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Lithium bis(amido)cuprates are an important class of bimetallic base, which can
chemo- and regioselectively metalate aromatic compounds, wvia directed ortho
cupration (DoCu). This thesis begins with an introduction to aspects of the chem-
istry of organolithium compounds, group 11 organometallic compounds and their
lithium ’ate complexes. Examples of such synergic bases are presented and the
introduction is concluded with a discussion of lithium bis(amido)cuprate bases,
which along with their silver congeners, are the subject of this dissertation. In
general, syntheses involve the addition of a lithium amide to a group 11 salt,

resulting in the formation of a lithium bis(amido)cuprate or argentate.

Structurally focussed work commences with the use of new amide ligands to de-
velop heteroleptic bis(amido)cuprate systems. The reaction of mixtures of lithium
amides with CuBr provides a series of novel Lipshutz-type and Gilman cuprates.
Interesting structural features are uncovered, which are rationalised in terms of

altered steric demands in the newly introduced amide ligands in these systems.

CuSCN and CuOCN are investigated as inexpensive and safer alternatives to
CuCN in cuprate formation. In the solid state, a series of Lipshutz-type cuprates
(TMP),Cu(SCN)Liy(L) (L = Et,O, THF, THP) are revealed, whose molecular
conformations are influenced by the identity of the Lewis base. However, in ben-
zene solution, #n situ conversion of Lipshutz-type to Gilman cuprate is found to
occur. Moving to the synthetic setting, derivatisation of chloropyridines is at-
tempted and gives functionalised halopyridines in 51-71 % yield. CuOCN is found
to behave quite differently when reacted in the same way as CuSCN, whereby

X-ray crystallography reveals structures in which Cu-Li substitution is apparent.



The unique reactivity of CuOCN is interpreted with the aid of multinuclear NMR
spectroscopy. A new route to Lipshutz-type cuprates is explored by the synthe-
sis of (TMP),Cu(OCN)Liy(THF) from Gilman cuprate and LiIOCN. This avoids
Cu-Li substitution. Meanwhile, reaction of lithium N,N-diisopropylamide with
CuOCN also avoids metal disorder, to give a novel lithium cuprate-lithium amide
adduct.

Further advances in our understanding of group 11 ’ate complexes are made
by introducing silver as a spectroscopically active nucleus in the lithium argen-
tates (TMP),AgLi and (TMP),Ag(CN)Liy(THF). In the solid state, these paral-
lel the structures known for Gilman cuprate (TMP),Culii and Lipshutz cuprate
(TMP),Cu(CN)Liy(THF), respectively. In solution, NMR spectroscopy reveals
features consistent with retention of these structures. Lastly, the formation of
mixed Cu-Li aggregates from combining TMPLi and TMPCu in aromatic solvent
are investigated. Surprising reactivity is uncovered, in which the aromatic solvent

is metalated and incorporated into mixed-metal aggregates.

This thesis concludes with a summary of the findings and suggestions for future
work, including how the findings presented herein may be transformed into prac-
tical improvements to cuprate systems. In particular, the possibility that Gilman
cuprate may be activated towards the metalation of aromatic substrates by the
addition of sub-stoichiometric or catalytic amounts of a lithium salt additive is

explored.
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Definition of Numbered Compounds

[(MP),CuLi(THF),),LiBr
MP(TMP)Cu(Br)Liy(THF),
DMP (TMP)Cu(Br)Liy(THF),
PIP(TMP)CuLi
(TMP),Cu(CN)Li,(THP)
(TMP),Cu(SCN)Liy(OEty)
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(TMP),Cu(SCN)Li,(THP)
(TMP),Cus 5L, 5
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(TMP),CuLiy
(TMP),CuLi
i-9¢ [(TMP),CuLi], — inverse isomer
9d  (TMP),Cu,Li

(=}
o

9e TMPCu

10 2-chloropyridine

11 2,3-dichloropyridine

12a—d 2-chloropyridine derivatives
13b-d 2,3-dichloropyridine derivatives
14 (TMP),Cug,Lij o(OCN)Li,(THF)
14a (TMP),Cu(OCN)Liy(THF)
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Chapter 1

Introduction

1.1 Overview

In this introduction, the role of organometallic compounds in the deprotonative
functionalisation of aromatic compounds will be discussed. The chemistry of polar
organolithium compounds will be presented, with a focus on the use of organo-
lithium reagents in the metalation of aromatic substrates. Organocopper com-
pounds, organosilver compounds and their related lithium ’ate complexes will be
explored. For copper in particular, the modulation of reactivity via the formation
of lithium cuprates will be presented. Examples of the synergistic behaviour of
heterobimetallic bases will be introduced, focussing finally on the development
of lithium amidocuprate bases for the promotion of directed ortho metalation of

aromatic substrates.

1.2 Organometallics in synthesis

Organometallics form a vital part of the array of reagents on offer to the synthetic
organic chemist and the range of transformations that are achievable by using
organometallic chemistry is ever increasing. Organometallic reagents find uses in
small-scale laboratory settings and in industrial operations alike, as stoichiomet-
ric reagents, catalysts and co-catalysts.’? In the industrial setting, they are vital

for the production of chemical feedstocks,® polymers* and fine chemicals such as
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pharmaceuticals® and agrochemicals.® For pharamaceutical products in particu-
lar, aromatic and heterocyclic” compounds are very common synthetic building
blocks and are present in a broad range of drug classes. These include antibiotics,®
antimalarial agents,” analgesics,'’ antidepressants'’ and many more. Functionali-
sation of aromatic components is frequently called for during the synthesis of drug
target molecules and organometallic chemistry plays a key role in achieving these

transformations.!?

Elaboration of simple aromatic compounds by C—C bond formation is generally
considered to have begun in the late 1800’s with the discovery of Lewis acid-
mediated alkylations, by Friedel and Crafts.!® Limitations of these reactions in-
clude polyalkylation'* and the formation of isomeric products due to carbocation

t.15 The next major advance, in the early 20th century, was marked

rearrangemen
by the discovery that aromatic substrates bearing certain functional groups under-
went regioselective metalation when exposed to organolithium bases.'®'” Though
this represented a significant advance in selectivity, issues surrounding functional
group tolerance and rearrangement of intermediates persisted.!® This issue, to-
gether with those surrounding atom efficiency, have been addressed with the ad-
vent of transition metal-catalysed cross-coupling reactions.!® The Heck,?® Suzuki,?!
Sonogashira,?? Buchwald-Hartwig?? and Kumada?* coupling reactions are amongst
the most well-known. Despite widespread use, these methods most often call for
the use of precious metal catalysts and less costly alternatives have been sought.
Modern trends in aromatic functionalisation include the development of ‘greener’
and catalytic variations of the Friedel-Crafts reactions, using non-toxic Lewis acids
and solvents,?> and the development of heterobimetallic bases for DoM.?¢ Hetero-
bimetallic bases have garnered interest over the last two decades for their ability
to regioselectively metalate aromatic substrates, whilst maintaining good func-
tional group tolerance. Amongst the various classes of synergic bases, cuprate
bases in particular have attracted attention due the high synthetic relevance of

organocuprate complexes.
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1.3 Organolithium chemistry

1.3.1 Organolithium compounds in organic chemistry

It is now generally accepted that the Li—C bond in organolithium compounds
is significantly ionic.2” Consequently, the rules governing the structures of true
organolithiums (having a Li—C bond) are widely applicable to the structures of
related complexes, such as lithium amides and imides.?® These species increase
their electrostatic stabilisation by aggregating according to the ring stacking and

29,30

laddering principles, and the oligomeric nature of these aggregates determines

their solubilities in organic solvents. As electron donors, Lewis bases can pro-

3L often leading to

foundly influence the aggregation state of lithiated organics,
smaller, more reactive aggregates. It is for this reason that many lithiations are

conducted in etherate solvents, or with complexing agents deliberately added.3?

The organometallic chemistry of lithium is rich and extensive; though by no means
an exhaustive list, the principal reactivities of organolithums can be classified as
addition, lithium-halogen exchange and lithium-hydrogen exchange. The com-
mercial availability of many organolithiums and their chemical simplicity makes
them attractive reagents in synthesis, however they are not without their limita-
tions: organolithiums are both highly basic and nucleophilic. This dual reactivity
can cause chemoselectivity issues and many functional groups cannot tolerate the
assault of an alkyllithium reagent. Nonetheless, there are certain cases where this
property can be exploited: the Shapiro reaction, the Brook rearrangement and the
Wittig rearrangement are well-known examples where a desirable rearrangement

is intiated by lithiation.?335

1.3.2 Directed ortho lithiation

Directed ortho lithiation belongs to the broader class of directed ortho metala-
tion reactions, which involve the regioselective formation of a C—M bond ortho
to certain functional groups on an aromatic substrate (Scheme 1.1). Syntheti-
cally, metalation is often followed by quenching with an electrophile to install new

functionality.
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DG DG DG
organometallic
base M E* E

Scheme 1.1: General scheme for directed ortho metalation. E = general elec-
trophile.

Organolithiums such as nBuLi are thermodynamically capable of metalating un-
functionalised aromatics such as benzene, though this proceeds extremely slowly
unless a Lewis base such as TMEDA is added.?® Ortho lithiation was discovered as
a side reaction when 4-bromoanisole was treated with lithium metal. Rather than
obtaining 4-methoxyphenyllithium (from Li-Br exchange), the major lithiated
product was found to be 5-bromo-2-methoxyphenyllithium. This implied that the
initially formed 4-methoxyphenyllithium acted as a base towards 4-bromoanisole,
regioselectively removing the proton ortho to the methoxy group (Scheme 1.2).37
As such, it demonstrated the ability of the Lewis basic moiety to effect regiose-
levtivity. Subsequent experiments with nBuLi as the base reproduced the regios-
elective ortho metalation,'® and since then, a great many functional groups have

been found which exhibit this directing effect.

Br
o I j
0

~o o ~o

2Li | Li ©

. - . n

-LiBr
Br Li Br

Scheme 1.2: The autometalation reaction of 4-bromoanisole was the first observed
instance of DoLi.?”

Ortholithiation is thought to work by the coordinative action of a heteroatom
on the directing group, which enhances the reactivity of the alkylithium reagent
in the vicinity of the directing group, leading to a regioselective deprotonation.®®
The exact role of the directing group in the reaction likely varies between weaker
and stronger directing groups, though in the latter case (e.g. oxazolines or tertiary
amides), it may be supposed that the basic heteroatom of the directing group is
involved in deaggregation of the alkyllithium base.> Where the heteroatom cannot

coordinate to lithium, for steric or electronic reasons, it can be deduced that it is

4
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only the enhanced acidity of the ortho protons which directs lithiation. This is the
case for fluorobenzene, where ortho lithiation proceeds at low temperatures, even

though NMR spectroscopy confirms the absence of significant Li-F interactions.3’

Directing groups can be ranked according to their experimentally observed power
to direct lithiation, and with reference to the heteroatom components of the func-
tional groups (Figure 1.1). It should be apparent that directing groups which
posses ‘amphoteric’ properties — that is, having strongly Lewis basic heteroatoms
and strong inductively acidifying effects — should be the best directing groups.®
Accordingly, functional groups such as tertiary amides (in the N+O class) are
strong directors of ortho lithiation due to the combined effect of the Lewis basic
oxygen atom and the electron withdrawing properties of the carbonyl group.'®
Conversely, halogens (of the X class), exhibit only inductive effects and are poor

directors of lithiation.

These two examples highlight the pitfalls of ortho lithiation. In the case of the
amide, the carbonyl group is electrophilic and is therefore vulnerable to addition
reactions when combined with an alkyllithium reagent. Similarly, care must be
taken when the halogens Br or I are present, as lithium-halogen exchange may
compete with deprotonative metalation. A change of directing group — for example
to the S+O class — may circumvent these issues, but may be detrimental to the
synthesis, as these new functional groups are less commonly desired as components

of the target molecule.*’

1.3.3 Mechanism of DoLi

There is no doubt that ortho lithiated aromatics can have significant thermody-
namic stabilisation compared to other positional isomers. In the case of lithiated
anisole, the para lithiate releases 3.6 kJmol~! more than the ortho isomer when
quenched with sec-butylalcohol.*! However, this data does not necessarily explain
the selectivity of the ortho lithiation; since most lithiations are conducted at low
temperature, it is the kinetic acidity of the ortho protons which is of paramount

importance.

The CIPE model was proposed on the basis that the interaction of the directing

group with an alkyllithium could lead to a pre-reaction complex from which the or-
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Figure 1.1: A survey of common directing groups, according to their ability to direct metaltion.5
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tho protons would be removed by virtue of being closest to the base (Scheme 1.3).
Experiments with anisole corroborated this possibility when a nBulLi-anisole com-
plex was detected by NMR spectroscopy at —64°C. Furthermore, the spatial
proximity of the Li and ortho protons was confirmed by %Li-'H HOESY data, and
this was in line with the postulates of CIPE. Crucially, this adduct proved to be
unreactive and addition of TMEDA resulted in displacement of ansiole to give a
nBuLi-TMEDA complex. After this, metalation proceeded readily, bringing into

question the relevance of the nBuLi-anisole complex in the ortho metalation.’

An alternative explanation, proposed by Schleyer, relied only on the acidifying
effects of the directing groups. The idea of a pre-reaction complex being the rate
determining step was not in accordance with the accelerated rates of deprotonation
of subsitituted arenes, since an activation energy is to be associated with complex-
ation. Instead, the transition state was proposed to be stabilised by the charge
distribution induced by the electronegative substituents, leading to accelerated

rates of ortho deprotonation.3¥42

Attemtps to clarify the situation with KIE measurements have only concluded
that deprotonation, rather than the formation of a pre-reaction complex, was the
rate limiting step. The existence of a pre-reaction complex was neither confirmed
nor excluded.*® More recently, investigations with 1,2-dimethoxybenzene indicate
that an important function of directing groups can be in the deaggregation of oth-
erwise unreactive hexameric aggregates of nBuli in hydrocarbons to form reactive
chelated dimers. These were found to be essential for subsequent ortho lithiation.**
Computational studies have painted similarly conflicting pictures. MNDO meth-
ods have emphasised the importance of agostic interactions in lithiation reactions,
favouring the notion of CIPE.*® By contrast, combined kinetic measurements and
ab initio calculations by Collum and co-workers have suggested that the formation

of highly reactive [nBu,Li| triple ions and inductive effects are precedent.®

Overall, there is a bias towards inductive acidifying effects as the favoured ex-
planation for DoLi, yet most of these studies are conducted with poor directing
groups (usually, OMe). It would therefore be unreasonable to discount CIPE on
this basis, since many of the directing groups for which this mechanism would be

expected to operate have not been studied explicitly.
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Scheme 1.3: Proposed CIPE mechanism, with a pre-reaction complex formed due
to the coordinating effect of X group.

1.4 Organocopper chemistry

The importance of organocopper chemistry in synthesis cannot be understated.
Early breakthroughs include the synthesis of phenylcopper by Reich*” in 1923
and subsequent demonstration of its reactivity towards electrophiles by Gilman
in 1936."® Not long after, the discovery that catalytic amounts of copper(I) chlo-
ride could direct the reaction of isophorone with methylmagnesium bromide to
the 1,4-addition product affirmed the synthetic relevance of copper(I) chemistry.
Pioneering work by Gilman®® shed light on the nature of methylcopper and the
closely related lithium dimethylcuprate and the synthetic potential of lithium
dimethylcuprate was expanded upon by House®® and Corey, where high yields

in conjugate addition and methyl-halogen exchange were noted, respectively.

As a transition metal, copper has available a range of oxidation states, with Cu(I)
and Cu(II) being by far the most common. Whilst Cu(Il) is most frequently
encountered in the inorganic setting, it is not to be found in organocopper com-
pounds, where it is easily reduced to the +1 oxidation state. Similarly, whilst the
Cu(IIT) state is often invoked in reactive intermediates, there are only a hand-
full of well-characterised examples of Cu(III) compounds containing Cu-C bonds,
such as Cu(CF3)5S,CNEt,.52 Cu(IV) is rarer still, only being found combined with

highly electronegative ligands, as in Csy[CuFg|.%3

1.4.1 Aspects of the structures of organocopper compounds

Copper is known to form stable organometallic compounds only in the monovalent
state. With one R group per copper atom, the resultant monomer is coordinatively
unsaturated and attains stabilisation by aggregation. Many simple organocopper
compounds are presumed to be polymeric; they are insoluble in common solvents

and are therefore not amenable to the usual methods of characterisation. Conse-
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quently, there is a paucity of data about the structures of these compounds. Ex-
amples for which solid-state structures are known typically feature ligands specif-
ically chosen to favour smaller aggregates and to increase solubility. These can be
grouped into two categories: (1) ligands featuring secondary coordination points
and (2) bulky ligands which sterically disfavour aggregation. Another obstacle
to characterisation of organocopper species is the low thermal stability of these
compounds. [-hydride elimination is understood to play a role in decomposition
of alkylcopper compounds and some insight into the structures of organocopper
compounds has been gained by deploying carbanions lacking 3-hydrogen atoms,

or by use of fluorinated derivatives.*

Important developments have included the synthesis and characterisation of o-,

® and synthesis of the perfluorinated aryl copper, CuCgFs,

m- and p-tolylcopper®
for which cryoscopy in benzene suggested a tetrameric aggregate.’%5” By exclud-
ing 3-hydride elimination pathways, Lappert and co-workers were able to produce
CuCH,SiMe; as colourless crystals which were stable, in the absence of light, up
to 79°C (Figure 1.2b).5® In 1970, van Koten demonstrated the stabilising prop-
erties of substituted arylcopper compounds by synthesising 2-(CHy;NMe,)C¢H,Cu
and noted its ability to form stable complexes with metal salts, including the
CuBr, from which it was synthesised. Early cryoscopic studies pointed towards
organolithium-like aggregates but it was not until 1972 when the crystal structure
of 2-(CH,;NMe,)CgH,Cu was solved that their true cyclic nature was revealed (for

example, see Figure 1.2a).%

Whilst the presence of coordinating groups has been shown to stabilise organocop-
per complexes, it is noteworthy that several examples demonstrate substantial
changes in structure when coordinating solvents are introduced. Mesitylcopper
crystallised as a pentamer from hydrocarbon solvent, yet addition of THT re-
sulted in the isolation of a solvated tetramer CuyMes,(THT), (Figure 1.3).%° This
behaviour parallels that of organolithium aggregates, notwithstanding a prefer-
ence for ‘softer’ Lewis bases. Additionally, phosphines have been established as
excellent ligands for organocopper complexes and their ability to increase the ther-
mal stablility of these complexes has been noted. As an example, upon treatment
with Cy3P, methylcopper forms CuMe(PCyj)s, the decomposition temperature of
which is some 100 °C higher than for MeCu itself.®! More rarely, a chelating phos-

phine may induce ionic disproportionation: when CuMes is treated with DPPE, a
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Figure 1.2: Examples of stable organocopper compounds. (a) 2-
(CHyNMe,)CgH,Cu®® in which Cu is stabilised by interaction with the pendant,
NMe, ligand (b) CuCH,SiMe3, which is stabilised by the absence of 3-H atoms
and which prevents decomposition by (-H elimination.

separated ion-pair [CuMes,|[Cu(DPPE),]| is formed, in which the anion and cation

have linear and tetrahedral coordination geometries, respectively.®?

Ligands of significant steric bulk are also known to favour smaller aggregates of
(RCu),. For example, when 2.4,6-triethylphenyl is deployed, a tetramer is formed
(cf. a pentamer for CuMes).®® However, even with the extremely bulky 2,4,6-
triphenylphenyl ligand, some degree of association is achieved and unsolvated

monomers are unknown (see Figure 1.4).4

\ / .
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T ~ / .
| | Moot
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| \_/
(a) (b)

Figure 1.3: Molecular structures of CuMes aggregates. (a) CusMess (b)
CuygMes,(THT),, formed by the addition of THT to CuMes.5°
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Figure 1.4: Molecular structures of (a) Cuy(2,4,6-Et;Ph),% and (b) Cuy(2,4,6-
PhsPh),(DMS),,5 illustrating the effect of steric bulk upon aggregation state.

1.4.2 Structurally related copper complexes

Copper amides,® alkoxides,’® imides,®” guanidinates®® and phosphinimides®® are
known. These compounds adopt cyclic structures, with varying ring sizes depend-
ing upon the nature of the ligand (see Figure 1.5). Though many examples are
simply of structural interest, some have been found to have synthetic applications.
For example, tBuOCu is capable of deprotonating phenylacetylene and cyclopen-
tadiene™ and very recently, copper amides have been investigated for their ability

to participate in modified Ullmann amination reactions.5?

1.4.3 Organocopper reagents in synthesis

In synthesis, organocopper reagents are almost always to be found in the form of a
cuprate, [R,Cu| and most often being paired with Li™ or (less commonly) Mg*".
The formation of an ’ate complex significantly enhances reactivity towards organic
substrates, and of practical importance, increases solubility in hydrocarbon and
etherate solvent. This point is illustrated well by Gilman’s original synthesis of
lithium dimethylcuprate: when one equivalent of MeLi was added to Cul, a yellow
precipitate was formed. Upon addition of a second equivalent of MeLi, the yellow
precipitate dissolved to give a colourless solution, implying the formation of a new

organometallic species (Scheme 1.4).

Cuprates are most often employed in addition and substitution reactions and

11
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Figure 1.5: Molecular structures of selected copper complexes bearing N- and O-

donor ligands, illustrating variations in aggregation number. (a) Cuy(tBuO)4%
(b) CU4(NP(NM62)3)467 (C) CUG(NC(NEtg)(NMGQ))GGS (d) CU3(N(SiMe(Ph))2)3.69
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the substrate scope can be rather wide.? The synthetic importance of cuprates
stems from their modified reactivity: organocuprates provide a ‘soft’, nucleophilic
source of R~ and react selectively with the C=C bond of o,-unsaturated carbonyl
compounds. Similarly, whereas Sy2 substitution cannot be executed cleanly by
reaction of an organolithium and alkyl halide, the same reaction proceeds cleanly
when a Gilman reagent is deployed. Lastly, an interesting, yet little-explored facet
of cuprate chemistry involves the oxidative coupling of the organic moieties which

offers, for example, a precious-metal free route to biaryls.”

MelLi MelLi
cul MeCu MeoCuli
-Lil
Ye!low Colourless
solid solution

Scheme 1.4: Gilman’s original synthesis of Me,CulLi.*

1.4.4 Structural aspects of organocuprate complexes

Historically, the structure of organocuprates has been a controversial topic. The
largest body of structural work relates to lithium organocuprates, though a se-
lect number of magnesium organocuprates have been crystallographically charac-
terised in recent years.”? Owing to the highly reactive nature of cuprate complexes,
characterisation has proved challenging. Several different types of cuprate can be
envisaged: cuprates may be either contact ion pairs or solvent-separated ion pairs,
and may be homoleptic or heteroleptic in nature. In addition to this, the cuprate

ion itself may be categorised as lower order ([RoCul") or higher order ([RsCu]*).

Early studies focussed on the simplest case, lithium dimethylcuprate. A combi-
nation of 'H NMR spectroscopy, vapour pressure depression and solution X-ray
scattering established Me,Culi as a dimer in Et,O solution, with a structure
based upon alternating C-bridged metals being proposed.”™ Moving from alkyl
to aryl carbanions, the synthesis of (CgHy(CH;NMe,)),Culi™ and the Ag™ and
Au™ homologues proved possible. In the case of the cuprate, 'H and *C NMR
spectroscopy pointed to each aryl anion being bonded to one Cu centre and one
Li centre, and indicated that all NMe, groups were coordinated to lithium.™ Fur-

ther insight was gained from the Ag homologue where, on account of the presence

13
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of 107/109A¢ (I = 1/2) nuclei, coupling of the ipso carbon to both Li and Ag
could be detected (1J107Ag_130 = 118 Hz; 1J109Ag—13(1 = 136 Hz; 'Jrsc — 7.2
Hz). This pointed towards a cyclic structure involving alternating aryl-bridged
metal ions. This was subsequetly vindicated by X-ray crystallography which also
confirmed the expected (dimeric) aggregation state inferred from solution-state

measurements.”’

The ability of an asymmetric carbanion to become a stereogenic centre when bridg-
ing two different metals has been recognised as a source of complexity, especially
with aryl anions bearing benzylic substituents. Notwithstanding that interconver-
sion of stereoisomers could occur by rotation of the aryl anion, different stereoiso-
mers are, in principle, expected to be detectable by NMR spectroscopy. It has been
shown that this situation is realised when the energy barrier to rotation is increased
by means of an ortho substituent, and that this substituent may induce stereose-
lective assembly.” Hence, the organocopper compound Cuy(CgH,CH(Me)NMey),,
prepared from the racemic aryl ligand, shows all possible stereoisomers in solu-
tion. In contrast, when the related cuprate Cu,Li,(CgH,CH(Me)NMe,), is pre-
pared from the same racemic ligand, only one isomer is observed, in which each

ligand possesses the same configuration at the benzylic and ipso carbons.™

The influence of Lewis basic solvents upon the structures of organocuprates mimics
that of organolithiums. As would be expected, the identity of the Lewis base is de-
terministic: for example, in the presence of monodentate Et,O, lithium diphenyl-
cuprate is present as the CIP dimer [PhyCuLi(Et,0)]5,%° but when 12-crown-4
ether is deployed, a SSIP monomer, [PhyCul[(12-¢-4),Li| is created.®® For the
same compound, the structure-type present in solution has been demonstrated
to be highly solvent dependent. 'H-5Li HOESY experiments have been used to
show that, in Et,O, equilibrium lies toward the CIP structure, but the position
of equilibrium is reversed in more polar THF. These equilibria are also influenced

by the presence of Li salts.5?

1.4.5 Higher order cuprates

Although the vast majority of structurally characterised cuprates contain the lin-
ear two coordinate [RyCu| ion, a few examples displaying three coordinate cop-
per have been isolated. In fact, the complex [PhgCus||Li(THF),| was the first

14
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organocuprate to be characterised by X-ray diffraction (Figure 1.6).%> Within
the trigonal bipyramidal arrangement of copper atoms, the apical copper atoms
are rendered three coordinate by the encapsulating [PhoCu| units (this has been
termed ‘higher-order’). Notably, in the related compounds [PhgCuyLi|[Li(Et,0) 4]
and [PhgCusLis]o[LisCly(Et,0) 1], Li™ occupies the trigonal sites, perhaps reflect-

ing the relative demand for electrostatic stabilisation of Cu™ and Li", respectively.

//\ /\\
— I : \ N
/ N Y /
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Figure 1.6: Molecular structures of phenylcuprate anions
in (a) [PhsCus)[Li(THF),|* (b) [PheCuyLi|[Li(Et,0),4]3 (c)
[PheCusLis)s|LisCly(EtyO)10].%° Counter-ions omitted for clarity.

Interest in ‘higher-order’ cuprates (in which Cu is three-coordinate) has its origins
in the context of cyanocuprates, a class of cuprates of special interest for their
reliably high reactivity. It was noted as early as 1973 that the combination of one
equivalent of RLi with CuCN formed a reagent which could be used successfully
in 1,4-addition and substitution reactions.®® In 1981, in an effort to simplify the

synthesis of cuprates bearing a non-transferable ligand, and noting the literature
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precendent for higher-order cuprates bearing acetylinic groups,®” Lipshutz and co-
workers investigated the replacement of copper acetylide by copper cyanide. By
combining two equivalents of RLi with CuCN in THF, reactivity exceeding that
shown by Me,CuLi was achieved.®® This enhanced reactivity was attributed to the
formation of the higher-order cuprate in which cyanide was bound to copper, a

notion which proved to be one of contention in the following years.

For the case of the lower-order cuprates, the location of cyanide was determined
quite straightforwardly, when NMR spectroscopy revealed a coupling constant
2Je.c = 22 Hz for EtCu("*CN)Li in THF at —78°C. This could only have been
the case if both CN™ and Et~ were bonded to the same Cu centre.®¥ This view was
corroborated by X-ray crystallographic studies of [{BuCu(CN)Li(OEt;)s]«, which

clearly displayed the expected connectivity (see Figure 1.7).%

For the case of the higher-order cyanocuprates, the discourse proved more lively.
The assertion of a Cu-CN o-bond by Lipshutz®' was challenged by Snyder,°? who
computed a cyclic contacted [Me,Cu|™ + [Li;CN| ™ structure to be preferred (Fig-
ure 1.8). The proposal of a Cu-CN o-bond was subsequently revised by Lipshutz
to incorporate the possibility of a CN---Cu n-bond.?® Once again, this notion
was rebuked by Snyder,”* who calculated this structure to be unstable on the ba-
sis of charge repulsion. The fact that ‘higher-order’ cuprates reagents prepared
from CuCN provided higher product yields than those prepared from Cul was
in no doubt. However, the use of yield as a metric for reactivity was called into
question. In fact, when deployed under the same coniditons, it could be shown
that CuCN derived cuprates did not exhibit significantly greater reactivity, as
measured by logarithmic reactivity profile.” Evidence from NMR spectroscopy®®
and EXAFS spectroscopy?” was presented in favour of the absence of a Cu—CN
contact (coincidentally the EXAFS did confirm a Cu—CN contact for the lower
order cuprate) and the matter was finally resolved with the crystal structure de-
termination of [(2-(Me;NCH,)CgHy)oCuLiyCN(THF )5, which confirmed CN™ to
be Li-bound (Figure 1.7).9%%9

Much more recently, NMR spectroscopic investigations by Gschwind have gone
some way to explaining the differences in reactivity of iodo-Gilman and cyano-
Gilman reagents. The critical difference in reactivity for the two classes of cuprates
bearing solubilising organyl groups was shown to be the fate of the organocopper

side product. It could be shown for the case of iodo-Gilman reagents that elon-
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gated, soluble, Cu-rich cuprates could be formed. Being less strongly polarised
than Gilman cuprates, these Cu-rich cuprates were less reactive and led to lower
overall yields in cross coupling reactions. In contrast, the presence of CN  dis-
favoured the formation of extended Cu-Li aggregates, hence reactivity was not
greatly affected. For small, non-solubilising organic ligands, the insolubility of the
organocopper by-product meant that Cu-rich cuprates were not formed for either

cyano- or iodo-Gilman reagents. '
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Figure 1.7: Examples of cyanocuprates (a) [tBuCu(CN)Li(OEt,)s]* (b)[(2-
(MeyNCHy)CgHy)oCu(CN) Lig(THF )g|oo. In spite of the potential for (b) to adopt
a higher-order structure, lower-order (two-coordinate) copper prevails.
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Figure 1.8: Calculated plausible structures of (Me),Cu(CN)Liy(H50),. In all basis
sets (a) which is lower-order, is lowest in energy.”?
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1.4.6 Heterocuprates

Heterocuprates take the form RCu(Het)Li, where Het is a heteroatom or heteroatom-
derived ligand. Heterocuprates gained attention because of the ability of the het-
eroatom derived ligand to function as a non-transferable or ‘dummy’ ligand. By
using a heterocuprate, only one equivalent of the organic group per Cu is con-
sumed. Given that the value of the organic group may frequently exceed that of
all other components, it is imperative to avoid unnecessary loss of this group by

formation of an unreactive organocopper species.

Posner introduced the phenylthio group (PhS’) as a non-transferable ligand in
1973, where its stabilising effect upon tertiary alkyl cuprates was noted.!°t Much
more recently, in situ synthesis at —50°C provided X-ray quality crystals of
monomeric MeCu(SPh)Li(THF); (see Figure 1.9), and DOSY experiments con-
firmed the monomeric CIP structure to be retained in THF solution.'®? Posner
cuprates have been largely superseded by alkyl(phosphido)- and alkyl(amido)cupr-
ates; both are known for their thermal stability and reactivity. One solid state
structure is known for the former class of cuprate: MeCu(¢Buy,P)Li(THF)3,'% the
structure of which parallels the CIP structure known for MeCu(SPh)Li(THE)s.

In addition to organo(phosphido)cuprates, there is a small body of work devoted to
homoleptic lithium bis(phosphido)cuprates. Interest in these compounds stemmed
from the desire to incorporate a spectroscopically active nucelus (SIP) into the
cuprate unit. An unexpected structural motif was obtained when two equiv-
alents of PPhyH were treated sequentially with nBuLi and CuCN in toluene:
an adamantane-style SSIP cuprate, [Cuy(PPhy)g][Li(THF )]s, crystallised at room
temperature.'®> By contrast, when THF was employed as the reaction medium,
the lower-order cuprate [PhyPCuCNLi(THF),] was isolated, associating to give
unusual (CuPPh,); rings which function as trigonal nodes in the extended struc-
ture. Changing the phospido ligand from PhyP™ to Cy,P led to the isolation
of a Gilman cuprate, (Cy,P),CuLi(THF),, which displayed a chain-like polymeric
structure. This polymeric motif had also been reported in the context of the struc-
ture of (tBuyP),CuLi(THF)3, which was generated by the addition of {BuyPCu to
tBu,PLi.1%

In comparison to alkyl(phenylthio)- and alkyl(phosphido)cuprates, there is greater

interest in organo(amido)cuprates, due to the ready availability of amine precur-
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Figure  1.9: Examples of monomeric CIP  heterocuprates (a)

MeCu(SPh)Li(THF),,1%2 (b) MeCu¢Bu,PLi(THF);1% (¢) PhCuTMPLi(THF),.104
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sors and their ability to offer a way of introducing chirality through the back-
bone of the amido ligand. The solvated species MeCu(TMP)Li(TMEDA) and
PhCu(TMP)Li(THF); exist as CIP monomers,'%* whilst in the absence of coordi-
nating solvent, aryl(amido)cuprates have been isolated as dimers in the solid state.
[MesCu(NBny)[,,'7 [MesCuTMP[,'% and [MesCu(N(CH,CF;)(CH(CH;)Ph))],'%?
all feature mono- or bis-n®-coordinated Li centres, and this also featured promi-
nently in the homocuprate [Mes,CuLil,. In [Mes,Culil,, association is fulfilled by
both n® and n' interactions (Figure 1.10). For these species, Schlenk-type equilib-
ria were seen in solution, and individual aggregates could be separated on the basis
of their "Li NMR chemical shifts, aided by inverse-detected 'H-"Li HOESY exper-
iments. In all cases, the isomer determined by crystallography also dominated in
solution, but measurable quantities of other isomers were present. In the case of
[MesCu(NBny)|,, deaggregation of the dimer upon introduction of THF could be
monitored by NMR spectroscopy, suggesting a CIP monomer to be dominant in
THF; this contrasted with the known propensity of homoleptic organocuprates to

form SSIPs in this solvent.!!?
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Figure 1.10: Molecular structures of [Mes,CuLi],'%® and [MesCuTMP],.1%?

Recently, bis(amido)cuprates, especially those bearing the cyclic amide TMP, have
been the subject of interest for their ability to effect DoM (see Section 1.7).
Prior to the development of TMP-based systems, bis(amido)cuprates have ap-
peared fortuitously in the literature on a number of occasions. The reaction of
lithiated secondary aromatic amines with copper salts has been reported to give
rise to two cuprates of relevance. Hence, reaction of CuCl with three equiva-
lents of PhoNLi in Et,0O allowed for the isolation of (PhyN),Cu(PhyN)Lig(OEt,).

This complex displays a near linear (Ph,N),Cu” ion, contacted with two Li*
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ions which are themselves bridged by Ph,N  and coordinated by Et,O (Fig-
ure 1.11). The steric bulk of the Li-bridging amide in this case apparently dis-
favours any further aggregation. Meanwhile, the reaction of a mixture of PhNHLi
and MesNHLi in varying proportions with CuSCN led to the isolation of cuprate
clusters whose size was influenced by the ratio PhNHLi:MesNHLi. Of great-
est relevance, [(MesNH)Cu(PhNH)Li(DME)|, could be isolated when PhNHLi :
MesNHLIi = 0.65:1.75. Whilst this complex differs from (PhyN),Cu(PhyN)Liy(OEt,)
in being dimeric, the near linearity of cuprate unit and the solvation of the Li*
cations persists (Figure 1.11).!!" Lastly, though the former two examples hint at
the dominance of the CIP structures in amidocuprate systems, the use of the highly
congested amide (PhyMeSi),N™ has been reported to give rise to a SSIP structure
in the solid state. The 2:1 reaction of LiN(SiPh,Me), and CuBr in Et,O/THF
afforded |Li(THF)4|[Cu(N(SiMePh,),)s] as a crystalline solid, in which the typical
linear geometry around Cu is once again enforced. Ostensibly by virtue of the
steric congestion around the amide centres, solvation of Li" ions and aggregation
are precluded.'!?
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Figure 1.11: Molecular structures of (a) (PhyN)oCu(PhyN)Liy(OEty) and (b)
[(MesNH)Cu(PhNH)Li(DME)],, revealing CIP structures.'!!

1.5 The structures of organosilver and organoar-
gentate compounds

Organosilver chemistry, which with a few notable exceptions''? is confined to Ag(T)

compounds, has been developed to a much lesser extent than organocopper chem-
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istry. This is in no small part due to the low thermal stabilities of organosilver
compounds. Hence, for example, simple alkylsilver compounds are highly suscepti-
ble to decomposition, generating metallic silver and coupled organic products;'*
consequently, limited data are available regarding their structures. Instead, in-
sight into the structures of organosilver compounds has been gained through the
synthesis of arylsilver compounds and their perfluorinated counterparts. Whilst

15,116 remains

the structure of phenylsilver, which is relatively stable in pure form,
unknown, the use of bulky or perfluorinated ligands has allowed for the isola-
tion of crystalline species. Examples include Mes;Ag,®® and (CgF5)4Agy,'' " which
both display the cyclic tetrameric motif well-known for organocopper compounds
(see Figure 1.12). Cyclic aggregates are also known for silver derivatives of N-
donor ligands, though these are less common. Amongst these, amides TMP,Ag,
and HMDS,Ag,''® and the mixed amide-guanidinate aggregates [Agy(u-TAG)(u-

HMDS)|,% are known.

1.5.1 The structures of lithium argentate complexes

Unlike their copper congeners, well-defined lithium argentate complexes are rarely
employed in synthetic chemistry and this reflects the higher costs of Ag(T) precur-
sors and the lower thermal stabilities of argentates when compared to cuprates.
Nonetheless, general interest in establishing trends amongst group 11 ’ate com-

119 (and au-

plexes has resulted in the fabrication of a few examples of argentates
rates).'?® For complexes characterised in the solid state, lower-order (two-coordinate)
Ag prevails, and some degree of stabilisation is achieved through deployment of

121 or by intramolecularity.!*® SSIP and CIP structures

sterically congested ligands
are known, with the former type of association being characteristic for sterically
congested complexes, as in [((Me3Si)3C)Ag||Li(THF),| (Figure 1.13). Recently,
van Koten reported the synthesis of the first homologous series of group 11 bromo-
and cyano ’ate complexes AroM(X)Liy (M = Cu, Ag, Au; X = Br, CN; Ar =
C¢H,CH,N(Et)CH,CHyNEt5-2) from reaction of the aryllithium with MBr and
MCN.'"? For M = Cu, Ag and X = Br, these complexes could be characterised
by X-ray diffraction, revealing a cyclic motif, in which the coordination sphere of
Li" was completed by interaction with the pendant amine ligands (Figure 1.13a).
Interestingly, some of the features of these six-membered metallacycles (in par-

ticular, the predilection for M to remain two-coordinate) are encountered in the

22



CHAPTER 1. INTRODUCTION
\\\ & -~ \\_\\ ~
\\\\%/? y——F
g N 2l g A
s \\ e BN
P \ T X
N N
(a)
SN fo 9 \4:/
A
\
@ i,>

Figure 1.12:

The molecular structures of (a) Mes;Ag % (b) (CeFs)sAgyttT

() TMP,Ag,'™® and (d) [Agy(u-TAG)(u-HMDS)]5.%
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related field of lithium amidocuprate chemistry (see section 1.7).

