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Abstract

The thesis focusses on advancing the understanding on cooperative effects heterobimetallic
compounds which combine an alkali-metal with a divalent metal such as magnesium, zinc and
manganese. Through rational design, several alkali-metal ates have been prepared and
structurally authenticated. Their applications towards two fundamental organic
transformations, namely, deprotonative metallation and metal-halogen exchange have been
investigated.

Chapter 2 discloses a new family of sodium zincates containing the bulky chelating silyl(bis)
amide {Ph,Si(NAr*),}> (Ar*= 2,6-diisopropylphenyl). Illustrating the enhanced kinetic
basicity of Zn-N bonds versus Zn-C bonds, reacting Ph,Si(NHAr*), (1) with an equimolar
mixture of NaCH,SiMes; and Zn(HMDS), (HMDS= N(SiMes),) furnished alkyl sodium
zincate [{(Ph,Si(NAr*),)Zn(CH:SiMes)} {Na(THF)s}*] (3). Contrastingly using a stepwise
approach, by treating 1 first with NaCH,SiMe; afforded sodium amide
[{Ph,Si(NHAr*)(NAr*)Na},] (5), which can subsequently undergo co-complexation with
Zn(HMDS),, favouring the metallation of the remaining NHAr* group to give heteroleptic
tris(amido) zincate [{(Ph.Si(NAr*),)Zn(HMDS)} {Na(THF)s}*] (6). The reactivity of
sodium zincates 6, 3 and [NaZn(CH,SiMes)3] (4) towards 2,4,6-trimethylacetophenone led to
the isolation of enolate complexes [{(THF)NaZn(OC(=CH:)Mes):}>] (9),
[{(THF)NaZn(CH,SiMe3)(OC(=CHz)Mes)2}2] (8), and [{(THF)Na(OC(=CH:)Mes)}4] (10)
(Mes= 2,4,6 trimethylphenyl), respectively. These studies revealed that the chelating
silyl(bis)amide {Ph,Si(NAr*),}?" far from being an innocent spectator is an effective base for
the deprotonation of this ketone, showing an unexpected superior kinetic basicity than the
CH,SiMe; alkyl group when part of sodium heteroleptic zincate 3. The bimetallic constitution
of enolates 9 and 8 contrasts with that of all-sodium 10, which is formed with concomitant
elimination of Zn(CH,SiMe3s),. Revealing the divergent behaviour of Mg versus Zn in these
bimetallic systems, reaction of 2,4,6-trimethylacetophenone with the magnesium analogue of
3, [{Ph.Si(NAr*),Mg(CH,SiMes)} {Na(THF)s}"] (11), produces magnesiate enolate
[{Ph:Si(NAr*)Mg(O(=CHz)Mes)(THF)} {Na(THF)s} '] (12), where the chelating
silyl(bis)amide ligand is retained and metalation of the ketone is actioned by the alkyl group.

Chapter 3 exploits the sequential deprotonative co-complexation approach developed in
Chapter 2 to access novel potassium metal(ates). Thus, monometallation of 1 is accomplished
using potassium alkyl KCH>SiMes yielding [ {PhoSi(NHAr*)(NAr*)K} ] (13), which, in turn,
undergoes co-complexation with the relevant M(CH»SiMes), (M=Mg, Zn, Mn) enabling
metallation of the remaining NHAr* group to furnish silylbis(amido) alkyl potassium
metal(ates) [{Ph,Si(NAr*),M(THF)(CH2SiMes)} {K(THF),}"] (M=Zn, x=0, y=4, 14;
M=Mg, x=1, y=3, 15; and M=Mn, x=0, y=4, 16). Reactivity studies of potassium manganate
16 with the amine HMDS(H) revealed the kinetic activation of the remaining alkyl group on
Mn furnishing [K(THF),{Ph>Si(NAr*),} Mn(HMDS)] (18). Similarly 16 reacts with phenyl
acetylene to give [{Ph,Si(NAr*),Mn(THF)(C=CPh)} {K(THF);}"] (17). The structures of
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these bimetallic complexes along with that of the potassium precursor 13 have been
established by X-ray crystallographic studies.

Chapter 4 introduces a new type of heterobimetallic base, the specially designed potassium
zincate [{Ph,Si(NAr*),Zn(TMP)} {K(THF)s"] (19) which combines a sterically demanding
silyl(bis)amide ligand with a kinetically activated terminal TMP amide group (TMP= 2,2,6,6-
tetramethylpiperidide). Circumventing common limitations of conventional s-block
metallating bases, 19 enables efficient and regioselective zincation of a broad range of
substituted fluoroarenes including hypersensitive fluoronitrobenzene derivatives. Trapping
and characterization of the organometallic species involved in these reactions
[{thSi(NAI’*)zZn(AI‘F)}_{K(THF);] (AI‘F =C6H2F3, C6H3F2, C6H2C13, C6H2F2N02,
CsH3FNO,, Ci1HeF2N, CsHsFN, CeFs, C¢HF4 and C¢Fs; x= 3-6) has provided informative
mechanistic insights on how these direct zincation reactions may occur as well as shed light
on the key role of the supporting silyl(bis)amido ligand. The first examples of directly
metalated nitroarenes to be structurally characterised have been presented as well as the ability
of this approach to promote polyzincations of fluoroarenes has been disclosed. Expanding the
synthetic potential of this heterobimetallic approach it has been shown that these
organometallic compounds can engage in onward C-C bond forming processes.

Chapter 5 explores the synthesis and reactivity of higher order manganates
[(TMEDA)AMxMn(CH2SiMes)s] (AM= Li, 37; Na, 43; K; TMEDA= N,N,N’,N’-
tetramethylethylenediamine) to promote Mn-I exchange /alkyne metallation reactions in
tandem with oxidative homocoupling reactions. Lithium manganate 37 enables the efficient
direct Mn-I exchange of aryliodides, affording transient (aryl)lithium manganate
intermediates which in turn undergo spontaneous C—C homocoupling at room temperature to
furnish symmetrical (bis)aryls in good yields under mild reaction conditions. The combination
of EPR with X-ray crystallographic studies has revealed the mixed Li/Mn constitution of the
organometallic intermediates involved in these reactions, including the homocoupling step
which had previously been thought to occur via a single-metal Mn aryl species. These studies
show Li and Mn working together in a synergistic manner to facilitate both the Mn—I exchange
and the C—C bond-forming steps. Both steps are carefully synchronized, with the concomitant
generation of the alkyliodide ICH,SiMes during the Mn—I exchange being essential to the aryl
homocoupling process, wherein it serves as an in situ generated oxidant. Sodium manganate
43 reacts with 4 equivalents of phenylacetylene to give [(THF)4sNasMn(C=CPh)s] (45) which
when exposed to dry air furnishes the relevant 1,3 enyne in a 97% yield.
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Chapter 1: General Introduction

Chapter 1: General Introduction

The chemistry of the polar organometallics could be seen as trait du union between inorganic
chemistry, where the main interests lay on the nature of the metal-carbon bond nature, and
structural features of these compounds and organic chemistry, with a special focus on the
applications of these reagents for the functionalization of organic molecules, via cornerstone
reactions such as metal/halogen exchange and nucleophilic addition processes. Thus, it is not
surprising that it is a vast field of study. This general introduction provides a concise overview
of this area of research, focusing primarily on alkali-metal zincate reagents as they constitute
an important family of compounds, and this thesis has advanced the synthesis and the
reactivity of these systems. This general introduction will be then further complemented by
the separate introductions of every chapter that would be tailored on the specific topic of each

section.

1.1 Organolithium chemistry

Amongst polar organometallic chemists the most widely used reagents are undoubtably
organolithium reagents. They were first synthetized by Schlenk in 1917 through reaction of
dialkylmercury with lithium metal?! (nowadays the hazardous mercurial compounds are
substituted by aryl- or alkyl- halides®'). Despite their late discovers, in comparison to the
organometallics such as organozinc or organomagnesium halides, organolithiums became
rapidly very popular in the field of metalation, due to their high reactivity (including also the
utility lithium amides LiIHMDS, LiTMP and LiN(‘Pr),).[) Thus these reagents can transform
relatively unreactive C-H or C-X bonds in more reactive C-Li bonds. Those reactive bonds are
then intermediate for further functionalization of organic molecules.*! Since their wide
spread use around the world, the most common organolithium compounds ("BuLi, ‘BuLi, EtLi,
MelLi, PhLi, LIHMDS) are commercially available as fundamental tools in any synthetic
chemist’s toolbox.

The strong reactivity of the organolithium compounds rely on the considerable
electronegativity difference between lithium and carbon, where according Pauling’s table
those values correspond to 0.98 and 2.55, respectively.[’) As consequence, they possess a
highly polarized ®*Li->C bond (for examples for methyllithium the ionic character of the Li-C

bond was estimated between 80 and 88%).[%)

The common notation for organolithium, RLi (R= alkyl or aryl), should not be misunderstood,
since the organolithium compounds do not form monomeric structures, instead usually the
molecules combine in highly aggregated structures with different dimensions depending on
the steric encumbrance of the organic group and the presence (or the absence) of donors that
coordinate to the lithium atoms. The reason behind the aggregation in clusters is the higher
stabilization that more than one anionic ligand can provide to the highly electropositive lithium

atom.[6]
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Taking as example one of the most used and well-known organolithium compounds, "BuLi, it
has been shown through single crystal X-ray diffraction and multinuclear NMR spectroscopy,
that in the solid state it is arranged as hexamer (see Figure 1. 1 a),[!% the same arrangement is
kept also when solubilised in the non-donating solvent hexane (in which it is usually sold, in
a 1.6 M solution).!"!) Using Lewis donors it is possible to de-aggregate the structure, in fact
the formation less aggregate structures is entropically favoured by the electrons provided by
donors.” The presence of THF promotes the formation an equilibrium between the tetrameric
[("BuLi)4(THF)4] and dimeric forms [("BuLi).(THF)4] (but with a preference for the tetrameric
form) in solution, as observed using DOSY-NMR technique.!'?! The tetrameric form is also
retained in solid state too, with THF as donor.!'3) When coordinated by polydentate donors
such as TMEDA "BuLi assumes a tetrameric arrangement in solid state (Figure 1. 1 b)!!>!4]
and dimeric in solution as found by Williard using a combination of °Li, "N and *C-NMR
spectroscopy.!'*! Finally with the PMDETA the complex is a monomer in solution state.!'®’

'#_ﬁga/”ea \ °If 9

L ‘? o..“ X ?_ AC ‘{P
SR~ M NX
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a) \6 b) p

Figure 1. 1 Crystal structure of a) hexameric "BuLi in hexane [("BuLi)s] and b) tetrameric "BulLi
[{(TMEDA):("BuLi)4+}«] solvated by TMEDA. Ellipsoids were rendered at 50% probability. Hydrogen
atoms were omitted for clarity.

Those differences are not just speculative, in fact as often happen in organometallic chemistry,
reactivity is closely related to the 3D arrangement in the structure. An example for "Bul.i is
the metalation of benzene. Based on a purely thermodynamic point of view (the pK. value)
there should not be any obstacles in the deprotonation of aromatic ring by the "BuLi, in fact
the conjugated acid (butane) is ten orders of magnitudes less acidic than benzene. However,
in practice, this reaction (in hexane) is extremely slow and useless for synthetic purpose. The
reason behind this behavior is kinetic, in fact the hexameric aggregates of "BulLi (vide supra)!'”
in hexane react very slow with benzene.” Providing a Lewis donor, such as TMEDA it is
possible to break the hexamers in smaller aggregates and the benzene is swiftly metalated at
room temperature (Scheme 1. 1).!'7)
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- "BuLi MBulLi TMEDA_i
v uli +
H
Hexane éxane

neglible 92%

Scheme 1. 1 Deprotonation of benzene using "BulLi, using or not the Lewis donor

1.1.1 Lochmann-Schlosser Superbases (LiIOR-KOR)

Strictly related to the organolithium, and designed to improve their performance, there are the
Lochmann-Schlosser superbases (or LiC-KOR).['¥! These reagents are made up by a
combination of an organolithium (often the commercially available "BulLi) and a potassium
(or sodium) alkoxide (usually KO'Bu is used). The synergy between those components greatly
enhances their reactivity, allowing for the deprotonation of non-activated substrates like
benzene (Scheme 1. 2) without the use of monometallic organopotassium reagents, which are

thermally unstable and non-compatible with many organic substrates.

COOH COOH
1) "BuLi 1) "BuLif'BuOK
2) CO,H* 2) COx/H*
Hexane Hexane
yield <1% yield 77%

Scheme 1. 2 "BulLi/BuOK mediated deprotonation of benzene. It should be noted that "Buli alone, in
absence of a Lewis’s donor, is uncapable to metalate benzene

Despite their synthetic relevance, true constitution of these reagents has remained a matter of
intense debate and investigation for many years.!'"” In his seminal work, Schlosser excluded
the possibility that a mere transmetalation occurred, suggesting the formation of a mixture of
different mixed metal species.l*”! Thirty years later since this report, Strohman ef al. were able
to crystalize the product of metalation of the benzene using LiC-KOR, furnishing
[K4Liz(CeHs)s('BuO)(THF)s(CsHpe)2]. The crystal structure obtained exhibited a mixed-metal
constitution, retaining part of the original superbase constituent and forming an hexanuclear
structure with 4 lithium and 2 potassium, having as anion the metalated benzene and a tert-
butoxide anion from the starting material. The ipso-carbon of aryl rings binds both to

potassium and lithium. (Figure 1. 2 ).[2!
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Figure 1. 2 Crystal structure of [K4Li>(CsHs)s('BuO)(THF)s(CsHs)2], In the structure are still present
both metal of the superbase and a tert-butoxide moiety. Hydrogen atoms, THF and Benzene solvating
molecule were omitted for clarity. Thermal ellipsoids were rendered with 30% probability

Previous attempts to isolate Lochman-Schlosser reagents had failed due to the difficulty in
solubilise the reagent in a non-coordinating solvent and also the tendency of the alkyl groups
to undergo B-hydride elimination. Some of these problems were overcame by Klett when he
introduced the co-complexation of NpLi (Np= neo-pentyl) with KO'Bu This allowed him to
isolate the mixed metal aggregate [K4Lis(Np)3(O'Bu)s] (Figure 1. 3).1?! The solution study of
the mixture of NpLi, LiOtBu and KOtBu in D,-cyclohexane showed the presence of multiple
mixed metal species with general formula [ LisK4(Np)a(OtBu)s.n] and [LisKsNpm(OtBu)7.;m] (n=
1,2,3 m= 3,4), that are in equilibrium with each other and that confirms the Schlosser initial

assumption about a mixture of different mixed-metal species.**!

Figure 1. 3 Molecular structure of [K4Lis(Np)3(O'Bu)s] thermal ellipsoids were rendered with 30%
probability. Hydrogen atoms and disorder elements are omitted for clarity.

1.1.2 Direct Ortho-Metalatation (DoM)

The ortho-metalation is the deprotonation of aromatic molecules selectively in the position
next to a functional group.l’ The route for this reaction was independently pioneered by
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Wittig?¥! and Gilman,* who found that the anisole could be metalated by "BuLi in ethereal
solvents regioselectivity at the ortho-position to the OCHj3 group. This reaction has arguably
become one of the most widely used method to regioselectivity functionalize aromatic
molecules.”!

The presence of a substituent on the aromatic ring, not only activate the position ortho due to
coordination effects, but also via acidifying inductive effect. This is based on the proposed
mechanism for the metalation process, that is believed to occur in two steps: an initial
coordination step, where the directing group coordinates the lithium and brings the
organometallic species in close proximity to the hydrogen, followed by the effective
deprotonation favored by the inductive effect of the directing group on the hydrogen in
proximity (Scheme 1. 3).

Scheme 1. 3 General mechanism for the direct ortho-metalation

To fulfil these tasks the directing group must exhibit both good coordinative property and
negative inductive property, therefore the presence of a heteroatom is always required. Based
on the characteristic of the group the inductive effect could be more predominant than the
coordinative property. As example, halogens usually display very poor coordinative ability,
but strong inductive property, groups such as OR or NR; (R= alkyl) on the contrary display a

better coordinative ability, but worse inductive property.[**!

The nature of the group plays an important role to determine the regioselective of the
metalation, when two different groups are present on the aryl ring. In fact, in non-donating
solvent (such as hexane) the metalation will occur in ortho- to a more coordinative group,
contrastingly with more donating additives (like THF or TMEDA) or with less aggregate bases
(such as LiR-KOR) the inductive property will be the one to control the regioselectivity
(Scheme 1. 4)
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__________________________
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Li "BulLi +
TMEDA "BulLi
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Scheme 1. 4 Example of optional site selectivity in direct ortho-metalation. In the absence of a donor
ligand the metalation occurs in ortho-position to the best donating group. In the presence of a donor,
the inductive effects on the ortho-protons gains more importance

In the context of the direct ortho- metalation an exception is represented by the electron poor
heterocycles (such as pyridine). Despite the inductive effect from the heteroatom, which is
well known by the facile nucleophilic aromatic substitution,®’ the metalation in alpha-
position in the ring is challenging due to the repulsion with the lone pair present on the nitrogen
with the emerging negative charge of the carbanion (see Scheme 1. 5). Therefore the preferred
metalation site in this substrate is the position 4 (y) and the a metalation is achieved only at
low temperatures or with poorly kinetic active organolithium reagents.*”!

L 14700
N e S N o H 72
N I NN LA _
N~ Li ~
0, & s N N™ "H 4

Scheme 1. 5 Representation of instability of the a-lithiathed pyridine due to the repulsion of the nitrogen
lone pair and the emerging negative charge. In blue, relative acidity of pyridine’s protons]

1.1.3 Metal/Halogen Exchange

Alongside the direct ortho-metalation, the metal/ halogen exchange is another fundamental
and widely use reaction in the organolithium chemistry for the functionalization of the
aromatic compounds. Independent studies by Gilman*® and Wittigl*”! showed that when
treating  4,6-dibromo-1,3-dimethoxybenzene = with ~ phenyllithium,  4-bromo-1,3-
dimethoxybenzene could be formed after the hydrolysis in high yields (Scheme 1. 6).1°"!

MeO OMe MeO OMe  MeO OMe
—_— —_—
Br Br 20 g Li H

‘organolithium.
| intermediate |

Scheme 1. 6 Lithium/bromine exchange of the 4,6-dibromo-1,3-dimethoxybenzene
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Further studies then showed that this process is actually an equilibrium which is driven towards
the formation of the most stable carbanion.*" It is also a kinetically driven process, so it can
be take place under extremely low temperatures.

The strength of the carbon-halogen bond in the starting material also plays an important role.
The more electropositive iodine and bromine are easily exchanged by the organolithium

31-33] Fluoroarenes are

reagents, and therefore chlorine are exchanged with more difficulties.!
inert towards these reactions, being more prone to undergo metalation of the ortho-proton

instead. 343!

1.2 Grignard Reagents and Turbo-Grignard

Along with organolithium, Grignard reagents constitute one of the most popular family of
organometallic reagents in synthesis. Pioneered by Victor Grignard by reacting the alkyl or
aryl halides with magnesium metal. ¢ Differently to organolithium reagents the structures of
the Grignards in solution are very complicated to the existence of an equilibrium, known as
Schlenk equilibrium, in which the species RMgX (the most common way to address those
reagents) coexists with the correspondent diorganomagnesium species and the magnesium
halides salt (Scheme 1. 7).

2 RMgX MgR, + MgX,

THF or
Et,O

Scheme 1. 7 Representation of the Schlenk equilibrium. In solution, the species RMgX co-exists with
the respective diorganomagnesium compound (MgR>) and the inorganic diahalides salt (R= alkyl or
aryl, X= halides)

Initially they were used in formation of new carbon-carbon bonds, taking advantage of their
strong nucleophilicity through addition to carbonyl substrates.**! Grignard reagents are also
used in metal/halogen exchange reactions as an alternative of organolithium, due to their
higher functional group tolerance.*°! However a limitation in their relatively slow reactivity
towards arylbromides. In order to overcame this limitation Knochel and coworkes introduced
the use of lithium halides to boost the reactivity of the Grignard reagents, allowing the
bromine/magnesium exchange to happen significantly faster.[*>#!l The mixture of lithium salts
and organomagnesium reagent was being known as “turbo-Grignard reagents”. Despite the
fact that the structure of those reagents remain unclear,*”! the role of the lithium salts was
postulated as de-aggregator of the Grignard reagent (Scheme 1. 8).[]

Cl . Cl
7 C s
Mg \Mg —>2 LICI 2 Mg >Li(THF)X

Scheme 1. 8 Postulated structure of the turbo-Grignard reagent by complexation of "PriMgCl with LiCl



Chapter 1: General Introduction

The same rationale could be applicable to the magnesium halide amides, known as Hauser
base (NR-MgX X= halide), which is found beneficial for the complexation with LiCl to
improve the reactivity in the deprotonation of heterocycles. A good example is the complete
metalation of the isoquinoline using [(THF),Li(Cl)»Mg(THF)TMP] at room temperature in
2h.[* Differently form the turbo-Grignard reagents the solid structure of turbo Hauser base

(451 Recent

confirmed the co-existence of the two metals in the same molecule (see Figure 1. 4).
in solution studies by Stalke confirmed the prevalence of the monomeric bimetallic
constitution of those reagent and the importance of LiCl in shifting the Schlenk equilibrium,
in accordance with the solid state structures and the bimetallic motive proposed by Knochel,

evidencing at the same time the complexity of those systems in solutions.*®!

-

Figure 1. 4 Crystal structure of the turbo-Hauser base [(THF),Li(Cl),Mg(THF)TMP]. Ellipsoids were
rendered at 50% probability. Hydrogen atoms were omitted for clarity

1.3 Introduction to Cooperative Bimetallic Chemistry

Despite the high reactivity, organolithiums suffer from several drawbacks such as the poor
selectivity, limited functional group tolerance and the requirement of strictly reaction
conditions (such as extremely low temperatures, -78°C) in order to control the selectivity of
the process and avoid unwanted side reactions.

An alternative synthetic approach is the use of heterobimetallic reagents, combining a group
1 metal with a less electropositive metal such as magnesium, zinc or aluminium. Those
compounds are also known as alkali-metal ate complexes.[*’! The terms ate was introduced by
Wittig to describe those bimetallic combinations with singular property, after observing the
reactivity of [LiMgPhs], obtained combining LiPh and MgPh,. The resulting lithium
magnesiate reacted with chalcone giving as the product of 1,4 addition as main result, whereas
LiPh with the same substrate has the 1,2 addition product as main outcomes (Scheme 1.
9).143:49]
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Li Mg(Ph),Li
o o) o Ph
LiPh )J\/\ LiMgPhg )\/I\
Ph/*\/\Ph ~— pn” ~F ph ——> Ph Ph
Ph
1,2-addition! {1,4-addition!

........................

Scheme 1. 9 Reactivity of chalcone towards LiPh and LiMgPh;

With few exceptions,*!) the ates are formed by the combination of two distinct metals,
typically one is an alkali-metal (Li, Na, K and even Rb and Cs®%), usually responsible for
boosting the reactivity, the other one is a more electropositive metal that bring a better
selectivity and functional group tolerance, usually those metals are from the main groups (Mg,
Zn, Al and Ga)**% but transition metals (Fe, Mn, Ag, Cu)l®*%7 can also be used. The
composition of the afes are also completed by anionic ligands (alkyl, amide, halides or
alkoxides) and, eventually, neutral donor ligands.*76%!

Depending on their general stoichiometry ate can be described as higher or lower order. Lower
order ate corresponds to 1:1 ratio between the alkali metal and the divalent metal (M’)
affording a formally monoanionic metal species (AM)M’R3 (R=alkyl, aryl, halides, alkoxides,
amides), while a higher order afe will lead to a 1:2 ratio of the two metals, affording the
formally dianionic species (AM),M’R4. The difference between the higher and lower order
ates has been observed also in reactivity. For example [LiZnMes] is unable to perform
zinc/bromine exchange of bromobenzene, while the dianionic counterparts [Li.ZnMes], with
the same substrate gives diphenylmethanol quantitively, when the product of metalation is
reacted with benzaldehyde (Scheme 1. 10).[°

OH

OH 1) LiZnMe, 1) Li,ZnMe,
oy, <RI THF, 2h Br g°c, THF, 2h o
-~ R ———.
2) Ph(H)C=0 2) Ph(H)C=0
RT, THF, 3h RT, THF, 3h
0% 90%

Scheme 1. 10 Comparison of the zinc/bromine activity of [LiZnMes] and [Li:ZnMey] towards
bromobenzene.

The nomenclature of the ates is completed by the anionic ligands. If all the anionic ligands are
the same the afe can be described “homoleptic”, whereas if different the term “heteroleptic” is

exploited.

In general, the synthesis of the ates is achieved via co-complexation, mixing two homometallic
species (AM)R and M’R»; or via salt metathesis adding an excess of (AM)R to a salt M’ X.
Both strategies have pros and cons: the salt metathesis usually uses cheap and easy to prepare
(if not commercially available) starting materials, but in most of the cases the reaction requires
ethereal solvents and the purification of the final product from inorganic salts (side products
of the reaction); on the other hand, the co-complexation can be achieved also in non-
coordinating solvents (such as hexane) and there are not side products, however in most of the
cases M’R; is not commercially available and its preparation can be tedious.
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n (AM)R + M'Ry ———— (AM),M'Ry,y<———— 2+n (AM)R + M'X,

-n(AM)X Te-m e e s
e - I salt !
1 .co-complexation, n=1lower order i_methathesis
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Scheme 1. 11 General synthesis and representation of lower and higher order metal -ates (R= alkyl,
aryl, alkoxide, amide; X= halides, AM= Li, Na or K, M’= divalent metal)

Ideally, the final stoichiometry of the afes should be controlled by (AM)R and MR, (or M’X3)
ratio employed in their preparation, in reality there are several example in the literature where
higher and lower order ates can be in equilibrium with each other in solution.®721 A
particularly intriguing example of equilibrium between higher and lower order species was
untangled recently by our group.>’# The combination of LiOR (R= 2-ethylhexyl) and
Mg(‘Bu), in toluene has shown to be a powerful tool to achieve quantitively
magnesium/bromine exchange at room temperature in toluene.!”*! While initially the exchange
reagent would have been consider the lower order magnesiate [LiMg(*Bu),OR] (A), which
after the exchange forms the diaryl magnesiate [LiMg(Ar),OR] (II). After the hydrolysis or
reaction with an electrophile I provides the functionalised aryles as desired product in high
yield.

LiIOR + Mg(°Bu),

Bimetallic

iLiMg® i-Mg$ :
Schlenk : 'MQ(AB)UZ(OR) 0.5 L|2M(gB)Bu4+0.5 Mg(OR)z:
equilibrium '« __ 7 ... !
X B | Toluene, 30 min., RT
2 \J |-2°BuBr
FG
MgLi E
Stable for para- o) Mgkl EX _ 5 X
substitued aryl groups 0.5 || ¢ 4 +0.5Mg(OR), — 2 || N
“FG FG

U]

Scheme 1. 12 Proposed mechanism for the Mg/Br exchange of arylbromides using the combination of
LiOR and Mg(°Bu); (R= 2-ethylhexyl)

Using NMR reaction monitoring studies combined by trapping and structural characterization
of key reaction intermediates, it was shown that the combination of LiOR and Mg(*Bu): in
solution with toluene produces a mixture of [LiMg(*‘Bu).OR] (A) together with the higher
order magnesiate [Li-Mg(*Bu)s] (B) and [Mg(OR).], those three species are linked to each
other via an equilibrium that resembles the classical Schlenk equilibrium for RMgX reagents.
Moreover, it is likely that the truly active exchange reagent is B, and in fact when the
equilibrium was pushed towards A the metal-halogen exchange is completely suppressed.
Therefore it was proposed that the reaction proceed via of the tetra-aryl magnesiate

10
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[LioMg(Ar)s] (I) instead. Consistent with this interpretation [(THF)4Li2MgArs4] (Ar=4-OMe-
CsHa) could be isolated and structurally characterized from the reaction of LiOR and Mg(*Bu),
and 2 equivalents of 4-bromoanisole (see Scheme 1. 12).[73]

®

Figure 1. 5 Crystal structure of [(THF).Li:MgAr4] (Ar= 4-OMe-CsHy), Ellipsoids were rendered at
50% probability. Carbon atoms of THF and hydrogen atoms were omitted for clarity.

From a structural perspective ate complexes can be grouped in two different categories: the
Contacted Ion Pair (CIP) where the two metals are connected by one or more bridging anionic
ligand (as shown in Figure 1. 6 a with [(PMDETA)LiZnMes]) and Solvent Separated [on Pair
(SSIP) (Figure 1. 6 b [{(diglyme),Li}*{ZnMes} ]) where the solvents or a neutral donor
ligand completely solvates the alkali metal giving rise to discrete anionic and cationic

components. !’

@
o
0& cg @ S
Kg \Li A
( 1
0 .

‘,,’

&

t—‘a- -

% L e

a)

Figure 1. 6 a) example of contacted ion pair (CIP) -ate, [(PMDETA)LiZnMes] b) example of solvent
separated ion pair (SSIP) -ate [{(diglyme).Li}*{ZnMes} | (PMDETA= N, N,N’ N’ ,N’’-
pentamethyldiethylenetriamine). Ellipsoids was rendered at 50% probability. Hydrogen atoms were
omitted for clarity

The differences between those two arrangements can be observed, also in the reactivity. When
the alkali metal is completely separated from the less electropositive metal, in some cases, the
reactivity is different from what is shown by the CIP analogue. This is attributed to the lack of

11
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communication between the two metal centers and inhibition of cooperativity between them.
An example is the metalation of anisole operated by potassium magnesiates. When the CIP
structure [(PMDETA).K,MgR4] is used the metalation of anisole proceed quantitatively in
hexane at room temperature. The addition of the sequestrating Lewis donor 18-crown-6 induce
the formation of a SSIP and the suppression of reactivity (Scheme 1. 13)."%) The most known
Lewis donor for the sequestering of the alkali metals and the formation of SSIP are the crown

ethers and the cryptands.!””-7®]

~N
o 1) [(PMDETA);K;MgR, ] 0 o
Hexane, RT, 2h, -R 1) 0.33 [(PMDETA),K;MgR ] |
18-crown-6 Hexane, RT, 2h, -R

2) |, (excess)

2) |, (excess)
0% Hexane, RT, 1h Hexane, RT, 1h 88%

Scheme 1. 13 Metalation of anisole using [(PMDETA),K>MgR 4] with or without the sequestering Lewis
donor 18-crown-6

1.4 The Chemistry of the Organo-Zincates

Organozinc reagents are amongst the oldest of organometallic reagents known. Their history
dates back to 1849 when Frankland prepared for the first time ZnMe> and ZnEt,.[7*%% Less
than 10 years after, Wanklyn prepared the first example of zincate [NaZnMes].[!!

Neutral organozinc demonstrated useful tool in organic chemistry, for instance they are the

82,83

intermediate in Reformatsky reaction.®>%3] Moreover they are important in combination with

transition metall®*-38]

in particular as nucleophile species in Negishi cross coupling
reaction®™, in fact the organozinc reagents not only are more stable than other
organometallic species (such as organocopper) to disproportionation,’®’ but also the empty
low-lying p orbitals thermodynamically favors the transmetalation to other transition metal

5] However the application of those compounds in deprotonative metalation or zinc-

salts.
halogen exchange have been limited due to their poor kinetic reactivity. Neutral organozinc
compounds, having 14 electrons in their outer shell, tend to behave as Lewis acids and rarely
transfer their anionic ligands. This condition could be reverse adding anionic ligand to the zinc
center, in fact forming zincates the outer shell of the zinc has 16 or 18 electrons (for the lower
and higher order ate respectively) (Figure 1. 7). Therefore a more thermodynamically stable
species while reducing at the same time the Lewis acidity of zinc. In addition having a more
filled outer shell should lead to an enhancement of their electronegativity of the molecule

facilitating the transfer of the anionic ligands."!

12
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R
/R l 2-
R—2zn__ AM" R™ ZQ"/R (AM*),
—7h— R
R—Zn—R R
Neutral organozinc  Mono-anionic organozincate Di-anionic organozincate

3d104s2 4p2 3d'0 452 4p* 3d'0 4s% 4p°
14 electrons 16 electrons 18 electrons

Figure 1. 7 Molecular formulation for the general diorganozinc, triorganozincate and
tetraorganozincate (R= alkyl or aryl-)

Despite the poor kinetic basicity of ZnR; reagents, to be able to promote Zn-H exchange
reactions have several advantages in comparison with Li-H and Mg-H exchanges. Thus
provide a better functional group tolerance and higher stability of the metalated intermediate.
This greater stability can be rationalized considering the almost covalent character of the zinc-
carbon bond, with electronegativity value according to Pauling scale for zinc closer to carbon
(Zn=1.65, C= 2.55) than lithium or magnesium (Li= 0.98, Mg=1.31).1"!

A striking example of the superior stability of zincated species due to the strong Zn-C bond is
displayed by the metalation of THF. THF is common solvent in Organometallic Chemistry,
especially related to the chemistry of Grignard reagents. Organolithiums have an ambivalent
relationship with this ethereal solvent, one hand it partially de-aggregate the structure of

12l enhancing their reactivity. On the other hand hard

organolithium reagents in solution,!
organolithium bases can metalate THF at its a-position which triggers a [3+2] cycloreversion
forming ethene and lithium enolate as products.?) Sodium magnesiates can also interact in a
destructive way with THF, in fact [(TMEDA)Na(TMP)(CH,SiMe;)Mg(TMP)]
catastrophically cleaves the ethereal solvent sequestering the oxygen in the inverse crown
complex [Na;Mgx(TMP)4O] and capturing the remaining butadiene in the complex
[{(TMEDA)Na(TMP)}>{1,4-[Mg-(TMP)]»-C4sH4}].”*!  Contrastingly  sodium  zincate
[(TMEDA)Na(TMP)(CH,SiMe;)Zn(CH,SiMes)] metalates THF at room temperature and
affords the complex [[(TMEDA)Na(TMP)(CsH,0)Zn(CH,SiMes)| where the structure of the

ethereal ring is perfectly preserved (Scheme 1. 14).°4
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N TMP\ ! R=-SiMey
CN/Na/ Mg—TMP L ~N
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Scheme 1. 14 Reaction of THF with various organometallic reagents. Notably using
[(TMEDA)Na(TMP)Zn(CH:SiMes),] the THF was not cleaved after the metalation

In the field of the direct ortho-metalation, Kondo has shown the application of the zincates to
promote the deprotonative metalation of aromatic molecules. Using the heteroleptic lithium
zincate [LiZn(TMP)'Bu.] has proven to be efficient base operating under mild reaction
conditions and being compatible with sensitive groups such as ester and cyano. The base is
also tolerant to N-hetero aromatic substrates.!! This zincate was prepared by mixing together
the lithium amide LiTMP!*! and the bulky diorganozinc Zn'Bu,. Subsequent structural studies
confirmed the formation of a lithium zincate, with the two metals are part of the same
molecular entity with a TMP and ‘Bu ligands in bridging position (Figure 1. 8).°°

G""t%

Figure 1. 8 Crystal structure of [(THF)LiZn(TMP)'Bu,]. Ellipsoids were rendered at 50% probability.
Hydrogen atoms were omitted for clarity

The presence of the two bulky-alkyl ligands is important to stabilize the product of metalation.
Thus when a less sterically hindered zincate [LiZn(TMP)Me,] was used for the metalation of
substituted bromoarenes, after the metalation (in the presence of halogens in ortho-position)
there was the elimination of halides salts and the generation of a benzyne intermediate. The

benzynes intermediate was trapped via Diels-alder reaction with dienes (Scheme 1. 15).°7-%
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Scheme 1. 15 Direct metalation of 3-bromobenzonitrile using [LiZn(TMP)'Bu;] or [LiZn(TMP)Me;],
the nature of the alkyl anion determines the final product of the reaction

Mulvey and coworkers intensively developed the sodium analogue of Uchiyama’s zincate
[(TMEDA)NaZn('‘Bu),TMP], This compound demonstrated an impressive reactivity in
deprotonation achieving the metalation of various aromatic substrates. For example, benzene,
despite its pK, value of 41, was metalated under mild conditions using hexane as solvent. In
the same conditions NaTMP and Zn'Bus are both unreactive towards the same substrate.
The methodology could be also expanded to other non-activated substrate such as naphthalene
or N-methylpyrrole (Scheme 1. 16).[100-102]

\
e, O X
N \ 7\ 4
p a / Na Zn—"Bu
N \

Zn— \ —-By ——>

/ \
N/ [(© {\N\\ \N/
N TMP 0

\ TMP
N NN 4
NN ¢ Na Zn—'Bu
,N\a Zn—'Bu NEt, N/ N
N~ N
VANIEN /N R Ny
Et,N

Scheme 1. 16 Examples of reactivity of [(TMEDA)NaZn('Bu);TMP] with various non-activated
aromatic substrates

The heteroleptic character of [(TMEDA)NaZn(‘Bu),TMP] means that it can act as an alkyl or
an amido base. The products shown in Scheme 1. 16 ,characterized unambiguously thanks to
single crystal X-ray diffraction, shown an overall alkyl basicity, that is also the
thermodynamically favored reactivity. For instance, the metalation of the benzene it was
calculated that the free energy associated with the liberation of isobutane is -21.9 Kcal/mol,
while the metalation of the benzene via amido basicity (and liberation of TMP(H) as side

product) has a value of free energy of -1.5 Kcal/mol (Scheme 1. 17).°"
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Scheme 1. 17 Calculated Gibb’s free energy for the metalation of benzene having
[(TMEDA)NaZn('Bu); TMP] as alkyl or amido base

However, Uchiyama and coworkers through theoretical calculations suggested that the
zincation of aromatic substrates proceed as a kinetic-driven process. In their model reagent
[Me>Zn(NMe»)Li], a simplification of lithium zincate [LiZn(TMP)Bu,], has an activation
energy associated with the cleavage of zinc-carbon bond higher than the energy needed for the

103-105] The same behavior is found in the neutral zinc species,

cleavage of zinc-nitrogen bond.!
while ZnTMP, is an efficient base for the deprotonation of enolates, affording the
corresponding zinc-enolate. The dialkyl ZnEt, is unable to perform the metalation, since the
barrier now corresponds to the nearly covalent zinc-carbon bond and therefore much higher.
Despite from an thermodynamic point of view there is an higher gain in free energy generating

ethane than TMP(H).!1%!

