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Abstract

Metallation, in which an inert carbon-hydrogen bond is transformed into a labile carbon-
metal bond, is a useful tool for constructing substituted aromatic compounds. Routinely,
highly polar organolithium reagents are employed for this purpose; however, there are
limitations to their use. This project was based on further developing an alternative
metallation strategy, namely Alkali-Metal-Mediated Metallation (AMMM), with emphasis on
zincation by exploiting the synergic chemistry that can be generated when pairing a group 1

metal amide with a low polarity dialkyl zinc reagent.

AMMM reactions of the sodium TMP-zincate [(TMEDA)Na(u-TMP)(u-Bu)Zn(tBu)] (1)
were explored leading to the development of a new concept within Directed-ortho-
Metallation (DoM) chemistry with three electron-rich aromatic substrates cleanly zincated
ortho to the directing metallation group (DMG) under ambient temperatures; while reaction
with benzyl methyl ether produced an ortho-zincated intermediate instead of the
thermodynamic a-metallated product. Additionally, a remarkable structural variety was
observed when investigating the competition between a DMG and a heteroatom in the N, N-
diethyl thiophene-2-carboxamide ring for the site of metallation. Through structurally
mapping these reactions and subsequent electrophilic quenches, these studies established
reagent 1 as a powerful metallating agent. A case study of the metallation of N, N-
dimethylaniline offers complementary insight into the selectivity and mechanism of the base
underlining how the cooperative action of the bi-metal partnership promotes special reactions

beyond the scope of homometallic reagents.

Outwith metallation, some unexpected highlights were the product of this research. Courtesy
of a novel four-step domino sequence, a series of unique zwitterionic zincabicyclic
complexes were prepared from the reaction of synergic reagents and chlorobenzene.
Complementing its Brensted basicity, zincate 1 underwent single electron transfer with the
radical TEMPO; while, treating TEMPO with sodium metal and crystallisation from a
hexane/TMEDA mixture produced a ladder structure which represents a rare example of

elemental-metal single electron reduction of the radical.
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Chapter 1: General Introduction to Organometallic and Metallation Chemistry

Chapter 1: General Introduction to Organometallic and Metallation Chemistry

This chapter endeavours to introduce two significant but distinctive classes of
organometallic reagent, namely organolithium and organozinc compounds. By looking
back in time and considering the distinctive architecture of the classic aforementioned
reagents we can appreciate the unique reactivity that has positioned organometallics as

a forerunner in modern organic synthesis.

This section will evolve and tell the story of the burgeoning theme of mixed-metal
chemistry both outwith and within the Mulvey group, where we have developed new
alternative metallation reagents which can be interpreted as composite molecules, made

up of an alkali-metal amide and a low polarity metal reagent [Zn, Mg or Mn(II) alkyls].

The development of these reagents as excellent chemo- and regioselective metallators
(ability to deprotonate C-H and X-H bonds to turn them into more labile C-metal and
X-metal bonds) form the basis of this PhD research programme, while it sets out to
offer a complementary insight into the selectivities and mechanisms of bimetallic bases
underlining how the cooperative action of the bi-metal partnership can promote

reactions beyond the scope of traditional homometallic reagents.
1.1)  Organolithiums: Structure and Reactivity

The illustrious German chemist Wilhelm Schlenk engaged in one of the great
experimental challenges of all time. Ambitious and enterprising, Schlenk along with
Holtz reported the first preparation of neutral organosodium compounds and also the
first organolithium compounds methyllithium, ethyllithium and phenyllithium;"

imparting expressive depictions of the properties of these compounds with

methyllithium said to burn in air forming a brilliant red flame with a shower of golden
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sparks. Earning a Nobel Prize nomination for his chemistry, his handling of challenging
air and moisture sensitive compounds is remembered to this day with the techniques

and glassware commonly employed in inert atmosphere synthesis carrying his name.

The deprotonative metallation reaction (most simply represented as R-H + R'-M — R-
M + R’-H) is widely regarded as the preeminent path for the generation of reactive
carbonucleophiles; entailing of displacement of a hydrogen atom by a metal, the
efficiency of the conversion is dependent upon two criteria being met. To be considered
synthetically useful it is a pre-requisite for the reaction mechanism to be selective,
discriminating between various types of C-H bond resulting in the abstraction of one
specific proton. The second hurdle to clear is the requirement for a strong base to
convince the hydrocarbon to partake in the metal-hydrogen exchange. Consequently,
the ideal candidates ought to exhibit a high reactivity potential. Organometallic species
unite strongly electropositive metals and organic reagents to form highly polar and as a
result, highly reactive carbon-metal bonds; thus the metallation reaction has become

synonymous with organolithium reagents.

The importance of organolithium-mediated reactions in organic synthesis cannot be
downplayed. Metallation followed by electrophilic quench is one of the world’s most
practiced synthetic transformations and has found numerous applications in total
synthesis.”! For example, the simple alkylation of Mevacor, a hypolipidemic drug used
to control elevated cholesterol, to prepare Zocor results in bioactivity some six times

that of the starting material (Scheme 1.1).1*!
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1. Lactone Protection
2. n-BuLi + R;NH
3. CH3X

4. Deprotection

HyC™

®

Mevacor

Scheme 1.1: Synthesis of the simvastatin Zocor via lithiation methodology.

Organolithium methods universal popularity has been born out of their simplicity.
Despite being one of the most reactive, sometimes expressed in pyrophoricity, classes
of reagents found in any academic or industrial laboratory, such species are relatively
straightforward to employ using customary laboratory equipment and a few careful
experimental techniques. Many common organolithium reagents are also commercially
available as stable hydrocarbon solutions (a property which sets them apart from their
heavier, more reactive sodium and potassium congeners) and it is upon these

foundations that organolithiums have built their ubiquitous status.

The inimitable chemical behaviour of lithium compounds cannot be fully rationalised
without detailed knowledge of their structural chemistry. The common qualitative
definition of organometallic species containing an explicit carbon-metal bond where the
carbon moiety exhibits negative character and the metal carries a 6-positive charge is
somewhat simplistic, failing to take into account interactions between the metal and the
carbon backbone, and the surrounding solvent. As a consequence of its inherent
electron deficiency, the lithium atom in such species with available low-lying orbitals is
obliged to seek greater stabilisation than can be bestowed by a sole carbanionic ligand.
Early freezing point measurements point towards the common organolithiums

fashioning mixed aggregates as hexamers, tetramers and dimers in hydrocarbon
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solution, and with the advent of sophisticated NMR spectroscopic and X-ray

crystallography techniques many of these structures have now been inferred.

Dietrich reported the first solvent-free organometallic crystal structure, when he
deduced the tetrameric arrangement, built up of two strongly associated (C,HsLi);
dimers, of ethyllithium in 1963.") One year later, Weiss contributed the landmark

structure of the simplest organolithium, methyllithium (Figure 1.1).1%!

Figure 1.1: Distorted cubane substructure of methyllithium illustrating

intermolecular interactions which create a polymeric network.

Analogous to that of ethyllithium, the lattice of methyllithium consists of tetrameric
subunits, where the carbon atom of a methyl group forms three short contacts to three
lithium atoms constructing a distorted cubane with lithium and carbon at alternate
corners. Methyllithium, along with phenyllithium are anomalies in organolithium
reagent chemistry in that it they are insoluble in hydrocarbon solvent in the absence of
donor additives. The insolubility and low volatility of methyllithium are a direct result
of the cubane clusters interacting with each other via intermolecular agostic interactions
creating a three-dimensional polymeric network. The aggregation state and strength of
inter-cluster interactions prevalent in organolithiums can generally be related to steric

properties. For example, in reagents bearing bulkier, more space-consuming organic

4
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fragments such as hexameric nBuLi (n-butyllithium) or tetrameric /Buli (z-

butyllithium), intermolecular interactions are precluded by steric effects.!”

Alkyllithiums are considered cornerstone reagents of modern synthesis; however they
are also the gateway to another important class of organolithium compound through
deprotonation of more acidic amines such as DA(H) (diisopropylamine) and TMP(H)
(2,2,6,6-tetramethylpiperidine) generating bulky lithium amide bases. Sterically
hindered lithium amides combination of low nucleophilicity and high kinetic basicity
ensured these derivatives emerged as valuable competitors to alkyllithiums and in many
instances the favoured reagent for deprotonative metallation of sensitive heterocycles
where the high nucleophilicity of alkyllithiums can be problematic. For example,
treatment of 2-fluoropyridine with nBuLi results in the product of addition; nonetheless
the selectivity pendulum can be swung in favour of metallation when deploying LDA

(lithium diisopropylamide) in THF at -75 °C (Scheme 1.2)."*!

LDA, THF AL Me;SiCl N SiMes _
- - | - | Metallation
N7 F N7 F
| N 75°C
=
N~ F

®
E E
/ / oy
- 5 m - . ﬁ Nucleophilic
P Of
60°C nBu®” N7 F nBu® N7 F Addition

I
Li

Scheme 1.2: Contrasting reactivity of LDA (top) and nBuLi (bottom) towards 2-

fluoropyridine.

Iustrated by the above example, LDA is widely regarded as a supreme player in the art
of proton abstraction, regioselectively deprotonating organic substrates bearing

BT nitriles!'® and nitrosamines.!'"! Reflecting

sensitive functional groups such as esters,
the prominent role it plays in synthetic chemistry, LDA has been the subject of various

structural studies. Collum has studied the hydrocarbon solution-state structures of LDA

5
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using isotopically labelled [°Li]JLDA and [°Li,°N]JLDA.!'"" The °Li NMR spectrum
intimates the presence of a number of cyclic oligomers with five discrete resonances,
while the corresponding °Li and "N NMR spectra of [°Li,"’N]JLDA show overlapping
triplets and quintets. The severe overlap rendered precise identification difficult;
however, such resonances typically correspond to cyclic dimers, trimers and higher
oligomers. LDA displays appreciable solubility in hexane solution at ambient
temperature allowing the isolation of donor-solvent free crystals and an X-ray

crystallographic analysis of uncomplexed LDA (Figure 1.2).["!

‘/’ Li )
o 7 N < e
[ ol 9 [ ]
S R
e

Figure 1.2: Helical chain structure of unsolvated, polymeric LDA.

The crystal structure depicts LDA adopting a unique helical, polymeric arrangement in
the solid state. Consistent with their alkyl relatives, lithium amides can participate in
extensive aggregation as a direct consequence of the highly polar bond between the
electropositive lithium and electronegative nitrogen, coupled with the presence of the
lone pair of electrons on the nitrogen. Two factors which can influence the extent of
aggregation of metal amides in general are the nature of the metal and the steric bulk of
the organic attachments on the amido nitrogen atoms. The steric argument can be
supported by considering two other widely utilised amides. LiHMDS (lithium

hexamethyldisilazane) was the first amidolithium to be structurally characterised and

6



Chapter 1: General Introduction to Organometallic and Metallation Chemistry

was found to form a cyclic trimer in the solid state,!'" whereas moving to the bulkier,
cyclic amine TMP(H) results in an eight-membered tetrameric ring arrangement (Figure

1.3).11%

o ,
/8
o L
[ ° 4
'_:_;' ”,/.‘ 7 .
N £
b ° o *°
',
5 e
* 9

Figure 1.3: The cyclic tetrameric molecular structure of LiTMP.

A third dynamic that can affect the degree of aggregation is donor ligands, with Lewis
bases such as amines or ethers posing as an alternative source of electron-density for the
Lewis acidic lithium atoms. By offering up electron density they can not only stabilise
the electron-deficient alkali-metal centre, such ligands can encourage a shift in
aggregation to an entropically favoured lower oligomer, while enhancing solubility in
non-polar solvents. In the context of this PhD research programme, the chelating
diamine TMEDA (N,N,N'.N'-tetramethylethylenediamine) provides a pertinent
example, for Collum and Williard have shown when LDA is crystallised from a near
neat TMEDA solution, the aforementioned helical polymer is broken down to dimers,

albeit still interlinked by TMEDA bridges to form an infinite chain (Figure 1.4).!'%!
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Figure 1.4: Section of the infinite chain of [(LDA), TMEDA]..

In contrast, the addition of TMEDA to tetrameric LiTMP provided an iconic structure
within alkali-metal amide chemistry with TMEDA-solvated LiTMP adopting a
distinctive hemi-solvated “open-dimer” arrangement (Figure 1.5).l'1 This structural
motif was considered to be an integral component in permitting the enolisation step of
the aldol reaction to take place and it provided structural evidence to authenticate
Collum’s observation of open dimers of LiITMP in solution.!"™ In 2011, the Mulvey
group extended structural studies to hetero (alkali-metal) TMP chemistry, reporting an
array of diverse structural motifs including open dimers and trimers through a co-
complexation synthetic protocol by using polydentate N-donors, TMEDA and

PMDETA (N,N,N',N",N"-pentamethylethylenediamine), in a non-polar medium.!""’

ﬁ.

\
s
l\IHI‘i;
»
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Figure 1.5: Crystal structures of the TMEDA-solvated, open dimer of LiTMP

(L.H.S) and the trinuclear open arrangement of [(PMDETA)K(p-TMP)Li(p-
TMP)Li(TMP)] (R.H.S).
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By transforming the structural make-up and solubility, donor solvents also significantly
augment the reactivity profile of organolithiums, to such an extent that an ether or
amine solvent is deemed essential for scores of popular organolithium reactions. The
upshot is exemplified in treatment of the alkyl aryl ether anisole with nBuLi.*” In the
absence of TMEDA, the methoxy oxygen doubles as a pseudo coordinating ligand
deaggregating the nBuLi hexamer into a tetrameric nBuLi-anisole complex. However,
in the presence of TMEDA, a mechanism entailing nBuLi-TMEDA dimers can be
proposed for successful deprotonation at the ortho-position with metallation directed by

the acidifying effect of the methoxy group on neighbouring protons (Scheme 1.3).

OMe
LI/ j —_n N— Li O L
\/\’L / (nBULi)5 - ,‘\—/< >—\i_
\ __N/LI\N_

Scheme 1.3: Proposed reaction pathway for anisole and nBuLi, with and without
the addition of TMEDA. The fourth n-butyl group of the tetrameric nBuLi-anisole

complex is omitted for clarity.

Nonetheless, in a thought provoking review Collum addresses many of the widespread
misconceptions related to TMEDA and the mechanisms by which it governs
organolithium structure and reactivity.”!! The notion that TMEDA promoted
deaggregation can be exercised to explain differences in reactivity can only hold true in
hydrocarbon solution in the absence of strong donors such as THF or ethers, with
evidence suggesting THF is a superior ligand for lithium and that organolithiums are
deaggregated just as much by commonly utilised bulk THF as by stoichiometric

TMEDA in THF.
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Lithiation by selective deprotonation of a C-H bond is central to so many aspects of
synthetic chemistry but the outcome and viability of the reaction is dependent on an
assortment of experimental parameters coming together. Many years of intensive
research has been devoted to the optimisation of organolithium methodology and this
passage aspired to summarise some of the vital considerations, including the reaction
medium and choice of base. Of course, these key parameters are interrelated and the
objective of the reaction must be taken into account when devising the synthetic
protocol. For example, upon altering the lithiating reagent and its Lewis base co-
solvent, the position of metallation can be tuned for a series of 2-substituted pyridines

(Scheme 1.4).12

1. LDA, THF, -78 °C E

/

\

2. E* N X

/

C(3) Lithiation

N X
1. nBuLi/LiDMAE,
Hexane, -78 °C AN
| —
2.E* E N X

X = OMe, SMe, NMe,, Cl C(6) Lithiation

DMAE = (Dimethylamino)ethoxide

Scheme 1.4: Different metallation regioselectivities obtained for 2-substituted

pyridines when varying base and reaction medium.

In reality, it can be difficult to envisage which course an organolithium-mediated
reaction will follow without accounting for each of these subtle intricacies, particularly
when managing multi-hydrogen containing substrates. The dawn of Directed-ortho-
Metallation (DoM) was a revolutionary breakthrough in the creation of regiospecifically
substituted aromatic rings but the nature of the most widely used directing groups

leaves them susceptible to unwelcome side reactions such as nucleophilic addition. The

10
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generic faults and limitations associated with organolithiums, and the improvements
that have been sought on the performance of existing methodology will be addressed in

the coming pages.
1.2)  Organozinc Reagents in Synthesis

Initiating over a century of ensuing exploration, the discovery of organozinc
compounds carries distinction as the naissance of organometallic chemistry. Working in
his laboratory in 1849, Frankland fabricated the first class of compounds to boast a
metal-carbon c-bond; treating methyl or ethyl iodide with metallic zinc he produced the
related dialkyl zinc reagents.””) Although, often kept in the shade by their more polar
lithium and magnesium counterparts, organozinc reagents cooperate in many
elementary organic reactions finding particular prowess in addition to carbonyl groups.
The Reformatsky reaction, which utilises a zinc reagent prepared by reduction of an a-
haloester with metallic zinc to create f-hydroxy esters, represents a pertinent example

(Scheme 1.5).124

0 Zn O OH

)'OJ\/ ’ )’k MRZ
Br
R;0 R "R, R;0 R

1

Scheme 1.5: Generic example of the Reformatsky reaction.

With the evolution of organolithium chemistry, the Reformatsky reaction gradually
faded out of the spotlight as expedient methods exploiting lithium enolates, prepared by
direct deprotonation of the ester, were sought. However, in recent years the
Reformatsky reaction, complete with a few adaptations, has re-emerged to once again
find synthetic value. In one instance, the inclusion of organoaluminium additives as

Lewis acids enhances the reactivity of the Reformatsky reagent in the reaction of ethyl

11
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bromodifluoroacetate with aliphatic or aromatic ketones, aldehydes and N-protected-a-

amino aldehydes, permitting the preparation of a,a-difluoro-f-hydroxy esters at 0 °C to

25]

room temperature (Scheme 1.6),*) where previously the presence of the aldehyde

function prohibited the use of lithium reagents and the archetypal Reformatsky reagents

required sonicating conditions to produce good yields.*®

BTCF2COOC2H5 OH

CHO Zn/AgOAc
©/ CF,CO,Et
Et,AICI

Yield: 69%

THF

Scheme 1.6: The Et;AICI-AgOAc¢ modified Reformatsky reaction, producing a,a-
difluoro-f#-hydroxy esters in good yield.

Although the reaction has attracted widespread appreciation, the make-up and
characteristics of the genuine Reformatsky reagent have remained ill defined. In
preparing f-hydroxy esters, the Reformatsky reagent adds to carbonyl groups in a
manner reminiscent of a Grignard reagent leading to a formulation of the type
“ROC(O)CH,ZnBr” being proposed. As part of a far reaching research programme
probing the coordination chemistry of substituted organozinc compounds, Boersma and
co-workers investigated the nature of the Reformatsky reagent derived from the tert-
butyl ester of bromoacetic acid in both solution and the solid-state.””! In solution
dimeric association was found to be the preferred state of the reagent in all but the most

polar of solvents, and the dimeric structure persists in the solid-state (Figure 1.6).

12
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Figure 1.6: Crystal structure of the [THF -/ BuOC(O)CH,ZnBr], dimer.

A previous report by Vaughan et al. had implied that Reformatsky reagents exhibit
enolate character with the absence of an C=0 absorption at 1700 cm™ in IR studies,*"!
while on the contrary, complementary NMR studies highlighted a paucity of vinylic
resonances in the '"H NMR spectra lending weight to the proposed carbon-metallated

structure.[zg]

However, the nature of a reagent in solution and its subsequent
spectroscopic properties are defined by the polarity of the solvent, thus an equilibrium

between the two species was put forward to explain the data observed in IR and NMR

spectra with alternative solvents (Figure 1.7).

O

BrZnO
)k/ZnBr — >—CH,
RO RO

C-metallated O-metallated

Figure 1.7: Proposed equilibrium between the potential carbon and oxygen

metallated structures of Reformatsky reagents.

The crystal structure determined by Boersma, indicates that at least in the solid-state,

the Reformatsky reagent cannot be assigned as either carbon or oxygen metallated with

13
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the zinc-carbon and zinc-oxygen distances in the dimer all in the range of normal single
bonds. THF solvation of the zinc centre and the steric bulk of the two tert-butyl groups
may be key factors in preventing association to a higher aggregate. As a product of this
structural study, the dimeric nature of the reagents in common solvents could then be

factored into mechanistic discussions of the Reformatsky reaction.

Nucleophilic addition of organometallic reagents to carbonyl substrates and the ensuing
carbon-carbon bond formation constitutes a fundamental reaction in organic synthesis.
In an extension of the Reformatsky reaction, enantioselective alkylation of carbonyl
compounds presents a passage to the synthesis of optically active alcohols, and amidst
the multitude of existing organometallic reagents available, diorganozinc compounds
retain prestige as alkyl donors in asymmetric alkylation.?” In a fully optimised
procedure, only 2 mol % of the optically active amino alcohol (—)-DAIB [(—)-3-exo-
dimethylaminoisoborneol] is required to effect highly enantioselective addition of
diethylzinc to the carbonyl group of benzaldehyde providing near maximum synthetic

efficiency (Scheme 1.7).5"

0 H

WEt
)-DAIB H,0 )
H - 2 OH
+ Etzzn
Toluene, 6 hrs, 0 °C
97 % yield and 98 % ee

N(CH3)2
(-)-DAIB =
OH

Scheme 1.7: DAIB-promoted enantioselective addition of diethylzinc to

benzaldehyde.

Furthermore, the addition of aryl groups has also drawn considerable interest with

diarylmethanols central components in a number of biologically active compounds.?*!

14
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The obvious synthetic strategy would nominate diphenylzinc as the aryl transfer
reagent; while this route has found applicability, issues with low enantioselectivity'*>!
and the expensive nature of diphenylzinc (£91.50 for 1g from Sigma-Aldrich)"**! have
led to the development of more cost-effective methodologies. Walsh has reported a
method that is instigated by the in sifu generation of aryl zinc intermediates from
readily available and inexpensive aryl bromides with subsequent asymmetric addition

transpiring to afford highly enantioselective diarylmethanols and benzylic alcohols

(Scheme 1.8).1°”

Br OH

i) nBuLi (2 equiv) v) TEEDA (0.8 equiv)
ii) tBuOMe ©/ in_~_~ hexane or toluene @/LR
1
iii) ZnCl, (2.1 equiv) vi) (-)-MIB (5 mol %)
(2 equiv) iv) nBuLi (2 equiv) (2 equiv) vii) R{CHO, 0 °C

0
(-)-MIB = on—T\)

3-exo-Morpholinoisoborneol

TEEDA = N,N,N',N'-tetraethylethylenediamine

Scheme 1.8: Generic example of the one-pot arylation of aldehydes starting from

aryl bromides.

To circumvent the low enantioselectivity that has been noted with diphenylzinc, mixed
alkyl-aryl zinc intermediates were prepared by metal-halogen exchange between PhBr
and nBuLi, followed by a transmetallation reaction with ZnCl, producing PhZnCl. A
second equivalent of the alkyllithium and ensuing metathesis reaction generated the aryl
zinc intermediate PhZnBu which was used in sifu in the asymmetric addition reaction
delivering an enantioselectivity higher than that of diphenylzinc and a versatile method

for the synthesis of enantioenriched benzylic alcohols.

Arguably, the Simmons-Smith reagent which delivers cyclopropane rings from olefins

equates to the benchmark for organozinc reagents in organic synthesis. There are a
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variety of individual techniques for the production of Simmons-Smith reagents,

however, the original preparation reported in 1958,1*%!

encompassing oxidative addition
of a dihalomethane to zinc metal remains the preferred route to the (iodomethyl) zinc

reagent (Scheme 1.9).

Et,O
Zn + CHylp, —— ICH,Znl Simmons-Smith reagent
* 1Zn----1 H2
Rz Rs HZC\/ c
R Rq Ry R4 Ri Ry

Scheme 1.9: Preparation of Simmons-Smith reagent and its subsequent utilisation

in the synthesis of a cyclopropane ring.

For a prolonged period of time after its discovery and vast usage, the structure of the
cyclopropanating species remained ambiguous. Meticulous studies by Simmons and his
co-workers surmised that the presence of the Schlenk-type equilibrium engenders
(ICH,),Zn/Znl, the active reagent;”” while in a separate study probing the bromo
analogue, NMR spectroscopic experiments conducted by Fabisch and Mitchell
corroborate the initial formation of BrCH,ZnBr and ensuing equilibration to
(BrCHz)ZZn/ZnBrz.[3 8 In recent years, experimental and theoretical studies have made
headway in clarifying the structure of (halomethyl) zinc reagents, none more so than
those of the group of Denmark who scrutinised their constitution by the collaborative
NMR and X-ray crystallographic approach.””’ The NMR spectroscopic studies
authenticate the suspicion that bis(halomethyl) zinc species are formed on addition of
either CH,I, or CICH,I to Et,Zn, and that the resultant heteroleptic species are stabilised
by the presence of coordinating ligands; with hexane solutions of a variety of glycol

ether [(1,7,7-trimethyl)(2,3-dimethoxy)bicycloheptane] complexes readily producing
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crystals upon cooling. The first X-ray crystallographic analysis of a bis(iodomethyl)

zinc complex could be performed and was reported in 1992 (Figure 1.8).

¥ o e
.' ’ e O Ur ®
« r' o ¢C "'
A .« * oo
o ¢ ¥

Figure 1.8: The two independent molecules within the crystal structure of a glycol

ether solvated bis(iodomethyl) Simmons-Smith reagent.

The bis(iodomethyl) zinc complex crystallised as a monomer with two independent
molecules in the unit cell. The glycol ether ligand regulates the orientation of the
iodomethyl groups. Endo iodomethyl groups sit directly underneath the five-membered
chelate rings but as a consequence of steric constraints with the bridgehead methyl
groups, the exo iodomethyl groups cannot adopt this conformation thus it is anticlinal to
one of the Zn-O bonds. In hatching a mechanism for the cyclopropanation reaction,
Simmons proposed internal activation of the methylene by formation of a bond between
the 1odine and zinc atoms. The relatively close contacts between zinc and the exo iodine
atoms [3.350(3) and 3.329(2) A] in the aforesaid structure lend weight to his

interpretation.

Remarkable progress has been made in the Simmons-Smith reaction and polished

mechanistic profiles are continually forthcoming. Cyclopropanation of alkenes carrying

0]

an alcohol occurs much faster than those without such functionality.[4 Upon

introducing a chiral auxiliary into the mix, asymmetric Simmons-Smith reactions can be
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conducted in a catalytic and enantioselective manner at room temperature, with the
alcohol or resulting alkoxyzinc species forming an aggregate (or co-complex) with the
(iodomethyl) zinc species and chiral auxiliary. In one procedure an Al(salalen) complex
[salalen = salen/salan hybrid; salen = N,N' bis(salicylidene)ethylenediamine;
salan=N,N'-bis(o-hydroxybenzyl)-1,2-diaminoethane], an aluminium Lewis acid/N
Lewis base bifunctional catalyst, duly enables interaction with the (iodomethyl) zinc
and hydroxyl sites delivering high enantioselectivities and quantitative yields at ambient

temperatures (Scheme 1.10).1*!

Salalen ligand A (10 mol%) e}
Et,AICI (10 mol%) -
N o NP
OH Nz A > —_— OH
= (0] | 6}
MeO Et,Zn, CHylp, CH,Cl [ o MeO
EtZn
Room temp. Yield 99%

ee 94%
NR N=

A

Scheme 1.10: Asymmetric Simmons-Smith reaction of allylic alcohols, illustrating

the proposed intermediate.

Despite their covetable combination of exceptional functional group tolerance and soft
nucleophilicity, organozinc reagents have found limited efficacy in deprotonative
metallation. The metallation of comparatively inert C-H bonds solicits the use of a
robust, highly polar base whereas with a propensity to form strong c-bonds to carbon,
dialkyl zinc reagents are afflicted by slow kinetics. Circumnavigating the kinetic
inertness of common organozincs, catalytic amounts of secondary amines were shown
to increase the rate of Zn-H exchange between Ph,Zn and a collection of carbon

acids,*? initiating exploration of the metallating capabilities of amidozinc reagents.
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The structure of the homoleptic zinc bis(amide) Zn(TMP), (Figure 1.9) was reported by
Rees in 1998, made from the reaction of two molar equivalents of LiTMP with ZnCl, in
diethyl ether;'**! however, almost a decade would pass before its potential in metallation
chemistry was unlocked. Hagadorn examined the reactivity of four zinc amide bases for
stoichiometric ~deprotonation; ethylzinc diphenylamide (EtZnNPh,), ethylzinc
diisopropylamide (EtZnNiPr,) and Zn(HMDS), as well as Zn(TMP),.1**! Complications
with side reactions and the low basicity of the diphenylamido anion resulted in an
unsuccessful trial for both alkyl-amido zinc reagents, while poor kinetics plagued the
reactivity of Zn(HMDS),. However, Zn(TMP), showcased its capacity as an effective
base, comfortably deprotonating an assortment of functionalised substrates bearing

ketones, esters, sulfones or sulfoxides under mild conditions.

¢ NPT e

o
® ®

®cC

Figure 1.9: The molecular structure of Zn(TMP),.

Notwithstanding their pivotal role in organic synthesis outlined in this section,
organozinc compounds have long remained in the shadow of organolithium and
Grignard reagents. However, an alkylzinc compound discovered over 150 years ago
once again has zinc reagents basking in the limelight. In 1858, Wanklyn prepared
sodium triethylzincate “NaZnEt;” via direct reaction of sodium metal and
diethylzinc;[45] subsequently termed “ates” in the realisation that classes of such metal
complexes with anionic formulations could be developed, Wittig was first to appreciate
the unique reactivity exhibited by such compounds. Extending Wanklyn’s pioneering

studies, he synthesised the first magnesiate “LiMgPhs;” prepared by reaction of the
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homometallic components and noted that reaction with benzalacetophenone yielded a
product of mainly 1,4-addition, in contrast to the 1,2-addition product obtained with

PhLi.l*¢

This research programme builds upon the foundations laid by Wanklyn and Wittig, and
the special reactivity profile that has established alkali-metal zincates as contemporary

reagents in synthetic chemistry will be considered in the next section.
1.3) Second Generation Metallation

The underlying importance of the metallation reaction has inspired chemists to pursue
novel, progressive reagents capable of selectively abstracting hydrogen from organic
substrates. Although, alkyllithium or lithium amide reagents are viewed as the favoured
metallating tools for countless synthetic renovations,!*” there are constraints allied to
their use. Prominent among these are poor functional group tolerance and low stability
of the developing lithio-intermediates, therefore imposing the use of subambient
temperatures to effect the desired reactions and avoid decomposition or side reactions.
The necessity for energy input to maintain low temperatures creates cost implications
when performing reactions on a larger scale with statistics from Chemical Development
at GlaxoSmithKline suggesting that effecting reactions at temperatures less than -40 °C
encounters an extra cost of at least £250 000 per annum per batch process.!**! In light of
this disadvantage, research groups all over the globe have been initiating innovative

bimetallic alternatives to the customary homometallic reagents.

The ultimate proton abstractor would exhibit good functional group tolerance, high
reactivity (preferably at ambient temperature) and high selectivity, particularly ability to
deprotonate at positions inaccessible with previous incarnations. New reagents designed

for this purpose can be considered composite molecules or concoctions constituting of
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two or more compound types. Organolithium compounds can interact with alkali-metal
alkoxides in two distinct ways. Whilst lithium alkoxides and organolithium compounds
form adducts displaying comparable reactivity to the parent organolithium, a
transmetallation (or part transmetallation) often transpires with heavier alkali-metal
alkoxides, furnishing heavy alkali-metal organic compounds and lithium alkoxides.
This exchange is accompanied by an extraordinary increase in reactivity compared to
that of the starting organolithium compound, and the increased basicity of the in situ

mixtures led to the coining of the name “superbase”.

The leading Lochmann-Schlosser reagent (LICKOR), prepared by combining nBulLi
and /BuOK, has been commonly employed in deprotonation reactions, exhibiting
enhanced reactivity over organolithium reagents. The trifluoromethyl group exerts only
a small acidifying effect on adjacent protons and as a result a superbasic reagent is
obligatory for the ortho-metallation of trifluoromethylbenzene to proceed
satisfactorily,*” with nBuLi on its own in refluxing diethyl ether affording poor yields
and imperfect regioselectivity.’”? Advantageously, the LICKOR superbase opens up
new reactivity on introducing a second trifluoromethyl group on the aromatic ring.
Scheme 1.11 illustrates the contrasting metallation regioselectivities observed for 1,3-

(trifluoromethyl)benzene using LICKOR and organolithium reagents.[Sl]

CF, CF, CFs

fBuLi or LITMP i LICKOR
Q E CFs CF ! CF,

© 3

Scheme 1.11: Complementary regioselectivities obtained for the metallation of 1,3-

(trifluoromethyl)benzene utilising LICKOR and homometallic organolithiums.
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On a comparative, qualitative scale of basicity the LICKOR reagent occupies an
intermediate position higher than nBuLi but lower than nBuK, tentatively implying that
complete transmetallation to the heavy alkali-metal organic compound does not come to
pass or if it does, it does so in the form of a co-complex (see below) with the lithium
alkoxide and possibly donor ligands. Benzene with a pK, of around 40 is not easy to
deprotonate due to its lack of activating electron-withdrawing substituents. For
metallation to ensue utilising nBuLi, the presence of an electron-donating Lewis base
such as TMEDA is required.”? Contrarily, upon employing the LICKOR superbase
deprotonation of benzene proceeds quantitatively in the absence of such a donor.!
Schlosser surmised that the enhanced reactivity of nBuLi in the presence of ‘BuOK
could be interpreted in terms of solvation of the nBuLi by the oxygen atom of the
alkoxide,” analogous to the solvation of organometallics by ethers, nevertheless
categorical structural detail of the LICKOR reagent remains evasive. Revisiting a
reaction surveyed by Lochmann in 1979, Mulvey and co-workers have elucidated the
structure of the lithium primary amide - potassium alkoxide composite
[(fBuNH)4(BuO)4Li4K4:(CsHs),], which contains dimeric (LiN), and (KO), rings fused
together in a carousel arrangement (Figure 1.10).°°! Although its superbase character
was endorsed by its ability to abstract a proton from toluene, synthetic use of this

complex is extremely limited as its constituent homometallic compounds, are weak

bases themselves.

In 2011, O’Shea described a method for benzylic metallation of ortho, meta and para-
substituted toluenes wusing a mixed-metal amide base generated from a
nBuLi/tBuOK/TMP(H) mixture at -78 °C in THF (Scheme 1.12). The OMOM
(methoxymethoxy) group is a strong ortho-directing substituent, therefore ortho-

metallation proceeds satisfactorily with the superbasic mixture but overcoming the
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ortho-directing influence, the excellent level of benzylic selectivity achieved is
attributed to the mixed-metal amide bases ability to facilitate an aryl migration from the
kinetic ortho-metallation site to the benzylic position. Notably, this controlled anion
migration is attainable with catalytic quantities of TMP.P” It is worth mentioning that
O’Shea’s variant of the Lochmann/Schlosser superbase mixture has only ever been
generated in situ and the precise identity of its active base ingredients have not yet been

established.

Figure 1.10: Molecular structure of the mixed lithium-potassium amide alkoxide

“superbase” [((BuNH)(fBuO)sLi;K4 (CsHe)a].

OMOM OMOM i) nBuLi OMOM
i) nBulLi if) tBuOK
M i) tBUOK iii) TMP(H) M
-78 °C, THF, 15 mins -78 °C, THF, 15 mins

OMOM = methoxymethoxy

Scheme 1.12: Selective ortho and benzylic metallations of OMOM-substituted

toluenes using variants of the superbasic mixture.
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Supplementing the mixed-metal LICKOR reagent, a new class of unimetal superbases
derived from co-complexation of alkyllithiums and lithium aminoalkoxides have
emerged. Engineered with the desire of amplifying basicity by association and arresting
nucleophilicity through the formation of sterically hindered aggregates, renowned
amongst these is Caubere’s reagent, nBuLi-LIDMAE [where DMAE is

%8 the formulation of which suggests the metallating reagent

(dimethylamino)ethoxide],!
is prepared by mixing an alkyllithium with an amino alcohol in an apolar, non-
coordinating solvent (Scheme 1.13). The RLi/ROLi reagents have been promoted in
metallation chemistry by Gros and Fort with notable reactivity and selectivity in the

deprotonation of pyridines.>”

OH nBuLi (2 equiv.) AU Me
[ Hexane nBu'\ /:N“ Me
il
NMe, 0°C \*oj
(1 equiv.)
nBuLi-LiDMAE

Scheme 1.13: Preparation and empirical structure of nBuLi-LiDMAE reagent.

The pyridine substructure is an important motif for pharmaceuticals® and

(611 or luminescent materials.'®? Accordingly, chemists have endeavoured

optoelectronic
to formulate efficient and selective protocols to perform chemical manipulations on the
pyridine ring. In this context, regioselective lithiation procedures are highly sought
after; however, the n-deficiency of pyridine has proven detrimental to the execution of
this reaction with alkyllithiums, resulting in nucleophilic attack on the azomethine
(N=C) bond.[*! Attention turned to the sterically hindered non-nucleophilic lithium
dialkylamides, typically LDA and LiTMP, and despite their lower basicities these

reagents can initiate metallation of common pyridines.!®* Nonetheless, their preparation

commences with expensive amines and typically they are deployed in excess (2 - 4
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equiv.), hence diligence has been re-directed to turning nucleophilic alkyllithiums into
basic reagents by virtue of co-complexation. The marked reactivity of
nBuLi/aminoalkoxide reagents was first noted during the lithiation of 2-

methoxypyridine (Table 1.1).["]

Table 1.1: Treatment of 2-methoxypyridine with nBuLi-TMEDA/DMAE

combinations.
1) nBulLi (1 equiv.)
bl :
® | oroocrt ot
N/ OMe ) Bu N/ OMe N/ OMe Me;Si N/ OMe
2) Me3SiCl, 0 °C
A B Cc
Chelating Agent A (%) B (%) C (%)
TMEDA 31 16 -
DMAE 28 - 42

2-methoxypyridine was treated with assorted nBuLi-chelating agent combinations and
the resultant lithiated species were quenched with an excess of chlorotrimethylsilane.
GC analysis revealed the TMEDA solvated complex principally afforded the 6-addition
product A, while the nBuLi-LiDMAE reagent afforded the best metallation/addition
ratio producing C in 42% yield. Granted the extent of lithium-hydrogen exchange is not
striking, this study nonetheless unveiled the capability of these aminoalkoxide
aggregates and set in motion investigations into the application of these reagents. The
lithiation of 3-methoxypyridine is extensively documented in the literature with
efficiency and selectivity dependent upon the metallating agent and reaction conditions

(Scheme 1.14).
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Conventional reagents LDA! and nBuLi/TMEDA!®"! in THF predominantly delivered
the C-2 substituted product in moderate yields, but with nBuLi-LiDMAE in hexane this
selectivity was achieved in an excellent 88% vyield after 30 minutes at 0 °C.%
Metallation of regioisomeric 4-methoxypyridine conceived a new selectivity, enriching
the scope of the nBuLi-LiDMAE partnership.>”* Whereas exclusive C-3 lithiation was
observed with LDA!®® and PhLi,'®” a complete reversal of selectivity to the C-2
position was witnessed with Caubére’s reagent at -78 °C launching nBuLi/lithium

aminoalkoxide aggregates as attractive selective reagents (Scheme 1.15).

SiMes LDA (1.2 equiv.)
Me;SiCl (2 equiv.)
SN OMe XN OMe 3
| |
~ — SiM
N N iMe; THF, -42°C, 1h
' ' 1) nBuLi-LiDMAE (3 equiv.)
hexane, 0 °C, 0.5h
(33 %) (42 %) N OMe | N OMe
‘ = ~
N ) N~ “Sme
1) nBULi-TMEDA (1 equiv.) 2) l\#f"S:SMe (@ eqhuv,)
OMe THF, -40 °C, 0.5h ,-78°C, 1 (88 %)
| pz OH
N 2) CH,CHO (1 equiv.)
CH, 3) H0
(49 %)

Scheme 1.14: Treatment of 3-methoxypyridine with nBuLi-LIDMAE and

customary lithiating agents.

1) LDA (1.1 equiv.)
THF, -23 °C, 0.5h

2) E* (1.2 equiv.)
{.%e OMe 1) nBuLi-LIDMAE (3 equiv.) OMe

hexane, -78 °C, 1h

: . 2) MeSSMe (4 equiv.)
1) PhLi (2.2 equiv. s
\ )THF,(0°C,(1h ) THF, -78°C, 1h
C(3) Lithiation . , C(2) Lithiation
2) E” (1.2 equiv.)

-70°C

Scheme 1.15: Contrasting metallation regioselectivities towards 4-

methoxypyridine with conventional organolithium reagents or nBuLi-LiDMAE.
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Nowadays, there is increasing realisations that direct metallation with low polarity
metals such as magnesium, zinc or manganese(Il) is attainable with imaginatively
composed bases. The work of Knochel has unmasked a special reactivity that can be
realised with a mixed lithium halide - alkylmagnesium complex, labelled a “turbo-
Grignard” reagent. While exploring the synthesis of organomagnesium compounds, it
was shown that addition of LiCl to the Grignard reagent iPrMgCl bestows a significant
boost in reactivity for magnesium-halogen exchange reactions.’” This augmented
reactivity is credited in part to an additional negative charge at the magnesium centre

(13

(i.e. “ate” formation) which swells the nucleophilic properties of the iPr group.
Supplementing its high reactivity and regioselectivity, this reagent displays a wide
functional group tolerance, with nitriles, halides and esters all tolerated as

functionalised alkenyl iodides were converted to the subsequent alkenylmagnesium

derivatives (Scheme 1.16).1"!

_Cl_ — © _CI ,®
iPr—Mg__ _Li - iPr—Mg_ Li
o o
Et
X! iPrMgCI-LiCl X MgCl-LiCI EtCHO X"“oH
- - . .
COOMe COOMe COOMe
-40°C, 12 -40°Ctort
(E:Z=99:1) 829% (E:Z=99:1)

Scheme 1.16: Synthesis of functionalised alkenylmagnesium reagents using the

“turbo-Grignard” iPrMgCl-LiCl

In 1947, Hauser described magnesium amide bases of the general formula R,NMgX or
(RZN)ZMg.m] Possessing a more covalent metal-nitrogen bond in comparison to those
in lithium amides, these reagents were found to be tolerant towards various commonly
encountered organic functionalities, consequently alleviating the energetic burden of

cryogenic temperatures. Amidst important contributions from Eaton'”*! and Kondo,"!
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Mulzer reported the regioselective magnesiation of pyridine carboxamides and
carbamates deploying TMPMgCl (Scheme 1.17).1*! Unfortunately, as a consequence of
their low solubility in common organic solvents a large excess of magnesium amide can

be mandatory for high conversions and reaction rates.

tBUOzC tBUOzC E
' 1) TMPMgCI (6 equiv.) \
HN ohcs e HN | N
» P
N~ CON(iPr), 2)E* N~ CON(iPr),
E =Br 58%
E =CHO 75%

Scheme 1.17: Magnesiation of a pyridine carboxamide derivative using

TMPMgCl.

