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Abstract

This thesis presents the synthesis of a number of unsymmetrical SCN, N’CN, PCN

and PCS pincer palladacycles. A new synthetic route has been designed towards

unsymmetrical pincer ligands, involving a key Suzuki-Miyaura coupling, yielding the

characteristic biaryl ligand backbone presented.

New unsymmetrical SCN pincer ligands, containing a pyridine and a thioether

ligand were synthesised. A number of substituents were used on the thioether

ligand arm, with various steric demand and electron donating characteristics. These

unsymmetrical ligands underwent C-H bond activation with palladium (II) salts,

yielding the corresponding palladacycles.

In order to investigate the effect of changing the sulphur donor atom, the thioether

ligand arm was replaced by amines in the synthesis of N’CN pincer palladacycles, and

phosphinites in the synthesis of PCN pincer palladacycles. Also changing the pyridine

donor arm to a thioether was investigated, yielding a PCS pincer palladacycle.

The palladacycles were tested in a number of catalytic applications: Suzuki-

Miyaura coupling of sterically demanding and electronically deactivated aryl brom-

ides; cross coupling of arylboronic acids and vinyl epoxides; and catalytic aldol

condensations; revealing differences between the SCN, N’CN and PCN pincer palla-

dacycles.

In order to investigate the differences in catalytic activity, density functional

theory was employed. A palladacycle formation pathway containing a key C-H

bond activation step was investigated for an SCN pincer palladacycle, revealing

differences in energy barriers of the C-H bond activation step depending on whether
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the thioether or the pyridine arm coordinates to the PdCl2 first.

Next, the activation pathway of the palladacycles in the Suzuki-Miyaura coupling

reaction was studied, identifying key transmetallation and reductive elimination

steps. Differences in the overall thermodynamics and kinetics provide explanations

for differences in catalytic activity. The results show that slower release of the

catalytically active Pd(0) species yield a better precatalyst in the Suzuki-Miyaura

coupling reaction, due to the lower propensity to form catalytically inactive palladium

black.

Overall this thesis provides a novel synthetic route to a family of unsymmetrical

pincer palladacycles; their testing in catalytic activity in several applications, revealing

differences in catalytic activity; and a theoretical study into key mechanisms, C-H

bond activation, and catalyst activation in the Suzuki-Miyaura coupling reaction,

which provide a rationalisation to the varying catalytic activities of the unsymmetrical

pincer palladacycles.
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Chapter 1

Introduction

This chapter provides an introduction to symmetrical and unsymmetrical pincer

palladacycles, the concept of hemilability, and the various applications of palladacycles

in catalysis. The chapter also discusses the importance of pincer ligands with other

metals, and details on microwave assisted organic synthesis. All of these details will

be addressed in various chapters throughout this thesis. A thesis overview will also be

provided.

1.1 Palladacycle history

The first examples of palladacycles were demonstrated by Cope and Siekman in

1965,1 with the structures depicted in Figure 1.1. The presence of the Pd-C bond

was confirmed by reaction with LiAlD4 and detection of the resultant deuterated

ligand by mass spectrometry. These palladacycles are dimeric, to maintain the four

coordinate square planar palladium geometry, and can be abbreviated as shown in

Figure 1.2.
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Figure 1.1 Original Cope and Siekman palladacycles.
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Figure 1.2 Abbreviation of Cope and Siekman palladacycles.

The scope of the new Pd-C bond was expanded by Cope and Friedrich from azo

compounds to amines, forming N,N-dimethylbenzylamine palladacycles such as that

presented in Figure 1.3.2
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Figure 1.3 N,N-dimethylbenzylamine palladacycles by Cope and Friedrich.

A wide variety of palladacycles have henceforth been reported, including examples

with more than one carbon atom bound to the same palladium atom (left, Figure 1.4),3

with aliphatic Pd-C bonds (centre, Figure 1.4),4 and the elaborate 9-membered

palladacycle formed by phenylacetylene insertion into the Pd-C bond of Cope and

Friedrich’s N,N-dimethylbenzylamine palladacycle (right, Figure 1.4).5

N

N

Pd

N

P

Pd

Cl

2

tBu

N
Pd

Ph
Ph

Ph

Ph

Cl

Figure 1.4 Further examples of palladacycles.
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Another major development in the field of palladacycle chemistry was the first

pincer palladacycle by Shaw and Moulton (Figure 1.5),6 whereby two donor atoms

coordinate to the palladium in a chelating motif, forming a remarkably stable

compound up to 240 ◦C in air without degradation.

P
t
Bu2

P
t
Bu2

Pd Cl

Figure 1.5 First pincer palladacycle by Shaw and Moulton.

1.2 Classification of palladacycles

Palladacycles normally are formed from either donors of the CY type (with C

representing the metalated carbon, and Y the donor atom), or donors of the YCY

type (Figure 1.6). For the CY ligands, to maintain a 16 electron palladium centre,

dimers are formed, and two different isomers are possible, the cisoid, or the transoid

configuration (Figure 1.7).

Pd

C PdC

2

Figure 1.6 CY and YCY palladacycle classification for donor ligands.

C

Pd

Y

X

X

Pd

C

Y
cisoid transoid

C

Pd

Y

X

X

Pd

Y

C

Figure 1.7 Cisoid or transoid dimeric palladacycles.

1.2.1 CY palladacycles

There are a plethora of examples of the CY type (Figure 1.6), ranging from the

first palladacycle by Cope and Siekman,1 and can exist as monomeric palladacycles

with coordinating groups such as pyridine, or as cationic, or anionic palladacycles

(Figure 1.8).7
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N

Pd

Py

Cl
N

Pd
MeCN

MeCN

BF4
-

N

Pd
Cl

Cl

NR4
+

Monomeric Cationic Anionic

Figure 1.8 Monomeric, cationic, and anionic palladacycles.

1.2.2 Symmetrical YCY pincer palladacycles

YCY pincer palladacycles are now widely reported, with SCS examples such as

in Figure 1.9,8 NCN examples such as in Figure 1.10,9 PCP examples such as in

Figure 1.1110 and also SeCSe examples in Figure 1.12.11

PdS S

Cl
PdS S

Cl

Figure 1.9 Symmetrical SCS pincer palladacycles.

PdMe2N NMe2

Cl Me2N NMe2

Pd Pd
TfO OH2

N N
OTf

Figure 1.10 Symmetrical NCN pincer palladacycles.

O

PdPh2P

O

PPh2

TFA

PdPh2P PPh2

Cl

Figure 1.11 Symmetrical PCP pincer palladacycles.

Se Pd Se

Cl

Se Pd Se

Cl

OMeMeO

Figure 1.12 Symmetrical SeCSe pincer palladacycles.
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The majority of pincer palladacycles are symmetrical, due to their ease of syn-

thesis. For example, a simple route to the palladacycles discussed above is from

1,3-bis(bromomethyl)benzene, which readily undergoes nucleophilic displacement by

nucleophilic donor atoms, such as in Scheme 1.1, followed by transcyclopalladation

shown by Yao et al.12

Br Br

PhSeSePh

NaBH4

EtOH

Se Se
Ph Ph

Pd

NMe2

Cl

2

AcOH, PhH Se Se
Ph Ph

Pd

Cl

Scheme 1.1 Symmetrical SeCSe pincer palladacycle synthesis demonstrated by
Yao et al.

1.2.3 Unsymmetrical YCY’ pincer palladacycles

Unsymmetrical pincer palladacycles, YCY’ where Y and Y’ groups are not equal,

are much less commonly studied mainly due to their more difficult synthesis, as

compared to the 1,3-bis(bromomethyl)benzene route shown in Scheme 1.1. For

example, Szabó and co-workers synthesised unsymmetrical PCS pincer palladacycles

from the same 1,3-bis(bromomethyl)benzene starting material, however the synthesis

was not chemoselective, resulting in mixtures of intermediates, and an overall yield

of 38 %.13
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Br Br

LiPHPh2.BH3

PPh2 Br
H3B

PPh2 Ph2P
H2B BH3

Br Br

THF
RT

PhSH, K2CO3

[18]crown-6

PPh2 SPh
H3B

PPh2 Ph2P
H3B BH3

SPh SPh

51 %

HBF4.Et2O

aq. NaHCO3

PPh2 SPh

38 %

Figure 1.13 Synthesis of an unsymmetrical PCS ligand from 1,3-
bis(bromomethyl)benzene by Szabó and co-workers.

The number of unsymmetrical pincer palladacycles is increasing, with many

based on the same ligand archetecture as the example shown in Figure 1.13. Wendt

and co-workers14 synthesised an unsymmetrical PCN pincer palladacycle from 3-

methylbenzoate to circumvent the issue of chemoselectivity when starting from

1,3-bis(bromomethyl)benzene (left, Figure 1.14). The Wendt example is an unsym-

metrical pincer palladacycle with different donor atoms, however other unsymmetrical

pincer palladacycles include unsymmetrical N’CN examples, where despite both being

nitrogen donor atoms, they are in different chemical environments. For example,

work by Song and co-workers15 provided an unsymmetrical N’CN pincer pallada-

cycle (centre, Figure 1.14) from benzene-1,3-dicarboxaldehyde followed by mono

bromination to yield the unsymmetrical ligand backbone. Another example re-

ported includes a NCS pincer palladacycle (right, Figure 1.14) synthesied from

3-bromobenzaldehyde by Odinets and co-workers.16 These show the variety of meth-

ods used to desymmetrise palladacycles based on the same design as that synthesised
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from 1,3-bis(bromomethyl)benzene.

Pd2N P
t
Bu2

Cl

PdN NEt2

Cl

O

PdN

P

Cl

Figure 1.14 Unsymmetrical pincer palladacyclces.

Another interesting route to unsymmetrical pincer palladacycles was reported by

Dupont and co-workers,17 yielding palladacycles with very different backbones to

that shown previously, resulting from trans-chloropalladation of alkynes. This also

provided an example of a palladacycle with a pyridine donor ligand to palladium.

Y Pd NMe2

Cl

Cl

Y = StBu, NMe2 or PPh2

Pd NMe2

Cl

Cl

O
P
Ph2

MeS Pd NMe2

Cl

Cl

N

Cl

Pd

Cl

tBuS

Figure 1.15 Unsymmetrical pincer palladacycles synthesised via trans-
chloropalladation by Dupont and co-workers.

1.2.4 Pyridine containing palladacycles

A number of pyridine based palladacycles have been reported, including by Callear

et al. based on 2-(thiophen-2-yl)pyridine (top left, Figure 1.16);18 other examples

synthesised by chloropalladation have been reported by Dupont and co-workers

(top centre and right, Figure 1.16);19 an example bound to a polyoxometalate by

Thorimbert and co-workers (bottom left, Figure 1.16);20 and other examples by Solan

and co-workers (bottom centre, Figure 1.16)21 and Cárdenas et al. (bottom right,

Figure 1.16).22
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N

Pd

S

PPh3

AcO N Pd N

Cl

Cl

N

Cl

Pd Cl

2

N

Pd

NCCD3

N

Polyoxometalate

N
Pd

N

OAc
N NPd

Cl

Figure 1.16 Pyridine containing palladacycles.

1.3 Hemilability

An advantage of unsymmetrical palladacycles is the opportunity to fine tune the

steric and electronic properties of the donor atoms. For example, it is possible to

modify the properties using a number of options, including substitutents on the

donor atoms, giving the ability to alter the hard/soft properties of the Lewis base;

the ability to alter ring sizes to change the steric properties at the palladium centre,

with mixed ring sizes; and also alter the donor atom substituents to vary the steric

properties of the palladacycle.23

The potential for hemilability24–26 has been widely discussed as an advantage

for the design of new unsymmetrical pincer palladacycles. Hemilability is the

combining of different physical and chemical properties of donor ligands possible in

unsymmetrical, or hybrid, pincer ligands, resulting in preferential decoordination

of one of the ligand arms. This has been discussed on numerous occasions for

unsymmetrical pincer palladacycles: an excellent example by Wendt and co-workers

investigated the potential hemilability of phosphorus and nitrogen donor ligands,

by exposing the palladacycle to weak and strong nucleophiles, showing that a

strong nucleophile (MeLi) can substitute the amine donor arm, whilst leaving the

phosphorus donor arm still coordinated, demonstrating the different palladium donor

atom interactions (Scheme 1.2).14
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Pd2N Pt 2

Cl

Pd

2N

Pt 2

Scheme 1.2 Hemilability investigation by Wendt and co-workers.

Catalytic investigations using a CNS pincer palladacycle discuss the likely hemil-

abile effect of thioether ligand decoordination to generate catalytic sites by Grévy

and co-workers;27 the potential hemilabile effect of Pd-C bonds were also investigated

for a NC pincer palladacycle by Sarker and co-workers28 evidenced by interconversion

of two isomers resulting in enantiomeric structures, suggesting the hemilability of

the Pd-C bond. Hemilability has also been investigated for a variety of other pincer

complexes, including unsymmetrical platinum pincer PCN complexes, where it was

found by Milstein and co-workers29 that amine arm lengths, either forming 5 or 6

membered rings have significant hemilabile effects, and similarly for PNS ruthenium

complexes by the same group.30

Clearly the potential for hemilability, and different propensity for palladium

donor atom decoordination provide the desire to synthesise a range of unsymmetrical

pincer ligands to attempt to exploit this effect in catalysis.

1.4 Applications of palladacycles

Palladacycles have found application in a plethora of cases, ranging from common

C-C, C-N or C-X bond formation, C-H bond activation processes, to exploiting

luminescence properties.31 Since the first reported use of palladacycles in catalytic

C-C bond coupling in the Suzuki-Miyaura32 (discussed in more detail in Section

4.1.2) and Heck reactions,33 by Herrmann, Beller and co-workers, the application

of palladacycles in other bond formation reactions have been studied. In addition

to the numerous examples of application of palladacycles in the Suzuki-Miyaura

coupling between boronic acids and organic halides,15,27,34–42 and the Heck coupling

between alkenes and organic halides;12,43–47 examples include the coupling of organic
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halides in the Sonogashira coupling with terminal alkynes,47–50 the Stille coupling

with organotin reagents,50–52 the Kumada coupling with Grignard reagents,51 the

Negishi coupling with organic zinc,53 and the homocoupling of organic halides.50,54

A general summary of coupling reactions performed using a number of palladacycles

is provided in Scheme 1.3.

B(OH)2

R

Suzuki-Miyaura

R

R

Heck

R H

R

Sonogashira

R SnR3

R

Stille

R MgX

R

Kumada

R

R ZnX

R

Negishi

X

Homocoupling

Scheme 1.3 Cross coupling reactions perfomed using palladacycles.

The Pd(II)/Pd(0) coupling reactions discussed above result in the degradation of

the palladacycle backbone and formation of Pd(0) species, resulting in the inability

for enantioselective processes. Examples discussed below occur via a Pd(II)/Pd(II)

mechanism with retention of the palladacycle structure, allowing the possibility of

enantioselective transformations.

Palladacycles also have received application in other types of C-C bond formation,

for example in aldol and Michael reactions.7,55–58 A particularly interesting example
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of aldol condensations was reported by Szabó and co-workers13 which generated

interesting results exhibiting differences between symmetrical and unsymmetrical

pincer palladacycles. The aldol condensation studied is shown in Scheme 1.4 with

the palladium SCS, PCP or PCS pincer catalysts. It was found that the turnover

frequency (TOF) was highest for the PCS palladacycle (75) compared to the SCS (46)

and the PCP (17), however different cis to trans ratios were found for each catalyst,

with the PCS and SCS examples achieving approximately ≈ 60 % trans, whereas the

PCP example gave 82 % of the trans product. It was found that the PCS and SCS

acted as precatalysts in this reaction, whereas the PCP example was the real catalyst.

This was attributed to the weaker Pd-S bond, allowing Pd-S bond decoordination,

an example of hemilability, followed by coordination of the isocyanide, resulting in

the faster reaction (higher TOF) as the reaction proceeds via a different mechanism.

This provides interesting evidence that combining the different ligand effects in the

same molecule is a desirable strategy. The same aldol condensation has been studied

using a dendritic bound symmetrical NCN pincer palladacycle,59 and other examples

of aldol condensations also been studied using palladacycles.58,60–62

O
CN

O

[Pd]
iPr2EtN

CH2Cl2

N

O
H

MeO2C

Ph
H

N

O
H

MeO2C

Ph
H

trans cis

PdPh2P SPh

Cl

PdPhS SPh

Cl

PdPh2P PPh2

Cl

PCS SCS PCP

Scheme 1.4 Aldol condensation investigation by symmetrical, SCS and PCP, and
unsymmetrical PCS pincer palladacycles by Szabó and co-workers.

In the same paper by Szabó and co-workers,13 the palladacycles were tested in the

tandem catalytic approach of stannylation of allyl chlorides, followed by allylation of

aldehydes or imines. This is exemplified in Scheme 1.5 and differences were found

between the symmetrical and unsymmetrical pincer palladacycles. The symmetrical
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PCP pincer was inefficient in the stannylation reaction, whereas performed well in

the allylation reaction, though the PCS example performed well in both reactions,

taking advantage of the π-acceptor characteristics of the P atom, and the σ-donation

capability of the S ligand.

Cl

[Pd]

SnMe3R

Me3SnSnMe3 O H

NO2

R

OH

NO2

[Pd]

Stannylation

Pd2P

Cl

Pd2P 2

Cl

Pd

Cl

PCP

Scheme 1.5 Tandem stannylation and allylation by Szabó and co-workers.

Included in the tandem catalysis by Szabó and co-workers (Scheme 1.5)13 is the

interesting allylation of aldehydes and imines.55 This reaction is another important

C-C bond coupling reaction. Other examples of allylation of aldehydes and imines

were performed by other groups include those by Yao and Sheets, using a SePdSe

palladacycle (Scheme 1.6);63 and enantioselective versions using a chiral BINOL-based

palladacycle by Bedford and co-workers (Scheme 1.7).64

O
SnBu3

PdPhSe SePh

OAc

Scheme 1.6 Catalytic allylation of aldehydes using a SePdSe pincer palladacycle
by Yao and Sheets.
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Pd

O

P

O

P

Cl

tButBu

O
O

O
O

3

Ph H

O

Ph

OH

Scheme 1.7 Enantioselective catalytic allylation reaction catalysed by a BINOL-
based palladacycle by Bedford and co-workers.

An interesting mechanic investigation has been performed by Le Floch and

co-workers using DFT into potential mechanisms for palladacycle catalysis where

they act as a Lewis acid, and by η1-allyl palladium allyl complexes for palladacycle

catalysed allylation reactions (Scheme 1.8), revealing that the Lewis-acid catalysis

pathway is favoured (∆G‡ = 15.6 kJ mol−1) over the allyl palladium pathway (∆G‡

= 22.6 kJ mol−1). The B3PW91 functional was used with a 6-31+G(d) basis set for

all atoms other than palladium, and the SDD effective core potential for palladium.65
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attack
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O

CH2

SnMe3

Scheme 1.8 Investigation into possible mechanisms for allyltin allylation by Le
Floch and co-workers.

Michael additions catalysed by a palladacycle were reported by Richards and

co-workers for the reaction between α-cyanocarboxylates and methyl vinyl ketone,

with the palladacycle acting as a Lewis acid catalyst (Scheme 1.9),60 and examples

have been reported by a number of other groups.66–68

CN
OEt

O

O
O O

CO2EtNC

Scheme 1.9 Michael addition by Richards and co-workers.
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Another application of palladacycles are to undertake catalytic C-H bond activa-

tion, via in situ generated palladacycles, along with oxidising iodonium salts. The

direct coupling of an aryl group with a C-H bond to form C-C bonds is a desirable

route, as the use of other reagents such as boronic acids are not required, as in the

case of the Suzuki-Miyaura coupling reaction.31

An example of this is shown in Figure 1.17 using Pd(OAc)2 to catalytically arylate

benzodiazepine based systems, forming in situ generated palladacycles bound to the

nitrogen of the imine functional group.69 This work has further been expanded to

synthesise a range of these arylated examples.70

N

N
O

Pd(OAc)2

H

N

N
O

Pd

AcO
2

Ph2I
+

N

N
O

Ph

Figure 1.17 Catalytic C-H bond actvation via palladacycles by Spencer et al.

A further application of pincer palladacycles in catalysis is in the catalytic

cross coupling of vinyl epoxides and aziridines with boronic acids by Szabó and

co-workers.71 These redox free reactions occur with palladium remaining in the +2

oxidation state. An example of a coupling reaction with a symmetrical SeCSe pincer

palladacycle is shown (Scheme 1.10) and it was found however the ratio of products

A to B gave product A in a substantial majority (11:1). This was significantly

different than when [Pd2(dba)3] was used as the catalyst (A:B 7:3). A catalytic cycle

was proposed (Scheme 1.11) suggesting that the palladium retains its structure and

remains in the +2 oxidation state.
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O

B(OH)2

HO

HO

A

B

PdSe Se

Cl

Scheme 1.10 Pincer palladacycle catalysed vinyl epoxide coupling with phenyl
boronic acid by Szabó and co-workers.

O

HO

PdSe Se

Cl

PdSe Se

B(OH)2

CsCO3

B(OH)n

Scheme 1.11 Proposed catalytic cycle for vinyl expode coupling to phenylboronic
acid by Szabó and co-workers.

Another example of palladacycle catalysis where the palladacycle retains its

ligated structure, rather than being reduced to Pd(0), was reported by Hou and

co-workers in their catalytic ring opening study of oxabicyclic alkenes with organozinc

halides.72 The reaction performed is shown in Scheme 1.12, and was found to proceed

in 95 % yield. The reaction was monitored using 31P NMR to provide evidence of

retaining the palladacycle structure.
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O Ph ZnBr

Pd
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O

BrPh3P
OH

Ph

Scheme 1.12 Palladacycle catalysed ring opening of oxabicyclic alkenes with
organozinc halides by Hou and co-workers.

1.5 Pincer ligands with other metals

The use of pincer ligands has been discussed with palladium, however pincer ligands

are also widely used with a number of other metals.73 Many symmetrical examples

are reported (with either N or C central donor atoms), including Ir PNP pincers

by Milstein and co-workers (left, Figure 1.18),74 and Li and co-workers (centre,

Figure 1.18),75 and Ir PCP pincers by Krogh-Jespersen et al. (right, Figure 1.18).76

N

PtBu2

PtBu2

Pt 2

Pt 2

2

2

H

H

Figure 1.18 Ir containing symmetrical phosphorus pincers.

Ruthenium pincer complexes have also been reported, with examples by Milstein

and co-workers, such as the unsymmetrical PNS pincer (left, Figure 1.19),30 and

PNN’ pincers (centre and right, Figure 1.19).77

N

PiPr2

SiPr

Ru CO

Cl

H

N

P
tBu2

NEt2

Ru CO
H

N

P
tBu2

N

CO
H

Cl

Figure 1.19 Milstein and co-workers’ ruthenium containing pincer complexes.

A number of other metals have been used, including symmetrical NCN pincers by

van Koten and co-workers, with Ni (left, Figure 1.20);78 and Sn (centre, Figure 1.20);79

unsymmetrical PCN platinum pincers have also been reported by Milstein and co-

workers (right, Figure 1.20).80
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NMe2
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Ni Cl

NMe2
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PtBu2
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Figure 1.20 Metal pincer complexes of Ni, Sn and Pt.

Another interesting case of using other metals is in dimetallic pincer complexes,

with a pincer palladacycle bound to a ruthenium atom by Klein-Gebbink and co-

workers. Both unsymmetrical,81 and symmetrical pincer palladacycles (Figure 1.21)

are reported.82 These bimetallic complexes are synthesised by treating the unsymmet-

rical pincer palladacycles with [Ru(C5H5)(MeCN)3]PF6 or [Ru(C5Me5)(MeCN)3]BF4

in dichloromethane. It was found that the symmetrical examples were effective cata-

lysts for the coupling between trans-phenylvinylboronic acid and vinylepoxide.82

Ru

Pd

PCy2

SiPr

Cl
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O PiPr2

Cl
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SiPr
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BF4PF6BF4

Symmetrical

Pd

SiPr

SiPr

Cl

4

Pd

PiPr2

PiPr2

Cl

4

Figure 1.21 Bimetallic pincer ruthenium palladium complexes by Klein Gebbink
and co-workers.

Another family of pincer ligands are the trianionic ligands, and these have been

recently reviewed by Veige and O’Reilly,83 with reports included by Veige and

co-workers on symmetrical trianionic NCN pincer ligand coordinated to hafnium

(left, Figure 1.22),84 chromium (centre, Figure 1.22),85 and a uranium example by

Gambarotta and co-workers (right, Figure 1.22).86
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Figure 1.22 Trianionic symmetrical NCN pincer complexes with hafnium, chro-
mium and uranium.

1.6 Microwave assisted organic synthesis

The use of microwave radiation in organic synthesis originated in the 1980s,87,88 and it

was found to drastically reduce reaction times and provide fewer side reactions. The

use of microwaves in organic chemistry is now widespread, with numerous reviews

covering the thousands of reported examples.89–91

One of the main advantages of using microwave irradiation is that a uniform

temperature is achieved during the reaction, eliminating hot spots which can cause

side reactions. This is exemplified in Figure 1.23 by Kappe and co-workers,92 where

traditional heating heats the walls of the vessel, and the centre of the vessel is only

heated by convection currents and efficient stirring, causing a temperature gradient;

whereas microwave irradiation causes a more constant temperature, by heating the

whole solution.93

Figure 1.23 Temperature gradients in a vessel heated by traditional heating (left),
and microwave irradiation (right), taken from Kappe and co-workers.

The explanation for this difference in temperature gradient is due to the mode of
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heating: in the traditional heating method, the heating of the solution occurs via

conduction from the vessel walls, causing a higher temperature at the vessel wall, as

compared to the centre. In microwave irradition, the heating occurs via radiation

with a frequency of approximately 2.45 GHz90 which causes molecules with dipole

moments to rotate via the dipolar polarisation mechanism. Ions in the solution are

heated via the conduction mechanism by moving with the applied electric field.94,95

The motion caused by these two modes cause the solution to heat, generating the

energy for chemical reactions. Therefore for effective microwave heating, polar

molecules and/or ions are required as the solvent or solute to heat the reaction.

The ability of solvents or solutes to efficiently heat the reaction at specific

temperatures is measured by its loss tangent, tan δ. A large value of tan δ suggests

lots of microwave energy is transferred to the molecules, providing effective microwave

heating, as evident in highly polar solvents such as ethanol or DMSO, whereas smaller

tan δ values for non-polar solvents suggest poor solvents for microwave heating, such

as hexane or toluene. The microwave vessels made of glass also have very small

tan δ meaning all of the microwave energy is used to heat the solution, rather than

the reaction vessel, minimising temperature gradients. A number of tan δ values at

2.45 GHz and at 20 ◦C is provided in Table 1.1.90

Table 1.1 Selection of loss tangent, tan δ, values for various solvents, at 2.45 GHz
and 20 ◦C.

Solvent tan δ
Ethylene glycol 1.350

Ethanol 0.941
DMSO 0.825

Methanol 0.659
Acetic acid 0.174

DMF 0.161
Water 0.123

Chloroform 0.091
Acetonitrile 0.062

THF 0.047
DCM 0.042

Toluene 0.040
Hexane 0.020
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1.7 Thesis overview

Due to the increasing interest in unsymmetrical pincer ligands in the formation

of palladacycles and involving metals other than palladium, this thesis presents

a new synthetic route towards unsymmetrical SCN, N’CN, PCN and PCS pincer

ligands, with late stage diversification allowing facile library generation. These

unsymmetrical pincer ligands provide the potential for hemilability, combining the

different Lewis basicities of sulphur, nitrogen and phosphorus with palladium. These

pincer ligands were selected to undergo C-H bond activation to synthesise the family

of unsymmetrical pincer palladacycles.

Due to the plethora of examples reported for application of palladacycles in C-C

bond coupling reactions, this allows a useful benchmark to study their catalytic

activity compared to similar reported examples. Therefore the palladacycles are

tested in the Suzuki-Miyaura coupling reaction, revealing differences in their catalytic

activity. The underlying chemical and physical properties of these ligands and

palladacycles are investigated using density functional theory in order to rationalise

the varying catalytic activity.

The ligands and palladacycles synthesised may find additional applications in

some of the areas discussed in this chapter such as other catalytic applications, or

formation of bimetallic complexes. The ligands could also be used for ligation to

different metal centres to take advantage of different catalytic applications.

Chapter 2 provides theoretical details of the density functional theory calculations

presented in this thesis, along with a method validation study to determine an

appropriate computational methodology. This work has been published in Dalton

Transactions.96 A new synthetic route to an SCN pincer palladacycle and a density

functional theory investigation into a possible formation reaction pathway is presented

in Chapter 3. This work has been published in Royal Society Open Science.97

This synthesis is expanded to a family of SCN pincer palladacycles, along with

a catalytic investigation in the Suzuki-Miyaura reaction, and a density functional

theory investigation into the catalyst activation pathway is presented in Chapter 4.
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A manuscript is in preparation of this work. Chapter 5 studies a modified synthetic

route to N’CN unsymmetrical pincer palladacycles and the Suzuki-Miyaura coupling

and catalyst activation pathway is studied. This manuscript is also in preparation.

In Chapter 6 the studies are expanded to PCN and PCS pincer palladacycles. Finally

Chapter 7 provides an analysis and comparison of the SCN, N’CN, PCN and PCS

pincer palladacycles in catalysis, and the rationalisation of their catalytic activity

provided by the density functional theory calculations.
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Chapter 2

Theoretical details and a

computational method validation

study

This chapter describes the theoretical background to the computational results presented

in this thesis, including density functional theory (DFT), basis sets, and Atoms

in Molecules analysis. Several DFT computational methodologies are tested, and

analysis undertaken to ascertain the optimum methodology for the accurate prediction

of experimental X-ray crystal structures for symmetrical pincer palladacycles. This

is undertaken by studying the cartesian coordinates of experimental and calculated

structures obtained for a number of computational methodologies by using the Quatfit

program, and by comparing all bonded, and interatomic distances. This analysis has

been published in Dalton Transactions.96

2.1 Density functional theory (DFT)

2.1.1 Introduction

Density functional theory is a computational methodology which can be used to

investigate a number of properties of molecules, such as geometries, energies, electron
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density, and spectral data such as IR/Raman and NMR. Compared to traditional

wavefunction based methods, such as Hartree-Fock theory (HF) and Möller-Plesset

perturbation theory (MP2), DFT provides the opportunity to accurately predict the

properties mentioned above at much lower computational cost.

The theory behind DFT, devised by Hohenberg and Kohn,98 is that there is a one-

to-one relation between the ground state energy of a molecule and its electron density,

ρ, a physical observable (as compared to the wavefunction used in wavefunction

based methods, which is not a physical observable). The energy as a functional of the

electron density (2.1) contains several terms: the kinetic energy (T [ρ]); the potential

energy between the nuclei and electrons (Ene[ρ]); and the electron-electron repulsion

(Eee[ρ]).99,100

E[ρ] = T [ρ] + Ene[ρ] + Eee[ρ] (2.1)

The electron-electron repulsion (Eee[ρ]) is composed of classical coulomb repulsion

(J [ρ]) and the exchange term (K[ρ]), giving (2.2). The exchange term arises due to

the non-classical antisymmetry principle. The problem with this formalism is that,

although exact in principle, the kinetic energy, T [ρ], is poorly treated using a simple

analytical formula, yielding unsatisfactory results.

E[ρ] = T [ρ] + Ene[ρ] + J [ρ] +K[ρ] (2.2)

Developments by Kohn and Sham,101 altered the way this troublesome kinetic

energy was treated. They hypothesised that the kinetic energy could be split into

two different terms, one of which could be solved by introducing one-electron orbitals,

termed TS[ρ], and the remaining unknown part included along with the exchange

term K[ρ] in the exchange correlation term, EXC [ρ], represented in (2.3).102

EXC [ρ] = (T [ρ]− Ts[ρ]) + (Eee[ρ]− J [ρ]) (2.3)

Up until this point, unlike in wavefunction based methods, orbitals were not used
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in DFT, however to calculate TS[ρ] Kohn and Sham proposed the use of orbitals to

solve this term exactly, giving (2.4).

ρ(r) =
N∑
i=1
|ψi(r)|2 (2.4)

The inclusion of these Kohn-Sham orbitals gives rise to the Kohn-Sham equation

(2.5),99 with VXC [ρ] the exchange-correlation potential, which is the functional

derivative of the exchange-correlation energy. In this equation everything other than

VXC(r1) can be evaluated, which remains unknown.

− h̄2

2me

∇2
1 −

N∑
j=1

Zje
2

4πε0rj1
+
∫ ρ(r2)e2

4πε0r12
dr2 + VXC(r1)

ψi(r1) = εiψi(r1) (2.5)

The exchange correlation term is composed of the non-classical exchange energy;

the dynamic correlation energies arising from electron-electron interactions; and

kinetic energy not included when calculating assuming non-interacting electrons.100,103

The choice of density functional method used (how VXC(r1) is treated) is imper-

ative to get the most accurate results for a particular type of system. However, as

there is no systematic way to improve the quality of exchange correlation density

functionals, method validation is crucial to check the validity of the results obtained

from the chosen method.

2.1.2 Exchange correlation functionals

Local, and spin, density approximation

The Local Density Approximation (LDA), the simplest form of the exchange correla-

tion functional, is derived from a uniform homogeneous electron gas, and does not

take into account electron spin. The approximation is that the electron density is

evenly distributed throughout space, which is not ideal as electron density is more

likely to be found around nuclei.

The LDA method uses the ELDA
X exchange functional, which can be written as



28

(2.6),104 dependent only on the electron density, ρ, with C a constant, (2.7) and

is termed slater exchange. This LDA exchange functional forms the basis of many

other density functionals, albeit with the addition of extra terms.

ELDA
X [ρ] = −CX

∫
ρ4/3(r)dr (2.6)

CX = 3
4

(
3
π

)1/3

(2.7)

Increasing in complexity is the local spin density approximation (LSDA) which

includes the electron spin, allowing the calculation of systems with unpaired elec-

trons.100 The exchange term is expressed in (2.8) and takes into account the spin of

the electrons (α and β).

ELSDA
X [ρ] = −21/3CX

∫
(ρ4/3
α (r) + ρ

4/3
β (r))dr (2.8)

The correlation functional for LDA and LSDA was obtained from numerical

quantum Monte-Carlo simulations of the homogeneous electron gas by Ceperly and

Alder in 1980.102 In Gaussian 09, when LSDA is specified, the Vosko, Wilk and

Nusiar LSDA correlation functional is employed (based on the Ceperly and Alder

simulations), combined with slater exchange, forming the S-VWN functional, with

LSDA exchange and correlation, again dependent only on ρ. The issue with LSDA is

that it typically overestimates the exchange energy by ≈ 10 %.105 It also overestimates

binding energies and overly favours high spin state structures.104 The general form of

the LSDA correlation functional is shown in 2.9 which depends only only the density

of the electrons, ρ.106

ELSDA
C [ρ] =

∫
d3rρ(r)εC(ρα(r), ρβ(r)) (2.9)
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Generalised gradient approximation

LSDA only depends on the electron density (ρ), and although giving satisfactory

results, to correct for the overestimation of the exchange energy, the gradient of the

electron density can be incorporated, in the generalised gradient corrected functionals

(GGA). These functionals are a significant improvement on the homogeneous uniform

gas method. The inclusion of the gradient of the electron density takes into account

that electron density is not going to be homogeneous.

The general form of the exchange term of the generalised gradient approximation

(GGA) functionals is shown in (2.10)102 and it can be seen that the exchange

functional now depends on both the electron density, ρ, and the gradient of the

electron density, ∇ρ for each of the α and β electrons.

EGGA
X [ρα, ρβ] =

∫
f(ρα, ρβ,∇ρα,∇ρβ)dr (2.10)

The form of the correlation term of a generalised gradient functional as proposed

by Perdew in 1986106 is shown in 2.11, clearly showing the inclusion of an extra term

which encompasses the gradient of the electron density, ∇ρ.

EP86
C [ρ] =

∫
d3rρεC(ρα, ρβ) +

∫ d3rd−1e−ΦC(ρ)|∇ρ|2
ρ4/3 (2.11)

The range of density functional methods depend on the combination of functionals

for the separate exchange and correlation portions.100

An example of a GGA functional tested in this method validation study includes

BP86,107 which combines the gradient-corrected exchange correlation functional (EX)

B88, and P86 gradient-corrected correlation energy functional (EC), forming the

BP86 functional implemented within Gaussian 09.108

The B88 exchange functional developed by Becke,105 is shown in (2.12) where

β = 0.0042 a.u., σ represents the α or β electrons, and xα is represented in (2.13),

introducing the gradient of the electron density, ∇ρ. It adds corrections to the LSDA

exchange functional, therefore building on the already determined LSDA functional.
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EB88
X = ELDA

X − β
∑
a

ρ4/3
σ

x2
σ

1 + 6βsinh−1xσ
d3r (2.12)

xσ = |∇ρσ|
ρ

4/3
α

(2.13)

Many GGA exchange and correlation functionals have been developed, however

they all include the key ∇ρ term to take into account the gradient of the electron

density.

Meta generalised gradient approximation

In a further improvement on the GGA functionals, the second derivative of the

electron density can be used, the Laplacian of the electron density (discussed fully in

Section 2.5), however, due to computational difficulties the kinetic energy density is

used, which varies with the energy density in the same way.109 Examples of meta

GGA (m-GGA) functionals discussed in this work include TPSS110 and M06L.111

Hybrid functionals

Hybrid functionals include an extra layer of complexity, in the aim to improve the

results obtained from DFT. In HF theory the exchange term, K is evaluated exactly

for a non-interacting electron system. The theory behind hybrid functionals is the

adiabatic connection, which can be represented as in (2.14) where λ is the degree

of interaction between electrons. At λ = 0 this is the ideal non-interacting case,

where there is no contribution to the correlation of the exchange functional, and the

only contribution is the non-interacting exchange functional. As λ moves smoothly

towards 1, you increase the degree of electron correlation. At λ = 1 the electrons are

fully correlated in the exchange functional.

EX =
∫ 1

0
〈ψ(λ)|VX |ψ(λ)〉 dλ (2.14)

If at λ = 0 the exchange correlation functional consists only of an exchange
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contribution, and in HF the exchange term K is exact, this term can then be

calculated using the Kohn-Sham orbitals and included as exact HF exchange. This is

especially useful as the majority contribution to the exchange correlation functional

is the exchange term.102 However correlation is vital for chemical accuracy.

The advantage of adding the HF exchange term is that it is exact for non-

interacting electrons, however it does not include the correlation effects, when λ > 0.

Therefore, combined use of exact HF and DFT exchange retains the correlation

effects from the DFT exchange functionals, however includes the exact HF exchange

for non-interacting electrons.100

In this case, an exchange term from HF can be added, providing a new form for

the exchange correlation functional (2.15), with different values of constants, c to

form the new functional, to connect the non-interacting electrons (λ = 0) and fully

interacting electrons (λ = 1).112

EXC
hybrid = cHFE

X
HF + cDFTE

XC
DFT (2.15)

The HF exchange can be added to GGA functionals, to make a GGA-hybrid

functional such as B3LYP107,113 discussed in this work, or to mGGA functionals to

make the ωB97XD,114 and M06115 mGGA-hybrid functionals discussed in this work.

The mostly widely used functional is B3LYP and is used in approximately 80 % of

publications up to 2009.104 It combines LSDA, Becke GGA and HF exchange terms,

with LSDA and LYP correlation. The General form of B3LYP is shown in (2.16)

where a = 0.20, b = 0.72, and c = 0.81 and are fitted semiempirically. Therefore

the B3LYP functional consists of 20 % HF exchange, with 80 % Becke’s GGA DFT

exchange and 100 % Lee, Yang and Parr’s DFT correlation (consisting of 19 % LSDA

and 81 % GGA correlation).

EB3LY P
XC = (1− a)ELSDA

X + aEHF
X + b∆EB

X + (1− c)ELSDA
C + cELY P

C (2.16)
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2.2 Using density functional theory to study non-

covalent interactions

A draw back for density functional theory, is that it has often been shown to struggle

when modelling non-covalent interactions, especially the difficult to model dispersion

forces.116–121

Post HF methods including MP2, MP4 and CCSD(T) are capable of accurately

modelling non-covalent interactions, and as they include the non-dynamic electron

correlation, can accurately model long range non-covalent interactions,120,121 however

they are computationally expensive, in comparison to modern DFT methods.

The ωB97XD functional has been designed in order to more accurately model

non-covalent interactions, without the additional expense of post-HF methods. This

functional provides the opportunity for DFT to more accurately model non-covalent

interactions, with the addition of an empirical dispersion correction to correct for

the attractive dispersion forces.114

The functional is a hybrid, analogous to B3LYP discussed. However, this func-

tional includes 100 % HF exchange at long range, whilst using a smaller percentage

of HF exchange at short distance (22 % for ωB97XD). At long range the exchange

functional dominates, and therefore addition of exact HF exchange is advantageous.