To conjugate the results of the experimental work and theoretical calculations a two steps
pathway was proposed to explain the mechanism of the direct ortho-zincation. In the first step
the zincate acted as amido base affording the kinetic product [(TMEDA)NaZn(‘Bu),Ar] and
generating TMP(H) as side product. The second step is the further metalation of the TMP(H)
that was reinserted in the zincate with the liberation of isobutane, affording the

thermodynamically-favored product (Scheme 1. 18).117]

This two steps mechanism was demonstrated by our group in 2009. The putative first step
product of the mechanism [(THF);Li(CsHs-OMe)(‘Bu)Zn(‘Bu)] was prepared indirectly by co-
complexation of the ortho-lithiated anisole with the neutral zinc species Zn(‘Bu).. This zincate
is stable in solution and in solid state, but after addition of TMP(H) one of the tert-butyl arm

is consumed to give [(THF)Li(C¢Hs-OMe)(TMP)Zn(‘Bu)], the final product that derived from
the zincation of the anisole using [LiZn(TMP)'Bu,] as base (Scheme 1. 18).11%7]
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Scheme 1. 18 Two steps mechanism for the direct ortho metalation of anisole. After a first kinetically-
driven metalation the putative kinetic product ([(THF)3;Li(CsH+-OMe)('Bu)Zn('Bu)]) reacts with
TMP(H) affording the thermodynamic product. The kinetic product can be prepared indirectly via co-
complexation and it reacts with provided TMP(H) affording [(THF)Li(CsH+OMe)(TMP)Zn('Bu)]

In a successive report the kinetic product of zincation was then isolated conducting the
deprotonation of trifluoromethylbenzene with [(TMEDA)NaZn(‘Bu),TMP]. When the
temperature of the reaction was kept below 0°C, the product of amide basicity
[{Na(TMEDA),} {Zn(‘Bu)2(0-CsHs-CF3)}], was obtained and isolated as single product. The
addition of TMP(H) to isolated crystals of the kinetic product lead to the formation of a mixture
of products made by [{Na(TMEDA).}{Zn('‘Bu).(0-CcHs-CF3)}], [Na(TMP)(0-CcHa-
CF3)Zn(‘Bu)] (together with the isomer meta and para in the ratio 20:11:1 respectively) and
trifluoromethylbenzene (product of the competing protonation of the aryl anion). The same
mixture of products was obtained when the zincation was carried out at room temperature
(Scheme 1. 19).[1%8]

SN s .
N, Na/TMP\Zn—fBu T=0°C A  Kinetic :
N7 gy Bu  iproduct;
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T=25°C
- TMP TMPE)
CFy gy N, MR T=25°C

1) 7
‘Na Zn—Bu
v \
(e
\\CF3

ortho:meta:para
20:11:1

thermodynamic
products

Scheme 1. 19 Reactivity of [(TMEDA)NaZn('Bu),TMP] with trifluoromethylbenzene.

While substituted aromatics such as anisole, benzamide or carbamates tend to metalated by
these bases at their ortho position, in some cases with zincates unique regioselectivity, that
cannot be replicated by single metal bases, can also be observed. One example is represented
by the reaction of N,N-dimethylaniline, where [(TMEDA)NaZn('Bu),TMP] selectively

17



Chapter 1: General Introduction

metalates the substrate in meta-position (with the product unambiguously characterized by
single X-ray diffraction Figure 1. 9) in sharp contrast with the preferred ortho regioselectivity

1091 This regioselectivity was

obtained when using conventional bases such as "BuLi- TMEDA.
attributed to the cooperative effect between the metals, with sodium first n-bonding to the
substrate favoring the mefa deprotonation. Theoretical calculations showed how the zincated
species [(TMEDA)-Na(u-Ar*)(u-TMP)Zn('Bu)] (Ar*= 3-C¢HsNMe,), that is the isolated
product of the zincation, is more energetically favored over the correspondent ortho-

isomer.!'1]

Figure 1. 9 Crystal structure of [(TMEDA)-Na(u-Ar*)(u-TMP)Zn('Bu)] (Ar*= 3-CsH;NMe;).
Ellipsoids were rendered at 50% probability. Hydrogen atoms were omitted for clarity

In the context of the regioselectivity of deprotonation using alkali-metal zincates an interesting
case is represented by the metalation of toluene. Toluene usually reacts with very activated
organometallics, such as organopotassium or organolithium reagents activated by the presence
of a donor ligand, and the deprotonation site is the reactive benzylic position, due to the
superior  stabilization offered to the emerging negative charge. However
[(TMEDA)NaZn('Bu),TMP] deprotonates toluene at the aromatic ring, affording a mixture of
meta and para zincated products, with statically distribution of the ratio between the two
species.''!l Nevertheless wisely choosing the reagents, is possible to achieve the benzylic
metalation of the toluene also with the zincates, in fact [KZn(HMDS);]!""?! (Figure 1. 10)
reacts at room temperature with a large excess of toluene (19 times the amount of zincate)
affording [ {KZn(HMDS),(CH,Ph)}.] (Scheme 1. 20).[1]
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Figure 1. 10 Crystal structure of [{K(o-xylene):}*{Zn(HMDS)3} ], ellipsoids were rendered at 50%
probability. Hydrogen atoms and carbon atoms of o-xylene were omitted for clarity.

Alkali-metal zincates have also found applications in metal/halogen exchange.!''*! Neutral
organozinc reacts very sluggish in metal/halogen exchange and often a large excess of the
organozinc reagent is required.l''>!"?) Ag in the case of Grignard reagents!***!! the reactivity
can be enhanced adding salts as additive such as MgBr,,!''") Li(acac)!''#!" (acac=
acetylacetonate). The enhanced reactivity has been attributed to the formation of zincate

species.[!4]

The first approach to the zinc/halogen exchange using zincates with organic anions was made
by Oku and Harada that presented [LiZn"Bus] (prepared via salt methathesis between "Buli
and ZnCl,) as an efficient reagent for zinc/bromine exchange in dibromoalkenes affording
monobromoalkenes as final product after hydrolysis.['?! The same reagent can be used for the
metal-halogen exchange in dibromoalkanes, but in this case after the exchange the second

bromine was eliminated as well via rearrangement (Scheme 1. 21).[12!]
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Scheme 1. 21 Zinc/bromine exchange using [LiZn("Bu)s] on dibromoalkenes and dibromoalkanes.

Kondo and Sakamoro extended the zinc/halogen exchange concept using lithium zincate to
the arylhalides introducing [LiZn(Me);]!'?*! and [LiZn(‘Bu)s],!"?*! which demonstrated to be
good reagents for the zinc iodine exchange while being compatible with a wide range of
functional groups, such as cyano and ether, and heterocylces such as indole. One of the
limitations of these lower order zincates was the lack of reactivity towards arylbromides.
Therefore Kondo, introduced more reactive higher order zincates, in particular [Li,ZnMe,]!*
and [Li.Zn'Bus].’” Despite the higher reactivity those zincates retain a wide group tolerance,
in particular [Li»Zn'Bus], due to the bulkier anion ‘Bu, generates metalated intermediates
resistent to side reactions with the electrophiles and decomposition, avoiding the formation of
benzynes. Remarkably even the hydroxy group are tolerated without any form of protective

125

group (Scheme 1. 22).'%) Mongin and coworwerks also reported how higher order zincates

are very efficient in the exchange, in fact one equivalent of [Li»Zn("Bu)4] is able to perform

the exchange with 3 equivalent of bromoarenes.!?¢!

I ) Zn('Bu),Li D
[LipZn('Bu),] ° D,0
—_— —_—
HO THF, RT, 2h  |HO THF, RT HO

S min. 100%

Scheme 1. 22 Reaction of [Li:Zn('"Bu)4] with (4-iodophenyl)methanol. Remarkably the OH group was
left completely untouched

Despite the numerous examples of the use of those zincates for the metal halogen exchange, a
clear view on the mechanism of the metalations is usually obscure. Our group was able to
shade some lights on the process by studying the mixed magnesium tris(alkyl) zincate
[{Mg:Cl3(THF)6} " {Zn(‘Bu)s} ], obtained via salt-metathesis using 3 equivalents of ‘BuMgCl
and ZnCl,. The structure has been determined unambiguously thanks to a combination of
single crystal X-ray analysis and in solution state studies. The tris(alkyl) zincate was then
reacted with 3 equivalents of 4-iodotoluene in THF at room temperature in 30 minutes,
affording the tris (aryl)zincate [{Mg>Cl3(THF)s}"{Zn(p-Tol)s} | (p-Tol= 4-methylphenyl)
and revealing that all the three ‘Bu groups are active towards the exchange. Furthermore, the
zincate can be used as precursor in palladium catalysed Negishi cross coupling to form byaryls
(Scheme 1. 23).15%-127]
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Scheme 1. 23 Proposed mechanism for the zinc/halogen exchange using the magnesium/zinc species
[{Mg>CI3(THF) o} {Zn('Bu)s} ] (dppf =1,1"-Bis(diphenylphosphino)ferrocene)

1.5 Aims and Structure of the Thesis

This thesis explores the synthesis and reactivity of a new family of heterobimetallic reagents
supported by a bulky silyl(bis)amide ligand. By systematically modifying the nature of the
alkali-metal and the divalent metal as well as the remaining ligand, the ability of these
compounds to act as metalating reagents is assessed. By isolation and characterization of key
reaction intermediates as well as using NMR monitoring each chapter of the thesis investigates
a different aspect on the chemistry of these systems. Chapter 2 focusses on the ability of a
variety of sodium zincates to form metal enolates via ketone deprotonation. The synthetic
approaches to access potassium metal(ates) containing Mg, Zn or Mn. are the main focus of
Chapter 3. Exploiting the steric protection provided by the bulky silyl(bis)amide ligand,
Chapter 4 studies the zincation of hypersensitive substrates using a potassium zincate base.
The applications of tetra(alkyl) alkali-metal manganates to promote direct Mn-I and Mn-H
exchange in tandem with oxidative homocoupling reactions is also investigated in Chapter 5.
Chapter 6 provides a general overview of the main conclusions of the work presented in the
thesis while Chapter 7 details general experimental techniques and the preparation of starting

materials.
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2.1 General introduction to this chapter

The highly sterically demanding ligands such as B-diketiminate or silyl bis(amide) have found
many applications in main group metal chemistry for metalation,!'*! catalysis,* stabilization
of low valent oxidation state™° and small molecule activation!”! just to name few. In this
chapter the structure of new sodium zincates supported by a bulky bidentate ligand and their
reactivity will be discussed. Therefore, some highlights of the chemistry of the bidentate
ligands bis silyl(amide) and the related -diketiminate will be presented in this introduction,

focusing on the alkali-earth metal and zinc.

The sterically encumbered bidentate f-diketiminate ligands incorporate the metal centre in a
planar six-member ring with a delocalized imine/amide motif, and furnish a kinetic shelter
thanks to a variety of encumbered substituent (such as 2,6-"Pr,-CsH; or Dipp and 2,4,6-Me;-
CH,).®I Those characteristics allowed the isolation of the first compound with a formal Mg(I)
centre, [(PPPNacnac)MgMg(PPNacnac)] (PPPNacnac= {(Ar*)NC(Me)}.CH Ar*= 2.6-
diisopropylphenyl) characterized by the unusual Mg-Mg contact. This compound broke the
dogma of magnesium having only one possible oxidation state: +2 (Figure 2. 1).5 It was
obtained via reduction of correspondent Mg(1II) species [Mgl(Et,O)(°PPNacnac)] using sodium
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or potassium mirror, or alkali metal supported by alkali-metal halides.*!%! Since its discovery

in 2007, several groups across the world have studied its reactivity, finding many interesting
11,12] 7,13-15]

or in small molecule activation.!

applications as a reducing agent!

Figure 2. 1 Molecular structure of [(PP’Nacnac) MgMg (""" Nacnac)]. Hydrogen atoms are omitted, and
carbon atoms are drowned as wireframe for clarity. Thermal ellipsoids are rendered with 50%
probability

Following the same synthetic rationale and using the same kind of ligand, Harder et al., were
recently able to reach a step forward, achieving [{(BDI*)Mg} {Na'}], (BDI*=
HC{C('‘Bu)N[2,6-(3-pentyl)-phenyl]}»), the first isolated compound with a formal Mg(0) atom
(see Scheme 2. 1).1°]

Bu
N
/ \ Na/NaCl
Mg———l —_—
_N/ -Nal
¢
Bu

Scheme 2. 1 Synthesis of [{(BDI*)Mg} {Na"}]: reducing the correspondent magnesium iodide
[(BDI*)MgI] with excess of metal sodium supported on NaCl

B-diketiminate ligands have also been applied in the chemistry of alkali-earth metal hydrides
which, owing to their steric bulk, can break the insoluble clusters of [MgH>]. into discrete
molecular units, in the form of the dimeric [ {(°""Nacnac)MgH},].'%!”) This compound can be
prepared via metathesis between [(PPPNacnac)Mg"Bu] and phenylsilane heating at reflux for

2 days in hexane.['®!
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The magnesium (II) alkyl species coordinated by B-diketiminate was used also as a catalyst in
hydroamination reactions of alkenes!®. Calcium hydrides supported by B-diketiminate ligand
have also shown promise in catalysis. '***) Thus [(PPPNacnac)CaH(THF)], catalysed the
hydrogenation of alkenes succeeding in completely reduction of styrene in 15h at room
temperature in benzene,?! and also in the hydrosilylation of ketones and pyridines, in 3h at
50°C or in 24h at 60°C respectively (Scheme 2. 2). 221 In all of those three reactions a good
selectivity was found. In case of the reduction of the styrene, the major product was ethane-
1,2-diyldibenzene achieved in 81% yield, with the rest represented by a mixture of oligomers
including dimers (identified as the cyclodimerization product 1-methyl-3-phenylindane),
trimers and tetramers.?!! The hydrosilylation of the ketones was very selective towards the
formation of the correspondent dialkoxide-silane (see Scheme 2. 2); in particular the reaction
of 2 equivalents of cyclohexanone affords the major product in 86% yield with very small
amount of side product identified in the trialkoxide silane and the correspondent product of
enolization.! Similarly when pyridine and phenylsilane reacted under this calcium hydride
catalysis the only product isolated was the silane substituted with a double 1,2-
dihydropyridine (Scheme 2. 2).2%!

H Ph
N\ d SI'_‘N
a) PhSi 3+@
—

;Ar* *Ar\ '
NN THE N \ CHy
P o JJ\ (_cal >ca Y Ph%Ph
Ph” “Ph =N =
/N THE |\ ,
N Arr_ *Ar : yield: 81%
o)
) PhSity + 2 H
Cc
3 Orode0)
Ph

yield: 86%

Scheme 2. 2 Reactions catalysed by the [(PP’"Nacnac)CaH(THF)] a) hydrosilylation of pyrimidine, 5%
catalyst loading, CsDs, 24h at 60°C b) hydrogenation of alkenes, 5% catalyst loading 20 atm of H, 15h
at RT c¢) hydrosilylation of ketones. 1.25% catalyst loading, CsDs 3h at 50°C Ar*= 2,6-
diisopropylphenyl. For clarity only the major product is shown (Ar*= 2,6-diisopropylphenyl)

Our group has also contributed to the chemistry of magnesium supported by B-diketiminate
ligands.["»225] The sterically encumbered base [(PP’PNacnac)Mg(TMP)] (TMP= 2,2,6,6-
tetramethylpiperidide) has demonstrated to be a valuable base for the deprotonation of
heterocycles.[!>2324 Taking advantages of the B-diketiminate ligand to isolate the metalated
species and stopping side-reactions. For example of benzothiazole and N-methyl
benzimidazole were metalated and isolated at room temperature without undergoing to ring-
opening reaction.!** The protection from side reactions of the metalated product was beneficial
also for the isolation of metalated fluoroarenes at room temperature,** because the presence
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of the ligand prevented the formation of benzyne intermediate via elimination of inorganic
fluorine salt, which affects those substrates when they are metalated with more conventional
metallating agent such as ‘BuLi.l**! Moreover the presence of the bulky ligand played a role in
dictating the regioselective of the metalation, in fact pyrazine was selectively metalated to the
o position of the heteroatom, at room temperature, avoiding multiple metalation or
homocoupling side reactions,!!! that occurred when this substrates was metalated by a base
without this steric shelter, such as LITMP?”) or Mg(TMP),-2LiCL.1*®! The regioselectivity
metalation at 2-position for N-heterocycle using [(PPPNacnac)Mg(TMP)] was observed also
in the metalation of 4-picoline (in THF at 69°C) and it was crucial to obtain the product of
homocoupling 4,4’-Me»-2,2’-bipyridine after oxidation by O», that derived from the rapid 1,2
addition by a second equivalent of 4-picoline. Bases without chelating ligand such as
Mg(TMP), preferred the metalation of the same substrate at the methyl group in position
4(Scheme 2. 3).”

Ar*
/
—N
\
\ Mg—TMP
N/ /Ar* 4 A\
NN N S
2 = AT =N ,»‘N H ' C2 metalation !
Mg ' +1,2-addition
— ~ ,
N 2h, 69°C, THF \ N N™™ [ bbbt
\ Pz

Mg(TMP), | RT, 2h R
THF oxidation in air

SO 50

yield: 49% yield: 63%

Scheme 2. 3 Divergent metalation of 4-picoline using Mg(TMP); or [(PP’Nacnac)Mg(TMP)]. The
farmer afforded the C4 metalation product, the latter promoted a C2 metalation that led to 4,4°-Me>-
2,2 -bipyridine (Ar*= 2,6-diisopropylphenyl, TMP= 2,2,6,6-tetramethylpiperidide)

The alkyl analogue, [(PPPNacnac)Mg("Bu)(THF)] was a less reactive reagent in Mg/H
exchange due to the less kinetical basicity of the "Bu anion compared to TMP , in fact when
[(PPPNacnac)Mg("Bu)(THF)] reacted with pyridine only the formation of a Lewis acid-base
adduct was observed, where pyridine displaced the THF as donor. Contrastingly
[(PPPNacnac)Mg(TMP)] promoted the metalation of pyridine and the subsequent
homocoupling.”) However taking advantage of the superior nucleophilicity of "Bu moiety and
the unique environment around the metal centre furnished by the B-diketiminate ligand,
[(PPPNacnac)Mg("Bu)(THF)] showed the ability of activating the robust C-F bond!*! of 2-(2,4-
difluorophenyl)pyridine affording the product of nucleophilic substitution (2-(2-butyl-4-
fluorophenyl)pyridine) and the inorganic salt [{(P""Nacnac)MgF(THF)}] in mild condition
(24 hours at room temperature) without using any transition metal catalyst.** In sharp contrast
[(PPPNacnac)Mg(TMP)], on the same substrate, simply abstracted the most acidic proton (the
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one flanked by the two fluorines), forming [(PPPNacnac)Mg(CiiHsFoN)(THF)].[!! This
reactivity was expanded to B-diketiminate magnesium amide complexes (if more nucleophilic
amide than TMP were used, such as piperidinide, dibuthylamide and morpholinide) (Scheme
2. 4). The fluorine-nitrogen aromatic substitution proceeded at room temperature and in short
time (1 hour) when assisted by the presence of a pyridyl directing group or perfluorinated
octafluorotoluene. With hexafluorobenzene the assistance of microwave irradiation was
required (125°C for 20 minutes).**!

Ar*
N :
N a) / l>\/|g—N
~ —N S 7 U U \
N \ z Mg-H !
Ar
.excahnge
F F Dg-THF, RT, th 7 N S 77777
H

Ml yield: 99%

Ar*
N
b) / \M \\THF
J— n ............
N Bu)e | C-F bond |
- .

K ! activation :
"Bu \N """"""

Dg-THF; RT; 10’
"Bu H yleld 99%

Scheme 2. 4 Contrasting reactivity of magnesium amides supported by f-diketiminate towards 2-(2,4-
Difluorophenyl)pyridine, a) Mg-H exchange and b) C-F bond activation (Ar*= 2,6-diisopropylphenyl)

Other relevant bidentate ligand that are used in bimetallic chemistry are the dianionic silyl
bis(amide)sP®*!):  {CH,SiMex(NAr*)},? and {Ph,Si(NAr*),}> the former was recently
introduced from Hill and coworkers to prepare Mg(I) and Al(I) species.l***¥ The latter**! was
used in our group to investigate the chemistry of the sodium magnesiates. ")

Taking advantages of the unique coordination environment offered by the sterically
encumbered dianion {Ph,Si(NAr*),}?> our group 7 was able to isolate a sodium magnesiate
containing an unusual quinoxaline radical anion — the product of a single electron transfer
(SET) process between [{Ph,Si(NAr*)Mg(THF)("Bu)} {Na(THF)s}*] and quinoxaline.
Contrastingly, homoleptic NaMg(CH,SiMes)s, which does not contain a sterically demanding
bis(amide) support, promotes the C2 nucleophilic addition of its monosilyl group (see Scheme
2.5).
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Na(THF)y
N .
X [NaMg(CH3SiMes)s] IRy s
jﬁ 1 ,2 addltlon
NG THF, RT NSy TR Simmmemeeees
Ar*
| R R
Phe  wNo_ THF
phoNMIN, L Ty
’\“ "Bu ﬁ\r* Q Ar* SET reactlon
At Na(THF)s SN NN
0.5 PhQSI"\ /Mg-,, ‘.Mg\ ("Siphz
THF, RT ’Tj NN w
Ar @ Ar*
2 Na(THF)g

Scheme 2. 5 Reactivity of quinoxaline with sodium magnesiates. With trialkyl magnesiate NaMgR it
undergoes to 1,2 addition, with [{Ph:Si(NAr*)>Mg("Bu)}~ {Na(THF)s}*] there is a SET reaction (R=
CH)SiMes, Ar*= 2,6-diisopropylphenyl)

Sodium magnesiate [ {Ph,Si(NAr*),Mg(THF)("Bu)} {Na(THF)e} ] has also demonstrated to
be reactive as base, being able to deprotonate activated substrates (in terms of pKa values) like
pyrrole, N-methyl benzimidazole and disopropylaniline and isolate their product of
metalation). Interestingly the bis(amide) {Ph,Si(NAr*),}*> did not act only as a mere
spectator, but took actively part in the reactivity acting as base itself.[*®!

H. H _l

N\, /7

Ar* Ar* N
l THF 2 l THF r NH
Ph N W Ph N R 3
Nt g \Mg\\\‘ + [NaMg(NHAr*)

/ \ /Mg\

Na(THF)G
yield: 40% yield: 19%

Scheme 2. 6 Metalation of 2,6 diisopropylaniline using [{Ph:Si(NAr*),Mg(THF)("Bu)}
{Na(THF)s}*]. (Ar*= 2,6-diisopropylphenyl)

The active participation in the reaction is even more dramatic when a substrate like
benzothiazole was used.*> The presence of the bulky substituent is fundamental in activating
the substrate in a cascade process that includes ring-opening and nucleophilic addition (see
Scheme 2. 7). This contrasted with the straightforward C2 metalation observed when using

another magnesium base such as a Turbo Hasuer base.®
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2 Ph ‘\\N\ WTHF
Si

Ph/\/ ~,

,Tr* s Q
6 H —-Mg\ ...... |||N
@EN/>_ a(THF); w;[ >
"Bu THF, RT N Nl
. R N (THF),
Na(THF), - 2 PhaSi(NHAr), Q/ l / - “

|
Ar*
-2 "Bu(H)

Scheme 2. 7 Activation of Benzothiazole by [{Ph:Si(NAr*)Mg(THF)("Bu)}  {Na(THF)s}"] (Ar*=2,6-
diisopropylphenyl)

Those dianionic ligands have also be explored in zinc chemistry. Tsai and co-workers isolated

and characterized a rare Zn(I) complex,?”!

reducing with potassium graphite (KCg) the
correspondent Zn(Il) [MexSi(NAr*),Zn], furnishing [K:{(n>-Me,Si(NAr*),)ZnZn(n’-

Me,Si(NAr*),)} |, which structure was elucidated by x-ray crystallography (Scheme 2. 8).

Me. Me
Me, Me iPr \S:\\ iPr
) . . i
'Pr /SI\ Pr /N
N N
@2 S
o | ipr 4 KCq voPr oz Prf
,.Pr Zn Zn - > K | . K
Pr l l Py : Pr Zn ipr ,;
\/ N/
Pr /SI Pr Py Si ipr
Me  Me Me/ Me

Scheme 2. 8 Reduction of [Me:Si(NAr*).Zn], in [KMe>Si(NAr*),Zn], using KCs (Ar*= 2,6-
diisopropylphenyl)

2.2 Aims
Building on previous study on zincate chemistry, here we focus on the synthesis of a new

family of sodium zincate containing the sterically demanding bis(amide) ligand

{Ph,Si(NAr*),}* and an assessing their reactivity towards ketones to form enolate

compounds.
< i‘\r =
—1 N 1 .!'?r Si
n ‘_/ \ . E—X L \ ) \\
’ﬂ—f.,_ // ph- .
/ y— X= NiSiMey), e {@THRR | x= CH,SiMe, -
/ ; —~ = + n=2 -
’/ / n . l i o} e . 4 \
= tris(amide) bis(amide) ‘&. /
Ny, basicity i W, basicity \ )
s ‘\/

Scheme 2. 9 Different behaviours in metalation of the 2°,4°,6 -trimethylacetophone of zincates
supported by silyl bis(amide) ligands. The resulting enolate changes based on the anions that
surrounded the metal centre.
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2.3 Introduction from the paper

Alkali-metal zincates were pioneered by Wanklyn more than 160 years ago, with the discovery
of NaZnEts, obtained by reacting sodium metal with ZnEt,[***!]. For many years they lay in
obscurity as mere curiosities but over the past two decades they have emerged as highly
versatile reagents in organic synthesis enabling direct zincation of a wide range of aromatic

42471 reactions that

substrates via deprotonative metalation or metal-halogen exchange,!
traditionally have been considered the domain of more polar organometallic reagents such as
organolithium or Grignard reagents.!*8) Some key landmarks in this area include Uchiyama’s
Li»Zn'Bus, which effectively promotes direct Zn-I and Zn-Br exchange reactions of an

assortment of aromatic substrates with remarkable functional group tolerance (Scheme 2. 10)

I Zn'Busli Ph
[LisZnBu,] Ph-I
HO THF RT 2h |HO Pd(PPh3), (2.5%) HO

RT 18h THF Yield: 73%

Scheme 2. 10 Metal Halogen Exchange reaction mediated by [Li>Zn'Buy], followed by a Negishi cross
coupling type reaction.

As well the development of strong, regioselective deprotonating reagents powered by TMP
(2,2,6,6-tetramethylpiperidide) ligands such as Knochel’s turbo reagents TMPZnCl-LiCl and
(TMP),Zn-2MgCl,-2LiCl which allow access to highly functionalised aryl and heteroaryl zinc
organometallics.[*4 More often than not, these bimetallic reagents are prepared in situ by
either co-complexation of the single-metal reagents or salt metathesis reactions, and limited
attention has been given to their isolation or characterization. Shedding some light in this
intriguing field, through the structural authentication of a family of heteroleptic alkyl/amide
zincates [(L)M(TMP)Zn'Bu,] (M'= Li, L=THF; M'= Na, L=TMEDA),"*>**/ Mulvey has
developed the concept of alkali-metal-mediation-zincation (AMMZn) where both metals, M!
and Zn, work cooperatively to facilitate the direct zincation of a wide range of aromatic

(424347 The reach of these bimetallic partnerships has been

molecules as well as metallocenes.
recently exemplified in the unprecedented regioselective 1,1°,3,3’-tetrazincation of ferrocene

achieved by using a fourfold excess of [Na(TMP)Zn'Bu,] (Figure 2. 2).557]
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Figure 2. 2 Molecular structures of [NasTMP).ZniBus{(CsH3),Fe}, obtained via metalation of
ferrocene using the zincate [Na(TMP)Zn'Bu;]. in 4-fold excess. Hydrogen atoms and minor disordered
component are omitted for clarity. Carbon atoms are drawn as wire frame, except the ferrocene moiety

The ability of these heteroleptic zincates to act as amido and/or alkyl bases has stimulated
activity and debate, suggesting that kinetic amido basicity seems to be preferred. Despite the
thermodynamic product of alkyl basicity was usually obtained as final product (Scheme 2.
11).[58—61]

o /fBu\ /TMP\
TMP ©/ (THF)Li.‘ Zn—Bu (THF)Li\\ zn—fBLtJ
(THF)Li~. . ~zn—B _— ( o + Bu(H)
By Hexane /o + TMP(H)| Hexane /

Scheme 2. 11 Proposed two-step mechanism for the zincation of anisole by lithium zincate
[(THF)Li(TMP)Zn'Bu]in hexane

A common strategy in all these studies is to use sterically demanding ligands such as ‘Bu and
TMP groups which are not only basic and reactive but that can also contribute to the overall
stability of metalation products, by providing steric shelter to the sensitive anions generated in
the zincation process.®” In this regard, within magnesiate chemistry we have recently
investigated the synthesis and reactivity of sodium magnesiates containing the bulky
silyl(bis)amide ligand {Ph,Si(NAr*),}? .35 Interestingly, while in some cases this sterically
demanding ligand acts as a steric stabilizer enabling the isolation of radical anions®” or the
magnesiation of N-heterocyclic molecules such as N-methyl benzimidazole,’®! on other
occasions {PhySi(NAr*),}?" can also act as a base, facilitating metalation of amines?*®! or

activation of small organic molecules such as benzothiazole.**!

Within zinc chemistry Tsai has exploited the steric protection of bulky silyl(bis)amide ligands
for stabilizing Zn(I) complexes possessing Zn-Zn bonds,* but to date these ligands have not
been exploited in a systematic way to access alkali-metal zincates. To expand their knowledge
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base, here we report the synthesis and characterization of a new family of sodium zincates
derived from Ph,Si(NHAr*), (1) and investigate their ability to access zinc enolates via direct
zincation of ketones, using 2,4,6-trimethylacetophenone (7) as a model substrate. By
structurally mapping these reactions, we shed light on the different strategies available to
access this new family of bimetallic complexes, depending on the base employed for the
deprotonation of 1, advancing the understanding of cooperative effects in zincate chemistry
and the preferred kinetic reactivity of Zn-N bonds in comparison with Zn-C bonds.
Furthermore, the application of these new zincates for enolate formation, reveals not only the
unexpected amplification of the metallating power of the silyl(bis)amide ligand
{Ph,Si(NAr*),}* ", but also its key role in determining the composition of the developing
enolate.

2.4 Results and discussion
2.4.1 Synthesis of Sodium Zincates Featuring a Silyl Bis(amide) Ligand

To prepare new zincates derived from the bis(amino)silane 1, it needs to be doubly

31,6364 We focussed on this

deprotonated to generate into the dianionic silylbis(amide) ligand.!
N-aryl derivative, containing bulky and readily available 2,6-diisopropylphenyl groups (Ar*)
since related ligand sets have found applications as dianionic ancillary ligands to support main
group elements!®>®! and transition metals.[*”"7!l We began by investigating the deprotonation
of 1 using sodium zincate [NaZn(HMDS),R] (2) [R = CH»SiMe3;; HMDS = N(SiMe3),], which
can be prepared straightforwardly in situ by co-complexation of the homometallic components
NaCH,SiMe; and Zn(HMDS),!">7¢. This co-complexation was carried out at room
temperature  over 12 h  affording the  heteroleptic  sodium  zincate

[{Ph2Si(NAr*).Zn(R)} {Na(THF)s}*](3) in a 71 % crystalline yield (Scheme 2. 12)

NaR + Zn(HMDS),

' | co-complexation R -
L bbbl st iatan A
v [NaZn(HMDS),R] (2) lllr _‘
a 2 Ph,,
S - sl SonR
Ph | - 2 HMDS(H) T NaTHEY
(1) Ar (3) Ar

Scheme 2. 12 Metalation of 1 with sodium zincate 2, all reactions were carried out at room temperature,
using hexane/Et;O mixture as solvent. THF was also added to aid crystallization. R= CH>SiMes;,
HMDS= N(SiMe3),, Ar*=2,6-diisopropylphenyl

"H-NMR spectrum in deuterated benzene provided confirmation of the double-deprotonation
of 1 as well as of the presence of the alkyl CH.SiMes group on zinc (Figure 2. 3). Thus, along
with the disappearance of a distinctive broad resonance at 3.51 ppm attributed to the NHAr*
groups of 1 in "H NMR spectrum, a new set of signals is observed for the newly formed
dianionic bis(amide). The most informative resonance for the alkyl group is that of the Zn-
CH; unit which appears significantly downfield at -0.70 ppm compared to that observed for
the more polarised sodium precursor NaR (at -2.06 ppm), and closer to that found for ZnR; (-
0.63 ppm), following the same trend previously reported in zincate chemistry.l’”-8]
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Figure 2.3 'H-NMR (CsDs, 400 MHz, 298 K) spectrum of 3. Ar*= 2,6-diisopropylphenyl

Confirming the bimetallic structure of 3, X-ray crystallographic studies revealed a solvent-
separated ion pair (SSIP) motif, comprising a sodium cation solvated by six THF molecules
in a distorted octahedral geometry. Its anionic moiety is made up of a trigonal planar Zn centre
(sum of angles around Zn, 359.7 (6)°) which binds to the bidentate silyl-bis(amido) ligand
[Zn-N, 1.991(4) and 1.984(4) A] resulting from the di-deprotonation of 1, and the terminal
monosilyl group [Zn-C, 1.964(5) A]. Interestingly while the Zn-N distances in 3 compare well
with those found in other zincates which contain a terminal amido group,!”-**! the Zn-C in 3
is relatively short in comparison to those witnessed in other zincate complexes containing the
same terminally attached alkyl group [ranging from 2.005 to 2.086 A],**38 which is rather
surprising considering the large steric bulk of the bis(amide) co-ligand present in 3 (see Figure
2.4)

®
@ Si2
\
\\. ‘
A N2
® (7 ) P @ 7n1

t 7 LN
2 o-b0 7%’115\“& \

\ \f‘Nal ) J |

Figure 2. 4 lon-pair structure of 3. Thermal ellipsoids are rendered at 30% probability. Hydrogen
atoms and disordered components in THF and CH,SiMes are omitted, carbon atoms of
{Ph:Si(NAr*),)*~ and THF are drawn as wire frame for clarity. Selected distances (4) and angles (°)

39



Chapter 2: Assessing Metalating Ability of Sodium Zincates Containing Sterically
Demanding Bis(amide) Ligand

N2-Znl 1.978(4), N1-Znl 1.999(4), Zn1-C37 1.956(5), N2-Zn1-N1 8056(17), N2-Zn1-C37 138.0(2),
NI1-Zn1-C37 141.4(2), N2-Sil-N1 97.28(19)

The selective formation of 3 indicates a clear preference for heteroleptic zincate 2 to act as a
bis(amide) base upon metallating 1 with the concomitant formation of two equivalents of
HMDS(H). Related to these findings, computational and structural studies on the reactivity of
the heteroleptic alkyl/amide sodium zincate [(TMEDA)NaZn(TMP)Buy] for the direct
zincation of arenes have established its dual amide/alkyl basicity.®¢! Thus while initial
deprotonation is carried out by the TMP amide group, forming a [(TMEDA)NaZn(aryl)'Bu:]
intermediate and releasing TMP(H), both species can react together subsequently, via one
alkyl group of this intermediate to give [(TMEDA)NaZn(TMP)(aryl)'Bu] as the final isolated
product of the reaction.!®!] This duality of behaviour does not seem to be in operation for the
synthesis of 3, since even when prolonged reaction times are employed (up to 48h), no further
reactivity of the remaining CH>SiMes group in 3 with the concomitant HMDS(H) (produced
during the metalation of 1) is observed. This lack of secondary alkyl basicity correlates well
with the strong carbophilicity of zinc, the relatively short Zn-C bond present in 3 and the
reduced kinetic basicity previously noted for Zn-C bonds in single metal organozinc reagents.
This has been noticed on using dialkylzinc reagents for the deprotonation of amines or
alcohols. While potentially they could be used as two-fold bases, generally only one alkyl
group is labile.[¥1

Interestingly, 1 can be di-deprotonated by tris(alkyl) sodium zincate NaZnR3 (4) (prepared in
situ by reaction of NaR and ZnR», Scheme 2. 13) furnishing 3 in a 63% yield, indicating that
when part of the zincate, two out of the three alkyl groups are active towards metalation. !
Demonstrating the power of the cooperative partnership of sodium and zinc, while for forming
3, silyl bis(amine) 1 has formally undergone di-zincation, 1 is completely inert towards
metalation when confronted with ZnR, even under forcing refluxing conditions (Scheme 2.
13).