A
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Figure 1.13: The molecular structures of (a) Ar,Ag(Br)Li, (Ar
:CGH4CH2N(Et)CHQCHQNEt2—2)119 and (b) [((MQ3SI)3C)2Ag] [Li(THF)4],121
with the cation omitted for clarity.

In spite of argentates being uneconomical reagents for synthesis, the opportunity
to gain structural insights from solution measurements remains an excellent mo-
tivation for their study. Reports on the structures of lithium organoargentates
in solution are not common, though spectroscopic data support the retention of
cyclic aggregates in hydrocarbon media.™ In particular, the nuclear properties of
0109 Ag (I = ) have been exploited through NMR spectroscopic measurements,
which have revealed coupling patterns consistent with a structure composed of
alternating Ag and Li cations, bridged by organic anions (see also Section 1.4.4).
Similarly, for MeyAg(CN)Liy — prepared by the 2:1 reaction of MeLi and AgCN
in etherate solvent — the observation of pairs of doublets for the Me resonances
by *C NMR spectroscopy provided direct evidence for the formation of [Me,Ag|

ions.

Lastly, very few examples of lithium heteroargentates have been reported in the
literature. In synthesis, a few references to lithium amidoargentates can be found;
these include the use of ‘higher-order’ argentate 2DALi-AgCN to effect intramolec-
ular Michael additions,'?? and the silver iodide mediated amination of allylic chlo-
rides. The last of these is thought to proceed via the putative lithium bis(amido)-
argentate (HMDS),AgLi.'*® The formation of crystalline heteroargentates has
been reported when AgBr is reacted with [(¢BuN)3;SLiy|, in THE. Only three
of the four Li" could be replaced by Ag' and retention of the lithium halide
by-product was found to occur. Most interestingly, the amount of LiBr retained

in the product was found to depend upon the reaction time, with longer reac-
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tion times leading to greater levels of LiBr sequestration. Hence, monomeric
{(tBuN)3S},Ags(Br)Liy,(THF), and dimeric [{(¢BuN);S}Ags(Br)Liy(THF)]y and
[{(tBuN)3S}Ags(Br),Lis(THF)s, could be isolated (see Figure 1.14).

For the moment, heavier group 11 ’ate complexes remain more of a curiosity rather
than utility reagents. Due to the widespread use of lithium cuprates in synthesis,
a considerably larger body of evidence has been gathered on the behaviour of
organocuprates in solution, and significantly more attention has been devoted to

exposing the pathways involved in the most common reactions of organocuprates.

1.5.2 Aspects of the reaction mechanisms of organocuprates

Organocuprates are most often employed in conjugate addition or nucleophilic
substitution reactions. Calculations have been used to assess the reasons behind
the enhanced reactivities of cuprates, as compared to organocopper compounds.
The importance of including electron correlation in the calculation of molecular
orbitals for MeCu and Me;Cu has been demonstrated recently, showing that,
in the case of Me,Cu , the energy of the 3d,, orbital is raised sufficiently to
allow m-back donation to the ©° orbital of a olefinic or acetylinic substrate. In
contrast, the 3d,, orbital energies in MeCu were much lower, precluding significant
electron donation to the same substrates. This offers an explanation for the much
lower reactivities of RCu comapred to RoCuli.'?* Furthermore, cuprate-substrate
interactions have been found to be geometry dependent: for dimethylcuprate,
calculations at B3LYP/6311A/ /B3LYP/631A level have revealed that the linear
3d,2 + 4s HOMO is well-poised to interact with the C—=Y o° MO of an alkyl
halide, yet bending of the Me,Cu ion to # = 113° resulted in a change of HOMO
to the 3p, + 3d,, combination, which interacts favourably with an olefinic C—C
n " orbital (Figure 1.15).125:126

In recent years, a number of studies have shed light on the controversial topic
of Cu(III) species, which are proposed to be key intermediates in both Sx2 re-
actions with alkyl halides and conjugate addition reactions. These studies have
typically made use of low temperature NMR spectroscopy to detect reactive inter-
mediates. In 2007, by using the technique of rapid-injection NMR spectroscopy
at -100 °C, Bertz and Ogle were able to establish the generation of a tetracoordi-

nate, square planar Cu(IIl) intermediate from the introduction of cyclohexenone
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Figure 1.14: Examples of crystallographically characterised heteroargentate com-
plexes (a) {(tBuN)3S}2Ag3(BI‘)L12(THF)2 (b) [{(tBUN)3S}Ag3(Br)L12(THF)]2 and
(c) [{(tBuN);S}Ags(Br)Liz(THF),s.
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Figure 1.15: Simplified illustrations of orbital interactions in Me,Cu , showing (a)
interaction of Me,Cu~ with the C—Y o -orbital of an alkyl halide and (b) back
bonding interaction between Me,Cu and a C—C = “-orbital.

to Me,Culii - Lil followed by TMSCN or by reaction of Me,Culi-LiCN with TM-
SCI followed by cyclohexenone.'?” The prediction of a square planar intermediate
was supported by theoretical studies of Snyder, who showed that the coupling
constants for a tetrahedral intermediate were incompatible with those observed
by Bertz and Ogle.!?® Not long after Bertz and Ogle’s publication, Gschwind
was able to demonstrate that similar species could be observed in the reaction
of Me,CuLi-LiCON with Mel.'?® A symmetrical, Me-containing species featured
prominent in this work and was suggested (on theoretical predication) to be
[Me,Cul[Li]. Accordingly, Bertz and Ogle were able to prepare a series of tetra-
coordinate square planar intermediates by reaction of Me,Culi-LiX (X = I, CN,
SCN or SPh) with EtI under low temperature RI-NMR conditions. Upon warming
from -100 °C to -10 °C and re-cooling, a tetralkylcopper(III) species [MesEtCul[Li]

was seen to dominate.!3?

A small number of Cu(Ill) organometallic species have been characterised crys-
tallographically, including simple homoleptic species, such as [(CFs3),Cul "' and

132 Tt must be stressed that the oxidation state of Cu in some

macrocylic species.
of these complexes has been called into question. The bonding in [(CF3),Cu|” was
assessed by computational methods in 1995. Snyder was able to show that, in spite
of the formal oxidation number +3, the d-orbital population is much closer to d*°
than d® expected for a true Cu(III) species. The bonding in [(CF3),Cul| was cal-
culated to be significantly ionic with small, but non-vanishing contributions from
the Cu d,2 _ 2 orbital to account for the square planar geometry.'3? These findings
have recently been vindicated by spectroscopic measurements, which support the
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notion of an inverted ligand field in [(CF3),Cu] .13

The notion that a relatively unreactive, low polarity organometallic compound can
be activated by the formation of a polar ’ate complex is of widespread significance:
it implies that the formation of a heterobimetallic complex can fundamentally alter
the mechanism of a reaction. This phenomenon has been exploited in development

synergic bases.

1.6 Heterobimetallic bases

In the preceding section, the synthetic potential of organocopper compounds was
presented through the formation of a reactive cuprate complex. The formation
of the formally anionic |RyCu| unit was presented as fundamental to this reac-
tivity, as was the contacted nature of the [R,Cu] [Li]" ion pair. The reactivity
of the lithium cuprate, being so different from the highly reactive organolithium
and the virtually unreactive organocopper compounds could be said to be syn-
ergistic in origin. Organocuprates are principally nucleophiles rather than bases,
but the same principle — of modifying reactivity by combining two or more ho-
mometallic compounds to form a heterobimetallic system — can be applied equally
well to bases. The field of bimetallic base chemistry has flourished over the past
few decades, with some members of the family demonstrating truly remarkable
deprotonative abilities. Two aspects of bimetallic base chemistry are of partic-
ular importance to aromatic chemistry: (1) the ability to metalate unactivated
arenes and (2) the ability to selectively metalate activated arenes. The latter is

tantamount to improving the chemo- and regioselectivity of DoM.

The ability of salts to alter the reactivity of organometallic bases has long been
recognised. Lochmann-Schlosser superbase' (LiC-KOR) and Knochel’s turbo-
Grignard*® reagent, notionally an adduct of Grignard reagent iPrMgCl and LiCl
(iPrMgCl- LiCl), can be thought of as modifications of the two most well-known
classes of polar organometallics — organolithiums and Grignard reagents. Whilst
these reagents may appear simple in terms of composition, their structures are
anything but! It is only very recently that LiC-KOR aggregates have been struc-
turally characterised in the solid state. The use of solubilising neopentyllithium in

combination with tBuOK afforded an alkane soluble compound which crystallised
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as LigK4(CHy(CHs)3)o.75(OtBu)s05. However, structure determination was com-
plicated by both substitutional and positional disorder.!3” Similarly, attempts to
isolate the turbo-Grignard ¢PrMgCl- LiCl by layering a THF solution of the base
with Et,O failed to produce the expected heterobimetallic compound, giving in-
stead the open cubane [{PrMgCl(THF),- MgCly(THF),)],.'3®

In order to gain insight into the structure-reactivity relationships that are key to
the rational design of bimetallic bases, it is necessary to work with well-defined
systems and particularly those which are amenable to X-ray analysis. Historically,
the sterically hindered ligand TMP has been of special interest due its highly
basic nitrogen center and its steric bulk.!3® The former property assists in the
bridging of multiple metal centres whilst the latter property retards its reaction

as a nucleophile and assists in the crystallisation of molecular species.!4°

1.6.1 Zincate bases

The first class of ’ate complexes to be used in DoM were zincates, beginning with
putative zincate (TMP)ZntBu,yLi, in 1999. The facile and chemoselective DoZn
of a range of aromatic esters, amides and nitriles, as well as a number of het-
eroaromatic substrates proved possible.!*! The structure of (TMP)ZntBu,Li was
not established at the time, but was characterised as the THF-solvate (THF)Li(u-
TMP)(u-tBu)Zn(tBu) several years later by Mulvey, where the key features of a
four membered ZnCLiN metallacycle and ‘C—H---Li’ agostic interactions were
highlighted (Figure 1.16).}4? This structural motif was reproduced even more
prominently in the compound EtZn(u-Et)(u-TMP)Li, where both intramolecu-
lar and intermolecular agostic interactions have been suggested.'*® These agostic

interactions, which are not uncommon in main group ’ate chemistry,!4*145

6

are

understood to be of predominantly electrostatic character.'?

Zincate bases, containing both alkyl and amido groups, could concievably react
vta multiple pathways. FEvidence from sodium zincate chemistry appeared to
support alkyl basicity, as reaction of (TMEDA)Na(u-tBu)(u-TMP)Zn(¢Bu) with
one equivalent of benzene resulted in the elimination of {BuH and formation of
(TMEDA)Na(u-CgHs) (u-TMP)Zn(¢Bu). In this case, calculations supported the
thermodynamic preference for alkyl basicity, though a two step mechanism, involv-

ing deprotonation by TMP, followed by alkyl-amido exchange, could not be ruled
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Figure 1.16: Examples of crystallographically characterised zincates (a)
(THF)Li(u-TMP) (u-tBu)Zn(¢Bu)**? and (b) EtZn(u-Et)(u-TMP)Li.13
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out.!*” When reacted with N,N-diisopropylbenzamide, (TMEDA)Na(u-tBu)(u-
TMP)Zn(tBu) and (TMEDA)Li(u-tBu)(pu-TMP)Zn(¢Bu) were found to behave
differently, with the latter reagent exhibiting dual alkyl/amido basicity.'** How-
ever, using the related lithium zincate, (THF)Li(u-TMP)(pu-tBu)Zn(¢tBu), dibasic
behaviour in the DoZn of anisole resulted in the expulsion of only ¢{BuH, with
TMP retained in the metalated product.'*®

The issue of polybasicity was revisted by Uchiyama and Wheatley, when treatment
of N,N-diisopropylnaphthamide with EtZn(u-Et)(u-TMP)Li in THF resulted in
elimination of both TMPH and EtH. Calculations suggested a preference for ki-
netic amido basicity, where elimination of TMPH was followed by quenching of
the pre-coordinated free amine with Et™ (Scheme 1.5). This raised the possi-
bility of threefold reaction with a suitable aromatic substrate. When N,N-di-
isopropylnaphthamide was treated with EtZn(u-Et)(p-TMP)Li in THF, EtZn(u-
C1oHgC(O)NiPry-2)Li(THF), was isolated and this was accompanied by the gener-
ation of TMPH and EtH (Scheme 1.6). Conversely, when less sterically demanding
N, N -diisopropylbenzamide was deployed as the subtrate, threefold reaction was
realised. Zn(u-CgH,C(O)NiPry)sLi(THF) was isolated and characterised by X-ray
diffractometry. Overall, these experimental data — especially the retention of Et~
in EtZn(u-CgHgC(O)NiPry-2)Li(THF), — supported the theoretical prediction of

kinetic amido basicity (Scheme 1.5).'43

LI\
TMPH _+TMPH TMPH
Et

Scheme 1.5: Stepwise deprotonation of N,N-diisopropylbenzamide with EtZn(u-
Et)(u-TMP)Li. Kinetic deprotonation by TMP™ is followed by TMPH/EtH ex-
change, which is thermodynamically favourable.'*3

Structural studies on a range of zincates and on bimetallic bases in general, have
shown that the anionic ligands are o-bonded to the less polarising metal in these
complexes and so the term alkali-metal-mediated metalation has been applied
to describe their reactions. Substitution of the alkali metal in these complexes
can alter the overall polarity of the complex and give rise to more aggressive

metalators, despite ostensibly retaining the same complex anion. However, as
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Scheme 1.6: Twofold vs threefold reaction of EtZn(u-Et)(u-TMP)Li with aromatic

amides (R = iPr). For the case of N,N- dnsopropylnaphthamlde, steric congestion

prevents reaction of a third equivalent.™*?

a practical consideration, this must be balaced against the increased difficulty
of handling heavier group 1 organometallics.'*®!° In the present case of zin-
cates, switching from Li to Na permits the deprotonation of benzene by the
base (TMEDA)Na(u-tBu)(u-TMP)ZntBu, with overall elimination of ¢tBuH.**
Moreover, the ability of the zincate to stabilise otherwise highly unstable an-
ions was demonstrated with the isolation of the a-deprotonated tetrahydrofuran
in (TMEDA)Na(u-TMP)(p-C4H;0)Zn(CHySiMes). More remarkably, the use of
(PMDETA)K(u-TMP)(CH,ySiMes)Zn(CH,SiMes) allowed for the deprotonation of
the ethene, captured as (PMDETA)K(u-TMP)(u-CH=CH,)Zn(CH,SiMe;) (Fig-
ure 1.17).11

1.6.2 Magnesiate bases

Organomagnesiate reagents have received relatively little interest until recently,
and only a few examples of DoMg reactions have been reported. This may be
due to fact that organomagnesium compounds are well-known to be poorly sol-

uble in common solvents and generally react slowly, often requiring an excess of
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\
N\

Figure 1.17: The molecular structures of (a) (TMEDA)Na(u-
TMP)(4-CiH,0)Zn(CH,SiMe;)  and (b))  (PMDETA)K(u-TMP)(u-
CH:CHQ)ZH(CHQSIMQ:))) .151

base.!5%153 That being said, Mongin has demonstrated the base BusMgLi to be
active in the DoMg of 3-fluoropyridines when combined in THF at —10°C: treat-
ment resulted in deprotonation at the 4-position. Modification of the base by
the replacement of Bu by TMP™ to give (TMP);MgLi allowed for the selective
deprotonation of 3-fluoroquinolines at the 2-position, which could then furnish
homocoupled biheteroaryl products upon treatment with I (Scheme 1.7).1>* The
same group were able to apply the mixed Bu/TMP bases to 2-chloro- and 3-
chloropyridines, though the isolation of bipyridines when 4-chloropyridine was the
substrate demonstrated the migratory aptitude of the arylmagnesiate in the ster-

ically congested intermediate.!%®

Moving to more structurally focussed work, Mulvey has isolated remarkable ex-
amples of multiply deprotonated aromatics using sodium- and potassium mag-
nesiate combinations. Hence, when a 1:1:3 molar ratio of nBulNa, nBu,Mg and
TMPH were combined in toluene or benzene, a 12-membered metallacycle bear-
ing a NgNa,Mg, framework, with bridging TMP anions was formed and found
to encapsulate the arenediide (Figure 1.18). The motif consisting of group 1/2
cations encapsualting a templating organic anion has been coined an ‘inverse
crown’ complex, in reference to its similarity with the crown ether ligand, but
with the Lewis basic oxygen atoms exchanged for group 1/2 cations.'®® Efforts
to elucidate the active base in this reaction by adding TMEDA to the 1:1:3 mix-
ture of nBuNa, nBu,Mg and TMPH revealed that only two equivalents of TMPH

were incorporated into the base, and it was confirmed that this species could
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Scheme 1.7: Proposed mechanism for the coupling of quinolines vie a magnesiate
intermediate.'?®

deprotonate benzene, with (TMEDA)Na(u-Ph)(u-TMP)Mg(TMP) isolated as a
crystalline species.'5” Switching the components of the bimetallic base to a mixture
of nBuK, nBu,Mg and TMPH, again in a 1:1:3 ratio, an even larger macrocycle

was obtained, based upon a [KNMgN]¢" ring coordinating six phenyl anions.!?®

Returning to DoMg reactions, treatment of anisole with (PMDETA)K (u-TMP) (u-
CH,SiMe3)Mg(TMP) led to the expected ortho deprotonated products. In this
case, the reaction proceeded slowly enough to be monitored by NMR spectroscopy.
This established TMP™ basicity, generating the kinetic product, (PMDETA)K (-
TMP(0-C¢H,OMe)Mg(TMP) as an intermediate. Alkyl/amido exchange then
gave (PMDETA)K(u-TMP)(0-C¢H,OMe)Mg(TMP), the thermodynamic prod-
uct. Both the kinetic and thermodynamic product could be synthesised inde-
pendetly and their NMR spectra were in accord with those obtained for the in

situ-generated products.t?®
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Figure 1.18: Examples of crystallographially characterised ‘inverse crown’ com-
plexes (a) TMPGMggNa4(C6H4)156 and (b) TMPlgMgGKGPh6.158
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1.6.3 Aluminate bases

Studies into the utility of aluminate complexes for DoAl were initiated in 2004.
When aromatic substrates bearing directing groups such as OMe, CN and C(O)N¢Pr,
were treated with the aluminate base iBuzAl(TMP)Li in THF, and then with D,O
or I, excellent yields of ortho-functionalised products were obtained. Notably, the
bases were resistant to metal-halogen exchange reactions which were known to be
problematic for more polar organometallic bases.!%® Characterisation of the alu-
minate base by X-ray crystallography followed not long after, confirming the CIP
nature of the base and revealing that the mono-THF solvated molecules incor-
porated a four membered AICLIN ring (Figure 1.19). Computational modelling

indicated a preference for amido basicity over deprotonation by iBu group.'6!

Despite the successful deployment of aluminates, doubt has been cast on whether
they represent the active bases when prepared in THF solution. When crystalline
(THF)Li(p-TMP) (pu-:Bu)Al(iBu), was redissolved in THF, it proved incapable
of metalating anisole. DOSY experiments allowed for the identification of five
species in solution formed when {BuzAl and TMPLi were combined in dg-THF;
of these, only TMPLi appeared capable of metalating anisole, the lithiate being
trapped by the Al centre. The sequestering of the ortho metalated anisole by
Al offered an explanation for the high selectivity observed, since the less polar
Al-C bond is not liable to further reaction prior to introduction of an electrophile
(Scheme 1.8).'%? This case highlights the tendency of crystallography to elucidate
the most thermodynamically stable (resting state) structures of bases, from which
the active base may or may not be generated.

™~
\O \o (0]

-TMPH Li (TMP)AI(Bu), Al(Bu)2(TMP)Li
TMPLi  + —
trans-metal-trapping

Scheme 1.8: Proposed mechanism for the alumination of anisole. Lithiation is
executed by TMPLI, followed by trans-trapping by aluminium species. The com-
pound LiTMP - Al(TMP)(iBu), has been shown to exist as separate components
TMPLi(THF) and Al(TMP)(:Bu), in solution.'®?
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Figure 1.19: The molecular structure of (THF)Li(u-TMP)(u-iBu)Al(:Bu),.'%

1.6.4 Manganate bases

A few examples of lithium and sodium manganates have been synthesised and
applied to the metalation of aromatic substrates. In the case of the lithium man-
agnate (TMEDA)Li(u-TMP)(u-CH,SiMes)Mn(CH,SiMes), threefold basicity was
observed upon treatment with ferrocene in a 2:3 base : ferrocene ratio.'®® Switch-
ing to sodium managanates, the di-deprotonation of benzene proved possible, with
the generation of an inverse crown complex bearing a Mn,NgNa/ " metallacyclic
motif.'% As is the case with magnesiates, the inverse crown structure is inti-
mately associated with manganate chemistry. Although the potential for bimetal-
lic bases to capture the highly unstable C4;H;O anion had been demonstrated
with sodium zincate chemistry, the sodium manganate (TMEDA)Na(u-TMP)(u-
CH,SiMe;)Mn(TMP) proved more aggressive: reaction with THF expelled O as
the inverse crown NayMny(TMP),O and encapsulated the butadienediide ion as
{(TMEDA)Na(u-TMP) }5{1,4-(Mn(TMP)),-C,H,} (Figure 1.20).1% This type of
reaction highlights difficulties in achieving reaction control and possibly as a re-
sult of this, heterobimetallic manganate reagents have been developed to a lesser
extent than other systems. They are also much more difficult to study by NMR,

spectroscopy, due to the paramagnetism of Mn(II).

1.7 Cuprates as bases

In Section 1.4.4, cuprates were presented as reagents for substitution and addition

reactions. Given the general utility of the organocuprate species, it is a logical
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Figure 1.20: Manganate encapsulated fragments from the break up of THF. (a)
NayMny(TMP),0 and (b) {(TMEDA)Na(u-TMP)}o{1,4-(Mn(TMP))y-C,I1,}.165

extension to ask whether an organocuprate may be synthesised directly from a
cuprate base, rather than by transmetalation of an organolithium and a copper(I)
salt? In a similar fashion to other ’ate complexes, it might be expected that greater

reactivity and chemo/regioselectivity will ensue.

The terms ‘Gilman’'%® and ‘Lipshutz’'®%7 are used to refer to distinct structure-
types within the area of cuprate base chemistry. Those of the form R,Culi are
known as ‘Gilman cuprates’. Cuprate bases incorporating LiCN in addition to the
fundamental R,Culi unit have been coined ‘Lipshutz cuprates’, notwithstanding
that the CN™ ion is now understood to be bonded in a different manner to that
originally suggested by Lipshutz. Additionally, homologous cuprates bearing the
key features of Lipshutz structures, but lacking CN™~ have been termed ‘Lipshutz-

type cuprates’ (see Figure 1.21).166168

I?—Cu—R IT{—Cu—IT{ I?—Cu—l'ﬁ

Li Li Li Li Li
C=N X

Gilman Lipshutz Lipshutz-type

Figure 1.21: Definition of amidocuprate structure-types. R = organyl or amido,
X = halide.
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1.7.1 TMP-cuprate bases for DoCu

Given the success of TMP-zincate bases in DoZn, TMP was deemed a suitable
ligand for the fabrication of cuprate bases. These were designed with the function-
alisation of aromatic compounds in mind. This idea was first addressed in 2007
with the advent of directed ortho cupration.!®” Amido and organo(amido)cuprates
synthesised from CuCN or Cul were chosen as suitable reagents for screening with
the model substrate benzonitrile. In the case of CuCN, it proved possible to
characterise the bis(amido)cuprate (TMP),Cu(CN)Liy(THF) crystallographically,
revealing a dimeric Lipshutz structure where CN~ was incorporated into the seven
membered metallacycle (Figure 1.22). In this structure, cyanide abstains from in-
teraction with Cu, which remains two-coordinate (lower-order); as such, it provides
good evidence for the lower-order nature of cyanocuprates generally, as predicted
by Snyder (see also Section 1.4.5).%2

Figure 1.22: The molecular structure of [(TMP),Cu(CN)Liy(THF)],. "7

It was noted that at least one TMP ligand was needed for good yield and chemos-
electivity, though a range of alkyl groups (or another TMP) as the second ligand
were tolerated. Excellent yields in DoCu were observed with PhOMe, PhCN,
PhC(O)NiPr, derivatives and several heterocycles, when cupration was followed
by quenching with I, (Table 1.1). In addition, a range of electrophiles could
be successfully deployed in the cuprate system whilst maintaining consistently
high yields (Scheme 1.9). With their being a precedent for R-group coupling in

alkylcuprates, it was expected that introduction of an oxidising agent would give
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Table 1.1: Screening of lithium cuprates for activity in the ortho iodination of
benzonitrile. Isolated yields.'%7

CN CN

SO T @/
| = 2) I, RT, 16 h
Entry Cuprate Yield (%) | Entry Cuprate Yield (%)
1 TMPCu(CN)Li 06 (TMP),Cu(CN)Li, 74
2 (TMP),CuLi- Lil 0|7 MeCu(TMP)(CN)Li, 91
3 MeCu(TMP)Li- 51| 8 nBuCu(CN)(TMP)Li, 83
Lil
4 MeCu(CN)(NMe,)Lis K {BuCu(CN)(TMP)Li, 70
MeCu(CN)(NiPro)Li, 53|10 PhCu(CN)(TMP)Li, 93

coupled products. This was realised, when N, N-diisopropylbenzamide was treated
by RCu(TMP)(CN)Liy (R = Me, Ph) or (TMP),Cu(CN)Li, followed by addition
of nitrobenzene. For unsymmetrical cuprates, cross-coupled products were ob-
tained, whereas a homocoupled biphenyl was generated in 100 % yield when the
symmetrical bis(TMP) base was deployed (Scheme 1.10).

1.7.2 Gilman and Lipshutz-type cuprates — differences in

reactivity

Following the establishment of DoCu as a viable route to ortho functionalisation
of aromatic compounds, a duel crystallographic and computational approach was
104 Accordingly, treatment of
CuCN with THF solutions of PhLi and TMPLi permitted the isolation of cyanide-
free Gilman cuprate, PhCu(TMP)Li(THF);. Modification of the solvent system
to include TMEDA and replacing PhLi with MeLi gave the analogous Gilman
cuprate MeCu(TMP)Li(TMEDA), where once again, the failure to incorporate
cyanide was noted. Seeking to establish whether or not LiCN played a decisive
role in DoChu, solutions prepared from pre-isolated MeCu(TMP)Li(TMEDA) and
of MeCu(TMP)Li(TMEDA) in which LiCN was present as a by-product were

tested in reaction with NV, N-diisopropylbenzamide. These metalated intermediates

taken to elucidate the reactive base in these systems.
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Scheme 1.9: A survey of the transformations achievable through the DoCu of
N, N-diisopropylbenzamide, followed by quenching with electrophiles.'®7

were quenched with I, to give ortho-iodinated products. Only the solution known
to contain LiCN gave acceptable yields (89 % wvs 37 % for in situ prepared and
pre-isolated MeCu(TMP)Li(TMEDA), respectively).

Calculations of the Lipshutz-Gilman equilibrium for a simplified system were un-
dertaken (B3LYP level with SVP basis set for Cu and 6-31+G for other atoms).!%
Results showed a facile equilibrium in the case of the organo(amido)cuprates, but
indicated that the equilibrium should be dominated by the Lipshutz-type cuprate
for the bis(amido)cuprate. This was in accord with the crystalline material iso-
lated in this (and prior) studies. Intuitively, this can be understood in terms of
the greater bridging ability of the amido ligand when compared to carbanionic

ligands.

The low reactivity of Gilman cuprate bases was verified in subsequent studies,

which showed pre-isolated Gilman cuprate (TMP),CulLi to be completely unreac-
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Scheme 1.10: Treatment of N,N-diisopropylbenzamide with cuprate base followed
by PhNO, gave cross-coupled and homocoupled products, respectively.6”

tive towards aromatic substrates, lending weight to the necessity of Lipshutz-type
formulations for reactivity. It proved possible to isolate a Lipshutz-type cuprate,
(TMP),Cu(I)Li,(THF) (Figure 1.23), from reaction of Cul with TMPLi in the
presence of limited quantities of THF. In contrast to the results obtained using
(TMP),Culi, high reactivity was observed when (TMP),Cu(I)Liy(THF) was intro-
duced to N,N-diisopropylbenzamide.'%¢ Overall, it became clear that the inclusion

of lithium salts generally, rather than CN~ was key for reactivity.

Returning to organoamidocuprate systems, DFT calculations examined several
plausible reaction pathways. Deprotonation by an amido ligand of a Gilman
monomer was found to be favoured; however, calculations suggested that this
species was likely to be accessed from a Lipshutz-type starting material. On the
other hand, deprotonation by an alkyl ligand was disfavoured, as was quenching
of liberated amine by an alkyl moiety. Deprotonation by a Gilman dimer was
found to have a high activation energy and did not represent a favourable reaction

pathway, supporting the experimental findings.'%*

Shorty thereafter, the utility of Lipshutz-type cuprate bases as applied to azaflu-

169 When employed in the deprotocupration-

orenone synthesis was investigated.
aroylation of heterocycles, it proved advantageous to supplement the cuprate mix-
ture with TMEDA, a strategy designed to promote solubilisation of LiCl. This was
necessary to promote formation of Lipshutz-type cuprates. A number of pyridines,

quinolines and thiophenes could be deprotocuprated and reacted with aroyl chlo-
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rides to give funtionalised heterocycles in moderate to good yields. Palladium-
catalysed ring closure could then be used to generate azafluorenones, a class of
compounds of interest due to their occurrence in natural products and medicinal
compounds (Scheme 1.11). Seeking to gain further structural insights into CuCl-
derived cuprates, reaction of TMPLi with CuCl in toluene/THF was undertaken.
Recrystallisation from toluene afforded (TMP),Cu(Cl)Liy(THF) as a crystalline
product which analysed as a dimer in the solid state. Aside from slight differ-
ences in the disposition of the solvated Li" ions with respect to the metallacyclic
core, the structures were congruent with CN™ and I" containing Lipshutz-(type)

cuprates. 04167

-
—

Li1
V4
LN

\

Figure 1.23: The molecular structures of (a) [(TMP),CuLi], and (b)
[(TMP),Cu(I)Liy( THF)[,. 104

0] O
| AN 1) Cu-ate EYJ\@ Pd catalyst Céij
~ (o) ~ ~
N” e 2) >\—< ) N~ cl N
Cl

Scheme 1.11: The synthesis of an azafluorenone via Pd-catalysed ring closure. The
ketones were synthesised by DoCu, followed by quenching with benzoyl chloride.
Cu-ate = (TMP),Cu(Cl)Liy/ TMEDA.'6

1.7.3 DMP based systems — the advent of adduct cuprates

Once the efficacy of bis(TMP) cuprate systems had been established, the ques-
tion of whether other sterically demanding amides could take the place of TMP
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whilst maintaining high reactivity naturally arose. Given the expense of TMPH,
there was an obvious economical imperative to do so. Focus switched to cis-2,6-
dimethylpiperidine as a precursor. The ability of DMP to assume the structural
role of TMP in bimetallic systems had been examined previously in the context
of zincates and magnesiates. In these systems it was found that DMP was signifi-
cantly less sterically hindered than TMP — its behaviour being more akin to that

of N,N-diisopropylamide.'™

Returning to cuprate systems, when DMPLi was reacted with CuCl in a 2:1 ratio in
Et,0, an unprecedented cuprate structure was obtained.'™ Instead of the expected
Gilman or Lipshutz-type structures, the crystalline material was found to consist of
a pentametallic complex, [(DMP),CuLi(Et,0)|,LiCl with two (DMP),CuLi units
encapsulating one unit of LiCl. This could be viewed as an adduct of Gilman
and Lipshutz-type monomers, in which two of the three Li" are mono-solvated
by Et,O and the third is unsolvated and bridges two (DMP),CulLi units together.
This contrasts with the behaviour observed in Lipshutz-type bis(amido)cuprates,
in which there are no direct bridges between the cuprate units in the dimer; instead
the monomeric units are linked via (LiX), (X = Hal', CN") only. Adduct cuprates
were also obtained when CuBr and Cul were used as starting materials and in the
presence of Et,O, though limited quantities of Et,O were necessary for the case of
X = 1. The resulting complexes were isostructural except for changes in the Li—X
and N—Li bond lengths, which reflected competing stabilisation of Li" by softer

and harder halide anions, respectively.

Seeking to establish whether the formation of an adduct structure was imposed
by solvent conditions or steric requirements of the amido ligand, TMPLi was
combined with CuX (X = Hal', CN") in a 2:1 ratio before Et,O was introduced.
This time, Lipshutz-type cuprates were isolated rather than adduct cuprates, thus
ruling out Et,O as the driving force for adduct formation. Suspecting now that the
reduced steric bulk of the DMP was a key factor, DMPLi was combined with CuBr
in a 2:1 ratio in the presence of THF. As expected, the crystalline material revealed
an adduct motif in the solid state, though the solvated Li* ions accommodated
two THF per Li, ostensibly facilitated by the reduced steric demand of the cyclic
ether when compared to Et,O.

The influence of steric factors could be understood intuitively in terms of the
orientations adopted by the TMP and DMP ligands. As both ligands are derived
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from a piperidine ring, a vector drawn from the N1 atom to the C4 atom describes
the orientation well. When this vector is co-parallel with Cu—N, the ligand is
termed endo with respect to the metallacyle and if Cu—N is perpendicular, the
ligand is termed ezo. For the bis(TMP) cuprates, in both Lipshutz-type and
Gilman structure-types, the TMP ligands were observed to lie endo,endo. This
orientation could be rationalised by noting that steric repulsion between TMP-
Me,, is minimised, and that the ‘core’ of the metallacyle is relativelty unhindered,
so that the equatorial methyl groups do not repel significantly. Conversely, in
DMP-cuprates, DMP lacks axial methyl groups, but the ‘core’ of the metallacyle
is more sterically crowded, so the ligands prefer to orientate themselves ezo,exo
(Figure 1.24).

0

NS \

Figure 1.24: The molecular structures of (a) [(DMP),CuLi(Et50)],LiCl and (b)
|(DMP),CuLi(THF),|,LiBr."!

Having established that DMP cuprates could complex lithium halides, the system
was screened for activity in DoCu against the model substrate N,N-diisopropy-
Ibenzamide. Employing conditions expected to favour the formation of adduct
cuprate, both in situ formed cuprate and pre-isolated [(DMP),CuLi(THF),],LiBr
were reacted with the benzamide in THF. Comparable product yields were ob-

tained after quenching with iodine (80 % and 82 %, respectively).

In a similar vein to prior work with Lipshutz-type cuprates, calculations were
undertaken to assess the interconversion of Lipshutz-type, adduct and Gilman
cuprates using a simplified ligand set of NMe, in place of DMP and Me,O in
the place of Et,O. The results proved somewhat inconclusive in that the free

energy changes associated with the conversion of Liphutz-type cuprate to adduct
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cuprate, and then from adduct cuprate to Gilman cuprate were rather small; one
could easily appreciate that steric factors, which were not accounted for by the
DFT modelling, could tip the balance in favour of any one of the three structure-
types. DFT also predicted that adduct cuprates could be an energetically viable
source of Gilman monomers, which were exposed as the likely reactive base in

alkyl(amido)cuprate systems in prior work (Scheme 1.12).66
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Scheme 1.12: Calculated AE and [AG] in kcalmol™!. ‘LiCI’ = 1 [LiCl- OMey|s~
OM62.171

1.7.4 New directions in DoCu — towards the catalytic use

of cuprates

There is a burgeoning desire to improve the environmental impact and sustainabil-
ity of chemical processes in general, by increasing atom efficiency, and reducing the

emission of toxic waste.!?

Examples of ways in which this can be achieved include
adapting transition metal-based systems to the catalyic regime and the use of earth
abundant, environmentally-benign main group catalysts.'”1™ Recent advances
in the applications of DoCu to the synthesis of ortho functionalised phenols and
anilines have highlighted some of these issues, where both the chemo- and regiose-
lective properties of DoCu and the redox chemistry of copper have been exploited.
Deprotonation of N, N-diisopropylbenzamide with (TMP),Cu(CN)Li, in THF, fol-
lowed by the introduction of ROOH (R = ¢Bu, cumyl) or RONH, (R = ¢Bu, Bn),
gave ortho substituted phenols or anilines in high yields (Scheme 1.13).17 How-

ever, performing the deprotonation with ¢Buy(TMP)ZnLi followed by treatment
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with tBuOOH failed to give any phenolic product at all, confirming that a redox
process involving copper was operating. Most excitingly, it was possible to employ
copper in catalytic quantities in the presence of a zincate base. The advantages
of this are manifold: not only is the requirement for toxic CuCN reduced, but the
use of the zincate base in place of the cuprate brings with it a cost benefit' and has
the potential to improve atom economy (TMP-zincates can exhibit polybasicity,

see Section 1.6.1).143

DG

OH
ROOCH

DG —

DG
Cu-ate base Cu-ate
_ RONH; DG
\ NH2

Scheme 1.13: Synthesis of ortho functionalised phenols and anilines using DoCu
methodology. Cu-ate = (TMP),Cu(CN)Li,.!7

At the time of writing, the price of zinc and copper are ca. £2600 and £5600 per ton,
respectively.
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Chapter 2
Aims

The aims of the work presented in this thesis may now be set out in context.
Lithium bis(amido)cuprates will be the main focus of study, while initial attepts
at the fabrication of lithium bis(amido)argentates will also be made. Lithium
bis(amido)cuprates provide an entry point to aromatic cuprate chemistry, which is
of widespread interest to the synthetic community. The work set out in this thesis
will follow a dual focussed approach. First, practical improvements to the existing
suite of cuprate bases will be attempted through the deployment of different amide
ligands and Cu(I) salts. Attention will be devoted to the use of less expensive
amines as precursors to amidocuprates and to the deployment of less toxic copper
salts. Second, a deeper understanding of the structures of bis(amido)cuprates in
the solid state and in solution will be sought, using X-ray diffractometry and NMR,

spectroscopy as the principal tools of investigation.

Two aspects of lithium cuprate base chemistry in particular are open to improve-
ment: reagent cost and reagent toxicity. These are both practical considerations
and addressing these issues will make cuprate bases more attractive to synthetic
chemists. One way in which the first of these issues can be tackled is through inves-
tigation of amide ligand precursors other than TMPH (which is relatively expen-
sive)l. The discovery of reactive adduct cuprates derived from less costly DMPH

171 However, there is still considerable scope

has gone some way to achieving this.
for exploration. In particular, the related inexpensive amines 2-methylpiperidine

and piperidine are worthy of investigation, since close parallels may be drawn

IAt the time of writing, the cost of TMPH is £2.80 g~! (Sigma Aldrich)
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with previously characterised examples.!™ A novel approach to introducing these
new ligands would be through the formation of heteroleptic bis(amido)cuprates.
Generally, DoCu calls for a cuprate base to be reacted with an aromatic substrate
in a 1:1 ratio. The aryl(amido)cuprate that results from this reaction retains one
amide ligand. Thus, one of the amide ligands in the bis(amido)cuprate would
function as a dummy ligand (see Section 1.4.6) and could, for example, provide
a means of introducing chirality to the complex. In addition to the ecomonic
benefit that comes with the use of cheaper, less sterically hindered amides, valu-
able insight into the influence of steric factors upon the structures of the resulting

bis(amido)cuprates could be gained.

