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ABSTRACT

This thesis is mainly concerned with the synthesis and characterization of redox
-active substituted ferrocene ligands, their complexation with palladium, the redox
properties of the complexes and their applications as carbonylation catalysts with a
view to controlling the catalytic behaviour via a change in the oxidation state of the
ferrocene unit. Chapter 1 presents the concept of redox-active ligands and redox
control in transition metal-catalyzed processes, with the emphasis on the utilization of
ferrocene/cobaltocene as a ‘redox centre’. Cyclic voltammetry, by which the redox
properties of the compounds synthesized in this work were electrochemically
characterized, and the choice of the appropriate chemical oxidizing agent are also
introduced. Finally, the palladium-catalyzed alkoxy-/aminocarbonylation processes of
aryl halides are briefly reviewed. Chapter 2 is concerned with the chemical oxidation
of some previously synthesized ferrocene-incorporated palladium diphosphines, and
the observation and discussion of the different catalytic performance of the oxidized
and non-oxidized catalysts in the alkoxy-/aminocarbonylation reactions of aryl halides.
Chapter 3 involves the synthesis of ferrocenyl N-P ligands and their coordination to
palladium, as well as studies on the redox behaviour of the palladium complexes and
their applications as catalysts to realize redox control on the alkoxycarbonylation of
2-halobenzylalcohol. Chapter 4 describes the synthesis of ferrocenyl or ferrocen-1,
1’-diyl diimine ligands, and the unexpected oxidation of the ferrocene redox units
upon the complexation of these ligands to various transition metals including nickel,
iron, cobalt and palladium. Chapter 5 details explorations into the redox control of
Suzuki-Miyaura cross-coupling and hydrogenation reactions through the use of some
ferrocene-based palladium and rhodium complexes. Chapter 6 presents the
conclusions of the thesis and suggestions for future work. Experimental details for

chapters 2 - 5 are given in chapter 7.
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Chapter 1

Redox-active compounds are of great significance for their applications in catalysis, ™'

12,13 14-16

as well as their potential to be ‘intelligent’ materials, and sensors for ions " and small

17, 18
molecules.

With ideal chemical redox agents or applied potentials, a redox-active
compound can be interconverted between its two (or more) oxidation states. Therefore these
compounds are often referred to as ‘redox switches’ (or ‘redox partners’). Redox-active
transition metal complexes, as one of the most important types of redox-active compound,
have therefore drawn considerable attention because of their role as highly efficient and

selective catalysts.”"!

In redox processes of these coordination compounds, while the
behaviour of some involve only the oxidation or reduction of the metal, ' ligands of some
other metal complexes participate in the redox processes as a much more prominent role in a
catalytic cycle than the metals.'” In the latter cases, the ligand is referred to as a ‘redox-active

21 . .
20.21 which can be switched between two or more

ligand’ or ‘redox non-innocent ligand’,
oxidation states through a series of approaches. The aim of this introduction is to (i) provide a
general insight into the redox-active complexes that are based on a redox-active ligand and
their applications in homogeneous catalysis, (ii) to give a brief introduction into
electrochemistry and chemical redox agents, and (iii) to briefly review the

palladium-catalyzed carbonylation of aryl halides as a catalytic process where redox-active

ligands can potentially be used to control the reactivities of the palladium catalysts.

1.1. Overview of Redox-active Ligands

It is of great interest to incorporate redox-active groups into various metal-binding
ligands. Cryptand and crown sequestering agents with ferrocenyl,”> cobaltocenyl'® > and
other redox-active groups’”*® have been synthesized. These ligands offer electrochemical
control over the thermodynamic binding affinities of transition metals, and have been used in

27,29

various metal systems. The compounds featuring redox-active ligands have been applied

. . o . . L 14,16,22-24,28, 30, 31
in the electrochemical recognition of alkali and alkaline earth metal cations, » ™~ ™7

and designed for electrochemical detection of numerous anionic guest species.'*'®**
Several redox-active ligands that alter the reactivity of their bound metals as a function

of ligand oxidation state have been designed and successfully synthesized. Redox-active

ligands of this type are used to provide electrochemical control over stoichiometric and

15



Chapter 1

catalytic reactions of transition metals, and therefore yield compounds with electrochemically
switchable states of reactivity and selectivity.”> Catalysts derived from these ligands may be
active in one particular oxidation state, but become rather inactive after reduction or

S 6,9, 11
oxidation.”

Moreover, they may exhibit selectivities for specific transformations, which
are dependent upon the oxidation state of the complex.” With a redox-active group, no further
conventional synthetic steps are needed to control the electron richness of the ligand, as well
as the central metal.

In addition to the ligand-based approaches for controlling the reactivities of metal
centres as mentioned above, there are metal-based approaches that are also effective. By
changing the d-electron count of a certain transition metal, both the steric and electronic
environment of the metal’s coordination sphere can be drastically altered.”* In this case, it is

difficult to determine the effect of the electrochemical control on a transition metal as the

steric properties of the metal or even the modes of ligand binding are also changed.

O'Pr
R

/////,I o 0 /\ T\\N — 2

/N—/ Ti—O

| o
o o "’l///// O'Pr t]3U.
0]
D-lactide R; By

To

(0] 0} > n
j/i :/( Polylactide
(o} O

L-lactide

Figure 1.1. Scheme of a titanium-catalyzed ring-opening polymerization (ROP) reaction

of rac-lactide’

However, a ligand-based approach allows for more subtle changes in the electronic
properties of the centre metal. There are numerous examples indicating that subtle changes in
the electron-donating properties of the ligand can lead to remarkable effects in the reactivity

of transition metals. For example, in the catalytic reaction of the ring-opening polymerization

! Figure 1.1 adapted from reference 35.
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Chapter 1

of rac-lactide, titanium-salen initiators bearing electron-donating substituents incorporated
into the aryl groups (R group in figure 1.1) offer higher reactivity than the corresponding
catalysts with electron-withdrawing groups.35

Based on these facts, in this project, it was decided to focus on the use redox-active

complexes where the redox processes are centred on the ligand but not the metal centre.

1.2. Categorization of Redox-active Ligands designed for Transition Metals
Redox-active ligands, which are specially designed for controlling the reactivity and
selectivity of transition metals, were first categorized by Mirkin and Allgeier” based on the
method that a redox-active ligand takes to alter the stoichiometric activity and the
coordinating properties of its bound metals. Recently, the categories of redox-active ligands
have been specified again by Lyaskovskyy and de Bruin according to the role these ligands

lay in catalytic processes.'’ Both categorizations will be illustrated.
play yucp g

1.2.1. Categorization from Mirkin and Allgeier

A. Substitutionally-inert redox-active ligands

X X X X
Ve I NN
L, L,
electron-rich electron-poor

Figure 1.2. Concept of substitutionally-inert redox-active ligands"

(X= strongly binding ligand)

For ligands that fall into this class, the redox-active group is incorporated into a ligand
which forms a strong, substitutionally inert interaction with a particular transition metal

(Figure 1.2). Changes in the oxidation state of the ligand affect the reactivity of the metal by

' Figure 1.2 adapted from reference 33.
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Chapter 1

altering its electronic nature without changing its formal oxidation state, usually by way of

through-bond electron donation or withdrawal as well as through-space dipole interactions.>

36-40

7 w ¢

~Ru
cm l ~
HN

NH e

S S 7

«Ru R «Ru
H0™ "> Ny +e 0™ >N
HN N

\

Figure 1.3. Redox and hydrolysis process of a ruthenium aryl complex"

For example, in a research study on the ruthenium halide complexes that have potential
as anticancer agents,’’ ligand-based oxidation was observed during the hydrolysis of the
ruthenium complex shown at the top left in figure 1.3. It is discovered that the hydrolysis of
this diamino complex also leads to the formation of both chlorinated and hydrolyzed diimino
products. The formation of the m-acceptor chelating ligand is described to decrease the rate of
hydrolysis as it attracts electrons on the ruthenium centre and thus reduces the lability of the
chloride.

In general, the substitutionally-inert redox-active ligands offer effective electrochemical
control over the electronic properties of their bound transition metal, without significant

concomitant changes in the steric properties of the complex.

iii

Figure 1.3 adapted from reference 40.
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Chapter 1

B. Redox switchable hemilabile ligands (RHLs)

Similarly to the substitutionally-inert redox-active ligands, the RHLs do not bring
changes in the formal oxidation state of the metal centre during a redox process. However, the
RHLs have the advantage of offering electrochemical control on both the steric and the
electronic environment of the coordination site or a set of coordination sites at a transition

metal 541

a L e
RX Y —Cred D RX ]

M +e M
L, L,

Figure 1.4. Concept of the RHLs (X = strongly binding ligand; Y = weakly binding ligand;

R = substituent of tunable electronic nature; [ | = ligand or solvent molecule)"

Pioneered and extensively studied by Mirkin’s group, the RHLs are defined as
multidentate ligands that possess at least one substitutionally inert centre and one
substitutionally labile centre (figure 1.4). A redox-active group is covalently attached to the
substitutionally labile portion of the ligand, whose binding affinity with the central metal is
controlled by adjusting the state of charge of the redox-active moiety. In some cases,
dissociation of the labile portion of the ligand” in favour of a stronger binding ligand or
solvent molecule occurs when attempting to modulate the strength of the metal-ligand bond.
The electronic nature of the central metal in a RHL-based complex can therefore be tailored
through both choosing different R groups and changing the oxidation state of the ligand.

Although the RHLs are still in their early stage of development, a RHL system that
avoids proton-coupled electrochemistry has been established by Mirkin and his co-workers to
provide a foundation for the synthesis and application of complexes with the RHLs.*' As
demonstrated in figure 1.5, the rhodium complex 1.1 exhibits ligand dissociation upon
oxidation of the ferrocenyl groups. The weak Rh-O bond, which is a result of the p-n
conjugation effect between the oxygen atom and the ferrocenyl moiety, is further weakened

by the oxidation of the ferrocenyl moieties to the extent of dissociation to form the

¥ Figure 1.4 adapted from reference 43.
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aryl-bridged dimer 1.2, with the geometry of the complex converting from square-planar to

piano-stool.

Fc*tO  OFct
+6
FcO\ OFe |* - Ph P:'
Phy

1.1

_ ~
Ph + de Ph.P P @
2 2 % §Ph 1.2
Fo = (>-CgHgFe(p5-CiH,) ~ FetO  OFc*

Figure 1.5. The redox-controlled behaviour of rhodium complex 1.1 with RHLs"

This oxidation state-dependent behaviour of complex 1.1 is significant proof for the
RHL concept. It shows how RHLs provide tuneability with regard to both the electronic and
steric properties of the transition metal to which they are bound, and how useful they are in
designing systems with electrochemically switchable selectivities for desired transformations.
Complexes supported by RHLs undergo both electronic and steric transformations
during redox processes, making it complicated to study the nature of the changes on their

catalytic activities during redox processes.

C. Redox-active ligands as reactive (leaving) fragments

Whilst the aforementioned redox-active ligand may alter the coordination chemistry of
the metal in a reversible fashion, other redox-active ligand-based transition metal complexes
also exist to demonstrate electrochemically induced irreversible changes in their reactivities.
Such redox-active ligands may be completely expelled as leaving fragments from the
coordination sphere of the central metals, or change their binding mode upon oxidation or

reduction (Figure 1.6).%

GedD>—X—ML, ——— » Cox >—X + ML,

further reactivity

Figure 1.6. Concept of the redox-active ligands as reactive fragments"

¥ Figure 1.5 taken from reference 41.

Y Figure 1.6 adapted from reference 33.
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This project consequently focuses on the electronic effects that substitutionally inert
redox-active ligands exert on the coordination chemistry of the transition metal where the

catalytic process is taking place, especially when these ligands are oxidized or reduced.

1.2.2. Categorization from Lyaskovskyy and de Bruin

According to Lyaskovskyy and de Bruin, two main types of redox-active ligands (also
named as redox non-innocent ligands) are defined by their role in the catalytic cycle.lg Redox
-active ligands of the first type participate in the catalytic cycle only by accepting/donating
electrons, while those of the second type actively participate in the formation/breaking of
substrate covalent bonds. In the latter case, the active sites for the catalytic transformation
from the substrate to the product are actually ligand-radicals or substrate-centred radical

48-52

species generated upon the oxidation of either the chelating ligands or the substrate after

oxidative addition to the metal centre of the catalyst.SB'55

Therefore, redox non-innocent
ligands of the second type will not be further discussed as the intrinsic catalytic reactivities of

their complexes are not metal-based.

(0] Mes Mes (0]
MgCl Br O‘ >_N1
(0] Mes Mes

THEF, rt, 24 hrs
CH;

Figure 1.7. Scheme of the Kumada cross-coupling reaction of 4-bromotoluene and PhMgCl
catalyzed by redox-active nickel complex (5 mol% catalyst loading)""
Redox-active ligands of the first type can also be classified into two main groups
according to the strategies adapted by the ligand in catalysis. The first strategy involves the
oxidation or reduction of the ligand as a tool for tuning the electronic properties, such as the
Lewis acidity of the metal.>*®* 3% A very good example has been illustrated by Bielawski’s

research group in their studies on controlling the activity of Kumada cross-coupling reactions

vii

Figure 1.7 and 1.9 adapted from reference 6, figure 1.8 taken from reference 6.
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Chapter 1

by applying a nickel catalyst supported by a redox-active N-heterocyclic carbene ligand,
1,3-dimesitylnaphthoquinimidazolium (figure 1.7).°

Since 1972, Kumada et al. have reported the reactions of organomagnesium reagents
and alkenyl or aryl halides that are catalyzed by Ni(Il) complexes, which are often referred to

. : 57-60
as Kumada cross-coupling reactions.

In this work by Bielawski and his co-workers, the
reaction of PhMgCl and 4-bromotoluene (MePhBr) catalyzed by Ni(Il) was successfully
switched by chemically oxidizing/reducing the ligand, which alters the electron density on the

nickel without changing its formal oxidation state.

_ 100
Conversion (%)

904

CoCp, [Fel[BF,]
0. | |
704
0 120 240 360
Time (min)

Figure 1.8. Catalytic conversion of the reaction of 4-bromotoluene and PhMgCl during the
in situ oxidation and reduction of Ni(II) catalyst (Y axis represents the percentage conversion

of 4-bromotoluene monitored by GC over 30 min intervals)

As demonstrated in figure 1.8, the neutral Ni(II) complex is clearly more catalytically
active than its anionic counterpart. In the first 2 hours before the reducing agent was added,
the reaction was found to proceed with a first-order rate constant (ko) of 4.7x107 s'l, and a
conversion of 23% had occurred within this reaction time. At this point, CoCp, (2 equivalents
relative to Ni to oxidize both of the ligands on the nickel) was added, and a decrease in the
catalytic activity by an order of magnitude (kops = 2.7% 10° ™) was observed. After a further 2
h, the re-formation of the oxidized ligand caused by the introduction of [Fc][BF4] (also 2
equivalents relative to Ni) afforded nearly a 5-fold restoration of catalytic activity (kobs =
1.2x107 s™).°

This difference in the catalytic activities between the neutral and anionic nickel
complex was elucidated by the authors via the mechanism and the intermediates involved in a

typical Kumada cross-coupling cycle. As shown in figure 1.9, before the catalytic process
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Chapter 1

begins, the Ni(II) complex is first reduced by 2 equivalents of PhMgCl to generate the
catalytically active Ni(0) species, which then undergoes oxidative addition with MePhBr.
Transmetalation then followes to produce nickel diaryl species, and subsequent reductive
elimination releases the cross-coupled product with the regeneration of Ni(0) species. It is
reasoned that (i) the reduction of Ni(Il) to Ni(0) species could be easier with a less
electron-rich system for both the generation of catalytically active Ni(0) species and the
reductive elimination step, and (ii) that the transmetalation with PhMgCl favours a more
positive metal centre as this step involves the bond formation between the nickel and a
negatively charged carbon atom. Consequently, the higher catalytic reactivity of the oxidized
nickel complex than its non-oxidized version was expected as the metal centre in the neutral

complex is less electron-deficient .°

(lll
L—I\lli—L
Cl
2 PhMgCl
Br
Ph
Ph-Ph, 2 MgCl,
L—Ni—L
CH;
CH;
Ph Br
L—Ni—L L—Ni—L
»
BrMgCl PhMgCl

Figure 1.9. Catalytic cycle of the Kumada cross-coupling reaction of MePhBr and PhMgCl

(L = ligand)
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Redox-active ligands, such as 1,3-dimesitylnaphthoquinimidazolium that can control
the catalytic activity of the central metal by tuning its Lewis acidity with no changes in its
structure or the formal oxidation state, are the main interest of this project. This type of
control on a catalytic process by using the redox properties of the catalyst is named ‘redox
control’.

The second strategy adopted by the redox-active ligands of the first type in the catalytic
cycle can be described as ‘electron reservoir’ according to Lyaskovskyy and de Bruin."”
Without changing the d-electron configuration of the metal, some redox-active ligands allow
the metal to store electrons on the ligand when excessive electron density is generated on the
metal, and release the electrons to the metal when a certain amount of electrons on the metal
centre is required.’"

Quantities of important transformations in the metal-based catalytic processes are based
on the electronic transfer between the metal and the substrate, such as the most common
oxidative addition step and reductive elimination step. These transformations are usually easy
for noble metals like palladium, platinum and rhodium, but difficult for cheap metals like iron
and cobalt. However, the ‘electron reservoir’ strategy of some redox-active ligands to a very
large extent promotes the electronic communication in the catalytic cycles between the metal

and the substrate via ligand-based electron-donation or acceptations where both single

unpaired electrons and electron-pairs can be involved, and therefore solves the difficulties in

63-70 71-74

catalytic transformations for first-row transition metals™" " or late transition metals.

Nonetheless, this strategy is only adopted by redox-active ligands when uncommon
oxidation states of the metal need to be avoided in the catalytic processes or a certain electron
density on the metal is required for transformations which are otherwise unrealizable. In other
words, the redox processes on the ligand take place via particular steps in the catalytic cycles,
but not as a tool to control catalytic processes when the ligands are supposed to be oxidized or
reduced before the catalytic cycle, thus causing a series of changes in the reactivities of the

metal towards transformations at various steps. Therefore, the ‘electron reservoir’ properties

of redox-active ligands will not be further discussed.
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1.3. Ferrocene and Cobaltocene Incorporated Redox-Active Ligands

In coordination chemistry, the ferrocenyl and cobaltocenyl moieties have played
significant roles as backbones or substituents in ancillary ligands due to the specific and
unique geometries and redox properties that ferrocene and cobaltocene possess.”> 7’ The
reversible one-electron redox behaviour, as well as the structural durability, of ferrocene or
cobaltocene derivatives make themselves ideal electroactive ligands to perturb via redox
approaches, the electronic properties and stoichiometric reactivities of the transition metal

80-85
complexes

containing ferrocenyl or cobaltocenyl moieties. Therefore, cobaltocene- and
ferrocene-based ligands offer great potential within homogeneous transition metal catalysis,
for inducing higher or lower electrophilicity (the latter for ferrocenium/cobaltocenium version

of the ligands) and consequently an enhancement or a decrease in the reactivity of a

catalytically active metal centre.

1.3.1. Cobaltocene/cobaltocenium-based redox-active ligands

Within all the cobaltocenyl chelating ligands, 1,1’-bis(diphenylphosphino)cobaltocene
(dppc) is of the greatest significance in terms of the applications of its redox properties. One
example has been illustrated by Lorkovic et al., where it can be used as an electrochemically

tuneable ligand to alter the coordination chemistry of the metal centre.

Co Ph,
CO7+ : — %, ‘ $C0 7 2%

Col) R — Co (III)

@’_PIQ \CO e @‘Pg o

fast
SIO \\ N Nu:

Figure 1.10. Redox couple of dppc-containing rhenium carbonyl complexes

viii

(Complex 1.3 when R = MeCN; Complex 1.4 when R = CO)

As shown in figure 1.10, rhenium carbonyl complexes containing dppc/dppc-Co™

ligands were prepared and characterized in both oxidation states. N-oxides (MesNO and

viii

Figure 1.10 adapted from reference 36.
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Me,PhNO) and azide (N;) performed as molecular and anionic nucleophiles, reacting
selectively and irreversibly with metal bound carbonyls. The differences in the reactivities of
the rhenium carbonyl moieties between the oxidized and reduced forms of either complex are
of orders of magnitude. In MeCN at 25 °C, the one electron oxidation of the dppc ligand
results in a 200 fold increase in the rate of reaction of complex 1.3 and Me;NO/Me,PhNO,
and a 5400 times faster reaction of complex 1.4 and N;. These results clearly show that the
binding strength between the rhenium and carbonyl carbon decreases as a result of ligand

oxidation.*®

)QJ\ JW/\/
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OSi Phy 2+
1Ets ©_P\
Co (11T /Rh(acetone)n
o
Ph,
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Figure 1.11. The catalytic behaviour of complex 1.5 in each state of charge™

Another classic example of the applications of the dppc ligand in its electrochemical
control of the reactivities of homogeneous transition metal catalyst has also been elucidated

by Lorkovic et al. In this research study on the rhodium(l)-catalyzed isomerization and

X Figure 1.11 adapted from reference 5.
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reduction of ketones and alkenes, a dppc-containing rhodium complex 1.5 was found to be
catalytically active towards different processes of transformation when the cobalt is in its
different oxidation states. This catalytic selectivity induced by the redox nature of dppc is
demonstrated in figure 1.11. While 1.5-ox turned out to be the more efficient and durable
hydrosilylation catalyst, 1.5 is more reactive towards hydrogenation processes.” The latter fact
is attributed to the more basic phosphines employed by dppc-Co" than dppc-Co'", which lead
to a more electron-rich rhodium centre that is favoured by the oxidative addition of

86-89

hydrogen. Although the trend correlating the catalytic reactivities for hydrosilylation of
olefins or ketones with the basicity of the transition metal has not been found in the literature,
this work undoubtedly indicates different consequences from switching the state of charge of
the thodium centre for hydrogenation or hydrosilylation. Most importantly, after numerous
studies on how reactivity and selectivity of homogeneous transition metal catalysts can be

affected by ligand “donicity”,””** for the first time the effect of changes in the ligand charge

state on catalytic reactivity was described.

1.3.2. Ferrocene-derived redox-active ligands

The recognition of the ‘sandwich’ structure of ferrocene is one of the milestones in the
field of organometallic chemistry.95 The reversible one-electron redox behaviour and high
stability of ferrocene, as well as the well-established methods for the modification of the
cyclopentadienyl group of ferrocene towards more complex structures results in ferrocene still

being of great interest.”> * 7 76-%

The incorporation of ferrocene as a redox-active moiety of
the ligand is indeed the focus of this project and the research group, where a large range of
ligands formed via substitution of ferrocene by various donor hetero atoms has been
synthesized.”” """

One of the most significant results in our group on the applications of the redox
properties of ferrocene has been the successful synthesis of the titanium redox-active complex
shown in figure 1.12, and the investigations of its reversible catalytic activities towards the
ring-opening polymerization (ROP) of rac-lactide. The switch between the two different

oxidation states of complex 1.6 was realized by chemical redox agents, silver triflate (AgOTf)

in CH,Cl, as the oxidant and decamethylferrocene (FeCp*,) as the reductant.’
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Figure 1.12. Scheme of the redox switches of complex 1.6/1.6-0x"

1.6

Analysis of the conversion data (figure 1.13a) indicates that the non-oxidized ligand
supports an approximately 30 times more rapid polymerization, suggesting that the titanium
centre bearing a more electron-withdrawing ligand framework offers a slower rate of the ROP

of rac-lactide. The redox behaviour of the ligand is clearly shown to relay an electronic effect

to the titanium centre.
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Figure 1.13. (a) Plots of the consumption of rac-lactide versus time for complex 1.6 in both
states of charge™ (b) A plot of conversion versus time for the polymerization of rac-lactide

during in situ oxidation and reduction of complex 1.6 (toluene, 70 °C, 1 mol % catalyst load)

* Figure 1.12 is adapted from reference 9.

* Figure 1.13 is taken from reference 9.
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In order to demonstrate a genuine switching effect, the reversible nature of the redox
activity of complex 1.6 in this catalytic polymerization has also been investigated. As plotted
in figure 1.13b, a 18% conversion of the reaction was afforded by 1.6 after 8 hours. At this
point, AgOTf was added to oxidize the ferrocenyl substituents on the ligand backbone to their
ferrocenium counterparts, and a marked decrease in the conversion of monomer was observed.
After a further 20 hours, Cp*,Fe was added for the re-formation of the neutral ligand, which
was accompanied by a corresponding increase in the catalytic activity of the complex.

As neither AgOTf nor FeCp*; afforded any polymerization activity under comparable
conditions, this return in catalytic activity to approximately the same magnitude as that
observed prior to oxidation confirmed the redox shuttle between 1.6 and 1.6-ox. All these
results suggest that remote redox-active ligand substituents may be exploited to control the
activity of the metal centre, again giving evidence that redox couples can be used to oscillate
a catalyst between sites of differing activities. This work is recognized as a significant
advance as for the first time the application of redox switchable catalysts in single-site

polymerization catalyst technology was demonstrated.

-

i e W -

<

Figure 1.14. Structure of the diferrocenyl-tagged Grubbs-Hoveyda type catalyst™

In efforts to develop further chemistry in this area, compounds capable of reversible
processes have also been studied in other research institutes. For instance, the ruthenium
complex shown in figure 1.14 was reported by Siipner and Plenio to be an olefin -metathesis
homogeneous catalyst of the Grubbs-Hoveyda type bearing a diferrocenyl redox-active ligand.
The solubility of the complex can be tuned by switching between Fe'/Fe' of the ferrocenyl

moieties, which is consequently referred to as the solubility-determining redox-active tag.*

xii

Figure 1.14 adapted from reference 4.
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The data in figure 1.15 describe the catalytic reactivity of the ruthenium complex in the
ring-closing metathesis (RCM) reaction of N-tosyldiallylamide. The neutral complex
catalyzed the reaction to completion in toluene by itself, while the oxidized complex lost its
catalytic activity towards the reaction as it precipitated out of solution. The oxidized catalyst
can be readily separated from the reaction mixture or the crude product, recycled by filtration

and reactivated with full restoration of catalytic activity by chemical reduction.
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Figure 1.15. Switching of the ruthenium-catalyzed RCM reaction of N-tosyldiallylamide in
toluene (Ts = p-toluenesulfonyl)*"

Again, switching of the catalytic activities of the transition metal complex was realized
via ligand-based redox processes. However, in this case the electronic effect on ruthenium
caused by oxidation was unclear, as the loss of activity of the oxidized catalyst was due to it
becoming insoluble in the homogeneous catalytic system. It would be more interesting to see
the control of a redox-active ligand on the electronic properties of the metal centre.

More recently, in 2011, successful redox control of ROP of L-lactide and trimethylene
carbonate was realized by the use of ferrocene-derived late transition metal complexes. Figure
1.16 shows the yttrium (1.7) and indium (1.8) complexes bearing the same ligand
1,1’-di(2-tert-butyl-6-diphenylphosphiniminophenoxy)ferrocene), which can alter the

electronic environments of the central metals by undergoing Fe'/Fe'

redox processes. The
yttrium redox partners 1.7/1.7-ox were found to be capable of controlling the ROP of
L-lactide, and 1.8/1.8-0x were observed to possess different catalytic activities towards the

ROP of trimethylene carbonate.''

xiii

Figure 1.15 taken from reference 4.
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Figure 1.16. Scheme describing the redox behaviour of 1.7 and 1.8
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The ROP of L-lactide catalyzed by the yttrium redox switches was first described. While
a high conversion of 74% was given by 1.7 in 3 hours at room temperature, no conversion
was observed in the presence of 1.7-ox. Polymerization with the catalyst switched in situ
between its oxidized and reduced states was also performed under the same conditions (figure
1.17). After 1 hour, the polymerization with 1.7 reached 24% conversion, but then halted
upon the oxidation of the catalyst. Once the reductant was added to the reaction mixture, the
polymerization resumed with the same rate as that before the switch was performed. The
same redox switch cycles were then repeated for three consecutive times, and only minimal
change in the rate of the reaction was observed. The lack of activity of 1.7-ox was then
investigated by carrying out a stoichiometric reaction of 1.7-ox and L-lactide, and the
formation of a new species which is unreactive toward further polymerization was found to be

the explanation.

xiv

Figure 1.16 adapted from reference 11.
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Figure 1.17. Plot of conversion versus time for the ROP of L-lactide with 1.7 oxidized and

reduced in situ (rt, THF, 1 mol% catalyst load)™.

This fact that the oxidation of the redox-active ligand decreases the rate of the ROP of
L-lactide is consistent with the observation by Gregson and coworkers in their work on the
ROP of rac-lactide.” However, a reverse effect was developed by using the redox switches of
1.8/1.8-0x to catalyze the ROP of trimethylene carbonate, which was carried out in
benzene-ds at room temperature with 1 mol% catalyst load. After 1 day, while the reaction
catalyzed by 1.8-ox reached 49% conversion, 1.8 afforded only 2% conversion. These results
suggest that a decrease in the electronic density at the indium centre through the oxidation of
the chelating ligand increased the rate of ROP of trimethylene carbonate. Therefore, the metal
dependency on the redox control on polymerization by the redox-functionalized ligand was

discovered.

1.4. Electrochemistry and Chemical Redox Agents
1.4.1. Cyclic voltammetry

Before initiating the investigations on what the effects of redox behaviour of a redox
-active compound would have on its catalytic activities, it is necessary to choose an
appropriate chemical redox agent by first ascertaining the oxidative potential of the
compound. The electrochemical characterizations of redox-active compounds are usually
carried out using cyclic voltammetry. The cyclic voltammograms (CV) are produced by first

dissolving a small amount of the test compounds in a suitable solvent with a suitable

* Figure 1.17 taken from reference 11.
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electrolyte. The dilute solutions are then placed in an electrochemical cell equipped with a

12 For the

working electrode, a counter/auxiliary electrode and a reference electrode.
electrochemical experiments of the ferrocene-based ligands and complexes prepared in this
project, tetrabutylammonium hexafluorophosphate (TBAP) was used for the electrolyte, a

platinum disk (@ = 25 um) was chosen for the working electrolyte, a silver wire (& = 1 mm)

for the reference electrode, and a platinum coil (® = 1 mm) for the counter electrode.
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E (V vs. [FeCp,] /FeCp,)
Figure 1.18. Cyclic voltammogram of ferrocene

(10 mM in MeCN with 0.1 M TBAP, rt, scan rate: 50 mV/s)

Ferrocene derivatives are ideal for electrochemical study as ferrocene has a reversible
one electron Fe'-Fe"" redox process between ferrocene and ferrocenium. The redox properties
of the ferrocenyl compounds can be affected by changes in the electron density on the iron
centre caused by inducing different substituents on the cyclopentadienyl rings, giving an
impact on the observed redox potential. Figure 1.18 shows the cyclic voltammogram of
ferrocene produced by a 0.1 M solution of ferrocene in acetonitrile.

EpA is the anodic potential, where the oxidation occurs and the oxidation current reaches
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its peak value (ipA). EpC is, on the opposite, namely the cathodic potential at which the
reduction occurs and the reduction current reaches its peak value (i,"). AE, is a measure of
reversibility (AE, = E,*- E, ), and E,'” is the half wave redox potential (E,"* = 1/2AE, + E,"
= EpA- 1/2AE,). The redox potential and the reversibility of the redox process(es) of a certain
compound can be extracted from these important parameters, giving a measure of how readily
the compound oxidizes.'”

The reversibility of a redox process is also affected by the relative rates of electron
transfer to and from the redox species at the electrode vs. the diffusion of the compound from
and to the electrode in that particular solution. An electrochemically reversible process is
realized when the rate of electron transfer is much faster than the diffusion process. In a cyclic
voltammogram, this reversibility manifests itself in several ways including the ratio of peak
currents resulting from oxidation and reduction (ipA/ ipC), the distance in potential between the
redox peaks (AE,), and the changes on the values of peak position (EpA, EpC) and peak current
(ipA , ipC) caused by using different scan rates.

For a completely reversible one electron redox process at room temperature, AE, is
approximately 59 mV, and the peak potentials are independent of sweep rate. The maximum
reduction current and oxidation current are equal to each other (i,"/ i, = 1), and these peak
currents are both proportional to the square root of the scan rate (i, « vi"?). It is worth
mentioned here that regardless of the reversibility of a particular process, the peak currents
depend on the voltage sweep rate.

However, in reality a theoretically reversible system is hard to achieve as the electron
transfer is not ideally efficient. Usually a larger separation between the redox peaks (a greater
AE, value) can be observed when increasing the sweep rate, because there is less responding
time for the system towards the changes in the potential. Also, a system that is reversible at
low scan rates may even become irreversible under fast sweep if the electrode kinetics are too
slow for the concentrations to adjust to equilibrium values.

The term ‘quasi-reversible’ is used for a system lying between the limiting cases of
‘reversible’ and ‘irreversible’, where the surface concentrations of the oxidized and reduced
species on the electrodes of interest depend on both the electron transfer rates and the rate of

mass transport.'”® Thus, in a quasi-reversible system, the reversibility is dependent on the
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sweep rate: AE, is greater than 59 mV and this separation of the peaks varies with different
scan rates; a similar but not same size of the peak for reduction relative to the peak for
oxidation can be observed, and the peak current also varies with v, but is not proportional

to it.
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Figure 1.19. Cyclic voltammogram of ferrocene at different scan rates

(0.1 M in MeCN, potential window: -0.8 V ~ 1.1 V)

An example of the ‘quasi-reversible’ system of ferrocene in acetonitrile is shown in
figure 1.19. The voltage between the platinum disk and the counter electrode was set between
-0.800 V and 1.100 V, and the scan rate between 0.050 V/s and 0.100 V/s. The resulting
current was measured three times at each scan rate, and the current cycles for the last sweeps
for each scan rate were then selected as the plots in the cyclic voltammogram. All the useful
data is listed in the table in figure 1.20. AE, is larger than 59 mV, increasing in its value with
the increase of the sweep rate. E;,, varies slightly at different scan rates, and the peak current
values at each particular sweep rate are almost equal (ipA/ ipC ~ 1). The linear relationship of
the peak currents (ipA and ipc) to the square root of the sweep rate after linear correction is also

shown in figure 1.20.
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vo(VIs)  EA(V)  ES(V)  AE, (V)  Ep(V) " (10°A) i, S¢-10°A)  it/i,C

0.050 0.257 0.179 0.078 0.218 2413 2418 0.998
0.100 0.257 0.178 0.079 0.218 3.357 3.357 1.000
0.250 0.256 0.171 0.085 0.214 5.170 5.158 1.002
0.50 0.257 0.162 0.095 0.210 7.191 7.126 1.009
0.750 0.259 0.153 0.106 0.206 8.655 8.636 1.002
1.000 0.261 0.150 0.111 0.206 9.857 9.819 1.004
9 3 1 ) N
el
6 5, 61
34 9
0:3 0?6 019 0?3 076 079
v 12 v 1/2

Figure 1.20. Table of the electrochemical data acquired and linear relationship of i, to ve'?

after linear correction

1.4.2. Ferrocenium hexafluorophosphate as oxidant

All the redox processes in this thesis were realized via chemical reactions of the
compounds to be oxidized/reduced and suitable redox reagents. Despite the disadvantages of
chemical redox agents compared to electrochemical approaches, such as uncertainty on the
purity and stability of the reagents and the formation of byproducts as the result of chemical
reactions,'® this method avoids the use of large amounts of electrolyte(s), which could bring
more difficult purification problems. Besides, rapid large-scale preparations would be more
easily done by simply mixing the substrate and the redox agent in solution than working with

complicated electrochemical devices.
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Therefore, finding the appropriate chemical reagents is crucial to obtain the desired
redox couples. As this work is largely related to ferrocene, ferrocene or other metallocene
based redox agents were first taken into consideration.

The ferrocenium ion is a mild one-electron oxidant which engages usually in an outer

104-107

-sphere electron-transfer reaction. It is readily available as salts of a variety of counter

anions including the most commonly used [BF4]" and [PF¢]", and these air-stable salts can be

. . 108, 109
made quite easily from cheap precursors.

The byproduct generated from the oxidation
by ferrocenium salts is simply ferrocene, which is fairly inert and can be easily removed by
washing the product with a non-polar solvent such as n-hexane.

However, complete removal of excess ferrocenium salts from an oxidized ionic product
is rather difficult. Ferrocenium ion was electrochemically detected by Connelly and Geiger in
a product whose purity has been confirmed by elemental analysis.'” This problem is often
solved by using the stoichiometric amount or even less than one equivalent of the oxidant,'"’
but the separation of the substrate and product is then required. The oxidized compounds in
this project are transition metal complexes, which decompose during column chromatography,
thus a difference in the solubility between the redox switches is desired so that the product
can be purified via washing or recrystallization. This change in the solubility after oxidation
depends on both the solvent and the counter anion. As the metal complexes cannot dissolve in
non- or low polar solvents, ferrocenium salts with a suitable anion must be found to further
decrease the solubility of a certain complex after oxidizing it.

[FeCp,][PFs] was selected to be the ideal oxidant because of its availability and
solubility. [FeCp,][PFs¢] and [FeCp,][BF4] are the only two ferrocenium salts that are
commercially available. [FeCp,][PFs] is cheaper, soluble in chlorinated solvents like CH,Cl,
and CHCI;, but poorly soluble in other organic solvents, while [FeCp,][BF,4] is soluble in
most of the common polar solvents including THF, MeOH, and MeCN. As [FeCp,][PF¢] has
manifested itself in numerous different cases to be an excellent oxidant for transition metal

B the anion of [PF¢]" was then thought to be a better counter anion for

complexes,
ferrocenium ion since it decreases the solubility of ferrocene after oxidation to ferrocenium
much more than [BF4] does.

