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Summary

The orthometallation of triarylphosphite ligands at a palladium centre is
described. The formation of the orthometallated palladium dimeric complex [{Pd(p-
CD){P(OCgH,-2,6-Bu,y)(OCeH3-2,4-Buy),} }2] 22 is reported and fully characterised by
X-ray, >'P NMR and microanalysis. Complex 22 was found to be an active catalyst in
the Heck, Suzuki and Stille coupling reactions. It is an extremely active catalyst in the
Heck arylation of alkenes, with turnover numbers of up to 5,750,000 (mol product.mol
Pd") and turnover frequencies of up to nearly 300,000 (mol product.mol Pd’.h™),
amongst the highest reported to date. Complex 22 is also an extremely active catalyst in
biaryl coupling reactions, giving unprecedented turnover numbers of up to 1,000,000
(mol product.mol Pd") and turnover frequencies of nearly 900,000 (mol product.mol
Pd'.h") in the Suzuki reaction and turnover numbers of up to 830,000 (mol product.mol
Pd™) in the Stille reaction.

The synthesis of the triarylphosphite palladium anion complex [Pd{P(OCsHs3-
2,4-Bu%)3},CL][Et;NH] (30) is also reported, and found to be active in the Suzuki
coupling.

The palladium complexes, [Pd{OC(O)CF;}{C¢H;3-2,6-(OPPh;),}] 37a and
[Pd{OC(O)CF;} {CsH,-4-CH;3-2,6-(OPPhy),}] 37b of inexpensive bis(phosphinite)
‘PCP’-pincer ligands are also reported and show good activity in the Suzuki coupling of
deactivated and sterically hindered aryl bromides with turnover numbers of up to
190,000 (mol product.mol Pd™") achieved. The complexes are fully characterised by *'P,
'H NMR and microanalysis. The X-ray structure of complex 37a is also described.

The synthesis of sulphur and methylene bridged triarylphosphite ligands are also
reported. The reaction of some of these new ligands with palladium dichloride is
described. The of X-ray structures of the nonmetallated palladium anionic methylene
bridged triarylphosphite complex [Pd(Cl);{(CH,[(2-#-Bu)(4-Me)CsH,01,)P(O CeH32.4-
Me)} {Et;NH}] (56) and of the metallated palladium dimer [Pd(u-Cl), {(CH,[(2-t-Bu)(4-
Me)CH,01,)} P(OCsH3-2,4-Me)] (57) are also described.
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Orthometallated Complexes as Active Site Masks



Introduction

1.1 Organophosphorus Chemistry — a brief history.

The organic chemistry of phosphorus is based on the existence of numerous
stable functional groups that contain the carbon-phosphorus bond or that are organic
derivatives of inorganic phosphorus acids." Organophosphorus chemistry had its
beginnings in the nineteenth century with in 1847 P. E. Thénard producing
trimethylphosphine from methyl chloride and impure calcium phosphide.” After the
discovery of aliphatic amines, the relationship between amines and phosphines
stimulated A. W. von Hoffmann, and then Cahours,’ to develop this area of chemistry,
with K. A. A. Michaelis synthesising triphenylphosphine in 1885.* It was F. G. Mann’
who began the explosion of interest in transition metal phosphine chemistry.® Since
then, the chemistry of organophosphorus complexes has expanded into a vast range of
sub-areas, for example metal hydrides,” nitrogen fixation,® stability of unusual oxidation
states,” metal alkyls and aryls,'® and vast areas of homogeneous and heterogeous
catalysis.'"' This project involves the study of phosphorus(Ill) ligands such as
phosphines, phosphites and phosphinites with emphasis on the role they play in

catalysis.
1.2 Bonding in phosphorus

Phosphorus is a non-metal and its bonding is covalent. However phosphorus can
form stable pentacoordinate compounds such as PCls, which for non-metals is
extremely rare. One explanation for this may be that phosphorus is a second row
element and it has a larger number of bonds per atom, therefore is capable of forming
pentacoordinate compounds. Also second row elements have empty 3d orbitals, which
can be used to expand their coordination sphere. To examine the bonding of phosphorus
it is important to look at the nature of the covalent bond and also the spatial
arrangement of such bonds'?. The valence-shell electron pair repulsion theory (VSEPR)
is a simple way of looking at the bonding and geometry of the phosphorus molecules
without actually going into the bonding theory in detail. PX; molecules have four
electron pairs in their valance shell, which adopt a tetrahedral configuration. However

one pair is non-bonding so the angle between it and the bonding pair is wider than the



angle between the bonding pair themselves. In comparison to the nitrogen analogues the
non-bonding pair in phosphorus has a greater effect. Therefore the shape of a PX;
molecule should be pyramidal with a sharper angle at the phosphorus apex than the
corresponding NX;. Tetracoordinate phosphorus cations such as PH;" have the four
bonding electron pairs tetrahedrally arranged about the phosphorus atom. When
phosphorus is surrounded by five electron pairs in its valence shell there is no possible
way in which the five electron pairs can be arranged so that they are equivalent. It is
found that pentacoordinate compounds adopt a trigonal bipyramidal configuration. The
three equatorial atoms of such a structure are nearer to the central phosphorus atom than
the axial atoms. The axial bonding-pairs experience repulsion from three electron pairs
while the equatorial bonding-pairs experience only two electron pairs. Which results in
lengthen of the axial bonds and shorten of the equatorial bonds. By increasing the
electronegativity of the ligand attached to the phosphorus atom the more it will assist in

this process.'?

1.2.1 Tricoordinate phosphorus compounds

Phosphorus has the same kind of ground state electron configuration, [Ne] 3s’
3p°, as nitrogen [He] 2s* 2p® this would suggest that a certain degree of similarity in
their chemistry.'> However, this is not the case. The main cause of difference between
the behaviour of phosphorus and nitrogen compounds comes from the strength of the
bonds they form with other elements. Bond angles are always smaller in phosphine
derivatives than in their nitrogen counterparts. This is explained in terms of the relative
contributions of the s and p orbitals to the bonding. If phosphorus uses its 3p orbitals for
bonding then its non-bonding pair must reside in the 3s orbital. Hence the lone pair of
PH; is less available than NH;. However, as the s character of the bonds increase so
does the p character of the lone pair therefore making it less diffuse and more
available.'? The nature of the ligand attached to the phosphorus plays an important role
in the performance of the lone pair. For instance the introduction of methyl groups has a
major effect on the basicity, more so than in nitrogen chemistry. The lone pair on
phosphorus also has an effect on the dipole moment. As the dipole moment for PF; is
less than that of PMe; despite the fact that the polarity of the phosphorus-fluorine bond
is greater than that of the phosphorus-methyl bond."?



1.2.2 Phosphorus(III) ligands in transition metal complexes.

The phosphorus derivatives used as ligands tend to be the simple and
symmetrical PXj; type, among which PH3, PF3, PCl;, P(OMe)s, P(OEt);, PR3 (R= alkyl,
aryl) have been most used.'> To explain the particularly good bonding capabilities of
PX; ligands it was proposed by Chatt" that the donor o bond formed between the
ligand and the metal was reinforced by a donor nd(M)—3d(P) © back bonding from the
metal to the phosphorus (Figure 1.1).

C_>p04
=

gd =0

X
X —» M
X

> X

Figure 1.1 Bonding between a -acceptor ligand and a metal

Phosphorus(III) ligands are seen as members of a group of ligands referred to as n-
acceptor ligands, which include carbonyl, nitrosyl etc. These ligands of first row
elements have no 3d orbitals but are still able to relieve the metal of electrons by

accepting them into unoccupied antibonding orbitals. Hence they can stabilise metal

complexes in low oxidation states such as M(0) or even M(-1).

Phosphorus(III) ligands with less electronegative atoms or groups attached such as PR;
and PHj are not considered as m-acceptor ligands. In order to explain this the ligand
field contraction must be considered as only strongly electronegative atoms can

sufficiently contract the 3d(P) orbitals to make them suitable for n-bonding.



1.3  Phosphines

1.3.1 Structure and Properties

The chemistry of phosphines is centred on the presence of a lone pair that allows
for the formation of new bonds to the phosphorus atom. It is the donation of the lone
pair to electrophilic centres that is responsible for most of the reactivity of phosphines.
Phosphines like their nitrogen counterparts amines have a pyramidal geometry but
unlike amines, phosphines are unable to undergo inversion. Phosphines have a fixed
pyramidal structure. It is known that the Carbon-Phosphorus-Carbon (C-P-C) bond
angles in tertiary phosphines expand as group size increases so the increase in steric size
of the P- substituents can reduce the reactivity by hindering the approach of reagents to
the lone pair.'* Phosphines can be difficult to handle, because they are sensitive to the
atmosphere, highly malodorous, toxic and the lower alkyl derivatives are spontaneously

inflammable.’

1.3.2 o Bonding and the Bascitiy of Phosphines

The Metal-Phosphorus (M-P) bond is a donor covalent bond with the
phosphorus providing both electrons, i.e. behaving as a Lewis base. In general, electron-
releasing substituents will increase the electron availability on phosphorus; so therefore
comparing triphenylphosphine to the dimethylaminophenyl substitution results in a
greatly enhanced basicity. As the steric bulk of the substituent group on phosphorus
increases the R-P-R angle increases, this will increase the p character of the lone pair
(figure 1.2).° The stability of the metal-phosphorus o bond decreases'’ in the series:
PBu'; > PR3 ~ PPh; > P(OR); > PH; > PF3 > P(OPh);.
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Figure. 1.2 Molecular Orbital Diagram

1.3.3 z Bonding in Phosphine Complexes

The phosphorus-transition metal back bonding is a transfer of charge from the
metal to the ligand. This is described as n bonding because of the symmetry of the
orbitals involved. In the case of an octahedral complex, the d orbitals involved in o
bonding with the six ligands are the e, orbitals, leaving the f,, orbitals non-bonding and
directed between the six M-P bonds (figure 1.2).° The primary phosphorus-metal bond
is the o bond formed between a d’sp® metal hybrid orbital and an sp® hybrid phosphorus
orbital. On coordination the bonding between the PR; changes from pyramidal sp’ to



tetrahedral sp>. As electron-withdrawing groups are placed on the phosphorus atom, the
o-donating capacity of the phosphine ligand tends to decrease. While this is happening
the energy of the m-acceptor on the phosphorus atom is lowered in energy therefore,
providing an increase in back bonding ability. Hence, phosphines can exhibit a range of
o-donor and 7-acceptor capabilities, and the electronic properties of a metal centre can
be tuned by the substitution of electronically different but isosteric phosphines. Listed in
Figure 1.3 is an empirical ordering of the m-acidity o-donor capabilities of phosphine

and related ligands.

PMe; < PPhy < P(OMe)3 < P(OPh); < P(NR;,); <PCl; < CO ~ PF;

Greater z-acidity EEE—

<4— QGreater o-donation

Figure 1.3 o~donor/ z-acceptor abilities of phosphorus compounds as
compared to carbon monoxide

1.3.4 Synthesis of Phosphines

Phosphines can be synthesised by various different routes, most of which are
listed below with a brief discussion. The most important precursors are those containing

P-halogen bond, or alkali metal derivatives.®

1.3.4.1 From Phosphorus halides

Phosphorus dihalides are used as starting materials for tertiary phosphines of the
type RRP or R;P. The reaction of the dihalide with a slight excess of an

organometallic reagent results in the replacement of the two halogens to give the desired
phosphine.