At short range the correlation term has greater importance, resulting in the smaller

HF exchange. The X term in ωB97XD denotes the variable HF exchange at short

and long distance, and the ω term denotes the separation between short and long

range exchange, and in ωB97XD is 0.2 a0
−1.114

In order to address the issue with long range dispersion interactions, an empirical

dispersion term is added, denoted by D in the functional. The dispersion force is

an attractive force, responsible for interactions such as π − π stacking,122 and is

calculated as shown in 2.17.114 This dispersion correction for two atoms (i and j),

depends on the number of atoms (Nat), the interatomic distance (Rij), a dispersion

coefficient (Cij), and finally a damping term (fdamp(Rij)) to ensure that the dispersion
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correction is not added at short distance.

Edispersion = −
Nat−1∑
i=1

Nat∑
k=i+1

Cij
6

R6
ij

fdamp(Rij) (2.17)

The damping term is then calculated (2.18), where a is a constant depending on

the density functional, and Rr is the van der Waals radius of the two atoms. This

damping term ensures that the at short distance (when Rij is close to Rr) there is

no dispersion correction as fdamp → 0; whereas at long distance (when Rij is much

larger than Rr) the dispersion correction is added as fdamp → 1. For ωB97XD the

value of the constant a is 6.114

fdamp(Rij) = 1
1 + a(Rij

Rr
)−12

(2.18)

This makes the ωB97XD functional an excellent improvement on other dens-

ity functionals for the study of systems where non-covalent interactions may be

important.

2.3 Basis sets

2.3.1 Introduction

The use of basis sets provides the basis functions for Kohn-Sham orbitals that

DFT uses. The basis functions represent orbitals for electrons to populate, and

the larger the basis set the greater flexibility of space for the electrons to populate.

The molecular orbitals are formed from linear combinations of the individual basis

functions provided by the basis set. Ideally an infinite basis set would be used, allowing

electrons to have complete freedom in their location, however this is computationally

not feasible.100
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2.3.2 Gaussian functions

The basis sets used in this thesis (for all atoms other than Pd) are based on Gaussian

functions. Although Gaussian functions in isolation do not provide the most accurate

description of atomic orbitals, combinations of these Gaussian functions can accurately

reproduce the more accurate (however significantly more computationally expensive)

Slater type functions.

The combinations of these primitive Gaussian functions, yield contracted Gaussian

functions (φr) as linear combinations with various coefficients (2.19) where the dnr

terms are the coefficients, and gnr are the primitive Gaussians. These contracted

Gaussian functions can much more accurately reproduce the desirable Slater type

functions.100

φr = d1rg1r + d2rg2r + d3rg3r (2.19)

2.3.3 Minimal basis set

The simplest basis set is STO-3G implemented within Gaussian 09, and provides

the basis functions to accommodate all electrons, for example for hydrogen and

helium would have a 1s orbital to occupy (single basis function). However, elements

in period 2, Li→Ne receive 1s, 2s, 2px, 2py and 2pz orbitals to occupy (total of 5

basis functions per atom). Despite this STO-3G basis set providing orbitals for all

electrons to occupy, it is inadequate for computation due to limited flexibility, and

so more basis functions are required for a more accurate treatment of the electronic

structure of atoms and molecules.

2.3.4 Double and triple ζ, split-valence basis sets

To increase flexibility double and triple ζ basis sets can be used, to allow different

sized orbitals. Double ζ basis sets have two basis functions per basis function in the

minimal basis set, and triple ζ basis sets have three basis functions for each basis

function in the minimal basis set. Therefore in a double ζ basis set, H and He would



35

have a total of two basis functions, and for elements in the second period, would now

have a total of 10 basis functions.100 The greater flexibility of double and triple ζ basis

sets greatly improves the quality of the calculated results, however there is an extra

computational cost of adding additional basis functions. In order to decrease the

computational costs, split-valence basis sets take advantage of the greater flexibility

for valence electrons, but represent the core electrons with a minimal basis set. For

example in a double ζ split-valence basis set, two basis functions are used for valence

electrons, and a single basis function for core electrons.100

2.3.5 Polarisation and diffuse functions

The use of split-valence basis sets allow alterations in size of the atomic orbitals.

Polarisation functions can be added to basis sets to allow alterations in the shape of

the orbitals (when bonds are polarised etc). This adds extra basis functions to each

atom, such as adding d functions to period 2 elements, allowing distorted orbitals to

be formed. Finally diffuse functions can be added, which for example allow large s

and p type functions for periods 1 and 2, particularly important for lone pairs and

anions, as the electrons can be found far from the nucleus.100

2.3.6 Basis sets used in this thesis for atoms other than

palladium

The basis sets used within this thesis for geometry optimisation (for all atoms other

than palladium) are Pople type split-valence basis sets, with added diffuse and

polarisation functions, of the form 6-31++G(d,p). This basis set separates core

from valence electrons, and describes the core electrons with a single contracted

Gaussian formed of six primitive Gaussians. The valence electrons are treated with

greater flexibility, split into an inner and outer part. The inner part is formed of

three Gaussians, and the outer part a single Gaussian.100 Diffuse and polarisation

functions are then added to provide greater flexibility by adding these extra basis

functions.
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For accurate energy determination, the triple ζ 6-311++G(2df,2p) basis set is

used for single point energy calculations, which provide 3 basis functions for the

valence electrons, and provide (with the addition of additional polarisation functions)

a suitably large basis.100

2.3.7 Effective core potentials for palladium

For palladium, due to the number of electrons (46), the effect on the computation

time is substantial. Another consequence of the larger palladium atom compared to

the smaller atoms considered in this thesis, is the effect of special relativity, which

also needs to be considered. In order to deal with these issues, the use of effective

core potentials is possible. These treat the core of the electrons as an average effect,

with the valence electrons treated explicitly. This average core effect also takes into

account special relativity, which can have significant influence on bond lengths and

energies.100 Examples of relativistic effective core potentials used in this work include

LanL2DZ123,124 and SDD.125

2.4 Solvation effects in DFT

The effect of solvation can be taken into account in quantum mechanical calculations

most efficiently by using a solvation model rather than by the addition of explicit

molecules. The most common method of including solvation effects, for example in

a DFT calculation, is to use the polarisable continuum model (PCM).126 Within

Gaussian 09108 the specific methodology implemented is the Integral Equation

Formalism PCM.126

In the PCM model, the molecule is placed within a solvent cavity, formed by

interlocking spheres around the solute, and the solvent modelled by a uniform

dielectric constant representing the solvent.127

The use of PCM to correct for solvent effect is very common, including work by

Davies and co-workers into solvent effects of C-H bond activation,128 the study of
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C-H bond activation of benzene by vanadium complexes,129 C-H and C-CN bond

activation by rhodium complexes,130 C-H bond activation with Ir complexes,131 and

O-H bond cleavage in the Wacker process.132

These examples show that the use of PCM as an energy correction to gas-phase

structures is widespread, and is therefore suitably accurate for the present studies.

2.5 Atoms in Molecules

2.5.1 Introduction

Bader’s Atoms in Molecules (AIM)133,134 has been used frequently to determine the

bond strengths and nature of the bond in a variety of contexts. Examples include the

investigation of hydrogen bonding between formaldehyde and HF complexes,135 Te-N

intramolecular interactions,136 and intramolecular carbonyl interactions in transition

metal complexes.137

The basis of quantum theory is that physical observables of molecules can be fully

described by the wavefunction (ψ). The goal of the Atoms in Molecules method is

to separate the molecule into basins containing individual atoms which still obey the

rules of quantum chemistry, with electron density as the physical observable. Then

by plotting the electron density within the molecule, to determine its topology, it is

possible to obtain chemical insight into bonding and functional group properties.

The plotting of the electron density ρ reveals a number of features which can

help us to elucidate the electronic structure. An example of the topology of ρ

for cyclopropane (Figure 2.1) shows saddlepoints which can correspond to various

features such as atoms, bonds, rings and cages. These saddle points are referred to

as critical points.
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Figure 2.1 Topology of the electron density for cyclopropane.

At a saddle point, the first derivative of the electron density should be 0 along

all three principal axes, and the second derivatives in each plane determines the

signature of the critical point. When the saddle point has negative curvature in all

planes, a (3,-3) nuclear critical point (NCP) is found. These are the atoms that define

the basins, and correspond to a local maximum in electron density at the nucleus of

the atom, as expected due to the attraction between electrons and nuclei.134

When the second derivatives are negative in two axes, and positive in the other

then a (3,-1) bond critical point (BCP) is found. This corresponds to a minimum in ρ

between the two atoms along the interatomic bond path, and maxima perpendicular

to this.134

When the second derivative is positive along two axes, and negative in one other,

then a (3,1) ring critial point (RCP) is found. This corresponds to a minimum in ρ

between three or more atoms forming a ring.134 The final type of critical point is the

cage critical point (CCP) characterised by positive curvatures in all three planes.134

A test to confirm that all critical points have been found is using the Poincaré-Hopf

relationship (2.20).138
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nNCP − nBCP + nRCP − nCCP = 1 (2.20)

When looking at a molecule, the path between two bonded atoms is known as

a bond path, and when the topology of ρ is plotted between these two points, the

point along this bond where it reaches a minimum is the location of the BCP.138

The chemical insight that can be gained from the properties of electron density and

its derivatives at this point will be explained.

At the BCP, the value of ρ(r) can be used to provide a guide to the strength of

the interaction. It can also provide information on the nature of the interaction, as

greater electron density between atoms suggest a covalent interaction (ρ(r)>0.2 a.u.),

whereas less suggests a closed shell interaction (ρ(r)<0.2 a.u.). This is intuitive,

as in a covalent bond, electrons are shared between the two atoms, and you would

expect greater density to be located between the atoms. In a closed shell interaction,

the bond is formed by variations in charge, for example between Oδ− and Hδ+ in a

hydrogen bond, or between Na+ and Cl− in an ionic interaction, where there would

be significantly less electron density between the two atoms.

When considering BCPs, the saddle point can be characterised by the second

derivatives along each axis, giving rise to the curvatures of the ρ(r) along each axis.

As ∇2ρ(r) is made up from the three curvatures of the ρ(r) (2.21) the values of each

of these curvatures determine the shape of the electron density at the bond critical

point.

λ1 + λ2 + λ3 = ∇2ρ(r) (2.21)

λ1 and λ2 lie perpendicular to the bond path, and are negative, due to the

maximum in electron density at the bond critical point perpendicular to the bond

path. The magnitude of the curvature gives an indication of the amount of electron

density concentrated at the critical point compared to that located in each of the

atomic basins. In a covalent bond a greater ρ(r) is expected at the critical point, and
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a larger negative curvature would be expected, having a dominant effect on the total

value of ∇2ρ(r) making ∇2ρ(r) < 0. In an ionic interaction, less electron density is

expected to be found between the two atoms, and therefore the positive curvature

between the two atoms (λ3) is expected to be larger than in covalent cases, therefore

dominating ∇2ρ(r) resulting in values >0 and indicating a closed shell (non-shared)

interaction.138

Another way to investigate the nature of the bonding between the two atoms is to

investigate the potential V (r) and kinetic G(r) electron energy densities. These are

related to ∇2ρ(r) as an expression of the virial theorem at a stationary state (2.22),

and the total electron energy density H(r) (2.23).138 G(r) is always positive, and V (r)

always negative, and therefore the balance between these two values control both the

sign of ∇2ρ and H(r). In an interaction where electrons are shared between atoms

along the bond path, the movement of electrons is decreased, and therefore G(r)

decreases, and the value of V (r) becomes more negative. The domination of V (r)

causes H(r) to become negative (as V (r) is negative). Therefore G(r) can be thought

of as a measure of ’covalency’, whereby the more electron density accumulated at the

bond critical point, the less kinetic energy density, and therefore the more negative

H(r). In an ionic interaction, there is significantly less charge accumulated along

the bond path, and therefore have larger V (r), causing H(r) to become positive and

indicate less covalent character. This information about signs also translate across

to ∇2ρ however in a 2:1 ratio.138

(
h̄2

4m

)
∇2ρ (r) = V (r) + 2G(r) (2.22)

H(r) = V (r) +G(r) (2.23)
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2.5.2 Use of AIM to investigate the strength and nature of

bonding

In a study into intramolecular carbonyl interaction in transition metal complexes,137

ρ(r) was used to compare the relative strengths of interactions. The positive values

of ∇2ρ(r) for the carbonyl-carbonyl interactions, were used to suggest a closed shell

interaction (ionic, hydrogen bond, or van der Waal).

In a study into non-bonded Te-N interactions,136 it was stated that when ρ(r) >

0.2 a.u. then this BCP corresponds to covalent bonding, whereas when ρ(r) < 0.2

a.u. this is characteristic of the closed shell interactions. It was found that these

Te-N interactions were predominantly covalent.

In a study by Grabowski and co-workers135 they utilised AIM to study hydrogen

bonded interactions. They showed that different properties at the BCP could be used

to determine bond strengths and the nature of the bonds. They used the principle

that ∇2ρ corresponds to the concentration (∇2ρ < 0) or depletion (∇2ρ > 0) of the

electron density at the BCP. It was also stated that should ∇2ρ > 0, but Hc < 0

then the interaction has partial covalent character. They also used the ratio of

−G(r)/V (r) to characterise the bonding, with values > 1 indicating noncovalent

interactions, 1 > −G(r)/V (r) > 0.5 indicating partial covalent character, and values

< 0.5 a covalent interaction.

The use of ρ to study bond strengths in a study of M–H-B bonds has been

undertaken using AIM, studying the strengths of the M–H bond for different metals,

Zn, Bi and Ni.139 It has also been used to study the strengths of N, S and O

interactions with s-block metals.140
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2.6 Method validation results

2.6.1 Introduction

Due to the stated importance of the use of a suitable functional, basis set, and

effective core potential, a method validation study has been undertaken. This is

focused on previously synthesised, well known, symmetrical pincer palladacycles,8,9

which have been characterised by X-ray crystallography.

Previous work within the Cox group by S. Boonseng has focused on symmetrical

pincer palladacycles,96,141 and this included a method validation study into these

PdSCS and PdNCN palladacycles (Figure 2.2) using a number of different density

functionals, and several basis sets and effective core potentials. The functionals tested

were the GGA functionals: BP86,107 PBE,142,143 and a dispersion corrected example,

B97D;116 a GGA-hybrid functional: B3LYP;107,113 mGGA functionals: TPSS110

and M06L;111 and finally two mGGA-hybrid functionals: ωB97XD,114 and M06.115

These functionals span 3 of the rungs of Jabob’s ladder,144 shown in Figure 2.3 and

their ability to reproduce experimental X-ray crystal structures for the PdSCS8 and

PdNCN9 palladacycles tested. Two different all-electron basis sets were also tested,

6-31G(d) and 6-31+G(d,p), with two effective core potentials for the palladium

atom, SDD,125 and LanL2DZ.123,124 These geometry investigations, using the range

of functionals listed above was undertaken by comparing the Pd-L bond lengths

between experimental and theoretical structures, and the differences in the cartesian

coordinates for each atomic pair using the Quatfit program for all atoms in each

molecule.145

Pd SMeMeS

Cl

Pd NMe2Me2N

Cl

Figure 2.2 Symmetrical palladacycles, PdSCS by van Koten and co-workers, and
PdNCN by Lu and co-workers, studied for method validation purposes.
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Chemical Accuracy

Double-Hybrid

mGGA-hybrid ωB97XD and M06

GGA-hybrid B3LYP

mGGA TPSS, M06-L

GGA BP86, PBE, B97D

LDA and LSDA

Hartree world

Figure 2.3 Classification of DFT functionals with respect to Jacob’s ladder.

The work presented here is an extension of the analysis on these symmetrical

pincer palladacycles, to include bond distances of all non-hydrogen atoms, and all

non-hydrogen internuclear distances. The original work considered the Pd-L bonds,

and inclusion of hydrogen atoms in the analysis. The work presented in this thesis

further investigates the ability of the density functionals listed above to reproduce the

experimental structures, and to compare to the accuracy reported by other groups.

2.6.2 Quatfit analysis

Experimentally, in X-ray crystallography the position of hydrogen atoms is not

precisely known,146 and therefore performing Quatfit analysis on the entire structure
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has the potential to increase the root mean square error (RMS). It is possible in

Quatfit analysis to give different weighting to each atom, and this provides the

opportunity to only compare the cartesian coordinates for pairs of non-hydrogen

atoms. This was the approach employed in this chapter.

The overall RMS error for both the PdNCN (RMSN) and PdSCS (RMSS)

structures for each methodology is calculated as shown in (2.24), where RMSN is the

RMS error for the PdNCN structure, RMSS the RMS error for the PdSCS structure;

NN the number of non-hydrogen atoms in the PdNCN structure, and NS the number

of non-hydrogen atoms in the PdSCS structure. The Quatfit analysis performed for

this work is presented, and compared to that calculated previously for all atoms

(Table 2.1).141

RMS =

√√√√(RMSN
2 ×NN +RMSS

2 ×NS

NN +NS

)
(2.24)

Table 2.1 Quatfit analysis for PdNCN and PdSCS structures, to compare cartesian
coordinates of experimentally determined and theoretically calculated structures, all
numbers quoted in Å.

Functional
RMS for non-hydrogen atoms RMS for all atoms141

Basis set
A B C D A B C D

B3LYP 0.053 0.044 0.053 0.044 0.151 0.144 0.151 0.146
ωB97XD 0.044 0.039 0.043 0.038 0.162 0.158 0.162 0.158

M06 0.047 0.041 0.047 0.041 0.159 0.155 0.159 0.155
M06-L 0.054 0.047 0.053 0.046 0.161 0.158 0.159 0.155
TPSS 0.040 0.035 0.040 0.035 0.163 0.156 0.162 0.156
B97-D 0.055 0.045 0.054 0.045 0.159 0.153 0.157 0.153
PBE 0.040 0.036 0.040 0.036 0.157 0.151 0.156 0.152
BP86 0.041 0.036 0.041 0.036 0.155 0.149 0.154 0.150

A = 6-31G(d)[LanL2DZ], B = 6-31G(d)[SDD], C = 6-31+G(d,p)[LanL2DZ] and D = 6-
31+G(d,p)[SDD]

It can be seen from the results presented in Table 2.1 that the RMS errors found

for all atoms are all ≥ 0.144 Å,141 whereas when the hydrogen atoms are excluded

are all ≤ 0.055 Å, clearly showing that including hydrogens has a detrimental effect

on the overall RMS error calculated by the Quatfit program. This approach was

taken by Minenkov and co-workers, to exclude the hydrogens due to the difficulty
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in locating their position experimentally.146 In the X-ray crystal structures from

PdNCN and PdSCS, the aromatic C-H bonds are all reported between 0.950 and

0.951 Å, however the optimised structures have aromatic C-H bonds significantly

longer at ≈1.09 Å, clearly explaining the difference between the Quatfit analysis of

all atoms, and excluding the hydrogen atoms.

The RMS errors found by Minenkov and co-workers146 for 18 DFT optimised

ruthenium complexes ranged from ≈ 0.25 Å to ≈ 0.35 Å depending on the functionals

tested, the same functionals referred to in this work. Therefore the values presented

excluding hydrogen atoms (Table 2.1) are all smaller than the errors found by

Minenkov and co-workers.

The results (Table 2.1) reveal several distinct trends; the SDD effective core

potential (basis sets B and D) uniformly out-performs the LanL2DZ effective core

potential (basis sets A and C) for all functionals tested. There was an insignificant

difference between basis sets A and C, and between B and D, and therefore further

analysis concentrates on basis set D, 6-31+G(d,p)[SDD], due to the advantage of

extra diffuse and polarisation functions.

It can be seen that B3LYP, B97D and M06L are outperformed by all other

functionals. It appears that the M06 functional is intermediate in this set of data,

and the remaining BP86, PBE, TPSS and ωB97XD functionals all perform extremely

well.

2.6.3 Bonded distances

Previously, the Pd-L bond distances were investigated.96 In this thesis this analysis

has been extended to include all non-hydrogen bonded distances, and all non-hydrogen

interatomic distances (calculated by distance matrix of all atoms), using basis set D,

6-31+G(d,p)[SDD] due to this being found to be the best basis set using the Quatfit

analysis, in Section 2.6.2.

Firstly, the bonded distances will be discussed, which will be reported as mean

signed errors (MSE), calculated as shown in (2.25), and mean unsigned errors (MUE)
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calculated as shown in (2.26) for each of PdNCN and PdSCS where Rij is the bond

length between atoms i and j, and Nx where x = N or S, is the number of bonds in

the molecule.

MSEx =
Nx−1∑
i=1,j>i

Rij(DFT )−Rij(Xray)
Nx

 (2.25)

MUEx =
N−1∑
i=1,j>i

∣∣∣∣∣∣Rij(DFT )−Rij(Xray)
Nx

∣∣∣∣∣∣ (2.26)

The average MSE and MUE values for PdNCN and PdSCS, MSEAV and MUEAV

are calculated as shown in (2.27) and (2.28) respectively for the geometry obtained

from each functional.

MSEAV = (MSEN ×NN) + (MSES ×NS)
NN +NS

(2.27)

MUEAV = (MUEN ×NN) + (MUES ×NS)
NN +NS

(2.28)

The MSEAV and MUEAV values for each bonded distance and functional are

shown in Table 2.2. This data shows that the largest MSE and MUE values are

evident (with the exception of B97-D) for functionals that do not accurately model

non-covalent interactions, with the lowest errors found for M06, M06-L and ωB97XD

which all include these non-covalent interactions. M06 and M06-L include non-

covalent interactions as they are parametrised with experimental data sets that

include molecules with significant non-covalent character. The best functional for

reproducing the experimental X-ray crystal structure for these bonded distances is

ωB97XD with an average MSE of 0.005 Å and an MUE of 0.011 Å.

2.6.4 Interatomic distances

To further investigate the ability of functionals to reproduce experimental structures,

the interatomic distances have been calculated by generating a distance matrix for
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Table 2.2 MSEAV and MUEAV values for bonded distances in PdNCN and
PdSCS symmetrical pincer palladacycles.

Functional Bonded distances
MSEAV / Å MUEAV / Å

B3LYP 0.015 0.017
ωB97XD 0.005 0.011

M06 0.007 0.014
M06-L 0.008 0.014
TPSS 0.016 0.019
B97-D 0.021 0.022
PBE 0.014 0.017
BP86 0.016 0.018

each structure from the cartesian coordinates,147 by using formula (2.29), and then

the MSE and MUE values calculated using (2.25) to (2.28).

Internuclear distance =
√

∆x2 + ∆y2 + ∆z2 (2.29)

The errors in these interatomic distances are shown in Table 2.3 and once again

show a clear trend (excluding B97-D) that functionals which include non-covalent

interactions (M06, M06-L and ωB97XD) achieve optimised structures much closer to

experimental structures than those functionals which do not include these interactions.

This is in agreement with the bonded distances presented (Table 2.2), suggesting

that the non-covalent interactions are indeed important.

Table 2.3 MSEAV and MUEAV values for interatomic distances in PdNCN and
PdSCS symmetrical pincer palladacycles.

Functional Internuclear distances
MSEAV / Å MUEAV / Å

B3LYP 0.037 0.039
ωB97XD 0.012 0.024

M06 0.011 0.022
M06-L 0.015 0.028
TPSS 0.033 0.038
B97-D 0.040 0.046
PBE 0.031 0.036
BP86 0.036 0.039

The ability of functionals which include treatment of non-covalent interactions

to better predict X-ray crystal structures for transition metal containing complexes



48

has been shown previously, including in the work by Minenkov and co-workers,146

where it was shown that those that do not include dispersion corrections systematic-

ally overestimate the interatomic distances, and the results presented in Table 2.3

corroborate this finding using these palladium complexes, with all MSE and MUE

values positive, but much smaller for M06, M06-L and ωB97XD. It was also found by

Minenkov and co-workers146 that the overall error (MUE) and the signed error (MSE)

for the functionals not containing dispersion were similar, evidenced in this data

also. The lower MSE values relative to the MUE values for the dispersion corrected

functionals is due to cancellation of the over-estimated interatomic distances with a

number of underestimated interatomic distances.

The observation of DFT systematically giving expanded structures compared to

experimental X-ray structures was also found by Waller and co-workers,148 in a study

into transition metal containing complexes, studied using non-dispersion corrected

functionals. This study found that hybrid functionals (however M06 and ωB97XD

were not included in this study) achieved the lowest errors, compared to the GGA

examples, including BP86.

2.6.5 Analysis

Taking the complete set of data, from the Quatfit analysis, bond distance, and interna-

tomic distance investigations gives the opportunity to choose the most suitable model

chemistry for the study of palladacycles. The Quatfit analysis found that the GGA’s

BP86, PBE and TPSS gave the smallest RMS errors (<0.041 Å) and ωB97XD also

performed very well, with RMS values <0.044 Å. However, all functionals performed

well, with little difference between the best and worst performing functionals. It also

showed that the SDD effective core potential was better than LanL2DZ across the

board, and that the addition of diffuse functions made negligible difference, therefore

the 6-31+G(d,p)[SDD] basis set was chosen for further analysis.

For both the bonded and interatomic distances, the functionals (excluding B97-D)

which include non-covalent interactions outperformed the other functionals for both
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MUE and MSE, with ωB97XD, M06 and M06-L having MSE’s at least 0.016 Å

smaller than the other functionals. As ωB97XD also performed well in the Quatfit

analysis, this provides sufficient confidence in the use of ωB97XD as the functional

of choice for geometry optimisation based on this method validation study, with the

6-31+G (d,p)[SDD] basis set.

However, much of the work studied in this thesis often involve key steps where

hydrogens play an important role, such as C-H bond activation, it is therefore decided

to use extra diffuse functions on hydrogen in the basis set, to include extra flexibility

without much computational cost, and therefore geometry optimisation using the

ωB97XD/6-31++G(d,p)[SDD] is the methodology used throughout this thesis.

2.7 Computational Details

All calculations present in this thesis were performed using Gaussian 09.108 Geometry

optimisation and frequency analysis was performed using the ωB97XD functional.114

For all atoms other than palladium a double-ζ Pople type basis set, with diffuse and

polarisation functions is used, 6-31++G(d,p). For palladium the relativistic effective

core potential SDD was used.125

Energy minima or transition states were confirmed by the absence or presence of

a single imaginary mode, respectively. Additionally transition states were confirmed

by eigenvector following calculations to connect the respective energy minima.

Single point energies were then performed at the optimised geometry also using

the ωB97XD functional,114 as this functional has been shown to provide accurate

energetics.149,150 The larger triple-ζ basis set with extra polarisation functions, 6-

311++G(2df,2p) was used for all atoms other than palladium. Again the SDD

relativistic effective core potential (ECP) was used. At this higher level of theory,

when solvent effects are considered, they are calculated using the PCM model,126

using acetonitrile (ε = 35.688) or o-xylene (ε = 2.5454) as solvent, as an energy

correction to the gas-phase structure.

Geometry optimisation for each experimentally determined structure was per-
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formed due to the known inaccuracies in locating the position of hydrogen atoms,146

and this also allows the calculation of structures for which X-ray crystal structures

are not available. It also allows the accurate modelling of the reaction pathways.

Bader’s Atoms in Molecules method133,134 was used to perform topological analysis

of the electron density using the Multiwfn program.151 As effective core potentials

cause problems in this analysis, as bond paths cannot be accurately traced,138 the

DGDZVP all-electron, relativistic basis set was used for palladium.152 Therefore,

the full computational methodology used for the Atoms in Molecules anaylsis was

ωB97XD/6-311++G(2df,2p)[DGDZVP]//ωB97XD/6-31++G(d,p)[SDD].
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Chapter 3

An SCN pincer palladacycle: a

DFT pathway and a synthetic

route

This chapter describes a new and amenable experimental synthesis to unsymmetrical

SCN pincer ligands, with late stage diversification to facilitate library generation; and

utilisation of C-H activation to synthesise an unsymmetrical SCN pincer palladacycle.

A model formation reaction pathway towards the experimentally synthesised, and

model unsymmetrical SCN pincer palladacycle studied using Density Functional

Theory is also presented. The stationary points along the pathway towards the

experimentally synthesised palladacycle are analysed using Bader’s Atoms in Molecules

method. The analysis reveals differences in donor atom to palladium bond strengths

and nature in key steps such as in the C-H bond activation. It also showed that the

model synthetic pathway is energetically favourable, and spontaneous. This work is

published in the Royal Society Open Science journal.97
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3.1 Introduction

3.1.1 SCN pincer palladacycles

The prevalence of unsymmetrical pincer palladacycles is increasing, due to interest

into the potential hemilability of the resulting complexes. Early examples of un-

symmetrical SCN palladacycles include an intermediate in the biomimetic synthesis

of Narwedine (Figure 3.1),153 with other examples including the SNC palladacycle

synthesised by Spencer et al. based on the benzodiazepine framework (Figure 3.2),44

an SNC example used in the study into the formation of palladium nanoparticles

(Figure 3.3),41 another SNC example formed from a thioether functionalised imino-

phosphorane (Figure 3.4),27 and a number of SCN examples synthesised by Odinets

and co-workers (Figure 3.5).16,154

NPd

O

S
Cl

OH
O

Figure 3.1 Unsymmetrical SCN palladacycle as an intermediate in the synthesis
of Narwedine by Holton and co-workers.

N

N

Pd

O

S

Cl

tBu

Figure 3.2 SNC pincer palladacycle by Spencer et al. with a benzodiazepine
backbone.

OH

Pd
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N

S

Figure 3.3 SNC pincer palladaycle by Singh and co-workers.
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Figure 3.4 SNC pincer palladacycle by Grévy and co-workers.

Pd

PPh2

N S

Cl
tBu

Pd N

S
O

Ph2P
S

Pd

Ph2P

S

O

N

Cl

Cl
S

Pd

Ph2P

S N

S

Cl

Figure 3.5 SCN pincer palladacycles by Odinets and co-workers.

Despite the increasing interest in these unsymmetrical SCN pincer palladacycles

their synthesis is usually more problematic than the much more widely studied

symmetrical examples. For example, Figure 3.1 shows an intermediate in a total

synthesis of Narwedine; the example in Figure 3.2 requires the synthesis of the

benzodiazepine backbone before C-H bond activation is possible;44 and the other

examples reported often include multi-step syntheses. Therefore the ability to

synthesise a library of these unsymmetrical SCN pincer ligands in a few synthetic

steps, and the ability to easily vary substituents on the donor atoms would be an

advantageous addition to the field of unsymmetrical pincer palladacycle chemistry.

3.1.2 Efforts towards synthesising the SCN ligand and pal-

ladacycle presented in this thesis

Previous work by Baltus155 into library generation of biphenyl compounds synthesised

by Suzuki-Miyaura coupling156–159 (Scheme 3.1) produced an interesting compound

(R=Me, Scheme 3.1). As an unsymmetrical biaryl ligand, it was considered a suitable

and convenient candidate to undergo C-H bond activation with a Pd(II) source as a

synthetic route to an unsymmetrical pincer palladacycle.
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B(OH)2

Br
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O O
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SR

O O N

SR

a b c

Scheme 3.1 Biaryl synthesis by Baltus. a) Pinacol, MgSO4, THF, rt, 1 h. b)
HSR, THF, MW 150 °C, 20 min. c) 2-Bromopyridine, Na2CO3, Pd(PPh3)4, toluene,
EtOH, H2O, MW 130 °C, 10 min.

The C-H activation of the unsymmetrical ligand (Scheme 3.1, R=Me) yielded

several products (Scheme 3.2), characterised by X-ray crystallography. One of which

was a water bound example (Figure 3.6), and the other a dimeric chlorido bridged

example (Figure 3.7).155 Both of these are cationic with a BF –
4 counterion. Neither

of these products were the desired monomeric chloro palladacycle (Figure 3.8).

N

SMe

PdCl2

AgBF4

MeCN

85 °C, 8 h

N

SMe

Pd
OH2

BF4
N

SMe

Pd

Cl

BF4

Pd

N

MeS

Scheme 3.2 C-H activation of unsymmetrical SCN ligand by Baltus.
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Figure 3.6 Water bound SCN pincer palladacycle X-ray crystal structure from
Baltus.

Figure 3.7 Dimeric SCN pincer palladacycle X-ray crystal structure from Baltus.
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N

SMe

Pd
Cl

Figure 3.8 Desired SCN palladacycle (R=SMe) from Baltus synthesis, but unob-
tainable.

3.1.3 Cationic palladacycles, and salt metathesis

Examples of cationic palladacycles are well documented, with examples shown

in Figure 3.9 by Herrmann and co-workers,160 Thirupathi and co-workers,161 and

Szabó and co-workers.13 Neutral palladacycles, either as monomeric, dimeric or

bis-cyclopalladated examples,31 are often used in catalytic applications, such as

the Suzuki-Miyaura coupling reaction,15,16,38,162–165 and in numerous other catalytic

applications including C-H bond functionalisation of benzyl nitriles166 and allyl

nitriles,167 catalytic opening on vinyl epoxides,11 boronation of cinnamyl alcohols,11

conversion of allylic alcohols into allylic boronic esters.168 Therefore, due to the

abundance of literature on catalytic applications on these neutral palladacycles, the

conversion of cationic palladacycles into the monomeric chloride via salt metathesis

is desirable, and is possible with a large excess of NaCl (Scheme 3.3).13

Pd

P

o-Tol o-Tol

Ph2
P

Ph2P

PF6 HN Pd

N

o-TolNHo-Tol

NCMe

NCMe

BF4

SPh

PPh2

Pd NCMe BF4

Figure 3.9 Examples of cationic palladacycles by, Herrmann and co-workers (left),
Thirupathi and co-workers (middle), and Szabó and co-workers (right).

SPh

PPh2

Pd NCMe
BF4

MeCN/H2O

rt
SPh

PPh2

Pd Cl

Scheme 3.3 Salt metathesis of cationic palladacycles by Szabó and coworkers.

An example of this metathesis reaction is provided by Szabó and coworkers13
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providing the opportunity to synthesise the desired monomeric chloride palladacycle

(Figure 3.8). Therefore this synthesis is of interest in order to convert the cationic

SMe examples (Figure 3.6 and Figure 3.7)155 into the monomeric chloride example

(Figure 3.8).

Another example of using an excess of a chloride salt in a metathesis reaction is

the work by Spencer et al. into the conversion of acetate bound palladacycle into a

chloride bound palladacycle,44 also used by Leung and co-workers.169

N

N
O

S

Pd

OAc

tBu

LiCl
N

N
O

Pd
Cl

tBu

Figure 3.10 LiCl metathesis of acetate bound palladacycle by Spencer et al.

3.1.4 C-H bond activation

The C-H bond activation procedure is of great importance, due to its significance

in catalysis,170 and as one of the common routes of palladacycle synthesis.69,171,172

Existing work into the C-H bond activation mechanism in the cyclometallation

to a palladacycle include the seminal work by Davies, Donald and Macgregor173

using palladium acetate as the Pd(II) source. This work found that the mechanism

proceeds via an agostic C-H interaction to palladium, followed by a six-membered

transition state, with the acetate moiety acting as an intramolecular base to abstract

the proton, termed ambiphilic metal ligand activation (AMLA).174

Another investigation into likely C-H bond activation mechanisms was performed

by Fagnou and Lafrance using pivalic acid as an additive as an intramolecular base,

as shown in Scheme 3.4,175 and is an example of an AMLA mechanism.



58

Pd

3

O

O

H 3

O

H O

O

3

OH

Scheme 3.4 Proposed mechanistic pathway for C-H bond activation with pivalic
acid by Fagnou and Lafrance.

Work by Echaverren and co-workers176,177 discussed three potential mechanisms

for palladium catalysed arylations, involving a C-H bond activation with assisted in-

tramolecular, assisted intermolecular and unassisted pathways. These vary depending

on the role of the base, with the assisted intramolecular pathway having an acetate

group coordinated to palladium abstracting the proton; the assisted intermolecular

pathway, where a free acetate acts as the base; and the unassisted pathway where the

acetate base is not involved at all. These three pathways are shown in Scheme 3.5,

with the assisted intramolecular mechanism related to the AMLA type mechanism

proposed by Davies, Donald and Macgregor,173 and that propsed by Fagnou and

Lafrance.175
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Scheme 3.5 Various C-H bond activation mechanisms suggested by Echaverren
and co-workers.

Work within our group has recently focussed on a model formation reaction for

symmetrical pincer palladacycles (Scheme 3.6),96 in order to study the role of the

donor atoms in the pathway, including the key C-H bond activation step. The form-

ation pathway (Scheme 3.7) shows the key steps, and it was found that the PdPCP

example had the smallest calculated C-H bond activation barrier (92.5 kJ mol−1),

and the PdNCN example had the largest barrier (118.0 kJ mol−1).96

Pd

Cl
H

PdCl2 HCl

SMe, NMe2 PMe2

Scheme 3.6 Model formation pathway to symmetrical pincer palladacycles.
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Scheme 3.7 Symmetrical palladacycle unassisted formation pathway.

The energy barrier for the C-H bond activation found for the symmetrical pincer

palladacycles (Scheme 3.7) are significantly larger (∆E‡0 ≈ 100 kJ mol−1)96 than

that found for the Davies, Donald and Macgregor example (0.4 kJ mol−1)173 however

smaller than that found for the base unassisted pathway in Scheme 3.5 which had

C-H bond activation barriers ≈ 180 kJ mol−1.177 The assisted intramolecular pathway

had a barrier of ≈ 98 kJ mol−1, and the assisted intermolecular pathway a barrier of

≈ 73 kJ mol−1. The likely explanation for this is that for the pathway described in

Scheme 3.6,96 the lack of base makes the proton abstraction less favourable. However

the focus of this study was into the role of the donor atoms, with the absence of

effects from base and solvent.
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3.2 Results and Discussion

3.2.1 New ligand synthesis with late stage diversification

Due to the desire to synthesise a library of new SCN pincer ligands, this chapter

focusses on the design of a new synthetic route to the previously synthesised ligand

1a, and to synthesise the previously unobtainable SCN pincer palladacycle 2a. The

synthesis of ligand 1a is known as discussed (Scheme 3.1),155,178 however our aim

was to devise a synthesis which provides the opportunity for late stage diversification

to allow generation of a number of unsymmetrical pincer ligands. In the previous

synthesis (Scheme 3.1) there were several key steps, firstly the boronic acid protection

as the pinacol, followed by the nucleophilic substitution of the benzyl bromide to

install the SMe ligand arm. Next, the Suzuki-Miyaura coupling step was undertaken

with 2-bromopyridine, which installed the 2-pyridyl ligand “arm”. In the synthesis

described (Scheme 3.1)155,178 the nucleophilic displacement step on the pinacol

protected boronic acid occurs before the Suzuki-Miyaura step, which means that the

Suzuki-Miyaura step is required for each new compound. Therefore the ability to

reverse these steps would provide an advantageous synthesis.

A designed retrosynthetic pathway is shown in Scheme 3.8 which would allow the

Suzuki-Miyaura coupling to occur first, which would mean a family of SCN pincer

palladacycles could be easily synthesised from a common starting benzyl bromide.



62

N

SR

Pd
Cl

C-H activation

N

SR

H
+ Pd(II) source

Nucleophilic
substitution

N

Br

H
+ HSR

Bromination

N

OH

H

Suzuki-Miyaura
couplingOH

B(OH)2

+

N Br

+ HBr

Scheme 3.8 SCN palladacycle retrosynthesis.

3.2.2 Suzuki-Miyaura coupling optimisation

The first step required in the retrosynthetic strategy shown in Scheme 3.8 is the

Suzuki-Miyaura coupling required between 3-(hydroxymethyl)phenylboronic acid,

3, and 2-bromopyridine, 4, to form [3-(pyridinyl-2-yl)phenyl]methanol, 5, shown in

Scheme 3.9. The choice of base and solvent are vital, as it has been shown that

varying the base can have dramatic effects on conversion of the starting materials

to products. An example showing choice of base is important, is the the study by

Bedford and Cazin162 detailing the coupling of 4-chloroanisole and phenylboronic

acid using a nitrogen based palladacycle as the catalyst proceeding in 22% conversion

using KF as a base in dioxane, whereas under identical conditions using Cs2CO3

proceeds with quantitative conversion. The solvent choice is also important, such as

the study by Bedford and co-workers38 showing the coupling of 4-bromoacetophenone

with phenylboronic acid using a phosphorous based palladacycle as the catalyst found

complete conversion using toluene as a solvent, whereas under identical conditions,

only 20% conversion was found using THF.
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Scheme 3.9 SCN Suzuki-Miyaura coupling between 3 and 4, to 5.