A second variable in cuprate base chemistry is the choice of Cu(I) precursor. This
has an important bearing upon the safety of the resulting cuprate systems and
has been shown, on several occasions, to influence the reactivity of cuprates.'™ In
particular, copper(I) cyanide produces excellent results in synthesis.!®” However,
its use brings with it the risk of generating highly toxic HCN. Copper(I) halides
have also been investigated in TMP- and DMP-based systems and have demon-
strated efficacy. However, the most synthetically useful copper halide, CuCl,'%® is
somewhat air-sensitive. Clearly, this is not an exhaustive list of copper(I) precur-
sors and work presented herein will seek to extend cuprate systems to incorporate
triatomic anions such as thiocyanate (SCN') and cyanate (OCN'). These two
related anions are of particular interest since cyanate might be regarded as the
‘harder’ analogue of thiocyanate and so this pair of ions should provide interesting

points of contrast in terms of structure and chemistry.

Lastly, work will seek to advance our understanding of amidocuprate systems
in solution. TMP-cuprates are amenable to study due to the large body of
literature surrounding their solid-state structures. However, an alternative av-
enue of interest is the development of lithium bis(amido)argentate chemistry;
as silver possesses two [ = % nuclei, it introduces one further NMR ‘handle’
to TMP-based systems. Thus, initial attempts will be made to prepare lithium
bis(amido)argentates, by adapting the synthetic methods which have been devel-

oped for lithium bis(amido)cuprates over the past decade.'6616%171

Returning to
lithium cuprates, studies will aim to shed light on the behaviour of TMP-cuprates
in solution, making extensive use of NMR spectroscopy. Calculations have sug-

gested the importance of monomeric cuprate species in DoCu,'%¢ so it would be
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particularly valuable to study the in situ formation of cuprates in solution. Initial
studies will look at a greatly simplified system, where the respective lithium and
copper amides will be combined in solution so that the evolution of cuprates can

be monitored spectroscopically.
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Chapter 3

General Experimental Techniques

3.1 CoSHH considerations

The experiments described herein involved the manipulation of chemicals haz-
ardous to heath. In accordance with this, CoSHH assessments were carried out
prior to commencing each experiment and standard PPE (safety glasses, labora-
tory coat and disposable gloves) were used as appropriate. All chemical manip-
ulations were performed in a ventilated fumehood. Sharps (i.e. syringe needles)

were sheathed when not in use and disposed of in dedicated sharps bins.

When copper(I) cyanide and silver(I) cyanide were used, contaminated glassware
was treated with sodium hypochlorite solution for 24 hours. A specially trained
first aider was notified whenever these chemicals were used. An oxygen cylinder

and face mask were accessible for emergencies.

3.2 Inert atmosphere techniques

Many of the materials handled were sensitive to moisture and oxygen. Reagents
and products were manipulated in an inert atmosphere of in-house dry nitrogen,
using standard Schlenk line techniques. Reaction vessels were oven-dried (80°C)
and cycled between high vacuum and dry nitrogen three times prior to use. For

light sensitive materials, reaction flasks were wrapped in aluminium foil to exclude
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light. Unless otherwise specified, reactions were conducted in Schlenk flasks and
filtration was performed using a glass-sinter filter stick (porosity 4) or using a
30 mm diameter 1.2 pm porosity syringe filter. Solid reagents were added to the
reaction vessel prior to evacuation and liquid reagents were added under a positive

pressure of nitrogen.

Solid products were isolated by removing the supernatant under a positive flow
of nitrogen or by use of filter stick apparatus. Residual solvent was removed
under vacuum. For analysis, samples were manipulated in a glove box, with an
atmosphere of dry nitrogen. The atmosphere was recirculated though molecular
sieves (BDH 3A 16") to remove water and through a copper catalyst (BASF Cu
catalyst R11) to remove residual oxygen. Vessels were introduced to the glove
box through an antechamber connected to a vacuum pump and nitrogen supply.
The antechamber was cycled between high vacuum and dry nitrogen three times

before materials were introduced to the glove box.

3.3 Solvents and starting materials

Amines were obtained from Sigma Aldrich, Alfa Aesar or Fisher Scientific and
stored over molecular sieves (4 A). If required, amines were distilled off sodium
to remove oxidised impurities and moisture. Inorganic salts were purchased from
Sigma Aldrich and used without further purification. Air sensitive salts were
stored under nitrogen. n-Butyllithium solution in hexanes (1.6 M) was purchased

from Acros Organics and stored at +5 °C.

Hexane and toluene were distilled off sodium wire and sodium-potassium amal-
gam, respectively. Tetrahydrofuran and diethyl ether were distilled off sodium
wire/benzophenone. Anhydrous tetrahydropyran and diisopropyl ether were pur-

chased from Sigma Aldrich and used as received.

3.4 Melting point determinations

For air-sensitive compounds, manipulations were performed in a glove box. Glass

capillaries (sealed at one end) were filled with a small amount of material, then the
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open end was temporarily sealed with a small amount of vacuum grease. Capillar-
ies were then permanently sealed with a flame below the line of the grease. This
ensured that no oxygen contaminated the sample. Rough and accurate melting

points were determined using a Griffin melting point apparatus.

3.5 Elemental analysis

In a glove box, a few milligrams of analyte was placed into two small, pre-weighed
aluminium capsules which were then sealed using a press. The capsules were
weighed accurately and analysed for C, H and N with a Perkin Elmer 240 elemental

analyser.

3.6 Fourier Transform Infrared Spectroscopy (FTIR)

Samples were analysed neat or (for air-sensitive samples) as an mull (Nujol) on
NaCl plates. Data were collected with either a Perkin Elmer Spectrum One or
Bruker Alpha FTIR spectrometer.

3.7 Multinuclear Nuclear Magnetic Resonance (NMR)

spectroscopy

NMR data were collected on a Bruker Avance III HD 500 MHz Smart Probe FT
NMR spectrometer (500.200 MHz for 'H, 125.775 MHz for *C, 194.397 MHz for
"i). Spectra were obtained at 298 K using deuterated solvent stored over sodium
wire or molecular sieves (3A). For 'H and C, chemical shifts are referenced
through the solvent lock (*H) signal according to IUPAC recommended secondary
referencing method and the manufacturer’s protocols.!™ For 7Li, an external ref-

erence was used (1 M LiCl in D;0O). Chemical shifts are expressed in § ppm.
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3.8 X-Ray diffractometry

Technique varied with the temperature and air stability of the crystals in ques-
tion. For samples crystallised at low temperature, the sample was transported to
a microscope in a bath of anti-freeze, which was pre-chilled to -27°C. Crystals
were transferred quickly by means of a spatula to a drop of perfluoropolyether
oil on a microscope slide. A stream of cold nitrogen (ca. 0°C) was passed over
the slide whilst crystals of appropriate quality were selected. The selected crystal

M and attached quickly to the

was transferred to a pin fitted with a MicroLoop®
goniometer head. Data were collected on either a Nonius Kappa CCD diffrac-
tometer (Mo K, A =0.71073 A) or a Bruker D8 Quest diffractometer (Cu Ko A =
1.54184 A). Structures were solved with the program SHELXT'™ with refinement,

based on F?2, by full-matix least squares refinement.!'8°

Non-hydrogen atoms were
refined anisotropically (for disorder, standard restraints and constraints were ap-
plied, as appropriate) and a riding model, with idealised geometry was employed

for H-atoms.
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Chapter 4

Experimental Procedures

4.1 Studies in Heteroleptic Bis(amido)cuprate For-

mation

4.1.1 Synthesis and characterisation of
[(MP),CuLi(THF),],LiBr 1

A stirred solution of MPH (0.47 mL, 4 mmol) and THF (0.32 mL, 4 mmol) in
hexane (4 mL) was treated with nBuLi (2.5 mL, 1.6 M in hexanes, 4 mmol)
at —78°C. The solution was warmed to room temperature whereupon a yellow
suspension formed, which dissolved upon gentle warming. The solution was added
dropwise to a stirred suspension of copper(I) bromide (0.286 g, 2 mmol) in hexane
(2 mL) at —78°C. The mixture was warmed to room temperature to give a
black suspension. The suspension was filtered to give a bright orange solution
that yielded colourless blocks after 7 days at —27°C. Yield = 342 mg (38 % wrt
CuBr). Melting point 73-75°C. Elemental analysis C,HgoBrCu,LisN,O, requires
(%): C, 52.86; H, 8.87; N, 6.16. Found (%): C, 51.09; H, 8.74; N, 6.14. NMR,
spectroscopy 'H NMR, (500 MHz, 298 K, C¢Dg): § 4.25-3.64 (br, m, 4H, MP-6),
3.57 (m, THF, 16H), 3.37-2.86 (br, m, 4H, MP-6), 2.80-2.29 (br, m, 4H, MP-2),
2.26-2.00 (br, m, 4H, MP-4), 2.00-1.78 (br, m, 10H, MP-3,4,5), 1.78-1.56 (br, m,
10H, MP-3.4,5Me), 1.56-1.42 (br, m, 12H, MP-3,4,5,Me), 1.36 (m, 16H, THF).
13C NMR (125 MHz, 298 K, C¢Dg): 6 67.8 (THF), 59.3-57.4 (MP-2), 55.1-54.0
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(MP-6), 40.6-38.9 (MP-5), 32.4-30.5 (MP-3), 27.3 (MP-4), 27.1 (MP-Me). TLi
NMR (194 MHz, 298 K, CgDg): ¢ 2.03 (br, s, 0.2Li), 1.05 (br, s, 1Li), 0.55 (s,
2Li). X-ray crystallography C,oHgoBrCu,LisN4O4, M = 908.89, Triclinc, P1, a =
12.0150(2), b = 13.1207(3), ¢ = 17.7475(4) A, o = 83.9875(7), B = 70.3373(7),
v = 67.6336(14)°, V = 2435.59(9) A3, Z = 2, peate — 1.239 gem ™3, X\ = 0.71073
A, p = 1.731 mm™', 23822 reflections collected, 10967 unique, Opmee = 27.470°,
Rine = 0.0442, R1 = 0.0718 (F,ys > 40(Flps)), wR2 = 0.2012, S = 1.033 , 428
parameters, peak/hole 1.051/—0.776 A%,

4.1.2 Synthesis and characterisation of
MP(TMP)Cu(Br)Liy,(THF), 2

nBuli (2.5 mL, 1.6 M in hexanes, 4 mmol) was introduced to a stirred solution of
MPH (0.24 mL, 2 mmol), TMPH (0.34 mL, 2 mmol) and THF (0.32 mL, 4 mmol)
in hexane (4 mL) at —78°C. The solution was warmed to room temperature to
give a yellow solution that was then added dropwise to a stirred suspension of
copper(I) bromide (0.286 g, 2 mmol) in hexane (2 mL) at —78°C. The mixture
was warmed to room temperature to yield a black suspension that could be filtered
to give an orange coloured solution. This yielded crystals after storage —27°C for
5 days. Yield = 430 mg (40%, wrt CuBr). Melting point dec. > 80°C. Elemental
analysis C4HgoBryCuyliyN,Oy requires (%): C, 51.16; H, 8.59; N, 5.19. Found
(%): C, 49.84; H, 8.57; N, 5.39. NMR spectroscopy 'H NMR (500 MHz, 298
K, CgDg): ¢ 3.92-3.63 (br, m, 1H, MP-6), 3.58 (m, 16H, THF), 3.46-2.91 (br,
m, 3H, MP-6), 2.91-2.57 (br, m, 2H, MP-2), 2.18-1.88 (m, 4H, TMP-4/MP-4),
1.88-1.59 (m, 18H, TMP-3,4,5/MP-3,4,5), 1.53-1.38 (m, 22H, TMP-3,4,5,Me/MP-
3,4,5,Me), 1.38-1.26 (m, 20H, TMP-Me/MP-Me/THF), 1.26-1.14 (m, 4H, TMP-
3,5), 1.04 (s, 1.8H, TMPH-Me), 0.94-0.78 (m, 2H, TMP-3,5). '3C NMR (125 MHz,
298 K, C¢Dg): d 68.1 (THF), 59.0-57.5 (MP-2), 55.2-53.1 (MP-6), 52.0 (TMP-
2,6), 49.6 (TMPH-2,6), 43.0-41.2 (TMP-3,5), 40.8-38.6 (MP-5/TMP-Me), 38.5
(TMPH-3,5), 36.2-33.6 (TMP-Me), 31.9 (TMPH-Me), 31.7-29.7 (MP-3), 28.6-
25.7 (MP-4,Me), 25.4 (THF), 20.9-19.2 (TMP-4), 18.7 (TMPH-4). "Li NMR. (194
MHz, 298 K, C¢Dg): 6 1.80 (br, s, 0.8Li), 1.54 (s, 0.7Li), 1.21 (s, 0.7Li), 1.05
(s, 1.8Li). X-ray crystallography CssHgoBr,Cu,liyN,O4, M = 1079.89, Triclinic,
PT, a = 10.9357(3), b = 11.0752(3), ¢ = 12.4262(4) A, o = 75.6840(10), 8 =
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85.0560(10), v = 75.4070(10)°, V = 1410.76(7) A> Z = 1, peate = 1.271 gem™3, A
= 0.71073 A, 11 = 2.209 mm™!, 17855 reflections collected, 5529 unique, Omee —
26.037°, Riny = 0.0357, R1 = 0.0909 (Fps > 40 (F,)), wR2 = 0.2740, S = 1.043,
222 parameters, peak/hole 1.591/—0.963 e A"

4.1.3 Synthesis and characterisation of
DMP(TMP)Cu(Br)Li,(THF), 3

To a stirred solution of DMPH (0.27 mL, 2 mmol), TMPH (0.34 mL, 2 mmol) and
THF (0.32 mL, 4 mmol) in hexane (4 mL) was added nBuLi (2.5 mL, 1.6 M in
hexanes, 4 mmol) at —78°C. The mixture was warmed to room temperature to
give a yellow solution. This was added dropwise to a stirred suspension of copper(I)
bromide (0.286 g, 2 mmol) in hexane (2 mL) at —78°C. The mixture was warmed
to room temperature to give a black suspension. This was filtered to give an orange
solution, which yielded the crystalline product after storage —27°C for 5 days.
Yield = 410 mg (38% wrt CuBr). Melting point 78-80 °C. Elemental analysis
C4gHgBryCu,LiyN,Oy requires (%): C, 52.03; H, 8.73; N, 5.06. Found (%): C,
52.20; H, 8.90; N, 5.38. NMR spectroscopy 'H NMR (500 MHz, 298 K, C¢Dg): &
3.60 (m, 16H, THF), 2.96-2.68 (br, s, 4H, DMP-2,6), 2.13 (br, m, 2H, DMP-4),
2.00 (br, m, 2H, TMP-4), 1.93-1.68 (br, m, 20H, DMP-3,4,5 Me/TMP-3,5Me),
1.68-1.37 (br, m, 32H, DMP-Me/TMP-Me), 1.36-1.26 (br, m, 18H, THF, TMP-
3,5/DMP-Me), 1.24 (m, 2H, TMP-3,5/DMP-3,5), 1.07 (s, 1.6H, TMPH-Me). *C
NMR (125 MHz, 298 K, C¢Dg): 6 68.0 (THF), 59.0 (DMP-2,6), 53.7 (TMP-2,6),
49.2 (TMPH-2,6), 40.7 (TMP-3,5), 40.6 (DMP-3,5), 38.9 (DMP-3,5), 38.5 (TMP-
Me), 38.2 (TMPH-3,5), 34.6 (TMP-Me), 31.6 (TMPH-Me), 27.3 (DMP-4), 26.3
(DMP-Me), 25.0 (THF), 19.4 (TMP-4), 18.3 (TMPH-4). “Li NMR (194 MHz,
298 K, C¢Dg): 0 1.82 (br, s, 0.2Li), 1.38 (s, 1Li), 1.12 (s, 1Li), 0.92 (s, sh, 0.1Li).
X-ray crystallography C,sHgsBr,Cu,LisN,Oy4 M = 1107.94, Monoclinic, P2;/n,
a = 14.4774(5), b = 10.7720(3), ¢ = 18.7374(T)A, a = 90, B = 99.797(2), v =
90°, V' = 2879.49(17) AS, Z =2, peate = 1.278 gem ™3, A = 1.54184 A, ;= 2.837
mm !, 14155 reflections collected, 4915 unique, 0,4, = 66.705°, R;n; = 0.0474, R1
= 0.0624 (F,ps > 40(Fups)), wR2 = 0.1883, S = 1.041, 295 parameters, peak/hole
0.795/—0.864 ¢ 8.
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4.1.4 Synthesis and characterisation of PIP(TMP)CulLi 4

To a stirred solution of TMPH (0.34 mL, 2 mmol) and PIPH (0.20 mL, 2 mmol)
in hexane (4 mL), was added nBuLi (2.5 mL, 1.6 M in hexanes, 4 mmol) at
—78°C. The solution was allowed to warm to room temperature, whereupon
the resulting cream-coloured suspension was added to a suspension of copper(I)
bromide (0.286 g, 2 mmol) in hexane (2 mL) at —78°C. The mixture was left to
warm to room temperature, giving a black suspension which was filtered to give
a pale straw-coloured solution. Storage at 5°C for 1 day yielded the crystalline
product. Yield = 103 mg (17% wrt CuBr). Melting point 115-117°C. Elemental
analysis CogHsCuyLisNy requires (%): C, 57.02; H, 9.57; N, 9.50. Found (%): C,
56.52; H, 9.37; N, 9.40. NMR spectroscopy 'H NMR (500 MHz, 298 K, C¢Dy):
§ 3.36-2.99 (br, m, 8H, PIP-2,6), 1.84-1.74 (m, 2H, TMP-4), 1.74-1.59 (m, 14H,
PIP-3,4,5/TMP-3,5), 1.59-1.51 (m, 4H, PIP-3,5/TMP-4), 1.50 (s, 12H, TMP-Me),
1.42-1.32 (br, m, 1.2H, TMPH), 1.28 (s, 12H, TMP-Me), 1.25-1.14 (m, 0.46H,
TMPH), 1.07 (s, 3.16H, TMPH), 1.00-0.19 (m, 4H, TMP-3,5), 0.35 (br, s, 0.2H,
TMPH-NH). 3C NMR (125 MHz, 298 K, C¢Dg): d 53.8 (TMP-2,6), 52.9 (PIP-
2,6), 49.2 (TMPH-2,6), 41.3 (TMP-3,5), 38.7 (TMP-Me), 38.1 (TMPH-3,5), 34.3
(TMP-Me), 31.9 (PIP-3,5), 31.6 (TMPH-Me) 26.6 (PIP-4), 19.2 (TMP-4), 18.3
(TMPH-4). "Li NMR (194 MHz, 298 K, C¢Dg): d 1.33 (s). X-ray crystallography
CagHseCuyLisNy, M = 589.72, Monoclinic, C2/¢, a = 20.1573(11), b = 9.0358(5),
c = 17.5390(9) A, o = 90, B = 91.936(2), v = 90°, V = 3192.7(3) AS, 7 =4,
Peate = 1.227 gem ™3, X = 1.54184 A, pu = 1.779 mm™?, 13395 reflections collected,
2797 unique, Opap — 66.704 °, Rype — 0.0272, R1 = 0.0303 (Eps > 40(Fly,)), wR2
= 0.0927, S = 1.037, 167 parameters, peak/hole 0.511/—0.308 e A%,
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4.2 Thiocyanatocuprates: Unexpected Structural

Diversity in Lithium Cuprates

4.2.1 Synthesis and characterisation of
(TMP),Cu(CN)Li,(THP) 5

To a stirred solution of TMPH (0.68 mL, 4 mmol) and THP (0.17 mL, 2 mmol) in
hexane (4 mL) was added nBuLi (2.5 mL, 1.6 M in hexanes, 4 mmol) at —78°C.
The resulting solution was returned to room temperature to give a yellow solution
that was transferred to a suspension of CuCN (0.179 g, 2 mmol) in toluene (6 mL)
at —78°C. The mixture was warmed to room temperature to give a pale cream-
coloured suspension. Hexane (4 mL) was added and the mixture was heated to
reflux until most of the solid had dissolved. Immediate filtration gave a pale
straw-coloured solution. Storage at room temperature for 24 h gave colourless
block-like crystals. Yield = 20 mg (27% wrt CuCN ). Melting point 185-187 °C.
Elemental analysis CygHgyCu,LigNgOy requires (%): C, 61.32; H, 9.86; N, 8.94.
Found (%): C, 60.69; H, 9.65; N, 8.84. Selected IR spectroscopy (nujol) 7 = 2104
(m, CN) em™'. NMR spectroscopy 'H NMR (500 MHz, 298 K, C¢Dg): ¢ 3.50
(m, 8H, THP), 2.13-1.80 (br, m, 4H, TMP-4), 1.74 (s, 24H, TMP-Me), 1.71-1.39
(br, m, 34H, TMP-3,5,Me), 1.39-1.23 (m, 14H, THP, TMP-3,5), 1.23-1.15 (br, m,
AT, THP), 1.14 (m, 21, TMP-3,5), 1.07 (s, L6H, TMPH-Me), 0.32 (br, s, 0.13I,
TMPH-NH). 3C NMR (125 MHz, 298 K, CgD): & 69.0 (THP), 54.2 (TMP-2,6,
G), 53.7 (TMP-2,6, L), 49.2 (TMPH-2,6), 42.1 (TMP-3,5, G), 40.5 (br, TMP-3,5,
L), 40.1 (TMP-Me, G), 38.4 (TMP-Me, L), 38.2 (TMPI-3,5), 34.5 (TMP-Me,
G), 34.0 (TMP-Me, L), 31.6 (TMPH-Me), 25.7 (THP), 22.6 (THP), 19.4 (TMP-4,
L), 19.2 (TMP-4, G), 18.4 (TMPH-4). 7Li NMR (194 MHz, 298 K, CgDy): 0
0.90 (br, s, 0.2Li, G), 0.21 (s, 1Li, L). G = Gilman, L. = Lipshutz-type. X-ray
crystallography C,sHgoCusLisNgOy, M = 940.11, Triclinic, P1, a = 9.0869(4), b
= 11.3341(5), ¢ = 13.6040(6) A, a = 86.210(2), 8 = T6.776(2), v = 82.219(2)",
V = 1350.49(10) A®, Z = 1, pete — 1.156 gem™3, A — 1.54184 &, p — 1.258
mm !, 13834 reflections collected, 4736 unique, 0,4, = 66.54°, Riny = 0.0324, R1
= 0.0624 (F,ps > 40(Fus)), wR2 = 0.1896, S = 1.072, 393 parameters, peak/hole
0.925/—0.446 e 8.
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4.2.2 Synthesis and characterisation of
(TMP),Cu(SCN)Li,(OEt,) 6

To a stirred solution of TMPH (0.68 mL, 4 mmol) and Et,0O (0.21 mL, 2 mmol) in
toluene (2 mL) at —78°C was added nBuli (2.5 mL, 1.6 M in hexanes, 4 mmol).
The solution was returned to room temperature whereupon it was transferred to
a suspension of CuSCN (0.243 g, 2 mmol), in toluene (2 mL), at —78°C. The
mixture was warmed to room temperature to give a pale cream-coloured suspen-
sion which was then heated to reflux until it turned grey-black. The mixture
was filtered immediately, giving a yellow solution. Storage at room tempera-
ture gave needle-like crystals after 1 day, which dissolved with further standing,
to be replaced after several days with crystals of pseudo-rhombic habit. Yield
= 97 mg (10% wrt CuSCN). Melting point 173-175 °C. Elemental analysis
CusHgoCuyLiyNgO, requires (%): C, 56.63; H, 9.46; N, 8.57. Found (%): C,
55.58; H, 9.34; N, 8.46. Selected IR spectroscopy (nujol) 7 2065 (s, CN), 1997
(m, CN) em™!. NMR spectroscopy '"H NMR (500 MHz, 298 K, C¢Ds): § 3.28 (q,
3Jyny = 7 Hz, 8H, Et,0), 1.89-1.76 (m, 4H, TMP-4), 1.66-1.61 (m, 8H, TMP-
3,5), 1.60 (s, 24H, TMP-Me), 1.59-1.57 (m, 4H,TMP-4), 1.56 (s, 24H, TMP-Me)
1.14-1.06 (m, 20H, Et,0 + TMP-3,5), 1.06 (s, 7TH, TMPH-Me), 0.32 (br, s, 0.44H,
TMPH-NH). 13C NMR (125 MHz, 298 K, C¢Dg): § 65.4 (Et,0), 54.2 (TMP-2,6,
G), 53.6 (TMP-2,6, L), 49.2 (TMPH-2,6), 42.2 (TMP-3,5, G), 40.6 (TMP-3,5, L),
40.1 (TMP-Me, G), 38.4 (TMP-Me, L), 38.2 (TMPH-3,5), 34.5 (TMP-Me, G),
34.4 (TMP-Me, L), 31.6 (TMPH-Me), 19.2 (TMP-4, G + L), 18.4(TMPH-4), 15.0
(Et,0). "Li NMR (194 MHz, 298 K, C¢Dg): 6 0.90 (s, 1Li, G), 0.65 (s, 0.4 Li, L).
G = Gilman, L. = Lipshutz-type. X-ray crystallography C;sHgo,CusLisNgO5S,, M
— 980.21, Monoclinic, P2;/c, a = 16.1549(5), b — 11.4981(3), ¢ — 15.2650(5) A,
a =90, B = 98.687(2), v = 90°, V = 2802.96(15) A®, Z = 2, peaie = 1.161 gem™3,
A = 1.54184 A, 1 = 1.908 mm™', 29571 reflections collected, 4914 unique, 6,4,
= 66.7193 °, Ry = 0.0513, R1 = 0.0409 (Flps > 40(Fpps)), wR2 = 0.1043, S =
1.016, 326 parameters, peak/hole 0.538 /—0.251 eA°
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4.2.3 Synthesis and characterisation of
(TMP),Cu(SCN)Li,(THF) 7

nBuLi (2.5 mL, 1.6 M in hexanes, 4 mmol) was added to a stirred solution of
TMPH (0.68 mL, 4 mmol) and THF (0.16 mL, 2 mmol) in hexane (4 mL) at
—78°C. The resulting solution was returned to room temperature and transferred
to a suspension of CuSCN (0.243 g, 2 mmol), in hexane (2 mL), at —78°C. The
mixture was warmed to room temperature to a give a pale cream-coloured suspen-
sion which was heated to reflux until it turned grey-black. Immediate filtration
gave a pale yellow solution. Storage at —27°C for 24 h gave colourless prismatic
crystals. Yield = 516 mg (53%). Melting point 143-145 °C. Elemental analysis
C46HggCuyLiyNgO,S, requires (%): C, 56.60; H, 9.09; N, 8.61. Found (%): C,
57.63; H, 9.35; N, 8.61. Selected IR spectroscopy (nujol) 7 2050 (s, CN), 1998
(m, CN) em~!. NMR spectroscopy 'H NMR (500 MHz, 298 K, C¢Dg): 6 3.66 (m,
8H, THF), 1.99-1.75 (m, 4H, TMP-4), 1.66 (m, 24H, TMP-3,5, Me), 1.63-1.52
(br, m, 18H, TMP-4, Me), 1.50 (s, 18H, TMP-Me), 1.42 (m, 8H, THF), 1.21-1.06
(m, 8H, TMP-3,5), 1.07 (s, 5.4H, TMPH-Me), 0.33 (br, s, 0.3H, TMPH-NH). 1*C
NMR (125 MHz, 298 K, C¢Dg): § 141.5 (SCN), 68.4 (THF), 54.2 (TMP-2,6, G),
53.5 (TMP-2,6, L), 49.2 (TMPH-2,6), 42.1 (TMP-3,5, G), 40.6 (TMP-3,5, L),
40.1 (TMP-Me, G), 38.3 (TMP-Me, L), 38.2 (TMPH-3,5), 34.5 (TMP-Me, G),
34.4 (TMP-Me, L), 31.6 (TMPH-Me), 25.0 (THF), 19.2 (TMP-4, G + L), 18.4
(TMPH-4). "Li NMR (194 MHz, 298 K, C¢Dg): 4. 0.89 (s, 0.2Li, G), 0.71 (s, 1Li,
L). G = Gilman, L. = Lipshutz-type. X-ray crystallography C4sHggCusLizNgO,Ss,
M = 976.18, Monoclinic, P2;/c, a = 15.1170(7), b = 14.7117(7), ¢ = 25.3458(11)
A, o =90, B = 104.763(2), v = 90 °, V = 5450.7(4) Ag, Z =4, peare = 1.190
gem ™3, \ = 1.54184 A, g = 1.962 mm~?, 73948 reflections collected, 9650 unique,
Omaz = 66.831 °, R;py = 0.0610, R1 = 0.0474 (Fops > 40(Fps)), wR2 = 0.1294, S
= 1.030, 575 parameters, peak/hole 0.717/—0.556 e A%,

4.2.4 Synthesis and characterisation of
(TMP),Cu(SCN)Li,(THP) 8

A stirred solution of TMPH (0.68 mL, 4 mmol) and THP (0.17 mL, 2 mmol)
in hexane/toluene (4 mL/2 mL) at —78°C was treated with nBuLi (2.5 mL, 1.6
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M in hexanes, 4 mmol). The resulting solution was returned to room tempera-
ture whereupon it was transferred to a suspension of CuSCN (0.243 g, 2 mmol)
in hexane/toluene (2 mL/1 mL) at —78°C. The mixture was warmed to room
temperature to a give a pale cream-coloured suspension which was then heated
to reflux until it became grey-black. The mixture was filtered immediately. This
gave a yellow solution, the storage of which at room temperature for 24 h gave
colourless blocks. Yield = 250 mg (27%). Melting point 176-178 °C. Elemental
analysis CygHgyCu,LigNgO,S, requires (%): C, 57.41; H, 9.23; N, 8.37. Found
(%): C, 57.17; H, 9.23; N, 8.45. Selected IR spectroscopy (nujol) 7 2063 (s, CN),
2007 (w, CN) ecm~!. NMR spectroscopy 'H NMR (500 MHz, 298 K, C¢Dg): 0
3.62 (t, 3Jyg = 5 Hz, 8H, THP), 1.98-1.75 (m, 4H, TMP-4), 1.73-1.52 (m, 46H,
TMP-Me,3,5,4), 1.49 (s, 12H, TMP-Me), 1.32 (m, 8H, THP), 1.27-1.15 (m, 10H,
THP + TMP-3,5), 1.15-1.04 (m, 4H, TMP-3,5), 1.07 (s, 5H, TMPH-Me), 0.32
(br, s, 0.4H, TMPH-NH). *C NMR (125 MHz, 298 K, C¢Ds): 6 68.8 (THP), 54.2
(TMP-2,6, G), 53.5 (TMP-2,6, L), 49.2 (TMPH-2,6), 42.1 (TMP-3,5, G), 40.6
(TMP-3,5, L), 40.1(TMP-Me, G), 38.3 (TMP-Me, L), 34.5 (TMP-Me, G), 34.4
(TMP-Me, L), 31.6 (TMPH-Me), 25.9 (THP), 22.7 (THP), 19.2 (TMP-4, G + L),
18.4 (TMPH-4). "Li NMR (194 MHz, 298 K, C¢Dg): 4 0.90 (s, 0.3Li, G), 0.60
(s, 1Li, L). G = Gilman cuprate, . = Lisphutz-type cuprate. X-ray crystallogra-
phy C sHgyCuyLiyNgO5Sy, M = 1004.23, Monoclinic, P2;/c, a = 15.8974(7), b =
8.1755(3), ¢ = 22.0201(9) A, a = 90, B = 100.199(2), v = 90°, V = 2816.7(2)A3, A
= 2, peate = 1.184 gem ™3, A = 1.54184 A, 1 = 1.912 mm ™, 41304 reflections col-
lected, 4945 unique, 6,4, = 66.556 °, Ry = 0.0495, R1 = 0.0360 (Fops > 40 (Fops)),
wR2 = 0.0929, S = 1.037, 297 parameters, peak/hole 0.545/—0.394 eA?

4.2.5 Synthesis and recharacterisation of (TMP),CuLi 9c

nBuli (2.5 mL, 1.6 M in hexanes, 4 mmol) was added to a stirred solution of
TMPH (0.68 mL, 4 mmol) in hexane/toluene (2 mL/2 mL) at —78°C. The re-
sulting solution was returned to room temperature and transferred to a suspension
of CuSCN (0.243 g, 2 mmol), in hexane/toluene (2 mL/2 mL), at —78°C. The
mixture was warmed to room temperature to a give a pale cream-coloured suspen-
sion which was heated to reflux until it turned grey-black. Immediate filtration
gave a pale yellow solution that was concentrated until precipitation occurred,

after which the solid was redissolved by gentle warning. Storage of the resulting
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bright yellow solution at room temperature for 24 h gave very large blade-shaped
crystals. Yield 201 mg (40% wrt CuSCN). Melting point 198-200 °C. Elemental
analysis, CssH7oCu,LisNy requires (%) C, 61.60; H, 10.34; N 7.98. Found (%) C,
60.83; H, 10.30; N 7.89. NMR spectroscopy ‘H NMR (500 MHz, 298 K, C¢Dg): §
1.89-1.77 (m, 4H, TMP-4), 1.67-1.61 (m, 8H, TMP-3,5), 1.60 (s, 24H, TMP-Me),
1.59-1.57 (m, 4H, TMP-4), 1.56 (s, 24H, TMP-Me), 1.14-1.06 (m, 8H, TMP-3,5).
13C NMR (125 MHz, 298 K, CgDg): 6 54.2 (TMP-2,6), 42.1 (TMP-3,5), 40.1
(TMP-Me), 34.5 (TMP-Me), 19.2 (TMP-4). "Li NMR (194 MHz, 298 K, C4¢Dy):
d 0.90 (s). The identity of this compound was verified by X-ray crystallography.

4.2.6 Derivatisation of chloropyridines 10 and 11 to give
12a—d and 13b—d

The derivitisation of chloropyridines 10 and 11 to give 12a-d and 13b-d was
conducted by collaborators. Experimental details for the synthesis of these com-

pounds are published.'®!

4.3 Studies into the Chemistry of Cyanatocuprates:
Cu-Li Exchange in Lithium Cuprates

4.3.1 Synthesis and characterisation of CuOCN

182 Cu(NO;3)»(Hy0)3 (2.4 g, 0.01 mol) was added to a solution of LiOAc(H,0), (3
g, 0.03 mol) in water (8 mL) to give a dark blue solution. To this was added a
solution of filtered Li;SO4(H,0) (1.28 g, 0.01 mol) and Ba(OCN),'%2 (2.2 g, 0.01
mol) in water (30 mL). Aqueous SO, (15 mL, 0.7 M) was added to the mixture
until it became green. The resultant green solution was left for 30 mins, the
precipitate collected by filtration, washed with deaerated water (2 mL) and dried
in vacuo. Yield 0.54 g (51 % wrt Cu). Melting point dec. >140 °C. Elemental
Analysis, CuCNO requires (%) C, 11.38; N, 13.27. Found (%) C, 11.38; N 13.27.
Selected IR spectroscopy 2116 (s) cm™!. NMR spectroscopy *C NMR (125 MHz,
208 K, CD,CN): § NMR 126.3 (t, J = 23 Hz).
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4.3.2 Synthesis and characterisation of

To a stirred solution of TMPH (0.34 mL, 2 mmol) and THF (0.08 mL, 1 mmol) in
hexane (4 mL) was added nBuli (1.25 mL, 1.6 M in hexanes, 2 mmol) at —78 °C.
The resulting solution was returned to room temperature to give a yellow solution.
This was transferred to a suspension of CuOCN (0.11g, 1 mmol) in hexane (1 mL)
at —78°C. The resulting mixture was returned to room temperature to give a pale
yellow suspension, the filtration of which gave a yellow solution. Storage at —27°C
gave crystalline products. Yield = 54 mg. A well-faceted block-like crystal was
selected for X-ray diffraction. Selected IR spectroscopy (nujol) 7 2208 (s, CN),
1340 (m, CO), 1229 (m, CO) cm~t. NMR spectroscopy 'H NMR, (500 MHz, 298 K,
C¢Dg): 0 3.56 (m, 8H, THF), 2.17-1.77 (br, 8H, TMP-4), 1.75 (s, 6H, TMP-Me),
1.74-1.60 (br, m, 12H, TMP-3,5,Me), 1.57 (s, 12H, TMP-Me), 1.56-1.41 (br, m,
12H, TMP-3,5,4,Me), 1.39 (s, 6H, TMP-Me), 1.36 (m, 8H, THF), 1.34-1.13 (br,
12H, TMP-3,5), 1.12-1.07 (m, 4H, TMP-3,5), 1.06 (s, 2H, TMPH-Me). *C NMR
(125 MHz, 298 K, C¢Dg): 6 64.8 (THF), 56.9 (TMP-2,6 i-9c), 54.2 (TMP-2,6 i-
9¢/TMP-2,6 9¢), 53.4 (TMP-2,6 14b), 52.0 (TMP-2,6 i-9¢), 51.6 (TMP-2,6 16),
49.2 (TMPH-2,6), 42.6 (TMP-3,5 i-9¢), 42.5 (TMP-3,5 i-9c¢), 42.4 (TMP-3,5 14),
42.1 (TMP-3,5 i-9¢/TMP-3,5 9¢), 41.9 (TMP-3,5 16), 40.5 (TMP-Me 14b), 40.2
(TMP-Me 9c), 39.7 (TMP-Me i-9c¢), 38.1 (TMPH-3,5), 37.5 (br, TMP-Me 16),
37.0 (TMP-Me i-9¢), 36.8 (TMP-Me i-9c), 35.7 (TMP-Me 14b), 34.5 (TMP-
Me 9c), 34.2 (TMP-Me i-9c¢), 33.5 (br, TMP-Me 16), 31.6 (TMPH-Me), 25.1
(THF), 20.1 (TMP-4 16), 19.6 (TMPH-4 i-9c), 19.2 (TMP-4 -9¢c/TMP-4 9c),
19.1 (TMP-4 14b), 19.1 (TMP-4 i-9c), 18.4 (TMPH-4). "Li NMR (194 MHz, 298
K, CgDg): 6 2.17 (br, s, 1Li, TMPLI), 1.64 (s, 1.5Li, i-9¢), 1.39 (br, s, 2Li, 16), 0.9
(s, 0.5Li, 9c¢), 0.48 (s, 0.5Li, 14). X-ray crystallography C,sHggCug o1Lis 79NgOy,
M = 842.74, Triclinic, P1, a = 7.9156(3), b = 13.4775(5), ¢ = 13.8111(6) A, a =
110.986(2), 8 = 94.546(2), v = 104.331(2)°, V = 1309.70(9) A3, Z =1, peate =
1.068 gem™, A = 1.54184 A, 1 = 0.583 mm™!, 17570 reflections collected, 4631
unique, 04, = 66.840°, Ry = 0.0395, R1 = 0.0515 (Flps > 40(Fps)), wR2 =
0.1388, S = 1.026, 4631 parameters, peak /hole 0.431/-0.450 A7
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4.3.3 Synthesis and characterisation of
(TMP),Cu(OCN)Liy(THF) 14a

To a stirred solution of TMPH (0.68 mL, 4 mmol) in hexane (2 mL) and toluene (2
mL) was added nBuLi (2.5 mL, 1.6 M in hexanes, 4 mmol) at —78°C. The solu-
tion was warmed to room temperature and transferred to a suspension of CuSCN
(0.243 g, 2 mmol) in hexane (2 mL) and toluene (2 mL). The suspension was
warmed to room temperature and heated to reflux whereupon a grey discoloura-
tion was observed. This mixture was filtered whilst hot onto LIOCN (0.10 g, 2
mmol) and the solvent was removed in vacuo. THF (6 mL) was added and the
suspension was stirred at room temperature for 30 minutes, during which time
partial dissolution of the LiOCN occurred. The THF was removed in vacuo to
give a sticky solid, which dissolved when hexane (6 mL) was added. The solution
was filtered and the filtrate stored at —27 °C for 1 week during which time 14a de-
posited as radiating fans of crystals. Yield = 310 mg (32 % wrt CuSCN). Melting
point 192-194°C. Elemental analysis Cy,H sCuLisN3O, requires (%) C, 58.52; H,
9.40; N, 8.90. Found (%) C, 58.06; H, 9.38; N, 9.01. Selected IR spectroscopy 7
2241 (s, CN), 2208 (s, CN), 1340 (m, CO), 1228 (m, CO) em~'. NMR spectroscopy
'H NMR (500 MHz, 298 K, C¢Dg): & 3.57 (br, m, 4H, THF), 1.89-1.76 (br, m,
2H, TMP-4), 1.67-1.61 (m, 4H, TMP-3,5), 1.60 (s, 12H, TMP-Me), 1.59-157 (1,
2H, TMP-4), 1.56 (s, 12H, TMP-Me), 1.41 (br, m, 4H, THF), 1.09 (m, 4H, TMP-
3,5), 1.06 (s, 1.3H, TMPH-Me). 3C NMR (125 MHz, 298 K, C¢D): 6 67.4 (br,
THF), 54.2 (TMP-2,6), 49.2 (TMPH-2,6), 42.1 (TMP-3,5), 40.1 (TMP-Me), 38.2
(TMPH-3,5), 34.5 (TMP-Me), 31.6 (TMPH-Me), 25.3 (br, THF), 19.2 (TMP-4),
18.4 (TMPH-4). "Li NMR (194 MHz, 298 K, C4Dg): 6 0.90. X-ray crystallography
CyHgsCuyligNgOy, M = 944.06, Triclinic, P1, a = 8.4118(4), b = 11.5807(5) , c
= 13.5645(6) A, o = 98.376(2), f = 95.058(2), v = 94.955(2)°, V = 1295.58(10)
R’ 7 =1, poate = 1.210 gem=3, A = 1.54184 A, ;1 = 1.344 mm~?, 4430 reflections
collected, 0,0, = 66.793°, Rip; = 0.03610 R1 = 0.0351 (Fps > 40 (Fs)), wR2
= 0.1026, S = 1.082, 289 parameters, peak/hole 0.261/-0.452 eA’. 14a Crys-
tallized as a two-component non-merohedral twin. Orientation matrices for the
two components were found using the program Cell Now and the two components

were integrated with SAINT.!8% The exact twin law determined by the integra-

iBased on agreement between observed single and composite intensities and those calculated
from refined unique intensities and twin fractions.