In principle, the reversibility of the [FeCp,]"/[FeCp,] redox couple suggests that the
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ferrocenium ion can be used to oxidize only substrates with oxidation potentials higher than
that of ferrocene. Although the oxidation potential of the ferrocenium ion can be improved by

114, 115

ring substitution with electron-withdrawing groups, the stability of these modified

ferrocenes, which are prepared via ring-substitution of ferrocene followed by oxidation, is not

as ideal as the ferrocenium salt.''®

The preparation of substituted ferrocenyl oxidant, however,
can be avoided when the oxidation process of the substrate is irreversible.'”'"* When the
product distribution is not governed by the Nernst equation, the driving force of the chemical

reaction can lead to the oxidation of substrates with higher oxidation potential than the

. . 103
ferrocenium ion.

1.5. Palladium-catalyzed Carbonylation of Aryl Halides

In order to study the redox control of metal complexes bearing redox-active ligands in
catalysis, suitable catalytic processes has to be found. Classic catalytic reactions are preferred
as their mechanisms have been well-studied, and thus make it easier to explain the ‘redox
switching’ that can possibly be realized. Among the well-established transition metal
catalyzed processes, the rhodium-catalyzed hydrogenation® and the nickel-catalyzed cross
-coupling reactions’ have been previously introduced as the catalytic applications of redox
-active ligands. Nonetheless, the classic palladium-catalyzed processes, among which the
2010 Nobel Prize in Chemistry was awarded for palladium-catalyzed cross-coupling, present
ideal candidates for redox-controlled catalysis. Since the palladium-catalyzed carbonylation
reactions of aryl halides is also one of the research topics in our laboratory, the synthesis of
redox-active palladium catalysts and their applications in carbonylation processes were taken
as a significant part of this project.

Carbonylation reactions have found significance in synthetic organic chemistry,'”' and
are increasingly favoured in pharmaceutical chemistry for the atom-efficient introduction of
carbonyl centres.'” The palladium-catalyzed carbonylation of aryl halides was first
established by Richard Heck in the 1970s. In his reports, Heck described these reactions as
the formation of acylpalladium intermediates, which are then attacked by a nucleophile to

eventually form the products (figure 1.21).'"'%
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Base is generally required in these reactions to reduce the Pd(II) catalyst precursors to
Pd(0) active species that actually initiates the reaction, to deprotonate alcohols or amines or
by other chemical processes to generate nucleophiles (Nu:), and to react with acid (HX)
generated in the reaction.'”® Products of these reactions, which depend on the types of the
nucleophiles, can be carboxylic acids (hydroxycarbonylation reaction), carboxylate esters
(alkoxycarbonylation), amides (aminocarbonylation), aldehydes (reductive carbonylation),
and ketones (carbonylative cross-coupling).'”’ This review will focus on alkoxycarbonylation

and aminocarbonylation reactions catalyzed by palladium complexes.

Pd-cat.
Ar-X + CO+ NuH — 2 = ALCONu + HX
Base

Pd(II) precursor

HX ArX
Pd(0) o
'reductive elimination' active species oxidative addition

HXPdA(II) R-PA(ID)-X
i CcO
RCNu

o 'CO binding'
'nucleophilic attack'

Nu:H - -
R%Pd(H)-X R Pc:i(II) X

0O . “~ ¢o

'CO insertion'

Figure 1.21. General reaction scheme and catalytic cycle for palladium-catalyzed

carbonylation of aryl halides™

1.5.1. Mechanisms
Quantities of mechanistic studies have been carried out on carbonylation reactions and

yet some uncertainties and disagreements still remain regarding the ‘rate-determining step’, as

Xvi

Figure 1.21 and 1.23 adapted from reference 5.
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well as the later steps of the mechanism. This is inevitable due to the complicated nature of
the carbonylation reaction, which includes the following aspects: (a) the electronic and steric
effects of the ligands of the catalyst precursor; (b) the concentration and type of the base,
which affects the concentration of the nucleophilic anion and influences the reductive
elimination of HX from Pd; (c) the choice of halide, the electronic and steric properties of the
substrate; (d) the solvent effect on the stabilization of transition states and charged
intermediates; and (e) the actual pressure of carbon monoxide (CO) and the presence of other

128

potential ligands. ™ Therefore, it is usually not reasonable to extend the conclusions of the

research study on one particular carbonylation reactions to others. In some cases, conflicting

conclusions may be drawn from studies involving different substrates or catalysts.'** '*°
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Figure 1.22. Simplified mechanisms for alkoxycarbonylation and aminocarbonylation

Mechanisms for palladium-catalyzed alkoxycarbonylation and aminocarbonylation of
aryl halides are shown in Figure 1.22, demonstrating the main steps in a catalytic cycle: (I)
formation of catalytically active Pd(0) species; (II) oxidative addition of aryl halide to the

palladium centre; (III) the binding of CO with palladium intermediate; (IV) carbonyl insertion;

xvii

Figure 1.22 and 1.24 adapted from reference 122.
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(V) nucleophilic attack on the palladium centre and formation of the product, which is
followed by the return of the Pd(0) initiator. An alternative for steps Il and IV is nucleophilic
attack on the CO coordinated with palladium to form a carbamate or carboxylate ligand,
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followed by reductive elimination for product release. = Each of these steps will be further

discussed in detail.

(I) Catalyst Formation

Palladium catalysts for carbonylation reactions can be either obtained from pre-formed
complexes, or prepared in situ using simple commercially available palladium sources and the
desired ligands. Many of the palladium compounds suitable for carbonylation are Pd(II)
catalyst precursors, which have to be reduced to catalytically active Pd(0) species to initiate

the reaction. This step is often influenced by the base and the presence of excess ligand.

L
~N
Pd—X
<L/
X L' = PR; or CO
L L L L
~N
< rd < pd—L < —pal
I: I I L
L Ln LH
< L L
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xviii

Figure 1.23. Precatalytic equilibria for PdL, systems

The reactive 14-electron Pd(0) species will be in equilibrium with carbonyl Pd(II)

. . . . . . 131
species and anionic species in the reaction system. ~ The carbonyl group reduces the electron

xviii

Figure 1.23 adapted from reference 121.
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density of the metal centre by back-bonding of d-electrons of palladium. Therefore, these

carbonyl species are generally not active for oxidative addition.'*

For bidentate diphosphine
ligands, the equilibria become more complicated with the involvements of anion, CO and
phosphines (figure 1.23). The amount of palladium available to the catalytic cycle can be
significantly diminished by these equilibria, for instance, under high pressures of CO.
Additional ligands affect these equilibria with electronic and steric factors, thus influencing
the catalytic activity of the palladium. Osborn observed that a noticeably narrow range for
phosphine cone angle of 160-180° was necessary for good catalytic conversions.'*

Therefore, increase of the CO pressure can result in shifts of the equilibria of the Pd(0)

species towards additional CO coordination to palladium, and thus deactivates the palladium

species towards further interactions.

(ID) Oxidative Addition

The oxidative addition of aryl halides to Pd(0) species is believed to be the very first
step of the catalytic cycle for most palladium-catalyzed synthetic organic reactions.”** As this
transformation is also vital in other coupling chemistry, the oxidative addition step has been
thoroughly investigated in both theoretical and experimental studies.'*’

Increase in electron density on the palladium centre reduces the activation energy for

the formation of the Pd(Il) organometallic intermediate."**"®

As a consequence, while the
aryl-substituted phosphines can be used as suitable ligands for the carbonylation of aryl
iodides and bromides, alkyl-substituted phosphines, as stronger electron-donating ligands, are
required to promote the oxidative addition of aryl chlorides. Oxidative addition was reported
by Milstein to be the rate limiting step for the carbonylation of aryl chlorides,"*” '*° but this
conclusion was then defeated by Osborn.'**

In studies of palladium-catalyzed coupling mechanisms it has been shown that bulky
electron-rich alkyl phosphines significantly accelerates oxidative addition,"*" which is another
factor behind the limiting cone angle values observed by Osborn. It has also been shown that

when oxidative addition occurs readily and is not the rate-limiting step, then carbonylation

reactions favour catalysts with less electron density on palladium.142
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dII) CO Binding

The introduction of CO into the coordination sphere of palladium takes place right after
the formation of aryl-halo palladium species. This step has proved to be highly sensitive to
steric factors of the substrate, as it is a rapid reaction for simple phenyl-halo palladium
complexes, but can be rate limiting when the coordination of CO to palladium is hindered by
steric factors.'*

A good example of sterically hindered CO binding is shown in figure 1.24, which
illustrates the difficulties in the attempts to carbonylate 2-bromo-m-xylene. In this sterically
constrained environment, the aryl group lies in the vertical plane orientating the two methyl
groups into positions close to the axial binding sites of palladium, which is the access for the
coordination of CO. In this case, both of the coordinating sites for CO are restricted, and CO
binding is thereby strongly inhibited. Consequently, after oxidative addition of
2-bromo-m-xylene to palladium, reductive elimination becomes the dominating activity, and

thus leads to the formation of m-xylene as the major product.'*

CO

CH3/Pw

\\\\
Pd- P

X( \
CH; co

Figure 1.24. Steric influence on the binding of CO with palladium'*

(IV) Carbonyl Insertion / Nucleophilic attack at CO

According to the initial work on carbonylation by Heck, the next step in the cycle is the
combination of cis-related carbonyl and aryl groups, leading to the formation of palladium
acyl species. The low reactivity of [PdCI(COMe)(PPhs),] with iodobenzene'*® was taken by
Hidai as strong evidence for the carbonyl insertion route.'** Other evidence for the rapid
carbonyl insertion step at room temperature was also obtained by Milstein'** '*° and Chatt.'®®
As demonstrated by Moser'* for [PdBr(COPh)(PPh;),] and Milstein'"’ using BCO and
[PdCI(COCH,Ph)(PMes),], the formation of the acylpalladium intermediate is irreversible in

3

most cases. However, Osborn'* reported a reversible carbonyl insertion in the study of
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[PdCI(COPh)(PCys),], which again emphasizes the significant influence of the electronic and
steric properties of the phosphine ligand on the reactivity of the palladium intermediate in the
carbonylation process.

The possibilities of direct formation of the acyl palladium species from the
five-coordinate trigonal intermediate [PdAr(X)(CO)(PRj),] and indirect formation from the
square-planar four-coordinate species [PdAr(X)(CO)(PRj)] generated via the dissociation of
one phosphine ligand, which is inhibited by the presence of excess phosphines, have both
been considered by Heck.'* As the carbonyl insertion step requires cis location of the
carbonyl and aryl groups, the two structures that are most likely to be adopted by the
five-coordinated palladium intermediate formed via CO binding, as well as the equilibrium
between the five- and four-coordinate intermediates, are shown in figure 1.25. For bidentate
ligands, the stability of the chelating ring strongly affects this equilibrium, which explains the

trend of reactivities of the diphosphines (C; >> C4 > C,) observed by Milstein."** '*°

Ar CcO
| ‘\\\\L | \\\\\L L///,, \\\X
OC—Pd. Ar—Pd< —_— Pd’
L | L A Yo
X
L=PR,

Figure 1.25. Scheme of the equilibria of the trigonal intermediates for carbonyl insertion step
and their ligand dissociation product™

The rate of the carbonyl insertion step can be altered by the strength of the Pd-carbonyl
and Pd-aryl bonds. As the back-bonding of d-electrons from palladium to its ligands is
involved in both of these bonds, this back-donation is much more pronounced for the
Pd-carbonyl bonds. Increased electron density on palladium caused by the introduction of
alkyl-substituted diphosphines results in a stronger back-bonding effect, and therefore slower
carbonyl insertion. Therefore, for reactions where the oxidative addition is not the rate
determining step, aryl-substituted diphosphines often give faster reactions than their

corresponding alkyl analogues.'*

Xix

Figure 1.25 adapted from reference 142.
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In the meantime, steps after oxidative addition could proceed via an alternative route.
Proposed by Yamamoto, in some cases the carbonyl ligand is attacked by the nucleophile,
generating a carbamate or carboxylate ligand, and the product is then formed from reductive
elimination of the aryl group and carbamate or carboxyl ligand.'*® '*’ Investigations of this
reductive elimination indicate that this step occurs after initial dissociation of one neutral

ligand, leading to a trigonal transition state."’

(V) Nucleophilic Attack

Carbonylation product generation from the reaction of the acyl palladium intermediate
and the nucleophile then occurs either by direct nucleophilic attack at the acyl carbon or by
initial bonding of the nucleophile to the palladium centre. The former route was suggested by
Heck in his initial work and is believed to be dominant for most alkoxy-/aminocarbonylation

: 123-135
reacions.

Nonetheless, the kinetic study by Yamamoto on [PdI(Ph)(PPhs),] supports the
latter mechanism."””' Yamamoto suggested that there may be significant differences in the
catalytic cycles between aryl iodide and bromide substrates, and between amino- and alkoxy-
products.'” He proposed that the aminocarbonylation products are formed via the carbamoyl
intermediate [PdAr(CONR;)L,] rather than [PdX(COAr)L,] suggested by Heck; and for the
products of alkoxycarbonylation formed via the common iodide intermediate [PdI(COAr)L,],
it is the binding of the alkoxide group to palladium that precedes the reductive elimination
rather than nucleophilic attack on the acyl ligand.

As described above, there are many features and pathways involved in the mechanism
of palladium-catalyzed carbonylation of aryl halides, and the amount of the catalytically
active species is affected by various equilibria involving coordination of excess ligands or
carbonyls. All of these factors make it extremely difficult to predict the optimized reaction
conditions for any combination of substrate and nucleophile. While some aspects are clear,
such as the need for stronger electron donating alkyl-phosphine ligands for the oxidative
addition of aryl chlorides and relatively weaker electron donating arylphosphine ligands for
the carbonyl insertion of most aryl bromides and iodides, many other factors such as steric
effects of the ligands and substrates can have a major influence on these carbonylation

reactions.
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1.5.2. Conclusion

Palladium-catalyzed carbonylation reactions of aryl halides offer an attractive tool for
atom-efficient synthesis. The electronic and steric properties of the ligand used in the
palladium-catalyzed carbonylation reactions have been noticed to have an influence on the
rate of each step in the catalytic cycle, and thus result in the different catalytic behaviour of
the palladium centre. As studies on the use of redox-active ligands to control the reactivity of
carbonylation reactions have not been carried out, it would be interesting to see if there is a
difference in the catalytic activities of the palladium centre when the ligand is in its different

oxidation states.

1.6. Summary and Aims of the Thesis

Redox-active ligands provide a novel tool for controlling the activity and selectivity of
transition metal complexes, and thus show great promise in the redox control of transition
metal catalysis. Of all the types of redox-active ligands and all their roles in catalytic
processes, substitutionally inert redox-active ligands that do not directly interact with the
substrate but tune the catalytic reactivities by altering the electronic properties of the central
metal via ligand based redox processes are of the greatest interest in this project. The
chemistry of ferrocene and its application as a redox unit in the redox-active ligand backbone
has been well established; similarly the chemistry involved in palladium catalyzed
carbonylation of aryl halides has also been well documented.

This project combines these areas through the design and synthesis of ferrocene-based
redox-active ligands, the complexation of these ligands mainly to palladium but also other
transition metals such as rhodium, electrochemical characterization and chemical oxidation of
the complexes. In additional, there are the applications of the non-oxidized and oxidized
complexes as catalysts for the alkoxy-/aminocarbonylation of aryl halides and other catalytic
processes including rhodium-catalyzed hydrogenation of styrene and Suzuki-Miyaura
cross-coupling of aryl bromide.

Hence, chapter 2 describes (i) the successful chemical oxidation of three previously

synthesized palladium complexes bearing ferrocene-based diphosphines, whose ligand-based
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one-electron reversible redox behaviour has been characterized electrochemically, using
ferrocenium hexafluorophosphate as the efficient oxidative agent, and (ii) the investigations
on the redox control realized by the three redox switches in alkoxy-/aminocarbonylation
reactions of aryl halides (X= Br, I). The synthesis and characterization of a series of new
ferrocenyl N-P ligands and their palladium complexes is reported in chapter 3, where the
chemical oxidation of the complexes, as well as the comparison of the catalytic activities of
these oxidized and non-oxidized complexes towards the alkoxycarbonylation reactions of
2-halobenzylalcohol (X = Br, 1) are also addressed. Chapter 4 discusses the synthesis of
ferrocene-based diimine ligands which are designed for redox-active palladium catalysts, and
their unusual complexation reactions. Also in chapter 4, another important part of this project
involves the synthesis of the whole series of mono-/1,1’-dihaloferrocenes (X = F, Cl, Br, I)
and the purification of these compounds using an advanced separation method based on the
different oxidation potentials of the compounds in a certain mixture. Chapter 5 is concerned
with the studies towards the redox control of the palladium-catalyzed Suzuki-Miyaura
cross-coupling reaction of phenylboronic acid and 4-bromotoluene, and the
rhodium-catalyzed hydrogenation reaction of styrene, supported by the ferrocene unit within

the ligands used.
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Chapter 2

2.1. Introduction

The modification of ferrocene by phosphine groups has led to a large family of chelating
ligands that have found widespread application in homogeneous catalysis."* Symmetrical
ferrocen-1,1’-diyl rigid chelating ligands, especially when the substituents are phosphines,
have been of great interest in homogeneous catalysis as they offer a large ligand bite angle
and consequently high catalytic activities for their binding metals in certain cases.’

In particular, palladium complexes of ligand 1,1’-bis(diphenylphosphino)ferrocene (dppf)
exhibit excellent catalytic reactivity for selective cross-coupling reactions.®’” After the first
report of this novel ligand in 1965, the development of dppf in transition metal-catalyzed
organic transformations including Kumada-Hayashi, Suzuki, Heck and Hartwig-Buchwald
coupling reactions continued to flourish all the way to the 21% century.® The derivatives of
dppf can be obtained by changing the substituents on the phosphorus centre, which alters both
the electronic and steric properties of the ligand. 1,1’-Bis(di-iso-propylphosphino)ferrocene
(dippf) and 1,1’-bis(di-tert-butylphosphino)ferrocene (dtbpf), among compounds of the type
fc(PRy),, have also found application in highly efficient palladium-catalyzed cross-coupling
reactions due to the large bite angle and bulky electron rich phosphine possessed by these

9,10

ligands.

@7—“@ a e a @—Pip\rz a

Fe Pd Fe Pd Fe Pd

AN AN / N\
v, O b, O > —ptr, C
[Pd(dppf)CL5] (2.1) [Pd(dtbpf)CL] (2.2) [Pd(dippf)CL] (2.3)

Figure 2.1. Redox-active palladium complexes of the type Pd(fc(PR;),)Cl,

Furthermore, the dichloropalladium complex bearing dppf/dippt/dtbpf (figure 2.1) has
been electrochemically shown to undergo ligand-based one-electron reversible redox process
without a change in the oxidation state of the palladium centre (figure 2.2).'"""* This ligand
-based oxidation causes little change in the steric properties of a complex of the type
[Pd(fc(PR,),)Cl,] (2.1 R = Ph; 2.2 R = 'Bu; 2.3 when R = 'Pr) compared with using different R

groups, and it is considered the best approach to induce a genuine electronic effect on the
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palladium centre. Therefore, it is of great interest to investigate how the catalytic activity of
2.1/2.2/2.3 can be affected by the ligand state of charge. Nonetheless, chemical oxidations of
these palladium complexes bearing substitutionally-inert ferrocene-based redox active ligands

that lead to analytically pure products has not previously been reported.

PR ) PR +
— \;d e e — \;d e
Fe —_— Fe (I1I) N
/N +e /

Figure 2.2. Scheme of the redox behaviour of [Pd(fc(PR,),)CL,] (R = Ph, ‘Bu, Pr)

In this chapter, the chemical oxidation of complexes 2.1, 2.2 and 2.3, as well as the
redox control on the catalytic reactivities of these complexes towards the intramolecular
alkoxycarbonylation reactions of 2-halobenzylalcohol (X = Br, I), is reported. The different
catalytic behaviour of these oxidized/non-oxidized complexes is explained via the catalytic
cycle of the palladium-catalyzed carbonylative cross-coupling reactions, and similar redox

control realized on other types of carbonylation processes is also discussed.

2.2. Chemical oxidation of dichloropalladium 1,1’-bis(diphosphino)ferrocenes
2.1, 2.2 and 2.3 were prepared adopting referenced procedures."”'® Since it is crucial to

obtain the oxidized version of these complexes in order to investigate the effects of the

catalytic properties of the palladium centre caused by ligand-based oxidation, a suitable

chemical redox agent has to be found.

P'Bu, P'Bu,
Pd—Cl Pd—ClI
[FeCp,][PF¢] | [pF6]
¢ > | (Ill) Fe P'Bu
Fe P'Bu, DCM. 1t 2

<SS <SS

Figure 2.3. Scheme of ligand-based chemical oxidation of a ferrocene complex'
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The first reported example of ferrocene-based phosphine chelate oxidation centred on the
iron atom' was the oxidation reaction of the chloropalladium ferrocene-based pincer complex
(figure 2.3) and ferrocenium hexafluorophosphate ([FeCp,][PF¢]). Therefore, the oxidations
of 2.1, 2.2 and 2.3 were carried out using the same oxidant under similar conditions (figure
2.4). In order to avoid difficulties in the separation of the oxidized complexes from the
ferrocenium salt as mentioned in chapter 1, less than one equivalent of the oxidant was used

in each of the reactions.”® %!

PR
©_PR\2 /Cl [FeCp,][PF¢] ©_ \2 /c1 @

Fe Pd Fe (111) /Pd\ lPF6I +  Fe

AN
@_Pé Cl DCM, rt, 3hrs ©—PR2 Cl @

Figure 2.4. Scheme of the synthesis of 2.1-0x ([Pd(dppf-Fe"")CL,][PF¢], R = Ph), 2.2-0x

([Pd(dtbpf-Fe"™CL][PF¢], R = ‘Bu) and 2.3-ox ([Pd(dippf-Fe")CL,][PF¢], R = 'Pr)

The formation of 2.1-0x/2.2-0x/2.3-0x was confirmed by (i) their paramagnetic 'H NMR
spectra, (ii) 31P{1H} NMR spectra, where two singlets assigned to the non-oxidized and
oxidized complexes were found at different chemical shifts, and (iii) colour change from the
non-oxidized complexes. A drop in the solubility of 2.1/2.2/2.3 after oxidation was
discovered, (the above observations are summarized in table 2.1) and this is utilized for the
purification of the oxidation products: the separation of 2.1-0x/2.2-0x/2.3-0x from the
remaining non- oxidized complex and FeCp, generated from the oxidation reaction was
achieved by washing the crude product with toluene (to dissolve and remove 2.1)/Et,O
(2.2)/DCM (2.3).

The purity of the isolated products was confirmed by elemental analyses. Although the
mass spectrometry of the three oxidized complexes gave no evidence for the molecular ion of
2.1-0x/2.2-0x/2.3-0x, peaks for the fragments of [Pd(dppf-Fe")CL,]", [Pd(dtbpf-Fem)]%, and
(Pd[dippf-Fe"'])*" were found in their electrospray mass spectra, respectively.

The lower stability of 2.1-0x/2.2-0x/2.3-0x than its non-oxidized counterpart was

observed. While all the non-oxidized complexes are air and moisture stable both in the solid
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state and in solution, 2.1-0x and 2.2-0x was found to be air and moisture stable only in the
solid state. The THF solution of 2.1-ox were left open to air, and the colour change of the
dark green solution to dark brown was observed within 15 mins. Mass analyses of the
resulting solution indicated the formation of phosphine oxide, as a result of the further
oxidation of 2.1-o0x by oxygen. Similar oxidation of the toluene solution of 2.2-0x was also

observed, whilst 2.3-0x was found to be of poor solubility.

\\\\a—H

S,

Cl | [pF
Fe (III) \Pd y | PFs|

B-H P{zz a
Complex o-H B-H PR; (s) Colour Solubility”
(ppm) (ppm)  (ppm)  (as solid)

2.1 4.40 (pt)  4.20 (pt) 34.0 orange MeOH
2.1-0x 433 (br)  3.92 (br) 33.7 dark green THF

2.2 4.67 (pt)  4.50 (pt) 66.6 dark purple Et,O
2.2-0x | 421 (br) 4.21(br)>  11.0° brown toluene

2.3 4.59 (pt)  4.50 (pt) 63.0 orange DCM
2.3-0x 4.52 (br)  4.47 (br) 65.3 dark green -

Table 2.1. 'H NMR (CDCls, 298 K, 400 Hz) and *'P{'H} NMR (CDCl;, 298 K, 162 Hz)

spectral data and physical properties of the redox switches obtained'

As the redox switches of 2.1/2.1-o0x, 2.2/2.2-0x and 2.3/2.3-ox were successfully
synthesized and purified, investigations on their catalytic activities towards carbonylation

processes were subsequently carried out.

' (a) The solvent required for complete dissolution of the complex (0.01 mol in SmL). Chlorinated
solvents were found to offer better dissolution for these palladium complexes; For 2.2-0x, (b) the signal
for the all the protons on the ferrocene-1,1’-diyl group is one broad peak; (c) the signals for [PF¢]” was
also found in its *'P{'H} NMR spectrum as multiplets at -145.8 ppm (lJF,p= 683.65 Hz). Further details
of the spectral data are found in Chapter 7 Experimental.
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2.3. Intramolecular alkoxycarbonylation reactions of 2-halobenzylalcohols
2.3.1. Realization of redox control and the mechanism of the processes

The alkoxycarbonylation reactions of the bifunctional substrates of 2-halobenzylalcohol
(X = Br, I) towards phthalide catalyzed by the palladium redox switches synthesized were
first studied. Under an atmospheric pressure of CO and in the presence of NEts, the reactions
of 2-bromobenzylalcohol (Br-substrate, figure 2.5) in toluene were carried out at 120 °C for
18 hours, and the reactions of 2-iodobenzylalcohol (I-substrate) at 100 °C for 3 hours. This is
because the [-substrate is more active towards the oxidative addition to palladium, which is in

22-24

many palladium-catalyzed processes the rate-limiting step, as the bond strength of C-Br is

larger than that of C-Br. Each reaction was repeated at least 3 times to give an appreciation of

reproducibility (n > 3), and the products obtained were analyzed by gas chromatography.”

O

CO, Pd (5 mol%), NEt;

OH Toluene, 100 °C, 3 hrs

Br
CO, Pd (5 mol%), NEt;

OH Toluene, 120 °C, 18 hrs

Figure 2.5. Scheme of palladium-catalyzed alkoxycarbonylation of 2-halobenzylalcohols

The carbonylation reaction of the I-substrate catalyzed by 2.1/2.1-0x was first carried
out. While an 87 + 1% yield was afforded by 2.1, 2.1-o0x offered a slightly higher yield of 95
+ 3 %. For the reactions of the less activated Br-substrate, a yield of 54 + 3 % was given by
2.1, suggesting a more difficult oxidative addition step than that for the I-substrate.
Nonetheless, high reactivity was exhibited by 2.1-ox which afforded a 91 + 2 % yield,
showing a noticeable change in the catalytic behaviour of 2.1 caused by ligand-based

oxidation. As an initial redox control has been observed, the carbonylation reactions of

' The catalytic activities of the palladium complexes in each carbonylation reaction were measured via
the isolated yields of phthalide. Reaction rate was not measured.
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2-halobenzylalcohols catalyzed by the redox switches of 2.2/2.2-0x and 2.3/2.3-0x were also
carried out for further investigations.

Phosphine ligands modified by tert-butyl groups have received great attention for being
reported to offer great efficiencies towards various challenging palladium-catalyzed processes
since these sterically bulky and strongly electron-donating alkylphosphines to a large extent

. . .. . 25-30
promote the oxidative addition step in some cases.

Therefore, 2.2 is expected to exhibit
high reactivities towards the carbonylation reactions of 2-halobenzylalcohols because its
tert-butyl featured bidentate ligand dtbpf is electron-rich and has a large bite angle, both of

which impart activities to this palladium catalyst.’'**

Indeed, complete conversions from both
substrates to phthalide were afforded by both 2.2 and 2.2-0x, where the electron density on
the phosphine is reduced by the ferrocen-1,1’-diylium group.

The poorest catalytic results were given by the redox partners of 2.3/2.3-0x. Although
the iso-propylphosphine incorporated ferrocene ligands have been reported to be effective
tools for enhancing the activities of palladium catalysts especially towards Suzuki

. . 34-36
cross-coupling reactions,

no product was obtained from the reaction of the Br/I- substrate
catalyzed by 2.3. Furthermore, while a moderated yield of 50 + 3 % was afforded by 2.3-o0x
for the reactions of the Br-substrate, a lower yield of 21 + 2 % was obtained from the 2.3-0x

catalyzed reaction of the I-substrate. It was still quite interesting to discover that 2.3-ox

exhibited higher activities than its non-oxidized version.

100
Eneu

Hox

Fh iPr (X =Br)

Figure 2.6. Bar charts of the yields (%) of the alkoxycarbonylation of 2-halobenzylalcohols
(X = Br or I) catalyzed by the redox switches of the type PdCl,(fc(PR,),), R = Ph, ‘Bu, Pr

(neu = non-oxidized complexes; ox = oxidized complexes)
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The catalytic data was summarized and compared (figure 2.6), and the catalytic cycle of
palladium-catalyzed alkoxycarbonylation reactions (figure 2.7) considered in order to find
plausible explanations for these results.

Firstly, the palladium redox switches synthesized are Pd(II) catalyst precursors which
have to be reduced to Pd(0) species before initiating the catalytic cycle of palladium-catalyzed
carbonylation reactions.”” However, the formation of the catalytically active Pd(0) species is
considered to be a rapid process when compared with its following oxidative addition step,
where electron-rich palladium centres are favoured as the increase in the electron density on

the palladium centre reduces the activation energy for this transformation (figure 2.7).***°

( P b _Cl
P
HX
P
ArCOOR ( P (o)
P Ar-X
s oxidative
ROH nucleophéllc attack addition
reductive elimination
P COAr P X
/Pd /Pd ~
P X P Ar
carbonyl CO binding
insertion
co CO
( P I|)d X
P/ \Ar

Figure 2.7. Catalytic cycle of the alkoxycarbonylation reactions catalyzed by dichloro

-palladium complexes with bidentate phosphine ligands (P-P)"

The excellent yields given by 2.2 can therefore be attributed to it bearing the most basic

palladium centre among all the catalysts used, which greatly promote the oxidative addition

iii

Figure 2.7 adapted from reference 42.
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step in the reactions of 2-bromo/iodobenzylalcohol even when the ferrocen-1,1’-diyl group is
oxidized to its ferrocen-1,1’-dilyium version.*’ Nonetheless, neither the higher catalytic
reactivities of 2.1 compared with those of 2.3, nor the higher activities of 2.1-0x/2/3-0x than
their non-oxidized versions can be explained by the relative ease of the oxidative addition
step. In these cases, better yields were given by the relatively electron-deficient palladium
centres, which make it necessary to look into other steps of the catalytic cycle.

The CO binding step occurs following oxidative addition. The introduction of CO into
the coordination sphere of palladium is reported to be a rapid reaction for simple phenyl-halo
Pd(I) organometallic intermediates, but can be rate-determining for sterically constrained

aryl-halo Pd(II) intermediates.*

Co
[
Pd—7p

4

X\
CO

Figure 2.8. CO binding step for palladium-catalyzed carbonylation reactions of

HO

2-halobenzylalcohols supported by bidentate diphosphines (X = Br or I)

For the carbonylation reactions of 2-halobenzylalcohols, the palladium intermediate
[ArXPd(P-P)] generated after oxidative addition is described in figure 2.8. The alcohol branch
on the aryl group can be orientated away from the vertical plane by distortion of the
square-planar palladium species into a square-pyramidal geometry, leaving the axial binding
sites of palladium, which are the access points for the coordination of CO, unblocked.* In
terms of the sizes of different bidentate phosphines chelating to palladium, the dippf ligand is
least likely to restrict the coordination sites for CO binding compared with dtbpf and dppf, as
the iso-propyl group is a smaller substituent compared to the tert-butyl group or the phenyl
group. However, the redox partners of 2.3/2.3-o0x are the least catalytically reactive among the
three redox switches synthesized. Besides, oxidation on the ferrocen-1,1’-diyl moieties on
these redox active palladium complexes is unlikely to cause any remarkable change in their
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steric properties. Consequently, steps that depend more on electronic factors, other than CO
binding, have to be considered for the unexplained catalytic results.

According to the catalytic cycle in figure 2.7, the combination of cis-related carbonyl
and aryl groups that leads to the formation of an acylpalladium intermediate is the next step.
The rate of carbonyl insertion is pronouncedly affected by the back-bonding of d-electrons
from palladium to the carbonyl group. Increased electronic density on palladium results in
stronger back-donation and consequently stabilization of the Pd-CO bond, leading to slower
carbonyl insertion.** For this reason, it has been reported that for the carbonylation reactions
where the oxidative addition is of similar difficulties, aryl-substituted phosphines often give
faster reactions than their corresponding alkyl analogues,42

The lower catalytic activity of 2.3 than 2.1/2.2 can then be explained: (i) The dippf
ligand is not able to promote the oxidative addition of the substrates to palladium so
efficiently as dtbpf, leaving this step still as rate-determining; (ii) For the same reaction
catalyzed by 2.1/2.3, the carbonyl insertion of the intermediate of [ArXPd(dippf)CO] is
slower than [ArXPd(dppf)CO] as the alkylphosphine ligand of dippf is more electron-rich
than the arylphosphine dppf. Moreover, the better catalytic performance of 2.1-0x/2.3-0x than
their non-oxidized counterparts can also be explained via the carbonyl insertion step, as the

ligand-based oxidation of 2.1/2.3 reduces the electron density on the palladium centre.

o)
P
i)
| e
)
Figure 2.9. The nucleophilic attack step for carbonylation of 2-iodobenzylalcohol™

The subsequent nucleophilic attack and reductive elimination step, which is also known
as the product formation step, varies with substrates featuring different halide groups. For the
palladium-catalyzed alkoxycarbonylation reaction of 2-iodobenzylalcohol, the formation of
phthalide has been described by Morin-Phelippeau et al.*® as the substitution of iodide by

alkoxide, which leads to the formation of the stable 6-membered palladacycle shown in figure

¥ Figure 39 adapted from reference 45.
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2.9, preceding the reductive elimination of this resulting Pd(Il) intermediate. Based on this
mechanism, a more electron-deficient palladium is more active towards the intramolecular
nucleophilic attack by an adjacent alkoxide group. This is consistent with the facts that for the
reactions of 2-iodobenzylalcohol, 2.1/2.3 is less catalytically reactive than 2.1-0x/2.3-0x, and
that dppf is a better supporting ligand than dippf.

On the other hand, for the alkoxycarbonylation reaction of aryl bromide, the classic
catalytic cycle proposed by Heck**® has not been challenged. According to his initial studies,
the nucleophilic attack occurs at the acyl carbon of [Ar(CO)PdL,] (L = ligand), rather than the
palladium centre, giving the carbonylation product. In the case of 2-bromobenzylalcohol, the
nucleophilic attack step is demonstrated in figure 2.10. Decrease of the electron density at the
palladium centre causes the shift of electrons from the acyl carbon to palladium, and thus
makes the acyl carbon more attractive to nucleophiles. Consequently, the higher catalytic
yields of the reaction of 2-bromobenzylalcohol afforded by 2.1-0x,2.3-0x than 2.1/2.3 can
also be attributed to the more rapid nucleophilic attack on the more electron-deficient

[ArBrPd(P-P)] intermediates derived from the oxidized complexes.

(0]
P
-,
~
N

Figure 2.10. The proposed product formation step of the alkoxycarbonylation reaction of

2-bromobenzylalcohol catalyzed by palladium diphosphines

In summary, the data obtained from the alkoxycarbonylation reactions of 2-halobenzyl
-alcohols catalyzed by the palladium redox switches synthesized, including the redox control
observed in these reactions, can be illustrated via the following hypothesis: (i) oxidative
addition is the rate-determining step for these reactions. Complete conversion from the
starting material to the product can be realized if the oxidative addition step is greatly
promoted; (ii) when the oxidative addition step is still rate-limiting, the catalysts with
relatively less electron density on palladium afford more rapid carbonyl insertion and product
formation steps.
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Evidence is then required to support the hypothesis, which could potentially explain the
remaining question: for the reactions catalyzed by 2.3-0x, why were lower yields obtained
from the reactions of the I-substrate than those from the less active Br-substrate? As it is well
known that the reactivities of the palladium-catalyzed coupling processes depend not only on
the catalyst used, but also on the reaction conditions* such as temperature and the solvent, the
differences in the reaction conditions for the I- and Br-substrates were considered. While the
same solvent and CO pressure were used for both substrates, the reactions of the Br-substrate
were carried out at a higher temperature of 120 °C, with a longer time of 18 hours. These
conditions were applied to the 2.3/2.3-0x catalyzed carbonylation reactions of the I-substrate
(3 hours at 100 °C), and surprisingly 100% yields were afforded by both catalysts (figure
2.11). The same results were also given by these reactions completed within 3 hours, which
indicate the important role of temperature. According to the hypothesis proposed for this type
of reaction, it is concluded that (i) for the alkoxycarbonylation of 2-iodobenzylalcohol
catalyzed by 2.3/2.3-0x, 120 °C is the crucial temperature to fully overcome the difficulties in
the oxidative addition step; (ii) at the lower temperature of 100 °C, 2.3 could neither
completely activate the I-substrate towards oxidative addition, nor be favoured by the
carbonyl insertion or the product formation steps due to the relative electron-rich palladium
centre of the Pd(II) derived from 2¢, and consequently afforded no carbonylation product; (iii)
at 100 °C a 21+ 2 9% yield of the reaction of the I-substrate was given by 2.3-0x as a result of
the less reactive oxidative addition but more accelerated carbonyl insertion and product-

formation steps when compared with the case of 2.3.

neu

Figure 2.11. Bar chart of the yields (%) of the alkoxycarbonylation reaction of
2-iodobenzylalcohol catalyzed by 2.3/2.3-ox at different temperature
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Since an interesting temperature effect had been observed for the palladium-catalyzed
alkoxycarbonylation reactions of 2-iodobenzylalcohol, further experiments were carried out
to investigate this temperature impact on the reactions of the Br-substrate.