The initial conditions tested for Scheme 3.9 were using Pd(PPh3)4 as the palladium

catalyst, aqueous Na2CO3 as the base, with toluene and EtOH as co-solvents.178,179

Various other bases were tested, along with different reaction conditions, utilising

traditional heating and microwave heating (Table 3.1).

Table 3.1 Optimisation of Suzuki-Miyaura coupling shown in Scheme 3.9.

Entry Catalyst Base Conditions Isolated yield /%
1 Pd(PPh3)4 1 M Na2CO3 A 75
2 Pd(PPh3)4 1 M Na2CO3 B 27
3 Pd(PPh3)4 0.5 M K3PO4 C 51
4 Pd(PPh3)4 1 M NaOH D 0
5 Pd(OAc)2 1 M Na2CO3 C 57
6 Pd(dppf)Cl2 1 M Na2CO3 C 49
7a Pd(PPh3)4 1 M Na2CO3 C 77
8a Pd(PPh3)4 0.5 M K3PO4 C 93
9a Pd(PPh3)4 1 M NaOH C 12
10b Buchwald XPhos Pd G2 0.5 M K3PO4 C 74

1:2:1 base:toluene:EtOH. A) Thermal, 85 ◦C, 48 h. B) MW, 150 ◦C, 10 mins. C) MW, 150 ◦C,
20 mins. D) Thermal, 85 ◦C, 24 h. a) 10:7.5:5 base:toluene:EtOH. b) Methodology adapted from
Buchwald and co-workers,180 1.5 eq of boronic acid, 1 mol % catalyst, 1:2 base:THF.

It can be seen in Table 3.1 that Pd(PPh3)4 was found to be the most effective

catalyst under these conditions for this reaction, compared to the others tested:

Pd(OAc)2, Pd(dppf)Cl2, and Buchwald’s X Phos Pd G2 catalyst (Figure 3.11).180

By varying the base it was also found that K3PO4 proved the most effective choice,

and the application of microwave heating was also advantageous as shown in Entry

8. It can also be seen that in Entries 3 and 8, that changing the proportion of base

to solvent also has a significant impact on the isolated % yields, with 51 % found for

1:2:1 base:toluene:EtOH, whereas 93 % was achieved with 10:7.5:5 base:toluene:EtOH.

Therefore the methodology of choice for the synthesis of ligand precursor 5 is the use
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of Pd(PPh3)4 as the catalyst, with aqueous K3PO4 as the base, with toluene and

EtOH co-solvents in 10:7.5:5 ratio.

PdH2N Cl

Figure 3.11 Buchwald’s catalyst tested in Suzuki-Miyaura coupling optimisation.

3.2.3 Conversion of benzyl alcohol 5 to a benzyl bromide

for nucleophilic displacement

The next step in the synthesis is to convert the benzyl alcohol 5 to the corresponding

benzyl bromide 2-[3-(bromomethyl)phenyl]pyridine (6, Scheme 3.10), in order to

facilitate nucleophilic displacement to generate the molecule library. A number

of different methods were attempted for this synthesis, including: reaction with a

chlorotrimethylsilane/lithium bromide mixture,181 which proved unsuccessful; stirring

5 with PBr3
182 which was low yielding; however the simplest and highest yielding

method proved to be refluxing 5 in ≥ 48 % hydrobromic acid (Scheme 3.10).183 The

reaction proceeded in a good yield of 76 %, to give the expected product, 6.

N

OH

H + ≥

N

H

5 6
Scheme 3.10 Bromination of 5 using ≥ 48% HBr in H2O.

The benzyl bromide 6 was found to be unstable when left overnight under bench

conditions. It has been shown previously that a sample of 2-chloromethylpyridine

decomposes, reacting with the aryl chloride of another molecule, forming polymeric

species.184 However, it was found that keeping 6 at lower temperature or in solution

inhibited this degradation.
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3.2.4 Benzylic bromide nucleophilic substitution with thiol

nucleophiles

Having synthesised 6, the final step towards the synthesis of the unsymmetrical

SCN pincer ligand was the nucleophilic displacement using the desired thiol. To

achieve this, sodium thiomethoxide was used as the nucleophile, using ethanol as a

solvent,185 utilising MW heating. This nucleophilic displacement reaction proceeded

in 72 % yield (Scheme 3.11), yielding the final product 1a in an overall yield of 51 %.

This overall yield is lower than that found previously to this ligand by Baltus155 of

78 %, however this new route provides the desired late stage diversification to allow

easier library generation of pyridine containing biaryl compounds.

N

Br

H

N

H

6 1a
Scheme 3.11 Nucleophilic displacement of 6 with sodium thiomethoxide.

3.2.5 C-H bond activation of ligand 1a

The method chosen for the synthesis of the palladacycle, 2a from ligand 1a is C-H

bond activation. The C-H bond to be palladated is ideal for C-H bond activation due

to the chelating ability of the two donor atom groups, directing C-H bond activation

to the desired position (Figure 3.12). C-H bond activation has been widely used in

cyclopalladation, including the first documented synthesis by Cope and Siekman,1

using PdCl2 as the Pd(II) source to cyclopalladate azobenzene. Other Pd(II) salts

can be used for cyclopalladation, such as Pd(OAc)2, where the mechanism has been

elucidated using DFT.173
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N

H

1a
Figure 3.12 C-H bond activation position. C-H bond to be palladated shown in
red, and chelating groups for regioselective palladation shown in blue.

The C-H bond activation procedure selected was that used by Baltus in the original

synthesis of the mixture of palladacycles,155 using in situ generated [Pd(MeCN)4][BF4]2.

The Pd(II) source [Pd(MeCN)4][BF4]2 has been used for synthesis of palladacycles,13,155,186,187

and acts as a source of highly electrophilic Pd(II).188 As the previous synthesis by

Baltus155 yielded a mixture of chlorido bridged and aqua complexes (Figure 3.6 and

Figure 3.7) the monomeric chloropalladacycle was synthesised by reacting the crude

reaction mixture with an excess of NaCl (Scheme 3.12).

N

SMe

H

2, AgBF4 ,
MeCN

ii) NaCl, H2O/MeCN
N

SMe

Pd
Cl

2a
Scheme 3.12 C-H bond activation of 1a with salt metathesis to 2a.

The combined C-H bond activation and salt metathesis reaction proceeded in 71%

yield, giving the desired product, 2a in overall 36% yield from the starting boronic

acid 3 and bromopyridine 4. The X-ray structure contains two distinct structures,

consisting a 50:50 disordered structure, which is shown in Figure 3.13, and separated

for clarity, with structure A on the left, and structure B on the right in Figure 3.14.

A detailed discussion on the structures are provided in Section 3.2.11.
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Figure 3.13 Twinned crystal structure of 2a.

Figure 3.14 Separated crystal structures of 2a. Left is structure A, right is
structure B.

The overall yield for the synthesis of 2a is comparable to the yields found for

other unsymmetrical palladacycles. For example, for the synthesis of the PCS

palladacycle shown in Scheme 3.3 the yield is 25%.13 Examples of unsymmetrical

SCN pincer pincer palladacycles with examples shown in Figure 3.15 have yields for

the C-H bond activation step (excluding ligand synthesis) of between 12 and 52 %.16

The trans-chloropalladation of alkynes is another successful route to unsymmetrical

palladacycles which for the examples shown proceed between 70 and 95 % yield.17
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N

2

SPd
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Figure 3.15 Odinets and co-workers SCN pincer palladacycles.

Y Pd

Cl

NMe2

Cl

N

Cl

PdtBu-S

Cl

Figure 3.16 Examples of unsymmetrical palladacycles synthesised by chloropal-
ladation by Dupont and co-workers.

3.2.6 Unsymmetrical SCN pincer palladacycle formation re-

action pathway

Having synthesised the SCN pincer palladacycle 2a, the aim of this work was to study

the formation pathway for the unsymmetrical SCN pincer palladacycle (Figure 3.8)

following the reaction pathways to symmetrical pincer palladacycles performed

previously within our group (Scheme 3.6).96 The purpose was to investigate the

underlying chemical and physical properties with a focus on the role of the donor

atoms coordinated to the palladium centre, and establish any differences on the

pathway in the transition from symmetric to unsymmetric palldacycles. Any changes

in the energetics of the formation pathway would provide evidence that the properties

of the donor atoms could have an impact on catalytic applications of the resulting

palladacycle.

The structures of interest in this study are shown in Figure 3.17, they are the two

symmetrical PdSCS (I) and PdNCN examples (II), the unsymmetrical pincer ligand

1a, and the desired PdSCN palladacycle 2a, all experimentally synthesised. The

model formation reaction studied is shown in Scheme 3.13, which like the previous

pathway (Scheme 3.6) occurs without the role of base or solvent (initially) in order

for comparison, and to easily study the fundamental chemical and physical properties

of the ligand.



69

PdMeS SMe

Cl

PdMe2N NMe2

Cl

N

S
Me

N

S
Me

Pd
Cl

H

I II

1a 2a
Figure 3.17 Symmetrical pincer palladacycle comparison with unsymmetrical
ligand and palladacycle.

N

S

H
PdCl2

N

S

Pd
Cl HCl

1a 2a
Scheme 3.13 Model formation reaction of 1a to 2a by C-H bond activation with
PdCl2.

3.2.7 Pathway towards 2a with either N- or S-coordinating

to Pd first

The pathway has several possibilities, depending on whether the SMe group or the

2-pyridyl group coordinates to PdCl2 first. These two pathways will be labelled as

S-coordinates, where the SMe group coordinates to PdCl2 first (Scheme 3.14), and

N-coordinates, where 2-pyridyl coordinates to PdCl2 first (Scheme 3.15).
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Scheme 3.14 Model formation pathway to 2a, S-coordinates, with SMe coordin-
ating to PdCl2 first.
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Scheme 3.15 Model formation pathway to 2a, N-coordinates, with 2-pyridyl
coordinating to PdCl2 first.

The pathways contain several steps, which include the ligand coordination to

PdCl2 either via S- or N-coordinating first in Int 1; the C-H bond activation, resulting

in the formation of the new Pd-C bond in TS 1-2; the ligand coordination step of

the other ligand donor atom, which eliminates the bridging HCl unit in TS 2-3; and

finally the elimination of the coordinated HCl unit to form 2a.

The energetics, or the energies of the stationary points along each of the path-

ways, S-coordinates (Scheme 3.14) and N-coordinates (Scheme 3.15), are shown

in Table 3.2 which show that the formation pathway to the unsymmetrical pincer

palladacycle 2a regardless of which donor atom coordinates to the palladium first, is

energetically favourable (∆E0 <−247 kJ mol−1) and thermodynamically stable (∆G

<−222 kJ mol−1).

The E0 values are the zero-point energy corrected values (E0 = Eelec + ZPE).

The Gibbs free energies, G values are made up of the sum of E (3.1), and the effects

of temperature (T) and entropy (S) (3.2 and 3.3), where H is the enthalpy.
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Table 3.2 Zero-point corrected (∆E0), and Gibbs free (∆G) energies for S-
coordinates and N-coordinates formation pathways to 2a.

Structure ∆E0 / kJ mol−1 ∆G / kJ mol−1

S-coordinates N-coordinates S-coordinates N-coordinates
1a + PdCl2 0.0 0.0 0.0 0.0

Int 1 -198.8 -216.9 -141.3 -161.1
TS 1-2 -103.3 -91.7 -40.3 -30.5
Int 2 -217.4 -173.2 -153.7 -112.1

TS 2-3 -174.9 -147.0 -114.2 -84.9
Int 3 -277.6 -282.9 -218.9 -226.7

2a + HCl -250.4 -247.5 -225.3 -222.2

E = E0 + Evib + Erot + Etrans (3.1)

H = E +RT (3.2)

G = H − TS (3.3)

The overall ∆E0 and ∆G values (Table 3.2) for 2a are slightly different (<3 kJ mol−1)

depending on the pathway, S-coordinates or N-coordinates, due to minor conforma-

tional variations of 1a and 2a in the respective pathways. All transition states are

confirmed by eigenvector following calculations, resulting in the differing conformers

of 1a and 2a. The explanation for the divergence of the ∆E0 and ∆G values is

primarily caused by the inclusion of the entropy (S in 3.3) of the system in ∆G. For

example in Int 1 the loss of entropy as the molecules bind makes ∆G less favourable

than ∆E0 by 57.5 kJ mol−1 in the S-coordinates pathway. This entropy is regained

upon the HCl elimination after Int 3.

Comparing the two pathways, several key differences emerge. In the initial

Pd-L bond formation in Int 1, between ligand 1a and PdCl2 with the thioether or

pyridine coordinating first, differing energies were found for the two pathways. The

N-coordinates pathway shows greater stability for Int 1 (∆G = −161.1 kJ mol−1)
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compared to the S-coordinates pathway (∆G = −141.3 kJ mol−1). In the first

transition state, TS 1-2, the C-H bond activation step, the energy barriers vary

between the two pathways, with the N-coordinates pathway having a larger barrier

(∆G‡ = 130.6 kJ mol−1) than the S-coordinates pathway (∆G‡ = 101.0 kJ mol−1).

The product of the C-H bond activation, Int 2, has significant variations in stability

between the pathways, with a difference of 41.6 kJ mol−1 between the pathways, with

the S-coordinates pathway being more stable.

In order to explain the differences between the two pathways discussed, the role

of the donor atoms in the pathway has been investigated using Bader’s Atoms in

Molecules (AIM) analysis.133,134 The key parameters from the AIM analysis are

tabulated for the S-coordinates (Table 3.3) and N-coordinates pathways (Table 3.4).

The ρ(r) values indicate the strength of the bond, ∇2ρ(r) and H(r) indicate the

nature, or the degree of covalency/ionicity of the bonding (see Section 2.5 for more

detail).138

The greater stability of Int 1 in the N-coordinates pathway (by 19.8 kJ mol−1)

can be explained by the strength of the Pd-L bonds, which is investigated using ρ(r)

values obtained for each newly formed bond. In the S-coordinates pathway a new Pd-

S bond is formed in Int 1, with a ρ(r) value of 0.087 a.u. (Table 3.3). In comparison,

in the N-coordinates pathway, the newly formed Pd-N bond has a ρ(r) value of 0.096

a.u. (Table 3.4). The larger ρ(r) value for Int 1 in the N-coordinates pathway is an

explanation for the greater stability than the structure in the S-coordinates pathway

(Table 3.2).

In TS 1-2, the C-H bond activation step, the smaller activation barrier in the

S-coordinates pathway (∆G‡ = 101.0 kJ mol−1) than the N-coordinates pathway

(∆G‡ = 130.6 kJ mol−1) is unexpected (Table 3.2), due to the relative strength of

the Pd-S (0.094 a.u., Table 3.3) and Pd-N (0.105 a.u., Table 3.4) bonds in TS 1-2

for each pathway, respectively. In order to further investigate the difference in these

energy barriers, the nature of the bonding was investigated.

The sign and magnitude of the ∇2ρ(r) and H(r) values provide information on



74

Table 3.3 AIM parameters for the S-coordinates pathway in the formation reaction
pathway of 2a (Scheme 3.14). All values given in a.u.

Structure Bond ρ(r) ∇2ρ(r) H(r)
Ligand C-H 0.286 -1.062 -0.306

Int 1

C-H 0.287 -1.065 -0.306
Pd-S 0.087 0.237 -0.023
Pd-C 0.042 0.112 -0.007

Pd-Cl (cleaving) 0.091 0.260 -0.023

TS 1-2

C-H 0.108 -0.090 -0.057
Pd-S 0.094 0.231 -0.027
Pd-C 0.105 0.211 -0.035

Pd-Cl (cleaving) 0.063 0.206 -0.013

Int 2

Pd-S 0.090 0.238 -0.025
Pd-C 0.123 0.247 -0.044

Pd-Cl (cleaving) 0.070 0.231 -0.014
N-H 0.295 -1.690 -0.474

TS 2-3

Pd-S 0.098 0.246 -0.029
Pd-C 0.141 0.217 -0.058

Pd-Cl (cleaving) 0.023 0.076 -0.002
N-H 0.153 -0.246 -0.121
Pd-N 0.025 0.095 -0.002

Int 3

Pd-S 0.093 0.257 -0.026
Pd-C 0.147 0.231 -0.062
Pd-N 0.097 0.453 -0.018
Pd-H 0.025 0.049 -0.003

2a
Pd-S 0.093 0.264 -0.026
Pd-C 0.149 0.238 -0.063
Pd-N 0.096 0.455 -0.017
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Table 3.4 AIM parameters for the N-coordinates pathway in the formation reaction
pathway of 2a. All values given in a.u.

Structure Bond ρ(r) ∇2ρ(r) H(r)
Ligand C-H 0.289 -1.085 -0.309

Int 1

C-H 0.283 -1.035 -0.299
Pd-N 0.096 0.459 -0.017
Pd-C 0.044 0.124 -0.009

Pd-Cl (cleaving) 0.093 0.263 -0.023

TS 1-2

C-H 0.097 -0.050 -0.046
Pd-N 0.105 0.467 -0.023
Pd-C 0.110 0.217 -0.038

Pd-Cl (cleaving) 0.014 0.048 0.002

Int 2

Pd-N 0.107 0.478 -0.023
Pd-C 0.125 0.224 -0.046

, Pd-Cl (cleaving) 0.062 0.229 -0.010
S-H 0.072 -0.002 -0.027

TS 2-3

Pd-N 0.109 0.481 -0.024
Pd-C 0.133 0.212 -0.052

Pd-Cl (cleaving) 0.046 0.163 -0.007
S-H 0.016 0.042 0.001
Pd-S 0.009 0.028 0.001

Int 3
Pd-N 0.097 0.455 -0.018
Pd-C 0.149 0.229 -0.064
Pd-S 0.090 0.251 -0.025

2a
Pd-N 0.097 0.457 -0.018
Pd-C 0.148 0.240 -0.063
Pd-S 0.091 0.257 -0.025
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the degree of covalency and/or ionicity of bonds (see Section 2.5).152,189 In TS 1-2

the Pd-S bond in the S-coordinates pathway has a ∇2ρ(r) value of 0.231 a.u., and a

H(r) value of -0.027 a.u. (Table 3.3). These values suggest a partial ionic, partial

covalent character, as a positive ∇2ρ(r) suggests an ionic interaction, whereas a

negative H(r) suggests a covalent interaction. These partial ionic and partial covalent

interactions are typical for many metal-donor atom bonds.152,190–194

In comparison, in the N-coordinates pathway, the Pd-N bond in TS 1-2 has a

∇2ρ(r) value of 0.467 a.u., and a H(r) value of -0.023 a.u. (Table 3.4). The larger

∇2ρ(r) and less negative H(r) values for the Pd-N bond compared to the Pd-S bond

in the S-coordinates pathway discussed above both indicate that the Pd-N bond for

TS 1-2 has greater ionic character than the Pd-S bond. A key consequence of this

differing nature of the bonding could be the charge distribution within the pathway,

which could have implications in the stability of key structures. The finding that the

Pd-N bond is more ionic than the Pd-S bond is also borne out in all other structures

in the pathway.

In order to further investigate the effect of the nature of the bonding, the Bader

charges have been tabulated for each atom in each structure along each of the

pathways (Table 3.5). The values are slightly different for 2a depending on the

pathway, due to the small conformational differences. A striking feature of the charge

data is that for all structures in the S-coordinates pathway, the palladium charge is

always lower than when N-coordinates first. For example, in Int 1 the Pd charge in

the S-coordinates pathway is 0.610 a.u. (Table 3.5), whereas in the N-coordinates

pathway this charge is increased to 0.709 a.u, this in comparison to the Pd charge in

PdCl2 of 0.683 a.u.

These differences in charge suggest a greater electron donating ability of the

thioether arm, compared to that of the pyridine. For example, in the formation of

Int 1, in the S-coordinates pathway, the S charge goes from -0.009 a.u. in 1a, to

0.117 a.u. in Int 1, clearly showing a net donation of electron density from the S

atom to the Pd atom. In comparison, in the N-coordinates pathway the N atom
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Table 3.5 Bader charges for the formation reaction pathway of 2a. All charges
are given in a.u.

Structure Atom S-coordinates first N-coordinates first
PdCl2 Pd 0.683

1a

S -0.009 -0.013
N -1.135 -1.137
C -0.032 -0.019
H 0.009 0.048

Int 1

Pd 0.610 0.709
S 0.117 0.007
N -1.135 -1.175
C -0.064 -0.096
H 0.029 0.054

TS 1-2

Pd 0.587 0.706
S 0.122 -0.002
N -1.132 -1.149
C -0.274 -0.252
H 0.328 0.318

Int 2

Pd 0.565 0.661
S 0.104 -0.021
N -1.274 -1.149
C -0.126 -0.145
H 0.528 0.347

TS 2-3

Pd 0.570 0.658
S 0.137 -0.042
N -1.233 -1.145
C -0.120 -0.139
H 0.483 0.316

Int 3

Pd 0.554 0.575
S 0.094 0.116
N -1.157 -1.153
C -0.133 -0.122
H 0.285 0.340

2a

Pd 0.575 0.578
S 0.098 0.105
N -1.154 -1.152
C -0.125 -0.126
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in 1a has a charge of -1.137 a.u., which decreases to -1.175 a.u., gaining electron

density from the Pd atom, contrary to the S-coordinates pathway.

Therefore the greater electron donating ability of the S atom has greater ability

to quench the palladium charge than the N atom of the pyridine donor arm. Hence

the ability to stabilise the electrophilic palladium atom174 in TS 1-2 is the likely

explanation for the decrease in the energy barrier for the C-H bond activation step,

despite the weaker Pd-S bond, compared to that in the N-coordinates pathway.

There is a significant difference between the energies for Int 2 depending on the

pathway (41.6 kJ mol−1, Table 3.2), which has implications on the second energy

barrier for the coordination of the second donor atom and the cleavage of the Pd-Cl

bond. In this intermediate, one of either two stabilising interactions is formed, an N-H

interaction in the S-coordinates pathway, or an S-H interaction in the N-coordinates

pathway (Figure 3.18). The ρ(r) values of the N-H and S-H interactions can be used

to explain the significantly different stabilities of the different structures. The N-H

interaction has ρ(r) = 0.295 a.u. (Table 3.3), whereas the S-H interaction has ρ(r)

= 0.072 a.u. (Table 3.4), clearly showing the strong N-H interaction stabilises Int 2

in the S-coordinates pathway, explaining the 41.6 kJ mol−1 energy difference between

the two structures.

N

SMe

Pd
Cl

H

Cl

S-coordinates

N

SMe

Pd
H

Cl
Cl

N-coordinates

Figure 3.18 Int 2 structures with N-H and S-H stabilising bonds, highlighted in
red.

For TS 2-3 there is a larger energy barrier in the S-coordinates pathway (∆G‡ =

39.5 kJ mol−1) than in the N-coordinates pathway (∆G‡ = 27.2 kJ mol−1, Table 3.2).

There are several factors affecting these differing energy barriers, including the nature

of the transition state and the cleavage of the N-H or S-H bonds. For both systems,

the major component of the imaginary mode in this transition state is the cleavage

of the strong N-H bond in the S-coordinates pathway (Figure 3.19), and the weaker
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S-H bond in the N-coordinates pathway (Figure 3.20), respectively. Therefore, the

cleavage of the stronger N-H bond as discussed earlier, is likely to be a major factor

in the increased transition state barrier for TS 2-3 for S-coordinates first.

Figure 3.19 TS 2-3 for the S-coordinates pathway, with the cleaving N-H bond
shown in red.

Figure 3.20 TS 2-3 for the N-coordinates pathway, with the cleaving S-H bond
shown in red.

The values for Int 3 and the final product 2a are very similar for both pathways

due to their very similar structures, and as discussed previously any small differences

are due to the slightly different conformers of 1a and 2a.
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3.2.8 Comparison to previously studied PdSCS and PdNCN

palladacycles

In this section, the results for the model formation pathway to 2a are compared with

that published previously for the symmetrical PdSCS, I, and PdNCN, II, examples

(Figure 3.17),96 and for the unsymmetrical PdSCN example (Figure 3.21).97

Me2N Pd SMe

Cl

III

Figure 3.21 A model unsymmetrical PdSCN palladacycle.

The energy values published for the symmetrical PdSCS and PdNCN structures

were calculated using the ωB97XD/6-311++G(2df,2p)[SDD]//PBE/6-31+G(d,p)[SDD]

model chemistry.96 In this thesis, all calculations are performed using ωB97XD/6-

311++G(2df,2p)[SDD]//ωB97XD/6-31++G(d,p)[SDD] with the use of the disper-

sion corrected functional ωB97XD and the extra diffuse functions for the hydrogen

atoms for geometry optimisation. Therefore to provide the most accurate compar-

ison the previous pathways towards I and II have been reoptimised, and single

point energies calculated using the ωB97XD/6-311++G(2df,2p)[SDD]//ωB97XD/6-

31++G(d,p)[SDD] model chemistry.

In the present work with unsymmetrical pincer palladacycles 2a and III, it

was found that the HCl elimination occurs occurs at Int 3 (Scheme 3.14 and

Scheme 3.15), whereas in the formation of I and II the elimination occurs after Int

2 (Scheme 3.7).96 This has implications only when considering TS 2-3, as the initial

and rate-determining transition state TS 1-2 in each pathway are identical for all

structures.

The pathway for the formation of the PdSCN example III (Figure 3.21) has the

same pathway and methodology as found for 2a and therefore with a S-coordinates

pathway (Scheme 3.16) and a N-coordinates pathway (Scheme 3.17).
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Scheme 3.16 Model formation pathway to (III), S-coordinates first.

+ PdCl2

SCN ligand
Int 1

Int 2TS 2-3Int 3

NS H
NS H

NS
NS PdNS Pd

Cl

PdS N

Cl

Pd

ClCl

TS 1-2

S
Pd

H

Cl Cl

Pd

ClH
H

Cl
Cl

ClH
Cl

III

Scheme 3.17 Model formation pathway to III, N-coordinates first.
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The energy barriers for the key C-H bond activation step for the symmetrical

PdSCS (I) and PdNCN (II), along with the unsymmetrical PdSCN (III, Figure 3.21),

and for 2a are tabulated (Table 3.6). The results show that for the key C-H bond

activation step TS 1-2, in all cases the barrier for the S-coordinates pathway is

lower than that for the N-coordinates pathway, in line with that found for 2a. The

formation of PdSCS (I) has a slightly lower barrier (∆G‡ = 111.6 kJ mol−1) than that

of PdNCN (II, ∆G‡ = 123.1 kJ mol−1); and for the unsymmetrical PdSCN example

(Figure 3.21) the S-coordinates pathway is lower in energy (∆G‡ = 124.0 kJ mol−1)

than the N-coordinates pathway (∆G‡ = 129.2 kJ mol−1). These results are in

agreement with that found for the formation of 2a, i.e. the S-coordinates pathway

barrier is lower than that of the N-coordinates pathway.

Table 3.6 C-H bond activation energy barrier comparison between various sym-
metrical and unsymmetrical pincer palladacycles.

Structure ∆G‡ / kJ mol−1

S-coordinates N-coordinates
PdSCS, I 111.6 n/a

PdNCN, II n/a 123.1
PdSCN, III 124.0 129.2

2a 101.0 130.6

Other comparisons between the two pathways include the relative energetic

stability of the first Pd-L interaction, in the formation of Int 1 in each case (Table 3.7).

In all cases, for PdSCS, I (Figure 3.17), PdSCN, III (Figure 3.21) and 2a in the

S-coordinates pathway, the formation of the Pd-S bond is less energetically favourable

than that of the Pd-N bond, i.e. for PdNCN, II, PdSCN, III and 2a in the N-

coordinates pathway.

Table 3.7 Energy of Int 1 comparison between various symmetrical and unsym-
metrical pincer palladacycles .

Structure ∆G / kJ mol−1

S-coordinates N-coordinates
PdSCS, I -157.5 n/a

PdNCN, II n/a -170.2
PdSCN, III -148.5 -170.5

2a -141.3 -161.1
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It can be seen that the observations found in the formation pathway of 2a for

the varying energies of Int 1 depending on the pathway and the varying C-H bond

activation barriers is mirrored in that for pathways of I, II and III. Also, moving

to unsymmetrical examples provides a significant alteration in the energetics of the

formation pathways, as it has been shown that moving to unsymmetrical examples,

PdSCN III and 2a provide the opportunity to have two different pathways to vary

the C-H bond activation barrier. Having the presence of the other ligand could be

beneficial in catalysis, such as in the catalyst activation pathway, due to the different

bond strengths and natures.

3.2.9 Solvation effects

All of the calculations discussed to this point have been performed in the gas-phase,

without the inclusion of solvation effects. To investigate such effects, calculations

were performed with the inclusion of solvent to investigate any differences in the

energetics and kinetics of the pathways. It has been shown that inclusion of solvent

effects can have a significant influence on the energetic pathways for C-H bond

activation processes. For example, that shown by Macgregor and co-workers on

the regioselectivity of the C-H bond activation, with significantly different energetic

profiles depending on whether EtOH or xylene were used as the solvent, where the

C-H bond activation of the blue C-H bond yields a cationic complex, favoured by the

polar solvent, EtOH, and the red C-H bond activation is favoured in the non-polar

solvent, xylene (Scheme 3.18).128 A popular method for inclusion of solvent effects

is the polarisable continuum model (PCM),126 discussed more fully in Section 2.4

which is normally applied as an energy correction to the gas-phase structure.

N
N

H

H
Rh(III) catalyst
nPrCCnPr

EtOH

N
N nPr

nPr

nPr

nPr

Scheme 3.18 Solvent dependent C-H bond activation by Macgregor and co-
workers.
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In order to investigate the solvation effects, the formation pathways were calcu-

lated using MeCN as the solvent, using the PCM model due to the use of MeCN in

the experimental synthesis. As the solvation effects are added as an energy correc-

tion the structures in the pathways remain the same as shown in Scheme 3.14 and

Scheme 3.15. The energies are given in Table 3.8 which show the solvent corrected

energies are different to those without solvent (Table 3.2). However, we are interested

in the trends in the values, such as the change in the coordination and C-H bond

activation energies in order to compare the two sets of data (Table 3.9, Table 3.10

and Table 3.11).

Table 3.8 Solvent corrected ∆E0S and ∆GS energies for each pathway to 2a.

Structure ∆E0S / kJ mol−1 ∆GS / kJ mol−1

S-coordinates N-coordinates S-coordinates N-coordinates
1a + PdCl2 0.0 0.0 0.0 0.0

Int 1 -148.9 -161.0 -91.4 -105.2
TS 1-2 -28.2 -12.3 34.8 48.9
Int 2 -177.2 -93.0 -113.5 -31.8

TS 2-3 -123.1 -64.1 -62.4 -2.1
Int 3 -194.2 -199.9 -135.5 -143.7

2a + HCl -175.8 -175.5 -150.8 -150.3

Firstly the coordination energies are compared with and without solvent, and the

values are shown in Table 3.9. There is a decrease in energy when the effects of the

solvation are included, of between 57 and 58 kJ mol−1, for ∆E0 and ∆G. Therefore

the solvation effects are consistent for each pathway.

Table 3.9 Int 1 coordination energy of 1a to PdCl2 comparison with (∆XS) and
without (∆X) MeCN solvent (where X = E0 or G).

Energy / kJ mol−1

S-coordinates N-coordinates
∆E0 -211.7 -230.6
∆E0S -154.5 -172.7
∆G -155.8 -170.5
∆GS -98.6 -112.6

Despite the changes due to the solvation energy shown (Table 3.9) the trend that

the N-coordinates pathway is more favourable than the S-coordinates pathway is still
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evident, with the N-coordinates pathway with solvation included being 14.0 kJ mol−1

more favourable than the S-coordinates pathway for ∆GS (Table 3.9). This compares

to a difference of 14.7 kJ mol−1 for ∆G, therefore despite the overall energy values

changing, the trends in the results are the same with and without the inclusion of

solvent effects for the ligand 2a coordination to PdCl2.

The energy values can also be compared for the C-H bond activation energy

barriers (Table 3.10). In this case the energy barriers increase by between 23 and

25 kJ mol−1 for ∆E‡0S and ∆G‡S, respectively. Despite these increases, the trends

in the differences between the pathways remains the same, as the difference is

29.7 kJ mol−1 for ∆G‡ and 27.6 kJ mol−1 for ∆G‡S. Again the inclusion of the solvent

changes the absolute energy values, but not the overall trends.

Table 3.10 TS 1-2 C-H bond activation energy barrier comparison with and
without MeCN solvent.

Energy / kJ mol−1

S-coordinates N-coordinates
∆E‡0 95.5 125.2
∆E‡0S 120.7 148.7
∆G‡ 101.0 130.7
∆G‡S 126.2 154.1

Finally the overall formation energies can be compared, which are tabulated

(Table 3.11) and show that solvation significantly decreases formation energy, de-

creasing by 70 to 75 kJ mol−1 when solvent corrections are added to ∆E0 or ∆G.

Table 3.11 Overall formation energy with and without MeCN solvent.

Energy / kJ mol−1

S-coordinates N-coordinates
∆E‡0 -250.4 -247.5
∆E‡0S -175.8 -175.5
∆G‡ -225.3 -222.2
∆G‡S -150.8 -150.3
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3.2.10 Summary

These results show that the unsymmetrical pincer ligands significantly effect key

steps in the formation reaction pathway, such as ligand coordination and C-H bond

activation. It was found that the Pd-N bonds are stronger (larger ρ(r) values),

however the S donor atom is more electron donating (stabilises electrophilic Pd

centre) than the N donor atom, resulting in smaller C-H bond activation barriers. It

was also shown that the model formation reactions studied were energetically and

thermodynamically favourable. The effect of solvation was also investigated, showing

the significant differences in energy values when the solvent energy corrections are

added, however the trends found without solvent inclusion remain, and the energy

profile is shown for both pathways (Figure 3.22) including corrections for Gibbs free

energy and solvent.
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Figure 3.22 Gibbs free and solvent corrected energetic profile for the formation
reaction pathway to 2a.

3.2.11 Comparison of theoretically determined and experi-

mental solid state geometry of 2a

With the experimentally determined X-ray crystal structure, further validation of the

chosen DFT methodology can be undertaken. The DFT methodology has previously
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been validated in the study into the symmetrical PdSCS (I)8 and PdNCN (II)9

palladacycles (Figure 3.17) however as an additional check into the validity in the

choice of methodology the solid state X-ray crystal structures are compared here to

the theoretically calculated structures.

The solid state X-ray crystal structure (Figure 3.13) which has been separated

into two structures (Figure 3.14) can be used to compare the experimental and

theoretical structures. Geometry optimisation from the experimental structure is

important as the location of the hydrogen atoms are not precisely known from

experiment,146 and as the aim is to also study structures without crystal structure

data, the gas-phase energy minima will be calculated. The accuracy of reproduction

of the X-ray structure will be compared by calculating the mean unsigned errors

(MUE), found by Minenkov and co-workers et al.146 for metal containing bond lengths

in ruthenium complexes to range from 0.020 to 0.045 Å.

The palladacycles display a distorted square planar geometry, with the experi-

mental and theoretical Pd-L bond lengths tabulated for both structures (Table 3.12).

Variations between experiment and theory range from 0.000 to 0.026 Å which is

comparable to that found previously by Minenkov and co-workers,146 and that

found for the PBE functional in the previous method validation study (0.025 Å) for

symmetrical pincer palladacycles.96 Also the bond, and dihedral angles around the

palladium centre are very close to the experimental values (Table 3.13), with bond

angle differences within 1.0° and the dihedral within 4.0°. The combination of these

two sets of data provide confidence in the accuracy of the theoretical calculations to

model the experimental geometries of the Pd-L environment.

Table 3.12 Experimental and theoretical Pd-L bond distance comparison for 2a.

Bond Exp. A Exp. B Opt. A Opt. B ∆ A ∆ B
Distance / Å

Pd-S 2.291 2.291 2.314 2.314 0.023 0.023
Pd-N 2.082 2.080 2.080 2.080 0.002 0.000
Pd-Cl 2.423 2.403 2.397 2.397 0.026 0.007
Pd-C 1.951 1.974 1.954 1.954 0.004 0.020
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Table 3.13 Experimental and theoretical bond angle and dihedral comparison for
2a around the palladium centre.

Bond Exp. A Exp. B Opt. A Opt. B ∆ A ∆ B
Angle / °

N-Pd-S 165.2 164.9 165.7 165.7 0.6 0.9
N-Pd-C 80.5 80.4 80.5 80.5 0.0 0.1
S-Pd-C 84.8 84.6 85.2 85.2 0.5 0.6

N-Pd-S-C 7.9 -8.6 4.8 -4.8 -3.1 3.8

3.3 Conclusions

In this chapter, it has been shown that for the model formation reaction to 2a

calculated using density functional theory the donor atoms have a significant effect

on the energetics of the pathway, including the different stability of the ligand

coordination to PdCl2, the varying C-H bond activation, and the HCl elimination

barriers depending on whether N- or S-coordinates to the PdCl2 first. This suggests

clearly that having different donor atoms present in the palladacycle is having an

impact on bond strength and the nature of the interactions as determined using

Bader’s Atoms in Molecules theory, leading to the desire to synthesise unsymmetrical

SCN palladacycle. A new versatile synthetic route to unsymmetrical SCN ligands

was devised with late stage diversification possible as the last step is a nucleophilic

substitution allowing library generation. The desired SCN ligand 1a was successfully

synthesised in an overall yield of 51 %, and then underwent cyclopalladation with

[Pd(MeCN)4][BF4]2 yielding the desired SCN palladacycle 2a in an overall 36 % yield.

It was also found that our choice of DFT methodology reproduces experimentally

determined structures. This work has been published in Royal Society Open Science.97

3.4 Experimental details

3.4.1 General Details

Solvents and chemicals were purchased from commercial suppliers and used without

further purification, with most reactions taking place open to atmosphere and
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moisture. C-H activation reactions were undertaken using Schlenk techniques, under

nitrogen, in dry acetonitrile.

3.4.2 Instrumentation

1H and 13C{1H}spectra were recorded on a Varian 500, or 400 MHz spectrometer.

HRMS has been obtained on an ESI mass spectrometer using a Bruker Daltonics Apex

III, with ESI source Apollo ESI, using methanol as the spray solvent by Dr. Alaa K.

Abdul-Sada of the University of Sussex Mass Spectrometry Centre. GC measurements

were obtained using a Perkin Elmer Autosystem XL Gas Chromatograph, utilising a

flame ionisation detector, and a Supelco MDN-5S 30 m x 0.25 mm x 0.25 µm column,

with a He mobile phase. Elemental analyses were run by the London Metropolitan

University Elemental Analysis Service. Crystal structures were obtained by the UK

National Crystallography Service at the University of Southampton.195

3.4.3 Experimental Procedures

3-(Pyridin-2-yl)phenyl]methanol, 5

N

OH

3-[(Hydroxymethyl)phenyl]boronic acid (4.04 mmol, 614 mg), 2-bromopyridine

(4.04 mmol, 0.393 mL), Pd(PPh3)4 (0.16 mmol, 182 mg), 0.5 M K3PO4 (10 ml), tolu-

ene (7.5 ml), EtOH (5 ml) were added to a sealed 35 ml microwave vial and stirred

under microwave irradiation (maximum power 300 W, using dynamic heating) at

150 ◦C for 20 minutes. The reaction was cooled, and the volatiles removed in vacuo.

The mixture was diluted with H2O (25 ml) and EtOAc (25 ml), washed with H2O (2

x 25 ml) and brine (25 ml). The combined organic layers were dried over anhydrous

MgSO4, filtered, and concentrated in vacuo. The crude material was purified using

flash column chromatography (7:3 DCM:EtOAc) yielding 694 mg of the expected

product 5 as a white solid in 93 % yield.
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1H NMR (500 MHz, Chloroform-d) δ (ppm): 8.70 (d, J = 4.9 Hz, 1H), 8.02 (s,

1H), 7.90 (d, J = 7.6 Hz, 1H), 7-78 - 7-74 (m, 2H), 7.48 (dd, J = 7.6, 7.6 Hz, 1H),

7.44 (d, J = 7.6 Hz, 1H), 7.24 (ddd, J = 7.3, 4.9, 2.7 Hz, 1H), 4.80 (d, J = 6.0 Hz,

2H), 1.79 (t, J = 6.0 Hz, 1H).
13C{1H}NMR (126 MHz, Chloroform-d) δ (ppm): 157.3, 149.7, 141.5, 139.7,

136.8, 129.0, 127.5, 126.2, 125.5, 122.2, 120.6, 65.4.

HRMS (m/z). Calc. for [C12H11NO + Na]+ 208.0733. Found 208.0731.