67



CHAPTER 4. EXPERIMENTAL PROCEDURES

tion program was (—0.99994, 0.00004, 0.00042), (-0.00003, —1.00011, —0.00063),
(0.32832, 0.36100, 1.00005). The data were corrected for absorption using Twin-
abs.'®® 6927 reflections (2275 unique) involved domain 1 only (mean I /o = 46.9),
6872 reflections (2247 unique) involved domain 2 only (mean /o = 15.6) and 5721
reflections (2638 unique) involved two domains (mean [/o — 42.9). The structure
was solved with SHELXT!'™ using data from domain 1 only (HKLF 4) and for

refinement, overlaps were also included (HKLF 5).

4.3.4 Synthesis and characterisation of (TMP),Cu,;Li; 5 9

To a stirred solution of TMPH (0.34 mL, 2 mmol) and THF (2 mL) was added
nBuLi (1.25 mL, 1.6 M in hexanes, 2 mmol) at —78 °C. The solution was allowed
to reach room temperature to give a yellow solution. This was transferred to a
suspension of CuOCN (0.11g, 1 mmol) in THF (1 mL) at —78°C. The mixture
was returned to room temperature to give a pale yellow suspension. The solvent
was removed and the resulting yellow solid dissolved in hexane (4 mL). Filtration
gave a yellow solution that was stored at —27°C to give crystalline needles. Yield
= 65 mg. NMR spectroscopy 'H NMR (500 MHz, 298 K, CgDg): § 1.89-1.80
(m, 4H, TMP-4), 1.79 (s, 6H, TMP-Me), 1.76 (s, 8H, TMP-Me), 1.73 (s, br, 6H,
TMP-Me), 1.72-1.69 (br, m, 4H, TMP-4), 1.68-1.61 (m, 4H, TMP-3,5), 1.59 (s,
12H, TMP-Me; TMP-Me 9c), 1.57 (s, 10H, TMP-Me; TMP-3,5; TMP-4), 1.56
(s, 12H, TMP-Me 9c¢), 1.10 (m, 6H, TMP-3,5), 1.06 (s, 1H, TMPH-Me). 3C
NMR (125 MHz, 298 K, C¢Dg): § 56.9 (TMP-2,6), 54.2 (TMP-2,6), 54.2 (TMP-
2,6 9¢), 49.2 (TMPH-2,6), 42.6 (TMP-3,5), 42.5 (TMP-3,5), 42.1 (TMP-3,5 9c),
42.1 (TMP-3,5), 40.1 (TMP-Me 9c), 39.7 (TMP-Me), 38.2 (TMPH-3,5), 37.6 (br,
TMP-Me), 37.2 (br, TMP-Me), 36.6 (br, TMP-Me), 34.8 (TMP-Me), 34.5 (TMP-
Me 9c¢), 31.6 (TMPH-Me), 19.3 (TMP-4), 19.2 (TMP-4 9c), 19.2 (TMP-4), 18.4
(TMPH-4). “Li NMR (194 MHz, 298 K, C¢Dg): & 1.65 (s, 0.16Li, i-9¢), 0.94
(sh, 0.8Li), 0.91 (s, 1.0Li, 9¢). X-ray crystallography CzsH7oCug7oli; 30N4, M =
741.41, Monoclinic, P2, /¢, a = 11.6661(3), b = 22.7624(5), ¢ =15.2664(4) A, o =
90, 8 = 108.6770(10), v = 90°, V' = 3840.48(17) AS, Z =4, peare = 1.282 gem™3,
A= 1.54184 A, = 1.952 mm~!, 19840 reflections collected, 5479 unique, 0,40, —
59.106°, R;p = 0.0469, R1 = 0.0501 (Fops > 40(Fpps)), wR2 = 0.1167, S = 1.055,
417 parameters, peak/hole 0.782/-0.382 A%,
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4.3.5 Synthesis and characterisation of (TMPH,)OCN 15

A solution of (TMPH,),SO, (0.76 g, 2 mmol) in water (10 mL) was added to
Ba(OCN), (0.44 g, 2 mmol) in water (10 mL), whereupon a white precipitate
formed immediately. The suspension was stirred for 10 minutes and filtered twice.
The solvent was removed in vacuo and the product extracted in ethanol (absolute,
20 mL). The solution was concentrated and Et,O slowly added until crystallization
initiated. The crystalline product was collected by filtration and washed with Et,O
(3 x 5 mL) to give (TMPH,)OCN. Yield 0.34 g (46 % wrt OCN). Melting point >
300°C. Elemental analysis, C;oHyN,O requires (%) C, 65.18; H, 10.94; N, 15.20.
Found (%) C, 64.26; H, 10.99; N, 14.54. Selected IR spectroscopy 7 3020-2350
(w, br, NH), 2134 (s, CN), 1601 (m, CO) cm~!. NMR spectroscopy '"H NMR
(500 MHz, 298 K, CD30D): ¢ 1.80 (m, 2H, TMP-4), 1.66 (m, 4H, TMP-3,5), 1.43
(s, 12H, TMP-Me). ¥C NMR (125 MHz, 298 K, CD;0D): § 130.3 (OCN), 57.8
(TMP-2,6), 36.2 (TMP-3,5), 27.8 (TMP-Me), 17.3 (TMP-4).

4.3.6 Synthesis and characterisation of
(TMP),Li(OCN)Li,(THF), 16

Method (a): A suspension of (TMPH,)OCN (0.09 g, 0.5 mmol) in THF (2 mL)
was treated with TMPH (0.08 mL, 0.5 mmol) and nBuLi (0.95 mL, 1.5 mmol) at
—78°C. The resulting suspension was left to warm to room temperature, where-
upon it dissolved to give a pale yellow solution. The solvent was removed in vacuo
and replaced with hexane (3 mL). The colourless solution was filtered, with stor-
age of the filtrate at —27°C for 1 day giving colourless crystals. Yield 65 mg (27
% wrt NCO). Method (b): TMPH (0.34 mL, 2 mmol) in THF (2 mL) was treated
with nBuLi (1.25 mL, 1.6 M in hexanes, 2 mmol) at —78°C. The pale yellow
solution was returned to room temperature whereupon it was transferred to a
suspension of LiOCN (0.05 g, 1 mmol) in THF at —78°C. The mixture warmed
to room temperature and was stirred for ca. 15 minutes, during which time the
LiOCN was observed to dissolve. The solvent was removed in vacuo, leaving a
sticky white solid which dissolved upon the addition of hexane (6mL) with gentle
warming. The solution was filtered and the filtrate stored at —27°C for 24 hours
to give colourless crystals. Yield = 75 mg (15 % wrt LIOCN). Melting point 90-92
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°C. Elemental Analysis, Cy7Hs,Li3N303 requires (%) C, 66.52; H, 10.75; N, 8.62.
Found (%) C, 66.08; H, 10.76; N, 8.83. Selected IR spectroscopy (nujol) 7 2207 (s,
CN), 1352 (s, CO), 1226 (s, CO) cm~!. NMR spectroscopy 'H NMR, (500 MHz,
208 K, C¢Dg): 0 3.56 (m, 8H, THF), 2.31-1.38 (br, 30H, TMP), 1.35 (m, 8H,
THF), 1.32-1.12 (br, 6H, TMP), 1.06 (s, 1H, TMPH). 3C NMR (125 MHz, 298
K, CsDg): 0 67.9 (THF), 51.6 (TMP-2,6), 49.2 (TMPH-2,6), 41.9 (TMP-3,5), 38.2
(TMPH-3,5), 37.1 (br, TMP-Me), 33.5 (br, TMP-Me), 31.6 (TMPH-Me), 25.0
(THF), 20.1 (IMP-4), 18.4 (TMPH-4). "Li NMR (194 MHz, 298 K, C¢Dy): 0
1.38 (s, br). X-ray crystallography: CssH;04LigNgOg, M = 975.07, Triclinic, P1, a
— 11.8638(3), b = 12.0430(3), ¢ = 12.2033(3) A, a = 82.4990(10), 3 = 66.9060(10),
v = 72.4890(10)°, V = 1529.35(7) A®, Z = 1, poate = 1.059 gem™3, A = 1.54184 A,
= 0.511 mm~*, 16485 reflections collected, 5374 unique, 0,4, — 66.691 °, Ripy —
0.0303, R1 = 0.0502 (F,ps > 40(Fps)), wR2 = 0.1400, S = 1.035, 343 parameters,
peak /hole 0.535/-0.313 ¢ A,

4.3.7 Synthesis and characterisation of
(DA)2Cuygg9Lig.91(Br)Lip(TMEDA), 17

nBuli (2.5 mL, 1.6 M in hexanes, 4 mmol) was added to a stirred solution of
DAH (0.56 mL, 4 mmol) and TMEDA (0.6 mL, 4 mmol) in hexane (4 mL) at
—78°C. The resulting solution was returned to room temperature to give a yellow
solution that was transferred to a —78°C suspension of CuBr (0.28 g, 2 mmol) in
hexane (2 mL). The mixture was returned to room temperature to give a brown
suspension. Filtration gave a pale yellow solution. Storage of this filtrate at
—27°C for 24 hours gave colourless blocks. Yield = 350 mg. NMR spectroscopy
for two independent representative examples is reported. Representative sample
(1) '"H NMR (500 MHz, 298 K, C¢Dg): 6 3.76 (sh, br, 0.36H, DA-CH, 17a), 3.67
(s, br, 3.15H, DA-CH, 17b), 3.25 (septet, 3Jyg = 6 Hz, 0.02H, DA-CH, 17a),
3.16 (septet, 3Jyy = 6 Hz, 0.08H, DA-CH, 17a), 3.10 (septet, >Jyy = 6 Hz,
0.28H, DA-CH, 17a), 2.78 (octet, 3Jyy = 6 Hz, 0.4H, DAH-CH), 2.13 (s, 24H,
TMEDA-Me), 1.99 (s, 8H, TMEDA-CH,), 1.63-1.20 (br, m, 24H, 17a + 17b),
0.95 (d, 3Jyy = 6 Hz, 2H, DAH-Me). '3C NMR (125 MHz, 298 K, C¢Dg): 6 57.0
(TMEDA-CH,), 50.1 (DA-CH, 17a), 48.8 (DA-CH, 17b), 46.5 (TMEDA-Me),
44.9 (DAH-CH), 28.2 (DA-Me, 17a), 27.0 (DA-Me, 17a), 26.2 (br, DA-Me, 17b),
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93.2 (DAH-Me). "Li NMR (194 MHz, 298 K, CgDy): 6 2.34 (s, 1Li, (DA)2Li, 17b),
1.58 (s, 0.4Li, Li(TMEDA), 17a), 1.18 (s, 2Li, Li(TMEDA), 17b) Representative
sample (2) 'H NMR (500 MHz, 298 K, CgDg): & 3.76 (sh, br, 0.11H, DA-CH,
17a), 3.67 (s, br, 1.90H, DA-CH, 17b), 3.25 (septet, Jyy = 6 Hz, 0.02H, DA-
CH, 17a), 3.16 (septet, 3Jyy = 6 Hz, 0.64H, DA-CH, 17a), 3.11 (septet, 3Jyy
— 6 Hz, 1.00I, DA-CH, 17a), 2.78 (octet, 3Jyyr = 6 Hz, 0.1611, DAH-CII), 2.14
(s, 24H, TMEDA-Me), 2.02 (s, 8H, TMEDA-CH,), 1.60-1.31(br, m, 20H, DA-
Me , 17a + 17b), 1.25 (d, 3Jyy = 6 Hz, 2H, 17a), 1.22 (d, 3Jyy = 6 Hz, 2H,
17a), 0.94 (d, *Jyr = 6 Hz, 111, DAI-Me). 3C NMR (125 MHz, 298 K, CgDy):
§ 57.0 (TMEDA-CH,), 50.9 (DA-CH, 17a), 50.4 (DA-CH, 17a), 50.1 (DA-CH,
17a), 48.8 (DA-CH, 17b), 46.3 (TMEDA-Me), 44.8 (DAH-CH), 28.4 (DA-Me,
17a), 28.2 (DA-Me, 17a), 27.6 (DA-Me, 17a), 27.5 (DA-Me, 17a), 27.0 (DA-Me,
17a), 26.9 (DA-Me, 17a), 26.1 (br, DA-Me, 17b), 23.4 (DAH-Me). 'Li NMR
(194 MHz, 298 K, CgDg): & 2.37 (s, 1.0Li, 17b), 1.63 (s, 1.2Li, 17a), 1.59 (s,
1.0Li, 17a), 1.17 (s, 2Li, 17b). X-ray crystallography Cy HgoBrCug ggLisgiNg, M
— 538.60, Monoclinic, P2, /¢, a = 17.7591(8), b = 12.2389(6), ¢ = 17.2889(8) A,
a =90, B = 118.227(2), v = 90°, V = 3310.9(3) A®, Z = 4, pre = 1.081 gem 3,
A= 1.54184 A, = 1.878 mm™!, 25251 reflections collected, 5837 unique, 0,4, —
66.842°, Riny = 0.0843, R1 = 0.0825 (Fyps > 40(Fips)), wR2 = 0.1524, S = 1.117,
317 parameters, peak/hole 0.510/-0.632 eA°,

4.3.8 Synthesis and characterisation of
(DA),Li(Br)Li,(TMEDA), 17b

To a suspension of (DAH,)Br (0.18 g, 1 mmol) in hexane (6 mL) was added DAH
(0.14 mL, 1 mmol) and TMEDA (0.30 mL, 2 mmol). The mixture was cooled to
—78°C, treated with nBuLi (1.9 mL, 1.6 M in hexanes, 3 mmol) and returned
to room temperature to give a pale yellow solution. The solution was filtered,
concentrated (ca. 4 mL) and stored at —27 °C for 1 day, after which time colourless
block-like crystals were deposited. Yield 320 mg (60 % wrt Br). Melting point
76-78°C. Elemental Analysis, Cy4HgoBrLisNg requires (%) C, 54.03; H, 11.34; N,
15.75. Found (%) C, 54.09; H, 11.66; N, 15.58. NMR spectroscopy '"H NMR (500
MHz, 298 K, C¢Dg): 0 3.66 (s, br, 2H, DA-CH), 2.79 (octet, *Jyg= 6 Hz, 0.06H,
DAH-CH), 2.13 (s, 24H, TMEDA-Me), 1.96 (s, 8H, TMEDA-CH,), 1.41 (s, br,
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24H, DA-Me), 0.95 (d, 3Jyy — 6 Hz, 1.35H, DAH-Me). C NMR (125 MHz,
208 K, CgDg): 6 56.9 (TMEDA-CIH,), 48.8 (DA-CH), 46.5 (TMEDA-Me), 44.9
(DAH-CH), 26.2 (DA-Me), 23.2 (DAH-Me). "Li NMR (194 MHz, 298 K, C¢Dg):
d 2.28 (s, br, 1Li, (DA),Li), 1.26 (s, 2Li, Li(TMEDA)). X-ray crystallography
Cy4HgoBrLizNg, M = 533.51, Monoclinic, P2;/c, a = 17.7718(4), b = 12.1985(3), ¢
—17.2045(5) A, o = 90, 8 = 118.2370(10), v = 90°, V = 3303.09(15) A®, Z = 4,
Peate = 1.073 gem™3, X = 1.54184 A, p = 1.823 mm™?, 26193 reflections collected,
5811 unique, Opag = 66.687°, Rin = 0.0562, R1 = 0.0414 (F,s > 40(Fops)), wR2
= 0.0901, S = 1.023, 307 parameters, peak /hole 0.277/-0.345 e A2,

4.3.9 Synthesis and characterisation of

nBuli (1.25 mL, 1.6 M in hexanes, 2 mmol) was added to a stirred solution of
DAH (0.28 mL, 2 mmol) and TMEDA (0.3 mL, 2 mmol) in hexane (4 mL) at
—T78°C. The resulting solution was returned to room temperature to give a yellow
solution that was transferred to a suspension of CuOCN (0.11 g, 1 mmol) in
hexane (1 mL) at —78°C. The mixture was returned to room temperature to give
a grey suspension, which was filtered to give a pale yellow solution. Storage at
5°C for 24 hours gave white block-like crystals. Yield 0.11 g (14 % wrt. CuOCN).
Melting point dec. >95°C. Elemental Analysis, C3;HggCuLiyNgO requires (%) C,
57.98; H, 11.57; N, 16.45. Found (%) C, 57.77; H, 11.68; N, 16.76. Selected IR
spectroscopy (nujol) 7 2207 (s, CN), 1353 (m, CO), 1293 (m, CO) ecm~!. NMR
spectroscopy 'H NMR (500 MHz, 298 K, C¢Dg): § 3.88-3.40 (br, m, 6.2H, DA-
CH), 3.3 (br, m, 0.53H, DA-CH), 3.14 (m, 0.15H, DA-CH), 3.11 (septet, 3Jyg
= 6 Hz, 1.12H, DA-CH), 2.78 (octet, 3Jyy = 6 Hz, 0.14H, DAH-CH), 2.01 (s,
24H, TMEDA-Me), 1.94 (s, 8H, TMEDA-CH,), 1.71-1.38 (br, m, 22H, DA-Me),
1.37 (d, 3Jgyg = 6 Hz, 3H, DA-Me), 1.35-1.25 (br, m, 16H, DA-Me), 1.23 (d,
3Jun = 6 Hz, 3H, DA-Me), 1.22-1.14 (br, m, 4H, DA-Me), 0.94 (d, *Jyy — 6
Hz, 0.8H, DAH-Me). '3C NMR (125 MHz, 298 K, C4Dg): ¢ 57.3 (TMEDA-CH,),
50.1 (DA-CH), 49.8 (DA-CH), 49.6 (DA-CH), 49.2 (DA-CH), 48.6 (DA-CH), 48.3
(DA-CH), 45.9 (TMEDA-Me), 44.9 (DAH-CH), 44.8 (DAH-CH), 28.2 (DA-Me),
27.8 (DA-Me), 27.7 (DA-Me), 27.0 (DA-Me), 26.0 (DA-Me), 25.8 (DA-Me), 25.2
(DA-Me), 25.1 (DA-Me), 25.2 (DAH-Me), 25.1 (DAH-Me). "Li NMR (194 MHz,
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208 K, CeDg): 6 2.34 (br, s, 0.78Li), 2.14 (sh, 0.22Li), 1.58 (s, 0.94Li), 0.84 (s,
0.40Li), 0.37 (s, 1.66Li). X-ray crystallography Cs;;HggCuliiyNyO, M = 766.46,
Triclinic, PT, a = 11.9447(8), b = 13.7635(9), ¢ = 16.4214(11) A, o = 80.989(3),
B = 78.164(3), v — 67.824(3)°, V = 2437.5(3) A, Z = 2, prase = 1.044 gem ™3, A
— 1.54184 A, p — 0.881 mm~!, 35010 reflections collected, 8630 unique, Oqp —
66.920°, R; = 0.0420, R1 = 0.0572 (Fops > 40(Fs)), wR2 = 0.1881, S = 513
parameters, peak/hole 0.547/-0.874 eA?

4.3.10 Synthesis and characterisation of TMPLi 9a

To a solution of TMPH (0.68 mL, 4 mmol) in hexane (4 mL) was added nBuLi
(2.5 mL, 1.6 M in hexanes, 4 mmol) at —78 °C. The solution was warmed to room
temperature and stirred for ca. 5 minutes. Storage of the pale yellow solution at
—27°C for 24 h gave a crop of colourless block-like crystals. Yield 247 mg (42 %).
Melting point 196 °C. Elemental Analysis, CqHsLi requires (%) C, 73.44; H, 12.33;
N, 9.52. Found (%) C, 72.82; H, 12.41; N, 9.85. NMR spectroscopy "H NMR, (500
MHz, 298 K, CgDg): & 1.77 (m, 2H, TMP-4-tet), 1.72 (m, 0.66H, TMP-4-tri), 1.53
(m, 0.25H, TMPH-4), 1.37 (m, 4H, TMP-3,5-tet), 1.36 (br, 1.35 (s, 12H, TMP-
Me-tet), 1.30 (s, 4H, TMP-Me-tri), 1.29 (m, 1.33H, TMP-3,5-tri), 1.24 (m, 0.5H,
TMPH-3,5), 1.06 (s, 1.5H, TMPH-Me). "Li NMR (194 MHz, 298 K, C4Dy): 6 2.24
(). *C NMR (125 MHz, 298 K, CgDg): § 52.0 (TMP-2,6-tet), 51.9 (TMP-2,6-
tri), 49.2 (TMPH-2,6), 42.7 (TMP-3,5-tri), 42.4 (TMP-3,5-tet), 38.2 (TMPH-3,5),
36.6 (TMP-Me-tri), 36.5 (TMP-Me-tet), 31.6 (TMPTH-Me), 19.7 (TMP-4-tet), 19.4
(TMP-4-tri), 18.4 (TMPH-4).

4.3.11 Synthesis and characterisation of TMPCu 9e

To a solution of TMPH (0.68 mL, 4 mmol) in hexane/THF (3mL/3mL) was added
nBuLi (2.5 mL, 1.6 M in hexanes, 4 mmol) at —78°C. The solution was warmed
to room temperature, then transferred to a suspension of CuCl (0.4 g, 4 mmol)
in hexane/THF (3mL/3mL) at —78°C. The suspension was warmed to room
temperature and stirred for ca. 15 mins after which time a black discolouration
occurred. The solution was heated to reflux and filtered whilst hot. The solution

was stored and room temperature for 1 h and then at 5°C for 24 h to give colourless
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crystals.  Yield = 147 mg (18 % wrt Cu). Melting point 236°C. Elemental
Analysis, CqH;3Cu requires C, 53.04; H, 8.90; N, 6.76. Found (%) C, 52.78; H,
8.78; N, 6.87. NMR spectroscopy "H NMR, (500 MHz, 298 K, C¢Dg): § 1.71 (s,
12H, TMP-Me), 1.60 (br, m, 2H, TMP-4), 1.40 (m, 4H, TMP-3,5). 3C NMR (125
MHz, 298 K, CgDy): 6 56.5 (TMP-2,6), 41.8 (TMP-3,5), 37.9 (br, TMP-Me), 18.6
(TMP-4).

4.4 Towards the Synthesis of Lithium Bis(amido)-

argentates

4.4.1 Synthesis and characterisation of (TMP),AgLi 19

Method (a) To a solution of TMPH (0.34 mL, 2 mmol) and THF (0.08 mL, 1 mmol)
in hexane (3 mL) was added nBuLi (1.25 mL, 1.6 M in hexanes, 2 mmol) at —78 °C.
The solution was returned to room temperature, whereupon it was transferred to
a slurry of AgSCN (0.165 g, 1 mmol) in hexane (1 mL) at —78°C. The mixture
darkened upon warming to room temperature to give a black suspension, which
was filtered to give a yellow solution. Storage of the filtrate at —27°C for 24h
gave a few needle-like crystals. Method (b) To a solution of TMPH (0.34 mL, 2
mmol) in toluene/diisopropyl ether (3 mL/1 mL) was added nBuLi (1.25 mL, 1.6
M in hexanes, 2 mmol) at —78 °C. The solution was warmed to room temperature
and transferred to a slurry of AgSCN (0.165 g, 1 mmol) in toluene/diisopropyl
ether (1 mL/1 mL). The mixture was warmed to room temperature to give a dark
(but translucent) solution and filtered to give a straw-coloured solution. Storage
of the filtrate at —27°C for 24h gave a crop of needle-like crystals. Yield 75 mg
(18 % wrt AgSCN). Melting point 173 °C (decomp.). NMR spectroscopy 'H NMR
(500 MHz, 298 K, C¢Dg): 0 1.91-1.79 (m, 2H, TMP-4), 1.74-1.67 (m, 8H, TMP-
3,5), 1.67-1.58 (m, 4H, TMP-4), 1.54 (s, 12H, TMP-Me), 1.46 (s, 12H, TMP-Me),
1.19-1.09 (s, 8H, TMP-3,5), 1.06 (s, 1H, TMPH-Me). 3C NMR (125 MHz, 298 K,
CgDg): 0 54.8 (d, 2Jay—c = 3 Hz, TMP-2,6), 49.2 (TMPH-2,6), 41.1 (d, *Jay—c =
6 Hz, TMP-3,5), 40.1 (s, TMP-Me), 38.2 (TMPH-3,5), 35.5 (s, TMP-Me), 31.6
(TMPH-Me), 19.5 (s, TMP-4), 18.4 (TMPH-4). “Li NMR (194 MHz, 298 K,
CeDg): 6 1.06 (s). Elemental Analysis, CssHrpAg,LisNy requires (%) C, 54.69;
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H, 9.18; N, 7.09. Found (%) C, 51.84; H, 8.91; N, 7.31. X-ray crystallography:
C3¢H79AgeLisNy, M = 790.59, Monoclinic, C2/¢, a = 22.1326(5), b = 8.3936(2), ¢
— 22.8868(6) A, o = 90, 8 = 109.5610(10), v = 90°, V = 4006.34(17) A®, Z = 4,
Peate = 1.311 gem™3, X = 1.54184 A, p = 8.026 mm™?, 18817 reflections collected,
3517 unique, e — 66.621°, Ripy — 0.0489 , R1 = 0.0257 (F,s > 40(Flys)), wR2
= 0.0537, S = 1.128, parameters, peak/hole 0.295 /-0.496 A7

4.4.2 Synthesis and characterisation of TMPAg 20

To a solution of TMPH (0.34 mL, 2 mmol) in toluene/diisopropyl ether (6 mL/2
mL) was added nBuLi (1.25 mL, 1.6 M in hexanes, 2 mmol) at —78°C. The
solution was warmed to room temperature whereupon it was transferred to a slurry
of AgSCN (0.33 g, 2 mmol) in toluene/diisopropyl ether (2 mI/2 mL) at —78°C.
The mixture was warmed to room temperature to give a grey-blue suspension,
which was subsequently filtered to give a colourless solution and concentrated.
Storage at —27°C gave a crop of needle-like crystals. Yield 135 mg (27 % wrt
AgSCN). Melting point 245°C (decomp.). Elemental analysis, CqHgAg requires
(%) C, 43.57; H, 7.31; N, 5.65. Found (%) C, 46.48; H, 7.23; N, 5.87. 'H NMR
(500 MHz, 298 K, C¢Dg): 6 7.13-6.99 (m, 0.5H, toluene), 3.44 (septet, 3Jyy =
6 Hz, 0.04H, DIPE), 2.11 (s, 0.3H, toluene), 1.76 (m, 2H, TMP-4), 1.63 (s, 12H,
TMP-Me), 1.55 (m, 4H, TMP-3,5), 1.06 (d, 3Jyg = 6 Hz, DIPE). 1*C NMR (125
MHz, 298 K, C¢Dq): & 128.5, 128.1, 127.9, 125.2 (toluene), 67.6 (DIPE), 56.7 (t,
?Jag—c = 2 Hz, TMP-2,6), 42.2 (%, 3Jay—c = 3 Hz, TMP-3,5), 38.4 (br, TMP-Me),
31.6 (TMPH-Me), 22.6 (toluene), 20.9 (DIPE), 19.6 (TMP-4).

4.4.3 Synthesis and characterisation of
(TMP),Ag(CN)Li,(THF) 21

To a solution of TMPH (0.34 mL, 2 mmol) in toluene (4 mL) at —78°C was
added nBuli (1.25 mL, 2 mmol). The solution was warmed to room temperature
whereupon it was transferred to a slurry of AgCN (0.13 g, 1 mmol) in toluene (2
mL) at —78°C. The suspension was warmed to 0°C and stirred for 10 minutes,
and then stirred at room temperature for a further 10 minutes. During this time,

the solution darkened. After no further darkening occurred, the solvent was re-
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moved in vacuo and THE (3 mL) was added. This was subsequently removed in
vacuo and the residue digested in hexane (6 mL) and then toluene (6 mL). Fil-
tration gave an orange-yellow solution, which was concentrated until precipitation
occurred. The precipitate was dissolved with gentle warming and the solution was
stored at 5°C for 24h, after which time a crop of block-like crystals formed. Yield
65 mg (13 % wrt AgCN). Melting point 115°C (decomp.). Elemental Analysis,
C46HggAgyLiyNgO, requires (%) C, 55.21; H, 8.86; N, 8.40. Found (%) C, 54.49;
H, 8.57; N, 8.43. Selected IR spectroscopy (nujol) 7 2150 (br, w), 2102 (s) cm™ 1.
NMR. spectroscopy 'H NMR, (500 MHz, 298 K, C¢Dg): 6 3.54 (br, m, 4H, THF),
2.01 (br, m, 2H, TMP-4), 1.81 (br, m, 4H, TMP-3,5), 1.67 (s, 12H, TMP-Me),
1.64-1.61 (br, 2H, TMP-4), 146 (br, s, 16H, TMP-Me + TMP-3,5), 1.31 (br, m,
AT, THF), 1.06 (s, 1.51, TMPH-Me). '*C NMR (125 MHz, 298 K, CD): 6 168.2
(CN), 68.2 (THF), 54.1 (d, 2Ja,_c — 3 Hz, TMP-2,6), 49.1 (TMPH-2,6), 38.8 (br,
TMP-3,5), 38.4 (TMP-Me), 38.2 (TMPH-3.5), 35.2 (TMP-Me), 31.6 (IMPH-Me),
24.9 (THF), 10.7 (TMP-4), 18.4 (IMPH-4). "Li NMR (194 MHz, 298 K, C¢Dg):
5 1.09 (s, 0.07Li, G), 0.29 (s, 1Li, L). G = Gilman, L. = Lipshutz-type. X-ray
crystallography C,sHgsAg,LiyNgOy, M = 1000.72, Triclinic, P1, a = 8.3861(3), b
= 11.5994(4), ¢ = 14.0500(5) A, a = 86.881(2), B = 79.282(2), v — 83.876(2)°, V
— 1334.35(8) A%, Z = 1, poae = 1.245 gem™3, A = 1.54184 A, p = 6.165 mm™,
14620 reflections collected, 4655 unique, 6,,,, = 66.637 °, R;,; = 0.0325, R1 =
0.0272 (Fops > 40(Fus)), wR2 = 0.0673, S = 1.077, 307 parameters, peak/hole
0.486/—0.377 e A"

4.5 Studies of TMPLi-TMPCu Aggregates in So-
lution: Unexpected Reactivity with Aromatic
Solvents

4.5.1 Reactions of TMPLi and TMPCu with CgDg

Reaction of TMPLi and TMPCu (3:1) in CgDg

An NMR tube was charged with TMPLi (33 mg, 0.22 mmol) and TMPCu (15
mg, 0.07 mmol). C¢Dg (0.7 mL) was added and the sample was heated to 50°C
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for ca. 24h. 7Li NMR (194 MHz, 208 K, CeDg): 8 2.20 (s, 2Li, 9a), 2.09 (s, 2Li,
d5-22a), 1.64 (s, 1Li, 9b), 1.40 (s, 0.1Li, ds-22b), —2.94 (s, 0.1Li, 22b), —4.34 (s,
1]—_417 d5—223).

Reaction of TMPLi and TMPCu (2:1) in CgDg

An NMR tube was charged with TMPLi (29 mg, 0.20 mmol) and TMPCu (20
mg, 0.10 mmol). CgDg (0.7 mL) was added and the sample was heated to 50 °C
for ca. 24h. "Li NMR (194 MHz, 298 K, CgDg): & 2.20 (s, 1Li, 9a), 2.09 (s, 2Li,
ds-22a), 1.64 (s, 0.7Li, 9b), 1.40 (s, 0.5Li, d5-22b), 0.90 (s, 0.3Li, 9¢), —2.94 (s,
0.5Li, 22b), —3.78, (s, 0.1Li, unidentified), —4.34 (s, 1Li, ds-22a).

Reaction of TMPLi and TMPCu (1:1) in Cg¢Dg

An NMR tube was charged with TMPLi (23 mg, 0.16 mmol) and TMPCu (30
mg, 0.15 mmol). CgDg (0.7 mL) was added and the sample was heated to 50 °C
for ca. 24h. TLi NMR (194 MHz, 298 K, CgDg): & 2.20 (s, 1.4Li, 9a), 2.09 (s, 2Li,
ds-22a), 1.64 (s, 3Li, i-9¢), 1.40 (s, 0.7Li, d-22b), 0.90 (s, 1.7Li, 9¢), —1.53 (s,
0.7Li, d5-22¢), —2.94 (s, 0.7Li, 22b), —3.78, (s, 0.3Li, unidentified), —4.34 (s, 1Li,
ds-22a).

Reaction of TMPLi and TMPCu (1:2) in CgDg

An NMR tube was charged with TMPLi (15 mg, 0.10 mmol) and TMPCu (40 mg,
0.20 mmol). CgDg (0.7 mL) was added and the sample was heated to 50°C for
ca. 24h. TLi NMR (194 MHz, 298 K, C¢Dg): § 2.20 (s, 0.1Li, 9a), 1.64 (s, 0.7Li,
i-9¢), 1.40 (s, 0.2Li, d5-22b), 0.90 (s, 1.2Li, 9¢), —1.53 (s, 1Li, d;-22¢), —2.94 (s,
0.2Li, 22b), —3.78, (s, 0.1Li, unidentified).

Reactions of TMPLi and TMPCu (1:3) in CgDg

An NMR tube was charged with TMPLi (15 mg, 0.10 mmol) and TMPCu (60
mg, 0.30 mmol). CgDg (0.7 mL) was added and the sample was heated to 50 °C
for ca. 24h. "Li NMR (194 MHz, 298 K, CgDg): & 1.64 (s, 1.7Li, i-9¢), 1.30 (s,
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0.2Li, unidentified), 0.90 (s, 1Li, 9¢), 0.66 (s, 0.2Li, unidentified), —1.53 (s, 1Li,
d5-22C).

4.5.2 Reactions of TMPLi and TMPCu with CgHg
Reaction of TMPLi and TMPCu (3:1) in CgHg

An NMR tube was charged with TMPLi (33 mg, 0.22 mmol) and TMPCu (15
mg, 0.07 mmol). CgHg (0.7 mL) was added and the sample was heated to 50°C
for ca. 24h. The solvent was removed in vacuo and replaced with C¢Dg for NMR
spectroscopy. 'Li NMR (194 MHz, 298 K, CgDg): 6 2.20 (s, 1.6Li, 9a), 2.09 (s,
9Li, 22a), 1.65 (s, 0.3Li, 9b), 1.40 (s, 0.1Li, 22b), —2.86 (s, 0.1Li, 22b), —4.26
(s, 1Li, 22a).

Reaction of TMPLi and TMPCu (2:1) in CgHg

An NMR tube was charged with TMPLi (29 mg, 0.20 mmol) and TMPCu (20
mg, 0.10 mmol). CgHg (0.7 mL) was added and the sample was heated to 50°C
for ca. 24h. The solvent was removed in vacuo and replaced with CgDg for NMR
spectroscopy. 'Li NMR, (194 MHz, 298 K, C¢Dg): 6 2.20 (s, 0.7Li, 9a), 2.09 (s, 2Li,
22a), 1.65 (s, 0.4Li, 9b), 1.40 (s, 0.5Li, 22b), 0.90 (s, 0.1Li, 9¢), —2.42 (0.05Li,
unidentified), —2.86 (s, 0.5Li, 22b), —3.70 (s, 0.1Li, unidentified), —4.26 (s, 1Li,
22a).

Reaction of TMPLi and TMPCu (1:1) in CgHg

An NMR tube was charged with TMPLi (23 mg, 0.16 mmol) and TMPCu (30
mg, 0.15 mmol). CgHg (0.7 mL) was added and the sample was heated to 50°C
for ca. 24h. The solvent was removed n vacuo and replaced with C¢Dg for NMR
spectroscopy. 'Li NMR, (194 MHz, 298 K, C¢Dg): § 2.09 (s, 0.2Li, 22a), 1.65 (s,
0.2Li, i-9¢), 1.40 (s, 1Li, 22b), 0.90 (s, 0.2Li, 9¢), —0.63 (s, 0.05Li, unidentified),
—1.46 (s, 0.3Li, 22¢), —2.42 (0.1Li, unidentified), —2.86 (s, 1Li, 22b), —3.70 (s,
0.2Li, unidentified), —4.03 (s, 0.05Li, unidentified), —4.26 (s, 0.1Li, 22a).
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Reaction of TMPLi and TMPCu (1:2) in CgHg

An NMR tube was charged with TMPLi (15 mg, 0.10 mmol) and TMPCu (40
mg, 0.20 mmol). CgHg (0.7 mL) was added and the sample was heated to 50 °C
for ca. 24h. The solvent was removed in vacuo and replaced with CgDg for NMR,
spectroscopy. 'Li NMR (194 MHz, 298 K, C¢Dg): & 1.65 (s, 0.5Li, i-9¢), 1.40
(s, 1Li, 22b), 0.90 (s, 0.6Li, 9¢), —0.63 (s, 0.1Li, unidentified), —0.90 (s, 0.ILi,
unidentified), —1.46 (s, 0.8Li, 22c), —2.54 (0.05Li, unidentified), —2.86 (s, 1Li,
22b), —3.08 (s, 0.15Li, unidentified).

Reaction of TMPLi and TMPCu (1:3) in CgHg

An NMR tube was charged with TMPLi (15 mg, 0.10 mmol) and TMPCu (60
mg, 0.30 mmol). CgHg (0.7 mL) was added and the sample was heated to 50 °C
for ca. 24h. The solvent was removed in vacuo and replaced with CgDg for NMR
spectroscopy. 'Li NMR (194 MHz, 298 K, C¢Dg): 6 1.65 (s, 0.6Li, 7-9c¢), 1.40 (s,
0.6Li, 22b), 0.90 (s, 0.8Li, 9¢), —1.46 (s, 1Li, 22¢), —2.86 (s, 0.6Li, 22b).

