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Abstract
This thesis discusses the synthesis, characterisation and structural features of a number of
mixed anion lithium complexes. These complexes were developed with the intention of
improving our understanding of organolithium aggregation tendencies for compounds
containing mixed anionic ligands, with a secondary goal of exploring for unexpected reaction
outcomes as a result of superbasic activity.
Chapter 2 details the design and synthesis of a series of aniline coupled methoxybenzene
derivatives for their use in the investigation into mixed anion lithium complexes. These
ligand precursors possessed amine and alcohol groups tethered together through an aryl
backbone. A series of 2-aminophenyl methanol derivatives (O’NRH2) were prepared by the
coupling of an aniline molecule onto 2-bromobenzoic acid and subsequently reducing the
product to give ligand precursors (2-(phenylamino)phenyl)methanol (O’NPhH2), (2-((2,4dimethylphenyl)amino)phenyl)methanol

(O’NPhMe2H2),

(2-((4-

isopropylphenyl)amino)phenyl)methanol (O’NPhiPrH2), (2-(mesitylamino)phenyl)methanol
(O’NPhMesH2). A fifth O’NRH2 ligand precursor, (2-aminophenyl)methanol (O’NH3), was
prepared directly by the reduction of 2-aminobenzoic acid.
A second set of ligands was based off the same ligand scaffold with a methylene linker
incorporated in between the amine and aryl backbone. The initial planned synthetic path
mimicking that used for the synthesis of O’NRH2 was found to result in undesired ring
closure, preventing the desired ligand precursor from being obtained. A second synthetic
pathway was developed which used the reduction of phthalic acid and a subsequent
desymmetrising

halide

substitution

to

produce

the

chloroalcohol

(2-

(chloromethyl)phenyl)methanol. This molecule was then able to be coupled with three
anilines to give the ligand precursors (2-((phenylamino)methyl)phenyl)methanol (O’N’PhH2),
(2-((mesitylamino)methyl)phenyl)methanol

(O’N’MesH2)

and

(2-(((2,6-

diisopropylphenyl)amino)methyl)phenyl)methanol (O’N’DIPPH2) as well as isopropylamine
to give (2-((isopropylamino)methyl)phenyl)methanol (O’N’iPrH2).
Chapter 3 discusses organolithium aggregate structures prepared through the lithiation of
O’NRH2 ligand precursors with nBuLi in various Lewis basic and non-Lewis basic solvents.
Two structures showed existing aggregate motifs, with a monolithiated tetrameric cube
[Li4(O’NMesH)4] and a stepped ladder [Li4(O’NPh)2(THF)5] discovered. However the

remaining structures isolated were found to take novel aggregate arrangements. The
compounds

[Li(DME)3][Li11(O’NPh)6(DME)3],

[Li(DME)3][Li11(O’NPh)6(DME)3],

and

[Li11(O’NMes)5(O’NMesH)] showed lithium atoms loaded around a lithium alkoxide hexamer
to form what was described as a triple winged capped hexamer. A partially complete winged
hexamers, [Li7(O’NPhMe2)(O’NPhMe2H)5(OEt2)], was found containing a mixture of
monolithiated and dilithiated ligands. The compound [Li(THF)4]2[Li10(O’NPhMe2)6] showed
an alternate winged hexamer structure with one “capping” lithium absent and altered
connectivity of lithium atoms in the main cluster. Comparisons of these structures led to the
proposal that the connectivity of the lithium atoms around the hexameric core could be
altered through the availability of Lewis basic solvent molecules. This hypothesis was
supported by 1H NMR spectroscopic studies as well as the isolation of a second partially
complete capped hexamer [Li10(O’NPhMe2H)2(O’NPhMe2)4]. In addition to the triple winged
capped hexameric structures, [Li10(O’NH)4(O’NH2)2(OEt2)4] was found containing two lithium
amide wings around a hexameric core. Furthermore, a unique winged tetramer arrangement
[Li(DME)3]2[Li6(O’NMes)4] showed lithium loading around a lithium alkoxide cube.
Chapter 4 discusses the synthesis and characterisation of a set of five aggregates containing
anionic

fragments

from

cleaved

ether

solvent

molecules.

Four

structures,

[Li10(O’NPh)4(OEt)2(Et2O)4], [Li10(O’NPhMe2)4(OEt)2(OEt2)4], [Li10(O’NMes)4(OEt)2(OEt2)2] and
[Li10(O’NPhiPr)4(OEt)2(Et2O)4] were obtained from the lithiation of O’NR ligand precursors in
diethyl ether whilst [Li10(O’NPhiPr)4(OCH=CH2)2(THF)6] was obtained from THF. NMR
spectroscopic studies showed the ether cleavage was near instantly completed following the
addition of a stoichiometric amount of n-butyl lithium to a solution of the O’NRH2 ligand
precursors in diethyl ether.
Chapter 5 details the preliminary investigations into the lithiation of the O’N’RH2 ligand
precursors and the structures that resulted. A single monolithiated tetramer cube
[Li4(O’N’iPrH)4] was obtained alongside three stepped ladders [Li4(O’N’Ph)2(THF)4],
[Li4(O’N’Mes)2(THF)4] and [Li4(O’N’DIPP)2(THF)4]. The structure and reactivity of the ladders
were compared to analogous structures obtained in a previous project from the Gardiner
group.
Chapter 6 discussed aggregation structures formed from reactivity towards contaminating
compounds and the O’N’R ligands. The first half of Chapter 6 discusses two structures
incorporating

serendipitous

silicone

grease

fragments

[Li8(O’NPh)2(O’NPhH)2(SiO2Me2)(THF)6] and [Li12(O’NPhMe2)4(SiO2Me2)2(Et2O)4]. The second

half of the Chapter reports two aggregates [Li14(O’N’Mes)4(O’NMes-H)2(OEt2)4] and
[Li20(O’N’iPr)6(O’N’iPr-H)2(C4H10)2] found to contain unexpected alkyl and aryl lithiation of the
ligands.
The compounds isolated in this project successfully highlighted the potential tethered mixed
anionic ligands possess in organolithium chemistry, showing both a number of novel
aggregation structures as well as numerous cases of superbasic activity.
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Chapter 1: Introduction
1.1 Organolithium reactivity and aggregate structure
Organolithium reagents have become a fundamental tool in synthetic chemistry and are used
for both organic and organometallic preparation.1,2 Organolithium compounds are part of a
greater class of organoalkali metal compounds with which they share many chemical
properties. Though more than a century has passed since their discovery, organoalkali metal
compounds were isolated later than other organometallic compounds due to their extreme
air and moisture sensitivity.3 This was first able to be overcome by William Schlenk, an
achievement which led to his name being ubiquitous with air sensitive chemistry. In 1914,
Schlenk’s efforts allowed for the first reported example of an organoalkali metal species.4 This
was followed in 1917 by the first alkyllithium compounds including methyllithium and
phenyllithium, two reagents still in common use today.3,5

Scheme 1-1: Synthesis of methyllithium using chloromethane and lithium metal.6
As with other metals, the electropositivity of alkali metals results in the formation of a strongly
polar metal-carbon bond where the organic ligand is considered electronegative. The strong
electropositivity of most alkali metals leads to the M-C bond in organoalkali species to be
considered purely ionic.7 In contrast the weaker electropositivity of lithium lends the Li-C bond
a degree of covalency.7 This is an important distinction which separates organolithium species
from the heavier organoalkali compounds. However, organolithium reagents still share many
common reaction tendencies with other organoalkali metal species, including the ability for
the electronegative alkali component to act as a strongly basic nucleophile. This allows for the
deprotonation of weakly acidic hydrogens. In the same step the lithium atom is able to
exchange onto the deprotonated molecule leading to these reactions to be known as a
“metallation reaction” (Scheme 1-2).

Scheme 1-2
The addition of a lithium atom to an organic molecule has proven extremely useful for
synthetic chemistry, as it allows for the lithiated organic compound to be manipulated in a
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number of ways.1,2 By adding a metal halide the lithium atom can be exchanged for a less
electropositive metal by a salt metathesis reaction (Scheme 1-3).

Scheme 1-3
The most important synthetic use of lithiation is the exchange of the lithium atom for an
electrophile. This is often done by the addition of an organohalide, leading to the elimination
of the lithium halide and the formation of a new C-C bond (Scheme 1-4).

Scheme 1-4
Alkyllithium compounds such as methyllithium (MeLi) or t-butyllithium (tBuLi) have some of
the highest metallating potential of organolithium reagents. For this reason simple alkyllithium
compounds are commercially available for synthetic applications and in situ access to more
complex organolithium species. In addition, it was noted from an early stage that the addition
of

Lewis

basic

solvents

such

as

tetrahydrofuran

(THF)

or

N,N,N’,N’-

tetramethylethylenediamine (TMEDA) to metallation reactions would further increase the
reactive potential of the alkyllithium. This is in part due to the increased solubility of the
organolithium reagent in a more polar solvent.8 However, the increased solubility was not
enough by itself to explain the shift in basicity, nor explain the observed instances of regio and
chemoselectivity induced following the addition of a Lewis basic solvent.9 This increase in
reactivity is now understood to be a result of organolithium species forming oligomeric
aggregates. The structures of these aggregates are now known to play a fundamental role in
controlling organoalkali metal reactivity and can be altered through the addition of Lewis basic
donors.8
It has been observed that organolithium oligomers adopt many different aggregate structures,
which will be discussed in greater detail below. The key feature of organolithium species that
enables this structural diversity is the versatility and flexibility in the lithium atom’s bonding.
Though lithium atoms have only a single oxidation state of +1, they possess a wide range of
potential coordination modes. Compounds containing anywhere from two to eight coordinate
lithium atoms have been isolated and show minimal restrictions in possible bonding
geometry.1,9,10 Each additional coordination assists in stabilising the ion and can come from
charged species, unpaired Lewis bases, other metal atoms and conjugated  systems.1,11–13
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Lithium possess a small cationic radius of 0.6-0.9 Å, and due to this the atom is able to be freely
positioned between ligands in order to maximise donor interactions.14 As a result
organolithium structures tend to be dominated by the coordinated donor ligands when
compared to heavier alkali metals.15 Seemingly the only limit to the number of coordinating
interactions comes from van der Waal’s repulsions between the ligands.16 These restrictions
typically lead to structures containing 3-5 coordinate lithium atoms.8,10 High amounts of steric
restriction are required to force lithium atoms coordinate to only two donors.8,10 Conversely,
the highest coordination states are achieved through the use of multidentate ligands such as
crown ethers.17–19 It must be noted that though compounds such as lithium amides and lithium
alkoxides are not technically organolithium compounds due to the lack of a C-Li bond, they
share many of the same properties. Discussions within often pertain to all classes of lithium
compounds. As such, in this thesis organolithium will be used as a broad term to describe those
compounds which contain a significant organic component though they may be lacking a
formal C-Li bond.
The oligomeric self-assembly of organolithium compounds is driven by the tendency for
lithium atoms to maximise the number of donor interactions they experience. In the absence
of neutral solvating donors, this is enabled by ligands interacting with multiple lithium centres
as shown in Figure 1-1. Due to this, organolithium compounds require a high steric bulk and
the coordination of strong Lewis basic donors to maintain a monomeric form. To further this
point, there exists no reported example of lithium atoms with only a single bonding
interaction. As such the simple schematic representation of organolithium molecules as
discrete monomers is inaccurate and hides the greater complexity these compounds possess.

Figure 1-1: Oligomerisation of organolithium compounds.
Oligomerisation is not unique to lithium based compounds with elements and compounds
from across the periodic table showing tendencies to self-assemble. Of these though, alkali
metal aggregations require special mention due to the direct and often drastic effect on the
compounds chemical properties. In the case of organolithium compounds, the effects of these
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aggregations are so pronounced that their study and discussion has become ubiquitous to the
field.
In 1991 a review by Mulvey was published and helped to formalise our understanding of
organolithium aggregations.8 It was shown that many common aggregates can be considered
as being made from dimeric lithium rings which then fuse together to give larger aggregations.
This idea of ring “stacking” and ring “laddering” as the primary modes of aggregation are now
terms commonly used to describe organolithium species and are shown in Scheme 1-5.8 The
composition of the lithiated ligand is what drives the formation of these different aggregate
modes. The sp2 hybridisation of imide and aryl groups results in a planar geometry which
projects the substituents in the same plane as the dimeric ring. This leads to “stacked”
arrangements where the dimeric rings fuse face-to-face atop one another. This aggregation
method also commonly applies to larger trimeric rings to form stacked hexameric
arrangements.8 In contrast, the sp3 hybridised nitrogen in lithium amides results in a
tetrahedral geometry around the nitrogen. This projects the two non-lithium substituents
above and below the plane of the ring preventing stacking from occurring. As a result the
dimeric rings instead fuse edge-to-edge forming a so called “ladder”. It has been observed that
alkyllithium and lithium alkoxide species also favour stacked structures. Whilst the carbon
atoms in tetrahedral alkyl ligands are sp3 hybridised, the substituent groups are able to
orientate themselves to allow stacking to occur.8

Scheme 1-5: Dimerically fused organolithium compounds containing -OR, -CR3 and –NR anions,
and -NR2 anions as the basis of stacked and-ladder aggregations, respectively.
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Many organolithium compounds take the form of dimers, tetramers or hexamers, with only
the most sterically hindered species showing the monomeric form.20 Whilst there are isolated
instances of other arrangements such as trimers21,22 or octamers23 these aggregation modes
have proven to be far less common. Stacking arrangements can theoretically extend infinitely,
however in the majority of observed cases the positioning of the ligand or Lewis basic solvent
prevents this from occurring.22,24 In cases where extended structures have been isolated there
are two primary forms which are observed, shown in Figure 1-2. The first is the structures can
appear as independent stacks linked to one another by lithium-anion interactions or by
bridging solvent or ligand molecules.23,25,26 Alternatively, the structures form larger fused
prisms wherein the structures appear composed of smaller stacked components directly
bound together sharing faces. Structures of this nature observed so far have remained as finite
oligomers.2,27–29

Figure 1-2: Simplified examples of observed extended stacked aggregations. Shown are intertetramer bonding in methyllithium, solvent bridged n-butyllithium tetramers and the fused
Li4C2N2 cubes observed in the aggregate core of lithiated tris-triisopropylsilylallylamine.26,30,31
Compared to the stacked arrangement, the ladders formed by lithium amides can more easily
take the form of polymeric chains extending outwards towards an effectively infinite length.
This was initially supported by spectroscopic studies as well as the physical properties of many
lithium amides.8,20,22 Crystal structure examples of these polymeric structures were later
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isolated confirming their existence.32–34 It is more common for ladders to be isolated as
solvated fragments of these superstructures, as the addition of Lewis basic additives to assist
with solubility and reactivity leads to a breakdown of the polymers into smaller ladders. Such
ladders typically have around 4-6 “rungs” with their length limited by the addition of solvating
terminal donor groups.22,35
There are instances of individual structures which do not fall neatly into either category of
stacked or laddered such as chained structures36,37 or larger ringed arrangements.9 However
these are less common among simple organolithium species leading to the stacked and
laddered description having wide utility in describing the majority of organolithium
compounds. These descriptions have even come to be used where appropriate throughout
alkali metal chemistry as a whole. It must be noted that whilst organolithium aggregations
have been discussed thus far in terms of a single form, they are often fluxional in solution and
it is common for multiple species to exist for the same system.20
It was mentioned previously that Lewis basic additives are used extensively to increase the
reactivity of organolithium reagents. This is now understood as the result of solvating
interactions altering the aggregation state, often breaking the aggregate down to smaller more
reactive species as shown in Scheme 1-6.

Scheme 1-6: The conversion of unsolvated nBuLi from hexamer to tetramer following THF
addition.
A pathway for the breakdown of ladder aggregations by solvating molecules shown in Scheme
1-7 was proposed by Clegg et al. following the isolation of a partially disassembled ladder.35
Shortly after Bülow and co-workers were able to isolate the solvated dimer predicted by Clegg,
showing two terminal THF groups coordinated to lithium.38 Though the initial steps of the
pathway were inferred from earlier solvated ladders and likely steric outcomes, this scheme
offers a guide for how the addition of Lewis basic solvents break down larger aggregations.35,39
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Scheme 1-7: Proposed breakdown of a cyclic ladder aggregate of lithium anilide by solvation,
scheme adapted from Clegg et al.35
By the 1990’s solid state organolithium structures were becoming more prevalent and the
principles governing their aggregation modes better defined. With this it was becoming clear
that some of the more simplistic understandings of their reactivity did not fully encapsulate
the broad range of structures and reaction outcomes that were being seen. For this reason
structural elucidation of lithium aggregates is of key importance to understanding existing
reagents as well as to develop new compounds. However isolating structures remains one the
greatest challenges in the field. The difficulty in characterising organolithium aggregations can
be seen in the delay in isolating even simple commercially available reagents. The popular and
commonly used organolithium reagent n-butyllithium (nBuLi) had been known for decades to
have increased reactivity with the addition of Lewis basic adducts such as TMEDA, THF and
dimethoxyethane (DME).31,40,41 However the first nBuLi structures containing such solvating
molecules

were

only

crystallographically

obtained

in

1993.31

Similarly

lithium

diisopropylamide (LDA), another heavily used reagent was identified in 1991 in the process
showing a then unprecedented infinite helical arrangement shown in Figure 1-3.36
Methyllithium was one of the first organolithium compounds developed by Schlenk and
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remains a commonly used organolithium reagent.26 The unsolvated structure of methyllithium
was also one of the first organolithium compound to be determined by X-ray crystallography.24
Due to poor solubility in hydrocarbon solvents methyllithium is supplied commercially in a
diethyl ether solution. Though this diethyl ether adduct of methyllithium is the most common
form used synthetically, the reagent only had its crystal structure reported in 2013.7

Figure 1-3: Polymeric helical structure of unsolvated LDA.36
In the absence of a solid state structure, computational studies remain a path to better
understand these organolithium systems. In 2003 the first example of monomeric tBuLi was
reported, coming from the coordination of chiral (-)-sparteine.42 It was reported that initial
DFT studies predicted that the (-)-sparteine adducts of sBuLi and nBuLi would also take a
monomeric form.42 However shortly after, Strohmann et al. were able to isolate the solid state
structure of the (-)-sparteine adduct of nBuLi and discovered that it formed a dimer rather
than a monomer as earlier predicted.43 The (-)-sparteine adduct of sBuLi, which had been
shown to be an enantiomerically selective reagent mixture, proved more difficult to
isolate.44,45 Despite efforts made by Strohmann and co-workers they were unable to determine
the structure and to date its solid state structure has yet to be reported.46 Whilst
computational studies can help where crystallisation eludes us, this case with lithiated
sparteine should highlight the need for caution to be exhibited when using these techniques.
Complicated solvent effects, multiple components and small energy differences between
different aggregates all increase the difficulty in obtaining accurate computational models.
This has led to an emphasis towards crystallographic determination for these aggregates,
especially when structural features are often thought to be a major driving force behind
reaction outcomes. The difficulty in isolating crystals of simple, readily available alkyllithiums
shows the challenges surrounding structural determination of organolithium compounds.
These challenges are only increased when attempting to examine more difficult organoalkali
metal systems such as those involving complex mixtures of reagents and difficult to access
ligands.
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1.2 Mixed metal synergy and superbasic activity
A major development in organoalkali reagents occurred in 1967 when Schlosser reported the
greatly increased reactivity of an organoalkali metal reagent when mixed with a potassium
alkoxide.47 An alkyllithium/potassium alkoxide mixture in a near 1:1 ratio was observed to have
a rate of metallation six orders of magnitude greater than similar alkyllithium/lithium alkoxide
systems.48,49 This mixture became known as a Lochmann-Schlosser base, or sometimes more
simply Schlosser’s base and is also referred to by the abbreviation LiCKOR representing its
components. Due to the extreme increase in deprotonating ability, the term “superbase” was
coined to describe these systems. The most famous example these Lochmann-Schlosser
superbases uses nbutyllithium (nBuLi) and potassium tert-butoxide (tBuOK).49 Though there
have been empirical advances in the synthetic application of LiCKOR superbases, the cause of
the heightened activity remains unclear.50 An early hypothesis was that the two reagents
would form a mixed LiR/KOR aggregate as shown in Scheme 1-8. This would enable metal
exchange between the anions, allowing for the in situ formation of a much more reactive
alkylpotassium.47

Scheme 1-8: A generalised scheme adapted from Lochmann,47 showing a potential route for
metal exchange and disaggregation to give new homometallic species.
The metal exchange hypotheses for LiCKOR superbases have faced increased opposition in the
decades since their discovery. Though the LiCKOR superbases show an extreme increase in
deprotonating ability, they still fall short of alkylpotassium species.51 LiCKOR mixtures also
often show high selectivity in the site of deprotonation, a property which would not be
expected from an extremely unstable alkylpotassium. Chemoselectivity, regioselectivity and
stereoselectivity have all been observed in reactions involving superbasic species.50 Due to the
appearance of many atypically selective deprotonations the term “superbase” is no longer
only used to describe reagents with heightened deprotonating strength. Modern usage of the
term has expanded to describe all systems in which a mixture of reagents induces
deprotonating reactivity which differs from what is seen in its components individually.52
These instances of selective deprotonation can have a crucial advantage over many other
strong bases and represent potential synthetic tools.
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The rise of X-ray crystallographic techniques has led to an increase in viewing superbasic
activity as a property induced by intermediate aggregate structures. Evidence supporting
structurally induced superbasic activity has slowly been accumulated since the discovery of
LiCKOR reagents. Unfortunately structures originating from superbasic mixtures remain sparse
in the literature. This had resulted in attention given to those rare examples which are able to
be isolated even if the mixtures only show minor superbasic tendencies.
Since the discovery of the first LiCKOR type superbases, a number of lithium amide/potassium
alkoxide superbases have been found. These have shown many of the same properties that
their alkyl analogues possess.47,53 Importantly the first example of an isolated structure
containing all the components of a superbasic mixture was one such lithium amide/potassium
alkoxide system shown in Figure 1-4 reported by Mulvey et al.53 Isolated from a lithium tbutylamide/potassium t-butoxide mixture (t-BuHNLi/t-BuOK) which was able to lithiate
toluene, the structure contained both metals and both anions in the correct stoichiometry.
This structure does not resemble any of the aggregate motifs found in simpler organolithium
aggregations, with the mixture of components forcing a new arrangement. Importantly this
structures of this aggregate was noted to oppose a metal exchange mechanism for
activation.53 Though a Li-O bond is present allowing for lithium exchange onto the butoxide,
the distance between the potassium and nitrogen atoms averaged out to 3.26 Å, 0.34 Å longer
than the mean K-amino bond length.53 Instead the  coordination of benzene molecules over
the potassium atoms was noted as a potential key factor in the superbasic activity observed.
It was proposed that pre-coordination of aryl rings to the potassium atoms could lower the
barrier of deprotonation and metallation.53

Figure 1-4: The tBuHNLi/tBuOK structure reported by Mulvey et al.53
At the time of reporting, the tBuHNLi/tBuOK structure was the only mixed species structure
comprising of each component present in a superbasic reaction mixture.53 As a result it was

Chapter 1: Introduction

11

key early evidence supporting a structural basis behind superbasic activity. The unique
structure possessed features which could explain what prompted the attack on toluene.
However superbasic activity was not reported as arising from the isolated structure itself and
it remained unclear as to how analogous the amide/alkoxide structure was to more common
LiCKOR superbases. Lacking complete structures, numerous solution studies and analyses of
compounds containing “spent” LiCKOR fragments were used to better understand the origins
of superbasic activity.54 However these were not able to conclusively determine the cause, the
primary theory of the formation of mixed species having evidence both for and against.54

Figure 1-5: Breastplate structures of Li4M4O8. t-butyl groups bound to each oxygen removed
for clarity.
The superbasic activity observed for LiCKOR reagents was known to require each of the four
components, lithium, potassium, alkyl and alkoxide groups, in order to induce the basicity. As
a result it could be reasoned that if an intermediate aggregate is responsible for the superbasic
activity it must contain all of these components. Attempts to isolate structures containing all
four components from an active LiCKOR mixture were for a long time unsuccessful. However
some structures containing three of the four components were able to be isolated including a
number of bimetallic t-butoxide species.55,56 Four of these structures showed the formation of
an isostructural “breastplate” structure shown in Figure 1-5.55,56 These structures offered
insight as to how the typically less reactive lithium atom may assist when added to the
classically more reactive heavier alkali metals by controling the aggregation state. The ability
for the larger alkali metals to exchange with only minor effects on the structure was reasoned
to be due to the interaction between the “hard” lithium cation and butoxide anion
components dominating.51 The “soft” sodium, potassium, ruthenium and caesium cations
were then positioned around the Li2O42- dianions that resulted.51 However these breastplate
structures did not contain an alkyl component and as such did not represent an active LiCKOR
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species. The lack of isolated LiCKOR structures continued to be a significant limitation in
understanding Lochmann-Schlosser superbases.
A major breakthrough was made in 2014 when Strohmann et al. reported the isolation of a
mixed metal structure from a THF solution of the LiCKOR superbase n-butyllithium/potassium
t-butoxide shown in Figure 1-6.57 Alongside a single t-butoxide group, the structure contained
five metallated benzene rings rather than butyl groups indicating that this compound itself
rose from an earlier superbasic deprotonation of benzene. This represented the first structure
isolated from a LiCKOR mixture to contain both lithium and potassium as well as alkyl/aryl and
alkoxide anions.57 Furthermore this phenyllithium/potassium t-butoxide compound was
shown to deprotonate toluene at -40oC producing benzylpotassium.57 As a result, this structure
represented the first example of a complete LiCKOR aggregate whilst simultaneously acting as
a LiCKOR superbase. This correlation adds strong support to a structural origin for superbasic
activity found in LiCKOR reagents. A mechanism was proposed that the solvating coordination
of toluene molecules to potassium atoms allowed for proton transfer from the toluene
molecule to an adjacent phenyl anion.57 Computational models supported this as a viable
mechanism.57

Figure 1-6: The LiCKOR structure isolated by Strohmann et al. showing the incorporation of
five metallated benzene rings. The benzene molecules coordinated to the potassium atoms
through an  interaction.53
Following the isolation of the LiCKOR structure, as of 2019 a further two structures had been
reported containing both alkyllithium and potassium butoxide components.58,59 In each case
the tendency for potassium to coordinate with soft Lewis bases such as  systems whilst
lithium coordinates to harder anions was noted.57,59 These tendencies were also noted earlier
in relation to the amido/alkoxide structure from Mulvey et al.53 The soft/hard alkali metal
synergy has been discussed as a likely cause for many instances of superbasic activity towards
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aryl rings in bimetallic mixtures.57 The hard lithium interactions result in a smaller and more
soluble aggregate whilst the potassium is able to draw in softer aryl substrate for
deprotonation.57
Despite recent breakthroughs in isolating complete LiCKOR structures, the sample size remains
far too small to assist in reagent development. From the current examples it remains unclear
which structural features control reactivity nor how these features can be manipulated. In
order to predict future reactivity and develop new reagents, additional LiCKOR structures will
need to be isolated for analysis.15,60,61 Further research may allow for the development of
analogous superbases using different metal and organic components or unlock new synthetic
pathways.58,62 If it is possible to induce customisable superbasic activity, existing superbasic
reagents may represent early examples of what could become an entirely new synthetic
toolset.57,63
The effects of mixed metal synergy have been successfully applied to other heterometallic
species. Similar to organolithium, organomagnesium reagents are an important cornerstone
to organic synthesis. The use of these reagents share many of the same practical difficulties
with air and moisture sensitivity as well as the requirement for low temperatures during
reactions. However, recent discoveries have found that the addition of an alkali metal
component to organomagnesium reagents can be beneficial.64–66 These alkali mediated
reactions negate some of the practical difficulties associated with organomagnesium reagents
making existing transformations more accessible.
It was initially believed that the organomagnesium formed an anionic counter ion to the
lithium ion, which led to the description of this mixture as a “magnesiate” to differentiate it
from existing organomagnesium compounds.67 Following this the term “ates” was used to
describe similar mixed metal species.68 Though phenyllithium magnesiate was first reported in
1951, breakthroughs in the last two decades have begun to show many synthetic applications
for this class of compounds.68,69 The beneficial properties of this mixture led to the
development of so called “turbo Grignard” and “turbo Hauser” reagents, granting the existing
organomagnesium reagents new applicability, such as the reaction shown in Scheme 1-9.65,70–
73

A noteworthy advantage of these new reagent mixtures is the ability to metallate substrates

at, or even exceeding, ambient temperatures whilst maintaining regioselectivity and
chemoselectivity.72,73

Chapter 1: Introduction

14

Scheme 1-9: An example of a change in functional group selectivity from the Grignard reagent
iPrMgCl through the addition of lithium chloride salt.66,68
These recent developments in organomagnesium reagents run parallel to those seen for
organozinc reagents. Alkali metal zincates have been used to selectively metallate
functionalised arenes76,77 and heterocycles.76,78,79 Exploration of these “ate” systems has even
begun to spread into the investigation of potential uses in catalysis, an area historically
dominated by transition metals.80,81 As with the organoalkali metal superbases, the shift in
reactivity has been linked to a change in aggregate structure.68

1.3 Homometallic superbases
The Lochmann-Schlosser mixed metal superbases have been used extensively in synthetic
applications due to their wide applicability. Though it has yet to reach broad appeal, similar
superbasic activity has also been observed in a number of homometallic species. Homometallic
RLi/LiOR systems have shown reactivity comparable to LiCKOR reagents.82 In these
homometallic systems, the postulation that the heightened activity results from metal
exchange, resulting in more reactive species forming, is no longer applicable.48,83 Instead
effects of aggregate structure are left as the primary possible cause for these unusually
reactive species.
Early investigations to simpler alkyl lithium reagents showed that directing effects were
present in the metallation of substituted benzene rings.84 By 1963 Jones and Hauser had
shown that donating groups on aryl rings can lead to directed ortho-metallations an example
of which is shown in Scheme 1-10.85,86 This directing tendency of Lewis basic functional groups
would go on to become a heavily used tool in organic synthesis.87 After these initial discoveries
involving simple molecules, similar activations and directed lithiations were observed for more
complicated systems.
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Scheme 1-10: Simplified structure showing an early example of ortho-directed lithiation
proposed to occur due to pre-coordination of the lithium to the amine placing it in close
proximity to the 2-methyl group, lowering the barrier for lithiation.86
As with ortho-directed lithiations, a common reason given for unexpected outcomes is the
forcing of lithium into close proximity to specific reaction sites.88 This hypothesis is similar to
the complex induced proximity effects (CIPE) used to describe heightened reactivity in other
metal species, in particular for transition metal catalysis.89,90 CIPE describes the process by
which pre-coordination of substrates to a metal centre has the potential to alter reactivity.
The formation of a complex can place two components in close proximity, granting them a
kinetic advantage in reacting with each other. This can force selectivity in reaction site,
improve the rate of existing reactions and heighten reactivity of groups which may otherwise
not undertake a reaction at a competitive rate.91 Importantly, these properties share many
similarities with those seen in superbasic reactions. This has led to CIPE type mechanisms being
used to try to understand and explain these systems. It has been calculated computationally
that a type of agostic interaction can exist between lithium atoms and nearby C-H bonds that
leads to weakening them.89 This property has also been supported by X-ray and neutron
crystallographic studies and supports CIPE as a cause for unexpected C-H bond cleavage and
metallation.89
It has been observed that lithiations involving multiple types of anions are a common source
of homometallic superbasic activity.48 These mixed anion systems have shown heightened
reactivity92 as well as atypical directionality and selectivity of the deprotonation48,93–97 whilst
avoiding some of the unwanted side products which can results from more conventional
strong bases.98 However, there is rarely a complete or even partial mechanistic understanding
on why these reactions occcur.63,99 An example of the change in selectivity between different
lithiation mixtures and can be seen in the lithiation of substituted pyridine molecules shown
in Scheme 1-11.
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Scheme 1-11: Lithiation of functionalised pyridines showing selectivity with differing lithium
sources. Note that using nBuLi alone also resulted in the nucleophilic addition of a butyl group
to the pyridine ring. Scheme adapted from Khartabil et al.48
Though understanding of superbases and the structural mechanisms behind their existence is
often rooted in conjecture, growing evidence supports a structural basis for superbasic
activity. Cases where structural changes invoke a clear change in reactivity, independent of
electronic factors, are present throughout the literature. In the process, these show the effect
even small structural features could be having in many instances of superbasic activity. An
example of this structurally determined superbasic activity can be seen in the deprotonation
of N,N,N’,N’-tetramethylcyclohexane-1,2-diamine (TMCDA) by monomeric tBuLi.TMCDA
shown in Scheme 1-12.100 It was proposed that the lithiation of the -carbon in the t-butyl
group was due to proximity effects between the carbanion and the  hydrogen. This lowers
the energy barrier for metallation of what would otherwise be an extremely disfavoured
outcome. The sBuLi.TMCDA structure was also isolated showing the same monomeric form
and arrangement as for tBuLi.TMCDA. However in this instance -lithiation was not reported
to occur. Instead the lithium centre of this sBuLi adduct remained extremely reactive, capable
of deprotonating benzene and toluene in stoichiometric amounts.46 Thus this small change in
substrate structure modified an intramolecular superbasic lithiation to allow for a
intermolecular superbasic lithiation to be performed.46
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Scheme 1-12: The intramolecular reactivity of tBuLi.TMCDA and sBuLi.TMCDA.46,100
It is important to note the different and sometimes clashing aggregation tendencies contained
in mixed anion structures. This can result in structures which differ heavily from those of
conventional single metal and single anion species. In particular, this has led to the formation
of hybrid structures in which aggregation features diverge from the more well understood
stacked/ladder arrangements. With aggregate structure playing a key role, even in simple
compounds, these hybrid structures may lead to alternate reaction outcomes compared to
those seen in homometallic and homoanionic species. An excellent example of the structural
variation caused by the incorporation of mixed anionic species can be seen in a structure
reported by Snaith shown in Figure 1-7.101 This compound was formed through a serendipitous
superbasic lithiation of diphenylamine. In addition to the expected lithiation of the amine, a
carbon at the ortho position of one of the phenyl rings was also lithiated. These aryl lithium
groups aggregated with unreacted nBuLi to form a typical stacked alkyl/aryl lithium tetramer
cube. However, the lithiated amide component favoured a ladder arrangement. This resulted
in a structure containing both modes of aggregation, with the section between the two
showing bond angles and geometries which differ from either standard arrangement. This
hybrid structure showcases the potential mixed anion species have in developing new
aggregate structures.
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Figure 1-7: A mixed anionic structure from Snaith showing both stacking and laddering
components.101
There is a high likelihood that reported cases of exceptional or otherwise unexpected reactivity
in many reactions involving organolithium reagents is tied to intermediate aggregate
structures. However due to the high number of components in the reaction solution,
identifying the active component(s) responsible for the superbasic activity is difficult. For
mixed anion solutions it is common that aggregations will precipitate out as homogenous
species preferentially, despite heterogeneous mixtures existing in solution.16 This was
highlighted in a computational study by Goldfuss and co-workers showing that pure lithium
alkoxide cubic cores are energetically favoured over any mixed aggregate in a lithium
alkyl/alkoxide solution.102 It was noted that this tendency could be overcome by introducing a
disparity in steric bulk between the two components.102 This favours mixed aggregates to be
formed in order to minimise steric strain, however such an approach also restricts the range
of ligands which can be used.102 In many cases the energy differences between the aggregation
modes are small enough to allow for numerous species to exist fluxionally in solution. Such
fluxionality only increases the difficulty in determining the active species in solution. Should a
mixed structure be obtained there is the added complication whereby the two or more
components can form compounds with any number of stoichiometric ratios as shown in
Scheme 1-13. Any of these species may have a greater propensity to precipitate out as a
crystalline solid and may not be representative of the overall solution mixture. Additionally,
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multiple species existing in solution at once can also result in greater difficulty in achieving any
crystallisation at all.