1.3.4.2 From Metal phosphides

The anions from PH; are excellent nucleophiles and are highly reactive to
alkylation reagents. This method is the most commonly used synthetic route for
phosphines especially for the synthesis of phosphines as ligands. The anions are
prepared by reaction of the phosphine with the metal (usually sodium, potassium or
calcium) in liquid ammonia or with butyllithium. The product is then reacted

stoichiometrically with the alkylating reagent to give the desired phosphine.
1.3.4.3 From Organic Phosphines

Primary and secondary phosphines can add to carbon-carbon multiple bonds by
a radical or an ionic mechanism.® Phosphine adds to the double bond of alkenes in the
presence of one equivalent of an acid (sulfonic acids, liquid HF, BF3) to form the salt of

a primary phosphine, which prevents further alkylation occurring.
1.3.4.4 From 4-Coordinate Compounds

Tertiary phosphine oxides can be reduced under mild conditions to synthesise

phosphines also phosphonic esters can be reduced by LiAlH; as a way to produce
phosphines.

1.4  Phosphites

As ligands for transition metal complexes, phosphites were relative latecomers
and it was their ability to orthometallate, which sparked an interest of such complexes in

homogeneous catalysis.12
1.4.1 Structure and Properties

Phosphite ligands are closely related to phosphines and have the general formula
of P(OR);. Like phosphines the chemistry of phosphites is centred on the presence of a
lone pair on the phosphorus atom, which allows them to coordinate to a metal centre.

These complexes are often similar to those of phosphines but phosphites are less
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sterically hindered and therefore have a smaller cone angle than phosphines. This is
attributed to the presence of the oxygen atom as it acts as a spacer. Phosphites are easier
to handle because they are less sensitive to the atmosphere and less malodorous than

their phosphine counterparts.
1.4.2 o Bonding of Phosphites

The electronegative nature of the alkoxy group which is present on the
phosphorus atom of phosphites results in the decrease of o bonding capabilities of
phosphites compared to phosphines. Hence, the stability of the metal-phosphorus o
bond is slightly less than that of phosphines.

1.4.3 7z Bonding in Phosphite Complexes

The z acidity of P(OR); type ligands is higher relative to PR; ligands, therefore
phosphites are better able to stabilising a metal complex by z-backbonding. The

lowering of the 7 orbitals allows for backbonding to occur.
1.4.4 Synthesis of Phosphites

Phosphites can be synthesised from various different routes, which are listed
below. The easiest and simplest approach is the reaction of phosphorus trichloride with
three equivalents of an alcohol in the presence of a base such as triethylamine or

pyridine (this is described in greater detail in chapter 5).

1.4.4.1 From Phosphorus trichloride

Phosphorus trichloride is used as starting material for triaryl phosphites. The reaction of
phosphorus trichloride with three equivalents of an alcohol in the presence of a base
yields triaryl phosphites in reasonably good yields.' This method is easy and fast. For
the less bulky triaryl phosphites reaction times can be as short as one hour long.

However, for the more bulky triaryl phosphites the reaction times can be somewhat
longer (up to 18 h).



Base

PCl; + 3 ArOH T P(OAr); + 3 HCI

1.4.4.2 From Phosphorodichloridites'’

The reaction of phosphorus trichloride with equimolar proportions of an alcohol results
in the formation of the phosphorodichloridite. Simply by replacing the chlorides with an
appropriate alcohol, the desired phosphite can be synthesised. This method can be used
to form phosphites with a different range of R groups attached.

Base

1 PCl, + ArOH —%% s  AOPClL, + HCI
2 AOPCl, + 2ROH —2*s ArOPOR), + 2HCI

1.4.4.3 From Phosphorochlorides'®

This method is used for the synthesis of phosphites which contain a bridging link
between one or more of its aryl groups. The reaction of a bridged diol with one
equivalent of phosphorus trichloride forms the appropriate phosphorochlorides. This is

then reacted with a phenol to give a bridged phosphite.

3
O O O
+ 2 PCl; — \P— Cl i P—OAr
-2HCI / -HCI /

g as O-s

S——




1.5  Transition metal complexes in organic synthesis

Transition metals play a very important role in the industrial synthesis of organic
chemicals." They are applied for the synthesis of fine chemicals either catalytically or
stoichiometrically as shown below in figure 1.4. Generally catalytic routes are the

preferred in industrial applications as opposed to stoichiometric ones.

Organic Synthesis

I
e ™My
Catalytic Stoichiometric
I
Homogen§OUS Heterogeneous  Bio-Catalysis
Catalysis Catalysis

Figure 1.4 Transition metals in organic synthesis

From an industrial point of view, heterogeneous systems have a greater advantage over
homogeneous systems. This is due to the fact that for heterogeneous systems it is easier
to separate the product from excess reactant and catalyst at the end of the catalytic
cycle. However, a number of homogeneous systems have been developed as they show

high selectivity and operate under milder conditions than the heterogeneous

analogues.”’

The following is a list of reactions that are used in organic synthesis based on transition

metal catalysed or mediated reaction. "

Oxidation: Oxidation reactions are extensively used in the synthesis of fine
chemicals.”' In the past many stoichiometric oxidations were carried out with traditional
oxidants like permanganate and dichromate, which produced large amounts of waste
causing problems in disposal. In order to overcome this problem a wide range of

processes were looked at with the most successful one, being the Wacker process
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(scheme 1.1). The oxidation of ethylene by palladium(II)-copper(II) chloride solutions
is essentially quantitative and only low concentrations of palladium are required. The
mechanism for the oxidation of palladium metal by copper(II) chloro complexes is
complex and not very clear but electron transfer via halide bridges is probably
involved.”® The extremely rapid air oxidation of copper(I) chloro complexes is better
known and probably proceeds via an initial oxygen complex, followed by formation of
radicals such as O,", OH or HO,. Oxidation of alkenes gives ketones e.g. acetone from

propene."’

C,Hy + PdCl, + HO ——— CH3CHO + Pd + 2HCI
Pd +2CuCl, — PdCl, + 2CuCl
2CuCl + 2HCl + %0, —>» 2CuCl, + H,0

C,H4 + %0, —_—> CH;CHO

Scheme 1.1 The Wacker process

Hydrogenation: Hydrogenation reactions can be heterogeneously operated in
fixed bed or slurry ie. palladium on carbon, platinum on carbon, but also
organometallic compounds are finding a broad range of applications in hydrogenation
catalysis. The most common homogeneous catalyst used for hydrogenation reactions is
Wilkinson’s catalyst RhCI(PPh;);. The main advantages of homogeneous catalysts

compared to their heterogeneous counterparts are: '

e Mild operating conditions

® Chemoselective reduction of one organic function in the presence of other
reducible functions, e.g. selective reduction of carbon-carbon double bond in the

presence of -CHO, -NO, or -CN.
® Regioselective hydrogenation of just one of several similar reducible groups.

* Enantiomeric reductions made possible by using chiral ligands.

Carbon-carbon bond formation: This embraces a wide range of reactions such as:

C-C linkage of alkenes, C-C linkage of dienes, telomerisation,?> C-C linkage of alkynes.

11



The formation of new carbon-carbon bonds is a very important process in organic

synthesis. Some examples of the use C-C bond formation reactions are given in scheme
1 .2 19

/\C=C< + N,CHCOOEt  [RhL
Cyclopropanations COOEt
R!CH=CHR' Mol pi_cpy -
ik |
R2CH=CHR? R2_ ey -
Metathesis
B [Ni]
RCH=CH; + HCON —> R-CH,CH,-CN
Hydrocyanation
[Pd]
R'X + C=C-R '
—_— R\/\R
Vinylation
[Pd]

R]X + RzMgX === R]—R2 i MgX2

Cross-coupling

Scheme 1.2 C-C coupling reactions

Isomerisation reactions: Isomerisation reactions of double bonds are easily

catalysed by transition metals.

Reactions with carbon monoxide: A great variety of possibilities exist some of
which are hydroformylation, hydrocarboxylation, carbonylation of alcohols,
carbonylation of halides, carbonylation of organometallics, carbonylation of nitrogen

containing functional groups.”
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Asymmetric synthesis: Chirality plays an important role in organic synthesis.
Therefore, recently there has been a large interest in the formation of enantiomerically
pure compounds. Asymmetric catalysis is a kinetic phenomenon where the chiral ligand
discriminates the prochiral features of the bound substrate by differences in reaction
rates associated with the formation of one or other of the product enantiomers.

Asymmetric hydrogenation has been achieved for carbon-carbon double bonds
by using ruthenium catalysts while enantioselective hydrosilylation, hydrocyanation,
hydroformylation of alkenes, isomerisation of allylamines efc. have also been achieved
by using chiral phosphine complexes.” Asymmetric syntheses are used in the
production of pharmaceuticals, agrochemicals, flavours and fragrances.

Polymerisation: The discovery by K. Ziegler that hydrocarbon solutions of TiCly
in the presence of Et;Al give heterogeneous suspensions that polymerise ethylene at 1
atm pressure has led to an extremely diverse chemistry in which aluminium alkyls are
used to generate transition metal-alkyl species. The Ziegler-Natta system is
heterogeneous, and the active metal species is a fibrous form of TiCl; formed in situ

from TiCly and AIEt;. However, since then many improvements have been made.”’

1.6  Active Site “Masking”

The presence of an active site in a metal complex is vital for catalysis. An active
site can equate to a vacant co-ordination site. It can activate substrates both
stoichiometrically and catalytically, hence making the generation of an active site a vital
step in catalysis. An active site is also a possible way to introduce a change in the
oxidation state of a complex. The classical method for the formation of an active site is
the dissociation of a bulky ligand from a complex. However, in order for this to occur,
the residual ligands must be relatively sterically encumbered; therefore the size of the
incoming ligand is limited. A closely related method is the use of hemi-labile chelate
ligands, that is one in which one donor readily dissociates from the metal site, hence
leaving a vacant co-ordination site (Figure 1.5 a).

An active site can also be “unmasked” by reductive elimination of two
fragments from the co-ordination sphere (figure 1.5 b). The resultant complex is not

only co-ordinatively unsaturated, but also reduced and therefore able to undergo facile

oxidative addition reactions.
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O = vacant coordination site

The current study focuses on the use of triarylphosphite ligands that can act as an active
site “mask” by employing one of the above processes and on the application of the

resultant masked complexes in catalytic and stoichiometric reactions.
1.6.1 Triarylphosphites as Active Site “Masks”

Two general methods for masking an active site with triarylphosphite ligands
can be envisaged these are (1.6.1.1) Orthometallation mechanisms and (1.6.1.2) Hemi-
Labile Phosphites, as outlined below.

1.6.1.1 Orthometallation Mechanisms.>**’
The basic mechanisms of the formation of cyclometallated complexes involve

direct metallation of C-H bond where, Y is any centre, which is either co-ordinating

with or covalently bound to the metal centre (eq. 1.1).

Eq 1.1 Cyclometallation

Designation of the leaving group as [H] — specifies neither the nature of the leaving

atom (proton, hydride, or radical) nor whether it remains bound to the metal or
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dissociates with an appropriate leaving group. The above equation shows that the co-
ordination number of the central atom may increase on cyclometallation by one unit at
the expense of the formation of a novel carbon-metal bond. If the leaving group [H]
binds to the metal the co-ordination number increases by two units. Hence,
cyclometallation may be accompanied by significant alteration in the co-ordination
sphere. The oxidation state of the central atom could be unchanged in the initial and
final complexes. In this case, the complex must part with one ligand if the leaving
hydrogen dissociates, or with two, if the hydrogen binds directly to the metal. However
at the same time a co-ordinatively saturated complex must often discard some ligands to
create the vacant site in its co-ordination sphere, which is necessary for cleavage of the
C-H bonds. The ability of complexes to become co-ordinately unsaturated is therefore

an important prerequisite of cyclometallation.
There are three general mechanisms of C-H cleavage:

i) Oxidative Addition
ii) Electrophilic Substitution
iii)  Multicentred Pathway

i) For a facile oxidative addition reaction (eq. 1.2), the reactive complex must have an
empty o-type molecular orbital (MO) and a high-energy MO containing the lone pair
which will be transferred into the o -orbital of the H-C bond during the oxidative

addition reaction.?’