NaR + ZnR,
* ' i.co-complexation’ Ar* -
/?«r H \Co-comp/exation ) ’L

Ph, _N N Ph,,

osidy [NaznRs] (4) Zsil Jzn—R
PR™ 2R Ph Na(THF)q

(1), Ar @) Ar °

No Reaction
ZnR,

Scheme 2. 13 Contrasting metalation towards 1 with sodium zincate 4, all reactions were carried out

at room temperature, using hexane/Et;0 mixture as solvent. THF was also added to aid crystallization.
R= CH,SiMes, Ar*=2,6-diisopropylphenyl

With the aim of preparing an amide derivative of 3, we next probed an alternative strategy,
using a stepwise metalation approach, employing two single-metal reagents in sequence
(Scheme 2. 14). Previous work by Coles has shown that selective monometalation of bis(silyl)
amines can be accomplished using common group 1 reagents such as NaH or BuLi.[*”! Using
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a stepwise approach, 1 was first reacted with one molar equivalent of NaR to furnish
[{Ph2Si(NHAr*)(NAr*)Na},] (5) which in turn was reacted with one equivalent of the
Zn(HMDS); to afford sodium zincate [{Ph,Si(NAr*),Zn(HMDS)} {Na(THF)s}*] (6) in a
80% yield (Scheme 2. 14). Taking into account that the weak base Zn(HMDS), fails to
metalate 1 on its own, we envisage the formation of 6 takes place via an intermediate bimetallic
species (see Scheme 2. 14) resulting from co-complexation of 5 with the zinc amide. The
anionic activation on zinc by formation of the putative zincate species along with the close
proximity of the NHAr* group should facilitate intramolecular deprotonation of the remaining

N-H bond, to yield 6
Ar* Eh ’Pﬁ

| : . \ z  Ar*
Ph>S|»|—lTl 'Pr Na—N

Ph,. _N (i) NaR
Sis > N—Na ipr N—Si=Ph
Ph” "N -R AT N Pr 2!
(1) Ar* Sodium \\/ ipr ph (5)
Alkylbase i
*Ar - (i) Zn(HMDS), Zir_\Cation
Ph, \N,\ \\\HMDS - HMDS(H) Amide Base
WSl Jzng
Ph l}l HMDS ,?\r* —|_
A Na(THF)g e, N
/
proposed intermediate ('Si\ /Zn—HMDS
formed via co-complexation Ph(6) le Na(TH F)e+
Ar*

Scheme 2. 14 Stepwise dideprotonation of 1 using single metal reagents NaR and Zn(HMDS); in
sequence to afford amide sodium zincate 6. (i) RT, hexane, 1h; (ii) THF, 60°C, 10h. 5 and 6 were
isolated as crystalline solids in 66 and 80% respectively, see Experimental Section for details

The molecular structures of § and 6 (Figure 2. 5 and Figure 2. 6 respectively) were established
by X-ray crystallographic studies. Homometallic 5 exhibits a centrosymmetric dimeric
arrangement (Figure 2. 5), with sodium bidentately bound by the monoanionic chelate
{Ph,Si(NHAr*)(NAr*)} that results from monodeprotonation of 1. Unsurprisingly, the Na-
N(amide) bond [Nal-N1, 2.380(2) A] is noticeably shorter than the Na-N(amine) bond [Nal-
N2, 2.486(3) A]. Sodium completes its coordination sphere by engaging in a n°~fashion with
the aryl ring of the amido group of the neighbouring unit, thus effecting dimerization [Na...C
distances ranging from 2.752(3)-2.960(3) A].°>%3 The structure of 5 contrasts markedly with
that reported by Coles for the methyl analogue [(THF);Na{Me,Si(NHAr*)(NAr*)} ] which is
monomeric with the silyl(amide)(amine) ligand coordinated in terminally through its amide

group.!”
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Figure 2. 5 Molecular structure of 5. Thermal ellipsoids are rendered at 50% probability. Hydrogen
atoms (except the N-H pair) and disordered component (present in i-Pr groups) are omitted, with
carbon atoms drawn wire frame for clarity. Symmetry transformations used to generate symmetrical
atoms: 2-x, -y, 2-z. Selected bond distances (A) and angles (°) NI-Nal 2.383(3), N2-Nal 2.488(4), N1-
Nal-N2 68.20(11), N1-Sil-N2 104.47(16)

The zincate moiety of 6 (Figure 2. 6) exhibits a similar structural motif to that of 3, with a
trigonal planar Zn centre (sum of angles around Zn, 360.0 (2)°) bonded to three N atoms, N1
and N2 from the chelating silylbis(amide) ligand [average Zn-N distance, 1.978(2) A] and N3
from the HMDS group [Zn-N3, 1.902(2) A]. These distances compare well with those reported
in other SSIP species containing the [Zn(HMDS);] ™ anion (mean Zn-N distance, 1.964 A).U"%]

Figure 2. 6 Anionic moiety of 6. Thermal ellipsoids are rendered at 30% probability. Hydrogen atoms
(except the N-H pair) and disordered component (present on SiMes) are omitted, with carbon atoms of
PhySiN(Ar*):>~ drawn wire frame for clarity. Selected distances (4) and angles (°) N2-Znl 1.982(2),
NI-Znl 1.973(2), N3-Znl 1.902(2), N2-Znl-N1 80.69(7), N2-Zn1-N3 139.65(8), N1-Zn1-N3 139.66(8),
N2-Sil-N1 97.19(8)

2.4.2 Applications of Sodium Zincates in Enolate Formation

Next we explored the metallating reactivity of new zincates 3 and 6 on their ability to
deprotonate ketones to access zinc enolates, which are important intermediates in many
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94-100] Tn most such

organic transformations including C-C couplings and addition reactions.!
transformations, the zinc enolates are prepared in situ and subsequently treated with the
relevant electrophile. Several methods to access these enolates have been reported including
deprotonation of a ketone with a group 1 base followed by salt metathesis with ZnX,,*! direct

9497 as well as direct deprotonation of a

insertion of zinc in halogen-substituted ketones,!
ketone using a zinc base.’®9%100101 For this third approach the zinc bis(amide) Zn(TMP),,
comprising the basic 2,2,6,6-tetramethylpiperidide groups has shown good promise as a
metallating reagent,['%2-1% whereas dialkyl zinc reagents such as ZnEt, display more sluggish

reactivities.['%

I As previously mentioned, TMP-containing alkali-metal zincates have found
applications in direct Zn-H exchange reactions!>"#14-19.2227 including ketone metalation.!¢!
Thus, we contemplated whether heteroleptic sodium zincates 3 and 6 could act as bases to
access zinc enolate complexes, using as a model substrate the sterically demanding ketone,

2’.4’,6’-trimethylacetophenone (7).

"H NMR monitoring of the reaction of equimolar amounts of 7 and alkyl sodium zincate 3 led
to the formation of mixed-metal enolate [{(THF)NaZnR(OC(=CH:)Mes),}>] (8) with
concomitant formation of silylbis(amine) (1) (Scheme 2. 15(1)).

The presence in the spectrum of unreacted 3 (in the same ratio of 1) that eventually disappear
after the addition of a second equivalent of 7 confirms the stochiometric ratio between 3 and

7 as 1:2 respectively.

The preferred bis(amide) reactivity of 3 is somewhat surprising considering that in many
reported applications of complexes containing related bulky silyl(bis)amides, these ligands act

35.36.39.65.661 Some of our previous

primarily as steric stabilizers for main group elements.!
magnesiate work has shown that this ligand can be activated towards deprotonation reactions
when part of a bimetallic scaffold, although in these cases the relevant sodium magnesiate
always reacts first by the alkyl group while the one or two amide groups only become active
in a second metalation step, whereas here, the alkyl group remains intact on the zinc. It should
also be noted that in previous reports on alkali-metal zincates, where preferred amide basicity
is observed over the reaction involving one of their alkyl groups, these feature significantly
more basic amides such HMDS or TMP than the anilide groups present in 3. By using 2
equivalents of 7, mixed Na/Zn enolate 8 could be isolated as a crystalline solid in a 60% yield.
Attempts to extract further reactivity of the remaining alkyl group in 8 using an excess of 7
were unsuccessful even under forcing reaction conditions (4h, 69 °C), illustrating the kinetic
resilience of the CH,SiMes anion.
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Scheme 2. 15 Contrasting reactivities of sodium zincates 3, 4 and 6 towards ketone 7. All reactions
were carried out in Dg-THF. (i) RT, 10 min; (i) 69°C, 1h or RT, 12h; (iii) RT, 10 min. Enolates 8, 9
and 10 were formed in quantitative yields according to 'H NMR monitoring studies and were isolated
as crystalline solids in 60, 39 and 15% yields respectively

Interestingly, tris(enolate) [{(THF):NaZn(OC(=CH:)Mes)s}2] (9) was obtained from the
reaction of HMDS-sodium zincate 6 with 7, even when only one equivalent of the ketone was
employed (Scheme 2. 15(ii)) showing that by being part of a zincate scaffold, the basic amide
HMDS and bis(amide) {Ph,Si(NAr*),}> have comparable reactivities towards the
deprotonation of 7. When the reaction was repeated with 3 equivalents of 7, sodium-zinc

enolate 9 was isolated with a crystalline yield of 39%.

For comparison, the reaction of tris(alkyl) zincate 4 with 7 was performed. Despite its lack of
amido groups, 4 can also deprotonate this ketone, although now only one of its three potential
sites reacts affording the homometallic sodium enolate [ {(THF)Na(OC(=CH:)Mes)}4] (10)
(isolated in 15% crystalline yield) along with the elimination of the homometallic zinc

component ZnR,.

The distinct constitutions of enolate complexes 8, 9 and 10 illustrates the versatile reactivity
that zinc bases can have towards ketones, which can be particularly relevant when zinc
enolates are prepared in situ for further organic functionalisation. This is particularly important
for the reaction of NaZnR3 (4) as the resulting enolate species is actually a sodium enolate
which because of its more polar character is expected to display significant different reactivity
and functional group tolerance to those of a zinc enolate. The mono(alkyl) basicity preferred
basicity of 4 is also in sharp contrast to that previously reported by us for the related sodium
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magnesiate NaMgBus; which reacts quantitatively with 3 equivalents of 7 to give a tris(enolate)
sodium magnesiate.[!%”)

It should also be noted that compounds 8 and 10 where the only species formed when ketone
7 was treated with zincates 3 and 4 respectively, even when 3 equivalents of 7 was employed
under forcing reaction conditions, which is consistent with the strong carbophilic character of
zinc, which translates into a reduced basicity of the alkyl group attached to this metal.

To illustrate the higher covalent and carbophilic character of Zn versus Mg, 7 was reacted with
the magnesium analogue of 3, sodium magnesiate
[{Ph.Si(NAr*)Mg(THF)(R)} {Na(THF)s}*] (11), the bis(silyl)amido ligand remains as a
spectator, coordinated to Mg, while the ketone is deprotonated by the alkyl group, affording
[{PhaSi(NAr*),Mg(THF)(OC(=CHz)Mes)} {Na(THF)s}"] (12) in a 40% isolated yield
(Scheme 2. 16).

T il T

Ph/,,,'S./N\M WTHF @) Ph,, /N\ WTHF
' g S Mg’
Ph/(")\N/ R s . N N
|* Na(THF)g (12) |
Ar Ar*

+ Mes
Na(THF)g

Scheme 2. 16 Metalation of ketone 7 by sodium magnesiate 11. Reaction carried out in THF, 2h, -40°C,
40% isolated crystalline yield. Mes=2,4,6 trimethylphenyl

Considering the similar size of Mg and Zn, formation of 12 also suggests that the enhanced
basicity observed for silyl(bis)amide in zincates 3 and 6 is not a consequence of its steric
congestion when chelated to the metal in these -ate systems. Heteroleptic magnesiate 12 was
fully characterized by 'H and '3C NMR spectroscopy as well as X-ray crystallographic studies
(Figure 2. 10). We have previously reported alkyl basicity for this type of sodium magnesiate
in magnesiation of N-heterocyclic molecules such as N-methyl benzimidazole and it is only
when more acidic molecules such as pyrrole when one amido arm of the bis(amide) ligand in
11 is found to react with a second equivalent of substrate, thus showing overall dual
alkyl/amido basicity.®®! Highlighting the more pronounced amide reactivity preference in
zincates versus magnesiate, previous work on assessing the deprotonation of unsaturated N-
heterocyclic carbenes with mixed alkyl-TMP bimetallic bases has shown that while sodium
magnesiates react using their alkyl groups!!®! amide basicity is the preferred modus operandi

for the related sodium zincates!'?!

The molecular structures of enolates 8-10 and 12 were determined using X-ray

116-120] ha5 shown

crystallographic studies. Early seminal work by Willard!''1*!!5] and Seebach!
the relevance of structural elucidation of synthetically useful s-block metal enolates in order
to understand and rationalise many fundamental organic transformations including aldol

condensations. Sodium enolate 10 forms a tetramer with a distorted cubane structure, similar
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to that found in other sodium enolates (Figure 2. 7).[1!1:121-123] Qubstantial disorder in 10
precludes a meaningful discussion of its geometric parameters though connectivity is

definitive.

Figure 2. 7 Molecular structures of enolate complexes 10. Thermal ellipsoids are rendered at 30%
probability. Hydrogen atoms and minor disordered component are omitted, carbon atoms drawn as
wire frame for clarity. Symmetry transformations used to generate symmetrical atoms: 1-x, 1-y, 1-z

Despite having similar compositions, sodium zincate enolates 8 and 9 adopt different dimeric
arrangements (Figure 2. 8 and Figure 2. 9). Complex 8 can be interpreted as a heterobimetallic
variant of 10, where two Na(THF) corners have been replaced by ZnR corners, forming a
distorted mixed-metal cubane with alternating enolate O and metal (2 Na, 2 Zn) corners
(Figure 2. 8). While this motif is unknown in zinc enolate chemistry, it is reminiscent of that

previously reported for mixed lithium/zinc alkyl-alkoxide clusters.['?412°]
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Figure 2. 8 Molecular structures of enolate complex 8. Thermal ellipsoids are rendered at 30%
probability. Hydrogen atoms and minor disordered component are omitted, carbon atoms drawn as
wire frame for clarity. Selected distances (A) and angles (°) 01-Znl 2.079(3), 02-Znl 2.054(3), O2-
Na2 2.470(3), Ol-Nal 2.458(3), Znl-O4 2.075(3), O2-Zn2 2.088(3), Na2-O3 2.349(3), O4-Na2
2.274(3), O4-Zn2 2.088(3), Zn2-03 2.059(3), O3-Na2 2.349(3), Nal-O4 2.470(3), Na2-O2-Zn2
99.53(11), O4-Znl-O1 94.65(11), Znl-OI-Nal 90.48(11), Nal-O4-Znl 94.08(11), Znl-O2-Na?2
94.07(10)

In contrast, 9 comprises two metal-enolate-connected [(THF)NaZn(OR);3] units, where each
Na-Zn pair and both Zn atoms are connected by two bridging enolates, giving rise to a face-
fused double heterocubane structure with two missing corners (Figure 2. 9). Alternatively, by
using the Mulvey inverse-crown nomenclature for bimetallic ring structures,!'>121 9 can be
described as [(NaOZnO),] cationic eight-membered ring hosting two enolate anion guests. It
should be noted that a variant of 9 where each sodium is solvated by a molecule of unreacted
ketone 7 instead of THF has been previously reported by us as the result of the reaction of
NaZn(HMDS); with a four molar excess of 7.1'%) This motif has also been described by
Henderson for mixed K/Ca enolates.!'3%! The Zn-O bond distances in 8 and 9 compare well
with those of other zinc enolate complexes,!%%:19131 whereas their Na-O distances [mean
values, 2.356 (3) A and 2.379 (2) A for 8 and 9 respectively) are slightly elongated compared
to those found in related enolate sodium magnesiate complexes such as
[(TMEDA );Na,Mg(OC(=CH>)Mes)4] [mean value = 2.256 A].' In order to compensate for
the comparative weakness of these Na-O bonds, in both bimetallic complexes each sodium
atom m-engages with olefinic carbons of one enolate ligand (shown as dashed bonds in Figure
2. 8 and Figure 2. 9) as indicated by the relatively short Na-C distances (mean values 2.960
and 2.928 A for 8 and 9, respectively)
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Figure 2. 9 Molecular structures of enolate complexes 9. Thermal ellipsoids are rendered at 30%
probability. Hydrogen atoms and minor disordered component are omitted, carbon atoms drawn as

wire frame for clarity. Symmetry transformations used to generate symmetrical atoms: 0.5-x, y, 1.5-z
Selected distances (4) and angles (°): Zn1-025 1.898(1), Zn1-O1 2.017(1), O25-Nal 2.342(2), Znl-
013 1.892(1), O1-Nal 2.469(2), Znl-O25-Nal 97.16(6), O1-Zn1-025 94.09(6),

In contrast, the structure of sodium magnesiate 12 is a solvent separated ion pair (Figure 2.
10), with the same cationic {Na(THF)s} " moiety as in zincates 3 and 5, and an anionic moiety
comprising a distorted tetrahedral Mg bonded to the chelating silylbis(amide) ligand, an
enolate O and a THF O atom.

Figure 2. 10 Molecular structures of enolate anionic moiety of 12. Thermal ellipsoids are rendered at
30% probability. Hydrogen atoms and minor disordered component are omitted, carbon atoms (except
those of enolate ligand) drawn as wire frame for clarity. Selected distances (A) and angles (°) N2-Mgl
2.076(2), NI-Mgl 2.013(2), Mgl-O2 2.067(4), Mgl-Ol 1.858(2), N2-Mgl-N1 78.87(7), N2-Sil-N1
99.68(9), N2-Mg1-02 96.79(7), NI-Mgl-O2 117.03(7) N2-Mgl1-O1 137.22(8), NI-Mg1-O1 124.79(8)
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2.5 Conclusions

Exploiting the preferred kinetic basicity of amides over alkyl groups in zinc chemistry, a new
family of sodium zincates supported by a bulky chelating bis(silyl)amide ligand using
Ph,Si(NHATr*), (1) as a precursor has been made. Illustrating the importance on the order of
addition of the single-metal components of the sodium zincate, if 1 was reacted with the
bimetallic base [NaZn(HMDS),R] (2), alkyl complex [{Ph,Si(NAr*),Zn(R)} {Na(THF)s}"]
(3) was obtained; whereas using a sequential approach, the mono-deprotonation of 1 by NaR,
followed by addition of =zinc amide Zn(HMDS), furnished amido zincate
[{Ph.Si(NAr*),Zn(HMDS)} {Na(THF)s}*] (6). Reactivity studies of these new heteroleptic
sodium zincates and for comparative purposes the all alkyl sodium zincate [NaZnR3] (4)
towards ketone 2’,4’,6’-trimethylacetophenone (7) revealed the diverse behaviour of these
mixed metal species. This diversity ranges from tris(amide) basicity of 6, with its three amido
arms deprotonating 7 (to give 10), to bis(amide) basicity of 3, furnishing 8 which retains the
alkyl group intact, and to mono(alkyl) basicity of 4 which occurs with a subsequent
disproportionation step affording sodium enolate 10 and ZnR». Structural and spectroscopic
studies revealed an unexpected enhancement of the basicity of the bis(silyl)amide ligand which
far from acting as a mere steric stabilizer, when part of a sodium zincate framework, it is
capable of deprotonating two equivalents of the ketone. Emphasising the greater
electropositive character of Mg and the greater polarity of its bonds, this reactivity is in sharp
contrast with that found for related sodium magnesiate
[{Ph.Si(NAr*)Mg(THF)(R)} {Na(THF)s}*] (11) towards 7, where the silyl(bis)amide
remains as an spectator in the metalation process which is achieved selectively using the alkyl
group on the magnesiate.

Collectively these studies not only reveal the complicated and unique reactivity of heteroleptic
alkali-metal zincates, they also spotlight the structural diversity of s-block (and pseudo s-
block) metal enolates, which in many synthetic studies remain concealed since species of this

type are usually prepared in situ for onward functionalization in organic transformations.

2.6 Experimental Section

2.6.1 Synthesis and characterization of compounds 2-12

Synthesis of [NaZn(HMDS),(CH,SiMe3)] (2)

. In the reactivity studies compound 2 was prepared in situ.
(Me);Si, poMe)s| o
3, / S'/ For its characterization, 11mg of NaCH,SiMes (0.1 mmol)
i—
N /N\Z / were solubilized in 0.5 mL of Ds-THF. 39 mg of freshly
a\ 40 prepared Zn(HMDS), (0.1 mmol) were added affording a

N

. colorless solution. "H DOSY NMR analysis reveals the co-
Me)si¥  “Si(Me), Y

diffusion of all resonances suggesting that both of the
metallic species are part of the same molecular entity in THF solution (diffusion coefficient:
6.256¢'% m?/s)
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'"H-NMR (Ds-THF; 298K; 300 MHz) &(ppm): -0.11 [s, 36H, CH; HMDS], -0.2 [s, 9H, CH;
CHaSiMes], -1.09 [s, 2H, CH> CH,SiMe;] BC{'H}-NMR (Ds-THF; 298K; 75 MHz) & (ppm):
6.8 [CH3 HMDS], 4.5 [CH3 CH2SiMes], 2.8 [CH2 CH2SiMes]

Synthesis of [{(PhoSi(NAr*),)Zn(CH,SiMes3)} {Na(THF)s}*1 (3)

T* Procedure A: 386 mg of freshly prepared Zn(HMDS), (1
mmol) was solubilized in 3mL of hexane. The solution was

i— dded vi lat i f110 f NaCH,SiM
Ph., /N\Zn\/SI added via canula to a suspension o mg of NaCH,SiMe;

Ph”” SI\N/
(Na(THF)g} " stir at room temperature for 30 min. 530 mg of 1 (1 mmol)
)\6)\ was added to the mixture and the suspension was allowed to

stir at room temperature overnight. Volatiles were removed

(1 mmol) and 3 mL of hexane and the mixture was allowed to

under vacuum and to the white residue was dissolved in 3 mL of hexane and 1 mL of THF,
affording a pale-yellow solution. Overnight storage in a fridge (4°C) furnished colorless
crystal of 3 (880 mg; 71%)

Procedure B: 100.7 mg of LiR (1.06 mmol) and 72 mg of ZnCl; (0.53 mmol) were suspended
in 5 mL of Et,O at -40°C. The cold bath was removed, and the mixture was allowed to stir at
room temperature for lh. The mixture was filtered from LiCl affording a colorless solution.
Volatiles were removed under vacuum. The white solid was suspended in 4 mL of hexane,
58.3 mg of NaR were added (0.53 mmol) and the resulting suspension was allowed to stir at
room temperature for 1h. Volatiles were removed under vacuum and 5 mL of fresh THF were
added affording a pale-yellow solution. 283 mg of 1 (0.53 mmol) were added and the solution
was allowed to stir at reflux (69 °C) overnight. Volatiles were removed under vacuum and to
the white residue was dissolved in 3 mL of hexane and 1 mL of THF, affording a pale-yellow

solution. Overnight storage in a fridge (4°C) furnished colorless crystal of 3 (289 mg; 63%)

'TH-NMR (C¢Ds; 298K; 400 MHz) &(ppm): 7.6 [m, 4H, Ph], 7.16 [m, 4H, Ar*], 7.1 [m, 6H,
Ph], 6.95 [t, 2H, Ar*], 4.28 [sept, 4H, CH 'Pr], 3.42 [m, 18H, O-CH, THF], 1.37 [m, 18H, CH,
THF], 1.16[d, 24H, CH; 'Pr], 0.18 [s, 9H, CH; CH,SiMes], -0.7 [s, 2H, CH, CH,SiMes] It
should be noted that around 2 molecules of the solvating THF present in 3 were removed under
vacuum when drying the crystals BC{'"H}-NMR (C¢D¢; 298K, 100 MHz) §(ppm): 151.3,
145.0, 144.7 [Cquatemary Ar* and Ph], 135.7, 127.3, 123.9, 119.4 [CH, Ar* and Ph], 68.4 [O-
CH, of THF], 28.6 [CH 'Pr], 26.0 [CH, THF], 25.2 [CH3 'Pr], 3.4 [CH3 CH,SiMe;], -5.2 [CH>
CHsSiMe;]

Elemental analysis: analytical calculated: CssHg:NoNaO4SixZn C 67.02, H 8.54, N 2.89.
Found: C 66.35, H 8.49, N 3.07. When drying crystals under vacuum some of solvating THF
was removed. The "H-NMR spectrum of the batch used for the elemental analysis, shows in
the solid there are an average of 3.5 molecules of THF instead of 6
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Synthesis of [{Ph,Si(NHAr*)(NAr*)Na},] (5)

5 was prepared following a procedure reported by

QY Livingstone!'*¥, NaCH,SiMe; (110 mg, 1 mmol) was
n NH ) suspended in a Schlenk tube in 5 mL of hexane. An equivalent
\Si{ Na of already prepared Ph,Si(NHA1*), (1) (530 mg, 1 mmol) was
PhT N HN, added and the suspension was allowed to stir for one hour.
i - //—/Na\N;S(Z: Toluene (5 mL) was introduced affording a clear solution. A

batch of colourless crystals was isolated after storage of this

solution in the freezer for 2 days (364 mg, 66%). Despite several

attempts due to the extremely air sensitive nature of this
compound, no satisfactory elemental analysis could be obtained.

"H-NMR (C¢Ds, 298K, 400 MHz) 8(ppm): 7.58 [m, 8H, Ph], 7.16 [m, 13H, Ph and toluene],
7.02 [m, 13H, toluene and Ar*], 6.51 [t, 2H, Ar*], 3.99 [s, 2H, NH], 3.78 [sept, 4H, CH 'Pr],
3.24 [sept, 4H, CH 'Pr], 2.15 [s, 3H, CHj, toluene], 1.07 [d, 24H, CH3, ‘Pr], 0.97 [d, 24H, CH;
Prl.BC{H}-NMR (C¢Ds, 298K, 100 MHz) §(ppm): 154.7, 142.5, 142.0, 141.6, 139.6
[Cquarternary Ph, toluene and Ar*], 135.0, 129.2, 128.6, 127.4, 125.5, 123.4, 123.1, 121.9, 113.1
[CH Ph, toluene and Ar*], 28.8, 27.1 [CH ‘Pr], 23.5 23.2 [CH3, ‘Pr], 21.1 [CH3, toluene]
Toluene signals due to co-crystalization of this solvent with.

Synthesis of [{(PhoSi(NAr*),)Zn(HMDS)}  {Na(THF)s}*] (6)

643.3 mg of freshly prepared Zn(HMDS), (1.67 mmol) was

solubilized in SmL of THF . The solution was added via

cannula to 920 mg of 5 (1.67 mmol). The mixture was

P, allowed to stir at reflux overnight. Volatiles were removed

/ \ / —N(SiMe3), under vacuum and the white residue was dissolved in 5 mL
Ph N .

of hexane and 1.6 mL of THF, affording a pale-yellow

solution. Overnight storage in a freezer (-33°C) furnished

{Na(THF)g}
colourless crystals of 6 (1250 mg; 80%).

'H-NMR (Ds-THF; 298K; 300 MHz) 8(ppm): 7.4 [m, 4H, Ph], 6.96 [m, 6H, Ph], 6.71 [d, 4H,
Ar*], 6.45 [t, 2H, Ar*], 4.06 [sept, 4H, CH Pr], 3.62 [m, 6H, O-CH, THF], 1.77 [m, 6H, CH,
THF], 0.8 [d, 24H, CH; Pr], -0.16 [s, 18H, CH; HMDS]. It should be noted that around 5
molecules of the solvating THF present in 6 were removed under vacuum when drying the
crystals.*C{'"H}-NMR (Ds-THF; 298K; 75 MHz) & (ppm): 152.1, 146.5, 144.6 [Cquaternary AT*
and Ph], 136.2, 122.2, 117.4 [CH Ar* and Ph], 68.0 [O-CH, of THF], 27.9 [CH 'Pr], 26.2 [CH>
THF], 24.9 [CH; Pr], 5.8 [CH; HMDS]

Elemental analysis: analytical calculated: CiosHi64NsNa,OsSisZn, C 64.93, H 8.53, N 4.50.
Found: C 64.93, H 8.59, N 4.37. When drying crystals under vacuum some of solvating THF
was removed. The "H-NMR, of the batch used for the elemental analysis, shows in the solid
there are an average of 2.5 molecules of THF instead of 6.
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Synthesis of [ {(THF)NaZn(CH,SiMe3;)(OC(=CH;)Mes),} -] (8)

R, ~THF 0.33 mL (2mmol) of 7 were added to a solution of 2100 mg of 3
R ,\\Zn___3 lO/R' (2 mmol) and 5 mL of THF, in that instant colour change of the

solution is observed, from colourless to light yellow. After

R\\\‘"Zn l O ‘ R stirring the reaction mixture at room temperature for 1h volatiles
/O Na\ were removed under vacuum, and the solid residue was dissolved
R’ THF  in warm Toluene (2 mL). Colourless crystals of 8 were obtained

after slowing cooling down the solution. (697mg yield: 60%) When the reaction was
monitored by '"H-NMR quantitative conversion of 3 into 8 was observed.

"H-NMR (Ds-THF; 298K; 300 MHz) & (ppm): 6.69 [s, 8H, Mes], 4.09 [s, 4H, =CHH’], 3.34
[s, 4H, =CHH], 3.61 [m, 8H, OCH, THF], 2.32 [s, 24H, CH3; Mes] 2.16 [s, 12H, CH3 Mes],
1.78 [m, 8H, CH, THF] 0.03 [s, 18H, CH; CH,SiMes], -0.87 [s, 4H, CH, CH,SiMes] BC{'H}-
NMR (Ds-THF; 298K; 75 MHz) 6 (ppm): 165.9 [C-O], 143.8, 135.5, 135.3 [Cguatemary Mes],
128.4 [CH Mes], 83.2 [CO=CHH’], 21.2, 20.6 [CH3 Mes], 3.9 [CH3 CH»,SiMes] -7.8 [CH,
CH»SiMes]

Elemental analysis: analytical calculated: CgHooNa>OsSi2Zn, C 63.20 H 7.96. Found: C
66.32, H 8.01.

Synthesis of [ {(THF)NaZn(OC(=CH;)Mes);}»] (9)

Rs o/R' 938 mg of 6 (1 mmol) were solubilised in 5 mL of
\Zn/ R THF, then 0.5 mL of 7 (3 mmol) were added to the
THF—NA—q” ’&///i/fO'"‘"‘f‘\“‘ Na—THF solution. The mixture was allowed to stir for 1h at
\ / \Z / 69°C. The solution was cooled down to room
/ n\o .
N temperature. All the volatiles were removed under
R’ R’

vacuum and to the white residue 2 mL of toluene were
added, affording an orange suspension. In order to facilitate the crystallization one additional
equivalent of 7 (0.17 mL) were added. The mixture was heated under reflux in an oil bath and
let slowly cool down at room temperature for a night furnished colourless crystal of 9 (228 mg
yield: 39%). When the reaction was monitored by 'H-NMR quantitative conversion of 6 into
9 was observed. Despite several attempts due to the extremely air sensitive nature of this
compound, no satisfactory elemental analysis could be obtained.

'H-NMR (Ds-THF; 298K; 300 MHz) 8(ppm): 6.69 [s, 12H, Mes], 4.38 [s, 6H, =CHH’], 3.62
[m, 16H, OCH, THF), 3.38 [s, 6H, =CHH ], 2.17 [s, 36H, CHs, Mes] 2.17 [s, 18H, CHs, Mes],
1.77 [m, 16H, CH, THF]. ®*C{'H}-NMR (Ds-THF; 298K; 75 MHz) & (ppm): 165.1 [C-O],
144.3, 136.1, 134.9 [Cquuermary Mes], 128.1 [CH Mes], 83.3 [CO=CHH], 20.9 [CH; Mes].
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Synthesis of [{(THF)Na(OC(=CH)Mes)}4] (10)

- THF 0.17 mL (1 mmol) of 7 were added to a solution of 580 mg

“O—N3 (Immol) of freshly prepared 4" and 5 mL of THF. The
THF"\\Na—i—\O/ R" " colourless solution obtained was allowed to stir for 1h at room
- e OlR temperature, then volatiles were removed under vacuum. 2 mL
THF \(l) \N‘a of fresh hexane were added to the white solid residue, the
R’/ “THF resulting suspension was gently heated, affording a colourless

solution. Overnight storage in a fridge (4°C) furnished colourless crystal of 10 (40 mg, 15%)
When the reaction was monitored by 'H-NMR quantitative conversion of 6 into 9 was
observed.

TH-NMR (CeDs; 298K; 300 MHz) 5 (ppm): 6.85 [s, 8H, Mes], 4.06 [s, 4H, CH =CHH],
3.71 [s, 4H, CH =CHH’] 3.46 [s, 16H, OCH, THF] 2.54 [s, 24H, CH; Mes], 2.20 [s, 12H,
CH; Mes], 1.36 [s, 16H, CH, THF] BC{'H}-NMR (CDs; 298K; 75 MHz) & (ppm): 170.2
[C-O] 144.8, 134.5, 134.1 [Cquaternary Mes] 128.2 [CH Mes], 78.1 [=CHH’], 68.0 [OCH,
THF], 21.0 [CH; Mes], 20.5 [CH; Mes]

Synthesis of [ {(PhoSi(NAr*),)Mg(THF)(CH>SiMes3)} {Na(THF)s! ] (11)

T, 11 was prepared following a procedure reported by
Livingstone.!'331220 mg of NaCH,SiMe; (2 mmol) and 400 mg
of Mg(CH,SiMes), (2 mmol) were suspended in 10 mL of

THF
‘ | hexane and allowed to stir for 10’ at room temperature. Then

s N\M-’~ si—
P S NN : ~
N 1060 mg of 1 (2 mmol) were added and the white suspension
)\é)\ was allowed to stir for 1h. 4 mL of THF were dripped in the
{Na(THF)e}  suspension and the mixture was gently heated in order to obtain

a pale-yellow solution. Overnight storage in a freezer (-33°C) furnished colorless crystal of 11
(1612 mg; 78%)

IH-NMR (C¢Ds; 298K; 400 MHz) & (ppm): 7.89 [d, 4H, Ph], 7.11 [dd, 4H, Ph], 7.02 [d, 2H,
Ph], 6.98 [d, 4H, Ar*], 6.64 [t, 2H, Ar*], 4.22 [s, 4H, CH, 'Pr], 3.47 [t, 28H, O-CH,, THF],
1.36 [m, 28H, CH,, THF], 1.15 [d, 24H, CH3, 'Pr], 0.34 [s, 9H, CHs CH,SiMe3], -1.28 [s, 2H,
CH,, CH,SiMes]. *C{'H}-NMR (C¢Ds; 298 K; 100 MHz) & (ppm):153.91, 146.13, 143.21
[Cquartemary, Ph or Ar¥], 135.11 [CH, Ph], 126.21 [CH, Ph], 126.14 [CH, Ph], 122.94 [CH, Ar*],
115.25 [CH, Ar*], 68.20 [O-CH,, THF], 28.94 [CH, ‘Pr, Ar*], 25.41 [CH,, THF], 25.26 [CH;,
Pr, Ar*], 4.73 [CH3 CH,SiMe;], -0.82 [CH, CH2SiMes].

53



Chapter 2: Assessing Metalating Ability of Sodium Zincates Containing Sterically
Demanding Bis(amide) Ligand

Synthesis of [ {(Ph,Si(NAr*),)Mg(THF)(OC(=CH,)Mes)} {Na(THF)s}*] (12)

T 516 mg of 11 (0.5 mmol) were solubilized in 3 mL of THF. The
\(Q\( solution was placed in a cold bath at -40°C and 0.08 mL of 7 (0.5

mmol) was added. The solution was stirred for 30’ and then the

g mixture was allowed to warm up to room temperature and then it
h/ \ M \o

% was stirred for an additional hour. Volatiles were removed under
)\é/k Mes vacuum. The white residue was solubilized with 3 mL of hexane,
{Na(THF)e} 0.5 mL of THF and a gently heating. Overnight storage in a fridge

(4°C) furnished colourless crystal of 12 (212 mg; 40%)

"H-NMR (Ds-THF; 298K; 300 MHz) & (ppm):7.26 [m, 4H, Ph], 6.91 [m, 6H, Ph], 6.69 [d,
4H, Ar*, J=7.37 Hz], 6.57 [s, 2H, Mes], 6.39 [t, 2H, Ar*], 4.1 [sept, 4H, CH 'Pr], 3.75 [d, 1H,
=CHH’], 3.66 [m, 18H, OCH, THF], 3.10 [d, 1H, =CHH], 2.15 [s, 9H, CH3, Mes], 1.81 [m
18H, CH, THF], 0.78 [d, 24H, CH; 'Pr] 3C{'H}-NMR (Ds-THF; 298K; 75 MHz) & (ppm):
165.5 [C-0O],154.6, 145.5, 144.3, 135.7, 133.7 [Cquatemary Ph, Ar*,Mes],136.5 [CH Ph], 127.7
[CH Mes], 122.3, 115.6 [CH Ar*] 81.4 [CO=CHH’], 68.4 [OCH, THF], 28.3 [CH 'Pr], 26.5
[CH, THF], 25.4[CH;3 'Pr], 21.2, 20.6 [CH; Mes]

2.6.2 '"H NMR monitoring of the metalation of 7 by sodium zincates 3, 4 and 6

'"H-NMR monitoring of reaction of 3 with variable amounts of (7)

100 mg of 3 (0.1 mmol) were solubilized in 0.5 mL of Ds-THF in a flushed and dried J.
Young’s NMR tube. Subsequentially addition of 16.6 pL 7 (0.1 mmol, 1 eq.) were made, until
49.8 pL of 7 (0.3 mmol, 3 eq.) were added. After every addition, the mixture was observed by
'"H NMR

When 3 was reacted with three equivalents of 7, compound 8 was detected in the same yield
as seen in the reaction with 2 equivalents, but the additional equivalent of 7 was detected in
the reaction mixture. Alternative if the reaction is carried out using just one equivalent of

ketone, the yield for 8 diminished to 50% and the unreacted zincate 3 is observed in solution.

'"H-NMR monitoring of reaction of 6 with variable amounts of (7)

41,5 mg of 6 (0.05 mmol) were solubilized in 0.5 mL of Ds-THF in a flushed and dried J.
Young’s NMR tube. Subsequentially addition of 8.3 uL of 7 (0.05 mmol, 1 eq.) were made,
until 24.9 pL of 7 (0.15 mmol, 3 eq.) were added. After every addition, the mixture was heated
for 1h at 69°C and then was observed by '"H NMR

When 6 is reacted with one molar equivalent of 7 only compound 9 is detected along with 1

and HMDS(H) in almost 33% conversion along with unreacted 6. When the reaction was
carried out with 3 equivalents of 7 only 9, 1 and HMDS(H) were observed.
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'"H-NMR monitoring of reaction of 4 with variable amounts of (7)

58 mg of 4 (0.1 mmol) were solubilized in 0.5 mL of Dg-THF in a flushed and dried J. Young’s
NMR tube. Subsequentially addition of 1 equivalent of 7 (16.6 pL, 0.1 mmol) were made,
until 33 pL of 7 (0.2 mmol, 2 eq.) were added. After every addition, the mixture was observed
by 'H NMR

When 4 was reacted with 2 equivalents of 7, afforded 10 in the same yields as when only one
equivalent of 7 was employed. Zn(CH,SiMes), was also detected together with 10.
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3.1 General introduction to this chapter

Main group bimetallic compounds combining an alkali metal with a more electronegative
metal (such as magnesium, zinc or aluminum) are nowadays a well-established family of
reagents in Organometallic Chemistry.!' Also known as -afe compounds, these systems have
found numerous applications in cornerstone organic transformation such as deprotonative

n,[7:9-15 5,16-18] 19-231 to name just a

metalatio ! metal-halogen exchange! or nucleophilic additions!
few. A significant amount of effort has been devoted to the isolation and characterization of
these mixed metal species in the solid state and in solution.!**2°! Most of the these studies have
focused on lithium and sodium compounds, whereas potassium -ates have received significant
less attention. %34 This chapter focuses on the synthesis of a new family of potassium
metal(ates) supported by the sterically demanding bis(amide) ligand {PhoSi(NAr*),}*"
(introduced in Chapter 2), thus some key results from the recent literature on potassium

metal(ates) complexes are summarized in this introduction.

