two doublet. >C NMR spectroscopy also verified the
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addition of the anthracene group onto L'K. Low resolution MS found a peak at 481 m/z,

corresponding to L in its oxidised form.

2.2.4 Phosphinothioether and —thiolate complexes

The palladium P,S complexes are made by reaction of the various ligands with
Pd(PhCN),Cl,. The P,S complexes synthesised in our laboratory are brightly coloured
solids ranging from deep red to, more typically, yellow or orange. Once synthesised, in
general by reaction of the ligand with Pd(PhCN),Cl,, the solids are stable in air and all
manipulations there after can be performed aerobically. The phosphinothiolate and —

thioether complexes are soluble in chlorinated solvents, THF and acetonitrile.

2.2.4.1 Synthesis of palladium phosphinothiolate dimers, 2 and 3

Et Et
SH CH,CI PhP( S _Cl  xsKI PhP _S_ i
PAPhCN)Cl, + php Y ——— cpdl opal — " >pa{ pal
Bt CI” s “pehy 17 ™87 “pph,
Et Et
L'H 2 3

Scheme 10. Synthesis of complexes 2 and 3

Table 2.1 compares NMR data for phosphinothiolates 2 and 3. It can be noted that both
complexes are produced in excellent yields and have similar *'P{'H} shifts : 41.4 ppm
for 2 and 41.2 ppm for 3. Inspection of the '"H NMR data revealed the complexes to

possess similar shifts in the spectra.
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Table 2.1. Comparison of data for phosphinothiolate complexes 2, 3

Complex % yield *'P{'H}* 'H~® MS*
2 90 414  1.05(H, 1),
1.84 (1H, m),
2.10 (1H, m),
2.62 (1H, td),

2.91 (1H, ddd),
3.71 (1H, br m)
3 82 412  09(H,t), 10128

1.65 (1H, m),
1.95 (1H, m),
2.65 (1H, td),
2.95 (1H, m),

3.85 (1H, br m).

*NMR data reported in ppm; ® '"H NMR data for the aliphatic protons only; “MS data reported as
M-H".

Reaction of ligand L'H with Pd(PhCN),Cl, in equimolar amounts in a CH,Cl, solution
yielded the chloride dimer 2. The crude orange solid was recovered which was purified
by slow diffusion of diethyl ether into an acetonitrile solution of 2. A respectable yield
of 90% was confirmed for 2, and the structure of the dimer complex was determined by
NMR methods. The *'P{'H} NMR spectrum revealed a peak at 41.4 ppm, and the 'H
NMR spectrum showed features consistent with the dimeric structure of 2.

The crystal structure of 2 has previously been reported by our group.” The main features
were the Pd-P bond length which was measured as 2.2469(11) A and Pd-S which
measured 2.2732(10) A. The P-Pd-S angle was reported as 87.10(4)° for the dimeric

compound.
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no. of obsd rflns (n,) 76617

Final R indices [[>2sigma(l)] R1=0.0367, wR2 = 0.0776
R indices (all data) R1 =0.0595, wR2 = 0.0860
GOF 1.032

Largest diff. peak and hole 0.991 and -1.256 e.A

Table 2.3. Selected bond lengths (A) and angles (deg) for the palladium
phosphinothiolate 3

C()-P(1)  1.823(4) C(2)-C(1)-P(1) 120.2(3)
C(23)-P(2) 1.817(4) C(13)-C(14)-S(2)  107.3Q2)
C(14)-S(2)  1.859(4) P(1)-Pd(1)-S(2) 86.76(3)
C(30)-S(1)  1.847(4) P(2)-Pd(2)-1(2) 96.05(3)
I(1)-Pd(1)  2.6349(4) S(2)-Pd(1)-I(1) 170.96(3)
I2)-Pd2)  2.6179(4) C(23)-P(2)-C(17)  109.6(2)
P(1)-Pd(1)  2.2436(9) C(23)-P(2)}-Pd(2)  120.44(13)
P(2)-Pd(2)  2.2570(10) C(14)-S(2)-Pd(1)  104.84(11)
Pd(2)-S(1)  2.3016(10) Pd(1)-S(2)-Pd(2)  80.96(3)

2.2.4.2 Synthesis of palladium tertiary-butyl phosphinothiolate complex, 4

0 o SLi + PAPRCNRCL, —IHE. php S _c
T ph pd_  Pd
/\ cl” >\}/_—\/PPh2

Scheme 11. Synthesis of complex 4

The phosphinothiolate complex 4 was synthesied from the racemic ligand
Ph,PCH,CH('Bu)SLi, as shown in Scheme 11. The palladium source, Pd(PhCN),Cl,,
was added to a THF solution of the ligand and stirred overnight. Slow recrystallisations

from acetonitrile-diethyl ether afforded the pure compound 4 in 49% yield. The > 'P{'H}
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NMR showed a single peak at +39 ppm and both 'H and 13C NMR data were consistent
with the proposed structure. It is worth noting that the tertiary butyl group was shown in
the '"H NMR as a singlet peak with a shift observed at 1.1 ppm, which intergrated to 9
protons (for each Pd). The main feature in the 3C NMR was the tertiary butyl resonance
which appeared at 28.4 ppm. High resolution mass spectrometry revealed a structure
consistent with the palladium t-butyl dimer [M-CI]* parent ion-Cl for (C3sH44P2S,Cl), at
849.0114 (calculated mass = 849.0118).

2.2.4.3 Synthesis of palladium bis-chelate complex, 5

Ph, .
RS t
SH CH,CI
2 PhyP~ N +  Pd(PhCN),Cl, ——2» PN
Et Et s P
Ph,
L'H 5

Scheme 12. Synthesis of complex §

Bis-chelate complexes (M(P-S),) have been reported to be the most common type of
coordination compounds that can be formed from the complexation of phosphinothiolate
ligands with Group 10 metals.> The favoured geometry has been found to be trans,
although examples of cis have also been confirmed. The bis-chelate § was synthesised
by reaction of 1 equivalent of Pd(PhCN),Cl, with 2 equivalents of the L'H (Scheme 12).

Slow diffusion of petroleum ether into a CH,Cl, solution of 5 yielded the bis-chelate
complex, as indicated by two singlets in the 3p'H} NMR spectrum, one at 48.1 ppm
for the trans-rac isomer and one peak at 51.1 ppm for the trans-meso isomer. The same
bis-chelate complex was synthesised from the S isomer of L'H and the 3p{'"H} NMR
spectrum was identical to that of the rac isomer, supporting the assignment of the
signals.2 NMR spectroscopy also indicated the two isomers were obtained in
approximately equal quantities. The accurate mass spectrum confirmed the molecular

formula to be C;,H37PdP,S; with a measured mass of 653.0849, as anticipated.
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Table 2.4 compares the main characteristic features for L'H and the resulting complex 5.

A clear shift is noted in the *'P{'H} NMR spectrum from -18.0 ppm to 2 peaks at 48.1
and 51.1 ppm.

Table 2.4. Comparison of data for ligand L'H and complex 5

% yield *'P{'H}" n*
L'H 90 -18.0 0.85 (3H, t), 1.55 (1H, m), 1.8
(2H, m), 2.3 (2H, 2 x m).
5 90 48.1 0.89 (3H, t), 1.64 (1H, m), 1.72

Trans-rac  (1H, m), 2.32 (1H, td), 2.73 (1H,
br m), 2.89 (1H, m).

51.1 0.89 (3H, t), 1.64 (1H, m), 1.72

Trans-meso (1H, m), 2.32 (1H, td), 2.46 (1H,
m), 2.73 (1H, br m).

*NMR data reported in ppm;

2.2.4.4 Synthesis of palladium methyl tertiary-butyl phosphinothioether complex, 6

Cl Cl
SMe toluene Ny
- :F Pd(PhCN),Cl, — "o Pd
Ph,P + ( »Cl, PhZP/ “SMe

L2 6

Scheme 13. Synthesis of complex 6

Reaction of ligand L? with Pd(PhCN),Cl, in toluene afforded complex 6. The crude
product was isolated as a yellow/orange solid following precipitation with petroleum
ether. The resulting solid was noted to be light sensitive. Recrystallisation of 6 was
attempted using a diffusion of petroleum ether into a CH,Cl, solution of 6. However this
method did not yield crystals suitable for x-ray crystallography. A notable feature in the
J'p{'H} NMR spectrum was the characteristic peak for phosphinothioether complexes
which for 6 was found at +46 ppm.
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characteristic angle for the bidentate P,S complexes, as all such complexes have this

angle. The structure is monomeric.
On studying table 2.5 which compares L* with phosphinothioether complex 7, a shift

can be seen in the '"H NMR spectrum for the methyl group attached to the S atom. For L
this peak appears at 2.0 ppm and then shifts to 2.68 ppm when complexed in 7.

Table 2.5. Comparison of data for ligand L? and complex 7

% yield *'P{'H}" H*

L’ 70 204 1.03(3H, 1), 1.72 (1H, m),
1.89 (1H, m), 2.0 3H, s),
2.3-2.65 (3H, m).
7 88 500 0.94(3H, br), 1.70 (1H, br),
2.59 (1H, br), 2.68 (3H, br s),
2.84 (1H, br), 2.96 (1H, br).

*NMR data reported in ppm;

2.2.4.6 Synthesis of palladium benzylic phosphinothioether complexes 8 - 11

SR CH,Cl,
pth/\E( + PdPhCN)Cl, ——2=  php” “sr

| RS Et
8 :R=Bn
9 :R=Xyl
10 : R=naphth
11 : R=anth

Scheme 15. Synthesis of complexes 8 — 11

The benzylic phosphinothioethers 8, 9, 10 and 11 were prepared from the corresponding
ligands L*-L’ by reaction with Pd(PhCN),Cl; in a 1:1 ratio in CH,Cl,. The resulting
complexes were characterised by 3 'P{'H} and '"H NMR spectroscopy. > 1P{ 'H} NMR
spectroscopy indicates a single peak around 50 ppm which is consistent with previously
determined bidentate structures. Mass spectral data also gave supporting evidence for the

expected composition for complexes 8 and 9. Table 2.6 summarises the data obtained for
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complexes 8 — 11. Complexes 8 — 10 display the characteristic benzylic protons which
are typically seen at around 4 — S ppm (Figure 6 and Table 2.6). Each proton is exhibited
as an apparent doublet. Complex 11 shows only one benzylic proton in this region,

suggesting that a dimer complex may have been formed.

