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Abstract

This thesis details the synthesis of new examples of electron-poor pincer ligands, fea-

turing bis(pentafluorophenyl)phosphine donors attached to 1,3-substituted pheny-

lene or 2,6-substituted pyridine backbones, to create tridentate PCP and PNP lig-

ands. The effect of the ligands’ electronic nature on the coordination chemistry

and ease of pincer complex synthesis with late transition metals is discussed, as is

the catalytic activity of the resultant palladium pincer complexes in the Heck and

Suzuki reactions.

Symmetric PCP and PNP ligands possessing bis(pentafluorophenyl)phosphinite and

bis(pentafluorophenyl)phosphoramine functionalities were synthesised by reaction

of bis(pentafluorophenyl)phosphine bromide with resorcinol, 3-hydroxybenzyl-di-

tert-butylphosphine, 2,6-diaminopyridine, or 2,6-dihydroxypyridine, affording 1,3-

[(C6F5)2PO]2C6H4 (POCOPH, 1), 1-[(C6F5)2PO]-3-(tBu2PCH2)2C6H4 (POCCPH,

3), 2,6-[(C6F5)2PNH]2C6H3N (PNNNP, 10), and 2,6-[(C6F5)2PO]2C6H3N (PONOP,

11) respectively. The previously reported 1,3-[(C6F5)2PCH2]2C6H4 (PCCCPH,

2) was also synthesised, with the literature yield improved upon by the use of

magnesium-anthracene to generate the required Grignard reagent.

The coordination chemistry of the POCOPH ligand 1 with platinum(0) alkene and

platinum(II) dimethyl precursors revealed an affinity for the formation of cis-bridged

oligomeric structures. The dimer [(POCOPH)Pt(nb)]2 (14, nb = norbornene) was

isolated and crystallographically characterised from the reaction between 1 and

[Pt(nb)3]. The solid state structure revealed the presence of stabilising π-π interac-

tions between the aromatic ligand backbones, which were also observed in solution

by 1H NMR spectroscopy. Reactions of ligand 1 with platinum and palladium dichlo-

ride or chloromethyl starting materials led to rare examples of cis,trans-dimers of

the type cis,trans-[(POCOPH)MClX]2 (M = Pd, Pt; X = Cl, Me). In part due

to facile dimer formation with 1, metallation of the ligand backbone to form the

tridentate pincer complex [(POCOP)PtCl] (25) required long reaction times and

high temperatures. It was observed that platinum dichloride starting materials with
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more strongly binding ancillary ligands were less prone to oligomer formation, and

could facilitate more rapid metallation to from 25. More facile pincer complex for-

mation was also observed for more electron-rich ligands with both PCP and PNP

pincer ligands.

The electron poor platinum and palladium POCOP, PCCCP, and POCCP pin-

cer complexes (where the free ligand had been deprotonated upon metallation)

were synthesised and subsequently converted into the metal carbonyl species

[(PCP)M(CO)]+. Analysis of C−O stretching frequencies by infrared spectroscopy

confirmed complexes of POCOP ligand 1 were the most electron poor, while those

of POCCP ligand 3 were the most electron rich. Decarbonylation of the palladium

pincer complexes was observed in solution and in the solid state, and was more facile

for complexes with a higher wavenumber C−O stretch.

Reaction of the [(PCP)PtCl] pincer complexes with methyl nucleophiles revealed

that treatment with methylmagnesium iodide resulted in halide exchange, while

methyllithium promoted nucleophilic attack at phosphorus. Spectroscopic data in-

dicated that in one instance this led to pentafluorophenyl migration to the metal

centre to form a [(PCP)Pt(C6F5)] complex. Dimethylzinc was successful in methy-

lating the platinum PCP complexes; however, it was observed to degrade the pal-

ladium PCP pincer complexes. Treatment of the rhodium PNP pincer complex

[(PNNNP)RhCl] (49) with dimethylzinc also resulted in degradation, which spec-

troscopic evidence indicated proceeded via ligand deprotonation and the formation

of a zinc adduct of 49. Low temperature protonolysis of the [(PCP)PtMe] species

did not reveal any information about possible interactions between the metal and

liberated methane.

The catalytic activity of the electron-poor [(PCP)PdCl] complexes were assessed

in the Heck and Suzuki cross-coupling reactions. The complexes of 1, 2, and 3

were all found to possess only modest activity in the Heck reaction, functioning

as precatalysts which decomposed to give catalytically-active Pd(0) colloids. Under

milder Suzuki reaction conditions, the most electron-poor complex, [(POCOP)PdCl]

(28) proved to be one of the most active pincer catalysts known for this reaction, able

to achieve a turnover number of 176,000 for the coupling of electronically-deactivated

aryl bromides and phenylboronic acid. Mercury poisoning tests revealed that Suzuki

reactions catalysed by 28 proceeded via a homogeneous active species.
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Notes on terminology

PCP, PNP, ECE, etc. — specifies generic tridentate pincer ligands that coordi-

nate through the donor atoms specified (where E represents any donor atom).

POCOP, POCCP, PNNNP, etc. — represents pincer ligands possessing sub-

stituted 1,3-phenylene or 2,6-pyridyl backbones. The first, third, and fifth letters

denote the ligating atoms, while the second and fourth letters indicate the linkages

between donor groups and the aromatic backbone.

POCOPH, PCCCPH, POCCPH, etc. — denotes that the aromatic back-

bone of the particular PCP pincer ligand is unmetallated and therefore possesses a

proton on the potentially ligating carbon atom.

[(pincer)MLn] — it has become a literature convention to present pincer com-

plexes with the pincer ligand appearing in brackets before the metal atom.

xiv



Chapter 1

Introduction

This thesis provides an account of research into the synthesis and coordination chem-

istry of pincer ligands possessing electron-withdrawing substituents. Particular at-

tention was paid to the nature of intermediate species formed during the synthesis

of pincer complexes, as well as the effect of ligand electronics on the ease of pincer

complex formation and reactivity. The performance of the palladium complexes of

these electron-poor pincer ligands was also evaluated in the Heck and Suzuki cross-

coupling reactions.

1.1 Metal-Ligand Coordination Complexes

The realm of metal-ligand coordination chemistry is invariably a vast and diverse

one. With the abundance of metals, donor atoms, and ligand architectures at the

chemists’ disposal, there are a multitude of potential complexes that can be formed.

Each ligand bound to the metal centre will affect both the physical space around the

metal centre, and the electron density on the metal itself. While each metal atom

possesses its own intrinsic electronic character, it is the manipulation of the metal’s

steric and electronic environment by the ligand that goes a long way to determining

the reactivity of metal complexes.

One of the foundations of coordination chemistry, and in particular organometallic

chemistry, is the principle that with the appropriate choice of ligand the electronic

and steric parameters of a metal centre can be manipulated. This allows the rational

design of coordination complexes with specific objectives in mind. For example,
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cisplatin, cis-[PtCl2(NH3)2], is effective at binding to DNA and killing cancer cells

via apoptosis. With accrued knowledge about how the modification of the amine

and chloride ligands affect the structure and reactivity of these platinum complexes,

more effective anti-cancer agents have been and continue to be developed.1 This

parable demonstrates the foundation that underpins coordination chemistry: the

more that is known about how the electronic and steric modification of ligands

affect the reactivity of their metal complexes, the greater the degree to which the

reactivity of the complexes can be optimised.

Multidentate ligands further expand upon this foundation. By incorporating more

than one donor group into a single ligand, the distance between groups can be ma-

nipulated and constrained, impacting the geometries available to coordination com-

plexes, as well as introducing the ability of ligands to bridge and connect multiple

metal centres. These properties can be exploited to allow a high degree of fine-

tuning; in catalysis the chelate effect is particularly useful, as it helps to increase

the stability of metal complexes with multidentate ligands.2 The presence of differ-

ent types of donor group can also direct reactions to occur preferentially at specific

sites, while hemilabile binding of donor groups can afford additional coordination

sites if required, while still stabilising the metal in the absence of competition for

the coordination site.3 The ability of these multidentate ligands to adopt bridging

coordination modes also allows for the formation of large, highly-ordered structures.

These multinuclear structures can then expand upon the existing properties of a

complex, potentially transforming homogeneous catalysts into heterogeneous cata-

lysts,4 and also giving rise to new properties that depend on long-range order, such

as luminescence.5

As multidentate ligands can offer considerable advantages over monodentate ligands,

the importance of understanding the effects of ligand modification becomes increas-

ingly important. To be able to design metal complexes with specific objectives or

properties in mind, it is crucial to understand how the steric and electronic charac-

ter of the ligand affects the structure and chemistry of the resultant metal complexes.

1.2 Pincer Complexes

One particular type of coordination complex that has demonstrated considerable

versatility, applicability, and durability in the scientific literature is that of the

pincer ligand. These are defined as being tridentate chelating ligands which co-
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ordinate to metal centres predominantly in a meridional fashion. While this def-

inition of what comprises a pincer ligand is very broad, one trait that is often

present in pincer ligands is a rigid backbone, to constrain the degrees of freedom

and favour planar coordination geometries. Common motifs that have been em-

ployed in pincer ligands are: bisoxazolinyl-phenyls,6 diphenylamine-derivatives,7 di-

azaborolidines,8 1,8-substituted anthracyls,9 N-heterocyclic carbene-derivatives,10

1,3-substituted ferrocenyls,,11 and 1,3,5-substituted aromatics containing pendant

chains,12 as shown in Figure 1.1. Pincer ligands are typically named according to

the ligating atoms present, and where the deprotonation of a donor group is required

to achieve tridentate pincer coordination, the presence of the proton on the free lig-

and is usually denoted with an ‘H’. Figure 1.1 describes, from top left to bottom

right, NCNH, PNPH, PBPH, PCPH, CNC, PCPH, and SCSH pincer ligands.

Fe

N
O

O
N

NH

PR2

PR2

N
BH

N

PR2

PR2

PR2

PR2

PR2

PR2

S

S
R

R

N
H

R'

O

N

N

N

N

N

R

R

Figure 1.1 Representative examples demonstrating a range of pincer ligand struc-
tures.

This range of structural motifs used as pincer ligands serves to highlight their ver-

satility. While maintaining a tridentate, meridional coordination mode, the ligand

can possess a range of donor atoms, both anionic and neutral, as light as boron or

as heavy as arsenic. While the ligands highlighted in Figure 1.1 generally have C2

symmetry, asymmetric pincer ligands can be readily generated by varying either the

spacer groups between the donor atom and ligand backbone (often referred to as

the “arms” of the pincer ligand),13 or by variation of these donor groups themselves

(with PNN pincers being a typical example).14

The rigid, planar framework provided by pincer ligands is desirable from a chemical

point of view as it inhibits cyclometallation of the substituents on donor groups,
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which engenders a high thermal stability to pincer complexes. This makes pincer

compounds particularly suited for catalytic processes that operate at high temper-

atures. Another feature of pincer ligands is the fact that upon coordination to a

metal centre the donor groups on the “arms” of the pincer ligand adopt a mutually

trans configuration, while the backbone is coordinated trans to an ancillary ligand

on the metal. This provides an optimal configuration for catalysis, in which the

trans-influence (the labilisation of ligands trans to a specific ligand) is utilised to

good effect. Ligands with a low or moderate trans-influence (such as phosphines)

can be placed on the arms, where they will be coordinated trans to each other, and

therefore undergo minimal mutual destabilisation. With the placement of a donor

group with a high trans-influence on the ligand backbone, ligand coordination trans

to pincer backbone will be labilised. This helps to prevent inhibition of pincer cat-

alysts by solvent or ancillary ligand coordination.

Table 1.1 Variable parameters of pincer ligands and their control over the steric
and electronic properties of complexes. Table adapted from the review by Choi,
MacArthur, Brookhart, and Goldman.15

X

Y

Y

ERn

ERn

Z M

Most common elements
E: P, N, S, O, As
X: C, N, B
Y: CH2, O, NH

Group Major Effect(s) of Variation

ERn
Steric control by varying substituents;
control of electron density; lability.

Y
Control over electron density;

indirect control on steric properties.

X Electronic effects, particularly trans-influence.

Z
Remote control of electron density;

solubility control.

Despite the range of complicated ligand backbones that can adopt a pincer coor-

dination mode, the most common structural motifs for pincers are those bearing

1,3-substituted phenyl or 2,6-substituted pyridyl groups. However, the simplicity

of these aromatic backbones belies the intricacies that can be introduced into the

ligands due to their modular nature. Table 1.1 summarises the modification of these

backbones and the effect of each component on the ligand as a whole. The ability of

pincer ligands to be highly amenable to structural diversity, while still maintaining

a reliable and predictable coordination mode, makes them ideal substrates for the

investigation of how ligand modifications affect the reactivity of the resultant metal

complexes.
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1.2.1 Uses of Pincer Complexes With Phosphorus Donors

Of the multitude of pincer complexes that have been reported, arguably, those that

have demonstrated the greatest utility are ligands with at least one phosphorus

donor atom. The advantage of incorporating phosphorus donors within the pincer

coordination motif is that the soft electronic nature and π-acceptor character of

phosphines are ideal for stabilising late transition metals, especially those in low ox-

idation states. Late transition metal complexes are renowned for their performance

in homogeneous catalysis and small molecule activation, with pincer complexes of

late transition metals being particularly effective. They have been shown to fa-

cilitate organic transformations such as the Heck, Suzuki, Sonogashira, Stille, and

Negishi cross-coupling reactions, as well as asymmetric allylic alkylations, hydroam-

inations, transfer hydrogenations, and aldol-type reactions. Summaries of this work

have been detailed in a number of review papers.16–20

While pincer complexes are able to assist the chemist with transformations in organic

synthesis, they are also at the forefront of research into some of the major develop-

ments in organometallic chemistry. One of the most intriguing reactions facilitated

by phosphine-based pincer complexes is that of alkane dehydrogenation. In 1996,

Jensen, Kaska, and co-workers discovered an iridium PCP pincer species capable of

promoting catalytic dehydrogenation of cyclooctane in the presence of a hydrogen

acceptor species.21 This pincer catalyst offered an advantage over other homoge-

neous dehydrogenation catalysts as it was stable in solution for prolonged periods

under the reaction conditions, and outperformed heterogeneous dehydrogenation

catalysts by dehydrogenating a much larger range of substrates and operating at

a considerably lower temperature (150 ◦C as opposed to 500–900 ◦C for heteroge-

neous species).15 This transfer-dehydrogenation has been shown to be selective for

the formation of terminal alkenes, with the catalyst undergoing minimal inhibition

or degradation.

This facile dehydrogenation of alkanes catalysed by iridium PCP pincer complexes

has lead to the development of a system for alkane metathesis, which may in the

future aid the production of synthetic fuels from low-cost feedstocks. In this tan-

dem catalytic system (Figure 1.2), an alkane undergoes pincer-catalysed transfer-

dehydrogenation, with the resultant alkene subjected to metathesis using Schrock-

type molybdenum or tungsten carbene catalysts.22 These alkene metathesis products

then act as the hydrogen acceptor species for the alkene transfer-dehydrogenation

step, generating new alkane products from the original alkane starting materials.23

Currently, problems exist with alkene isomerisation leading to a distribution of prod-

ucts being obtained,22 nonetheless this proof of concept is surely an exciting one.

5



X

X

PR2

Ir

PR2

R = iPr, tBu
X = CH2, O

R

R

R

R

R
R

H2C CH2

(PCP)Ir =

R
R

H3C CH3
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LnM=CHR

(PCP)Ir

(PCP)IrH2

Figure 1.2 Outline of the alkane metathesis reaction. Figure adapted from
Haibach et al.22

Catalytic alkane dehydrogenation is an example of the selective cleavage and sub-

sequent reaction of carbon-hydrogen bonds, otherwise known as C−H activation.

This has been a topic of major intrigue and focus, with the March 1995 issue

of Accounts of Chemical Research denoting it one of the “Holy Grails” of chem-

istry.24 A further breakthrough in this field has been achieved by the Brookhart re-

search group, with the first full characterisation in solution of a methane σ-complex,

[(PNP)Rh(CH4)].
25∗ This complex, in which a methane molecule is bound to a PNP

pincer-ligated rhodium centre through the interaction between a C−H bond and

the metal, provides a basis for research into how the strength of this metal-methane

interaction can be manipulated and ultimately exploited to achieve C−H bond func-

tionalisation.

Phosphorus-containing pincer complexes have also shown promise in water splitting

— the separation of water into molecular hydrogen and oxygen. Cheap and ready ac-

cess to this technology is heralded as reducing dependence on fossil fuels and bringing

about a hydrogen economy, and hence is a major drawcard for chemical research.27

Investigations undertaken with PCN platinum28 and PNN ruthenium29 pincer com-

plexes have confirmed key underlying principles that water splitting technology will

need to exploit (Figure 1.3).27 While these reactions have not been incorporated

into a complete catalytic cycle, they indicate that such complexes can offer viable

inroads into achieving organometallic water splitting.

∗The first evidence for σ-coordination of methane to metal centres was provided by Perutz
and Turner, by photolysis of metal carbonyl complexes in a methane matrix at 20 K.26 Due to
the low temperatures required for reactions carried out in liquid methane, reaction mixtures were
analysed by infrared and visible spectroscopy. The generation of a σ-methane ligand in the inner
coordination sphere of the metal complex by the Brookhart group allowed the reaction to be carried
out in a suitable solvent for NMR spectroscopy (CDCl2F), which provided a greater amount of
data on the structure of the methane complex than either infrared or visible spectroscopy could.
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Figure 1.3 Outline of water splitting by pincer complexes.

1.3 Electron-Poor Ligands

Whilst PCP and PNP pincer ligands have been well studied and successfully em-

ployed in a number of intriguing catalytic processes, previous work has predomi-

nantly focussed on complexes possessing electron-rich phosphorus donors, such as

di-tert-butyl or diisopropyl phosphines. Substantially less work has been undertaken

to investigate the effect of incorporating electron-poor donor groups into the pincer

framework.

There have been a number of reports in which electron-withdrawing groups have

been integrated into established ligand motifs and resulted in a significant increase

in catalytic performance of the resultant complexes.30–32 This effect may appear

counterintuitive, as many of the mechanisms prevalent in organometallic transfor-

mations are dependent on reactions proceeding through the conventional oxidative

addition and reductive elimination pathways. Since oxidative addition is predomi-

nantly reliant on electron donation from the metal centre into the σ*-antibonding

orbital of the bond being cleaved, reducing the electron density on the metal should

disfavour oxidative addition and reduce the activity of the catalyst. However,

electron-deficient metal centres will be poorer at stabilising high oxidation states

than electron-rich metals, and consequently reductive elimination steps will be en-

hanced. Moreover, for important reactions such as C−H activation, calculations

have shown a number of reaction pathways may be possible (electrophilic, am-

biphilic, and nucleophilic),33 and that the introduction of electron-withdrawing lig-

ands should generate favourable charge transfer interactions in some instances.34
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Figure 1.4 Electronic effects of phosphorus substituents.

Numerous studies, both computational and experimental, have been undertaken to

develop a comprehensive hierarchy of the degree to which substituents affect the

electron density on the phosphorus centre.35–37 As phosphorus-metal bonding has

both a σ-donor and a π-acceptor component, in principle, as the substituents on the

phosphorus become more electronegative, the σ-donor ability of the phosphorus is

reduced, while its π-acceptor ability is increased (Figure 1.4). In practice, the two

components are difficult to distinguish; a case in point being the pentafluorophenyl

substituent, which had previously been regarded as increasing the π-acceptor abil-

ity of the phosphorus donor, but may now be regarded as predominantly decreasing

the σ-donor ability phosphorus ligands.38 Regardless of the exact nature of this

electronic effect, fluoroalkyl and fluoroaryl substituents will typically produce very

electron-poor metal centres upon coordination; together with phosphites they rep-

resent a widely used means of generating electron-withdrawing phosphorus-donor

ligands. Fluoroarylphosphine ligands in particular have demonstrated unique re-

activities and enhanced catalytic activity over their perprotio analogues,39 making

them ideal candidates for incorporation into the pincer ligand motif.

The effect imparted by electron-withdrawing groups on the metal centre can also

be quantified via the synthesis of metal-carbonyl derivatives of pincer complexes.

The frequency of the C−O stretch in the infrared spectrum will reflect the amount

of electron density on the metal centre; a more electron-rich metal complex will

be able to contribute a greater amount of electron density to the carbonyl through

π-backbonding, so will display a C−O stretching frequency at a lower wavenumber

than for a more electron-poor metal complex.
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1.3.1 Electron-Poor Pincer Complexes

Complexes of electron-poor PCP and PNP pincer ligands, while relatively rare, have

shown a number of interesting traits worthy of further investigation. The Brookhart

group has examined the effect that substitution of the PCP pincer backbone para

to the coordinated metal centre (carbon C-5 of the ligand) has on the reactivity

of these complexes in iridium-catalysed transfer-dehydrogenation.40 It was found

that the turnover numbers obtained showed a rough correlation with the electron-

withdrawing ability of the substituent: the more withdrawing the substituent, the

more active the catalyst (Figure 1.5).† Similarly, replacement of methylene groups

on the arms of the ligand with oxygen atoms was observed to increase the activity by

one order of magnitude, due to lower σ-donor ability and greater π-acceptor ability

of phosphinites compared to phosphine ligands. The higher activity of the more

electron-poor catalysts was thought to be due to their propensity for π-coordination

of alkenes over C−H oxidative addition, reducing catalyst inhibition by the tert-

butylethylene starting material.42

O

O

PtBu2

Ir

PtBu2

Cl
H

X

more active less active

X =

200 oC

cat. cat. =

3,5-(CF3)C6H3 C6F5 H F Me MeO

Figure 1.5 Effect of electronic modification of iridium pincer catalysts for the
transfer dehydrogenation reaction.

To try to enhance this electron-withdrawing effect, a small number of pincer com-

plexes have been reported whereby the electron-withdrawing substituents are located

on the phosphorus donors, putting them in close proximity to the metal centre. An

interesting consequence of increasing the electron-withdrawing nature of the ligands

is that the mutually trans coordination of phosphorus donors becomes unfavourable.

This forces some five- and six-coordinate pincer complexes to adopt a facial (rather

than meridional) coordination geometry of the pincer ligand (Figure 1.6).43–45 As

†It is important to note that the introduction of the same substituent at C-5 of the aromatic
backbone may cause a different effect to substitution at the phosphorus. A good example of
this occurs for alkoxy groups. Compared to alkyl substituents, alkoxy substituents produce more
electron-poor phosphorus donors, as they lower the energy of the LUMO on the phosphorus,41

increasing π-acidity. However, when attached directly to the ligand backbone, they produce more
electron-rich aromatic rings due to resonance effects.
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well as indicating that electron-deficient pincer ligands may provide access to unusual

coordination geometries, the five-coordinate complexes possess ancillary ligands sep-

arated by 90◦ instead of the usual 120◦ for meridionally coordinated pincer ligands,

a property that may favour reductive elimination steps in catalysis.

Rh(Pyr)2P

CO
PR3

P(Pyr)2 Ir

PR3
H

P(CF3)2(F3C)2P

H
Ir(F3C)2P

CO
CO

P(CF3)2

Figure 1.6 Pincer complexes with electron-poor PCP ligands, displaying unusual
facial coordination geometry.

A further electron-deficient PCP pincer complex that has demonstrated an un-

usual reactivity is the 2,4,6-(CF3)3C6H2-substituted [(POCOP)Ir(N2)] pincer com-

plex synthesised by the Brookhart group.46 In the crystalline form, this complex has

demonstrated the ability to undergo exchange of the nitrogen ligand for oxygen, hy-

drogen, carbon monoxide, ammonia, and ethene, while maintaining its crystallinity.

Furthermore, single crystals of this iridium pincer complex were shown to catalyse

the selective hydrogenation of ethene in the presence of propene, indicating that

catalysis occurred to some extent within the confines of the crystal lattice. As such,

this electron-deficient pincer complex appears to be a step towards bringing the se-

lectivity and fine tuning demonstrated by homogeneous catalysts into the realm of

heterogeneous catalysis.

1.4 Synthesis of PCP and PNP Pincer Complexes

Owing to the interesting possibilities presented by pincer ligands possessing phospho-

rus donors, this research focusses on PCPH and PNP pincer ligands. The synthesis

of such ligands and their complexes have been accomplished utilising a number of

different methodologies.

The most common synthetic method for the formation of pincer complexes involves

two general steps: first the installation of the donor arms of the ligand on to the back-

bone, then reaction of the ligand with an appropriate metal precursor to yield the

tridentate pincer complex (Scheme 1.1). The methods used to attach the phosphorus

donor groups to the ligand backbone generally rely on established organophosphorus
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chemistry, with separate donor groups able to be installed sequentially on the back-

bone to generate asymmetric PCP′H or PNP′ ligands.13 From the outset there is

the opportunity to introduce diversity into the structure; as the reaction conditions

required to attach the phosphorus donor groups are relatively general and occur

under mild conditions (with the exception of the lithiation step in Scheme 1.1) they

are tolerant to other functionalities present on the ligand backbone.

E

X

X

PR2

M

PR2

E = C, N
X = NH, O

E

XH

XH

E

Cl

Cl

E

X

X

PR2

PR2

E

PR2

PR2

Ln
PR2Cl, base

HPR2, base
or PR2Cl, Li

MLn(LG)

E

PR2

M

PR2

Ln

MLn(LG)

Scheme 1.1 Common synthetic methodology employed for PCP and PNP pin-
cer complexes. Lithiation is only required where the secondary phosphine is not
sufficiently nucleophilic to react directly with the benzylic chloride. Typically tri-
ethylamine is used as a base. LG represents a neutral leaving group.

The complexation of the ligand to the metal is rather more simple for PNP pincers

than for PCP pincers. In both cases the metal precursor is usually in the oxida-

tion state desired for the resultant pincer complex, is stabilised by readily displaced

neutral ancillary ligands (commonly acetonitrile or cyclooctadiene), and often con-

tains an anionic leaving group (LG). Coordination of phosphorus donors in place of

the ancillary ligands occurs first, followed by displacement of the leaving group by

the donor group on the ligand backbone to achieve the tridentate pincer coordina-

tion mode. This backbone coordination is significantly more facile for PNP ligands

than for PCPH ligands, as the former only requires ligand displacement from the

metal, while the latter also requires the cleavage of the strong C−H bond at the

carbon on the between the ligand arms on the backbone (carbon C-2, denoted E

in Scheme 1.1). This increased energy requirement for tridentate coordination of

PCPH pincer ligands can lead to their adopting diphosphine-like bridging coordina-

tion modes when reactions are carried out under conditions where C−H cleavage is

not facile.47

To overcome the difficulty involved in breaking this strong C−H bond to achieve
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ligand metallation, the pincer ligands can alternatively be prepared with bromide

or iodide substituents on C-2. This approach is typically combined with a starting

material in the zero oxidation state (such as [Pd2(dba)3]), as oxidative addition of

the carbon-halide bond will yield the pincer halide complex [(PCP)MX]. In reac-

tions with palladium precursors, the presence of the reactive C−Br or C−I bonds

results in oxidative addition at temperatures of around 75 ◦C for bromides48 and

as low as 20 ◦C for iodides,49 whereas temperatures in excess of 100 ◦C are often

required for metallation via C−H cleavage.

N

N
N

R'2P N3

O
PR2

PR'2

O

BH3

N

N
N

PR2

PR'2
R2P

BH3

CuSO4
Na ascorbate

 i) DABCO
ii) HSiCl3/NEt3

Scheme 1.2 Synthesis of PCP pincer ligands using the azide-alkyne Huisgen cy-
cloaddition.

An alternative approach to the synthesis of PCPH pincer ligands has been re-

ported using click chemistry (copper-catalysed azide-alkyne Huisgen cycloaddition).

Rather than begin with an intact ligand backbone and install functionality upon

this, the click methodology focusses on the synthesis of various donor groups at-

tached to alkyne and azide moieties (Scheme 1.2). These donor groups can then

be “clicked” together, with the triazole unit formed in the cycloaddition reaction

becoming the ligand backbone.50 This elegant scheme allows different combinations

of donor groups to be readily incorporated into PCPH pincer ligands. However, the

triazole ligand backbone is not as inert as phenyl or pyridyl backbones, potentially

detracting from the traditionally robust nature of pincer complexes.

A further synthetic method that has been used for the synthesis of palladium PCP

complexes is the “ligand introduction route”.51 In this method (Scheme 1.3, top

scheme), Kimura and associates first attach the 1,3-dihydroxy-substituted aromatic

backbone to the tetrakis-triphenylphosphine palladium metal precursor through ox-

idative addition of a C−I bond. The phosphorus donors of the pincer ligand are

then installed in a condensation reaction between the hydroxyls of the metalled

species and a disubstituted phosphine chloride. Finally, tridentate pincer coordina-

tion is achieved by displacement of the remaining triphenylphosphine ligands from

the metal by the phosphorus donor groups, utilising the chelate effect. In what

can be seen as a “reverse ligand introduction route”, Bolliger and colleagues first

introduce the phosphorus donor groups on to the metal centre through simple coor-
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dination chemistry (Scheme 1.3, bottom scheme), then install the ligand backbone

via P−N cleavage of a piperidyl substituent on the phosphorus and subsequent

elimination of piperidinium hydrochloride.52 Heating to 100 ◦C is then required to

promote metallation of the aromatic backbone. However, reaction times are remark-

ably short, with reactions reaching completion after 45 minutes at the most.

[PdCl2(COD)]
2 P(NC4H8)3

Cl Pd

P

P

Cl

R

R
R

R
R

R

R = NC4H8
X = NH, O

HX XH
X

X

PR2

Pd

PR2

Cl
- RH.HCl

[Pd(PPh3)4]
Ph3P Pd

I

PPh3

O

O

PR2

Pd

PR2

Cl
- 2 PPh3

I

HO OH

HO OH
PR2Cl

- 2 HCl

- RH

Scheme 1.3 Synthesis of PCP pincer ligands via “ligand introduction” methods.

While these “ligand introduction” methodologies are elegant routes to PCP pin-

cer complexes, they can only be used in certain circumstances. The method of

Kimura and associates (Scheme 1.3, top scheme) becomes less effective with in-

creasing ligand bulk; reactions with PPh2Cl are complete after one hour, whereas

reactions with P(o−tolyl)2Cl require 24 hours.51 The method of Bolliger and col-

leagues (Scheme 1.3, bottom scheme) is reliant on the tertiary phosphine groups

possessing substituents that can be readily displaced;52 reactions with alkyl or aryl

phosphines would not be expected to proceed due to the strength of the P−C bond.

Moreover, both of these methods can only be used to produce ligands with O or NH

linkages between the donor groups and ligand backbone.

In the work reported herein, PCPH ligands possessing a proton (rather than a halide)

at the C-2 position were used. As they are more commonly used than their halide-

substituted analogues they offer a greater comparability to the scientific literature,

and are synthesised from a readily available starting material (dichloro-m-xylene).

The requirement for C−H activation of the ligand to achieve pincer coordination

also offers an insight into how manipulation of the ligand’s electronic character af-

fects the prevalence of bridging coordination modes, as well as the ease of backbone
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metallation.

1.5 Palladium-Catalysed Cross-Coupling

As mentioned previously, phosphine-based palladium pincer complexes have been

successfully utilised in the Heck and Suzuki cross-coupling reactions. The Heck

reaction was first reported in 1972,53 and the Suzuki reaction in 1979;54 these

palladium-catalysed reactions immediately proved useful, and are now vital tools

for carbon-carbon bond formation in synthetic organic chemistry. Richard Heck,

Akira Suzuki, and Ei-ichi Negishi were awarded the 2010 Nobel Prize in Chemistry

for their discovery of these cross-coupling reactions.

The basis of both the Heck and Suzuki reactions is the reaction between a carbon

electrophile (usually an organohalide) and a carbon nucleophile (an alkene or boronic

acid/ester), mediated by a palladium catalyst and an external base (Scheme 1.4).

The Heck reaction is often performed in basic or highly polar solvents at temper-

atures above 100 ◦C, while Suzuki reactions can be carried out at temperatures

below 100 ◦C in non-polar solvents. This allows the performance and durability of

potential catalyst species to be assessed under a wide range of conditions.

R' R
R'

B(OH)2R

R X

R' R

+

+

Pd cat., base

Pd cat., base

Heck

Suzuki

where R must be unsaturated

R' X

Scheme 1.4 Outline of the Heck and Suzuki cross-coupling reactions. The red
highlights electrophilic groups, while the blue highlights nucleophilic groups, in order
to demonstrate the similarity between the reactions.

The Heck and Suzuki reactions provide a means to quantify how the incorpora-

tion of electron-withdrawing groups into PCP pincer ligands affects the catalytic

performance of their palladium complexes. The use of palladium pincer species in

cross-coupling reactions dates back to 1997;55 this 15 year history, together with

the ubiquity of the Heck and Suzuki reactions in the scientific literature ensures an

abundance of data for comparison, and makes these reactions suitable yardsticks for
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measuring the catalytic performance of new electron-poor palladium pincer com-

plexes.

1.6 Research Objectives

The aims of this project are to synthesise new, electron-poor PCPH and PNP pin-

cer ligands using fluoroaryl electron-withdrawing substituents on the phosphorus

donors, and to evaluate their coordination chemistry with platinum, palladium, and

rhodium precursors. It is also to investigate how the electronic character of the

pincer ligand affects the ease of ligand metallation and pincer complex formation.

To quantify the electronic effects of the electron-withdrawing groups on the metal

centre, carbonyl derivatives of these electron-poor pincer complexes will be synthe-

sised and analysed by infrared spectroscopy. The performance of the new palladium

compounds will also be assessed in Heck and Suzuki cross-coupling reactions, to

determine if any relationship can be established between catalytic activity for these

reactions and the electronic nature of the metal centre.

1.7 Concluding Remarks

The description “pincer ligand” encompasses a large range of structures, all triden-

tate, with a preference for forming rigid, well-defined, thermally stable coordination

complexes with transition metals. The most renowned of these species possess sim-

ple aromatic backbones with one or more phosphorus donor groups. Not only do

these phosphorus-containing pincer complexes perform well in reactions that aid or-

ganic synthesis, but are also prominent in cutting edge areas of research, such as

alkane metathesis and water splitting.

However, to be able to improve on current technologies, an understanding of how

the steric and electronic properties of the ligands are manifested in the properties

of the metal complexes themselves is desirable. Complexes of electron-poor pincer

ligands are not well represented in the scientific literature, yet these complexes have

demonstrated unusual coordination geometries and increased catalytic activity over

their more electron-rich analogues. Thus, the incorporation of electron-withdrawing
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groups into PCP and PNP coordination motifs should allow the synthesis of a new

range of electron-poor phosphorus-containing pincer complexes.

The electronic character of each metal complex will be established by performing

infrared spectroscopy on metal carbonyl derivatives of these new pincer complexes,

allowing the relative electron density on each metal centre to be established. To

assess the impact of the electron-withdrawing groups on the formation of pincer

complexes, the coordination chemistry and metallation of the pincer ligands will be

studied. Finally, Heck and Suzuki reactions will be carried out with the electron-

poor palladium compounds, to determine the extent that the electronic nature of

the metal centre affects catalytic activity in cross-coupling reactions.
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Chapter 2

Ligand Synthesis

In order to synthesise electron-poor pincer ligands, the appropriate choice of func-

tional groups is required to inductively withdraw electron density away from the

donor atoms and any metal bound to them. As mentioned in the previous chapter,

electron-poor pincer ligands can be created by modifying the substituents either on

the ligand backbone, the “arms” of the pincer that connect the donor groups to

the backbone, or the substituents on the donor groups themselves. Modification

of the donor groups was deemed to be the most promising route to the formation

of electron-deficient pincer complexes; the donor groups bind directly to the metal

centre and so have a large influence on the electronic character of the resultant metal

complex.

Bis(pentafluorophenyl)phosphine was regarded as the best choice for the phosphorus

donor group of the ligand; pentafluorophenylphosphines have been shown to be

similar to aryl phosphinites in their ability to produce electron-poor metal centres,

although they are not as effective as halophosphines or trifluoromethyl-substituted

phosphines in this regard.37 The electronic effect of a substituent on a phosphorus

donor atom can be approximated with the Tolman Electronic Parameter (TEP), a

measure of how each group affects the CO stretching frequency of a nickel carbonyl

complex. Larger TEP values indicate lower electron density on the nickel centre, and

a less electron-donating or more electron-withdrawing substituent. Values for C6F5

are compared to other common substituents in Table 2.1, confirming the electron-

poor nature of pentafluorophenylphosphine complexes.

Whereas the phosphinite, trifluoromethyl, and halide substituents all increase the

π-acceptor ability (π-acidity) of the phosphorus donor, it is thought that pentafluoro-

phenyl substituents instead drastically reduce the σ-donor ability of the phosphorus
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Table 2.1 Effect of phosphine substituents on the Tolman Electronic Parameter.37

A larger value indicates a more electron-poor metal centre.

Substituent tBu Me Ph OPh C6F5 Cl CF3

Effect on TEP (cm−1) 0.0 2.6 4.3 9.7 11.2 14.8 19.6

atom,38 offering a point of contrast to these groups. Regardless of the exact nature

of the electronic influence of pentafluorophosphines, they represent a class of com-

pounds that are effective in producing electron-poor metal centres, and have been

sparsely utilised in pincer ligands (with only complexes of ruthenium56 and palla-

dium57 of one such ligand reported to date). Moreover, work has been reported on

the synthesis and coordination chemistry of a bis(trifluoromethyl)phosphine PCP

pincer ligand,58 which enables direct comparisons to be made between the effect

of the perfluorinated ligand substituents C6F5 and CF3 on the chemistry of the

resultant complexes.

As PCP pincer ligands with 1,3-substituted phenylene backbones are the most ubiq-

uitous of pincer ligands,17 these provide an ideal starting point for the incorpo-

ration of the bis(pentafluorophenyl)phosphine moieties, as they allow for a high

degree of comparability with the scientific literature. Three PCP pincer ligands

were established as synthetic targets, with each possessing a different electronic

character. The phosphinite ligand 1,3-[(C6F5)2PO]2C6H4 (referred to as POCOPH,

1) was desirable as it should be the most electron-withdrawing of all the ligands,

combining the low σ-donor ability of the bis(pentafluorophenyl)phosphine with the

high π-acceptor ability of the phosphinite functionality. The phosphine ligand 1,3-

[(C6F5)2PCH2]2C6H4 (PCCCPH, 2) was targeted as it was already known57 but

had scarcely been investigated in terms of coordination chemistry, and also pos-

sessed the more robust and widely used methylene bridges between the backbone

and phosphine donors. The final PCP pincer ligand targeted was the asymmetric

phosphine-phosphinite 1-[(C6F5)2PO]-3-(tBu2PCH2)2C6H4 (POCCPH, 3). This was

desirable as it combined the electron-poor bis(pentafluorophenyl)phosphinite group

with the electron-rich di-tert-butylphosphine donor group, allowing the mutually

trans arrangement of donor and acceptor phosphines in resultant metal complexes

to be studied. It was also desirable to investigate whether the introduction of an

electron-rich donor would simply reduce the influence of the electron-poor donor, or

give rise to new synergic effects.
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2.1 Synthesis of Pentafluorophenyl-Substituted

PCP Pincer Ligands

The synthesis of bis(pentafluorophenyl)phosphine-substituted pincer ligands first

required the synthesis of the appropriate phosphine halide, Ar2PX, as this comprises

the basic building block of the ligand and the means for incorporation of the electron-

poor phosphorus donor into the pincer framework. Bis(pentafluorophenyl)phosphine

bromide (4), was synthesised according to literature protocols.59 This involved a

Grignard-type reaction used to attach the pentafluorophenyl substituents to the

phosphorus centre; purification by vacuum distillation afforded the product 4 in

good yield (Scheme 2.1). The large steric bulk of the pentafluorophenyl group is

advantageous in this instance, as it prevents trisubstitution to form the tertiary

phosphine. Interestingly, while the reaction proceeds from a phosphine chloride

starting material, halide exchange results in the product being a phosphine bromide.
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ii) PCl3, 0 oC

75%

OH

OH

i) NEt3
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O

O
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P(C6F5)2

87%
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P
F
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F
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F
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F

FF
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4

4
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Scheme 2.1 Synthesis of the phosphinite pincer ligand 1.

The synthesis of the POCOPH ligand 1 was then carried out via the reaction of

the phosphine halide 4 with resorcinol (benzene-1,3-diol), as is typical for the for-

mation of phosphinite compounds (Scheme 2.1).18 The reaction to form ligand 1

was performed according to a published procedure for the synthesis of a pentaflu-

orophenylphosphinite ligand containing a BINOL backbone (where BINOL is 1,1’-

bi-2-naphthol).60 Dropwise addition of a solution of 4 in diethyl ether to a cooled

mixture of resorcinol and triethylamine in diethyl ether resulted in the formation of

a thick white suspension. Isolation of the supernatant liquid by filtration followed by

removal of the volatiles in vacuo and recrystallisation from hexane/toluene afforded
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ligand 1 in good yield.

Spectroscopic data for 1 was consistent with its formulation as the

pentafluorophenyl-substituted POCOPH pincer ligand. The 31P NMR spectrum

of 1 displayed a quintet resonance (with 3JP-F = 35.0 Hz, due to the phospho-

rus coupling to the four ortho fluorines of the pentafluorophenyl substituents)

at δP = 87.1 ppm, significantly downfield of the starting material 4 (δP = 12.1

ppm). This downfield shift is typically observed upon the formation of phosphi-

nite compounds, with representative examples reported by Morales-Morales61 and

Motoyama.62 The 1H and 19F NMR spectra also displayed the expected number of

environments for ligand 1 (three proton and three fluorine environments). To date,

bis(pentafluorophenyl)phosphinite ligands have not been a significant synthetic tar-

get, with only a small number of compounds known, mostly comprising two phos-

phinite donors linked by a chiral, aliphatic backbone.63,64 The POCOPH compound

1 is the first example of the incorporation of the OP(C6F5)2 functionality into a

pincer ligand.

The synthesis of the PCCCPH ligand 2 has previously been reported by Chase and

colleagues,57 preparing the ligand via the reaction of 4 with the bis-Grignard reagent

1,3-(ClMgCH2)2C6H4. However, in replicating this procedure, the preparation of the

Grignard reagent was found to be difficult and unreliable, typically resulting in low

yields of the desired phosphine product (the greatest yield obtained in five attempts

being 39%, only slightly lower than the 51% stated in the literature57). An im-

proved synthesis of 2 was employed, generating the bis-Grignard reagent with the

more potent magnesiator, [Mg(anthracene)(THF)3] (5).

THF

         in THF

THF

P(C6F5)2

P(C6F5)2

77%

-78 oCCl

Cl

MgCl

MgCl

 Mg Mg
(THF)3

         in THF

THF

5

5

4

2

Scheme 2.2 Synthesis of the phosphine pincer ligand 2.

20



The magnesium anthracene complex 5 was synthesised by the prolonged reaction

of magnesium powder with anthracene in THF,65 and isolated as an orange solid

after stirring for four days (Scheme 2.2). This magnesium complex 5 was then

used to generate the desired bis-Grignard reagent by reaction with α,α′-dichloro-m-

xylene in THF. Subsequent reaction of the bis-Grignard reagent with the pentaflu-

orophenylphosphine bromide 4 afforded the desired PCCCPH ligand 2. The NMR

data were consistent with the synthesis of 2, displaying the expected four envi-

ronments in the 1H NMR spectrum, of which the methylene signal appeared as

a doublet, due to coupling to the phosphorus atom. The phosphine signal itself

appeared as a quintet in the 31P NMR spectrum at −46.3 ppm, consistent with

literature data for this compound.57

Purification of 2 was achieved via column chromatography in air, as per the method

of Chase,57 giving 2 as a white solid in a yield of 67%, substantially greater than

those obtained without the magnesium anthracene complex 5. Due to the high

air sensitivity and susceptibility to oxidation of most phosphine ligands, column

chromatography is not usually employed during their purification. However, the

pentafluorophenyl substituents of 2 serve to reduce the availability of the lone-pair

of electrons on the phosphorus for bonding, making 2 sufficiently air-stable as to

allow purification by column chromatography in air. Nonetheless, small amounts

of the phosphine oxide were detected in samples of 2 left standing under ambient

conditions overnight, and thus samples of the ligand (as well as all ligands reported

herein) were stored under an inert atmosphere.
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Scheme 2.3 Conventional phosphine syntheses unable to produce 2.
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The synthesis of the PCCCPH ligand 2 via a Grignard-type reaction scheme

was required as reports indicated that 2 was unable to be synthesised us-

ing the two most common synthetic methodologies: by reaction of the ben-

zylic halide either with the lithiated phosphine LiP(C6F5)2, or with the sec-

ondary phosphine HP(C6F5)2 followed by deprotonation of the intermediate halide

salts using an amine base (Scheme 2.3).57 This was attributed primarily to the

bis(pentafluorophenyl)phosphine being too poor a nucleophile to displace the halides

from the benzylic starting material, and also the poor stability of the (C6F5)2P
− an-

ion, decomposing in solution even at −78 ◦C.66∗ Similar problems have been encoun-

tered in the synthesis of other fluoroarylphosphine phosphine ligands, as described

in the review by Pollock and colleagues.39 An alternate synthesis of 2 via reaction

of the phosphine bromide 4 with the dimetallated intermediate 1,3-(MCH2)2C6H4

(where M is potassium or lithium) was also attempted and found to be unsuccessful,

with 2 comprising only a minor part of the reaction mixture. This is likely due to

the low selectivity of metallation at the benzylic positions.68

The unsymmetrical POCCPH pincer ligand 3 was prepared in a similar manner to

that of the two previously published examples of phosphine-phosphinite pincer lig-

ands.13,69 The synthesis (Scheme 2.4) followed literature procedures for the reduction

of 3-hydroxybenzaldehyde to 3-hydroxybenzyl alcohol (6),70 and then bromination

of the benzylic hydroxyl with phosphorus tribromide to give 3-hydroxybenzyl bro-

mide (7).71 Intermediate 7 was reported to degrade over time, so was used in the

crude form for the subsequent reaction. The PtBu2 moiety was then installed by

nucleophilic attack of di-tert-butylphosphine at the benzylic carbon of 7, followed

by deprotonation of the phosphorus with triethylamine. While such a reaction does

not proceed with electron-poor phosphines (and hence could not be used in the

synthesis of 2), the higher nucleophilicity of the tert-butyl-substituted phosphine

allowed the reaction to proceed smoothly, giving the benzylic phosphine 8 in a 58%

yield across the two steps from 6. The synthesis was completed by formation of

the phosphinite P−O linkage by reaction of the phenol functionality of 8 with the

bis(pentafluorophenyl)phosphine bromide 4, in an almost identical manner to the

synthesis of the POCOPH ligand 1. The new phosphine-phosphinite ligand 3 was

isolated as a pale yellow oil, which solidified into a cream-coloured solid on cooling

to −15 ◦C, in an 86% yield. This corresponded to an overall yield of 46% for the

four steps from 3-hydroxybenzaldehyde.

The NMR data of ligand 3 showed that the replacement of one of the OP(C6F5)2
groups of 1 with a CH2P

tBu2 group had only a small effect on the chemical shift of

∗The use of (C6F5)2P
− as a nucleophile has previously been reported in the literature,67 but

the phosphide itself was unable to be isolated, or trapped by coordination to transition metal ions.
Subsequent work has been unable to isolate or reliably use bis(pentafluorophenyl)phosphide.
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Scheme 2.4 Synthesis of the phosphine-phosphinite pincer ligand 3.

the remaining phosphinite, which appeared as a quintet resonance in the 31P NMR

spectrum at 82.9 ppm, close to the phosphinite chemical shift of 1 (δP = 87.1 ppm).

As expected, the phosphorus atom of the CH2P
tBu2 group is significantly more

shielded, appearing as a singlet in the 31P NMR spectrum at 34.3 ppm. The proton

spectrum is unremarkable, with four aromatic proton environments observed due to

the asymmetry of the ligand backbone, and small P-H couplings displayed by the

tert-butyl methyl groups (3JP-H = 10.8 Hz) as well as the benzylic methylene (2JP-H

= 2.6 Hz).

The POCCPH ligand 3 is the first pincer ligand reported to possess both strongly

electron-rich and electron-poor donor groups; the previous two reports of POCCPH

ligands both possess the comparatively less electron-poor OPiPr2 group. Moreover,

both the P(C6F5)2 and PtBu2 moities have been calculated to possess similar cone

angles of 171◦ for PPh(C6F5)2, and 170◦ for PPhtBu2.
37,38 Whilst cone angles only

provide a rough guide as to the steric influence exerted by the ligands (not taking

into account for example, the ability of the planar pentafluorophenyl substituents

to interleave or stack, whereas tert-butyl groups cannot), these values indicate that

bis(pentafluorophenyl)phosphines and di-tert-butylphosphines are at least compa-

rable in terms of size. Therefore, there should be minimal steric differences between

ligands 1, 2, and 3, allowing any differences in reactivity between resultant com-

plexes to be attributed primarily to electronic effects.

Ligand 3 was found to have undergone significant decomposition over the course

of eight months stored at −15 ◦C. Analysis of samples of 3 by NMR spectroscopy

revealed the presence of a new product 9, as well as several unidentified minor

products. Spectroscopic data of 9 was highly indicative of addition of two fluorine

atoms to the phosphorus atoms of the PtBu2 group, to form a new phosphorus(V)
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PF2
tBu2 group. The 1H NMR spectrum of 9 revealed both the methyl protons of

the tert-butyl groups and the methylene protons of the benzylic ligand backbone

were coupling to two fluorine atoms, with each resonance appearing as a doublet

of triplets instead of the doublets observed for ligand 3. The 31P and 19F spectra

of 9 were also consistent with the formation of a PF2
tBu2 degradation product;

the phosphorus signal appeared as a triplet, and a doublet resonance was observed

for the fluorine signal, with each displaying a mutual phosphorus-fluorine coupling

constant of 723 Hz.