The alkoxycarbonylation reactions of 2-bromobenzylalcohol catalyzed by each catalyst
(2.1, 2.1-0x, 2.2, 2.2-0x, 2.3, 2.3-0x) were repeated at 100 °C, and the results were compared
with those obtained from the original reactions at 120 °C (figure 2.12). As expected for a less
activated catalytic process, at 100 °C 2.3 still exhibited no reactivity; 2.1, 2.1-o0x and 2.3-0x
were all less active at 100 °C than at 120 °C. Nevertheless, it was also observed that at 100 °C,
no product was afforded by 2.1-0x, which gave an excellent yield of 91 + 2 % for the reaction
at 120 °C. Furthermore, for the reactions catalyzed by the redox switches of both 2.1/2.1-0x
and 2.2/2.2-0x at 100 °C, an inverse redox control was observed: the non-oxidized catalysts

were found more active than their oxidized versions in these cases.

Figure 2.12. Bar chart of the yields (%) of the alkoxycarbonylation reaction of
2-bromobenzylalcohol at different temperatures catalyzed by the redox switches of the type

[PACly(fc(PRs),)], R = Ph, '‘Bu, 'Pr

Again, analyses via the mechanism of these catalytic reactions, utilizing the proposed
hypothesis, was undertaken to explain these results. The lower catalytic yields offered by
2.1-0x/2.2-0x than their non-oxidized counterparts could be attributed to the less activated

oxidative addition step at 100 °C than that at 120 °C. As this step favours electron-rich
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palladium systems,”*

temperature becomes crucial for the activity of the oxidative addition
of the substrate to an electron-deficient palladium species. Therefore, while the bulky and
electron-rich dtbpf ligand can still support a 100 % conversion from the reactant to the
product at 100 °C, this cannot be repeated when the ligand is oxidized. A 74 + 1 % yield was
afforded by 2.2-o0x as a result of an incompletely activated oxidative addition step.

The 0 % yield of the reactions catalyzed by 2.1-0x/2.3-0x at 100 °C is considered as a
result of the completely inactivated oxidative addition step. Although the oxidative addition
of  the Br-substrate to the electron-deficient palladium centre in
[Pd(dippf-Fe)]/[Pd(dppf-Fe")] was successful at 120 °C, such transformation may not be
achieved at a lower temperature of 100 °C.

Consequently, the catalytic activities of the oxidized palladium complexes depend more
on the temperature than their non-oxidized counterparts due to the difficulties in the oxidative
addition step for electron-deficient palladium systems; and the two inverse redox control
processes observed at 100 °C and 120 °C can be explained as an overall effect of the more
difficult oxidative addition step and the more rapid carbonyl insertion and product formation
steps caused by the ligand-based oxidation of 2.1/2.2/2.3.

As the various influences of temperature on the alkoxycarbonylation reactions of 2-halo
-benzylalcohols have been observed and elucidated, studies on the effects of conditions other

than temperature on the reactivities of these catalytic reactions were carried out in order to

fully understand the redox control observed.

2.3.2. The optimized conditions for the alkoxycarbonylation of 2-bromobenzylalcohol
catalyzed by [Pd(dppf-Fe"")Cl,][PFq]

Apart from achieving redox control in certain catalytic processes, it is also the aim of
this work to achieve high yields of challenging catalytic reactions using accessible catalysts
under mild conditions. It has been reported that the efficiency of the palladium-catalyzed
coupling reactions depend on numerous factors including the temperature, the substrate, the
type and amount of the palladium source, the solvents and the base.*’ Therefore the CO
pressure is desired to remain atmospheric. As to the palladium sources, the redox switches of
2.1/ 2.1-0x, 2.2/2.2-0x and 2.3/2.3-0x were compared via various aspects.
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Firstly, the preparations of the palladium complexes of 2.2 and 2.3 required the synthesis
of air-sensitive ligands (dtbpf and dippf), while dppf is air-stable at room temperature and
thus was more easily obtained. Furthermore, among the aryl-/alkylphosphines of the type of
CIPR; (R = Ph, ‘Bu and 'Pr), which are the starting materials for the ligands dppf, dippf and
dtbpf, respectively, CIPPh, is the cheapest. Besides, although improvements on the catalytic
performance of both 2a and 2¢ caused by ligand-based oxidation in the alkoxycarbonylation
reactions of 2-bromobenzylalcohol were noticed, an excellent yield of 91 + 2 % was obtained
from the reactions catalyzed by 2.1-0x, while only a 50 + 3 % yield was given by 2.3-ox.
Therefore, the redox switches of 2.1/2.1-0x were selected to study the effect of reaction

conditions on the catalytic behaviour.

Br
CO, 120°C, 18 hrs

OH solvent, base
[Pd(dppf-Fe'"Cl,][PF]

Figure 2.13. Scheme of the alkoxycarbonylation reaction of 2-bromobenzyalcohol catalyzed

by 2.1-o0x with variable conditions

Since excellent yields were obtained from the reactions of 2-iodobenzylalcohol
catalyzed by each palladium catalyst (figure 2.6 and 2.11), the alkoxycarbonylation reaction
of 2-bromobenzylalcohol was chosen to investigate on which factors the high reactivity of
2.1-ox relies. According to the temperature effect on the catalytic behaviour of 2.1-0x towards
the reactions of the Br-substrate observed (figure 2.12), 120 °C was used for a successful
oxidative addition step, and the effects of the solvent, the base and the amount of 2.1-0x were
studied (figure 2.13).

The impact of the percentage of 2.1-ox in the reaction mixture on the catalytic yield
was first studied. While other conditions were maintained, reactions with different amounts of
catalyst (1 mol%, 2 mol% and 3 mol%), were carried out. It was discovered that the original 5
mol% catalyst loading is the minimum to ensure a good yield of this reaction. The quantity of
the phthalide obtained distinctly decreases as less catalyst was used, until no product could be
afforded when the catalyst loading drops to 1 mol% (figure 2.14).
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~ ®PhNMe2(5.1)
mDABCO(8.7)
NEt3 (10.8)

5mol%o

3Imol%

Figure 2.14. Bar chart of the yields (%) of the alkoxycarbonylation reactions of
2-bromobenzylalcohol using different amounts of [Pd(dppf-Fe)C1,][PFe]

and different bases ( pK, values are given in the brackets)"

After the determination of the minimum catalyst loading, experiments into how the
catalytic reactivity of 2.1-ox is affected by the basicity of the homogeneous reaction mixture
for the carbonylation of 2-bromobenzylalcohol were carried out. In the presence of different
tertiary amines and 5 mol% of the catalyst, the reactions demonstrated a strong dependence
on the base used. As shown in figure 2.14, base with a higher pK, value®® obviously supports
a better yield for the reaction.

In the catalytic cycle of the alkoxycarbonylation reaction of the Br-substrate catalyzed
by 2.1, the base is involved in two steps. The first is the formation of the catalytically active
Pd(0) species.”” In the case of 2.1-ox, the base assists the detachment of the two chlorides.
The other is the product formation step, where the base assists the nucleophilic attack and the

regeneration of the Pd(0) species.** ***

For these reactions, the product is formed upon the
completion of the nucleophilic attack of the alkoxide formed via the removal of the proton on
the alkoxy group at the acyl carbon (figure 2.15). The following reductive elimination step
involves the dissociation of the bromo- ligand on the palladium, giving a bromide anion, and
the regeneration of the Pd(0) species. The anion, together with the tertiary amine and the

removed proton, form an ammonium bromide salt that precipitates from the solution of the

reaction mixture.

¥ The data in all the bar charts in this chapter is summarized in Chapter 7 Experimental.
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O
P
‘\gd /
Br —_— o + Pd\P + H:Nu'Br
6 H‘\ ‘Nu

Figure 2.15. Product formation step of the palladium-catalyzed alkoxycarbonylation reaction

of 2-bromobenzylalcohol in the presence of Lewis base.

In another part of this project, it has been discovered that the Suzuki cross-coupling
reaction of 4-bromotoluene and phenylboronic acid at 80 °C catalyzed by 2 mol% of 2.1-0x in
the presence of K;PO4 could give an 84 + 3 % yield of 4-phenyltoluene (this will be further
discussed in chapter 5). Knowing that KsPOy, (pK, = 1.6)>' is a weaker base than any of the
tertiary amines in figure 2.14, and that the generation of the catalytically active Pd(0) species
is also the first step in the catalytic cycle for the palladium-catalyzed Suzuki-Miyaura
cross-coupling reactions, it can be concluded that this step is not likely to be rate-limiting for
the carbonylation reaction catalyzed by the same catalyst at a higher temperature of 120 °C
with a stronger base.

Thereby, the cause of the base dependency of the 2.1-0x catalyzed alkoxycarbonylation
reactions of the Br-substrate must be related to the product formation. It has been reported by

52,53

. 26, 54, 55
Hartwig™ o

and others that the reductive elimination step is usually more rapid for
electron-deficient Pd(Il) complexes as they are easier to be reduced. Thus it is concluded that
the reductive elimination step for the reactions catalyzed by 2.1-ox is relatively rapid as the
electrons on the palladium centre shift to the ferrocen-1,1’-diylium moiety. This again
confirms that the catalyst formation step at the beginning of the catalytic cycle is not
rate-limiting for 2.1-0x or the other oxidized catalysts.

Consequently, the product formation step, where the base assists the deprotonation of
the hydroxyl group on the Pd(Il) intermediate ([ArCOBrPd(dppf-Fe")]") formed after the
11T

carbonyl insertion step and the regeneration of Pd(0) species ([Pd(dppf-Fe')]"), could be

responsible for the base effect observed.
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It has been illustrated that electron-deficient palladium species afforded more rapid
nucleophilic attack. In this case, the extent of the acceleration on this step caused by the
electron-withdrawing bidentate ligand depends on the rate of the formation of the nucleophile.
From this point of view, it is quite straightforward to explain the different catalytic yields
offered by different bases as a stronger base affords more rapid deprotonation and therefore
produces the alkoxide nucleophile more quickly.

Since the importance of a strong base for the optimized yield of the carbonylation of
2-bromobenzylalcohol catalyzed by 2.1-o0x has been discussed, the solvent effect was then
studied. Based on the high temperature and the homogeneous nature of the carbonylation
reaction, solvents of high polarities and high boiling points are preferred. Among solvents of
this type, EtOH and MeCN can also be potential nucleophiles that can cause competitive
reactions. Therefore, the same reactions in the presence of NEt; at 120 °C, along with control

experiments using 2.1 as the catalyst, were carried out in THF.

60 L/ "
| _./ u Toluene
10+ 7
20
o

neu

Figure 2.16. Bar chart for the solvent effect on the carbonylation reaction of

2-bromobenzyalcohol catalyzed by 2.1/2.1-0x

As clearly shown in figure 2.16, toluene proved to be a more suitable solvent than THF
for this reaction since higher yields were given by toluene with catalysts in both oxidation
states, and this is attributed to the lower boiling point of THF (66 °C) than toluene (110 °C). It
was also observed that even in THF, 2.1-ox still offered better catalytic yields than 2.1 at 120

°C, which again indicates the electronic nature of this redox control.
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To summarize, the excellent catalytic reactivity of 2.1-ox towards the carbonylation
reaction of 2-bromobenzylalcohol relies on various factors such as the base, the solvent, the
temperature and the catalyst loading. The optimized reaction conditions have been found to
be at 120 °C in the presence of NEt;, toluene and 5 mol% of the catalyst. The mechanism
behind the optimized catalytic yield was also studied, and the two reductive elimination
processes in the catalytic cycle for this reaction is another reason for the good activity of this

oxidized catalyst.

2.3.3. Efficiency of the redox control on the [Pd(dppf)Cl;] catalyzed alkoxycarbonylation
reaction of 2-bromobenzylalcohol

The extent that the ligand-based oxidation of 2.1 increases the catalytic activity towards
the alkoxycarbonylation of 2-bromobenzylalcohol has also been studied. Under the optimized
conditions for [Pd(dppf-Fe"")C1,][PF¢], reactions catalyzed by various palladium phosphines
were carried out (figure 2.17) to compare their catalytic activities.

[Pd(dppf)CH;Cl] was used to catalyze the reaction in order to study the influence of the
non-chelating substituent on palladium, as the same bidentate phosphine ligand is contained
in both this compound and 2.1. Moreover, 2.1-ox was compared with [Pd(PPh;),], where
excess phosphine ligand is a feature, in terms of their catalytic capabilities. Another
commonly used catalyst, [Pd(PPh;),CL;], was also used to gain a full understanding of this
particular reaction.

According to the data in figure 2.17, under the same conditions, [Pd(dppf)CH;Cl] is
slightly more catalytically reactive than 2.1. Two possible explanations for this difference
between the catalytic behaviour of the two complexes of similar formation are discussed. On
the one hand, if both catalyst precursors followed the same catalytic cycle for the reaction,
then based on the fact that these two catalysts possess the same bidentate ligand and that the
dissociation of the non-chelating ligands and the activation of the substrate takes place during
the oxidative addition step (figure 2.7), the catalyst formation step for [Pd(dppf)CH;Cl] must
be a quicker process than that for 2.1. This hypothesis is supported by some research studies,
which claimed that palladium methyl complexes readily undergo reductive elimination, and
that reductive elimination occurs faster in palladium complexes bearing electron-donating
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reacting ligands than those with weakly electron-donating substituents.’>>*

B
g CO (1 atm), 120 °C, 18 hrs

OH Toluene, NEt3
Pd-catalyst (5 mol%)

Figure 2.17. Alkoxycarbonylation reactions of 2-bromobenzylalcohol catalyzed by different

palladium complexes

On the other hand, as it has been reported that [Pd(dppf)CH;Cl] can be treated as an
oxidative adduct in the studies on the influence of ligands on the rate of CO insertion into
palladium-methyl bond,” it is possible that in this carbonylation reaction [Pd(dppf)CH;Cl]
binds with CO in the beginning of the catalytic process, followed by reductive elimination
leading to the formation of the intermediate [(CO)Pd(P-P)], which undergoes oxidative
addition with the substrate (figure 2.18). Since the [Pd(CO)L,] catalytically active species has
also been proposed by Heck in his initial studies on the alkoxycarbonylation of aryl halides,
the catalytic cycle described in figure 2.18, which is proposed based on the work of Dekker et
al. and Heck er al. ***** is more likely to be the case for the alkoxycarbonylation reaction of
2-bromobenzylalcohol catalyzed by [Pd(dppf)CH;CIl]. In this case, the oxidative addition of
the substrate to the [Pd(CO)(P-P)] intermediate is supposed to be more rapid than the
corresponding [Pd(P-P)] species as the carbonyl group is a 6-donor that increases the electron
density on the palladium centre. This explains higher catalytic reactivity of [Pd(dppf)CH;5Cl]
than that of 2.1.
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Figure 2.18. Possible catalytic cycle proposed for the alkoxycarbonylation reaction of

2-bromobenzylalcohol catalyzed by [Pd(dppf)CH;CI] ¥

In terms of the catalytic behaviour of 2.1 and [Pd(PPh;),Cl,], the advantages of

60-65 (2.1 in this case) was revealed.

bidentate chelating phosphines with a large bite angle
Moreover, although [Pd(PPhs)4] contains more phosphine ligands than the other catalysts and
thus afforded higher catalytic yield than other non-oxidized catalysts, 2.1-0x remained the
most efficient catalyst. Consequently it is discovered that the ligand-based oxidation on 2.1
has a greater enhancement on its catalytic reactivity than the changes on the ligands.

The excellent catalytic performance of 2.1-0x in the alkoxycarbonylation reaction of
2-bromobenzylalcohol under optimized conditions (91 + 2 %) was also compared with some
published work on this particular reaction. It was noticed that this yield afforded by 2.1-0x is

highest among the literature value, where the reactions are reported to be catalyzed by other

66 66-67 : . : 68
metals,” under larger pressure of CO," or carried out in advanced micro-reactors.

' Mechanism proposed in the figure is derived from reference 46-48 and 59.
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2.4. The intermolecular aminocarbonylation reactions of halobenzene and
benzylamine
Since a noticeable redox control has been realized on the alkoxycarbonylation reactions
of 2-halobenzylalcohols catalyzed by 2.1/2.1-0x, the same redox partners were again used to
catalyze the intermolecular aminocarbonylation reactions of halobenzene (PhX, X = Br, 1)
and benzylamine (BzNH,) in order to further study the redox control on the catalytic

behaviour of 2.1 and to evaluate the proposed hypothesis for this redox control.

NH, Toluene, CO, 100 °C N

Pd (2 mol%), 3 hrs

NH, Toluene, CO, 120 °C N
+ 10 H

Pd (2 mol%), 18 hrs

Figure 2.19. Schemes of the aminocarbonylation reactions of halobenzene and benzylamine

As shown in figure 2.19, the reactions of PhX (X = Br, I) and BzNH, catalyzed by 2
mol% of 2.1/2.1-0x under an atmospheric pressure of CO in toluene towards the formation of
N-benzylbenzamide were investigated. 10 equivalents of benzylamine were used as both the
substrate and the base, and the reactions of Phl and PhBr were carried out at 100 °C and 120

°C, respectively.

2a-0x%

Figure 2.20. Bar chart of the yield (%) of the aminocarbonylation of PhX (X = Br, I) and
BzNH; catalyzed by 2.1/2.1-0x
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It was found that while both 2.1 and 2.1-ox afforded high yields for the reactions of Phl,
little difference between the catalytic activities of the redox partners was observed (figure
2.20). The good catalytic reactivity of 2.1 is consistent with previous work in our laboratory,
which investigated the influence of bite angle and flexibility of the bidentate diphosphine
ligands on the catalytic property of the palladium centre, on the same reaction.”” The similar
catalytic yields afforded by 2.1/2.1-0x suggests that under the given conditions, the activity of
the reaction might have been driven to its maximum.

However, in the case of the aminocarbonylation of PhBr, redox control was observed as
the oxidized catalyst offered a lower yield of 30 + 5 % than its non-oxidized counterpart,
which gave an 82 + 2 % yield. As this redox control was different from that observed for the
alkoxycarbonylation reactions of 2-bromobenzylalcohol under optimized conditions, where
better yields were afforded by 2.1-0x, the different conditions used for the two different types

of reactions were compared.
NH, Toluene, CO, NEt; N
+ H
Pd cat. (2 mol%), 3 hrs,100 °C
NH, Toluene, CO, NEt; N
+ H
Pd cat. (2 mol%), 18 hrs,120 °C

EBzNH2
B ENEt3 - -
et (X=1) (X =Br)

Figure 2.21. Schemes of the aminocarbonylation reaction of PhX (X = Br, 1) and BzZNH,

catalyzed by 2.1/2.1-o0x using NEt; as the base, and the bar charts of the yields (%)
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It was noticed that a stronger base, i.e. NEt;*’and a higher catalyst loading of 5 mol%
were used to optimize the catalytic yield of the reaction of 2-bromobenzylalcohol. As it has
been explained in the previous section that the catalytic behaviour of 2.1-0x depends on both
the basicity and the percentage of palladium in the reaction system, the reaction of PhX (X =
Br, I) and BzNH, using NEt; as the base instead of excess BzNH, (figure 2.21) was first
carried out in order to study the base effect in these reactions.

Indeed a base dependency of the catalytic reactivity of 2.1-ox was observed for both
halo- substrates. In the presence of NEt; the oxidized catalyst offered a complete conversion
from iodobenzene to the product, and a high yield of 91 + 1 % from bromobenzene. For both
substrates, 2.1-o0x is more catalytically reactive than 2.1, which undoubtedly suggests the
return of the high catalytic activity of 2.1-0x and confirms the proposed hypothesis.

This base dependency is again similarly explained via the product formation step in the
catalytic cycle of the palladium-catalyzed carbonylation reactions. In these intermolecular
aminocarbonylation reactions, this step also differs for Phl and PhBr (figure 2.22). 4 One of
the protons in the primary amine group must be removed by the base, and a stronger Lewis
base is preferred as it removes one of the hydrogens in the amine group more efficiently,
especially in an electron-deficient palladium centre of 2.1-ox. This indicates the reason why
the reactions catalyzed by the non-oxidized catalyst were less affected by the change of the

base (figure 2.21).

o 0
b )K
Ph)J\ pa”
’/NP[ P rN\ BY P
H H
Ph Ph
(a) (b)

Figure 2.22. Proposed intermediates during the nucleophilic attack of the aminocarbonylation

reactions of BzZNH; and PhlI (a)/PhBr (b)

However, the catalytic behaviour of 2.1-0x varies significantly with the base. For the
reactions of Phl, after the carbonyl insertion step, the iodo- ligand in [(PhCO)IPd(dppf—Fem)]
is replaced by the nucleophile,” which is formed from the deprotonation of BzNH, assisted
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by the base (figure 2.22a). In the meantime, the resulting electron-poor Pd(II) intermediate
readily proceeds reductive elimination and regenerates the catalytically active Pd(0) species,”
and thus decreases the demand for a strong Lewis base. These, altogether, explain why NEt;
can support the reaction of Phl and BzNH, catalyzed by 2.1-0x towards a 100 % yield while
the excess benzylamine can still support the reaction to give a good yield of 84 + 2%.
Nonetheless, for the reactions of PhBr, the nucleophilic attack occurs at the acyl carbon
(figure 2.22b),**® and thus the removal of a proton from the amine group in benzylamine

precedes the rapid reductive elimination step.”>>*

In this case the rate of the nucleophilic
attack is affected more by the rate of the deprotonation for the formation of the nucleophile,
which explains the necessity of a strong Lewis base for the maximization of the catalytic
capability of 2.1-ox in this reaction. It also explains the huge difference in the yields of the

reactions catalyzed by the ferrocen-1,1’-diylium complex when using NEt; and BzZNH, as the

base, respectively.

Il
. NH, [Pd(dpptf-Fe™")Cl,][PFg] Iﬁ]
CO, NEt;3 18 hrs,120 °C

B ] mol %

B 2mol %

Toliene

Figure 2.23. Scheme of the aminocarbonylation reactions of PhBr and BzNH, using different

amounts of 2.1-0x and different solvents, and the bar chart of the yields (%)

As the base effect in the reactions of halobenzene (X = Br, I) and benzylamine has
been studied, investigations on the influence of catalyst loading and the solvent on the
catalytic performance of 2.1-ox towards the aminocarbonylation reaction of PhBr and
BzNH, were then carried out (figure 2.23). Since it has been shown that 2 mol % 2.1-0x is
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enough for a good yield when a suitable base is present, the catalyst loading was thereby
reduced to 1 mol %, and a decrease in the yield from 91 + 1% to 80 + 1% was observed. It
was also found that no product was obtained from the reaction with 2 mol% 2.1-ox carried
out in THF instead of toluene. These results suggest that a considerable amount of 2 mol%
catalyst loading and a solvent of high boiling point were required for the impressive
performance of the oxidized catalyst, which is consistent with the findings on the
dependence of the high catalytic reactivity of 2.1-ox towards the alkoxycarbonylation of
2-bromobenzylalcohol.

In general, similar redox control was realized on the intermolecular aminocarbonylation
reactions of halobenzene (X = Br, I) and benzylamine. Increase in the catalytic activity of 2.1
towards these processes was realized by its ligand-based oxidation, and the reactivity of the
corresponding ferrocen-1,1’-diylium version of the catalyst was also found to rely on several
factors such as the catalyst loading, the base and the solvent.

Nevertheless, the extent of the improvement of the catalyst performance of 2.1 caused
by the ligand-based oxidation towards the aminocarbonylation reaction of PhBr and BzZNH,,
and the alkoxycarbonylation reaction of 2-bromobenzylalcohol, are quite different. While the
same optimized reaction conditions were applied (atmospheric pressure of CO, 120 °C, NEt;
and toluene), a greater enhancement was observed in the catalytic yield in the latter reaction
than the former reaction (figure 2.6 and 2.21). This difference will be discussed below.

Firstly, as the oxygen atom is more electronegative than the nitrogen atom, the
hydroxyl group (in 2-bromobenzylalcohol) is supposed to be less nucleophilic than the
primary amine group (in BzZNH;). Furthermore, according to the proposed hypothesis for the
redox control observed in these carbonylation processes, the more rapid nucleophilic attack is
afforded by electron-deficient palladium systems. Thus it is considered that when the electron
density on the intermediate of [(ArCO)BrPd(dppf)] was reduced by the ligand-based
oxidation, the nucleophilic attack of weaker nucleophiles may be more accelerated than
stronger nucleophiles, leading to different levels of improvement on the catalytic yields. This
explains the bigger difference between the catalytic yields afforded by 2.1 and 2.1-ox for the
alkoxycarbonylation reactions of 2-bromobenzylalcohol than that for the aminocarbonylation
reactions of PhBr and BzNH,.
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However, this hypothesis cannot yet been confirmed because, so far, the amino-/alkoxy
-carbonylation processes investigated are intramolecular and intermolecular, respectively. As
there are distinctive differences between these two types of reactions, it is then necessary to
compare intramolecular aminocarbonylation with intramolecular alkoxycarbonylation, and
intermolecular alkoxycarbonylation with intermolecular aminocarbonylation in order to fully

understand the mechanism of the redox effect on these palladium-catalyzed reactions.

2.5. The intramolecular aminocarbonylation reaction of 2-bromobenzylamine,
and the intermolecular alkoxycarbonylation reaction of bromobenzene and
benzylalcohol

To further investigate the nature of the redox control observed, the intermolecular
alkoxycarbonylation reaction of PhBr and benzylalcohol (BzOH), and the intramolecular
aminocarbonylation reaction of 2-bromobenzylamine, both catalyzed by the redox partners of
2.1/2.1-0x, were carried out under the optimized conditions for the alkoxycarbonylation
reaction of 2-bromobenzylalcohol and the aminocarbonylation reaction of PhBr and BzNH,.
The yields obtained from the intramolecular reactions of 2-bromobenzylamine/alcohol and
the intermolecular reactions of PhBr and BZOH/BzNH, were summarized in figure 2.24.

It can be seen from figure 2.24 that for both the intermolecular and intramolecular
reactions catalyzed by 2.1/2.1-o0x, the differences between the activities of the non-oxidized
and the oxidized catalysts are bigger in the alkoxycarbonylation processes than in the
aminocarbonylation processes. These results confirm the hypothesis that the nucleophilic
attack of weaker nucleophiles is more accelerated by the decrease of the electron density on
the palladium centre than stronger nucleophiles in the catalytic cycle of palladium-catalyzed
carbonylation reactions. This discovery again broadens the scope of the comprehension of the
redox control.

The stronger nucleophilicity of the primary amine group than the hydroxyl group was
also revealed in the catalytic yields of the intermolecular reactions of benzylamine/alcohol
and bromobenzene. Catalyzed by either the non-oxidzed or the oxidized catalyst, the yield of
the aminocarbonylation reaction is higher than that of the alkoxycarbonylation reaction. This
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can be understood as a stronger nucleophile undergoes the nucleophilic attack step more

quickly than a weaker nucleophile.

Br
CO, Toluene, NEt3

NH,  Pd(5mol%), 120 °C, 18 hrs

OH Toluene, CO, NEt3 o)
+ p
Pd (5 mol%), 18 hrs,120 °C

Eneu M neu

B ox mox

Figure 2.24. Schemes of the alkoxycarbonylation reaction of PhBr and BzOH, and the
aminocarbonylation reaction of 2-bromobenzylamine; the bar charts of the yields (%) of the
intramolecular reactions of 2-bromobenzylalcohol/amine (left) and intermolecular reactions

of PhBr and BzZOH/BzNH, (right) catalyzed by 2.1/2.1-0x.

An inverse trend was found in the intramolecular reactions of 2-bromobenzylalcohol
/amine where yields afforded by the aminocarbonylation processes were lower than those
afforded by the alkoxycarbonylation processes. Although the reason is not clear, it has been
discussed that this might be attributed to the boiling point of 2-bromobenzylamine (117 °C).
The solvent effect observed in the alkoxycarbonylation reaction of 2-bromobenzylalcohol and
the aminocarbonylation of bromobenzene and benzylamine has revealed the importance of the
boiling point of the homogeneous reaction mixture. Therefore, the lower boiling point of the
2-bromobenzylamine than the reaction temperature may cause insufficient interaction time
between the catalyst and the substrate, and thus lead to the low yield of the reaction.

83



Chapter 2

2.6. Conclusion

A series of palladium complexes containing ferrocene-based bidentate diphosphine
ligands of similar bite angle’®” has been successfully synthesized and chemically oxidized.
Their catalytic behaviour towards carbonylation reactions of aryl halides were compared, and
it is found that in general the oxidized catalysts performed better than their non-oxidized
version. A hypothesis for the explanation of the higher activities of palladium centres with
oxidized ligand is proposed via the catalytic cycle of palladium-catalyzed carbonylative cross
-coupling reactions. It is believed that the electron-deficient palladium centres of the oxidized
catalysts decelerated the oxidative addition step, but accelerated the reductive elimination, the
carbonyl insertion, and the nucleophilic attack steps. This increase in the catalytic reactivity
of the palladium centre caused by ligand-based oxidation is also found to depend on reaction
conditions such as the temperature, the catalyst loading, the solvent and base used for the

reactions.
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Chapter 3

3.1. Introduction
N-P ligands, as the name indicates, contain both a nitrogen atom and a phosphorus atom
that can coordinate to the metal centre. The chemistry of N-P ligands is well established and

great advances have been made since the 1990°s.'”

Although the two donor atoms are in the
same group of the periodic table, they have quite different properties. Phosphorus is a ‘softer’
donor and is generally able to bind strongly to the late transition metals, whilst the nitrogen is
relatively ‘hard’ and coordinates weakly to the metal, readily providing a site for the binding
of substrates. The result of having both a hard and a soft donor atom in a ligand is referred to
as ‘hemilability’.* The advantage of hemilabile ligands is that they are capable of stabilizing
the metal centre in a variety of states of charge and geometries, with or without the presence

of the substrate, due to their numerous possible modes of coordination (Figure 3.1).

p p N
| N/ I

M M

Monodentate Chelating Bridging

Figure 3.1. Examples of chelating modes of N-P hemilabile ligands to metal centres'

The most widely used of these ligands are pyridylphosphines, whose chemistry has been
studied and reviewed due to the versatile nature of this type of ligand, which can dramatically
influence complex behaviour.>® Ferrocene-based N-P ligands have also attracted attention as
a result of the large bite angle that these bidentate ligands can provide. Interesting work in
this area includes the synthesis of (i) a pair of chiral ferrocenylphosphine-amidine ligands
(figure 3.2A), which offer efficient palladium-catalyzed asymmetric allylic alkylation,” (ii)
two planar chiral 1,2-P,N-ferrocenes (figure 3.2B) whose palladium complexes are very
catalytically reactive towards Suzuki-Miyaura and Buchwald-Hartwig coupling of aryl
chlorides,'® and (iii) 1-diphenylphosphino-1’-aminoferrocene (figure 3.2C) where each of the
heteroatoms are directly attached to a cyclopentadienyl (Cp) ring."'

Nonetheless, in these studies, the redox properties of the complexes bearing these
ferrocene-based N-P ligands were not reported, either because some of the complexes were
generated in situ during catalytic processes, or since it might not have been the main interest
of these investigations. In this chapter the synthesis and redox behaviour of palladium
complexes based on a series of new ferrocenyl N-P ligands, as well as their catalytic

applications, are reported.

i Figure 3.1 adapted from reference 2.
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Figure 3.2. Some novel ferrocene-based N-P ligands

3.2. Synthesis of Novel New Ferrocenyl N-P Ligands
3.2.1. Synthesis of the aminoferrocene precursor

The preparation of aminoferrocene (FcNH,), which is the starting material for the new
ligands to be synthesized, was carried out. Since the first synthesis of FcNH, in 1955,
numerous improvements of the synthetic method to gain a better yield of this compound have
been made.">*” Most recently in 2013, an environmentally benign procedure towards FcNH,
was reported. In this study an optimized pathway was proposed with the sequence FcH-Fcl-
FcNH,, using ammonia as the nitrogen source.”’ However, due to the difficulties in the
purification of Fcl and FcNH, via column chromatography, as well as the safety risk in

handling with ammonia, this approach was not adopted here.

Br Br
Br N;
NaNj; ‘BuOK N;
—_—
DMF Toluene

a-azidostyrene

L. )L NH
-— eBuLi,0°C —r L HCl(aq)  NaOH (aq) ’

Fe

THF i 0
< < 78 et o

Figure 3.3. Scheme of the synthesis of aminoferrocene”

In this work, the method for the preparation of FcNH, proposed by van Leusen et al. was

followed (figure 3.3). This two-step strategy involves first the deprotonation of ferrocene and

i Figure 3.3 adapted from reference 17 and 21.
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then the use of a-azidostyrene, which requires an additional three-step synthetic route.'”*'

The crude product can be sublimed at 120 °C under high vacuum to give pure FcNH, as an

orange crystalline solid in 55 % yield (calculated from ferrocene).

3.2.2. Synthesis of ligands

The preparation of the novel ligand 3.1, which had been initiated by a previous member
of our group,22 was first repeated via condensation reaction as shown in figure 3.4. A mixture
of aminoferrocene and 2-diphenylphosphinobenzaldehyde in a 1:1 ratio in THF was heated to
reflux for 5 hours, during which time the orange solution darkened to deep red. The solvent
was then removed to leave an air-stable red solid crude product, which can be recrystallized

from hot MeCN to obtain a dark red solid in a 90 % yield upon cooling at 0 °C overnight.

H Y%
S NH < N
Fe PAn, . Ar,P
(S

heating
@ n-hexane or toluene @

R,
Ligand 3.1 3.2 3.3 3.4
Ar= R, R, H H Me ‘Bu
R, H Me H OMe
Ry

Figure 3.4. Scheme of the synthesis of the ligand series 3.1 — 3.4

As the synthetic method was quite straightforward and promising, ligands 3.2, 3.3 and
3.4, as the derivatives of 3.1, were synthesized via similar reactions of aminoferrocene and
the corresponding 2-diarylphosphinobenzaldehyde under the same conditions. Pure products
of these derivatives were collected after purification via silica column chromatography and
subsequent recrystallization in Et,O. These new ligands can also be obtained in good yields
(74, 78, 70% for 3.2, 3.3, 3.4, respectively).

It was later found out that the preparation of 3.4 can be carried out in n-hexane at 70 °C
without the formation of any by-product, and the pure product can be obtained in quantitative
yield. Similar improvements of the synthetic method for ligands 3.1, 3.2 and 3.3 have also

been made by changing the solvent to n-hexane (for 3.2 and 3.3) or toluene (for 3.1), and by

iii

Figure adapted from reference 22.
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pre-heating the mixture of the reactants to 50 °C before adding solvent. Therefore in these
cases, it was realized that THF afforded more side reactions towards byproducts.

Nonetheless, it was observed that during the synthesis of 3.2 and 3.3, a longer reaction
time was required for completion of these reactions under improved conditions. This decrease
in reaction rate when switching the solvent from THF, a polar solvent, to a non-polar solvent
of n-hexane can be understood as solvents of higher polarity can better stabilize the dipolar
intermediates of these condensation reactions, and thereby accelerate the reactions.” This
theory can also be used to explain the extra side reactions brought by THF, as this strong and

polar solvent can stabilize a wider range of intermediates and thus bear more transformation

processes.
FcNH2
=4 3 3 2
T 9 N q
Ha (a-H)
-H) Hb
(B-H) NI,
(Hd)
Fe
(p-HC) Hce” :
Hc Ha Hb
Hd
| e T [ —
e 8 8 S
N - - =
43 42 41 40 39 38 37 36 35 34 33 82 31 30 29 28 27 26 25

Figure 3.5. '"H NMR spectrum (CDCls, 298 K, 400 MHz) of FcNH,

The formation of the imine group can be confirmed by the '"H NMR spectra of these
ligands. In the 'H NMR spectrum of aminoferrocene (figure 3.5), two pseudo-triplets
exhibited by the substituted cyclopentadienyl (Cp) protons are at 3.84 ppm and 3.99 ppm, and
a singlet corresponding to the unsubstituted Cp ring is at a higher chemical shift of 4.10 ppm.
These suggest that the electrons on the protons on the substituted Cp are more shielded

caused by the electron-donating nature of the amine substituent.
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Ligand o-H B-H Cp-H C=N-H 'p{'H} NMR
(pseudo-t)  (pseudo-t) (s) (d) (s)
3.1 4.43 4.19 3.96 9.31 -13.9
3.2 4.43 4.19 3.96 9.32 -15.8
33 4.46 4.18 3.94 9.36 -14.7
3.4 4.43 4.17 3.93 9.43 -14.1

Table 3.1. The chemical shifts (ppm) of protons and phosphorus atoms in ligand 3.1-3.4"

Comparing the spectra of ligands 3.1-3.4 to the spectrum of FcNH,, both of the pseudo-

triplets have shifted to higher frequencies than the singlet, indicating the presence of an

electron-withdrawing imine substituent (Table 3.1). The hydrogen attached to the C=N

carbon in each of these ligands gives a doublet, as a result of “Jp 5 coupling, at a reasonably

high frequency around 9.40 ppm in its '"H NMR spectrum. An example of the 'H NMR

spectrum of ligand 3.4 is shown in figure 3.6.