Table 2.6. Comparison of selected data for phosphinothioether complexes 8, 9,
10 and phosphinothiolate complex 11

Complex % yield ¥P{'H}* 'H*®* MS°

8 83 504 3.95(1H,d) 505
4.95 (1H, d)

9 88 524 38(1H,d) 533
4.7 (1H, d)

10 69 542 4.75(IH,d)
5.15 (1H, d)

11 76 525 4.65(1H,d)

*NMR data reported in ppm; ® '"H NMR data for the benzylic protons only; “MS data reported as
M-CI" for 8 and M-CI" for 9, no MS data collected for 10 and 11.
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Table 2.7. Crystallographic data for the palladium phosphinothioether 8

Formula C24H,6ClIsPPdS

Mol wt 661.13

Data collection T, K 150(2)

Diffractometer Bruker-Nonius KappaCCD

Crystal system Monoclinic

Space group P21/c

a, A 14.7145(2)

b, A 13.2355(2)

c, A 14.8381(3)

v, A’ 2664.56(7)

Z 4

p, Mgm™ 1.648

p, mm” 1.349

0 range, deg 2.93 < 0<30.05

no. of indep data 7770[R(int) = 0.0873]

no. of obsd rflns (n,) 39701

Final R indices [I>2sigma(I)] R1=0.0350, wR2 = 0.0761
R indices (all data) R1=0.0497, wR2 = 0.0817
GOF 1.020

Largest diff. peak and hole 0.851 and -1.046 e.A™

Table 2.8. Selected bond lengths (A) and angles (deg) for the palladium
phosphinothioether 8

C()-P(1)  1.809(2) C(6)-C(1)-P(1) 122.13(17)
C(14)-S(1)  1.854(2) C(13)-C(14)-S(1)  107.34(15)
C17)-S(1) 1.846(2) P(1)-Pd(1)-S(1) 87.36(2)
C(H-P) 18172 P(1)-Pd(1)-Cl2)  89.86(2)
C(13)-P(1)  1.820(2) S()-Pd(1)-Cl(2)  174.01(2)
CI(1)-Pd(1)  2.4082(6) CI(2)-Pd(1)-CI(1)  93.00(2)
CI(2)-Pd(1) 2.3163(6) C(7)-P(1)-C(13) 108.24(11)
P(1)-Pd(1)  2.2141(6) C(1)-P(1)-Pd(1) 119.45(8)
Pd(1)-S(1)  2.2916(6) C(17)-S(1)-Pd(1)  106.76(8)
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Chapter 2 — Phosphinothiolates and -thioethers

Table 2.9. Crystallographic data for the palladium phosphinothioether 9

Formula C,sHz9C1L,PPdS

Mol wt 569.81

Data collection T, K 150(2)

Diffractometer Bruker-Nonius KappaCCD
Crystal system Monoclinic

Space group P21/n

a, A 14.0290(2)

b, A 12.6000(2)

c, A 14.8700(3)

v, A’ 2472.56(7)

Z 4

p, Mgm™ 1.531

p, mm’ 1.127

0 range, deg 291<6<2740

no. of indep data 5613[R(int) = 0.0784]

no. of obsd rflns (n,) 40943

Final R indices [I>2sigma(])] R1=0.0355, wR2 = 0.0802
R indices (all data) R1=0.0490, wR2 = 0.0856
GOF 1.034

Largest diff. peak and hole 0.724 and -0.939 e.A>

Table 2.10. Selected bond lengths (A) and angles (deg) for the palladium
phosphinothiolate 9

C()-P(1)  1.827(3) C(2)-C(1)-P(1) 111.4Q2)
C2)-S(1)  1.847(3) C(1)-C(2)-S(1) 107.1(2)
C(5)-S(1)  1.848(3) P(1)-Pd(1)-S(1) 86.95(3)
C(14)-P(1)  1.812(3) P(1)-Pd(1)-CI(1)  90.99(3)
C(20)-P(1) 1.811(3) S()-Pd(1)-CI(1)  177.47(3)
Pd(1)-P(1)  2.2185(8) CI(1)-Pd(1)-C1(2)  94.08(3)
Pd(1)-S(1)  2.2825(8) C(20)-P(1)-C(14)  106.32(13)
Pd(1)-CI(1)  2.3304(7) C(1)-P(1)-Pd(1) 105.81(10)
Pd(1)-CI(2)  2.3991(7) C(2)-S(1)-C(5) 103.38(15)
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Chapter 2 — Phosphinothiolates and -thioethers

monomer which was used previously for comparative purposes, 7, which had a Pd-S
angle that measured 2.2441(7) A). Hence, the data obtained by crystal structure

determination supports the expected monomeric structure for the naphthalene complex

10.

Table 2.11. Crystallographic data for the palladium phosphinothioether 10

Formula

Mol wt

Data collection T, K
Diffractometer
Crystal system
Space group

a, A

b, A

c, A

v, A?

Z

p, Mgm™
p, mm’!
0 range, deg

no. of indep data

no. of obsd rflns (n,)

Final R indices [I>2sigma(])]
R indices (all data)

GOF

Largest diff. peak and hole

Cy7H,7,CLPPdS

591.82

120(2)

Nonius KappaCCD
Triclinic

P-1

9.9134(3)

11.6302(5)

11.7817(4)

1256.57(8)

2

1.564

1.112

2.03<0<2748
5748[R(int) = 0.0408]
24762

R1=0.0341, wR2 = 0.0745
R1=0.0437, wR2 = 0.0785
1.056

0.515 and -0.633 e.A”
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Table 2.12. Selected bond lengths (A) and angles (deg) for the palladium

phosphinothioether 10

C(1)-P(1) 1.823(3) C(2)-C(1)-P(1) 109.33(19)
C(2)-S(1) 1.963(4) C(1)-C(2)-S(1) 104.2(2)
C(7)-S(1) 1.859(5) P(1)-Pd(1)-S(1) 90.14(6)
C(5)-P(1) 1.808(3) P(1)-Pd(1)-Cl(2) 91.45(2)
C(1-P(1) 1.813(2) S(1)-Pd(1)-Cl1(2) 177.85(6)
P(1)-Pd(1)  2.2187(7) CI(1)-Pd(1)-C1(2) 93.16(3)
S(1)-Pd(1)  2.265(2) C(5)-P(1)-C(11) 105.03(12)
CI(1)-Pd(1) 2.3660(7) C(5)-P(1)-Pd(1) 113.32(9)
CI(2)-Pd(1) 2.2986(7) C(7-S(1)-C(2) 102.1Q2)

A mass spectrum of the anthracene complex 11 displayed the parent ion at 771 m/z, not
the expected 642. Recrystallisation was attempted using a toluene-diethyl ether system,
producing yellow plate-like crystals. To assist the characterisation process the crystals of
11 were run on the x-ray diffractometer however the structure of the resulting complex
was of the ethyl-dimer 2. Inspection of the '"H NMR data of 11 also showed a dimer

complex.

2.2.5 Further investigation of palladium complexes

In previous years organopalladium chemistry has concentrated on the 0, +I and +II
oxidation states. The first venture into Pd(IV) chemistry came in 1986 when Byers and
co-workers isolated the first example of an alkylpalladium (IV) complex, PdIMes(bpy),
where bpy = 2,2’-bipyridyl.

A N
M 1\} - Me 1\}
e A Z
\PdII/ + Mel ——-—-—-—->O Ve v’
Me N I Me I N I
" I T

Scheme 16. Synthesis of the first PA(IV) complex in 1986

The x-ray structure of the new Pd(IV) complex formed, fac-[PdMes(bpy)I], revealed an
octahedral geometry.”* Octahedral intermediates are thought to generally be formed by

trans oxidative addition. However, Pd (IV) complexes bearing cis halide groups have
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also been reported. Five coordinate or solvated octahedral cationic intermediates are
reported in Pd(IV) chemistry.25 Platinum has been noted to form many Pt(IV)
complexes, with this metal holding a greater preference for the +IV oxidation state than
Pd. Comparison of Pd(IV) and Pt(IV) bond lengths (M-C and M-I) showed similar

distances.”*

Early Pd(IV) chemistry used organohalides that could undergo Sn2 reactions at low
temperatures.”> Pd(Il) precursors would often be used and to them halogens, alkyl
halides or other electrophilic agents would be oxidatively added.?® Exchange reactions
involving the bromo ligand in PdBrMe;(CH,Ph)(bpy) reacting with silver salts in
CH;CN, form various Pd(IV) complexes (Scheme 17). For this class of reaction low
temperature and a coordinating solvent, for example acetonitrile, is needed, which assists
with the stabilisation of the intermediate cation [PdMe(CH,Ph)(bpy)(NCMe)]". The
resulting Pd(IV) complexes are collected in 47-90% yields.?'7

AgNO; X/ AgX
N & PdVXMe,(CH,Ph)bpy)

PdBrMe,(CH,Ph)(bpy)
filtration

Scheme 17. Synthesis of Pd(IV) complexes

Recent developments have included the isolation of cationic complexes via oxidative
addition of Pd"Me;, complexes with tripod ligands such as tris(pyrazol-1-yl)methane and
1,4,7-trithiacyclobnane.25 Anionic Pd(II) palladacycle precursors, in particular those with
rigid tripodal ligands have been used as starting materials for the formation of Pd(IV)
alkyl or aryl complexes.?®

In 2005 Campora and co-workers detail a new method for the synthesis of Pd(IV)

complexes whereby anionic Pd(II) is reacted with 2 equivalents of a one electron oxidant

[FeCp,][PFe).*

53



Chapter 2 — Phosphinothiolates and -thioethers

or 1@ - e
K 'L
EC‘\’de N HY—r P (PFq) ©
N —————
(ii) 2 equiv.
[FeCp,][PF¢]

precursor new cationic Pd(1V)

Scheme 18. New method for the synthesis of Pd(IV) complexes

Et
1 |
PhoP  _S( toluene \pd/
Pd_ Pd + 2PHl 2 7N
17 g~ \Pth Ph,P SPh
Et Et
3 12

Scheme 19. First attempt of the conversion of phosphinothiolate 3 to -thioether 12

Reaction of 3 with two equivalents of iodobenzene (Scheme 19) yielded an orange
solution of 2 equivalents of 12. The >'P{'"H} NMR spectrum of the solution revealed a
peak at 42.8 ppm, which was identical to the shift for 3 of 43 ppm. Following a work-up
the '"H NMR spectrum recorded revealed the expected peaks in the aliphatic region, 0-4
ppm. The aromatic region did not show the expected ten additional protons. Our second
attempt involved the reaction of 3 with two equivalents of 4-iodoacetophenone heated

too 80 °C, as shown in Scheme 20.

Et I

I
/——< I

toluene /Pd/

PhP S I . —%—> 2 PhP” S

,Pd\ /Pd\ 2 80 OC O
1 S PPh,
Et
Et Y
3 13

Scheme 20. Second attempt of the conversion of phosphinothiolate to -thioether
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Spectral analysis of the orange solution showed a peak at42.7 ppm and the 'H spectrum
showed the presence of unreacted ligand and 4-iodoacetophenone, with no apparent
addition of the 4-iodoacetophenone on to 3. The mass spectrum of 13 did not reveal the
anticipated parent ion which expected at 996 m/z. Instead clusters of peaks were
observed at 1031 m/z and 1539 m/z. Therefore our attempts at converting a
phosphinothiolate to a phosphinothioether via addition of an aryl halide have proved

inconclusive.