Table 2.2 Comparison of NMR data of degradation product 9 in CDCl3 with that
of (4-NO2-C6H4)PF2

tBu2. Data is for the PF2
tBu2 moiety of each compound.

HO
P

F

F
tBu

tBu
O2N P

F

F
tBu

tBu

Compound 9 (4-NO2-C6H4)PF2
tBu2

a

1H, δH 1.16 (dt, J = 18.1, 2.8 Hz) 1.17 (dt, J = 19.2, 2.8 Hz)
31P, δP −20.5 (t, 1JP-F = 723 Hz) −29.0 (t, 1JP-F = 754 Hz)
19F, δF −49.1 (d, 1JP-F = 723 Hz) −56.1 (d, 1JP-F = 754 Hz)

aData from Yandulov and Tran.72

The spectroscopic data of 9 were very similar to the spectroscopic data reported

for (4-NO2-C6H4)PF2
tBu2 (Table 2.2). As no resonance in the 31P NMR spectrum

was observed for a OP(C6F5)2 moiety associated with the degradation product 9,

the P−O bond was presumed to have been cleaved, giving 9 the formula (3-OH-

C6H4)PF2
tBu2. The fluorine atoms directly bound to the phosphorus are likely to

have originated from the ortho or para positions of the pentafluorophenyl substit-

uents on the phosphinite group, as these aromatic fluorines have been reported to

be particularly susceptible to nucleophilic attack,73–75 even from phosphorus nucle-

ophiles.76 However, the mechanism for the fluorination of the di-tert-butyl phosphine

group is not known. Attempts to purify the mixture by column chromatography were

unsuccessful, with neither the POCCPH ligand 3 or the degradation product 9 able

to be isolated. As such, the exact nature of 9 could not be unambiguously confirmed.
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2.2 Synthesis of Pentafluorophenyl-Substituted

PNP Pincer Ligands

With the synthesis of the pentafluorophenyl-substituted PCPH pincer ligands 1, 2,

and 3 achieved, the synthesis of similar PNP pincer ligands was explored. The PNP

pincer ligands made attractive synthetic targets as they could be prepared with

a similar synthetic methodology to that of the previously synthesised PCP pincer

ligands, starting from 2,6-substituted pyridine derivatives instead of 1,3-substituted

phenylenes. An advantage of the PNP coordination motif is that the ligands contain

only neutral donor atoms with available lone pairs of electrons, meaning that no

ligand activation step is required to achieve tridentate “pincer” coordination to

a metal centre (contrasting with the C-2 deprotonation required for PCP pincer

coordination).

From the comparatively straightforward synthesis of the POCOPH ligand 1, it was

clear that the easiest way to incorporate bis(pentafluorophenyl)phosphine groups

into the pincer motif was by direct reaction of the phosphine bromide 4 with an

aromatic hydroxyl, to form a new P−O bond. As P−N bonds could be formed

by the analogous reaction with aromatic amines, the new electron-poor PNNNP

(10) and PONOP (11) ligands were synthesised via the reaction of 4 with 2,6-

diaminopyridine and 2,6-dihydroxypyridine respectively (Scheme 2.5). The NMR

data were as expected for the new compounds 10 and 11, with each displaying two

aromatic proton environments in their 1H NMR spectra, and the expected quintet

resonances in the 31P NMR spectra (at δP = −10.8 and 70.2 ppm respectively). It

was interesting to note that in moving from a phenyl backbone in the POCOPH

ligand 1 to a pyridyl backbone in the PONOP ligand 11, the extra electron density

furnished to the aromatic ring by the nitrogen served to increase the shielding of

the phosphorus donor atoms, shifting the 31P NMR resonance from 87.1 ppm in 1

to 70.2 ppm in 11.
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Scheme 2.5 Synthesis of the PNP pincer ligands 10 and 11.
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These reactions were performed under similar conditions to the synthesis of the

POCOPH ligand 1 (using triethylamine as a base, stirring the reaction mixture at

0 ◦C for one hour then warming to room temperature overnight), affording the PNP

pincer complexes 10 and 11 in modest yields of 66% and 61% respectively. No-

tably, the previously reported syntheses of PONOP and PNNNP ligands required

much harsher conditions, with elevated temperatures of 65–80 ◦C and either pro-

longed reaction times (about one week)77 or the addition of the strong base n-

butyllithium.78,79 As these reported syntheses were for ligands that possessed tert-

butyl and isopropyl substituents, they were substantially more electron-rich than

ligands 10 and 11. It appears that the significant electron-withdrawing character

of the pentafluorophenyl substituents serves to enchance the reactivity of the phos-

phine bromide 4 with aryl amines and alcohols, facilitating the synthesis of the PNP

ligands 10 and 11.

2.3 Attempted Synthesis of Trifluoromethylaryl-

Substituted Ligands

To offer a point of comparison with the pentafluorophenyl-containing ligands, the

synthesis of PCP pincer ligands containing 3,5-bis(trifluoromethyl)phenyl substitu-

ents was pursued. Phosphine ligands possessing these trifluoromethylaryl substitu-

ents have been shown to possess a slightly more electron-donating character and a

slightly smaller steric influence than the analogous pentafluorophenyl phosphines.80

However, the smaller size of the 3,5-(CF3)2C6H3 group introduces the possibility

of trisubstitution to form the tertiary phosphine P[3,5-C6H3(CF3)2]3 during the

synthesis of the halophosphine ligand precursor [3,5-(CF3)2C6H3]2PCl (12) when

trichlorophosphine is used as a starting material (as in the synthesis of the pentaflu-

orophenylphosphine bromide 4). To avoid this, the halophosphine 12 was prepared

from the diethylamine-protected phosphine chloride Et2NPCl2, as the diethylamine

group is not displaced by the aryl Grignard reagent, preventing tertiary phosphine

formation (Scheme 2.6).81 Removal of the diethylamine protecting group by reaction

with hydrogen chloride gas gave the desired phosphine chloride species 12.

With 12 in hand, synthesis of the desired 3,5-bis(trifluoromethyl)phenyl-substituted

phosphinite pincer ligand (13) was then attempted from resorcinol (Scheme 2.6), as

for the synthesis of the pentafluorophenyl-substituted POCOPH ligand 1. However,

reaction between 12 and resorcinol did not proceed selectively at room temperature,

affording the desired ligand 13 (in about 65% yield, identified by NMR spectroscopy,
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Scheme 2.6 Attempted synthesis of PCP pincer ligand 13.

δP = 102.0 ppm) along with four unidentified minor products. Ligand 13 was not

able to be purified by recrystallisation, and proved to be too sensitive to purify

by column chromatography in air. To overcome this, 13 was borane-protected by

stirring with a stoichiometric amount of BH3 · SMe2, affording the air-stable adduct

13.2BH3. The reaction mixture was successfully purified by column chromatogra-

phy on silica. However, attempts at deprotecting the pure 13.2BH3 with either

DABCO (1,4-diazabicyclo[2.2.2]octane)82 or the less basic diethylamine83 were un-

successful. In both instances deprotection led to the formation of decomposition

products which NMR spectroscopy indicated were likely to be HP[C6H3(CF3)2]2

and HP(O)[C6H3(CF3)2]2 or similar species (at δP = -42.6 and 10.6 ppm respec-

tively). This is likely to be promoted through P−O cleavage by nucleophilic attack

of the amine base on the electron-poor, electrophilic phosphorus centre. Thus ligand

13 could not be isolated and the synthesis of further 3,5-bis(trifluoromethyl)phenyl-

substituted ligands was not pursued, owing to the sufficient diversity of the POCOP

(1), PCCCP (2), POCCP (3), PNNNP (10), and PONOP (11) ligands already in

hand.

2.4 Concluding Remarks

A range of bis(pentafluorophenyl)phosphine-substituted PCPH and PNP pincer lig-

ands were prepared using bis(pentafluorophenyl)phosphine bromide (4). Reactions
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between 4 and aromatic alcohols or amines proceeded selectively at room tempera-

ture, giving the desired phosphinite or phosphoramine ligand in yields of typically

60–70%. This method provided a simple yet effective strategy for the synthesis of

electron-poor pincer ligands 1, 10, and 11, as well as for the mixed phosphine-

phosphinite ligand 3.

The synthesis of the PCCCPH pincer ligand 2 proved to be more difficult than

for the aforementioned ligands, as common literature protocols for the synthesis of

phosphine pincer ligands could not be employed due to the low nucleophilicity of 4,

along with the low stability of its anionic form, (C6F5)2P
−. Ligand 2 was generated

via the reaction of 4 with the bis-Grignard reagent derived from α,α′-dichloro-m-

xylene. Formation of the bis-Grignard reagent from the magnesium anthracene

complex 5 afforded a substantial increase in the isolated yield of 2 when compared

to the formation of the Grignard reagent directly from magnesium turnings.

The formation of further electron-poor PCPH pincer ligands with trifluoromethy-

lated aromatic substituents was attempted, but the resultant phosphinite ligand 13

was unable to be purified by recrystallisation or column chromatography in air. For-

mation of the borane-protected adduct 13.2 BH3 followed by column chromatogra-

phy resulted in sufficient purification of the protected ligand. However, deprotection

could not be achieved by using established literature protocols, and the synthesis of

pincer ligands containing 3,5-bis(trifluoromethyl)phenyl substituents was not pur-

sued further.
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Chapter 3

Coordination Chemistry of PCP

Pincer Ligands

3.1 Historical Overview

The first κ3-PCP complexes were reported by Moulton and Shaw in 1976.84 Having

noted that cyclometallation reactions were prevalent in complexes with bulky phos-

phine ligands, they designed a ligand in which an aromatic carbon flanked by two

CH2P
tBu2 groups would readily undergo ortho-metallation to give a tridentate PCP

coordination motif. While the nickel and palladium pincer complexes [(PCP)MCl]

were readily synthesised from the appropriate metal chlorides, it was noted that

the analogous platinum pincer complex was formed in poor yields, with insoluble

polymers of the type [(PCPH)PtCl2]x being formed (Scheme 3.1).

PR2

PR2

M Cl

PR2

PR2

MCl2
+

∆ M

R2
P

Cl Cl

R2
P

x

Scheme 3.1 Formation of a cyclometallated κ3-PCP pincer complex, along with a
bridged κ2-PP oligomer (where M is typically Pt or Pd). The oligomer may contain
metal centres in either cis or trans coordination geometries.

By replacing the aromatic ligand backbone with an alkyl chain, the energy require-

ment for metallation can be increased, allowing these unmetallated, multimetal-

lic compounds to be isolated and characterised. Reactions between the aliphatic
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phosphines tBu2P(CH2)nP
tBu2 (where n = 5–8) and platinum and palladium salts

showed that the formation of κ2-PP bridged dimeric and oligomeric species of

the type [MCl2{tBu2P(CH2)nP
tBu2}]x was very facile.85 Upon heating these com-

pounds, the pentane-bridged diphosphine (n = 5) underwent cyclometallation to

produce the tridentate pincer species [PtCl(tBu2P(CH2)2CH(CH2)2P
tBu2)]. The

metallation of these dimers and oligomers revealed that they were not unwanted

byproducts produced during pincer synthesis, but rather were intermediates that in

many cases could be further reacted to form the metallated pincer compounds.

Further insight into the importance of these bridged κ2-PP coordination compounds

in the formation of pincer complexes was provided by Rimml and Venanzi in 1983.

Reactions using the phenyl-substituted pincer ligand 1,3-bis(diphenylphosphino)-m-

xylene was seen to produce oligomeric species of the type cis-[(PCPH)PtX2]n along

with the desired PCP pincer species.86 None of the corresponding trans-oligomer

was observed, leading the authors to speculate that trans-oligomer formation was

conducive to pincer complex formation, as it brought the C-H bond which is to

be activated closer to the metal centre. This was able to explain why tert-butyl

phosphine groups assisted the cyclometallation, as their large steric bulk favoured

the formation of trans-bridged coordination complexes.

Because bis-phosphines have a known predilection for κ2-coordination modes, and in

many instances ligand cyclometallation is not facile, bridged dimeric and oligomeric

structures represent important precursors in the synthesis of κ3-PCP pincer com-

plexes. However, despite the prevalence of these bridged structures in pincer syn-

thesis, comparatively little work has been reported on their formation during the

metallation reaction, and how their presence affects the ease of pincer formation.

Therefore, the coordination chemistry of the electron-deficient PCPH pincer ligands

1, 2, and 3 with platinum and palladium was investigated. An advantage of utilis-

ing electron-poor phosphine ligands in these metallation reactions is that they have

the potential to favour coordination modes and geometries that differ from those of

their more electron-rich counterparts, an effect that has been previously observed

in 5- and 6-coordinate iridium and rhodium complexes.43,45 This preference for less

conventional coordination geometries was anticipated to stabilise coordination com-

plexes and metallation reaction intermediates not often observed in the literature,

in the hope that examination of these species would reveal more about the nature

of pincer complex formation.
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3.2 Coordination to Pt(0)

Coordination chemistry of the most electron-poor ligand, POCOPH, 1, was initially

explored with platinum(0). While the coordination chemistry of ortho-xylyl-type

diphosphines with Group 10 metals in the zero oxidation state has long been es-

tablished,87 minimal work has been reported with the analogous meta-substituted

ligands. It was hoped that the highly electron-poor nature of 1 would facilitate elec-

trophilic metallation of the backbone to produce the tridentate oxidative addition

product, [(POCOP)PtR], where R is an alkyl group arising from a neutral alkene

ligand on the platinum precursor accepting the metallated proton.

Initial reactions with [Pt(nb)3] and [Pt(COD)2] (where nb = norbornene and COD =

1,5-cyclooctadiene) were carried out in NMR tubes, allowing the reaction progress to

be continually monitored by 1H, 19F, and 31P NMR spectroscopy. Reactions involv-

ing [Pt(COD)2] were seen to produce a single product; however, in both toluene-d8

and dichloromethane-d2 large amounts of poorly-soluble material were present, and

spectra possessed broad resonances with a poor signal-to-noise ratio. The product

displayed a 31P NMR shift of 108.9 ppm and a 1JPt-P coupling of 5448 Hz; the

downfield shift of the phosphorus signal and very large platinum-phosphorus cou-

pling indicated coordination of a phosphorus donor trans to the weakly-coordinated

η2-1,5-cyclooctadiene ligand.∗ Unfortunately, the 1H NMR data could not unam-

biguously confirm the presence of coordinated 1,5-cyclooctadiene due to the very

broad, weak nature of the signals. This data, together with the poorly soluble na-

ture of the product and its similarity to the analogous norbornene species discussed

below, allowed the product to be tentatively assigned as an oligomer of the type

[(POCOPH)Pt(η2-COD)]x, where x may be > 2, (due to the very low solubility of

the observed product, Scheme 3.2).

O

O PR2

PR2

[Pt(COD)2]

M

R2
P

R2
P

OO

x
C7D8 or CD2Cl2

rt

where R = C6F5 and x > 2

Scheme 3.2 Oligmer formation from the reaction of 1 with [Pt(COD)2].

∗In all coordination chemistry with 1 reported herein, 1JPt-P values of> 4200 Hz were diagnostic
for coordination of the phosphorus atoms trans to a ligand of low trans-influence, typically a
chloride or an η2-alkene.
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Compared to reactions with the COD starting material, NMR-scale reactions be-

tween [Pt(nb)3] and 1 produced substantially smaller quantities of insoluble material

and much sharper signals in the NMR spectra. The phosphorus NMR data of the

major product (δP = 100.5 ppm, 1JPt-P = 4623 Hz), with a single phosphorus en-

vironment and large platinum-phosphorus coupling, along with the observation of

coordinated norbornene in the 1H NMR spectrum (δH = 2.75 ppm, 2JPt-H = 70.8 Hz,

HC−−CH) was again indicative of the formation of a [(POCOPH)Pt(nb)]x species.

The product was isolated by repeating the reaction on a larger scale in toluene,

separating the desired product from less soluble polymers and higher oligomers by

extraction into dichloromethane (Scheme 3.3). High Resolution Mass Spectrome-

try (HRMS) confirmed that the product of this reaction was the dimeric species

[(POCOPH)Pt(nb)]2 (14), observed as the sodium ion adduct without coordinated

norbornene at m/z = 2087 amu.

O
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R2

Pt
O

O
P
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R2
P

Pt

O

O PR2

PR2

[Pt(nb)3]

C7H8, rt

where R = C6F5 39% yield1 14

Scheme 3.3 Formation of [(POCOPH)Pt(nb)]2 (14) from the reaction of 1 with
[Pt(nb)3].

An additional [(POCOPH)Pt(nb)]x species with similar spectroscopic data to 14 was

observed as a minor product in many of these reactions. The 31P NMR data (δP =

102.1 ppm, 1JPt-P = 4700 Hz) again suggested the coordination of the phosphorus

trans to a norbornene ligand, which was observed in the 1H NMR overlapping with

the norbornene resonances of 14. Over time the NMR signals of this oligomeric

species disappeared as it was either converted to 14 or precipitated out of solution

as polymeric material. The disappearance of this minor product was observed to

occur faster in toluene and benzene than in dichloromethane. Where small quantities

of this byproduct were found to still be present in reactions of 1 and [Pt(nb)3] in

dichloromethane even after 48 hours at reflux, resuspension of the material in toluene

followed by heating to 50 ◦C for 12 hours resulted in complete disappearance of

this minor product. The reason for these reactions proceeding faster in toluene

than dichloromethane may be due to the aromatic solvent providing the ligand

with stabilising π-π interactions during the rearrangement process from oligomer to

dimer, thereby minimising the energetic barrier to this transformation.
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Crystals of 14 suitable for single crystal X-ray diffraction were grown from a dichloro-

methane solution layered with methanol. The X-ray crystal structure (Figure 3.1)

supports the NMR and HRMS assignment of 14 as a dimer, crystallising as the

dichloromethane solvate [(POCOPH)Pt(nb)]2 · 2CH2Cl2 in the monoclinic space

group P21/n. As this is a centrosymmetric space group, the asymmetric unit

can be proscribed about one half of the molecule, with the other half generated

through the centre of inversion. Important bond lengths and angles are summarised

in Table 3.1, and crystallographic data collection and refinement parameters are

stated in Table 3.2.

Pt1

P1

P2

C2

C1

C6

C5

C4 C3

C7

O1

O2

C8

C13
C11

C10
C9

C12 Pt1i

Figure 3.1 ORTEP diagram of [(POCOPH)Pt(nb)]2 · 2CH2Cl2 (14) (50% proba-
bility thermal elipsoids). Dichloromethane solvate and hydrogen atoms omitted for
clarity. Atoms denoted by i are generated from the asymmetric unit by inversion.
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Table 3.1 Selected bond distances (Å) and angles (◦) of
[(POCOPH)Pt(nb)]2 · 2CH2Cl2 (14).

Bond distances (Å) Bond angles (◦)
Pt1−C1 2.153(2) P1−Pt1−P2 108.04(2)
Pt1−C2 2.139(2) P1−Pt1−C2 103.80(7)
Pt1−P1 2.2110(6) P2−Pt1−C1 109.12(6)
Pt1−P2 2.2224(5) Pt1−P1−O1 121.37 (7)
C1−C2 1.434(3) Pt1−P2−O2 117.14(6)
Pt1 · · · Pt1i 8.4535(2) P1−P2 · · · C1−C2 179.6(2)

Table 3.2 Crystallographic data of [(POCOP)Pt(nb)]2 · 2CH2Cl2 (14).

Empirical formula C
74
H

28
F

40
O

4
P

4
Pt

2
· 2CH

2
Cl

2

Formula weight 2424.88
Crystal system Monoclinic
Space group P21/n
a/Å 14.0338(4)
b/Å 18.4499(5)
c/Å 15.2852(4)
α/◦ 90.00
β/◦ 91.299(2)
γ/◦ 90.00
V/Å3 3956.66(19)
Z 2
Cell determination reflections 9272
Cell determination range, θmin −−→ θmax/

◦ 2.24 −−→ 32.53
Temperature/K 113(2)
Radiation type Mo Kα
Radiation (λ)/Å 0.71073
Crystal size/ mm 0.37 × 0.36 × 0.31
Dcalc/g m−3 2.035
F(000) 2328
µ/mm−1 3.89
Experimental absorption correction type None
Reflections collected 117634, Requiv = 0.0467
Index range h −21 −−→ 21
Index range k −26 −−→ 28
Index range l −23 −−→ 22
θ range/◦ 2.58 −−→ 33.23
Independent reflections 14920
Reflections [I >2σ(I )] 12169
Restraints/parameters 0/586
GOF 1.032
R1 [I >2σ(I )] 0.0279
wR2 [I >2σ(I )] 0.0629
R1 [all data] 0.0415
wR2 [all data] 0.0678
Residual density/e Å−3 −1.221 < 2.599
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The structure revealed two trigonal planar platinum cores, bridged by two molecules

of 1 in a cis-κ2-PP fashion, with the norbornene bound “in-plane” in a conven-

tional η2 manner (P1−P2 · · · C1−C2 torsion angle of 179.6◦). While NMR data

demonstrated that the norbornene is in a symmetrical coordination environment in

solution, crystal packing constraints cause it to be pushed 2.7◦ from the normal,

closer to P1. Compound 14 is only the third reported crystal structure† containing

the [P2M
0(nb)] coordination environment (where M is metal in the zero oxidation

state). In comparison to the previously reported structures,88,89 14 contains a rela-

tively short norbornene C−−C bond (1.434(3) Å compared to 1.460(11) and 1.469(8)

Å for reported structures) and a longer Pt−C bond (average of 2.146(4) Å compared

to 2.109(15) and 2.113(10) Å for reported structures), possibly indicating a weakly

bound norbornene. It may be anticipated that the electrophilic platinum centre of

14 generated by the electron-poor phosphinite 1 should foster a strong metal-alkene

interaction by acting as a better electron acceptor. However, the reduced electron

density on the platinum clearly limits the extent to which π-backbonding occurs in

this system, explaining the short norbornene C−−C bond (through less donation into

the π* orbital) and the long Pt−C distance.

Complex 14 displayed a platinum-carbon coupling of 259 Hz between the plat-

inum and the coordinated alkene, significantly lower than the corresponding value

of 344 Hz reported for the tert-butyl-substituted compound [(dtbpe)Pt(nb)] (where

dtbpe is 1,2-bis(di-tert-butylphosphino)ethane).89 This data also suggests a weaker

metal-norbornene interaction is present in 14 than in its more electron-rich ana-

logue, consistent with decreased π-backbonding to the alkene for the electron-poor

complex 14. Comparison of NMR data with similar pentafluorophenyl-substituted

compounds was not possible, as compound 14 represents only the second reported

instance of a platinum-alkene complex containing a pentafluorophenyl moiety, and

the first such compound to be crystallographically characterised. The compound

[{(C6F5)3P}2Pt(nb)] has been reported by the Pringle research group,80 but no 1H

or 13C NMR data were provided to indicate the strength of the Pt-alkene interaction.

The P−Pt−P angle in 14 of 108.04(2)◦ is smaller than the idealised trigonal planar

bond angles of 120◦, but larger than the significantly constrained P−Pt−P bite

angles of approximately 89◦ seen in norbornene complexes with chelating rather

than bridged phosphines.88,89 The observed geometry is in good agreement with

that expected for a platinum-alkene complex containing bulky phosphorus-donor

ligands, with complexes of the type [Pt(nb){P(OAr)3}2] displaying P−Pt−P bond

angles of around 105◦.90 A similar coordination geometry is also adopted by cis-

bridged platinum(II) dimers when a group with a small steric bulk (such as a methyl)

†According to a search of the Cambridge Structural Database, v5.33, February 2012 update.
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is trans to the phosphorus, giving P−Pt−P angles of around 103◦.58,91

O2i

C10
i

C9
i

O2

C10

C9

C8
i

O1
i

C8

O1

Figure 3.2 ORTEP diagram of [(POCOPH)Pt(nb)]2 · 2CH2Cl2 (14) (50% prob-
ability thermal elipsoids). Dichloromethane solvate, hydrogen atoms, norbornene
and pentafluorophenyl substituents (except for carbons bound directly to platinum
or phosphorus) omitted for clarity. Atoms denoted by i are generated from the
asymmetric unit by inversion.

Another distinctive feature of the structure of 14 is the folding of the aryl backbones

to lie parallel to each other (Figure 3.2). This is somewhat unusual, as all previously

reported cis-dimers have rings canted towards each other by at least 10◦;58,91,92 in

14 they lie within 2◦ of parallel. This favourable “parallel displaced” configuration

of the aromatic backbones, as well as the short interatomic distances (O2 · · · C9i
= 3.201(3) Å, C10 · · · C9i = 3.321(3) Å, C10 · · · C10i = 3.387(3) Å) indicate that

π-π interactions should occur between the aromatic rings,93 conferring additional

stability to the dimeric structure. As these favourable intramolecular interactions

would not be available to an oligomeric species, this may explain why the oligomeric

product initially observed appears to further rearrange to form the dimeric species

14 over time.

With 14 in hand and unambiguously characterised as the platinum-norbornene cis-

dimer [(POCOPH)Pt(nb)]2, attempts were made to promote metallation of the aro-

matic backbone at the 2-C position. Initially, thermolysis of toluene-d8 solutions of

14 at 75 ◦C over a period of days was seen to have no significant effect; the only

notable change in these solutions being the gradual appearance of decomposition

products between 6.2–5.8 ppm in the 1H NMR spectra, accompanied by a slight de-

crease in signal-to-noise ratio. Increasing the temperature to 100 ◦C did not produce

36



any observable metallation, instead serving to hasten decomposition.

The strong bases DMAP and DBU were employed in an attempt to promote the

metallation under milder conditions, as they have been seen to facilitate metalla-

tion of pincer ligands in Ni(II) complexes.94 The addition of DMAP to chloroform-d

solutions of 14 at room temperature resulted in quantitative formation of a new

complex, tentatively formulated as trans-[(POCOPH)Pt(L)]2 (where L is a neu-

tral ligand, either norbornene or the amine base) on the basis of NMR data. In-

stead of the downfield shift of the signal in the 31P NMR spectrum that usually

accompanies pincer metallation, this compound displayed an upfield shift and de-

crease in platinum-phosphorus coupling constant consistent with a trans-dimer (δP

= 49.5 ppm, 1JPt-P = 3250 Hz), as well as diagnostic signals for the unmetallated

ligand 1 in the 1H NMR spectrum. Attempts to isolate this compound were un-

successful, and attempts to promote metallation of the new trans species led to

degradation and a loss of signals in the 31P NMR spectrum. Performing one-pot

reactions with [Pt(nb)3], ligand 1, and DMAP or DBU were seen to solely produce

degradation products, resulting in intractable mixtures that displayed no soluble,

phosphorus-containing species.

In an attempt to avoid this decomposition, metallations were attempted using the

strong non-nucleophilic base sodium hydride. Reactions were performed on an NMR

scale, with an excess of sodium hydride (approximately ten equivalents) added to a

dichloromethane-d2 solution of 14. No reaction was observed after heating for 18

hours at 40 ◦C, indicating that even in the presence of a strong base such as sodium

hydride present the metallation reaction was not facile.

Acid was also employed to assist metallation of the ligand backbone to form a κ3-

PCP pincer complex. The addition of acid to Pt(0) η2-norbornene complexes has

been seen in some cases to result in the formation of the Pt(II) norbornyl species.89

In employing the acid as an oxidant it was hoped that this would allow the norbornyl

group generated to act as a proton acceptor, leaving as norbornane and forming the

cationic, 14-electron pincer complex [(PCP)Pt]+. Treatment of dichoromethane-d2

solutions of 14 with HBF4 · Et2O at −78 ◦C was seen to immediately produce a large

number of broad, unidentified signals in the 1H, 19F and 31P NMR spectra, with an

intractable brown precipitate gradually forming in solution, accompanied by a de-

crease in signal-to-noise ratio in the NMR spectra of all nuclei studied. Protonation

under milder conditions was also attempted using the carbacid HPhC(SO2CF3)2.

Solutions of 14 were treated with 1.4 equivalents of HPhC(SO2CF3)2 and subjected

to thermolysis in a range of solvents. No reaction was observed after prolonged heat-

ing at 40 ◦C in dichloromethane-d2, 60
◦C in benzene-d6, and 50 ◦C in acetone-d6.
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Therefore, while the strong acid HBF4 · Et2O led to degradation of the platinum

complex, the milder carbacid was not a strong enough oxidant to facilitate metalla-

tion to produce a platinum(II) complex, indicating that acid-promoted oxidation is

not likely to provide viable route to pincer complexes from these platinum(0) dimers.

3.3 Coordination to Pt(II)

3.3.1 Reactions with [PtMe2(1,5-hexadiene)]

As attempts at generating a platinum-alkyl pincer complex [(PCP)PtR] from the

Pt(0) norbornene dimer 14 were unsuccessful, the Pt(II) compound [PtMe2(hex)]

(where hex = 1,5-hexadiene) was investigated for its utility as a precursor toward the

synthesis of a platinum-methyl pincer complex [(PCP)PtMe]. It has been demon-

strated in the literature that [(PCP)PtMe] complexes can be obtained in moderate

yields directly from platinum dimethyl precursors.58

As for the corresponding platinum(0) reactions, the coordination chemistry of 1

to [PtMe2(hex)] was initially performed on a small scale in NMR tubes, allowing

real-time monitoring of reaction progress by NMR spectroscopy. Reactions in both

toluene-d8 and dichloromethane-d2 showed the formation of two major species 15

and 16 at room temperature. Each compound displayed 1H NMR signals consis-

tent with symmetrical, unmetallated aryl ligand backbones, and relatively small

platinum-phosphorus couplings (≈ 2200 Hz) in the 31P NMR spectrum, indica-

tive of phosphorus coordination trans to a methyl group (which possess a large

trans influence). This allowed for the formulation of both 15 and 16 as cis-

[(POCOPH)PtMe2]x species. Compounds 15 and 16 displayed markedly different

solubilities, and as such they were able to be separated and isolated by precipitation

of the less soluble 16 by the addition of hexane to reaction mixtures in toluene.

Analysis by HRMS indicated that the more soluble species 15 was the dimeric com-

pound cis-[(POCOPH)PtMe2]2, with the [M+Na]+ ion detected atm/z = 2147 amu.

No adequate mass spectrometry results were obtained for 16; in some cases traces

of 15 were observed and in others no peaks attributable to a [(POCOPH)PtMe2]x

species were observed. Liquid Chromatography Mass Spectrometry (LCMS) was

performed in order to overcome contamination of each species by minor amounts of

the other; however, LCMS was unsuccessful in this respect, as both compounds

either degraded or were retained on the column. As such, while the HRMS
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data were consistent with the formulation of 15 as the dimeric compound cis-

[(POCOPH)PtMe2]2, it was not able to be definitively established.

Compound 16 is likely to be a cyclic [(POCOPH)PtMe2]x oligomer of relatively low

molecular weight (x = 3 or 4); it is significantly less soluble than the dimeric 15

in common organic solvents, yet soluble enough that sufficient NMR data could be

acquired for characterisation. It is highly unlikely to be a cis-monomer. Such species

are well established for complexes of PCPH ligands with alkyl backbones (as the

backbone can readily contort out of the coordination plane of the metal to minimise

steric strain),95–97 but are seldom formed at room temperature in complexes with

aromatic ligand backbones, due to the demands of forming a rigid, eight-membered

chelate ring.91
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Scheme 3.4 Formation of [(POCOPH)PtMe2]x species (15 and 16) from the re-
action of 1 with [PtMe2(hex)].

In the synthesis of 15 (Scheme 3.4), it was observed that longer reaction times and

the use of toluene instead of dichloromethane increased the yield of the dimeric

complex. This parallels observations in the synthesis of the analogous platinum(0)

dimer 14. While the corresponding platinum(0) oligomer was not soluble enough

to characterise, it was noted that the dimer synthesis proceeded more rapidly and

with the formation of less insoluble white material in benzene and toluene than in

dichloromethane. As mentioned above, this may be due to stabilising interactions

from the aromatic solvent increasing the rate of reaction.

The platinum [(POCOPH)PtMe2]x compounds 15 and 16 possessed very similar

NMR spectroscopic data. However, in 1H NMR spectra of the two species, there

was a distinct chemical shift difference between protons on C-2 of each aromatic
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backbone. For the oligomer 16 this proton was observed between the other two aro-

matic proton environments of the backbone at δH = 6.94 ppm, whereas for the dimer

15 this proton was the most upfield of all the aromatic proton signals, appearing at

δH = 6.42 ppm. This observation of an upfield shift in H-2 again displayed parallels

to the norbornene dimer 14, where the H-2 signal was observed at δH = 6.35 ppm.

As the solid state structure of 14 displayed a distinct π-π interaction between the

two ligand backbones, centred about H-2 (Figure 3.2), it is likely that this proton

environment is shielded by the shared π-electrons, accounting for the observation of

a upfield shift of H-2 in the two dimeric structures (Figure 3.3). Similar shielding

of aromatic protons by π-stacking has been established in 1H NMR spectroscopy

of organic molecules.98 It would be very difficult for the oligomeric structure 16 to

adopt a conformation in solution possessing these intramolecular π-π interactions,

and consequently 16 displayed an H-2 resonance at a similar chemical shift to the

other aromatic protons of the backbone.

Figure 3.3 Effect of π-π stacking on the 1H NMR spectra of compounds 14, 15,
and 16 in acetone-d6.

Reaction mixtures containing the [(POCOPH)PtMe2]x species 15 and 16 were then

heated to promote metallation and formation of the pincer [(POCOP)PtMe] species.

Thermolysis of toluene solutions at 90 ◦C was seen to produce predominantly one

new species, 17. NMR signals of the species were extremely broad, rendering 1H

NMR data of little use in structural assignment. However, the 31P NMR spectrum

displayed two broad singlets in a 1:1 ratio at 113.1 and 96.3 ppm, with platinum-

phosphorus coupling constants of 2032 and 2722 Hz respectively. This indicated

the presence of phosphorus donors both cis and trans to a methyl group; the high

solubility of the species in toluene and the propensity of ligand 1 to form bridged
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κ2-PP dimers (see below) suggested that the complex was likely to be dimeric. This

allowed for the tentative assignment of 17 as cis,trans-[(POCOPH)PtMe2]2. Similar

cis,trans-dimers were isolated from the reaction of ligand 1 with platinum dichloride

and platinum chloromethyl precursors, and are subsequently discussed in detail.

Metallation of 17 was not observed to any appreciable extent after 20 hours at

90 ◦C. Upon increasing the temperature to 100 ◦C, the formation of the desired

pincer species [(POCOP)PtMe] was detected (δP = 108.5 ppm, 1JPt-P = 3760 Hz;

verified by comparison with an independently synthesised sample, as is described in

the Chapter 4). However, the appearance of this species was also accompanied by

the formation of other unknown metallated pincer species, as well as the formation

of perfluorinated biphenyl (C12F10), indicating the degradation of the ligand at these

elevated temperatures.

In an attempt to reduce the temperatures required for this metallation, identical

reactions were carried out in acetone. It was hoped that a more polar solvent would

assist with the proton transfer during metallation and stabilise any charged transi-

tion states, minimising the energetic barrier to pincer complex formation. Reactions

performed in acetone-d6 in sealed NMR tubes heated to 75 ◦C were observed again

to produce the broad resonances of 17, without the observation of any products

resulting from metallation. The addition of the amine bases DMAP and DBU to

toluene solutions of [(POCOPH)PtMe2]x was also attempted; however, as in the

analogous reactions with the platinum-norbornene dimer 14, only decomposition

and a loss of signal in 31P NMR spectra was observed.

To investigate whether the difficulty in synthesising the metallated platinum methyl

complex [(POCOP)PtMe] was due to the highly electron-deficient nature of the

metal centre, or due to the inherent instability of 1 possessing highly polarised

P−O bonds, reactions with the more electron-donating tert-butyl-substituted lig-

and 3 were performed. The reaction between 3 and [PtMe2(hex)] was carried out in

benzene-d6 on an NMR scale. On standing at room temperature a number of prod-

ucts were initially observed by NMR spectroscopy. The major (and only identified)

species in solution possessed two broad phosphorus signals in a 1:1 ratio at 88.7

and 48.3 ppm, with platinum-phosphorus coupling constants of 2268 and 1825 Hz

respectively. The small downfield shift of the 31P NMR signal of each of the phospho-

rus donors from those of the free ligand (where δP = 82.9 and 34.3 ppm), combined

with relatively small one bond platinum-phosphorus couplings (around 2000 Hz) was

consistent with the formation of a κ2-PP bridged species cis-[(POCCPH)PtMe2]x.

It is interesting to note that the di-tert-butyl phosphine moiety experienced a greater
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Figure 3.4 The two possible structural isomers that [(POCCPH)PtMe2]x may
adopt in solution.

degree of deshielding than the bis(pentafluorophenyl)phosphinite on coordination

to the platinum (with the δP moving downfield by 14.0 for the phosphine and

5.8 ppm for the phosphinite), as the more electron-donating CH2P
tBu2 group con-

tributed more electron density to the platinum than the more electron-withdrawing

OP(C6F5)2 group did. Due to this difference in σ-basicity, it may be expected that

initial coordination of the tert-butyl phosphine would be favoured over coordination

of the pentafluorophenyl phosphinite, yielding a complex containing two distinct

platinum centres (Figure 3.4, right). However, due to the broad nature of the phos-

phorus resonances (full width at half height maximum of 75 and 98 Hz respectively)

it is difficult to determine the exact coordination environment of the metal; the cis

phosphorus-phosphorus coupling expected where different P-donors are coordinated

to the same metal centre is on the order of tens of Hertz in similar platinum dimethyl

complexes,99 meaning that such a coupling may be present but not resolved in this

instance.

On standing at room temperature, the NMR resonances of the [(POCCPH)PtMe2]x

species were observed to broaden even further, producing a large number of uniden-

tified signals in the 31P NMR spectrum between 90 and 60 ppm. Thermolysis of the

reaction mixture at 60 ◦C for 48 hours produced only small amounts of the desired

[(POCCP)PtMe] pincer species (assigned on the agreement of 31P NMR data with

independently synthesised [(POCCP)PtMe], described in the Chapter 4). However,

upon increasing the temperature to 85 ◦C for 24 hours, degradation of the platinum

methyl complex along with formation of perfluorinated biphenyl was observed. As

such, the thermolysis of platinum dimethyl dimers did not proceed with sufficient

selectivity to provide a viable route to metallated pincer complexes.

3.3.2 Reactions with [PtCl2(1,5-hexadiene)]

Due to the difficulty in obtaining the metallated PCP pincer complexes of 1 from

platinum(0) and platinum(II) dimethyl starting materials, reactions of ligand 1 with
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platinum(II) dichloride starting materials were investigated. Platinum chlorides rep-

resent the traditional precursors for the synthesis of pincer complexes. However,

the readily available platinum chloride (itself polymeric) and [PtCl2(NCR)2] com-

plexes are not ideal for pincer formation, due to a high propensity to form insoluble

[(PCPH)PtCl2]x polymers.84,86 The use of alkene-stabilised transition metal start-

ing materials has been observed to minimise this polymer formation.100 Platinum

dichloro(1,5-hexadiene) was chosen as a starting material, as it is similar to the fre-

quently used [PtCl2(COD)], and enabled a direct comparison with the chemistry of

the corresponding platinum dimethyl starting material already investigated.

Despite the previous observations that reactions between 1 and platinum precur-

sors proceeded fastest in benzene and toluene, initial investigations into the coor-

dination chemistry of 1 with [PtCl2(hex)] were undertaken in dichloromethane, as

[PtCl2(hex)] is only sparingly soluble in non-polar solvents. Monitoring of these re-

actions in situ by NMR spectroscopy revealed the immediate formation of two very

similar products with resonances in the 31P NMR spectrum at 53.0 and 51.8 ppm,

and platinum-phosphorus coupling constants of 4614 and 4503 Hz respectively. The

observation of large 1JPt-P values and a 31P chemical shift upfield from that of the

free ligand (δP = 87.1 ppm) indicated that the phosphorus donors were coordinated

trans to the chloride (which possesses a low trans-influence). This indicated the

formation of cis-[(POCOPH)PtCl2]x species (likely a dimer and a higher oligomer,

as in reactions with norbornene and dimethyl precursors, Scheme 3.5). Due to the

presence of broad signals in the 1H NMR spectrum, further spectroscopic character-

isation of these compounds was not able to be performed.

Solutions of the cis-[(POCOPH)PtCl2]x species in dichloromethane were heated at

reflux (in a 60 ◦C oil bath) for 96 hours to investigate the formation of other stable

coordination compounds in solution, and to determine whether metallation was

facile at this temperature. Phosphorus-31 NMR spectroscopy revealed the very

slow formation of the metallated product [(POCOP)PtCl] (δP = 107.6 ppm) over

this time, albeit in only trace amounts, with cis-[(POCOPH)PtCl2]x species still

comprising the major part of the reaction mixtures.

The formation of solely cis-[(POCOPH)PtCl2]x compounds was notable, as platinum

dimers with bridging phosphorus donor ligands have been reported with both cis and

trans coordination modes.101 This is due to a balance between antisymbiotic effects

and electrostatic effects during the formation of these compounds. Antisymbiotic ef-

fects concern the trans-influence of the donor atoms, with high trans-influence donor

ligands preferentially bonding trans to low trans-influence ligands, to prevent mu-

tual destabilisation.102 While this is usually applied to σ-donors, a similar principle
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[PtCl2(hex)] in dichloromethane.

applies to π-acceptors — mutually trans-coordinated π-acceptors will compete for

back-donation from the same d orbital on the metal, leading to destabilisation com-

pared to a mutually cis arrangement. Conversely, electrostatic effects dictate that

an alternating arrangement of the negatively charged halide ligands and neutral

phosphorus donors around the metal centre will minimise through-space electro-

static repulsion.103 Thus, a strong contribution from antisymbiotic effects usually

leads to compounds with a cis geometry, whereas electrostatic effects favour the

formation of trans complexes. Moreover, it is likely that the polar nature of the

dichloromethane solvent favours the formation of the cis complex over the trans, as

cis-PtR2X2 compounds will possess a net dipole, which is cancelled out in a trans

arrangement of substituents. While solvent effects may play a part in determining

which dimer is favoured, in other reported dimers of the type [(PCPH)PtCl2]2, com-

pounds containing phosphine ligands adopted trans coordination geometries,91,97

whilst compounds containing phosphinite or phosphite ligands adopted cis coordi-

nation geometries.92,104 This indicated that the π-acceptor nature of the ligand in

these complexes plays a large part in determining the stereochemistry at the plat-

inum centre, with the π-acid nature of 1 likely to account for the cis geometry of

the species observed in solution.

Owing to the failure of reactions in dichloromethane to generate the metallated

pincer complex in substantial quantities, the coordination chemistry of 1 with

[PtCl2(hex)] in benzene and toluene was also investigated. The platinum start-

ing material was only very slightly soluble in benzene-d6, yet monitoring of reaction

mixtures by NMR spectroscopy revealed quantitative formation of a new platinum

complex 18 at room temperature.

The NMR spectra of compound 18 showed 31P resonances at δP = 85.4 and 51.4 ppm
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in an approximately 1:1 ratio. The downfield signal appeared as a quintet (3JP-F

= 36.8 Hz), while the upfield signal appeared as a singlet, displaying platinum-

phosphorus coupling of 4531 Hz. The observation of fluorine-phosphorus coupling in

the upfield signal was indicative of 18 possessing an uncoordinated P(C6F5)2 moiety:

phosphorus-fluorine coupling was observed in the 31P NMR spectra of all the free

ligands, but was not observed upon coordination to a metal centre. The chemical

shift and platinum-phosphorus coupling constant observed for the upfield 31P NMR

signal was very similar to that of the cis-[(POCOPH)PtCl2]x species previously

observed, indicating that 18 contained both an uncoordinated phosphorus and a

phosphorus coordinated trans to a chloride. Examination of the 1H NMR spectrum

of 18 revealed that it was the 2:1 ligand to metal complex cis-[(κ1-POCOPH)2PtCl2],

as no coordinated 1,5-hexadiene was observed, excluding the possibility of the 1:1

complex [(κ1-POCOPH)PtCl2(η
2-C6H10)]. The 1H NMR signals of the aromatic

backbone of 18 were consistent with its formulation as the 2:1 complex, with the

four proton environments all having discrete signals in a 1:1:1:1 ratio, as a result

of the asymmetry present in the ligand. Unlike for the cis-dimers 14 and 15, the

signal of H-2 for this cis-2:1 complex was not shifted upfield due to π-π interactions

between the ligand backbones, with the H-2 environment observed downfield of the

other proton environments of the ligand. This indicated that the π-stacking of ligand

backbones in the cis-dimers is only favourable when the backbones are already held

in close proximity to each other, as the interactions between backbones were not

maintained in absence of a second metal centre.

Upon heating reaction mixtures containing the 2:1 complex 18 and [PtCl2(hex)] to

80 ◦C, further reaction to produce a new coordination complex, 19, was observed.

This new species again possessed two 31P NMR signals in a 1:1 ratio, with both

signals displaying platinum-phosphorus coupling. The chemical shift and coupling

constants of these signals (δP = 80.6 and 55.5 ppm, 1JPt-P = 3357 and 4582 Hz

respectively) showed that 19 possessed phosphorus donors coordinated both cis

and trans to the chloride ligands, indicating that the free phosphinite groups of 18

had coordinated in a mutually trans fashion to a PtCl2 moiety, to form cis,trans-

[(POCOPH)PtCl2]2 (19). Again the 1H NMR spectrum of 19 displayed four distinct

aromatic proton environments in a 1:1:1:1 ratio, consistent with the formulation of

19 as a cis,trans-dimer. Notably, the 1H NMR chemical shift of the H-2 proton

environment in the cis,trans-dimer was downfield of the other aromatic proton en-

vironments. Similar to the 2:1 complex 18, this revealed that the π-π interactions

present in the cis-dimers were not present in this cis,trans-dimer 19. This demon-

strated that the π-stacking of ligand backbones was dependent on both metal centres

possessing a cis coordination environment; the presence of just one metal centre with

trans geometry is prohibitive to the generation of π-π interactions, likely due to the

45



extra physical separation between ligand backbones provided by the trans metal

centre.

The cis,trans-dimer 19 was more effectively synthesised by heating the reaction mix-

ture to 80 ◦C for approximately two minutes shortly after suspending the reactants

in solution, to ensure dissolution of the platinum starting material. Complete forma-

tion of 19 was observed by NMR spectroscopy upon standing for 12 hours at room

temperature. Removal of the solvent from the NMR sample in vacuo and washing

with hexane furnished a sample of 19 for analysis by HRMS, which confirmed the

dimeric nature of 19. It was interesting to observe that during the formation of 19

— and even during subsequent heating of solutions of 19 — in no instances was the

isomerisation of the cis,trans-dimer to the cis-dimer observed. This is somewhat

unexpected, as the cis-dimer was observed to be the thermodynamic product in

reactions performed in dichloromethane. Isomerisation from trans-[(PP)PtCl2]2 to

cis-[(PP)PtCl2]2 complexes has previously been observed at temperatures as low as

−50 ◦C;105 the absence of a similar isomerisation from 19 to cis-[(POCOPH)PtCl2]2
indicated that the cis,trans configuration must be conferred a particular stability in

benzene and toluene.

Solutions of 19 were subjected to thermolysis to promote metallation and the forma-

tion of the pincer complex [(POCOP)PtCl]. Heating at temperatures of 60 ◦C and

above resulted in the very slow reaction of 19 to form a new platinum compound

20, which subsequently reacted to produce the desired pincer species with very good

selectivity (Figure 3.5). Intermediate 20 displayed a single, extremely shielded reso-

nance in the 31P NMR spectrum at δP = 14.0 ppm, with a large platinum-phosphorus

coupling constant of 4408 Hz. The 31P NMR data indicated the symmetric coordina-

tion of the phosphorus donors, each coordinated trans to a chloride. However, while

the observed coupling was similar to the earlier reported cis-[(POCOPH)PtCl2]x

species (δP ≈ 52 ppm, 1JPt-P ≈ 4500 Hz), the 31P NMR resonance of 20 appeared

almost 40 ppm upfield, confirming that 20 could not be a previously observed cis-

dimer or oligomer. Unfortunately, as 20 was observed as a labile species during the

course of a reaction (and was formed and subsequently reacted at elevated temper-

atures), no 1H NMR signals could be definitively assigned to it.

Potential intermediates in the metallation reaction to form [(POCOP)PtCl] included

an A-frame dimer,106 a dimer distorted by intramolecular H-Cl interactions,107 an

arenium complex,108 a cis-monomer complex,91 and a platinum(IV) complex with

a facially-coordinated pincer ligand (Figure 3.6).43 However, due to the fact that

20 possessed a large phosphorus-platinum coupling of 4408 Hz, diagnostic of a

P-trans-Cl configuration, all but the cis-monomer and fac-platinum(IV) complexes
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had to be discounted as potential intermediates, as each required a mutually trans

coordination of phosphorus donors. The fac-platinum(IV) species was the least likely

candidate of the two remaining possibilities; no hydride signals were detected in the
1H NMR spectrum of these reaction mixtures, oxidative addition of the aromatic

C-H bond should produce an intermediate with the metallated ring and hydride

occupying mutually cis coordination sites (producing two inequivalent phosphorus

environments), and a platinum(IV) species would not be expected to be stable over

the course of hours at 60 ◦C. This left the cis-monomer as the most likely structure

for intermediate 20. This structure was consistent with the spectroscopic data. The

upfield shift in the 31P NMR resonance (from 80.6 and 55.5 ppm in the cis,trans-

dimer 19, to 14.0 ppm in 20) was attributed to ring strain associated with the

formation of a rigid, 8-membered chelate. Analogous shielding of phosphorus atoms

due to ring strain has been observed for 4-membered chelate rings with cis-bidentate

phosphines.109
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Figure 3.6 Potential structures for the metallation intermediate 20.