Gl (n+2), X
M\  —— M ) + L
(L) e

Eq 1.2 Oxidative Addition of a C-H bond

The C-H bond formally receives two electrons from the central atom, hence the
oxidation state (n) of the metal increases by two units. If the hydride remains in the co-

ordination sphere after the cleavage of the C-H bond, oxidative addition is likely to be
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the mechanism of cyclometallation (the metal can be considered here as a nucleophilic

centre).

ii) In straightforward electrophilic mechanisms metal hydrides do not form, the central
atom does not change its oxidation state (n), and hydrogen dissociates as a free or bound

proton (eq. 1.3)

/X—CH ® /X
ﬁ i—b M + H + L
N \C

Eq 1.3 Electrophilic Substitution

Both of the above routes have been proposed mainly from reaction studies, in which

phosphorus donor ligands have been involved, pathway (ii) is thought to be generally

operative.”®

Two alternative mechanisms for orthometallation of triarylphosphite donor ligands are

as follows:

(a) metal insertion into the C-H bond of a co-ordinated ligand (oxidative addition of

the ligand C-H moiety of the metal followed by reductive elimination);

(b) electrophilic displacement of a proton by the metal at the carbon centre.

iii) Formally multi-centred pathways can be written as a nucleophilically assisted
electrophilic displacement (eq. 1.4: R which may be alkyl, benzyl or phenyl groups
replaces the base :B). For the multi-centred pathway to occur the reactive species needs

only to have an empty acceptor MO to stabilise the entering o-bond electron pair in the

transition state.?’
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Eq 1.4 Multi-centred pathway

1.6.1.2 Hemi-Labile Ligands as Active site Masks.

It is known that late transition metal complexes can be stabilised by alkyl and
arylphosphine ligands. The soft donor properties of the ligand allow it to form stable
bonds to the transition metal. It is possible to synthesise multidentate phosphine ligands
that contain a soft donor site as well as a hard donor site. The hard donor may
coordinate only weakly to the metal centre and thus can be easily displaced by another
ligand. This property has been termed hemilabile.?®

This second approach to active site masking describes the use of triarylphosphite
and related ligands that has one or more hemi-labile donor groups attached (c.f. chapter
5). The process in which a hemilabile ligand can mask an active site is depicted in
equaton 1.3. This shows a weakly bound hard donor group B that dissociates from the
metal centre with ease to leave the metal with a vacant coordination site, which can bind
an incoming ligand. It is possible for hemilabile ligands to stabilise reactive
intermediates by reversible coordination of the hard donor. For instance Werner et al.
have studied the coordination chemistry of the hemilabile ligands iPr,PCH2CH2Y (Y =
OMe or NMe) and found that the resultant complexes can be used to stabilise
independently  unstable  groups  such  as alkylidynes,”“ vinylidenes,”
allenylidenes,”**>%** and alkylidynes**. It is possible to synthesise bi-functional ether-
phosphines which have an oxygen atom incorporated in an open chain or cyclic ether
moiety. The oxygen atom can then form a weak metal-oxygen bond while the
phosphorus atom is strongly coordinated to the metal centre. It has been reported that
the ether oxygen donor may be regarded as behaving like an intramolecular solvent
molecule preserving the increased reactivity of “solvated” organometallic species while
the hemilabile nature of the ligand makes the complexes much more stable than simple

solvent adducts.”’



In 1996 Werner and co-workers showed that the etherphosphine ligands
'Pr,PCH,CH,0Me and "Pr,PCH,C(0)OMe act as hemilabile ligands which support the
formation of the vinylidene ruthenium(I) complex 2 from the reaction of complex 1

with 1-alkynes as shown in scheme 1.3.%

B
1\(4; Cl Me Me 1\36/5 0,SCF;

| / HC=CR O /P

—— Ru p,2
AgO3SCF3 P’
Prz c1 Prz Pg SR
R = H, Ph, p-C¢HsMe i
1 2

Scheme 1.3 Reaction of a hemilabile chelate complex to produce
a cationic vinylidene ruthenium complex.

The strength of the metal oxygen bond depends upon four factors®, which are listed
below;

i) The nucleophilicity of the oxygen atom
ii) The size of the chelate ring
iii) The number and position of the oxygen atom in the chelate ring

iv) The acidity of the metal centre

Similarly, complexes with hemilabile phosphorus-oxygen and phosphorus—nitrogen
ligands have been found to facilitate several stoichiometric and catalytic
transformations of organic molecules such as acetylene to vinylidene tautomerisations.*
These type of complexes have been used as effective catalysts for olefin
oligomerisation, polymerisation, carbonylation of methanol and methyl acetate and
hydrogenation catalysis.”* The cationic palladium n’-allyl complexes with bidentate -
(diphenylphosphino)carboxylic acid ester ligands are known to be active catalysts for
the cooligomerisation of carbon monoxide with ethylene®® and for the codimerisation of

ethylene and styrene.m'3 436



Triarylphosphites can introduce an active site “mask™ in two possible ways.
Firstly, triarylphosphites readily undergo orthometallation reactions at transition metal
centres (as described in section 1.4.1.1). The reverse, de-orthometallation, provides a
metal complex with two vacant coordination sites and a low oxidation state (figure 1.6).
Triarylphosphites facilitate this process by their ability to stabilise the low oxidation
state of the transition metal by their enhanced 7 acidity. Secondly, with the presence of
a heteroatom such as nitrogen or sulphur and depending on the metal centre the ligand

can function as a hemi-labile chelate (as described in section 1.4.1.2).

AIO\ 0

Ml e P(OAN);
M = [Ml—o
H

0= vacant coordination site

Figure 1.6 De-orthometallation reaction

1.7  Cyclometallation reactions of Triarylphosphites

Triarylphosphites can readily undergo cyclometallation reactions to give organometallic
compounds with a carbon-phosphorus-metal bond with the carbon atom linked to the
metal (figure 1.5). Two important factors, which are believed to promote internal

metallation in such complexes, are:

1) The ability to form five-membered chelate rings on metallation

i) The presence of bulky substituents on the tertiary phosphite.

Intramolecular orthometallation of coordinated triarylphosphites affords five-membered
chelate rings. This ring size is favoured due to steric strain interactions. It is therefore
not surprising that these ligands undergo metallation relatively easily. On the other
hand, triarylphosphines almost always form four-membered chelate rings, which is

considerably less favourable in terms of ring strain. This is best demonstrated by the



preferential ~ orthometallation of the triphenylphosphite ligand over the
triphenylphosphine in the ruthenium complex shown in scheme 1.4.

Under the same conditions (pressure and temperature), no cyclometallation occurs with
[RuCpCI(PPh;), or [RuCpCI(PPh;){P(OMe);}].%’

ST oo T om

Ru —e Ru-P<
Ph;P- OPh
PhyP” él Spoen; ) . 0

Scheme 1.4 Cyclometallated triarylphosphite
complex

Examples of orthometallation reactions involving triarylphosphite ligands coordinated
to ruthenium (figure 1.7),”” rhodium®®and manganese® (figure 1.8), iridium (figure

1.9),"° palladium and platinum*' have been observed.**

L X .
(PY-CoHOR , gl X=CLY=H
i =L X=Br,Y=H
o) X=ClLY=Me
X =Br, Y = Me
R
Figure 1.7 Orthometallated ruthenium
Cp' ]
p OPh
th ” OPh @ 2 1, OPh
—P—oph
®PhoyP~ | Y ma— €0
oc”| co
CO

Figure 1.8 Orthometallated rhodium and manganese
complexes
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P(OPh);

solvent H_ | PE OPh
IrA[P(OPh)s]ls ——— (PhO),P— /Ir/ )
Cl

Figure 1.9 Orthometallated Iridium complex

1.7.1 Orthometallated Iridium Complexes

It was found that the reaction of triphenylphosphite with [Ir(cod)(py).][PFs] in

methanol did not lead to the di-orthometallated species 3* but gave the bis-phosphite

complex 4 (see diagram below) which was previously reported by Singleton in 1970.*

This can be attributed to the relatively low cone angle of triphenylphosphite which is a

result of its low steric bulk therefore less favouring the di-orthometallated species.

In order to overcome this problem it was first thought that the use of complex 5 as a

starting material where only one coordinated phosphite is present, once refluxed in

methanol to facilitate orthometallation by hydride transfer should be suffice to yield the

desired complex 3.3 However, this proved to give a mixture of the di-orthometallated

complex and the bis-phosphite complex.*’ Therefore it was necessary to use an

alternative route. It was found that upon methylation of the bis-phosphite complex
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followed by reductive elimination of methane gave complex 3 (scheme 1.5) as air stable
crystals in 47 % yield.*?

PhO O
o N

vai, [N RO
[IrCl(cod) {A(OPh)3}] ~er> @u/\
|

H

3

Scheme 1.5 Synthesis of di-orthometallated
iridium complex

It is worth noting that the preparation of analogous di-orthometallated iridium
complexes of  tris(2,4-di-tert-butylphenyl)phosphite 6 and tris(2-tert-
butylphenyl)phosphite 7 is considerably easier (scheme 1.6).*

‘Bu u
i O—-P P
‘Bu 3

The reaction of [{Ir(u-OMe)(cod)}>] 8 with 6 in methanol leads to the formation of
t t . 0 . 45
[IrH{P(OCH;-2,4-Buy)(0CsH3-2,4-Buy) }(cod)], 10 in 56 % yield.
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[{Ir(OMe)(cod)},] Afoxpi Z
(0]
zr 6or7 | l/\ o2
MeOH | R!
[1r(cod)(py);] [PFq] i,
9
R2

10 Ar = C¢H;-2,4-Bu,, R! = R?* = ‘Bu,
11 Ar = C¢H;-2, -'Bu, R! ='Bu,, R =H

Scheme 1.6 Synthesis of di-orthometallated iridium
complex with bulky ligands

Similarly, the reaction of 8 with 7 in methanol yields the complex [IrH{P(OCsH;-2-
‘Bup)2(0CsHs-2-Buy)}(cod)], 11, in 92 % yield (scheme 1.6).** 10 can also be produced
in a 87 % yield, from the reaction of 6 and [Ir(cod)(py).][PFs] 9 in methanol. While 11
was prepared in a similar manner in 55 % yield.*’

It appears therefore, that the ease of di-orthometallation of the bulky
triarylphosphite ligands is a consequence of the steric bulk of the phosphite. This may
be due to the fact that the complexes containing two bulky ligands are unlikely to be
thermodynamically stable, as previously demonstrated by the reaction of
[Ir(cod)(py).][PFs] with bulky triarylphosphines.*® The mechanism of formation of the
di-orthometallated complexes depends on whether the starting iridium complex is
neutral or cationic, with deprotonation of a cationic hydride being a fundamental step in
the latter process. Also, di-orthometallation may be favoured over mono-
orthometallation as a means of minimising intramolecular interaction between the tert-
butyl groups in the phosphite ligands.*® However, the previously reported formation of
[{I'rH(u-SR)(CO){P(Oé6H4-2-‘Bu)(0C6Hs-2-'Bu)z}}z] from [{Ir(u-SR)(CO).},] (R =
(CH;);NMe,) and 1-fert-butyltriphenylphosphite indicates that this is not invariably the

case.‘”
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1.7.2  Orthometallated Triarylphosphites in Catalysis