2.2.6 Investigation of gold complexes

The use of gold in homogeneous catalysis lies in two reactions: C-X bond formation (the
addition of nucleophiles to alkenes or alkynes, where X = heteroatom) and C-C bond
formation (the asymmetric aldol reaction). Recently it has been reported by Hashmi that
both C-O and C-C bond formation can be produced via a gold catalysed reaction. This
involved gold (III) catalysts which were shown to be very active and operated under
mild conditions. Hashmi investigated a dimerisation reaction using Au(IIl) catalysts,
which can be likened to a Pd(II)-d® system. The resulting system was very active and
allowed mild conditions to be used. The reaction was noted to proceed extremely
quickly and there was a possibility that the gold catalysts may allow cross-dimerisation

with olefins, which was not possible with previously used palladium catalysts.?®

Gold (I) catalysts have also been reported to be very efficient, in particular for the
addition of alcohols to terminal alkynes, which was previously attempted with a mercury
(II) catalyst. These reactions can operate under mild conditions (temperatures of 20-50
°C) and yield high TONs of 10° and TOFs of 5400 h™. The cationic gold (I) catalysts,
[L-Au’] (where L = phosphane, phosphite or arsine) can be used under desirable
conditions, with the system being able to operate without the use of solvent, and the

catalyst proved to be neither air or water sensitive.”
Steps that can be taken to synthesise gold precursors have been studied since the 1960’s.

A known route involves benzyl tertiary amines which are reacted with butyl lithium in

diethyl ether, forming the metallated intermediates (Scheme 21).%°
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R|

R Et,O -
NC + nBuli ———> PN
R” v R

Scheme 21. Synthesis of a gold precursor using benzyl tertiary amines

The use of organomercury and organotin complexes as intermediates in the preparation
of other organometallic complexes has been known for years. Recent work has focused
on making aryl gold (III) compounds via transmetallation reactions between

organomercury/organotin complexes and gold (III) salts (Scheme 22).3

Ar—M  +  Adl—X >  Ar A+ M——X

where M = Hg, Sn
X = halogen

Scheme 22. Transmetallation reaction to synthesise aryl-gold (III) complexes

2-(dimethylamino)methylphenyl gold complexes have previously been made by trans
metallations using lithium derivatives. They can also be made using mercury derivatives
which act as arylating agents.>? The use of (BusN)[AuCly] and the gold complex
[Au(damp-C',N)CL,], where damp = 2-(N,N-dimethylaminomethyl)phenyl, has been
investigated with tri- and tetradentate phosphinothiolate ligands. The damp group is
known to stabilise gold (III) when used along with thiolate and phosphine ligands. When
[Au(damp—Cl,N)Clz] is used as a precursor to gold (III) reactions, the route followed
does not typically involve the complete substitution of the damp™ ligand, but sees the Au-
C o bond remain intact and chloro groups exchanged for the thiolates or phosphines.
The use of the [Au(damp)] complex as a precursor can be supported by the fact that
having an organometallic ligand does seem essential in the formation of mononuclear
gold (II) complexes as the reduction of gold is inhibited and the reactions go to
completion (forming [AuCl(L)]) with reasonable yields.>>

Our investigations have focused on gold chemistry and its impact and use in

homogeneous catalysis.
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Ph,
SH EIOH Nt
PhP +  Naau'cl, —%x— A
Et E” S Cl
L'H 14

Scheme 23. Synthesis of Au(Ill) monomer 14

Reaction of ligand L'H with 1 equivalent of NaAu"Cly in ethanol produced an Au(1II)
monomer, complex 14, in 46% yield (Scheme 23). The 3p{'H} and 'H NMR data was

inconclusive and recrystallisation attempts proved unsuccessful.

Neawlcl, + SS + po —2OH c1—AuLsC] + OSCHg + NaCl

15
Scheme 24. Synthesis of Aw(I)THT 15

Reaction of tetrahydrothiophene (THT) with NaAuCly in water yielded the Au(I)THT
complex 15 (Scheme 24), as a precursor for the synthesis of P,S-Au(I) complexes. 15
was obtained as a white solid in 84% yield and was characterised by 'H NMR
spectroscopy. The literature stated a yield of 95% for this synthesis using H{AuCl,]. 15

was subsequently used in C-C coupling reactions.*

For the synthesis of dimeric Au(I)-P,S complexes two routes were followed. The first
involved reaction of the phosphinothiolate L' with the Au(I)THT complex 15 in CH,Cl,
(Scheme 25). The 31P{IH} NMR spectrum showed a peak at 26.6 ppm, but due to the
insolubility of 16 in solvents (suggesting a possible polymer structure) a 'H NMR

spectrum was not recorded. Recrystallisation attempts were unsuccessful.

CHCL_ S
Ph,P /\,/SH + CI—Auls<:| — 2 | ,

Et Tu ll\u Au
S
PPh, " pph,
L'H 15 16 Et

Scheme 25. First method for Au polymer 16 synthesis
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The second method for the formation of dimeric Au(I)-P,S complexes involved reaction
of L'H with the Au()THT complex 16 and aqueous NaOH in CH,Cl,. The method
followed by Weinstock® for the formation of an Au(I)-P,S dimer complex was followed
and adapted for L'H. Weinstock noted that the anion of the phosphinothiolate
successfully reacted with the Au(I) complex yielding a symmetrical Au(IIl) dimer. Our
attempts (Scheme 26) produced a black mixture, the *'P{'H} NMR spectrum of which
showed a noisy cluster of peaks in the range 23-32 ppm. An orange solid was finally
obtained.

Et
PPh. S
SH _ _CHCL, (AN PPR
Ph,P /\/ + C AuLS<:' NaOH T I I
Et Tu ?u Tu
S
PPh, " “PPh,
L'H 15 16 Et

Scheme 26. Second method for Au polymer 16 synthesis

C-C bond formation with the aid of gold catalysts has received interest from Ito et al,*
Togni et al,”’ Hayashi et al*® and also Hashmi et al.?® The cross-dimerisation reaction
believed to be involved in the C-C bond formation was previously unsuccessful with Pd

compounds (Scheme 27).%

\ R" _CHiCN_ 7\ "
+ R
R<O= \/Y AuCl, RN R
(0] R O

Scheme 27. General scheme for C-C bond formation

A Michael acceptor can be any compound that is able to undergo Michael addition, a
conjugate addition. This type of addition (also known as 1, 4-addition) allows a
nucleophile to add on to the C=C double bond of an a,B-unsaturated ketone or aldehyde.
The enolate ion intermediate is formed following the conjugate addition of a nucleophile
to the P carbon of the carbonyl. This is then protonated on the o carbon to give the final

saturated product, as shown in Scheme 28.
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so.e

Chc’/\iNU‘ Cc.e C - C
V. —_— < N\
/\C/\ /\C/\u /\

o, -unsaturated
carbonyl group

C
I

Enolate ion intermediate

C/
\

/
Nu

Scheme 28. 1,4-conjugate addition

O
H,0* |l
/ \C/ \N
u
\
/ H

conjugate addition
product

The next investigation of gold chemistry included addition reactions using gold

catalysts. The first which involved the reaction of 1-methylfuran with methylvinylketone

was a cross-dimerisation reaction, as shown in Scheme 29. 17 was isolated through

column chromatography (using a solvent mixture of petroleum ether:ethyl acetate in a
ratio of 8:2). The 'H NMR spectra showed the desired product, with the 2 vinylic
protons being displayed as a double doublet at & 5.73 ppm. Both Au(I) and Au(IIl)

complexes catalysed the reaction, but the Au(l) catalyst, complex 15, gave a higher yield
of 63%, compared to 46% obtained with NaAu"'Cl,. Literature methods by Hashmi and
co-workers®® have produced yields of 74% for the cross-dimerisation of an allenyl
ketone with a Michael acceptor, with the aid of a Au(Ill) catalyst. The 'H NMR data

reported the characteristic vinylic protons appearing at & 5.83 and 5.87 both as doublets.

CH;CN
Au(I) or Au (III)

[\

O

17

Scheme 29. Cross-dimerisation attempted

Reaction of 2,3-dihydrofuran and methylvinylketone with an acetonitrile solution of

Au(IlI) was attempted but as expected for this cross-dimerisation the reaction did not

proceed, as shown by TLC investigations (Scheme 30).
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@ . /Y CH,CN

0) (0) Au(l) or Au (III)

Scheme 30. Unsuccessful C-C bond formation

The addition of an alcohol to an alkyne has been previously reported using a mercury
catalyst to promote the reaction.?’ The reaction yields an acetal and enol ether (Scheme
31) and the catalyst that successfully catalyses this reaction is of the type [L-Au’] where
L = a phosphane, phosphite or arsine. The reactions proceeds under mild conditions (T =
20 — 50 °C, H'" acting as a co-catalyst), and TONs of up to 10’ have been reported.
Symmetrical alkynes yield only one product, whereas for unsymmetrical alkynes an
acetal and enol ether is formed. For terminal alkynes the addition generally takes place

at the more substituted carbon.

R'-—=-H + ROH —— + >—-——<
R' CH;, R’ H

Scheme 31. Addition of alcohol to an unsubstituted alkyne

Teles and co-workers also reported the reaction of phenylactylene with an alcohol
yielding an acetal and enol ether in a ratio of 2 : 1. In our attempt, reaction of
phenylacetylene and methanol with NaAuCly yielded the alkene 18 as shown in Scheme
32. The source of H" during the reaction was methanesulfonic acid and the mixture was
stirred for 2 days. The alkene was isolated and purified by column chromatography with
a yield of 41%. The 'H NMR spectrum showed the vinylic protons as 2 doublets at 5.20

and 5.45 ppm.
H+ MeO, OMe H
Ph—===—H + MeQH —> + MeO)_____<
NaAuCl4 Ph Me PH q

18
Scheme 32. Synthesis of alkene 18

The reaction of L* with NaAuCly in CH,Cl, was attempted to synthesise a possible

tridentate monomer or dimer complex (Scheme 33). The oily white solid produced was
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insoluble in a number of solvents including chloroform, toluene, THF, CH,Cl,, diethyl

ether, hexane and ethanol. The spectroscopic data for 19 from both the 3p¢'H} and 'H

NMR spectra were inconclusive.
Et

S
CH,Cl, |
qug/\@ +  NaAulCl, . S— Ph,P— Tu
t
Cl

L4 19 monomer

19 dimer

Scheme 33. Au tridentate complex 19 attempt

Hence, a new route was planned for the synthesis of a tridentate gold complex. The first
step involved the synthesis of a mercury precursor 20. The next step involved reaction of
20 with [AuCls(tht)] where tht = tetrahydrothiophene, and MesNCl, enabling the gold

precursor complex to be made (Scheme 34).

_CH; By _-CH3 HgCl, inTHF ~CH;
NI ——— /N\ e /N\
CHj3 Et,0 Li CH; Et,0, -80 °C Hgcl CHs

Lithio intermediate 20

[AuCl;(tht)] Me,NCl

in acetone

H,C. CH
™ la

N‘Au(
Cl

21
Scheme 34. Synthesis of gold complex 21
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The formation of the mercury complex 20 (Scheme 34) was attempted. The white solid
obtained was sparingly soluble in hexane, chloroform, petroleum ether. The 'H NMR
spectrum (recorded in d®-benzene in which the solid did not fully dissolve) revealed a
doublet and triplet in the aromatic region which can be assigned to 4 protons on the
aromatic ring - 2 in the 3,6 position (doublet signal) and 2 protons in the 4,5 position
(triplet signal). The aliphatic protons were also noted in the spectrum. BusN[AuCl4]} has
been reported as a useful precursor in gold chemistry, its synthesis is shown in Scheme

35.

[BuNLCI inexcess + HAuCly(aq) ———™ BuyN(AuCly)
22

Scheme 35. Synthesis of BuuN[AuCly] 22

Reaction of NaAuCl, with [BuN]4Cl was attempted. However the product was noted to

still have some reactant present after the reaction had been carried out.