2-[3-(Bromomethyl)phenyl]pyridine, 6

N

Br

[3-(Pyridin-2-yl)phenyl]methanol, 5 (3.03 mmol, 561 mg) and ≥ 48% HBr in H2O

(5 ml) were added to a 10 ml round bottomed flask and stirred at 150 ◦C for 8 hours,

then left to stir overnight at room temperature. The reaction mixture pH was

carefully adjusted to approximately 7.5 by careful addition of a saturated NaHCO3

solution. The crude product was extracted with EtOAc (3 x 50 ml), washed with H2O

(3 x 50 ml) and brine (50 ml). The organic layers were dried over anhydrous MgSO4,

filtered and the solvent removed in vacuo. The crude product was purified using

flash column chromatography (9:1 DCM:EtOAc) yielding 568 mg of the expected

product 6 as a yellow oil in 76 % yield.
1H NMR (500 MHz, Chloroform-d) δ (ppm): 8.70 (d, J = 4.9 Hz, 1H), 8.06 (s,

1H), 7.93 - 7.89 (m, 1H), 7.79 - 7.73 (m, 2H), 7.48 - 7.44 (m, 2H), 7.25 (ddd, J =

6.7, 4.9, 1.7 Hz, 1H), 4.58 (s, 2H).
13C{1H}NMR (126 MHz, Chloroform-d) δ (ppm): 156.7, 149.7, 134.0, 138.4,

136.8, 129.6, 129.2, 127.6, 126.9, 122.4, 120.6, 33.4.

HRMS (m/z). Calc. for [C12H10BrN + H]+ 248.0069. Found 248.0071.
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2-3-[(Methylsulfanyl)methyl]phenylpyridine, 1a

N

2-[3-(Bromomethyl)phenyl]pyridine, 6 (1.33 mmol, 331 mg), sodium thiomethox-

ide (1.62 mmol, 114 mg) and EtOH (4 ml) were added to a sealed microwave vial and

stirred under microwave irradiation (maximum power 300 W, dynamic heating) at

150 ◦C for 20 minutes. After cooling, the solvent was removed in vacuo, and the crude

mixture was diluted with H2O (25 ml) and EtOAc (25 ml). The crude product was

extracted with EtOAc (2 x 25 ml), washed with H2O (2 x 25 ml) and brine (25 ml).

The organic layers were dried over anhydrous Na2SO4, filtered and concentrated in

vacuo. The crude product was purified by flash chromatography (9:1 DCM:EtOAc)

yielding 207 mg of the expected product 5 as a yellow oil in 72 % yield.
1H and 13C{1H}NMR spectra are in agreement with prior literature values.178

2-3-[(Methylsulfanyl)methyl]phenylpyridine chloro palladacycle, 2a

N

Pd
Cl

Under an argon atmosphere, palladium (II) chloride (1.05 mmol, 186 mg) was

dissolved in dry MeCN (8 ml) and heated under reflux until a red solution had

formed. Silver tetrafluoroborate (2.10 mmol, 409 mg) dissolved in dry MeCN (8 ml)

was added to the palladium (II) chloride solution and heated under reflux for 2

hours, forming a white precipitate. The precipitate was removed by filtration and

discarded, and 2-3-[(methylsulfanyl)methyl]phenylpyridine, 1a (0.96 mmol, 207 mg)

in dry acetonitrile (8 mmol) added to the filtrate, and heated under reflux for 6

hours. The flask was cooled to room temperature, filtered over celite and the solvent

removed in vacuo.
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The crude intermediate was dissolved in MeCN (5 ml), and sodium chloride

(19.9 mmol, 1.17 g) dissolved in H2O (5 ml) was added, and the mixture was stirred

at room temperature for 3 hours. The solvent was removed in vacuo, and the crude

mixture dissolved in DCM (35 ml) and H2O (35 ml). The crude product was extracted

with DCM (2 x 35 ml), washed with H2O (2 x 35 ml) and brine (35 ml). The organic

layers were dried over MgSO4, filtered over celite, and the solvent removed in vacuo.

The crude product was purified by flash column chromatography (100 % → 98:2

DCM:MeOH) yielding 244 mg of the expected product 2a as a yellow solid in 71 %

yield.
1H NMR (500 MHz, Chloroform-d) δ (ppm): 9.06 (d, J = 5.4 Hz, 1H), 7.83 (dd,

J = 7.9, 7.9 Hz, 1H), 7.61 (d, J = 7.9 Hz, 1H), 7.30 (d, J = 7.6 Hz, 1H), 7.22 (m,

1H), 7.06 (dd, J = 7.6, 7.6 Hz, 1H), 7.01 (d, J = 7.6 Hz, 1H), 4.30 (m, 2H), 2.84 (s,

3H).
13C{1H}NMR (126 MHz, Chloroform-d) δ (ppm): 165.7, 165.2, 150.4, 147.8,

144.3, 138.9, 125.1, 124.7, 122.8, 122.2, 118.7, 49.4, 23.7.

HRMS (m/z). Calc. for [C13H12NPdS]+ 319.9720. Found 319.9710.

Elemental Analysis. Calc. (%) for C13H12NPdSCl: C 43.84, H 3.40, N 3.93;

found: C 43.71, H 3.48, N 3.93.
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Chapter 4

Expanding the scope: A family of

SCN pincer palladacycles

This chapter details the synthesis of a number of novel unsymmetrical SCN pincer

ligands, using the synthetic pathway described in Chapter 3. C-H bond activation of

the unsymmetrical SCN pincer ligands is presented, yielding a family of novel unsym-

metrical SCN pincer palladacycles. The catalytic evaluation of these unsymmetrical

palladacyles in the Suzuki-Miyaura reaction is presented, revealing differences in cata-

lytic activity depending on the thioether substituent. A potential catalyst activation

pathway is studied for the Suzuki-Miyaura coupling reaction using DFT.

4.1 Introduction

The previous chapter included the design of a new route towards unsymmetrical

pincer SCN ligands, with an emphasis on the synthesis of an SCN pincer ligand

(Figure 4.1) with a thiomethyl substituent. The aim of the work presented in this

chapter is to vary the substituent on the sulphur atom to synthesise a library of

these unsymmetrical pincer ligands, to expand the scope of the synthetic chemistry,

and to vary the steric and electronic effects of the sulphur ligand.
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N

S

1a
Figure 4.1 SCN pincer ligand, 1a, with a methyl thioether substituent.

The full synthetic pathway to 1a is shown in Scheme 4.1 with the key benzyl

bromide (6) highlighted in red. Varying the sulphur nucleophile at this ligand

synthesis stage provides the opportunity for a ligand library to be synthesised.

N

S

B

OH

OHHO

N

Br

N

OH

N

Br

a c

3 4 5 6 1a
Scheme 4.1 Full reaction scheme to 1a. a) Pd(PPh3)4, K3PO4, Tol, EtOH, H2O.
b) HBr. c) NaSMe, EtOH.

4.1.1 Steric and electronic ligand effects

The changing of thioether substituents provides the opportunity to vary the steric

and electronic properties on the sulphur atom, this in turn provides the opportunity

to fine tune the palladium environment. For example, in a study into selenium

pincer palladacycles (Figure 4.2),11 it was envisaged that adding electron donating

groups into the para-position of the Se donor group, would result in a changing of the

electronics of the palladium centre, and hence could have implications in catalysis.

However it was found that OMe substitution on the selenium donor group made

little difference in catalytic activity, however substitution on the ligand backbone,

para to the palladium, provided a four-fold activity increase.
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Se Pd Se

Cl

Se Pd Se

Cl

OMeMeO

Se Pd Se

Cl

OMe

Figure 4.2 Selenium palladacycles by Szabó and co-workers, with ligand electronic
fine tuning on Se donor group (middle), and the ligand backbone (right).

The effect of adding electron rich OMe groups and electron poor NO2 groups to

the ligand backbone has also been investigated for the IrPCP pincer palladacycles.

By changing the Y donor group (Figure 4.3), differences in catalysis were found in

various small molecule additions to the IrPCP complex, with increasing electron

density disfavouring H-H or C-H bond addition,76 or alkane dehydrogenation for 16e

pincer complexes.196

R2P Ir PR2

Y

CO

Figure 4.3 Substituent effects on IrPCP pincer complexes by Krogh-Jespersen et
al.

There has also been investigation into the ability to fine tune the steric effects

of groups on the donor atoms (Figure 4.4),197 where increasing the steric bulk on

the donor groups has the potential to influence halogenation reactions. Studies

have also been undertaken using guanidine based palladacycles,198 chiral phosphap-

alladacycles,169 and in aryl-aryl coupling reactions using palladium norbornene

palladacycles.199

N Pt N

Cl

N Pt N

Cl

Figure 4.4 Adding additional steric bulk to symmetrical NCN pincer platinum
complexes by van Koten.

Studies into the combinations of steric and electronic effects has been performed
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on unsymmetrical nitrogen based palladium complexes200 and O,N-based palladium

complexes.201

The ability to utilise unsymmetrical pincer palladacycles to combine different

electronic and steric effects of the different ligand arms provides an excellent way to

study these effects.23,202

These investigations into varying the steric and electronic properties of the groups

on the palladium atom provide the desire to synthesise a family of SCN palladacycles

related to 1a with varying electronic and steric character.

4.1.2 Suzuki-Miyaura catalysis

The Suzuki-Miyaura coupling reaction,156,203 is the palladium catalysed C-C cross

coupling reaction utilising transmetallation with boron reagents, with a general

example shown in Scheme 4.2. The Suzuki-Miyaura coupling reaction has evolved into

a very widely used reaction, and in a recent analysis of the reactions used in medicinal

chemistry, is the most commonly used synthetic procedure for palladium catalysed

C-C bond formations,204 clearly showing its importance in modern chemistry.

X B(OH)2

Pd catalyst

Scheme 4.2 General Suzuki-Miyaura coupling.

The coupling of aryl iodides and aryl bromides is reported frequently, with that of

iodides and electronically activated bromides often performed with simple palladium

species such as Pd(OAc)2 or Pd(PPh3)4, however the coupling of electronically deac-

tivated aryl bromides and aryl chlorides is desirable. Aryl chlorides are more desirable

as substrates, due to their lower cost, lower molecular weight (hence “greener”due to

less waste production) and greater availability, relative to the analogous bromides

and iodides.205 However, the drawback of using aryl chlorides is that Ar-Cl bonds are

stronger than equivalent Ar-Br and Ar-I bonds. For example, bond dissociation ener-
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gies for phenyl halide bonds decrease from Ar-F (527 kJ mol−1) >Ar-Cl (402 kJ mol−1)

>Ar-Br (339 kJ mol−1) >Ar-I (272 kJ mol−1), resulting in more difficult oxidative

addition of the Ar-Cl bond in the first step of the Suzuki-Miyaura coupling reaction,

compared to Ar-Br and Ar-I examples.206 Adding electron withdrawing groups to the

aryl substituent of the aryl halide, such as NO2 increases their activity, by weakening

the Ar-X bond, however if the substituents are not required in the final product,

adds increasing complexity to the reaction procedure.206

The development of new catalysts for the Suzuki-Miyaura reaction is a very active

research field,159 and the application of palladacycles as precatalysts is widespread.

The seminal work by Herrmann, Beller and co-workers utilised their Herrmann-

Beller palladacycle (Figure 4.5) in the Suzuki-Miyaura coupling.32 Other examples

of palladacycles being utilised in the Suzuki-Miyaura coupling include the diverse

work by Buchwald, using NC palladacycles (Figure 4.6);180,207 with other examples

widespread, including NC31,44,162,208,209 and PC palladacycles.31,36–38,163,164,210

P

Pd

o-Tol o-Tol

O O

O O

Pd

P
o-Tol

o-Tol

Figure 4.5 Herrmann-Beller palladacycle.

NH2

Pd

Cl

PCy2
iPriPr

iPr

NH2

Pd

Cl

Figure 4.6 Buchwald and co-workers’ palladacycle precatalysts.

A plethora of pincer palladacycles have been utilised in the Suzuki-Miyaura

coupling reaction, including both symmetrical,39,40,42,165,211 and unsymmetrical ex-

amples,15,27,34,35,41,154,212 providing a suitable benchmark to study newly synthesised

palladacycles in catalytic applications.
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4.1.3 Suzuki-Miyaura coupling mechanistic insight

Palladaycle catalyst activation

In the initial application of palladacycles in C-C bond coupling reactions (Suzuki-

Miyaura and Heck olefination), a mechanism involving a Pd(II)/Pd(IV) pathway was

suggested,32,213 however very quickly it was postulated that the palladacycles were

likely acting as a catalyst via another mechanism, and perhaps act as a precatalyst

to generate Pd(0) species (Scheme 4.3).52 Reviews covering the active species in the

Suzuki-Miyaura coupling reaction suggest that in most cases catalysis occurs acts

via a Pd(0)/Pd(II) mechanism, and therefore the palladacycle must be activated

into a form of Pd(0), with the nature of this species causing further debate.214–216

The idea of ”Homeopathic Ligand-Free Palladium” was discussed by de Vries and

co-workers, showing that palladacycles act as a source of Pd(0), and Pd(OAc)2 also

acts as ligand free palladium in the Heck reaction.45

P

Pd

(o-Tol)2

O O

O O
Pd

P
(o-Tol)2

Me3SnPh
P(o-Tol)2 + PdL'2 + Me3SnOAc + Pd(0)

Scheme 4.3 Generation of Pd(0) from a palladacycle precatalyst, by Louie and
Hartwig.

An important contribution to the field was made by Bedford et al.37 on the

generation of the catalytically active Pd(0) species. A PC phosphinite palladacycle

was exposed to various components of the Suzuki reaction to show that the generation

of Pd(0) and an ortho-arylated biphenyl occurred when the palladacycle was exposed

to base and phenylboronic acid (Scheme 4.4).
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Scheme 4.4 Bedford et al.’s investigation into generation of Pd(0) from a PC
palladacycle.

The likely role of Pd(0) from palladacycle precatalysts sheds light upon the

reports of palladacycle catalyst recyclability. Examples include that by Lin and

Luo,217 where it was found that a polystyrene supported PC palladacycle could act

as a catalyst in the Heck, Suzuki and Sonogashira coupling reactions, with reported

recyclability, over numerous couplings (up to 7). The catalyst retained its reactivity,

albeit only for aryl iodies and bromides. The recyclability of palladacycle catalysis

was also investigated by Bedford et al.218 where it was found that the silica supported

NC catalysts achieved poor recyclability in the Suzuki-Miyaura reaction, attributed

to the likely reduction of the palladacycle to a Pd(0) species. This is possibly the

explanation why recyclable catalysts fail to achieve the excellent results achieved

using solution based examples. However, an interesting report was published by

Karami et al.219 on the use of an NC palladacycle as a recyclable catalyst for the

Heck reaction, where the palladacycle acts as a reservoir of palladium nanoparticles,

stabilised by polyethylene glycol, achieving recyclability, for aryl iodies, and activated

aryl bromides.

Other investigations include the room temperature Suzuki-Miyaura coupling of

aryl bromides by phosphorus based palladium complexes;220 and the coupling of aryl

bromides by PCN pincer palladacycles including the use of the mercury drop test as

an investigation into possible mechanisms.164

Despite the plethora of examples of palladacycle application into Suzuki-Miyaura

catalysis, no papers provide a comprehensive mechanistic investigation into the
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catalyst activation step. Experimental evidence is widespread for the process, with

proposed key intermediates, however a comprehensive theoretical investigation is

lacking.

Several review articles cover the nature of the active catalyst, including work by

Astruc,221 covering the use of palladium nanoparticles as catalysts (either heterogen-

eous or homogeneous). In a number of excellent reviews,214,215 the authors cover the

recent research into the active catalysts generated from Pd(II) complexes, including

palladacycles, summarising the various efforts to ascertain the true catalyst.

Much debate is still present on the actual true catalyst, whether it be ligand

free Pd(0), palladium nanoparticles, low-ligated Pd(0) etc, however it is generally

accepted that palladacycles are reduced to Pd(0) in the absence of strong oxidising

agents, and therefore the direction of design of palladium catalysts have to take

into account the mechanism by which this occurs, and how to alter the kinetics and

thermodynamics of this catalyst activation step to increase the catalytic activity.

Along with the previous examples discussed,37,52 further work on the generation

of the catalytically active species has been undertaken, such as the work by Spencer

et al. (Scheme 4.5),44 and the work by Odinets and co-workers (Scheme 4.6).16

In the latter case, the effect of the hemilability of the unsymmetrical SCN pincer

palladcycle on the decoordination of one of the donor arms was raised. This effect of

hemilability,24 is well discussed,17,35,172 and the varying donor atoms may have an

effect on the rate of generation of the Pd(0) species, and therefore on the catalytic

activity of the palladacycles in catalysis where Pd(0) is the active species.
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Scheme 4.5 Generation of Pd(0) from palladacycles by Spencer et al.
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Scheme 4.6 Generation of Pd(0) by Odinets and co-workers.

Most recently, the work by Fairlamb and co-workers,222 discusses the palladacycle

precatalyst activation step, and stated “Controlling and understanding the precatalyst

activation step is however, absolutely critical - an aspect that is poorly understood”.222

It was shown that in a catalyst activation step, transmetallation with a boronic acid

occurs as shown previously, with reductive elimination of a Pd(0) species, with the

arylated ligand remaining (which readily undergoes hydrolysis) (Scheme 4.7).

In a paper by d’Orlyé and Jutand,223 the generation of Pd(0) from a PC pallada-

cycle is discussed, via a reductive elimination of Pd(0) involving the bridging acetate

group, which was investigated using cyclic voltammetry to observe the presence of

the Pd(0) generated in situ from the palladacycle.

N

Pd

PPh3

X

2

2

Pd

PPh3

Ar

- Pd0(PPh3)n

Ar

Ar

Scheme 4.7 Reductive elimination of Pd(0) proposed by Fairlamb and co-workers.
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4.1.4 Comparison of catalyst activation to previous DFT

studies

Despite the catalyst activation pathway for palladacycles having not been studied

previously using DFT, comparisons can be made between similar processes, such

as in the Suzuki-Miyaura coupling reaction. Two of the key steps in the catalyst

activation pathway are transmetallation and reductive elimination, which also occur

in the Suzuki-Miyaura coupling reaction.

There have been several studies on the role of the base in the transmetallation,

and the effect on the kinetics of the transmetallation step, which has been reviewed

including theoretical and experimental investigations.224,225

Role of the base in transmetallation

Several different roles of the base in transmetallation of the Suzuki-Miyaura coupling

reaction have been studied, such as that by Maseras and co-workers226 into the

transmetallation step of the Suzuki-Miyaura coupling, yielding several different

pathways (Scheme 4.8). The pathways A and B differ in the role of the base (HO– ),

wherein pathway A the base forms a phenylboronate species; and in pathway B

forms an oxo-palladium species. Pathway C is the transmetallation pathway taking

place without base. It was found that pathway C was most endothermic (∆E0

= 135.1 kJ mol−1), with an energy barrier of 243.1 kJ mol−1, therefore proving an

unlikely pathway. Pathway A was deemed most likely, as an exothermic process (∆E0

−62.3 kJ mol−1) with a significantly lower energy barrier of 92.9 kJ mol−1. Pathway

B was ruled out, as it was found the HO– would oxidise the PH3 group, rather than

substitute the halide.

The role of the base, analogous to pathway A in Scheme 4.8226 was also studied in

transmetallation involving diimine palladium species by Weng and Hong;227 and an

investigation of phosphine effects on transmetallation by Harvey and co-workers.228

Chelating N- and P- based ligands were studied by Hong and co-workers,229 with both

an associative and a dissociative pathway (Scheme 4.9). The dissociative pathway
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Scheme 4.8 Transmetallation mechanisms by Maseras and co-workers.
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was found to be infeasible as it was extremely endergonic (∆G = 528.0 kJ mol−1) for

the dissociation step.
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Scheme 4.9 Transmetallation step by Hong and co-workers.

The associative pathway was significantly more feasible, with a halide substitution

barrier of 77.4 kJ mol−1, and removal of the resultant chloride anion having an energy

cost of 156.9 kJ mol−1. It was also found the base-free transmetallation had a

significantly larger energy barrier of 143.9 kJ mol−1.229

A pathway analogous to pathway B in Scheme 4.8226 was favoured when studied

by electrochemical techniques by Amatore et al.,230 showing the oxo-palladium

species was favoured over the phenylboronate pathway, also found by Carrow and

Hartwig.231

Another study involved using vinylboronic acid, and a vinyl substituted palla-

dium complex by Maseras and co-workers.232 The boronate pathway analogous to

pathway A (Scheme 4.8) was studied with both associative and dissociative pathways

considered. Barriers for the transmetallation step of between 38.1 and 51.9 kJ mol−1

depening on the pathway were found. However for the dissociative pathway, the

energetic cost of the chloride dissociation was not included. The pathway also

included the reductive elimination step, with a barrier of 20.1 kJ mol−1.

The boronate pathway was also postulated to be the favoured pathway in an

experimental study by Lima et al.,233 when studying the pKa effects on catalysis. It

was concluded that, despite not being able to completely rule out the possibility of

the boronic acid reacting with a palladium oxo-species, the most reactive species is
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likely to be the boronate in transmetallation.

Effect of solvent on the transmetallation step

In another investigation into the role of the base in the transmetallation step,

work by Ortuño et al.234 into the role of the base and solvent was studied on

(PPh3)2Pd(Ph)(Br) using DFT (M06/6-31(d,p)[SDD]). It was found that in the

transmetallation step, the route via phenylboronate was more energetically feasible

than via the oxo-palladium species. All calculations were performed in THF solvent

using the SMD continuum methodology. The role of water molecules within the

structures was also investigated. It was found that the phenylboronate pathway,234

analogous to the pathway A in Scheme 4.8226 with the presence of three explicit

water molecules in the structure, in continuum THF solvent had a Gibbs free

energy barrier of 79.1 kJ mol−1. This compares to that of the oxo-palladium pathway

whereby a barrier of 104.6 kJ mol−1 was found for the displacement of the bromide

by the hydroxide anion, and a barrier of 35.6 kJ mol−1 for the coordination of the

phenylboronic acid to the oxo-palladium species. It was found that the addition

of extra water molecules had little effect on the phenylboronate pathway, however

for the oxo-palladium pathway, without the three water molecules, the barrier was

increased for the bromide displacement to 137.2 kJ mol−1 indicating that solvent is

more important in the oxo-palladium pathway.

Reductive elimination

In addition to the previously discussed study by Maseras and co-workers (Scheme 4.8),232

an excellent investigation was undertaken by Morokuma and co-workers235 into the

kinetics and thermodynamics of various C-C coupling reactions. The reductive

elimination studied various R groups, including vinyl, phenyl, methyl and ethynyl

groups (Scheme 4.10). It was found that the energy barrier decreased in the order

methyl >ethynyl >phenyl >vinyl. The Gibbs free energy barriers to reductive elim-

ination ranged from 25.1 kJ mol−1 for the formation of buta-1,3-diene from the vinyl
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R groups, to 98.7 kJ mol−1 for the formation of ethane from the methyl R groups.

For the formation of biphenyl for phenyl R groups, the Gibbs free energy barrier for

reductive elimination had a value of 44.8 kJ mol−1.

Pd R2H3P

R1

PH3

Pd R2H3P

R1

PH3

Pd R2H3P

R1

PH3

Pd PH3H3P

R1 R2

Start TS p-complex Products

Scheme 4.10 Morokuma and co-workers reductive elimination.

In another study by Espinet and co-workers,236 it was found that reductive

elimination from PdR2(PR3)2 complexes was affected by the steric bulk of the

phosphine groups, with larger groups favouring dissociative reductive elimination

pathways, due to decreased steric strain. It was also found that the addition of

solvent effects via a continuum model increased the energy barriers to reductive

elimination.

In a similar study by Ananikov et al.,237 the larger PPh3 groups afforded lower

barriers in reductive elimination compared to PMe3 ligands from four coordinate

species, whereas it was found PCy3 ligands were favoured in dissociative three

coordinate pathways, due to the weaker Pd-P bonds. The polarisable continuum

model (PCM) was also used to model solvent effects using non-coordinating solvents,

however it was found to make little difference to the energetics of the pathways.

Other studies into the reductive elimination process include work by Goldman

and co-workers238 into the reductive elimination of various C-C bonds from five

coordinate iridium complexes; by Kaltsoyannis and co-workers239 on the reductive

elimination of C-N bonds from palladium complexes; the reductive elimination of

C-C bonds from rhodium pincer complexes by Martin and co-workers;240 and further

work by Espinet and co-workers241 on reductive elimination of hexa-1,6-diene from

palladium π-allyl palladium complexes.
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4.2 Experimental results

4.2.1 SCN ligand library synthesis

In order to investigate the steric and electronic influence of substitution on the

thioether group, a number of different sulphur nucleophiles (Figure 4.7) have been

used in the nucleophilic displacement of 6 in Scheme 4.1. These nucleophiles provide

the opportunity to increase electron density on the palladium by inductive electron

donation with increasing chain length (HSC2H5, 7b, and HSC3H7, 7c). Steric

demand can also be increased (HSC6H5, 7d), and then the electronic effects can be

varied on 7d by increasing electron density mesomerically by the OMe group on the

phenyl ring in 4-HSC6H4OCH3, 7f; decreasing electron density mesomerically on the

phenyl ring with the NO2 group in 4-HSC6H4NO2, 7g, and inductively increasing

electron density on the ring with the para methyl group in 4-HSC6H4CH3, 7e.

HS HS HS HS

HS OMe HS NO2

7b 7c 7d 7e

7f 7g

Figure 4.7 Sulphur based nucleophiles studied in this thesis.

These variations in sulphur based nucleophiles provide a number of opportunities

to change the electron density on the sulphur atom, and potentially thereby the

palladium atom. Also, this allowed the modification of the steric bulk of the thioether

donor arm. It will then be interesting to observe if this has any effect on any catalytic

applications of the resulting SCN pincer palladacycles.

In the initial synthesis of 1a (Scheme 4.1), NaSMe was used as the nucleophile

in the nucleophilic substitution of 6, however in the cases presented in Figure 4.7

none of the sulphur nucleophiles are negatively charged, and therefore a base or

proton scavenger is required for the reaction to proceed smoothly to increase the

nucleophilicity of the thioether, in this case either NaH, NEt3 or Hunig’s base. Also
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a different solvent is required for use with NaH, as originally the protic solvent EtOH

was used, and therefore a non-protic solvent is required.

The reactions performed (Scheme 4.11) yielded a number of novel unsymmetrical

SCN pincer ligands (Figure 4.8), in addition to the previously discussed example, 1a.

The ligand 1d has previously been synthesised via the original Baltus route.242 The

yields and synthetic conditions are presented in Table 4.1.

N
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6
Scheme 4.11 Nucleophilic displacement of 6 by a range of sulphur based nucleo-
philes.
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Figure 4.8 Unsymmetrical SCN pincer ligands.

It was found that the optimum reaction conditions for most sulphur nucleophiles

was using NaH as the base, with DMF as the solvent, with the exception of the

synthesis of 1e, where it can be seen that in entry 5, that NEt3 in EtOH provided a

higher yield. Hunig’s base was used for the synthesis of 1g as a precaution against

potential undesired reactions between NaH and the NO2 group.243
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Table 4.1 SCN ligand synthesis yields.

Entry Product Conditions Isolated yield / %
1 1b NaH, DMF, MW 150 ◦C, 15 min 72
2 1c NaH, DMF, MW 150 ◦C, 20 min >99
3 1c NaH, THF, MW 130 ◦C, 15 min 55
4 1d NaH, DMF, MW 150 ◦C, 20 min 99
5 1e NEt3, EtOH, MW 150 ◦C, 20 min 51
6 1e NaH, DMF, MW 150 ◦C, 15 min 39
7 1f NaH, DMF, MW 150 ◦C, 20 min 60
8 1g Hunig’s base, DMF, MW 150 ◦C, 20 min 73

4.2.2 SCN pincer palladaycycle synthesis

With the small library of novel SCN pincer ligands synthesised (Figure 4.8) the next

step is to synthesise the related SCN pincer palladacycles, as per the route described

previously for 2a, using in situ generated Pd(NCMe)4(BF4)2 (Scheme 4.12).

N

S
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H PdCl2

�, MeCN

2

S

Pd
Cl

Scheme 4.12 C-H bond activation of SCN pincer ligands.

The newly synthesised palladacycles are shown in Figure 4.9, with 2d previously

synthesised,242 and their yields are presented in Table 4.2 in good to excellent yield.
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Figure 4.9 Experimentally synthesised unsymmetrical SCN pincer palladacycles.
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Table 4.2 SCN pincer palladacycle synthesis yields.

Entry Ligand Palladacycle Yield / %
1 1b 2b 83
2 1c 2c 85
3 1d 2d 71
4 1e 2e 89
5 1f 2f 54
6 1g 2g 34

Crystal structures are provided for 2b (Figure 4.10), 2c (Figure 4.11) and 2f

(Figure 4.12), visualised using the Ortep3 program.244

Figure 4.10 Crystal structure of 2b.
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Figure 4.11 Crystal structure of 2c.

Figure 4.12 Crystal structure of 2f.
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The structures of the SCN pincer palladacycles can be investigated, observing any

differences in Pd-L bond lengths, as the substituent of the thioether group is changed

(Table 4.3). All structures exhibit a distorted square-planar geometry. The bond

distances for 2a contain significantly larger estimated standard deviations (e.s.d.)

in comparison the other structures, making comparison with this structure difficult.

For the remaining structures (2b,c,f), within the 5 x e.s.d. limits, no significant

differences in the experimental bond lengths can be observed.

Table 4.3 SCN pincer palladacycle X-ray crystal structure Pd-L bond lengths.

Bond
Bond length / Å

2a 2b 2c 2f

N

Pd
Cl

N

S

Pd
Cl

N

S

Pd
Cl

N

S

O
CH3

Pd
Cl

Pd-S 2.291(8) 2.2638(4) 2.2705(7) 2.2674(5)
Pd-N 2.09(3) 2.0672(13) 2.066(2) 2.0708(15)
Pd-C 1.95(3) 1.9489(15) 1.950(2) 1.950(2)
Pd-Cl 2.423(8) 2.4095(4) 2.3961(5) 2.4093(5)

4.2.3 Suzuki-Miyaura coupling catalysis

These newly synthesised SCN pincer pincer palladacycles were next tested in a

potential catalytic application, the Suzuki-Miyaura coupling reaction, as precatalysts,

in order to investigate any difference in their catalytic activity depending on the

sulphur atom substituent.

Catalyst loading investigation using 2a

The initial catalytic investigation focused on using 2a as the precatalyst for the

coupling of an electronically deactivated aryl bromide, 4-bromoanisole, 8a with

phenylboronic acid, 9a (Scheme 4.13). The conditions used were analogous to that

used for the initial work with the Herrmann-Beller catalyst.32 This utilises K2CO3

as the base, with o-xylene as the solvent, with various catalyst loadings of 2a. The
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reaction was performed at 130 ◦C. The first investigation is into the catalyst loading

required for catalysis, and what effect decreasing the catalytic loading has on the

product conversion rates. The reactions were monitored using gas-chromatography

(GC), with aliquots taken at 2 h and 4 h, measuring the % conversion from the

starting bromide 8a to the final product, 10a. The results are presented in Table 4.4,

along with a range of literature examples for comparison.

Br

2

0.001 - 0.5 mol %

K2CO3

o-Xylene

OMe

OMe

2a

8a 9a 10a
Scheme 4.13 Catalyst loading investigation for Suzuki-Miyaura coupling using
2a.

Table 4.4 Catalyst loading investigation for Suzuki-Miyaura coupling using 2a
GC conversions.

Entry Catalyst loading / mol %a GC conversion / %a

2 h 4 h Literature
1 0.5 94 96
2 0.1 95 96
3 0.05 93 94
4 0.01 85 87
5 0.001 6 7

6b
1 93

0.1 78
0.01 5

7c
1 91

0.1 84
0.01 3

8d
0.5 98
0.05 92
0.005 43

9e 1 61

a) Average of 2 runs, based on 8a and 10a. b) 5 h using SCN palladacycle A.16 c) 5 h using
SCN palladacycle B.35 d) 27 h using SCN palladacycle C.44 e) 5 h using SCN palladacycle D.27

Literature palladacycles are shown in Figure 4.13.

It can be seen from the results in Table 4.4 that at catalyst loadings of 0.001 mol %,

in entry 5, only a small conversion of 8a to 10a is evident (only 7 % conversion after



114

Pd

PPh2

SN

Cl
tBu

A

PdN

O

S
PPh2

Cl
tBu

B

N

N
O

Pd
S tBu

Cl

C

Ph2

P
N

Pd S

Cl

D

Figure 4.13 Literature palladacycles compared in Table 4.4.

4 h). However good conversion is found for 0.01 mol % in entry 4, suggesting this is a

reasonable catalyst loading for further catalytic investigations.

These catalyst loadings are favourable in comparison to other reported SCN

pincer palladacycles. Entries 6 and 7 by Aleksanyan and co-workers16,35 provided

lower GC conversions than presented in this work; similar conversions were found at

equivalent catalyst loadings for the benzodiazpene based palladacycles by Spencer

et al. in entry 8;44 and the work presented here achieves significantly higher GC

conversions that shown in entry 9.27 Therefore the catalytic loadings achieved are

comparable to that reported previously.

Reaction time optimisation using 2a

With the optimum catalyst loading of 0.01 mol % the next step was to investigate the

optimal reaction times required for the catalytic reaction to proceed to completion.

For this, another electronically deactivated, and sterically hindered aryl bromide,

2-bromotoluene, 8b, was coupled with phenylboronic acid, 9a (Scheme 4.14), and

monitored by GC every 15 min.
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2a

8b 9a 10b
Scheme 4.14 Catalyst reaction time optimisation using 2a, an average of two
separate runs.

The results for this study are shown in Figure 4.14, where it can be seen that

after ≈ 45 min the % conversion plateaus, and the reaction is almost complete, with

only small increases in conversion as time progress through to 4 h.
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Figure 4.14 Reaction time optimisation for Suzuki-Miyaura coupling reaction
using 2a, average of two runs.

Sterically demanding coupling reactions using 2a

In this section, the scope of the reaction is expanded to sterically demanding and

electronically deactivated aryl bromides. The different coupling reactions studied

are shown in Figure 4.15, with the results shown in Table 4.5. 2a is the precatalyst

used in these reactions, and for the reaction in entry 4, are compared to a symmet-

ric SCS pincer palladacycle (Figure 4.16),245,246 and the Herrmann-Beller catalyst

(Figure 4.5).32
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Figure 4.15 Suzuki-Miyaura coupling reactions of sterically hindered substrates
undertaken using 2a.

PdS S

Cl

Figure 4.16 Symmetric PdSCS pincer palladacycle.

It can be seen (Table 4.5) that 2a successfully couples these sterically demand-

ing coupling partners. The comparison between the symmetric and unsymmetric

pincer palladacycles in entry 4, also shows that the unsymmetric palladacycle 2a

is slightly more efficient than the symmetric palladacycle tested. Under these cata-

lytic conditions 2a also provides higher GC conversions than the Herrmann-Beller

palladacycle.

Examples of these sterically demanding coupling reactions are widespread in the
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Table 4.5 Suzuki-Miyaura coupling reactions of sterically hindered substrates
undertaken using 2a.

Entry Bromide Boronic acid Product GC Conversion / %
2 h 4 h 6 h

1

Br B(OH)2

61 64 67

2

Br
B(OH)2

57 59 62

3
Br B(OH)2

23 31 39

4

Br
B(OH)2

67 74 79

37a 43a 47a

51b 51b 57b

Reactions performed in duplicate and results are the average of both runs. a) Symmetrical
SCS pincer palladacycle (Figure 4.16) as catalyst. b) Herrmann-Beller palladacycle as catalyst
(Figure 4.5).32
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literature using palladacycles, with examples shown in Figure 4.17 including the

coupling of 8c with phenylboronic acid, 9a. These include the application of PC

palladacycle A providing 48 % conversion, however at a lower catalyst loading of

0.001 mol %;163 PCP pincer palladacycle B using the same 0.01 mol % catalyst loading

presented in this work, achieving % conversion of 30 % after 18 h;39 and another

PCP example C achieved impressive conversions of 62 % at 0.001 mol % catalyst

loading.211 Symmetrical NCN pincer palladacycle D has also been shown to achieve

inferior results to those presented here achieving conversions of 99 % however at the

higher catalyst loading of 0.1 mol %;15 in another example NCN pincer palladacycle

E achieved 45 % yield at 0.01 mol % catalyst loading.40 PCP phosphinite pincer F

has also been shown to successfully couple 8d and 9b in 87 % yield, however at

1 mol % catalyst loading.165

O
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tBu
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O O
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N
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O
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Figure 4.17 Literature sterically hindered Suzuki couping palladacycle examples.

SCN pincer palladacycles

In order to investigate the effect of varying the substituents on the sulphur on their

catalytic activity, the coupling of the sterically hindered aryl bromide, 8d with the
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sterically hindered arylboronic acid, 9b was undertaken with a number of SCN pincer

palladacycles, 2a–c,e,f (Figure 4.18) and presented in Table 4.6. These results were

also compared to the symmetrical SCS pincer palladacycle Figure 4.16245,246 and the

Herrmann-Beller palladacycle (Figure 4.5).32

Br
2

0.01 mol% [Pd]
K3PO4

o-Xylene

8d 9b 10g

Figure 4.18 Suzuki-Miyaura coupling of 8d and 9b with various palladacycle
catalysts.

The results presented in Table 4.6 show that there are differences in the catalytic

activity in the Suzuki-Miyaura coupling depending on the thioether substituent.

The results suggest that substituting the thioether with alkyl groups (entries 1-3)

achieve higher % conversions, than the aryl substituted thioethers (entries 4 and 5).

The symmetrical aryl substituted SCS pincer palladacycle shown in Figure 4.16 also

achieves lower % conversion than the alkyl substituted examples, and the Herrmann-

Beller palladacycle (entry 7) achieves % conversions intermediate between the aryl

and alkyl substituted SCN pincer palladacyles (entries 1-3).

Clearly the thioether substituent has a significant effect on the catalytic activity,

and therefore investigating these differences is desirable to understand the catalytic

properties of the unsymmetrical pincer palladacycles.

4.3 Theoretical results

Following on from the discussion in Section 4.1.3, in this section the catalyst activation

pathway of palladacycles to Pd(0) for the application in the Suzuki-Miyaura coupling

reaction was investigated. From the investigation by Odinets and co-workers,16 which

provided proposed intermediates in the formation of Pd(0) from unsymmetrical

pincer SCN palladacycles (Scheme 4.6), the full pathway was calculated including all
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Table 4.6 Suzuki-Miyaura coupling of 8d and 9b with SCN pincer palladacycles,
symmetrical SCS palladacycle and the Herrmann-Beller palladacycle.

Entry Palladacycle GC conversion / %
2 h 4 h 6 h

1 N

Pd
Cl 69 76 79

2 N

S

Pd
Cl

- 62 64

3 N

S

Pd
Cl

76 77 79

4
N

S

Pd
Cl 24 34 39

5
N

S

O
CH3

Pd
Cl - 32 37

6 PdS S

Cl
37 43 47

7

P

Pd

o o

O O

O O

o
o

50 50 57
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stationary points along the pathway. The pathway includes two key steps studied in

the Suzuki-Miyaura coupling reaction, transmetallation and reductive elimination,

providing guidance into likely mechanistic pathways.

Discussed in Section 4.1.4 is the role of the base in the transmetallation pathway,

where it was found a possible pathway includes the base (HO– ) precoordinating

to the boronic acid, forming the phenylboronate species, which then displaces the

halide present on the palladium atom.247 Therefore in the study presented here, the

phenylboronate is used as the transmetallation partner.

4.3.1 Catalyst activation pathway

In this section, solvent corrections were performed using o-xylene to compare to the

experimental Suzuki-Miyaura couping results.

The proposed catalytic activation pathway includes several key steps. The

nucleophilic substitution of the halide by the phenylboronate, the transmetallation

step with the formation of the new Pd-C bond; and finally the reductive elimination

of the Pd with the formation of the new C-C bond.

A general scheme detailing key steps in this pathway is provided in Scheme 4.15

where it can be seen that for the reductive elimination there are two different

possibilities, depending on whether S- or N- remains coordinated to the palladium

atom. One of the Pd-L bonds requires cleavage to facilitate reductive elimination, as

this is not possible in the trans configuration. Likewise, in the ligand decoordination

step (Scheme 4.15) either S- or N- can decoordinate first.