Scheme 1-13: The possible tetramers able to be formed from a simplified alkyllithium/lithium
alkoxide mixture.
The bottleneck of having to acquire X-ray quality crystals remains the biggest limitation in
progressing our understanding of organolithium aggregates. From complicated mixed metal
systems, to even the most simple of alkyllithium compounds, this requirement can completely
halt advances in the field. Focussing on methods which maximise the chances of obtaining
solid state structures which have a high chance of correlating with solution state reagents will
help build a library of compounds which can further our understanding.
In order to study mixed systems, a simplified model reducing the number of components
would help minimise the additional complications in isolation and characterisation which
come with mixed species aggregations. The mixed metal LiCKOR style superbases contain four
components in the form of two metals and two anions. Single metal mixed anion systems are
comparatively simpler with three components. The system can be simplified further by having
a single organic ligand contain two different types of anion. By connecting the anions together
through an organic “tether”, the solution contains only two components with a single metal
and a single anionic ligand. Using these “tethered” ligands removes the potential for
homoanionic species to be isolated whilst also adding an additional structural restriction which
could induce new aggregation motifs and reactivities. Existing literature examples have
already shown some instances of novel aggregate structures arising from these tethered mixed
anions.23 If these model systems are able to maintain the same heightened reactivity as other
mixed anion aggregates they should give a more reliable correlation between solid state
crystal structures and solution phase reagents.
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1.4 Tethered mixed anions

Scheme 1-14: Overview of the synthesis of “ON’R” mixed anion organolithium compounds.
Earlier work in the Gardiner group developed a tethered phenol/amine mixed anionic
precursor “ON’RH2” shown in Scheme 1-14 and investigated the subsequent lithium aggregate
structures.103 The initial lithiation was observed to be directed to the phenol group as expected
from its higher relative acidity compared to the secondary amine. These monolithiated ligands
led to the formation of standard phenoxide stacked tetramer aggregates. Interestingly,
following dilithiation of the ligand, one structure was shown to build directly onto this
monolithiated core, with lithium amide “wings” built off the edges of the cube. However, it
was observed that most dilithiated ON’R ligands aggregated to form more standard stepped
ladder arrangements. Each contained a lithium alkoxide ring at the centre of the ladder with
lithium amide sections projected to either side to produce a four rung ladder system. Three of
these ON’R aggregations are shown in Figure 1-8.

Figure 1-8: Examples of a stepped ladder, grafted ladder and winged tetramer isolated during
previous investigations into lithiated ON’R ligands.103
During the investigations it was serendipitously discovered that some of these ladders showed
high reactivity towards ethereal solvents resulting in C-O bond cleavage. Most of the ladders
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isolated showed a lone methylene group of the ligand projected into the space above the
ladder and in these instances ethereal attack was not observed. However the steric bulk of the
2,6-diisopropylaniline substituted ligand ON’DIPP resulted in the methylene group taking an
alternate conformation which opened this site. This ON’DIPP ladder showed activity towards
diethyl ether, dimethoxyethane (DME) and the asymmetric ether t-BuOCH2CH2OMe shown in
Scheme 1-15. Computational studies on binding of the ethereal molecules to this ladder placed
the -carbon in close proximity to a nearby amide, leading to deprotonation and subsequent
C-O bond cleavage. Furthermore, isolation of the products following the attack on the
asymmetric ether t-BuOCH2CH2OMe showed that the C-O bond cleavage only occurred on the
t-butyl side of the molecule, with the methyl ether untouched. Though attack on ethereal
solvent is not uncommon in alkali metal compounds, this type of selectivity in dealkylation is
desirable in the development of deliberate reagents.

Scheme 1-15: Summary of the reactivity found towards ether molecules from
[Li4(ON’DIPP)2(THF)4].
It was only through noting the repeated isolation of monolithiated structures from dilithiating
conditions and subsequently investigating deeper to find the ether fragments that this
reactivity was discovered. The reactivity was in no way anticipated, was retroactively
understood, and could have easily been missed. Our understanding of such systems is still
limited and further development and research into organolithium superbases relies heavily on
empirical advances.
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This project was aimed to help develop a broader understanding of structural features
adopted by mixed anionic aggregates, with the goal of gaining insights to better predict
reaction outcomes. A series of tethered mixed anion precursors using the molecular
framework shown in Figure 1-9 were developed and lithiated. As was discussed in Section 1.3,
minimising the number of components in this manner removes the possibility of metal
exchange and precipitation of aggregates containing only a single type of anion. This
maximises the potential for isolating crystalline compounds which reflect the species which
exist in solution. Using tethered ligands also had the benefit of being able to control the
flexibility of the ligand through alterations to the length of the tether. By placing an amide
directly between two aryl groups, it was anticipated that the steric restrictions around the
amide would help force new lithium aggregate arrangements and reactivity. Conversely,
introducing a methylene group into the ligand adjacent to the amide should increase the
flexibility of the ligand. Comparing the lithium aggregates obtained from the two ligand sets
would show whether the restrained amide environment is effective in promoting new
aggregate formations. In addition to the structural investigations, it was of interest whether
increasing the steric restrictions around the ligands is effective in inducing heightened
reactivity in the lithium aggregates by increasing the steric strain in these structures.
By systematically altering the steric bulk of the ligand, the length of ligand tether as well as the
presence of any additional Lewis basic solvents, a library of closely related lithium aggregate
structures could be obtained. Comparing these aggregates will help to determine the
structural properties governing their formation. Additionally, these comparisons should assist
in identifying the structural requirements for any induced superbasic activity observed during
this project.

Figure 1-9: The molecular motif for the mixed anion precursors.
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Chapter 2: Synthesis of protonated precursors for
tethered mixed anionic ligands
2.1 Introduction
As mentioned in Chapter 1.4, earlier work by the Gardiner group involved the lithiation of a
set of tethered mixed anionic ligand precursors. These ligand precursors were composed of a
phenol ring coupled to an aniline substrate through a methylene linker shown in Figure 2-1.
By altering steric bulk around the aniline group, they were able to investigate the effects of
altered sterics on the mixed anion system whilst minimising electronic changes. The structures
and reactivity that emerged from this set prompted further investigations along this type of
structure. A new ligand motif was developed with the methylene group bound to the amine
removed and a new methylene group introduced between the alcohol and aryl ring. This grants
the subsequent alkoxide greater freedom in positioning whilst restricting the amide between
two aryl rings. In addition, a ligand set combining both a methylene linked amine and
methylene linked alcohol was developed. This resulted in a ligand in which both the alkoxide
and amide have greater flexibility to coordinate. By altering the aniline components in these
two ligand sets, we planned to continue the effort to systematically investigate organolithium
aggregates built from simple mixed anion ligands.

Figure 2-1: The molecular motifs of the mixed anion precursors O’NRH2 and O’N’RH2. These
ligands were based on ON’RH2 ligands investigated in an earlier project.103
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2.2 Results and discussion
2.2.1 O’NR Synthesis
In order to synthesise the O’NRH2 ligand precursors, a short two step procedure shown in
Scheme 2-1 was developed, coupling the desired aniline to 2-bromobenzoic acid, then
reducing the carboxylic acid to an alcohol.

Scheme 2-1: Planned synthetic route for the O’NRH2 ligand precursors.
A modified literature procedure was successfully applied to the coupling of the 2bromobenzoic acid and aniline procedure using a copper catalyst and potassium carbonate
base in refluxing DMF.104 It was found that copper(II) oxide could be used as a catalyst in place
of the reported copper(I) oxide provided the reaction flask was open to air when the reaction
was heated at reflux. Attempting the same reaction under an argon atmosphere gave little to
no conversion, suggesting the catalyst required an oxidative source during the reaction cycle.
Reactions using copper(I) oxide did not show a significant improvement with similar yields
whilst copper(II) acetate gave yields of 10-20 % under the same conditions. As a result,
copper(II) oxide was chosen due to its low cost and accessibility. The work up and purification
also followed the literature method,104 basifying the reaction mixture with a NaOH solution
then extracting with a non-polar solvent. This allowed for a quick removal of DMF and excess
aniline as the deprotonated acid remains in the aqueous phase. Subsequent protonation
enabled the recovery of the aniline coupled material, with the desired product precipitating
out more readily compared to any side products or remaining 2-bromobenzoic acid.
The reduction of the coupled acid was performed using lithium aluminium hydride in THF at
room temperature. Initially the workup was attempted using common quenching agents
including ethyl acetate, methanol and water. However, the 1H NMR spectrum of the crude
material from these reactions showed an inconstant number of minor resonance peaks
surrounding the characteristic methylene resonance at 4.5-5.5 ppm. Though these
unidentified side products were able to be removed by silica column chromatography, a
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reliable and consistent synthetic path was desired to produce the O’NRH2 ligand precursors.
As such, a step was introduced in an attempt to circumvent this issue by converting the acid
to an ester beforehand to give an easier reduction target, with both the methyl and ethyl ester
tested. However, the reduction of these esters showed only a marginal improvement in
reducing the amount of unwanted side products. In order maximise yield whilst avoiding
additional purification steps, the work up procedure was examined. It was discovered that by
using Na2SO4.10H2O (Glauber’s salt) as the quenching agent and stirring overnight the alcohol
was able to be consistently obtained in high yields.
Despite the 1H NMR spectra showing a single product, the O’NRH2 compounds would take the
form of a viscous oil for some time until they would completely solidify, often giving a
crystalline material. The time taken for the oils to solidify varied between compounds with
times from one hour for O’NMesH2 to multiple weeks for O’NPhH2 observed. Once the
crystalline solid was obtained it could be used to seed future reaction outcomes, rapidly
increasing the rate of crystallisation often allowing for near instant solidification. Some
literature examples identifying O’NPhH2 as an oil at room temperature may be the result of
this unusual property.105,106 One publication described the compound as a solid but did not
mention the properties observed in this project.107
Lithiation investigations using the crude oil product were unsuccessful in obtaining crystalline
solids. Furthermore, the solutions which resulted also were darker in colour than those which
resulted from the lithiation of the solid ligand precursors. Trace amounts of THF were observed
in the 1H NMR spectrum of the crude oils, even after the material was placed under vacuum
at 50oC for three hours. The retention of solvent molecules in the viscous oil showed the
potential for this material to introduce air or water contamination after undergoing degassing
under Schlenk conditions. As such, in order to maintain reliable reaction conditions as well as
for experimental convenience, all ligand precursors were converted to its solid form before
lithiation in all subsequent reactions.
The methodology described above was successfully applied for the coupling and subsequent
reduction of four aniline substituents, including phenyl (O’NPhH2), 2,4-dimethylphenyl
(O’NPhMe2H2), 2,4,6-trimethylphenyl (O’NMesH2) and 4-isopropylphenyl (O’NPhiPrH2) with
yields shown in Scheme 2-2. The synthesis of the 2,6-diisopropylphenyl substituted molecule
O’NDIPPH2 was attempted as the effects of its high steric bulk on the structure of the lithiated
aggregate were of interest. However, the established coupling method gave significantly lower
yields than the other anilines, likely as a result of the increased steric bulk around the amine.
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In addition, high amounts of decomposition were seen following the reduction of the coupled
product. The crude mixture also showed sensitivity to silica based purification and O’NDIPPH2
was unable to be obtained in acceptable purity. This combination of factors lead to this ligand
being unsuitable for large scale usage without significant modification of the synthetic
pathway and was not investigated further.

Scheme 2-2: Synthesis of the O’NRH2 ligand precursors with yields and abbreviations shown.
Following the reduction of the carboxylic acid, the 1H NMR spectrum showed a characteristic
singlet between 4.5-5.0 ppm for each of the molecules corresponding to the newly formed
methylene group. This was far enough from both the aromatic region as well as the majority
of typical hydrocarbon resonances to allow for easy identification of both the ligand precursor
and subsequent lithiated ligands.
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The primary amine O’NH3 was also synthesised to examine the effects of reducing the steric
bulk around the amine group as much as possible whilst still retaining the same core motif.
The molecule was synthesised by reducing anthranilic acid using reduction methodology
detailed earlier to give O’NH3 in a single step shown in Scheme 2-3. O’NH3 did not show the
same tendency as the aniline coupled O’NRH2 molecules to initially form as a viscous oil and
was instead readily obtainable as a yellow crystalline material.

Scheme 2-3: The reduction of anthranilic acid to give O’NH3.

2.2.2 Synthesis of O’N’RH2
Following the success in synthesising the O’NR ligand set, a similar initial pathway was planned
for the synthesis of O’N’RH2 ligand precursors shown in Scheme 2-4. Starting with 2(bromomethyl)benzoic acid a substituted aniline substrate was coupled through a nucleophilic
aliphatic substitution. Following this, a reduction of the carboxylic acid was planned in order
to obtain the desired O’N’R structure.

Scheme 2-4: The initial planned synthetic route for O’N’RH2.
The coupling step was initially unsuccessful, utilising typical aliphatic amine-halogen
substitution conditions with 2-(bromomethyl)benzoic acid and the chosen aniline in refluxing
acetonitrile or methanol with a carbonate base gave no reaction and returned starting
materials. This was attributed to the carboxylic acid interfering with the reaction, and as such
a methyl esterification step was introduced. Refluxing 2-(bromomethyl)benzoic acid with an
excess of thionyl chloride and methanol was able to convert the acid group to a methyl ester.
The coupling was then successfully undertaken using aniline in the earlier attempted
conditions. However 1H NMR spectroscopy showed a varying amount (20-40 %) of an
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unexpected secondary product. Furthermore, when the crude material was washed with
water or acid, the 1H NMR spectrum showed complete conversion of the coupled ester to this
secondary product. This material was isolated and recrystallised from THF and hexanes with
the crystals identified by X-ray diffraction as 2-phenylisoindolin-1-one shown in Scheme 2-5.

Scheme 2-5: The successful esterification and aniline coupling, followed by unexpected ring
closure.
As the conversion was found to occur through the addition of a proton source, care was taken
to minimise exposure to water with dry reaction conditions and only a brief wash with ice cold
water during work up to remove the carbonate salts. Through this, the coupled ester was able
to be obtained and used in the subsequent reduction using LiAlH4 in THF. However, the product
of the reduction was identified by 1H NMR spectroscopy and X-ray diffraction as 2phenylisoindoline.
Due to the unexpected ring closure observed for the methyl ester, the coupling of the 2(bromomethyl)benzoic acid was re-examined. It was suspected that the carboxylic acid was
deprotonated by the inorganic bases and the subsequent ionic species was interfering with
the halide substitution. It was found that by using triethylamine as a base instead successfully
allowed for the coupling to complete. Unfortunately ring closure was again observed following
work up when exposed to proton sources as well as during the subsequent reduction step. As
the ring formation was believed to occur by nucleophilic addition of the nitrogen to the
carbonyl group on the acid or ester, reducing the acid to an alcohol before the coupling was
attempted.
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Due to the halide in the molecule, LiAlH4 could not be used as the reducing agent. An attempt
was made to convert the carboxylic acid to an acid chloride following literature methodology
by heating under Schlenk conditions with thionyl chloride.108 The acid chloride was then
planned to be reduced using NaBH4 in order to retain the halide. The first step was successful,
with the acid chloride isolated in quantitative yields and characterised by both 1H NMR and Xray crystal structure determination. However the acid chloride was less reactive than
anticipated and the attempted reduction at room temperature showed no reactivity and
heating resulting in decomposition. Using diisobutylaluminium hydride (DIBAL-H) to selectively
reduce the acid was also attempted.109 This resulted in another instance of unexpected ring
closure and formation of isobenzofuran-1(3H)-one identified by 1H NMR and X-ray crystal
structure determination. The results of these reactions are summarised in Scheme 2-6.

Scheme 2-6: Acid halide formation and attempted reduction outcomes.
Due to the propensity of these compounds to undergo ring closure, a new synthetic pathway
was investigated. Phthalic acid was reduced to 1,2-benzenedimethanol (3a) and then
desymmetrised with a chlorine substitution in order to obtain the chloroalcohol (2(chloromethyl)phenyl)methanol (3b) shown in Scheme 2-7. This allowed for the coupling step
to take place without the presence of a carbonyl group.

Scheme 2-7: The revised synthetic pathway for the O’N’RH2 ligand precursors.
The reduction was performed using the same reaction conditions as was used for the synthesis
of O’NR. However, the addition of approximately two mass equivalents of Glauber’s salt and
overnight stirring resulted in obtained in a yield of 3a of approximately 50 %. Further addition
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of Glauber’s salt did not improve this yield. Instead, following the initial filtration, the lithium
salts were collected and stirred for one hour in 50 mL of THF with 2-3 mL of water. It was found
that adding water before the first filtration was less effective than collecting the filtered salts
and stirring in fresh THF. In addition, adding the water shortly after the addition of Glauber’s
salt resulted in decomposition as did quenching with methanol/water without Glauber’s salt.
Furthermore whilst yields could be increased by repeated macerations of the lithium salts,
increasing amounts of decomposition products could be seen in the 1H NMR spectrum
following each extraction. Due to this, the additional maceration step was only performed
once to avoid contamination.

Scheme 2-8: Reaction outcomes of the new synthetic path to obtain the coupling target (2(chloromethyl)phenyl)methanol 3b.
Following the reduction, the chlorination methodology was used directly from Lindsell et al.,
heating the dialcohol 3a in toluene for 2.5 hours with two equivalents of concentrated
hydrochloric acid afforded the chloroalcohol 3b in 84 % yield.110 Conveniently, the substitution
of the second alcohol was found to occur significantly slower than the initial desymmetrising
chlorination. The chloroalcohol 3b was able to be isolated as a colourless crystalline solid.
Often a yellow or orange colour was present after crystallisation due to a trace amount of a
side product which inconsistently formed during the reaction but this showed no effect on
further reactivity. Products and yields of the reduction and chlorination step are shown in
Scheme 2-8.
The conditions for aniline coupling using triethylamine as a base was then performed on the
chloroalcohol 3b to give O’N’RH2. It was observed that heating the reaction increased the
formation of side products for all aniline partners tested. Fortunately, the phenyl and 2,4,6trimethylphenyl anilines were able to be coupled at room temperature. However, the coupling
of 2,6-diisopropylaniline did not proceed at room temperature and required either bromine
or iodine substitution through a Finkelstein halogen exchange in order to for the reaction to
proceed. No advantageous result was observed when the halide substitution was performed
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separately before the coupling as opposed to an in situ exchange. As such, the halide exchange
was performed through the addition of a sodium halide salt to the reaction mixture. Sodium
bromide was added in the coupling of O’N’MesH2, as it allowed for overnight conversion at
room temperature. Similarly, sodium iodide was used in the synthesis of O’N’DIPPH2 as it
allowed for overnight conversion at room temperature whilst the bromide required several
days for the reaction to complete.
While performing the coupling reaction at room temperature minimised the formation of side
products, a major secondary product was still observed. The 1H NMR spectrum of the crude
material after work up showed the ratio of the two products as 1:0.6. This undesired side
product was observed to disappear when an excess of aniline was used in the reaction.
Conversely, when using less than a single equivalent of aniline the formation of the side
product increased. By using 0.9 equivalents of aniline, the yield of the secondary product was
maximised and isolated by a combination of flash chromatography and recrystallisation. X-ray
diffraction performed on the crystals showed an aniline with two aryl alcohol substituents
bound to the amine as shown in Scheme 2-9.

Scheme 2-9: The reaction outcomes from the coupling of (2-(chloromethyl)phenyl)methanol
3b with substituted aniline molecules.
The formation of the dialcohol even with a stoichiometric addition of aniline or involving a
sterically bulky aniline was attributed to the increased nucleophilicity of the secondary amine
compared to the primary aniline. Attempts to minimise the formation of this tertiary amine
through altering the reaction conditions without increasing the amount of aniline used were
unsuccessful. Lowering the amount of base used or stepwise addition of the alcohol gave
either the same ratio of aminoalcohol:aminodialcohol or showed incomplete coupling.
Furthermore, the product ratio was not found to change regardless of whether the halide
substituted was a chloride, bromide or iodide group.
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Though using an excess of aniline was observed to maximise the yields of the O’N’RH2
compounds, removing the unreacted aniline was found to be unexpectedly difficult. Removing
the aniline by distillation was attempted, however the high boiling point of aniline forced a
high temperature to be required even under a strong vacuum. Furthermore, the aniline acted
as a solvent to the product and as the solution was concentrated down it formed a highly
viscous oil after which the remaining aniline proved exceedingly difficult to remove. This
resulted in heating the crude oil at >100oC for more than an hour to completely remove the
aniline, with longer times for the anilines with higher boiling points. Due to these conditions,
decomposition of the ligand precursor during the distillation was a concern. Both O’N’MesH2
and O’N’DIPPH2 showed new compounds having formed before the distillation was complete
when analysing the concentrated oil by 1H NMR spectroscopy. For this reason alternate
methods of purification were investigated.
It was hoped that by acidifying the crude mixture though the addition of hydrochloric acid, it
would be possible preferentially converting either the unreacted aniline or the coupled
product to an amine salt. Following this, the mixture was extracted with water and toluene to
separate the salts from the remaining amines. However, this was surprisingly unsuccessful as
the component ratio remained unchanged in both the aqueous and organic phases.
While column chromatography could be used for separation, the mass recovered was less than
expected.

1

H NMR spectroscopy on the eluate showed new resonances indicating

decomposition was occurring on the silica. O’N’DIPPH2 showed the most decomposition with
attempts returning less than 10 % of the expected yield. Doping the silica with triethylamine
before use gave a slight improvement in yield, but was still far less than desired. The outcomes
of the final purification methods used are summarised in Scheme 2-10.
The mesityl compound O’N’MesH2 showed poor solubility in diethyl ether. This allowed for the
recrystallisation of O’N’MesH2 by dissolving the crude oil in a mixture of diethyl ether/hexanes
and cooling the solution to -25oC. Impurities that precipitated alongside the O’N’MesH2
crystals were removed by washing with diethyl ether. Repeating these steps allowed for
reliable isolation of up to 30 % of the ideal yield. The remaining O’N’MesH2 was unable to be
isolated by this method as additional crops were too low yielding and time consuming to be
practical. This method was found to be less effective for the purification of O’N’PhH2 and
O’N’DIPPH2. Whilst similar recrystallisation methods could be used in order to obtain a
crystalline solid, impurities co-precipitated and no solvent mixture was found to remove them
whilst leaving the ligand precursor behind. Due to this purification by crystallisation, while
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possible for both O’N’PhH2 and O’N’DIPPH2, came with long crystallisation times, low reliability
and poor yields. As such column chromatography was used to purify O’N’PhH2 despite the
decomposition and large loss of mass. In addition a second recrystallisation step was often
required to remove some decomposition products. Only minor amounts of 2,6diisopropylaniline alcohol were able to be isolated by repeated low yielding recrystallisation
attempts. As these three ligand precursors proved difficult to isolate, further work in this area
would prioritise the development of a more efficient synthetic path. However due to time
restrictions these methods were used to isolate enough material to perform preliminary
studies on the lithiated O’N’R ligands.

Scheme 2-10: Final reaction conditions, purification methods and yields with ligand precursor
abbreviations shown.
The difficulties in purification of O’N’RH2 prompted the synthesis of the isopropylamine
substituted structure O’N’iPrH2 shown in Scheme 2-11. The lower boiling point of
isopropylamine allowed for an excess of the reagent to be used preventing the formation of a
di-coupled amine. The excess isopropylamine also acted as a base removing the need to add
triethylamine. The reaction proceeded at room temperature. By adding toluene, then washing
the solution with water and removing the evaporating the solvent under vacuum the excess
isopropylamine was able to be removed. O’N’iPrH2 remained as an oil and was able to be used
without further purification.
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Scheme 2-11: The synthesis of O’N’iPrH2.

2.2.3 Discussion of molecular structures
Though not the focus of the project, crystals suitable for X-ray crystallographic investigation
were attempted to be grown for each of the ligand precursors.
Crystals large enough for X-ray crystallographic investigation were able to be obtained
following the solidification of O’NPhMe2H2 and O’NMesH2 discussed in Section 2.2.1. Though
O’NPhH2 and O’NPhiPrH2 formed crystalline solids when solidifying, the uncontrolled
crystallisation produced crystals unsuitable for investigation. Crystals of O’NH3 were able to be
obtained, however the crystal structure has been reported previously and as such will not be
discussed.111 Attempts to recrystallise the O’NRH2 compounds through standard methods such
as solvent layering and slow evaporation were unsuccessful, with the compounds forming an
oil and only solidifying once the solvent was completely removed.
Crystals of O’N’MesH2, and O’N’DIPPH2 suitable for X-ray crystallographic investigation were
able to be obtained through recrystallisation of the compounds by slow evaporation of a
saturated THF solution. Crystals of O’N’PhH2 suitable for investigation were unable to be
obtained whilst O’N’iPrH2 formed an oil at room temperature.
Yellow plate crystals of O’NPhMe2H2 suitable for x-ray crystallographic determination were
grown from slow evaporation in THF. The molecule crystallised in the rhombohedral space
group R3, a = 22.8300(5) Å, b = 22.8300(5) Å, c = 12.5676(3) Å, with 18 O’NPhMe2H2 molecules
in the unit cell and the asymmetric unit consisting of a single O’NPhMe2H2 molecule. The
crystal structure of O’NPhMe2H2 2b is shown in Figure 2-2.
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Figure 2-2: Crystal structure of O’NPhMe2H2 showing intermolecular hydrogen bonding.
Thermal ellipsoids drawn at 20 % probability. Carbon bound hydrogens removed for clarity.
The two aryl rings in the O’NPhMe2H2 molecule were twisted out of plane with a dihedral angle
of 54.5o. The amine showed intramolecular hydrogen bonding with the alcohol with a O-HN
distance of 2.19 Å. The alcohol also showed intermolecular hydrogen bonding between other
alcohols with OH-O bonds of 1.92 Å, resulting in a hexameric cluster forming between six
O’NPhMe2H2 molecules.
Yellow needle crystals of O’NMesH2 suitable for x-ray crystallographic investigation were
grown from slow evaporation in THF. The crystals belonged to the monoclinic space group P21,
a = 11.5307(7) Å, b = 4.9417(3) Å, c = 11.9909(7) Å,  = 103.458(3)o with two O’NMesH2
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molecules in the unit cell and the asymmetric unit consisting of a single O’NMesH2 molecule.
The crystal structure of O’NMesH2 2c is shown in Figure 2-3.

Figure 2-3: Crystal structure of O’NMesH2 showing intermolecular hydrogen bonding. Thermal
ellipsoids drawn at 20% probability and carbon bound hydrogens removed for clarity.
Compared to O’NPhMe2H2, O’NMesH2 shows a larger dihedral angle between the aryl groups
at 76.9o, likely a result of the additional methyl group leading to the aryl rings being favoured
closer to perpendicular. As with O’NPhMe2H2, the amine in O’NMesH2 showed intramolecular
O-HN hydrogen bonding with a slightly longer interaction at 2.22 Å, whilst the intermolecular
1.86 Å OH-O bond was shorter than what was observed in O’NPhMe2H2. The intermolecular
interactions resulted in the O’NMesH2 molecules forming a series of polymeric chains.
Yellow plate crystals of O’N’MesH2 suitable for x-ray crystallographic investigation were grown
from slow evaporation in THF. The crystals belonged to the monoclinic space group P21, a =
11.5307(7) Å, b = 4.9417(3) Å, c = 11.9909(7) Å,  = 103.458(3)o with two O’N’MesH2 molecules
in the unit cell and the asymmetric unit consisting of a single O’N’MesH2 molecule. The crystal
structure of O’N’MesH2 4b is shown in Figure 2-4.
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Figure 2-4: Crystal structure of O’N’MesH2 showing intermolecular hydrogen bonding. Thermal
ellipsoids drawn at 20% probability and carbon bound hydrogens removed for clarity.
O’N’MesH2 showed intermolecular 1.93 Å OH-N bonds with a single other molecule giving a
closed dimeric arrangement. Intramolecular were also present O-HN bonds at 2.19 Å long. The
mesityl and phenyl rings in each molecule arranged in close to the same plane, with a dihedral
angle of 13.1o between the two rings. The dimers arranged themselves in a series of stacked
sheets which are offset enough that they do not show any clear sign of  stacking nor any
hydrogen bonding interactions with other dimers.
Colourless block crystals of O’N’DIPPH2 suitable for x-ray crystallographic investigation were
grown from slow evaporation of a THF/hexanes solution. The crystals belonged to the
monoclinic space group P21/n, a = 20.5118(6) Å, b = 8.9564(3) Å, c = 20.6964(7) Å,  =
111.705(1)o with eight O’N’DIPPH2 molecules in the unit cell and the asymmetric unit
consisting of a two O’N’DIPPH2 molecules. The crystal structure of O’NDIPPH2 4c is shown in
Figure 2-5.
Unlike the other three ligand precursors, O’N’DIPPH2 contained two molecules in the
asymmetric unit with slight differences in their orientation. Both of the O’N’DIPPH2 molecules
hydrogen bonded to an identically orientated molecule through OH-N interactions. An
intramolecular O-HN interaction was also present. One of the dimers showed an OH-N
distance of 1.97 Å and O-HN of 2.15 Å whilst the other shows a shorter OH-N distance of 1.84
Å and a longer 2.22 Å O-HN interaction. This is the only example of an alternate conformation
found in the structures discussed in this chapter. The inequivalent conformations are likely the
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result of the increased steric bulk of the DIPP groups combined with the wide range of possible
rotational conformations the isopropyl groups can take resulting in multiple favourable
conformations for the O’N’DIPPH2 molecules. In addition, unlike the O’N’MesH2 dimers, the
O’N’DIPPH2 dimers did not arrange themselves into clean sheets, with the isopropyl groups
projected above and below the plane of the rings preventing clean stacking.

Figure 2-5: Crystal structure of O’N’DIPPH2 showing hydrogen bonding. Thermal ellipsoids
drawn at 20% probability. Carbon bound hydrogens and the second O’N’DIPPH2 dimer
conformation removed for clarity.
In both O’N’RH2 structures, the intermolecular hydrogen bonding was observed to occur
between the hydroxide and amine groups. Conversely the two O’NRH2 structures show
intermolecular bonding through the alcohol groups alone, with O-HN showing intramolecular
interactions. This may be a result of the amine bridging two aryl groups in the O’NRH2
molecules, resulting a more sterically congested environment, disfavouring the amine from
interacting with other molecules. In the O’N’RH2 structures, the added methylene group
reduced the steric congestion around the amine whilst also enabling greater flexibility in the
conformations the aryl rings could take.
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2.3 Conclusion
Synthetic pathways were successfully developed for two tethered amino-alcohol proligand
sets abbreviated as O’NRH2 and O’N’RH2. A two step coupling and reduction allowed access to
the O’NR ligand set and was successfully applied to four different aniline substituents to give
O’NPhH2, O’NPhMe2H2, O’NMesH2 and O’NPhiPrH2. In addition the unsubstituted primary
amine O’NH3 was obtained from the reduction of anthranilic acid. The synthesis of O’N’RH2
ligand precursors was found to be more difficult with the initial synthetic pathway resulting in
uncontrolled ring closure. Efforts to mitigate the unwanted reactivity were unsuccessful and
an alternate pathway was established where the carboxylic acid group was removed before
the amine coupling. Through this ordering the O’N’RH2 molecules were able to be acquired
with a three step modular synthesis. The first two steps of reduction and halide substitution
were high yielding and did not require additional purification. The final coupling step was
successful granting four ligand precursors, O’N’PhH2, O’N’MesH2, O’N’DIPPH2 and O’N’iPrH2.
However, the formation of major side products and difficulties in purification resulted in low
overall yields as well as poor repeatability for obtaining ligands in acceptable purity. These
issues were unable to be overcome in the timespan of this project and as such preliminary
studies of the lithiated O’N’R ligands were restricted in scale to allow for the maximum number
of reactions.
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Chapter 3: Lithiation of tethered mixed anion
ON’RH2 ligands
3.1 Introduction
The small size and flexible bonding of the lithium centre leads to organolithium aggregations
being dominated by the features of the anionic ligand and solvent. The size of the aggregate,
and the number of lithium atoms contained within, is restricted by the bulk and binding
requirements of the ligands. This often leads to the contained stacking arrangements seen in
simple alkyllithium and lithium alkoxide species.8 However, with the introduction of multiple
types of anions, pathways for the aggregations to grow in size beyond dimers, tetramers and
hexamers become accessible. The use of dianionic ligands can allow for an increased number
of lithium atoms without an equivalent increase in steric bulk. The ligand framework of a
tethered dianionic ligand can also restrict the position the anions, and therefore the
coordinated lithium atoms, can take when aggregating. These factors, combined with mixed
aggregation tendencies from different anions, allow tethered mixed anionic ligands to form
larger and more complex aggregates. These larger structures are beginning to be understood
through the addition of Li-R groups to existing aggregate motifs such as tetramers and
hexamers. As more of these higher lithium nuclearity aggregates are isolated, new terms to
describe such structures have also been developed.

Figure 3-1: Hexameric and octahedral representation of a Li6O6 core.
The Li-O bonds which form the basis of lithium alkoxide aggregations lead to an arrangement
which is described as a stacked hexameric ring. However an alternate description focuses on
the positioning of the lithium atoms shown in Figure 3-1 and views the structure as an
octahedral arrangement of the six lithium atoms with oxygen atoms coordinated to three
lithium atoms. This relationship can be reversed freely to give an octahedral arrangement of
oxygen atoms as shown in Figure 3-2. The octahedral representation of a hexameric compound
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would leave two faces of the structure open as the six coordinating atoms are not sufficient to
coordinate all eight faces. Lithium atoms binding to these two positions have been referred to
as “capping” lithiums as they fill the remaining triangular O3 faces and “cap” the faces of the
octahedron.112 The positioning of the eight lithium atoms which make up these capped
aggregates also results in the formation a lithium cube, giving a third representation for these
structures.

Figure 3-2: Three representations of an eight lithium “capped” aggregate.
A number of compounds containing an eight lithium-capped hexameric aggregate core have
been isolated.113–119 Capped hexamers have also been developed with coordinated metalloids
at the capping positions.120,121 Two examples of these capped hexamers are shown in Figure 33.116,120 However once the capping coordination sites are occupied, the loading of additional
lithium atoms will require new binding sites. Literature examples reveal a number of ways this
additional loading of lithium can occur.113,115,118

Figure 3-3: (I) The capped hexamer [Li8(OH)6(THF)8]2+ identified by Davies et al.,
[PhP(Te)2CH2CH2P(Te)2Ph]2- counter ion not shown.116 (II) The mixed metal capped hexamer
[Li6Sb2(PCy)6(NMe2)6] isolated by Benswick et al.120
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A Li12P6 molecule III (Figure 3-4) isolated by Tschirschwitz et al. showed a complete eight
lithium capped hexamer.118 Following this three additional lithium atoms were bound directly
to the faces of the cage and a single lithium was contained inside the cage itself. Though these
four coordination sites may appear applicable to all capped hexamer structures, the lack of
analogous aggregates reported suggests that this motif may be enabled by the large
phosphorous anion. The longer Li-P bonds of the lithium phosphorous cage produces a larger
cavity than alkyllithium and lithium alkoxide capped hexamers, opening a site for an additional
lithium atom to coordinate. In addition lithium atoms bound across the face of the capped
hexamer have not been reported in alkyl/alkoxide cages suggesting that this arrangement may
also be enabled by the longer P-Li bonds.

Figure 3-4: A Li12P6 structure isolated by Tschirschwitz et al. (III).118
A 20 lithium aggregate formed from a very rare dilithiated primary amide IV (Figure 3-5)
showed the formation of a 16 lithium fused capped hexamer core.115 However, lacking
additional coordination sites, the four remaining lithium atoms bonded to only a single amide
and a diethyl ether group. This structure shows a higher lithium count leading to greater
competition for coordination, and resulting in a coordination state which would typically be
considered highly unfavoured.
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Figure 3-5: [(Li20(NC10H7)10(Et2O)6] isolated by Armstrong et al. (IV).115
Another twelve lithium structure V (Figure 3-6), reported by Neumann et al., showed an
alkyl/amido heteroanionic hexamer core with a fan like Li3 protrusion and an aryl coordinated
lithium atom.113 This arrangement leads to a less symmetric aggregation compared to the
previous examples. As a result, the lithium atoms are in dramatically different environments
with the four extra lithium atoms binding at the available sites. Such a structure is an
exemplary example how mixed anionic species can disrupt the more established aggregation
motifs and force new and more complex arrangements.

Figure 3-6: A Li12N5(CH3)2 structure isolated by Newmann et al. (V).113
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3.2 Results and Discussion
3.2.1 Lithiation O’NRH2 ligands
In order to build a library of mixed anion organolithium compounds for study, the ligand
precursors O’NPhH2, O’NPhMe2H2, O’NPhiPrH2, O’NMesH2 and O’NH3 detailed in Chapter 2
were lithiated using nBuLi. These reactions were performed in a range of Lewis basic and nonLewis basic solvents including THF, DME, TMEDA, toluene and diethyl ether in order to
maximise the number of compounds for comparison. From these reactions, X-ray
crystallographic quality crystals were attempted to be grown from each of the reaction
solutions, with successful attempts described below. In addition, during the course of these
experiments a series of structures containing solvent fragments were isolated. These
structures are discussed separately in Chapter 4.
The compounds which were able to be isolated consistently showed very poor solubility in
hydrocarbon solvents, and, for many cases, in the more polar solvent diethyl ether. As a result
THF proved to be the most suitable solvent for NMR spectroscopic analysis. d8-THF however,
was prohibitively expensive for all necessary NMR spectroscopy experiments, necessitating
the use of non-deuterated THF and solvent suppression techniques. It was possible to obtain
1

H and 7Li spectra, though 13C signals remained too weak for assignment. Furthermore, the use

of a strong Lewis base has a significant chance of altering the structure in solution, especially
for crystals sourced from solvents other than THF. In some cases this change in solvent resulted
in what appeared to be complete decomposition of the lithium complex, most likely due to
solvent attack akin to several examples discussed later in this thesis. For these reasons the
discussion of the compounds will be focused predominately on crystallographic analysis.
Throughout the organolithium aggregations found in this project, the lithium centres showed
a wide variety of coordination states. As such, in order to concisely discuss the coordination
towards lithium centres in the structures reported throughout this thesis, the number and
identity of coordinated anions and solvating groups are listed in parenthesis.