2.2.7 Investigation of other Group 10 and 11 metal complexes

Work has been undertaken on the complexation of a selection of our ligands onto other
Group 10 metals including nickel, platinum and copper. Mononuclear complexes with
phosphinothiolate ligands have been synthesised for Group V to VIII transition metals
and also tin, samarium and nickel. The nickel complexes were noted to be in a mixed-
valence state i.e. a Ni (II)/Ni (III) complex. The structure of the nickel complexes was

also noted to be unusual with a bridging arrangement around the metal centres.*?
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Et

S
€\|
S  ant——
thp/\( /\© + K,PICl, or NiCl,6H,0 —ECH _ PhyP r\I/[
Et
Cl
L4
or
P th\/ \<S/O

Et

Scheme 36. Attempts at synthesising Pt and Ni complexes, where M = Pt 23 or Ni 24

Reaction of platinum and nickel with ligand L* yielded complexes, the structure of
which was anticipated to be bidentate or tridentate, as shown in Scheme 36. The
platinum complex 23 revealed a single shift in its 3p{'H} NMR spectrum at 27.6 ppm,
but recrystallisation attempts yielded no crystals. The nickel complex 24 was
recrystallised, using an acetonitrile-petroleum ether diffusion, but the NMR spectra were

noisy and inconclusive.

Et

s »
2pmp” Y /\O +[CuCHCN)JPRg —DCM o PhoPS ~ SA@
: o5

L4

Scheme 37. Copper reaction attempted

Reaction of a copper precursor with 2 equivalents of ligand L* (Scheme 37) produced a
pale yellow solution, which was recrystallised using a CH,Cl,-petroleum ether diffusion.
The *! P{'"H} NMR spectrum of the needle-like crystals did not show the presence of the

expected copper complex.
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2.3 Conclusions

New P,S ligands and their palladium complexes have been synthesised and for three new
palladium complexes their crystal structures shown. High resolution mass spectra for a
number of our ligands and complexes have shown further evidence in support of their
chemical composition. High yields were obtained for the palladium complexes, in

general between 80 and 90%.

Complexes 8 and 9 both revealed square planar geometries, as seen in their
crystallographic characterisation. When compared to a complex of the same type, 7,
many key similarities were seen in their structures. The evidence supported the
assumption that complexes 8 and 9 adopt a bidentate structure. The structure of complex
10, the naphthalene complex, was also determined by X-ray diffraction methods,
revealing a distorted square planar structure which was also bidentate. The synthesis of
the anthracene complex 11 was undertaken and '"H NMR analysis suggested a possible
dimer structure.

The novel complexes are potentially useful catalysts in C-C coupling reactions, and
future work will investigate their application in this area. Complexes 2, 3, 7 and 9 have
been used in Heck and Suzuki couplings (Chapters 3 and 4) and have shown excellent

catalytic activities.

Our gold work has successfully produced a gold complex and reactions involving gold
catalysts have been investigated. The Au(I)-THT complex 15 was synthesised and
characterised by '"H NMR spectroscopy. 15 was subsequently used in the C-C coupling
of 2-methylfuran with methylvinyl ketone. An Au(IIl) complex, NaAuCly, also
successfully catalysed the reaction. The alkene 18 was synthesised by reaction of an

alkyne with an alcohol, using NaAuCly as the catalyst for the reaction.

A number of reactions proved unsuccessful during our gold investigations. This included
synthesis of an Au(IlI)-P,S monomer 14 and Au(I)-P,S dimer 16. The formations of

possible tridentate complexes using ligand L* proved inconclusive.
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Complexes of platinum, nickel and copper were also briefly investigated with ligand L.
The results obtained for the platinum and nickel complexes were inconclusive and the

copper investigation did not yield the desired bis-chelate type complex.

2.4 Experimental
General comments : All manipulations were performed using standard Schlenk

techniques under nitrogen, except where otherwise noted. The palladium complexes
were prepared under an inert atmosphere and once formed were stable in air. All other
chemicals were purchased from Aldrich and Avocado and used as received, except
where stated. Solvents for NMR measurements were distilled and dried under nitrogen
following literature methods.”® "H-NMR spectra and >C-NMR spectra were recorded
using a Bruker Avance AMX 400 spectrometer and 3p NMR spectra were recorded
using a JEOL Eclipse 300 spectrometer, referenced to external TMS; 8 values are
reported in ppm; J values are reported in Hz. Mass spectra were obtained in ES
(Electrospray) mode from EPRSC Mass Spectrometry Service (Swansea University), or
from the Mass Spectrometry Service (Cardiff University). High-resolution mass spectra

(ES) were recorded on a Waters Q-Tof micromass spectrometer, Cardiff University.

Synthesis of bis(benzonitrile)dichloropalladium, Pd(PhCN),CL***! : Palladium (II)
chloride hydrate (2.937 g, 0.0166 mol) was added to a 250 ml round bottomed flask,
equipped with a stirring bar. Benzonitrile (60 ml, 0.5877 mol) was added to the flask and
attached to a reflux condenser. The dark red mixture was heated to 100 °C whilst stirring.
After an hour, the majority of the solid had dissolved; leaving a reddish brown solution
that was filtered hot (to prevent crystallisation). The clear orange filtrate was transferred
to a round bottomed flask containing petroleum ether (350 ml). Immediately a bright
yellow solid precipitated out and the solution was filtered under suction. The bright
yellow powder was washed with petroleum ether (3 x 15 mL). A bright yellow powder
resulted. Yield (5.845 g, 92 %).

2-butylenesulfide, C4H3S, 1 : Potassium thiocyanate (19.436 g, 0.2 mol) was dissolved
in water (50 mL) in a round bottomed flask. An ice bath was placed under the round
bottomed flask and 1, 2-epoxybutane (17.2 mL, 0.2 mol) was added to the reaction
mixture, leaving a colourless solution which was allowed to stir for 1 day. After 1 day,

more potassium thiocyanate (9.718 g, 0.1 mol) was added to the cloudy reaction
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mixture. The mixture was left to stir for another day. The crude thiirane was obtained
after extraction with diethyl ether (3 x 20 mL). The ethereal fractions were combined
and extracted with aqueous saturated sodium chloride solution (50 mL), and dried over
magnesium sulfate. The product was obtained after distillation under atmospheric
pressure (distilled at 103/4 °C). Yield (9.477 g, 54%); 'H NMR (CDCl;, 400 MHz), 8y :
1.05 (3H, t, J = 7.4, CH3), 1.42 (1H, sept, J = 7.2, CH3), 1.9 (1H, sept, J = 7.2, CHy),
2.13 (1H, d, J = 5.5, CHy), 2.45 (1H, d, J = 6.6, CH>), 2.9 (1H, pent, J = 4.2, CH). '*C
NMR (CDCls5, 100 MHz), 8¢ : 13.76 (1C, s, CHj), 26.11 (1C, s, CH>), 30.08 (1C, s,
CH,), 38.11 (1C, s, CH).

L' (where L' = Ph,PCH,CHEtS) : Method 1, L'H? : Diphenylphosphine (2.5 mL 14.4
mmol) was syringed into a Schlenk, along with dry diethyl ether (20 mL). The Schlenk
was placed in an ice bath (-40 °C) and n-BuLi (7.4mL of 1.96M, 14.4 mmol) was
syringed into the colourless reaction mixture, causing it to turn bright yellow. The
solution was left to stir for 2 hours. In a separate Schlenk CH,CHC,HsS 1 (1.3 mL, 14.4
mmol) was diluted in dry diethyl ether (10 mL) and transferred drop wise into the
reaction Schlenk. An immediate colour change was seen from yellow to colourless. The
solution was left to stir overnight. After stirring overnight, a water work-up was
performed whereby degassed water (10 mL) was added and the diethyl ether layer
collected. The aqueous layer was washed with dry diethyl ether (2 x 10mL) and the
etheral extracts were combined and dried over MgSO,4. The ethereal extracts were
filtered over celite and the solvents were removed in vacuo affording a pale yellow oil.
The ligand was used without further purification. Yield (2.875 g, 90%). 'H NMR
(CDCls, 400 MHz), 8y : 0.85 (3H, t, *Juyn = 7.3, CH3), 1.55 (1H, m, %Juu = 6.9, p to Et),
1.8 2H, m, J= 6.9, CH; o to Et), 2.3 (2H, dd, Juu = 6.3, Jyp = 13.8, CH; o to SH), 2.75
(1H, m, SH), 7.1-7.5 (10H, m, ArH); '>’C NMR (CDCl;, 100 MHz), ¢ : 10.27 (1C, s,
CY, 31.42 (1C, d, *Jep = 8.2, C?), 38.11 (1C, d, 'Jep = 13.3, CY), 38.91 (1C, d, Zep =
16.6, C*), 127.47 (2C, d, *Jcp = 4.8, C7), 127.53 (2C, d, *Jcp = 4.9, C'), 127.60 (1C, s),
127.85 (1C, 5), 131.57 (2C, d, *Jcp = 18.6, C%), 131.94 (2C, d, 2Jcp= 12.8, C°); *'P NMR
(CDCl3, 121 MHz), 8p : -18.01. MS (accurate mass, ES+) calculated mass for [M+H]" :
275.1023, measured : 275.1014.
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Method 2, L'K : Potassium diphenylphosphide (10 mL of 0.5 M in THF, 5 mmol) was
syringed into a Schlenk, along with dry diethyl ether (10 mL) and dry THF (5 mL). The
Schlenk was placed in a cold water bath and CH,CHC,HsS 1 (0.44 g, 5 mmol) was
added dropwise to the orange reaction mixture, causing it to turn paler orange. The
solution was left to stir for a couple of hours. After this time, a water work-up was
performed whereby degassed water (10 mL) was added and the diethyl ether layer
collected. The aqueous layer was washed with diethyl ether (2 x 10mL) and the etheral
extracts were combined and dried over MgSOy. The ethereal extracts were filtered over
celite and the solvents were removed in vacuo affording a pale yellow oil. The ligand
was used without further purification. 'H NMR (CDCl3, 400 MHz), 6 : 0.7 GH, m, J =
7.3, CH3), 0.95 (1H, m), 1.45 (2H, m), 2.1 (1H, m), 2.4 (1H, m), 7.1-7.7 (10H, m, ArH);
3'p NMR (CDCL, 121 MHz), 8p : -17.71.

NB : Ph,PCH,CHEtSLi L'Li or Ph,PCH,CHEtSK L'K could be synthesised in the
same manner as above, with the exception of not performing the water work-up at the

end.

L? (where L? = Ph,PCH,CH('Bu)SCH3) : A Schlenk was charged with L'Li (0.633 g,
2.05 mmol) and dissolved in dry THF (10 mL). Methyl iodide (0.2 cm®, 2.92 mmol) was
then added dropwise. The solution was stirred for 1% hours, after which the solvent was
removed in vacuo. The colourless product was extracted with dry hexane (20 mL)
followed by dry toluene (15 mL), and filtered. Solvents were removed in vacuo, from
the filtrate, leaving a cloudy yellow solution. The ligand was used without further
purification. Yield (0.54 g, 83%). '"H NMR (d-benzene, 300 MHz), &y : 0.85 (9H, d, t-
Bu), 1.95 (3H, m, CH3), 2.1 (1H, t of d, CH,), 2.2 (1H, t of d, CH,), 2.55 (1H, ddd, CH p
to t-Bu), 7.0-8.0 (10H, m, ArH); *'P NMR (d-benzene, 121 MHz), 8p : -16.51.