Tentative assignment of a cis-monomeric structure for the metallation intermediate

20 fit with observations of pincer cyclometallation in the literature. Cis-monomeric

structures have been proposed as unisolated intermediates for reactions with other

PCPH ligands,97,110,111 and have been isolated in reactions of metal precursors with

PCCCPMe ligands (where cyclometallation is hindered by the presence of a methyl

group on C-2).91 The formulation of 20 as a cis-monomer was also in accordance

with the behaviour of 20 in reaction mixtures. A cis-monomeric structure is ex-

pected to be high in energy, requiring the redistribution of the bridging ligands onto

48



a single metal centre, as well as the formation of a rigid, eight-membered cis-chelate

ring. Accordingly, 20 was formed slowly, and only at elevated temperatures. A cis-

monomeric structure is also predisposed to metallation, with H-2 in close proximity

to the metal centre, which can account for the observation that 20 reacted directly

to produce the metallated pincer complex [(POCOP)PtCl], and was only observed

in trace amounts at temperatures above which metallation is facile (>110 ◦C). As

such, the most likely structure for 20 is that of a cis-monomer, making 20 an impor-

tant intermediate observed in the formation of the [(POCOP)PtCl] pincer species.

3.3.3 Reactions with [PtClMe(1,5-hexadiene)]

The coordination chemistry of 1 was also explored with [PtClMe(hex)], to exam-

ine how the presence of both a strong trans-influence (methyl) and weak trans-

influence (chloride) ligand would affect the nature of the complexes formed. The

replacement of a chloride ligand with a methyl group renders the [PtClMe(hex)]

complex much more soluble in non-polar solvents than the corresponding dichloride

complex. This increased solubility was advantageous as, for most starting materials

studied, reactions in benzene occurred faster and with less oligomer formation than

the corresponding reactions in dichloromethane.

The synthesis of [PtClMe(hex)] has not previously been reported, with the com-

pound observed as a byproduct in the synthesis of [PtMe2(hex)], and obtained dur-

ing the purification of [PtMe2(hex)] by sublimation, in yields of typically < 1%.

The synthesis of [PtClMe(hex)] was attempted by the addition of one equivalent

of dimethylzinc to [PtCl2(hex)]; however, this was seen to produce the dimethyl

complex [PtMe2(hex)] as the major product, along with unreacted starting mate-

rial. The synthesis of [PtClMe(hex)] was achieved by methylation of the dichloride

precursor with an excess of dimethylzinc, then chlorination of the resultant dimethyl

complex with one equivalent of acetyl chloride (in a manner similar to the synthesis

of the related [PtClMe(COD)] species),112 affording the new platinum chloromethyl

starting material in a modest overall yield of 46% for the two-step reaction.

Reactions between the phosphinite ligand 1 and [PtClMe(hex)] in toluene-d8 at room

temperature were seen to immediately produce a number of spectroscopically similar

coordination compounds. The major species in solution displayed a resonance in the
31P NMR spectrum at δP = 89.2 ppm and displayed platinum-phosphorus coupling

of 4071 Hz. As there were no other phosphorus signals of significant intensity to

be related to this signal, the observation of a single 31P NMR signal shifted down-
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field from that of the free ligand 1 was indicative of the formation of a symmetric

species containing mutually trans phosphorus donors; trans-[(POCOPH)PtClMe]2.

Also present in some reaction mixtures of 1 and [PtClMe(hex)] was the analogous

2:1 complex, trans-[(POCOPH)2PtClMe], displaying 31P NMR resonances for the

uncoordinated phosphorus atom at δP = 87.9 ppm, possessing the characteristic

quintet coupling pattern of the uncoordinated phosphinite. The ligated phosphorus

atom appeared at δP = 84.8 ppm with 1JPt-P of 4032 Hz; again the 31P NMR data

were diagnostic of mutually trans-coordinated phosphorus donors.‡ Sufficient pro-

ton NMR data for these complexes were not obtained, due to the complex nature

of the reaction mixtures.

This initial coordination chemistry of ligand 1 with [PtClMe(hex)] offered some

distinct contrasts to that of the same ligand with the analogous [PtCl2(hex)] start-

ing material; the 2:1 dichloride complex possessed a cis geometry, while the 2:1

chloromethyl complex adopted a trans geometry. This difference in coordination ge-

ometry can be attributed to antisymbiotic effects; the strong trans-influence of the

methyl group dictates that it preferentially sits trans to the ligand with the lowest

trans-influence, chloride. The stabilisation imparted by this Me-trans-Cl coordina-

tion must be sufficient that it can overcome the unfavourable interactions generated

upon P-trans-P coordination (which was not observed for the platinum dichloride

complexes), whereby the phosphinite ligands compete for backdonation of electron

density from the same metal d-orbital.

The energetics of this system must be very finely balanced; on standing at room

temperature trans-[(POCOPH)2PtClMe] was seen to slowly isomerise to form the

new cis,trans-dimer, cis,trans-[(POCOPH)PtClMe]2 (21) (Scheme 3.6). This iso-

merisation could be facilitated by gentle heating, with compound 21 constituting

greater than 80% of the reaction mixture (by 31P NMR spectroscopy) after heating

solutions of 1 and [PtClMe(hex)] at 40 ◦C overnight. This cis,trans-isomer could

then be isolated in spectroscopically pure state by passage of the reaction mixture

through a short column of neutral alumina in air (allowing any of the trans-2:1 com-

pound to be oxidised and removed from solution), followed by removal of the solvent

in vacuo and washing with cold pentane. High Resolution Mass Spectrometry con-

firmed the dimeric nature of 21, with species from the loss of a chloride ligand with

and without coordinated acetonitrile (at m/z = 2171 and 2130 amu respectively)

being the only ions detected.

‡For comparison, the trans-coordinated phosphorus donor in the platinum dichloride cis,trans-
dimer 19 appeared at δP = 80.6 ppm, with a 1JPt-P = 3357 Hz. It was observed throughout this
work that platinum chloromethyl complexes displayed platinum-phosphorus coupling constants
about 20% larger than the analogous platinum dichloride complexes.
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trans-[(POCOPH)2PtClMe] minor product.

Characterisation of 21 by 31P NMR spectroscopy revealed three phosphorus environ-

ments in a 1:2:1 ratio. The most upfield and most downfield of signals corresponded

to one phosphorus donor group each, and displayed chemical shifts and platinum-

phosphorus coupling constants consistent with phosphorus coordinated trans to a

methyl (δP = 94.4 ppm, 1JPt-P = 2066 Hz) and phosphorus coordinated trans to

a chloride (δP = 62.1 ppm, 1JPt-P = 5494 Hz). Each of these peaks was observed

to be split slightly, due to the weak cis coupling between the two phosphorus nu-

clei (2JP-P = 15.4 Hz). The most intense phosphorus resonance corresponded to two

phosphorus donors, and possessed resonances in the 31P NMR spectrum very similar

to that of the trans 2:1 complex (δP = 90.3 ppm, 1JPt-P = 4028 Hz), marking this

signal as having arisen from the mutually trans-coordinated phosphines. A notable

feature of the 31P NMR data of 21 is that the platinum-phosphorus coupling con-

stants for both the P-trans-P and P-trans-Cl environments were exactly 20% larger

than the analogous coupling constants for the dichloride cis,trans-dimer, indicating

that the replacement of a chloride for a methyl at each platinum centre produced a

stronger platinum-phosphorus interaction. Proton and phosphorus-31 NMR spectra

were also obtained at 50 ◦C to confirm that the observed signals were arising from a

single, asymmetric dimer rather than a number of dimers in equilibrium. The ratio

of 1H and 31P NMR signals did not change (or even broaden substantially) from

20 ◦C to 50 ◦C, confirming that 21 is a cis,trans-dimer.

51



Figure 3.7 Stacked plot of 1H NMR spectra of cis,trans-[(POCOPH)PtCl2]2 (19,
top) and cis,trans-[(POCOPH)PtClMe]2 (21, bottom) in benzene-d6, demonstrating
the spectroscopic similarities between the dimers.

Despite the large chemical shift difference between the two cis-phosphorus atoms in

the 31P NMR spectrum of 21 (approximately 32 ppm), the aromatic ligand back-

bones only experienced very small changes in 13C NMR chemical shift (on average,

equivalent carbon environments on each ring differed by 0.3 ppm), which indicated

that this asymmetric coordination mode did not result in the polarisation of one ring

over the other. The 1H NMR spectrum of 21 bore a striking similarity to the charac-

teristic 1H NMR spectrum of the corresponding cis,trans-dichloride complex 19, in

which the broader H-4,6 signals flanked a sharp H-5 signal, with H-2 shifted slightly

downfield (Figure 3.7). This served to demonstrate the spectroscopic similarities

between 19 and 21. The use of 1H–31P Heteronuclear Multiple Bond Correlation

(HMBC) NMR experiments proved to be a very useful tool for the full assignment of

the spectroscopic data for 21. As the bis(pentafluorophenyl)phosphine donor groups

did not possess any protons and did not display large chemical shift variations of

the pentafluorophenyl carbon environments, conventional 1H–13C HMBC experi-

ments were of little use in establishing the connectivity of both the aromatic ligand

backbones and the methyl groups to either the cis- or the trans-coordinated metal

centre. Moreover, no 1H–13C HMBC correlations between the ligand backbone and

methyl groups were observed, due to the prohibitively long distance over which the

coupling was to occur. However, through the use of 1H–1H and 1H–13C 2D NMR

experiments to fully assign each aromatic ligand backbone, the connectivity between

each backbone and the four phosphorus donors was established with 1H–31P HMBC
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spectroscopy. Similarly, the observation of strong coupling between the protons

of each platinum-methyl group and either the mutually cis or the mutually trans

phosphorus atoms via 1H–31P HMBC spectroscopy readily enabled the spectroscopic

assignment of each methyl group to a metal centre. Although 1H–31P HMBC spec-

troscopy is not a widely used tool in organometallic chemistry, it proved invaluable

in the assignment of spectroscopic data for the asymmetric cis,trans-dimer 21.

As for the previous dimeric complexes investigated, 21 was subjected to thermolysis

in toluene-d8 to examine how facile the metallation reaction was, and also to probe

the nature of any intermediates observed. The reaction to form the metallated

[(POCOP)PtCl] pincer species proceeded faster from the chloromethyl dimer 21

than from the platinum dichloride dimer 19, and without detectable amounts of

any intermediate species (Figure 3.8).

The absence of an intermediate observed in the metallation of dimer 21 is con-

sistent with the metallation reaction requiring rearrangement to a cis-monomeric

species before C−H activation and pincer complex formation can occur, as was pre-

viously indicated during the thermolysis of 19. Due to the platinum-phosphorus

interactions being stronger in 21 than in 19 (as evidenced by the magnitude of

platinum-phosphorus coupling constants), it may be expected that the energy bar-

rier for the rearrangement from the dimer to the monomer will greater for the

chloromethyl dimer 21 than for the dichloride dimer 19. However, C−H activation

of a chloromethyl cis-monomer will be more facile than for a dichloride cis-monomer,

as the elimination of methane is more favourable than the elimination of HCl (dis-

cussed in more detail in Chapter 4). Compared to 19, this combination of a higher

energy barrier for intermediate formation and a lower energy barrier for metallation

of 21 predictably results in a much shorter-lived intermediate for the metallation

of the chloromethyl dimer 21, and a cis-monomeric intermediate is not detected by

NMR spectroscopy.

3.3.4 Reactions with [PdCl2(NCMe)2]

The investigation of reactions between the POCOPH ligand 1 and platinum starting

materials revealed the propensity of this phosphinite ligand to form a large number of

dimeric and oligomeric structures, which possessed both cis and trans coordination

geometries. The advantage of investigating this chemistry with platinum complexes

was that the magnitude of the platinum-phosphorus coupling revealed information

about the nature of the ligand coordinated trans to the phosphorus-donor, and so
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Figure 3.8 Stacked plot of 31P NMR spectra showing the course of the metallation
reaction to form [(POCOP)PtCl] from [PtClMe(hex)] in toluene-d8.
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provided a crucial tool in distinguishing between cis and trans configurations. With

the spectroscopic data for the cis-, trans-, and cis,trans-dimers established using

platinum chemistry, this spectroscopic data could be employed to help elucidate the

structure of products formed in analogous reactions with palladium.

Reactions between 1 and [PdCl2(NCMe)2] were initially performed in benzene-d6,

as this solvent had produced the most interesting results with platinum precur-

sors. Analysis of the reaction mixtures by 31P NMR spectroscopy indicated the

initial formation of the symmetric complex 22, which possessed one phosphorus

environment in the 31P NMR spectrum, at δP = 88.3 ppm. This was likely to be

trans-[(POCOPH)PdCl2]2 owing to the phosphorus chemical shift slightly downfield

of the free ligand (mutually trans phosphorus coordination was observed to appear

at chemical shifts close to that of the free ligand in the 31P NMR spectra of plat-

inum complexes, whereas phosphorus coordination trans to a chloride produced a

significant upfield shift of this phosphorus resonance). However, this complex pos-

sessed broad signals in the 1H NMR spectrum and was seen to react further to give

a poorly soluble yellow precipitate, hindering the characterisation of species in these

reaction mixtures.

The reactions were repeated in dichloromethane-d2 to increase the solubility of the

products in solution. NMR spectroscopy revealed the immediate formation of the

previously observed trans-dimer 22, which was observed to isomerise into the corre-

sponding cis,trans-dimer (23) over the course of about an hour at room temperature

(Scheme 3.7). This product displayed signals in the 31P NMR spectrum in a 1:1 ratio

at 88.7 and 78.5 ppm (for the P-trans-P and P-trans-Cl environments respectively),

shifted downfield from similar environments in the platinum analogue 19, as the

less electron-rich palladium did not shield the phosphinite ligands to the extent

that platinum did. The 31P NMR resonance of the phosphorus nuclei attached to

the cis-coordinated palladium centre also appeared slightly broader than those on

the trans-coordinated palladium, an effect also seen in the spectra of the analogous

platinum complex 19. The proton NMR spectrum of 23 also resembles that of the

platinum cis,trans-dimer 19: the chemical shifts and lineshapes for the resonances

of protons H-2, H-4, and H-6 are similar, but the H-5 signal for the palladium com-

plex appears approximately 0.5 ppm upfield of that in the platinum complex. It is

not immediately clear why this may be; however, it may indicate that these similar

species adopt slightly different conformations in solution.

It was found that 23 could be readily obtained from dichloromethane solutions of 1

and [PdCl2(NCMe)2] heated at reflux overnight. The dimeric nature of this cis,trans

species was confirmed by HRMS analysis, detected as the [M−Cl]+ ion, as m/z =
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Scheme 3.7 Formation of cis,trans-[(POCOPH)PdCl2]2 species (23) via the
trans-[(POCOPH)PdCl2]2 intermediate (22).

1995 amu. This also confirmed that the initial reaction product 22 was likely to

be a dimer (rather than a higher oligomer), due to its ready isomerisation to 23

and its solubility in benzene. On continued reflux in dichloromethane, 23 was not

seen to react any further; however, upon heating above 100 ◦C in toluene quanti-

tative conversion to the metallated [(POCOP)PdCl] pincer species was observed.

During this metallation reaction a transient intermediate was observed by 31P NMR

spectroscopy as a single resonance at δP = 45.6 ppm; while this chemical shift was

suitably downfield of the signals corresponding to 23, insufficient data were gath-

ered on this species to speculate as to whether this may indicate the presence of a

cis-monomeric complex as a metallation intermediate.

The initial formation of the palladium trans-dimer 22 in dichloromethane, whereby

under identical conditions for platinum a cis-dimer is favoured, is likely to be due

to electrostatic effects. The greater ionic character of metal-ligand bonding on pal-

ladium serves to enhance the electrostatic repulsion between mutually cis chloride

ligands, destabilising the cis geometry favoured by antisymbiotic and solvent ef-

fects. This also serves to account for the formation of a trans-dimer in the absence

of strongly trans directing ligands. The preference of platinum and palladium dimers

of the type [(POCOPH)MCl2]2 to adopt a stable cis,trans configuration is interest-

ing, especially considering that the three examples of cis,trans dimers (19, 21, and

23) represent complexes both with and without strongly trans directing ligands,

and rearrange to form these asymmetric dimers from the initial formation of both

cis and trans complexes. For coordination complexes of the phosphinite ligand

1, the cis,trans-dimeric structure must offer a balance between antisymbiotic and

electrostatic effects that is energetically favourable for all compounds, despite their

differences.
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3.3.5 Literature Precedent for cis,trans-Dimers

Dimeric compounds containing two metal centres with identical donor groups but

different coordination geometry are extremely rare in the literature. To date, only six

examples of such compounds have been published,113–116 falling into three different

classes (Figure 3.9). The most remarkable feature of these structures is that they

do not bear any striking similarities to one another. Nitrogen, phosphorus, arsenic,

and antimony donor ligands are all represented, linked by backbones of one, three,

or eleven atoms in length.
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Figure 3.9 Previously reported cis,trans-dimers.

All of the reported cis,trans-dimers contain aromatic substituents on donor atoms,

and all contain at least one halide on each metal centre. As aryl substitution is seen

to decrease the σ-donor ability of pnictogens,38 this may indicate that the formation

of cis,trans-dimers is favoured by, or at least accessible to, poorly σ-donating lig-

ands. This is likely due to the rearrangement processes required for the formation of

these complexes; while the in situ formation of previously reported cis,trans-dimers

has not been investigated, this work indicates that they are formed through the

rearrangement of symmetric isomers in solution (as observed in the formation of

the platinum chloromethyl cis,trans-dimer 21 and the palladium dichloro cis,trans-

dimer 23). During such a rearrangement a pnictogen ligand will have to migrate

between orbitals on the platinum, with the energy barrier to this migration being

smaller for poorer σ-donor ligands, due to their weaker interactions with the metal

centre.
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The steric influence exerted by the ligands will also play a role in enabling the for-

mation of cis,trans-dimers. The effect of sterics was observed in the formation of

dimeric species with bridging pyridine-phosphine ligands: a cis,trans coordination

geometry was favoured for phenyl and 1-naphthyl substituents on the pyridyl ring,

while a trans,trans coordination geometry was favoured for ligands with the bulkier

9-anthracyl substituent.115 Therefore it is plausible that for a cis,trans dimeric struc-

ture to be favoured, there needs to be a fine balance of steric and electronic factors

at work, that serve to destabilise the cis-dimer to the point where isomerisation to

the trans-dimer is almost favoured, with cis,trans coordination providing a thermo-

dynamically stable trade-off between the two conventional dimeric forms. It is pos-

sible that such an effect is observed in this work; the compound [(POCOPH)PtCl2]2
adopted a thermodynamically stable cis-dimeric structure in dichloromethane, but

formed an equally stable cis,trans-dimer in toluene, due to the absence of the polar

solvent’s stabilisation of cis coordination modes. While cis,trans-dimer formation

appears to require a fine balance between steric and electronic effects, along with the

ability to readily isomerise between coordination geometries, it is not clear how this

unusual coordination geometry lowers the total energy of the system to an extent

where the cis,trans-dimer is favoured as the thermodynamic product.

3.4 Concluding Remarks

The coordination chemistry of group 10 metals with the phosphinite donor ligand

1 was typified by the formation of a range of dimeric species, displaying cis, trans,

and the unusual cis,trans coordination geometries (Table 3.3). This was primarily

due to the electron-poor nature of 1 hindering metallation (discussed further in the

Chapter 4), and allowing for coordination compounds and metallation intermediates

to be more readily studied than with similar electron-rich ligands.

The coordination chemistry of Pt(0)-alkene species with 1 was typified by the forma-

tion of oligomeric compounds of the type cis-[(POCOPH)Pt(η2-alkene)]x, with poor

solubilities and unknown molecular weights. However, reaction between [Pt(nb)3]

and 1 afforded the dimeric species 14, the first crystallographically characterised

example of a platinum-alkene complex containing a pentafluorophenyl phosphine

group. The solid state structure of 14 revealed a weakly bound norbornene group

— due to the electron-poor metal centre being unable to participate adequately in

π-backbonding — and also a stabilising “parallel displaced” π-π interaction between

the aromatic ligand backbones. Attempts at generating platinum(II) pincer species
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Table 3.3 31P NMR data of dimeric compounds containing ligand 1.

Formula Compound Coordination δP (ppm) 1JPt-P (Hz)
cis-[(POCOPH)Pt(nb)2]2 14 cis 100.5 4623
cis-[(POCOPH)PtMe2]2 15 cis 89.9 2202
cis-[(κ1-POCOPH)2PtCl2] 18 uncoordinated 85.4 —

cis 51.4 4531
cis,trans-[(POCOPH)PtCl2]2 19 trans 80.6 3357

cis 55.5 4582
cis,trans-[(POCOPH)PtClMe]2 21 cis (trans-Me) 94.4 2066

trans 90.3 4028
cis (trans-Cl) 62.1 5494

trans-[(POCOPH)PdCl2]2 22 trans 88.3 —
cis,trans-[(POCOPH)PdCl2]2 23 trans 88.7 —

cis 78.5 —

through metallation of the ligand backbone were unsuccessful, regardless of whether

the metallation was attempted under acidic, basic, or thermal conditions.

The coordination chemistry of 1 with [PtMe2(hex)] was found be similar to

the coordination chemistry of 1 with platinum(0), forming the κ2-PP bridged

dimer cis-[(POCOPH)PtMe2]2 at room temperature, along with small amounts

of a higher oligomer, cis-[(POCOPH)PtMe2]x. Traces of the metallated pin-

cer species [(POCOP)PtMe] were detected during thermolysis of solutions of 15

and 16, but these reactions lacked selectivity and were prone to decomposi-

tion. Monitoring of the reactions by NMR spectroscopy suggested that a new

dimer, cis,trans-[(POCOPH)PtMe2]2 (17) may be formed as an intermediate in

the metallation reaction. Analogous reactions with the more electron-donating

POCCPH ligand 3 allowed the metallated pincer complex to be formed at a

lower reaction temperature, although decomposition and a lack of selectivity was

still observed. Therefore, for pincer ligands containing the electron-withdrawing

bis(pentafluorophenyl)phosphinite functionality, [PtMe2(hex)] did not represent a

viable starting material for the formation of the metallated [(PCP)PtMe] pincer

complex.

Reactions between 1 and platinum chloride starting materials proved to be better

suited for the synthesis of pincer complexes, with the metallated products formed

selectively upon prolonged heating of reaction mixtures. The coordination chemistry

between platinum chloride starting materials and ligand 1 at room temperature

proved to be especially interesting, with the unexpected formation of cis,trans-

dimers 19 and 21 for both the dichloride and chloromethyl platinum complexes.

Spectroscopic investigation into the formation of these compounds revealed that each

had an initial preference for opposing coordination geometries before rearrangement

into the cis,trans-dimer; the dichloride starting material formed the cis-monomeric
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compound 18, while the chloromethyl starting material produced a trans-dimer.

Spectroscopic data obtained from the coordination of 1 to platinum was used to

assist in identification of coordination compounds formed in reactions with the pal-

ladium precursor [PdCl2(NCMe)2]. Data indicated an initial preference for trans-

dimer formation, even in polar solvents, followed by a rapid rearrangement to form

another cis,trans-dimeric species, 23. All three cis,trans-dimers (19, 21, and 24)

were found to be stable in aromatic solvents at temperatures up to 60 ◦C, with ex-

tended thermolysis of these solutions promoting C−H activation to form metallated

pincer complexes.

These cis,trans-dimers represent a very rare coordination geometry, with only six

other compounds reported to date. Comparison of previously published species

with the compounds described in this work show that a surprisingly diverse range

of donor atoms and backbone lengths are present in cis,trans-dimers. However,

all compounds appear to have pnictogen donor atoms capable of ready migration

between metal orbitals, allowing for facile isomerisation from any kinetic products

formed to the thermodynamically favoured cis,trans-dimer. It also appears that the

balance between steric and electronic effects play a crucial role in disfavouring the

cis- and trans-dimers, producing the cis,trans configuration. As such, these unusual

dimers present an unanticipated class of compounds formed during the synthesis of

PCP pincer complexes.
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Chapter 4

Synthesis and Reactivity of PCP

Pincer Complexes

The initial coordination chemistry of the electron-poor POCOPH pincer ligand 1

with platinum and palladium precursors (outlined in Chapter 3) revealed that incor-

poration of electron-withdrawing groups onto the ligand backbone served to make

ligand metallation less facile, instead favouring the formation of bridged, oligomeric

structures. To probe the barrier to ligand metallation and pincer complex forma-

tion, the effect of the transition metal starting material was investigated.

4.1 Synthesis of PCP Pincer Complexes

From the exploration of the coordination chemistry of the phosphinite ligand 1 with

platinum and palladium starting materials, it was clear that metal chloride start-

ing materials offered the most successful route to the metallated pincer complex.

However, the elevated reaction temperatures and long reaction times required to

facilitate metallation in some instances were observed to lead to the partial de-

composition of the desired species in solution. As it became clear that there was

a reasonable degree of difficulty in the convenient synthesis and isolation of these

compounds, a range of starting materials were assessed for their ability to readily

produce the metallated pincer complexes. There have been no direct comparisons

of starting materials for the synthesis of PCP pincer compounds reported in the

literature to date.
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4.1.1 Effect of Metal Precursor on PCP Pincer Synthesis

Owing to the difficulty in generating the pincer complex [(POCOP)PtCl] (25)

from the [PtCl2(hex)] starting material, reactions with the more commonly used

[PtCl2(COD)] starting material were performed. By undertaking reactions with

the hexadiene and cyclooctadiene starting materials simultaneously under identi-

cal conditions, it was observed that reactions with [PtCl2(COD)] produced 25 at a

faster rate than those with [PtCl2(hex)]. However, both reactions were observed to

proceed very slowly; after 120 hours at reflux in toluene reactions performed with

the cyclooctadiene starting material had reached approximately 75% completion,

while the hexadiene starting material had only achieved about a 50% conversion

(as assessed by integrations of signals in the 1H and 19F NMR spectra). As for

reactions with [PtCl2(hex)], reactions with [PtCl2(COD)] were also observed to pro-

ceed via the cis,trans-dimer 19. However while reactions between ligand 1 and

[PtCl2(hex)] were observed to produce dimeric species such as 19 at room tempera-

ture, no reaction occurred between 1 and [PtCl2(COD)] at room temperature, even

after 72 hours.
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Cl
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Ln = (SEt2)2, 100%

1 25

Scheme 4.1 Effect of starting material on the progress of the metallation of ligand
1 to form 25. Percentage values represent the approximate conversion of ligand to
the metallated product, as observed by 31P NMR spectroscopy.

Another starting material that has been used successfully in the synthesis of plat-

inum pincer compounds is [PtCl2(SEt2)2].
117 Reactions between [PtCl2(SEt2)2] and

1 were observed to proceed much faster than those performed with the platinum-

diene precursors; formation of the pincer complex 25 was observed to be about 75%

complete after 64 hours, reaching completion after 120 hours at reflux in toluene

(Scheme 4.1). Compared to the reactions performed with [PtCl2(diene)] precur-

sors, considerably smaller amounts of the cis,trans-dimer intermediate were ob-

served throughout the course of the reaction. In reactions between [PtCl2(SEt2)2]

and 1 at room temperature, the free ligand 1, along with a species that has tenta-

tively been assigned as the 1:1 complex [(κ1−POCOPH)PtCl2(SEt2)] are the major

components of the reaction mixture. This new platinum complex possessed the

characteristic quintet signal of the uncoordinated phosphinite at 85.4 ppm in the
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31P NMR spectrum, with a corresponding singlet at 68.9 ppm that displayed a

platinum-phosphorus coupling constant of 4240 Hz, likely to represent phosphorus

coordination trans to a chloride. The alternate isomer with the diethyl sulfide co-

ordinated trans to the phosphorus could not be ruled out, but was unlikely, as

phosphorus coordination trans to sulfur should result in platinum-phosphorus cou-

pling constants about 500–1000 Hz smaller than for phosphorus coordination trans

to chloride,118,119 which typically had values between 4600–4200 Hz for platinum

dichloride complexes of 1.

The spectroscopic data of this 1:1 complex was very similar to that of the 2:1 complex

18, the major difference being the appearance of the coordinated phosphorus atom

downfield from that in 18 (δP = 51.4 ppm). The broad signals of coordinated diethyl

sulfide were observed in the 1H NMR spectrum, but due to overlap with free diethyl

sulfide and resonances of the starting material, the presence of diethyl sulfide in the

new platinum complex could not be definitively established. However, on the basis

that this species contains a κ1-bound phosphinite ligand and is not the 2:1 complex

previously observed, a 1:1 complex with bound diethyl sulfide is the most likely

structure. Despite some uncertainty as to the nature of this species, it is clear that

at room temperature, the reaction between ligand 1 and [PtCl2(SEt2)2] produced

none of the previously observed dimeric or oligomeric [(POCOPH)PtCl2]x species.

From these results, it is clear that for [PtCl2Ln] starting materials, the ease of

formation of the pincer complex 25 depends on the ancillary ligand Ln, with diethyl

sulfide > cyclooctadiene > hexadiene. This order of reactivity correlated roughly

with the ability of these neutral ligands to bind to platinum: cyclooctadiene has

been reported to displace hexadiene from platinum,120 but dimethyl sulfide and

cyclooctadiene have been reported to displace each other from platinum, indicating

that they bind with a similar strength to the metal centre.121,122 However, upon

κ1-coordination of ligand 1 to the platinum, diethyl sulfide would be expected to be

a significantly better ligand than the η2-COD; the COD is no longer stabilised by

the chelate effect, and the electron-withdrawing nature of the phosphinite does not

provide the metal centre with significant electron density to stabilise the COD by

π-backbonding.

This stability series (diethyl sulfide > cyclooctadiene > hexadiene) also correlated

well with qualitative observations of the amount of cis,trans-dimer 19 present in

reaction mixtures; the more readily displaced the ancillary ligand, the more facile

the formation of dimer 19, the longer 19 persisted in solution, and the slower the

formation of the metallated pincer species. It can be surmised that platinum precur-

sors with more difficult to displace neutral ligands are less prone to dimer formation;
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once a κ1-[(PCPH)PtCl2L] intermediate is formed, not only will the pendant phos-

phorus donor have to displace a strongly-bound ligand from the metal to form a

dimer, it will also be in competition with the already displaced, strongly binding

ancillary ligand to do so. Therefore, neutral ligands that bind more strongly to

this κ1-[(PCPH)PtCl2L] intermediate will be displaced from the platinum centre by

phosphorus at temperatures closer to those required for metallation, minimising the

build up of dimer species in solution (Figure 4.1). The observation of increased lev-

els of dimer in the less facile metallation reactions is in agreement with the earlier

postulation that the presence of 19 results in an increased barrier to metallation,

due to the energy costs of rearrangement from this stable configuration into one

from which metallation can readily occur (such as a cis-monomeric configuration).

Empirically, palladium starting materials with PPh3 and COD ligands have been

observed to reduce the formation of [(PCP)PdCl2]x species and increase yields of

the metallated product when compared to starting materials with the more readily

displaced nitrile ancillary ligands.123
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formation (bottom). Ligand metallation to form the pincer complex is more facile
from the monomer than the dimer.

As altering the ancillary ligand(s) on the metal precursor was observed to have a

small but significant effect on the ease of formation of 25, the effect of altering

the anionic ligand on the metal centre was examined. Replacement of a chloride

ligand on [PtCl2(COD)] with a hexamethyldisilazide group provides the resulting

platinum complex with an internal base functionality, which has been observed

to assist in the synthesis of cyclometallated pincer species at lower temperatures

than can be achieved using platinum dichloride starting materials.124 Reactions

performed in benzene at reflux were reported to achieve metallation of even the

difficult cyclohexyl backbones within six hours. However, no significant reaction
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between [PtCl{N(SiMe3)2}(COD)] and ligand 1 was observed in benzene-d6 after

33 hours at 80 ◦C; only after a further 20 hours at reflux in toluene were significant

amounts of 25 detected. While the internal base functionality served to reduce the

time required for metallation to occur, it did not significantly reduce the tempera-

ture at which metallation was facile. Attempts to promote more facile metallation

from the dichloride starting materials [PtCl2(hex)] and [PtCl2(SEt2)2] via the ad-

dition of triethylamine as external base were unsuccessful, as the formation of 25

was observed to proceed at approximately the same rate regardless of whether the

external base was present or absent.

The effect of the anionic ligand on the metallation reaction was also investigated

through the use of the platinum chloromethyl starting material [PtClMe(hex)], as

the similar [PtClMe(COD)] starting material has been used to good effect in the

synthesis of pincer complexes in the literature.58,100 Reactions between ligand 1 and

[PtClMe(hex)] showed that complete formation of [(POCOP)PtCl] had occurred

after 48 hours at reflux in toluene, substantially quicker than reactions performed

with the dichloride starting material [PtCl2(hex)]. This result is interesting when

considering that reactions between the platinum dimethyl derivative [PtMe2(hex)]

and ligand 1 produced only small amounts of the pincer complex [(POCOP)PtMe].

The observation that the platinum chloro(methyl) starting material offers a more

efficient route to metallated pincer complexes than the analogous platinum dichlo-

ride starting material is likely due to the methyl group acting as a better proton

acceptor than the chloride, with the methane generated also likely to be a better

leaving group than hydrogen chloride. No traces of [(POCOP)PtMe] are detected

in reactions starting from [PtClMe(hex)], demonstrating methyl group has a much

larger affinity for the metallated proton than the chloride group. However, as only

small amounts of the metallated product were observed in reactions between 1 and

the dimethyl starting material [PtMe2(hex)], the chloride ligand must also assist the

reaction. One such way this may occur is for the chloride to generate favourable

H · · · Cl interactions with the C−H bond being broken, weakening the bond and

lowering the energy required for C−H activation. In such a H · · · Cl interaction, the
chloride may also act as a shuttle, assisting the proton transfer to the methyl leav-

ing group. Theoretical calculations have shown that this chloride-assisted proton

transfer is favoured during the oxidative addition of methane in the Shilov reac-

tion.125 In the synthesis of pincer compounds, a dimeric intermediate of the type

[(PCPH)PtClX]2 has been isolated and crystallographically characterised, in which

the chloride ligands interact strongly with the proton on C-2 of the ligand back-

bone, resulting in a weakened C−H bond (as seen in the distorted dimer structure

mentioned in Chapter 3, Figure 3.6).107 It is thought that the chloride ligand helps
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to facilitate metallation through this interaction .
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While the experimental data indicated that for the synthesis of 25, the reactivity

of starting materials was in the order of [PtCl{N(SiMe3)2}(COD)] > [PtClMe(hex)]

> [PtCl2(SEt2)2] > [PtCl2(COD)] > [PtCl2(hex)], the ease of starting material syn-

thesis should also be considered. The syntheses of the most reactive compounds

[PtCl{N(SiMe3)2}(COD)]124 and [PtClMe(hex)] (see experimental section) both re-

quired organometallic starting materials of the type [PtCl2(diene)], which were then

treated with pyrophoric reagents and gave only modest yields of the desired species

(approximately 45 - 70%). However, the less reactive [PtCl2(SEt2)2] could be synthe-

sised from the treatment of platinum(II) chloride with diethyl sulfide, and obtained

in yields of typically > 95%. So while the monochloride starting materials were

observed to require shorter reaction times and gave greater yields of the metallated

product 25, it must be taken into account whether this value represents a greater

overall yield from the original platinum starting material (Scheme 4.2).

4.1.2 Effect of the Ligand on PCP Pincer Synthesis

The cyclometallation reaction to form pincer complexes has been known to be de-

pendent upon the steric bulk on the donor atoms of the ligand, with bulky groups

such as tert-butyls favouring pincer formation. However, the electronic aspects of

the cyclometallation reaction have been reported to vary depending on the nature of
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the metal and ligand;126 while numerous studies have been devoted to cyclometal-

lation reactions in the literature, the electronic aspects of metallation to form PCP

pincer complexes have scarcely been reported, save for reports that ligands contain-

ing π-accepting phosphite functionalities are unusually difficult to metallate.92,104

From the reactions between the POCOPH ligand 1 and platinum starting materi-

als, it was clear that metallation in this instance was substantially less facile than

reported reactions with other PCP pincer ligands. While this proved to be valuable

in investigating the coordination chemistry of 1, it was clearly detrimental to the

convenient synthesis of the pincer complex 25. To provide an indication of how the

electronic nature of the ligand affected the ease of metallation, the pincer ligands

POCOPH (1), PCCCPH (2), and POCCPH (3) were reacted with [PtCl2(SEt2)2]

in NMR tubes. This allowed frequent in situ monitoring of the reaction progress by

NMR spectroscopy, enabling the time each reaction required to reach completion to

be evaluated.

For these small-scale reactions, it was observed that the reaction with the most

electron-donating POCCPH ligand 3 reached completion first, after 17 hours at

reflux in toluene-d8. The reaction with the PCCCPH ligand 2 reached completion

after 33 hours, almost double the time of ligand 3, while the reaction with electron-

poor POCOPH ligand 1 occurred very slowly and had only reached about 50%

completion after 33 hours at reflux in toluene. As ligands 1, 2, and 3 all have

a similar steric bulk this is a clear indication that more electron-donating ligands

increase the ease of the metallation reaction.
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Scheme 4.3 Metallation of the pincer backbone to form 25. Donation of electron
density from the C−H σ-orbital to the metal forms an agostic transition state.
Backdonation from the metal into the C−H σ*-orbital completes the bond scission.

As these cyclometallation reactions have been observed to proceed via agostic inter-

mediates/transition states,127 it may seem intuitive for an electron deficient metal

centre to enhance this C−H activation step by withdrawing electron density from

the C−H σ-bonding orbital in an electrophilic manner. However once the C−H

agostic interaction with the metal is established, backdonation from the metal into

the C−H σ*-antibonding orbital is required to complete the scission of this bond

(Scheme 4.3).128 This backdonation is difficult for electron-poor metal complexes
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to achieve, and hence cyclometallation reactions with 1, 2, and 3 are seen to be

less facile than for reported reactions with more basic phosphine ligands.129 Fur-

thermore, pincer ligands with electron-withdrawing groups may generate less stable

agostic intermediates. As the aromatic backbone is attached at C-1 and C-3 to the

electron-poor phosphorus donors, any inductive withdrawal of electron density from

the π-system of the ligand backbone should cause a contraction of the orbitals on C-

2, destabilising any agostic metal-ligand interactions. This effect has been observed

for reactions with palladium, whereby the incorporation of electron-withdrawing

groups ortho to aromatic C−H bonds decreases the rate of the metallation reac-

tion.130,131 This difficulty in promoting metallation with electron-poor ligands was

also observed in the initial reports of the coordination chemistry of the PCCCPH

ligand 2 with ruthenium, whereby attempts to produce the pincer complex by direct

cyclometallation were unsuccessful, and a transcyclometallation reaction scheme had

to be employed.56

Upon scaling up these reactions to synthesise the [(PCP)PtCl] pincer complexes of

ligands 1, 2, and 3, the yields obtained did not directly correlate to the speed of the

metallation reaction; a more facile metallation reaction did not necessarily result in

an increased yield. Compound [(POCOP)PtCl] (25) was isolated in a 33% yield,

[(PCCCP)PtCl] (26) in a 68% yield, and [(POCCP)PtCl] (27) in a 50% yield. It

therefore appeared that as the number of P−O bonds in the ligand increased, so

the yield of the metallated pincer complex decreased. This was supported by the

observation of traces of resorcinol in 1H NMR spectra of reactions between 1 and

platinum precursors that had been subjected to prolonged thermolysis (greater than

100 hours at reflux in toluene), highlighting the lower stability of P−O bonds when

compared to P−C bonds.

4.2 Reactions of Pt/Pd Pincer Compounds

4.2.1 Synthesis of Pincer Metal-Carbonyl Compounds

With platinum PCP pincer complexes 25, 26, and 27 in hand, the correspond-

ing palladium pincer complexes were synthesised from [PdCl2(NCMe)2]. Palladium

has demonstrated a higher reactivity than platinum for ligand cyclometallation re-

actions, which has been attributed to its greater electrophilicity assisting with the

initial agostic interaction between the metal centre and the C−H bond being cleaved

(the first step in Scheme 4.3).132,133 Therefore, shorter reaction times were required
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to achieve ligand metallation on palladium, generally affording slightly higher yields

of complexes [(POCOP)PdCl] (28), [(PCCCP)PdCl] (29), and [(POCCP)PdCl]

(30) than for the analogous platinum complexes.

The NMR spectra of the platinum and palladium complexes were all consistent with

the formation of tridentate pincer complexes. The 31P NMR spectra all displayed

signals downfield from those of the free ligand and unmetallated intermediates, con-

sistent with deshielding of the phosphorus atoms upon coordination to the metal

centre, followed by the loss of an electron-rich chloride ligand upon metallation. The

platinum-phosphorus coupling constants of 25, 26, and 27 ranged from 3088 Hz to

3663 Hz, indicative of mutual trans-coordination of the phosphorus donors. Com-

plexes of the asymmetric POCCP ligand 3 also displayed large trans phosphorus

coupling of 460–470 Hz, significantly larger than that observed for the only other

Group 10 metal phosphine-phosphinite pincer complex reported (388 Hz).13 This

unusual coordination of mutually trans donating and accepting phosphine ligands

may provide a synergy that strengthens this phosphorus-phosphorus coupling inter-

action.

The loss of a signal for the H-2 proton environment was evident in the 1H

NMR spectra of all compounds, with the remaining proton resonances shifted

slightly upon metallation. The methylene proton signals of the PCCCP complexes

[(PCCCP)PtCl] (26) and [(PCCCP)PdCl] (29) had changed in appearance, from a

doublet in the free ligand 2 to virtual triplets in the metal complexes due to strong

coupling through the metal atom to the second phosphorus donor. All spectroscopic

data for the previously synthesised complex 29 were in agreement with that previ-

ously reported;57 however, the isolated yield of 64% was significantly lower than the

literature yield of 82%. As the previously reported synthesis proceeded via a two step

reaction from the less readily synthesised [Pd(NCMe)4][BF4]2 starting material, the

synthesis reported herein can be seen as an alternate preparation that offers a more

convenient but slightly lower yielding route to 29. In all [(PCP)MCl] complexes

synthesised the 19F NMR spectra are unremarkable, each showing three signals in a

2:1:2 (ortho:para:meta) ratio, consistent with free rotation of the pentafluorophenyl

groups.

To assess the electronic characteristics of each metal centre, the metal-carbonyl

derivatives [(PCP)M(CO)]+ were prepared by chloride abstraction with silver hexa-

fluoroantimonate followed by exposure to carbon monoxide gas. The C−O stretches

were measured by infrared (IR) spectroscopy, and are listed in Table 4.1. The C−O

stretching frequency of metal carbonyls is very sensitive to the electron density on

the metal centre, with more electron-rich metal centres displaying a greater de-
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Table 4.1 Infrared C−O stretches of pincer carbonyl complexes.

X

Y

P(C6F5)2

M

PR2

Cl

X

Y

P(C6F5)2

M

PR2

C O
CH2Cl2

CO
AgSbF6

SbF6

Formula Compound X Y R νC–O (cm−1) ∆δm,p
a (ppm)

[(POCOP)Pt(CO)][SbF6] 31 O O C6F5 2145 15.8
[(PCCCP)Pt(CO)][SbF6] 32 CH2 CH2 C6F5 2127 13.3
[(POCCP)Pt(CO)][SbF6] 33 O CH2

tBu 2111 13.8
[(POCOP)Pd(CO)][SbF6] 34 O O C6F5 2170 15.1
[(PCCCP)Pd(CO)][SbF6] 35 CH2 CH2 C6F5 2148 13.4
[(POCCP)Pd(CO)][SbF6] 36 O CH2

tBu 2140 13.9

aValue of ∆δm,p is for the [(PCP)MCl] species, to reflect that this parameter may be used as
an alternate evaluation of electron density within the pincer complex.

gree of π-backbonding to the carbonyl ligand, meaning that the carbonyl stretch is

shifted to lower wavenumbers with increasing electron density on the metal. The

observed magnitude of the C−O stretching frequency followed the pattern POCOP

> PCCCP > POCCP; the enhanced π-acceptor ability of the phosphinite POCOP

generated the most electron-poor metal centres, while the strong σ-donor ability of

the tert-butyl phosphine in POCCP resulted in the most electron-rich metal centres.

Of note is the observation that the C−O stretches of compounds 31, 34, and 35

appeared at wavenumbers greater than that of free carbon monoxide (2143 cm−1).

While it appears counterintuitive that bonding to a metal centre may increase the

strength of this carbon-oxygen bond, examination of the molecular orbital diagram

of carbon monoxide (Figure 4.2) reveals that the HOMO is a σ* antibonding orbital.

Therefore, loss of electron density from this orbital upon coordination to the metal

centre will increase the C−O bond order, resulting in a shorter, stronger bond.

Similarly, the LUMO is a π* antibonding orbital; during π-backbonding the metal

centre donates electron density into this antibonding orbital, reducing the C−O bond

order and weakening of the C−O bond as the amount of backdonation increases.

Additionally, electrostatic factors may further serve to increase the C−O stretching

frequency of metal-carbonyl complexes in complexes where minimal π-backbonding

occurs.134

Based on reported C−O stretching frequencies, the palladium complexes 34, 35,

36, and the platinum complex 31 represent some of the most electron-poor PCP

pincer compounds reported to date. The highest C−O stretching frequency

reported for a palladium PCP pincer compound is 2141 cm−1,135 significantly

lower than the 2170 cm−1 displayed by the POCOP complex 34. A platinum
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Figure 4.2 Molecular orbital diagram of carbon monoxide.

bis(trifluoromethyl)phosphine pincer complex has been reported to display a C−O

stretch at 2143 cm−1,58 higher than the analogous bis(pentafluorophenyl)phosphine

32, but slightly lower than the phosphinite 31, demonstrating the enhanced π-

acceptor capability of trifluoromethyl phosphines over pentafluorophenyl phos-

phines. Most reported alkyl phosphine PCP pincer complexes have displayed C−O

stretches in the range 2070–2080 cm−1;136,137 as the complexes reported herein pos-

sess values from 2111—2170 cm−1 they represent unusual examples of pincer com-

plexes with very electron-poor metal centres.

Another parameter that provides information on the electronic character of these

complexes is ∆δm,p, the difference in chemical shift between the meta and para

fluorines of the P(C6F5)2 group. This has commonly been used to determine the

degree of coordination of pentafluorophenyl borate anions,138 but can also provide

an indication of the electron density on the phosphorus atom in pentafluorophenyl

phosphine ligands.57 Values for the ligands POCOPH (1), PCCCPH (2), and POC-

CPH (3) are 12.0, 11.1, and 11.8 ppm respectively, and reflected the slightly more

electron poor nature of the pentafluorophenyl phosphinite group compared to the

pentafluorophenyl phosphine group. The ∆δm,p values for the metallated complexes

(Table 4.1) are predictably higher than for the free ligands, representing the loss of

electron density from the phosphorus donors upon metal coordination. Of note is

that for 3, the ∆δm,p value is very similar to 1 for the free ligand (0.2 ppm lower),

indicating that the electron rich tert-butyl phosphine is too far removed from the

pentaflurophenyl phosphinite to affect it electronically. However, upon metal coor-

dination, there is a 2.0 ppm difference (on platinum) in ∆δm,p values, indicating the
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increased donor ability of the tert-butyl phosphine has reduced the demand of the

metal for electron density from the phosphinite. While these values are an inter-

esting measure of the electronics of the pentafluorophenyl ring (and the phosphorus

donor by association), as seen in Table 4.1 they do not correlate well with the C−O

stretching frequencies between complexes of different metals, or between complexes

with different numbers of pentafluorophenyl-substituted donors.

The NMR data obtained for the carbonyl compounds 31, 32, 33, 34, 35, and 36

was consistent with the synthesis of a [(PCP)M(CO)]+ complex in each instance.

Spectroscopically there were minor differences between each carbonyl complex and

its parent chloride. The 31P NMR signal of the P(C6F5)2 groups experienced small

chemical shift differences of 2–6 ppm, while the PtBu2 groups experienced substan-

tial deshielding of between 19–26 ppm, a consequence of the cationic metal centre

being able to extract further electron density from the more donating tert-butyl

phosphines, but less so from the pentafluorophenyl phosphines or phosphinites. The

pentafluorophenyl groups do experience this increased electron demand to some ex-

tent, as each carbonyl complex possessed ∆δm,p values about 1–3 ppm higher than

for the analogous chloride complex. Similarly, 1H NMR spectra showed that the

proton environments of each ligand backbone were shifted downfield by an average

of about 0.4 ppm, reflecting the loss of electron density from the metal centre upon

the formation of these cationic carbonyl complexes.

The presence of the carbonyl ligand was confirmed in each instance by 13C NMR

spectroscopy, with all of the CO ligands appearing between δC = 177 and 181 ppm.

Platinum-phosphorus coupling was able to be resolved for the PCCCP and POCCP

complexes 32 and 33, having values of 1068 and 1064 Hz respectively, consistent

with the presence of a platinum-bound carbonyl.

Single crystals of the platinum carbonyl [(POCOP)Pt(CO)][SbF6] (31) suitable for

single crystal X-ray diffraction were grown by slow evaporation from a dichlorometh-

ane solution of 37 under a nitrogen atmosphere at room temperature. While there

are many reported crystal structures of the phosphine PCCCP pincer complexes,

there are significantly fewer examples of the corresponding phosphinite POCOP

species. Compound 31 represents the first example of a crystallographically char-

acterised Group 10 [(POCOP)M(CO)]+ complex, and only the third X-ray crystal

structure of a POCOP platinum pincer species.