122

S

N

R

Pd
Cl

Ph

B
OH

OH
HO

Cl-

N

Pd

S R

O 2

N

Pd

S R

O 2

N

Pd

S R

3

N

Pd

S R

N

Pd

S R

N

S R

N

S R

Pd

N

S R

Pd

N

S R

Pd

N

S R

Pd

N

S R

Pd

N

S R

Pd

Pd

Scheme 4.15 Key steps in the catalyst activation pathway.

For the ligand decoordination in the reductive elimination step (Scheme 4.15)

for R = Me, palladacycle 2a, two possibilities are shown (Scheme 4.16), and the

cleavage of the Pd-S bond is slightly more favourable than the cleavage of the Pd-N
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bond (by 10.5 kJ mol−1), however a reductive elimination transition state does not

exist on the potential energy surface for the Pd-S decoordination pathway, therefore

in this pathway, the Pd-N bond must cleave. The transition state leading to Pd-N

bond decoordination (Scheme 4.17) as expected is large (∆G‡ = 172.2 kJ mol−1),

however in the real experimental system this is likely to be drastically reduced due

to the presence of additional coordinating groups, such as the phenylboronate, or

solvent to occupy the now empty coordination site. To test this, acetonitrile, a

more polar solvent was chosen as solvent in the PCM model. A lower barrier of

161.7 kJ mol−1 was found, and therefore even though this is not an explicit solvent

molecule decreases the barrier. Therefore despite the large barrier for this step,

it is unlikely to be rate determining experimentally due to the presence of other

coordinating groups.

N

Pd

S Me

Ph

N

Pd

S Me

Ph

N

Pd

S Me

Ph

Scheme 4.16 Ligand decoordination leading to reductive elimination.

N
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S Me

Ph
N

Pd

S Me

Ph

N

Pd

S Me

Ph

Scheme 4.17 N-decoordination transition state.

Similarly, in the final ligand decoordination step (Scheme 4.15), two possibilities

exist, with either S- or N- decoordinates from the palladium. For 2a, N- decoordinates

has a lower energy barrier (14.3 kJ mol−1) than when S- decoordinates from palladium

(39.7 kJ mol−1), with N- decoodinates also yielding a more stable singly coordinated
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palladium structure, by 70.3 kJ mol−1. This is due to the greater flexibility of the

thioether arm, allowing π-interactions between the Ph group and the palladium atom.

Therefore the N- decoordination pathway is more favourable.

Considering the possibilities discussed, the most likely pathway is shown in

Scheme 4.18. The first step is the nucleophilic substitution of the halide in TS

1-2 by the phenylboronate, the second step is transmetallation in TS 3-4 with the

formation of the new Pd-C bond; and the third step is reductive elimination of the

Pd in TS 6-7 with the formation of the new C-C bond. The Gibbs free energies for

each SCN pincer palladacycle, 2a–g are presented in Table 4.7.
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Scheme 4.18 Full catalyst activation pathway for SCN pincer palladacycles in the
generation of Pd(0). For R 6= Me barrier not calculated for TS 5-6, denoted by the
dashed arrow.

The energies are shown in Figure 4.19 with the key sections of the reaction in-

cluded; the nucleophilic chloride substitution by the phenylboronate, transmetallation,

reductive elimination, and ligand decoordination.
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Table 4.7 Gibbs free energies, ∆GS, the energies including a solvent correction,
for the catalyst activation pathway of SCN pincer palladacycles.

N

S

N

S

N

S

N

S

N

S

OMe

N

S

NO2

Pd
Cl

Pd
Cl Pd

Cl

Pd
Cl Pd

Cl
Pd

Cl

N

S

Pd
Cl

2a 2b 2c 2d

2e 2f 2g

∆GS / kJ mol−1

2a 2b 2c 2d 2e 2f 2g
Palladacycle 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Int 1 8.0 13.0 11.1 2.8 4.2 9.5 -10.0
TS 1-2 43.0 35.4 33.2 47.2 41.2 48.1 33.2
Int 2 9.7 9.3 4.9 4.0 6.1 9.1 6.2
Int 3 20.3 23.8 16.0 13.9 15.4 19.5 14.5

TS 3-4 120.0 121.2 117.4 118.1 119.8 117.7 112.4
Int 4 -8.6 -3.9 -12.0 -17.5 -17.4 -11.3 -25.8
Int 5 -24.2 -25.1 -30.8 -28.9 -30.9 -31.2 -34.7
Int 6 35.9 46.3 43.2 26.1 27.7 24.4 21.4

TS 6-7 131.3 130.1 131.4 118.1 119.4 121.0 106.8
Int 7 -1.0 1.7 0.7 -15.9 -14.2 -12.2 -22.2

TS 7-8 13.3 13.0 13.4 -1.3 -2.5 1.2 -12.2
Int 8 -51.1 -47.6 -47.2 -67.5 -64.6 -64.7 -71.9

Ligand 72.4 83.0 84.1 62.0 59.9 61.6 54.9
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Figure 4.19 Gibbs free energies (∆Gs) for SCN pincer palladacycle catalyst activ-
ation pathway.

Due to the presence of two different donor atoms, different scenarios are possible

in the various stages of the reaction pathway. For example, at Int 6 either the S-

or the N- can decoordinate from the square planar palladium atom to provide the

desired geometry for reductive elimination. The energy difference for 2a is only

10 kJ mol−1.

The activation energy barriers (∆G‡S) for the chloride substitution (TS 1-2),

transmetallation (TS 3-4), reductive elimination (TS 6-7) and ligand decoordination

(TS 7-8) steps are tabulated in Table 4.8. In all cases, the transmetallation barriers

(TS 3-4) are larger than the reductive elimination barriers (TS 6-7) to varying

degrees, making it the rate determining step in the reaction pathway. The chloride

substitution (TS 1-2) and ligand dissociation steps (TS 7-8) have significantly lower

barriers (<36 kJ mol−1).

There is no discernible difference between the rate determining step in each

pathway, regardless of the substituent on the thioether arm, with a difference of

only 6.9 kJ mol−1 between the lowest rate determining step (TS 3-4 for 2b) and the

largest (TS 3-4 for 2d).

The transmetallation (TS 3-4) barriers presented in this work (≈ 100 kJ mol−1)
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Table 4.8 Gibbs free activation energy barriers (∆G‡S) for key steps for the SCN
pincer palladacycle catalyst activation pathways.

N

S

N

S

N

S

N

S

N

S

OMe

N

S

NO2

Pd
Cl

Pd
Cl Pd

Cl

Pd
Cl Pd

Cl
Pd

Cl

N

S

Pd
Cl

2a 2b 2c 2d

2e 2f 2g

∆G‡S / kJ mol−1

2a 2b 2c 2d 2e 2f 2g
TS 1-2 35.0 22.3 22.0 44.5 37.0 38.6 43.2
TS 3-4 99.7 97.4 101.3 104.2 104.3 98.1 97.9
TS 6-7 95.4 83.8 88.2 92.0 91.7 96.5 85.4
TS 7-8 14.3 11.3 12.7 14.6 11.6 13.4 10.0
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can be compared to similar studies into the transmetallation step in the Suzuki-

Miyaura coupling reaction, with the same use of phenylboronate as the transmetalla-

tion partner. The pathway by Braga and co-workers shown in Scheme 4.8, where a

barrier of 92 kJ mol−1 was found, albeit without solvent corrections;226 Zhang and

Li,248 found a barrier of 81 kJ mol−1 for the step shown in Figure 4.20, using THF as

a continuum solvent; barriers found by Harvey and co-workers,228 for the transmetall-

ation step shown in Figure 4.21, were between 60 and 82 kJ mol−1 depending on the

R group in the PR3 ligand, again using continuum THF as solvent;228 and between

71 and 97 kJ mol−1 for the study for chelated palladium complexes by Huang, Weng

and Hong, calculated in the gas phase.229

Clearly the barriers presented in this work for the transmetallation step are only

slightly larger than most of the ones found in the theoretical study of potential

mechanisms for Suzuki-Miyaura catalysis, and show that the mechanism presented

is feasible.

Pd

PtBu3

OH

HO B OH Pd

PtBu3

OH

B OH

OH

Br
Br

Pd

PtBu3

OH

B(OH)2

Figure 4.20 Zhang and Li transmetallation pathway.

PdR3P OH

HO B OH
PdR3P

HO B OH

OH

PdR3P

OH
(HO)2B

Figure 4.21 Harvey and co-workers transmetallation pathway.

For the reductive elimination step, many studies have been previously presen-

ted. Activation energies for reductive elimination of ethane from PdMe2(PMe3)L

complexes ranged from 25 to 96 kJ mol−1 depending on the L group in a study by

Espinet and co-workers;236 and in an excellent study into reductive elimination of
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ethane from PdMe2(PR3)2 reveals the electronic effects of the PR3 ligands on the ac-

tivation barrier, and PMe3 ligands having the largest energy barriers (110 kJ mol−1),

with PPh3 having the smallest barriers (75 kJ mol−1).237 A similar investigation was

performed by Sajith and Suresh, revealing barriers ranging from 63 kJ mol−1 for PCl3
ligands, to 132 kJ mol−1 for PEt3 ligands, with a barrier found of 100 kJ mol−1 for

PPh3 ligands.152

These results also show that the reductive elimination barriers of between 90.3

and 103.3 kJ mol−1 presented in this work are reasonable when compared to similar

reactions presented in the literature.

The overall pathway to ligand free Pd(0) is endergonic in all cases, with ∆GS

>42.5 kJ mol−1, however differences emerge dependent on the thioether substitu-

ent, with the alkyl substituted examples (2a–c) being more endergonic (2a =

54.7 kJ mol−1, 2b = 65.1 kJ mol−1 and 2c = 65.8 kJ mol−1) than the aryl examples

(2d–g with values <46.4 kJ mol−1).

4.3.2 Bader charge analysis

As the aim of changing the substituent on the thioether arm was to investigate the

effect on the sulphur charge and consequently the palladium atom. Bader charge

analysis has been performed on the pathway shown in Scheme 4.18 for all SCN pincer

palladacycles, with the S (Table 4.9) and Pd (Table 4.10) charges presented.

The charge analysis for the S atom (Table 4.9) shows that the alkyl substituted

examples, with: Me, Et or Pr thioether subtituents (2a–c) have a greater electron

density on the sulphur atom in the palladacycle (charges of 0.079 to 0.107 a.u.)

with the Pr subsituent having the greatest electron density, as expected, with a

charge of 0.079 a.u. In comparison, the aryl thioether substituents (2d–g provide

less electron density on the S atom (0.110 to 0.130 a.u.), with the mesomerically

donating OMe group in 2f, and inductively donating CH3 groups providing a little

additional electron density to the S atom, as compared to 2d. However the electron

withdrawing NO2 group provides a more electron rich sulphur atom in 2g than in
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Table 4.9 Bader charge analysis of S atom in the catalyst activation pathway of
SCN pincer palladacycles.

N

S

N

S

N

S

N

S

N

S

OMe

N

S

NO2

Pd
Cl

Pd
Cl Pd

Cl

Pd
Cl Pd

Cl
Pd

Cl

N

S

Pd
Cl

2a 2b 2c 2d

2e 2f 2g

Structure Bader charge / a.u.
2a 2b 2c 2d 2e 2f 2g

Palladacycle 0.107 0.080 0.079 0.130 0.110 0.111 0.118
Int 1 0.136 0.092 0.095 0.156 0.155 0.156 0.216

TS 1-2 0.159 0.080 0.080 0.172 0.171 0.176 0.195
Int 2 0.075 0.073 0.074 0.157 0.155 0.156 0.126
Int 3 0.127 0.068 0.106 0.160 0.157 0.162 0.137

TS 3-4 0.121 0.092 0.084 0.144 0.144 0.148 0.117
Int 4 0.088 0.068 0.065 0.101 0.101 0.110 0.115
Int 5 0.086 0.064 0.067 0.108 0.109 0.109 0.124
Int 6 -0.006 -0.026 -0.026 0.013 0.013 0.016 0.023

TS 6-7 0.002 -0.018 -0.017 0.023 0.022 0.024 0.028
Int 7 0.007 -0.014 -0.018 0.031 0.050 0.032 0.051

TS 7-8 0.036 0.015 0.010 0.057 0.057 0.059 0.069
Int 8 0.006 -0.015 -0.017 0.025 0.026 0.026 0.034

Product -0.003 -0.025 -0.031 0.019 0.017 0.019 0.034
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Table 4.10 Bader charge analysis of Pd atom in the catalyst activation pathway
of SCN pincer palladacycles.

N

S

N

S

N

S

N

S

N

S

OMe

N

S

NO2

Pd
Cl

Pd
Cl Pd

Cl

Pd
Cl Pd

Cl
Pd

Cl

N

S

Pd
Cl

2a 2b 2c 2d

2e 2f 2g

Structure Bader charge / a.u.
2a 2b 2c 2d 2e 2f 2g

Palladacycle 0.572 0.574 0.574 0.586 0.577 0.576 0.583
Int 1 0.623 0.621 0.620 0.625 0.670 0.625 0.633

TS 1-2 0.643 0.658 0.656 0.646 0.646 0.645 0.647
Int 2 0.664 0.672 0.672 0.670 0.670 0.670 0.677
Int 3 0.622 0.634 0.623 0.623 0.636 0.636 0.637

TS 3-4 0.564 0.563 0.555 0.573 0.573 0.573 0.584
Int 4 0.557 0.539 0.552 0.557 0.556 0.551 0.529
Int 5 0.542 0.542 0.543 0.547 0.530 0.547 0.553
Int 6 0.372 0.372 0.372 0.372 0.372 0.373 0.368

TS 6-7 0.277 0.277 0.280 0.272 0.273 0.272 0.239
Int 7 -0.033 -0.029 -0.022 -0.028 -0.059 -0.029 -0.027

TS 7-8 -0.036 -0.034 -0.033 -0.024 -0.027 -0.029 -0.015
Int 8 0.065 0.067 0.063 0.073 0.072 0.073 0.072

Product - - - - - - -
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2d.

These changes in electron density on the sulphur atom, induce very small dif-

ferences on the palladium atom in the palladacycle. For example, all palladium

charges are between 0.572 and 0.586 a.u. (Table 4.10). However, all alkyl substituted

thioethers (2a–c) have slightly more electron rich palladium atoms (0.572 - 0.574

a.u.) than the aryl subsituted thioethers (2d–g, 0.576 - 0.586 a.u.).

In the rate determining transmetallation step, differences are evident in the

palladium charge, with the more electron rich alkyl examples (2a–c) inducing more

electron density onto the palladium (0.555 - 0.563 a.u.), as compared to 0.573 - 0.584

a.u. for the aryl substituted examples (2d–g), however do not effect the energy

barriers, as all transmetallation barriers are comparable with no discernible trend

(Table 4.8).

In the reductive elimination step, for the S charge (Table 4.9) the same trend

emerges for that of the transmetallation step, but less pronounced, with greater

electron density on the S for alkyl subtituents (2a–c) of -0.018 to 0.002 a.u. compared

to the aryl substituted examples (2d–g) of 0.022 to 0.024 a.u., however they are

insignificant, and therefore have negligible difference. This explains the very similar

reductive elimination barriers (Table 4.8).

4.4 Rationalisation of the catalysis results

It has been found (Section 4.2.3) that in the application of palladacycles, 2a–c,e,f,

in the Suzuki-Miyaura catalysis that differences emerged in their catalytic activity.

It was found that the aryl substituted examples, 2e and 2f achieved lower %

conversion than the alkyl substituted examples, 2a–c (Table 4.6). The full catalyst

activation pathway was studied using DFT revealing key steps and barriers, including

transmetallation and reductive elimination, however these revealed little difference

between the different pathways, with no discernible trend. More significant differences

were observed between the palladacycles for the overall reaction energies. The final

catalytic results and overall reaction energies are summarised in Table 4.11.
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Table 4.11 SCN pincer palladacycle catalysis results, compared to overall catalyst
activation pathway energy.

Palladacycle 6 h GC conversion / % Overall pathway energy / kJ mol−1

N

Pd
Cl 79 72.4

N

S

Pd
Cl 64 83.0

N

S

Pd
Cl 79 84.1

N

S

Pd
Cl

39 59.9

N

S

O
CH3

Pd
Cl

37 61.6
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The least endergonic reactions, and therefore more favourable are the palladacycles

bearing the aryl substituents (2e and 2f, 59.9 and 61.6 kJ mol−1, respectively), and

also achieve lower % conversions compared to the alkyl substituted examples (2a–c,

72.4 - 84.1 kJ mol−1, respectively). This correlation between results can be explained

by the likely role of the catalytically active Pd(0) species.

In work by de Vries et al. into the role of ligand free palladium in the Heck

reaction, it was found pallacycles act as a source of ligand-free palladium, with

investigations into catalyst loading of Pd(OAc)2 on the catalytic activity.45,249 The

results showed that at higher catalyst loadings, palladium black forms, stopping

the reaction, as shown in Scheme 4.19, as higher concentrations of the ligand free

palladium produces more catalytically inactive Pd(0).

Ligand free Pd(0) CatalysisSoluble Pd clustersPd black

Pd(II) source

Scheme 4.19 Proposed role of Pd(0) in catalysis by de Vries et al.

In a detailed study by Dupont and co-workers250 into the study of possible

catalysis in the Heck reaction, and the active Pd(0) species, they propose possible

deactivation routes, shown in Scheme 4.20 with a key deactivation route to the

agglomeration of palladium nanoparticles to form catalytically inactive palladium

black. The same was proposed by de Vries for pincer palladacycles in the Heck

reaction,251 again providing possible routes to catalyst deactivation due to palladium

black.

The decreased catalytic activity of the aryl based SCN pincer palladacycles (2e

and 2f) and less endergonic pathway towards ligand free palladium (Table 4.11) can

be explained by the fate of the resulting ligand free palladium as discussed in the

reports above. The less endergonic pathway results in more Pd(0) being formed due

to the pathway being more favourable than for palladacycles 2a–c, which in turn

provides a greater likelyhood of the Pd(0) agglomerating to form the catalytically
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Pd(II) precursor

Pd(0)

RPdX

[Pd(0)]n Pd black[PdX4]-2 HPdX

Deactivation

Deactivation Regeneration

Regeneration

Scheme 4.20 Proposed catalyst deactivation by Dupont and co-workers.

inactive palladium black. The less favourable pathway towards ligand free palladium

from 2a–c yields less Pd(0), resulting in less palladium black, and leaving more

catalytically active Pd(0) species, increasing the % conversions in Suzuki-Miyaura

catalysis. Work by Bedford et al. attributed the greater activity of phosphinite

palladacycles to increased catalyst longevity provided by π acidity of the arylated

ligand, which is a similar principle as presented here where the palladacycle is able

to greater stabilise the Pd(0) species, increasing activity.252

These findings suggest that the ability to allow slow, controlled release of Pd(0) is

a possible way to improve results in catalytic Suzuki-Miyaura coupling, and changing

the donor atoms and groups to achieve this is a possible way to improve catalytic

performance in catalysis where palladacycles act as sources of ligand free palladium,

such as the Suzuki-Miyaura coupling.

4.5 Conclusion

This chapter has summarised the synthesis of a family of novel SCN pincer ligands,

which via C-H bond activation yielded their palladacycles. These palladacycles were

tested in the Suzuki-Miyaura catalysis where it was found they achieved reasonable

conversion of electronically demanding and sterically hindered aryl bromides into

their biaryl products, with differences emerging depending on the thioether substitu-

ent. Aryl substituted examples were found to achieve lower conversions than the
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alkyl substituted examples. In order to investigate the effect of changing thioether

substituent, a potential catalyst activation pathway was reported involving key trans-

metallation, reductive elimination, and ligand decoordination steps studied using

DFT. Different possibilities were examined for S- or N- decoordination before the

reductive elimination, and the final ligand decoordination steps, with N- decoordina-

tion forming a complete and more energetically favourable pathway. It was found

the different thioether substitutents had little effect on the kinetics of the pathway,

however the thermodynamics were effected, with the aryl subtituted thioether based

palladacycles being less endergonic than the alkyl substituted examples. The easier

release of catalyically active Pd(0) by the aryl examples potentially increases Pd(0)

concentration resulting in undesirable palladium black formation, therefore the alkyl

based palladacycles, which provide less favourable ligand free palladium generation

are preferable, and act as more efficient precatalysts.

4.6 Experimental details

4.6.1 Experimental procedures

2-3-[(Ethylsulfanyl)methyl]phenylpyridine, 1b.

N

S

Under an argon atmosphere, ethanethiol (2.42 mmol, 0.179 mL) and sodium

hydride (2.41 mmol, 58 mg) were disolved in dry DMF (3 mL) and the mixture was

stirred at room temperature in a sealed microwave vial for 15 min. 6 (1.61 mmol,

400 mg) in dry DMF (3 ml) was then added, and stirred under microwave irradiation

(maximum power, 300 W, dynamic heating) at 150 ◦C for 15 min. After cooling, the

solvent was removed in vacuo and the crude mixture was diluted in H2O (25 ml)

and DCM (25 ml). The product was extracted with DCM (2 × 25 ml), washed with

H2O (5 × 25 ml) and brine (25 ml). The organic layers were dried over anhydrous
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MgSO4, filtered, and concentrated in vacuo. The crude product was purified using

flash column chromatography (7:3 DCM:EtOAc) yielding 263 mg of the expected

product, 1b, as a yellow oil in 71 % yield.
1H NMR (500 MHz), Chloroform-d δ (ppm): 8.70 (d, J = 4.8 Hz, 1H), 7.96 (s,

1H), 7.86 (d, J = 7.5 Hz, 1H), 7.77 - 7.73 (m, 2H), 7.43 (dd, J = 7.5, 7.5 Hz, 1H),

7.39 (d, J = 7.5 Hz, 1H), 7.24 (ddd, J = 6.3, 4.8, 2.3 Hz, 1H), 3.81 (s, 2H), 2.48 (q,

J = 7.5 Hz, 2H), 1.25 (t, J = 7.5 Hz, 3H).
13C{1H}NMR (126 MHz, Chloroform-d) δ: 157.3, 149.7, 139.6, 139.2, 136.7, 129.4,

128.9, 127.4, 125.5, 122.1, 120.6, 36.0, 25.4, 14.4.

HRMS (m/z). Calc. for [C14H15NS + H]+ 230.0998. Found 230.0998.

2-3-[(Propylsulfanyl)methyl]phenylpyridine, 1c.

N

S

Under an argon atmosphere, propane-1-thiol (1.97 mmol, 0.178 ml) and sodium

hydride (1.97 mmol, 47 mg) were dissolved in dry DMF (2 ml) and stirred at room

temperature in a sealed microwave vial for 15 min. 6 (1.23 mmol, 304 mg) in dry

DMF (2 ml) was then added and then the mixture stirred under microwave irradiation

(maximum power, 300 W, dynamic heating) at 150 ◦C for 20 min. After cooling, the

crude product was extracted with DCM (3 × 25 ml) and washed with H2O (5 ×

25 ml) and brine (25 ml). The organic layers were dried over anhydrous Na2SO4,

filtered and concentrated in vacuo yielding 300 mg of the expected product, 1c, as a

yellow oil in >99 % yield.
1H NMR (500 MHz, Chloroform-d) δ (ppm): 8.70 (d, J = 4.8 Hz, 1H), 7.96 (s,

1H), 7.86 (d, J = 7.5 Hz, 1H), 7.78 - 7.73 (m, 2H), 7.43 (dd, J = 7.5, 7.5 Hz, 1H),

7.39 (d, J = 7.5 Hz, 1H), 7.24 (ddd, J = 6.5, 4.8, 2.1 Hz, 1H), 3.79 (s, 2H), 2.44 (t,

J = 7.2 Hz, 2H), 1.64 - 1.57 (m, 2H), 0.96 (t, J = 7.3 Hz, 3H).
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13C{1H}NMR (126 MHz, Chloroform-d) δ (ppm): 157.2, 149.6, 139.6, 139.3,

136.7, 129.4, 128.8, 127.4, 125.5, 122.1, 120.6, 36.3, 33.6, 22.6, 13.5.

HRMS (m/z). Calc. for [C15H17NS + H]+ 244.1154. Found 244.1155.

2-3-[(Phenylsulfanyl)methyl]phenylpyridine, 1d.

N

S

Under an argon atmosphere, benzenethiol (1.86 mmol, 0.190 ml) and sodium

hydride (1.82 mmol, 44 mg) were dissolved in dry DMF (2 ml) and the mixture

stirred at room temperature in a sealed microwave vial for 15 min. 6 (1.53 mmol,

379 mg) in dry DMF (2 ml) was then added and the mixture was stirred under

microwave irradiation (maximum power, 300 W, dynamic heating) at 150 ◦C for

20 min. After cooling, the product was extracted with EtOAc (3 × 35 ml) and

washed with H2O (7 × 35 ml) and brine (35 ml). The organic layers were dried over

over anhydrous Na2SO4, filtered and concentrated in vacuo yielding 418 mg of the

expected product, 2d as a yellow oil in 99 % yield.
1H and 13C{1H}NMRs are in agreement with previous values.242

2-(3-[(4-Methylphenyl)sulfanyl]methylphenyl)pyridine, 1e.

N

S

Under an argon atmosphere, 4-methylbenzenethiol (0.70 mmol, 87 mg) and tri-

ethylamine (0.70 mmol, 0.099 ml) were dissolved in dry EtOH (2 ml) and stirred at

room temperature in a sealed microwave vial for 15 min. 6 (0.44 mmol, 110 mg) in

dry EtOH (2 mmol) was then added and the mixture was stirred under microwave

irradiation (maximum power, 300 W, dynamic heating) at 150 ◦C for 20 min. After
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cooling, the solvent was removed in vacuo and the crude mixture diluted in H2O

(25 mL) and EtOAc (25 ml). The product was extracted with EtOAc (2 × 25 ml),

washed with H2O (2 × 25 ml) and brine (25 ml). The organic layers were dried

over anhydrous MgSO4, filtered and concentrated in vacuo. The crude product was

purified by flash chromatography (8:2 C6H12:Et2O) yielding 65 mg of the expected

product, 1e as a yellow oil in 51 % yield.
1H NMR (500 MHz, Chloroform-d) δ (ppm): 8.70 (d, J = 4.8 Hz, 1H), 7.90 (s,

1H), 7.87 (d, J = 7.6 Hz, 1H), 7.72 (m, 1H), 7.65 (d, J = 8.0 Hz, 1H), 7.39 (dd, J =

7.6, 7.6 Hz, 1H), 7.32 (d, J = 7.6 Hz, 1H), 7.25 (d, J = 8.1 Hz, 2H), 7.21 (ddd, J =

7.4, 4.8, 1.2 Hz, 1H), 7.06 (d, J = 8.1 Hz, 2H), 4.15 (s, 2H), 2.30 (s, 3H).
13C{1H}NMR (100 MHz, Chloroform-d) 157.2, 149.6, 139.6, 138.3, 136.6, 132.4,

131.5, 130.9 (2C), 129.6 (2C), 129.3, 128.8, 127.4, 125.7, 122.1, 120.5, 39.9, 21.0.

HRMS (m/z). Calc. for [C19H17NS+H]+ 292.1154. Found 292.1151.

2-(3-[(4-Methoxyphenyl)sulfanyl]methylphenyl)pyridine, 1f.

N

S

OMe

Under an argon atmosphere, 4-methoxybenzenethiol (1.10 mmol, 0.136 ml) and

sodium hydride (1.10 mmol, 27 mg) were dissolved in dry DMF (2 ml) and stirred at

room temperature in a sealed microwave vial for 15 min. 6 (1.24 mmol, 308 mg) in

dry DMF (2 ml) was then added and the mixture stirred under microwave irradiation

(maximum power, 300 W, dynamic heating) at 150 ◦C for 20 min. After cooling, the

product was extracted with DCM (3 × 25 ml), washed with water (5 × 25 ml) and

brine (25 ml). The organic layers were dried over anhydrous Na2SO5, filtered and

concentrated in vacuo. The crude product was purified by flash column chromato-

graphy (9:1 DCM:C6H12) yielding 203 mg of the expected product, 1f as a yellow oil

in 60 % yield.
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1H NMR (500 MHz, Chloroform-d) δ (ppm): 8.69 (ddd, J = 4.8, 1.8, 0.9 Hz, 1H),

7.86 (d, J = 7.7 Hz, 1H), 7.81 (s, 1H), 7.73 (ddd, J = 9.7, 7.9, 1.8 Hz, 1H), 7.65 (d,

J = 7.7 Hz, 1H), 7.37 (dd, J = 7.7, 7.7 Hz, 1H), 7.28 (d, J = 8.8 Hz, 2H), 7.25 - 7.21

(m, 2H), 6.79 (d, J = 8.8 Hz, 2H), 4.07 (s, 2H), 3.76 (s, 3H).
13C{1H}NMR (126 MHz, Chloroform-d) δ (ppm): 159.3, 157.2, 149.6, 139.5,

138.6, 136.6, 134.2 (2C), 129.4, 128.8, 127.5, 126.0 (2C), 125.6, 122.1, 120.6, 114.5,

55.3, 41.3.

HRMS (m/z). Calc. for [C19H17NOS + H]+ 308.1104. Found 308.1109.

2-(3-[(4-Nitrophenyl)sulfanyl]methylphenyl)pyridine, 1g.

N

S

NO2

Under an argon atmosphere, 4-nitrobenzenethiol (2.15 mmol), Hunig’s base

(2.15 mmol, 0.37 ml) were dissolved in dry DMF (2 ml) and stirred at room temperat-

ure in a sealed microwave vial for 15 min. 6 (2.30 mmol, 570 mg) in dry DMF (2 ml)

was then added and the mixture stirred under microwave irradiation (maximum

power, 300 W, dynamic heating) at 150 ◦C for 20 min. After cooling, the product was

extracted with DCM (3 × 25 ml), washed with H2O (5 × 25 ml) and brine (25 ml.

The organic layers were dried over anhydrous Na2SO4), filtered and concentrated

in vacuo. The crude product was purified by flash column chromatography (DCM)

yielding 507 mg of the expected product, 1g as a yellow oil in 73 % yield.
1H NMR (500 MHz, Chloroform-d) δ (ppm): 8.69 (d, J = 4.8 Hz, 1H), 8.08 - 8.06

(m, 3H) 7.88 (ddd, J = 4.8, 4.8, 1.7 Hz, 1H), 7.74 (ddd, 7.9, 7.9, 1.9 Hz, 1H), 7.70

(d, J = 7.9 Hz, 1H), 7.43 (m, 2H), 7.34 (d, J = 9.0 Hz, 2H), 7.23 (ddd, J = 7.1, 4.8,

1.7 Hz, 1H), 4.31 (s, 2H).
13C{1H}NMR (126 MHz, Chloroform-d) δ (ppm): 156.7, 149.7, 147.1, 145.3 (2C),

140.0, 136.8, 136.1, 129.2, 129.1, 127.4, 126.7, 126.3 (2C), 123.9, 122.4, 120.6, 37.1.

HRMS (m/z). Calc. for [C18H14N2O2S+H]+ 323.0849. Found 323.0850.
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2-3-[(Ethylsulfanyl)methyl]phenylpyridine chloro-palladacycle, 2b.

N

S

Pd
Cl

Under an argon atmosphere, PdCl2 (1.17 mmol, 208 mg) was dissolved in dry

MeCN (10 ml) and heated under reflux until a red solution had formed. AgBF4

(2.36 mmol, 460 mg) in dry MeCN (5 ml) was added to the PdCl2 solution and heated

under reflux for 2 h, forming a white precipitate. The precipitate was filtered off, and

1b (1.13 mmol, 260 mg) dissolved in dry MeCN (10 ml), was added to the filtrate,

and heated under reflux for 4 h. The solution was cooled to room temperature,

filtered over celite, and the solvent removed in vacuo.

The crude solid was dissolved in MeCN (5 ml), and NaCl (26.0 mmol, 1.52 g)

dissolved in H2O (5 ml) was added, and stirred at room temperature for 3 h. The

solvent was removed in vacuo, and the crude mixture dissolved in DCM (25 ml) and

H2O (25 ml). The crude product was extracted with DCM (2 × 25 ml), washed with

H2O (2 × 25 ml) and brine (25 ml), and dried over anhydrous Na2SO4. The mixture

was filtered over celite, and the solvent removed in vacuo, yielding 347 mg of the

expected product, 2b as a yellow solid in 83 % yield.
1H NMR (500 MHz, Chloroform-d) δ (ppm): 9.15 (d, J = 5.5 Hz, 1H), 7.84 (ddd,

J = 7.8, 7.8, 1.7 Hz, 1H), 7.64 (d, J = 7.8 Hz, 1H), 7.33 (d, J = 7.7 Hz, 1H), 7.26 -

7.23 (m, 1H), 7.08 (dd, J = 7.7, 7.7 Hz, 1H), 7.03 (d, J = 7.7 Hz, 1H), 4.25 (bs, 2H),

3.20 (q, J = 7.4 Hz, 2H), 1.57 (t, J = 7.4 Hz, 3H).
13C{1H}NMR (126 MHz, Chloroform-d) δ (ppm): 165.5, 165.3, 150.5, 148.1,

144.4, 139.0, 125.0, 124.7, 122.9, 122.2, 118.7, 45.8, 33.8, 14.8.

HRMS (m/z). Calc. for [C14H14NPdS]+ 333.9876. Found 333.9878.

Elemental Analysis. Calc. (%) for C14H14NPdSCl: C 45.42, H 3.81, N 3.78;

found C 45.50, H 3.75, N 3.83.
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2-3-[(Propylsulfanyl)methyl]phenylpyridine chloro-palladacycle, 2c.

N

S

Pd
Cl

Under an argon atmosphere, PdCl2 (0.56 mmol, 99 mg) was dissolved in dry

MeCN (10 ml) and heated under reflux until a red solution had formed. AgBF4

(1.14 mmol, 223 mg) in dry MeCN (5 ml) was added to the PdCl2 solution and heated

under reflux for 2 h, forming a white precipitate. The precipitate was filtered off, and

1c (0.55 mmol, 113 mg) dissolved in dry MeCN (10 ml), was added to the filtrate, and

heated under reflux for 6 h. The solution was cooled to room temperature, filtered

over celite, and the solvent removed in vacuo.

The crude solid was dissolved in MeCN (5 ml), and NaCl (10.9 mmol, 638 mg)

dissolved in H2O (5 ml) was added, and stirred at room temperature for 3 h. The

solvent was removed in vacuo, and the crude mixture dissolved in DCM (25 ml) and

H2O (25 ml). The crude product was extracted with DCM (2 × 25 ml), washed with

H2O (2 × 25 ml) and brine (25 ml), and dried over anhydrous Na2SO4. The mixture

was filtered over celite, and the solvent removed in vacuo, yielding 179 mg of the

expected product, 2c as a yellow solid in 85 % yield.
1H NMR (500 MHz, Chloroform-d) δ (ppm): 9.11 (d, J = 5.5 Hz, 1H), 7.82 (ddd,

J = 7.8, 7.8, 1.7 Hz, 1H), 7.62 (d, J = 7.7 Hz, 1H), 7.30 (d, J = 7.8 Hz, 1H), 7.22

(ddd, J = 7.8, 5.5, 1.3 Hz 1H), 7.05 (dd, J = 7.7, 7.7 Hz, 1H), 7.00 (d, J = 7.7 Hz,

1H), 4.27 (bs, 2H), 3.15 (t, J = 7.8 Hz, 2H), 1.96 (m, 2H), 1.07 (t, J = 7.4 Hz, 3H).
13C{1H}NMR (126 MHz, Chloroform-d) δ (ppm): 165.5, 165.3, 150.5, 148.1,

144.4, 139.0, 125.0, 124.6, 122.9, 122.1, 118.7, 46.6, 41.4, 23.3, 13.3.

HRMS (m/z). Calc. for [C15H16NPdS]+ 348.0033. Found 348.0032.

Elemental Analysis. Calc. (%) for C15H16NPdSCl: C 46.89, H 4.20, N 3.65;

found: C 47.02, H 4.08, N 3.56.
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2-3-[(Phenylsulfanyl)methyl]phenylpyridine chloro-palladacycle, 2d.

N

S

Pd
Cl

Under an argon atmosphere, PdCl2 (1.52 mmol, 270 mg) was dissolved in dry

MeCN (10 ml) and heated under reflux until a red solution had formed. AgBF4

(3.05 mmol, 593 mg) in dry MeCN (5 ml) was added to the PdCl2 solution and heated

under reflux for 2 h, forming a white precipitate. The precipitate was filtered off, and

1d (1.51 mmol, 418 mg) dissolved in dry MeCN (15 ml), was added to the filtrate,

and heated under reflux for 6 h. The solution was cooled to room temperature,

filtered over celite, and the solvent removed in vacuo.

The crude solid was dissolved in MeCN (5 ml), and NaCl (30.1 mmol, 1.76 g)

dissolved in H2O (5 ml) was added, and stirred at room temperature over night. The

solvent was removed in vacuo, and the crude mixture dissolved in DCM (25 ml) and

H2O (25 ml). The crude product was extracted with DCM (2 × 25 ml), washed with

H2O (2 × 25 ml) and brine (25 ml), and dried over anhydrous MgSO4. The mixture

was filtered over celite, and the solvent removed in vacuo.

The crude product was purified by flash column chromatography (100 % → 98:2

DCM:MeOH), yielding 446 mg of the expected product, 2d as a yellow solid in 71 %

yield.
1H NMR (500 MHz, Chloroform-d) δ (ppm): 9.14 (d, J = 5.5 Hz, 1H), 7.91 - 7.89

(m, 2H), 7.83 (ddd, J = 7.7, 7.7 1.7 Hz, 1H), 7.62 (d, J = 7.7 Hz, 1H), 7.36 - 7.33

(m, 3H), 7.29 (d, J = 7.7 Hz, 1H), 7.20 (ddd, J = 7.7, 5.5, 1.2 Hz, 1H), 7.06 (dd, J

= 7.7, 7.7 Hz, 1H), 7.00 (d, J = 7.7 Hz, 1H) 4.63 (s, 2H).
13C{1H}NMR (126 MHz, Chloroform-d) δ (ppm): 166.0, 165.5, 150.8, 147.8,

144.6, 139.1, 132.8, 131.9 (2C), 129.9, 129.6 (2C), 124.9, 124.8, 122.9, 122.3, 118.8,

53.1.

HRMS (m/z). Calc. for [C18H14NPdS]+ 381.9876. Found 381.9876.
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Elemental Analysis. Calc. (%) for C18H14NPdSCl: C 51.69, H 3.37, N 3.35;

found C 51.50, H 3.28, N 3.41.

2-(3-[(4-Methylphenyl)sulfanyl]methylphenyl)pyridine chloro-palladacycle,

2e.

N

S

Pd
Cl

Under an argon atmosphere, PdCl2 (1.09 mmol, 194 mg) was dissolved in dry

MeCN (10 ml) and heated under reflux until a red solution had formed. AgBF4

(2.18 mmol, 425 mg) in dry MeCN (5 ml) was added to the PdCl2 solution and heated

under reflux for 2 h, forming a white precipitate. The precipitate was filtered off, and

1e (0.54 mmol, 158 mg) dissolved in dry MeCN (10 ml), was added to the filtrate, and

heated under reflux for 6 h. The solution was cooled to room temperature, filtered

over celite, and the solvent removed in vacuo.

The crude solid was dissolved in MeCN (5 ml), and NaCl (10.9 mmol, 638 mg)

dissolved in H2O (5 ml) was added, and stirred at room temperature for 3 h. The

solvent was removed in vacuo, and the crude mixture dissolved in DCM (25 ml) and

H2O (25 ml). The crude product was extracted with DCM (2 × 25 ml), washed with

H2O (2 × 25 ml) and brine (25 ml), and dried over anhydrous Na2SO4. The mixture

was filtered over celite, and the solvent removed in vacuo, yielding 179 mg of the

expected product, 2e as a yellow solid in 89 % yield.
1H NMR (500 MHz, Chloroform-d) δ (ppm): 9.19 (d, J = 5.5 Hz, 1H), 7.84 (dd,

J = 7.6, 7.6 Hz, 1H), 7.79 (d, J = 8.1 Hz, 2H), 7.64 (d, J = 7.6 Hz, 1H), 7.33 (d,

J = 7.6 Hz, 1H), 7.23 - 7.21 (m, 1H), 7.16 (d, J = 8.1 Hz, 2H), 7.08 (dd, J = 7.6,

7.6 Hz, 1H), 7.00 (d, J = 7.6 Hz, 1H) 4.60 (bs, 2H), 2.32 (s, 3H).
13C{1H}NMR (126 MHz, Chloroform-d) δ (ppm): 166.0, 165.5, 150.7, 147.9,

144.5, 140.4, 139.1, 132.0 (2C), 130.3 (2C), 129.4, 124.8, 124.8, 122.9, 122.2, 118.8,

53.5, 21.2.
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HRMS (m/z). Calc. for [C19H16NPdS]+ 396.033. Found 396.0050.

