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Abstract

Rational ligand design is a powerful strategy in organometallic chemistry. By carefully
considering what features a ligand will need to possess for certain applications, drawing on
information in the literature and, perhaps, computational insight, appropriate systems can be
designed, enabling more efficient experiments to be conducted. This could have wide-ranging
application in coordination chemistry and catalysis, with the potential to influence metal-based
reactivity through modification of the coordination spheres. In this thesis, the application of
ligand design strategies to three projects is presented. The roles of the primary and secondary
coordination spheres are evaluated and the group 9 coordination chemistry of three
multidentate phosphine ligands is investigated. These ligands were designed or chosen to
achieve particular goals.

By considering the role of pincer ligands in the primary coordination sphere,
[M(PNP-Np)(biph)][BArf4] complexes were synthesised (biph = 2,2’-biphenyl, M = Rh/Ir,
BAr", = B[3,5-(CFs)2CsHs]4), exploiting the flexibility of the neopentyl chains to investigate
agostic interactions in these complexes. The results are in contrast to PNP-'Bu analogues,
which do not possess significant agostic interactions.

The versatility of pincers is also utilised, in combination with secondary coordination
sphere considerations, for the design and synthesis of a resorcinarene-derived pincer ligand.
The overarching aim was to design a system that could stabilise an alkane ligand in the solid
and solution states. Whilst not yet achieved, this synthesis is described, and rhodium carbonyl
complexes of this ligand are presented.

Finally, the focus was shifted to reaction control in the secondary coordination sphere,
and a resorcinarene-derived phosphine-phosphite, previously synthesised in the Chaplin
group, was investigated in the rhodium-catalysed hydroformylation of alkyl alkenes. The
system showed branched selectivity that increased significantly with increasing alkene chain
length, attributed to cavity effects.

Overall, this work highlights how the implementation of rational ligand design

approaches can be a useful strategy for chemists.

Chapter 2 Chapter 3 Chapter 4






1. Introduction

1.1. Reaction Control in the Primary and Secondary Coordination Spheres

Traditionally, organometallic chemistry has involved the use of ancillary ligands to stabilise
a metal ion and allow reactivity of interest to occur at the remaining coordination sites (usually
behaving as spectators but in some cases becoming involved themselves). The range of ligands
that can perform this role is vast, but common examples include two-electron ‘L’ donors such
as trivalent phosphorus- and nitrogen-containing compounds, and N-heterocyclic carbenes
(NHCs). Arenes, such as benzene-based compounds and the now-ubiquitous cyclopentadienyl
ligand also have many applications, but it is chelating ligands that are now of considerable
interest, stabilising complexes through the chelate effect and their increased rigidity and size
when compared to non-chelating ligands.

The use of ligands such as those mentioned above allows the chemist to influence
reactivity in the primary coordination sphere, by modification of the steric and electronic
properties of these systems. Although these properties are often interrelated, there are several
parameters which enable them to be quantified (Figure 1.1). The steric and electronic
properties of phosphorus-containing ligands was extensively investigated by Tolman.! Here,
the Tolman electronic parameter (TEP/v) was introduced, for quantifying the effect of donor
strength of a phosphine when the substituents (contributions y;) are varied. It was originally
obtained from one of the two carbonyl stretching bands of [Ni(CO)sL], where L is the
phosphine of interest. Since this initial report, the concept of the TEP has been extended to
other transition metal complexes, with more synthetically accessible complexes of the formula
cis-[M(L)(C0).Cl] being widely used (M = Rh, Ir; L = phosphine,?® NHC*®%). Here, the two
carbonyl stretching vibrations are averaged. The m-acidic carbonyl ligand is a good reporter
of electron density at the metal centre to which it is bound, and, by extension, of the bonding
situation between the metal and L.

This parameter has seen widespread application when describing the properties of
ligands. However, Cremer has argued that the strength of a metal-ligand (M-L) bond cannot
be quantitatively described by the carbonyl stretching frequency, rendering the TEP an
unreliable parameter.”® It is based on an oversimplified electronic bonding model and is not
based on mode-decoupled carbonyl stretching frequencies, which introduces error. It has been
proposed that by measuring the far infrared M-L stretching frequencies (which is now much
simpler to achieve) and converting these normal (coupled) mode frequencies into local

(decoupled) mode frequencies, the local force constant (k%(M-L)) can be extracted.



Alternatively, this can be calculated using quantum chemical methods. With these values in
hand, bond strength order values can be derived. These have also been termed metal-ligand
electronic parameters (MLEP) and allow different M-L bonds to be compared.

When dealing with phosphorus-based ligands, the o-donor capabilities of trivalent
phosphorus groups can be probed by 3P NMR spectroscopy, following preparation of the
phosphorus selenide compound. The 3P-""Se coupling constant is generally smaller for a more
basic phosphorus centre: the presence of electron-donating substituents at phosphorus will
lead to decreased s character of the phosphorus lone pair and a decrease in Jsep, Whilst
electron-withdrawing substituents result in increased s character of the phosphorus lone pair
and a larger s value. This value can also convey some information about the steric
properties of the ligand, as bulky substituents at phosphorus also lead to decreased s character
of the lone pair (due to a widening of bond angles) and, subsequently, a smaller coupling
constant.®10

In order to consider the steric properties of a ligand, the cone angle (¢) was also
introduced by Tolman to quantify the steric effect of the substituents of a phosphorus-
containing ligand: this is the apex angle of the cylindrical cone defined by the metal and the
phosphine substituents. It can be modified to include examples where the three substituents
are inequivalent, and also extended to include bidentate phosphines. However, this has largely
been replaced by the percent buried volume (%Vuwr). This is defined as the percent of the total
volume of a sphere occupied by a ligand, where the sphere has a defined radius, with the metal
centre at its core.*!2 The volume of the sphere represents the primary coordination sphere (the
space occupied by the ligands directly coordinated to the metal). It can be calculated using
crystallographic data and is applicable to a wide range of ligands, rather than just tertiary
phosphines.

When dealing with chelating ligands, it is often helpful to refer to the bite angle as an
appropriate parameter. This is loosely defined as the angle made by the donor groups at the
metal. However, this is complicated by the fact that the ligand-preferred bite angle (or natural
bite angle, based on the steric constraints of the system) is not necessarily the same as the
metal-preferred bite angle, which is impacted by electronic factors imposed by the metal
centre. Both of these situations combine to give the observed bite angle.*® Van Leeuwen and
co-workers have performed detailed investigations into the effect of the natural bite angle (fn)
of chelating phosphorus-based ligands in homogeneous transition metal-catalysed
processes.'*° This is now the most common parameter referred to when discussing bidentate
ligands.

The use of the parameters discussed here enables researchers to consider the effects that
the steric and electronic properties of various ligands (and their substituents) may have on the

organometallic chemistry of their complexes, providing useful insight which can benefit the



ligand design process. However, in recent years there has been an increasing interest in
manipulating interactions in the secondary coordination sphere to exert additional control over
reactivity. This can allow new activity and/or selectivity to be introduced to a system where
modification of the primary coordination sphere is not sufficient.

Electronics : Sterics : Chelating

P Ligands
: Chelating ligand |
L. .CO i
Viip = ip I F|’R3 oMo ] Voo >V oE | backbone |

Mi

ocYy ™ : s
od ©o M =Rn, Ir : ~ & PORCB
—_— E E M
Veg = v : : .

TEP (v) and MLEP Cone Percent Buried Natural bite
(derived fiom x*) i angle(®) Volume (%Vy,,) angle (B,)

Figure 1.1. Ligand parameters used to quantify electronic and steric effects, where M is any metal
(in the case of natural bite angle, M is a dummy metal with no electronic effects).

The use of secondary interactions in order to control organometallic reaction outcomes is
inspired by the extremely high reactivity and selectivity displayed by enzymes. These are
much greater in size compared to a synthetic organometallic catalyst, with a well-defined,
confined space surrounding the active site. The pre-organisation brought about by this
confinement, along with the presence of directing groups, can allow these natural catalysts to
out-perform synthetic systems. In an attempt to mimic certain features of these enzymatic
systems, combining elements of supramolecular chemistry with organometallic synthesis and
transition metal catalysis is currently an area of significant interest.??? By introducing
potential for the formation of non-covalent interactions (NCls) (e.g. via confinement?3-27.28-34
or other directing effects?>*®) into the secondary coordination sphere, this could enable
catalysts to be designed which display divergent reactivity, when compared with related non-
supramolecular analogues. It could also enable the stabilisation of reactive species that would

not otherwise be observed.



Ultimately, this thesis will focus on two relevant themes that underpin the work presented:
pincer ligand design for controlling organometallic reactivity in the primary coordination
sphere and the introduction of confinement via supramolecular ligand architectures in the
secondary coordination sphere (Figure 1.2). In particular, the group 9 coordination chemistry
of the ligands discussed will be the main focus, exploring ways in which the design of these
ligands has enabled this reactivity.

] Secondary coordination sphere:
Primary coordination sphere: / Extended environment that can

Coordinated ligands (e.g. \ _ Y—z| : impact substrate (S) binding
pincer ligands) where the S\ /x—M—s" through encapsulation, non-
nature of X, ¥ and Z can | N covalent interactions or
influence sterics and Y=z » directing effects

electronics at the metal centre

Directing groups:

Directing groups can be incorporated fo
direct substrate binding, or NCIs with the
microenvironment can stabilise substrate

Figure 1.2. Illustrative depiction of the primary and secondary coordination spheres of an
organometallic system confined within a supramolecular architecture.



1.2. Pincer Ligands

1.2.1. Overview

A key requirement of ligand design is choosing a scaffold in which the donor properties can
be varied with relative ease. Such a versatile system could have wide-ranging applications.
Pincers are a category of ligand that fit this description well. The pincer ligand motif has
become incredibly useful in organometallic chemistry over the last few decades, with many
applications in areas such as homogenous catalysis and bond activation reactions.*-*3 Pincer
ligands are defined as tridentate ligands that coordinate to a metal with a meridional (mer-)
geometry (thereby distinguishing them from facially coordinating scorpionates), although
there are some exceptions to this.** As a result of this coordination mode and the fixity of the
donor groups, they are very rigid ligands, able to impart thermal stability and robustness at
metal centres to which they are coordinated. This property is very useful when it comes to
studying systems under catalytic conditions, where high temperatures and pressures may be
required. It is also of use when observing coordinatively unsaturated metal centres, as the
primary coordination sphere is occupied by the three donor groups and the steric effects of the
substituents can prevent coordination at a vacant site.

Figure 1.3A highlights the general structure of a pincer ligand. The nomenclature is
derived from the central atom of the three donor groups (X and Z), along with the linker atoms
(Y). It is these three components that are typically modified, enabling a plethora of ligands to
be synthesised that display rigid, mer-coordination, but wide-ranging steric and electronic
properties. For example, a simple modification could be adjusting the substituents on the Z
donors, changing the steric profile of the ligand and, therefore, affecting the environment at a
metal centre. Additionally, changing the nature of the Z donor can affect both the sterics and
electronics of the system. The introduction of phosphine or phosphinite groups also provides
a useful NMR spectroscopic handle. Other donor groups are known, including carbenes,*
amines, imines and phosphaalkenes, - although these are less common. Changing the nature
of the linking Y atoms/groups can affect the electronics of the system and, also, the bite angle
of the two Z donors. The typical pincer ligands are symmetric, such as PCP (X = C~, Y = CHy,
Z=P)or PONOP (X =N, Y = 0O, Z = P) but asymmetric variants are also known.*® This is a
powerful approach as it potentially allows a system with two differing donor groups (different
steric profiles, different electronics etc.) to be synthesised, which can have a considerable
effect on the chemistry of an organometallic system. In Figure 1.3B, a small selection of
pincer ligands (A1-A15) is shown which demonstrate how X, Y and Z can be varied to give
ligands with diverse structures and properties.®®-*464" A thorough discussion of these different
structures is not possible here, and so the focus of the following sections will be on pincer

ligands that possess scaffolds resembling those of the ligands described in this thesis.



Pincer backbone, e.g. Y —2Z «4—— | Donor groups, e.g. PR,.

aromatic ring \ re: < NHC'etc

Linkers, e.g. CH,, O, S | —» Y:Z\

Central donor atom, e.g. C, N

Ph_Ph,P=8
R\
as

PH PhyP=S

Me—35i
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Asymmetric pincer ligands

Figure 1.3A) The generalised structure of a pincer ligand with donor groups X and Z and linkers Y;
B) a selection of examples of neutral (A1-A5), anionic (A6-A10) and asymmetric (A11-A15) pincer
ligands, highlighting how X, Y and Z can be modified.

1.2.2. Phosphine-Based Pincer Ligands with an Aromatic Backbone

A large and important class of pincer ligands feature either a benzene or pyridine backbone
(X = C/N), with methylene or oxygen linkers (Y) and phosphine donors (Z). Pincer ligands
based on these scaffolds were the first among this class of ligand to be investigated and they
have become a common feature of modern organometallic chemistry. In the case of
PNP/PONOP (Scheme 1.1A-B), the resulting ligand is an Lz donor, whilst PCP/POCOP
(Scheme 1.1C-D) are L,X donors, requiring an additional step, such as C-H activation of a
proligand (C-C and C-Br activations have also been implemented), before coordination to a
metal can occur.3**8 Pincer ligands of this type are relatively easy to synthesise, starting from

readily available precursors such as 1,3-bis(halomethyl)benzene, lutidine and resorcinol.
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Scheme 1.1. Synthetic routes to pincer ligands of the form PYXYP (X =N, C; Y = CH, O).

The first pincer ligand, PNP-Ph, was reported by Nelson in 1971,*8along with an investigation
of its iron, cobalt and nickel coordination chemistry. Moulton and Shaw reported the synthesis
of PCP-'Bu soon after,* and characterised a range of transition metal complexes, including
group 9 hydrides and carbonyl complexes. Since then, these and related pincer complexes
have been shown to be effective catalysts in a variety of transformations, including C-C and
C-0O bond forming reactions, palladium and nickel-catalysed cross-coupling reactions, transfer
hydrogenation, alkane dehydrogenation and asymmetric catalysis. They have also found
application in small molecule activation, bond activation reactions (including C-H bonds) and
in the stabilisation of unusual complexes or metal oxidation states. Their ability to act as
non-innocent ligands and participate in metal-ligand cooperativity (often via dearomatisation
in PNP systems) is also an important mode of reactivity.%4

Milstein was the first to synthesise the now well-known PNP-'Bu.%® It’s iridium
coordination chemistry was explored, and it was found that reaction with [Ir(coe).Cl]. (coe =
cyclooctene) resulted in the product of C(sp?)-H activation (A16, Scheme 1.2). Further
investigation enabled the synthesis of the cationic iridium(l) coe complex Al7, which
underwent C-H activation in the presence of benzene.>*? The product A18 is a rare example
of a thermally stable, square pyramidal, aryl hydride complex, in contrast to the analogous

PCP-'Bu complex A19, which is not thermally stable.5® Despite the lower electron density in



cationic A18 (cf. neutral A19), the carbon donor in A19 exerts a stronger trans influence,
resulting in a longer Ir-C bond and a complex unstable to reductive elimination. The
propensity of A17 to undergo aromatic C-H activation was extended to aryl halides, where it
was found that C-H activation was preferred to C-X activation (X = F, CI, Br). In the case of
fluorobenzene activation (A20), no selectivity was observed and the kinetic products were
formed (i.e. the products of ortho-, meta- and para-C-H activation). However, reaction with
chlorobenzene, bromobenzene and anisole ultimately led to complete conversion to the
thermodynamic ortho-products A21-A23, in which coordination of the heteroatom drives the

formation of this product.
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Scheme 1.2. C(sp?)-H activation in iridium complexes of PNP-Bu, reported by Milstein,0-52 with
Goldman's PCP-'Bu complex A19 shown alongside for comparison.> [PFe]~ counterions are
omitted for clarity.

The rhodium chemistry was also explored, but vinylic C-H activation of COE was not
observed in this case.>® Other groups have extended the rhodium coordination chemistry of
PNP-'Bu***8 to include carbonyl, dihydrogen and dinitrogen adducts.>°5" Goldberg and
Heinekey observed C-H activation of benzene by rhodium(l) hydroxide and trifluoroethoxide
complexes A24-A25 (Scheme 1.3).5°%0 Recently in the Chaplin group, a series of rhodium(l)
complexes of PNP-'Bu and PONOP-'Bu were synthesised from the 1,5-cyclooctadiene (COD)
complexes A27-A30 (Scheme 1.4).%* The lability of the bound cod provided a simple route to
reach the known carbonyl (A31-A32), dihydrogen (A33-A34) and dinitrogen (A35-A36)
adducts, along with the novel water (A37-A38) and nitrous oxide complexes (A39-A40).%2
The coordination chemistry of nitrous oxide is an area of great current interest, due to it’s
environmental concerns, but efforts have been hampered by the poor ligating ability of this
greenhouse gas. It is both a weak o-donor and m-acceptor and N-N or N-O bond cleavage are
often preferred modes of reactivity following coordination to a metal.®® The pincer ligands

PNP-'Bu and PONOP-'Bu possess rigid, stabilising backbones, which, along with the steric



buttressing provided by the tert-butyl groups around the metal centre, stabilises the weakly
bound NO ligand.
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Scheme 1.3. C(sp?)-H activation of benzene by rhodium(l) phenoxide and trifluoroethoxide
complexes A24 and A25.5960

The activation of terminal alkynes using A27 and A28 was then investigated (Scheme 1.5).
In both cases, this gave rise to the vinylidene complexes A41-A44, although in the case of
PONOP-'Bu complex A44, this was only obtained as a minor product, alongside the alkyne
n-complex. This work serves to highlight the ease with which the rhodium coordination
chemistry of these pincers can be accessed.
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Scheme 1.4. Synthesis of rhodium(l) cod complexes A27-A30 and the subsequent preparation of
adducts A31-A40.562 [BArFs]~ counterions are omitted for clarity (BArF4 = B[3,5-(CF3)2CsHz3]4).
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Scheme 1.5. C(sp)-H activation of terminal alkynes by A27 and A28.5! [BAr4]~ counterions are
omitted for clarity.

A relatively unexplored ligand in this family is PNP-Np (Np = neopentyl), synthesised by
Yamashita and Nozaki.5* Only its iridium chemistry has been investigated, and there are no
reports of PONOP-Np. Although limited in scope, these results are relevant in the context of
the work presented here. Reaction of PNP-Np with [Ir(cod);][BF] rapidly proceeded to give
cationic iridium(I1l) cyclometallated complex A45 (Scheme 1.6). Subsequent reaction with
acetonitrile preserved the metallacycle, giving 18-electron complex A46, whilst reductive
elimination of the cyclometallated group was found to occur on addition of a series of z-
acceptor ligands A47-A49. The reaction with carbon monoxide was studied by 3P{*H} NMR
spectroscopy and an 18-electron iridium(ll1) reaction intermediate was identified, which then
underwent reductive elimination to give 16-electron iridium(l) complex A47. Under an
atmosphere of dihydrogen, dihydride A50 was synthesised, displaying an agostic interaction
at the vacant coordination site. Complex A51, with a dearomatised pyridine backbone, was
synthesised via reaction of complex A45 with lithium hexamethyldisilylamide.®

Inspired by the work of Milstein on the related PNP-'Bu iridium system A17 (Scheme
1.2),%%2 the authors wanted to investigate the potential for benzene activation with A45.
However, the expected product of C-H activation was not observed. In the PNP-'Bu system,
iridium(l) complex Al7 and the product of C-H activation, A18, are energetically similar,
with only a small overall loss of entropy occurring in this transformation. However, PNP-Np
complex A45 is more stabilised due to the cyclometallation of a neopentyl group, with
reductive elimination required to form an iridium(l) intermediate that can undergo C-H
activation, rather than ligand dissociation. This transformation is, subsequently, entropically

unfavourable, and so not observed.
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Scheme 1.6. Iridium coordination chemistry of PNP-Np.5465 [BF4]~ counterions are omitted for
clarity.

However, when heated with nitrobenzene or acetophenone, complex A45 did undergo C-H
activation, with total selectivity for the ortho-position (Scheme 1.7). Again, the authors
compared this to the C-H activation of chloro-/bromo-benzene and anisole by the PNP-'Bu
system.5152 In the same way, it is proposed that a mixture of products is formed, with the
ortho-product being the most thermodynamically stable and the only product observed at the
high temperatures required to reductively eliminate the cyclometallated neopentyl group. The
resulting iridium(l11) aryl hydrides feature coordination of the acetyl (A52) or nitro (A53)
groups to the metal. This additional stabilisation explains why these products were formed,
but not the C-H activation product of benzene. Finally, a later study investigated the ability of
the cyclometallated iridium complex A45 to catalyse the dimerisation of alkylamines to form

dialkylamines, in the presence of sodium hydride.%
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Scheme 1.7. C(sp?)-H activation by PNP-Np complex A45.%4 [BF4]~ counterions are omitted for

clarity.

These selected examples serve to highlight the breadth of reactivity of group 9 complexes that
can be explored with phosphine-based pincers possessing an aromatic backbone. In order to

maximise this potential, the choice or design of an appropriate ligand is a very useful strategy.
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1.2.3. Rational Design of Pincer-Ligated Systems

To demonstrate the concept and potential of rational design of a pincer ligand to achieve a
certain outcome, several recent examples will be discussed. These will cover the broad themes
of i) enabling new modes of reactivity (including application in catalysis), ii) stabilising
unusual complexes iii) preventing unwanted reactivity in a system and iv) enabling tunable
reactivity. They also serve to demonstrate the synthetic versatility of the pincer scaffold.

An example of the design of a bespoke pincer ligand was described by van der Vlugt and
de Bruin in 2015.°6 The aim was to design a system containing both nucleophilic and
electrophilic sites that could engage in dual-mode ligand-based reactivity. This mode of
reactivity is much less explored than metal-ligand cooperation, where the ligand typically
possesses a Lewis basic site and the metal centre acts as a Lewis acid. Building on the known
dearomatisation chemistry of phosphinomethylpyridine compounds and combining this with
the propensity of sec-amidopyridine ligands to lose a hydride and form an imine (and,
therefore, an electrophilic site), the new pincer ligand PNN™ was synthesised.

The rhodium chemistry of this ligand was then explored, following reaction with
[Rh(CO).Cl]2 (Scheme 1.8). The rhodium(l) complex of PNN™, A54, was isolated and
characterised. Subsequent treatment with potassium tert-butoxide gave the neutral amido
(PNN'2) complex A55, which was reported to be unstable at room temperature. This was
reacted with sodium bicarbonate in situ (i.e. in the presence of potassium
hexafluorophosphate) to give a major compound, assigned as PNNH complex A56, alongside
a minor product, assigned as PNN’ complex A57. Two possible pathways were proposed,
involving either hydride transfer from the amido group in A55 to the proton of sodium
bicarbonate, generating the imine functionality in A56, along with dihydrogen and potassium
sodium carbonate, or spontaneous loss of dihydrogen from A55 to form dearomatised A57,
which is protonated by sodium bicarbonate to rearomatise the pyridine backbone. Dihydrogen
was detected in the headspace, consistent with both pathways, and no evidence for generation
of formate was observed, so carbonate does not act as a hydride acceptor. Whichever pathway
is operating, these results demonstrate the ability of this system to undergo ligand-based
reactivity at both the nucleophilic and electrophilic sites, as desired. To further investigate this
system, imine complex A56 was found to undergo dearomatisation, forming A57, upon
treatment with potassium tert-butoxide. Furthermore, a benzene solution of A55 underwent
formal loss of hydride from the imine and a proton from the phosphinomethyl group at room
temperature to form A57, lending support to the second proposed reaction pathway. Finally,

overnight reaction of A54 with sodium hydroxide also generated A57.
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Scheme 1.8. Formation of PNNH3 complex A54 and subsequent proton/hydride transfer chemistry of
this system.56 [PFs]~ counterions are omitted for clarity.

The crystal structures of A4, A56 and A57 confirm the assignments and highlight that little
perturbation from square planar geometry occurs across the transformations described,
attributed to the rigidity of the pincer backbone. DFT analysis of A57 confirms that the HOMO
is centred on the phosphinomethyl arm, whilst the LUMO is centred on the imine
functionality. This is a rare situation, supporting the observed ligand-based reactivity and
lending support to the initial proposal that the pincer ligand should contain both nucleophilic
and electrophilic sites. The LUMO of A56 was found to resemble that of A57, suggesting that
the electrophilicity of the imine is maintained even after protonation of the phosphinomethine
arm.

Upon treatment of A57 with o-toluenesulfonamide, aminal complex A58 was isolated
(Scheme 1.9). This is likely to be the first well-characterised example of a rhodium-bound
aminal. Protonation of the phosphinomethine group by o-toluenesulfonamide has occurred,
leading to rearomatisation, either by an outer sphere mechanism, or via coordination of
o-toluenesulfonamide to rhodium. It is proposed that a rhodium sulfonamido intermediate is
formed, which undergoes nucleophilic addition to the imine group, followed by a 1,3-proton

shift, to form the aminal. In solvents such as tetrahydrofuran-ds, A58 reverts to A57. This
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ability to form and cleave the C-N bond of the aminal led the authors to assess the ability of
this system to catalyse sulfonamide coupling reactions. Reaction of A58 with methyl iodide
gave the coupled N-methylsulfonamide product and A60 (the iodide salt of A56). Treatment
with base allowed A57 to be regenerated. A catalytic cycle was proposed (Scheme 1.10),
although no evidence for the formation of rhodium(lll) oxidative addition product A59 was
found. However, these reactions were only carried out stoichiometrically and turnover could
not be achieved, attributed to deactivating side reactions. Complexes A61 and A62 were
observed in the reaction mixture, originating from hydrolysis of the aminal (Scheme 1.10).
Despite this, this work is useful as a proof of concept: the authors have designed a pincer
ligand that is rare in possessing both nucleophilic and electrophilic sites and that can engage
in ligand-based reactivity. When this is combined with metal-based reactivity, unusual

complexes can be stabilised and C-N coupling could be achieved.
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Scheme 1.9. Reaction of A57 with o-toluenesulfonamide, yielding rhodium aminal A58.56
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Rational ligand design is a powerful tool that can enable researchers to carry out more efficient
experimental procedures, especially when it is informed by computational insight. This has
recently been demonstrated by Nakano and co-workers, who reported the design and synthesis
of the first pincer-ligated rhodium(l) catalyst for the synthesis of acrylate from carbon dioxide
and ethylene.®” This process is of considerable interest because of the application it provides
for abundant carbon dioxide.®® The authors proposed that application of a bespoke pincer
ligand could increase the thermal stability of the catalyst, whilst also providing the first
example of a group 9 catalyst in this transformation. Computational investigations, using DFT,
were undertaken to investigate which structural features were important, so that they could be
incorporated into design of an optimum pincer ligand. Following ethylene coordination,
reaction with carbon dioxide forms a metallalactone (Scheme 1.11). The thermodynamics and
kinetics of rhodalactone formation were, therefore, studied theoretically, using different
electron-rich pincer fragments. o-Donating ligands are known to be effective in d*° systems®®

and so this formed the starting point for the computational investigation, with ligands A63-
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AG65 initially proposed (Figure 1.4A). These are based on well-established, synthetically
accessible pincer frameworks, with strongly o-donating dimethylphosphino-based side arms.

N

J -\ co
LR~ =—= LRh-| —Z = LRh{/l
p; 0¥,

Scheme 1.11. Rhodalactone formation from ethylene and carbon dioxide.

It was found that all three of these standard pincer frameworks resulted in a highly endergonic
profile for rhodalactone formation, starting from the bis-ligated ethylene complex. However,
the profile of the phenyl-based system A65 was the most kinetically and thermodynamically
favourable, so this was chosen as the ligand backbone on which to base further investigations.

Attention was then turned to modifying the side-arms and donor groups, in order to
influence the energetic profile. A series of different side-arms were investigated (A66-A69,
Figure 1.4B), based on donors with better 6-donating and weaker m-accepting properties than
phosphines. NHC, cyclicalkyl(amino)carbene (CAAC) and guanidine donors were
investigated computationally. Ultimately, it was found that weaker n-acceptors were the most
beneficial. When the pincer bore guanidine side-arms, rhodalactone formation was almost
isothermic. The guanidine system A69 was found to be the most energetically favourable as a
result of hydrogen-bonding between N-H and the oxygen of carbon dioxide, promoting
cyclisation, whilst the alkyl substituents in A68 led to steric repulsion. Furthermore, it was
found that repulsion between p; electrons of the guanidine groups and the occupied dy, at the
rhodium centre had the overall effect of increasing electron density at the metal and raising
the energy of the frontier orbitals, such that the system more closely resembled a truncated
model of a tetraphosphine ruthenium(0) complex, previously used in catalytic acrylate

synthesis.®%
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Figure 1.4. A) Pincer scaffolds and B) donor groups investigated using DFT methods.®”
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The information obtained from this theoretical study suggested that a guanidine-based pincer
ligand, with a similar structure to A69, would allow a rhodium(l) complex to behave in a
similar way to the previously reported ruthenium(0) system and catalyse the synthesis of
acrylate from ethylene and carbon dioxide. Informed by this, the guanidine-based NCN ligand
A70 was synthesised, along with a series of rhodium complexes, including the chlorohydride
AT1, benzene (A72) and N-methylmaleimide adducts (A73) and the desired rhodalactone A74
(Scheme 1.12). With this result confirming the predictions made by the computational study,
catalytic acrylate synthesis was investigated, using A74 as a pre-catalyst. Under 20 bar of
ethylene and carbon dioxide, with sodium tert-butoxide in benzene at 160 °C, a turnover
number (TON) of 16 was observed. Although this result is not as impressive as those obtained
with catalysts based on group 10 metals,” it is comparable to the ruthenium(0) system®®7° and
confirms that the strategic design of this pincer-ligated system, based on computational

analysis, does, indeed, result in an active catalyst.
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Scheme 1.12. Rhodium coordination chemistry of a guanidine-based NCN pincer.5

The next example was chosen to illustrate the concept of ligand design in order to alter the
reactivity of a system, thereby enabling unusual chemistry to be explored. The pincer ligand
termed MesPNP-Pr resembles PNP-Pr but possesses methylated linkers.”? As well as
increasing the steric profile of this pincer, these methyl groups block the deprotonation of this
position that often occurs in PNP systems, preventing processes such as dearomatisation, or
the abstraction of a hydrogen atom, which results in formation of a ligand-centred radical.
This mode of reactivity has been observed in cobalt complexes of PNP ligands,” and it is

proposed that this can lead to the complexes engaging in radical reaction pathways. It was
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hoped that cobalt complexes of MesPNP-Pr would instead behave more like their heavier
congeners.

The cobalt(l) methyl complex A75 was found to catalyse the hydrogenation of alkenes
and alkynes, and a reaction mechanism was proposed, based on a series of oxidative addition
and reductive elimination steps. Some of these putative steps were supported by experimental
evidence. The proposed cycle is shown in Scheme 1.13. Oxidative addition of dihydrogen to
cobalt(l) methyl complex A75 is proposed to give cobalt(l11) methyl dihydride intermediate
AT76, which then reductively eliminates methane to form cobalt(l) monohydride A77.
Subsequent (reversible) oxidative addition of a second molecule of dihydrogen yields stable
cobalt(l1) trinydride A78, which is the observed product when A75 is exposed to dihydrogen.
The authors propose that the monohydride is the active catalytic species, undergoing 1,2-
migratory insertion with an alkene (or alkyne). The resulting alkyl species A79 is the observed
product when trihydride A78 is treated with ethylene. Exposure of complex A79 to dihydrogen
liberates ethane. This is likely to occur via oxidative addition of dihydrogen (A80), followed
by reductive elimination of the alkane, reforming monohydride species A77. Although more
detailed investigation is required to confirm the operation of a mechanism based on two-
electron reactivity, these results are promising and imply that the proposed strategy was
successful. Application of the MesPNP-'Pr pincer in other reactions would help to confirm that
the additional methyl groups in this ligand result in modified reactivity of its cobalt complexes.
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Scheme 1.13. Proposed catalytic cycle for the hydrogenation of alkenes and alkynes using A75 as a
pre-catalyst.”
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The varied examples presented in this section are just some of the many ways in which pincer
ligands have been designed and used to bring about desired transformations or stabilise
unusual complexes. The ability to modify the backbone and incorporate different donor groups
gives these ligands huge potential for influencing reactivity in the primary coordination sphere
of a transition metal.

The final example of rational pincer ligand design to be discussed here was provided by
the group of Miller, where asymmetric pincer ligands featuring appended aza-crown ethers
have been reported.”® These systems were targeted because of a desire to design a system in
which the activity of the catalyst could be controlled by employing ligand hemilability, and,
therefore, substrate gating. By combining the rigidity and thermal stability of a pincer ligand
with the weakly coordinating ability of a crown ether, it was proposed that such control could
be exerted over a catalytic system, relying on NClIs to modulate reactivity. This approach,
using a single combination of metal and ligand, alongside external additives, would be simpler
to achieve than the synthesis and investigation of a library of related ligands with small
structural differences.

To this end, ***NCOP was designed and its chemistry investigated.’ Iridium(l11) hydrido
chloride complex A81 was prepared, displaying a x* binding mode of the pincer (with
coordination of a crown ether oxygen, Scheme 1.14). Abstraction of the chloride led to the
formation of iridium(l11) hydride A82, with a k® pincer coordination mode (an additional ether
oxygen occupying the vacant coordination site). The ability of A82 to activate dihydrogen was
then investigated. Under an atmosphere of Dy, little H/D exchange was observed, as D is too
weakly coordinating to displace an ether group. However, in the presence of Na[BAr"], a
20-fold rate enhancement was observed. This was increased to 250-fold in the presence of
Li[BArF,]. The proposed mechanism involved chelation of the cation by the macrocycle and,
consequently, dissociation of the iridium-bound ether groups, formation of a D, c-complex,
H/D exchange, release of the cation and recoordination of the ether groups. The greater rate
enhancement observed in the presence of the lithium salt was attributed to stronger interactions
between the aza-crown ether and the lithium cation, resulting in a larger shift in the ligand

substitution equilibrium, favouring D displacement of the coordinated ether group.
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Scheme 1.14. Chloride abstraction from x* complex A81 to give x° complex A82.7
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These initial results suggested that the use of a pincer ligand possessing an appended
aza-crown ether, along with cationic additives, could influence catalysis by allowing the
primary coordination sphere of iridium to be modified via dynamic hemilability of the ether
groups. The reactivity of this system was extended to include iridium carbonyl complexes and
methanol carbonylation,’’” and allylbenzene isomerisation,”® where similar cation
enhancement effects were observed, effectively allowing the rate of catalysis to be modulated
via cation control (Scheme 1.15). The system could also be switched between active and
inactive states: whereas hydrido chloride A81 was inactive, A82 displayed sluggish activity

which was dramatically enhanced in the presence of alkali metal cations, proceeding via 3

complex A83.
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Scheme 1.15. The three states of 1°NCOP iridium catalyst: inactive A81, slow x°> complex A82 and
x® complex A83, with encapsulated cation.”"®

More recently, the related ®®NCOP ligand has been synthesised, featuring a methoxy
substituent on the pincer backbone.” This was informed by studies on catalyst
decomposition,®® where it was found that pincer demetallation and remetallation at this
position on the aromatic ring was occurring. The methoxy group was placed here to block this
deactivation pathway. The larger aza-crown ether was chosen as it has a higher affinity for
sodium ion binding than the 15-c-5 analogue.?! This should result in a higher activity in olefin
isomerisation, potentially allowing for the double bond chain walking required for multiple
isomerisations. Cation responsive olefin isomerisation was pursued, and it was found that
complex A84 was able to catalyse the isomerisation of 4-phenyl-1-butene derivatives to
2-butenes, with high E selectivity (Scheme 1.16). However, when the reactions were carried
out in the presence of Na[BAr,], 3-butenes were typically formed with high regioselectivities,
again stereoselective for the E isomers. This striking change in selectivity upon addition of

sodium salt has been attributed to cation-macrocycle interactions. In the absence of cationic
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additive, the pincer ligand maintains x* coordination during catalysis (as in complex A85),
with dissociation of a single ether group allowing for substrate coordination and isomerisation.
However, sodium ions are encapsulated by the macrocycle, resulting in dissociation of two
ether groups and a «® pincer coordination mode during catalysis (as in complex A86). The
additional vacant site allows for coordination of internal olefins, and, subsequently, a second
isomerisation. DFT calculations demonstrated that the 3-alkene products, formed in the
presence of sodium ions, are more thermodynamically stable than their 2-alkene isomers. It
was concluded that in the absence of sodium salt, the reaction is under kinetic control, whereas
addition of salt results in the thermodynamic product. In the cases where the 2-alkene was
calculated to be more thermodynamically stable, this was the product observed in the presence
of Na[BArf,].

F TR = SN 4 P
R ) R
— —pp
MeO 0 |_I|PPr2 N MeO 0 h'l Prs ppr2
R -_ﬁ R
Nlcl)/_\ N O Na
- &)
0 Q O, 0 ( Nd o
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AB5 As4 AB6
/VR M\R
E-2-alkene E-3-alkene

Scheme 1.16. E-selective, single isomerisation is observed with A84 in the absence of salts,
proceeding via x*-A85; E-selective double isomerisation is observed in the presence of salts,
proceeding via x>-A86. [BArFs] counterions are omitted for clarity.”

This work provides a rare example of a cation-responsive catalyst, in which selectivity can be
switched by modification of NCls. It nicely demonstrates how interactions in the secondary
coordination sphere (cation binding at the macrocycle) can influence reactivity at the primary
coordination sphere (dissociation of the ether moieties and coordination of substrates). This
approach differs from others that employ NCls in the secondary coordination sphere to control
reaction outcomes, as these do not usually involve a change in the coordination number at the
metal centre. However, this latter approach is itself becoming an increasingly interesting

strategy in ligand design and will form the basis of the following sections.
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1.3. Supramolecular Ligands

1.3.1. Organometallic Chemistry in a Confined Space

Introducing confinement into the secondary coordination sphere of a homogeneous catalyst is
an intriguing way to harness the principles of supramolecular chemistry to influence reactivity
in organometallic systems. This can be achieved in various ways, but there are some key
categories, into which the majority of examples fall.?®? Figures 1.5-1.8 highlight a select few
examples of these strategies.

By employing classic host-guest chemistry, a discrete organometallic catalyst can be
encapsulated within a container molecule. This can offer various benefits, such as increasing
catalyst stability, introducing size selectivity to the system or modifying reactivity. The
anionic cage A87,%2%% depicted in Figure 1.5, has seen application as a host for several
organometallic complexes. These include iridium(l11) complex A88,%* enabling size- and
shape-specific stoichiometric C-H activation of aldehydes, and rhodium (I) complex A89,% a
size-selective catalyst for the isomerisation of allylic alcohols and ethers to the corresponding
aldehydes and enol ethers. Gold(l) complex A90 displayed enhanced activity as a catalyst for
intramolecular cyclisations when encapsulated, and is stable to aqueous, aerobic conditions
due to its encapsulation within A87.8887 Self-assembled, hexameric resorcin[4]arene capsules
have been employed to protect olefin metathesis catalysts, as in A91 and A92, increasing the
activity of ruthenium complexes under aqueous conditions,® whilst host-guest system A93
displayed size-selectivity in the catalytic oxidation of alcohols.®® A host-guest complex of
resorcin[4]arene A94 and rhodium complex A95 was found to catalyse the hydrogenation of
norbornadiene, resulting in reduced dimerisation compared to the unencapsulated A95. The
transition state for dimerisation is presumably hampered by the confinement of the

resorcin[4]arene host.%
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Figure 1.5. Selected examples of organometallic complexes that have been confined within host
molecules, in order to influence their reactivity.8>-%

Another strategy is to use a ligand-templated approach, where ligands in the primary
coordination sphere encourage formation of a cage or capsule around the catalyst.?2532 A
seminal example of this approach is the hydroformylation catalyst reported by Reek.%*% This
features a tripyridyl phosphine, in which the nitrogen atoms coordinate to zinc porphyrin units,
enabling a capsule to form by ligand-templated self-assembly (A96, Figure 1.6). Confinement
of the coordinated rhodium(l) centre results in good selectivity for the branched aldehyde
products. This methodology has recently been extended to include the chiral capsule A97,

enabling asymmetric branched-selective hydroformylation.®” Metalloporphyrins are a
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privileged motif in enzymes, and the ability to modify the porphyrin scaffold and introduce
various metals into the binding site makes these complexes very versatile and useful for

incorporating into supramolecular organometallic systems,20.21:23:27.98.99

L —th':,,
co

Figure 1.6. Ligand-templated, self-assembled, phosphine-containing capsules as ligands for
branched-selective rhodium-catalysed hydroformylation.%-%7

Lastly, and the approach that will be discussed here, is that of introducing confinement by
covalently linking a container molecule, such as a cavitand, to a ligand, which can then
coordinate to the metal centre of interest,20:21232426-283031.3334 Cram first coined the term
cavitand to refer to ‘synthetic organic compounds that contain enforced cavities of dimensions
at least equal to those of the smaller ions, atoms, or molecules’.’®® The term can now be
considered to include classes of compounds such as cyclodextrins, spherands, calixarenes,
resorcinarenes and pillarenes (Figure 1.7). The strategy of appending these molecules to
donor groups, such as phosphines and NHCs, has significant potential, allowing a ligated

metal to reside within or in proximity to the cavity.
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Figure 1.7. Cyclodextrins, calixarenes and resorcinarenes are prominent examples of cavitands,
featuring conical structures with upper and lower rims that can be functionalised further.
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Figure 1.8 shows some of the varied ways in which these ligands can be employed.
Palladium(Il) complex A98 possesses a diamine ligand based on a B-cyclodextrin and
catalyses Suzuki-Miyaura cross-coupling reactions, encapsulating the substrate within the
cavity and enabling the reaction to be carried out under aqueous conditions.’®* Sémeril has
reported on the use of NHC-functionalised cavitands as ligands in palladium-%1% and
nickel-catalysed!1% cross-coupling reactions, including calix[4]arene complexes A99-A100
and resorcin[4]arene complex A101.1% These catalysts performed well, attributed to the steric
influence of the cavitand, as opposed to confinement effects (as the metal centres do not reside
in the cavity). Roland and Sollogoub synthesised a series of NHC-capped cyclodextrins in
order to investigate metal confinement effects.1%-11% Pre-catalysts A102 and A103 were
employed in the hydroboration of alkynes, where they gave opposite regioselectivities. The
larger cavity of the B-cyclodextrin in A103 induced a mechanistic switch, explaining this
outcome.'® As well as their emerging role in catalysis, cavitand-based ligands have been
utilised to observe unusual reactivity, as demonstrated by complex A104. Using a
calix[4]arene in which two phosphine donors have been appended to the upper rim,*!! a rare
example of a rhodium(I11) molecular dinitrogen complex was observed.''? Solvent exclusion
by the calix[4]arene enables stabilisation of this weakly bound ligand.

Of interest in the context of this project is the less common class of molecules referred to
as deep cavitands,'® based on a resorcin[4]arene structure. Resorcin[4]arene was first
systematically investigated and fully characterised by Horberg'* and Cram*®® in the early
1980s and is formed from four linked resorcinol units - the name will be simplified to
resorcinarene from here on. The presence of hydroxyl groups on the upper rim of
resorcinarene allows functionalisation to be carried out with relative ease (Figure 1.7). As
well as introducing donor functionalities directly onto the upper rim, aromatic ‘walls’, such as
guinoxaline groups, can be introduced, which have the overall effect of creating a deeper, less
conformationally flexible cavity. Ligands derived from deep cavitands place the
organometallic fragment further inside the cavity, rather than above or below it, ensuring that

confinement plays a role in substrate binding at the metal .**
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Figure 1.8. Selected examples of organometallic complexes of cavitands featuring appended donor
groups (ORF - OC(CF3)3).101'104'109'“2
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1.3.2. Coordination Chemistry of Resorcinarene-Based Ligands

The first example of a ligand based on a resorcinarene scaffold being used in transition metal
catalysis was provided by Rebek in 2002. Ligand A105 is a deep cavitand with a pendant,
chelating phosphite-oxazoline and was employed in palladium-catalysed allylic alkylation

(Scheme 1.17), displaying a degree of substrate specificity in competition experiments.!®

Fh ph
R R R
) OP

\ . 1.4 mol% Pd/
/>_NH NH HN NH
3.2 mol% A105,

HaC(COaMe)s . CO,Me
N,0-bis(trimethylsilyl)-
acetamide,
KOAC

CO;Me

R = 'Bu, 'Pr, 'Bu, Cy, CH{EN{"Bu)

Scheme 1.17. Pd-catalysed allylic alkylation using deep-cavity resorcinarene ligand A105.116

The coordination chemistry of deep cavity resorcinarene ligands has been pursued by the
groups of Iwasawa, Schramm and Sémeril.17-126 Following a report that quinoxaline walls of
functionalised resorcinarene can be cleaved with nucleophilic reagents,*? this opened up the
potential for the introduction of donor groups into these systems. The ‘tris-walled’ ligand (i.e.
the resorcinarene bears three quinoxaline groups, with one removed to allow for installation
of the donor functionality) A106 was synthesised and its confining effect on the gold-catalysed
cyclisation of y-alkynoic acids was investigated (Scheme 1.18A).1%

It was proposed that large R/R’ groups could prevent substrate encapsulation, allowing
easier access of the alkyne to the gold(l) centre and, therefore, a faster rate of reaction. The
nature of R’ was found to have the greatest effect. When it contained a group that shows
affinity for binding in resorcinarene cavities (such as benzyl),'?12° the rate slowed, whereas
bulky substituents containing groups that are known to be excluded from the cavity (such as
naphthyl, xylyl and mesityl) displayed faster rates.