3.2.2 Lithiated O’NPh aggregates
The dilithiation of O’NPhH2 in THF enabled repeatable isolation of a crystalline material in
quantitative yield following concentration of the solution and subsequent layering with
hexanes. When these crystals were analysed they were identified as the stepped ladder
[Li4(O’NPh)2(THF)5] 5 (Scheme 3-1).
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Scheme 3-1: Dilithiation of O’NPhH2 to give [Li4(O’NPh)2(THF)5] 5.
Yellow block crystals of the THF solvated complex [Li4(O’NPh)2(THF)5] 5 suitable for X-ray
crystallographic investigation were grown from a concentrated solution in THF carefully
layered with hexanes and left to stand overnight. The molecule crystallised in the triclinic space
group P1, a = 10.8648(4) Å, b = 14.2983(6) Å, c = 16.1587(5) Å,  = 73.694(2)o,  = 70.977(2)o,
 = 80.876(2)o with two [Li4(O’NPh)2(THF)5] molecules in the unit cell and the asymmetric unit
consisting of one [Li4(O’NPh)2(THF)5] molecule. The crystal structure of [Li4(O’NPh)2(THF)5] 5 is
shown in Figure 3-7.
The molecule showed two types of lithium centres, four coordinate (2O, N, THF) in the centre
alkoxide dimer ring and four coordinate (O, N, 2THF) at the terminal edges of the ladder. Each
of the terminal lithium atoms coordinated to two THF groups while the centre lithium atoms
coordinated to a single THF group, with approximate tetrahedral geometry observed for all
lithium centres. Though the coordination number of the lithium centres was consistent across
the aggregate, the coordination of the solvating THF groups was not symmetrical. One of the
THF groups was shared between a central lithium atom and a lithium atom on the outer edge
to form a bridge. The THF groups on the other end of the ladder were not observed to bridge
in this manner. This was unexpected due to the absence of additional groups in this region
that may prohibit the THF binding to the central lithium atom.
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Figure 3-7: Crystal structure of [Li4(O’NPh)2(THF)5] 5. Thermal ellipsoids drawn at 20 %
probability and disorder in solvating THF groups shown. Hydrogen atoms removed for clarity.
The bridging THF group in 5 was positioned closer to the centre lithium than the terminal
lithium with Li-O bond lengths of 2.072(3) Å and 2.237 (4) Å. The remaining THF groups showed
Li-O bonds ranging between 1.85-2.05 Å. The longer bonds observed in the bridging THF is
expected as the shared donation of electron density would weaken the Li-O interaction
compared to the terminal THF groups.
NMR spectra of [Li4(O’NPh)2(THF)5] 5 were obtained in THF as the compound was insoluble in
less polar solvents. The 1H NMR spectrum showed one methylene resonance at 4.66 ppm as a
singlet and six well resolved aromatic signals. The resonances showed a change in chemical
shift compared to the 1H NMR spectrum of O’NPhH2, but otherwise showed comparable
splitting patterns to the free ligand precursor. The asymmetric THF groups observed in the
solid phase structure were not reflected in solution as the 1H NMR resonances did not show
inequivalent resonances expected from slight differences in ligand environment. The 7Li
spectra showed a single resonance indicating free exchange of the lithium atoms in THF
solution.
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Many attempts were made to isolate a lithiated structure containing the O’NPh ligand from a
DME solution. Crystals were able to be obtained in a single instance from a 3:10 mixture of
DME:toluene, however this could not be replicated. Analysis of these crystals showed the
compound [Li(DME)3][Li11(O’NPh)6(DME)3] 6 (Scheme 3-2).

Scheme 3-2: Dilithiation of O’NPhH2 to give [Li(DME)3][Li11(O’NPh)6(DME)3] 6.
Yellow block crystals of the DME solvated complex [Li(DME)3][Li11(O’NPh)6(DME)3] 6 suitable
for X-ray crystallographic investigation were grown from a concentrated solution in 3:10
DME:toluene carefully layered with hexanes and left to stand overnight. The molecule
crystallised in the hexagonal space group P61 a = 16.926(2) Å, b = 16.926(2) Å, c = 84.780(17)
Å, with six [Li(DME)3][Li11(O’NPh)6(DME)3] units in the unit cell and the asymmetric unit
consisting of one [Li(DME)3][Li11(O’NPh)6(DME)3] ion pair. The crystal structure of
[Li(DME)3][Li11(O’NPh)6(DME)3] 6 is shown in Figure 3-8. The long c axis combined with the poor
crystal quality and subsequent data raised questions as to the validity of the above unit cell
and space group. However, numerous data collections from multiple crystals consistently gave
the long cell axis and analysis of the data gave superior statistical metrics when collected,
processed and solved in the hexagonal space group compared to lower symmetry solutions.
Heavily disordered DME molecules was present in the lattice but was unable to be effectively
modelled and were accounted for using the Olex2 solvent mask (e- = 333.5, V = 1307.3 Å3). Due
to the limited quality of diffraction data obtained, only general connectivity and geometry of
the structure is discussed.
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Figure 3-8: Crystal structure of [Li(DME)3][Li11(O’NPh)6(DME)3] 6. Thermal ellipsoids drawn at
20 % probability. Hydrogen atoms removed for clarity.
Compound [Li(DME)3][Li11(O’NPh)6(DME)3] 6 showed an eight lithium capped hexamer core
with three DME solvated lithium centres bound to bridging amide groups projected outwards
from the faces of the lithium alkoxide core. The remaining lithium atom was entirely solvated
by three DME molecules and acts as a counter cation to the larger anionic cage. A
conformational disorder was present in one of the bridging lithium centres as well as the
solvating DME group. The symmetry of the eleven lithium cluster resulted in four lithium
environments. Six four coordinate (3O, N) atoms showing tetrahedral bonding made up the
hexamer core. A pair of three coordinate (3O) atoms showing trigonal pyramidal bonding
capped the hexamer. Three four coordinate (2N, DME) atoms showing tetrahedral bonding
were present on each wing. Finally the counter ion was six coordinate showing octahedral
bonding with solvation from three DME groups.
The arrangement where lithium bridged amides strap across the face of a Li2O2 dimer was
observed often throughout the structures found in this project. In this thesis, this formation,
highlighted in Figure 3-9, will be described as a lithium amide “wing” as it protrudes outwards
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from the central cage. In the example structure shown in Figure 3-9, there are no Li-O
interactions for the “wing” lithium centres, but this varied with the Lewis basic solvent used
and size of the O’NR ligand.

Figure 3-9: Simplified representation highlighting the three sections of the Li11 aggregate motif,
with two “capping” lithium atoms (red) and three lithium amide “wings” (blue) bound to a
hexameric lithium alkoxide cage. The organic components of the ligands and any coordinated
solvent groups are not shown.
The winged capped hexamer shares similarities with the Tschirschwitz Li12P6 structure (III)
discussed in Section 3.1, however there are two key differences.118 The twelfth lithium atom
was observed to be positioned as a DME solvated counter ion rather than be contained within
the cage. This was likely due to the shorter Li-O bonds resulting in a smaller cage and
preventing the entrapment of a lithium atom in the centre. The second difference was that
the wing lithium atoms do not coordinate with alkoxide groups in the cage, instead only
coordinating to two amides and a single DME group. Currently there are no reported examples
of structures matching this eleven lithium capped winged hexamer motif.
The significant structural differences observed between the THF and DME adducts of Li2O’NPh
prompted interest in whether the structures would convert between one another or maintain
the same structural motif if the solvating groups were exchanged. Investigations were
undertaken to substitute the THF groups of [Li4(O’NPh)2(THF)5] 5 by redissolving the isolated
compound in DME. This substitution was unsuccessful with only 5 able to be reisolated as
crystals from the solution. Given that the bidentate DME molecule should be a more
competitive Lewis basic donor than THF this was an unexpected result. A sample of 5 in DME
was heated at 60oC overnight to further promote solvent exchange however no crystalline
material was able to be obtained. The substitution of the DME groups coordinated to
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[Li(DME)3][Li11(O’NPh)6(DME)3] 6 for THF was also attempted. No crystalline material was able
to be obtained following the attempted recrystallisation of 6 from THF. However, adding THF
to the crude reaction solution following dilithiation in DME enabled the lengthy
recrystallisation of a THF/DME solvated structure [Li(THF)4][Li11(O’NPh)6(THF)2(DME)] 7
(Scheme 3-3).

Scheme

3-3:

Dilithiation

and

solvent

substitution

of

O’NPhH2

to

give

[Li(THF)4][Li11(O’NPh)6(THF)2(DME)] 7.
O’NPhLi2H2 was lithiated in neat DME and the precipitate that resulted was dissolved upon the
addition of THF to give an approximate 1:1 DME/THF mixture. The solution was subsequently
carefully layered with hexanes and left to stand overnight to give yellow needle crystals of the
DME/THF solvated complex [Li(THF)4][Li11(O’NPh)6(THF)2(DME)] 7 suitable for X-ray
crystallographic investigation. The compound crystallised in the monoclinic space group P21/c
a = 14.4225(3) Å, b = 21.7446(4) Å, c = 35.3364(7) Å,  = 94.801(1)o, with four
[Li(THF)4][Li11(O’NPh)6(THF)2(DME)] units in the unit cell and the asymmetric unit consisting of
one [Li(THF)4][Li11(O’NPh)6(THF)2(DME)] ion pair. A THF molecule modelled to 1/3 occupancy
as well as a full occupancy THF molecule were present in the lattice. A heavily disordered THF
molecule was present in the lattice but was unable to be effectively modelled and was
accounted for using the Olex2 solvent mask (e- = 85.9, V = 336.7 Å3). The crystal structure of
[Li(THF)4][Li11(O’NPh)6(THF)2(DME)] 7 is shown in Figure 3-10.
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was

isostructural

to

[Li(DME)3][Li11(O’NPh)6(DME)3] 6, showing only a change of coordinated solvent. The
incomplete exchange of coordinating groups resulted in asymmetrical solvation, with two of
the wings solvated by THF and one by DME. The groups coordinating the counter ion were also
exchanged, giving a four coordinate [Li(THF)4]+ cation with a disorder on of the THF groups
observed in the crystal structure. Comparing [Li(THF)4][Li11(O’NPh)6(THF)2(DME)] 7 to
[Li(DME)3][Li11(O’NPh)6(DME)3] 6, the replacement of the bidentate DME groups with the
monodentate THF groups resulted in changing the bonding geometry of the solvated lithium.
The two wing lithium atoms which underwent solvent exchange show a decrease from four
coordinate to three coordinate with a shift to trigonal planar geometry, approaching T-shaped.
The free counter ion also changed from a six coordinate octahedral arrangement to a four
coordinate tetrahedral geometry as a result of the shift in coordinated solvent groups.

Figure 3-10: Crystal structure of [Li(THF)4][Li11(O’NPh)6(THF)2(DME)] 7. Thermal ellipsoids
drawn at 20 % probability. Disordered positioning of one coordinating THF group in the
[Li(THF)4] counter ion shown. Hydrogen atoms and lattice solvent removed for clarity.
The Li-O bonds which made up the central cage were found to range between 1.914(6)2.009(6) Å, within the range expected of typical lithium alkoxide bonds.10 An unexpectedly
short Li-O bond length of 1.80(1) Å was observed on one of the THF solvated wing lithium
atoms. The N-Li bonds for this lithium showed only a minor increase of around 0.03 Å
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compared to the other THF solvated wing lithium, remaining well within expected N-Li bond
lengths.122 Peaks could be seen in the Fourier difference map adjacent to the strongly
coordinating THF group suggesting there was possible disordered solvent coordination at this
location. However, these peaks did not correspond to any reasonable coordinating group and
could not be modelled. As a result it remained unclear what caused the short THF-Li bond
observed in this model. The remaining solvated wings showed expected bond lengths with the
DME O-Li bonds 0.1-0.2 Å longer than the coordinated THF group. The Li-N bond lengths on
the DME solvated wing were also approximately 0.1 Å longer than those on both of the THF
solvated wings. The lengthening of the four coordinate wing lithium bonds is expected as the
higher coordination number would lead to a weakening in the individual bonds.
It is notable that [Li(THF)4][Li11(O’NPh)6(THF)2(DME)] 7 was isolated from a solution with a ratio
of DME to THF of approximately 1:1. Again, the bidentate DME should be a more competitive
Lewis basic donor than THF. As a result the 6:1 ratio of THF:DME incorporated in the structure
was unexpected. Unfortunately the isolation of this structure was not repeatable with many
attempts. It was hoped that a structure containing only THF coordination could be isolated
from these solvent exchange investigations and show either conversion to the ladder
[Li4(O’NPh)2(THF)5] 5 or retention of the cage structure. However no additional compounds
were able to be isolated from these solvent exchange experiments.
Despite best efforts, O’NPh compounds were unable to be isolated from TMEDA and toluene
solutions. The product from the dilithiation of O’NPhH2 in TMEDA was not able to be
crystallised from TMEDA, THF, diethyl ether, toluene or mixtures thereof. The compound
which resulted from the dilithiation of O’NPhH2 in toluene precipitated readily as a
microcrystalline solid, unsuitable for X-ray crystallography. Attempts to recrystallise larger
crystals from toluene for investigation were unsuccessful.

3.2.3 Lithiated O’NPhMe2 aggregates
During attempts to isolate an aggregate of monolithiated O’NPhMe2H ligands, a seven lithium
structure

containing

both

monolithiated

and

dilithiated

ligands

was

obtained.

[Li7(O’NPhMe2)(O’NPhMe2H)5(OEt2)] 8 was isolated following lithiation in diethyl ether and
subsequent recrystallisation from diethyl ether and THF (Scheme 3-4). Isolation of the crystals
could not be replicated. Furthermore a second non-crystalline material was observed to
precipitate alongside the crystals and was not able to be removed preventing accurate
elemental analysis and 1H NMR characterisation. These factors combined with the low yield of
22

%

suggests

the

formation

of

additional

compounds

alongside
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[Li7(O’NHPhMe2H)5(O’NPhMe2)] 8. These products were likely aggregates with alternate
stoichiometries of monolithiated:dilithiated ligands. However, no additional structures were
able to be isolated and identified from the attempted monolithiation of O’NPhMe2H2.

Scheme

3-4:

Attempted

monolithiation

of

O’NPhMe2H2

giving

[Li7(O’NPhMe2)(O’NPhMe2H)5(OEt2)] 8.
The compound [Li7(O’NPhMe2)(O’NPhMe2H)5(OEt2)] 8 showed a complete hexameric cage
structure with a single capping lithium. Four of the amines coordinated to the lithium atoms
in the hexamer core to give four coordinate (3O, N) tetrahedral lithium centres. The remaining
amine did not coordinate and instead was positioned freely away from the cage. The single
lithiated amide did not coordinate to the lithium hexamer and instead bonded to what would
otherwise be regarded as the capping lithium, again giving a four coordinate (3O, N)
tetrahedral lithium centre. A solvating diethyl ether group coordinated to one of the remaining
lithium atoms to give a four coordinate (3O, Et2O) tetrahedral centre whilst the final lithium
showed three coordinate (3O) trigonal pyramidal geometry. As a result, 8 showed no sign of
the ordered wing arrangement observed for higher lithium count aggregates found in this
project. This is interesting as it suggests the lithium amide wings are not the result of lithium
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atoms simply filling the gaps between pre-coordinated amine groups. The loading of additional
lithium atoms may help to lock the subsequent amides into these positions.

Figure 3-11: Crystal structure of [Li7(O’NPhMe2)(O’NPhMe2H)5(OEt2)] 8. Thermal ellipsoids
drawn at 20 % probability. Carbon bound hydrogen atoms and disorder removed for clarity.
Yellow

block

crystals

of

the

diethyl

ether

solvated

complex

[Li7(O’NPhMe2)(O’NPhMe2H)5(OEt2)] 8 suitable for X-ray crystallographic investigation were
recrystallised from a concentrated diethyl ether solution carefully layered with hexanes and
left to stand overnight. The molecule crystallised in the triclinic space group P1 a = 14.8653(4)
Å, b = 17.8099(5) Å, c = 18.9786(5) Å,  = 76.6608(13)o,  = 67.9114(11)o,  = 75.5831(12)o with
two [Li7(O’NPhMe2)(O’NPhMe2H)5(OEt2)] molecule in the unit cell and the asymmetric unit
consisting of the full [Li7(O’NPhMe2)(O’NPhMe2H)5(OEt2)] molecule. Two heavily disordered
low occupancy solvent molecules believed to correspond to hexane were unable to be
modelled and were accounted for using the inbuilt Olex2 solvent mask (1. e- = 45.5, V = 212.3
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Å3 2. e- = 45.0, V = 173.2 Å3). The crystal structure of [Li7(O’NPhMe2)(O’NPhMe2H)5(OEt2)] 8 is
shown in Figure 3-11.
As only the amide and four of the amines coordinated to the hexameric core, two lithium
atoms remained without N-Li interactions. One of these lithium atoms is coordinated to a
diethyl ether group. The remaining three coordinate lithium showed three aryl rings twisted
outwards from the lithium, shielding it from any solvation. The single amide N-Li bond length
was found to be 1.997(4) Å and was bent slightly to one side due to the restrictions of the
amide from the ligands bidentate bonding distorting the tetrahedral geometry. The remaining
four N-Li interactions were longer with a range of 2.129(4)-2.213(4) Å due to the weaker
donating potential of the amines compared to the amide. The core O-Li bonds were found to
range between 1.849(4)-2.014(4) Å, shorter than those in the fully capped hexamers found in
this project, with four of the bonds shorter than 1.9 Å. This may be an effect of the weaker
amine electron donation resulting in stronger lithium alkoxide interactions.
Following the dilithiation of O’NPhMe2H2 in THF, a crystalline material was able to be
repeatedly obtained with concentration of the reaction solution followed by the careful
layering of hexanes. After analysis of the crystals the O’NPhMe2 aggregation was identified as
[Li(THF)4]2[Li10(O’NPhMe2)6] 9 (Scheme 3-5).

Scheme 3-5: Dilithiation of O’NPhMe2H2 to give [Li(THF)4]2[Li10(O’NPhMe2)6] 9.
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Colourless block crystals of the THF solvated complex [Li(THF)4]2[Li10(O’NPhMe2)6] 9 suitable
for X-ray crystallographic investigation were grown from a concentrated solution in THF
carefully layered with hexanes and left to stand overnight. The compound crystallised in the
orthorhombic space group Pbca a = 22.563(2) Å, b = 23.355(4) Å, c = 45.653(4) Å with eight
[Li(THF)4]2[Li10(O’NPhMe2)6]] units in the unit cell and the asymmetric unit consisting of the full
[Li(THF)4]2[Li10(O’NPhMe2)6] ion set and a single free THF molecule. The crystal structure of
[Li(THF)4]2[Li10(O’NPhMe2)6]] 9 is shown in Figure 3-12.
Though [Li(THF)4]2[Li10(O’NPhMe2)6] 9 showed a triple winged capped hexamer, there were
two main features which differed between [Li(THF)4]2[Li10(O’NPhMe2)6] 9 and the earlier triple
winged capped hexamers 6 and 7. The first is the lack of the second capping lithium, with
instead a second counter ionic lithium present. The second is that the wing lithium atoms
coordinated directly to one of the alkoxides in the central cage. In addition to this, the wings
were not solvated, resulting in a three coordinate (O, 2N) lithium centre on each wing.

Figure 3-12: Crystal structure of [Li(THF)4]2[Li10(O’NPhMe2)6]] 9. Thermal ellipsoids drawn at 20
% probability. Hydrogen atoms and free solvent removed for clarity.
The Li-O bonds between the wing lithium atoms and alkoxide cage were found to range
between 2.036(5)-2.059(4) Å, comparable to the Li-O bonds in the cage itself. The distance
between the wing lithium and second alkoxide on the cage face was longer at 2.394(5) Å and
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2.423(5) Å for two of the wings and 2.674(6) Å for the remaining wing. The coordination of the
wing lithium to the centre alkoxide cage resulted in the lithium atom positioning itself closer
to the cage on the inner side of the amide wing. This brought the N-Li-N bond angle past linear
to 156.5(3)-163.7(2)o, 196.3-203.5o when compared to the outwards projected lithium of the
other triple winged hexamers found in this project. Unlike compounds 6 and 7, no solvent
groups coordinated to the wing lithium atoms and it could be seen that the 2,4-dimethylphenyl
groups blocked this coordination site.
All literature examples of oxygen atoms coordinating to five or more lithium atoms come from
free O, O2 or OH groups. Due to this, the five coordinate (4Li, C) oxygen atoms observed in the
capped hexamers could be thought of as saturated. If this is the case, the wing lithium atoms
and capping lithium atoms would be in direct competition for coordination to the alkoxide
core. This would explain the bond between wing lithium and alkoxide cage correlating with
the absence of the second capping lithium.

Scheme 3-6: Proposed connectivity shift of lithium atoms by addition or removal of a capping
lithium atom.
If competition for alkoxide coordination is the cause for the new Li-O bond and lost capping
lithium observed in 9, it should be possible to deliberately manipulate the connectivity of the
wings as well as the presence of capping lithium as shown in Scheme 3-6. By altering the Lewis
basicity of the solvent and sterically blocking or opening the wing lithium to solvation it would
be possible to trigger this change in connectivity. This prompted investigations to see whether
the second capping lithium could be introduced by dissolving 9 in a non-Lewis basic solvent to
force one of the solvated counter ions into coordinating to the main structure. Fortunately the
compound was more soluble than other lithiated O’NR structures found in this project and
was able to be dissolved in toluene. Interestingly this solubility was only temporary and after
a period of days a white solid precipitated suggesting that a shift in aggregate structure, and
as a consequence a change in solubility, had occurred. The rate of solid deposition increased
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when heated. This solid was unable to be redissolved without a large excess of toluene
(approximately 10 times the initial volume) and heating at 80oC and would rapidly precipitate
when allowed to cool back to room temperature. Attempts to crystallise the compound
through stepwise decreases in temperature by 5oC per hour were unsuccessful in providing
crystals suitable for x-ray crystallographic investigation. Leaving the saturated solution at 60oC
overnight was also unsuccessful in obtaining crystals, lower temperatures resulted in mass
precipitation whilst longer crystallisation times at the raised temperatures were impractical.
The solubility of [Li(THF)4]2[Li10(O’NPhMe2)6] 9 in toluene allowed for a 1H NMR spectrum to be
obtained in d8-toluene. The spectrum showed a well resolved spectrum with the methylene
resonance split into a pair of doublets at 4.22 ppm and 4.79 ppm. Performing variable
temperature studies on this sample with a stepwise lowering in 20oC steps from room
temperature to -55oC gave no change in resonance number or splitting. In addition, there was
a slow reduction in the size of non-solvent resonances corresponding to precipitation. 7Li
spectra were also obtained during this procedure. These spectra showed a set of three broad
resonances at room temperature and split further at reduced temperatures however the
resolution of the resonances dropped significantly. Notably, by warming to room temperature
the precipitated compound was able to be easily redissolved. However, as was the case with
larger samples, the solution began slowly depositing a white solid which was unable to be
redissolved. After five days another 1H NMR spectrum was obtained and showed that the
integration ratio of ligand:THF resonances had decreased by more than half compared to the
initial spectrum. New 1H resonances were present but were too close to baseline for
assignment.

Figure 3-13: 1H NMR spectra of [Li(THF)4]2[Li10(O’NPhMe2)6] 9 obtained in d8-toluene and
THF/C6D6 in both concentrated and dilute solutions.
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A 1H NMR spectrum was also obtained in THF/C6D6 and, instead, showed a singlet methylene
resonance at 4.60 ppm. Interestingly a saturated sample of 9 in THF/C6D6 showed an alternate
spectrum with additional, well resolved, resonances as shown in Figure 3-13. A singlet peak
could again be seen at 4.60 ppm, however the integration of this peak did not correlate to the
new peaks. The significant difference between the two spectra suggests 9 undergoes a shift in
aggregate structure corresponding to a change in THF concentration. In addition, the splitting
patterns of the resonances in both the methylene and aromatic regions resembles the
resonances seen in the 1H NMR spectrum obtained in d8-toluene. The formation of a new
product when concentrated or dissolved in toluene supports the possibility that the counter
ionic lithium could be shifted to a capping position by decreasing the concentration of THF.
A single broad resonance was observed in the 7Li NMR spectrum obtained for the saturated
THF/C6D6 solution, suggesting that the lithium atoms, and therefore the two compounds, exist
in a fluxional state. However, the 1H NMR spectrum for the concentrated sample showed two
distinct sets of resonance. The convergence of the 7Li peaks may be the result of the longer
pulse times used for 7Li NMR acquisition compared to a 1H NMR spectrum.
If the 1H NMR spectrum obtained in d8-toluene is reflective of a fully capped hexamer system
then the lithium shift is rapid with complete conversion occurring during sample preparation
and analysis. The compound was also able to be easily redissolved at room temperature
following the mass precipitation which occurred during reduced temperature NMR analysis.
These observations suggest that the slow precipitation seen following toluene solvation does
not correspond to any of the products observed in the d8-toluene and THF/C6D6 spectra.
Instead it is possible that a second transformation occurs over days following the initial shift
from the solvent substitution.
Whilst the poor solubility made working with the precipitate difficult, in two instances trace
amounts of crystals were able to be grown from saturated solutions of 9 from toluene
following storage at -25oC. When analysed these crystals were found to be the ten lithium
structure [Li10(O’NPhMe2H)2(O’NPhMe2)4] 10, containing four dilithiated ligands and two
monolithiated ligands (Scheme 3-7). This compound was also able to be isolated in trace
amounts from an attempted dilithiation of O’NPhMe2H2 in toluene and a lengthy
recrystallisation at -25oC. The structure showed a complete capped hexamer core with the four
amides bridged by lithium atoms to form two wings. The two lithium atoms on the wings did
not coordinate to the hexamer core nor any solvating groups resulting in two coordinate (2N)
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lithium centres with close to linear geometry. The two amines were in approximately the
correct position for the third wing to be completed but lacked a lithium bridge.

Scheme 3-7: Solvent substitution of [Li(THF)4]2[Li10(O’NPhMe2)6] 9 as well as attempted
dilithiation

of

O’NPhMe2H2

in

toluene

both

resulting

in

the

formation

of

[Li10(O’NPhMe2H)2(O’NPhMe2)4] 10.
White needle crystals of the complex [Li10(O’NPhMe2H)2(O’NPhMe2)4] 10 suitable for X-ray
crystallographic investigation were grown after cooling a concentrated toluene solution to 25oC and leaving to sit for one month. The molecule crystallised in the monoclinic space group
P21/c a = 15.8898(4) Å, b = 30.0295(7) Å, c = 23.4285(5) Å,  = 106.048(1)o, with four
[Li10(O’NPhMe2H)2(O’NPhMe2)4] units in the unit cell and the asymmetric unit consisting of the
full [Li10(O’NPhMe2H)2(O’NPhMe2)4] molecule and five toluene molecules. The crystal structure
of [Li10(O’NPhMe2H)2(O’NPhMe2)4] 10 is shown in Figure 3-14.
The Li-O bonds in the hexamer core were found to range between 1.917(5)-2.028(5) Å. Though
the arrangement of nitrogen atoms as well as the lithium count made the presence of two
amine groups apparent, the data also allowed for direct assignment of the amine hydrogen
atoms. The amine N-Li bonds ranged between 2.141(5)-2.153(5) Å, comparatively longer than
those found between the amides and core lithium atoms which ranged between 2.039(5)2.099(5) Å. The N-Li bonds between the wing lithium atoms and amides were found to be
1.923(6)-1.957(6) Å. This shortening is expected as the wing lithium atoms were only two
coordinate, resulting in stronger coordination to the amides.

Chapter 3: Lithiation of tethered mixed anion ON’RH2 ligands

61

Figure 3-14: Crystal structure of [Li10(O’NPhMe2H)2(O’NPhMe2)4] 10. Thermal ellipsoids drawn
at 20 % probability. Carbon bound hydrogen atoms and free solvent removed for clarity.
A disorder was present in one of the dimethylphenyl groups, with one of the conformations
showing short Li-C distances of 2.4-2.5 Å between the aryl ring and wing lithium as well as LiH distances <2.0 Å to methyl protons. The remaining wing showed longer distances between
the lithium atom and aryl rings, however a single methyl group showed a Li-H distance of 2.1
Å. A study by Braga et al. found that organolithium structures with Li-H distances less than 2.2
Å showed a systematic lengthening of the C-H bond.123 This bond lengthening was attributed
to the lithium atom drawing electron density from the C-H bond, a behaviour analogous to
agostic interactions observed for transition metals.123 As a result it is reasonable to believe
that the two coordinate wing lithium atoms were able to gain additional electron density
through interactions with the  bonds of the aryl rings as well as nearby CH groups.
When toluene was used as the reaction solvent it was possible the incomplete dilithiation of
O’NPhMe2H2 was the result of weaker nBuLi reactivity due to the lack of a Lewis basic solvent
to activate the reagent. However the toluene recrystallisation of [Li(THF)4]2[Li10(O’NPhMe2)6]
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9 to give [Li10(O’NPhMe2H)2(O’NPhMe2)4] 10 indicated that protonation had occurred. The
consistent and repeatable slow precipitation of a white solid when dissolving
[Li(THF)4]2[Li10(O’NPhMe2)6] 9 in toluene suggested that this was the result of the compound
reacting with solvent as opposed to contamination.
Despite best efforts, lithiated O’NPhMe2 compounds were unable to be isolated from TMEDA
and DME solutions. The product from the dilithiation of O’NPhMe2H2 in TMEDA was not able
to be crystallised from TMEDA, THF, diethyl ether, toluene or mixtures thereof. The product
from the dilithiation of O’NPhMe2H2 in TMEDA was not able to be crystallised from DME, THF,
diethyl ether, toluene or mixtures thereof.

3.2.4 Lithiated O’NMes aggregates
Deliberate monolithiation of O’NMesH2 in THF enabled the repeatable isolation of the stacked
tetrameric cube [Li4(O’NMesH)4] 11 (Scheme 3-8). The O’NMesH ligands strapped the edges of
the cube with internal Lewis basic coordination between the amine groups and lithium atoms.
A decrease in aggregate size is an expected outcome to the increased steric bulk of the ligand,
as the lower aggregation size reduces the number of ligand components competing for space.
However, no other examples of compounds containing only monolithiated O’NR ligands were
able to be obtained during this project. As such it remains unknown whether this tetrameric
cube is a favoured aggregate state for other monolithiated O’NR ligands as well.

Scheme 3-8: Monolithiation of O’NMesH2 to give [Li4(O’NMesH)4] 11.
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Yellow plate crystals of [Li4(O’NMesH)4] 11 suitable for X-ray crystallographic investigation
precipitated following careful layering of hexanes onto a concentrated THF solution. The
molecule crystallised in the tetragonal space group I41/a a = 16.8299(6) Å, b = 16.8299(6) Å, c
= 19.3539(8) Å with four [Li4(O’NMesH)4] units in the unit cell and the asymmetric unit
consisting of a quarter of the molecule as a single Li(O’NMesH) component. The crystal
structure of [Li4(O’NMesH)4] 11 is shown in Figure 3-15.

Figure 3-15: Crystal structure of [Li4(O’NMesH)4] 11. Thermal ellipsoids drawn at 20 %
probability. Carbon bound hydrogen atoms removed for clarity.
The structure showed crystallographic S4 symmetry, with each of the lithium centres showing
four coordinate (3O, N) bonding. The O-Li bond lengths were found to be 1.869(4) Å, 1.915(4)
Å and 1.974(3) Å whilst the N-Li bonds were 2.149(4) Å. The N-Li bonds are in the same plane
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as the Li2O2 dimer faces leaving a large coordination site open for each lithium atom. However,
this site was blocked by a methyl group from the mesityl rings, with Li-H distances <2.5 Å,
explaining the lack of THF coordination in the molecule.
In addition to the lithiation of O’NMesH2 in THF, crystals of [Li4(O’NMesH)4] 11 were also
isolated from both TMEDA and toluene solutions and solved in the same unit cell and space
group. It is worth noting that 11 was isolated following a reaction involving a five equivalent
excess of nBuLi in toluene. It is suspected that this was the result of the increased steric bulk
of the mesityl group disfavouring lithiation of the amine without a Lewis basic solvent to
activate the nBuLi. The isolation of [Li10(O’NPhMe2H)2(O’NPhMe2)4] 10 from a reaction in
toluene supports the bulky mesityl ring as a factor in the absence of amine lithiation. However,
despite efforts the crystals of the compound formed from the lithiation of the less bulky
O’NPhH2 in toluene were unable to be obtained to further support this hypothesis.
The 1H NMR spectrum of the [Li4(O’NMesH)4] 11 crystals obtained in THF/C6D6 showed a
number of products. Furthermore, despite best efforts to purify the samples, satisfactory
elemental analysis was unable to be obtained indicating that this was not simply due to a range
of aggregates being present in solution. 1H NMR spectra obtained following the stepwise
addition of nBuLi to O’NMesH2 in THF showed the formation and disappearance of numerous
sets of peaks up to the addition of two equivalents. It is likely these correspond to aggregates
composed

of

mixtures

of

monolithiated

and

dilithiated

ligands.

Both

[Li7(O’NPhMe2)(O’NPhMe2H)5(OEt2)] 8 and [Li10(O’NPhMe2H)2(O’NPhMe2)4] 10 were examples
of this behaviour with the former isolated during the attempted monolithiation of
O’NPhMe2H2. It is suspected that small amounts of mixed aggregates were able to form
following the addition of 1.0 equivalents of nBuLi to O’NMesH2 and co-precipitated alongside
[Li4(O’NMesH)4] 11.
The

dilithiation

of

O’NMesH2

in

DME

enabled

the

repeatable

isolation

of

[Li(DME)3]2[Li6(O’NMes)4] 12 (Scheme 3-9). 12 showed a cubic lithium alkoxide core with two
lithium amide wings projecting off opposite faces of the cube. The remaining two lithium
atoms were coordinated to three DME groups each and acted as counter ions to the winged
cubic structure. [Li(DME)3]2[Li6(O’NMes)4] 12 contained three lithium environments. The four
lithium atoms which make up the Li-O cube showed four coordinate (3O, N) tetrahedral
geometry. The two wing lithium showed four coordinate (2O, 2N) seesaw geometry. Lastly,
the two fully solvated lithium showed six coordinate (3DME) octahedral geometry.
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Scheme 3-9: Dilithiation of O’NMesH2 to give [Li(DME)3]2[Li6(O’NMes)4] 12.
In the triple winged capped hexamers discussed earlier, a maximum of eleven lithium atoms
were able to be loaded onto the main cage structure. As such, in the Li12 compounds, the
remaining lithium atom was unable to bind to the main cage, and instead was positioned as a
solvated counter ion. In the same manner [Li(DME)3]2[Li6(O’NMes)4] 12 held six lithium atoms
in the core structure, resulting in two completely solvated counter ion lithium groups. The
formation of this aggregate would be favoured by the presence of strong Lewis basic donors
to better stabilise the counter ions. As a result, the bulky mesityl group discouraging larger
aggregate formation and the strong Lewis basic donor DME encouraging higher numbers of
solvating interactions are both factors which would favour the formation of this winged cubic
structure.
Yellow plate crystals of the DME solvated complex [Li(DME)3]2[Li6(O’NMes)4] 12 suitable for Xray crystallographic investigation precipitated following the addition of two equivalents of
nBuLi. The compound crystallised in the triclinic space group P1 a = 14.983(3) Å, b = 17.704(4)
Å, c = 20.473(4) Å,  = 87.76(3)o,  = 77.14(3)o,  = 76.15(3)o with two [Li(DME)3]2[Li6(O’NMes)4]
units in the unit cell. The asymmetric unit consisted of the complete [Li(DME)3]2[Li6(O’NMes)4]
ion set as well as one free DME molecule and two halves of separate DME molecules. The DME
groups on one of the solvated counter ions showed conformational disorder. The crystal
structure of [Li(DME)3]2[Li6(O’NMes)4] 12 is shown in Figure 3-16.
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Figure 3-16: Crystal structure of [Li(DME)3]2[Li6(O’NMes)4] 12. Thermal ellipsoids drawn at 20
% probability. Hydrogen atoms and free solvent removed for clarity. Disorder in DME groups
on solvated counter ion shown.
O-Li bond lengths in the Li4O4 cube were found to be in the range of 1.886(6)-2.028(8) Å,
comparable to those found in the monolithiated tetramer cube 11. The O-Li bonds between
the wing lithium and cube faces ranged between 2.019(7)-2.055(8) Å. The N-Li bonds between
to the wing lithium centres were found to be in the range of 2.023(8)-2.072(7) Å whilst the
wing to core N-Li were longer between 2.094(7)-2.175(7) Å.
A number of lithium cubes with edge bound lithium amide groups have been reported in the
literature. In earlier lithiation studies from the Gardiner group on ON’R ligands, a lithium
alkoxide cube (VI) with four lithium amide groups was isolated, shown in Figure 3-17.118 This
Li8 structure had each lithium amide bound to a different edge of the lithium alkoxide cube.
Lithiated phosphazene structures were reported to contain similar arrangements with two
instances of cubes (VII and VIII) with edge bound amide protrusions also shown in Figure 3-

Chapter 3: Lithiation of tethered mixed anion ON’RH2 ligands

67

17.62 However, as with the winged hexamer systems earlier, there are no reported examples
of organolithium cubes with face coordinated amides bridged by lithium atoms as seen in
[Li(DME)3]2[Li6(O’NMes)4] 12 .