The study of orthometallated complexes as catalyst precursors was first
investigated in the early 1980s where they proved to be effective catalysts for olefin
hydrogenation.*® It was clear that the presence of a metallated species was necessary for
catalytic activity because it was shown that the nonmetallated species was inactive as a
catalyst. For example the metallated triarylphosphite ruthenium complex
Ru(P(OCH,)(OCsHs),(P(OCsHs)s),Cl 12 and the metallated cobalt complex
C(|)(_P(61C6H4)(OC6H5)2(P(OC6H5)3)3 13 were active catalysts for ethylene and 1-hexene
hydrogenation (scheme 1.7) whereas the nonmetallated complexes RuHCI(P(OPhs),,
CoH(P(OPhs); were inactive.*®

ooy (e =

C~ u‘ P(OPh;) C- Co—P(OPhjy) C,Hy + H, —ZBF,? C,H;
P(OPh;) P(OPhj3) _
12 13 Scheme 1.7 Hydrogenation of ethylene

P
( = orthometallated triphenylphosphite
L0

1
Similarly the metallated ruthenium complex Ru(P(OCsH3-2-Me)(OCeHs-2-
Me),(P(C¢Hs););Cl 14 was quite active under mild conditions, as a catalyst for
hydrogenation of a variety of olefins that possess a number of functional groups

including alkyl, phenyl, ester, siloxane, keto and cyano groups.*®

PPh3

CC'I ~ PPhy

PPh,

P
C = metallaied 2-Me-phenylphosphite
C

{ 14
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Complex 14 is more active than Wilkinson’s catalyst for hydrogenation of both terminal
and internal olefins. Even though 14 is not as active as RuHCI(PPh;);, one of the most
active homogenous hydrogenation catalysts it has significant advantages. 14 is far more
air stable than RuHCI(PPh;); which decomposes easily and 14 can be used many times.
Orthometallated ruthenium complexes such as 12 are used as a selective catalyst for the

ortho-deuteration of phenols.***
1.7.3 Orthometallated Iridium complexes as imine hydrogenation catalysts

The catalytic hydrogenation of imines has attracted considerable interest in
recent years, especially when the imines are prochiral.”® Processes have been developed

using titanium,”' rhodium,* ruthenium,” and iridium™ complexes as catalysts.

Scheme 1.8 outlines the catalytic hydrogenation of imine substrates.

R
“N Hy ’nn
A A
R' R" fext] R'

Scheme 1.8 Catalytic imine hydrogenation

The use of iridium triarylphosphite complexes as precatalysts in the homogenous
catalytic hydrogenation of N-benzylidene aniline has been studied recently.* The
catalytic activity of two complexes 10 and 11 (schemel.6) were compared. Both contain
di-orthometallated ligands where the main difference was found to be in the steric bulk
of the ligands. The results of hydrogenation with 10 and 11 were both good, with the
reactions complete within three hours. The hydrogenation rate for 11 after one hour is
better than that for 10 (99 % compared to 48 %).*’ This maybe attributed to its lower
steric bulk. However, after just three hours both catalysts have reached 99 %
conversion. The rate of reaction catalysed by 10 is reduced to 20 % conversion after one
hour when one equivalent of the free phosphite 6 is present,’ suggesting that a

monophosphite species may be more reactive than the species containing two bulky
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ligands.*’ Both complexes are an 18-electron Ir(IIT) species that are normally considered
as catalytically inactive. However, the presence of a hydride ligand cis to a metallated
ring helps de-orthometallation to occur which would give a 16-electron Ir(I) complex
that is catalytically active.*> This can be described as an example of active site masking
by metallation of a triarylphosphite ligand, as the reverse process gives a complex with
a vacant coordination site at the metal centre, which is an important factor in the

activation of these species for catalysis.*
1.7.4 Brief history of cyclometallated palladium complexes

The cyclometallation reaction was discovered in 1963 by Kleinman and
Dubeck.” They reacted azobenzene with NiCp, and obtained a five-membered
metallacycle (scheme 1.9). This type of reaction is particularly interesting in the

understanding of CH activation in catalytic cycles.>

Scheme 1.9 First example of a cyclometallated complex.

Recently, orthometallated palladium complexes have received considerable
attention as they have proved efficient catalysts in carbon-carbon bond formation
reaction such as the Heck and Suzuki reactions.” The first metallated palladium
complexes were synthesised in the 1960°s and consisted of a metallated amine ligand. It
was shown in 1968 by Cope et al. that N,N-dimethylbenzylamine undergoes facile
metallation with palladium(II) and platinum(IT) chlorides to give the metallated amine

complexes 15 and 16.%’
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cr/ ‘cH,

15M=Pd
16 M =Pt

It was in the early 1970’s when both Shaw and Robinson independently investigated the
orthometallation of phosphine and triarylphosphite derivatives of palladium(II) and
platinum(IT) dihalides.*'-***°

In 1972 Shaw and co-workers showed that certain complexes of the type trans-
[MX;L;] (X = CL, Br or I; L = tertiary phosphine) can undergo internal metallation to
give the complexes trans-[MX(P-C)L] 17 (P-C = internally metallated tertiary
phosphine L).*®

p X
(o
& L

17M = Pd, Pt

At the same time Robinson and co-workers were investigating the orthometallation of
coordinated triaryl phosphite ligands. These were derived from triaryl phosphite
derivatives of palladium and platinum dihalides, MXz[P(OAr)3]2.59 It was also
discovered in this work that intramolecular attack for o-tolylphosphine occurs at the o-
methyl group as opposed to the ortho position of the aryl ring 18. Invariably this is not
the case for tri-o-tolyl phosphite where the reverse situation prevails; the attack occurs
at the aromatic CH group 19.*' The difference in behaviour between the ortho-tolyl
phosphine and phosphite complexes may-be attributed to the steric requirements of the
resultant chelate ring. This was one of the first illustrations of the importance of

sterochemical factors in promoting and directing these reactions.*!
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M= Pd, Pt
Ar = 2-MeCgH,
18 19

In 1990 Albinati et al. reported on the synthesis and NMR spectroscopy of
cyclopalladated tertiary phosphite complexes. Scheme 1.10 illustrates an example of a
monodentate and a cyclopalladated phosphite complex. Prior to this work the yields for
cyclometallated phosphites of Pd(II) complexes were modest and the spectroscopic

possibilities limited. *°

Cl y P(OPh), \p

Y o’ \Pd?
o’ poph), @ ?

Scheme 1.10 Monodentate and cyclopalladated phosphite
complex

Simply by refluxing the monodentate phosphite complex with one equivalent of
palladium dichloride in a high boiling point liquid such as toluene or Xxylene an increase
in yield from 50 % to 80 % yield was observed. This improvement can be attributed to
the removal of hydrochloric acid via a slow stream of nitrogen during the refluxing
period and the choice of a moderate reaction temperature.*

Generally, metallacycles are divided into two groups: Most examples are ortho-
metallated complexes in which an aromatic carbon atom adjacent to a functional group

is bound to the metal centre and the others are complexes in which an sp3 -carbon atom

is metallated.
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In 1995 Herrmann and co-workers reported on the synthesis of the metallated

palladium complex Pd(P(0-Tol)3),(u-OAc), 20.°!

Ar  Ar

A}

~ Ac

b Db
Pd 7

=~ 2

Ar =2-MeCgHy

20

This complex was derived from tris(mesityl)phosphine and Pd(OAc), in high yields.
This palladacycle was shown to be an effective catalyst for the Heck reaction with aryl
bromides especially ones with electron-withdrawing groups (COMe, CHO, CN), with
high turnover numbers (TONs) of up to 10° being obtained. This sparked a resurgence
of interest in cyclopalladated complexes as catalysts. Milstein and co-workers

developed bis-chelate ‘PCP’-pincer type complexes 21.%

21

These complexes proved to be less effective when compared with Herrmann’s
palladacycle but are exceptionally thermally robust and air stable. Numerous
publications have since been reported on these type complexes as Heck and Suzuki
catalysts. In contrast to this work this report involves the synthesis and characterisation
of palladated phosphite and phosphinite®® complexes and the investigation into their use

as potential catalysts in the Heck®* and Suzuki®® coupling reactions.
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1.8 The Heck reaction

The synthesis of arylated and vinylated olefins is a fundamental importance in
organic synthesis. The palladium-catalysed carbon-carbon coupling of haloalkenes and
haloarenes with alkenes, generally known as the Heck reaction, provides an efficient
gateway into such compounds.®®
As shown in scheme 1.11 styrenes and dienes can be prepared directly from the

corresponding alkenes and substituted aryl or vinyl compounds.

[Pd]

M base lK/\R'

R

X =Cl, Br, I, N,BF,, OTf, COCI, SO,CIl
R = aryl, vinyl

Scheme 1.11 The Heck olefination reaction.

The possibility of not only preparing simple terminal or 1,2-disubstituted olefins but
also numerous complex molecular frameworks, e.g. tertiary and quaternary stereogenic
centres, via the Heck reaction has ensured that this methodology has become one of the
most important transition-metal catalysed transformations in organic synthesis. In

addition to olefins and dienes, alkynes can also be used as unsaturated compounds.®’

The synthetic utility of the Heck reaction can be explained as follows:

(i) The methodology is amenable to a variety of easily available starting
materials. In general R must be an aryl or vinyl group however similar
reactions of benzyl-X or allyl-X are known;

(ii)  The Heck reaction is remarkably chemoslective. Hence, educts containing
the most functional groups may be used and;

(iii)  The palladium catalysts typically employed are air and moisture stable. In
addition, palladium intermediates of the catalytic cycle of the Heck

reaction can, in principle, undergo various domino reactions. Thus,
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polycyclisation, olefination-carbonylation or olefination-alkynylation and

other domino sequences are possible.

Since its discovery in the late 1960s, the Heck reaction has become one of the
most versatile and powerful tools for the selective construction of carbon-carbon bonds
starting from olefins. The method has found numerous applications in the synthesis of
natural products, fine chemicals and pharmacologically interesting compounds. The last
decade has seen tremendous progress in catalyst efficiency for Heck reactions of simple
terminal olefins. However, most Heck reactions described in natural product synthesis
still need a catalyst amount of 5-20 mol%. In addition to more active catalysts, more
selective palladium catalysts, which prevent side reactions, e.g. olefin isomerisation, are
needed. Finally, more applications in natural product synthesis using aryl chlorides,
bromides, mesylates and diazonium salts instead of the more expensive and reactive
aryl iodides and triflates are needed to make the Heck reaction even more useful and

economical.
1.9  Biaryl Cross Coupling Reactions

There has been considerable interest in biaryl cross coupling of aryl halides with
organoboron compounds (Suzuki cross coupling reaction)®® or organotin compounds
(Stille cross-coupling reaction).®” Due to the increasing industrial applications of Suzuki
and Stille coupling reactions it is a desirable goal to design catalysts which show high
activity. Considering the fact that metallated palladium complexes contain a ligand that
coordinates to the metal centre through both a donor atom and a metallated carbon
potentially it should serve as an active catalyst. Beller e/ al. demonstrated that the
metallated complex Pdy(P(0-Tol)3)(u-OAc), 20 showed good activity in the Suzuki

cross coupling reactions of aryl halides with phenylboronic acids.”