The X-ray crystal structure (Figure 4.3) showed the expected tridentate κ3-PCP

coordination of the pincer ligand, with the carbon monoxide ligand coordinated

to the platinum trans to the metallated carbon of the pincer backbone. Impor-
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tant structural data are given in Table 4.2. The solid state structure revealed a

considerable distortion about the platinum centre in 31; while the C−Pt−CO an-

gle is close to the expected 180◦ (178.72(9)◦), the P−Pt−P angle of 157.73(2)◦ is

substantially smaller than for idealised square planar geometry. This distortion is

common for similar pincer complexes, with platinum PCCCP pincer complexes typ-

ically possessing small P−Pt−P angles in the range 161–168◦,58 while the only other

example of a [(POCOP)PtX] species demonstrated a relatively small P−Pt−P an-

gle of 161.20(4)◦.129 The small P−Pt−P angle in 31 was likely to be due to the

electron-poor phosphorus atoms inducing polarisation and shortening of the P−O

bonds (average bond length of 1.607(4) Å, compared to 1.644(10) Å in a more

electron-rich platinum phosphinite129), resulting in more strained five-membered

chelate rings. This influence of short P−O bonds in decreasing the P−Pt−P angle

is also observed in an isoelectronic iridium carbonyl complex possessing similarly

electron-poor tris(trifluoromethyl)phenyl phosphinite donors.46

P1
Pt1

C1a

O1a

P2

O2C1

C6

C5

C4

C3

C2

O1

Figure 4.3 ORTEP diagram of [(POCOP)Pt(CO)][SbF6] (31) (50% probability
thermal elipsoids). Hexafluoroantimonate counterion and hydrogen atoms omitted
for clarity.

The C−O and Pd−C bond lengths for the carbonyl ligand of 1.117(3) Å and

1.962(2) Å were broadly consistent with the IR data (ν(C−O) = 2145 cm−1), and
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Table 4.2 Selected bond distances (Å) and angles (◦) for complex
[(POCOP)Pt(CO)][SbF6] (31).

Bond distances (Å) Bond angles (◦)
Pt1−P1 2.2748(6) P1−Pt1−C1a 99.59(7))
Pt1−P2 2.2829(6) P2−Pt1−C1a 102.33(7)
Pt1−C1 2.008(2) P1−Pt1−C1 79.35(6)
Pt1−C1a 1.962(2) P2−Pt1−C1 78.78(6)
C1a−O1a 1.117(3) C1−Pt1−C1a 178.72(9)
Pt1 · · · F−SbF5 3.529(6) Pt1−C1a−O1a 179.2(2)

Table 4.3 Crystallographic data for complex [(POCOP)Pt(CO)][SbF6] (31).

Empirical formula C
31
H

3
F

20
O

3
P

2
Pt · SbF

6

Formula weight 1296.11
Crystal system Monoclinic
Space group P21/n
a/Å 10.0907(3)
b/Å 19.0384(5)
c/Å 18.9040(5)
α/◦ 90.00
β/◦ 103.6740(10)
γ/◦ 90.00
V/Å3 3528.73(17)
Z 4
Cell determination reflections 9004
Cell determination range, θmin −−→ θmax/

◦ 2.111 −−→ 31.921
Temperature/K 113(2)
Radiation type Mo Kα
Radiation (λ)/Å 0.71073
Crystal size/ mm 0.5 × 0.14 × 0.14
Dcalc/g m−3 2.440
F(000) 2424
µ/mm−1 4.99
Experimental absorption correction type Multi-scan (SADABS)
Tmax, Tmin 0.7463, 0.5142
Reflections collected 101603, Requiv = 0.0390
Index range h −14 −−→ 15
Index range k −28 −−→ 28
Index range l −28 −−→ 28
θ range/◦ 2.37 −−→ 32.07
Independent reflections 11960
Reflections [I >2σ(I )] 10251
Restraints/parameters 0/653
GOF 1.053
R1 [I >2σ(I )] 0.0233
wR2 [I >2σ(I )] 0.0558
R1 [all data] 0.0415
wR2 [all data] 0.0595
Residual density/e Å−3 −0.613 < 3.016
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indicated carbon monoxide coordination to an electron-poor metal centre. These

values were very similar to the corresponding values reported for an electron-poor

trifluoromethyl phosphine pincer compound (1.114(6) Å, 1.964(4) Å, and 2143 cm−1

respectively),58 with a sufficiently shorter C−O bond and longer Pd−C bond than in

the more strongly π-backbonding isopropyl phosphine pincer complex (1.131(4) Å,

1.919(3) Å, and 2080 cm−1).137 In this case, these results confirmed the strong C−O

bond suggested by IR spectroscopy. However, care must be taken when compar-

ing small changes in X-ray crystal data, as the solid state measurement reflects

the average distribution of electron density within the crystal lattice, and hence is

susceptible to disorder and defects.

Figure 4.4 ORTEP diagram of [(POCOP)Pt(CO)][SbF6] (31) showing two view
of the packing of the hexafluoroantimonate anion (50% probability thermal elip-
soids). Hydrogen atoms, aromatic fluorines, and downward-facing pentafluorophenyl
substituents on the phosphorus atoms omitted for clarity. Aromatic rings surround-
ing the anion represent pentafluorophenyl substituents of adjacent molecules of 31.

The hexafluoroantimonate counterion in 31 displayed some disorder, which could

be modelled with two superimposed and slightly offset SbF6 octahedra, that refined

to adopt an approximately 40:60 occupancy ratio. In the solid state structure the

anion occupies a void in which it sits almost directly above the coordination plane of

the platinum, enclosed by two pentafluorophenyl rings of the same molecule, as well

as three pentafluorophenyl rings from adjacent molecules of 31 (Figure 4.4). The

Pt · · · F distance is 3.529(6) Å, slightly larger than the sum of the van der Waals

radii for platinum and fluorine (3.32 Å), indicating that there is not likely to be any

significant interaction between the electron-poor platinum centre and electron rich

counterion. A similar, slightly shorter Pt · · · F distance of 3.333(7) Å was observed

in the crystal structure of a similar, trifluoromethyl-substituted platinum pincer
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complex,58 which suggested that such a packing arrangement may be favoured in

the solid state for such structures.

All of the palladium carbonyl compounds underwent gradual loss of bound carbon

monoxide, as has been noted in the literature for similar palladium species.52,135,136

The completely decarbonylated adduct of 35, [(PCCCP)Pd][SbF6] (39) was isolated

in a spectroscopically pure state, having gradually formed over the course of months

under ambient conditions. Infrared spectroscopy of 39 revealed a spectrum almost

identical to that of the carbonyl complex 35, with the absence of the C−O stretch

at 2148 cm−1. The Sb−F stretch of the counterion was observed at 665 cm−1, which

confirmed that the product remained ionic (Figure 4.5).

Solid samples of 34 and 36 had also undergone loss of carbon monoxide under

ambient conditions, with the decarbonylated species 38 and 40 comprising signif-

icant amounts of the material. Characterisation of the new species 38, 39, and

40 by NMR spectroscopy revealed that all species displayed 1H, 31P and 19F NMR

signals shifted upfield from those of the parent palladium carbonyl species. The
1H and 19F signals of both species, along with the PtBu2

31P NMR signal of 40,

also appeared downfield of the corresponding palladium chloride species, giving the

impression that these compounds represented almost a spectroscopic ‘average’ be-

tween the [(PCP)PdCl] and [(PCP)Pd(CO)]+ species. This effect has previously

been observed in the spectroscopic data of PCP pincer chlorides subjected to halide

abstraction.139

Carbon-13 NMR data of 39 indicated that no carbon-containing species were bound

in the coordination site vacated by the carbon monoxide, while the 19F NMR spec-

trum displayed only the three sharp peaks in a 2:1:2 ratio expected for the freely

rotating C6F5 groups, ruling out stabilisation of the decarbonylated species by long-

lived C−F · · · Pd interactions. The similarity in chemical shift of the ortho-fluorine

environments between 35 and the decarbonylated complex 39 (δF = −128.7 ppm

and −129.7 ppm respectively) also indicated that there was no rapid, fluxional in-

teraction between the metal and the ortho-fluorine atoms. No signals attributed

to the hexafluoroantimonate counterion were observed in the 19F NMR spectrum;

however, as antimony possesses two quadrupolar NMR active isotopes (121Sb and
123Sb), hexafluoroantimonate anions often appear as extremely broad signals and

may be hard to detect by 19F NMR spectroscopy. Thus it is difficult to rule out

stabilisation of these decarbonylated species by hexafluoroantimonate coordination.

Infrared spectroscopy did not provide evidence either for or against anion coordi-

nation — while the single band for the Sb−F stretch observed at 665 cm−1 may

indicate anion coordination is unlikely (Figure 4.5), a single “broad asymmetric ab-
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Figure 4.5 IR spectra showing carbonylation of 29 and subsequent decarbonyla-
tion of 35. The C−O stretch of the carbonyl complex appears at 2148 cm−1, and the
SbF stretch of the hexafluoroantimonate counterion is observed around 650 cm−1

for both of the cationic species, but not the starting material.
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sorption” at 660 cm−1 has been observed in an instance where hexafluoroantimonate

coordination has been proven by X-ray crystallography.140

To further investigate the possibility of anion coordination to the decarbonylated

palladium centre, the tetrafluoroborate salt of the carbonyl [(PCCCP)Pd(CO)][BF4]

and decarbonylated species [(PCCCP)Pd][BF4] were synthesised, to enable the 19F

NMR chemical shifts of the anion to be established. Fluorine NMR spectroscopy did

not reveal any significant differences between the anion in the carbonyl complex 35

and the decarbonylated complex 39, as the anion appeared as either a broad singlet

or two sharp singlets in a 1:4 ratio (due to 10B and 11B) around δF = −153 ppm

for both species. Free BF4
− has been observed at δF = −151 ppm and coordi-

nated BF4
− at −163 ppm,141 therefore this data indicated that the decarbonylated

species may possess a slight degree of metal-anion interaction in solution at room

temperature, but the tetrafluoroborate anion in both 35 and 39 can be regarded as

non-coordinating.

In order to determine whether small amounts of water were coordinating to the pal-

ladium centre, a solution of the decarbonylated species 39 in dichloromethane-d2

was treated with 2 µL D2O (approximately ten equivalents) and warmed gently to

promote H2O/D2O exchange. Analysis of the sample by NMR spectroscopy did

not reveal any discernible changes resulting from treatment with D2O, and IR spec-

troscopy did not show the expected O−D stretch around 2400–2700 cm−1.∗ Thus

it is unlikely that H2O occupies the vacant coordination site generated upon loss of

carbon monoxide in solution. However, IR spectroscopy performed on solid samples

of 35 that had stood for weeks under ambient conditions revealed a drastic decrease

in the intensity of the C−O stretch, along with the appearance of a sharp peak at

3672 cm−1. This was attributed to the presence of coordinated H2O, indicating that

adventitious water took the place of carbon monoxide when this decarbonylation

occured in the solid state. As there was evidence for the decarbonylated species

39 binding water in the solid state but not in solution, it is likely that in solution

the “vacant” coordination site is occupied by solvent molecules. However, this was

unable to be conclusively established by NMR or infrared spectroscopy.

Quantitative regeneration of each of the palladium carbonyl complexes 34, 35, and

36 was achieved by passage of carbon monoxide through dichloromethane-d2 solu-

tions of the decarbonylated species for 15 minutes at room temperature. The car-

bonylation was found to be reversible, with displacement of carbon monoxide from

the metal centre observed upon passage of inert gas (argon, nitrogen, or methane)

∗As the O−H stretch for H2O would be expected around 3500–3700 cm−1, Hooke’s Law predicts
that on doubling the mass of the hydrogen atom (upon deuterium substitution) the stretching
frequency will decrease by a factor of

√
2, therefore appearing in the vicinity of 2400–2700 cm−1.
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Figure 4.6 Phosphorus-31 NMR spectra showing the decarbonylation of com-
pounds 34, 35, and 36 in dichloromethane-d2. Nitrogen was passed through solution
for 30 minutes between obtaining top and bottom spectra. Resonances attributed
to decarbonylated products are indicated by an arrow.

through these same solutions. The decarbonylated species were seen to slowly de-

compose over time in solution even under an inert atmosphere, as broad resonances

appeared in the 1H NMR spectra, accompanied by a decrease in the signal to noise

ratio and the appearance of dark precipitate in solution. As previously mentioned,

palladium pincer carbonyl complexes have been observed to undergo decarbony-

lation, however this is the first report of reversible carbon monoxide uptake for

these species. The Brookhart research group has reported an electron-poor iridium

PCP pincer complex capable of undergoing exchangeable binding of small gaseous

molecules in the solid state,46 but in this species the carbon monoxide is unable to

be displaced.

The ease of decarbonylation of each of the carbonyl complexes 34, 35, and 36

was investigated by bubbling nitrogen through a dichloromethane-d2 solution of the

carbonyl compound for 30 minutes, then assessing the proportion of decarbony-

lated species present by NMR spectroscopy. The ease of carbonyl displacement for

each species was in broad agreement with the IR stretching frequency of the C−O

bond; the larger the C−O stretching frequency, the more readily the decarbonyla-
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tion occurred (Figure 4.6). While there existed a moderate difference between C−O

stretching frequencies of the POCOP (34) and PCCCP (35) carbonyl complexes

(ν(C−O) = 2170 and 2148 cm−1 respectively), both decarbonylation reactions were

observed to proceed swiftly (progressing approximately 90% and 75% respectively

after 30 minutes at room temperature). However, while the more electron-rich

POCCP complex 36 possessed a C−O stretching frequency close to that of 35

(ν(C−O) = 2140 cm−1), its decarbonylation was much less facile, having progressed

only about 10% under identical conditions to those above. Thus it appears that

Pd−CO π-backbonding effects play a large part in the stabilisation of these car-

bonyl complexes; decarbonylation was facile for compounds expected to possess

negligible backbonding (34 and 35), but occurred significantly more slowly for the

most electron-rich compound, which is most capable of π-backbonding 36.

4.2.2 Methylation of Pincer Chloride Complexes

As the platinum methyl complexes [(PCP)PtMe] could not be synthesised directly

from [PtMe2(hex)], methylation of the pincer chloride complexes was examined.

Methylation of [(PCCCP)PtCl] pincer complexes has previously been reported using

methyllithium for electron-rich complexes,142 and methylmagnesium bromide for

electron-poor complexes.58

Methylation reactions were first trialled on a small scale with the most electron-

poor compound [(POCOP)PtCl] (25). Reaction of 25 with methylmagnesium io-

dide (0.5 m solution in ether) was seen to produce a new species 41, which had

spectroscopic data similar to the starting material and the anticipated methyl com-

plex (δP = 109.2 ppm, 1JPt-P = 3541 Hz), but lacked the expected platinum-methyl

resonance in the 1H NMR spectrum. Analysis of 41 by HRMS was unsuccessful,

as only peaks due to degradation of the ligand were observed, making it difficult

to confirm a whether a methyl or an iodide was coordinated to the metal centre.

However, the analogous POCCP complex [(POCCP)PtI] (42) was synthesised with

methylmagnesium iodide in an identical manner, and confirmed as the platinum

iodide species by HRMS, with the [M+Na]+ ion detected at 959 amu. Comparison

of spectroscopic data between 41 and 42 indicated that the POCOP complex 41

was also the platinum iodide complex [(POCOP)PtI]. As no traces of the desired

methyl complex were detected in either of the reaction mixtures with methylmag-

nesium iodide, this indicated that the Grignard reagent was not a strong enough

methylating agent to facilitate the formation of these platinum-methyl complexes.
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Reactions between 25 and the stronger methylating agent methyllithium (1.2 m in

ether) were observed to produce the desired methyl compound [(POCOP)PtMe] (43;

δP = 108.5 ppm, 1JPt-P = 3752 Hz) in only small amounts, along with considerable

quantities of byproduct. One byproduct that could be identified was PMe(C6F5)2.

This displayed a quintet resonance in the 31P NMR spectrum, which marked it as an

uncoordinated ligand containing the P(C6F5)2 functionality. The 31P NMR chem-

ical shift at δP = −53.1 ppm, significantly downfield of the phosphinite ligand 1

(87.1 ppm), and close to that of the phosphine ligand 2 (−46.3 ppm), indicated that

this product was a phosphine rather than phosphinite. Unfortunately the reaction

mixture could not be purified to an extent where the nature of PMe(C6F5)2 could be

unambiguously confirmed by 1H NMR spectroscopy. However, the 31P NMR data is

in good agreement with that previously reported for PMe(C6F5)2,
143 indicating that

this phosphine had likely been formed by nucleophilic attack by the methyl anion

on the phosphorus atom of the phosphinite ligand, cleaving the P−O bond. The

nucleophilic substitution of -OR groups on phosphorus by organolithium reagents

has been established in the literature, being employed in the synthesis of phosphine

ligands from phosphite, phosphonite, or phosphinite precursors.144,145 In this in-

stance, despite coordination of the phosphinite to platinum, the pentafluorophenyl

substituents render the phosphorus donor sufficiently nucleophilic that methylation

at the phosphorus is competitive with methylation at the metal centre.

As methylmagnesium iodide had proven too weak and methyllithium had proven

too strong to effectively methylate 25, dimethyl zinc was investigated as an alter-

nate methylating agent. A solution of dimethyl zinc in ether was synthesised by

the addition of methyl iodide to a suspension of magnesium and zinc powders in

diethyl ether, isolating the dimethyl zinc solution by co-distillation with the diethyl

ether solvent. Reactions between 25 and dimethyl zinc were observed to produce

exclusively the desired platinum methyl complex 43. It appears that for this very

electron-poor platinum compound, dimethyl zinc possesses an effective combination

of high activity without sufficient nucleophilicity to facilitate P−O cleavage, making

it an effective methylating agent (Scheme 4.4).

The remaining platinum chloride compounds 26 and 27 were subsequently treated

with dimethylzinc solutions, in order to establish whether methylation occurred as

selectively for these more electron-rich compounds as for 25. In the case of the PC-

CCP complex 26, methylation with dimethyl zinc was observed to proceed smoothly,

giving quantitative formation of the desired product [(PCCCP)PtMe] (44) after just

three hours at room temperature. On standing for two months at room temperature

in a stoppered NMR tube, significant conversion (>90%) from the methyl complex

44 back to the chloride starting material 26 was observed. This unexpected result
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Scheme 4.4 The effect of different methylating agents on compound 25.

was likely due to diffusion of water through the rubber septum; the action of this

water on the zinc chloride would have produced small amounts of HCl in solution,

which protonated the methyl complex, irreversibly eliminating methane and reform-

ing the parent platinum chloride (Scheme 4.5).
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Pt
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Cl

P(C6F5)2

Pt

P(C6F5)2

Me
ZnMe2

ZnCl2

HCl  +  ZnCl(OH)

H2O

- CH4

+

HCl

C6D6

26 44

Scheme 4.5 Synthesis of 44 and conversion back to 26 by action of ambient H2O.

Methylation of the POCCP complex 27 proceeded slowly, attaining only a 50%

conversion to the methyllated product [(POCCP)PtMe] (45) after 44 hours at

room temperature. Moderate amounts of a byproduct were also formed (present

in about a 1:4 ratio with 45), which was revealed to be the platinum iodide complex

[(POCCP)PtI] (42) on comparison with an authentic sample of 42. It transpired

that the source of iodide in the reaction mixture was methyl iodide, which was

present as unreacted starting material from the synthesis of the dimethyl zinc solu-

tion, as the methyl iodide possesses a similar boiling point to dimethylzinc (44 ◦C

and 46 ◦C respectively). The iodide complex 42 was observed to be stable in the

presence of large (greater than 10-fold) excesses of dimethyl zinc, and did not un-
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dergo methylation even upon heating to 70 ◦C for 40 hours.

As reaction of 27 with methylmagnesium iodide had been observed to result in

halide exchange, further methylation of 27 was attempted with methyllithium. Re-

action between 27 and methyllithium was observed to produce predominantly the

methylated product (>95% by NMR spectroscopy) 45 within 30 minutes at room

temperature. This was in contrast to reactions between methyllithium and the

POCOP complex 25, which yielded a large number of degradation products.

In order to eliminate the possibility of halide exchange in these methylation reac-

tions, a methyl iodide-free dimethyl zinc solution was prepared by repeating the

aforementioned synthesis, using dibutyl ether rather than diethyl ether as the sol-

vent. The high boiling point of dibutyl ether (142 ◦C) enabled neat dimethyl zinc to

be isolated by fractional distillation of the reaction mixture, whereby it was diluted

with toluene to concentration of approximately 1.5 m.

Upscaling the test methylations using the methyl iodide-free dimethyl zinc solu-

tion in toluene afforded the POCOP and PCCCP platinum methyl compounds 43

and 44 in yields of 76% and 87% respectively. However, when the reaction of

[(POCCP)PtCl] 27 with methyllithium was repeated on a preparative scale (rather

than on an NMR scale), NMR spectroscopy indicated that the reaction had pro-

duced a complex mixture containing a new product, 46, as well as smaller amounts

of the desired POCCP platinum methyl complex 45, other unidentified minor prod-

ucts, and unreacted starting material 27. It is not clear why this discrepancy in

reaction selectivity should occur. Even when carried out with substoichiometric

amounts of methyllithium, reaction mixtures contained predominantly the byprod-

uct 46 and starting material. Subsequent treatment of these reaction mixtures with

methyllithium did not promote further formation of the byproduct 46, but led to

the formation of a number of unidentified species. Further attempts to isolate 46

from these mixtures were ultimately unsuccessful.

While the byproduct 46 was not isolated, NMR data obtained of the reaction mix-

tures indicated it was likely to be a [(PMeOCCP)Pt(C6F5)] complex, in which the

methyl nucleophile had attacked the phosphinite group, causing a pentafluorophenyl

group to migrate from the phosphorus to the platinum (Figure 4.7). Phosphorus-

31 NMR spectroscopy revealed 46 possessed the distinctive two doublet signals of

metallated complexes of the POCCP ligand 3; however, while the PtBu2 group ap-

peared close to that of the starting material (δP =73.8 ppm, compared to 70.2 ppm

for starting material), the signal for the phosphinite group had been shifted signif-

icantly downfield (132.0 ppm, compared to 108.7 ppm for the starting material).
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This large downfield shift was consistent with the P−O bond of the phosphinite

remaining unbroken, and substitution of the methyl group onto the phosphorus, as

alkylphosphinites appear downfield of arylphosphinites.†

Incorporation of the methyl nucleophile onto the phosphinite was also indicated by

a 1H–31P HMBC experiment, with a signal at δH = 1.68 observed to couple solely to

the phosphinite group at δP = 132.0 ppm. This signal also displayed the expected

phosphorus and platinum coupling (2JP-H = 9.5 Hz, 3JPt-H = 26.6 Hz) in the 1H

NMR spectrum.

The fate of the displaced pentafluorophenyl group was revealed by 19F NMR spec-

troscopy, with the appearance of distinctive signals with platinum coupling at δF =

−114.3 and −115.5 ppm (3JPt-F = 267 and 230 Hz respectively). This was consistent

with data for a previously reported [(PCP)Pt(C6F5)] species (δF = −107.2 ppm,
3JPt-P = 235 Hz).146 Integration of platinum-pentafluorophenyl and phosphorus-

pentafluorophenyl 19F NMR resonances confirmed that the two pentafluorophenyl

groups were present in a 1:1 ratio. As the new methyl pentafluorophenyl phosphinite

was chiral, the tert-butyl groups appeared diastereotopic in the 1H NMR spectrum,

as did the ortho and meta fluorines of the Pt−C6F5 group (which experienced re-

stricted rotation). So while the byproduct 46 could not be unambiguously identified,

there was sufficient evidence to indicate that reaction of 27 with methyllithium re-

sults in methylation at the phosphinite, along with pentafluorophenyl migration

from the phosphinite to the platinum centre.

A similar reaction, involving methylation at phosphorus followed the migration of

an aryl substituent onto a metal centre has been observed by Nakajima and col-

leagues upon treatment of an iron PNP pincer complex with dimethylmagnesium.147

Furthermore, pentafluorophenyl migration from a bis(pentafluorophenyl)phosphine

group to a metal centre has been reported to occur on rhodium car-

bonyl clusters containing P(C6F5)2 groups.148 Mass spectrometry data for the

POCCP compounds reported herein also indicated that the P−C bond of the

bis(pentafluorophenyl)phosphinite group was prone to cleavage. Data obtained for

the POCCP methyl complex 45 subsequently synthesised (vide infra) revealed large

peaks corresponding to [M−C6F5+MeOH]+ (690 amu) and [M−C6F5+NCMe]+

(699 amu), as well as the expected peaks due to loss of a methyl group. Mass

spectroscopy also indicated that the POCCP chloride complexes [(POCCP)PtCl],

27, and [(POCCP)PdCl], 30, also underwent facile loss of a pentafluorophenyl sub-

stituent. For both 27 and 30, significant peaks were observed in the mass spectra

†An example of this can be observed in the 31P NMR data for [(POCOP)PdI] complexes of
Kimura,51 where the diphenylphosphinite complex has a δP = 144.0 ppm, whereas the diethylphos-
phinite complex appears downfield at δP = 176.9 ppm.
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Figure 4.7 Spectroscopic data for byproduct 46, showing, from top to bottom,
the 31P NMR spectrum, the 1H–31P HMBC spectrum, and the 19F NMR spectrum.
The highlighted correlation in the 1H–31P HMBC spectrum revealed the presence
of a methyl group (red) attached to the phosphorus atom of the phosphinite group
(blue). Distinctive 195Pt coupling on the ortho-fluorine resonances (green) of a C6F5

group in the 19F NMR indicated it was directly bound to the metal centre. Signals
marked with an asterisk denote starting material 27 (peaks due to 195Pt coupling
in 27 not indicated).
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at M−144 amu, corresponding to [M−C6F5−Cl+OH+NCMe]+. Whilst the forma-

tion of these ions occurred under high energy conditions, the HRMS data revealed

a predilection for the metallated POCCP ligand 3 to undergo the P−C cleavage

observed in the formation of the pentafluorophenyl-migration product 46.

The synthesis of the desired POCCP platinum methyl complex 45 was subsequently

achieved by treatment of the parent platinum chloride 27 with the methyl iodide-free

dimethyl zinc solution, as for the syntheses of the other platinum methyl compounds

43 and 44. However, due to the more electron-rich nature of the starting material

27, the methylation required a large excess of dimethyl zinc and prolonged reaction

times (54 hours, compared to five hours for the formation of 43 and 44), and afforded

the desired compound 45 in a 63% yield.

Characterisation of platinum methyl complexes 43, 44, and 45 by 13C NMR spec-

troscopy revealed the presence of platinum-methyl groups between −12 and −17

ppm, with platinum-carbon coupling constants of around 500 Hz. For the PCCCP

and POCCP compounds 44 and 45, carbon C-2 displayed a massive downfield shift

of about 25 ppm on methylation. This was consistent with the replacement of an

electron-rich chloride for the more poorly donating methyl group. The chemical

shift of the C-2 environment of the POCOP complex 43 could not be conclusively

determined due to overlap with other signals.

Analogous methylation of the POCOP and PCCCP palladium compounds 28 and

29 was attempted. Reactions performed with solutions of dimethylzinc in ether in

both cases led to the formation of black solutions, while 31P and 19F NMR spec-

troscopy indicated the formation of a multitude of unidentified products in each reac-

tion. Reaction between 29 and methylmagnesium iodide was also attempted, in the

hope that the milder Grignard reagent would promote selective methylation without

degradation. However, in situ monitoring of methylation reactions attempted with

methylmagnesium iodide did not reveal the presence of any palladium-methyl reso-

nances in the 1H NMR; only the appearance of broad, unidentified signals attributed

to decomposition products were observed in the NMR spectra. Methylation of these

palladium chlorides was not achieved with organometallic reagents; milder routes to

methylation may be required for these electron-poor palladium compounds, as they

are less robust than their platinum analogues.
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4.2.3 Protonation of Platinum Methyl Complexes

As mentioned in Chapter 1, the low temperature protonation of a rhodium PNP

pincer complex by the Brookhart research group yielded the first stable metal-

methane σ-complex able to be fully characterised by NMR spectroscopy.25 As the

[(PCP)PtMe] complexes synthesised were isoelectronic with [(PNP)RhMe] com-

plexes, the protonation reactions of these platinum methyl pincer complexes were

examined in an attempt to determine the extent to which the electronic character

of the ligand affected the reactivity of the Pt−Me group.
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Figure 4.8 Protonation of 43 and 45 at low temperature.

The most electron-poor and least electron-poor of the platinum methyl complexes,

[(POCOP)PtMe] (43) and [(POCCP)PtMe] (45) respectively, were dissolved in

dichloromethane-d2, cooled to −196 ◦C, and treated with a slight excess of the

carbacid HPhC(SO2CF3)2 (Figure 4.8). Each sample was placed in the NMR in-

strument and allowed to warm to −80 ◦C, with the sample monitored continuously

by 1H and 19F NMR spectroscopy. After twenty minutes in the instrument, nei-

ther reaction had progressed at all, and samples were withdrawn and maintained at

−78 ◦C. Each sample in turn was treated with an equimolar amount of tetrafluoro-

boric acid and immediately placed in the instrument at −80 ◦C for further analysis.

NMR spectroscopy of these reaction mixtures showed that both samples had re-

acted immediately and completely with the acid, with only methane and the cationic

[(PCP)Pt]+ detected in each instance. Non-coordinated BF4
− was detected in the

19F NMR spectrum at δF = −152 ppm for each sample (coordinated BF4
− has been

observed at δF = −169 ppm for a similar cationic PCP pincer species139), ruling out

CH4 displacement from the coordination sphere of the metal by BF4
−, and indicat-

ing that the parent methyl complexes 43 and 45 do not interact with any liberated

methane at this temperature. Similar to the decarbonylated palladium complexes

38, 39, and 40, the “vacant” coordination site on the metal centre is likely to be

occupied by solvent in solution, owing to the instability and high reactivity of 14-

electron species.
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4.3 Concluding Remarks

A major drawback to the synthesis of electron-deficient PCP pincer complexes is the

increased energy barrier to ligand metallation for electron-poor ligands. The choice

of starting material has a pronounced effect on the ease of synthesis of metallated

pincer complexes. Altering the ancillary ligands on [PtCl2Ln] species was observed

to increase the rate of metallation with increasing binding strength of donor ligand.

Although this result appeared somewhat counterintuitive, readily displaced ancillary

ligands favoured the formation of dimeric intermediates, which increased the barrier

to metallation, as they underwent an energy-consuming rearrangement process to

allow metallation to occur. With the use of more strongly donating diethyl sulfide

ligands in place of 1,5-hexadiene, dimer formation was noticeably diminished and

metallation of ligand 1 proceeded approximately twice as fast.

A significant increase in the reactivity of the starting material could be achieved

by the substitution of an anionic chloride ligand for either a hexamethyldisilazane

group or a methyl group. These substituents provided good proton-accepting leav-

ing groups, reducing the reaction times and temperatures required for metallation.

However, as these starting materials required more complicated syntheses than the

simple platinum dichlorides, the increase in reactivity they provided may not offer

a practical advantage in terms of time saved or overall atom economy.

The electronic nature of the ligand also played a large part in the ease of forming

PCP pincer complexes. Metallation was seen to be significantly more facile for less

electron-poor ligands, due to their increased ability to donate electron density into

the σ*-antibonding orbital of the C−H bond being cleaved. However, the rate of

metallation was not proportional to the yields of each complex obtained; it was

observed that P−O bonds were unstable for prolonged periods under metallation

conditions, and the fewer P−O bonds a ligand possessed the greater the yield of the

metallated complex.

With the successful synthesis of the platinum and palladium [(PCP)MCl] pincer

compounds, these were subjected to halide abstraction and treatment with carbon

monoxide to produce the metal carbonyl species [(PCP)M(CO)]+. Examination of

the carbonyl stretching frequency by infrared spectroscopy confirmed that POCOP

complexes were the most electron-poor, and POCCP complexes the least electron-

poor. It also revealed that a number of these compounds possessed C−O stretching

frequencies greater than that of free carbon monoxide, and were among the most

electron-deficient pincer compounds known to date. Crystallographic characterisa-

tion of [(POCOP)Pt(CO)][SbF6] revealed the expected tridentate, planar coordi-
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nation of the ligand, as well as a short carbonyl C−O distance arising from the

electron-deficient metal centre.

Whilst the platinum carbonyl complexes proved to be indefinitely stable, the palla-

dium carbonyl species underwent gradual loss of carbon monoxide over time in the

solid state. This CO loss could be encouraged by the passage of inert gas though

solutions of the palladium carbonyl, with the carbonyl complex regenerated upon

the introduction of carbon monoxide into solution. This reversible carbonyl binding

was observed be more facile with decreasing electron density on the metal centre.

Methylation of the [(PCP)PtCl] species was achieved via the use of dimethyl zinc;

reactions with methyl magnesium iodide led to halide exchange and the forma-

tion of platinum iodide species, while methyllithium led to decomposition of the

electron-poor complexes. The methylation of [(POCCP)PtCl] with methyllithium

was observed to be facile and selective on an NMR scale, but upon scaling up led to

nucleophilic attack on the phosphinite donor, displacing a pentafluorophenyl group

which migrated to the metal to form the unusual byproduct [(PMeOCCP)Pt(C6F5)].

In all cases treatment of the corresponding palladium pincer complexes with methy-

lating agents led to decomposition.

Ligand electronic effects play a large part in dictating the synthesis and reactivity

of platinum and palladium PCP pincer complexes. Species with highly electron-

withdrawing ligands are significantly harder to synthesise than their more electron-

rich analogues, and are more susceptible to decomposition or unwanted side reactions

during reactions with nucleophiles. However, possessing a highly electron-deficient

metal centre was seen to be a boon for the palladium pincer carbonyl species, as it

favoured the reversible binding of carbon monoxide, and also allowed the electron-

deficient platinum chlorides to react rapidly and selectively with dimethyl zinc.
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Chapter 5

Synthesis and Reactivity of PNP

Pincer Complexes

In Chapters 3 and 4, it was observed that the incorporation of electron-withdrawing

bis(pentafluorophenyl)phosphine substituents into the PCP pincer framework re-

sulted in significant energetic barriers to ligand metallation and pincer complex

formation. Metallation reactions typically required prolonged thermolysis, and pro-

ceeded through a number of stable oligomeric intermediates. To circumvent the

need for ligand C−H activation, the synthesis of PNP pincer complexes was investi-

gated. The pyridyl backbone of PNP pincer ligands possesses a nitrogen donor with

a lone pair of electrons, meaning the only bond broken in the metallation reaction

is between the metal centre and the ligand being displaced by the pyridyl group.

Without the requirement for scission of a strong C−H bond, tridentate pincer coor-

dination should be achieved under significantly milder conditions with electron-poor

PNP ligands than for the analogous PCPH ligands.

While it may assist in pincer complex formation, moving from a phenyl to a pyridyl

ligand backbone will have a pronounced effect on the character of the metal complex

produced. When metallated, PCP pincer ligands are nominally monoanionic, due

to the deprotonated aromatic carbon, while PNP ligands carry no formal charge.

This means that when identical metal complexes are prepared with PCP and PNP

ligands, the complex with the PNP ligand will carry an extra +1 charge. Moreover,

because the pincer coordination motif places the donor atom of the ligand backbone

trans to an available coordination site on the metal centre, PCP and PNP complexes

will possess different trans effects. Computational studies on platinum complexes

have shown that the donor atom trans to the active site has a large influence on the

energy barrier for C−H activation reactions, with more electronegative donor atoms
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producing a lower energy barrier.149,150 Therefore, PNP pincer complexes may be

better suited for small small molecule activation reactions than PCP pincer com-

plexes.

5.1 Synthesis of Platinum PNP Complexes

As the ease of PCP pincer complex formation was rigorously investigated with a

number of platinum chloride starting materials, the coordination chemistry of the

PNNNP and PONOP pincer ligands 10 and 11 was initially investigated with the

same platinum precursors. This would enable a direct comparison of the ease of

pincer complex formation between the electron-poor PCPH and PNP pincer ligands,

which would also help to explore whether significant barriers to electron-poor pincer

complex formation existed, other than C−H activation.

Previous reports indicated that the formation of electron-rich [(PNP)PtX]+ species

occured in a matter of hours from [PtX2(diene)] precursors at room temperature

in dichloromethane.78 Ligands 10 and 11 were reacted with [PtCl2(COD)] at room

temperature in dichloromethane-d2, with reaction mixtures monitored in situ by

NMR spectroscopy. Results showed that reactions with the PNNNP pincer ligand

10 proceeded smoothly but slowly, with the quantitative formation of the pincer

complex [(PNNNP)PtCl]+ (47) observed after 22 hours at room temperature. Re-

actions with the PONOP ligand 11 proceeded extremely slowly — after 48 hours at

room temperature, starting materials still comprised the greater part of the reaction

mixture.

The [(PNNNP)PtCl]+ complex 47 was isolated as the chloride salt upon upscaling

of the initial exploratory reaction (Scheme 5.1). Mass spectrometry data confirmed

the formulation of 47 as the cationic PNP pincer complex [(PNNNP)PtCl]+, with

the [M]+ ion detected at 1066 amu. The NMR spectra of this compound displayed

the expected three environments in the 1H and 19F NMR spectra. The 31P NMR

spectrum displayed a singlet resonance at δP = 30.6 ppm (free ligand 10 appeared at

δP = −10.8 ppm), with platinum-phosphorus coupling consistent with a mutually

trans arrangement of phosphorus donors (1JPt-P = 3153 Hz), as expected upon

pincer coordination.

The unexpectedly low reactivity of the PONOP ligand 11 could be attributed in part

to it being significantly more electron-poor than the PNNNP ligand 10. This differ-
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Scheme 5.1 Synthesis of the platinum PNNNP pincer compound 47.

ence in electronic character has previously been observed for PCP pincer complexes

— carbonyl stretching frequencies reported for POCOP and PNCNP complexes with

identical substituents have indicated that complexes of phosphoramines are signifi-

cantly more electron-rich than those of analogous phosphinites.52 This observation

was also supported by the 19F NMR ∆δm,p values for these PNP ligands (10.6 ppm

for 10, 12.2 ppm for 11), which demonstrated that the phosphorus donors of the

PNNNP ligand 10 were more electron-rich than those of the PONOP ligand 11.

In order to promote the pincer coordination of the more electron-poor ligand 11, the

synthesis of [(PONOP)PtCl]+ was subsequently attempted in acetone, as the more

polar solvent should better stabilise the charge developed during the formation of the

desired cationic PNP pincer complex (according to the Hughes-Ingold Rules).151 Re-

actions were performed on an NMR scale between ligand 11 and platinum dichlorides

[PtCl2(hex)] and [PtCl2(SEt2)2] in acetone-d6. Analysis of the reaction mixtures by

NMR spectroscopy revealed that both reactions produced the same product (48).

However, reactions performed with [PtCl2(SEt2)2] proceeded more selectively than

reactions with [PtCl2(hex)], resulting in quantitative formation of the new species,

48, in solution after 15 hours at room temperature.

Unfortunately, the NMR data obtained for compound 48 indicated that it was not

the desired PNP pincer complex. For all of the pincer complexes reported herein, the
31P NMR chemical shift of the phosphorus donors was observed downfield from that

of the free ligand, due to the displacement of an electronegative chloride ligand upon

backbone coordination. In 48, the 31P resonance was shifted significantly upfield

from that of the free ligand (at δP = 29.0 ppm, compared to 70.2 ppm for ligand 11).

Together with the observation of a large platinum-phosphorus coupling constant

(1JPt-P = 4149 Hz), this was consistent with compound 48 being the cis-bridged

oligomeric species cis-[(PONOP)PtCl2]x (Scheme 5.2). For the analogous platinum

POCOPH coordination chemistry discussed in Chapter 3, the 31P NMR resonances

of phosphorus donors of unmetallated ligands coordinated trans to a chloride ligand

(in cis-[(POCOPH)2PtCl2], 18, and cis,trans-[(POCOPH)PtCl2]2, 19) were shifted

upfield from the free ligand by about 34 ppm, and displayed platinum-phosphorus
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coupling of about 4500 Hz. This was consistent with the upfield shift from starting

material of 41.2 ppm and platinum-phosphorus coupling of 4149 Hz observed for 48,

especially as PNP complexes have been observed to display platinum-phosphorus

couplings around 400–500 Hz less than their PCP analogues.∗ Analogy with the

coordination chemistry of the POCOPH ligand also suggested that the oligomer

48 is a dimer. Analysis of this oligomer by mass spectrometry gave only signals

attributed to degradation of 48 inside the instrument, and so the nuclearity of 48

was not established. Reaction mixtures containing the oligomer 48 in acetone were

heated to reflux for 48 hours in an attempt to promote the formation of the triden-

tate PONOP pincer complex. However, compound 48 appeared stable in acetone

solutions up to 60 ◦C, and no further reaction was observed.
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Scheme 5.2 Formation of the oligomeric platinum PONOP compound 48. Syn-
thesis of the corresponding PONOP pincer complex was not observed even upon
prolonged thermolysis.

To facilitate the formation of the PONOP pincer complex, reactions were also un-

dertaken between the PONOP ligand 11 and [PtCl2(NCMe)2] in acetonitrile-d3,

as well as between 11, [PtCl2(SEt2)2] and NaSbF6 in acetone-d6. Similar reaction

conditions have been successfully employed in the synthesis of tert-butyl-substituted

PONOP pincer complexes of platinum and palladium.153 However, with the electron-

poor ligand 11, neither of these reaction mixtures showed any signs of the desired

pincer complex [(PONOP)PtCl]+. Analysis of both reaction mixtures by NMR spec-

troscopy revealed quantities of the oligomeric bridged species 48. The observation

of 48 having formed from starting materials with differing ancillary ligands helped

to confirm its formulation as [(PONOP)PtCl2]x, as it ruled out 48 possessing any

neutral ligands other than the PONOP ligand 11 (such as diethyl sulfide).

Reactions under more harsh conditions were not attempted, as the reason for the

investigation of PNP pincer ligands was that they generally allowed for pincer com-

plex formation under more mild conditions than for analogous PCPH pincer ligands.

The coordination chemistry of ligands 10 and 11 with platinum dichloride starting

∗For example, where the phosphine donor is CH2P
tBu2, the

31P NMR data for the PCNCP
pincer complex is δP = 53.7 ppm, 1JPt-P = 2403 Hz;152 for the PCCCP pincer complex it is δP =
64.9, 1JPt-P = 2881 Hz.84
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materials had clearly demonstrated that pincer complex formation was significantly

more facile for the more electron-rich PNNNP ligand 10 than for the electron-poor

PONOP ligand 11. This low reactivity of ligand 11 was likely to be due to its

inability to displace a chloride ligand from the metal centre. As the synthesis of

PNP pincer complexes requires halide displacement from the metal by the nitrogen

donor of the pyridyl backbone, the decreased electron density on metal centres with

electron-poor ligands should lead to an increased electrostatic interaction between

the metal and halide ligand, decreasing the ease of halide displacement. It may

also be anticipated that cation formation for complexes of the more electron-poor

PONOP ligand 11 would be less favourable than for complexes of the PNNNP lig-

and 10, as there would be less electron density available for the PONOP ligand to

stabilise the positive charge developed on the metal centre.

5.2 Synthesis of Rhodium PNP Species

While reactions of the electron-poor PNP ligands 10 and 11 with platinum dichloride

starting materials provided an effective comparison of the ease of pincer complex

formation between PCPH and PNP ligands, the reactivity of PNP pincer complexes

was investigated using rhodium(I) chloride compounds, as they were neutral and

isoelectronic with the Group 10 [(PCP)MCl] complexes reported in the Chapter 4.

The preparation of iridium PNP pincer complexes may have offered more direct

comparisons with the chemistry of the platinum PCP pincer compounds that are

the predominant focus of this work, but it is the analogous rhodium compounds

that have displayed the more interesting chemistry. Recent examples of methane

σ-complexation25 and amine N−H activation154 facilitated by rhodium PNP pincer

complexes serve to highlight the utility of and interest in these rhodium species. An

added advantage of rhodium is that it is NMR active (103Rh has a spin of 1
2
and a

natural abundance of 100%), and therefore is able to provide additional spectroscopic

data on the coordination environment of the rhodium centre.

Initial reactions between PNNNP and PONOP ligands 10 and 11 with the rhodium

and iridium precursors [RhCl(COD)]2 and [IrCl(COE)2]2 indicated that the respec-

tive [(PNP)MCl] pincer complexes were readily formed in solution.† The PNNNP

complexes offered an interesting point of difference from those of the PONOP lig-

and, as the presence of N−H groups linking the phosphorus donors to the aro-

matic backbone provided a site for deprotonation on the ligand, which may lead

†This work was carried out in conjunction with an undergraduate research project performed
by Emma Aitken.
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to “non-innocent” behaviour. Complexes of the analogous PCNCP ligands, pos-

sessing CH2 rather than NH linker groups, have demonstrated a wide range of

reactions based upon reversible deprotonation and reprotonation of the benzylic

positions (Scheme 5.3).155 Such behaviour exists predominantly due to the ability

of the pyridyl backbone to undergo dearomatisation, with the nitrogen donor atom

becoming formally anionic and bonding in a covalent (rather than dative) fashion

to the metal centre.
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Scheme 5.3 Non-innocent behaviour of PCNCP pincer complexes. Figure
adapted from Gunanathan et al.,155 ancillary ligands on the metal centre omit-
ted for clarity.

Non-innocent ligand behaviour offers advantages in catalytic transformations; by

possessing a remote proton acceptor site it aids H−X bond activation by allowing

the cleavage to occur without a change in metal oxidation state, while the physical

separation between the H and X groups can minimise the reverse H−X elimination

reaction. This has enabled rhodium PNP and PNN complexes to display high ac-

tivities for a variety of N−H, C−H, and H−H bond activations.154,156 Analogous

reports of non-innocent behaviour of PNNNP ligands are substantially rarer; the

reversible deprotonation of a N−H linker group of a PNNNP pincer ligand has only

been reported on one occasion.157

The rhodium PNNNP complex [(PNNNP)RhCl] (49) was synthesised according

to a reported method for the synthesis of [(NNN)RhCl] pincer complexes.158 The

PNNNP ligand 10 and the rhodium starting material [RhCl(COD)]2 were dissolved

in hot toluene, and within minutes the desired product began to crystallise out of

the reaction mixture as the toluene solvate, [(PNNNP)RhCl] · C7H8. The toluene

of crystallisation was removed by washing with dichloromethane, giving 49 in good

yields. The formulation of 49 as [(PNNNP)RhCl] was confirmed by mass spectrom-

etry, with the observation of the [M−Cl]+ ion at m/z = 940 amu, and absence of
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any ion corresponding to a dimer confirming that the chloride bridges of the start-

ing material had been cleaved during the synthesis of 49. While analysis of 49 by

NMR spectroscopy in acetone-d6 gave data consistent with [(PNNNP)RhCl], it re-

vealed that the N−H groups readily underwent H/D exchange with the acetone-d6

solvent. This was most evident in the 31P NMR spectrum: the phosphorus signal

appeared as three overlapping doublets, due to the isotopomers 49, 49-d, and 49-d2

(Figure 5.1). Complete deuteration of the N−H groups could be achieved by the

addition of one drop of D2O to acetone-d6 solutions of 49.

Figure 5.1 Synthesis of the PNNNP rhodium complex 49, and 31P NMR spectrum
of 49 in acetone-d6 showing isotopomers resulting from facile H/D exchange of N−H
protons.

The methylation of the PNNNP pincer chloride complex 49 was subsequently inves-

tigated. Methylation of the [(PCP)PtCl] complexes had indicated that dimethylzinc

possessed a sufficiently low nucleophilicity and high activity to be an appropriate

choice of methylating agent for these bis(pentafluorophenyl)phosphine-substituted

complexes (as described in Chapter 4). Dimethylzinc has also been used to good

effect in the literature for methylation of [(PCNCP)RhCl] species, as the more basic

methyllithium has been observed to result in benzylic deprotonation of the ligand

backbone rather than methylation.159,160

Reactions between complex 49 and dimethylzinc solutions in toluene were first in-

vestigated on an NMR scale in benzene-d6 and toluene-d8 (as toluene allowed for

reaction mixtures to be cooled below 4 ◦C). The low solubility of the rhodium chlo-

ride starting material 49 in benzene and toluene allowed the appearance of new,

soluble intermediates and products in the reaction mixture to be easily studied by

NMR spectroscopy. Analysis of reaction mixtures by NMR spectroscopy revealed
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that the reaction proceeded rapidly, forming a new product within 30 minutes at

room temperature. This new product possessed NMR spectroscopic data consistent

with it being the desired rhodium(I) methyl complex, [(PNNNP)RhMe] (50); the

resonance for the rhodium methyl group was observed in the 1H NMR spectrum as a

broad triplet (at δH = 1.09 ppm), and the increase in the magnitude of the rhodium-

phosphorus coupling constant (from 180 to 218 Hz) was consistent with moving from

a [(PNP)RhCl] to a [(PNP)RhMe] complex. The observation of three sharp, dis-

crete resonances for the ortho, meta, and para aromatic fluorine resonances in the
19F NMR spectrum was also consistent with 50 being a rhodium(I) compound, as

the increased steric congestion at rhodium(III) centres in complexes of ligand 10 re-

sulted in restricted rotation of the pentafluorophenyl substituents and inequivalence

of fluorine environments in 19F NMR spectra.

Unfortunately, the desired rhodium methyl complex 50 proved unstable in the reac-

tion mixture at room temperature; the orange solution gave way to a dark solution

with a brown precipitate within two hours at room temperature, accompanied by a

decrease in signal-to-noise in the NMR spectra consistent with degradation or pre-

cipitation of PNP rhodium species out of solution. Prior to precipitate formation,

the appearance of a new compound (51) in solution was observed. This species ap-

peared to be a degradation product from the reaction between the rhodium methyl

complex 50 and dimethylzinc: 51 was only detected in solution following the for-

mation of 50, and was present in greater amounts in reaction mixtures when greater

amounts of dimethylzinc were used.