L® (where L* = Ph,PCH,;CHEtSMe)’ : L'H (1.38 g, 5.03 mmol) was dissolved in dry
diethyl ether (40 mL) and subsequently BuLi (2.6 mL, 5.03 mmol) was syringed into the
Schlenk. After 30 minutes Mel (0.7139 g, 5.03 mmol) was introduced into the Schlenk
and the yellow reaction mixture was left to stir overnight. A water work-up was
performed whereby degassed water (30 mL) was added to the reaction mixture and the

organic layer was collected. The aqueous layer was washed with dry diethyl ether (2 x
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10 mL) and the organic extracts combined and dried over MgSO,. The organic layers
were filtered over celite and the solvents were removed in vacuo, leaving a thick pale
oil. The ligand was used without further purification. Yield (1.0 g, 70%). 'H NMR
(CDCL, 300 MHz), &y : 1.03 (3H, t, *Jyy = 7.3, HY), 1.72 (1H, m, *Jyu = 7.3, H?), 1.89
(1H, m, *Juq = 7.3, H?), 2.00 (3H, s, SMe), 2.30-2.65 (3H, overlapping m, H> and H*),
7.34 (6H, m, ArH), 7.50 (4H, m, ArH); >'P NMR (CDCl;, 121 MHz), 8p : -20.35.

L* (where L* = Ph,PCH,CHEtSCH,Ph) : L'Li (5 mmol), benzyl bromide (0.996 g, 5
mmol), and dry diethyl ether (20 mL) were charged into a schlenk. The resulting cloudy
solution was stirred overnight. The white solid (LiBr) was filtered away from the
solution and rinsed with dry diethyl ether (2 x 10 mL). The yellow filtrate was
concentrated down, leaving a yellow oil. The ligand was used without further
purification. Yield (1.56 g, 73%). '"H NMR (CDCls, 300 MHz), 8 : 0.8 (3H, t, J = 7.3,
CH3), 1.55 (1H, m), 1.75 (1H, m), 2.3 (3H, m), 3.53 (1H, d, J = 10.0, benzylic H), 3.58
(1H, d, J = 10.8, benzylic H), 6.9-7.35 (15H, m); >'P NMR (CDCl;, 121 MHz), &p :
-20.8. 3C NMR (CDCls, 100 MHz), 8¢ : 9.60 (1C, s, CHz), 26.87 (s, 1C, CHy), 34.48
(1C, s, CH), 42.72 (1C, d, J = 15.1, CH,). MS (accurate mass, ES+) calculated mass for
[M+H]" : 365.1493, measured : 365.1499.

L’ (where L’ = Ph,PCH,CHEtSCH,CsHy) : L'Li (50 mmol), 3,5-
dimethylbenzylbromide (0.996 g, 5.0 mmol) and dry diethyl ether (20 mL) were charged
into a schlenk. The resulting cloudy solution was left to stir overnight. The solution was
filtered through celite. A water work-up was performed whereby the solution was
extracted with dry diethyl ether (2 x 10 ml) and dried over MgSO,. The solvents were
removed in vacuo, affording a colourless liquid. The ligand L’ was used without further
purification. Yield (1.41 g, 72%). '"H NMR (CDCls, 400 MHz), 84 : 0.9 GH, t, J = 7.3,
CH3), 1.5 (1H, m, H), 1.7 (1H, m, H), 2.1 (6H, s, 2 x CH3), 2.3 (1H, m, CH), 2.5 (1H, m,
CH,), 3.47 (1H, d, J = 7.0, benzylic H), 3.52 (1H, d, J = 7.0, benzylic H), 7.2 - 7.7 (13H,
m, ArH). *'P NMR (D;0, 121 MHz), 8p : -20.8. MS (accurate mass, ES+) calculated
mass for [M+H]" : 393.1806, measured : 393.1793.
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L¢ (where L® = Ph,PCH,CHEtSCH,C1oH>) : L'K (2.5 mmol in diethy] ether solution),
1-chloromethylnaphthalene (0.375 ml, 2.5 mmol) and dry diethyl ether (10 mL) were
charged into a schlenk. The mixture was stirred, upon which a gradual colour change
was seen from bright yellow to white. The mixture was left stirring overnight. The off-
white solid (LiCl formed) was filtered away from the pale almost colourless solution.
The solution was condensed down and made into a solution of known concentration. The
ligand was used without further purification. Yield (0.65g, 65%). 'H NMR (CDCls, 400
MHz), 8y : 0.9 (3H, m, CH3), 1.65 (1H, m, CHy), 1.8 (1H, m, CH,), 2.3 (1H, m, CH>),
2.45 (1H, m, CH,), 2.55 (1H, m, CH), 4.0 (2H, dd, benz), 7.15-7.6 (19H, m, ArH); *'P
NMR (D0, 121 MHz), & : -20.53. 3C NMR (CDCls, 100 MHz), 8¢ : 9.69 (1C, s,
CH;), 27.04 (s, 1C, CHy), 34.19 (1C, d, J = 10.1, CH), 43.75 (1C, d, J = 15.1, CH,
benzylic). MS (accurate mass, ES+) calculated mass for [M+H]" : 415.1649, measured :
415.1647.

L’ (where L= Ph,PCH,CHEtSCH,C4Hy) : 9-chloromethylanthracene (0.567 g, 2.5
mmol) was dissolved in a mixture of dry diethyl ether (10 ml) and dry THF (10 mL).
L'K (2.5 mmol in dry diethyl ether solution) was added to the solution and the resulting
orange solution was left to stir overnight. The clear yellow solution was condensed down
until almost all of the solvent had been removed, then redissolved in dichloromethane
(15mL). The ligand was used without further purification. Yield (0.8 g, 69%). 'H NMR
(CDCl3, 400 MHz), 8y : 0.95 (3H, t, J = 7.3, CH3), 1.75 (1H, m, CH,), 1.95 (1H, m,
CH,), 2.4 (2H, m, CH,), 2.75 (1H, m, CH), 4.55 2H, 2 xd, J=11.8, J= 6.1, benz), 7.3-
8.4 (21H, m, ArH); *'P NMR (D,0, 121 MHz), &p : -20.01. *C NMR (CDCls, 100
MHz), d¢c : 10.14 (1C, s, CH3), 27.22 (s, 1C, CHy), 34.49 (1C, d, J = 14.1, CH), 45.53
(1C, d, J=16.1, CH; benzylic).

[PA(L")CI]; (where L' = Ph,PCH,CHES), 2° : To a solution of Pd(PhCN),Cl, (0.192
g, 0.5 mmol) in dry dichloromethane (20 mL) L' (0.138 g, 0.5 mmol) was added. The
resulting bright orange solution was stirred overnight. Solvents were removed in vacuo
leaving a bright orange solid. The orange solid was washed with diethyl ether (2 x 20
mL) and dried. The pure compound was obtained after slow diffusion of diethyl ether
into an acetonitrile solution of 2. Yield (0.187 g, 90%). 'H NMR (CDCls, 400 MHz), 8y
: 1.05 3H, t, *Juu = 7.3, HY), 1.84 (1H, m, Zuy = *Jun = 13.8, Zip = 6.6, H*y), 2.10
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(1H, m, 2w = >y = 7.3, H2), 2.62 (1H, td, 2Jun = *Jun = 13.8, hp = 6.6, H* ), 2.91
(1H, ddd, pn = 13.8, 2Jyp = 11.4, *Jyy = 3.8, H'), 3.71 (1H, br m, H’), 7.20-7.75 (6H,
m, ArH), 7.93 (4H, m, ArH); *C NMR (CDCL;, 100 MHz), 8¢ :12.76 (1C, s, C'), 30.35
(1C, m, C?), 43.65 (1C, m), 46.29 (1C, s), 129.41 (4C, m, C"!, C"), 130.0 (1C, m), 130.5
(1C, m), 131.90 (1C, s), 132.00 (1C, s), 133.63 (2C, t, Jcp = 5.1, C%), 133.80 (2C, t, Jop =
5.7, C'%; 3'P NMR (CDCls, 121 MHz), 8p : 41.39.

[PA(LYI]; (where L' = Ph,PCH,CHEtS), 3 : 2 (0.49 g, 0.48 mmol) was dissolved in
ethanol (20mL). In a separate round bottomed flask potassium iodide (0.8 g, 4.8 mmol)
was dissolved in the minimum amount of methanol (5mL). The potassium iodide
solution was added to the solution of 3 and left to stir for 48 hours. An orange precipitate
was seen. Solvents were evaporated leaving an orange solid, which was washed with
dichloromethane (10 mL) and filtered. The orange filtrate was concentrated leaving
orange oil, which when dissolved in dichloromethane (10 mL) and dried in vacuo,
leaving a red solid. The red solid was washed twice with diethyl ether (2 x 20 mL) and
dried, resulting in a red crystalline solid. Yield (0.42 g, 82%). '"H NMR (CDCls, 400
MHz), 8y : 0.9 (3H, t, J= 7.4, CH3), 1.65 (1H, m), 1.95 (1H, m), 2.65 (1H,td), 2.95 (1H,
m), 3.85 (1H, br m), 7.25-7.9 (10H, m, ArH); *'P NMR (CDCls, 121 MHz), & : 41.19.
13C NMR (CDCl;, 100 MHz), 8¢ : 11.48 (1C, s, CY), 28.58 (1C, m, C?), 46.15 (1C, m),
46.39 (1C, s), 127.84 (1C, m), 127.97 (1C, m), 130.51 (1C, s), 132.63 (1C, m); ES-MS :
m/z 1014.79 (MH', 100%). MS (accurate mass, ES+) calculated mass for [M+H]" :
1012.7971, measured : 1012.8002.