Embracing the turbo-Grignard methodology, the combination of sterically hindered
magnesium amides with LiCl generates kinetically highly reactive and THF soluble
bases.”” Reacting iPrMgCI'LiCl with an equivalent of TMP(H) for 24 hours,
quantitatively produces TMPMgClI-LiCl which can be stored under the obligatory inert
atmosphere in a stable THF solution. Illustrating tolerance towards sensitive, more
reactive substituents, a highly electrophilic nonaflate is compatible with an equimolar
quantity of base under mild conditions and addition of an aromatic aldehyde provides

the expected lactone in 72% yield (Scheme 1.18).1""

Q

Q
COE CO,E OHC@ oMe
TMPMQCI-LCI (1.1 equiv.) MgCl
O OMe
THF, 3h, -20°C 3h, 25 °C

ONf ONf ONf

Nf = C4F4SO, Yield: 72%

Scheme 1.18: Preparation of a highly functionalised aromatic using

TMPMgCl-LiClL
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The high solubility and reactivity of the TMPMgCIl-LiCl reagent would imply a non-
polymeric structure, with LiCl potentially forming a mixed-aggregate with the bulky
magnesium amide. This interpretation was ratified by the Mulvey group when the
monomeric turbo-Hauser base was structurally characterised in the solid-state for the
first time in 2008 (Figure 1.11).”® Revealing the molecular halide composition
provided structural justification for the reagents impressive magnesiating ability. The
TMP is bound to magnesium and its terminal fixation signifies only one bond needs to
be broken to release the active base, and with a potentially labile THF ligand geminal to
TMP, a vacant site could facilitate pre-coordination of the functionalised aromatic prior

to its magnesiation.

/e 7 \ /

L | o \

«® '
[ =8

Figure 1.11: Molecular structure of turbo-Hauser TMPMgCIl-LiCl reagent.

Despite the fact TMP-magnesium bases like TMPMgCI-LiCl showcase a high
functional group tolerance towards nitriles, esters and aryl ketones, there are still a
number of important but more reactive functional groups like nitros and aldehydes that
are not compatible with the use of a magnesium base. Recent communications have
seen Knochel blend his magnesium reagents with zinc chloride to fashion a
79]

chemoselective base for direct zincation of arenes and heteroarenes (Scheme 1.19).!

Formation of the composite base (TMP),Zn-2MgCl,-2LiCl transpires in high yield with
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the presence of both MgCl, and LiCl essential for the solubility and high reactivity of

the base.

\
\“\

ZnCl, (0.5 equiv.)

)
MgCl- LiCl

05 N)EZn-ZMgCIZ-ZLiCI

THF, 15h, 25 °C

///1

Scheme 1.19: Preparation of the base (TMP),Zn-2MgCl,-2LiCl.

Direct zincation of sensitive aromatics and heteroaromatics was achievable, nonetheless
with this reagent some electron-poor functionalised arenes and heteroarenes still give
unsatisfactory results in terms of yields and reaction selectivity. Furthermore, various
activated aromatics or heteroaromatics such as nitro derivatives or pyridazines compel
metallations below -50 °C, which is not convenient for reaction upscaling.®” These
problems can be circumvented by the use of the commercially available, more selective
zinc base TMPZnCl-LiCl that executes chemo- and regioselective zincation of aryl and
heteroaryl substrates containing sensitive groups typically at ambient temperature!®"!
and on the multigram scale with metallation rates comparable to those obtained for
small scale processes.*?! The synthesis of functional aryl and heteroaryl zinc reagents
via direct zincation facilitates accelerated Negishi cross coupling,®*! whereas lithiated
or magnesiated substrates typically require preceding transmetallation with zinc
chloride, opening up the efficient construction of a myriad of organic skeletons. For
instance, the zinc intermediates manufactured on a 50 mmol scale exhibit excellent

reactivity in Pd-catalysed Negishi cross coupling reactions with substituted aryl iodides

(Scheme 1.20).8%
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CO,Et

50 mmol scale
1) TMPZnCI-LiCl (1.1 equiv.)
N 0.5h, 25 °C N
| N | N
~ ~
N N

cl cl
2) Pd(dba)2 / P(2-furyl)2

(2 mol% / 4mol%)

|OcozEt (1.2 equiv.)

3h,25°C

Cl Cl

Yield: 79%

Scheme 1.20: Zincation of 2,6-dichloropyrazine using TMPZnCl-LiCl and

subsequent Negishi cross-coupling.

The new LiCl-solubilised TMP bases have recently been the subject of two
comprehensive review articles and for that reason a line will be drawn under their
discussion.® Their discovery has written a whole new chapter in the metallation story,
with exceptionally good functional group tolerance and mild reaction conditions
desirably complementing the high kinetic basicity of the new TMP-bases. Whether
deployed independently or synchronically (Scheme 1.21),®! the resulting
organometallics are readily functionalised by electrophiles convening broad application

in organic synthesis.

MgCl- LiCI
1) TMPMgCI-LICI B : B
Br XN -40°C r XN TMPMgCI-LiCl r X
| _ | pz | =
N7 el NCT N7 el Ne” N7 el
c 2)Tos-CN 10 min, -78 °C
MeSO,SMe
SMe O SMe SMe
; Br Zn ;
B X NP CuCN-2LiCl N, TMP,Zn-2MgCly-2LiCl B X
NC” N7 el NCT N7 el NC” N el

PhCOCI 4h,-20°C

Scheme 1.21: Full functionalisation of the pyridine core using sequential LiCl

solubilised TMP base/electrophilic interception protocols.

31



Chapter 1: General Introduction to Organometallic and Metallation Chemistry

In general, alkali-metal zincates demonstrate greater selectivity and functional group
tolerance than many more established reagents. As briefly touched upon in Section 1.2,
they also exhibit enhanced reactivity in comparison to kinetically retarded, neutral
dialkyl zinc compounds R,Zn.*® Pioneering work of Kondo and Uchiyama provided
inspiration for the theme of this PhD programme. In the late 1990’s, their research
focused on the development of ate complexes, particularly zincates and exploiting the
unique characteristics of these reagents in synthesis. Initial investigations chronicled
that lithium trialkylzincates could be used as chemoselective reagents in metal-halogen

. 87
exchange reactions.™®”!

Amongst this family of bimetallic compounds, dialkyl-amido zincates, MZn(NR;)R",
have been given more consideration due to the high degree of selectivity expressed in
their aromatic deprotonation reactions. The novel deprotonative =zincation of
functionalised aromatic and heteroaromatics was realised using a TMP-zincate. The
ortho-metallation of arenes harbouring directing metallating groups was smoothly
accomplished engaging “LiZn(TMP)7Bu,” at room temperature, with ensuing
electrophilic quench with iodine producing the iodobenzoates in excellent yields.[**!
Significantly, stepwise treatment of the alkyl benzoates with LiTMP and tBu,Zn was
found to be ineffectual for the formation of the arylzincates, and as a consequence pre-
complexation of LiTMP and rBu,Zn was deemed an intrinsic facet of the metallation.
Zincation with “LiZn(TMP)/Bu,” also proved a powerful tool for the preparation of

1,2,3-trisubstituted aromatic compounds (Table 1.2),*"]

where the use of alkyllithium
bases is limited by the presence of a bromine atom on the arene due to competing
metal-halogen exchange®” and ortho-metallation with hindered lithium dialkylamides
partly eliminates lithium bromide generating a benzyne intermediate that can be

intercepted in situ with the base.”"
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Table 1.2: Chemoselective metallation of functionalised bromobenzenes and

subsequent iodination.

FG FG tBu Li® FG
Li(TMP)ZntBu, zln?tBu I, I
Br THF Br - Br
FG Time (h) Temperature (°C) Yield (%)
CN 3 0 96
OMe 12 -30 95
CON;/Pr; 3 0 84
Cl 24 -30 77
F 24 -30 93

Additionally, Uchiyama has studied the mechanism and origins of chemoselectivity in
the ortho-metallation of functionalised arenes with TMP-zincate bases revealing the
high substrate compatibility they exhibit.”” Employing LiZn(NMe,)Me, as the
chemical model of their bases, computational/theoretical studies focused on the reaction
pathway of TMP-zincates with benzonitrile and methyl benzoate both of which react
forcibly with alkyllithiums to afford the 1,2-addition adducts. The results not only
illustrate the lower barrier to ortho-metallation over 1,2-addition; overall, the broad
substrate compatibility in these metallations with zincates is beautifully portrayed. In
the reaction with benzonitrile, the lithium atom tweaks its position so that the Me,N
ligand can interact with the ortho-hydrogen atom; while the “closed-form” of the
zincate is preserved in the reaction of methyl benzoate suggesting the zincate bases can

adapt their transition state structures flexibly to suit the specific substrate (Figure 1.12).
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s
Li—Me Me
N mhe—7n Lo~ Szn—Me
) Me—2n I\ e
_~NMe, MeO. __O"  “NMe,
H” H

Figure 1.12: Transition states in the reactions of Li(NMe;)ZnMe, with benzonitrile

or methylbenzoate.

Complementing this theoretical study, a measure of regiocontrol can be implemented in
the deprotonative metallation of bromopyridines by choosing one of two tuneable
amidozincates.”” This cooperative or synergic behaviour is a feature of
heterobimetallic ate compounds where the alkali-metals are associated with another
metal, creating unique chemistries that cannot be replicated by either of the
homometallic components from which they are comprised. Acknowledging that
structure and reactivity are often intertwined, the Mulvey group have successfully
created a structural template that is primed for executing deprotonative metallation.*"!
Conceptually, the avenue leading to this class of metallating agent can be deemed a

“co-complexation” reaction with the three distinct components of the reaction

interlinking to produce the composite molecule (Scheme 1.22).

\A ¢ hexane Pae
C 4
Na® Zn—tBu
N N/ \‘YtiB e
/N /\ -

tBu—Zn—¢Bu

Scheme 1.22: Co-complexation synthesis of a sodium TMP-zincate.

Thus far this section has aspired to herald the deprotonative power of the new

generation of complex metallators, but nowhere has this increased reactivity been so
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apparent than with the sodium dialkyl-amidozincate [(TMEDA)Na(u-TMP)(u-
Bu)Zn(rBu)] (1). Introduced by the Mulvey group in 2005,°% the structure of 1
embodies the first crystallographically characterised sodium diorgano-amidozincate.
Sodium and zinc centres are linked by a bridging TMP which bonds to each metal via
its nitrogen atom. The bidentate TMEDA ligand chelates to sodium, while zinc carries a
terminal /Bu ligand. Completing a central 5S-membered (NaNZnCC) ring is an unusual
asymmetric fBu bridge, bonding directly to zinc and additionally engaging in a
medium-long Na---Me agostic contact [2.75(10) A] denoted by the dashed line in

Figure 1.13.

®

% .\n
R
L

|
@ A

® ﬂ\tN S -
o o S
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Figure 1.13: Molecular structure of [ TMEDA)Na(p-TMP)(p-fBu)Zn(zBu)] (1).

This complex has been proven to be a powerful and effective regioselective base
towards various arenes; displaying high functional group tolerance, reactions can be
carried out under mild conditions, generally at room temperature. Particularly
impressive is the ease at which metallation of unactivated aromatics progresses. The
fused ring aromatic hydrocarbon naphthalene was reacted with 1 under benign
experimental conditions (namely in hexane, at room temperature and stirred for 2
hours) furnishing crystalline 2-monometallated naphthalene [(TMEDA)Na(u-TMP)(u-

2-C1oH7)Zn(7Bu)] in typical isolated yields of 50% (Figure 1.14).°°
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Erstwhile applications of 1 had been confined to mono-deprotonation reactions;
however, when naphthalene was subjected to an excess of 1, di-zincation was
effortlessly accomplished. Exploiting two equivalents of base at reflux conditions for 5
hours harvests a crop of di-zincated 2,6-dinaphthalenediide [(TMEDA),;Na,(TMP),(2,6-
C10Hg)Zny(1Bu),], the mono-zincated product and unaffected naphthalene in 7:1:1 ratio
as validated by NMR spectroscopic analysis. Emphasising the revolutionary essence of
this study, dimetallation of polycyclic naphathalene utilising the superbasic LICKOR

reagent churns out a mixture of 10 different di-substituted isomers all in poor yields.">”!

Figure 1.14: Molecular structures of mono- and di-zincated naphthalene.

The simplest aromatic molecule benzene is also stoichiometrically 1,4-dideprotonated
on reaction with two equivalents of 1.7 Close inspection revealed that the reaction is
dependent on the order of reagent addition. In the absence of TMEDA, the combination
of NaTMP and /Bu,Zn is insoluble in hydrocarbon media; yet dissolution and complex
formation could be accomplished upon addition of 0.5 molar equivalents of benzene.
Stirring this reaction mixture for 48 hours before introducing TMEDA encourages

crystallisation =~ of the product, namely the 1,4-dizincated complex
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[(TMEDA),Na(TMP),(1,4-C¢H4)Zn,(tBu),].  Interestingly, #TMEDA exerts a
debilitating effect on the ability of 1 to di-deprotonate benzene; for if it is implanted at
an earlier juncture only the mono-deprotonated benzene complex [(TMEDA)Na(u-
TMP)(u-CsHs)Zn(#Bu)] is formed (Scheme 1.23), implying TMEDA acts only as a
crystallisation aid in the formation of 1 and appears not to be involved in the transition

structures of the deprotonation steps.

(i) 0.5 equiv. benzene

NaTMP + tBu,Zn
(i) TMEDA

(i) TMEDA

(i) 0.5 or 1 equiv. benzene

Scheme 1.23: Importance of the order of reagent addition in the synergic mono-

and di-zincation of benzene.

In each of the preceding studies, X-ray crystallographic and NMR spectroscopic
analyses have been utilised to decree whether TMP-zincate 1 behaves as an alkyl or
amido base. 'H NMR spectra recorded passively in deuterated benzene solution show
integration ratios consistent with a 1:1 rBu:TMP stoichiometry, whilst tandem X-ray
crystallography studies substantiate alkyl basicity with the TMP ligand retaining its

indigenous bridging position. In an effort to rationalise the alkyl basicity, DFT
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calculations were used to gauge the energetics of the reaction of 1 with an equimolar

measure of benzene.””

I'Scheme 1.24 illustrates route A, which appears to mimic the
experimental reaction, and route B, a putative reaction where TMP acts as the base.
Both are exothermic processes. Reassuringly, the energy released for path A is far
greater intimating that the preference for /Bu ligand transfer is, at least in part,
thermodynamically driven. However, in the intervening years complementary
experimental and theoretical studies have come forth filling in the gaps and inferring a

twist in the reactivity profiles of TMP-zincates. This dual basicity will be elaborated

upon in the forthcoming pages.

\/ % \/
© N, N © N

2 AN 2
[ Na Zn—tBu [ Na Zn—tBu
¢« N/ « N/

N tBu N tBu
Path A /\ Path B /\

(-#BuH) (-TMPH)

[,\E = -21.9 kcal mol™ ] [ AE = -1.5 kcal mol ]

Scheme 1.24: DFT modelled reactions of 1 with benzene, illustrating calculated

heats of formation for alkyl basicity (L.H.S) versus amido basicity (R.H.S.).

The highlight for the Mulvey group came in the form of synthetically useful THF
metallation. For generations of chemists, the controlled metallation of ethers has
presented the ultimate challenge; highly unstable, metallated ethers readily cleave via
one of a number of possible pathways.”™ Pointedly, metallation at the a-position of
THF localises a large degree of negative character on the a-C adjacent to the electron-
rich O atom, kindling a grave destabilisation that solicits a spontaneous ring opening.
The identity of the final decomposition products depends upon the reaction conditions,
but a mixture of ethene and the enolate of acetaldehyde is most common (Scheme

1.25).%1
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RLi
R = nBu, tBu, Me

(Y ——— %

0 Lo

[3+2] cycloreversion

/Yy

Scheme 1.25: Common mechanism for the cleavage of THF with alkyllithium

reagents.

However, refining the synergic mixed-metal approach it was not only possible to
directly zincate the cyclic ether (Figure 1.15) but also it can be effected with the
vulnerable a-metallated THF fragment staying intact at ambient temperature without
any ring opening or cleavage entertaining interception by the common electrophile
benzoyl chloride."®” To meet the challenge of a delicate zincation, the highly basic /Bu
carbanions were substituted for the gentler trimethylsilylmethyl ligand. The analogous
potassium zinc reagent [(PMDETA)K(u-TMP)(u-CH,SiMes)Zn(CH,SiMe;)] also
trapped the elusive CH,=CH anion via deprotonation of ethene, with Zn forming a o-
bond to the deprotonated C atom and K engaging the n-system of the unsaturated C,
unit. This one report had far-reaching implications for metallation and organometallic

chemistry in general.

< e
2e
e _ Na %y =
S S —a = Zn =
. | ..’.I: .

Figure 1.15: Molecular structure of the a-zincated THF complex.
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It is worth re-emphasising that on their own, dialkyl zinc compounds are feeble
deprotonating agents unable to perform any of the aforementioned zincations. Marrying
this less electropositive metal with an alkali-metal partner stimulates a special synergy
that augments the zincation. While the alkali-metal component is essential for the
synergic metallation to follow its course, it takes on more of a secondary, supporting
role prompting reactions of this type to be best regarded as “Alkali-Metal-Mediated

Zincations (AMMZn)”
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1.4)  Aims of the PhD research project

The primary aim of this research project was to perform a comprehensive study of the
reaction chemistry of the synergic sodium-zinc mixed alkyl-amido reagent
[(TMEDA)Na(u-TMP)(p-tBu)Zn(/Bu)] (1). Focusing on zinc-hydrogen exchange
processes, reactions of 1 towards a series of organic substrates were investigated.

Specific objectives within this remit are now outlined:

e To study the reactions of the synergic base with a series of functionalised
electron-rich aromatics to compare and contrast with previous literature
metallations (generally lithiations). Additionally haloaromatics were studied,

probing the effect of benzyne formation.

e To attempt to isolate and crystallise, where possible, the zinc-aryl products of
these reactions. In appropriate cases electrophilic interception reactions were
subsequently performed on these compounds to generate the metal-free

products.

e To fully characterise these reactive metallo products by a complementary
combination of NMR spectroscopic (solution) and X-ray crystallographic (solid-

state) studies.

e To shed more light on the mechanism of these so called Alkali-Metal-Mediated

Zincation reactions.

e To explore the redox chemistry of 1 by studying its behaviour towards the free
radical TEMPO, attempting to grow crystalline samples of metal-TEMPO

products for X-ray crystallographic study.
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Chapter 2: Regioselective Deprotonation and the Use of Synergic Reagents
2.1) Directed-ortho-Metallation

Organic synthesis and the production of fine chemicals rely heavily on the controlled
functionalisation of aromatic molecules.! Acknowledging, the abundance of C-H
bonds in many common aromatic substrates, selective manipulation of one C-H bond
which does not impinge upon the residing infrastructure of the molecule would
represent an enticing synthetic blueprint. Directed-ortho-Metallation (DoM) is a special
sub-category of deprotonative metallation. Defined as a metallation (nearly always
lithiation) of an aromatic ring directed towards a position adjacent (ortho) to an
activating heteroatom containing functional group, it is widely regarded as a rival if not
superior methodology to electrophilic aromatic substitution for constructing
regiospecifically substituted aromatic rings.”) On the back of the landmark ortho-
lithiation of anisole,™ the number of accessible directed metallating groups (DMG) has

multiplied and DoM chemistry has been the topic of exhaustive research.!!

The mechanisms involved in the deprotonation of a substituted aromatic ring by an
organolithium reagent are the subject of much conjecture but for the most part, there are
two contributory factors behind the success of the directed deprotonation. DoM is
reliant on the substituent, in the main the heteroatom, welcoming the alkyllithium with
a coordination point thus enhancing reactivity around the coordination site and directing
the regioselectivity. For example, in the case of N, N-dimethylbenzylamine, the
aromatic protons are no more acidic than those of benzene, yet the amine is
deprotonated rapidly and regioselectively at the 2-position, closest to the DMG

(Scheme 2.1).”!
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N RLi N -RH N
| | > /|
Q L /
H 4 Li

Scheme 2.1: Coordination driven ortho-lithiation of NV, N-dimethylbenzylamine.

For strong DMGs, it is surmised that coordination between substrate and the
alkyllithium, feasibly evoking deaggregation of the alkyllithium, heralds the first step
en route to lithiation; albeit, the capacity of the DMG to acidify protons through the
inductive effect is also a key contributory feature. Where coordination to the
heteroatom is electronically or geometrically impossible, it is the effects of acidity
which direct the lithiation. The base utilised in the lithiation can influence the balance
of coordination and acidity. Illustrating the point in a general sense, coordination to a
basic solvent depresses the Lewis acidity of the alkyllithium, thus the inclination to be
driven by coordination is reduced and acidity prospers as the assertive factor (Figure

2.1).18

BulLi
deprotonates here
NMez/ \

OMe\ / OMe

BuLi/TMEDA
deprotonates here

NMez

Figure 2.1: Preference of the lithiating reagent in the coordination versus acidity

competition within DoM chemistry.

The interpretation of a two-step process, in which the formation of a pre-lithiation
complex brings reactive groups into proximity for directed deprotonation, was

addressed by Snieckus and Beak in an illuminating review in 2004."] Termed the
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“Complex-Induced Proximity Effect (CIPE)” the concept can be adopted to account for
prevalent classical reactions where strong analogies exist for complex formation
(Scheme 2.2); however, particularly exciting is the potential application of CIPE in
synthetic design and in thinking beyond thermodynamic acidity whether pre-
complexation could lead to synthetic methodologies for more remote functionalisation

on the same or even alternative aryl rings.

DMG DMG- -(LiR), DMG f DMG

_H -RH Li
o RL)y, = —_— —

Scheme 2.2: Deprotonation of an organic substrate with an organolithium reagent,

illustrating the Complex-Induced Proximity Effect.

As far as DoM and synthetic utility goes, it is evident that aromatics carrying electron-
withdrawing substituents are more readily lithiated than those which acidify proximate
protons weakly or not at all. Admittedly, while steric considerations will play a role, the
increased emphasis on acidity is portrayed in the different regioselectivities encountered
in a series of peri- and ortho-lithiations of 1-substituted naphthalenes (Table 2.1).¥) A
DMG that advocates coordination can champion lithiation at either the peri or the ortho
position; whereas on the contrary, a DMG that facilitates lithiation by acidifying
neighbouring protons can only promote lithiation at the ortho position. En masse, the
efficacious DMGs tend to blend the basic properties desired for good coordination to

lithium and the acidic properties required for fast, efficient and selective deprotonation.
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Table 2.1: Comparison of isomeric ortho- and peri-products, following lithiation of
1-substituted naphthalenes and reaction with electrophiles.

R—Li
DMG DMG Li----DMG DMG._ E DMG DMG
RLi -RH Lo E
-Li

DMG Conditions E’ Yield peri  Yield ortho
(%) (%)
CH,NMe, Buli, Et,0, hexane, Ph,CO 58 0
-78 °C
NMe, BulLi, Et,0, 20 °C DMF 76 0
CH(OMe), BuLi, Et,O Mel 27 13
OCONR, sBuLi, TMEDA, Mel 0 90
THEF, -78 °C
CONR;, sBuLi, TMEDA, various 0 76-93
THEF, -78 °C

A primary aim of this PhD research project was to further develop and extend a new
concept within DoM chemistry. The DoM process is extremely pertinent in
organolithium chemistry with lithiation of scores of aromatic substrates well
documented; however, the numbers are understandably considerably less in terms of
zincations. Conventionally, zinc reagents fail in DoM chemistry as a consequence of
their weak kinetic basicity but efforts to extend the Alkali-Metal Mediated Zincation

(AMMZn) methodology to ortho-deprotonation are addressed in the ensuing pages.

2.2) AMMZn of Benzamides and Phenyl O-Carbamate

The DoM reaction hinges on a heteroatom substituent with proficient DMG capability,
for blending the basic properties required for proficient metal coordination and the

acidic properties imperative for C-H deprotonation. Foremost in their efficiency are
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tertiary amide and O-carbamate DMGs (Figure 2.2);1*¢ !

their qualitative DMG power
derives from the complementary acid-base virtues of a highly basic heteroatom and an
electron-withdrawing acidifying effect. For all that, a major complication with such
DMGs is their inherent electrophilicity which leaves them susceptible to hostile

nucleophilic attacks from metallating agents inducing undesired side reactions and

complicating synthetic utility.

Increasing ability to direct ortho-lithiation

O _NR,
OR

Figure 2.2: Common metallation directors and their relative directing ability.

Having previously accomplished chemo- and regioselective zincation of several
aromatic and heteroaromatic substrates, the sodium TMP-zincate [(TMEDA)Na(u-
TMP)(u-tBu)Zn(fBu)] (1) was the AMMZn reagent of choice for the reactions reported
herein. Under ambient temperature conditions three different electron-rich aromatic
substrates, N, N-diethylbenzamide, N, N-diethyl-3-methoxybenzamide and N, N-diethyl
phenyl O-carbamate were cleanly zincated ortho to the DMG (in between both

substituents in the second case) in a non-polar hexane medium.

The metallation chemistry of N, N-diethylbenzamide has been painstakingly explored in
pursuit of the optimal procedure for ortho-deprotonation (Scheme 2.3).1* As a prelude,
Hauser disclosed that employing nBulLi led to attack at the carbonyl group of a dialkyl

amide to give ketone products by reference to previous work and showed that by charge
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deactivation N-methylbenzamide undergoes the DoM reaction with excess nBuLi.l'”!

Resultant studies by Beak acknowledged that N, N-diethylbenzamide may be metallated
by engaging the hindered, non-nucleophilic reagent LiTMP but only incomplete
deprotonation is achieved and undesirably the ortho-lithio intermediate spontaneously

attacks another molecule of starting material to give a benzophenone product.!'!!

However, in salient experiments that triggered extensive synthetic application,** 2% '?!
Beak discovered that by adopting the sBuLi/TMEDA combination, the
diethylbenzamide can be efficiently ortho-metallated in THE.["®) Although this reaction
necessitates subambient temperature conditions (-78 °C), it has found application in
industrial practice on a very large scale.* ?* In contrast, and a harbinger of potential
future application, sodium TMP-zincate 1 with special synergic chemistry may be
harnessed to perform DoM of N, N-diethylbenzamide at room temperature to produce

the heterotrianion zincate [( TMEDA)Na(u-TMP){u-2-(1-C(O)NEt;)-C¢Hs } Zn(tBu)] (2)

in a yield of 54% of isolated crystalline material.

Ox_NEt,
é o oi iNEt2

NEt NEt
© nBuLi © 2 LiTMP ,/O X 2
S - s U
SBULITMEDA
\ o O~ _NEt
E

Scheme 2.3: Treatment of N, N-diethylbenzamide with common organolithium

reagents.

Successful crystal growth bestows a precious insight into the skeletal architecture of the

metallated intermediates. The molecular structure of 2 (Figure 2.3) conserves the
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“{(TMEDA)Na(u-TMP)Zn(/Bu)}” infrastructure of reactant zincate 1 with the ortho-
metallated benzamide furnishing a central seven-membered, five-element
(NaNZnCCCO) ring by bridging asymmetrically through its carbonyl oxygen and
ortho-carbon atoms. Encapsulated as a contact ion-pair, 2 can be compared to the
cognate ortho-zincated N, N-diisopropylbenzamide complex [(TMEDA)Na(u-TMP){p-

2-(1-C(O)NiPr,)-C¢H, } Zn(Bu)] previously reported by the Mulvey group.!'¥

2. .
i
#1
e o NE)
o PO
t /e cf_“‘_?’, .
N() i ;.'Nam) [ C(0
o/}' N@) T | ®
L c(1)*®
®e
o a8 .
N(T) = s
°

Figure 2.3: Molecular structure of 2 with selective atom labelling. Hydrogen atoms
omitted for clarity. The long Na---C,,4, contact is highlighted by a dashed line.
Selected bond lengths (A) and angles (deg): Zn(1)-N(2) 2.0047(12), Zn(1)-C(1)
2.0637(17), Zn(1)-C(20) 2.0434(16), Na(1)---C(1) 2.9250(16), Na(1)-O(1) 2.2855(12),
Na(1)-N(2) 2.4445(14); N(2)-Zn(1)-C(20) 132.11(6), N(2)-Zn(1)-C(1) 116.07(6),
C(20)-Zn(1)-C(1) 111.59(6), Na(1)-N(2)-Zn(1) 88.08(5), O(1)-Na(1)-N(2) 110.20(5).

Perhaps, unsurprisingly the bond lengths and angles at the hub of each structure are
immune to the change in alkyl group from ethyl to isopropyl. For example, the Zn-Cyry
and Na-O bond lengths in the foregoing isopropyl substituted benzamide complex
[2.077(3) and 2.258(2) A, respectively] are in good agreement with the Zn(1)-C(1)
[2.0637(17) A] and Na(1)-O(1) [2.2855(12) A] values found for 2. Significantly,

defining the metallation as a zincation, zinc fashions a short, strong o-bond with the
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deprotonated carbon while the alkali-metal is remote from the carbanion [Na(1)---C(1)
2.9250(16) A]. This distance is longer than that found for PMDETA-solvated
phenylsodium [(PMDETA)NaPh],!"*! (mean Na---C bond length of 2.669 A) but within
the range of m-arene---Na contacts present in the sodium phosphanide

[(TMEDA)Na[P(CgH,-2-NMe,) {CH(SiMe3),} 1] of 2.8792(14) and 3.0072(14) A.1'%!

Following the accomplishment of direct zincation of the benzamide, the metallation
ability of the synergic base towards substituted benzamides was tested. In lithiation
DoM chemistry, the electron-donating methoxy substituent can direct the deprotonation
through a combined coordination-inductive effect of the oxygen atom. Upon treatment
with the synergic but bulkier base 1, direct zincation of N, N-diethyl-3-
methoxybenzamide proceeds in between the methoxy and tertiary amide substituents
akin to when an organolithium reagent is administered (Scheme 2.4);'"*! intimating that

the metallation regioselectivity is not overly sensitive to appended substituents.

N,
NEt O _NEt Na _ Zn—tBu
z 1) sBuLi, TMEDA 2 [N‘ “Bd
THF, -78 °C A
1
OMe Hexane, r.t.

Scheme 2.4: Ortho-metallation of N, N-diethyl-3-methoxybenzamide employing
sBuLi/TMEDA or sodium TMP-zincate 1.

Adopting the synthetic protocol which led to the preparation of 2, N, N-diethyl-3-
methoxybenzamide was subjected to an equimolar quantity of bimetallic base 1 in
hexane solution. The successful growth of crystalline material granted an X-ray

crystallographic analysis, elucidating the new triheteroleptic alkyl-aryl-amido zincate
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[(TMEDA)Na(u-TMP) { p-2-(1-C(O)NEt,)(3-OMe)-CeHs} Zn(/Bu)]  (3) with  the

position of zincation between the two activating aryl substituents (Figure 2.4).

*

)
LW
S

@ zn() }
'T\!a(1) o C(20)

/L0@)
CH1) g
o(1) ,&‘
L 2 G"-_.
®

Figure 2.4: Molecular structure of 3 with selective atom labelling. Hydrogen atoms are
omitted for clarity. The long Na---C,,4, and Zn---OMe contacts are highlighted by
dashed lines. Selected bond lengths (A) and angles (deg): Zn(1)-N(2) 2.0170(11),
Zn(1)-C(1) 2.0827(14), Zn(1)-C(20) 2.0531(15), Zn(1)---O(2) 2.8625(10), Na(1)---C(1)
2.9548(14), Na(1)-O(1) 2.2722(11), Na(1)-N(2) 2.4370(13); N(2)-Zn(1)-C(20)
129.86(6), N(2)-Zn(1)-C(1) 114.35(5), C(20)-Zn(1)-C(1) 115.80(6), Na(1)-N(2)-Zn(1)
90.68(5), O(2)-Na(1)-N(2) 105.72(4).

Reminiscent of 2, the molecular structure of 3 resides a highly puckered seven-
membered ring at its core; with its component Na-Nryp and Na-O bond lengths
[2.4370(13) and 2.2722(11) A, respectively] concurrent with those in the diethylamide
complex 2 [2.4445(14) and 2.2855(12) A]. The distorted trigonal-planar geometry of Zn
apparent in 2 is also evident in 3. However, the introduction of the ancillary methoxy
substituent delivers the distinguishing feature of 3 for it charters a long Zn:--O
interaction [2.8625(10) A]; acutely elongated in comparison to a series of alkylzinc

[17

fencholates!'”! (bond distances ranging from 2.15 to 2.40 A) and in calixarene

complexes prepared by Raston'" and Vigalok[m] [2.222(7); and 2.1944(16); 2.391(2);
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2.406(2) A]. These comparisons suggest the long Zn---O bond is an artefact of the
proximity of the OMe group to the zincated C(1) centre and is not significant to the

stability of the complex.

Aryl dialkylcarbamates can lay a claim to the title of virtuoso metallation director; all
the same, to guarantee maximum efficacy, reaction conditions have to be stringently
controlled for it to perform. Once ortho-lithiated, N, N-dimethyl phenyl O-carbamates
are habitually unstable and undergo facile rearrangement by a carbamoyl transfer
mechanism known as the “anionic ortho-Fries rearrangement”.[4d’ °1 While this may be
suppressed by employing the more sterically hindered diethylcarbamates at -78 °C,
carbamoyl rearrangement to salicylamides materialises slowly upon warming to higher

temperatures (Scheme 2.5).20

[0} o}

M

(@) NEt; NEt, OLi

N 0
@ RLI ©/ Li 78°Ctort. NEt,

Scheme 2.5: Spontaneous anionic Fries rearrangement of the ortho-lithio aryl

dialkylcarbamate.

In 2008, Uchiyama and Wheatley reported the first structural evidence for the ortho-
metallation of aryl dialkyl O-carbamates that resist anionic Fries rearrangement at room
temperature.’*!) Treatment of N, N-dimethyl phenyl O-carbamate with an in sifu mixture
of nBuLi, TMP(H) and Et,Zn afforded dimeric, ortho-zincated [(CsH4{OC(O)NMe,}-
{Zn(u-TMP)Et}-2)Li], (Scheme 2.6). Simultaneously, the resistance of the intermediate
zincate to rearrangement was mirrored by the near-quantitative conversion of the N, N-
diethyl counterpart, upon iodination to the 2-iodophenyl derivative; although no
metallated intermediates were isolated prior to electrophilic quench with iodine and an

excess of zincate reagent was deployed to encourage higher yields.
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Scheme 2.6: The clean directed ortho-metallation of N, N-dimethyl phenyl O-

carbamate utilising a lithium TMP-zincate.

Coming back to our own studies with sodium as the alkali-metal, N, N-diethyl phenyl
O-carbamate was treated with heterobimetallic base 1 at ambient temperature to
scrutinise the propensity for Fries rearrangement. Storage of the reaction vessel in a
refrigerator at 5 °C deposited colourless crystals with X-ray analysis affirming ortho-
deprotonation of the aryl carbamate manifested in the formation of another
triheteroleptic complex [(TMEDA)Na(u-TMP){u-2-(1-OC(O)NEt,)-CsHy4} Zn(Bu)] (4)

(Figure 2.5).

Emanating from the inclusion of the additional oxygen atom; structure 4 embodies a
larger eight-membered (NaNZnCCOCO) interior ring system. A feature of the mono-
zincated benzene complex [(TMEDA)Na(p-TMP)(u-Ph)Zn(tBu)][22] and the meta- and
para-deprotonated toluene regioisomers [(TMEDA)Na(u-TMP)(u-C6H4Me)Zn(tBu)][23 ]
is the manner in which the Zn centre lies almost coplanar to the arene ring [deviation
from arene plane of 0.213(4), 0.19(3) and 0.18(2) A, respectively], while in contrast the
Na atom adopts a more perpendicular disposition [correspondingly deviations of
2.6604(14), 2.6830(14) and 2.7006(14) A] engaging more with the m-system of the
aromatic ring. In the series of complexes 2, 3 and 4, the increased functionality of the
organic substrate, with respect to benzene and toluene, compels the alkali-metal to
pursue the oxygen heteroatom (as opposed to the more sterically shielded m-system) to

satisfy its coordinative/electronic unsaturation. Henceforth, complexes 2 and 3 take
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possession of a highly strained seven-membered interior ring and with it comes a minor
divergence away from the plane of the aryl ring for the Zn atom [0.5165(2) and
0.3913(2) A for 2 and 3, respectively]. However, increasing the size of the internal ring,
as in 4 with the inclusion of the additional oxygen atom, reduces the strain involved and
the Zn atom re-aligns closer to coplanarity with the arene ring [deviation of only

0.2800(2) A], while Na still bonds to the oxygen atom of the carbonyl group.

Figure 2.5: Molecular structure of 4 with selective atom labelling. Hydrogen atoms and
minor disordered component of TMEDA are omitted for clarity. The long Na---C,0
contact is highlighted by a dashed line. Selected bond lengths (A) and angles (deg):
Zn(1)-N(2) 2.0112(11), Zn(1)-C(1) 2.0581(13), Zn(1)-C(20) 2.0426(13), Na(1)---C(1)
3.0438(14), Na(1)-O(1) 2.2728(10), Na(1)-N(2) 2.4741(11); N(2)-Zn(1)-C(20)
132.26(5), N(2)-Zn(1)-C(1) 113.56(5), C(20)-Zn(1)-C(1) 113.99(5), Na(1)-N(2)-Zn(1)
92.98(4), O(1)-Na(1)-N(2) 111.69(4).

A consequential search of the Cambridge Structural Database,*” declared that 4
represents the first example of a crystallographically characterised monomeric ortho-
zincated (or indeed ortho-metallated) phenyl dialkyl O-carbamate to be prepared by

(23]

direct  metallation. Accordingly,  Uchiyama’s  aforementioned  dimer
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[(CeH4{OC(O)NMe, }-{Zn(n-TMP)Et}-2)Li], bears the most striking resemblance to
complex 4 and emphasises the offshoot of heightened sterics on the constitution of the
resulting structure. Supplementing the aggregation state change (due to no donor uptake
in the Li reaction), the effect of moving from Li to the larger Na is a protracted Na(1)-
N(2)-Zn(1) bond angle of 92.98(4)° (in contrast to a Li-N-Zn angle of 88.6°) and this
fact is duly reflected in the bond distance between the alkali-metal and the carbamoyl
O-centre [Li-O 2.003(8) and Na(1)-O(1) 2.2728(10) A]. Moreover, the bulkier /Bu
group in 4 induces a longer terminal zinc-alkyl bond [2.0426(13) A] when matched to
the related Zn-Et bond [2.008(5) A]. Finally, as may be forecast the transannular
Na(1)---C(1) distance in 4 [3.0438(14) A] is longer than the reciprocal interaction in

complexes 2 and 3 [2.9250(16) and 2.9548(14) A] as a result of the inflated ring size.

Through the medium of preliminary reactivity studies, the potential utility of complexes
2, 3 and 4 was explored. Observing a standard electrophilic quenching procedure, in
situ mixtures of 2, 3 and 4 were exposed to three molar equivalents of iodine in THF
solution, delivering the envisaged ortho-iodo products. For N, N-diethylbenzamide, the
yield was essentially quantitative; while admirable yields were also obtained for the
iodination of N, N-diethyl-3-methoxybenzamide and N, N-diethyl phenyl O-carbamate

(yields of 71% and 75%, respectively) as determined by NMR spectroscopy.

Complexes 2, 3 and 4 are soluble in de-benzene solution, allowing a parallel solution
analysis by NMR spectroscopy. Tables 2.2 and 2.3 detail the key diagnostic chemical
shifts in the "H and '>C NMR spectra, respectively, for the three zincate compounds.
Highlighting the restricted, rigid structural make-up of complexes 2 and 3 (Spectrum
2.1), the "H NMR spectra reveal all four TMP CHj groups to be chemically distinct;
thus endorsing the solid-state structures obtained from the X-ray data. Additionally, the

sterically cluttered nature in all three complexes is conveyed in the resonances depicting
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the ethyl arms of the carboxamide. In the free, uncomplexed substrate both the CH, and
CH3; units are evident as solitary signals, encompassing the region 3.08-3.13 and 0.89-
0.94 ppm, respectively. Upon ortho-zincation and incorporation as part of a bulky,
heterotrianionic zincate, these resonances split and appear inequivalent. The discrete
CH; resonances are represented in Table 2.2. The CH, groups decoalesce into a series
of multiplets to underline the inflexible conformation of the aromatic fragment in these

complexes.

Table 2.2: Comparison of selected "H NMR (400.13 MHz, 300 K) chemical shifts (5
in ppm) for zincates 2, 3 and 4 in d¢-benzene solution.

Compound O(TMP-CHj3) d(5-TMP) o(y-TMP) O(Ethyl-CHs)
2 1.52,1.50,1.32,1.21  1.88, 1.57 1.96 1.02, 0.79
3 1.62,1.59,1.34,1.31 1.82% 1.34 2.04, 1.84 1.02, 0.81
4 1.38-1.26 (br) 1.60 1.96 1.00, 0.89

* See Experimental Section for full analysis

Table 2.3: Comparison of selected 3C NMR (100.62 MHz, 300 K) chemical shifts
(0 in ppm) for zincates 2, 3 and 4 in d¢-benzene solution.

Compound o6(TMP-CHj3) o(f-TMP)  6(p-TMP)  o6(a-TMP)  8(Ethyl-CHj3)

2 374,352, 40.7,39.7 20.4 52.8 13.9,12.9
34.6,34.4

3 36.6,35.6, 41.8,41.2 20.4 53.2 13.9,12.9
35.5,33.0

4 35.0 40.1 20.4 52.6 14.0, 13.3

The *C NMR spectra, which were assigned by implementing 2D 'H-*C HSQC
experiments, also substantiate these data, while the chemical shift of the ortho-carbon
atom reiterates the site of metallation. As a product of zincation, the ortho-carbon
resonances in complexes 2, 3, and 4 are noted at 168.9, 167.9, and 159.4 ppm; a telling
manoeuvre downfield from those of unbound, non-metallated substrate (126.8, 112.4,

and 122.1 ppm, respectively).
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3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm

Spectrum 2.1: Aliphatic region of the "H NMR (400.13 MHz, 300 K) spectrum of 3

obtained in d¢-benzene solution and inset, the aromatic region.