Spectroscopic data revealed that the degradation product 51 was an asymmetric

species. The 1H NMR spectrum showed that the symmetry of the ligand backbone

had been destroyed; the signals for protons meta to the pyridyl nitrogen (H-4 and H-

6, following the numbering scheme used for the PCP pincers) appeared as separate

doublet resonances. The signal for H-5 was obscured by resonances from the toluene

in the dimethylzinc solution, but COSY NMR experiments revealed that both H-4

and H-6 coupled to a resonance at approximately 7.1 ppm, proton H-5. Only one

of the N−H protons was observed, shifted slightly upfield from the N−H protons of

the rhodium(I) chloride and methyl complexes. The second N−H proton could not

be detected by COSY or 1H–31P NMBC experiments, therefore it was likely that the

deprotonation of an N−H group by dimethylzinc had given rise to the asymmetry

of 51. This was also supported by the observation of methane in the 1H NMR

spectrum (at δH = 0.17 ppm), and was consistent with the observation that the

presence of more dimethylzinc led to an increased the amount of 51 in solution.

This N−H deprotonation was also supported by 31P NMR spectroscopy. The 31P
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NMR data of 51 showed the presence of two different phosphorus environments,

which appeared as doublets of doublets at δP = 74.4 and 44.7 ppm, with each phos-

phorus donor coupling to the other strongly (2JP-P = 522 Hz). This spectroscopic

data were consistent with that observed for the benzylic deprotonation of PCNCP

ligands.156 However, unlike for PCNCP complexes, deprotonation at the “arms”

of the ligand did not appear to induce dearomatisation of the ligand backbone.

Whereas dearomatisation of the pyridyl backbone has been observed to shift 1H

NMR resonances of the pyridyl protons upfield (as they are less aromatic and more

alkene-like),152,161 in compound 51 each of the proton environments on the ligand

backbone are similar in chemical shift to those of the PNNNP rhodium methyl com-

plex 50 (Figure 5.2). This N−H deprotonation without backbone dearomatisation

has previously been observed on an PNNNP iron complex.78

The asymmetric compound 51 also possessed two distinctive, high-field resonances

in the 1H NMR spectrum. A Rh−Me group was observed at δH = 1.21 ppm, sim-

ilar in chemical shift and lineshape to the methyl group of the rhodium(I) methyl

complex (δH = 1.16 ppm). In both cases the resonances were too broad to discern

any rhodium-proton coupling. Interestingly, a further high-field resonance was ob-

served in the 1H NMR spectrum at −0.17 ppm, and was much sharper than any

of the rhodium-methyl signals. This indicated that the proton environment did not

experience significant rhodium or phosphorus coupling, and so was suggestive of

a zinc-methyl group rather than a second rhodium-methyl group.‡ This high-field

signal also integrated for three protons against the other proton environments of 51

in all the reaction mixtures studied, which confirmed that the Zn−Me moiety was

associated with the rhodium complex.

The formation of a methylzinc adduct of a rhodium PNP pincer complex has been

reported in a similar reaction with dimethylzinc,159 but was not structurally charac-

terised. As such, the structure the rhodium-methylzinc adduct 51 cannot be ascer-

tained with the data on hand. Organozinc fragments have been reported to bind to

rhodium centres in both bridging162 and terminal163 coordination modes, and may

also form outer-sphere adducts through interactions with the ligand.164 Fluorine-19

NMR data for 52 revealed restricted rotation of the pentafluorophenyl substitu-

ents of the ligand, which was observed in spectra of the six-coordinate rhodium

complexes [(PNNNP)RhClMeI] and [(PNNNP)RhI3] (vide infra) but not in spectra

of four-coordinate [(PNNNP)RhX] species. This suggests the presence of a degree

‡Analysis of full width at half maximum values for the Rh-Me and Zn-Me groups helped to con-
firm their assignment as such. Averaging data for seven 1H spectra over four different methylation
reactions, the Rh-Me resonance (δH = 1.21 ppm) possessed an average FWHM of 24.5 Hz, while
the Zn-Me resonance (δH = −0.17) possessed an average FWHM of 6.3 Hz. This demonstrated
that the signal at −0.17 ppm did not display the requisite coupling to rhodium and phosphorus to
correspond to a second Rh-Me group.
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Figure 5.2 Multinuclear NMR spectra for the rhodium-methylzinc adduct 51
in toluene-d8. Structure comprising the functional groups suggested by the data
at bottom left, with a possible structural configuration for 51 at bottom right.
Asterisks denote resonances arising from the rhodium(I) methyl complex 50.
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of steric crowding about the rhodium centre of 51, but it is not possible to con-

clude what moiety is responsible for this hindrance. Thus, while the NMR data

(Figure 5.2) is consistent with the formulation of 51 as a deprotonated methylzinc

adduct [(PN*NNP)RhMe · ZnMe], it is difficult to speculate further on its nature.

In an attempt to isolate the rhodium methyl complex 50 without the formation

of 51 and subsequent degradation, the PNNNP rhodium chloride complex 49 was

treated with substoichiometric amounts of dimethylzinc in toluene-d8 at −15 ◦C.

As the starting PNNNP rhodium chloride complex 49 was only sparingly soluble in

toluene, it was hoped that decantation of the supernatant from the reaction mixture

would allow the isolation of 50, without excess dimethyzinc leading to degradation.

However, in all reactions involving the treatment of 49 with dimethylzinc, small but

significant amounts (c.a. 10%) of the methylzinc adduct 51 were detected. Methy-

lation reactions were also attempted in THF, where the Lewis acid-base interactions

between the solvent and the zinc were seen to reduce the Brønstead basicity of the

dimethyzinc, and produce significantly smaller quantities of the methylzinc adduct

51. However, reactions in THF demonstrated a lower selectivity than those in

toluene, producing significant quantities of unidentified byproducts.

Attempts at the methylation of a rhodium PNP pincer complex with dimethylzinc

have previously been reported to result in dark brown solutions of a rhodium zinc

adduct, [(PNP)Rh(CH3)Zn(CH3)X], from which the zinc could be abstracted with

bipy to yield the rhodium(I) methyl complex.159 It appeared that in reactions of 49

with dimethylzinc that the initially formed rhodium methyl complex, 50, further

reacted with dimethylzinc to form a soluble methylzinc adduct, 51, which decom-

posed to form an insoluble residue, from which the zinc might be removed to yield

a rhodium pincer complex. However, attempts at zinc abstraction by treatment

of these residues with bipy were unsuccessful, as they did not yield any soluble

species with identifiable resonances in the 31P or 19F NMR spectra. Ultimately, the

dark suspensions formed by the decomposition (or further reaction) of the rhodium

methyl complex 50 proved to be intractable.

In attempting to synthesise the rhodium methyl complex 50 using solutions of

dimethylzinc in diethyl ether that contained methyl iodide (as described in Chapter

4), further evidence that dimethylzinc facilitates N−H deprotonation in PNNNP

rhodium complexes was obtained. Reactions with dimethylzinc in ether proceeded

with a low selectivity, and formed a number of products with broad doublets be-

tween 2.8–2.2 ppm in the 1H NMR spectra. Extraction of these reaction mixtures

with pentane/diethyl ether yielded small amounts of material sufficiently pure to

allow tentative characterisation of one of the major components of the reaction
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mixture (53) by NMR spectroscopy. The 31P NMR spectrum of 53 was similar

to that of the asymmetric methylzinc adduct 51, with two inequivalent phospho-

rus environments appearing as doublets of doublets at δP = 85.9 and 50.9 ppm,

with rhodium-phosphorus coupling constants (1JRh-P = 150 and 135 Hz respec-

tively) suggestive of a rhodium(III) complex. The 1H NMR spectrum of 53 was also

similar to that of the methylzinc adduct 51, with three separate aromatic protons

and one N−H proton observed from 7.0–5.5 ppm, as well as two distinctive broad

triplet resonances of rhodium-methyl groups, which appeared at 1.43 and 0.14 ppm

respectively. Where the new compound 53 differed significantly from that of the

methylzinc adduct was that the sharp resonance of the Zn−Me group at −0.17 ppm

was absent, while a broad doublet appeared at 2.62 ppm (3JP-H = 9.0 Hz) and in-

tegrated for three protons. This 1H NMR data were consistent with the presence

of an N-methyl group on the ligand backbone,165 indicating that the presence of

methyl iodide in the dimethylzinc solutions had resulted in methylation at the N−H

position (Scheme 5.4). Therefore, this electrophilic N-methylation required to form

53 in reaction mixtures was seen as further evidence of N−H deprotonation by the

dimethylzinc.
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Scheme 5.4 Electrophilic methylation at an N−H position of the PNNNP ligand
by methyl iodide in the presence of dimethylzinc.

To ensure that H/Me exchange between methyl iodide and 49 was not occurring in a

manner similar to H/D exchange, 49 was treated with a large excess of methyl iodide

in acetone-d6. Analysis of the reaction mixture by NMR spectroscopy revealed the

immediate and quantitative formation of a new species 54 that possessed only one

phosphine environment, and which 1H NMR spectroscopy indicated had a Rh−Me

group (which appeared as a broad triplet of doublets at δH = 1.13 ppm), but not

an N-methyl group. As for the previously discussed reaction intermediates, the

small magnitude of the rhodium-phosphorus coupling constant (1JRh-P = 133 Hz)

and the observation of restricted rotation in the 19F NMR spectrum indicated that

54 was a rhodium(III) complex, likely to be [(PNNNP)RhClMeI], produced by the

oxidative addition of methyl iodide to the starting material 49. Such oxidative

additions have been reported as being facile for other other PNP rhodium(I) pincer
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complexes.156,166,167 The reaction was repeated on a large scale in THF, providing 54

as a red-orange solid in 83% yield. Analysis of 54 by mass spectrometry confirmed

its formulation as the methyl iodide oxidative addition product [(PNNNP)RhClMeI],

with the [M+Na]+ ion detected at m/z = 1140 amu. Compound 54 was observed

to be stable in acetone-d6 in the presence of methyl iodide over the course of 12

hours, with no sign of reaction at the N−H groups. This confirmed that to achieve

N-methylation, dimethylzinc was required to deprotonate an N−H group, which

was then able to be methylated in the presence of the electrophilic methyl group of

methyl iodide.

As the methylation reactions with dimethylzinc had been shown to promote ligand

deprotonation, methylation with methylmagnesium iodide was pursued. Whereas

methylmagnesium iodide was seen to be unsuccessful for the methylation of the

[(PCP)PtCl] compounds, it was envisaged that the increased steric bulk of the

rhodium(III) starting material [(PNNNP)RhClMeI], 54, would promote nucleophilic

attack by the smaller methyl group rather than by the larger iodide. Similar

PNP rhodium(III) iodide complexes have been reported as possessing cationic, five-

coordinate structures with iodide counterions,166 which indicated that iodide disso-

ciation from 54 may be facile, which would increase its susceptibility to nucleophilic

attack by a methyl group. Treatment of the new rhodium(III) chloromethyl iodide

complex 54 with methylmagnesium iodide in THF was observed to produce a new

product 55 with a 31P NMR resonance at 36.6 ppm and a rhodium-phosphorus cou-

pling of 115 Hz. This species did not contain an observable Rh−Me group, and so

was postulated to be a rhodium trihalide complex [(PNNNP)RhX3].

Similarly, treatment of the rhodium(I) chloride starting material 49 with methyl-

magnesium iodide resulted in the formation of the same rhodium(III) complex, 55.

In situ monitoring of this reaction by NMR spectroscopy indicated that it pro-

ceeded via a rhodium(I) intermediate 56, with a 31P NMR signal at δP = 40.5 ppm

(1JRh-P = 170 Hz). The lack of any discernible Rh−Me resonance in the 1H NMR

spectrum, together with a rhodium-phosphorus coupling constant similar to that

of the rhodium(I) chloride complex 49 (180 Hz), indicated that this intermediate

is likely to be the product of halide exchange with the methylmagnesium iodide,

[(PNNNP)RhI]. The ready oxidation of the PNNNP rhodium chloride complex

49 to the rhodium(III) complex 55 in the presence methylmagnesium iodide has

parallels to chemistry reported by the Albrecht research group.168 In that work,

the formation of a rhodium(III) N-heterocyclic carbene complex from a rhodium(I)

chloride starting material was facilitated by potassium iodide — the unexpected oxi-

dation was attributed to the presence of iodine, which was generated from the aerobic

oxidation of the iodide anion. The formation of iodine in solutions of organomagne-
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sium iodides has been reported by Wehmschulte and associates, who also attribute

its formation to aerobic oxidation of iodide ions in solution by ambient air.169

In order to verify the nature of the product 55 and intermediate 56, the rhodium(I)

iodide and rhodium(III) triiodide PNNNP pincer compounds were independently

synthesised. A solution of the rhodium(I) chloride 49 in acetone-d6 was treated with

an excess of sodium iodide in a Finkelstein-type reaction, with NMR spectroscopy

revealing quantitative formation of [(PNNNP)RhI] after ten minutes at room tem-

perature. The rhodium(I) iodide species was isolated, dissolved in benzene-d6

and treated with iodine, immediately forming [(PNNNP)RhI3]. The formulae of

these compounds were confirmed by HRMS, while NMR spectroscopy confirmed the

rhodium(I) iodide complex to be identical to the reaction intermediate 56, while the

rhodium(III) iodide complex was found to be the same as the product of reactions

involving methylmagnesium iodide. These reactions are summarised in Scheme 5.5.
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Scheme 5.5 Attempts at producing rhodium(I) and rhodium(III) methyl com-
plexes via methylation of 49 with methylmagnesium iodide. The synthesis of com-
pounds 56 and 55 by treatment of 49 with sodium iodide then iodine was used to
verify the nature of these compounds.

It therefore appeared that, much like the platinum chloride PCP pincer complexes,

these isoelectronic rhodium PNP species do not undergo methylation with methyl-
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magnesium iodide, rather they undergo halide exchange. However, unlike the plat-

inum compounds, they are very susceptible to oxidation (to rhodium(III) species),

and in all cases treatment of these PNP rhodium pincer complexes with methylmag-

nesium iodide eventually led to the formation of the PNNNP rhodium(III) triiodide

complex 55.

5.3 Concluding Remarks

The synthesis of complexes of the electron-poor PNP pincer ligands 10 and 11

was investigated. As the pyridyl ligand backbone can coordinate to metal centres

without the C−H activation required for complexes of PCPH pincer ligands it was

hoped that pincer formation would be more facile for electron-poor PNP ligands

than for the analogous PCP ligands.

Reaction of the PNNNP and PONOP pincer ligands 10 and 11 with platinum

dichloride starting materials was carried out. The reaction of the PNNNP ligand

occurred slowly compared to those of more electron-rich ligands reported in the

literature, forming the desired platinum PNNNP pincer complex [(PNNNP)PtCl]+,

47, upon prolonged reaction at room temperature. However, reactions of the more

electron-poor PONOP ligand did not yield a pincer complex, despite the use of

polar solvents and application of heat to reaction mixtures. Instead, these reactions

yielded the PONOP-bridged cis-oligomer 48; a reactivity which bore similarities

to the bridging coordination modes favoured by the POCOPH ligand 1. It was

proposed that the pronounced difference in reactivity between ligands 10 and 11

was due to an increased energy barrier for halide displacement and cation formation

with decreasing electron density on the metal centre.

The synthesis of the rhodium PNP pincer complexes was subsequently investigated,

as PNP complexes of Group 9 metals in the +1 oxidation state are isoelectronic

with PCP pincer complexes of Group 10 metals in the +2 oxidation state. The

rhodium(I) PNNNP pincer complex [(PNNNP)RhCl], 49, was obtained in good yield

from [RhCl(COD)]2. The methylation of 49 with dimethylzinc solutions was investi-

gated, and while it appeared that the rhodium(I) methyl complex [(PNNNP)RhMe],

50, was formed in solution, it was not able to be isolated. Careful in situ analysis

of reactions between 49 and dimethylzinc revealed the presence of an asymmetric

species as a minor product, which was deemed to be the methylzinc adduct 51,

having arisen from N−H deprotonation of the ligand by an organozinc species in
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solution. Further evidence of N−H deprotonation was indicated by the formation

of an asymmetric, N-methylated product 53 when methyl iodide was present in the

dimethylzinc solution.

The reaction of methyl iodide with the PNNNP rhodium(I) chloride 49 in the

absence of dimethylzinc resulted in facile oxidative addition to produce the

rhodium(III) complex [(PNNNP)RhClMeI], 54. Attempts at the methylation of

both rhodium(I) and rhodium(III) complexes 49 and 54 with the milder methylat-

ing agent methylmagnesium iodide resulted in formation of the rhodium(III) triodide

complex, [(PNNNP)RhI3], 55, in both instances. This was confirmed by indepen-

dent synthesis of the rhodium(I) and rhodium(III) iodide complexes. The facile

formation of rhodium iodide complexes revealed the inability of methylmagnesium

iodide to methylate these electron-poor rhodium PNNNP pincer complexes, as well

as reinforcing the prevalence of oxidative addition reactions in the chemistry of these

rhodium(I) species.
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Chapter 6

Catalytic Activity of Palladium

Pincer Complexes

6.1 Palladium Pincer Complexes in Catalysis

Since their inception, pincer complexes of palladium have demonstrated high activi-

ties and selectivities in a number of synthetically useful catalytic reactions.16,17 Their

use in catalysis was first reported in 1993 by Seligson and Trogler, who employed a

PCP palladium complex with an alkyl backbone to facilitate hydroamination of ac-

tivated alkenes.170 It was found that the rigid, tridentate coordination of the pincer

ligand helped reduce catalyst decomposition, and placed the strongly trans-directing

alkyl group trans to the active site. This resulted in a higher reaction rate, and a

greater catalyst stability and selectivity when compared to bis-monodentate and

bidentate chelate phosphine analogues.

Pincer complexes began to garner considerable interest in the field of homogeneous

catalysis, and were first employed in palladium-catalysed cross-coupling reactions

by the Milstein research group in 1997.55 Their use of PCP palladium complexes

in the Heck reaction revealed these species to be amongst the most active catalysts

known at the time. This was attributed to the remarkable stability of these species,

with no catalyst degradation observed even after 300 hours at the 140 ◦C employed

in the reactions.

The analogous investigation of palladium pincer complexes in the Suzuki cross-

coupling reaction was not reported until three years later. It was demonstrated

by Bedford and co-workers that POCOP palladium triflates were very active for
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the coupling of electronically deactivated and sterically hindered aryl bromides with

phenylboronic acid.171 These pincer complexes were inexpensive, easily synthesised,

and could carry out reactions at loadings as low as 0.0001 mol %, giving turnover

numbers (TONs) amongst the highest then reported for the substrates examined.

As well as being highly active in palladium-mediated cross-coupling reactions, ECE

pincer complexes have proven to be extremely effective catalysts for the allylation

of electrophiles. The Szabó research group have demonstrated that SeCSe palla-

dium pincer complexes are particularly effective in the synthesis of allylboranes

and allylbenzene derivatives.172,173 These catalysts are tolerant to a variety of func-

tional groups, with reactions proceeding under very mild conditions, generating

products with a greater selectivity than the more commonly employed [Pd2(dba)3]

and [Pd(PPh3)4] species. The efficacy of pincer complexes in these reactions is at-

tributed to the chelate effect reducing the possibility of ligand exchange, whilst the

tridentate ligand leaves only one vacant coordination site on the metal, minimising

unintended side reactions.

Since these initial reports, catalysis performed by pincer complexes of palladium

has generated a good deal of excitement and controversy. The well defined, ro-

bust nature of pincer complexes, combined with their demonstration of considerable

catalytic activity has made them attractive targets for research into the Heck and

Suzuki reactions. It was hoped that their high thermal stability and ability to in-

corporate donor groups of different electronic and steric character would allow for

the generation of highly active and selective catalysts that would resist leaching of

palladium into the products synthesised.

6.2 Mechanistic Implications of Catalysis with

PCP Pincer Complexes

The fixed, tridentate nature of ECE pincer ligands has raised questions over the

reaction mechanisms pincer complexes employ during catalysis. It has long been

known that the Heck reaction operates through a catalytic cycle dependent on a

Pd(0) active catalyst (Figure 6.1).174 The Pd(0) active species undergoes oxidative

addition of the aryl halide to yield a Pd(II)-aryl halide complex, which is then

capable of inserting the alkene substrate into the Pd-aryl bond. The subsequent

alkyl-palladium species generated undergoes β-hydride elimination, giving the cou-

pled styrene derivative and a palladium-hydrido species, which is reduced back to
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Figure 6.1 Outline of the classic “textbook” Heck catalytic cycle.

the active catalyst species through the action of the base. Conceptually the Suzuki

reaction is very similar, except that the intermediate Pd(II)-aryl species undergoes

transmetallation with an arylboronic acid, rather than undergoing alkene insertion.

Recent investigations have shown that this classic “textbook” catalytic cycle for

the Heck reaction may not be an entirely accurate representation of the course of

the reaction. Research by Amatore and Jutand has demonstrated that anionic,

five-coordinate Pd(II) species play a role as vital intermediates in the catalytic cy-

cle.175 However, the essence of the mechanism remains the same; the Pd(0)/Pd(II)

oxidative addition and reductive elimination cycle forms the foundation of these

cross-coupling reactions.

This creates a conundrum when considering catalysis by ECE palladium pincer

complexes. How can the Pd(0)/Pd(II) catalytic cycle be in operation when the

catalyst is effectively “locked” in a Pd(II) resting state by the strong Pd−C bond?

This has been a matter of much conjecture in the literature,176 and there are two

main schools of thought as to how this catalysis is carried out. It was originally

proposed that the cyclometallated P−C chelates of the type 57 (Figure 6.2) formed

in reaction mixtures of Pd(OAc)2 and P(o-tolyl)3 served as active Heck and Suzuki

catalysts, operating through a Pd(II)/Pd(IV) mechanism.177,178 A mechanism for

this transformation was developed by Bernard Shaw,179 and upon the discovery of

PCP palladium Heck catalysts, their reaction mechanism was deemed to proceed

via this Pd(II)/Pd(IV) pathway.55,180

The idea that cyclometallated palladium compounds accessed the Pd(IV) oxida-

tion state during catalysis was met with less than unanimous agreement. It had
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been demonstrated by Louie and Hartwig in 1996 that P−C chelates of the type

57 could be reduced under catalytic conditions, forming phosphine-stabilised Pd(0)

complexes, which served as the active catalyst species.181 A breakthrough in the

field came in 2000, when it was discovered that under catalytic conditions, Pd(II)

species could be reduced to palladium nanoparticles, which efficiently catalysed

cross-coupling reactions via a conventional Pd(0)/Pd(II) cycle.182 It was subse-

quently found that PCP183 and SCS184 palladium pincer complexes were likely to

serve as depot forms of Pd(0) nanoparticles rather than serving as the active cat-

alyst species themselves. In an assessment of the mechanism of the Heck reaction

in 2006, de Vries stated “the conclusion seems justified that all palladacycles and

pincers decompose during the Heck reaction at high temperatures to form palladium

colloids.”185

However, recent developments in the field of Pd(IV) chemistry have again encour-

aged debate as to whether high oxidation state pathways exist for these cross-

coupling reactions. It has been demonstrated that in the presence of strong oxidants

(such as trivalent iodine(III) salts, IXR2), Pd(IV) species play an important role in

catalytic cycles.186,187 It has also been shown that when these iodonium salts are

used in place of aryl halides in pincer-catalysed Heck reactions, the reaction is likely

to proceed through a Pd(II)/Pd(IV) cycle (Scheme 6.1).188
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Scheme 6.1 Pd(IV) intermediates in the Heck reaction promoted by strong oxi-
dants.
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In the absence of such strong oxidants, it has been proposed on the basis of com-

putational calculations that Pd(IV) species are thermally accessible intermediates

in the Heck and Negishi reactions between PCP pincer complexes and aryl halides

in polar solvents at elevated temperatures.189,190 Supporting these calculations, the

first example of Ar−X oxidative addition to form a Pd(IV) species has recently been

published in the scientific literature.191 In this example, chelate-assisted oxidative

addition of an aryl iodide species to an ONC palladium pincer complex yielded

the stable, crystallographically characterised Pd(IV) product at room temperature

(Scheme 6.2). This emphasises that despite many ECE palladium pincer complexes

acting as sources of a Pd(0) active catalyst, Pd(II)/Pd(IV) cycles should continue

to be assessed for their viability in cross-coupling reactions.
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Scheme 6.2 Chelate-assisted oxidative addition to form a Pd(IV) complex.

6.3 Performance of [(PCP)PdCl] Species in the

Heck Reaction

Owing to the high activity of PCP pincer-based catalysts, the electron-poor pin-

cer complexes [(POCOP)PdCl] (28), [(PCCCP)PdCl] (29), and [(POCCP)PdCl]

(30) had their performance in the Heck reaction evaluated. The basic Heck cross-

coupling between bromobenzene and styrene was used to evaluate each catalyst. A

survey of the literature revealed that N-methylpyrrolidone (NMP) and dimethylfor-

mamide (DMF) were commonly employed solvents, with most reactions also using
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an inorganic base (such as a phosphate or carbonate), typically at temperatures of

140 ◦C.

Initial reactions focused on briefly optimising the base and solvent systems, and de-

termining average TONs for each catalyst species. Methodology for a typical Heck

reaction is outlined in the experimental section. Analysis of all Heck reactions was

performed by gas chromatography mass spectrometry (GCMS). To avoid any bias

arising from solvent evaporation between sampling and analysis, samples were stored

in the dark at −15 ◦C and spiked with 2-methylnaphthalene as an internal standard.

Storing the samples in the dark also served to minimise cis/trans isomerisation of

stilbene, as samples that had been left in direct sunlight before being subjected to

re-analysis showed substantially increased levels of cis-stilbene. All reactions were

performed in duplicate at the least, with quoted values reflecting the averages of

each reaction performed.

6.3.1 Results of Heck Reactions

Data obtained from the Heck reactions (Table 6.1) showed that the optimal reaction

conditions were achieved in DMF with potassium carbonate as a base. Whilst using

potassium phosphate monohydrate resulted in slightly higher yields than potas-

sium carbonate, more consistent results were obtained with the carbonate. Utilising

DMF as a solvent for these reactions gave much higher conversions than reactions

performed with NMP — POCOP and POCCP catalysts 28 and 30, which exhibited

modest TONs in DMF, were found to be completely inactive in NMP. Moreover,

in all reactions performed in NMP with 29, a small amount of biphenyl (arising

from the homocoupling of bromobenzene) was detected. No biphenyl was detected

in any of the reactions performed in DMF. The reaction in DMF was also repeated

without the addition of a catalyst, and no cross-coupling products were observed.

This confirmed that the palladium pincer complexes were responsible for the ac-

tivity, either as the catalyst or precatalyst; the reaction was not occurring under

metal-free conditions or being promoted by persistent palladium residues adsorbed

onto the surface of the reaction vessel.

Of the three complexes tested in these Heck reactions, activity was of the order

[(PCCCP)PdCl] (29) > [(POCOP)PdCl] (28) ≫ [(POCCP)PdCl] (30). At a cata-

lyst loading of 0.002 mole % all three compounds gave similar conversions of about

20–25% in 16 hours. However, on increasing the catalyst loading to 0.004 mole %

and extending the reaction time to 22 hours it became clear that compounds 28 and
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Table 6.1 Results of the Heck reaction with 28, 29, and 30.

Br [(PCP)PdCl]

K2CO3

140 oC

Ph
Ph Ph

Ph

Ph

Ph
+ + +

trans cis gem

Ligand Time (h) Solvent [Pd] (mol %) Yielda (%) TON gem/cis/trans

POCOP

4 DMF 0.002 13 6,400 1/1/41
16 DMF 0.002 18 8,900 1/5/14
16 DMF 0.005 45 9,100 1/0/16
22 DMF 0.004 68 17,000 1/2/27
16 NMP 0.002 0 0 0/0/0

PCCCP

4 DMF 0.002 4 2,200 0/0/1
16 DMF 0.002 24 12,000 1/4/15
16b DMF 0.002 36 18,000 1/2/17
16 DMF 0.005 54 11,000 1/0/16
22 DMF 0.004 89 22,000 1/2/21
16 NMP 0.002 24 12,000 1/2/17c

POCCP

4 DMF 0.002 0 0 0/0/0
16 DMF 0.002 25 13,000 1/4/15
16 DMF 0.005 24 5,000 1/0/20
22 DMF 0.004 16 4,000 1/14/16
16 NMP 0.002 0 0 0/0/0

a Determined by GCMS and based on bromobenzene and product.
b Reaction performed with K3PO4 ·H2O instead of K2CO3.
c 3 equivalents of biphenyl also detected.

29 were more active than 30. Under these conditions 29 gave the greatest average

TON of 21,000. Complex 28 showed a similar activity giving an average TON of

18,000, while 30 displayed TONs of only 4,000.

In the literature, many PCP pincer catalysts have attained TONs of around 100,000

for the Heck reaction, with the greatest reported TON to date being 8,900,000.180

Albeit many of these results are obtained using the more reactive aryl iodide sub-

strates; lower activities can be expected (and in most cases are observed) for re-

actions involving aryl chlorides or bromides. More recently, an aminophosphine

PNCNP pincer complex was found to give TONs of 5,000,000 in the cross-coupling

of styrene and bromobenzene.135 The pincer complexes 28, 29 and 30 therefore

display very modest activities in the Heck reaction; however, this is the first ac-

count of Heck catalysis using a complex containing a cyclometallated CH2P(C6F5)2
or OP(C6F5)2 moiety. The pentafluorophenyl-substituted PCCCP complex 29 also

displays a much higher activity than its perfluoroalkyl-substituted analogues, which

recently demonstrated TONs on the order of hundreds — rather than tens of thou-

sands — of cycles.192 Whilst complexes 28, 29, and 30 appear to be less active than

their non-fluorinated phosphine and phosphinite PCP counterparts, they generally

display a higher activity than NCN or SCS ligated complexes.193,194
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The reactions of the two most active palladium complexes, 28 and 29, were moni-

tored at regular intervals by GCMS. The plots of conversion against time for these

reactions (Figure 6.3, top) confirmed that 29 was slightly more active than 28, and

also demonstrated that both reactions still proceeded up to 22 hours at 140 ◦C.

Extrapolation to the point of 50% conversion gave turnover frequencies (TOFs)

of 900 for 28 and 2,300 for 29. These values pale in comparison to the TOF of

140,000 reported for the identical coupling of bromobenzene and styrene catalysed

by a PNCNP pincer complex,135 and are towards the low end of the TOFs generally

observed for PCP pincer complexes (of the order of 1,000–10,000).16

Importantly, these plots suggested that the reactions involving 29 may display sig-

moidal (S-shaped) kinetics (Figure 6.3, bottom graph). Such reactions display an

induction period, during which time only a slight amount of product is formed while

the catalyst precursor decomposes or reacts to form the active catalyst species. For

pincer catalysed cross-coupling reactions the observation of an induction period is

extremely indicative of decomposition to a nanoparticulate active catalyst.183 An in-

duction period was not detected in reactions performed with 28, but may be present

during the initial stages of the reaction for which data were not collected. To confirm

that the active catalyst in these Heck reactions was a Pd(0) species (rather than

the intact Pd(II) pincer complex), the mercury poisoning test was employed. This

entailed the addition of a large excess of elemental mercury to the reaction mixture,

to amalgamate any heterogeneous Pd(0) deposited during the reaction and hence

negate any catalytic activity from Pd(0) species.195,196 Whilst elemental mercury

has been shown to degrade molecular Pd(0) and Pt(0) alkene complexes,197,198 it

does not react with Pd(II) pincer complexes, and hence is diagnostic for whether

the pincer complex is acting as a catalyst or a source of active Pd(0) in a particular

reaction.176

Mercury poisoning tests were carried out by repeating the Heck reactions catalysed

by 28 and 29 with the addition of approximately 50 mg (about 6,000 equivalents) of

elemental mercury to each reaction mixture. Solutions were thoroughly stirred for

two minutes prior to the addition of the catalyst to divide and distribute the mer-

cury evenly throughout. Results are shown on the graphs in Figure 6.3; no trace of

product was detected in any of the reaction mixtures in which mercury was present.

This confirmed that pincer complexes themselves were not active catalysts for the

Heck reaction, and instead acted as sources of catalytically active Pd(0), as is seen

in the literature for almost all cyclometallated palladium compounds.185
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Figure 6.3 Conversion vs time: PhBr/styrene/K2CO3 at 140 ◦C with 4 mmol %
of complexes 28 and 29. Full duration of the reaction (top), and first four hours
(bottom), showing the presence of an induction period.
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6.3.2 Active Species Generation and Reaction Mechanism

As these Heck reactions have been established to proceed through a heterogeneous

Pd(0) active species, two pathways have been proposed in the literature for the

reduction of the Pd(II) precatalyst. In the first, proposed originally by Louie and

Hartwig181 then revised by Sommer and colleagues (Scheme 6.3),199 a phosphorus-

donor group of the pincer ligand is displaced by the amine base used, giving a

cyclometallated palladium-amine intermediate. This is able to undergo β-hydride

elimination from an alkyl group of the coordinated amine, to form a palladium

hydride complex. As the cyclometallated carbon and hydride occupy coordination

sites that are mutually cis-coordinated, reductive elimination of the aryl backbone

of the pincer should be facile, yielding a Pd(0) species.
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H
H

Pd Cl

H

R2P

+ Et2N

reductive
elimination

R2P

H
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β-hydride
elimination

PR2

PR2

PR2

PR2

ligand
exchange

Scheme 6.3 Decomposition pathway for PCP pincer complexes in the presence of
an amine base.

A second route to the Pd(0) species was proposed by Beletskaya200 for cyclometal-

lated N-C chelates, but may also be applicable for the decomposition of PCP pincer

complexes (Scheme 6.4). In this pathway a phosphorus donor group dissociates from

the palladium and is replaced with the π-coordinated alkene. This is able to un-

dergo insertion into the palladium-carbon bond of the pincer ligand, much like in

the classical Heck mechanism (Figure 6.1). However, in this configuration β-hydride

elimination is unable to occur, as the seven-membered ring formed in the insertion

step prevents the β-hydrogen from interacting with the palladium. Dissociation of

the second phosphorus donor allows free rotation that brings the hydrogen into the

proximity of the palladium, rendering the insertion product susceptible to β-hydride
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elimination and giving a styryl-substituted pincer ligand. The palladium-hydrido

species generated is subsequently reduced to Pd(0) through hydride abstraction by

the inorganic base, just as in the final step of the classical Heck reaction mechanism.
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Scheme 6.4 Alternate decomposition pathway for PCP pincer complexes in the
Heck reaction.

As these decomposition pathways are able to yield molecular Pd(0) species, and it

has already been mentioned that mercury may poison some molecular Pd(0) species,

further evidence was needed to unambiguously state that the active catalyst is a col-

loidal (rather than molecular) Pd(0) species. An observation in agreement with a

nanoparticulate active catalyst is the behaviour of 30 at different catalyst loadings.

This complex achieved a 25% conversion after 16 hours at a 0.002 mole % loading,

but counterintuitively, the conversion decreased to 16% after 22 hours at double the

catalyst loading (0.004 mole %). If a catalytic cycle involving a molecular catalyst

species was operating, a greater yield of product would be expected at a greater

catalyst loading. However, when nanoparticles are the active catalyst, the activity

is extremely concentration dependent. Low concentrations of catalyst precursor of-

ten demonstrate a disproportionately high activity due to the formation of smaller

colloidal particles of palldium, which have a greater ratio of palladium at the surface

(active) sites than larger particles, and hence are more active.185 Moreover, constant

reaction of the aryl bromide with the surface of the nanoparticles prevents aggrega-

tion and Ostwald ripening; at a low palladium concentration more aryl bromide will

be present per palladium atom, so this effect will be more pronounced.185 The rate
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of decompostion to form the active Pd(0) catalyst will depend on the coordination

environment of the metal and therefore be specific to each complex,201 explaining

why 30 was the only complex used that displayed a decrease in conversion moving

from 0.002 to 0.005 mole % loading.

Since the three complexes evaluated all showed similar product ratios (roughly 1:2:20

gem:cis:trans) the same active catalyst is expected in all reactions. It is worth noting

that while 30 displayed an almost 1:1 cis:trans ratio after 22 hours, this is not seen

as indicative of a molecular active catalyst. Increasing the steric bulk of the active

catalyst is seen to increase the yield of the gem rather than cis product.202 In this

case, the predominance of the cis isomer was not seen in shorter reactions with 30,

and so the increased amount present in the longest reactions is likely to be due to

cis/trans isomerisation in solution pending analysis.

From the decomposition pathways previously outlined (Scheme 6.3 and Scheme 6.4),

a key step in the formation of the active catalyst species is the dissociation of one of

the phosphorus donor atoms from the palladium. This allows for the formation of a

complex with the correct cis-geometry for the reductive elimination or alkene inser-

tion to occur. Dissociation of the remaining phosphorus donor group is then required

for the formation of colloidal palladium. This requirement for Pd−P dissociation

can help explain the different rates of reactivity seen between compounds 28, 29,

and 30 in the Heck reaction. P−O bonds are notorious for undergoing facile hydrol-

ysis;203,204 at millimole percent catalyst loadings it can be assumed that the amount

of adventitious water present is sufficient to facilitate this cleavage. Moreover, un-

der these basic reaction conditions (DMF solvent, excess potassium carbonate) this

reaction will be more facile, as hydroxide is a better nucleophile than water. Once a

P−O bond is broken, the chelate effect can no longer provide additional stabilisation

to the phosphine hydroxide ligand, allowing it to more readily dissociate from the

complex. Once the dissociation has occurred, phosphinous acid/phosphine oxide

tautomerism will reduce the availability of the phosphorus lone pair of electrons

for ligand-metal bonding, making the coordination site cis to the P−C bond more

readily available, facilitating precatalyst decomposition (Scheme 6.5). Similar P−O

cleavage was observed in reactions between methyllithium the POCOP platinum

complex 25 (Chapter 4), where PMe(C6F5)2 was observed as a minor product.

The ability for P−O bond hydrolysis to hasten complex degradation was demon-

strated in the relative rates of active catalyst formation between 28 and 29; data

suggested that the PCCCP-ligated precatalyst displayed a longer induction period

than the POCOP-ligated species (Figure 6.3, bottom). However, because 29 un-

derwent a less facile decomposition it proved to be the better catalyst precursor. A
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Scheme 6.5 P−O bond hydrolysis in a PCP pincer complex and subsequent tau-
tomerism between phosphinous acid and phosphine oxide forms.

gradual deposition of colloidal palladium over time helps to prevent Ostwald ripen-

ing and palladium black formation, ensuring a steady stream of active palladium

nanoparticles are entering the reaction mixture. This ‘slow release’ of active palla-

dium has been repeatedly invoked to explain why the tridentate pincer compounds

are better precatalysts in the harsh conditions of the Heck reaction than analogous

bidentate cyclometallated compounds.205

This effect was also observed when comparing compound 28 to its non-fluorinated

analogues. While 28 achieved a TON of 18,000 for the cross-coupling of styrene with

bromobenzene, replacing the electron-withdrawing pentafluorophenyl substituents

on the phosphorus donor with electron-donating isopropyl groups gave a reported

TON of 140,000 for the identical reaction. This dramatic difference in activities can

be attributed to the electronic effects these substituents have on the phosphorus

centres. Because they are more nucleophilic and better able to stabilise a nega-

tive charge, phosphine ligands with electron-withdrawing substituents have been

shown to be much more susceptible to hydrolysis under basic conditions than their

more electron-rich counterparts.206,207 This propensity for hydrolysis and subsequent

degradation shown by pentafluorophenyl-substituted PCP pincer complexes renders

them less efficient at depositing catalytically active palladium nanoparticles than

their non-fluorinated counterparts, making them poorer catalysts for the Heck re-

action.

Counterintuitive to the notion that more stable precatalysts result in higher TONs

was the observation that the complex with both phosphine and phosphinite func-

tionalities, 30, was a poorer precatalyst for the Heck reaction than the phosphinite

complex 28. The electronic effect that the ligands impart on the metal centre is

responsible for this. As has been previously mentioned, tert-butyl phosphines are ex-

ceedingly good σ-donors, while pentafluorophenyl phosphines and phosphinites are

very poor σ-donors.37,38 This results in increased electron density on the palladium

in 30 compared to 28; in the carbonyl analogues the C−O stretch is seen to decrease
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from 2170 cm-1 in [(POCOP)Pd(CO)]+ (34) to 2140 cm-1 in [(POCCP)Pd(CO)]+

(36). Increasing the electron density on a metal centre has been shown to increase

the energy barriers for alkene insertion and also reductive elimination.208,209 The

effect of replacing a poorly donating pentafluorophenyl group with a strongly do-

nating tert-butyl group therefore should increase the energy requirement for the

decomposition pathways shown in Scheme 6.3 and Scheme 6.4, making formation

of the initial Pd(0) species less facile. Furthermore, the strong Pd−PtBu2 bond

may hinder colloidal palladium formation, as the Pd(0) centres will not be able to

aggregate and effectively form nanoparticles until the phosphine has dissociated.

A similar phenomenon has previously been reported in the literature, whereby the

presence of tert-butyl phosphine donors improve the stability of catalyst precursors,

but at the cost of a lower activity.183

There is clearly a fine balance in the relationship between ligand electronic effects

and precatalyst activity. Complexes containing either very strongly donating or very

weakly donating ligands display surprisingly modest activities as Heck precatalysts;

a feature that is exacerbated rather than moderated when both donor types are

combined in the same ligand.

Evidently these are complicated reaction mixtures. A number of potential Pd(II)

to Pd(0) decomposition pathways are available, and there are surely a number of

different factors at work influencing palladium nanoparticle formation. Whilst this

section has sought to explain the observed reactivities of compounds 28, 29 and 30,

the factors determining the activity of PCP pincer complexes may not play a part

in reactions catalysed by other ECE pincer species. Van Koten notes that for SCS

pincer-porphyrin complexes, the more electron-rich the porphyrin, the faster the ac-

tive catalyst formation and the higher the conversions obtained.201 Conversely, the

work reported herein, along with that of Eberhard183 suggests that for PCP pincer

complexes the presence of an electron-rich PtBu2 groups slows down the formation

of Pd(0) species and results in poor catalyst activity. Therefore, the factors that

influence palladium nanoparticle formation for one group of pincer complexes may

not pertain to pincer complexes as a whole, and ligand electronic effects in each case

must be balanced such that the desired ‘slow-release’ of the nanoparticulate active

catalyst into solution is obtained.
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6.4 Performance of [(PCP)PdCl] Species in the

Suzuki Reaction

Pincer complexes 28-30 were also assessed for their activity in the Suzuki reaction.

While the Suzuki reaction is conceptually similar to the Heck reaction — it is a

palladium-catalysed C−C bond-forming reaction involving an aryl halide — the use

of a boronic acid- or boronic ester-substituted aryl or vinyl group means that these

reactions can generally be carried out under milder conditions than Heck reactions.

It was hoped that under these conditions there would be less propensity for com-

plex decomposition and palladium nanoparticle formation. The Suzuki reaction was

therefore viewed as a greater hope for the observation of a Pd(II)/Pd(IV) catalytic

cycle involving an intact palladium pincer complex.

Initial reactions were performed with phenylboronic acid and 4-bromoanisole in

toluene at 100 ◦C (see Experimental Chapter for details). Reactions in toluene

at 100 ◦C are common for pincer species in the literature, thereby offering a good

degree of comparability with established work. 4-Bromoanisole was chosen as the

aryl halide for these reactions — being an electronically-deactivated aryl bromide

it should prove sufficiently difficult to couple, therefore providing a clear difference

in turnovers between good and bad catalysts. Reactions with aryl iodides generally

give high TONs even with poor catalysts, while reactions with aryl chlorides do

not proceed readily, so are unsuitable for initial reactivity studies. As in the Heck

reactions, both potassium carbonate and potassium phosphate were trialled as ex-

ternal bases. Preliminary investigations to determine optimal catalyst loadings were

carried out in toluene-d8 and analysed by NMR (as this had a higher throughput

than GCMS). NMR proved to be a valid analytical tool, giving similar results to

GCMS. However, due to the higher cost of solvents, NMR reactions were necessarily

performed on a smaller scale, giving rise to mass transfer problems and a notice-

ably lower reproducibility than reactions carried out for GCMS analysis. Control

reactions were also performed after these initial studies using the same glassware,

to ensure that there was no activity due to persistent palladium residues that had

survived the cleaning process. As in the Heck analysis, all reactions were performed

in at least duplicate; quoted values for conversions reflect the averages of all identical

analyses.
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6.4.1 Results of Suzuki Reactions

Results of the Suzuki reactions (Table 6.2) show that the activity of the complexes

is of the order [(POCOP)PdCl] (28) > [(POCCP)PdCl] (30) > [(PCCCP)PdCl]

(29). The most active catalyst, 28, was tested under a range of reaction condi-

tions, and was found to be slightly air sensitive, with greater yields obtained in

reactions performed under inert atmospheres than those performed under ambient

conditions. The addition of water to these reactions somewhat surprisingly increased

the turnovers — it was expected that in the presence of water P−O bond hydrolysis

in 28 would be more facile and the TON would be reduced. The increased activity

can be attributed in part to an increased solubility of the inorganic base in the pres-

ence of water, but primarily due to the increased concentration of hydroxide ions

in the reaction mixture. Whereas in the Heck reaction the base is used to regener-

ate the active catalyst after β-hydride elimination, in the Suzuki reaction the base

aids in transmetallation of the boron to the palladium. It is not clear whether this

transmetallation proceeds via base coordination to the metal210 or to the boron,211

but in either case the high nucleophilicity of the OH– renders it much more effective

at facilitating transmetallation than the inorganic bases alone. This also served to

explain why the potassium phosphate was a better base for these reactions than

potassium carbonate — the phosphate is used in its monohydrate form, meaning

that as well as being a slightly stronger base, the water of crystallisation will provide

the reaction mixture with additional hydroxide ions. Hydroxide bases themselves

were not considered for this reaction as their increased basicity could potentially

lead to more rapid catalyst degradation.

Reactions performed with potassium phosphate in the presence of a small amount

of water produced the best results for the coupling of phenylboronic acid and 4-

bromoanisole catalysed by compound 28, giving 88 % conversion and an average

TON of 176,000. These results indicate that 28 is amongst the most active pin-

cer complexes for Suzuki reactions with aryl bromides. The most active pincer

complexes have been reported by Bolliger and associates,52 whose PNCNP and

POCOP complexes perform the coupling extremely rapidly, generating TONs of

around 95,000 (with a 95% conversion) in just 5 minutes for the coupling of 4-

bromoanisole with phenylboronic acid. Bedford212 and Garagorri78 have also re-

ported highly active POCOP and PNCNP complexes, attaining TONs of 190,000

and 180,000 respectively for this cross-coupling. However, these numbers represent

conversions of just 19% and 18%; increasing the catalyst loading to obtain conver-

sions in excess of 70% gives TONs of 7,200 and 77,000 respectively. Additionally,

Bedford and Garagorri’s reactions were carried out above 100 ◦C for at least 16

hours, demonstrating that the achievement of 176,000 turnovers after two hours at
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Table 6.2 Results of the Suzuki reaction with 28, 29, and 30.

R [(PCP)PdCl]

K3PO4.H2O
toluene

+

X

B(OH)2

R

Ligand Time (h) Temp (◦C) ArX [Pd] (mol %) Yielda (%) TON

POCOP

14b 100 4-bromoanisole 0.001 39 39,000
20 100 4-bromoanisole 0.001 89 89,000
2 100 4-bromoanisole 0.001 74 74,000
1c 100 4-bromoanisole 0.001 64 64,000
2 80 4-bromoanisole 0.001 55 55,000
2c 80 4-bromoanisole 0.001 44 44,000
2 60 4-bromoanisole 0.001 13 13,000
2 100 4-bromoanisole 0.0005 77 144,000
2d 100 4-bromoanisole 0.0005 35 70,000
2e 100 4-bromoanisole 0.0005 88 176,000
2 100 4-chloroanisole 0.0005 0 0
20 100 4-chlorobenzaldehyde 0.05 10 200

PCCCP
20 100 4-bromoanisole 0.001 56 56,000
2 100 4-bromoanisole 0.001 25 25,000
1c 100 4-bromoanisole 0.001 2 2,000

POCCP

14b 100 4-bromoanisole 0.001 17 17,000
20 100 4-bromoanisole 0.001 66 66,000
2 100 4-bromoanisole 0.001 53 53,000
1c 100 4-bromoanisole 0.001 6 6,000
2 80 4-bromoanisole 0.001 14 14,000
2 60 4-bromoanisole 0.001 0 0
2 100 4-chloroanisole 0.0005 0 0
20 100 4-chlorobenzaldehyde 0.05 60 1,200

DPPFf 2 100 4-bromoanisole 0.001 77 77,000

a Determined by GCMS and based on aryl halide and biphenyl.
b Reaction performed with K2CO3 instead of K3PO4 ·H2O.
c Reaction performed with the addition of ∼ 30,000 equivalents Hg.
d Reaction performed in air.
e Reaction performed with the addition of 0.1 mL water.
f The formula of the complex used was [(DPPF)PdCl2].
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100 ◦C by 28 is very impressive for this class of complex.

While compound 28 displays a very high activity for a pincer complex in the Suzuki

reaction, this activity is substantially lower than is displayed by other palladium

species for this reaction. Cyclometallated P−C chelates such as 58 (Figure 6.2) have

been observed to give TONs approaching 9,000,000 for reactions with electronically-

deactivated aryl bromides.212 One of the most effective systems for the Suzuki

reaction — Buchwald’s 2-dicyclohexylphosphinobiphenyl ligands with [Pd(OAc)2]

— catalyses reactions with electronically-deactivated aryl chlorides at room tem-

perature.213 In comparison, Suzuki reactions using aryl chlorides do not proceed

well with these pincer complexes. Reactions with the electronically-activated 4-

chlorobenzaldehyde only proceeded with very moderate turnovers of 1,200 (complex

30) and 200 (complex 28) after 18 hours at 100 ◦C. Interestingly, the reactivity dis-

played here was the reverse of that shown in reactions involving electron-poor aryl

bromides — the POCCP complex 30 was more active than the POCOP complex

28.