Similar cavity effects were observed in the gold(l)-catalysed cycloisomerisation of
aryl-alkynes (Scheme 1.18B).1% The results were contrasted with those obtained using an
electronically similar, non-supramolecular ligand. Increasing the alkyl chain length at the
alkyne functionality had little effect, but when the bis-aryl backbone featured a tolyl or phenyl
group (these being better guests for resorcinarenes than m-xylyl), very minimal conversion
was observed compared to the non-supramolecular catalyst. These results highlight the
important effect of the cavity upon the outcomes of catalysis, but as yet, a clear understanding

of the role it plays has not been obtained.
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Scheme 1.18. Gold-catalysed cyclisations using ligand A106,124126

Related to the tris-walled ligand A106 are the bis-walled ligands A107-A108. These were
investigated in the gold(l)-catalysed hydration of internal alkynes (Scheme 1.19) and feature
an oxidised phosphorus, to deliver a water molecule to the bound alkyne, with the oxygen
acting as a hydrogen-bonding directing group. It was proposed that the presence of the cavity
may allow regioselective addition of water to the alkyne.'?212® Only when the substrate
contained a methyl or ethyl group did the catalyst display significant conversion, with almost
perfect selectivity for ketone 11 (82-98 %). This was attributed to the high binding affinity of
these alkyl chains, making the gold centre more accessible to these substrates, compared to
bulkier ones. The catalyst showed almost no selectivity with 2-pentyne as a substrate (59 %
1 : 41 % 1), due to the affinity of both methyl and ethyl groups for the cavity, such that it is
unable to distinguish between them and the regioselectivity is lost. A mechanism was
proposed in which the methyl or ethyl chain resides within the cavity, allowing regioselective
delivery of water to this end of the triple bond (Figure 1.9). In comparison, barely any reaction
was observed with tris-walled A106, highlighting the importance of the directing group.

The effect of the quinoxaline-walled cavity was also investigated: whilst the gold(l)
complex of pyrazine-walled A109 displayed similar activity and selectivity to A108, unwalled
A110 resulted in negligible hydration of most substrates and cis-disposed A111 also resulted
in low activity and selectivity.?® This highlights the important role played by the deep cavity
— presumably stabilisation of intermediate species occurs as a result of interaction with the
n-electron cloud of the quinoxaline (or pyrazine) groups. The trans arrangement of
quinoxaline groups also appears to be crucial for creating this well-defined cavity, compared

with the more open structure created by cis-disposed walls.
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Figure 1.9. Proposed mechanism for the delivery of water to a bound alkyne in the resorcinarene
cavity, where R’ = Me or Et 12213

Echavarren and co-workers have also reported on the gold(l) chemistry of similar cavitands
(A112-A123). Ligands A112, A113, A116-A119 displayed activity in the reaction shown in
Scheme 1.20A.** Interestingly, whilst model ligands such as triphenylphosphine and
trimethylphosphine resulted in formation of exocyclic single-cleavage skeletal rearrangement
product I, use of the cavitand-derived ligand A112 changed the regioselectivity of this
reaction, forming the endocyclic product Il with 83 % selectivity. The other ligands resulted
in lower amounts of Il (11-67 %). The chiral ligands Al14, A115, A120-Al123 were
investigated in the asymmetric alkoxycyclisation of 1,6-enynes (Scheme 1.20B).
Mononuclear complexes of Al14 and Al115 displayed good activity but poor
enantioselectivity (51:49, 59:41 er). Dinuclear complexes of A120, A121 and A123 displayed
much higher enantioselectivities (72-78 % ee), and there was no significant impact of
replacing the quinoxaline walls with naphthoquinone groups, or of modifying the

phosphoramidite (althoughl-naphthyl-containing A122 did not perform as well). Comparison
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with isomers of the ligands where one amide group is directed into the cavity (and, hence, the
gold(1) centre directed outward) highlight the importance of placing the gold(l) centres inside
the cavity to achieve high enantioselectivities. These experimental observations were probed
with DFT calculations, which indicate that NCls between the aromatic ring of the substrate
and the cavity contribute to a lowering of the transition state energy for the observed product.

R =Ph, X = N A112, CO A113 A116
R = (5,S)-N(C(H)(Me)Ph),, X = N A114, CO A115

CgHyz

CeHiz Gty
CgHia

A117 R =Ph, X = N A118, CO A119
R = (S,S)-N(C(H)(Me)Ph)s, X = N A120, CO A121
R = (S,5)-N(C(H)(Me)1-Naphthyl),, X = CO A122
R = (S,5)-N(C(H)(Me)2-Naphthyl),, X = CO A123

2 mol% [Au(L)CI], CO,Me

2-4mol% AgsbFg  ME0LC Me0,C

4+ MeO.C /

L = PPhs, P(OMe);, A112

3 mol% [Au(L)CI),
= 3-6 mol% AgSbFg,
EtOH

L=A114 A115 A118-A123

Scheme 1.20. Gold-catalysed cyclisations reported by Echavarren, using ligands A112-A123.1%0
The studies discussed here are some of the most detailed on the effects of catalyst and substrate
confinement within a deep cavitand ligand on catalytic outcomes. Whilst the cavity effects are
clearly complex, it can be seen that there is great potential for utilising deep cavitand-based

ligands to influence chemo-, regio- and enantioselectivity in chemical transformations.
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1.3.3. Rhodium Coordination Chemistry of a Cavitand-Based Ligand

The research discussed above has been heavily focussed on gold catalysis and understanding
of the cavity effects has, in some cases, been complicated by the cleavage of a second wall,
and addition of a second phosphorus donor (and, therefore, gold(l) nucleus), or oxidised
phosphorus. As yet unpublished work in the Chaplin group has focused on expanding the
applications of quinoxaline-walled resorcinarene ligands with the synthesis and rhodium
coordination chemistry of a structurally related chelating phosphine-phosphite.t*!

The bespoke ligand A124 possesses three quinoxaline walls, but, instead of a single
phosphine donor as in the examples above, it possesses a pendant phosphine-phosphite,
enabling chelation to a metal centre. The rhodium coordination chemistry of this ligand was
investigated. A series of complexes were synthesised of the general formula
[Rh(A124)(diene)][anion]. Two methods were used, the first being the reaction of A124 with
[Rh(diene)Cl],, in the presence of a halide abstracting agent, and the second being a
substitution reaction between A124 and [Rh(diene)z][anion] (Scheme 1.21). The resulting

diene complexes A125-A131 were all well-characterised in solution and in the solid state.
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Scheme 1.21. Synthesis of rhodium(l) diene complexes A125-A131, using ligand A124.13!

Subsequent investigations focused on the removal of the diene, both in solution and in the
solid state. Upon dissolution of [AlI(OC(CF3)s)4] salts A125 and A129 in a variety of solvents,
the diene ligands were retained. However, dissolution in acetonitrile resulted in displacement
of the diene and formation of acetonitrile complex A132 (Scheme 1.22). Exposure of
mesitylene solutions of A125 and A129 to an atmosphere of dihydrogen results in
hydrogenation of the diene and displacement of the resultant alkane by mesitylene (A133,
Scheme 1.22). Mesitylene is typically considered to be too large for a resorcinarene
cavity®®213% and significant structural distortion of the quinoxaline walls was apparent in the
solid-state structure. Over time in mesitylene solution, a precipitate begins to form, which was
assigned as dimeric complex A134. A similar diene hydrogenation and displacement process
is observed in fluoroarene solution, giving fluorobenzene complex A135 and

1,2-difluorobenzene complex A136. Hydrogenation of crystalline material of A125-A131 was

32



also carried out, in an attempt to isolate a c-alkane complex in the solid state. Despite a clear
colour change from orange to red, complete loss of crystallinity was apparent upon attempted
examination by X-ray diffraction. This concluded the investigation into the coordination
chemistry of this ligand.

diene = COD A125, NBED A129 n=1A135
n=2A138

MeCN

MesH

Scheme 1.22. Reactivity of rhodium(l) diene complexes A125 and A129 with acetonitrile, mesitylene
and fluoroarenes.! [AI(OC(CF3)s3)4] are omitted for clarity.

A ligand of this nature provides opportunities for combining principles of primary
coordination sphere ligand design with the confinement effects observed in host-guest
chemistry. It is clear that there is potential for further investigation, and also for modification
to the ligand scaffold that may allow for more exciting discoveries. As such, the use of a

system such as this is a powerful strategy for rational catalyst design.
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1.4. Aims and Objectives

The aim of this thesis is to demonstrate the concept of rational ligand design in both the
primary and secondary coordination spheres. Three related systems have been investigated,
where ligands have been chosen or bespoke systems have been created with specific
applications in mind. These targets contribute to two major themes of modern organometallic
chemistry: (i) investigating interactions between C-H bonds and group 9 metals and (ii)
achieving regioselectivity in rhodium-catalysed hydroformylation.

Agostic interactions, in which an intramolecular C-H o-bond is

coordinated to a metal centre, are important intermediates in

directed C-H activation and models for intermediates in

|
intermolecular C-H activation. Given the lack of appreciable E;—-(\
agostic interactions in 5-coordinate rhodium and iridium 2,2’- M=Rh, Ir
biphenyl complexes of PNP-'Bu, PNP-Np is proposed to be a more PNP-Np

suitable target for investigation, with longer and more flexible
neopentyl chains. The solution- and solid-state dynamics of these systems is presented, along

with some reactivity.

o-Alkane complexes, in which an intermolecular C-H o-bond is coordinated to a metal, are
more difficult to isolate than complexes with agostic interactions. There have been no reports
of a o-alkane complex that can be fully characterised both

n in solution and in the solid state. Pincer ligands and

N |$ stabilising microenvironments have been shown to be

important factors in alkane binding. Inspired by this, and

by cyclohexane binding in deep resorcinarene cavities, a

CgHys €.H CaHia ; ) R )
e pincer with an appended resorcinarene is targeted, where

Resorcinarene-derived

PONP pincer encapsulation of the alkane in the cavity could stabilise

coordination to the metal centre.

Regioselective hydroformylation, enabling the synthesis of branched aldehydes, is of interest
for fine chemical production. The use of supramolecular-inspired architectures to exert control
over the secondary coordination sphere is an intriguing )

way to influence regioselectivity. With this in mind, a r

resorcinarene-based chelating phosphine-phosphite ligand,

previously synthesised in the Chaplin group, is employed
GgHis

Cetlys

in the rhodium-catalysed hydroformylation of alkyl “CoHs

alkenes and compared to two model ligands, to investigate Resorcinarene-derived

. . o phosphine-phosphite ligand
the effect of the cavitand on regioselectivity.
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2. Group 9 2.2’-Biphenyl Complexes of PNP-Np

In this chapter, an example of how modification of pincer ligand substituents can enable a
bonding phenomenon to be studied is presented. It is hypothesised that the longer, flexible
neopentyl chains of the pincer ligand PNP-Np are more suitable for the adoption of agostic
interactions than the tert-butyl groups of PNP-'Bu. The M(l) carbonyl complexes of PNP-Np
were synthesised and compared with those of PNP-'Bu, in order to quantify the electronic
differences between the two pincer ligands. Five-coordinate rhodium(lIl) and iridium(IlI)
2,2’-biphenyl complexes of PNP-Np were also synthesised, fully characterised and compared
with previously reported PNP-'Bu analogues. Solid- and solution-state dynamics were
investigated by multinuclear, variable temperature NMR spectroscopy, XRD and ATR IR
spectroscopy. Evidence for the formation of weak agostic interactions in the solid state is
presented, although there is a lack of evidence for their persistence in solution on the NMR
timescale across a range of temperatures. This is a different situation to that observed with the
PNP-'Bu analogues, which possess very weak agostic interactions in the solid state that are
not observable by IR spectroscopy. Finally, the five-coordinate PNP-Np complexes are shown

to react more readily with dihydrogen and carbon monoxide than the PNP-'Bu analogues.

M=Rh,Ir

Di splacement Solid-state

by CO agostics
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2.1. Introduction

2.1.1. Agostic Interactions

The ability to transform simple, unfunctionalised alkanes (easily obtainable from oil and
natural gas) into higher value chemicals is a useful synthetic tool to both industrial and
research chemists, alike. A better understanding of this process could ultimately be applied to
the improved synthesis of fuels, drugs and the generation of useful chemical feedstocks. The
activation of a C-H bond of an alkane by a transition metal is generally used to bring about
this transformation, proceeding via an intermediate in which the C-H ¢-bond is coordinated

to the metal centre as a two-electron ‘L’ ligand (Figure 2.1).134+14

LM O é OcH LM O Q OcH
dg H dy s

o-donation from oeginto m-backdonation fiom
metal d,; orbital i metal d orbital into 6%¢

Figure 2.1. Electronic description of the bonding between a C-H bond of an alkane and an
organometallic fragment 'LaM".

These transient intermediates are known as c-alkane complexes and are extremely difficult to
isolate because of the poor ligating ability of the C-H bond: it is a strong, non-polar bond, with
a low-lying HOMO and high energy LUMO. In addition to this, steric clashing between the
alkyl substituent and ancillary ligands make complex formation energetically
unfavourable.}*1% This precludes investigation of these species and, ultimately, a greater
understanding of the mechanism of transition metal-catalysed C-H activation. However, these
complexes can be more easily studied when the C-H bond is tethered to the metal centre via a
donor group (Figure 2.2). This is more entropically favourable as a result of the chelate effect
and is known as an agostic interaction.'#6-*0 Complexes such as these are intermediates in
intramolecular C-H activation. A requirement for the formation of such an interaction is an
electronically and coordinatively unsaturated metal centre, allowing the agostic interaction to
stabilise the metal centre at a vacant coordination site. The presence of an appropriate C-H

bond, in close proximity to the metal centre, is also key.

H : _-H

Li-C Pl
Al N . =]
/ : R R

Agostic g-Alkane
Interaction : Complex

Figure 2.2. Intramolecular agostic interactions versus intermolecular o-alkane complexes.

36



In 1985, Crabtree and Holt constructed a reaction trajectory for the activation of a C-H bond
by a metal centre (i.e. the reaction C-H + M — M-(H-C) — H-M-C), based on analysis of
C-H-M geometries in examples of agostic interactions known at the time.’®* They
demonstrated that as a C-H bond approaches a metal, it rotates such that the C-H vector points
towards the metal at an angle of 130 °, decreasing to ~95 ° upon close approach. A significant
lengthening of the bond also occurs, but only at very close approaches, as interaction with the
metal increases (a result of backdonation into 6*c.4).246147 The end point of this trajectory is
the C-H activated alkyl hydride product. Agostic interactions (and c-alkane complexes) exist
at some stage along this trajectory, between uncoordinated and oxidatively added to the metal.
Weller has presented a series of solid-state rhodium o-alkane complexes that are ‘snapshots’
along this continuum (A137-A141, Figure 2.3).15215 Starting from A137, in which a molecule
of cyclooctane (COA) is encapsulated within the surrounding array of anions but not
coordinated to the metal (but with two agostic interactions from the cyclohexyl substituents),
moving on to A138 which features an n'-interaction, and finally the n-interactions observed
in A139-A141. A decrease in the Rh-H-C angles are observed as backdonation from rhodium
becomes more significant. These systems are discussed in more detail in Section 3.1.3.

Cy COACBAIF i Cy:
S on 1A 5 ap
O OH ) i : Iy
P—Rh : H JRn=H
H Rh-(C-Hg,) : : P H
H - : : Cyz
Rh+C-Hype | : A138
A137 i Rh---H-Cpiane

Nonbonding COA, é-agostic

interactions with Cy substituents : y!-H interaction

: ﬁh /_‘gyz gh :
H e, oo -H- LET g . IS e ok H- H
: Rh=="- i :
Lo T PR T Py o7
i Cyz H Gy H Cyz H :
. H H E

H
A139 A140 Al41

o °-C, H interactions RO-(C-Hgeane)

Figure 2.3. Complexes A137-A141, reported by Weller, that represent snapshots along the Crabtree
trajectory.15215% (BArFs = B[3,5-(CF3)2CeH3]a).
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2.1.2. Agostic Interactions in Group 9 Complexes

There has been a wealth of reports of group 9 complexes displaying agostic interactions since
they were formally identified and defined in 1983.14¢ Of particular interest here are those
featuring rhodium and iridium, as these metals have seen considerable application in C-H
activation processes and so agostic interactions with these metals can be thought of as models
for catalytic intermediates. 37142154

A large number of the examples of rhodium and iridium complexes displaying agostic
interactions feature an unsaturated metal centre in the M(III) oxidation state, with two
trans-disposed L ligands, such as phosphines®>*%° or NHCs.165 Others include Binor-S
complexes (Binor-S = 1,2,4,5,6,8-dimetheno-S-indacene), in which the supporting alkyl
phosphine engages in an y-agostic interaction,517° and dimeric rhodium(l11) complexes with
bridging agostics.17172

Of particular relevance here is the use of the high trans-influence 2,2’-biphenyl (biph)
ligand to synthesise coordinatively unsaturated M(II1) complexes that display agostic
interactions. 2,2°-Biphenyl is a strongly c-donating ligand that is used in the stabilisation of
low-coordinate metal centres. It is rigid and resistant to reductive elimination, and so can be
considered as an organic protecting group. The low-coordinate complex
trans-[Rh(P'Pr3)2(biph)][BArfs] (A142, Figure 2.4) is formed via nC-m-coordination of
biphenylene and subsequent C-C activation, and the solid-state structure provides evidence
for a y-agostic interaction with one iso-propyl C-H bond, and a weaker y-agostic interaction
with a C-H bond of the other phosphine.}”

This result prompted the synthesis of a range of complexes of the formula
trans-[M(PRs)2(biph)][BAr",] (A142-A149).17* Here, a more convenient synthetic route was
used, involving ligand substitution in  [Rh(dtbpm)(biph)CI]*"®  (dtbpm =
bis(di-tert-butylphosphino)methane) or [Ir(biph)(cod)CI].t"®*"" (cod = 1,5-cyclooctadiene),
removing the need to activate the C-C bond of biphenylene. The resulting complexes
displayed sawhorse geometries, with two vacant coordination sites at the M(III) centres.
Complexes A142-A147, bearing trialkylphosphine ligands, all display agostic interactions in
the solid state, as investigated by XRD. Whilst complexes Al142-A145 possess y-agostic
interactions, the more flexible iso-butyl groups in A146 and A147 enable the ligands to adopt
d-agostic interactions. Interestingly, the solid-state structures of the two triphenylphosphine
complexes, A148 and A149, both feature a molecule of dichloromethane occupying a vacant
coordination site at the metal, with no stabilisation from an agostic interaction at the remaining
vacant site. It was concluded that in this series of complexes, stronger agostic interactions are

formed in the iridium complexes than in the rhodium congeners. With regards to the differing
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phosphine substituents, the agostic strength decreases in the order: iso-butyl > cyclohexyl >
iso-propyl > phenyl.

The biphenyl moiety has also been used in the Chaplin Group to investigate agostic
interactions in a series of pincer-supported complexes. These five-coordinate, M(III)
complexes are coordinatively unsaturated, bearing a vacant site trans to one of the M-Cay
bonds of the biphenyl ligand. Examples include complexes of a macrocyclic CNC pincer with
N-heterocyclic carbene (NHC) donor groups of the formula [M(CNC-12)(biph)][BArfs] (M =
Rh, A150; Ir, A151).18 In both cases, stabilising e-agostic interactions were observed between
the metal centres and the macrocyclic linker in the solid state, which were retained upon
dissolution, leading to contortion of the macrocycle.

Using related macrocyclic ligands bearing phosphine donor groups, the complexes
[M(pincer)(biph)][BArFs] (M = Rh, pincer = PNP-14, A152; pincer = PONOP-14, A153;7°
M = Ir, pincer = PNP-14, A154%%) were synthesised. These systems also display contortion
of the macrocyclic chain, in order to accommodate weak y-agostic interactions.

The analogous acyclic complexes A155-A158 were also prepared, using the pincer
ligands PNP-'Bu and PONOP-'Bu.*® A notable feature shared by the solid-state structures of
each of these complexes was the canting of a tert-butyl group towards the vacant coordination
site at the metal centre. The short M---H-C contacts, combined with the reduced M-P-Cigy
angles, appear to suggest the formation of weak agostic interactions between a tert-butyl C-H
and the metal centre. For each ligand, these interactions would appear to be stronger in the
iridium complexes, compared to the rhodium congeners, and stronger in the more donating
PNP systems than in the PONOP systems. However, the presence of these agostic interactions
was not detected by ATR IR spectroscopy. Taking these findings, together with NBO analysis,
it was concluded that the short M---H—C contacts are better described as being a consequence
of steric buttressing of biphenyl and the proximal tert-butyl substituent, leading to a yawing
of the phosphine donor groups.

Despite the lack of appreciably strong agostic interactions in this system, they have been
observed in complexes of the related pincer PNP-Np (Np = neopentyl), in which the phosphine
donor groups bear longer, more flexible neopentyl chains (Section 1.2.2).%* Analysis of the
solid-state structure of dihydride complex A50 indicated the presence of an agostic interaction
between a methyl group and the vacant coordination site at iridium, conferring overall
octahedral geometry and C: symmetry. The agostic is not persistent in solution on the NMR
timescale, with the hydrides appearing as equivalent in the *H NMR spectrum, suggesting a
Cov-symmetric complex.

Inspired by this result, and the lack of any significant agostic interaction in A155-A158,
complexes of the formula [M(PNP-Np)(biph)]* (M = Rh, Ir) were of interest. The synthesis of

these would allow a comparison with the tert-butyl system, specifically, whether the presence
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of an additional methylene unit in the alkyl substituents at phosphorus would be more suitable
for the formation of stronger agostic interactions. Both neopentyl and tert-butyl
possess -C(CHs)s groups, but the additional methylene unit places this steric bulk further away
from the metal centre in complexes of PNP-Np. This should create a pocket at a
low-coordinate metal centre, which, combined with the increased conformational flexibility
of neopentyl compared to tert-butyl (also a consequence of the additional methylene unit) led

us to propose that agostic interactions may be observed in rhodium and iridium biphenyl

complexes.
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Figure 2.4. Pincer-supported group 9 agostic complexes A142-A158 and A50. Counterions are
omitted for clarity ([BArF4]~ A142-A158, [BF.s]~ A50).64173,174178-181
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2.2. Ligand Synthesis

PNP-Np was synthesised via a modification of the procedure described by Yamashita and
Nozaki.% Firstly, di-neopentylchlorophosphine was prepared by the Grignard reaction of
neopentylmagnesium chloride with trichlorophoshine (Scheme 2.1).1#2 Distillation under
reduced pressure gave pure di-neopentylchlorophosphine in 54 % vyield. Assignment was
confirmed by *H and *'P{*H} NMR spectroscopy (5 104.0).

Mg,
1,2-CoHyBra PCls
NpCl —— =77 s NpMgCl —————— 3= NpyPCI
THF THF
80°C 0°C —rt 54 %

Scheme 2.1. Synthesis of Np2PCI.182

Once di-neopentylchlorophosphine had been prepared, 2,6-lutidine was then treated with
n-butyllithium, in the presence of tetramethylethylenediamine (TMEDA), prior to
introduction of the phosphine (Scheme 2.2). The resulting yellow residue contained PNP-Np
as the major species, along with varying amounts of other phosphorus-containing species. In
a deviation from the reported procedure, this product mixture was treated with borane
dimethylsulfide complex to give the phosphine-borane adduct 1, which was isolated by
column chromatography in 65 % yield (Scheme 2.2). This technique has previously been used
to great success within the group for the isolation of air-sensitive phosphine ligands.177183184
The *P{*H} NMR spectrum contains a single, broad resonance centred around 10.8 ppm and
the *H NMR spectrum confirms the assignment of the product as the borane adduct 1.

The deprotection method selected was that of refluxing compound 1 in neat
diethylamine,'®18 and the reaction was complete after 2 days. A white solid was obtained
after the removal of volatiles, which was identified as PNP-Np by NMR spectroscopy,
displaying a single resonance at —39.8 ppm in the 3¥P{*H} NMR spectrum. The 'H and
BBC{*H} NMR spectra also support the proposed structure and agree with the data reported by

Yamashita and Nozaki.®

BH;* SMe,

i) "BuLi, TMEDA NP,
Et,O FNp2 THEF P\
Al 05 7, 78°C > 1t Al BH,
e >
— 1) NpzPClI — - — BH
EL,O PNp, ElNH p
-78°C > 30 °C 8o°c NP2
PNP-Np 1
63 % 65 %

Scheme 2.2. Synthesis of PNP-Np, followed by borane protection, isolation of the phosphine-borane
adduct and subsequent deprotection.
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2.3. M(1) Carbonyl Complexes of PNP-Np

It has been shown that the donor strength of series of pincer ligands can be gauged by analysis
of the carbonyl stretching frequencies of M(I) carbonyl complexes of the respective ligands.28’
It is assumed that PNP-Np will be a poorer electron donor than PNP-'Bu, based on inductive
effect considerations. The presence of three methyl groups on the carbon a- to the phosphorus
in PNP-'Bu has a positive inductive effect. The greater electronegativity of carbon, cf.
hydrogen, results in a small negative dipole at carbon, which is ultimately relayed to the next
carbon and to phosphorus, influencing the basicity of the lone pair. However, in PNP-Np, the
carbon a- to phosphorus possesses only one alkyl group, with the three methyls being located
further from phosphorus. As such, a smaller inducive effect is generated, and the lone pair at
phosphorus is expected to be less basic than in PNP-'Bu.

Square planar, 16-electron complexes of the formula [M(PNP-Np)(CO)][BAr ] (M =
Rh, 2; Ir, 3) were subsequently prepared, to experimentally gauge the electronic effect of
changing the PNP tert-butyl substituents for neopentyl. The synthesis of rhodium complex 2
was achieved by reaction of PNP-Np and [Rh(CO).Cl]. in the presence of Na[BAr"4] (Scheme
2.3). The product was isolated as a yellow solid in 73 % yield and was characterised by 'H,
BC{*H} and *P{*H} NMR spectroscopy (Sp 17.4, 1Jrre = 121 Hz), IR spectroscopy, HR ESI-
MS ([M]*, 582.2489 (calcd 582.2495) m/z) and XRD. Bulk purity was established by
elemental analysis. Figure 2.5 shows the structure of complex 2, along with key metrics. Two
independent cations are present in the unit cell, both displaying slightly distorted square planar
geometries. They possess P2-Rh1-P3 angles of 168.99(4) ° and 168.74(4) °, and N20-Rh1-C4
angles of 179.0(2) ° and 177.7(1) °, respectively. Solid-state analysis of the PNP-'Bu analogue
has been reported: Milstein’s complex [Rh(PNP-'Bu)(CO)][BF4] (A159),% displays similar
metrics, albeit with a marginally shorter Rh1-C4 bond (1.818(5) A in A159 cf.
1.845(4)/1.841(4) A'in 2).

BAIF
PNp» [Rh{CO})Cl2 F{sz —|[ 4]
Na[BAr ]
(N T - /" “N—Rh—co
— CgHsF — |
PNp- rt PNp,

2
73 %

Scheme 2.3. Synthesis of rhodium(l) carbonyl complex 2.
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Figure 2.5. Solid-state structures of the two independent cations of 2 (Z’ = 2), determined at 150 K.
Atomic displacement parameters are drawn at 50 % probability. Hydrogens and counterions are
omitted for clarity. Selected bond distances (A) and angles (°): Rh1-P2 2.291(1), Rh1-P3 2.293(1),
Rh1-N20 2.096(3), Rh1-C4 1.845(4), P2-Rh1-P3 168.99(4), N20-Rh1-C4 179.0(2); Rh1A-P2A
2.293(1), Rh1A-P3A 2.297(1), Rh1A-N20A 2.095(3), Rh1A-C4A 1.841(4), P2A-Rh1A-P3A
168.74(4), N20A-Rh1A-C4A 177.7(1).

A similar synthetic route to that used for 2 was also considered for the iridium(l) congener 3,
involving the use of Vaska’s complex ([Ir(PPhs).(CO)CI]) in place of [Rh(CO).Cl].. However,
related work in the Chaplin group has shown that reaction of the pincer ligand PONOP-ArF
(Arf = 2-(CF3)CgH4) with Vaska’s complex, in the presence of Na[BAr"], leads to the
formation of a mixture of an iridium(l) carbonyl and an iridium(l) triphenylphosphine
complex.'® This route was, therefore, concluded to be unsuitable.

Instead, the method reported by Nozaki for the synthesis of [Ir(PNP-Np)(CO)][BF]
(A47, Section 1.2.2) was implemented, starting from the reaction of PNP-Np with
[Ir(cod)2][BArF4] to give the cyclometallated complex 4 (the [BArF4] analogue of A45, Figure
2.5).%4 This was isolated as a red solid in 65 % yield and its assignment was supported by 'H,
BC{*H} and *P{*H} NMR spectroscopy, HR ESI-MS and XRD. The 3P{*H} NMR spectrum
of 4 displays two resonances (p 28.5, 18.5, cf. 29.0, 18.3 in A45) which exhibit coupling of
316 Hz, consistent with two inequivalent, trans-disposed phosphorus nuclei.’81%° The
presence of a characteristic hydride resonance (dw —16.82, cf. —16.87 in A45) is also apparent
in the *H NMR spectrum. This hydride resonance appears as a triplet, displaying coupling to

two almost equivalent phosphorus nuclei (2Jen = 12 Hz). This is consistent with the literature.

F F
oD, onp, |IBATd oD, isarfy
— [Ir(cod))[BAr 4] — | CO (1 bar) { |
W —_—— N Nor—H — " » ¢ “N—ir—co
4 1,2-CgHaF2 / | 1,2-CgHy4F2 — |
pr2 rt _PNp rt. PNPZ
4 3

65 %

Scheme 2.4. Synthesis of iridium(l) carbonyl complex 3, via cyclometallated complex 4.
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This C-H activation of a tert-butyl group is evident in the solid-state structure of 4 (Figure
2.6), something which was not reported in the case of A45. The cyclometallated neopentyl
group can be clearly seen, with a covalent Ir1-C30 bond distance of 2.15(1) A. The reduced
Ir1-P2-C28 angle of 104.2(4) ° is also consistent with cyclometallation. A 3-agostic interaction
between a methyl group and iridium occupies the vacant site trans to this, indicated by a short
Ir1-C45 distance of 2.76 A and an Ir1-P3-C43 angle of 110.2(4) °6147149 which is
intermediate between those of the free neopentyl groups and of the cyclometallated group.
The absence of any *H NMR signals shifted to appreciably low frequency could suggest that
this interaction is not persistent in solution on the NMR timescale. The complex displays
distorted square pyramidal geometry and has a formal valence electron count of 16, although
the adoption of the §-agostic interaction confers overall octahedral geometry and satisfies the
18-electron rule (See Appendix). Another notable feature is the twisting of the pyridine ring
out of the plane described by the donor groups (14.8(5) °), in order to accommodate the strain

of the metallacycle.

Figure 2.6. Solid-state structure of 4, determined at 150 K. Atomic displacement parameters are
drawn at 50 % probability. Hydrogens (except H4) and counterion are omitted for clarity. The
position of the hydride (H4) was restrained to 1.5 A (based on complex 12, see Figure 2.15).
Selected bond distances (A) and angles (°): Ir1-P2 2.271(2), Ir1-P3 2.271(2), Ir1-N20 2.17(1),
Ir1-C30 2.15(1), Ir1-C45 2.76(1); P2-1r1-P3 162.7(1), Ir1-P2-C28 104.2(4), Ir1-P2-C43 110.2(4),
Ir1-P2-C33 133.7(4), 1r1-P3-C38 128.4(5).

A solution of 4 in 1,2-difluorobenzene was then placed under 1 bar of carbon monoxide
(Scheme 2.4). An immediate colour change of the solution from deep red to pale yellow was
observed, indicating the formation of complex 3. This was identified based upon in situ *H,
BC{*H} and *P{*H} NMR spectroscopic data, alongside IR spectroscopic data and HR ESI-
MS. However, complex 3 could not be separated from trace phosphorus-containing impurities.
The data match that reported for A47, showing that the use of the [BAr"s]~ anion has no

significant effect on the complex.
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The carbonyl stretching bands of these complexes in CH,Cl, solution are shown in Table 2.1
along with data for the PNP-'Bu congeners A31 and A160'® and the literature value for A47.%*
It can be seen that for both PNP-Np complexes 2 and 3, the carbonyl stretches appear at higher
wavenumbers compared to their PNP-'Bu analogues (Avco = 14 cm™). This confirms the
previous statement that PNP-Np is expected to be a poorer donor than PNP-'Bu. Drawing
conclusions about pincer donor strength based on carbonyl stretching frequencies is not
necessarily straightforward,”®8" but, given the agreement with theory, these values can be

considered as acceptable validation for the difference in donor strengths of the two pincers.

Table 2.1. Carbonyl stretching frequencies of PNP-Np complexes 2,3 and A47, and PNP-'Bu
complexes A31 and A160, measured in CH2Cl>.

Complex veo / cm?
[Rh(PNP-Np)(CO)][BAIT] / 2 2004
[Rh(PNP-'Bu)(CO)][BArT] / A31 1990
[Ir(PNP-Np)(CO)][BAr] / 3 1991
[Ir(PNP-Np)(CO)][BF.] / A47 1986

[Ir(PNP-'Bu)(CO)][BAr"] / A160 1977
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2.4. Synthesis of [M(PNP-Np)(biph)][BArF4]

Initial  attempts to  synthesise  the  five-coordinate  biphenyl  complexes
[M(PNP-Np)(biph)][BArF4] (M = Rh, Ir) using the ‘one-pot” procedure used for the synthesis
of A155 and A157,%8, involving reaction of the group 9 precursor, PNP-Np and Na[BAr],
were not successful. Instead, a step-wise method was employed.174179.180.191192 The
six-coordinate chlorides [M(PNP-Np)(biph)CI] (M = Rh, 5; Ir, 6) were prepared by heating
fluorobenzene solutions of PNP-Np and the appropriate group 9 precursor to 85 °C for 18-24
hours (Scheme 2.5). Complexes 5 and 6 were obtained in reasonable yields (70 %, 5; 64 %,
6) and characterised by 'H, **C{*H} and 3P{*H} NMR spectroscopy, HR ESI-MS and XRD.
Bulk purity was established by elemental analysis.

[Rh(biph) [dtbpm )cil

PNp p"2 ieary
/a 0.5 [I|[U|pr1](cod )Cl)2 Na[BAr 4l
N —-I"I N—-I"I
— CGHsF CEHsF
PNp2 85 °C
sz sz
M=Rh 5 70 %, Ir, 6 64 % M=Rh 7 86%Ir,8 84 %

Scheme 2.5. Synthesis of six-coordinate complexes 5 and 6, followed by chloride abstraction to give
five-coordinate complexes 7 and 8.

The 3P{*H} spectrum of complex 5 exhibits a doublet at 26.2 ppm (}Jrme = 110 Hz), whilst
that of complex 6 exhibits a singlet at 0.55 ppm (cf. —39.8, s, for free PNP-Np), both of which
are consistent with two equivalent, metal-bound phosphorus nuclei. Analysis of the *H NMR
spectra indicates the presence of two inequivalent tert-butyl groups. Consideration of the
solid-state structures (vide infra), together with two-dimensional NOESY and ROESY NMR
experiments, enables these to be assigned as lying above/under the chloride (CHz®') and
above/under the bipheny!l ring cis to nitrogen (CH3""). With this knowledge, it is also possible
to identify all eight individual biphenyl protons. The diastereotopic protons of the PNP
methylene bridges can also be assigned as those on the side of the chloride (CH,™-¢") and those
on the side of biphenyl (CH,™*"" (Figure 2.7). When two protons are attached to the same
carbon, as in the pyridine and neopentyl methylene groups of complexes 5 and 6, depending
on the symmetry of the molecule, they can be homotopic, enantiotopic or diastereotopic.
Chemically identical, homotopic protons are related to each other by a plane of symmetry,
such as a mirror plane or a C, rotation. If no such symmetry operation relates the two protons,
they are enantio- or diastereotopic. In this case, they are diastereotopic: if one of these protons
were to be replaced with deuterium, the resulting compounds would be diasterecisomers of
each other. Consequently, these protons are magnetically inequivalent, giving rise to
independent resonances and displaying geminal coupling to each other. The observation of
this in the *'H NMR spectra of complexes 5 and 6 (as characteristic sets of roofed doublets of

virtual triplets), for both the pyridine and neopentyl methylene protons, is confirmation.
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Figure 2.7. Diagram based on the solid-state structure of complex 5 (left), showing the two
neopentyl and methylene linker environments, and a section of the 2D NOESY NMR spectrum of
complex 5 (right, CD2Clz, 600 MHz, 200 K), showing how the tert-butyl and methylene resonances
were assigned based on their correlations with the biphenyl resonances.

Single crystalline samples of 5 and 6, suitable for analysis by X-ray diffraction, were obtained
by slow diffusion of tetramethylsilane into fluorobenzene solutions at —30 °C. The solid-state
structures are shown in Figure 2.8, with key bond metrics displayed in Table 2.2. Both
complexes display distorted octahedral geometry about the metal centre. The N20-M1-C15
angles are near linear (176.40(9) ° in 5, 176.58(9) ° in 6), with more deviation evident in the
P2-M1-P3 angles (164.33(3) ° in 5, 164.03(3) ° in 6), a consequence of the pincer bite angle.
Torsion of the pyridine backbone is also displayed (17.5(1) ° and 17.6(1) ° from the plane
described by the donor groups, respectively). The M1-C15 distances are 2.034(2) A (5) and
2.053(2) A (6), whilst the M1-C4 distances are marginally shorter, at 2.028(2) A (5) and
2.040(2) A (6), consistent with the nitrogen donor exerting a greater trans influence than
chloride. The different positions of the tert-butyl groups, above/under one ring of the biphenyl
ligand and above/under the chloride, can also be clearly seen. Taken together with the
NOESY/ROESY NMR data (Figure 2.7), the spatial relationship between one pair of
tert-butyls and the rear biphenyl ring is apparent, along with the proximity of the other pair of
tert-butyls and two protons of the front biphenyl ring.
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Figure 2.8. Solid-state structures of rhodium(l11) complex 5 (left) and iridium(lI1) complex 6 (right),
determined at 150 K. Atomic displacement parameters are drawn at 50 % probability. Hydrogens
and counterions are omitted for clarity.

Table 2.2. Selected bond distances (A) and angles (°) for complexes 5 and 6.

5 (M=Rh) 6 (M=Ir)
M1-P2 2.3155(7) 2.3166(7)
M1-P3 2.3351(7) 2.3276(7)
M1-N20 2.150(2) 2.145(2)
M1-C4 2.028(2) 2.040(2)
M1-C15 2.034(2) 2.053(2)
M1-Cl1 2.5021(7) 2.4968(7)
P2-M1-P3 164.33(3) 164.03(3)
N20-M1-C15 176.40(9) 176.58(9)
c4-M1-Cl1 176.83(7) 176.36(7)

In order to obtain the five-coordinate complexes [M(PNP-Np)(biph)][BArs] (M = Rh, 7; Ir,
8), and ascertain whether they possess agostic interactions, fluorobenzene solutions of 5 and
6 were treated with Na[BAr™,] (Scheme 2.5). This led to the formation of desired products 7
and 8 in good yields (83-86 %). Both complexes were characterised by H, *C{*H} and
$IP{*H} NMR spectroscopy, ATR IR spectroscopy, HR ESI-MS and XRD (Section 2.5). Bulk
purity was established by elemental analysis.

The single, sharp *:P{*H} resonances of 7 and 8 are shifted from those of 5 and 6 by 3-11
ppm, confirming the presence of new species (6p 23.8, 7; 11.2, 8). The doublet of complex 7
exhibits 1%Rh-coupling of 110 Hz (as in 5), consistent with a rhodium(l11) centre. The 'H
NMR spectrum of 7 is significantly broadened at 298 K, allowing limited assignment, whilst
that of compound 8 is considerably sharper. This is attributed to dynamic processes occurring

at ambient temperature in solution, which are discussed in more detail in Section 2.6.
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2.5. Solid-State Characterisation of [M(PNP-Np)(biph)][BArF4]

Given the dynamic behaviour exhibited by these systems in solution, it was of interest to
investigate their solid-state structures across a temperature range to gain more information.
Both complexes are isomorphous, each possessing a molecule of dichloromethane and a
molecule of tetramethylsilane in the unit cell. Figure 2.9 shows the structures of complexes 7

and 8 (collected at 150 K) and key bond metrics are summarised in Table 2.3 (final columns).

Figure 2.9. Solid-state structures of five-coordinate biphenyl complexes 7 (left) and 8 (right),
determined at 150K. Atomic displacement parameters are drawn at 50 % probability. Hydrogens,
solvent and counterions are omitted for clarity.

Both 7 and 8 adopt distorted square pyramidal geometries. However, in each case, one
tert-butyl is canted towards the metal centre, as in PNP-'Bu complexes A155 and A157. If this
is an indication of an agostic interaction, then these could be considered as distorted octahedral
complexes. This is substantiated by M1-C30 distances that are slightly shorter than 3 A
(2.906(3), 7; 2.842(4), 8), and reduced M1-P2-C28 angles (110.5(1), 7; 110.4(1), 8).146:147.149
Indeed, the M-C30 separations are shorter than the analogous separations observed in A155
(3.025(3) A) and A157 (3.001(3) A), which could imply a more substantial interaction. The
P2-M1-P3 angles (163.42(3) °, 7; 163.24(4) °, 8) are smaller than those observed in the
six-coordinate chlorides (164.33(3) °, 5; 164.03(3) °, 6), which could be a consequence of
ligand yawing to accommodate the agostic interaction. However, the formation of 5-agostics
(with the longer neopentyl chains) should require less geometric distortion than the formation
of y-agostics (with tert-butyl groups) in the PNP-'Bu systems, so significant ligand yawing is
not necessarily to be expected. A disparity between the M1-C4 and M1-C15 bond lengths of
2.2(4) pm (7) and 3.0(5) pm (8) is noted, resulting from the stronger trans influence exerted
by nitrogen compared to a weak agostic. Torsion of the pyridine backbone is observed, but to
a lesser extent than in 7 than in 8: 6.6(1) ° cf. 15.8(2). Interestingly, the PNP-Np complexes

reported here that possess well-defined agostic interactions (4 — vide supra, 12 — vide infra)
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tend to exhibit greater twisting of the pyridine backbone than the complexes that do not
possess agostics. This could indicate a stronger agostic interaction in iridium complex 8 than
rhodium complex 7, although this is speculative.

An interesting feature of the solid-state structures of PNP-'Bu complexes A155 and A157
is the disorder they display which has been attributed to conformational isomers with two
different pincer binding modes. Across a temperature range of 75-250 K, it was concluded
that the two pincer conformations are in dynamic equilibrium. A puckered, Cs-symmetric
conformation (conferring overall Cs-symmetry on the complexes) is enthalpically favoured,
but exclusively observed at 75 K. At higher temperatures, the entropically favoured, helical,
Co-symmetric conformation (conferring overall Ci-symmetry), becomes more important.
However, complexes 7 and 8 do not appear to display this dynamic behaviour, adopting the
helical binding and not exhibiting any disorder in the pincer backbone. This lack of contortion
in the PNP backbone may be a consequence of steric effects: there is less steric clash between
the tert-butyl groups and biphenyl in the more flexible PNP-Np system.

In order to investigate other solid-state dynamics that may be taking place in these
PNP-Np systems, crystallographic data were also collected at 50 and 100 K for both
complexes. A single crystal of each complex was investigated across the temperature range.
Table 2.3 highlights the key bond metrics at these temperatures.

Table 2.3. Selected bond distances (A) and angles (°) for complexes 7 and 8 at 50, 100 and 150 K.

7 (M =Rh) 8(M=1n)
50 K 100 K 150 K 50 K 100 K 150 K
M1-P2 2.280(1) 2.2821(8) 2.2842(8) 2.292(1) 2.295(1) 2.294(1)
M1-P3 2.326(1) 2.3332(8) 2.3335(8) 2.324(1) 2.324(1) 2.326(1)
M1-N20 2.152(4) 2.156(2) 2.158(2) 2.146(4) 2.150(4)  2.149(3)
M1-C4 2.016(3) 2.012(2) 2012(2) 2.025(5) 2.022(3) 2.026(3)
M1-C15 2.038(4) 2.035(2) 2.034(3) 2.050(4) 2.057(4) 2.056(4)
M1-C30 2.890(4) 2.887(3) 2.906(3) 2.822(5) 2.831(4) 2.842(4)

P2-M1-P3  163.17(5) 163.34(3) 163.42(3) 163.22(5) 163.25(4) 163.24(4)
N20-M1-C15 177.0(2) 177.16(9) 177.32(9) 176.4(2) 1765(1) 176.6(1)
M1-P2-C28  110.7(2) 110.25(9) 110.5(1) 110.4(2) 110.3(1) 110.4(1)
M1-P2-C33  121.8(2) 121.49(9) 121.2(1) 1209(2) 1207(2) 120.5(2)
M1-P3-C38  115.4(2) 1155(1) 1158(1) 1156(2) 1158(2) 116.0(2)
M1-P3-C43  120.3(2) 120.54(9) 120.4(1) 119.7(2) 119.6(2) 119.5(2)

Analysis of the bond metrics of rhodium complex 7 indicates that the Rh1-C30 separation

remains the same, within error, at 50 K and 100 K, but a slight increase of 1.9(4) pm is noted
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when the temperature is increased to 150 K. However, the same conclusion cannot be drawn
for iridium complex 8: although a small increase in separation is seen at each temperature,
these differences are not statistically significant. This slight lengthening of this M1-C30
separation with increasing temperature is not reflected in the M1-P2-C28 angles, which
remain the same for each complex, within error. This observation is likely to be a consequence
of the significant increase in the unit cell volumes across this temperature range (AVeen =
160.93(13) A3, 7; 162.00(11) A3, 8).