[Pd(u-L¥Cl), (where L? = Ph,PCH,CH('Bu)S), 4 : To a solution of Pd(PhCN),Cl,
(0.791 g, 2 mmol) in dry THF (10 mL) racemic Ph,PCH,CH(‘Bu)SLi (0.635 g, 2 mmol)
was added. The resulting dark orange solution was left to stir overnight. The volatiles
were evaporated in vacuo. The dark orange solid obtained was washed with diethyl ether
(2 x 20 mL) and dried. A muddy orange compound resulted. The pure compound was
obtained after slow diffusion of diethyl ether into an acetonitrile solution of 4. Yield
(0.887 g, 49%). '"H NMR (CDCl3, 300 MHz), 8y : 1.2 (9H, s, t-Bu), 2.87, (2H, m, CH,),
3.81 (1H, m, CH), 7.24-7.9 (10H, m, ArH); *'P NMR (CDCl;, 121 MHz), 8p : 39.18; '*C
NMR (CDCl3, 100 MHz), §¢c : 28.38 (3C, s, t-Bu), 35.45 (1C, s), 42.89 (1C, s). MS
(accurate mass, ES+) calculated mass for [My+Cl1]" : 849.0118, measured : 849.0114.
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Pd(L'), (where L' = Ph,PCH,CHES), 5 : Pd(PhCN),Cl, (0.778 g, 2.034 mmol) and
dry dichloromethane (10 mL) were charged into a schlenk. To the solution L'Li (4 mL
in dry toluene, 4.068 mmol) was added. The resulting orange solution was stirred
overnight; subsequently the solvents were removed in vacuo. The yellow solid was
washed with diethyl ether (20 mL) and dried. The pure compound was obtained after
slow diffusion, in air, of petroleum ether into a dichloromethane solution of 5. Yield
(1.20 g, 90%). trans-rac-isomer: '"H NMR (CDCl;, 400 MHz) 8y : 0.89 (3H, t, *Jun 7.4,
H"), 1.64 (1H, m, *Jyn = 7.4, HY), 1.72 (1H, m, *Ju = 7.4, H?), 2.32 (1H, td, *Ju = *Jup
=124, > Jyy = 3.0, HY, 2.73 (1H, br m, H), 2.89 (1H, m, H*), 7.35 (6H, m, ArH), 7.56
(2H, m, ArH), 7.87 (2H, m, ArH); *C NMR (CDCls, 100 MHz), 8¢ : 14.61 (1C, s),
32.70 (1C, t, Jcp=10.3), 43.28 (1C, t, Jcp = 9.8), 43.68 (1C, t, Jep= 17.5), 128.90 (2C, t,
Jep = 4.9), 129.06 (2C, t, Jop = 5.1), 130.78 (1C, s), 131.23 (1C, s), 132.73 (2C, t, Jcp=
6.2), 134.64 (2C, t, Jop=7.1); *'P NMR (CDCls, 121 MHz) 8p : 48.6; trans-meso-isomer
: '"H NMR (CDCls, 400 MHz) &y : 2.46 (1H, m, H*), 7.64 (2H, m, ArH), 7.81 (2H, m,
ArH); all other 'H resonances coincide with those of the trans-rac-isomer, 3p NMR
(CDCl3, 121 MHz) & : 51.1, cis-rac-isomer : 'H NMR (CDCls, 400 MHz) 6y : 2.46
(1H, m, H*), 6.84 (2H, m, ArH), 6.96 (2H, m ArH), 7.11 (1H, m, ArH), 7.19 (2H, m,
ArH), 7.46 (2H, m, ArH); all other resonances coincide with those of the trans-rac-
isomer; >'P NMR (CDCI3, 121 MHz) 8p : 44.5. MS (accurate mass, ES+) calculated
mass for [M+H]" : 653.0847, measured : 653.0879.

Pd(Lz)Clz (where L = Ph,PCH,CH(‘Bu)SCH3), 6 : To a solution of Pd(PhCN),Cl,
(0.19 g, 0.5 mmol) in dry dichloromethane (5 mL) was added a solution of L2 (1 mL, 0.5
mmol) toluene. The resulting dark brown mixture was stirred for 2 hours. To complete
precipitation of the yellow-brown solid petroleum ether (20 mL) was added. The solid
was filtered and dried in vacuo. The resulting yellow/orange solid complex was light
sensitive. Recrystallisation of the product was attempted, in air, by slow
recrystallisations of petroleum ether into a dichloromethane solution of 6. Yield (46%).
'H NMR (CDCls, 300 MHz), 8y : 1.15 (9H, s, t-Bu), 1.25 (3H, m, CH3), 1.5 2H, m,
CH,), 1.7 (1H, m, CH), 7.2-7.7 (12H, m, ArH) ; *'P NMR (CDCL, 121 MHz), &p :
46.03.
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Pd(L%) Cl, (where L = Ph,PCH,CHEtSMe), 7* : To a solution of Pd(PhCN),Cl, (1.0
g, 2.6 mmol) in dichloromethane (40 mL) L? (5.8mL, 2.6 mmol) was added. The
resulting dark orange solution was stirred overnight. Solvents were removed in vacuo
leaving an orange solid. The crude solid was dissolved in hot acetonitrile. The pure
compound was obtained after slow recrystallisation of diethyl ether into an acetonitrile
solution of 7, affording yellow crystals. Yield (1.07g, 88%). '"H NMR (CD;CN, 400
MHz), 8y : 0.94 (3H, br, H'), 1.70 (1H, br, H?), 2.59 (1H, br, H*), 2.68 (3H, br s, SMe),
2.84 (1H, br, H), 2.96 (1H, br, H*), 7.3-7.7 (8H, m, ArH), 8.02 (2H, m, ArH); *'P NMR
(D20, 121 MHz), 8p : 50.02. ES-MS : m/z 467 (MH", 100%).

Pd(L*)Cl, (where L* = Ph,PCH,CHEtSCH,Ph), 8 : To a solution of L* (0.8 mmol) in
dry dichloromethane (10 mL) was added Pd(PhCN),Cl, (0.306 g, 0.8 mmol). The
resulting orange solution was left stirring overnight. The solvents were evaporated,
leaving an orange oil, which was washed with diethyl ether (2 x 10 mL) and dried. The
crude product was a yellow solid. The pure compound was obtained after slow
recrystallisation of petroleum ether into a chloroform solution of 8. Yield (0.36 g, 83%).
'H NMR (CDCl3, 400 MHz), 8y : 0.9 (3H, t, J = 7.3, CH3), 1.7 (1H, m, CH,), 1.85 (1H,
m, CHy), 2.35 (1H, m, CH3), 2.6 (2H, m, CH3), 3.95 (1H, d, J = 14.1, benzylic H), 4.95
(1H, d, J = 13.6, benzylic H), 7.1-7.7 (10H, m, ArH); *'P NMR (CDCls, 121 MHz), &p :
50.35. ES-MS : m/z 505.0132 (M-CI", 100%).

Pd(L’)ClL, (where L® = Ph,PCH,CHEtSCH,CsHy) 9 : Pd(PhCN),Cl, (1.148 g, 3.0
mmol) and dry dichloromethane (10 mL) were charged into a schlenk. To the solution
L’ (3.0 mmol) was added. The resulting orange solution was stirred overnight;
subsequently the solvents were removed in vacuo. The yellow solid was washed with
diethyl ether (20 mL) and dried. The pure compound was obtained after slow diffusion,
in air, of petroleum ether into a dichloromethane solution of 9. Yield (1.50 g, 88%). 'H
NMR (CDCl;, 400 MHz), 84 : 0.9 (3H, t,J = 7.3, CH3), 1.6 (1H, m, H), 1.7 (1H, m, H),
2.1 (6H, s, CH3), 2.3 (1H, m, CH), 2.6 (1H, t, CH>), 3.8 (1H, d, J = 13.5, benzylic H),
4.7 (1H, d, J = 13.5, benzylic H), 7.3-7.65 (15H, m, ArH); *C NMR (CDCl, 100 MHz),
dc 1 12.31 (1C, s, CH3), 21.30 (2C, s, CH3), 26.05 (1C, d, CHy), 37.10 (1C, d, CH), 41.28
(2C, s, benzylic CHy); *'P NMR (CDCl, 121 MHZ) 8p : 52.40. MS (ES*") m/z (%), [M-
H]": 533.0445. ES-MS : m/z 533.0445 (M-CI', 100%);
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PA(LS)Cl, (where L® = Ph,PCH,CHEtSCH,CH7), 10 : To a solution of
Pd(PhCN),Cl, (0.319g, 0.833 mmol) in dry dichloromethane (20 mL) was added L®
(0.833 mmol). The orange solution was allowed to stir overnight. The dichloromethane
solution was condensed (ca. 10 mL) and the solid product was precipitated with diethyl
ether. The orange solid was washed twice with diethyl ether (2 x 20 mL) and dried.
Yield (0.34 g, 69%). 'H NMR (CDCls, 400 MHz), 8y : 0.55 (3H, t, J = 7.3, CH3), 1.25
(2H, m, CH,), 2.3 (1H, m, CH), 2.6 (2H, m, CH,), 4.75 (1H, d, J = 13.5, benzylic), 5.15
(1H, d, J = 14.0, benzylic), 7.15-8.4 (19H, m, ArH); *'P NMR (D,0, 121 MHz), & :
54.18.

Pd(L")Cl, (where L’ = Ph,PCH,CHEtSCH,C;sHy), 11 : To a solution of
Pd(PhCN),Cl, (0.319g, 0.833 mmol) in dry dichloromethane (20 mL) was added L’
(0.833 mmol). The orange solution was allowed to stir overnight. The dichloromethane
solution was condensed down slightly (ca. 10 mL) and the solid product was precipitated
with diethyl ether. The orange solid was washed twice with diethyl ether (2 x 20 mL)
and dried. Yield (0.406 g, 76%). '"H NMR (CDCl;, 400 MHz), 8y : 0.95 (3H, t, CH3),
1.75 (2H, m, CHy), 2.05 (1H, m, CH), 2.6 (1H, m, CH,), 3.85 (1H, m, CH,), 4.65 (1H, d,
benzylic H), 7.15-8.0 (19H, m, ArH); *'P NMR (D,0, 121 MHz), 8p : 52.50.

Pd(PPh,CH,CHEtSPh)I;, 12 : To a Schlenk was added 3 (50 mg, 0.05 mmol),
iodobenzene (0.02 g, 0.1 mmol) and toluene (10 mL). The orange/red solution was
stirred overnight. The solvents were evaporated in vacuo and the resulting orange solid

was washed with petroleum ether. >'P NMR (CDCls, 121 MHz), 8p : 42.8.

Pd(PPh,CH,CHEtSC¢H4COMe)l,, 13 : To a Schlenk was added 3 (50 mg, 0.05
mmol), 4-iodoacetophenone (0.02 g, 0.1 mmol) and toluene (10 mL). The orange/red
solution was stirred and heated at 80 °C overnight. The solvents were evaporated in
vacuo and the resulting orange solid was washed with petroleum ether. *'P NMR

(CDCls, 121 MHz), 8p : 42.7.

AuL'CL, (where L' = Ph,PCH,CHEtS), 14 : To a solution of NaAuCl, (0.181 g, 0.5
mmol) in dry ethanol (10 mL) was added L'H (0.5 mmol). Immediately a precipitate
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formed. The yellow mixture was stirred overnight. The supernatant yellow solution was

decanted and dried in vacuo. A pale orange solid was obtained. Yield (0.124 g, 46%).

AuSC4HsCl, 15 : A 100 mL round bottomed flask equipped with a stirring bar was
charged with an aqueous solution of sodium tetrachloroaurate (1II) (1.0 g, 2.24 mmol) in
a mixture of distilled water (2 mL) and ethanol (10 mL). Tetrahydrothiophene (0.46 mL,
5.14 mmol) was added dropwise, causing the clear yellow solution to give rise to a brick
red precipitate initially, then transforming into a white solid of AuCl(SC4Hg) whilst
addition continued. The reaction mixture was stirred for 15 minutes at room temperature.
The white precipitate of 15 was filtered, washed with ethanol (2 x 5 mL) and vacuum
dried. Yield (0.74 g, 84%). '"H NMR (CDCls, 400 MHz), 8y : 2.15 (4H, br d, C;Hy), 3.4
(4H, br d, C,Hy).