3.4
g e IFHINRB Q=88 &S
o © NNNN O Yoo -
| | N Y — 7/~ |
Hh Hi
Hd
Ha .
/ o
Hb
N
Hk
Fe P
H (Hg)
HC/©
Bu' ‘Bu (He)
OCH; (Hf)

5 Hc Hf He
Hd Hh Hi+Hj Hg Hk Ha Hb J
m T T i R J
S 3 = 8 S535 P
~— — [aV] ~— AN < © (3]
)0 95 90 85 80 75 70 65 5. 45 40 35 80 25 20 15

6.0 5 50
f1 (ppm)

Figure 3.6. "H NMR spectrum (CDCls, 298 K, 400 MHz) of 3.4

¥ Conditions: "H NMR (CDCls, 298 K, 400 Hz); *'P{'"H} NMR (CDCls, 298 K, 162 Hz)
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According to figure 3.6, the signals for the hydrogen atoms on the ferrocenyl group are
two pseudo-triplets at 4.43 ppm and 4.19 ppm, and a singlet at 3.93 ppm. The doublet at 9.43
ppm correspond to the C=N-H, the large peak at 1.32 ppm is the signal for the protons on the
tert-butyl groups, and the singlet at 3.65 ppm is assigned to the methoxy group. The signals
for the protons on the ortho position of the two aryl substituents on the phosphine group are
found as a two singlets at 7.10 ppm and 7.12 ppm. This is also considered as a result of the
different distances from these hydrogen atoms to the iron atom. The protons on the di-
substituted aryl ring give signals as a doublet of doublet of doublets at 8.16 ppm, and three
doublets of pseudo-triplets at 7.40 ppm, 7.34 ppm and 6.85 ppm, respectively.

The *'P{'"H} NMR spectra of these ligands indicate the single environment of their
phosphine groups by giving a singlet. The chemical shifts of these signals (table 3.1) are in
good correlation with the literature *'P value of -12.90 ppm found for an analogous compound,

2-(diphenylphosphino)benzylideneaminopiperidine (figure 3.7).*

PPh, N

Figure 3.7. Structure of 2-(diphenylphosphino)benzylideneaminopiperidine

For complete characterization these novel N-P ligands were also analyzed by "C NMR
spectroscopy. Total assignment of the spectra proved to be quite difficult due to the number
of different environments of the carbons in the compound. Therefore *C-DEPT and HMQC
experiments, whose results were compared with the "C-NMR spectra for complete
assignment, were also carried out to gain a full understanding of these ligands. An example of
the assigned carbon environments of ligand 3.4 have been summarized in Table 3.2, and the

spectrum is shown in figure 3.8.
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Fe P
S s
° 9
¢ 10O
h
2
Carbon environment Chemical shift (ppm)
Ferrocenyl a/b/c/d 63.7/67.2/69.7/105.1
Imine e 157.4
tert-butyl f/g 32.1/36.0
Methoxy h 64.4
Aromatic 1~6 139.6/126.6/130.1/128.8/133.0/139.3
Aromatic 7~10 129.9/132.6 & 132.8/143.9 / 160.5

Table 3.2. The *C NMR (CDCl;, 298 K, 100 Hz) spectral data for ligand 3.4

2N NOMNQO®O— N O -

oSN~ DDA QNS DO O [t} NAEN o
© v TOOOOOAANNN o DN 9 © o
- T rrrrreere- — ©w©©© M »
[ N A I Y (.

i | m LL

165 160 155 150 145 140 135 130 125 120 115 110 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30
ppm

Figure 3.8. BC NMR (CDCl;, 298 K, 100 MHz) spectrum of 3.4
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Elemental analyses of 3.1 and 3.4 show good agreement of the calculated values and
experimental values, while 3.2 and 3.3 were found to be hydroscopic in the solid state and
thus cause a decrease in the percentage of carbon and nitrogen. Peaks for the water adduct of
3.2 and 3.3 were found in their mass spectra. Apart from these characterizations,
electrochemical experiments were also carried out to investigate the redox properties of the
ligands.

Initial studies were carried out to examine the cyclic voltammetry of 3.1 in DCM at
different scan rates with tetrabutylammonium hexafluorophosphate (TBAP) as the electrolyte.
This compound was observed to undergo three oxidation processes followed by two reduction
processes as shown in figure 3.9. The three oxidation peaks are assigned to the loss of one
electron on the iron centre, whose electronic effect was shared by the n-conjugated systems in
the molecule of 3.1 (nl, n2 and =3 in figure 3.9). It can be seen that there is no reduction
process corresponding to the first oxidation peak (ox 1), and the last reduction peak (red 2) is
broader than any of the oxidation peaks. Thus, the last oxidation (ox 3) and the first reduction
(red 1) peaks are recognized as the characteristic redox behaviour of the ferrocenyl moiety
(n1), and the second reduction peak (red 2) is understood to correspond to the electronic

changes on the C=N double bond (n2) and the di-substituted aryl group (n3).

] —30mV/s
2 0x10% 4 — 50 mV/s
nl 2/ 0x3 | —— 100 mV/s
1.5x10™ 1
<
1.0x10™ 1
5.0x10°
0.0
T T T T T T T T
15 -1.0 0.5 0.0 0.5

E (V vs.[FeCp,] /FeCp,)

Figure 3.9. Cyclic voltammograms of 3.1 at different scan rates

(50 mM in DCM with 0.1M TBAP, rt)
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Although the first and second oxidation peaks have not been assigned, respectively, it
was thought that this can be achieved after obtaining the cyclic voltammograms of 3.2, 3.3
and 3.4 (figure 3.10), since the intensity of the signals for n3 relative to n2 is expected to
enlarge with the increase of the number of electron-donating substituents on the phenyl
groups as a result of a larger electron density. Therefore, the cyclic voltammetry of the
complete ligand series was carried out and the result obtained was summarized in figure 3.10
and table 3.3. In figure 3.10 that for ligand 3.4, the intensity of the second oxidation peak is
noticeably lower than the first or the third oxidation peaks; thus the second signal is
consequently assigned to the C=N double bond, and the first to the aryl group conjugated with
C=N.

Fe Ph,P Fe P
> $S
3.1 3.2
Bu

OMe

1.8x10™

1.6x10™

1.4x10™
1.2x10™

1.0x10™ 1

L(A)

8.0x10° ]
6.0x10° ]
4.0x10° ]
2.0x10° ]

0.0

-2.0x10° - T : T . . . T - T v )
1.5 -1.0 -0.5 0.0 0.5 1.0 15

E (V vs.[FeCp,] /FeCp,)

Figure 3.10. Cyclic voltammograms of 3.1, 3.2, 3.3 and 3.4
(50 mM in DCM with 0.1M TBAP, rt, scan rate 100 mV/s
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It can also be seen from the data in table 3.3 and figure 3.10 that for 3.2, 3.3 and 3.4,
ligands with more electron-donating groups on the aryl groups attached to the phosphorus
atom undergo oxidation more readily, which is consistent with the fact that electron-rich
systems are more easily oxidized.” > However, the relatively electron-deficient ligand 3.1 is
found to be the easiest to oxidize. As it has been reported that the oxidation potential(s) of
certain compounds in a particular solvent depend not only on the electronic nature of the
compound, but also on its geometric properties and the interactions between the molecules,””
%7 the lowest oxidation potentials of 3.1 among those of 3.2, 3.3 and 3.4 is considered to be
caused by steric factors. The substitution of the phenyl groups of 3.1 may lead to weaker

interactions between the same molecules, and thus higher oxidation potentials.

Ligand ox 1 ox 2 ox 3 red 1 red 2
3.1 -0.0674 0.179 0.383 0.259 -0.0174
3.2 0.242 0.481 0.661 0.427 0.257
3.3 0.0433 0.253 0.473 0.305 0.0944
3.4 -0.00412 0.206 0.466 0.349 0.125

Table 3.3. Oxidation and reduction potentials (vs. [FeCp,] /FeCp,)" of ligands 3.1 ~ 3.4
(50 mM in DCM with 0.1 M TBAP, rt, 100 mV/s)

Moreover, it was discovered that ligands 3.1 ~ 3.4 exhibited different redox behaviour
in THF. As demonstrated in figure 3.11a, in THF 3.1 undergoes one oxidation followed by a
one reduction process, the oxidation/reduction potentials of the ligand vary significantly when
the sweep rate changes, and large AE, values (> 400 mV), which are found to enlarge with the
increase of the scan rate, are given. Similar cyclic voltammograms are offered by the other
three ligands, and it was observed that broader redox peaks (figure 3.11) and a larger AE,
value were afforded by the ligand with more substituents (table 3.4). These results can again
be explained via the delocalization of electrons on the moieties conjugated with the ferrocenyl
group. As the potential on the electrode increases, the substituents can donate electrons to the
n-conjugated systems and balance the loss of electron on the iron centre, and consequently

extend the oxidation process.

V Standard Ep”2 of ferrocene in DCM taken from reference 28.
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Figure 3.11. Cyclic voltammograms of 3.1 (a) and 3.2 (b) at different scan rates
(50 mM in THF with 0.1 M TBAP, rt)
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Further experiments confirmed that this solvent effect is caused by the coordinating
nature of THF, as these ligands display the same electrochemical behaviour as in THF when
only one equivalent of THF is added to the DCM solutions of the ligands. The interactions
between the ligand and the THF molecule have not been understood due to difficulties in

obtaining the crystal of these ligands out of their THF solution.

Ligand (1) red AE,
3.1 0.289 -0.135 0.426
3.2 0.530 -0.0953 0.625
3.3 0.449 -0.205 0.654
3.4 0.611 -0.233 0.844

Table 3.4. Oxidation and reduction potentials (vs. [Fesz]VFesz)Vi of3.1~3.4
(50 mM in THF with 0.1 M TBAP, rt, 30mV/s)

As it had been noticed that the condensation reactions of aminoferrocene and 2-
diarylphosphinobenzaldehyde offered a useful tool for the synthesis of ferrocenyl-containing
N-P ligands, a similar condensation reaction of FcNH, and ketone towards the formation of

ligand 3.5 was also carried out (figure 3.12).

L O
/
=, X
> Fe

Fe Cy,P
THEF, 80 °C, 24 hrs :
@ or Toluene, 100 °C, 24 hrs 3.5

or Toluene 120 °C, molecular sieve (5A), 24 hrs

Figure 3.12. Scheme of the reaction of FcNH, and 2-(dicyclohexylphosphino)benzophenone

The reaction was first carried out in THF and heated to reflux at 80 °C, however only the
starting materials were obtained after 24 hours. It was considered that this might be a result of
the low reactivity of 2-(dicyclohexylphosphino)benzophenone, where electrons on the acyl

group are, to a large extent, delocalized by the two adjacent phenyl groups. Consequently the

vi Standard Standard Ep”2 of ferrocene in THF taken from reference 29.
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reaction mixture was then heated to 100 °C in toluene with a drop of hydrochloric acid as the
catalyst. Furthermore, as the condensation reaction of amine and ketone produces water, a
Dean-Stark apparatus was also used to drive the reaction towards the formation of the desired
product. Nonetheless after 24 hours it was again realized that no reaction has taken place.

It has been reported that the difficult reactions of aniline and benzophenone can be
overcome by the presence of molecular sieves, which can serve as a dehydrating agent as well

30, 31

as catalyst. Therefore, the reaction shown in figure 3.12 was again repeated adopting

literature procedures, by heating the mixture of the reactants in toluene and molecular sieves

to reflux. 3> 33

When the crude products of this reaction were examined via mass spectrometry,
'H NMR and *'P{H} NMR, it was observed that 2-(dicyclohexylphosphino)benzophenone
and ferrocene, along with other unidentified compound(s) were obtained. There was no
evidence for aminoferrocene, indicating the decomposition of this compound to ferrocene in
such reaction conditions. Consequently, milder reaction conditions were tried such as using a
lower temperature of 60 °C and less vigorous stirring, however there was still no evidence for
the generation of 3.5 as the decomposition of FcNH, continued to take place under such
reaction conditions.

As the synthesis towards 3.5 was not successful, due to both the low reactivity of the
benzophenone and the low stability of aminoferrocene, efforts were not continued, and the

complexation reactions of ligands 3.1 ~ 3.4, which had been synthesized and purified

successfully, to palladium was then carried out.

102



Chapter 3

3.3. Synthesis of Palladium Complexes

Investigations into the coordination chemistry of the new N-P ligands synthesized with
palladium were undertaken. Complexes 3.6, 3.7 and 3.8 bearing ligands 3.1, 3.2 and 3.3,
respectively, were synthesized by stirring a solution of Pd(CH3CN),Cl, and the corresponding
ligand in stoichiometric amount, in DCM at ambient temperature for 5 hours (figure 3.13).
After removal of the solvent and washing the crude-products with toluene, complex 3.6 was
obtained as a dark green fine solid and complexes 3.7 and 3.8 were collected as dark purple
solids. All the complexes are of low solubility, and incomplete dissolution of these complexes

in DCM at room temperature was observed.

H H

/ /
N Pd(CH;CN)Cl, ©_I\i

Fe Ar,P Fe P Pd— PAr,
DCM, tt, Shrs c” o\
@ @ Cl
R

Complex 3.6 3.7 3.8

Ar

Il
o

R H H Me
R, H Me H

R,
Figure 3.13. Scheme of the complexation reactions of ligands 3.1-3.3 to palladium

The 'H NMR and *'P{'H} NMR spectra of each complex were compared with those of
the corresponding free ligand, and changes in environments of the protons and phosphine
groups were observed. Compared with the '"H NMR spectra of the ligands, the two pseudo-
triplets in the ferrocenyl region have both been shifted downfield as a result of the change in
the electron environment upon complexation with the metal centre. The two singlets for the
imine proton become one singlet, and this signal shifts to a lower frequency in the case of
complex 3.6 but to a higher frequency in the case of 3.7 and 3.8, indicating a closer distance
from the hydrogen atom attached to the C=N carbon to the electron-rich iron atom in complex
3.6 (table 3.1 and 3.5). This is further confirmed by the crystal structure of complex 3.6
(figure 3.14). The hydrogen attached to C(7) is on the same side of the plane of the
substituted Cp ring. It is also interesting to observe that the chemical shifts of (i) the proton
attached to the carbon on the 6 position of the benzylidene aryl ring (C(5) for 3.6 in figure
3.14), and (ii) the protons on the unsubstituted Cp-ring vary significantly from 3.6 to 3.7 and

103



Chapter 3

3.8 (table 3.5). The comparison between the 'H NMR spectra of complex 3.6 and 3.7 is

summarized in figure 3.15.

Complex a-H B-H Cp-H C=N-H Aryl-H* *'P{'"H} NMR
3.6 4.85 4.29 3.72 8.90 7.79 31.7
3.7 4.55 4.18 4.14 9.98 10.01 34.3
3.8 4.58 4.28 4.20 9.89 10.71 325

vii

Table 3.5. Chemical shifts (ppm) of hydrogen and phosphorus atoms in complexes 3.6-3.8

The *'P{'H} NMR spectra of the complexes show a single resonance above 30 ppm, in
contrast to the free ligand singlet at the region around -14 ppm (table 3.1 and 3.5). This
suggests that the lone pair of electrons on the phosphorus atom are more deshielded, which is
consistent with the o-donation from the phosphine to the positively charged palladium.

Elemental analyses are also consistent with the formation of these complexes.

C(20)
ci21
C13) o)
Cl4) C(3)
c(22)
O—Q%B
‘ cl2

) Ucm)

C(27)

viii

Figure 3.14. Molecule structure of 3.6

vii Conditions: "H NMR (CDCls, 298 K, 400 Hz); *'P{'"H} NMR (CDCls, 298 K, 162 Hz)
viii. The X-ray diffraction analyses were carried out by Dr. Andrew White, Imperial College London,
figure taken from reference 22.
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Figure 3.15. 'H NMR (298 K, 400 MHz) spectra of (a) 3.6 (CD,Cl,) and (b) 3.7 (CDCl;)

105



Chapter 3

Attempts to use 3.4 to form complex 3.9 were unsuccessful. As shown in figure 3.16,
different palladium sources were used for the reaction at room temperature. However, the 'H
NMR and *'P{'H} NMR spectra, as well as mass spectrum (EI) of the crude product, offer
only signals for the ligand. After these crude products were washed with n-hexane, where the
ligand can dissolve, the remaining solids give no resonance in their *'P{'H} NMR spectra,

indicating that the complexation was unsuccessful.

K,PdCly, DCM, 1t
/ or Pd(COD),Cl,, DCM, 1t Vi
N or PA(CH3CN),CL, DCM, 1t \&o—N
or Pd(CH;CN)Cl,, THE, 50 °C

Fe P Fe Pd/P
) 7o\ = a” o\
Cl tBu
Bu Bu
0 —
AN

But O

34 ~— 3.9 2
2

Figure 3.16. Scheme of the unsuccessful complexation reaction of 3.4

Therefore the solvent was switched to THF, and this solution of the mixture of the ligand
and the palladium precursor was heated to 50 °C. Nonetheless, instead of the desired product,
a paramagnetic compound(s) was obtained according to the 'H NMR spectrum of the crude
product where four broad singlets were given at 1.37 ppm, 2.02 ppm, 2.39 ppm and 3.76 ppm.
This is consistent with the observation that the colour of the reaction mixture changed from
dark red, which is the colour of the ligand, to dark blue, which is usually the colour of
ferrocenium salts, and eventually to black. In order to rule out the possibility that the
formation of the ferrocenium species was caused by the involvement of oxygen during the
reaction, this reaction was thereby repeated under N, atmosphere to prevent the oxidation of
the ferrocenyl group. However, the same colour change of the reaction was noticed and the
same paramagnetic product(s) was obtained.

While the peaks at 1.37 ppm and 3.76 ppm in the '"H NMR spectrum may correspond to
the protons on the tert-butyl group and ferrocenylium moiety, the other two signals cannot be
assigned. Furthermore, no aryl resonance from 6 ppm to 8 ppm was observed, which indicates
that the oxidation of the ferrocenyl group during the reaction might lead to decomposition of
the complexation product. Nevertheless, this possibility can be ruled out as the *'P{'H} NMR
spectrum of the crude product shows noisy signals around 38.0 ppm, which is consistent with
the upfield shift of the signals for the phosphorus in 3.1 ~ 3.3 upon complexation from around

-14 ppm to around 32 ppm (table 3.1 and 3.5). Therefore, the paramagnetic product could be a
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palladium complex bearing the ligand 3.4, and the higher chemical shift of 38.0 ppm of the
signals in the *'P{'"H} NMR spectrum a result of the oxidation of the ferrocenyl group. The
results from mass spectrometry and elemental analysis of this crude product(s) cannot be

rationalized.

3.4. Electrochemical Studies and Chemical Oxidation of Complexes

As the redox properties of the ligands 3.1 ~ 3.4 vary upon changes on the substituents on
the aryl groups attached to the phosphine, cyclic voltammetry of 3.6 ~ 3.8 was carried out to
electrochemically characterize these palladium complexes.

N-P ligands 3.1 ~ 3.4 were expected to be hemilabile redox-active ligands because the
nitrogen atom is a weaker o-donor than the phosphorus atom. Therefore, it was anticipated
that transition metal complexes based on these ligands would undergo irreversible redox
processes as the relatively weak binding between the N atom and the metal centre might not
be stable towards oxidation, leading to decomposition of the complex. However, the cyclic
voltammograms of 3.6-3.8 suggest that ligand-based reversible one-electron redox processes

are exhibited by these complexes.

— 200 mV/s
1.5x10" —— 100 mV/s
— 500 mV/s
1.0x10™ A
5.0x10”
<
0.0 4
-5.0x10”
-1.0x10™ T i T i T i T i T i 1
0.4 0.2 0.0 0.2 0.4 0.6

E(Vvs. [FeCp2]+/FeCp2)

Figure 3.17. Cyclic voltammogram of complex 3.6 at different scan rate

(30 mM in DCM with 0.1 M TBAP, rt)
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The cyclic voltammogram of 3.6, which indicates different redox behaviour from that
of the free ligand 3.1, is demonstrated in figure 3.17 as an example. Moreover, the values of
the half-wave oxidation potentials (Ep”z) for these complexes are consistent with the fact that
electron-rich systems are easier to be oxidized (table 3.6). This stability of these palladium
complexes towards electrochemical redox processes may be explained by the stable 6-
membered ring which consists of the Pd atom and the chelating P and N atoms (Pd, N, C(7),

C(6), C(1), P in figure 3.14).

Complexes E," E, AE, E,"”
3.6 0.248 0.162 0.0860 0.205
3.7 0.204 0.080 0.112 0.192
3.8 0.309 0.069 0.120 0.189

Table 3.6. Selected potentials (V vs. [FeCp,] /FeCp,) of complexes 3.6-3.8
(30 mM in DCM with 0.1 M TBAP, rt)

Chemical oxidation of 3.6-3.8 was carried out after the electrochemical investigations on
these palladium complexes. As [FeCp,][PFs] had been proved to be an efficient redox agent
as mentioned in the previous chapter, it was again used to first oxidize 3.6 (figure 3.18). After
removal of the solvent, the formation of a black solid of poor solubility was obtained. The
broad peaks in its '"H NMR spectrum suggested the paramagnetic nature of the product,
confirming the oxidation of the ferrocenyl group. However, no signal was observed in the
*'P{'H} NMR spectra of the mixture of the product with various deuterated solvents, which
included THF-d®, acetone-d®, DCM-d?, DMSO-d° and methanol-d*. This can either be a result
of the lack of solubility of the oxidation product, or a consequence of the decomposition of
complex 3.6 during the chemical redox process, where the soluble decomposition product(s)
contained the oxidized ferrocenyl group but no phosphorus centres.

The oxidation of 3.6 using [FeCp,][BF,] was also tried as the counter anion can affect
the solubility. Nonetheless, although [FeCp,][BF4] is more soluble than [FeCp,][PFs], the
product obtained did not show greater solubility. >'P{'H} NMR spectra of the samples in the
same range of deuterated solvents listed above gave only noise, while '"H NMR spectra
indicated paramagnetic compounds. Moreover, the elemental analyses of the products from
reactions of 3.6 and the ferrocenium salts suggested a great loss of carbon, very likely to be

caused by decomposition during the oxidation reactions.
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Therefore, instead of ferrocenium salts, silver salts were taken into consideration as the
chemical oxidant for this type of complex. As the two chlorides in the molecule of 3.6 will be
removed by the cation of Ag’, leaving two empty coordination sites on the palladium centre,
the compound can only be stable if the chlorides were replaced by the counter anion of the
silver salt chosen. Consequently, AgOTf was used as the suitable oxidation agent, and three
equivalents were added to the mixture of 3.6 in DCM to drive the reaction towards the
formation of 3.6-o0x (figure 3.18). The dark orange oily solid obtained was dissolved in CDCl;
to give paramagnetic 'H NMR and '°’F NMR spectra, suggesting the successful oxidation and
the coordination of triflate with palladium centre. The *'P{'H} NMR spectrum gave a singlet
at 78.3 ppm, indicating a more deshielded electronic environment on the phosphorus atom.
While no meaningful data was obtained from mass analysis of the compound, the elemental
analysis supported the formation of 3.6-ox although good consistency between the calculated
and experimental values cannot be achieved due to the difficulties in drying the compound.

3.7-ox and 3.8-0x were prepared using the same approach.

[FeCp,][PF¢] S

> | (Fe d/Pth [ PF, ]

DCM, rt, 3 hrs c”
Q" b

\
Fe Pd/ PPh2
~
c1” o\ @
(X Cl AgOTf

> | (IFe pd/Pth | oTf]
DCM, rt, 3 hrs f0~
)\ ore
3.6-o0x

Figure 3.18. Chemical oxidation of 3.6 via two different approaches
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3.5. Catalytic Investigations

As both the non-oxidized and the oxidized palladium complexes containing ferrocene-
based N-P ligands have been synthesized and characterized, their catalytic activities towards
the alkoxycarbonylation reactions of 2-halobenyzlalcohol (X = Br or I, figure 3.19) under an
atmospheric pressure of CO were investigated. Reaction conditions for the optimized yields
of these reactions catalyzed by [Pd(dppf-Fe")C1,][PF¢] (2.1-0x) were used, and each of the
experiments was repeated at least three times (n > 3) for consistent data. The isolated yields

(%) of these reactions are summarized in figure 3.20.

4 ’ :
P
Fe Cl/Pd\/Pth P
&S
3.6

@—N\/ }{// g >
[(HI)Fe pd— PPh; | oTf] (III)Fe Pd/ [oTf] [ am pe  Pa—F [oTf]
@Tfo/ . @Tfo O @Tfo OTf
_/
3.6-o0x 3.7-o0x 3.8-0x 2

CO, NEt;, Pd-cat. (5 mol%)

OH Toluene, 100 °C, 3 hrs

Br
CO, NEt;3, Pd-cat. (5 mol%)

OH Toluene, 120 °C, 18 hrs

Figure 3.19. Scheme of the carbonylation reactions of 2-halobenzylalcohol (X = Br, I)
catalyzed by the redox switches of 3.6/3.6-0x, 3.7/3.7-ox and 3.8/3.8-0x

It can be noted from the data in figure 3.20 that (i) while these palladium complexes are
generally reactive towards the alkoxycarbonylation reactions of 2-iodobenzylalcohol (I-

substrate), only 3.6 exhibited weak activity for 2-bromobenzylalcohol (Br-substrate) while the
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other catalysts become rather inactive; (ii) for the reactions of the Br-substrate catalyzed by
the redox switches of 3.6/3.6-ox and all the reactions of the I-substrate, the non-oxidized
catalysts offered higher yields than their oxidized counterparts; (iii) for those non-oxidized
complexes catalyzed reactions of each substrate, 3.6 afforded higher catalytic yields than 3.7
or 3.8; and for reactions of the I-substrates catalyzed by the oxidized complexes, 3.6-0x gave

higher yields than 3.7-o0x or 3.8-ox.

100 100
80 mox 30 = oX
60 “neu 60 e
40 40
20 - 20
0 K e 0
LR 2 36 a7

Br-substrate I-substrate

Figure 3.20. Bar charts of the catalytic yields (%) of the reactions shown in figure 3.19™

The fact that these palladium complexes are reactive towards the alkoxycarbonylation of
the I-substrate, but rather inactive or much less reactive towards the reactions of the Br-
substrate can be understood as a result of the harder oxidative addition of the Br-substrate to
palladium than the I-substrate. Based on the fact that the oxidative addition step is known to
favour electron-rich palladium systerns,34'36 and that [Pd(dppf)Cl,] (2.1), which bears a
ferrocen -1,1'-diyl ligand offered moderate yields (54 + 2 %) for the alkoxycarbonylation
reaction of 2-bromobenzylalcohol under same conditions, dppf is compared with 3.1-3.3
(ligands of 3.6, 3.7 and 3.8, respectively). Firstly, each phosphine group in dppf has two
phenyl units and a cyclopentadienyl (Cp) group in the ferrocen-1,1’-diyl moiety, where the
iron atom is donating electrons to the Cp rings. However, the phosphine group in 3.1 bears
two phenyl groups and a substituted phenyl group in conjugation with the C=N and ferrocenyl
groups. As a consequence, the o-donation to the palladium centre from the P atom in 3.6 is
slightly weaker than that in 2.1. Nonetheless, in 3.2 and 3.3 the phenyl groups are modified
with electron-donating methyl groups and it is then difficult to compare the electron density

on their P atoms with that in 2.1.

™ Table of the data obtained given in Chapter 7. Experimental
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Secondly, the other chelating atom is different in these two types of complexes. The N
atom itself is a weaker o-donor than the P atom, and as there are no electron-donating groups
on the N atoms in 3.1-3.3, the o-donation from these N atoms is expected to be weaker than
the P atom in dppf. This is considered the main cause for the poor performance of 3.6-3.8 in
the alkoxycarbonylation reaction of 2-bromobenzylalcohol, as the Pd(0) species (figure 3.21)
containing ligands 3.1-3.3 is more electron-deficient than that derived from 2.1, and are thus,
less reactive towards oxidative addition with the Br-substrate.

This weak o-donation to palladium from the N atoms in these ferrocene-based N-P
ligands also explains the lower catalytic yields of the reactions of the I-substrate afforded by
the oxidized complexes than their non-oxidized versions. Based on the hypothesis proposed
for the redox control in palladium-catalyzed carbonylation reactions, the effects of ligand-
based oxidation are the overall results of the more difficult oxidative addition step and the
easier reductive elimination, carbonyl insertion and product-formation steps. Although the
oxidative addition of 2-iodobenzylalcohol to Pd(0) species derived from 3.6-3.8 under such
conditions is not difficult as they afforded good yields for the reaction, the ligand-based
oxidation of these complexes decreases the electron density on the chelating N atom and
subsequently the palladium centre. This leads to a significant drop in the rate of oxidative

addition, and eventually lower yields of the reaction.

P ArX
~
Pd (0)
-

nucleophilic attack
and

oxidative

reductive elimination addition
(P\Pd/COAr CP\Pd/Ar
~
N N X N ~ -
carbonyl CO binding

insertion

C P//, 1, \\\X
( \Ar

Figure 3.21. Catalytic cycle of the palladium-catalyzed alkoxycarbonylation reactions of aryl
halide supported by an N-P ligand®

* Figure adapted from reference 41.

112



Chapter 3

It has been mentioned in chapter 2 that the carbonyl insertion,’” nucleophilic attack and

reductive elimination®*°

steps favour electron-deficient palladium systems. These can be
used to explain the slightly higher yields afforded by 3.6 than its derivatives 3.7 or 3.8 for the
reactions of the same substrate (figure 3.20). It can be seen from figure 3.19 that 3.6 possesses
the most electron-deficient palladium centre compared with 3.7 and 3.8, where the electron-
donating methyl substituents in the phosphine groups lead to more electron-rich palladium
systems. Therefore, while similar catalytic results were given by 3.6 ~ 3.8 for the same
reaction, 3.6 could bring better yields as it offers a slightly more electron-deficient palladium

centre. The higher catalytic yields of the reaction of the I-substrate afforded by 3.6-ox than

3.7-ox or 3.8-0x can also be understood in the same way.

3.6. Conclusions

A series of novel ferrocenyl N-P ligands (3.1-3.4) and their palladium complexes (3.6-
3.8) have been synthesized from aminoferrocene. The redox properties of both the ligands
and the complexes were characterized electrochemically, and the chemical oxidations of the
complexes towards the formation of ferrocenylium complexes using AgOTf as the redox
agent were successfully carried out. The catalytic behaviour these palladium redox switches
towards the alkoxycarbonylation reactions of 2-halobenzylalochol (X= Br, I) was investigated,
and different redox control (oxidized complexes were found to afford higher catalytic yields
than their non-oxidized counterparts) from that observed for the same reactions under the
same conditions catalyzed by the palladium diphosphines as discussed in chapter 2 was
discovered. This is considered to be a result of the different chelating atoms of the two types

of complexes (N-P and P-P).
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Chapter 4

4.1. Introduction

In the previous chapters, the utilization of palladium complexes bearing ferrocene-
based bidentate N-P and diphosphine (P-P) ligands has been discussed. In order to further
explore the family of heteroatom-substituted ferrocenes, the design and synthesis of a series
of symmetric ferrocene-based diimine (N-N) compounds, including bis(iminoferrocene)

(figure 4.1a) and N,N -substituted ferrocen-1,1’-diyl ligands (figure 4.1b), is reported in this

oty o T

(a) (®)

chapter.

Figure 4.1. Structures of the designed symmetric ferrocene-based diimine ligands

The use of diimine ligands in transition metal catalyst systems has become of great
interest due to the similar properties of N and P atoms.'™ One of the most significant
advances in transition metal-catalyzed processes supported by imine-based ligands has been
a-olefin polymerization. This is catalyzed by a range of palladium and nickel complexes
containing o-diimine ligands, as discovered by Brookhart et al.’ Since then a new class of
catalysts have been formed via variations in the substituents on the N-atoms, which impart
control over the polymer molecular weight and branching. Subsequent research by Laine®®
and Gibson’ have demonstrated that group 10 complexes of asymmetrical pyridyl imines

(figure 4.2) were also active catalysts for ethylene polymerization.

N R

N
/\/X

M\
\/ X
N

Figure 4.2. Structure of pyridyl imines developed by Gibson et al.
(M =Pd, Ni; R =Me, H ; X = Me, Cl, Br)’
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Inspired by this work of Gibson and co-workers, a range of mono- and di-N-substituted
ferrocene ligands, as well as their nickel and palladium complexes, have been synthesized in
our laboratory (figure 4.3). Further investigations by Long ef al. showed that the nickel
dibromide complexes can be used as active dimerization pre-catalysts in the presence of

MAO. "

\ _/
7 N\_/ 4
=N N =N

X X e X\M\/X
~
< S s—/

Figure 4.3. Ferrocene-derived pyridyl imine complexes synthesized in our group'

(M =Ni, X=Br,R=Me or H; M =Pd, X=CIl, R=H)

In 2004 Hor et al. reported that the dichloropalladium complex bearing the ligand N, N’-
bis(benzylidene)iminoferrocene (previously synthesized by Long e al)'' exhibited high
activity in the Suzuki-Miyaura cross-coupling reaction in aqueous media (figure 4.4), even
after five times of recycle (94 % yield from the first use of the catalyst, and 83 % from the
fifth use).'> Therefore, it was thought to be of great interest to investigate the behaviour of
ferrocene-based diimine ligands in other catalytic processes, such as palladium-catalyzed

carbonylation reactions.

7 ( :
©_N\ a
F Pd
- /N

O -

o) o) — —
B(OH), + Br

Cs,C0;3, H,0, 80 °C, 2 hrs / \/ \_/

Figure 4.4. Scheme of the Suzuki-Miyaura cross-coupling reactions in aqueous media using a

1,1°-N-substituted ferrocenediyl Pd(II) complex (2 mol%) as catalyst precusor

In this chapter, the synthesis of ferrocene-imine ligands from aminoferrocene (FcNH,)
or 1,1’-bis(amino)ferrocene (fc(NH;),), and their coordination chemisty is addressed. The
redox behaviour of these complexes and their catalytic reactivities towards the carbonylation

reaction is also discussed. In addition, a more straightforward and effective method for the

119



Chapter 4

purification of 1,1’-dibromoferrocene (fcBr;), which was used to prepare fc(NH;), (figure
4.5),13 is demonstrated based on the difference in the oxidation potentials of fcBr, and the
impurities of bromoferrocene (FcBr) and ferrocene (FeCp,). This advanced separation method
has been applied to purification of the whole series of monohaloferrocenes (FcX, X = F, Cl,

Br, I) and 1,1’-dihaloferrocenes (fcX,), which is also discussed in this chapter.

—y Bbr SN LiAlH, or PA/C, H, — N

NaNj , CuCl

F > Fe
Fe Et,0 / H,0 ¢

> —nr SN £e0 &,

Figure 4.5. Scheme of the preparation of fc(NH,),

4.2. Oxidative Purification of Halogenated Ferrocenes

4.2.1. Purification of 1,1’-dibromoferrocene

PPh _— /|\n al

2
= Fe o PPh2

(R = CHO, PPh, P'Prs, Q
Pd(COD)CI cl : -
SMe, Br, COOH) Fe YPPh, TUCODICh i | /Q a q
P P—)-

Ph,P— Pd— .
QBr > | Phy — Fe

‘ty,

Ph," "
a S =

Fe R
S LDA,"BuLi | CIPPh, N BMes;
“%\),\/\ Fe
electrophile 251 @— PPh,

— B =L s
1
@ ?— CHO
QBr LDA F "BuLi DMF
Fe Li —-— € _— Fe ——>  Fe

VN S S S

"Buli | TMP ‘% Fe
(X =Br, I) % > —Br
(R =Ph, 'Pr)
i tBr Br Br @
(XF,CH,), . FBAr NH,
X 2 BA
Fe «~————— Ff L 7. Fe g Fe

— N N S

Figure 4.6. Scheme of the preparation of various materials from fcBr, (LDA = lithium

diisopropylamide, TMP = trimethyl phosphate)

120



Chapter 4

1,1°-Dibromoferrocene (fcBr;) has found great significance in the synthesis of a large
range of ferrocene-containing compounds. Via different approaches in the lithiation of fcBr,,
the synthetic possibilities can be extended to a variety of important reactive materials and
novel compounds, including polymers (figure 4.6)."***

Despite the wide application of fcBr,, obtaining large quantities of this compound has
not been straightforward. While synthetic routes via (bromocyclopentadienyl)thallium25 or

1,1°-chloromercuriferrocene®® %’

involve expensive and toxic starting materials, other routes
via 1,1’-dilithioferrocene® and 1,1°-bis(tri-n-butylstannyl)ferrocene® lead to the formation of
fcBr, in mixtures that are difficult to separate. The preparation of fcBr, in our laboratory was
carried out adopting the procedure reported by Arnold er al.”’ It was observed that the
reaction of 1,1’-dilithioferrocene-TMEDA and (Br,HC), in Et,O generated a mixture of FcBr,
FeCp, and fcBr,. The isolation of fcBr, using conventional techniques such as sublimation,29
column chromatography and recrystallization'® was found to be extremely difficult. This is

considered to be a result of the comparable polarities and solubilities of the three compounds

in the mixture.