[Pd]
O - moy,

R = H, Me, COMe, NO,
X=Br, I, ClI

R

Scheme 1.12 Suzuki Biaryl Cross Coupling Reaction




1.10 The Current Study

Little or no attention has been shown in the use of bulky triarylphosphite ligands
to undergo metallation at a palladium centre resulting the formation of a metal complex
which contains a ‘masked’ active site on the palladium centre. Considering the relative
ease of synthesis and metallation of triaryl phosphite and phosphinite ligands and not to
mention the low cost of the starting materials involved, palladated complexes of these
systems are attractive as potential catalysts. With this in mind studies described in this
thesis concentrate on the synthesis and characterisation of both triarylphosphite and
phosphinite ligands and their relevant palladium complexes. At the outset of the studies
described in this thesis the use of palladacycles as catalyst in Heck, Suzuki and Stille
coupling reactions was still in its infancy. Furthermore, it is desirable to obtain a
catalyst that can be used in low concentrations in order to increase their attractiveness to
industrial applications. Likewise the use of catalysts at room temperature is another

major advantage for industrial applications.
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Chapter 2

Orthopalladated Triarylphosphite Complexes As Highly
Ffficient Catalysts In The Heck Reaction



2.1 Introduction

2.1.2 The Heck Reaction.

Heck type chemistry has become one of the most basic tools in organic
preparations. It may be considered as a natural way to assemble molecules as a catalytic
process for Carbon-Carbon (C-C) bond formation. Since the discovery of the Heck
reaction in 1971, styrene derivatives, amongst others, can be prepared as vinylic C-C
coupling products in one step from iodo- and bromoarenes.' The original reaction
involved the catalytic arylation and alkenylation of olefins and since has been generally
referred to as the Mizoroki-Heck reaction, as it was discovered independently by
Mizoroki® and Heck® but developed by Heck into a general method of organic
chemistry. The reaction presents one of the simplest ways to obtain variously substituted
olefins, dienes and other unsaturated compounds. These types of compounds are used in
the pharmaceutical and fine chemical industries as dyes, and UV screens. Another
important aspect of the reaction is its use in polymerisation chemistry as it is possible to
give access to conjugated polymers, which maybe used as new materials for
optoelectronic devices.*

Palladium catalysis has become a widely studied field, with special attention paid to its
application in the Heck reaction.’

The generally accepted mechanism for the Heck reaction is shown in scheme
2.1. A coordinatively unsaturated 14-electron palladium(0) complex, usually with weak
donor ligands such as triarylphosphines is assumed to be the catalytically active
species.!  This complex is generally generated in situ. To date
tetrakis(triphenylphosphine)palladium [Pd(PPh;)s] which exists in an equilibrium with
tris(triphenylphosphine)palladium [Pd(PPhs);] and free triphenylphosphine in solution
is frequently used as the catalyst for the Heck reaction.® The endergonic loss of a second
phosphine ligand’ leads to the catalytically active bis(triphenylphosphine)palladium
[Pd(PPh;),] and free triphenylphosphine in solution. However, palladium(II) complexes,
which are easily reduced in the reaction medium are more commonly used for
convenience as they are inherently air stable. Some of the most common palladium(II)
complexes used in the Heck reaction are [(PPh;),PdCL] and palladium acetate, which

are easily reduced by addition of phosphine ligand in the reaction medium.’
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2.1.3 The Mechanism

The first step of the catalytic cycle (in scheme 2.1) is the oxidative addition of
the haloalkene or haloarene to the coordinatively unsaturated palladium(0) complex to
generate a c-alkenyl or c-aryl palladium(IT) complex. As the electrophilicity of this
complex increases, it more readily accepts an alkene molecule in its co-ordination
sphere, probably by exchange for another ligand. The next step involves the insertions
of the alkene into the palladium-arene (Pd-Ar) bond. This insertion process occurs via a
four-centred transition state that requires a planar assembly of the alkene and Pd-Ar.
Hence, insertion proceeds in a syn manner generating a o-alkylpalladium complex.
Therefore B-hydride elimination can occur, and finally reductive elimination of HX
from H-PdL,-X, aided by the presence of base, which regenerates the active catalysts
and there-by completes the catalytic cycle.’

Pd(0) or Pd(II)
precatalyst

W

_ Oxidative
Pd(O) addition

R—X

v Pd—X
Reductive

elimination

T X— llltd—|(

Mlgam
insertion

Scheme 2.1: Proposed catalytic cycle for the Heck
reaction

38



The rate-determining step of the catalytic cycle is dependent on the starting materials
employed. Therefore, the nature of the leaving group X affects the rate of oxidative
addition, Arl > ArBr >> ArCl Hence, oxidative addition is probably the rate-
determining step. The electronic nature of the alkene substrate also affects the
regioselectivity. Electron rich olefins react faster via a cationic pathway while electron

poor olefins react faster via a neutral pathway.®

2.1.4 The Catalysts

Palladium complexes with or without phosphine ligands can catalyse the Heck
reaction.* The palladium(0) phosphine complexes such as [Pd(PPhs),] are the classic
and well established systems which give excellent results in a majority of cases for the

Heck reaction, so therefore why use anything else?*

The main disadvantages of using phosphine-containing complexes as catalysts

for the Heck reaction are:

(i) Phosphine ligands are expensive
(ii)  Toxic
(iii)  Air and moisture sensitive

(iii)  Unrecoverable

therefore making large industrial scale applications unattractive. Similarly, by using
phosphines that are fully coordinated to the palladium complex may result in the
complex been too stable, and as a consequence higher loads of the complex are needed
to obtain reasonable conversions. Another major problem is the separation of the
products from the expensive palladium complex. Intense efforts have been undertaken
in recent times to develop more active and productive catalysts in order to use the

synthetic power of Heck and related reactions in large-scale industrial synthesis.’
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2.2 Aim of Research

The use of phosphines in the Heck reaction has attracted much attention over the

recent years. In the early 1980s Spencer '°

was among the first to pioneer the
improvement of productivity of the Heck reaction. He showed that the arylation of
olefins with activated aryl bromides can be achieved at low catalyst concentrations,
yielding high TONs when the reaction is carried out in polar aprotic solvents (i.e. DMA,
DMF) in the presence of sodium acetate and tris(mesityl)-phosphine as ligand. It was
during the course of this work that the palladacycle 20 was first discovered however no

advantages were noted until Herrmann et al. rediscovered it in 1995.""

OAr ' ,
Ar\ )Ar \ w OAr
P& N
Pd;>' Pd%]'
2 2
Ar = 2-MeCgHy Ar = 2,4-Bu,CeH;
20 22

Further to this, studies were carried out to obtain the most active system. The major

factors considered were:

(i) to reduce the cost involved (i.e. find less expensive ligands).
(i)  to obtain high activity thereby allowing the reduction in catalyst loadings

(ili)  to find a system for the activation of less reactive aryl halides.

Consequently there has been an increased effort in the last few years to develop
more active and productive catalysts in order to use the synthetic power of Heck and
related reactions for large-scale industrial applications.l Recently much attention has
been focused on the application of palladacycles in the Heck reaction. Herrmann and
Bellar et al. were among the first to investigate these type complexes as active
catalysts.'' It was found that cyclopalladated Pd(Il) complexes are inherently air and
thermally stable and act a source for the active Pd(0) species. The increased catalytic

activity of palladacycles is partially due to their thermal stability in solution. Complexes
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such as [Pd(PPh;)(OAc),] and [Pdy(PPh3)(u-OAc)(OAc),] are deactivated at
temperatures above 120°C." The depletion of the catalyst stabilising phosphine causes
the deposition of elemental palladium (palladium black) resulting in a breakdown of the
catalytic cycle. However, with the palladacycle 20 palladium deposits and phosphorus
carbon bond cleavage products are not observed at temperatures up to 130°C, with the
result that no yield-reducing by-products are formed.'' Palladacycles like 20 can be
used as catalysts without the addition of excess ligand and small concentrations of
catalyst (~ 5 x 10” molar) are sufficient for coupling of activated aryl bromides, while
up to now much high concentrations (up to 5%) were needed.'' This increased their
attractiveness for Heck type catalysis, because they have an increased lifetime as
catalysts and are particularly advantageous for less reactive substrates. However, the
palladacycle 20 is synthesised from the phosphine ligand tris(2-mesityl)-phosphine,
which is expensive and air sensitive. Hence this prompted us to look at the phosphite
palladacycle 22 which is easily synthesised from the reaction of palladium dichloride
with one equivalent of the ligand tris(2,4-di-tert-butylphenyl)phosphite 6 in high
yield.'> The triarylphosphite ligand 6 is commercially available and is cheaper than the
conventional phosphine ligand. Ligand 6 is air and moisture stable. When all these
factors are combined, the result is a catalyst that is synthesised from more robust and
cheaper starting materials, which helps to reduce the costs involved.

Originally it was thought that highly donating phosphine ligands would improve
the coupling of aryl chlorides and less reactive aryl bromides however there are a
number of drawbacks associated with these types of ligands. It was found that these
ligands could be replaced by the cheap and readily available phosphite ligands instead.
Spencer described the first report of the use of phosphites as ligands as early as 1983."
This involved the application of triphenylphosphite as shown in scheme 2.2.

CN  Pd(OAc), +4P(OPh);
_/ —» OHC
OHC@ St NaOAc, DMF ‘QN CN

A

Scheme 2.2 The Heck reaction with triphenylphosphite as ligand
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The results obtained (TON of 13,000 and a TOF of 1,900 h') were comparable to those
obtained with classical phosphines such as PPh; and P(o-Tol);. However, due to the
weak coordination of phosphites, they make rather unstable catalysts and have remained
underdeveloped until recently. Since fast deactivation of the catalyst can be overcome if
phosphites are taken either in large excess, or as a preformed orthometallated palladium
complex such as 22, the reactions can be run at higher temperatures (<130°C).*

This current study explores metallated phosphite complexes as active catalysts
for the Heck reaction.

Complex 22 turned out to be a highly efficient catalyst for the reaction of
bromoarenes with styrene or butyl acrylate (c.f results and discussion section 2.3.5).
Record values of TONs were observed for the reaction of 4-bromoacetophenone with
butyl acrylate (up to 1, 000, 000, TOF = 166, 667 with 100% conversion) and styrene
(up to 5,750,000, TOF = 83,333 with 57.5% conversion). Deactivation of catalyst due to
palladium black deposition can be avoided by the addition of an extra amount of ligand
tris(2,4-di-tert-butylphenyl)phosphites 6 (5-fold relative to palladium complex)."?



2.3 Results and Discussion
. ' |
2.3.1 Synthesis of [{Pd(u-C){P(OCsH;-2,6-Bu,)(OCsH;-2,4-Buy),}},] complex 22

It was previously shown by our group that PdCl, reacts at room temperature
with two equivalents of tris(2,4-di-tert-butylphenyl)phosphite 6 to produce complex 24
(scheme 2.3)."* The *'P NMR spectrum of complex 24 has only one singlet at 5 84.5
ppm. This proves that only one isomer i.e. cis or trans is formed. Conversely, the *'P
NMR spectrum of [PdCl, {P(OCsHs-2-Me)s},] shows two singlets (8 84.9 and 84.5 ppm
respectively) indicative of a cis/trans mixture. This implies that complex 24 must have
either a cis or trans configuration. In consideration of the steric profile of the ligand 6
one would predict a trans configuration for 24 and this has been confirmed by infra-red
(LR.) spectroscopy because a Pd-Cl stretch at 373 cm™ was observed. This compares
well with the L.R. spectrum for the trans configuration of [PdClL {P(OCsH,s-2-Me)3}5]
which shows a Pd-Cl stretch at 375 cm™."