Elemental Analysis. Calc. (%) for C19H16NPdSCl: C 52.63, H 3.84, N 3.29;

found C 52.79, H 3.73, N 3.24.

2-(3-[(4-Methoxyphenyl)sulfanyl]methylphenyl)pyridine chloro-palladacycle,

2f.

N

S

O
CH3

Pd
Cl

Under an argon atmosphere, PdCl2 (0.67 mmol, 119 mg) was dissolved in dry

MeCN (10 ml) and heated under reflux until a red solution had formed. AgBF4

(1.35 mmol, 263 mg) in dry MeCN (5 ml) was added to the PdCl2 solution and heated

under reflux for 2 h, forming a white precipitate. The precipitate was filtered off, and

1f (0.62 mmol, 190 mg) dissolved in dry MeCN (10 ml), was added to the filtrate, and

heated under reflux for 6 h. The solution was cooled to room temperature, filtered

over celite, and the solvent removed in vacuo.

The crude solid was dissolved in MeCN (5 ml), and NaCl (6.09 mmol, 356 mg)

dissolved in H2O (5 ml) was added, and stirred at room temperature for 3 h. The

solvent was removed in vacuo, and the crude mixture dissolved in DCM (25 ml) and

H2O (25 ml). The crude product was extracted with DCM (2 × 25 ml), washed with

H2O (2 × 25 ml) and brine (25 ml), and dried over anhydrous Na2SO4. The mixture

was filtered over celite, and the solvent removed in vacuo, yielding 179 mg of the

expected product, 2f as a yellow solid in 54 % yield.
1H NMR (500 MHz, Chloroform-d) δ (ppm): 9.18 (d, J = 5.5 Hz, 1H), 7.86 - 7.83

(m, 3H), 7.65 (d, J = 7.9 Hz, 1H), 7.33 (d, J = 7.6 Hz, 1H), 7.23 (ddd, J = 7.6, 5.5,

1.4 Hz, 1H), 7.08 (dd, J = 7.6, 7.6 Hz, 1H), 6.99 (d, J = 7.6 Hz, 1H), 6.87 (d, J =

8.9 Hz, 1H), 4.58 (s, 2H), 3.77 (s, 3H).
13C{1H}NMR (126 MHz, Chloroform-d) δ (ppm): 165.9, 165.5, 161.2, 150.8,

147.8, 144.5, 139.1, 134.0 (2C), 124.8, 123.5, 122.9, 122.2, 118.8, 115.1 (2C), 55.5,
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54.4. Missing one carbon.

HRMS (m/z). Calc. for [C19H16NOPdS]+ 411.9982. Found 411.9991.

Elemental Analysis. Calc. (%) for C19H16NOPdSCl: C 50.91, H 3.60, N 3.12;

found C 50.80, H 3.47, N 3.19.

2-(3-[(4-Nitrophenyl)sulfanyl]methylphenyl)pyridine chloro palladacycle,

2g.

N

S

NO2

Pd
Cl

Under an argon atmosphere, PdCl2 (0.99 mmol, 178 mg) was dissolved in dry

MeCN (6 ml) and heated under reflux until a red solution had formed. AgBF4

(1.99 mmol, 387 mg) in dry MeCN (6 ml) was added to the PdCl2 solution and heated

under reflux for 2 h, forming a white precipitate. The precipitate was filtered off, and

1g (0.87 mmol, 281 mg) dissolved in dry MeCN (12 ml), was added to the filtrate,

and heated under reflux for 6 h. The solution was cooled to room temperature,

filtered over celite, and the solvent removed in vacuo.

The crude solid was dissolved in MeCN (5 ml), and NaCl (10.7 mmol, 626 mg)

dissolved in H2O (5 ml) was added, and stirred at room temperature for 3 h. The

solvent was removed in vacuo, and the crude mixture dissolved in DCM (25 ml) and

H2O (25 ml). The crude product was extracted with DCM (2 × 25 ml), washed with

H2O (2 × 25 ml) and brine (25 ml), and dried over anhydrous Na2SO4. The mixture

was filtered over celite, and the solvent removed in vacuo.

The crude product was purified by recrystallisation from hot MeCN, yielding

139 mg of the expected product, 2g as a yellow solid in 34 % yield.
1H NMR (500 MHz, Chloroform-d) δ (ppm): 8.96 (d, J = 6.3 Hz, 1H), 8.29 (d, J

= 10.7 Hz, 2H), 8.14 - 8.09 (m, 4H), 7.66 - 7.64 (m, 1H), 7.51 (dd, J = 8.7, 8.7 Hz,

1H), 7.21 - 7.18 (m, 2H), 5.02 (s, 2H).

Compound was too insoluble to obtain 13C{1H}and HRMS.
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MS (m/z). Calc. for [C18H13N2O2PdS]+ 428. Found 428.

Elemental Analysis. Calc. (%) for C18H13N2O2PdSCl: C 46.67, H 2.83, N 6.05;

found C 46.58, H 2.79, N 6.14.
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Chapter 5

Beyond sulphur: N’CN

unsymmetrical pincer

palladacycles

This chapter summarises the synthesis of a number of novel N’CN unsymmetrical

pincer ligands, and their C-H bond activation to the pincer palladacycles. Several

different C-H bond activation procedures were investigated, in order to maximise

yields. Their catalytic application in the Suzuki-Miyaura coupling reaction was invest-

igated, demonstrating excellent activity in the coupling of a sterically demanding and

electronically deactivated aryl bromide. The study into the catalyst activation pathway

for the Suzuki-Miyaura coupling is extended to these N’CN pincer palladacycles,

revealing little difference between the palladacycles tested experimentally.
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5.1 Introduction

5.1.1 N’CN pincer palladacycles

A plethora of examples of NCN pincer palladacycles have been reported, mainly

symmetrical examples. One of the simplest examples include that shown in Figure 5.1

synthesised by van Koten and co-workers.253 Another family include the bis(oxazole)

or bis(thiazole) based palladacycles, with symmetrical examples as shown by Reiser

and co-workers,40 and Xiao and co-workers;254 and unsymmetrical examples as repor-

ted by Song and co-workers (Figure 5.2).15 Other examples of bis(oxazole) ligands,

termed ‘Phebox ligands’172,202 have also been reported by Stark and Richards,57 and

related compounds were reported by Denmark et al.255 Examples using the same

ligand backbone have also been used with other transition metals, including chiral

rhodium Phebox complexes by Nishiyama and co-workers.256

PdN N

Br

Figure 5.1 Symmetrical NCN pincer palladacycle by van Koten and co-workers.

PdN N

OO

Br

OEtEtO
PdN N

SS

Br

PdN N

Cl Et

Et

O

Figure 5.2 Symmetrical bis(oxazole) palladacycle by Reiser and co-workers (left),
bis(thizole) palladacycle by Xiao and co-workers (centre), and unsymmetrical oxazole
palladacycle by Song and co-workers (right).

A difficulty arises in the synthesis of NCN pincer palladacycles as competition

between kinetic and thermodynamic products is experienced when undergoing C-

H bond activation. In a study by van Koten and co-workers,257 they found C-H

activation of an NCN ligand yielded a double C-H bond activated structure, which was

isolated as a dimeric pyridine complex. The monomeric palladacycle was synthesised

from the C-SiMe3 complex, rather than via C-H bond activation (Figure 5.3).
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R

Me2N

NMe2

a)

Me2 2

Cl Cl

Me2 2

Cl

Figure 5.3 Products from palladacycle formation of van Koten and co-workers.
Kinetic product (a), R=H, i) Pd(OAc)2, MeOH, NEt3, ii) LiCl, iii) py (pyridine).
Thermodynamic product (b), R=SiMe3, i) Li2[PdCl4].

Hence, incorporating functional groups in the mutual ortho position, such as

SiMe3 or Br can be beneficial in their synthesis, compared to C-H bond activation

routes.31 However this is less attractive synthetically, since an additional synthetic

step is required to make the functionalised ligand.

5.1.2 Reductive amination

A potential synthetic strategy towards amine containing biaryl ligands required for

this study, includes the use of the reductive amination procedure, the conversion

of aldehydes or ketones into amines. A general procedure is shown in Scheme 5.1.

The choice of a suitable reducing agent is vital, with the ability to reduce the

iminium ion, in preference to any other groups in the molecule. A number of

methods have been reported, including the use of Zn/AcOH, NaBH4/Mg(ClO4)2,

Zn(BH4)2/ZnCl2 and NaBH(OAc)3.258 Another widely discussed method includes

the use of Ti(OiPr)4/NaBH3CN.259 The general scheme is shown in Scheme 5.2 with

Ti(OiPr)4 acting as a Lewis acid in the reaction.

R1

O

R2 R3

N

H

R4

N

HO R3

R4R2

R1

�

- H2O

- H�

2O

�

3

2

1
Reduction

N

R3

R4R2

R1

Scheme 5.1 General reductive amination.
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Scheme 5.2 Reductive amination using Ti(OiPr)4.

5.2 Results and discussion

5.2.1 N’CN ligand synthesis

The biaryl motif discussed in Chapter 3 and Chapter 4, with their late stage diversi-

fication synthetic route provide an opportunity to modify to amine functionalities in

the molecule. A potential retrosynthesis is shown in Scheme 5.3 utilising the initial

Suzuki-Miyaura coupling step, reductive amination, and C-H bond activation.

NR2

N

Pd
Cl

N

NR
Pd(II) source

amination

O

2

O

B(OH)2

Br

Coupling

Scheme 5.3 N’CN pincer palladacycle retrosynthesis.

The first step in the synthesis is the Suzuki-Miyaura coupling of the 3-formylphenylboronic

acid (11) with 2-bromopyridine (4) to form the biaryl motif, 3-(pyridin-2-yl)benzaldehyde

(12) shown in Scheme 5.4.

N

O

O

B(OH)2

Br

palladium catalyst

11 4 12
Scheme 5.4 N’CN Suzuki-Miyaura coupling between 11 and 4.
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A number of palladium catalysts were tested for this coupling reaction, in-

cluding Pd(PPh3)4, Pd(dppf)Cl2, Pd(OAc)2 and Buchwald’s XPhos G2 catalyst

(Figure 3.11).180 Reactions were undertaken under thermal and microwave irradiation

(Table 5.1).

Table 5.1 Optimisation of the Suzuki-Miyaura coupling to form biaryl ligand 12.

Entry Catalyst Base Reaction conditions Isolated yield / %
1 Pd(PPh3)4 1 M Na2CO3 A 65
2 Pd(PPh3)4 1M Na2CO3 B 72
3 Pd(PPh3)4 1M Na2CO3 C 58
4 Pd(dppf)Cl2 1M Na2CO3 C 79
5 Pd(OAc)2 1M Na2CO3 C 37
6 Buchwald XPhos Pd G2 0.5M K3PO4 C 22

A = Thermal, 85 ◦C, 18 h. B = Thermal, 85 ◦C, 48 h. C = MW, 150 ◦C, 20 min. Entries 1-5,
4 mol % catalyst, 1:2:1 base:toluene:EtOH. Reaction 6, 2 mol %, 1:2 base:THF.

The catalyst of choice was found to be Pd(dppf)Cl2 (entry 4) achieving a 79 %

yield under microwave irradiation, allowing the reaction to proceed in only 20 min as

opposed to 48 h thermally.

With the successful synthesis of 12, the next step in the synthesis was the attemp-

ted reductive amination with HNMe2 ·HCl to furnish an N’CN unsymmetrical pincer

ligand. The application of the commonly used NaBH(OAc)3 proved unsuccessful,258

yielding the benzyl alcohol synthesised previously, 5 introduced in Chapter 3. The

use of Ti(OiPr)4 as a Lewis acid,259 and NaBH4 as the reducing agent yielded the

expected product, 14a in 81 % yield (Scheme 5.5).

N

O

HNMe2.HCl

i
4

3

3. NaBH4

N

N

12 13a 14a
Scheme 5.5 Synthesis of 14a.

Following on, in order to investigate the effect of changing the amine substituents,

diethylamine was used in the reductive amination procedure, however proved un-
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successful with both Ti(OiPr)4 and NaBH(OAc)3. Morpholine was also used as the

amine group, again yielding the alcohol, rather than the aminated product. Therefore,

another synthetic procedure was investigated in order to obtain the desired products.

The strategy employed was altering the synthesis of SCN pincer palladacycles,

by using amine nucleophiles as opposed to thioether nucleophiles as discussed in

Chapter 3 and Chapter 4. The reactions performed (Scheme 5.6) yielded the N’CN

ligands 14a–c shown in Table 5.2.

N

Br
K2CO3

X

14a–c
Scheme 5.6 Nucleophilic displacement of bromide by amine nucleophiles, where
X is a range of amine donor groups.

Table 5.2 N’CN pincer ligand synthesis yields.

Amine N’CN ligand X,
Scheme 5.6 Conditions Yield / %

N

NMe2

14a N A 81

NH

N

NEt2

14b N B 99

NHO

N

N

O

14c NO B 68

A = 12, Ti(OiPr)4, EtOH, NaBH4, rt, overnight. B = 6, K2CO3, THF, MW, 150 ◦C, 30 min.

The range of N’CN ligands provide opportunity to increase the electron density

on the nitrogen by the increased inductive effect of longer alkyl chain in 14b and

increasing the steric demands in 14c.
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5.2.2 C-H bond activation

The first N’CN pincer ligand selected for C-H bond activation, is the example bearing

the morpholinyl group, 14c. The first method tested included that used previously

in the synthesis of SCN pincer palladacycles, in situ generated [Pd(MeCN)4][BF4]2
as the Pd(II) source.186–188 This achieved yields of 12 %, which is disappointing,

and during the reaction, significant amounts of Pd black formation was observed,

which upon workup was filtered off. Therefore, a number of C-H bond activation

techniques were tested, in order to increase the yield for this reaction. Pd(OAc)2

is often used as palladating agent, including the use of solvents such as MeOH,171

or AcOH.44,69,260 Another option is transcyclopalladation using Pd2(dmba)2Cl2 (Fig-

ure 5.4),261 whereby the ligands bound to palladium are exchanged in toluene, with

the dmba ligand displaced by the new ligand.

N

Pd
Cl

2

Figure 5.4 Pd2(dmba)2Cl2 palladacycle used in transcyclopalladation.

These methods were tested for 14c in order to synthesise the unsymmetrical N’CN

pincer palladacycle 15c (Table 5.3), showing that all syntheses provide low yields.

The highest yielding synthesis included the use of Pd(OAc)2 in AcOH, however even

in this synthesis, a significant amount of palladium black is formed, resulting in the

low yielding synthesis.

Despite these disappointing yields, literature precedence shows that synthesis of

nitrogen based pincer palladacycles are often synthesised in low yield via C-H bond

activation. For example, the NCN and N’CN pincer palladacycles shown in Figure 5.5

by Song and co-workers,15,172,262 and Richards and Fossey,263 were synthesised with

yields presented in Table 5.4. Therefore whilst the yields presented in this work are

disappointing, they are comparable to similar work presented using the same C-H

bond activation techniques.
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Table 5.3 Optimisation of palladation of 14c.

N

N
O

Pd(II) source
Solvent

N

N

Pd
Cl

O

14c 15c
Entry Palladium source Solvent Time / h Temp / ◦C Isolated yield / %

1 [Pd(MeCN)4][BF4]2 MeCN 6 85 12
2 Pd(OAc)2 MeOH 4 65 2
3 Pd(OAc)2 AcOH 4 130 24
4 Pd2(dmba)2Cl2 Toluene 4 85 0

R

Pd NN

Cl

N N

R1

R2

R1

R2

R3R3

PdN N

O O

Br

PdN
N

N
R

R

Cl

O

R1

Figure 5.5 NCN pincer palladacycles synthesised by Song and co-workers (left
and centre), and Richards and Folley (right).

Table 5.4 Literature yields for palladation of NCN ligands.

Entry Palladacycle (Figure 5.5) Yield / %
1 Left 12-54
2 Centre 17-70
3 Right 3

For the palladacycle by Richards and Folley (right, Figure 5.5) synthesised in

3 % yield by C-H bond activation, the yield was increased to 41 % by employing a

different synthetic strategy, in this case via lithiation, followed by transmetallation

with PdBr2(1,5−COD). Clearly in this synthesis, the yield is significantly higher,

and led us to investigate other synthetic routes towards 15c.

Another commonly used method for synthesis of palladacycles is via oxidative

addition,7,31 however a halide is required in the position of palladation. An example

of this synthetic route is provided by van Koten and co-workers,67 with the use

of [Pd2(dba)3] ·CHCl3, acting upon the ligand, with a bromide in the palladation

position (Scheme 5.7).
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R Br

NMe2

NMe2

[Pd2 3 3

Benzene

2

2

Br

Scheme 5.7 Palladacycle formation via oxidative addition by van Koten and
co-workers.

In order to attempt a similar synthetic route to that shown by van Koten and

co-workers,67 the N’CN ligand needs to be brominated in the mutual ortho position.

Under normal bromination conditions, several possible sites exist, and therefore a

regioselective route is required to selectively brominate in the mutual ortho position.

One potential method is via an intermediate palladacycle, using Pd(OAc)2. This

method provides the opportunity to brominate selectively in the ortho position, for

anilides. It was proposed that a key intermediate, and the likely active catalyst,

formed in situ from Pd(OAc)2 and TsOH-H2O, is shown in Figure 5.6.264

S

Pd

O

OH

OH

O
O

Figure 5.6 Likely active catalyst in ortho selective bromination by Bedford et al.

The reaction shown in Figure 5.7 was attempted using 14c, however unfortunately

it did not prove successful, leaving only starting material.

N

N

O

NO O

Br

Pd(OAc)2
2O N

O

Figure 5.7 Attempted ortho bromination of 14c.

In order to investigate the stability of the palladacycle in the harsh conditions

employed in the C-H bond activation of refluxing in AcOH, 14c was heated in

d4AcOH, and the palladacycle monitored via 1H NMR, which showed no degradation

of the palladacycle over time, showing that the final palladacycle is stable under the

synthetic conditions. The stability of the ligand to the refluxing acetic acid was also

tested by monitoring in d4AcOH showing no change.
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Additionally, the C-H bond activation procedure was also repeated in d4AcOH

with Pd(OAc)2 revealing a reaction taking place, evidenced by the changing ligand

signals. Thus it can be shown that the harsh 130 ◦C AcOH is not the reason behind

the disappointing yields.

Therefore despite the low yields, the C-H bond activation procedure was used on

the unsymmetrical N’CN pincer ligands 14a and 14b (Figure 5.8).

N

Et

Et
N

X

Pd(OAc)2

2O

Pd
Cl

Me

Me

15a 15b

Figure 5.8 N’CN pincer palladacycles.

The yields for the synthesis of 15a (10 %) and 15b (12 %) are again disappointing,

and further work could focus on designing a higher yielding process, rather than the

poor yielding C-H bond activation techniques.

X-ray crystal structures were obtained for 15a–c, in Figure 5.9, Figure 5.10 and

Figure 5.11 respectively. Both 15a and 15b have two molecules in the unit cell, and

15c has a single molecule in the unit cell.
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Figure 5.9 X-ray crystal structure of 15a.

Figure 5.10 X-ray crystal structure of 15b.



160

Figure 5.11 X-ray crystal structure of 15c.

The structures of these N’CN pincer palladacycles can be investigated (only one

molecule per unit cell will be studied), with the key palladium ligand bonds shown

in Table 5.5, revealing insignificant differences in bond lengths depending on the

structure, analogous to that found for the SCN pincer palladacycle (Chapter 4).

Table 5.5 N’CN pincer palladacycle X-ray crystal structure Pd-L bond lengths.

Bond
Bond length / Å

15a 15b 15c

N

NMe2

Pd
Cl

N

NEt2

Pd
Cl

N

N

Pd
Cl

O

Pd-Namine 2.105(6) 2.1145(16) 2.1239(19)
Pd-Npyr 2.062(5) 2.0639(5) 2.0521(19)

Pd-C 1.917(6) 1.9184(18) 1.913(2)
Pd-Cl 2.4260(17) 2.4231(5) 2.4327(6)

5.2.3 Suzuki-Miyaura catalysis

In order to compare the relative catalytic activity of the unsymmetrical N’CN pincer

palladacycles, they were tested in the Suzuki-Miyaura coupling reaction, in order to

compare with the unsymmetrical SCN pincer palladacycles (Section 4.2.3).
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The coupling reaction studied is shown again for clarity in Figure 5.12, with

the N’CN palladacycle catalysts, 15b and 15c along with comparisons against a

symmetrical NCN pincer palladacycle by van Koten and co-workers,253 and the

Herrmann-Beller palladacycle.

Br
2

0.01 mol % Pd
K2CO3

o-Xylene

130 oC

Figure 5.12 Suzuki-Miyaura coupling testing with N’CN pincer palladacycles.

The results presented in Table 5.6 show that there is little difference in catalytic

activity between 15b and 15c and the symmetrical NCN palladacycle, with conver-

sions >95 %, which was significantly higher than that found for the Herrmann-Beller

palladacycle (entry 3). Palladacycle 15a was not tested as insufficient quantity was

synthesised to test in catalysis.

Table 5.6 Suzuki-Miyaura coupling test using N’CN and NCN pincer palladacycles,
and the Herrmann-Beller palladacycle.

Entry Catalyst GC conversion / %
2 h 4 h 6 h

1
N

NEt2

Pd
Cl 95 96 98

2
N

N

Pd
Cl

O

97 98 99

3
P

Pd

o o

O O

O O

Pd

P
o

o

50 50 57

4
PdN N

Br

96 97 98

Clearly, the N’CN palladacycles achieve very high conversions for these sterically
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hindered couplings, and were therefore tested using a significantly more difficult to

couple aryl chloride (Scheme 5.8). Unfortunately this was unsuccessful, with no

coupling occurring. The use of TBAB as a phase transfer catalyst and palladium

nanoparticle stabiliser was also tested, again proving unsuccessful.

Cl

B(OH)2

0.01 mol % Pd
K2CO3

o-Xylene

Scheme 5.8 Attempted Suzuki-Miyaura coupling of an aryl chloride using N’CN
pincer palladacycles.

5.2.4 Suzuki-Miyaura catalyst activation pathway

The catalyst activation pathway studied for the SCN pincer palladacycles (Section

4.3.1) is also considered for the N’CN pincer palladacycles, in order to understand

the catalytic Suzuki-Miyaura coupling results presented (Table 5.6). The key steps

in the pathway are shown for 15a–c in Figure 5.13 showing the chloride substitution,

transmetallation and reductive elimination steps. Likewise as for the SCN pathway, at

Int 5, either the amine or the pyridine arm can decoordinate, however, unlike found

for the SCN pathways, two different reductive elimination pathways are revealed

leading to either a bridged palladium species (pathway a) as in the SCN pathway, or

a singly coordinated structure for 15a and 15c (pathway b).
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Pd

2

Int 7b Products

Figure 5.13 Key steps in the catalyst activation pathway of N’CN pincer pal-
ladayclces for the Suzuki-Miyaura coupling reactions.

When at Int 5 the pyridine arm decoordinates from palladium, the reductive

elimination yields the bridged palladium species (Int 6a) analogous to the SCN

pathways (Figure 5.14). For 15a and 15c, when the amine decoordinates (Int 6b)

reductive elimination step does not yield the bridged species, rather the palladium is

only coordinated to the pyridine group (Figure 5.15).
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Figure 5.14 Bridging structure of Int 7a for 15a.

Figure 5.15 Singly coordinated structure of Int 7b for 15a.

For the bridged structure, Int 7a, there are two ligand decoordination possibilities,

however, transition states could not be found for either of these possibilities, however

it was shown in the SCN catalyst activation pathway the transmetallation and

reductive elimination energy barriers would be significantly larger, and therefore
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these ligand decoordination transition states are insignificant for the overall pathway.

The first pathway considered, pathway a, is that analogous to the SCN pathway,

containing the bridged palladium species after reductive elimination (Figure 5.14).

This is shown in Scheme 5.9 and lead to the Pd(0) species likely involved in catalysis.

The energies are presented in Table 5.7 and Figure 5.16.

N
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NR2

O
H

B(OH)2Ph
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N
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O
H

B(OH)2
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B(OH)3

2

Int 5

2

B(OH)3

Cl-

Scheme 5.9 Pathway a for the Suzuki-Miyaura catalyst activation pathway for
unsymmetrical N’CN pincer palladacycles.

The data show that the overall reaction energy is slightly different for the three

palladacycles, with a difference between 15b and 15c of 16.8 kJ mol−1, with 15a

intermediate. However parallels can only be made with the experimental catalytic

data of 15b and 15c as 15a was not tested in catalysis due to the small amounts
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Table 5.7 Gibbs free energies, ∆GS for the catalyst activation pathway of N’CN
pincer palladacycles (pathway a).

∆GS / kJ mol−1

15a 15b 15c

N

NMe2

Pd
Cl

N

NEt2

Pd
Cl

N

N

Pd
Cl

O

Palladacycle 0.0 0.0 0.0
Int 1 10.0 12.3 3.8

TS 1-2 33.3 42.0 27.8
Int 2 2.7 11.4 6.8
Int 3 13.6 19.9 12.4

TS 3-4 135.5 149.0 139.3
Int 4 5.7 16.8 2.4
Int 5 -10.2 -3.8 -13.2
Int 6 25.8 40.0 24.1

TS 6-7 140.4 152.0 136.0
Int 7 26.4 38.8 25.1

Ligand + Pd(0) 75.5 88.3 71.5

Start Int 1

TS 1-2

Int 2
Int 3

TS 3-4

Int 4

Int 5

Int 6

TS 6-7

Int 7

Products

Figure 5.16 Gibbs free energies, ∆GS for the catalyst activation pathway of N’CN
pincer palladacycles (pathway a).
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available.

There is no discernible difference between the catalytic activities of 15b and

15c (Table 5.6), therefore the energy barriers in the key transmetallation (TS 3-4)

and reductive elimination (TS 6-7) steps can be compared. These are tabulated in

Table 5.8 revealing that the energy barriers for both 15b and 15c are very similar

for the rate determining transmetallation step (TS 3-4), with a difference of only

2.0 kJ mol−1, supporting the data that their catalytic activity are almost identical. As

the overall reaction energy is different for both 15b and 15c (Table 5.7), it suggests

that in this case, the energy barriers influence the catalytic activity, rather than the

overall thermodynamics.

Table 5.8 Gibbs free activation energy barriers (∆G‡S) for key steps for the N’CN
pincer palladacycle catalyst activation pathways.

∆G‡S / kJ mol−1

15a 15b 15c

N

NMe2

Pd
Cl

N

NEt2

Pd
Cl

N

N

Pd
Cl

O

TS 1-2 23.3 29.7 24.1
TS 3-4 121.9 129.1 127.0
TS 6-7 114.6 112.1 111.9

A comparison between the catalytic activity, and the reaction pathways for both

the SCN and N’CN pincer palladacycles will be discussed in Chapter 7, in order to

rationalise the different catalytic activities.

The other pathway possibility, pathway b affects the reductive elimination step,

where the amine arm decoordinates from the palladium in the formation of Int 6b

(Figure 5.13), and results in the singly coordinated palladium species after reductive

elimination (Figure 5.15). This pathway was found for 15a and 15c, and is shown

in Scheme 5.10 from Int 5.
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Ph

Products

2
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Scheme 5.10 Possible reductive elimination pathway for 15a,c in the Suzuki-
Miyaura reaction.

The energy difference between pathway a and pathway b are minimal for Int 6

and TS 6-7, and are less than 7 kJ mol−1, and therefore both pathways are possible,

and likely to occur for both 15a and 15c, however the transition state, TS 6b-7b

was not found for 15b.

In order to investigate the effect of changing the amine substituent on the

palladium atom, the charges on the key atoms in the palladacycle are investigated

using Bader’s Atoms in Molecules analysis. The charges in 15a–c are shown in

Table 5.9 and show that the effect on the palladium atom of the amine group is

negligible, with very little difference on any of the charges. The only charge to show

even slight differences are the amine nitrogen atoms (Namine), however even then they

only vary between -0.895 and -0.905 a.u. These little differences in charge further

support the analysis that both 15b and 15c achieve very similar catalytic activities

in the Suzuki-Miyaura coupling reaction.

5.3 Conclusion

This chapter has detailed the synthesis of novel unsymmetrical N’CN pincer ligands,

and their consequential C-H bond activation to the unsymmetrical N’CN pincer
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Table 5.9 Bader charges for N’CN pincer palladacycles.

Atom
15a 15b 15c

N

NMe2

Pd
Cl

N

NEt2

Pd
Cl

N

N

Pd
Cl

O

Charge / a.u.
Pd 0.639 0.638 0.638

Namine -0.905 -0.895 -0.902
Npyr -1.140 -1.143 -1.140
Cl -0.728 -0.727 -0.726
C -0.117 -0.112 -0.116

palladacycles. The yields of these syntheses were disappointing, albeit reasonable

when compared to other published NCN pincer palladacycle syntheses.

The N’CN pincer palladacycles were tested in a Suzuki-Miyaura coupling reac-

tion of sterically demanding and electronically deactivated aryl bromide, revealing

excellent catalytic activity. No difference in catalytic activity was found between

the two N’CN pincer palladacycles tested. The palladacycles were not active in the

coupling of the more challenging aryl chlorides, even in the presence of the phase

transfer catalyst and nanoparticle stabiliser TBAB.

The catalyst activation pathway was investigated for the N’CN pincer pallada-

cycles, revealing no significant difference in the energy barriers for the transmetallation

and reductive elimination steps, with small differences in the overall reaction energy.

Following on, the Bader charges were investigated also revealing no difference between

the different palladacycles. These data explain the failure of the different N’CN

palladacycles to exhibit different catalytic activity in the Suzuki-Miyaura coupling

reaction.
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5.4 Experimental details

3-(Pyridin-2-yl)benzaldehyde, 12

N

O

3-Formylphenylboronic acid (4.24 mmol, 635 mg), 2-bromopyridine (4.24 mmol,

0.412 ml), Pd(dppf)Cl2 (0.17 mmol, 122 mg), 1M Na2CO3 (5 ml), toluene (10 ml) and

EtOH (5 ml) were added to a sealed microwave vial and irradiated (maximum power,

300 W, dynamic heating) for 20 min at 150 ◦C. After cooling, the solvent was removed

in vacuo. The crude mixture was diluted with H2O (25 ml) and extracted with EtOAc

(3 x 25 ml), washed with H2O (2 x 25 ml) and brine (25 ml). The organic layers were

dried over anhydrous MgSO4, filtered, and the solvent removed in vacuo. The crude

product was purified using flash column chromatography (7:3 DCM:EtOAc) yielding

402 mg of the expected product, 12, as a yellow oil in 74 % yield.
1H NMR (500 MHz, Chloroform-d) δ (ppm): 10.13 (s, 1H), 8.74 (d, J = 4.8 Hz,

1H), 8.52 (s, 1H), 8.30 (d, J = 7.7 Hz, 1H), 7.94 (d, J = 7.7 Hz, 1H), 7.82 - 7.79 (m,

2H), 7.65 (dd, J = 7.7, 7.7 Hz, 1H), 7.32 - 7.28 (m, 1H).
13C{1H}NMR (126 MHz, Chloroform-d) δ (ppm): 192.2, 155.9, 149.9, 140.3,

137.0, 136.9, 132.7, 129.7, 129.5, 128.4, 122.8, 120.6.

HRMS (m/z). Calc. for [C12H9NO + H]+ 184.0757. Found 184.0761.

2-[3-(Bromomethyl)phenyl]pyridine, 6

N

Br

[3-(Pyridin-2-yl)phenyl]methanol, 5 (3.03 mmol, 561 mg) and ≥ 48% HBr in H2O

(5 ml) were added to a 10 ml round bottomed flask and stirred at 150 ◦C for 8 hours,

then left to stir overnight at room temperature. The reaction mixture pH was
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carefully adjusted to approximately 7.5 by careful addition of a saturated NaHCO3

solution. The crude product was extracted with EtOAc (3 x 50 ml), washed with H2O

(3 x 50 ml) and brine (50 ml). The organic layers were dried over anhydrous MgSO4,

filtered and the solvent removed in vacuo. The crude product was purified using

flash column chromatography (9:1 DCM:EtOAc) yielding 568 mg of the expected

product 6 as a yellow oil in 76 % yield.
1H NMR (500 MHz, Chloroform-d) δ (ppm): 8.70 (d, J = 4.9 Hz, 1H), 8.06 (s,

1H), 7.93 - 7.89 (m ,1H), 7.79 - 7.73 (m,2H), 7.48 - 7.44 (m, 2H), 7.25 (ddd, J = 6.7,

4.9, 1.7 Hz, 1H), 4.58 (s, 2H).
13C{1H}NMR (126 MHz, Chloroform-d) δ (ppm): 156.7, 149.7, 134.0, 138.4,

136.8, 129.6, 129.2, 127.6, 126.9, 122.4, 120.6, 33.4.

HRMS (m/z). Calc. for [C12H10BrN + H]+ 248.0069. Found 248.0071.

N,N-Dimethyl-1-[3-(pyridin-2-yl)phenyl]methanamine, 14a

N

NMe2

3-(Pyridin-2-yl)benzaldehyde, 12 (5.76 mmol, 1.06 g), HNMe2 ·HCl (12.1 mmol,

987 mg), Ti(OiPr)4 (11.6 mmol, 3.30 g and EtOH (50 ml) were added to a round

bottomed flask and stirred at rt overnight. NaBH4 (8.63 mmol, 327 mg) was then

added to the flask and the mixture stirred at rt for 24 h. The mixture was quenched

using aqueous ammonia (35 % in H2O, 30 ml) and filtered. The solid residue was

washed with DCM (50 ml) and the product was extracted from the filtrate using

DCM (3 x 35 ml). The organic layers were dried over anhydrous MgSO4 and the

solvent was removed in vacuo yielding 0.99 g of the expected product 14a as a green

oil in 81 % yield.
1H NMR (400 MHz, Chloroform-d) δ (ppm): 8.62 (d, J = 4.8 Hz, 1H), 7.91 (s,

1H), 7.84 (d, J = 7.5 Hz, 1H), 7.67 - 7.60 (m, 2H), 7.38 - 7.31 (m, 2H), 7.12 - 7.10

(m, 1H), 3.45 (s, 2H), 2.20 (s, 6H).
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13C{1H}NMR (126 MHz, Chloroform-d) δ (ppm): 157.4, 149.5, 139.4, 136.6,

129.7, 128.6, 127.6, 125.7, 122.0, 120.6, 64.3, 45.3 (2C). 1 carbon missing.

HRMS (m/z). Calc. for [C14H16N2 + H]+ 213.1386. Found 213.1384.

N,N-Diethyl-1-[3-(pyridin-2-yl)phenyl]methanamine, 14b

N

NEt2

2-[3-(Bromomethyl)phenyl]pyridine, 6 (2.78 mmol, 690 mg), HNEt2 (4.17 mmol,

0.43 ml), K2CO3 (12.1 mmol, 1.67 g) and THF (8 ml) were added to a microwave

vial and then stirred under microwave irradiation (maximum power 300 W, dynamic

power) at 150 ◦C for 30 min. After cooling, the solvent was removed in vacuo, and

the reaction mixture was added to H2O (25 ml) and the crude product was extracted

using EtOAc (3 x 25 ml), washed with H2O (2 x 25 ml) and brine (25 ml). The

combined organic layers were dried over anhydrous Na2SO4, filtered and the solvent

was removed in vacuo yielding 665 mg of the expected product 14b as a yellow oil

in 99 % yield.
1H NMR (400 MHz, Chloroform-d) δ (ppm): 8.69 (d, J = 4.8 Hz, 1H), 7.94 (s,

1H), 7.86 (ddd, J = 5.3, 5.3, 1.9 Hz, 1H), 7.75 - 7.74 (m, 2H), 7.43 - 7.41 (m, 2H),

7.24 - 7.20 (m, 1H), 3.66 (s, 2H), 2.56 (q, J = 7.1 Hz, 4H), 1.06 (t, J = 7.1 Hz, 6H).
13C{1H}NMR (100 MHz, Chloroform-d) δ (ppm): 157.7, 149.6, 140.7, 139.3,

136.6, 129.5, 128.5, 127.4, 125.3, 121.9, 120.6, 57.6, 46.8 (2C), 11.8 (2C).

HRMS (m/z). Calc. for [C16H20N2 + H]+ 241.1699. Found 241.1692.

4-(3-(Pyridin-2-yl)benzyl)morpholine, 14c

N

N

O

2-[3-(Bromomethyl)phenyl]pyridine, 6 (2.50 mmol, 611 mg), 13b (7.58 mmol,

0.66 ml), K2CO3 (7.49 mmol, 1.03 g) and THF (8 ml) were added to a microwave
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vial and then stirred under microwave irradiation (maximum power 300 W, dynamic

power) at 150 ◦C for 30 min. After cooling, the solvent was removed in vacuo, and

the reaction mixture was added to H2O (25 ml) and the crude product was extracted

using EtOAc (3 x 25 ml), washed with H2O (2 x 25 ml) and brine (25 ml). The

combined organic layers were dried over anhydrous Na2SO4, filtered and the solvent

was removed in vacuo yielding 638 mg of the expected product 14c as a yellow oil in

99 % yield.
1H NMR (500 MHz, Chloroform-d) δ (ppm): 8.70 (d, J = 4.9 Hz, 1H), 7.96 (s,

1H), 7.87 (ddd, J = 7.3, 1.7, 1.7 Hz, 1H), 7.77 - 7.73 (m, 2H), 7.45 - 7.40 (m, 2H),

7.23 (dd, J = 7.3, 4.9 Hz, 1H), 3.72 (t, J = 4.6 Hz, 4H), 3.59 (s, 2H), 2.48 (t, J =

4.6 Hz, 4H).
13C{1H}NMR (100 MHz, Chloroform-d) δ (ppm): 157.5, 149.7, 139.5, 138.2,

136.8, 129.9, 128.8, 127.9, 126.0, 122.2, 120.8, 67.0 (2C), 63.5, 53.7 (2C).

HRMS (m/z). Calc. for [C16H18N2O + H]+ 255.1492. Found 255.1484.

N,N-Dimethyl-1-[3-(pyridin-2-yl)phenyl]methanamine chloro palladacycle,

15a

N

NMe2

Pd
Cl

N,N-Dimethyl-1-[3-(pyridin-2-yl)phenyl]methanamine (14a) (0.80 mmol, 170 mg)

and Pd(OAc)2 (0.83 mmol, 186 mg) were dissolved in AcOH (15 ml) and stirred at

125 ◦C for 3 hours. After cooling, the solvent was removed in vacuo, and reconcen-

trated with DCM (5 x 50 ml) to remove any residual AcOH. The crude mixture was

dissolved in MeOH (10 ml) and LiCl (excess) was added. The mixture was stirred at

rt for 30 min. The solvent was removed in vacuo, and the crude mixture dissolved in

DCM (25 ml) and H2O (25 ml). The crude product was extracted using DCM (2 x

25 ml), washed with H2O (2 x 25 ml) and brine (25 ml). The combined organic layers

were dried over anhydrous MgSO4, filtered, and the solvent removed in vacuo. The
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crude product was purified by recrystallisation from DCM/hexane yielding 82 mg of

the expected product as a yellow solid in 10 % yield.
1H NMR (500 MHz, Chloroform-d) δ (ppm): 9.02 (ddd, J = 5.6, 1.7, 0.7 Hz, 1H),

7.81 (ddd, J = 7.8, 7.8, 1.7 Hz, 1H), 7.58 (d, J = 7.8 Hz, 1H), 7.27 - 7.25 (m, 1H),

7.17 (ddd, J = 7.6, 5.6, 1.4 Hz, 1H), 7.09 (dd, J = 7.6, 7.6 Hz, 1H), 6.92 (d, J =

7.6 Hz, 1H), 4.13 (s, 2H), 3.08 (s, 6H).
13C{1H}NMR (126 MHz, Chloroform-d) δ (ppm): 165.1, 164.6, 152.4, 145.9,

142.4, 138.6, 124.5, 123.4, 122.7, 121.1, 118.6, 74.9, 53.1 (2C).

HRMS (m/z). Calc. for [C14H15N2Pd]+ 317.0259. Found 317.0269.

Elemental Analysis. Calc. (%) for C14H15N2PdCl: C 47.61, H 4.28, N 7.93; found

C 47.54, H 4.34, N 7.84.