The "H NMR spectrum of complex 4 resembles that of 2 and 3 with the exception of the
resonances denoting the TMP ligand; a broad signal (spanning 1.26-1.38 ppm) is
observed for the TMP CHj3 groups, intimating that a dynamic process must be occuring
in solution at room temperature. Variable temperature NMR spectroscopic studies of a
dg-toluene solution of 4 validate this scenario (Spectrum 2.2). At low temperature (250
K), the broad resonance observed at room temperature diverges into three distinct
signals (at 1.18, 1.21, and 1.36 ppm, each with an integration of three hydrogen atoms)
and upon further cooling to 230 K, the fourth and final CH; entity emerges at 1.55 ppm

from beneath the rBu group to complete the full complement of CHj signals.
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(b)

(c)

T T T T T T T T T
1.7 1.6 1.5 1.4 1.3 1.2 1.1 1.0 0.9 ppm

Spectrum 2.2: Selected aliphatic region of the '"H NMR spectrum of 4 in ds-toluene
solution, showing the methyl resonances of the TMP ligand ’ at various
temperatures [(a) 300 K; (b) 250 K (¢) 220 K)].

The AMMZn portfolio has thus been developed to include some of the functional
groups frequently encountered in DoM-mediated aromatic synthesis. Treatment of N,
N-diethylbenzamide, N, N-diethyl-3-methoxybenzamide, and N, N-diethyl phenyl O-
carbamate with the sodium TMP-zincate base [(TMEDA)Na(u-TMP)(p-/Bu)Zn(zBu)]
(1) produced the three new selectively ortho-zincated crystalline complexes
[(TMEDA)Na(u-TMP){p-2-[1-C(O)NEt;]C¢Ha } Zn(Bu)] (2), [(TMEDA)Na(u-
TMP){p-2-(1-C(O)NEt,)(3-OMe)CsH3} Zn(/Bu)] (3), and [(TMEDA)Na(p-TMP){u-2-
(1-OC(O)NEt,)CeHa} Zn(tBu)] (4). Although the metallation regioselectivities realised
in these reactions are not new, it is worth stressing that these highly chemo- and
regioselective reactions are executed at ambient temperatures with no suggestion of
complications in the form of side reactions that would plague the use of organolithium

reagents under the same conditions. Collectively, these results emphasise the efficiency
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of the synergic bimetallic bases and lay the foundations on which some of the highlights

of this PhD research programme were built.
2.3) The Surprising ortho-Zincation of Benzyl Methyl Ether

Alkyl aryl ethers are classic and frequent lithiation substrates with varied reports
communicating the mechanism and efficiency of the lithiation of anisole and its
derivatives.'” Assessing the relative heats of protonation of lithiated anisole derivatives
reveals that the ortho-isomer is most stable.”® Although not particularly basic, they
typically direct lithiation at higher temperatures by inductively acidifying nearby
protons. Consequently, the best oxygen based DMGs are those in which the oxygen is
attached to the aromatic ring exerting a significant inductive effect on the ortho-protons
and those which bear a second oxygen atom (i.e. an acetal) primed for lithium

coordination.

Previous work in our laboratory established that anisole could be ortho-metallated by
the synergic base 1, manifested in the isolated intermediate [(TMEDA)Na(u-TMP){pu-
2-(1-OMe)-C¢Hy4} Zn(#Bu)] (Figure 2.6). Ensuing studies probed the strength of the
methoxy groups directing capability and the effect of additional substituents on the ring
with 2-, 3- and 4-methylanisole treated with an equimolar quantity of bimetallic base
1.2") X-ray crystallographic analysis confirmed each methylanisole substrate had been
zincated ortho to the methoxy group, implying the position of the methyl substituent
does not affect the regioselectivity (at least its final outcome) and reinforcing the long

history of the methoxy group in DoM.
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Figure 2.6: Molecular structure of the ortho-zincated anisole [(TMEDA)Na(p-
TMP){n-2-(1-OMe)-CsH4} Zn(tBu)].

An eminent class of organic molecule which have proven to be exceedingly poor ortho-
directing molecules is the benzylic ethers (both primary and secondary).” ?*! These
compounds harbour highly acidic hydrogen atoms on the a-carbon by virtue of being
directly adjacent to an electronegative oxygen atom and an electron-withdrawing
phenyl group. Azzena and co-workers have comprehensively explored the lithiation
chemistry of benzylic ethers.””” Foremost, their experiments revealed that ethers such
as benzyl methyl ether are exclusively metallated at the a-position (benzylic) when an
excess of nBuLi in THF is employed.”” The ultimate fate of the lithium containing
intermediate depends on the reaction temperature. At low temperature (-40 °C),
lithiation followed by a D,O quench delivered the desired a-deuterated ether in high
yield (Scheme 2.7, reaction 1). However, at ambient temperature the aqueous work-up
revealed that the lithio-intermediate had completely rearranged to 1-phenylethanol — a

product of the Wittig rearrangement process (Scheme 2.7, reaction 2).
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Scheme 2.7: Benzylic lithiation of benzyl methyl ether and the product dependency

on reaction temperature.

A key point to note from Azzena’s studies and a related contribution from
Toshimitsu®” is that the phenyl group preserves its integrity. To date, the only
methylbenzylic ether which has been shown to undergo ortho-lithiation is the benzylic
hydrogen atom-free (tertiary) ether Ph;COMe (Scheme 2.8, reaction 1) where no

), while ortho-

competitive proton abstraction is possible (meta/para not realistic
metallation to form an O,C,O-pincer organolithium compound is possible when two
ether functional groups are bound to a phenyl ring meta to one another (Scheme 2.8,

reaction 2).°%

O OMe O OMe
nBuli, THF
B ——
l Li l

OtBu OtBu
nBulLli, hexane, -78 °C Li
—

OtBu OtBu

Scheme 2.8: Ortho-lithiation of a pair of benzylic ethers.
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Breaking with convention, the reaction of sodium zincate 1 with benzyl methyl ether
produces exclusively an ortho-zincated intermediate [(TMEDA)Na(u-TMP){u-2-(1-
CH,0Me)-C¢Hy4} Zn(#Bu)] (5) (Figure 2.7) in lieu of the envisaged “thermodynamic” o-
metallated product. Complex 5 is prepared by reacting an in situ hexane solution of
sodium TMP-zincate 1 with one molar equivalent of benzyl methyl ether at ambient
temperature. After 12 hours, colourless crystalline ortho-zincated product 5 deposited
from the hydrocarbon solution in a crystalline yield of 49%. As the TMP anion is
preserved in 5, thermodynamically, zincate 1 serves as an alkyl base ultimately towards

the ethereal substrate in accordance with the reactivity precedent observed for

\ 3
' N(3) Y

iNm1) '/:';.I 1’

Na(1) .~ N 2Zn(1)

S T & C(2)
§ () o] & @
~&

N@a) P N /“-"6(11)
" %o

Figure 2.7: Molecular structure of 5§ with selective atom labelling. Hydrogen atoms are

complexes 2-4.

omitted for clarity. The long Na---C,,s, contact is highlighted by a dashed line.
Selected bond lengths (A) and angles (deg): Na(1)-O(1) 2.3705(15), Na(1)-N(3)
2.4675(19), Na(1)-N(41) 2.7043(19), Na(1)-N(44) 2.4983(17), Na(1)-C(11) 2.9597(19),
Zn(1)-N(3) 2.0109(15), Zn(1)-C(2) 2.038(2), Zn(1)-C(11) 2.0652(18); O(1)-Na(1)-N(3)
104.72(6), O(1)-Na(1)-N(41) 101.34(6), O(1)-Na(1)-N(44) 114.95(6), N(3)-Na(1)-
N(41) 121.87(6), N(3)-Na(1)-N(44) 134.48(6), N(41)-Na(1)-N(44) 72.07(6), N(3)-
Zn(1)-C(2) 130.48(7), N(3)-Zn(1)-C(11) 114.38(6), C(2)-Zn(1)-C(11) 114.94(8).
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From a solid-state perspective, this means that the main structural backbone [i.e.
{(TMEDA)Na(p-TMP)Zn(fBu)}] in 1 is retained and captures the ortho-zincated
benzyl methyl ether molecule to complete the molecular structure of 5 fashioning a
seven-membered (five-element) NaOCCCZnN ring. The availability of structure 5 and
the similarities in their key structural parameters enables comparison with the
aforementioned ortho-zincated anisole relative. Due to its terminal coordination to the
bidentate TMEDA ligand, the Na centre in 5 is formally four-coordinate and adopts a
distorted tetrahedral geometry (mean angle subtended at Na 108.24°); while the Zn
atom maintains a trigonal planar geometry made up of a terminal rBu and two bridging
ligands (TMP and the deprotonated substrate). The Na(1)-O(1) distance in 5
[2.3705(15) A] is noticeably shorter than that in the related anisole complex [2.456(13)
A], while the O(1)-Na(1)-N(3) bond angle in 5 [104.72(6)°] is relatively larger than in
the zincated anisole species [101.1(4)°]; both presumably a consequence of the extra

atom accommodated in 5 to deliver the seven-membered ring.

As in the previous section, in situ hexane solutions of the zincated intermediate, here S,
were intercepted by iodine to determine the potential utility in electrophilic substitution
reactions. When the active zincate base to ether ratio was 1:1, 59% of 1-iodo-2-
(methoxymethyl)benzene was prepared following standard electrophilic quenching
protocols. Increasing the base:ether ratio to 2:1 resulted in isolation of the ortho-iodo
product in an improved 88% yield. The pre-requisite for an excess of base in zincate
metallations to achieve enhanced reaction yields has been commented on previously
during the metallation of alkylbenzoate and m-deficient heteroaromatic compounds by
an analogous lithium-containing zincate base.”! To further emphasise the highly

regioselective, clean nature of the zincation, the '"H NMR spectrum of a dg-benzene
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solution of the crude organic mixture showed no signs of any other iodinated products

(i.e. Wittig rearrangement product, benzylic metallation or meta/para metallation).

Complex 5 is soluble in a variety of common organic solvents (including cyclohexane,
benzene, toluene and THF) which allowed a full solution-state analysis by NMR
spectroscopy in both polar and non-polar media (Table 2.4). '"H NMR spectroscopic
analysis of a dj;-cyclohexane solution of 5 revealed that the complex stays intact in
alkane solution. Indeed, highlighting the rigidity of the molecule all four TMP CH;
groups are chemically distinct and are observed at different chemical shifts, acquiescing
with the solid-state structure acquired from the X-ray data. Variable temperature NMR
spectroscopic studies of a dg-toluene solution of 5§ show the four methyl resonances at
low temperature (210 K); however, on warming to ambient temperature (300 K) these

coalesced to one broad resonance.

Table 2.4: Comparison of selected '"H NMR (400.13 MHz) chemical shifts (6 in
ppm) for zincate 5 in deuterated cyclohexane and THF solution.

Solvent d(TMP-CHj3) 3(S-TMP)  d(y-TMP) O(CH,-OMe)
dg-cyclohexane 1.34,1.29, 1.16, 1.38 1.75 4.48,4.07
1.14
dg-THF 1.24 1.42 1.74 4.29

'"H NMR (400.13 MHz, 300 K) chemical shifts (6 in ppm) for TMP(H) in
deuterated cyclohexane and THF solution.

Solvent d(TMP-CHs3) d(S-TMP) 3(y-TMP)
dg-cyclohexane 1.06 1.29 1.62
ds-THF 1.06 1.29 1.63

In ds-THF, a much simplified '"H NMR spectrum is obtained which implies that
TMEDA is no longer bound to the Na centre. All the resonances are considerably

sharper than those observed in the hydrocarbon solutions intimating the framework of 5
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undergoes a structural change in ds-THF, most likely adopting one of two possible
scenarios. Firstly, the complex could remain as a contacted ion-pair whereby the Na
centre is solvated by ds-THF molecules precluding the need for the Na-Openyyi
interaction. Subsequently the reduced sterics around TMP, could allow possible ring
flipping resulting in the noted sharp resonances. Secondly a solvent-separated species
such as [Na(THF),]" [Zn(TMP)(Bu)(CsHsCH,OMe)]™ could give rise to the observed
spectrum. While a combination of both processes could be possible, evidence from the

existing literature seems to suggest that the latter scenario is more plausible.”*

The successful isolation and characterisation of 5 has shown that AMMZn can be
utilised to achieve previously unobtainable metallation regioselectivities using highly
favourable reaction conditions and should instigate further studies with key aromatic
substrates, including a range of primary and secondary alkyl ethers, which have so far

shown little or no promise in the classical DoM reaction.
2.4) Structural Complexity of the Zincation of a Thiophene Derivative

Running parallel to DoM is the concept of a-lithiation (lithiation adjacent to a
heteroatom), in which acidifying groups continue to play a prominent role. Acidity is
increased and o-lithiation can be directed accordingly, if the proton abstracted is
benzylic, allylic, vinylic or a constituent of an aromatic or small-ring saturated
heterocycle.”” An example of an aromatic heterocycle, the thiophene motif is a
valuable scaffold in synthetic chemistry and the construction of many useful materials

are the product of its lithiation.

For example, polythiophenes are among the archetypal class of conjugated polymers
that produce some of the myriad of environmentally and thermally stable materials that

can be engaged as electrical conductors, polymer LEDs, batteries or solar cells to name
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but a few.[*

! The polythiophenes illustrated in Scheme 2.9 exhibit good solubility in
common organic solvents and possess excellent film-forming-abilities; while this
methodology has very recently been extended to utilise Knochel’s turbo-Hauser base
(TMPMgCI-LiCl) for regioselective metallation of the 3-substituted thiophenes at
ambient temperature, precluding the need for the transmetallation step.”’”! Additionally,
substituted thiophenes have also received considerable attention in contemporary

medicinal chemistry™® exemplified by the fact that as recently as 2007, five of the top

100 selling drugs in the US accommodate a thiophene component.’*”!

R4

s~ Br R, = HICH3/CgH,3
R2
1) LDA/THF/-60 °C 1) LDA/THF/-60 °C
2) MgBr,-Et,0 2) MgBr, Et,0
R 1) 0.5 mol% Ni(dppp)Cl,
X BrMig—_~S~__Br 25 °C/14h
N, - v
BrM Br
9 s Ry 2) 0.5 mol% Ni(dppp)Cly {
12h

Scheme 2.9: Synthesis of random polyalkylthiophenes, embracing lithiation

methodology.

The mono-deprotonation of thiophene and its derivatives at ambient temperature has

401 and

been performed in recent years utilising the original Hauser base (iPrgN)MgCI[
Knochel’s “turbo” variant TMPMgCI-LiCL"*" In relation to the theme of this section, of
particular interest is the often unpredictable competition between a DMG and a
heteroatom in the aromatic ring for the site of metallation. The lithiation of 3-
substituted thiophenes and furans presents a gateway to 2,3-disubstituted products;**!

however, with notable exceptions,* the readily prepared 2-substituted congeners

suffer exclusive C(5) metallation thereby tendering 2,5-disubstituted products.
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Supplementing his work on di-metallated aromatics, Snieckus reported the direct
preparation of the 3,5-dilithiated thiophene-2-carboxamide and illustrated its potential
for the assembly of individual 2,3-, 2,5- and 2,3,5-functionalised thiophene derivatives

by manipulation of the chosen electrophiles and their stoichiometries (Scheme 2.10).1¥

1) sBULi/TMEDA (2 equiv.) 0
THF/-78 °C s
2) TMSCI (1 equiv.) \W/ NN
3) MeOH (1 equiv.) K
T™S
o 1) sBULITMEDA (1 equiv.) 0
THF/-78 ° ield:
™S S c s Yield: 40%
\W/ NN \ /) NN
K 2) TMSCI (1 equiv.)
Yield: 85%
1) sBULi/TMEDA (2 equiv.) 0
THF/-78 °C ™S S /\
N
2) TMSCI (2 equiv.) \ / K
T™S

Scheme 2.10:  Organolithium-mediated synthesis of di- and tri-substituted
thiophenes.

1 and Pujol*” have endorsed the tertiary

Subsequent offerings from Chadwick!
carboxamido functions inability to direct f-metallation of thiophene. Intrigued by the
designated regioselectivity, we studied the zincation of N, N-diethyl thiophene-2-
carboxamide, scrutinising what effect the identity of the solvent has on the outcome.
Initially, the reaction of synergic base 1 and the thiophene derivative was performed in
THF solution ensuring consistency with each of the aforesaid literature investigations.
However, with the increased polarity of the solution rendering crystal growth difficult,

the reaction pathway was monitored by '"H NMR spectroscopy in ds-THF solution at

room temperature (Spectrum 2.3).

73



Chapter 2: Regioselective Deprotonation and the Use of Synergic Reagents
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7.6 7.5 7.4 7.3 7.2 7.1 7.0 6[9 pm
N, N-diethyl thiophene-2-carboxamide O [(THF),Na(TMP){C4H,SC(O)NEt,}Zn(rBu)] ‘

Spectrum 2.3: Aromatic region of '"H NMR spectra in dg-THF solution monitoring
the reaction of synergic base 1 and N, N-diethyl thiophene-2-carboxamide (shown
in inset) at various time intervals [(a) base alone; (b) 2 hrs; (c) 4 hrs; (d) 9 hrs; (e)

24 hrs; (f) 72 hrs].

As exhibited in Spectrum 2.3, the emergence of two doublets is indicative of successful
ring metallation but with the position of the carboxamide substituent, this multiplicity
pattern alone does not grant unambiguous identification of the site of
deprotonation/zincation [C(3) or C(5)]. An additional complication is the presence of a
minor product of metallation visible in the reaction after 48 hours. In total the reaction
was surveyed for 12 days to explore and definitively rule out the possibility of a
rearrangement in the site of metallation. Encouraged by the efficient deprotonation of
the thiophene subunit, the reaction was transported to the bench where electrophilic
quenching of the in situ mixture would facilitate product isolation and therefore

confirmation of the metallation regioselectivity. Following column chromatography and
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'H-'"H NOESY NMR experiments, N, N-diethyl-5-iodothiophene-2-carboxamide
(Spectrum 2.4) was isolated in a 79% yield; thus sodium TMP-zincate 1 executes C(5)
deprotonation in THF solution concurring with the previously reported, but low

temperature regime, organolithium-mediated transformations.

L . /LJK

T T T T T T T T T T T T T T T
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm

Spectrum 2.4: The '"H NMR (400.13 MHz, 300 K) spectrum of N, N-diethyl-5-

iodothiophene-2-carboxamide in d-chloroform.

Previous, important new discoveries within the Mulvey group, in the context of
synergic zincation have principally been unearthed in bulk, non-polar hexane solution.
Consequently, the equimolar reaction of the bimetallic base 1 and the substituted
thiophene was undertaken in this medium, but upon addition of the organic substrate an
insoluble, waxy material was deposited. Increasing the polarity of the solution and
ensuring its homogeneity the deprotonation was pursued in benzene, conserving the
hydrocarbon nature of the reaction medium. Within 3-4 days a crop of yellow crystals

were produced at ambient temperature in a yield of 47%; the structure and composition
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of which was elucidated using a combination of NMR spectroscopy and preliminary X-
ray data which due to its poor quality will not be discussed herein. However,
recrystallisation of this crystalline material from a THF/hexane mixture revealed the
surprising complex [(D)Na{p-3,5-(2-C(O)NEt,)-C4H;S}Zn(¢Bu)]s (where D represents
the donor sites which are a mixture of bidentate TMEDA or two monodentate THF
molecules and were modelled as such) (6) (Figure 2.8). The thiophene ring has been
dizincated; unlike most of the previous organozincate intermediates discussed this one

is tetrameric (c.f- monomeric) and octanuclear (containing four Zn and four Na atoms).

Figure 2.8: Molecular structure of 6 with selective atom labelling. Hydrogen atoms and
donor solvent backbone are omitted for clarity. The long Na---C,y contacts are
highlighted by dashed lines. Selected bond lengths (A): Na(1)---C(3) 3.050(4),
Na(1)---C(21) 2.647(5), Na(1)---C(22) 2.923(4), Na(1)-O(1) 2.276(3), Na(2)---C(1)
3.027(4), Na(2)---C(23) 2.999(4), Na(2)---C(24) 3.053(4), Na(2)-O(2) 2.311(4).
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Scheme 2.11: Synergic metallation of NV, N-diethyl thiophene-2-carboxamide using
sodium TMP-zincate 1 in THF and benzene, and subsequent quenching with I, to

produce mono- and di-iodinated derivatives, respectively.

The sodium atoms in 6 are three-coordinate, primarily bound to two donor solvent
atoms and the carbonyl oxygen atom but to satisfy its coordinative/electronic
unsaturation it also engages the m-system of the thiophene rings. Bearing similarities in
functionality to complexes 2-4, the Na---C,y contacts in 6 are generally in good
agreement with the related distances in the aforementioned monomers [for 2-4
Na---Cyry contacts range from 2.9250(16) to 3.0438(14) A] but steric effects result in
the Na(1)---C(21) distance [2.647(5) A] deviating from the norm; while the Na-O bond
distances also reflected this effect with the Na(2)-O(2) distance [2.311(4) A] slightly
longer than those found in the monozincated complexes 2-4 [range from 2.2722(11) to
2.2855(12) A]. The thiophene rings are tilted 46.1(1)° and 51.7(1)° relative to each

other [S(1)-S(2') and S(1)-S(2), respectively] and with distances in the range of 16-17 A

from diagonally opposite ethyl arms, 6 can be classed a nanomolecule.
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Figure 2.9: The [16]crown-4 ether architecture (L.H.S) and the “anti-crown” core of 6
from top face view (R.H.S) with selective atom labelling. Selected bond lengths (A) and
angles (deg): Zn(1)-C(1) 2.036(4), Zn(1)-C(23) 2.023(4), Zn(2)-C(3) 2.021(4), Zn(2)-
C(21) 2.047(4); C(1)-Zn(1)-C(23") 111.85(15), C(3)-Zn(2)-C(21) 109.36(15).

Complex 6 can be considered a charge-reversed analogue of the [16]crown-4
macrocycle (Figure 2.9). The framework of this “anti-crown” consists of four di-
deprotonated thiophene subunits linked by their carbanionic C atoms to four zinc atoms
in a cyclic tetramer with crystallographically imposed C, symmetry. The four zinc
atoms in two distinct sets form a distorted tetrahedron, giving the core metallacycle an
overall cradle/bowl appearance (Figure 2.10) with the endocyclic C-Zn-C bond angles
heavily distorted from 120° [C(23')-Zn(1)-C(1) 111.85(15)° and C(3)-Zn(2)-C(21)
109.36(15)°]. In addition to carrying a terminal 7Bu ligand, each zinc links carbon
atoms of two individual thiophene molecules with Zn-C bond distances of 2.036(4),
2.023(4), 2.021(4) and 2.047(4) A [for Zn(1)-C(1), Zn(1)-C(23), Zn(2)-C(3) and Zn(2)-
C(21), respectively]. The distances between adjacent zinc atoms are 6.2218(8) and
6.2254(6) A; while the transannular Zn---Zn distances are 7.7644(8) and 7.7990(6) A
[Zn(1)---Zn(1") and Zn(2)---Zn(2"), respectively], hinting at a larger cavity than that in a

16-MC-4 [MC is an abbreviation for metallacrown] zinc metallacycle [Zns(picoline-
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tetrazolyamide)s] where the Zn ions are connected via N-C-N bridges with diagonal and

adjacent distances of 7.349 and 5.658 A, respectively.[*”!

Figure 2.10: Side edge view of the core of 6 with selective atom labelling,
illustrating its bowl conformation (L.H.S) and the less open structure of the

previously reported 16-MC-4 zinc metallacycle with N-C-N bridges (R.H.S).

Closely related to this study, the sodium-mediated magnesiation of furan has previously
been studied in the Mulvey group.[**! Treating furan with the heteroleptic alkyl-amido
reagent [(TMEDA)Na(pu-CH,SiMes)(u-TMP)Mg(TMP)] produced the unexpected
dodecasodium-hexamagnesium complex [{(TMEDA);NasMg3;-(CH,SiMe;)(2,5-
C4H,0)3(2-C4H30)s},] engendered from 10 a-monodeprotonated furyl anions and 6
a,0’-twofold-deprotonated furyl dianions, meaning an astonishing 22 deprotonations in
total. Coupled with the synthesis of 6, the combination of synergic bimetallic bases and
the right substrate could provide a fresh approach to creating potential building blocks
for supramolecular systems. In that regard, Saalfrank’s aforementioned complex is a
very rare example of a 16-MC-4 zinc metallacycle; while to the best of our knowledge,
complex 6 represents the first crystallographically characterised 16-MC-4 complex of
any metal where the organic constituents of the hexadecanuclear ring are all carbon

atoms (Figure 2.11).
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Figure 2.11: Queries entered into the Cambridge Crystallographic Database and

the results returned (Date of search November 2011).

From a metallation point of view and as outlined in Section 1.3, synergic base 1 has
previously been successfully employed in the di-deprotonation of benzene and
naphthalene. However, these poly-metallations necessitated two equivalents of base,
whereas the di-metallation manifested in complex 6 was performed utilising an
equimolar quantity of reagent 1 with the basic TMP and bridging /Bu executing the
deprotonations offering an energy efficient di-metallation at ambient temperature.
While this ambibasic behaviour has precedent in lithium TMP-zincate chemistry with

[14, 49]

other types of organic substrate, the synthesis of 6 provides an infrequent example

of 1 exhibiting this dual basicity.

Furthermore there would appear to be no precedent for a zincated (mono- or di-
deprotonated) thiophene structure in the literature. Table 2.5 details the a-metallated
thiophene complexes listed on the Cambridge Crystallographic Database at the time of
writing that have been prepared by direct deprotonative metallation.**! There are seven
lithium examples and only one non-lithium example. Significantly, they are all mono-

deprotonated examples.
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Table 2.5: Crystallographically characterised a-metallated thiophene molecules

prepared by direct metallation, detailing metal-carbon bond distances.

[51]

— [50]
Meo/%\S
0 / !
0

(53]

— 7]
o

[ T i

~

Li-C: 2.298; 2.218; 2.237; 2.258 A

[54] [55]

4
%)

o?»“i%\;w:@

Li-C: 2.158; 2.223 A

Y/

= [56] [57]

Li-C: 2.179; 2.159; 2.200; 2.215 A Mg-C: 2.217; 2.236; 2.263 A

Of particular interest is the tris-(a-magnesiated) product, previously reported by the
Mulvey group. Prepared rationally by reacting nBuNa, Mg(CH,SiMe3),, TMEDA and
thiophene in a 1:1:2:3 ratio in hexane, all three alkyl arms have been engaged in the

deprotonation of a thiophene molecule. This tri-basicity has also been observed by
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Mongin and co-workers who revealed that thiophene is regioselectively deprotonated at
the a-carbon using 1/3 equivalent of LiMgBu; in THF (Scheme 2.12), although this

earlier report does not provide any structural information or indeed any information at

all on the nature of the metallated intermediate prior to electrophilic interception.”™

1) (TMEDA)LiMgBus (1/3 equiv.)

£
THF, it 2 h —
R/@ e 1/3 (TMEDA)LI* R/@\ Mg - R/@\E

S S

Scheme 2.12: Sub-stoichiometric (with respect to magnesiate) deprotonation of
thiophenes using a lithium trialkylmagnesiate and subsequent trapping with

electrophiles.

The solution integrity of complex 6 was studied by NMR spectroscopy. The "H NMR
spectral analysis of isolated crystalline 6 in ds-toluene solution shows unequivocally
that the material is pure. Most informative is the single aromatic signal at 7.85 ppm
providing a diagnostic marker for the di-metallation and its position between two
zincated carbons is reflected in its downfield shift from the thiophene starting material
(7.08, 6.90 and 6.65 ppm). Table 2.6 details the major 'H and '*C NMR chemical shifts
of 6. An interesting comparison is provided by the aforesaid tris-(a-magnesiated)
complex, with its NMR spectroscopic data collected in d¢-benzene solution. It is evident
that the identity of the metal makes little difference to the chemical shift of the a-
metallated carbon atom (Zn-C 164.8 ppm versus Mg-C 169.1/167.4 ppm), however the
presence of the adjacent electron-withdrawing carboxamide and its PB-position sees
zincated C(3) appear at a more upfield shift of 137.5 ppm [however, still downfield

from C(3) in the starting thiophene at 126.6 ppm in ds-toluene solution].
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Table 2.6: Selected "H NMR (400.13 MHz, 300 K) and *C NMR (100.62 MHz, 300

K) chemical shifts (6 in ppm) for zincate 6 in dg-toluene solution.

O(tBu-CHs3) O(Ethyl-CHs) O(Ethyl-CH,) O0(Aromatic-CH)

1.57 1.24 3.92 (1H), 7.85
3.59-3.46 (3H, br)

(fBu-CH3)  o(Ethyl-CH3) &(Ethyl-CH,) d(Aromatic) 3(C=0)

35.1 149,132 44.1,40.7 173.1(C2), 164.8(C5), 176.3
145.9(C4), 137.5(C3)

In an attempt to gain greater insight into the mechanism of the unexpected non-
stoichiometric di-deprotonation, the reaction was monitored in situ in deg-benzene
solution by '"H NMR spectroscopy. As illustrated in Spectrum 2.5, the mono-
deprotonation of the thiophene substrate proceeds essentially quantitatively after 2
hours at room temperature (depicted by the two signals emerging at 7.78 and 7.31
ppm). During this period, formation of isobutane and TMP(H) are noted by the
indicative doublet at 0.86 ppm and amine proton at 0.33 ppm, respectively (these are
not shown in Spectrum 2.5). While the isobutane continues to evolve and its integral
steadily increases, the relative ratio of the N-H resonance in TMP(H) peaks at 1-2 hours
before falling off, gradually decreasing in the time frame 4-24 hours suggesting the
generation of the putative intermediate [(TMEDA)Na(u-TMP){u-5-(2-C(O)NEt,)-
C4H,S}Zn(tBu)], consistent with the concept of an initial stepwise deprotonation which
will be discussed in detail in the next chapter. From here, the first definite signs of the
second deprotonation are apparent after 24 hours; however, much slower than the
preceding metallation, the reaction needs approximately 72 hours to go to completion
with the one remaining ring proton portrayed by the sole singlet at 7.97 ppm.

Emphasising the deprotonative capability of zincate 1, the small signal at 7.60 ppm
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corresponds to di-metallated benzene (i.e., di-deprotonation of the deuterated NMR

solvent).”>”!

J /L (f)

L

(c)

(b)

(a)

1 1 1 1 1 1 1 1
8.1 8.0 7.9 7.8 7.7 7.6 7.5 7.4

dg-benzene O [(TMEDA)Na(TMP){C,H,SC(O)NEt,} Zn(sBu)] ‘

1 1 1 1 1 1
7.0 6.9 6.8 6.7 6.6 ppm

e
® ®
il

[(TMEDA)Na{C,H,;SC(O)NEt,} Zn(rBu)] ‘
Spectrum 2.5: Aromatic region of the '"H NMR spectrum in de¢-benzene solution
following the reaction of synergic base 1 with N, N-diethyl thiophene-2-

carboxamide at various time intervals [(a) base alone; (b) 2 hrs; (c) 4 hrs; (d) 9

hrs; (e) 24 hrs; (f) 72 hrs].

The stark difference in reactivity noted in the two different solvent mediums can be
rationalised by considering the structural make-up of bimetallic base 1 in each. In
hydrocarbon solvent, it has been established that the contact ion-pair nature of these
zincates is retained; assuring intimate contact between sodium and zinc through the
TMP bridge that delivers the second, unforeseen deprotonation. As illustrated when
discussing the solution structure of complex 5 in the previous section (Section 2.3),
dissolution in polar THF typically results in the formation of solvent separated species

such as [Na(THF),]" [Zn(TMP)(tBu){p-5-(1-C(O)NEt,)-C4H,S}]” with the sodium
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atom completely sequestered by donor THF molecules inhibiting any communication
between the two metals. Highlighting the significance of this interaction, Uchiyama and
Kondo’s hitherto discussed studies on a related lithium TMP-zincate routinely employ a
polar THF solvent medium with all published results thus far ordinarily obeying the

established principles of DoM or o-lithiation.!!# 6%

Schlosser has previously assessed the practicality of dimetallations, studying alkyl
substituted benzenes and N, N-crowded anilines.'’) Dimetallation was found to only
occur with an excess of a highly concentrated »BuLi//BuOK superbasic mixture in
hydrocarbon media, and even then it only occurred incompletely with the best yield
detailed a moderate 41%. Dimetallation was considered kinetically, but not
thermodynamically favoured over monometallation and was recognised to proceed by
an aggregation phenomenon with evidence suggesting the second deprotonation is
accomplished within a tightly packed mixed aggregate, the formation of which requires
high reagent concentrations and non-coordinating solvents. Coincidently, in THF no
trace of dimetalled species was found, although such species are stable in this solvent at
-75 °C by generating a specific monometallated intermediate and then introducing the

second metal separately.

In order to determine the stability of di-zincated 6, an in sifu equimolar mixture of
synergic base 1 and N, N-diethylthiophene-2-carboxamide was treated with a THF
solution of iodine. Following work-up and column chromatography, N, N-diethyl-3,5-
diiodothiophene-2-carboxamide (Spectrum 2.6) was isolated in an optimum yield of
54%; while 31% of the previously prepared di-substituted product (arising from a
mono-metallated intermediate) N, N-diethyl-5-iodothiophene-2-carboxamide was also

recovered.
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Spectrum 2.6: The "H NMR (400.13 MHz, 300 K) spectrum of N, N-diethyl-3,5-

diiodothiophene-2-carboxamide in d-chloroform.

Based on the high conversion noted in 'H NMR monitoring experiments, one could not
rule out destruction of the dimetalled species by solvent attack with the THF necessary
for the dissolution of iodine (Scheme 2.13). Indeed, when quenching an NMR sample
of pure, crystalline 6 in ds-toluene with excess iodine dissolved in freeze-pump-thaw
dried ds-THF, 12% of N, N-diethyl-5-iodothiophene-2-carboxamide is detected by 'H
NMR spectroscopy. Assessing the ?C NMR data of the thiophene starting material and
resulting quenched products in d-chloroform solution, confirms the level of iodo-
substitution with iodo-bonded carbon atoms experiencing a considerable shift upfield,

typically to around 75 - 80 ppm (Spectrum 2.7).
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Scheme 2.13: Possible equilibrium leading to a-metallation of THF and

concomitant degradation of di-zincated 6.
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Spectrum 2.7: Selected aromatic region of the 3C NMR (100.62 MHz, 300 K)
spectrum of (a) N, N-diethyl thiophene-2-carboxamide, (b) »~, N-diethyl-5-
iodothiophene-2-carboxamide and (¢) N, N-diethyl-3,5-diiodothiophene-2-

carboxamide.

Surveying the findings of this section it is clear the reaction medium and therefore the
molecular structure of the base can be tuned to effect special metallations in different
ways. The unique synergic chemistry that brought about the remarkable di-
deprotonation and exquisite structure 6 will be explored in the next chapter underlining

the influence of the TMP bridge interlinking the two metals.
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2.5) Experimental section
Synthesis of [[TMEDA)Na(p-TMP)(p-tBu)Zn(rBu)] 1

NaTMP was prepared in situ by reaction of nBuNa (0.16 g, 2 mmol) with TMPH (0.34
mL, 2 mmol) in 10 mL of dry hexane. The yellow suspension was allowed to stir for 2
hours. In a separate Schlenk tube, rtBu,Zn (0.36 g, 2 mmol) was dissolved in hexane (10
mL), before being transferred to the already prepared NaTMP by cannula. TMEDA (0.3
mL, 2 mmol) was then added and the contents of the Schlenk tube were stirred for 30
minutes with gentle heating affording a clear, yellow solution. This solution was
allowed to cool to ambient temperature before being moved to the freezer (at -28 °C) to
aid crystallisation. A crop of colourless crystals formed in solution (Typical yield: 0.53
g, 58%). "H NMR (400.13 MHz, 300 K, dj;-cyclohexane): & 2.36 [s, 4H, NCH,
(TMEDA)], 2.25 [s, 12H, NCH; (TMEDA)], 1.72 [m, br, 6H, y-CH, and B-CH,
(TMP)], 1.29 [s, 12H, CH; (TMP)], 1.19-0.95 [m, br, 18H, distinct singlet at 1.00, CH;
(BBw)]. “C {'H} NMR (100.62 MHz, 300 K, dj,-cyclohexane): & 58.3 [NCH,
(TMEDA)], 52.7 [a-C (TMP)], 46.9 [NCH;3; (TMEDA)], 40.1 [B-CH, (TMP)], 35.7 [br,

CH; (TMP)], 30.6 [C(CHs); (Bu)], 23.5 [C(CHz)s (fBu)], 20.4 [y-CH, (TMP)].
Synthesis of [ TMEDA)Na(u-TMP){p-2-(1-C(O)NEt,)-CcH4} Zn(fBu)] 2

X-ray quality crystalline material was prepared by treating the aforementioned hexane
in situ solution of 1 with N, N-diethylbenzamide (0.354 g, 2 mmol), and the reaction
mixture was allowed to stir at ambient temperature for 18 hours. Following gentle
heating, the orange solution was concentrated in vacuo and transferred to a freezer for
storage (at -28 °C), where colourless crystals of 2 were deposited overnight (0.63 g,
54%). Mp: 123-125 °C. "H NMR (400.13 MHz, 300 K, ds-benzene): & 7.94 [d {*J(H,H)

7.00 Hz}, 1H, Hyeral, 7.21 (t, 1H, Hypay), 6.99 (m, 2H, Hyerr and Hopo), 3.46-3.20 [m,
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3H, CH, (Ethyl)], 2.93 [m, 1H, CH, (Ethyl)], 1.99-1.88 [m, 4H, B-CH, and y-CH,
(TMP)], 1.78 [s, 4H, NCH, (TMEDA)], 1.71 [s, 12H, NCH; (TMEDA)], 1.57 [m, 2H,
B-CH, (TMP)], 1.52 [s, 3H, CH; (TMP)], 1.50 [s, 12H, C(CH3); (1Bu) and CH; (TMP)],
1.32 [s, 3H, CHs (TMP)], 1.21 [s, 3H, CH; (TMP)], 1.02 [t {’J(H,H) 7.14 Hz}, 3H, CH;
(Ethyl)], 0.79 [t {*J(H,H) 7.13 Hz}, 3H, CH; (Ethyl)]. *C {'"H} NMR (100.62 MHz,
300 K, de-benzene): 5177.9 (C=0), 168.9 (Coyino-Zn), 145.8 (Cipso)s 141.3 (Cpera),126.8
(Cpara)s 123.3 and 123.1 (Cperr and Compo), 57.3 [NCH, (TMEDA)], 52.8 [2 x a-C
(TMP)], 45.6 [NCH; (TMEDA)], 43.6 [CH, (Ethyl)], 40.7 [B-CH, (TMP)], 39.7 [B-CH,
(TMP)], 38.3 [CH, (Ethyl)], 37.4 [CH; (TMP)], 35.8 [C(CH3); (rBu)], 35.2 [CH;
(TMP)], 34.6 [CH; (TMP)], 34.4 [CH; (TMP)], 20.4 [y-CH, (TMP)], 20.2 [C(CH3)3

(Bu)], 13.9 [CH5(Ethyl)], 12.9 [CH; (Ethyl)].

Crystal data for 2: C30Hs7N4NaOZn, M = 578.16, monoclinic, P2,/n, a = 10.4215(3) A,
b=16.4560(3) A, c = 19.5649(4) A, B = 94.868(2)°, VV = 3343.20(13) A®, Z = 4; 28026
reflections collected, 9698 were unique, R, = 0.0450, R = 0.0348, R, = 0.0637, GOF =
0.841, 347 refined parameters, max. and min. residual electron density = 0.512 and -

0412 e-A°,
Synthesis of [[TMEDA)Na(p-TMP){p-2-(1-C(O)NEt,)(3-OMe)-CsH3} Zn(sBu)]| 3

N, N-diethyl-3-methoxybenzamide (0.415 g, 2 mmol) was introduced to the
aforementioned hexane solution of 1. To obtain a homogeneous solution, THF (2 mL)
was added, and the resulting reaction mixture was allowed to stir at room temperature
overnight. The dark orange solution was concentrated in vacuo and stored in a
refrigerator (at 5 °C) preceding the growth of small, colourless block crystals of 3 (0.54
g, 44%). Mp: 120-122 °C. 'H NMR (400.13 MHz, 300 K, ds-benzene): & 7.04 [t

CIH,H) 7.70 Hz}, 1H, Hyer'], 6.68 [d £I(H,H) 7.38 Hz}, 1H, Hypo], 6.51 [d {T(H,H)
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7.94 Hz}, 1H, H,aa], 3.51 (s, 3H, OCH3), 3.41-3.18 [m, 3H, CH, (Ethyl)], 3.01 [m, 1H,
CH, (Ethyl)], 2.04 [m, 1H, y-CH, (TMP)], 1.84 [s, SH, y-CH, (TMP) and NCH,
(TMEDA)], 1.77 [s, 12H, NCH; (TMEDA)], 1.62 [s, 3H, CH; (TMP)], 1.59 [s, 3H,
CH; (TMP)], 1.46 [s, 9H, C(CH»); (tBu)], 1.34 [m, 2H, B-CH, (TMP)] 1.31 [s, 3H, CH;
(TMP)], 1.28 [s, 3H, CH; (TMP)], 1.02 [t {*J(H,H) 7.13 Hz}, 3H, CH; (Ethyl)], 0.81 [t
{3J(H,H) 7.13 Hz}, 3H, CH; (Ethyl)]. *From 2D HSQC and COSY experiments, the
second B-CH, (TMP) resonance appears to be masked by the TMEDA signals around
1.82 ppm. “C {'H} NMR (100.62 MHz, 300 K, ds-benzene): & 177.4 (C=0), 167.9
(Cormo-Zn), 155.3 and 146.3 (Cypso and Cyiera), 125.6 (Cnera')s 117.1 (Cortmor), 107.1 (Cpara),
57.4 [NCH, (TMEDA)], 53.9 (OCHj3), 53.2 [2 x a-C (TMP)], 45.7 [NCH3 (TMEDA)],
43.6 [CH; (Ethyl)], 41.8 [B-CH, (TMP)], 41.2 [B-CH, (TMP)], 38.3 [CH, (Ethyl)], 36.6
[CH3 (TMP)], 35.8 [C(CH3); (1Bu)], 35.6 [CH3 (TMP)], 35.5 [CH; (TMP)], 33.0 [CH;
(TMP)], 20.4 [y-CH, (TMP)], 19.6 [C(CH3); (1Bu)], 13.9 [CH; (Ethyl)], 12.9 [CH;

(Ethyl)].