4.5.3 Reactions of TMPLi and TMPCu in mesitylene
Reaction of TMPLi and TMPCu (3:1) in mesitylene

An NMR tube was charged with TMPLi (33 mg, 0.22 mmol) and TMPCu (15
mg, 0.07 mmol). Mesitylene (0.7 mL) was added and the sample was heated to
50°C for ca. 24h. The solvent was removed in vacuo and replaced with CgDg for
NMR spectroscopy. ‘Li NMR (194 MHz, 298 K, C¢Dg): 0 2.21 (s, 1Li, 9a), 1.65
(s, 1Li, 9b), 0.90 (s, 0.25Li, 9c), —3.57 (s, 0.05Li, uidentified).

Reaction of TMPLi and TMPCu (2:1) in mesitylene

An NMR tube was charged with TMPLi (29 mg, 0.20 mmol) and TMPCu (20
mg, 0.10 mmol). Mesitylene (0.7 mL) was added and the sample was heated to

50°C for ca. 24h. The solvent was removed in vacuo and replaced with CgDg for
NMR spectroscopy. "Li NMR (194 MHz, 298 K, C¢Dg): 6 2.21 (s, 0.6Li, 9a), 1.65
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(s, 1Li, 9b + i-9c¢), 0.90 (s, 0.5Li, 9¢), —3.57 (s, 0.05Li, unidentified), —4.53 (s,
0.1Li, 23).

Reaction of TMPLi and TMPCu (1:1) in mesitylene

(a) An NMR tube was charged with TMPLi (23 mg, 0.16 mmol) and TMPCu (30
mg, 0.15 mmol). Mesitylene (0.7 mL) was added and the sample was heated to
50°C for ca. 24h. The solvent was removed in vacuo and replaced with CgDg for
NMR spectroscopy. "Li NMR (194 MHz, 298 K, C¢Dg): 6 2.21 (s, 0.5Li, 9a), 1.65
(s, 1Li, 9b + i-9c), 0.90 (s, 1Li, 9¢), —0.43 (s, 0.05Li, unidentified), —3.57 (s,
0.05Li, unidentified), —4.53 (s, 0.2Li, 23). (b) An NMR tube was charged with
TMPLi (23 mg, 0.16 mmol) and TMPCu (30 mg, 0.15 mmol). Mesitylene (0.7
mL) was added and the sample was heated to 50°C for ca. 72h. The solvent was
removed in vacuo and replaced with CgDg for NMR spectroscopy. "Li NMR. (194
MHz, 298 K, CsDg): 0 1.65 (s, 0.16Li, i-24c), 0.90 (s, 1Li, 9¢), —0.43 (s, 0.11Li,
unidentified), —4.53 (s, 0.85Li, 23).

Reaction of TMPLi and TMPCu (1:2) in mesitylene

An NMR tube was charged with TMPLi (15 mg, 0.10 mmol) and TMPCu (40
mg, 0.20 mmol). Mesitylene (0.7 mL) was added and the sample was heated to
50°C for ca. 24h. The solvent was removed in vacuo and replaced with CgDg for
NMR spectroscopy. "Li NMR (194 MHz, 298 K, C¢Dg): 6 2.21 (s, 0.2Li, 9a), 1.65
(s, 0.6Li, 9b + i-9c), 0.90 (s, 1Li, 9¢), —0.43 (s, 0.2Li, unidentified), —4.53 (s,
0.3Li, 23).

Reaction of TMPLi and TMPCu (1:3) in mesitylene

An NMR tube was charged with TMPLi (15 mg, 0.10 mmol) and TMPCu (60 mg,
0.30 mmol). Mesitylene (0.7 mL) was added and the sample was heated to 50°C
for ca. 24h. The solvent was removed in vacuo and replaced with C¢Dg for NMR
spectroscopy. 'Li NMR (194 MHz, 298 K, CgDg): 6 2.21 (s, 0.2Li, 9a), 1.65 (s,
0.3Li, i-9¢), 0.90 (s, 1Li, 9¢), —0.43 (s, 0.1Li, unidentified), —4.53 (s, 0.2Li, 23).
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The following compounds were identified by their occurrence in '*H, "Li and '*C

NMR spectra obtained from multiple reaction mixtures.

4.5.4 (TMP),CuLiz 9b

"H NMR (500 MHz, 298 K, CgDg): & 1.72 (br, m, 4H, TMP-4), 1.64 (br, m,
4H, TMP-3,5), 1.59 (s, 12H, TMP-Me), 1.56 (s, 12H, TMP-Me), 1.54 (br, m,
2H, TMP-4), 1.47 (br, m, 4H, TMP-3,5), 1.36 (s, 24H, TMP-Me), 1.23 (br, m,
4H, TMP-3,5), 1.08 (br, m, 4H, TMP-3,5). '3C NMR (125 MHz, 298 K, C¢Ds): &
54.16, 51.98 (TMP-2,6); 42.44, 42.11 (TMP-3,5); 39.73, 37.76, 35.74, 34.03 (TMP-
Me); 19.60, 19.13 (TMP-4). "Li NMR (194 MHz, 298 K, CgDg): & 2.22 (s, 1Li),
1.65 (s, 2Li).

4.5.5 (TMP),CusLi 9d

'H NMR (500 MHz, 298 K, C¢Dg): 6 1.84 (m, 2H, TMP-4), 1.79 (s, 12H, TMP-
Me), 1.72 (s, 12H, TMP-Me), 1.72 (br, m, 41, TMP-4), 1.65 (m, 41, TMP-3,5),
1.60 (s, 12H, TMP-Me), 1.57 (s, 12H, TMP-Me), 1.57 (br, m, 2H, TMP-4), 1.56
(br, m, 8H, TMP-3,5), 1.13 (m, 4H, TMP-3,5). 3C NMR (125 MHz, 298 K,
CsDg): § 56.93, 54.24 (TMP-2,6); 42.60, 42.09 (TMP-3,5); 39.73, 37.65 (br), 36.60
(br) , 34.81 (TMP-Me); 19.26, 19.15 (TMP-4). "Li NMR (194 MHz, 298 K, C4Dy):
d 0.96 (s).

4.5.6 d5-(/,L—Ph)(TMP)3CU.Li3 d5—22a

'H NMR (500 MHz, 298 K, C¢Dg): 8 1.73 (m, 4H, TMP-4), 1.69 (s, 6H, TMP-
Me), 1.60 (m, 41, TMP-3,5), 1.58 (m, 2IL, TMP-4), 1.55 (s, 611, TMP-Me), 1.44
(m, 4H, TMP-3,5), 1.41 (s, 6H, TMP-Me), 1.39 (s, 6H, TMP-Me), 1.16 (s, 6H,
TMP-Me), 0.90 (s, 6H, TMP-Me), 0.80 (m, 4H, TMP-3,5). *C NMR (125 MHz,
208 K, CgDg): & 53.86, 51.94, 50.87 (TMP-2,6), 42.15, 42.01, 41.42 (TMP-3,5),
37.26, 36.96, 36.69, 36.67, 36.07, 35.09 (TMP-Me), 19.74, 19.51 (TMP-4). Li
NMR (194 MHz, 298 K, C¢Dg): & 2.09 (s, 2Li), —4.33 (s, 1Li).
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4.5.7 d5—(ILL-Ph) (TMP)gCUzLiz d5—22b

'H NMR (500 MHz, 298 K, CgDy): 6 1.78 (br, m, 2H, TMP-4), 1.73 (s, 6H, TMP-
Me), 1.68 (br, m, 2H, TMP-3,5) 1.62 (s, 6H, TMP-Me), 1.58 (br, m, 2H, TMP-4),
1.57 (br, m, 2IL, TMP-4), 1.55 (s, 61, TMP-Me), 1.52 (br, m, 2, TMP-3,5), 1.51
(s, 6H, TMP-Me), 1.45 (br, m, 2H, TMP-3,5), 1.44 (br, m, 2H, TMP-3,5), 1.41 (s,
6H, TMP-Me), 1.37 (br, m, 2H, TMP-4), 1.15 (s, 6H, TMP-Me), 1.14 (br, m, 2H,
TMP-3,5), 0.45 (m, 2H, TMP-3,5). 3C NMR (125 MHz, 208 K, CgD): 8 54.05,
53.96, 53.01 (TMP-2,6); 42.51, 41.85, 41.05 (TMP-3,5); 39.46, 39.26, 38.20, 35.87,
34.10, 33.29 (TMP-Me): 19.60, 19.20, 18.80 (TMP-4). 7Li NMR (194 MHz, 298
K, C¢Dg): 0 140 (s, 1Li), —2.94 (s, 1Li).

4.5.8 d5-(/,L-Ph) (TMP)3CU3Li d5-22C

"H NMR (500 MHz, 298 K, C¢Dg): 6 1.99 (s, 6H, TMP-Me), 1.83 (br, m, 2H,
TMP-4), 1.82 (s, 6H, TMP-Me), 1.77 (s, 6H, TMP-Me), 1.65 (br, m, 2H, TMP-
3,5), 1.64 (br, m, 2H, TMP-4), 1.60 (br, m, 2H, TMP-3,5), 1.59 (s, 6H, TMP-Me),
1.46 (br, m, 2H, TMP-3,5), 1.45 (br, m, 2H, TMP-3,5), 1.40 (s, 6H, TMP-Me),
1.37 (m, 2H, TMP-3,5), 1.35 (br, m, 2H, TMP-4), 1.20 (s, 6H, TMP-Me), 0.45
(m, 2H, TMP-3,5). '3C NMR (125 MHz, 298 K, C¢Dg): ¢ 56.44, 53.17 (TMP-
2,6); 43.18, 42.51, 41.27 (TMP-3,5); 40.45, 39.10, 36.84", 33.30, 32.48 (TMP-Me)
:19.32, 19.15, 18.72. "Li NMR (194 MHz, 298 K, C¢Dg): 0 —1.53 (s). *~ HSCQ
spectroscopy shows two TMP-Me cross-peaks to this carbon resonance (i.e. two

coincident Me signals)

4.5.9 (ILL-Ph)(TMP)?)CULig 22a

'H NMR (500 MHz, 298 K, C¢Dg): 6 7.83 (d, 3Jyy = 7 Hz, 2H, Ar-0), 6.98 (t,
2H, 3y = 7 Hz, Ar-m), 6.80 (t, 3.Jyy — 7 Hz, 1H, Ar-p), 1.73 (m, 4H, TMP-4),
1.69 (s, 6H, TMP-Me), 1.60 (m, 4H, TMP-3,5), 1.58 (m, 2H, TMP-4), 1.55 (s, 6H,
TMP-Me), 1.44 (m, 4H, TMP-3,5), 1.41 (s, 6H, TMP-Me), 1.39 (s, 6H, TMP-Me),
1.16 (s, 6H, TMP-Me), 0.90 (s, 6H, TMP-Me), 0.80 (m, 4H, TMP-3,5). '3C NMR
(125 MHz, 298 K, CgDg): 6 167.7 (Ar-i), 141.3 (Ar-0), 128.1 (Ar-m), 124.1 (Ar-
p), 53.86, 51.94, 50.87 (TMP-2,6), 42.15, 42.01, 41.42 (TMP-3,5), 37.26, 36.96,
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36.69, 36.07, 35.09 (TMP-Me), 19.74, 19.51 (TMP-4). "Li NMR (194 MHz, 298
K, C¢Dg): 6 2.09 (s, 2Li), —4.26 (s, 1Li).

' NMR (500 MHz, 298 K, CgDg): 0 7.85 (d, 2Jyy — T Hz, 2H, Ar-0), 7.09 (t,
3Jyw = 7 Hz, 2H, Ar-m), 6.93 (t, 3Jgy = 7 Hz, 1H, Ar-p), 1.78 (br, m, 2H, TMP-
4), 1.73 (s, 6H, TMP-Me), 1.68 (br, m, 2H, TMP-3,5) 1.62 (s, 6H, TMP-Me), 1.58
(br, m, 2H, TMP-4), 1.57 (br, m, 2H, TMP-4), 1.55 (s, 6H, TMP-Me), 1.52 (br,
m, 211, TMP-3,5), 151 (s, 611, TMP-Me), 1.45 (br, m, 2, TMP-3,5), 1.44 (br,
m, 2H, TMP-3,5), 1.41 (s, 6H, TMP-Me), 1.37 (br, m, 2H, TMP-4), 1.15 (s, 6H,
TMP-Me), 1.14 (br, m, 2H, TMP-3,5), 0.45 (m, 2H, TMP-3,5). C NMR (125
MHz, 298 K, C¢Dg): 6 164.3 (Ar-i), 140.8 (Ar-o), 128.9 (Ar-m), 125.5 (Ar-p),
54.05, 53.96, 53.02 (TMP-2,6); 42.51, 41.85, 41.05 (TMP-3,5); 39.46, 39.27, 38.21,
35.86, 34.10, 33.29 (TMP-Me); 19.60, 19.20, 18.80 (TMP-4). "Li NMR (194 MHz,
208 K, C¢Dg): 6 1.40 (s, 1Li), —2.86 (s, 1Li).

4.5.11 (p-Ph)(TMP),Cu,Li 22¢

"H NMR (500 MHz, 298 K, C¢Dg): & 7.88 (d, 3Jyy = 7 Hz, 2H, Ar-o0), 7.15 (t,
3Ty = 7 Hz, 2H, Ar-m), 7.01 (¢, 1H, 3Jyg = 7 Hz, 1H, Ar-p) 1.99 (s, 6H, TMP-
Me), 1.83 (br, m, 2H, TMP-4), 1.82 (s, 6H, TMP-Me), 1.77 (s, 6H, TMP-Me),
1.65 (br, m, 2H, TMP-3,5) , 1.64 (br, m, 2H, TMP-4), 1.60 (br, m, 2H, TMP-3,5),
1.59 (s, 6H, TMP-Me), 1.46 (br, m, 2H, TMP-3,5), 1.45 (br, m, 2H, TMP-3,5),
1.40 (s, 6H, TMP-Me), 1.37 (m, 2H, TMP-3,5), 1.35 (br, m, 2H, TMP-4), 1.20
(s, 6H, TMP-Me), 0.45 (m, 2H, TMP-3,5). 3C NMR (125 MHz, 298 K, Cg¢Ds):
§ 165.2 (Ar-7), 140.8 (Ar-0), 129.1 (Ar-m), 126.1 (Ar-p), 56.44, 53.17 (TMP-2,6);
43.18, 42.51, 41.27 (TMP-3,5); 40.45, 39.10, 36.84 (br) ", 33.30, 32.48 (TMP-Me)
:19.32, 19.15, 18.72. "Li NMR (194 MHz, 298 K, C¢Dg): § —1.46 (s). ©~ HSCQ
shows two TMP-Me cross-peaks to this carbon resonance (i.e. two coincident Me

signals)
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4.5.12 (/L—M62C6H3(CH2))(M—TMP)2Cu2Li 23

'H NMR (500 MHz, 298 K, C¢Dg): § 6.66 (s, 2H, Ar-ortho-CH), 5.88 (s, 1H,
Ar-para-CH), 2.38 (s, 2H, Ar-CH,), 1.89 (s, 6H, TMP-Me), 1.86 (s, 6H, Ar-Me),
1.81 (m, 211, TMP-4), 1.56 (s, 61, TMP-Me), 1.46 (m, 61, TMP-4 + TMP-3.5),
1.45 (s, 6H, TMP-Me), 1.15 (s, 6H, TMP-Me), 0.63 (m, 4H, TMP-3,5). 3C NMR
(125 MHz, 298 K, C¢Dg): ¢ 160.7 (Ar-ipso), 138.8 (Ar-meta), 121.9 (Ar-ortho),
116.1 (Ar-para), 56.15, 53.16 (TMP-2,6); 42.47, 41.91 (TMP-3,5); 39.69, 38.36,
34.13, 33.91 (TMP-Me); 22.42 (Ar-CH2), 20.84 (Ar-Me), 19.26, 19.00 (TMP-4).
"Li NMR (194 MHz, 298 K, CgDg): & —4.53 (s).
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Chapter 5

Studies in Heteroleptic

Bis(amido)cuprate Formation

5.1 Introduction

Heterocuprates were introduced in Section 1.4.6, which addressed the case when
copper is directly bonded to two different classes of ligand, for example an alkyl
ligand and a thiolate ligand. Little subsequent work has been devoted to the un-
derstanding of heteroleptic cuprates bearing different ligands of the same class,
though they are implicated in the generation of cross-coupled products in conju-

gate addition and oxidative coupling reactions.!!0:139

Steric effects have been proposed as a determining factor in the isolation of
Lipshutz-type cuprates (TMP-based) and adduct cuprates (DMP-based), but there
have been no attempts to form heteroleptic cuprates bearing these two different
amido ligands. Two primary questions would arise in such a situation. First, is
a heteroleptic cuprate favoured over the respective homoleptic cuprates? Second,

what type of cuprate structure would be observed?

Synthetically, the approach taken was to prepare a mixture of two amidolithium
compounds and combine these with a suitable copper(I) precursor in hydrocarbon

solvent, with stoichiometric quantities of donor solvent included in the mixture.
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5.2 Results and discussion

Investigations initially focussed upon amine 2-methylpiperidine as a source of the
amido ligand MP. Three features of this ligand were of potential interest: its steric
similarity to DMP, its inexpensivity and its chirality. Commercial MPH is avail-
able as a racemic mixture of enatiomers and hence serves as a suitable point for the
introduction of chirality into amidocuprate systems. Since MP had not previously
been utilised in cuprate chemistry, attention was first directed toward synthesising
the homoleptic cuprate. This was achieved by combining a hexane solution of pre-
formed MPLi also containing THF (1 eq. wrt MPLi) with a suspension of CuBr
(0.5 eq. wrt Li) in hexane (Scheme 5.1). Prolonged chilling of the orange filtrate
at —27°C gave a crystalline material which was shown by 'H NMR spectroscopy
to contain MP and THF in a 1:1 ratio, consistent with a structure-type seen for
[(DMP),CuLi(THF),|,LiBr. This view was reinforced by “Li NMR, spectroscopy
which revealed two Li environments in a 1:2 ratio (see Figure 5.1), a feature which
has been previously interpreted in terms of retention of the solid-state structure
of adduct cuprates in solution.'” This structure-type consists of a pentametallic
complex which can be viewed as an adduct of monomeric units of Gilman and
Lipshutz-type cuprates; alternatively, this structure could be interpreted as two
fused Lipshutz-type monomers. *C NMR spectroscopy gave the expected number
of resonances; however, all MP resonances were best described as clusters of peaks,
rather than well-resolved singlets. From this, it could be inferred that a number
of chemically similar species were likely present in solution. X-ray crystallography
confirmed the structure as [(MP),CuLi(THEF),|,LiBr 1 with the structural features

characteristic of adduct cuprates being evident (Figure 5.2).

MP, . MP
4 nBuLi, THF LT
(1 eq. wrt Li) ) 2 CuBr Cu | Cu
4 MPH 4 MPLi(THF) ———8 MP/ Br \MP
hexane, -78°C to RT hexane, -78°C to RT ~00 s

AN
‘] [ “THF
™F THE  THF

1

Scheme 5.1: The synthesis of 1.

Detailed analysis of the crystal structure is complicated by extensive positional
disorder of the MP ligands, whereby both enantiomers of the chiral MP ligand are

found to occupy similar positions. The space group P1 (which possesses inversion
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ppm

Figure 5.1: "Li NMR spectrum of 1 in C¢Dg revealing a 1:2 ratio of low-field and
high-field Li environments, respectively. This is consistent with the solid-state
data. The resonance at 2.03 ppm is attributable to low-level MPLi formation in
situ.

Figure 5.2: Thermal ellipsoid plot of 1 (30 % probability) H-atoms and disorder
omitted. One unique stereoisomer is pictured. Selected bond lengths (A) and an-
gles (°): N1-Cul 1.885(5), N2-Cul 1.876(5), N3-Cu2 1.886(4), N4-Cu2 1.880(5),
N1-Lil 2.050(10), N2-Li2 1.991(9), N3-Li2 2.018(9), N4-Li3 2.005(10), Brl-Lil
2.568(9), Br1-Li2 2.555(8), Br1-Li3 2.601(10), Cul-N1-Lil 93.5(3), Cul-N2-Li2
04.7(3), Cu2-N3-Li2 89.3(3), Cu2-N4-Li3 93.9(3).
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symmetry) suggests that equal proportions of R- and §-MP ligands are present,
and this is in accordance with the racemic nature of the starting material. Though
individual cuprate aggregates must possess a definite stereochemistry, the average
of all possible combinations is seen in the structure, which manifests as severe
disorder. Nonetheless, the structure is clearly analogous to previously reported
DMP cuprates,!”™ with ezo orientated MP ligands and the equatorial methyl group
facing inwards, towards Cu. Assuming that the solid-state structure is retained in
solution, as indicated by “Li NMR spectroscopy, each adduct possesses a unique
stereochemistry and distinct resonances are to be expected for each.! This may

account for the observation of clusters of peaks observed by 1*C NMR spectroscopy.

Having established the potential for incorporation of the MP ligand into cuprate
systems, attention turned to its deployment with TMP in a heteroleptic system. A
1:1 mixture of TMPH and MPH was treated with nBuLi and THF (1 eq. wrt Li) in
hexane before being introduced to CuBr (0.5 eq. wrt Li) in hexane (Scheme 5.2).
After filtration, this gave an orange solution which deposited crystalline material

after 5 days storage at —27°C.

2 nBulLi, THF . DMP—Cu—TMP
(1 eq. wrt Li) MPLIi(THF) CuBr | I
TMPH + MPH ——— + —_— L
hexane, -78°C to RT  TMPLi(THF)  hexane, -78°C to RT THE B,
2

Scheme 5.2: Synthesis of 2.

'H NMR spectroscopy indicated the presence of MP, TMP and THF in a 1:1:2
ratio — pointing towards the successful fabrication of a heteroleptic species. This
could potentially take the form of a Lipshutz-type dimer or an adduct cuprate,
both of which would be consistent with the presence of THF. Some decomposition
was evidenced through the detection of small amounts of TMPH which is likely

due to the extreme moisture sensitivity of these compounds.

X-ray crystallography confirmed the production of a genuine heteroleptic species
of Lipshutz-type structure, MP(TMP)Cu(Br)Liy(THF), 2 (Figure 5.3). Given
the racemic nature of the MPH precursor, it was expected that a centrosymmetric

dimer incorporating both enatiomers of the MP ligand would be formed, with the

110 isomers in total, 4 pairs of enantiomers and two unique isomers which possess mirror-fold
symmetry.
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enatiomers related by the centre of symmetry. In the event, the projection of
the MP methyl groups imparted little steric influence upon the structure and so
discrimination between enatiomers of MP adjacent to THF did not occur — this
manifests as positional disorder of TMP and MP ligands'. That being said, the two
different ligands adopt very different orientations with respect to the metallacyclic
core. The TMP ligand lies endo with respect to the core, in a manner analogous
to behaviour displayed in previously reported Lipshutz-type cuprates.!67169 In
contrast, the MP ligand takes an ezo stance with respect to the core, as seen in
DMP-based adduct cuprates.'™ This leaves sufficient space for two THF molecules
to coordinate to the adjacent Li" centre, which then becomes four-coordinate
(¢f. TMP-based Lipshutz-type cuprates, which contain mono THF-solvated Li

centres'6%).

Figure 5.3: Thermal ellipsoid plot of 25 (30 % probability). H atoms and disorder
omitted. One stereoisomer is pictured. Selected bond lengths (A) and angles (°):
N1-Cul 1.900(7), N2-Cul 1.878(7), N1-Lil 1.969(13), N2-Li2 2.013(13), Brl-Lil
2.498(13), BrlA-Lil 2.478(12), Brl-Li2 2.625(13), Cul-N1-Lil 90.9(5), Cul-N2-
Li2 98.0(5).

In an effort to improve the quality of structural information available about het-

fiConsidering only the chirality of the MP ligands, two unique stereoisomers could possibly
be involved — the centrosymmetric {R,S} isomer and the enantiomeric pair of {R,R} and {S,S}.
The latter pair of enatiomers must be equally populated and disordered about the centre of
symmetry.

89



CHAPTER 5. STUDIES IN HETEROLEPTIC BIS(AMIDO)CUPRATE
FORMATION

eroleptic cuprates, the MP ligand was substituted for DMP, which is not signifi-
cantly more expensive than MPH. DMP is achiral and therefore was not expected
to cause the disorder problems associated with racemic MP. Synthetically, a 1:1
mixture of DMPH and TMPH was lithiated in the presence of THF (1 eq. wrt
Li) and subsequently combined with CuBr in hexane (Scheme 5.3). Storage of the
orange filtrate at —27°C gave a crystalline material which 'H NMR spectroscopy
indicated contained TMP, DMP and THF in a 1:1:2 ratio, notwithstanding small
quantities of free TMPH from decomposition. A structure similar to Lipshutz-
type 2, or else an adduct cuprate was expected and X-ray crystallography verified
the compound to be DMP(TMP)Cu(Br)Li,(THF), 3, with linearly coordinated

Cu participating in a centrosymmetric dimer (Figure 5.4).

As for 25, the monomeric units of 3, are based upon a six-membered N,CuLi,Br
rings (Cu-N™P-T;i 91.3(3)°, Cu-NPMP-Li 94.1(3)°) with the occurrence of endo-
TMP and ezxo-DMP permitting bis(THF) coordination of Li2 (see Figure 5.4).
The dimer possesses a chair-like structure in which Li2 and Li2A project above
and below the plane of the (LiBr), core to accommodate the THF in pseudo-
axial and pseudo-equatorial positions with respect to the six-membered N,CuLi,Br
monomeric ring to which they belong. This contrasts with the much more planar
arrangement seen for the recently reported Lipshutz-type (TMP),Cu(Br)Li,(THF)
(see Figure 5.5). Lastly, it is notable that the increased solvation of Li2 is reflected
in the coordination sphere of Li2, whereby longer bonds to both N and Br are
found compared to those in (TMP),Cu(Br)Liy(THF) (N1-Lil 1.987(11), Br1-Lil
2.461(10), N2-Li2 2.075(12) and Br1-Li2 2.660(11) in 3 vs. N2-1i2 1.963(4), Brl-
Li2 2.485(4), N1-Lil 2.002(5) and Br1-Lil 2.545(4) in (TMP),Cu(Br)Liy(THF)).1%

2 nBuli, THF

(1 eq. wrt Li) DMPLi(THF) CuBr DMFI>—Cu—|TMP
DMPH + TMPH —M . | !
_780°. . o THF/I ~_ .
hexane, -78°Cto RT  TMPLi(THF)  hexane, -78°C to RT I e

3

Scheme 5.3: Synthesis of 3.

With the solid state-structures at hand, the convoluted spectroscopic data of 2
and 3 can be explained. Some decomposition of these compounds in solution was
evident, most easily identified through the presence of free TMPH. This notwith-
standing, NMR spectroscopy revealed multiple species to be present in CgDg so-

lution. In light of the documented ability of Lipshutz-type cuprates to produce
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Figure 5.4: Thermal ellipsoid plot of 35 (30 % probability). H atoms omitted.
Selected bond lengths (A) and angles (°): N1-Cul 1.921(4), N2-Cul 1.920(4),
N1-Lil 1.987(11), N2-Li2 2.075(12), Br1-Lil 2.461(10), Br1-Li2 2.660(11), Brl—
LilA 2.493(10), Cul-N1-Lil 91.3(3), Cul-N2-Li2 94.1(3).

Figure 5.5: Side view of (a) 35 and (b) [(TMP),Cu(Br)Liy(THF)],,'%® with TMP-
carbons omitted, highlighting the chair-like conformation of the former complex
and equatorial /axial THF positions.
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Gilman cuprate in situ,'%® the presence of both cuprate-types in solution is sug-
gested. Divergent behaviour was identified for 2 and 3, with substantially greater
conversion of the former compound to Gilman cuprate in solution. For 2, 3C
NMR spectroscopy gave a convoluted spectrum, which could be attributed to the
presence of the chiral MP ligand and the presence of Gilman and Lipshutz-type
cuprates. 'Li NMR spectroscopy painted a similarly complex picture, revealing
four resonances, at 6 1.80, 1.54, 1.21 and 1.05 ppm, which are suggested to belong
to Lipshutz-type and Gilman cuprates, the latter being formed in situ. In contrast,
for 3, "Li NMR spectrosocopy revealed a simpler spectrum, dominated by two res-
onances, at 6 1.38 and 1.12 ppm in 1:1 ratio, there being also a minor shoulder at
0 0.92 ppm. This is consistent with two distinct Li environments which arise from
the presence of different amido ligands in 3. This view is reinforced by comparison
with an authentic sample of Lipshutz-type (TMP),Cu(Br)Li,(THF), whose chem-
ical shift tallies with the highfield signal at § 1.12 ppm in 3 (see Figure 5.6). The
observation of a single Li-resonance for (TMP),Cu(Br)Li,(THF) suggests that the
inequivalence of the Li-centres (due to THF-solvation) in the solid-state structure
is not necessarily maintained in CgDg solution. Nonetheless, it can be inferred by
comparison of 3 with (TMP),Cu(Br)Li,(THF) that the low-field signal in 3 at §
1.38 ppm likely belongs to the DMP-coordinated Li environment.

(a) L

(b)

T T T T T T T T T T T T T T T T T T T
5.0 4.5 4.0 35 3.0 25 2.0 15 1.0 0.5 0.0 -0.5 -1.0 -1.5 -2.0 -2.5 -3.0 -3.5 -4.0
ppm

Figure 5.6: “Li NMR spectra in CgDg of (a) (TMP),Cu(Br)Liy(THF) and (b) 3.
G = Gilman, L = Lipshutz-type, * = lithium amide.
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Though the number of Lipshutz-type and adduct cuprates has steadily grown over
the past decade, hitherto only one example of a Gilman bis(amido)cuprate which
is relevant to DoCu chemistry has been reported, namely (TMP),Culi 9¢.'%¢ In
this compound, which is dimeric in the solid state, all TMP ligands adopt the
endo conformation — a motif which is also expressed in bis(TMP) Lipshutz-type
cuprates. Seeking to explore the possibility that heteroleptic systems could par-
ticipate in Gilman cuprate formation, a preformed equimolar mixture of PIPLi
and TMPLi in hexane was combined with CuBr (0.5 eq. wrt Li). Following the
removal of LiBr by filtration and storage of the straw-coloured filtrate at 5°C,
crystalline material was obtained (Scheme 5.4). 'H and *C NMR spectroscopy
indicated the presence of PIP and TMP in a 1:1 ratio, which pointed to the forma-
tion of a heteroleptic cuprate PIP(TMP)Culi 4. X-ray crystallography confirmed

this to be the case, revealing a head-to-tail'"® aggregated dimer (Figure 5.7).
2 nBulLi PIPLi CuBr TMFl’—CU—I?IP
PIPH + TMPH + Li i
hexane, -78°C to RT TMPLi  hexane, -78°C to RT |
4

Scheme 5.4: Synthesis of 4

As for [(TMP),CuLi]y 9c¢o, the metal sites are well-defined, so that ligand orien-
tations may be understood both in terms of sterics and in terms of proximity to
a particular metal site. Though there is superficial similarity between 9c¢c, and 4,
the TMP ligands lie flat with respect to Cu in the former, whilst a paddlewheel
motif is adopted by the latter — with TMP endo and PIP ezo (see Figure 5.8).
The paddlewheel motif is easily understood in terms of steric interactions. These

65,184,185 Ty,

are prominent in examples such as TMP,Cuy and TMP,Li, (n = 3,4).
the present case, it is interesting to note that the endo disposition of the TMP
ligand with respect to copper permits the close approach of two of the four TMP-
Me groups to the adjacent Li centre (Figure 5.9). The observed Li- - - C distances
(C7---LilA 2.866(4), C9---LilA 2.844(4) A) lie within the range that has pre-
viously been taken as evidence of a stabilising interaction in organolithium and
lithium ’ate complexes, and for which neutron diffraction has confirmed the coor-

dinative behaviour of the methyl H-atoms. 867188

This view was reinforced by NMR spectroscopy. 'H NMR spectroscopy revealed
two chemically distinct TMP-Me environments, at ¢ 1.50 and 1.28 ppm, indicative
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/

N1A ' \\

/

Figure 5.7: Thermal ellipsoid plot of 45 (30 % probability). H atoms omit-
ted. Selected bond lengths (A) and angles (°): N1-Cul 1.8909(16), N2-Cul
1.8757(16), N1-LilA 1.952(3), N2-Lil 1.910(3), Cul-N1-LilA 92.16(10), Cul-

N2-Lil 92.16(11).
oo o
s alliasia

Figure 5.8: Illustration of the contrasting ligand orientations in (a) 9co and (b)
4,. In (a) both TMP-ligands lie endo, whereas in (b) TMP remains endo but PIP
lies exo with respect to the N—Cu vector.

\

(/} fg<\ /

—

\/

Figure 5.9: Side view of 45 (% 30 probability), showing the proximity of one set
of TMP-Me groups (C7 and C9) to the Li centres (LilA).

94



CHAPTER 5. STUDIES IN HETEROLEPTIC BIS(AMIDO)CUPRATE
FORMATION

of a fixed TMP-conformation. “Li NMR spectroscopy revealed a single resonance
at 6 1.33 ppm and 2D 'H-"Li HOESY experiments showed a cross-peak between
this "Li resonance and the 'H NMR signal at § 1.28 ppm, but not to that at § 1.50
ppm (Figure 5.10). This pattern is consistent with retention of the endo position
of TMP ligands displayed in the solid state.

R

r-0.5

r0.0

ro.5

ri.o

ppm

r1.5

r2.0

r2.5

r3.0

r3.5

r4.0

T T T T T S F A T T SR R
35 3.4 33 32 3.1 30 29 28 27 26 25 24 23 22 21 20 1.9 1.8 1.7 1.6 1.5 1.4 1.3 1.2 1.1 10 09 08 07 06 05
ppm

Figure 5.10: 'H-"Li HOESY spectrum of 4 in C4Dy. * — TMPH.

5.3 Summary

The chiral amine MPH has been used to fabricate adduct cuprate 1. The deploy-
ment of racemic MPH led to stereochemical complexity in the solid state and NMR,
spectroscopy was consistent with the retention of these features in solution. Sub-
sequently, MP was incorporated into Lipshutz-type cuprate 2, which dimerises by
means of a (LiBr), core. In contrast to previously reported cuprates of this type,
each monomer incorporates individually heteroleptic cuprate units. Differences in
ligand orientation in homoleptic TMP- and DMP-cuprates have been attributed
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speculatively to steric effects.!'” However, weight is lent to this explanation by the
observation in heteroleptic 2, and 35 that TMP retains its endo orientation and
that the less sterically congested amide (DMP or MP) adopts an ezo configuration.
Similar geometrical effects in 45, which incorporates the sterically undemanding
PIP ligand, led to a paddlewheel motif, in which the TMP are orientationally
stabilised by C—H---Li interactions. In solution, NMR spectroscopy suggested
retention of the solid-state structure of 1, whereas for 2 and 3 the presence of
multiple species (most logically Lipshutz-type and Gilman cuprates) is suggested,

and this behaviour is expressed most strongly by 2.
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Chapter 6

Thiocyanatocuprates: Unexpected
Structural Diversity in Lithium

Cuprates

6.1 Introduction

The development of Lipshutz amidocuprates (i.e. containing CN") was followed
by the fashioning of Lipshutz-type cuprates from CuX (X = Cl, Br, I), having
the general formula (TMP),Cu(X)Liy(THF). Both Lipshutz and Lipshutz-type
cuprates have been shown by a series of studies over the past decade to form

166-169,171 T ipshutz-type structures were evidenced by X-

dimers in the solid state.
ray crystallographic methods and high reactivity of the LiITMP /CuCl system was
demonstrated with heterocyclic substrates in the synthesis of substituted azafluo-
renones.'% Later, replacement of THF by Et,O was investigated in order to probe
the relationship between Lewis base identity and structure-type. Concordance of

the Et,O-containing structures with their THF-containing counterparts was ap-

parent, with (TMP),Cu(X)Liy(Et,0) (X = CN, Cl, Br, I) taking the form of nearly

planar, centrosymmetric dimers.'™!

It was recognised as early as 1952 that CuSCN represented a viable precursor to
organocuprates,® yet it was not until the development of cyanocuprate reagents

that signifcant attention was paid to it.!'®® Lipshutz and co-workers noted that
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RLi/CuSCN systems demonstrated superior thermal stability to RLi/Cul-based
reagents. The synthetic relevance of the CuSCN-derived systems was demon-
strated in the same study and in later work,'*® though CuCN remained the copper
salt of choice for many reactions, with CuSCN receiving little attention thereafter.
The reason for this is not that CuSCN-derived cuprates are unreactive, but rather
that CuCN gives generally more consistent results when used in the synthetic set-

ting.!”” This restriction need not necessarily apply to bis(amido)cuprate systems.

As a precursor, CuSCN presents a number of advantages over other frequently
encountered copper(I) salts: it is not oxygen sensitive (unlike CuCl and CuBr), nor
light sensitive (unlike Cul). Moreover, CuSCN has the benefit of being significantly
less toxic than CuCN. These reasons alone are sufficient to justify extension of
lithium bis(amido) cuprate systems to include CuSCN derivatives. For some time,
TMP has been the go-to ligand for developing bimetallic bases, owing to its high

191 Tn light of the prior body of work devoted to

basicity and low nucleophilicity.
TMP-cuprates,'%6716%171 this ligand was selected for the development of TMP-
based thiocyanatocuprates. In addition to the utility Lewis bases THF and Et,O,
which have been shown previously to promote the retention of LiX (X = CN,
Cl, Br, I) in cuprate structures,'®616%17"1 THP was investigated for its ability to

assume this role.

6.2 Results and discussion

6.2.1 Synthesis and X-ray crystallography — cyanocuprates

revisited

The use of CuCN as a precursor to TMP-cuprates has been shown to favour
the formation of Lipshutz cuprates in the presence of the Lewis bases THF and
Et,0.157171 Tt was therefore logical to assess the ability of THP to participate in
Lipshutz cuprate formation by attempting to fabricate (TMP),Cu(CN)Liy(THP)
5. To do this, a hexane solution of TMPLi containing THP (0.5 eq. wrt Li)
was added to CuCN in toluene (Scheme 6.1). Following the addition of further
toluene and heating to reflux, filtration gave a straw-coloured solution from which

crystals were deposited at room temperature. 'H NMR spectroscopy using CgDg
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indicated the presence of TMP and THP in a 2:1 ratio, consistent with the for-
mation of (TMP),Cu(CN)Liy(THP) 5. X-ray crystallography confirmed this to
be the case, with a relatively flat structure being observed, analogous to that of
(TMP),Cu(CN)Liy(L) (L = Et50 or THF) (Figure 6.1). IR spectroscopy showed a

dominant stretching mode at 7 — 2104 cm ™!