AuL! polymer (where L' = Ph,PCH,CHEtS), 16 : To a solution of 15 (0.160 g, 0.5
mmol) in dry dichloromethane (10 mL) was added L'H (0.5 mmol). The resulting
yellow solution was stirred for 2 hours. The solvents were evaporated in vacuo. A white

solid was precipitated with dichloromethane. Yield (0.241g).

CoH20,, 173 (i) To a solution of sodium tetrachloroaurate (III) hydrate (0.011 g, 0.03
mmol) in acetonitrile (1 mL) was added 2-methylfuran (0.246 g, 3 mmol) and
methylvinylketone (0.210 g, 3 mmol) in acetonitrile (3 mL). The resulting pale yellow
solution was stirred for 2 days. Solvents were evaporated from the dark red/purple
mixture leaving a dark red/brown oil. A column on silica was performed using a 9:1
petroleum ether:ethyl acetate solvent system. The collected product was concentrated
leaving a yellow oil of 17. Yield (0.207 g, 46%). "H NMR (CDCl;, 400 MHz), &y : 2.05
(3H, s, CH3), 2.15 (3H, s, OCH3), 2.65 (2H, t, CH,), 2.75 (2H, t, CH; o to OCH3), 5.73
(2H, dd, vinylic).

(i1)) To a solution of 15 (0.010 g, 0.03 mmol) in acetonitrile (1 mL) was added 2-
methylfuran (0.246 g, 3 mmol) and methylvinylketone (0.210 g, 3 mmol) in acetonitrile
(3 mL). A colourless solution resulted which was stirred overnight. Solvents were
evaporated from the dark purple mixture leaving a dark red oil. A column on silica was

performed using a 8:2 petroleum ether:ethyl acetate solvent system. The collected
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product was concentrated leaving a yellow oil of 17. Yield (0.286 g, 63%). 'H NMR
(CDCl3, 400 MHz), 8y : 2.05 (3H, s, CH3), 2.15 (3H, s, OCH3), 2.65 (2H, t, CHy), 2.75
(2H, t, CH; o to OCH3), 5.73 (2H, dd, vinylic).

C¢HsCH30C;H,, 18% : Sodium tetrachloroaurate (III) hydrate (0.09 g, 0.25 mmol) was
charged into a schlenk and dissolved in dry methanol (30 mL). L' (0.25 mL, 0.25 mmol)
was added and the resulting cloudy yellow solution was stirred. Into another schlenk was
added phenylacetylene (2.74 mL, 25 mmol), dry methanol (20 mL) and methanesulfonic
acid (0.16 mL, 2.5 mmol). The resulting dark green solution was decanted into the first
schlenk, and the green solution was stirred. After two days the reaction mixture was
neutralised with sodium hydroxide solution. The solvents were removed and a pale
green solution remained which was washed with water (10 mL) and extracted with
diethyl ether (3 x 10 mL). The resulting clear yellow solution was dried over magnesium
sulphate, filtered and solvents evaporated, leaving an orange solution of 18. A column
on silica was performed using a 9:1 petroleum ether:ethyl acetate solvent system and 18
isolated. Yield (1.380 g, 35%). 'H NMR (CDCls, 400 MHz), &y : 3.0 (3H, s, CH3), 5.2
(1H, d, J= 3.0, cis to Ph), 5.45 (1H, d, J= 3.1, cis to MeO), 7.35-7.7.5 (6H, m, ArH).

AuL*Cl or [AuL‘Cl]; (where L* = Ph,PCH,CHEtSCH,Ph), 19 : To a Schlenk was
added NaAuCls (0.087 g, 0.24 mmol) dissolved in a mixture of ethanol (5 mL) and
dichloromethane (5 mL). In a separate Schlenk was added L* (0.121 g, 0.33 mmol) in
dichloromethane (5 mL). The mixture from the second Schlenk was transferred to the
first Schlenk resulting in a brown mixture. This Schlenk was covered in foil and stirred
for 2 days. A white solid formed was insoluble in chloroform, toluene, THF,

dichloromethane, diethyl ether, hexane and ethanol.

CeH4CH2N(CH;);HgCl, 20°**2 . To a Schlenk was added benzyldimethylamine (0.75
mL, 5 mmol) and Et;O (5 mL). The Schlenk was placed in ice and n-BuLi (2.92 mL of
1.71M sol, 5 mmol) was added dropwise to the colourless reaction mixture. The yellow
solution was stirred. In a separate Schlenk HgCl, (0.679 g, 5 mmol) was added to THF
(15 mL). The first Schlenk was placed in a cold ice bath (at -60 °C) and to it was

decanted the HgCl, solution. The resulting solution was stirred for 2 hours.
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The mixture was filtered using a filter stick and celite, leaving a pale yellow solution.
The filtrate was concentrated in vacuo resulting in a white solid. 'H NMR (CDCls, 400
MHz), 8y : 2.2 (6H, s, 2 x CH3), 3.35 (2H, s, benzylic CHy), 7.3 (2H, t, J=5.7, 2 x CH),
7.45 (2H, d, 2 x CH).

BuyN(AuCly), 22* : Tetrabutylammonium chloride (1.390 g, 5 mmol) was dissolved in
water (10 mL). To a separate flask sodium tetrachloroaurate (III) hydrate (0.362 g, 1
mmol) was added and dissolved in water (10 mL). Both solutions were stirred for %2
hour. The colourless tetrabutylammonium chloride solution was added to the orange
sodium tetrachloroaurate (III) hydrate solution, causing a slight precipitation to form,
and stirred for 1 %2 hours. The organic layer was extracted with DCM (3 x 10 mL),
dissolving any remaining precipitate. The organic extractions were combined and dried
over magnesium sulphate, filtered and solvents evaporated. The crude product was a
bright orange solid. The pure compound was obtained after slow recrystallisation of
petroleum ether into a DCM solution of 22. '"H NMR (CDCl;, 400 MHz), &y : 0.95
(12H, t,J= 7.3, Bu), 1.45 (8H, sext, J= 7.4, Bu), 1.6 (8H, m, Bu), 3.15 (8H, m, Bu).

PtL*ClL, or Pt(Ph,PCH,CHEtSCH,C¢H,)Cl (where L* = Ph,PCH,CHEtSCH,Ph),
23 : To a Schlenk was added PtCl, (0.213 g, 0.8 mmol) and acetonitrile (15 mL). The
mixture was stirred for 1 2 hours, after which time the brown solid had not dissolved.
The Schlenk was heated at 70 °C and after 2 hours the solid had dissolved. L* (0.8
mmol) was added to the Schlenk and the resulting orange solution was stirred overnight.
3'p{'H} NMR (121 MHzZ) , 8p : 27.6.

NiL‘Cl; or Ni(Ph,PCH,CHEtSCH,C¢H,)Cl (where L* = Ph,PCH,CHEtSCH,Ph),
24 : To a Schlenk was added NiCl,.6H,0O (2.852 g, 12 mmol) dissolved in ethanol (15
mL). L* (12 mmol) was added to the Schlenk and the resulting brown solution was
stirred overnight. The solvents were evaporated in vacuo leaving a red solid which was

washed diethyl ether.

Cu(L‘)z (where L = Ph,PCH,CHEtSCH;Ph), 25 : To a Schlenk were added
[Cu(CH3CN)4]PFs (1.28 g, 3.4 mmol), L* (6.8 mmol) and dichloromethane (15 mL). The
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colourless solution was stirred overnight. The mixture had turned pale yellow and a

white precipitate had formed.

Recovery of 3 : 3 was taken from an unsuccessful recrystallisation (0.748 g, 0.9 mmol)

and was dissolved in 1,4-dioxane (10mL) and used in the following Heck reaction,

Phl +
18.02 mmol 25.23 mmol

ﬁ 25.33 mmol Nth Ph \/\
CO,Bu

CO,Bu 140°C

The solution was left to heat (140 °C) and stir for 1 hour. After this time palladium black
was seen to form and the dark orange/brown mixture was filtered twice and washed with
diethyl ether (2 x 10mL). A dark orange/red crystalline solid was recovered. A column
on silica was performed (petroleum ether : ethyl acetate 9 : 1 to collect the yellow band,
then methanol to collect the final orange band). The red crystals were extracted with
diethyl ether (3 x 20mL), in which they were sparingly soluble, and washed with water
(20ml). The organic extractions were concentrated, dried over magnesium sulfate,
filtered and dried. A brick red solid remained. 'H NMR (CDCl3, 400 MHz), 8y : 0.9 (3H,
t, CHs), 1.65 (1H, m), 1.95 (1H, m), 2.65 (1H,td), 2.95 (1H, m), 3.85 (1H, br m), 7.25-
7.9 (10H, m, ArH); *'P NMR (CDCl;, 121 MHz), dp :43.48.
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Chapter 3 — Heck Coupling Reactions

3. Heck Coupling Reactions

3.1 Introduction

In this chapter the Heck coupling reaction with palladium complexes of the
phosphinothiolate and —thioether ligands presented in Chapter 2 is discussed. The palladium
phosphinothiolate complexes 1-3 and phosphinothioether complex 4 (Figure 1) are highly
efficient catalysts for the Heck arylation of styrene. High turnover numbers (TON) of up to
a million, for reactions with bromo and iodobenzenes have been obtained. Various reagents

have been explored along with a range of conditions.

Et N
Bl
S Cl
NS X N\ /
/Pd\ /Pd\ Pd
X S PPh, P/ \Cl
Ph,
Et
1:R=Et, X=1I 4:R=Me

2:R=Et, X=Cl
3:R="By, X=Cl

Fig 1. Palladium P, S-complexes used in Heck coupling reactions

3.1.1 Background

Much work has been carried out on palladium catalysed C-C coupling reactions, due to the
fact that palladium is a very versatile and efficient catalyst, used in its Pd(0) and Pd(II)
forms. The ‘palladium catalysed arylation and vinylation of olefins’ (the Heck reaction) has

recently attracted attention (Scheme 1).'?
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H

L . PAOY N\ /R
>—< + R- > / \ + H-X

where R = aryl, vinyl
X =1, Br, COCl, OTf

Scheme 1. The Heck reaction

Investigations on the arylation of olefins using transition metal catalysts began in the late
1960s by Heck.® The Heck reaction was discovered in 1971 and since has been used as a
powerful tool in standard organic synthesis. Mizoroki’ had published his findings on the
palladium-catalysed arylation reaction of olefins with aryl iodides along with the base
potassium acetate in methanol at 120 °C. Shortly following this Heck independently
reported his findings on the same coupling reaction with more favourable reaction

conditions.®

Heck commented on the oxidative addition of organic halides onto a palladium complex
resulting in a reactive organopalladium (II) halide, which subsequently undergoes an
addition reaction with an olefin, abstracts hydridopalladium halide and finally results in the

formation of a substituted olefin (Scheme 2).2

RX + Pd == [RPd]

H
+ H\ / — l R\
[RPd] /c—-_=c R—(ll——(f——PdX — [HPdX] + /c=c

N

N

Scheme 2. Formation of substituted olefins

Today the Heck reaction is a versatile and important entity in organic synthesis. Palladium

9-12

catalysts including phosphines™ ~ and N-hererocyclic carbenes'>'® have shown excellent

catalytic potential in a range of cross-coupling reactions. With the continual development of
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catalysts for cross-coupling reactions sterically hindered, less reactive aryl halide substrates

are now being employed.>'*?!