Crystal data for 3: C3;HsoN4NaO,Zn, M = 608.18, monoclinic, P2,/c, a = 16.3094(2) A,
b=10.3360(2) A, ¢ =20.8204(4) A, f =98.105(2)°, V' =3474.72(10) A°, Z= 4. 34313
reflections collected, 10077 were unique, Ri, = 0.0345, R = 0.0326, Ry, = 0.0723, GOF
=0.923, 366 refined parameters, max. and min. Residual electron density = 0.505 and -

0.392 e-A”,
Synthesis of [[TMEDA)Na(p-TMP){p-2-(1-OC(O)NEt,)-CsH4}-Zn(tBu)] 4

To a hexane solution of 1 was introduced N, N-diethyl phenyl O-carbamate (0.386 g, 2
mmol), and the reaction mixture was allowed to stir at ambient temperature for 18
hours. The yellow solution was concentrated by the removal of solvent in vacuo and

then subsequently transferred to a refrigerator (at 5 °C), where colourless crystals were
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deposited (0.45 g, 38%). Mp: 126-128 °C. 'H NMR (400.13 MHz, 300 K, ds-benzene):
8 7.73 (d, 1H, Hyewa)s 7.13 (m, 1H, Hyara), 7.05 (t, 1H, Hyew), 6.78 [d {I(H,H) 7.68
Hz}, 1H, Hyupol, 3.29-2.98 [m, 3H, CH, (Ethyl)], 2.89 [m, 1H, CH, (Ethyl)], 1.96 [m,
2H, y-CH, (TMP)], 1.85 [s, 4H, NCH, (TMEDA)], 1.78 [s, 12H, NCH; (TMEDA)],
1.60 [br, 4H, B-CH, (TMP)], 1.53 [s, 9H, C(CHs); (1Bu)], 1.38-1.26 [br, 9H, CH;
(TMP)], 1.00 [t {*J(H,H) 7.13 Hz}, 3H, CH; (Ethyl)], 0.89 [t {*J(H,H) 7.13 Hz}, 3H,
CHs (Ethyl)]. *C {"H} NMR (100.62 MHz, 300 K, dg-benzene): & 159.9 (C=0), 159.4
(Cortho-Z1), 158.5 (Cipso)s 140.4 (Cesa)s 126.3 (Ceta')s 125.1 (Cpara)s 119.6 (Corano?), 57.5
[NCH, (TMEDA)], 52.6 [a-C (TMP)], 45.6 [NCH; (TMEDA)], 41.9 [2 x CH, (Ethyl)],
40.1 [B-CH, (TMP)], 35.1 [C(CHs); (fBu)], 35.0 [CH; (TMP)], 20.4 [y-CH, (TMP)],

20.0 [C(CHs); (Bu)], 14.0 [CH; (Ethyl)], 13.3 [CH; (Ethyl)].

Crystal data for 4: C30Hs7N4NaO,Zn, M = 594.16, monoclinic, P2,/c, a = 18.2070(4) A,
b=10.3460(2) A, ¢ =19.9460(4) A, f=116.629(3)°, V' =3358.68(12) A*, Z=4; 27340
reflections collected, 8907 were unique, Ri, = 0.0304, R = 0.0287, Ry= 0.0602, GOF =
0.894, 393 refined parameters, max. and min. residual electron density = 0.389 and -

0.271 e-A”.
Electrophilic Quenching Reactions

An in situ hexane solution of the previously reported zincate 1 (2 mmol) was prepared
as described above. The organic substrate (2 mmol) was then added to the base, and the
reaction mixtures were allowed to stir at ambient temperature for 18 hours. The
resultant solutions were treated with a freshly prepared solution of 1 M iodine in THF
(6 mL, 6 mmol) and allowed to stir for 2 hours. A 5 mL amount of NH4CI was added
along with the addition of saturated Na,S;0; until bleaching occurred (5 mL). The

organic layer was separated from the aqueous layer and dried over magnesium sulfate
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for 1 hour. After filtration, the solvent was removed under vacuum to give a light
yellow oil. The NMR spectrum of the crude material was obtained to determine the

yield of the iodo-product relative to unreacted starting material.

N, N-diethyl-2-iodobenzamide: Yield: >99%. '"H NMR (400.13 MHz, 300 K, d¢-
benzene): 8 7.52 (d, 1H, Hyew), 6.90 (m, 2H, H,or, and Hopuo'), 6.54 (t, 1H, Hypersr), 3.70
[br, 1H, CH, (Ethyl)], 3.04 [br, 1H, CH, (Ethyl)], 2.75 [m, 2H, CH, (Ethyl)], 1.14 [t

{J(H,H) 7.13 Hz}, 3H, CHs (Ethyl)], 0.65 [t {*J(H,H) 7.13 Hz}, 3H, CHj; (Ethyl)].

N, N-diethyl-2-iodo-3-methoxybenzamide: Yield: 70.8%. "H NMR (400.13 MHz, 300
K, de-benzene): & 6.89 [t {*J(H,H) 7.78 Hz, 1H, Hyewa], 6.69 (d, 1H, Hywpo), 6.15 (d, 1H,
Hyara), 3.77 [m, 1H, CH, (Ethyl)], 3.18 [s, 3H, OCH;], 3.03 [m, 1H, CH, (Ethyl)], 2.86
[m, 1H, CH, (Ethyl)], 2.75 [m, 1H, CH, (Ethyl)], 1.17 [t {J(H,H) 7.14 Hz}, 3H, CH;

(Ethyl)], 0.68 [t {*J(H,H) 7.14 Hz}, 3H, CH; (Ethyl)].

N, N-diethyl-2-iodophenyl-O-carbamate: Yield: 74.9%. '"H NMR (400.13 MHz, 300
K, des-benzene): 6 7.54 (d, 1H, Hyew), 7.06 (d, 1H, Hornor), 6.92 (t, 1H, Hpura), 6.45 (8,
1H, Hyew), 3.17 [m, 4H, CH, (Ethyl], 1.07 [t {’J(H,H) 7.13 Hz}, 3H, CHs (Ethyl)],

0.97 [t {’J(H,H) 7.13 Hz}, 3H, CH; (Ethyl)].
Synthesis of [ TMEDA)Na(u-TMP){p-2-(1-CH,0OMe)-C¢Hy,Zn(tBu)] S

To a hexane solution of 1 benzyl methyl ether (0.24 mL, 2 mmol) was added and the
reaction mixture was allowed to stir at ambient temperature for 12 hours. The resulting
orange solution was concentrated in vacuo, preceding the growth of large colourless
crystals of 5 (0.51 g, 49%). Anal: actual C 61.99, H 10.02, N 8.03; found C 61.04, H
10.00, N 7.74%. "H NMR (400.13 MHz, 300 K, d\,-cyclohexane): & 7.59 [d {*J(H,H)

7.01 Hz},1H, Hyewl, 7.01 (m, 2H, Hyere and Hye), 6.90 (m, 1H, Hopmo), 4.48 [d

92



Chapter 2: Regioselective Deprotonation and the Use of Synergic Reagents

{*J(H,H) 8.60 Hz}, 1H, PhCH], 4.07 [d {’J(H,H) 8.54 Hz}, 1H, PhCH], 3.43 (s, 3H,
OCHs), 2.10 [br s, 4H, NCH, (TMEDA)], 1.83 [br s, 12H, NCH; (TMEDA)], 1.75 [m,
2H, y-CH, (TMP)], 1.38 [m, 4H, B-CH, (TMP) (observed by COSY NMR
spectroscopy)], 1.34 [s, 3H, CH; (TMP)], 1.29 [s, 3H, CH; (TMP)], 1.16 [s, 3H, CH;
(TMP)], 1.14 [s, 3H, CH; (TMP)], 0.84 [s, 9H, CH; (/Bu)]. °C {'"H} NMR (100.62
MHz, 300 K, dj>-cyclohexane): & 172.0 (C,rmo—2Zn), 145.3 (Cipso), 140.8 (Crrera), 129.0
(Cpara OF Creta)s 126.8 (Cpara OF Conera?)s 125.2 (Corino?), 84.2 (PhCHy), 59.1 (OCH3), 58.3
[NCH, (TMEDA)], 53.4 [a-C (TMP)], 52.9 [a-C (TMP)], 46.2 [NCH; (TMEDA)], 41.0
[B-CH, (TMP)], 40.0 [B-CH, (TMP)], 37.4 [CH; (TMP)], 36.0 [CH; (TMP)], 35.5 [CH3
(TMP)], 35.0 [CH3 (TMP)], 34.6 [C(CH3); (fBu)], 20.5 [y-CH, (TMP)], 20.1 [C(CH3);

(1Bu)].

Crystal data for 5: Co7Hs5,N3NaOZn, M = 523.08, monoclinic, P2(1), a = 9.236(2) A, b
= 16.527(2) A, ¢ = 10.6095(19) A, f = 114.39(3)°, V = 1475.0(5) A°, Z = 2; 13428
reflections collected, 7511 were unique, Ri, = 0.0261, R = 0.0309, Ry, = 0.0658, GOF =
0.973, 311 refined parameters, max. and min. residual electron density = 0.599 and -

0.295 e-A”.
Electrophilic Quenching Reactions

1-iodo-2-(methoxymethyl)benzene: An in situ hexane solution of the previously
reported zincate 1 (2 mmol) was prepared as described above. Benzyl methyl ether (1 or
2 mmol) was then added to the base. The yellow solution was allowed to stir at ambient
temperature for 48 hours. The resultant orange solution was treated with a freshly
prepared solution of 1 M iodine in THF (4 mL, 4 mmol). Distilled water was then
introduced. The organic phase was washed three times before being dried over MgSO,.

The NMR spectrum of the crude material was obtained to determine the yield of the
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iodo-product  relative to benzyl methyl ether. Yields of 1-iodo-2-
(methoxymethyl)benzene were 88% and 59% when 1 mmol and 2 mmol of benzyl
methyl ether, respectively were utilised. No other organic iodine-containing compounds
were detected. 'H NMR (400.13 MHz, 300 K, d¢-benzene): & 7.62 (d, 1H, H,er), 7.38
[d CI(HH) 7.64 Hz}, 1H, Hopo!, 7.00 (t, 1H, Hyera), 6.56 (¢, 1H, Hyaa), 4.27 (s, 2H,

PhCH,), 3.10 (s, 3H, OCHj5).
Synthesis of [[TMEDA)Na{u-3,5-(2-C(O)NEt;)-C4H;S}Zn(rBu)]4

Crystalline zincate 1 (0.45 g, 1 mmol) was dissolved in 2.5 mL benzene at room
temperature producing a yellow solution. N, N-diethyl thiophene-2-carboxamide (0.18
g, 1 mmol) was introduced resulting in an instant colour change. The deep red solution
was left standing for 72 hours depositing yellow crystalline material (0.21 g, 47%). 'H
NMR (400.13 MHz, 300 K, ds-toluene): & 7.92 [s, 1H, Hy], 3.86 [m, 1H, CH,
(EthyD)], 3.59 [m, 1H, CH, (Ethyl)], 3.43 [m, 2H, CH, (Ethyl)], 1.79 [br, 16H, NCH; &
NCH, (TMEDA)], 1.57 [s, 9H, CH; (fBu)], 1.23 [t {J(H,H) 7.44 Hz}, 6H, CH;
(Ethyl)]. *C {'H} NMR (100.62 MHz, 300 K, ds-toluene): & 176.4 (C=0), 173.0
[C(2)], 165.1 [C(5)], 145.9 [C(4)], 137.5 [C(3)], 56.8 [NCH, (TMEDA)], 44.9 [NCH;3
(TMEDA)], 44.0 [CH, (Ethyl)], 40.7 [CH, (Ethyl)], 35.1 [C(CH3); (/Bu)], 21.4

[C(CHs); (fBu)], 14.9 [CH; (Ethyl)], 13.2 [CH; (Ethyl)].

Crystal data: C76H;44N12NagO4S4Zng, M = 1771.71, tetragonal, P42/n, a = 21.2868(6)
A, b =21.2868(6) A, ¢ = 12.2233(4) A, V = 5538.7(2) A®, Z = 2; 5435 reflections
collected, 5435 were unique, R, = 0.0000, R = 0.0607, R,, = 0.1709, GOF =1.017, 274

refined parameters, max. and min. residual electron density = 0.508 and -0.490 ¢-A”.
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Recrystallisation of [(D)Na{u-3,5-(2-C(O)NEt,;)-CsH;S}Zn(rBu)]4 6
(where D is THF or TMEDA)

The above prepared crystalline material (0.18 g, 0.1 mmol) was dissolved in 1.5 mL
THF and stirred for 30 minutes before introducing hexane (~ 2.5 mL) until turbidity
occurred. The Schlenk tube was transferred to the freezer where yellow crystalline
material was produced (0.06 g, 31%). '"H NMR (400.13 MHz, 300 K, ds-toluene): &
7.85 [s, 1H, Hieyl, 3.92 [m, 1H, CH, (Ethyl)], 3.59-3.40 [m, 7H, CH, (Ethyl) and a-
CH, (THF)], 1.78 [br, 9H, NCH3 and NCH, (TMEDA)], 1.57 [s, 9H, CH; (tBu)], 1.47
[br, 4H, B-CH, (THF)], 1.24 [t {*J(H,H) 7.28 Hz}, 6H, CH; (Ethyl)]. °C {'"H} NMR
(100.62 MHz, 300 K, ds-toluene): 6 176.3 (C=0), 173.1 [C(2)], 164.8 [C(5)], 145.9
[C(4)], 137.5 [C(3)], 67.8 [a-CH, (THF)], 56.7 [NCH, (TMEDA)], 44.9 [NCH;
(TMEDA)], 44.1 [CH, (Ethyl)], 40.7 [CH, (Ethyl)], 35.1 [C(CH3); (Bu)], 21.4
[C(CH3); (Bu)], 14.9 [CH; (Ethyl)], 13.2 [CH; (Ethyl)]. '"H NMR donor solvent

integrals vary due to the mixture previously discussed.

Crystal data for 6: Cg736H160N3.64NasO9 36S4Zn4, M = 1962.81, monoclinic, C 2/c, a =
32.9619(8) A, b =12.4438(3) A, ¢ =29.2420(7) A, = 118.645(3)°, V= 10526.2(4) A°,
Z =4; 46910 reflections collected, 12035 were unique, Ri,; = 0.0345, R = 0.0586, Ry, =
0.1770, GOF = 1.057, 622 refined parameters, max. and min. residual electron density

=0.851 and -0.677 e-A”.
Electrophilic quenching reactions

N, N-diethyl-5-iodothiophene-2-carboxamide: Crystalline zincate 1 (0.92 g, 2 mmol)
was dissolved in 5 mL THF and N, N-diethyl thiophene-2-carboxamide (0.37 g, 2
mmol) was added with the yellow solution allowed to stir at ambient temperature for 2

hours. The resultant solutions were treated with a freshly prepared solution of 1 M
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iodine in THF (7 mL, 7 mmol) and allowed to stir for 2 hours. A 5 mL amount of
NH4Cl was added along with the addition of saturated Na,S,0O3 until bleaching occurred
(5 mL). The organic layer was separated from the aqueous layer and dried over
magnesium sulfate for 1 hour. After filtration, the solvent was removed under vacuum
to give a light yellow oil. This was dissolved in a minimum amount of dichloromethane,
which was purified by SiO; column chromatography with hexane/ethyl acetate (10:1) as
the eluant to give N, N-diethyl-5-iodothiophene-2-carboxamide (0.49 g, 79%). '"H NMR
(400.13 MHz, 300 K, d-chloroform): 8 7.19 [d {*J(H,H) 3.83 Hz}, 1H, H,c3], 6.99 [d
{J(H,H) 3.83 Hz}, 1H, Hyl, 3.52 [q {T(HH) 7.12 Hz}, 4H, CH, (Ethyl)], 1.24 [t
CIHH) 7.10 Hz}, 6H, CH; (Ethyl)]. *C {'H} NMR (100.62 MHz, 300 K, d-
chloroform): 6 162.3 (C=0), 144.3 [C(2)], 136.6 [C(3)], 129.6 [C(4)], 77.9 [C(5)], 42.1

[CH, (Ethyl)], 13.6 [CH; (Ethyl)].

N, N-diethyl-3,5-diiodothiophene-2-carboxamide: Crystalline zincate 1 (0.92 g, 2
mmol) was dissolved in 5 mL benzene and N, N-diethyl thiophene-2-carboxamide (0.37
g, 2 mmol) was added with the red solution allowed to stir at ambient temperature for
72 hours. The resultant solutions were treated with a freshly prepared solution of 1 M
iodine in THF (8 mL, 8 mmol) and allowed to stir for 2 hours. A 5 mL amount of
NH4CI was added along with the addition of saturated Na,S,03 until bleaching occurred
(5 mL). The organic layer was separated from the aqueous layer and dried over
magnesium sulfate for 1 hour. After filtration, the solvent was removed under vacuum
to give a yellow oil. This was dissolved in a minimum amount of dichloromethane,
which was purified by SiO, column chromatography with hexane/ethyl acetate (10:1) as
the eluant to give N, N-diethyl-3,5-diiodothiophene-2-carboxamide (0.47 g, 54%). 'H
NMR (400.13 MHz, 300 K, d-chloroform): & 7.15 [s, 1H, H ), 3.43 [br, 4H, CH,

(Ethyl)], 1.20 [br, 6H, CH; (Ethyl)]. “C {'H} NMR (100.62 MHz, 300 K, d-
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chloroform): & 162.5 (C=0), 143.1 [C(2)], 143.1 [C(4)], 78.7 [C(3)], 75.2 [C(5)], 43.1

[CH, (Ethyl)], 40.1 [CH, (Ethyl)], 13.4 [CH; (Ethyl)].
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Chapter 3: Case Study — The Metallation Chemistry of NV, N-dimethylaniline
3.1) Uncovering Synergic Surprises

As discussed in the previous chapter, Directed-ortho-Metallation (DoM) serves as a
pioneering methodology in the production of substituted aromatic rings with versed
heteroatom-containing functional groups ensuring excellent regio-control. However, by
channelling the special synergic chemistry of sodium TMP-zincates, it is possible in
certain cases to overcome DoM effects and direct metallation to more remote positions.
Particularly germane to this work, we previously reported that N, N-dimethylaniline can
be monozincated by the sodium zincate base [(TMEDA)Na(u-TMP)(u-Bu)Zn(zBu)]
(1) at the normally inaccessible meta-position;'"! while the group of Trahanovsky
showed that complexation of N, N-dimethylaniline with Cr(CO); leads to a mixture of
ortho-, meta- and para-deprotonation upon lithiation.) In general, other situations of
meta-deprotonation require a special combination of substituents on the aromatic ring.
Such situations, which because of the multiple substitution limit the number of sites
available for deprotonation, are usually dictated by steric constraints and therefore
should be clearly distinguished from mono-substituted aromatic rings in which meta-

deprotonation is exceedingly more difficult to realise."’

Another example of a synergic metallation can be found with the best known alkyl
arene toluene. With conventional metallating reagents such as the activated alkyllithium
nBuLi-TMEDA, toluene is normally deprotonated at the methyl (lateral) site to generate
the resonance stabilised benzyl “carbanion” (PhCHg_).W In contrast, toluene has been
directly zincated by reaction with the heteroleptic sodium zincate 1 to afford a statistical
mixture of the meta- and para-regioisomers of [(TMEDA)Na(u-TMP)(u-CgHy-

CH;)Zn(/Bu)] with the methyl substituent retaining its three hydrogen atoms."
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The structural insight offered by these synthetic findings has been augmented by a
complementary theoretical study. Filling in the gaps between the crystallographically
characterised starting materials and the thermodynamic final products, Uchiyama and
Nobuto have deciphered the possible reaction pathways of the deprotonative metallation
of benzene with sodium TMP-zincate 1 computationally.l” Their DFT calculations
propose that these distinctive deprotonations proceed via a step-wise mechanism,
whereby zincate 1 serves kinetically as an amide base (due to the greater kinetic lability
of the Zn-N bonds) with concomitant release of TMP(H) with the formation of a
bisalkyl(aryl) zincate intermediate (Scheme 3.1). In the second step, it follows that the
co-existent, strongly acidic N-H bond of TMP(H) is deprotonated by this intermediate
to afford the final thermodynamic product of the reaction identified by the

aforementioned X-ray crystallographic studies, and isobutane.

\/ Hexane
N,
[ | Bu
7
N
/\
Amido Alkyl
Basicity Basicity
\/
N,
L . [ Na Zn—Bu + ]
N tBY
/\

Scheme 3.1: Proposed two-step mechanism for the zincation of benzene.

Recently, our group have sought to identify the structures of the reaction intermediates
suggested by the theoretical studies. In addition to a closely related study for the
AMMZn of anisole by the analogous lithium TMP-zincate [(THF)Li(u-TMP)(u-

Bu)Zn(Bu)],l"”’ these mechanistic and structural studies were then extended to the
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metallation of trifluoromethylbenzene by the bimetallic base 1 (Scheme 3.2). Providing
a greater understanding of the mechanisms involved, the reaction was structurally
traced by the isolation of the kinetic solvent-separated ortho-deprotonated product
[{(TMEDA),Na}" {Zn(0o-C¢H4-CF3)(fBu),} ] before in turn exploring its reactivity
towards TMP(H) mirroring the second, multipart step of the AMMZn process.!
Intriguingly, this second step was found to affect strongly the conclusion, swaying not
only the product yield but also the final regioselectivity of the metallation with an
intricate mixture of ortho-, meta- and para-regioisomeric products observed in solution.
Supporting the earlier theoretical work, these findings provided the first experimental
evidence for a two-step mechanism in deprotonative metallations with TMP-zincates
but additionally pose the question; “is the unique mefa-metallation of N, N-

dimethylaniline a consequence of TMP-induced isomerisation?” This study attempts to

answer this important question in gaining a more complete understanding of such

L e

N, N

special regioselective zincation reactions.

n Zn— u + nBuH

/\ <
+ &/’C%
\/ \/_l e Jou |
N, N
E Na/ /lfj\
N \
/\ \
y %

N, / N
(1-n) a Zn—'Bu + (1-n)
EN gy’
/\
Scheme 3.2: TMP(H) induced structural reorganisation from solvent-separated
ions to contact ions, facilitating rearrangement of some ortho-zincated molecules to

meta and para isomers.

To this end, herein we investigate in detail the reaction of 1 with N, N-dimethylaniline,

exploring the proposed two-step mechanism and shedding light on the special synergic
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facet of the AMMZn by contrasting direct sodium-mediated zincation with indirect
sodiation-dialkylzinc co-complexation by sequentially treating N, N-dimethylaniline
with the homometallic components of bimetallic base 1. Successful attempts to isolate
and characterise the metallated intermediates and the regioselectivities afforded upon
quenching the in situ mixtures will be discussed, offering increased understanding of
the possible mechanisms involved in the reactions of TMP-zincates. Overall, this study
provides an illustrative example of the subtle, yet prodigious reactivity of the bimetallic

base 1.
3.2) The Original Direct meta-Zincation Reaction

In comparison to the persuasive tertiary amides and O-carbamates, anilines are
relatively modest metallation directing groups.l”’ Activation of N, N-dimethylaniline
transpires primarily from the acidifying effect of the electronegative N atom; the
coordination effect of the N atom is believed to be less important as result of the
conjugation of its lone pair with the n-system of the ring, even so N, N-dimethylaniline
undergoes DoM with PhLi in poor yield'” or nBuLi in good yield under forcing
conditions.!"!) Varying the metallation agent from these mainstream homometallic
species to heterometallic 1 remarkably switched the orientation of the deprotonation to
the meta-site, with the metallated heterotrianionic product of the reaction
[(TMEDA)Na(TMP)(m-CcHs-NMe,)Zn(tBu)] (7) isolated at ambient temperature in a
stable crystalline form which allowed its molecular structure to be ascertained by X-ray

crystallography (Figure 3.1).[Y
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/

. ’
) - ’\ ‘;E‘./ ;” ‘_.

‘@C

Figure 3.1: Molecular structure of 7 with selective atom labelling.

As reported, a preliminary reaction of isolated crystals of 7 in THF with iodine was
carried out to establish whether these meta-zincated dimethylaniline complexes could
be intercepted by electrophiles. 'H NMR spectroscopic experiments revealed
quantitative iodination and thus the selective formation of 3-iodo-N, N-dimethylaniline.
Now we are looking to paint the complete picture of this surprising synergic meta-

deprotonation of N, N-dimethylaniline.
3.3) The Direct meta-Zincation Reaction: A Closer Look

Revisiting the reaction, sodium TMP-zincate 1 was prepared in situ in hexane solution
and reacted with one molar equivalent of N, N-dimethylaniline at room temperature to
afford a yellow solution which was subsequently treated with iodine (Scheme 3.3).
NMR spectroscopic analysis ('H and 'H-'"H COSY NMR spectra in dg-benzene) of the
crude reaction solution revealed a complicated mixture of iodinated products that
contained all three possible ring regioisomers for the monometallation of N, N-

dimethylaniline. In agreement with X-ray crystallographic analysis, the meta-isomer
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was the principal product, but additionally in the aromatic region two doublets at 7.42
and 6.13 ppm were observed for the next most abundant product, that is, the para-
product and finally four multiplets centred at 7.75, 6.99, 6.73 and 6.46 ppm for the

minor ortho-product in an overall 11.6:3.0:1.0 ratio.

NMe
\/ N @ \/ N 1 ’

N N Isolated crystals

’
/
/

Zn—1Bu . { /'Na Zn—'Bu -
4

N B
u/ N | I
/\ /\ 2
! NMe, Quantitative
7 meta-iodination

" in situ" mixture

Overall conversion 72%
meta 73%

para 21%

ortho 6%

Scheme 3.3: Synergic metallation of N, N-dimethylaniline with sodium TMP-
zincate 1 to generate 7, which was subsequently quenched with I, to produce iodo-

anilines.

3.4) The Indirect Sequential Sodiation-Dialkylzinc Co-complexation Approach

To begin, closely imitating the constituents of sodium zincate 1, N, N-dimethylaniline
was first ortho-sodiated with nBuNa in hexane at 0 °C to give the product as a light
orange precipitate in 64% yield. Employment of the stronger base nBuNa was
necessary because in our hands NaTMP, with or without TMEDA activation, was not
sufficiently basic to abstract the ortho-hydrogen of N, N-dimethylaniline. Endeavouring
to produce crystals of the resulting sodium anilide, the red filtrate (after isolation of the

precipitate) was concentrated in vacuo to yield yellow/orange crystals following storage
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in a refrigerator (at 5 °C). X-ray crystallographic analysis established the product as the

dimeric, ortho-sodiated [( TMEDA)Na(o-CcHs-NMe,)], (8) (Figure 3.2).

Figure 3.2: Molecular structure of 8 with selective atom labelling. Hydrogen atoms are
omitted for clarity. The long Na---C;,s, and Na---N contacts are highlighted by dashed
lines. Selected bond lengths (A) and angles (deg): Na(1)-N(2) 2.5363(14), Na(1)-N(3)
2.5350(14), Na(1)-C(1) 2.5442(15), Na(1)-C(1A) 2.5903(16), Na(l)---C(6A)
2.9231(15), Na(l)--"N(1A) 2.6749(14); N(3)-Na(1)-N(2) 73.37(5), N(3)-Na(1)-C(1)
129.64(5), N(2)-Na(1)-C(1) 104.31(5), N(3)-Na(1)-C(1A) 97.45(5), N(2)-Na(1)-C(1A)
150.27(5), C(1)-Na(1)-C(1A) 103.12(4), N(3)-Na(1)-N(1A) 106.68(4), N(2)-Na(1)-
N(1A) 99.59(5), C(1)-Na(1)-N(1A) 122.86(5).

Sodiated aniline 8 adopts a simple dimeric centrosymmetric molecular structure based
on a strictly planar four-membered [Nay(p-C),] ring. Occupying a tetrahedral geometry
(mean angle around Na: 109.76°) the sodium atom in 8 is coordinated by a chelating
TMEDA ligand and two deprotonated aniline units, the latter primarily through a close
contact with the two symmetry-equivalent ortho-deprotonated carbon atoms of the

aromatic ring [Na(1)-C(1) 2.5442(15); Na(1)-C(1A) 2.5903(16) A]. In addition to these

primary contacts, sodium also engages in longer, weaker secondary contacts with both
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the ipso-carbon and nitrogen atom of the anilide unit [Na(1)---C(6A) 2.9231(15) and
Na(1)--"N(1A) 2.6749(14) A]. The Na(1)-C(1A) distance is comparable to that of the
corresponding bonds in the solvent-free sodium aryl derivative (NaCgH3-2,6-Mes;),

prepared by Power (mean Na-C bond distance of 2.609 A),!'”

whilst they are naturally
longer than those in the lithium dimer [{1-(dimethylamino)-8-naphthyl}-lithium-THF],
[2.207(4) and 2.223(4) A].""* In this latter compound the lithium atoms are located ca.
0.37 A above and 1.05 A below the naphthyl planes. By way of comparison, the sodium
atoms in 8 are positioned 0.6565(5) A above and 1.8248(5) A below the aryl ring as a
result of the increased size of sodium; a trend also reflected in the distance between the

average main planes of the aromatic rings [1.176(1) A in 8 and a surprisingly small 0.68

A between the naphthyl rings of the lithium compound].

For the purposes of NMR spectroscopic analysis, the optimum solubility of 8 was
achieved in dj,-cyclohexane solution. The salient observation from the NMR spectra of
the solid material and indeed the reaction mixture is that there is no sign of any other
metallated products/isomers. Therefore the ortho-sodiated N, N-dimethylaniline was the
sole metallated product detected during the course of the reaction. 'H NMR
spectroscopic analysis of a dj;-cyclohexane solution of 8 revealed three multiplets at
7.78, 6.79 and 6.58 ppm representing the ortho-deprotonated aromatic ring (overlap at
6.58 ppm between the ortho’- and para-protons) with the NMe, singlet resonance of the
anilide appearing at 2.83 ppm, a shift of 0.12 ppm to higher frequency from that in N,
N-dimethylaniline. Completing the assignment, the TMEDA ligand signals are found at
2.22 and 2.04 ppm. Emphasising the synthetically limiting reactivity of 8, it appears to
attack THF, while undesired deprotonation of toluene furnished crystals of the known
compound TMEDA solvated benzylsodium as confirmed by NMR analysis.'*! Indeed,

Slocum et al. have recently developed a selective ortho-metallation protocol which
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permits the retention of the bromine substituent in para-bromoanisole by the use of
ortho-lithiodimethylaniline, which presumably must exhibit a reduced reactivity
compared to its sodium analogue 8, as the metallating agent.!'” Indeed upon storage in

a dry box, the shelf life of sodium anilide 8 is no better than a couple of days.

Continuing with the “imitating” experimental studies, to introduce the second metal
component one molar equivalent of /Bu,Zn (dissolved in hexane) was added to a
suspension of 8 in hexane, which was prepared in situ, and the mixture was stirred at 0
°C for 1 hour and then a further 2 hours at room temperature (Scheme 3.4). Following
gentle heating of the mixture, colourless crystals were deposited upon slow cooling of
the Schlenk tube in a Dewar flask of hot water overnight. X-ray crystallography
indicated that these crystals were not a single compound but a 2:1 co-crystalline
mixture of two products, namely [(TMEDA)Na(o-CcHs-NMe,),Zn(tBu)] (9) and

[{(TMEDA);Na"} {(1BuZn),(u-NMe)} ] (10).

NMe \/ %

Na [N,/' N\ "in situ" mixture X

+'BuyZn + TMEDA Na Zn—Bu — |
N( \ Iy _
/ \MeZN
1
TMP(H)
1. TMP(H)
+ 2. 18 hreflux
- 3.1,
\ /MezN VERVA e, |
! 2
N, / N\ N ¢ f
. f e Bu._ _N._ ‘Bu
Na Zn—'Bu + Na zn zn
N NI By B
| u u
/ \MeN ANVAN
9 10

Scheme 3.4: Indirect zincation of /N, N-dimethylaniline producing 9, 10, and 11,

which was then quenched with I, to produce iodo-anilines.
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Bis-aryl 9 can be considered a mixed-metal product of the co-complexation reaction
between 8 and 7Bu,Zn, despite the incorporation of a second deprotonated organic
substrate. Although, a fert-butyl group has been formally lost, the formation of 9 may
not necessarily be a result of a second deprotonation, with a disproportionation pathway

potentially at play (Scheme 3.5).

Il
\ Bu 5 _;-MegN’ ““vr
- N,, i - N;_ h I||

2 [ Na Zn—'Bu I [ Na Zn—1Bu + {TMEDANaZn'Bu;

AR f S
NieaN A NN
| 9

9

Scheme 3.5: The possible disproportionation reaction that leads to the formation

of bis-aryl species 9.

The molecular structure of 9 (Figure 3.3) can be described as a contacted ion pair with
the anionic moiety containing a trigonal planar zinc centre bonded to three carbon
atoms, two from the ortho-metallated fragments which bridge zinc to sodium and one
from the terminally attached tert-butyl group. In addition to the nitrogen atoms of the
chelating TMEDA, the sodium atoms primary coordination sphere is completed by
bonding to the nitrogen of one anilide unit [Na(1)-N(1) 2.663(3) A] and to the ortho-
deprotonated carbon of the second aromatic ring [Na(1)-C(23) 2.663(3) A], resulting in
sodium adopting a distorted tertrahedral geometry (mean angle around Na: 107.87°).
Furthermore, the multihapto-contacted sodium centre engages in weaker, secondary
contacts to the ipso-carbons of both anilides [Na(1)---C(12) 2.848(3) and Na(1)---C(22)
2.884(3) A] and additionally interacts with not only the second deprotonated carbon
[Na(1)---C(13) 2.799(3) A] but also the second aniline nitrogen atom [a long

Na(1)---N(2) length of 2.851(2) A compared to the Na-Nryepa bond lengths of Na(1)-
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N(3) 2.473(2) and Na(1)-N(4) 2.473(3) A]. Notably, the aryl carbanion which was
initially bound to sodium is now directly attached to the more carbophilic zinc as
illustrated by the short, strong zinc-carbon c-bonds [Zn(1)-C(13) 2.025(3); Zn(1)-C(23)
2.042(3) A]. Note there are no metal contacts, by zinc or sodium, to the meta positions

on the anilide ring which still retain hydrogen atoms.

——=
N

/ w_Zn(1)
N(3) Na(1) /:/ S “
®

Figure 3.3: Molecular structure of bis-anilide 9 with selective atom labelling. Hydrogen
atoms and a disordered component of TMEDA are omitted for clarity. Secondary
contacts between sodium and the anilide rings are denoted by dashed lines. Only one
crystallographically independent molecule is displayed, as the parameters for the other
are the same within experimental error. Selected bond distances (A) and angles (deg):
Zn(1)-C(13) 2.025(3), Zn(1)-C(23) 2.042(3), Na(l)-N(1) 2.663(3), Na(l)---C(12)
2.848(3), Na(1)---C(13) 2.799(3), Na(1)---N(2) 2.851(2), Na(1)---C(22) 2.884(3),
Na(1)-C(23) 2.663(3), Na(1)-N(3) 2.473(2), Na(1)-N(4) 2.473(3); C(13)-Zn(1)-C(23)
123.30(11), N(3)-Na(1)-N(4) 74.20(9), N(4)-Na(1)-C(23) 112.74(10), N(3)-Na(1)-
C(23) 147.52(9), N(4)-Na(1)-N(1) 102.85(8), N(3)-Na(1)-N(1) 114.85(9), C(23)-Na(1)-
N(1) 95.05(9).

A search of the Cambridge Crystallographic Database!'® found that the bis-aryl model

has precedent in alkali-metal zincate chemistry, for example, in the previously prepared
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biscarboxamide [(TMEDA)Li{2-(1-C(O)NiPr,)CsHs}>Zn(/Bu)],''” however, the donor
ability of the different directing groups limits comparison with 9. A salient feature of
this biscarboxamide structure is the bond between lithium and the Lewis basic carbonyl
oxygen atoms which close a ten-membered ring, resulting in a contracted Ar-Zn-Ar
bond angle of 111.76(10)°. In contrast, as a result of the dimethylamino groups modest
directing ability, with coordination less important, the sodium atom in 9 engages the -
system of the arene ring, in turn widening the corresponding C(13)-Zn(1)-C(23) bond

angle to 123.30(11)°.

The solvent-separated ion-pair co-product [{(TMEDA),Na'} {(Bu,Zn)»(u-NMe,)} ]
10 (Figure 3.4) adopts a markedly different structural motif from that of 9. Its cationic
moiety comprises a nearly square planar sodium centre coordinated by two TMEDA
molecules (note that near square planar alkali-metals are rare in comparison to the
legion of tetrahedral coordinations documented!'®), whereas the anionic moiety consists
of two di-tert-butyl zinc units connected by a dimethylamino bridge. The unexpected
manifestation of this bridging amide is almost certainly a consequence of utilising the
overly aggressive homometallic reagent nBuNa at fairly ambient temperatures, with
decomposition of either N, N-dimethylaniline or with precedent in the literature,
TMEDA potentially leading to the presence of this cleaved amide fragment.!'” The
zinc-nitrogen distances in 10 [Zn(3)-N(13) 2.059(2) and Zn(4)-N(13) 2.062(2) A] are
the same within experimental error to each other and in good agreement with the
distances of corresponding bonds in the zinc bisamide [{(PhCH;),N}Zn],-CsHs
[2.0083(13) and 2.0620(12) A]®™ and in dimeric MeZn(NPh,) [average value of
2.072(8) A for the four distinct Zn-N bond lengths].?") The best comparison for 10 is
possibly provided by the dinuclear zinc guanidinate complex [{Zn(OAr)},{u-

(Me;NC(NiPr),)} (n-NMe,)] prepared by Coles.””! In both complexes, the zinc atoms
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adopt a distorted trigonal planar geometry [sum of bond angles at Zn(3) and Zn(4) in 10
equal to 358.31° and 358.28°, respectively] but with each zinc atom additionally bound
to a bulky aryloxide and guanidinate ligand, the Zn-(u-NMe;)-Zn bond angle is
compressed to 97.34°, in contrast to 103.67(9)° in the more open structure of 10. A
possible consequence of this increased steric hindrance in the guanidinate complex is
the shorter Zn-N bond distances [1.990(3) and 1.982(3) A] in comparison to those in

10.

Figure 3.4: Solvent-separated ion-pair structure of 10 with selective atom labelling.
Hydrogen atoms and disordered component of TMEDA are omitted for clarity. Only
one crystallographically independent cation is displayed, the parameters for the other
are the same within experimental error. Selected bond distances (A) and angles (deg):
Zn(3)-N(13) 2.059(2), Zn(4)-N(13) 2.062(2), Na(4)-N(11) 2.516(2), Na(4)-N(12)
2.494(3); Zn(3)-N(13)-Zn(4) 103.67(9), N(11)-Na(4)-N(12) 75.21(8), N(11)-Na(4)-
N(11A) 180.0, N(11)-Na(3)-N(12A) 104.79(8), N(12)-Na(3)-N(12A) 180.0.

From 'H NMR spectra in dg-benzene solution of the reaction between 8 and /Bu,Zn,
which produced crystals of 9 and 10 the presence of a third distinct species was
revealed. Four multiplets at 8.03, 7.17, 7.06 and 6.72 ppm are observed for the major

ortho-metallated product but additionally, shadowing these signals, another distinct
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ortho-metallated product is evident from a set of four different multiplets at 7.87, 7.01,
6.86 and 6.60 ppm. Potentially, this additional unidentified product could be the related
dialkyl(aryl) sodium zincate [(TMEDA)Na(0-C¢H4-NMe,)/Bu-Zn-fBu], reminiscent of
the lithium congeners [(THF);Li(0-CsHs-OMe)fBu-Zn-fBu] and [(PMDETA)Li(o-
CsH4-OMe)Bu-Zn-1Bu] prepared by co-complexation reactions of lithiated anisole with
Bu,Zn and the relevant Lewis base.l”! The metallation regioselectivity exhibited in the
crystalline material is confirmed by treatment of the in situ reaction mixture with
iodine. Electrophilic quenching of the two different ortho-deprotonated organometallic
compounds is depicted in the "H NMR spectrum of the crude residue, with a 20.2:1.0
mixture of the ortho- and para-isomers of iodo-N, N-dimethylaniline obtained and most

significantly, a negligible quantity of the meta-iodinated product present.

According to theoretical studies, compound 9’s related bisalkyl(aryl) derivative could
be a putative intermediate in the first step of the metallation of N, N-dimethylaniline by
TMP-zincates. Thus, the reactivity of this in situ mixture towards the amine TMP(H)
was studied next, purposely for the formation of [(TMEDA)Na(TMP)(C¢Hs-
NMe,)Zn(#Bu)] products. First the reactivity towards one molar equivalent of TMP(H)
at room temperature was investigated and within 30 minutes a white solid precipitated
which could be recrystallised from hexane to afford a small amount of translucent

crystals.

An X-ray crystallographic study showed the molecular structure of these crystals to be
[(TMEDA)Na(TMP)(0-CsHy-NMe,)Zn(/Bu)] (11) (Figure 3.5). Revealing a contact
ion-pair structure, 11 comprises of the Na-TMP-Zn structural backbone of bimetallic
base 1 where TMEDA chelates the sodium atom and zinc is bound to a terminal fert-
butyl group. In keeping with previous illustrations of the AMMZn reaction, zinc has

filled the position vacated by the departing hydrogen atom and significantly in 11, zinc
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resides in the ortho-position of the aromatic ring, making 11 a regioisomer of 7.
Comparing these regioisomers, a strong zinc-carbon o-bond exists between the metal
and deprotonated carbon atom in both compounds [2.035(4) and 2.079(2) A in 7 and
11, respectively] as a result, the main distinction between the structures arises from the
manner in which the metallated arene interacts with the alkali-metal. In 7, with the
NMe; unit detached from sodium, the alkali-metal interacts more with the m-system of
the aromatic ring, principally with the deprotonated meta-carbon [2.691(4) A]
generating a four-membered (NaNZnC) ring. In contrast, for 11 the close proximity of
the NMe, group enables it to bind with the sodium centre giving a slightly longer than
average Na(1)-N(3) bond distance of 2.6991(19) A [compared to a Na(1)-N(1) bond
distance of 2.663(3) A in 9 and Na-N bond distances in the range 2.448(8)-2.621(3) for
a series of mononuclear zinc compounds deposited in the Cambridge Crystallographic
Database!'®], which closes a larger six-membered, highly puckered (NaNZnCCN)
central ring. Nevertheless, sodium still engages with the aromatic ring [transannular
distances of 2.917(2) and 2.768(2) A] in a fashion characteristic of several AMMZn

products.