To assess the activity of these pincer complexes in the Suzuki reaction, they were

compared to a commercially available catalyst, [(DPPF)PdCl2]. This species was

chosen as it is a highly active catalyst for cross-coupling reactions and is commonly

used in organic synthesis. Reactions with 28, 29, 30 and [(DPPF)PdCl2] were

monitored by GCMS to observe the speed at which the reactions proceeded, and

also to probe the nature of induction periods and catalyst lifetime. Results from

these reactions (Figure 6.4, top) show that as well as giving the greatest conversions,

complex 28 also promotes a very rapid reaction. Extrapolating from the point of

50% conversion gives TOFs of 330,000 for complex 28, 88,000 for [(DPPF)PdCl2]

and 29,000 for complex 30. A TOF value for 29 could not be established as the

reaction had not reached 50% conversion during the time allotted. These data show

that over the first hour, the POCOP complex 28 outperforms the commerically

available [(DPPF)PdCl2], reaching the 50% conversion mark in almost one quarter

of the time for the DPPF complex. However, it appears catalyst stability is an issue

under these conditions, with both 28 and 30 displaying a much reduced activity after

30 minutes, so much so that around the 90 minute mark [(DPPF)PdCl2] surpasses

the turnovers achieved by 28.

This poor catalyst lifetime was also demonstrated by testing the supernatant for

catalytic activity. The coupling of 4-bromoanisole with phenylboronic acid in the

presence of 1 mmol % 28 was performed; after 30 minutes the supernatant containing

the catalyst was reused with fresh starting materials, then after an additional 30

minutes the supernatant was used in a third subsequent reaction. Reactions were
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Figure 6.4 Conversion vs time: 4-bromoanisole/phenylboronic acid/K3PO4 · H2O
at 100 ◦C with 1 mmol % of complexes 28, 29, 30 and [(DPPF)PdCl2]. Standard
reaction conditions (top), reactions with the addition of approximately 30,000 equiv-
alents mercury (bottom).
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performed in duplicate, with the activity of 28 seen to decrease upon each subsequent

reuse. Initially, a 73% conversion into the biphenyl product was observed, dropping

to 50% then 21% on the second and third reuses respectively. The dramatic loss

of activity between runs confirmed the decomposition of the active species, and

indicated that severe difficulties may be encountered with catalyst recovery and

reuse in this system.

As well as illustrating the rapidity at which the POCOP complex 28 carried out

these Suzuki reactions, the plots of conversion against time (Figure 6.4) also demon-

strate why the PCCCP complex 29 performed so poorly. The reaction catalysed by

29 clearly displays an induction period of approximately 30 minutes, during which

time only traces of product are formed. As in the Heck reactions, the induction

period and subsequent sigmoidal kinetics are characteristic of a colloidal Pd(0) ac-

tive catalyst. To probe the nature of the active species in these Suzuki reactions,

mercury poisoning experiments were again undertaken. The addition of one drop of

mercury (about 30,000 equivalents per palladium) to the reaction mixtures was seen

to dramatically reduce the activity of compounds 29 and 30 (Figure 6.4, bottom).

After one hour in the presence of mercury, the TON of 30 dropped from 43,000

to 6,000, while the TON of 29 dropped from 13,000 to 2,000. However, somewhat

surprisingly, the POCOP compound 28 was seen to give essentially the same con-

versions regardless of whether mercury was present or not (TON of 66,000 without

mercury and 64,000 with mercury, after one hour). Since the mercury poisoning

experiments had been seen to give no traces of product in Heck reactions with 28,

this served to establish that under the milder Suzuki reaction conditions the cat-

alytic activity was due to a homogeneous palladium species in solution, rather than

heterogeneous palladium nanoparticles.

(POCOP)PdCl (POCCP)PdCl (PCCCP)PdCl

Figure 6.5 Raw data for Suzuki reactions at 100 ◦C catalysed by (from left to
right) pincer complex 28, 29, and 30.
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It has been reported that kinetic irreproducibility is also an indicator of complex

degradation to produce a heterogeneous active catalyst, as the nanoparticle for-

mation is highly sensitive to reaction conditions.214 Examination of the raw data

from these Suzuki reactions (Figure 6.5) revealed that reactions performed with

compound 28 were more reproducible than those performed with 29 and 30. The

percentage of starting material converted to product in reactions catalysed by 28

was spread over a 6% range (69–76% conversion) after 2 hours at 100 ◦C, com-

pared to 20% and 19% (13–33% and 39–58% conversion) for 29 and 30 respectively.

This provided a further indication that Suzuki reactions catalysed by the POCOP

complex 28 proceed through a homogeneous active species, while the PCCCP com-

plex 29 and the POCCP complex 30 degraded under Suzuki conditions to produce

heterogeneous active catalysts.

To probe for the presence of an induction period in reactions involving 30, and to

further investigate the nature of the active species in these Suzuki reactions, reac-

tions with complexes 28 and 30 were monitored at the lower temperatures of 80 ◦C

and 60 ◦C, with the results shown in Figure 6.6. Performing kinetic studies at lower

temperatures has been shown to dramatically reduce the rate of palladium nanopar-

ticle formation, revealing sigmoidal kinetic behaviour in reactions that displayed

none at higher temperatures.215 The most striking feature of these plots is that even

at 80 ◦C, compound 28 maintained a high activity, producing 55,000 turnovers at

a TOF of 50,000. Conversely, the activity of 30 was reduced dramatically, giving

only 14,000 turnovers after the two hour reaction had concluded. Further reduction

of the temperature to 60 ◦C rendered 28 much less effective (TON of 13,000), while

no traces of product were detected in the reaction of 30 at this temperature.

Looking at an expanded view of the reactions (Figure 6.6, bottom) the presence

of an induction period is clearly visible for the reaction of the POCCP complex

30 at 80 ◦C, with only traces of product detected up until the 20 minute mark,

at which point the reaction commenced. For the reaction of the POCOP complex

28 at 60 ◦C, the results are not quite as clear-cut, as a slight bump appears in

the curve after 10 minutes. However, the 4-methoxybiphenyl product was detected

in the first sample withdrawn after 2.5 minutes and appeared in ever-increasing

amounts in every sample taken forthwith, rather than being present in trace amounts

for the induction period, then appearing in increasing amounts. Thus the data

were not conclusive as to whether sigmoidal kinetics are likely to be in effect for

Suzuki reactions involving 28. However if degradation of the pincer complex to an

active species does occur, it must necessarily be very rapid to consistently produce

detectable amounts of product after two minutes at 60 ◦C.

126



Figure 6.6 Conversion vs time: 4-bromoanisole/phenylboronic acid/K3PO4 · H2O
at 80 ◦C and 60 ◦C with 1 mmol % of complexes 28 and 30. All data (top), expanded
view of selected reactions (bottom).
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Mercury poisoning reactions were also repeated for the reaction with compound 28

at 80 ◦C. This was done to ensure that the negative result in the mercury drop test

performed at 100 ◦C was not due to the formation of Pd(0) being so rapid that the

cross-coupling was completed before the mercury could amalgamate the palladium,

as has been proposed for some rapid Suzuki reactions in the literature.216 Upon

reducing the reaction temperature from 100 ◦C to 80 ◦C, the observed TOF for 28

droped from 330,000 to approximately 50,000 in the absence of mercury; a value

close to that of the POCCP species 30 at 100 ◦C (TOF of 29,000). As 30 returned

a positive mercury drop test at 100 ◦C (a drastic reduction in activity was observed),

it can be concluded that at 80 ◦C nanoparticle formation from 28 would not be so

rapid as to give a spurious result in the mercury drop test.

Figure 6.7 Conversion vs time: 4-bromoanisole/phenylboronic acid/K3PO4 · H2O
at 100 ◦C and 80 ◦C with 1 mmol % of complex 28 in the presence and absence of
30,000 equivalents of mercury.

Again, the mercury drop test with 28 was negative; reactions at 80 ◦C gave essen-

tially the same conversions whether mercury was present or not, just as they had at

100 ◦C. Looking at a plot of the reaction progress for these mercury poisoning ex-

periments (Figure 6.7), it is evident that in both instances when mercury is present

the activity is halted after about 30 minutes, while in the absence of mercury the

reaction continues to progress after 60 minutes (albeit slowly). This is indicative

that there are contributions to activity from both homogeneous and heterogeneous

active species occurring concurrently in these reaction mixtures. In reactions involv-

ing 29 and 30 the activity was severely diminished by mercury poisoning, but not
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eliminated altogether. This was in contrast to the Heck reaction, where no traces of

product were observed in reactions where mercury was added, and indicated that a

small amount of activity in these Suzuki reactions was probably due to homogeneous

catalysis by palladium complexes in solution. For 28 the contribution from homo-

geneous catalysis was much greater, to the point where mercury addition was seen

only to reduce activity after about 30 minutes, by which time colloidal degradation

products of the homogeneous active catalyst must be responsible for the activity.

The effectiveness of compound 28 in catalysing the Suzuki reaction on a large scale

was also investigated. The reaction between 4-bromoanisole and phenylboronic acid

was performed in a round bottom flask at 20 times the scale of the previous reac-

tions, with a catalyst loading of 1 mmol %. After 12 hours at 100 ◦C the reaction

was stopped and the product isolated by extraction with ethyl acetate, followed by

column chromatography on alumina to remove the excess phenylboronic acid. The

4-methoxybiphenyl was isolated in a 98% yield, giving a turnover number for 28 of

98,000 and indicating that this catalyst continues to perform well upon upscaling of

the Suzuki reaction.

6.4.2 Active Species Generation and Reaction Mechanism

The observation that Suzuki reactions catalysed by compound 28 proceeded via a

homogeneous active species meant the nature of the reaction mechanism needed to

be addressed. Like the Heck reaction, the Suzuki reaction is typically catalysed out

by a low-coordinate Pd(0) active species, with oxidative addition of the aryl halide

to form a Pd(II) intermediate a key step in the mechanism (Figure 6.8). As this is

conceptually similar to the Heck reaction, the Pd(II)/(IV) catalytic cycle proposed

for pincer complexes participating in the Heck reaction has also been invoked to

explain their reactivity in the Suzuki reaction.52,217

In this work, it is highly unlikely that reactions catalysed by 28 proceed through

a Pd(II)/(IV) catalytic cycle involving the intact pincer complex. The primary

reason for this is electronic; 28 contains a very electron-poor metal centre. Pal-

ladium(IV) species are regarded as being significantly less stable than the corre-

sponding platinum(IV) complexes,218 hence for the oxidative addition step to be

facile, the Pd(IV) product must be stabilised through electron donation to the metal

from the surrounding ligands. As discussed in Chapter 4, the C−O stretching fre-

quencies of the carbonyl derivatives [(POCOP)Pd(CO)]+, [(PCCCP)Pd(CO)]+, and
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Figure 6.8 Outline of the classic “textbook” Suzuki catalytic cycle.

[(POCCP)Pd(CO)]+ (compounds 34, 35, and 36 respectively) provided an indica-

tion of the electron density present on each metal centre. With a carbonyl C−O

stretching frequency of 2170 cm-1, complex 34 displayed the most electron-poor

palladium centre of any pincer compound reported to date, and was significantly

more electron-poor than the corresponding PCCCP and POCCP palladium com-

plexes 35 and 36 (carbonyl C−O stretches of 2148 and 2140 cm-1 respectively).

As any Pd(IV) intermediates generated from 28 will undergo minimal electronic

stabilisation, they will be high in energy and consequently be poor candidates for

intermediates in a reaction that was observed to be facile at temperatures as low as

60 ◦C. This rationale that an electron-poor metal centre will not readily undergo

oxidative addition has been bolstered through the use of computational chemistry.

Density Functional Theory (DFT) calculations on similar palladium pincer com-

plexes have demonstrated that for this oxidative addition, “the higher the electron

density on the metal centre, the lower the ground state energy and energetic bar-

rier.”189 To confirm this and correlate electron density on the metal centre with ease

of oxidation, cyclic voltammetry (CV) was performed on complexes 28, 29, and 30.

However, meaningful results were unable to be obtained. Fortunately, a 2011 paper

by Polukeev and colleagues219 confirmed that the carbonyl C−O stretch of a pincer

carbonyl adduct directly corresponds to the ease of oxidation of its metal centre.

From these carbonyl stretching frequencies, this indicates the ease of oxidation of

these complexes would be 30 > 29 > 28. Since the compound that should be the

most difficult to oxidise is the species that reacts via homogeneous catalysis, from

an electronics point of view a Pd(II)/(IV) mechanism for this catalysis is highly

unlikely.

Furthermore, there is a steric barrier to Pd(II)/(IV) catalysis. To achieve reductive

elimination of the biphenyl product from a Pd(IV) species, the aryl groups need to
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occupy mutually cis coordination sites, and be oriented in a “face-on” conformation

to facilitate effective orbital overlap. However, it has been demonstrated that in

tert-butyl-substituted PCP pincer complexes, the steric demands of the bulky tert-

butyl groups above and below the coordination plane of the aryl groups force them

to sit in a flat, “side-on” manner, significantly increasing the energy barrier for C−C

reductive elimination (Figure 6.9).220 Bis(pentafluorophenyl)phosphine groups have

a similar steric demand to di-tert-butyl phosphine groups,37 therefore the coordi-

nated aryl groups would be expected adopt a “side-on” conformation, providing

another restriction to biphenyl formation. Hence because of the electron-poor, ster-

ically crowded nature of the POCOP complex 28, a mechanism involving Pd(IV)

intermediates is highly unfavourable and can be disregarded as a plausible reaction

pathway in this instance.
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Figure 6.9 Steric effect of phosphorus substituents on aryl coordination. Reduc-
tive elimination of aryl groups is favoured by a “face-on” conformation.

Another consideration for the mechanism of the Suzuki reaction catalysed by 28 is a

concerted, redox-free pathway (Figure 6.10). Such a pathway was proposed in 2009

by Olsson and Wendt,221 and has been subsequently invoked to explain the reactivity

of pincer catalysts in both the Suzuki and Negishi cross-coupling reactions.190,222 The

key to this mechanism is that the first step — the transmetallation of the phenyl

group from the boron to the palladium — can occur via a four-membered transition

state, without any change in the oxidation state of the metal.211 The palladium-

phenyl species generated by transmetallation then reacts with the aryl halide in

a metathesis-type reaction. This is almost identical to the transmetallation step,

proceeding through a similar four-membered transition state in a concerted fashion,

with Pd−Br bond formation occurring concurrently with Pd−C bond cleavage. This

produces the biphenyl product and also regenerates the (PCP)PdX active catalyst,

leaving the pincer framework intact.

While this redox-free mechanism is a viable possibility for the Suzuki reaction, an
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action.

analogous mechanism is not possible for the Heck reaction. The Heck reaction re-

quires alkene insertion into a palladium-aryl bond, meaning that oxidative addition

of the aryl halide to the palladium has to be the first mechanistic step. In the Suzuki

reaction there is no insertion step, meaning either the aryl halide oxidative addition

or transmetallation of the arylboronic acid may occur first. As the transmetallation

step occurs through a redox-free pathway, when the reaction is initiated by trans-

metallation it allows for the possibility of a redox-free mechanism, so long as the

product-forming metathesis step is facile. Such metathesis steps are not well known

for palladium, they are more prevalent in the chemistry of the harder, early transi-

tion metals.223 However, reports have indicated that these concerted, four-membered

transition states are favoured for some palladium pincer complexes as a lower energy

alternative to an oxidative addition/reductive elimination pathway.224,225 Moreover,

in the well-established cross-coupling of vinyl epoxides with organoboronic acids, the

nucleophilic attack step is conceptually similar to the metathesis.172,226,227 In this

reaction, an aryl or vinyl group is transmetallated from a boronic acid to a palladium

pincer species, as in the first step of Figure 6.10. The palladium-aryl species then

undergoes nucleophilic attack on a vinyl epoxide, which can be seen as analogous

to the metallated carbon of the phenyl group attacking the ipso-carbon of the aryl

bromide in the second step of Figure 6.10.226 The fact that this reaction is catalysed

132



by palladium pincer complexes under mild conditions via a redox-free mechanism is

a good indication that a similar redox-free mechanism may be in operation in the

Suzuki reaction.

This proposed mechanism is consistent with the reactivity differences between com-

pounds 28, 29, and 30. For proton transfer reactions on late transition metals

that can proceed via oxidative addition or σ-bond metathesis pathways, it has

been observed that the four-centred metathesis transition state was favoured for less

electron-rich metal centres.223 Similarly, in the aforementioned vinyl epoxide cross-

coupling, it was noted that complexes with electron-poor metal centres catalysed

the reaction significantly faster than their electron-rich counterparts. This trend of

a higher reactivity for more electron-poor metal centres can explain the results ob-

tained in these Suzuki reactions. For the most electron-poor complex 28, the C−Br

bond metathesis step is facile and the reaction is catalysed by a palladium pincer

complex in solution. For the comparatively more electron-rich complexes 29 and

30 the metathesis step will be less favourable, meaning that the colloidal palladium

decomposition products catalyse the reaction faster than the parent pincer com-

plex can, and the reactions proceed predominantly through a heterogeneous active

species. As this mechanism is not possible for the Heck reaction, this also explains

why small amounts (c.a. 2–5%) of product appear in mercury-poisoned Suzuki re-

actions catalysed by 29 and 30, but no traces of product are detected in analogous

Heck reactions: the catalyst precursors display a limited activity proceeding via this

redox-free mechanism, and can therefore can undergo a small number of turnovers

before the heterogeneous Pd(0) is liberated and amalgamated.

Comparing the TONs displayed by compound 28 with literature values also sup-

ports the notion of the Suzuki reaction proceeding through this redox-free mecha-

nism. Both pincer species in the literature that are deemed to catalyse the reaction

in this manner are considerably more electron-rich than the POCOP complex 28,

consisting of aliphatic (rather than aromatic) backbones, and cyclohexyl222 or tert-

butyl221 substituted phosphine donor groups. These species displayed TONs of

9,100 and 1,100 respectively, with a greater activity shown by the PCy2-substituted

complex than by the more strongly electron-donating PtBu2-substituted complex.

As expected, under similar conditions the more electron-poor POCOP complex 28

significantly outperformed its more electron-rich analogues, with a TON of 74,000.

This is consistent with all three complexes catalysing the Suzuki reaction through

a redox-free pathway, with the exceptional stability conferred to the literature com-

pounds by their aliphatic backbones and strong P-donor ligands preventing Pd(0)

deposition, and allowing the contributions to catalysis by the intact pincer species

to be observed.
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Furthermore, this redox-free mechanism provides an explanation as to why the more

electron-rich POCCP complex 30 outperformed the POCOP complex 28 in the

cross-coupling of 4-chlorobenzaldehyde (TONs of 1,200 vs 200 respectively). Due to

the differences in the electronic character of oxidative addition compared to C−X

bond metathesis, what constitutes an ‘activated’ or ‘deactivated’ aryl halide will dif-

fer between the oxidative addition/reductive elimination mechanism and the redox-

free mechanism. When the aryl halide undergoes oxidative addition to the metal

centre, a partial negative charge (δ−) is developed on the metallated carbon atom.

Aryl groups with para-substituted electron-withdrawing groups can stabilise this

species through resonance effects, drawing some of the negative charge away and

making the oxidative addition reaction more facile (Figure 6.11, left). Conversely,

during C−X bond metathesis, a partial positive charge (δ+) is developed on this

same carbon of the aryl halide (as it is bound to the electronegative halogen rather

than the electropositive metal centre). This charge can be stabilised in a simi-

lar fashion through resonance effects from para-positioned electron-donating groups

(Figure 6.11, right). Hence, for an oxidative addition/reductive elimination path-

way aryl halides possessing para electron-withdrawing groups will be ‘activated’,

whereas for the redox-free pathway aryl halides with para electron-donating groups

will be ‘activated’. This decreased activity when moving from traditionally ‘deac-

tivated’ (electron-donating) to ‘activated’ (electron-withdrawing) aryl halides has

been previously observed where a redox-free mechanism was proposed;221 however,

it was marked as a “surprising” result and not attributed to the innate nature of

the redox-free mechanism itself. In this work, the observation that 28 outperforms

30 with the electron-donating 4-bromoanisole, while 30 outperforms 28 with the

electron-withdrawing 4-chlorobenzaldehyde is consistent with 28 proceeding through

134



O

Pd

O

P(C6F5)2

P(C6F5)2

Cl

O

Pd

O

P(C6F5)2

P(C6F5)2

Ph

O

Pd

O

P(C6F5)2

P(C6F5)2

Br

PhB(OH)2
K3PO4.H2O
5 eq. each

C6D6

80 oC

BrC6H4OMe

PhC6H4OMe

+

X

Scheme 6.6 NMR-scale Suzuki reaction attempted with 28.

a redox-free mechanism, while 30 proceeds via a (heterogeneous) oxidative addi-

tion/reductive elimination cycle.

Whilst all the experimental evidence was in good agreement with the Suzuki reaction

of 28 proceeding through a redox-free pathway, confirmation of this was attempted

with NMR experiments. The reaction between 28 and excess phenylboronic acid

in the presence of potassium phosphate (Scheme 6.6) was attempted on an NMR

scale in order to observe the palladium-phenyl intermediate [(POCOP)PdPh], which

could then be reacted directly with the 4-bromoanisole to confirm that the Suzuki

reaction did proceed through the intact pincer complex. While the previous results

had indicated that 28 was stable for a number of hours when heated in the presence

of base, in the presence of a large excess of phenylboronic acid and base at elevated

temperatures solutions of 28 discoloured within two minutes, turning first a bright

orange and then a dark yellow/brown colour, indicative of complex degradation.

This was confirmed by NMR spectroscopy; after five minutes at 80 ◦C only trace

amounts of 28 remained in solution.

This introduced the possibility that Suzuki reactions involving 28 under these con-

ditions were proceeding via a homogeneous Pd(0)/Pd(II) mechanism, catalysed by

a molecular Pd(0) degradation product. Such a scenario has not been observed or

even postulated for palladium PCP pincer complexes, but the notion of a molecular

degradation product serving as the active catalyst species was posited for cyclomet-

allated P−C chelate complexes by Bedford and colleagues in 2003.212 In that work,

the active catalyst was identified as a biphenyl species arising from the coupling

of the phenyl group from the boronic acid with the ligand backbone (Scheme 6.7).

These degradation products bear a close resemblence to complexes of the extremely

effective Buchwald-type ligands such as SPhos and XPhos: they consist of a singu-

lar phosphorus donor atom attached to a bulky biphenyl group.213 As such, these

cyclometallated P−C chelates demonstrated remarkable activity in the Suzuki re-

action, catalysing the cross-coupling of 4-bromoanisole and phenylboronic acid with

TONs in excess of 4,000,000.212
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However, for pincer complexes the formation of a similar monodentate, biphenyl-

substituted phosphine complex should be substantially less facile. Whereas in P−C

chelate complexes the coordination site cis to the metallated aryl ring is occupied by

a relatively easy to displace bridging halide, in pincer complexes the displacement of

a more strongly binding phosphorus donor group is required to achieve phenylation

of the aryl backbone of the pincer complex. There is the possibility that P−O

bond hydrolysis and subsequent phosphinous acid dissociation (as in Scheme 6.5)

creates this vacant coordination site cis to the metallated aryl backbone. This

hydrolysis and biphenyl active catalyst formation needs to be extremely facile, as

no induction periods were definitively observed for Suzuki reactions with 28, even at

60 ◦C. While such a fast hydrolysis is possible, if this reaction was rapid, it would be

expected that a second hydrolysis event would also be rapid, leading to equally fast

catalyst degradation and 2,6-dihydroxybiphenyl formation. Moreover, the POCCP

complex 30 would not be succeptable to a second hydrolysis, so would be expected

to form a more stable biphenylphosphine active catalyst. As Suzuki reactions with

30 proceeded through a heterogeneous rather than homogeneous active catalyst,

this pathway for active catalyst formation is unlikely to occur in these reactions.

To determine if the pincer complex decomposition was yielding homogeneous Pd(0)

species capable of catalysing the Suzuki reaction, these degradation products were

analysed by GCMS in tandem with NMR spectroscopy. As in the first step of

Scheme 6.6, palladium complexes 28, 29 and 30 were reacted with excess phenyl-

boronic acid and potassium phosphate in benzene-d6 at 80 ◦C. Hexafluorobenzene

was used as an internal standard so that 19F NMR spectroscopy could be used quan-

titatively to determine the degree of decomposition, as well as the proportions of

different degradation products present. Control experiments were also undertaken

with 28 and phenylboronic acid, as well as 28 and potassium carbonate, to assess

the effect of each of the starting materials individually on the pincer complex.

Monitoring the reactions by NMR spectroscopy, it was clear that phenylation of

the pincer complex 28 by the base-activated phenylboronic acid facilitates pincer

complex degradation. In the presence of both phenylboronic acid and potassium

carbonate, less that 1% of 28 remained in solution and was detectable by 19F NMR
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spectroscopy after 5 minutes at 80 ◦C. Conversely, in the presence of the base alone

the rate of decomposition was decidedly slower (greater than 40% of 28 remained

after three hours at 80 ◦C), and 28 was seen to be extremely stable in the presence

of phenylboronic acid alone (only trace amounts of decomposition products were

observed after 24 hours at 80 ◦C).

Compounds 29 and 30 displayed markedly different reactivities to compound 28 in

reactions with phenylboronic acid and potassium carbonate. The POCOP complex

28 decomposed to give complicated mixtures of phosphorus and fluorine-containing

products that were not readily identifiable by 31P NMR spectroscopy. Conversely,

the PCCCP and POCCP complexes both reacted to form typically three or four dif-

ferent stable molecular species. However, due to the number of compounds present

in these reaction mixtures the decomposition products were not able to be unam-

biguously characterised. Data from 31P NMR spectra of these reactions suggests

that these species were asymmetric Pd(II) complexes; they typically possessed one

phosphorus environment at a similar chemical shift to the starting material and

one phosphorus environment shifted 20–40 ppm downfield of the starting material,

with P−P coupling values of approximately 400–500 Hz, typical for a trans two-

bond phosphorus-phosphorus coupling. The concentration of these species decreased

slowly over time, indicating that these compounds were potential precatalysts for

the Suzuki reaction; being formed rapidly then undergoing a gradual decomposition

to deposit Pd(0) nanoparticles into solution.

After monitoring by NMR spectroscopy for seven hours at 80 ◦C, these reaction mix-

tures were analysed by GCMS. Samples from each reaction were hydrolysed prior

to GCMS analysis, in order to cleave P−O bonds and therefore create more volatile

species in solution. Results were compared to samples that had not been subjected

to hydrolysis, to assist with the identification of species that had arisen from the

P−O cleavage. Somewhat surprisingly in all reaction mixtures with phenylboronic

acid and potassium carbonate, the major volatile products were decafluorobiphenyl,

2,3,4,5,6-pentafluorobiphenyl, and biphenyl. The 19F NMR spectra of these decom-

position reactions indicated that initially pentafluorobiphenyl was formed, then as

the decomposition reactions proceeded pentafluorobiphenyl formation ceased and

the concentration of decafluorobiphenyl slowly increased (Figure 6.12). The gradual

formation of decafluorobiphenyl was also observed in the decomposition of 28 in the

presence of base alone. Biaryl formation in cis-bidentate P−P chelate complexes

has been reported as occurring through the insertion of palladium-aryl centres into

phosphorus-aryl bonds.228 Thus, a similar decomposition pathway may be present

for these complexes, with the requisite palladium-phenyl species being generated by

the boronic acid (as in the first step of Figure 6.10). Alternately, the phenylboronic
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acid could directly phenylate one of the phosphorus donors via nucleophilic attack,

in a manner analogous to the previously proposed P−O hydrolysis, a reaction that

would necessarily be more facile at the OP(C6F5)2 groups compared to the more

electron-rich and less Lewis acidic CH2P(C6F5)2 and CH2P
tBu2 groups. Either of

these pathways would account for the initial appearance of pentafluorobiphenyl, and

the observation that the decomposition was much more facile in the presence of both

phenylboronic acid and base.

Figure 6.12 Plot of the appearance of pentafluorobiphenyl (left) and decaflu-
orobiphenyl (right) in NMR-scale catalyst degradation experiments. Conversions
represent the moles of pentafluorophenyl generated per mole of pentafluorophenyl
present in the starting material. Data obtained at t = 180 min was plotted but is
not displayed.

During this decomposition, it is interesting to note the difference in rates of biphenyl

formation between the complexes (Figure 6.12), particularly with respect to the cat-

alytic activity of each species. Biphenyl formation plateaued after 30 minutes at

80 ◦C for the POCOP complex 28, and after 10 minutes for the POCCP complex

30, with the formation of the major biphenyl component (decafluorobiphenyl) be-

ing much more rapid in the case of 30. This correlated well with the heterogeneous

catalytic activity of each complex; there was an approximately 10 minute induction

period at 80 ◦C for 30, after which time heterogeneous catalysis commenced. For

28, mercury poisoning experiments have shown that homogeneous catalysis con-

cluded after about 30 minutes, after which time there was still a contribution to

catalysis from a heterogeneous active species. For the PCCCP complex 29, only

small amounts of biphenyl product were detected, while minimal catalytic activity

was observed in the first hour even at 100 ◦C. Hence the formation of these fluori-

nated biphenyls can be seen as a precursor to the formation of colloidal palladium
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and heterogeneous catalysis, and potentially offers an explanation as to the fate of

the homogeneous active species in the case of 28.

Further analysis of reaction mixtures by GCMS did not reveal any traces of 2,6-

substituted biphenyls, confirming that a biphenylphosphine- or phosphinite-ligated

active species (as in Scheme 6.7) is not formed with 28, or indeed any of the pal-

ladium complexes. However, in reactions involving the POCOP complex 28, there

were small amounts of the phosphines P(C6F5)3 and PPh(C6F5)2, as well as the

phosphinite P(OPh)(C6F5)2 present. Amongst the decomposition products from

30, minor traces of PPhtBu2 were observed, but no other phosphorus-containing

species were identified from the decomposition of complexes 29 and 30. This may

indicate that in the Suzuki reaction, compound 28 is reduced to a low coordinate

Pd(0) complex, stabilised by the presence of phosphorus-donor ligands in solution.

Such a species has previously been proposed as the active catalyst in C−S cross-

coupling reactions catalysed by a [(POCOP)NiCl] species.229

The possibility of the active species in Suzuki reactions involving 28 being a Pd(0)

complex bound to monodentate phosphine ligands formed from the degradation of

the pincer complex certainly bears consideration. This is able to explain how the

reaction proceeds when the parent complex is not stable for more than a few min-

utes under catalytic conditions, and also follows the established Pd(0)/(II) reaction

mechanism. On the contrary, it does not explain the reactivity difference between

28 and 30 in coupling “activated” aryl chlorides. Nor does it account for lack of an

observed induction period, even at low temperatures — both the cyclometallated

P−C chelates and [(POCOP)NiCl] complexes display distinct induction periods dur-

ing the active catalyst formation.212,229 Due to the fact that this reaction proceeds

so rapidly and may be catalysed by such small amounts of palladium, it is extremely

difficult to conclude whether Suzuki reactions involving 28 proceed through a redox-

free mechanism catalysed by the pincer complex, or whether the pincer complex acts

as a precatalyst for a homogeneous, phosphine-ligated Pd(0) catalyst. One thing is

clear though, unlike the complexes 29 and 30, the POCOP complex 28 catalyses

the Suzuki reaction through a homogeneous active species, and is one of the most

active pincer catalysts for this reaction reported to date.
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6.5 Concluding remarks

The palladium pincer compounds [(POCOP)PdCl] (28), [(PCCCP)PdCl] (29), and

[(POCCP)PdCl] (30) were assessed for their activity as catalysts in the Heck and

Suzuki cross-coupling reactions. While catalysts containing fluoroaryl phosphines

traditionally have not demonstrated high activities,80 it was hoped that the elec-

tronic and structural variations provided by this series of compounds would provide

insight into factors that assist efficient catalyst design.

In the Heck reaction, it was observed that compounds 28, 29, and 30 displayed

modest activities, giving TONs of 4,000–22,000 after 22 hours. By undertaking

mercury poisoning experiments, it was shown that all the palladium pincer com-

plexes functioned as precatalysts, decomposing under catalytic conditions to give

catalytically active palladium nanoparticles. The PCCCP complex 29 was the most

active precatalyst; unlike the POCOP complex 28 it contains no readily-hydrolysed

P−O bonds and therefore underwent a longer induction period, but proved to be

more efficient at providing the reaction mixture with a steady stream of active palla-

dium. Incorporation of an electron-donating di-tert-butyl phosphine group into the

pincer framework (30) did not stabilise the precatalyst and assist with the desired

‘slow-release’ of active palladium into solution. Instead this precatalyst displayed

the worst features of the two functionalities; it was still prone to P−O hydrolysis

while undergoing a less facile decomposition to Pd(0), making for poor performance

in the Heck reaction.

These electron-poor PCP pincer complexes proved to be substantially more active

in the Suzuki reaction. Compound 28 in particular was highly active, giving an

average TON of 176,000 in just two hours, making it one of the most active pin-

cer complexes reported for the Suzuki reaction to date. This corresponds to just

5 ppm of palladium required for a conversion of 88%. Comparison to [(DPPF)PdCl2]

showed that while 28 gave similar turnovers to the commercially available catalyst

after two hours, 28 performed the reaction at a substantially faster rate, reaching

the 50% conversion mark almost four times faster than [(DPPF)PdCl2]. This activ-

ity was somewhat unexpected, especially as 28 outperformed the activity reported

for its proteo analogue,171 a feat not often reported for palladium-catalysed cross

coupling reactions.

Performing low temperature kinetic tests as well as mercury poisoning experiments

on these Suzuki reactions indicated that reactions involving 29 and 30 proceeded

via a heterogeneous active catalyst — as in the Heck reactions — whereas reac-

tions with 28 were catalysed by a homogeneous species. In considering the nature
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of this homogeneous active species, the sterically-crowded, electron-poor nature of

28 renders catalysis through a Pd(II)/(IV) cycle highly unlikely. However, due

to aryl halide oxidative addition not being an explicit requirement for the Suzuki

reaction, catalysis through an alternate, redox-free mechanistic pathway is plau-

sible. This mechanism offers parallels with established Pd(II) chemistry, and can

explain the observed reactivity differences between 28 and similar pincer complexes

in the literature, as well as relatively poor performance of 28 in coupling “activated”

aryl chlorides. However, assessment of the stability of these pincer complexes un-

der pseudo-catalytic conditions revealed that 28 has a dramatically shorter lifetime

than compounds 29 and 30, yielding degradation products that suggested the ac-

tive species may be a Pd(0) centre stabilised by tertiary phosphine ligands such as

P(C6F5)3 present in solution. As these reactions proceeded rapidly in the presence

of very little palladium, it was very difficult to unambiguously identify the active

species present in reactions involving 28.

From these investigations, it could be concluded that the performance of pincer

species in palladium-catalysed cross-coupling reactions does not have a simple cor-

relation with the electronic nature of the metal centre. It appears instead that both

the stability and the electronic character of the phosphorus donor groups needs to

be considered, in conjunction with the nature of active catalyst formation under

catalytic conditions. In the Heck reaction, [(PCCCP)PdCl] (29) considerably out-

performs [(POCCP)PdCl] (30) as a precatalyst, while in the Suzuki reactions the

reverse is true, despite all of these reactions proceeding via a heterogeneous active

species. The reason for this becomes evident when considering the reaction con-

ditions — the Heck reaction is performed at high temperature in the absence of

a good nucleophile, while the Suzuki reaction is performed at considerably lower

temperatures in the presence of base-activated phenylboronic acid, which acts as a

phenylating agent.

In the Heck reaction, displacement of a phosphorus donor group from the palla-

dium is an essential step in colloidal palladium formation (Scheme 6.3, Scheme 6.4),

therefore the replacement of a poorly donating P(C6F5)2 group with a strongly do-

nating PtBu2 group hinders ligand dissociation, and subsequently leads to a lower

catalyst activity. Moreover, as the active catalyst formation is slow (half lives of the

order of 5-10 hours are common, Figure 6.3), thermal stability of the precatalyst is

of benefit, with the more robust PCCCP species 29 demonstrating a higher activity

than the complexes comprising the more labile P−O bonds, 28 and 30. Conversely,

in the Suzuki reaction nucleophilic attack on the phosphorus centre appears to play

a major part in the active catalyst formation, as evidenced by the observation of

fluorinated biphenyls in GCMS and NMR analysis of reaction mixtures. With the
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similarity of this nucleophilic attack to P−O hydrolysis (Scheme 6.5) and the cor-

relation of low activities with low amounts of biphenyl formation in the case of the

PCCCP complex 29, this indicates that in the presence of a nucleophile, incorpo-

ration of the less robust and more Lewis acidic phosphinite functionality into the

precatalyst aids heterogeneous active catalyst formation. These results emphasise

that whilst the Heck and Suzuki reactions are conceptually similar, they have in-

dividual, specific, and even conflicting factors than need to be taken into account

when considering efficient precatalyst design.

Drawing further conclusions on how the structural and electronic nature of PCP pin-

cer complexes affect their activities in these reactions is complicated by the observa-

tion that the POCOP complex 28 catalyses the Suzuki reaction via a homogeneous

active species. While the exact nature of the catalyst species is uncertain, this does

highlight that conceptually small structural modifications may have a large effect on

the nature of the catalysis. A further point of emphasis is that pincer complexes may

not be as robust under catalytic conditions as many have anticipated, and further,

due to the high activity of colloidal and low-ligated homogeneous palladium species,

confirmation of the active catalyst species in solution is extremely difficult. This is

put best by Phan and colleagues, “indeed, if ppt levels of palladium are capable of

easily catalyzing some reactions, probing the nature of the true catalyst by most

spectroscopic or other techniques may currently be impossible”.176
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Chapter 7

Conclusions

Transition metal complexes stabilised by phosphorus-containing pincer ligands have

been at the forefront of chemical research in recent years. They have facilitated the

selective bond cleavage of some of the most difficult-to-activate substrates, and have

shown considerable promise in two catalytic technologies that may help alleviate

a potential energy crisis in the years to come: alkane metathesis and water split-

ting. The rigid, well-defined coordination geometry of pincer complexes generally

minimises decomposition reactions, providing pincer complexes with a stability that

helps to ensure they remain intact and catalytically active even under demanding

reaction conditions.

While much of the research undertaken with pincer complexes involves the use of

electron-rich ligands, this study entailed the synthesis of PCP and PNP pincer lig-

ands bearing bulky electron-poor bis(pentafluorophenyl)phosphine substituents. It

was envisaged that the incorporation of these electron-poor groups into the pin-

cer coordination motif would provide an insight into the factors that influence the

synthesis and reactivity of these PCP and PNP pincer complexes.

The synthesis of the PCP and PNP pincer ligands was performed by attaching the

electron-poor phosphines to phenyl or pyridyl backbones with CH2, NH, or O link-

ages. Installation of the phosphines via condensation reactions between bis(penta-

fluorophenyl)phosphine bromide and aromatic alcohol or amine functionalities was

observed to give the desired pincer ligands in moderate to good yields, with the

added advantage of being carried out under milder conditions than have been re-

ported for the synthesis of more electron-rich analogues. This synthetic method-

ology was also tolerant of other functionalities present on the ligand, enabling the

synthesis of the mixed phosphine-phosphinite POCCPH ligand 3. The previously
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reported diphosphine PCCCPH ligand 2 was also synthesised; by using magnesium-

anthracene methods to produce the required Grignard reagent, ligand 2 was obtained

in a greater yield than previously reported.

The coordination chemistry of the most electron-poor POCOPH pincer ligand 1 was

investigated with a range of platinum and palladium starting materials. Reaction

of 1 with [Pt(nb)3] yielded the cis-bridged dimer [(POCOPH)Pt(nb)]2 (14), which

was characterised by single crystal X-ray diffraction, and was shown to be stabilised

by favourable π-π interactions between the aromatic ligand backbones. A similar

preference for the formation of κ2-PP bridged structures was indicated in reactions

between ligand 1 and [PtMe2(hex)]. None of the species arising from norbornene-

or methyl-substituted starting materials could be induced to undergo metallation to

form platinum PCP pincer complexes.

Reactions of ligand 1 with platinum and palladium dichloride or chloromethyl start-

ing materials led to the formation of rare examples of cis,trans-dimers 19, 21, and

23 as precursors to the metallated PCP pincer complexes. The formation of these

cis,trans-dimers is likely to be the result of having to balance steric and electronic

effects — bulky bridging ligands are seen to favour trans-coordination modes due

to steric constraints, while π-acceptor donor groups favour cis-coordination in or-

der to minimise unfavourable electronic interactions. The extensive coordination

chemistry demonstrated by ligand 1 was in part attributed to its electron-poor na-

ture increasing the barrier to C−H activation and ligand metallation, favouring the

formation of bridged coordination complexes over mononuclear pincer species.

As ligand 1 proved difficult to metallate, the influence of both ligand and starting

material on pincer complex formation was assessed. It was revealed that the ease of

ligand metallation increases with increasing electron-donating ability of the ligand.

Substitution of a bis(pentafluorophenyl)phosphinite group on the ligand for a di-

tert-butyl phosphine group — moving from ligand 1 to ligand 3 — resulted in the

formation of roughly double the amount of metallated product in half the time. It

was also determined that the nature of the ancillary ligand on the platinum starting

material had a significant influence on the ease of pincer complex formation. Some-

what counterintuitively, strongly binding ancillary ligands promoted faster ligand

metallation, as their less facile dissociation from the metal centre disfavoured the

formation of thermodynamically stable dimers and oligomers as metallation inter-

mediates.

The electronic character of ligands 1, 2, and 3 were assessed via the synthesis of

the appropriate platinum or palladium carbonyl species, [(PCP)M(CO)]+. Infrared

144



spectroscopy of these carbonyl complexes confirmed the expected trend, from most

electron-poor to most electron-rich, POCOP > PCCCP > POCCP. The palladium

POCOP carbonyl 34 possessed the largest value reported to date for the C−O

stretching frequency of a pincer carbonyl complex in the IR spectrum, while the

platinum POCOP complex 31 and the palladium PCCCP complex 35 also dis-

played C−O stretching frequencies greater than that of free carbon monoxide. All

three of the palladium carbonyl complexes demonstrated the reversible binding of

carbon monoxide, with the displacement of the CO ligand increasing in ease with

increasing magnitude of the C−O stretching frequency in the infrared spectrum.

This observation was attributed to the more electron-poor metal centres being less

able to bind the carbon monoxide via π-backbonding.

The synthesis of platinum methyl pincer complexes [(PCP)PtMe] from the parent

platinum chlorides was investigated. Reactions with methylmagnesium iodide were

found to result in halide exchange to produce the corresponding platinum iodide

species, while the greater nucleophilicity of methyllithium resulted in nucleophilic

attack at the electron-deficient P(C6F5)2 centres. In the case of [(POCCP)PtCl]

(27), this nucleophilic attack at phosphorus was observed to result in pentafluoro-

phenyl migration to the platinum, producing a platinum pentafluorophenyl complex

(46), amongst other byproducts. Successful methylation was achieved with the

less nucleophilic dimethylzinc; however, the more electron-rich pincer complex 27

underwent methylation at a significantly slower rate than its more electron-poor

counterparts 25 and 26 did.

Reaction of the PNP ligands 10 and 11 with platinum chloride starting materials

revealed a large electronic influence on pincer complex formation. Whereas PNP

pincer complex formation proceeded under mild conditions for the more electron-rich

PNNNP ligand 10, reactions with the more electron-poor PONOP ligand 11 did not

yield any traces of the pincer species. This was likely due to the chloride dissociation

required for PNP pincer formation becoming less facile for more electron-poor metal

centres. The chemistry of [(PNNNP)RhCl] (49) was also investigated, as it was

isolectronic with the Group 10 PCP pincer complexes studied. Despite possessing

a relatively electron-withdrawing ligand, the chemistry of 49 was dominated by

facile oxidation to rhodium(III) species. Furthermore, reactions with dimethylzinc

resulted in the deprotonation of an N−H group on the ligand, to form a methylzinc

adduct (51), which was observed to be stabilised by Lewis acid-base interactions

with ethers.

The catalytic activity of the electron-poor [(PCP)PdCl] complexes 28, 29, and 30

were assessed in Heck and Suzuki cross-coupling reactions. All three complexes were
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found to possess only modest activity in the Heck reaction, in all cases functioning

as precatalysts, which decomposed to give catalytically-active Pd(0) colloids. Under

the milder reaction conditions required for the Suzuki reactions, the most electron-

poor complex, [(POCOP)PdCl], 28, was able to couple electronically-deactivated

aryl bromides with a high activity via a homogeneous active species. This reactivity

is consistent with that expected for an intact pincer species operating through a

redox-free mechanism. However, the susceptibility of these electron-poor pincer

species to nucleophilic attack and decomposition means that catalysis by unidentified

homogeneous degradation products cannot be ruled out.

While electron-withdrawing PCP and PNP pincer ligands possessing phosphinite or

phosphinamide linkers can be more readily synthesised than their more electron-

donating analogues, there are significant difficulties associated with the metallation

of these electron-deficient ligands. The resultant electron-poor pincer complexes

are also rendered increasingly susceptible to nucleophilic attack at the phosphorus

and degradation, counteracting the stability conferred to complexes by the pincer

coordination motif. However, the increased barrier to ligand metallation makes such

species ideally suited to investigating the coordination chemistry and metallation

of pincer ligands. Furthermore, it appears that highly electron-deficient POCOP

palladium complexes display reversible uptake of carbon monoxide, and enhanced

activity in the Suzuki reaction over their more electron-rich counterparts.

An area of this work that may be explored in future investigations is the isolation and

characterisation of the deprotonated form of the rhodium PNNNP pincer complex

[(PNNNP)RhCl], 49. Research into the behaviour of this deprotonated species in

stoichiometric and catalytic reactions may reveal whether 49 is capable of the non-

innocent behaviour that is prevalent in the chemistry of related PCNCP complexes.

Further work into conclusively determining the nature of the active species arising

from [(POCOP)PdCl], 28, in the Suzuki reaction would also be beneficial. One way

in which this may be achieved is through the comparison of the activity of 28 with

that of independently synthesised potential degradation products, to determine if

a degradation product is responsible for the high homogeneous catalytic activity of

28. Moreover, characterisation of any of the cis,trans dimers by X-ray diffraction

would be highly desirable.
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Chapter 8

Experimental

8.1 General Procedures

All reactions and manipulations of products and reagents were carried out

under an inert nitrogen atmosphere using standard Schlenk techniques un-

less otherwise stated. Dichloromethane, diethyl ether, and tetrahydrofuran

were dried by heating to reflux over the appropriate drying agent (calcium

hydride for dichloromethane, sodium/benzophenone ketyl for ethers) and dis-

tilled prior to use. Other solvents were degassed and purged with nitro-

gen before use, with most stored over the appropriate size molecular sieve.230

Methyl iodide, dibutyl ether, bromobenzene, and styrene were purified by pas-

sage through a short neutral alumina column prior to use. The compounds

3-hydroxybenzyl alcohol,70 3-hydroxybenzyl bromide,71 (3-hydroxybenzyl)di-tert-

butyl phosphine,13 and bis(pentafluorophenyl)bromophosphine,231 were synthesised

using literature procedures. The transition metal precursors [PdCl2(NCMe)2],
232

[PtCl(COD)N(SiMe3)2],
124 [PtCl2(hex)],

233 [PtCl2(SEt2)2],
117 [PtMe2(hex)],

234 and

[RhCl(COD)]2,
235 were prepared by literature methods. The platinum compounds

[PtCl2(COD)]236 and [Pt(nb)3]
234 were obtained from colleagues at Victoria Univer-

sity of Wellington, having been prepared by literature procedures.

NMR spectra were obtained using a Varian Unity Inova 300 (300 MHz for 1H, 121

MHz for 31P, and 282 MHz for 19F), a Varian Unity Inova 500 (500 MHz for 1H

and 125 MHz for 13C), or a Varian DirectDrive 600 (600 MHz for 1H and 150 MHz

for 13C). The 600 MHz instrument was equipped with a Varian inverse-detected

triple-resonance HCN cold probe operating at 25 K. All 1H and 13C resonances were

referenced to the residual solvent peak. All 31P and 19F resonances were referenced
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to H3PO4 and CFCl3 respectively. NMR samples were prepared under an inert atmo-

sphere unless otherwise stated. Infrared spectra were obtained with a PerkinElmer

Spectrum One FT-IR spectrophotometer using pressed KBr discs. GCMS analysis

was performed on a Shimadzu GC-2010 GCMS with a RTX-5sil stationary phase.

Microanalyses were performed by the Campbell Microanalytical Laboratory at the

University of Otago. Single-crystal X-ray diffraction data were obtained by the

X-ray Crystallography Laboratory at the University of Canterbury. Electrospray

ionisation mass spectra were performed by the GlycoSyn QC Laboratory at Indus-

trial Research Limited using a Waters Q-TOF Premier Tandem mass spectrometer,

or in-house using an Agilent 6530 Series Q-TOF mass spectrometer.

Crystallography

Diffraction data∗ (see appropriate tables for details) were collected using Bruker

CCD diffractometers with Mo Kα radiation (0.71073 Å) from fine focus sealed tubes

with graphite monochromators, using phi and omega scans. Multi-scan absorption

corrections were applied. The structures were solved using Patterson methods, and

refined using a full-matrix least squares method,†with anisotropic thermal motion

parameters for all non-hydrogen atoms.237 Hydrogen atoms were placed in calcu-

lated positions and allowed to refine freely using a riding model. olex2 (Version

1.1.5)238 was used as a front-end for the shelx executables during structure solu-

tion and refinement. All relevant bond distances and angles were calculated using

mercury (Version 2.4.5), and molecular drawings were generated using ortep3

(Version 1.0.3).

8.2 Transition Metal Precursors

[PtClMe(hex)]

Dichloroplatinum-1,5-hexadiene (1.01 g, 2.9 mmol) was suspended in diethyl ether

(20 mL). To this was added a solution of 1 mol dm−3 dimethylzinc in diethyl ether

(3.5 mL, 3.5 mmol) portionwise with stirring over 20 min. The dark brown solu-

tion was stirred for a further 45 min, then washed with a saturated ammonium

∗Bruker smart (Version 5.054), sadabs (Version 2.03), and saint (Version 6.02A), Bruker
AXS Inc., Madison, Wisconsin, USA, 1997.