Figure 3-17: An unpublished ON’R structure from the Gardiner group (VI), as well as the core
structures of two edge bound phosphazene winged tetramers reported by Gómez et al. (VII
and VIII).62,103
Despite best efforts, no compounds resulting from dilithiation of O’NMesH2 in THF were able
to be crystallised directly from the initial THF solution. However, with great difficulty, trace
amounts of crystals were able to be obtained from a toluene solution following the initial
lithiation of O’NMesH2 in THF which when analysed showed the partially dilithiated aggregate
[Li11(O’NMes)5(O’NMesH)] 13 (Scheme 3-10).
[Li11(O’NMes)5(O’NMesH)] 13 was only able to be isolated in trace amounts on two occasions.
The structure itself showed a crystallographically C3 symmetric eleven lithium cage. The
coordination and geometry of each of the lithium centres matched that observed in
[Li10(O’NPhMe2H)2(O’NPhMe2)4] 10, with 13 also containing an additional lithium centre
completing the third wing. Notably there was no sign of the expected 12th lithium atom. In
order to balance the charge it is likely that one of the amides or alkoxides was protonated in
this compound. Given that only trace amounts of the structure were obtained, it is suspected
that [Li11(O’NMes)5(O’NMesH)] 13 was a minor product resulting from contamination of
advantageous proton sources.
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Scheme 3-10: Attempted dilithiation of O’NMesH2 in THF and recrystallisation in toluene to
give [Li11(O’NMes)5(O’NMesH)] 13.
Yellow plate crystals of [Li11(O’NMes)5(O’NMesH)] 13 suitable for X-ray crystallographic
investigation were grown over one month through the cooling of a concentrated toluene
solution at -25oC. The molecule crystallised in the rhombohedral space group R3c a = 19.561(3)
Å, b = 19.561(3) Å, c = 57.743(12) Å with six [Li11(O’NMes)5(O’NMesH)] units in the unit cell.
The asymmetric unit consisting of a Li3(O’NMes) component with lithium atoms shared
between asymmetric units as well as a single free toluene molecule. The crystal structure of
[Li11(O’NMes)5(O’NMesH)] 13 is shown in Figure 3-18.
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Figure 3-18: Crystal structure of [Li11(O’NMes)5(O’NMesH)] 13. Thermal ellipsoids drawn at 20
% probability. Hydrogen atoms and free solvent removed for clarity.
O-Li bond lengths were typical of the capped hexamers found in this project at 1.948(5)2.053(5) Å. The N-Li bonds between the amide to wing lithium were found to be 1.875(3) Å
long, by far the shortest Li-N bonds found in this project. In contrast the wing-core N-Li bonds
were 2.139(5) Å, slightly elongated compared to the other triple wing capped hexamer
structures. This is believed to be due to the electron donation of the amide being directed
predominately towards the two coordinate wing lithium.
Comparing the pKa between alcohol groups and secondary amines favours the deprotonation
of the hydroxide first, matching the order of lithiation found for O’NRH2 ligands in this project.
As such any protonation should be present on an amine rather than an alcohol as found in
other partially dilithiated complexes reported here. The crystallographic symmetry observed
indicated that a hydrogen isn’t localised on any one nitrogen. As a result, it is believed that
there was a disordered NH present, with the hydrogen bound to one of the six equivalent
nitrogens. The presence of a disordered hydrogen was further supported by an elongated
thermal ellipsoid for the wing lithium atoms, as the changes in electron donating strength
between an amide and amine would result in slight shifts in the position of the coordinated
lithium atom.
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Whilst its origins are unclear, this structure is still quite interesting given the context of the
ligand, with the previous two structures arising from O’NMesH2 possessing a cubic cage. This
compound indicates that the presence of the larger mesityl groups does not alone preclude
the formation of the winged capped hexamer structure. Unfortunately, all attempts to isolate
the initial THF solvated compound were unsuccessful and its structure remains unknown.
Furthermore, this structure highlights the question of how the purely dilithiated O’NR
structures would aggregate without Lewis basic solvation. Though aryl stabilisation through 
interactions is common amongst larger alkali metals, it is rarer for lithium due to its harder
ionic nature. Whilst a number of purely  coordinated lithium atoms have been reported in
recent years no example of a purely toluene solvated lithium exists to date.124–131 As such it is
reasonable to believe that the 11+1 triple winged capped hexamer arrangement is disallowed
when lacking a strong Lewis base to stabilise the lithium counter ion. This may also explain the
propensity

for

both

[Li11(O’NMes)5(O’NMesH)]

13

as

well

as

the

earlier

[Li10(O’NHPhMe2)2(O’NPhMe2)4] 10 to precipitate in a protonated state from toluene.
Dissociation of coordinated Lewis basic solvent groups would be thermodynamically favoured
when dissolved in a hydrocarbon solvent. With the loss of Lewis basic coordination, the lithium
counter ion would be destabilised and show increased reactivity towards available proton
sources.
Despite extensive efforts, crystals from the products of the dilithiation of O’NMesH2 in THF
and TMEDA were unable to be isolated. The product of the dilithiation of O’NMes2H2 in THF
was not able to be crystallised from THF or diethyl ether, whilst recrystallising from toluene
resulted in the isolation of [Li11(O’NMes)5(O’NMesH)] 13. The product of the dilithiation of
O’NPhH2 in TMEDA was not able to be crystallised from TMEDA, THF, diethyl ether, toluene or
mixtures thereof.

3.2.5 Lithiated O’NH aggregates
A single structure was able to be obtained from the lithiation of O’NH3 with the attempted
dilithiation in THF giving the double winged hexamer [Li10(O’NH)4Li(O’NH2)(THF)6] 14 (Scheme
3-11). Though the crystals were able to be obtained in approximately 50 % yield by mass a
large amount of co-precipitation of an oily material occurred on each attempt. This was unable
to be removed without dissolving the crystals in the process preventing clean NMR
spectroscopy and accurate elemental analysis on [Li10(O’NH)4(O’NH2)2(THF)6] 14.
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Scheme 3-11: Attempted dilithiation of O’NH3 in THF to give [Li10(O’NH)4(O’NH2)2(THF)6] 14.
Colourless plate crystals of the diethyl ether solvated complex [Li10(O’NH)4(O’NH2)2(THF)6] 14
suitable for X-ray crystallographic investigation were grown following the careful layering of
hexanes onto a concentrated THF solution which was left to stand overnight. The molecule
crystallised in the monoclinic space group P21/n a = 16.5993(3) Å, b = 18.7281(4) Å, c =
27.1690(6) Å,  = 94.390(1)o, with four [Li10(O’NH)4(O’NH2)2(THF)6] units in the unit cell and the
asymmetric unit consisting of the full [Li10(O’NH)4(O’NH2)2(THF)6] molecule and four free THF
molecules. The crystal structure of [Li10(O’NH)4(O’NH2)2(THF)6] 14 is shown in Figure 3-19.
This structure contained four dilithiated O’NH ligands as well as two monolithiated O’NH2
ligands. The earlier ten lithium structure [Li10(O’NPhMe2H)2(O’NPhMe2)4] 10 lacked a single
amide bridging lithium atom but otherwise showed a triple winged capped hexamer
arrangement. In contrast [Li10(O’NH)4(O’NH2)2(THF)6] 14 showed a new double winged motif
with two lithium amide wings on opposite faces of the capped hexamer, with each lithium
centre showing four coordinate (2N, 2THF) seesaw geometry. The two amines coordinated to
the remaining two lithium centres in the hexamer core. Unlike previous structures, the two
capping lithium centres were coordinated to solvating THF groups. As a result, all eight lithium
centres in the capped hexamer core showed four coordinate (3O, N) or (3O, THF) tetrahedral
geometry. As with the triple winged capped hexamer, there has been no reported example of
this double winged capped hexamer motif.
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Figure 3-19: Crystal structure of [Li10(O’NH)4(O’NH2)2(THF)6] 14. Thermal ellipsoids drawn at 20
% probability. Carbon bound hydrogen atoms and free solvent removed for clarity.
Compound 14 was initially obtained after the accidental addition of sub-stoichiometric
amounts of nBuLi (1.8 eq). Unexpectedly however, the same structure was also obtained after
the addition of a slight excess of nBuLi (2.2 eq). As the lithiation was performed in THF, this
was surprising as the excess nBuLi should have easily lithiated, and potentially dilithiated, all
of the ligand amines. There is a remarkable lack of structurally characterised dilithiated
primary amines with only a handful of structures present in the literature containing a
dilithiated primary amide.113,115,132 Computational studies have showed that the dilithiation of
the primary amine group in existing structures required solvent coordination and a high level
of association in order to offset the charge at the nitrogen.115 Dilithiation of primary amines is
much slower than the first lithiation step and multiple decomposition pathways exist to form
either lithium hydride or an organolithium which can facilitate further undesired reactivity.133
Whilst this known difficulty in dilithiation of a primary amine would explain why an excess of
nBuLi would not trilithiate the O’NH3 ligands, it does not explain why incomplete dilithiation
was observed. It should be noted that crystals of 14 decomposed in seconds when exposed
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directly to air and lost structural integrity after 30 minutes when submerged in immersion oil.
This sensitivity was unusually high compared to other compounds isolated in this project. It is
possible that aggregates composed of lithiated O’NH3 ligands are less stable than those built
from secondary amides and that compounds containing higher levels of lithiation are too
unstable to isolate at room temperature. However, it remains unclear from the structures
obtained and from literature sources as to why this change in stability would occur.
Li-O bonds were found in the range of 1.888(4)-2.039(4) Å with the shortest bonds directed
towards the amine coordinate lithium atoms, fitting electronic expectations from the weaker
amine donor. Li-O bonds between the THF and cage lithium were 0.05-0.1 Å shorter than those
coordinated to the wing lithium. The wing to cage N-Li bonds were shorter than the wing to
wing N-Li bonds with ranges of 1.994(4)-2.008(4) Å and 2.030(5)-2.043(5) Å, respectively. The
Li-NH2 interactions were longer at 2.120(4)-2.124(5) Å as expected from the weaker donating
strength of the amine.
1

H NMR spectroscopy was performed on both the reaction mixture as well as the crystalline

precipitate using a THF/C6D6 solvent system. The two samples showed approximately
matching spectra of a complex mixture of products indicating that purification attempts by
crystallisation were ineffective. Increasing the amount of nBuLi added to the reaction mixture
did not alter the number or size of the resonance peaks observed. This suggests that the
compound [Li10(O’NH)4(O’NH2)2(THF)6] 14, as well also any other compounds present, are
resistant to further lithiation. Unfortunately attempts to isolate alternate products from the
lithiation of O’NH3 in THF were unsuccessful. Furthermore, despite best efforts no crystalline
solids were able to be isolated from the lithiation of O’NH3 in toluene, diethyl ether or DME.

3.2.6 Summary and discussion of triple winged hexamer structures
Ten structures containing lithiated O’NR ligands were reported above in Section 3.2. Of these,
nine showed a stacked lithium alkoxide core with a single structure showing a ladder
arrangement. The ladder structure [Li4(O’NPh)2(THF)5] 5 will be discussed further in Chapter 5.
In addition, the double winged capped hexamer [Li10(O’NH)4(O’NH2)2(THF)6] 14 will be
discussed further in Chapter 4. The remaining eight compounds are summarised in Figure 320.
The majority of the capped hexamer compounds showed Li-O bond lengths ranging between
1.90-2.05 Å. Among the structures with a hexameric core, only those containing monolithiated
ligands [Li7(O’NPhMe2)(O’NPhMe2H)5(OEt2)] 8 and [Li10(O’NH)4(O’NH2)2(THF)6] 14 showed Li-O
bonds shorter than 1.9 Å. This matched expectations with reduced donation from the amine

Chapter 3: Lithiation of tethered mixed anion ON’RH2 ligands

74

group leading to stronger Li-O interactions. Li-O bonds shorter than 1.9 Å were also observed
for the ladder [Li4(O’NPh)2(THF)5] 5 as well as the lithium alkoxide cube [Li4(O’NMesH)4] 11 and
winged cube [Li(DME)3]2[Li6(O’NMes)4] 12.

Figure 3-20: Summary of compounds detailed in Section 3.2, excluding the ladder
[Li4(O’NPh)2(THF)5] 5 and double winged capped hexamer [Li10(O’NH)4(O’NH2)2(THF)6] 14.
The major differences in bond lengths observed across the structures were present in the
lithium amide wings. A significant change in the bond lengths between the amide donors and
wing lithium atoms could be seen with additional solvent coordination. The unsolvated wing
lithium atoms in [Li(THF)4]2[Li10(O’NPhMe2)6] 9, [Li10(O’NPhMe2H)2(O’NPhMe2)4] 10 and
[Li11(O’NMes)5(O’NMesH)] 13 showed N-Li bond lengths of 1.875(3)-2.015(4) Å, with only a
single

bond

in

9

above

2.0

Å.

In

contrast,

the

solvated

wings

of

[Li(THF)4][Li11(O’NPh)6(THF)2(DME)] 7 showed N-Li bonds of 2.065(6)-2.202(8) Å, with the
bonds to the DME solvated lithium nearly 0.1 Å longer than those to the THF solvated atoms.
This lengthening of Li-N bonds with the coordination of stronger Lewis basic solvents is to be
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expected as the increased electron donation weakens the bond to between the lithium and
amide. Of the triple winged hexamers, only 9 showed wing-to-core N-Li bonds longer than 2.1
Å, with the remaining structures showing bonds of 2.0-2.1 Å regardless of whether the wing
lithium was two, three or four coordinate. This suggests that the bond between the amide and
the lithium alkoxide core was not significantly influenced by the coordination state of the wing
lithium.

Figure 3-21: Comparison of the wing arrangements of [Li11(O’NMes)5(O’NMesH)] 13,
[Li(THF)4]2[Li10(O’NPhMe2)6] 9 and [Li(DME)3]2[Li6(O’NMes)4] 12 highlighting the shift in lithium
coordination correlating with changes in alkoxide bonding.
Five of the structures possessing a hexameric core, 6, 7, 8, 10 and 13, showed loading of
additional lithium atoms first into the capping positions then onto the lithium amide wings and
finally as a solvated counter ion. The exception to this trend was [Li(THF)4]2[Li10(O’NPhMe2)6]
9, which lacked a second capping lithium in favour for a second counter ion. This compound
was also the only hexameric structure obtained which shows a direct bond between the wing
lithium and an alkoxide in the cage. Earlier in Section 3.2.3 it was proposed that this shift in
connectivity was due to the competition for alkoxide coordination between lithium atoms.
This is further supported by the winged tetramer [Li(DME)3]2[Li6(O’NMes)4] 12 where the bond
lengths of the Li-O dimer face as well as the amide wing structure were comparable to those
seen in the hexameric cages. Yet despite this the amide bridging wing lithium atoms were able
to bond to both alkoxide groups on the cubic face with Li-O distances of 2.02-2.06 Å as shown
in Figure 3-21. As a result, the alkoxides of 12 were five coordinate (4Li, C) matching the
coordinative limit seen in the winged hexamers.
The idea of wing lithium and capping lithium competing for alkoxide coordination is interesting
as it suggests the ability to control the stability of both the regions of the structure
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simultaneously. This opens the possibility of altering regional reactivity through adding,
removing and blocking Lewis basic coordination to the amide wing structures. From a
structural perspective, it would also be of interest whether it is possible to remove both
capping atoms whilst leaving the lithium amide wings intact through the addition of a stronger
Lewis basic solvent such as TMEDA.

Figure 3-22: The twisted aryl arrangement found above three coordinate lithium atoms in
capped hexamers highlighted in [Li7(O’NPhMe2)(O’NPhMe2H)5(OEt2)] 8 (top) and
[Li(THF)4]2[Li10(O’NPhMe2)6] 9 (bottom).
An interesting formation was observed in each of the triple winged structures, 6, 7, 9, 10 and
13 where three aryl rings positioned themselves around three coordinate capping lithium
atoms. In 9 this arrangement occurred around both the filled and unfilled capping sites as

Chapter 3: Lithiation of tethered mixed anion ON’RH2 ligands

77

shown in Figure 3-22. Interestingly, this formation was observed in 8 where three aryl rings
position themselves around the single three coordinate lithium in the hexamer core. This is
surprising given the earlier mentioned asymmetric orientation of the ligands around the
hexamer core. Lithium coordination to aryl rings typically show Li-C distances ranging between
2.5-2.8 Å.134 The shortest Li-C distances between the three coordinate lithium atoms and the
aryl rings varied greatly between the six compounds, ranging between 2.6-3.1 Å. In 17 the LiC distances between the capping lithium and aryl ring all exceeded 2.9 Å. However, short Li-C
distances of 2.6-2.7 Å were observed between the aryl rings and lithium atoms elsewhere in
the lithium alkoxide cage. These short Li-C distances between hexamer cage and aryl ring were
also seen in 6, 7, 10 and 11. As a result, whilst Li- interactions were likely influencing the
positioning of the aryl rings, these interactions were not limited to the three coordinate lithium
atoms. Instead, open space above three coordinate lithium atoms enabled the aryl rings to be
positioned close to the central cage and maximise lithium coordination.
Though it is not something pursued in this project, the introduction of a chiral centre to the
ligand may have synthetic significance provided that the twisted aryl arrangement remained
favourable. Through a chiral alkoxide it should be possible to control the direction of the aryl
twisting and in doing so potentially induce enantiomerically selective reactivity. Such reactivity
would not be unprecedented, weak enantiomerically selective reactivity was reported by
Strohmann from a seven lithium partially capped hexamer incorporating a chiral ligand.135 As
larger alkali metals would better coordinate to the  systems of the aryl rings, it would also be
of interest to investigate whether alkali metal substitution could be directed to the capping
positions without disrupting the existing aggregate motif.

3.3 Conclusion
The lithiation of O’NR ligands produced a number of novel aggregation motifs taking the form
of “winged” hexamers. Five triple winged structures [Li(DME)3][Li11(O’NPh)6(DME)3] 6,
[Li(THF)4][Li11(O’NPh)6(THF)2(DME)]

7,

[Li(THF)4]2[Li10(O’NPhMe2)6]

9,

[Li10(O’NPhMe2H)2(O’NPhMe2)4] 10 and [Li11(O’NMes)5(O’NMesH)] 13 and a single double
winged variant [Li10(O’NH)4(O’NH2)2(THF)6] 14 were reported. In addition to the winged
hexamers,

an

single

instance

of

a

unique

winged

tetramer

arrangement

[Li(DME)3]2[Li6(O’NMes)4] 12 was isolated. The winged structures obtained showcased the
ability for additional lithium atoms to load onto existing aggregation motifs without disrupting
the core structure. Partially dilithiated structures [Li7(O’NPhMe2)(O’NPhMe2H)5(OEt2)] 8 and
[Li10(O’NPhMe2H)2(O’NPhMe2)4]

10

as

well

as

the

fully

lithiated

structure
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[Li(THF)4]2[Li10(O’NPhMe2)6] 9 showed some of the “wing” and “capping” lithium atoms absent
whilst retaining the overall motif of the fully dilithiated examples. These compounds suggested
that the aggregates form from sequential loading (and potentially unloading) of lithium atoms.
The winged hexamers also highlighted the limitations of such expansion with fully solvated
lithium counter ions observed when the core could no longer support additional atoms. The
inequivalent lithium environments combined with the sequential loading of these type of
structures could have synthetic significance. Controlled stoichiometry would lead to new
lithium environments being unlocked with increasing amounts of lithiation.
Unfortunately poor solubility of many of the compounds isolated even in more polar Lewis
basic solvents prevented complete NMR spectroscopic characterisation. Whilst solvent
suppression techniques were utilised with a THF/C6D6 solvent mixture with some success, they
could not completely overcome this issue. Furthermore compounds originating from a weaker
Lewis base showed clear signs of transformation or decomposition when dissolved in THF,
preventing NMR spectroscopic analysis of the original product. In many instances coprecipitation of a non-crystalline material occurred alongside the crystalline solid analysed by
X-ray crystallography. These materials possessed very similar solubility properties to the
crystalline compound preventing their separation and contaminating samples used for
elemental analysis. When combined with rapid solvent loss observed in a number of crystals
as well as the pervasive air sensitivity of the compounds, characterisation was often restricted
to single crystal X-ray crystallography. As many of these properties are inherent to the
compounds, future work in this area would benefit from the addition of more non-polar
groups to the ligand framework. This would allow for more effective NMR analysis to be
performed using inexpensive deuterated solvents as well as assist in recrystallisation and
manipulation of the compounds in less polar solvent systems.
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Chapter 4: Dealkylation and incorporation of
ethereal solvents into ON’R aggregates
4.1 Introduction
Dealkylation of ethers is a transformation frequently used in organic synthesis. This is in part
due to the prevalence of converting alcohol and phenol groups to ethers to protect the
functional group during reactions.136 Subsequently, deprotecting these regions allows for the
return to the original alcohol as well as further transformations to be performed. However,
classical methods for dealkylation lack selectivity and require harsh conditions, such as
refluxing in acid, restricting their usage due to functional group sensititvity.137–139 These
restrictions have led to the development of many methods for dealkylation. A 2005 review on
dealkylation techniques found examples of Lewis acids, reducing agents, oxidating agents and
photochemical cleavage all having been successfully used to perform C-O bond cleavage.139 In
addition to these, basic reagents, particularly those involving organoalkali compounds, have
been extensively used for their ability to dealkylate ether groups.139,140

Scheme 4-1: The dealkylation of anisole using lithium diphenylphosphide.136
Examples of dealkylation of ether compounds have been reported for many lithium sources.
Alkyllithium, aryllithium, phosphidolithium, silyllithium reagents as well as suspended lithium
metal have all been shown to be able to cleave the C-O bonds of ether groups.86,136,139,141
Reactivity with commonly used ethereal solvents is well known among organolithium
compounds with decomposition of the cyclic ether THF observed even for simple alkyllithium
reagents.86,141 However, while there have been many examples of dealkylation using heavier
alkali metal amides, fewer examples of lithium amides show the same reactivity due to the
weaker basicity of the compounds.136,140 This is also true for lithium alkoxides, with even the
heavier sodium and potassium alkoxides are rarely used for ether cleavage.136
There are ongoing efforts to identify reagent mixtures capable of selective dealkylation of
organic molecules containing multiple ether groups.139 Two such reactions where organoalkali
reagents were able to selectively cleave a single desired ether group are shown in Scheme 4-
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2. Lithium diisopropylamide (LDA) in a THF/1,3-dimethyl-2-imidazolidinone (DMEU) solution
has been used to cleave only a single methoxy group on 1,2-methoxybenzene.140 In addition,
sodium ethanethiolate was used to selectively demethylate in the presence of an ethyl
protecting group.142 These type of reactions are critical to the efficient synthesis of large
polyfunctional molecules.139

Scheme 4-2: Selective dealkylation using organoalkali reagents on molecules containing
multiple ether groups.
In some cases, the fragments of bond cleavage reactions can be trapped and incorporated into
the metal complex.61,68,77,143 These products can be helpful in identifying unexpected reactivity,
especially in reactions where the dealkylation products would otherwise be lost during work
up and purification.61 Furthermore, the structures can potentially offer some insight into the
mechanisms behind the reactivity.61 Organolithium aggregations are suited for such
incorporation, as lithiated fragments can aggregate together with other lithium monomers
present in solution.
Superbasic reactivity allows for traditionally less basic compounds such as lithium amides and
alkoxides to show strong reactivity towards specific substrates. Such reactivity is ideal for the
development of selective reagents. Uncovering organoalkali compounds capable of superbasic
dealkylation, and subsequently understanding the mechanisms behind their reactivity, are key
steps in rationally developing new reagents.

4.2 Results and Discussion
4.2.1 Ethereal solvent cleavage and capture
When O’NPhH2 was dilithiated in diethyl ether an unexpected outcome was observed.
Following the addition of two equivalents of nBuLi a cloudy white precipitate was seen to
briefly form before redissolving, followed by the formation of a crystalline solid over
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approximately 20 minutes. This solid was very poorly soluble in diethyl ether and precipitated
in quantitative yields without further action. By avoiding any stirring beyond the initial mixture
and altering the concentration of the reaction solution it was possible to slow this precipitation
and obtain crystals suitable for analysis by X-ray diffraction. Analysis of these crystals identified
them as [Li10(O’NPh)4(OEt)2(Et2O)4] 15 (Scheme 4-3).

Scheme 4-3: Dilithiation of O’NPhH2, O’NPhMe2H2, O’NPhiPrH2 and O’NMesH2 in diethyl ether
to

give

[Li10(O’NPh)4(OEt)2(Et2O)4]

15,

[Li10(O’NPhMe2)4(OEt)2(OEt2)4]

[Li10(O’NPhiPr)4(OEt)2(Et2O)4] 17 and [Li10(O’NMes)4(OEt)2(OEt2)2] 18 respectively.

16,
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Compound 15 showed a capped hexameric lithium alkoxide core, with only four ligands
forming a pair of wings on opposite faces of the hexamer core. The remaining two alkoxides
making up the core were from ethoxide fragments believed to originate from cleaved diethyl
ether molecules. Reacting O’NPhMe2H2, O’NPhiPrH2 and O’NMesH2 with two equivalents of
nBuLi in diethyl ether resulted in matching precipitation sequences and produced
[Li10(O’NPhMe2)4(OEt)2(OEt2)4]

16,

[Li10(O’NPhiPr)4(OEt)2(Et2O)4]

17

and

[Li10(O’NMes)4(OEt)2(OEt2)2] 18 respectively. Three of these compounds, 15, 16 and 17, were
isostructural. The fourth, [Li10(O’NMes)4(OEt)2(OEt2)2] 18, showed matching connectivity in the
core Li10 cluster to 15, 16 and 17, however the coordinated diethyl ether groups were absent
from the lithium amide wings. As was discussed in Chapter 3 for the compound
[Li10(O’NH)4(O’NH2)2(THF)6] 14, lithium atoms bridging amides across opposite faces of the
capped hexamer is an aggregation motif which has not yet been reported in the literature.
[Li10(O’NPh)4(OEt)2(Et2O)4] 15, [Li10(O’NPhMe2)4(OEt)2(OEt2)4] 16, [Li10(O’NPhiPr)4(OEt)2(Et2O)4]
17 were able to be obtained in quantitative yields and characterised by elemental analysis.
The crystals of [Li10(O’NMes)4(OEt)2(OEt2)2] 18 suffered from rapid solvent loss when removed
from solution and a satisfactory elemental analysis was unable to be obtained. These
structures each showed four lithium environments; four cage lithium atoms coordinated to
amides (3O, N), two cage lithium atoms coordinated to solvating diethyl ether (3O, Et2O), two
capping lithium atoms (3O) and two solvated bridging lithium atoms (2N, Et2O). The exception
to this was [Li10(O’NMes)4(OEt)2(OEt2)2] 18 in which the wing lithium centres had no
coordinated diethyl ether molecules and as such were only two coordinate (2N).
Yellow block crystals of the diethyl ether solvated complex [Li10(O’NPh)4(OEt)2(OEt2)4] 15
suitable for X-ray crystallographic investigation precipitated following the unstirred addition
of 2.5 equivalents of nBuLi. The molecule crystallised in the monoclinic space group P21/n a =
12.1703(3) Å, b = 13.4957(4) Å, c = 22.5754(6) Å,  = 102.729(2)o with two
[Li10(O’NPh)4(OEt)2(OEt2)4] units in the unit cell and the asymmetric unit consisting of half the
molecule. The crystal structure of [Li10(O’NPh)4(OEt)2(OEt2)4] 15 is shown in Figure 4-1.
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Figure 4-1: Crystal structure of [Li10(O’NPh)4(OEt)2(OEt2)4] 15. Thermal ellipsoids drawn at 20
% probability and disorder in solvating diethyl ether groups shown. Hydrogen atoms removed
for clarity.
O-Li bond distances were found to range between 1.916(5)-2.018(5) Å. The Li-N bonds
between the wing lithium and amides were 2.088(5) Å and 2.078(5) Å, slightly longer than the
2.010(5) Å and 2.040(5) Å long N-Li bonds to the core. The C-C bond length of the alkoxide
fragment was found to be 1.496(5) Å, within the length expected for a single bond, supporting
the identity of the fragment as ethoxide.
Yellow plate crystals of the diethyl ether solvated complex [Li10(O’NPhMe2)4(OEt)2(OEt2)4] 16
suitable for X-ray crystallographic investigation precipitated following the unstirred addition
of 2.5 equivalents of nBuLi. The molecule crystallised in the triclinic space group P1 a =
11.8324(6) Å, b = 12.4672(7) Å, c = 14.2118(7) Å,  = 100.676(3)o,  = 90.742(3)o,  =
109.251(3)o with a single [Li10(O’NPhMe2)4(OEt)2(OEt2)4] unit in the unit cell and the
asymmetric unit consisting of half of the [Li10(O’NPhMe2)4(OEt)2(OEt2)4] molecule. The crystal
structure of [Li10(O’NPhMe2)4(OEt)2(OEt2)4] 16 is shown in Figure 4-2.
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Figure 4-2: Crystal structure of [Li10(O’NPhMe2)4(OEt)2(OEt2)4] 16. Thermal ellipsoids drawn at
20 % probability. Hydrogen atoms removed for clarity.
The O-Li bonds in the capped hexamer core were found to range between 1.921(13)-2.006(12)
Å with the shortest bonds around the three coordinate capping lithium. The bonds between
the wing lithium and amides were 2.100(12) Å and 2.122(13) Å, slightly longer than the
2.067(13) Å and 2.078(13) Å long N-Li bonds to the core. The C-C bond length of the alkoxide
fragment was found to be 1.477(12) Å, slightly shorter than typical for a single bond. However,
as the bond is still significantly longer than would be expected of a double bond, it is likely
slightly shorter C-C bond observed in the model is a result of thermal motion or a minor
disorder in the crystal.
Yellow plate crystals of the THF solvated complex [Li10(O’NPhiPr)4(OEt)2(OEt2)4] 17 suitable for
X-ray crystallographic investigation precipitated following the unstirred of addition 2.5
equivalents of nBuLi. The molecule crystallised in the triclinic space group P1 a = 11.8898(3) Å,
b = 14.7355(4) Å, c = 15.6548(4) Å,  = 103.564(1)o,  = 108.437(1)o,  = 108.017(1)o with a
single [Li10(O’NPhiPr)4(OEt)2(OEt2)4] molecule in the unit cell and the asymmetric unit
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consisting of half of the [Li10(O’NPhiPr)4(OEt)2(OEt2)4] molecule and a free diethyl ether
molecule . The crystal structure of [Li10(O’NPhiPr)4(OEt)2(OEt2)4] 17 is shown in Figure 4-3.