The relatively simple '"H NMR spectrum of the aforementioned white precipitate in d-
THF solution revealed the solid to be exclusively product 11, whereby N, N-
dimethylaniline has been ortho-metallated with only four resonances, two doublets
(7.48 and 6.81 ppm) and two triplets (6.92 and 6.75 ppm) observed in the aromatic
region. Furthermore, analysis of the aliphatic region of both the 'H and *C NMR
spectra showed resonances for both tert-butyl and TMEDA but notably, resonances
which can be attributed to coordinated anionic TMP at 1.74, 1.37 and 1.20 ppm were
observed (note that "H NMR resonances of TMP(H) in ds-THF appear at 1.63, 1.29 and

1.06 ppm).
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Figure 3.5: Molecular structure of 11 with selective atom labelling. Hydrogen atoms
are omitted for clarity. Secondary contacts between sodium and the anilide rings are
denoted by dashed lines. Selected bond distances (A) and angles (deg): Na(1)-N(1)
2.586(2), Na(1)-N(2) 2.568(2), Na(1)-N(3) 2.6991(19), Na(l)-N(4) 2.469(2),
Na(1)---C(32) 2.917(2), Na(1)---C(37) 2.768(2), Zn(1)-C(37) 2.079(2), Zn(1)-N(4)
2.0279(17); N(1)-Na(1)-N(4) 131.05(7), N(2)-Na(1)-N(4) 122.82(7), N(1)-Na(1)-N(2)
72.56(6), N(3)-Na(1)-N(4) 105.70(6), N(2)-Na(1)-N(3) 109.31(6), N(1)-Na(1)-N(3)
111.60(7), N(4)-Zn(1)- C(37) 114.27(8).

Regenerating the TMP bridge between sodium and zinc can be considered a copy of the
second step of Uchiyama and Nobuto’s theoretically proposed stepwise mechanism.
However, should the AMMZn proceed by the two-step procedure, then the meta-isomer
might emerge as the predominant product despite the isolation of 11. To establish the
complete constitution of an in situ reaction mixture, it was treated with iodine, the crude
"H NMR spectrum revealing that while much of the ortho- and para-substitution pattern
is retained, a small portion of these zincated aryl molecules have indeed isomerised to
the meta-position [overall ortho:meta:para ratio of 16.6:1.6:1.0 from an
ortho:meta:para ratio of 20.2:0:1.0 before TMP(H) addition]. For the addition of

TMP(H) to the isolated, ortho-metallated kinetic intermediate [ {(TMEDA),Na} " {Zn(o-
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C¢H4-CF3)(¢Bu),} ], the Mulvey group previously reported that the secondary amine
facilitates rearrangement of some ortho-zincated aryl molecules to meta- and para-
isomers [in a 4.3:2.6:1.0 ratio, resulting from the amination reaction of TMP(H) with
one tert-butyl group]™. The smaller degree of isomerisation in the N, N-dimethylaniline
system can be rationalised, at least in part, by considering the electronic nature of the
different directing groups. With respect to NMe,, CF; exerts an increased inductive
effect thus weakening the Zn-C,,, bond to a greater extent, potentially leading to its
easier cleavage and thus isomerisation. However, stimulated by this result, the TMP-
induced isomerisation was pursued with the aim of transforming more ortho-material
(ideally in synthetically useful amounts) to meta. In order to meet this aspiration, the
reaction mixture was refluxed overnight, aiding the solubility of 11 and thus presenting

greater opportunity for the said regioisomerisation.

After the addition of TMP(H) and an 18 hour reflux, the yellow solution was treated
with iodine. "H NMR spectroscopic analysis revealed that the make-up of the solution
had dramatically changed, with each of the three regioisomers for the mono-iodination
of N, N-dimethylaniline now present. Notably, the predominant isomer of iodo-N, N-
dimethylaniline is now the meta-substituted product denoted by a set of three multiplets
at 7.05, 6.70 and 6.34 and a singlet at 6.98 ppm (Spectrum 3.1). The ortho-product is
still well represented denoted by four multiplets at 7.75, 7.02, 6.74 and 6.46 ppm, while
two doublets at 7.42 and 6.13 ppm denote the minor para-product with the three
regioisomers present in an overall ortho:meta:para 3.7:4.2:1.0 ratio. However, in what
was initially surprising, the spectrum also revealed a substantial amount of free N, N-
dimethylaniline (multiplets at 7.22, 6.77 and 6.60 ppm and a singlet at 2.55 ppm for the
NMe, group). Simulating the multipart-step of the AMMZn reaction in the

aforementioned trifluoromethylbenzene study — by reacting isolated crystals of
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[{(TMEDA),Na} " {Zn(0-C¢H4-CF3)(tBu),} ] with TMP(H) and monitoring by 'H
NMR spectroscopy — highlighted the significance of this second step in determining not
only the final regioselectivity of the metallation but also the reaction yield with the
amine found to partially target the metallated aryl anion regenerating sodium TMP-
zincate 1 and trifluormethylbenzene. The existence of such a parallel competitive
reaction pathway here could promote the re-formation of N, N-dimethylaniline and
when in the presence of concomitant zincate 1, be responsible for the increase observed
in the meta-deprotonated substrate concentration. Further evidence for the regeneration
of bimetallic base 1 comes in the identity of two unknown products in the crude
mixture, although evidently N, N-dimethylaniline derivatives, positive identification
from NMR spectroscopic analysis was made difficult by the complexity of the aromatic
region (two distinct singlets visible in the NMe; region at 2.35 and 2.29 ppm). GC-MS
(CI mode) analysis verified the presence of the three regioisomers of iodo-N, N-
dimethylaniline but also shed light on the identity of the two unknown species with the
MH+ peaks at m/z 373.8 consistent with regioisomers of diiodo-N, N-dimethylaniline.
Thus following the addition of TMP(H), the presence of sodium TMP-zincate 1 in
conjunction with the harsher reflux conditions is likely to be the recipe for executing a

degree of di-deprotonation of the aromatic molecule.
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Spectrum 3.1: Aromatic region of '"H NMR spectra for dg-benzene solutions of (a) a
standard of N, N-dimethylaniline; (b) the crude mixture obtained from the reaction of
[(TMEDA)Na(pu-TMP)(p-Bu)Zn(/Bu)] (1) with 1 equivalent of N, N-dimethylaniline at
room temperature following iodine quenching; (c) the crude mixture obtained from the
reaction of nBuNa-TMEDA, N, N-dimethylaniline and rBu,Zn at room temperature
following iodine quenching; (d) the crude mixture obtained from the reaction of
nBuNa-TMEDA, N, N-dimethylaniline, Bu,Zn and TMP(H) at room temperature
following iodine quenching; (e) the crude mixture obtained from the reaction of
nBuNa-TMEDA, N, N-dimethylaniline, tBu,Zn and TMP(H) following an overnight

reflux and iodine quenching.

3.5) DFT Calculations

Endeavouring to rationalise the different metallation regioselectivities afforded by the
homo and heterobimetallic bases, theoretical calculations at the DFT level using the

B3LYP method and the 6-311G** basis set were employed in a collaboration with Dr
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Armstrong of this department to compute the relative stabilities of the four possible

regioisomers arising from the monometallation of N, N-dimethylaniline.

The relative stabilities of the four model regioisomers (ortho-, meta-, para- and methyl-
positions), in which the aniline ring is sodium substituted were calculated and in
support of the experimental studies, the ortho-isomer is the energetically preferred
product (relative energy: 0.00 kcal mol™") with the presence of a Na—N donor-acceptor
interaction helping its stability. Closely following is the methyl isomer (at 1.61 kcal
mol ') but destabilised are the meta- and para-isomers (by 8.60 and 8.71 kcal mol ',

respectively).

On modelling the introduction of TMEDA, the ortho-isomer remains the energy
minimum structure at relative energy 0.00 kcal mol”', however, the energy gap to the
other three regioisomers decreases slightly (methyl at 1.35 kcal mol™'; meta at 6.93 kcal
mol'; and para at 7.15 kcal mol™). Inspecting the dimensions of the ortho-product,
TMEDA chelation of the Na atom results in a longer and thus weaker Na—NMe,
secondary interaction (increase from 2.289 to 2.501 A), while the meta- and para-
isomers benefit from TMEDA’s participation with the energies of TMEDA
coordination equal to —20.86 and —20.74 kcal mol™, respectively. Tellingly, although
the overall energy of reaction for these isomers is exothermic by —5.81 and —5.59 kcal
mol”, by way of comparison the product of ortho-deprotonation is significantly more

exothermic at —12.74 kcal mol ™.

Taking account of aggregation the most disfavoured dimer is the methyl isomer
(relative energy of 8.60 kcal mol™) but in contrast the meta (at 4.65 kcal mol™) and
para (at 5.48 kcal mol™) regioisomers benefit in relation to the ortho-product (Figure

3.6). The —22.08 kcal mol” energy of dimerisation gained by the ortho-isomer is
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relatively low (compared to —31.29 kcal mol” for the meta-isomer) due to a
combination of increased steric repulsions and loss of stabilising interactions. On
dimerisation, the Na—N interaction in the ortho-product elongates in length from 2.501
to 2.662 A with the Na atom now involved in bonding with two ortho-deprotonated C
atoms, while there is also a noticeable increase in the Na—N(TMEDA) bond lengths
from 2.521 and 2.533 A to 2.604 and 2.674 A. Through these modelling studies, ortho-
deprotonation and dimerisation is found to be the energetically preferred metallation
pathway by the homometallic reagent, with the overall reaction found to be exothermic
by a substantial margin of —47.55 kcal mol™. Incidentally, on addition of fBu,Zn to
each of the three monomeric sodiated regioisomers there is very little difference in the
relative energies of the three products (ortho at 0.00 kcal mol'; meta at 0.32 kcal mol™';

and para at 0.41 kcal mol™).

Turning to calculations on the sodium TMP-zincate 1, concurring with the experimental
findings and in marked contrast to the product obtained via monometallic
nBuNa-TMEDA, the meta-isomer (A) is found to be the minimum energy structure
(relative energy: 0.00 kcal mol™) but is closely followed by the para-isomer (B) (at 0.66
kcal mol™). Notably, the ortho-isomer (C) is destabilised further (at 4.32 kcal mol™);
and the least stable of all four isomers is the one where metallation takes place at the
methyl group (at 9.01 kcal mol™). Hence in the synergic twofold metal system, the
meta- and para-regioisomers are the thermodynamic products. Modelling studies reveal
all four deprotonation reactions to be exothermic, with the energy minimum meta-

isomer structure most exothermic by —21.46 kcal mol™.
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Figure 3.6: Relative energy sequence of the four theoretical regioisomers of the

experimentally observed product 8.

The modest difference in the relative energies for A and B is consistent with the
formation of the sizeable proportion of para-product observed experimentally. A
comparison of the dimensions in these regioisomers, reveal that the Na contacts to the
aryl C atoms are systematically shorter in the energetically preferred meta-isomer A
(bond distances: 2.594, 3.070, 3.212, 3.959, 4.097, 4.403 A) than in the analogous para-
product B (bond distances: 2.596, 3.178, 3.239, 4.135, 4.185, 4.596 A), whereas the

Zn—C(aryl) bonds are within 0.001 A of each other (2.084 and 2.083 A, respectively)
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(Table 3.1). In the ortho-isomer C, the product found previously to be expected from
conventional (non-synergic, single metal) metallation, the Na—C(ortho) bond is
decidedly longer (2.747 A) and thus, weaker than the Na—C(meta) bond in the favoured
meta-isomer A largely as a result of increased steric constraints. Additionally, with the
sodium atom bonding to the NMe, group in C, lone pair—lone pair repulsion between
the lone pair of the nitrogen and the nearby ortho-carbanion may be a factor in the
relative instability of C. Consequently, the principal distinction lies in maximising the
strength of the Na---Cm contacts, and although they may be weak individually,
collectively they must contribute appreciably to the overall stability of the unexpected

meta-deprotonated product.

Table 3.1: Selected bond distances calculated for the three regioisomers A,

B and C.
J
: ‘jﬁb\ g A
'
A
j o
e ]
& 5 3

A (0.00 kcal mol™) B (0.66 kcal mol™) C (4.32 kcal mol™)
Bond distance (A) A B C
Z0-Crnetallated 2.084 2.083 2.107
Na-Conetaliated 2.594 2.596 2.747
Na-+Cary1 3.070, 3.212 3.178, 3.239 2.937
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3.6) Attempted Thermal Isomerisation

Encouraged by the successful in situ regioisomerisation and the calculated energetics of
the model structures, we revisited complex 11 exploring the possibility of thermal
isomerisation. With the “{(TMEDA)Na(u-TMP)Zn(¢Bu)}” structural backbone of
meta-zincated 7 already in place, no complications in the form of retro reactions re-
forming N, N-dimethylaniline were anticipated. Isolated solid material of 11 was
dissolved in hexane and the effects of time, and additionally heat were monitored by 'H
NMR spectroscopy in search of meta-zincated molecules forming from the
rearrangement of pure ortho-metallated material. As illustrated in Spectrum 3.2,
complex 11 undergoes a change in solution, however, as confirmed by the multiplicity
pattern and 'H-'H COSY NMR experiments, the aniline ring retains its ortho-
deprotonated character, suggesting that through time or application of heat complex 11
unfortunately undergoes disproportionation rather than isomerisation, potentially

forming a structure akin in nature to that of bis-anilide 9.
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Spectrum 3.2: Aromatic region of '"H NMR spectra for ds-benzene solutions of 11
at various time intervals, probing possible regioisomerisation to the meta-isomer

[(a) complex 11; (b) 2 days; (c) 7 days; (d) 9 days].
3.7) Concluding Remarks on Direct AMMZn versus Indirect Sodiation-Zinc Co-

complexation Approaches

This study clearly brings to light the inherent complexity of these metallation reactions
even at the active metal stage, with a diverse concoction of organometallic complexes
isolated or identified in solution, prior to the recognised intricacies of subsequent

electrophilic interception.

Collectively, these results emphasise the synthetic utility of the AMMZn reaction with
the employment of a synergic bimetallic base providing entry to previously inaccessible
metallation regioselectivities. The AMMZn of N, N-dimethylaniline by sodium zincate
[(TMEDA)Na(u-TMP)(u-tBu)Zn(/Bu)] 1 has been shown to afford a mixture of ortho-,
meta- and para-regioisomers in solution, however, the predominant meta-substituted

derivative [(TMEDA)Na(TMP)(m-CsHs-NMe,)Zn(/Bu)] 7 — a regioselectivity normally
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closed to synthetic aromatic chemistry — can be isolated in reasonable yields in a clean,

pure crystalline form amenable to subsequent functionalisation.

In an attempt to try and advance our knowledge of the synergic facet of AMMZn, some
informative control reactions with N, N-dimethylaniline were performed. With the
toothless base rBu,Zn, incapable of directly zincating aromatics, N, N-dimethylaniline
was treated with nBuNa-TMEDA to afford dimeric [(TMEDA)Na(o-CcHs-NMe»)], 8,
which in keeping with conventional metallation (organolithium in particular) chemistry
exhibits ortho-deprotonated anilines. The instability of 8 at ambient temperatures is
reflected in its deprotonative attack of toluene under mild conditions and following co-
complexation with the dialkyl zinc, a mixture of two products were isolated from the
reaction, namely [(TMEDA)Na(o-C¢Hs-NMe;,).Zn(Bu)] 9 and [{(TMEDA),Na'}
{(tBuZn),(u-NMe,)} ] 10. The anomalous ion-pair product 10 contains a cleaved
NMe, group, exemplifying nicely how the reactivity of an alkali-metal can be sedated
when incorporated in a mixed-metal system but to a point where it is still able to play

its part in conducting synthetically useful smooth metallations.

The final and arguably most important component of bimetallic base 1, TMP(H) was
introduced at this stage, in what could be considered a copy of the second, multipart-
step of the AMMZn process and led to the isolation of [(TMEDA)Na(TMP)(o-CsHa-
NMe;)Zn(#Bu)] 11, a regioisomer of 7 where the aromatic ring remains ortho-zincated.
In search of the elusive meta-deprotonated derivative 7, the reaction mixture was
refluxed overnight and as a result of the harsher conditions, and almost certainly
regeneration of sodium zincate 1, the mono-deprotonated meta-derivative emerged as

the predominant product.
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Significantly, these results underscore the importance of the acid/base character of the
TMP(H)/TMP  couple and the synergic bridge the TMP anion provides between the
two metals, for only when it is present, does the unique meta-regioselectivity
materialise. Although this product has been engineered from the homometallic
components, there are major disadvantages in this indirect approach versus the synergic
direct approach. The low kinetic stability of the ortho-sodiated intermediate leads to
undesired side reactions such as deprotonation of solvent and decomposition of
reactants at temperatures tolerated by the synergic base, and the harsh reflux conditions
required to bring about the presence of the meta-zincated derivative in a significant
quantity offers less control, ultimately leading to competing di-metallation of the

aromatic substrate.

DFT studies proved additionally informative. In probing the different metallation
regioselectivities obtained from homometallic and heterobimetallic bases they highlight
the importance of the interactions between the alkali-metal and the aromatic substrate.
When executed by the conventional monometallic reagent nBuNa-TMEDA, metallation
is directed to the ortho-position in part by the secondary dative interaction between Na
and the N atom of the NMe, group. In contrast, in the reaction of 1 with N, N-
dimethylaniline, the meta-isomer is energetically the most preferred and analysis of the
dimensions of the model structures suggest that the strength of the combined Na---Cn
contacts contribute at least in part to its stability. This favourable enthalpic effect, along
with the communication between the metals provided by the TMP bridge, play a
defining role in offering the unique regioselectivity observed in the AMMZn of N, N-

dimethylaniline.

Finally, looking beyond the specifics of this reaction to its general implications, this

study clearly demonstrates that bimetallic reagents can offer useful chemistry distinct to
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that when two monometallic reagents of the corresponding metals are added
sequentially to the same substrate. It follows that the secret to unlocking special
synergic reactivity may be found in both metals communicating within the same
bimetallic reagent. Future work is planned to capitalise on this advantage, investigating

the generality of the concept across a broad spectrum of metal-mediated reactions.
3.8) Experimental section
Synthesis of [[TMEDA)Na(0-C¢H4-NMe,)], 8

Freshly prepared nBuNa (0.16 g, 2 mmol) was suspended in hexane (10 mL) and
sonicated for 10 minutes to form a fine dispersion. The Schlenk tube was then cooled to
0 °C in an ice bath before the introduction of TMEDA (0.3 mL, 2 mmol) dropwise to
give a clear yellow solution. N, N-dimethylaniline (0.25 mL, 2 mmol) was then
introduced dropwise at this stage to give an orange solution which was stirred at 0 °C
for 2 hours, producing a light orange precipitate which was isolated via filtration (0.33
g, 64% - based on monomeric unit). The deep red filtrate solution was concentrated in
vacuo and stored in a refrigerator (at 5 °C), preceding the growth of a small amount of
X-ray quality, orange crystalline material. '"H NMR (400.13 MHz, 300 K, di,-
cyclohexane): & 7.78 [d {3J(H,H) 6.22 Hz}, 1H, Hyers], 6.79 (t, 1H, Hyersr), 6.58 (m, 2H,
H,ua and Hyro1), 2.83 [s, 6H, N(CH3)], 2.22 [s, 4H, NCH, (TMEDA)], 2.04 [s, 12H,
NCH; (TMEDA)]. *C {'H} NMR (100.62 MHz, 300 K, dj,-cyclohexane): & 182.3
(Cormo-Na), 164.1 (Cipso), 142.7 (Chrera), 124.6 (Cera'), 120.2 (Cpara), 111.5 (Coranor), 58.6

[NCH, (TMEDA)], 46.0 [NCH; (TMEDA)], 45.0 [N(CHs),].

Crystal data for 8: C,gHsNgNay, M = 518.74, monoclinic, P2,/c, a = 8.8060(9), b =
17.5089(12), ¢ = 11.1635(11) A, B = 111.693(12)°, V = 1599.3(3) A3, Z =2.8277

reflections collected, 3797 were unique, R, = 0.0454, R = 0.0471, Ry, = 0.1133, GOF =
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0.905, 169 refined parameters, max and min residual electron density = 0.233 and -

0.161 e.A.

Synthesis of a mixture of [ TMEDA)Na(TMP)(0-CsHs-NMe;)>Zn(fBu)] 9 and

[{(TMEDA);Na} " {(fBu;Zn),;(n-NMe,)} ] 10

To a suspension of 8, prepared as described above, a hexane solution of tBu,Zn (0.36 g,
2 mmol) was added via cannula. The mixture was then allowed to stir for 1 hour at 0
°C, and was subsequently slowly warmed to room temperature where it was allowed to
stir for a further two hours. The suspension was gently heated for a couple of minutes to
obtain as close as possible to a yellow homogeneous solution, which was left to cool
slowly in a Dewar flask filled with hot water overnight, resulting in the formation of 0.6
g of colourless crystals. '"H NMR (400.13 MHz, 300 K, dg-benzene): & 8.03 [d {*J(H,H)
6.59 Hz}, 1H, Hyew], 7.87 [d {PJ(HH) 6.75 Hz}, 0.27H, Hyea], 7.17 [2.5H (overlap
with solvent), Hye], 7.06 (t, 1H, Hpyra), 7.01 (t, 0.29H, Hpora), 6.86 (t, 0.29H, Hyera),
6.72 [d {’J(H,H) 7.96 Hz}, 1H, H,mo1, 6.60 [d {*J(H,H) 8.07 Hz}, 0.28H, H,ys0]. °C
{'H} NMR (100.62 MHz, 300 K, dg-benzene): & 159.4 [Cyyimo-Na (major)], 157.0 [Cipso
(major)], 140.2 [C,.ers (major)], 139.5 [Crera (minor)] 126.0 [Cyrera (major)], 125.4 [Cpura
(minor)], 120.9 [Cpure (major)], 119.5 [Ciere (minor)], 113.8 [Copmor (major)], 112.2
[Cormor (minor)]. The relevant resonances for the remaining quaternary carbons in the
minor ortho-deprotonated product, C;,s, and Na-C,,,; could not be detected. Due to the
presence of three species and resulting complexity, no correlation could be drawn

between these signals and those in the aliphatic region.

Crystal data for 9/10: Cg;H 64N 3Na3Zng, M = 1662.71, triclinic, P-1, a = 9.3229(2), b =
20.0052(4), ¢ = 26.2813(6) A, a = 86.732(2), B = 82.721(2)°, y = 87.247(2), V =

4850.10(18) A3, Z =2. 57508 reflections collected, 19054 were unique, R = 0.0630, R

130



Chapter 3: Case Study - The Metallation Chemistry of N, N-dimethylaniline

= 0.0413, Ry = 0.0680, GOF = 0.839, 956 refined parameters, max and min residual
electron density = 0.969 and -0.682 e¢.A”. Disorder in the TMEDA groups was treated
as being over two sites, appropriate restraints on atom-atom distances and temperature

factors in these groups were applied.
Synthesis of [[TMEDA)Na(TMP)(0o-CsH4-NMe;)Zn(rBu)] 11

The above-mentioned procedure for preparing the mixture of 9 and 10 was repeated but
with TMP(H) (0.34 mL, 2 mmol) introduced to the mixture. The resulting yellow
suspension was allowed to stir overnight, after which time the deposited white
precipitate was collected by filtration (0.32 g, 31%). This precipitate was re-dissolved
in warm hexane and allowed to cool to ambient temperature, affording a small amount
of X-ray quality colourless crystals (recrystallised yield: 0.07 g, 7% - not optimised). 'H
NMR (400.13 MHz, 300 K, ds-THF): & 7.48 [d {*J(H,H) 6.59 Hz}, 1H, H,], 6.92 [t
{J(H,H) 7.93 Hz}, 1H, H,.0ra], 6.81 [d {T(H,H) 7.99 Hz}, 1H, Hy01, 6.75 [t {T(H,H)
6.89 Hz}, 1H, H,..4], 2.70 [s, 6H, N(CH3),], 2.31 [s, 4H, NCH, (TMEDA)], 2.15 [s,
12H, NCH; (TMEDA)], 1.74 [m, 2H, y-CH, (TMP)], 1.37 [br, 4H, B-CH, (TMP)], 1.20
[s, 12H, CH; (TMP)], 0.98 [s, 9H, CH; (Bu)]. °C {'H} NMR (100.62 MHz, 300 K, ds-
THF): & 165.0 (Corno-Zn), 160.1 (Cipso), 141.2 (Chera), 125.5 (Chera), 122.2 (Cpara)s
114.9 (Corinor), 58.9 [NCH, (TMEDA)], 53.1 [0-C (TMP)], 46.8 [N(CH3),], 46.2 [NCHj3
(TMEDA)], 40.7 [B-CH, (TMP)], 36.1 [CH3 (TMP)], 35.7 [C(CH3); (tBu)], 20.6 [y-

CH, (TMP)], 19.8 [C(CH3); (/Bu)].

Crystal data for 11: C7Hs3NgNaZn, M = 522.09, orthorhombic, Pbca, a = 16.1371(5), b
= 17.2078(5), ¢ = 21.6306(5) A, V = 6006.5(3) A*, Z = 8. 32010 reflections collected,
7240 were unique, Riy = 0.0540, R = 0.0371, R,, = 0.0853, GOF = 0.881, 311 refined

parameters, max and min residual electron density = 0.804 and -0.289 e.A™.
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Electrophilic Quenching Reactions

The solutions prepared as described above, were treated with a freshly prepared
solution of 1 M iodine in THF (7 mL, 7 mmol) and allowed to stir overnight. 5 mL of
NH4CI were added along with the addition of saturated Na,S,05 solution until bleaching
occurred (5 mL). The organic layer was separated from the aqueous layer and dried
over MgSQO,. After filtration, the solvent was removed under reduced pressure to give a
yellow oil. The NMR spectrum of the crude material was obtained to determine the

yield of the iodo-product relative to N, N-dimethylaniline.

2-lodo-N, N-dimethylaniline '"H NMR (400.13 MHz, 300 K, de-benzene): & 7.76 (d,
1H, Hyea), 6.98 (t, 1H, Hypera), 6.72 (d, 1H, Horo), 6.46 (t, 1H, H,yy), 2.45 [s, 6H,
N(CH;);]. °C {'"H} NMR (100.62 MHz, 300 K, dg-benzene): & 155.4 (Cjpy), 140.5

(Cuera)s 129.1 (Corera)s 125.2 (Cpara), 120.9 (Corio?), 97.9 (I-Copno), 44.7 [N(CHs)s].

3-Iodo-N, N-dimethylaniline "H NMR (400.13 MHz, 300 K, dg-benzene): & 7.05 (d,
1H, Hyura), 6.98 (s, 1H, Hopio), 6.70 (t, 1H, Hyera), 6.34 (d, TH, Hoppo), 2.32 [s, 6H,
N(CH3);]. °C {'"H} NMR (100.62 MHz, 300 K, dg-benzene): 8 151.8 (Cjpy), 130.6

(Ceta)s 125.5 (Cpara)s 121.4 (Corino)s 111.7 (Corinor), 96.0 (I-Ciera), 39.7 [N(CH3)3].

4-Todo-N, N-dimethylaniline '"H NMR (400.13 MHz, 300 K, d¢-benzene): & 7.42 [d
I(H,H) 8.84 Hz}, 2H, Hyew], 6.13 [d {I(H,H) 8.98 Hz}, 2H, Hompol, 2.36 [s, 6H,
N(CH;);]. PC {'H} NMR (100.62 MHz, 300 K, dg-benzene): & 150.9 (Cjps,), 137.8

(Cheta)s 115.0 (Corino), 77.7 (1I-Cpara), 39.8 [N(CH3)3].
GC-MS (CI) Found (M + H)" 247.9, CsHoIN requires 246.9.

For unidentified species, GC-MS (CI) Found (M + H)" 373.8, CgHol,N requires 372.8.
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Chapter 4: Synergic Synthesis of Benzannulated Metallacyclic Complexes
4.1) Multicomponent Reactions

Nowadays, the issue of chemical synthesis is under the spotlight more than ever. In the
interest of meeting society’s escalating demand for new chemical entities, creative
solutions that fashion new molecules with specific properties are desired, but
contemporary design must harmonise with increasing economical and ecological
considerations. Evolving around rooted virtues such as simplicity, selectivity, succinct
and high yielding; today’s ideal synthesis should be simultaneously highly diverse,
derived from readily available starting materials and environmentally benign.
Comprising a chain reaction of organic processes, multicomponent reactions are the
epitome of synthetic efficiency and reaction design.[l] A multicomponent reaction is
defined as a reaction in which three or more compounds react in a single operation to
form a single product that contains essentially all of the atoms of the starting materials
(with the exception of small condensation products such as H,O, HCI or MeOH)./”
However, with the simultaneous collision of three or more distinct molecules highly
unlikely, multicomponent reactions frequently comprise of a number of subreactions.
Largely flying under the radar in organic chemistry, an extension of the classic

Passerini reaction (Scheme 4.1) unlocked the potential of this highly dynamic field.

0 NHR?2

2 N 2 )J\ 3 NR® O 'acytl' R’
o) R2—NC _NR HO” "R | migration o
)ﬁ - . R = - ., R O)LRS ................ - I

Ri H Og OH \([)]/

Scheme 4.1: Generic example of the Passerini synthesis of a-acyloxyamides from

isocyanides, carboxylic acids and carbonyl compounds.
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The Passerini reaction between carboxylic acids and carbonyl compounds with
isonitriles is a widely applicable route for the synthesis of a-acyloxyamides where the
aldehyde acts as both an electrophile and nucleophile during the course of the
reaction.”! Over forty years would pass before Ugi, armed with prevailing reaction
mechanisms performed the condensations of assorted amines and aldehydes or ketones

with isonitriles revealing the generality of Passerini’s methodology.!"!

Today
adaptations of the Passerini reaction are still forthcoming, assembling new innovative
types of multicomponent reactions. Replacing the aldehyde component with an aryne,
Stoltz et al. have successfully prepared o-ketobenzamides using a multicomponent
approach (Scheme 4.2). Ilustrating their synthetic utility, intramolecular cyclisation
of bromobenzamides generates caprolactams that share structural similarity with the

bioactive natural product, silvaticamide intimating a potential future role in total

synthesis for this multicomponent methodology.

0 MeO NHIB
TBAT (2 equiv) tBu
MeO ™S oph THF, 40 °C o
+  tBu—NC  + MeO Yield 69%
MeO OTf Br saturated aq Br
oxalic acid
23°C

(TBAT = tetra-N-butylammonium difluorotriphenylsilicate)

Cul (50 mol%), K,CO3
DMF, 150 °C

o]

MeO NtBu
O Yield 61%
MeO

o]

OH HO
HO

Silvaticamide

Scheme 4.2: Three-component one-pot synthesis of o-ketobenzamides and their

intramolecular cyclisation to produce caprolactams.

Benzyne has played an intrinsic role in the discovery of novel multicomponent

reactions for over seventy years,'” by virtue of their low-lying LUMO, the salient
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electrophilic character of arynes initiates facile addition of neutral nucleophiles of
moderate nucleophilicity, producing zwitterionic intermediates which can then follow
one of three reaction pathways (Scheme 4.3). Generally, the emanating aryl anion is
primed for proton abstraction from the cationic site producing monosubstituted arenes
(Path A)") but on occasion double functionalisation of the aryne is attainable. Insertion
reactions into a nucleophilic-electrophilic c-bond provides a conducive method for
installing functionality to both ends of the triple bond (Path B);!® while for greater
structural complexity and diversity, cyclisation by capturing the zwitterion

intermediates with an electrophile represents an attractive synthetic prototype (Path C).

@% Path B

Insertion Reaction

. el

Lé

+

| @ @/@ Path A

°

©§ Path C

{Three-component Coupling ]

|

Proton Abstraction

1
oo

Scheme 4.3: Generation of zwitterionic intermediates from the addition of

nucleophiles to arynes, and three potential subsequent reaction pathways.

Elegantly described as three-component couplings of benzynes, unsaturated
nucleophiles and electrophiles, Kunai and Yoshida have implemented this protocol for
the ortho-selective double functionalisation of aromatic skeletons'” and as a convenient

avenue to benzo-annulated nitrogen or oxygen heterocycles.!'” Despite their transient
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nature, a selection of substituted arynes can be utilised in a selective three-component
one-pot reaction to provide a myriad of benzo-annulated iminofuran and iminoindole
derivatives which are difficult to prepare by orthodox methods. Supplementing these
offerings,  ortho-quinone  methides, prepared from arynes and DMF
(dimethylformamide), are smoothly coupled with active methylene compounds or
arylacetic acid esters tendering a previously concealed route to diverse coumarins

which constitute a significant class of biologically active compounds (Scheme 4.4).'"!

OMe
KF, 4 hours

TMS
S
+
oTf DMF, 80 °C

OMe

Yield: 91%

Scheme 4.4: Synthesis of coumarins via substituted arynes using a three-

component coupling methodology.

From an inorganic perspective, the generation and capture of benzyne by
organometallic reagents (including lithium amides) has been well documented in a
review article!'” but in relation to multicomponent reactions in organic synthesis a
worthy example has been provided by Barrett..'! In the first total synthesis of the
antibacterial marine natural product dehydroaltenune B (Scheme 4.5), a key step is the
preparation of the iodide A, by a four-component coupling strategy involving
nucleophilic addition of the benzyne with the Grignard reagent to regioselectively

afford the arylmagnesium chloride primed for carboxylation and iodolactonisation.
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Me Me

MgCI

OMe
nBuli, -78 °C ’©\
—_— —_—
-781020 °C
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-— -—
0t020°C ‘ OMe 7810 0°C ‘ OMe
Me Me

OMe

HO Dehydroaltenuene B

Scheme 4.5: Four-component benzyne coupling reaction for the total synthesis of

dehydroaltenuene B.

In these austere times, multicomponent reactions are most definitely in vogue when it
comes to the generation of small organic molecules. However, with regard to properties
such as biological activity, there is a perpetual requisite for fresh reactions to ensure
sufficient molecular diversity. The diversity sought can be broken down into different
levels, prominent are appendage and scaffold diversity.l* Appendage diversity revolves
around a common molecular skeleton (scaffold) and the introduction of different
appendages producing compounds with a general molecular shape but particularly
important is scaffold diversity, the synthesis of compounds with different molecular
scaffolds. As with many aspects of science, serendipity has and will always be a factor
in the discovery of new multicomponent reactions but with the knowledge accrued in
times gone by, rational design strategies have become more prominent over the past

decade. Nevertheless, with possible combinations of the traditional building blocks [e.g.
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isocyanides!'* (Passerini, Ugi) and the combination of P-dicarbonyl compounds,
amines, and aldehydes (Hantzsch, Biginelli)!'”'] limited, future multicomponent
protocols are likely to focus on the one-pot combination of sequential, orthogonal

reactions ensuring highly atom- and step-economical procedures.
4.2) Background To Arynes

Benzynes (arynes) are highly reactive chemical intermediates, which due to their
flexibility to act as electrophiles, nucleophiles, dienophiles, alkynes and two or four
electron donors have found widespread application in organic synthesis.'” A transient
species, there are various representations of the structure of benzyne (Figure 4.1); the
most common in terms of reaction mechanism being the cycloalkynyl structure which is

[1

advocated by low temperature (8 K) IR spectra in an argon matrix!'” and microwave

spectra in the gas phase.!'™

J 0 O

Figure 4.1: The classic representations of benzyne.

However, the exact nature of the structure of benzyne is far from definite. The
zwitterionic representation reflects a habitual journey to benzynes and parallel arynes;
ortho-metallation of a mono-substituted aryl ring, furnishing an electron-rich, metal-
bound carbon adjacent to one harbouring a leaving group represents a time-honoured
route to arynes. From a synthetic viewpoint, the obligation for a solitary mono-
functionalised aromatic substrate offers an advantage over alternative routes but on
occasion, strategic placement of a second aryl substituent can be beneficial in effecting

a 1,2-transposition of functionality (Scheme 4.6).[19]
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O/> O/> O/>
o tBuNHLi o @O
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Br Br 7

THF
Li
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tBuNHLi o
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THF Li H

N(H)tBu N(H)tBu

Scheme 4.6: An efficient synthesis of meta N-tert-butylamino acetophenone that

exploits in situ aryne formation.

This propensity to benzyne formation is a limiting feature for the use of haloaromatics
in Directed-ortho-Metallation with reaction conditions consequently, carefully
controlled. Deprotonation of chlorobenzene is feasible with sBuLi in THF, but only at -

(201 and similarly chlorobenzene and

105 °C to prevent collapse to a benzyne
bromobenzene can be lithiated with moderate yield and selectivity by LDA or LiTMP
at -75 or -100 °C.*" However, often at these extreme temperatures there is a trade-off
as metallation is slow and cannot be completely accomplished. Therefore in this
section, AMMZn is introduced to haloaromatics and attempts to isolate and characterise
the metallated intermediates generated at ambient temperature will be discussed.
However, echoing the abovementioned difficulties experienced in organolithium-

mediated ortho-deprotonation, an unexpected series of compounds were subsequently

prepared.

4.3) The Unexpected Synthesis of Zincabicyclic Complexes

221 no

In the few previous studies of reactions of aryl halides and TMP-zincates,
experimental evidence has been collected on the chemistry taking place between the

limits of the starting materials and the zinc-free quenched products (Scheme 4.7).
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Therefore, to shed light on the critical metal (and bimetal) activity stage of these
reactions, our primary objective was to get inside these limits by isolating and
characterising representative zinc-containing intermediates. With conditions stringently
controlled for its lithiation, the zincation of chlorobenzene was investigated by
treatment with an equimolar quantity of sodium TMP-zincate [(TMEDA)Na(u-
TMP)(u-tBu)Zn(fBu)] (1). However, fully characterised by X-ray crystallography and
NMR spectroscopy, the unexpected final product isolated from this reaction is the
remarkable zwitterionic benzannulated bicyclic zinc complex [{1-Zn(fBu)} -{2-
N(Me)(CHz)CHQCHzNMez}+-C6H4] (12) (Scheme 4.8). This product was obtained as
small colourless block crystals in a 20.7% yield. To obtain a higher yield, a mixture of 1
(2 mmol) and chlorobenzene (1 mmol), following 48 hours stirring at room

temperature, produces a powder of 12 in a refined yield of 51%.

FG
- AU U FG . FG £
((TMP)ZnMe, X 1) LTMP)ZntBu, X
\_/ | |
PH diene 2T 2 E* g
2E
Ph RO’ Bu”

FG [_u
4 - FG FG
A — =M Zn_ R =tBu Zn
e B B SN T B S
s M Ao | |
o diene = Br = Br

Scheme 4.7: Summary of the previous reactions of TMP-zincates and aryl halides.

Since it was reported earlier that reaction of “LiZn(TMP)7Bu,” with haloarenes
followed by electrophilic trapping produced polyfunctional haloarenes (i.e., with
retention of the original halogen substituent),'*”! we expected 12 to be an ortho-zincated
chlorobenzene derivative. Surprisingly, however, chloride is absent and while its

aromatic ring appears to have been ortho-zincated, 12 has several other unexpected new
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bonding features. Thus, a nitrogen from TMEDA that links to the zinc atom through a
CH, bridge and a CH,CH;N(Me), bridge, is now attached to the ring. Terminal methyl
and fert-butyl groups on the aryl-attached nitrogen and zinc atoms respectively,

[23

complete the formulation, which can be interpreted as a mesoionic zwitterion'*! with a

"NR3-CH,-Zn ™ B-dipole. Alternatively, 12 can be classified as an a-zincated N ylide.

Determined by X-ray crystallography the molecular structure of 12 (Figure 4.2) is
mononuclear, with both the Zn and N(1) atoms chiral as attached to four different
substituents, though overall the crystal structure is centrosymmetric and hence the
material is racemic. Three anionic carbon atoms (two aliphatic sp> atoms from the /Bu
and deprotonated CH,N groups and one aryl sp” atom) bind to zinc [bond distances of
2.0245(15)/2.0611(16) and 2.0615(15) A, respectively] with a dative interaction from
the N(Me;,) atom [2.3313(13) A] completing the distorted tetrahedral coordination of
the metal. Ring constraints severely distort this geometry with bond angles ranging
from 84.54(6)° [C(2)-Zn(1)-C(10)] to 134.05(6)° [C(10)-Zn(1)-C(13)] and a mean
value of 107.39°. The Zn and N(1) atoms lie slightly to one side of the benzene ring
plane (by 0.138 and 0.090 A, respectively). A search of the Cambridge Crystallographic
Database revealed only six structures which contain zinc and a non-hydrogen atom at
adjacent positions on an aromatic ring and significantly, no precedent for this

structure.**!

There is one example of an a-zincated phosphorus ylide [{I-
Zn(HMDS)(py)} -{2-P(Ph),(CH,)} -C¢H4] formed by reaction of the phosphorus ylide
Ph;P=CH,, Zn(HMDS), and pyridine at 60 °C.*® While the zinc-C,y bond in this
complex [2.050(3) A] is only slightly shorter than that in 12, the bridging zinc-carbon
bond is long at 2.138(4) A possibly affected by the electron-withdrawing phenyl groups

on phosphorus. This results in a larger C-Zn-C angle in this complex 92.9(1)° in

comparison to that in 12 [C(2)-Zn(1)-C(10) 84.54(6)°].
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Figure 4.2: Molecular structure of zincabicycle 12 with selective atom labelling.
Hydrogen atoms are omitted for clarity. Selected bond lengths (A) and angles (deg):
Zn(1)-C(2) 2.0615(15), Zn(1)-C(10) 2.0611(16), Zn(1)-C(13) 2.0245(15), Zn(1)-N(2)
2.3313(13), N(1)-C(1) 1.5173(18), N(1)-C(10) 1.5374(19); C(2)-Zn(1)-N(2) 92.53(5),
C(2)-Zn(1)-C(10) 84.54(6), C(2)-Zn(1)-C(13) 130.80(6), N(2)-Zn(1)-C(10) 89.63(5),
N(2)-Zn(1)-C(13) 112.84(6), C(10)-Zn(1)-C(13) 134.05(6).