®
tBuLi I I @ aq. FBC13'
_ 2 + —_— Fe * F
Fe Fe Fe pentane c
o S ) < <
(pentane) (water)

Figure 4.7. Scheme of the facile purification of FcI by Goeltz and Kubiak™

Similar issues with the separation of Fcl from FeCp, were recently discussed in 2011
by Goeltz and Kubiak,” who developed an advanced purification method based on the
different oxidation potentials of these two species. In their work, the large-scale reaction
(14.98 g FeCp,) of mono-lithiated ferrocene and elemental I, leads to the formation of FeCp,
and Fcl. As it was suggested by cyclic voltammetry of this crude product in DCM with TBAP,
that the oxidation potential of Fcl is 0.170 V higher than that of FeCp,, they used a saturated
aqueous solution of FeCl, which is a mild oxidant,’' to repeatedly wash the solution of the
mixture in pentane. Through the washings, FeCp, was converted into [FeCp,][Cl], which was
readily extracted into the aqueous phase as this ionic compound was soluble in water. The
aqueous layer was discarded (figure 4.7), and pure Fcl was obtained without the need for
difficult column chromatography or recrystallization.

In fact, the concept of separating mixtures utilizing their redox behaviour has been
illustrated in 1995 by Cunningham and McMillin* in their work on the synthesis of FeCpCp*
(pentamethylferrocene). The reaction of NaCp*, LiCp and FeCl, gave the crude products
including FeCp,, FeCpCp* and FeCp*, (decamethylferrocene), whose oxidation potentials
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are in descending order. Taking the mixture in Et,0, they added excess HBF, to this solution,
so that FeCp*, and FeCpCp* were oxidized into [FeCpCp*][BF,] and [FeCp*,][BF.] as green
precipitates. This solid was dissolved in EtOH and MeOH (1 : 1 volume), and treated with
excess sodium ascorbate which reduced the ferrocenium species. The resulting mixture of
FeCpCp* and FeCp*, was again oxidized by HBF,, and pure FeCpCp* was extracted from
the solution (Figure 4.8).%

FeCl
@ S @ u® — > ke Y Fe * g, Fe o
THF @ / '

HBF, l Et,0

©
:@2

0

{

HBF, NaAscorbate
Fe - -

:@.,

EtOH, MeOH

¢

Figure 4.8. Scheme of the synthesis and isolation of FeCpCp* by Cunningham and
McMillin*

Inspired by these findings, the oxidation potentials of FeCp,, FcBr and fcBr, were

12

determined by cyclic voltammetry, which suggested the ascending order of the E,"* of these

compounds (figure 4.9).

6.0x10"
4.0x10"

2.0x10"

I (uA)

0.0 4

-2.0x10" 4

-4.0x10" H

E (V.vs [FeCp,] /FeCp,)

Figure 4.9. Cyclic voltammogram of FeCp,/FcBr/fcBr, (10 mM in DCM with 0.1 M TBAP)

122



Chapter 4

Consequently, it was expected that fcBr, could be separated from FeCp, and FcBr by
oxidizing these two contaminants into their ferrocenium versions. As the purification strategy
developed by Goeltz and Kubiak involves the use of a solution of an oxidant that is much
cheaper and more accessible than that used by Cunningham and McMillin, FeCl; was selected
as the redox agent for the isolation of fcBr;.

Therefore, the mixture of FeCp,, FcBr and fcBr, obtained from the initial preparation of
fcBr, (molar ratio of FeCp, : FcBr : fcBr; obtained from the '"H NMR of this crude product
was 0.02 : 1 : 2.5) was dissolved in 300 mL n-hexane, and this solution was treated with agq.
FeCl; (200 mL per washing). Changes of the molar percentages of these compounds were
monitored by '"H NMR. It was found that selective oxidation could be achieved by simply
varying the concentration of ag. FeCls. While only one wash with 0.2 M agq. FeCl; (200 mL)
proved sufficient for removing FeCp, from mixtures to give a dark blue (the colour of
ferrocenium salts) aqueous phase, 0.5 M (200 mL agq. FeCl;) was found to be an inadequate
concentration for the efficient elimination of FcBr as indicated in figure 4.10. However, 2.0
M agq. FeCl; (200 mL) to a large extent accelerated the process of isolation of fcBr,. In a
separate experiment, 2 washings of 200 mL saturated aq. FeCl; were sufficient to oxidize all
contaminants from the crude product (in 300 mL n-hexane) of another large scale synthesis of
fcBr, (started from 18.6 g / 0.1 M of ferrocene), where FeCp, : FcBr : fcBr, = 0.1 : 1 : 5.5.
Subsequent filtration of the organic layer through anhydrous Na,SO4 and a thin pad of silica
followed by the removal of solvent readily gave the pure fcBr, as an orange solid in a good

yield of 67% (calculated from ferrocene).

30 A
|
25 .
= |
|
201
m
g 15
A
X
10 A
5_
0 A
T T T T T T T
0 1 2 3 4 5 6

No. of washings

Figure 4.10. The decreasing molar percentage of FcBr in the crude product of fcBr, with 4
sequential washings of 200 mL 0.5 M (black squares) followed by 2 washings of 200 mL 2.0
M aqueous FeCl; (red triangles)i

i Percentage of mixture monitored by 'H NMR (CDCls, 298 K, 400 Hz) spectroscopy.
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This isolation of fcBr; in the two-phase system of water (300 mL solution of FeCl;) and
other organic solvents (300 mL solution of the mixture of FeCp,, FcBr and fcBr,), such as
pentane and Et,O has also been successfully carried out, and it was observed that after the
contaminants had been removed from the organic phase, only the solution in n-hexane gave
the pure fcBr, as an organic needle-like solid after the evaporation of solvent. In contrast, an
orange/brown oily solid was formed when using Et,O or pentane. Further investigations also
show that the removal of solvent from the solution of pure fcBr, in toluene or dry THF also

give the product as oily solid. The reason behind these facts is still unclear.

4.2.2. Oxidative purification of monohaloferrocenes and 1,1’-dihaloferrocenes

As the straightforward separation of fcBr, from FcBr and FeCp, has been developed
based on the oxidation potentials of these compounds, the synthesis and purification of the
whole series of monohaloferrocenes (FcX, X =1, Br, Cl, F; experimental details in figure 4.11
and table 4.1) and 1,1’-dihaloferrocenes (fcX,, figure 4.14 and table 4.3) was carried out to
extend the application of this purification method, named ‘oxidative purification’.”® These
products was characterized by 'H NMR, C NMR (*F NMR for FcF and fcF,), accurate
mass/elemental analyses and cyclic voltammetry (table 4.1).

The preparation of the monohaloferrocenes was first carried out, since the synthetic

routes for all of these products have been reported.’® **

However, during the synthesis of
FclI following the procedure by Goeltz and Kubiak® (scheme in figure 4.7), the formation of
fcl, along with FeCp, and Fcl was observed. As the oxidative purification only removes the
contaminant that has a lower oxidation potential than the desired product, which is the main
drawback of this isolation approach, the generation of fcl, must be avoided in the preparation
of Fcl. In the report by Goeltz and Kubiak, the mono-lithiation of ferrocene was realized by
using 0.8 eq. of ‘BuLi. It was thought that a further decrease of the ratio of ‘BuLi/FeCp, might
prevent the 1,1°-dilithiation of ferrocene,37 which is the cause for the formation of fcl,, so the
amount of ‘BuLi was thereby reduced to 0.7 eq. in the reaction. Nonetheless, fcl, was again
found in the crude product obtained, even when only 0.4 eq. of ‘BuLi was used in another
separate experiment.

Consequently other lithiation methods had to be adopted for the synthesis of Fcl. In the
year of 2011, the successful mono-lithiation of ferrocene towards the formation of FcBr was
reported by Siinkel and Bernhartzeder.** In this reference, the use of a combination of 2 eq. of
‘BuLi and 0.12 eq. of ‘BuOK at the low temperature of -78 °C was described as crucial for the
exclusive mono-lithiation of ferrocene (figure 4.11). This preparation of FcBr was thus
repeated at a 5 times larger scale (table 4.1, 2.0 g of FeCp, in reference) in our laboratory, and

the crude product was obtained as a mixture of FeCp, and FcBr only. With the FeCp, easily
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removed by washing the n-hexane solution (300 mL) of the mixture with 0.2 M agq. FeCl;
(200 mL x 2), pure FcBr was collected as a brown oily solid. Therefore, this mono-lithiation
method was adopted in the synthesis of Fcl (figure 4.11a), and no fcl, was found in the crude
products containing FeCp, and Fcl. After the oxidative purification of this (table 4.1), pure
Fcl was obtained in a moderate yield of 47 % (from ferrocene), which is much higher than

that reported by Goeltz and Kubiak (28 % from ferrocene).”’

i) '‘BuLi .
‘BuOK e
\— A
THF = =X aq. FeCly @T =X
Fe .. Fe + Fe ——  Fe + Fe
= b = < n-hexane  — —
Br,Cl
gi gchzc ! (water) (n-hexane)
or NFSI

Figure 4.11. Scheme of the synthesis and purification of FcX
(X=1,Br, Cl, F; A=CI, [FeCly] or [FeCls])

Product Scale Molar ratios of [FeCls) No. of Yield
(g. of FeCp,) FcH/FeX M) washings (%)
FcF 1.9 1: 0.25 0.2 2 15
FcCl 4.0 1:17 0.2 2 64
FcBr 10.0 1:11 0.2 2 88
Fel 6.0 1:17 0.2 1 47

Table 4.1. Experimental details for the optimized oxidative purifications of FcX

(X =F, Cl, Br, I)"

FcCl was then prepared following the high-yield synthetic route published by Siinkel
and Bernhartzeder in the year of 2012 where the mono-lithiation of ferrocene using ‘BuLi and
‘BuOK was again mentioned. In this reference, it was reported that a mixture of FeCp,, FcCl
and fcCl, with the molar ratio of 5 : 94 : 1 was obtained from 1.0 g of FeCp,. However, when
this reaction was repeated on a larger scale (table 4.1 and figure 4.11), no formation fcCl, was
observed. Although this can be understood as for the same experiments, side reactions, which

lead to the generation of more by-product(s), may dominate when carried out in small-scale, it

il Mixture was dissolved in 300 mL n-hexane and washed by 200 mL agq. FeCls; percentage of mixtures

monitored by 'H NMR (CDCl;, 298 K, 400 Hz) spectroscopy; yields calculated from FeCp,)
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is possible that this formation of fcCl, in the reported synthesis was caused by inappropriate
experimental techniques during the lithiation step. In repeated experiments towards FcBr by
another member in our laboratory, it was observed that fcBr, could be obtained if ‘BuLi was
added quickly into the suspension of FeCp, and ‘BuOK in THF, or the stirring of the reaction
mixture was not vigorous.

In order to confirm the species in the aqueous phase after the successful oxidative
purifications of Fcl, FcBr, FcCl and fcBr,, as well as those of fcl,, fcCl, and FcF that can
potentially be realized, the n-hexane solutions of pure FeCp,, FcBr, Fcl, FcCl were each
separately washed by aq. FeCl; of the appropriate concentration. The resulting aqueous
phases were analyzed by mass spectrometry, and peaks attributed to [FeCp,]", [FcBr]',
[FcCl]" and [FcI] * were found in the positive ion mode, whilst those assigned to [FeCl,]” and

[FeCl;] were observed in the negative ion mode.

<

F-agent
4: :> - 78 °C, Et,O V() -
t
> Fe
©—M B
e F-agent @
@ -78°C, THF
d 1
~NZ
[ “ | [ oTf| J |BF4| OS_N_S@
N | |
| 0 )
F
1-fluoro-2,4,6-trimethyl Selectfluor N-Fluorobenzenesulfonimide
pyridinium triflate (FTMPT) (NFSI)

Figure 4.12. Scheme of the synthesis of FcF and the structure of the fluorinating agents used”

The synthesis of FcF was not straightforward due to the difficulties in finding a
successful fluorinating agent. It has been reported that FcF can be prepared via the reaction of
lithioferrocene (FcLi) and perchloryl fluoride,*® which is now not accessible due to its toxicity.
Therefore, several fluorinating agents®®** have been tried to react with FcLi** or ferrocenyl

Grignard reagent’' (FcMgBr) (figure 4.12). The crude products of these reactions were

iii The preparation of FcLi/ FcMgBr adopted from reference 34 / 38; reaction conditions adopted from
reference 36, 39, 40.
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quenched with H,0, extracted with n-hexane, and examined by '"H NMR spectroscopy. It was
discovered that the only successful fluorination was the reaction of NFSI with FcLi (figure
4.11 and 4.12), which afforded FcF and FeCp, with the molar ratio of 4 : 1, while the other
entries in table 4.2 gave only FeCp, as a result of the unsuccessful fluorine-metal exchange™®

in these reactions.

F-agent FeM Formation of FcF
FTMPT FcLi No
FTMPT FeMgX No
Selectfluor FcLi No
Selectfluor FcMgX No
NFSI FcLi 15% yield from FeCp,
NFSI FcMgX No

Table 4.2. Summary of the attempts to prepare FcF

The FcF obtained was separated from FeCp, by dissolving the mixture in 300 mL »n-
hexane and washing this solution 2 times with 0.2 M agq. FeCl; (200 mL, table 4.1). The
organic phase was then washed with H,O and filtered through anhydrous Na,SO, and silica,
and after the removal of the solvent pure FcF was obtained as a yellow solid in a yield of 15
%, which is higher than that reported in literature (10 %).** The 'H NMR spectrum of FcF is

shown in figure 4.13.

FcF
o0 (2]
N ~
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Figure 4.13. 'H NMR (CDCl;, 298 K, 400 MHz) spectrum of FcF
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As the optimized oxidative purification conditions for all the monohaloferrocenes have
been developed, the synthesis and isolation of 1,1’-dihaloferrocenes (experimental details
shown in figure 4.14 and table 4.3) was then carried out.

The initial work of the oxidative purification of fcl, was carried out by another member
in our laboratory.* In his investigations, a crude product containing FeCp,, Fcl and fcl, with
the molar ratio of 0.9 : 1.5 : 1 was obtained from the reaction of 1,1’-dilithioferrocene-
TMEDA (fcLi-TMEDA), which was generated from 21.14 g FeCp,, and elemental I, in n-
hexane. fcl, can be isolated by washing the n-hexane solution (300 mL) of the mixture 10

times with 200 mL 0.5 M agq. FeCls.

i) "BuLi
TMEDA
n-hexane T(D A ﬁ A X
— or Et,0 = =X <X g FeCl; (g 1
Fe ————— Fe + Fe T Fe n-hexane Fe v Fe v Fe X
= il - = X 4 = =
or gz}é{ﬂlz (water)  (water) (n-hexane)
or 2Llg
or NFSI

Figure 4.14. Scheme of the synthesis and purification of fcX,
(X=1,Br, Cl, F; A=CI, [FeCly] or [FeCl;])

Product Scale Molar ratios of [FeCl;] No. of Yield
(g. of FeCp,) FcH/FcX/feX, M) washings (%)
fcF, 1.86 2:1:0.43 2.0 2 5
feCl, 9.30 0.1:1:43 3.0 3 75
fcBr, 18.60 0.1:1:5.5 Saturated 2 67
fcl, 21.14 04:1:3.8 1.5 3 19

Table 4.3. Experimental details for the optimized oxidative purifications of fcX,

(X=F,CLBr,I)"

This experiment was repeated at the same scale (figure 4.14), and the crude fcLi-
TMEDA obtained was washed three times with n-hexane to remove the FcLi generated in the

reaction mixture. Upon completion of this reaction, a mixture of FeCp,, Fcl and fcl, with the

¥ Mixture dissolved in 300 mL n-hexane and washed by 200 mL agq. FeCl;; percentages of mixtures

monitored by 'H NMR (CDCl;, 298 K, 400 Hz) spectroscopy; yields calculated from FeCp,)
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molar ratio of 0.4 : 1 : 3.8 was obtained (table 4.3). By washing the n-hexane solution (300
mL) of this mixture with aq. FeCl; of an increased concentration of 1.5 M, FeCp, and Fcl
were removed after only 3 washings. In order to further simplify the purification procedure,
saturated aq. FeCl; was also used to wash the crude product from another separate reaction
towards fcl,.

However, it was observed that saturated aq. FeCl; could effectively oxidize fcl, and
cause a noticeable decrease in its yield. Compared with the purification of fcBr,, where 2
washings of saturated aq. FeCl; is required to remove FcBr without significant loss of the
desired product, it can be seen that fcl, is easier to chemically oxidize than fcBr,. This is
consistent with the fact that fcl, has a lower oxidation potential than fcBr, (table 4.4).

The synthesis of fcCl, via the reaction of fcLi,-TMEDA and C,Clg (figure 4.14) in n-
hexane was successful. Contaminants could be eliminated by washing the n-hexane solution
of the crude product 3 times with 3.0 M aq. FeCl; (200 mL), and a good 75 % yield of fcCl,
was obtained (table 4.3).

The synthesis of fcF, is first reported in this thesis. The reaction of fcLi,-TMEDA and
NFSI in Et,0 leads to the formation of FeCp,, FcF and fcF, (figure 4.14), with FeCp, as the
majority of the crude product (table 4.3). This mixture was dissolved in n-hexane and washed
2 times with 2.0 M aq. FeCls, and pure fcF, was collected as a yellow solid in a 5 % yield
after drying the organic phase and subsequent removal of solvent. This low yield of fcF; is
attributed to the very limited reactivity of the metal-fluorine exchange during the reaction. In
attempts to improve the yield of fcF,, the same reaction of fcLi-TMEDA and NFSI was also
carried out in DME, a stronger solvent that can completely dissolve both the reactants.
Nonetheless, only an increase in the rate of the reaction was observed according to the rapid
colour change of the mixture. The '"H NMR and "’F NMR spectra of fcF, are shown in figure
4.15.

Since the whole series of FcX and fcX, have been synthesized and isolated via oxidative
purification, cyclic voltammetry experiments of these compounds were carried out and their
oxidation potentials were compared (table 4.4). It is quite surprising that FcF has the lowest
oxidation potential among the FcX series, and that the redox potential of fcF, is the lowest
among fcX,, as the fluorine is the most electronegative halide group and should cause the
most electron-deficient iron centre. However, this relatively low redox potential of fcF, was
confirmed via the significant product loss observed when using a 3.0 M agq. FeCl; solution
(200 mL) to wash the n-hexane solution (300 mL) of pure fcF,. In addition, for both series of
FcX and fcX,, the brominated ferrocenes have the highest oxidation potentials, and the order
of the oxidation potentials is: Br > Cl > I > F. In order to further understand the electronic
effects of these halide groups on ferrocene, the '"H NMR spectroscopic data of FcX and fcX,

is summarized in table 4.4 and compared.

129



Chapter 4

fcF2 _ o
x o
<t o
Hb— : _F I |
Fe Ha
N~ — 0 0 [¢)] N o~ O
Al (o)) < o 0] o N~ <
& £ 838 g 86 &
F T 3 I 9 Q& a0 O
Y7V 7979
Ha ‘1 . Hb
1
f\ I
JI; . ,ﬁ,J‘L AN
& &
S =
- ~—

7674727068666462605856545250484644424038362343230

ppm
(a)
©
o]
©
f
-10 -30 -50 -70 90  -110 130  -150  -170  -190
ppm
(b)

Figure 4.15. '"H NMR (a) (CDCls, 298 K, 400 MHz) and '°F NMR (b) (CDCls, 298 K, 377
MHz) spectra of fcF,
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It can be seen from table 4.4 that (i) signals for the protons on the unsubstituted Cp-ring
of FcX, which indicates a general electronic effect of the halide substituent, shift downfield
with increasing electronegativity of the halide group; (ii) signals for the protons on the
substituted Cp-rings of both FcX and fcX, suggest overall inductive and resonance effects of
the halide substituent. The chemical shift of the f-hydrogens of FcX/fcX,, whose electronic
environment is less directed by both effects, increases with decreasing electronegativity but
increasing size of the halide. The chemical shift of the a-hydrogens of FcX/fcX,, where both
inductive and resonance effects are relatively strong, gives the trend: Br > 1> Cl > F. (iii) It is
also worth mentioning that while the signals for the protons on the substituted Cp-rings of
both fluorinated ferrocenes are unresolved doublets of doublets (can also be doublets of
pseudo-triplets) as a result of the strong coupling between hydrogen and fluorine (figure 4.13
and 4.15a), other halogenated ferrocenes give the characteristic pseudo-triplets (example of

the "H NMR of fcBr; is shown in figure 4.16).

Compound Ei2 Cp-H (s) p-H o-H
(V vs. [FeCp:|'/FeCp;)  (ppm) (ppm) (ppm)
Fel 0.155 4.19 4.15 4.41
FceBr 0.167 423 4.10 4.42
FcCl 0.160 4.24 4.05 4.39
FcF 0.131 4.26 3.79 (dd) 4.30 (dd)
fel, 0.287 - 4.18 4.37
fcBr, 0.319 - 4.17 4.43
feCl, 0.312 - 4.13 4.41
fcF, 0.233 - 3.92 (dd) 4.40 (dd)

Table 4.4. Half-wave potentials (10 mM in MeCN with 0.1 M TBAP, rt) and '"H NMR
spectral data of FcX and fcX, (X =1, Br, CL, F), where Cp-H is the proton attached to the
unsubstituted Cp-ring”

Apart from these analyses, the difficulties in the storage of FcBr was also noticed. The
decomposition of a fresh pure sample was observed even after overnight storage under an N,
atmosphere in the freezer, with the container completely shielded from light. This is quite
unusual, as other halogenated ferrocenes are fairly air- and moisture-stable. The reason for

this phenomenon is still unclear.

v (a) Oxidative purification of FcBr, Fcl, fcBr, and fcl, has been published (reference 33). (b)
Experimental detals for FcCl, FcF, fcCl, and fcF, can be found in chapter 7 Experimental.
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Figure 4.15. "H NMR (CDCl;, 298 K, 400 MHz) spectrum of fcBr,

4.3. Synthesis of Ferrocenyl-incorporated Diimines

The iron and cobalt complexes bearing the same pincer ligand shown in figure 4.17 were
previously synthesized in our laboratory.** These complexes were found to be catalytically
reactive towards ethylene polymerization, and undergo ligand-based oxidation, which leads to
their ferrocenylium versions. It was considered that stronger electronic effects could be
induced on the metal centre upon ligand-based oxidation if the ferrocenyl redox moieties

were directly attached to the chelating N atoms.

= |
| Y i
ipr N—M—N Pr
ca’
ipy ipr
Fc Fc

Figure 4.17. The redox-active cobalt and iron catalysts for ethylene polymerization**

(Fc = ferrocenyl group)
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As has been mentioned in chapter 3 that the condensation reactions of FcNH, and
aldehydes offer a useful tool for the syntheses of ferrocenyl-incorporated imine compounds,
an analogue (4.1) of the pincer ligand shown in figure 4.17 was prepared via the reaction of
FcNH,; and 2,6-pyridinedicarbaldehyde (figure 4.18). A red/purple product was obtained in a
95 % yield. The formation of 4.1 was confirmed by the 'H NMR and C NMR (figure 4.20)

spectra of the product, as well as mass spectrometric and elemental analyses.

X
NH
Fe

@ n-hexane, 50 °C, 3 hrs

Figure 4.18. Scheme of the preparation of 4.1

The cyclic voltammogram of 4.1 (figure 4.19) shows two consecutive reversible redox
processes with their Epl/ 2 at-0.269 V and 0.173 V (vs. [FeCp,]'/FeCp,), which are assigned to

the two conjugated ferrocenyl moieties in 4.1.
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— 100 mV/s
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Figure 4.19. Cyclic voltammogram of 4.1 (30 mM in DCM with 0.1 M TBAP, rt) at different

scan rates
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Figure 4.20. "H NMR (CDCl;, 298 K, 400 MHz) and "*C NMR (CDCl;, 298 K, 100 MHz)

spectra of 4.1
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As this new ligand has been both structurally and electrochemically characterized, the
synthesis of 4.1-containing transition metal complexes were then carried out (figure 4.21).
However, the complexation of 4.1 was found to be complicated. Using the same metal
sources and the same reaction conditions for the synthesis of the cobalt complex shown in
figure 4.17,* a paramagnetic compound was obtained from the reaction of 4.1 and CoCl,
according to the '"H NMR spectrum of the crude product which gave broad signals. This is
consistent with the dark blue colour of this product, which is the characteristic colour of the
ferrocenium salts, suggesting the ferrocenyl moieties in 4.1 or a 4.1-containing complex have
been oxidized to their ferrocenylium versions. These observations are quite similar with the

complexation of 3.4 to palladium as discussed in chapter 3.

4.1

Figure 4.21. Scheme of the unsuccessful complexation of 4.1 to cobalt (M = Co) or

iron (M = Fe)

The reactions of 4.1 and FeCl, also afforded similar dark blue paramagnetic products.
The '"H NMR spectra of the crude products obtained from the complexation reaction of 4.1, as
well as the results from their mass and elemental analyses cannot be rationalized. The cause

of the oxidation occurred during the reaction is still unclear.

< \H, OVO\/O H\(@\(H
Fe - <N N—~—x

@ n-hexane, 75 °C, 5 hrs Fe s Fe
2 S

Figure 4.22. Scheme of the synthesis of 4.2%

The synthesis of 4.2 as an analogue of 4.1 was carried out since 4.2 has two
coordination sites and is thus a suitable ligand for a Pd(II) cornplex.45 It was observed that the

reaction of FcNH, and isophthalaldehyde (figure 4.22) required a higher temperature and
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longer time (75 °C and 5 hours) than that for the preparation of 4.1 (55 °C and 3 hours),
suggesting a higher activity of 2,6-pyridinedicarbaldehyde than isophthalaldehyde towards
the reaction of FcNH,.

The condensation reaction of a primary amine and an aldehyde can be described as the
nucleophilic addition of the primary amine to the carbonyl group followed by the transfer of
one of the protons from nitrogen to oxygen and subsequent elimination of water.* Therefore,
for the reactions of the same primary amine, aldehydes with more electron-deficient acyl
carbon atoms are preferred as they are more reactive towards nucleophilic addition. This
explains the higher reactivity of 2,6-pyridinedicarbaldehyde than isophthalaldehyde, as the
electron density on the acyl carbon atoms in 2,6-pyridinedicarbaldehyde are lower due to the

negative inductive effect of the N atom on the pyridine ring.

4.2
< & 3\."\: 2 He 3 3&
Hf:
Hd H
Hb\qN He N—©
Fe Ha Fe
s S
Hd He Hf Hg Ha Hb | Hc
i T |
T T T T T TCX;F

90 88 86 84 82 80 78 76 74 72 70 68 66 64 62 60 58 56 54 52 50 48 46 44 42 40
ppm

Figure 4.23. "H NMR (CDCl;, 298 K, 400 MHz) spectrum of 4.2

The formation of 4.2 was confirmed by the 'H NMR (spectrum shown in figure

4.23) and *C NMR spectra, mass spectrum and elemental analysis of the red product, which

was obtained in a 92 % yield. The cyclic voltammogram of this diimine ligand is given in

figure 4.24, where two reversible redox processes with the E,"* of 0.093 V and 0.865 V (vs.
[FeCp,]'/FeCp,) were found, indicating quite a different redox behaviour from 4.1.

The complexation of 4.2 to palladium was found to be complicated. While the elemental

analysis of the dark purple product obtained from the reaction shown in figure 4.25 indicated

the formation of 4.3, the "H NMR spectrum of 4.3 in CDCl; suggested the decomposition of
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4.3 into 4.2 and other unidentified species. In order to rule out the possibility that 4.3 is air-
sensitive in solution, the NMR sample was also prepared in a N, atmosphere. Nonetheless, a
very similar spectrum was obtained. Results from mass spectrometry also indicated the

decomposition of 4.3.
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Figure. 4.24. Cyclic voltammogram of 4.2 (50 mM in DCM with 0.1 M TBAP, rt, 100 mV/s)

Therefore, it is considered that 4.3 might decompose in solution, giving 4.2 as the
decomposition product. However, the cyclic voltammogram of 4.3 (50 mM in DCM with 0.1
M TBAP, rt) show no redox process, suggesting different species from 4.2 in this investigated
solution. Furthermore, after removal of the solvent from the NMR sample of 4.3, the same
dark purple product was obtained. This was washed with n-hexane to extract 4.2, and the
solvent was removed from this colourless n-hexane layer before CDCl; was added. However,
no product was obtained according to the 'H NMR spectrum of this CDCl; layer. This
indicated that no actual decomposition of 4.3 had occurred, although the 'H NMR spectrum

of 4.3 lead to an opposite conclusion.

H H
Pd(CH;CN),Cl, \ |
@—N N—c )
DCM, tt, 3 hrs ~.
Fe /Pd\ Fe
@ c o @
4.3

Figure 4.25. Scheme of the complexation of 4.2 to palladium
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While the instability of 4.3 in solution is difficult to explain, it was considered that the
atomic radius of the palladium atom might be too small for effective binding with 4.2.
Therefore, another metal of square planar molecular geometry of a larger size than palladium,

platinum, was used to complex with 4.2.

H,
oS "
N Cl \ |
4.2
DCM, rt, 3 hrs \ /

Fe

<

Fe /Pt\
Cl Cl

<

Figure 4.26. Complexation of 4.2 to platinum

A black slurry was obtained from the reaction shown in figure 4.26, which was found
insoluble in common organic solvents including DMSO, THF, DCM. As a consequence, a 'H
NMR spectrum with noticeable signals cannot be obtained. The binding of 4.2 with platinum
was not suggested by mass spectrometry as only the signal for 4.2 found in the mass spectrum
of the complexation product. This crude product was then washed 3 times with THF and
DCM to remove possible contaminants, and sent for elemental analysis. Anal. Calcd. for
CysH24ClFe,NoPt: C 43.87, H 3.16, N 3.66. Found: C 40.61, H 2.85, N 1.26. While the
experimental carbon percentage is found to be more than 3 % away from the calculated
values, significant decreases in the percentage of all the examined atoms were noticed when
these found values were compared with those from the analysis of 4.2 (Anal. Calcd. for
CysHasFerNsy, C 67.22, H 4.84, N 5.60). This suggested the complexation of 4.2 to a platinum

centre, although the product cannot be further purified due to its poor solubility.

H
3 4 4 5
Fc—N» 5 H \3 6/ H
\ 1 6PA N2 7
Pd/ I'2 ) \1 / \F
Cl/ \ Fc /Pd C
Cl ci Cl
4.3 3.6 4.4

Figure 4.27. Structures of complexes 4.3, 3.6 and the proposed structure of 4.4

138



Chapter 4

As the complexation of 4.2 to platinum was also found complicated, the ligand, rather
than the metal, was considered as the main cause of the instability of 4.3 in solution. As it can
be seen from figure 4.25, an 8-membered ring is formed by the palladium and other atoms on
the ligand backbone (figure 4.27). For the palladium complexes bearing the ferrocenyl N-P
ligands reported in chapter 3, which are stable in solution, 6-membered rings are given (3.6 is
given in figure 4.27 as an example). It was thought that the 6-membered ring structure of 3.6
might be more stable than the 8-membered ring structure of 4.3, which can explain the higher
stability of 3.6 in solution. Therefore, the 7-membered ring analogue of 4.3 (4.4 in figure 4.27)

was considered as a possible stable palladium complex, and the synthesis of the ligand in 4.4

was carried out (figure 4.28).
o~

©_NH2 O\

Fe 4.4

@ n-hexane, 85 °C

Figure 4.28. Scheme of the unsuccessful synthesis of 4.4

It was observed that the condensation reaction of FcNH, and phthaldialdehyde required a
higher temperature of 85 °C than the reaction of FcNH, and isophthalaldehyde (figure 4.22),
suggesting the steric hindrance of the two ortho-related carbonyl groups in phthaldialdehyde

(figure 4.28).
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Figure 4.29. "H NMR (CDCl;, 298 K, 400 MHz) spectrum of the product obtained from the
reaction shown in figure 4.28
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However, the 'H NMR spectrum of the crude product obtained (figure 4.29) from the
reaction suggested the formation of a hemiaminal compound 4.5, rather than 4.4. Although
this dark yellow slurry could not be dried properly and thus was not a good sample for
elemental analysis, the electrospray spectrum of this crude product also suggested the
formation of 4.5. According to the mechanism of the amine carbonyl condensation
reactions,’® 4.5 undergoes elimination of water to give 4.4. Therefore, drying agents,
including Na,SO, and molecular sieves, and Dean-Stark apparatus were used to drive the
reversible reaction shown in figure 4.28 towards the formation of 4.4. However, 4.5 was
again obtained, even when this reaction was carried out in toluene at 110 °C.

Efforts were not continued as this compound cannot be isolated properly, and the
synthesis of another type of ferrocene-based diimine ligands, N,N’-substitued ferrocene-1,1’-

diyl ligands, was carried out.
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4.4. Synthesis of Ferrocen-1,1’-diyl-containing Diimines
4.4.1. Synthesis of 1,1’-bis(amino)ferrocene

The preparation of the starting material for the synthesis of N,N’-substituted ferrocen-
1,1°-diyl compounds, fc(NH,),, was carried out via the reduction of 1,1’-diazidoferrocene
(fe(N3),).">*" Extreme care was taken when handling solid fc(Nj3),, since it has been reported
to be air- and light-sensitive at ambient temperature, and explosive when heated rapidly above
56 °C. Indeed, it was observed that solid fc(N3), (obtained from reaction shown in figure 4.5)
underwent slow degradation at room temperature even when it was stored under a N,
atmosphere and shielded from the light."> However, it was found that the solution of 0.1 M
fc(N3), in Et,O stored under a N, atmosphere could be kept in the freezer for a month with
little degradation (observed as a dark precipitate). It was also discovered that the more dilute
the solution, the more stable is fc(Ns), in this solution. Therefore, fc(Ns), synthesized in this
work was diluted into a 0.05 M Et,0 solution, and then kept in the freezer under an N,

atmosphere.

H,, Pd/C, MeOH/Et,0, rt, 5 hrs
N or (a) LiAlH4, Et,0, 1t, 2 hrs .(b) H,0
©_ 3 or (a) HLiBEt5;, n-hexane, 30 mins (b) H,O ©_NH2
Fe Fe

et &,

Figure 4.30. Scheme of the synthesis of fc(NH,),

The reduction of fc(Ns), was then carried out to obtain fc(NH,),, and the catalytic
reduction of fc(N3), reported by Arnold et al., which involves the hydrogenation of fc(Nj3),
catalyzed by Pd/C (5 % palladium) under atmospheric pressure of H, at room temperature,
was repeated (figure 4.30, route (i))." However, fc(N3), was observed to be inactive, even
when the temperature was raised to 40 °C (a higher temperature was not used as it could lead
to the decomposition of fc(N3),). Pd/C with a larger percentage of palladium (10 %) and a
high pressure of H, (4 bar) was also used, but still, none of the fc(N3), was converted.

Therefore, the reduction using LiAIH,, which was proposed by Nesmeyanov et al.,*” was
then carried out (figure 4.30, route (ii)). After two hours, the reaction mixture was quenched
with H,0 and examined by "H NMR spectroscopy. It was found that only 30 % of fc(Ns), was
converted to fc(NH,),. A longer reaction time of 5 hours and a higher reaction temperature of
40 °C did not afforded a better yield of this reaction, and 50 °C led to decomposition products
rather than fc(NH,),. Consequently, a more reactive reducing agent was required for a more

efficient reduction of fc(Ns), at room temperature. After a few trials for the reduction of
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fc(N3), using various hydride reagents, the super-hydride (HLiBEt;) was found to be an
highly efficient reducing agent for fc(N3),. Immediate colour change from orange to red was
observed when the super-hydride was introduced to the n-hexane solution of fc(Ns),. The
resulting reaction mixture was quenched by H,O after being stirred for 30 mins at room
temperature, and the organic phase was dried under an N, atmosphere. Pure fc(NH,), was
obtained after the removal of n-hexane from the solution. For this particular reaction, n-
hexane was found to be a better solvent than Et,O, which often led to the formation of by-
products rather than fc(NH,),. The lower miscibility of n-hexane®® was considered as the
reason for the cleaner reaction it afforded. During the reduction of fc(N3), each azide group
received the first proton from the hydride, and the other proton from the water added.* Side
reactions might occur in the aqueous phase and generate by-products, and thus a solvent that

is less miscible with H,O is preferred.

4.4.2. Synthesis of bis-bidentate diimine ligands

The synthesis of the N,N’-substituted ferrocen-1,1’-diyl ligand 4.6 was performed
(figure 4.31), as the symmetric analogue of 3.1 (figure 3.4). Using similar reaction conditions
for the preparation of 3.1,* 4.6 was obtained as purple solid in a 77 % yield after purification

via silica column chromatography using Et,O as the eluent.

0 Ph,P
" /
=\, oy, TN

Fe Fe Ph,P
n-hexane, 70 °C, 5 hrs
N, @—N\

4.6

Figure 4.31. Scheme of the synthesis of 4.6"

The 'H NMR spectrum of 4.6, which confirmed the symmetric structure of this ligand,
was given in figure 4.32a. The 31P{IH} NMR spectrum of 4.6 (figure 4.32b) gives a singlet at
-13.7 ppm. Mass and elemental analyses also suggested the formation of 4.6. For complete
characterization, the °C NMR spectrum (figure 4.33) was also obtained, where the signals for

the various carbon environments in this compound are assigned (table 4.5).