Analysis of the ATR IR spectra of complexes 7 and 8 provides further support for the
existence of weak agostic interactions in these complexes in the solid state. Figure 2.10A
compares the ATR IR spectra of six-coordinate complex 5 with five-coordinate complex 7.
The broad signal centred around 2682 cm™ falls within the range expected for an agostic
interaction.*6147 This is lower than a regular C-H stretch, indicative of an increased bond
length as a result of coordination to the rhodium centre. The same feature is displayed by
iridium(111) complex 8 (Figure 2.10B), where a broad signal centred around 2586 cm™ is
apparent. The lower frequency C-H stretch in the iridium system implies a stronger agostic
interaction than in the rhodium system. Stronger metal-ligand bonding is expected in
complexes of the heavier, third row metal and this observation is also a feature of biphenyl
complexes A142-A147 (Figure 2.4).1™

It can, therefore, be concluded that these PNP-Np complexes behave differently to their
PNP-'Bu analogues in the solid state, with no evidence for dynamic pincer binding modes in
the structures of 7 and 8. The M1-C30 distances they exhibit, of 2.906(3) A and 2.842(4) A,
are shorter than those observed in the PNP-'Bu complexes and this, along with the additional
corroboration provided by the ATR IR spectra, allows for a more conclusive assignment of
agostic interactions in 7 and 8 in the solid state. These are, however, relatively weak, which is

to be expected given their location with respect to the high trans-influencing biphenyl ligand.
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A: ATR IR Spectra of Complexes 5 and 7
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Figure 2.10A) Stacked ATR IR spectra of rhodium(I11) complexes 5 and 7; B) stacked ATR IR
spectra of iridium(l11) complexes 6 and 8, highlighting the low frequency agostic C-H bands.
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2.6. Solution-State Dynamics of [M(PNP-Np)(biph)][BArF4]

The agostic interactions occupying the vacant coordination sites in 7 and 8 do not appear to
be persistent on the NMR timescale in solution at ambient temperature, as inferred from the
broadening observed in the *H NMR spectrum and the lack of signals shifted to an appreciably
low frequency. The *H NMR spectrum of 7 displays significantly broadened biphenyl,
methylene and tert-butyl resonances. Additionally, all the biphenyl carbons give rise to a
single, broad resonance in the *C{*H} NMR spectrum (ca. 127.4 ppm), as do the neopentyl
methylene resonances (ca. 33.2 ppm). Although exhibiting some broadening, the individual
biphenyl resonances can be more easily resolved in the *H NMR spectrum of complex 8 and
two distinct tert-butyl environments can be clearly seen.

These observations can be explained by the presence of two distinct dynamic processes
taking place. Firstly, interchange between M-(H-C) interactions from the tert-butyl groups of
the opposing phosphines likely occurs rapidly on the timescale of the experiment, conferring
time-averaged Cs symmetry, rather than the C;-symmetric structure that exists in the solid-
state, across the temperature range investigated. Secondly, rapid pseudorotation of the
biphenyl ligand (a slower process than the agostic interchange) takes place on the NMR
timescale, such that the complexes approach time-averaged C,, symmetry (Scheme 2.6) at

ambient temperature. This process is also observed in the PNP-'Bu complexes A155 and

A157.
Ey S; 'F;':
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Scheme 2.6. Pseudorotation of biphenyl, between the two extremes of Cs and C2v symmetry. R = 'Bu,
Np, M = Rh, Ir. [BArfs]~ counterions are omitted for clarity.

The dynamic behaviour exhibited by 7 and 8 (and the relatively high energy barriers found for
biphenyl pseudorotation in A155 and A157) led us to investigate them using variable
temperature, multinuclear NMR spectroscopy in CD.Cl; solution. Figure 2.11 shows the *H
NMR spectra of 7 and 8 between 185 K and 308 K (500 MHz). Full coalescence could not be
achieved at 308 K and investigation into the temperature required to reach the fast exchange
regime was limited by the boiling point of CD.Cl,. At 308 K, rhodium complex 7 is
approaching time-averaged C,, symmetry on the NMR timescale, giving rise to a broader set
of resonances than iridium complex 8, in which the biphenyl, methylene and tert-butyl
resonances are broadened but can still be resolved (i.e. resembling a Cs-symmetric complex).
As the temperature is decreased to 185 K, de-coalescence begins to occur in the 'H NMR
spectra for both systems; the biphenyl rotation starts to freeze out, leading to a complex with

pseudo-square pyramidal geometry that is approaching time-averaged Cs symmetry. Even at
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this low temperature, no low frequency signals were observed that could be attributed to an
agostic interaction, indicating how rapid the agostic interchange is on the timescale of the
experiment. Given that no dynamic pincer binding modes were observed in the solid state, it
can be assumed that backbone puckering in solution would also be very rapid on the NMR
timescale, even at low temperatures. Indeed, this was observed, as C; symmetry is not adopted

by either complex at 185 K (arising from either backbone puckering or an agostic interaction).
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Figure 2.11. Stacked variable temperature *H NMR spectra, collected between 185-308 K (CDClz,
500 MHz), for complexes 7 (left) and 8 (right).

Unfortunately, full de-coalescence could not be achieved within this temperature range. In
order to determine the activation parameters for this pseudorotation, it was necessary to
simulate the *H NMR spectra using gNMR.*% Figure 2.12 shows both the experimental and
simulated spectra for the two complexes. Although similar values of AG* =58.2 + 0.4 kJ mol?
(7) and 61.1 £ 0.7 kJ mol™* (7) were obtained, pseudorotation of biphenyl in rhodium complex
7 is slightly more facile, as expected based on the more broadened resonances at 298 K.T
Compared with the PNP-'Bu systems, complex 7 displays a higher barrier than A155 (56 + 1
kJ mol™?), although this difference is small, whilst 8 displays the same barrier as A157 (62 + 1
kJ mol™), within error. Calculations on a truncated system where the phosphines possess
methyl substituents suggest a significantly lower barrier to pseudorotation (21.2 kJ mol™ Rh,
21.7 kJ mol ™t Ir), attributing the higher barriers in the PNP-'Bu systems to the increased steric

profile of the tert-butyls cf. methyl groups.’®* Given that 7 and 8 display similarly high

T gNMR simulations and AG* calculations were performed by Dr Baptiste Leforestier, former PhD
student, Chaplin group, University of Warwick.
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barriers, the same may apply here, even though neopentyl has more conformational freedom
than tert-butyl.
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Figure 2.12. Experimental (left) versus simulated (right) variable temperature *H NMR spectra
(CD2Clz, 500 MHz) for complexes 7 (top) and 8 (bottom).

It can be seen from the stacked spectra of both complexes 7 and 8 that the lower frequency
tert-butyl resonances (61 0.48, 7; 0.46, 8 at 185 K) display hindered rotation between 250 K
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and 185 K. This hindered rotation about the C-C bond of one pair of neopentyl chains is
reminiscent of the hindered tert-butyl rotation observed in the PNP-'Bu systems A155 and
A157. Because of the lack of any signals notably shifted to an appreciably low frequency, it
was concluded that this is less a consequence of a solution-persistent agostic interaction with
this tert-butyl group, but is more likely a steric effect, resulting from its close proximity to the
now restricted biphenyl ligand. The same may apply to these PNP-Np complexes. Moreover,
the lower frequency tert-butyl group is assigned as that proximal to biphenyl by
NOESY/ROESY experiments at 200 K, further supporting the conclusion that this hindered
rotation arises from steric buttressing against biphenyl. By extension, the broadening of the
higher frequency tert-butyl resonances could, therefore, be a result of the increased freedom
of these groups, positioned over the vacant coordination site.

Analysis of the *!P{*H} NMR spectra (Figure 2.13) indicate only a small shift of 4 ppm
(7) and 2 ppm (8) downfield with decreasing temperature, indicating that time-averaged Ci-
symmetry is not conferred by an agostic interaction (or backbone puckering). However,
noticeable broadening at 185 K is evident, in contrast to the PNP-'Bu systems, where sharp
resonances are observed across the temperature range. This could be an early sign of the
manifestation of an agostic interaction, although this is not supported by the other data.
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Figure 2.13. Stacked variable temperature 3'P{*H} NMR spectra, collected between 185-308 K (CD2Clz, 202
MHz), for complexes 7 (left) and 8 (right).

These findings would suggest that although there is convincing evidence for agostic
interactions in the PNP-Np complexes in the solid state (cf. the PNP-'Bu complexes), there is
no evidence to suggest that these are persistent in solution on the NMR timescale. The
interchange between coordination of C-H bonds from the opposing phosphine donors is very
rapid, even at the lower temperature limit of this experiment. Both pincer systems display
similar solution-state dynamics, in which backbone puckering is also too rapid to be observed

on the NMR timescale (even at low temperatures) and the vacant coordination site at the metal
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is occupied by the dynamic biphenyl ligand in complexes approaching trigonal bipyramidal
geometry. This pseudorotation is apparently more facile in the rhodium systems, with little
differences observed between the PNP-'Bu and PNP-Np systems. The fact that iridium
complex 8 is likely to possess a stronger 3-agostic interaction may contribute to its higher
activation energy barrier for biphenyl pseudorotation, although this is also exhibited by A157,
which does not possess a significant agostic interaction.

The solution-state pseudorotation of the biphenyl ligand and the formation of agostic
interactions stabilises these 16-electron M(111) d® complexes, allowing them to be isolated.
Satisfaction of the 18-electron rule (see Appendix) can subsequently be achieved by

additional coordination of two-electron donors (vide infra).
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2.7. Reactivity of [M(PNP-Np)(biph)][BAr-4]

In order to prevent rotation of the biphenyl ligand and disrupt the agostic interactions observed
in the solid state (and thereby satisfying the 18-electron rule), occupation of the vacant
coordination site by a carbon monoxide ligand was pursued. This was also of interest to probe
the electronic properties of these complexes. Unlike in the analogous PNP-'Bu system, where
only iridium complex A157 reacted with carbon monoxide after 6 hours to give six-coordinate
Al161 (Scheme 2.7), degassed 1,2-difluorobenzene solutions of both 7 and 8 immediately
decolourised upon exposure to 1 bar of carbon monoxide at ambient temperature, and the
formation of carbonyl complexes 9 and 10 was confirmed by *H, **C{*H} and 3'P{*H} NMR
spectroscopy. Crystalline samples of 9 and 10 were obtained by slow diffusion of hexane into
dichloromethane solutions at ambient temperature, enabling characterisation by XRD, and
these complexes were additionally characterised by IR spectroscopy, HR ESI-MS and
elemental analysis (10 only). Both complexes were obtained in good yield (71 % 9, 73 % 10),
although some dissociation of the carbonyl ligand in 9 was observed, leading to reformation

of complex 7 (vide infra).
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Scheme 2.7. Reaction of 5-coordinate complexes 7, 8 and A157 with carbon monoxide, to give the
six-coordinate adducts 9, 10 and A161.181

The 3P{*H} spectra of both complexes exhibit single resonances (8p 23.2, d, 3Jrnp = 97 Hz, 9;
—7.1, s, 10), shifted to lower frequencies from those of the precursors (8p 23.8, d, 1Jrme = 97
Hz, 7; 11.2, s, 8). The *H NMR spectra are indicative of Cs-symmetric structures, consistent
with their assignment as six-coordinate species. Analysis of the HR ESI-MS ([M —COJ*,
706.3163 (calcd 706. 3172) m/z, 9; [M]*, 824.3691 (calcd 824.3698) m/z, 10) indicated that
carbonyl dissociation may be occurring in complex 9, which could explain why the molecular
ion of 7 is detected, whereas 10 is detected as the expected molecular ion. This would be
consistent with a more weakly bound carbonyl ligand in 9. In order to quantify this, a solution
of 9 in 1,2-difluorobenzene was monitored for dissociation of carbonyl. The complex was
stable in solution under 1 bar of carbon monoxide and showed no signs of decomposition over
the course of two weeks when the atmosphere was replaced with argon. However, exposure
of this complex to vacuum, or a dynamic atmosphere of argon for prolonged periods (as was
required during the work-up and recrystallisation stages), leads to dissociation of the carbonyl.

Complex 9 can be reformed by exposure of the mixture to 1 bar of carbon monoxide.
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Figure 2.14 shows the solid-state structures of complexes 9 and 10. Both suffer from
significant crystallographic issues and so were only used to confirm connectivity, suggesting
distorted octahedral geometries in both cases, with occupation of the vacant coordination site
by a carbonyl ligand. This is fully consistent with the solution-state data.

Figure 2.14. Solid-state structures of 9 (left) and 10 (right), determined at 150 K. Atomic
displacement parameters are drawn at 50 % probability. Hydrogens and counterions are omitted for
clarity. Structures suffer from crystallographic issues and so are only used to confirm connectivity.

Analysis of the IR spectra of 9 and 10 shows vco to be higher than those reported for the M()
analogues, consistent with formation of M(I11) centres (Table 2.4). Unlike in the case of the
M(I) carbonyls, the carbonyl stretching band of iridium complex 10 is almost identical to that
reported for the PNP-'Bu congener A161 (Avco = 1 cm™2). This observation is in line with that
of M(I) carbonyls displaying a more straightforward relationship with pincer donor strength
than related M(II1) carbonyls.’®” Rhodium complex 9 displays a much higher carbonyl
stretching frequency than iridium complex 10 (Avco = 29 cm™, cf. 13 cm™ in the M(I)

systems), further substantiating the conclusion that the carbonyl is more weakly bound in 9.

Table 2.4. Carbonyl stretching frequencies of M(111) complexes 9 and 10 versus M(I) complexes 2
and 3, with PNP-'Bu complexes A160 and A161 for comparison,'® measured in CHzCl>.

Complex veco / cm?t
[Ir(PNP-'Bu)(CO)][BAIrFs] / A160 1977
[Ir(PNP-'Bu)(biph)(CO)][BAr-] / A161 2028
[Rh(PNP-Np)(CO)][BArF4] / 2 2004
[Ir(PNP-Np)(CO)][BAr"4] / 3 1991
[Rh(PNP-Np)(biph)(CO)][BArF4] / 9 2056
[Ir(PNP-Np)(biph)(CO)][BAr] / 10 2027
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The ease with which these carbonyl complexes are prepared, when compared with A155 and
A157, is interesting, given that PNP-Np is a poorer donor than PNP-'Bu. This may result from
the decrease in steric congestion at the metal centre, a result of the additional methylene unit
present in neopentyl but not tert-butyl.

In order to ascertain whether these systems could be used as a convenient starting point
for further exploring the reactivity of PNP-Np, it was of interest to attempt hydrogenolysis of
the biphenyl ligand. Attempts to react PNP-Np with precursors such as [Rh(cod)2][BAr],
[Rh(coe).Cl]2, [Rh(PPhs)sCI] and [Rh(C2H4)-Cl],, to investigate the rhodium coordination
chemistry of this relatively unexplored ligand, were inconclusive. Therefore, the removal of
biphenyl and formation of hydride species was pursued.

A fluorobenzene solution of iridium complex 8 was placed under 1 bar of dihydrogen
and heated to 80 °C for 16 hours (Scheme 2.8). Again, this reaction is more facile than for the
PNP-'Bu analogue A157. In situ NMR spectroscopic data of the completed reaction mixture
suggest formation of complex 11, displaying a single, broad hydride resonance (—23.04 ppm,
fwhm = 142.2 Hz) and a broad *!P resonance (7.9 ppm, fwhm = 96 Hz). The complex has been
tentatively assigned as a classical dihydride with an additional coordinated dihydrogen
molecule,!™ although a classical tetrahydride is also a possibility, given the high degree of
fluxionality on the NMR timescale.'® However, a fluxional process that results in all hydrides
being equivalent may not necessarily proceed via a tetrahydride intermediate (i.e. o-bond
metathesis may be operating).!** Upon degassing, the additional dihydrogen molecule
dissociates and the dihydride complex 12 is formed. The 3P resonance resolves into a triplet
(8.15 ppm, YJpy = 13 Hz), as does the hydride *H resonance (—23.09 ppm, Jpn = 14 Hz).
Complex 12 was isolated and characterised by H, B¥C{*H} and *P{!*H} NMR and IR
spectroscopy, HR ESI-MS and XRD. The data are consistent with those reported for [BF4]~

analogue A50.%
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Scheme 2.8. Hydrogenolysis of biphenyl in complexes 7 and 8, to give dihydride 12 (M = Ir) and
dihydrogen complex 13 (M = Rh). [BARF4]~ counterions are omitted for clarity.

Characteristic NMR spectroscopic features include a single 3P resonance at 9.2 ppm (as in
A50) and the hydride resonance, which appears as a doublet in the *H NMR spectrum (8n
—23.05, Wpn = 14 Hz, cf. —23.19, Jpn = 14 Hz for A50). Single crystals of complex 12 were
obtained from slow diffusion of hexane into a fluorobenzene solution. It was found to
crystallise with one molecule of fluorobenzene and half a molecule of hexane in the unit cell,
and the solid-state structure is shown in Figure 2.15. As expected, the distorted square
pyramidal structure is very similar to that reported by Yamashita and Nozaki for the [BF4]~
analogue, A50. As seen in the majority of complexes discussed here, the pyridine backbone
exhibits a torsion angle of 16.1(1) ° from the plane defined by the donor groups. Again, a &-
agostic interaction stabilises this formally 16-electron complex and this is evident by the short
Ir1-C30 contact of 2.739(3) A (cf. 2.729 and 2.828 A for the reported two independent cations
of A50) and the reduced Ir1-P2-C28 angle of 108.13(8). 146147149 This is further substantiated
by a weak, broad signal in the ATR IR spectrum around 2588 cm™, corresponding to this
agostic interaction. In addition to the data collected above, a T: NMR experiment was also
performed: T; = 851 ms (298 K, 600 MHz), confirming the assignment of 12 as a classical
dihydride complex.'®® This is analogous to the reactivity demonstrated by PNP-'Bu complex
A157. Interestingly, complex 12 was found to slowly evolve dihydrogen in the solid-state,
reforming cyclometallated complex 4 (~10 % after 7 months). Placing a fluorobenzene
solution of this mixture back under one bar of dihydrogen reformed complex 12 after 16 hours,

analogous to Yamashita and Nozaki’s procedure for the formation of A50 from A45.
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Figure 2.15. Solid-state structure of dihydride 12, determined at 150 K. Atomic displacement
parameters are drawn at 50 % probability. Hydrogens (except H4 and H5), solvent and counterions
are omitted for clarity. The positions of the hydrides (H4 and H5) have been freely refined. Selected

bond distances (A) and (°): Ir1-P2 2.2774(8), Ir1-P3 2.2861(8), Ir1-N20 2.140(2), Ir1-H4 1.46(3),
Ir1-H5 1.52(3), Ir1-C30 2.739(3); P2-1r1-P3 164.84(3), N20-Ir1-H5 176(1), Ir1-P2-C28 108.13(8),
Ir1-P2-C33 132.34(8), Ir1-P3-C38 115.41(7), Ir1-P3-C43 120.68(8).

Where hydrogenolysis of biphenyl in rhodium complex A155 was not possible, heating a
fluorobenzene solution of 7 at 80 °C resulted in a very slow reaction. The solution was
periodically freeze-pump-thaw degassed and backfilled with 4 bar of dihydrogen over 5
months. The reaction stalled at around 90 % completion and was analysed by *H and *'P{*H}
NMR spectroscopy in situ. A new doublet in the 3P{*H} spectrum, at 16.4 ppm ({Jrne = 120
Hz), is seen, alongside a hydride in the *H spectrum at —11.00 ppm (dm, *Jrnn = 29 Hz). It is
proposed that this is a molecular dihydrogen complex (13, Scheme 2.8), as with macrocyclic
PNP-14 systems A152 and A153 (Figure 2.4).1”° Although speculative, LR ESI-MS data
indicates the presence of 14-electron fragment “[Rh(PNP-Np)]*”, alongside its dinitrogen and
acetonitrile adducts, as the major components, suggesting the dihydrogen molecule is weakly
bound. This fragment is also observed alongside the molecular ion in HR ESI-MS. Attempts
to characterise complex 13 in CDCl; resulted in a third, rhodium-coupled 3P{*H} NMR
resonance growing in, with a new hydride resonance, displaying complex multiplicity, in the
H NMR spectrum. After four days, decomposition to an intractable mixture occurred, with
no evidence for complex 13 remaining. This is attributed to activation of CD.Cl,, also
observed for the related PNP-'Bu complex A33 (Section 1.2.2).5" However, unlike A33,
exposure of this product mixture to dihydrogen does not reform dihydrogen complex 13.
These observations contribute to the known reactivity of PNP-Np but were not pursued
any further as iridium complexes 12/A50 can be prepared more easily from the
cyclometallated precursors 3/A45 and the procedure by which rhodium complex 13 is formed

is not a viable synthetic route.
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2.8. Summary and Conclusions

The overarching aim of this study was to apply the principles of ligand design to the pursuit
of agostic interactions in five-coordinate biphenyl complexes. Analysis was conducted on the
role played by the pincer ligand and, in particular, the tert-butyl substituents, in the previously
reported PNP-'Bu complexes. This, along with the lack of conclusive evidence for agostic
formation in these complexes, led us to consider how the system could be modified to
encourage the formation of stronger agostics. PNP-Np was suggested as an alternative pincer
ligand: it was hypothesised that the increased flexibility of neopentyl (cf. tert-butyl) may allow
for the formation of agostic interactions in its coordinatively unsaturated group 9 complexes.

This was, indeed, borne out in the observation of short M-C contacts (<3 A) and reduced
M-P-C angles, which indicate stronger agostic interactions than are implied by the bond
metrics of the respective PNP-'Bu systems. This is further supported by the observation of
broad C-H stretches in the ATR IR spectra at reduced wavenumbers. The lower frequency
C-H stretch in the iridium system suggests a stronger agostic interaction in this complex. These
bands were notably absent from the IR spectra of the PNP-'Bu complexes, and allow us to
conclude that in this case, the interesting geometric features are not just a consequence of
steric buttressing.

Despite the evidence for a stronger agostic interaction in the solid state, the PNP-Np and
PNP-'Bu systems behave similarly in solution, displaying dynamics attributed to
pseudorotation of the biphenyl ligand on the NMR timescale, along with rotation of
unhindered tert-butyl groups. From this, it can be inferred that (on the NMR timescale at the
temperatures investigated) interchange between agostic interactions from the opposing
phosphorus donors is extremely rapid, conferring time-averaged Cs symmetry (when the
biphenyl rotation is frozen out). The onset of decoalescence of the time-averaged resonances
(a consequence of biphenyl pseudorotation) occurs at a higher temperature in the iridium
system, which may be a consequence of the stronger agostic interaction in this complex.

In contrast to the tert-butyl analogues, the M(I11) carbonyl complexes of PNP-Np were
easily prepared. Moreover, synthesis of the iridium(lll) dihydride was relatively easy to
achieve via biphenyl hydrogenolysis, and significant conversion to the (albeit unstable)
rhodium(l) dihydrogen complex was observed. This is interesting given that analysis of the
carbonyl stretching frequencies of M(I) carbonyls of PNP-Np and PNP-Bu (M = rhodium,
iridium) suggest that PNP-Np is a poorer donor. This difference in reactivity between may be
a consequence of the steric differences between the pincer ligands.

The results presented here highlight the importance of considering principles of ligand
design when attempting to investigate weak interactions, such as agostics. They also

demonstrate the versatility of pincer ligands and how the fine-tuning of substituents can allow
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for subtle changes in the reactivity of their complexes. The group 9 coordination chemistry of
PNP-'Bu has, at this point, been very thoroughly investigated. The promising results obtained
here suggest that there is potential for further comparison of the chemistry of these two pincer
ligands, if the difficulties in exploring the rhodium chemistry of PNP-Np can be overcome. It
would also be interesting to attempt the synthesis of as-yet unreported PONOP-Np, so
additional comparisons can be made and a greater understanding of the effect of the additional
methylene unit on the formation of agostic interactions in these complexes could be gathered.
Finally, further work in this area could include DFT analysis, such as NBO or QTAIM
analysis, of the bonding situations in the five-coordinate biphenyl complexes, to gain more

information about the agostic interactions discussed here.

64



3. Synthesis of a Cavitand-Derived Pincer Ligand

The synthesis of a g-alkane complex which is stable enough to be characterised in both the
solid state and solution, remains a key challenge in organometallic chemistry. Inspired by
Diederich’s reports of resorcinarene alkane binding, Weller’s solid-state c-alkane complexes
that are stabilised through interactions with the microenvironment, and Brookhart’s seminal
pincer-supported c-methane complex, a resorcinarene-derived pincer ligand was designed.
This should provide rigidity and stability at a metal centre, whilst enabling alkane
encapsulation within the metal coordination sphere. This chapter describes the development
and implementation of a synthetic route to this new ligand, along with characterisation of
intermediate species and details of the challenges that were overcome during this process.
Some initial coordination chemistry was also performed, leading to the formation of a Rh(l)

carbonyl complex and a tentatively assigned Rh(Ill) carbonyl dichloride.
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3.1. Introduction

3.1.1. o-Alkane Complexes

As discussed in Section 2.1.1, the ability to selectively functionalise a hydrocarbon via
transition metal-catalysed C-H activation, is an incredibly important process, with a wide
range of current and potential applications.**® The intermediate C-H-ligated species can be
studied in the form of intramolecular, agostic interactions, but isolation of a complex in which
an intermolecular C-H bond interacts with the metal centre (a c-alkane complex) is harder to
achieve 13+137.140.144.145 Attempts to study c-alkane complexes in solution have been hampered
by their instability. The low temperatures required, and the short lifetimes of these alkane
complexes (because of the tendency of the alkane to be displaced by solvent, or undergo C-H
activation) is problematic, hindering characterisation using techniques that generally require
higher temperatures and long data collection times.

The first c-alkane complexes to be reported were synthesised, albeit unintentionally, in
low temperature matrix isolation experiments. In these experiments, transition metal carbonyl
complexes were subjected to photolysis in varying matrices,*®® including noble gases and
alkanes, to generate and observe coordinatively unsaturated species.'®-2% From these initial
reports, photolysis experiments in alkane solutions?32%6-226 and in the gas phase?’-?%° were
also performed. The majority of these complexes were identified by shifts of the carbonyl
bands in their IR or UV-visible spectra, suggesting consumption of the starting complex and
formation of a new species in which the vacant coordination site has been occupied by alkane.
Later developments included reports of *H and **C NMR spectroscopic evidence for c-alkane

complexes, enabling the M-(H-C) interaction to be directly confirmed.?2!4:216.220-226:230 231

3.1.2. Characterisation of o-Alkane Complexes in Solution

The NMR spectroscopic investigations into c-alkane complexes in solution include complexes
A162-A166, reported by Geftakis, Ball and Hill (Figure 3.1).216:225226
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A162 A163 Alkane: Cyclopentane (A164)

Cyclohexane (A165)
Pentane (A1686)

Figure 3.1. Selected examples of s-alkane complexes studied by NMR spectroscopy.?16:225226
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However, despite the numerous reports of oc-alkane complexes in solution, a
well-characterised complex of the simplest alkane, methane, remained elusive. Brookhart and
co-workers were able to fill in this gap, using a different strategy. Here, protonation of the
methyl ligand of complex A167 generates methane in the metal coordination sphere, to give
the relatively long-lived o-methane complex A168 (Scheme 3.1).2% Prior to this, protonation
of the iridium congener instead gave a methyl hydride complex.%* Site exchange of the
hydride and methyl protons indicated that dynamic reductive elimination and C-H activation
processes must be occurring, necessarily proceeding via a s-alkane complex. C-H activation

is less favoured in the rhodium system, allowing the alkane complex to be observed.

0—P'Bu, 0—P'Bu, BArfy
_ [H(OEL))[BAIT,] _ H. H
—-Rh=CH; ————————————— N-I{h'-" -
A\ N-Rn—CHs \ -
| CDFCl, | H H
0—P'Bu,y 110 °C 0—P'Bu,

A167 A168

Scheme 3.1. Protonation of a methyl ligand to generate s-methane complex A168.2%

NMR characterisation of the 13C-labelled complex revealed a significantly shielded *C NMR
resonance (when compared with the starting complex and the iridium methyl hydride system)
at —41.7 ppm, suggesting a C-H o-interaction with the metal centre. The quintet multiplicity
displayed a Jcu coupling constant of 124 Hz, suggesting that the protons are in rapid
exchange. Whilst the iridium methyl hydride cation also displays a quintet **C resonance for
the methyl carbon, this has a much smaller coupling constant. The value of 124 Hz is similar
to that recorded for free methane in CDFCI; solution (125 Hz). Upon proton decoupling, the
3C{*H} NMR signal collapses to a broad singlet, with no resolvable rhodium or phosphorus
coupling, suggesting a weak interaction between the methane carbon and the metal fragment.
In the "H NMR spectrum, a broad doublet at —0.86 ppm (*Jrnn = 6.3 Hz) correlates to the
labelled methane carbon. This data supports the assignment of a methane complex in which a
C-H bond is bound to rhodium, and the structure was further supported by DFT calculations.

This methodology was then extended to include the corresponding ethane complex, with
protonation of A169 yielding A170 (Scheme 3.2).2* However, A170 was found to be less
stable than A168, a result of the larger steric profile of ethane compared to methane. The tert-
butyl groups of the pincer phosphines create a small binding pocket at rhodium, into which
methane fits well. However, the extra methyl group of ethane clashes with the tert-butyl
substituents. The NMR spectroscopic data support the assignment of this compound as a o-
ethane complex. In a series of VT experiments, the $3C signals broaden on warming, indicative
of chain walking of the metal fragment between the two carbons. The structure of this complex

was further substantiated by DFT calculations.
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Scheme 3.2. Protonation of an ethyl ligand to generate the more unstable o-ethyl complex A170.234

Brookhart’s system is important in the context of this chapter, forming a key part of the
strategy employed in the design of the new ligand (see Section 3.2). However, it should be
noted that a series of group 8 c-methane complexes were reported by Ball and co-workers in
2022135136 Here, the complexes [M(Cp)(CO)s][AI(OC(CFs)3)s] (M = Fe A171, Ru A172, Os
Al173, Cp = cyclopentadienyl, Figure 3.2) were irradiated at —90 °C in HFP solution (HFP =
111,333-hexafluoropropane), in the presence of methane, to form the corresponding methane
complexes. The first of these, osmium complex A173,%*° was shown to be stable for 13.5 hours
at -90 °C. This makes it the most stable -methane complex so far reported. The analogous
A171 and A172 were only persistent under continuous irradiation.

— raiorFy,

| M= Fe (A171)
H Ru (A172)
M-H,
ol A Os (A173)
oc H H

Figure 3.2. o-Methane complexes A171-A173, reported by Ball.135136 ORF = OC(CF3)a.

This method is akin to that described earlier in this section, unlike Brookhart’s method of
generating methane in the metal coordination sphere. The methyl protonation methodology is
relatively simple by comparison, and still marks a significant development in the field. The
PONOP-'Bu framework appears to be suitable for stabilising bound alkanes at rhodium. Pincer
ligands, such as this, are particularly useful because of their robust nature. The rigid backbone
often allows their complexes to withstand higher temperatures and pressures than related
complexes and the large steric profile covers a considerable part of the metal coordination
sphere.®*3 This gives control over vacant sites - a particularly useful feature in this case. In
addition to this, a rigid pincer is thought to be more suitable for stabilising a metal at the

entrance to a resorcinarene cavity.

3.1.3. Characterisation of o-Alkane Complexes in the Solid State

Prior to 2012, there were only limited examples of alkanes residing within the coordination
sphere of a metal, such as an iron(ll) porphyrin in which a molecule of heptane is
encapsulated.?’ This interaction could not be probed in detail due to crystallographic disorder.
Other examples involve coordination at a uranium centre?®® and alkane-iron(ll) interactions
within a metal-organic framework.?®® However, in recent years, significant developments have

occurred, which have changed the way the synthesis of c-alkane complexes is approached.
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Weller has reported a new method of single-crystal-to-single-crystal (SC-SC) hydrogenation,
enabling rhodium(l) diene complexes [Rh(L2)(diene)][BAr"4] ((BArFs = B[3,5-(CF3)2CsHs]a)
to be transformed into the corresponding alkane complexes in the solid state (exemplified in
Scheme 3.3, with the hydrogenation of A174 to give A175).240257 The benefit of using this
method is that it allows for the synthesis of crystalline material, enabling detailed structural
analysis to be undertaken and making them some of the most fully characterised c-alkane
complexes to date. It has also been proved to be a very versatile method, leading to the

development of the field of solid-state organometallic (SMOM) chemistry.

Bu ) Bu
EthfRﬁ ol Hz (1 bar) ['J"?Rﬁ _H-

: _— = —RRz="
PN 23°C 4 -
Bu, uz H

H
A174 A175

Scheme 3.3. Solid-state hydrogenation of [Rh(Lz2)(diene)][BArF4] (e.g. A174) to give the
corresponding alkane complex (e.g. A175). Here, L2 = 'Buz2P-(CH2)2-P'Buz, diene =
norbornadiene/NBD.?40 [BArf4]~ counterions are omitted for clarity.

Figure 3.3 shows the range of c-alkane complexes that have been synthesised via this method,
with variation of the phosphine backbone length (and, therefore, bite angle, A139-Al141,
A176),%2241 phosphine substituents (A184-A186)%124" and anion.?*124¢ Complexes of other
alkanes (of varying stability) were synthesised, including cyclooctane (COA, A138),'%2
pentane (A177),2* iso-butane (A178), cyclohexane (A179),%° propane (A180),
2-methylbutane (A181), hexane (A182) and 3-methylpentane (A183).2%° Other interesting
examples include a cobalt complex (A187)%°2 and an air-stable complex with a polymer
interface.” These alkane complexes can undergo processes such as H/D
exchange, 424624925025 acceptorless dehydrogenation?°2% and ligand exchange.?*2246 Some
are effective catalysts for the isomerisation of 1-butene to cis- and trans-2-butene, via
displacement of the bound alkane, under industrially relevant conditions,246:249:21.254

In all of these examples, the key to the stability (i.e. the exclusion of solvent, which
prevents alkane displacement) and the reactivity displayed by these complexes is a result of
the extended environment around the rhodium cation. In the majority of cases, the [BArf,]~
anions are arranged in a pseudo-octahedral arrangement (in some cases this takes the form of
a bi-capped square prism), with the alkane sitting in a cleft defined by two aryl faces of the
anion. This provides a tertiary periodic molecular framework and a secondary
microenvironment around the cationic fragment. Encapsulation of the alkane within this
environment (and the metal coordination sphere) allows for the formation of stabilising
non-covalent interactions (NCIs), such as van der Waals interactions, non-classical
C-H?%"---F*-C hydrogen-bonds and C-H---C interactions, which support the primary Rh-H-C

interactions. Weller has concluded that the stability of c-alkane complexes depends upon
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several factors: (i) the strength of the Rh-H-C interactions, (ii) the presence NCIs with the
secondary microenvironment (iii) how the alkane fits into the binding pocket and (iv) the
tertiary, periodic crystal structure. This environment is important as it allows long range order
to be maintained, whilst providing the necessary flexibility at the coordination site. The
trifluoromethyl groups also provide hydrophobic pathways through the lattice. This
relationship of the ligand with the primary, secondary and tertiary environments is reminiscent
of metalloenzyme catalysis.?®* It was demonstrated that NCIs with the secondary
microenvironment can influence the orientation and regioselectivity of alkane binding,22%
and that the microenvironment is flexible enough to allow structural change, such as rotation,

of both the organic®! and cationic?*’ fragments upon hydrogenation.
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Figure 3.3. Solid-state -alkane complexes reported by Weller.240-25” The most stable systems, A139
and A188 are highlighted. [BArF4]~ counterions (in A138-A141, A176-A187) are omitted for clarity.

Detailed computational investigations have been carried out to support these experimental
findings.> Treatment of the isolated cation does not reproduce experimental results as well
as when periodic DFT calculations are carried out, taking into account the extended NCI,
lattice and packing effects. This confirms that these considerations are necessary to explain

the relative stabilities of the complexes and the different alkane binding modes adopted, along
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with any reactivity that is displayed. In addition to this, NBO calculations were carried out on
a range of systems, which indicate that C-H o-donation into trans-c*rnpy makes a more
significant contribution to alkane bonding than back-donation from a rhodium lone pair (in a
d orbital) or cis-orn-r) bonding orbital to 6*c-hy.

The c-alkane complexes reported by Weller show impressive stability when compared to
previous examples and microenvironment considerations are likely to have a major impact on
the design and synthesis of alkane complexes in the future. However, none of the complexes
reported retain the alkane ligand upon dissolution, with a solvent molecule typically displacing
the weakly bound alkane. In the most recent development, complex A188 (Figure 3.3) was
reported, in which a new weakly-coordinating anion, [S-BAr%]  (S-BArf, =
B[3,5-(SFs)2CeHs]4), is utilised.?” This complex displays higher thermal stability than A139
and can be suspended in pentane without decomposing for 2 hours. This was attributed to the
increased number of C-H®*---F>"-C hydrogen-bonds formed as a result of the different anion

and represents a step closer to the exciting prospect of a stable, soluble o-alkane complex.
3.1.4. Qutlook

The series of complexes discussed above are some of the most stable and well-characterised
o-alkane complexes reported to date. The SC-SC solid-state hydrogenation methodology is
clearly a useful route to alkane complexes, which can be applied to many variations of the
original system. The cavity provided by the [BArf]~ counterion around the vacant
coordination site at rhodium is believed to be responsible for the stabilisation of alkanes within
the metal coordination sphere and any attempts to synthesise a g-alkane complex need to take
the influence of the extended secondary environment into account. However, attempts to
characterise these complexes in solution resulted in displacement of the alkane. The synthesis
of an alkane complex that can be characterised in the solid state and also in solution is,

therefore, an important challenge and this forms the core aim of the present proposal.
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3.2. Ligand Design Rationale

To address the outstanding issue of retention of the C-H o-interaction upon dissolution of the
complex, it is proposed that the stabilising secondary microenvironment could be provided by
a permanent, well-defined cavity around the metal centre. This could take the form of a
cavitand, and so host-guest interactions would be responsible for stabilising the metal-alkane
interaction, as opposed to weak NCIs with a counterion-created cavity, over which there is
little synthetic control. Tethering this cavity to a chelating ligand would ensure that the metal
centre permanently retains a confined secondary coordination sphere. It was this idea that led
to the proposal to design a ligand framework that incorporates a permanent cavity in the form
of a resorcinarene.

Resorcinarene was chosen as the basis for this new ligand because of the potential for
molecular encapsulation, along with the ease with which aromatic walls (such as quinoxaline)
can be added to deepen the cavity, and also cleaved upon treatment with nucleophiles (e.g.
catechol). Donating groups can then be introduced, so that the cavitand can be accommodated
into a ligand framework (Scheme 3.4).12":28 The ability of functionalised resorcinarenes to
bind small guest organic molecules has been well investigated.'* Of relevance here are the

investigations of alkane encapsulation within deep-cavity resorcinarenes,332%9-264

HCI

EtOH
R 80 °C

quinoxaline walls can occur, only one
is shown for clarity

OH
Cleavage of one, two or three @
OH

Scheme 3.4. Generalised scheme showing the synthesis of resorcinarene via the acid catalysed
condensation of resorcinol and an aldehyde, followed by introduction of the quinoxaline walls?>® and
subsequent nucleophilic cleavage to enable structural modification of the cavitand.?

Diederich has reported resorcinarene-based ‘molecular baskets’, functionalised with two
quinoxaline and two diazaphthalimide walls, the latter of which were bridged by an alkynyl
(A189-A190, Figure 3.4)133%1 or a para-xylyl (A191-A193)?%2263 chain. The bridging of two
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trans-disposed walls is beneficial as it enforces a ‘vase’ conformation, preventing the walls
from opening outwards and forming the more open ‘kite’ conformation. The bridge also caps
the cavity, preventing formation of the self-inclusion complexes seen in Section 1.3.3.13! The
resulting molecular baskets were shown to bind cycloalkanes in solution. A series of alkanes
were investigated, with cyclohexane having the greatest binding strength. The poly(ethylene
glycol) substituents of A193 increase its water solubility, enabling binding studies to be
carried out in agueous media. Alkane encapsulation was inferred from the significant shielding
of the *H NMR signals by the quinoxaline n-cloud. This is also responsible for stabilising the
complex, as C-H---r interactions occur between the alkane and the gquinoxaline walls. The
guests could subsequently be released by protonation: the quinoxaline nitrogens experience

repulsion when protonated, and so the walls open out and release the alkane.

n=1A189
n=2A190

CgHyz A191 R = -(CHa)3-0-(CH2CH20)4CHa,
3,5-Bu,Ph A192 R' = -O(CH,CH,0)4CH3 A193

Figure 3.4. Molecular baskets A189-A193, reported by Diederich and investigated in cycloalkane
binding studies,133.261-263

Alkane binding by substituted resorcinarenes has also been investigated in the Chaplin
group.?* Bisquinoxaline-walled resorcinarenes A194-A196 (Figure 3.5) were synthesised
and found to bind cyclohexane, when bulky (i.e. a poor guest) mesitylene-di> was used as a
solvent. The results from Diederich and Chaplin provide a precedent for alkane encapsulation
by functionalised resorcinarenes. Inspired by this, a quinoxaline-walled resorcinarene was
chosen to provide the well-defined cavity of the new ligand and act as a host for alkanes within

a metal coordination sphere.
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X =BrA195

Figure 3.5. Substituted resorcinarenes A194-A196 investigated in cyclohexane binding studies.?64

Previous work carried out within the Chaplin Group developed this idea, installing a chelating
phosphine-phosphite to the upper rim of a functionalised resorcinarene (Section 1.3.3).2%! As
previously discussed, synthesis of a series of diene complexes was achieved and the SC-SC
hydrogenation method, pioneered by Weller, was applied to these. Although there was
evidence for hydrogenation of the diene, characterisation of the resulting complexes was
hindered by weak diffraction, potentially a consequence of the flexibility of the system.

With this information in mind, Brookhart’s o-methane complex (one of the most stable
and well characterised solution-state alkane complexes) was also considered. The stability of
this complex was attributed to the rigidity and robustness that the PONOP pincer ligand
imposes upon the complex. It was therefore posited that if a pincer could be appended to the
resorcinarene cavity, this may allow for the synthesis of rigid, stable alkane complexes, in
which the metal centre is held at the entrance of the resorcinarene cavity. There is precedent
for the incorporation of pincer ligands into supramolecular frameworks, including Miller’s
crown ether pincers (A81-A86, Section 1.2.3)"48! and pincers that form part of a
macrocycle,?52¢7 such as A150-A154 (Section 2.1.2).1818 However, none of these feature a
pincer placed above a deep cavity.

Combining these ideas, ligand 14 (‘Rc-PONP’) was conceived. The key features of this
ligand are (i) the resorcinarene cavity (ii) the PONP pincer component, based on pyridine as
it removes the requirement for a C-H activation step prior to coordination and with asymmetric
‘arms’ (for synthetic convenience — see Section 3.3) and (iii) the dimethylphosphino group, a
steric requirement as larger alkyl groups would clash with the walls of the cavitand. The
proposed retrosynthesis is shown in Scheme 3.5. Presented in this chapter is the development
of this synthetic route, along with the hurdles that were overcome during this process.
Characterisation data of intermediate compounds is discussed and evidence for the synthesis

of ligand 14 provided. Some initial coordination chemistry of ligand 14 is also explored.
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Scheme 3.5. Proposed retrosynthesis of target ligand 14.
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3.3. Ligand Synthesis

3.3.1. Installation of the Dimethylphosphino- Moiety

PR T T o

N i N N I:_PMEQ

— </_\N +  Me,PCl

OH

Scheme 3.6. Proposed retrosynthesis of the PONP component of 14: installation of the
dimethylphosphino- moiety to the pyridine scaffold.

In order to synthesise this asymmetric pincer ligand, a different method to those typically used
for symmetric PNP-type pincers was required. A new synthetic route, starting from
2-hydroxy-6-methylpyridine (15), was proposed, based on the retrosynthetic approach shown
in Scheme 3.6. It was necessary to protect the hydroxyl group as a silyl ether before
deprotonation of the methyl group could be undertaken. Heating compound 15 with tri-iso-
propylsilyl chloride to reflux, in the presence of triethylamine, for 1 hour proceeded to give
the new silyl ether 16 as a pale yellow oil in 86 % yield (Scheme 3.7). This was characterised
on the basis of *H and *C{*H} spectroscopy. Notable spectroscopic features include the loss
of the broad hydroxyl resonance at &y 13.21-13.41 and the presence of a septet (3 1.42, 3Ju
= 7.4 Hz) and doublet (8n 1.13, 3Jun = 7.9 Hz), corresponding to the tri-iso-propyl groups.

i) "BuLi

Prasicl EL,O PMe;
7 N\ EtsN 7Y 0°C—rl 7 N\
— Toluene — ii) MesPCI ==
OH 110 °C O—Si'.Pr3 Et,0 0-SiPry
-78°C —>rt
15 16 17

86 % 99 %

Scheme 3.7. Protection of the hydroxyl group to give silyl ether 16, followed by deprotonation of the
methyl group and introduction of the dimethylphosphino group to give 17.

With this compound in hand, deprotonation of the methyl group using n-butyllithium,
followed by introduction of dimethylphosphine chloride, was attempted. The lithiation step
was initially carried out in the presence of TMEDA (tetramethylethylenediamine) at 0 °C
before warming to ambient temperature. A solution of dimethylphosphine chloride was
subsequently transferred onto the lithiated mixture at =78 °C (Method A). Following work-
up, analysis of the 3'P{*H} NMR spectroscopic data for this reaction highlighted the presence
of two phosphorus-containing species, dp —45.2 (major, ~90 %) and —41.0 (minor, ~10 %). It
was proposed that the major product is the desired product 17, whilst the minor product,

displaying spectroscopic and chemical similarities to 17, is the disubstituted compound 18.
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The following explanation has been proposed to explain the formation of byproduct 18: when
the product 17 is formed alongside unreacted lithiated intermediate 19, a second deprotonation
can occur, giving a second lithiated species 20. This in turn reacts with dimethylphosphine
chloride to give the disubstituted phosphine 18 (Scheme 3.8).

Li Phe,
J \N "BuLi, TMEDA Vi \N Me,PCl J \N
0-siPr 0-SiPrs D-SiPry
16 19 17
17
Li MeoP
Phie; PMes
/ \N MesPCIl J \N
0-SiPrs O-silPrs
20 18

Scheme 3.8. Reaction of compound 16 with "BuLi and the possible side reaction occurring, giving
rise to compound 18.