All the anticipated different types of hydrogen atom in 12 are accounted for and well
resolved in its "H NMR spectrum recorded from dg-benzene solution (Spectrum 4.1).
Belonging to metallated TMEDA, the Me,N and Me'N resonances appear at 1.96 and
2.49 ppm, respectively, while all six H atoms of the three unique CH, groups are
inequivalent having separate resonances at 0.96/1.94, 1.63/2.44 and 2.22/2.34 ppm,
consistent with the rigid, bicyclic conformation of the structure. The pairing most
upfield can be attributed to the deprotonated NCH, unit of TMEDA. Four aromatic
resonances at 6.67, 7.07, 7.26 and 8.32 ppm denote the H atoms at the 3 (ortho to N), 4,
5 and 6 (ortho to Zn) positions and the 7Bu resonance at 1.76 ppm completes the

assignment. Similarly, the >C NMR spectrum of 12 is easily fully assignable.
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Bu

4

J[) (@) 3) @

5 8‘0 715 7‘0 q
N(CHs)2

Spectrum 4.1: Aliphatic region of the '"H NMR (400.13 MHz, 300 K) spectrum of

12 in d¢-benzene solution, and inset the aromatic region.

Formation of 12 can be rationalised by a novel four-step ortho-zincation, zincate (or
sodium chloride) elimination, azazincation-addition, amine o-zincation domino™®
sequence. An intermediate along this path formed prior to the final step (amine o-
zincation), [{I-Zn(tBu),} -{2-N(Me),CH,CH,NMe,}"-C¢Hs] (13) has also been
isolated from the reaction and characterised crystallographically and by NMR

spectroscopy.

Scheme 4.8 proposes a pathway for the formation of zincacyclic 12. Ortho-zincation of
chlorobenzene would be the first step, almost certainly through heteroleptic 1
functioning kinetically as a TMP base with concomitant release of TMP(H).?"! As
mentioned previously, 1 appears to generally react firstly as a TMP base in reactions
with aromatic substrates. This would generate a sodium monoaryl-bisalkylzincate

intermediate for which there are close analogies in lithium™ and sodium-TMP
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chemistry,” but the lack of TMP in the later intermediate 13 is perhaps the strongest
evidence. Next, the Zn and Cl o-attachments to the benzene ring could both cleave to
generate an o-benzyne intermediate and “(BuyZn)-NaCl-TMEDA” or fragments
thereof. Militating against this mechanism are Uchiyama’s aforementioned studies of
“LiZn(TMP)/Bu,”,*?! which reveal no evidence for benzyne formation towards
haloarenes, but that reaction must follow a different pathway to ours as the halogen

substituent is retained on the aryl ring, whereas it is cleaved in our case.

g& i
\/
N =Li
N/f,, Ve \Z - M = Lior Na
/M\\ v n—R * R =Me or tBu

- TMP(H)

N

J/ ) AN

Ny R N <
7t + \ N—
\N/ o " " Zn\R -4
[M Zn—R _— ©| + RyZn‘MCI(TMEDA) ———————> [ R
! R -Mel -RH

N R
/\ 13 120r 14

Scheme 4.8: Proposed formation of 12, 13 and 14 through sodium-TMEDA-

mediated zincation of chlorobenzene.

Note that at this stage in our reaction the benzyne molecule may not be “naked” but
could be involved in a benzyne-zincate intermediate in which one of the metals
interacts with the m-system of the benzyne triple bond. Evidence for this type of cation-
n intermediate comes from DFT calculations on model zincates in the aforesaid
Uchiyama paper.*?) Subsequent addition of TMEDA and /Bu,Zn across the benzyne
triple bond leads to 13 and elimination of NaCl. The unexpected attachment of TMEDA
might be interpreted as a type of complex-induced proximity effect (CIPE)*” due to the
Na(TMEDA) unit lying close to the C atom originally carrying the CI substituent. By

repeating the reaction with 4-chlorotoluene in place of chlorobenzene to get a fix on the
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position of zincation, we observed zinc adding to both the 3 and 4 positions, which
supports the existence, at least in part, of such a benzyne mechanism. From Spectrum
4.2, it can be seen that the isomers form in an approximate ratio of 60:40, rather than
the expected 50:50 proportion associated with a benzyne intermediate (the 10%

deviation could be due to the added steric/electronic influence of the methyl group).

CHs CHj

Spectrum 4.2: Aromatic region of the '"H NMR spectrum (400.13 MHz, 300 K) of
the crystalline product isolated from reaction of sodium TMP-zincate 1 and 4-

chlorotoluene in d¢-benzene solution, showing the two possible aryl zincacycles.

Intermediate 13 provides convincing proof of this stage of the reaction sequence. Made
by easing the experimental conditions (no refluxing of the solution), 13 has a molecular
structure (Figure 4.3) akin to that of 12 but with two /Bu ligands attached to zinc and
with an intact TMEDA molecule occupying an ortho-position next to, but not attached
to the Zn(zBu), unit. In the final step, one #Bu ligand deprotonates one NMe, arm of
TMEDA to build an N-CH,-Zn bridge, while concomitantly reduced steric constraints
around the zinc centre allow the free Me,N terminal of the benzene-tethered TMEDA to
datively bind to Zn to close a seven-atom (ZnCCNCCN) ring. Usually a-metallations of
amines have high kinetic barriers due to the destabilisation incited by the repulsive

I and would

interaction of the carbanion with the adjacent nitrogen lone pair'’’
conventionally be considered impossible for only mildly electropositive zinc, but here

the barrier must be reduced substantially by the close proximity of the tethered rBu,Zn
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and TMEDA units which sets up a favourable intramolecular Zn-H exchange reaction
with loss of BuH; while it is also noted that the positive charge of the N atom is also a
factor in making the a-CH; more acidic, akin to Lewis acid (e.g. borane)-activated

amines.[*

L N(2)
o
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Figure 4.3: Molecular structure of 13 with selective atom labelling. Hydrogen atoms
are omitted for clarity. Selected bond lengths and distances (A): Zn(1)-C(1) 2.079(4),
Zn(1)-C(13) 2.041(5), Zn(1)-C(17) 2.036(5), N(1)-C(6) 1.542(5), N(1)-C(7) 1.494(5),
N(1)-C(8) 1.508(5), C(7)---C(13) 4.007(7), C(7)---C(17) 4.220(6), C(8)---C(13)
4.939(7), C(8)---C(17) 6.235(7).

As aforementioned, loss of the halogen substituent distinguishes this new AMMZn
reaction from those of “LiZn(TMP)rBu,” which, when intercepted by electrophiles,
give polysubstituted haloarenes. Emphasising the strong solvent dependency of
AMMZn reactions, significantly the former was performed in hexane solution
containing TMEDA, whereas the latter were performed in THF with no TMEDA.
Zincate reactions are also sensitive to the alkyl group on zinc. Interestingly, Uchiyama

reports that “LiZn(TMP)Me,” behaves differently from “LiZn(TMP)/Bu,” towards
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haloarenes, generating benzyne intermediates which can be trapped by dienes to
produce polysubstituted halogen-free aromatic compounds (see Scheme 4.7),%2 the

reaction leading to 12 thus represents a new, third variation on this theme.

Probing alkyl effects in our system, significantly, we isolated the methyl analogue of
12, [{1-Zn(Me)} -{2-N(Me)(CH,)CH,CH,NMe,} -C¢H4] (14), from the reaction of
chlorobenzene and the lithium methylzincate “(TMEDA)-LiZn(TMP)Me,”. Reflecting
its high solubility 14 was isolated in a poor crystalline yield of only 13%. Here the
construction of the N-CH,-Zn bridge must involve a methyl deprotonation (through a
“Me-Zn” unit) of an N-Me group, a reaction normally even more difficult than a fert-
butyl deprotonation (through a “sBu-Zn” unit). Determined by X-ray crystallography,
the molecular structure of 14 (Figure 4.4) is essentially identical to that of 12 with a Me

instead of a /Bu ligand terminally attached to zinc.

C(1).|

Figure 4.4: Molecular structure of 14 with selective atom labelling. Hydrogen atoms
are omitted for clarity. Selected bond lengths (A) and angles (deg): Zn(1)-C(1)
2.000(3), Zn(1)-C(7) 2.061(3), Zn(1)-C(9) 2.069(3), Zn(1)-N(2) 2.256(2), N(1)-C(7)
1.537(4), N(1)-C(8) 1.521(4); C(9)-Zn(1)-N(2) 93.82(10), C(9)-Zn(1)-C(7) 84.43(12),
C(9)-Zn(1)-C(1) 134.60(12), N(2)-Zn(1)-C(7) 91.57(12), N(2)-Zn(1)-C(1) 108.12(12),
C(7)-Zn(1)-C(1) 132.27(13).
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It is worth commenting that the primary role of TMEDA in organometallic and
coordination chemistry is as a didentate N donor ligand, but here in the formation of 12
and 14 it has an unusual three-fold function. It acts first as a neutral N nucleophile
towards an electron-deficient aromatic C atom; second as an anionic C nucleophile
towards Zn (through an unprecedented direct zincation of TMEDA); and third as a

neutral N ligand towards Zn.

Formally, 12, 13 and 14 could be considered the products of three component couplings
of PhCl, RyZn (R = rBu or Me) and TMEDA. It was therefore decided to try such
reactions by mixing these three components in hexane solution. However, such reaction
mixtures do not lead to zincacyclic products (on the evidence of NMR spectroscopic
studies there was no trace of a zinc-aryl product even when harsh reflux conditions
were applied). In practice, NaTMP or LiTMP must be present, so it appears to be
cooperativity between the different components within 1 and related zincates that are
behind the construction of 12 and 14, hence these reactions can be interpreted as new

and novel examples of “synergic synthesis”.
4.4) The Quest for Molecular Diversity

An intriguing question raised by these results centred on whether this zincacycle-
producing reaction could be extended to a wide range of metals and neutral
nucleophiles to provide access to new families of metallacyclic compounds.
Exploration of a different metal proved promising. The monoalkyl-bisamido magnesiate
complex [(TMEDA)Na(u-TMP)(u-nBu)Mg(TMP)] has previously showcased its

1331 and in the regioselective meta-magnesiation of

deprotonative ability towards benzene
toluene,™* thus preliminary reactions of it with chlorobenzene were performed at

ambient temperature. Accordingly, the reaction reproducibly affords the cognate
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zwitterionic ~ benzannulated =~ magnesacycle complex [{1-Mg(TMP)} -{2-
N(Me)(CH,)CH,CH,;NMe,} -C¢Hy] (15) in a crystalline yield of 44% (Scheme 4.9). In
addition to increasing the base:substrate ratio to attempt to boost product yields,
complex 15 can be isolated in powder form in an increased 71% yield when generating
in situ nBu;Mg (from a mixture of nBuMgCl and nBulLi) sidestepping issues presented

by aluminium additives in commercial nBu,Mg solutions.”*”

e

\/ Cl
N/,( /N\ hexane
[ Na Mg—N + - -
4
N
\
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Scheme 4.9: Synthesis of magnesacycle complex 15 through sodium-TMEDA-

mediated magnesiation of chlorobenzene.

The molecular structure of magnesacycle 15 (Figure 4.5) is constructed upon the same
scaffold as 12 and 14, but where zinc carries a terminal alkyl group in the latter
complexes (Bu in 12 and Me in 14) the metal in 15 retains a TMP ligand reflecting
magnesium’s greater affinity for nitrogen and the fact the precursor was a bis(amide) as
opposed to a bis(alkyl). The products of Alkali-Metal-Mediated Magnesiation typically
preserve their TMP ligands, displaying overall thermodynamic alkyl basicity but as
with TMP-zincate 1, evidence exists for the potassium TMP-magnesiate
[(PMDETA)K(pu-TMP)(u-CH,SiMe;)Mg(TMP)] exhibiting kinetic amido basicity in
the metallation of anisole.* The tetrahedrally distorted (mean angle 107.42°) chiral
magnesium essentially lies in the plane of the benzene ring as does the aryl bound N3,
and bonds comparably to the aryl and bridging carbon atoms [Mg(1)-C(1) 2.184(2) and
Mg(1)-C(25) 2.172(3) A, respectively]; while the same can be said for the parallel

nitrogen-carbon bond distances [N(3)-C(2) 1.519(3) and N(3)-C(25) 1.542(3) A,

151



Chapter 4: Synergic Synthesis of Benzannulated Metallacyclic Complexes

respectively]. As anticipated, the Mg-N(TMP) bond is significantly shorter than the
dative Mg-N(TMEDA) bond [Mg(1)-N(1) 1.9924(19) and Mg(1)-N(2) 2.227(2) A,
respectively]; a trend consistent with the bond distances found for Mountford and
Breher’s zwitterionic magnesium amide complex [Mg{C-Me,pz);} {N(SiMes),}] that is
prepared by deprotonation of the poly(pyrazolyl)methane ligand with Mg(HMDS), (in
which pz is pyrazolyl) where the Mg-N(SiMe;), and Mg-Npz distances are within the

expected range [1.987(2) and 2.094(2), 2.152(2), 2.098(2) A, respectively].”

Figure 4.5: Molecular structure of magnesacycle 15 with selective atom labelling.
Hydrogen atoms are omitted for clarity. Selected bond lengths (A) and angles (deg):
Mg(1)-C(1) 2.184(2), Mg(1)-C(25) 2.172(3), Mg(1)-N(1) 1.9924(19), Mg(1)-N(2)
2.227(2), N(1)-C(2) 1.519(3), N(1)-C(25) 1.542(3); C(1)-Mg(1)-N(1) 134.79(9), C(1)-
Mg(1)-N(2) 94.66(8), C(1)-Mg(1)-C(25) 79.48(10), N(1)-Mg(1)-N(2) 115.30(8), N(1)-
Mg(1)-C(25) 129.81(9), N(2)-Mg(1)-C(25) 90.45(9).

As expected, the '"H NMR spectrum of 15 in dg-benzene bears more than a passing
resemblance to those of 12 and 14 with the key, diagnostic chemical shifts of all three
complexes detailed in Table 4.1. The only distinguishing feature is the upfield shift of

the bridging NCH; resonance upon bonding to the more electropositive magnesium
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(0.96/1.14 and 0.84 ppm in 12, 14 and 15, respectively). Additionally, where it is a
sharp signal in '"H NMR spectra of 12 and 14, the TMEDA NMe, resonance is broader
in that of 15 and indicating hindered rotation only a slight hump (spreading over 44-48
ppm) in the baseline is discernible for the methyl peaks in the *C NMR spectrum.
Undertaking a variable temperature NMR experiment in ds-toluene, two sharp signals
emerge at 42.9 and 47.7 ppm from the baseline upon cooling, consistent with

impediment of fluxional processes at 210 K (Spectrum 4.3).

Table 4.1: Comparison of common '"H NMR (400.13 MHz, 300 K) chemical shifts

(6 in ppm) for complexes 12, 14 and 15 in d¢-benzene solution.

Compound OS(NCHybr) O(NCH,) O&(NCH;) O(N(CHs),  o(Aromatic)

12 1.94,096  2.44,2.34, 2.49 1.96 8.32,7.26, 7.06,
2.22,1.63 6.67

14 1.93,1.14  2.56,2.41, 2.59 1.94 8.31,7.26, 7.07,
2.33,1.77 6.73

15 2.20,0.84  2.44,2.29, 2.56 1.94 8.31,7.30, 7.09,
1.70, 1.63 6.70

* where br stands for bridging

Switching the metal from zinc to the more electropositive magnesium involved the
introduction of a different appendage to a common molecular skeleton, creating
appendage diversity. As touched on at the outset of this chapter, scaffold diversity
remains the most pronounced element of diversity. Preliminary investigations into
different donor solvents to try and mimic the neutral nucleophile role of TMEDA,
namely PMDETA and chiral (R,R)-TMCDA (N, N, N', N'-tetramethylcyclohexane-1,2-
diamine) have thus far proved unsuccessful in the isolation of related zwitterions,
however, the scope of this area in terms of accessing new metallacyclic, zwitterionic
and ylidic compounds remains vast. For example, in addition to mono-halogenated

arenes, di-chlorinated benzenes are routinely commercially available; while of even
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more interest in creating new building blocks, are the variety of accessible mono- and
di-substituted naphthalenes and anthracenes that are ripe for exploring (Figure 4.6),
meaning the surface and potential of this particularly exciting reaction has only been
scratched and therefore the reaction of sodium TMP-zincate 1 with additional

haloaromatics should be pursued further.

(@)

(b)

75 70 65 60 55 50 45 40 35 30 25

Spectrum 4.3: Selected aliphatic region of the BC NMR spectrum of 15 in ds-
toluene solution, showing the NMe; resonances of the deprotonated TMEDA

ligand at various temperatures [(a) 300 K; (b) 210 K].

Figure 4.6: Some possible future candidates for transformation in metallacycles.
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4.5) Experimental Section

Synthesis of [{1-Zn(rBu)} -{2-N(Me)(CH,)CH,CH;NMe,}"-CsHy4] 12

A hexane solution of 1 (2 mmol) was prepared as described previously, chlorobenzene
(0.2 mL, 2 mmol) was added, and the mixture was heated to reflux for 1 hour to
produce a slightly cloudy yellow solution. The Schlenk tube was surrounded with a
Dewar flask of hot water to allow the solution to cool slowly. This yielded small,
colourless, X-ray quality crystals (0.13 g, 21%). To obtain a higher yield, a mixture of 1
(2 mmol) and chlorobenzene (1 mmol) was stirred for 48 hours, which produced a
powder of 12 (0.16 g, 51% based on consumption of chlorobenzene). 'H NMR (400.13
MHz, 300 K, ds-benzene): 6 8.32 (d, 1H, Hoio 10 metar)> 7-26 (t, 1H, Hypers), 7.06 (t, 1H,
Hyara), 6.67 [d {*J(H,H) 8.19 Hz}, 1H, Hyera'], 2.49 (s, 3H, NCHj), 2.44 (m, 1H, NCH,),
2.34 (m, 1H, NCH,), 2.22 (m, 1H, NCH,), 1.96 [s, 6H, N(CH5),], 1.94 (m, 1H, CH>),
1.76 [s, 9H, CH; (/Bu)], 1.63 (m, 1H, NCH,), 0.96 (m, 1H, CH). °C {'H} NMR
(100.62 MHz, 300 K, de¢-benzene): & 168.8 (Cperaiiated)s 154.7 (Chivrogen)s 140.1 (Coriio),
126.7 (Chieta), 125.3 (Cpara), 114.9 (Cprera), 70.5 (NCH>), 64.8 (NCH,), 60.2 [N(CH3)],

57.1 (CHa), 45.6 [N(CHs),], 36.3 [C(CH3); (tBu)], 19.8 [C(CHs); (¢Bu)].

Crystal data for 12: C1H23N>Zn, M = 313.77, monoclinic, P2,/c, a = 9.7870(11) A b=
9.4959(10) A, ¢ = 18.276(2) A, B = 97.588(2)°, V = 1683.6(3) A3, Z = 4; 14315
reflections collected, 3862 were unique, Ri, = 0.0222, R = 0.0255, Ry, = 0.0663, GOF =

1.088, 178 refined parameters, max. and min. residual electron density = 0.40 and -0.27

e A,
Synthesis of [{1-Zn(fBu);} -{2-N(Me),CH,CH,NMe,}*-C¢H,] 13

A hexane solution of 1 (2 mmol) was prepared as described previously, chlorobenzene

(0.2 mL, 2 mmol) was added, and the slightly cloudy yellow solution was transferred to
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a freezer operating at -28 °C. Overnight, this yielded a mixture of small, yellow, X-ray
quality crystals of 13 and colourless crystals of 12 (crude yield, 0.15 g, which equates to
12% of each as determined from an NMR analysis). '"H NMR (400.13 MHz, 300 K, d¢-
benzene): & 7.96 (d, 1H, Hosno 1o metar)s 7-13 (t, 1H, Hypera), 6.90 (t, 1H, Hyppp), 6.51 [d
{J(HH) 8.43 Hz}, 1H, Hpew], 2.83 [t {?J(H,H) 5.72 Hz}, 2H, NCH,], 2.52 [s, 6H,
N(CH;),], 1.90 [t {’J(H,H) 5.61 Hz}, 2H, NCH,], 1.63 [s, 6H, N(CH3),], 1.60 [s, 18H,
CHs (/Bu)]. “C {'H} NMR (100.62 MHz, 300 K, dg-benzene): & 168.0 (Ceratiated),
151.7 (Ciitrogen)s 139.8 (Corino)s 126.9 (Crrera), 124.3 (Cpara), 115.8 (Cprera’), 64.5 (NCHy),
54.5 (NCH,), 53.0 [N(CHs),], 44.8 [N(CH;).], 35.7 [C(CHs); (1Bu)], 22.8 [C(CHs);

(1Bu)].

Crystal data for 13: C50H3sN>Zn, M = 371.93, orthorhombic, Pbca, a = 9.6006(8) A, b =
19.4973(13) A, ¢ = 22.8263(16) A, V = 4272.8(5) A, Z = 8; 11581 reflections
collected, 4168 were unique, Ry = 0.1237, R =0.0673, Ry, = 0.1234, GOF = 0.959, 218

refined parameters, max. and min. residual electron density = 0.720 and -0.411 e-A™.
Synthesis of [{1-Zn(Me)} -{2-N(Me)(CH,)CH,CH,NMe,} -CsH,] 14

A solution of TMPH (0.34 mL, 2 mmol) in 10 mL of dry hexane was treated with 1.25
mL of nBuLi (1.6 M solution in hexane, 2 mmol). The solution was stirred at room
temperature for 30 minutes. Me,Zn (2 mL of 1.0 M solution in heptane, 2 mmol) was
then added, before the addition of TMEDA (0.3 mL, 2 mmol). The mixture was stirred
for 1 hour to give a pale yellow solution. Chlorobenzene (0.2 mL, 2 mmol) was added,
and the solution was heated at reflux for 1 hour resulting in a slightly cloudy yellow
solution. The solution was filtered through Celite to remove a small amount of
precipitate in an effort to aid crystallization. The yellow solution was concentrated with

the removal of solvent in vacuo and was transferred to a refrigerator operating at 5 °C.
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A small amount of highly hydrocarbon-soluble colourless, cubic crystals were
deposited (0.07 g, 13%). "H NMR (400.13 MHz, 300K, ds-benzene): & 8.31 (d, 1H,
Hortho 0 metal)s 7-26 (t, TH, Hyera), 7.07 (t, 1H, Hour), 6.73 [d {J(H,H) 8.28 Hz}, 1H,
Hyew'], 2.59 (s, 3H, NCH3), 2.56 (m, 1H, NCH>), 2.41 (m, 1H, NCH,), 2.33 (m, 1H,
NCH,), 1.94 [s, 6H, N(CH3)2], 1.93 (m, 1H, CH>), 1.77 (m, 1H, NCH,), 1.14 (m, 1H,
CH>), -0.14 (s, 3H, CHs). °C {'"H} NMR (100.62 MHz, 300 K, de-benzene): & 168.9
(Chetattatea)s 154.7 (Chirrogen)s 139.9 (Corino); 126.73 (Cirera), 125.4 (Cpara), 115.1 (Cpera?),

71.7 (NCH,), 64.8 (NCH,), 60.5 [N(CH3)], 56.4 (CH,), 45.2 [N(CH;),], -16.8 (CH).

Crystal data for 14: C¢H23sN4Zn,, M = 543.39, monoclinic, C2/c, a = 21.489(3) A, b =
10.4262(13) A, ¢ = 15.130(2) A, S = 125.198(16)°, V = 2770.1(6) A°, Z = 4; 9212
reflections collected, 2355 were unique, Ri, = 0.0310, R = 0.0440, Ry, = 0.1107, GOF =
1.067, 157 refined parameters, max. and min. residual electron density = 0.548 and -

0.365e-A”,

Synthesis of [{1-Mg(TMP)} -{2-N(Me)(CH,)CH,CH,;NMe,}"-CsH,] 15

Freshly prepared nBuNa (0.16 g, 2 mmol) was suspended in hexane and sonicated for
10 minutes to form a fine dispersion. TMP(H) (0.68 mL, 4 mmol) was added and the
yellow suspension was stirred for 1 hour before the addition of 2 mL nBu,Mg (1.0 M
solution in heptane, 2 mmol) and TMEDA (0.3 mL, 2 mmol) to give a clear yellow
solution. After 20 minutes, chlorobenzene (2 mmol, 0.2 mL) was added and the
resulting cloudy yellow mixture was stirred for 10 minutes before being transferred to
the freezer (at -28 °C). Colourless crystals were deposited after 4 days (0.31 g, 44%).
To obtain a higher yield, nBuMgCl (I mL of 2 M solution in THF, 2 mmol) was
suspended in hexane (10 mL). The Schlenk tube was then cooled to 0 °C in an ice bath

before the introduction of 1.25 mL nBuLi (1.6 M solution in hexane, 2 mmol) and the
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white suspension was left to stir for 3 hours. The mixture was then filtered through
Celite and glass wool to remove the precipitated LiCl, and the solvent was removed in
vacuo producing nBu,Mg as a colourless oil which was redissolved in hexane (5 mL).
This solution was then transferred by cannula to a pre-prepared NaTMP suspension and
TMEDA (0.3 mL, 2 mmol) was added to give a clear yellow solution. Finally,
chlorobenzene (1 mmol) was introduced and the mixtue was stirred for 48 hours, which
produced a powder of 15 (0.25 g, 71% based on consumption of chlorobenzene). 'H
NMR (400.13 MHz, 300 K, dg-benzene): & 8.31 (d, 1H, Horo 10 metat), 7.30 [t {*J(H,H)
6.75 Hz}, 1H, Hyera], 7.09 (t, 1H, Hpra), 6.70 [d {J(H,H) 8.18 Hz}, 1H, Hyera], 2.56 (s,
3H, NCHj3), 2.44 (m, 1H, NCH,), 2.29 (m, 1H, NCH,), 2.20 (m, 1H, CH,), 2.11 [m, 2H,
v-CH, (TMP)], 1.94 [s, 6H, N(CHs),], 1.75 [m, 4H, B-CH, (TMP)], 1.70 (m, 1H,
NCH,), 1.69 [s, 6H, CH; (TMP)], 1.63 (m, 1H, NCH,), 1.61 [s, 6H, CH; (TMP)], 0.84
(m, 1H, CH,). C {'"H} NMR (100.62 MHz, 300 K, ds-benzene): & 173.3 (Cueratiated),
156.6 (Chitrogen), 140.8 (Corino), 126.4 (Crrera), 125.2 (Cpara), 114.8 (Cerar), 72.7 (NCHb),
64.6 (NCH>), 61.9 [N(CH3)], 57.3 (CH>), 51.9 [a-C (TMP)], 48-44 [N(CHj3),, br], 42.0

[B-CH, (TMP), 37.3 [CH; (TMP)], 37.0 [CH; (TMP)], 20.9 [y-CH, (TMP)].

Crystal data for 15: C;;H37N3Mg, M = 355.85, monoclinic, P2;/c, a = 14.1235(6) A b=
14.5517(6) A, ¢ = 10.5427(5) A, p = 101.577(4)°, V = 2122.67(16) A°, Z = 4; 15271
reflections collected, 3719 were unique, Ri, = 0.0682, R = 0.0463, Ry, = 0.0911, GOF =
0.853, 241 refined parameters, max. and min. residual electron density = 0.188 and -

0.172 e-A™,
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Chapter 5: Redox Reactions in Sodium-Zinc Chemistry
5.1) Nitroxides: Applications in Synthesis

A stable nitroxyl free radical, TEMPO (2, 2, 6, 6-tetramethyl-1-piperidinyloxy) attracts
an exceptional level of interest.."! First synthesised by Lebelev and Kazarnowskii in
1960, it is utilised within a number of surprisingly distinct areas. TEMPO is
employed as a probe in biological systems using electron spin resonance spectroscopy
and also finds utility as a radical trapping agent.®! A significant constituent in the
development of “living” free radical polymerisation, it is often the reagent of choice for
effecting mild and selective oxidation.'*! Of particular interest in organic synthesis for
the production of pharmaceuticals, agrochemicals and other speciality chemicals;
TEMPO-mediated oxidation is widely practiced in industry for the conversion of
primary and secondary alcohols into aldehydes, ketones and other carbonyl compounds

via the oxoammonium cation (Scheme 5.1).]

OH
e
.
N—0O R4
\
OH >LX
H

Scheme 5.1: TEMPO-mediated oxidation of alcohols via the oxoammonium cation.

With TEMPO considered a fairly expensive chemical (£94.70 for 5g from Sigma-
Aldrich),!” industry typically exploits 4-substituted nitroxyl derivatives such as 4-

hydroxy-TEMPO prepared from the readily available, cost-effective precursor
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triacetoneamine. The potential of the TEMPO-mediated oxidation to industry was first
unearthed in the mid 1990s by Pharmacia and Upjohn in the synthesis of the important
steroidal precursor bisnoraldehyde from waste soya bean residues (Scheme 5.2).")
Formulated around the oxidation of bisnoralcohol with 4-hydroxy-TEMPO and bleach,
this catalytic methodology possesses many economic and environmental benefits, for
instance avoiding the use of heavy metal based oxidants and increasing the utilisation of
soya sterol feedstock from 15% to 100%. Additionally, the multi-kilogram synthesis of
a key intermediate of a HIV protease inhibitor at Pfizer encompasses a ketone
fluorination, with the inherent ketone generated through homogeneous TEMPO-

mediated oxidation.®

4-hydroxy-TEMPO
CH,OH - 5 CHO

(KBr, NaOCl)

Bisnoralcohol Bisnoraldehyde

Scheme 5.2: Synthesis of Bisnoraldehyde based on oxidation of Bisnoralcohol with

bleach and 4-hydroxy-TEMPO providing the requisite oxoammonium cation.

In recent years, reports of TEMPO aiding organic synthesis have grown with the group
of Studer being particularly active in it. The Sonogashira cross coupling reaction is
commonly utilised for the construction of compounds bearing an internal alkyne
motif.”) Transition-metal catalysed, the original Sonogashira methodology uses a

Pd(ID)-salt and Cul as the co-catalyst..'” Although, contemporary adaptations have been

11" and Cahiez!"!

reported by Knoche that utilise chloranil and molecular oxygen as
oxidants, both protocols require the presence of transition metals (stoichiometric Cu and
catalytic Mn, respectively). Studer and co-workers have elegantly shown that oxidative

homocoupling of Grignard reagents in the presence of TEMPO and dioxygen is
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possible in high yields!"® and additionally, described a highly efficient transition-metal-
free cross coupling of ortho-substituted aryls with alkynyl “turbo-Grignard” reagents by
using TEMPO as a mild, environmentally benign organic oxidant (Scheme 5.3).I'*!
Notably, the reaction scope was investigated and it was found that the couplings could
be performed with various aryl and alkynyl Grignard reagents with sensitive functional

groups such as esters, amides and cyanides tolerated, delivering the products in high

yields.
TEMPO
/|\ MgCI-LICI  + R,—==—MgClI-LiCl @%Rz
iy THF iy
Ry = CO,tBu, CON(iPr),, CN, Halide, Alkyl, OR Yields: 52-99%

R, = Aryl, Alkyl, Alkenyl, Heteroaryl

Scheme 5.3: Oxidative coupling of various substituted aryl and alkynyl Grignard

reagents using TEMPOQO as an oxidant.

Augmenting an already impressive portfolio, Studer revealed that atypical palladium-
catalysed chemical transformations of several indoles could be effected with
commercially available arylboronic acids and TEMPO as a mild oxidant.!"*) Depending
on the substituent on the indole N atom, either direct C(2) arylation or an unprecedented
highly stereoselective oxidative arylcarboaminoxylation reaction occurs under mild

conditions rendering biologically interesting structures (Scheme 5.4).

(6]
ArB(OH ArB(OH),
N\, . ABOHE N\ A
N Pd(OAc), N Pd(OAc), N
\ TEMPO \ TEMPO \
R R R
R =H, Me R =Ac, Bz, Boc

Scheme 5.4: Protecting group dependent C(2) arylation or diastereoselective

arylcarboaminoxylation.
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Perhaps most pertinent to this study, the radical has also been utilised in coordination
chemistry yielding an interesting and varied selection of ligation modes, as well as
flexibility in the ligands electronic structure. Most TEMPO coordination chemistry lies
with the d-block metals, with complexes known where it binds to Ti,[lé] Mn,[”] Co,“g]

NI Cu, 2 70,29 Mo, Ry, Rh,?Y Pd®S) and Hg. >

In 2001, Mulvey and co-workers revealed that TEMPO could behave as a “chameleonic

[27) that is, it can retain its radical (paramagnetic)

ligand” towards s-block metal amides,
nature or be reduced to an anionic (diamagnetic) entity in different ligation modes

depending on the composition of the s-block metal amide (Figure 5.1).

Figure 5.1: Radical and anionic forms of the TEMPO ligand.

As well as coordinating to a metal centre as an anion or radical, the TEMPO unit can
act solely as an O donor (i) or as a bidentate N/O donor (i7°). This series established
that TEMPO was a flexible ligand for these electropositive metals, presenting greater
scope in its ligation and electronic structure than the standard O-based donors

frequently encountered in s-block chemistry (Figure 5.2).
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Figure 5.2: ChemDraw representations of known s-block/ TEMPO complexes.

Coordination complexes of main group metals are regularly touted as catalysts for the
ring-opening polymerisation (ROP) of cyclic esters, particularly lactides.*
Polylactides are very attractive materials as they are biologically degradable and are
manufactured from renewable plant resources.”””’ The eminent active catalytic systems
for ROP of cyclic esters consist of aluminium, zinc, yttrium and magnesium alkoxides
and amides supported by N- and O-bi(poly)dentate ligands. Recently, a monomeric
magnesium complex carrying a terminal TEMPO ligand has been prepared from an
ancillary acenaphthene-1,2-diimine ligand.*” Consisting of an oxophilic metal and a
rigid, bulky diimine ligand, this complex proved to be a very active catalyst for the
ROP of lactides in solution as well as in the melt of the monomer affording isotactic
poly-;-lactide (Scheme 5.5). With the wealth of uses outlined, it is clear this ligand

warranted additional study, thus we have investigated TEMPO in the context of

sodium-zinc chemistry.
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Scheme 5.5: Ring-opening polymerisation of lactides catalysed by a magnesium

complex bearing a terminal TEMPO ligand.
5.2) Single Electron Transfer Activity of the Sodium TMP-Zincate

Contrasting with its extensive application as a Brensted base, sodium TMP-zincate
[(TMEDA)Na(u-TMP)(u-tBu)Zn(/Bu)] (1) can alternatively be used as a tert-butyl
source to formally introduce a fert-butyl ligand in a 1,6-fashion towards the ketones

1321 and 2-benzoylpyridine™ as shown by the Mulvey and

benzophenone,*" fluorenone
O’Hara groups (Scheme 5.6). In all three cases, the intermediate enolate adduct has
been trapped and characterised in both the solid-state and solution. Earlier in 1991,
Olah and co-workers, reported that benzophenone can undergo 1,6-tert-butylation in
ethereal solvents at -100 °C in 46% yield using /BuLi.”*! It was suggested that the
reaction mechanism proceeds via single electron transfer (SET) from /BuLi to

benzophenone.**!

Returning to the work of this PhD project, we aimed to study the reaction chemistry of
TEMPO with sodium TMP-zincate 1 before investigating the redox chemistry of
dialkyl zinc reagents and alkali-metals towards the free radical, attempting to grow
crystalline samples of metal-TEMPO products for X-ray crystallographic study. The
SET activity of the TMP-zincate system was ascertained by reaction of 1 with the

nitroxyl radical TEMPO. Following a 1:1 stoichiometric reaction between 1 and
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TEMPO in bulk hexane solution, the new anionic TEMPO complex [(TMEDA)Na(u-

TMP)(u-TEMPO )Zn(7Bu)] (16) was isolated in 34% yield.

&

a Zn—’B
hexane
gkﬁ /\
v @ﬁo
N, N
[ /Na\/ /Zn—’Bu H
N ey
” ©*©
—1By
hexane
N
\
\

'Bu

Scheme 5.6: Sodium TMP-zincate 1 effecting the selective 1,6-addition across

fluorenone and 2-benzoylpyridine.

The molecular structure of heterotrianionic 16 (Figure 5.3) revealed a contacted ion-
pair, bimetallic motif with a tetracoordinate Na centre [range of angles subtended at
Na(1l) 73.19(4)-136.10(5)°; mean angle: 111.06°] and a distorted trigonal planar zinc
centre. The connectivity framework and composition of 1 is retained except that a /Bu
bridge is replaced by a TEMPO ligand, furnishing a smaller four-membered, four-
element (NaNZnO) ring at the core that results in a more acute Na-Ntyp-Zn angle of
88.55(5)° in comparison to that of its precursor [98.6(2)°]. By comparing the N(2)-O(1)
bond length [1.4479(15) A] in 16 with that in related TEMPO-containing complexes [in
TEMPO radical complexes the N-O bond ranges from 1.26-1.30 A in length and
between 1.40-1.48 A in its anionic form] it is clear that the nitroxide ligand here is

anionic as it must be from valency considerations.
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Figure 5.3: Molecular structure of 16 with selective atom labelling. Hydrogen atoms
and disordered component of tert-butyl group are omitted for clarity. Selected bond
distances (A) and angles (deg): Na(1)-O(1) 2.2492(12), Na(1)-N(1) 2.4902(13), Na(1)-
N(@3) 2.6167(15), Na(1)-N(4) 2.6190(14), Zn(1)-O(1) 1.9678(10), Zn(1)-N(1)
2.0062(12), Zn(1)-C(1) 2.063(6), N(2)-O(1) 1.4479(15); O(1)-Na(1)-N(1) 77.33(4),
O(1)-Na(1)-N(3) 124.57(5), O(1)-Na(1)-N(4) 131.46(5), N(1)-Na(1)-N(3) 136.10(5),
N(1)-Na(1)-N(4) 123.69(5), N(3)-Na(1)-N(4) 73.19(4), O(1)-Zn(1)-N(1) 96.58(5),
O(1)-Zn(1)-C(1) 127.42(19), N(1)-Zn(1)-C(1) 135.37(18), Na(1)-O(1)-Zn(1)
96.76(4), Na(1)-N(1)-Zn(1) 88.55(8).

A key feature in the synthesis of 16 is the reduction of a TEMPO' radical to a TEMPO
anion (with presumably concomitant oxidation of a fBu anion to a /Bu’ radical). It is
envisaged that the putative tertiary alkyl radicals combine to give isobutene and
isobutane. Indeed from DFT -calculations carried out in collaboration with Dr
Armstrong of this department, it is estimated that the conversion of 1 and TEMPO to 16
and hydrocarbon co-products is exothermic by 40.27 kcal mol' (Scheme 5.7).

Reaffirming the experimentally observed product, the thermodynamically most
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favoured reaction pathway as suggested by these calculations involves displacement of
the bridging /Bu by TEMPO (exothermic by 13.86 kcal mol™). The respective cleavage
of the terminal /Bu and bridging TMP ligands, and replacement by TEMPO are both
estimated to be endothermic (by 3.31 and 1.51 kcal mol™, respectively) and as such are

clearly less likely to be the path taken experimentally.

o Lk A
N\ I NN
/ '\ 7/ \

N

N O /.
., - . _ ¢ »
2[ Na /Zn—fBu 2 [ /Na\O SLn—tBu + 2'Bu
N B hexane /N\ |
/\ N
’ >(;\<
16 e Ha
- +
[AE = -40.27 kcal mol 1] <
HaC

Scheme 5.7: Exothermic conversion of 1 and TEMPO to the heterotrianion zincate
16 and hydrocarbon co-products. The stoichiometry chosen for the calculation

takes into account the structure of the rBu’ radical.

In an effort to trap the 7Bu radical thought to be released in the reaction (to give
TEMPO-7Bu), we added two molar equivalents of TEMPO to the zincate 1 (Scheme
5.8). To our surprise, this reaction did not yield 16, instead the bis-nitroxide
[(TMEDA)Na(u-TEMPO ),Zn(¢Bu)] (17) was isolated as colourless crystals (31%
yield). The structure of 17 was elucidated using X-ray crystallography which due to its
poor quality will not be discussed herein. It is unlikely that 17 forms due to a
disproportionation reaction as it was never detected by NMR spectroscopic analysis
when only one equivalent of TEMPO is used; therefore to produce 17, it seems that 1
has acted as a dual SET reagent whereby both a /Bu radical and a TMP radical™ have

been generated in situ.
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Scheme 5.8: The synthesis of bis(TEMPO) zincate 17.

These experimental and theoretical investigations support the hypothesis that SET could
be at play in the aforementioned previously reported 1,6-addition reactions. After
realising that 1 could function as an SET reagent, O’Hara and co-workers decided to
further probe its chemistry with the pharmaceutically important aromatic o, [3-
unsaturated ketone, chalcone (1,3-diphenyl-2-propen-1-one).*® On treating 1 with an
equimolar quantity of chalcone, the crystalline product revealed that no Bu addition
had occurred and that [{(TMEDA)Na(u-TMP)Zn(/Bu)}»(u-
OCPhCH=CHPhCHPhCH=CPh-u-0O)] was isolated as the sole product (Scheme 5.9).
The formation of this unexpected product can be rationalised in terms of a SET
reaction. One canonical form of chalcone can be compared to that of TEMPO — it has
an oxy radical centre (as well as a benzyl radical centre) and when treated with 1 it was
proposed that a dinuclear sodium zincate containing the familiar Na-Npyp-Zn-O ring
forms, and spontaneously dimerises due to the presence of the reactive benzyl radical to

afford the bimetallic tetranuclear species.
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Scheme 5.9: Synthesis of the tetranuclear chalcone species with site of dimerisation

and new C-C bond highlighted in red.

The next undertaking in our own research was to extend this TEMPO methodology to
other alkyl zincates. Surveying alkyl effects, the methyl analogue of 16,
[(TMEDA)Na(u-TMP)(u-TEMPO )Zn(Me)] (18) was isolated from the analogous 1:1
reaction of TEMPO and the sodium methylzincate “(TMEDA)-NaZn(TMP)Me,” in a
crystalline yield of 25%. Compound 18 presents an analogous structure to that of 16,
with the same inorganic backbone and central four-membered (NaNZnO) ring where
the metals are bridged by TMP and anionic TEMPO ligands (Figure 5.4).
Unfortunately, disorder in both the TMEDA and TEMPO ligands affects the accuracy

of the bond lengths and angles, and therefore prevents their discussion.