Several synthetic studies have shown that combining potassium with magnesium in the same
molecule leads to an enhancement of the reactivity of the resulted bimetallic compounds.*-35-
4] For example [(PMDETA)-K,MgR4] (PMDETA= N,N,N’,N”’,N”’-
pentamethyldiethylenetriamine, R= CH,SiMe3), is capable of quantitatively ortho-metalate
anisole (Scheme 3. 1), while the neutral organomagnesium Mg(CH,SiMes); is totally inert
towards this substrate. In this work a remarkable alkali-metal effect is also observed, with the

potassium magnesiate being more reactive than the sodium and lithium analogues.*”!
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®
& g’
& [ % (. \o \
\ K N Y 7 1) 0.33 [(PMDETA),K,MgR,] |
&= - » Mg % -0 Hexane, RT, 2h, -RH
.i K 2) I, (excess)
w
-2 ® o Hexane, RT, 1h yield: 88%
o o
a) . b)

Scheme 3. 1 a) Molecular structure of [(PMDETA)K:MgR4]. Thermal ellipsoids are rendered with
30% probability. Hydrogen atoms and disorder components are omitted for clarity. b) Metalation of
anisole using the high order magnesiate [(PMDETA):K>MgR,].

Another example of alkali-metal effect in deprotonative metalation reactions, using alkali-
metal magnesiates, was observed for the deprotonation of naphthalene using
[NaMg(TMP),"Bu] and its potassium analogue [KMg(TMP),"Bu]. The sodium magnesiate
promoted a twofold deprotonation at position 1 and 4, while the potassium magnesiate base

induced the selective C2 mono-metalation (Scheme 3. 2).[4!)

x AMTMP + "BuMgTMP

00 D b s s

[AMMg(TMP),,,"Bu]
AM =K x=1 AM = Na x=2

|
yield: 67%  ~°°TTTTTTTTTTTooUTTTTTTCTLO o TTmmmmmTTTmmmmmmmmmeees yield: 86%

Scheme 3. 2 Divergent regioselective in metalation using [KMg(TMP);"Bu] or [NaMg(TMP),"Bu] in
deprotonation of naphthalene

Isolation of the organometallic intermediates prior to electrophilic interception also revealed
significant differences. The mixed sodium/magnesium system afforded a supramolecular
arrangement exhibiting an “inverse crown” motif,['#?! containing a demethylated TMP variant
in the structure [{NasMgy(TMP)4(TMP*),}(1,4-CioHe)] (TMP*= 2,2 6-trimethyl-1,2,3,4-
tetrahydropyridide, can be described as a demethylated variant of TMP and TMP= 2,2,6,6-
tetramethylpiperidide), characterized by a dicataionicl2-member {(NaNNaNMgN),} ring
which hosting in its core a 1,4 di-magnesiated naphthalene. Contrastingly, the potassium
magnesiate induced the formation of a 24-membered ring {KNMgN}s hosting six C2-
metallated naphthalene anions. Thanks to this conformation the potassium cations can
maximize the 7 interactions with the aromatic anions, affording [{KMg(TMP)2(CioH7)}6]
(Figure 3. 1).
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Figure 3. 1 a) Molecular structure of [{NajMg>(TMP)(TMP*):}(Ci9Hs)] b) Molecular structure of
[{KMg(TMP)>(C10Ho)}s] Notably the size of the two inverse crown rings are very different. Hydrogen
atoms are omitted and carbon atom of TMP anions shown as wireframe for clarity. The thermal
ellipsoids are rendered with 30% probability. Symmetry transformations used to generate symmetrical
atoms in b): -y, x-y, z; -x, -y, 1-z; -x+y, -x, z; y, -x+y, 1-z; x-y, x, I-z.

Potassium magnesiates have also shown excellent potential in catalysis.>*** Thus
[(PMDETA),K>MgR4] has been successfully applied as pre-catalyst for the cyclization of
alkynols*! (Scheme 3. 3) and intermolecular hydroamination of alkynes and alkenes.*¥ In
those reactions the potassium magnesiate performed better than neutral organomagnesium,
MgR>. This has been rationalised in terms of chemical cooperativity, with potassium acting as
built-in Lewis acid, coordinating the unsaturated fragment bringing it closer to the magnesiate

anion, that is more kinetically activated than a neutral organomagnesium species. ]
[(PMDETA),K,MgR,] (5%) o
/\/\ 18-c-6 (10%) £>: o)
V2 OH C¢Dg 3h 75°C l/f

yield: 94%

Scheme 3. 3 Cyclization of 4-pentynol catalysed by [(PMDETA) K:MgR4] and 18-crown-6 (18-c-6) to
afford 2-methylenetetrahydrofuran and 5-methyl-2,3-dihydrofuran (ratio of the two isomers 90:10
respectively)

In parallel to these studies, there have also been examples reported on the exceptional

reactivity of potassium zincates. Within metalation chemistry, heteroleptic potassium zincates

46511 have been found to be able to promote

46,47

containing alkyl and the amido TMP groups, !
direct zincation of non-activated substrates like pyridines!**”), metallocenes!*” and other
unsaturated organic molecules such as ethene.” An interesting example of the role played by
potassium in these bimetallic systems is represented by the metallation of ethene achieved by
the heteroleptic potassium zincate [(PMDETA)KZn(TMP)R,].°% Whereas the sodium analog
[(TMEDA)NaZn(TMP)R,] which fails to promote this reaction. Using a potassium zincate

was also possible, for the first time, the isolation and characterization of the metalated
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intermediate [(PMDETA)K(u-TMP)(u-CH=CH;)ZnR] where the potassium contribute in
stabilizing the vinyl anion m-engaging the double bond, while zinc had a o-bond with the

metalated carbon.

N
N
[(PMEDTA)KZn(TMP)R,] %
H,C=CH, 2 __N_\K/ SR
Hexane RT / DY
2h-R < N
NN l
N0

Scheme 3. 4 Metalation of ethene operating by [(PMDETA)KZn(TMP)R,] (R= CH,SiMe3)

Potassium zincates can also be used as catalysts, [KZn(HMDS,)Bnz]"!! (Bnz= benzyl) was
used as a precatalyst in the addition of diphenyl to styrene (Scheme 3. 5), either as an isolated

[32] Potassium,

compound or prepared in-situ from the combination of KBnz and Zn(HMDS).
probably, played a role in the coordination and activation of the organic substrate in a similarly
on what happened in the chemistry of the magnesiate. Interestingly in this reaction it is visible
an alkali-metal effect since the mixture of NaBnz or LiBnz, in combination with Zn(HMDS),

were unable to catalyse the transformation.

¢
K C\Si
: Si &
Ph Ph H \f % %
@ ®

+ KZn(HMDS),Bnz (5%) /U\ |
Ph)\H 7P Ph Fh Sb»—fN @

Benzene 80°C 12h

ield: 96% . Zn
) S T
b) ° [

Scheme 3. 5 a) Zinc-catalysed addition of diphenyl to styrene and b) molecular structure of
[KZn(HMDS):Bnz], the thermal ellipsoids are rendered at 50% probability (Bnz= Benzyl, HMDS=
N(SiMe3);)

Extending some of the reactivity to earth-abundant transition metals, potassium manganate,
with manganese in the oxidation state of +2, have also shown some promise in synthesis. Thus
[KMn(CH»SiMes)3], a manganate obtained by the combination of KCH,SiMes; and
Mn(CH,SiMe),, has shown notably reactivity deprotonating 1,4 dioxane and inducing its ring
opening (Scheme 3. 6).1°*! The metalation of the dioxane should be facilitated by the close
proximity of the cyclic ether (after the coordination) to activated alkyl group of the manganate.
Remarkably both sodium and lithium manganates analog are unreactive towards this type of
dioxane activation, which in these systems, it acts as a simple Lewis donor.
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Scheme 3. 6 Reaction of KMn(CH>SiMe3)s; with 1,4 dioxane, in the brackets it is reported the assumed
intermediate step between the metalation and the ring opening of the dioxane.

3.2 Aims

The aim of the chapter is to advance the synthetic and structural understanding on potassium
metal-ates using the sterically demanding ligand {Ph,Si(NAr*),}? introduced in Chapter 2.
A stepwise deprotonative metalation/co-complexation approach (Scheme 3. 7) has been
explored and tested for magnesium, zinc and manganese.

T ! QD | P e
Ph, N 'ﬁ? Ph, - iPr
/ (ACH,SiMe, _/ Pry @D (CH,SiMe3),

r( ; - ==rlsg CH,SiMe
P T—f@ K/H exchange Lpr - co-complexation /Sl\ 2 3
: N

# 4 and M/H exchange
Ar* 1
¢ 'Pr ' @ = Zn, Mg(THF), Mn r/

Scheme 3. 7 Sequential deprotonative metalation to access new potassium metalates supported by a
bulky silyl(bis)amide

3.3 Introduction from the paper

Alkali-metal magnesiates and zincates have found widespread use in organic synthesis with
key applications in deprotonative metalation!'>® and metal-halogen exchange,* ! as well as

(19.21.23.34] * Their unique

nucleophilic arylation/alkylation of unsaturated organic molecules
reactivities, offering in some cases greater control of the regioselectivity and exceptional
functional group tolerance have been attributed to the cooperativity inherent in these metal
partnership.[!! Furthermore advances in this field have shown that the reactivities of these
bimetallic systems can be finely tuned by modifying the anionic ligands, the presence (or
absence) of a Lewis donors as well as the choice of alkali-metal. In this regard most of the
studies mentioned above have focussed on heterobimetallic systems where the alkali-metal is
either Li or Na whereas the number of potassium metal(ates) structurally defined is noticeably
smaller and their applications in synthesis have been less explored.l'! Nevertheless they have
already shown enormous promise as illustrated by the deprotonation of naphthalene using
potassium magnesiate [KMg(TMP).Bu] (TMP=2,2,6,6-tetramethylpiperidide) furnishing an
eye-catching inverse crown structure containing 24-membered {KNMgN}s ring with six
naphthalene molecules hosted in its core which have been selectively magnesiated at their C2
position, hosted in its core.'!! Partnering K and Zn within a zincate framework can also give

results, as for example leading to synergic sedation of sensitive anions such as vinyl arising
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from deprotonation of ethenel*” Such potassium-zinc cooperativity has also been recently
extended to the catalytic regime.’'*¥) Among our contributions to this area, recently we
investigated the synthesis of sodium magnesiates and zincates which contain the bulky
silyl(bis)amide ligand {Ph,Si(NAr*),}?" (Ar* = 2,6-diisopropylphenyl) (see Chapter 2).55%
Interestingly, while sometimes this sterically demanding ligand acts as steric stabilizer
enabling the isolation of radical anionsP°32%¢ or the deprotonation of N-heterocyclic
molecules such as N-methyl benzimidazole,"®”! on other occasions {Ph,Si(NAr*),}?  can also
act as a base, facilitating the metalation of amines®’! and ketones (see Chapter 2) as well as
the activation of small organic molecules such as benzothiazole.”> Building on these
precedents, here we report a general protocol to access a new family of structurally-defined
mixed-metal complexes supported by this bulky silyl(bis)amide ligand, combining potassium
with an earth abundant divalent less electropositive metal M where M= Zn, Mg and Mn.

3.4 Results and Discussion

Previous studies on alkali-metal ate chemistry have established co-complexation approaches
of the relevant monometallic components in the desired stoichiometry as a versatile strategy
to access heterobimetallic complexes.!!! Furthermore DFT calculations on this type of
reactions have revealed that in many cases the formation of the relevant heterobimetallic
complexes is thermodynamically driven.’® For this study, to prepare new potassium
metal(ates) derived from the bis(amino)silane Ph,Si(NHAr*), (1), double deprotonation of 1
is required to generate into a dianionic silylbis(amide) ligand.*°! This was probed using a
stepwise approach, employing two single-metal reagents in sequence (Scheme 3. 8 and
Scheme 3. 9). To start, we investigated the deprotonation of Ph,Si(NHAr*), (1) by the alkyl
base KCH,SiMes (Scheme 3. 8). Interestingly, the reaction of 1 with one molar equivalent of
more reactive KCH,SiMe; proved to be temperature dependent, thus while a complex mixture
of products was obtained when the reaction was carried out in hexane at room temperature,
performing the deprotonation at 0°C afforded monopotassiated [ {Ph,Si(NHAr*)(NAr*)K}..]
(13) in a 77% yield which was characterized by multinuclear NMR spectroscopy and its
structure was determined by X-ray crystallographic studies.

B iPr ]
% AN
" Ph, /N{P@
PRy _NH KCH,SiMes si_ :
N —_— \ — N
Ph” l}l Hexane 0°C @ N =N
Ar* . I/I// s
iPr A %
(1) - (13) -

Scheme 3. 8 Selective mono-metalation of 1 performed by KCH>SiMes, Ar*= 2,6-diisopropylphenyl

"H NMR spectra of 13 in deuterated THF solutions confirm the mono-deprotonation of 1
displaying a broad signal of N-H at 3.65 ppm, along with the presence of two inequivalent Ar*
groups, consistent with the presence of NAr* and NHAr* groups (see Experimental Section).
This was confirmed by X-ray crystallographic studies of 13 which revealed the formation of a
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one dimensional polymeric chain made up by {Ph.Si(NHAr*)(NAr*)K} units in which
potassium forms a single K-N bond with the amide arm of the ligand (K-N2, 2.711 (3) A)
while m-engaging with both Ar* groups, in n° and n>-fashions on the amine and amide
fragments respectively of the silyl(amide)amine ligand (Figure 3. 2a). Reflecting the softer
character of K, this coordination mode differs significantly to that reported earlier by us for
the sodium congener of 13 where its silyl(amide)amine ligand coordinates as a chelate to
sodium via both N atoms (see Chapter 2, compound 5). Potassium completes its coordination
by forming additional m-contacts with one of Ph groups attached to Si from a neighbouring
unit giving rise to the polymeric structure shown in Figure 3. 2b.

Figure 3. 2 a) Molecular fragment and b) polymeric structure of 13 [{Ph:Si(NHAr*)(NAr*)K}.]
Thermal ellipsoids are rendered at 50% probability. Hydrogen atoms (except NH group) and
disordered component (in the methyl groups of Dipp) are omitted, carbon atoms phenyl ring of
{Ph>Si(NAr*),}* are drawn as wire frames for clarity. Selected bond distances (A) and angles (°) N2-
K1 2.711(3), KI1-Cap. ranging from 2.944(3) to 3.548(7), N1-Sil-N2 107.87(15), Si-N2-K1 128.44(15)
Symmetry transformations used to generate symmetrical atoms: x, 3/2-y, -1/2+z; x, 3/2-y,1/2+z for a)
and x, 3/2-y, -1/2+z; x, 3/2-y,1/2+z; x, y, 1+z for b)

This polymeric arrangement contrasts with the molecular hexameric motif reported by Coles
for related potassium (amino-amido)silane complex [{Me Si(NHAr*)(NAr*)K}¢],°% which
can be attributed to the lack of aromatic substituents on silicon. Thus, in these case potassium
forms m-interactions with the aromatic ring of the NHAr* group and with the NAr* ring of a
neighbouring unit, giving rise to cyclic hexameric structure. While the number of unsolvated
potassium amides structurally defined is scarce,°34! probably due to the low solubility of
these species in non-donor solvents, the structure of 13 can be compared with that reported for
[K{N(SiMe;)(Ar*)}].. which also exhibits a polymeric arrangement which propagates via n°-
C—K engagement.[®] Potassium m-arene interactions not only have been found to be a common
structural feature in many heavy alkali metal organometallic complexes,* it has also been
noted that they can play a major role in their reactivity. Thus, seminal work by Schlosser has
proposed that K-C w-interactions can modulate the reactivity of LIC-KOR reagents.[6!]
Similarly, Mulvey has found that potassium magnesiate and zincate systems that can promote
unique regioselectivities for the metalation of arenes which seem to be directed by initial n-
coordination of the substrate to potassium.!'*%11:59-521 More recently studies assessing the
catalytic ability of alkali magnesiates for hydroamination and hydroalkoxylation of C-C triple

bonds have revealed significantly enhanced performances for mixed potassium/magnesium
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catalysts which has been attributed to the activation of the unsaturated organic substrate by K
43,44]

via the formation of electrostatic m-arene interactions.!
Next, we pondered whether 13 could act as a precursor to access potassium zincate and
magnesiate complexes. In this regard, previous work from our group has shown that the
sodium congener of 13 (see Chapter 2 compound 5) can react with zinc amide Zn(HMDS),
to furnish the charge-separated sodium zincate [{Ph,Si(NAr*),Zn(HMDS)} {Na(THF)s}"]
resulting from the deprotonation of the remaining NH group of the (amino)-amidosilane by
one of the HMDS groups on Zn (see Chapter 2, compound 6). Building on these results we
first tried the reaction of 13 with dialkylzinc Zn(CH>SiMes); although it should be noted that
unlike Zn amides which have shown some promise as deprotonating reagents,!®?! dialkylzinc
reagents are significantly more kinetically retarded bases.[%¥) Pleasingly, this reaction produced
potassium alkyl zincate [{Ph,Si(NAr*),Zn(CH,SiMe3)} {K(THF)4}*] (14) as a crystalline
solid in a 76% yield. This approach could also be extended to Mg via Mg(CH,SiMes) as a
precursor, affording [{Ph.Si(NAr*),Mg(THF)(CH,SiMes)} {K(THF);}*] (15) in a 55%
isolated yield (Scheme 3. 9). Formation of 14 and 15 can be reasoned to occur sequentially
via co-complexation of 13 and M(CH:SiMes), followed by deprotonation of the remaining
amine NHAr group of the silyl(amide)amine ligand initially coordinated to K in 13. This
second metalation is probably favoured by the close proximity of the NHAr* and the basic
alkyl groups on the metal (see proposed intermediate I in Scheme 3. 9), whose basicity is
enhanced by the formation of a zincate (or magnesiate) species. This is special in the case of
zinc since Zn(CH,SiMes), fails to react with silyl(bis)amine 1 even under forcing reaction
conditions (16 hours, 65°C). On the other hand, previous DFT calculations assessing the co-
complexation of alkali-metal alkyls with alkyl complexes of lower polarity metals such as Ga
or Zn have revealed that the formation of the heterobimetallic complexes is, on many

64.65] This supports the initial formation of a bimetallic

occasions, thermodynamically driven.!
intermediate such as I which in turn could rapidly evolve by intramolecular deprotonation of
the silyl(amide)amine ligand to potassium magnesiate and zincate 14 and 15 respectively

(Scheme 3. 9).
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Scheme 3. 9 Stepwise two-fold deprotonation of Ph,Si(NHAr*); (1) using single metal reagents
KCH,SiMes and M(CH,SiMes); (M=Zn, Mg) in sequence to access potassium metal(ates)
[{Ph:Si(NAr*),Zn(CH.SiMes)} {K(THF)4}"] (14) and
[{Ph:Si(NAr*),Mg(CHSiMes)(THF)} {K(THF)3}*] (15) '"H and '*C NMR characterization of 14

and 15 in Ds-THF solution confirmed the di(deprotonation) of 1 to form a symmetrical
bis(amide) ligand, showing a single set of signals for the Ar* groups (see Experimental
Section). In addition, a distinctive shielded singlet at -0.9 ppm for 14 and -1.61 ppm for 15 is
observed which can be assigned to the M-CH» group of the monosilyl ligand and that are
slightly more deshielded than those observed for the same group in the M" alkyl precursors (-
0.88 and -1.77 ppm for M= Zn and Mg respectively). Considering that Mn(CH,SiMe3), has
also been used as a precursor to prepare other alkali-metal manganates via co-
complexation,>**-%8 we also studied its reaction with 13 which afforded the potassium
manganate [{Ph,Si(NAr*),Mn(CH>SiMes)} {K(THF)3;}*] (16) in a 24% crystalline yield
(Scheme 3. 10).

Ar* i TTSK(THF
| iPr iPr ( )4
Ph.,, i/N 1) KCH,SiMe; oh
~ 2R X
ph” l}l 2) Mn(CH,SiMe;), /SI\N/ —CH,SiMe;
1 A Ph I 16
Ar*

(CH,SiMe3),
No Reaction

Scheme 3. 10 Synthesis of potassium manganate 16 via stepwise metalation and co-compleaxation

Formation of 16 with concomitant metalation of the NHAr* fragment in 13 contrasts with the
lack of reactivity of Mn(CH.SiMes), which fails to deprotonate 1 on its own. Interestingly the
remaining alkyl group in 16 can still react as a base as evidenced when assessing its reactivity
against phenylacetylene and the amine HMDS(H), which yielded the potassium manganates
[{Ph2Si(NAr*)Mn(THF)(C=CPh)} {K(THF);}] 17 and
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[{Ph2Si(NAr*)Mn(HMDS)} {K(THF).}*] (18) in 61 and 76% yield respectively (Scheme 3.
11).

Pr Ve iPr Yo, T K(THF),
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e D —CH,SiMe, Ph,, ,/N\ |
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"
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“5i” Mn=N(SiMes),
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Pl =~
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Scheme 3. 11 Metalation of phenylacetylene and HMDS(H) using 16 as alkyl base

This reactivity can be compared to those reported by us for related sodium magnesiates and
zincates containing the same silyl(bis)amide ligand.>! (see Chapter 2) Thus the alkyl group
in the manganate present in 16 seems to offer an intermediate basicity to that found for butyl
magnesiate [ {Ph,Si(NAr*),Mg(THF)(Bu)} {Na(THF)s}*] which reacts at room temperature
with amines™! and zincate [{Ph,Si(NAr*),Zn(CH,SiMes)} {Na(THF)s}*] which is inert
towards HMDS(H) under refluxing conditions (see Chapter 2). On the other hand, hinting at
an stabilising effect of the sterically demanding bis(amide) ligand in 16, it is noticeable that
this potassium manganate can tolerate THF under refluxing conditions for a long period of
time, considering previous studies on the synthesis of related all-alkyl potassium manganate
[KMn(CH»,SiMes);] which induces metalation and ring opening of ethereal solvent dioxane at
room temperature (see Scheme 3. 6).1°*) The molecular structures of potassium metal(ates) 14-
18 were determined by X-ray crystallography (see Figure 3. 3, Figure 3. 4 Figure 3. 5, and
Figure 3. 6). Despite containing a different divalent metal, the general structural features of
14, 15 and 16 are almost identical. The three ates display pseudo-contacted ion pair structures,
with K solvated by three (in 15) or four (in 14 and 16) molecules of the donor solvent THF
and completing its coordination sphere by n-engaging with the aromatic carbons of one of the
di(isopropyl)phenyl groups of one amido group. For zincate 14 and manganate 16 the aryl Ar*
interacts with the potassium cation in a n’-fashion; whereas in magnesiate 15 n°- coordination
is preferred at the expense of K bonding to one molecule less of THF than in 14 or 16 (see
Table 3. 1 for K---C,y1 bond distances). In addition, a long-distance electrostatic interaction
between K and the one methyl unit of the SiMes group is also observed for 15 [K---C41,
3.358(3) A] (Figure 3. 3b). Evidencing the softer character of potassium, its coordination
preference of these metal(ates) contrasts to those reported for sodium in related sodium
zincates and magnesiates, which formed solvent-separated ion pair species with sodium being
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fully solvated by THF molecules (see Chapter 2).5-" The anion present in 14, 15 and 16
contain silyl(bis)amide {Ph,Si(NAr*),}* which coordinates in a chelating fashion to the
relevant divalent metal. Each M coordinates to a terminal monosilyl group, generating in the
case of 14 and 16 a distorted trigonal geometry around Zn and Mn respectively; whereas 15
displays a distorted tetrahedral Mg which also includes a molecule of THF. The geometrical
parameters of the zincate anion in 14 are almost identical to those previously reported for its
solvent-separated sodium zincate analogue (see Chapter 2 compound 3).

The structure found for potassium magnesiate 15 contrasts with those previously found by
Zheng for the higher order potassium magnesiates [{(Me2Si(NAr*),},MgKy(THF).] (x = 0,
3), which also contain silyl(bis)amide ligands.!®”’ Synthesized by reduction of the magnesium
bis(amide) [{(Me,Si(NAr*),}Mg], with potassium graphite, these complexes exhibit
contacted ion pair structures with each potassium sandwiched between two n®-coordinated Ar*
groups.l®! The Mg-C bond in 15 [2.153(2) A] is relatively short compared to those in other
magnesiate complexes containing the same terminally attached alkyl group.>"* Consistent
with its ate constitution, 15 has Mg-N distances [mean value, 2.067 A] slightly elongated
compared to those reported for neutral Mg silyl(bis)amide [{(Ph.Si(NAr*),}Mg (THF),]
[mean value, 2.009 A], where Mg also displays a distorted tetrahedral geometry (Figure 3. 3
b).155)
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Figure 3. 3 Molecular structure of 14 (a) and 15 (b). Thermal ellipsoids are rendered at 50%
probability. Hydrogen atoms and disorder components in THF and CH>SiMes groups are omitted, and
carbons atoms of phenyl and THF fragments are drawn as wise frames for clarity

74761 (gee

While alkali-metal manganates have already shown good promise in synthesis,|
Chapter 5) the number of structurally defined examples still remains scant.[5*66-81 While, to
the best of our knowledge, 16 represents the first example of an alkali-metal manganate
supported by a sterically demanding silyl(bis)amide ligand its structure can be compared to

those reported by Mulvey for heteroleptic systems that combine alkyl (or aryl) groups with the
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amide TMP.[66-%771 Sodium manganates [(TMEDA)Na(TMP)(Ar)Mn(CH,SiMe;)](Ar=2-
C(O)N(Pr),CsHa, 2-MeOCoH)*®771 exhibit contacted ion pair motifs with Na and Mn
connected by an aryl and TMP group with the alkyl group also residing terminal at Mn.
Interestingly, in these complexes the Mn-C distances [2.158(5), 2.141(2) A] are slightly more
elongated to that found in 16 [2.109(4) A], which is rather surprising considering the large
steric bulk of the bis(amide) coligand present in 16 (Figure 3. 4). Within single-metal Mn(II)
complexes, related silyl(bis)amide complex [ {(Me>Si(NAr*),},Mn;] has been prepared by salt
metathesis of the relevant dilithiated bis(amide) with MnCl,.[”®!
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Figure 3. 4 Molecular structure of 16. Thermal ellipsoids are rendered at 50% probability. Hydrogen
atoms and disordered components in THF and CH>SiMes groups are omitted, carbon atoms of phenyl,
and THF fragments are drawn as wire frames for clarity

14 (M=Zn) 15 (M=Mg) 16 (M=Mn)
NI1-M 1.995(3) 2.051(2) 2.055(3)
N2-M 1.983(3) 2.083(2) 2.068(3)
M-CH, 1.964(4) 2.153(2) 2.109(4)
M-O1 2.132(2)

K-Cayi  3.185(4)-3.366(4) 3.105(3)-3.492(2) 3.102(4)-3.393(4)

N1-M-N2 80.14(11) 77.92(7) 77.52(11)

N2-M-C 136.38(15) 131.98(9) 142.17(15)
NI1-M-C 142.5(15) 132.94(9) 137.80(15)

Sil-N1-M 90.81(12) 91.07(8) 91.54(13)

Sil-N2-M 90.61(12) 90.45(8) 91.58(13)

N1-Sil-N2 97.20(14) 99.23(8) 98.08(14)

Table 3. 1 Comparison of selected bond distances (4) and bond angles (°) for compounds 14, 15 and
16

In similar manner to 16, 17 exhibits a pseudo separated ion pair structure (Figure 3. 5).
Potassium nt- engages with one Ar* group in a n®-fashion (K-Caryi bond distances ranging from
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3.244(2) to 3.371(2) A), as well as the triple bond of phenylacetylide anion (K---C37 3.279(2)
A; K---C38 3.448(2) A), those values are the among the longest found in the literature for

7984 Finally, potassium completes its

related K-nC interactions with a C=C fragment.!
coordination sphere with 3 molecules of THF. Manganese centre, differently from 16 and 18,
has a very distorted tetrahedral geometry (angles around Mn1 ranging between 77.16(5)° and
144.32(6)°, mean 108.46°). The manganese centre coordinates: the chelating silylbis(amide)
ligand through N1 and N2 [average Mn-N distance 2.07 A], the phenylacetylide anion [Mn-
(37, 2.087(2) A] and a molecule of THF. The distance between the manganese metal centre
and the carbon of the alkynyl anion is shorter than Mn-phenylacetylide distances of related
manganese supported by bulky ligands previously reported,’®*! such as the lithium
manganates Ar’Mn(C=CPh);Li;(THF)(EtO)>(u3-1) (Ar'= C¢Hs-2,6-(CeH,-2,6-'Pr3),)®%) and
[Li>(THF)2Mn(2,6-(Me3Si),PhC=C)4]®** or the alkynil manganate supported by p-diketamide
ligand [{HC(CMeNAr),}Mn(u-C=CPh)], (Ar= 2,6-Pr,CsH;)."'However the Mn-C37
distance is still longer than distances reported for the neutral bis-alkynyl manganese
[(dmpe)Mn(C=CPh),] (dmpe = bis(dimethylphosphino)ethane).!® All of the compounds just
mentioned, differently from 17, are made by salt metathesis between MnCl, and the

correspondent lithiated anions.

Figure 3. 5 Molecular structure of 17. Thermal ellipsoids are rendered at 50% probability. Hydrogen
atoms and disordered components in THF groups are omitted. Carbon atoms of phenyl, and THF
fragments are drawn as wire frames for clarity. Selected bond distances (4) and angles (°): Sil-N1
1.705(1), Sil-N2 1.703(1), Mn1-O1 2.210(1), Mn1-C37 2.087(2), Mn1-N1 2.079(1), Mn1-N2 2.061(1),
K1-Cyumi ranging from 3.244(2) to 3.371(2), KI1-C37 3.279(2), K1-C38 3.448(2), Sil-N1-Mnl 91.42(5),
NI-Mni-N2 77.16(5), N2-Sil-N1 98.50(6), Sil-N2-Mnl 92.07(5), NI-Mn1-O1 97.51(4), NI-Mn1-C37
144.32(6), N2-Mn1-O1 104.86(4), N2-Mn1-C37 124.36(8), C37-Mn1-O1 102.52(5)

Differing for 14-17, in 18 potassium m-engages with one Ar* group as well as with one of the
Ph groups on the silicon in a 1’ and n’-fashion respectively, exhibiting the K-Cuy bond
distances ranging from 3.105(5) to 3.468(5) A. Potassium completes its coordination sphere
by bridging the two molecules of solvent THF. The manganate anion in 18 (Figure 3. 6)
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exhibits a similar structural motif to that of 16, with a trigonal planar Mn centre (sum of angles
around Mn, 359.3°), coordinating to three N atoms, N1 and N2 from the chelating
silylbis(amide) ligand [average Mn-N distance, 2.069 A] and N3 from the HMDS group [Mn-
N3, 2.002(4) A]. These distances compare well with those reported in other alkali-metal
species containing the [Mn(HMDS);]  anion.3*°! This distance is very close to the one

reported for Mn(HMDS), for the terminal HMDS groups.”!

Figure 3. 6 Molecular structure of 18. Thermal ellipsoids are rendered at 50% probability. Hydrogen
atoms and disordered components in THF groups are omitted, carbon atoms of aryl, and THF fragments
are drawn as wire frames for clarity. Selected bond distances (4) and angles (°): Si-N2 1.712(4), Si-N3
1.707(4), Mn-N1 2.002(4), Mn1-N2 2.038(4), Mn1-N3 2.101(4), K-Cap ranging from 3.105(5)-3.458(5)
Sil-N2-Mnl1 92.32(15), N2-Mn1-N3 77.59(13), N2-MnI-N1 146.58(14), N3-Mn-N1 135.10(14), Si-N3-
Mnl 90.31(16), N2-Sil-N3 98.69(17)

3.5 Conclusions

Sequential di(deprotonation) of bis(amide) silane Ph,Si(NHAr*), (1) with potassium alkyl
KCH,SiMe; followed by reaction with a lower polarity divalent metal alkyl M(CH,SiMe3),
(M= Zn, Mg, Mn) provides access to a new family of structurally authenticated potassium
metal(ates) [{Ph.Si(NAr*),M(THF)«(CH,SiMe;)} {K(THF),}"] (x = 0-1, y = 3-4) .
Contrasting with the poor reactivity of homoleptic M(CH>SiMes), (M= Zn, Mn) towards 1,
the second deprotonation step seems to be facilitated by initial co-complexation of the relevant
M di(alkyl) reagent with the potassium silyl(amide)amine generated in the first metalation
step. The proposed bimetallic co-complex should provide kinetic activation of one the alkyl
groups on the less electropositive metal, enabling the second metalation to yield a bis(amide)
ligand that coordinates to M in a chelating fashion. Reactivity studies on potassium manganate
16 demonstrates the kinetic activation of its alkyl group towards alkyne and amine
deprotonation affording manganates 17 and 18, in particular the last example contrasts with
lack of reactivity observed for bis(alkyl) precursor Mn(CH>SiMe3), towards 1.
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3.6 Experimental Section

Synthesis of [ {(PhoSi(NAr*)(NHAr*),)K1}.] (13)

B n 530 mg of 1 (Immol) and 126 mg of KCH,SiMe; (1mmol)
Ph,,, /\N$3 were placed in an argon flushed and flame dried Schenk tube.
\‘@Si\N e The tube was placed in a cold bath at 0°C and SmL of hexane

; “1~.  were added. The suspension was stirred for 1h and then the

I’IE mixture was allowed to warm up at room temperature and

stirred for another hour. Solvent and all volatiles were

removed under vacuum. 20 mL of toluene were added, furnishing a yellow suspension, that

was gently heated until a yellow solution was obtained. Colourless crystals of 13 were obtained

after slow cooling of this solution (437 mg, yield: 77%).

"H-NMR (Ds-THF; 298K, 400 MHz) & (ppm): 7.65 [m, 4H, Ph], 7.11 [m, 6H, Ph], 6.78 [d,
2H, Ar*], 6.71 [d, 2H, Ar*], 6.58 [t, 1H, Ar*], 6.19 [t, 1H, Ar*], 3.93 [sept, 2H, CH ‘Pr],
3.65 [s broad, 1H, NH], 3.36 [sept, 2H, CH 'Pr], 0,9 [d, 12H, CH; 'Pr], 0.79 [d, 12H, CH;
Pr]. BC{'H}-NMR (Ds-THF; 298K, 100 MHz) & (ppm): 155.0, 146.3, 144.5, 140.6, 139.8
[Cquatemary Ph and Ar*], 135.7, 127.3, 127.0, 122.9, 122.5, 119.6, 111.6 [CH Ph and Ar*],
28.9,27.7 [CH 'Pr], 24.5, 23.6 [CH3 'Pr]

Elemental analysis: analytical calculated C3¢H4sKN,Si C 75.47, H 7.92, N 4.89. Found: C

75.42, H 7.83, N 4.80.

Synthesis of [{Ph,Si(NAr*),)Zn(CH,SiMe;} {K(THF)4}*1 (14)

Zn(CH,SiMes), (1 mmol) was prepared in-situ by mixing 136 mg
of ZnCl; (1 mmol) with 2 mL of a 1 M solution of LiCH,SiMes in
pentane (2 mmol) in 15 mL of Et,O at -40°C. After 1h of stirring
at RT, LiCl was removing by filtration affording a clear solution
to which 1 mmol of 13 (568 mg) was added. The mixture was
allowed to stir at room temperature overnight. Volatiles were
removed under vacuum and to the white residue 7 mL of hexane

and 0.7 mL of THF was added, affording a pale-yellow

suspension. The mixture was heated under reflux and let slowly cool down at room

temperature depositing a crop of colourless crystals of 14 after 24h at room temperature. (550

mg, yield 76%).

"H-NMR (Ds-THF; 298K; 600 MHz) & (ppm): 7.27 [m, 4H,Ph], 6.94 [m, 6H, Ph], 6.7 [d, 4H
Ar*], 6.42 [t, 2H, Ar*], 4.15 [sept, 4H, CH 'Pr], 0.8 [d, 24H, CH; 'Pr], -0.14 [s, 9H, CH;
CH,SiMes], -0.9 [s, 2H, CH, CH,SiMes]. It should be noted that almost all the solvating THF
present in 14 were removed under vacuum when drying the crystals (only one molecule was
left according to NMR and CHN data). *C{'H}-NMR (D8-THF; 298K; 150 MHz) & (ppm):
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153.3, 148.2, 144.8 [Cquaemary Ar* and Ph], 136.1, 126.66, 126.5 [CH Ph], 122.2, 117.0 [CH
of Ar*], 28.3 [CH 'Pr], 25.0 [CH; Pr], 3.4 [CH3, CH,SiMes], -6.1 [CH> CHaSiMes].

Elemental analysis: analytical calculated: C44Hs3KN>OSi,Zn C 66.34, H 7.97, N 3.52. Found:
C65.27,H7.4,N 3.64.

Synthesis of [{(Ph,Si(NAr*),)Mg(THF)(CH-SiMes3)} {K(THF);}'] (15)

100 mg of Mg(CH»SiMes), (0.5 mmol) and 284 mg of 13 (0.5
mmol) were solubilized in SmL of THF. The mixture was allowed
to stir at RT for 1 hour. Volatiles were removed under vacuum and
the orange residue were solubilized in 3 mL of Hexane and 2.5 mL
of THF affording a yellow solution. The solution was stored in the
freezer (-33°C) furnished colourless crystals of 15 (246 mg, yield
55%).