, with exposure to air resulting in the
development of a signal at 2138 cm™!. These spectroscopic data were consistent

with that previously reported for (TMP),Cu(CN)Liy( THF).167

2 nBuLi, THP
(0.5 eq. wrt Li) CuCN TMFI’_C“_TMP
2 TMPH (TMPLi)2(THP) Li Li
hexane, -78°C to RT toluene, -78°Cto  THP” g~/ ™
reflux ~N
5

Scheme 6.1: Synthesis of 5

Figure 6.1: Thermal ellipsoid plot of 55 (30 % probability). H-atoms and ligand
disorder omitted. Selected bond lengths (A) and angles (°): N1-Cul 1.950(3),
N2-Cul 1.926(3), N1-Lil 1.981(7), N2-Li2 1.951(7), C19-Lil 2.111(13), N3-Li2
2.171(13), N3-Li2A 2.047(14), Cul-N1-Lil 90.9(2), Cul-N2-Li2 97.2(2), N1-Lil -
C19 122.3(5), N2-Li2-N3 135.2(5), N2-Li2-N3A 130.5(5).
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6.2.2 Synthesis and X-ray crystallography — thiocyanatocupr-

ates

Moving to non-toxic CuSCN as a cuprate precursor, the synthesis of Lipshutz-type
cuprates was attempted. The use of different Lewis bases (Et,O, THF and THP)
was investigated in order to probe their suitability to participate in the formation
of Lipshutz-type structures. This focussed first on the weakest Lewis base, Et,0.
Accordingly, a solution of TMPLi in toluene which also contained Et,O was added
to CuSCN in the same solvent (Scheme 6.2). Heating to reflux resulted in a grey
discolouration and hot filtration gave a yellow solution. Storage of this solution
at room temperature gave needle-like crystals (a distictive habit, associated with
(TMP),Culi 9¢) which were replaced by crystals of a pseudo-rhombic habit with
further standing. 'H NMR spectroscopy showed that these crystals contained
TMP and Et,0 in a 2:1 ratio, though no signal corresponding to SCN™ could be
identified by *C NMR spectroscopy. IR spectroscopy, however, confirmed that the
crystals contained SCN™, with peaks at 2065 (s) and 1997 (m) cm™~! observed.!??

TMP—Cu—TMP

2 nBulLi, L
(0.5 eq. wrt Li) CuSCN i iy
2 TMPH (TMPLi)2(L) @——— L ~y7
solvent, -78°C to RT solvent, -78°C to i
reflux l
S\\
6-8

Scheme 6.2: Synthesis of 6-8. 6, L. = Et,O (solvent = toluene); 7, L = THF
(solvent = hexane); 8, L = THP (solvent = hexane/toluene).

The Lipshutz-type structure suggested by spectroscopic data was confirmed by
X-ray crystallography, which revealed (TMP),Cu(SCN)Liy(Et,0) 6 to comprise
a nearly planar, centrosymmetric dimer (Figure 6.2). The flatness of the met-
allacyclic Liy(SCN),y core was established, with the maximum deviation of these
atoms from the mean plane being only 0.12 A. The suggestion from spectroscopy
that the thiocyanate ions are formally N=C—S is most convincingly evidenced
by the shortness of N3-C19 (1.149(3) A), though the S1-C19 distance (1.631(3)

192

A) does suggest some level of delocalisation in the anionic ligand.™ This view

is reinforced by the inequality of the N2-Li2 and N2-Lil bond lengths (2.250(5)
and 1.998(5) A, respectively), which are consistent with a single N-based lone pair
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dividing Lil-N3-Li2, but having the strongest interaction with Li2, on grounds of

electrostatic directionality.'3

Having established the structure of 65 to be comparable to previously isolated

I attention was diverted

to the THF-solvate. Accordingly, TMPLi and THF (0.5 eq. wrt TMPLi) were
combined with CuSCN in hexane. Hot filtration, followed by storage at —27°C
gave a crop of prismatic crystals. "H NMR spectroscopy showed this material to
incorporate TMP and THF in a 2:1 ratio and *C NMR spectroscopy indicated
the presence of SCN™ at § 141.5 ppm. IR spectroscopy corroborated the last point,
with strong bands seen at 2065 and 1996 cm ™.

examples of Et,O-containing Lipshutz-type cuprates,!

With spectroscopic evidence pointing towards the successful synthesis of a Lipshutz-
type cuprate, X-ray diffractometery was undertaken. This revealed 75 in a novel
boat-shaped conformation, formed by the association of two crystallographically
independent monomers (parameters relating to one representative monomer will
be discussed here), with sulfur acting as a hinge about which 7, is folded (Fig-
ure 6.3). In spite of the substantially altered geometry at sulfur with respect
to 69, diffraction fails to disclose any significant differences in the bond lengths
associated with sulfur (¢f S1-C19 1.631(3), S1-Ti2A 2.518(4) A in 6, and S2-
C24 1.625(3), S2-Lil 2.500(6) A in 7,). This suggests equivalence of thiocyanate
anions in these two structures despite the constriction of the Li-S—C bond angle
caused by the folding of 75 along the S- - - S vector (Li2-S1A-C19A 103.92(13)° in
6, compares with Lil-S2-C24 91.72(17)° in 7,). Despite the overall non-planar
shape in 75, the CuLi,N3 rings within each of the two monomeric units barely
deviate from planarity, with angles at Lil and N3 summing to 359.9° and 359.6°,

respectively.

Having established markedly different structures when THF or Et,O were de-
ployed, attention was diverted to the use of THP as a Lewis base. A solution of
TMPLI also containing THP (0.5 eq. wrt Li) in hexane/toluene was combined
with CuSCN in the same solvent. Heating the mixture to reflux was followed by
hot filtration and storage of the filtrate at room temperature gave block-like crys-
tals. IR spectroscopy revealed bands at 2063 (s) and 2007 (w) cm™! which were
attributed to the presence of SCN". Meanwhile, 'H NMR spectroscopy indicated
TMP and THP to be present in a 2:1 ratio — consistent with the THP analogue
of 6 and 7. X-ray crystallography confirmed this to be the case, revealing the
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Figure 6.2: (a) Thermal ellipsoid plot of 62 (30 % probability). H-atoms omit-
ted for clarity. Selected bond lengths (A) and angles (°): N1-Cul 1.9175(18),
N2-Cul 1.9074(18), N1-Lil 2.015(4), N2-Li2 1.970(4), SIA-Li2 2.518(4), N3
Lil 2.250(5), N3-Li2 1.998(5), N3-C19 1.149(3), S1-C19 1.631(3), Cul-N1-Lil
83.82(15), Cul-N2-Li2 89.46(15), N1-Lil-N3 123.7(2), N2-Li2-N3 128.7(2), Lil-
N3-C19 110.7(2), Li2-N3-C19 140.0(2), S1A-Li2-N3 113.17(19), Li2-S1A-C19A
103.92(13); (b) Side view of 6,.
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Figure 6.3: (a) Thermal ellipsoid plot of 75 (30 % probability). H-atoms omitted
for clarity. Selected bond lengths (A) and angles (°): N1-Cul 1.908(2), N2-Cul
1.906(2), N1-Lil 1.977(5), N2-Li2 1.995(6), S2-Lil 2.500(6), N3-Lil 2.071(6),
N3-1i2 2.105(6), N3-C1 1.159(4), S1-C1 1.627(3), Cul-N1-Lil 87.45(18), Cul-
N2-1.i2 87.66(18), N1-Li1-N3 130.7(3), N2-1i2-N3 128.9(3), Li1-N3-C1 125.0(3),
Li2-N3-C1 124.8(3), S2-Lil-N3 108.8(2), Lil-$2-C2491.72(17); (b) Side view of
72.
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dimeric aggregate of (TMP),Cu(SCN)Li,(THP) 8, which in contrast to 6, and
7, adopts a distinctly chair-like structure in the solid state (Figure 6.4). The
chair-like motif is facilitated, ostensibly, by the deviation of Li2 and its symmetry
equivalent from the mean plane describing the (SCN),Li, core of the structure by
+ 0.43 A. The displacement of S1 from the mean plane necessarily ensures that N3
also deviates from this plane, the angles around N3 now summing to 351.6°. The
small displacement of N3 from planarity (which is presumably permissible since it
does not affect the electrostatic directionality of N3) means that the Li-S—C angle
(96.09(12)°) is intermediate compared to the two previous structures (103.92(13)°
in 69, 91.72(17)° in 7,). Lastly, the S1-C19 and S1-Li2A bond lengths in 8,
(1.632(3) and 2.464(4) A, respectively), being essentially the same as in 6, and 7,

indicate a common electronic structure for SCN™ in all cases.

Having demonstrated the suitability of CuSCN as precursor to Lipshutz-type
cuprates, its reactivity in the absence of Lewis basic solvents was investigated.
TMPLi was combined with CuSCN in a 2:1 ratio in hexane/toluene, heated to
reflux and filtered whilst hot. Upon concentration of the yellow solution and stand-
ing at room temperature, large needles formed, which crystallography revealed to
be previously reported (TMP),Culii 9¢ — which forms a dimer in the solid state.
"Li NMR spectroscopy on the dissolved crystals showed a single resonance at §
0.90 ppm and IR spectroscopy confirmed the absence of SCN ', suggesting a new,
clean and efficient route to 9c¢. This allowed detailed re-characterisation to take
place, resulting in a simple *C NMR spectrum. This served as a reference point
for interpretation of the complex solution behaviour of 6-8 described in the next

section.

6.2.3 NMR spectroscopy

The improved purity of 9¢ synthesised from CuSCN provided a clean set of refer-
ence spectra which could be used to interpret the convoluted solution behaviour of
6-8 (see Figure 6.5, Figure 6.6 and Figure 6.7). In C¢Dg, '*C NMR spectroscopy
revealed five resonances for the TMP ring carbon 2,6-, 3,5-, Me- and 4-positions at
§ 54.2,42.1, 40.1, 34.5 and 19.2 ppm (see Figure 6.7d). Comparison with a sample
of 6 in C¢Dg (ca. 30 mgmL ') revealed identical signals to those presented by pure
9c in addition to traces of 6, Et,O and TMPH (the last due to decomposition).
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Figure 6.4: (a) Thermal ellipsoid plot of 82 (30 % probability). H-atoms omit-
ted for clarity. Selected bond lengths (A) and angles (°): N1-Cul 1.9204(17),
N2-Cul 1.9148(17), N1-Lil 1.990(4), N2-Li2 1.968(4), SIA—Li2 2.464(4), N3
Lil 2.164(5), N3-Li2 2.005(4), N3-C19 1.162(3), S1-C19 1.632(3), Cul-N1-Lil
110.75(19), Cul-N2-Li2 88.84(13), N1-Lil-N3 123.4(2), N2-Li2-N3 128.5(2),
Lil-N3-C19 106.7(2), Li2-N3—C19 134.5(2), S1A-Li2-N3 107.90(18), Li2A-S1-
€19 96.09(12); (b) Side view of 8,.
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Notably, a fine white solid was observed to precipitate from this solution and this
could be reproduced on a larger scale using benzene as the solvent. This control
experiment permitted the isolation of the white powder, which IR spectroscopy
suggested to be LiSCN through the observation of bands at 2150 (w) and 2086 (w,
br) em™!. The precipitation of LiSCN from benzene solutions of 6 can therefore
account for the inability to detect a 'Li NMR signal attributable to this salt in
the supernatant. Overall these data strongly suggest the near complete in situ

conversion of Lipshutz-type 6 to Gilman cuprate 9c in CgDy.

In contrast, when dissolved in C¢Dg (ca. 30 mgmL™"), 7 and 8 displayed more com-
plex spectra. In both cases *C NMR spectroscopy indicated 9¢ to be present (see
Figure 6.7c-d), though these signals were added to by those of the corresponding
Lipshutz-type cuprates 7 and 8. For 7, the Lipshutz-type species dominates, with
four signals for TMP™ (4 53.5, 40.6, 38.3 and 34.4 ppm) being well-separated from
those of Gilman cuprate (6 54.2, 42.1, 40.1 and 34.5 ppm) and one being coinci-
dent (6 19.2 ppm). Furthermore, through the preparation of a more concentrated
sample in C¢Dg (ca. 7T0mgmL~1), the thiocyanate carbon could be detected at §
141.5 ppm. For 8, similar behaviour was evident, though the ratio of Gilman to
Lipshutz-type cuprate now approached equivalence. As for 7, a more concentrated
sample (ca. 70mgmL~") located SCN™ at ¢ 141.7 ppm by *C NMR spectroscopy.

"Li NMR spectroscopy corroborated the presence of two lithium-containing species
in samples of 6-8 suggested by *C NMR spectroscopy (see Figure 6.5). Hence
for 6 in CgDg, the spectrum was dominated by a resonance at ¢ 0.90 ppm, which
coincided precisely with the signal observed for reference compound 9c, though
development of a minor high-field signal at § 0.65 ppm was noted, attributed to
the retention of small quantities of Lipshutz-type 6 in solution (Figure 6.5a). A
lithium ratio of 1:0.4 was determined by integration of the dominant and minor
species, which corresponds to a Gilman : Lipshutz-type ratio of ca. 1:0.2, when the
stoichiometry is accounted for. Similar analysis of the "I.i NMR spectra of 7 and
8 (Figure 6.5b—c) indicated binary systems — the Lipshutz-type components being
identified at 6 0.71 and 0.61 ppm for 7 and 8, respectively. Integration of these
resonances and those of 9¢ indicated approximate Gilman:Lipshutz-type ratios of
0.2:1 and 0.6:1 (corrected for stoichiometry). These data were in broad agreement
with 'H and '3C NMR spectroscopic data (see Figure 6.6 and Figure 6.7).
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(a)

(b)

(d)

Figure 6.5: "Li NMR spectra in C¢gDg at ca. 30 mgmL~. (a) 6 (b) 7 (c) 8 (d) 9c.
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Figure 6.6: '"H NMR spectra in C¢Dg (ca. 30mgmL~!) of (a) 6 (b) 7 (¢) 8 and (d) 9¢c. TMP-Me resonances are highlighted.
L, = Lipshutz-type, G = Gilman, * = TMPH.
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6.2.4 Derivatisation of chloropyridines

The work described in this section was conducted by collaborators.'8!

In light of the recent demonstration that halide-bearing Lipshutz-type amidocupr-
ates can be used in the synthesis of azafluorenones, it was decided to test the new
thiocyanate-containing Lipshutz-type cuprates in the functionalisation of halopy-
ridines. To facilitate comparison with previously explored systems, reagent 7 was
prepared in situ in THEF and reacted with 2-chloropyridine 10 or 2,3-dichloropy-
ridine 11. It was expected that the reaction would be promoted at the aromatic
3-position for 10 and that the combined acidifying effect of the two adjacent halo-

gens in 11 would favour reaction at the 4-position (see Scheme 6.3).

H Cu-ate

| ~N cuprate base | ~

2 2

N Cl N Cl

H Cu-ate

AN cl cuprate base ~N cl
‘ ~ - | ~

N Cl N Cl

Scheme 6.3: The expected outcome of the metalation of chloropyridines 10 and
11 by cuprate base (Cu-ate) 7. Most acidic protons highlighted in green.

The results of the in situ reaction of 7 with 10 followed by reaction with elec-
trophiles (4-methoxybenzoyl chloride, methyl iodide and diphenyl disulfide) to give
12a-c are presented in Table 6.1. 12a-c were obtained in 46-71 % yield. 12a is
obtained in a modest yield of 55 % using chlorocuprate (TMP),Cu(Cl)Liy(THF),
in light of which the thiocyanatocuprate base compares satisfactorily (achieving
46 % yield). There is a literature precedent for the ability of TMP-cuprates to
promote the oxidative coupling of N,N-diisopropylbenzamide in the presence of
PhNQ,.*7 It was therefore decided to test the efficacy of 7 in the oxidative homo-
coupling of 10 in the presence of PhNO, as an oxidising agent. This proceeded to
give homocoupled 12d in a modest 69 % yield.

Turning to 11 as a substrate, deprotonation was expected at the 4-position;
this being the result observed when 11 is reacted with DALi or nBuLi in THF

at —78°C.1%* This was realised in reaction of 7 with 11, to give funtionalised
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Table 6.1: In situ reaction of 7 with 10 followed by quench with electrophiles or
oxidation with PhNO, to give 12a-d

Ol N

N 1) 7, THF, RT o E S~ |

o o L

N Cl 2) ()Erleé’cr:;\c‘:gzlle N Cl N7 el
Entry Electrophile or PhNO, E Product, Yield (%)
1 4-MGOC6H4COCI COCGH4-4-OMG 123, 46a’b
2 Mel Me 12b, 65¢
3 PhSSPh SPh 12¢, 71
4 PhNO, — 12d, 69¢

*Isolated yield. ®55 % using CuCl instead of CuSCN. ¢Yield estimated from 'H
NMR spectroscopy due to product volatility.

chloropyridines 13b and 13c in yields of 58 and 62 %, respectively. Oxidative
homocoupling could also be achieved to give 13d in a yield of 51 % (Table 6.2).

Table 6.2: In situ reaction of 7 with 11 followed by quench with electrophiles or
oxidation with PhNO, to give 13b—d.

cl
E Cl N
xC )7, THF,RT ! <
| —_— | oo [
N cl 2) Electrophile N cl N .=
or PhNO, Cl
cl
Entry Electrophile or PhNO, E Product, Yield (%)
1 Mel Me 13b, 58¢
2 PhSSPh SPh 13c, 62°
3 PhNO, — 13d, 51°
*Yield estimated from 'H NMR spectroscopy due to product volatility. Isolated
yield.
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6.3 Summary

The family of TMP-cuprates (TMP),Cu(CN)Liy(L) (L = Et;0 and THF) has
been extended to include (TMP),Cu(CN)Liy(THP) 5. In the solid state, the
prevalence of approximately flat dimers has been noted.'” Seeking to improve the
safety profile of bis(amido)cuprates without redirecting reactivity in ways recently
described for halide-containing cuprates,!®® CuSCN was investigated as a cheap
and non-toxic precursor to replace CuCN. The resulting Lipshutz-type complexes
exhibited structural variability that arose from the ability of the central Liy(SCN),
core to adopt different conformations. The use of Et,O gave an essentially flat
arrangement in 65, whereas boat- and chair-like conformations resulted from the
inclusion of THF and THP in 7, and 85, respectively. NMR spectroscopy was har-
nessed to probe the dynamic behaviour of 6-8 in hydrocarbon solution. This made
use of an authentic sample of 9¢, which was made in high purity from CuSCN, via
a Lewis base-free synthesis. In benzene solution, Lipshutz-type structures were
not necessarily maintained, with variable levels of in situ conversion to Gilman
cuprate 9c found to occur in each case. The extent of this conversion was found
to be dependent upon the donor ability of the Lewis base, with Et,O-solvate 6
undergoing near quantitative conversion to 9c¢, and 7 being mostly retained in
C¢Dg solution. Meanwhile, 8 displayed intermediate levels of in situ conversion to
9c. Moving to the synthetic setting, 7 was successfully deployed in the metalation
of halopyridines 10 and 11 to give functionalised products 12a-d and 13b-d in
moderate yields of 46-71 % and 51-62 %, respectively. Though modest, these
results were comparable to those achievable using a TMP-chlorocuprate base; fur-
ther optimisation of reaction conditions is certainly warranted. In particular, it
is important to compare yields using pre-isolated cuprate bases for which the pu-
rity is known. This is particularly true for cuprates incorporating ‘soft’ anions
(e.g. SCN'), where a limited amount of Lewis base is necessary for the isolation
of Lipshutz-type 6-7. However, this is often not reflected in the protocol used
in synthetic procedures, where the use of bulk etherate solvent is more typical.
Lastly, it is worth pointing out that the halopyridine substrates used in this work
would not be considered to possess strong directing effects (see Section 1.3.2) and
that considerable variability in isolated yields have been noted with these types

of substrates previously.!%
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Chapter 7

Studies into the Chemistry of
Cyanatocuprates: Cu-Li Exchange

in Lithium Cuprates

7.1 Introduction

The synthesis of Lipshutz and Lipshutz-type cuprates has now been achieved for
a variety of inorganic anions. The generality of the Lipshutz-type structure has

been verified for cuprates incorporating CN~,'67 C7,166 By 169 1168

and most re-
cently, SCN".18! The last of these was investigated as a non-toxic alternative to
CN". Whilst the synthesis of thiocyanatocuprates proved sucessful, their perfor-
mance in deprotometalation reactions was not outstanding. Previous work has
highlighted the need to consider the influence of the inorganic anion upon the re-
activity of cuprates and has exposed a preference for ‘harder’ inorganic anions in
order to maintain consistent reactivity.'®® In this context, cyanate (OCN") may be
considered the ‘harder’ analogue of SCN ™ and also possesses the desirable property
of low toxicity. In light of the sucessful fabrication of Lipshutz-type cuprates from
CuSCN, it was decided to attempt to fashion lithium cuprates from CuOCN.
Compared to CuSCN, CuOCN presents with some challenges: CuOCN is not
commercially available and (to the authors best knowledge) its synthesis has been
reported only twice in the literature.'$21%7 In spite of its scarcity in the literature,

CuOCN proved straightforward to synthesise and cuprates could be accessed from
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this salt, albeit with complications arising from Cu-Li substitution. Data gathered
from cyanate systems has progressed our understanding of Cu-Li substitution in
lithium cuprates and significantly advanced our knowledge of the solution-state

behaviour of amidocuprates.

7.2 Results and discussion

7.2.1 Synthesis and X-ray crystallography

182 and was ob-

CuOCN was prepared by modification of the literature method,
tained in modest yield as a high-purity crystalline material. TMPLi was prepared
as a hexane solution, also containing THF (0.5 eq. wrt Li) before being intro-
duced to a hexane suspension of CuOCN (0.5 eq. wrt Li) at low temperatures.
Warming to room temperature produced a cream-coloured suspension from which
a yellow filtrate was obtained and storage at —27°C gave crystalline material
(Scheme 7.1). TR spectroscopy indicated the presence of cyanate (v = 2208 cm™!)
and NMR spectroscopy indicated the presence of both TMP and THF. A well-
faceted crystal was selected for X-ray diffraction which superficially confirmed
the expected Lipshutz-type structure-type (TMP),M(OCN)Li,(THF) 14, but re-
vealed substitutional disorder at the TMP-bridging metal site. Crystallographic
refinement indicated the optimal formulation M = Cug,Lij g, and the absence of
metal disorder at the other sites suggests that the structure is best regarded as a
co-crystal of (TMP),Cu(OCN)Li,(THF) 14a and (TMP),Li(OCN)Liy(THF) 14b
(see Figure 7.1).

TMP—M—TMP
. l 2 CuOCN
THF >N . 2 THF 2 CuOCN TMIT—M—'lrMP
X ~——————  4TMPLI M
C hexane, -78°C THF, -78°C | I
8 to RT to RT TMP—M—TMP
14 9

Scheme 7.1: Solvent-dependent synthesis of 14 and 9. M = Cu, Li; see text for
further details.

The crystal structure of 14 reveals a dimer, whose formation is supported by an
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N\
\\//\Ni \Néﬁ/

Li2 Li3

Figure 7.1: Thermal ellipsoid plots (30 % probability) for 14, showing compo-
nents (a) 14a, and (b) 14b, separately. H-atoms omitted for clarity. Selected
bond lengths (A) and angles (°): N1-Cul 1.968(11), N2-Cul 2.029(11), N3-Cul
12.93(1), N1-Lil 1.970(16), N2-Lil 2.009(16), N3-Lil 2.597(11), N1-Li2 1.969(3),
N2-Li3 1.935(3), N3-Li2 2.056(4), N3-Li3 2.040(4), 02-Li2A 1.904(3), 02-C19
1.211(3), N3-C19 1.168(3), N1-Cul-N2 167.3(4), N1-Lil-N2 173.4(6), N1-Lil-
N3 94.5(5), N2-Lil-N3 92.1(5).

8-membered Liy(OCN), core, which is nearly planar (mean deviation from plane of
0.0468 A). The core supports two peripheral 6-membered MLi,N; (M = Cug 1 Lig.o)
rings and the structure is completed by the THF-solvation of Li3. The structure re-
tains overall flatness (excluding TMP and THF carbons) and in so doing contrasts
with thiocyanate-bridged 7, and cyanide-bridged [(TMP),Cu(CN)Liy(THF)],.167
Of particular interest, the geometries of the 6-membered MLi,N; rings in 14 are
dependant upon the identity of M. In 14a (M = Cu), the N1-Cul-N2 angle is ob-
tuse (167.3(4)°), and this results in a non-bonding N3-Cul distance of 2.93(1) A,
ensuring that 14a is formally lower-order. Contrastingly, for 14b (M = Li), in-
teraction between Lil and N3 is evidenced by the Lil-N3 distance of 2.597(11) A
with a corresponding N1-Lil-N2 reflex angle of 186.6(5)°. Though the interaction
is clearly weak,'%® the motif is reminiscent of intercepted ladder-type structures

which have been reported for amidolithium compounds in the past.'®’

Reasoning that the depletion of copper in 14 might originate from the sequestra-
tion of in situ-generated LIOCN by TMPLi during the reaction, an alternative
route was sought which ensured that these two components could not be present

simultaneously. Accordingly, Gilman cuprate 9c¢ was prepared as a donor solvent-
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free solution which was then treated with LIOCN. THF was introduced and later
replaced by hexane for crystallisation. After storage of the yellow solution at
—27°C for 5 days, radiating fans of crystals were obtained, which were found to

be simple non-merohedral twins by X-ray diffraction (Scheme 7.2).

TMP—Cu—TMP
LIOCN ﬂ |

~

i Li
THE™ SN

TMP,CuLi

o=z

THF

o=

Scheme 7.2: The synthesis of pure 14a.

Crystallography confirmed these crystals to be (TMP),Cu(OCN)Liy(THF), 14a
(Figure 7.2). Though pure 14a, is not isomorphous with its counterpart in 145, the
differences are small. In particular, 14a, exhibits marginally reduced planarity
when compared to its partner component in 14,, with a mean deviation from
the plane of 0.205 A (excluding THF and TMP-carbons, cf. 0.085 A for 14a, in
14,). These observations imply that, whilst weak, the the N3.--Lil transannular
interaction in the major component 14bs of 14, exerts an influence (via crystal

packing) over the minor component 14a, in the same structure.

01 N3
/ 02A / .

S

Figure 7.2: Thermal ellipsoid plot of 14a, (30 % probability). H-atoms omitted
for clarity. Selected bond lengths (A) and angles (°): Cul-N1 1.9120(17), Cul-N2
1.9173(17), N2-Lil 2.006(4), N1-Li2 2.013(4), N3-Lil 2.020(5), N3-Li2 2.037(5),
02-Li2A 1.931(4), N1-Cul-N2 171.47(7), Cul-N1-Li2 86.61(14), Cul-N2-Lil
87.43(14), N2-Lil-N3 130.5(2), Lil-N3-Li2 110.28(18), N1-Li2-N3 128.5(2).

To target pure 14b, two different synthetic routes were pursued. Noting the liter-
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ature precedent for the use of a secondary ammonium salt to generate a lithium
amide-lithum halide aggregate,?®® cyanate salt (TMPH,)OCN 15 was synthesised.
Reaction of this salt with TMPH and nBuLi (1:1:3) in THF, followed by recrys-
tallisation from hexane gave a crystalline material. Alternatively, it was found
that direct reaction of TMPLi with LIOCN (2:1) in THF gave the same product
after recrystallisation from hexane. The presence of cyanate was confirmed by IR
spectroscopy (7 = 2207 cm™1). However, NMR spectroscopy indicated TMP and
THEF to be present in equal proportions rather than the expected 2:1 ratio and in
due course crystallography revealed (TMP),Li(OCN)Liy(THF), 16 (Figure 7.3).

1) 2 nBulLi VP T™MP
2) LIOCN | LT 3 nBuLi
2 TMPH L] L TMPH + TMPH,OCN
THF IR
THF, -78°C to RT N™ THE THF, -78°C to RT
C
I
O,
16

Scheme 7.3: Synthesis of 16 in bulk THF wvia two different routes.

Li ¥

N

Figure 7.3: Thermal ellipsoid plot of 165 (30 % probability). H-atoms omitted
for clarity. Selected bond lengths (A) and angles (°): N1-Lil 2.029(3), N2-Lil
2.088(3), N3-Lil 2.198(3), N1-Li2 2.030(3), N2-Li3 1.930(3), N3-Li2 2.228(3),
N3-Li3 2.036(3), 03-Li2A 1.968(3), 03-C27 1.208(2), N3-C27 1.172(2), N1-Lil-
N2 163.39(16), N1-Lil-N3 100.56(12), N2-Lil-N3 95.39(12).
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In 16,5, dimerisation occurs in the same manner as in 14b,. However, in 165, the
coordination of additional THF to Li2, which subsequently becomes 4-coordinate
(see Figure 7.3), results in weakening of the Li—O interaction (O3A-1i2 1.968(3)
A) As a consequence of Li2 now becoming pseudo-tetrahedral, 165 adopts a chair
conformation, with only the central Li,(OCN), ring maintaining planarity. The
peripheral LisN; metallacycles adopt a geometry similar to that in 14, though
the expanded N1-Lil-N2 reflex angle of 196.61(16)° facilitates a transannular
interaction (N3-Lil 2.189(3) A), which is shorter than in 14 but comparable to
other Li—N bonds in the structure. A further point of contrast between 16, and
14, lies in the orientation of the TMP ligands with respect to the core of the
dimer. In 14b, the TMP ligands adopt an endo,endo orientation, which is known
for TMP-cuprates.t%6:167:16%17 However, in 16 the same ligands adopt an endo,ezo
disposition and in so doing, this mimics the arrangement noted in (TMP),Li, 9a,

in the solid state.8

Moving to more polar reaction media, the synthesis of 14 was attempted in bulk
THF. After recrystallisation from hexane, diffractometry revealed (TMP),Cuy 79Li; 39
9, an 8-membered, Cu-rich metallacycle in which substitutional disorder at each
metal site was apparent. Crystallography alone could not determine the individ-
ual contributions from TMP_,,Cu,Li,, though solution studies hint at a possible
model (see later). The Cu-rich nature of this material can be accounted for by
the ability of polar THF to abstract and solubilise LiIOCN;2°1202 this view could

also account for the Cu-deficiency in 14.

Next, it was decided to introduce the utility amide N,N-diisopropylamide to
cyanate-based systems. Cu(I) reagents were combined in 1:2 ratio with a hex-
ane solution of DAL, also containing TMEDA. Having not previously explored
the cuprate chemistry of this ligand, its suitability for this purpose was screened by
reaction with CuBr, a precursor which has been used successfully to fabricate ami-
docuprate systems in the past (see Chapter 5). Treatment of DAH with TMEDA
and nBuLi, then CuBr (2:2:2:1) in hexane gave an isolable product, which NMR
spectroscopy indicated contained DA and TMEDA in a 1:1 ratio (Scheme 7.4).
Data pointed towards the formation of Lipshutz-type (DA),Cu(Br)Lis(TMEDA),
17a, and X-ray diffraction confirmed the expected structure-type, but once again
indicated metal disorder at the amide-bridging site. Refinement suggested the

composition of this metal site to be Cug ;Lij ¢, making 17 most logically interpreted
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B
0 N
~d Li4 N\
I
| ||
Y ¢

Figure 7.4: Thermal ellipsoid plot of 9 (30 % probability). H-atoms and minor
metal disorder omitted for clarity. Where more than one atom type is constrained
to occupy the same position, the major element type is reported. Selected bond
lengths (A): N1-M1 1.953(3), N2-M1 1.973(3), N2-M2 1.931(3), N3-M2 1.922(3),
N3-M3 1.961(3), N4-M3 1.955(3), N4-M4 2.001(4), N1-M4 2.018(4).
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as a co-crystal of (DA),Cu(Br)Liy(TMEDA), 17a and (DA),Li(Br)Lis(TMEDA),
17b (see Figure 7.5).

DA—M—DA
2CuBr CuOCN /i \
DA-M—DA 4 TMEDA _ 2 TMEDA DA /" DA
—Lio ~LT” 4DALi NN/
d\l/ Br™ N hexane, -78°C hexane, -78°C 2 A
to RT to RT N_N N_N
MezN
17 :? _ €2 ] 18
MegN

Scheme 7.4: Synthesis of 17 and 18. M = Cu, Li; see text for details.

Focussing on monomeric 17a (M = Cu), the 6-membered N,Cu(Br)Liy motif is
well-known in amidocuprate chemistry, though the use of monodentate Lewis
bases has usually led to dimers,'%169171 (Ph,N),Cu(PhyN)Liy(Et,0), being the
only reported CIP monomer to date.!'! In common with previously reported ami-
docuprates, 17a presents with near linear Cu (N1-Cul-N2 176.0(7)°) with no
discernible bonding interaction with Brl (Brl-Cul 3.073(10) A). Contrast this
with 17b, in which the larger N1-Lil-N2 reflex angle of 208.4(8)° places Brl
significantly closer to Lil (Brl-Lil 2.624(14) A).! This transannular interaction,
being somewhat more obvious than that in 14b, highlights the tendency for Cu
to abstain from this type of bonding, preferring to remain two-coordinate (lower

order).

Comparisons can be drawn between 17b and the unusual lithium amide-lithium
halide adduct, (DA),Li(Cl)Lio(TMEDA), which can be accessed from secondary
ammonium salt (DAH,)CL?% It proved straightforward to adapt this synthesis
to the present system by preparing (DAH,)Br. Treatment of a 1:1:2 mixture
of (DAH,)Br, DAH and TMEDA with 3 equivalents of nBuLi in hexane afforded
pure 17b and X-ray diffraction established congruence with the Li-only containing

portion of co-crystalline 17.

Seeking to expand the range of structures accessible from CuOCN;, its reaction
with DALi and TMEDA (1:2:2) was attempted in hexane solution. Crystalline
material could be obtained from this reaction and IR spectroscopy confirmed the
presence of cyanate with a peak at 2208 cm™'.

indicated DA and TMEDA to be present in a 2:1 ratio, suggesting a different

However, 'H NMR spectroscopy

PA search of the CSD for the fragment ‘LiBr’ indicated a mean bond distance of 2.549 A 203
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(b)

Figure 7.5: Thermal ellipsoid plot (30 % probability) of 17 showing components
(a) 17a and (b) 17b separately. Cul and Lil are disordered. Selected bond lengths
(A) and angles (°): N1-Cul 1.823(13), N2-Cul 2.064(13), Br1-Cul 3.073(10),
N1-Lil 2.009(16), N2-Lil 1.997(16), Brl-Lil 2.624(14), N1-Li2 2.047(9), N2-Li3
2.022(10), Br1-Li2 2.640(8), Brl-Li3 2.688(9), N1-Cul-N2 176.0(7), N1-Li2-Brl
101.1(4), N2-Li3-Brl 102.5(4), Li2-Brl-Li3 125.5(3).
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Figure 7.6: Thermal ellipsoid plot of pure 17b (30 %) probability. H-atoms omit-
ted for clarity. Selected bond lengths (A) and angles (°): N1-Lil 1.977(5), N1-Li2
2.038(5), N2-Lil 2.024(5), N2-Li3 2.019(5), N3-Li2 2.255(5), Brl-Lil 2.601(5),
Brl-Li2 2.650(4), Brl-Li3 2.708(5), N1-Lil-N2 151.8(3), Lil-N1-Li2 86.9(2),
Li3-N2-Lil 87.5(2), N2-Li3-Brl 101.05(18), Li2-Brl-Li3 126.46(14).

structure-type to that displayed by 17. X-ray diffraction revealed the novel
cuprate (DA),Cu(OCN)Liy(TMEDA), 18, which can be formally represented as
the adduct of a Lipshutz-type monomer (DA),Cu(OCN)Liy(TMEDA), and two
units of DALi. Perhaps surprisingly, 18 presents without metal disorder at the
DA-bridging position. Moreover, the bridging mode of cyanate clearly differs from
that of 14. In 14a, cyanate engages in the formation of 6-membered CuLii;N; rings,
leaving the oxygen centre free to participate in dimer formation. In 18, cyanate
participates in the formation an 8-membered NoCuLi,OCN ring. This bonding
mode facilitates the capture of two units of DALi to give 4-membered Li;N, and
LisNO rings (though cyanate is disordered in the solid state) and the coordination
sphere of the peripheral Li" is completed by TMEDA. In contrast to 14a, the
8-membered (DA),Cu(OCN)Li, ring incorporates a substantial twist, evidently
to accommodate OCN" in a ‘side-on’ fashion, leaving the DA ligands projecting
above and below the plane incorporating the N-Cu-N unit and the C of cyanate
(Figure 7.7).
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Figure 7.7: (a) Thermal ellipsoid plot of 18 (30 % probability). H-atoms and mi-
nor disorder omitted for clarity. Selected bond lengths (A) and angles (°): N2-Cul
1.910(2), N3-Cul 1.909(2), N2-Li2 2.058(5), N1-Li2 1.991(5), N1-Lil 2.044(5),
N3-Li3 2.053(5), N4-Li3 1.985(5), N4-Li4 2.048(5), N9-Li3 2.159(6), N9-Lid
2.026(5), O1-Li2 2.137(6), O1-Lil 2.009(5), N9-C37 1.202(4), O1-C37 1.205(4),
N2-Cul-N3 179.09(11), N2-Li2-O1 117.7(2), N3-Li3-N9 117.4(2), Li2-O1-C37
126.3(2), Li2-O1-Lil 81.6(2), Li2-N1-Lil 84.4(2), N1-Lil-O1 98.0(2), Li3-N9-
037 121.9(2), Li3-N9-Li4 81.3(2), Li3-N4-Li4 85.1(2), N4-Li4-N9 97.9(2); (b)
side view of 18, projected down the Cul—C37 vector, N2-Cul-N3 horizontal.
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7.2.2 NMR spectroscopy

With the solid state structures of 14-18 to hand, interpretation of the convoluted
solution-state behaviour of these systems was attempted. It was anticipated that
co-crystalline 14 would give rise to two species in solution: 14a and 14b. In
the event, spectroscopic data for bulk 14 could not be reconciled with a simple
model of metal disorder. This was evidenced most clearly through “Li NMR spec-
troscopy, where multiple solution species were observed in proportions suggestive
of a mizture of products (Figure 7.8). Comparison with authentic samples of
Gilman cuprate 9c and TMPLi 9a established their presence as minor compo-
nents of the mixture (§ 0.90 and 2.18 ppm, respectively). To aid assignment of
the other species, 16 was investigated. In common with all TMP-based systems,
limited amounts of TMPH were identified (by 'H and *C NMR spectroscopy),
presumed to arise from reaction with trace moisture in the deuterated solvent.
TMPH notwithstanding, 16 was identified as a single species in solution by 3C
NMR spectroscopy (Figure 7.9).

i-9¢

& 9¢c
14b

T T T T T T T T T T T T T T T T T T T T
5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5 -1.0 -1.5 -2.0 -2.5 -3.0 -3.5 -4.0

Figure 7.8: "Li NMR spectrum of bulk product 14 in CgDs.
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Figure 7.9: 3C NMR spectrum of 16 in C4Dg, with "Li NMR spectrum inset. *
= TMPH.

Returning to bulk reaction mixture from which 14 was isolated, the major broad
feature at 6 1.41 ppm was now accounted for by 16, leaving two resonances, at
§ 1.65 and 0.48 ppm, to be accounted for. To assign the first of these, 'H NMR
spectroscopy was deployed. THF notwithstanding, the spectrum was dominated
by three singlets, at ¢ 1.76, 1.57 and 1.39 ppm, in a 1:2:1 integral ratio. 2D-
HSQC spectroscopy established these signals to belong to TMP-Me groups and
comparison with authentic samples of TMPCu 9e, (TMP),Culii 9¢ and TMPLi
9a revealed that the aforementioned signals fall within the chemical shift ranges
typical for these compounds. These data pointed towards a 1:1 aggregate of a
dimer of TMPLi and TMPCu, giving an 8-membered metallacyle in which metals
of the same type occur adjacent to one another (Figure 7.10). In i-9c, this yields
three distinct TMP-environments. It was hypothesised that :-9c might be a kinetic
product from this reaction since it could form by catenation of dimeric units of
TMPCu 9e and TMPLi 9a, without requiring the formation of Gilman cuprate
9c. This hypothesis requires that, given suitable conditions, rearrangement of
1-9¢ to the thermodynamic product 9c should occur. This was found to be the

case: when a typical sample prepared from the reaction of TMPLi with CuOCN
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was heated to reflux and allowed to crystallise at room temperature, fine needles

were formed which were confirmed (by NMR spectroscopy) to be 9c.