Figure 5.4: Molecular structure of 18 with selective atom labelling. Hydrogen

atoms omitted for clarity.
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NMR spectroscopic studies of ds-THF solutions of 16-18 revealed that TMEDA is
displaced by the ethereal solvent, but otherwise the solid-state structures appear to be
retained in solution with the "H NMR chemical shifts detailed in Table 5.1. As a radical,
TEMPO produces broad resonances outwith the standard 'H NMR spectroscopy
window, therefore, the fact that NMR spectra could be obtained for all three complexes
is further evidence that the paramagnetic TEMPO radical converts to the diamagnetic
TEMPO anion in these structures. Making use of 2D spectroscopy techniques (‘H-'H
COSY and "H-"*C HSQC experiments) the "H NMR spectra have been fully assigned,
identifying overlap of the B- and y-TEMPO resonances. The structural similarity
between TEMPO and TMP makes any advancement on the crystalline yield difficult on
the basis of NMR spectroscopic analysis of the filtrates with significant overlap

between the starting zincate reagents and anionic TEMPO products.

Table 5.1: Comparison of selected "H NMR (400.13 MHz, 300 K) chemical shifts (&
in ppm) for zincates 16, 17 and 18 in ds-THF.

Compound O(TMP- &(B-TMP) &(-TMP) (8-  O(TEMPO- d(Zn-C)*

CHs) TEMPO)  CHs)
16 1.16,096 144,122 171 1.44 1.16,1.09  1.08
17 - - - 1.44,1.39 1.08 1.10
18 1.13 1.28 1.69 1.42 1.02 -0.86

dwhere C is tBu for 16 and 17, and Me for 18.

While assigning the 'H NMR spectra proved more straightforward, the *C NMR
spectrum of 18 provided a new difficulty. Utilising the '"H-">C HSQC spectra, the °C
NMR could be deciphered with the exception of the methyl groups of the TMP and
TEMPO, as a very broad signal appeared in the anticipated region (centred at 35.7
ppm). In previous TEMPO work within the group, broad '>C resonances have often

been observed, thus we decided to carry out a low temperature NMR study on
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compound 18. As shown in Spectrum 5.1, reducing the temperature to -50 °C sees the
splitting of the broad hump into a much sharper, defined peak, while a broad peak is
also retained. With the broadness of TEMPO peaks already established we tentatively
propose the sharper peak corresponds to the TMP ligand. Interestingly, the resonances
of the B-TMP and TEMPO carbon atoms are also very close to one another, and as can
be observed we also see one of these peaks starting to broaden in the low temperature

study.

Spectrum 5.1: Selected aliphatic region of the BC NMR spectrum of 18 in dg-THF
solution, showing Me resonances of TMP O and TEMPO ‘ ligands at various
temperatures [(a) 300 K; (b) 273 K; (¢) 263 K; (d) 253 K; (e) 243 K; (f) 233 K; (g)
223 K].

Putting our results into a broader context it should be mentioned that structural

characterisation of zinc-TEMPO species is rare, irrespective of the nature of the
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TEMPO (anionic or neutral). While there are no neutral TEMPO examples deposited in
the Cambridge Crystallographic Database,*”! Power reported the synthesis of 4-Me;Si-
Ar*Zn(TEMPO ), prepared by reaction of an arylzinc hydride [(4-Me;Si-Ar*)Zn(u-
H),Zn(Ar*-SiMes-4)] and TEMPO [where 4-Me;Si-Ar* = C¢H,-2,6-(C¢H,-2,4,6-iPr3),-
SiMes-4]." In this neutral zinc complex, TEMPO is bound to the zinc in a novel quasi
“side-on” fashion with a significant secondary interaction between zinc and the nitrogen
atom to afford a three-membered Zn-N-O metallacycle. The second structure featuring
TEMPO bonded to zinc was reported in 2007.2'*) Carmona’s solvent-free dimeric
compound [EtZn(TEMPO )], (Figure 5.5) was formed as a by-product in small, albeit
isolable amounts in the synthesis of the (5°-CsMes)ZnEt half sandwich complex.
Significantly, it was observed that the radical TEMPO does not react separately with
Et,Zn, and this compound was only produced when TEMPO was added to a mixture of
two organozinc reagents, Et;Zn and Zn(CsMes),. Intrigued by this result, we set out to
investigate whether the apparently direct redox reaction was possible for other dialkyl

zinc reagents.

Figure 5.5: ChemDraw representation of Carmona’s [EtZn(TEMPO )], dimer.

To examine the possibility of SET reactions with dialkyl zinc compounds, TEMPO was
treated with one molar equivalent of Me,Zn in hexane solution and [MeZn(TEMPO )],
(19) was isolated as colourless crystals in a low yield of 15%. Compound 19 (Figure
5.6) adopts a simple dimeric centrosymmetric structure based on a four-membered

[Zn,(n-O),] ring with terminal methyl groups, completing the distorted trigonal planar
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geometry of the zinc centres. The interior ring adopts a planar disposition (sum of its
internal angles is exactly 360°); while the Zn-O bond lengths in 19 [Zn(1)-O(1)
1.978(10) and Zn(1)-O(2) 1.930(10) A] are in good agreement with those found in
Carmona’s aforementioned structure [1.975 and 1.922 A]. Furthermore, the N(1)-O(1)
bond length in 19 [1.443(14) A] is comparable to those in the ethyl congener and 16
[1.439 and 1.4479(15) A, respectively], underlining the anionic character of the

bridging TEMPO ligands.

C(1A) |

Figure 5.6: Molecular structure of 19 with selective atom labelling. Hydrogen atoms
are omitted for clarity. Selected bond distances (A) and angles (deg): Zn(1)-O(1)
1.9775(10), Zn(1)-O(1A) 1.9299(10), Zn(1)-C(1) 1.9361(18), N(1)-O(1) 1.4433(14);
O(1)-Zn(1)-C(1) 142.58(6), O(1)-Zn(1)-O(1A) 77.77(4), C(1)-Zn(1)-O(1A) 139.59(6).

The solubility of 19 in ds-benzene solution, along with its diamagnetic nature allowed
the complex to be studied by NMR spectroscopy. The "H NMR spectra (Spectrum 5.2)
is comparatively straightforward containing three resonances for the TEMPO anion at
1.21 (CH3), 1.29 (y-CH>) and 1.47 ppm (B-CH;). The most upfield signal was found to
be the terminal zinc-bonded methyl group at -0.04 ppm. However, in comparison to

other Zn-Me complexes this shift is relatively downfield. For instance, in
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Me,Zn-TMEDA the resonance for the methyl group appears at -1.16 ppm, admittedly in
a different solvent (ds-THF). The less negative value of 6 for 19 can be attributed to the
greater electronegativity of oxygen (in comparison to the chelating nitrogen’s of
TMEDA) which results in the methyl protons being situated in a region of lower
electron density and allied to TEMPO being a poorer electron donor, the Me group
consequently has to donate more of its electron density to the zinc causing resonance to

occur at a relatively low field.

2.5 2.0 1.5 1.0 0.5 0.0 -0.5 ppm

Spectrum 5.2: '"H NMR (400.13 MHz, 300 K) spectrum of 19 obtained in dsg-THF

solution.

As detailed previously, complex 19 was isolated in a low crystalline yield of just 15%;
to establish the complete constitution of an in situ reaction mixture, an aliquot of
solution was taken for "H NMR spectroscopic analysis (Spectrum 5.3). In addition, to
complex 19, the second species present with evident singlets located at 1.16, 1.23 and

3.58 ppm was identified as TEMPO-Me (formed by TEMPO act as a radical scavenger,
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mopping up the liberated Me™ radical) by comparison to NMR chemical shifts
documented in the literature.*® These two species were found to be present in an 66:34
(19:TEMPO-Me) ratio. However, if it is to be envisaged that the Me  radicals
exclusively combine with free TEMPO this ratio should correspond exactly to a 50:50
mixture. The deviation noted from this perfect value can be attributed to some extent to
two alkyl radicals combining to evolve ethane or upon removing the hexane prior to
NMR spectroscopic analysis, the volatile, unreacted Me,Zn is also removed from the

reaction mixture in vacuo.

JUWL% A

T T T T T T T T
3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 ppm

Spectrum 5.3: "H NMR (400.13 MHz, 300 K) spectra of a solution aliquot from the
1:1 reaction of Me,Zn and TEMPO giving 19 O and TEMPO-Me‘ (inset) in
a 66:34 ratio.

5.3) Elemental Metal Reduction

Throughout this chapter, work has been presented that has involved the reduction of
TEMPO to its monoanionic form. Recently, Mulvey reported the first examples of

clemental-metal single electron reduction of this important radical to the TEMPO
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anion.*” Treatment of TEMPO with a group 1 metal (Li, Na, K, Rb or Cs), resulted in
direct reduction of the radical to the TEMPO anion with a variety of structural motifs

being encountered depending on the specific choice of metal and/or solvent.

In general, the complexes were formed by direct reaction of the alkali-metal with an
equimolar quantity of TEMPO in the respective solvent medium. For example, during
the course of this PhD project, TMEDA was added to a suspension of freshly prepared
Na'TEMPO (a powder which was prepared by reacting elemental sodium with
TEMPO in hexane) in hexane solution (Scheme 5.10). After stirring the solution
overnight and cooling to -24 °C, crystals precipitated from it in a 59% yield. X-ray
crystallographic analysis revealed these crystals to be [Na'4(u3-TEMPO )(us-

TEMPO ),(TMEDA),] (20).

N
Sk S
® N N/ \/ Hexane O\\Na/o \0
Na | —N  N— N\Né A"
o T—0—Na--
€] .

Scheme 5.10: Preparation of the Na"'TEMPO™ complex 20. For clarity, the Na-
Ntempro bonds have been drawn as dashed lines and TEMPO and TMEDA Me

groups have been omitted.

The molecular structure of 20 is shown in Figure 5.7. Complex 20 exists as a
tetranuclear pseudodimer which adopts a ladder-like conformation. The Na atoms
which occupy positions in the outer rungs [Na(l) and Na(4)] are five-coordinate,
coordinated to one w,-O, one u3-O, one Npgmpo and two Npvepa atoms. Those
occupying the central rungs [Na(2) and Na(3)] adopt a highly distorted tetrahedral

geometry [mean angles: 108.72 and 104.91°, respectively]. The mean acute O-Na-
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Nrempo and TMEDA bite angles are 35.08 and 70.64°, respectively. Turning to the
bond distances in 20, the shortest Na-O bonds are those belonging to the end rungs of
the ladder [2.1992(12) and 2.1941(12) A for Na(1)-O(1) and Na(4)-O(4), respectively].
The remaining Na-O bonds range in length from 2.2446(11) to 2.4399(12) A. The
average of these distances fits nicely with the Na-O distance [2.342 A] in the sodium
salt of 4-carboxy-TEMPO,*” the only relatively comparative structure in the

Cambridge Crystallographic Database.””

Ladder motifs are commonly observed in the organometallic chemistry of the alkali-
metals.*"? As illustrated in Section 1.1, lithium alkyls are normally associated species
such as tetramers and hexamers with such structures reflecting lithium’s desire to fully
maximise its coordination number due to its ionic nature. Often the lithium cation is
surrounded by four negatively charged or donor atoms/groups and though the bonding
is predominantly ionic, this coincides with the four valence-shell orbitals on lithium.
The idea of ring-stacking was put forward to account for recurring patterns within the
structural chemistry of lithium and is demonstrated in crystalline iminolithium,
alkynyllithium and alkoxy- or aryloxylithium species where the basic unit is a four-
membered or six-membered ring of Li and X atoms (X = N, C and O, respectively).*”
Significantly, such ring species are flat up to and including the primary atom of the
group facilitating vertical aggregation and raising the metal coordination number from
two to three. Accordingly, the oligomeric (tetrameric and hexameric) clusters can be
thought of as double stacks of dimeric or trimeric rings. In contrast, generally lithium
amides cannot adopt such stacked structures because in cyclic dimers or trimers the
substituents generally project above and below the (NLi), core ring plane precluding

vertical association of the rings. Provided the substituents are not too bulky, the

tendency to aggregate can be realised by lateral association to form ladder structures.
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Figure 5.7: Molecular structure of 20 with selective atom labelling. Hydrogen atoms
and disordered component of TMEDA are omitted for clarity. Selected bond distances
(A) and angles (deg): Na(1)-O(1) 2.1992(12), Na(1)-O(2) 2.3107(11), Na(1)-N(1)
2.4705(13), Na(1)-N(2) 2.6986(15), Na(1)-N(3) 2.4726(14), Na(2)-O(1) 2.3059(11),
Na(2)-O(2) 2.3443(11), Na(2)-O(3) 2.2673(11), Na(2)-N(4) 2.4287(14), Na(3)-O(2)
2.2446(11), Na(3)-O(3) 2.3059(11), Na(3)-O(4) 2.2919(12), Na(3)-N(8) 2.3815(13),
Na(4)-O(3) 2.4399(12), Na(4)-O(4) 2.1941(12), Na(4)-N(5) 2.4347(13), Na(4)-N(6)
2.8080(15), Na(4)-N(7) 2.5299(14), O(1)-N(4) 1.4345(15), O(2)-N(1) 1.4447(14),
O(3)-N(5) 1.4436(14), O(4)-N(8) 1.4376(15); O(1)-Na(1)-O(2) 99.92(4), O(1)-Na(1)-
N(1) 120.14(5), O(1)-Na(1)-N(2) 109.43(5), O(1)-Na(1)-N(3) 101.24(5), O(2)-Na(1)-
N(1) 34.97(3), O(2)-Na(1)-N(2) 130.19(5) O(2)-Na(1)-N(3) 140.71(5), N(1)-Na(1)-
N(2) 129.47(5), N(1)-Na(1)-N(3) 105.95(5), N(2)-Na(1)-N(3) 71.49(5), O(1)-Na(2)-
0(2) 95.91(4), O(1)-Na(2)-O(3) 164.94(5), O(1)-Na(2)-N(4) 35.15(4), O(2)-Na(2)-O(3)
91.51(4), O(2)-Na(2)-N(4) 130.55(4), O(3)-Na(2)-N(4) 134.23(5), O(2)-Na(3)-O(3)
93.10(4), O(2)-Na(3)-O(4) 146.76(5), O(2)-Na(3)-N(8) 122.15(4), O(3)-Na(3)-O(4)
98.20(4), O(3)-Na(3)-N(8) 133.46(4), O(4)-Na(3)-N(8) 35.76(4), O(3)-Na(4)-O(4)
97.04(4), O(3)-Na(1)-N(5) 34.45(4), O(3)-Na(4)-N(6) 129.86(4), O(3)-Na(4)-N(7)
143.77(5), O(4)-Na(4)-N(5) 118.43(5), O(4)-Na(4)-N(6) 112.72(5), O(4)-Na(4)-N(7)
101.31(5), N(5)-Na(4)-N(6), 127.41(5), N(5)-Na(4)-N(7) 109.74(5), N(6)-Na(4)-N(7)
69.79(4), Na(1)-O(1)-Na(2) 83.70(4), Na(1)-O(2)-Na(2) 80.47(4), Na(2)-O(2)-Na(3)
84.03(4), Na(2)-O-(3)-Na(3) 84.40(4), Na(3)-O(3)-Na(4), 79.27(4), Na(3)-O(4)-Na(4)
84.91(4).
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For instance, Snaith has previously prepared the complexes
[{H,C(CH,);NLi},TMEDA], and [{H,C(CH,);NLi}sPMDETA],, derived by alkyl
lithiation of the small cyclic amine pyrrolidine (Figure 5.8).**! Both adopt ladder
structures of four (N-Li) rungs in length, though the latter carries two additional lithium
atoms broken away from the ladder framework. The central rings of the ladders and the
N atoms of the outer rings are approximately co-planar but the lithium atoms of the

outer rings straddle this plane.

r )
Ug

o

Figure 5.8: The ladder structures of [{H,C(CH;);NLi},TMEDA], (L.H.S) and
[{H,C(CH,);NLi};PMDETA], (R.H.S). For clarity the hydrogen atoms and

pyrrolidine ligands carbon skeleton have been removed.

The ladder core of 20 comprises three Na,O, rhombi (Figure 5.9); the outermost rings
are essentially planar, while the central ring deviates significantly from planarity [sum
of endocyclic angles for Na(1)-O(1)-Na(2)-O(2), O(2)-Na(2)-O(3)-Na(3) and Na(3)-
0O(3)-Na(4)-O(4) are 360, 353.04 and 359.42°, respectively]. The dihedral angles
between planes Na(1)-O(1)-Na(2)-O(2) and O(2)-Na(2)-O(3)-Na(3), and O(2)-Na(2)-
0O(3)-Na(3) and Na(3)-O(3)-Na(4)-O(4) are 154.44(3)° and 133.92(3)°, respectively,

resulting in the ladder adopting a cisoidal conformation.
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Figure 5.9: Two different representations of the ladder core of complex 20

illustrating its cisoidal conformation.

Searching for comparisons with 20, the novel sodium amide-amine complex
[{tBuN(H)Na}; -H,;N7Bu]., previously reported by the Mulvey group, forms an infinite
wave like ladder structure (Figure 5.10).*Y Covering three nitrogen-sodium rings, its
curved sections also display a cisoid conformation of amide substituents; but where the
curved sections fuse, a transoid conformation is found. This contrasts with the situation
found in the lithium analogue, where the lack of solvent ligands leads to an exclusively
cisoid conformation; this results in a closed cyclic structure comprising eight N-Li

rings.

Figure 5.10: Section of the polymeric structure of [{fBuN(H)Na};-H,N7Bu], with

hydrogen atoms omitted for clarity.
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The solubility of 20 in both ds-THF and ds-benzene allowed a detailed solution study of
the complex by NMR spectroscopy. The '"H NMR spectrum in the former polar solvent
is relatively simple containing two broad resonances for the TEMPO anion at 1.06 (Me
protons) and 1.44 ppm (overlap of  and y protons) and as expected, upon dissolution in
ds-THF, the TMEDA ligand is no longer coordinated to the sodium centre but is
replaced by ds-THF ligands. These NMR spectroscopic data (Table 5.2) can be
compared those found for the [(THF)-Na'(TEMPO )]s and [(THF)-K(TEMPO )]4

31 This would seem to

complexes that adopt cubane structures in the solid-state.
indicate that in polar solvent a solvent-separated ion-pair or a solvated, lower
oligomeric form of the complexes exist; in essence, the data show that the local

coordination environment of the TEMPO ligand is sensitive to the charge-balancing

cation.

Table 5.2: Comparison of selected "H NMR (400.13 MHz, 300 K) chemical shifts (&
in ppm) for a selection of alkali metal - TEMPO complexes in ds-THF solution.

Compound 8(8-CH, and y-CH, TEMPO) 3(TEMPO-CHs)
20 1.44 1.06
[(THF)-Na'(TEMPO) |4 1.45 1.10
[(THF)-K'(TEMPO) |4 1.42 1.00

The TEMPO anion in dg-benzene is also depicted by two broad resonances in the 'H
NMR spectrum (Table 5.3). Turning to the 3C NMR data, the spectrum provides an
insight into the solution dynamics of complex 20. In general, three sharp resonances [at
18.1 (y-C), 40.8 (B-C) and 58.4 (a-C) ppm] are observed in dg-benzene, along with two
extremely broad signals (Spectrum 5.4) at 19.5 and 34.8 ppm (note these resonances

were not observed in ds-THF). Using 'H-">C HSQC NMR spectroscopy, the broader
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signals can be attributed to two chemically distinct Me-TEMPO groups (Me groups are
diastereotopic). This observation suggests that rotation around the O-N axis of the
TEMPO anion appears to be highly restricted (hence two independent resonances) and

that rotation is slow on the NMR time scale under the conditions studied.

Table 5.3: "H NMR (400.13 MHz, 300 K) and *C NMR (100.62 MHz, 300 K)
chemical shifts (6 in ppm) for the TEMPO ligand in 20 in ds-benzene solution.

Nucleus O(CH3) o(S-CHy) d(y-CH,) d(a-C)
'H 1.33 1.60 1.60 -
Be ('Y 19.5,34.8 40.8 18.1 58.4

SRR WU WD S WU - S

T T
65 60 55 50 45 40 35 30 25 20 15 ppm

Spectrum 5.4: 3C NMR (100.62 MHz, 300 K) spectrum of 20 in dg-benzene

solution illustrating the two diastereotopic methyl groups

In summary, we have shown that sodium zincate 1 can function as an SET agent

towards TEMPO, providing experimental evidence that supports the hypothesis that
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SET could be at play in the Mulvey and O’Hara groups previously reported 1,6-
additions. Future studies could investigate the scope of this work by utilising 16 in other
synthetic procedures, determining whether it can be a useful synthetic reagent in
deprotonative metallation and/or addition reactions. In an extension of this work, new
metal-TEMPO complexes were prepared by treating TEMPO with a dialkyl zinc
reagent or an alkali-metal, with the latter synthesis of 20 representing one of the first

examples of elemental-metal reduction of the TEMPO radical.
5.4) Experimental section
Synthesis of [[TMEDA)Na(u-TMP)(u-TEMPO )Zn(/Bu)] 16

A hexane solution of 1 was prepared as described previously (2 mmol in 20 mL).
TEMPO (0.31 g, 2 mmol) was added via a solid addition tube and the reaction mixture
was allowed to stir at ambient temperature for 2 hours. The resulting orange solution
was concentrated in-vacuo and transferred to a freezer operating at -28 °C, which
deposited a crop of colourless crystals overnight (0.38 g, 34%). 'H NMR (400.13 MHz,
300 K, ds-THF): 6 2.30 [s, 4H, NCH, (TMEDA)], 2.15 [s, 12H, NCH; (TMEDA)], 1.71
[m, 2H, y-CH, (TMP)], 1.44 [m, 8H, y-CH, and B-CH, (TEMPO) and B-CH, (TMP)],
1.22 [m, 2H, B-CH, (TMP)], 1.16 [s, 12H, CH; (TMP) and CH; (TEMPO)], 1.09 [s,
6H, CH; (TEMPO)], 1.08 [s, 9H, CH; (/Bu)], 0.96 [br, 6H, CH; (TMP)]. *C {'H}
NMR (100.62 MHz, 300 K, ds-THF): 8 58.9 [NCH, (TMEDA)], 58.3 [a-C (TEMPO)],
52.5 [a-C (TMP)], 46.2 [NCH; (TMEDA)], 41.3 [B-CH, (TEMPO)], 40.9 [B-CH,
(TMP)], 36.5 [CH; (TMP/TEMPO)], 35.9 [C(CH3)s (tBu)], 35.8 [CH3; (TEMPO)], 34.1
[CH3; (TMP/TEMPO)], 20.6 [y-CH, (TMP)], 20.3 [C(CH3)3 (rBu)], 19.3 [CH; (TMP)],

18.9 [y-CH, (TEMPO)].
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Crystal data for 16: C3HgN4NaOZn, M = 558.17, monoclinic, C2/c, a = 17.3607(4) A,
b =13.0692(4) A, c = 28.9589(8) A, = 98.010(1)°, V = 6506.4(3) A°, Z = 8; 121087
reflections collected, 9475 were unique, Rj, = 0.112, R = 0.0382, R, = 0.0809, GOF =
1.008, 371 refined parameters, max. and min. residual electron density = 0.562 and -

0.583 e-A”.
Synthesis of [[TMEDA)Na(u-TEMPO ),Zn(tBu)] 17

A hexane solution of 1 was prepared (2 mmol in 20 mL). TEMPO (0.62 g, 4 mmol) was
added via a solid addition tube and the reaction mixture was allowed to stir at ambient
temperature for 2 hours. The resulting orange solution was concentrated in-vacuo and
transferred to a freezer operating at -28 °C, which deposited a crop of colourless
crystals overnight (0.37 g, 32%). 'H NMR (400.13 MHz, 300 K, ds-THF): & 2.30 [s,
4H, NCH, (TMEDA)], 2.14 [s, 12H, NCH; (TMEDA)], 1.44 [br, 8H, B-CH,
(TEMPO)], 1.39 [m, 4H, y-CH, (TEMPO)], 1.10 [s, 9H, CH; (1Bu)], 1.08 [br, 24H, CH;
(TEMPO)]. *C {'"H} NMR (100.62 MHz, 300 K, ds-THF): & 58.9 [NCH, (TMEDA)],
58.5 [a-C (TEMPO)], 46.2 [NCH;3; (TMEDA)], 41.2 [B-CH, (TEMPO)], 35.3 [C(CH3);
(tBu)], 21.7 [C(CH3); (tBu)], 18.7 [y-CH, (TEMPO)]. *No resonances could be
observed for the TEMPO methyl groups. Extremely broad "*C signals have previously
been noted for the methyl groups of alkali-metal TEMPO complexes.[”] Unfortunately,
because of the relatively low boiling point of ds-THF, a high temperature NMR study

could not be conducted.
Synthesis of [[TMEDA)Na(u-TMP)(n-TEMPO )Zn(Me)] 18

The sodium amide NaTMP was prepared in situ by reaction of nBuNa (0.16 g, 2 mmol)
with TMPH (0.34 g, 2 mmol) in 10 mL of dry hexane. The yellow suspension formed

was allowed to stir for 2 hours. Me;Zn (2 mL of 1M solution in heptane, 2 mmol) was
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then added to the already prepared NaTMP. TMEDA (0.3 mL, 2 mmol) was then added
to the contents of the Schlenk tube. After stirring for 10 minutes, TEMPO (0.31 g, 2
mmol) was introduced and the mixture was left stirring overnight. The solution was
filtered, resulting in a clear transparent orange solution. The solution was concentrated
with the removal of solvent in vacuo and placed in the freezer (at -28 °C) which
deposited a crop of colourless crystals (0.26 g, 25%). 'H NMR (400.13 MHz, 300 K,
ds-THF): & 2.37 [s, 4H, NCH, (TMEDA)], 2.19 [s, 12H, NCH3; (TMEDA)], 1.69 [m,
2H, y-CH, (TMP)], 1.42 [br, 6H, y-CH, and B-CH, (TEMPO)], 1.28 [br, 4H, B-CH,
(TMP)], 1.13 [s, 12H, CH; (TMP)], 1.02 [s, 12H, CH; (TEMPO)], -0.86 (s, 3H, CHj3).
BC {"H} NMR (100.62 MHz, 300 K, ds-THF): & 58.32 [NCH, (TMEDA)], 57.86 [a-C
(TEMPO)], 52.86 [a-C (TMP)], 46.57 [NCH3 (TMEDA)], 41.28/41.12 [B-CH, (TMP)
and B-CH, (TEMPO)], 35.79 [br, CH3 (TMP) and CH3; (TEMPO)], 20.62 [y-CH,

(TMP)], 18.83 [y-CH, (TEMPO)], -10.43 (CHs).

Crystal data for 18: C;sHssN4NaOZn, M = 516.09, monoclinic, P2,/n, a = 11.9364(3)
A, b=19.0869(4) A, ¢ = 13.4897(3) A, = 102.538(2)°, ¥ = 3000.05(12) A*, Z = 4;
40371 reflections collected, 8561 were unique, Ri, = 0.0384, R = 0.0556, Ry, = 0.1252,
GOF = 1.064, 326 refined parameters, max. and min. residual electron density = 0.769

and -0.607 e- A",
Synthesis of [MeZn(TEMPO )], 19

Me,Zn (2 mL of 1M solution in heptane, 2 mmol) was added to 10 mL of dry hexane.
TEMPO (0.31 g, 2 mmol) was added and the clear transparent red solution was stirred
overnight. The subsequent colourless solution was filtered and concentrated with the
removal of solvent in vacuo. The Schlenk tube was placed in the freezer (at -28 °C) and

the solution subsequently deposited a small amount of colourless crystals (0.07 g, 15%).
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'H NMR (400.13 MHz, 300 K, d¢-benzene): & 1.47 [m, 4H, B-CH, (TEMPO)], 1.29 [m,
2H, y-CH, (TEMPO)], 1.21 [s, 12H, CH; (TEMPO)], -0.04 (s, 3H, CH3). °C {'H}
NMR (100.62 MHz, 300 K, de-benzene): & 60.42 [a-C (TEMPO)], 39.83 [B-CH,

(TEMPO)], 26.77 [CH; (TEMPO)], 17.46 [y-CH, (TEMPO)], -11.41 (CH).

Crystal data for 19: C,0H4oN>02Zn,, M = 473.30, triclinic, P-1, a = 7.8065(3) A b=
7.8516(3) A, ¢ = 10.1371(3) A, a = 78.092(3)°, f = 88.211(3)°, y = 74.104(4)°, V =
584.51(4) A3, Z =1, 12552 reflections collected, 3396 were unique, R, = 0.0236, R =
0.0251, Ry, = 0.0595, GOF = 1.098, 122 refined parameters, max. and min. residual

electron density = 0.410 and -0.294 ¢-A™.
Synthesis of Na" TEMPO™ Powder

A Schlenk tube was charged with freshly cleaned elemental sodium (0.46 g, 20 mmol).
To enhance the reactivity of the metal, the sodium was melted to a mirror using a heat
gun. Hexane (40 mL) and TEMPO (3.12 g, 20 mmol) were added to the Schlenk tube,
and this orange coloured mixture was heated to reflux for 12 hours, resulting in the
precipitation of a white solid. On reducing the solvent in vacuo by approximately 50%,
further precipitation occurred. The solid was collected by filtration (typical yield: 2.3 g,

65%).
Synthesis of [Na"4(u3~-TEMPO ),(u-TEMPO),(TMEDA),] 20

Freshly prepared Na TEMPO  (0.36 g, 2 mmol) was suspended in hexane in a Schlenk
tube. TMEDA (0.15 mL, 1 mmol) was added, and the mixture was stirred overnight.
The subsequent mixture was filtered, and the red filtrate was concentrated by removal
of some solvent in vacuo and placed in the freezer at -28 °C. A crop of colourless

crystals was deposited after 24 hours. Yield: 0.28 g, 59%. 'H NMR (400.13 MHz, 300
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K, de-benzene): 8 2.27 [s, 4H, NCH, (TMEDA)], 2.14 [s, 12H, NCH; (TMEDA)], 1.60
[br s, 12H, B-CH, and y-CH, (TEMPO)], 1.33 [br s, 24H, CH; (TEMPO)]. PC {'H}
NMR (100.62 MHz, 300 K, ds-benzene): & 58.41 [a-C (TEMPO)], 58.14 [NCH,
(TMEDA)], 4620 [NCH; (TMEDA)], 40.84 [B-CH, (TEMPO)], 34.81 [CHj

(TEMPO)], 19.50 [CH; (TEMPO)], 18.7 [y-CH, (TEMPO)].

Crystal data for 20: C4gH;04NgNasO4, M = 949.35, triclinic, P-1, a = 11.5872(4) A, b=
12.6446(4) A, ¢ = 20.7262(4) A, a = 90.066(2)°, p = 90.989(3)°, y = 112.001(3)°, V =
2815.28(14) A3, Z =2; 52741 reflections collected, 13559 were unique, Ri,; = 0.0381, R
=0.0479, Ry = 0.1171, GOF = 1.028, 662 refined parameters, max. and min. residual

electron density = 0.278 and -0.252 e-A™.
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Chapter 6: Structural Variations of Bis(bis(trimethylsilyl)methyl)magnesium
6.1) The Quest for Direct-remote-Metallation

The final passage of this PhD thesis ends back where it all started with the metallation
reaction. Previously, in Section 1.3 a hypothetical ideal proton abstractor was described
and featuring high on the wish list was the ability to deprotonate at positions
inaccessible via other reagents. Although, the sodium TMP-zincate [(TMEDA)Na(u-
TMP)(u-tBu)Zn(zBu)] (1) has successfully effected meta and meta/para deprotonation

2 respectively, a general mixed-metal amide

of N, N—dimethylaniline“] and toluene,
reagent that could be envisaged and developed for synthetically useful, regioselective
meta-deprotonation of substituted aromatics would be an exciting breakthrough. From a
synthetic chemist’s viewpoint, two contributory factors could lead to deprotonation in
the meta or para position. First of all, weak directing groups on substrates in the
Directed-ortho-Metallation sense should be most amenable to such special

deprotonations. Likewise, a finely tuned reagent of our time might unlock the door and

it is upon this approach that this final chapter is composed.

In line with previous examples of Alkali-Metal-Mediated Metallation (AMMM), a co-
complexation reaction represented an attractive route to our new complex metallator
producing a single molecule with a well-defined structure. In the pursuit of meta or
para deprotonation of substituted aromatics, our initial studies were directed towards
building a bulkier, bimetallic base in an adaptation of Schlosser’s concept of “steric
buttressing”."”! Encouragement came in the form of previous work within the Mulvey
group where it was shown that switching the alkyl group but keeping the other
components of the synergic base the same can have a profound effect on the outcome of

the magnesiation reaction. For instance, the bimetallic mixture NaMg(nBu)(TMP), di-
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magnesiates toluene at the 2,5 (ortho, meta)-positions producing a two-fold
deprotonated arene that is encapsulated within an extraordinary host-guest molecule
[(TMP)sNay(2,5-Mg,C¢H3CHs)] termed an inverse crown (Figure 6.1).1 The name
inverse crown is derived from the interchange of Lewis basic (anionic; here the
C6H3CH32' guest) and Lewis acidic [cationic; here the (Na4Mg2N6)2+ host ring] sites
compared with their dispositions in conventional crown ether complexes (host rings
containing O atoms, Lewis basic; core guest metal cations, Lewis acidic).[s] However,
upon switching nBu for the more sterically encumbered, silyl-stabilised ligand
Me;SiCH, within the synergic bimetallic mixture NaMg(CH,SiMes)(TMP),, the
orientation of the metallation shifts away from the methyl group and the ortho site of

toluene and is manifested in the 3,5 (meta, meta) di-metallated inverse crown

[6]
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Figure 6.1: Molecular structures of the 2,5- (L.H.S) and 3,5-dideprotonated

(R.H.S) toluene inverse crowns with selective atom labelling.

The heteroneopentyl ligand Me;SiCH, was a key component in the sodium TMP-
zincate that delivered and trapped the hypersensitive o-metallated THF fragment;”!

while derived from the bis-alkyl starting material M(CH,SiMe;), (where M is either Mg
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or Mn) it has played an important role in the extension of AMMM to new metals and
substrates.'”) However, in terms of the mono-metallation regioselectivities afforded with
this ligand when incorporated within bimetallic species there has been little variation
from those exhibited with sodium zincate 1. For this reason, we chose to template our
new tailor-made metallating device around its bulkier, higher homologue (Me;Si),CH
in the hope that this structural modification would enhance our chances of regularly

delivering direct remote metallations.

The molecular structure of the unsolvated homoleptic magnesium alkyl
[Mg{CH(SiMes),},] has been determined by X-ray and neutron diffraction studies
(Figure 6.2).) The crystalline dialkylmagnesium compound was obtained from the
metathesis reaction of LiCH(SiMes), and [Mg(OC¢H,tBu,-2,6-Me-4),], in hexane, and
an ambient temperature X-ray crystallographic study revealed a polymeric array with a
C-Mg-C primary skeleton and an unprecedented intermolecular interaction between the
Mg atoms and a y-methyl group of a neighbouring [Mg{CH(SiMes),},] unit.
Additionally, low temperature X-ray and neutron diffraction data were collected and the
weak intermolecular interaction, attributed to an agostic Mg---CHj; interaction was
examined. However, while the C-H bonds do not differ significantly in length from the
average methyl C-H bond, the agostic interaction can be rationalised by a three-centre,
two-electron bond involving the Si, C and Mg atoms with a pseudo five-coordinate
trigonal bipyramidal geometry at the C resulting in a longer Si-C bond and a distortion
towards sp’ bonding for the CH; group with increased H-C-H angles and Si-C-H
angles. [Mg{CH(SiMes),},] and its reaction products with nitriles have been the subject
of a couple of reports!'” but its potential utility in metallation chemistry has remained

unexplored.
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Figure 6.2: Monomeric section of the molecular structure of [Mg{CH(SiMe3),}:]-
with selective atom labelling and inset, depiction of the weak, intermolecular

interaction.

The monomeric monosolvated complex [Mg{CH(SiMes),},(OEt;)] is obtained upon
dissolution of the parent compound in diethyl ether and its molecular structure (Figure
6.3) was obtained by Lappert as part of his investigations into the adducts formed
between [Mg{CH(SiMes),},] and nitriles,'” but advantageously it can also be
synthesised in bulk quantities as a stable white solid that can be stored in a dry box

under an inert atmosphere making it an ideal starting material for our investigations.

Figure 6.3: Molecular structure of [Mg{CH(SiMe;),},(OEt;)] with selective atom
labelling.
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The ether solvate is prepared using the conventional Grignard reagent route, where a
solution of (Me3Si),CHCI in diethyl ether is added dropwise to a stirred suspension of
magnesium turnings and the reaction mixture is refluxed for 2 hours (Scheme 6.1). The
volatiles were then removed in vacuo and the white solid was purified by sublimation

providing [Mg{CH(SiMe3),},(OEt,)] in a yield of 82%.

(Me3Si),CHCI, Et,0 140 °C
Mg [Mg{CH(SiMe3)o}(u-CI)(OEt)l, —————— [Mg{CH(SiMe;),},(OEt,)]
- MgCl,

Scheme 6.1: Synthesis of [Mg{CH(SiMe3),},(OEt;)] via the conventional Grignard

reagent route.

In the rational design of future syntheses, detailed knowledge of the intermediate
chemistry taking place and information on the composition and structure of the active
reagent will prove vital in ensuring maximum synthetic efficiency and the best reagent
for the specific task is employed. Accumulating valuable information of this type is a
key objective of this research project and in surveying the bi-silyl ligands potential
future utility in mixed-metal deprotonative metallation, an important starting point was
revealing the structural chemistry of any new bimetallic bases. Following the well-
defined template for Alkali-Metal-Mediated Magnesiation and the ensuing synergic
element, solid ether-solvated [Mg{CH(SiMes),},] was added to a hexane solution of
LiTMP, both with and without an extra equivalent of TMP(H), before an equimolar
quantity of TMEDA was introduced. Following gentle heating and the removal of
solvent in vacuo after filtration, small needle crystals were deposited at ambient
temperature. Surprisingly, X-ray crystallographic analysis revealed the known oxo-
inverse crown ether complex [Li,Mg,(TMP),O] previously reported by the Mulvey

group in 1998 (Figure 6.4).'!
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Figure 6.4: Molecular structure of the Li/Mg TMP oxo inverse crown ether.

Captured at the inversion centre of this inverse crown ether is a guest oxide (O) ion
that occupies a square planar site binding to all four metal atoms and the three
coordinate geometry of both the Li and Mg atoms is completed by two amido N atoms,
which bridge to the metal atoms to produce an eight-membered ring. Initial suspicion
was cast on adventitious oxygen or moisture present in the reaction mixture affording
the captured oxide, however, this complex was reproducibly provided several times by
the above mentioned reaction mixture. Although, we cannot unequivocally rule out
rogue oxygen or moisture, it appeared that an alternative oxidative or hydrolytic
pathway could be responsible for the preparation of the previously reported magnesium

inverse crown in this instance.

Organometallic reagents and ethers have often experienced a tumultuous relationship.
In harmony, they are a perfect couple with polar ether solvents affording higher
solubilities and faster kinetics in organometallic-mediated reactions than those
witnessed in non-polar hydrocarbon solvents.'? However, hostile side-reactions that

expel oxygen from ethers to produce a new metal-oxygen bonded compound have often
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strained the rapport.'"”) The cleavage of ethers is commonly encountered in
organometallic chemistry and the outcome of THF decomposition has been discussed
elsewhere in this thesis. Furthermore, the cleavage of diethyl ether with organolithium
compounds to ethylene and lithium ethoxide has been known for a long time.!'*) In the
literature, three different mechanisms have been postulated (Scheme 6.2), and in an
attempt to elucidate the cleavage mechanism Maercker prepared the a- and B-deuterated
diethyl ethers.!") The two ether molecules were found to decompose by different
mechanisms but in competition experiments both undeuterated and a-deuterated ethers
were cleaved by B-elimination.

O

R—Li + H——CH,——CH,~—OC,Hs

H
I~ O

HZC—CH—OCZH5 H,C=CH, + LiOC,H5

Li

oo

Scheme 6.2: Three proposed mechanisms for the decomposition of diethyl ether by

organolithium reagents.

Perhaps, most pertinent to this study, sodium-magnesium or sodium-manganese bases
have been found to promote cleavage of at least six bonds in THF and strikingly, the

161 In an astounding

ring fragments are captured in distinct crystalline complexes.
illustration of “cleave and capture” chemistry the cleaved butyl chain was converted

into a 1,4-dimetallated butadiene and entrapped in the signature manner of products of
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the AMMM (Figure 6.5). Drawing parallels to the isolation of the lithium-magnesium
TMP oxo-inverse crown in the [Mg{CH(SiMe;),},] system of this project, the oxygen
atom of the decomposed THF was captured as an oxide fragment in an isostructural
inverse crown [NasM,(TMP),O] (where M is magnesium or manganese). These
intriguing findings allude to a similar turn of events when the solvating ether molecule
is liberated as [Mg{CH(SiMes),},] is incorporated in the bimetallic motif. As a
consequence could the resulting lithium-magnesiate promote cleavage of diethyl ether
and capture of the oxide fragment in an inverse crown structure? For this reason, ether
solvents were excluded and an alternative strategy was devised to investigate the

proficiency of the bulky bi-silyl ligand in synergic systems.

Figure 6.5: Molecular structures of the di-magnesiated butadiene (L.H.S) and oxo
inverse crown ether (R.H.S) produced on bimetallic induced fragmentation of

THEF.

6.2) A Potential New Precursor to Heterobimetallic Complexes

In order to circumvent the perceived cleavage of the solvating ether solvent, a simple
donor exchange was performed. The solid material of [Mg{CH(SiMes),},(OEt;)] was
dissolved in hexane, giving a colourless solution and in light of its potential

incorporation in any future bimetallic base, an equimolar quantity of the stronger donor
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solvent TMEDA was introduced. Following a gentle heat to give a homogeneous
solution, the mixture was stored in a freezer operating at -28 °C depositing colourless
crystals in a yield of 56%. An X-ray crystallographic study revealed donor exchange
had taken place as the product was the TMEDA-solvated complex

[Mg{CH(SiMes),}»(TMEDA)] (21).

The molecular structure of complex 21 is illustrated in Figure 6.6. The didentate
TMEDA donor ligand results in Mg adopting a distorted tetrahedral (C,N,) geometry
(mean angle around Mg is 108.9°) in comparison to the trigonal planar arrangement
exhibited in the monodentate ether solvated complex [Mg{CH(SiMe;),},(OEt;)] and
this results in a reduced C(1)-Mg(1)-C(10) bond angle in 21 of 111.86° [compared to
148.45(10)° in the diethyl ether solvated congener]. Turning to the bond distances, the
greater steric demands involved at the four-coordinate Mg centre in 21 result in slightly
elongated Mg-Cgp; bond distances of 2.2165(18) and 2.2071(17) A for Mg(1)-C(1) and
Mg(1)-C(10), respectively, in comparison to 2.141(2) A in the two-fold symmetry

molecule [Mg{CH(SiMes), },(OEt,)].