To provide further evidence for this proposal, the sulfur protected compounds 21 and 22 were
synthesised, by reaction of the crude 17/18 mixture with an excess of Sg (Scheme 3.9). As
expected, the 3'P{*H} NMR spectrum of the resulting mixture displayed two signals in a 1:0.4
ratio (6p 36.1, 41.3). HR ESI-MS analysis of this mixture confirms the presence of both 21
and 22.

MesP, MEQP ll,r
Pies Pies PMEQ &182
d Hif
0-5iPr3 0-SiPry 0-SiPr; 0-5iPry
17 18 21 22

Scheme 3.9. Synthesis of sulfur-protected compounds 21 and 22.

With this possible reaction pathway in mind, several modifications to the original procedure
were made. Firstly, the lithiation of compound 16 was carried out in the absence of TMEDA,
in an attempt to make a second deprotonation step harder to achieve. Secondly, the
organolithium intermediate 19 was then transferred onto the dimethylchlorophosphine
solution (the opposite way to the previous attempt), preventing formation of a high
concentration of product 17 alongside 19 until the reaction was nearing completion. Only at
this point is formation of 18 most likely to occur, given the high concentration of 17 compared

to dimethylchlorophosphine. This method was successful in giving compound 17 as the
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product, allowing it to be characterised by *H, *C{*H} and *!P{*H} NMR spectroscopy and
HR ESI-MS.

3.3.2. Coordination Chemistry of Compound 17

At this point, it was of interest to investigate the coordination chemistry of compound 17, in
order to obtain crystalline material that could be analysed by single crystal X-ray diffraction.
This would provide further support for the assignment of compound 17 as the expected
intermediate in the synthetic route to target ligand 14. Reaction of compound 17 with one
equivalent of [Rh(cod).][BArTs] (cod = 1,5-cyclooctadiene) gave a 1:1 mixture of two
rhodium-bound phosphine species after one hour (8p 24.2, YJrre = 147 Hz and 39.1, Jrne =
167 Hz). After 18 hours, only the resonance at 24.2 ppm remained. This compound was
assigned as the cod complex 23 (Scheme 3.10) and characterised by *H, *C{*H} and *'P{*H}
NMR spectroscopy, HR ESI-MS and XRD.
dPN162 1 eq [Rh(cod),]™ dpme’ 0.5 eq [Rh(cod)s]" (_TT]%
N-Rh—/ . N —_——— N—th—F'Meg
1 r2 t ci: hF7 0-siPrg 1[:%_,6167'404? N\)
Pr38|
23 17 24
89 % 77 %

Scheme 3.10. Reaction of compound 17 with [Rh(cod)z2] [BAr4] to give complexes 23 and 24.
[BArF4]~ counterions are omitted for clarity. Pyridine backbone has been simplified in complex 24
for clarity.

The intermediate species giving rise to the resonance at 39.1 ppm was tentatively assigned as
complex 24, in which both cod ligands have been substituted. In order to investigate this, the
reaction of compound 17 with half an equivalent of [Rh(cod).][BAr"s] was attempted. As
observed previously, after one hour a 1:1 mixture of the same two species was observed. This
gradually converted to a single species, 6p 39.1, after 5 days at room temperature. Again, this
was fully characterised by H, BC{*H} and 3P{*H} NMR spectroscopy, HR ESI-MS and
XRD and these data support the assignment of this species as complex 24 (Scheme 3.10).

The solid-state structures of 23 and 24 are depicted in Figure 3.6. Complex 23 was found
to crystallise with three independent cations in the unit cell, one of which is displayed. The
structure suffers from significant crystallographic issues and so reliable metrics cannot be
obtained. However, distorted square planar geometry is observed, with the presence of the cod
ligand evident. Complex 24 again displays distorted square planar geometry. The solid-state
structure confirms the cis-arrangement of the two phosphine donors. Whilst the Rh-P bond
lengths are the same within error, the Rh1-N40 separation is slightly larger than the Rh1-N20
separation (1.1(3) pm). Steric buttressing of the adjacent bulky tri-iso-propylsilyl groups is
evident in the large N20-Rh1-N40 angle of 102.30(6) °.
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Figure 3.6. Solid-state structures of the one of the independent cations of 23 (Z’ = 3, left) and 24
(right), determined at 150 K. Atomic displacement parameters are drawn at 50 % probability.
Hydrogens and counterion are omitted for clarity. 23 suffers from crystallographic issues and so is
only used to confirm connectivity. Selected bond distances (A) and angles (°) for 24: Rh1-P2
2.1723(7), Rh1-P3 2.1736(7), Rh1-N20 2.167(2), Rh1-N40 2.178(2); P3-Rh1-N20 171.13(5),
P2-Rh1-N40 170.88(5).

In an attempt to construct ligand 14 using the rhodium centre as a template, a THF solution of
complex 23 with treated with TBAF (tetrabutylammonium fluoride) to deprotect the silyl
ether. Complete conversion to a new species was observed in the 3!P{*H} NMR spectrum of
the reaction mixture. This contained two inequivalent phosphorus nuclei, both displaying
rhodium coupling and cis phosphorus coupling to each other. This product was not
characterised further, as it would appear that even when starting from the mono-ligated
complex 23, a bis-ligated product is formed, which is not useful with respect to the synthesis

of ligand 14. This synthetic route was not pursued any further.

3.3.3. Installation of the Resorcinarene Moiety

Scheme 3.11. Proposed retrosynthesis for the installation of the resorcinarene moiety.

Returning to the planned synthetic route, and with compound 17 now in hand, it was necessary
to deprotect the silyl ether, before the resorcinarene could be introduced (Scheme 3.11). As
above, TBAF was chosen for this purpose, followed by an aqueous work-up (Scheme 3.12).
Compound 25 could not, however, be isolated from residual tri-iso-propyl fluoride and

ammonium salts. A decision was then made to borane protect 25 to facilitate purification

79



(outlined in Section 2.2 for the purification of PNP-Np) and so the phosphine-borane adduct
26 was synthesised from 25 in situ (Scheme 3.12). Fortunately, this could be recrystallised
via slow diffusion of hexane into a THF solution of 26. The air-stable product was
characterised by 'H, “B{*H}, BC{*H} and 3P{'H} NMR spectroscopy, ATR IR
spectroscopy, HR ESI-MS and XRD. Compound 26 is likely to be tautomeric, existing as both
the 2-pyridone and 2-hydroxypyridine structures, but analysis of the solid-state structure
(Figure 3.7) indicates that the C21-026 separation of 1.255(2) A more closely resembles that
of a double bond (this is shorter that the C21-026 and C41-046 bond distances of 1.343(2) A
and 1.341(2) A, respectively, observed in 24). The disparity between the C21-C22/C23-C24
bond lengths (1.426(2)/1.409(2) A) and the C22-C23/C24-C25 bond lengths
(1.365(2)/1.359(2) A) suggests a disruption to the aromaticity in the pyridine backbone. This
conclusion is further substantiated by the presence of a carbonyl stretching band at 1640 cm™
in the ATR IR spectrum. It is, therefore, concluded that 26 exists in the 2-pyridone form in the
solid state and is represented schematically as such.

Deprotection of the phosphine was then achieved by heating compound 26 to reflux in
diethylamine for five days (Scheme 3.12). Following work-up, compound 25 was obtained as
an analytically pure material in good yield (77 %) and characterised by 'H, C{*H} and
$IP{*H} NMR spectroscopy and HR ESI-MS.

i) "BusNF BHs* SMe,
Plie; THF Ple THF Pive
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Scheme 3.12. Desilylation of 17 to give 25, followed by borane protection, isolation of the
phosphine-borane adduct 26 and subsequent deprotection.

Figure 3.7. Solid-state structure of 26, determined at 150 K. Atomic displacement parameters are
drawn at 50 % probability. Selected bond distances (A): P1-B2 1.902(2), C21-026 1.255(2),
N20-C21 1.371(2), C21-C22 1.426(2), C22-C23 1.365(2), C23-C24 1.409(2, C24-C25 1.359(2),
N20-C25 1.371(2).
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The final step in this synthetic route was the installation of the resorcinarene. Compound 25
was treated with potassium hexamethyldisilylamide (KHMDS) prior to the addition of a THF
solution of the chlorophosphite A197 (Scheme 3.13). Despite convincing *H and 3'P{*H}
NMR spectroscopic evidence for the synthesis of the desired compound 14, isolation of this
species was not possible. Although being the major product formed, it was always observed
in the presence of a second species, along with trace amounts of other impurities. The 3!P{*H}
NMR spectrum of this product mixture displays two major singlet resonances: 6p 135.6 and
—46.0 (Figure 3.8A). These are in the regions expected for phosphite and phosphine groups,
respectively, and integrate approximately as 1:1. The minor product appears to also display
two singlet resonances: 6p 134.9 and 37.2. Based on the latter, the minor product was
tentatively assigned as compound 27, in which the dimethylphosphino group has been
oxidised. Repeated synthesis of 14 always led to the formation of 27 in varying degrees and
despite scrutiny of the experimental procedure, this by-product could not be eliminated.
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Scheme 3.13. Deprotonation of 25 and reaction with A197, giving ligand 14 alongside a
side-product, assigned as phosphine oxide 27.

Isolation attempts via extraction, washing or recrystallisation were hampered by the high
solubility of 14 in a variety of solvents and so *H, BC{*H} and 3!P{*H} NMR characterisation
was performed in situ. Although the presence of at least two resorcinarene-containing species
resulted in broad, overlapping resonances in the alkyl and aromatic regions, useful structural
information could still be extracted from this data. Figure 3.8B shows a section of the H
NMR spectrum, with some of the key resonances highlighted. Connectivity was determined
with the aid of COSY, HSQC and HMBC experiments. Crucially, the 2-Py **C{*H} resonance
displays two-bond phosphorus coupling (8¢ 160.8, d, 2Jec = 6 Hz), confirming that installation
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of the resorcinarene fragment has occurred in the expected position. The resonances arising
from the methyl groups (8n 0.87, d, 2Jpn = 4 Hz; 8¢ 13.6, d, 1Jpc = 16 Hz) would suggest that
they are positioned above the cavity, as predicted, and do not reside within the cavity as this
would be accompanied by an upfield shift in the respective resonances.!** Multiple resonances
were observed between —2.65 and 0.33 ppm, likely resulting from the encapsulation of solvent
molecule(s) within the resorcinarene cavity. Analysis of the product mixture by HR ESI-MS
provides further support for the assignment of this major species as ligand 14, with observation
of the [M-O+Na]" cation.
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Figure 3.8A) 3P{*H} NMR spectrum of crude 14 (CsDe, 162 MHz, 298 K); B) a section of the *H
NMR spectrum of crude 14 (Ce¢Ds, 500 MHz, 298 K).

Ligand 14 appears to be stable in CsDs solution for at least 96 hours. It was observed that some

samples, when left in solution overnight, became pale pink, orange or even dark red in one
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case, with no discernible changes observed by NMR. This has been attributed to the presence
of trace unidentified impurities in the samples and not to degradation of the major component.

To provide further evidence for this product assignment, the 14/27 mixture was treated
with methyl iodide, in order to methylate the phosphine phosphorus in 14, giving 28 (Scheme
3.14). Precipitation of a white solid occurred almost immediately and the reaction was
monitored by *P{*H} NMR spectroscopy. After 16 hours, the resonances corresponding to
ligand 14 had disappeared, leaving only those assigned to 27. The white solid was isolated and
characterised as 28 (in ~86 % purity) by *H, *C{*H} and 3P{*H} NMR spectroscopy in THF-
ds. The 2Jp value for the CHs® protons (8n 2.03) of 15 Hz is larger than that observed in 14 (4
Hz), consistent with reduced electron density at the phosphorus centre.'®® This resonance
integrates to 9 against the resorcinarene CH® resonance (8n 5.87), consistent with the presence
of three methyl groups in 28. HR ESI-MS also confirmed the presence of the [M]* cation. The
filtrate was also analysed by 'H, BC{*H} and 3P{*H} NMR spectroscopy, allowing the
tentatively assigned oxide 27 to be characterised. Again, the 2Jpn values for the CH," and CH3”
protons (17 and 13 Hz, respectively) are larger than those observed in 14 (3 and 4 Hz) - this
is likely to result from the presence of electronegative oxygen. In both compounds 27 and 28,
the noticeable increase in *Jpc from 14 suggests that the phosphine lone pair has been lost.#
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Scheme 3.14. Reaction of 14 with methyl iodide, to give iodide salt 28.

Because of the difficulties encountered in isolating 14, and the non-trivial synthesis of the
precursor A197, a parallel investigation into model complex 29 was also undertaken.
Treatment of compound 25 with 'Bu,PClI, in the presence of KHMDS, initially appeared
promising (Scheme 3.15). In situ analysis of the THF solution revealed the presence of two
major resonances in the 3!P{*H} NMR spectrum (8p 152.1; —45.0). This resembles the results
observed in the synthesis of 14, however, subsequent manipulation of the sample resulted in

significant degradation to an intractable mixture.
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Scheme 3.15. Preparation of model PONP ligand 29.
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Given these results, it would appear that the PONP pincer backbone is potentially unstable. In
particular, it would seem that problems arise when the precursor 25 is treated with KHMDS
and reacted with a chlorophosphite or chlorophosphine. A search of the literature found no
examples of pincer ligands possessing this PONP backbone for comparison, although some
related systems were found. For example, there are some complexes bearing ligands with a
PONX framework (A198-A200, Figure 3.9),2%¢-20 however, a key difference between these
systems and ligand 13 is the lack of any methylene protons adjacent to the pyridine. The most
structurally similar examples include the POCP systems A201, reported by Eberhard,?’* and
A202, reported by Goldman.?”2 These are reported to have straightforward syntheses, although
it is noted that some of the ligands are used as crude oils, without further purification.?’

A ruthenium complex bearing a NONP ligand was reported by Milstein and co-workers
(A203), along with PNN congeners.?”® Here, deprotonation of the methylene bridge, in order
to achieve dearomatisation of the pyridine ring, was carried out on complexes of each ligand.
This mode of reactivity is more common in PNP-type systems because pyridine is more easily
dearomatised than the benzene ring in PCP systems.?” In the case of A203, degradation to an
intractable mixture of compounds was observed upon treatment with KO'Bu. The authors
speculate that this is due to the presence of oxygen, directly attached to pyridine, which
increases the electron density of the system when compared to the PNN complexes. The effect
of this is that the deprotonated complex is destabilised and so decomposition is observed. It is
proposed that a similar situation may be occurring when ligand 14 is synthesised. If there is
unreacted KHMDS present alongside newly formed 14, perhaps dearomatisation and
subsequent decomposition occurs in a similar manner, to some extent. This could explain the
pink (and sometimes deep red) colouration of many of the solutions of PONP compounds
synthesised here. Phosphite decomposition has been reported, giving various phosphine-
oxides (among other decomposition products),?’>2’" and this may well be the origin of the

oxygen required to form phosphine oxide 27 in the reaction mixture.
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Figure 3.9. Reported complexes bearing pincer ligands that are structurally related to 14: PONX
complexes A198-A200,268-270 POCP complexes A201 and A202%271272 and NONP complex A203.27
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3.4. Coordination Chemistry

3.4.1. Reaction with Wilkinson’s Catalyst

Given the decomposition observed in the systems above, a new procedure was proposed,
involving synthesis of the phosphine-borane adduct of the PONP pincer, with a later
deprotection step. To test the viability of this method, compound 26 was treated with Np,PCl,
in the presence of KHMDS, to form model system 30. Following work-up, a pink solution
was obtained, containing a major species, as found by 3'P{*H} NMR spectroscopy (8p 125.1;
6.4-8.4, m). This was assigned as adduct 30 by in situ H, “B{*H} and 3P{!H} NMR
spectroscopy, and strategies to deprotect the phosphine were subsequently employed. As in
the case of adduct 26, heating to reflux in diethylamine was attempted. The reaction was
monitored by 3'P{*H} NMR spectroscopy, but only reached completion after 216 hours and
did not proceed cleanly. A different method was, therefore, proposed. By reacting 30 with
[Rh(PPh3)sCl]  (Wilkinson’s  catalyst), liberation of triphenylphosphine  and
triphenylphosphine-borane should occur, giving rhodium(l) complex 31 (Scheme 3.16). This
complex was identified on the basis of *H and *'P{*H} NMR spectroscopy and characterised
in situ. The *H NMR spectrum contained trace impurities, but three new 3P{*H} NMR
resonances were observed. Those at 178.3 and 11.4 ppm display trans-phosphorus coupling
(3Jpr = 317 Hz), assigned to the phosphinite and phosphine groups, respectively, and both
resonances display cis-phosphorus coupling to the resonance at 41.6 ppm (2Jep = 31, 44 Hz),
assigned to triphenylphosphine. Salt metathesis of the outer-sphere chloride with Na[BAr",]
was then undertaken, giving a new species, 32, which was characterised by *H and 3P{*H}
NMR spectroscopy (the lack of appreciable differences in the 3P{*H} NMR resonances with
this transformation would suggest that the chloride of 31 is outer-sphere). Crystals suitable for
X-ray diffraction were obtained via slow diffusion of hexane into a 1,2-difluorobenzene
solution of 32, confirming this structural assignment (Figure 3.10). The complex displays
distorted square planar geometry with three different Rh-P bond distances: Rh1-P2 2.2524(5)
A, Rh1-P3 2.2885(6) A and Rh1-P4 2.2502(5) A.

Given the success of this method, phosphine-borane 26 was instead treated with A197 to
give 33 (the borane protected analogue of 14, Scheme 3.17). In this case, however, no reaction
with Wilkinson’s catalyst was observed by 3P{*H} NMR spectroscopy after heating at 80 °C
for 48 hours. As a result, this alternative route was not considered any further and it was

concluded that the original synthesis was the best option for obtaining a complex of ligand 14.
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Scheme 3.16. Synthesis of model phosphine-borane adduct 30, followed by reaction with Wilkinson's
catalyst to give 31 and salt metathesis to give 32.

Figure 3.10. Solid-state structure of 32, determined at 150 K. Atomic displacement parameters are
drawn at 50 % probability. Selected bond distances (&) and angles (°): Rh1-P2 2.2524(5), Rh1-P3
2.2885(6), Rh1-P4 2.2502(5), Rh1-N20 2.085(1); N20-Rh1-P4 169.93(5), P3-Rh1-P2 160.13(2).
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Scheme 3.17. Synthesis of phosphine-borane adduct 33, which did not react with Wilkinson's
catalyst in the same manner as 30.
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3.4.2. Synthesis of a Rh(l) Carbonyl Complex

Unable to isolate a pure sample of ligand 14, its coordination chemistry was investigated in
situ with the objective of generating an isolable metal complex. To this end, synthesis of a
Rh(1) carbonyl derivative was targeted, using [Rh(CO).Cl]: as the precursor. The success of
this method was demonstrated in Section 2.3, with the synthesis of
[Rh(PNP-Np)(CO)][BArF4] (2), and further corroborated when the method was applied to the
synthesis of the known complex [Rh(PONOP-'Bu)(CO)][BAr",] (A32, Scheme 3.18). A
solution of pincer ligand, rhodium dimer and Na[BAr4] in fluorobenzene was stirred for 2
hours, giving a single species in 84 % yield, which was characterised by *H, *C{*H} and
3IP{*H} NMR spectroscopy, ATR IR spectroscopy and HR ESI-MS. This data matches that
reported in the literature for A32,%” confirming the viability of this method for the synthesis of
Rh(I) carbonyls of pincer complexes.
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Scheme 3.18. Synthesis of A3257 using [Rh(CO)2Cl]2 as a precursor.
The analogous complex of 14 was then synthesised, pairing the cationic fragment with either
the [BAr",] (34) or [AI(OC(CFs)s)4] (35) weakly coordinating anions (in the latter case,
Li[AI(OC(CFs)3)4] was used as the halide abstracting agent, Scheme 3.19). The [HCB11Mesle]
analogue 36 was also synthesised, using an alternative method in which 14 was treated with

[Rh(nbd)][HCB11Mesls], before being placed under an atmosphere of CO in situ. All three

complexes 34-36 were isolated as impure orange or yellow solids.
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Scheme 3.19. Synthesis of rhodium(l) carbonyl complexes 34-36, via two different methods.
ORF = OC(CF3)s.

In all three cases, analysis by 3P{*H} NMR spectroscopy revealed complete consumption of
the ligand and major impurity, along with the generation of two complexes, based on the

presence of four new, anion-independent, resonances in the 3:P{*H} NMR spectra. Two of
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these resonances display trans-phosphorus coupling to each other, along with coupling to a
rhodium(I) centre (8p 155.3-156.7, dd, 2Jep = 428-431 Hz, Jrne = 207 Hz; 17.2-17.9, dd, *Jrne
=122-123 Hz). These are attributed to the target complexes 34-36, in which two inequivalent,
trans-disposed phosphorus nuclei would be expected. The remaining two signals most likely
arise from the presence of phosphine oxide 27 in the reaction mixture, leading to the formation
of species 37-39 in which only the phosphite moiety is bound to rhodium (&p 151.8-152.5, d,
LJrnp = 270-276 Hz), with the phosphine oxide either remaining uncoordinated or coordinated
to rhodium through oxygen?’® (8p 61.3-61.8, s). The magnitude of the rhodium-phosphorus
coupling would suggest that this is also a rhodium(l) complex.

Analysis of the *H and BC{*H} NMR spectra is again hampered by the presence of
multiple resorcinarene-containing species, although the key resonances can be identified
(assignment of the individual quinoxaline protons is not possible, and the broad hexyl
methylene resonances are complex). In all three cases, the pyridine backbone, methylene
bridge and dimethylphosphino protons can be assigned, along with those belonging to the
resorcinarene backbone. Whilst the spectra of 34 and 35 are largely independent of the anion,
there are noticeable differences in that of 36. This may be due to interactions between the
iodine atoms of the carborane and the quinoxaline walls. These are known to be flexible and
so a distortion upon interaction with the anion is not unlikely, resulting in changes to the NMR
shifts of various protons. Interaction of the iodine atoms with the rhodium centre is also a
possibility. Complex 35 provides the best NMR data (this was synthesised on a larger scale
and so preparation of a more concentrated NMR sample was possible), allowing key
resonances belonging to the by-product 38 to be identified.

Although weak, the ®C{*H} NMR spectra of complexes 34-36 can be assigned with the
aid of HSQC and HMBC experiments and corroborate the structural assignments. However,
resonances corresponding to the carbonyl carbon are noticeably absent. This is likely a result
of the weakness of the samples, combined with the coupling experienced by this carbon to
two inequivalent phosphorus nuclei and rhodium, resulting in significant broadening, such
that the signals are hard to resolve. Therefore, ATR IR spectroscopy must be relied upon to
confirm the presence of the carbonyl ligand. Indeed, two C=0 stretches are observed for each
compound mixture, suggesting the presence of more than one bound carbonyl. Given the
significant difference in intensities of these two bands, the most intense peak was attributed
to the major product. All three spectra are relatively similar. [BArF,] salts 34/37 display a
broad major band at 2032 cm™, along with a minor band at 2087 cm™* (attributed to 37). This
pattern is repeated for [AI(OC(CFs)s)4] salts 35/38, although shifted to slightly higher
wavenumbers (2036, 2113 cm™?). [HCB11Meslg] system 36/39 more closely resembles the
[BArf4] system (2030, 2089 cm™?). The small variations in these results would suggest that the

electronics of these solid-state systems are not independent of the anion.
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The presence of major and minor carbonyl stretching bands in the ATR IR spectra of these
complexes would suggest that the by-products are also rhodium(l) carbonyl complexes. If the
oxidised ligand 27 coordinates to rhodium through oxygen, then the structure proposed in
Figure 3.11A would be expected. If the phosphine oxide remains uncoordinated, the
remaining coordination site may be occupied by a solvent molecule, or perhaps by formation
of a self-inclusion complex. A fluorobenzene complex of the related resorcinarene-based
phosphine-phosphite A124 (Section 1.3.3) is known,*3! characterised by a °F resonance of
—116.96 ppm. No such resonance can be found in the *°F NMR spectrum of the 35/38 mixture,
suggesting that formation of a self-inclusion complex is more likely. There is also precedent
for this behaviour (A134), and a structure resembling that shown in Figure 3.11B could be
envisaged. These proposed structures are purely speculative without further structural
information, although the higher frequency carbonyl stretches of 37-39 imply reduced electron
density at rhodium, consistent with the presence of a weaker donor (cf. -PMe,) at the third
coordination site. This lends support to these two proposals.
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Figure 3.11. Proposed structures for the side-products 35-37, featuring A) the phosphine oxide
coordinated to rhodium?”® or B) a self-inclusion complex and uncoordinated phosphine oxide. 3
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Unfortunately, all attempts to recrystallise complexes 34-36, or the corresponding by-products
37-39, produced crystals that were too small or too weakly diffracting, preventing more
conclusive identification. HR ESI-MS does, however, confirm the presence of the [M]" cation
as the major signal in all three product mixtures. The “[Rh(27)(CO)]”* fragment was also

identified in the 34/37 mixture, consistent with both proposed structures.
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3.4.3. Attempted Synthesis of a Rh(l11) Carbonyl Dichloride

Having obtained evidence to support the formation of 16-electron rhodium(l) complexes 34-
36 (and side-products 37-39), it was of interest to synthesise the corresponding 18-electron
rhodium(l11) carbonyl dichlorides, to see if these provided an opportunity for isolation of a
single species and to extend the coordination chemistry of this new ligand. Reaction of the
model complex A32 with PhICI; was attempted (Scheme 3.20), but showed limited
conversion by 3P{*H} NMR spectroscopy, after 2 hours, to two new species. Neither of these
suggest the formation of the rhodium(I11) oxidative addition product, probably due to the steric
bulk of the tert-butyl groups and the fact that PONOP is a poorer choice of ligand for
stabilising a rhodium(I11) complex due to its weaker donor capabilities, cf. PNP.
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Scheme 3.20. Attempted reaction of A32 with PhICl2.

However, when complexes 34 and 35 were reacted with PhICl, under the same conditions,
complete conversion to two new rhodium(lll) species, 40 and 41, was observed (Scheme
3.21). Analysis of the 3IP{*H} NMR spectra of these complexes shows two signals displaying
trans-phosphorus coupling, along with smaller rhodium coupling than was observed in 34 and
35 (8p 113.9-114.2, dd, 2Jpp = 664-666 Hz, *Jre = 121 Hz; 41.6-41.8, dd, “Jrne = 75 Hz). These
data are consistent with the assignment of 40 and 41 as rhodium(l1l) carbonyl dichlorides.
[AI(OC(CFs3)3)4] salt 35 was accompanied by a minor product (43) arising from the presence
of side-product 38: the phosphite resonance in the *:P{*H} NMR spectrum displays rhodium
coupling (8p 94.4, d, WJrne = 162 Hz) whilst the phosphine oxide resonance does not (8p 63.1,
s). [BAr"4] salt 34 appeared to be the only phosphorus-containing species after work up, but
two species were observed when the reaction was monitored in situ and so this is likely to just
be a consequence of the weak NMR sample and it is thought that the analogous side-product,
42, is also present. Again, analysis of the *H and *C{*H} NMR spectra for these compounds

is challenging.

92



[A] = [BAI",] 34 [A]” = [BAT )" 40
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Scheme 3.21. Reaction of 34 and 35 with PhIClI to give 40 and 41.

ATR IR spectroscopy of these two product mixtures again highlights the presence of two
carbonyl stretching bands. As above, the most intense peak was attributed to the major
product. The data are summarised in Table 3.1 and compared with those of the respective
rhodium(l) carbonyls. The side-products 42 and 43 give rise to higher frequency stretches than
40 and 41, consistent with the replacement of the phosphine with a weaker donor. The
stretching frequencies of [BARF,] salts 34/37 and 40/42 are surprisingly similar, albeit the
major band of 40 is narrower. However, [Al(OC(CFs)s)4] salts 41/43 exhibit bands that are
shifted to slightly lower wavenumbers than 35/38. These results are difficult to explain without
further insight, as the rhodium(l11) complexes would be expected to give higher frequency
carbonyl stretches than the rhodium(l) complexes. However, it is now known that IR
stretching frequencies of carbonyl ligands in transition metal complexes cannot always be
rationalised by the Dewar-Chatt-Duncanson model alone.?’*8* The position of the carbonyl
ligands of 40-43, within the resorcinarene cavity, could explain why these systems do not
follow the expected trends. The quinoxaline n-cloud may generate a local electric field within

the cavity that affects carbonyl bonding.

Table 3.1. ATR IR carbonyl stretching frequencies of rhodium(l) carbonyls 34, 35, 37 and 36, and
rhodium(111) carbonyls 40-43 (with the minor product in parentheses).

Complex veo / cm?
[Rh(13)(CO)][BAI4] / 34, (37) 2032 (br), (2087)
[Rh(13)(CO)(CI);][BAr] / 40, (42) 2019, (2089)
[Rh(13)(CO)][AI(OC(CF3)s)4] / 35, (38) 2036, (2113)
[Rh(13)(CO)(CI)2][AI(OC(CFs)s)s] / 41, (43) 2030, (2095)

With this *H, BC{*H} and *P{*H} NMR and IR spectroscopic data alone, complexes 40 and
41 (along with 42 and 43) cannot be assigned unambiguously. Attempts to recrystallise any of
these complexes were unsuccessful and ESI-MS does not provide any evidence for the

existence of the proposed products. These assignments, therefore, remain tentative.
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3.5. Summary and Conclusions

In this chapter, a new synthetic route to an asymmetric pincer ligand, featuring both
non-equivalent linkers and donor groups, was devised and carried out. Despite encountering
some issues during this multi-step synthesis, most of these were addressed satisfactorily.
Intermediate species were well characterised and, crucially, there is evidence, provided by *H,
BC{*H} and *P{*H} NMR spectroscopy, HR ESI-MS and by further reactivity with Mel and
[Rh(CO):Cl]., to suggest that the target ligand has been synthesised via this route. A notable
outstanding experiment, which could not be carried out within the timeframe of this project,
is the deliberate oxidation of ligand 14, to further confirm the assignment of by-product 27 as
the phosphine oxide.

Some initial coordination chemistry was performed; however, characterisation of these
complexes is limited by the lack of any solid-state structures. Despite many attempts to
recrystallise these samples, single crystals suitable for X-ray diffraction were not obtained.
The air sensitivity of these samples limited the crystallisation techniques that could be applied.

The overarching aim of this chapter — to determine whether this system enables the
synthesis and full characterisation of a c-alkane complex, has not yet been achieved and it was
not possible, within this timeframe, to investigate the alkane binding ability of rhodium
complexes of this ligand. Key outstanding experiments include the pursuit of a c-alkane
complex, such as via the synthesis of rhodium alkene complexes, which would subsequently
allow the solid-state hydrogenation methodology to be investigated. Scheme 3.22 highlights
some potential approaches that could be explored to progress towards this goal.

In order for this to be achieved, purer samples of ligand 14 would be required and it is
unlikely that this is possible using this synthetic methodology. It is proposed that the final
step, involving addition of the resorcinarene precursor as a chlorophosphite, is the most
problematic as this step leads to a mixture of products (possibly a result of decomposition).
For investigations into this system to continue, this issue needs to be addressed. The use of a
weaker base could be investigated, such as triethylamine, that wouldn’t result in pyridine
dearomatisation. Other synthetic routes to asymmetric pincers have been reported,?® although
many of these are not compatible with the differing phosphorus donor groups in ligand 14.
The dimethylphosphino moiety is also problematic as it requires installation via
dimethylphosphine chloride, limiting the choice of synthetic route. An answer to this could be
to modify this donor group — perhaps by investigating the effect of introducing greater steric
bulk at the top of the resorcinarene cavity, or by changing the nature of the group entirely (e.g.
amines, carbenes, imines, phosphaalkenes could be worth investigating). By changing the
nature of the linker on this arm (i.e. not a methylene group), or by methylating the linker, this

could also prevent decomposition of the ligand (Figure 3.12).
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Scheme 3.22. Potential routes to a o-alkane complex, stabilised by ligand 14, that could be explored
in the future.
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Figure 3.12. Potential modifications to the pincer backbone that would block the major
decomposition pathway.

Thus, there are many potential ways in which the system and the synthetic methodology used
in this work could be varied and this should form the basis for any future investigations.
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4. Rhodium-Catalysed Hydroformylation With a Cavitand-Derived

Phosphine-Phosphite Ligand

In seeking to achieve branched-selective hydroformylation, a resorcinarene-derived, chelating
phosphine-phosphite (A124) was investigated as a ligand in the rhodium-catalysed
hydroformylation of unfunctionalised, linear alkenes. It was hypothesised that conducting
catalysis within the cavity would proceed with high regioselectivity. This ligand has been
compared to two model chelating ligands: dppe, known for its poor activity and selectivity in
hydroformylation, and (Sx,S,5)-BOBPHOS, which currently gives the highest branched
selectivity in the hydroformylation of 1-hexene (75 %). The synthesis and characterisation of
pre-catalysts of each ligand (L) of the formula [Rh(L:)(acac)] is reported — these are then
employed in the hydroformylation of alkyl alkenes. Whilst dppe performs as expected and
(Sax,S,S)-BOBPHOS results in consistently high branched selectivity in the hydroformylation
of 1-hexene, 1-heptene and 1-octene, selectivity with the resorcinarene-based ligand A124
increases with olefin chain length, up to a maximum of 85 % in the hydroformylation of
1-octene. The effect of the cavity is discussed, aided by in situ characterisation of a hydride
intermediate by *H and 3P NMR spectroscopy.

H,/CO 0 .
[RhiLg)acac)] | J\
%\R ;—’ K/\R + R

L, = chelating ligand

C .

PPh, Bu O © By :

dppe O O
(S.vS,8)-BOBPHOS | 4124
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4.1. Introduction

4.1.1. Rhodium-Catalysed Hydroformylation

Hydroformylation is the formation of aldehyde products from alkenes, following the addition
of syngas (a mixture of dihydrogen and carbon monoxide) in the presence of a catalyst. 283287
It is an important strategy in green chemistry due to the atom economy of the transformation.
A mixture of linear and branched aldehydes will typically be formed (except in the case of
symmetrical alkenes), depending on the regioselectivity of the addition (Scheme 4.1). In the
case of the branched aldehydes, chiral centres are formed, giving rise to the possibility for
asymmetric transformations. The mixture of products can be further complicated by alkene
isomerisation, leading to the production of other branched aldehydes, and alkene
hydrogenation can also occur under the reaction conditions. As a result, many investigations
seek to find ways in which chemo- and regioselectivity can be influenced by factors such as
catalyst design and reaction conditions. There is a wealth of literature surrounding the issue
of linear-selective aldehyde synthesis because of the importance of these products to various
industries.?#428” However, high selectivity for branched aldehydes has not been as thoroughly
pursued until recently, with a growing demand for these compounds in organic synthesis and
fine chemical production. The ability to selectively produce branched aldehyde products from

unbiased alkenes is now an important goal 28828
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Scheme 4.1. Hydroformylation of 1-octene and the other reactions that can potentially occur under
catalytic conditions, resulting in a mixture of alkane, alkene and aldehyde products.?8*

In industrial hydroformylation processes, cobalt and rhodium catalysts are used, with
rhodium-based systems more widely studied in academia.?4285287 Heck and Breslow proposed
a mechanism for cobalt-catalysed hydroformylation,?®® which Wilkinson later extended to
more superior rhodium catalysts that required less forcing conditions.?*3% It is generally still

considered to be applicable: the active species being a rhodium hydride (11, Scheme 4.2),
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formed from the rhodium phosphine acetylacetonate (acac) complex (I). Coordination of the
olefin (1V), followed by 1,2-migratory insertion into the M-H bond leads to formation of an
alkyl species (V-VI). It is here that divergent pathways become apparent: insertion into the
M-H bond can proceed to give linear or branched alkyl intermediates, depending on the
regioselectivity of addition. 1,1-Migratory insertion of a carbonyl ligand into the M-C bond
affords acyl species (V11-1X) which undergoes hydrogenolysis to yield the aldehyde products.

Catalyst deactivation can occur by the formation of inactive dimers and carbonyl clusters.
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Scheme 4.2. General catalytic cycle for the hydroformylation of alkenes, using [Rh(L2)(acac)] as a
pre-catalyst. L represents either a trivalent phosphorus (PRs) or carbonyl ligand.

This mechanism has been well-substantiated. Detailed DFT analysis was performed on
systems containing phosphines, phosphites and NHCs,*** concluding that the rate determining
step could be altered by changing the electronics of the ligand. Mono- and bis-ligated
triphenylphosphine complexes were also studied computationally by de Bruin and Reek,
where the mono-ligated system displayed higher activity.3%? Experimental techniques used to
characterise intermediates and catalyst resting states have included in situ high pressure IR
spectroscopy,®®3933% put carbonyl stretches only provide limited structural information. 3P
NMR spectroscopy is more useful, 230311 however, mass transfer limitations mean that
analysis of a reaction mixture inside a high pressure NMR tube does not necessarily provide
an accurate reflection of how the system behaves in an autoclave.®'? In the last few years,
operando FlowNMR spectroscopy has become a useful technique, enabling detailed,

quantitative insight into catalytic systems.?*3%% Hintermair has highlighted the potential of

98



this technique to gain deep mechanistic understanding, with thorough investigations into
catalyst activation/deactivation and turnover speciation under typical reaction conditions, in
both triphenylphosphine-31¢317 and phosphite-ligated processes.®!® A combination of 'H,
$1pf1H} and selective excitation 'H experiments, along with two-dimensional correlation
experiments, enabled on-cycle rhodium-phosphine/phosphite intermediates to be
characterised and quantified during catalyst activation and turnover.

These studies all highlight that hydroformylation is very sensitive to reaction conditions,
the steric and electronic properties of the ligands used and even the nature of the substrate,
making mechanistic analysis challenging. Changes to any of these factors can result in a
change in reaction rate (and the rate determining step), with different intermediate species
being invoked. Shown in Scheme 4.2 is a very simplified and generic view of the mechanism
by which rhodium-catalysed hydroformylation occurs. Here, ‘L’ can represent either a
phosphorus-based ligand or a carbonyl. For bidentate ligands, one equivalent of ligand per
rhodium centre is to be expected but the situation is more complex for monodentate ligands,
with the number of bound ligands dependent upon factors such as their steric bulk and the
number of equivalents used, and interconversion between a range of phosphorus/carbonyl-
ligated species occurring. Bidentate ligands will be considered here, as they impart stability at
the rhodium centre, reducing the number of possible on-cycle species and providing more
control over the metal coordination sphere during turnover. This is beneficial for enhancing
the regioselectivity of the catalyst.

4.1.2. Hybrid Phosphine-Phosphite Ligands

A considerable proportion of the hydroformylation literature features trivalent phosphorus-
ligated rhodium systems, such as phosphines and phosphite complexes.®+%" g-Acidic
phosphites are of particular interest as these typically lead to an increase in rate: the reduction
in electron density at the metal results in more facile dissociation of carbonyl.3® Bidentate
ligands are also widely used as the chelate effect is employed to reduce ligand dissociation,
ultimately leading to a more selective catalyst (albeit showing lower activities compared to
monoligated systems).®2 In particular, chelating ligands with larger natural bite angles were
found to be the most effective.l1731%-326 \Whilst diphosphine and diphosphite systems are
common, those comprising of both phosphine and phosphite donors have received less
attention in the past (and are generally only reported in asymmetric hydroformylation).327-3%
These mixed systems are of interest because of the potential for fine tuning the steric and
electronic properties of the ligand, which can have a significant impact upon catalysis.

A seminal example is the use of binaphthol-derived ligands A204-A208 (Figure 4.1).
Takaya and Nozaki demonstrated that rhodium complexes of these displayed high enantio-

and (branched) regioselectivities in the hydroformylation of aryl alkenes, functionalised
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olefins and styrenes. The selectivities were, however, much lower for unfunctionalised

olefins.331-3%%
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(Sax.Rayx)-A204a; (Ray.Ray)-A207b
{Ray.Ray)-A204b

Ar=Ph, R = Me (Rgy, Sa)-A205

Ar=35-Xy, R = H (R, Sgy)-A208

Figure 4.1. Binaphthol-derived ligands A204-A208, employed in the asymmetric hydroformylation
of various substrates by Takaya and Nozaki.®¥'-3%Xy = xylyl, ‘a/b’ notation denotes
diastereoisomers.

Ligands based on a “R:P-(CH2),-O-PO;” backbone have also been reported and are
summarised in Figure 4.2A.3%¢-34 |n the majority of these examples, enantioselectivity was
the main interest, although good branched selectivity was observed in many cases. However,
the most common substrate used was styrene, which has an inherent preference for the
branched aldehyde product because of the vinyl stabilisation of the rhodium-alkyl
intermediate. Other biased olefins were also used, with no reports of unsubstituted,
straight-chain olefins showing good regioselectivity for the branched product.

The most relevant result with this type of ligand comes from the group of Clarke, 309342346
Features of two good asymmetric hydroformylation ligands were combined in
(Sax,S,S)-BOBPHOS (Figure 4.2B) and high regioselectivity (71-91 %) for the branched
product was observed across a range of substrates. Crucially, hydroformylation of 1-hexene,
at 15 °C for 46 hours, produced 2-methylhexanal with 75 % selectivity.3*? Extremely good
selectivities were also observed with vinyl arenes (>80 % in some cases, with 86-90 % ee)3*
An investigation of the structure-activity relationship of ligands A224-A229 in propene
hydroformylation has recently been carried out, where rational modifications to the ligand
backbone enabled the design of a catalyst that is highly selective (75 %) for isobutanal
synthesis. 34346

Mechanistic studies were performed to explain these results, combining high pressure IR
and NMR studies, kinetic profiling, deuterium-labelling and DFT studies.*® This enabled the
conclusion to be drawn that the branched selectivity is determined early on in the catalytic
cycle, likely a consequence of the irreversibility of alkene insertion to form rhodium alkyl
intermediates (thus preventing isomerisation between the linear and branched species).
Attractive C-H--- non-covalent interactions (NCIs) in an early transition state for C-H bond
formation on the linear pathway, along with steric buttressing of the alkene against a phenyl
group, disfavoured the rotation necessary for onward reaction, leading to a predominantly

branched pathway. The authors have suggested that attempts to design a branched selective
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hydroformylation catalyst need to incorporate an open site for the formation of branched
alkyl/acyl intermediates, whilst also considering ways in which the linear pathway could be
disfavoured. This could arise from steric factors, or because of the presence of NCls that
influence transition state energies, as demonstrated here. A way in which this could be
achieved is the incorporation of a supramolecular component to the system, where NClIs
between catalyst and substrate in the secondary coordination sphere can provide additional

control over the outcomes of catalysis.
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Figure 4.2. Hydroformylation ligands possessing a “R2P-(CH2)a-O-PO2” backbone. A) Ligands
reported by van Leeuwen (A209-A213),%% Peruzzini and Pizzano (A214, A215),%%" Faraone (A216,
A217)%8 and Vidal Ferran (A218-A223);33%-341 B) ligands reported by Clarke ((Sax,S,S)-BOBPHOS,
A224-A229).309:342:346 Where axial chirality is not described, the biphenyl scaffold does not show
atropisomerism. Naph = naphthyl, An = anisyl.
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4.1.3. Hydroformylation in a Confined Space

Building on the principles introduced in Section 1.3, the use of supramolecular ligand
architectures and secondary interactions to control the regioselectivity of hydroformylation is
of considerable current interest.2027395347 A" seminal example is the zinc porphyrin-based
capsule A96 reported by Reek (Figure 4.3, Section 1.3.1).%2%" Notable branched selectivity
across a range of alkenes was observed (53-62 %), making this one of the most branched
selective systems to date. Good regioselectivity in the hydroformylation of internal olefins
was also observed. This results from NCIs between the porphyrin units - formation of
branched species results in little perturbation of these NCls as there is little distortion of the
capsule. However, formation of linear species requires more significant distortion and,

therefore, an associated energy penalty.*

A96

Figure 4.3. Ligand-templated zinc porphyrin capsule A96 reported by Reek.9-97

As an extension of work in the Chaplin group using resorcinarene-derived ligands (Section
1.3.3 and Chapter 3), their application in hydroformylation was of interest.>* Ligands based
on cyclodextrin,®°-3% calixarene and resorcinarene scaffolds have been reported, although it
is the last two groups that are more prevalent.

In 1998, Kollar found that the lower rim-functionalised tetraphosphines and phosphinities
A230 and A231 (Figure 4.4) gave good branched selectivities in the hydroformylation of
styrene (up to 93 %).%% However, an issue with functionalisation of the lower rim is that the
metal is placed underneath the cavity rather than inside it. The vacant coordination site is,
subsequently, located on the opposite side to the cavity, and as such, coordination of the olefin
and the subsequent hydride migration step can become controlled by the sterics of the
phosphorus substituents rather than the cavity. This can result in high linear selectivities, or

little selectivity at all.*>"3%
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Figure 4.4. Lower rim-functionalised calixarene ligands A230 and A231 employed in
rhodium-catalysed hydroformylation by Kollar.35®

Examples of upper rim-functionalisation include the phosphine-functionalised calixarenes
reported by Harvey (A232-A237, Figure 4.5).2%® Reaction with transition metal precursors led
to the formation of dimeric species, even when the phosphine groups were located on
neighboring aromatic rings as in A235-A237. Moderate linear selectivity (63-65 %) was
observed in the hydroformylation of 1-hexene, along with good branched selectivity for
substituted olefins such as styrene and vinyl acetate (> 90 %).