†G. M. Sheldrick, shelx-97. Programmes for the Solution and Refinement of Crystal Struc-
tures, 1997.
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chloride solution (15 mL). The organic layer was decanted, and the aqueous layer

was further extracted with diethyl ether (5×15 mL). The combined organic ex-

tracts were dried over magnesium sulfate, then volatiles were removed in vacuo

carefully (as the product may sublime), giving a yellow oil that crystallised into

an off-white solid ([PtMe2(hex)]) at −15 ◦C. The solid was then dissolved in a 2:3

methanol/dichloromethane mixture (15 mL), and acetyl chloride (160 µL, 2.3 mmol)

was added dropwise over 1 minute. The solution was stirred for a further 10 min,

and the solvent was reduced to about 2 mL in vacuo. The product was isolated

as a cream-coloured solid by crystallisation from the reaction mixture at −15 ◦C

and washing with pentane (435 mg, 46%). The product could also be isolated as

a minor impurity (typically c.a. 1% yield) in the synthesis of [PtMe2(hex)] during

purification by sublimation.

Cl
Pt

Me

4
5

6
3

2

1

1H-NMR: (500 MHz, CDCl3) δH 5.52 (dd, 2JPt-H = 28.9 Hz, 3JH-H = 8.4 Hz, 3JH-H

= 1.8 Hz, 1H, C−−CH2 H-1), 5.38 (m ,1H, C−−CH H-2), 4.64 (m, 2JPt-H = 65.2 Hz,

1H, C−−CH H-5), 4.37 (d, 2JPt-H = 29.4 Hz, 3JH-H = 14.4 Hz, 1H, C−−CH2 H-1),

3.46 (d, 2JPt-H = 72.3 Hz, 3JH-H = 7.8 Hz, 1H, C−−CH2 H-6), 3.31 (d, 2JPt-H =

71.8 Hz, 3JH-H = 13.4 Hz, 1H, C−−CH2 H-6), 2.65 (m, 1H, C−CH2 H-4), 2.54 (m,

1H, C−CH2 H-4), 2.33 (m, 1H, C−CH2 H-3), 1.84 (m, 1H, C−CH2 H-3), 0.99 (s,
2JPt-H = 73.8 Hz, 3H, CH3).

13C-NMR: (125 MHz, CDCl3) δC 118.9 (s, 1C, C-2),

103.3 (s, 1C, C-1), 86.4 (s, 1JPt-C = 210 Hz, 1C, C-5), 58.5 (s, 1JPt-C = 224 Hz, 1C,

C-6), 33.9 (s, 2JPt-C = 31.2 Hz, 1C, C-4), 26.7 (s, 1C, C-3), 6.4 (s, 1JPt-C = 618 Hz,

1C, CH3).

ZnMe
2

Zinc powder (13.8 g, 0.21 mol) and magnesium powder (5.4 g, 0.22 mol) were dry

stirred under nitrogen for 3 hours, then suspended in dibutyl ether (90 mL). Methyl

iodide (26.1 mL, 0.42 mol) was added to the stirred suspension at a rate that kept

the reaction mixture around 60 ◦C. The suspension was then heated to 70 ◦C for

18 hours, after which time the product was isolated by fractional distillation from

the reaction mixture, taking care as the product is extremely pyrophoric (13.9 g,

70%). Solutions of dimethylzinc in diethyl ether employed were prepared using

149



diethyl ether in place of dibutyl ether, distilling the dimethylzinc across with the

ether. Concentrations of diethyl etheric solutions of dimethylzinc were determined

by back-titration with standard 1 mol dm−3 hydrochloric acid. 1H-NMR: (300 MHz,

C6D6) δH −0.68 (br s, 6H, CH3).

8.3 Ligands

1,3-[(C
6
F

5
)
2
PO]

2
C

6
H

4
(POCOPH) (1)

Resorcinol (1.00 g, 9.1 mmol) was suspended in a solution of triethylamine (2.6 mL,

18.6 mmol) in diethyl ether (80 mL). The reaction mixture was cooled on ice and

a solution of BrP(C6F5)2 (4.1 mL, 18.2 mmol) in diethyl ether (10 mL) was added

dropwise. Stirring was continued for 1 hour on ice, then for 18 hours at room

temperature. The reaction mixture was filtered thorough celite, washing with diethyl

ether (3×14 mL). The diethyl ether was removed in vacuo, and 1 was isolated by

recrystallisation from 1:1 toluene/hexane (25 mL) at −15 ◦C, washing the white

needles obtained with hexane (6.61 g, 87%).

O

O P(C6F5)2

P(C6F5)21

2

34

5

6

1H-NMR: (500 MHz, CD2Cl2) δH 7.24 (t, 3JH-H = 7.8 Hz, 1H, H-5), 6.86 (dd, 3JH-H

= 7.5 Hz, 4JH-H = 1.6 Hz, 2H, H-4,6), 6.85 (s, 1H, H-2). 31P-NMR: (121 MHz,

CD2Cl2) δP 87.1 (quint, 3JP-F = 35.0 Hz). 19F-NMR: (282 MHz, CD2Cl2) δF −133.1

(m, 2F, o-C6F5), −148.6 (t, 3JF-F = 19.7 Hz, 1F, p-C6F5), −160.6 (m, 2F, m-C6F5).
13C-NMR: (125 MHz, CD2Cl2) δC 156.5 (d, 2JP-C = 16.3 Hz, 2C, C-1,3) 146.7 (d,
1JF-C = 256 Hz, 8C, o-C6F5), 143.2 (d, 1JF-C = nr, 4C, p-C6F5), 137.7 (d, 1JF-C

= 255 Hz, 8C, m-C6F5), 130.8 (s, 1C, C-5), 113.6 (d, 3JP-C = 13.4 Hz, 2C, C-

4,6), 111.1 (m, 4C, i -C6F5), 109.1 (t, 3JP-C = 10.9 Hz, 1C, C-2). Anal. Calcd

for C30H4O2F20P2: C, 42.98; H, 0.48. Found C, 42.86; H, 0.63. HRMS calcd for

(C30H8NO4F20P2) [M+2O+NH4]
+: m/z = 887.9609, found = 887.9618.
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1,3-[(C
6
F

5
)
2
PCH

2
]
2
C

6
H

4
(PCCCPH) (2)

Method A: As per the method of Chase et al.,57 half-scale (1.00 g, 39%). Method

B: Magnesium powder (0.10 g, 4.1 mmol) in THF (24 mL) was activated by the

addition of 1,2-dibromoethane (0.1 mL) followed by heating with a heat gun un-

til rapid bubbling was observed. After bubbling had ceased, anthracene (1.4 g,

9.0 mmol) was added, and the reaction mixture was stirred at room temperature

for 4 days. The supernatant was decanted and the orange solid isolated was washed

with THF (4×10 mL) and dried briefly in vacuo. The solid [Mg(anth)(THF)3] was

resuspended in THF and a solution of dichloro-m-xylene (350 mg, 2.0 mmol) in THF

(6 mL) was added dropwise and stirred overnight. The supernatant was isolated by

decantation and cooled to -78 ◦C. To this cooled solution was added BrP(C6F5)2
(0.84 mL, 3.68 mmol) dropwise. The reaction mixture was allowed to warm to room

temperature overnight, then the volatiles were removed in vacuo and the remain-

ing solid extracted with hexane (4×50 mL) and filtered through celite. Volatiles

were again removed under vacuum, and chromatography on silica in air (petroleum

ether eluent, Rf = 0.1) afforded 2 as a white solid (1.03 g, 67%). Spectroscopic

data matched that previously reported for 2.57 1H-NMR: (300 MHz, C6D6) δH 6.93

(s, 1H, H-2), 6.67 (t, 3JH-H = 7.7 Hz, 1H, H-5), 6.54 (dd, 3JH-H = 8.0 Hz, 4JH-H

= 1.5 Hz, 2H, H-4,6), 3.47 (d, 2JP-H = 4.0 Hz, 4H, CH2).
31P-NMR: (121 MHz,

C6D6) δP −46.3 (quint, 3JP-F = 25.0 Hz). 19F-NMR: (282 MHz, C6D6) δF −130.5

(m, 8F, o-C6F5), −149.3 (t, 3JF-F = 21.2 Hz, 4F, p-C6F5), −160.4 (m, 8F, m-C6F5).

1-[(C
6
F

5
)
2
PO]-3-(tBu

2
PCH

2
)C

6
H

4
(POCCPH) (3)

A solution of (3-hydroxybenzyl)di-tert-butyl phosphine (1.15 g, 4.56 mmol) and

triethylamine (1.4 mL, 10 mmol) in THF (50 mL) was cooled on ice, and a solution

of BrP(C6F5)2 (1.04 mL, 4.56 mmol) in THF (15 mL) was added over 10 min. The

solution was stirred on ice for a further 10 min, then at room temperature overnight.

The reaction mixture was filtered through celite, and the filter cake washed with

THF (5×15 mL). The crude material was dried in vacuo, and purified by extraction

with hexane (3×12 mL) at −78 ◦C, followed by filtration through celite . Removal

of hexane in vacuo gave 3 as a viscous, pale yellow oil (2.42 g, 86%).

O

PtBu2

P(C6F5)21

2

34

5

6
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1H-NMR: (500 MHz, C6D6) δH 7.47 (s, 1H, H-2), 7.02 (m, 3H, H-4,5,6), 2.65 (d,
2JP-H = 2.6 Hz, 2H, CH2), 0.99 (d, 3JP-H = 10.8 Hz, 18H, C(CH3)3).

31P-NMR:

(121 MHz, C6D6) δP 82.9 (quint, 3JP-F = 35.5 Hz, 1P, P(C6F5)2), 34.3 (s, 1P,

PtBu2).
19F-NMR: (282 MHz, C6D6) δF −133.2 (m, 4F, o-C6F5), −148.5 (t, 3JF-F

= 21.3 Hz, 2F, p-C6F5), −160.3 (tm, 3JF-F = 21.5 Hz, 4F, m-C6F5).
13C-NMR:

(125 MHz, C6D6) δC 155.5 (d, 2JP-C = 15.3 Hz, 1C, C-1), 146.6 (dm, 1JF-C =

256 Hz, 4C, o-C6F5), 144.8 (d, 2JP-C = 13.4 Hz, 1C, C-3), 142.8 (dm, 1JF-C =

257 Hz, 2F, p-C6F5), 137.4 (dm, 2JF-C = 254 Hz, 4F, m-C6F5), 129.5 (s, 1C, C-5),

125.5 (d, 3JP-C = 8.1 Hz, 1C, C-4), 119.4 (vt, 3JP-C = 11.5 Hz, 1C, C-2), 114.9 (d,
3JP-C = 12.5 Hz, 1C, C-6), 110.9 (dt, 1JP-C = 44.2 Hz, 2JF-C = 22.1 Hz, 2C, i -C6F5),

31.3 (d, 1JP-C = 24.0 Hz, 2C, C(CH3)3), 29.3 (d, 2JP-C = 13.4 Hz, 6C, C(CH3)3),

28.5 (d, 1JP-C = 25.9 Hz, 1C, CH2). HRMS calcd for (C27H24OF10P2) [M+H]+: m/z

= 617.1215, found = 617.1220. HRMS calcd for (C15H25OP) [M−P(C6F5)2+2H]+:

m/z = 253.1716, found = 253.1756.

1,3-[(C
6
F

5
)
2
PNH]

2
C

6
H

3
N (PNNNP) (10)

A solution of 2,6-diaminopyridine (187 mg, 1.71 mmol) and triethylamine (0.96 mL,

6.9 mmol) in THF (15 mL) was cooled on ice, and then a solution of BrP(C6F5)2
(0.77 mL, 3.39 mmol) in THF (8 mL) was added dropwise. The reaction mixture

was stirred on ice for 1 hour, then at room temperature for a further 14 hours.

The reaction mixture was filtered through celite, and the filter cake washed with

toluene (3×5 mL). Volatiles were removed in vacuo, and recrystallisation from 1:1

hexane/toluene (7 mL) at −15 ◦C and subsequent washing with hexane gave 10 as

an off-white, microcrystalline solid (948 mg, 66%).

N

H
N

N
H

P(C6F5)2

P(C6F5)21

34

5

6

1H-NMR: (500 MHz, C6D6) δH 7.03 (t, 3JH-H = 8.1 Hz, 1H, H-5), 6.21 (d, 3JH-H =

8.0 Hz, 2H, H-4,6), 5.80 (d, 2JP-H = 8.5 Hz, 2H, NH). 31P-NMR: (121 MHz, C6D6)

δP −10.8 (quint, 3JP-F = 38.2 Hz). 19F-NMR: (282 MHz, C6D6) δF −134.6 (m, 8F,

o-C6F5), −149.4 (t, 3JF-F = 21.2 Hz, 4F, p-C6F5), −160.0 (tm, 3JF-F = 22.8 Hz, 8F,

m-C6F5).
13C-NMR: (125 MHz, C6D6) δC 155.4 (d, 2JP-C = 25.5 Hz, 2C, C-1,3),
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146.8 (d, 1JF-C = 244 Hz, 8C, o-C6F5), 142.4 (dm, 1JF-C = 257 Hz, 4C, p-C6F5),

140.3 (s, 1C, C-5), 137.3 (dm, 1JF-C = 255 Hz, 8C, m-C6F5), 110.3 (m, 4C, i -C6F5),

101.6 (d, 3JP-C = 11.5 Hz, 2C, C-4,6). HRMS calcd for (C29H6N3F20P2) [M+H]+:

m/z = 837.9718, found = 837.9738.

1,3-[(C
6
F

5
)
2
PO]

2
C

6
H

3
N (PONOP) (11)

A solution of 2,6-dihydroxypyridine hydrochloride (250 mg, 1.69 mmol) and triethy-

lamine (0.96 mL, 6.9 mmol) in THF (15 mL) was cooled on ice, and then a solution

of BrP(C6F5)2 (0.77 mL, 3.39 mmol) in THF (8 mL) was added dropwise. The reac-

tion mixture was stirred on ice for 1 hour, then at room temperature for a further 15

hours. The reaction mixture was filtered through celite, and the filter cake washed

with THF (3×5 mL). Volatiles were removed in vacuo, and recrystallisation from 1:1

hexane/dichloromethane (15 mL) at −15 ◦C and subsequent washing with hexane

gave 11 as white, crystalline solid (871 mg, 61%). 1H-NMR: (300 MHz, C6D6) δH

6.87 (t, 3JH-H = 7.9 Hz, 1H, H-5), 6.31 (d, 3JH-H = 8.2 Hz, 2H, H-4,6). 31P-NMR:

(121 MHz, C6D6) δP 70.2 (quint, 3JP-F = 42.8 Hz). 19F-NMR: (282 MHz, C6D6)

δF −134.0 (m, 8F, o-C6F5), −147.8 (t, 3JF-F = 21.0 Hz, 4F, p-C6F5), −160.0 (m,

8F, m-C6F5).
13C-NMR: (125 MHz, C6D6) δC 159.2 (d, 2JP-C = 9.1 Hz, 2C, C-1,3),

146.8 (dm, 1JF-C = 247 Hz, 8C, o-C6F5), 143.2 (s, 1C, C-5), 143.1 (dm, 1JF-C =

259 Hz, 4C, p-C6F5), 137.5 (dm, 1JF-C = 255 Hz, 8C, m-C6F5), 110.2 (m, 4C, i -

C6F5), 105.8 (s, 2C, C-4,6). HRMS calcd for (C29H3NO4F20P2Na) [M+2O+Na]+:

m/z = 893.9116, found = 893.9142.

8.4 Platinum Complexes

[(POCOPH)Pt(nb)]
2
(14)

A solution of Pt(nb)3 (117 mg, 0.25 mmol) and 1 (204 mg, 0.24 mmol) in dichloro-

methane (7 mL) was heated at 40 ◦C for 36 hours, at which point all volatiles were

removed in vacuo. The oily solid was washed with ice-cold pentane, then redissolved

in toluene (5 mL) and heated at 50 ◦C for 12 hours. The volume was reduced in

vacuo to approximately 2 mL, with the addition of hexane to the toluene solution

causing the precipitation of 14 as a white solid, which was isolated by decantation of

the supernatant and washing with pentane (107 mg, 39%). Crystals suitable for sin-

gle crystal X-ray diffraction were obtained by solvent diffusion at room temperature,
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with methanol layered above a dichloromethane solution of 14. 1H-NMR: (500 MHz,

CD2Cl2) δH 6.85 (t, 3JH-H = 8.1 Hz, 1H, H-5), 6.69 (d, 3JH-H = 8.1 Hz, 2H, H-4,6),

6.12 (s, 1H, H-2), 2.75 (d, 2JPt-H = 70.8 Hz, 3JH-H = 10.7 Hz, 2H, nb C−−CH), 2.20

(d, 2JH-H = 10.0 Hz, 2H, nb C−CH), 1.44 (d, 2JH-H = 7.3 Hz, 2H, nb H2C−CH2),

0.96 (d, 2JH-H = 7.6 Hz, 2H, nb H2C−CH2), 0.42 (m, 1H, nb HC−CH2−CH), 0.15

(d, 2JH-H = 8.5 Hz, 1H, nb HC−CH2−CH). 31P-NMR: (121 MHz, CD2Cl2) δP 100.5

(s, 1JPt-P = 4623 Hz). 19F-NMR: (282 MHz, CD2Cl2) δF −131.5 (m, 8F, o-C6F5),

−149.3 (m, 4F, p-C6F5), −160.8 (m, 8F, m-C6F5).
13C-NMR: (125 MHz, CD2Cl2)

δC 152.5 (s, 2C, C-1,3), 145.0 (d, 3JF-C = 244 Hz, 8C, o-C6F5), ≈142‡ (d, 3JF-C =

nr, 4C, p-C6F5), 136.9 (d, 3JF-C = 249 Hz, 8C, m-C6F5), 128.5 (s, 1C, C-5), 113.4

(s, 2C, C-4,6), 112.1 (m, 4C, i -C6F5), 111.7 (s, 1C, C-2), 65.7 (m, 1JPt-C = 259 Hz,

2C, nb C−−CH), 42.0 (s, 2C, nb C−CH), 39.8 (s, 1C, nb HC−CH2−CH), 27.7 (s,
3JPt-C = 53.2 Hz, 2C, H2C−CH2). Anal. Calcd for C74H28O4F40P4Pt2 · CH2Cl2: C,

38.50; H, 1.29. Found C, 38.80; H, 1.40. HRMS calcd for (C60H8O4F40NaP4Pt2)

[M−2nb+Na]+: m/z = 2086.7886, found = 2086.7883.

[(POCOPH)PtMe
2
]
2
(15)

A solution of ligand 1 (200 mg, 0.24 mmol) and [PtMe2(hex)] (73.3 mg, 0.24 mmol)

in toluene (15 mL) was stirred at room temperature for 72 hours. The solution was

concentrated in vacuo to about 3 mL, and the oligomeric byproduct 16 precipitated

out by the addition of 3 mL hexane to the solution. Decantation and isolation of the

supernatant, followed by removal of the solvent in vacuo and washing with hexane

afforded 15 as a yellow, microcrystalline solid (199 mg, 78%). 1H-NMR: (300 MHz,

CD2Cl2) δH 7.05 (t, 3JH-H = 8.3 Hz, 2H, H-5), 6.82 (d, 3JH-H = H-4,6 Hz, 4H, H-4,6),

6.42 (s, 2H, H-2), 0.21 (vt, 2JPt-H = 71.0 Hz, 3JP-H = nr, 12H, CH3).
31P-NMR:

(121 MHz, CDCl3) δP 89.9 (s, 1JPt-P = 2202 Hz). 19F-NMR: (282 MHz, CDCl3)

δF −129.4 (br s, 16F, o-C6F5), −145.7 (br s, 8F, p-C6F5), −159.1 (br s, 18F, m-

C6F5).
13C-NMR: (125 MHz, CD2Cl2) δC 153.4 (s, 4C, C-1,3), 146.4 (dm, 1JP-F =

259 Hz, 16C, o-C6F5), 143.7 (dm, 1JP-F = 262 Hz, 8C, p-C6F5), 137.6 (dm, 1JP-F

= 259 Hz, 16C, m-C6F5), 129.3 (s, 2C, C-5), 116.5 (s, 4C, C-4,6), 112.4 (s, 2C,

C-2), 108.8 (m, 8C, i -C6F5), 1.7 (dd, 2JP-C = 116 Hz, 4C, CH3). HRMS calcd for

(C64H20O4F40NaP4Pt2) [M+Na]+: m/z = 2146.8825, found = 2146.8855.

‡The chemical shift δC and coupling constants for the p-C6F5 carbon environment could not
be determined due to peak overlap with the adjacent o-C6F5 environment.
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[(POCOPH)PtMe
2
]x (16)

The oligomeric species 16 could be isolated as a byproduct during the synthesis

of the dimer 15 as above, with shorter reaction times in dichloromethane were ob-

served to increase the yield of 16. A solution of ligand 1 (50 mg, 60 µmol) and

[PtMe2(hex)] (18.5 mg, 60 µmol) in dichloromethane (5 mL) was stirred at room

temperature for 24 hours. The solvent was reduced to about 0.5 mL in vacuo, and

precipitation of the product with hexane followed be decantation of the supernatant

and washing of the precipitate in situ with pentane afforded 16 as a white solid

(48 mg, 76%). Samples of 16 were found to be contaminated with small quantities

of the dimer 15. 1H-NMR: (300 MHz, CD2Cl2) δH 7.14 (t, 3JH-H = 8.2 Hz, 1H,

H-5), 6.94 (s, 1H, H-2), 6.77 (d, 3JH-H = H-4,6 Hz, 2H, H-4,6), 0.42 (dd, 2JPt-H =

70.6 Hz, 3JP-H = 3.0 Hz, nr, 6H, CH3).
31P-NMR: (121 MHz, CD2Cl2) δP 90.9 (s,

1JPt-P = 2150 Hz). 19F-NMR: (282 MHz, CD2Cl2) δF −129.0 (dm, 3JP-F = 16.4 Hz,

8F, o-C6F5), −146.5 (tm, 3JF-F = 20.8 Hz, 4F, m-C6F5), −159.7 (m, 8F, p-C6F5).
13C-NMR: (125 MHz, CD2Cl2) δC 153.4 (s, 4C, C-1,3), 146.4 (dm, 1JP-F = 259 Hz,

8C, o-C6F5), 143.7 (dm, 1JP-F = 262 Hz, 4C, p-C6F5), 137.6 (dm, 1JP-F = 259 Hz,

8C, m-C6F5), 129.9 (s, 1C, C-5), 115.8 (s, 2C, C-4,6), 112.3 (s, 1C, C-2), 108.8 (m,

4C, i -C6F5), 4.0 (dd, 2JP-C = 115 Hz, 2C, CH3).

Observation of cis-[(κ1−POCOPH)
2
PtCl

2
] (18)

Ligand 1 (30 mg, 36 µmol) and [PtCl2(hex)] (12.5 mg, 36 µmol) were dissolved in

benzene-d6 in an NMR tube, and the course of the reaction monitored by NMR

spectroscopy. After two hours at room temperature, NMR spectroscopy revealed

the formation of 18 along with the presence of unreacted starting material. Heating

of the reaction mixture to 60 ◦C for two minutes to encourage dissolution of the

[PtCl2(hex)] resulted instead in the formation of significant quantities of the dimer

19. As such, compound 18 was not isolated for further analysis.

where R = C6F5

Cl
Pt

Cl

R2
P

P
R2

O

O

O

O

PR2

PR2

1
2

3

4

5

6
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1H-NMR: (300 MHz, C6D6) δH 6.91 (s, 2H, H-2), 6.79 (d, 3JH-H = 7.9 Hz, 2H, H-6),

6.73 (vt, 3JH-H = 8.2 Hz, 2H, H-5), 6.57 (d, 3JH-H = 7.7 Hz, 2H, H-4). 31P-NMR:

(121 MHz, C6D6) δP 85.4 (quint, 3JP-F = 36.8 Hz, 2P, P(C6F5)2), 51.4 (s, 1JPt-P

= 4531 Hz, 2P, P-trans-Cl). 19F-NMR: (282 MHz, C6D6) δF −127.5–−130.7 (br

m, 16F, o-C6F5), −151.4–−153.3 (br m, 8F, p-C6F5), −158.9–−160.0 (br m, 16F,

m-C6F5).

cis,trans-[(POCOPH)PtCl
2
]
2
(19)

A solution of ligand 1 (30 mg, 36 µmol) and [PtCl2(hex)] (12.5 mg, 36 µmol) in

benzene-d6 was heated to 90 ◦C for three minutes (to ensure dissolution of starting

material), then left standing at room temperature for 12 hours. The reaction mixture

was heated for a further 80 minutes at 90 ◦C, at which point NMR spectroscopy

revealed almost quantitative formation of 19. Removal of the volatiles in vacuo and

repeated washing with hexane afforded the product 19 as a cream-coloured solid (8

mg, 20%).

where R = C6F5

Cl
Pt

Cl

R2
P

P
R2

O

O

O

O

PR2

PR2

Pt ClCl
1

2
3

4

5

6

1H-NMR: (300 MHz, C6D6) δH 7.38 (s, 2H, H-2), 6.68 (d, 2H, H-6), 6.61 (t, 2H,

H-5), 6.53 (d, 2H, H-4). 31P-NMR: (121 MHz, C6D6) δP 80.6 (s, 1JPt-P = 3357 Hz,

2P, P-trans-P), 55.5 (s, 1JPt-P = 4582 Hz, 2P, P-trans-Cl). 19F-NMR: (282 MHz,

C6D6) δF −126.9–−130.5 (br m, 16F, o-C6F5), −141.0–−142.3 (br m, 8F, p-C6F5),

−158.2–−158.6 (br m, 16F, m-C6F5). HRMS calcd for (C60H8O4F40NaCl4P4Pt2)

[M+Na]+: m/z = 2230.6665, found = 2230.6653. Samples of 19 were contaminated

with small amounts of 18, preventing satisfactory elemental analysis data from be-

ing obtained.
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cis,trans-[(POCOPH)PtClMe]
2
(21)

A solution of [PtClMe(hex)] (101 mg, 0.30 mmol) and ligand 1 (249 mg, 0.31 mmol)

in toluene (5 mL) was heated at 40 ◦C for 24 hours, then stirred at room temper-

ature for a further 8 hours. The solution was filtered through a short column of

alumina in air, washing the column with toluene (3×2 mL). Volatiles were removed

in vacuo, and the white solid redissolved in a 1:1 toluene/hexane solution, purifying

the product by precipitation of byproducts from solution at −15 ◦C. The super-

natant was decanted and collected, and removal of the volatiles in vacuo followed

by washing with pentane gave 21 as a white, microcrystalline solid (65 mg, 20%).

where R = C6F5

Me
Pt

Cl

R2
P

P
R2

O

O

O

O

PR2

PR2

Pt MeCl
1

2
3

4

5

6

2'
3'1'

6'

5'

4'

1H-NMR: (600 MHz, C6D6) δH 7.54 (s, 1H, H-2), 7.34 (s, 1H, H-2’), 6.68 (d, 3JH-H

= 7.9 Hz, 1H, H-6), 6.62 (m, 3H, H-5,5’,6’), 6.55 (d, 3JH-H = 8.2 Hz, 1H, H-4),

6.53 (d, 3JH-H = 7.0 Hz, 1H, H-4’), 1.27 (br m, 3H, CH3-trans-P), 0.26 (br t, 3JP-H

= 6.6 Hz, 3H, CH3-trans-Cl).
31P-NMR: (121 MHz, C6D6) δP 94.4 (d, 2JP-P15.4,

1JPt-P = 2066 Hz, 1P, P-trans-CH3), 90.3 (s, 1JPt-P = 4028 Hz, 2P, P-trans-P), 62.1

(d, 2JP-P15.4,
1JPt-P = 5494 Hz, 1P, P-trans-Cl). 19F-NMR: (282 MHz, C6D6) δF

−127.6–−129.5 (m, 16F, o-C6F5), −142.7–−144.0 (m, 8F, p-C6F5), −158.2–−159.6

(m, 16F, m-C6F5).
13C-NMR: (150 MHz, C6D6) δC 153.9 (d, 2JP-C = nr, 1C, C-

1’), 153.8 (d, 2JP-C = 13.8 Hz, 2C, C-3,3’), 153.1 (d, 2JP-C = 17.9 Hz, 1C, C-1),

148.2–144.3 (br m, 24C, o,p-C6F5), 138.4 (br d, 1JF-C = 255 Hz, 16C, m-C6F5),

130.4 (s, 1C, C-5’), 130.3 (s, 1C, C-5), 118.5 (s, 1C, C-4), 118.3 (s, 1C, C-4’), 116.5

(s, 1C, C-6’), 116.2 (s, 1C, C-6), 114.5 (s, 1C, C-2), 114.3 (s, 1C, C-2’), 108.2–105.8

(br m, 8C, i -C6F5), 5.9 (br d, 2JP-C = 116 Hz, 1C, CH3-trans-P), −18.3 (br s, 1C,

CH3-trans-Cl). HRMS calcd for (C64H17NO4F40P4ClPt2) [M−Cl+NCMe]+: m/z =

2170.8430, found = 2170.8496. Accurate elemental analysis data was not able to be

obtained for 21.

157



[(POCOP)PtCl] (25)

A solution of [PtClMe(hex)] (79 mg, 0.24 mmol) and 1 (203 mg, 0.24 mmol) in

toluene (6 mL) was heated at reflux for 48 hours. All volatiles were then removed

in vacuo and the oily yellow residue was triturated with hexane to give the crude

material as a pale yellow solid. Precipitation of [(POCOPH)PtClMe]x species from

a solution of 2:1 hexane/toluene at −15 ◦C, followed by removal of volatiles in

vacuo and washing with pentane at −78 ◦C gave 25 as a pale yellow solid (121 mg,

47%). 1H-NMR: (300 MHz, C6D6) δH 6.87 (t, 3JH-H = 8.0 Hz, 1H, H-5), 6.79 (d,
3JH-H = 7.8 Hz, 2H, H-4,6). 31P-NMR: (121 MHz, C6D6) δP 107.8 (s, 1JPt-P =

3663 Hz). 19F-NMR: (282 MHz, C6D6) δF −128.4 (dm, 3JP-F = 22.2 Hz, 8F, o-

C6F5), −141.8 (tt, 3JF-F = 20.0 Hz, 5JF-F = 6.8 Hz, 4F, p-C6F5), −157.6 (m, 8F,

m-C6F5).
13C-NMR: (125 MHz, C6D6) δC 161.2 (s, 2C, C-1,3), 146.6 (dm, 1JF-C =

256 Hz, 8C, o-C6F5), 144.6 (dm, 1JF-C = 264 Hz, 4C, p-C6F5), 137.7 (dm, 1JF-C =

257 Hz, 8C, m-C6F5), 129.5 (s, 1C, C-5), 123.7 (s, 1C, C-2), 108.2 (t, 3JPC = 7.5 Hz,

2C, C-4,6), 102.5 (m, 4C, i -C6F5). Anal. Calcd for C30H3O2F20P2ClPt · CH2Cl2: C,

32.30; H, 0.44. Found C, 32.45; H, 0.55. HRMS calcd for (C30H3O2F20NaP2ClPt)

[M+Na]+: m/z = 1088.8502, found = 1088.8513.

[(PCCCP)PtCl] (26)

A solution of [PtClMe(hex)] (82 mg, 0.25 mmol) and 2 (206 mg, 0.25 mmol) in

toluene (5 mL) was heated at 100 ◦C for 18 hours. All volatiles were then removed

in vacuo and the oily yellow residue was triturated with hexane to give a cream-

coloured solid, which was washed with pentane to afford 26 as an off-white solid

(252 mg, 96%). 1H-NMR: (500 MHz, CDCl3) δH 7.11 (m, 3H, H-4,5,6), 4.26 (vt,
3JPt-H = 29.8 Hz, 2JP-H = 4.5 Hz, 4H, CH2).

31P-NMR: (121 MHz, CDCl3) δP 11.5

(s, 1JPt-P = 3379 Hz). 19F-NMR: (282 MHz, CDCl3) δF −126.7 (m, 8F, o-C6F5),

−144.6 (t, 3JF-F = 20.7 Hz, 4F, p-C6F5), −157.9 (m, 8F, m-C6F5.
13C-NMR:

(125 MHz, CDCl3) δC 147.2 (dm, 1JF-C = 255 Hz, 8C, o-C6F5), 144.1 (dm, 1JF-C =

262 Hz, 4C, p-C6F5), 144.0 (s, 1JPt-C = 875 Hz, 1C, C-2), 143.6 (t, 2JP-C = 9.4 Hz,

2C, C-1,3), 138.0 (dm, 1JF-C = 258 Hz, 8C, m-C6F5), 126.6 (s, 1C, C-5), 123.8 (t,
3JP-C = 11.0 Hz, 2C, C-4,6), 103.0 (m, 4C, i -C6F5), 43.4 (t, 1JP-C = 17.8 Hz, 2C,

CH2). Anal. Calcd for C32H7F20P2ClPt: C, 36.13; H, 0.66. Found C, 36.13; H, 0.88.

HRMS calcd for (C34H10NF20P2Pt) [M−Cl+CH3CN]
+: m/z = 1063.9568, found =

1063.9564.
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[(POCCP)PtCl] (27)

A solution of [PtCl2(SEt2)2] (191 mg, 0.43 mmol) and 3 (265 mg, 0.24 mmol) in

toluene (15 mL) was heated at reflux for 64 hours. Removal of volatiles in vacuo

gave a oily yellow residue, which was purified by recrystallisation from 3:1 hex-

ane/dichloromethane at −15 ◦C followed by washing with hexane, yielding 27 as a

yellow microcrystalline solid (181 mg, 50%). 1H-NMR: (500 MHz, CDCl3) δH 7.04

(vt, 3JH-H = 7.6 Hz, 1H, H-5), 6.95 (d, 3JH-H = 7.3 Hz, 1H, H-4), 6.76 (d, 4JPt-H

= 16.7 Hz, 3JH-H = 7.9 Hz, 1H, H-6), 3.42 (d, 3JPt-H = 22.8 Hz, 2JP-H = 10.3 Hz,

2H, CH2), 1.45 (d, 3JP-H = 14.3 Hz, 18H, C(CH3)3).
31P-NMR: (121 MHz, CDCl3)

δP 107.8 (d, 1JPt-P = 3294 Hz, 2JP-P = 469 Hz, 1P, P(C6F5)2), 72.1 (d, 1JPt-P =

3088 Hz, 2JP-P = 468 Hz, 1P, PtBu2).
19F-NMR: (282 MHz, CDCl3) δF −128.1 (m,

4F, o-C6F5), −144.6 (tm, 3JF-F = 20.7 Hz, 2F, p-C6F5), −158.4 (m, 4F, m-C6F5).
13C-NMR: (125 MHz, CDCl3) δC 161.5 (dd, 2JP-C = 15.4 Hz, 3JP-C = 3.9 Hz, 1C,

C-1), 149.1 (dd, 2JPt-C = 77.8 Hz, 2JP-C = 10.4 Hz, 3JP-C = 5.1 Hz, 1C, C-3), 146.7

(dm, 1JF-C = 257 Hz, 4C, o-C6F5), 144.4 (dm, 1JF-C = 262 Hz, 2C, p-C6F5), 137.9

(dm, 1JF-C = 252 Hz, 4C, m-C6F5), 133.8 (s, 1JPt-C = 453 Hz, 1C, C-2), 126.6 (s,

1C, C-5), 119.6 (d, 3JPt-C = 39.4 Hz, 3JP-C = 16.3 Hz, 1C, C-4), 110.4 (d, 3JP-C

= 16.8 Hz, 3JPt-C = 15.4 Hz, 1C, C-6), 107.8 (m, 2C, i -C6F5), 36.3 (dd, 2JPt-C =

24.0 Hz, 1JP-C = 20.0 Hz, 3JP-C = 5.1 Hz, 2C, C(CH3)3), 34.8 (dd, 2JPt-C = 102 Hz,
1JP-C = 29.8 Hz, 3JP-C = 2.4 Hz, 1C, CH2), 29.1 (s, 6C, C(CH3)3). HRMS calcd

for (C27H27NOF10P2ClPt) [M+NH4]
+: m/z = 864.0737, found = 864.0720. HRMS

calcd for (C23H27NO2F5P2Pt) [M−Cl−C6F5+OH+NCMe]+: m/z = 701.1036, found

= 701.1031.

[(POCOP)PtMe] (43)

A solution of 25 (79 mg, 74 µmol) in toluene (5 mL) was cooled to −78 ◦C and

treated with a 1.5 mol dm−3 dimethylzinc solution in toluene (60 µL, 90 µmol).

The reaction mixture was then stirred at room temperature for five hours, at which

point all volatiles were removed in vacuo. The resultant yellow oil was repeatedly ex-

tracted with a 1:1 mixture of hexane and toluene, with the extracts filtered through

celite and collected. Removal of all volatiles in vacuo and washing with hexane at

−15 ◦C afforded compound 43 as a white solid (58.6 mg, 76%). 1H-NMR: (600 MHz,

C6D6) δH 7.05 (m, 3H, H-4,5,6). 1.34 (br vt, 2JPt-H = 57.4 Hz, 2JP-H = nr, 3H, CH3).
31P-NMR: (121 MHz, C6D6) δP 108.5 (s, 1JPt-P = 3752 Hz). 19F-NMR: (282 MHz,

C6D6) δF −130.3 (m, 8F, o-C6F5), −144.0 (tt, 3JP-F = 21.6 Hz, 5JP-F = nr, 4F,

p-C6F5), −158.3 (m, 8F, m-C6F5).
13C-NMR: (125 MHz, C6D6) δC 160.4 (vt, 2JP-C

= 8.2 Hz, 2C, C-1,3), 146.6 (d, 1JF-C = 253 Hz, 8C, o-C6F5), 144.2 (d, 1JF-C =
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262 Hz, 4C, p-C6F5), 138.1 (d, 1JF-C = 256 Hz, 8C, m-C6F5), 129.5 (s, 1C, C-5),

107.7 (vt, 3JP-C = 7.5 Hz, 2C, C-4,6), 107.4 (m, 4C, i -C6F5), −15.1 (s, 1JPt-C =

522 Hz, 1C, CH3). The signal for C-2 could not be conclusively assigned due to

overlap with other resonances, but appears to be at 141.9 ppm. HRMS calcd for

(C34H10NF20P2Pt) [M−CH3+CH3CN]
+: m/z = 1072.9154, found = 1072.9200.

[(PCCCP)PtMe] (44)

A solution of 26 (102 mg, 96 µmol) in toluene (5 mL) was cooled to −78 ◦C and

treated with a 1.5 mol dm−3 dimethylzinc solution in toluene (80 µL, 120 µmol).

The reaction mixture was then stirred at room temperature for two hours, at which

point all volatiles were removed in vacuo. The resultant pale yellow residue was

repeatedly extracted with a 1:1 mixture of hexane and toluene, with the extracts

filtered through celite and collected. Removal of all volatiles in vacuo gave a pale

yellow oil that was triturated with hexane to give compound 44 as a white solid,

which was subsequently washed with hexane (87.3 mg, 87%). 1H-NMR: (500 MHz,

C6D6) δH 7.26 (br s, 3H, H-4,5,6), 4.20 (vt, 3JPt-H = 28.5 Hz, 2JP-H = 4.5 Hz, 4H,

CH2), 1.02 (br vt, 2JPt-H = 55.8 Hz, 2JP-H = nr, 3H, CH3).
31P-NMR: (121 MHz,

C6D6) δP 9.6 (s, 1JPt-P = 3496 Hz). 19F-NMR: (282 MHz, C6D6) δF −129.2 (m,

8F, o-C6F5), −146.2 (t, 3JF-F = 21.8 Hz, 4F, p-C6F5), −158.9 (m, 8F, m-C6F5).
13C-NMR: (150 MHz, C6D6) δC 172.0 (s, 1JPt-C = 510 Hz, 1C, C-2), 146.6 (dm,
1JF-C = 252 Hz, 8C, o-C6F5), 144.8 (t, 2JPt-C = 64 Hz, 2JP-C = 9.5 Hz, 2C, C-1,3),

142.9 (dm, 1JF-C = 260 Hz, 4C, p-C6F5), 137.6 (dm, 1JF-C = 255 Hz, 8C, m-C6F5),

125.8 (s, 1C, C-5), 122.1 (t, 3JP-C = 10.7 Hz, 2C, C-4,6), 104.5 (m, 4C, i -C6F5), 48.8

(t, 1JP-C = 20.0 Hz, 2C, CH2), −12.3 (s, 1JPt-C = 470 Hz, 1C, CH3). Anal. Calcd

for C33H10F20P2Pt: C, 37.99; H, 0.97. Found C, 38.06; H, 1.02. HRMS calcd for

(C34H10NF20P2Pt) [M−CH3+CH3CN]
+: m/z = 1068.9615, found = 1068.9629.

[(POCCP)PtMe] (45)

A solution of complex 45 (82.0 mg, 97 µmol) in toluene (4 mL) was cooled to

−78 ◦C, and 1.6 mol dm−3 dimethylzinc solution in toluene (440 µL, 0.71 mmol)

was added, with the reaction mixture left stirring in the cold bath to gradually

warm to room temperature over the course of 10 hours. The reaction was stirred at

room temperature for a further 44 hours, at which point all volatiles were removed

in vacuo. The residue was extracted with 1:1 hexane/toluene (4× 2 mL), with the

extracts combined, filtered through celite and taken to dryness under vacuum. The

yellow oil was triturated then washed with pentane at −20 ◦C, giving compound 45
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as a white solid (50.4 mg, 63%). 1H-NMR: (600 MHz, C6D6) δH 7.04 (vt, 3JH-H =

7.5 Hz, 1H, H-5), 7.01 (d, 3JH-H = 7.7 Hz, 1H, H-4), 6.81 (d, 3JH-H = 7.6 Hz, 1H,

H-6), 3.65 (d, 3JPt-H = 20.0 Hz, 2JP-H = 9.7 Hz, 2H, CH2), 1.33 (d, 3JP-H = 13.8 Hz,

18H, C(CH3)3), 0.53 (d, 2JPt-H = 57.1 Hz, 3JP-H = 7.6 Hz, 3H, Pt−CH3
31P-NMR:

(121 MHz, C6D6) δP 108.7 (d, 1JPt-P = 3464 Hz, 2JP-P = 489 Hz, 1P, P(C6F5)2),

70.2 (d, 1JPt-P = 3102 Hz, 2JP-P = 489 Hz, 1P, PtBu2).
19F-NMR: (282 MHz, C6D6)

δF −130.9 (m, 4F, o-C6F5), −146.7 (tm, 3JF-F = 20.7 Hz, 2F, p-C6F5), −159.6 (m,

4F, m-C6F5).
13C-NMR: (150 MHz, C6D6) δC 160.6 (dd, 2JP-C = 14.3 Hz, 3JP-C =

4.8 Hz, 1C, C-1), 158.3 (s, 1JPt-C = 509 Hz, 1C, C-2), 149.8 (dd, 2JPt-C = 40.3 Hz,
2JP-C = 9.5 Hz, 3JP-C = 5.1 Hz, 1C, C-3), 146.6 (dm, 1JF-C = 253 Hz, 4C, o-C6F5),

143.9 (dm, 1JF-C = 259 Hz, 2C, p-C6F5), 138.2 (dm, 1JF-C = 248 Hz, 4C, m-C6F5),

125.9 (s, 1C, C-5), 120.0 (d, 3JPt-C = 17.6 Hz, 3JP-C = 16.1 Hz, 1C, C-4), 109.8

(m, 2C, i -C6F5), 108.9 (d, 3JP-C = 16.9 Hz, 1C, C-6), 40.5 (dd, 2JPt-C = 41.0 Hz,
1JP-C = 19.9 Hz, 3JP-C = 5.2 Hz, 1C, CH2), 36.2 (d, 2JPt-C = 47.6 Hz, 1JP-C

= 33.1 Hz, 2C, C(CH3)3), 29.3 (s, 6C, C(CH3)3) −16.5 (s, 1JPt-C = 492 Hz, 1C,

Pt−CH3. HRMS calcd for (C29H26NOF10P2Pt) [M−Me+MeCN]+: m/z = 850.0957,

found = 850.0993. HRMS calcd for (C24H29NOF5P2Pt) [M−C6F5+MeCN]+: m/z

= 698.1271, found = 698.1274.

Reaction of 25 with MeMgI: Formation of [(POCOP)PtI] (41)

To a solution of 25 (95.0 mg, 94 µmol) in diethyl ether (5 mL) was added a

0.5 mol dm−3 solution of MeMgI in diethyl ether (0.2 mL, 100 µmol). The so-

lution was stirred at room temperature for 4 hours, at which point all volatiles

were removed in vacuo. The solid was extracted with 1:1 toluene/hexane, with the

extracts filtered through celite under ambient conditions. Removal of the solvent

under reduced pressure gave a yellow oil, which was dissolved in dichloromethane

and purified by passage through a short alumina column. The dichloromethane

was subsequently removed in vacuo, with recrystallisation of the residue from an

acetone/hexane mixture yielded 41 as a yellow solid (43.2 mg, 42%). 1H-NMR:

(500 MHz, C6D6) δH 6.96 (t, 3JH-H = 8.0 Hz, 1H, H-5), 6.85 (d, 3JH-H = 8.1 Hz,

2H, H-4,6). 31P-NMR: (121 MHz, C6D6) δP 109.2 (s, 1JPt-P = 3541 Hz). 19F-NMR:

(282 MHz, C6D6) δF −125.9 (m, 8F, o-C6F5), −142.1 (tm, 3JF-F = 20.9 Hz, 4F,

p-C6F5), −157.1 (m, 4F, m-C6F5).
13C-NMR: (125 MHz, C6D6) δC 160.6 (vt, 2JP-C

= Hz, 2C, C-1,3), 146.4 (dm, 1JF-C = 259 Hz, 8C, o-C6F5), ∼144 (d, 3JF-C ≈
260 Hz, 4C, p-C6F5), 137.7 (dm, 1JF-C = 257 Hz, 8C, m-C6F5), 130.4 (s, 1C, C-2),

129.5 (s, 1C, C-5), 108.0 (t, 3JPC = 7.6 Hz, 2C, C-4,6), 105.1 (m, 4C, i -C6F5).

Exact chemical shift and coupling constants for the p-C6F5 environment could not

be determined due to peak overlap with the adjacent o-C6F5 environment. Analysis
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of 41 by HRMS was not able to confirm the presence of a Pt−I moiety.

Reaction of 27 with MeMgI: Formation of [(POCCP)PtI] (42)

To a solution of 27 (15.6 mg, 18 µmol) in diethyl ether (0.5 mL) was added a

0.5 mol dm−3 solution of MeMgI in diethyl ether (50 µL, 25 µmol). After 14 hours

at room temperature all volatiles were removed in vacuo, and the product was re-

peatedly extracted into toluene. Removal of the toluene under vacuum and followed

by washing of the residue with hexane at −15 ◦C gave 42 as a red-brown solid

(9.2 mg, 53%). 1H-NMR: (500 MHz, C6D6) δH 7.04 (m, 2H, H-4,5), 6.85 (d, 3JH-H

= 6.8 Hz, 1H, H-6), 3.07 (d, 3JPt-H = 23.7 Hz, 2JP-H = 9.7 Hz, 2H, CH2), 1.22

(d, 3JP-H = 14.1 Hz, 18H, C(CH3)3).
31P-NMR: (121 MHz, C6D6) δP 108.6 (d,

1JPt-P = 3184 Hz, 2JP-P = 468 Hz, 1P, P(C6F5)2), 72.9 (d, 1JPt-P = 3023 Hz, 2JP-P

= 468 Hz, 1P, PtBu2).
19F-NMR: (282 MHz, C6D6) δF −127.5 (m, 4F, o-C6F5),

−144.4 (tm, 3JF-F = 20.7 Hz, 2F, p-C6F5), −159.0 (m, 4F, m-C6F5). HRMS calcd

for (C27H23OF10NaP2IPt) [M+Na]+: m/z = 958.9647, found = 958.9634.

Reaction of 27 with MeLi: Observation of [(PMeOCCP)Pt(C
6
F

5
)] (46)

A solution of complex 45 (79.9 mg, 94 µmol) in toluene (4 mL) was cooled to

−78 ◦C, and 1.3 mol dm−3 methyllithium solution in diethyl ether (80 µL, 104 µmol)

was added, with the reaction mixture stirred cold for 5 minutes, then at room

temperature for a further 90 minutes. All volatiles were then removed in vacuo

and the residue extracted with 1:1 toluene/hexane (3×2 mL), with the extracts

combined, filtered through celite and taken to dryness under vacuum. This off-

white solid was further extracted with hot hexane (3×2 mL), with the extracts

dried and analysed by NMR spectroscopy. NMR data showed a mixture of 46 and

starting material 27, as well as small quantities of unidentified products.

O

PtBu2

P(C6F5)(Me)
1

2

34

5

6

Pt C6F5

1H-NMR: (300 MHz, C6D6) δH 6.97 (m, 3H, H-4,5,6), 3.21 (m, 2H, CH2), 1.68 (d,
3JPt-H = 26.6 Hz, 2JP-H = 9.5 Hz, 3H, P−CH3), 0.97 (d, 3JP-H = 13.3 Hz, 9H,

C(CH3)3), 0.92 (d, 3JP-H = 13.1 Hz, 9H, C(CH3)3).
31P-NMR: (121 MHz, C6D6) δP
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132.0 (d, 1JPt-P = 3157 Hz, 2JP-P = 421 Hz, 1P, P(C6F5)(CH3)), 73.8 (d, 1JPt-P =

3157 Hz, 2JP-P = 421 Hz, 1P, PtBu2).
19F-NMR: (282 MHz, C6D6) δF −114.3 (dm,

3JPt-F = 267 Hz, 5JF-F = 32.7 Hz, 1F, Pt−C6F5 o-F), −115.5 (dm, 3JPt-F = 230 Hz,
5JF-F = 32.0 Hz, 1F, Pt−C6F5 o-F), −132.4 (dm, 3JF-F = 17.4 Hz, 2F, P−C6F5

o-F), −147.8 (tm, 3JF-F = 20.9 Hz, 1F, P−C6F5 p-F), −160.1 (m, 2F, P−C6F5

o-F), −161.1 (vtm, 3JF-F = 19.9 Hz, 2F, Pt−C6F5 p-F), −163.1 (m, 2F, Pt−C6F5

m-F), −163.8 (m, 2F, Pt−C6F5 m-F).