N,N-Diethyl-1-[3-(pyridin-2-yl)phenyl]methanamine chloro palladacycle,

15b

N

NEt2

Pd
Cl

N,N-Diethyl-1-[3-(pyridin-2-yl)phenyl]methanamine (14b) (1.25 mmol, 301 mg)

and Pd(OAc)2 (1.26 mmol, 310 mg) were dissolved in AcOH (4 ml) and stirred at

125 ◦C for 4 hours. After cooling, the solvent was removed in vacuo, and reconcen-

trated with DCM (5 x 50 ml) to remove any residual AcOH. The crude mixture

was dissolved in MeCN (10 ml) and H2O (10 ml), and NaCl (13.0 mmol, 761 mg) was

added. The mixture was stirred at rt for 3 h. The solvent was removed in vacuo, and

the crude mixture dissolved in DCM (35 ml) and H2O (35 ml). The crude product

was extracted using DCM (2 x 35 ml), washed with H2O (2 x 35 ml) and brine

(35 ml). The combined organic layers were dried over anhydrous MgSO4, filtered,

and the solvent removed in vacuo. The crude product was purified by flash column

chromatography (9:1 DCM:EtOAc) yielding 59 mg of the expected product as a

yellow solid in 12 % yield.
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1H NMR (500 MHz, Chloroform-d) δ (ppm): 9.06 (d, J = 5.5 Hz, 1H), 7.80 (ddd,

J = 7.8, 7.8, 1.6 Hz, 1H), 7.57 (d, J = 7.8 Hz, 1H), 7.23 (d, J = 7.8 Hz, 1H), 7.17

(ddd, J = 7.6, 5.5, 1.3 Hz, 1H), 7.06 (dd, J = 7.6, 7.6 Hz, 1H), 6.89 (d, J = 7.6 Hz,

1H), 4.16 (s, 2H), 3.51 - 3.44 (m, 2H), 2.85 - 2.78 (m, 2H), 1.61 (t, J = 7.1 Hz, 6H).
13C{1H}NMR (126 MHz, Chloroform-d) δ (ppm): 165.0, 163.4, 152.2, 148.1,

142.4, 138.5, 124.2, 122.7, 122.4, 120.8, 118.4, 67.2, 58.1 (2C), 14.1 (2C).

HRMS (m/z). Calc. for [C16H19N2Pd]+ 345.0578. Found 345.0564.

Elemental Analysis. Calc. (%) for C16H19N2PdCl: C 50.41, H 5.02, N 7.35; found

C 50.34, H 4.92, N 7.46.

4-(3-(Pyridin-2-yl)benzyl)morpholine chloro palladacycle, 15c

N

N

Pd
Cl

O

4-(3-(Pyridin-2-yl)benzyl)morpholine (14c) (1.10 mmol, 279 mg) and Pd(OAc)2

(1.21 mmol, 272 mg) were dissolved in AcOH (4 ml) and stirred at 125 ◦C for 4 hours.

After cooling, the solvent was removed in vacuo, and reconcentrated with DCM (5

x 50 ml) to remove any residual AcOH. The crude mixture was dissolved in MeCN

(10 ml) and H2O (10 ml), and NaCl (11.2 mmol, 652 mg) was added. The mixture

was stirred at rt for 3 h. The solvent was removed in vacuo, and the crude mixture

dissolved in DCM (35 ml) and H2O (35 ml). The crude product was extracted using

DCM (2 x 35 ml), washed with H2O (2 x 35 ml) and brine (35 ml). The combined

organic layers were dried over anhydrous MgSO4, filtered, and the solvent removed

in vacuo. The crude product was purified by flash column chromatography (7:3

DCM:EtOAc) yielding 103 mg of the expected product as a yellow solid in 24 % yield.
1H NMR (500 MHz, Chloroform-d) δ (ppm): 9.16 (d, J = 5.6 Hz, 1H), 7.80 (dd,

J = 7.8, 7.8 Hz, 1H), 7.56 (d, J = 7.8 Hz, 1H), 7.23 (d, J = 7.8 Hz, 1H), 7.17 (dd, J

= 7.6, 5.6 Hz, 1H), 7.09 (dd, J = 7.6, 7.6 Hz, 1H), 6.96 (d, J = 7.6 Hz, 1H), 4.38 (s,

2H), 4.30 - 4.28 (m, 2H), 4.10 - 4.06 (m, 2H), 3.90 - 3.86 (m, 2H), 3.01 - 2.97 (m,
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2H).
13C{1H}NMR (126 MHz, Chloroform-d) δ (ppm): 165.1, 163.6, 152.4, 144.5,

142.4, 138.7, 124.8, 123.6, 122.6, 121.2, 118.5, 69.9, 62.8 (2C), 59.64 (2C).

HRMS (m/z). Calc. for [C16H17N2OPd]+ 359.0370. Found 359.0359.

Elemental Analysis. Calc. (%) for C16H17N2OPdCl: C 48.63, H 4.34, N 7.09;

found C 48.59, H 4.42, N 6.97.
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Chapter 6

Unsymmetrical phosphorus

containing palladacycles, and

Pd(II) catalysis

This chapter summarises the synthesis of novel unsymmetrical PCN and PCS pincer

ligands, followed by the C-H bond activation to the associated pincer palladacycles.

These palladacycles were tested in the Suzuki-Miyaura coupling of sterically demanding

and electronically deactivated aryl bromides, revealing excellent catalytic activity.

The catalytic application of the PCN and PCS pincer palladacycles, along with the

SCN and N’CN catalysts discussed previously, were tested in several other catalytic

applications. The coupling between a vinyl epoxide and phenylboronic acid was

achieved catalytically, revealing different ratios between linear and branched products.

A catalytic aldol condensation between methylisocyanoacetate with benzaldehyde,

yielding oxazole products was also performed, with varying cis/trans ratios depending

on the palladacycle. DFT was also utilised to study the catalyst activation pathway

for the Suzuki-Miyaura coupling reaction for the PCN and PCS pincer palladacycles.
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6.1 Introduction

6.1.1 Phosphorus containing palladium catalysis

Many of the widely available and successful palladium catalysts contain phosphorus

donor ligands, examples include Pd(PPh3)4, Pd(dppf)Cl2,265 Pd-118 and Buchwald’s

XPhos ligand and related examples,266 shown in Figure 6.1.

Fe

PPh2

PPh2

PdCl2 Fe

PtBu2

PtBu2

PdCl2 iPr

iPr

iPr

PCy2

2

Pd PPh3Ph3P

PPh3

PPh3

Pd(PPh3)�

Figure 6.1 Phosphorus containing palladium complexes and ligands.

The use of palladacycles containing phosphorus donor ligands is also widespread

in catalytic applications such as the Suzuki-Miyaura coupling reaction shown in Fig-

ure 6.2, such as that by Karami et al.,267 Trzeciak and co-workers,164 and SanMartin

and co-workers.212

Ph2

P

Pd

O

Ph3P
Cl

O P(OPh)2

Pd

N

Cl

N

R 22

R
11

Pd

N N

HN PPh2

Cl

Figure 6.2 Phosphorus containing palladacycles utilised in Suzuki-Miyaura cata-
lysis.

Phosphorus containing palladacycles have also been utilised in a diverse range of

catalytic applications, including the tandem catalytic stannylation and allyl chlorides

discussed previously by Szabó and co-workers (Scheme 6.1),13 along with other

examples such as a tandem catalytic allylation of vinyloxirane with an aldehyde in

the same publication (Scheme 6.2).
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Scheme 6.1 Tandem stannylation and allylation by Szabó and co-workers.
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Scheme 6.2 Tandem coupling between vinyloxirane and an aldehyde by Szabó
and co-workers.

Another example of catalysis utilising phosphorus containing palladacycles in-

cludes the interesting study by Wade and co-workers into the development of a

PCP pincer palladacycle encorporated in a metal organic framework (MOF). This

palladacycle acted as a catalyst in a simple transfer hydrogenation from acetic acid

to various benzaldehydes (Scheme 6.3), which would not proceed using the non-MOF

encapsulated palladacycle due to catalyst instability. This highlights the potential

benefit of immobilised catalysts.268



180

O

O

Pd

P

P

CO2Me

CO2Me

CO2Me

CO2Me

I

6O� �
�	


H

O
HCO2H

OH

Scheme 6.3 Metal organic framework encapsulated PCP pincer palladacycle in a
transfer hydrogenation catalyst application by Wade and co-workers.

In addition to the tandem allylation reactions discussed above, phosphorus

containing palladacycles have found application in several allylation reactions, such

as that by Szabó and co-workers using the less toxic allylborates (Scheme 6.4);269

also involving enantioselective variations, such as that also by Szabó and co-workers

of the allylation of tributyl allylstannane and sulfonimine in up to 59 % ee using a

PCP palladacycle with BINOL substituents (Scheme 6.5).270 Also by Bedford and

Pilarski utilising PCP palladacycles for the allylation of aldehydes and imines,271

and C-H functionalisation of benzylnitriles by Szabó and coworkers.166

R

N

H

3K

Pd

O

2P

O

2

OCOCF3

R

Scheme 6.4 Allylation using less toxic allylborates by Szabó and co-workers.
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Scheme 6.5 Asymmetric allylation of sulfonimines by Szabó and co-workers.

A likely reason for the interest in phosphorus as a donor atom to palladium,

and hence phosphorus containing palladacycles is the strong Pd-P bond. Unlike

other common donor atoms such as N or S, there is a greater possibility for metal

back-bonding to the phosphorus atom, increasing the strength of the Pd-P bond. The

traditional orbital diagram is shown in Figure 6.3 adapted from the paper by Orpen

and Connelly,272 showing π back-donation from the occupied palladium d orbital,

into an empty d orbital on phosphorus. However the authors suggest a modified

diagram, where the back-donation actually occurs into a hybrid of phosphorus σ∗

and d orbitals.272

P Pd σ donation

P Pd π back-donation

Figure 6.3 Traditional π back-donation orbital diagram for M-P bond.

This back-donation contributes to the stronger Pd-P bond, leading to the ex-

tremely high thermal stability of palladacycles, as shown in the Herrmann-Beller

palladacycle.32,213

6.1.2 Phosphorus containing palladacycles

In addition to the examples listed above, phosphorus containing pincer palladacycles

are becoming increasingly widespread. A range of these palladacycles are shown
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in Figure 6.4, with an unsymmetrical PCN examples by Rosa and co-workers,48

Wendt and co-workers,14 Punji and co-workers,273 and by Dupont and co-workers

synthesised by chloropalladation.17

Pd
P
ON

Cl

Cl

PdN P

Cl
PdP N

Cl

Pd

O

Ph2P NMe2

Cl

Cl

Figure 6.4 PCN pincer palladacycle exaples by SanMartin, Wendt, Punji and
Dupont and co-workers.

Other phosphorus containing pincers are shown in Figure 6.5, including that by

Szabó and co-workers, an unsymmetrical PCS palladacycle, symmetrical PCP pincers

by Bedford and co-workers,39 a mixed 5-,6- PCP pincer by Eberhard et al.,274 and

another cyclohexyl containing symmetrical PCP example by Wendt and Olsson.42

Pd SPhPh2P

Cl

O

Pd

O

PPh2Ph2P

TFA

Pd PO
P
Ph2

Cl

PdP P

TFA

Figure 6.5 Other phosphorus containing pincer palladacycles by Szabó, Bedford,
Wendt and co-workers.

6.2 Results and discussion

6.2.1 Phosphorus containing palladacycle synthesis

A retrosynthetic pathway towards PCN pincer palladacycles, bearing a phosphinite

donor group is shown in Scheme 6.6 revealing a possible route from the benzylic

alcohol intermediate, 5 in the route towards SCN and N’CN pincer palladacycles

shown in Chapter 3 and Chapter 5. The nucleophilic subtitution of the chloride on

a ClPR2 by a benzylic alcohol has been demonstrated by Eberhard et al. shown

in Scheme 6.7 in the synthesis of a PCP palladacycle with mixed phosphine and

phosphinite phosphorus donor groups.275
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Scheme 6.6 Retrosynthetic pathway towards PCN pincer palladacycle.
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Scheme 6.7 Mixed phosphine and phosphinite PCP pincer palladacycle synthesis
by Eberhard et al.

Therefore, using 5 synthesised previously, the attempted synthesis of PCN pincer

ligand 16a was performed under an argon atmosphere as shown in Scheme 6.8,

however 31P analysis proved the reaction to be unsuccessful. The actual product of

the reaction was likely to be the oxidised phosphinite product shown in Figure 6.6.

Therefore this suggested the reaction was successful, however the product was not

stable under standard laboratory conditions.

N

OH 3 2

2

PPh2

5 16a
Scheme 6.8 Attempted synthesis of PCN pincer ligand.

Due to the instability of 16a under standard laboratory conditions, the Pd(II)
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N

O
PPh2

O

Figure 6.6 Proposed product from reaction shown in Scheme 6.8.

source was added in situ to inhibit oxidation of the ligand. This synthesis is shown

in Scheme 6.9, proceeding in a 29 % yield from the starting alcohol.

N

OH 3 2
°

2

PPh2

2

°

2

PPh2
Pd

5 16a 17a
Scheme 6.9 Synthesis of PCN pincer palladacycle.

The PCN pincer compound 17a is a mixed 5-,6- ring compound, with the

phosphorus contained within a 6-membered ring, and the pyridine remaining in a

5 membered ring. The X-ray crystal structure is shown in Figure 6.7 revealing a

boat-type structure in the 6-membered palladacycle ring.

Figure 6.7 X-ray crystal structure of 17a.
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In order to obtain a phosphinite bound palladacycle with two 5-membered rings, a

different starting compound is required. In order to achieve this, a new intermediate

was synthesised, as shown in Scheme 6.10, proceeding in 73 % yield, with the desired

phenol group. This then allows the formation of a 5-membered phosphorus containing

ring Scheme 6.11.

N

OH

B(OH)2

OH
Br

3)4

K3PO4

2O

Scheme 6.10 Phenol intermediate synthesis.

Analogous to the synthetic pathway discussed towards 17a, the synthesis of the

in situ generated ligand 16b followed by the C-H bond activation was achieved in

22 % yield as shown in Scheme 6.11.

N

OH

3 2
°

2

PPh2 2
°

2

PPh2

Pd

18 16b 17b
Scheme 6.11 Synthesis of 5-,5- membered ring PCN pincer palladacycle.

The PCN pincer palladacycle was also characterised by X-ray crystallography,

with the structure depicted in Figure 6.8, with the less distorted 5-membered rings

shown, as compared to the 5-,6- membered palladacycle.

With previous chapters within this thesis focussing on SCN pincer palladacycles,

Chapter 3 and Chapter 4, unsymmetrical N’CN pincer palladacycles, Chapter 5, and

now PCN pincer palladacycles, all with the pyridine donor group, the ability to alter

the synthesis to introduce different groups in this position can also be investigated. By

altering the original 2-bromopyridine in the Suzuki-Miyaura coupling, different donor

groups can be introduced. Therefore, a synthesis towards a PCS pincer palladacycle

was investigated, in order to complement previous PCS pincer palladadycles published,

such as that by Szabó and co-workers shown in Figure 6.5. The synthesis towards
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Figure 6.8 X-ray crystal structure of 17b.

a sulfur donor atom PCS pincer palladacycle is shown in Scheme 6.12, with the

synthesis of the phenol intermediate 19 which proceeds in 55 % yield.

B(OH)2

OH Br 3)4, K3PO4

2O

OH

SMe

19
Scheme 6.12 Suzuki-Miyaura coupling leading to an intermediate in the synthesis
of a PCS pincer palladacycle.

With the intermediate 19, the corresponding PCS pincer palladacycle (21) was

synthesised as shown in Scheme 6.13. In this case, in situ generated [Pd(MeCN)4][BF4]2
was used,13,155,186,187 due to its success in the formation of SCN pincer palladacycles

(Chapter 3 and Chapter 4) due to its highly electrophilic nature. This reaction was

very successful, proceeding in 73 % yield from 19.
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OH

SMe

3 2
°

iPr2

PiPr2 2 4

2O, MeCN

O

SMe

PiPr2

Pd Cl

19 20 21
Scheme 6.13 PCS pincer palladacycle synthesis.

The X-ray crystal structure of 21 is shown in Figure 6.9, again with a mixed 5-,6-

ring system, exhibiting the distorted boat type structure of the 6-membered ring. In

order to compare the effect of 5-,5- and 5-,6- rings for the PCN pincer palladacycles,

and changing from pyridine to a thioether, the crystal structure bond lengths for

key Pd-L bonds are compared (Table 6.1).

Figure 6.9 X-ray crystal structure of PCS palladacycle, 21.

Differences in the phosphorus containing palladacycles (Table 6.1) for Pd-L bond

lengths occur for the Pd-C bond lengths, with the bond being shortest in 17b

at 1.961(2) Å, and longest in 21 at 2.0159(16) Å. The Pd-C bonds in the SCN

palladacycles are ≈ 1.95 Å (Chapter 4), and N’CN palladacycles ≈ 1.92 Å (Chapter

5), more closely resembling the 5-,5- membered palladacycle 17b at 1.96 Å, with
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Table 6.1 Phosphorus containing pincer palladacycle X-ray crystal structure Pd-L
bond lengths.

Bond
Bond length / Å

17a 17b 21

N

O

Pd
P

Cl

N

O
P

Pd
Cl

O
P

Pd
Cl

S

Pd-S n/a n/a 2.3672(5)
Pd-N 2.103(2) 2.1216(18) n/a
Pd-P 2.2159(7) 2.2028(6) 2.2060(5)
Pd-C 2.005(3) 1.961(2) 2.0159(16)
Pd-Cl 2.3830(7) 2.3942(5) 2.3678(5)

the mixed 5-,6- rings having longer Pd-C bond distances of > 2 Å, likely due to the

increased steric demand in the 6 membered ring.

Another interesting trend emerging in the experimental X-ray crystal structures

are in the Pd-N bond distances for the pyridine donor group. In order for easy

comparison, the key metal-ligand bond lengths for the SCN and N’CN pincer

palladacycles are shown in Table 6.2 and Table 6.3 respectively.

Table 6.2 SCN pincer palladacycle X-ray crystal structure Pd-L bond lengths.

Bond
Bond length / Å

2a 2b 2c 2f

N

Pd
Cl

N

S

Pd
Cl

N

S

Pd
Cl

N

S

O
CH3

Pd
Cl

Pd-S 2.291(8) 2.2638(4) 2.2705(7) 2.2674(5)
Pd-N 2.09(3) 2.0672(13) 2.066(2) 2.0708(15)
Pd-C 1.95(3) 1.9489(15) 1.950(2) 1.950(2)
Pd-Cl 2.423(8) 2.4095(4) 2.3961(5) 2.4093(5)

The experimental and DFT optimised Pd-N bond distances for the pyridine

donor group are shown in Table 6.4 for all the X-ray crystallographically determined

palladacycles. It can be seen that the longest Pd-Npyr bonds in the experimental

X-ray crystal structures are in the PCN pincer palladacycles (17a and 17b) at >
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Table 6.3 N’CN pincer palladacycle X-ray crystal structure Pd-L bond lengths.

Bond
Bond length / Å

15a 15b 15c

N

NMe2

Pd
Cl

N

NEt2

Pd
Cl

N

N

Pd
Cl

O

Pd-Namine 2.105(6) 2.1145(16) 2.1239(19)
Pd-Npyr 2.062(5) 2.0639(5) 2.0521(19)

Pd-C 1.917(6) 1.9184(18) 1.913(2)
Pd-Cl 2.4260(17) 2.4231(5) 2.4327(6)

2.103(2) Å, and the N’CN pincer palladacycles having the shortest Pd-Npyr bond

lengths at < 2.0639(5) Å. The Pd-Npyr bond length for the SCN pincer palladacycles

are intermediate. The optimised distances for the SCN and N’CN pincer palladacycles

are all 2.08 Å, which is appreciably shorter than the > 2.13 Å distances for the PCN

pincer palladacycle.

The likely reasoning behind these differing Pd-Npyr bond lengths is the trans

influence, which is the effect of a donor ligand on the M-L bond trans to it. A

study by Sajith and Suresh276,277 has shown that DFT can correctly predict the

trans influence of a range of cystallographically determined Pd(II) complexes. They

also then studied the trans influence of a wide range of ligands, with Pd-Cl bond

lengths for PR3 of 2.438 Å demonstrating the strongest trans influence. It was found

that SMe2 was intermediate, with a shorter Pd-Cl bond length of 2.354 Å, and the

weakest trans influence exhibited by NH3 with the shortest Pd-Cl bond length of

2.343 Å.

The trans influence trends, PMe3 > SMe2 > NH3
276,277 perfectly correlate with

the experimental findings on Pd-Npyr bond lengths (Table 6.4) with the longest bonds

shown in PCN palladacycles, and the shortest in the N’CN pincer palladacycles.
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Table 6.4 Pd-Npyr experimental and theoretical bond lengths.

Palladacycle Pd-N bond length / Å
Experimental DFT

2a
N

Pd
Cl 2.09(3) 2.08

2b
N

S

Pd
Cl 2.0672(13) 2.08

2c
N

S

Pd
Cl 2.066(2) 2.08

2f
N

S

O
CH3

Pd
Cl

2.0708(15) 2.08

15a
N

NMe2

Pd
Cl 2.062(5) 2.08

15b
N

NEt2

Pd
Cl 2.0639(5) 2.08

15c
N

N

Pd
Cl

O

2.0521(19) 2.08

17a
N

O

Pd
P

Cl
2.103(2) 2.13

17b

N

O
P

Pd
Cl

2.1216(18) 2.14
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6.2.2 Catalytic investigation

Aldol condensation

An interesting catalytic application of unsymmetrical pincer palldacycles is that

reported by Szabó and co-workers13 discussed in Chapter 1, and shown again for

clarity in Scheme 6.14. It was found that the turnover frequency (TOF / mol h−1)

was highest for the PCS palladacycle (75) compared to the SCS (46) and the PCP

(17), however different cis to trans ratios of product were found when using different

catalysts, with the PCS and SCS examples achieving ≈ 60 % trans, whereas the PCP

example gave 82 % of the trans product.

Ph H

O
CN

OMe

O

[Pd]
iPr2EtN

CH2Cl2

N

O
H

MeO2C

Ph
H

N

O
H

MeO2C

Ph
H

trans cis

PdPh2P SPh

Cl

PdPhS SPh

Cl

PdPh2P PPh2

Cl

PCS SCS PCP

Scheme 6.14 Aldol condensation investigation by symmetrical, SCS and PCP,
and unsymmetrical PCS pincer palladacycles by Szabó and co-workers.

A potential catalytic cycle is proposed in Scheme 6.15, and likely sterics of the

pendant groups on the donor atoms are likely to have a substantial effect on the

sterochemical outcomes of the reaction.
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PdPh2P PPh2

Cl

PdPh2P PPh2

C

N

O

O
HB

CN

O

O

Cl-

PdPh2P PPh2

C

N

O

O-O

Ph

O

Ph

PdPh2HP PPh2

C

N

O

O-O

Ph

PdPh2P PPh2

C
NO

Ph

O

O

CN

O

O

O

NO

O

Ph

BH+

B

Scheme 6.15 Proposed catalytic cyclic of aldol condensation.

In order to investigate the catalytic activity of the PCN and PCS pincer palla-

dacycles, these were used as catalysts for the reaction shown in Scheme 6.16. To

compare the role of the donor atoms, the catalytic reaction was also tested using

SCN and N’CN palladacycles shown in Figure 6.10.
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Ph H

O
CN

OMe

O

[Pd]
iPr2EtN
CH2Cl2

N

O
H

MeO2C

Ph
H

N

O
H

MeO2C

Ph
H

trans cis

N

O
PPh2

Pd
Cl

S
Pd

O
PiPr2

rt, 24 h

17b 21

22a 22b

Scheme 6.16 Catalytic aldol condensation using phosphorus containing pallada-
cycles.

N

S

Pd
Cl

N

S

Pd
Cl

N

N

Pd
Cl

O

2a 2c 15c
Figure 6.10 Other SCN and N’CN palladacycles tested in the aldol condensation
reaction.

The reaction was also tested using Pd(OAc)2 and Pd-118, with its structure

shown in Figure 6.1. It was found that after 24 h, benzaldehyde remained in the

reaction vessel, as shown by NMR and TLC, however the product can clearly be

identified in the crude 1H NMR, and compared to literature values, in order to

compare the cis/trans ratios, with that found by Szabó and co-workers.13 The crude
1H NMR is shown with the easily distinguishable non-aromatic protons in Figure 6.11

performed using 15c achieving a trans/cis ratio of 58/42.

The results for the novel unsymmetrical pincer palladacycles are shown in

Table 6.5, in order of decreasing trans ratio for the range of palladacycles. Lit-

erature and known compound results are presented in Table 6.6 with literature

examples taken from the work by Szabó and co-workers.13 The results for Pd-118

and Pd(OAc)2 are also shown.
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Table 6.5 Novel palladacycle aldol condensation catalysis results, crude 1H NMR
ratios, with reactions performed in duplicate.

Entry Catalyst Trans/Cisa

1 17a
N

O

Pd
P

Cl
85/15

2 21

O
P

Pd
Cl

S

74/26

3 17b

N

O
P

Pd
Cl

73/27

4 2c
N

S

Pd
Cl 68/32

5 15c
N

N

Pd
Cl

O

59/41

6 2a
N

Pd
Cl 57/43
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Figure 6.11 Crude 1H NMR of the non-aromatic region of the aldol condensation
reaction performed using 15c achieving a trans/cis ratio of 58/42.

Table 6.6 Literature and known compound aldol condensation catalysis results,
crude 1H NMR ratios, with reactions performed in duplicate.

Entry Catalyst Trans/Cisa

113
Pd PPh2Ph2P

Cl

82/18

213
Pd SPhPhS

Cl

59/41

313
Pd PPh2

Cl

PhS
57/43

4b
Pd SPhPhS

Cl

52/48

5 Pd(OAc)2 58/42
6 Pd-118 56/44

a = Average of 2 duplicate runs within 5 %, performed by 1H NMR. b = Performed as a
validation of the method and to compare to the literature value.
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The results presented (Table 6.5 and Table 6.6) reveal some interesting trends.

As a test, initially the literature value for the SCS pincer palladacycle shown in

entry 2, Table 6.6 was repeated to confirm the reaction was successful, and as a

benchmark for the novel results presented in this thesis. The literature ratio (entry

2, Table 6.6) achieved 59 % trans selectivity, and when replicated in our laboratory

(entry 4, Table 6.6), a trans selectivity of 52 % was achieved, confirming that the

reaction was successful, and a similar selectivity was established.

The highest trans selectivity (entry 1, Table 6.5) is found for the unsymmetrical

PCN pincer palladacycle 17a, slightly higher than that found for the symmetrical

PCP palladacycle by Szabó and co-workers (entry 1, Table 6.6),13 and the lowest for

the symmetrical SCS example shown in entry 4, Table 6.6. The novel palladacycles

tested (Table 6.5) also reveal an interesting feature, with the phosphorus containing

palladacycles achieving greater trans selectivity at >73 %, contrasting with the SCN

in entry 6, Table 6.5, achieving a greater proportion of cis selectivity, at 57 % trans.

The increased chain length in the SCN palladacycle, with a pendant propyl chain also

has an effect on the product ratio, with the propyl chain (entry 4, Table 6.5) achieving

greater trans selectivity than the pendant methyl group in entry 6, Table 6.6. Finally

it can be seen that the non-palladacyclic Pd(II) catalysts Pd(OAc)2 and Pd-118

(entries 5 and 6, Table 6.6) show less selectivity between trans/cis than the SCN

propyl example (entry 4) and the PCN examples (Table 6.5) reported here.

It is clear that changing the donor atoms and donor atom substituents on the

palladacycle can have an influence on the sterochemical outcome of the reaction, with

the ratio of trans/cis selectivity being influenced. Previous studies by van Koten and

co-workers,278 showed that for an immobilised symmetrical SCS pincer palladacycle

the active catalyst was formed by insertion of the methylisocyanoacetate into the

Pd-C bond, with one of the Pd-S bonds cleaving, shown in Scheme 6.17.
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Scheme 6.17 Methylisocyanoacetate insertion into Pd-C bond of a silica immobil-
ised symmetrical SCS pincer palladacycle by van Koten and co-workers.

In the work by Szabó and co-workers13 it was found that the Pd-P bond was

significantly stronger than that of the Pd-S bond, resulting in a different active

catalytic species. The hemilabile nature of the Pd-L bonds, resulting in decoordination

of the S- donor group from palladium, and the methylisocyanoacetate inserting into

the Pd-C bond, yielding the active catalytic species shown in Figure 6.12, analogous

to that found by van Koten and co-workers (Scheme 6.17). The much stronger Pd-P

bonds result in no Pd-L bond dissociation, yielding the catalytically active PCS

species shown in Figure 6.12.

PPh2

PhS

Pd
N

O

O
Cl C

N
O

O

Figure 6.12 Active catalytic species in catalytic aldol condensation by Szabó and
co-workers.

Therefore different catalytically active species are likely present depending on

the donor atom groups. The potential hemilability arising from the diverse range
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of palladacycles presented in this thesis appears to have an effect in this pathway,

resulting in different trans/cis ratios. In order to probe the hemilability, the Pd-L

bond strengths of each of the palladacycles has been investigated using Bader’s

Atoms in Molecules analysis, using the ρ(r) value,138 as discussed in Section 2.5.

Table 6.7 Pd-L bond ρ(r) values (a.u.) for palladacycles tested in the catalytic
aldol condensation.

Palladacycle Bond ρ(r)

2a
N

Pd
Cl

Pd-S 0.093

Pd-N 0.096

2c
N

S

Pd
Cl

Pd-S 0.093

Pd-N 0.096

15c
N

N

Pd
Cl

O

Pd-Namine 0.084

Pd-Npyr 0.098

17b

N

O
P

Pd
Cl

Pd-P 0.113

Pd-N 0.085

The data in Table 6.7 show that the Pd-S and Pd-N bonds are significantly

weaker than the Pd-P bonds, evidenced by the smaller ρ(r) values. The difference in

trans/cis ratio for 2a (entry 6, Table 6.5) and 2c (entry 3) cannot be explained by

different bond strengths as shown by the Atoms in Molecules analysis as the bonds

have the same ρ(r) values, and therefore the steric influence of the propyl chain is

likely having an influence on the trans/cis selectivity. Also the high trans selectivity

for 17b (entry 2) is likely due to the significantly stronger Pd-P bond, and achieves

very similar results to the symmetrical PCP palladacycle result (entry 1).

Further work following on from this thesis could focus on the rationalisation

of these catalytic results, by studying the reaction mechanism to understand how
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reaction barriers and the pathway change as the donor groups and atoms are altered.

Vinyl epoxide and boronic acid coupling

Another catalytic application tested includes a coupling between a vinyl epoxide and

phenylboronic acid. This is another example of a catalytic application where the

palladium remains in the +2 oxidation state, thereby retaining the ligand structure

of the palladcycle, as opposed to the Suzuki-Miyaura coupling reactions studied

in previous chapters where the palladacycle acts as a source of catalytically active

Pd(0). The vinyl epoxide coupling was investigated by Szabó and co-workers,71 and

one example of this reaction is tested to determine the role of the donor atoms and

groups on the coupling reaction shown in Scheme 6.18.

O

B(OH)2
2CO3

2O
HO

Ph

HO
Ph

Linear

23a 23b

Scheme 6.18 Vinyl epoxide coupling to phenylboronic acid catalysed by palladium
catalysts.

Szabó and co-workers71 found 92 % linear selectivity in the coupling reaction,

achieved in 94 % yield, with a symmetrical PdSeCSe palladacycle, shown in Fig-

ure 6.13. A series of unsymmetrical pincer palladacycles synthesised in this thesis

are tested in the reaction shown in Scheme 6.18, along with a symmetrical pincer

palladacycle, and several other common Pd containing palladacycles and palladium

catalysts. The results are shown in Table 6.8 for the pincer palladacycles, and in

Table 6.9 for other common palladium containing catalysts.

PdPhSe SePh

Cl

Figure 6.13 Symmetrical PdSeCSe palladacycle by Szabó and co-workers.
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Table 6.8 Vinyl epoxide coupling to phenylboronic acid pincer palladacycle results.

Entry Palladacycle HO
Ph

HO

Ph
Yield / %

1
PdPhSe SePh

Cl

92 8 9471

2
Pd SPhPhS

Cl

78 22 >99

3 21

O
P

Pd
Cl

S

68 32 76

4 2c
N

S

Pd
Cl 68 32 89

5 17b

N

O
P

Pd
Cl

66 34 66

6 17a
N

O

Pd
P

Cl
64 36 96

7 2a
N

Pd
Cl 64 36 96

8 15c
N

N

Pd
Cl

O

60 40 84
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Table 6.9 Vinyl epoxide coupling with phenylboronic acid other palladium catalyst
results.

Entry Palladium catalyst HO
Ph

HO

Ph
Yield / %

1 Pd

N

Cl

2
78 22 97

2 Pd(PPh3)4 68 32 89

3 Fe
P

P
Pd

tBu

tBu tBu

tBu

Cl

Cl
59 41 >99

4
P

Pd

o o

O O

O O

Pd

P
o

o

55 45 >99

A crude 1H NMR for the mixture of the linear (23b) and branched (23a) products

is shown in Figure 6.14 with the non-aromatic protons of the products shown. The

linear product NMR spectrum agrees with that of Uozumi and co-workers,279 and

when the 13C{1H}NMR is considered, the peaks for the cis isomer of the linear

product is also visible, however is not clearly distinguishable in the 1H NMR. The

branched product NMR agrees with that of Bower and co-workers.280

The pincer palladacycle results show that the symmetrical SCS pincer palladacycle

(entry 2, Table 6.8) achieves the highest linear selectivity of the new results. The

unsymmetrical pincer palladacycles achieve increasing proportions of the branched

product, with 15c achieving the highest proportion of the branched product (entry 8,

40 %), with the other pincer palladacycles achieving increasing linear selectivity. All

of the unsymmetrical pincer palladacycles achieve significantly greater proportions

of the branched product as compared to the symmetrical pincer palladacycles.

Of the other common palladium containing catalysts for this reaction (Table 6.9)

Pd(dmba)2Cl2 (entry 1) achieves highest linear selectivity at 78 %, and the Herrmann-

Beller palladacycle (entry 4) achieves the highest proportion of the branched product
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Figure 6.14 Crude 1H NMR of linear/branched mixture of 23 performed using
15c in 60/40 linear/branched ratio.

(45 %).

This data suggests that the use of unsymmetrical pincer palladacycles provide

the opportunity to tune the selectivity of the vinyl epoxide coupling reaction to

phenylboronic acid, in order to achieve greater proportion of the branched coupling

product.

In the original work by Szabó and co-workers,71 a pathway was proposed which

is shown in Scheme 6.19. The mechanism includes a transmetallation step between

the boronic acid and the palladacycle. This step is analogous to the transmetallation

step which has been extensively studied in this thesis (Chapter 4, Chapter 5, and

later in this chapter). Further work could include studying the mechanism by which

the vinyl epoxide reacts with the transmetallated species, and the variations between

the symmetrical and unsymmetrical pincer palladacycles. Effects could range from

different transmetallation barrier heights, different steric demands at the palladium

centre, and potential hemilability affecting the different structural isomerism.
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PdPhSe SePh
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PdPhSe SePh

Ph

2
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B(OH)nO

OH

or

HO

Scheme 6.19 Proposed mechanism for the coupling of vinyl epoxide and phenyl-
boronic acid by Szabó and co-workers.

Suzuki-Miyaura catalysis

The final catalytic application tested for the PCN and PCS pincer palladacycles

presented in this chapter is in the Suzuki-Miyaura coupling reaction in order to

compare with the catalytic activities of the other unsymmetrical SCN and N’CN

pincer palladacycles presented in this thesis.

The sterically demanding coupling reaction tested is shown in Scheme 6.20, and

was performed using 0.01 mol % catalyst loading of 17a, 17b and 21. The results

shown in Table 6.10 reveal excellent catalytic activity of all palladacycles. The

catalytic activity of the PCN pincer palladacycles (entries 1 and 2) are slightly higher

than that of the PCS pincer palladacycle (entry 3). Analogous to that studied for the

N’CN pincer palladacycles, the coupling of the much more challenging aryl chloride

chloroanisole was attempted, including with the use of TBAB, and again proved

unsuccessful.

Br
2

[Pd]

K2CO3

o-Xylene

130 °C, 6 h

Scheme 6.20 Suzuki-Miyaura coupling reaction tested using PCN and PCS pincer
palladacycles.
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Table 6.10 PCN and PCS pincer palladacycle Suzuki-Miyaura coupling testing.

Entry Palladacycle GC conversiona / %
2 h 4 h 6 h

1 17a
N

O

Pd
P

Cl
92 95 97

2 17b

N

O
P

Pd
Cl

90 93 94

3 21

O
P

Pd
Cl

S

83 84 85

a = Average of 2 runs.

In order to validate the GC conversion data presented in this thesis, the various

coupling reactions tested in this thesis were performed using 17a, and 1H and
13C{1H}NMR, and HRMS analysis were performed on the crude product, revealing

reasonable to excellent yields of the corresponding biaryl products. The reactions

tested and the % yields are presented in Table 6.11.

6.2.3 Suzuki-Miyaura coupling rationalisation

As performed for the SCN (Chapter 4) and N’CN (Chapter 5) pincer palladacycles,

the Suzuki-Miyaura catalyst activation pathway has been studied, in order to obtain

likely key intermediates along the reaction pathway, and to determine energetic

barriers for the key transmetallation and reductive elimination steps, and the overall

reaction energy yielding catalytically active Pd(0). The key steps in the reaction for

the PCN pincer palladacycles are shown in Scheme 6.21. The key steps for the PCS

pincer palladacycles are shown in Scheme 6.22.

In these pathways the initial chloride displacement transition state could not be
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Scheme 6.21 Key steps in the Suzuki-Miyaura coupling catalyst activation path-
way for PCN pincer palladacycles.
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207

Table 6.11 Suzuki-Miyaura coupling reactions performed using 17a to obtain %
yield and analytical data.

Entry Bromide Boronic
acid Product Yield / %

1
Br B(OH)2

70

2

Br
B(OH)2

79

3
Br B(OH)2

57

4

Br
B(OH)2

82

found for any of the 3 pathways. This is attributed to the computational demands,

due to the significantly increased steric bulk of the phosphine ligands compared to

the groups bonded to the N- or S- donor atoms calculated in previous chapters. With

the phenylboronate group approaching the PCN or PCS palladacycle, the palladium

atom is buried in the bulk of the phosphine ligand, and the phenyl group causes

significant steric clash between the Ph and PPh2 groups. However, the two key steps

in the reaction mechanism are the transmetallation and reductive elimination steps,

which have successfully been calculated for the PCN pincer palladacycles.

The ligand decoordination step following reductive elimination was also calculated

for 17b (Scheme 6.23) in order to confirm that this barrier is significantly smaller

than the transmetallation and reductive elimination barriers.
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Scheme 6.23 Ligand decoordination step post reductive elimination for 17b
palladacycle.

Therefore the pathway studied for 17b is shown in Scheme 6.24. The pathway

has also been calculated for 17a, however TS 7-8 could not be found in this pathway,

however the barrier is expected to be insignificant, as in the 17b the energy barrier

is only 3.3 kJ mol−1. For the PCS pincer palladacycle, 21, the pathway has been

established with the iPr groups replaced with H atoms, however despite extensive

efforts, the key transmetallation and reductive elimination transition states could not

be found with the iPr groups due to the computational demands, palladacycle with

H atom replacement are denoted by 21*. The energies are presented in Table 6.12.
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Scheme 6.24 Suzuki-Miyaura catalyst activation pathway for 17b.

The key energies, such as the transmetallation and reductive elimination barriers,

and the overall reaction energies are tabulated in Table 6.13, revealing that the

overall reaction energies are very endergonic for the PCN pincer palladacycles

(>200 kJ mol−1), however there are differences between the transmetallation barrier

for the PCN pincer palladacycles of 21.7 kJ mol−1. However, the fact that the overall

reaction energy is significantly higher than the transmetallation step, and that the

experimental catalytic activity is identical for the two PCN pincer palladacycles

suggest that the overall reaction energy is the dominant factor in the palladacycle’s
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Table 6.12 Solvent corrected gibbs free energies (∆GS) for the Suzuki-Miyaura
coupling reaction catalyst activation pathway for PCN and PCS pincer palladacycles.

Structure
Energy / kJ mol−1

17a 17b 21*

N

O

Pd
P

Cl

N

O
P

Pd
Cl

O
PH2

Pd

S

Reactants 0.0 0.0 0.0
Int 3 59.5 63.3 62.7

TS 3-4 176.9 159.0 161.9
Int 4 10.0 11.9 18.5
Int 5 8.7 13.1 -5.3
Int 6 108.2 132.3 73.0

TS 6-7 174.5 205.3 128.5
Int 7 11.8 64.2 -52.3

TS 7-8 67.4
Int 8 28.5

Ligand + Pd(0) 208.4 204.7 129.6

catalytic activity. The transmetallation barrier for the PCS pincer palladacycle is

intermediate between the two PCN pincer palladacycles, and the overall reaction

energy barrier is significantly lower, at 129.6 kJ mol−1 (albeit with iPr substitution).