'"H-NMR (Ds-THF; 298K; 300 MHz) & (ppm): 7.20 [m, 4H,Ph], 6.85 [m, 6H, Ph], 6.65 [d, 4H
Ar*], 6.33 [t, 2H, Ar* J=7.30 Hz], 4.16 [sept, 4H, CH 'Pr,], 3.62 [m, 12H, OCH, THF], 1.77
[m, 12H, CH, THF], 0.72 [d, 24H, CH; ‘Pr], -0.31 [s, 9H, CH; CH,SiMe;], -1.61 [s, 2H, CH»
CH,SiMes] It should be noted that some of the solvating THF present in 15 was removed under
vacuum when drying the crystals *C{'"H}-NMR (Ds-THF; 298K; 75 MHz) & (ppm): 154.3,
148.9, 143.5 [Cquatemary Ar* and Ph], 135.6, 126.66, 125.1 [CH Ph], 121.4, 114.5 [CH Ar*],
27.1 [CH 'Pr], 25.6 [CH; 'Pr], 4.3 [CH; CH,SiMes], 0.5 [CH, CH,SiMes].

Elemental analysis: analytical calculated: CsiH70KMgN>O3Si>» C 69.41, H 8.85, N 3.11.
Found: C 69.28, H 9.09, N 2.91.

Synthesis of [{(Ph.Si(NAr*),)Mn(CH,SiMe;3)} {K(THF)4}*1 (16)

115 mg of Mn(CH2SiMes), (0.5 mmol) was solubilized in 3mL of
THF, then 284 mg of 13 (0.5 mmol) was added to the solution. The
mixture was allowed to stir at RT for 3 hours. Volatiles were

removed under vacuum and the orange residue were solubilized in

1.5 mL of hexane and 0.9 mL of THF affording an orange
suspension. The suspension was stored in the freezer (-33°C)
furnishing orange crystals of 16 (118 mg, yield 24%)).

Elemental analysis: analytical calculated: C4HssKMnN»Si, C 67.28, H 7.76, N 3.92. Found:
C 66.68, H 7.75, N 3.80 (all THF molecules solvating K were removed when drying the

crystals under vacuum).
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Synthesis of [ {Ph,Si(NAr*),Mn(THF)(C=CPh)} {K(THF):}]1(17)

115 mg of Mn(CH»SiMes), (0.5 mmol) and 284 mg of 13 (0,5
mmol) were dissolved in 5 ml of THF and allowed to stir at room
temperature for 3 h to generate compound 16 in-situ. 0.05 mL of
phenylacetylene (0.5 mmol) was added to the yellow solution. The
solution was allowed to stir at room temperature overnight.
Volatiles were removed and the resulting yellow powder was
solubilized in 1 mL of hexane and 0.5 mL of THF affording an
orange solution. This solution was then stored in the freezer (-33°C) for 24 hours, furnishing

a crop of orange crystals of 17 (244 mg; yield: 61%)

Elemental analysis: analytical calculated CsoH7sKMnN30,Si3 C 72.06, H 7.18, N 3.5. Found:
C70.43,H 6.87,N 2.87. (3 THF molecules solvating K were removed when drying the crystals

under vacuum)

Synthesis of [{Ph,Si(INAr*),Mn(HMDS)} {K(THF),}"1 (18)

115 mg of Mn(CH»SiMe3), (0.5 mmol) and 284 mg of 13 (0,5
mmol) were dissolved in 5 ml of THF and allowed to stir at
room temperature for 3 h to generate compound 16 in-situ. 0.1
mL of hexamethyldisilazane (HMDS(H)) (0.5 mmol) were
added to the yellow solution. The solution was allowed to stir

at 65°C overnight. Volatiles were removed and the resulting

yellow powder was solubilized in 2 mL of hexane and 0.5 mL
of THF affording an orange solution. This solution was then stored in the freezer (-33°C) for

24 hours, furnishing a crop of orange crystals of 18 (354 mg; yield: 76%)

Elemental analysis: analytical calculated: CsoH7sKMnN3O,Siz C 64.47, H 8.44, N 4.51.
Found: C 63.99, H 8.42, N 4.00.
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Chapter 4: Direct Zincation of Fluoroarenes Using a Potassium-
Zinc Base Supported by a Sterically Demanding Ligand

4.1 Introduction

Fluorinated compounds are useful building blocks present in a variety pharmaceuticals and
agrochemicals (see some relevant examples of drugs containing fluorine in Figure 4. 1).l'™*
Fluorine is usually added to biologically active molecules to modify their electronic and
pharmacokinetic properties: (i) pKa, (i) lipophilicity, (iii) conformation, and (iv) resistance to

metabolic enzymesl!

without altering significantly the steric encumbrance, since the
comparable size of fluorine and hydrogen. In fact, the van der wall radius of Fluorine is 1.47
A, while the hydrogen is reported to be 1.20 A% Since the virtually inexistence of fluorine in
compounds extracted from natural sources, fluorine atoms (or building block containing
fluorine atoms) have to be inserted via chemical synthesis, consequently the development of
methods which can allow for the regioselective functionalization of fluoroarenes is an area of

101 The direct metalation of aromatic substrates,

great relevance and intense research activity.!
replacing a C-H bond with a more reactive carbon/metal bond, is a valuable strategy in
synthesis, especially if it is achieved avoiding the use of toxic and expensive transition

metals.H!

I Therefore the importance of the fluorinated building block, in this introduction the
chemistry of the direct metalation of fluoroarenes using main group metals (and pseudo-main

group, such as zinc) will be discussed in this chapter.

H
FYO N //o OMe OMe F COxH
AYFESs )
N N/ (\N N
N
/N O\)\M

Pantoprazole .
P Levofloxacin

OH OH
CO,H
N —_— AN
H
O HN\H/NH
O 0
F

Atorvastatin 5-Fluorouracil

Figure 4. 1 Examples of commercially available drugs containing fluorine atoms: Pantoprazole (proton
pump inhibitor, antiulcer agent), Levofloxacin (antibiotic), Atorvastatin (HMG-CoA reductase
inhibitor, hypercholesterolemia treatment), 5-Fluorouracil (antimetabolite of pyrimidine nucleobase,
anticancer)

Being most electronegative element in Pauling’s table,!'?! fluorine has a very strong inductive
effect, greatly enhancing the acidity of the nearby hydrogens.!'*!¥] Fluorine is an effective
ortho-directing group, via inductive effect, being more powerful than other halogens or

1415 However its coordination ability makes fluorine a weaker ortho-

trifluoromethyl groups.!
directing group than other common substituent such as -OR (R= alkyl). Thus, in the absence
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of a donor solvent, OR groups tend to direct metalation in ortho outperforming the inductive
effect of the fluorine. 519 For example "BuLi in THF is present in form of dimers and
tetramers!!”, when reacted with 4-fluoroanisole the metalation occurs next to the methoxy
group, affording 4-fluoro-2-metoxy-benzoic acid after treatment with CO,.[') Contrastingly
using a Lewis donor like PMDETA (N,N,N’,N’’ N’-pentamethyldiethylenetriamine), which
dictates the formation of monomers of "BuLi in solution,!'*! the pK, became again the driving
force for the metalation and the regioselectivity in ortho to fluorine can be restored (Scheme
4. 1).'31¢] The same regioselectivity was achieved without donor, using bases like LiTMP
(TMP= 2,2,6,6-tetramethylpiperidide) or Lochmann-Schlosser Superbase (LiC-KOR).!!>1¢]

OCH OCH3
1) "BuLi + PMDETA 1) nBuli COOH
THF -75°C THF -75°C
002 2)CO,
HOOC
F

Scheme 4. 1 Optional site selectivity in the metalation of 4-fluoroanisole. Using "BulLi the metalation
occurred in ortho to -OCH3, adding the chelating donor PMDETA the metalation in ortho position to
the fluorine is preferred (PMDETA= N,N,N’,N’’,N " -pentamethyldiethylenetriamine)

Despite the ortho-directing effect of fluorine, metalation of fluoroarenes with group 1 bases is
challenging due to the fragility of the relevant intermediate product which can subsequently
undergo elimination of MF (M= Li, Na or K) forming benzyne species.!'®! This lack of stability
was already noticed by Wittig, when assessing the metalation of fluorobenzene by PhLi which
furnished biphenyl. This has been rationalised in terms of the addition of PhLi to an in-sifu
generated benzyne after the elimination of LiF (Scheme 4. 2).2°2!1 To avoid this problem the
metalation of fluoroarenes must be conducted in cryogenic condition (-78°C) and electrophilic
interception should be carried out in-situ at very low temperature. This has made particularly
challenging the isolation and characterization of metalated intermediates. ['4-162223] Moreover
if the fluoroarene is more reactive, due the presence of more fluorine for example, then the use
of cryogenic condition does not necessarily preclude the decomposition of the organometallic
intermediates.!””! In such cases, the result could be so exergonic that could represent a threat

of explosion.?¥

F F CI
©/ - @ @ ~
|
Li - LIF

Li

Scheme 4. 2 Mechanism of coupling of PhLi with fluorobenzene via benzyne formation

In order to improve the stability of these intermediates, a significant amount of research efforts
have focused on replacing lithium with a less electropositive metal, in order to instil some
stability in those systems, disfavouring the elimination of fluorine salts, while retaining a
reactive carbon-metal bond for further functionalization. In this context Mongin has shown
that, ZnCl, can be used to trap the metalated the metalated product of reactivity of 2-

86



Chapter 4. Direct Zincation of Fluoroarenes Using a Potassium-Zinc Base Supported by a
Sterically Demanding Ligand

Fluoropyridine with LiTMP (in cryogenic condition, -78°C).12" The resulting zincated species
is stable at room temperature and it was functionalised via palladium catalysed cross-
coupling.>*'Moreover using other trapping organometallic agents such as ‘Bu,Al(TMP) and
GaRj3, the isolation and structural elucidation of the metalated intermediate has been
possible.?8! This bimetallic approach, coined by Mulvey as trans-metal trapping (TMT) has
been successfully applied for the selective gallation of 1,3,5-trifluorobenzene (see Scheme 4.
4). Previous work by Schlosser has shown that when this substrate was reacted with ‘BuLi
even at -78°C, a complex mixture of products, resulting from multimetalation and LiF
elimination, was obtained (Scheme 4. 3).!"")

QF
’BuLl
Li Li
BuLi Cl
-~ —_—
F F F F

KZ
fj S ﬁ) ped
e

Bu

lHZO
Bu
Bu i Bu
B

yield: 37% yield: 40%

21

Scheme 4. 3 Reactions cascade following the metalation of trifluorobenzene with 'Buli. A and B (37%

and 40% yield respectively) are the major product, having the reaction at -75°C with 3 equivalents of
‘BuLi and TMSCI (TMS= Me;Si-)
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However when 1,3,5-trifluorobenzene is treated with LiTMP at -75°C in the presence of GaR3;
and PMDETA, lithium gallate [2-Ga(CH2SiMe3)3-1,3,5-F3-C¢H, Li(PMDETA)] was isolated.
This compound is the result of stepwise metalation, with LiTMP first deprotonating the
substrate followed by a transmetalation to gallium, affording this bimetallic product which can
be further functionalised with palladium catalysed C-C bond forming process.¢!

F
F F
LITMP; GaR, - ®&F
-75°C, hexane \\ JF Rs ) ™
PMDETA N\Li/’ PN
i N N ° g
L\ 2 NL. l& 6 o
1 .
NP .
Pd(PPhs), (5 mol %) & 1 S
3)a (5 mol % 4 —
THF, 70°C, 4h PhC(O)C! N\&\ 5 Ga ¢
a) F O b) Si

FEFE

79%

Scheme 4. 4 a) Synthesis of [2-Ga(CH»SiMe3)s-1,3,5-F3-CsH> Li(PMDETA)] via metalation of 1,3,5
trifluorobenzene by LiTMP and subsequent trap with GaRs and palladium catalysed acylation b) crystal
structure of [2-Ga(CH,SiMes)s-1,3,5-F3-CsH> Li(PMDETA)], hydrogens are omitted, carbon atoms
(with the exception of the ones of the aryl ring) are drawn as wire frame for clarity. Thermal ellipsoids
are rendered with 50% probability. (R= CH,SiMes;, TMP= 2,2,6,6-tetramethylpiperidide, PMDETA=
N,N,N’,N’’,N’’-pentamethyldiethylenetriamine)

While encouraging, it should be noted that in these trans-metal trapping approaches low
temperatures are still required. Consequently Turbo-Hauser base TMPMgCl-LiCl pioneered
by Knochel??! and lithium magnesiate LiMgBus or Li:-Mg(TMP)Bus* have also
demonstrated their ability to promote the metalation of fluoroarenes, however, despite the
higher stability compared to organolithium derivatives, the relevant magnesiated fluoroaryls
still needed to be handled at low temperatures to avoid their decomposition(-20°C or 0°C).
Interestingly using a sterically encumbered base such as [ {PP"Nacnac} MgTMP] (P*PNacnac=
Ar*NC(Me)CHC(Me)NAr*; Ar* = Dipp = 2,6-'Pr-C¢H3) our group has shown that it is
possible to magnesiate fluoroarenes at room temperature. The steric protection provided by
the sterically demanding -diketaminate ligand seems to offer additional stability to the C-Mg
bond, avoiding decomposition via benzyne and enabling the isolation of the metalated
intemediate, [ {°PPNacnac}Mg(THF)(CsF4H)].3%
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Scheme 4. 5 a) Synthesis of [{PPPNacnac}Mg(THF)(CsF4H)]. b) Crystal structure of
[{PPPNacnac)Mg(THF)(CsF,H)], hydrogens are omitted, carbon atoms (with the exception from those
from the fluoroaryl ring) are drawn as wireframe for clarity. Thermal ellipsoids are rendered with 50%
probability.

Along with magnesium, zinc was used in the metalation of the fluoroarenes, considering that
Zn-C bonds have a more covalent character than Mg-C bonds, which should make zincated
fluoroalkyl species should be expected to be less prone to undergo into elimination of ZnF,.1*!!
Successful lithium zincate which have managed to accomplish the regioselective
deprotonation of fluoroaryls are: [LiZn(‘Bu))TMP] by Kondo and Uchiyamal**34],
[(TMP)>Zn-2MgCl,-2LiCl] and [(TMP)ZnCI-LiCl] by Knochel.?537! In particular, the
metalated fluoroaryls derived from those bases are so robust that they were compatible even
when high temperatures were, for example in reactions performed using in the microwave. ¢

It should be noted that no information about the constitution of these intermediates 1s known.

More recently Crimmin and co-workers have been able to isolate and fully characterize an
extensive number of metalated fluoroaryls taking advantages of the stabilization offered by
DirPNacnac. In this particular case, however, fluoroarenes were not directly metalated by the
zinc, but there was a C-H activation operated by bimetallic complex of palladium and zinc. In
fact, the zinc species used (PPPNacnacZnH) was unreactive towards fluoroarenes, but in
combination with catalytic amount of palladium (in the form of [Pd(PCy3).] Cy = cyclohexyl)
the selective metalation of fluoroarenes was achieved, together with heterocycles and
unactivated substrates such as benzene.*® The mechanism proposed for the reaction presented
the formation of a bimetallic complex between the zinc species and palladium as first step.
The emerging complex underwent oxidative addition via C-H activation of the fluoroarene.
Reaction with a second equivalent of PPPNacnacZnH facilitates a ligand exchange on
palladium, followed by elimination of the P""NacnacZn(ArF) (ArF= fluoroarene) species and
H,, regenerating the active Pd-Zn complex (see Figure 4. 2). A monometallic mechanism was
considered unlikely since the facile formation of the complex between PPPNacnacZnH and
[Pd(PCys3):] and the catalytically incompetence of trans-[Pd(PCys)2(H)(4-CsFsN)], while the
bimetallic system is able to metalate 2,3,5,6-tetrafluoropyridine under catalytic regime.l*®!
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Scheme 4. 6 a) Zincation of 1,3,5 trifluorobenzene catalysed by palladium (Cy= cyclohexane), b)
crystal structure of [(PPPNacnac)Zn(CsF3H>)], hydrogens are omitted, carbon atoms (except for the
ones of the fluoroaryl ring) are drawn as wire frame for clarity. Thermal ellipsoids are rendered with
50% probability. Symmetry transformations used to generate symmetrical atoms: x, 3/2-y, z

[Pd(PCys3)2]

-PCy; | + [Zn}—H F

~ Pd—(zn]
H

[Zn]—

PCy;

[Znl<—Pd
H

Figure 4. 2 Catalytic cycle proposed by Crimmin and coworkers for the palladium catalysed zincation
of fluoroarenese, using pentafluorobenzene as example (Cy= cyclohexane, [Zn]= P’ NacnacZn)

Building on those precedents we ponder if we could use potassium zincates containing the
bulky {Ph:Si(NAr*),}* for regioselective zincation of fluoroarenes. This ligand was
successfully applied as scaffold in the chemistry of magnesiates, manganates and zincates
accessing new structurally defined ates which were reactive towards deprotonation reactions
(see Chapter 2 and 3).39#

4.2 Aim

Building on the work presented in Chapter 2 and 3 in this thesis, here we present our findings
on the rational design of a mixed potassium/zinc base for the direct zincation of highly
sensitive fluoroarenes substrates. Special emphasis is placed on the isolation and
characterization of the key reaction intermediates involved in these reactions. Efforts on
further organic functionalization of those heterobimetallics are also presented.
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Scheme 4. 7 Metalation of fluoroarenes using an encumbered potassium zincate and subsequent
functionalization of the metalated intermediate.

4.3 Results and Discussions

4.3.1 Synthesis of Potassium Zincate Sustained by a Silyl bis-(Amide)

We started this study assessing the metalation ability of compound 6 towards 1,3,5
trifluorobenzene. At room temperature no reaction was observed, and after Sh at 69°C only
16% conversion was observed. Since 6 did not seem reactive enough to metalate this substrate
we next decided to prepare a potassium TMP variant of this zincate. This builds on previous
studies that have shown the enhanced reactivity of TMP-based zincates. [+’

For the preparation of [{PhoSi(NAr*),Zn(TMP)} {K(THF)s}*] (19), the same synthetic
strategy successfully applied to access [{Ph,Si(NAr*),)Zn(CH,SiMes} {K(THF)s}*] (14 in
Chapter 3) was used. The parent amine Ph,Si(NHAr*), (1) was first metalated with
KCH»SiMe; to give [PhoSi(NHAr*)(NAr*)K] (13), which is then reacted with Zn(TMP), at
69°C for 16h in THF, furnishing zincate 19 (Scheme 4. 8) which could be isolated in 67%
crystalline yield. Interestingly, if KR (R= CH,SiMes) and Zn(TMP), are reacted together with
1 in hexane then, the alkyl analogue 14 is obtained instead of 19. On the other hand, the zinc-
bis-amide alone fails in metalating 1, even in forcing condition (69°C, 16h in THF).
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Scheme 4. 8 Synthesis of 19 via stepwise metalation/co-complexation of 1 using KCH>SiMes and
Zn(TMP), (TMP=2,2,6,6-tetramethylpiperidide)

Compound 19 was characterised in Ds-THF solution by 'H and *C{'H}-NMR spectroscopy.
The bimetallic constitution of 19 was established by X-ray crystallographic studies. Exhibiting
a similar solvent-separated ion pair motif as those previously described for the sodium
magnesiate analogue [{Ph,Si(NAr*),Mg(TMP)} {Na(THF)¢}'],*”) and 19 comprises a
potassium cation solvated by six molecules of THF and a zincate anion where zinc is chelated
by {Ph,Si(NAr*),}* and binds to a terminal TMP group. Zn exhibits a distorted trigonal
geometry (sum of angles 359.06°) and the Zn-Nrvp bond (N3 in Figure 4. 3) is 1.8925(16) A,
which as expected it is elongated when compared to the Zn-N bonds distances is Zn(TMP),.144
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Figure 4. 3 a) Crystal structure of anionic moiety of 19 and b) superimpose space filling model of the
same structure. Thermal ellipsoids are rendered at 50% probability. Hydrogen atoms and disordered
components in THF are omitted, carbon atoms of Aryl and THF fragments are drawn as wire frames
for clarity. Selected bond distance (4) and angles (°): N10-Zn4 1.9814(19), N11-Zn4 2.0080(18), Zn4-
NI2 1.887(19), N10-Zn4-N11 80.26(8), N10-Zn4-N12 138.43(8), N11-Zn4-N12 139.96(8), N10-Si4-
NI1197.94(9), Si4-N10-Zn4 90.68(9), Si4-N11-Zn4 89.61(8)

The sodium analogue of 19 could be prepared using sodium complex
[{PhSi(NHAr*)(NAr*)Na}»] (5) (see Chapter 2) and Zn(TMP), at 69°C for 16h in THF,
affording [ {Ph.Si(NAr*),Zn(TMP)} {Na(THF)s} ] (19b) in 63% crystalline yield. 19b displays
some anion as the one described for 19. Due to the structural similarities between these two

species, the discussion of 19b has been omitted for the sake of brevity.
4.3.2 Assessing the metalating ability of 19 towards Fluoroarenes

We next studied the reactivity of 19 towards a selection of fluoroarenes. We started our
investigation using 1,3,5-trifluorobenzene as benchmark substrate. Using 19 the substrate is
completely deprotonated in 48h at RT in THF. Following the reaction by ""F-NMR
spectroscopy we can observe the disappearance of the signal for the starting material at -106.7
ppm and at the same time the rise of two new resonances at -83.5 and -116.0 ppm, compatible
with deprotonation in its C2 position. This was accompanied by the detection of TMP(H) in
the 'H-NMR spectrum. It was possible to crystalize the product of the metalation of the
fluoroarene, [ {Ph,Si(NAr*),Zn(CsHzF3)} {K(THF)s}*] (20) in 85% yield. Since 20 proved to
be thermally stable, the reaction time can be reduced to three hours heating the solution at
reflux (69°C). The same results can be obtained with the sodium analogue of 19, in fact the
reaction of 19b  with  1,3,5-trifluorobenzene led to the isolation of
[{Ph2Si(NAr*),Zn(CsH2F3)} {Na(THF)s}*] (20b).
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Scheme 4. 9 Metalation of 1,3,5-trifluorobenzene using 19 as base. Alternatively, the metalation occurs
in 48h at room temperature.

The addition of a second equivalent to 19 to isolated crystals of 20 in THF do not lead to a
second metalation of the [CsH,F3] fragment. This contrast with our previous studies using
[(dioxane)o sNaFe(HMDS);] which can di-ferrate this substrate at room temperature when
using a two folder excess of the base.*!

In order to understand the role of potassium in the zincation of trifluorobenzene we repeated
the reaction using the sodium congener 19b and using 19 in presence of [2.2.2]-cryptand (a
macrocyclic Lewis donor and sequestering agent for potassium).[*®! In both of the cases 20, or
its sodium congener 20b, was prepared in the same condition of temperature and time
obtaining the same yields. This suggests a not direct involvement of the potassium in the
process, with the metalation of 1,3,5 trifluorobenzene happening only in the coordination
sphere of the zinc with potassium acting only as counter cation. Therefore since Zn(TMP),
alone is unreactive towards 1,3,5-trifluorobenzene, even in forcing condition (16h at 69°C),
we can postulate that the higher reactivity of 19 over the neutral zinc amide is due to the kinetic

activation of the zincate anion.

The somehow “passive” role of the potassium in the metalation is surprising considering the
well-known alkali-metal effect observed in the reactivity of many heterobimetallic

471 Moreover, mechanistic studies on the ferration of fluoroarenes by

complexes.
[NaFe(HMDS)s] suggest the great importance of the sodium for the metalation. For instance
the ferration of fluoroarenes was seen as a two step process with an initial Na-H exchange,

followed by a fast intramolecular transmetalation.!**]

The solid state structure of 20 was established by single crystal X-ray diffraction (Figure 4.
4). Exhibiting the same solvent separated ion pair motif as 19, its anion is made up by a
distorted trigonal Zn centre chelated by {Ph,Si(NAr*),}? and bonded to the aryl fragment.
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Figure 4. 4 Crystal structure of 20. Thermal ellipsoids are rendered at 50% probability. Hydrogen
atoms and disordered components in THF are omitted, and carbon atoms of Ar*, phenyl ring and THF
fragments are drawn as wire frames for clarity. Selected bond distances (4) and angles (°) N2-Znl
1.969(3), N1-Znl 1.952(2), Zn1-C37 1.970(3), N2-Sil-N1 96.74(13), N2-Zni-N1 81.01(11), Sil-NI-
Znl 91.32(11), Sil-N2-Znl 90.71(12), N2-Znl-C37 140.66(13), N1-Zn1-C37 137.56(13)

The Zn-C distances between N and Zn had an average value of 1.96 A, that is shorter than the
ones reported for other zincates with the same chelating ligand (see Chapter 2 and 3). The
distance between zinc and the carbon is 1.970(3) A that is very close to what reported by
Crimmin for his [P""NacnacZn(CsH,F3)]® (1.98 A), which is very similar to 20, since there
is a sterically encumbered ligand that chelate a zinc bonded to a trifluoroaryl anion. Since 20b
is isostructural to 20, the feature of its crystal structure will be not discussed.

Encouraged by these findings we next assessed the substrate scope of the fluoroarenes

substrates.
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Scheme 4. 10 Scope of the C-H zincation of fluoroarenes using potassium zincate 19. NMR yields
determined by 'H-NMR spectroscopic data using hexamethylbenzene as internal standard. ¢ Isolated
yields. * Compound 24 is light sensitive. ¢ Reaction carried out using 0.5 equivalents of 1,2,4,5-
tetrafluorobenzene

1,3-difluorobenzene (Scheme 4. 10) was less reactive than trifluorobenzene, achieving a full
conversion after 5 hours at 69°C in THF, affording [ {Ph,Si(NAr*),Zn(CsHsF2)} {K(THF)s}"]
(21). With 1,3-difluorobenzene the metalation occurred selectively on C2 position as
demonstrate by solid single crystal X-ray diffraction and multinuclear NMR spectroscopy.
Following the same trend fluorobenzene is sluggishly reactive towards 19, in fact even after
forcing reaction condition (69°C for 24h), [ {Ph,Si(NAr*),Zn(C¢HsF)} {K(THF)\} '] (22) was
formed only in 17% yield (calculated in 1H-NMR spectrum using hexamethylbenzene as
internal standard).

Replacing the fluorine atoms by the less electronegative chlorine in the same substrates, result
in significant longer reaction time. Thus 1,3,5-trichlorobenzene can be metalated within 21h
at 69°C in THF, giving [{Ph:Si(NAr*),Zn(CsH,Cl3)} {K(THF)s}™] (23) quantitively
(monitoring the reaction by 'H-NMR spectroscopy) and a crystalline yield of 65%. The
stability of the metalated trichlorobenzene underlines the importance of this sterically
encumbered ligand to avoid the decomposition of the zincate, in fact ortho-zincated
chloroarenes can rapidly decompose at room temperature via benzyne formation. For instance,
Mulvey has shown that sodium zincate [(TMEDA)-Na(u-TMP)(u-"Bu)Zn(‘Bu)] is able to
metalate chlorobenzene, but instead of isolating the product of ortho-zincation to the chlorine,
the isolated product was the unexpected [{1-Zn(‘Bu)} -{2-N(Me)(CH>)CH,-CH,NMe,}*-
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CsHa] (Scheme 4. 11).*! According to the mechanism proposed after the ortho-zincation of
the substrate, the bonds between the aryl and the zinc and the chlorine could be cleaved
affording benzyne and “(‘Bu).Zn‘NaCl' TMEDA”, which eventually eliminated NaCl.
Subsequentially TMEDA and Zn(‘Bu). were added across the benzyne triple bond. Finally the
methyl group of TMEDA was deprotonated (due to the close proximity with the to the ‘Bu

group attached to the zinc) affording the final product and isobutane. 4!
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Scheme 4. 11 Proposed mechanism for the formation of [{1-Zn(‘Bu)} -{2-N(Me)(CH,)CH-
CH>NMey}"-CsH ] via formation of benzyne and elimination of NaCl. The two zwitterionic species were
isolated, suggesting the implication of a benzyne intermediate

Isolation of sensitive fluoroarenes containing nitro groups was also possible. Typically this
functional group is not compatible with polar organometallics such as organolithium or

0-321 The electrophilic nature of NO, group makes these substrates

Grignard reagents.!
susceptible of side reactions such as alkylation/arylation process. Previous work by Knochel
et al. has shown that organozinc reagents has a great potential in the field. B73! For example
[(TMP)ZnCl-LiCl] reacts with 2,4 difluoro-nitrobenzene in 45 minutes at room temperature
achieving the 92% yield of biaryl products after Negishi-type cross coupling.’” Illustrating its
activating effect, the reaction of 19 with 24 difluoro-nitrobenzene afforded
[{Ph2Si(NAr#*),Zn(CsH2F2NO»)} {K(THF)3}*] (24) in quantitively yield in just 5 minutes at
room temperature. Zincation of 3-fluorobenzene could also be achieved at room temperature
although longer reaction times were needed (18h) furnishing

[ {PhoSi(NAr*),Zn(CeH3FNO,)} ~ {K(THF)3}*] (25) (see Scheme 4. 10)

Despite the boosting of the reactivity induced by the nitro group, the regioselectivity of the
metalation is dictated by the fluorine atom. In fact, as demonstrate by the solid-state studies
and in-solution state studies, the metalation occurs selectively in ortho-position to the fluorine
for the major product. This is visible in 24 were the inductive effect of two fluorine atoms
outperform the inductive and mesomeric effect of the nitro group, this in accordance with the
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pK. calculated for 2,4 difluoro-nitrobenzene by Knochel and coworker, the proton flanked by
the two fluorines has a pK, value of 22.6, while the proton next to nitro group has “only” 29.1
as calculated value.*¥

It should be noted that 24 is sensitive to the heating and also to light. 25 also has a certain
grade of instability, monitoring the reaction by "H-NMR spectroscopy, the yield for 25 was
69%, despite a complete consumption of 19 and 3-fluoro-nitrobenzene. The exact nature of
the of the side-products or products of decomposition of 25 could not be attributed.

When the related potassium zincate [(PMDETA)K(TMP)ZnEt,]1*> was used to access the
zincation of 2,4-difluoronitrobenzene, an insoluble precipitate was formed and small amounts
of metalated product were observed (calculate about 10% by "F-NMR against
hexafluorobenzene as internal standard). These findings evidence the stabilising effect of the
silyl bis-(amide) ligand on the metalated intermediate.

To the best of our knowledge, up to this date, compounds 24 and 25 are the first examples of
structurally defined intermediates for direct metalation of a nitroarene containing s or p block
metals. Although some nitroarenes containing transitions metals are known, they are prepared
via indirect routes oxidative addition to palladium (0) using fluoro-1**! or bromoarenes®”), by
C-H activation promoted by platinum (II) species,>® metallation using organic amines and
inorganic salt in the presence of Iridium or Ruthenium,> ! or transmetalation from the
correspondent organoboron to gold (I).1"

The use of 19 for deprotonative zincation is compatible also with pyridine rings, in fact 2-(2,4-
difluorophenil)pyridine was metalated in position 6 in 3h at 69°C in THF, showing how the
pyridine  ring  boost the reactivity of a  difluorinated ring, giving
[{Ph2Si(NAr#*),Zn(C11HeF2N)} {K(THF)«}*] 26 as product(Scheme 4. 10). In this case the
crystallization was not possible, but the NMR studies of isolated solid indicated the selective
metalation at the carbon in ortho to both of the fluorines, as demonstrate by 'H-COSY
spectrum, in fact every proton in the Ci;HeF>N anion was found coupled with another one (see
Figure 4. 5). The metalation resulted quantitative following the reaction by 'H-NMR
spectroscopy and the isolated yield of 26 is 54%. A similar metalation was achieved in our
group using [ {PPPNacnac} MgTMP] as base, in this case 2-(2,4-difluorophenil)pyridine was
metalated in Sh at room temperature in the same position, exhibiting similar spectra in

multinuclear NMR studies.[?]
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Figure 4. 5 'H-COSY (Ds-THF, 300.1 MHz, 298 K) spectrum of 26, showing the proton assigned to the
corresponding resonances ([Zn] = [{Ph:Si(NAr*),Zn} )

Metallation of 3-fluoropyridine was observed after 18h at 69°C in Ds-THF. Despite several
attempt it was impossible to isolate the product of the reaction, so the reaction was studied
using 'H and "F-NMR spectroscopy affording [{Ph,Si(NAr*),Zn(CsHsFN)}  {K(THF)x} ]
(27) resulting from the deprotonation at the C2-position of the pyridine ring. For the 3-
fluoropyridine the selective metalation in position 2 is not so trivial, in fact this represent the
product of kinetic metalation, opposed to the metalation in position 4 that is the
thermodynamic product!® (as demonstrated by the value of the calculated pK, for the H2 and
H4, 37 and 31.5 respectively!®®)). This feature is due to the destabilization of the nitrogen lone
pair, by charge repulsion, of the emerging anion in C2 position.[*Y Following this rationale it
is not surprising that alkyllithium (complexed by TMEDA) had the metalation in C2 position
as major product only if the reaction was conducted at very low temperature (-60°C), in very
short time or using a less-donating solvent such as Et;O (Table 4. 1).1! In those conditions,
the metalation is directed by the coordinative ability of the nitrogen lone pair. Using an higher
temperature or a more coordinating solvent such as THF, the metalation has the value of pK,
as driving force, and therefore the metalation with the same reagents occurred preferentially
in C4 position, affording the thermodynamic product.[®! The C4 position was also the
preferential site for the metalation using the Lochmann-Schlosser superbase!® or lithium
magnesiates (LiMgBus) (Table 4. 1).°! Using the combination of LiTMP and Zn(TMP),
Mongin and coworkers achieved the metalation in C2 position of 3-Fluoropyridine (in THF at
RT), but the reaction was not very selective and the product of kinetic metalation was found
in 57% yield (metalation in C2 position), together with the product of metalation in C4 position
in 37% and traces of the product of dimetalation.!®*) A more selective base for 3-fluoropyridine
was [(TMP)MgCl-LiCI] which metalated the substrate selectively in C2 position in high
yield.[?® Interestingly the selectivity change completely adding BF3-Et,0, using the same base
and the same condition the metallation occurred selectively in C4 position (see Table 4. 1).12%
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Table 4. 1 Direct metalation of 3-fluoropyridine using different organometallic species. (Ar= -
(CsHy)CO2EY) [a] isolated yield
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Figure 4. 6 'H-COSY (Ds-THF, 300.1 MHz, 298 K) spectrum of 27, in the spectrum it is possible notice
the correlation between the proton in C5 position (*) and both the protons in C4 position (*) and in C6

position (*). The resonance of the proton in C4 appears as a triplet due to the coupling with the fluorine
atom. ([Zn] = [{Ph:Si(NAr*);Zn} ], *)

Pentafluorobenzene, being a more activated substrate, reacted readily with 19 in 5 minutes
affording [{Ph,Si(NAr*),Zn(CeFs)} {K(THF)s}*] (28) in 91% yield, measured against
internal standard (hexamethylbenzene) in '"H-NMR spectrum. Despite the cryogenic condition
adopted (the reaction was carried at -40°C) traces of 1 together with TMP(H) were detected
by 'H-NMR spectroscopy suggesting that pentafluorobenzene is able to be deprotonated by
the silyl bis-(amide) ligand. This was demonstrated by reacting 19 with 3 equivalents of CsFsH
which yielded a mixture of [{Ph.Si(NHAr*) (NAr*)Zn(C¢Fs):} {K(THF):}*] (29) and
[K(THF)«Zn(CeFs)s] (30), result of protonation of one nitrogen or both nitrogens of the silyl
bis-(amide) ligand respectively (Scheme 4. 12). This is in sharp contrast with the reactivity
observed for 1,3,5 trifluorobenzene, in this case 20 is inert towards further reactivity with the
same fluoroarene. Interestingly the zincation of the first equivalent of pentafluorobenzene is
very selective and only very small amount of 29 and 30 were detected. However, adding a
second equivalent of pentafluorobenzene led to a mixture of the three products (24% yield of
28, 43% yield of 29, 27% yield of 1). Notably the protonation of {Ph,Si(NAr*),}? proceeds
slower than the deprotonation mediated by TMP(H), in fact after the addition of the third
equivalent of pentafluorobenzene all the different compounds of the mixture collapse in 30
and 1 only after 16h at room temperature. From the mixture of products, it was possible to
crystallographic characterize 28 and 29.
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Scheme 4. 12 Metallation of the pentafluorobenzene using 19 as base. All the yields reported are
calculated using 'H-NMR against hexamethylbenzene.

A similar behaviour could be observed for 1,2,4,5 tetrafluorobenzene. The reaction with 19
goes to completion in less than 5 minutes at -40°C affording the product
[{Ph2Si(NAr*),Zn(CsHFsH)} {K(THF)}*] (31) in 89% yield. Also, in this case the reaction
was not completely selective, even with cryogenic temperature, since 1 was detected, together
with the triaryl zincate [K(THF).Zn(CsHF4)3] (33). Adding another two equivalents of
tetrafluorobenzene it is possible to convert all the 31 in 33 after 16h at room temperature. As
observed for pentafluorobenzene, increasing the amount of 1,2,4,5 tetrafluorobenzene is
possible to observe in multinuclear NMR studies the presence of the bis-amide partially
protonated [ {Ph,Si(NHAr*) (NAr*)Zn(C¢HF.),} {K(THF)\}*] (32).
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Scheme 4. 13 Metallation of the 1,2,4,5 tetrafluorobenzene using 19 as base. All the yields reported
are calculated using 'H-NMR against hexamethylbenzene.

Differently from the example of the trifluorobenzene mentioned above 19 is still reactive
enough to deprotonate the last proton left on 31. Reacting 1,2,4,5 tetrafluorobenzene and two
equivalents of 19 in THF, for 16h at reflux, the product of dimetalation
[(THF)sK2Zn, {Ph,Si(NAr*),}2(CsF4)] (34) was observed and isolated as crystalline solid in
10% yield. The spectroscopic studies of the reaction suggest a two steps mechanism, the first
step is the rapid deprotonation of the tetrafluorobenzene, by the first equivalent of 19, affording
31. The second step is the slowly deprotonation of 31 by the second equivalent of 19. The '°F-
NMR spectrum of 34 show the presence of one singlet for the four fluorines of 34 at -119 ppm,
opposed to the two multiplets at -116.5 and -142 ppm which are characteristic for 31, showing
the grade degree of symmetry of 34. At the same time in the "H-NMR spectrum the quantitative
formation of TMP(H) was observed. The spectroscopy studies demonstrated that despite the
long reaction time the double metalation is quantitative. The crystal structure of 34 was then
isolated confirming the proposed geometry. Crystal structures of dimetaleted
tetrafluorobenzene was already known, but only one examples is derived from a double
deprotonation and it was achieved in the past from our group using the sodium ferrate
[(dioxane)osNaFe(HMDS)].[*!
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Scheme 4. 14 Stepwise metallation of 1,2,4,5 tetrafluorobenzene having 31 as intermediate step, using
19 as base.