[(POCOP)Pt(CO)][SbF
6
] (31)

A foil-wrapped flask containing 25 (50 mg, 0.047 mmol) and AgSbF6 (18 mg,

0.052 mmol) was cooled to −78 ◦C and dichloromethane (10 mL) was added. Carbon

monoxide was then bubbled through solution as the reaction mixture was allowed

to warm to room temperature. After 30 minutes the carbon monoxide addition was

stopped and the foil removed from the flask. After stirring for a further 20 hours the

reaction mixture was subsequently filtered through celite and all volatiles removed

in vacuo. The oily pale yellow residue was washed with diethyl ether, and 31 was

isolated as colourless rod-like crystals by slow evaporation of a dichloromethane so-

lution (17.9 mg, 30%). 1H-NMR: (300 MHz, CD2Cl2) δH 7.51 (t, 3JH-H = 8.2 Hz,

1H, H-5), 7.10 (m, 2H, H-4,6). 31P-NMR: (121 MHz, CD2Cl2) δP 104.4 (s, 1JPt-P =

3345 Hz). 19F-NMR: (282 MHz, CD2Cl2) δF −129.1 (m, 8F, o-C6F5), −139.3 (m,

4F, p-C6F5), −156.6 (m, 8F, m-C6F5).
13C-NMR: (125 MHz, CD2Cl2) δC 177.5 (s,

1JPt-C = nr, 1C, CO), 162.2 (s, 2C, C-1,3), 146.9 (dm, 1JF-C = 257 Hz, 8C, o-C6F5),

146.5 (dm, 1JF-C = 264 Hz, 4C, p-C6F5), 138.7 (dm, 1JF-C = 256 Hz, 8C, m-C6F5),

135.0 (s, 1C, C-5), 131.0 (s, 1JPtC = nr, 1C, C-2), 109.4 (s, 2C, C-4,6), 103.2 (m, 4C,

i -C6F5). IR (KBr): νmax(CO) = 2145 cm−1. Anal. Calcd for C31H3O3F26P2SbPt:

C, 28.67; H, 0.38. Found C, 28.73; H, 0.23. HRMS calcd for (C32H8NO3F20P2Pt)

[M−CO+CH3CN+H2O]+: m/z = 1090.9305, found = 1090.9317.

[(PCCCP)Pt(CO)][SbF
6
] (32)

A foil-wrapped flask containing 26 (50 mg, 0.047 mmol) and AgSbF6 (17 mg,

0.049 mmol) was cooled to −78 ◦C and dichloromethane (10 mL) was added. Carbon

monoxide was then bubbled through solution as the reaction mixture was allowed

to warm to room temperature. After 30 minutes the carbon monoxide addition was

stopped and the foil removed from the flask. After stirring for a further 17 hours the

reaction mixture was subsequently filtered through celite and all volatiles removed

in vacuo. The oily residue was washed with diethyl ether, then twice recrystallised
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from dichloromethane/diethyl ether mixtures to give 32 as an off-white, microcrys-

talline solid (20.0 mg, 33%). 1H-NMR: (300 MHz, acetone-d6) δH 7.59 (m, 2H,

H-4,6), 7.44 (m, 1H, H-5), 5.06 (t, 3JPt-H = 36.6 Hz, 2JP-H = 5.3 Hz, 4H, CH2).
31P-NMR: (121 MHz, acetone-d6) δP 6.2 (s, 1JPt-P = 3056 Hz). 19F-NMR: (282 MHz,

acetone-d6) δF −123.7 (m, 8F, o-C6F5), −140.0 (tt, 3JF-F = 20.6 Hz, 4JF-F = 6.7 Hz,

4F, p-C6F5), −154.5 (m, 8F, m-C6F5).
13C-NMR: (150 MHz, acetone-d6) δC 180.6

(s, 1JPt-C = 1068 Hz, 1C, CO), 153.6 (s, 1JPt-C = 723 Hz, 1C, C-2), 148.2 (dm, 1JF-C

= 256 Hz, 8C, o-C6F5), 147.2 (t, 2JPt-C = 70.2 Hz, 2JP-C = 9.0 Hz, 2C, C-1,3), 145.8

(dm, 1JF-C = 261 Hz, 4C, p-C6F5), 139.1 (dm, 1JF-C = 255 Hz, 8C, m-C6F5), 131.6

(s, 1C, 5-C), 125.3 (m, 2C, C-4,6), 102.2 (m, 4C, i -C6F5), 43.3 (t, 2JPt-C = 71.8 Hz,
1JP-C = 18.2 Hz, 2C, CH2). IR (KBr): νmax(CO) = 2127 cm−1. HRMS calcd for

(C33H7OF20P2Pt) [M]+: m/z = 1055.9298, found = 1055.9038.

[(POCCP)Pt(CO)][SbF
6
] (33)

A foil-wrapped flask containing 27 (50 mg, 0.059 mmol) and AgSbF6 (22 mg,

0.064 mmol) was cooled to −78 ◦C and dichloromethane (10 mL) was added. Carbon

monoxide was then bubbled through solution as the reaction mixture was allowed

to warm to room temperature. After 30 minutes the carbon monoxide addition was

stopped and the foil removed from the flask. After stirring for a further 19 hours the

reaction mixture was filtered through celite and reduced to approximately 2 mL in

vacuo. Addition of diethyl ether to the dichloromethane solution afforded 33 as a

pale yellow solid, which was washed with diethyl ether and dried in vacuo (36.1 mg,

57%). 1H-NMR: (300 MHz, CD2Cl2) δH 7.38 (vt, 3JH-H = 7.9 Hz, 1H, H-5), 7.29

(d, 3JH-H = 7.5 Hz, 1H, H-4), 7.13 (d, 4JPt-H = 11.6 Hz, 3JH-H = 7.8 Hz, 1H, H-6),

3.96 (d, 3JPt-H = 24.0 Hz, 2JP-H = 10.1 Hz, 2H, CH2), 1.47 (d, 3JP-H = 15.4 Hz,

18H, C(CH3)3).
31P-NMR: (121 MHz, CD2Cl2) δP 108.3 (d, 1JPt-P = 2800 Hz, 2JP-P

= 326 Hz, 1P, P(C6F5)2), 91.4 (d, 1JPt-P = 2616 Hz, 2JP-P = 324 Hz, 1P, PtBu2).
19F-NMR: (282 MHz, CD2Cl2) δF −129.7 (m, 4F, o-C6F5), −140.2 (ttd, 3JF-F =

20.7 Hz, 3JF-F = 7.7 Hz, 5JP-F = 1.9 Hz, 2F, p-C6F5), −156.7 (tm, 3JF-F = 20.1 Hz,

4F, m-C6F5).
13C-NMR: (150 MHz, CD2Cl2) δC 180.1 (s, 1JPt-C = 1064 Hz, 1C,

CO), 162.8 (dd, 2JPt-C = 39 Hz, 2JP-C = 14 Hz, 3JP-C = 3.9 Hz, 1C, C-1), 152.0

(dd, 2JPt-C = 87 Hz, 2JP-C = 8.5 Hz, 3JP-C = 5.9 Hz, 1C, C-3), 146.1 (dm, 1JF-C

= 253 Hz, 4F, o-C6F5), 145.3 (dm, 1JF-C = 265 Hz, 2F, p-C6F5), 144.1 (d, 1JPt-C

= 746 Hz, 2JP-C = 6.5 Hz, 1C, C-2), 137.9 (dm, 1JF-C = 258 Hz, 4C, m-C6F5),

131.8 (s, 1C, C-5), 120.4 (d, 3JPt-C = 30.2 Hz, 3JP-C = 18.3 Hz, 1C, C-4), 110.8 (d,
3JP-C = 18.2 Hz, 3JPt-C = 11.2 Hz, 1C, C-6), 103.7 (dt, 1JP-C = 62.8 Hz, 2JF-C =

17.6 Hz, 2C, i -C6F5), 36.9 (dd, 2JPt-C = 25.2 Hz, 1JP-C = 21.5 Hz, 3JP-C = 3.0 Hz,

2C, C(CH3)3), 35.0 (d, 2JPt-C = 80.7 Hz, 1JP-C = 35.1 Hz, 1C, CH2), 28.1 (s, 6C,
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C(CH3)3). IR (KBr): νmax(CO) = 2111 cm−1.

[(PNNNP)PtCl][Cl] (47)

A solution of 10 (200 mg, 0.24 mmol) and [PtCl2(COD)] (89 mg, 0.24 mmol) in di-

chloromethane (10 mL) was stirred at room temperature for 48 hours. Volatiles were

removed in vacuo and the residue washed with diethyl ether (3×10 mL). Purification

of the ether-washed solid by recrystallation from 1:1 dichloromethane/diethyl ether

afforded 59 as a white, microcrystalline solid (97 mg, 37%). 1H-NMR: (300 MHz,

acetone-d6) δH 12.48 (br s, 2H, N−H), 7.90 (tt, 3JH-H = 8.1 Hz, 5JP-H = 2.0 Hz,

1H, H-5), 7.22 (d, 3JH-H = 8.2 Hz, 2H, H-4,6). 31P-NMR: (121 MHz, acetone-d6)

δP 30.6 (s, 1JPt-P = 3153 Hz). 19F-NMR: (282 MHz, acetone-d6) δF −128.3 (d,
3JF-F = 20.1 Hz, 8F, o-C6F5), −144.4 (br s, 4F, p-C6F5), −160.0 (m, 8F, m-C6F5).

Anal. Calcd for C29H5N3F20P2Cl2Pt · 1
2
CH

2
Cl2: C, 28.67; H, 0.38. Found C, 28.73;

H, 0.23. HRMS calcd for (C29H5N3F20P2ClPt) [M]+: m/z = 1065.8955, found =

1065.8970.

Observation of [(PONOP)PtCl
2
]x (48)

A solution of ligand 11 (20 mg, 24 µmol) and [PtCl2(SEt2)2] (8.5 mg, 24 µmol) in

acetone-d6 was monitored in situ by NMR spectroscopy. After 15 hours at room

temperature almost quantitative formation of 48 in solution was indicated. No sig-

nificant changes were observed in the reaction mixture after an additional 48 hours

at 60 ◦C. HRMS analysis of this reaction mixture did not reveal any further infor-

mation about the nature of 48. 1H-NMR: (300 MHz, acetone-d6) δH 8.23 (t, 3JH-H

= 8.4 Hz, 1H, H-5), 6.83 (d, 3JH-H = 8.5 Hz, 2H, H-4,6). 31P-NMR: (121 MHz,

acetone-d6) δP 29.0 (s, 1JPt-P = 4148 Hz). 19F-NMR: (282 MHz, acetone-d6) δF

−130.1 (m, 8F, o-C6F5), −151.5 (t, 3JF-F = 20.4 Hz, 4F, p-C6F5), −163.8 (m, 8F,

m-C6F5).

8.5 Palladium Complexes

Observation of trans-[(POCOPH)PdCl
2
]
2
(22)

Ligand 1 (30 mg, 36 µmol) and [PdCl2(NCMe)2] (9.6 mg, 37 µmol) were dissolved
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in dichloromethane-d2 in an NMR tube, and analysed immediately by NMR spec-

troscopy, which revealed the quantitative formation of 60. However, isomerisation

to compound 23 occurred readily at room temperature, and further characterisa-

tion of 60 was not able to be performed. 1H-NMR: (300 MHz, CD2Cl2) δH 7.42

(t, 3JH-H = 8.5 Hz, 2H, H-5), 7.24 (d, 3JH-H = 8.5 Hz, 4H, H-4,6), 7.02 (s, 2H,

H-2). 31P-NMR: (121 MHz, CD2Cl2) δP 87.7 (s). 19F-NMR: (282 MHz, CD2Cl2)

δF −127.0 (br s, 16F, o-C6F5), −144.5 (m, 8F, p-C6F5), −159.7 (br s, 16F, m-C6F5).

cis,trans-[(POCOPH)PdCl
2
]
2
(23)

A solution of ligand 1 (101 mg, 0.12 mmol) and [PdCl2(NCMe)2] (32 mg, 0.12 mmol)

in dichloromethane (15 mL) was heated in an oil bath at 45 ◦C for 12 hours, at which

point the volume of the solution was reduced to approximately 2 mL in vacuo, and

the supernatant decanted and retained. Addition of hexane to the supernatant gave

a pale yellow precipitate, which was isolated and washed thoroughly with pentane,

affording 23 as a pale yellow solid (101 mg, 83%). Samples of 23 were observed to

undergo a degree of rearrangement to higher oligomers on standing in polar solvents

such as chloroform or acetone.

where R = C6F5

Cl
Pd

Cl

R2
P

P
R2

O

O

O

O

PR2

PR2

Pd ClCl
1

2
3

4

5

6

1H-NMR: (500 MHz, CD2Cl2) δH 7.17 (s, 2H, H-2), 7.16 (vt, 3JH-H = 8.3 Hz, 2H,

H-5), 6.85 (dd, 3JH-H = 8.3 Hz, 4JH-H = 2.0 Hz, 2H, H-4), 6.55 (d, 3JH-H = 8.1 Hz,

2H, H-6). 31P-NMR: (121 MHz, CD2Cl2) δP 88.7 (s, 2P, P -trans-P), 78.5 (s, 2P,

P -trans-Cl). 19F-NMR: (282 MHz, CD2Cl2) δF −126.4 (s, 8F, o-C6F5), −126.8 (s,

8F, o-C6F5), −141.7 (s, 4F, p-C6F5), −143.1 (s, 4F, p-C6F5), −158.5 (t, 3JF-F =

19.3 Hz, 8F, m-C6F5), −158.9 (td, 3JF-F = 21.7, 6.9 Hz, 8F, m-C6F5).
13C-NMR:

(125 MHz, CD2Cl2) δC 153.2 (s, 2C, C-3), 152.1 (s, 2C, C-1), 146.8 (dd, 1JF-C =

246 Hz, 2JC-F = 40.8 Hz, 16C, o-C6F5), 145.3 (dm, 1JF-C = 255 Hz, 8C, p-C6F5),

138.0 (dm, 1JF-C = 254 Hz, 16C, m-C6F5), 130.9 (s, 2C, C-5), 119.5 (s, 2C, C-6),

116.0 (s, 2C, C-4), 112.8 (s, 2C, C-2). The resonance of the i -C6F5 environment was
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unable to be identified. Anal. Calcd for C60H8O4F40P4Cl4Pd2: C, 35.48; H, 0.40.

Found C, 35.64; H, 0.38. HRMS calcd for (C60H8O4F40P4Cl3Pd2) [M−Cl]+: m/z =

1994.5881, found = 1994.5869.

[(POCOP)PdCl] (28)

A solution of [PdCl2(NCMe)2] (96.5 mg, 0.37 mmol) and 1 (316 mg, 0.38 mmol)

in toluene (15 mL) was heated at reflux for 80 hours. All volatiles were then re-

moved in vacuo and the viscous yellow oil was triturated with hexane to give a pale

yellow solid. Repeated washing with hexane at −78 ◦C gave 28 as a pale yellow

solid (291 mg, 80%). 1H-NMR: (300 MHz, CDCl3) δH 7.20 (t, 3JH-H = 8.3 Hz,

1H, H-5), 6.78 (d, 3JH-H = 7.9 Hz, 2H, H-4,6). 31P-NMR: (121 MHz, CDCl3) δP

114.4 (s). 19F-NMR: (282 MHz, CDCl3) δF −127.0 (m, 8F, o-C6F5), −141.9 (tt,
3JF-F = 20.9 Hz, 4JF-F = 6.4 Hz, 4F, p-C6F5), −157.0 (m, 8F, m-C6F5).

13C-NMR:

(150 MHz, C6D6) δC 162.3 (t, 2JPC = 9.0 Hz 2C, C-1,3), 145.9 (dm, 1JF-C = 258 Hz,

8C, o-C6F5), ∼144 (dm, 1JF-C ≈ 260 Hz, 4C, p-C6F5), 137.1 (dm, 1JF-C = 257 Hz,

8C, m-C6F5), 132.1 (s, 1C, C-2), 130.1 (s, 1C, C-5), 108.1 (t, 3JPC = 9.3 Hz, 2C,

C-4,6), 104.1 (m, 4C, i -C6F5). Exact chemical shift and coupling constants for the

p-C6F5 environment could not be determined due to peak overlap with the adja-

cent o-C6F5 environment. HRMS calcd for (C30H4O2F20P2ClPt) [M+H]+: m/z =

976.8501, found = 976.8498.

[(PCCCP)PdCl] (29)

A solution of PdCl2(NCMe)2 (59 mg, 0.23 mmol) and 2 (189 mg, 0.23 mmol) in

toluene (6 mL) was heated at reflux for 48 hours. All volatiles were then removed in

vacuo and the orange expanded oil obtained triturated with hexane. Precipitation

of [(PCCCPH)PdCl2]x species from a solution of 1:1 hexane:toluene at −15 ◦C, fol-

lowed by recrystallisation from 3:1 hexane/toluene at −15 ◦C gave 26 as a yellow,

microcrystalline solid (142 mg, 64%). 1H-NMR: (300 MHz, CDCl3) δH 7.08 (m, 3H,

H-4,5,6). 31P-NMR: (121 MHz, CDCl3) δP 5.9 (s). 19F-NMR: (282 MHz, CDCl3) δF

−126.7 (d, 3JP-F = 20.3 Hz, 8F, o-C6F5), −144.2 (t, 3JF-F = 20.6 Hz, 4F, p-C6F5),

−157.6 (m, 8F, m-C6F5).
13C-NMR: (150 MHz, CDCl3) δC 154.9 (s, 1C, C-2), 147.3

(dm, 1JF-C = 253 Hz, 8C, o-C6F5), 144.8 (t, 2JP-C = 11.0 Hz, 2C, C-1,3), 144.3 (dm,
1JF-C = 262 Hz, 4C, p-C6F5), 138.2 (dm, 1JF-C = 257 Hz, 8C, m-C6F5), 127.7 (s,

1C, C-5), 124.7 (t, 3JP-C = 12.8 Hz, 2C, C-4,6), 103.4 (m, 4C, i -C6F5), 42.7 (br t,
1JP-C = nr, 2C, CH2). Anal. Calcd for C32H7F20P2ClPt · 1

2
C

7
H8: C, 41.65; H, 1.07.

Found C, 41.50; H, 1.18. HRMS calcd for (C34H10NF20P2Pt) [M−Cl+CH3CN]
+:
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m/z = 975.9025, found = 975.9022.

[(POCCP)PdCl] (30)

A solution of [PdCl2(NCMe)2] (71.9 mg, 0.28 mmol) and 3 (172 mg, 0.28 mmol) in

toluene (6 mL) was heated at 100 ◦C for 20 hours, at which point all volatiles were

removed in vacuo. The resultant oil was triturated with hexane and washed with

pentane, affording 30 as a bright yellow solid (115 mg, 55%). 1H-NMR: (500 MHz,

CDCl3) δH 7.04 (vt, 3JH-H = 7.7 Hz, 1H, H-5), 6.95 (d, 3JH-H = 7.6 Hz, 1H, H-

4), 6.76 (d, 3JH-H = 7.8 Hz, 1H, H-6), 3.47 (d, 2JP-H = 9.5 Hz, 2H, CH2), 1.45

(d, 3JP-H = 14.4 Hz, 18H, C(CH3)3).
31P-NMR: (121 MHz, CDCl3) δP 111.5 (d,

2JP-P = 460 Hz, 1P, P(C6F5)2), 83.5 (d, 2JP-P = 460 Hz, 1P, PtBu2).
19F-NMR:

(282 MHz, CDCl3) δF −127.8 (dm, 3JP-F = 21.3 Hz, 4F, o-C6F5), −144.4 (t, 3JF-F

= 20.6 Hz, 2F, p-C6F5), −158.3 (m, 4F, m-C6F5).
13C-NMR: (125 MHz, CDCl3)

δC 162.8 (dd, 2JP-C = 21.1 Hz, 4JP-C = nr, 1C, C-1), 151.4 (dd, 2JP-C = 15.4 Hz,
4JP-C = 1.9 Hz, 1C, C-3), 146.7 (dm, 1JF-C = 256 Hz, 4C, o-C6F5), 144.5 (dm,
1JF-C = 267 Hz, 2C, p-C6F5), 144.0 (s, 1C, C-2), 137.8 (dm, 1JF-C = 252 Hz,

4C, m-C6F5), 127.6 (s, 1C, C-5), 119.9 (d, 3JP-C = 20.1 Hz, 1C, C-4), 111.1 (d,
3JP-C = 19.2 Hz, 1C, C-6), 106.8 (m, 2C, i -C6F5), 35.8 (dd, 1JP-C = 13.3 Hz,
3JP-C = 5.1 Hz, 2C, C(CH3)3), 35.0 (dd, 1JP-C = 26.4 Hz, 3JP-C = 3.4 Hz, 1C,

CH2), 29.1 (dd, 2JP-C = 4.3 Hz, 4JP-C = 2.4 Hz, 6C, C(CH3)3. Anal. Calcd

for C27H23OF10P2ClPd · 1
2
CH

2
Cl2: C, 41.38; H, 3.03. Found C, 41.28; H, 3.08.

HRMS calcd for (C29H26NOF10P2Pt) [M−Cl+CH3CN]
+: m/z = 758.0386, found =

758.0357. HRMS calcd for (C23H27NO2F5P2Pt) [M−Cl−C6F5+OH+NCMe]+: m/z

= 612.0493, found = 612.0456.

[(POCOP)Pd(CO)][SbF
6
] (34)

A foil-wrapped flask containing 28 (64.1 mg, 66 µmol) and AgSbF6 (23.0 mg,

67 µmol) was cooled to −78 ◦C and dichloromethane (9 mL) was added. The

solution was stirred at −78 ◦C for 10 minutes, then carbon monoxide was bubbled

through solution as the reaction mixture was allowed to warm to room temperature.

After 60 minutes the reaction mixture was filtered through celite, and the filter cake

washed with dichloromethane. The filtrate was subsequently reduced in volume to

approximately 1 mL in vacuo, and the crude product was precipitated out by the

addition of 6 mL hexane to the dichloromethane solution saturated with carbon

monoxide. Decantation of the supernatant and washing the precipitate with hexane

gave 34 as an off-white solid (61.5 mg, 78%). 1H-NMR: (300 MHz, CD2Cl2) δH
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7.46 (t, 3JH-H = 8.1 Hz, 1H, H-5), 7.03 (d, 3JH-H = 8.3 Hz, 1H, H-4,6). 31P-NMR:

(121 MHz, CD2Cl2) δP 119.4 (s). 19F-NMR: (282 MHz, CD2Cl2) δF −129.5 (m, 8F,

o-C6F5), −140.0 (tt, 3JF-F = 20.6 Hz, 5JF-F = 7.8 Hz, 4F, p-C6F5), −156.9 (m, 8F,

p-C6F5).
13C-NMR: (150 MHz, CD2Cl2) δC 176.0 (s, 1C, CO), 163.1 (t, 2JP-C =

8.1 Hz, 2C, C-1,3), 147.1 (dm, 1JF-C = 255 Hz, 8C, o-C6F5), 146.7 (dm, 1JF-C =

268 Hz, 4C, p-C6F5), 139.0 (dm, 1JF-C = 258 Hz, 8C, m-C6F5), 134.3 (s, 1C, C-5),

132.0 (br s, 1C, C-2), 110.4 (t, 3JP-C = 9.9 Hz, 2C, C-4,6), 103.7 (m, 4C, i -C6F5).

IR (KBr): νmax(CO) = 2170 cm−1.

[(PCCCP)Pd(CO)][SbF
6
] (35)

A foil-wrapped flask containing 29 (75 mg, 77 µmol) and AgSbF6 (28 mg, 81 µmol)

was cooled to −78 ◦C and dichloromethane (10 mL) was added. The solution was

stirred at −78 ◦C for 5 minutes, then carbon monoxide was bubbled through solu-

tion as it was allowed to warm to room temperature over the course of 15 minutes.

The reaction mixture was stirred under a carbon monoxide atmosphere for a further

12 hours, then filtered through celite, washing the filter cake with dichloromethane.

The filtrate was subsequently reduced in volume to approximately 2 mL in vacuo,

and the crude product was precipitated out by the addition of 20 mL hexane into

the dichloromethane solution saturated with carbon monoxide. Decantation of the

supernatant and washing the precipitate with hexane gave 34 as a white microcrys-

talline solid (35 mg, 38%).

An alternate synthesis of 35 containing the tetrafluoroborate anion was performed

as follows, filtering the reaction mixture after halide abstraction but prior to car-

bonylation, owing to the lower than expected solubility of 35 in dichloromethane:

A foil-wrapped flask containing 29 (89.8 mg, 0.092 mmol) and AgBF4 (23.9 mg,

0.123 mol) was cooled to −78 ◦C and dichloromethane (9 mL) was added. After

stirring for 30 minutes at −78 ◦C and 5 hours at room temperature, the reaction

mixture was filtered through celite and then carbon monoxide was bubbled through

solution for 15 minutes. Slow evaporation of a dichloromethane solution of 35 satu-

rated with carbon monoxide yielded [(PCCCP)Pd(CO)][BF4] as colourless crystals

(61.7 mg, 64%). 1H-NMR: (300 MHz, CD2Cl2) δH 7.34 (m, 3H, H-4,5,6), 4.63 (t,
2JP-H = 5.6 Hz, 4H, CH2).

31P-NMR: (121 MHz, CD2Cl2) δP 7.1 (s). 19F-NMR:

(282 MHz, CD2Cl2) δF −128.7 (m, 8F, o-C6F5), −142.5 (tt, 3JF-F = 20.9 Hz, 5JF-F

= 6.3 Hz, 4F, p-C6F5), −157.1 (m, 8F, m-C6F5).
13C-NMR: (150 MHz, CD2Cl2) δC

177.9 (br s, 1C, CO), 157.2 (s, 1C, C-2), 146.5 (dm, 1JF-C = 253 Hz, 8C, o-C6F5),

144.5 (t, 2JP-C = nr, 2C, C-1,3), 144.1 (dm, 1JF-C = 261 Hz, 4C, p-C6F5), 137.6

(dm, 1JF-C = 255 Hz, 8C, m-C6F5), 129.3 (s, 1C, 5-C), 124.3 (t,
3JPC = 14.2 Hz, 2C,
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C-4,6), 101.5 (m, 4C, i -C6F5), 41.6 (t, 1JP-C = nr, 2C, CH2). IR (KBr): νmax(CO)

= 2148 cm−1.

[(POCCP)Pd(CO)][SbF
6
] (36)

A foil-wrapped flask containing 30 (51.2 mg, 67 µmol) and AgSbF6 (24.1 mg,

70 µmol) was cooled to −78 ◦C and dichloromethane (6 mL) was added. Carbon

monoxide was then bubbled through solution as the reaction mixture was allowed

to warm to room temperature. After 20 minutes the carbon monoxide addition was

stopped, the reaction mixture left to stir for a further hour, then subsequently fil-

tered through celite, and the filter cake washed with dichloromethane. The solvent

was reduced in vacuo and the resultant residue triturated and washed with hexane

to give 36 as a yellow solid (41.0 mg, 62%). 1H-NMR: (300 MHz, CD2Cl2) δH 7.33

(t, 3JH-H = 7.7 Hz, 1H, H-5), 7.19 (d, 3JH-H = 7.6 Hz, 1H, H-4), 7.06 (d, 3JH-H =

7.9 Hz, 1H, H-6), 3.85 (d, 2JP-H = 10.0 Hz, 2H, CH2), 1.47 (d, 3JP-H = 15.3 Hz,

18H, C(CH3)3).
31P-NMR: (121 MHz, CD2Cl2) δP 117.0 (br dq, 2JP-P = 320 Hz,

3JP-F = 16.7 Hz, 1P, P(C6F5)2), 109.1 (d, 2JP-P = 320 Hz, 1P, PtBu2).
19F-NMR:

(282 MHz, CD2Cl2) δF −130.0 (m, 4F, o-C6F5), −141.0 (tt, 3JF-F = 20.6 Hz, 5JF-F

= 7.5 Hz, 2F, p-C6F5), −156.7 (m, 4F, m-C6F5).
13C-NMR: (150 MHz, CD2Cl2)

δC 179.7 (br s, 1C, CO), 163.2 (d, 2JP-C = 19.7 Hz, 1C, C-1), 152.7 (d, 2JP-C =

12.8 Hz, 1C, C-3), 147.8 (s, 1C, C-2), 146.7 (dm, 1JF-C = 252 Hz, 4C, o-C6F5), 145.8

(dm, 1JF-C = 264 Hz, 2C, p-C6F5), 138.5 (dm, 1JF-C = 256 Hz, 4C, m-C6F5), 131.5

(s, 1C, C-5), 121.4 (d, 3JP-C = 22.0 Hz, 1C, C-4), 112.4 (d, 3JP-C = 20.3 Hz, 1C,

C-6), 104.5 (dm, 1JP-C = 43.9 Hz, 2C, i -C6F5), 37.1 (dd, 1JP-C = 15.0 Hz, 3JP-C =

3.5 Hz, 2C, C(CH3)3), 35.8 (d, 1JP-C = 29.5 Hz, 1C, CH2), 28.9 (s, 6C, C(CH3)3).

IR (ATR film from CH2Cl2): νmax(CO) = 2140 cm−1.

Observation of [(PCP)Pd(CO)][SbF
6
] decarbonylation products

[(PCP)Pd][SbF
6
] (38, 39, and 40)

Compounds 38, 39, and 40 were observed in solution arising from the decarbony-

lation of the parent palladium carbonyl compounds 34, 35, and 36 respectively,

either by passage of inert gas through dichloromethane solutions, or upon prolonged

standing under ambient conditions.

[(POCOP)Pd][SbF
6
] (38): 1H-NMR: (300 MHz, CD2Cl2) δH 7.30 (t, 3JH-H =

7.8 Hz, 1H, H-5), 8.85 (d, 3JH-H = 8.0 Hz, 2H, H-4,6). 31P-NMR: (121 MHz, CD2Cl2)

δP 112.6 (s). 19F-NMR: (282 MHz, CD2Cl2) δF −129.9 (br s, 8F, o-C6F5), −141.0
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(tm, 3JF-F = 20.5 Hz, 4F, p-C6F5), −157.5 (tm, 3JF-F = 18.9 Hz, 8F, m-C6F5).

[(PCCCP)Pd][SbF
6
] (39): 1H-NMR: (300 MHz, CD2Cl2) δH 7.15 (br s, 3H, H-

4,5,6), 4.38 (t, 2JP-H = 4.7 Hz, 4H, CH2).
31P-NMR: (121 MHz, CD2Cl2) δP 1.7

(s). 19F-NMR: (282 MHz, CD2Cl2) δF −129.7 (m, 8F, o-C6F5), −143.6 (tm, 3JF-F

= 20.4 Hz, 4F, p-C6F5), −157.8 (tm, 3JF-F = 20.2 Hz, 8F, m-C6F5).
13C-NMR:

(150 MHz, CD2Cl2) δC 147.3 (dm, 1JF-C = 247 Hz, 8C, o-C6F5), 144.9 (m, 3C,

C-1,2,3), 144.7 (dm, 1JF-C = 264 Hz, 4C, p-C6F5), 138.3 (dm, 1JF-C = 257 Hz, 8C,

m-C6F5), 128.7 (s, 1C, 5-C), 125.7 (t, 3JP-H = 13.0 Hz, 2C, C-4,6), 102.0 (m, 4C,

i -C6F5), 39.5 (br s, 2C, CH2).

[(POCCP)Pd][SbF
6
] (40): 1H-NMR: (300 MHz, CD2Cl2) δH 7.13 (t, 3JH-H =

7.6 Hz, 1H, H-5), 7.03 (d, 3JH-H = 7.3 Hz, 1H, H-4), 6.81 (d, 3JH-H = 8.0 Hz, 1H,

H-6), 3.47 (d, 2JP-H = 9.9 Hz, 2H, CH2), 1.44 (d, 3JP-H = 14.5 Hz, 18H, C(CH3)3).
31P-NMR: (121 MHz, CD2Cl2) δP 107.9 (br dq, 2JP-P = 392 Hz, 3JP-F = 16.5 Hz,

1P, P(C6F5)2), 87.7 (d, 2JP-P = 392 Hz, 1P, PtBu2).
19F-NMR: (282 MHz, CD2Cl2)

δF −130.5 (m, 4F, o-C6F5), −142.8 (t, 3JF-F = 20.2 Hz, 2F, p-C6F5), −158.3 (t,
3JF-F = 18.9 Hz, 4F, m-C6F5).

8.6 Rhodium Complexes

[(PNNNP)RhCl] (49)

A solution of ligand 10 (343 mg, 0.41 mmol) and [Rh(COD)Cl]2 (93 mg, 0.19 mmol)

in toluene (6 mL) was heated gently with a heat gun to dissolve the starting ma-

terial, then heated at 100 ◦C for 4 hours and 75 ◦C for 10 hours, without stirring.

The formation of bright red crystals of the toluene solvate [(PNNNP)RhCl] · xC7H8

on the walls of the reaction vessel was observed, with crystallisation completed by

cooling the solution to −15 ◦C. Decantation of the supernatant and washing of the

crystalline solid with ice-cold dichloromethane destroyed the crystals, and afforded

49 as an orange powder (297.6 mg, 71%). 1H-NMR: (300 MHz, acetone-d6) δH 8.72

(br s, 2H, NH), 7.56 (t, 3JH-H = 8.1 Hz, 1H, H-5), 6.70 (d, 3JH-H = 8.2 Hz, 2H,

H-4,6). 31P-NMR: (121 MHz, acetone-d6) δP 34.0 (d, 1JRh-P = 180 Hz). 19F-NMR:

(282 MHz, acetone-d6) δF −131.1 (d, 3JP-F = 20.9 Hz, 8F, o-C6F5), −150.6 (t, 3JF-F

= 20.3 Hz, 4F, p-C6F5), −162.2 (m, 8F, m-C6F5).
13C-NMR: (125 MHz, acetone-d6)

δC 158.9 (s, 2C, C-1,3), 146.8 (dm, 1JF-C = 256 Hz, 8C, o-C6F5), 143.8 (dm, 1JF-C =

258 Hz, 4C, p-C6F5), 137.2 (s, 1C, C-5), 137.7 (dm, 1JF-C = 254 Hz, 8C, m-C6F5),
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105.3 (m, 4C, i -C6F5), 100.8 (s, 2C, C-4,6). Anal. Calcd for C29H5N3F20P2ClRh:

C, 35.70; H, 0.52; N, 4.31. Found C, 35.56; H, 0.71; N, 4.25. HRMS calcd for

(C29H5N3F20P2Rh) [M−Cl]+: m/z = 939.8694, found = 939.8701.

Methylation of 49 with dimethylzinc in toluene-d 8

Typical procedure was as follows: To a solution of 49 (15.0 mg, 15 µmol) in

toluene-d8 (0.4 mL), was added a 1.5 mol dm−3 dimethylzinc solution in toluene

(20 µL, 30 µmol). The reaction mixture was agitated, and the progress of the re-

action to form 50 was monitored in situ by NMR spectroscopy. The temperature

of the dimethylzinc addition was also varied (at either room temperature, 0 ◦C, or

−78 ◦C) in order to determine whether the formation of the degradation product

51 was favoured at lower reaction temperatures.

Spectroscopic data for product 50, [(PNNNP)RhMe]: 1H-NMR: (300 MHz,

toluene-d8) δH 5.89 (s, 2H, N−H), 5.69 (d, 3JH-H = 7.9 Hz, 2H, H-4,6), 1.09 (br

t, 3JP-H = 6.3 Hz, 3H, Rh−Me). 31P-NMR: (121 MHz, toluene-d8) δP 36.3 (d,
1JRh-P = 222 Hz). 19F-NMR: (282 MHz, toluene-d8) δF −133.4 (d, 3JP-F = 22.3 Hz,

8F, o-C6F5), −149.3 (t, 3JF-F = 20.5 Hz, 4F, p-C6F5), −159.8 (m, 8F, m-C6F5).

The resonance of the H-5 environment was obscured by the presence of toluene.

Approximate chemical shift (δH ≈ 7.0 ppm) was confirmed by COSY experiment.

Spectroscopic data for degradation product 51, [(PN*NNP)RhMe · ZnMe]:
1H-NMR: (300 MHz, toluene-d8) δH 5.98 (d, 3JH-H = 7.7 Hz, 1H, H-4 or H-6),

5.86 (d, 3JH-H = 8.2 Hz, 1H, H-4 or H-6), 5.39 (br s, 1H, N−H), 1.21 (br s, 3H,

Rh−Me), −0.18 (s, 3H, Zn−Me). 31P-NMR: (121 MHz, toluene-d8) δP 74.4 (dd,
2JP-P = 522 Hz, 1JRh-P = 156 Hz, 1P, N−P(C6F5)2) 44.7 (dd, 2JP-P = 522 Hz,
1JRh-P = 158 Hz, 1P, N−P(C6F5)2).

19F-NMR: (282 MHz, toluene-d8) δF −118.1

(br s, 1F, o-C6F5), −124.2 (br s, 1F, o-C6F5), −131.0 (br m, 2F, o-C6F5), −131.8

(br m, 2F, o-C6F5), −133.7 (br m, 2F, o-C6F5), −144.1 (vt, 3JF-F = 21.7 Hz, 1F,

p-C6F5), −144.8 (vt, 3JF-F = 20.0 Hz, 1F, p-C6F5), −148.2 (vt, 3JF-F = 21.5 Hz,

1F, p-C6F5), −149.6 (vt, 3JF-F = 21.0 Hz, 1F, p-C6F5), −157.8 (m, 2F, m-C6F5),

−158.0 (br m, 2F, m-C6F5), −159.4 (m, 2F, m-C6F5), −160.3 (br m, 2F, m-C6F5).

The resonance of the H-5 environment was obscured by the presence of toluene.

Approximate chemical shift (δH ≈ 7.1 ppm) was confirmed by COSY experiment.

When traces of methyl iodide were present in the dimethylzinc solution used, reac-

tions were observed to produce quantities of the N-methylated complex 53.
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Spectroscopic data for product 53, [(PNMeNNP)RhMe2Cl]:
1H-NMR: (300 MHz,

toluene-d8) δH 6.84 (vt, 3JH-H = 7.8 Hz, 1H, H-5), 6.21 (d, 3JH-H = 8.2 Hz, 1H,

H-4/6), 6.09 (br s, 1H, N−H), 5.65 (d, 3JH-H = 7.9 Hz, 1H, H-4/6), 2.68 (br d,
3JP-H = 9.7 Hz, 3H, N−Me), 0.14 (br vt, 3JP-H = 6.5 Hz, 3H, Rh−Me). 31P-NMR:

(121 MHz, toluene-d8) δP 85.9 (dd, 2JP-P = 615 Hz, 1JRh-P = 150 Hz, 1P), 50.9 (dd,
2JP-P = 615 Hz, 1JRh-P = 135 Hz, 1P). The sample of 53 was not sufficiently pure

to allow unambiguous assignment of the 19F NMR spectrum.

[(PNNNP)RhClMeI] (54)

To a solution of 49 (100 mg, 0.10 mmol) in THF (3 mL) was added methyl io-

dide in excess (50 µL, 0.80 mmol). After 10 minutes at room temperature the

solution was reduced to about 1 mL in vacuo and 4 mL hexane added. The su-

pernatant was isolated and dried in vacuo to give a pale orange precipitate. This

crude product was purified by recrystallisation from a warm mixture of 1:2:2 ace-

tone/hexane/diethyl ether followed by washing with diethyl ether, giving 54 as pale

orange, microcrystalline blocks (95 mg, 83%). 1H-NMR: (300 MHz, acetone-d6)

δH 8.52 (br s, 2H, NH), 7.69 (tt, 3JH-H = 8.1 Hz, 5JP-H = 1.8 Hz, 1H, H-5), 7.05

(dm, 3JH-H = 8.2 Hz, 2H, H-4,6), 1.13 (br td, 3JP-H = 6.8 Hz, 2JRh-H = 1.7 Hz,

3H, Rh−CH3).
31P-NMR: (121 MHz, acetone-d6) δP 54.7 (d, 1JRh-P = 133 Hz).

19F-NMR: (282 MHz, acetone-d6) δF −117.2 (v br s, 2F, o-C6F5), −127.6 (br s, 4F,

o-C6F5), −132.3 (v br s, 2F, o-C6F5), −148.0 (tt, 3JP-P = 20.4 Hz, 5JP-P = 5.4 Hz,

2F, p-C6F5), −150.0 (tt, 3JP-P = 20.9 Hz, 5JP-P = nr Hz, 2F, p-C6F5), −161.5 (m,

4F, m-C6F5), −163.0 (br s, 4F, m-C6F5).
13C-NMR: (125 MHz, acetone-d6) δC

157.1 (vt, 3JP-C = 8.1 Hz, 2C, C-1,3), 146.8 (dm, 1JF-C = 256 Hz, 8C, o-C6F5),

143.8 (dm, 1JF-C = 258 Hz, 4C, p-C6F5), 141.1 (s, 1C, C-5), 137.7 (dm, 1JF-C =

254 Hz, 8C, m-C6F5), 105.3 (m, 4C, i -C6F5), 103.3 (s, 2C, C-4,6), 8.1 (d, 1JRh-C =

19.0 Hz, 1C, Rh−CH3). Anal. Calcd for C30H8N3F20P2ClIRh: C, 32.24; H, 0.72; N,

3.76. Found C, 32.49; H, 0.91; N, 3.81. HRMS calcd for (C30H8N3F20NaP2ClIRh)

[M+Na]+: m/z = 1139.7555, found = 1139.7582.

Observation of [(PNNNP)RhI] (56)

To a solution of 49 (17.3 mg, 18 µmol) in benzene-d6, was added an excess of

sodium iodide (21.0 mg, 140 µmol). Analysis of the solution after 10 minutes by

NMR spectroscopy revealed the formation of 56. 1H-NMR: (300 MHz, acetone-d6)

δH 9.20 (br s, 2H, NH), 7.60 (t, 3JH-H = 8.1 Hz, 1H, H-5), 6.93 (m, 2H, H-4,6).
31P-NMR: (121 MHz, acetone-d6) δP 40.5 d, 1JRh-P = 170 Hz. 19F-NMR: (282 MHz,
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acetone-d6) δF −128.8 (m, 8F, o-C6F5), −151.1 (s, 4F, p-C6F5), −162.3 (m, 8F, m-

C6F5). HRMS calcd for (C31H8N4F20P2I2Rh) [M+I+NCMe]+: m/z = 1234.7044,

found = 1234.7053.

Observation of [(PNNNP)RhI
3
] (55)

To the solution of 56 above was added toluene (0.5 mL), and the solution filtered

through celite, washing with toluene (3×0.5 mL). The filtrate had all volatiles re-

moved in vacuo, and the residue was redissolved in benzene-d6. To this was added

one crystal of iodine. Analysis of the reaction mixture by NMR spectroscopy re-

vealed immediate and quantitative formation of 55. 1H-NMR: (300 MHz, C6D6) δH

6.46 (t, 3JH-H = 8.2 Hz, 1H, H-5), 6.27 (br s, 2H, H-4,6), 5.37 (d, 2JP-H = 8.0 Hz,

2-H, NH). 31P-NMR: (121 MHz, C6D6) δP 36.6 (d, 1JRh-P = 115 Hz). 19F-NMR:

(282 MHz, C6D6) δF −112.0 (br s, 4F, o-C6F5), −134.2 (br s, 4F, o-C6F5), −143.7

(m, 4F, p-C6F5), −156.7 (br s, 4F, m-C6F5), −159.7 (br s, 4F, m-C6F5),
13C-NMR:

(150 MHz, acetone-d6) δC 157.4 (dt, 2JRh-C = 11.0 Hz, 3JP-C = 7.5 Hz, 2C, C-1,3),

147.5 (br d, 1JF-C = 252 Hz, 8C, o-C6F5), 144.9 (dm, 1JF-C = 258 Hz, 4C, p-C6F5),

142.9 (s, 1C, C-5), 138.4 (br d, 1JF-C = 254 Hz, 8C, m-C6F5), 111.4 (m, 4C, i -

C6F5), 104.5 (s, 2C, C-4,6), HRMS calcd for (C29H9N4F20P2I3Rh) [M+NH4]
+: m/z

= 1338.6167, found = 1338.6207.

8.7 Catalytic Testing

Standard solutions of 1 mmol dm−3 [(POCOP)PdCl] (28), [(PCCCP)PdCl] (29),

and [(POCCP)PdCl] (30) were prepared by dissolving 9.8 mg of 28, 9.8 mg of 29,

or 7.6 mg of 30 in 10 mL toluene in a volumetric flask. Each reaction was carried

out in a 10 mL Young’s tube, heating to the desired temperature with stirring for

2 minutes to ensure adequate mixing. The appropriate amount of 1 mmol dm−3

catalyst solution was added by microsyringe and the reaction commenced. At the

appropriate time interval, 0.1 mL aliquots of the reaction mixture were withdrawn

by syringe, then stored in stoppered glass vials at −15 ◦C. Mercury poisoning

reactions were carried out under standard catalytic conditions, with the addition of

one drop (roughly 60 mg) of mercury prior to the mixing of reactants.

Samples withdrawn from reaction mixtures were diluted by taking 10 µL and mak-

ing up to 10 mL with dichloromethane. Each sample was spiked with 10 µL of a
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7.0 mmol dm−3 solution of 2-methylnaphthalene, used as an internal standard, and

analysed by GCMS. Standard solutions of 4-methoxybiphenyl and 4-bromoanisole

were analysed over the desired concentration range to confirm a linear response of

the detector to the analytes. Reaction progress was determined from peak integra-

tions, looking at the disappearance of the starting material (bromobenzene in Heck

reactions, 4-bromoanisole in Suzuki reactions) as well as the appearance of products.

Typical Heck Reaction

Performed with bromobenzene (105 µL, 1.0 mmol), styrene (128 µL, 1.1 mmol), and

K2CO3 (152 mg, 1.1 mmol) in 2.5 mL DMF under a nitrogen atmosphere. To this,

20 µL of catalyst solution (0.002 mol %) was added, with the reaction carried out

at 140 ◦C for 16 hours.

Typical Suzuki Reaction

Performed with phenylboronic acid (146 mg, 1.2 mmol), 4-bromoanisole (100 µL,

0.80 mmol), and K3PO4 · H2O (368 mg, 1.6 mmol) in 4 mL toluene under a nitrogen

atmosphere. To this, 8 µL of catalyst solution (0.001 mol %) was added, with the

reaction carried out at 100 ◦C for 2 hours.

Large-Scale Suzuki Reaction

Phenylboronic acid (2.92 g, 24 mmol), 4-bromoanisole (2.00 mL, 16 mmol), and

K3PO4 · H2O (7.36 g, 32 mmol) were combined in toluene (80 mL) under a ni-

trogen atmosphere. The reaction vessel was pre-heated to 100 ◦C with stirring,

and a 1 mmol dm−3 solution of catalyst 28 was added (160 µL, 0.001 mol %).

Heating was stopped after 11 hours. The reaction was quenched with 2 mol dm−3

HCl (150 mL) and extracted with ethyl acetate (3×50 mL). The combined extracts

were washed with saturated sodium bicarbonate solution (3×50 mL) and water

(2×50 mL), and dried over magnesium sulfate. Volatiles were removed in vacuo,

and the crude product purified by column chromatography on neutral alumina, elut-

ing with toluene. Recrystallisation from a mixture of dichloromethane and hexane

yielded 4-methoxybiphenyl as a white solid (2.90 g, 98%). NMR characterisation

data matches that known for 4-methoxybiphenyl.
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Catalyst Stability Tests

Palladium complexes 28 (15 mg, 0.015 mmol), 29 (15 mg, 0.015 mmol), or 30

(12 mg, 0.016 mmol) were combined with phenylboronic acid (9.3 mg, 0.077 mmol)

and K3PO4 · H2O (18 mg, 0.077 mmol) in benzene-d6. Hexafluorobenzene (10 µL)

was added as an internal standard. Control experiments with 28 and phenylboronic

acid, and 28 and K3PO4 · H2O were also undertaken. Reaction mixtures were heated

at 80 ◦C for 3 hours, monitoring reaction progress by NMR spectroscopy at 0, 5,

30 and 180 minutes. The relative amounts of decafluorobiphenyl and 2,3,4,5,6-

pentafluorobiphenyl present were determined by integration of the ortho and para
19F NMR resonances against those of the starting material prior to degradation,

normalised against the hexafluorobenzene internal standard. At the conclusion of

heating, each reaction mixture had 2×0.1 mL aliquots withdrawn and diluted with

1 mL dichloromethane. One of the aliquots was hydrolysed by stirring with 1 mL

water for 10 min, after which time the organic fraction was decanted and both the

hydrolysed and non-hydrolysed aliquots were subjected to GCMS analysis.

Cyclic Voltammetry

Standard solutions of 28 (2.4 mg, 2.5 µmol), 29 (2.4 mg, 2.5 µmol), and 30 (1.9 mg,

2.5 µmol) were prepared with tetrabutylammonium hexafluorophosphate (190 mg,

0.5 µmol) in acetonitrile (5 mL). Solutions were analysed by cyclic voltammetry us-

ing a platinum working electrode and a Ag/AgCl reference electrode, scanning from

−0.5–1.8 V at a rate of 100 mV s−1. No meaningful oxidation events were observed

for any of the solutions analysed.
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