The mechanistic pathway for the Heck reaction consists of the oxidative addition of an aryl
or vinylic halide, insertion of an olefin, B-hydride elimination of the product and finally
regeneration of the Pd catalyst with aid from the base. The classical ‘textbook’ mechanism

follows a Pd(0)/Pd(I1)** cycle and experimental evidence has mostly disproved that a
PA(11)/Pd(IV) cycle®*?! could be functional.

Pd’L, or Pd"Y,L,
l activation

......

base. HX

L\
recycle Pd/ ‘\
base

b

LS

\ d/ L\ dH/L
P P

H/ \X R/ \X

R 1 B-hydride
Y \ elimin e X coord-insert / Y. _
+ -
R ' .

= L L
Y 11
. \Pd/

Scheme 3. The Heck reaction cycle
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The classical mechanism, as shown in Scheme 3, begins with the catalytically active 14
electron Pd(0) species (such as Pd(PPh;),)**** coordinated with donor ligands, such as
bidentate phosphines,**** oxidatively adding to the aryl halide RX and yielding a c-aryl
Pd(1]) intermediate complex. The presence of ligand is essential to promote this first step,
except for the case of aryl iodides. The second step involves the addition of the olefin in a
syn manner, as noted by Heck,® known as the coordination-insertion step, which is
stereoselective. Experimental evidence supports the assumption that the coordination-

37-39

insertion step could follow one of two paths, via a tetracoordinated species, as shown in

Scheme 4. In the first path the olefin is coordinated via dissociation of one neutral ligand,
and the second path allows dissociation of an anionic ligand. These observations are

supported by several catalytic studies.***

L L,
IL L
Pd : = /\Pd/L R \Pd
S — —___>
R R "X N—"x
L\ /i,
/Pd\ .-
R X X S ’," “\‘ + RS
L. L L L L. L
:}\ \Pd/ == \Pd/ ™ R \Pd/
R R Y/ N

Scheme 4. The coordination-insertion process**

In order for the hydride to be in the correct position near to the metal centre for the next
step’s elimination an internal rotation around the C-C bond occurs. The stereoselective -
hydride elimination step then follows with the hydride being abstracted from the syn
position. The olefin product thus formed usually possesses a trans geometry. The B-hydride
elimination step is reversible and a number of different products can be formed dependent
on the isomerisation of the double bond. The final step which closes the cycle is the
recycling of the palladium catalyst to its original Pd(0) form by reductive elimination. Base

is required for this final step to occur e.g. Et;N or K,CO;3.*
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The reaction retains the double bond throughout, with the last step involving the base which
acts to bind the acid from the hydrogen halide which was formed during the reaction.
Electron-poor olefins have shown a greater affinity for coupling than the electron-rich
variety,* although reactive systems with electron-rich and sterically hindered aryl halides
have been reported.”® Monosubstitued olefins have also shown more reactive tendencies
than disubstituted and cyclic olefins. The reaction has high chemoselectivity and mild
reaction conditions with catalysts being air and thermally stable and the use of undistilled
solvents and reagents. The reaction has been applied to heterocycle and product
chemistry.’**® The low toxicity and cost of reagents also make it desirable in industrial

applications.*

Work has been carried out by various groups concerning the Heck reaction mechanism and
rate. Palladacycles with phosphines and phosphine-free systems were compared and after
inspection of their kinetic profiles were deduced to follow the same mechanism. Brown and

051 jnvestigated the intermediate species in aryl triflate reactions. Beller and

co-workers
Hermann® revealed the dependence of the rate of reaction on the olefin type, and Van
Leeuwen and co-workers®> showed the rate of reaction to be 1 order for the olefin and zero
order for the aryl halide. Kinetic investigations by Rosner and co-workers revealed the

active monomeric and a dimeric species to be in equilibrium.*

Kinetic studies carried out by Hermann and co-workers in 1995°! revealed the deactivation
of catalysts containing 1 mol% Pd(OAc), and 2-6 mol% triaryl phosphane at temperatures
above 120 °C. This was attributed to the P-C bond cleavage at the elevated temperatures,
leaving Pd deposits which starve the system of phosphane which is essential in stabilising

the catalyst. Reduction of these Pd deposits is favourable for efficient catalysts.

Examples of catalysts used in the Heck reaction include in situ catalysts such as
[(PA(OACc)2)P/n(CsHs);] where n = 2 — 4, and Pd(0) phosphine complexes such as
[PdP(CéHs)s3]ls. A common catalyst combination that has been reported is Pd(OAc), and
P(CsHs)s.
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Common reaction conditions describe the use of base, typically amines such as
triethylamine N(C,Hs);, and also inorganic bases such as K;CO;, NaOAc and NaHCOs;.
Solvents used can be polar such as DMF, DMA or acetonitrile. The reaction temperature
varies depending on the substrate used — iodo derivates are more reactive therefore can be
coupled at lower temperatures (<100 °C) whereas bromo and chloro derivatives would
require higher temperatures for activation. Aryl and vinyl iodides are the most reactive
halides in Heck arylations and fluorides are not reactive at all due to the C-X bond

dissociation energies, where Cl < Br <1.>*

3.1.2. Catalyst preparation and testing

In our laboratory we have prepared a range of phosphinothiolate and —thioether ligands, L'
(where L' = PhyPCH,CHELS), as shown in Scheme 5. The resulting ligands were complexed
onto palladium (Figure 1) and are described in Chapter 2.

S
KPPh, SK  RX, Et,0 SR
LA\ e Pphz/\‘/ e Pth/\(
Et Et Et
KL! L'Me (R = Me)

L!'Bn (R =benzyl)
L!t-Bu (R = tertiary butyl)

Scheme 5. Ligands synthesis.

Our work has concentrated on the use of our four P, S complexes 1 — 4 in arylations. As
catalysts these complexes have been noted to be very efficient. They are air and thermally
stable which has allowed runs to be carried out in air and up to high temperatures (reaching
160 °C) using undistilled solvents and reagents. We have also observed no catalyst
decomposition at the end of the reaction, allowing the catalyst to be used for further

reactions.
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3.2. Results and Discussion

As a standard reaction to study the efficiency of catalyst precursors 1 - 4 in Heck arylations
we have chosen the reaction of iodobenzene or bromobenzene with styrene, with a variety
of solvents and bases. Investigations have been carried out concerning their efficiency in
Heck reactions, the path followed during a reaction and the effect of different bases and

solvents.

3.2.1 Temperature Effect

Investigations were carried out at temperatures of 120 and 140 °C. Reactions carried out at
120 °C were analysed by GC and HPLC, and those at 140 °C analysed by HPLC. 140 °C
was found to be the more desirable temperature, and hence the majority of reactions were

carried out at this temperature.

3.2.2 C-C coupling of iodobenzene with styrene

The cross-coupling reactions of iodobenzene with styrene were found to proceed best in
dimethylacetamide (DMA) with triethylamine (NEt;) as the base at a temperature of 140°C
Table 1 shows the results for reactions performed at 120 and 140 °C. TONSs of up to 85000

were obtained and in some cases reactions were complete in less than 6 hours.
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Table 1. Heck couplings® of iodobenzene with styrene.

O -0~ —0O

Run Catalyst® Solvent Base T (°C) Yield® TON! TOF*

(mol %)

1 1(0.1) 1,4-dioxane NEt; 140 4 42 9

2 1 (0.001) 1,4-dioxane ~ NEt; 140 65 64920 2679
3 1(0.01) DMA NEt; 140 82 8244 344
4 1 (0.001) DMA NEt; 140 85 84700 3529
5 1 (0.001) DMA/H,0  NaOHf 140 77 77000 3208¢
6 1 (0.0005) DMA/H,0  NaOHf 140 18 36000 15008
7 2(0.2) 1,4-dioxane  NEt, 140 53 266 40
8 2(0.12) 1,4-dioxane  NEt; 140 80 698 279
9 2(0.1) 1,4-dioxane  NEt3 140 75 750 125
10 2(0.01) 1,4-dioxane  NEg3 140 74 7436 310
11 2(0.03) DMA NEt; 140 79 2591 1296
12 2 (0.0033) DMA NEt; 140 70 21 3
13 3(0.1) DMF Na,COs 120 >99 113 5
14 3 (0.0001) DMF Na,COs 120 48 1585 66
15 4 (0.02) DMA NEt; 140 85 3 0.1
16 4 (0.04) DMA NEt; 140 53 555 23

*Determined by HPLC (using naphthalene as standard), except 13-14, 16 (using GC
(di(ethylene glycol)diethyl ether as the standard); Reaction conditions: Runs 1-4, 9-10, 16 : Arl
(5mmol), styrene (7mmol), base (7mmol), solvent (5 mL); Runs 13-14 : Arl (12mmol), styrene
(14mmol), base (14mmol), solvent (6 mL); Runs 8, 11-12, 15 : Arl (15mmol), styrene
(75mmol), base (18mmol), solvent (15 mL); 7.5 mmol naphthalene; b[Pd(thPCH2CH(E’t)S)I]2
1), [Pd(Ph,PCH,CH(Et)S)Cl], 2), [Pd(Ph,PCH,CH('Bu)S)Cl], 3),
Pd(Ph,PCH,CH(Et)SMe)Cl, (4); °Yield at 24 hours (except runl =5 h,run 7= 7 h, run 8 =2.5,
run9=6h,run 11 =2h,run 12=3 h, run 15 =21 h); °TON at 24 hours (except runl = 5 h,
run7=7h,run 8=25, run9=6h, run 11 =2 h, run 12 = 3 h, run 15 = 21 h) = turnover
number (mol product. mol™ catalyst); “TOF when reaction stopped = turnover frequency (mol
product. mol” catalyst. h'l), forrunl =5h,run7=7h,run8=25 un9=6h,run 11 =2 h,
run 12 =3 h, run 15 = 21 h; ‘co-catalyst 2% NEt3; ®TOF at 24 h.
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Chapter 3 — Heck Coupling Reactions

olefin play a role in the catalytic strength of the palladacycles. This evidence also pointed to
the olefin insertion step of the Heck mechanism being rate-determining, not the previously
assumed oxidative addition. Comparison of different concentrations of styrene for the
coupling of iodobenzene with styrene using our P,S catalyst 2 was undertaken. Experiments
with 7, 14, 21 and 35 mmol styrene were performed under the standard conditions and
followed by HPLC. Results (Table 2) indicate that the optimum concentration was 14

mmol, with 50% conversion being achieved in less than 2 hours, as illustrated in Figure 7.

Table 2. Heck couplings® of iodobenzene with styrene at 3 hours

o o —o

Run Catalyst® Mmolstyrene  Yield TON® TOF®
(mol %)
9 2(0.1) 7 42 420 140
17 2(0.1) 14 67 670 223
18 2(0.1) 21 51 510 170
19 2(0.1) 35 58 580 193

*Determined by HPLC (using naphthalene as standard). Reaction conditions : Phl (Smmol),
styrene (mmol as stated), K,CO; (7mmol), 1,4-dioxane (5 mL), T = 140 °C;
°[Pd(Ph,PCH,CH(Et)S)CI], (2); “TON = turnover number (mol product. mol™ catalyst); “TOF
at 24 hours = turnover frequency (mol product. mol™ catalyst. h™).
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