The structures of the metalate fluoroarenes 21, 23, 25, 26, 28, 29 and 34 are analysed by single
crystal X-ray diffraction.

Compounds 21 and 23 presented very similar structures (Figure 4. 7) to that of compound 20.
In fact, in both cases the bidentate anion {Ph,Si(NAr*),}? coordinates a trigonal zinc atom,
bonded also to an aryl anion (2,6-difluorophenyl and 2,4,6-trichlorophenyl respectively) which
was metalated in the most acidic position, that is, in between the two halogens. Unfortunately,
the high degrees of disorder in both structures precluded a significative discussion of the

geometrical parameters. Notwithstanding the connectivity in these studies is unequivocal.

Figure 4. 7 Anionic moiety of 21 a) and 23 b). Thermal ellispsoids are rendered with 30% probability.
Hydrogen atoms are omitted and carbon atoms of Ph>Si(NAr*)2)2~ are drawn as wireframe for clarity.
in a) The asymmetric unit has 2 different molecular structures very similar, so only one was represented
in b) The asymmetric unit is neutral by the presence of two half K(THF)s units, where both half occupied
K atoms are sitting on a special position (inversion centre) not shown here.
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Exhibiting a different structural motif, 25 displays a pseudo-separated ion pair structure.
Where potassium cation interacts with one aryl group of the ligand via n-interactions and with
the lone pairs of a fluorine and of one oxygen in the nitro group. (Figure 4. 8)

The zinc is tricoordinate in a distorted trigonal planar geometry (sum of the angles around Zn
357.69°). The ligand coordinated the zinc in a chelated fashion way with both the amide
nitrogens; the average N-Zn distance is 1.958 A, which is slightly shorter than those observed
in other zincates reported before in the previous chapters of this thesis. The coordination sphere
of the zinc is completed by the aryl moiety, the Zn1-C1 bond is 1.9648(16) A; this value is
close to other reported fluoroarenes coordinated by bulky zinc moiety; such as the ones
observed by Crimmin et al, in particular it is almost identical for the compound
[DippNacnacZn(2, 3, 6-CsHzF3)], in which the Zn-C distance is 1.963(8) A.B*

In 25 potassium was coordinated not only by 3 molecules of THF, but also to the n-system of
the Ar* group of the ligand in a n* fashion (K-Cuy distances ranging from 3.1875(17) to
3.5912(16) A). Potassium completes its coordinating sphere by bonding to one fluorine atom
and one of the oxygens of the NO, group (K-F1 2.7149(10) A and K-O1 2.8946(13) A, see
Figure 4. 8).

Figure 4. 8 Crystal structure of 25, ellipsoids are rendered with 50% probability. Hydrogen atoms and
disordered components in THF are omitted, carbon atoms of Aryl and THF fragments are drawn as
wireframe for clarity. Selected bond distances (A) and angles (°): Znl-Cl 1.9648(16), NI1-Znl
1.9633(13), N2-Znl 1.9536(14), KI-F1 2.7149(10), KI1-Ol1 2.8946(13), KI-Cu ranging from
3.1875(17) to 3.5912(16), Sil-N2-Znl 90.52(6), N2-Znl-N1 81.58(6), N1-Zn1-C1 129.41(6), N2-Znl-
C1 146.70(6), Sil-N1-Znl 90.05(6)

Contrastingly 26 exhibit a solvent separated ion pair structure as those described for 21 and
23, despite the presence of a nitro group in this ring no K-Onix, contacts are observed (see
Figure 4. 9 for the anion). The structure of 26 also did not provide meaningful data to discuss
the geometry, since the excessive disorder and needs to be considered only for proving the
connectivity, which confirms the spectroscopic evidence for the metalation occurring in

between the fluorine and the nitro group.
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Figure 4. 9 Anionic Moiety of 26. Hydrogen atoms and disorder in the 'Pr group are omitted for clarity.
Carbon atoms of PhaSi(NAr*),)°~ are drawn as wireframe. Thermal ellipsoids are rendered at 20%
probability. The asymmetric unit is neutral by the presence of two half K(THF) s units, where both half-
occupied K atoms are sitting on a special position (inversion centre) not shown here.

The structure of 28 resulted in a solvent separated ion pair, similar to the those already
described for 20, 23 and 26, with the potassium cation solvated by THF and the anionic part
represented by {PhoSi(NAr*),Zn(CeFs)} (Figure 4. 10). Once again the zinc resulted
coordinated in a distorted trigonal planar geometry from the silyl (bis)amide ligand and the
aryl moiety (sum of angles, 358°). The distances nitrogen-zinc are in the average of the other
compounds presented before (average value 1.955 A). The distance between zinc and the C1
of the aryl moiety is 1.984(5) A. This value is longer than the one found for other zincated
pentafluorobenzene supports by chelating bulky ligand, such as [(PPPNacnac)Zn(CgFs)]i*%¢”]

X' 3 3

Figure 4. 10 Crystal structure of anionic moiety of 28. Hydrogens are omitted and carbon atoms (except

for the pentafluoroaryl anion) are drawn as wireframe for clarity. The asymmetric unit is neutral by the
presence of two half K(THF)s units, where both half occupied K atoms are sitting on a special position
(inversion centre and a two fold axis) not shown here. Selected bond distances (4) and angles (°): N1-
Znl 1.921(4), N2-Znl 1.988(4), Zn1-C1 1.984(5), Sil-N1-Znl 40.97(10), Si1-N2-Znl 40.80(9), N1-Zn1-
N2 81.75(16), N1-Znl1-Cl1 141.5(2), N2-Zn1-CI 135.1(2)

Displaying a different structural motif, 29 contains silyl (amine) amide ligand resulting from
the partial protonation of {Ph,Si(NAr*),}* , since the highly reactivity of pentafluorobenzene,
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the ligand acted as a base too and it is partially protonated. As consequence protonated N2 did
not coordinate anymore the metal centre, leaving only the amidic N1 as donor to the zinc. This
behaviour is very similar to [ {(Ph.Si(NAr*)(NHAr*))Mg(NCsH4)(THF)Na(THF),} ], product
of deprotonation of pyrrole using [ {Ph,Si(NAr*),Mg(THF)("Bu)}~ {Na(THF)s}*] as base.!*!
Contrastingly when the metal centre is small the aminic nitrogen is still able to use its lone
pair in coordination, how it was observed in 5 (Chapter 2, having Na as metal centre) or in
[{Me Si(NHAr*)(NAr*)} BiCl,].[6¥

The zinc atom binds to two pentafluorophenyl groups and the amide nitrogen of the
{(Ph2Si(NAr*)(NHAr*)} ligand in a distorted trigonal planar geometry (sum of angles around
the zinc atom 360°, ranging from 116.67(12)° to 123.17(10)°). Contrastingly the potassium
centre binds to five fluorine atoms of the C¢Fs rings and n-engaging with the diisopropylphenyl
substituent of the amido group in a n* fashion. Its coordination is completed by a molecule of
THF. The interactions between the potassium cation and fluorine atoms from different
molecules creates a 3D polymer.

The coordination sphere of the zinc is then completed by two pentafluorophneyl anions,
resulting in a trigonal plane geometry. This coordination around the zinc reminds the neutral
Zn(CgFs), coordinated by carbenes,®” in fact the Zn1-C45 and Zn1-C39 distances (2.037(3)
and 2.023(2)A respectively) in 29 are close to the distances reported by Dragorne et al. for
those carbenic complexes.l? Another structure with a similar trigonal planar coordination
sphere for a zinc atom (that shares similar value of Zn-C distances) is [ {Zn(C¢Fs);} {CPhs}*]
that was obtained as product of disproportionation after the reaction of Ph3CCl with
Zn(CgFs),.""

Figure 4. 11 Crystal structure of 29, ellipsoids are rendered with 50% probability. Hydrogen atoms
and disordered components in THF are omitted, and carbon atoms of Aryl and THF fragments are
drawn as wire frames for clarity. Symmetry transformations used to generate symmetrical atoms I: 1+x,
v,z II: 1-x,1- y, 1-z; III: -1+x, y, z. Selected bond distances (A) and angles (°):N1-Znl 1.940(2), Znl-
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C392.022(3), Zn1-C45 2.033(3), KI-F ranging from 2.681(3) to 3.436(3), K1-Ca» 3.061(3) to 3.536(3),
NI1-Zn1-C39 123.11(11), NI1-Zn1-C45 120.01(11), C39-Zn1-C45 116.69(12)

The crystal structure of 34 results in pseudo-separeted ion pair, with the dianion [CeF4]*
bridging between two [Ph,Si(NAr*),Zn] moieties, with two potassium cations to balance the
charges. Potassium cation is coordinated by three molecules of THF, and its coordination
sphere is satisfied by the coordination with a fluorine atom and engaging n-interactions with
the aryl moiety of Ar* group and without any connection with the carbon C1 metalated by the
zinc. The zinc has a distorted trigonal planar geometry (sum of angles 359.39°) and other than
C1 is coordinated by the dianion [PhoSi(NAr*),]* in a chelating fashion way. The distances
between zinc and carbon and nitrogens (1.9689(17) and 1.9474(14), 1.9872(14) A
respectively) are very similar to the ones reported before in this chapter and to the one reported
by Crimmin and coworkers for the mono-metalated tetratfluorobenzene
[{?*PNacnac} Zn(CsF4H)].1*®!

Figure 4. 12 Crystal structure of 34, ellipsoids are rendered with 50% probability. Hydrogen atoms
and disordered components in THF, 'Pr group and phenyl are omitted, carbon atoms of Aryl (except
for the tetrafluoro dianion) and THF fragments are drawn as wire frames for clarity. Symmetry
transformations used to generate symmetrical atoms: 1-x, 1- y, 1-z. Selected bond distances (4) and
angles (°):N1-Znl 1.9872(14),N2-Znl 1.9474(14) Znl-Cl 1.9689(17), KI-F2 2.6792(13), KI1-Cy»
ranging from 3.080(2) to 3.2702(19), ), Sil-N1-Znl 90.03(6), Sil-N2-Znl 91.66(6), N1-Znl-N2
81.12(6), N1-Znl-C1 139.39(6), N2-Znl-C1 138.88(7)

4.3.3 Studies on the Functionalization of Metalated Fluoroarenes
With this library of compound in our hands, we next investigated the possibility of

functionalising the newly formed Zn-carbon bond. We used compound 20 as model system.

The reaction outcomes are summarized in Table 4. 2.
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Table 4. 2 Functionalization of the zincate 20 with different electrophiles. [a] 3 equivalents of EX
were used [b] isolated yield

o

o

As shown in the Table 4. 2, entry a and d, 20 is capable to undergo Negishi cross-coupling
reactions affording (35a and 35d respectively) although relatively harsh reaction conditions
need to be used. It is noted that compound 35d was obtained in higher yield of 35a, however
to maximise the yield using [Pd(Cl)(Dppf)] (Dppf= 1,1'-Bis-(diphenylphosphino)-ferrocene)
addition of triphenylphosphine is required. ’F-NMR monitoring of the reaction revealed that,
after 22 hours the conversion of 20 in 35d is about 63% with 23% of unreacted starting material
and some minor side products. If the reaction is kept for another 12 hours the starting material
is consumed (in fact it drops to 9%), but at the same time the amount of 35d does not increase
and new signals appear, showing the increase in the amounts of side products instead. The
addition of LiC1"! did not improve the yield of the reaction, but a grey precipitate was noticed
from the beginning of the reaction.

20 is reactive also towards benzoyl chloride at room temperature using stoichiometric amount
of copper salt, affording the substituted benzophenone 35b, an excess of electrophile is used
since the silyl bis(amide) ligand reacts with this electrophile as well, forming N-(2,6-
diisopropylphenyl)benzamide as side product. For the same reason 3 equivalents of allyl
bromide are employed in order to form 2-allyl-1,3,5-trifluorobenzne (35¢) in 50% yield using
sub-stochiometric amount of copper salt. The iodination of 20 is not very effective achieving
a yield of 32% for 3Se.
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Other electrophilic quenches were attempted. Using CO; turns to be ineffective. As well the
nucleophilic addition to the nitro styrene of the aryl moiety.”” The poor nucleophilicity of the
1,3,5 trifluoropheyl anion of 20 is demonstrate as well by its lack of reactivity with aldehydes
and disulphuric compounds. The reaction with borohydrides leads to a mixture of different

products.

Ph(SI\N/ / \ CN
| Pd(Dppf)Cl, (5%), F/_
Ar* PPh3(10%), THF,
K(THF)6+ 69°C, 20h
] CN CN
F F O F
yield: 63%2 yield: 58%2

yield: 10%2

Scheme 4. 15 Functionalization via Negishi cross coupling of 20, 21, 22 and 23. (Dppf= 1,1'-
Bis(diphenylphosphino)ferrocene). ¢ Yields were calculated via 'H-NMR against hexamethylbenzne as
internal standard.

In order to demonstrate the generality of the functionalization for zincates other than 20 the
Negishi- type cross coupling was extended to other isolated zincates, using the same condition
used in Scheme 4. 15. 21 and 24 demonstrated a similar reactivity to 20, achieving similar
final yields (58% and 53% respectively). Surprisingly 23 demonstrated a much sluggish
reactivity, achieving only a 10% of yield.

4.4 Conclusions

The subsequent action of KR and Zn(TMP), to amine 1 led to a formation of a new potassium
zincate [ {Ph,Si(NAr*).Zn(TMP)} {K(THF)s}*] (19). Due to the high kinetic basicity of TMP
anion and the steric shelter derived from the dianionic ligand {Ph,Si(NAr*),}? it is possible
to zincate fluoroarenes, variously substituted, and characterising the metalated intermediates
using single crystal X-ray diffraction and multinuclear NMR spectroscopy. Observing solvent
separated (or pseudo solvent separated) structures with the potassium cation located far away

from the zinc centre.

It is possible to isolate the intermediate of metalation of 1,3,5 trifluorobenzene, known for the
instability of its lithiated analog, without suffering of decomposition via benzyne formation.
The steric bulk protection provided by the supporting silyl bis(amide) ligand enables the
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isolation of the product of metalation of arenes with nitro groups, which are usually
incompatible with polar organometallics. All the zincation reactions occurred in ortho to a
fluorine atom. Optional site selectivity in metalation of 19 was demonstrate with 3-
fluoropirydine where the metalation was achieved in C2 position, preferred over the
thermodynamical favoured C4 position.

With more activated substrate such as pentafluorobenzene and 1,2,4,5-tetrafluorobenzene,
after an initial delay, dianionic ligand {Ph,Si(NAr*),}* participated to the metalation
affording the tris-aryl zincate products [K(THF),Zn(Cs¢HxFsx)3] (x= 0 or 1 respectively).
Moreover with tetrafluorobenzene the product of the first deprotonation, the potassium zincate
30, is still reactive for a second deprotonation using an excess of base, achieving the di-
metalation of the tetrafluororobenzene.

The metalate fluoroaryls, will be then further functionalised forming new carbon-carbon bond
via acylation copper-mediated or Negishi cross-coupling catalysed by palladium.

4.5 Experimental Section

Synthesis of [ {Ph,Si(NAr*),Zn(TMP)} {K(THF)s}*] (19)

T ~ 572 mg of 13 (1 mmol) and 346 mg of Zn(TMP), (1 mmol)
were solubilized in 10 mL of THF and the solution was
allowed to stir at reflux overnight. Volatiles were removed
under vacuum, the white residue was dissolved in 5 mL of
hexane and 2 mL of THF, affording a pale-yellow solution.
Storage in freezer (-33°C) for two days furnished colourless
crystal of 19 (641.6 mg 67%)

"H-NMR (Ds-THF; 298K; 400 MHz) 8(ppm): 7.28 [m, 4H, Ph], 6.93 [m, 4H, Ar*], 6.71 [m,
6H, Ph], 6.45 [t, 2H, Ar*], 4.14 [sept., 4H, CH 'Pr], 3.61 [m, 10H, O-CH, THF], 1.77 [m, 10H,
CH, THF], 1.55[m, 2H, y-CH, TMP], 1.17 [m, 4H,B-CH, TMP], 0.97 [s, 12H, CH; TMP] It
should be noted that around 4 molecules of the solvating THF present in 19 were removed
under vacuum when drying the crystals BC{'H}-NMR (Ds-THF; 298K, 100 MHz) §(ppm):
152.6, 148.2, 145.7 [Cquatemary Ar* and Ph], 136.3, 126.5, 122.4, 117.5 [CH, Ar* and Ph], 68.4
[O-CH: of THF], 53.2 [Cquaternary TMP], 42.0[B-CH, TMP], 37.0 [CH; TMP], 28.2 [CH Pr],
26.5 [CH; 'Pr], 20.8 [y-CH, TMP]

Elemental analysis: analytical calculated: Cs1HosKN304SiZn C 68.73, H 8.89, N 3.94. Found:
C68.51,H8.72,N3.94
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Synthesis of [ {Ph,Si(NAr*),Zn(TMP)} {Na(THF)c}*] (19b)

T — 278 mg of 2 (0.5 mmol) and 176 mg of Zn(TMP); (0.5 mmol)
were solubilized in 5 mL of THF and the solution was allowed

to stir at reflux overnight. Volatiles were removed under

N vacuum, the white residue was dissolved in 2.5 mL of hexane

and 1 mL of THF, affording a pale-yellow solution. Storage
/ké/k . infreezer (-33°C) for two days furnished colourless crystal of
Na(THF
WP} 191 (541.5 mg 65%)

'"H-NMR (Ds-THF; 298K; 400 MHz) 8(ppm): 7.29 [m, 4H, Ph], 6.93 [m, 4H, Ar*], 6.72 [m,
6H, Ph], 6.45 [t, 2H, Ar*], 4.14 [sept., 4H, CH 'Pr], 3.62 [m, 5H, O-CH, THF], 1.78 [m, 5H,
CH> THF], 1.55[m, 2H, y-CH, TMP], 1.17 [m, 4H,3-CH> TMP], 0.97 [s, 12H, CH; TMP] It
should be noted that around 5 molecules of the solvating THF present in 19b were removed
under vacuum when drying the crystals BC{'H}-NMR (Ds-THF; 298K, 100 MHz) &(ppm):
152.5,148.2, 145.7 [Cquatermary Ar* and Ph], 136.3, 126.6, 126.4,122.4, 117.4 [CH, Ar* and Ph],
68.4 [O-CH, of THF], 53.2 [Cguaternary TMP], 42.0[B-CH; of TMP], 37.0 [CH3 TMP], 28.2 [CH
'Pr], 26.5 [CH; 'Pr], 20.8 [y-CH, TMP]

Elemental analysis: analytical calculated: Cs1HooNaN304SiZn C 70.05, H 8.67, N 4.02.
Found: C 69.13, H 8.94, N 4.09

Synthesis of [{Ph,Si(NAr*),Zn(CsHoF3)} {K(THF)s} '] (20):

~ procedure A: 388 mg of 19 (0.5 mmol) was solubilized in
T 5 mL of THF, 0.05 mL of 1,3,5 trifluorobenzene (0.5

N R mmol) were added. The resulting yellow solution was
Ph., .

i \Zn F allowed to stir at room temperature for 48 h. All the
Ph N volatiles were removed under reduced pressure. The white

F
solid was solubilized with 2.5 mL of hexane and 1.5 mL of
{K(THF)g}’ THF. Overnight storage in freezer (-33°C) furnished
colourless crystal of 20.

procedure B: 388 mg of 19 (0.5 mmol) was solubilized in 5 mL of THF, 0.05 mL of 1,3,5
trifluorobenzene (0.5 mmol) were added. The resulting yellow solution was allowed to stir at
reflux for 3 h. All the volatiles were removed under reduced pressure. the white solid was
solubilized with 2.5 mL of hexane and 1.5 mL of THF. Overnight storage in freezer (-33°C)
furnished colourless crystals of 20. To maximize the yield the product could be obtained as
powder, the solid obtained after the removing of the volatiles was suspended in 10 mL of
hexane and filtered through celite. (676.6 mg, 85%)

'"H-NMR (Ds-THF; 298K; 400 MHz) §(ppm): 7.34 [m, 4H, Ph], 6.99 [m, 6H, Ph], 6.72 [d,
4H, Ar*], 6.46 [t, 2H, Ar*], 6.33 [m, 2H, C¢H.F3] 4.20 [sept., 4H, CH 'Pr], 0.82 [d, 24H, CH;
'Pr] It should be noted that around 6 molecules of the solvating THF present in 3a were
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removed under vacuum when drying the crystals BC{!H}-NMR (Ds-THF; 298K, 100 MHz)
S(ppm): 171.1, 168.0, 165.2 [m, C-F CeHaFs], 162.0 [Cipso CeHoFs] 152.2, 146.8, 144.7
[Couaemay Ar* and Phl, 135.8, 126.6, 126.2 [CH Ph] 121.8, 117.4 [CH Ar*], 98.01 [CH,
CoHoFs] 28.1 [CH 'Pr], 24.3 [CH; 'Pr] ®F-NMR (Ds-THF; 298K: 400 MHz) 8(ppm): -83.45
[m, 2F], -116.0 [m, 1F]

Elemental analysis: analytical calculated: Ci04H127FsK2N4OsSixZn, C 66.01, H 6.77, N 2.96.
Found: C 65.78, H7.11, N 2.99

Synthesis of [{Ph,Si(NATr*),Zn(CsHoF3)} {Na(THF)s}*] (20b):

T _ 523 mg of 5 (0.94 mmol) was solubilized in 5 mL of THF,
0.097 mL of 1,3,5 trifluorobenzene (0.94 mmol) were

R added. The resulting yellow solution was allowed to stir at
Ph.,, N '
/”'Si\ _zn F reflux for 5 h. All the volatiles were removed under
Ph
N . reduced pressure. the white solid was solubilized with 5
/ké/k mL of hexane and 3 mL of THF, that was gently heated
{Na(THF)s}" until a yellow solution was obtained. Colourless crystals of

20b were obtained after slow cooling of this solution (474 mg, 53%)

'"H-NMR (Ds-THF; 298K; 400 MHz) 8(ppm): 7.33 [m, 4H, Ph], 6.97 [m, 6H, Ph], 6.71 [d,
4H, Ar*], 6.45 [t, 2H, Ar* J=7.5 Hz], 6.32 [m, 2H, CcH,F3] 4.19 [sept., 4H, CH 'Pr], 3.62 [m,
10H, O-CH, THF], 1.77 [m, 10H, CH, THF], 0.82 [d, 24H, CH; 'Pr] It should be noted that
around 4 molecules of the solvating THF present in 20a were removed under vacuum when
drying the crystals BC{'H}-NMR (Ds-THF; 298K, 100 MHz) &(ppm): 152.5, 147.2, 145.0
[Cquatemary Ar* and Ph], 136.1, 127.0, 126.6 [CH Ph] 122.2, 117.7 [CH Ar*], 98.36 [CH,
CeHF3], 68.4 [O-CH, THF], 28.5 [CH 'Pr], 26.5 [CH, THF] 24.7 [CH; 'Pr] Relevant signals
for the Cipso and for the C-F of the CsHoF; group were not detected, due to the dilution of the
sample. YF{'"H}-NMR (Ds-THF; 298K; 400 MHz) §(ppm): -83.4 [d, 2F], -116.1 [t, 1F]

Elemental analysis: analytical calculated: CssH74F3N2NaO4SiZn C 67.20, H 7.20, N 2.70.
Found: C 66.36, H 7.65, N 2.79

Synthesis of [{Ph,Si(NAr*),Zn(CeH3F»)} {K(THF)s} '] (21):

T _ 388 mg of 19 (0.5 mmol) was solubilized in 5 mL of THF,
0.1 mL of 1,3 difluorobenzene (0.5 mmol) were added. The

R resulting yellow solution was allowed to stir at reflux for 5
Ph.,, N\ .
/"Si\ oz h. All the volatiles were removed under reduced pressure.
Fh N - The white solid was solubilized with 2.5 mL of Hexane and
)\é)\ 1.5 mL of THF. Overnight storage in freezer (-33°C)
{K(THF)g}" furnished colourless crystals of 21. (448 mg, 54%)
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'"H-NMR (Ds-THF; 298K; 400 MHz) §(ppm): 7.35 [m, 4H, Ph], 6.98 [m, 6H, Ph], 6.92 [m,
1H, C¢HsF2] 6.71 [d, 4H, Ar*], 6.5 [m, 2H, CsHsF>], 6.45 [t, 2H, Ar*], 4.21 [sept., 4H, CH
'Pr], 0.83 [d, 24H, CH; 'Pr] It should be noted that most of molecules of the solvating THF
present in 21 were removed under vacuum when drying the crystals *C{'H}-NMR (Ds-THF;
298K, 100 MHz) d(ppm): 152.7, 147.4, 145.1 [Cquatemary Ar¥*, CsH3F2 and Ph], 136.2, 126.9,
126.6, 122.2, 117.6 [CH, Ar* and Ph], 109.9, 109.5 [CH, C¢H;5F,] 28.5 [CH Pr], 24.7 [CH3
'Pr] ] Relevant signals for the Cipso and for the C-F of the CsH3F» group were not detected, due
to the dilution of the sample. YF{'H}-NMR (Ds-THF; 298K; 400 MHz) &(ppm): -85.75 [s,
2F]

Elemental analysis: analytical calculated: CssHssFoKN2OSiZn C 67.25, H 6.63, N 3.41.
Found: C 67.22, H 6.31, N 3.73

Synthesis of [ {Ph,Si(NAr*),Zn(CsH-Cl3)} {K(THF)s}'1 (23):

90 mg of 1,3,5 trichlorobenzene (0.5 mmol) were added.

T _ 388 mg of 19 (0.5 mmol) was solubilized in 5 mL of THF,
N cl The resulting yellow solution was allowed to stir at reflux
N
Cl

Z:;Si< /Zn for 21 h. All the volatiles were removed under reduced
N ol pressure. The white solid was solubilized with 3 mL of

hexane and 1.5 mL of THF. Overnight storage in freezer (-

%(THF)J 33°C) furnished colourless crystals of 23 (265mg, 65%).

'H-NMR (Ds-THF; 298K; 400 MHz) 6(ppm): 7.36 [m, 4H, Ph], 6.97 [m, 8H, Ph and CsH.Cl3],
6.72 [d, 4H, Ar*], 6.46 [t, 2H, Ar*], 4.19 [sept., 4H, CH 'Pr], 3.61 [m, 9H, O-CH, THF], 1.77
[m, 9H, CH, THF], 0.79 [d, 24H, CH; 'Pr] It should be noted that around 4 molecules of the
solvating THF present in 23 were removed under vacuum when drying the crystals *C{'H}-
NMR (Ds-THF; 298K, 100 MHz) &(ppm): 152.5, 147.3, 145.8, 145.1[Cguaternary Ar¥*, C¢H2Cl3
and Ph], 136.3, 126.9, 126.6, 125.5, 122.3, 117.7 [CH, Ar*, Ph and C¢H,Cls], 68.4 [O-CH>
THF], 28.4 [CH 'Pr], 26.5 [CH, THF], 25.0 [CH; 'Pr] Relevant signals for the Cipso and for the
C-Cl of the C¢HCl3 group were not detected, due to the dilution of the sample.

Elemental analysis: analytical calculated: C34H52CloK3N¢O2S13Zn3 C 62.01, H 5.90, N 3.24.
Found: C 61.81, H 6.04, N 3.25
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Synthesis of [ {Ph,Si(NAr*),Zn(CeH,FoNO»)} {K(THF);}*] (24):

778 mg of 19 (1 mmol) was solubilized in 3.6 mL of THF in
\KQY a Schlenk bottle wrapped in tin foil to prevent the contact
F

with light. 0.11 mL of 2,4 difluoronitrobenzene (1 mmol)

Zn were added. The resulting deep red solution was allowed to
N stir at room temperature for 30 minutes. 6 mL of hexane were

q O slowly added to the solution and then the mixture was stored

\\“*={’i’<'('T|’—’|F)3} overnight in freezer (-33°C) furnishing yellow crystals of 24
(520mg 55%).

'"H-NMR (Ds-THF; 298K; 300 MHz) &(ppm): 7.79 [m, 1H, CH C¢HFoNO,], 7.35 [m, 4H,
Ph], 6.99 [m, 6H, Ph], 6.74 [m, 5H, Ar* and CsH2F2NO3], 6.48 [t, 2H, Ar*], 4.19 [sept., 4H,
CH 'Pr], 3.62 [m, 9H, O-CH, THF], 1.77 [m, 9H, CH, THF], 0.82 [d, 24H, CH; 'Pr] It should
be noted that most of molecules of the solvating THF present in 24 were removed under
vacuum when drying the crystals *C{'H}-NMR (Ds-THF; 298K, 75 MHz) &(ppm): 152.7,
147.4, 145.1 [Cquatemary Ar* and Ph], 136.2, 126.9, 126.6, [CH Ph] 122.2, 117.6 [CH Ar*],
109.9, 109.5 [CH, CsH,F2NO,] 28.5 [CH 'Pr], 24.7 [CH; 'Pr] Relevant signals for the Cipso and
for the C-F of the C¢H,F.NO, group were not detected, due to the dilution of the sample.”F-
NMR (Ds-THF; 298K; 300 MHz) 6(ppm): -85.75 [s, 2F]

Elemental analysis: analytical calculated: CsoHe2F2KN304SiZn C 63.61, H 6.65, N 4.47.
Found: C 63.26, H 6.91, N 4.12

Synthesis of [ {PhySi(NAr*),Zn(CsH3FNO,)} {K(THF)s} 1 (25):

T _ 398 mg of 19 (0.5 mmol) was solubilized in 5 mL of THF.
0.05 mL of 3-fluoronitrobenzene (0.5 mmol) were added. The

F resulting deep red solution was allowed to stir at room

Ph/ﬁ””’Si/ N\zn temperature for 16 h. All the volatiles were removed under
Ph” \N/ reduced pressure. The resulting red waxing solid was washed
O2N with 10 mL of hexane. The red solid was solubilized in 1 mL

{(K(THF)g}* of THF and 3 mL of Hexane. Overnight storage in freezer (-

33°C) furnishing red crystals of 25 (205mg 46%).

"H-NMR (Ds-THF; 298K; 300 MHz) 8(ppm): 7.94 [m, 1H, CH C¢H3FNO-], 7.48 [m, 4H, Ph],
7.16 [m, 1H, CH CsH3FNO,] 6.97 [m, 6H, Ph], 6.67 [d, 4H, Ar*], 6.40 [t, 2H, Ar*],4.36 [sept.,
4H, CH 'Pr], 3.62 [m, 6H, O-CH, THF], 1.77 [m, 6H, CH, THF], 0.79 [d, 24H, CH; ‘Pr] It
should be noted that most of molecules of the solvating THF present in 25 were removed under
vacuum when drying the crystals BC{!H}-NMR (Ds-THF; 298K, 75 MHz) 8(ppm): 147.6,
144.9 [Cquaternary Ar* and Ph], 136.3, 129.4, 126.3, 126.1 121.9, 117.1 [CH, Ar*, CsH3FNO,
and Ph], 68.0 [O-CH, THF], 28.0 [CH Pr], 26.2 [CH, THF], 24.6 [CH; 'Pr] Relevant signals
for the Cipso and for the C-F of the CsH3FNO- group were not detected, due to the dilution of
the sample."’ F-NMR (Ds-THF; 298K; 300 MHz) 8(ppm): -82.26 [s, 1F]
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Due to the sensitivity of 25 it was not possible to obtain satisfactory elemental analysis

Synthesis of [{Ph,Si(NAr*),Zn(C 1 HeFoN)} {K(THF),}*] (26):

q _ 338 mg of 19 (0.44 mmol) was solubilized in 5 mL of THF,
\(@Y N/ = 99.5 mg of 2-(2,4-difluorophenil)pyridine (0.5 mmol) were
F

Ph, /N\ added. The resulting yellow solution was allowed to stir at
h/' \ / reflux for 3 h. All the volatiles were removed under reduced
. pressure. 10 mL of hexane was added affording a white
suspension. The suspension was filtered through celite and

)\é);(THF)xV a white solid of 26 was isolated (195 mg, 54%)

'"H-NMR (Ds-THF; 298K; 400 MHz) 8(ppm):8.51 [m, 1H, CH C;1H¢F>N], 7.78 [m, 1H, CH
CuHgF2N], 7.74 [m, 1H, CH Ci1HeF,N], 7.64 [m, 1H, CH C,H6F2N], 7.36 [m, 4H, Ph], 7.08
[dd, 1H, CH Ci1HeF2N], 6.99 [m, 6H, Ph], 6.72 [d, 4H, Ar*], 6.65 [m, 1H, C;1HsF2N], 6.46 [t,
2H, Ar*], 4.24 [sept., 4H, CH 'Pr], 0.84 [d, 24H, CH; 'Pr] It should be noted that most of
molecules of the solvating THF present in 26 were removed under vacuum when drying the
crystals BC{'H}-NMR (Ds-THF; 298K, 100 MHz) &(ppm): 152.7 [Cquaternary Ar*, Ph,
CuHgFaN], 150.1 [CH Ci1HgF2N],147.3, 145.1 [Cquatemary Ar*, Ph, C11HeF2N], 136.2, 131.6
[CH Ph and C1HeF2N], 126.7 [Cquatemary Ar*, Ph, pyr or C11HsF2N], 126.6, 125.0, 122.3, 122.0
117.7,110.6 [CH Ar*, Ph, C1;HeF2N], 28.5 [CH 'Pr], 24.8 [CH;3 'Pr] F{!H}-NMR (Ds-THF;
298K; 400 MHz) 6(ppm): -85.32 [d, 1F], -87.31 [d, 1F]

Synthesis of [{Ph,Si(NAr*),Zn(CsH3FN)} {K(THF),}*] (27)

T 38.8 mg of 19 (0.05 mmol) were solubilised in 0.45 mL of
\(Q\( D8-THF affording a yellow solution, 4.3 pL of 3-

Fluoropyridine (0.75 mmol). The mixture was heated at

//,

/ \ H5 69°C for 16h. Due to the instability of the final product its

-5 \ / — : : .
Ph N clean isolation was not possible.

F H4
)\é);(THF)X} .

'H-NMR (Ds-THF; 298K; 400 MHz) 5(ppm): 7.96 [d, 1H, H6], 7.92 [t, 1H, H5], 7.32 [m, 4H,
Phl, 7.23 [dd, 1H, H4], 6.99 [m, 6H, Ph], 6.75 [d, 4H, Ar*], 6.50 [t, 2H, Ar*], 4.20 [sept., 4H,
CH 'Pr], 0.86 [d, 24H, CH: 'Pr] “C{'H}-NMR (Ds-THF; 298K, 75 MHz) 8(ppm): 168.3,
152.2, 146.8, 144.5 [Cquemary Ar*, Ph, CsH;FN], 143.8 [CH C6 CsH:FN], 135.9 [CH Ph],
135.2 [CH C5 CsH;FN], 134.9 [CH C4 CsH5FN], 126.4 [CH Ph], 122.0, 117.5 [CH Ar*],49.9
[Couatemary TMP(H)], 38.9 [B-CH> TMP(H)], 32.2 [CH; TMP(H)], 28.1 [CH "Pr], 24.2 [CH;
'Pr], 19.4 [y-CH, TMP(H)] Relevant signals for the Cipso and for the Cguatemary of the CsH3FN
group were not detected, due to the dilution of the sample. PF{!H}-NMR (Ds-THF; 298K
400 MHz) (ppm): -102.2 [s, 1F]
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Synthesis of [{PhySi(NAr*),Zn(CeFs)} {K(THF)«}"] (28)

~ 493 mg of 19 (0.46 mmol) were solubilized in SmL of
T THF. The solution was cooled down to -40°C. 0.05 mL of
R F pentafluorobenzene (0.5 mmol) were added. The mixture

N

Ph.., . .
" / \ F was allowed to stir for 30 minutes at room temperature. All
h/ AN / .
the volatiles were removed under reduced pressure. The

FF
resulting waxy solid was suspended in 10 mL of hexane
{K(THF)g}" and the suspension was filtered through celite. The
remaning yellow-white solid was solubilized in 3 mL of hexane and 0.8 mL of THF. Overnight

storage in the freezer (-15°C) furnishing yellow crystals of 28. Any attempt in isolating the
pure product was unsuccessful.

IH-NMR (Ds-THF; 298K; 300 MHz) 8(ppm): 7.33 [m, 4H, Ph], 6.99 [m, 6H, Ph], 6.73 [d,
4H, Ar*], 6.48 [t, 2H, Ar*], 4.16 [sept., 4H, CH 'Pr], 3.61 [m, 6H, O-CH, THF], 1.77 [m, 6H,
CH, THF], 0.81 [d, 24H, CH; ‘Pr] It should be noted that most of molecules of the solvating
THF present in 28 were removed under vacuum when drying the crystals *C{'H}-NMR (Ds-
THF; 298K, 75 MHz) d(ppm): 151.7, 146.3 144.7 [Cquatemary Ar* and Ph], 135.8, 126.8,
126.4[CH Ph] 122.0, 117.8 [CH Ar*], 68.0 [O-CH, THF], 28.2 [CH ‘Pr], 26.2 [CH, THF],
24.3 [CH; 'Pr] Relevant signals for the Cipso and for the C-F of the CgFs group were not detected,
due to the dilution of the sample.””F-NMR (Ds-THF; 298K; 300 MHz) &(ppm): -114.4 [m
2F], -160.5 [t, 1F], -164.4 [m, 2F]

Due to the impurities that co-crystalize with 28 was not possible to obtain satisfactory
elemental analysis

Synthesis of [ {PhoSiINHATr*) (NAT*)Zn(CsFs),} {K(THF);}*] (29):

B Art 398 mg of 19 (0.5 mmol) were solubilized in 5 mL of
Ph_ /,LH THF. The solution was cooled down to -40°C. 0.17 mL of
Ph\\\..-Si\ pentafluorobenzene (1.5 mmol) were added. The mixture

. | /:‘K(THF)_ .. was allowed to stir for 1h at room temperature. All the
S TF o zn. F volatiles were removed under reduced pressure. The
ﬂ ?@\F resulting yellow solid was solubilized in 1 mL of
LR = 7 1™ fluorobenzene and 1.2 mL of hexane. Overnight storage

in fridge (4°C) furnishing red crystals of 29. Due to the presence of multiple species
crystalizing together was not possible obtained a crystalline yield of 29

"H-NMR (Ds-THF; 298K; 300 MHz) §(ppm): 7.67 [m, 4H, Ph], 7.05 [m, 6H, Ph], 6.92 [d,
2H, Ar*], 6.76 [t, 1H, Ar*], 6.72 [d, 2H, Ar*], 6.59 [t, 1H, Ar*], 4.13 [sept., 2H, CH 'Pr], 3.61
[m, 6H, O-CH, THF], 2.55 [sept., 2H, CH ‘Pr], 1.77 [m, 6H, CH, THF], 0.88 [d, 12H, CH;
'Pr], 0.55 [d, 12H, CH; 'Pr] It should be noted that the resonance for the NH is overlapping
with the residual signal of the solvent."’ F-NMR (Ds-THF; 298K; 300 MHz) &(ppm): -115.5
[m, 2F], -163.5 [t, 1F], -165.2 [m, 2F]
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Due to the presence of [K(THF)«Zn(Ce¢Fs);] and Ph,Si(NHAr*), in the sample where not
possible to obtain a meaningful *C{'H}-NMR spectrum.