An unusual example of an upper rim-functionalised cavitand ligand is the calix-fused
phosphole A238, reported by Sémeril.*” The lone pair on phosphorus is directed into the
cavity, placing the rhodium centre above the cavity during catalysis. Again, excellent
regioselectivity for the branched product (95-97 %) was observed in the hydroformylation of
vinyl arenes. Sémeril also synthesised the diphosphite ligands A239 and A240, are based on
calixarene and resorcinarene backbones, respectively.®® A rhodium chelate complex was
observed in the case of calixarene A239, but resorcinarene A240 formed a dimer because of
the greater distance between the phosphite donors. High branched selectivities (51->99 %),
and moderate enantioselectivities (up to 89 %), were observed in the hydroformylation of

vinyl arenes.
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Figure 4.5. Selected examples of lower-rim functionalised cavitand ligands employed in
rhodium-catalysed hydroformylation,366-368

Overall, these systems do not display particularly remarkable cavity effects. It is possible that
the dimer formation observed in some cases, along with the flexibility of the cavitand, reduces
regioselectivity. The strategy of incorporating a cavitand into a ligand framework does have
potential for achieving branched selective hydroformylation, but there is room for
improvement in terms of ligand design, allowing the full potential of the cavitand to be
utilised. The use of a deep cavitand, with the donor groups embedded in one of the walls, is
likely to place the metal centre just inside a well-defined confined space, ensuring the cavity
plays a role in catalysis. lwasawa and Sémeril have recently reported on the hydroformylation
of styrene using ligands that fit this description.'?® Resorcinarene-based ligands A106, A241
and A242 (Figure 4.6, Section 1.3.2) were investigated to probe the effect of the number and
positioning of the quinoxaline walls on catalysis. To the best of our knowledge, these, along
with A240, remain the only resorcinarene-derived ligands investigated in rhodium-catalysed
hydroformylation. Key observations made here include the high branched selectivity
displayed by all three ligands. Cis-walled A242 displayed a branched to linear (b/l) ratio that
remained constant with increasing P/Rh ratio, but both A106 and A241 behave similarly, with
branched selectivity increasing with the P/Rh ratio, likely to be due to mono-ligation in these
systems. In each case, linear selectivity increased with temperature. The reduced confinement
provided by a cis-walled cavitand appears to be less important here than in the gold(l)

chemistry of these ligands (Section 1.3.2).
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Figure 4.6. Deep cavitand ligands investigated by Iwasawa and Sémeril 1%

The lack of data relating to straight-chain, terminal olefins is unhelpful in assessing the impact
of confinement upon regioselectivity. We propose that by functionalising the upper rim of a
deep cavity resorcinarene with a pendant chelate, dimer formation could be avoided.
Moreover, the metal centre will reside inside the well-defined confined space. This should
ensure that confinement plays a role in catalysis. Given that the phosphine-phosphite ligand
Al124 (Figure 4.7, Section 1.3.3) possesses these features,*! along with the beneficial
electronic differences in its donor groups, and inspired by the fact that it has a similar backbone
to (Sax,S,S)-BOBPHOS, it’s application in the rhodium-catalysed hydroformylation of

terminal olefins was of particular interest.

Figure 4.7. Resorcinarene-derived chelating ligand A124, previously synthesised in the Chaplin
group.13t
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4.2. A Resorcinarene-Based Chelating Phosphine-Phosphite Ligand

4.2.1. Ligand Synthesis

The synthetic route to the resorcinarene-derived ligand A124 has previously been developed
within the Chaplin group.®! Following the procedure outlined in Section 3.2, tris-walled
resorcinarene A243 was synthesised.'?”2°® In a modification of the procedure described by
Iwasawa,''” a phosphoramidite moiety was subsequently introduced to form A244, which was
converted into chlorophosphite A197 following treatment with hydrochloric acid. Finally, this
was treated with (hydroxymethyl)diphenylphosphine, in the presence of base, to give the
desired ligand A124.
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Scheme 4.3. Synthesis of resorcinarene-derived phosphine-phosphite A124.131

4.2.2. Synthesis and Characterisation of Acetylacetonate Complexes

In order to probe the effect of the cavity upon hydroformylation, two non-supramolecular
model ligands were chosen with which to compare the resorcinarene system against.
1,2-Bis(diphenylphosphino)ethane (dppe) was chosen as it has a small steric profile, is known
to display poor activity and selectivity in rhodium-catalysed hydroformylation, and is readily
available.’®284322 |n addition to this, (Sax,S,S)-BOBPHOS was chosen because of the high
selectivity shown in the hydroformylation of 1-hexene. It was predicted that this system would
maintain this selectivity with increasing olefin chain length, whilst A124 may display size

selectivity. All three of these ligands display small natural bite angles (the observed bite angles
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in [PdCl,L,] complexes of dppe®® and (Sa,S,S)-BOBPHOS®*® are 85.82(7) ° and 86.13(9) °,
respectively). Ligands with larger natural bite angles lead to a catalyst with the ligand bound
in an equatorial-equatorial fashion, ultimately giving higher proportions of linear product.”
Could the use of a smaller bite angle chelate (which would result in equatorial-axial binding)
promote branched product formation?

For the purposes of this study, the acac complexes of the three ligands: dppe,
(Sax,S,S)-BOBPHOS and A124 were synthesised and characterised, prior to be being trialled
as hydroformylation pre-catalysts (an alternative strategy involves the pressurising of a
solution of [Rh(CO)z(acac)] and ligand with syngas, to form the pre-catalyst in situ). The
complexes 44-46 were prepared via a substitution reaction of the appropriate ligand with
[Rh(CO)2(acac)] at ambient temperature (Scheme 4.4) and isolated in good yield (70 % 44,
73 % 45, 80 % 46). Although dppe complex 44 has been previously reported, only 3:P{*H}
and BC{*H} NMR shifts were given.*"* Full H, BC{*H} and *P{*H} NMR data was,
therefore, obtained, with the value of & 70.2 (d, YJrne = 193 Hz) being consistent with the
literature. Single crystals suitable for X-ray diffraction were obtained by slow diffusion of
hexane into a fluorobenzene solution at ambient temperature and the crystal structure is

displayed in Figure 4.8.
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Scheme 4.4. Synthesis of pre-catalysts 44-46.
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Figure 4.8. Solid-state structure of complex 44, determined at 150 K. Atomic displacement
parameters are drawn at 50 % probability. Hydrogens are omitted for clarity. Selected bond
distances (A) and angles (°): Rh1-P2 2.181(1), Rh1-P3 2.179(1), Rh1-0O4 2.080(3), Rh1-05
2.072(3); P2-Rh1-P3 84.85(4), P2-Rh1-04 95.0(1), P3-Rh1-O5 91.4(1), 04-Rh1-O5 88.8(1),

P2-Rh1-05 176.2(1), P3-Rh1-04 178.9(1).

Despite extensive investigations by Clarke and co-workers,?%3434 complex 45 has not
previously been isolated. Key spectroscopic features include resonances in the 3:P{*H} NMR
spectrum, corresponding to the phosphite and phosphine moieties: dp 164.80 (dd, 2Jpe = 318,
Yree = 72), 113.3 (dd, 2Jpp = 192, YJrnp = 72). Complex 45 was characterised by *H, *C{*H}
and 3P{*H} NMR spectroscopy, HR ESI-MS and elemental analysis. XRD was used to

confirm connectivity and the structure is shown in Figure 4.9.

Figure 4.9. Solid-state structure of complex 45, determined at 150 K. Atomic displacement
parameters are drawn at 50 % probability. Rhodium and phosphorus atoms were refined
anisotropically, all others were refined isotropically. Hydrogens are omitted for clarity. Structure
suffers from crystallographic issues and so is only used to confirm connectivity.

Finally, complex 46 was characterised by *H, *C{*H} and *P{*H} NMR spectroscopy and
bulk purity was established by elemental analysis. The 3'P{*H} NMR spectrum also displayed
resonances corresponding to the phosphine and phosphite moieties: 8p 160.8 (dd, 1Jrne = 305
Hz, 2Jpp = 79 Hz), 76.6 (dd, *Jrne = 181.6, 2Jpe = 79 Hz). A notable feature of this complex is
the acac protons, which experience significant shielding (64 0.94, CH; —0.01, —2.75, CH3),
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helping to confirm the structural assignment that places the acac ligand within the
resorcinarene cavity. The same feature is noted for the rhodium(l) diene complexes presented
in Section 1.3.3. The most shielded resonance is assigned to that which resides deeper in the
cavity (en-CHs), whilst the highest frequency signal corresponds to the methyl group pointing
towards the top of the cavity (ex-CHs). The same observation can be made in the *C{*H}
NMR spectrum, but to a lesser extent: the acac *C{*H} resonances in 46 are all 1-7 ppm lower
than those in complexes 44 and 45. This observation is promising as it would suggest that any
rhodium species formed during catalysis will be influenced by the cavity. Attempts to obtain
single crystals suitable for X-ray diffraction were not successful, and so in lieu of a solid-state
structure, that of rhodium(l) NBD complex A131 (Section 1.3.3, NBD = norbornadiene) was
inspected, instead.?*! Figure 4.10 highlights that the organometallic fragment resides within
the cavity defined by the quinoxaline walls, and it is this feature that led us to conclude that

this could be a suitable candidate for the selective hydroformylation of alkyl olefins.

Figure 4.10. Different views of the solid-state structure of A131, determined at 150 K, showing the
placement of the organometallic fragment within the quinoxaline-defined cavity.¥! Thermal
ellipsoids are drawn at 50 % probability. Hydrogens and counterion are omitted for clarity.

P2-Rh1-P3 82.16(4) °
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4.3. Hydroformylation Catalysis

With the three pre-catalysts 44-46 in hand, hydroformylation of the terminal, unbiased alkenes
1-hexene, 1-heptene and 1-octene was pursued. Prior to analysis of the resorcinarene and
(Sax,S,S)-BOBPHOS systems, conditions were optimised using the model dppe system
(pre-catalyst 44).*

This optimisation was informed by a standard hydroformylation procedure that has been
developed in the Pringle group, based upon collective knowledge and experience in carrying
out hydroformylation experiments. It involves the activation of a solution of 0.012 mmol of
pre-catalyst in 1.5 mL of toluene at the chosen reaction temperature and under 10 bar of 1:1
H»/CO mixture for 30 minutes, before addition of substrate (using a substrate/Rh ratio of 400)
at 20 bar of 1:1 H,/CO. A standard reaction time is 30 minutes, at which point the reaction is
guenched and an aliquot is taken for analysis by NMR spectroscopy. These conditions form a
convenient starting point, from which modifications can be investigated if necessary. For
example, various temperatures and reaction times can be explored. In this case, a conversion
of ~30 % was targeted. This is desirable if b/l is to be investigated and compared across several
ligands, because at higher conversions, olefin isomerisation becomes more significant. This
subsequently results in hydroformylation of the internal olefins produced, complicating
analysis of the product distribution. At much lower conversions, the error in the measurements
will be greater.

Given the poor conversion displayed by pre-catalyst 44 after 30 minutes (Table 4.1:
entries 1-2), a reaction time of 1.5 hours was chosen and hydroformylation of 1-hexene with
complex 44 was investigated at 50, 60 and 70 °C. The results are shown in Table 4.1 (entries
3-8). Duplicate runs were conducted to ensure consistency in the conversion and b/l ratio. A
temperature of 60 °C (at this longer reaction time) gave a suitable conversion for analysis of
the product distribution, as shown in entries 5 and 6. These conditions were subsequently used
in the hydroformylation of 1-heptene and 1-octene (Table 4.1: entries 9-12) without further
screening.

The b/l ratio decreases slightly with increasing temperature, a phenomenon which is
commonly observed in hydroformylation. This is due to a combination of a shift in the
equilibrium for rhodium-alkyl formation at higher temperatures and the fact that the activation
energy of hydrogenolysis of the linear acyl group is higher than that for the branched acyl
group, and so the rate constant has a stronger temperature dependence.®’2 However, the system

remains consistently unselective (b/l = 0.41-0.43, 29-30 %) at 60 °C across all substrates

¥ Initial optimisation was performed by Dr Rebekah J. Jeans, Pringle Group, University of Bristol.
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(Figure 4.11). These results are in line with the lack of selectivity previously observed when

dppe is used as a ligand in hydroformylation, 18284322

Table 4.1. Rhodium-catalysed hydroformylation using complex pre-catalyst 44 (dppe).?

Entry Substrate  Temp/°C  Total conversion/ %"  b/I° Branched
selectivity / %
1c 1-hexene 60 7.8 0.44 30
2° 1-hexene 60 7.3 0.46 32
3 1-hexene 50 4.6 0.54 35
4 1-hexene 50 5.6 0.50 33
5 1-hexene 60 24.8 0.41 29
6 1-hexene 60 29.5 0.41 29
7 1-hexene 70 67.3 0.39 28
8 1-hexene 70 64.5 0.39 28
9 1-heptene 60 16.8 0.46 32
10 1-heptene 60 25.4 0.42 30
11 1-octene 60 29.8 0.41 29
12 1-octene 60 25.9 0.43 30

244 (0.012 mmol/0.25 mol%), toluene (1.5 mL), activation for 30 min at 10 bar H,/CO; 1-hexene
(0.60 mL)/1-heptene (0.68 mL)/1-octene (0.75 mL) in toluene (1 mL), products obtained after
reaction for 1.5h at 20 bar H,/CO.

b Product distribution determined by *H NMR spectroscopy (see 6.4.5).

¢ Products obtained after reaction for 30 min.

Attention was then turned to (Sax,S,S)-BOBPHOS complex 45. Given the literature precedents
for this ligand’s role in hydroformylation,342-344.34 45 was expected to be more active than 44.
As before, a reaction time of 30 minutes was initially investigated, using the optimal
temperature of 60 °C, as determined above, for consistency. Although slightly lower overall,
the conversions achieved across all three susbtrates were still deemed suitable and so the
reaction time and temperature were not screened further. The results obtained with this system

are summarised in Table 4.2.8

§ Catalysis with complex 45 was performed by Dr Rebekah J. Jeans.

111



Table 4.2. Rhodium-catalysed hydroformylation using complex pre-catalyst 45
(Sax,S,S-BOBPHOS).2

Entry Substrate  Total conversion/ %"  b/I° Branche;i ;electivity
1 1-hexene 22.1 2.30 700
2 1-hexene 16.6 2.30 70
3 1-heptene 18.6 2.22 69
4 1-heptene 14.3 2.25 69
5 1-octene 21.1 2.23 69
6 1-octene 21.2 2.19 69

245 (0.012 mmol/0.25 mol%), toluene (1.5 mL), activation for 30 min at 10 bar H,/CO;
1-hexene (0.60 mL)/1-heptene (0.68 mL)/1-octene (0.75 mL) in toluene (1 mL), products
obtained after reaction for 30 min in toluene at 60 °C and 20 bar H»/CO.

® Product distribution determined by *H NMR spectroscopy (see 6.4.5).

Consistent with the literature, pre-catalyst 45 shows a high b/l ratio across all the substrates
(Figure 4.11), although the value of 2.30 is lower than the reported value of 3.0 (in the
hydroformylation of 1-hexene). This difference is not unexpected, as it has already been stated
that hydroformylation is very sensitive to the conditions applied and those used in this study
are different to those used in the literature (5 bar H2/CO, 16 °C, 46 h).3%

In order to guage the activity of novel pre-catalyst 46, hydroformylation of 1-hexene was
examined after 1.5 hours at 60 °C (the conditions found to be suitable with pre-catalyst 44,
using dppe as a ligand). A very high conversion of 93.1 % was obtained (Table 4.3: entry 1),
indicating that the resorcinarene-based 46 forms a much more active system than dppe
complex 44. Therefore, hydroformylation of 1-hexene was investigated at 50, 60 and 70 °C,
with the standard reaction time of 30 minutes. The results of these runs are shown in Table
4.3 (entries 2-6). As seen with complex 44, the same decrease in branched selectivity was

observed with increasing temperature.
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Table 4.3. Rhodium-catalysed hydroformylation using complex pre-catalyst 46 (A124).2

Entry Substrate  Temp/°C  Total conversion/ %" b/I° Branched
selectivity / %
1c 1-hexene 60 93.1 0.97 49
2 1-hexene 50 18.3 1.06 51
3 1-hexene 50 18.1 1.07 52
4 1-hexene 60 57.9 0.92 48
5 1-hexene 60 55.9 0.93 48
6 1-hexene 70 90.5 0.85 46
7 1-hexene 70 88.2 0.86 46
8 1-heptene 60 24.7 2.51 72
9 1-heptene 60 30.3 2.45 71
10 1-octene 60 21.8 6.07 86
11 1-octene 60 23.6 5.66 85

246 (0.012 mmol/0.25 mol%), toluene (1.5 mL), activation for 30 min at 10 bar H./CO; 1-hexene
(0.60 mL)/1-heptene (0.68 mL)/1-octene (0.75 mL) in toluene (1 mL), products obtained after
reaction for 30 min at 20 bar H»/CO.

® Product distribution determined by *H NMR spectroscopy (see 6.4.5).

¢ Products obtained after reaction for 1.5 h.

The initial results obtained using 1-hexene as a substrate are promising, showing the system
to be more selective than the dppe-ligated system (Table 4.3: entries 4-5, 48 % cf. 29 %).
However, this is less selective than the (Sa,S,S)-BOBPHOS-ligated system (75 % literature
value,3*? 69 % under our conditions). Lower temperatures may have resulted in higher
selectivities, but it is likely that this would have required further adjustments to the reaction
time and it was not considered worthwhile investigating this further at this stage, given the
time and material constraints.

Attention was, instead, turned to the longer-chain substrates. Interestingly,
hydroformylation of 1-heptene results in higher branched selectivity (Table 4.3, entries 8-9,
71 %). These values are more comparable with (Sa,S,S)-BOBPHOS. The highest b/l ratio
occurs when the olefin chain length is increased further: hydroformylation of 1-octene gives
an average branched selectivity of 85 % (Table 4.3, entries 10-11; Figure 4.11). This is higher
than the 62 % achieved by Reek with a rhodium catalyst based on porphyrin capsule A96.%
Initial interpretation of these results potentially points towards a degree of size-selectivity
taking place, with the longer alkyl chain of the branched octyl rhodium intermediate
interacting favourably with the cavitand and, therefore, preferentially following the branched
pathway over the linear one. For the shorter-chain olefins, this effect would be less
pronounced, resulting in lower selectivities. Another interesting feature is that the conversion

after 30 minutes decreases with increasing chain length, from 57 % to 23 %. This could be
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explained in terms of sterics: it is easier for the shorter-chain 1-hexene to reach the rhodium

centre, embedded in the cavity, than the bulkier 1-octene.

6
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3 3 u44
m 45
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1-hex 1-hept 1-oct
Substrate

Figure 4.11. Bar chart showing the branched to linear ratio (b/l) for the pre-catalysts employed in
the hydroformylation of 1-hexene, 1-heptene and 1-octene (44:dppe, 45:(Sax,S,S)-BOBPHOS,
46:A124).

It is also worth noting that while 46 results in greater isomerisation than 44 and 45 at these
low conversions (2-hexene: 1.22 % 44, 1.25 % 45, 4.13 % 46; 2-heptene: 0 44, 0.968 % 45,
2.96 % 46; 2-octene: 1.46 % 44, 0.959 % 45, 1.38 % 46), this still only forms a minor
component of the overall mixture. No evidence for further isomerisation to the 3-alkenes was
observed in any case. Scheme 4.5 shows the possible aldehyde products that could arise from
hydroformylation of these alkenes. Hydroformylation of terminal alkenes would lead to the
production of linear | and branched I, whereas hydroformylation of internal alkenes would
lead to the production of branched aldehydesof types 11 and I11. The presence of Il and 111,
originating from internal alkenes, can increase the branched aldehyde product total. A recent
study by Abolhasani reports impressive selectivities for branched aldehyde products of up to
94 % (b/l = 16.7) in the hydroformylation of 1-octene using a fluorophosphate ligand, but this
relies on modification of conditions to encourage isomerisation to internal octenes, with
subsequent hydroformylation, producing a mixture of branched aldehyde products.®”
However, in our three systems, an aldehyde possessing structure 111 (specifically, 2-
ethylpentanal) was only ever observed with resorcinarene-based pre-catalyst 46, when
conversion reached 88 % or higher (Table 4.3: entries 1, 6 and 7). This indicates that
hydroformylation of internal alkenes is more challenging for these systems. It is, therefore,
most likely that the origin of branched aldehydes Il is primarily the formation of 2-alkyl
rhodium intermediates from 1-alkenes, rather than hydroformylation of isomerised alkenes.
This gives further support to the theory that it is the presence of the deep cavity that influences

the regioselectivity in hydroformylation using pre-catalyst 46.
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Scheme 4.5. Possible alkene and aldehyde products that could arise from the hydroformylation of
1-hexene, 1-heptene and 1-octene under these conditions.

One final point to note is that in many studies, an excess of ligand is used (i.e. a higher ligand
to rhodium ratio than 1). This is particularly important where monodentate ligands are used as
dissociation can occur, but this is less of a concern when bidentate ligands are used, as the
resulting complex is stabilised via the chelate effect. Additionally, this is likely to be less of
an issue in the context of this work as the reaction mixtures were analysed at lower
conversions, before any significant decomposition could take effect. Because of the activation
procedure used here, where the pre-catalyst was pre-formed prior to activation, introduction
of an excess of ligand was less straightforward. This method was, however, tested with dppe
system 44, using an additional equivalent of dppe in the reaction mixture alongside pre-formed
44. Following the standard protocol, an increased b/l of 1.10 (52 %) was observed. This was
accompanied by a significant reduction in activity, with conversion dropping to 4.59 %. It was
concluded that this additional equivalent of ligand inhibits catalysis and so was not
investigated for the other two systems.

A discussion of the error asscoaited with NMR integration should be included here.
Signal to noise ratio can be an issue, although it was deemed acceptable in these cases. If the
pulse delay used to obain these spectra is too short compared to the T, relaxation rates of the
protons, the spectra can become saturated, resulting in inaccurate integrations. The pulse delay
used here was 1 s, and although greater accuracy can be achieved if a longer pulse delay is
used (between 5-10 s), the error associated with this is not huge. Errors arising from saturation
effects can be larger when comparing protons in different environments, as these will have
different T, values. This may apply to this work, as integrations of aldehyde and alkene protons
were compared to determine conversion. Another potential error source is line-shape
considerations and ensuring that the integrations are carried out over a sufficient frequency
range. In this case, the multiplets (and accompanying **C satellities) of interest were broad
and given the intensity differences between, for example, excess unreacted alkene and the

small amounts of isomerised alkene, error may have been introduced here. Finally, the
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presence of 3C satellites which potentially overlap with other resonances may have introduced
error to the integrations, in particular when determing the amount of alkene isomerisation
taking place, as a result of the proximity of the two resonances and the intensity issues
discussed previously. *C decoupling can remove this issue, but also introduces inaccuriacies
from Nuclear Overhauser Effects (which can distort peak intensities).3"

Overall, these issues can lead to a small amount of error in data based upon NMR
integrations. However, this error is not huge and conclusions can still be drawn from this data.
The errors discussed above are likely to impact the calculated conversions and degrees of
isomerisation more than the b/l ratios, and it is these last parameters that are of greatest interest
here. If more accurate values are desired, the results could be reinforced by GC-MS analysis,
a useful technique for accurately determining component quantities. However, the results
obtained with pre-catalysts 44 and 45 show a high degree of consistency and literature
agreement, whilst the trend displayed by pre-catalyst 46 is clearly significant enough to be

unimpacted by the small error sources discussed here.
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4.4. NMR Spectroscopic Investigations

With the resorcinarene-based system 46 showing such promising results in hydroformylation
catalysis under the conditions applied above, it was of interest to examine the active species
using high pressure *H and 3P NMR spectroscopy. In Section 4.1.1, it was stated that the
active hydroformylation catalyst is a trigonal bipyramidal hydrido carbonyl species, in which
the strong, c-donating hydride occupies an axial position.®”® With a bidentate ligand, steric
considerations mean that one equivalent of this ligand, along with two carbonyls, are expected
to be coordinated to rhodium. For a hybrid chelate there are three possible binding modes: an
axial-axial mode, the phosphine coordinated axially and the phosphite equatorially, or the
phosphite coordinated axially and the phosphine equatorially. It is the latter two
(equatorial-axial) binding modes that are observed for smaller bite angle ligands. The aim of
these NMR investigations was, firstly, to provide information on whether the
resorcinarene-based ligand was indeed coordinated to rhodium during catalysis (and so is
responsible for the impressive branched selectivity that is observed in the hydroformylation
of 1-octene) and, secondly, to determine the binding mode of ligand A124. This is important
as an equatorially-bound phosphite moiety would place the hydride ligand inside the cavity
during catalysis (47, Figure 4.12), whereas an axially-bound phosphite would place the

hydride pointing towards the top of the cavity (48).

Figure 4.12. Possible structures of the active rhodium(l) hydrido carbonyl species, with ligand A124
bound in an equatorial-axial fashion.

A solution of 0.0091 mmol of complex 46 in 1.5 mL of toluene was activated under 20 bar
1:1 Ho/CO in a 10 mL reactor for two days at ambient temperature. A 500 uL aliquot of this
reaction mixture was then transferred to an NMR tube and analysed under ambient
conditions.™ Significant conversion to a major new rhodium-bound species, along with other
minor phosphorus-containing species, was observed by 3'P{*H} NMR spectroscopy. This
major product was assigned as hydrido carbonyl complex 47 (Scheme 4.6) with the two new

resonances both displaying coupling to each other: p 181.1 (dd, *Jrne = 225 Hz, 2Jpp = 43 Hz),

" NMR investigations were performed by Dr Rebekah J. Jeans.
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68.6 (dd, Jrne = 99 Hz). These were attributed to the phosphite and phosphine groups,
respectively, with the coupling constant of 43 Hz confirming the cis-relationship between
them. The H NMR spectrum displays a hydride resonance at —9.99 ppm. It appears as a
doublet of doublets of doublets (3Jpn = 108 Hz, 2Jpn = 22 Hz, WJrm = 7 Hz), coupling to
rhodium and to the two inequivalent phosphorus nuclei. This coupling between the hydride
ligand and the phosphorus nuclei was also observed in a 'H-3!P HMBC experiment,
confirming connectivity. In order to confirm that coordination of ligand A124 takes place as
described in situation 47 (rather than as in 48), *H{®'P} experiments were conducted with
selective decoupling of each phosphorus resonance. With decoupling of the phosphite
resonance (dp 181.1), the hydride resonance collapses to a doublet of doublets, with the loss
of the smaller, cis-phosphorus coupling (3Jen = 22 Hz). With decoupling of the phosphine
resonance (8p 68.6), the hydride again collapses to a doublet of doublets, this time with the
loss of the larger, trans-phosphorus coupling (2Jen = 108 Hz). These data suggest that a single,
static species is present, as opposed to two rapidly interconverting isomers, and it can be
concluded that the phosphite is coordinated equatorially (cis to the hydride) and the phosphine
axially (trans to the hydride) - i.e. the situation represented by complex 47.

The values of the coupling constants can also provide structural information. The large
differences between the 2Jpy values also indicate the presence of a single, static structure, as
rapid interconversion of two isomers on the NMR timescale would give rise to intermediate
coupling constants.®” The cis 2Jpn value of 22 Hz is slightly larger than expected for a trigonal
bipyramidal complex, but this is more likely a consequence of distortion from the ideal
coordination geometry, brought about by steric congestion and the small bite angle of A124.3%
Indeed, this value is similar to those observed in [Rh(PO-P)(CO).H] complexes, where ‘PO-P’
is a small bite angle phosphine-phosphite ligand (Table 4.4).3°34 Van Leeuwen has
concluded that a 2Jpy value of ~102 Hz is consistent with a complex possessing axial
phosphine and hydride ligands, whilst a smaller value (~2 Hz in the case of a larger bite angle
PO-P ligand) suggests an equatorially-bound phosphite and axial hydride, giving further
support to the structural assignment of intermediate 47. Furthermore, the value of *Jrn serves
to confirm the equatorial-axial binding of A124, because the value would be much smaller
(<4 Hz) if a carbonyl was coordinated trans to the hydride, rather than a phosphine or

phosphite. 33
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Table 4.4. 2JpH coupling constants for complexes of the formula [Rh(L2)(CO)H], where L is the
small bite angle ligands A124, (Sa,S,S)-BOBPHOS3® and (Sax,R)-A223a,3% with the larger bite
angle (Sp,S)-A209b included for comparison (Figure 4.2A).336

Ligand 2)pu(cis) / Hz  2Jpu(trans) Hz
Al24 22 108
(SaxS,5)-BOBPHOS 23 116
(SaoR)-A223a 26 111
(S5,S)-A209b <2 102

This coordination mode, with the phosphine in the axial position and the phosphite in the
equatorial position, is widely observed in complexes of hybrid phosphine-phosphite ligands
(including (Sax,S,S)-BOBPHOS),%09:3%:337340 reinforcing the theory that the less electron
donating donor resides in an equatorial position in trigonal bipyramidal d® complexes.3">3%77
The convincing evidence for the formation of hydrido carbonyl complex 47 is important as it
can be concluded that the hydride resides within the cavity. Subsequent migratory insertion of
the alkene to form rhodium(l) alkyl isomers 49 and 50 (
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Scheme 4.6) will, therefore, place the alkyl chain deep within the cavity, rather than directed
out of the cavity (the isomeric acyl complexes 51 and 52 will necessarily possess the same
feature).

Repetition of this experiment under 10 bar of 1:1 H2/CO in a pressure valved NMR tube
was also undertaken.” However, heating at 50 °C for 1 hour did not lead to significant
conversion to the hydride species. This is likely due to mass transfer limitations in the NMR
tube compared to the autoclave. After heating for 72 hours, conversion to the same hydride
species, 47, was observed, along with evidence of catalyst decomposition. 3P{*H} NMR
spectra were collected at 298, 273, 253 and 236 K, displaying little variation, although some
broadening of the phosphite resonance was observed at 236 K (Figure 4.13). This is not
significant enough to suggest rapid interconversion between two isomers on the NMR
timescale, supporting the conclusion drawn above that a static species is present. Interestingly,
a small decrease in the phosphine-rhodium coupling is observed with decreasing temperature
(—4 Hz), alongside an increase in phosphite-rhodium coupling (+5 Hz). The phosphine-

phosphite coupling is constant across the temperature range.

Figure 4.13. Variable temperature 3'P{*H} NMR spectroscopy of the activated mixture containing
complex 47.
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T High pressure NMR investigations were performed by Dr Alejandro Bara Estadn, former PhD
student, Hintermair Group, University of Bath.
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Scheme 4.6. Putative cycle for the hydroformylation of 1-octene using pre-catalyst 46. Where the
resorcinarene cavity is drawn in full, the species have been observed. Other species are postulated
based on the catalytic cycle presented in 4.1.1.
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To this activated mixture was added 1-octene (chosen because the highest selectivity was
observed with this substrate), in order to obtain evidence for the acyl complexes 51 and 52.
This was carried out under an atmosphere of 6 bar of *CO, enabling identification of the
intermediate species based on the presence of *C-labelled carbonyl ligands. This system
suffered from incomplete activation and subsequent catalyst decomposition, resulting in only
a small amount of conversion and, subsequently, weak signals. Notably, disappearance of the
hydride resonance is apparent in the *H NMR spectrum. Furthermore, in the B®C{*H} NMR
spectrum, two resonances can be seen in the region expected for acyl carbons: 8¢ 238.6 (dd,
2Jpc = 119 Hz, YJrnc = 19 Hz), 231.9 (dd, 2Jpc = 126 Hz, 1Jrnc = 17 Hz). It is postulated that
the cis carbon-phosphorus couplings, along with cis carbon-carbon couplings, would be small
and this could explain why they are not observed here. The geometry of 51 and 52 has been
assumed based upon the bite angle of the ligand, the geometry adopted by complex 47 and the
fact that if A124 was coordinated equatorially, with a carbonyl trans to the acyl group, 2Jcc
would not be as large as 119-126 Hz. These values are more indicative of trans carbon-
phosphorus coupling. In high pressure NMR hydroformylations such as this, the structures of
intermediate species can typically be confirmed by analysis of the resonances arising from the
13C-labelled carbonyl ligands in the region ~185-195 ppm. However, in this case, this region
is obscured by a broad hump, making conclusive structural analysis challenging, and so these
results cannot be taken as reliable evidence for the existence of 51 and 52, as they are
represented in Scheme 4.6.

Given the 'H and 3P NMR spectroscopic evidence for the active species 47, along with
the very tentative assignment of rhodium acyl intermediates 51 and 52, the high
regioselectivity with increasing alkene chain length can be attributed to the cavity effects of
ligand Al124. The structures of 51 and 52 depicted in Scheme 4.6. highlight how steric
considerations could explain the results obtained here. The formation of the linear alkyl chain
would require significant buckling to be accommodated by the cavity, and so is likely to be
sterically disfavoured. This would become more important with increasing alkene size,
explaining why the highest b/l was observed in the hydroformylation of 1-octene.

In addition to this, C-H---n interactions are known to play a role in the formation of
inclusion complexes, particularly in terms of alkane binding in deep-cavity
resorcinarenes.*3%8 In Section 3.2, the ability of resorcinarenes to bind small molecules such
as alkanes was discussed.!¥32%9-264 The hydrophobic interior of the resorcinarene cavity is
electron rich, offering a concave surface that can induce folding of the substrate and binding
via C-H---m interactions.3"%%0.31 The entropic penalty of alkyl chain folding is, therefore,
likely to be offset by the formation of NClIs with the cavity interior and this should also be
taken into account when formation of the rhodium alkyl species 49 and 50 is considered.

Intermediates along the branched pathway may involve enhanced C-H---n interactions with
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the quinoxaline walls, potentially favouring this pathway over the linear one. DFT
investigations into the hydroformylation of propene using bidentate phosphines have shown
that for small bite angle ligands with differing electronics, the regioselectivity is determined
by the relative energies of the transition states for the hydride migration step (i.e. the formation
of the rhodium alkyl species), and not by isomerisation of the resulting alkyl intermediates,
because of the slow rate of p-hydride elimination in these systems.3’” Therefore, it is proposed
that the branched selectivity displayed by the resorcinarene-based system is a result of
formation of 50 being more disfavoured, rather than significant isomerisation between 49 and
50 occurring. The size-selectivity demonstrated here is also potentially due to the larger 2-
octyl forming stronger C-H---n interactions than the smaller 2-heptyl or 2-hexyl groups,
formed with the shorter-chain alkenes. More detailed investigation, such as computational

analysis of these systems, is required to substantiate these claims.

123



4.5. Summary and Conclusions

In conclusion, the results presented in this chapter show that resorcinarene-based ligand A124
has potential in the regioselective hydroformylation of alkyl alkenes. Although the
hydroformylation of 1-hexene proceeded with lower branched selectivity than that obtained
by Clarke, the selectivity was noticeably greater when 1-heptene was used as a substrate. Most
interestingly, hydroformylation of 1-octene proceeds to give 2-methyloctanal with 85 %
selectivity. To the best of our knowledge, this is one of the highest selectivities obtained in the
hydroformylation of 1-octene, with the only better system relying on alkene isomerisation to
provide high proportions of a mixture of branched aldehyde products. This increase in
selectivity with substrate chain length is proposed to result from a combination of steric effects
(disfavouring the linear pathway) and enhanced C-H---m interactions between the intermediate
2-octyl rhodium complex and the quinoxaline walls of the cavitand (favouring the branched
pathway). The smaller substrates show reduced selectivity because of the reduced steric
demands and potentially because weaker non-covalent interactions are formed, so there is less
energetic preference for the branched pathway over the linear pathway. The increase in
selectivity that is observed with increasing chain length is accompanied by a decrease in
reaction rate, likely to be a steric effect of the bulkier 1-octene entering the cavity to access
the rhodium centre.

This work highlights the benefits of rational design of catalytic systems: by analysing
features of systems reported in the literature, a novel pre-catalyst was designed that possessed
features that were expected to offer an improvement. The results obtained so far would suggest
that the deep cavity does enable catalysis to occur within it, and cavity effects are likely to be
responsible for the selectivity observed. Furthermore, the pendant chelate on the upper rim of
the resorcinarene results in a robust catalyst that does not appear to suffer significantly from
ligand dissociation. The small bite angle and electronic differences between the phosphine and
phosphite donors are also likely to have impacted the behaviour of pre-catalyst 45.

Initial mechanistic investigation using high pressure *H and 3P NMR spectroscopy has
confirmed the presence, and geometry, of the intermediate trigonal bipyramidal rhodium
hydride — the active species. There is also evidence for the generation of two rhodium acyl
complexes (expected on-cycle intermediates). It would be useful to gain more mechanistic
insight into this system — the data for these complexes is somewhat inconclusive and it would
be of interest to look for evidence of other catalytically-relevant species in the reaction
mixture, to gain a deeper understanding of this process. Initially, addition of 1-octene to a
sample of fully activated complex 47 should be carried out to provide more useful information.

Another area that warrants further investigation is the effect of varying reaction

conditions on the selectivity displayed by pre-catalyst 46. The effect of increasing the
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equivalents of ligand was only investigated with the dppe system 44; what would be the effect
of increasing the ratio of resorcinarene-based ligand to rhodium? Would this allow the high
selectivity be maintained at higher conversions, or under more industrially relevant conditions,
by increasing catalyst stability?

To further gauge the effect of the deep cavity upon catalysis, related ligands in which the
quinoxaline walls are replaced with pyrazine walls, or no walls, could be synthesised, in the
manner reported by lwasawa in the gold(l) catalysis of a resorcinarene-based phosphoramidite
(Section 1.3.2). This would enable the hypothesis that C-H---n interactions with the
quinoxaline groups are responsible for favouring the branched reaction pathway to be tested.

Computational investigation would also give greater insight into the mechanism by which
this selectivity arises; in particular, NCI plots of the rhodium alkyl and acyl intermediates
would allow stronger conclusions about the interaction of the substrate with the cavitand to be
drawn.

Finally, it may be of interest to introduce a stereocenter to the pendant chelate, so that
asymmetric, branched-selective hydroformylation could be pursued. Overall, these initial
results are very promising and there is much potential for further investigation of this system.
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5. Concluding Remarks

In this thesis, ligand design strategies were applied to three key targets: i) the investigation of
agostic interactions in 2,2-biphenyl complexes of rhodium and iridium; ii) the synthesis of a
ligand framework with the potential to stabilise a c-alkane complex in the solid state and in
solution; and iii) regioselectivity control in hydroformylation via the secondary coordination
sphere. To pursue these targets, the literature was critically assessed to identify key features
that should be incorporated into the proposed systems and where previous studies could be
improved upon.

Building on a report from the Chaplin group that complexes of the formula
[M(PNP-Bu)(biph)][BAr ] (M = Rh, Ir) do not show appreciable agostic interactions in the
solid state, the lesser-known PNP-Np was investigated. The coordination chemistry of this
pincer has been extended and includes the [M(PNP-Np)(biph)][BArs] complexes. As
predicted, stronger agostic interactions were formed in these complexes than in the PNP-'Bu
analogues. This is likely to result from the additional methylene unit possessed by neopentyl,
resulting in the formation of d-agostics (as opposed to y-agostics) and resulting in less steric
buttressing between the tert-butyls and biphenyl. This provides an example of how
modification of the primary coordination sphere can influence reactivity.

Various literature reports were drawn upon to design a system that could be used to
investigate c-alkane complex stability in the solid state and in solution. By incorporating a
pincer component (inspired by Brookhart’s [Rh(PONOP-'Bu)(CH,)][BArY]) and a
resorcinarene (inspired by Diederich’s reports of cyclohexane binding in deep cavity
resorcinarenes and Weller’s solid-state c-alkane complexes that are stabilised by a
well-defined microenvironment), a target ligand was designed. Although the overall objective
was not achieved (the ligand could not be isolated) this work provides a promising new ligand
design strategy, as potential shortcomings were identified and improvements suggested.

The final objective was inspired by the intriguing strategy of combining supramolecular
chemistry and classic organometallic chemistry to exert control over the secondary
coordination sphere. Branched-selective hydroformylation is an important strategy in organic
synthesis and by employing a resorcinarene-derived chelating ligand, previously developed in
the Chaplin group, high regioselectivity was observed for the branched product in the
rhodium-catalysed hydroformylation of 1-octene. The size-selectivity displayed by this
system, along with NMR investigations, suggest that cavity effects are responsible for this
exciting result, and further investigation into this system is of significant interest.

In conclusion, this thesis has demonstrated ways in which the principles of rational

ligand design can be drawn upon to develop systems with desired features and reactivity.
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6. Experimental

6.1. General Considerations

6.1.1. General Practices

All manipulations were performed under an atmosphere of Ar using Schlenk and glove box
techniques, unless otherwise stated. Glassware was oven dried at 150 °C overnight and
flame-dried under vacuum prior to use. Molecular sieves were activated by heating at 300 °C

in vacuo overnight.
6.1.2. Gases

Ar, CO and syngas were purchased from BOC and used as received. H, was purchased from
BOC and dried by passage through a stainless-steel column of activated 3 A molecular sieves
prior to use. N, was obtained from the in-house supply and used as received.

6.1.3. Solvents

CesHsF and 1,2-CsHaF, were purchased from Fluorochem and dried over neutral Al.Os for 4
hours, over CaH overnight, vacuum-distilled, freeze-pump-thaw degassed and dried over two
batches of 3 A molecular sieves. Anhydrous solvents were purchased from Acros Organics or
Sigma-Aldrich, freeze-pump-thaw degassed and stored over 3 A molecular sieves, except in
the following cases: ‘dry” Et,O and dioxane were dried over Na and benzophenone overnight,
vacuum-distilled, freeze-pump-thaw-degassed and stored over 3 A molecular sieves; SiMes
was dried over Na overnight, vacuum-distilled, freeze-pump-thaw degassed and stored over a
K mirror; Etz2NH was dried over CaH overnight, vacuum-distilled and freeze-pump-thaw
degassed prior to use; toluene used in hydroformylations was purified using a solvent
purification system and stored over 3 A molecular sieves. Solvents handled under N, were
used as received. CDCl; was purchased from Sigma-Aldrich and used as received. Other
deuterated solvents were purchased from Goss Scientific. CD,Cl, was freeze-pump-thaw
degassed and stored over 3 A molecular sieves, CsDs and THF-dz were dried over Na

overnight, vacuum-distilled and stored over a K mirror,

6.1.4. Reagents

[Rh(CO).Cl]>,%8  [Ir(cod).][BAr4],*  [Rh(dtbpm)(biph)CI],*>  [Ir(biph)(cod)Cl],,*"®
Na[BAr],%4 [Rh(cod).][BAr"4],®® Rh(PPhs)sCl],*¢ Li[AI(OC(CFs)3)4],%®” and PhICI,*®
were prepared according to literature procedures. [Rh(nbd)][HCB11Meslg] was prepared based
on a modification of the literature procedure for [Rh(cod),][BAr"4].3¢ All other reagents were
commercial. 2,6-Lutidine and TMEDA were dried over Na and benzophenone overnight,

vacuum-distilled, freeze-pump-thaw-degassed and stored over 3 A molecular sieves.
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BH3-SMe; was freeze-pump-thaw-degassed prior to use. EtsN was dried over CaH overnight,
vacuum-distilled and freeze-pump-thaw degassed prior to use. 1-hexene, 1-heptene and
1-octene were filtered through Al>Os prior to use. All other reagents were used as received,
degassing prior to use if necessary.

6.1.5. Analytical Techniques

NMR spectra for product characterisation purposes were recorded on Bruker spectrometers
(300-600 MHz) under Ar at 298 K, unless otherwise stated. Chemical shifts are quoted in ppm
and coupling constants (J) in Hz. Abbreviations used are: singlet (s), doublet (d), triplet (t),
quartet (q), septet (sept), multiplet (m), broad (br), very broad (vbr), virtual triplet (vt) and
apparent triplet (app. t). Very broad signals are quoted with an associated line width (fwhm)
in Hz. Virtual triplet coupling constants are reported as the separation between the first and
second lines. Apparent triplet coupling constants are reported as one J-value (the separation
between the first and second line), representing the two independent, but equivalent J-values.
Where ‘HSQC’ or ‘HMBC’ is quoted, signals cannot be located in *C{*H} spectra, but
correlations can be observed in the respective 2D spectra. Where integrations are excluded,
the data is not of sufficient quality to provide reliable values. NMR spectra recorded in proteo
solvent were recorded using an internal capillary of CsDs, unless otherwise stated. *H NMR
spectra recorded in CsHsF were referenced using the highest intensity peak of the lowest
frequency fluoroarene multiplet (31 6.865). *H NMR spectra recorded in 1,2-CgHaF, were
referenced using the highest intensity peak of the highest frequency fluoroarene multiplet (8
6.865). Spectra are otherwise referenced to an external standard. HR ESI-MS were recorded
on a Bruker Maxis Plus instrument, LR ESI-MS were recorded on an Agilent 6130B single
Quad instrument. Infrared spectra were recorded on a Perkin-Elmer Spectrum 100 or a Jasco
FT-IR-4700 spectrometer using a KBr transmission cell in CH2Cl,. Microanalyses were

performed by Elemental Microanalysis Ltd.
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6.2. Experimental Data for Chapter 2

6.2.1. Synthesis of Np>PCI

A

A suspension of magnesium turnings (1.32 g, 53.4 mmol) and 1,2-C;H.Br. (0.24 mL,

2.8 mmol) in THF (30 mL) was heated to reflux for 20 hours. This was allowed to cool to
ambient temperature prior to the dropwise addition of NpCl (5.77 mL, 46.9 mmol). The
resulting brown mixture was stirred at ambient temperature for 30 minutes and then at reflux
for 22 hours. This was allowed to cool to ambient temperature and the solids left to settle out.
The Grignard reagent was then filtered onto PCls (1.6 mL, 19 mmol) in THF (5 mL) at 0 °C.
An orange solution began to form, turning brown upon completion, with precipitation of white
magnesium salts. The slurry was slowly stirred for 18 hours and filtered. Magnesium salts
were washed with THF (3 x 10 mL) and the washings were combined with the dark orange
solution. Dioxane was added (1 mL) to encourage further precipitation of magnesium salts
and the solution was filtered again. Solvent was removed by distillation at ambient pressure.
Phosphine was purified via vacuum distillation (24 °C, 1.68 x 102 mbar). Yield: 2.1 g
(10 mmol, 54 %). Data are consistent with the literature.®?