PdCl, + 2P(OAr); —> trans -[PdCl,{P(OAr);},

Ar = 2,4-Bu,CeHs 6 24

Scheme 2.3 The reaction of PdCl, with a triaryl phosphite

The thermolysis of 24 in 2-methoxyethanol leads to the formation of the
I 1

orthometallated palladium dimeric complex [{Pd(u-Cl){P(OCsH>-2,6-Bu,)(OCsH;-2,4-

‘Buy),}}2] 22 and one equivalent of free ligand 6."* A major drawback to this synthetic

route is that separation of the product from 24 proves to be difficult."* A more
convenient way to synthesise 22 is the direct reaction of one equivalent of 6 with PdCl,
in 2-methoxyethanol at reflux for 2 hours.'"* As described in chapter 1 (page 28)
Albinati et al. showed the synthesis of related cyclopalladated phosphite complexes
which involved the refluxing of the monodentate phosphite complex with one
equivalent of palladium dichloride in a high boiling point solvent such as toluene or
xylene."> The formation of the dimer with only one orthometallated triarylphosphite
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ligand 6 on each palladium rather than the formation of the monomer with one
metallated and one non-metallated 6 implies that the dissociation of the ligand 6 from
the monomer [PdClz{P(OC6H3-2,4-’Bu2)3}2] is considerably more facile than that of the
less bulky phosphites. This is probably attributed to the steric bulk of tris(2,4-di-tert-
butylphenyl)phosphite. As observed with less bulky phosphite analogues of 22, the *'P
NMR spectrum in CDCl; at 298 K shows the product to be a mixture of sym-trans and
sym-cis isomers with two broad singlets at  119.2 and 118.7 ppm in an approximate 2:1

ratio respectively.'*

ArQ ,OAf
A o-h__a
PICL  + IPOAD; = Pd%
MeO(CH,), By
Ar =2,4-Bu,C¢H,
Bu'
Scheme 2.4 The synthesis of the metallated complex 22

Whilst in solution a cis/trans mixture is observed. Only the sym-frans isomer is present
in the solid state, which is evident from the X-ray data. The crystal structure shows that
the orthometallation of the phosphite leads to the formation of a five membered ring
with some ring strain observed with the coordination around the square planar
palladium(II) atoms also distorted. Figure 2.1 shows the molecular structure of 22
where thermal ellipsoids are set at 50% probability. All H-atoms are omitted for clarity,
as are all but the ipso-carbons of the non-metallated aryl rings. Three 'Bu groups are
disordered, only major orientation of C7-C10 shown. Selected bond distances (A) and
bond angles (°) are listed in tables 2.1 and 2.2 respectively.12



Figure 2.1 X-ray Structure of 22

Table 2. 1 Selected bond distances (A) for 22."

Bonds Bond lengths (A)
Pd-C(1) 1.998(6)
Pd-Cl 2.4180(16)
Pd-Cla 2.4073(17)
Pd-P 2.1668(17)
P-01 1.592(4)
P-02 1.585(4)
P-03 1.584(4)
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Table 2.2 Selected bond angles (°) for 22.

Bonds Bond angles (°)

C(1)-Pd-P 80.7(2)

P-Pd-Cl 100.35(6)
Cl-Pd-Cla 83.92(6)
Cla-Pd-C(1) 95.0(2)
Pd-P-0O1 108.3(2)
Pd-P-02 120.4(2)
Pd-P-03 120.6(2)

However, when dimer 22 was dissolved in CS, the 3lp NMR spectrum was
different from that obtained when CDCl; was employed as the solvent. A single peak
was observed at 8 121.0 ppm, which most likely corresponds to the sym-trans isomer of
complex 22." This hypothesis fits well with the observation that when CS; is removed
under reduced pressure and the complex re-dissolved in CDCls, the 3'P NMR spectrum
shows two peaks with unchanged chemical shifts and the original ratio of approximately
2:1 trans and cis isomers'* Thus the equilibrium between the frans and cis isomers can
be forced to the trans side when the dimer 22 is dissolved in a coordinating solvent such
as CS,. However, when a non-coordinating solvent such as carbon tetrachloride was
employed as solvent no change in the geometry of the dimer 22 was observed. This
proves that the configuration of the dimer 22 is strongly solvent dependent.

Surprisingly, we also found that the room temperature reaction of 6 and PdCl, in
a mixture of dichloromethane and ethanol also gave 22 in high yields within 2 days as a
pale yellow powder. Characterisation of this compound showed that the compound
achieved is identical to that achieved by the method of refluxing ligand 6 and PdCl, in
2-methoxyethanol. To the best of our knowledge this ambient temperature
orthopalladation of a triarylphosphite ligand is without precedent. Presumably the facile
nature of this reaction is due to the steric profile of the bulky triarylphosphite ligand, 6.
This is the first example of orthometallation of phosphite ligands occurring at room
temperature. Previously the only example of metallation occurring at room temperature

was for amines as described by Cope in 1968."
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2.3.2 Dimer Cleavage Reactions

Dinuclear palladium complexes containing bridging ligands such as Cl, Br, I,
OAc, are often in two configurations in equilibrium, which is strongly solvent
dependent. The isomerisation presumably takes place via bridge splitting as suggested
by NMR analysis.'> These complexes are interesting because they offer a wide range of
reactions that can be conducted with appropriate ligands such as phosphines, amines,
etc. to afford mononuclear complexes such as [Pd(u-Ch){P(OCsH;-2,6-Buy)(OC¢H3-
2,4-'Bu,),}2(PPh;)] 25.' The tiphenylphosphine adduct 25 and triethylamine adduct 26

of the palladium dimer 22 were formed and studied (scheme 2.5).

ArQ OAr ArQ OAr ArQ OAr
¥ pph, - o P .NEt
'y “pd PPh, ? \Pd;/ Et;N Pd
‘Bu Cl By 2 ‘Bu “
But But But
26
=24-Bu,C > i
Ay Scheme 2.6 Dimer Cleavage Reactions

The *'P NMR spectrum of complex 25 revealed the formation of trans and cis isomers.
The isomer in which the two phosphorus atoms are frans appeared as an AB system
with one doublet at 8 127.9 ppm for the phosphite and another at & 31.4 ppm for the
phosphine with a large coupling of 604 Hz.'* The isomer in which the two phosphorus
atoms are cis appeared as an AB system with one doublet at 8 130.8 ppm and another
doublet at § 17.4 ppm which correspond to the phosphite and phosphine respectively,
with a considerably smaller coupling constant of 41 Hz. -

When complex 22 is reacted with one equivalent of triethylamine a cis — trans
mixture is formed that exists in equilibrium with the starting material. However, it was
possible to force the equilibrium by employing an excess of triethylamine resulting in
formation of 26. The *'P NMR spectrum of the latter shows a doublet at & 128.16 ppm

with a coupling constant of 193.4 Hz. The fact that these dimer cleavage reactions can
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occur relatively easily and are reversible may help in the understanding of the

mechanistic route of complex 22 with in the Heck reaction.
2.3.3 Reactivity of complex 22 in the Heck reaction.

It has been previously noted by Hermann and co-workers that the use of the
Pd(Il) complex 20 with metallated tris(2-methylphenyl)phosphine and related
compounds are highly efficient catalysts for the Heck reaction.' Similarly, the
palladated complexes 27 and 28 have recently been shown to be active catalysts,'” as
have palladacyclic trinaphthylphosphine complexes 29.'®

Ar PPy P’Pr2 PR2
de d TFA —TFA
P’Pr Plprz

Ar =2-MeCgHy R =napthyl X =0Ac,I, Br

20 27 28 29

Scheme 2.10 Palladated complexes that have been used as catalysts for the Heck
reaction.

This chapter describes the orthometallated palladium dimer 22 as an active
catalyst for the Heck reaction obtaining very high turn over numbers (TONs). Similar to
the reaction catalysed by 20, L1 the rate of coupling between aryl bromide and n-butyl
acrylate catalysed by 22 was found to depend on the nature of the aryl bromide, with a
large decrease in activity occurring with electron deficient aryl bromides.

Initial investigation of the catalytic activity of 22 in the Heck reaction involved
the coupling of 4-bromoacetophenone with n-butyl acrylate, sodium acetate as base, 0.2
mol% of 22 as catalyst at 110°C. After one hour 2% conversion was obtained (entry 1,
table 2.3). When the temperature was increased by 30°C the conversion changed from
2% to 42% after one hour (entry 2, table 2.3). On a further 20°C increase of the
temperature 100% conversion was obtained after just one hour, which gave TONs of
500 [mol product.(mol Pd)'] (entry 4, table 2.3). While taking this into consideration

the catalyst concentration was decreased to a low of 0.0001 mol%, after a reaction time
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of one hour 5% conversion (entry 7, table 2.3) was obtained and just after 6 hours 100%
conversion (entry 9, table 2.3) was achieved.

On the examination of activated electron poor aryl bromides extraordinarily high
reactivity was observed for 4-bromoacetophenone as substrate, giving turnover numbers
(TONS) of up to 1,000,000 [mol product.(mol Pd)"] in just 6 hours (entry 9, table 2.3).
Whilst the previous best catalyst (Herrmann’s palladacycle 20) for this type of reaction
also obtained TONs of up to 1,000,000 [mol product.(mol Pd)"Jthe reaction time was
considerably longer i.e. 24 hours. Compared to the previous best literature result (134,
000 [mol product.(mol Pd)"']) from a in situ catalyst Pd(OAc), and four equivalents of
tris(2-methylphenyl)phosphine’ complex 22 achieves a TON of almost ten times

greater.
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Scheme 2.4 The Heck reaction

Table 2.3: Heck reaction of aryl bromides with n-butyl acrylate and 22 as catalyst®

Entry R Catalyst Base i Time Conversion TON
(mol%) (°C) (hrs) (%)°

1 COCH; 0.2 NaO,CCH; 110 1 2 10

2 COCH; 02 NaO,CCH; 140 1 42 210
3 COCH; 0.2 NaO,CCH; 140 20 100 500
4 COCH; 0.2 NaO,CCH; 180° 1 100 500
5 COCH; 0.2 NEt; 140 1 0 0

6 COCH; 0.2 NEt; 180° 1 94 470
7 COCH;  0.0001 NaO,CCH; 180° 1 5 50,000
8 COCH;  0.0001 NaO,CCH; 180 2 24 240,000
9 COCH;  0.0001 NaO,CCH; 180 6 100 1,000,000
10 COCH; 0.2 K»CO; 140 1 46 230
11  COCH; 0.2 K,CO; 140 18 100 500

12 H 0.2 NaO,CCH; 140 18 51 255
13 OCH; 0.2 NaO,CCH; 140 10 6 30
14  OCH; 0.2 NaO,CCH; 180° 1 14 70
15  OCH; 0.2 NaO,CCH; 180 19.5 75 375
16  OCH; 0.2 K,CO;s 160 1 22 110
17  OCH; 0.2 K,CO; 160 18 88 440
18  OCH; 0.01° K,CO; 160 1 23 2,300
19  OCH; 0.01° K,CO; 160 65 98 9.800

20 COCHj3; 0.2

NaO,CCH; 140° 2 32 160

sReaction conditions: 50 mmol aryl bromide, 70 mmol n-butyl acrylate, 55 mmol base, 30 ml
dimethylacetamide. *Determined by GC and/or 'H NMR of reaction mixture samples, based on aryl
bromide. °Refers to temperature of the heating bath, internal temperature range ~ 160-165°C. °100 mmol of
n-butyl acrylate. *With 5 equivalents of tris(2,4-di-fert-butylphenyl)phosphite. “Under air
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When the deactivated electron rich substrate 4-bromoanisole is used as the aryl
halide, 0.2 mol% of 22 as catalyst, sodium acetate as base at 140°C after a reaction time
of 10 hours 6% conversion (entry 13, table 2.3) was achieved. On increasing the
temperature to 180°C, 14% conversion (entry 14, table 2.3) after a 1 hour reaction time
and after 19.5 hours, 75% conversion (entry 15, table 2.3) was obtained. However, by
simply changing the base from sodium acetate to potassium carbonate and at a slightly
lower temperature of 160°C, 22% conversion (entry 16, table 2.3) is observed after just
one hour while after 18 hours 88% conversion (entry 17, table 2.3) is reached. While
optimum conversion was observed with 0.01 mol% of 22 as catalyst with five
equivalents of the ligand tris(2,4-di-tert-butylphenyl)phosphite 6 added, after one hour
23% conversion (entry 18, table 2.3) was reached, with 98% achieved after a total of 65
hours (entry 19, table 2.3) to give TONs of up to 10,000 [mol product.(mol Pd)™']. This
is over 100 times higher than that reported with 20, at one-fifth the catalyst
concentration.