TMP—Cu—TMP TMP—Cu—TMP
Li Li Cu Li
TMP—Cu—TMP TMP—Li—TMP
(@) (b)

Figure 7.10: Molecular diagram of the aggregated structures of (a) 9co and (b)
i-9c. The molecular symmetry in (a) gives rise to only one distinct TMP environ-
ment, whereas in (b) three arise in a 1:2:1 ratio.

Only the "Li resonance at ¢ 0.48 ppm remained to be assigned. Logically, this
belonged to either 14a, 14b or LiOCN. Pure 14a was therefore analysed by NMR
spectroscopy. This revealed a system which closely resembled thiocyanate 6, with
a fine white precipitate (presumed LiOCN) deposited upon dissolution in benzene.
No signal attributable to solvated LiOCN could be detected. Apart from THF,
the signals matched 9c precisely (“Li NMR § 0.90 ppm), suggesting that the signal
at 0 0.48 ppm in Figure 7.8 belonged to 14b.

Both metal disorder in single crystal 14 and the multiple species identified in the
bulk reaction mixture are unusual features of amidocuprate systems. Nonetheless,
the results can be explained by three major competing reactions (Scheme 7.5). In
reaction (1) TMPCu is generated by reaction of CuOCN with TMPLI, expelling
LiOCN as a by-product. In situ-generated LIOCN is sequestered by TMPLi in (2)
at a rate competitive with (3). The remaining TMPLi can simultaneously react
with remaining TMPCu to generate any compound in the series TMP, . ,Cu,Li,
(such as 9c¢ and i-9c). The failure to isolate i-9¢ in previous work is best explained
by its kinetic properties, and the fact that 9c¢ can be accessed from Lipshutz-type
cuprates (which have typically been the focus of work in the past) whereas i-9¢

cannot.

Moving to more polar media, 1:2 combination of CuOCN with TMPLi in bulk
THF, followed by recrystallisation from hexane gave (TMP),Cuy 7oLy 30 9. Whilst
this empircal formula hints at the presence of a TMPLi-TMPCu aggregate such
as (TMP),Cusli, crystallography could not establish the individual contribu-
tions from TMP,,,,Cu,Li,. However, "Li NMR spectroscopy identified three

Li-containing species in solution: minor amounts of i-9¢ were identified at o 1.65
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TMPLi + CuOCN — » TMPCu + LIOCN (1)
9e

2 TMPLi + LIOCN + 2 THF —— TMP5LigOCN(THF), (2)
16

TMP,CulLi @)

9c or i-9¢

TMPLi + TMPCu

Scheme 7.5: Reactions producing the products found in the bulk reaction mixture
from which 14 was isolated.

ppm, whilst the spectrum was dominated by 9c at 6 0.91 ppm. The final reso-
nance was identified as a shoulder at § 0.94 ppm. i-9c and 9c contribute equal
amounts of Cu and Li, so the remaining species should be Cu-rich in order for the
bulk composition to agree with the solid-state formula. One of these species, an
aggregate of 9e, was identified by '"H NMR (& 1.76 ppm) and strong contenders
for the remaining Li-containing species would be (TMP),Cusli or (TMP)3;Cu,Li

185

(there being tetrameric and trimeric variants for end-member phases 9a'®> and

9e204:205),

Lastly, the solution behaviour of 17 was probed in conjunction with that of pure
17b. Spectroscopic data for 17b proved straightforward to interpret, with a sin-
gle species in solution being suggested (alongside minor reformation of DAH?%).
In particular, “Li NMR spectroscopy revealed two resonances — ¢ 2.28 and 1.26
ppm — in the expected 1:2 integral ratio. Turning to co-crystalline 17, signals for
component 17b are added to by those of 17a. Interestingly, analysis of differ-
ent samples of 17 clearly indicates variable proportions of 17a and 17b. These
data point towards the possibility of incorporating higher levels of Cu in 17 than
predicted from crystallographic data (Figure 7.11).

7.3 Summary

The ability of CuOCN to participate in the formation of Lipshutz-type cuprates
has been evaluated. Results have shown that Lipshutz-type structures can be
supported by OCN", but that cuprate formation does not proceed in a straight-
forward manner. Copper-lithium substitution in these systems has been un-
covered through the isolation of co-crystalline (TMP),M(OCN)Liy(THF) (M =
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Figure 7.11: 'H NMR spectrum in C¢Dg of (a) 17 (b) a different sample of 17 and (c¢) 17b. Differences in samples (a) and
(b) can be accounted for by variable proportions of 17a and 17b in co-crystalline 17.
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CugLigg) 14. The preference for Cu to remain lower-order (two-coordinate) in
14 and pure 14a is highlighted by comparison with the behaviour of Li in the
same amide-bridging position, where for 14b, transannulation emerges, and in
(TMP),Li(OCN)Liy(THF), 16 the interaction renders Li" fully three-coordinate.
When CuOCN is introduced to the less sterically demanding ligand DA, no Cu-
Li substitution occurs. However, the Lipshutz-type monomer sequesters DAL to
form a lithium amide-lithium cuprate adduct (DA),Cu(OCN)Li,(TMEDA), 18.
In this complex, cyanate bridges in a different manner to that in 14 and 16, al-
lowing for the coordination of four Li". Taken together, these results highlight the
tendency for OCN" to maximise its interactions with lithium, which is in accord
with the rules of HSAB theory (i.e. ‘hard-hard’ interactions).?°” That Cu-Li sub-
stitution is not merely a feature unique to cyanate chemistry has been evidenced
through attempts to fabricate monomeric Lipshutz-type cuprates, with resulting
co-crystalline (DA),M(Br)Liy(TMEDA), 17 (M = CugggLigg;) exhibiting metal
disorder at the amide-bridging site. In this complex, the predilection for linear Cu
in 17a and trigonal Li in 17b at the amide-bridging site is exhibited very clearly.
Finally, insight into the fate of the residual copper in these reaction systems has
been gleaned by the isolation of TMPCu-TMPLi aggregate (TMP),Cuy 7Li; 50 9,

the generation of which is assisted by an excess of Li-solubilising donor solvent.

NMR spectroscopy has been used to elucidate the complex solution state chemistry
offered by these systems. In particular, the use of multinuclear NMR spectroscopy
has made it possible establish that 14 is amongst a mixture of products that
include 16, 9c¢ and i-9c¢, a newly identified isomeric variant of aggregated 9cs. i-
9c is proposed to be a kinetic form of 9cy that can be generated by direct reaction
of TMPLi and in situ-generated TMPCu. Meanwhile, for 17, crystallographic
analysis could be combined with NMR spectroscopic data to distinguish between
solution forms of Cu-containing and Li-only species, and pointed to variability in
the levels of Cu-Li substitution in 17.

Perhaps most significantly, a new route to Lipshutz-type cuprates has been estab-
lished through the reaction of LIOCN with Gilman cuprate in THF, to give pure
14a. The reaction of in situ-generated lithium salts with Gilman cuprate has pre-
viously been observed implicitly through the formation of (TMP),Cu(X)Liy(Et,0)
(X = CN, Cl, Br and I).}"* However, this has not been reported during the synthe-
sis of (TMP),Cu(X)Li,(THF) (X = Cl, Br and I), when strictly limited quantities
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of THF were called for.'%%16% This is of significance because THF is the most com-
monly used solvent for deprotocupration!?® and the formation of Lipshutz-type
cuprates under these conditions has been exposed as necessary for good reactiv-
ity.1% By introducing LiOCN independent of the synthesis of Gilman cuprate,
the possibility of deploying this salt in sub-stoichiometric or catalytic amounts
arises (Scheme 7.6). Provided that the aryl(amido)cuprate has a lower affinity for
LiOCN than Gilman cuprate (as suggested by theoretical work),!% the reaction

should turn over.

THF
12 [(TMP),CuLil, + LiX —————— (TMP)2Cu(X)Li

ArH
ArCu(TMP)Li + TMPH

Scheme 7.6: Proposed pathway for DoCu that employs catalytic amounts of LiX
(X = OCN). THF-solvation omitted for simplicity.
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Chapter 8

Towards the Synthesis of Lithium

Bis(amido)argentates

8.1 Introduction

Organosilver compounds have been studied extensively in the solid state; in ad-
dition to numerous examples of N-heterocyclic carbene complexes®® and silver

99 examples of conventional o-bonded organosilver compounds

ethynide clusters,?
are known (see Section 1.5). The synthesis of organosilver compounds is nor-
mally by transmetalation, although the tendency of organolithium and Grignard
reagents to reduce silver(I) sometimes calls for the use of less reducing organoz-
inc,'*® organotin or organolead'® metathesis agents. Related to organosilver com-
pounds, amidosilver compounds are much more scarse, with only a few homoleptic
examples (e.g. (TMP),Ag, and (HMDS),Ag,''®) characterised in the solid state.
A small number of heteroleptic examples are also known (e.g. |Age(u-TAG)(u-
HMDS)|,%) and these have also been characterised crystallographically. Though
rare, these compounds are not without applications — for example, (HMDS),Ag,
has recently received attention for its role as a catalyst component in the |3+2]

210

cycloaddition of a-aminophosphonate?'® or a-aminoester?!! Schiff bases to olefins.

Though lithium organocuprates have been studied extensively, it is apparent that
lithium argentates remain relatively unexplored. The expense of silver in com-

parison to copper, combined with generally poorer stabilities of organosilver and
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organoargentate complexes likely serve to discourage their investigation for syn-
thetic applications. That said, one study concerning cyanoargentates has high-
lighted interesting selectivities in the ring opening of epoxides.?!? Furthermore,
investigation of these compounds in the field of organometallic chemistry has not
been entirely neglected and structural comparisons with organocuprates have been
sought. Unlike Cu and Au, the common isotopes of Ag (“"Ag and '"Ag in
51.8 % and 48.2 % abundance, respectively) possess I = 1/2 nuclei,?!? making
organoargentate compounds enticing candidates for solution-state structure de-
termination. In fact, the structure of (2-(Me,NCH,)CgH,)oAgLi was determined
entirely by solution-state techniques.”™ A combination of cryoscopic measurements
and detailed analysis of coupling patterns revealed by 'H NMR and *C NMR spec-
troscopy indicated a dimer with alternating Li and Ag cations — consistent with

the structure of the copper homologue.™

In light of the progress made with lithium amidocuprates in recent years, it was a
natural extension of work to ask whether this chemistry could be adapted to sil-
ver derivatives. The motivations for pursuing lithium amidoargentates are twofold:
first, to establish trends in structure and bonding, and second, to probe the unique
spectroscopic features of silver in these compounds. In this chapter, initial at-
tempts at the synthesis of lithium bis(amido)argentates and their characterisation

in the solid state will be presented.

8.2 Results and discussion

8.2.1 Synthesis and X-ray crystallography

Initially, a synthetic strategy was adopted which paralleled the synthesis of ami-
docuprate reagents. Previously, this involved the addition of a hydrocarbon solu-
tion of TMPLi (also containing THF) to a Cu(I) salt at low temperatures. In the
present case, addition of TMPLi solution to AgX (X = CI, Br and I) in the pres-
ence of THF at low temperature resulted in almost instantaneous decomposition
to give a black suspension (presumed to be metallic silver). When reacted with
AgSCN instead, significant decomposition occurred, but qualitatively to a lesser
degree than with the silver halides (Scheme 8.1). Prolonged chilling of the filtrate
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allowed for the isolation of needle-like crystals in a very low yield, which X-ray
diffraction confirmed to be (TMP),AgLi 19 (Figure 8.1).

AgSCN, THF

. (0.5eq. wrt Li) TMIT_AQ_TMP
2TMPLI — ', Li H
hexane, -78°C !
to RT 19

Scheme 8.1: Synthesis of 19.

Li1A

=7 NoA AglA N

Figure 8.1: Thermal ellipsoid plot of 195 (30 % probability). H-atoms omitted
for clarity. Selected bond lengths (A) and angles (°): N1-Agl 2.129(2), N2-Agl
2.127(2), N1-LilA 2.014(3), N2-Lil 2.051(3), N1-Agl1-N2 176.37(8), Agl-N2-Lil
87.35(9), Agl-N1-LilA 88.76(9), N2-Lil-N1A 177.72(14).

This structure closely approximated that of previously reported Gilman cuprate
TMP,CulLi 9c¢, which is a dimer in the solid state. Though the overall struc-
ture is centrosymmetric, each dimer 19, (which lies on a diad) is itself non-
centrosymmetric and exhibits significant twisting, ostensibly to reduce repulsion
of the bulky TMP ligands. Crystallographic refinement indicated approximately
6 % Ag-Ti disorder, which complicates comparisons of the bonding parameters
with those previously reported for 9c,. Nonetheless, it is evident that the N-Ag
bond lengths (2.127(2) A and 2.129(2) A in 19,) are significantly longer than the
corresponding N-Cu bond lengths in 9c; (1.922(2) A and 1.926(2) A) and that
the average N-Li bond lengths are slightly shorter (2.014(3) A and 2.051(3) A in
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19,; 2.047(4) A and 2.075(3) A in 9¢,). Significant differences in the associated
bond angles are also evident and when projected along the Li—Li vectors, torsion
angles of 32.92(6)° and 28.59(7)° are found for 195 and 9c,, respectively. Tenta-
tively, this increased distortion may compensate for the marginally reduced N—Li
bond lengths in 19,.

The reaction conditions described above were expected to lead to the isolation
of (TMP),Ag(SCN)Li,(THF), though this could not be realised, despite repeated
attempts. Additionally, the yields of 19 were very low, hence an alternative prepar-
ative method was sought. Avoidance of Lewis base altogether once again led to
decomposition. However, it was found that a 2:1 mixture of toluene/diisopropyl
ether led to a much slower reaction and (qualitatively) significantly reduced de-
composition (Scheme 8.2). NMR spectroscopic analysis of 19 prepared wia this
route indicated that small quantities of the impurity TMPAg 20 was present (con-
firmed by comparison with an authentic sample), a result which was consistent
with elemental analysis. This could not be removed by recrystallisation since (un-

like their copper congeners) 19 and 20 are isomorphous and readily co-crystallise.

AgSCN TMP—Ag—TMP
2TMPLi — L :
toluene/DIPE, 3
-78°C to RT 19
AgSCN TMP—Ag---
TMPLI ;
toluene/DIPE, 20
-78°C to RT

Scheme 8.2: Alternative synthesis of 19 and 20.

In view of the fact that 19 does not present any inherent thermal instability, it
is thought to be unlikely that a Lipshutz-type argentate would behave much dif-
ferently. More likely is that an intermediate compound or by-product, in which
thiocyanate is coordinated to silver — for example (TMP)Ag(SCN)Li — undergoes
decomposition to Ag and other products.! These data suggest that it is the ability
of the Lewis basic solvent to effectively solvate the LiSCN by-product and dis-
courage coordination of SCN to Ag (for example, by steric hindrance) which is

necessary for good product yields. It is possible that this solvent system favours

{Occasionally, during the synthesis of 19 and 20, an intense but transitory blue colour was
observed. Blue colouration in thiocyanate-based systems have been attributed previously to
radical anions, such as (SCN), *.213:214
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a stepwise reaction mechanism, whereby 20 is formed first, and that this then
combines with another equivalent of TMPLi to give 19. This view would also
explain the small amount of TMPAg present in samples of 19 prepared via this
method.

Reasoning that a m-acceptor ligand might stabilise the increase in negative charge
at Ag during argentate formation, attention was diverted to AgCN as a precur-
sor. TMPLi could be reacted with AgCN (2:1) in THF without decomposition at
low temperature, but rapid darkening of the reaction mixture occurred at room
temperature and no product could be isolated. However, an alternative method
proved more fruitful: TMPLi and AgCN were reacted (2:1) in toluene and warmed
to room temperature. A small amount of black decomposition product was formed.
However, removal of the toluene and addition of THF did not result in any ob-
vious further decomposition. Replacement of the solvent with hexane/toluene,
filtration and finally, concentration gave a yellow solution from which crystals
deposited after storage at 5°C for 24h (Scheme 8.3). IR spectroscopy on these

crystals confirmed the presence of CN™ by revealing a sharp peak at 2102cm™!

and a weak, broad signal at 2150 cm ™.

The latter of these two signals grew
upon exposure to air and this behaviour was consistent with that previously re-
ported for cyanocuprate (TMP),Cu(CN)Liy(THF).2* 'H NMR. spectroscopy re-
vealed TMP and THF to be present in a 2:1 ratio, consistent with the formula
(TMP),Ag(CN)Liy(THF) 21. X-ray diffraction confirmed this formula, revealing
a dimer composed of individually 7-membered AgN,Li,(CN) metallacycles which

associate by the formation of Li,N, rings (Figure 8.2).

AGON TMP-Ag~TMP
2 TMPLI et L
1) toluene, -78°C to RT Cy /
2) THF N...
3) hexane/toluene 21

Scheme 8.3: The synthesis of 21.

The structure of 21, is plainly very similar to that of the previously reported
cuprate (TMP);Cu(CN)Liy(THF).'" In particular, the TMP ligands adopt an
endo,endo orientation with respect to the core of the dimer. The only significant
differences in bond length are found for the Ag—N bonds. These are extended by
0.218(4) A, on average, relative to their counterparts in (TMP),Cu(CN)Liy(THF).

Whilst significant, this difference is readily accounted for by the larger ionic radius
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Figure 8.2: Thermal ellipsoid plot of 21, (30 % probability). H-atoms and
minor THF-disorder omitted for clarity. Selected bond lengths (A) and angles
(°): Agl-N1 2.134(2), Agl-N2 2.147(2), N1-Lil 1.957(5), N3-Lil 2.125(6), N3-
LilA 2.014(6), N2-Li2 1.976(5), Li2-C23 2.139(6), N3-C23 1.140(4), N1-Agl-N2
176.01(8), Agl-N1-Til 93.96(17), Agl-N2-T1i2 88.29(17), N1-Lil-N3 138.0(3),
N2-Li2-C23 123.9(3), N3-C23-Li2 177.8(3), C23-N3-Lil 102.0(3), Lil-N3-LilA
87.3(2).

of Ag as compared to Cu (0.21 A).2!5 Despite the larger ionic radius of Ag — and
hence the possibility of a larger coordination number?'® — the Agl- - - C23 distance,
at 3.128(3) A, is plainly non-bonding and hence the argentate remains lower-order.
To accommodate the larger group 11 metal centre, most bond angles within the
7-membered metallacycle of 21 differ significantly from those in the cuprate con-
gener. This difference is most exaggerated for C23-N3-Lil, where this angle
(102.0(3)°) is significantly expanded compared to the cuprate (95.5(2)°). The most
noticeable consequence of this is that the 7-membered AgN,(CN)Li, rings in 21 are
less twisted than in (TMP),Cu(CN)Liy(THF) (angle between the vectors joining
N1—N2 and Lil—Li2 of 1.52(1)° and 6.81(9)° in 21 and (TMP),Cu(CN)Liy(THF),

respectively).

8.2.2 NMR spectroscopy
Moving to solution-state work, “Li NMR spectroscopy on 19 in C¢Dg indicated a

single lithium environment at ¢ 1.06 ppm. In addition to minor reformed TMPH,

13C NMR spectroscopy revealed a simple spectrum with resonances attributable
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to five distinct TMP™ carbon environments: § 54.8, 41.4, 40.1, 35.5 and 19.5 ppm
(Figure 8.3). These compare closely with the signals seen for Gilman cuprate 9c.
Interestingly, expansion of the signals at ¢ 54.8 and 41.4 ppm reveals them to be
doublets, with coupling constants of > Jaz.c = 3Hz and *Jaz ¢ = 6 Hz, respectively.
Evidently, the resolution is too low to reveal the expected pair of doublets for
coupling to both °*"Ag and '"?Ag, though with the ratio yioray/y1004, = 0.87,2"2
this is not surprising. Significantly then, the multiplicity of the TMP-2,6 and
TMP-3,5 carbons provides direct evidence that the TMP ligands remain bonded to
Ag" in solution. Taken together with the observation of a single set of resonances
attributable to TMP, this suggests that the solid-state structure is retained in
solution. Furthermore, 'H NMR spectroscopy provides evidence for the retention
of discreet TMP orientations in solution, with two distinct TMP-Me resonances
being revealed, at § 1.54 and 1.46 ppm. Accordingly, inverse detected 'H-7Li
HOESY data showed a single cross-peak between the TMP-Me resonance at
1.46 ppm and the 7Li resonance at § 1.06 ppm (Figure 8.4).

T T T T T T T
55.0 54.5 41.8 41.6 41.4 41.2 41.0
ppm

T T T T T T T T T T
50 55 50 45 40 35 30 25 20 15
ppm

Figure 8.3: '3C NMR spectrum of 19 in C¢Dg, with expansions (inset) of doublets
due to coupling to Ag. * = TMPH.

Turning to 21, “Li NMR spectroscopy in C¢Dg revealed a dominant resonance at

0 0.29 ppm, with a very minor resonance attributable to 19 at 6 1.09 ppm. This
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Figure 8.4: '"H-"Li HOESY spectrum of 19 in C¢Dg. * = TMPH.
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suggests that in situ conversion of 21 to 19 is minimal. 'H NMR spectroscopy
revealed several broad features, which indicates either conformational lability or
rapid equilibrium processes. 3C NMR spectroscopy mirrored these features, with
a doublet (due to coupling with °7/1%%Ag 2J,, ¢ = 3 Hz) being observed for
the TMP-2,6 environment only. In line with (TMP),Cu(CN)Liy(THF),'S” but in
contrast to 19, the TMP-3,5 resonance exhibited significant broadening, and no
3 Jag-c coupling could be detected (cf. 19 above). In the same way that CN™ could
be located by *C NMR spectroscopy in (TMP),Cu(CN)Liy(THF), its presence

in 21 was confirmed by the observation of a resonance at § 168.2 ppm.

The observation of Ag-C coupling in 19 and 21 raised the possibility that similar
features might not have been observed in the original characterisation of TMPAg
20!!® due to resolution limits of instrumentation at the time. Synthesis of 20 was
therefore undertaken by modification of the literature procedure (Scheme 8.2).
Gratifyingly, NMR spectroscopy now revealed 1:2:1 triplets for the *C NMR res-
onances assigned to the TMP-2,6 and TMP-3,5 carbons (viz. doublets in 19), with
coupling constants 2Ja, ¢ = 2Hz and *Jy,.c = 3 Hz, respectively (Figure 8.5). A
further point of contrast between 19 and 20 lies in the observation of two TMP-
Me resonances in the former, but only one in the latter, in spite of their being
isostructural in the solid state. For 19 this suggests retention of the solid state
conformation, meanwhile for 20, processes which scramble TMP-Me,, and TMP-
Megq environments must be operating — for example, ring inversion or dissociative

equilibria.

8.3 Summary

The synthesis of bis(amido)argentates has been attempted as a means of introduc-
ing a spectroscopically active group 11 metal to 'ate complexes. Generally, AgX
(X = Cl, Br, I) are decomposed by addition of TMPLi. However better results
have been achieved using AgSCN and AgCN. This has permitted the isolation of
(TMP),AgLi 19 and (TMP),Ag(CN)Liy(THF) 21. In the solid state, the struc-
tures of 19 and 21 adopt the structure-types known for Gilman'%* and Lipshutz'®”
amidocuprates, notwithstanding small differences arising from the presence of a
larger group 11 metal. In benzene solution, *C NMR spectroscopy reveals multi-

plets for certain TMP-carbon resonances (doublets in 19 and 21, triplets in 20)
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Figure 8.5: 3C NMR spectrum of 20 in CgDg with expansions (inset) of triplets
due to coupling to Ag. Tol = toluene, DIPE = diisopropyl ether, * = TMPH.

which arise due to J-coupling with Ag. Taken together with the presence of a sin-
gle TMP environment, this provides evidence that 19 and 20 remain aggregated
in hydrocarbon media, and for 19, suggests that the dimer observed in the solid

state is retained.

Armed with the knowledge that Lipshutz and Lipshutz-type cuprates are active
in DoCu,071%9 21 should be evaluated for its ability to effect DoAg on substrates
such as N,N-diisopropylbenzamide. NMR spectroscopy on this system would be
expected to reveal useful characteristics. In particular, direct metalation of the
aromatic ring should give rise to large *Jy, ¢ coupling (> 100 Hz).” The exact na-
ture of these couplings could provide information on, for example, regioselectivity,

which could then be monitored by in situ NMR spectroscopy.
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Chapter 9

Studies of TMPL1-TMPCu
Aggregates in Solution: Unexpected

Reactivity with Aromatic Solvents

9.1 The structures of mixed TMPLi-TMPCu ag-

gregates in solution

9.1.1 Introduction

The structures of unsolvated lithium amides in the solid state are understood
to take the form of polymers (‘ladders’'®®) or cyclic oligomers, with the latter
structure-type being favoured by the presence of bulkier R-groups.'®%2” For cop-
per(I) amides, cyclic oligomers dominate. Thus, in the solid state, 9a has been
crystallographically characterised as forming a trimer and a tetramer,'®® whilst
the tetrameric form of 9e% has been reported recently.! In solution, a similar pic-
ture is painted, with trimeric and tetrameric forms of 9a having being identified
in pentane.!8>218 For 9e, the picture is less clear-cut, with DOSY measurements

indicating a fast trimer-dimer equilibrium to be likely in benzene solution.®

Dynamic processes resulting in conformation changes to the TMP ligand have been

{(TMP);Cuy has been reported in unpublished work: J. Haywood, PhD Thesis, 2009, Uni-
versity of Cambridge.
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reported in the literature. For example, Collum reported that in lithium 2,2,4,6,6-
pentamethylpiperidide, conformational locking is evident at ambient temperature
in pentane, which allowed for the identification of conformational isomers. In
contrast, for 9a (which differs only in lacking the 4-Me substituent), decoalesence
was only observed at —120 °C.2'8 Importantly, even at 20 °C, no changes associated
with either intermolecular or intramolecular exchange of Li in aggregates of 9a
have been reported (i.e. such processes are considered to occur slowy compared to
NMR timescales).?!® Although no comparable experiments have been conducted
for 9e, the observation of a single broadened *C TMP-Me resonance suggests
that similar conformational dynamic processes may be operating here (though

this could also potentially be explained by dissociative equilibria).

In Chapter 7, the identification of ¢-9c — an isomeric variant of aggregated Gilman
cuprate 9cy — highlights the structural complexity which can arise in TMP-based
amidocuprate systems. This is due to the ability of monovalent Cu’ and Li"
to occupy the two-coordinate amide-bridging site, without significantly disrupt-
ing the bonding in the metallacyclic ring. The isostructural nature of the end
member phases TMPLi 9a and TMPCu 9e leads to substitutional disorder in the
solid state. However, in solution, this is manifest as a mixture of discreet ag-
gregates with definite composition. Such mixed-metal aggregates would be best
represented by the formula TMP, . ,CuyLi,, where m and n are integer values.
Solid-state work has highlighted the dominance of tri- and tetranuclear aggregates
of the end member phases 9a'®> and 9e,% whilst, as noted above, Gilman cuprate
(TMP),Culi 9¢ is known to form a dimer.'® On the basis of solid-state data, it
is therefore expected that (m+n) could take a maximum value of 4; consequently,
a finite number of mixed-metal amide species are expected in solution. Under
most circumstances, identification of these would represent an intractable prob-
lem, since the chance of isolating any mixed-metal species in a pure state is very
small (though they can occur fortuitously in nearly pure forms; one example of this
type will be presented). To attempt the systematic formation of TMPLi-TMPCu
aggregates, it was decided to pursue a different approach: to simply mix the end
member phases in deuterated solvent and observe the evolution of mixed-metal

species by NMR, spectroscopy.
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9.1.2 Results and discussion

The conformational behaviour of amidocuprate systems appears to differ signifi-
cantly in comparison to 9a and 9e. For (TMP),CuLi 9¢c, TMP-Me,, and TMP-
Meeq environments can be readily distinguished by 'H and *C NMR spectroscopy
at ambient temperatures (‘H-"Li HOESY shows a single cross-peak, Figure 9.1).
Moreover, complex coupling patterns can be distinguished for TMP-3,5 and TMP-
4 protons, which are themselves chemically distinct (as confirmed by HSQC data,
see Figure 9.2 and Figure 9.3). All of these evidences point towards conforma-
tional locking of the piperidide ring at ambient temperatures. In the absence of
clear steric influences (N-Li and N-Cu bond lengths being comparable),'%® this
suggests an electronic preference for the endo-TMP orientation (i.e. N—C4 and
N—Cu vectors co-parallel). Such a preference could arise due to, for example, an
electronic inequivalence of the lone pairs in the axial and equatorial positions of
the TMP ligand.2!® As these inequivalent lone pairs would have different energies,
there is likely to be one of the two possible pairs of interactions with Cu® and
Li" which is most energetically favourable. Ring inversion would be disfavoured
in this case, since this would simultaneously invert the N lone pairs and lead to

the less favourable set of interactions.

Moving to mixed-metal aggregates, Cu-rich species have been isolated as by-
products in the synthesis of TMP-cuprates, as (TMP),M, (M = Cu, Li) aggregates
in the solid state (see 9 in Chapter 7). The ability of donor solvents (e.g. THF,
Et,0) to preferentially solvate Li-rich species can explain the dominance of Cu-rich
species in the solid state. In such cases, crystallographic refinement can provide
bulk composition in terms of metal type, but due to substitutional disorder, rarely
provides any further insight into the identities of the aggregated species present.
Nonetheless, in solution, one occasionally encounters samples which are clearly

dominated by one type of aggregate.

One such example was obtained upon standing a sample of thiocyanatolithium
cuprate 6 (see Chapter 6) at room temperature for several weeks, after which time
plate-like crystals were obtained. “Li spectroscopy revealed a single resonance, at
5 0.95 ppm, whilst 'H NMR spectroscopy showed four TMP-Me resonances in a
1:1:1:1 ratio (Figure 9.4). This suggests two TMP environments, each of which
gives rise to distinct TMP-Me., and TMP-Me,y resonances. Inspection of the 1BC
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Figure 9.1: Inverse-detected 'H-"Li HOESY spectrum of 9¢ in C4Dg. Only one
set of TMP-Me protons shows a cross-peak to Li.
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Figure 9.2: 'H NMR spectrum of 9¢ in C¢Dg, showing distinct TMP-Me environ-
ments and complex coupling patterns. Expansion of TMP-4 multiplet inset. * —
TMPH.
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Figure 9.3: HSQC spectrum of 9c in CgDg, showing well-resolved proton envi-
ronments indicative of a fixed TMP ring conformation. Minor cross-peaks due to
small quantities of i-9c.
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NMR spectrum revealed two resonances in the TMP-2.6 region, at ¢ 56.92 and
54.24 ppm. These chemical shifts compare closely with those observed for TMP-2,6
carbons in TMPCu 9e (4 56.46 ppm) and and TMPLi 9c (§ 54.22 ppm). However,
comparison with authentic samples of 9e and 9c¢ confirms that the present sample
is not a mixture of 9e and 9c, but a new aggregate with TMP environments
approzimating those in 9e and 9c¢ (i.e. one TMP bonded to two Cu centres, and
the other bonded to one Cu and one Li centre). Overall, these data suggest the
formula (TMP),CusLi 9d (see Figure 9.5). It is clear that in this particular sample
another minor species is present (‘*H NMR, § 1.76 ppm, TMP-Me), which does not

contain lithium and therefore corresponds to an aggregate of TMPCu.

T T T T T T T T T T T T T T T T T T T T T T T
10 205 200 195 19 18 1.8 175 170 165 160 155 150 145 140 135 130 125 120 115 110 1.05 1.00
ppm

Figure 9.4: 'H NMR spectrum of 9d in CgDg. TMP-Me resonance of 9e marked.
* — TMPH.

A different approach was taken to fabricate the lithium rich TMPLi-TMPCu ag-
gregates (e.g. (TMP),CuLiz 9b). These have not generally been obtained for-
tuitously as by-products, suggesting their higher solubility in hydrocarbon and
etherate solution. However, this same property made it feasible to attempt the

synthesis of these compounds in situ, on a scale suitable for NMR spectroscopy.
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Figure 9.5: Proposed structures for mixed-metal amide aggregates 9b-9d.

Previously, C¢Dg has been the preferred choice of NMR solvent for amidocuprate
compounds, due to its inertness to 9a, 9e and lithium cuprates of the type de-
scribed in Chapters 5-7. However, to our surprise, Cg¢Dg did not prove to be
passive to miztures of TMPLi and TMPCu. In fact, species of the type ds-(u-
Ph)(TMP);Cu,,Liy 1, (m = 1-3) could be identified, which arose from metalation
of C¢Dg in situ (see Section 9.2). Reasoning that a bulkier aromatic solvent might
be more passive, mesitylene was used instead. This solvent was later removed and
replaced with CgDg immediately prior to spectroscopic measurement. Though
species arising from reaction with mesitylene were clearly present — for example,
(u-ArCH,) (TMP),CusLi (Ar = 3,5-dimethylphenyl) 23 could be identified (see
Section 9.2.3) — these were typically minor products and did not complicate iden-
tification of TMPLi-TMPCu aggregates.

A sample containing TMPLi 9a and TMPCu 9e in a 3:1 molar ratio was heated
to 50°C in mesitylene for ca. 24h. Following replacement of the solvent by CgDg,
"Li NMR spectroscopy revealed three resonances: unreacted 9a (§ 2.21 ppm), 9¢
(6 0.90 ppm) and a dominant signal, at § 1.65 ppm. Whilst the latter of these
Li resonances tallied with that reported for i-9¢, 'H and '*C NMR spectroscopy
painted a different picture. 'H NMR spectroscopy revealed three TMP-Me reso-
nances, at 6 1.59, 1.56 and 1.37 ppm, in a 1:1:2 integral ratio. After accounting
for 9a and 9¢, *C NMR spectroscopy revealed two resonances in the TMP-2,6
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region corresponding to the unidentified species, at § 54.17 and 52.00 ppm. These
compare with the chemical shifts of those observed for TMP-2,6 carbon in 9¢, at ¢§
54.22 ppm and 9a*®"™mer at § 51.97 ppm. Once again, the use of authentic samples
confirmed that these signals could not be accounted for by a mixture of 9¢ and
9a, but indicated a new aggregate with TMP environments closely approximating
those in 9c¢ and 9a. This suggests that there are two TMP environments in the
dominant species, one TMP ligand bonded to two Li centres, and the other TMP
ligand bonded to one Cu and one Li centre. These data point towards the formula
(TMP),CuLiz 9b (see Figure 9.5) and this is concordant with the overall Cu/Li
content of the reaction mixture. Finally, 3C NMR spectroscopy identified four
distinct TMP-Me resonances, but HSQC indicated that the two of these associated
with the ‘TMPLi-like’ portion of 9b are overlapped in the 'H NMR spectrum, at
d 1.37 ppm. This explains the 1:1:2 integral ratio of TMP-Me resonances (see
Figure 9.7).

9b

9 atet

Mesitylene /gam

\

: : : : : : : : : : : : : : : : : : : : :
24 23 22 21 20 19 18 17 16 15 14 13 12 11 10 09 08 07 06 05 04
ppm

Figure 9.6: 'H NMR spectrum, in CgDyg, of the reaction mixture which contained
TMPLi and TMPCu (3:1) in mesitylene and which was heated to 50 °C for ca. 24h.
This mixture is dominated by 9b. * = TMPH, tet = tetramer, tri = trimer.'®"
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Figure 9.7: HSQC spectrum, in CgDg, of the reaction mixture which contained
TMPLi and TMPCu (3:1) in mesitylene and which was heated to 50°C for ca.
24h. This mixture is dominated by 9b. The 'H NMR resonance at § 1.37 ppm
shown two cross-peaks. * = TMPH

150



CHAPTER 9. STUDIES OF TMPLI-TMPCU AGGREGATES IN
SOLUTION: UNEXPECTED REACTIVITY WITH AROMATIC SOLVENTS

To investigate how the distribution of TMPLi-TMPCu aggregates varied with the
Li/Cu composition of the reaction mixture, further reactions were conducted in
mesitylene, using differing proportions of 9a and 9e in the starting mixture (3:1
to 1:3 molar ratio). Samples were heated to 50°C for ca. 24h after which time
the solvent was replaced with CgDg for analysis (Figure 9.8). As expected, the
final distribution of TMPLi-TMPCu aggregates reflected the composition of the
starting mixture, with the dominance of 9a and 9b being established in Li-rich
mixtures (see Table 9.1). In Cu-rich mixtures, 9¢ became dominant, and the pres-
ence of i-9c, was established at intermediate compositions. Perhaps surprisingly,
even with a molar ratio of 1:3 TMPLi : TMPCu, the system disfavoured the for-
mation of Cu-rich 9d, instead revealing unreacted TMPCu in the final mixture.
Two factors may account for this: (1) the formation of 9d may require the pres-
ence of a Lewis base (for example, see 9 in Chapter 7) and (2) the emergence of a
Cu-rich, arene-containing species may act as a further sink for the excess Cu (see
Section 9.2.3 for further details).

Table 9.1: Relative distribution of lithium between 9a, 9b, i-9c and 9c as deter-
mined by "Li NMR spectroscopy. Relative molar ratios of TMPLi and TMPCu
reported.

TMPLi: TMPCu 9a 9b + i-9¢ 9c
3:1 0.45 0.44 0.11

1 0.29 0.48 0.23
1 0.15 0.43 0.42

0 2 0.11 0.34 0.53
3 0.11 0.23 0.66

—_— = =N

9.2 In situ metalation of aromatic solvents

9.2.1 Introduction

As introduced in the preceding section, attempts to use aromatic solvents for the
in situ production of TMPLi-TMPCu aggregates led to unexpected reactivity. In
particular, the metalation of C¢4Dg was indicated, giving rise to aryl(amido)cuprate
aggregates ds-(u-Ph)(TMP)3CupLiy o (m = 1-3) ds5-22a-22c. This is very un-
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Figure 9.8: “Li NMR spectra, in CgDg, of the reaction mixture which contained TMPLi and TMPCu in molar ratios ratios
(a)—(e), and which were heated in mesitylene for ca. 24h at 50°C. TMPLi :

For further details on 23, see Section 9.2.3

20 -25 -30 -

TMPCu (a)

3:1 (b) 2:1 (c) 1:1 (d) 1:2 (e) 1:3.
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usual reactivity, and further introduction to the subject of the metalation of ben-

zene is warranted.

0 and

Though Lewis acidic salts of certain metals, such as mercury, thallium??
lead??! are assoicated with the autometalation of benzene, deprotonative meta-
lation is more commonly achieved by using polar organometallics. For example,
complexed alkyllithiums (e.g. 1:1 nBuLi-TMEDA) can achieve near quantitative
metalation of benzene at room temperature over the course of a few hours.?¢
In more recent years, the advent of superbases and development of alkali metal-
mediated-metalation has proved somewhat of a renaissance for polar organometal-
lic chemistry and several types of heterobimetallic base capable of deprotonating
benzene have been reported. Examples include the mixed alkyllithium-potassium
alkoxide base nBuLi - tBuOK (LICKOR, ‘Lochmann-Schlosser’ superbase),??? group

I zincates, ' 156,158 164
Y

magnesiates, and manganates.®* Magnesiate and manganate
systems in particular are noteworthy for their ability to effect templated poly-
metalation of unactivated arenes. Furthermore, calculations have suggested that
these bases, which often contain both alkyl and amido groups, act as kinetic amido
bases.??? Tt is notable that all examples of bimetallic bases which are capable of
metalating benzene rely on the use of Na or K as the group I metal component. As
the larger group 1 ions are less polarising than Li, it is thought that these act to
impart stronger basicity to the amide ligand in these bimetallic complexes.??® The
use of heavier group I organometallics does not come without drawbacks: they
are significantly less stable than are their lithium congeners, and often difficult to
handle.!*91%° Consequently, any lithium ’ate complexes which are capable of met-
alating non-activated arenes (such as benzene) are of significant interest. During
the course of preparing mixed TMPLi-TMPCu aggregates, it was discovered that
this mixture could metalate aromatic substrates. The findings from these initial
investigations, primarily concerning the metalation of benzene, are reported in the

following section.