"H NMR (CsDs, 300 MHz):  2.03 (d, *Jn = 14.7, 1H, CH,"P), 1.49 (dd, *Jun = 14.7, ZJpn =
5, 1H, CH), 0.98 (s, 9H, CHs).
SIP{*H} NMR (C¢Ds, 121 MHz): 5 104.0 (s).

6.2.2. Synthesis of Crude PNP-Np

PNp2>
N
/ N
PNp»>

(impure)

A solution of 2,6-lutidine (0.20 mL, 1.7 mmol) and TMEDA (0.55 mL, 3.7 mmol) in Et,O
(10 mL) was cooled to 0 °C and "BuL.i (1.6 M in hexanes, 2.5 mL) was added dropwise. The
colourless solution immediately turned orange and was stirred at ambient temperature for 21
hours. Solution was then cooled to =78 °C and a solution of Np2PCI (3.78 mmol) in Et,O
(10 mL) was added dropwise. Solution turned yellow with precipitation of a white solid and
was heated at 30 °C for 92 hours. Yellow solution was filtered and volatiles removed under

reduced pressure to give a yellow residue. Crude yield: 0.88 g.
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6.2.3. Borane Protection of PNP-Np, 1

Np>

Np>

A solution of crude PNP-Np (0.88 g) in THF (15 mL) was cooled to —78 °C and BH3-SMe;
(0.41 mL, 4.3 mmol) was added. The resulting mixture was stirred at ambient temperature for
30 minutes before quenching with saturated aqueous NH.Cl (20 mL). The organic portion was
extracted, dried over MgSO, and filtered. Volatiles were removed under reduced pressure to
give a white solid which was purified via column chromatography (70 % CHCl,, 30 %
hexane, Rr 0.45). Yield: 0.53 g (1.1 mmol, 65 %).

'H NMR (CDCls, 500 MHz): § 7.59 (t, ®Jun = 7.7, 1H, 4-Py), 7.12 (d, 3Jun = 7.6, 2H, 3,5-Py),
3.19 (d, 2Jpn = 10, 4H, CH,™), 1.87 (dd, 2Jun = 14.9, 2Jpyy = 12, 4H, CH,P), 1.47-1.63 (m, 4H,
CHP), 1.12 (s, 48H, CHs), 0.49-0.90 (br, 6H, BH3).

UB{*H} NMR (CDCl3, 96 MHz):  —35.6 (br s).

BC{*H} NMR (CDCls, 126 MHz): § 154.5 (dd, 2Jpc = 8, “Jpc = 2, 2,6-Py), 137.0 (s, 4-Py),
123.6 (vt, Jec = 5, 3,5-Py), 39.6 (d, “Jpc = 28, CH,"P), 38.8 (d, *Jrc = 30, CH,"™), 32.6 (s, C*®"),
31.8 (d, 3Jpc = 6, CHg).

$1P{'H} NMR (CDCls;, 162 MHz): § 10.7 (br s).

HR ESI-MS (positive ion, 4 kV): 502.4050, [M+Na]* (calcd 502.4054) m/z.

6.2.4. Deprotection of 1

PNp2
)
/ N

PNp2>

(pure)

Purified adduct 1 (0.310 g, 0.647 mmol) was suspended in Et;NH (10 mL) and heated to reflux
for 52 hours. Volatiles were removed under reduced pressure to give a white solid. Pentane
was added (2 mL) and removed under reduced pressure to form an azeotrope with any
remaining Et;NH. The product was extracted into toluene (5 mL) and washed with degassed
H>O (5 mL). The organic portion was extracted via cannula, dried over degassed MgSO. and
filtered via cannula. Volatiles were removed under reduced pressure to give a white solid.
Yield 0.184 g (0.408 mmol, 63 %). Data are consistent with the literature.®
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'H NMR (CgDs, 500 MHz): & 7.06 (t, *Jun = 7.7, 1H, 4-Py), 6.78 (d, *Jun = 7.6, 2H, 3,5-Py),
2.95 (d, 2Jpn = 2, 4H, CH,™), 1.76 (dd, 2Jun = 14, 2Jpn = 4, 4H, CH2), 1.28 (dd, 2Jnn = 14,
2Jpn = 3, 4H, CH,""), 1.04 (s, 34H, CHa).

BC{*H} NMR (C¢Ds, 126 MHz): § 159.6 (d, 2Jec = 4, 2,6-PY), 136.4 (s, 4-Py), 121.2 (dd, *Jpc
=5, 5Jpc = 2, 3,5-Py), 45.4 (d, *Jrc = 18, CH,"?), 41.0 (d, *Jpc = 18, CH,™), 32.3 (d, 2Jpc = 15,
C®), 31.7 (d, Jpc = 9, CHy).

$1P{IH} NMR (C¢Ds, 162 MHz): 5 —39.8 ().

HR ESI-MS (positive ion, 4 kV): 452.3559, [M+H]" (calcd 452.3570) m/z.

6.2.5. Synthesis of [Rh(PNP-Np)(CO)][BArF4], 2

BArT
PNp, _h ry

/ \N—Rh—CO
F|’sz

A solution of PNP-Np (12.1 mg, 26.8 umol) in CeHsF (500 pL) was transferred onto
[Rh(CO).Cl]; (5.3 mg, 14 umol) and Na[BAr"4] (27.0 mg, 30.5 pmol) in an NMR tube fitted
with a J Young’s valve and agitated for 30 minutes. The yellow solution was filtered and
volatiles were removed under reduced pressure to give a yellow residue. This was washed
with hexane (0.5 mL), filtered and dried. The resulting solid was extracted into CHCly,
filtered and volatiles removed under reduced pressure to yield a yellow solid. Yield: 28.4 mg
(19.6 umol, 73 %). Single crystals suitable for X-ray diffraction were obtained by slow

diffusion of hexane into a CDCl; solution at ambient temperature.

IH NMR (CD.Cly, 500 MHz): § 7.77 (t, 3w = 7.8, 1H, 4-Py), 7.72-7.75 (m, 8H, 0-Ar"), 7.57
(s, 4H, p-ArF), 7.39 (d, 3Jun = 7.8, 2H, 3,5-Py), 3.86 (Vt, Jec = 9, 4H, CH,™), 2.10 (dvt, 2Jnn =
14.8, Jpr = 6, 4H, CH,"P), 2.02 (dm, 2Jun = 14.8, 4H, CH,™), 1.18 (s, 34H, CHs).

BBC{*H} NMR (CD:Cl,, 126 MHz): & 193.8 (dt, “Jrnc = 71, 2Jpc = 15, CO), 163.1-163.2 (m,
2,6-Py), 162.6 (g, JJcs = 50, i-Ar"), 141.4 (s, 4-Py), 135.6 (s, 0-Ar"), 129.7 (qq, 2Jrc = 32, 3Jcs
= 3, m-Ar"), 125.4 (q, Yrc = 272, CF3), 123.1 (vt, Jec = 11, 3,5-Py), 118.3 (sept, 3Jrc = 4,
p-ArF), 46.6 (vtd, Jec = 25, 2Jrnc = 1, CH,'?), 45.9 (vt, Jpc = 23, CH,Y), 32.4 (s, C®), 32.3 (vt,
Jec = 6, CHs).

$1P{IH} NMR (CD:Cl,, 162 MHz): § 17.4 (d, Jrne = 121).

ATR IR: vco 2011 cm'™,

IR (CH.Cly): vco 2004 cm™2,

HR ESI-MS (positive ion, 4 kV): 582.2489, [M]* (calcd 582.2495) m/z.

Anal. Calcd for C71H71BF24NP;Rh (1569.98 g mol™): C, 49.85; H, 4.39; N, 0.97; Found: C,
50.08; H, 4.32; N, 0.98.
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6.2.6. Synthesis of [Ir(PNP-Np’)H][BAr"4], 4

P/Np

i | BAry)

PNp>

N—Ir—H
/

cHk” | "PNp4—P/Np’

T ~ CH," e

CH.*

3

In a modification of the procedure reported by Yamashita and Nozaki, PNP-Np (20.1 mg,
44.5 pmol) and [Ir(cod).][BArF4] (57.0 mg, 44.8 umol) were dissolved in 1,2-CsH4F2 (10 mL)
and the red solution was stirred at ambient temperature for 30 minutes. Volatiles were removed
under reduced pressure to give a deep red residue. This was washed with hexane (5 mL),
filtered and dried to give a pale red solid. Yield 43.9 mg (29.1 umol, 65 %). Data are consistent
with the literature.®* Single crystals suitable for X-ray diffraction were obtained by slow
diffusion of hexane into a CsHsF solution at ambient temperature.

'H NMR (CD.Cly, 500 MHz): § 7.18 (t, 3Jun = 7.8, 1H, 4-Py), 7.71-7.76 (m, 9H, 0-ArF), 7.56
(s, 3H, p-Ar), 7.52 (d, 3Jun = 7.7, 2H, 3,5-Py), 4.06-4.15 (m, 1H, CH,"), 3.80-3.96 (m, 2H,
CH.™), 3.56 (dd, 2Juw = 17.1, 2Jpn = 8, 1H, CH2™), 2.64-2.73 (m, 1H, CH,"), 2.38-2.55 (m,
2H, CH,™" + CH,"P), 2.15-2.29 (m, 2H, CH,"?), 2.07 (dd, 2Jun = 14.9, 2Jpu = 6, 1H, CH,P),
1.75 (dd, 2Jnn = 14.4, 2Jpy = 11, 1H, CHY), 1.61 (dd, 2Jum = 13.6, 2Jpw = 8, 1H, CH,P'N),
1.24 (s, 9H, CHs), 1.18 (s, 10H, CHa), 1.06 (s, 3H, CH3"), 1.02 (s, 3H, CHs"), 0.82-0.93 (m,
2H, CH,'" + CH,"*'"), 0.39 (s, 9H, CH3), —16.80 (t, 2Jpr = 12, 1H, Ir-H).

BC{*H} NMR (CD:Cl,, 126 MHz): & 162.6 (q, *Jcs = 50, i-ArF), 161.0 (s, 2-Py), 160.5 (s,
6-Py), 139.4 (s, 4-Py), 135.6 (s, 0-ArF), 129.7 (qq, Yrc = 31, 3Jcs = 3, m-ArF), 125.4 (q, e
= 272, CF3), 123.7 (d, 3Jpu = 10, 3/5-Py), 123.2 (d, 3Jpw = 9, 5/3-Py), 118.3 (sept, 3Jrc = 4,
p-ArF), 48.8 (d, WJpn = 23, CH,™), 47.6 (d, Jpw = 28, CH,™), 46.9 (d, "Jpw = 30, CH,™), 41.5
(dm, WJpn = 22, CH,"), 40.9 (dm, e = 23, CH,'P), 40.4 (d, e = 34, CH,"""), 34.5 (s, CBY),
33.6 (s, C®Y), 32.7 (s, C®), 32.0 (d, 3Jpn = 6, CH3), 31.7 (d, 3Jp = 7, CHs), 30.0 (d, 3Jpn = 7,
CH3"), 29.4 (d, 3Jpn = 4, CH3'"), 28.2 (d, 3Jpn = 18, CH3'"), 20.4 (s, CH.").

31p{1H} NMR (CD,Cl,, 162 MHz): § 28.5 (d, 2Jep = 316, P’), 18.5 (d, 2Jpr = 316, P).

HR ESI-MS (positive ion, 4 kV): 644.3115, [M]* (calcd 644.3122) m/z.

6.2.7. Synthesis of [Ir(PNP-Np)(CO)][BAr 4], 3
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BArF
N, Ay

N
/ N—Ir—CO

PNDZ

In a modification of the procedure reported by Yamashita and Nozaki, a solution of 4 (8.0 mg,
5.3 umol) in 1,2-CsHsF> (500 pL) was prepared in an NMR tube fitted with a J Young’s valve.
This was freeze-pump-thaw degassed and placed under 1 bar of CO and gently shaken at
ambient temperature. An immediate colour change from red to pale yellow was observed.
Volatiles were removed under reduced pressure to give a yellow solid which was washed with
hexane (0.5 mL) and dried in vacuo. This compound was synthesised in ~93 % purity (by
$1P{*H} NMR) alongside minor unidentified impurities and could not be isolated. Data are

consistent with the literature.54

'H NMR (CD,Cl,, 500 MHz, selected data): § 7.88 (t, 3Jun = 7.7, 1H, 4-Py, 1H), 7.73 (s, 10H,
0-ArF), 7.57 (s, 5H, p-ArF), 7.50 (d, 3Jun = 7.8, 2H, 3,5-Py), 3.95 (vt, Jpn = 9, 4H, CH,™), 2.24
(dvt, 2Ji = 14.9, Jpn = 8, 5H, CH™), 2.17 (dvt, 2Jun = 14.9, Jpy = 7, 5H, CH2™), 1.18 (s,
41H, CHs).

13C{*H} NMR (CD.Cl,, 126 MHz, selected data): & 180.7 (t, 2Jpc = 9, CO), 165.0 (vt, Jpc =
10, 2,6-Py), 162.6 (q, YJce = 50, i-ArF), 141.6 (s, 4-Py), 135.6 (s, 0-ArF), 129.7 (q, Zrc = 32,
3Jcg = 3, M-ArF), 125.3 (g, Yrc = 272, CFs), 122.9 (vt, Jec = 11, 3,5-Py), 118.3 (sept, 3Jrc = 4,
p-ArF), 47.0 (vt, Joc = 28, CH™), 46.6 (Vt, Jec = 31, CH,™), 32.45 (s, CB), 32.37 (Vt, Jpc = 6,
CH).

$1P{'H} NMR (CDCl,, 162 MHz, selected data): & 13.59 (s).

ATR IR: vco 1997 cm ™.

IR (CH2Cl): veo 1991 cm L.

HR ESI-MS (positive ion, 4 kV): 672.3070, [M]" (calcd 672.3071) m/z.

6.2.8. Synthesis of [Rh(PNP-Np)(biph)CI], 5

N P2 CH _By-Cl r -
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NMR assignments of PNP-Np biphenyl complexes are based on this system
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PNP-Np (111.0 mg, 0.246 mmol) and [Rh(biph)(dtbpm)CI] (146.3 mg, 0.246 mmol) were
suspended in CsHsF (10 mL) and heated to reflux for 18 hours. Volatiles were removed under
reduced pressure to give an orange residue which was extracted into CH.Cl, (10 mL).
Volatiles were removed under reduced pressure and the resulting orange residue was washed
with pentane (3 x 5 mL), filtered and dried in vacuo to give a white solid. Yield: 128.6 mg
(0.173 mmol, 70 %). Single crystals suitable for X-ray diffraction were obtained by slow
diffusion of SiMes into a CH.Cl; solution at —30 °C.

'H NMR (CD.Cl,, 600 MHz): § 8.05 (d, *Ju = 7.5, 1H, 6-biph), 7.73 (t, *Jun = 7.8, 1H, 4-Py),
7.50 (dd, 3Jun = 7.6, *Juw = 1.5, 1H, 9-biph), 7.43 (dd, 33w = 7.5, “Jun = 1.5, 1H, 3-biph), 7.38
(d, 3Jun = 7.8, 2H, 3,5-Py), 6.93 (t, 3Juu = 7.3, 1H, 10-biph), 6.89 (t, 3Jun = 7.3, 1H, 4-biph),
6.83 (td, 3Jun = 7.3, “Jun = 1.5, 1H, 5-biph), 6.65 (td, 3Jun = 7.4, “Jun = 1.5, 1H, 11-biph), 6.30
(d, 3Jnn = 7.5, 1H, 12-biph), 4.15 (dvt, 2Jun = 16.1, Jpn = 9, 2H, CH.™™®), 3.96 (dvt, 2w =
16.1, Jpn = 8, 2H, CH,™PP") 2,38 (dvt, 2Jnn = 14.7, Jpn = 7, 2H, CH"PCY), 2.29 (dvt, 2Jun =
14.6, Jpn = 6, 2H, CHNP"), 1.43 (d, 2Jun = 15.4, 2H, CHNP7"Y) 131 (dvt, 2w = 15.5, Jpn
=6, 2H, CHNPPP" 1,02 (s, 18H, CH5®"), 0.59 (s, 18H, CH3P".

BC{*H} NMR (CD.Cl,, 126 MHz): & 166.8 (dt, *Jrnc = 35, 2Jpc = 9, 7-biph), 166.1 (dt, *Jrnc
=30, Wpc = 9, 1-biph), 160.7 (vt, Jec = 7, 2,6-Py), 155.5 (d, ZJrnc = 1, 8-biph), 152.3 (d, ZJrnc
=2, 2-biph), 138.3 (s, 6-biph), 137.8 (s, 4-Py), 134.1 (vt, Jec = 3, 12-biph), 125.6 (s, 11-biph),
124.9 (s, 5-biph), 123.0 (s, 10-biph), 122.0 (vt, Jec = 10, 3,5-Py), 121.7 (s, 4-biph), 121.1 (s,
9-biph), 119.7 (s, 3-biph), 43.8 (vt, Jec = 22, CH,™), 38.3 (vt, Jrc = 18, CH,""*"), 34.0 (vtd,
Jrc = 16, Zrnc = 3, CHNPPPM) 32,9 (vt, Jpc = 6, CH:™), 32.6 (vt, Jpc = 6, CB"CY), 32.4-32.5
(m, CBUPIPNy 32 4 (vt, Jpc = 5, CH3"PM).

31p{1H} NMR (CD,Cl,, 162 MHz): § 26.2 (d, Jre = 110).

HR ESI-MS (positive ion, 4 kV): 706.3166, [M-CI]* (calcd 706.3172) m/z.

Anal. Calcd for CssHseCINP2Rh (742.21 g mol?): C, 63.11; H, 8.01; N, 1.89; Found: C, 63.39;
H, 7.88; N, 1.79.

6.2.9. Synthesis of [Ir(PNP-Np)(biph)CI], 6
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PNP-Np (108.3 mg, 0.240 mmol) and [Ir(biph)(cod)Cl]2 (93.7 mg, 0.0960 mmol) were
suspended in CeHsF (10 mL) and heated to reflux for 24 hours, giving a yellow solution.

Volatiles were removed under reduced pressure to give a yellow residue which was washed
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with pentane (3 x 5 mL), filtered and dried in vacuo to give a pale yellow solid. Yield: 127
mg (0.153 mmol, 64 %). Single crystals suitable for X-ray diffraction were obtained by slow
diffusion of hexane into a C¢HsF solution —30 °C.

'H NMR (CD:Clz, 500 MHz): 8 7.92 (d, 3Jun = 7.4, 1H, 6-biph), 7.77 (t, *Jun = 7.8, 1H, 4-Py),
7.47 (dd, 3Jun = 7.6, “Jun = 1.5, 1H, 9-biph), 7.42 (d, 3Jun = 7.8, 2H, 3,5-Py), 7.41 (dd, 3Jun =
7.5, *Jun = 1.4, 1H, 3-biph), 6.89 (t, *Jun = 7.3, 1H, 10-biph), 6.85 (t, 3Jun = 7.2, 1H, 4-biph),
6.79 (td, 3Jun = 7.3, “Jun = 1.5, 1H, 5-biph), 6.58 (td, *Jun = 7.3, “Jun = 1.5, 1H, 11-biph), 6.27
(d, 3Jun = 7.4, 1H, 12-biph), 4.10 (dvt, 2Jun = 16.2, Jpy = 9, 2H, CH™®Y), 4.00 (dvt, 2Jun =
16.1, Jen = 9, 2H, CH™Y™PM) 2,40 (dvt, 2un = 14.7, Jpn = 7, 2H, CHNPY), 2.26 (dvt, 2Jun =
14.7, Jpn = 7, 2H, CH V"), 1.51 (dvt, 2Jun = 15.4, Jpn = 5, 2H, CHNPPPY) 1,33 (dvt, 2Jun =
15.3, Jpn = 7, 2H, CHNP"") 11,02 (s, 19H, CH:®), 0.59 (s, 18H, CH3P").

BC{*H} NMR (CD:Cl,, 126 MHz): 6 162.1 (vt, Jec = 6, 2,6-Py), 156.5 (s, 8-biph), 153.6 (s,
2-biph), 146.0 (t, 2Jpc = 7, 1-biph), 145.4 (t, Jec = 7, 7-biph), 137.99 (s, 4-Py), 137.02 (s,
6-biph), 132.4 (s, 12-biph), 125.7 (s, 11-biph), 125.2 (s, 5-biph), 122.4 (s, 10-biph), 121.7 (vt,
Jec =9, 3,5-Py), 121.1 (s, 4-biph), 121.0 (s, 9-biph), 119.7 (s, 3-biph), 44.0 (vt, Jec = 27,
CH.M), 37.2 (vt, Jpc = 23, CHNPC"), 32.8 (vt, Jpc = 6, CH3®"), 32.7 (s, CH,"P™P"), 32.6 (s, CB
€, 32.4 (vt, Jpc = 6, CBUPPM) 32,3 (vt, Jpc = 6, CH"P").

$1P{*H} NMR (CD.Cly, 162 MHz): § 0.55 (s).

HR ESI-MS (positive ion, 4 kV): 796.3743, [M-CI]* (calcd 796.3749) m/z.

Anal. Calcd for CsHseCINIrP, (831.52 g mol?): C, 56.33; H, 7.15; N, 1.68; Found: C, 56.02;
H, 7.12; N, 1.64.

6.2.10. Synthesis of [Rh(PNP-Np)(biph)][BArF4], 7
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Complex 5 (94.4 mg, 0.127 mmol) and Na[BAr",] (113.5 mg, 0.128 mmol) were dissolved in
CeHsF (10 mL) and stirred at ambient temperature for 30 minutes. The resulting suspension
was filtered and volatiles were removed under reduced pressure to give a yellow solid. This
was washed with pentane (5 mL), filtered and dried in vacuo. Yield: 172 mg (0.109 mmol, 86
%). Single crystals suitable for X-ray diffraction were obtained by slow diffusion of SiMes
into a CHClI; solution at =30 °C.
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'H NMR (CD.Cly, 298 K, 600 MHz): § 7.92 (t, *Jun = 7.9, 1H, 4-Py), 7.74-7.78 (m, 9H,
0-ArF), 7.56-7.60 (m, 8H, p-ArF + 3,5-Py + biph), 7.09 (t, 3Jun = 7.4, 2H, biph), 6.88 (vbr,
fwhm = 101 Hz, 2H, 5.92 (vbr, fwhm = 170 Hz, 1H, biph), 4.00 (s, 4H, CH,™), 1.96 (vbr,
fwhm = 368 Hz, 1H, CH,""), 1.39 (vbr, fwhm = 174 Hz, 1H, CH,""), 0.49-1.04 (br s, 40H,
CHj).

BC{*H} NMR (CD.Cl;, 298 K, 151 MHz): § 162.7 (q, *Jcg = 50, i-Ar"), 161.0 (vt, Jpc = 6,
2,6-Py), 141.1 (s, 4-Py), 135.6 (s, 0-ArF), 129.8 (qq, 2Jrc = 32, 3Jcs = 3, m-ArF), 127.3-127.5
(br s, biph), 125.5 (q, 3Jrc = 272, CF3), 124.3 (vt, Jec = 10, 3,5-Py), 118.3 (sept, 3Jrc = 4,
p-ArF), 44.1 (vt, Jpc = 22, CH,™), 33.1-33.4 (br s, CH,"), 32.4 (s, CHa).

'H NMR (CD.Cl, 200 K, 500 MHz): § 7.85 (t, *Jun = 7.8, 1H, 4-Py), 7.69-7.79 (m, 8H,
0-ArF), 7.50-7.59 (m, 7H, p-Ar" + 3,5-Py + 3-biph), 7.43-7.49 (m, 2H, 6-biph + 9-biph), 7.05
(t, 3Jun = 7.4, 1H, 4-biph), 6.93-7.01 (m, 2H, 5-biph + 10-biph), 6.64 (t, 3Jun = 7.6, 1H,
11-biph), 5.72 (d, *Jun = 7.9, 1H, 12-biph), 3.89 (Vt, Jen = 8, 4H, CH.™), 2.24 (d, 2Jun = 15.1,
2H, CHP™), 1.80 (dvt, 2Jun = 15.2, Jpry = 7, 2H, CHNP™), 1.37 (dvt, 2Jun = 15.4, Jen = 7, 2H,
CHNP#1) 11,27 (dvt, 23w = 15.3, Jpn = 5, 2H, CHNPPPM) 0,84 (s, 19H, CH3%), 0.50 (s, 18H,
CH3biph).

BC{*H} NMR (CD:Cl, 200 K, 126 MHz): § 161.0-162.6 (m, i-ArF + 7-biph), 159.3 (s,
2,6-Py), 157.2 (dm, Jrnc = 43, 1-biph), 152.0 (s, 8-biph), 148.7 (s, 2-biph), 140.2 (s, 4-Py),
135.1 (s, 6-biph), 134.6 (s, 0-ArF), 129.2 (d, 2Jrnc = 2, 12-biph), 128.5 (qm, 2Jrc = 31, m-ArF),
126.8 (s, 11-biph), 125.7 (s, 5-biph), 124.4 (q, 1Jrc = 272, CF3), 124.2 (s, 10-biph), 123.6-123.8
(m, 3,5-Py), 122.7 (s, 4-biph), 121.8 (s, 9-biph), 120.8 (s, 3-biph), 117.4-117.6 (m, p-ArF),
42.6 (vt, Jpc = 24, CH2™), 40.7 (vt, Jpc = 17, CH,"P), 34.5 (vt, Jpc = 21, CH,NPPPM) 334 (s,
C®Y), 31.9 (s, C®), 31.3 (s, CH3"), 31.1 (s, CH3"™").

31P{*H} NMR (CD:Cl,, 298 K, 162 MHz): & 23.8 (d, 3Jrne = 110).

ATR IR: vcy ~2682 cm? (broad).

HR ESI-MS (positive ion, 4 kV): 706.3166, [M]* (calcd 706.3172) m/z.

Anal. Calcd for C71H7:BF2sNP2Rh (1569.98 g mol™?): C, 54.32; H, 4.56; N, 0.89; Found: C,
54.67; H, 4.49; N, 0.92.

6.2.11. Synthesis of [Ir(PNP-Np)(biph)][BAr 4], 8
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Complex 6 (106.4 mg, 0.128 mmol) and Na[BAr"4] (124.1 mg, 0.140 mmol) were dissolved

in CsHsF (10 mL) and stirred at ambient temperature for 1 hour. The resulting suspension was
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filtered and volatiles removed under reduced pressure to give an orange solid. This was
washed with pentane (5 mL), filtered and dried in vacuo. Yield: 177.3 mg (1.07 mmol, 84 %).
Single crystals suitable for X-ray diffraction were obtained by slow diffusion of SiMes into a
CH,CI; solution at —30 °C.

'H NMR (CD.Cly, 298 K, 600 MHz): § 7.99 (t, 3Jun = 7.9, 1H, 4-Py), 7.72-7.77 (m, 9H,
0-Ar), 7.67 (d, 3Jun = 7.9, 2H, 3,5-Py), 7.57 (s, 5H, p-Ar" + 3/6-biph), 7.48-7.53 (m, 1H,
6/3-biph), 7.44-7.48 (m, 1H, 9-biph), 6.98-7.10 (m, 3H, 4,5,10-biph), 6.60 (s, 1H, 11-biph),
5.69 (s, 1H, 12-biph), 4.11 (d, 2un = 17.2, 2H, CH2™), 3.94 (d, 2Jnn = 17.5, 2H, CH;™), 2.40
(d, 2Jpm = 15.1, 2H, CH2"P), 2.00 (d, 2Jwn = 15.1, 2H, CH,"?), 1.38 (d, 2Jun = 15.8, 2H, CH,),
1.31 (d, 2Jnn = 15.8, 2H, CH,"?), 0.89 (s, 19H, CH3"), 0.65 (s, 21H, CH3""").

BC{*H} NMR (CD:Cl;, 298 K, 151 MHz): § 162.6 (q, “Jcs = 50, i-ArF), 162.3 (vt, Jpc = 5,
2,6-Py), 152.9 (br s, 8-biph), 150.6 (br s, 2-biph), 143.2 (br s, 1,7-biph), 140.5 (s, 4-Py), 136.2
(s, 9-biph), 135.6 (s, 0-ArF), 129.7 (qq, 2Jrc = 32, 3Jcg = 3 Hz, m-Ar"), 127.7 (s, 10-biph),
127.6 (s, 12-biph), 126.9 (s, 11-biph), 125.4 (q, “Jrc = 272, CF3), 125.4 (s, 4/5-biph), 124.1
(vt, Jec = 10, 3,5-Py), 123.6 (s, 5/4-biph), 122.4 (s, 3/6-biph), 121.9 (s, 6/3-biph), 118.3 (sept,
3Jkc = 4, p-ArF), 44.7 (vt, Jec = 28, CH,™), 44.0 (br s, CH,""), 35.1 (br s, CHNPPPM) 34,3 (s,
C®Y), 32.7 (s, C®Y), 32.4 (s, CH3"), 32.1 (s, CHz"™").

'H NMR (CD.Cly, 200 K, 500 MHz): & 7.89 (t, 3Juu = 7.9, 1H, 4-Py), 7.70-7.77 (m, 8H,
0-Arf), 7.61 (d, 3Jun = 7.9, 2H, 3,5-Py), 7.54 (s, 4H, p-ArF), 7.51 (d, 3Jun = 7.7, 1H, 3-biph),
7.47 (d, 3Juw = 7.4, 1H, 6-biph), 7.43 (d, 3Jun = 7.6, 1H, 9-biph), 7.00 (t, 3Jun = 7.4, 1H,
4-biph), 6.90-6.96 (m, 5-biph + 10-biph), 6.54 (t, 3Ju = 7.5, 1H, 11-biph), 5.61 (d, 3Jun = 7.8,
1H, 12-biph), 3.97 (dvt, 2Jun = 16.9, Jen = 9, 2H, CH,™™*"), 3.88 (dvt, 2Jun = 16.9, Jpr = 8,
2H, CH™™?), 2.37 (d, 2 = 15.4, 2H, CH,""), 1.76 (dvt, 2Jun = 15.4, Jpn = 8, 2H, CH,V2),
1.43 (dvt, 2Jnn = 15.4, Jp = 7, 2H, CHPPPM) 1,31 (dvt, 2Jnn = 15.3, Jpn = 6, 2H, CH,P2Ph),
0.80 (s, 18H, CHs"), 0.49 (s, 18H, CH5°P").

BC{*H} NMR (CD,Cl,, 200 K, 126 MHz): & 161.8 (q, *Jcs = 50, i-ArF), 160.4 (s, 2,6-Py),
152.0 (s, 8-biph), 149.9 (s, 2-biph), 143.4 (t, 2Jec = 6, 7-biph), 139.7 (s, 4-Py), 136.0 (s,
6-biph), 134.6 (s, 0-Ar"), 132.2 (vt, Jec = 14, 1-biph), 128.6 (qq, 2Jrc = 32, 3Jcs = 3, m-Ar"),
127.1 (s, 12-biph), 126.5 (s, 5-biph), 126.1 (s, 11-biph), 124.4 (q, “Jrc = 273, CF3), 124.0 (s,
10-biph), 123.6 (vt, Jec = 9, 3,5-Py), 122.1 (s, 4-biph), 121.2 (s, 9-biph), 120.7 (s, 3-biph),
117.4-117.6 (m, p-Ar), 43.2 (vt, Jpc = 30, CH2™), 41.4 (vt, Jpc = 23, CH,""), 34.2 (s, CBY),
33.2 (vt, Jpc = 23, CH,PPPM 31,6 (vt, Jpc = 4, Ct®Y), 31.0 (s, CH3).

31P{*'H} NMR (CD,Cly, 298 K, 162 MHz): & 11.2 (s).

ATR IR: vcr ~2586 cm™ (broad).

HR ESI-MS (positive ion, 4 kV): 796.3755, [M]" (calcd 796.3749) m/z.
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Anal. Calcd for C71H7:1BF24IrNP, (1659.29 g mol™): C, 51.39; H, 4.31; N, 0.84; Found: C,
51.52; H, 4.19; N, 0.87.

6.2.12. Variable Tempearture NMR Experiments

NMR tubes fitted with J Young’s valves were loaded with compound 7 or 8 (10 pmol) in
CD2CI2 (500 uL). Solution state dynamics were investigated by *H (500 MHz) and 3P{*H}
(202 MHz) NMR spectroscopy. Samples were equilibrated at each temperature for 5 minutes.
Dynamics were also simulated using gNMR,**® with reference line widths and values of Jeu
fixed following analysis of low temperature data (Table 6.1). Activation parameters were
determined using the equation AG* = RT [23.760 + In(T/Kexchange)]; reported values and errors
are based on a statistical analysis of at least 3 different temperature points.

Table 6.1. Exchange rates for biphenyl ligand in complexes 7 and 8 at various temperatures, as
determined by gNMR simulations.'%

Complex Rate of Exchange / s
225 250 273 278 283 288 293 298 303 308
7 04 6 68 - - - 575 - - 1145
8 - - - - 5 10 19 36 67 120

6.2.13. Synthesis of [Rh(PNP-Np)(biph)(CO)][BAr"], 9
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A 20 mM solution of 7 (15.7 mg, 10.0 umol) in 1,2-CsHaF> (500 pL) was prepared in an NMR
tube fitted with a J Young’s valve. This was freeze-pump-thaw degassed and placed under 1
bar of CO and gently shaken at ambient temperature. An immediate colour change from
yellow to colourless was observed. The solution was subsequently freeze-pump-thaw
degassed and placed back under Ar. Recrystallisation by slow diffusion of hexane into the
1,2-C¢H4F solution afforded colourless crystals. Yield: 11.4 mg (7.13 umol, 71 %). Single
crystals suitable for X-ray diffraction were obtained by slow diffusion of hexane into a

1,2-CsH4F solution at ambient temperature.

'H NMR (CD.Cl,, 500 MHz): & 7.96 (t, 3Ju = 7.9, 1H, 4-Py), 7.70-7.76 (m, 10H, 0-Ar" +
9-biph), 7.65 (d, 3Juw = 7.7, 1H, 3-biph), 7.58-7.63 (m, 3H, 3,5-Py + 6-biph), 7.57 (s, 4H,
p-Arf), 7.18 (t, 3Juw = 7.4, 1H, 10-biph), 7.13 (t, 3Jun = 7.4, 1H, 4-biph), 7.00 (td, *Jm = 7.4,
43w = 1.5, 1H, 5-biph), 6.88 (t, *Ju = 7.4, 1H, 11-biph), 5.97 (d, 3Jun = 7.6, 1H, 12-biph),
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4.39 (dvt, 20py = 17.3, Jen = 10, 2H, CHP®") 381 (dvt, 20py = 17.3, Jen = 7, 2H, CH,P<0),
2.55 (d, 2Jun = 15.2, 2H, CH""C0), 2.18 (d, 20 = 15.4, CH""?), 1.30 (dvt, 2Ju = 16.0, Jpiy
= 6, 2H, CH,"0P") 1,20 (dvt, 2Jun = 15.9, Jen = 7, 2H, CHZY*7"), 1.01 (s, 17H, CH5 ), 0.71
(s, 19H, CHs""").

BC{*H} NMR (CD:Clz, 126 MHz): 8 190.1 (dt, “rnc = 44, 2Jpc = 9, CO), 166.4 (dt, *Jrnc =
26, 2Jpc = 9, 7-biph), 162.6 (q, Jcs = 50, i-ArF), 159.7 (vt, Jec = 5, 2,6-Py), 155.4 (dt, *Jrnc =
29, 2Jpc = 7, 1-biph), 153.6 (s, 8-biph), 151.7 (s, 2-biph), 141.2 (s, 4-Py), 139.4 (s, 6-biph),
135.6 (s, 0-ArF), 132.7 (vt, Jec = 4, 12-biph), 129.7 (qq, 2Jrc = 32, 3Jcg = 3, M-Ar),
128.1-128.2 (m, 5,11-biph), 126.6 (s, 10-biph), 125.4 (q, Jrc = 272, CFs), 125.1 (s, 4-biph),
124.2 (Vt, Jec = 10, 3,5-Py), 123.5 (s, 9-biph), 123.1 (s, 3-biph), 118.3 (sept, *Jrc = 4, p-ArF),
453 (vt, Joc = 21, CHPPP") 44.6 (vt, Joc = 24, CH.™), 34.3 (vid, Jec = 19, 2Jrnc = 2,
CH,""%), 33.8 (vt, Joc = 8, C'™), 33.1 (5, C™), 32.7 (vt, Jec = 6, CH:™), 32.2 (vt, Jec = 6,
CH2™").

IPLIH} NMR (CD:Cla, 162 MHz): § 23.2 (d, Y = 97).

ATR IR: vco 2058 cm™.

IR (CH.Cl2): vco 2056 cm™.

HR ESI-MS (positive ion, 4 kV): 706.3163, [M-CO]* (calcd 706. 3172) m/z.

6.2.14. Synthesis of [Ir(PNP-Np)(biph)(CO)][BAr 4], 10
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A 20 mM solution of 8 (16.6 mg, 10.0 umol) in 1,2-CsHaF> (500 pL) was prepared in an NMR
tube fitted with a J Young’s valve. This was freeze-pump-thaw degassed and placed under 1
bar of CO and gently shaken at ambient temperature. An immediate colour change from
yellow to colourless was observed. The solution was subsequently freeze-pump-thaw
degassed and placed back under Ar. Recrystallisation by slow diffusion of hexane into the
1,2-C¢H4F> solution afforded colourless crystals. Yield: 12.4 mg (7.34 umol, 73 %). Single
crystals suitable for X-ray diffraction were obtained by slow diffusion of hexane into a

1,2-CesH4F solution at ambient temperature.

'H NMR (CD:Cl,, 500 MHz): & 8.01 (t, 3Jun = 7.9, 1H, 4-Py), 7.71-7.77 (m, 10H, o-Ar +
9-biph), 7.68 (d, 3Ju = 8.0, 3H, 3,5-Py + 6-biph), 7.65 (dd, 3Juw = 7.8, “Jun = 1.5, 1H, 3-biph),
7.57 (s, 4H, p-ArF), 7.19 (td, 3Jnu = 7.5, “Juw = 1.3, 1H, 10-biph), 7.10 (t, 3Jun = 7.5, 1H,
4-biph), 6.96 (td, 3Jun = 7.4, “un = 1.5, 1H, 5-biph), 6.89 (td, 3Jum = 7.4, % = 1.4, 1H,
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11-biph), 5.90 (dd, 3Jun = 7.5, “Jun = 1.4, 1H, 12-biph), 4.59 (dvt, 2Jun = 17.4, Jpy = 10, 2H,
CH, PPN 13,90 (dvt, 2Jun = 17.3, Jew = 8, 2H, CH,™©9), 2.71 (dvt, 2Jum = 15.1, Jpn = 5, 2H,
CH,"PC9), 2,32 (dvt, 2Jun = 15.2, Jpw = 6, 2H, CHNPC9"), 1.38 (dvt, 2y = 16.1, Jpw = 6, 2H,
CH PPN 1,22 (dvt, 2y = 15.9, Jpw = 8, 2H, CH VPP 1,01 (s, 21H, CH5), 0.70 (s, 21H,
CH3biph).

BC{*H} NMR (CD.Cly, 126 MHz): § 177.9 (t, 2Jpc = 7, CO), 162.6 (q, *Jcs = 50, i-ArF), 161.5
(vt, Jec = 4, 2,6-Py), 154.8 (s, 8-biph), 153.2 (vt, Jpc = 20, 7-biph), 151.7 (s, 2-biph), 141.4 (s,
4-Py), 139.0 (s, 6-biph), 135.6 (s, 0-Ar"), 134.9 (vt, Jec = 12, 1-biph), 132.2 (vt, Jec = 4,
12-biph), 129.7 (qq, 2Jrc = 32, 3Jcs = 3, m-Ar), 128.6 (s, 5-biph), 128.2 (s, 11-biph), 126.8
(s, 10-biph), 125.4 (q, Yrc = 272, CFs3), 124.9 (s, 4-biph), 123.9 (vt, Jec = 9, 3,5-Py), 123.6 (s,
9-biph), 122.9 (s, 3-biph), 118.3 (sept, 3Jec = 4, p-ArF), 45.7 (vt, Jec = 29, CH,™), 44.4 (Vt, Jpc
= 26, CH,""<°), 33.4 (vt, Jpc = 7, C®Y), 32.99-33.04 (m, C®®), 33.0 (vt, Jpc = 25, CH NP,
32.6 (Vt, Jec = 6, CH3©), 32.2 (vt, Jpc = 6, CH3"""),

SIP{'H} NMR (CD.Cl,, 162 MHz): § —7. 1 (s).

ATR IR: vco 2028 cm ™.,

IR (CH.Cl2): veo 2027 cmi™,

HR ESI-MS (positive ion, 4 kV): 824.3691, [M]* (calcd 824.3698) m/z.

Anal. Calcd for C7,H7:1BF24IrNOP; (1687.30 g mol™2): C, 51.25; H, 4.24; N, 0.83; Found: C,
51.10; H, 4.10; N, 0.82.

6.2.15. NMR Experiment to Monitor the Decomposition of 9

an | BAy sz | Baf,
| co
NDz

sz

A 20 mM solution of 9 (15.7 mg, 10.0 umol) in 1,2-CsHaF> (500 pL) was prepared in an NMR
tube fitted with a J Young’s valve. This was freeze-pump-thaw degassed and placed under 1
bar of CO and gently shaken at ambient temperature. An immediate colour change from
yellow to colourless was observed. Tube was agitated at ambient temperature for 24 hours
with no signs of decomposition. The solution was freeze-pump-thaw degassed and the
atmosphere replaced with Ar (1 bar). Tube was agitated at ambient temperature for 2 weeks
with no signs of decomposition. Volatiles were removed under reduced pressure and resulting
white solid was dried in vacuo, before being redissolved in 1,2-CgHaF2 (500 pL). A trace
amount of 7 could be detected by 3P{*H} NMR spectroscopy. This exposure to vacuum and
redissolving in 1,2-CgH4F, process was repeated another four times, leading to the formation
of ~1 % 7 by 3'P{*H} NMR spectroscopy.
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31PLIH} NMR (1,2-CeHaF2, 162 MHz): 8 23.5 (d, e = 110, 7), 22.5 (d, *Jrp = 96, 8).

6.2.16. Hydrogenolysis of 7

N2 (A
H
/" “N—Rh—|
— | H
P
Np;
A solution of 7 (13.1 mg, 8.34 umol) in CgHsF (500 uL) was prepared in an NMR tube fitted
with a J Young’s valve. This was freeze-pump-thaw degassed and placed under 4 bar of H,.
The solution was heated at 80 °C for 5 months: after 3 months, solution was freeze-pump-thaw
degassed and the atmosphere replaced with H; (4 bar). This was repeated again after 4 months.
At 5 months, reaction had reached ~90 % completion (by 3P{*H} NMR spectroscopy) and

was analysed in situ, under 4 bar of H..

'H NMR (C¢HsF, 500 MHz, selected data): 5 8.30 (s, 0-ArF), 7.61 (s, p-ArF), 7.47 (d, *Jun =
7.6, 3,5-Py), 7.27 (t, *Jun = 7.6, 4-Py), 3.26 (vt, Jpn = 8, CH,™), 1.62 (dvt, 23y = 14.8, Jpn =
6, CH2"), 1.52 (dvt, 2Jun = 14.8, Jpu = 7, CHL™), 1.37 (s, CHs), 1.00 (s, CHs), —11.00 (dm,
LIrnt = 28.9, Rh-(Hy)).

$IP{IH} NMR (C¢HsF, 162 MHz, selected data): & 16.4 (d, *Jrme = 120).

31P{IH} NMR (CD.Cl,, 162 MHz, selected data): & 18.1 (d, Wrwe = 120).

HR ESI-MS (positive ion, 4 kV): 556.2698, [M]* (calcd 556.2703); 554.2545, [M—H,]* (calcd
554.2546) m/z.

6.2.17. Hydrogenolysis of 8

A 20 mM solution of 8 (16.6 mg, 10.0 umol) in CgHsF (500 uL) was prepared in an NMR tube
fitted with a J Young’s valve. This was freeze-pump-thaw degassed and placed under 1 bar of
H>. The solution was heated at 80 °C for 16 hours before volatiles were removed under reduced
pressure. The pale yellow solid was washed with hexane (3 x 1 mL) and dried in vacuo.
Recrystallisation by slow diffusion of hexane into a CsHsF solution afforded colourless
crystals. Yield: 10.7 mg (7.09 umol, 71 %).

141



IH NMR (CD.Clz, 500 MHz): & 7.79 (t, 3Jun = 7.8, 1H, 4-Py), 7.73 (s, 9H, 0-ArF), 7.57 (s,
4H, p-ArF), 7.48 (d, 3Jun = 7.8, 2H, 3,5-Py), 3.84 (vt, Jon = 8, 4H, CH,™), 2.23 (dvt, 2Jun =
14.7, Jen = 7, 5H, CH,™), 1.94 (dvt, 2Jpy = 14.8, Jpn = 7, 5H, CH2™), 0.97 (s, 39H, CHs),
~23.05 (t, 2Jpn = 14, 2H, Ir-H).

BC{'H} NMR (CD.Clz, 126 MHz): § 162.6 q, XJcs = 50, i-ArF), 161.7 (vt, Jpu = 6, 2,6-Py),
139.5 (s, 4-Py), 135.6 (s, 0-ArF), 129.7 (qq, 2Jrc = 32, 3Jcs = 3, m-ArF), 125.3 (g, Yk = 272,
CFs), 122.7 (Vt, Jpn = 10, 3,5-Py), 118.3 (sept, 3Jrc = 4, p-ArF), 49.6 (vt, Jpr = 29, CH,™), 45.9
(Vt, Jpn = 29, CH™), 33.2 (s, C®), 31.5 (vt, Jpn = 7, CHa).