Figure 4-3: Crystal structure of [Li10(O’NPhiPr)4(OEt)2(OEt2)4] 17. Thermal ellipsoids drawn at
20 % probability. Hydrogen atoms and free solvent removed for clarity.
The Li-O bonds within the cage ranged from 1.905(4)-2.016(4) Å with the shortest being found
between the three coordinate capping lithium and the cage oxygens, fitting the electronic
expectations. The bonds between the wing lithium and amides were 2.082(5) Å and 2.089(5)
Å, longer than the 2.033(5) Å and 2.021(5) Å long N-Li bonds to the core. The C-C bond length
of the alkoxide fragment was found to be 1.499(4) Å, within the length expected for a single
bond.
Yellow plate crystals of the diethyl ether solvated complex [Li10(O’NMes)4(OEt)2(OEt2)2] 18
suitable for X-ray crystallographic investigation precipitated following the unstirred addition
of 2.5 equivalents of nBuLi. The molecule crystallised in the triclinic space group P1 a =
12.097(2) Å, b = 12.303(3) Å, c = 14.881(3) Å,  = 77.36(3)o,  = 74.74(3)o,  = 79.18(3)o with
two [Li10(O’NMes)4(OEt)2(OEt2)2] units in the unit cell and the asymmetric unit consisting of the
complete [Li10(O’NMes)4(OEt)2(OEt2)2] molecule and a free diethyl ether molecule. The crystal
structure of [Li10(O’NMes)4(OEt)2(OEt2)2] 18 is shown in Figure 4-4.
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Figure 4-4: Crystal structure of [Li10(O’NMes)4(OEt)2(OEt2)2] 18. Thermal ellipsoids drawn at 20
% probability. Hydrogen atoms and free solvent removed for clarity.
The cage O-Li bond lengths were found to range between 1.901(6)-2.032(6) Å. The bonds
between the wing lithium and amides were 1.917(7)-1.943(8) Å, shorter than the 2.023(6)2.099(7) Å long N-Li bonds to the core. The C-C bond length of the alkoxide fragment was found
to be 1.511(6) Å, within the length expected for a single bond. The mesityl rings were seen to
block coordination to the wing lithium atoms. This explains the absence of solvating diethyl
ether groups at these positions and the lithium atoms only being two coordinate.
In addition to the dealkylation of diethyl ether, the lithiation of O’NPhiPrH2 in THF resulted in
the complex [Li10(O’NPhiPr)4(OCH=CH2)2(THF)6] 19 (Scheme 4-4). This structure showed the
same double winged capped hexamer observed in the diethyl ether adducts 15-18 with an
ethenolate group incorporated instead of an ethoxide group.
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Scheme 4-4: Dilithiation of O’NMesH2 to give [Li10(O’NPhiPr)4(OCH=CH2)2(THF)6] 19.
Colourless needle crystals of the THF solvated complex [Li10(O’NPhiPr)4(OCH=CH2)2(THF)6] 19
suitable for X-ray crystallographic investigation precipitated following the unstirred addition
of two equivalents of nBuLi. The molecule crystallised in the triclinic space group P1 a =
12.983(3) Å, b = 18.590(4) Å, c = 22.992(5) Å,  = 94.86(3)o,  = 103.15(3)o,  = 105.37(3)o with
two [Li10(O’NPhiPr)4(OCH=CH2)2(THF)6] units in the unit cell and the asymmetric unit consisting
of the full [Li10(O’NPhiPr)4(OCH=CH2)2(THF)6] molecule. A heavily disordered solvent molecule,
believed to be hexane, was present in the lattice. An acceptable model was unable to be found
and the solvent was instead accounted for with the inbuilt solvent mask program for Olex2 (e= 110.6, V = 621.1 Å3). The crystal structure of [Li10(O’NPhiPr)4(OCH=CH2)2(THF)6] 18 is shown
in Figure 4-5.
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Figure 4-5: Crystal structure of [Li10(O’NPhiPr)4(OCH=CH2)2(THF)6] 19. Thermal ellipsoids drawn
at 20 % probability and disorder in isopropyl groups and solvating THF shown. Hydrogen atoms
removed for clarity.
All of the lithium atoms in [Li10(O’NPhiPr)4(OCH=CH2)2(THF)6] 19 were four coordinate. This
resulted in three lithium environments in the molecule, the four (3O, THF) and four (3O, N)
lithium atoms which made up the capped hexamer core and the two (2N, 2THF) lithium atoms
which made up the wings.
The O-Li bond lengths in the cage were found to be in the range of 1.945(3)-2.055(3) Å with
the ethenolate bonds on average longer than those which did not involve the solvent
fragment. It should be noted that whilst the range of the Li-O bonds was higher than those
seen in [Li10(O’NPhiPr)4(OEt)2(THF)6] 17 (1.906(5)-2.018(5) Å), these ranges were the result of
outliers in both structures and as such were not indicative of an systematic change in Li-O bond
length between 17 and 19. The bonds between the wing lithium and amides were 2.220(3)2.281(3) Å, longer than the 2.016(3)-2.068(3) Å long N-Li bonds to the core. This longer wing
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Li-N bonds is expected due to the additional electron density donation from the two THF
groups compared to the diethyl ether solvated or unsolvated wings observed in 15-18. The CC bond length of the solvent fragment were found to be shorter than the earlier ethoxide
fragments at 1.282(10)-1.284(3) Å. This is shorter than expected for a C-C double bond.
However, a disorder present in one of the ethenolate fragments showed a lengthening of the
C-C bond to 1.344(5) Å in one of the conformations, closer to the expected length of a C-C
double bond. Furthermore, the C-C-O bond angle was found to be 121.8-128.8o, within the
range expected of a sp2 hybridised carbon. As such it is likely the conformations showing short
C-C bond lengths are the result of thermal motion or data artefacts and still represent an
ethenolate group.
A

change

in

ligand

connectivity

can

be

observed

when

comparing

[Li10(O’NPhiPr)4(OCH=CH2)2(THF)6] 19 to [Li10(O’NPhiPr)4(OEt)2(Et2O)4] 17, highlighted in Figure
4-6. In compound 19 the ligands showed orthogonal connectivity to the cage faces. In
comparison the diethyl ether adducts 15, 16, 17 and 18 all showed mirrored symmetry in the
ligand arrangement. As both 17 and 19 contained the O’NPhiPr ligand and the ethenolate and
ethoxide groups have only a very minor difference in steric presence, the shift in connectivity
is likely related to the change in coordinated solvent. In 17 the mirrored ligand arrangement
blocked the coordination site of the unsolvated lithium atom whilst in 19 the ligand bulk is
spread more evenly around the cage, enabling solvating interactions for each lithium in the
central cage. As such, the ligand arrangement observed in 19 is likely driven by the inclusion
of the stronger Lewis base THF. The orthogonal ligand connectivity was also observed for the
double winged capped hexamer [Li10(O’NH)4(O’NH2)2(THF)6] 14 discussed in Chapter 3. Like
compound 19, each of the eight cage lithium atoms in [Li10(O’NH)4(O’NH2)2(THF)6] 14 were four
coordinate due to coordinating amine and THF groups, supporting a connection between the
shift in connectivity and increase in the number of solvating groups.
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Figure 4-6: [Li10(O’NPhiPr)4(OEt)2(Et2O)4] 17 and [Li10(O’NPhiPr)4(OCH=CH2)2(THF)6] 19 with the
differences in ligand connectivity to the central cage highlighted. R = 4-isopropylphenyl.
Each of the compounds discussed in this Chapter were insoluble in diethyl ether or toluene,
and both solvents were unsuitable for NMR spectroscopy. When [Li10(O’NPh)4(OEt)2(Et2O)4] 15
was dissolved in THF the resulting 1H NMR spectrum matched that obtained for the structure
[Li4(O’NPh)2(THF)5] 5. Furthermore, whilst diethyl ether peaks were visible, there were no
resonances indicative of an ethoxide fragment. This suggests that the addition of THF to
[Li10(O’NPh)4(OEt)2(Et2O)4] 15 converted the cage structure to the ladder [Li4(O’NPh)2(THF)5] 5
and a separate, poorly soluble, (LiOEt)n aggregate. 1H NMR spectroscopy of compounds 16, 17
and 18 obtained in THF gave unassignable spectra and decomposition.
A stepwise addition of nBuLi to O’NMesH2 in Et2O was analysed by 1H NMR spectroscopy in
order to investigate the ether cleavage. 1.6 M nBuLi in hexane was initially used to match the
lithiation conditions used in this project, however the addition of hexane lowered the
resolution of the spectra obtained. Increasing the concentration to 2.5 M nBuLi was effective
in improving the resolution of the NMR spectrum and did not alter the number of observed
resonances.
The 1H NMR spectra obtained through this method showed a complex mixture of products
throughout the lithiation steps. Importantly, a singlet peak at 5.22 ppm began to emerge after
1.5 equivalents of nBuLi was added and grew significantly after two equivalents of nBuLi was
added as shown in Figure 4-7.
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Figure 4-7: The 1H NMR spectrum of O’NMesH2 in Et2O/C6D6 highlighting the methylene region
and evolution of the singlet peak at 5.22 ppm following the addition of 1, 1.5, 2 equivalents of
2.5 M nBuLi. Further addition of nBuLi resulted in broadening and disappearance of the
methylene resonances.
Removing the solvent from the reaction mixture of 18 by vacuum and obtaining a 1H NMR
spectrum of the crude solid in THF/C6D6 did not show any resonance at 5.22 ppm. This
observation suggested that the resonance at 5.22 ppm correlated to a volatile compound and
was believed to correspond to the ethene produced following the dealkylation of diethyl ether.
As the solution was an unusual Et2O/C6D6 mixture, literature values for the 1H NMR spectrum
of ethene could not be directly compared. However, the formation of ethene is well known to
occur through the decomposition of THF following the addition of alkyllithium reagents at
room temperature.141,144–146
Analysing a blank sample of nBuLi in THF/C6D6 by 1H NMR spectroscopy showed the formation
of a singlet peak at 5.22 ppm matching that seen in the O’NMes reaction mixtures. A blank of
the reaction mixture Et2O/C6D6/nBuLi was also analysed by 1H NMR spectroscopy to confirm
the role the O’NMes ligand played in the formation of the suspected ethene resonance. Whilst
there was a slow depletion of the free nBuLi resonance, after five days only a minor amount
of the resonance at 5.22 ppm had formed, indicating that the reaction was greatly accelerated
by the O’NMes ligand. This also showed that the switch from a THF/C6D6 solution to an
Et2O/C6D6 solution had no significant effect on the chemical shift of the singlet peak. The
probable formation of an ethene resonance between the addition of 1.5-2 equivalents of nBuLi
supports the diethyl ether cleavage occurring from a highly lithiated state. However whether
the active component is an aggregate composed purely of dilithiated ligands or a mixed
aggregate containing mono/dilithiated ligands remains unclear.
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Unlike

18,

the

diethyl

ether

solvated

structures

15,

16,

17

and

[Li10(O’NPhiPr)4(OCH=CH2)2(THF)6] 19 remained in solution following its formation. It was
hoped that this solubility could allow for the use of NMR spectroscopy to probe the reaction,
in particular observing whether a stable intermediate formed before the reaction completion.
Carefully layering a stoichiometric amount of nBuLi in hexanes into a THF solution of
O’NPhiPrH2 in a sealed Young’s tube allowed for mixing directly before analysis. Unfortunately
this proved unsuccessful with the reaction still proceeding to completion before a spectrum
could be obtained.
A singlet peak at 5.22 ppm correlating to ethene could be seen in the 1H NMR spectrum,
growing in size with additional equivalents of nBuLi. However, as mentioned previously, this
resonance could also be seen rapidly forming following the addition of nBuLi to a blank THF
solution. As such, the possibility exists that the lithium ethenolate groups observed in 19 were
the result of THF decomposition from nBuLi which were then incorporated into the
aggregation. However, the dilithiation of O’NPhH2, O’NPhMe2H2, O’NMesH2 and O’NH3 in THF
did not result in the resonance at 5.22 ppm forming until an excess of nBuLi was added. This is
expected as the lithiation of alcohol and amine groups should be favoured over lithiation of
the methylene groups of THF. As O’NPhiPrH2 should be similarly favoured, it is unlikely that
any significant amount of THF dealkylation from nBuLi alone would occur before the
dilithiation of O’NPhiPrH2 is completed. Furthermore, 19 was able to be isolated from reaction
mixtures containing 2.0 equivalents of nBuLi in high yields. This supports the O’NPhiPr ligand
activating the dealkylation of THF rather than the aggregate forming from the incorporation
of ethenolate produced from excess nBuLi.
During the 1H NMR studies on 19, no resonances could be seen correlating with the expected
formation of the lithium ethenolate group. This may be due to an overlap between the THF
and lithium ethenolate resonances, as the existence of 19 suggests a (LiOCH=CH2)n aggregate
should not form and precipitate separately. It should be noted that the ethenolate resonances
were also not observed in the 1H NMR spectrum when analysing a blank nBuLi/THF/C6D6
sample.
The dealkylation of ethereal solvents when using organoalkali reagents has led to numerous
studies into the mechanisms behind the decomposition of these molecules. A review by
Maercker on ether cleavage by organoalkali compounds proposed four mechanisms by which
organolithium reagents could dealkylate diethyl ether.146 Three of these mechanisms resulted
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in ethene and lithium ethoxide as products (Scheme 4-5) and it was noted that the mechanism
could not be determined by products alone.146

Scheme 4-5: The dealkylation of diethyl ether by ,  and ’,-elimination mechanisms to give
ethene and lithium ethoxide.146
No dealkylation products were observed following the addition of diethyl ether to
[Li4(O’NPh)2(THF)5] 5, [Li(THF)4]2[Li10(O’NPhMe2)6] 9, [Li(DME)3]2[Li6(O’NMes)4] 12 or
[Li10(O’NH)4(O’NH2)2] 14 described earlier in Section 3.2. Furthermore, diethyl ether was
commonly used as a solvent during crystallisation attempts. However there were no instances
of 15, 16, 17 or 18 isolated from any solutions besides directly after the dilithiation of O’NRH2
in diethyl ether. This suggests that the reactivity causing ethereal bond cleavage is limited to
either an aggregate which could not be obtained by solvent exchange, or that the reaction
occurred during lithiation, potentially involving free nBuLi.
There are a number of known outcomes from the decomposition of THF by organoalkali
compounds, with the most common pathway resulting in the formation of lithium ethenolate
and ethene.145 Only a single known mechanism exists for this pathway in which both a C-O and
C-C bond is broken through a reverse [3+2] cycloaddition (Scheme 4-6).144–146
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Scheme 4-6: Proposed reverse [3+2] cycloaddition mechanism for THF C-O bond cleavage and
lithium ethenolate formation.144–146

4.2.2 Comparison of double winged capped hexamers

Figure 4-8: Summary of double winged hexamer structures isolated from the lithiation of O’NR
ligands.
The structural similarities found in the double winged capped hexamers, summarised in Figure
4-8, allowed for more detailed comparisons to be made between the molecules. Throughout
the structures there was no notable change in the central eight lithium cage with the Li-O
bonds ranging between 1.9-2.1 Å. Instead most of the changes could be seen in the outer
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sections with a clear shift in connectivity and bond lengths being observed in the lithium amide
wing structures.
The wing structures showed three main factors which influence their geometry; the donating
potential of the amide, the steric bulk of the amide substituent and the strength and number
of coordinated solvent groups. For the ligands O’NPh, O’NPhMe2, O’NPhiPr and O’NMes the
varying alkyl substituents of the aryl ring should have minimal effect on the electronics of the
amide donor. This is supported by the N-Li bonds to the hexamer core ranging between 2.02.1 Å in all double winged structures. Conversely the Li-N bonds to the amide bridging lithium
centre showed a large range of over 0.35 Å with the shortest observed in 18 at 1.917(7) Å and
the longest observed in 19 at 2.281(3) Å. The change in bond length correlated with the
electron donation ability of the coordinating solvent group. This was best demonstrated by an
increase in N-Li bond length of nearly 0.2 Å with the change in solvation from diethyl ether in
[Li10(O’NPhiPr)4(OEt)2(OEt2)4] 17 to two THF groups in [Li10(O’NPhiPr)4(OCH=CH2)2(THF)6] 19.
Changing the coordination of the wing lithium also had a significant effect on the N-Li-N bond
angle. The four coordinate THF solvated wing lithiums of 19 showed an N-Li-N bond angle of
122.25(13)-123.45(13)o. This angle increased in the three coordinate diethyl ether solvated
wings of 15, 16 and 17 to 133.9(3)-139.4(2)o. Finally, the two coordinate wing lithium of 18
approached a more linear geometry with an N-Li-N angle of 150.2(5)o. The combination of the
N-Li lengthening and shifting of N-Li-N bond angle due to the shift in solvation also resulted in
a longer distance between the wing lithium and hexamer core. The Li-Li and Li-O distances
between the wing lithium and hexamer face increased by approximately 0.15 Å when
comparing the two and three coordinate lithium atoms and a similar increase was observed
between the three and four coordinate atoms.
Short Li-H distances of 2.2-2.4 Å between the wing lithium centres and hydrogen atoms from
the nearby methylene groups shown in Figure 4-9 were observed throughout the double
winged capped hexamers. In [Li10(O’NMes)(OEt)2(Et2O)2] 18, two hydrogens from methyl
groups were also within 2.3 Å. Whilst short, these Li-H distances are slightly longer than
expected for an agostic interaction.123 Furthermore the angling of the mesityl rings in 18 led to
a Li-C distance of 2.488(8)-2.501(8) Å, within the range observed for lithium-aryl interactions
for low coordinate lithium centres.134,147,148 It is suspected that the wing lithium centres share
weak interactions with nearby hydrogen and carbon atoms in order to maximise electron
density donation to the metal, particularly for the two coordinate lithium centre found in 18.
However, it is not known whether these interactions would be strong enough to drive the
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observed orientation of the ligand and maximise electron donation to the lithium centre.
Instead, the observed positioning of atoms close to the lithium centre could be driven by steric
factors.

Figure 4-9: Comparison between wing geometries for a change in coordination state, shown
left to right [Li10(O’NPhiPr)4(OCH=CH2)2(THF)6] 19, [Li10(O’NPhMe2)4(OEt)2(OEt2)4] 16 and
[Li10(O’NMes)(OEt)2(Et2O)2] 18. Li-H and Li-C interactions shown for atoms closer than 2.5 Å. A
single wing component is shown for each structure, with the remaining sections of the cages
omitted for clarity.
The compound [Li10(O’NH)4(O’NH2)2(THF)6] 14 discussed in Chapter 3, also possessed the
double winged capped hexamer motif. However the structure differed due to the inclusion of
six O’NH ligands compared to the four O’NR ligands in 15, 16, 17, 18 and 19. Furthermore the
absence of the aryl ring causes electronic changes at the amide. Despite these differences in
ligand structure, the Li-O bonds found in the capped hexamer cage of 14 as well as the N-Li
bonds between the amide wings and alkoxide cage were comparable in length to those
observed in the other double winged hexamers.
Due to the solvation of [Li10(O’NH)4(O’NH2)2(THF)6] 14 by two THF groups on the cage as well
as two THF groups on each wing, the structure is an close analogue of
[Li10(O’NPhiPr)4(OCH=CH2)2(THF)6] 19. The monolithiated O’NH2 ligands in 14 filled the position
of both the ethenolate and solvating THF groups observed in 19. Besides this change, the two
structures shared the same connectivity around each lithium atom. Due to the lack of a second
aryl ring in the O’NH2 ligand, the steric congestion around the cage of 14 is comparable to 19
despite the higher number of O’NR ligands in the aggregate. The small size of the O’NH ligand
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may be a factor in why 14 takes the form of a double winged capped hexamer rather than a
partially

completed

triple

winged

capped

hexamer

as

was

observed

for

[Li10(O’NPhMe2)4(O’NPhMe2H)2] 10.
Despite the similarities of many of the bond lengths between 14 and 19, the N-Li bonds to the
amide bridging lithium atoms are approximately 0.25 Å shorter in 14 compared to 19. Neither
the bonds of the solvating THF groups nor the N-Li bonds to the core showed any significant
differences in length, all of which were close to 2.0 Å in both structures. This suggests that the
donating potential of the primary amide does not differ greatly from the secondary amide and
that the shrinking of the N-Li-N wing in 14 is instead enabled by the reduced steric interference
of the smaller ligand. If steric repulsions around the O’NR ligand can push the lithium atom
further away and weaken the N-Li bond, increasing these could destabilise the lithium and aid
in reactivity. Through the addition of larger aryl groups such as 2,6-diisopropylphenyl it should
also be possible to completely prevent this bridging arrangement and force an alternate, and
potentially novel, aggregation mode to be taken. Further investigations using larger amide
substituents as well as smaller alkyl groups would also help determine the structural
requirements for the dealkylating solvent attack observed in this project.

4.3 Conclusion
Throughout the investigation of lithiating O’NR ligands, aggregates containing alkoxide
fragments were isolated. Lithiating O’NPhH2, O’NPhMe2H2, O’NPhiPrH2 and O’NMesH2 in
diethyl ether with nBuLi resulted in C-O bond cleavage of the ether solvent. The lithiation of
O’NPhiPrH2 in THF also showed C-O bond cleavage of THF groups. These reactions were rapid
and high yielding, showing complete conversion within seconds of the initial lithiation at room
temperature. The ethoxide fragments which resulted from this reactivity remained lithiated
and were incorporated into double winged capped hexamer aggregate structures. Whilst the
mechanism for the ether cleavage remains unknown, NMR spectroscopic evidence showed
the formation of ethene occurred at nBuLi concentrations corresponding to near complete
dilithiation of the ligands. The potential for the reaction to occur due to an aggregate
containing a mixture of monolithiated and dilithiated O’NR ligands remains a possibility.
Unfortunately the poor solubility of these O’NR lithiated structures in diethyl ether combined
with the near instant reactivation complicated further study of this dealkylation. The
superbasic C-O cleavage of ether molecules highlighted the potential for tethered
amide/alkoxide mixed anionic ligands to direct alkyllithium reactivity. Further work in this area
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would likely focus on attempting to identify partially dilithiated structures as precursors to
better understand the causes of the ethereal bond cleavage.
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Chapter 5: Preliminary investigations of lithium
O’N’R aggregates
5.1 Introduction
As with homoanionic lithium compounds, it has been observed that the ladder motif is quite
common in mixed anion aggregates. Though best known to arise from lithium amides,
examples of lithium oxide149–155 and carbide156–160 ladders have been reported. Importantly,
four rung ladders have shown themselves to be common throughout mixed anion structures,
particularly among those with an amide component.27,161–169 These mixed anion four rung
ladders have shown the tendency for one anionic component (X1) to form a central dimer core
while the second anionic component (X2) binds terminally to form the first and fourth rungs as
shown in Figure 5-1. In four rung ladders containing an amide component, it has also been
observed that the amide is typically positioned at the terminal ends of the ladder rather than
at the core. Currently there are no known examples of the inverse arrangement with an amide
core for O/N ladders and only two examples for C/N ladders.170,171

Figure 5-1: Simplified ladder structures showing the three major geometrical and connective
archetypes for four rung mixed anion ladders.
The bond angles of ladders can differ significantly between compounds. Whilst lithium amide
ladders are often near linear, “stepped” ladders are the most prevalent in non-amide and
mixed anion aggregates. This is likely a result of the same bonding properties which lead to
stacked arrangements being favoured in non-amide compounds. The angle of this step has
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been shown to be able to shift closer to 90o through the presence of bridging solvent165 and
ligands156,172–174 and also through a  stacking interaction between aryl ligands.155 Though less
common, there are also examples of ladders which wrap back on themselves to take an
“arched” arrangement, appearing as fragments of a cyclic ladder system.161,162 Strohmann
identified isomerisation in a (1R, 2R)-N,N,N’,N’-tetramethylcyclohexane-1,2-diamine ((R,R)TMCDA) adduct of nBuLi, with the same molecule crystallising separately as both a stepped
and an arched ladder aggregate indicating that these arrangements are not necessarily
fixed.157

Figure 5-2: Tethered alkoxide/amide ligand precursors showing the previously investigated
O’NRH2,103 as well as O’NRH2 and O’N’RH2 investigated in this project.
As mentioned in Chapter 1.4, previous unpublished work by the Gardiner group investigated
the structures from the dilithiation of ON’R ligands shown in Figure 5-2.103 Ten examples of
stepped ladder aggregates were obtained. When attempting to substitute coordinated solvent
groups with another Lewis basic solvent on these ladders, in some cases for certain ON’R
ligands, unexpected reactivity was discovered. Instead of exchanging the coordinated solvent
groups or forcing a new aggregation state, the new solvent underwent C-O bond cleavage and
dealkylation. This reactivity was observed for a range of ethereal solvents shown in Scheme 51. Furthermore the bond cleavage was found to be selective, with asymmetrical ethers
favouring dealkylation of one side of the ether to give a single pair of products.
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Scheme 5-1: Summary of the reactivity towards ethereal compounds observed for
[Li4(ON’DIPP)2(THF)4] IX.
As the ON’DIPP structure [Li4(ON’DIPP)2(THF)4] IX was the only ladder which caused the
dealkylation of ethereal solvent, direct comparisons were able to be made between the crystal
structures of the compounds that showed superbasic activity and those that didn’t. These
structures assisted in developing computational models of these systems to try and identify
the key differences that led to C-O cleavage. It was proposed that the positioning of a
methylene group highlighted in Figure 5-3 was a major factor in the aggregates reactivity
towards ethereal compounds. Changes in the steric bulk of the aniline group resulted in this
methylene rotating its position from above the ladder core to out along the side. This opened
a cavity in which ethereal solvents could occupy as they coordinated to the lithium atoms,
placing the solvent in close proximity to nearby amide groups. In addition to the positioning of
the methylene group, the step angle of the ladder was also suggested to effect the C-O bond
cleavage. The sharper 90o reduced the conformational flexibility of the ligand putting
additional strain on the aggregate, whilst also resulting in a more tightly constrained “groove”
in which solvent can bind and react with other sections of the ladder.
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Figure 5-3: Comparison of the previously isolated ladder structures [Li4(ON’DIPP)2(THF)4] IX
and [Li4(ON’Ph)2(THF)6] X highlighting the shift in methylene position (circled in red) from
above the ladder core outwards with the inclusion of the larger DIPP groups that led to
unexpected reactivity towards ether groups.103
Reactivity was also observed with 1,2-dimethoxybenzene where methyl transfer onto the
amide group of the ligand was observed. This reaction cannot proceed using the same
mechanism as was proposed for the previously described dealkylation reactions. Furthermore
this reactivity was also observed for [Li4(ON’Ph)2(THF)6] X which was otherwise inactive
towards the ethers tested. The mechanism of this dealkylation was not fully investigated with
only a tentative SN2 mechanism proposed. The result nonetheless showed that whilst the
ladder structures showed selectivity in the dealkylation of ethers, they also showed an activity
beyond the single type of CIPE dealkylation. Given the prevalence of ladder type structures
arising from mixed anion species, this selective range of reactivity is promising for the
development of customisable superbases.
It was this reactivity towards ethers which prompted additional structural investigations into
other ON tethered dianionic ligands. The focus of this project was primarily on O’NR ligands
shown in earlier chapters. However preliminary investigations were able to be undertaken into
the lithiation of O’N’R ligands containing a methylene linker to each of the anionic sites. The
aim was to see whether with the additional freedom around each anionic site of these O’N’R
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systems would aggregate like simpler ON’R or O’NR structures or once more result in novel
aggregation structures.

5.2 Results and discussion
5.2.1 Lithiated O’N’R structures
Uniquely in this project, both O’N’iPrH2 and the compounds which formed from its lithiation
were soluble in hexanes, enabling investigations into lithiated O’N’iPr aggregates without a
Lewis basic solvent. As the absence of a Lewis basic additive was expected to lower the
reactivity of the nBuLi, 3 equivalents of nBuLi were used during the attempted dilithiation of
O’N’iPrH2 in hexanes. Unexpectedly however, the primary product isolated from this reaction
showed lithiation of both alcohol and amine groups as well as superbasic lithiation of aryl
groups. Due to the unique structure of this overlithiated compound, it will be discussed further
in Chapter 6.

Scheme 5-2: Monolithiation of O’N’iPrH2 to give [Li4(O’N’iPrH)4] 20.
After the initial crystallisation of the overlithiated compound, filtering off the mother liquor
allowed for a second crystallisation from a THF/Hexanes solution. When analysed, these
crystals were identified as the compound [Li4(O’N’iPrH)4] 20 (Scheme 5-2). Compound 20
showed a conventional stacked lithium alkoxide tetramer cube with internal amine
coordination isostructural to [Li4(O’NMesH)4] 15. Crystals of 20 were unable to be reacquired
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in the time available from either the deliberate monolithiation of O’N’iPrH2 or by repeating
the initial overlithiating conditions.
Colourless plate crystals of the unsolvated complex [Li4(O’N’iPrH)4] suitable for X-ray
crystallographic investigation were grown from concentrating a 2:10 THF:hexanes solution.
The crystals belonged to the orthorhombic space group P212121 a = 9.2814(4) Å, b =
23.2350(11) Å, c = 40.5542(19) Å with eight [Li4(O’N’iPrH)4] molecules in the unit cell and the
asymmetric unit consisting of two [Li4(O’N’iPrH)4] molecules. A conformational disorder in a
single isopropyl group is present on one of the two tetramers. The crystal structure of
[Li4(O’N’iPrH)4] 20 is shown in Figure 5-4.

Figure 5-4: Crystal structure of [Li4(O’N’iPrH)4] 20, thermal ellipsoids drawn at 20 % probability.
Hydrogen atoms removed for clarity. Disordered isopropyl group in second molecule shown.
The N-Li bonds of [Li4(O’N’iPrH)4] 20 ranged between 2.067(9)-2.122(9) Å whilst the Li-O bonds
ranged between 1.925(9)-1.969(10) Å. These bond lengths were comparable to those
observed in the tetrameric cube [Li4(O’NMesH)4] 11 discussed in Chapter 3.
The dilithiation of the O’N’PhH2, O’N’MesH2 and O’N’DIPPH2 in THF each enabled isolation of
a crystalline material following a concentration of the reaction solution and subsequent
layering with hexanes. When these crystals were analysed they were identified as the stepped
ladders [Li4(O’N’Ph)2(THF)4] 21, [Li4(O’N’Mes)2(THF)4] 22 and [Li4(O’N’DIPP)2(THF)4] 23 (Scheme
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5-3). These three structures each showed two terminal lithium amide groups bound to a Li2O2
dimer ring in the core of the ladder aggregate. Furthermore each ladder contained four
coordinated THF groups. In [Li4(O’N’Ph)2(THF)4] 21, three of the THF groups coordinated to two
of the terminal lithium atoms and one of the core lithium atoms. The remaining THF group
bridged the remaining core lithium and a terminal lithium resulting in asymmetrical solvation.
This asymmetry in 21 resulted in four lithium environments. One terminal lithium showed four
coordinate (O, N, 2THF) tetrahedral geometry with one of the coordinated THF groups
bridging. The two core lithium atoms showed four coordinate (2O, N, THF) tetrahedral
geometry with one atom coordinated to a terminal THF group and the other coordinated to
the bridging THF group. The remaining terminal lithium atom showed three coordinate (O, N,
THF) trigonal pyramidal geometry. This structure matched what was observed in the earlier
stepped ladder [Li4(O’NPh)2(THF)5] 5, discussed in Chapter 3, albeit with one less terminal THF
group coordinating to the end of the ladder. The asymmetrical solvation in both compounds 5
and 21 induced chirality in the two molecules, however both compounds crystallised in the
centrosymmetric space group P1 indicating a racemic mixture as expected. As with the twisted
aryl rings in discussed earlier in Chapter 3, investigations into ligands containing a chiral centre
may be of interest in controlling the handedness of the asymmetrically solvated ladders and
potentially

inducing

enantiomerically

selective

reactivity.

The

ladder

cores

of

[Li4(O’N’Mes)2(THF)4] 22 and [Li4(O’N’DIPP)2(THF)4] 23 were isostructural and showed two
ligand environments. The two terminal lithium atoms showed four coordinate (O, N, 2THF)
tetrahedral geometry whilst two the core lithium atoms showed three coordinate (2O, N) bent
T-shaped geometry.
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Scheme 5-3: Dilithiation of O’N’PhH2, O’N’MesH2 and O’N’DIPPH2 in THF giving the ladder
structures [Li4(O’N’Ph)2(THF)4] 21, [Li4(O’N’Mes)2(THF)4] 22 and [Li4(O’N’DIPP)2(THF)4] 23
respectively.
Colourless crystals of the THF solvated complex [Li4(O’N’Ph)2(THF)4] 21 suitable for X-ray
crystallographic investigation precipitated following the careful layering of hexanes onto a
concentrated THF solution. The molecule crystallised in the triclinic space group P1 a =
12.0792(3) Å, b = 13.4510(4) Å, c = 13.8843(4) Å,  = 74.636(1)o,  = 89.880(1)o,  = 71.335(2)o
with two [Li4(O’N’Ph)2(THF)4] molecules in the unit cell and the asymmetric unit consisting of
the complete [Li4(O’N’Ph)2(THF)4] 21 molecule. The crystal structure of [Li4(O’N’Ph)2(THF)4] 21
is shown in Figure 5-5.
The Li-O bonds were shortest between the terminal lithium and alkoxide at 1.831(3)-1.882(3)
Å whilst the L2O2 core ranged between 1.899(3)-1.936(3) Å. The N-Li bonds ranged between
1.991(3)-2.101(3) Å with the N-Li ladder rungs 0.05 Å shorter than the edges. The bridging THF
group showed a Li-O bond to the centre lithium 2.024(3) Å whilst the bond to the terminal
lithium was 2.121(3) Å. In comparison, the remaining THF groups showed Li-O bonds ranging
between 1.90-1.95 Å, with the group coordinating to the core of the ladder comparable to
those observed at the ends. The longer bonds observed in the bridging THF is expected as the
shared donation of electron density would weaken the Li-O interaction compared to the
terminal THF groups.
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Figure 5-5: Crystal structure of [Li4(O’N’Ph)2(THF)4] 21, thermal ellipsoids drawn at 20 %
probability. Hydrogen atoms removed for clarity.
Colourless block crystals of the THF solvated complex [Li4(O’N’Mes)2(THF)4] 22 suitable for Xray crystallographic investigation were grown from a concentrated solution in THF carefully
layered with hexanes and left to stand overnight. The molecule crystallised in the
orthorhombic space group Pbca a = 16.4917 (5) Å, b = 16.9266(5) Å, c = 16.9592(6) Å,  =
121.272(1)o with four [Li4(O’N’Mes)2(THF)4] molecules in the unit cell and the asymmetric unit
consisting of half of a [Li4(O’N’DIPP)2(THF)4] molecule. The crystal structure of
[Li4(O’N’Ph)2(Mes)4] 22 is shown in Figure 5-6.
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Figure 5-6: Crystal structure of [Li4(O’N’Mes)2(THF)4] 22, thermal ellipsoids drawn at 20 %
probability. Hydrogen atoms and THF disorder removed for clarity.
[Li4(O’N’Mes)2(THF)4] 22 has crystallographic Ci symmetry. The O-Li bonds were found to be
in the range of 1.865(6)-1.941(7) Å with the shortest in the Li2O2 dimer and the longest
between the alkoxide and terminal lithium. The N-Li ladder edges were 1.967(6) Å whilst the
N-Li rungs were 2.043(6) Å. A “step” of approximately 120o could be seen between the Li2O2
ring and the terminal Li2ON ring faces. In compound 21 it was observed that the core lithium
atoms showed longer bonds than the terminal lithium atoms. In comparison, 22 showed
shorter bonds to the core lithium atoms than the terminal lithium atoms. This matches
expectations, as the lower coordination number of the core lithium atoms would result in
stronger coordination to the anions. A methyl group from the mesityl rings can be seen in close
proximity to the core lithium atoms with a C-Li distance of 2.495 Å and Li-H distances of 2.12.2 Å. This blocked the potential coordination of solvent groups, however, as was previously
discussed in Chapter 3, lithium atoms have been reported to draw electron density from C-H
bonds when the Li-H distance is within 2.2 Å.123
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Colourless plate crystals of the THF solvated complex [Li4(O’N’DIPP)2(THF)4] 23 suitable for Xray crystallographic investigation were grown from a concentrated solution in THF carefully
layered with hexanes and left to stand overnight. The molecule crystallised in the monoclinic
space group C2/c a = 24.0539(9) Å, b = 15.5486(6) Å, c = 16.6065(7) Å,  = 121.272(1)o with
four [Li4(O’N’DIPP)2(THF)4] molecules in the unit cell and the asymmetric unit consisting of half
of a [Li4(O’N’DIPP)2(THF)4] molecule. The crystal structure of [Li4(O’N’Ph)2(DIPP)4] 23 is shown
in Figure 5-7.

Figure 5-7: Crystal structure of [Li4(O’N’DIPP)2(THF)4] 23, thermal ellipsoids drawn at 20 %
probability. Hydrogen atoms removed for clarity.

Chapter 5: Preliminary investigations of lithium O’N’R aggregates

110

[Li4(O’N’DIPP)2(THF)4] 23 had crystallographic Ci symmetry. The O-Li bonds were found to be
in the range of 1.885(3)-1.956(3) Å with the shortest in the Li2O2 dimer and the longest
between the alkoxide and terminal lithium. The length of the N-Li ladder edges was found to
be 1.995(3) Å, shorter than the 2.060(3) Å N-Li rungs. The four coordinate terminal lithium
atoms showing longer bonds than the three coordinate central lithium atoms was also
observed in 22. Similar to 22, a step of approximately 120o could be seen between the Li2O2
ring and the terminal Li2ON ring faces. The isopropyl groups shielded the central lithium atoms
from solvent coordination. Li-H distances of 2.2-2.4 Å were observed between the central
lithium atoms and the isopropyl groups, too distant for significant Li-H interactions.

5.2.2 Structural comparison of the ONR ladder aggregates
It was observed that the step angle of the ladders was influenced by the presence of bridging
THF groups, with precise bond angles for each structure shown in Figure 5-8.