9.2.2 Results and discussion
Experiments were designed with the aim of monitoring the in situ production of

lithium amidocuprate species by NMR spectroscopy. To do this, an NMR tube was
charged with TMPLi, TMPCu and CgDg. The resulting mixture, which contained
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some residual undissolved TMPCu, was heated to 50°C for ca. 24h in order to
dissolve the remaining TMPCu. Analysis indicated some degree of reaction with
the NMR solvent (see below). Subsequently, these reactions were replicated using
CeHg as the solvent, using the arrangement described above (NMR tube, 50°C,
ca. 24h). The sample was then transferred to a new flask, whereupon the solvent
was removed in vacuo and replaced with CgDg, for spectroscopic analysis. Ex-
periments were conducted to rule out the possibility of monometallic basicity. It
was found that the NMR spectra of neither TMPLi 9a nor TMPCu 9e showed
any signifcant changes after heating in CgDg for 24h at 50°C. Next, 9a and 9e
were mixed in the molar ratios from 3:1 to 1:3 in CgDg and heated to 50°C for
ca. 24h. The solubility of TMPCu in benzene was found to be low, and it only
partially dissolved in the reaction solvent. However, the residual solid TMPCu
was found to dissolve over the course of the reaction. When the reaction mix-
tures were studied by "Li NMR spectroscopy, unusually high-field resonances were
detected. Striking similarities between these spectroscopic features and those ob-
served in the aryl(amido)cuprate system MesCu(TMP)Li, reported by Davies,'%
were noted. These high-field resonances suggested the shielding influence of diat-
ropic ring current,??* and therefore, the presence of arene- - - Li t-interactions (see
Figure 9.9).

Starting with Li-rich reaction mixtures, a 3:1 mixture of TMPLi and TMPCu
was heated in C¢Dg at 50°C for ca 24h. 7"Li NMR spectroscopy indicated two
Li resonances, which were not associated with TMPLi-TMPCu aggregates, at ¢
2.09 and —4.33 ppm, in a 2:1 ratio (Figure 9.10a). The chemical shift of the for-
mer resonance was consistent with a Li centre interacting with a single aromatic
ring.'%? The low-field resonance, on the other hand, was consistent with Li centres
bridging amido ligands only.'%%!85 Replicating this reaction in C¢Hg allowed for
the identification of Ph-protons by 'H NMR spectroscopy (Figure 9.13a) and in-
tegration analysis, which pointed to there being three TMP ligands per Ph group
(identified by six distinct TMP-Me resonances, three pairs of TMP-Me,, and
TMP-Me,,, Figure 9.11a). Taken together, this evidence suggested the formula of
the arene-containing species to be (ds)-(u-Ph)(TMP);CuLi; (d5)-22a.

Next, starting with a 2:1 mixture of TMPLi and TMPCu, and employing the same
reaction conditions, another species of the form (ds)-(u-Ph)(TMP)3;M, could be
identified. In this case, two "Li NMR resonances, at 6 1.40 and —2.94 ppm, were
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Figure 9.9: Proposed structures for 22a (M; = M, = Li), 22b (M; = Li, My =
Cu) and 22¢ (M; = My = Cu).

revealed in a 1:1 ratio (Figure 9.10b—d). The latter resonance indicated Li- - - arene
n-type interactions, but also suggested that the shielding effect of the Ph group
was reduced relative to that in ds-22a. This could potentially be explained by
a reduction in hapticity.!% The 3:1 ratio of TMP : Ph groups was confirmed by
repeating the reaction in C¢Hg and conducting NMR spectroscopy. This suggested
the formula to be (ds)-(u-Ph)(TMP);CuslLi,y (d5)-22b (see Figure 9.11b and Fig-
ure 9.13b—d).

Starting from a 1:1 mixture of TMPLi and TMPCu, a third Ph-containing species
emerged, associated with a single "Li resonance at § —1.53 ppm (Figure 9.10c—e).
Once again, replicating the reaction in CgHg, before replacement of the solvent
by C¢Dg for 'H NMR spectroscopy, indicated the presence of a single Ph group
per three TMP ligands (see Figure 9.11c and Figure 9.13c—e). Overall, these data
suggested (d5)-(u-Ph)(TMP)3CusLi (d5)-22¢, and this formula was consistent with

the increasing Cu content of the reaction mixture.

Comparing the series of "Li spectra obtained for reactions conducted in C4Dg and
CgHg, it is clear that there are differences in the distribution of products — for ex-
ample, 22b is more prominent in reactions performed in C¢Hg that its ds-analogue
ds-22b is in those reactions preformed CgDg. However, the same series of arene-
containing species (notwithstanding deuteration) are readily identified in both
series of reactions in CgDg and CgHg. It is notable that for reactions conducted
in CgDg, the deuteration of the the amine by-product can also be distinguished
by *C NMR spectroscopy (TMPH-Me ¢ 31.61 ppm, TMPD-Me § 31.56 ppm).
Furthermore, 'H NMR spectroscopy readily identifies the broad N—H resonance
for TMPH, at ¢ 0.30 ppm, whereas this was absent in those reactions conducted

in CgDg. The reasons for these differences are not clear at present, though it is
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possible that the reaction kinetics are influenced by the presence/absence of deu-
terium. This point was highlighted by combining TMPLi and TMPCu in a 3:1
molar ratio in a 1:1 mixture of CgHg and CgDg. This solvent mixture was later
replaced by CgDg immediately prior to data acquisition. Line fitting of the 7Li
NMR resonance § —4.26 ppm (22a) together with the overlapping shoulder, at §
—4.34 ppm (d5-22a), gave integral values of 1:0.15, indicating a near 7-fold selec-
tivity for reaction with benzene. It is therefore compelling to suggest that isotope
effects may be responsible for the differences in product distribution observed in
CgHg and CgDg — perhaps due to differing rates of reaction. However, very little
is known about the mechanisms of the underlying reactions, and the influence of
heterogeneous effects cannot be discounted. For example, a heterogeneous pro-
cess could be strongly influenced by the crystallinity and grain size of undissolved
TMPCu.

One plausible reaction pathway that would explain these findings involves the
generation of a reactive cuprate base in situ. The identification of three species
differing only in their metal content suggests a common reaction pathway could
be responsible for generating all three. Moreover, since each compound 22a-22¢
formally contains the Li(x-Ph)Cu(TMP) unit, it is reasonable to suggest that this
monomer may be generated in solution by reaction of a cuprate base with the
solvent, and trapped by whichever metal amide species are most abundant in that
solution. In the case of TMPLi 9a in excess, the capture of Li(y-Ph)Cu(TMP)
by a dimeric unit of 9a leads to 22a. Conversely, an excess of TMPCu leads
to the capture of Li(u-Ph)Cu(TMP) by a dimeric unit of 9e to give 22c. At
intermediate ratios of metal amides, both species are present and are joined by
22b, which logically forms by capture of Li(u-Ph)Cu(TMP) by a monomeric unit
of (TMP),CuLi 9c (which is generated in situ from 9a and 9e) (Scheme 9.1).
Implicit in this mechanism is that the Li(g-Ph)Cu(TMP) unit, logically, should

be generated from the putative monomeric base (TMP),CuLi 9c.

The possibility that a reactive monomer of (TMP),Culi may be implicated in
the unusual reactivities of lithium-salt-free systems is of wider significance. DF'T
calculations have predicted that such a moiety is likely to be the active base in
previously reported lithium amidocuprate systems. However, it has been demon-
strated experimentally that pre-isolated Gilman cuprate, which is a dimer in the

solid state, is inactive in DoCu and this has been attributed to the high disso-
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Figure 9.11: 'H NMR spectra in CgDg of reaction mixtures in which (a) ds-22a (b) ds-9b and (c¢) ds-22¢ are dominant. In
each case, six TMP-Me (three sets of TMP-Me,, and TMP-Me,,) are revealed.
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Figure 9.13: '"H NMR spectrum, in C¢Dg, of the reaction mixtures which contained TMPLi and TMPCu in ratios (a)—(e) in
CgHg and which were heated to 50 °C for ca. 24h. TMPLi : TMPCu (a) 3:1 (b) 2:1 (c) 1:1 (d) 1:2 (e) 1:3.
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(TMP),Lis (TMP)2Cus

(TMP)oCulLi

Cu—T Cu—T%ﬁ ©CU_T
Li |L| Li |L| Li (|3u
| |
N—Li—N N—Cu—N D'LN——Cu—N
| | | | \|f |
22a 22b 22¢

Scheme 9.1: Proposed mechanism for the generation of 22a-22¢, via reaction of
Gilman monomer with benzene.
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ciation energy of 9c,.!%%166 To test this thesis in the current system, preformed
crystalline (TMP),CuLi was heated in CgDg for 24h at 50°C, after which time
NMR spectroscopy revealed no significant changes compared to starting material.
In summary, it can asserted that cooperative action of Li and Cu is essential for
the metalation of benzene, and that this reactivity cannot be ascribed to previ-
ously usolated 9c. Tt is suggested that an unsolvated monomer might be formed in
situ from 9a and 9e, and that this transient monomeric species acts as the base

in the deprotonation of benzene.

9.2.3 Reactions of TMPLi-TMPCu mixtures with mesity-

lene

As described in Section 9.1, TMPLi and TMPCu were combined in mesitylene, and
heated in an NMR tube to 50 °C for ca. 24h. This was subsequently transferred to a
new flask, the solvent was removed and replaced with C4Dg for NMR spectroscopy.
The principal species identified in the reaction mixtures were those belonging to
the series TMP,Cu,,Li,y ,,. However, it was evident from the high-field region
of the “Li NMR spectra that several minor arene-containing species were being
generated. These species — which did not tally with those previously reported for
MesCu(TMP)Li'? — could not be assigned due to their low abundance. However,
growth of the "Li NMR resonance at § —4.53 ppm in Cu-rich reaction mixtures
prompted further investigation (see Figure 9.8b—d). A 1:1 ratio of TMPLi and
TMPCu was chosen, since this resulted in the highest abundance of the species at
d —4.53 ppm, relative to other high-field species (see Figure 9.8¢). This mixture
was heated in mesitylene at 50 °C for an extended period of 72h. Over this time, a
strong yellow colour developed. After replacing the solvent with CgDg, “Li NMR
spectroscopy showed that the abundance of the species at 6 —4.53 ppm had grown
substantially (Figure 9.14).

With only two major Li-containing species present (one of which could be identi-
fied as 9c¢ by comparison with an authentic sample), assignment proved straight-
forward. As expected based on the results obtained in benzene, 'H NMR spec-
troscopy pointed towards metalation of the aromatic solvent, by revealing signals
at 0 6.66 and 5.88 ppm, in a 2:1 integral ratio. However, this also suggested

the possibility of lateral metalation. This was confirmed by the observation of a
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. . . . T . . T . . . . T . . . . T
25 2.0 15 1.0 05 0.0 0.5 -1.0 1.5 2.0 2.5 -3.0 3.5 -4.0 -4.5 5.0 5.5 6.0
ppm

Figure 9.14: "Li NMR spectrum, in C¢Dg, of the reaction mixture which con-
tained TMPLi and TMPCu in a 1:1 ratio in mesitylene and which was heated
to 50°C for 72h. Peak at 6 —0.43 ppm unidentified. Proposed structure for
(u-ArCHy)(TMP),CusLi (Ar = 3,5-dimethylphenyl) 23 inset.
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methylene resonance, at d 2.38 ppm (see Figure 9.15 and Figure 9.16). 'H NMR
spectroscopy also revealed four TMP-Me resonances (each with an integral ratio
relative to Ar-o-H of 6:2) corresponding two TMP ligands, each with chemically
distinct TMP-Me,, and TMP-Me,, groups. Comparison of the *C NMR chem-
ical shifts for the TMP-2,6 resonances, at ¢ 56.2 and 53.2 ppm, with samples of
9e and 9c suggested one TMP group bonded to two Cu centres and the other
bonded to one Cu and one Li centre. Overall, these data suggested the formula
(u-ArCH,) (TMP),CusLi (Ar = 3,5-dimethylphenyl) 23 (see inset of Figure 9.14).

9c¢ + 23-TMP-Me

9 ~
23-CH,
23-TMP-Me
\ 23-TMP-Me
Mes
M 23-CH, \ .

€S 23.Ar-o0
I L b

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
74 72 70 68 66 64 62 6.0 58 56 54 52 50 48 46 44 42 40 38 3.6 34 32 3.0 28 26 24 22 2.0 18 16 14 12 10 08 0.6
ppm

Figure 9.15: 'H NMR spectrum in C¢Dg of the reaction mixture, resulting from the
combination of TMPLi and TMPCu (1:1 molar ratio) in mesitylene, after heating
at 50°C for ca. 72h. 23 is a major component of this mixture. Mes = mesitylene,
* = TMPH.

It is proposed, tentatively, that the presence of the methylene spacer might fa-
cilitate cyclisation wvia Li- - - arene interactions. Despite the formal localisation of
the charge on the CHy unit, significant delocalisation into the adjacent aromatic
system is to be expected and this may enhance Li---arene m-interactions. The
proposed trinuclear structure would represent a rare mode of bonding in lithium

‘ate complexes, with most crystallographically characterised examples exhibiting
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Figure 9.16: HSQC spectrum, in CgDg, of the reaction mixture which contained
TMPLi and TMPCu (1:1) and which was heated to 50 °C for ca. 24h. 23 is a major
component of this mixture. Methylene cross-peak highlighted. Mes = mesitylene,

* = TMPH.
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extensive solvation of the Li-centres by Lewis bases, such as THF.??° It is likely
that the proposed intramolecular Li- - - arene interaction is only stable in the apo-
lar conditions in which it is produced, with TMPH (a side product of the reaction)
being a poor Lewis base on account of its steric bulk. The chemoselectivity ex-
hibited here is noteworthy: lateral metalation is clearly preferred over aromatic
metalation in spite of this being a facile process for benzene. Although this could
potentially represent a steric effect, it is likely that the thermodyamic acidity plays

a role (the benzylic carbons being more acidic??®).

9.3 Summary

Aggregates of TMPLi 9a and TMPCu 9e, (TMP),,,,Cu,Li,, have been stud-
ied by NMR spectroscopy in solution. For m + n = 4, the previously examined
compounds, 9c and i-9c, are added to by two species: (TMP),CuLiz 9b and
(TMP),CusLi 9d. When mixtures of 9a and 9e are heated in an aromatic sol-
vent at 50°C for ca. 24h, some of these aggregates are formed and this is (more
surprisingly) accompanied by that of species resulting from metalation of the sol-
vent. In CgHg (or C¢Dg), aggregates of the type (ds)-(u-Ph)(TMP)3;Cu,Liy , (n
=1, (d5)-22a; n = 2, (d5)-22b and n = 3, (d;)-22c) were identified. These re-
sults are interpreted as being consistent with the generation of a reactive form of
cuprate (i.e. Gilman monomer) in situ, which reacts with benzene to give Li(u-
Ph)Cu(TMP). This is trapped by residual TMPCu-TMPLi aggregates to give
22a—22c. This view is borne out by the fact that pure, pre-formed 9a, 9e and 9c
do not undergo any reaction with the aromatic solvent under the same conditions.
It has been established that 9c¢ is a dimer in the solid state and that this is inert
in DoCu.'% Insofar as 9c¢ does not react with benzene, this lends weight to the

view that pre-formed 9c in an ineffective source of reactive Gilman monomers.

Lastly, mesitylene has been investigated as a solvent for the same TMPLi-TMPCu
systems. Mesitylene is metalated much more slowly than benzene and this allows
for the evolution of mixed-metal amide aggregates with fewer side products. How-
ever, when the length of the reaction time is increased, or the proportion of 9e
in the reaction mixture is increased, (u-ArCHy)(TMP)y,CusLi 23 is identifiable.
In this compound, lateral metalation has occurred and this is rationalised by a

combination of steric and thermodynamic factors.
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Chapter 10
Conclusions

The work presented this thesis represents significant advances to our understand-
ing of the structures of group 11 ’ate complexes in the solid state and in solution.
In this chapter, the findings presented in this thesis are summarised and some of

the most interesting aspects are highlighted.

Several practical improvements to lithium bis(amido)cuprate systems have been
sought. First, this focussed on improving the cost-to-benefit ratio of bis(amido)-
cuprates through the formation of heteroleptic cuprates. Data are presented
in Chapter 5. Through targeting heteroleptic cuprates, a number of inexpen-
sive amide ligands were introduced, some of which are less sterically demand-
ing than TMP. The racemic ligand 2-methylpiperidide was deployed to give a

new homoleptic example of the rarely reported adduct!™

[(MP),CuLi(THF),|,LiBr 1. Meanwhile, a combination of MP and TMP furnished
the first example of a heteroleptic bis(amido)cuprate, MP(TMP)Cu(Br)Liy(THF),
2, which was found to adopt a Lipshutz-type structure in the solid state. This

cuprate structure-type,

motif could be reproduced when MP was substituted for previously deployed (but
also inexpensive) DMP, to give DMP(TMP)Cu(Br)Liy(THF), 3. Lastly, combina-
tion of unsubstituted PIP with TMP allowed for the isolation of PIP(TMP)CuLi
4, a heteroleptic Gilman cuprate which resisted THF-solvation. Several aspects
of these cuprate systems are of significance. It is noteworthy that the forma-
tion of individually heteroleptic cuprates is preferred over a mixture of homoleptic
cuprates. It is not clear whether this effect is kinetic or theromodynamic in nature,

but it likely reflects the high steric repulsion associated with bis(TMP) cuprate
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formation. In 2—4, the tendency of the less sterically demanding amide ligand to
adopt an exo orientation with respect to the N—Cu vector is highlighted by com-
parison with TMP, which sits in an endo fashion. In previously reported cuprate
systems, this behaviour has been attributed to steric factors,'”" and these findings

add weight to that argument.

Moving to solution-state studies, for 1, structure retention was indicated in CgDy,
notwithstanding complexities arising from the presence of multiple stereoisomers.
However, for 2, the presence of multiple species (evidenced by "Li NMR spec-
troscopy) suggested in situ generation of other complexes — for example, Gilman
cuprates. This same behaviour was indicated for 3, but to a much lesser degree.
Meanwhile, for 4, the use of inverse detected 'H-"Li HOESY suggested retention

of the paddlewheel structure exposed in the solid state.

In Chapter 6, non-toxic and inexpensive CuSCN was investigated for its ability to
participate in the formation of cuprate bases. Reactive Lipshutz-type thiocyana-
tocuprates were sought as less toxic alternatives to cyanide-based reagents. Fo-
cussing on structural aspects, the prevalence of flat structures in TMP-cyanocupr-
ates in the solid state was established by extending the suite of cyanocuprates
(TMP),Cu(CN)Liy(L) (I = Et,O, THF) to include (TMP),Cu(CN)Liy(THP) 5.
This proved to be a point of significant contrast when Lipshutz-type thiocyana-
tocuprates (TMP),Cu(SCN)Li,(L) (L = Et,0 6, L = THF 7 and L = THP 8)
were synthesised, insofar as the geometries of these solid-state dimers were found
to be influenced by the identity of the Lewis base. This arose from the ability of
the central Liy(SCN), ring to adopt planar, chair- or boat-like conformations in
65, 7o and 8y, respectively. Meanwhile, obviating Lewis base altogether provided
Gilman cuprate (TMP),CuLi 9c in high purity.

NMR spectroscopic evidence was presented for the in situ conversion of Lipshutz-
type 6-8 to Gilman cuprate 9c¢ in C¢Dg, accompanied by the deposition of LiSCN.
The extent of in situ conversion was strongly influenced by the identity of the Lewis
basic component of cuprates 6-8, with near quantitative conversion to 9c¢ found
for EtyO-solvated 6. In contrast, for THF-solvated 7, retention of the Lipshutz-
type species dominated. Meanwhile, for THP-solvated 8, intermediate levels of

conversion to 9¢ were suggested.

Moving to the synthetic setting, 7 was successfully deployed in the metalation of
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halopyridines 10 and 11 to give functionalised products 12a—d and 13b-d. Mod-
est yields (46-71 %) were obtained, which were comparable with results obtained
from the use of copper(I) chloride. Whilst these results may appear somewhat
disappointing, it is not fair to dismiss thiocyanatocuprates on the basis of these
results alone. In particular, for a fair comparison, pre-isolated Lipshutz-type 7
should be used. The combined solid-state and solution-state evidence suggests
that it would be naive to assume that solutions of 7 prepared in situ in THF are
wholly composed of Lipshutz-type cuprates. A more suitable comparison would
be to deploy pre-isolated 7 with a strongly directing substrate, such as N,N-

diisopropylbenzamide.

In Chapter 7, rarely utilised CuOCN was investigated for its suitability as a pre-
cursor to lithium cuprates. Unlike CuSCN, CuOCN did not react with TMPLi
in a straightforward manner. Products which could be isolated and analysed
by X-ray diffraction revealed substitutional disorder at the amide-bridging metal
site. (TMP),Cug 1Ligo(OCN)Liy(THF) 14 was interpreted as a co-crystalline mix-
ture, and despite containing only a small amount of Cu, adopted the Lipshutz-
type motif well-known for amidocuprates. However, the behaviour of amide-
briding Cu and Li clearly differed in that Cu remained two-coordinate (lower-
order), whereas Li engaged in a weak transuannular interaction. These differ-
ences were emphasised when pure compounds (TMP),Cu(OCN)Li,(THF) 14a
and (TMP),Li(OCN)Liy(THF), 16 were synthesised. In particular, the three-
coordinate nature of amide-bridging Li in 16, which arises from transannulation,
was highlighted. Insight into the fate of Cu in this system was gained through
isolation of Cu-rich aggregate TMP,Cu, 7¢Li; 39 9, in which substitutional disor-
der was sustained. The tendency for OCN™ to associate with Li* in these sys-
tems likely reflects the ‘hard’ nature of this anion, which favours interactions
of an electrostatic nature. This behaviour could be replicated with a different
ligand set: CuOCN reacted with DALi to give a novel lithium amide-lithium
cuprate adduct (DA),Cu(OCN)Liy(TMEDA), 18. Whilst metal disorder was ab-
sent from this complex, the bridging action of the cyanate (‘side-on’) contrasted
with that in 14 and 16, and in so doing, the number of electrostatic interac-
tions of OCN™ with Li" was maximised. That Cu-Li substitution was not a
feature unique to cyanate chemistry was exposed through attempts to fabricate
monomeric Lipshutz-type cuprates. These could not be obtained in pure form; in-
stead, (DA)yCugLigo(Br)Li;(TMEDA), 17 was isolated. Just as in 14, the two-
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and three-coordinate nature of amide-bridging Cu and Li, respectively, was clear.

Advances to our understanding of cuprate systems in solution have been made
with cyanate-based systems. Careful analysis of NMR spectroscopic data revealed
that 14 formed part of a mixture of products, which also included 16, 9¢ and
1-9c, a tetranuclear aggregate which is formally an isomer of 9¢c,. Perhaps most
importantly, the identification of multiple products in the reaction mixture has
provided insight into the reactions generating these products and (in conjunc-
tion with the observations outlined above) shed light on why CuOCN behaves so
uniquely. For 17, NMR spectrosocopy has been used to identify Cu- and Li-only
containing species in solution. These results have pointed toward the inclusion of

higher levels of Cu in 17 than suggested by crystallography.

Several important conclusions can be drawn from the work presented in Chapter
7. First, the issue of Cu-Li substitution has been addressed. In particular, the
isolation of a Cu-rich aggregate when cuprate synthesis is attempted in THF is
of significance: these are common reaction conditions for synthetic protocols, yet
clearly the reagents obtained under such conditions may be poorly defined. This
is particularly important in light of recent work by Gschwind, which highlights
the formation of low-polarity, Cu-rich cuprates as detrimental to the performance
of cuprates in certain applications.!?® The second finding of major significance is
that Lipshutz-type 14a can be synthesised by combining Gilman cuprate 9¢ and
LiOCN in THF. This is the first time that this behaviour has been exposed in
THF and it is important for two reasons: (1) THF is the most common solvent
used for deprotocupration reactions!®®19 and (2) the ability to form Lipshutz-
type cuprates, from which Gilman monomers can be accessed, is known to be
necessary for high reactivity. If the Gilman-(Lipshutz-type) equilibrium is facile
in THF, then it is not strictly necessary to employ LiOCN in a stoichiometric fash-
ion. This opens up avenues of research which might lead to the transformation
of deprotocupration to the catalytic regime with respect to the lithium salt addi-
tive. This would present an advantage over systems in which the stoichiometric

formation of toxic by-products (e.g. LiCN) is implicated.

In Chapter 8, initial attempts at the fabrication of lithium bis(amido)argentates
were presented. Ag(T) halides were decomposed by the addition of TMPLi. How-
ever, improved results were achieved by using AgCN, or better, AgSCN. Thus, by
careful choice of solvents, (TMP),AgLi 19 could be synthesised from AgSCN. In
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the solid state, a dimer was revealed whose structure paralleled that previously
reported for Gilman cuprate 9c. Meanwhile, treatment of AgCN with TMPLi
and then with THF gave (TMP),Ag(CN)Liy(THF) 21, which also formed a dimer
in the solid state, and adopted a Lipshutz motif that is well-known from lithium
amidocuprate chemistry.'” NMR spectroscopy revealed many similarities between
cuprate 9¢ and argentate 19 in benzene solution. Interestingly, 2J¢. Ag and 3JC—Ag
coupling could be observed clearly for 19 and 2.Jo.a, coupling could be resolved
for 21, giving rise to doublets. Furthermore, re-characterisation of previously re-
ported TMPAg 20 also revealed 2JC_Ag and 3JC_Ag coupling, giving rise to triplets.
Hence, for 19 and 21, it can be established that both TMP ligands remain coor-
dinated to Ag in solution and that for 20, the aggregation state must be at least

a dimer.

Finally, in Chapter 9, advances to our understanding of the behaviour of TMP-
cuprates in solution were made, by detailed analysis of NMR, spectroscopic data.
This allowed for the identification of mixed lithium amide-copper amide species be-
longing to the series (TMP),Cu,Liy ,, (n = 1-3; 9b—9d). By attempting to system-
atically synthesise each of these aggregates by combination of TMPCu and TMPLi
in aromatic solvents, highly unusual reactivity was discovered. When the respec-
tive homometallic amides were heated in benzene no reaction was observed, yet
when mixtures of TMPLi and TMPCu were heated in the same solvent, analysis
revealed three novel organo(amido)cuprate aggregates: (u-Ph)(TMP);Culiz 22a,
(u-Ph)(TMP)3CusLiy 22b and (u-Ph)(TMP)3;CusLi 22¢. In contrast, pre-isolated
Gilman cuprate 9c¢ proved completely unreactive under identical conditions. With
mesitylene, thermodynamically preferred lateral metalation was observed, lead-
ing to the identification of novel metallacycle (ArCH,)(TMP),Cu,yLi (Ar = 3,5-
dimethylphenyl) 23. Reactions with both benzene and mesitylene demonstrate
superbasic reactivity, which is unexpected, yet consistent with the growing body
of evidence that bimetallic systems possessing organyl and amido ligands prefer-
entially react as amide bases. The implications of these discoveries are significant.
First, they lend support to theoretical work which implicates monomeric Gilman
cuprate (TMP),CuLi as the active base in DoCu. Second, it opens up further
avenues of research which could eventually lead to new methods of functionalis-
ing otherwise inert hydrocarbons; this will be of great interest to the synthetic

community.
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Chapter 11

Further Work

The work discussed in this thesis has allowed for advances in several areas of
group 11 ’ate chemistry to be made. Both practical and more fundamental as-
pects of lithium bis(amido)cuprate chemistry have been explored. Additionally,
preliminary investigations into lithium bis(amido)argentate chemistry have been
presented. In this chapter, suggestions for further work, which draw on the find-

ings from within this thesis, will be proposed.

11.1 Applications of heteroleptic cuprates to di-

astereoselective synthesis

In Chapter 5, the synthesis of heteroleptic bis(amido)cuprates was presented for a
selection of amide ligands. Two examples of Lipshutz-type cuprates were exposed:
MP(TMP)Cu(Br)Liy(THF)y 2 and DMP(TMP)Cu(Br)Liy(THF), 3. These com-
plexes are expected to be active in DoCu. Assuming that these bases are reacted
in a 1:1 ratio with a suitable aromatic substrate, an intriguing question is posed:
which of the amido ligands will act as the base? Having similar donor properties,
one might expect that the bulkier TMP ligand should take up this role. In addi-
tion to its greater basicity, loss of this ligand is expected to lead to the greatest
relief of steric crowding in the cuprate complex. The less crowded amide could
therefore function as a dummy ligand and this could be made chiral. The chiral

aryl(amido)cuprate could then be deployed in asymmetric synthesis. Whilst the
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Me group of MP is unlikely to induce much stereoselectivity, a ligand such as (R)-

r (S)-trans-decahydroquinoline — which is still less crowded than TMP at the
nitrogen centre — might be more effective (Scheme 11.1). Hence, further work on
heteroleptic cuprates should focus on two topics in particular: (1) investigations
into whether TMP-containing heteroleptic cuprates exhibit a preference for loss of
TMPH and (2) the synthesis of enantiomerically pure cuprates. The first of these
points could be addressed by performing an NMR-scale, in situ DoCu reaction
using DMP(TMP)Cu(Br)Li,(THF), 3 and N,N-diisopropylbenzamide. The gen-
eration of the respective free amines, TMPH and DMPH, could then be monitored
spectroscopically; this would indicate any preference for TMP- or DMP-basicity.
The second point could be addressed by synthesising a cuprate from a mixture
of achiral TMPH a second enatiomerically pure amine. This would involve the
lithiation of a 1:1 mixture of these amines and subsequent reaction of this mixture
with CuBr in the presence of THF. If these two points are satisfied, applications
of these bases to stereoselective synthesis could be investigated. Rossiter has
demonstrated the viability of stereoselective conjugate addition reactions employ-
ing organo(amido)cuprates.?2"?2 However, the generality of such reactions has
not been shown and they are known to be strongly influenced by factors such
as solvent conditions and the choice of auxillary ligand.??*23° Nonetheless, this
is an area in which further investigation is warranted. Examples of potential
applications include asymmetric 1,4-addition to o,B-unsaturated lactams®*! and

asymmetric conjugate addition to chromones.?3?

THF— |_| L|
~ = \ /
e B -TMPH THE

ArH

Scheme 11.1: Possible application of heteroleptic cuprates in stereoselective con-
jugate addition. R'#£R2.
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11.2 Computational studies on structural aspects

of lithium amidocuprates

The studies in heteroleptic cuprate formation presented in Chapter 5 lend weight
to the argument that ligand sterics play a major role in determining cuprate struc-
ture type. However, other features are not so readily explained by ligand sterics.
For example, why should the solid-state structures of the tetrameric aggregates
of TMPLi 9a and TMPCu 9e exhibit endo,exo configurations of TMP ligands,
whereas those in the dimer of (TMP),CuLi 9c exhibit endo,endo configurations
(see Figure 11.1)? In the solid state, these features in 9c could potentially be
explained by crystal packing, yet evidence from NMR spectroscopy presented in
Chapter 9 suggests that the TMP-ligand configuration is retained in solution. It
has been documented previously that 2,6-diaxial substitution in piperidines can
have a significant effect upon the energy of the lone pair, via hyperconjugative ef-
fects.2!? Tt is likely that such effects would be present in the anions also; however,
as there are two lone pairs in the amide anions of the piperidines, these could
conceivably become electronically inequivalent due to the effects of 2,6-diaxial
substitution. Calculations should therefore be undertaken to determine if stereo-
electronic effects can account for the structural features described above. These
should focus specifically on the energy of the amide ligand lone pairs, and any

preference for bonding to a particular metal-type which might emerge as a result

of this.
E%v Cu ﬂ tl?N Cu—N %j
\'LN Cu— N
a0
9ey
Figure 11.1: Comparison of the TMP ligand orientations in (a) 9e,, in which each

Cu centre is flanked by TMP ligands in an endo,ezo orientation and (b) 9cy, in
which each Cu centre is flanked by TMP ligands in an endo,endo configuration.
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11.3 Alternative amine precursors for cuprate syn-

thesis

In the course of this work, several new amine precursors have been investigated for
their ability to participate in the formation of lithium cuprates. Perhaps the most
relevant of these is the utility amine N, N-diisopropylamine, which retails at a frac-
tion of the cost of TMPH. Results have indicated low-level formation of Lipshutz-
type cuprate (DA),Cu(Br)Lio(TMEDA), 17a, as part of co-crystalline 17. Tt is of
considerable interest to develop a route which allows for the selective formation
of 17a, since this would allow for it to be screened for activity in DoCu. Poten-
tial routes to pure 17a would include the synthesis of Gilman cuprate (DA),Culi
and its subsequent combination with LiBr and TMEDA. Comparison with existing
TMP-derived systems would be very important here, as previous studies have sug-
gested that substituting DA for TMP in MeCu(CN)(TMP)Li, cuprates leads to in-
ferior results in DoCu.'¢” However, this study did not compare bis(amido)cuprates
incorporating DA, so this restriction need not necessarily apply. Related to the
previous point, the synthesis of a piperidine ligand which is even more crowded
than TMPH at the nitrogen centre has been reported recently.?*> CPCH, synthe-
sised in two steps from commercially available 1,2,2,6,6-pentamethyl-4-piperidone,
can be lithiated and used to access CPC-zincates. These have demonstrated im-
proved yields and regioselectivity in DoZn compared with those achievable by
using established TMP-zincates.!*"143 It should prove a relatively straightforward
task to access Lipshutz-type cuprates from this ligand (see Scheme 11.2), and it
would be interesting to see if superior yields and regioselectivity could be achieved

in substrates with weak directing groups, such as halopyridines.

Sa e

2) CuCN
N

CPCH N._

Scheme 11.2: Proposed synthesis of bis(CPC)cuprate.
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11.4 Towards catalytic applications of lithium cupr-

ates

Through the study of lithium cyanatocuprates, a new route to Lipshutz-type
reagents has been developed. Combination of Gilman cuprate 9¢ with LiOCN in
THF, followed by recrystallisation from hexane gave (TMP),Cu(OCN)Li,(THF).
The generality of this route should be explored thoroughly, as it has important
implications for our understanding of how Lipshutz-type cuprates are formed and
react. In particular, if thermodynamics dictate that LiX can be sequestered
by Gilman cuprate to form a Lipshutz-type cuprate, then a reactive base (i.e.
monomeric Gilman cuprate) ought to be accessible (Scheme 11.3). Perhaps the
most attractive possibility offered by this method would be the addition of sub-
stoichiometric or catalytic quantities of LiX additives to Gilman cuprate to pro-
mote activity. The use of smaller quantities of hazardous reagents (e.g. cyanides!)

has obvious benefits with regards to safety.

THF
12[(TMP),CuLilz + LiX —————— (TMP)2Cu(X)Li;

ArH
ArCu(TMP)Li + TMPH

Scheme 11.3: Proposed pathway for DoCu that employs catalytic amounts of LiX
(X = CN, OCN). THF-solvation omitted for simplicity.

Ultimately, the ability to employ either Cu or TMP in catalytic quantities would
have the largest cost-saving impact. It has recently been reported that an ami-
docuprate (DALi-CuCN) can be successfully deployed in catalytic deconjugative

231 Tn this system, DALi is consumed stoi-

a-alkylation of cyclic alkenenitriles.
chiometrically, but addition of CuCN accelerates the reaction and minimises self
condensation and other side-reactions. It could be investigated whether similar
modifications are beneficial to DoLi reactions. For example, the addition of cat-
alytic quantities of CuCN to TMPLi might have a beneficial influence upon regio-

and chemoselectivity.
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11.5 Further studies on heavier group 11 ’ate com-

plexes

In Chapter 8, initial investigations into the preparation of lithium bis(amido)argent-
ate complexes were presented. Complex redox chemistry was encountered when
procedures were adapted from analogous cuprate syntheses. Nonetheless, two ar-
gentates could be isolated: (TMP),AgLi 19 and (TMP),Ag(CN)Liy(THF) 21.
These compounds were targeted for two reasons. First, to establish trends in
structure and bonding amongst group 11 ’ate complexes, and second, to iden-
tify any useful spectroscopic features which might arise from the presence of
107/109Ag (I = 1) nuclei. Valuable structural and spectroscopic information was
gathered. However, it would be prudent to also investigate the reactivity of 21
with substrates such as N, N-diisopropylbenzamide, with a view to achieving DoAg
(see Scheme 11.4). Comparisons could then be drawn with previosuly reported
(TMP),Cu(CN)Liy(THF),'57 to establish whether this reaction is likely to be of in-
terest to the synthetic community. Furthermore, from the perspective of inorganic
chemistry, it would be satisfying to ‘complete the set” of group 11 ’ate complexes
by targeting compounds such as (TMP),AuLi or (TMP),Au(CN)Liy(THF). These
could be synthesised by reaction of AuCN with TMPLi, to give (TMP),Auli,
and with subsequent treatment with THF giving (TMP),Au(CN)Li,(THF). There
would be little synthetic interest in these aurates due to their cost. However, the
high carbophilicity of Au?** and the known stability of Au—C bonds?*® could be
harnessed to assist in the isolation of ortho metalated intermediates for crystal-
lographic elucidation. The information gathered from these complexes could be

used to aid in the understanding of more applied systems (i.e. cuprates).

o] N(iPr)2

(6] N(Pr
TMFI,_Ag_TMP Ox _N(iPr), (iPr)z
Li. Li. Ag(TMP)(CN)Li, E+ E
Ca / - >
SN, _—
) THF

Scheme 11.4: Proposed reaction scheme for DoAg of N, N-diisopropylbenzamide.
THF-solvation omitted for simplicity. E — general electrophile.
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11.6 Further studies in the deprotonation of unac-

tivated arenes

The exciting discovery, reported in Chapter 9, that TMPLi-TMPCu mixtures ex-
hibit reactivity towards nominally unreactive hydrocarbons, such as benzene and
mesitylene, warrants further research. Additional studies in this area should fol-
low three paths. First, the explicit synthesis of the products identified by NMR
spectroscopy should be attempted, for characterisation by X-ray crystallography.
This could be achieved by combining TMPLi, TMPCu and PhLi (or PhCu) in
the appropriate stoichiometries in hydrocarbon solution. Second, further studies
into the mechanism of the deprotonation should be initiated. This would require
further experimental work, primarily to distinguish between homogeneous (oc-
curring in solution) and heterogeneous (for example, occurring at the surface of
solid TMPCu) reactions. Computational work should also be undertaken. This
would be with a view to assessing the energetics of the reaction, and in particular,
explaining why these reactions have not been observed previously in solutions of
Lipshutz-(type) cuprates. Third, the substrate scope should be surveyed. An-
thracene and naphthalene are obvious choices, but heterocycles such as pyridine,
quinoline and isoquinoline would also be of interest. Meanwhile, chemoselectivity
(aromatic vs. lateral metalation) should be addressed by focussing on substrates
such as toluene and xylenes. Establishment of the generality of the reactions could
then allow for optimisation of stoichiometries and reaction conditions, after which
the systems could be introduced to organic synthesis by combining the metalated
aromatics with electrophiles. This is arguably the most pressing avenue of re-
search to pursue, as it is likely to have the greatest impact on the wider scientific

community.
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