Vi Figure 4.31 adapted from reference 45.
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Figure 4.32. (a) 'H NMR (CDCl, 298 K, 400 MHz) and (b) >'P{'H} NMR (CDCls, 298 K,

162 MHz) spectra of 4.6
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Carbon environment Chemical shift (ppm)
Ferrocenyl a/b/c/ 64.5/69.7/105.3
Imine d 156.8

Aromatic 1~6

140.0/137.4/133.6/129.0 / 130.2/127.6

Aromatic 7~10

137.0/128.8/134.3/134.1

Table 4.5. The >C NMR (CDCl;, 298 K, 100 MHz) spectral data for ligand 4.6
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Figure 4.33. °C NMR (CDCls, 298 K, 100 MHz) spectrum of 4.6
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Figure 4.34. Cyclic voltammograms of 3.1 (structure shown on the left side) and 4.6

(10 mM in THF with 0.1 M TBAP, rt, scan rate = 30 mV/s)

Electrochemical characterization of 4.6 was also carried out, and the redox behaviour of

this ligand was found to be different from its asymmetric analogue 3.1 (figure 4.34). From the

data in table 4.6, it can be seen that the oxidation/reduction potentials of 4.6 are higher than

those of 3.1. This can be easily understood as one more electron-withdrawing imine group is

attached to the ferrocene moiety in 4.6 than 3.1. Also, a larger AE, value was given by 3.1,

suggesting that when the potential on the electrode increased, electrons on the unsubstituted

Cp-ring in 3.1 shifted to the iron centre and thus resulted in a slower redox process.

Ligand 0X red AE,
3.1 0.289 -0.135 0.426
4.6 0.334 0.070 0.265

Table 4.6. Oxidation and reduction potentials (vs. [FeCp,] /FeCp,) of 3.1 and 4.6
(10 mM in THF with 0.1 M TBAP, rt, scan rate = 30mV/s)

As the bis-bidentate ligand 4.6 had been synthesized and purified, its complexation to

palladium was carried out to obtain the complexes shown in figure 4.35 as the desired product.

However, similar with the complexation of 3.4 to palladium or 4.1 to iron/cobalt/nickel, the

colour of the reaction mixture quickly turned to dark blue upon the addition of palladium to
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the DCM solution of the ligand. The '"H NMR spectrum of the dark blue crude product gave
only one broad peak at 3.77 ppm, suggesting the paramagnetic nature of the compound(s).
While this signal can be assigned to the protons on the Cp-ring of a ferrocen-1,1’-diylium
species, no resonance given by the aryl protons was observed. In addition, the product
obtained was found to be quite soluble in CDCls, which is quite different from the solubility
of 3.6 (figure 4.36). Furthermore, the *'P{'H} NMR spectrum of this crude product gave a
broad peak at 38.1 ppm, indicating a more deshielded electronic environment for the
phosphorus atom than 4.6 (-13.7 ppm). No evidence for the complexation of 4.6 to palladium

from mass spectrometry was found.

4
N
Pd(CH3CN)2C12 c ©_

4.6 pth/Pd Fe

\
DCM, tt, 5 hrs :/< —@ al

Figure 4.35. Scheme of the unsuccessful complexation of 4.6 to palladium

/PPh2

These facts indicated that (i) the complexation of 4.6 to palladium was unsuccessful, (ii)
the ferrocen-1,1’-diyl moieties in 4.6 was oxidized during the reaction, (iii) decomposition of
4.6 might have occurred, which could be caused by its oxidation. Due to time constraints, no
further complexation studies of this ligand could be carried out. As the species that was
responsible for the oxidation observed in the reactions shown in figure 4.21 and 4.35 has not
been identified, investigations on these complexation reactions form an important part of the

future work.

©—N/

e\ PP,

a1\
(> cl
Figure 4.36. Structure of 3.6, the mono-analogue of the desired product of the reaction shown

in figure 4.35
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4.5. Conclusion

Some ferrocenyl or ferrocen-1,1’-dyl-incorporated diimines (4.1, 4.2, 4,6)/diamine (4.5)
have been synthesized and characterized. The complexation of these diimine compounds to
transition metals was found to be complicated. While the instability of the palladium complex
of 4.2 in solution was observed, the complexation of 4.1 to nickel/cobalt/iron and that of 4.6
to palladium were unsuccessful. In the latter cases, oxidation of the ferrocenyl or ferrocen-
1,1°-diyl species were observed, and the paramagnetic products obtained cannot be identified
as their 'H NMR and mass spectra cannot be rationalized.

On the other hand, the synthesis of the whole series of mono- and 1,1’-dihaloferrocenes
(X=F, CI, Br, I) has been successfully carried out. An advanced separation method based on
the different oxidation potentials of the species in a mixture, which is named ‘oxidative
purification’, has been successfully applied in the isolation of the halogenated ferrocenes
synthesized. It was found to be, so far, the most straightforward approach for obtaining pure

mono- and 1,1°-di- haloferrocenes in large quantities.
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Chapter 5

5.1. Introduction

The previous chapters have focused on redox control of palladium complexes with
ferrocene-based ligands for carbonylation processes. Palladium complexes have also found
widespread application as efficient catalysts in cross-coupling reactions in general, which
play an important role, not only in academic research, but also in billions of pounds of
industrial production.l'7 Heck, Negishi, and Suzuki, who have made significant achievements
in the well-defined strategies for the development Pd(I1)/Pd(0) catalysts in a variety of cross-
coupling processes, were awarded with 2010 Nobel Prize in Chemistry for their contributions
in synthetic organic and organometallic chemistry.

In a research study on the synthesis and catalytic applications of palladium ferrocene-
based P,C,P Pincer complexes, it has been reported that for the redox partners shown in figure
5.1, the oxidized complex (A-0x) was observed to offer higher yields for the Suzuki-Miyaura
cross-coupling reactions of aryl halide (X = Br, I) and phenylboronic acid shown in figure 5.1
than its non-oxidized version (A).* The electronic aspect of the reason behind these findings
was not discussed, as this better catalytic performance by A-ox can also be seen as a solvent
effect. The reactions catalyzed by the oxidized complex were carried out in 1,4-dioxane,
which is capable of solvating many inorganic compounds including the base used (K,CO3),
while those A-red-catalyzed reactions were carried out in toluene. Consequently it is possible
that the reason why reactions carried in 1,4-dioxane are more active than those in toluene is
because solvent molecules of 1,4-dioxane can better stabilize the palladium intermediates
involved in the catalytic cycle of these processes, and thus drive the reactions towards the

formation of the product.

PtBuz PtBuz
Fe P'Buy (IIT) Fe bRy, |[OTf]
A A-ox
S B(OH), 110 °C, K,CO;
| . .
R—— . )
I (i) red, toluene Y
= (i) ox, 1 ,4-dioxane \ 'R

Figure 5.1. Scheme of the cross-coupling reactions catalyzed by A/A-ox'

" Figure 5.1 adapted from reference 8.
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However, in spite of this difference in the reaction conditions, it can still be noticed that
the electronic change of the ferrocenyl moiety might lead to a different catalytic activity of
the palladium centre towards the Suzuki-Miyaura cross-coupling reactions. Therefore, it is of
interest to investigate the impact of ligand-based oxidation brought about by palladium redox
switches on Suzuki-Miyaura cross-coupling processes for a better insight into the electronic
effects in such reactions.

The square-planar rthodium centre has also received great interest in terms of its catalytic
activities towards hydrogenation/hydroformylation processes.”'* A pioneering demonstration
of modifying the reactivity of a rhodium centre via incorporation of a redox active
functionality within a ligand framework was described by Wrighton et al." It was found that
the hydrogenation of cyclohexene catalyzed by B is approximately 16-fold faster than B-ox
(figure 5.2). This drop in catalytic reactivity of the rhodium centre through ligand-based
oxidation was indeed rationalized in electronic terms, as the more electron-rich metal centre is
believed to promote the oxidative addition of H,, which is often the rate-determining step in

such processes.

— PP * =y PPhy 2
\ : \
Co RhS, —_— Co (I1I) /RhSn

>t ol —im,

B 5=0 i B-ox

Figure 5.2. Rhodium-based redox switches bearing a cobaltocene-1,1-diyl/-ium ligand

Nonetheless, although the ferrocene-based analogues of complex B (figure 5.3) have

: 14, 15
been synthesized, ™

their electrochemical and catalytic properties have not yet been
reported. Therefore, the synthesis of redox-active rhodium complexes bearing ferrocenyl or
ferrocen-1,1’-diyl ligands was also carried out in this project, which will be discussed in this
chapter, along with the catalytic behaviour of these complexes towards the hydrogenation

reactions of styrene.

S PPh, e Pfh

Fe /Rh(COD) [cio,] Fe /Rh(NBD) [cio,]
G —rih, (S —rhh,
[Rh(dppf)(COD)][ClO4] [Rh(dppf)(NBD)][ClO4]

Figure 5.3. Ferrocen-1,1’diyl analogues of complex B
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5.2. Synthesis of 1,1’-bis(Methylthio)ferrocene-containing Complexes

In previous chapters, redox active ligands obtained from modifications of ferrocenes by
phosphines or N-donors, and the utilization of the transition metal complexes bearing these
ligands in redox controlled catalytic processes has been discussed. Aside from group 15 atom
functionalized ferrocenes, ferrocene derivatives with cyclopentadienyl moieties containing

group 16 donor heteroatoms have also been investigated in this project.

5.2.1. Synthesis of methylchloropalladium complexes

The utilization of bidentate symmetric ferrocene-1,1’-diyl ligands was first considered
because these typs of compounds possess both a large ligand bite angle, which is favoured by
palladium-catalyzed cross-coupling reactions'®, and a redox property. While there is a distinct
lack of knowledge in the area of transition metal chelates bearing ferrocene-based [O,0]
ligands,'” one good example of the limited applications of symmetric ferrocen-1,1°-diyl [S,S]
ligands in catalysis was the synthesis of the titanium and zirconium complexes, which are
catalytically active towards ethylene polymerization, with the dianionic thiolate ligand shown

in figure 5.4."
©_S\ ~NMe,
Fe M
Q@ v

Figure 5.4. Structure of ethylene polymerization catalysts bearing a ferrocene-[S,S] ligand

(M =Ti, Zr)

Furthermore, electrochemical characterization of the dichloropalladium complexes with
ligands of the type Fe(CsH4SR), (S = Me, Ph, 'Bu) suggests that these compounds undergo

'™).'* Therefore, the preparation

ligand-based one-electron reversible redox processes (Fe'-Fe
and chemical oxidation of dichloropalladium 1,1’-bis(methylthio)ferrocene, [Pd(bmsf)Cl,],

was first carried out adopting a literature procedure (figure 5.5).

S—y SMe SMe

Pd(COD)Cl,, tt, 3 hrs N
Fe > Fe Pd

MeCN or DCM or toluene / N
L —sMe S—sve @

Figure 5.5. Scheme of the preparation of Pd(bmsf)Cl,

The brown product that readily precipitated from the reaction mixture in MeCN was

collected, but found to be quite insoluble. While most organic solvents could not dissolve the
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product, a DMSO-ds or DCM-d, solution of the product could offer 'H NMR spectra with
weak signals. As this was not mentioned in related publications, it was thought that there
might be a solvent effect as the previous synthesis of [Pd(bmsf)Cl,] was carried out in
benzene.'’ Consequently, other solvents such as toluene and DCM were used for the same
reaction. However, products of the same poor solubilities were obtained, and the redox
property of the complex could not be characterized electrochemically as the concentration of
the solution with electrolyte was too small. Further experiments also show that the complex is
also not active towards the oxidation via ferrocenium salts ([FeCp,][PF¢]/[FeCp,][BF4]) as
such a reaction favours a homogeneous environment. As a consequence, it was important to
improve the solubility of the complex so that it could be used as a homogeneous catalyst, and
the substitution of one of the chlorides on the palladium centre by an alkyl group was
considered to be an efficient way to increase the solubility of the compound as the polarity of
the complex reduced upon the replacement of an electron-withdrawing substituent by a
moderate electron-donating ligand.

Since it is easier to modify the palladium centre before the chelating ligand is involved,
the preparation of the alkylchloride palladium complex from [Pd(COD)Cl,] was carried out
via the substitution reaction towards [Pd(COD)MeCl]. After a few trials following the
literature procedurezo, [Pd(COD)MeCl] was obtained from the reaction of [Pd(COD)CIl,] and
SnMe;, as a light grey solid.

SMe e
— - L= ™

Fe n ~ Toluene Pd

Pd\ - Fe Yy, .
rt,3 h
S LS a mim T

Figure 5.6. Scheme of the synthesis of [Pd(bmsf)MeCl] (5.1)

The synthesis of methylchloropalladium 1,1’-bis(methylthio)ferrocene ([Pd(bmsf)MeCl],
5.1) was successfully carried out via a similar approach towards [Pd(bmsf)CL,] (figure 5.6)
and a yellow product was obtained in a yield of 81 %. The 'H NMR spectrum of this complex
is shown in figure 5.7, with all the signals assigned. The formation of the Me-Pd bond is also
confirmed by mass spectrometry, which gave the peak attributable to [Pd(bmsf)Me]" in the
electrospray spectrum. Results from the elemental analysis show good agreement with the
calculated valuse. For a better comparison of the S- and P-substituted ferrocene-1,1’-diyl
ligand, the phosphine analogue of 5.1, [Pd(dppf)MeCl] (5.2), was also prepared adopting

literature methods.”!
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5.1

AN AR 79 i
RGNS
Hb : S/ Hd
N \Pd _CH; (Hd)
Fe
S/ \Cl
Hb' \
o CH; (Hc') (H,0)
Hc’/He

a Hb}/Hb
23 %’

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
74 72 70 6.8 6.6 6.4 6.2 6.0 58 56 54 52 50 48 46 44 42 40 38 36 34 32 3.0 28 26 24 22 20 18 16 14 1.2 1.0
ppm

1.641
1.581
1.601

Figure 5.7. '"H NMR (CDCls, 298 K, 400 MHz) spectrum of [Pd(bmsf)MeCl]

5.2.2. Synthesis of rhodium complexes bearing fc[P, P] and fc[S, S| ligands

Rhodium complexes bearing phosphine ligands have proved to be a useful tool for
highly efficient hydroformylation and hydrogenation reactions.”'> However, the reactivities
of rhodium catalysts containing thio-based chelating ligands have not been well studied.
Therefore, the synthesis of the catalyst precursor [Rh(bmsf)(COD)][PF¢] (5.3) was carried out

using an adopted literature method (figure 5.8).%

M SMe
N SMe KPF,, [Rh(COD)Cl], \Rh[ | PF |
- Fe 6

Fe

S —swe H,0, DCM, tt, 5 hrs @s h{e \/L

Figure 5.8. Scheme of the synthesis of 5.3

An aqueous solution of KPF¢ was added to the DCM solution of [Rh(COD)CI], to
remove the chloride ligand. This was followed by addition of one equivalent of bmsf ligand in
DCM, and the product was obtained after the separation of the organic layer and subsequent
removal of the solvent. A brown solid was collected with a yield of 96 %. In its *'P-
{'"HYNMR spectrum, the multiplets for the counter anion of [PF,]” were found at around -135

ppm. The 'H NMR spectrum of 5.3 is shown in figure 5.9.

156



Chapter 5

53
T3 3 § 9
I:{a
Hb :
T NE—y—SCH; (He)
AN [
Fe Riy ’PF6]
/ 72
©_SCH3 / ¢
Hd H
ar
Ha Hb Hc He Hc Hf
_J | M MU/L“_
QARG LY

714 712 710 618 616 614 612 610 518 516 514 512 510 418 pgr‘r? 414 412 410 318 3‘.6 314 3‘.2 310 2‘.8 216 2‘.4 212 2‘.0 118
Figure 5.9. "H NMR (CDCl;, 298 K, 400 MHz) spectrum of 5.3

It can be seen that although the peaks in the 'H NMR spectrum of 5.3 obtained at room
temperature can be identified, these signals are weak due to the low solubility of 5.3 in CDCl;.
It was later found that the intensity of the signals given by '"H NMR spectroscopy increases as
the temperature, where the spectra were taken, decreases (to 248 K and 223 K). These results
suggest that the fluxionality of the Cp-rings and the COD ligand in the molecule is also
responsible for the low intensity of the signals in the '"H NMR spectrum of 5.3 at 298 K.

Elemental analysis of 5.3 also gives good results, while only the signals for the ligand
[bmsf]” (278 a. m. u.) and the fragment of [Rh(bmsf)]" (381 a. m. u.) can be found in the mass
spectrum of the complex, which might be a result of the weak binding between the rhodium
centre and the COD ligand.

Again, for comparison of the [S,S] and [P,P] functionalized ferrocene ligands, the
phosphine analogue of 5.3, [Rh(dppf)(COD)][PFs] (5.4), was also prepared using a similar
procedure.”’ The formation of this compound was confirmed by its '"H NMR spectrum which
is similar to that of [Rh(dppf)(COD)][ClO4]."” The *'P{'H} NMR spectrum of 5.4 gives a
doublet at 22.4 ppm for the phosphine group, and multiplets at around -145 ppm for the anion
of [PFs]". Experimental values obtained from elemental analysis show good consistency with

the calculated values.

157



Chapter 5

5.3. Studies on the Redox Properties of Complexes

The redox behaviour of 5.2 (figure 5.10) was first investigated via cyclic voltammetry
because its dichloro- analogue 2.1 has been mentioned in chapter 2 to undergo ligand-based
reversible one-electron oxidation (figure 5.11). Nonetheless, the cyclic voltammogram of 5.2
indicates the irreversible oxidation of this complex, which involves two oxidation processes
with a 2 : 1 ratio of the number of electrons involved. The proposed redox behaviour of 5.2 is
demonstrated in figure 5.11 after further electrochemical analyses: as the potential on the
working electrode increased, the Pd(II) centre in 5.2 was first oxidized to Pd(IV), followed by

the oxidation of the ferrocen-1,1’-diyl moiety, which lead to decomposition of the complex.

6.0x107
5.0x107

4.0x107 1

L(A)

3.0x107
2.0x107 1
1.0x107

0.0 _

-1.0x107

T T T T T T T T
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0
E (V vs. [FeCp,] /FeCp,)

Figure 5.10. Cyclic voltammogram of 5.2 (50 mM in THF with 0.1 M TBAP, rt, 500 mV/s)

Analysis of the crude product obtained from the reaction of 5.2 and [FeCp,][PFs]
confirmed the instability of 5.2 towards oxidation. The '"H NMR spectrum of this product
suggests its paramagnetic nature by giving broad signals, and the *'P{'H} NMR spectrum
shows four resonances at 22.5 ppm, 34.9 ppm, 35.4 ppm and 38.4 ppm, none of which can be
assigned to 5.1 (38.0 ppm and 11.9 ppm) or the dppf ligand (-17.3 ppm). It was interesting to
see that the change of a non-chelating substituent on the palladium centre of 2.1 could cause

such a difference on its redox property.
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- . _e'
Fe /Pd< l» Fe Pd(IV) ——>  Fe(lll) /Pd av)
S —rbn, Y {2 —rhh, { > —rhh,
5.2 (decompose)
@-% Me o @-% Me , @ﬂb{e
- Y e
Fe /Pd< —— reap p( e e RV
S —sme  © L —sme  © S —she
5.1 (decompose)

Figure 5.11. Scheme of the redox behaviour of 2.1, and that proposed for 5.1 and 5.2

The redox behaviour of 5.1 was found similar to that of 5.2. The cyclic voltammetry of
5.1 indicated the irreversible oxidation of this complex. However, as suggested by the
differential pulse voltammogram of 5.1 (figure 5.12) it was the one-electron oxidation on the

iron centre preceding the two-electron oxidation on palladium (figure 5.11).

7.0x10° -
6.0x10"° -
5.0x10"° -

4.0x10°

L(A)

3.0x10° -
2.0x10° -

1.0x10° 1

0.0 A

-1.0x10" T T T T T T T T T T T T 1
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

E (V)

Figure 5.12. Differential pulse voltammogram of 5.1

(10 mM in THF with 0.1 M TBAP, rt, 500 mV/s)
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The electrochemical behaviour of 5.3 was then studied. As suggested by figure 5.13a,

this rhodium complex undergoes irreversible oxidation processes. Nevertheless, when the

applied potential was set between -1.0 V ~ 0.6 V (vs. [FeCp,]/FeCp,) to focus on the first

oxidation peak, a reversible redox process was indicated (figure 5.13b).

1.2x10° ]
1.0x10°°
8.0x10”
6.0x10” —
4.0x10°

2.0x10”° -

L(A)

0.0 H

-2.0x107

-4.0x107

-6.0x10"

1.0x10”° 7

8.0x10™"

6.0x10™"

4.0x10™°

2.0x10™°

0.0

1(A)

-2.0x10™°

-4.0x10™°

T T T T T T T T T
-2 -1 0 1 2

E (V vs. [FeCp,]'/FeCp,)
(a)

2+
= X A

Fe(l) RN
@—s@: v

Fe Rh
st Y

-6.0x10™°
1.2

T T I T T T T T T T T T T T T T
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

E (V vs. [FeCp,] /FeCp,)

(b)

Figure 5.13. Cyclic voltammograms of 5.3 (50 mM in DCM with 0.1 M TBAP, rt, 200 mV/s)
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Therefore, the first oxidation peak in figure 5.12a was assigned to the oxidation of the
ferrocen-1,1’-diyl group in 5.3 (figure 5.12b), and the second peak was attributed to the

oxidation of the rhodium centre which causes the decomposition of the complex.

+ 2+
S PPh, PR
N oA e N A
>t W S s N 7
—1.0V
—20V
8.0x10~ —50V
6.0x10°
4.0x10°
2.0x10"
< 0.0 -
-2.0x10"°
-4.0x10°
-6.0x10"°
-8.0x10"°
T T T T 1
-0.3 0.0 0.3 0.6

E (V vs. [FeCp,] /FeCp,)

Figure 5.14. Scheme of the ligand-based reversible one-electron redox process of 5.4 and its

cyclic voltammogram (50 mM in THF with 0.1 M TBAP, rt) at different scan rates

Finally, the electrochemical behaviour of 5.4 was studied. This complex was found to
undergo the ligand-based reversible one-electron redox process shown in figure 5.14. The

voltammetric data is summarized in table 5.1.

E, ES AE, E,”

0.139 0.025 0.114 0.082

Table 5.1. Selected potentials (V vs. [FeCp,] /FeCp,) from the cyclic voltammogram of 5.4.
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As it was suggested by the cyclic voltammograms of 5.1-5.4 that the only redox-active
compound is the rhodium complex bearing the substitutionally-inert redox active dppf ligand,
5.4, the chemical oxidation of this complex was then carried out in order to study how the

catalytic activity of the rhodium centre in 5.4 can be altered by its ligand-based oxidation.

5.4

3 3 P oo
TN b g §
Iga Hc
Hb H
I f
Fe /Rh [PF6]
> —rbh /
""””Hd
Hf He
Hh
-
Ha |Hb
Hf |
L Hc Hd ' He
- A
PO AN Py
- 333 El
815 8‘.0 715 710 6‘.5 610 5‘.5 510 415 4‘.0 315 3‘.0 215 210
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Figure 5.15. "H NMR (CDCl;, 298 K, 400 MHz) spectrum of 5.4

The initial study involved the use of a DCM solution of the ferrocenium salt (1 eq. entry
1 in table 5.2), [FeCp,][PFs], however, incomplete oxidation of 5.4 was observed in this case.
The 'H NMR spectrum of the crude oxidation product shows a mixture of 5.4 and a
paramagnetic compound. The downfield shift and broadening of the group of signals at 4.25
ppm, 4.32 ppm and 4.40 ppm for the protons attached to the unsaturated carbons in 5.4 (Hb,
Ha and Hd, respectively, in figure 5.15) to 5.13 ppm, 5.30 ppm, 5.60 ppm was observed (table
5.3), which suggested the formation of a ferrocenium compound. Moreover, the *'P{'H}
NMR spectrum of the crude product of the reaction gives two signals at 22.4 ppm and 42.1
ppm, which could be assigned to 5.4 and the oxidation product, and multiplets around -150
ppm for [PFe]".

According to the results obtained, it can be seen that more than one equivalent of
[FeCp,][PFs] was required for the complete oxidation of 5.4. Nonetheless, due to the

anticipated difficulties in the separation of the oxidized complex and the excess ferrocenium
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23, 24

salt, the use of stronger oxidizing agents, instead of increasing the amount of the

ferrocenium salt, was considered for the complete oxidation of 5.4.

Entries Oxidation agent (in DCM at rt.) Result
1 [FeCp,][PF¢] (1 eq.) Incomplete oxidation
2 AgPFq (1 eq.) No oxidation
3 AgOTf (1 eq.) Decomposition
4 AgPF¢ (3 eq.) Incomplete oxidation
5 [FeCp,][PFs] (3 eq.) Complete oxidation

Table 5.2. Studies on the oxidation of 5.4 carried out using different oxidants

The silver salts have been reported to be powerful oxidants in selective chemical redox
processes of organometallic compounds since the oxidizing strength of Ag(I) varies when a
different solvent is used to dissolve the mixture substrate and the silver salt.”> ** This is
because coordinating solvent molecules can form silver complexes with silver salt(s) in
solution, which weaken the oxidizing ability of Ag(I). At room temperature, DCM offers Ag(I)
the largest oxidation potential of 0.65 V (vs. [FeCp,] /FeCp,) of commonly used solvents.”
Therefore, the DCM solution of silver hexafluorophosphate (AgPFs, entry 2) was first used to
maximize the oxidizing capability of the silver salt, and to avoid the involvement of a
different anion. However, no oxidation of 5.4 was found according to the 'H NMR and
*'P{'"H} NMR spectra of the resulting mixture, while a three-fold excess of the redox agent
only offered incomplete oxidation. It was considered that the low reactivity of AgPF¢ might
be caused by moisturizing of this highly hygroscopic compound during the weighing of it.
Therefore a less hygroscopic salt, silver triflate (AgOTT, entry 3), was used. This, however,
lead to the decomposition of 5.4. The two singlets found at -4.0 ppm and -10.0 ppm in the
*'P{'"H} NMR spectrum of the crude product suggest that the phosphines are not coordinating

to the rhodium, indicating the dissociation of the dppf ligand from the rhodium centre.

5.4 - Rh

DCM, tt, 18 hrs @_Péz /

5.4-0x

NP
[FeCp][PFe] (3 eq.) o) N S [PF ]
6

2

Figure 5.16. Chemical oxidation of 5.4 using ferrocenium salt
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Based on these results, it was found that oxidation of 5.4 with silver salts did not offer
advantages than that with ferrocenium salt. As the ferrocenium salt is unlikely to be
catalytically reactive in hydrogenation reactions, experiments using excessive [FeCp,][PFs] to
oxidized 5.4 were carried out, and it was found that 3 equivalents of the oxidant could afford
complete oxidation of 5.4 (figure 5.16). However, the excess oxidant [FeCp,][PFs] was not
separated from the mixture in this case. The selected spectral data for 5.4-ox were

summarized in table 5.3.

Complex p-hydrogens o-hydrogens C=C-H 'p{'H} NMR
5.4 4.25 (dd) 4.32 (p-t) 4.40 (bs) 22.4 (d)
5.4-0x 5.30 (b-dd) 5.60 (b-pt) 5.13 (b-m) 42.1 (d)

Table 5.3. Chemical shifts of selected signals in the '"H NMR (CDCls, 298 K, 400 MHz) and
S'P{'H} NMR (CDCl;, 298 K, 162 MHz) spectra of 5.4 and 5.4-0x

5.4. Catalytic investigations
5.4.1. Suzuki-Miyaura cross-coupling reactions

The palladium-catalyzed cross-coupling reactions between organoboronic compounds
and organic halides in the presence of activating bases (figure 5.17), also known today as
Suzuki-Miyaura cross-coupling reactions, have proven to be a powerful technique for a wide

. . . 26-30
range of selective carsebon-carbon bond formation reactions.

These relatively simple and
versatile coupling reactions can be extended to various substrates, and have found wide

application for the synthesis of pharmaceuticals and complex natural products.
1 Pd 1 2
R'—BX, + R,—Y ——> R!—R
Base
Figure 5.17. General scheme of Suzuki-Miyaura cross-coupling reactions’

(Xn =(OH),, (OR),, Ry; Y =CI, Br, I, OTY)

A general catalytic cycle for Suzuki-Miyaura cross-coupling reactions is described in

figure 5.18, which involves the following sequence of steps: (i) oxidative addition of substrate

" Figure 5.17 and 5.18 adapted from reference 36.
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to Pd(0) catalytically active species, (ii) transmetallation between Pd(II) intermediate and
organoboronic compound, and (iii) reductive elimination releasing the coupling product and
reproducing the Pd(0) species.” Although each step involves further intermediate processes
including ligand exchanges, the generation of R'-Pd(II)-R* and R*-Pd(II)-Y intermediates has

been characterized by isolation or spectroscopic analysis.*' ™

RIR2 Pd (0) RZY

Reductive Oxid'f\tive
elimination addition

R!-Pd(ID)-R? R2-Pd(IT)-Y

)

Transmetallation

YBX, R'BX,

Figure 5.18. General catalytic cycle of Suzuki-Miyaura cross-coupling reactions”

The oxidative addition step is often the rate-determining step in the catalytic cycle, and
the reductive elimination readily takes place from cis-related R'-Pd(I)-R*. The reactivity of
the latter step was found to be much higher when both R' and R* are aryl units than when the
R groups are alkyl, suggesting participation of the m-orbital of aryl groups during the R'-R*
bond formation.*® This help to explain why the usefulness of Suzuki-Miyaura cross-coupling
reactions have been well documented for the synthesis of biaryl compounds.”’

Although the mechanism of oxidative addition and reductive elimination sequences are
well understood and are presumed to be fundamental processes of general cross-coupling
reactions, less is known about the transmetallation step because the mechanism is highly

dependent on organometallic intermediates or reaction conditions.” *

It has been reported
that organoboronic compounds are quite inert towards organopalladium(Il) complexes due to
the low nucleophilicity of the boron atom.*® However, this can be improved by the interaction
of the boronic species and a negatively charged base that forms the corresponding boronate

442 1t is therefore crucial for Suzuki-Miyaura cross-coupling reactions to feature the

species.
presence of the appropriate bases, which have been reported to have a remarkable effect on
activating the organoboronic compounds to the organopalladium(Il) halides generated in the
catalytic cycle of such reactions. A large range of organic and inorganic bases can be used,

either as solutions or as suspensions in the organic solvents.**
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One of the examples of Suzuki-Miyaura cross-coupling reactions supported by the dppf
ligand is shown in figure 5.19.* These reactions of phenylboronic acid and aryl bromides
show impressive activities and selectivity. The high performance of the catalyst is attributed
to the large bite angle of the dppf ligand which increases the interaction between the organic
substituents on the diorganopalladium(Il) intermediates by forcing the R'-Pd(I)-R? angle to

. T 46-48
decrease, and thus accelerates the reductive elimination process.

[Pd,(dba)s]/ dppf
B(OH), + R Br R
K,CO;, DME

Figure 5.19. Scheme of the Suzuki-Miyaura cross-coupling reaction of phenylboronic acid

and aryl bromide (R = MeCO, H)"

In this study, the catalytic behaviour of the palladium complexes bearing symmetric
ferrocen-1,1’-diyl ligands, [Pd(bmsf)Cl,] (5.1), [Pd(dppf)Cly] (5.2), as well as the redox
switches of [Pd(dppf)Cl,] (2.1) and [Pd(dppf-Fe"")CL,][PFs] (2.1-0x), towards the cross-
coupling reaction of 4-bromotoluene (BrPhMe) and phenylboronic acid (PhB(OH),) was
investigated (figure 5.20). These reactions were carried out in THF in the presence of 2
equivalents of K;PO, for 3 hours at the different temperatures of 30 °C, 50 °C and 80 °C,
respectively. At least three experiments were carried out for each catalyst at each temperature
(n > 3), and the products obtained from these reactions were analyzed via 'H NMR
spectroscopy. The catalytic conversions from BrPhMe to the product, 4-phenyltoluene, are
summarized in figure 5.21. In order to rule out the possibilities that the differences in the
catalytic conversions offered by the four complexes are due to other factors than their
different catalytic activities, all these reactions were repeated with a shorter reaction time of 1
hour. It was found that for each reaction catalyzed by a particular complex at a certain
temperature, approximately the same conversions were given from the reactions carried out

within 1 hour and those within 3 hours.

Br B(OH),
Pd-cat (2 mol%)

K;PO,4 THF, 3 hours

Figure 5.20. Scheme of the cross-coupling reaction of BrPhMe and PhB(OH),

il

Figure 5.19 adapted from reference 45.
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It is quite obvious from the column chart that among the four catalysts investigated, 5.1
afforded the lowest yields at each temperature. Moreover, it seems that the catalytic reactivity
of this complex decreases with the increase of temperature. This is quite a different case
compared with the complexes bearing the dppf ligand, which generally offered better yields
of the reaction than 5.1, and were more catalytically reactive at 50 °C than at 30 °C. It was
also observed that for the reactions catalyzed by 5.1 at 80 °C, the reaction mixture turned
from yellow, which is the colour of 5.1 in solution, to black immediately after heating. This
colour change also occurred at 50 °C and 30 °C, but became slower as the temperature
decreased. Since the reactants are white (BrPhMe) or light yellow solid (PhB(OH),) that
readily dissolve in THF to form a clear solution and the inorganic base is a white suspension
in the mixture, the catalyst is most likely to be the reason of the colour change. Thus it was
considered that the catalytic behaviour of 5.1 might be a result of the relatively low stability
of this bmsf-containing complex. As the S atom is more electronegative and thus a weaker o-
donor than the P atom, it is possible that this binding between the bmsf ligand and the
palladium centre cleaves when the reaction temperature rises to a certain point, causing the

decomposition of 5.1.

. }QZ /Me ©_PI<2 /Cl S Ph /Cl
Fe /Pd\ Fe /Pd\ Fe (1) /Pd\ ’ PFGI Fe /Pd<
pph, ! pph, 1 - G —ppn, ¢ S—sie @
5.2 2.1 2.1-0x 5.1

100
80 M30°C
60 M50 °C
40 80 °C

20

5.2
2.1

2.1-0x

5.1

Figure 5.21. Bar chart of the catalytic conversions (%) for the reactions of BrPhMe with

PhB(OH); catalyzed by 5.1, 5.2, 2.1 and 2.1-0x (n > 3)"

IV Catalytic conversions monitored by "H NMR spectroscopy. Data summarized in Chapter 7.
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Therefore control experiments studying the stability of 5.1 were carried out to heat the
solution of 5.1 and K;PO, in THF under a nitrogen atmosphere from 25 °C, increasing with 5
°C at every 10 minutes. It was observed that the K;PO, suspended yellow solution of 5.1 in
THF became a black suspension quickly after the temperature of the mixture reached 65 °C.
The mixture was filtered at this point, and the solvent of the filtrate collected was removed.
The black solid obtained was analyzed by '"H NMR. The signals can neither be assigned to the
complex of 5.1 or the bmsf ligands. The peaks in the region between 4 ppm and 5 ppm, which
is often the chemical shift of the signals for the Cp-H of ferrocene-derivatives, indicate
compounds other than ferrocene, or mono(methylthio)ferrocene. Thereby the decomposition
of 5.1 in THF solution in the presence of K;PO4 was confirmed, and the catalytic performance
of 5.1 can therefore be explained by its instability towards the increase of temperature.

In the case of the reactions catalyzed by complexes containing the dppf ligand (5.2, 2.1,
2.1-0x), it was found that (i) complex 5.2, which is the phosphine analogue of 5.1, afforded
the highest conversions of BrPhMe overall. (ii) All these catalysts offered the best
performance at 50 °C, but became less reactive at 30 °C. However, compared with the redox
switches of 2.1 and 2.1-0x which both gave a ca. 25 % decrease in catalytic conversions when
the temperature was changed from 50 °C to 30 °C, 5.2 showed a smaller reduction in its
catalytic activity towards this temperature drop. (iii) 2.1, as well as 5.2, gave quite similar
catalytic results at 50 °C and 80 °C, while there is a decrease in the reactivity of 2.1-ox at 80
°C. (iv) the redox switches afforded similar conversions at both 30 °C and 50 °C.

The better catalytic performance of 5.2 than 2.1 was explained using the classic catalytic
cycle of Suzuki-Miyaura cross-coupling reactions shown in figure 5.18. According to this
cycle, both of the catalyst-precursors have to be reduced to [Pd(dppf)] to be catalytically
reactive. From this point on, there should be no difference in the catalytic cycle of the
reactions catalyzed by 5.2 and 2.1 as they produce the same Pd(0) species before oxidative
addition. As a consequence, if both complexes undertook the same mechanism for this
particular cross-coupling reaction of BrPhMe and PhB(OH),, the reason of the higher
catalytic conversions afforded by 5.2 than 2.1 can only be attributed to the difference in the
rate of the formation of Pd(0) species from these two different catalyst precursors. This is not
further discussed as no mechanism study has been carried out in this study.