3P{IH} NMR (CDCl,, 162 MHz): § 9.2 (t, 2Jp = 13).

ATR IR: vcry ~2588 cm™t (broad), virs 2148 cm™.

HR ESI-MS (positive ion, 4 kV): 646.3290, [M]* (calcd 646.3278) m/z.
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6.3. Experimental Data for Chapter 3

6.3.1. Synthesis of 2-("Pr3Si0)-6-(CH3)-CsHsN, 16

7

O—Si“Pr;;

2-Hydroxy-6-methylpyridine (15) (2.00 g, 18.3 mmol) was suspended in toluene (20 mL) and
triethylamine (2.8 mL, 20 mmol) was added. Mixture was heated at reflux to give a brown
solution. Tri(iso-propyl)silyl chloride (3.9 mL, 18 mmol) was added and solution was heated
at reflux for 1 hour. Solution was filtered and solvent was removed under reduced pressure to
give an oil, which was extracted into hexane. Solvent was removed under reduced pressure to

give a yellow oil. Yield: 4.2 g (16 mmol, 86 %).

'H NMR (CD,Clz, 500 MHz): & 7.46 (app. t, Ju = 7.7, 1H, 4-Py), 6.72 (d, *Jun = 7.3, 1H,
5-Py), 6.51 (d, 3Jun = 8.1, 1H, 3-Py), 2.38 (s, 3H, CHs), 1.42 (sept, 3Jun = 7.5, 3H, CH™"), 1.13
(d, 33w = 7.9, 23H, CHs™).

13C{!H} NMR (CD:Cl,, 126 MHz): 5 162.9 (s, 2-Py), 157.2 (s, 6-Py), 139.8 (s, 4-Py), 116.4
(s, 5-Py), 109.6 (s, 3-Py), 24.4 (s, CHs), 18.8 (s, CH5™"), 13.4 (s, CH™").

6.3.2. Synthesis of 2-(‘Pr3Si0)-6-(CH2(PMe»))-CsHsN, 17 (Method A)

Nle?P
PMe, PMe;

7 N 7 N

0-SiPry 0-SiPr,

Compound 16 (2.54 g, 9.57 mmol) and TMEDA (1.43 mL, 9.57 mmol) were dissolved in dry
Et,O (20 mL) to give a yellow solution. This was cooled to 0 °C and "BuL.i (1.6 M in hexanes,
5.98 mL) was added dropwise. The solution turned orange and was stirred at ambient
temperature for 24 hours. A solution of Me,PCI (0.83 mL, 10 mmol) in Et;O (10 mL) was
added slowly at =78 °C and the mixture was stirred at ambient temperature for 18 hours,
lightening and with precipitation of a pale yellow solid. VVolatiles were removed under reduced
pressure to give a yellow oil. This was extracted into pentane, filtered and dried to give an

orange oil. Crude yield: 3.0 g.

31p{IH} NMR (CeDs, 202 MHz, selected data): 5 —41.1-—40.9 (m, 18), —45.4-—45.1 (m, 17).
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6.3.3. Synthesis of 2-(Pr3Si0)-6-(CH2(P(=S)Me»))-CsH3N, 21, and 2-(‘Pr3Si0)-6-
(CH(P(=S)Me2)2)-CsH3N, 22

/7
//S MeR /S
PMe, PMe,
N
O-SiPr, O-SiPrg

An NMR tube fitted with a J Young’s valve was loaded with crude 17/18 mixture (43.8 mg)
and THF (500 uL). This was transferred onto Sg (86.0 mg, 0.335 mmol) in a separate NMR
tube and agitated at ambient temperature for 24 hours. The yellow suspension was filtered and

dried to give a yellow solid.

$1P{IH} NMR (CDCls, 122 MHz): § 41.3 (s, 22), 36.1 (s, 21).
HR ESI-MS (positive ion, 4 kV): 380.1604, [M(21)+Na]* (calcd 380.1604); 472.1445,
[M(22)+Na]* (calcd 472.1453) m/z.

6.3.4. Synthesis of 2-('PrsSi0)-6-(CH2(PMe»))-CsHsN, 17 (Method B)

PMe;
A
/ N

0-SiPry

Compound 16 (5.43 g, 20.4 mmol) was dissolved in dry Et;O (30 mL) to give a yellow
solution. This was cooled to 0 °C and "BuL.i (1.6 M in hexanes, 12.8 mL) was added dropwise.
The solution turned red and was stirred at ambient temperature for 22 hours. The lithiated
solution was then transferred onto a solution of Me,PCI (1.97 g, 20.4 mmol) in Et,O (10 mL)
at —78 °C. The mixture was stirred at ambient temperature for 19.5 hours, lightening and with
precipitation of a pale yellow solid. This was filtered, left to stand for 17 hours to allow for
further precipitation and filtered. Solvent was removed under reduced pressure, yielding an
orange oil. Yield: 6.60 g (20.3 mmol, 99 %).

'H NMR (CeDs, 600 MHz): & 7.04 (app. t, Jun = 7.7, 1H, 4-Py), 6.45 (d, 3Jun = 8.1, 1H, 3-Py),
6.43 (d, 3Jun = 7.3, 1H, 5-Py), 2.65 (s, 2H, CH,"), 1.53 (sept, 3Jun = 7.5, 3H, CH™), 1.22 (d,
3Jun = 7.5, 20H, CH5™), 0.82 (d, 2Jpn = 4, 6H, CH5").

BC{*H} NMR (C¢Ds, 151 MHz): & 163.2 (s, 2-Py), 157.7 (d, 2Jpc = 3, 6-Py), 139.7 (5, 4-Py),
116.9 (d, 3Jpc = 5, 5-Py), 110.0 (s, 3-Py), 41.7 (d, “Jpc = 17, CH2), 19.1 (s, CHs™), 14.4 (d,
Lpc = 16, CH3"), 13.6 (s, CH™).

$1PLIH} NMR (CeDs, 243 MHz): & —45.2 ().
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HR ESI-MS (positive ion, 4 kV): 326.2058, [M+H]" (calcd 326.2064) m/z.

6.3.5. Synthesis of [Rh(15)(cod)][BArF4], 23

PMe; | [BAI]

. y
'Pr3Si

A 20 mM solution of 17 in 1,2-C¢H4F, was prepared and 500 uL was transferred to an NMR
tube fitted with a J Young’s valve and loaded with [Rh(cod),][BAr"4] (11.8 mg, 9.98 umol).
The orange solution was agitated for 18 hours. The solvent was then removed under reduced
pressure and the resulting yellow solid was washed with hexane, filtered and dried in vacuo.
Yield: 12.4 mg (8.86 umol, 89 %).

'H NMR (CD.Cl,, 500 MHz): 5 7.78 (app. t, Jun = 7.9, 1H, 4-Py), 7.73 (s, 10H, 0-ArF), 7.57
(s, 4H, p-ArF), 7.16 (d, ®Jun = 7.4, 1H, 5-Py), 6.79 (d, *Jun = 8.3, 1H, 3-Py), 5.64-5.71 (m, 2H,
CH?), 4.02-4.08 (m, 2H, CH®), 3.67 (d, 2Jen = 10, 2H, CH."), 2.39-2.49 (m, 2H, CH™),
2.22-2.32 (m, 5H, CH,*?), 2.08-2.16 (m, 2H, CH,™%), 1.40 (sept, 3Jun = 7.4, 3H, CH™), 1.29
(d, 2Jpn = 10, 7H, CH3), 1.17 (d, I = 7.5, 20H, CH5™).

BC{*H} NMR (CD.Cl,, 126 MHz): § 165.5 (s, 2-Py), 162.6 (q, Jcs = 50, i-ArF), 158.5 (d,
2Jpc = 3, 6-Py), 143.5 (s, 4-Py), 135.6 (s, 0-Ar), 129.7 (qq, 2Jrc = 32, 3Jcs = 3, m-Ar"), 125.4
(9, YJrc = 272, CF3), 119.0 (d, 3Jec = 9, 5-Py), 118.3 (sept, 3Jrc = 4, p-ArF), 113.7 (s, 3-Py),
106.7 (dd, Jrnc = 10, Jpc = 6, CH®?), 74.0 (d, Jrnc = 13, CH®?), 41.6 (d, “Jpc = 28, CH,"), 33.2
(d, Jrnc = 3, CH2), 29.0 (s, CH2*), 18.3 (s, CH3"™), 13.6 (s, CH™), 11.3 (dd, *Jpc = 27, 2Jrnc
=2, CH5P).

$1P{IH} NMR (CD:Cl,, 162 MHz): & 25.1 (d, *Jrne = 148).

HR ESI-MS (positive ion, 4 kV): 536.1970, [M]* (calcd 536.1979) m/z.

6.3.6. Synthesis of [Rh(15),][BArF.], 24

PMe; | [BA
.
N_RIh_F"Mﬂz

N

A 20 mM solution of 17 in 1,2-C¢Ha4F, was prepared and 500 uL was transferred to an NMR
tube fitted with a J Young’s valve and loaded with [Rh(cod).][BAr*4] (5.8 mg, 4.9 umol). The
yellow solution was agitated for 120 hours. The solvent was then removed under reduced
pressure and the resulting orange solid was washed with hexane, filtered and dried in vacuo.
Yield: 6.1 mg (3.8 umol, 77 %).
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IH NMR (CD:Cly, 500 MHz): 3 7.73 (s, 8H, 0-ArF), 7.64 (app. t, Jun = 7.8, 1H, 4-Py), 7.57
(s, 3H, p-Arf), 7.12 (d, 3w = 7.4, 1H, 5-Py), 6.66 (d, 3Jun = 8.2, 1H, 3-Py), 3.68 (dt, 2Juy =
16.2, 2pr = 4, 1H, CHP), 3.26 (dt, 2Jun = 15.7, 2Jpw = 8, 1H, CH,"), 1.57-1.60 (m, 3H, CH5"),
1.22-1.25 (m, 4H, CH5"), 1.17 (d, 3Jun = 7.4, 10H, CH5™), 0.89 (sept, I = 7.3, 4H, CH™),
0.80 (d, 3Jun = 7.3, 11H, CH3™).

BC{!H} NMR (CD:Cl,, 126 MHz): & 165.2 (s, 2-Py), 162.6 (q, }es = 50, i-ArF), 158.8 (s,
6-Py), 140.9 (s, 4-Py), 135.6 (s, 0-Ar"), 129.7 (qq, 2Jrc = 32, 3Jcs = 3, m-Ar"), 125.4 (q, YJrc
= 272, CF3), 118.3 (sept, 3Jrc = 4, p-ArF), 117.8 (t, *Jec = 5, 5-Py), 113.3 (s, 3-Py), 44.5 (d,
Upe = 14, CH."), 44.4 (d, Ve = 14, CH7"), 18.7 (s, CHs™), 18.3 (s, CH5™), 17.3-17.7 (m,
CHsP), 16.1-16.3 (m, CHs™), 13.9 (s, CH™).

IPLIHY NMR (CD:Cla, 162 MHz): § 40.0 (d, Jrie = 167).

6.3.7. Synthesis of 2-0-6-(CH2(PMe3))-CsH4N, 25

FPMey

NH
\
0

(impure)

A solution of 17 (0.671 g, 2.06 mmol) in THF (10 mL) was cooled to 0 °C. TBAF (1 M in
THF, 2.3 mL) was added and the solution was stirred at 0 °C for 10 minutes, turning pale
yellow. This warmed to ambient temperature and stirred for a further hour. The reaction was
guenched with saturated aqueous NH4CI (10 mL). The organic portion was extracted into
toluene (10 mL) and separated. The solution was dried over MgSO, and solvent was removed

under reduced pressure to give a yellow residue. Crude yield: 0.54 g.

6.3.8. Synthesis of 2-0-6-(CH>(P(BH3)Me»))-CsHaN, 26

PMe;

0

Crude 25 (0.54 g) was dissolved in THF (10 mL) and cooled to =78 °C. BHz*SMe> (0.60 mL,
6.3 mmol) was added and the solution was stirred at —78 °C for 5 minutes. Solution was then
stirred at ambient temperature for a further 10 minutes. Saturated aqueous NH4Cl was added
(10 mL) and the organic portion was separated. This was dried over MgSO. and the solvent
was removed under reduced pressure to give an air-stable, fine, white solid. This was purified

by slow diffusion of hexane into a THF solution at ambient temperature. Yield: 0.30 g, 1.6
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mmol. Single crystals suitable for X-ray diffraction were obtained by slow diffusion of hexane

into a THF solution at ambient temperature.

'H NMR (CDCls, 500 MHz): & 7.48 (dd, %Jun = 9.1, 6.9, 1H, 4-Py), 6.52 (d, ®Jun = 9.1, 1H,
3-Py), 6.26 (dd, 2Jun = 7.0, “Jpn = 2, 1H, 5-Py), 3.10 (d, 2Jpn = 11, 2H, CH"), 1.38 (d, 2Jpn =
10, 6H, CH5"), 0.06-0.93 (br m, BH3).

UB{*H} NMR (CDCls, 96 MHz): 5 —38.1 (d, *Jpg = 59).

BC{*H} NMR (CDCls, 151 MHz): § 165.8 (s, 2-Py), 142.5 (d, “Jec = 3, 4-Py), 141.8 (d, 2Jpc
=7, 6-Py), 118.0 (d, Jec = 3, 3-Py), 108.8 (d, 3Jpc = 5, 5-Py), 32.0 (d, YJpc = 29, CH,"), 11.2
(d, *Jpc = 36, CH3").

$1P{IH} NMR (CDCls, 243 MHz): § 8.0-9.6 (br m).

ATR IR: vco 1640 cm™2,

HR ESI-MS (positive ion, 4 kV): 389.1864, [M.+Na]* (calcd 389.1867) m/z.

6.3.9. Deprotection of 26

FPMey

NH
\
0

(pure)

Compound 26 (0.30 g, 1.6 mmol) was suspended in Et,NH (10 mL) and stirred at 80 °C for
120 hours. Volatiles were removed under reduced pressure to give a white solid. Pentane was
added (2 mL) and removed under reduced pressure to form an azeotrope with any remaining
Et.NH. Solid was dried in vacuo. Yield: 0.27 g, (1.6 mmol, 77 %).

IH NMR (CsDs, 500 MHz): 6 13.79 (br s, 1H, NH), 6.79 (dd, 3Jun = 9.1, 6.9, 1H, 4-Py), 6.38
(d, 3Jun = 9.1, 1H, 3-Py), 5.52 (d, 3Jun = 6.8, 1H, 5-Py), 2.52 (d, 2Jpn = 2, 2H, CH,"), 0.80 (d,
2Jpn = 4, 6H, CH3P).

BC{*H} NMR (C¢Ds, 126 MHz): 5 166.9 (s, 2-Py), 147.6 (d, 2Jec = 2, 6-Py), 141.9 (s, 4-Py),
117.0 (d, 5Jec = 2, 3-Py), 106.0 (d, 3Jpc = 6, 5-Py), 35.1 (d, *Jpc = 21, CHP), 13.7 (d, *Jpc =
17, CHsP).

$1P{*H} NMR (CgDs¢, 162 MHz): § —44.1 (s).

HR ESI-MS (positive ion, 4 kV): 361.1205, [Mo+Na]* (calcd 361.1205) m/z.

147



6.3.10. Synthesis of Rc-PONP-Me», 14
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Hex: CH;t=, 5-CH,, 4-CH,, 3-CH,, 2-CH,, 1-CH,

NMR assignments of resorcinarene PONP compounds are based on this system

A suspension of 25 (19.5 mg, 0.115 mmol) and KHMDS (23.0 mg, 0.115 mmol) in THF was
stirred at ambient temperature for 1 hour. The suspension was then transferred onto
chlorophosphite A197 (146.0 mg, 0.1153 mmol) and stirred for a further hour. A small amount
of hexane was added to precipitate salts and the reaction mixture was filtered. VVolatiles were
removed under reduced pressure to give a cream solid, which was extracted into Et,O and
dried. Crude yield: 143 mg.

'H NMR (CsDs, 500 MHz, selected data): 5 8.79 (s, ex-Ar?), 7.96-8.00 (m, 5-8-0/Q"), 7.93
(s, ex-Ar"), 7.80 (s, en-Ar®), 7.73-7.77 (m, 5-8-0/Q°), 7.69 (s, en-ArF), 7.59-7.63 (m,
5-8-0/Q°), 7.25-7.29 (m, 5-8-0/Q"), 7.02-7.07 (m, 5-8-0/Q"), 6.93 (app. t, Jun = 7.8, 1H,
4-Py), 6.44 (d, *Jun = 8.1, 1H, 3-Py), 6.36 (d, 3Jun = 7.4, 1H, 5-Py), 6.17 (t, *Jun = 8.2, 1H,
CHQ), 6.06 (t, 3Jun = 8.0, 2H, CH2), 5.19 (t, 3Jun = 7.9, 1H, CHP), 2.88 (d, 2Jpy = 3, CH;"),
2.16-2.49 (m, 1-CHy), 1.15-1.56 (br m, CH,), 0.87 d, 2Jpr = 4, CH5"), 0.72-0.98 (br m, CH5"™).
BC{*H} NMR (C¢Ds, 126 MHz, selected data): 5 160.8 (d, 2Jec = 6, 2-Py), 157.0 (s, 6-Py),
153.4-154.3 (ArO%"0" + 2-3-Q/Q"), 148.6 (d, 2Jpc = 7, ArOF), 141.2 (s, 1/4-Q/Q’), 140.94
(s, 1/4-0/Q"), 140.88 (s, 1/4-0/Q’), 140.1 (s, 4-Py), 139.2 (d, %Jpn = 2, ArCP), 137.5 (s,
ArCr2792 137.3 (s, ArC?792 136.7 (s, ArC®), 128.9-129.7 (5-8-Q/Q°), 124.2 (s, en-Ar?),
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123.5 (s, en-ArP), 120.4 (s, ex-Ar?), 119.8 (s, ex-Ar), 119.1 (d, 3Jec = 4, 5-Py), 109.2 (s, 3-Py),
39.5 (d, “Jpc = 20, CH,"), 37.2 (s, CHP), 35.5 (s, CH?), 35.3 (s, CH?), 33.9 (s, 1-CH.?), 33.1
(s, 1-CH,™), 32.90 (s, 4-CH,™), 32.82 (s, 4-CH,"?), 32.81 (s, 4-CH,?), 30.44 (s, 3-CH,?),
30.35 (s, 3-CH2"?), 30.31 (s, 3-CH,™?), 28.9-29.1 (m, 2-CH¢ "9, 28.87 (s, 2-CH"?), 23.67
(s, 5-CH2?), 23.62 (s, 5-CH,™?), 23.56 (s, 5-CH,"?), 14.8-15.0 (br m, CH5"), 13.6 (d, “Jpc =
16, CH:P).

$1P{'H} NMR (CsDs, 162 MHz, selected data): § 135.6 (s, PO), —46.0 (s, PC).

HR ESI-MS (positive ion, 4 kV): 1454.5816, [M-O+Na]* (calcd 1454.5831) m/z.

6.3.11. Reaction of Crude 14/27 with Mel

An NMR tube fitted with a J Young’s valve was loaded with crude 14/27 (27.7 mg) and
1,2-CsHaF2 (500 pL). To this was added an excess of Mel (3 pL, 50 umol) and the mixture
was agitated at ambient temperature for 16 hours. A cream solid was precipitated, which was
filtered, dried in vacuo and assigned as 28. Crude yield: 6 mg. The filtrate was retained and
volatiles were removed under reduced pressure to yield a white solid. This was assigned as
27. Crude yield: 17.5 mg.

Data for Rc-PONP(=0)-Me;, 27:

'H NMR (CsDs, 500 MHz, selected data): & 8.82 (s, 2H, ex-Ar?), 7.85-8.10 (5-8-0/Q"), 7.81
(s, ex-Ar"), 7.72-7.81 (5-8-0/Q"), 7.72 (s, 2H, en-Ar"), 7.70 (s, 3H, en-Ar), 6.86-6.69
(5-8-0,0"), 6.81 (app. t, Jun = 7.7, 4-Py), 6.35-6.40 (m, 3,5-Py), 6.12-6.16 (m, CH?), 6.09 (t,
3Jun = 8.5, 2H, CHY), 5.15 (t, 3Ju = 8.2, 1H, CHP), 3.15 (d, 2Jpw = 17, 2H, CH,"), 2.20-2.49
(br m, 1-CHy), 1.35-1.56 (br m, 2,3-CH), 1.13-1.35 (br m, 4,5-CH,), 1.04 (d, 2Jpx = 13, 5H,
CH3"), 0.72-0.98 (br m, CH4"™).

BC{*H} NMR (CsDs, 126 MHz, selected data): & 160.0 (d, 2Jec = 7, 2-Py), 159.9 (HMBC,
6-Py), 153.4-154.4 (ArO%QR"2" + 2.3-Q/0"), 148.2 (d, 2Jpc = 6, ArO®), 141.1 (s, 1/4-0/0"),
141.0 (s, 4-Py), 140.9 (s, 1/4-0/Q"), 140.8 (s, 1/4-0/Q’), 139.0 (d, 3Jpc = 2, ArC), 137.4 (s,
Arc2%2 137.3 (s, ArC97?), 137.0 (s, ArC9?), 128.0-130.2 (5-8-0Q/Q"), 124.1 (s, en-Ar"Q),
123.8 (s, en-Ar"Q), 120.4 (s, ex-Ar?), 119.9-120.0 (m, 5-Py), 119.3 (s, ex-Ar"), 110.3 (s, 3-Py),
43.2 (d, YJpc = 60, CH,"), 37.2 (s, CH), 35.5 (s, CH?), 35.3 (s, CH?), 33.7 (s, 1-CH»?), 33.3
(s, 1-CH2™), 32.88 (s, 4-CH,™?), 32.82 (s, 4-CH,™), 32.81 (s, 4-CH,?), 32.3 (s, 1-CH,™9),
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30.41 (s, 2/3-CH?), 30.34 (s, 2/3-CH™?), 30.27 (s, 2/3-CH,™?), 29.01 (s, 2/3-CH,?), 28.90
(s, 2/3-CH;"9), 28.85 (s, 2/3-CH."?), 23.65 (s, 5-CH.?), 23.61 (s, 5-CH."?), 23.55 (s,
5-CH,™9), 17.0 (d, Jpc = 69, CH3"), 14.7-14.9 (m, CH"™).

$IP{IH} NMR (C¢Ds, 162 MHz, selected data): 5 134.9 (s, PO), 36.7 (s, PC).

Data for [Rc-PONP-Mes][1], 28:

'H NMR (THF-ds, 500 MHz, selected data): & 8.38 (s, ex-Ar?), 8.01-8.08 (m, 5-8-0/0"), 7.96
(vt, Jun = 7.8, 4-Py), 7.79-7.87 (m, 5-8-Q/Q"), 7.66-7.73 (m, 3/5-Py + 5-8-0/Q"), 7.62 (s,
en-ArP), 7.55 (s, en-Ar?), 7.36 (s, ex-ArP), 7.06 (d, 3Jun = 8.1, 3/5-Py), 5.87 (t, 3Jun = 8.2,
CHO), 5.82 (t, 3Ju = 8.2, CH?), 4.65-4.77 (m, CH," + CHP), 2.37-2.59 (br m, 1-CH,), 2.03
(d, 2Jen = 15, CH3"), 1.45-1.65 (br m, 2-3-CHy), 1.34-1.45 (br m, 4-5-CH,), 0.88-1.04 (br m,
CH3"™).

BBC{'H} NMR (THF-ds, 126 MHz, selected data): 5 160.9 (d, ZJpc = 7, 2-Py), 154.0-154.4
(ArOQQ"0" + 2.3.0/0°), 151.1 (d, Wpc = 9, 6-Py), 148.1 (d, 2pc = 7, ArO), 143.4 (s, 4-Py),
141.45 (s, 1/4-0/0"), 141.41 (s, 1/4-0/Q’), 141.2 (s, 1/4-0/Q’), 139.4 (s, ArC"), 138.0 (s,
ArC2), 137.9 (s, ArC2%?), 137.6 (s, ArC??), 129.4-132.0 (5-8-0/Q’), 125.6 (s, en-Ar"),
125.2 (s, en-ArQ), 122.9 (d, 3Jpc = 8, 3/5-Py), 120.2 (s, ex-Ar?), 119.0 (s, ex-Ar®), 113.0 (s,
3/5-Py), 37.8 (s, CHP), 35.9 (s, CH?), 35.8 (s, CH?), 33.79 (s, 1-CH,?), 33.68 (s, 1-CH,™),
33.63 (s, 4-CH2™9), 33.59 (s, 4-CH,™?), 33.56 (s, 4-CH,2), 33.47 (s, 1-CH,"?), 32.9 (d, 1Jpc
= 35, CH,"), 31.3 (s, 2/3-CH;"?), 30.7-31.0 (br s, 2/3-CH,2*"?), 29.68 (s, 2/3-CH,2*"%),
29.74 (s, 2/3-CH;™9), 24.25 (s, 5-CH,"™?), 24.22 (s, 5-CH,?), 24.18 (s, 5-CH,"?), 15.0-15.2
(m, CHs™), 10.1 (d, YJpc = 55, CH3").

31pLIH} NMR (THF-ds, 162 MHz, selected data): & 134.0 (s, PO), 27.3 (s, PC).

HR ESI-MS (positive ion, 4 kV): 1414.6210, [M]* (calcd 1414.6270) m/z.

6.3.12. Attempted Synthesis of ‘Bu,-PONP-Me,, 29

PMe;

N

0-P'Busy

An NMR tube fitted with a J Young’s valve was loaded with 25 (6.9 mg, 41 umol) and
KHMDS (8.1 mg, 41 pmol). THF (500 puL) was added and the solution was agitated at ambient
temperature for 1 hour. To this was added 'Bu.PCI (8.0 uL, 42 umol) and the yellow solution

was agitated for a further hour. Characterised in situ.

!H NMR (THF-Hs, 400 MHz, selected data): 6 7.81 (app. t, Jun = 7.7, 4-Py), 7.04 (d, 3Jun =
7.2, 3/5-Py), 6.97 (d, 3JHH = 8.0, 3/5-Py), 1.49 (d, 2JPH =11, CH3P), 0.36 (S, CHslBu).

150



31pfIH} NMR (THF-Hs, 162 MHz, selected data): § 152.1 (s, PO), —45.0 (s, PC).

6.3.13. Synthesis of Np>-PONP(BH3)-Mez 30

PMe;
/ \N BH3

O-PNp;

A suspension of 26 (38.3 mg, 0.209 mmol) and KHMDS (42.6 mg, 0.214 mmol) in THF (1
mL) was stirred at ambient temperature for 30 minutes. A solution of Np2PCI (43.4 mg, 0.208
mmol) in THF (1 mL) was added and the mixture was stirred for a further 2 hours. Volatiles

were removed under educed pressure to give a colourless oil. Crude yield: 47.3 mg.

'H NMR (1,2-CsHaF2, 400 MHz, selected data): 7.26 (app. t, Jun = 7.8, 1H, 4-Py), 6.55-6.59
(m, 3/5-Py), 6.48 (d, 3Jun = 8.3, 1H, 5/3-Py), 2.95 (d, 2Jp = 10, 3H, CH,"™), 1.94 (dd, 2Jnn =
14, 2Jpn = 2, 2H, CH,"?), 1.36 (dd, 2Jnn = 14, 2Jpw = 5, 2H, CH,™P), 1.04 (s, 8H, CH3"), 0.96
(s, 21H, CH3").

UB{*H} NMR (1,2-C¢H4F2, 96 MHz, selected data): —38.0 (d, 1Jes = 60).

$IP{*H} NMR (1,2-CeHa4F», 162 MHz, selected data): § 125.6 (s, PO), 5.04-8.00 (br m, PC).

6.3.14. Deprotection of 30

PMe;

7

O—PNp;

An NMR tube fitted with a J Young’s valve was loaded with 30 (14.1 mg). This was suspended
in EtNH (500 pL) and heated to 80 °C for 208 hours/8 days. Volatiles were removed under
reduced pressure. Pentane (300 puL) was added and the tube was agitated. Volatiles were again

removed under reduced pressure and the resulting colourless oil was dried in vacuo.
'H NMR (1,2-CsH4F2, 300 MHz, selected data): § 2.69 (s, 2H, CH."), 2.03 (d, 2Jpn = 14, 2H,

CH,""), 1.39 (d, 2Jpn = 14, 2H, CH2?), 1.00 (s, 16H, CH3"P), 0.89 (d, 2Jp1 = 3, 5H, CH3P).
$1P{'H} NMR (1,2-CgH4F2, 121 MHz, selected data): § 124.7 (s, PO), —45.2 (s, PC).
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6.3.15. Synthesis of [Rh(Np>-PONP-Me,)(PPh3)][CI], 31

PMe> —l ey

/ \N—Rh-—I’Phg

O—PNp»

Compound 30 (14.1 mg, 39.7 umol) was dissolved in 1,2-CsHF, (500 uL) and added to a
suspension of Wilkinson’s catalyst (37.0 mg, 40.0 pumol) in 1,2-CgHsF, (3 mL). The
suspension was heated at 80 °C for 41 hours. Volatiles were removed under reduced pressure
to give an orange solid. This was recrystallised via slow diffusion of Et,O into a CH.Cl:
solution, giving a deep red solid. Crude yield: 29.0 mg.

'H NMR (CD-Cl;, 400 MHz, selected data): § 7.88 (app. t, 3Jun = 7.9, 1H, 4-Py), 7.57-7.63
(m, 6H, Ph), 7.44-7.54 (m, 8H, Ph), 7.41 (d, 3Juw = 7.6, 1H, 3/5-Py), 6.94 (d, ®Jun = 8.3, 1H,
5/3-Py), 3.80 (d, 2Jpy = 11, 2H, CH,"), 1.88 (dd, 2Jun = 16, 2Jpy = 5, 1H, CH,""), 1.84 (dd, J =
16, 2Jpr = 5, 1H, CH2™?), 1.07 (d, 2Jun = 15, 1H, CH,"P), ~1.05 (under CHs, CH,"?), 1.00-1.04
(m, 23H, CH5" + CH3").

$1P{*H} NMR (CD.Cl;, 162 MHz): & 178.3 (ddd, 2Jpp = 317, YJrne = 146, 2Jpr = 31, PNpy),
41.6 (ddd, Jrnp = 166, 2Jpp = 44, 31, PPhs), 11.4 (ddd, 2Jpp = 317, LJrne = 129, 2Jpp = 44, PMe,).

6.3.16. Synthesis of [Rh(Np2-PONP-Me,)(PPh3)1[BAr 4], 32

BAr"
PMe; —| [ 4

/ \N—Rh-—I’Ph3

O—PNp;

A solution of crude 31 (29.0 mg) in CD,Cl, (500 pL) was transferred onto Na[BAr",] (39.1
mg, 44.1 pmol) in an NMR tube fitted with a J Young’s valve and agitated for 30 minutes.
The solution was filtered and compound was recrystallised via slow diffusion of hexane into
the CD,Cl; solution. Crude yield: 49.1 mg.

'H NMR (CD-Cly, 300 MHz): & 7.76 (app. t, *Jun = 7.8, 1H, 4-Py), 6.68-7.75 (m, 9H, 0-ArF),
7.52-7.62 (m, 10H, p-Ar" + Ph), 7.40-7.51 (m, 7H, Ph), 7.16-7.19 (m, 3H, Ph), 7.14 (d, 3Jun
= 7.8, 1H, 3/5-Py), 6.92 (d, 3Jun = 8.3, 1H, 5/3-Py), 3.55 (d, 2Jp4 = 10, 2H, CH,"), 1.88 (dd,
2)n =17, 2pu = 5, 1H, CH2P), 1.82 (dd, 2Juw = 17, 2Jpn = 6, 1H, CH,?), 1.08 (d, 2Jun = 15,
1H, CH2™), 1.06 (d, 2Jun = 16, 1H, CH,"P), 1.00 (s, 16H, CH3""), 0.94 (d, 2Jpn = 8.9, CH3P).

31PL1H} NMR (CD-Cly, 121 MHz): & 179.0 (ddd, 2Jee = 318, “Jree = 146, 2Jee = 31, PNpy),
41.1 (ddd, “rne = 165, 2Jpp = 43, 31, PPhs), 10.9 (ddd, 2Jpe = 318, Wrne = 130, 2Jpe = 43, PMey).
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6.3.17. Synthesis of Rc-PONP(BH3)-Me», 33

A suspension of 26 (11.5 mg, 62.8 umol) and KHMDS (12.6 mg, 63.2 umol) in THF (5 mL)
was stirred at ambient temperature for 30 minutes. This was transferred onto RcO,PCI (79.6
mg, 62.8 umol) at 0 °C and stirred at 22 °C for 30 minutes. Volatiles were removed under
reduced pressure and the resulting white solid was recrystallised from hexane. Crude yield:
59.7 mg.

UB{IH} NMR (CDCl,, 96 MHz): & —35.3-—40.4 (br m).
31P{'H} NMR (CD,Cl,, 121 MHz, selected data): 5 135.0 (s, PO), 3.2-8.0 (br, PC).

6.3.18. Synthesis of [Rh(PONOP-'Bu)(CO)][BAr 4], A32

BAr
0—PBu, B

4 _\N—Rh—CO

O—F|”[3uz
An NMR tube fitted with a J Young’s valve was loaded with PONOP-'Bu (8.0 mg, 20 umol),
[Rh(CO).Cl]2 (3.9 mg, 10 umol) and Na[BAr"4] (21.0 mg, 23.7 umol). CsHsF was added (500
pL) and the yellow suspension was agitated at ambient temperature for 2 hours. This was
filtered and volatiles were removed under reduced pressure. The resulting yellow solid was
washed with hexane (500 uL), filtered and dried in vacuo. Yield 23 mg (17 pmol, 84 %). Data

are consistent with the literature.®”

'H NMR (CDCl,, 500 MHz): § 7.93 (t, 3Juu = 8.1, 1H, 4-Py), 7.73 (s, 8H, 0-Ar), 7.57 (s,
3H, p-ArF), 6.93 (d, 3Jun = 8.2, 2H, 3,5-Py), 1.42 (vt, Jpw = 8.3, 36H, t-Bu).

BC{*H} NMR (CD.Cl,, 126 MHz): § 193.2 (dt, “Jrnc = 71, 2Jpc = 12, CO), 164.7 (Vt, Jpc = 3,
2,6-Py), 162.6 (g, “Jcs = 50, i-Ar%), 147.9 (s, 4-Py), 135.6 (s, 0-ArF), 129.7 (qq, 2Jrc = 32, 3Jcs
=3, m-ArF), 125.4 (q, Jrc = 272, CF3), 118.3 (sept, 3Jrc = 4, p-ArF), 104.7 (vt, Jpn = 3, 3,5-Py),
41.6 (vtd, Jec = 7, 2rnc = 2, CBY), 28.0 (v, Jpc = 4, CH5™®Y).

SIP{IH} NMR (CD:Cly, 162 MHz): § 219.8 (d, YJrne = 127).

ATR IR: vco 2017 cm™,
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HR ESI-MS (positive ion, 4 kV): 530.1453, [M]* (calcd 530.1455) m/z.

6.3.19. Synthesis of [Rh(Rc-PONP-Me,)(CO)I[BArF4], 34

An NMR tube fitted with a J Young’s valve was loaded with crude 14 (17.9 mg), [Rh(CO).Cl]
(2.4 mg, 6.2 pmol) and Na[BArF,] (15.5 mg, 17.5 umol). C¢HsF was added (500 pL) and the
orange suspension was agitated at ambient temperature for 3 hours. This was then filtered and

volatiles were removed under reduced pressure, yielding an orange solid. Crude yield: 16 mg.

'H NMR (CDCl,, 500 MHz, selected data for 34 only): § 8.01 (s, ex-Ar?), 8.01-8.04 (m,
4-Py), 7.69-7.76 (m, 0-ArF), 7.55 (s, p-ArF), 7.41 (s, en-Ar"), 7.37 (s, ex-Ar"), 7.25-7.33 (m,
3,5-Py), 7.27 (s, en-Ar?), 5.47 (t, ®Jun = 8.1, CH?), 5.15 (t, 3Jun = 8.1, CHQ), 4.57 (t, *Jun =
8.1, CHP), 3.24 (d, 2Jpu = 12, CH,"), 1.96-2.56 (br m, 1-CH,), 1.05-1.70 (br m, CH,), 0.65-1.01
(br m, CH5"™), 0.06 (d, 2Jp1 = 10, CH3").

BC{*H} NMR (CD.Cl,, 126 MHz, selected data for 34 only): § 162.6 (q, “Jcs = 50, i-Ar"),
161.4 (d, 2Jpc = 10, 2-Py), 160.5 (d, 2Jpc = 6, 6-Py), 151.7-154.1 (ArO272720" + 2-3-0/0"),
146.6 (s, ArO"), 146.2 (s, 4-Py), 140.3 (s, 1/4-0/0"), 140.4 (s, 1/4-Q/0"), 140.6 (s, 1/4-0/Q"),
138.4 (s, ArCP700 137.5 (s, ArC"722 136.8 (HMBC, ArC®), 136.0 (s, ArC"), 135.6 (s,
0-ArF), 129.7 (q, 2Jrc = 32, M-ArF), 125.4 (g, YJrc = 273, CF3), 125.1 (s, en-Ar"), 124.6 (s,
en-ArQ), 120.4 (d, 3Jpc = 12, 5-Py), 118.5 (s, ex-Ar9), 118.2-118.4 (m, p-ArF), 117.6 (s,
ex-Ar’), 111.3 (d, 3Jpc = 9, 3-Py), 43.7 (d, 2Jpc = 28, CH,"), 37.1 (s, CHP), 36.1 (s, CH?), 35.7
(s, CH?"), 32.0-33.1 (m, 1-CHy), 29.6-30.6 (m, 2-4-CH,), 28.3-28.9 (m, 2-4-CH,), 23.0-23.7
(br s, 5-CHy), 14.2-14.8 (br s, CHs"), 13.0 (s, CHs").

3p{IH} NMR (CD.Cly, 162 MHz, selected data): & 155.3 (dd, 2Jpp = 431, Jrwp = 207,
PO{34}), 151.8 (d, YJrnp = 270, PO{37}), 61.3 (s, PC{37}), 17.3 (dd, 2Jpp = 431, Jrsp = 123,
PC{34}).

ATR IR: vco 2087 (35), 2032 (broad, 34) cm™.

HR ESI-MS (positive ion, 4 kV): 1530.5100, [M]* (calcd 1530.5039) m/z.
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6.3.20. Synthesis of [Rh(Rc-PONP-Me;)(CO)]J[AI(OC(CFs)3)4], 35

A Pe M |AIOC(CF))d
= N ) :?
Rh\CJO_ )
o. / 1 N NN
A
dooo 00

00

A suspension of crude 14 (42.0 mg), [Rh(CO).Cl]. (5.8 mg, 15 umol) and Li[AIORF] (29.9
mg, 30.7 umol) in C¢HsF was stirred at ambient temperature for 3 hours. The resulting orange
suspension was filtered and volatiles were removed under reduced pressure, yielding an

orange solid. This was washed with hexane and dried. Crude yield: 65 mg.

'H NMR (CD:Cl;, 500 MHz, selected data): & 8.16 (app. t, Jun = 7.7, 4-Py{38}), 8.11 (app. t,
Jun = 7.7, 1H, 4-Py{35}), 8.08 (d, 3Jun = 8.4, 2H, 5,8-Q{35}), 8.05 (s, 2H, ex-Ar%{35}),
7.93-8.03 (0/0{38}), 7.89 (dd, 3Jun = 6.4, “Jun = 3.5, 2H, 5/8-0{35}), 7.70-7.82 (m,
5/8-0 {35} + 6,7-Q{35} + ex-Ar”?{38} + 0/0 {38}), 7.64-7.70 (0/Q {38}), 7.59-7.64 (m, 4H,
6,7-0'{35}), 7.50 (s, ex-Ar”?{38}), 7.47 (d, 3Jun = 8.8, 3-Py{38}), 7.42 (s, 2H, en-Ar"{35}),
7.38 (s, 2H, ex-Ar?{35}), 7.31-7.36 (m, 3H, 3,5-Py{35}), 7.31 (s, en-Ar"{38}), 7.29 (s, 2H,
en-Ar{35}), 7.21 (d, 3Jun = 7.4, 5-Py{38}), 7.14-7.19 (m, en-Ar{38} + 0/Q{38}), 7.07 (t,
3 = 8.7, Q/0°{38}), 5.62-5.93 (m, CH?{38}), 5.51 (t, 3Jun = 8.1, 2H, CH?{35}), 5.21 (t,
3Jun = 8.5, 1H, CH{35}), 5.12-5.19 (m, CH®{38}), 4.61-4.75 (m, CHP{38}), 4.57 (t, 3Jun =
8.1, 1H, CHP{35}), 3.32 (d, 2Jp1 = 13, CH,"{38}), 3.23 (d, 2Jprs = 12, 2H, CH,"{35}), 2.01-2.53
(br m, 1-CH), 1.08-1.59 (br m, CHy), 0.70-1.03 (br m, CHz"®), 0.08 (s, CHs"{38}), —0.02 (d,
2Jpn = 10, 6H, CH3P{35}).

BC{*H} NMR (CD,Cl,, 126 MHz, selected data): & 161.5 (dm, 2Jec = 14, 2-Py), 160.4-160.6
(m, 6-Py), 153.6 (s, ArO%{35}), 153.5 (s, ArO*?{35}), 153.1 (s, Ar0?2'{35}), 152.86 (s,
2/3-0/0°{35}), 152.83 (s, 2/3-0/Q’{35}), 152.4 (s 2/3-0Q/Q{35}), 146.6 (s, ArO"{35}), 146.3
(s, 4-Py), 146.0 (s, ArO"{38}), 140.6 (s, 1/4-0/0’), 140.4 (s, 1/4-0Q/0’), 140.3 (s, 1/4-0/0),
138.5 (s, ArC?792'{35Y), 137.6 (s, ArC"?729{35}), 135.9-136.3 (br, ArC"*{35}), 130.7 (s,
5-8-0/0°), 130.6 (s, 5-8-0/Q"), 130.3 (s, 5-8-0/0"), 129.1 (s, 5-8-0/Q"), 128.6 (s, 5-8-0/Q"),
128.5 (s, 5-8-0/0°), 125.1 (s, en-Ar’{35}), 124.9 (s, en-Ar"%{38}), 124.7 (s, en-Ar%{35}),
124.5 (s, en-Ar”%{38}), 123.7 (HMBC, 5-Py{38}), 122.1 (q, “Jrc = 292, CF3), 120.5 (d, 3Jpc =
12, 5-Py{35}), 118.6 (s, ex-Ar®{35}), 118.0 (s, ex-Ar”%{38}), 117.9 (s, ex-Ar"%{38}),
117.6-117.8 (s, ex-Ar"{35}), 112.6 (HSQC, 3-Py{38}), 111.3 (d, 3Jpc = 10, 3-Py{35}), 43.6 (d,
Lpc = 28, CH,"{35}), 39.8 (HSQC, CH,"{38}), 37.2 (s, CH"{35}), 37.0 (s, CH"{38}), 36.1 (s,
CH{38}), 36.0 (s, CH¥{35}), 35.7 (s, CH?{35}), 35.0-35.3 (m, CH?{38}), 31.8-33.2 (m,
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1-CH; + 4-CHy), 29.9-30.6 (m, 2/3-CHy), 28.3-28.9 (m, 2/3-CH,), 22.9-23.7 (m, 5-CH),
14.3-14.8 (m, CHs"™), 13.0 (s, CHs"{38}), 12.8 (s, CH3"{35}).

$1P{1H} NMR (CD.Cly, 202 MHz): § 155.5 (dd, 2Jee = 430, Jrne = 207, PO{35}), 151.8 (d,
Lrnp = 276, PO{38}), 61.3 (s, PC{38}), 17.2 (dd, 2Jep = 431, LJrre = 123, PC{35}).

ATR IR: vco 2113 (38), 2036 (35) cm™.

HR ESI-MS (positive ion, 4 kV): 1530.5049, [M]* (calcd 1530.5039); 1546.4962, [M+QO]*
(calcd 1546.4988) m/z.

6.3.21. Synthesis of [Rh(Rc-PONP-Me;)(CO)][HCB1:Mesl¢], 36

An NMR tube fitted with a J Young’s valve was loaded with [Rh(nbd)][HCB11Mesle] (15.4
mg, 13.2 umol) and CD,Cl; (500 uL). This was transferred onto crude 14 (18.4 mg) in a second
NMR tube, forming an orange solution. After 5 minutes at ambient temperature, the solution
was freeze-pump-thaw degassed and backfilled with CO (1 bar). The solution immediately
lightened to yellow. Volatiles were removed under reduced pressure and the yellow solid was

recrystallised via slow diffusion of hexane into a CH,Cl, solution. Crude yield: 12.5 mg.

'H NMR (CD.Cl,, 500 MHz, selected data for 36 only): & 8.21 (s, ex-Ar<), 8.14 (app. t, Jun
= 8.2, 4-Py), 7.56 (d, 3Jun = 7.5, 5-Py), 7.41 (s, en-Ar’), 7.40 (s, ex-ArF), 7.32 (d, 3Jun = 8.7,
3-Py), 7.29 (s, en-Ar®), 5.57 (t, 2Jun = 8.1, CHY), 5.24 (t, 3Jun = 8.1, CH?), 4.55 (t, 3Jun = 7.9,
CHP), 3.41-3.47 (under Et,0", CH"), 2.75 (s, 1H, HCB), 2.13-2.49 (br m, 1-CH,), 1.20-1.60
(br m, CHy), 0.74-1.01 (br m, CH5"®), 0.28 (s, 14H, CHs®), —0.21 (d, 2Jpn = 10, CH3P).
BC{*H} NMR (CD:Cl,, 126 MHz, selected data for 36 only): § 161.0 (HMBC, 6-Py),
151.1-154.7 (2/3-0/Q° + ArQ279799Y) 146.8 (s, ArOP), 146.3 (s, 4-Py), 140.2-140.7
(1,4-Q/Q"), 135.1-138.7 (ArC”P0702" '128.3-131.4 (5-8-0/Q"), 125.0 (s, en-Ar"), 124.6 (s,
en-ArQ), 121.2-121.5 (m, 5-Py), 117.8-119.7 (ex-Ar”?), 111.1-111.2 (m, 3-Py), 62.5 (s, CB),
43.9 (s, CHz"), 37.2 (s, CH), 35.6 (s, CH?), 35.7 (s, CH®), 31.9-33.4 (br m, CH>), 29.6-30.8
(br m, CHy), 28.2-29.0 (br m, CH,), 23.3-23.8 (br s, CH,), 14.4-14.9 (m, CH5"), 12.9 (d, “Jpc
=30, CH3"), 4.0 (HSQC, CH:®).
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IPLIH} NMR (CD:Cly, 162 MHz, selected data): & 156.7 (dd, 2Jep = 428, rwp = 207,
PO{36}), 152.7 (d, “Jrre = 274, PO{39}), 61.8 (s, PC{39}), 17.9 (dd, 2Jpp = 428, Jprp = 122,
PC{36}).