Synthesis of [{Ph,Si(NAr*),Zn(CsHF4)} {K(THF),}*] (30)

T ~  34.2 mg of 1 (0.05 mmol), were solubilised in 0.45 mL Ds-
THF affording a light yellow mixture, 4 pL of a,a,0

Ph., /N\ R trifluorotoluene  (0.032 mmol) and 10.1 mg of

Ph/s'\N _4n hexamethylbenzene (0.06 mmol) were added as internal

F F standards. The tube was placed in cold bath at -40°C and 5

/ké/k uL of 1,2,4,5 tetrafluorobenzene (0.05 mmol, 1 eq.) were
{K(THF)}"

added to the mixture. The yield determined using
hexamethylbenzene as internal standard was 89%.

'H-NMR (Ds-THF; 298K; 400 MHz) 8(ppm): 7.37 [m, 4H, Ph], 7.00 [m, 6H, Ph], 6.80 [m,
IH, CsHF.] 6.75 [d, 4H, Ar¥], 6.50 [t, 2H, Ar*], 4.20 [sept., 4H, CH 'Pr], 0.84 [d, 24H, CH;
'Pr]

BC{'H}-NMR (Ds-THF; 298K, 75 MHz) 8(ppm): 151.9, 146.6, 144.7 [Cquatemary Ar* and Ph],
135.9, 126.4 [CH Ph], 122.0, 117.7 [CH Ar*], 104.2 [CH CsHF4] 28.2 [CH ‘Pr], 24.3 [CH; 'Pr]
Relevant signals for the Cipso and for the C-F of the CsHF4 group were not detected, due to the
dilution of the sample.

R{IH}-NMR (Ds-THF; 298K; 400 MHz) 3(ppm): -116.4 [m, 2F], -142.1 [m, 2F]

Svnthesis Of [(THF)éKQZn2 {thSl(NAI‘*)z}z(CsFﬂ] (34)

(TH) K-~ 397 mg of 19 (0.39 mmol) were solubilised in 5 mL of
' THF. The solution was cooled down to -40°C and 0.02

|
Pho N § - N, _ph
Ph/S'\N/Zn zi\»wS~pn - mL of 1,2,4,5 tetrafluorobenzne (0.1 mmol) were added
)ﬁ VA A dropwise. The resulting solution was allowed to stir at
KRR room temperature for 30 minutes. The solution was then

left to stir at reflux for 16h. The next day all the volatiles were removed under reduced
pressure. The obtained white solid was washed with 6 mL of hexane and solubilized in 2 ml
of THF. Layering 1.5 mL of hexane on the yellow solution furnished colourless crystals of
34 (59 mg, 11%)

TH-NMR (Ds-THF; 298K; 300 MHz) §(ppm): 7.29 [m, 8H, Ph], 6.97 [m, 12H, Ph], 6.74 [d,
8H, Ar*], 6.48 [t, 4H, Ar*], 4.13 [sept., 8H, CH 'Pr], 3.61 [m, 10H, O-CH, THF], 1.77 [m,
10H, CH, THF], 0.78 [d, 48H, CH; ‘Pr] It should be noted that most of molecules of the
solvating THF present in 33 were removed under vacuum when drying the crystals *C{'H}-
NMR (Ds-THF; 298K, 100 MHz) 6(ppm): 152.5, 146.4 144.9 [Cquatemary Ar*, CsF4 and Ph],
135.7,126.8, 126.3, 122.0, 117.3 [CH, Ar*, C¢F4 and Ph], 68.0 [O-CH, THF], 28.1 [CH Pr],
26.2 [CH, THF], 24.2 [CH;Pr] YF-NMR (Ds-THF; 298K; 300 MHz) §(ppm): -119.0 [s, 4F]
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Elemental analysis: analytical calculated: CiosH137F4K2N4O7Si,Zn, C 66.3, H 7.19, N 2.92.
Found: C 65.17, H7.41, N 3.03

Organic Products

2.4.6-trifluoro-1.1'-biphenyl (35a)

r 768 mg of 20 (I1mmol) were solubilized in 5 mL of THF. 0.11 mL (1 mmol)
of iodobenzene and 58 mg of Pd(PPh3)4 (0.05 mmol, 5%) were added to
the solution. The mixture was let stir for 18h at 69°C. The reaction was
quenched with a saturated solution NH4Cl and extract with Et,O. The

combined organic layers were washed with HCI, dried with MgSO4 and concentrated. 10.4 mg

of ferrocene were added as internal standard (NMR yield 0.45 mmol, 45%). '"H-NMR and "F-
73]

NMR agreed with the one reported in literature!

Phenyl(2.4,6-trifluorophenyl)methanone (35b)

o F 384 mg of 20 (0.5mmol) were solubilized in 5 mL of THF. The mixture
was cooled down to —20°C. 286 mg of Cul (1.5 mmol) and 0.18 mL of

F ¢ benzoylchloride (1.5 mmol) were added. The flask was removed from the
bath and the mixture was allowed to reach the room temperature. The mixture was let stir for
16h, affording a red-brown solution. The reaction was quenched with a saturated solution
NH4Cl and extract with Et2O. The combined organic layers were washed with HCI, dried with
MgSO4 and concentrated. 10.2 mg of Hexamethylbenzene were added as internal standard

(NMR yield 0.35 mmol, 70%).'"H-NMR and '""F-NMR agreed with the one reported in

literature. 2!

2-allyl-1.3.5-trifluorobenzene (35¢)

F 384 mg of 20 (0.5mmol) and 58.5 mg of Cul (0.3 mmol, 60%) were
/@f\% solubilized in 10 mL of THF. 0.13 mL of allylbromide (1.5 eq.) were added.

F F The mixture was let stir for 6h at 66°C. The reaction was quenched with a
saturated solution NH4Cl and extract with Et;O. The combined organic layers were washed
with HCl, dried with MgSO4 and concentrated. 12.1 mg of Hexamethylbenzene were added
as internal standard (NMR yield 0.25 mmol, 50%). %)."H-NMR and YF-NMR agreed with the

one reported in literature. [
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2'.4',6'-trifluoro-[ 1,1'-biphenyl]-4-carbonitrile (35d)

F 384 mg of 20 (05 mmol), 183 mg of [L,1'-
Bis(diphenylphosphino)ferrocene]dichloropalladium(Il) (Pd(dppf)Cl.)
(0.025 mmol, 5%), 13 mg of triphenylphosphine (0.05 mmol, 10%) and
82 mg of 4-Bromobenzonitrile (0.45 mmol) were solubilized in 10 mL

NC

of THF. The mixture was let stir for 20h at 66°C. The reaction were quenched with a saturated
solution NH4CI and extract with Et;O. The combined organic layers were washed with HCI,
dried with MgSO4 and concentrated. 11.7 mg of hexamethylbenzene were added as internal
standard (NMR yield 0.28 mmol, 63%).'H-NMR and "F-NMR agreed with the one reported
in literature.!”!

1,3,5-trifluoro-2-iodobenzene (35¢)

F 235 mg of 20 (0.3 mmol) were solubilized in 3 mL of THF. The resulting yellow
/@i ' solution was cooled at -78°C. A solution of 466 mg of I, (1.8 mmol, 6eq.) in 6

F ¢ mL of THF was added dropwise. The mixture was allowed to reach the room
temperature and let stirring for 16h. The reaction was quenched with Brine and a saturated
solution of Na»S,03 and extract with Et,O. The combined organic layers were washed with
HCI, dried with MgSO, and concentrated. 10 mg of Hexamethylbenzene was added as internal
standard. (NMR yield 0.1 mmol, 32%). '"H-NMR and ""F-NMR agreed with the one reported

in literature.!”®!

General procedure for the Negishi-type cross coupling of metalated fluoroarenes

0.5 mmol of the metalated fluoroaryles (20-24), 18.3 mg of Pd(dppf)Cl» (0.025 mmol, 5%),
13 mg of triphenylphosphine (0.05 mmol, 10%) and 82 mg of 4-Bromobenzonitrile (0.45
mmol) were solubilized in 10 mL of THF. The mixture was let stir for 20h at 69°C. The
reaction was quenched with a saturated solution NH4Cl and extract with Et;O. The combined
organic layers were washed with HCI, dried with MgSO,4 and concentrated. The product was
not isolated, but the NMR yield was calculated against hexamethylbenzene as internal

standard, using the spectra reported in literature. [7>77-7"]

120



Chapter 4. Direct Zincation of Fluoroarenes Using a Potassium-Zinc Base Supported by a

Sterically Demanding Ligand

4.6 References

[1] D. O’Hagan, J. Fluor. Chem. 2010, 131, 1071-1081.

[2] J. Wang, J. Luis, C. Pozo, A. E. Sorochinsky, S. Fustero, V. A. Soloshonok, H. Liu,
Chem. Rev. 2014, 2432-2506.

[3] Y. Zhou, J. Wang, Z. Gu, S. Wang, W. Zhu, J. L. Acena, V. A. Soloshonok, K.
Izawa, H. Liu, Chem. Rev. 2016, 116, 422-518.

[4] C. Zhang, K. Yan, C. Fu, H. Peng, C. J. Hawker, A. K. Whittaker, Chem. Rev. 2021,
DOI 10.1021/acs.chemrev.1c00632.

[5] S. Purser, P. R. Moore, S. Swallow, V. Gouverneur, Chem. Soc. Rev. 2008, 37, 237—
432,

[6] D. O’Hagan, Chem. Soc. Rev. 2008, 308-319.

[7] H. Amii, K. Uneyama, Chem. Rev. 2009, 2119-2183.

[8] J. Weaver, S. Senaweera, Tetrahedron 2014, 70, 7413-7428.
[9] A.D. Sun, J. A. Love, Dalton Trans. 2010, 39, 10362-10374.

[10]  T.W. Butcher, W. M. Amberg, J. F. Hartwig, Angew. Chem. Int. Ed. 2021, DOI
10.1002/anie.202112251.

[11]  A.E. Shilov, G. B. Shul’pin, Chem. Rev. 1997, 97, 2879-2932.

[12] L. Pauling, J. Am. Chem. Soc. 1932, 54, 3570-3582.

[13] M. Schlosser, Angew. Chem., Int. Ed. 1998, 110, 1496—-1513.

[14]  F. Mongin, M. Schlosser, Tetrahedron Lett. 1996, 37, 6551-6554.

[15] C. Heiss, F. Leroux, M. Schlosser, European J. Org. Chem. 2005, 5242-5247.
[16] F.Mongin, R. Maggi, M. Schlosser, Chimia (Aarau). 1996, 50, 650—-652.

[17]  O. Tai, R. Hopson, P. G. Williard, Org. Lett. 2017, 19, 3966—3969.

[18]  A.C.Poppler, H. Keil, D. Stalke, M. John, Angew. Chem. Int. Ed. 2012, 51, 7843—
7846.

[19] M. Schlosser, L. Guio, F. Leroux, J. Am. Chem. Soc. 2001, 123, 3822-3823.

[20]  G. Wittig, G. Pieper, G. Fuhrmann, Berichte der Dtsch. Chem. Gesellschaft (A B
Ser. 1940, 73, 1193-1197.

[21]  G. Wittig, Naturwissenschaften 1942, 30, 696-703.

[22] M. Schlosser, H. C. Jung, S. Takagishi, Tetrahedron 1990, 46, 5633-5648.
121



Chapter 4. Direct Zincation of Fluoroarenes Using a Potassium-Zinc Base Supported by a

Sterically Demanding Ligand
[23] M. Schlosser, G. Katsoulos, S. Takagishi, Synletr 1990, 747-748.

[24]  A.N. Chernega, A. J. Graham, M. L. H. Green, J. Haggitt, J. Lloyd, C. P. Mehnert,
N. Metzler, J. Souter, J. Chem. Soc., Dalt. Trans. 1997, 2293-2303.

[25]  A. Seggio, G. Priem, F. Chevallier, F. Mongin, Synthesis 2009, 3617-3632.

[26] R. McLellan, M. Uzelac, A. R. Kennedy, E. Hevia, R. E. Mulvey, Angew. Chem. Int.
Ed. 2017, 56, 9566-9570.

[27] M. Baenziger, S. Eswaran, Y. Jiang, G. Kasinathan, Synthesis 2019, 51, 1649-1654.

[28] M. selective metalations of pyridines and related heterocycles using new frustrated
lewis pairs or tmp-zinc and tmp-magnesium bases with bf 3-oet2 Jaric, B. A. Haag, A.
Unsinn, K. Karaghiosoff, P. Knochel, Angew. Chem. Int. Ed. 2010, 49, 5451-5455.

[29] H. Awad, F. Mongin, F. Trécourt, G. Quéguiner, F. Marsais, F. Blanco, B. Abarca,
R. Ballesteros, Tetrahedron Lett. 2004, 45, 6697-6701.

[30] L. Davin, R. McLellan, A. R. Kennedy, E. Hevia, Chem. Commun. 2017, 53, 11650—
11653.

[31] X. Wang, K. Hirano, D. Kurauchi, H. Kato, N. Toriumi, R. Takita, M. Uchiyama,
Chem. Eur. J. 2015, 21, 10993—-10996.

[32] Y. Kondo, M. Shilai, M. Uchiyama, T. Sakamoto, J. Am. Chem. Soc. 1999, 121,
3539-3540.

[33] M. Uchiyama, T. Miyoshi, Y. Kajihara, T. Sakamoto, Y. Otani, T. Ohwada, Y.
Kondo, J. Am. Chem. Soc. 2002, 124, 8514-8515.

[34] M. Uchiyama, Y. Kobayashi, T. Furuyama, S. Nakamura, Y. Kajihara, T. Miyoshi,
T. Sakamoto, Y. Kondo, K. Morokuma, J. Am. Chem. Soc. 2008, 130, 472-480.

[35] J. M. Hammann, D. Haas, P. Knochel, Angew. Chem. Int. Ed. 2015, 54, 4478-4481.
[36] M. Mosrin, G. Monzon, T. Bresser, P. Knochel, Chem. Commun. 2009, 5615-5617.
[37] M. Mosrin, P. Knochel, Org. Lett. 2009, 11, 1837—-1840.

[38] M. Gargon, N. W. Mun, A. J. P. White, R. M. Crimmin, Angew. Chem. Int. Ed.
2021, 60, 6145-6153.

[39] Z. Livingstone, A. Hernan-Gomez, S. E. Baillie, D. R. Armstrong, L. M. Carrella,
W. Clegg, R. W. Harrington, A. R. Kennedy, E. Rentschler, E. Hevia, Dalton Trans. 2016,
45,6175-6182.

[40]  V.L.Blair, W. Clegg, A. R. Kennedy, Z. Livingstone, L. Russo, E. Hevia, Angew.
Chemie 2011, 123, 10031-10034.

[41] D.R. Armstrong, W. Clegg, A. Hernan-Gomez, A. R. Kennedy, Z. Livingstone, S.
D. Robertson, L. Russo, E. Hevia, Dalton Trans. 2014, 43, 4361-4369.

122



Chapter 4. Direct Zincation of Fluoroarenes Using a Potassium-Zinc Base Supported by a

Sterically Demanding Ligand

[42] Y.C.Tsai,D.Y.Lu Y. M. Lin, J. K. Hwang, J. S. K. Yu, Chem. Commun. 2007,
4125-4127.

[43] M. L. Hlavinka, J. R. Hagadorn, Organometallics 2007, 26, 4105-4108.
[44] W.S. Rees, O. Just, H. Schumann, R. Weimann, Polyhedron 1998, 17, 1001-1004.

[45] L. C.H. Maddock, T. Nixon, A. R. Kennedy, M. R. Probert, W. Clegg, E. Hevia,
Angew. Chemie 2018, 130, 193—-197.

[46] J. Hicks, P. Vasko, J. M. Goicoechea, S. Aldridge, J. Am. Chem. Soc. 2019, 141,
11000-11003.

[47] T.X. Gentner, R. E. Mulvey, Angew. Chem. Int. Ed. 2020, 60, 9247-9262.

[48] L.C.H.Maddock, M. Mu, A. R. Kennedy, M. Garcia-Melchor, E. Hevia, Angew.
Chem. Int. Ed. 2021, 60, 15296-15301.

[49] D.R. Armstrong, L. Balloch, W. Clegg, S. H. Dale, P. Garcia-Alvarez, E. Hevia, L.
M. Hogg, A. R. Kennedy, R. E. Mulvey, C. T. O’Hara, Angew. Chemie 2009, 121, 8831—
8834.

[50] G. Bartoli, G. Palmieri, M. Bosco, R. Dalpozzo, Tetrahedron Lett. 1989, 30, 2129—
2132.

[51] M. Bosco, R. Dalpozzo, G. Bartoli, G. Palmieri, M. Petrini, J. Chem. Soc., Perkin
Trans. 2 1991, 657-663.

[52] M. Schlosser, Organometallics in Synthesis: Third Manual, Wiley-VCH, 2013.

[53] M. Ketels, M. A. Ganiek, N. Weidmann, P. Knochel, Angew. Chem. Int. Ed. 2017,
56, 12770-12773.

[54] M. Balkenhohl, H. Jangra, I. S. Makarov, S. M. Yang, H. Zipse, P. Knochel, Angew.
Chem. Int. Ed. 2020, 59, 14992-14999.

[55] W.Clegg, B. Conway, D. V. Graham, E. Hevia, A. R. Kennedy, R. E. Mulvey, L.
Russo, D. S. Wright, Chem. Eur. J. 2009, 15, 7074—7082.

[56] M.R. Cargill, G. Sandford, A. J. Tadeusiak, D. S. Yufit, J. A. K. Howard, P.
Kilickiran, G. Nelles, J. Org. Chem. 2010, 75, 5860-5866.

[57] S.Zhang, Z. Zhang, H. Fu, X. Li, H. Zhan, Y. Cheng, J. Organomet. Chem. 2016,
825-826, 100-113.

[58] A. Barbanente, N. Margiotta, C. Pacifico, F. P. Intini, G. Natile, Fur. J. Inorg. Chem.
2020, 1018-1026.

[59] H.Na,T.S. Teets, J. Am. Chem. Soc. 2018, 140, 6353—-6360.
[60] T.Zhou, L. Li, B. Li, H. Song, B. Wang, Organometallics 2018, 37, 476—481.

[61] A.S.K.Hashmi, T. D. Ramamurthi, F. Rominger, J. Organomet. Chem. 2009, 694,
123



Chapter 4. Direct Zincation of Fluoroarenes Using a Potassium-Zinc Base Supported by a

Sterically Demanding Ligand
592-597.

[62] L. Davin, R. McLellan, A. Hernan-Goémez, W. Clegg, A. R. Kennedy, M. Mertens, 1.
A. Stepek, E. Hevia, Chem. Commun. 2017, 53, 3653-3656.

[63] M. Hedidi, G. Bentabed-Ababsa, A. Derdour, Y. S. Halauko, O. A. Ivashkevich, V.
E. Matulis, F. Chevallier, T. Roisnel, V. Dorcet, F. Mongin, Tetrahedron 2016, 72, 2196—
2205.

[64] K. Shen, Y. Fu,J. N. Li, L. Liu, Q. X. Guo, Tetrahedron 2007, 63, 1568—-1576.

[65] F.Marsais, G. Queguiner, Tetrahedron 1983, 39, 2009-2021.

[66]  G. Shi, S. Takagishi, M. Schlosser, Tetrahedron 1994, 50, 1129-1134.

[67] K. Pang, Y.Rong, G. Parkin, Polyhedron 2010, 29, 1881-1890.

[68] R.J. Schwamm, M. P. Coles, C. M. Fitchett, Organometallics 2015, 34, 2500-2507.
[69] G. Schnee, C. Fliedel, T. Avilés, S. Dagorne, Eur. J. Inorg. Chem. 2013, 3699-3709.

[70] S. Garratt, A. Guerrero, D. L. Hughes, M. Bochmann, Angew. Chem. Int. Ed. 2004,
43,2166-2169.

[71]  P. Eckert, S. Sharif, M. G. Organ, Angew. Chem. Int. Ed. 2021, 60, 12224—12241.

72 M. Dell’Aera, F. M. Perna, P. Vitale, A. Altomare, A. Palmieri, L. C. H. Maddock,
L. J. Bole, A. R. Kennedy, E. Hevia, V. Capriati, Chem. Eur. J. 2020, 26, 8742—-8748.

[73] Y. Wei, J. Kan, M. Wang, W. Su, M. Hong, Org. Lett. 2009, 11, 3346-3349.

[74] K. F. Pfister, M. F. Griinberg, L. J. Goollen, Adv. Synth. Catal. 2014, 356, 3302—
3306.

[75]  J.-1. Dai, J.-H. Liu, D.-F. Luo, L. Liu, Chem. Commun. 2011, 47, 677-679.

[76] R.F.Leroux, R. Simon, N. Nicod, Lett. Org. Chem. 2006, 3, 948-954.

[77] T. Yan, C. B. Bheeter, H. Doucet, European J. Org. Chem. 2013, 2013, 7152—7163.
[78] L. Zhao, T. Yan, C. Bruneau, H. Doucet, Catal. Sci. Technol. 2014, 4, 352-360.

79]  R. Boyaala, R. Touzani, T. Roisnel, V. Dorcet, E. Caytan, D. Jacquemin, J. Boixel,
V. Guerchais, H. Doucet, J.-F. Soulé, ACS Catal. 2019, 9, 1320-1328.

124



Chapter 5: Alkali-metal Manganates and their Applications in Homocoupling Processes

Chapter 5: Alkali-metal Manganates and their Applications in
Homocoupling Processes

Part of this Chapter is adapted with permission from: M. Uzelac, P. Mastropierro, M. de Tullio,
I. Borilovic, M. Tarrés, A. R. Kennedy, G. Aromi, E. Hevia Tandem Mn-I Exchange and
Homocoupling Process Mediated by a Synergistically Operative Lithium Manganate Angew.

Chem. Int. Ed. 2021, 60, 3247-3253. DOI: 10.1002/anie.202013153. Copyright 2020 Wiley-
VCH GmbH.

Contributing authors to the manuscript and their role:

Marina Uzelac: Conceived the project, performed the synthesis of all the organometallics
compounds presented in the paper (with the exception of 39), measured and solved the crystal
structure of compounds 37, 39, 41, 42, [(THF)sMgCl.MnPh,], measured the EPR spectra for
the reaction with 3-iodopyridine.

Pasquale Mastropierro: Accessed manganese-iodine exchange processes of selected substrates
and investigated role of additives for the success of exchange and C-C bond forming processes,
performed the synthesis of compound 40, carried out the EPR reaction monitoring studies.

Marco de Tullio: Optimised the homocoupling reaction, performed the organic substrate scope
of the paper, isolated and characterized all the organic substrate.

Ivana Borilovic: Analysed the data of the EPR spectra and created the simulated EPR spectra
Marius Tarrés: organic characterization of some homocoupling products

Alan R. Kennedy: Checked the accuracy of X-Ray diffraction data processing

Guillem Aromi: Supervised the accuracy of EPR data processing

Eva Hevia: Principal Investigator, conceived the project, secured the funding, directed the
work, and wrote the final version of the manuscript with contributions from all authors

The second part is currently a manuscript in preparation. The authors and their contribution

are the following:

Pasquale Mastropierro: Conceived the project, performed all the experimental work, analyzed
the data.

Marina Uzelac: wrote the first draft of the paper and the supporting information, measured and
solved the crystal structure of compounds 43 and [(PMDETA),K,Mn(CH,SiMe3)4].

Alan Kennedy: Checked the accuracy of X-Ray diffraction data processing
125



Chapter 5: Alkali-metal Manganates and their Applications in Homocoupling Processes

Eva Hevia: Principal Investigator, conceived the project, secured the funding, directed the
work, and wrote the final version of the manuscript with contributions from all authors

5.1 General introduction to this chapter

Symmetrical biaryls compounds are important building blocks in organic synthesis present in
numerous molecules with applications in medicinal and material chemistry. Some examples
included Mastingophorene A and B (molecules with neuroprotective activity and stimulator
of nerve growing factor) or Euphorbetin (that has found to have anticoagulant activity). They
are also applied in synthetic chemistry as chiral ligand (R-BINOL and R-P-PPHOS) (see
Figure 5. 1 for some example).['! In addition the 1,3-diynes are used in optical material,
organic conductors, conducting polymer and liquid crystals.!®’! Many synthetic approaches to

access these compounds involves the use of transition metal catalysis employing a variety of
4,8-14]

metals (i.e. palladium, gold, copper etc.) [

(0) 0 OH
JC
OH
OH
"
(0] (0] OH

Euphorbetin

OMe
(R)-P-PHOS

sgraratieiegve

I
(6] OH OH OH (0] OH OH OH
Mastigophorene A Mastigophorene B

Figure 5. 1 Representative ligands and biological active products with a symmetric biaryl moiety
(BINOL= 1,1'-Bi-2-naphthol, P-PHOS= (+)-2,2',6,6'-Tetramethoxy-4,4'-bis(diphenylphosphino)-3,3'-
bipyridine)

In search of a more environmentally friendly and sustainable approaches manganese has
appeared as a appealing alternative, being cheap, relatively benign toxicologically and
abundant on the earth crust.l'>) Seminal work by Cahiez has shown that MnCl,-LiCl was able
to catalyse the homocoupling of aryl Grignard reagent at room temperature, in short time using

the oxygen contained in the dry air as oxidant (Scheme 5. 1).[1¢!

\ Cly-LiCl (5%) \
2eq. O MgBr ———M 0 o
THF, RT, 0.75h AN

Dry air 95%

Scheme 5. 1 Homocoupling of Arylmagnesium bromide using MnCl>-LiCl as catalyst and dry air as
oxidant.'%]

The mechanism of this oxidative homocoupling process has remained concealed for over 14
years, with limited experimental evidence on the constitution of the organometallic species
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involved in these reactions. The existence of a Mn'/Mn'Y redox manifold in the catalytic cycle
has been proposed based on DFT calculations.'”! The proposed cycle (Figure 5. 2) involves a
transmetallation step external to the cycle, forming a diaryl manganese species MnAr», which
is proposed to be the active species. MnAr; can be then oxidized by O, to form a Mn'Y species,
which undergoes to reductive elimination, affording the product of homocoupling and
manganese epoxide. Reaction of Mn(O-O) with an excess of ArMgX regenerates MnAr»,
eliminating magnesium oxide (Figure 5. 2).!7 Notably, even if the calculations were
performed in the presence of THF, the participation of the inorganic salts and the possibility

to have mixed-metal species was not considered.

2 ArMgX + MnCl,
J\42 MgXCl

THF

| oxidative
i_addition
0—0
\ / /
THF M 0 THF THF1MnV- i THF
ZAAY 4\
THF XTHF Ar/ Ar
{“reductive \
1 elimination; Ar=Ar

Figure 5. 2 Proposed catalytic cycle for the oxidative homocoupling of arylmagnesium halides
catalysed by Mn(Il) (X= Cl or Br; Ar= ary)!'"

These coupling reactions do work for C(sp)-C(sp) bond formations, thus using
phenylacethylenemagnesium bromide it was possible to achieve the correspondent 1-3

diynes.['®]

Steric and electronic factors affects the reactivity, this was exemplified by the failed attempt
to use as substrates very sterically encumbered Grignard reagents like mesytil magnesium
bromide or very electron poor aryls, such as pentafluoroaryl magnesium bromide.!'”!®! This
has been attributed to the stability of the Mn intermediate prior to the the reductive elimination
step. Sterically encumbered aryls could increase the energy barrier for the reductive
elimination. On the other hand electron poor aryls (such as pentafluorobenzene) would not
have enough electron density on the ispo-carbons to promote the formation of a new C-C
bond.["!

Taking advantages of these effects and carefully choosing the organomagnesium halides
partner, the oxidative heterocoupling catalysed by manganese was achieved. Having together
an alkynyl Grignard reagent together with a sterically encumbered organomagnesium halide
disfavours the homocoupling reaction, heterocoupling between the two different Grignard
reagents (Figure 5. 3).['8
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Figure 5. 3 Proposed mechanism for the oxidative cross-coupling of Griganrd reagents catalysed by
manganese.

In 2019, Taillifer and coworkers expanded the substrate scope of the homocoupling reaction
demonstrating that also the organolithium could be used as starting material for manganese-
catalysed homocoupling. The aryllithium species were prepared in-situ via metal-halogen

exchange or deprotonation using ‘BuLi (Scheme 5. 2).['!

a) MnCl,-LiCl (10%)

y ‘BuLi X=Bry=2

X THF, -78°C, 20 min. yield: 90%
b) dry air X=Hy=1.1

THF, RT, 1h yield: 70%

(0]
/

Scheme 5. 2 Oxidative homocoupling of 2-anisolylithium catalysed by MnCl, The organolithium
reagent can derived from a metal/halogen exchange or from a deprotonation.

5.1.2 The Chemistry of Alkali-metal Manganates

The organomanganese species active in the homocoupling are usually prepared in-situ via salt
metathesis with organolthium or organomagnesium and manganese halides. A different
approach is the direct manganation of the organic substrates using reactive alkali-metal
manganates. In fact, Mn(Il) shares some similarities with the magnesium, which is extensively
used in this chemistry.[??2 In particular carbon manganese (II) bonds have a very ionic
character,'**) moreover Mn?" is similar to Mg?* both in terms of size and electronegativity and
therefore they show similar behaviour in coordination chemistry affording very similar
structure such as [(TMEDA ),Li,Mg(Me).]?* and [ TMEDA),Li-Mn(Me)4]**! (Figure 5. 4).
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Figure 5. 4 Crystal structure of a) [(TMEDA);Li>MgMe,] and b) [(TMEDA),Li:MnMe,]. Hydrogen
atoms are omitted and carbon atom of TMEDA anions shown as wireframe for clarity. The thermal
ellipsoids are rendered with 50% probability. (TMEDA= N,N,N’,N -tetramethylethylenediamine)

Alkali-metal manganates have found applications in deprotonative metalation.”®) Thus
Mulvey has shown that pairing Li and Mn(Il) in the same molecule to form
[(TMEDA)Li(TMP)Mn(CH.SiMes),], it was possible to di-manganate ferrocene, with a great
atom economy, demonstrating both, amido basicity and alkyl basicity at the heterobimetallic
base with all three arms wused in the metalation process, affording
[(TMEDA),Li;Mn; {Fe(CsHa),}5] (Figure 5. 5).27)

Figure 5. 5 Crystal structure of [(TMEDA):Li:Mn>{Fe(CsH4)2}3] product of deprotonation ferrocene
using [(TMEDA)Li(TMP)Mn(CH,SiMe3),]. Hydrogen atoms are omitted and carbon atom of TMEDA
anions are shown as wireframe for clarity. The thermal ellipsoids are rendered with 50% probability.
Symmetry operations used to generate symmetrical atoms 2-x, y, 3/2-z

Sodium manganate [(TMEDA)NaMn(TMP),(CH,SiMe;)] has also displayed high versatility
for the deprotonation of activated and non-activated arenes (see Figure 5. 6 for an overview
of the metalated substrates).®>% While none of those compounds was further studied in
homocoupling reactions, [(TMEDA)Na(TMP)(0-CsHsOMe)Mn(TMP)] and
[(TMEDA)Na(TMP) {o-[C(O)N-(‘Pr)2]CéHs}Mn(R)] (R= CH:SiMes) showed peculiar
reactivity. They were able to react with iodobenzene affording the correspondent cross-
coupling product in 32 and 47% yield respectively. The yields is improved with the aid of the
palladium catalyst [PdCl>-(dppf)] (dppf = 1,1’-bis(diphenylphosphino)ferrocene), affording
98 and 66% respectively.*!
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Figure 5. 6 Overview of the substrates metalated by [(TMEDA)NaMn(TMP)(CH,SiMes)]

The template reactivity already observed in magnesium chemistry,** could be mimicked with
sodium manganates dimetalated benzene and toluene giving a rise to supramolecular “inverse
crown”  motif, affording [(TMP)sNas(1,4-Mn2CeHs)]®®)  and  [(TMP)sNau(3,5-
Mn,C¢H3CH3)]?” which was perfectly isostructural with their magnesium analogue obtained
in the same conditions (Figure 5. 7). [**°% These compounds host a two-fold metalated
molecule of benzene at its sterically optimum 1,4 positions. This di-anion is trapped by a
cationic 12 member ring [ {NaNMNNa} '], (M= Mg or Mn).

Y Y p Y. ~4 7

Mg;u < :hl QMg Mn @ ‘I: :ﬁ @Mn

‘N

y-

(<8
(9
P
1<
(4
z
,Iﬂ/

7 Na Na
4 :

Figure 5. 7 Crystal structure of a) [(TMP)sNay(1,4-Mg>CsHy)] and b) [(TMP)sNay(1,4-Mn;CsHy)].
Hydrogen atoms are omitted and carbon atom of TMP anions are shown as wireframe for clarity. The
thermal ellipsoids are rendered with 50% probability. Symmetry operations used to generate
symmetrical atoms in a) 1-x, 1-y, 1-z; in b) 2-x. 1-y, -z (TMP= 2,2,6,6-tetramethylpiperidide)
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In parallel to this works Knochel has developed [(TMP),Mn-2MgCl,-4LiCl] for arene
metalation. The relevant intermediates underwent oxidative homocoupling when using an
external oxidant (chloranil), or heterocoupling when using electrophiles with the aid of another
transition metal such as palladium or copper (Scheme 5. 3).1334

CoMe CO,Me O
0.6 [(TMP),Mn-2MgCl,-4LiCl] O CFy
THF, 25°C, 2h [Pd(PPh3),] (2.5%) COMe 77%
2

Cl THF, 25°C, 12 h

CO Me

O el 76%
THF, -20°C, 0.5h co,Me

Scheme 5. 3 Metalation of methyl-3-chlorobenzoate with [(TMP)Mn-2MgCl>4LiCl], followed by the
cross-coupling catalysed by [Pd(PPhs)s] or by homocoupling in presence of chloranil as oxidant
without the aid of any other transition metal. ([Mn]= Mn-2MgCl»-4LiCl)

Alkali-metal manganate have also been employed in Mn-Br exchange reactions with allylic
substrates. Hosomi et al. that demonstrated how higher and lower order manganates (prepared
in situ via salt-metathesis) exchanged the bromine of allylic and prop-2-ynyllic bromides

generating the correspondent nucleophilic organomanganese species (Scheme 5. 4).5%!

OH
[LioVn"Buy] Ph(CO)H
/\/Br —_— > [ —— >
= -98°C, 1, THF . |7 -78°C, 0.5h, THF  Ph X
80%

Scheme 5. 4 Generation of allyl-manganate via metal-halogen exchange and subsequent trapping with
benzaldehyde. [Mn]= [Li:Mn("Bu)3]

Trialkylmanganese compounds (deriving from alkyl-lithium or alkyl-Grignard and MnCl,)
were found active in manganese-bromine exchange towards geminal dibromo compounds,
affording the product of the formal dehalogenation and alkyl-addition, Oshima and coworkers
proposed a mechanism that involved first metal-halogen exchange, followed by the Br
elimination and alkyl migration. Interestingly the same reaction was performed using a
catalytic amount of MnCl, and alkyl-Grignard. Notably when MnCl, was not used and alkyl-
Grignard were used alone with gem-dibromo-cyclopropane the product of dehalogenation was
the only afforded (Scheme 5. 5).13637]
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3MBuLi + MnCl,
CeHi3 l CeHis CeH1s
LI nBUs] Br -LiBr (nBU)
>< >T _— >afv
Br THF, -78°C, 0.5h ("Bu),Li "By
"BuMgCl H,0

CeH1s

o "Bu

CeHyg———
95% 65%

Scheme 5. S Reaction of gem-dibromocyclopropanes with trialkylmanganate and with alkylmagnesium
chloride

Trialkylmanganates were also found efficient reagents in metal-halogen exchange reactions in
aryliodides, [LiMnMes] was able to react with allyl-2-iodophenyl ether, exchanging the iodine
quantitatively. Moreover using the n-Butyl group as alkyl group in the manganate with the
same substrates (or N,N-diallyl-2-iodoanilines) led to the product of cyclization, to explain the
phenomenon a radical mechanism was invoked (Scheme 5. 6).17-*8]

3”BuL|+
©\ /H\ Li Me3] ©:/H\ ILi "BU3] @g
30/0 80/0
\ ("Bu)y

no reaction

Scheme 5. 6 Reactions of 2-iodophenyl prenyl ether with organomanganese species. On the left hand
side, the product of metal-halogen exchange and on the right hand side, the product of cyclization

5.2 Aims

Building on the precedents mentioned above, this chapter aim to uncover the constitution and
reactivity of alkali-metal manganate of the constitution AM>MnR,; (AM= alkali-metal, R=
CH,SiMes). Applications of these heterobimetallic systems in Mn-I exchange and alkyne
metalation have been investigated. Focusing on homocoupling of arenes and acetylides, this

chapter also aims to shed light on the mechanism involved in these transformations.
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Scheme S. 7 Direct Manganation of unsaturated substrates via metal/halogen exchange or
deprotonation using as metalating agent the higher order manganate [AM>Mn(CH,SiMes)y] (AM=
lithium or sodium)

5.3 Introduction from the paper

Metal-halogen exchange constitutes one of the most powerful and widely used methods for
regioselective functionalization of aromatic halides. Represented usually as an equilibrium,
these kinetic processes are driven by the formation of the more stabilised aryl organometallic
intermediates.®®! For decades this methodology has been essentially the exclusive domain of
the classical highly polar organometallic reagents organolithium RLi or Grignard reagents
RMgX. However more recent reports have shown that pairing a lower polarity metal M such
as Zn, La, Sm or Ce with Li, can also promote low polarity metal-halogen exchange to access
M-aryl intermediates that can in turn be employed in CC bond forming processes, usually with

40-431 While Mn(II) organometallic compounds have shown

the aid of transition metal catalysis.!
considerable promise in organic synthesis, with seminal contributions from Cahiez and
Normant on their applications in acylation, addition and other C-C bond forming processes,!!!
their ability to promote Mn-halogen exchange with aromatic halides has not yet been
established. This is somehow surprising considering the comparable electronegativities and
sizes of Mg and Mn(1l) as well as the reactivity patterns mentioned above for which these high
spin Mn(II) reagents have been previously described as soft Grignard reagents.!** Earlier work
by Oshimal*** and Hosomi*! has shown that lithium manganates can undergo metal-halogen
exchange with allylbromides and other activated substrates such as gem-
dibromocyclopropanes although the constitutions of the organometallic intermediates and the

exchange reagent have remained concealed.