As to the very similar catalytic performance of the redox switches 2.1/2.1-0x, it was
considered that the ferrocen-1,1’-diylium group in 2.1-0x might somehow be reduced during
the catalytic process, and form the same palladium intermediate as 2.1. Therefore excess
oxidant [FeCp,][PF¢] (3 equivalents from 2.1-0x), was used for the Suzuki-Miyaura cross-
coupling reaction of BrPhMe and PhB(OH), catalyzed by 2.1-0x to ensure that the oxidation
state of the ligand is maintained during the reaction (figure 5.22). However, the same catalytic

results were given by reactions at each temperature with and without the addition of oxidant.
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Br B(OH), I
[Pd(dppf-Fe"")C1,][PFg] (2 mol%) O
FeCp,][PF¢] ( 6 mol%
) [FeCp,][PF¢] ( o) + FeCp,
K5POy4 (2 eq.), THF, 3 hours O

Figure 5.22. Scheme of the Suzuki-Miyaura cross-coupling reaction of BrPhMe and

PhB(OH); catalyzed by 2.1-0x in the presence of excess oxidant

Furthermore, signals for ferrocene, as a reduction product of [FeCp,][PF¢], were found in
the '"H NMR spectra of the crude products of these reactions, as a large singlet at 4.17 ppm.
This is consistent with the colour change of the reaction mixture from dark blue to orange
observed during the first 15 mins of these reactions. Consequently, it is possible that the
oxidized dppf-Fe' ligand in 2.1-ox was reduced to dppf along with the reduction of the
[FeCp,][PF¢] during the reaction. Therefore, in order to investigate what is responsible for the
reduction of [FeCp,][PFs], experiments were carried out to heat the mixtures containing
[FeCpy][PF¢] and compound(s) used in the Suzuki-Miyaura cross-coupling reactions of
BrPhMe and PhB(OH), of the same molar ratio in THF to 50 °C (BrPhMe : PhB(OH), :
[FeCp,][PF¢] : KsPOy4 : [Pd(dppf)CL] =1 :1: 0.06 : 2 : 0.02). These products were examined
via '"H NMR spectroscopy and mass spectrometry. The data obtained is summarized in table

54.

No. Entries (50 °C in THF for 3 hours, Pd = 2.1) Formation of FeCp,
1 K5PO4 + [FeCp,][PF¢] No
2 PhB(OH), + [FeCp,][PFs] No
3 BrPhMe + [FeCp,][PFs] No
4 K;5POy4 + [FeCp,][PF¢] + Pd No
5 PhB(OH), + [FeCp,] [PF¢] + Pd No
6 BrPhMe + [FeCp,][PF¢] + Pd No
7 PhB(OH), + K5PO4 + [FeCp,][PFs] No
8 BrPhMe + K;PO4 + [FeCp,][PF¢] Yes
9 PhB(OH), + K5PO4 + [FeCp,][PF¢] + Pd No
10 BrPhMe + K;PO4 + [FeCp,][PF¢] + Pd Yes
11 BrPhMe + PhB(OH), + K;PO, + [FeCp,][PF¢] Yes
12 CIPhMe + PhB(OH), + K5PO4 + [FeCp,][PF¢] + Pd Yes

Table 5.4. Studies to probe the cause of the reduction of [FeCp,][PFs]

169



Chapter 5

It was observed that the reduction of [FeCp,][PFs] took place only when BrPhMe and
K;PO4 were both present. Furthermore, toluene and 4,4’-dimethylbiphenyl were obtained
from entries 8 and 10 (table 5.4) with the yield of 18 % and 13%, respectively (figure 5.23).
While the biaryl product generated in entry 10 can be easily rationalized as the product of the
palladium-catalyzed cross-coupling reaction of BrPhMe, entry 8 is a bit more difficult to
explain as no catalyst was added to the mixture.

It has been reported that some transition metal-catalyzed cross-coupling reactions can be
carried out with the catalytically active metal species existing as a contaminant in the reaction

mixture in trace amounts.*!

Therefore, although the possibility that the dehalogenation of
BrPhMe in entry 8 was catalyzed by [FeCp,][PFs] cannot be completely ruled out, the
reaction is more likely to be a transition metal-catalyzed process where BrPhMe was

activated by a metal species’ >

which exists as an impurity in the reaction mixture. The
reason why this reaction did not proceed towards the cross-coupling product of 4,4’-
dimethylbiphenyl in this case was probably due to the lack of enough d® metal in the reacting
system, so the metal adduct of BrMPhMe (M = metal) underwent substitution of Br by H

followed by reductive elimination, giving toluene as the product.

Br
[FeCp,][PFq]
> + FeCp,
K;PO,4, THF, 50 °C
Br
[Pd(dppf)Cl,], [FeCp,][PF¢]
> + FeCp,

K;PO,, THF, 50 °C

Figure 5.23. Scheme of the reactions taking place in entries 8 and 10 in table 5.4

Although different products were obtained from the reactions in entry 8 and 10, it can be
seen that BrPhMe underwent oxidative addition to metal species in both cases, which may
cause the reduction of [FeCp,][PF;] as the Pd(0) catalytically active species transforms to the
[RIPd(II)RZ] intermediate (figure 5.18). In the case of entry 11, it was found the formation of
ferrocene was not accompanied with cross-coupling or dehalogenation product, suggesting
that the reduction of [FeCp,][PFs] took place before the completion of a catalytic reaction.

Further evidence comes from the reaction of 4-chlorotoluene (CIPhMe) and PhB(OH); in

the presence of 2.1 and [FeCp,][PFs] under the same conditions (entry 12). Although no
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conversion of the substrate was afforded by the catalyst due to the difficulties in the oxidative
addition of CIPhMe to [Pd(dppf)] (or [Pd(dppf-Fe™)) if not reduced) as a result of the high
stability of the CI-C bond, complete reduction of [FeCp,][PFs] was again observed (figure
5.24). In this case, the ferrocene is formed in spite of the unsuccessful oxidative addition step,

indicating that the Pd(0) species itself can induce the reduction of [FeCp,][PFs].

—4.17
—-2.32

CIPhMe

FeCp2

4.51{%

11.001~

6.8 6.2 5.6 5.0 4.4 3.8 3.2 2.6
ppm

Figure 5.24. "H NMR spectrum of the reaction mixture from entry 12 in table 5.4

Therefore, the formation of ferrocene observed in the Suzuki-Miyaura cross-coupling
reaction of BrPhMe and PhB(OH), catalyzed by 2.1-0x with [FeCp,][PFs] was caused by the
reductive elimination of the catalyst precursor, which gives the Pd(0) species that can reduce
the ferrocenium salt. However, this catalyst formation step is not likely to cause the reduction
of the ferrocen-1,1’-diylium group in 2.1-ox. It has been discussed in chapter 2 that the
ligand-based oxidation from 2.1 to 2.1-0x resulted in an increase in the catalytic yield of the
alkoxycarbonylation reaction of 2-bromobenzylalcohol, and the oxidative addition and the
reductive elimination steps are also included in the catalytic cycle of palladium-catalyzed
carbonylation reactions. Consequently, for the Suzuki-Miyaura cross-coupling reactions of
BrPhMe and PhB(OH), at 30 °C and 50 °C, either the ligand-based reduction of 2.1-0x took
place during the transmetallation step, or 2.1-0x was not reduced at all but simply afforded

the same catalytic conversions as 2.1.
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Br B(OH), [Pd(dppfCl, ] (20 mol%)

[Pd(dppf-Fe'"Cl,][PF¢] (20 mol%) O
. .
K5PO, (2 eq.), THF, 50 °C O

Figure 5.25. Scheme of the Suzuki-Miyaura cross-coupling reaction of BrPhMe and

PhB(OH), with high catalyst loading

In order to understand whether 2.1-0x can be reduced during the catalytic process, both
the reactions of BrPhMe and PhB(OH), catalyzed by 2.1 and 2.1-0x were repeated at 50 °C
using 20 mol% catalyst load (higher concentration of the catalyst for a stronger signal of the
catalyst in the '"H NMR spectrum, figure 5.25). After 3 hours, THF was removed and the
crude products were washed with n-hexane, which dissolved both BrPhMe and the product.
The solids containing the palladium species obtained upon the completion of the reactions,
which are insoluble in n-hexane, were dissolved in CDCl; and analyzed by '"H NMR and
*'P{'H} NMR spectrometry. As to the solution in n-hexane, the solvent was removed and this
was analyzed by 'H NMR spectrometry in CDCl; to obtain the catalytic conversions of these

reactions. The spectral data was summarized in table 5.5.

Catalyst p-H o-H 31P{IH} NMR Conversion
precursor (ppm) (ppm) (ppm) (%)
2.1 4.24 (dd) 4.69 (dd) 28.63 (s) 92+ 1
[Pd(dppf)Cl,] [4.20 (pt)] [4.40 (pt)] [34.0 (s)]
2.1-0x 4.26 (br-s) 4.72 (br-s) 28.18 (s) 92 +2
[Pd(dppf-Fe"")CL][PFq] | [3.92 (br-s)]  [4.33 (br-s)]  [33.8 (br-s)]

Table 5.5. '"H NMR and *'P{'H} NMR (CDCl;, 298 K, 400 MHz) spectral data of the

products obtained from the reaction in figure 5.25, and that of 2.1/2.1-0x (in square brackets)

Although the same conversions were afforded by 2.1 and 2.1-ox, different palladium
species were found to be responsible for these catalytic results according to the characteristic
signals for the a-hydrogens and B-hydrogens on the substituted Cp ring of the ferrocen-1,1’-
diyl/-ium groups in their 'H NMR spectra. While two doublets of doublets were given by the
palladium compound derived from 2.1, two broad singlets with downfield shifts were found

in the spectrum of the product of the 2.1-0x derivative, suggesting the paramagnetic nature of
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this compound and a more electron deficient iron centre. Moreover, the *'P-{'"H}NMR spectra
also indicate two different compounds obtained from the two reactions. While these species
have not been identified even after mass analyses, it can be confirmed that they are different
from 2.1 or 2.1-0x based on their 'H NMR and *'P{'H} NMR spectral data (shown in the
square brackets in table 5.5). However, it is proposed that these palladium species might be
obtained upon the oxidative addition of the Pd(0) catalytically active species, which were
formed via the reductive elimination of 2.1 or 2.1-0x, to the solvent molecule of THF upon

the completion of the Suzuki-Miyaura cross-coupling reaction (figure 5.26).

= -l =

K3PO
FelD/ (1D el O Fe(ll)/(lll)\Pd(O) _ P Re0/am pd(THF),

>, @ L —rhh, S phh,

Figure 5.26. Scheme of the formation of Pd(0) species from 2.1/2.1-0x and the proposed

palladium compounds obtained from the completed cross-coupling reaction in THF

Therefore, it is postulated that 2.1-0x underwent no ligand-based reduction throughout
the Suzuki-Miyaura cross-coupling reactions of BrPhMe and PhB(OH), in THF with K;PO,.
Considering that the catalytic reactivities of 2.1 and 2.1-ox might still be distinguished from
the rates of the Suzuki-Miyaura cross-coupling reactions catalyzed by these redox switches,
the reactions shown in figure 5.25 were also repeated with the shorter reaction time of 30
mins, and the crude products were analyzed via the same approaches. However, the same
spectral data was obtained as shown in table 5.5, suggesting a high rate of these particular
reactions.

Although it has not been proved that 2.1 exhibited different catalytic activities than 2.1-
ox towards the same cross-coupling reaction, the similar chemical shifts of the protons and
phosphorus atoms in the 2.1 and 2.1-o0x derived species shown in table 5.5 suggest that these
catalyst precursors may generate Pd intermediates of similar electronic properties in each
steps in the catalytic cycle of this reaction. This could then result in the same catalytic

conversions offered by the redox switches.
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5.4.2. Rhodium-catalyzed hydrogenation of styrene

The hydrogenation reactions of styrene catalyzed by the redox switches of 5.4/5.4-o0x
(figure 5.27) were carried out as a comparative study to the redox-switched rhodium-
catalyzed hydrogenation of cyclohexene reported by Wrighton et al. (figure 5.2)."° These
hydrogenation reactions were carried out under an atmospheric pressure of Hyat 120 °C in
toluene, with 1 mol% rhodium. 5.3 and the classical Wilkinson catalyst were also used to
catalyze this reaction and to compare their catalytic performances with those of 5.4 and 5.4-

ox. Each experiment was repeated 3 times (n = 3), and the products were analyzed by GC

[ <oy PPh, < PP
Ny | Noc?

Fe /Rh Fe (1IT) /R [ PF¢ ]
©—PPh2 2/ ©—PPh2 4 2
54 5.4-0x

SI\{? [ [ PF, ] Ph; P /PPh3

Fe /Rh \Rh
{2 —sie \/L Phsp” I
i 5.3 ) Wilkinson’s catalyst
X

Rh-cat (1 mol%), H,

Toluene, 120 °C, 18 hrs

Figure 5.27. Scheme of the hydrogenation of styrene catalyzed by rhodium complexes

The catalytic results are summarized in figure 5.28, and a clear electronic effect can be
seen: a more electron-rich rhodium centre afforded a higher conversion of styrene. 5.3, which
has the most electron-deficient thodium centre due to the weak o-donation from the S atom to
the Rh atom, was found inactive in this hydrogenation reaction. In contrast, 5.4 with a
positively charged rhodium centre gave a 63 + 1 % conversion, and a lower conversion of 42
+ 2 % was offered by the more positively charged rhodium centre in 5.4-0x, while the
Wilkinson’s catalyst offered the complete conversion of styrene.

In the work by Wrighton et al. shown in figure 5.2, the observation that the rhodium
complex bearing the ligand of 1,1’-bis(diphenylphosphino)cobaltocene (dppc) offered more
rapid hydrogenation of cyclohexane' than its cobaltocen-1,1’-diylium version was discussed
as being due to the more electron-rich rhodium centre in the dppc-containing complex

afforded more rapid oxidative addition of H,, which is often the rate-limiting step of
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hydrogenation reactions. This difference in the rate of the oxidative addition of H, to the
rhodium centre caused by different electron density on the Rh atom is also considered to be

responsible for the catalytic results shown in figure 5.28.

100

50

.

5.3
54

5.4-0x
Wilkinson's
catalyst

Figure 5.28. Bar chart of the conversions (%) of styrene afforded by rhodium complexes

5.5. Conclusions

The synthesis of the palladium and rhodium complexes bearing the bmsf ligand has been
successfully carried out. These complexes were found to exhibit poor catalytic activities in
the cross-coupling and hydrogenation reactions investigated compared with their dppf
analogues. This is attributed to the weak o-donation from the S atom to the metal centre,
resulting in an electron-deficient palladium/rhodium centre which is not favoured by the
oxidative addition of the substrate/Hs.

Investigations into the rhodium-catalyzed hydrogenation reactions of styrene indicate
that better catalytic conversions were afforded by the more electron-rich rhodium centre as a
result of a more rapid oxidative addition of H, The ligand-based oxidation of 5.4 results in
about 20% decrease in the catalytic conversion of styrene.

The palladium-catalyzed Suzuki-Miyaura cross-coupling reaction of 4-bromotoluene and
phenylboronic acid was more complicated, as the palladium redox switches of 2.1/2.1-o0x
offer quite similar conversions of 4-bromotoluene. Excess [FeCp,][PF¢] was used to keep 2.1-
ox as oxidized, however no difference in the catalytic performance of 2.1-0x was observed,
and the ferrocenium oxidizing agent was found to be reduced to ferrocene. Further
investigation show that the Pd(0) catalytically active species is responsible for this reduction.
Although it is not clear whether a similar reduction occurred on 2.1-ox, the signals in the 'H
NMR spectra of the ferrocen-1,1’-diyl/-ium species collected from the completed reactions
catalyzed by 2.1/2.1-ox were found to be of a different type but at similar chemical shifts,

which explains the similar catalytic behaviour of this redox switch.
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The work described in this thesis focused on the design and synthesis of ferrocene-based
redox-active ligands, the preparation of palladium and rhodium complexes bearing ferrocenyl
and ferrocen-1,1’-diyl ligands in both states of charge, and the catalytic applications of these
ferrocene/ferrocenium-based complexes in the redox control of the carbonylation reaction of
aryl halides, Suzuki-Miyaura cross-coupling reaction of aryl bromide, and the hydrogenation
of styrene.

In chapter 2, redox control was first observed in the alkoxycarbonylation reactions of 2-
halobenzylalcohol (X= Br, I) catalyzed by the redox partners of [Pd(dppf-Fe"")CL,][PF¢] (2.1-
ox)/[Pd(dppf)Cly] (2.1), where higher catalytic yields were given by the oxidized complex.
Similar improvement on the catalytic performance caused by ligand-based oxidation was later
observed for [Pd(dippf)CL,] in the same reactions, and for 2.1 in other type of carbonylation
reactions. These observations are rationalized as a more electron-deficient palladium centre
affords a more difficult oxidative addition step, but more rapid carbonyl insertion, reductive
elimination and nucleophilic attack steps in the catalytic cycle. The reactivity of 2.1-ox was
found to depend very much on the temperature and the base used in the reaction.

In these investigations, the performance of the palladium catalysts used was judged only
by the yield of the reaction. In order to have a better understanding of the nature of the redox
control, kinetic studies can be carried out in the future to see how the rate of the palladium-
catalyzed carbonylation reactions studied in this chapter may change with the oxidation state
of the ferrocen-1,1’-diyl ligands. Moreover, the cobalt analogues of 2.1/2.1-0x, [Pd(dppc)Cl;]
/[Pd(dppc-Co™)CL,][PFs], have been synthesized. Therefore the catalytic activities of these
cobalt redox partners should be compared with 2.1/2.1-0x as a future comparative study.

In chapter 3, a different redox control was observed in the alkoxycarbonylation reaction
of 2-iodobenzylalcohol catalyzed by the palladium complexes bearing ferrocenyl N-P ligands
as the ligand-based oxidation of these complexes resulted in lower catalytic yields. This is
seen as a result of the weak o-donation from the N atom to the palladium centre, where ligand
-based oxidation leads to an electron-deficient palladium centre and thus a difficult oxidative
addition step. It was quite interesting to see this change in the catalytic behaviour of the
palladium complexes bearing ferrocene-based ligands of different chelating atoms caused by
ligand-based oxidation. The catalytic results reported in chapter 3 also state the importance of
the use of ligands with strong donors as chelating atoms for efficient palladium-catalyzed
carbonylation reactions under mild conditions: O- or S-functionalized ferrocenes might not be
ideal supporting ligands as the weak donor atoms can cause a difficult oxidative addition step.
This conclusion is supported by the catalytic results from the Suzuki-Miyaura cross-coupling
and hydrogenation reactions discussed in chapter 5, where palladium/rhodium complexes
with bmsf ligand showed poor activities while those with dppf ligand offered good catalytic
conversions.
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The rhodium-catalyzed hydrogenation of styrene indicated a preference to electron-rich
rhodium centres, which is explained via the more rapid oxidative addition of H,. As the hydro
-formylation reactions involve both hydrogenation and carbonylation processes, it would be
interesting to see if the catalytic performance of [Rh(dppf)(COD)][PF¢] in hydroformylation
reactions can be altered by ligand-based oxidation.

Furthermore, the similar high catalytic conversions afforded by the redox partners of
[Pd(dppf)Cl,] and [Pd(dppf-Fe"")C1,][PFs] for the Suzuki-Miyaura cross-coupling reaction of
4-bromotoluene and phenylboronic acid is still unclear, as addressed in chapter 5. It might be
worthwhile using a more challenging reaction, for instance, an aryl bromide with strong
electron-donating substituents on the aryl group, to see if there is a noticeable difference
between the catalytic performances of the palladium redox switches.

On the other hand, oxidative purification reported in chapter 4 offers a promising tool for
the separation of compounds with different oxidation potentials. This purification method can
be applied to the isolation of general ferrocene-containing species, and extended to the
separation of other redox-active organometallic compounds using various oxidants according
to the different physical properties of the non-oxidized and oxidized species.

In addition, a more reactive fluorinating agent and a more optimized reaction system for
the synthesis of fcF, should be studied, as the yield of the reaction of 1,1’-dilithioferrocene-
TMEDA and NFSI is very low (5 %). Once the yield can be improved, investigations towards
the synthesis of pentafluoroferrocene and eventually decafluoroferrocene can be carried out to
obtain the most unusal metallocene ever.

The synthesis of transition metal complexes from the ferrocene-based diimine ligands
described in chapter 4 was found to be complicated due to the instability of these complexes,
which undergo either decomposition or oxidation. A better understanding of the complexation
of these ligands can be achieved by obtaining the crystal structure of these ligands and
carrying out structural studies.

Last but not the least, the design of redox-active ligands can be extended to include the
use of: (i) a stronger ferrocene-based redox unit, such as biferrocene or bis(ferrocenyl)phosph
-ine to exert more significant electronic effect via oxidation; (ii) other metallocenes such as
ruthenocene and cobaltocene; and (iii) the use of non-metallocene units, such as tetrathiafulva

-lene. Other catalytic processes for redox control should also be explored.
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7.1. General

All the preparations were carried out using standard Schlenk line and air-sensitive
chemistry techniques under an atmosphere of nitrogen. No special precautions were taken to
exclude air or moisture during workup, unless stated otherwise. Solvents used for reactions
were distilled under nitrogen from appropriate agents. Air-sensitive compounds were kept
under nitrogen and stored in sealed vials at room temperature. Chromatographic separations
were carried out on silica gel (kieselgel 60, 70-230 mesh). Starting materials were either
prepared according to adapted literature procedures (if stated), or purchased from commercial
suppliers and used without further purification.

'H NMR, *'P{'H} NMR, "C{'H} NMR, "F{'H} NMR and ''B NMR spectra were
recorded on a departmental 400MHz Bruker spectrometer. Chemical shifts are reported in 6
(ppm) and internally reference to the residual NMR solvent peaks.' 13C{lH} NMR spectra
were fully assigned where possible using 2D correlation spectroscopy; this could not achieved
in some cases due to insufficient sample quantity and solubility limitation. Mass spectrometric
analyses were performed by Mr. John Barton and Ms. Lisa Haigh of the Department of
Chemistry, Imperial College London. Elemental analyses were conducted by Stephen Boyer
of the Science Centre, London Metropolitan University.

Cyclic voltammetry experiments were recorded under an atmosphere of argon in the
stated solution with 0.1 M TBAP on a Gamary potentiostat (Gamary Instrument), with a
platinum working electrode, a Pt-coil counter electrode and a silver-wire reference electrode
(see Chapter 1, Section 1.4.1). Potentials are reported to relative to [FeCp,] /FeCp,, measured
against an internal [FeCp,] /FeCp, or [FeCp,] /FeCp, reference, where appropriate.

Carbonylation and hydrogenation reactions were carried out on a Radley’s multi-reactor
carousel connected to a carbon monoxide/hydrogen manifold where up to 12 reactions could
be carried out simultaneously under the same conditions. Only 6 reactions were carried out at
one time in order to reduce human error. The solid reagent(s) and catalyst placed in the
reaction vessels were subject to at least three cycles of freeze-pump-thaw before use to
remove any atmospheric air, and the dry degassed liquid reagent(s) and solvent were
transferred via cannula under an atmospheric pressure of carbon monoxide/hydrogen. Once

the mixture had been heated to temperature, the gas cylinder was switched off, and the
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remaining carbon monoxide/hydrogen in the reaction vessels was to react. Upon completion
of the reaction, the solution of the crude product was cooled to room temperature and filtered
through a thin pad of Celite to remove any precipitate. This solution is later prepared for GC
analysis. Each reaction entry was repeated for at least three times.

Quantitative analysis via gas chromatography was carried out on a Hewlett-Packard
5890 GC fitted with an Agilent 6690 auto-sampler and a flame ionization detection system.
The products were separated on a J&W DB-5 column with a cross linked/surface bonded 5%
phenyl, 95% methylpolysiloxane stationary phase; length 30 m, I. D. 0.22 mm, film thickness
0.25 mm. ‘Barton’ was chosen as the analytical method (oven start temperature: 100 °C for 10
mins, heat rate: 12 °C /min, end temperature: 240 °C).

For hydrogenation reactions, catalytic conversions were calculated via calculating the
response factors from the starting material and the product. For carbonylation reactions, each
crude product were made into 10 mL 0.01 M solution of dodecane in ethyl acetate in 10 mL
volumetric flasks. Quantification of yield was achieved by calculating the response factors
from the products and dodecane, which is the internal standard. Approximately 1 mL of the
made-up solution was then transferred into GC vials for analysis.

The GC calibration for the carbonylation products (phthalide, N-benzylbenzamide,
benzyl benzoate and 1-isoindolinone) was first carried out. This was achieved by preparing at
least 3 samples with different concentrations of phthalide or N-benzylbenzamide in ethyl
acetate and a uniform concentration of internal standard solution (dodecane, 0.01 M, 10 mL).
The response of the products and internal standard was detected by the GC and analyzed
using Clarity software, and the integration (area) of the corresponding peaks was noted from
the chromatograms. Then a graph was drawn up of integration of product/ integration of
dodecane standard (Ay/Aqq) versus the concentration of the product/ concentration of the
dodecane standard (C,/Cgq), which gives a linear relationship. The gradient from this graph
which links the integration of the peaks on the chromatogram with the concentration in the
vial is known as the response factor (RF) and is different for every product obtained.

An example of the calibration of GC for phthalide is shown in figure 7.1. The linear
relationship obtained from the calibration can be rearranged to calculate the concentration of

the products (C,= [ApCsa]/[AsRF]) of the carbonylation reactions. The C, can then be
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multiplied by 10 mL (10 mL standard volumetric flask) and divided by the 100% theoretical

molar yield of product to give the overall yield.
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Figure 7.1. The graph for the calibration of GC for phthalide

7.2. Compounds Synthesized in Chapter 2

Dichloropalladium 1,1’-bis(diphenylphosphino)ferrocenium hexafluorophosphate'
[PACl(dppD)][PF4] (2.1-0x)
In a two-necked round-bottomed flasks, the mixture of [Pd(dppf)CL] (0.41 g, 0.55
mmol, 1 eq.) and [FeCp,][PF¢] (0.18 g, 0.54 mmol, 0.98 eq.) were placed with a stirrer. DCM
(15 mL) was added to the mixture, and a dark green solution was formed. After this was left
stirring overnight, and the solvent was removed to give a dark green solid, which was washed
with toluene (3 X 30mL). A dark green solid was obtained (0.39 g, 86 %). Anal. Calcd. for
C34HysFsCLFePsPd: C 46.52, H 3.20. Found: C 46.62, H 3.13. '"H NMR (400 MHz; CDCl;) &y:
3.92 (br, Cp-H), 4.33 (br, Cp-H), 7.41 (br, aryl-H). *'P{'"H} NMR (162 MHz; CDCl;) &p: 33.7

(s, PPhy). MS(ESI) m/z: 735 ([M-PF¢]", 55%).
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Dichloropalladium 1,1°-bis(di-zer+~butylphosphino)ferrocenium hexafluorophosphate
[PdClL(dtbpf)][PF¢] (2.2-0%)
In a two-necked round-bottomed flasks, the mixture of [Pd(dtbpf)Cl,] (130 mg, 0.20
mmol, 1 eq.) and [FeCp,][PF¢] (65 mg, 0.196 mmol, 0.18 g, 0.98 eq.) were placed with a
stirrer. DCM (15 mL) was added to the mixture, and a dark green solution was formed. After
this was left stirring overnight, and the solvent was removed to give a dark green solid, which
was washed with diethyl ether (3 x 30mL). A brown solid was obtained (0.39 g, 88 %). Anal.
Calcd. for CygHyyCl,F¢PsFePd: C 39.17, H 5.57. Found: C 39.12, H 5.49. 'H NMR (400 MHz;
CDCl3) 8y: 4.21 (br, Cp-H), 1.63 (br, -CH;). *'P{'"H} NMR (162 MHz; CDCl;) &p: 11.0 (s,

P'Buy), -145.8 (m, PFy, 'Jrp = 683.65 Hz). MS(ESI) m/z:, 290 ([M-CL,PF4]*", 25 %).

Dichloropalladium 1,1’-bis(di-iso-propylphosphino)ferrocenium hexafluorophosphate
[PAClL(dippf)][PF] (2.3-0x)
In a separate two-necked round-bottomed flasks, the mixture of [Pd(dippf)Cl,] (120
mg, 0.20 mmol, 1 eq.) and [FeCp,][PF¢] (65 mg, 0.196 mmol, 0.18 g, 0.98 eq.) were placed
with a stirrer. DCM (15 mL) was added to the mixture, and a dark green solution was formed.
After this was left stirring overnight, and the solvent was removed to give a dark green solid,
which was washed with DCM (3 x 30mL). A dark green solid were obtained (0.39 g, 86 %);
Anal. Calcd. for C5,H3sF4Cl,FePsPd: C 35.71, H 4.77. Found: C 35.62, H 4.72. "H NMR (400
MHz; CD,Cl,) 6y: 4.47 (br, Cp-H), 4.52 (br, Cp-H), 2.73 (br, -CH-) 1.12 (br, -CHs), 1.44 (br,
-CH3). *'P{'"H} NMR (162 MHz; CD,Cl,) &p: 65.3 (s, P'Pr,). MS(ESI) m/z: 267 ([IM-CL,PF¢]*,

30 %)

Synthesis of phthalide

2-lodobenzylalcohol (0.23 g, 1.0 mmol, 1 eq.)/2-bromobenzylalcohol (0.187 g, 1.0
mmol, 1 eq.) and the selected palladium catalyst (0.05 eq.) were placed under an atmospheric
pressure of CO. Dry toluene (5 mL) and triethylamine (0.4 mL, 3.0 mmol, 3 eq.) was added to
the mixture under CO. This reaction mixture was heated to 100 °C/120 °C for 3 hours/18
hours, filtered through Celite, and the filtrate was collected. The solvent was removed under

reduced pressure, and the solid obtained was dissolved in 10 mL stock solution of dodecane
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in ethyl acetate (0.01 M) and analyzed by GC.
The data of catalytic yields (%) of phthalide corresponding to the bar charts in

section 2.3 is summarized in the following tables.

ArX R 2.2 2.2-0x 2.3 2.3-0x 2.1 2.1-0x
X =Br 100 100 0 50+3 54+3 91+2
X=1I 100 100 0 21+2 87+1 94+3

Table 7.1. Data included in figure 2.6 (n > 3)

cat. T 100 °C 120 °C
2.3 0 100
2.3-0x 21+2 100

Table 7.2. Data included in figure 2.11 (n > 3)

Entry R 2.3 2.2 2.1
100 °C non-ox 0 100 25+1
100 °C ox 0 74 + 1 0
120 °C non-ox 0 100 54+3
120 °C ox 50+3 100 91+2

Table 7.3. Data included in figure 2.12 (n > 3)

Pd-load 1 mol% 2 mol% 3 mol% 5 mol%

Yield (%) 0 10+3 53+2 91 +2
Base (pK.,) PhNMe, (5.1) | DABCO (8.7)’ NEt; (10.8)
Yield (%) 0 68+ 1 91 +2

Table 7.4. Data included in figure 2.14 (n > 3)

i pK; value of DABCO (1,4-Diazabicyclo[2.2.2]octane).
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cat. Sol. Toluene THF
2.1 54+3 2+1
2.1-0x 91 +2 30+5

Table 7.5. Data included in figure 2.16 (n > 3)

Synthesis of N-benzylbenzamide’

Chapter 7

The mixture of iodobenzene (0.112 mL, 1.0 mmol, 1 eq.)/bromobenzene (0.10 mL,

1.0mmol, 1 eq.), benzylamine (1.0 mL, 10.0 mmol, 10 eq.) (or benzylamine (0.1 mL, 1.0

mmol, 1 eq.) and triethylamine (0.4 mL, 3.0 mmol, 3 eq.)) and the selected palladium catalyst

(0.02 eq.) in dry toluene (5 mL) was heated to 100 °C/120 °C for 3 hours/18 hours under an

atmospheric pressure of CO. After filtration through Celite the mixture was made up to 8 mL

with toluene and added with 2 mL stock solution of dodecane in ethyl acetate (0.01 M). The

resulting solution was then analyzed by GC.

The data of catalytic yields (%) of N-benzylbenzamide corresponding to the bar charts

in chapter 2.4 is summarized in the following tables (n > 3).

Cat. PhX X= X =Br
2.1 85+1 82+2
2.1-0x 84 +3 30+5

Table 7.6. Data included in figure 2.20 (n > 3)

Cat. PhX X =Br X=
2a-neu 83 +2 84 +2
2a-0x 91 +1 100

Table 7.7. Data included in figure 2.21 (n > 3)
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2 mol% Pd, THF 1 mol% Pd, Toluene 2 mol% Pd, Toluene

0 80+ 1 91+1

Table 7.8. Data included in figure 2.23 (n > 3)

Synthesis of benzyl benzoate

The mixture of iodobenzene (0.112 mL, 1.0 mmol, 1 eq.)/bromobenzene (0.10 mL,
1.0mmol, 1 eq.), benzylalcohol (0.1 mL, 1.0 mmol, 1 eq.), triethylamine (0.4 mL, 3.0 mmol, 3
eq.) and the selected palladium catalyst (0.05 eq.) in dry toluene (5 mL) was heated to 120 °C
for 3 hours under an atmospheric pressure of CO. After filtration through Celite, the filtrate
was collected. The solvent was removed under reduced pressure, and the solid obtained was

dissolved in 10 mL stock solution of dodecane in ethyl acetate (0.01 M) and analyzed by GC.

Synthesis of 1-isoindolinone

The mixture of 2-bromobenzylamine (0.186 g, 1.0 mmol, 1 eq.), triethylamine (0.4 mL,
3.0 mmol, 3 eq.) and the selected palladium catalyst (0.05 eq.) in dry toluene (5 mL) was
heated to 120 °C for 18 hours under an atmospheric pressure of CO. After filtration through
Celite, the filtrate was collected. The solvent was removed under reduced pressure, and the
solid obtained was dissolved in 10 mL stock solution of dodecane in ethyl acetate (0.01 M)
and analyzed by GC.

The data of catalytic yields (%) of benzyl benzoate and 1-isoindolinone corres -ponding

to the bar charts in chapter 2.5 is summarized in the table 7.9 (n > 3).

Cat. roduct 1-isoindolinone benzyl benzoate
2.1 43+5 54+2
2.1-0x 45+4 67+3

Table 7.9. Data included in figure 2.24 (n > 3)
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7.3. Compounds Synthesized in Chapter 3

2-(Di-p-tolylphosphino)benzylideneiminoferrocene’ 3.2)
In a 250 mL round-bottomed flask, the mixture of 2-(di-p-tolylphosphino)benzaldehyde
(0.50 g, 1.57 mmol, 1 eq.) and aminoferrocene (0.32 g, 1.59 mmol, 1.01 eq.) in n-hexane was
heated to 80 °C for 18 hours. The resulting solution was dried over K,COj; and the solvent
was removed. A red solid was obtained in a 94 % yield (0.74 g). '"H NMR (400 MHz; CDCls)
du: 2.35 (s, 6H, CHs), 3.96 (s, SH, Cp-H), 4.19 (pt, 2H, Cp-H), 4.43 (pt, 2H, Cp-H), 6.87 (m,
H, Ar-H), 7.31 (pt, H, Ar-H), 7.19 (pt, 4H, PAr’,), 7.22 (pt, 4H, PAr’;), 7.40 (pt, H, Ar-H),
8.11 (dd, H, Ar-H), 9.32 (d, H, N=C-H). *'P{'H} NMR (162 MHz; CDCl;) §,: -15.8 (s).
BC{'H} NMR (100 MHz; CDCl;) 8¢: 21.5 (CH3, C-H), 63.4 (Cp-N, C-H), 67.3 (Cp-N, C-H),
69.7 (Cp, C-H), 104.8 (Cp-N, C-N), 127.1 (Ar, C-H), 128.9 (Ar, C-H), 129.6 (PAr',, C-H),
129.7 (PAr'y, C-P), 130.2 (Ar, C-H), 133.2 (Ar, C-H), 133.3 (PAr',, C-H), 134.1 (PAr',, C-H),
134.3 (PAr',, C-H), 138.0 (Ar, C-P), 139.1 (PAr’,, C-CH3), 139.8 (Ar, C-C=N), 156.7 (C=N).
MS (EI) m/z: 502 ([M+H]", 30 %); MS (ESI) m/z: 519 ((M+H,0]", 100 %).
A procedure similar to that for the preparation of 3.2 was used for the synthesis of 3.3

and 3.4.