Figure 5-8: Step angles found in the ladder aggregates [Li4(O’NPh)2(THF)5] 5,
[Li4(O’N’Ph)2(THF)4] 21, [Li4(O’N’Mes)2(THF)4] 22, [Li4(O’N’Ph)2(DIPP)4] 23 as well as
[Li4(ON’DIPP)2(THF)4] IX isolated in a previous project, showing the shift in step angle from
approximately 120o to 90o following bridging solvation.
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In compounds 22 and 23, without bridging groups, the step angle was found to approach 120o.
In contrast, compounds 5 and 21 showed a step angle closer to 90o on one end of the ladder
where the bridging THF group was observed. This change in step angle was also found in the
ON’R aggregate [Li4(ON’DIPP)2(THF)4] IX which contained two bridging THF groups and showed
the sharper step on both ends of the ladder.103
[Li4(O’N’Ph)2(THF)4] 21 was soluble enough in diethyl ether to obtain a 1H NMR spectrum from
a Et2O/C6D6 solution. The 1H NMR spectrum showed two singlets in the methylene region at
3.98 ppm and 4.71 ppm and well resolved aromatic resonances, with the resonances shifted
upfield compared to the 1H NMR spectrum of the free O’N’PhH2 ligand precursor. The peaks
integrated to the expected values given by the solid state structure. As the spectrum was
obtained in non-deuterated solvent, the 13C satellite signals of the solvent 1H resonances were
comparable in size to those of compound 21. The THF resonance at 3.44 ppm overlapped with
the 13C satellites of the diethyl ether and could not be accurately integrated. However, the THF
resonance further upfield at 1.53 ppm was distant enough from the diethyl resonances to be
accurately integrated, and showed the expected 16 protons.
Due to poor solubility of [Li4(O’N’Mes)2(THF)4] 22 in C6D6 and diethyl ether, a 1H NMR spectrum
of 22 was obtained in THF/C6D6. The spectrum showed two distinct singlets in the methylene
region at 4.11 ppm and 4.92 ppm. However, numerous smaller resonances were observed
alongside the expected resonances in the aromatic, methylene and methyl regions. It is
notable that despite this, elemental analysis on the sample of 22 used for 1H NMR analysis
matched well with the expected values. This suggests these smaller resonances were the result
of multiple species in solution. As the 1H NMR spectrum was obtained in a diethyl ether
solution, it is possible these resonances correspond to aggregates which have lost THF
solvation, exchanging with the diethyl ether groups or taking an alternate aggregate form. It is
also important to note that the lithiation of O’N’MesH2 in diethyl ether resulted in traces
amounts of a compound, which will be described in Chapter 6, showing alkyl lithiation on the
mesityl ring. It is possible the additional proton resonances correlate to other products
produced from heightened reactivity, however only crystals of the original THF solvated
compound [Li4(O’N’Mes)2(THF)4] 22 were able to be isolated from a diethyl ether solution. As
such, further investigation into the lithium O’N’Mes aggregates would be of interest in order
to determine whether these compounds are able to show higher yielding superbasic activity.
Uniquely for this project, [Li4(O’N’DIPP)2(THF)4] 23 was soluble enough in C6D6 to obtain both
1

H and 13C NMR spectra. This is likely a result of the additional large alkyl groups in the DIPP
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group giving the aggregates greater hydrocarbon solubility. The 1H NMR spectrum showed a
slight overabundance of THF, integrating the THF resonances to 22 protons instead of the 16
expected. However elemental analysis of the bulk sample matched the expected value for 23,
suggesting this was a result of residual solvent on the crystals or a difference in relaxation
between aromatic and aliphatic protons. The methyl signal of the DIPP group was completely
overlapped by the upfield THF resonance. Integrating the combination of signals matched the
22 THF protons plus the 24 protons expected for the isopropyl groups. Interestingly, the two
methylene resonances at 4.45 ppm and 4.77 ppm appeared as very broad singlets. This
broadening was also observed when the compound was dissolved in THF/C6D6 and no other
resonances in either 1H spectra showed this broadening. Unfortunately time constraints
prevented variable temperature NMR studies and further investigation into the cause of the
broad peaks. The solid state structure does not assist with understanding this phenomenon,
as the positioning of the methylene groups and aryl ring relative to the ladder were near
identical to what was observed in 22. It is possible the methylene groups exist in a rigid
environment, restricting rotation of the hydrogen atoms and causing diastereotopic behaviour
to be observed. Alternatively, as the methylene groups are adjacent to the alkoxide and amide
groups, it is possible this broadening is a sign of fluxional behaviour in the anions. The 7Li NMR
spectra showed a single peak for 21, 22 and 23 regardless of solvent, suggesting fluxional
behaviour from the lithium atoms, either from intramolecular exchange or rapid equilibria
between alternate aggregates in solution.
As with O’NR ligands, attempts were made to isolate compounds from the lithiation of O’N’RH2
in TMEDA, DME, diethyl ether and toluene. However, the preliminary investigations were less
successful in obtaining crystals from these solvents than THF. As mentioned previously, a single
additional compound was able to be isolated following the attempted dilithiation of
O’N’MesH2 in diethyl ether. Only trace amounts of crystals were able to be obtained, which
when analysed showed a structure with alkyl lithiation on the mesityl ring. As with the
overlithiated O’N’iPr structure this will be discussed further in Chapter 6.
One attempt was made to substitute TMEDA into [Li4(O’N’Ph)2(THF)4] 21 through dissolving
the isolated compound in 3:10 TMEDA:toluene. This was unsuccessful in obtaining crystals,
however an unexpected outcome was observed when reclaiming the ligand. After quenching
with isopropyl alcohol then extracting with water and toluene a mixture of products was
obtained as an oil. Washing the oil in diethyl ether concentrated one of the major products
which was crystallised and determined to be N-phenylisoindolinone in approximately 50 %
yield shown in Scheme 5-4.
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Scheme 5-4: Attempted solvent substitution on [Li4(O’N’Ph)2(THF)4] 21 followed by quenching
of the reaction mixture to reclaim the O’N’PhH2 ligand precursor resulting in the formation of
N-phenylisoindolinone.
1

H NMR spectroscopy on the remaining crude material showed none of the characteristic

O’N’PhH2 resonances. As was discussed in Chapter 2, ring closing in O’N’RH2 precursors to give
isoindoline derivatives was favoured under a range of conditions, converting in minutes at
room temperature. This was able to be overcome by avoiding carboxylic acid intermediates
during the synthesis of O’N’RH2 compounds. The transformation from the O’N’Ph ligand to Nphenylisoindolinone requires a change in oxidation state as well as the loss of two methylene
hydrogens for the formation of a carbonyl group and ring closure to occur. This is a
transformation which would not be expected to result from mild quenching conditions.
Furthermore, the work up method used to isolate N-phenylisoindolinone had been used
previously to successfully reclaim O’N’PhH2 from [Li4(O’N’Ph)2(THF)4] 21 in 80-90 % yield. As a
result, it is suspected that the addition of TMEDA to 21 is a factor in the undesired synthesis
of N-phenylisoindolinone. Unfortunately time restraints prevented further investigation into
this unexpected outcome.
Attempts to isolate structures containing monolithiated O’N’PhH2, O’N’MesH2 and O’N’DIPPH2
were unsuccessful. Crystals were not able to be obtained following the lithiation of O’N’PhH2
and O’N’DIPPH2 in THF with a single equivalent of nBuLi. Interestingly however,
[Li4(O’N’Mes)2(THF)4] 22 was able to be isolated from solution following the same procedure.
O’N’MesH2 was also able to be isolated from the mother liquor following the crystallisation of
22 indicating that this was not a result of stoichiometric error. This is not unprecedented, an
example of dilithiation occurring with only a single equivalent of lithiating agent has been
reported and is shown in Scheme 5-5.175 This reactivity has been attributed to the initial
lithiation offering a kinetic advantage to dilithiation over monolithiation.63 However it was also
reported that the dilithiated product was thermodynamically unstable and slowly reacted with
free ligand precursor to give the monolithiated product.63 In contrast, compound 22 was
isolated five days after the lithiation suggesting that this was the thermodynamically favoured
product.
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Scheme 5-5: A simplified representation of the dilithiation of N-phenylpyrrole from a single
equivalent of nBuLi, with the dilithiated ligand reported to react with the remaining ligand
precursor to give the monolithiated ligand.175

5.2.3 Preliminary investigations into superbasic activity
As was discussed in Section 5.1, superbasic C-O bond cleavage was observed in a previous
study following the addition of ethereal molecules to [Li4(ON’DIPP)2(THF)4] IX. Throughout the
ON’R studies, solvent substitution was performed by dissolving the compound in benzene and
heating with a small excess of the target solvent. This allowed for 1H NMR spectroscopic
analysis to be performed on the reaction mixture. However, the poor solubility of the
compounds found in this project prevented this methodology from being adopted for the
majority of compounds. Fortunately the greater solubility of [Li4(O’N’DIPP)2(THF)4] 23 in
benzene allowed for its reactivity to be tested using the same methodology that was successful
for IX. Five equivalents of either diethyl ether or DME were added to a solution of 23 in C6D6
and the mixture was heated overnight at 100oC. The 1H NMR spectra obtained following
heating showed no sign of change in diethyl ether or DME resonances. Furthermore there was
no change observed in the existing lithium adduct, nor the formation of an insoluble
precipitate.
As discussed in Chapter 3, attempts were undertaken to substitute coordinated THF on the
ladder structure [Li4(O’NPh)2(THF)5] 5 with alternate Lewis basic solvents. However these were
ultimately unsuccessful with the THF adduct returning after recrystallisation. These crystals
were obtained from both neat diethyl ether and 1:1 mix of THF/DME. It was hoped that using
a higher DME ratio would be able to force substitution, however crystals was unable to be
isolated from these solvent systems. Preliminary attempts to substitute THF for DME on 21,
22 and 23 afforded no crystalline solid. As such, the reactivity towards ethereal compounds
found during investigations on the ladder IX was not observed to be present for the similar
ladder structures 5, 21, 22 and 23.
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[Li4(O’N’Ph)2(THF)4]

21,

[Li4(O’N’Mes)2(THF)4] 22 and [Li4(O’N’DIPP)2(THF)4] 23 highlighting the projection of aryl rings
around the ladder. Thermal ellipsoids drawn at 20 % probability and hydrogens removed for
clarity.
As was discussed in Section 5-1, the superbasic reactivity observed for IX was attributed to the
shift in position of a methylene group opening up a cavity above the ladder, as well as the
sharp step angle caused by bridging THF. In comparison, the asymmetric aggregates
[Li4(O’NPh)2(THF)5] 5 and [Li4(O’N’Ph)2(THF)4] 21 projected the aryl linker of the ligand into this
location as shown in Figure 5-9. In contrast the structures Li4(O’N’Mes)2(THF)4] 22 and
[Li4(O’N’DIPP)2(THF)4] 23 showed an open region above the ladder with the aryl rings projected
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directly away from the ladder. This appears to be in response to the larger mesityl and
diisopropylphenyl groups as well as terminal THF groups increasing the steric congestion
around the ladder. However, as noted earlier, the conditions used to promote superbasic
attack on ethereal solvent by IX were unsuccessful for 23 indicating that the open coordination
site alone is not enough to cause bond cleavage.

Figure 5-10: Comparison of the ladder structures [Li4(ON’DIPP)2(THF)4] IX and
[Li4(O’N’DIPP)(THF)4] 23.
Direct comparison between [Li4(O’N’DIPP)2(THF)4] 23 and [Li4(ON’DIPP)2(THF)4] IX is useful as
the compounds contain the same number of solvating THF groups as well as ligands which
differ only by a single methylene group. The effect of the bulky DIPP groups could be seen in
both structures with only four THF groups coordinating to the ladder. However the orientation
of the DIPP rings in both cases were similar as shown in Figure 5-10, aligning themselves with
the edges of the ladder with comparable Li-H distances and Li-N-C bond angle. The
arrangement of the isopropyl groups differed slightly, with a methyl projecting above the
ladder in 23 whereas in the compound IX the methyl groups were pushed away from the
ladder. No clear steric restriction could be seen to prevent the isopropyl group in 23 from
freely rotating to take the same arrangement as was seen in IX. The additional methylene
linker caused a drastically different arrangement of the aryl linker in 23 where it positioned
itself near perpendicular to the ladder edges. In IX the aryl linkers projected close to parallel
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with the ladder edges forming a type of wall around the ladder. However despite these
differences, the aryl positioning in 23 should not block coordination to the core lithium atoms.
These factors makes the lack of bridging in 23 all the more interesting as it is not clear from a
steric perspective alone why the THF groups did not bridge as in compound IX. In
[Li4(O’N’Mes)2(THF)4] 22, whilst a methyl group from the mesityl ring was blocking additional
THF solvation, there appeared to be space for existing THF groups to coordinate to the core
lithium atoms. Though the large substituents may be disfavouring bridging in 22 and 23,
[Li4(O’NPh)2(THF)5] 5 and [Li4(O’N’Ph)2(THF)4] 21 have much greater steric freedom. However,
both 5 and 21 showed only a single bridging THF group. Though a phenyl group appears to
block the bridging site in 21 on one side of the ladder, there is no steric restriction which would
prevent the rings from taking a symmetrical arrangement. Furthermore, despite the
asymmetric solvation, the ligands in 5 are arranged in near symmetric positions. As a result
there are no groups prohibiting the additional coordination to the core lithium atom. These
structures suggest a purely steric explanation for the absence of bridging THF coordination is
insufficient. Instead it is possible that the bridging groups are electronically disfavoured. Many
ON’R ladders showed longer Li-O bond lengths consistently in the range of 1.95-2.05 Å
compared to the 1.85-1.95 Å found in 5, 21, 22 and 23.103 This matches the tendency seen
throughout the literature of lithium phenoxide bonds to be 0.05-0.1 Å longer than equivalent
lithium alkoxide bonds due to the weaker donating potential of the phenoxide.23,82,176 As a
result, lithium atoms coordinated to phenoxide groups should favour higher coordination
states than those bonding to alkoxide groups. In structures where the central atoms are
prevented from terminal solvation, this additional coordination could be obtained through
bridging interactions with existing solvating groups. In all five ON’R ladder aggregates which
showed bridging solvent groups, the coordination was symmetrical.103 In contrast, the two
asymmetrical ladders 5 and 21 indicate there was no clear favouring of bridging or terminal
solvation but instead that the two modes were closely balanced. The implication that the
structure of the ladder can be rationally linked to the sterics and electronics of the ligand is
promising for future deliberate alterations in aggregate structure. This is significant as these
ONR ladders have already shown structurally induced superbasic activity.
The propensity for the lithiated aggregates containing O’N’R ligands as well as numerous
examples of the ON’R aggregates to favour the stepped ladder motif is noteworthy. It suggests
the additional flexibility around the amide is what promotes these structures to form. The
single ladder structure identified from the investigation of O’NR lithiation [Li4(O’NPh)2(THF)5]
5 also supports this hypothesis, with the unsubstituted phenyl ring having the minimal possible

Chapter 5: Preliminary investigations of lithium O’N’R aggregates
steric

influence

around

the

amide.

However,

the

DME

118
solvated

structures

[Li(DME)3][Li11(O’NPh)6(DME)3] 6 and [Li(THF)4][Li11(O’NPh)6(THF)2(DME)] 7 showed that any
tendency for the lithiated O’NPh aggregates to form ladders is not absolute. Further
investigations of lithiated O’NR ligands with additional aryl substituents would be needed to
further support this hypothesis.

5.3 Conclusion
Preliminary lithiation studies were performed on the O’N’R ligand precursors O’N’PhH2,
O’N’MesH2, O’N’DIPPH2 and O’N’iPrH2. Monolithiation of these O’N’R ligands in THF was
mostly unsuccessful and the dilithiated form of O’N’Mes was found to be favoured following
the addition of a single equivalent of nBuLi. Only a single monolithiated structure was able to
be obtained in [Li4(O’N’iPrH)4] 20 showing a conventional stacked tetramer cube. Three
dilithiated structures were isolated from THF containing O’N’R ligands giving solvated four
rung ladders [Li4(O’N’Ph)2(THF)4] 21, [Li4(O’N’Mes)2(THF)4] 22 and [Li4(O’N’DIPP)2(THF)4] 23,
matching the structure [Li4(O’NPh)2(THF)5] 5 discussed earlier.
Earlier studies on the lithiation of ON’R ligands developed dilithiated THF solvated compounds
which showed selective ethereal bond cleavage. Though some of the features attributed to be
the cause of this reactivity were present in these new structures, preliminary attempts to
replicate the ethereal bond cleavage were unsuccessful. However preliminary results offer
some insight into the formation of these ladders. A single bridging THF was present in the
O’N’Ph structure 21 resulting in the same asymmetrical solvation as was seen in 5, whilst the
O’N’Mes and O’N’DIPP structures 22 and 23 showed only terminal THF groups. The absence of
THF bridging in these structures was surprising given an apparent lack of steric hindrance. It
was proposed that this was due to the strong electron donor in the alkoxide group disfavouring
further coordination. This may ultimately be a key factor in rational manipulations of these
ladders, as the degree of solvation, and in particular the presence of bridging solvent groups,
has a significant impact on the structures which result.
Time constraints restricted investigations of lithiated systems arising from non-THF solvents.
Further work would continue these investigations in order to see whether the O’N’R
aggregates continue to favour ladder motifs with different solvents. Further investigations into
the alkoxide/amide ladders would ideally aim to replicate the superbasic activity observed for
[Li4(ON’DIPP)2(THF)4] IX.
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Chapter 6: Silicone grease incorporation and C-H
activation
6.1 Introduction
Serendipitous reactivity towards silicone grease has been observed for metals across the
periodic table, with reactivity reported for main group metals, transition metals as well as the
lanthanides.177–179 There is an informal understanding about the existence of silicone grease
activation when using organometallic compounds, especially for systems involving main group
metals.143,178 However, the literature shows fewer examples of these types of reactions than
might otherwise be expected given the ubiquitous use of silicone grease in air sensitive
chemistry. The use of silicone grease is largely in part due to it being considered inert.
Furthermore, in most cases the Si-O bond cleavage observed would not be considered possible
with the reagents involved.178 Because of this, aggregates containing siloxide fragments act as
an indicator of heightened reactivity of compounds in the reaction mixture. Though these
structures are a result of contamination and may not be reproducible, their discovery warrants
report and can act as a starting point for further investigation.
The fact that silicone grease is not a single compound but instead a mix of polymeric units, in
many cases made up of dimethylsiloxyl groups, adds to the difficulty in understanding how the
siloxane cleavage occurs. It is often unclear as to the exact nature of the grease molecules
involved in the reaction in addition to the organometallic intermediate they react with. An
example of this can be seen in a reaction reported by Evans et al. which where siloxide
fragments from grease molecules were observed to be incorporated into a samarium complex
shown in Scheme 6-1.180 This reactivity was unable to be reproduced by deliberately adding
silicone grease to the starting materials.180 However, it was reported that by specifically adding
the compound hexamethylcyclotrisiloxane to the reaction, the complex incorporating siloxane
was once again observed.180 Furthermore it was noted that the original contamination came
from THF which had been distilled through apparatus containing grease sealed joints. This
suggested that a transformation occurred in the silicone grease during the distillation process
to produce a compound able to react with the samarium complex. This selective reactivity
showed that the Si-O cleavage can be specific to the siloxane component in addition to the
organometallic reagents.
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Scheme 6-1: Siloxane cleavage and incorporation reported by Evans et al. showing the
irreproducible incorporation of silicone grease as well as the deliberate incorporation of
hexamethylcyclotrisiloxane.180
However it is not just the Si-O bond cleavage itself which is of interest, those compounds which
incorporate the silicone fragments have shown novel structural features. This has allowed
access to structures which would otherwise be difficult or impossible to develop through
existing methods.178
Organolithium compounds are a common source of silicone grease activation.143,178
Organolithium aggregates incorporating silicone fragments have shown a wide range of
structures, with standard ladders and cage structures, crown ether type formations and
extended hybrid structures observed.29,178,181 Described below are a pair of structures
incorporating grease fragments which were discovered over the course of this project.

6.2 Results and discussion
6.2.1 Silicone grease fragmentation and incorporation.
Following the attempted monolithiation of O’NPhH2 in THF and subsequent crystallisation
from diethyl ether, a batch of crystals were obtained which when analysed were identified as
[Li8(O’NPh)2(O’NPhH)2(SiO2Me2)(THF)6] 24, as shown in Scheme 6-2. A trace amount of crystals
of 24 were also isolated from a repeated experiment using the same reaction and
recrystallisation conditions as a polymorphic form. The first set of crystals were solved in the
space group P21/n whilst the second were solved in P1 and contained a free diethyl ether
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molecule in the lattice. The repeated isolation of 24 following monolithiating conditions
suggests high reactivity towards silicone grease in a monolithiated or partially dilithiated
aggregate. Unfortunately in the instances where this compound was obtained the crystals also
precipitated with a large quantity of a viscous material. Attempts to separate the two without
dissolving the crystals were unsuccessful and analysing the crude sample using 1H NMR
spectroscopy in THF/C6D6 showed a messy and poorly resolved spectrum.
The crystallisations of [Li8(O’NPh)2(O’NPhH)2(SiO2Me2)(THF)6] 24 occurred after multiple
precipitations and redissolving with heating as well as a change in solvent from THF to diethyl
ether. As such it is unknown at what stage the silicone grease was fragmented. Though crystals
of the compound were obtained on two separate instances, replicating the crystallisation of
24 though the deliberate addition of a small amount of silicone grease to the monolithiated
O’NPh mixture in both THF and diethyl ether was unsuccessful.
[Li8(O’NPh)2(O’NPhH)2(SiO2Me2)(THF)6] 24 showed a partially complete hexameric core with a
SiO2Me2 group occupying a face of the cage as shown in Scheme 6-2. The two lithium amide
groups were coordinated to the edges of the lithium alkoxide cage. The two amine groups did
not show internal chelating coordination and instead were positioned freely away from the
aggregate core. Four THF groups coordinated to individual lithium atoms whilst an additional
two THF groups showed bridging coordination between the external lithium atoms and the
lithium core. Each of the eight lithium atoms in 24 were four coordinate and showed
tetrahedral geometry. There were four distinct lithium centres in the structure. In the cage,
two lithium atoms coordinated to two alkoxide groups, one siloxide group and a THF group
(3O, THF), two lithium atoms coordinated to three alkoxide groups and one THF group (3O,
THF) and two lithium atoms coordinated to two alkoxide groups, one siloxide group and an
amide group (3O, N). The remaining two lithium atoms coordinated to the outer edge of the
cage structure were bonded to two THF groups, one alkoxide and one amide group (2O, N,
THF).
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Scheme 6-2: Attempted monolithiation of O’NPhH2 resulting in the crystallisation of
[Li8(O’NPh)2(O’NPhH)2(SiO2Me2)(THF)6] 24.
Yellow block crystals of the complex [Li8(O’NPh)2(O’NPhH)2(SiO2Me2)(THF)6] suitable for X-ray
crystallographic investigation were grown from a concentrated solution in diethyl ether left at
-25oC. The molecule crystallised in the monoclinic space group P21/n a = 14.065(4) Å, b =
19.348(3) Å, c = 27.961(3) Å,  = 94.076(14)o with four [Li8(O’NPh)2(O’NPhH)2(SiO2Me2)(THF)6]
molecules in the unit cell and the asymmetric unit consisting of the full
[Li8(O’NPh)2(O’NPhH)2(SiO2Me2)(THF)6] molecule. A second polymorph was isolated in the
triclinic space group P1 a = 12.9851(3) Å, b = 14.0969(3) Å, c = 22.5938(6) Å,  = 73.1158(11)o,
 = 89.3268(12)o,  = 89.8727(12)o. Discussion of bond distances and angles use the P21/n
structure due to stronger data. The crystal structure of [Li8(O’NPh)2(O’NPhH)2(SiO2Me2)(THF)6]
24 is shown in Figure 6-1.
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Figure 6-1: Crystal structure of [Li8(O’NPh)2(O’NPhH)2(SiO2Me2)(THF)6] 24. Thermal ellipsoids
drawn at 20 % probability and carbon bound hydrogen atoms removed for clarity.
The alkoxide O-Li bond lengths were found to be in the range of 1.875(4)-2.064(4) Å. The
siloxide O-Li bonds were shorter on average than their alkoxide counterparts with a range of
1.831(4)-1.940(4) Å. The N-Li bonds ranged between 2.027(4)-2.093(4) Å, whilst the solvating
THF groups showed bond lengths of 1.938(4)-2.158(4) Å, with the longest observed for the
bridging

THF

groups.

The

incomplete

hexameric

cage

structure

observed

in

[Li8(O’NPh)2(O’NPhH)2(SiO2Me2)(THF)6] 24 resembled two previously reported structures
shown

in

Figure

6-2.

One

was

the

compound

[K2{Li2(ON’DIPPSi)}2{Li(ON’DIPPH)}2{LiOSi(Me)2O}2(DME)4)] XI, observed during the previous
studies of ON’R ligands discussed in Chapter 5.103 This structure showed two SiO2Me2 groups
occupying the incomplete hexamer as well as two Li2O2 dimer rings fused to opposite faces of
the core to form lithium oxide cubes. The second structure XII, reported by Iravani et al.
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showed two incomplete hexamers fused together with Li2O2 dimers again at each end of the
aggregate. Though the lithium count in 24 is not high enough to complete the cubic
components, the positioning of the lithium amide groups and bridging THF resembles what is
observed for the Li2O2 dimers in XI and XII.

Figure 6-2: Comparing and highlighting the lithium cores observed in the structures 24,
[K2{Li2(ON’DIPPSi)}2{Li(ON’DIPPH)}2{LiOSi(Me)2O}2(DME)4)] (XI) isolated in a previous project,
and a lithium siloxide compound identified by Iravani et al. (XII).29,103

After the compound [Li10(O’NPhMe2)4(OEt)2(OEt2)4] 16, described in Chapter 4, was isolated
and analysed, a small mass of the crystals were redissolved in diethyl ether in an attempt to
recrystallise for improved X-ray diffraction analysis. After three weeks, crystals were able to
be obtained which when analysed instead showed [Li12(O’NPhMe2)4(SiO2Me2)2(Et2O)4] 25.
Though the sample of [Li10(O’NPhMe2)4(OEt)2(OEt2)4] 16 used for recrystallisation was only
analysed by single crystal X-ray diffraction, repeated lithiation of O’NPhMe2H2 in diethyl ether
was found to consistently give 16 in 99 % yield. As a result it is believed that 25 did not arise
during

the

initial

lithiation

but

instead

due

to

a

reaction

between
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[Li12(O’NPhMe2)4(SiO2Me2)2(Et2O)4] 25 showed a unique aggregate structure incorporating two
SiO2Me2 fragments where a series of ladders fused together in a cyclical manner as shown in
Scheme 6-3.

Scheme

6-3:

2D

representation

of

the

cyclical

bonding

observed

in

[Li12(O’NPhMe2)4(SiO2Me2)2(Et2O)4] 25.
Crystals of the complex [Li12(O’NPhMe2)4(SiO2Me2)2(Et2O)4] suitable for X-ray crystallographic
investigation were grown from a concentrated solution of [Li10(O’NPhMe2)4(OEt)2(Et2O)4] 12 in
diethyl ether left at room temperature for three weeks. The molecule crystallised in the
tetragonal space group I41/a a = 25.491(4) Å, b = 25.491(4) Å, c = 12.990(3) Å with four
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[Li12(O’NPhMe2)4(SiO2Me2)2(Et2O)4] molecules in the unit cell and the asymmetric unit
consisting of a quarter of the [Li12(O’NPhMe2)4(SiO2Me2)2(Et2O)4] molecule. The crystal
structure of [Li12(O’NPhMe2)4(SiO2Me2)2(Et2O)4] 25 is shown in Figure 6-3.

Figure 6-3: Crystal structure of [Li12(O’NPhMe2)4(SiO2Me2)2(Et2O)4] 25. Thermal ellipsoids
drawn at 20 % probability and hydrogen atoms removed for clarity.
The structure had crystallographic S4 symmetry. The asymmetric unit contained a single
O’NPhMe2 ligand, three lithium atoms and half of a SiO2Me2 fragment as well as a single
solvating diethyl ether molecule. Whilst the structure does not show a capped hexamer core,
the positioning of lithium atoms gave an eight lithium cube as shown in Figure 6-4. Four of the
faces of this cube showed a coordinating alkoxide whilst the remaining two bonded to a
straddling O2SiMe2 fragment. An amide group was coordinated to each of the four of the
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corners of the cube. A final set of four lithium atoms coordinated to these amides, a siloxide
oxygen and a single diethyl ether group.

Figure 6-4: Crystal structure of [Li12(O’NPhMe2)4(SiO2Me2)2(Et2O)4] 25 highlighting the lithium
cube in yellow. Thermal ellipsoids drawn at 20 % probability and hydrogen atoms removed for
clarity.
This lithium cube arrangement was similar to the core of a structure reported by Otero et al.
obtained through the lithiation of bis(3,5-dimethylpyrazol-1-yl)methane with nBuLi followed
by the addition of N,N′-dimethylcarbodiimide and crystallised in an aerobic enviroment.182 The
cubic core of the ten lithium centre aggregate which resulted from this procedure (XIII) is
shown in Figure 6-5.182 Both structures show oxygen atoms occupying four of the lithium cube
faces and two bidentate ligands straddling the remaining two faces. In XIII, the bidentate
pyrazole groups are mirrored whereas in 25 the siloxide groups are coordinated orthogonal to
one another. Compound XIII also contained an additional two lithium atoms however these
were positioned far from the cubic centre and show no similarities with the four outermost
lithium atoms seen in [Li12(O’NPhMe2)4(O2SiMe2)2(OEt2)4] 25.
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[Li12(O’NPhMe2)4(SiO2Me2)2(Et2O)4] 25 and the lithium oxide core XIII of a larger organolithium
aggregation structure reported by Otero.182 Both compounds contained additional
components around the cubic cores which were removed for clarity.
The alkoxide O-Li bonds were found to be in the range of 1.907(3)-2.041(3) Å, longer on
average than the siloxide O-Li bonds which ranged between 1.873(3)-1.916(3) Å. The solvating
diethyl ether interactions were 1.929(3) Å. The N-Li bond lengths were 2.048(3)-2.049(3) Å,
showing near identical bond lengths despite the difference in coordination state of the two
lithium atoms coordinated.

6.2.2 Serendipitous C-H activation
It is not surprising that the CIPE reactivity which is attributed to many superbasic lithiations
can result in an intramolecular attack on the anionic ligand just as effectively as for any other
component of the aggregation.52 Heteroatom induced selectivity for metallation of aromatic
molecules has been extensively studied and utilised to great effect.89,90 This redirection can
lead to activation of groups close to the coordination which would normally remain unaffected
by the metallating reagent such as alkyl and aryl groups.183,184 From a synthetic standpoint,
functional groups directing lithiation represent both a powerful tool and a potential
restriction. The ability to deliberately induce these reactions when possible, and avoid them
when undesired, requires greater understanding of the factors which cause them. The lithium
aggregates which result can also be convenient as they allow for insight into mixed anionic
systems which would otherwise be difficult to deliberately synthesise, with Snaith’s structure
discussed earlier in Chapter 1.3 a notable example.101 The lithiation of diphenylamine was
expected to result in a monoanionic aggregate. However the compound isolated contained
two lithiated aryl rings from the amide ligand which when combined with nBuLi resulted in the
mixed anionic species shown in Scheme 6-4.
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Scheme 6-4: The lithiation of diphenylamine using an excess of nBuLi resulting in o-lithiation
of a phenyl ring reported by Snaith et al.101
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As was briefly mentioned in Chapter 5, the isolation of a dilithiated O’N’Mes structure from
diethyl ether was unsuccessful. However, trace amounts of a crystalline material were able to
be isolated following the cooling of a concentrated solution at -25oC. When these were
analysed they showed the structure [Li14(O’N’Mes)4(O’NMes-H)2(OEt2)4] 26, shown in Figure 66, containing the unexpected lithiation of a mesityl methyl group.

Figure

6-6:
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of

the

compound

[Li14(O’N’Mes)4(O’NMes-H)2(OEt2)4] 26.
Yellow block crystals of the diethyl ether solvated complex [Li14(O’N’Mes)4(O’NMes-H)2(OEt2)4]
26 suitable for X-ray crystallographic investigation were grown from a concentrated solution
in diethyl ether at -25oC. The molecule crystallised in the monoclinic space group P21/c a =
14.9136(3) Å, b = 20.2169(5) Å, c = 18.2466(5) Å,  = 95.374(1)o with two
[Li14(O’N’Mes)4(O’NMes-H)2(OEt2)4] molecules in the unit cell and the asymmetric unit
consisting of half of the centrosymmetric [Li14(O’N’Mes)4(O’NMes-H)2(OEt2)4] molecule. The
crystal structure of [Li14(O’N’Mes)4(O’NMes-H)2(OEt2)4] 26 is shown in Figure 6-7.
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Figure 6-7: Crystal structure of [Li14(O’N’Mes)4(O’NMes-H)2(OEt2)4] 26. Thermal ellipsoids
drawn at 20 % probability, hydrogen atoms and diethyl ether disorder removed for clarity.
This structure can be described as a fusion between a Li4O2N2 stepped ladder and a lithium
alkoxide/alkyl lithium dimer ring to give an open grid arrangement. This component then
dimerised through a lithium atom binding through an 6 interaction with a o-metallated
mesityl ring on an adjacent cluster. Only two of the seven asymmetric lithium atoms in 26
shared the same coordination state (2O, N). However these two lithium centres showed
different coordination geometries with one showing approximate trigonal pyramidal
coordination whilst the other approached T-shaped.
It must be noted that the O’N’MesH2 ligand precursor was poorly soluble in diethyl ether. As
such, the reaction mixture was stirred for 1.5 hours following the addition of nBuLi, during
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which time the solid completely dissolved as the reaction proceeded. This methodology would
result in a large excess of nBuLi in solution to react with the low amount of ligand precursor
dissolved at any point in time and may be a factor in the alkyl lithiation. Adding toluene to the
solution was not effective in increasing the solubility of the ligand precursor. A 1:9 THF/diethyl
ether mixture was effective in dissolving O’N’MesH2 however analysis of the crystals from the
resulting reaction showed [Li4(O’N’Mes)2(THF)4] 22. As only trace amounts of 26 were isolated
its significance is unclear. 1H NMR spectroscopy performed on the reaction solution showed a
broad range of resonances with poor resolution. As such it is possible 26 represents only a
minor product and brief attempts to reproduce this structure were unsuccessful.
The Li-C bond lengths to the lithiated methyl group were found to be in the range of 2.28-2.45
Å. The Li-O bond lengths showed a range between 1.84-2.02 Å, with the longest observed
around the “fused” region between the ladder and Li2OC ring, where both coordination and
geometric strain was highest. Conversely the ends of the ladder component and where lithium
coordination was lower showed shorter Li-O bonds. The N-Li bond lengths were found to be
in the range of 1.96-2.08 Å with the longest directed towards the four coordinate core lithium
(2O, C, N). The 6 Li-aryl interactions ranged between 2.25-2.50 Å, comparable to reported Liaryl distances for lithium atoms coordinated to fewer than two anions.125,128,185
In addition to the dimerising 6 interaction, three other lithium atoms in the structure showed
a total of five C-Li distances shorter than 2.8 Å. Furthermore two lithium atoms showed Li-H
distances shorter than 2.2 Å, not including the short distances observed for the lithiated alkyl
group. Each of the lithium atoms involved in these short Li-C and Li-H interactions were
otherwise three coordinate. These interactions also resulted in the ligand shielding the lithium
centres from diethyl ether coordination, with only four solvating diethyl ether groups in the
Li14 structure. The aryl shielding of the open lithium grid was likely a key factor in the formation
of 26.
As mentioned briefly in Chapter 5, the lithiation of O’N’iPrH2 in hexanes was undertaken using
three equivalents of nBuLi, with the excess used it was anticipated that the absence of a
supporting Lewis basic solvent was result in lower reactivity. The lithiation of O’N’iPrH2
resulted in an immediate precipitation of a white solid which quickly redissolved, followed by
slow precipitation of a micro crystalline product. These crystals were redissolved with
additional hexanes, stirred at 60oC before let to cool to room temperature and then cooled at
-25oC for three days. Over this period the solution turned from yellow to a dark red and a
crystalline solid was observed to have precipitated. The colour change of the solution was
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initially suspected to be the result of grease contamination from condensing hexane during
heating. However, repeating the experiment with greaseless equipment resulted in the same
colour shift. Furthermore, the same series of precipitations and colour changes following
lithiation were able to be observed without heating the reaction mixture. Despite this, crystals
were unable to be obtained in repeated experiments. X-ray analysis identified the crystals as
the 20 lithium compound [Li20(O’N’iPr)6(O’N’iPr-H)2(C4H10)2] 27 shown in Figure 6-8. The
crystals redissolved when let warm to room temperature. Unfortunately, after redissolving no
further crystals were able to be produced and attempts to replicate this outcome were
unsuccessful. Due to this, further characterisation was unable to be performed.

Figure

6-8:

Connectivity

and

approximate

orientations

of

the

fused

ladder

[Li20(O’N’iPr)6(O’N’iPr-H)2(C4H10)2] 27. Note that the lithiated carbon atoms (shown in red) are
a component of the ligand linkers, the simplified ligand retained for clarity.
The core of [Li20(O’N’iPr)6(O’N’iPr-H)2(C4H10)2] 27 showed three stepped ladders fused together
side by side. The literature shows a number of examples of stacked structures fused
together2,27,30,153,186,187 several of which could be described as two ladder structures pairing on
top of one another.27,30 However to the best of my knowledge no example of lithium ladders
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fused side by side in this manner has been reported. The fused ladder showed six alkoxide
groups in the centre of the ladder sheet, whilst the four amides and two aryl groups occupied
the ends of the ladder sheet. Off each end of the fused stepped ladder was an additional ladder
projected perpendicular to the fused ladder. These outer ladder arrangements each
incorporated an n-butyl lithium group.

Figure 6-9: Crystal structure of [Li20(O’N’iPr)6(O’N’iPr-H)2(C4H10)2] 27. Thermal ellipsoids drawn
at 20 % probability and hydrogen atoms removed for clarity.
Crystals of the complex [Li20(O’N’iPr)6(O’N’iPr-H)2(C4H10)2] suitable for X-ray crystallographic
investigation were grown from a concentrated solution in hexanes cooled to -25oC. The
compound crystallised in the monoclinic space group P21/c a = 19.390(4) Å, b = 12.366(3) Å, c
= 23.989(5) Å,  =107.90(3)o with two [Li20(O’N’iPr)6(O’N’iPr-H)2(C4H10)2] molecules in the unit
cell and the asymmetric unit consisting of the half of a centrosymmetric [Li20(O’N’iPr)6(O’N’iPrH)2(C4H10)2] molecule. Heavily disordered hexane molecules were present in the lattice and
were unable to be modelled effectively, they were instead accounted for using the Olex2
solvent mask (e- = 107.2, V = 474.4 Å3). The crystal structure of [Li20(O’N’iPr)6(O’N’iPrH)2(C4H10)2] 27 is shown in Figure 6-9.
The structure had crystallographic Ci symmetry. The O-Li bond lengths were found to be in the
range of 1.871(5)-2.039(6) Å. The N-Li bond lengths were found to be in the range of 1.904(9)2.078(6) Å, the shortest were observed in the two coordinate lithium atoms at the end of the
outer ladders and the longest were found involving the five coordinate (3Li, 2C) amides in the
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fused ladder sheet. The C-Li bonds were 0.2 Å longer on average than the N-Li bonds causing
a puckering in the fused ladder.
It was observed in the earlier discussed ladder structures that the anions of the bidentate
ligands would occupy the same edge of the ladder, with the ligand taking an “edge strapping”
arrangement as shown in Figure 6-10. Two of the O’N’iPr ligands showed this edge strapping
arrangement in 27. However anions from four of the remaining ligands instead form Li2ON
rings with the aryl linker taking a “face strapping” arrangement. The remaining two O’N’iPr
ligands were those which showed aryl lithiation. These ligands showed an edge strapping
arrangement between the alkoxide and aryl groups in the core fused ladder whilst the amides
were part of the outer ladders.