Successful isolation of TMEDA complex 21 and the lack of ethereal solvents
encouraged us sufficiently enough to revisit our previous attempt to prepare a new
lithium TMP-magnesiate reagent. On addition, of 21 via a solid addition tube to a
solution of LiTMP containing an additional equivalent of TMP(H), a white precipitate
instantly appears. Following isolation of this precipitate and removal of some solvent,
the Schlenk tube was stored in a refrigerator (at 5 °C) producing a small crop of
crystals. X-ray crystallographic analysis of these revealed the formation of
[{(TMEDA),Li} " {Mg(CH(SiMe:3),)3} ] (22), a new lithium magnesiate but with the

absence of TMP not the kind we had ideally hoped to prepare.
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Figure 6.6: Molecular structure of 21 with selective atom labelling. Hydrogen atoms
are omitted for clarity. Selected bond distances (A) and angles (deg): Mg(1)-C(1)
2.2165(18), Mg(1)-C(10) 2.2071(17), Mg(1)-N(1) 2.3025(15), Mg(1)-N(2) 2.2874(16);
C(1)-Mg(1)-C(10) 111.86(7), C(1)-Mg(1)-N(2) 117.63(6), C(10)-Mg(1)-N(2)
112.23(6), C(1)-Mg(1)-N(1) 112.98(6), C(10)-Mg(1)-N(1) 118.98(6), N(1)-Mg(1)-N(2)
79.91(6).

The structure of 22, depicted in Figure 6.7, can be described as a solvent-separated ion-
pair. The cationic moiety comprises of a distorted tetrahedral (N4) lithium centre (mean
angle of 110.03°) coordinated by two TMEDA molecules, whereas the anionic moiety
consists of magnesium bonded to three of the bi-silyl ligands. The Mg-C bond distances
are the same within experimental error to each other [Mg(1)-C(10) 2.183(2); Mg(1)-
C(20) 2.186(2); Mg(1)-C(30) 2.183(2) A, respectively] and are within the range found
in Power’s previously reported contact ion-pair [{Li(THF)0.6(EtzO)0,4}+{Mg(2,4,6-
iPrC¢H,);} ] where the three distances of the corresponding bonds are 2.147(4),
2.206(4) and 2.249(4) A" In both complexes, reflecting the high sterics of the ligands,
the Mg atoms adopt a distorted trigonal planar geometry, however, in 22 the angles at
Mg do not deviate too far from the idealised trigonal values [C(10)-Mg(1)-C(20)

117.56(9); C(10)-Mg(1)-C(30) 120.63; C(20)-Mg(1)-C(30) 119.86(8)°, respectively],
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while the Mg atom sits 0.1772(6) A out of the C-C-C plane and in contrast to the parent
unsolvated magnesium alkyl [Mg{CH(SiMes),},], there are no intermolecular

Mg---CH3Si agostic type interactions in 22.

" C20) N\
e ’(a)—’“/
¢

Mg(1)
/"/ '1
e ©&— ®

e °*

Figure 6.7: Solvent-separated ion-pair structure of 22 (cation L.H.S; anion R.H.S) with
selective atom labelling. Hydrogen atoms and disordered component of TMEDA are
omitted for clarity. Selected bond distances (A) and angles (deg): Li(1)-N(1) 2.116(4),
Li(1)-N(2) 2.104(4), Li(1)-N(3) 2.266(7), Li(1)-N(4) 2.079(8), Mg(1)-C(10) 2.183(2),
Mg(1)-C(20) 2.186(2), Mg(1)-C(30) 2.183(2); N(1)-Li(1)-N(2) 87.58(16), N(1)-Li(1)-
N(@3) 119.5(2), N(1)-Li(1)-N(4) 128.2(2), N(2)-Li(1)-N(3) 116.6(2), N(2)-Li(1)-N(4)
121.0(4), N(3)-Li(1)-N(4) 87.3(3), C(10)-Mg(1)-C(20) 117.56(9), C(10)-Mg(1)-C(30)
120.63(8), C(20)-Mg(1)-C(30) 119.86(8).

Table 6.1 compares the 'H and C NMR chemical shifts for [Mg{CH(SiMes),}2(OEt,)]
and 21 in dg¢-benzene solution. The major difference between the two species is found in
the *C NMR spectra and the resonance denoting the CH of the bi-silyl ligand. In the
ether solvated complex the CH comes into resonance at 3.25 ppm, while as a
consequence of the inductive effect, the presence of two donor atoms in 21 results in a

higher electron density at the carbon causing resonance to occur at a relatively low
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frequency (-0.12 ppm). Compound 22 possesses low solubility in dg-benzene solution,
thus its 'H and >C NMR spectra had to be recorded in the more polar solvent ds-THF.
The solution structure of 22 in this solvent is different from that in the solid-state, as
evidenced by the presence of free TMEDA in these spectra (Table 6.2). This indicates
that in the presence of a strong donor solvent, such as THF, in a large excess the
TMEDA ligands are replaced presumably furnishing
[{Li(THF),} {Mg(CH(SiMe3),);} ]. Under these ambient temperature conditions the
three CH(SiMes), ligands are equivalent giving rise to two singlets at -1.70 and 0.01
ppm; while in the absence of donor molecules bonding to the Mg, the bi-silyl ligand
resonances appear more deshielded at 4.24 and 6.47 ppm in comparison to 21 and the
related ether solvate, albeit the spectra are measured in different solvents. Searching the
literature for magnesium complexes of either the mono- or bi-silyl ligands, there are
very few NMR studies available for comparison with no spectra recorded in ds-THF

solution.

Table 6.1: Comparison of "H NMR (400.13 MHz, 300 K) and *C NMR (100.62
MHz, 300 K) chemical shifts (6 in ppm) for [Mg{CH(SiMej3),},(OEt;)] and 21 in d¢-

benzene solution.

Compound 3(CH(SiMes),) O(CH(SiMes);) (D -CHa) o(D-CHs)
[Mg{CH(SiMe3),}2(OEL)] -1.54 0.29 3.31 0.75
3.6 5.5 65.2 13.9

21 -1.68 0.33 1.68 1.99

-0.1 6.9 47.9 57.0

*Where D is donor

206



Chapter 6: Structural Variations of Bis(bis(trimethylsilyl)methyl)magnesium

Table 6.2: "H NMR (400.13 MHz, 300 K) and “C NMR (100.62 MHz, 300 K)
chemical shifts (6 in ppm) for 22 in ds-THF solution.

S(CH(SiMes),)  O(CH(SiMes))  O(TMEDA-CH,) &(TMEDA-CHj)

H -1.70 0.01 2.30 2.15
Bc 42 6.5 46.0 58.8

While the synthesis of 22 did not yield the mono-alkyl bis(amido) complex
[(TMEDA)Li(u-TMP) {u-CH(SiMes), } Mg(TMP)] we desired, previous work within the
Mulvey group gives reason for optimism.!'® Investigating the synthesis of the related n-
butyl sodium magnesiate the optimum yield was achieved using only one molar
equivalent of TMP(H) meaning a maximum possible yield of 50%. NMR spectroscopic
analysis of the oil left behind following isolation of the heteroleptic complex and
removal of solvent indicates n-butyl and coordinated TMEDA resonances, thus the co-
product was suspected to be the tris-alkyl [NaMg(Bu);(TMEDA)] (Scheme 6.3).
Unfortunately, due to time constraints further examination of the bi-silyl system has not
been possible, however, with this precedent set further work should involve examining
the reaction filtrates for heteroleptic magnesiate complexes in the AMMM template and

the subsequent effect of stoichiometry on the potential products.

- BuH
2 BuNa + 2 Bu,Mg + 2 TMP(H) + 2 TMEDA — [(TMEDA)Na(TMP)(Bu)Mg(TMP)] +

NaMgBus(TMEDA)

Scheme 6.3: Optimised synthesis of a mixed alkyl-amido synergic reagent,

concomitantly producing the sodium tributylmagnesiate co-product.

However, complex 22 on its own is worthy of further examination. Previously, in

Section 2.4, Mongin’s employment of a sub-stoichiometric amount of BusMgLi for the

]

metallation of functionalised thiophenes!'” was discussed and the methodology was
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extended to fluoro-aromatics with the subsequent lithium aryl-magnesiates successfully
trapped with electrophiles or involved in Pd-catalysed cross coupling reactions in one-

(20 Fyrthermore, Mase and Houpis at Banyu Pharmaceuticals have

pot procedures.
demonstrated the vast potential of lithium tri-alkyl magnesiates in synthesis.*"! In their
preparation of a novel M; antagonist being investigated for the treatment of chronic
obstructive pulmonary diseases and urinary incontinence, a key step in the procedure is
the formylation of 2,6-dibromopyridine. Lithium-bromide exchange of the pyridine can
be effected with a molar equivalent of #BuLi in THF at -78 °C to give a mono-lithiated
compound that when intercepted by DMF affords the product in excellent yield.
However, cryogenic temperatures and more significantly when it came to scale up, pin-
point accuracy of the nBuLi charge were essential to achieve the desired outcome. For
example, exposure of the mono-lithiated intermediate to excess nBuLi affords the di-
lithiated derivative; while a deficiency in nBuLi results in the lithio-intermediate
targeting another molecule of the pyridine starting material (Scheme 6.4). Desiring a
more stable intermediate, the magnesium-bromine exchange reaction was investigated
and it was found that the metal-halogen exchange of 2,6-dibromopyridine cleanly
proceeded at -10 °C in toluene with 0.35 equivalents of LiMgBus. In addition to the
ambient temperature, the exchange reaction is not sensitive to the reagent charge,
proceeding well with various amounts of #BuMgCl and nBuLi illustrating a robust,
scaleable procedure for the selective functionalisation of 2,6-dibromopyridine. Mase
examined the applicability of the process and found LiMgBuj; to be an efficient reagent
for selective mono-formylation of dibromoarenes and dibromoheteroarenes via

. . 22 .
magnesium-bromine exchange[ I"and consequently, ensures with respect to our own

work that future studies on the reactivity and applications of 22 should be carried out.
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Br

4849
X SN LiMgBu5 Br N Br nBuLi,-78 °C, Br N Li CoL N Li OHC N CHO
Br N Mg U THE U xs nBuLi | N DMF U
R — - . - . _—
. = = — =
= N U Toluene,-10°C
N
Br
\ DMF \ Deficiency in nBuLi
Br- N\ CHO Br N\ Br Br N\ H DMF Br. N\ Br
\ | * | — |l
= = = =

Scheme 6.4: Possible reaction pathways for 2,6-dibromopyridine upon treatment

with nBulLi or the ate complex LiMgBus;.

6.3) Experimental section

Synthesis of [Mg{CH(SiMes),},(OEt,)]

A solution of (Me3Si),CHCI (11 mL, 50 mmol) in diethyl ether (20 mL) was added
dropwise to a stirred suspension of excess magnesium turnings (2.5 g, 102 mmol) in
diethyl ether (100 mL). The reaction mixture was refluxed for 2 hours and then filtered.
Volatiles were removed from the filtrate in vacuo to yield a crude solid which was then
washed with diethyl ether (10 mL). Following removal of the solvent, the crude solid
was sublimed at 140 °C in an oil bath. The collected white product was dried under
vacuum for 2 hours and isolated in the dry box where it was stored for future reactions
(typical yield: 8.57 g, 82 %). '"H NMR (400.13 MHz, 300 K, ds-benzene): & 3.31 [br,
4H, CH, (Ethyl)], 0.75 [br, 6H, CH; (Ethyl)], 0.29 [s, 36H, CH; (SiMes)], -1.54 (s, 2H,
CH). “C {'"H} NMR (100.62 MHz, 300 K, ds-benzene): & 65.2 [CH, (Ethyl)], 13.9

[CH; (Ethyl)], 5.5 [CH; (SiMe3)], 3.3 (CH).
Synthesis of [Mg{CH(SiMe3),},(TMEDA)] 21

[Mg{CH(SiMe;),}2(OEt,)] (0.34 g, 1 mmol) was dissolved in hexane (10 mL) and an
equimolar quantity of TMEDA was added (0.15 mL, 1 mmol). The mixture was stirred

for 2 hours and the cloudy white suspension was gently heated to obtain a transparent,
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colourless solution. When cool, the Schlenk tube solution was transferred to the freezer
(at -28 °C) where a white crystalline material was deposited overnight (0.26 g, 56%).
'H NMR (400.13 MHz, 300 K, dg-benzene): & 1.99 [s, 12H, NCH; (TMEDA)], 1.68 [s,
4H, NCH, (TMEDA)], 0.33 [s, 36H, CH; (SiMes)], -1.68 (s, 2H, CH). °C {'H} NMR
(100.62 MHz, 300 K, ds-benzene): 6 57.0 [NCH, (TMEDA)], 47.9 [NCH3 (TMEDA)],

6.9 [CH; (SiMe3)], -0.1 (CH).

Crystal data for 21: Cy0Hs4N,MgSiy, M = 459.32, monoclinic, P21/n, a = 11.3379(18)
A, b=16.0499(14) A, ¢ = 16.8076(14) A, = 102.253(12)°, V" =2988.8(6) A*, Z = 4;
15140 reflections collected, 7568 were unique, Riy; = 0.0512, R = 0.0466, R, = 0.1276,
GOF = 1.073, 268 refined parameters, max. and min. residual electron density = 0.559

and -0.351 e-A™.
Synthesis of [{((TMEDA),Li} {Mg(CH(SiMes);)s} | 22

Hexane (10 mL) was added to a Schlenk tube and TMP(H) (0.17 mL, 1 mmol) was then
introduced. nBuLi (0.63 mL of a 1.6 M solution in hexane, | mmol) was subsequently
added dropwise and the pale yellow solution was allowed to stir for 1 hour.
[Mg{CH(SiMe;),}>(TMEDA)] (0.46 g, 1 mmol) was then added via a solid addition
tube and instantly the mixture turns cloudy, depositing a white precipitate. The solid
was isolated by filtration and identified by NMR spectroscopy to be 22 [0.24 g, 37%
(maximum possible yield 50% with respect to ratio of starting materials)]. The filtrate
was concentrated by the removal of solvent in vacuo and stored in a refrigerator (at 5
°C). A very small amount of colourless crystals were deposited 72 hours later. "H NMR
(400.13 MHz, 300 K, ds-THF): 6 2.30 [s, 8H, NCH, (TMEDA)], 2.15 [s, 24H, NCHj;

(TMEDA)], 0.01 [s, 54H, CH; (SiMes)], -1.70 (s, 3H, CH). *C {'"H} NMR (100.62
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MHz, 300 K, ds-THF): & 58.8 [NCH, (TMEDA)], 46.0 [NCH; (TMEDA)], 6.5 [CH;

(SiMes)], 4.2 (CH).

Crystal data for 22: C33HgoN4LiMgSis, M = 741.87, triclinic, P-1, a = 12.6044(15) A, b
=13.7396(14) A, c = 15.8696(14) A, a = 105.095(8)°, = 104.161(9)°, y = 96.986(8)°,
V'=2521.9(5) A3, Z =2; 36310 reflections collected, 12151 were unique, Ri, = 0.0579,
R =0.0501, Ry, = 0.1281, GOF = 0.946, 433 refined parameters, max. and min. residual

electron density = 0.736 and -0.436 ¢-A™.
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7.1) Schlenk Techniques

Given the air and moisture sensitivity of the organometallic reactants and products in
this project, the use of a high-vacuum Schlenk line (Figure 7.1) and standard Schlenk
techniques was common practice. All reactions were carried out under a protective

blanket of argon on a standard vacuum/argon double manifold.

I

Figure 7.1: A typical Schlenk line in use.

A Schlenk line has two independent paths. The first is connected to a vacuum pump and
the other provides dry, oxygen-free argon gas. Schlenk tubes are attached to the vacuum
line via one of the five connections on the line, each of which has a two-way tap (coated
with high vacuum grease), which can be adjusted to provide either vacuum or an argon
supply. To evacuate air from the tubes we make use of the vacuum line and then reverse
the tap to refill the tube with argon. It is standard practice to carry out this process three
times to ensure the best possible inert atmosphere in the Schlenk tube before any
reactions can be carried out. A solvent trap, which is placed in a Dewar flask of liquid

nitrogen, is also present to ensure no volatile substances reach and therefore damage the
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vacuum pump. To protect the argon line we also make use of an oil-filled release

Dreschel flask which prevents the build up of pressure in the apparatus.

7.2) Use of a Dry Box with a Gas Recirculation and Purification System

An argon filled dry box fitted with Neoprene gloves was used to prevent decomposition
during the manipulation of all solids, for example, in the determination of reactant
weights or product yields and in the preparation of samples for NMR spectroscopic

analysis. A typical glove box is shown Figure 7.2.

Figure 7.2: A typical research glove box.

The transfer of chemicals and required apparatus is carried out via the port on the right
hand side of the box. Once such items are safely locked in the port, it is evacuated and
refilled in the fashion described for the Schlenk line. The evacuation process was
carried out twice, to minimise the possibility of water and oxygen leaking into the main
body of the box on opening of the inner port door. Any moisture and oxygen entering

the main body of the dry box is closely monitored by built in meters with the level
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detected displayed on the control panel. Solid products that have been isolated can be
taken into the box under vacuum. Providing all joints are well greased, the vacuum
within the vessel will be maintained until it is inside the box where it can be opened to
an argon atmosphere. Similarly, new reactants can be removed from the dry box by
placing dry, clean and greased glassware into the port with the taps open and repeating

the evacuation/argon flush procedure.

7.3) Solvent and Liquid Purification

The solvents and majority of reagents employed during this project were purchased
from the Aldrich Chemical Company including #nBuLi (1.6 M solution in hexane),
fBuLi (1.7 M solution in pentane), ZnCl, (1 M solution in diethyl ether), Me,Zn (1 M
solution in heptanes) and nBuMgCl (2 M solution in THF). fBuONa and TMEDA were

both purchased from Lancaster Chemicals and TMP(H) from Acros Organics.

All solvents were degassed and dried before use to minimise the oxygen and water
content of the solvents. All solvents used in this investigation were distilled over

1 Sodium reacts with

nitrogen in the presence of sodium and benzophenone.
benzophenone to produce a ketyl radical, which can be detected due to its intense blue
colour. As it is highly reactive with both oxygen and water, the radical yields colourless
or yellow products in their presence, thus, this provides a simple way of determining
when the solvent is dry and oxygen free, that is when the solution remains blue. The
dried solvent was then collected in an inert atmosphere in a round-bottomed flask which
had been dried at 120 °C for several hours. An airtight Subaseal® was then used to seal
the flask as this allows removal of solvent whilst preventing entry of oxygen. To

remove solvent, a glass syringe and needle which were previously flushed three times

with argon is used. The needle was pierced through the Subaseal® and a volume of
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argon was injected into the flask to prevent a negative pressure on the removal of

solvent thus preventing any contamination of the solvent.

NMR solvents were commonly de-gassed using the freeze-pump-thaw method,”” which
involves freezing the solvent under argon using a Dewar flask of liquid nitrogen. When
the solvent is frozen, a small vacuum is applied to remove the volatile gases that have
been dissolved and the solvent is left to fully thaw under argon. In total, the freeze/thaw

cycle is repeated three times.

Some NMR solvents and reagents such as TMP(H) were dried using freshly oven-dried

4A molecular sieves.

Several of the reactants in this report, particularly amines, are highly hygroscopic.
Before their use, moisture contamination had to be removed from such liquids to
prevent subsequent hydrolysis reactions in the organometallic solutions. This was done
by distillation. A solid drying agent, typically calcium hydride, was added to the liquids
before distillation for several hours. The dried liquid was then collected into an argon
filled flask, which contained oven-dried 4A molecular sieves as an extra precaution for

longevity purposes and was quickly sealed with a Subaseal®.
7.4) Standardisation of Reagents

Alkyllithium solutions decompose on reaction with air and moisture, decreasing the
molarity of the bulk solution. Therefore, it is important that these reagents are
standardised to establish the actual molarity and to ensure the correct stoichiometry is
being applied when it comes to your reactions. Titration of the alkyllithium with
salicylaldehyde phenylhydrazone in dry THF is a convenient method for achieving this.

The end point is denoted by the yellow solution turning red.™
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Salicylaldehyde phenylhydrazone is prepared by direct reaction of phenylhydrazine and
salicylaldehyde in ethanol for 30 minutes at -15 °C and is stored in a dessicator as a
powdery yellow solid. To standardise your alkyllithium reagent, salicylaldehyde
phenylhydrazone (approximately 0.6 g) is weighed accurately into a Schlenk tube (X g)
and dried under vacuum. This is then dissolved in dry THF (10 mL) and the solution is
titrated against /BuLi or nBuLi until the yellow colour is replaced by a permanent red
depicting the end-point (Y mL). The molarity of the alkyllithium solution can then be

derived by the calculation outlined in Scheme 7.1.

H H oL®

\N/N\Ph 1 equiv. RLi \N/N\Ph Excess RLi \N’N\Ph
©f\ - *RH —— +RH
OH 0° Li® o° Li®

The molarity of the solution can then be calculated:
Moles of salicylaldehyde phenylhydrazone (Z) = (X) / 212.25

1 mole of indicator reacts with 1 mole of alkylithium:
Molarity of solution (mol Iy = (2)/(Y) x 1000

Scheme 7.1: Standardisation procedure for alkyllithium reagents and the

calculation to determine their molarity.

7.5) Preparation of Common Starting Materials

The metal alkyls nBuNa and /Bu,Zn were used frequently throughout this project. Their

preparations which were repeated numerous times will be detailed in this section.

Synthesis of nBuNa'!

tBuONa (1.92 g, 20 mmol) was suspended in dry hexane (50 mL). Then at 0 °C, nBuLi
(12.5 mL of 1.6 M hexane solution, 20 mmol) was added dropwise and the contents of

the Schlenk tube were allowed to stir overnight, resulting in precipitation of a white
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pyrophoric solid. The solid was collected by filtration and washed three times with 20

mL of dry hexane (Typical yield: 1.2 g, 75%).
Synthesis of tBuzZn[5 ]

A mixture of dry diethyl ether (10 mL) and ZnCl, (20 mL of 1 M diethyl ether solution,
20 mmol), was treated with /BuLi (24 mL of 1.7 M pentane solution, 40 mmol) at 0 °C.
The Schlenk tube was then surrounded in a black plastic bag to block out light, and its
contents were stirred for 3 hours. The deposited LiCl was then removed by Schlenk
filtration through Celite and glass wool. The resulting, clear solution was then
transferred to the sublimation apparatus via cannula and the solvent was removed under
vacuum. When all solvent had been removed, the cold finger was filled with an
isopropanol/liquid nitrogen mixture. The Bu,Zn was then allowed to sublime on the
finger for approximately one hour. The coolant was then removed and the sublimation
apparatus was transferred to the glove box, where the rBu,Zn was collected from the
cold finger (a white crystalline solid in consistent yields of around 70%) and weighed

into a Schlenk tube.
7.6) Analytical Procedures

"H NMR spectroscopic experiments were performed on a Bruker DPX400 spectrometer
with an operating frequency of 400.13 MHz. The '*C NMR spectra were recorded on
the same instrument at an operating frequency of 100.62 MHz. All chemical shifts are

quoted relative to TMS standard at 0.00 ppm.

The NMR abbreviations are as follows: s (singlet); d (doublet); t (triplet); q (quartet); m

(multiplet) and br (broad peak). For brevity and simplicity, aromatic resonances have
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been classed as d or t, when strictly they may be dd or td. The coupling constants for

such peaks have been omitted due to overlap rendering precise calculation difficult.

IR spectra were recorded on a Perkin-Elmer Spectrum 100 FT-IR spectrometer and
elemental analyses were carried out on a Perkin-Elmer 2400 elemental analyser. Due to
the extreme air and moisture sensitivity of the compounds prepared during this project
and their difficulty in burning properly (for example, formation of metal

nitrides/carbides), ideal analyses were often not obtained.

Melting/decomposition points were measured on a Biichi melting point B-545 apparatus
and GC-MS analysis was performed on an Agilent 7890A apparatus, GC with 5975C

triple axes detector, run under CI mode (methane).

The X-ray structural data was collected at 123(2) K on an Oxford Diffraction Gemini S
Diffractometer with Mo-Ka radiation (A = 0.711073 A).' Structures were solved using
SHELXS-97, while refinements were carried out on F° against all independent

reflections by the full-matrix least-squares method using SHELX-97 program.!”

Crystallographic data can be found on the disk inserted at the back of this thesis.
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8.1) Conclusions

This investigation set out to explore and ideally extend the remarkable synergic
chemistry that can be generated when pairing a high polarity group 1 metal (Li, Na, K)
amide with a subordinate low polarity metal reagent (commonly Mg or Zn alkyls).
Focusing on zinc-hydrogen exchange processes, reactions of the sodium TMP-zincate
[(TMEDA)Na(u-TMP)(u-tBu)Zn(/Bu)] (1) towards a series of organic substrates were
investigated. Through structurally mapping these reactions (by isolation of “reactive
intermediates™) and subsequent electrophilic quenches, these studies have made
important contributions in establishing this reagent as an excellent chemo- and
regioselective metallating agent, while offering complementary insight into the
selectivity and mechanism of the bimetallic base underlining how the cooperative
action of the bi-metal partnership promotes special reactions beyond the scope of

traditional homometallic reagents.

A new concept within Directed-ortho-Metallation (DoM) chemistry has been developed
during the course of this PhD. Conventionally, zinc reagents fail in DoM chemistry as a
consequence of their weak basicity. However, upon treatment with the synergic
sodium-zinc base 1, three electron-rich aromatic substrates, N, N-diethyl benzamide, N,
N-diethyl-3-methoxybenzamide and N, N-diethyl phenyl O-carbamate were cleanly
zincated ortho to the directing substituent under ambient temperatures with no
suggestion of complications in the form of the side reactions noted for the analogous
organolithium-mediated deprotonations that necessitate the utilisation of expensive and
energy-inefficient, subambient temperatures. Whilst, breaking with convention, reaction

with benzyl methyl ether surprisingly produced an ortho-zincated intermediate instead
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of the expected “thermodynamic” a-metallated product and this true synergic reaction
that to the best of our knowledge cannot be replicated by any monometallic reagent
potentially opens the door to the classic DoM reaction for a whole new class of

previously discarded alkyl ether aromatic substrates.

Coupled to its supreme deprotonative ability, the synergic zincate base also exhibits a
unique ability to deliver unexpected and exquisite structures more within the remit of a
supramolecular chemist. Through metallation of N, N-diethyl thiophene-2-carboxamide
in hydrocarbon solution, a novel tetrameric architecture was revealed. Sodium zincate 1
was found to display ambibasic behaviour with both the bridging TMP and /Bu ligands
extracting two protons from each substituted thiophene molecule to fashion an “anti-
crown” metallacycle consisting of four-deprotonated thiophene subunits linked by the
carbanionic carbon atoms to four zinc atoms in a cyclic tetramer. The core metallacycle
which displays an overall bowl appearance is a very rare example of a 16-MC-4 zinc
metallacrown and to the best of our knowledge represents the first example of a
complex of this size where all the organic constituents are carbon atoms for any metal.
This reaction also provides a nice, illustrative example of solvent effects and their
influence on structure and reactivity for when the reaction is performed in bulk, polar
THF solution the solvent-separated ion-pair nature of the bimetallic base prevents any
communication between the two metals and only mono-deprotonation of the thiophene

derivative transpires.

Additionally, synergic base 1 and a magnesium derivative [(TMEDA)Na(u-TMP)(p-
nBu)Mg(TMP)] unpredictably provided access to a series of zwitterionic benzannulated
zinc or magnesium metallacycles through reaction with chlorobenzene via a cascade
sequence of four separate reactions. Sodium mediates the direct ortho-zincation or

magnesiation of chlorobenzene and following ““ate” elimination, delivers the TMEDA
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ligand to nucleophilically attack the benzyne, thereby generating novel open and cyclic
zwitterions. Although, not incorporated in the final isolated products the alkali-metal
must be present in the mixture, and thus again it is the cooperativity between the
different components that appears to be behind the construction of these novel
metallacycles and hence these reactions are interpreted as further but uniquely different

examples of synergic synthesis.

The distinct, special chemistry of these bimetallic reagents was driven home by a
simple case study. Thus the AMMZn of N, N-dimethylaniline was shown to afford a
mixture of ortho-, meta- and para-regioisomers in solution, however, the predominant
meta-substituted derivative — a regioselectivity normally closed to synthetic aromatic
chemistry — could be isolated in reasonable yields in a clean, pure crystalline form. The
synergic facet of the AMMZn was illustrated by some control reactions with N, N-
dimethylaniline where the two monometallic reagents were added sequentially.
Conventional sodiation of the N, N-dialkylaniline substrate promotes ortho-
deprotonation in keeping with the well established principles of DoM chemistry; and
this regioselectivity is retained following subsequent co-complexation with the dialkyl
zinc reagent and the introduction of the final component of bimetallic base 1, TMP(H).
Upon utilising this indirect, sequential approach the elusive meta-zincated product is
only generated in trivial quantities under harsh reflux conditions and its formation can
be traced to a retro-reaction that produces sodium TMP-zincate 1 in solution. The secret
to unlocking special synergic reactivity may therefore be found in coupling both metals
in the same, well-defined bimetallic reagent for only when that synergic TMP bridge is
present to facilitate the metal---metal’ cooperativity does the wunique meta-

regioselectivity materialise.
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Accompanying, these many examples of its Brensted basicity, when the synergic
reagent was employed with the stable nitroxyl radical TEMPO, a single electron
transfer (SET) reaction produced a new heterotrianionic zincate containing an anionic
TEMPO bridge. This result ascertains that 1 can also act as a SET agent, supporting the
hypothesis that SET could be at play in the extended Mulvey groups previously
reported 1,6-addition reactions with benzophenone, fluorenone and 2-benzoylpyridine.
In an extension of this reaction, TEMPO was also treated with dialkyl zinc reagents and
a group | metal in elemental form resulting in a single electron reduction of this
important radical to the TEMPO ™ anion. Preparation of the Na"TEMPO ™ salt and its
crystallisation from hexane/TMEDA produced a four-runged ladder structure which
represents one of the first examples of elemental-metal reduction of the TEMPO

radical.

The final topic of this investigation looked at the extension of AMMM to bulkier, more
experimentally challenging ligands, namely the bi-silyl group in the form of
[Mg{CH(SiMes),}c,]. Although, this study is yet to harvest the finely tuned reagent we
desire for synthetically useful, remote metallations further research may bring it to pass;
or alternatively, based on precedent in the literature the isolated lithium tri-alkyl

magnesiate product may itself prove be a valuable reagent upon further examination.

Evaluating the PhD investigation as a whole, it is evident that synergic chemistry not
only assembles interesting and exciting structures but that it represents a valuable
addition to the arsenal of any synthetic chemist. These compounds can perform
unprecedented zincations, on occasion offering new regioselectivities previously
thought to be unobtainable, on aromatic substrates that are generally inert towards

conventional zinc reagents at ambient temperatures and in the presence of sensitive
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functional groups, thus illustrating that the metallation reaction is no longer the domain

of a few, select high polarity metals.
8.2) Future Work

The underlying theme running throughout this PhD project has been the metallation
reaction. In this project a variety of elegant and diverse structures have been
successfully prepared and characterised as a precursor to, or as the outcome of, a
metallation reaction. Potential applications of a few of these complexes will be
discussed shortly but first of all the question must be asked, “where next for the

synergic bases and their accord with the metallation reaction?”

In order to find popular acceptance it is conceivable that two criteria hold the key.
Complementing the DoM of the benzamide and phenyl O-carbamate substrates was the
ortho-metallation of benzyl methyl ether, a completely new metallation regioselectivity
for this molecule using highly favourable reaction conditions. If sodium-mediated
zincation can be further utilised to achieve previously unobtainable metallation
regioselectivities, its stock may soar. To this end, the reaction of sodium TMP-zincate 1
should be pursued with a range of primary and secondary alkyl ethers which have thus
far shown little or no promise in the DoM reaction and additionally the nitrogen
equivalent, N, N-dimethylbenzylamine should be screened for even though
dimethylaminomethyl groups reliably direct ortho-lithiation with nBuLi,!" following
the unique meta-deprotonation of N, N-dimethylaniline by 1 a more remote metallation
cannot be ruled out. Finally, sulfides are weak DMGs with the lithiation of thioanisole
presenting a mixture of a- and ortho-lithiated compounds.™” It is found that around one
third of the kinetic mixture is the ortho-lithiated compound before slow isomerisation to

the a-lithiated sulfide follows (Scheme 8.1). Reactions of this type with zincate 1 may
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also be worth considering, for ortho-deprotonation and consequential manifestation of
the ortho-metallated sulfide in the bimetallic contact ion-pair motif typical of AMMZn
products may prevent the ensuing equilibration and provide a smooth route to ortho-

substituted thioanisole molecules.

Li

©/S\ nBuLi S\ ©/S\/Li

37 63 initial ratio

4 96 equilibrated ratio

Scheme 8.1: Lithiation of thioanisole with nBuLi leading to a mixture of a- and

ortho-lithiated products.

The biggest challenge, however, is transforming these stoichiometric metallations into
catalytic processes or at least beginning to introduce a degree of atom economy.
Although  unintended,  the synthesis of the tri-alkyl = magnesiate
[{(TMEDA),Li} " {Mg(CH(SiMe3));} ] (22) may allow that following the work of
Mongin™® and Mase!¥ with LiMgBu; in metal-hydrogen (M-H) and metal-halogen (M-
X) exchange reactions, respectively, and therefore 22 should be the subject of a few
preliminary M-H and M-X exchange reactions. However, perhaps the salient detail here
draws upon the classical relationship between structure and reactivity. For should these
tri-alkyl magnesiates retain solvent separated ion-pair structures in solution it becomes
far more likely that each of the active/basic alkyl arms are equivalent; within
heteroleptic sodium TMP-zincate 1 and its contact ion-pair motif this is not the case.
DFT calculations modelling the reaction of 1 and a number of individual organic
substrates indicate that there is very little chance of the terminal /Bu group ever
engaging in a deprotonation and this has been borne out by the structural experimental

studies where it is consistently found to retain its terminal position attached strongly to
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zinc. So the question to address is, “is the key to obtaining atom efficient
deprotonations to be found in changing the structure of 1?”” Well as discussed earlier,
the di-metallation of benzene provides an interesting case, for di-deprotonation of the
arene was found only to be possible when TMEDA was initially excluded from the
reaction mixture and introduced at a later stage, as it was found to exert a deactivating
effect on the ability of 1 to di-deprotonate benzene to any significant extent.!!
Although, this is likely to produce a polymeric base unit, some of the active arms may
not be at such a positional disadvantage thus out of curiosity a few reactions of this

mixture — minus the TMEDA — should be performed with some of the substrates

utilised in this PhD programme and the results compared.

In the context of the tetrameric di-zincated thiophene complex 6 (Figure 8.1) introduced
in Section 2.4, the quenching conditions require further consideration. The metallated
intermediates themselves can be considered bases and deprotonation of the THF solvent
introduced with the iodine is believed to be responsible for the modest yield of the di-
iodinated thiophene noted. On that basis, further experiments should be performed with
different electrophiles that do not depend upon prior dissolution in THF. Simple and of
potential value may be D,O with the availability of D NMR spectroscopy providing an
additional tool to establish the yield and efficiency of the di-metallation but overall,

particularly attractive and stimulating is the complexity of the structure.

Since Pecoraro and Lah reported the first metallacrown structure in 1989, the number
of metallacrowns has soared with over 600 reports of metallacrown research detailing
rings ranging from 8-MC-4 to 60-MC-20.1") Metallacrowns have been used for a variety
of functions, notably as single-molecule magnets;™ while some metallacrowns exhibit
antibacterial activity.!”) Following the synthesis of crown ethers and the discovery of

their complexing properties towards alkali-metal cations,!'” host-guest chemistry has
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advanced rapidly taking in areas such as supramolecular chemistry and materials
science. Intermolecular interactions between host and guest molecules play a central
role not only in self-assembling supramolecular arrays but also in biological chemistry
with metallacrown container molecules composed from the 15-MC-5 structure type
selectively encapsulating carboxylate anions in hydrophobic cavities.!'!! Encouragement
for taking 6 in this direction is provided by the work of Hawthorne who showed a class
of macrocyclic mercuracarborands are excellent Lewis acid hosts that efficiently bind
anions and nucleophilic species.!'” Particularly promising is the 12-MC-4 complex that
binds a chloride anion (Figure 8.1) possesses a smaller cavity than found in 6 and like 6,
the metallacyclic core does not contain any heteroatoms [it is made up exclusively of
four Hg-C-C repeating units]. Therefore, in addition to functionalising the thiophene
rings via electrophilic quenching, applications of 6 to supramolecular chemistry and
molecular recognition could prove exciting and well worth conducting examining

different guest molecules.

o @
f 4 Q2
* \ /
. //_,,). ‘ ‘/
= ! =

Figure 8.1: Anionic moiety of a host-guest complex comprising of carborane-
supported mercury metallacycles (L.H.S) and the core of 6 (R.H.S) with selective

atom labelling.

The synthesis of the benzannulated zwitterionic complexes 12, 14 and 15 (Figure 8.2)

could be the area that is particularly pregnant with future potential. At the end of
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Chapter 4, it was briefly discussed that subsequent studies geared towards creating a
small library of these complexes could be undertaken, introducing appendage and
scaffold diversity, starting from a number of halo-aromatics or alternatively, moving
away from our traditional chelating donors and investigating DMF and other carbonyl
compounds currently finding utility in multicomponent reactions.!") Imaginable side
reactions with such molecules and your bimetallic bases may be sidestepped by in situ
generation of benzyne via ortho-metallation with an alkyllithium reagent or the carbon-
4]

silicon cleavage route that has become the mainstay technique for aryne generation,'

followed by addition of your metal reagent (i.e., tBu,Zn) and the neutral nucleophile.

s i
4 i
/ A

Figure 8.2: Molecular structures of 12, 14 and 15 with selective atom labelling.

However, exploration of the reaction chemistry of the isolated metallacyclic complexes
may bear greater reward. Focusing primarily on the Mg zwitterionic complex 15 for
now, the insertion of unsaturated organic molecules into the metal-N bond of amido
complexes is finding wide applicability in numerous catalytic processes.!'” Foremost
are the reactions of isocyanates and carbodiimides as they provide convenient routes for
the preparation of the highly significant ureas and the key pharmacophore

16]

guanidines,!"® respectively. In the context of group 2 chemistry, Hill and Barrett have

revealed that inexpensive and easily prepared P-diketiminate heavy alkaline earth
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amides are highly competent pre-catalysts for the catalytic hydroamination of both

isocyanatest'”! and carbodiimides (Scheme 8.2).['!

N._ _N N._ _N N _N
Ar” Tca’ Ar Lé, Ar” cal Ar Ar” Sca Ar

| | /N
N(SiMes), NHAr" RNYNR
Ar = 2,6-diisopropylphenyl >—< NHAr
1
NAr HoNAT!
R. R
N
H H

Scheme 8.2: Proposed catalytic cycle for the hydroamination of carbodiimides

using a calcium amide pre-catalyst.

While it may be worth briefly surveying 15 in terms of catalytic hydroamination, this
reaction is commonly the domain of the aforesaid heavier alkaline earth metals and the
lanthanides."” One area where magnesium is attracting increasing interest is hydrogen
storage, in the guise of magnesium hydride clusters. Strict limitations in respect of
weight and volume for mobile applications have seen solid and light-weight main group
hydrides become a topic of interest in hydrogen storage.”” Hill has reported that
treatment of the carbene adduct [Mg{N(SiMes),},(IPr)] [where IPr is 1,3-bis(2,6-
diisopropyl-phenyl)imidazol-2-ylidene] with two molar equivalents of PhSiHj; affords
the magnesium hydride cluster [MgsHe(IPr):{N(SiMes),}] (Scheme 8.3).12!
Significantly, in relation to our benzannulated species and its bulky backbone it was
found that the sterically encompassing carbene ligand was crucial to maintaining the
homogeneity of the solution and therefore the creation of the remarkably specific

hydride species.
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(Me;Si);N A NsiMey),
MRS \M / \M
A 9 wMg,, o
Ar \( Ar Non-coordinating solvent H/ H‘:\H “ny + 6 PhH,SIN(SiMe3),
4 (MesS) N‘Mg\N(S'M ) + 8 PhSiH; \ g \ s + 2 PhSiH,
€351)2! iVe3)2 o 5
e0e Mg Mg c2 [/
Ar\ \ / Ar N N
N H N Ar— NSV Ar
Ar = 2 6-diisopropylphenyl N la ..
NN N/
Ar Ar

Scheme 8.3: Synthesis of a hydride-rich magnesium cluster from PhSiH; and an

Mg(HMDS),-carbene adduct.

In 2011, Harder and co-workers reported the largest known magnesium hydride cluster
[(para);sMggH o] to date where para is the bridged bis(B-diketiminate) ligand 4-(2,6-
diisopropylphenylamino)pent-3-en-2-ylidene-benzene-1,4-diamine.”? Although, these
bulky ligands utilised for stabilisation of the complex render these systems impractical
for hydrogen storage, this cluster releases its H, completely at 200 °C providing an
excellent model for future systems. Later in the same year, Parkin discussed the
synthesis, structure and reactivity of a mononuclear organozinc hydride complex.”*! A
multidentate alkyl ligand derived from tris(2-pyridylthio)methane [(Tptm)H] grants
isolation of a rare, well-defined zinc complex featuring a terminal hydride which is
prepared from the HMDS derivative via the siloxide following treatment with a silanol
(Scheme 8.4). The structural similarity of these compounds to the zwitterions prepared
during the course of this PhD project and Hill’s aforementioned studies might signal a
potential application for these novel species. The reaction of both the Mg and Zn
metallacycles prepared should be pursued with PhSiH3 in search of new metal hydride
complexes, if necessary going through the alkoxide route employed by Parkin for even
if hydride formation does not transpire, zinc and magnesium alkoxides are active
catalysts for the ring-opening polymerisation of cyclic esters>" presenting an another
attractive potential use for these compounds. Finally, given it is the amide employed by

both Hill and Parkin it might prove beneficial to attempt the synthesis of a
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benzannulated metallacycle that harbours a terminal HMDS ligand if further

functionalisation proves problematic.

\\ N

N\Z _N(SiMes), N, OSiMes \ N\Z H
n

Ned | Me;SiOH QN\| — PhSiH; NS |"

_— > X —
0o e T O
s / S——g s

N A\ N
| _ s | _

Scheme 8.4: Parkin’s synthesis of a mononuclear organozinc hydride via

displacement of a siloxide ligand.
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