2-|bis(3,5-Dimethylphenyl)phosphino)|benzylideneiminoferrocene 3.3)

The mixture of 2-[bis(3,5-dimethylphenyl)phosphino)]benzaldehyde (0.25 g, 0.72
mmol, 1 eq.) and aminoferrocene (0.15 g, 0.75 mmol, 1.04 eq.) in n-hexane was heated to 80
°C for 18 hours. A dark red solid was obtained in a 95 % yield (0.35 g). 'H NMR (400 MHz;
CDCl;) du: 2.26 (s, 12H, CH3), 3.94 (s, SH, Cp-H), 4.18 (pt, 2H, Cp-H), 4.46 (pt, 2H, Cp-H),
6.88 (m, H, Ar-H), 6.92 (s, 2H, PAr’,), 6.98 (s, 2H, PAr’,), 7.32 (pt, H, Ar-H), 7.40 (pt, H,
Ar-H), 8.11 (dd, H, Ar-H), 9.32 (d, H, N=C-H). *'P{'H} NMR (162 MHz; CDCL;) 5,: -14.7
(s). C{'H} NMR (100 MHz; CDCls) 8¢: 21.5 (CH3), 63.6 (Cp-N, C-H), 67.3 (Cp-N, C-H),
69.7 (Cp, C-H), 104.7 (Cp-N, C-N), 126.9 (Ar, C-H), 129.0 (Ar, C-H), 130.2 (PAr’,, C-P),
131.0 (Ar, C-H), 131.8 (PAr’,, C-H), 131.8 (PAr’,, C-H), 132.0 (PAr’,, C-H), 133.6 (PAr’,,
C-H), 136.2 (Ar, C-P), 138.1 (PAr’,, C-CH3), 139.8 (Ar, C-C=N), 157.2 (C=N). MS (EI) m/z:

529 (IM]", 10 %); MS (ESI) m/z: 547 ((M+H,0]", 100 %).
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2-|bis(3,5-Di-tert-butyl-4-methoxyphenyl)phosphino]|benzylideneaminoferrocene (3.4)
The mixture of 2-[bis(3,5-di-tert-butyl-4-methoxyphenyl)phosphino]benzaldehyde (0.25
g, 0.44 mmol, 1 eq.) and aminoferrocene (0.09 g, 0.45 mmol, 1.02 eq.) in n-hexane was
heated to 70 °C for 5 hours. A dark red solid was obtained in a 90 % yield (0.30 g). Anal.
Calcd. for C47HgFeNO,P: C 74.48, H 7.98, N 1.85. Found: C 74.32, H 7.93, N 1.89. '"H NMR
(400 MHz; CDCls) oy: 1.32 (s, 36H, CH3), 3.65 (s, 6H, OCHj3), 3.93 (s, SH, Cp-H), 4.17 (pt,
2H, Cp-H), 4.43 (pt, 2H, Cp-H), 6.85 (m, H, Ar-H), 7.12 (s, 2H, PAr’;,), 7.14 (s, 2H, PAr’;),
7.34 (pt, H, Ar-H), 7.40 (pt, H, Ar-H), 8.16 (dd, H, Ar-H), 9.43 (d, H, N=C-H). *'P{'"H} NMR
(162 MHz; CDCl;) 8,: -14.1 (s). "C{'H} NMR (100 MHz; CDCl3) 8¢: 32.1 (CHz), 36.1
(C-CHs), 63.7 (Cp-N, C-H), 67.2 (Cp-N, C-H), 69.7 (Cp, C-H), 105.1 (Cp-N, C-N), 126.6 (Ar,
C-H), 128.8 (Ar, C-H), 129.9 (PAr’,, C-P), 130.1 (Ar, C-H), 132.6 (PAr’,, C-H), 132.8 (PAr’,,
C-H), 133.0 (Ar, C-H), 139.3 (Ar, C-P), 139.6 (Ar, C-C=N), 143.9 (PAr’,, C-CCHj;), 157.4

(C=N), 160.5 (PAr’,, C-OCH;). MS (EI) m/z: 757 (IM]", 5 %).

Dichloropalladium 2-(diphenylphosphino)benzylideneiminoferrocene 3.6)

To a 250 mL round-bottomed flask [Pd(CH3;CN),Cl;] (0.12 g, 0.50 mmol, 1 eq.) and
3.1 (0.25 g, 0.53 mmol, 1.05 eq.) was dissolved in 30 mL CH,Cl, and the mixture was left
stirring at room temperature for 3 hours. After removal of the solvent the resulting dark
product was washed with toluene (3 x 20 mL) and filtered. The solid was gathered and
recrystallized from hot MeCN to give dark green product (0.31g, 95 %). Anal. Calcd. for
Ca9HyCLFeNPPd: C 53.51, H 3.72, N 2.15. Found: C 53.50, H 3.80, N 2.12. "H NMR (400
MHz; CD,Cl,) &u: 3.72 (s, SH, Cp-H), 4.29 (pt, 2H, Cp-H), 4.85, (pt, 2H, Cp-H), 7.10 (m, H,
Ar-H), 7.50 ~ 7.90 (m, 13H, Ar-PPh,), 8.90 (s, H, N=CH). *'P{'H} NMR (162 MHz; CDCl;):
31.7 (s).

A procedure similar to that for the preparation of 3.6 was used for the synthesis of 3.7

and 3.8. No meaningful data were obtained from the mass analyses of these complexes.

Dichloropalladium 2-(di-p-tolylphosphino)benzylideneiminoferrocene 3.7
The mixture of [Pd(CH3CN),CL] (0.087 g, 0.35 mmol, 1 eq.) and 3.2 (0.20 g, 0.39

mmol, 1.1 eq.) in DCM (30 mL) was left stirring at room temperature for 3 hours. A dark
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purple solid was obtained (0.20 g, 88 %). Anal. Calcd. for C;;HCLLFeNPPd: C 54.84, H 4.16,
N 2.06. Found: C 55.01, H 4.06, N 2.15. '"H NMR (400 MHz; CDCls) 8y: 2.42 (s, 6H, CHs),
4.16 (m, 7H, Cp-H), 4.55 (pt, 2H, Cp-H), 7.10 (m, H, Ar-H), 7.13 (dd, H, Ar-H), 7.32 (d, 4H,
PAr’y) 7.52 (pt, H, Ar-H), 7.58 (pt, 4H, PAr’,), 10.01 (s, H, N=CH), 10.74 (m, H, Ar-H).

S'P{'H} NMR (162 MHz; CDCls): 34.3 (s).

Dichloropalladium 2-[bis(3,5-dimethylphenyl)phosphino)|benzylideneiminoferrocene
(3.8)
The mixture of [Pd(CH3;CN),CL,] (0.096 g, 0.37 mmol, 1 eq.) and 3.3 (0.21 g, 0.41 mmol,
1.1 eq.) in DCM (30 mL) was left stirring at room temperature for 3 hours. A dark purple
solid was obtained (0.24 g, 92 %). Anal. Calcd. For Cs3H3,CLFeNPPd: C 56.06, H 4.57, N
1.98. Found: C 56.14, H 4.50, N 2.04. "H NMR (400 MHz; CD,Cl,) &y: 2.37 (s, 12H, CHs3),
4.20 (s, SH, Cp-H), 4.28 (pt, 2H, Cp-H), 4.58 (pt, 2H, Cp-H), 7.19 (m, H, Ar-H), 7.25 (d, 2H,
PAr’,), 7.30 (s, 2H, PAr’,), 7.33 (s, 2H, PAr’,), 7.59 (pt, H, Ar-H), 7.82 (m, H, Ar-H), 9.89 (s,

H, N=CH), 10.71 (m, H, Ar-H). *'P{'"H} NMR (162 MHz; CDCl;): 32.5 (s).

Ditriflatepalladium 2-(diphenylphosphino)benzylideneiminoferrocenium triflate’
(3.6-0x)
In a 100 mL round-bottomed flask 3.6 (0.13 g, 0.2 mmol, 1 eq.) and silver triflate (0.15 g,
0.6 mmol, 3 eq.) was dissolved in 15 mL DCM. The flask was covered with foil to shield the
light, and the mixture was left stirring at room temperature for 3 hours. The resulting
suspension was filtered through Celite. The solid was washed by MeCN (3 x 10 mL), and the
filtrates were combined. After removal of the solvent, a dark orange oily solid was obtained
(wet crude product weight 0.20 g). Anal. Calcd. for C3,H4FoFeNOoPPdS;: C 37.42, H 2.36, N
1.36. Found: C 35.40, H 1.89, N 2.46. '"H NMR (400 MHz; CDCls) 8: 3.42 (br, Cp-H), 7.53
(br, Ar-PPhy). *'P{'"H} NMR (162 MHz; CDCl;): 78.3 (s). ’F{'"H} NMR (377 MHz; CDCl;):

-190.7 (br).

A procedure similar to that for the preparation of 3.6-o0x was used for the synthesis of
3.7-0x and 3.8-ox. No meaningful data were obtained from the mass analyses of these

oxidized complexes.
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Ditriflatepalladium 2-(di-p-tolylphosphino)benzylideneiminoferrocenium triflate
(3.7-0x)
A mixture of 3.7 (0.136 g, 0.2 mmol, 1 eq.) and silver triflate (0.15 g, 0.6 mmol, 3 eq.)
in DCM was left stirring for 3 hours at room temperature. The solution was filtered through
Celite, the solid was washed by toluene and the filtrates were combined. An orange solid was
obtained after the removal of solvent (wet crude product weight 0.22 g). Anal. Calcd. for
C34H,sFoFeNOoPdPS;: C 38.70, H 2.68, N 1.33. Found: C 40.79, H 4.38, N 1.04.'H NMR
(400 MHz; CDCl3) dy: 2.02 (br, CH3), 3.19 (br, Cp-H), 3.49 (br, Cp-H), 9.54 (br, Ar-PAr’,).

3'p {'"H}NMR (162 MHz; CDCls): 73.4 (s). F{'H} NMR (377 MHz; CDCls): -170.5 (br).

Ditriflatepalladium 2-[bis(3,5-dimethylphenyl)phosphino)]benzylideneiminoferrocenium
triflate (3.8-0x)

A mixture of 3.7 (0.14 g, 0.2 mmol, 1 eq.) and silver triflate (0.15 g, 0.6 mmol, 3 eq.) in
DCM was left stirring for 3 hours at room temperature. The solution was filtered through
Celite, the solid was washed by chloroform and the filtrates were combined. An orange solid
was obtained after the removal of solvent. Anal. Calcd. for C3sH3,FoFeNOyPdSs3: C 39.91, H
2.98, N 1.29. Found: C 38.83, H 2.95. '"H NMR (400 MHz; CDCl;) 8y: 1.85 (br, CH3), 3.75
(br, Cp-H), 3.84 (br, Cp-H), 7.58 (br, Ar-PAr’,). *'P {'H}NMR (162 MHz; CDCls): 74.6 (s).

PF {"H'NMR (377 MHz; CDCl;): -179.2 (br).

Synthesis of phthalide
The alkoxycarbonylation reaction of 2-iodo-/bromobenzylalcohol was carried out using
the same procedure as described in the previous section. The data of catalytic yields (%) of

phthalide corresponding to the bar charts in section 3.20 is summarized in table 7.10.

ArX R 3.1 3.1-0x 3.2 3.2-0x 33 3.3-0x
X =Br 13+2 0 0 0 0 0
X=1 88 +1 100 83 +1 50+2 83+2 50+3

Table 7.10. Data included in figure 3.20 (n > 3)
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7.4. Compounds Synthesized in Chapter 4

2,6-Pyridinedimethylideneiminoferrocene5 4.1)
In a 250 mL round-bottomed flask, a mixture of 2,6-pyridinedicarboxaldehyde (0.25 g,
1.85 mmol, 1 eq.) and aminoferrocene (0.74 g, 3.70 mmol, 2 eq.) in n-hexane was heated to
50 °C for 3 hours. The resulting solution was dried over anhydrous Na,SO4 and the solvent
was removed. A red/purple solid was obtained in a 95 % yield (0. 88 g). Anal. Calcd. for
CyHa3Fe)Ns: C 64.69, H 4.63 N 8.39. Found: C 65.81 H 5.14 N 7.94. '"H NMR (400 MHz;
CDCl;) 6u: 4.21 (s, 5H, Cp-H), 4.36 (pt, 2H, Cp-H), 4.71 (pt, 2H, Cp-H), 7.84 (pt, H, Py-H),
8.19 (s, H, Py-H), 8.21 (s, H, Py-H), 8.81 (s, 2H, N=C-H). *C{'H} NMR (100 MHz; CDCl;)
d¢: 63.8 (Cp-N, C-H), 68.2 (Cp-N, C-H), 70.0 (Cp, C-H), 103.5 (Cp-N, C-N), 121.8 (Py, C-H),
137.3 (Py, C-H), 155.3 (Py, C-C), 157.6 (C=N). MS (ESI) m/z: 502 ([M+H]", 100 %).
A procedure similar to that for the preparation of 4.1 was used for the synthesis of 4.2

and 4.6.

Dichloropalladium 1,3-benzenedimethylideneiminoferrocene “4.4)
A mixture of 4.2 (0.15 g, 0.30 mmol, 1 eq.) and [Pd(CH3;CN),Cl,] (0.077 g, 0.3 mmol, 1
eq.) in DCM was left stirring for 3 hours. A dark purple solid was obtained (0.20 g, 96%).

Anal. Caled. for CsH,4ClFe;,N,Pd: C 49.62 H 3.57 N 4.14. Found: C 47.01, H 3.01, N 2.47.

1,2-Benzenedimethylideneiminoferrocene 4.5)

A mixture of phthaldialdehyde (0.052 g, 0.39 mmol, 2 eq.) and aminoferrocene (0.156 g,
039 mmol, 1 eq.) in toluene was heated to 110 °C for 5 hours using a Dean-Stark apparatus. A
dark yellow oily solid was obtained (wet crude product weight 0.21 g) 'H NMR (400 MHz;
CDCl;) &y: 1.43 (s, 2H, CH) 1.63 (br, 2H, NH), 4.06 (pt, 2H, Cp-H), 4.11 (pt, 2H, Cp-H),
4.22 (s, 5H, Cp-H), 4.25 (pt, 2H, Cp-H), 4.33 (s, SH, Cp-H), 4.65 (s, 2H, OH), 5.05 (pt, 2H,
Cp-H), 7.11 (s, 2H, Ar-H) 7.39 (pt, 2H, Ar-H). "C{'H} NMR (100 MHz; CDCl3) 8¢: 52.7
(C-0), 66.7 (Cp, C-H), 69.3 (Cp, C-H), 99.9.0 (Cp-N, C-N), 109.8 (Cp-N, C-N), 122.7 (Ar,
C-H), 126.4 (Ar, C-H), 127.2 (Ar, C-H), 130.0 (Ar, C-H), 140.6 (Ar, C-CH). MS (ESI) m/z:
534 ([M-2H]", 40 %).
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1,1’-bis[2-(Diphenylphosphino)benzylidene]iminoferrocene (4.6)
A mixture of 2-(diphenylphosphino)benzaldehyde (1.16 g, 4.0 mmol, 2 eq.) and 1,1’-bis
-(amino)ferrocene (0.44 g, 2.0 mmol, 1 eq.) in n-hexane was heated to 70 °C for 5 hours. A
dark red solid was obtained in a 95 % yield (1.52 g). '"H NMR (400 MHz; CDCl5) & 3.93 (pt,
4H, Cp-H), 4.27 (pt, 4H, Cp-H), 6.86 (m, 2H, Ar-H) 7.25 ~ 7.40 (m, 24H, Ar-PPh;), 8.00
(ddd, 2H, Ar-H), 9.32 (d, H, N=C-H). *'P{'H} NMR (162 MHz; CDCLy) 3,: -13.7 (s). "C{'H}
NMR (100 MHz; CDCl3) d¢: 64.5 (Cp-N, C-H), 69.7 (Cp-N, C-H), 105.3 (Cp-N, C-N), 127.6
(Ar, C-H), 128.8 (PPh,, C-H), 129.0 (Ar, C-H), 130.2 (Ar, C-H), 133.6 (Ar, C-H), 134.1
(PPh,, C-H), 134.3 (PPh,, C-H), 137.0 (PPh,, C-P), 137.4 (Ar, C-P), 140.0 (Ar, C-C=N),

156.8 (C=N).

Chloroferrocene’ (FeC))

1.9 M ‘BuLi in pentane (23 mL, 43.2 mmol, 2 eq.) was added dropwise to a stirred
solution of ferrocene (4.00 g, 21.5 mmol, 1 eq), potassium tert-butoxide (0.03 g, 2.68 mmol,
0.12 eq.) and THF (120 mL) held at -78 °C (acetone/dry ice). The resulting orange suspension
was vigorously stirred for 2 hours whereby hexachloroethane (7.65 g, 32.3 mmol, 1.5 eq.)
was added against nitrogen. This mixture was stirred for a further 30 minutes at -78°C before
allowed to slowly warm to ambient temperature by not adding dry ice, at which point the dark
orange solution was carefully quenched with water, extracted two times with CH,Cl, and
solvent removed.

The crude product was extracted into n-hexane (300 mL), and washed with 0.2 M
aqueous FeCl; (2 x 200 mL). When Fc had been removed (composition monitored by 'H
NMR spectroscopy between washings), the organic phase was extracted with water until the
washings were colorless, dried over MgSO, and filtered (50 g silica/n-hexane). Evaporation
of solvent provided pure FcCl as an orange crystalline solid (3.03 g, 64 %). Anal. Calcd. for
C,oHyFeCl: C 54.45 H, 4.12. Found: C 54.39 H 4.13. '"H NMR (CDCl;; 400 MHz): & 4.09 (pt,
2H, Cp-H, J = 1.83 Hz, 1.85 Hz), 4.24 (s, 5H, Cp-H) 4.39 (pt, 2H, Cp-H, J = 1.89 Hz, 1.90
Hz). "C{'H} NMR (CDCl;; 100 MHz): 8.: 66.1 (Cp-Cl, C-H), 68.0 (Cp-Cl, C-H), 70.4 (Cp,

CH), 92.5 (Cp-Cl, C-Cl). HR-MS EI: m/z 219.9735, (IM]" calcd: 219.9742).
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Fluoroferrocene’ (FcF)
1.6 M 'BuLi in pentane (13 mL, 21.2 mmol, 2 eq.) was added dropwise to a stirred
solution of ferrocene (1.90 g, 10.6 mmol, 1 eq), potassium tert-butoxide (0.013 g, 1.31 mmol,
0.12 eq.) and THF (30 mL) held at -78 °C (acetone/dry ice). The resulting orange suspension
was vigorously stirred for 2 hours whereby NFSI (5.00 g, 15.8 mmol, 1.5 eq.) was added
against nitrogen. This mixture was stirred for a further 30 minutes at -78°C before allowed to
slowly warm to ambient temperature by not adding dry ice, at which point the dark solution
was carefully quenched with water, extracted two times with CH,Cl, and solvent removed.
The crude product was extracted into n-hexane (300 mL), and washed with 0.2 M
aqueous FeCl; (2 x 200 mL). When Fc had been removed (composition monitored by 'H
NMR spectroscopy between washings), the organic phase was extracted with water until the
washings were colorless, dried over MgSO, and filtered (50 g silica/n-hexane). Evaporation
of solvent provided pure FcF as a light yellow solid (0.33 g, 15 %). Anal. Calcd. For
C,oHyFeF: C 58.85 H, 4.45. Found: C 58.72 H 4.35. 'H NMR (CDCl;; 400 MHz): &;: 3.79
(pt, 2H, Cp-H, J = 1.82 Hz, 1.51 Hz, 1.82 Hz), 4.26 (s, 5SH, Cp-H) 4.30 (pt, 2H, Cp-H, J =
2.23 Hz, 2.41 Hz, 2.22 Hz). "C{'H} NMR (CDCly; 100 MHz): &.: 29.7 (Cp-F, C-F), 56.1
(Cp-F, C-H), 61.0 (Cp-F, C-H), 69.3 (Cp, CH). "F-{'"H}NMR (CDCl;; 377 MHz): d;: -188.8

(s). HR-MS EI: m/z 204.0051, ([M]" calcd: 204.0038).

1,1°-Dichloroferrocene® (fcClp)

The suspension of 1,1’-dilithioferrocene-TMEDA was produced from ferrocene (9.30 g,
50 mmol, 1 eq.), TMEDA (18 mL, 125 mmol, 2.5 eq.), n-hexane (60 mL) and 2.5 M "BuLi
(44 mL, 110.0 mmol, 2.2 eq.) was cooled to -78°C (acetone/dry ice). Hexachloroethane (26.0
g, 110 mmol, 2.2 eq.) was added to the reaction mixture. After slowly raising the reaction to
ambient temperature and stirring overnight, the resulting solution was quenched with water
(20 mL) and separated, providing yellow solid after solvent removal.

The crude product was extracted into n-hexane (300 mL), filtered through Celite and
washed successively with 3.0 M aqueous FeCl; (3 x 200 mL). When contaminants had been
removed (composition monitored by '"H NMR spectroscopy between washings), the organic

phase was extracted with water until the washings were colorless, dried over MgSO,, and
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filtered (50 g silica/n-hexane). The solution was dried in vacuo to yield pure fcCl, as a yellow
solid (12.7 g, 75 %). Anal. Calcd. For C,(HgFeCl,: C 47.09 H 3.16. Found: C 47.17 H 3.23.
'H NMR (CDCl;; 400 MHz): 8y: 4.13 (pt, 4H, Cp-H, J = 1.96 Hz, 2.28 Hz), 4.41 (pt, 4H,
Cp-H, J = 2.03 Hz, 2.13 Hz). “C{'H} NMR (CDCl;; 100 MHz): &¢: 68.5 (Cp, C-H), 70.1

(Cp, C-H), 93.3 (Cp, C-Cl). HR-MS EI+: m/z: 253.9367, (IM]" calcd: 253.9362).

1,1’-Difluoroferrocene (fcFy)

The suspension of 1,1’-dilithioferrocene-TMEDA was produced from ferrocene (1.86 g,
10 mmol, 1 eq.), TMEDA (3.7 mL, 25 mmol, 2.5 eq.) and 2.5 M "BuLi (8.8 mL, 22.0 mmol,
2.2 eq.) in Et;O was cooled to -78°C (acetone/dry ice). NFSI (7.0 g, 22 mmol, 2.2 eq.) was
added to the reaction mixture. After slowly raising the reaction to ambient temperature and
stirring overnight, the resulting solution was quenched with water (20 mL) and separated,
providing yellow solid after solvent removal.

The crude product was extracted into n-hexane (300 mL), filtered through Celite and
washed successively with 2.0 M aqueous FeCl; (2 x 200 mL). When contaminants had been
removed (composition monitored with 'H NMR between washings), the organic phase was
extracted with water until the washings were colorless, dried over MgSO,, and filtered (50 g
silica/n-hexane). The solution was dried in vacuo to yield pure fcF, as a light yellow solid
(0.11 g, 5 %). Anal. Calcd. For C,(HgFeF,: C 54.08 H 3.63. Found: C 54.15 H 3.60. '"H NMR
(CDCl5; 400 MHz): oy: 3.92 (pt, 4H, Cp-H, J = 1.70 Hz, 1.18 Hz, 1.68 Hz), 4.41 (pt, 4H,

Cp-H,J=2.16 Hz, 1.09 Hz, 2.14 Hz). "F{'H} NMR (CDCl;; 100 MHz) &5: -188.0 (s).

7.5. Compounds Synthesized in Chapter 5

Chloromethylpalladium1,1-’bis(methylthio)ferrocene9 [Pd(bmsf)(CH;3)CI] (5.1)

In two separate flasks, bmsf (0.70 g, 2.62 mmol, 1.4 eq.) and [Pd(COD)(CH;)CI] (0.50
g, 1.85 mmol, 1 eq.) were added. Both compound were fully dissolved in DCM (15 mL) and
filtered before adding them to each other. Upon addition of the solutions to one another, the

reaction mixture turned orange. This mixture was left stirring overnight at room temperature
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to allow the reaction to go to completion. The solvent was then removed to give a light orange
solid. This was washed with toluene (3 x 20mL) to remove the excess bmsf ligand and any
other impurities.

A dark yellow solid was obtained (0.65 g, 81%). Anal. Calcd. for C;3H;7ClFeS,Pd: C
35.86, H 3.91. Found: C 35.72, H 3.72. 'H NMR (400 MHz; CDCl3) 8y: 4.75 (s, 2H, Cp-H),
4.82 (s, 2H, Cp-H), 4.34 (s, 2H, Cp-H), 4.31 (s, 2H, Cp-H), 2.47 (s, 3H, S-CH3), 2.36 (s, 3H,

S-CH), 1.19 (s, 3H, Pd-CH;). MS(ESI) m/z: 399 (IM-CI]", 60%).

(n4-1,S-Cyclooctadiene)rhodium 1,1’-bis(methylthio)ferrocene hexaﬂuorophosphate10
[Rh(bmsf)(COD)][PF¢] (5.3)
To an DCM (30 mL) solution of [(Rh(COD)CI),] (60 mg, 0.12 mmol, 1.0 eq.), an
aqueous solution (10 mL) of KPF4(70 mg, 0.36 mmol, 3.0 eq.) was added. The mixture was
stirred vigorously for 15 min before bmsf (0.11g, 0.4 mmol, 3.3 eq.) was added. The flask
was then covered with an aluminum sheet to shield the light, and the mixture was left stirring
overnight during which a dark orange suspension was formed. The solvent was removed
using a rotary evaporator, and this crude product was washed with distilled water (3 x 10 mL)
and THF (3 x 10 mL). A dark brown solid obtained (62.4 mg, 82 %). Anal. Calcd. for
CaoH26S:RhPFFe: C 37.86, H 4.13. Found: C 37.69, H 4.09. 'H NMR (400 MHz; CDCls) y:
2.21 (m, 4H, -CH,-), 2.70 (m, 4H, -CH»-), 2.35 (s, 6H, -CH3), 4.44 (m, 4H, -CH-), 4.71 (s, 4H,

a-H), 4.85 (s, 4H, B-H). MS (ESI) m/z: 381 ([Rh(bmsH)]", 65 %).

(n*-1,5-Cyclooctadiene)rhodium 1,1°-bis(diphenylphosphino)ferrocene hexafluorophos
-phate [Rh(dppH)(COD)][PF] (5.4)
To an DCM (30 mL) solution of [(Rh(COD)CI),] (0.61 mmol, 300 mg, 1.0 eq.), an
aqueous solution (10 mL) of KPF¢(1.85 mmol, 350 mg, 3.0 eq.) was added. The mixture was
stirred vigorously for 15 min before dppf (1.85 mmol, 1.0 g, 3.0 eq.) was added. The flask
was then covered with an aluminum sheet to shield the light, and the mixture was left stirring
overnight during which a dark orange suspension was formed. The solvent was removed
using a rotary evaporator, and this crude product was washed with distilled water (3 X 10 mL),

toluene (3 x 20 mL), and ethanol (3 x 10 mL). An orange solid was obtained (0.40 g, 73%). .
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Anal. Caled. for C4oHyPsFsRhFe: C 55.39, H 4.43. Found: C 55.50, H 4.35. '"H NMR (400
MHz; CDCls) 6y: 2.12 (m, 4H, -CH,-), 2.37 (m, 4H, -CH,-), 4.25 (s, 4H, a-H), 4.32 (s, 4H,
B-H), 4.40 (m, 4H, -CH-). *'P{'H} NMR (162 MHz; CDCl;) 8p: 21.5 (d, PPh, 'Jryp= 148.96
Hz), -144.2 (m, PFy, 'Jzp=712.80). No meaningful data obtained from the electrospray mass

spectrum.

Suzuki-Miyaura cross-coupling reactions

In a 100 mL two-necked round-bottomed flask with a magnetic stirrer, 4-bromotoluene
(1.06 mmol, 0.18 g, 1.0 eq.), phenylboronic (1.64 mmol, 0.20 g, 1.55 eq.), KsPO4 (2.12
mmols, 0.45 g, 2.0 eq.), the selected Pd-catalyst (0.02 eq.) and THF (25 mL) were added. The
mixture was left stirring for 3 hours/1 hour at 30 °C/50 °C/80 °C. The orange/brown crude
product was taken in n-hexane and then passed through a thin pad (3 cm) of silica column.

The filtrate was reduced to dryness on a rotary evaporator, and an off-white solid was
collected from the flask. This solid was analyzed via '"H NMR, and the catalytic conversions

given by the four catalysts are listed in table 7.11.

80 °C 50 °C 30 °C

[Pd(dppf)CLy] (2.1) 88 + 1 94 + 1 69 + 1

[Pd(dppf-Fe")CL][PF¢] (2.1-0x) | 60 +2 95+2 68 + 1

[Pd(dppf)CICH;] (5.2) 60 + 5 97 + 1 84 + 1

[Pd(bsmf)CICH;] (5.1) 95 +1 25+5 50+5

Table 7.11. Catalytic conversions (%) of 4-bromotoluene correspondoing to

figure 5.20 in chapter 5 (n > 3)

Hydrogenation reactions

The mixture of styrene (0.57 mL, 5.0 mmol, 1 eq.) and the selected rhodium catalyst
(0.01 eq.) in toluene (5 mL) was heated to 120 °C under an atmospheric pressure of hydrogen.
After 18 hours, the solution cooled and filtered through Celite. 1 mL of the clear solution

obtained was taken for GC analysis.
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Crystal data and structure refinement for NLOS511.

Identification code
Empirical formula

Formula weight
Temperature
Diffractometer, wavelength
Crystal system, space group

Unit cell dimensions

Volume, Z
Density (calculated)

Absorption coefficient
F(000)

Crystal colour / morphology
Crystal size

q range for data collection
Index ranges

Reflns collected / unique
Reflns observed [F>4s(F)]
Absorption correction

Max. and min. transmission
Refinement method
Data / restraints / parameters

Goodness-of-fit on F2
Final R indices [F>4s(F)]
R indices (all data)

Largest diff. peak, hole

Mean and maximum shift/error

APPENDICE

NLO511

C29 H24 C12 Fe N P Pd . 2CH2CI2
820.46

173(2) K

OD Xcalibur 3, 0.71073 A
Monoclinic, P2(1)/c

a = 14.0498(9) A a=90°
b=11.7942(9) A b = 104.780(6)°
c=20.5110(14) A g=90°

3286.3(4) A3, 4
1.658 Mg/m3

1.548 mm-!
1640
Black tablets

0.17 x 0.10 x 0.04 mm3

3.77 to 32.70°

-21<=h<=14, -17<=k<=17, -30<=1<=29
31307 /11031 [R(int) = 0.1729]

5463

Numeric analytical

0.94383 and 0.81281

Full-matrix least-squares on F2

11031/20/411

1.016
R1=0.0921, wR2 =0.1707
R1=0.1813, wR2 =0.2058

3.589, -2.066 eA-3
0.000 and 0.000
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Table 2. Bond lengths [A] and angles [°] for NLO511.

Pd-N(7)
Pd-P
Pd-CI(2)
Pd-CI(1)
Fe-C(11)
Fe-C(15)
Fe-C(9)
Fe-C(13)
Fe-C(10)
Fe-C(16)
Fe-C(17)
Fe-C(8)
Fe-C(14)
Fe-C(12)
P-C(18)
P-C(24)
P-C(1)
C(1)-C(2)
C(1)-C(6)
C(2)-C(3)
C(3)-C(4)
C(4)-C(5)
C(5)-C(6)
C(6)-C(7)
C(7)-N(7)
N(7)-C(8)
C(8)-C(9)
C(8)-C(12)
C(9)-C(10)
C(10)-C(11)
C(11)-C(12)
C(13)-C(17)
C(13)-C(14)
C(14)-C(15)
C(15)-C(16)
C(16)-C(17)
C(18)-C(19)
C(18)-C(23)
C(19)-C(20)
C(20)-C(21)
C(21)-C(22)
C(22)-C(23)
C(24)-C(29)
C(24)-C(25)
C(25)-C(26)
C(26)-C(27)
C(27)-C(28)
C(28)-C(29)

N(7)-Pd-P
N(7)-Pd-Cl1(2)
P-Pd-Cl(2)
N(7)-Pd-CI(1)
P-Pd-CI(1)

Cl1(2)-Pd-CI(1)
C(11)-Fe-C(15)
C(11)-Fe-C(9)
C(15)-Fe-C(9)

2.065(5)
2.2181(16)
2.2866(15)
2.3797(15)
2.031(6)
2.036(7)
2.036(6)
2.038(7)
2.042(7)
2.043(6)
2.046(7)
2.046(6)
2.047(7)
2.067(6)
1.818(7)
1.825(6)
1.827(6)
1.389(9)
1.423(8)
1.407(9)
1.370(9)
1.378(9)
1.389(8)
1.452(8)
1.274(7)
1.440(8)
1.404(9)
1.425(9)
1.428(9)
1.422(10)
1.431(9)
1.390(12)
1.408(11)
1.408(11)
1.446(11)
1.427(10)
1.371(10)
1.386(9)
1.416(11)
1.343(13)
1.363(12)
1.380(10)
1.390(9)
1.400(9)
1.379(10)
1.384(11)
1.355(11)
1.407(9)

85.37(14)
174.43(14)
94.33(6)
89.80(14)
169.15(6)
91.41(6)

104.9(3)
68.9(3)
156.7(3)
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C(11)-Fe-C(13)
C(15)-Fe-C(13)
C(9)-Fe-C(13)
C(11)-Fe-C(10)
C(15)-Fe-C(10)
C(9)-Fe-C(10)
C(13)-Fe-C(10)
C(11)-Fe-C(16)
C(15)-Fe-C(16)
C(9)-Fe-C(16)
C(13)-Fe-C(16)
C(10)-Fe-C(16)
C(11)-Fe-C(17)
C(15)-Fe-C(17)
C(9)-Fe-C(17)
C(13)-Fe-C(17)
C(10)-Fe-C(17)
C(16)-Fe-C(17)
C(11)-Fe-C(8)
C(15)-Fe-C(8)
C(9)-Fe-C(8)
C(13)-Fe-C(8)
C(10)-Fe-C(8)
C(16)-Fe-C(8)
C(17)-Fe-C(8)
C(11)-Fe-C(14)
C(15)-Fe-C(14)
C(9)-Fe-C(14)
C(13)-Fe-C(14)
C(10)-Fe-C(14)
C(16)-Fe-C(14)
C(17)-Fe-C(14)
C(8)-Fe-C(14)
C(11)-Fe-C(12)
C(15)-Fe-C(12)
C(9)-Fe-C(12)
C(13)-Fe-C(12)
C(10)-Fe-C(12)
C(16)-Fe-C(12)
C(17)-Fe-C(12)
C(8)-Fe-C(12)
C(14)-Fe-C(12)
C(18)-P-C(24)
C(18)-P-C(1)
C(24)-P-C(1)
C(18)-P-Pd
C(24)-P-Pd
C(1)-P-Pd
C(2)-C(1)-C(6)
C(2)-C(1)-P
C(6)-C(1)-P
C(1)-C(2)-C(3)
C(4)-C(3)-C(2)
C(3)-C(4)-C(5)
C(4)-C(5)-C(6)
C(5)-C(6)-C(1)
C(5)-C(6)-C(7)
C(1)-C(6)-C(7)
N(7)-C(7)-C(6)
C(7)-N(7)-C(8)

159.6(3)
68.0(3)
125.1(3)
40.9(3)
119.8(3)
41.0(3)
159.4(3)
120.4(3)
41.5(3)
120.8(3)
67.8(3)
104.5(3)
157.6(3)
68.9(3)
107.8(3)
39.8(3)
122.1(3)
40.8(3)
67.8(2)
159.9(3)
40.2(2)
112.0(3)
67.8(3)
158.4(3)
124.8(3)
122.1(3)
40.4(3)
161.6(3)
40.3(3)
156.7(3)
68.5(3)
68.0(3)
126.4(3)
40.9(2)
121.9(3)
69.0(3)
125.3(3)
68.9(3)
157.6(3)
160.5(3)
40.5(2)
108.7(3)
105.6(3)
106.6(3)
104.9(3)
111.2(2)
124.4(2)
102.7(2)
119.5(5)
120.2(4)
120.2(5)
120.6(6)
119.2(6)
121.0(6)
121.4(6)
118.2(6)
118.9(5)
122.8(5)
126.9(5)
121.2(5)
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C(7)-N(7)-Pd
C(8)-N(7)-Pd
C(9)-C(8)-C(12)
C(9)-C(8)-N(7)
C(12)-C(8)-N(7)
C(9)-C(8)-Fe
C(12)-C(8)-Fe
N(7)-C(8)-Fe
C(8)-C(9)-C(10)
C(8)-C(9)-Fe
C(10)-C(9)-Fe
C(11)-C(10)-C(9)
C(11)-C(10)-Fe
C(9)-C(10)-Fe
C(10)-C(11)-C(12)
C(10)-C(11)-Fe
C(12)-C(11)-Fe
C(8)-C(12)-C(11)
C(8)-C(12)-Fe
C(11)-C(12)-Fe
C(17)-C(13)-C(14)
C(17)-C(13)-Fe
C(14)-C(13)-Fe
C(13)-C(14)-C(15)
C(13)-C(14)-Fe
C(15)-C(14)-Fe
C(14)-C(15)-C(16)
C(14)-C(15)-Fe
C(16)-C(15)-Fe
C(17)-C(16)-C(15)
C(17)-C(16)-Fe
C(15)-C(16)-Fe
C(13)-C(17)-C(16)
C(13)-C(17)-Fe
C(16)-C(17)-Fe
C(19)-C(18)-C(23)
C(19)-C(18)-P
C(23)-C(18)-P
C(18)-C(19)-C(20)
C(21)-C(20)-C(19)
C(20)-C(21)-C(22)
C(21)-C(22)-C(23)
C(22)-C(23)-C(18)
C(29)-C(24)-C(25)
C(29)-C(24)-P
C(25)-C(24)-P
C(26)-C(25)-C(24)
C(25)-C(26)-C(27)
C(28)-C(27)-C(26)
C(27)-C(28)-C(29)
C(24)-C(29)-C(28)

126.1(4)
112.4(4)
110.4(5)
126.3(6)
123.1(5)
69.5(3)
70.5(3)
130.3(4)
107.2(6)
70.3(4)
69.7(4)
107.7(6)
69.2(4)
69.3(4)
109.1(6)
70.0(4)
70.9(4)
105.6(5)
69.0(3)
68.2(4)
109.7(7)
70.4(4)
70.2(4)
107.9(7)
69.5(4)
69.4(4)
107.5(7)
70.3(4)
69.5(4)
107.0(7)
69.7(4)
69.0(4)
107.9(7)
69.8(4)
69.4(4)
120.1(6)
121.3(5)
118.6(5)
119.3(7)
119.9(8)
120.6(7)
121.2(7)
118.9(7)
119.9(6)
120.2(5)
119.5(5)
119.0(7)
120.6(7)
121.3(7)
119.2(7)
119.9(6)
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