Figure 6-10: The possible arrangements of the tethered dianionic ligands in four rung lithium
ladders.
In addition to the carbanion bonds, a total of 40 C-Li distances were found to be less than 2.8
Å. The two coordinate lithium atoms observed in the outer ladders each showed five of these
short C-Li distances as well as a Li-H distance of less than 2.2 Å. It is likely that the absence of
Lewis basic solvating groups is a factor in the large number of C-Li interactions. The lack of
electron donation from additional Lewis basic sources towards the lithium atoms would lead
to donation from  systems to become more favoured. Furthermore the lower steric
congestion around the structure enables the aryl rings of the O’N’iPr ligands to be positioned
more closely to the lithium core.
The outer ladders differed from those which were seen in the core of the structure. Notably
the outer ladders did not take the same rung order as has been seen throughout the mixed
anion ladders so far, with a Li2O2 ring in the centre and LiN groups at each end. Instead, the
anions were arranged to form a COLi2 ring at one end and a Li2N2 formation at the other end
of the ladder as shown in Figure 6-11. In addition, one of the amides was positioned further
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outwards from the linear arrangement seen in the rest of the ladder, resulting in a
unexpectedly long rung of over 2.6 Å. This distance was significantly longer than the two N-Li
bonds involving the amide, both of which were approximately 2.0 Å. It could be observed in
the centre of 27 that the O’N’iPr ligand was able to take a face strapping arrangement whilst
still maintaining an ONLi2 ring. As such this elongated N-Li interaction should not be the result
of conformation restrictions in the ligand alone. Furthermore, two five coordinate (3Li, 2C)
amide groups were observed in the fused ladder sheet indicating that the additional lithium
coordination to the amide was not disallowed.
The terminal amide in the outer ladders was part of the trilithiated O’N’iPr ligand, which
showed both the aryl ring and alkoxide as components of the fused ladder sheet. There was a
significantly longer distance between the alkoxide and amide components in the trilithiated
ligands of 4.7 Å compared to the 3.0-3.4 Å observed to the dilithiated ligands in the structure.
Therefore, it is likely that the position of this amide was restricted by coordination elsewhere
in the trilithiated ligand. This in turn would restrict the positioning of the lithium atoms
coordinating to the amide and prevent the formation of a Li2N2 ring.

Figure 6-11: Connectivity of the terminal ladder components of [Li20(O’N’iPr)6(O’N’iPrH)2(C4H10)2] 27.

6.3 Conclusion
The first half of this Chapter discussed the unexpected attack on silicon grease, cleaving Si-O
bonds and trapping the fragment into the resultant lithium aggregation. The first compound
was obtained from the attempted monolithiation of O’NPhH2 giving the structure
[Li8(O’NPh)2(O’NPhH)2(SiO2Me2)(THF)6] 24. This was isolated on two separate instances
however attempts to reproduce the reactivity deliberately were unsuccessful. A second
siloxide

incorporating

structure

was

isolated

whilst

attempting

to

recrystallise

[Li10(O’NPhMe2)4(OEt)2(OEt2)4] 16 giving [Li12(O’NPhMe2)4(O2SiMe2)2(OEt2)4] 25.
The second half of this chapter described a pair structures arising from intramolecular C-H
activation during the preliminary studies of the O’N’R ligand set. Unexpected methyl lithiation
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gave [Li14(O’N’Mes)4(O’NMes-H)2(OEt2)4] 26 whilst aryl lithiation and nBuLi incorporation gave
[Li20(O’N’iPr)6(O’N’iPr-H)2(C4H10)2] 27. These structures containing trilithiated ligands formed
aggregations which did not fit any existing motif, with 26 showing an open grid which
dimerised through  interactions, whilst 27 showed the first example of stepped ladders fused
edge to edge. These aggregates each exemplified the increasing structural complexity which
can be obtained through additional anionic components.
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Chapter 7: Conclusion
This thesis reported on the synthesis and solid state structures of organolithium compounds
incorporating aryl linked amido/alkoxide dianionic ligands. This series of compounds was
designed to systematically investigate the effects of multiple anion types on the aggregation
mode of organolithium compounds. All of the organolithium compounds described in this
thesis were characterised by X-ray crystal structure determination.
Chapter 2 detailed the synthesis of the tethered mixed anionic ligand precursors O’NRH2 and
O’N’RH2. The synthetic path of both ligand precursors were designed to allow for variation in
the steric bulk adjacent to the amide through the substitution of various aniline molecules.
O’NRH2 were able to be synthesised by Ullmann-type couplings between an aniline and 2bromobenzoic acid followed by a reduction of the carboxylic acid. This was method was
successfully to the phenyl, 2,4-dimethylphenyl, 4-isopropylphenyl and 2,4,6-trimethylphenyl
aniline groups to give O’NPhH2, O’NPhMe2H2, O’NPhiPrH2, O’NMesH2 respectively. The 2,6diisopropylaniline substituted O’NDIPPH2 was also investigated as a possible ligand but the
synthesis was found to be too low yielding to efficiently meet the requirements for this project.
O’NH3 was synthesised through the reduction of anthranilic acid as it allowed for the fast
access to a tethered amidoalkoxide ligand with minimal steric bulk.
The synthesis of O’N’RH2 encountered difficulties when attempting to use a pathway
analogous to the synthesis of O’NRH2. Following the coupling of an aniline group to 2(bromomethyl)benzoic acid the molecule underwent rapid and high yielding ring closure when
exposed to a proton source to form isoindoline derivatives. Attempts were made to prevent
the ring closure by using dry conditions and transforming the carboxylic acid group to an ester.
However, though the aniline coupled product was able to be obtained, reducing the
compound to acquire the desired O’N’RH2 resulted again in ring closure. The difficulties in
synthesising O’N’RH2 through this method prompted an alternate synthetic pathway to be
taken. Instead, O’N’RH2 was able to be obtained by reducing phthalic acid, performing a
desymmetrising halogenation and subsequently coupling the desired amine. This allowed for
the synthesis of the phenyl, 2,4,6-trimethylphenyl and 2,6-diisopropylphenyl substituted
ligand precursors giving O’N’PhH2, O’N’MesH2 and O’N’DIPPH2 respectively. Unfortunately the
final coupling step was found to have significant formation of side products and no reliable
purification method were able to be found, resulting in inconsistent and poor yields. Time
constraints prevented significant optimisation or alteration to this methodology resulting in
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restricted use of O’N’R ligands in the subsequent lithiation studies. Due to the difficulties
isolating the aniline substituted ligands, the isopropylamine substituted analogue, O’N’iPrH2,
was synthesised to gain an easily accessible ligand using the existing methodology. In order to
continue further studies into organolithium structures containing O’N’R ligands, it would be
greatly desirable to develop a more efficient ligand synthesis and purification methodology.
Chapter 3 discussed the organolithium aggregate structures isolated following the lithiation of
the O’NRH2 ligand precursors. Though a single stepped ladder structure [Li4(O’NPh)2(THF)5] 5
was found, the remaining aggregates containing O’NR ligands all showed stacked behaviour.
A novel structural motif was discovered in which additional lithium atoms loaded onto existing
hexamer arrangements. These extra atoms occupied positions “capping” the hexameric as well
as forming lithium amide “wings” off the faces of the hexamer with any remaining lithium
atoms taking a solvated counter ion position. Three structures [Li(DME)3][Li11(O’NPh)6(DME)3]
6, [Li(THF)4][Li11(O’NPh)6(THF)2(DME)] 7 and [Li11(O’NMes)5(O’NMesH)] 13 showed a complete
triple wing eleven lithium arrangement. An aggregate containing seven lithium atoms
[Li7(O’NPhMe2H)5(O’NPhMe2)] 8 was isolated showing a lithium alkoxide hexamer with a single
capping lithium. In compound 8 the positioning of the ligands showed no pre-existing wing
structure suggesting that the organised wing arrangement seen in higher lithium count
structures was guided through the addition of lithium atoms. A partially complete triple
winged capped hexamer [Li(THF)4]2[Li10(O’NPhMe2)6] 9 showed a second capping lithium
absent in favour of a second solvated lithium counter ion. Compound 9 also showed a bond
between the wing lithium and core alkoxide which was not present in the other winged
hexamer structures. These results led to the proposal that connectivity in the core structure
was restricted by coordinative saturation of the anions. This effect could allow for control over
the positioning and connectivity of capping lithium and wing lithium by altering the solvation
state of the metal atoms. Attempts were made to force the inclusion of a second capping
lithium into [Li(THF)4]2[Li10(O’NPhMe2)6] 9 through the removal of Lewis basic solvents.
Comparison of NMR spectra of [Li(THF)4]2[Li10(O’NPhMe2)6] 9 in toluene and THF solutions
supported a shift in structure. However only trace amounts of the protonated ten lithium
structure [Li10(O’NHPhMe2)2(O’NPhMe2)4] 10 were able to be isolated from recrystallisation
attempts.
Though extensive attempts were made to isolate aggregates composed purely from
monolithiated O’NR ligands only a single structure was able to be obtained, [Li4(O’NMesH)4]
11. Compound 11 showed a conventional tetrameric lithium alkoxide cube with no solvating
interactions. A dilithiated O’NMes structure [Li(DME)3]2[Li6(O’NMes)4] 12 was also able to be
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isolated. Compound 12 showed a novel double winged tetramer motif with the loading of two
additional lithium atoms onto a tetrameric cube core and the remaining lithium atoms
positioned as solvated counter ions.
A single structure containing O’NH was able to be isolated as [Li10(O’NH)4(O’NH2)2] 14 and
showed a partially dilithiated double winged hexamer. Compound 14 was obtained from
dilithiating conditions and was noted to be unusually unstable when removed from Schlenk
conditions compared to other lithium compounds isolated in this project. As a result, it was
proposed that the shift from secondary amine to primary amine destabilises the lithium amide,
disfavouring the formation of the fully dilithiated aggregate.
It was noted that the aryl linkers in the O’NR ligands twisted around lithium atoms in each of
the triple winged cages. Whilst appearing to be only a structural curiosity in these compounds,
it would be of interest to see whether converting the methylene to a chiral centre would be
able to control the direction of this twisting. If so, it may be possible to induce enantiomerically
selective lithiations from these compounds. In addition, it was noted that a larger alkali metal
may be able to interact with the  bonds whilst remaining coordinated to the core hexamer.
As such this twisted aryl triplet may also be able to act as a framework to control the location
the larger atom binds to. Due to this it may be of interest to investigate the addition of small
amounts of sodium along with lithium to these O’NR ligands.
Chapter 4 reported the isolation of organolithium aggregates incorporating fragments of ether
solvent molecules. Dilithiation of the O’NRH2 ligand precursors in diethyl ether was found to
result in the formation of double winged capped hexamers, each containing ten lithium
centres. These structures contained ethoxide fragments believed to be sourced from the
dealkylation of solvent molecules. Four of these structures [Li10(O’NPh)4(OEt)2(OEt2)4] 15,
[Li10(O’NPhMe2)4(OEt)2(OEt2)4]

16,

[Li10(O’NPhiPr)4(OEt)2(Et2O)4]

17

and

[Li10(O’NMes)4(OEt)2(OEt2)2] 18 were able to be obtained repeatably in quantitative yields.
Furthermore, an analogous structure [Li10(O’NPhiPr)4(OCHCH2)2(THF)6] 19 containing
ethenolate fragments was obtained following the dilithiation of O’NPhiPrH2 in THF. Attempts
to isolate partially dilithiated structures from these solvents in order to investigate potential
causes for the reactivity towards ether molecules were unsuccessful. 1H NMR spectroscopic
reaction studies on [Li10(O’NMes)4(OEt)2(OEt2)2] 18 and [Li10(O’NPhiPr)4(OCHCH2)2(THF)6] 19
showed the formation of a singlet peak at 5.22 ppm following the addition of approximately
two equivalents of nBuLi. This resonance correlated with ethene, predicted to form from the
cleavage of both diethyl ether and THF. However, the rapid reaction as well as the poor
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solubility of the diethyl ether products were found to limit further NMR spectroscopic
investigations into the reactivity. The development of dealkylating reagents is an ongoing
process, and the ability for the lithiated O’NRH2 ligands to cleave the C-O bond in ether
molecules represents a possible application of such compounds. Further investigations into
the reactivity which led to the formation of the structures discussed in Chapter 4 may assist in
the development of a new dealkylation reagent suitable for use in organic synthesis.
Chapter 5 detailed the preliminary investigations into the organolithium compounds
containing O’N’R ligands. A single monolithiated structure was able to be isolated showing the
tetrameric cube [Li4(O’N’iPrH)4] 20. The dilithiated structures obtained were all isolated from
THF solutions and showed stepped ladder aggregates. These ladders were found for O’N’Ph,
O’N’Mes and O’N’DIPP as [Li4(O’N’Ph)2(THF)4] 21, [Li4(O’N’Mes)2(THF)4] 22

and

[Li4(O’N’DIPP)2(THF)4] 23 respectively. A previous project investigating the lithiation of ON’R
ligands found that these compounds also typically formed stepped ladder aggregates. Despite
the lithiated ON’R and O’N’R ligands showing numerous ladder aggregates, the O’NR ligands
gave predominately stacked structures with only a single ladder structure, [Li4(O’NPh)2(THF)5]
5, found. As a result it was proposed that greater freedom around the amide was a factor in
the ladder arrangement being favoured.
Asymmetric coordination of the solvating THF groups was observed in [Li4(O’NPh)2(THF)5] 5
and [Li4(O’N’Ph)2(THF)4] 21. In both 5 and 21 a THF group was found to bridge the terminal
lithium and core lithium on one side of the ladder, whilst the opposite end of the ladder
showed no bridging group. In [Li4(O’N’Mes)2(THF)4] 22 and [Li4(O’N’DIPP)2(THF)4] 23 no
bridging groups were present, and the core lithium atoms showed no coordinated THF groups.
Steric bulk from the O’N’Mes and O’N’DIPP ligands could be seen to block the coordination
site of the core lithium atoms from additional THF groups. However it was not clear from a
steric perspective alone as to why THF groups present in the molecule did not bridge the inner
and outer lithium atoms in 22 and 23 nor why the bridging was only observed at one end of
the ladder in 5 and 21. A previous project had found analogous stepped ladders containing
ON’R ligands containing phenoxide groups in which solvation was found to occur
symmetrically either with two bridging groups or bridging solvent groups entirely absent. As
such, the absence of bridging THF groups, and reduced solvent coordination, in 5, 21, 22, 23
was proposed to be in part due to the stronger electron density donation from the alkoxide.
The presence of bridging groups was significant as the bridging solvent resulted in a shift in
the step angle of the ladder structures from approximately 120o to 90o. The change in step
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angle is also important as one bridged ladder in earlier studies on ON’R ligands showed
stoichiometric superbasic dealkylation of ethereal molecules, an outcome linked in part to the
presence of a sharp 95o step. Preliminary investigations attempted to replicate this superbasic
dealkylation with a focus on [Li4(O’N’DIPP)2(THF)4] 23 as it was the closest analogue to the
active compound found in previously. However no reactivity towards diethyl ether or DME was
observed from the ladder aggregates isolated in this project.
Further work with O’N’R ligands would continue to investigate potential reactivity of the
ladders in order to identify any superbasic activity that these structures possess. Ideally this
would help improve our mechanistic understanding of the previously discovered dealkylation
in the process, enabling wider application. Furthermore the only aggregates containing O’N’R
ligands that were able to be isolated during this project were crystallised from THF solutions
due to time constraints. Investigation into the aggregates formed in other solvent systems
would help determine whether dilithiated O’N’RH2 aggregates also form larger winged
hexamers found in Chapter 3.
Chapter 6 discussed aggregates containing silicone grease fragments as well structures
showing serendipitous lithiation of carbon atoms. [Li8(O’NPh)2(O’NPhH)2(SiO2Me2)(THF)6] 24
was obtained on two separate instances whilst attempting to isolate a monolithiated structure
from O’NPh. Despite this deliberate attempts to resynthesise 24 were unsuccessful. A
compound [Li12(O’NPhMe2)4(SiO2Me2)2(Et2O)4] 25 was isolated following attempts to
recrystallise [Li10(O’NPhMe2)4(OEt)2(OEt2)4] 16, and also showed the incorporation of silicone
grease fragments.
The compound [Li14(O’N’Mes)4(O’NMes-H)2(OEt2)4] 26 was isolated following the attempted
dilithiation of O’N’MesH2 in diethyl ether. Compound 26 showed lithiation of a methyl group
on the mesityl ring of one of the O’N’Mes ligands. The incorporation of the carbanion into the
aggregate resulted in an unusual seven lithium formation which dimerised through 
interactions. A second carbon lithiation occurred in during the lithiation of O’N’iPrH2 in
hexanes with lithiation of the linking aryl ring to give [Li20(O’N’iPr)6(O’N’iPr-H)2(C4H10)2] 27. This
resulted in the only known example of a fused ladder structure with stepped ladder
components bounded edge to edge. The compounds discussed in Chapter 6 were formed
through serendipitous reactivity and were unable to be deliberately replicated. However,
along with the aggregates containing alkoxide fragments discussed in Chapter 4, these
structures emphasise the high reactivity mixed anion lithium aggregates can possess. In
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addition, these structures exemplify the increased complexity in aggregate structure which
can be acquired through an increase in the number anionic components.
Throughout the project poor solubility and difficulty in purification complicated both isolation
and analysis. The application of NMR spectroscopic techniques was severely limited with the
majority of compounds only soluble enough for analysis in THF. It was observed that
[Li4(O’N’DIPP)2(THF)4] 23 possessed dramatically greater solubility in non-polar solvents
compared all other complexes found in this project, enabling 1H and 13C NMR spectra to be
obtained in deuterated benzene. Future investigations into these mixed anionic compounds
would greatly benefit from the inclusion of solubilising groups such as alkyl chains into the
ligand motif. Provided these do not deter the formation of novel aggregation motifs, this
would allow for NMR spectroscopic techniques to be more effectively used in the study of
these aggregates. Furthermore, the application of these techniques would also provide
supporting information as to whether the solid state structures isolated are representative of
both the bulk sample and the aggregate in the solution phase.
This project highlighted some of the potential new structures and reactivity which can arise
from mixed anion organolithium compounds. Much work remains to fully understand
compounds of this nature and apply that knowledge to rationally develop customisable
reagents and manipulate superbasic activity.
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Experimental
General experimental procedures
Unless noted otherwise, all manipulations of complexes were performed under an argon
atmosphere (high purity) by using standard Schlenk techniques. Storage of complexes and
preparation of samples for NMR and elemental analysis required the use of a dry, nitrogen
atmosphere MBRAUN MB10 compact glove box. THF, diethyl ether, toluene and hexanes used
for the preparation of complexes were dried by passage through an Innovative Technologies
solvent purification system and stored over a sodium mirror under argon. For the preparation
of organic intermediates or ligand precursors, solvents including methanol, ethanol,
dichloromethane,

toluene,

hexanes,

diethyl

ether,

ethyl

acetate,

acetonitrile,

dimethylformamide and THF were used as received from commercial sources.
TMEDA, DME, C6D6, d8-toluene and d8-THF were dried over sodium using benzophenone as an
indicator. DME was stored over 2.0 Å molecular sieves under argon. TMEDA, C6D6, d8-toluene
and d8-THF were stored under argon. All other reagents were purchased from commercial
sources and used as received.
NMR spectroscopic analysis was performed with assistance from Dr James Horne in the Central
Science Lab at the University of Tasmania. 1H, 13C and 7Li NMR spectroscopy was performed
using a 400 MHz Bruker Avance 3 HD Wide Bore Spectrometer (5 mm BBFO probe) at room
temperature (293 K) or a 600 MHz Bruker Avance 3 HD Narrow Bore Spectrometer (5mm TCI
tuneable probe) at room temperature (293 K).
NMR spectra were recorded in CDCl3, and suitably dry C6D6 and d8-toluene. All 1H NMR spectra
were referenced to residual 1H resonances of CDCl3 (7.26 ppm), C6D6 (7.16 ppm) and d8-toluene
(2.08 ppm). 13C NMR spectra were referenced to 13C resonances of CDCl3 (77.4 ppm) and C6D6
(128.6 ppm). 7Li spectra were obtained at 155.3 MHz and were unreferenced.
IR spectroscopic analyses were performed using a Shimadzu FTIR-8400s Fourier Transform IR
spectrometer and processed using Shimadzu IR Solution 1.60.
Elemental analysis were performed by Dr. Thomas Rodemann at the Central Sciences
Laboratory, University of Tasmania using a ThermoFinnigan Flash EA 1112 Elemental Analyser.
Single crystal X-ray diffraction data collected at the Australian Synchrotron were performed by
Dr Michael Gardiner and used the MX1188 or MX2189 beamlines at -173oC on crystals mounted
on Hampton Scientific cryoloops (wavelength 0.70-0.74) Å with single axis rotation scans to

Experimental

145

maximum resolution possible using the fixed detector. Computation for data collection used
Blu-Ice190 software and data was reduced using XDS.191
Single crystal X-ray diffraction data was collected at the University of Tasmania using a Bruker
D8 Quest diffractometer at -173oC. Computation for data collection used APEX3 software and
data was reduced using SAINT v8.34.
Diffraction data was solved using Olex2192 charge flipping and ShelXT193 intrinsic phasing
methods. Solutions were refined using ShelXL194 least squares and visualised using Olex2. All
non-hydrogen atoms were refined anisotropically. All hydrogen atoms were placed in
calculated positions and refined with fixed C-H distances of 0.95 Å (sp2-CH), 0.99 Å (sp3-CH,
CH2) and 0.98 Å (CH3) and fixed N-H distances of 0.88 Å (NH) and 0.91 Å (NH2). The thermal
parameters of hydrogen atoms were estimated as Uiso(H) = 1.2Ueq(C) except for CH3 where
Uiso(H) = 1.5Ueq(C).
Variations to the above summarised methodologies are given in the refine_special_details
field of the cif files.

Synthesis of organic molecules
2-(phenylamino)benzoic acid (OO’NPhH2) 1a
2-bromobenzoic acid (4.008 g, 19.94 mmol), potassium carbonate (4.081 g, 29.53 mmol) and
copper(II) oxide (0.271 g, 3.41 mmol) were dissolved in a mixture of DMF (40 mL) and aniline
(10.0 mL) and the suspension was heated at reflux for three hours. The solution was cooled to
room temperature and a 1 M NaOH solution (70 mL) was added and stirred for 30 minutes.
The aqueous solution was extracted with toluene (3 x 50 mL) and the organic phase discarded.
The aqueous phase was acidified with a 3 M HCl solution (28 mL) and left to precipitate a black
solid overnight. The solid was collected by filtration, dissolved in ethyl acetate and filtered
through a pad of celite leaving a dark copper component which was discarded. The filtrate was
evaporated to give 3.075 g (72 %) of OO’NPhH2 as an off white solid. M.P. 175-178oC. IR (neat)
3335, 2360, 1660, 1577, 904 cm-1. 1H NMR (400 MHz, CDCl3):  = 6.76 (t, 1H, J = 7.6 Hz), 7.13
(t, 1H, J = 8.0 Hz), 7.22-7.29 (m, 2H), 7.34-7.40 (m, 3H), 9.33 (s, 1H, NH) ppm. 13C NMR (100
MHz, CDCl3):  = 114.0, 117.2, 123.1, 124.1, 129.4, 132.6, 135.2, 148.9 ppm.
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2-((2,4-dimethylphenyl)amino)benzoic acid (OO’NPhMe2H2) 1b
2-bromobenzoic acid (2.140 g, 10.65 mmol), potassium carbonate (2.549 g, 18.44 mmol) and
copper(II) oxide (0.220 g, 2.77 mmol) were dissolved in a mixture of DMF (20 mL) and 2,4dimethylaniline (6.0 mL) and the suspension was heated at reflux for 3 hours. The solution was
cooled to room temperature and a 1 M NaOH solution (70 mL) was added and stirred for 30
minutes. The aqueous solution was extracted with toluene (3 x 50 mL) and the organic phase
discarded. The aqueous phase was acidified with a 3 M HCl solution (28 mL) and left to
precipitate an off white solid overnight. The solid was collected by filtration, dissolved in ethyl
acetate and filtered through a pad of celite leaving a dark copper component which was
discarded. The filtrate was evaporated to give 1.533 g (60 %) of OO’NPhMe2H2 as an off white
solid. M.P. 180-183oC. IR (neat) 3343, 1662, 1585, 895 cm-1. 1H NMR (400 MHz, CDCl3):  =
2.24 (s, 3H), 2.35 (s, 3H), 6.69 (t, 1H, J = 7.5 Hz), 6.75 (d, 1H, J = 8.7 Hz), 7.04 (d, 1H, J = 7.7 Hz),
7.12 (s, 1H), 7.19 (d, 1H, J = 7.7 Hz), 7.26-7.32 (m, 1H), 8.03 (d, 1H, J = 7.8Hz), 9.04 (s, 1H, NH)
ppm. 13C NMR (100 MHz, CDCl3):  = 18.0, 21.0, 109.3, 113.6, 116.1, 125.8, 127.4, 131.8, 132.5,
134.0, 135.2, 135.3, 135.8, 150.4, 173.9 ppm.
2-(mesitylamino)benzoic acid (OO’NMesH2) 1c
2-bromobenzoic acid (2.004 g, 9.969 mmol), potassium carbonate (2.292 g, 16.58 mmol) and
copper(II) oxide (0.234 g, 2.94 mmol) were dissolved in a mixture of DMF (20 mL) and 2,4,6trimethylaniline (6.0 mL) and the suspension was heated at reflux for 3 hours. The solution
was cooled to room temperature and a 1 M NaOH solution (70 mL) was added and stirred for
30 minutes. The aqueous solution was extracted with toluene (2 x 40 mL) and the organic
phase discarded. The aqueous phase was acidified with a 3 M HCl solution (30 mL) and left to
precipitate an off white solid overnight. The solid was collected by filtration, dissolved in ethyl
acetate and filtered through a pad of celite leaving a dark copper component which was
discarded. The filtrate was evaporated to give 1.466 g (58 %) of OO’NMesH2 as an off white
solid. M.P. decomposed at ~200oC. IR (neat) 3347, 1657, 1159, 912 cm-1. 1H NMR (400 MHz,
CDCl3):  = 2.17 (s, 6H), 2.33 (s, 3H), 6.23 (d, 1H, J = 8.1 Hz), 6.64 (t, 1H, J = 7.3 Hz), 6.97 (s, 2H),
7.23 (t, 1H, J = 8.0 Hz), 8.02 (d, 1H, J = 7.4 Hz), 8.81 (s, 1H) ppm. 13C NMR (100 MHz, CDCl3): 
= 18.2, 21.0, 108.6, 112.7, 115.7, 129.3, 134.2, 135.5, 136.4, 136.6, 156.7 ppm.
2-((4-isopropylphenyl)amino)benzoic acid (OO’NPhiPrH2) 1d
2-bromobenzoic acid (3.974 g, 19.77 mmol), potassium carbonate (4.022 g, 29.10 mmol) and
copper(II) oxide (0.263 g, 3.31 mmol) were dissolved in a mixture of DMF (50 mL) and 4-
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isopropylaniline (13.5 mL) and the suspension was heated at reflux for 3 hours. The solution
was cooled to room temperature and a 1 M NaOH solution (70 mL) was added and stirred for
30 minutes. The aqueous solution was extracted with toluene (2 x 40 mL) and the organic
phase discarded. The aqueous phase was acidified with a 3 M HCl solution (30 mL) and left to
precipitate an off white solid overnight. The solid was collected by filtration, dissolved in ethyl
acetate and filtered through a pad of celite leaving a dark copper component which was
discarded. The filtrate was evaporated to give 1.372 g (27 %) of OO’NPhiPrH2 as an off white
solid. M.P. 162-164oC. IR (neat): 3330, 2869, 1657, 1164, 896 cm-1. 1H NMR (400 MHz, CDCl3):
 = 1.27 (d, 6H, J = 6.9 Hz), 2.93 (sept, 1H, J = 6.7 Hz), 6.73 (t, 1H, J = 6.9 Hz), 7.15-7.25 (m, 5H),
7.34 (t, 1H, J = 7.1 Hz), 8.04 (bs, 1H) ppm. 13C NMR (100 MHz, CD3CN):  = 23.9, 33.9, 114.1,
117.4, 123.3, 124.9, 127.9, 132.7, 133.7, 135.0, 138.9, 145.1, 149.2 ppm.
Methyl 2-(phenylamino)benzoate (OMeO’NPhH)
OO’NPhH2 (0.430 g, 2.02 mmol) was dissolved in methanol (20 mL) and had thionyl chloride
(1.6 mL, 20 mmol) added slowly over one minute then heated at reflux overnight. The solution
was cooled to room temperature, quenched with saturated sodium bicarbonate (20 mL) then
extracted with toluene (20 mL) and dichloromethane (2x25 mL). The organic phases were
combined and dried with magnesium sulphate, filtered and the solvent removed by rotary
evaporation to give 0.282 g (40 %) of OMeO’NPhH as a black oil. The 1H NMR spectrum showed
a single product which was used without further purification. 1H NMR (400 MHz, CDCl3):  =
3.93 (s, 3H), 6.75-6.79 (m, 1H), 7.13 (tt, 1H, J1 = 7.2 Hz, J2 = 1.2 Hz), 7.28-7.35 (m, 4H), 7.367.40 (m, 2H), 8.01 (dd, 1H, J1 = 8.0 Hz, J2 = 1.4 Hz), 9.54 (s, 1H) ppm. 13C NMR (100 MHz, CDCl3):
 = 51.8, 112.0, 114.1, 117.2, 122.6, 123.6, 129.4, 131.7, 134.2, 148.0, 169.0 ppm.
Ethyl 2-(phenylamino)benzoate (OEtO’NPhH)
OO’NPhH2 (0.393 g, 1.84 mmol) was dissolved in ethanol (20 mL) and had concentrated
sulphuric acid (0.14 mL, 2.6 mmol) added slowly over one minute then heated at reflux
overnight. The solution was cooled to room temperature, quenched with saturated NaHCO3
(20 mL) then extracted with toluene (2x20 mL). The organic phases were combined and dried
with magnesium sulphate, filtered and the solvent removed by rotary evaporation to give
0.180 g (40 %) of OEtO’NPhH as a black oil. The 1H NMR spectrum showed a single product and
the oil was used without further purification. 1H NMR (400 MHz, CDCl3):  = 1.44 (t, 3H, J = 7.2
Hz), 4.40 (q, 2H, J = 7.1 Hz), 6.76 (m, 1H), 7.11 (tt, 1H, J1 = 7.3 Hz, J2 = 1.2 Hz), 7.26-7.39 (m,
6H), 8.02 (dd, 1H, J1 = 8.0 Hz, J2 = 1.4 Hz), 9.53 (s, 1H) ppm. 13C NMR (100 MHz, CDCl3):  = 14.4,
60.6, 112.4, 114.1, 117.2, 122.5, 123.6, 129.4, 131.6, 134.0, 140.9, 147.9, 168.6 ppm.
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(2-(phenylamino)phenyl)methanol (O’NPhH2) 2a
OO’NPhH2 (1.006 g, 4.718 mmol) was dissolved in dry THF (30 ml) and cooled to 0oC in an ice
bath. Lithium aluminium hydride (0.350 g, 9.22 mmol) was slowly added over 5 minutes, the
reaction mixture was stoppered and stirred at room temperature for 1.5 hours. The reaction
flask was cooled to 0oC and Na2SO4.10H2O (1 g) was slowly added over 10 minutes. Vigorous
stirring was used to break up the solid formed and the mixture was left to stir overnight at
room temperature. The mixture was filtered through a celite plug with THF (50 mL) with the
lithium salts collected and macerated in THF (50 mL) and water (2 mL) for 1 hour before again
filtering through a celite plug and combining the filtrates. The solvent was removed by rotary
evaporation to give a viscous brown oil which later solidified to give 0.861 g (91 %) of O’NPhH2
as a yellow solid. M.P. 52-54oC. IR (neat) 3540, 3384, 2876, 1593, 1315, 994 cm-1. 1H NMR
(400 MHz, CDCl3):  = 4.75 (s, 2H), 6.90-6.97 (m, 2H), 7.09-7.11 (m, 2H), 7.22-7.26 (m, 2H), 7.277.32 (m, 2H), 7.38-7.41 (m, 1H) ppm. 13C NMR (100 MHz, CDCl3):  = 64.4, 117.4, 118.3, 120.7,
121.0, 128.8, 129.2, 129.4, 129.7, 143.1, 143.2 ppm.
(2-((2,4-dimethylphenyl)amino)phenyl)methanol (O’NPhMe2H2) 2b
OO’NPhMe2H2 (1.596 g, 6.614 mmol) was dissolved in dry THF (30 ml) and cooled to 0oC in an
ice bath. Lithium aluminium hydride (0.516 g, 13.6 mmol) was slowly added over 5 minutes,
the reaction mixture was stoppered and stirred at room temperature for 2 hours. The reaction
flask was cooled to 0oC and Na2SO4.10H2O (1 g) was slowly added over 10 minutes. Vigorous
stirring was used to break up the solid formed and the mixture was left to stir overnight at
room temperature. The mixture was filtered through a celite plug with THF (50 mL) with the
lithium salts collected and macerated in THF (50 mL) and water (2 mL) for 1 hour before again
filtering through a celite plug and combining the filtrates. The solvent was removed by rotary
evaporation to give a viscous brown oil which later solidified to give 1.423 g (95 %) of
O’NPhMe2H2 as a yellow solid. M.P. 106-108oC. IR (neat) 3401, 3271, 1595, 1517, 1310, 989
cm-1. 1H NMR (400 MHz, CDCl3):  = 2.23 (s, 3H), 2.33 (s, 3H), 4.78 (s, 2H), 6.83 (td, 1H, J1 = 7.6
Hz, J2 = 1.1 Hz) 6.96-7.03 (m, 2H), 7.07 (bs, 1H), 7.13 (d, 1H, J = 8.4 Hz), 7.17-7.21 (m, 2H) ppm.
C NMR (100 MHz, CDCl3):  = 17.8, 20.8, 65.0, 115.4, 119.0, 120.4, 126.9, 127.2, 129.3, 129.4,
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131.7, 131.9, 138.3, 144.7 ppm.
(2-(mesitylamino)phenyl)methanol (O’NMesH2) 2c
OO’NMesH2 (1.456 g, 5.703 mmol) was dissolved in dry THF (40 mL) and cooled to 0 oC in an
ice bath. Lithium aluminium hydride (0.421 g, 11.1 mmol) was slowly added over 5 minutes,
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the reaction mixture was stoppered and stirred at room temperature for 1.5 hours. The
reaction flask was cooled to 0oC and Na2SO4.10H2O (1 g ) was slowly added over 10 minutes.
Vigorous stirring was used to break up the solid formed and the mixture was left to stir
overnight at room temperature. The mixture was filtered through a celite plug with THF (50
mL) with the lithium salts collected and macerated in THF (50 mL) and water (2 mL) for 1 hour
before again filtering through a celite plug and combining the filtrates. The solvent was
removed by rotary evaporation to give a brown oil which later solidified to give 1.146 g (83 %)
of O’NMesH2 as a yellow solid. M.P. 104-106oC. IR (neat) 3390, 1604, 1504, 1315, 989 cm-1.
H NMR (400 MHz, CDCl3):  = 2.23 (s, 6H), 2.40 (s, 3H), 2.51 (bs, OH, 1H), 4.82 (s, 2H), 6.30 (dd,