The coupling of n-butyl acrylate and bromobenzene required higher catalyst
quantities (0.2 mol%). However, useful turnover numbers were also obtained for
complex 22 as a TON of 255 [mol product.(mol Pd)"'] (entry 12, table 2.3) was
achieved with a reaction time of 18 hours, while a TON of 48 [mol product.(mol Pd)™]
with complex 20 was obtained after 48 hours.

Treatment of aryl chlorides like 4-chloroacetophenone with n-butyl acrylate
under standard conditions with palladacycle 22 resulted in little or no activity and was
accompanied by early deposition of palladium black. As a result the use of aryl
chlorides was not pursued any further at this time.

A surprising result is that complex 22 catalyses the coupling of 4-
bromoacetophenone with n-butyl acrylate even under air (entry 20, table 2.3). Even
though there is a decrease in the activity this result is a clear indication that this system

is very robust.
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The best way to visualise the catalytic activity of complex 22 is by the following
graph, a plot of TONs achieved with a catalyst concentration of 0.0001 mol% versus
reaction time shows the high activity clearly.

Graph 2.1 TONS Vs reaction time
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2.3.4 A study of the reaction conditions

In order to determine the best reaction conditions which would yield the highest
TONS for the use of palladacycle 22 in the Heck reaction, experiments were carried out
using n-butyl acrylate and the activated aryl bromide, 4-bromoacetophenone as the
standard coupling reaction. From the results obtained it was possible to make the

following observations.

i) Catalytic activity becomes evident at approximately 110°C when sodium
acetate is employed as the base and increases significantly up to a temperature of 180°C,
giving TONs of up to 1,000,000 [mol product.(mol Pd)"'] and maximum turnover
frequencies (TOFs) of up to at least 190,000 [mol product.mol Pd™" k).

if) When triethylamine is used as the base catalytic activity is inhibjted until
140°C possibly implying co-ordination of the amine as a ligand. This competes
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effectively with the co-ordination of the n-buytl acrylate or the oxidative addition of the
aryl-halide therefore decreasing its activity. However, catalytic activity is resumed if the
temperature is increased to 180°C. What also became clear from these studies is by

simply changing the base from sodium acetate to potassium carbonate there was no

great increase in activity.

iii) Potassium carbonate is a better base in the coupling of electron deficient aryl
halides. It was found that when coupling 4-bromoanisole with n-buytl acrylate with a
catalyst concentration of 0.01 mol% TONSs of up to 9,800 were achieved when K,COj3

was employed.

iv) Substantial palladium black deposition is observed in the coupling of
deactivated bromides at 0.2mol% catalyst concentration. This does not seem to be due
to the thermal decomposition because complex 22 shows good thermal stability in
dimethylacetamide at 140°C even after 24 hours. Therefore it seems likely that the
deposition is due to one or more catalyst deactivation pathways. Deactivation of the
catalyst can be avoided by the addition of an extra amount of the ligand tris(2,4-di-zert-
butylphenyl)phosphite 6.

A substantial increase in activity was observed in the coupling of 4-
bromoanisole and n-butyl acrylate when a five-fold excess of the tris(2,4-di-tert-

butylphenyl)phosphite 6 per palladium centre is added to the catalyst.
2.3.5 Highest activity obtained with complex 22.
Simply by changing the olefin from n-butyl acrylate to styrene the highest

activity for complex 22 in the Heck reaction was observed. The results obtained are

summarised in table 2.4
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Scheme 2.5 The coupling of 4-bromoacethophenone with styrene

Table 2.4: Heck reaction of aryl bromides with styrene and 22 as catalyst.”

Entry Catalyst T Time Conversion TON
(mol%) (C) (hrs) (%)

1 0.2 140 1 63 315

2 0.2 140 24 100 500

3 0.0001 180° 1 29 290,000

4 0.0001 180 21 96 960,000

5 0.00001 180° 69 57.54 5,750,000

®Reaction conditions: 50 mmol aryl bromide, 70 mmol styrene, 55 mmol base, 30 ml
dimethylacetamide. *Determined by GC and/or 'H NMR of reaction mixture samples, based
on aryl bromide. “Refers to temperature of the heating bath, internal temperature range ~
160-165°C. ¢ Substantial polystyrene formation observed.

The first step was to examine the coupling of 4-bromoacetophenone with styrene
at 140°C with sodium acetate and 0.2 mol% of 22 as catalyst (entry 1, table 2.4), after
one hour 63% conversion was obtained and 100% after 24 hours (entry 2, table 2.4).
When lowering the catalyst concentration to 0.0001 mol%, extremely high activity for
complex 22 was observed in the coupling of 4-bromoacetophenone with styrene, with
29% conversion after just one hour and 96% after 21 hours.

The system was expanded further by lowering the catalyst concentration to
0.00001 mol% this yielded 57.5% conversion after 69 hours (entry S, table 2.4) to give
TONS of up to 5,750,000 [mol product.(mol Pd)"]. The previous reported highest TON
for any Heck reaction was 1,120,000 [mol product.(mol Pd)"'] in the coupling of
iodobenzene with methyl acrylate."’? Although when low catalyst concentration such as

0.00001 mol% was used in the coupling of 4-bromoacetophenone and styrene some
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polystyrene is formed (entry 5, table 2.4). Numerous studies were carried out on this
aspect and it was found that when a mixture of 22 and sodium acetate as base, was
heated in the absence of 4-bromoacetophenone, polystyrene was formed. This is not

surprising, because orthometallated triarylphosphite ruthenium complexes have also

been shown to catalyse oligostyrene formation.'’
2.3.6 Synthesis of analogues of 22 complexes 15 and 25:

The palladated complex 22 reacts with triphenylphosphine in a
dichloromethane/ethanol mixture to give the cis and trans isomers of 25 in 90% yield."
Complex 22 undergoes a bridge splitting process followed by the coordination of the
triphenylphosphine ligand to give the two isomers which were revealed by *'P NMR
spectroscopy. In the frans isomer the phosphorus atoms of the phosphite and phosphine
appear as an AB system with one doublet at 3 127.9 ppm for the phosphite and another
at & 31.4 ppm for the phosphine with a large coupling of 604 Hz.'* While for the cis
isomer the doublet of the AB system at 4 130.8 ppm for the phosphite and the doublet at
8 17.4 ppm for the phosphine has a considerably smaller coupling of 41 Hz.'*

In 1968 Cope reported the reaction of N,N-dimethylbenzylamine with Pt(II) and
Pd(II) chlorides to give the crystalline products di-p-chloro-bis(N,N-
dimethylbenzylamine-2-C,N)diplatinum(II) and dipalladium(II) complexes.'® The
reaction of 2 moles of N,N-dimethylbenzylamine with lithium tetrachloropalladate(II)
in methanol solution for 20 hours at room temperature gave [di-p-chloro-bis(N,N-
dimethylbenzylamine-2-C,N)dipalladium] 15 in a 90% yield as a yellow crystalline
solid."®

2.3.7 The study of the reactivity of complexes 15 and 25 in the Heck reaction.
For comparative purposes, the monomeric triphenylphosphine adduct 25 of the
orthometallated palladium dimer 22, and the previously reported orthopalladated

dimethylbenzylamine complex 15" were tested under Heck type conditions. The results

obtained are summarised in table 2.5 below.
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The coupling of 4-bromoacetophenone and n-butyl acrylate with 0.2 mol% of
catalyst and sodium acetate as base at 140°C was the standard reaction used for this
comparison experiment. The phosphine monomeric complex 25 proved to be less active
than 22 with typical TONs as low as 50 (entry 3, table 2.5) and never higher than 500
(entry 4, table 2.5) even after 13 hours. This may be attributed to the deactivating
influence of the triphenylphosphine. The metallated amine complex 15 proved to be at
least as effective a catalyst as 22 at 0.2 mol% loading in the coupling of 4-
bromoacetophenone with n-butyl acrylate, 53% conversion (entry 5, table 2.5) after one
hour and 100% conversion (entry 6, table 2.5) after 20 hours. However, a considerable
amount of palladium deposition was observed, for this reason the application of these

complexes was not pursued any further at this time.
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Scheme 2.6 The Heck reaction with 25 and 15 as catalysts

Table 2.5 Heck reaction of 4-bromoacetophenone and »-butyl acrylate with

complexes 15 and 25 as catalyst.?

Entry Catalyst T Time Conversion TON
(mol%)° (°C)  (hrs) (%)

1 22 140 1 42 210
2 22 140 20 100 500
3 15 140 1 33 265
4 15 140 13 100 500
2 25 140 1 10 50

6 25 140 13 100 500

#Reaction conditions: 50 mmol 4-br0nioacetophenone, 70 mmol n-butyl acrylate, 55
mmol sodium acetate, 30 ml dimethylacetamide. "Determined by GC and/or '"H NMR

of reaction mixture samples, based on aryl bromide. “Catalyst loadings of 0.2 mol %

2.3.8 Mechanistic Studies

The initial step of the Heck catalytic cycle (as describe in section 2.2) involves
the reduction of Pd(I) to Pd(0) and the generation of an active species. The second step
involves the oxidative addition of low-valent transition complexes to the arylhalide (R-
X) bond to give RXPdL,, which then loses another ligand and complexes to the alkene.
After the addition of R-Pd across the carbon-carbon double bond of the alkene, B-
hydride elimination and finally reductive elimination to yield the coupling product and
regenerate the catalyst and the cycle starts again.9

The mechanism of the Heck reaction in the presence of palladacycles has not yet
been fully established. It is known that the Pd(II) salts employed in catalysis are reduced
by added organophosphine ligands to yield catalytically active zerovalent palladium-
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phosphine complexes.”® The latter activate haloarenes by oxidative addition with the
formation of arylpalladium(II) halide species.?' In the case of Herrmann’s palladacycle
(Pd") no evidence for reduction under Heck reaction conditions was observed. Neither
in situ NMR spectroscopy nor isolation of the palladacycle after successful catalysis,
albeit not in quantitative yield, indicate the formation of [Pd{P(o-Tol)3},].”

Herrmann and co-workers could not detect any Pd(0) in their systems and could
not rule out a redox system involving a Pd(I[)/Pd(IV) species but could not detect any
aryl-Pd" species.” Shaw and co-workers proposed a new mechanism for the Heck
reaction (scheme 2.9) which explained why the alkene promotes the oxidative addition

of the aryl halide to the Pd(II) species.”
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Scheme 2.9 Newly proposed mechanism for the Heck reaction according
to Shaw.*

(1) CH,=CHY

(ii) Reversible attack of nucelophile (nuc’), attack is shown on the terminal
carbon atom but it could be on the internal carbon.

(iii)  Oxidative addition of aryl halide (ArX).

(iv)  Reversible loss of nuc’.

V) Migration of aryl to terminal carbon

(vi)  B-hydride elimination

(vil)  Removal of HX by the base.

58



This newly proposed mechanism by Shaw shows that the Pd(II) metallacycle 20 is
coordinated by the alkene, which then undergoes nucleophilic attack to give a c-alkyl
complex.”? The resultant electron rich Pd(IT) complex then undergoes oxidative addition
with an aryl bromide to give a Pd(IV) complex. This then loses an acetate ion to
regenerate coordinated alkene, after migration of the aryl from the palladium complex
to the alkene. With B-hydride elimination and removal of HX (X = halide) by the base
gives the desired product, ArCH=CHY, and the Pd(IT) metallacycle 20.%

The introduction of alkyl or aryl substituents on Pd(II) has been shown to
increase the tendency towards oxidative addition. The metallacycle 20 did not react with
aryl halides until the alkene is added.” This seems surprising at first since coordination
of an alkene to Pd(II) would not be expected to increase the tendency towards oxidative
addition, an important factor being back bonding from d orbitals to ©n" orbitals as the
alkene removes electron density from the metal. However, an alkene on coordination to
a Pd(IT) complex becomes susceptible to nucleophilic attack. This attack can be either
exo or intramolecular addition of Pd-X to the coordinated carbon-carbon double bond,
which results in the alkene converting to a o-alkyl substituents.*?