Table 6.13 Key energetic parameters in the Suzuki-Miyaura coupling catalyst
activation pathway for PCN and PCS pincer palladacycles.

Structure
Energy / kJ mol−1

17a 17b 21*

N

O

Pd
P

Cl

N

O
P

Pd
Cl

O
PH2

Pd

S

∆G‡S TS 3-4 117.4 95.7 99.2
∆G‡S TS 6-7 66.3 73.0 55.4

∆GS Overall reaction energy 208.4 204.7 129.6

The very high overall reaction energy can be rationalised due to the very strong

Pd-P bond which is present in these PCN pincer palladacycles. In order to test this,

the Atoms in Molecules ρ(r) parameters for the Pd-P bonds for 17a, 17b and 21
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are presented in Table 6.14, along with the Pd-Namine and Pd-S bonds for the SCN

and N’CN pincer palladacycles presented in earlier chapters.

It can be seen in Table 6.14 that the Pd-P bonds are the strongest with the

largest ρ(r) values (>0.1 ). These stronger Pd-P bonds require greater energy to

cleave, resulting in the higher overall reaction energies for the PCN palladacycles.

For the PCS palladacycle, the overall reaction energy is significantly smaller, which

can be attributed to the much weaker Pd-S bond, and the iPr substitution may have

an influence.

The catalytic activity of the PCN palladacycles Table 6.10 can be attributed to

the highly endergonic overall reaction energy, meaning more controlled release of the

catalytically active Pd(0) species, as discussed in Section 4.4.

6.3 Conclusion

This chapter has summarised the synthesis of novel PCN and PCS pincer pallada-

cycles, achieved from biaryl alcohol/phenol substrates. X-ray crystallography was

performed on the three palladacycles presented.

The PCN and PCS palladacycles, along with two SCN, an N’CN, and several

literature palladium catalysts were utilised in a catalytic aldol condensation, and vinyl

epoxide coupling revealing differences in the ratio of structural isomers, demonstrating

the ability to alter the outcome of reactions by varying the palladacycle donor atoms

and groups. The PCN and PCS pincer palladacycles were also tested in the Suzuki-

Miyaura coupling reaction, revealing excellent activity in the coupling of the sterically

demanding and electronically deactivated aryl bromide. It was found that the two

PCN pincer palladacycles exhibited slightly higher catalytic activity than the PCS

pincer palladacycle tested.

The Suzuki-Miyaura coupling catalyst activation pathway was studied using DFT,

revealing high barriers for the transmetallation step, and very high overall reaction

energies for the PCN pincer palladacycles, which likely is the reasoning behind their

high catalytic activity.
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Table 6.14 Bond strength ρ(r) values for Pd-P, Pd-Namine and Pd-S bonds in
PCN, PCS, N’CN and SCN pincer palladacycles.

Palladacycle ρ(r) / a.u.
Pd-P Pd-Namine Pd-S Pd-Npyr

PCN/PCS
17a

N

O

Pd
P

Cl
0.113 0.089

17b
N

O
P

Pd
Cl

0.114 0.087

21*

O
PH2

Pd

S
C� 0.113 0.080

SCN

2a
N

Pd
Cl 0.097 0.096

2b
N

S

Pd
Cl 0.095 0.098

2c
N

S

Pd
Cl 0.095 0.098

2e
N

S

Pd
Cl

0.092 0.098

2f
N

S

O
CH3

Pd
�

0.092 0.098

N’CN 15b
N

NEt2

Pd
Cl 0.085 0.101

15c
N

N

Pd
Cl

O

0.084 0.102
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6.4 Experimental Details

3-(Pyridin-2-yl)phenyl]methanol, 5

N

OH

3-[(Hydroxymethyl)phenyl]boronic acid (4.04 mmol, 614 mg), 2-bromopyridine

(4.04 mmol, 0.393 mL), Pd(PPh3)4 (0.16 mmol, 182 mg), 0.5 M K3PO4 (10 ml), tolu-

ene (7.5 ml), EtOH (5 ml) were added to a sealed 35 ml microwave vial and stirred

under microwave irradiation (maximum power 300 W, using dynamic heating) at

150 ◦C for 20 minutes. The reaction was cooled, and the volatiles removed in vacuo.

The mixture was diluted with H2O (25 ml) and EtOAc (25 ml), washed with H2O (2

x 25 ml) and brine (25 ml). The combined organic layers were dried over anhydrous

MgSO4, filtered, and concentrated in vacuo. The crude material was purified using

flash column chromatography (7:3 DCM:EtOAc) yielding 694 mg of the expected

product 5 as a yellow solid in 93 % yield.
1H NMR (500 MHz, Chloroform-d) δ (ppm): 8.70 (d, J = 4.9 Hz, 1H), 8.02 (s,

1H), 7.90 (d, J = 7.6 Hz, 1H), 7-78 - 7-74 (m, 2H), 7.48 (dd, J = 7.6, 7.6 Hz, 1H),

7.44 (d, J = 7.6 Hz, 1H), 7.24 (ddd, J = 7.3, 4.9, 2.7 Hz, 1H), 4.80 (d, J = 6.0 Hz,

2H), 1.79 (t, J = 6.0 Hz, 1H).
13C{1H}NMR (126 MHz, Chloroform-d) δ (ppm): 157.3, 149.7, 141.5, 139.7,

136.8, 129.0, 127.5, 126.2, 125.5, 122.2, 120.6, 65.4.

HRMS (m/z). Calc. for [C12H11NO + Na]+ 208.0733. Found 208.0731.

3-(Pyridin-2-yl)phenol, 18.

N

OH

3-[Hydroxyphenyl]boronic acid (3.59 mmol, 496 mg), 2-bromopyridine (3.59 mmol,

0.342 mL), Pd(PPh3)4 (0.14 mmol, 164 mg), K3PO4 (7.16 mmol, 1.52 g), H2O (10 ml),
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toluene (7.5 ml), EtOH (5 ml) were added to a sealed 35 ml microwave vial and stirred

under microwave irradiation (maximum power 300 W, using dynamic heating) at

150 ◦C for 20 minutes. The reaction was cooled, and the volatiles were removed in

vacuo. The mixture was diluted with H2O (25 ml) and Et2O (25 ml), washed with

H2O (2 x 25 ml) and brine (25 ml). The combined organic layers were dried over

anhydrous MgSO4, filtered, and concentrated in vacuo. The crude material was

purified using flash column chromatography (8:2 DCM:EtOAc) yielding 450 mg of

the expected product 18 as a clear liquid in 73 % yield.
1H NMR (500 MHz, Dimethylsulfoxide-d6 ) δ (ppm): 9.51 (s, 1H), 8.63 (d, J =

4.4 Hz, 1H), 7.86 - 7.83 (m, 2H), 7.51 (s, 1H), 7.47 (d, J = 7.9 Hz, 1H), 7.34 - 7.32

(m, 1H), 7.24 (dd, 7.9, 7.9 Hz, 1H), 6.83 (d, J = 7.9 Hz, 1H).
13C{1H}NMR (126 MHz, Dimethylsulfoxide-d6 ) δ (ppm): 158.2, 156.5, 149.9,

140.5, 137.6, 130.2, 123.0, 120.6, 117.7, 116.5, 113.8.

HRMS (m/z). Calc. for [C11H9NO + H]+ 172.0757. Found 172.0755.

2’-(Methylsulfanyl)[1,1’-biphenyl]-3-ol, 19.
OH

S

3-[Hydroxyphenyl]boronic acid (6.16 mmol, 850 mg), 2-bromothioanisole (6.16 mmol,

0.822 mL), Pd(PPh3)4 (0.25 mmol, 286 mg), K3PO4 (10.2 mmol, 2.61 g), H2O (10 ml),

toluene (7.5 ml), EtOH (5 ml) were added to a sealed 35 ml microwave vial and stirred

under microwave irradiation (maximum power 300 W, using dynamic heating) at

150 ◦C for 30 minutes. The reaction was cooled, and the volatiles were removed

in vacuo. The mixture was diluted with H2O (25 ml) and EtOAc (25 ml), washed

with H2O (2 x 25 ml) and brine (25 ml). The combined organic layers were dried

over anhydrous MgSO4, filtered, and concentrated in vacuo. The crude material was

purified using flash column chromatography (8:2 hexane:EtOAc) yielding 738 mg of

the expected product 19 as a brown liquid in 55 % yield.
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1H NMR (500 MHz, Chloroform-d) δ (ppm): 7.35 - 7.27 (m, 3H), 7.22 - 7.18 (m,

2H), 6.99 (d, J = 7.6 Hz, 1H), 6.89 (s, 1H), 6.86 (d, J = 8.1 Hz, 1H), 4.75 (s, 1H),

2.37 (s, 3H).
13C{1H}NMR (126 MHz, Chloroform-d) δ (ppm): 155.2, 142.1, 140.4, 137.0,

129.8, 129.4, 128.0, 125.3, 124.7, 122.0, 116.3, 114.5, 16.0.

HRMS (m/z). Calc. for [C13H12OS + H]+ 217.0682. Found 217.0681.

3-(Pyridin-2-yl)phenyl]methyl diphenylphosphinite, 16a.

N

O
P

Under an argon atmosphere, 3-(pyridin-2-yl)phenyl]methanol, 5 (418 mg, 2.26 mmol),

NEt3 (0.63 ml, 4.52 mmol) and DMAP (spatula tip) were dissolved in Et2O (5 ml)

and cooled to 0 ◦C. ClPPh2 (0.41 ml, 2.22 mmol) was added dropwise to the solution

forming a white precipitate. The reaction was warmed to room temperature and

stirred for 3 h.

The solution was filtered under an argon atmosphere using a filter cannula, and

carried onto the next reaction crude due to air sensitivity.

3-(Pyridin-2-yl)phenyl diphenylphosphinite, 16b.

N

O
P

Under an argon atmosphere, 3-(pyridin-2-yl)phenol, 18 (644 mg, 3.76 mmol),

NEt3 (1.05 ml, 7.57 mmol) and DMAP (spatula tip) were dissolved in Et2O (8 ml)

and cooled to 0 ◦C. ClPPh2 (0.67 ml, 3.74 mmol) was added dropwise to the solution
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forming a white precipitate. The reaction was warmed to room temperature and

stirred for 3 h.

The solution was filtered under an argon atmosphere using a filter cannula, and

carried onto the next reaction crude due to air sensitivity.

2’-(Methylsulfanyl)[1,1’-biphenyl]-3-yl dipropan-2-ylphosphinite, 20.

O

S

P

Under an argon atmosphere, 2’-(methylsulfanyl)[1,1’-biphenyl]-3-ol, 19 (496 mg,

2.17 mmol), NEt3 (0.68 ml, 4.87 mmol) and DMAP (spatula tip) were dissolved in

Et2O (4 ml) and cooled to 0 ◦C. ClPiPr2 (0.39 ml, 2.45 mmol) was added dropwise

to the solution forming a white precipitate. The reaction was warmed to room

temperature and stirred overnight.

The solution was filtered under an argon atmosphere using a filter cannula, and

carried onto the next reaction crude due to air sensitivity.

3-(Pyridin-2-yl)phenyl]methyl diphenylphosphinite chloro palladacycle, 17a.

N

O

Pd
P

Cl

Under an argon atmosphere, carried on from the previous reaction without purific-

ation, 3-(pyridin-2-yl)phenyl]methyl diphenylphosphinite, 16a (960 mg, 2.60 mmol)

and Pd(OAc)2 (687 mg, 3.06 mmol) were dissolved in AcOH (5 ml) and heated at

130 ◦C overnight. After cooling, the solvent was removed in vacuo, and reconcentrated

with DCM to remove any residual AcOH.

NaCl (1.16 g, 19.9 mmol) was added to the crude mixture, which was dissolved

in MeCN (10 ml) and H2O (10 ml) and stirred at room temperature overnight. The
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volatiles were removed in vacuo, and the crude mixture dissolved in DCM, and

separated using a hydrophobic frit. The crude product was purified using flash

column chromatography (7:3 DCM:EtOAC) yielding 383 mg of the expected product

17a as a yellow solid in 29 % yield.
1H NMR (500 MHz, Chloroform-d) δ (ppm): 9.38 (s, 1H), 8.08 - 8.03 (m, 4H),

7.88 - 7.79 (m, 2H), 7.63 (d, J = 7.6 Hz, 1H), 7.52 - 7.44 (m, 6H), 7.30 (d, J =

6.6 Hz, 1H), 7.19 (dd, J = 7.6, 7.6 Hz, 1H), 7.03 (d, J = 6.6 Hz, 1H), 4.83 (d, J =

19.5 Hz, 2H).
13C{1H}NMR (126 MHz, Chloroform-d) δ (ppm): 163.3, 151.9, 149.4, 148.2, 139.2

(2C), 136.5, 133.2 (d, 2JPC = 13.4 Hz), 133.0 (d, 1JPC = 59.8 Hz, 2C), 131.7 (d, 3JPC

= 2.4 Hz), 128.4 (d, 3JPC = 2.0 Hz, 4C), 128.3 (d, 2JPC = 11.6 Hz, 4C), 125.4, 124.1,

122.5 (d, 3JPC = 3.4 Hz), 118.5 (d, 3JPC = 1.9 Hz), 72.1 (d, 2JPC = 2.8 Hz).
31P NMR (162 MHz, Chloroform-d) δ (ppm): 123.27.

HRMS (m/z). Calc. for [C24H19NOPPd]+ 474.0239 . Found 474.0239.

Elemental Analysis. Calc. (%) for C24H19NOPPdCl: C 56.49, H 3.75, N 2.75;

found C 56.48, H 3.82, N 2.83.

3-(Pyridin-2-yl)phenyl diphenylphosphinite chloro palladacycle, 17b

N

O
P

Pd
Cl

Under an argon atmosphere, carried on from the previous reaction without

purification, 3-(pyridin-2-yl)phenyl diphenylphosphinite, 16b (1.34 g, 3.76 mmol)

and Pd(OAc)2 (920 mg, 4.10 mmol) were dissolved in AcOH (10 ml) and heated at

130 ◦C overnight. After cooling, the solvent was removed in vacuo, and the mixture

was reconcentrated with DCM to remove any residual AcOH.

NaCl (2.35 g, 40.3 mmol) was added to the crude mixture, and dissolved in

MeCN (10 ml) and H2O (10 ml) and stirred at room temperature overnight. The
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volatiles were removed in vacuo, and the crude mixture dissolved in DCM, and

separated using a hydrophobic frit. The crude product was purified using flash

column chromatography (7:3 DCM:EtOAC) yielding 409 mg of the expected product

17b as a yellow solid in 22 % yield.
1H NMR (500 MHz, Chloroform-d) δ (ppm): 9.16 (s, 1H), 8.06 - 8.02 (m, 4H),

7.88 (dd, 7.8, 7.8 Hz, 1H), 7.72 (d, 7.8 Hz, 1H), 7.54 - 7.46 (m, 5H), 7.34 (s, 1H), 7.29

- 7.26 (m, 2H), 7.15 (dd, 7.8, 7.8 Hz, 1H), 6.96 (d, 7.8 Hz, 1H). (>90 % purity)
13C{1H}NMR (126 MHz, Chloroform-d) δ (ppm): 164.5 (d, 2JPC , J = 3.0 Hz)

162.6 (d, 3JPC , 10.0 Hz), 149.5, 145.8, 139.3, 133.2 (d, 1JPC , 55.2 Hz), 132.1 (d, 3JPC ,

2.5 Hz), 131.6 (d, 2JPC , 14.8 Hz, 2C), 128.9 (d, 3JPC , 11.9 Hz, 2C), 126.9, 123.1 (d,
3JPC , 3.4 Hz), 119.0, 118.0, 113.5 (d, 2JPC , 17.2 Hz). (>90 % purity)

31P NMR (162 MHz, Chloroform-d) δ (ppm): 155.3.

HRMS (m/z). Calc. for [C23H17ClNOPPdCl]+ 460.0083 . Found 460.0080.

Elemental Analysis. Calc. (%) for C23H17ClNOPPd: C 55.67, H 3.45, N 2.82;

found C 55.76, H 3.58, N 2.84.

2’-(Methylsulfanyl)[1,1’-biphenyl]-3-yl dipropan-2-ylphosphinite chloro pal-

ladacycle, 21.

O
P

Pd
Cl

S

Under an argon atmosphere, PdCl2 (2.39 mmol, 424 mg) was dissolved in dry

MeCN (15 ml) and heated under reflux until a red solution had formed. AgBF4

(4.99 mmol, 972 mg), in dry MeCN (5 ml), was added to the PdCl2 solution and

heated under reflux for 2 h, forming a white precipitate. The precipitate was then

removed by filtration.

Under an argon atmosphere the filtered solution was added to 2’-(methylsulfanyl)[1,1’-

biphenyl]-3-yl dipropan-2-ylphosphinite, 21 (721 mg, 2.17 mmol), carried on from the

previous reaction without purification. The reaction was heated at 85 ◦C overnight.
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After cooling, the solvent was removed in vacuo.

NaCl (1.28 g, 21.9 mmol) was added to the crude mixture, and dissolved in MeCN

(10 ml) and H2O (10 ml) and stirred at room temperature for 3 h. The volatiles were

moved in vacuo, and the crude mixture dissolved in DCM, and separated using a

hydrophobic frit. The crude product was purified using flash column chromatography

(4:1 hexane:EtOAC) yielding 750 mg of the expected product 21 as a yellow solid in

73 % yield.
1H NMR (500 MHz, Chloroform-d) δ (ppm): 7.46 - 7.43 (m, 2H), 7.35-7.27 (m,

2H), 7.20 (d, 7.7 Hz, 1H), 7.14 (ddd, 7.0, 7.0, 1.7 Hz, 1H), 6.81 (d, J = 7.7 Hz, 1H),

2.82 (d, 3.1 Hz, 3H), 2.53 (h, 7.1 Hz, 2H), 1.43 (d, 7.1 Hz, 3H), 1.40 (d, 7.1 Hz, 3H),

1.27 (d, 7.1 Hz, 3H), 1.23 (d, 7.1 Hz, 3H). (>90 % purity)
13C{1H}NMR (126 MHz, Chloroform-d) δ (ppm): 164.3 (d, 2JPC = 7.7 Hz), 145.2,

141.5 (d, 3JPC = 2.3 Hz), 138.4 (d, 3JPC = 3.9 Hz), 132.2, 128.3, 127.7, 127.4, 126.8

(d, 3JPC = 2.8 Hz), 126.4 (d, 2.3 Hz), 122.9 (d, 3JPC = 1.2 Hz), 111.3 (2JPC =

15.4 Hz), 29.0 (d, 1JPC = 25.4 Hz, 2C), 17.3 (d, 2JPC = 5.3 Hz, 4C), 16.7 (d, 3JPC =

1.5 Hz).
31P NMR (162 MHz, Chloroform-d) δ (ppm): 197.0

HRMS (m/z). Calc. for [C19H24OPPdS]+ 437.0320. Found 437.0319.

6.4.1 General procedure for aldol condensation

N

OH
H

Ph

O
O CH3

N

OPh
H

H

O
O CH3

Under an argon atmosphere, the palladium catalyst (0.01 eq.) was dissolved in

DCM (5 ml), then methylisocyanoacetate (1 eq.), benzaldehyde (1 eq.) and DIPEA

(0.1 eq.) added to the reaction vessel. The reaction was stirred at rt for 24 h, then

the reaction was diluted with H2O and DCM and separated using a hydrophobic frit.

A crude 1H NMR was then taken.
1H NMR (500 MHz, Chloroform-d) δ (ppm): 7.47 - 7.27 (m, 12H), 5.75 (d, J =
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11.1 Hz, 1H, cis), 5.70 (d, J = 7.8 Hz, 1H, trans), 5.10 (dd, 11.1, 2.0 Hz, 1H, cis),

4.65 (dd, 7.8, 2.2 Hz, 1H, trans), 3.85 (s, 3H, trans), 3.21 (s, 3H, cis).

Trans 13C{1H}NMR (126 MHz, Chloroform-d) δ (ppm): 170.7, 156.4, 138.9, 128.9

(2C), 125.5 (2C), 82.1, 75.2, 52.6.

MS (m/z). Calc. for [C11H11NO3]+ 205. Found 205.

6.4.2 General procedure for vinyl epoxide coupling

Ph
OH HO

Ph

The palladium catalyst (0.04 eq.), phenylboronic acid (1.2 eq.) and Cs2CO3 (2

eq.) were dissolved in 10:1 THF:H2O (3 ml). 2-Vinyloxirane was then added (1 eq.)

and the reaction was stirred at room temperature for 24 h. The solvent was removed

in vacuo, dissolved in DCM (5 ml), washed with H2O (5 ml) and separated using a

hydrophobic frit. The solvent was then removed in vacuo. A crude 1H NMR was

then taken to determine the linear/branched ratio.

A pure sample of the mixed branched/linear mixture was obtained by purification

with flash column chromatography (6:4 Hexane:Et2O).
1H NMR (500 MHz, Chloroform-d) δ (ppm): 7.40 - 7.20 (m, 10H), 6.03 (ddd,

J = 18.0, 10.7, 7.3 Hz, 1H, branched), 5.91 - 5.85 (m, 1H, linear), 5.77 - 5.69 (m,

1H, linear), 5.24 - 5.19 (m, 2H, branched), 4.13 (s, 2H, linear), 3.88 - 3.81 (m, 2H,

branched), 3.55 (dt, J = 7.3, 7.3 Hz, 1H, branched), 3.40 (d, 6.7 Hz, 2H, linear), 1.66

(s, 1H, branched), 1.45 (s, 1H, linear).
13C{1H}NMR (126 MHz, Chloroform-d) δ (ppm): 140.7 (branched), 140.0 (linear),

138.3 (branched), 131.5 (linear), 130.3 (linear), 128.7 (branched), 128.5 (linear), 128.4

(linear), 126.9 (branched), 126.1 (linear), 117.0 (branched), 66.1 (branched), 63.5

(linear), 52.5 (branched), 38.6 (linear).

MS (m/z). Calc. for [C10H12O]+ 148. Found 148.
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6.4.3 General Procedure for Suzuki-Miyaura catalysis

Arylbromide (1 mmol), arylboronic acid (1.5 mmol) and K2CO3 (2 mmol) were added

to a reaction vial. o-Xylene (3 ml) was added, and the catalyst in DCM solution

of varying concentrations for different catalyst loadings were added. The reaction

was heated at 130 ◦C for 6 hours, and aliquots taken at intervals, diluted in Et2O,

washed with H2O, and the organic layer used for GC analysis.

4-Methoxy-1,1’-biphenyl, 10a

O

Values for 1H and 13C{1H}NMR are in agreement with values by Gopidas and

co-workers.281

1H NMR (500 MHz, Chloroform-d) δ (ppm): 7.56 - 7.52 (m, 4H), 7.42 (dd, 7.4,

7.45 Hz, 2H), 7.30 (ddd, 7.4, 7.4, 1.2 Hz, 1H), 6.98 (d, 8.8 Hz, 2H), 3.86 (s, 3H).
13C{1H}NMR (126 MHz, Chloroform-d) δ (ppm): 159.2, 140.8, 133.8, 128.7 (2C),

128.1 (2C), 126.7 (2C), 126.6, 114.2 (2C), 55.3.

MS (m/z). Calc. for [C13H12O]+ 184.1. Found 184.1.

2,6-Dimethyl-1,1’-biphenyl, 10c

Values for 1H and 13C{1H}NMR are in agreement with values by Becht and

co-workers.282

1H NMR (500 MHz, Chloroform-d) δ (ppm): 7.46 (dd, 7.6, 7.6 Hz, 2H), 7.38 -

7.35 (m, 1H), 7.20 - 7.18 (m, 3H), 7.15 (d, 7.6 Hz, 2H), 2.07 (s, 6H).
13C{1H}NMR (126 MHz, Chloroform-d) δ (ppm): 141.8, 141.1, 136.0 (2C), 129.0

(2C), 128.4 (2C), 127.2 (2C), 127.0, 126.6, 20.8 (2C).
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HRMS (m/z). Calc. for [C14H14]+ 182.1095. Found 182.1100.

2,4,6-Trimethyl-1,1’-biphenyl, 10d

Values for 1H and 13C{1H}NMR are in agreement with values by Shaughnessy and

co-workers.283

1H NMR (500 MHz, Chloroform-d) δ (ppm): 7.50 (dd, J = 7.3, 7.3 Hz, 2H), 7.41

(dd, J = 7.3, 7.3 Hz, 2H), 7.24 - 7.23 (m, 2H), 7.04 (s, 2H), 2.43 (2, 3H), 2.10 (s, 6H).
13C{1H}NMR (126 MHz, Chloroform-d) δ (ppm): 141.4, 139.4, 136.8, 136.2, 129.6

(2C), 128.6 (2C), 128.4 (2C), 126.8 (2C), 21.3, 21.1 (2C).

HRMS (m/z). Calc. for [C15H16]+ 196.1252. Found 129.1256.

2,2’,6-Trimethyl-1,1’-biphenyl, 10e

Values for 1H and 13C{1H}NMR are in agreement with values by Doherty et al.284

1H NMR (500 MHz, Chloroform-d) δ (ppm): 7.33 - 7.25 (m, 3H), 7.20 - 7.17 (m,

1H), 7.13 (d, 7.3 Hz, 2H), 7.05 - 7.03 (m, 1H), 2.00 (s, 3H), 1.97 (s, 6H).
13C{1H}NMR (126 MHz, Chloroform-d) δ (ppm): 141.1, 140.5, 135.8, 135.6,

129.9, 128.8, 127.2 (2C), 127.0, 126.9, 126.0 (2C), 20.3 (2C), 19.3.

HRMS (m/z). Calc. for [C15H16]+ 129.1252. Found 196.1243.

2,2’,4,6-Tetramethyl-1,1’-biphenyl, 10f



223

Values for 1H and 13C{1H}NMR are in agreement with values by Shaughnessy and

co-workers.283

1H NMR (500 MHz, Chloroform-d) δ (ppm): 7.33 - 7.25 (m, 3H), 7.07 - 7.05 (m,

1H), 6.99 (s, 2H), 2.38 (s, 3H), 2.03 (s, 3H), 1.97 (s, 6H).
13C{1H}NMR (126 MHz, Chloroform-d) δ (ppm): 140.6, 138.2, 136.3, 135.9,

135.7, 129.9, 129.2 (2C), 128.0 (2C), 126.9, 126.0, 21.1, 20.2 (2C) 19.5.

HRMS (m/z). Calc. for [C16H18]+ 210.1409. Found 210.1416.
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Chapter 7

Pincer palladacycle catalytic

activity: an analysis and

comparison

This final chapter summarises the varying catalytic activity in the Suzuki-Miyaura

catalysis presented in this thesis, along with rationalisation of the activity provided

by DFT calculations.

7.1 Suzuki-Miyaura catalysis

Throughout this thesis, Suzuki-Miyaura catalysis has been performed with a range

of SCN (Chapter 4), N’CN (Chapter 5), PCN and PCS (Chapter 6) pincer palla-

dacycles for the reaction shown in Scheme 7.1. The reaction is an example of a

sterically demanding and electronically deactivated aryl bromide being coupling with

2-tolylboronic acid.
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Br

B(OH)2

0.01 mol % [Pd]

K2CO3

o-Xylene

130 °

8d 9b 10f
Scheme 7.1 Suzuki-Miyaura coupling reaction used to compare SCN, N’CN, PCN
and PCS pincer palladacycles.

A summary of the catalysis results is shown in Table 7.1, which also include

comparisons with the Herrmann-Beller palladacycle,32 a symmetrical NCN pincer

palladacycle by van Koten and co-workers,253 and a symmetrical SCS pincer pal-

ladacycle by Dupont et al.245,246 The results show that the N’CN and PCN pincer

palladacycles achieve the highest, and the SCN pincer palladacycles achieving the

lowest GC conversions. The single PCS pincer palladacycle had intermediate cata-

lytic activity. As discussed in Chapter 4 varying the substituents on the thioether

donor group has influence on the conversions for this sterically demanding coupling

reaction. For the PCN and N’CN pincer palladacycles, the different palladacycles

tested do not reveal any significant differences in their catalytic activity.

The differences in catalytic activity of the various substituents on the thioether

donor group for the SCN pincer palladacycles were attributed to the variations in the

overall reaction energy (∆GS), calculated by studying the catalyst activation pathway

using DFT, with a more endergonic energy yielding greater GC conversion (Section

4.4). In order to compare between the SCN, N’CN, PCN and PCS palladacycles, 6 h

GC conversion, the overall reaction energy, and the transmetallation energy barrier

for each palladacycle are tabulated in Table 7.2. The data show that transmetallation

barriers (∆G‡TMS ) for the N’CN pincer palladacycles are larger than that of the SCN

pincer palladacycles, resulting in the much higher catalytic activity, due to slower,

more controlled Pd(0) generation.

A striking feature of the data presented in Table 7.2 is the significantly higher

overall reaction energy (∆GS) for the PCN pincer palladacycles. It is likely that

this is a significant factor in the high catalytic activity exhibited by the PCN pincer
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Table 7.1 Summary of Suzuki-Miyaura catalysis reaction results for that shown in
Scheme 7.1 for SCN, N’CN, PCN and PCS pincer palladacycles.

Entry Palladacycle GC conversion / %
2 h 4 h 6 h

1
N

S��

Pd
Cl 69 76 79

2
N

S

Pd
Cl - 62 64

3
N

S

Pd
Cl 76 77 79

4
N

S

Pd
Cl 24 34 39

5
N

S

O
CH3

Pd
��

- 32 37

6
N

NEt2

Pd
Cl 95 96 98

7
N

N

Pd
Cl

O

97 98 99

8
N

O

Pd
P

Cl 92 95 97

9
N

O
P

Pd
Cl

90 93 94

10
O
P

Pd
Cl

S
83 84 85

11
P

Pd

o���� o����

O O

O O

Pd

P
o����

o����

50 50 57

12 PdS S

Cl

37 43 47

13
PdN N

Br

96 97 98
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palladacycles. The transmetallation barriers for the PCN pincer palladacycles are

similar to the other palladacycles tested in this study. The PCS pincer palladacycle

(however with the iPr groups replace with H) has a larger overall reaction energy than

the SCN and N’CN pincer palladacycles, but a lower transmetallation energy barrier

than the N’CN pincer palladacycles, resulting in intermediate catalytic activity.

All of the data presented here provide a picture that suggests that for the

palladacycles tested, greater catalytic activity can be attributed to slow, controlled

release of catalytically active Pd(0), caused by large energy barriers, and/or large

overall endergonic reaction energies. As discussed in Chapter 4, palladacycles likely

act as a source of Pd(0) in Suzuki-Miyaura catalysis,45,249 and a route to catalyst

deactivation is agglomeration of Pd(0) species into Pd black.250,251 Therefore the

results presented here fit perfectly into this previous analysis, in that the key to

designing palladacycles for Suzuki-Miyaura catalysis is to maximise the stability of

the palladacycle, and inhibit the formation of Pd black.

Despite the previous reports that unsymmetrical pincer palladacycles often ex-

hibit greater catalytic activity,23,172 this work has shown that in the Suzuki-Miyaura

coupling reactions, minimal difference is found between the symmetrical and unsym-

metrical pincer palladacycles. However more significant differences in the study into

the Pd(II) catalytic applications (Chapter 6) suggesting that whilst not a general

feature in all applications, the use of unsymmetrical pincer palladacycles can show

enhanced catalytic properties as opposed to their symmetrical analogues, providing

the opportunity to fine-tune catalytic activity.
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Table 7.2 GC conversion for reaction shown in Scheme 7.1, overall reaction energies
(∆Gs), and transmetallation barriers (∆G‡TMS ) for SCN, N’CN, PCN and PCS pincer
palladacycles.

Entry Palladacycle 6 h GC conversion / % Energy / kJ mol−1

∆Gs ∆GS
‡TM

1
N

���

Pd
Cl 79 72.4 99.7

2
N

S

Pd
Cl 64 83.0 97.4

3
N

S

Pd
Cl 79 84.1 101.3

4
N

S

Pd
Cl 39 59.9 104.2

5
N

S

O
CH3

Pd
��

37 61.6 98.1

6
N

NEt2

Pd
Cl 98 88.3 129.1

7
N

N

Pd
Cl

O

99 71.5 127.0

8
N

O

Pd
P

Cl 97 208.4 117.4

9
N

O
P

Pd
Cl

94 204.7 95.7

10a
O
P

Pd
Cl

S
85 129.6 99.2

11
P

Pd

o���� o����

O O

O O

Pd

P
o����

o����

57 - -

12 PdS S

Cl

47 - -

13
PdN N

Br

98 - -

a = For DFT calculations, iPr groups replaced with H.
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Chapter 8

Concluding remarks, and future

directions

8.1 Concluding remarks

An analysis of all bonded and interatomic bond distances obtained from geometry

optimisation using several DFT functionals and basis sets was used to test their

ability to predict experimental X-ray crystallographic structures was presented in

Chapter 2. The analysis showed that the ωB97XD functional, incorporating non-

covalent interactions, provides the most accurate structures in geometry optimisation.

It was also found that the SDD effective core potential was more effective than

the LanL2DZ effective core potential for palladium. Therefore the ωB97XD/6-

311++G(2df,2p)[SDD]//ωB97XD/6-31++G(d,p)[SDD] methodology was applied

to DFT studies in the DFT calculations presented in this thesis. This work was

published in Dalton Transactions.96

A new and amenable experimental synthesis to unsymmetrical SCN pincer ligands,

and the resulting C-H bond activation yielding a novel SCN pincer palladacycle was

presented in Chapter 3. A model formation reaction pathway was studied using DFT,

and Bader’s Atoms in Molecules analysis was used to characterise the stationary

points along the pathway. This analysis revealed differences in the various Pd-L
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bond strengths and natures, influencing the key C-H bond activation step. The

calculations showed that the model synthetic pathway was energetically feasible, and

spontaneous. This work has been published in Royal Society Open Science.97

The new experimental synthetic route devised in Chapter 3 was used in Chapter

4 in order to synthesise a library of novel SCN pincer ligands, and the resulting C-H

bond activation was reported, providing a family of new SCN pincer palladacycles.

These palladacycles were tested in Suzuki-Miyaura catalysis of aryl bromide coupling

partners, which revealed differences in catalytic activity depending on the substituents

found on the sulphur donor atom. In order to understand the varying catalytic

activities, a catalyst activation pathway was studied using DFT and Bader charge

analysis, showing that the overall reaction energy was likely responsible for the

differing catalytic activities, as SCN pincer palladacycles that are most endergonic

exhibit the greatest catalytic activity, attributed to the more controlled release of

catalytically active Pd(0).

The novel route to unsymmetrical SCN pincer ligands was adapted to provide a

route to unsymmetrical N’CN pincer ligands in Chapter 5. These unsymmetrical

pincer ligands underwent C-H bond activation yielding a series of novel unsymmetrical

N’CN pincer palladacycles. Two of these palladacycles were then tested in a Suzuki-

Miyaura coupling, revealing no difference in the catalytic activity of the palladacycles

studied. The DFT study of the catalyst activation pathway showed that the overall

reaction energies were slightly different between the two palladacycles, however

the transmetallation energy barriers were identical for both pathways for which

experimental data was obtained.

The synthesis of a series of novel PCN and PCS pincer palladacycles were described

in Chapter 6, including mixed 5-,6-ring systems. The PCN and PCS palladacycles,

along with several SCN and N’CN pincer palladacycles were tested in two catalytic

applications, including an aldol condensation, and a vinyl epoxide coupling reaction

revealing differences dependent on the donor atom, and groups upon those donor

atoms. In the aldol condensation reaction, it appears that phosphorus donor atoms
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favour trans product formation, with other donor atoms providing a higher proportion

of cis products. In the vinyl epoxide coupling, varying degrees of linear and branched

products can be obtained again by varying the donor atoms or groups. These

reactions show the potential for use of the unsymmetrical pincer palladacycles in

future catalytic applications, with an easy and modular approach to altering the

donor atoms and groups in the final resulting palladacycle. Finally the PCN and

PCS pincer palladacycles were tested in the Suzuki-Miyaura coupling studied in

other chapters, again providing excellent results for the sterically demanding and

electronically deactivated coupling reaction studied. The catalyst activation pathway

studied using DFT showed significant differences in the overall reaction energy

between the PCN and PCS pincer palladacycles.

Finally, in Chapter 7 the results from the Suzuki-Miyaura coupling reaction

were compared for each of the SCN, N’CN, PCN and PCS pincer palladacycles,

along with rationalisation of the catalytic activity by the DFT results presented

in each of the preceding chapters. The results show that for the varying thioether

substituents in the SCN pincer palladacycles, the overall reaction energy influences

the catalytic activity. It was shown that the transmetallation barriers for the N’CN

pincer palladacycles were higher than that for the SCN pincer palladacycles, with

similar overall reaction energies. The PCN pincer palladacycles have the highest

overall reaction energy when compared to the N’CN and SCN pincer palladacycles,

with the PCS palladacycle intermediate. These data show that enhanced catalytic

activity in the Suzuki-Miyaura coupling reaction is dependent on slowing the release

of catalytically active Pd(0), and the design of new catalysts should aim to maximise

the transmetallation barriers and overall reaction energy to increase their catalytic

activity where the palladacycle acts as a Pd(0) reservoir.

8.2 Future directions

This thesis has described the design of a new synthetic route to unsymmetrical pincer

palladacycles, allowing late stage diversification, and synthesis of a diverse range
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of novel unsymmetrical pincer palladacycles. These palladacycles were tested as

catalysts in several reactions, and a model formation reaction, and catalyst activation

pathway studied using Density Functional Theory.

Future directions for this project should encompass an investigation of the

application of the novel palladacycles in a number of other catalytic applications.

Palladacycles have found application in a plethora of catalytic applications, and the

examples presented in this thesis are a small selection of interesting examples, this

would benefit from being extended. Due to the interesting sterochemical outcomes

presented in this thesis for the aldol condensation and vinyl epoxide couplings, future

work could be to extend this to the coupling of sulfonimines and isocyanoacetate,

in order to obtain different syn/anti ratios, as shown in (Scheme 8.1) performed by

Szabó and co-workers.285

Ph

NTs
CN

O N

N

TsH

H

2C

Ph

N

N

TsH

Ph

2C

H

Scheme 8.1 Sulfonimine and isocyanoacetate condensation by Szabó and co-
workers.

It would also be interesting to study whether the unsymmetrical pincer palla-

dacycles in this thesis could provide the desired combination of ligand effects to

successfully catalyse the tandem stannylation and allylation shown in Scheme 8.2 by

Szabó and co-workers discussed in Chapter 1.13
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ClR 3R

3 3 O H

NO2

R

OH

NO2

Allylation

PdPh2P SPh

Cl

PdPh2P PPh2

Cl

PdPhS SPh

Cl

PCS PCP SCS

Scheme 8.2 Tandem stannylation and allylation by Szabó and co-workers.

In order to experimentally investigate potential hemilability in the unsymmetrical

pincer palladacycles, an investigation analogous to that of Wendt and co-workers

could be performed,14 by reacting the palladacycles with nucleophiles to probe the

strength of the Pd-L bonds, demonstrating the stronger Pd-P bond, as compared to

the weaker Pd-N bond, as shown in Scheme 8.3. This could also feed into further

DFT calculations, to compare to Atoms in Molecules analysis of the palladacycles

on their bond strengths.

Pd

PtBu2

NMe2

Cl

 

Pd

PtBu2

2

Pd

PtBu2

2N

Scheme 8.3 Experimental hemilability probe of unsymmetrical pincer pallada-
cycles by Wendt and co-workers.

The use of palladacycles as chiral catalysts are also becoming increasingly common,

and therefore the novel synthetic route presented in this thesis provide a potentially

simple route to chiral unsymmetrical pincer palladacycles, for example a synthesis as

shown in Scheme 8.4 is potentially possible.
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B(OH)2

OH

N

OH

N Br

Pd(PPh3)!
3PO!

2O

O

O

2CO3

O
O

2

2

Pd
CH3

O

O

Scheme 8.4 Potential route to a chiral unsymmetrcal N’CN pincer palladacycle.

Finally, for the vinyl epoxide coupling presented in this thesis, a key step in this

reaction is transmetallation, which also appears in the catalyst activation pathway

studied using DFT presented in this thesis. This provides the opportunity to modify

the catalyst activation pathway to study the reaction mechanism of the vinyl epoxide

couling reaction, in order to rationalise the different ratios of linear and branched

product depending on the palladacycle.
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