1

1H, J1 = 8.2 Hz, J2 = 1.0 Hz), 6.40 (s, NH, 1H), 6.75 (td, 1H, J1 = 7.4 Hz, J2 = 1.1 Hz), 7.02 (s, 2H),
7.12 (td, 1H, J1 = 7.6 Hz, J2 = 1.7 Hz), 7.17 (dd, 1H, J1 = 7.3 Hz, J2 = 1.4 Hz) ppm. 13C NMR (100
MHz, CDCl3):  = 18.3, 21.0, 64.9, 112.4, 117.4, 124.8, 129.1, 129.3, 129.5, 134.9, 135.2, 136.0,
146.2 ppm.
(2-((4-isopropylphenyl)amino)phenyl)methanol (O’NPhiPrH2) 2d
OO’NPhiPrH2 (1.339 g, 5.244 mmol) was dissolved in dry THF (25 mL) and cooled to 0oC in an
ice bath. Lithium aluminium hydride (0.500 g, 13.2 mmol) was slowly added over 5 minutes,
the reaction mixture was stoppered and stirred at room temperature for 1.5 hours. The
reaction flask was cooled to 0oC and Na2SO4.10H2O (1 g) was slowly added over 10 minutes.
Vigorous stirring was used to break up the solid formed and the mixture was left to stir
overnight at room temperature. The mixture was filtered through a celite plug with THF (50
mL) with the lithium salts collected and macerated in THF (50 mL) and water (2 mL) for 1 hour
before again filtering through a celite plug and combining the filtrates. The solvent was
removed by rotary evaporation to give a black oil which later solidified to give 1.082 g (85 %)
of O’NPhiPrH2 as a brown solid. M.P. 46-48oC. IR (neat) 3382, 2868, 1591, 1303, 995 cm-1. 1H
NMR (400 MHz, CDCl3):  = 1.28 (d, 6H J = 6.9 Hz), 2.00 (bs, OH), 2.90 (sept, 1H, J = 6.8Hz), 4.71
(s, 2H), 6.76 (bs, NH), 6.86 (td, 1H, J1 = 7.4 Hz, J2 = 0.9 Hz), 7.03-7.05 (m, 2H), 7.15-7.24 (m, 4H),
7.33-7.35 (m, 1H) ppm. 13C NMR (100 MHz, CDCl3):  = 24.2, 33.5, 64.6, 116.4, 118.9, 119.9,
127.2, 127.9, 129.2, 129.5, 140.6, 141.9, 143.8 ppm.
(2-aminophenyl)methanol (O’NH3) 2e
Anthranilic acid (0.693 g, 5.05 mmol) was dissolved in dry THF (20 mL) and cooled to 0oC in an
ice bath. Lithium aluminium hydride (0.403 g, 10.6 mmol) was slowly added over 3 minutes,
the reaction mixture was stoppered and stirred at room temperature for 2 hours. The reaction
flask was cooled to 0oC and Na2SO4.10H2O (1 g) was slowly added over 10 minutes. Vigorous
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stirring was used to break up the solid formed and the mixture was left to stir overnight at
room temperature. The mixture was filtered through a celite plug with THF (50 mL) with the
lithium salts collected and macerated in THF (50 mL) and water (2 mL) for 1 hour before again
filtering through a celite plug and combining the filtrates. The solvent was removed by rotary
evaporation to give 0.491 g (79 %) of O’NH3 as a yellow crystalline solid. M.P. 70-72oC. IR
(neat) 3388, 1620, 1496, 1004 cm-1. 1H NMR (400 MHz, CDCl3):  = 3.43 (bs, 3H), 4.64 (s, 2H),
6.69-6.75 (m, 2H), 7.06 (d, 1H, J = 7.2 Hz), 7.14 (t, 1H, J = 7.6 Hz) ppm. 13C NMR (100 MHz,
CDCl3):  = 64.3, 116.2, 118.4, 125.0, 129.2, 129.4, 145.8 ppm.
Methyl 2-(bromomethyl)benzoate
2-(bromomethyl)benzoic acid (4.105 g, 19.09 mmol) was dissolved in methanol (100 mL).
Thionyl chloride (12.0 mL, 0.16 mol) was slowly added to the solution and the reaction mixture
was heated at reflux for 2 days. The solution was cooled to room temperature and saturated
sodium bicarbonate (60 mL) was added. The mixture was stirred for 15 minutes then extracted
with toluene (100 mL), the organic phase dried with Na2SO4, filtered and solvent removed by
rotary evaporation to give 3.241 g (74 %) of crude material. The 1H NMR spectrum matched
literature values and the crude material which was used without further purification.195 1H
NMR (400 MHz, CDCl3):  = 3.91 (s, 3H), 5.04 (s, 2H), 7.37 (t, 1H, J = 6.8Hz), 7.48-7.54 (m, 2H),
7.96 (d, 1H, J = 7.8 Hz) ppm.
2-phenylisoindolin-1-one
Crude methyl 2-(bromomethyl)benzoate (1.251 g, 5.46 mmol) was dissolved in a mixture of
THF (20 mL), aniline (4.0 mL, 44 mmol) and triethylamine (0.75 mL, 5.4 mmol). The reaction
solution was stirred at 40oC for 3 days. The triethylammonium salts were removed by filtration
and the excess aniline removed by distillation before the crude material was dissolved in
acetonitrile and filtered through a celite plug to give 1.504 g of a red-brown solid. A sample of
the crude material was recrystallised from an acetonitrile/water solution. The crystals were
analysed by X-ray diffraction and showed 2-phenylisoindolin-1-one. The 1H NMR spectrum of
the crude material also matched literature values for 2-phenylisoindolin-1-one.174 1H NMR
(400 MHz, CDCl3):  = 4.89 (s, 2H), 7.20 (t, 1H, J = 7.3 Hz) 7.45 (t, 2H, J = 8.0 Hz), 7.51-7.55 (m,
2H), 7.62 (t, 1H, J = 6.6Hz), 7.90 (d, 2H, J = 8.4 Hz), 7.95 (d, 1H, J = 6.9 Hz) ppm.
2-(bromomethyl)benzoyl chloride
Thionyl chloride (5.0 mL, 69 mmol) was added to 2-(bromomethyl)benzoic acid (1.009 g, 4.69
mmol) The reaction solution was stirred at 60oC under argon an argon atmosphere for 6 hours.
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The excess thionyl chloride was removed by distillation leaving 1.08 g (99 %) of a crystalline
yellow solid. Identity of the material was supported by low resolution X-ray crystal diffraction
and was used for further reaction without additional purification. 1H NMR (400 MHz, CDCl3): 
= 4.78 (s, 2H), 7.46-7.51 (m, 2H), 7.61 (t, 1H, J = 7.1 Hz), 8.24 (d, 1H, J = 7.8 Hz) ppm.
Isobenzofuran-1(3H)-one
1 M DIBAL-H in hexane (20 mL) was added to 2-(bromomethyl)benzoyl chloride (0.509 g, 2.98
mmol) and stirred at room temperature under an argon atmosphere for 18 hours. The reaction
mixture was cooled to 0oC in an ice bath, methanol (2 mL) was added and the mixture was
stirred for 30 minutes, 2 M HCl (3 mL) was added and the mixture stirred for 30 minutes. Water
(10 mL) and toluene (10 mL) was added and the aqueous phase was separated and discarded.
The organic phase was filtered through a celite plug and the filtrate dried with MgSO4. The
salts were removed by filtration and solvent removed by rotary evaporation to give an off
white solid. 1H NMR matched data provided by commercial sources.196 The solid dissolved in
THF/Hexanes and recrystallised by slow evaporation, the crystals were analysed by X-ray
diffraction and showed Isobenzofuran-1(3H)-one. 1H NMR (400 MHz, CDCl3):  = 5.31 (s, 2H),
7.48-7.54 (m, 2H), 7.68 (t, 1H, J = 7.7Hz), 7.91 (d, 1H, 7.7Hz) ppm.
1,2-phenylenedimethanol 3a
Phthalic acid (2.014 g, 12.1 mmol) was dissolved in dry THF (30 ml) and cooled to 0oC in an ice
bath. Lithium aluminium hydride (0.963 g, 25.4 mmol) was slowly added over 5 minutes, the
reaction mixture was stoppered and stirred at room temperature for 2 hours. The reaction
flask was cooled to 0oC and Na2SO4.10H2O (2 g) was slowly added over 10 minutes. Vigorous
stirring was used to break up the solid formed and the mixture was left to stir overnight at
room temperature. The mixture was filtered through a celite plug with THF (50 mL) with the
lithium salts collected and macerated in THF (60 mL) and water (2 mL) for 1 hour before again
filtering through a celite plug and combining the filtrates. The solvent was removed by rotary
evaporation to give a colourless crystalline solid 1.361 g (81 %) yield. 1H and 13C NMR spectra
matched literature data.197 1H NMR (400 MHz, CDCl3):  = 4.62 (s, 4H), 7.29 (s, 4H) ppm. 13C
NMR (100 MHz, CDCl3):  = 63.9, 128.5, 129.7, 138.4 ppm.
(2-(chloromethyl)phenyl)methanol 3b
1,2-phenylenedimethanol (2.143 g, 15.5 mmol) was dissolved in toluene (40 mL) and heated
to 70oC. Concentrated hydrochloric acid (2.2 mL, 25.6 mmol) was added to the hot solution
and stirred at 70oC in a sealed flask for 1.5 hours. The solution was then left to cool to room
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temperature and saturated Sodium carbonate (30 mL) was added and let stir for 15 minutes.
The mixture was separated, and the organic phase was dried with Na2SO4, the salts were
removed by filtration and the solvent removed under vacuum to give a to give 2.041 g (84 %)
of (2-(chloromethyl)phenyl)methanol as colourless or yellow crystals. M.P. 44-45oC. IR (neat)
3351, 2881, 1007 cm-1. 1H NMR (400 MHz, CDCl3):  = 1.75 (s, 1H, OH), 4.74 (s, 2H), 4.84 (s, 2H),
7.30-7.45 (m, 4H) ppm. 13C NMR (100 MHz, CDCl3):  = 43.8, 62.9, 128.4, 129.0, 129.3, 130.4,
135.5, 139.2 ppm.
(2-((phenylamino)methyl)phenyl)methanol (O’N’PhH2) 4a
In a Schlenk flask under argon (2-(chloromethyl)phenyl)methanol (0.228 g, 1.45 mmol) was
dissolved in methanol (10 mL). Aniline (0.14 mL, 1.53 mmol) and triethylamine (0.14 mL, 1.0
mmol) were added and the solution was stirred overnight at room temperature. Water (20
mL) was added to the mixture and extracted with toluene (2 x 20 mL), the organic phases were
combined and dried with Na2SO4. The salts were removed by filtration through sintered glass
and the solvent removed to give a red oil. The crude material was then passed through a silica
column with a 10:90:1 ethyl acetate:hexanes:triethylamine solvent mixture, changing to
50:50:1 to give the desired product as a red oil. The oil was dissolved in a toluene/hexane
solution and recrystallised at -25oC to give 0.054 g (17 %) of O’N’PhH2 as colourless crystals. (Rf
= 0.2 in 20:80 ethyl acetate:hexanes). M.P. 80-81oC. IR (neat) 3350, 1363, 1010 cm-1. 1H NMR
(400 MHz, CDCl3):  = 4.36 (s, 2H), 4.72 (s, 2H), 6.73-6.77 (m, 2H), (tt, 1H, J1 = 7.4 Hz, J2 = 1.0
Hz), 7.21-7.26 (m, 2H), 7.31-7.35 (m, 2H), 7.37-7.42 (m, 2H) ppm. 13C NMR (100 MHz, CDCl3): 
= 47.5, 63.8, 114.3, 119.2, 128.3, 128.4, 129.4, 129.5, 129.8, 137.1, 139.8, 147.6 ppm.
(2-((mesitylamino)methyl)phenyl)methanol (O’N’MesH2) 4b
In a Schlenk flask under argon (2-(chloromethyl)phenyl)methanol (0.394 g, 2.51 mmol) and
NaBr (0.403 g, 3.92 mmol) were dissolved in methanol (10 mL). 2,4,6-trimethylaniline (0.40
mL, 2.84 mmol) and triethylamine (0.40 mL, 0.29 mmol) were added and left stirring at room
temperature overnight. Saturated sodium bicarbonate (10 mL) was added and stirred for 20
minutes. The mixture was extracted with toluene (2 x 15 mL), the organic phases were
combined and dried with Na2SO4. The salts were removed by filtration through sintered glass
and the solvent removed by rotary evaporation to give a green oil. This was dissolved in diethyl
ether (1 mL) before adding hexanes (1 mL) and recrystallising at -25oC, with additional hexanes
being added every hour to give approximately 0.4 g of a green crystalline solid. The crystals
were washed with diethyl ether (2 x 2 mL) to give 0.195 g (30 %) of O’N’MesH2 as a white
crystals. M.P. 96-97oC. IR (neat) 3278, 1483, 1013, 852 cm-1. 1H NMR (400 MHz, CDCl3):  =
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2.27 (s, 3H), 2.37 (s, 6H), 4.09 (s, 2H), 4.78 (s, 2H), 6.90 (s, 2H), 7.32-7.39 (m, 3H), 7.41-7.45 (m,
1H) ppm. 13C NMR (100 MHz, CDCl3):  = 18.3, 20.7, 52.6, 64.5, 128.6, 128.8, 129.8, 130.3,
130.5, 131.1, 133.7, 137.5, 141.2, 141.8 ppm.
(2-(((2,6-diisopropylphenyl)amino)methyl)phenyl)methanol (O’N’DIPPH2) 4c
In a Schlenk flask under argon (2-(chloromethyl)phenyl)methanol (0.781 g, 4.99 mmol) and NaI
(1.001 g) were dissolved in methanol (40 mL). 2,6-diisopropylaniline (0.88 mL, 4.7 mmol) and
triethylamine (0.80 mL, 5.7 mmol) were added and the solution was stirred at room
temperature for 6 hours. Water (20 mL) was added and the mixture extracted with toluene (2
x 20 mL). The organic phases were combined, washed with water (10 mL) and dried with Na2SO4.

The salts were removed by filtration through sintered glass and the solvent removed by

rotary evaporation to give a yellow-green oil. The oil was dissolved in diethyl ether and
hexanes and recrystallised by slow evaporation and cooling to -25oC to give 0.160 g (11 %) of
O’N’DIPPH2 as colourless crystals. (Rf = 0.2 in 20:80 ethyl acetate:hexanes). M.P. 79-80oC. IR
(neat) 3323, 1363, 1017 cm-1. 1H NMR (400 MHz, CDCl3):  = 1.30 (d, 12H, J = 7.1 Hz), 3.34
(sep, 2H, J = 7.6 Hz), 4.10 (s, 2H), 4.80 (s, 2H), 7.17-7.19 (m, 3H), 7.33-7.40 (m, 3H), 4.44-4.67
(m, 1H) ppm. 13C NMR (100 MHz, CDCl3):  = 24.4, 28.1, 55.5, 64.6, 124.0, 125.3, 128.6, 128.8,
137.6, 141.0, 141.7, 142.9 ppm.
(2-((isopropylamino)methyl)phenyl)methanol (O’N’iPrH2) 4d
In a Schlenk flask under argon (2-(chloromethyl)phenyl)methanol (1.198 g, 7.65 mmol) was
dissolved in methanol (20 mL). 2-aminopropane (8.0 mL, 98 mmol) was added and the solution
was stirred at room temperature overnight. Water (20 mL) was added and extracted with
toluene (3 x 20 mL), the organic phases were combined and dried with Na2SO4. The salts were
removed by filtration through sintered glass and solvent removed by rotary evaporation to
give 1.259 g (91 %) of O’N’iPrH2 as a yellow oil without further purification. IR (neat) 3241,
2870, 1768, 1560, 1018 cm-1. 1H NMR (400 MHz, CDCl3):  = 1.16 (d, J = 6.4 Hz, 6H), 2.93 (p, J =
6.4 Hz, 1H), 3.88 (s, 2H), 4.63 (s, 2H), 7.25-7.31 (m, 3H), 7.34-7.37 (m, 1H) ppm. 13C NMR (100
MHz, CDCl3):  = 22.6, 48.7, 50.6, 64.8, 128.0, 128.3, 130.0, 130.2, 138.4, 141.9 ppm.

Synthesis of lithium complexes
[Li4(O’NPh)2(THF)5] 5
O’NPhH2 (0.399 g, 2.00 mmol) was dissolved in THF (5 mL) and 1.6 M nBuLi in hexanes (2.6 mL,
4.16 mmol) was added over 20 seconds, during which the solution turned from yellow to red
to golden yellow. The solution was then concentrated to approximately half volume and
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layered with hexanes (3 mL). A large quantity of crystals grew overnight. The solvent was
removed by filtration and the solid washed with hexanes (10 mL) affording 0.765 g (98 %) of
yellow block crystals identified by single crystal X-ray diffraction as [Li4(O’NPh)2(THF)5] 5. X-ray
diffraction data of 5 was collected at -73oC as the crystals fractured when cooled further. 1H
NMR (400 MHz, THF/C6D6):  = 4.67 (s, 2H), 6.09 (t, 1H, J = 7.0 Hz), 6.49-6.60 (m, 3H), 6.78 (t,
2H, J = 7.6 Hz), 6.90 (t, 1H, J = 7.4 Hz), 7.11 (d, 1H, J = 6.6 Hz), 7.21 (d, 1H, J = 7.6 Hz) ppm. 13C
NMR (100MHz, THF/C6D6): Insufficiently soluble. Elemental analysis: Calculated: C, 70.58; H,
7.98; N, 3.58, Found: C, 69.09; H, 7.21; N, 3.85.
[Li(DME)3][Li11(O’NPh)6(DME)3] 6
O’NPhH2 (0.200 g, 1.00 mmol) was dissolved in a mixture of DME/toluene (3/10 mL) and 1.6
M nBuLi in hexanes (1.30 mL, 2.08 mmol) was added over 10 seconds, during which the
solution turned from yellow to red then bright orange. A white precipitate quickly began to
form which was left overnight to give a crystalline solid. The solvent was removed by filtration
leaving 0.201 g (67 %) of a crystalline solid identified by single crystal X-ray diffraction as
[Li(DME)3][Li11(O’NPh)6(DME)3] 6. The 1H NMR spectrum obtained in THF/C6D6 showed a
complex mixture of resonance peaks which could not be assigned and a satisfactory elemental
analysis was unable to be obtained.
[Li(THF)4][Li11(O’NPh)6(THF)2(DME)] 7
O’NPhH2 (0.538 g, 2.70 mmol) was dissolved in a mixture of DME (10 mL) and 1.6 M nBuLi in
hexanes (3.4 mL, 5.44 mmol) was added over 10 seconds. The solution was concentrated down
to approximately half volume and THF (10 mL) was added, dissolving the precipitate in the
process. The solution was layered with hexanes to give a large quantity of crystals. The solvent
was removed by filtration and the solid washed with hexanes (10 mL) affording 0.392 g (47 %)
of crystals identified by single crystal X-ray diffraction as [Li(THF)4][Li11(O’NPh)6(THF)2(DME)] 7.
The 1H NMR spectrum obtained in THF/C6D6 showed a complex mixture of resonance peaks
which could not be assigned and a satisfactory elemental analysis could not be obtained.
[Li7(O’NPhMe2H)5(O’NPhMe2)] 8
O’NPhMe2H2 (0.497 g, 2.19 mmol) was dissolved in diethyl ether (8 mL) and 1.6 M nBuLi in
hexanes (1.4 mL, 2.2 mmol) was added over 10 seconds during the solution turned from yellow
to red. The solution was then concentrated down to approximately half volume and stored at
-25oC overnight to precipitate a yellow crystalline solid dispersed in amorphous material. The
solvent was removed by filtration affording 0.108 g (22 %) of yellow block crystals identified
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by single crystal X-ray diffraction as [Li7(O’NHPhMe2H)5(O’NPhMe2)] 8. Attempts to wash the
solid in diethyl ether/hexanes mixtures were unable to preferentially remove the
contaminating material and satisfactory elemental analysis was unable to be obtained. The 1H
NMR spectrum on the solid obtained in THF/C6D6 showed a complex mixture of resonance
peaks which could not be assigned.
[Li(THF)4]2[Li10(O’NPhMe2)6] 9
O’NPhMe2H2 (0.419 g, 1.84 mmol) was dissolved in THF (10 mL) and 1.6 M nBuLi in hexanes
(2.5 mL, 4.0 mmol) was added over 15 seconds. The solution was concentrated and layered
with hexanes (5 mL) and left overnight to precipitate crystals. The solvent was removed by
filtration and the crystals washed with hexanes (10 mL) to give 0.452 g (77 %) colourless block
crystals identified by single crystal X-ray diffraction as [Li(THF)4]2[Li10(O’NPhMe2)6] 9. 1H NMR
(400 MHz, C7D8):  = 1.43 (m, 9H, THF), 1.91 (s, 3H), 2.29 (s, 3H), 3.42 (m, 9H, THF), 4.22 (d, 1H,
J = 11.2 Hz), 4.79 (d, 1H, J = 11.2 Hz), 6.47-6.53 (m, 2H), 6.58 (d, 1H, J = 8.4 Hz), 6.98-7.07 (m,
2H, overlaps with C7D8 signal), 7.39 (d, 1H, J = 6.9 Hz), 7.83 (d, 1H, J = 7.6 Hz) ppm. 1H NMR (400
MHz, THF/C6D6):  = 1.56 (m, THF), 2.01 (s, 3H), 2.13 (s, 3H), 3.45 (m, THF), 4.60 (s, 2H), 6.04
(d, 1H, 7.7 Hz), 6.48 (t, 1H, J = 7.4 Hz), 6.70 (s, 1H), 6.77 (s, 2H), 6.83 (t, 1H, J = 7.3 Hz), 6.95 (d,
1H, J = 6.6 Hz) ppm. 13C NMR (100 MHz, THF/C6D6): Insufficiently soluble. Elemental analysis:
Calculated: C, 72.57; H, 7.84; N, 4.03, Found: C, 72.44; H, 7.84; N, 4.00.
[Li10(O’NPhMe2H)2(O’NPhMe2)4] 10
O’NPhMe2H2 (0.301 g, 1.32 mmol) was dissolved in toluene (20 mL) and 1.6 M nBuLi in hexanes
(2.50 mL, 4 mmol) was added over 20 seconds during which the solution rapidly precipitated
a white microcrystalline solid. The solvent was removed by filtration and concentrated slightly
before storing at -25oC for 3 days, afforded an irreproducible quantity of 0.061 g (15 %) of
yellow crystals. These crystals were identified by single crystal diffraction as
[Li10(O’NPhMe2H)2(O’NPhMe2)4] 10. Rapid solvent loss was observed following removal of
mother liquor, and satisfactory elemental analysis was unable to be obtained. The 1H NMR
spectrum obtained in THF/C6D6 showed a complex mixture of resonance peaks which could
not be assigned.
The compound was also obtained when [Li(THF)4]2[Li10(O’NPhMe2)6] 9 (0.29 g, 0.14 mmol) was
dissolved in toluene (20 mL) giving a deep red solution. After approximately 20 minutes the
solution began precipitating a white solid. After 1 day the solution was filtered through paper
and transferred to a new Schlenk flask, slightly concentrated and stored at -25oC. After 3
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months 0.008 g (3 %) of a crystalline solid had precipitated. These crystals were identified by
single crystal X-ray diffraction as [Li10(O’NPhMe2H)2(O’NPhMe2)4] 10. The yield was insufficient
for further characterisation.
[Li4(O’NMesH)4] 11
O’NMesH2 (0.101 g, 0.42 mmol) was dissolved in THF (2 mL) and 1.6 M nBuLi in hexanes (0.260
mL, 0.42 mmol) was added over 20 seconds. The solution was concentrated down to
approximately half volume and layered with hexanes to give large yellow block crystals. The
solvent was removed by filtration to give 0.0991 g (96 %) of a crystalline solid identified by
single crystal X-ray diffraction as [Li4(O’NMesH)4] 11. The 1H NMR spectrum obtained in
THF/C6D6 showed multiple products and a satisfactory elemental analysis was unable to be
obtained.
[Li(DME)3]2[Li6(O’NMes)4] 12
O’NMesH2 (0.503 g, 2.08 mmol) was dissolved in DME (10 mL) and 1.6M nBuLi in hexanes (2.8
mL, 4.5 mmol) was added over 20 seconds. Crystals were seen to be forming after 20 minutes
and completed precipitating after 2 hours giving 0.67 g (83 %) of yellow needles dispersed
amongst an oily material. Single crystal X-ray diffraction identified the crystals as
[Li(DME)3]2[Li6(O’NMes)4] 12. Despite best efforts the viscous material was unable to be
removed without dissolving the crystals. A satisfactory elemental analysis was unable to be
obtained and the 1H NMR spectrum obtained in THF/C6D6 showed a complex mixture of
resonance peaks which could not be assigned.
[Li11(O’NMes)5(O’NMesH)] 13
O’NMesH2 (0.535 g, 2.22 mmol) was dissolved in THF (10 mL and 1.6 M nBuLi in hexanes (4.0
mL, 6.4 mmol) was added over 20 seconds. The solvent was removed by vacuum to give a
concentrated oil which was dissolved in toluene (30 mL). The solution was then concentrated
to approximately half volume and cooled at -25oC. Trace amounts of crystalline material had
precipitated after 1 month. These crystals were identified by single crystal X-ray diffraction as
[Li11(O’NMes)5(O’NMesH)] 13. The yield of crystals was unable to be improved and was
insufficient for further characterisation.
[Li10(O’NH)4(O’NH2)2] 14
O’NH3 (0.181 g, 1.47 mmol) was dissolved in THF (6 mL) and 1.6M nBuLi in hexanes (2.0 mL,
3.2 mmol) was added over 20 seconds. The solution was concentrated to approximately half
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volume and layered with hexanes (4 mL). A large quantity of crystals suspended in a viscous
oil precipitated overnight. The solvent was removed by filtration giving a crude yield of 0.220
g. Single crystal X-ray diffraction identified the crystals as [Li10(O’N)4(O’NH)2] 14. Despite best
efforts the viscous oil was unable to be removed without dissolving the crystals. Satisfactory
elemental analysis was unable to be obtained and the 1H NMR spectrum obtained in THF/C6D6
showed a complex mixture of resonance peaks which could not be assigned.
[Li10(O’NPh)4(OEt)2(OEt2)4] 15
O’NPhH2 (0.398 g, 2.00 mmol) was dissolved in diethyl ether (10 mL) and 1.6 M nBuLi in
hexanes (3.2 mL, 5.12 mmol) was added over 15 seconds during which a cloudy white solid
rapidly precipitated. The precipitate redissolved after 5 minutes and crystals precipitated after
1 hour. The solvent removed by filtration and the solid washed with hexanes (10 mL) giving
0.550 g (>99 %) of yellow plate crystals identified by single crystal X-ray diffraction as
[Li10(O’NPh)4(OEt)2(OEt2)4] 15. The compound was insufficiently soluble in diethyl ether and
C6D6 for a

1

H NMR spectrum to be obtained. The

[Li10(O’NPh)4(OEt)2(OEt2)4]

15

in

THF/C6D6

matched

the

1

H NMR spectrum of

spectrum

obtained

for

[Li4(O’NPh)2(THF)5] 5. 1H NMR (400 MHz, THF/C6D6):  = 4.67 (s, 2H), 6.09 (t, 1H, J = 7.0 Hz),
6.49-6.60 (m, 3H), 6.78 (t, 2H, J = 7.6 Hz), 6.90 (t, 1H, J = 7.4 Hz), 7.11 (d, 1H, J = 6.6 Hz), 7.21
(d, 1H, J = 7.6 Hz) ppm. 1H NMR (400 MHz, Et2O/C6D6): Insufficiently soluble. Elemental
analysis: Calculated: C, 69.41; H, 7.61; N, 4.50, Found: C, 69.36; H, 7.34; N, 4.73.
[Li10(O’NPhMe2)4(OEt)2(OEt2)4] 16
O’NPhMe2H2 (0.311 g, 1.37 mmol) was dissolved in diethyl ether (8 mL) and 1.6 M nBuLi in
hexanes (2.2 mL, 3.5 mmol) was added over 15 seconds during which a cloudy white solid
rapidly precipitated. The precipitate redissolved after 5 minutes and crystals precipitated after
30 minutes. The solvent removed by filtration and the solid washed with hexanes (10 mL)
giving 0.461 g (99 %) of yellow plate crystals identified by single crystal X-ray diffraction as
[Li10(O’NPhMe2)4(OEt)2(OEt2)4] 16. The compound was insufficiently soluble in diethyl ether
and C6D6 for a 1H NMR spectrum to be obtained. The 1H NMR spectrum in THF/C6D6 showed a
complex mixture of resonance peaks which could not be assigned. Elemental analysis:
Calculated: C, 70.75; H, 8.17; N, 4.13, Found: C, 70.74; H, 8.25; N, 4.21.
[Li10(O’NPhiPr)4(OEt)2(Et2O)4] 17
O’NPhiPrH2 (0.323 g, 1.33 mmol) was dissolved in diethyl ether (10 mL) and 1.6M nBuLi in
hexanes (2.3 mL, 3.7 mmol) was added over 15 seconds during which a cloudy white solid
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rapidly precipitated. The precipitate redissolved after 5 minutes and yellow crystals
precipitated after 30 minutes. The solvent removed by filtration and the solid washed with
hexanes (10 mL) giving 0.471 g (95 %) of yellow crystals identified by single crystal X-ray
diffraction as [Li10(O’NPhMe2)4(OEt)2(OEt2)4] 16. The compound was insufficiently soluble in
diethyl ether and C6D6 for a 1H NMR spectrum to be obtained. The 1H NMR spectrum in
THF/C6D6 showed decomposition. Elemental analysis: Calculated: C, 71.01; H, 8.67; N, 3.77,
Found: C, 71.10; H, 8.65; N, 3.81.
[Li10(O’NMes)4(OEt)2(OEt2)2] 18
O’NMesH2 (0.295 g, 1.22 mmol) was dissolved in diethyl ether (8 mL) and 1.6M nBuLi in
hexanes (2.0 mL, 3.2 mmol) was added over 15 seconds during which a cloudy white solid
rapidly precipitated. The precipitate redissolved after 5 minutes and yellow crystals
precipitated after 30 minutes. The solvent was filtered off and the solid washed with hexanes
(10 mL) giving 0.408 g (94 %) of yellow crystals identified by single crystal x-ray diffraction as
[Li10(O’NMes)4(OEt)2(OEt2)2] 18. The crystals suffered immediate solvent loss following
removal from solution and satisfactory elemental analysis was unable to be obtained. The
compound was insufficiently soluble in diethyl ether and C6D6 for a 1H NMR spectrum to be
obtained. The 1H NMR spectrum in THF/C6D6 showed a complex mixture of resonance peaks
which could not be assigned.
[Li10(O’NPhiPr)4(OCHCH2)2(THF)6] 19
O’NPhiPrH2 (0.214 g, 0.89 mmol) was dissolved in THF (6 mL) and 1.6M nBuLi in hexanes (1.4
mL, 2.2 mmol) was added over 20 seconds. The solution was concentrated to approximately
half volume and cooled at -25oC. Crystals precipitated overnight and the solution removed by
filtration to give 0.353 g (94 %) of colourless needles identified by single crystal X-ray
diffraction as [Li10(O’NPhiPr)4(OCHCH2)2(THF)6] 19. Satisfactory elemental analysis was unable
to be obtained. The 1H NMR spectrum obtained in THF/C6D6 showed multiple products and
could not be accurately characterised.
[Li4(O’N’iPrH)4] 20
O’N’iPrH2 (0.305 g, 1.70 mmol) was dissolved in hexanes, transferred to a Schlenk flask and
placed under vacuum for 4 hours. The remaining oil was dissolved in hexanes (15 mL) and 1.6M
nBuLi in hexanes (3.0 mL, 4.8 mmol) was added. The solution turned from bright yellow to dark
red overnight and precipitated a large quantity of a microcrystalline solid. The solution was
filtered through paper and transferred to a new Schlenk flask. The solvent was removed by
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vacuum and the crude solid redissolved in THF (4 mL) and layered with hexanes to precipitate
crystals. The solvent was removed by filtration giving 0.031 g (9 %) of colourless plate crystals
identified by single crystal X-ray diffraction as [Li4(O’N’iPrH)4] 20. The crystals decomposed
before NMR spectroscopic and elemental analysis could be performed and was unable to be
reacquired.
[Li4(O’N’Ph)2(THF)4] 21
O’N’PhH2 (0.106 g, 0.495 mmol) was dissolved in THF (3 mL) and 1.6M nBuLi in hexanes (0.65
mL, 1.0 mmol) was added over 20 seconds. Hexanes (3 mL) was added and the solution was
concentrated to approximately 2 mL causing a crystalline solid to precipitate after 1 day. The
solvent was removed by filtration and the resulting solid washed with hexanes to give 0.171 g
(>99 %) of a colourless crystalline solid identified by single crystal X-ray diffraction as
[Li4(O’N’Ph)2(THF)4] 21. 1H NMR (400 MHz, Et2O/C6D6):  = 1.51-1.54 (m, 16H, THF), 3.42-3.45
(m, 16H, THF), 3.98 (s, 2H), 4.71 (s, 2H), 6.09 (t, 1H, J = 7.0 Hz), 6.48 (bs, 2H), 6.88-7.00 (m, 4H),
7.14-7.21 (m, 2H) ppm. Elemental analysis: Calculated: C, 71.54; H, 7.91; N, 3.79, Found: C,
71.78; H, 7.87; N, 3.82.
[Li4(O’N’Mes)2(THF)4] 22
O’N’MesH2 (0.101 g, 0.394 mmol) was dissolved in THF (4 mL) and 1.6M nBuLi in hexanes (0.50
mL, 0.8 mmol) was added over 20 seconds causing an immediate precipitation of
microcrystals. THF (8 mL) was added dissolving the solid and the solution was filtered and
concentrated down to approximately half volume causing a crystalline solid to precipitate. The
solid was washed with hexanes (10 mL) giving 0.151 g (90 %) of colourless crystals identified
by single crystal X-ray diffraction as [Li4(O’N’Mes)2(THF)4] 22. 1H NMR (400 MHz, THF/C6D6): 
= 1.94 (s, 3H), 2.04 (s, 6H), 4.12 (s, 2H), 4.93 (s, 2H), 5.89 (d, 4H), 6.40-7.13 (m). Elemental
analysis: Calculated: C, 72.98; H, 8.57; N, 3.40, Found: C, 72.31; H, 8.29; N, 3.49.
[Li4(O’N’DIPP)2(THF)4] 23
O’N’DIPPH2 (0.102 g, 0.342 mmol) was dissolved in THF (8 mL) and 2.5 M nBuLi in hexanes
(0.28 mL, 0.70 mmol) was added over 20 seconds. The solution was then concentrated slightly
resulting in the precipitation of a crystalline solid over 2 days. The solvent was removed by
filtration and solid washed with 1:10 THF:Hexanes (10 mL) to give 0.140 g (99 %) of colourless
plate crystals identified by single crystal X-ray diffraction as [Li4(O’N’DIPP)2(THF)4] 23. 1H NMR
(400 MHz, C6D6):  = 1.34-1.43 (m, 45H), 3.48-3.53 (m, 20H), 3.60 (p, 4H, J = 6.9 Hz), 4.47 (bs,
4H), 4.79 (bs, 4H), 6.90-7.00 (m, 6H), 7.15-7.18 (m, 2H, overlap with C6H6 signal), 7.22-7.28 (m,
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2H), 7.35-7.40 (m, 4H) ppm. 13C NMR (100 MHz, C6D6):  = 25.3 (THF), 27.9, 60.0, 66.1 (THF),
67.8, 120.0, 123.5, 126.7, 127.6, 129.7, 130.9, 143.5, 144.9, 145.9, 158.2. Elemental analysis:
Calculated: C, 74.12; H, 9.11; N, 3.09, Found: C, 74.15; H, 8.98; N, 3.05.
[Li8(O’NPh)2(O’NPhH)2(SiO2Me2)(THF)6] 24
O’NPhH2 (0.500 g, 2.51 mmol) was dissolved in THF (10 mL) and 1.6 M nBuLi in hexanes (1.7
mL, 2.72 mmol) was added over 20 seconds. The solvent was removed by vacuum and the oil
redissolved in diethyl ether (8 mL) and left at -25oC for 2 weeks. The solution was concentrated
down to 3/4 volume and stored at -25oC precipitating a crystalline solid suspended in a viscous
material. The solution was removed by filtration and giving 0.053 g of yellow block crystals
identified by single crystal X-ray diffraction as [Li8(O’NPh)2(O’NPhH)2(SiO2Me2)(THF)6] 24.
Attempts to preferentially dissolve the viscous contaminants were unsuccessful and
satisfactory elemental analysis was unable to be obtained. The 1H NMR spectrum obtained in
THF/C6D6 showed a complex mixture of resonance peaks which could not be assigned.
[Li12(O’NPhMe2)4(SiO2Me2)2(Et2O)4] 25
A saturated solution of [Li10(O’NPhMe2)4(OEt)2(Et2O)4] 12 in diethyl ether (20 mL) was filtered
through paper to a new Schlenk flask. The solution was concentrated slightly and left at room
temperature for 3 weeks before storage at -25oC giving 24 mg of a crystalline solid identified
by single crystal diffraction as [Li12(O’NPhMe2)4(SiO2Me2)2(Et2O)4] 25. Following their collection
and storage the crystals suffered from solvent loss after which there was a change in colour
from yellow to brown. The 1H NMR spectrum obtained in THF/C6D6 showed a complex mixture
of resonance peaks which could not be assigned.
[Li14(O’N’Mes)4(O’NMes-H)2(OEt2)4] 26
O’N’MesH2 (0.101 g, 0.394 mmol) was suspended in diethyl ether (14 mL) and 1.6M nBuLi in
hexanes (0.50 mL, 0.8 mmol) was added and stirred for 2 hours until the solid had completely
dissolved. The solution was then concentrated and stored at -25oC for 1 week. Trace amounts
of a crystalline solid precipitated which were identified by single crystal X-ray diffraction as
[Li14(O’N’Mes)4(O’NMes-H)2(OEt2)4] 26. Insufficient material was obtained for further
characterisation and the isolation of the compound was unable to be replicated.
[Li20(O’N’iPr)6(O’N’iPr-H)2(C4H10)2] 27
O’N’iPrH2 (0.305 g, 1.70 mmol) was dissolved in hexanes, transferred to a Schlenk flask and
placed under vacuum for 4 hours. The remaining oil was dissolved in hexanes (15 mL) and 1.6M
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nBuLi in hexanes (3.0 mL, 4.8 mmol) was added. The solution turned from bright yellow to dark
red overnight and precipitated a microcrystalline solid. Additional hexanes (6 mL) was added
and the solid was redissolved with heating at 60oC. The solution was cooled to room
temperature and stored at -25oC for 3 days. A crystalline solid precipitated which was
identified by single crystal X-ray diffraction as [Li20(O’N’iPr)6(O’N’iPr-H)2(C4H10)2] 27. The
crystals redissolved into the solution at room temperature and were unable to be reisolated
preventing further characterisation.
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