The Heck type reactions described in sections 2.2.3 - 2.3.5 are believed to work
via a Pd(0)/Pd(IT) redox mechanism. If starting with palladacycle 22 which is in the +II
oxidation state, then a reduction step would be necessary at the start of catalysis, if no

reduction occurs then the process would work via Pd(II)/Pd(IV) cycle.
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2.4 Conclusion and Future work

The formation of the metallated dimeric complex 22 by the reaction of the bulky
triarylphosphite ligand 6 with palladium dichloride at room temperature has been
shown. The subsequent reaction of the complex with one equivalent of
triphenylphosphine resulted in the splitting of the bridge to yield the monomeric
complex 25. The amine derivative 15 was prepared and used for comparative purposes.
Complex 22 was employed as a catalyst for the coupling of various aryl halides with
either n-butyl acrylate or styrene as the alkenes in the Heck reaction. It has high
catalytic activity with turnover numbers of up to 5,750,000 (mol product.molPd™) and
turnover frequencies of up to nearly 3000,000 (mol product.mol Pd’.h™)."* The
monomeric complexes 25 and 15 are similar or less active than the dimeric complex 22.
On consideration of the high thermal and air stability, this complex coupled with the
cheap commercially availability of the ligand tris(2,4-di-fert-butylphenyl)phosphite 6
(at least two orders magnitude cheaper than the commonly used ligand tris(2-
methylphenyl)phosphine) and the easy of synthesis should make these type compounds
attractive for the Heck reaction.

Future work should include a full in-depth study of the reaction conditions for
the Heck reaction with 22 employed as catalysts. That is to screen the catalysts with a
wider range of bases and solvents, to optimise the conditions to their best. Also to
explore the activity of 22 for a wider range of aryl halides, for example more sterically
hindered substrates. A much more detailed look at the reaction pathway would also be
desirable for a continuation of the project. A whole new project could be possible,
which would be designed to examine the pathways of the catalytic cycle using NMR

techniques and possible isolation and characterisation of intermediates with in the cycle.
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2.5  Experimental

2.5.1 General Experimental

All chemicals were commercially available and used without further
purification. DCM was distilled under nitrogen from CaH,. Ethanol was stored over 4 A
molecular sieves. In all catalytic cases, the DMA solution was obtained in a sure-seal™
bottle from the Aldrich. Stock solutions of catalyst were used on account of the low
concentrations. 'H, *'P and *C NMR spectra were recorded on a DPX 400 Bruker
instrument at 400, 162 and 100 MHz respectively. >'P NMR spectra were referenced to
a secondary external standard of PPh; in C¢Hs at & -5.5 ppm. The organic products
formed by the Heck coupling reaction were determined by '"H NMR and compared with
authentic compounds. Gas chromatography analyses were performed on a Varian 3300
gas chromatography, with FID, a 20-metre capillary column and a 4290 integrator. The
GC was calibrated using a calibration curve determined as a result of variation of the

concentrations of samples analysed. Also by preparing and analysis of 50/50 mixtures.
2.5.2 Catalytic procedure

In a three-necked round-bottomed flask (100 ml) aryl halide (50 mmol), alkene
(70 mmol), base (55 mmol), an appropriate amount of catalyst (see table 1) were
suspended in DMA (30 ml) under an atmosphere of nitrogen. The reaction was stirred
and refluxed at a given temperature for a given time (for more information see table 1).
After the appropriate time the reaction mixture was cooled to room temperature and
Et,0 (30 ml). After washing the organic layer with water and drying over MgSO, the

solvents were removed by evaporation and the product analysed by 'H NMR.

2.5.3 Gas Chromatography Analysis

Samples for GC analyses were prepared by taking 1 ml aliquots at the appropriate time
during the course of the catalytic reaction. This was then filtered through a pad of celite,

to remove any palladium residue. The celite is washed with Et;O and 0.5 pL aliquots of

the solution was injected and analysed by GC.
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. ' '
2.5.4 Synthesis of [{Pd(u-Cl){P(OC¢H,-2,6-Bu,)(0C¢H;-2,4-Buy);}},] (22)"

A suspension of P(OC¢H3-2,4-Bu,); 6 (0.364g, 0.564 mmol) and PdCl, (0.100g,
0.564 mmol) in 2-methoxyethanol (7 ml) was heated at reflux temperature for 2 hours
during which time the colour changed from rust brown to pale yellow, some deposition
of palladium metal was observed. The mixture was then allowed to reach room
temperature and the solvent removed in vacuo. The residue was extracted with
dichloromethane (10 ml) and the resultant solution filtered through a pad of celite. The
combined dichloromethane extracts were concentrated in vacuo and ethanol (5 ml) was
added. Subsequent concentration and addition of ethanol lead to the precipitation of
product  [{Pd(u-Cl){P(OC¢H,-2,6-Buy)(OCeHs-2,4-Buy)2}}2]  as  pale  yellow
microcrystals.
Yield 0.4 g, 90%.

Sym-trans-isomer(major)
'H NMR (CDCL): & 1.23 (s, 36H, ‘Bu); 1.24 (s, 18H, ‘Bu); 1.35 (s, 18H, ‘Bu); 1.41 (s,
36H, ‘Bu); 6.94 (dd, 4H, 6-free rings, *Jun = 8.5 Hz, >Jun = 2.5 Hz); 7.08 (s, br, 3H, H3

or H5-metallated rings); 7.37 (d, 4H, H3-free rings >Jun = 2.4 Hz); 7.52 d, br, 2H, H3 of
H5-metallated rings, >y = 5 Hz) and 7.56 (d, 4H, H3-free rings, *Jiu = 9.0 Hz) ppm.

3Ip_{'H} NMR (CDCl): 8119.2 (s, POAr) ppm.

Sym-cis-isomer(minor)

'"H NMR (CDCly): 5 1.17 (s, 18H, ‘Bu); 1.21 (s, 36H, ‘Bu); 1.26 (s, 36H, ‘Bu); 1.34 (s,
18H, ‘Bu); 7.04 (dd, 4H, 6-free rings, *Juy = 8.5 Hz, *Jun = 2.5 Hz); 7.12 (s, br, 2H, H3
or H5-metallated rings); 7.35 (m, br, partly obscured, 4HH3-free rings); 7.40 (d, br, 4H,
H5-metallated rings, *Jin = 8.5 Hz) and 7.69 (d, br, 2H, H3 or H5-metallated rings, *Jun
=17.0 Hz) ppm.

3'P-{'H} NMR (CDCls): 5118.7 (s, POAr) ppm.
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(3 t
2.5.5 Synthesis of [{Pd(p-Cl){P(OC¢H,-2,6-Bu,)(0CeH;-2,4-Bu,),} )] at 298 K.

A suspension of P(OCsH3-2,4-Buy); (0.364g, 0.564 mmol) and PdCl, (0.100g, 0.564
mmol) in dichloromethane (5 ml) and ethanol (5 ml) was stirred at 298 K, for two days.
The yellow precipitate formed was collected by filtration and the residue extracted with
dichloromethane. The solvent was concentrated in vacuo and ethanol (5 ml) added.

Subsequent concentration and addition of ethanol lead to the precipitation of product
1

[{Pd(p-Cl){P(OC¢H,-2,4-Bu,)(OC¢H;-2,4-Buy),} }2] as pale yellow microcrystals.

Yield 0.42 g, 94 %.

Analytical data as above.

2.5.6 Synthesis of [PdCI{P(OC¢H,-2,6-Bu,)(0C¢H;-2,4-'Bu,),},(PPh3)] (25)"

A mixture of 22 (0.100 g, 0.63 mmol) and triphenylphosphine (0.033 g, 0.127 mmol)
were dissolved in dichloromethane (5 ml) and ethanol (5 ml) and stirred at room
temperature for fifteen minutes. The solvent was then removed in vacuo and the residue

recrystallised from dichloromethane/ethanol.

Yield 0.12 g, 90 %.

Melting point 228-230 C

transoid-isomer:

'H NMR (CDCl): & 0.70 (s, 9H, para '‘Bu orthometallated ring); 1.18 (s, 9H, ortho 'Bu
orthometallated ring); 1.33 (s, 18H, para ‘Bu of free rings); 1.52 (s, 18H, ortho 'Bu of
free rings); 6.98 (t, 1H, “Jim = 2 Hz); 7.09 (dd, 2H, “Jim = 2.5 Hz, Jim = 2 Hz); 7.26

(dd, 1H, 5J = 2.5 Hz, %J = 2 Hz; 7.35 (m, br, 15H, phenyl) ppm.

3p_{'H} NMR (CDCly): 8127.9 (d, POAr trans, “Jee = 604.1 Hz); 31.4 (d, PPh; trans,
“Jpp = 604.1 Hz) ppm.
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cisoid-isomer:

'H NMR (CDCl): 8 0.99 (s, 9H, para 'Bu orthometallated ring); 1.30 (s, 18H, para 'Bu
of free rings); 1.31 (s, 18H, ortho ‘Bu of free rings); 1.39 (s, 9H, ortho 'Bu
orthometallated ring); 6.93 (s, br, 1H); 7.00(dd, 2H, *Jiu = 2.0 Hz, >Jyy = 8.5 Hz); 7.21
(d, H, *Juu = 2.5 Hz); 7.41 (m, br, 2H); 7.52 (d, 1H); 7.5 (m, 2H) and 8.48 (dt, 11,
*Jun = 2.0 Hz, *Jun = 6.5 Hz) ppm.

*'P-{'H} NMR (CDCl): & 130.8 (d, POAT cis, *Jop = 40.7 Hz); 17.4 (d, PPh; cis, “Jpp =
40.7 Hz) ppm.

1
2.5.7 Reaction of [{Pd(u-Cl){P(OC¢H,-2,6-Bu,)(0C¢H;-2,4-Bu,),}},] with Et;N
t t
[{Pd(u-Cl){P(OC6H2-2,6- BUZ)(OC6H3-2,4- BUZ)z}}z] (001 g, 0.013 mmol) was
dissolved in CDCl; in an NMR tube to this an excess of triethylamine was added. The
*'P NMR spectrum was recorded on this mixture.

3p_{'"H} NMR (CDCL): & 128.16 ppm, J = 193.4 Hz.

2.5.8 Synthesis of Di-p-chloro-bis(V,N-dimethylbenzylamine-2,C,N)dipalladium
(I (15)'¢

Compound 15 was prepared according to literature'® with a slight alteration only in the

reaction time from 20 hrs to 15 hrs.

'H NMR (CDCL;) & 2.89 (t, J= 10.5 Hz, NCH3, 6H); 3.96 (q, NCH,Ar, 2H); 6.90 (t, J =
7.03, ArH, 2H); 6.99 (t, J=7.03, ArH, 1H); 7.23 (dd, /= 8.03, ArH 1H) ppm.

64



2.6

wn A W N

10
11

12

13
14
15
16
17
18

19
20

21

References

W. A. Herrmann, C. Brossmer, K. Ofele, C.-P. Reisinger, T. H. Riermeier, M.
Beller, H. Fischer, Angew. Chem., Int. Ed. Engl. 1995, 34, 1844.

T. Mizoroki, K. Mori; A. Ozaki, Bull. Chem. Soc. Jpn. 1971, 44, 581.

R. F. Heck; J. P. Nolley, J. Org. Chem. 1972, 14, 2320.

L. P. Beletskaya; A. V. Cheprakov, Chem. Rev., 2000, 100, 3009.

F. Diederich and P. J. Stang, Metal-catalyzed Cross-coupling R<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>