ATR IR: veo 2089 (39), 2030 (36) cm ™.

HR ESI-MS (positive ion, 4 kV): 1530.5019, [M]* (calcd 1530.5039) m/z.

“NMR spectrum contains residual Et,O from an unsuccessful recrystallisation attempt.

6.3.22. Attempted Synthesis of [Rh(Rc-PONP-Me,)(CO)(CI,]1[BAr ], 40

An NMR tube fitted with a J Young’s valve was loaded with PhICI, (1.9 mg, 6.9 pmol). Onto
this was transferred a solution of crude 34 (15.9 mg) in CeHsF (500 pL). The orange solution
was agitated at ambient temperature for 2 hours and filtered. Volatiles were removed under
reduced pressure. The resulting orange solid was washed with hexane (500 pL) and dried in

vacuo. Crude yield: 10 mg.

'H NMR (CD-Cl;, 500 MHz, selected data): 5 8.26 (s, ex-Ar?), 8.22 (app. t, Jun = 8.0, 4-Py),
8.03 (dd, 3Jun = 6.3, “Jun = 3.5, 5/8-0/0"), 7.87 (s, ex-ArF), 7.85 (s, 5-8-0/0’), 7.69-7.75 (m,
0-Ar" + 5-8-0/0"), 7.58-7.60 (m, 5-8-0/Q’), 7.53-7.57 (m, p-ArF + 3,5-Py), 7.48-7.53 (m,
5-8-0/0"), 7.43 (s, en-Ar"), 7.37 (s, en-Ar®), 5.72 (t, 3Jun = 8.0, CH2?), 4.69 (t, 3Jun = 8.0,
CHP), 4.23 (dm, 2Jpn = 14, CH"), 1.93-2.62 (br m, 1-CH,), 1.88 (d, 2Jpw = 13, CH5"), 1.87 (d,
2Jpw = 13, CH3"), 1.05-1.65 (br m, CH>), 0.56-1.01 (br m, CH5").

BC{*H} NMR (CD.Cl,, 126 MHz, selected data): 5 162.6 (g, Jce = 50 Hz, i-ArF), 158.9 (d,
2Jpc = 9, 2-Py), 158.1 (d, 2Jpc = 7, 6-Py), 153.7 (s, ArO272792) 1534 (s, ArQ9Fe702),
153.0-153.2 (m, 2/3-0/Q"), 152.8 (s, ArO272792") '147.2 (s, 4-Py), 144.8 (d, 2Jrc = 5, ArOP),
140.80 (s, 1/4-0/Q), 140.75 (s, 1/4-0/Q"), 140.4 (s, 1/4-0/Q’), 139.2 (s, ArC"?’), 137.0 (s,
ArC299Y 136.5 (s, ArC?292)), 135.6 (s, o-Ar" + ArCF), 103.3-130.4 (m, 5-8-0/Q"), 129.8 (s,
5/8-0/0°), 128.9 (s, 5-8-0/Q"), 128.8 (s, 5-8-0/0"), 128.6 (s, 5/8-0/0"), 129.7 (qq, 2Jrc = 31
Hz, 3Jcs = 3, m-Arf), 125.4 (q, Jrc = 273 Hz, CF3), 124.9 (s, en-Ar”?), 124.8 (s, en-Ar™Q),
122.0 (HSQC, 5-Py), 119.5 (s, ex-Ar®), 118.8-118.9 (m, ex-Ar"), 118.3 (sept, 3Jrc = 4, p-ArF),
113.4 (d, 3Jpc = 9, 3-Py), 43.6 (d, YJec = 34, CH,"), 37.2 (s, CHP), 35.4 (s, CH®), 35.3 (s, CH?),
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33.0 (s, 1-CH,”Q), 32.72 (s, 4-CH P?), 32.64 (s, 4-CH22), 32.62 (s, 4-CH, 7'9), 32.4 (s,
1-CH,?), 31.6 (s, 1-CH,”?), 30.18 (s, 3-CH,"?), 30.12 (s, 3-CH, ¢), 30.06 (s, 3-CH, "),
28.75 (s, 2-CH2 P9), 28.68 (s, 2-CH2 ), 28.56 (s, 2-CH, ™), 23.51 (s, 5-CH,™?), 23.47 (s,
5-CH,?), 23.44 (s, 5-CH,"™?), 14.7 (s, CH3?), 14.6-14.7 (m, CH5™?), 12.1 (d, YJpc = 4, CH5P),
11.8 (d, Ypc = 4, CH5P).

31P{*H} NMR (CD-Cl;, 162 MHz, selected data): § 113.9 (dd, 2Jpp = 665, 1Jrnp = 121, PO),
41.6 (dd, 2Jpp = 666, “Jrie = 75, PC).

ATR IR: vco 2089 (42), 2019 (40) cm2.

6.3.23. Attempted Synthesis of [Rh(Rc-PONP-Me,)(CO)(C2][AI(OC(CF3)3)4], 41

A PMe; M\ |AOCCFss)d
= N /,ncr ;2
Rh.'
o. / LGP
Cl

A solution of crude 35 (65.3 mg) and PhICl; (7.5 mg, 27 umol) in CeHsF (1 mL) was stirred
at ambient temperature for 2 hours and filtered. Volatiles were removed under reduced
pressure. The resulting orange solid was washed with hexane (500 pL) and dried in vacuo.
Crude yield: 54 mg.

!H NMR (CD-Cl;, 500 MHz, selected data): & 8.33 (app. t, Jun = 7.7, 4-Py{43}), 8.26 (app. t,
Jun = 8.1, 4-Py{41}), 8.23 (s, ex-Ar%{41}), 8.02-8.07 (m, 5-8-0/Q"), 7.90-8.01 (m, 5-8-0/Q"),
7.88 (s, ex-Ar"{41}), 7.86 (s, 5-8-0/Q’), 7.68-7.82 (m, 5-8-0/0’), 7.58-7.68 (3-Py{41} +
5-8-0/0"), 7.58-7.62 (m, 5-Py{41}), 7.51-7.56 (m, 3/5-Py{43} + 5-8-0/Q"), 7.55 (d, 3Jun =
8.2, 3-Py{41}), 7.46-7.51 (m, 3/5-Py{43}), 7.43 (s, en-Ar°{41}), 7.41 (s, 5-8-0/0"), 7.37 (s,
en-Ar{41}), 7.27-7.35 (m, 5-8-Q/Q’), 5.68 (t, 3Jun = 7.8, CH29{41}), 5.50-5.65 (m,
CH22{43Y}), 4.70 (t, 3Jun = 7.9, CHP{41}), 4.59 (t, 3Jnn = 7.6, CHP{43}), 4.24 (dm, 2Jpn = 14,
CH,"{41}), 4.01 (d, 2Jpu = 14, CH,"{43}), 1.89 (d, 2Jpn = 13, CH3"{41}), 1.88 (d, 2Jpn = 13,
CH3{41}), 2.05-2.61 (br m, 1-CH,), 1.09-1.67 (br m, CHy), 0.47-1.02 (br m, CH5").

BC{*H} NMR (CD.Cl,, 126 MHz, selected data): & 158.9 (d, 3Jec = 10, 2-Py), 158.2 (d, 3Jpc
=7, 6-Py), 153.7 (s, ArQ272790'{41}), 153.4 (s, ArO272"20 {41}), 153.3 (s, ArO97C722'(41}),
152.8 (s, 2-3-0/Q’), 152.7-152.8 (m, 2-3-0/0"), 152.7 (s, 2-3-0/0Q’), 147.5 (HSQC, 4-Py{43},
147.3 (s, 4-Py{41}), 145.5 (HMBC, ArO"{43}), 145.0 (s, ArOP{41}), 140.6 (s, 1/4-0/0"),
140.4 (s, 1/4-0/Q’), 140.3 (s, 1/4-0/0"), 139.0 (s, ArC22{41}), 136.7 (s, ArC%{41}), 136.6 (s,
ArCr9'{41}), 135.7 (s, ArCP{41}), 128.3-131.3 (5-8-0/Q"), 124.9 (s, en-Ar®{41}), 124.7 (s,
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en-ArP{41}), 122.13 (d, 3Jpc = 13, 5-Py{41}), 122.07 (q, *Jrc = 292, CFs), 119.3-119.4 (m,
ex-Ar%{41}), 118.8-118.9 (m, ex-Ar"{41}), 113.4 (d, 3Jrc = 9, 3-Py{41}), 43.6 (d, 1Jpc = 34,
CH,"{41}), 38.8 (HSQC, CH,"{43}), 37.2 (s, CH’{41} + CHP{43}), 35.7 (s, CH?), 35.4 (s,
CHO), 33.0 (s, 1-CH,™?), 32.72 (s, 4-CH,"?), 32.65 (s, 4-CH,?), 32.63 (s, 4-CH,"?), 32.4 (s,
1-CH,?), 31.7 (s, 1-CH>"?), 30.18 (s, 3-CH."?), 30.13 (s, 3-CH-?), 30.10 (s, 3-CH,"?), 28.8
(s, 2-CH2"9), 28.7 (s, 2-CH2), 28.6 (s, 2-CH™?), 23.51 (s, 5-CH,"), 23.47 (s, 5-CH.?),
23.45 (s, 5-CH,™?), 14.64 (s, CHs?"), 14.66 (s, CH3™?), 14.69 (s, CHs"?), 12.0 (d, 2Jpc = 3,
CH4"{41}), 11.7 (d, Wec = 3, CH3"{41}).

3P{IH} NMR (CD.Cl,, 162 MHz, selected data): 5 114.2 (dd, 2Jpe = 664, LJree = 121, PO{41),
94.4 (d, Jre = 162, PO{43}), 63.1 (s, PC{43}), 41.8 (dd, 2Jpp = 665, LJrre = 75, PC{41}).
ATR IR: vco 2095 (43), 2030 (41) cm 2.
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6.4. Experimental Data for Chapter 4

6.4.1. Synthesis of [Rh(dppe)(acac)], 44

Phy

P_ O
[ JRh )
P 0]

Phsy

A solution of dppe (0.2046 g, 0.514 mmol) in toluene (10 mL) was transferred onto
[Rh(CO)z(acac)] (0.1325 g, 0.514 mmol) and the resulting yellow suspension was stirred at
room temperature for 2 hours. Solvent was removed under reduced pressure to give a yellow
residue. This was washed with hexane, filtered, and dried and the resulting yellow solid was
extracted into THF. Solvent was removed from filtrate to give a brown foam. A small amount
of toluene was added to help break up the foam, giving the product as a brown solid. Yield:
0.2164 g (0.359 mmol, 70 %). Single crystals suitable for X-ray diffraction were obtained by
slow diffusion of hexane into a CgHsF solution at ambient temperature. *P NMR data is

consistent with the literature.™

IH NMR (CeDs, 500 MHz):  8.00-8.07 (m, 8H, 0-PPhs), 7.01-7.10 (m, 12H, m,p-PPhs), 5.40
(s, 1H, CH™®), 1.85 (s, 6H, CH3**°), 1.82 (d, 2Jpn = 17, 4H, CHy).

BC{*H} NMR (CsDs, 126 MHz):  185.6 (s, C(O)), 137.6-138.6 (m, i-PPhs), 133.9 (t, 2Jec =
5, 0-PPhs), 129.9 (s, PPhs), 128.9 (s, m/p-PPhs), 128.7 (s, m/p-PPhs), 100.3-100.4 (m,
CH), 28.6-28.7 (M, CH:?*%), 28.3 (td, YJpc = 25, Zgrnc = 4, CH.).

3P{H} NMR (CsDs, 162 MHz): & 70.2 (d, “Jrne = 193).

6.4.2. Synthesis of [Rh(Sax,S,S-BOBPHOS)(acac)], 45

CH.

i-Ph, 0-Ph, T~a )
m-Ph, p-Ph PR e CH
o ]
CHSE—p )/I N F’h/o
R )
O\ ya \O
1-ArC P
Bu @ O. [Bu 4— C%+CH
6 L o~=12
5-Ar-C+ Ar-H ' Q 11-Ar-C+Ar-H
4 3 9410
CHy%

NMR assignments of (S,, S,S)-BOBPHOS are based on this svstem

A solution of (Sa,S,S)-BOBPHOS (0.203 g, 0.311 mmol) in toluene (15 mL) was transferred
onto [Rh(CO)z(acac)] (0.0804 g, 0.312 mmol) and the resulting yellow suspension was stirred

at room temperature for 2 hours. Volatiles were removed under reduced pressure to give an
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orange residue. This was washed with hexane at —78 °C, filtered and dried in vacuo. Yield:
0.193 g (0.226 mmol, 73 %). Single crystals suitable for X-ray diffraction were obtained from

a hexane solution at —30 °C.

'H NMR (C¢Ds, 500 MHz): & 7.74 (d, 3Jun = 8.0, 2H, 0-Ph), 7.48 (d, 3Jun = 8.0, 2H, 0-Ph),
7.20-7.29 (m, 5H, m-Ph + Ar-H), 7.17 (s, 1H, Ar-H), 7.05-7.12 (m, 2H, p-Ph), 5.27 (s, 1H,
CH™?), 4.42-4.45 (m, 1H, CHP), 3.26-3.37 (m, 2H, CH,"), 2.97-3.05 (m, 1H, CH"), 2.20-2.35
(m, 1H, CHy), 2.14 (s, 3H, CH3™), 2.07-2.19 (m, under CHs"", 2H, CH>), 2.03 (s, 3H, CHz™"),
1.93 (s, 3H, CH5*), 1.85 (s, 3H, CH3""), 1.73 (s, 9H, 'Bu), 1.66-1.71 (m, 1H, CH>), 1.65 (s,
3H, CHz™), 1.41 (s, 3H, CHz**), 1.33 (s, 9H, CH5®").

'H{®'P} NMR (C¢Ds, 500 MHz, selected data): & 4.46 (dd, 3Jun = 12, 7, 1H, CHP), 3.33 (d,
2Juyn = 12, 1H, CHP), 3.30 (d, Xnn = 12, 1H, CH,"), 3.01 (dd, 3Jum = 12, 7, 1H, CHP), 2.28
(app. ddd, J = 25, 12, 5, 1H, CH,), 1.69 (app. dd, Jun = 13, 6, 1H, CHy).

BC{*H} NMR (C¢Ds, 126 MHz): & 186.6 (s, C(0)), 184.5 (s, C(0)), 147.1 (d, 2Jpc = 186,
1/7-Ar-C), 146.7 (d, 2Jpc = 4, 1/7-Ar-C), 141.8 (d, %Jpc = 3, i-Ph), 138.9 (d, 3Jrc = 4,
6/12-Ar-C), 138.5 (d, 2Jpc = 4, i-Ph), 137.8 (s, 6/12-Ar-C), 135.4 (s, 3/4/9/10-Ar-C), 135.2 (s,
3/4/9/10-Ar-C), 132.4 (s, 3/4/9/10-Ar-C), 132.3 (s, 3/4/9/10-Ar-C), 131.7 (d, 3Jpc = 2,
2/8-Ar-C), 131.5 (s, 2/8-Ar-C), 130.6 (d, 3Jrc = 6, 0-Ph), 129.4-129.6 (m, m-Ph), 128.9-129.0
(m, 0-Ph), 128.62 (under C¢Ds, Ar-H), 127.4 (d, °Jec = 2, p-Ph), 127.3 (d, °Jec = 2, p-Ph),
100.3 (d, 3Jrnc = 2, CH*™), 64.9 (t, *Jpc = 20, CH,"), 51.2 (d, *Jpc = 21, CHP), 46.3 (d, “Jpc =
19, CHP), 36.2 (d, 2Jpc = 5, CH), 36.1 (s, C®"), 35.4 (s, C®), 33.9 (s, CH3®"), 32.6 (s, CH3®"),
31.7 (s, CH>), 28.8 (d, 3Jrnc = 8, CH3**), 28.1 (d, 3Jrnc = 5, CH3**), 21.0 (s, CHz™"), 20.9 (s,
CH3™), 17.4 (s, CHs"™), 17.2 (s, CH3™).

$1P{IH} NMR (C¢Ds, 202 MHz): § 164.80 (dd, XJrne = 318, 2Jpp = 72, PO), 113.3 (dd, *Jrne =
192, 2Jpp = 72, PC).

HR ESI-MS (positive ion, 4 kV): 877.2629, [M+Na]* (calcd 877.2628) m/z.

Anal. Calcd for C4Hs70sP2Rh (854.81 g mol?): C, 64.63; H, 6.72; Found: C, 64.84; H, 6.71.
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6.4.3. Synthesis of [Rh(A124)(acac)], 46

Q Q
i-Ph, 0-Ph, [\ 6-Q _ -Q
m-Ph, p-Ph + A\ +\ 5.0 A a7 £-0
) ({ 5-Q —p <&
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CHQ

Hex: CH;** 5-CH,, 4-CH,, 3-CH,, 2-CH,. 1-CH,
NMR assignments of A124 are based on this system

A solution of A124 (0.1001 g, 69.1 pumol) in toluene (10 mL) was transferred onto
[Rh(CO)2(acac)] (0.0178 g, 69.0 umol) and the resulting green solution was stirred at room
temperature for 2.5 hours. Solvent was removed under reduced pressure to give a green
residue. This was washed with —78 °C hexane (2 x 5 mL), filtered and dried to give a pale
yellow solid. Yield: 0.0918 g (55.6 umol, 80 %).

IH NMR (CsDs, 500 MHz): & 8.94 (s, 2H, ex-Ar®), 8.14 (s, 2H, ex-Ar"), 7.95-7.99 (m, 2H,
5,8-Q), 7.84-7.90 (m, 6H, m-PPhs + 5/8-0°), 7.55 (s, 2H, en-Ar®), 7.53 (s, 2H, en-Ar?), 7.45
(dd, 33 = 8.3, “Jun = 1.5, 2H, 5/8-0°), 7.21-7.27 (m, 4H, 0-PPhs), 7.17 (under CsHs, p-PPh),
7.09-7.13 (m, 2H, 6,7-Q), 7.06 (ddd, 3Jun = 8.4, 6.9, “Jun = 1.5, 2H, 6/7-0°), 7.00 (ddd, I
= 8.4, 7.0, “Jun = 1.6, 2H, 6/7-0"), 6.01-6.07 (m, 3H, CH22), 5.26 (t, *Jun = 8.0, 1H, CHP),
4.18 (d, 2Jpn = 20, 2H, CH,"), 2.21-2.37 (m, 8H, 1-CH,), 1.14-1.46 (m, 29H, CH_), 0.94 (s,
1H, CH*%), 0.85-0.93 (M, 13H, CHz"*), —0.01 (s, 3H, ex-CHs*), —2.75 (s, 3H, en-CHs*).
BC{!H} NMR (CsDs, 126 MHz): 5 182.9 (s, en-C(0O)), 182.2 (s, ex-C(0)), 154.4 (s, 2/3-0/0
or ArO® or ArO99) 154.14 (s, 2/3-0/Q or ArO® or Ar09¢"), 154.10 (s, 2/3-Q/Q or ArO® or
Ar099Y), 153.7 (s, 2/3-0/Q’ or ArO% or Ar099), 153.3 (s, 2/3-0/Q’ or ArO® or Ar09¢), 153.1
(s, ArO"2), 148.7 (s, ArOP), 141.0 (s, 1/4-0/Q’), 140.8 (s, 1/4-0/Q"), 140.6 (s, 1/4-0/0Q"),
137.7 (s, ArC272729) 136.9 (s, ArCP), 135.4 (s, ArC2"9792) 1351 (s, i-Ph), 134.2 (d, 3Jpc
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= 12, m-Ph), 131.0 (s, p-PPhs), 129.4 (s, 6,7-Q), 129.2-129.3 (m, 5,8-Q + 5/8-Q’ + 0-Ph),
129.13 (s, 6/7-Q"), 129.06 (s, 6/7-Q°), 128.9 (s, 5/8-0Q"), 124.9 (s, en-Ar?), 122.6 (s, en-Ar®),
121.1 (s, ex-ArP), 121.0 (s, ex-Ar?), 94.6 (s, CH**), 69.9 (dd, *Jpc = 34, 2Jpc = 18, CH,"), 37.1
(s, CHP), 35.2-35.4 (m, CH2?)), 33.7 (s, 1-CH,?), 33.2 (s, 1-CH,"), 32.86 (s, 4-CH,"9),
32.83 (s, 4-CH,™9), 32.79 (s, 4-CH,?), 32.0 (s, 1-CH,”?), 30.43 (s, 3-CH.¢), 30.40 (s,
3-CH,"9), 30.3 (s, 3-CH,"™?), 28.99 (s, 2-CH,2), 28.96 (s, 2-CH,™?), 28.88 (s, 2-CH,™?), 27.4
(d, 3Jrnc = 8, ex-CH3**), 23.64 (s, 5-CH,?), 23.63 (s, 5-CH.™?), 23.58 (s, 5-CH,™?), 22.0 (d,
3Jrnc = 5, en-CHz*%°), 14.88 (s, CH3™), 14.87 (s, CH3™).

3P{IH} NMR (CsDs, 162 MHz): & 160.8 (dd, “Jrne = 305, 2Jpp = 79, PO), 76.6 (dd, 2Jrie =
181.6, 2Jpp = 79, PC).

Anal. Calcd for CosHosNgO11P2Rh (1649.68 g mol™): C, 68.44; H, 5.80; N, 5.09. Found: C,
68.06; H, 5.80; N, 5.00.

6.4.4. General Procedure for Hydroformylation

All reactions were performed using a custom-built high-pressure autoclave equipped with
pressure gauge, injection port and addition funnel. Solutions of 44, 45 or 46 (12.0 pmol) in
toluene (1.5 mL) were placed inside autoclave. The atmosphere was evacuated and pressurised
with 10 bar of a 1:1 mixture of CO and H,. Solution was heated at the chosen reaction
temperature under 10 bar CO/H; for 30 mins to activate catalyst. The addition funnel was
loaded with either 1-hexene (0.60 mL), 1-heptene (0.68 mL) or 1-octene (0.75 mL) in toluene
(1 mL) and the atmosphere was evacuated and pressurised with 20 bar CO/H,. After activation
of catalyst, olefin solution was added to the autoclave and the reaction was heated at the chosen
temperature for a specified time, under 20 bar CO/H.. After this time, the autoclave was cooled
to room temperature and the reaction was quenched by the addition of ("BuO)sP (1 mL). An

aliquot (0.6 mL) was taken for analysis by NMR spectroscopy.

6.4.5. General Procedure for NMR Analysis of Reaction Mixtures

Conversions and branched to linear ratios were determined using *H NMR spectroscopy
(toluene-Hs, no C¢Ds capillary). Selected data, 64 9.35 (t, *Jun = 1.7, heptanal CH), 9.28 (d,
3Jun = 1.8, 2-methylhexanal CH), 5.61-5.73 (m, 1-hexene CH), 5.24-5.40 (m, 2-hexene 2x
CH); 9.36 (t, ®Jun = 1.7, octanal CH), 9.28 (d, *Jun = 1.8, 2-methylheptanal CH), 5.61-5.74
(m, 1-heptene CH), 5.23-5.39 (m, 2-heptene 2x CH); 9.36 (t, ®Jun = 1.7, nonanal CH), 9.29
(d, 3Jun = 1.8, 2-methyloctanal CH), 5.61-5.74 (m, 1-octene CH), 5.24-5.38 (m, 2-octene 2x
CH).
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6.4.6. Activation of 46 for Analysis by NMR Spectroscopy

A solution of (15 mg, 9.1 umol) in toluene (1.5 mL) was stirred under 20 bar 1:1 H,/CO in a
10 mL reactor for two days at ambient temperature. A 500 pL aliquot of this reaction mixture

was then transferred to an NMR tube and analysed under ambient conditions.

'H NMR (toluene-Hs, no CsDs capillary, 500 MHz, selected data): § —9.99 (ddd, 2Jpn = 108,
22, Wrnn = 7, Rh-H).

'H{'P;s151.1} NMR (toluene-Hs, no CeDs capillary, 500 MHz, selected data): § —9.99 (dd, 2Jpw
=108, YJrnn = 7, Rh-H).

H{®Pses.6} NMR (toluene-Hs, no CsDs capillary, 500 MHz, selected data): & —9.99 (dd, 2Jpn
=22, Wgun = 7, Rh-H).

31P{*H} NMR (toluene-Hs, no CsDs capillary, 202 MHz, selected data): § 181.1 (dd, Jrne =
225, 2Jpp = 43, PO), 68.6 (dd, Jrne = 99, 2Jpp = 43, PC).

6.4.7. High Pressure NMR

Static NMR experiments that needed an atmosphere of CO and/or H,, were carried out in
pressure valved NMR tubes S-5-500-1PV-7, S-5-500-MWIPV-7 and S-5-500—HW-IPV-7
from Norell rated to 6, 9 and 12 bar, respectively. NMR spectra were recorded on a Bruker
500 MHz Advance II+ Ultrashield equipped with a N2-cooled BBO Prodigy CryoProbe.'H
NMR chemical shifts are referenced against SiMe, (99.5% purity in CDCI3) and 3P NMR
shifts are referenced to 85% H3PQO,. The reaction monitoring software used was InsightMR,

and data processing was performed with TopSpin4.0.6 and DynamicCenter 2.5.6.
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6.5. Crystallographic Data

Crystallographic data were collected on either a Rigaku Oxford Diffraction SuperNova
AtlasS2 CCD diffractometer using graphite monochromated Cu Ka (A= 1.54178 A) radiation
and a low-temperature device, or a Rigaku XtaLAB Synergy-S diffractometer using mirror
monochromated Mo Ka radiation (A =0.71073 A), generated using a microfocus sealed X-ray
tube source and detected at a HyPix Hybrid Pixel Array Detector.

Data were collected and reduced using CrysAlisPro. All non-hydrogen atoms were
refined anisotropically (unless stated otherwise) using SHELXL,**® through the Olex2
interface.3® Hydrogen atoms (excluding hydrides) were placed in calculated positions using
the riding model. Crystallographic data for compounds 2, 4-10, 12, 23, 24, 26, 32, 44, 45 and
Al131 are given in Table 6.2-Table 6.7.
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Compound

ID

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o/°

pr°

v/°

Volume/A3

Z

peacmg/mm?
wmm?t

F(000)

Crystal size/mm3
Radiation

20 range for data collection
Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]

Largest diff. peak/hole / e A3

Flack parameter

Table 6.2. Crystallographic data for compounds 2, 4-6 (Chapter 2)

2
0674abc22s
CsoHs3BF24sNOP2Rh
1445.77
150(2)
triclinic
pP-1
13.09645(12)
19.11606(13)
26.4231(2)
92.3098(6)
97.3278(7)
90.9351(6)
6554.20(9)

4
1.465
1.465
2936.0
0.178 x 0.164 x 0.128
Cu K, (A=1.54184)
12.794 to 140.152°
-15<h<15,-23<k<23,
-32<1<32
47333
47333
[R(int) = 0.0764]
47333/993/1784
1.044
R; =0.0492, wR, = 0.1275
R; =0.0555, wR, = 0.1316
1.66/-0.67

4
0578abc19s
CsgHesBF24IrNP-
1507.05
150(2)
monoclinic
Cc
22.9577(3)
18.07420(10)
19.5255(3)

90
128.175(2)

90
6369.15(19)

4
1.572
5.506
3008.0
0.412 x 0.195 x 0.092
Cu K, (A=1.54184)
12.796 to 147.27°
28 <h<28,-22<k<2l1,
-24<1<23
51356
12476
[R(int) = 0.0399]
12476/858/922
1.051
R; =0.0427, wR, = 0.1141
R; =0.0437, wR, = 0.1150
3.02/-1.09
0.538(10)

5
0617abc20s
C39Hs50NP2CIRh
742.17
150.00(10)
monoclinic
P21/n
11.89861(13)
20.6042(2)
15.57616(18)

90
92.0166(11)

90
3816.30(7)

4
1.292
5.243
1568.0
0.245 x 0.142 x 0.026
CuKa (A= 1.54184)
12.828 to 147.32
-14<h<14,-25<k<19,
-18<1<19
38394
7641

[Rint = 00568, Rsigma = 00371]

7641/0/409
1.044
R1 =0.0350, wR2 = 0.0900
R1 =0.0398, wR> = 0.0938
0.90/-1.23

6
0616abc20s
ngHsgC”I’NPz
831.46
150.00(10)
monoclinic
P21/n
11.92395(12)
20.60478(19)
15.54793(14)

90
91.9259(9)

90
3817.82(6)

4
1.447
8.394
1696.0
0.151 x 0.113 x 0.018
CuKa (A=1.54184)
12.818 to 147.152
-14<h<14,-24 <k <25,
-18<1<19
38295
7622

[Rint = 00372, Rsigma = 00255]

7622/0/409
1.045
R:1 =0.0222, wR2 = 0.0525
R1 =0.0265, wR2 = 0.0549
1.26/-0.68
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Compound

ID

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o/°

pre

y/°

Volume/A3

Z

Pcalcmg/mm3
wmm?

F(000)

Crystal size/mm3
Radiation

20 range for data collection
Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=26 (I)]
Final R indexes [all data]

Largest diff. peak/hole / e A3

Flack parameter

Table 6.3. Crystallographic data for compound 7 (Chapter 2).

7

0660abc21s 50K
C76HgsBCIloF24NP2RNSiI
1743.09
50(2)
monoclinic
P21/ﬂ
17.98676(15)
20.29587(15)
22.4987(2)
90
103.6897(8)
90
7979.97(12)
4
1.451
3.738
3568.0
0.36 x 0.16 x 0.11
CuKa (A=1.54184)
12.774 to 147.27
21 <h<21,-25<k<24,
-27<1<23
79403
15591

[Rint = 00489, Rsigma = 00324]

15591/871/1144
1.021
R1=0.0729, wR, = 0.1987
R1=0.0792, wR, = 0.2064
2.51/-1.68

7

0660abc21s_100K
C76HgsBClF24NP,RhSi
1743.09
100(2)
monoclinic
P21/n
17.99211(8)
20.35918(8)
22.57112(10)
90
103.5153(4)
90
8038.95(6)
4
1.440
3.710
3568.0
0.371 x 0.138 x 0.12
CuKa (A=1.54184)
12.74 to 147.376°
22<h<22,-25<k<25,
-27<1<28
98760
16116
[R(int) = 0.0316]
16116/970/1175
1.042
R: =0.0419, wR, = 0.1099
R: =0.0442, wR, = 0.1122
1.24/-1.19

7

0660abc21s_150Ki
C76HgsBClF24NP,RNSi
1743.09
150(2)
monoclinic
P21/I"I
18.06899(8)
20.37115(9)
22.74137(9)
90
103.4587(4)
90
8140.90(6)
4
1.422
3.664
3568.0
0.359 x 0.133 x 0.117
CuKa (A=1.54184)
12.66 to 147.188°
-22<h<21,-25<k <24,
-28<1<28
83442
16292
[R(int) = 0.0311]
16292/970/1177
1.018
R: =0.0451, wR, = 0.1166
R: =0.0477, wR, = 0.1194
1.47/-1.04
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Compound

ID

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o/°

pre

v/°

Volume/A3

VA

Pealcmg/mm?
wmm'?

F(000)

Crystal size/mm?3
Radiation

20 range for data collection
Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [[>=2c (I)]
Final R indexes [all data]

Largest diff. peak/hole / e A3

Flack parameter

Table 6.4. Crystallographic data for compound 8 (Chapter 2).

8

0687abc22s_50K
C76H358C|2F24|rNP28i
1832.38
50(2)
monoclinic
P21/n
17.97881(10)
20.35324(11)
22.41641(13)
90
103.6412(6)
90
7971.38(8)
4
1.527
5.252
3696.0
0.348 x 0.086 x 0.063
CuKa (A= 1.54184)
12.81 to 147.242°
-22<h<22,-22<k<24,
-27<1<27
80451
15913
[R(int) = 0.0450]
15913/871/1145
1.044
R; =0.0551, wR, = 0.1476
R; =0.0574, wR, = 0.1500
6.76/-2.07

8

0687abc22s 100K
C76H355C|2F24|I’NP28i
1832.38
100(2)
monoclinic
P21/n
18.01404(10)
20.37733(11)
22.53842(13)
90
103.5871(6)
90
8041.82(8)
4
1.513
5.206
3696.0
0.342 x 0.088 x 0.052
CuKa (A=1.54184)
12.75 to 147.162°
-22<h<20,-23<k<24,
-27<1<27
81629
16064
[R(int) = 0.0311]
16064/964/1172
1.035
R; =0.0461, wR, = 0.1156
R; =0.0487, wR, = 0.1179
5.93/-2.40

8

0687abc22s 150K
C76H355C|2Fz4|rNP28i
1832.38
150(2)
monoclinic
P21/n
18.07503(10)
20.39717(12)
22.69009(13)
90
103.5249(6)
90
8133.38(8)
4
1.496
5.147
3696.0
0.356 x 0.078 x 0.059
CuKa (A=1.54184)
12.678 to 147.236°
-22<h<22, -23<k<24,
-28<1<28
82799
16264
[R(int) = 0.0290]
16264/970/1174
1.038
R; =0.0437, wR, = 0.1087
R; =0.0463, wR, = 0.1110
5.30/-2.21
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Compound

ID

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o/°

pre

v/°

Volume/A3

VA

Pealcmg/mm?
wmm'?

F(000)

Crystal size/mm?3
Radiation

20 range for data collection
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [[>=2c (I)]
Final R indexes [all data]

Largest diff. peak/hole / e A3

Flack parameter

Table 6.5. Crystallographic data for compounds 9, 10 and 12 (Chapter 2).

9

0696abc22s
C7,H71:BF24aNOP,Rh
1597.95
150.00(10)
orthorhombic
P2:12:12,
19.87157(17)
19.58214(16)
37.6979(3)
90
90
90
14669.3(2)
8
1.447
3.220
6512.0
0.389 x 0.102 x 0.073
CuKa (L= 1.54184)
12.694 to 140.152°
24 <h<24,6-23<k<23,
-38<1<45
119751
27544[R(int) = 0.0381]
27544/2520/1862
1.073
R; =0.1186, wR» = 0.3090
R; =0.1275, wR, = 0.3204
7.22/-2.28
0.49(2)

10
0678abc22s
C72H7lBF24|I’NOP2
1687.24
150(2)
orthorhombic
Pca2;
18.88454(16)
19.65114(16)
19.85752(18)

90
90
90
7369.18(11)

4
1.521
4.839
3384.0
0.25 x 0.168 x 0.048
CuKo (A=1.54184)
12.676 to 147.43°
-23<h<19,-24<k<24,
-23<1<24
61966
14215[R(int) = 0.0503]
14215/1711/1041
1.072
R; =0.0516, wR, = 0.1285
R; =0.0553, wR, = 0.1324
3.21/-1.76
-0.004(12)

12
0679abc22s
C58H77BF25|I'NP2
1648.25
150(2)
monoclinic
P2i/c
13.10964(4)
28.08187(9)
19.74276(6)

90
94.0809(3)

90
7249.73(4)

4
1.510
4,910
3316.0
0.238 x 0.126 x 0.064
CuKo (A=1.54184)
13.05 to 147.294°
-16 <h <16, -34 <k <30,
-24<1<24
119163
14575[R(int) = 0.0259]
14575/744/1051
1.044
R; =0.0250, wR, = 0.0639
R; =0.0261, wR, = 0.0650
0.80/-0.64
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Compound

ID

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o/°

pr°

v/°

Volume/A3

Z

pcalcmg/m m3
w/mm'?

F(000)

Crystal size/mm3
Radiation

20 range for data collection
Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A3
Flack parameter

Table 6.6. Crystallographic data for compounds 23, 24,

23
0697abc22s
C46Hs705P2Rh
854.76
150(2)
orthorhombic
P212:24
13.1889(5)
20.4841(7)
32.0040(10)

90
90
90
8646.3(5)

8
1.313
4.233
3584.0
0.23 x 0.14 x 0.02
CuKa (L= 1.54184)
12.942 to 140.126
-16<h<16,-24 <k<24,
-39<1<29
55220
16020
[Rint = 0.1465, Rsigma = 0.1201]
16020/0/488
1.045
R1=0.1473, wR, = 0.3356
R; =0.1651, wR, = 0.3470
4.74/-1.47
0.04(3)

24
0525abc19s
C66H7GBF24N202P2RhSi2
1617.12
150.00(10)
monoclinic
P21/n
15.59345(6)
25.78780(10)
18.26966(7)

90
92.6989(3)

90
7338.46(5)

4
1.464
3.5639
3304.0
0.358 x 0.215 x 0.076
CuKa (A=1.54184)
12.826 to 140.152
-19<h<19,-31<k<3l1,
-22<1<22
117529
13919
[Rint = 0.0322, Rsigma = 0.0159]
13919/441/1001
1.039
R; =0.0323, wR, = 0.0830
R; =0.0338, wR, = 0.0844
0.67/-0.43

26 and 32 (Chapter 3).

26
0691abc22s
CsH1sBNOP

182.99
150(2)
monoclinic
P21/n
12.4353(2)
7.23590(10)
12.8159(2)
90
115.394(2)
90
1041.76(3)
4
1.167
1.969
392.0
0.298 x 0.207 x 0.093
CuKo (A= 1.54184)
13.126 to 140.034
-15<h<15,-8<k<8,
-15<1<15
10618
1980
[Rint = 0.0183, Rsigma = 0.0122]
1980/0/113
1.065
R; =0.0297, wR, = 0.0800
R: =0.0306, wR, = 0.0810
0.26/-0.24

32
0595abc20s
CesHeoBF24NOP3Rh
1569.80
150.00(10)
triclinic
P-1
13.66917(14)
13.80697(14)
18.91039(18)
97.7465(8)
96.4094(8)
90.2437(8)
3513.61(6)

2
1.484
3.561
1588.0
0.198 x 0.135 x 0.068
CuKo (A= 1.54184)
12.944 t0 140.152
-16<h<16,-16<k<16,
-23<1<23
85456
13319
[Rint = 0.0305, Rsigma = 0.0194]
13319/342/956
1.043
R1 =0.0299, wR, = 0.0754
R1=10.0306, wR, = 0.0760
0.66/-0.76
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Compound

ID

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o/°

pr°

y/°

Volume/A3

VA

Pealcmg/mm?
wmm'?

F(000)

Crystal size/mm?3
Radiation

20 range for data collection
Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [I>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A
Flack parameter

Table 6.7. Crystallographic data for compounds 44, 45 and A131 (Chapter 4).

44

0655abc21s
Cs1H310,P2Rh
600.41
150(2)
tetragonal
P-42:c
25.3571(5)
25.3571(5)
8.5173(3)
90
90
90
5476.5(3)
8
1.456
0.767
2464.0
0.3x0.12 x0.12
Mo Ka (L= 0.71073)
5.982 t0 69.938
-40 <h <40, -40 <k <40,
-13<1<12
64300
11974
[Rint = 0.0567, Rsigma = 0.0498]
11974/12/328
0.935
R1=10.0437, wR, = 0.1212
R: =0.0679, wR, = 0.1412
0.66/-0.80
0.50(4)

45
0697abc22s
C46Hs705P2Rh
854.76
150(2)
orthorhombic
P2:12:12;
13.1889(5)
20.4841(7)
32.0040(10)

90
90
90
8646.3(5)

8
1.313
4.233
3584.0
0.23 x 0.14 x 0.02
CuKa (L= 1.54184)
12.942 to 140.126
-16 <h<16,-24 <k<24,

-39<1<29
55220
16020
0.1465, Rsigma = 0.1201]
16020/0/488
1.045
R: =0.1473, wR2 = 0.3356
R; =0.1651, wR» = 0.3470
4.74/-1.47
0.04(3)

[Rint

Al31

0549abc19s
C114H125B11F216N6OgP2Rh
2803.33
150(2)
triclinic
P-1
12.00058(12)
22.3381(2)
24.6293(3)
114.7777(10)
97.2236(8)
99.4706(9)
5771.42(11)
2
1.613
14.548
2772.0
0.264 x 0.161 x 0.059
CuKa (A=1.54184)
12.892 to 140.152
-14<h<14,-27<k<27,
-29<1<30
111730
21879
[Rint = 0.0437, Rsigma = 0.0279]
21879/405/1401
1.043
R; =0.0410, wR, = 0.1068
R1=0.0454, wR, =0.1110
2.76/-1.47



Appendix — The 18-Electron Rule

The 18-electron rule can be used to predict or explain the structures of transition metal
complexes, in a similar manner to the way in which the octet rule can be used in main group
systems. The principle is that the sum of the number of electrons in valence orbitals of the
metal and those donated by the ligands should be equal to 18. This originates from the presence
of nine valence orbitals for a d block metal: five d orbitals, three p orbitals and one s orbital.
Combined, these give a total of nine bonding orbitals and nine antibonding orbitals. When the
bonding orbitals are completely filled, leaving the antibonding orbitals unoccupied, there are
18 bonding electrons. Generally speaking, compounds that obey this rule are relatively stable
and unreactive, with complexes that don’t obey the rule typically being more reactive and
chemically interesting.3%% 3%

However, transition metal coordination compounds do not necessarily follow this rule
and it should really only be considered as a guideline when electron-counting complexes.
Firstly, the example of octahedral, first row transition metal complexes with weak field ligands
(e.g. chloride, water, ammonia) should be considered. The small splitting, Ao, between the tyg
and ey orbitals (Figure Al) results in non-bonding character for the tyy orbitals and only
weakly antibonding character for the ey orbitals. Consequently, there are no significant
preferences for the number of electrons that can occupy these orbitals, and the valence electron

g

tae

count can vary from 12 to 22.

4]

Figure Al. Simplified molecular orbital diagram showing the d-orbital splitting for an octahderal
transition metal complex.

Secondly, second row transition metal complexes, or first row complexes with strong field
ligands (e.g. cyanide) possess a larger Ao. As a result of this, the tog orbitals retain non-bonding
character but the eq orbitals now have stronger antibonding character. The non-bonding
orbitals are preferably filled, leaving the antibonding orbitals unoccupied. This results in a
valence electron count of 18 electrons or fewer.

The final case to consider is transition metal complexes bearing strong field
organometallic ligands, such as carbonyl, olefins and arenes, which are also good m-acceptors.
These stabilise the tyg orbitals, lowering their energy and giving them fully bonding character,
whilst the eq orbitals remain antibonding. Therefore, 6 electrons should occupy the tyq orbitals.
When the other six bonding orbitals are taken into account, this gives a total of 18 electrons.
The majority of transition metal complexes bearing organometallic ligands (including those

discussed in this thesis) fall into this category.
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Within this class of complexes that should obey the 18-electon rule, there are further
exceptions. These can primarily be rationalised by steric and electronic considerations.

For early transition metals, their lower d-electron count requires coordination of a larger
number of ligands in order to satisfy the 18-electron rule. The steric hindrance between these
coordinated ligands can results in lower electron count complexes.

Of the greatest importance to the work described in this thesis is the situation of late
transition metal d® and d*® complexes. As atomic number increases, the effective nuclear
charge increases (a consequence of the poor shielding ability of diffuse d-orbitals), resulting
in a stabilisation of the d-orbitals. Towards the end of the row, the d-electrons display
increasingly greater core electron character. As a result, their ability to engage in metal-ligand
bonding is diminished: the potential for n-backdonation onto coordinated ligands as a means
of attaining electroneutrality is reduced (the w-accepting capabilities of the coordinated ligands
is, therefore, also an important factor).

In the case of M(l) d® complexes, where M is rhodium or iridium, these complexes have
a strong tendency to form square planar 16-electron complexes. The occupied d,. orbital,
perpendicular to the metal-ligand bonding plane, is not involved in ligand bonding. These
complexes can be seen throughout this thesis (Figure A2), for example the pincer-supported
metal carbonyl complexes 2 and 3 (Chapter 2) and A32, 34-36 (Chapter 3). Other examples
include dihydrogen complex 13 (Chapter 2), complexes 23, 24, 31 and 32 (Chapter 3) and
acac complexes 44-46 (Chapter 4).

The fact that complexes such as this do not obey the 18-electron rule makes them
chemically interesting. A consequence of this is that they can undergo classical, two-electron
reactivity such as oxidative addition (requiring an increase of 2 in the valence electron count).
The reverse also applies: an 18-electron complex can undergo reductive elimination (requiring
a decrease of 2 in the valence electron count), to give a 16-electron complex. These processes
generally form the key steps in group 9 complex-mediated catalysis.

A final example of complexes that do not appear to obey the 18-electron rule, and which
are particularly relevant in the context of this thesis, is those which are stabilised by agostic
interactions (Figure A3). Complexes 4 and 12 appear to be square-based pyramidal, 16-
electron M(I11) complexes, but if the agostic interaction at the vacant coordination site is taken
into account, these actually become octahedral, 18-electron complexes that do not violate the

rule.
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Figure A2. Examples of 16-electron, square planar d® complexes described in this thesis.
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Figure A3. Examples of formally 16-electron, d® complexes described in this thesis, which can be
considered as 18-electron complexes when agostic interactions are taken into account.
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