In parallel to these studies, early seminal work by Cahiez has shown that mixed salts such as
MnCl,-2LiCl can catalyse the homocoupling of aryl Grignard reagents using atmospheric

16441 providing a sustainable route to synthetically relevant symmetrical bis(aryl)

oxygen,|
molecules.!'*! More recent work by Taillefer has also proposed that in situ generated ArLi
species can undergo homocoupling in the presence of catalytic amounts of MnCl,.['")

17191 these reactions have been proposed to occur via

Supported by computational studies,!
formation of putative MnAr, intermediate species which in turn can undergo oxidative

homocoupling in the presence of oxygen. However, limited tangible experimental evidence is
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available on the actual formation of these compounds which are hypothesised to form by salt-
metathesis in the presence of a large excess of the polar organometallic aryl reagent.

Merging these two fundamental types of transformations reactions, here we describe the first
examples of direct Mn halogen exchange reactions of aryliodides based on aryl manganate
species that in turn can undergo oxidative homocoupling to access synthetically valuable
symmetrical bis(aryl) compounds in good yields. In addition, structural and spectroscopic
studies on the organometallic intermediates involved in this tandem protocol uncover some of
the hitherto unknown constitution of the intermediates involved in these reactions.

5.4 Results and Discussion

5.4.1 Assessing Mn-I Exchange of lodoarenes

Considering that an important limitation to the stability of alkylmanganese compounds is their
tendency to undergo B-hydride elimination,*! we started our studies probing the reactivity of
4-iodoanisole (36) with MnR, (R= CH,SiMe;).[***" Containing bulky monosilyl substituents
with no protons in the B-position, this bis(alkyl) Mn(II) species has previously been used as a
precursor to access sodium and potassium alkali-metal manganates and has shown remarkable
thermal stability.[*®! Our reactions were initially carried out at -78 °C in THF (Table 5. 1), to
trap and characterize anisole, the product of Mn-I exchange. In those cases, where reactions
were allowed to stir at room temperature the homocoupling product (4,4'-dimethoxy-1,1'-
biphenyl, 38a) was formed and only small amounts of anisole were present.
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|
/©/ : /©/
MeO -78°C, THF, 15 min. 00

______________

36a | R= CH,SiMey,
entry n Yield®
1 1 R> 0%!!
2 | LiR 62(71)1%
3 1 LiMnR; 56%!4
4 1 LiaMnR4 (37) 95%
5 0.25 Li;MnRs (37) 86%
6 0.33 LixMnR4 (37) 94%
7 0.33 Li;MgRy 82%
8 0.33 4 MgRCl + MnCly 014l (18)/€1%
9 0.33 4 MgRCI + MnCl,-LiCl 0141 (83)lc1og
10 0.33 Li;MnRs (37) + 2 TMEDA 93%
11 0.33 LioMnR4 (37) + 4 12-crown-4 0%

Table 5. 1 Optimization of the reaction conditions for the Mn-I exchange using manganese reagent
containing CH>SiMes ligands [a] Yields have been determined by GC analysis of reaction aliquots after
an aqueous quench using hexamethylbenzene as internal standard. Formation only of anisole and
unreacted 36a were observed. [b] 20°C. [c] -20°C. [d] reaction allowed to stir at room temperature
for 5h, while only homocoupled product 38a was detected along with starting material 36

Under these conditions homometallic MnR; failed to promote Mn-I exchange of 36a even
when the temperature was increased to 20 °C (entry 1). Building on previous work in s-block
organometallic chemistry which has shown that ate activation can enable effective Mg- and
Zn-halogen exchange reactions,*”’ we next reacted equimolar amounts of 36a with
triorganomanganate LiMnR3 (prepared in situ by reaction of 3 equivalents of LiR and MnCl»)
leading to a 53% conversion after 15 min at -20 °C (entry 3). This conversion could then be
enhanced almost quantitatively when using in-situ prepared lithium-rich manganate Li,MnR4
(37) (95%, entry 4) even at -78 °C. Furthermore, the exchange also works using
substoichiometric amounts of 37 showing conversions of 86 and 94% when 0.25 and 0.33
equivalents of 37 were employed respectively, supporting the view that the four alkyl groups
present in 37 engage in the exchange, making the process atom economical (entries 5 and 6).
It is significant that under the conditions studied these conversions were higher than using LiR
on its own (entry 2) or using the magnesium analogue of 37, Li,MgR4 (entry 7) revealing that
under these reaction conditions Mn-I exchange occurs more efficiently than Li-I or Mg-I

exchange.

Since 37 is prepared in-situ by salt metathesis with MnCl,, we next pondered if this approach
could also work using 4 equivalents of the Grignard reagent RMgCl as a precursor.
Surprisingly, no exchange was observed at lower temperatures (from -78 to -20 °C) while
allowing the reaction mixture to stir at room temperature for 5 h showed a modest 18%
conversion (entry 8). The latter can then be boosted to 83% when adding 2 equivalents of LiCl,
hinting at a crucial role for Li to facilitate this transformation (entry 9). Further evidence was
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found when assessing the influence of Lewis donors as additives when combined with 36.
While bidentate TMEDA showed no observable effect, 12-crown-4 which has the ability to
coordinate and sequester the lithium cations, completely shuts down the exchange process,
suggesting that the cooperation and/or close proximity between Li and Mn may also be a key
factor (entries 10 and 11). Allowing the reaction of 36a with 0.33 equivalents of 37 to reach
room temperature and to stir for a further 5h formed bis(aryl) 38a in an 87% isolated yield,
indicating that as the temperature is raised, in addition to the Mn- I exchange taking place, a
C-C bond forming homocoupling process occurs (Scheme 5. 8). This approach can be also
extended to a range of substituted aromatic iodides, bearing electrondonating or electron-
withdrawing groups, affording the relevant symmetric bis(aryls) 38a-380 in good to excellent
yields (33-87% yields, Scheme 5. 8). Steric effects seem to play a detrimental role as indicated
by the contrasting yields obtained when using different iodotoluene substrates. Thus, 38¢ with
the methyl group located at the C4 position is furnished in a 74% yield, whereas a modest 33%
is obtained for 38m when starting with 2-iodotoluene. The same trend is observed for the
homocoupled anisole derivatives 38a, 38j, and 381 (87, 68, and 60% yield respectively);
whereas no reaction is observed at all when 2-iodomesitylene was employed. This method is
also compatible with electron withdrawing groups such as CF; or F furnishing bis(aryls) 38e,
38f and 38i in 73, 68, and 69% yields respectively, although in the case of 38g containing a
CO;Et substituent a significantly lower yield was observed (30%). Interestingly, 37 also reacts
with 3-iodopyridine affording homocoupled product 380 (63%), along with 3-
monosilylpyridine 380°. The latter is a minor product (20%) resulting from the coupling
between the C(sp?) of the substrate and the C(sp?) center of a CH,SiMes group.
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Scheme 5. 8 Reaction of various iodoarenes with Li>MnR4 (37) prepared in situ by addition of LiR to
MnCl;in 4:1 ratio in THF (R = CH:SiMes3). Yields of isolated products are given for 38a-380

CF;

Prompted by these intriguing observations we next set out to identify the constitution of
bimetallic intermediates formed in these mixtures. Lithium manganate 37-2TMEDA could be
isolated as a crystalline solid in two different ways: co-complexation of 2 equivalents of LiR
and TMEDA with MnR; in hexane or by salt metathesis using a 4:1 mixture of LiR and MnCl,
in THF in the presence of 2 equivalents of TMEDA (Figure 5. 8 a)*".. It should be noted that
while the synthesis and EPR characterisation of 37 has been reported by Wilkinson in a
seminal paper from 1976,14! its structure in the solid state has remained concealed.
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4 LiCH,SiMes + MnCl, + 2 TMEDA
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Figure 5. 8 a) Synthesis of 37-2TMEDA via salt metathesis of MnCl, and LiCH:SiMes or for co-
complexation of Mn(CH>SiMes); and LiCH,SiMes b) Crystal structure of 37-2TMEDA. Hydrogen
atoms are omitted and carbon atoms of TMEDA ligand are shown as wireframe for clarity. The thermal
ellipsoids are rendered with 50% probability. Symmetry operations used to generate symmetrical atoms
x-, y+1, -z+2 (TMEDA = N,N,N’,N -tetramethylethylenediamine)

Single crystal X-ray diffraction studies confirmed the bimetallic constitution of 37-2TMEDA,
exhibiting the same classical “Weiss motif” previously reported for its Mg analogue
[(TMEDA),Li,MgR4].5" It comprises a C4-coordinated Mn atom flanked by two TMEDA-
solvated Li cations, displaying a nearly linear Li---Mn---Li arrangement [176.082(2)°]. Each
alkyl group in the structure bridges Mn with a Li centre with an average Mn-C distance of
2.275 A (Figure 5. 8 b). These structural features are typical of high-spin Mn(II) centre and
this magnetic state was confirmed by SQUID magnetometry and EPR spectroscopy.l®”
37-2TMEDA is also isostructural with a series of lithium manganates reported by

2532 containing Me, Et or CH,CH»'Bu alkyl groups although as far as we can

Girolamil
ascertain the reactivity of these compounds has barely been studied. Contrastingly, showing
the complexity of some metathetical approaches, when 4 equivalents of RMgCl are reacted
with MnCl, in THF, heteroleptic mixed-metal [(THF)sMgCl,MnR] (39) was obtained as a
crystalline solid along with variable amounts of the adduct [(THF),MgCl,] (Figure 5. 9 a).
Established by single crystals X-ray diffraction, the molecular structure of 39" (Figure 5. 9
b) displays Mn and Mg connected by two Cl bridges with Mn completing its distorted
tetrahedral geometry with two terminal monosilyl groups; whereas Mg is solvated by four
molecules of THF giving rise to a distorted octahedral environment. Thus, compound 39 can

be envisaged as a co-complex between MgCl, and MnR,.5334]
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4 CIMgCH,SiMe + MnCl, + THF .’E?S” /4
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Figure 5. 9 a) Synthesis of 39 via salt metathesis of MnCl,; and CIMgCH,SiMes b) Crystal structure of
34. Hydrogen atoms are omitted and carbon atoms of THF are shown as wireframe for clarity. The
thermal ellipsoids are rendered with 50% probability. The unit cell of 38 contains two
crystallographically independent molecules with identical connectivity, only one is shown here

The contrasting constitutions of 37-:2TMEDA and 39 when both are prepared by reacting 4
equivalents of either RLi or RMgCl with MnCl, can help explain their different reactivity
towards Mn-I exchange (Table 5. 1, entries 8 and 10), since 37-2TMEDA in having a Mn
centre attached to four alkyl groups can be expected to be significantly more reactive than 39
which possesses two such anions. Consistent with this, previous work in s-block bimetallic
chemistry has shown the excellent ability of lithium tri- and tetraalkyl magnesiates and
zincates to promote direct metal-halogen exchange.!*”!

5.4.2 Manganate-Mediated Aryl-Aryl Oxidative Homocouplings

Germane to the formation of bis(aryls) 38a-380, work on Mn(Il)-catalysed homocoupling of
ArM (M= Li, MgX) has shown that atmospheric oxygen is required in order to facilitate the
Csp?-Csp? bond forming process.['®!71°] Since our experiments were carried out under strict
inert atmosphere conditions, it should then be the alkyl iodide Mes;SiCH,I, concomitantly
generated during the Mn-I exchange process, acts as an oxidant of putative in situ generated
lithium aryl manganates Li,MnAr; (I), facilitating the homocoupling process (Scheme 5. 9).
Previous work by Zhou has also shown that MnCl; can catalyse homocoupling of Grignard
reagents using dichloroethane (DCE) as an external oxidant.[’®! Interestingly in our case, the
C-C bond forming step seems to occur very quickly as soon as the temperature raises from -
78 °C to RT, thus all attempts to trap and characterize intermediates I led to the isolation of
the relevant homocoupling product as well as to variable amounts of Lil which in the presence
of TMEDA crystallises as [ {(TMEDA)Lil}»].

-78°C RT

|+ Li —————~ > Li,MnAry +4R-| ———> Ar—Ar
4 Ar-l + L|2 R4 THE 2 4 THF
B7) oL (0] e . (38a-380)
' Mn-l 1 oxidative
, exchange | {homocoupling;

.........................

Scheme 5. 9 Proposed ate-mediated reaction sequence for the formation of symmetrical bis(aryls) 37a-
370 from iodoarenes. (R = CH,SiMe3)
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Aiming to advance the understanding of the homocoupling process we next attempted to
prepare LixMnAr4 (I) via an indirect route using a salt-metathesis approach in order to probe
its reactivity towards ICH,>SiMe;. Reacting 4 equivalents of aryl lithium Li(2-OMe-CgHs) with
MnCl, in diethyl ether produced pale orange crystals of [Li2Mn(2-OMe-CsH4)4(OEt)] (39)
(Scheme 5. 10).[2°31

Bt Me

Li L|~ Q O

4 + Cl, OEtZ, >0 /,, \

-2 LiCl R 1

4 eq
ICH28|Me3

air

68%

~ 60%

o 33 LipMnRy, 38|

Scheme 5. 10 Indirect synthesis of 40 via salt-metathesis and formation of 381

Exhibiting a contacted ion pair manganate structure in which distorted tetrahedral Mn is
bonded to four ortho-metalated molecules of anisole by short (strong) bonds [average Mn-C
distance: 2.111 A]. Each lithium has a different coordination environment. Lil binds to the O
donors of three OMe substituents from the aryl fragments, whereas Li2 coordinates to the
remaining OMe group as well as to the ortho-C’s of two other aryls, adopting a perpendicular
disposition with respect to the aromatic rings. The distinct bonding modes of the Li atoms
must contribute towards the marked nonlinearity of the Li---Mn---Li vector [91.09(15)°]
which contrasts with the nearly linear arrangement found in 37b-2TMEDA (Li---Mn---Li,
176.082(2)°, Figure 5. 10) and other related lithium manganates.*>-%!
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Figure 5. 10 Crystal structure of 40 with thermal ellipsoids drawn at 50% probability. All the hydrogen
atoms are omitted and carbon atoms of diethyl ether are drawn as wireframe for clarity Selected
distances (A) and angles (°) Mn1-C24 2.1543(18), Mn1-C4 2.172(2), Mn1-C28 2.2279(18), Mn1-C16
2.2973(19), Lil-Cury ranging from 2.361(4) to 3.290(3), Lil-O35 1.949(3), Lil-O18 1.997(3), Li2-
Ohetoxy ranging from 1.901(4)-1.917(4), Li2-Cyry ranging from 2.595(4)-2.907(4), Li2-Cretony 2.952(4)-
3.019(4), C24-Mn1-C16 100.45(6), C24-Mn1-C28 106.69(7), C24-Mn1-C4 125.24(7), C16-Mn1-C28
106.77(6), C16-Mnl-C4 108.07(7), C28-Mn1-C4 108.22(7), Lil-Mn1-Li2 91.09(15)

Interestingly, while 40 is stable at room temperature in solution under inert atmosphere
conditions, it rapidly proceeds to form bis(aryl) 381 when reacted with ICH,SiMe;s or by being
exposed to air. The yields observed for 381 (70 and 68% respectively) are comparable with
those seen when 37 is reacted with 2-iodoanisole (Scheme 5. 8). Furthermore, the EPR
spectrum of 40 in THF at 80 K is identical to that observed for a mixture of 37 and 4
equivalents of 2-iodoanisole at 80 K (Figure 5. 13 b), offering further credence to the view
that 40 is an intermediate in the homocoupling processes. Illustrating the crucial role of Mn in
order to facilitate the Csp*-Csp* bond forming process, the reaction of aryl lithium Li(2-OMe-
CsHa4) with ICH,SiMe; failed to form 38l, yielding instead the relevant 2-monosilyl-substituted
anisole in a modest 14% resulting from electrophilic interception. In previous MnCl,-catalysed
homocoupling studies of ArLi and ArMgX under air, it has been proposed that reactions take
place via a Mn(IV) bis(aryl)oxo complex where the O; is n2-bonded to Mn.['*!7I However,
taking into account that the polar aryl reagent ArM (M= Li, MgX) is present in a large excess
in comparison to the MnCl, catalyst (10-20 mol%), we ponder whether a more accurate
scenario may involve lithium (or magnesium) manganate intermediates. In an attempt to
further understand the fate of Mn during the homocoupling process when atmospheric oxygen
is used as an oxidant, an in-situ prepared solution of 36 was exposed to dry air for 15 min at -
78 °C using a drying tube charged with oven-dried CaCl,. This led to the isolation of unusual
bimetallic clusters [(THF)LisMn,Ars(ps-O)] (41) and [(THF)4LisMnoArsCla(ps-O)2] (42)
(Scheme 5. 11 and Figure 5. 11) containing reduced oxide anions which co-crystallised with
variable amounts of homocoupling product bis(aryl) 371.
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4 Ar—Li + MnCl,

Ar—Ar 38l
THF | , S — .
. , i MeO i
LioMnAr, + 2 LiCl — [(THF)LizMnoArg(ug-O)] 41 :
40 dry air . Ar= -3 5

[(THF)4Li4MinoAr,Cl,05] 42 Sennnen e ’

Scheme 5. 11 Formation of the oxygen insertion products 41 and 42

Though both 41 and 42 are dimers, Mn in 41 exhibits the +2 oxidation state, while in 42 the
oxidation state is +3. In 41 pe-oxide is trapped in the core of a dicationic {LisMn,Are}*" cage
where the metals are connected by ambidentate 2-anisolyl anions that bind to Mn exclusively
via their C atoms and to Li by a combination of Li-O and Li-C bonds (Figure 3, LHS). The
central pe-oxide exhibits a distorted octahedral geometry with the two tetrahedrally
coordinated Mn atoms occupying the axial positions [mean Mn-O, 2.072 A; Mn-O-Mn,
175.7(2)°]; whereas the equatorial positions are filled by the four Li atoms [mean Li-O, 1.91
A; sum of LiOLi angles, 360.2°].

In contrast, 42 incorporates LiCl in its constitution (present in the reaction media as co-product
of the synthesis of the Li:MnArs precursor) (Figure 5. 11 a). It comprises two
antiferromagnetically coupled Mn(IIl) centres connected/bridged by two oxo and two chloride
anions. In addition, 4 anisolyl ligands coordinate through their ortho C and the O of the OMe
group to Mn and Li, respectively. Each Li atom present in the structure completes its
coordination sphere by bonding to a THF molecule. As far as we can ascertain 41 and 42
constitute the first structurally defined potential intermediates from Mn(II) mediated
homocoupling processes in the presence of air. Providing the first insights into the possible
fate of Mn during these transformations, their bimetallic constitutions along with the structure

1617.191 manganate intermediates generated by

of 40 supports that, unlike previously proposed,!
salt-metathesis may actually be more representative of the species active in literature catalytic

studies combining ArM (M= Li, MgX) and substoichiometric amounts of MnCl..

Figure 5. 11 Crystal structure of a) 41 and b) 42. Thermal ellipsoids are rendered at 50% probability.
Hydrogen atoms are omitted, and all the carbon atoms are drawn as wireframe for clarity. Symmetry
operations used to generate symmetrical atoms in b)-x, 2-y, 1-z
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Furthermore, even under stoichiometric conditions, when treating two equivalents of PhMgCl
with MnCl, in THF the mixed-metal complex [(THF)sMgCl,MnPh,] was isolated in 51% yield
(Figure 5. 12). Crystallographic characterisation of [(THF)4sMgCl.MnPh,] revealed a structure
almost identical to that of 39 (vide supra), when replacing the CH,SiMe;s alkyls by Ph groups,
showing that co-complexation of (THF)sMgCl, to MnR; reagents is likely to be a general
phenomenon. [(THF)sMgCl,MnPh;] can be interpreted as a di-anionic manganate with a
tetrahedral Mn(Il) centre formally bonded to four anionic ligands (2Cl, 2Ph). Interestingly,
exposure of mixed Mg/Mn complex [(THF)sMgCl,MnPh;] to air or reaction with two
equivalents of RI led to the formation of biphenyl in 88 and 74% respectively (Figure 5. 12)

7 oS-
THF 0 ®
THF//"I\l/l \\\C|/, /Ph '\\\ é e 0
2 PhMgCI + MnCl, ——> g. i — \ Cll
THFZ | YCI¥  pp _ _
THF
74%| 2 RI
, .
a) F’h—Ph<ds$ b) © s\.
ry air

-

Figure 5. 12 a) Salt metathesis reaction of MnCl, with two equivalents of PhMgCl to give
[(THF)MgCILMnPh;] and homocoupling reaction to give biphenyl. b) Crystal structure of
[(THF)MgClLMnPh;], thermal ellipsoids are rendered at 50% probability. Hydrogen atoms are
omitted, and carbon atoms of THF are drawn as wireframe for clarity

Regarding previously proposed mechanisms for the homocoupling of aryls using an
alkylhalide as an external oxidant, Zhou’s initial reports for DCE-driven (DCE= 1,2-
dichloroethane) Mn-catalysed homocoupling of ArMgX tentatively proposed the involvement
of MnAr; species undergoing reductive elimination to furnish the relevant bis(aryl) and a
Mn(0) reactive intermediate that can react in turn with DCE to regenerate MnCl,.1>>) However,
more recently Valyaev and Lugan have suggested an alternative mechanism via a
Mn(II)/Mn(IV) redox manifold, with the initial formation of a tris(aryl) magnesium
manganate. The latter can react with DCE to form an unstable Mn(IV) intermediate which
subsequently could undergo reductive elimination to give the homocoupling product and
MnAr; that via co-complexation with the excess of ArMgCl can regenerate the reactive
manganate species.['’! A similar mechanism could be envisaged for our stoichiometric studies
with the initial formation of [Li-MnArs] (I) followed by a sequence of oxidative
addition/reductive elimination steps (Scheme 5. 12) involving Mn(II)/Mn(IV) species with
concomitant elimination of Lil, along with Me3;SiCH,CH,SiMes; (whose formation could be
detected by GC-MS spectrometry).
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Scheme 5. 12 Proposed mechanism for oxidative homocoupling of Li>MnAr, (I) driven by ICH:SiMe3
which is generated by Mn-I exchange of Arl with 37

This proposal could also explain the formation of 3-monosilylpyridine 380’ as a side product
when 37 is reacted with 3-iodopyridine, resulting from heterocoupling of the pyridyl fragment
with a monosilyl group. Interestingly if 37 is reacted with 2-iodobenzothiazole, only the
relevant heterocoupling product is obtained in a 64% yield (Scheme 5. 13 i and ii). While
SET-dehalogenation reactions induced by magnesium manganates have been reported in the
literature,!'>%! this scenario seems to be unlikely here, as suggested by carrying the reaction
of 36 with 37 in the presence of radical scavengers such as TEMPO or galvinoxyl which
allowed the isolation of bis(aryl) 38a in yields comparable to those reported in Table S. 1
(Scheme 5. 13 iii).

N =z
N 033 LR, (37) | N CH2SiMes
| NN
_N  THF, -78°C to RT, 10h _N
_N
38063% 380' 20%

N .

0.33 Li,MnR4 (37) N
i S \> CH,SiMe,
S THF, -78°C to RT, 10h

S 38p'64%

OMe
L 033 LipVinR, (37) ©/
THF, -78°C to RT, 10h
MeO
TEMPO or 38a73-69%
MeO

galvinoxyl

Scheme 5. 13 Reactive studies of 37 with i) 3-iodopyridine and ii) 2-iodobenzothiazole. iii) Homocoupling of 4-
iodoanisole in the presence of TEMPO or galvinoxyl.

Finally, in order to gain further understanding on this tandem Mn-I exchange/C-C coupling
process we monitored the reaction of 37 and 2-iodoanisole by X-band cw EPR at 80 K. Initial
spectra of 37 in a frozen THF solution confirm the presence of an axially anisotropic high-spin
S=5/2 Mn(1I) species (D=0.20 cm—1, E=0 cm—1), as seen previously for related tetra-alkyl
Mn(II) compounds reported by Girolami and Wilkinson (Figure 5. 13 a).!46->2]
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In situ addition of 2-iodoanisole to 37 at low temperature produces the more rhombic Mn(II)
species which can be identified confidently as compound 40 by comparison of its EPR
spectrum with that of a frozen solution of isolated crystals of 40 in THF (D=0.18 cm—1,
E=0.042 cm—1, Figure 5. 13 b). Thus, the Mn(II) oxidation state is maintained during the Mn-
I exchange of all four alkyl groups. By allowing the in situ generated solution of 40 to warm
up at room temperature new drastic modifications of EPR spectrum are detectable (Figure 5.
13 ¢). This includes a significantly decrease in intensity and the generation of a complex
pattern which can be attributed to the mixture of an anisotropic mononuclear RMnl (D=0.47
cm—1, E=0.16 cm—1) and a Mnlx species and/or to heteroleptic Mn(Il) iodide and alkyl
oligomers. In the latter case, dominant antiferromagnetic interactions populate the S=0 ground

(4757581 Tt should also be noted

state at low temperatures which causes the decrease of intensity.
that the same changes in the EPR spectra are observed if 4 molar equivalents of RI are added

at room temperature to a solution of isolated crystals of 40.
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Figure 5. 13 EPR monitoring (X-band, f= 9.412 GHz) of the reaction of 37 with four equivalents of 2-
iodoanisole acquired in frozen THF solution at 80 K (full line in the EPR spectra represents
experimental data while simulated spectra are shown using dashed line).

These findings were additionally corroborated by studying the reaction of 37 and
37-2TMEDA with 3-iodopyridine. Here, the initial addition of substate at low temperature
generates one broad isotropic resonance (D=0.03 cm—1, E=0 cm—1) centered at g=2.00
attributed to the formed Li,Mn"Ar. (I) species formed of nearly Td symmetry which precludes
any possibility of SET-induced radical intermediates. Allowing the reaction mixture to reach
room temperature induces the homocoupling process causing significant reduction of intensity
of the EPR signals, giving rise to a poorly resolved rhombic spectrum originating from the
previously identified alkyl and iodo Mn(II) compounds as final products. Further support to
this interpretation and to the proposed mechanism was found when analyzing the mixture in

the end reaction products using mass spectrometry (MALDI-TOF negative mode), which
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unveiled the presence of several Lil and Mn(Il) iodide species with {Mnls}~ being
predominant. The absence of any formed alkyl Mn(II) oligomers among the products is likely
due to fragmentation and their sensitivity to air and moisture, as reported previously by
Godfrey and McAuliffe. They indeed isolated [HNMe;][Mnl3(NMes)] from its parent diiodo
compound for which a dimeric structure is established in THF with a series of amines.> In
addition, detection of Mn(IIl) species in the positive mode of MALDI-TOF hints the
possibility of partial oxidation of the resulting Mn(II) products to their Mn(III) analogues at
the expense of the reduction of the remaining RI species to the coupled R-R product, as
detected by GC-MS.

5.4.3 C(sp)-C(sp) homocoupling reactions mediated by [AM>MnR4] reagents (AM=
Li, Na, K)

Building on the reactivity of 37, we next ponder if higher order AM>MnR4 (AM= Li, Na, K)
manganate could also promote deprotonative metalation reactions. In this regards
KMn(CH,SiMes)s, has already shown to be able to deprotonate dioxane at its a-positions
followed by ring opening reaction (see section 3.1 of this thesis).[**]

We focused our attention on alkyne substrates due to the enhanced activity of their C-H group.
We speculated that if successful, these compounds could grant access to 1,3-diynes,®”) via

9601 The Glaser coupling reaction was known from 1869. In its classical

Glaser homocoupling.!
formulation, involved the coupling of two terminal alkynes using copper (I) salt, oxygen as

oxidant and ammonium hydroxide in ethanol; affording the correspondantl,3-diyne.”

The Glaser coupling reaction was evolved trough the time. In particular copper (II) salts was
used as welll®! with Cu (II) being able to mediate these transformations under stochiometric
and catalytic regimes!!® and with the realization that basic reaction conditions accelerate the

reaction.[>"% For the homocoupling step different oxidant can be used apart from oxygen.[6%¢7]

While the precise mechanism of the reaction has not been fully elucidated yet, different
proposals have been reported with the aid of DFT calculations.[**%7% Thus it is proposed that
initially the coordination of the copper to the triple bond takes place to enhance the acidity of

the terminal proton, shifting of the copper oxidation state from I to III passing through II. (%70
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Figure 5. 14 Simplified mechanism for Hay-Glaser homocoupling of phenylacetylene proposed by
Maseras et al.'® ([Cu]= TMEDA-Cu*, TMEDA= N,N,N’,N -tetramethylethylenediamine)

The Glaser coupling is not limited to the acetylene substrates, in fact wisely choosing the base
it is possible to abstract the protons also from activated aryls and, in presence of copper to
obtain the correspondent organocopper intermediate, which in presence of oxygen undergoes
to homocoupling.”!! The same methodology can be also extended to other first row transition
metals such as nickel, cobalt, manganese and iron accessing to a wide range of di-arenes
(Scheme 5. 14).12 In this contents could be inserted the work of Taillefer who introduce ‘BuLi
as base for the deprotonation of terminal alkynes and activated aryles, followed by manganese-
catalysed oxidative homocoupling, using dry air as oxidant. ['*]

N - N
[TMPMgCI-LiCIJ+ ZnCl
[ \>_H THF, - TMP : [ \>_ZnC|2Li
s - TMP(H) s

MCl, (3-7%)| THF, O,

>

71-86%

Scheme 5. 14 Aromatic Glaser reaction using different metals as catalyst

Considering the metalating of alkali-metal manganates, we envisaged first the deprotonation
of alkyne followed by aerobic oxidation to promote the homocoupling reaction. The addition
of the alkyne was made at -78°C, subsequentially the reaction was moved at room temperature,
before the exposure to dry air. Notably no external base was added and the metalation was
carried only by the oranomanganese species selected. Commercially available
phenylacetylene was used as substrate to benchmark the reaction.
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1)
-78°C to RT

A ©/ THF 1h Q{ :_Q
2) O, 44a
THF 1h
entry Yield™ (%)

1 (CHQSiMC3)2 16

2 (CH:SiMes),+LiCl 201

3 Li;Mn(CH2SiMes)4 88

4 Na;Mn(CH»SiMes)4 (43) 97

5 KoMn(CHzSiMes)s 74

6 NaMn(CHzSiMes)s 63!¢

7 NaCH,SiMe; +MnCl, (6%) 17%

8 NazMg(CstiMeg)4 0%

Table 5. 2 Optimization of the reactions of metallation following by homocoupling of phenylacetylene
[a] The yield was determined by 'H-NMR against hexamethylbenzene as internal standard [b] 2
equivalents of phenylacetylene were used

Using the condition mentioned above the neutral species Mn(CH,SiMes),[*7! (entry 1) achieved
yield of homocoupling of 16%. Since in literature is well known the ability of manganese to
catalyse the facile homocoupling of unsaturated hydrocarbons in presence of oxygen (or an

OXidant)[16,19,44,73

! we argued on the possibility that the low yield of the final product was due
to the low yield of metalation. Consistently with this interpretation we found that using
LiC=CPh with 0.5 eq. of MnCl, to yield in-situ Mn(C=CPh),, lead to the efficient

homocoupling to give 44a in a 80% yield.

In order to prove this point we decide to enhance the reactivity of the neutral species with the
complexation with an alkali metal.[?*22267475] A first attempt with addition of 1 equivalent of
LiCl did not provide any benefit (the yield was 20%, entry 2). We then tested the higher order
lithium manganate 37 (prepared in-sifu mixing MnR; and the correspondent organolithium).
With our delight the yield of homocoupling product was substantially improved (entry 3),
achieving an 88% of NMR yield. Taking in account the enhancement of the metallation ability
using a larger alkali-metal”® we decided to evaluate the alkali-metal effect in this reaction.
The use of NaxMn(CHSiMes)s (43)1% (entry 4) improve the outcome of the reaction raising
the yield of homocoupling product to 97%. An apparent inversion of the trend could be
observed when the higher order potassium analogue®®! was used, dropping the yield to 74%
(entry 5). However, in this case, the product of metalation of phenylacetylene was very
insoluble even in bulk THF. The solubility of the species involved seems to be a key factor, in
fact when the insoluble sodium phenylacetylide (prepared in-situ reacting NaCH,SiMe; and
phenylacetylene) was used to test the catalytic use of MnCl, for the homocoupling, poor yield
was achieved (entry 7). On the other hand, the more soluble lithium phenylacetylide in similar

conditions was quantitively converted into the product of homocoupling.!'*’
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The lower order manganate NaMn(CH,SiMe3);*®! had a yield of 63% (entry 6) indicating that
only 2/3 of the substrate was led towards the homocoupling products.

The presence of manganese proved to be fundamental to achieve the homocoupling. This is
based on the fact that the same could not be achieved when the potassium magnesiate analogue
Na;Mg(CH,SiMes)s (entry 8), despite the fact that this organomagnesium is able to
successfully — metalate  phenylacetylene  affording the tetralkynil — magnesiate
[Na;Mg(C=CPh)4(THF),].["")

This approach has been extended to different alkynes substrates (Scheme 5. 15)

1) Najy (CstiMe3)4 (43)

-78°C to RT
THF 1h
4 R—= 2 R———R
2) 0,
e THRM M
442 97% 44b 91% 44¢ 70%
o/ F3C CF;
0 FsC CFs 441 44%
44d 88% 44e 58%
| | N
—Si——=———si— 7 N\ — ;C)
| | @i =\ 7
44g 0% 44h 37%

Scheme 5. 15 Reaction of 43 with various alkynes, the yields have been determined by 'H-NMR using
hexamethylbenzene as internal standard

The approaches is compatible with aromatic alkynes containing both electron withdrawing and
electron donating groups (44a-e yields 97-58%), even if the electron withdrawing groups
reducing the efficiency of homocoupling. Aliphatic alkynes such as 1-ethynylcyclohex-1-ene
and ethynyltrimethylsilane lower the yields (43f-g) where ethynyltrimethylsilane even failed
to undergo homocoupling. Pyridine substituted, 3-ethynylpyridine, gave 44g in 37% yield.

In order to gain more insights into the ongoing mechanism and prove the atom economy of
the metalation, we decided to prepare and isolate the intermediate product of metalation before
the homocoupling step. Reacting 4 equivalents of phenylacetylene with 43, formed in-situ
mixing NaCH,SiMes and Mn(CH:SiMes),, affording the tetraenyl-manganate
[(THF)4sNasMny(C=CPh)g] (45) in 42% crystalline yield (Scheme 5. 16).
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Scheme 5. 16 Synthesis of 45 via deprotonation of phenylacetylene, the isolated yield of 45 is 44%

The crystal structure of 45 shows the formation of a polymer by the interactions between
sodium cations and the m-electrons of the triple bonds of adjacent manganese anions creating
1D chain structure, along the b crystallographic axis. Despite the presence of bulk donating
solvent (THF), this motif does not disaggregate in smaller monomeric units.

Manganese displays tetracoordinated environment with a distorted tetrahedral geometry (C-
Mn-C ranging from 102.07(5)° to 119.15(5)°) with a mean value of 109.45°.Manganese is
coordinated by four carbons form the phenylacetylene anion and the Mn-C distances ranging
from 2.1011(13) to 2.1573(13) A. Those distances are elongated than the Mn-C distances
found in the neutral diphenilacetylide manganese species, that ranged between 1.953(11) and
1.970(11) A.78]
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Figure 5. 15 a) molecular fragment and b) polymeric crystal structure of 45, thermal ellipsoids are
rendered at 50% probability. Hydrogen atoms and disorder elements in THF are omitted for clarity.
In b) carbon atoms not involved in triple bonds are drawn as wire frame for clarity. Selected
distances (4) and angles (°) Mn1-C9 2.1266(15), Mn1-C17 2.1390(14), Mn1-C1 2.1485(15), Mn1-
C252.1573(13), Mn2-C53 2.1011(13), Mn2-C45 2.1433(15), Mn2-C61 2.1441(14), Mn2-C37
2.1451(14), ), Na-Caigyny ranging from 1.432(2) to 3.5958(16), C9-MnI-C1 102.07(5), C37-Mn2-C45
102.19(5), C25-Mn1-C17 102.27(5), C37-Mn2-C61 103.97(5), C25-Mn1-CI 105.65(5), C45-Mn2-
C61 109.57(5), C53-Mn2-C45 111.44(5), C25-Mn1-C9 111.96(5), C53-Mn2-C61 112.66(5), C17-
Mnl-C9 115.59(5), C53-Mn2-C37 116.25(5), C1-Mn1-C17 119.15(5).

In contrast sodium atoms in 45 are coordinate to C=C of acetylides via m-electrostatic
interactions. Thus, Nal and Na4 (Figure 5. 15) m-engages three acetylide units (Na---C
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distances are ranging from 2.6369(14) to 3.5100(14) A). and one molecule of THF, when Na2
interacts with 4 acetylides (with distances ranging from 2.5257(14) to 3.5240(15)A) and
finally Na3 satisfies its coordination sphere with two molecules of THF and n-engaging two
acetylide units (Na---C distances are ranging from 2.6095(14) to 3.5958(16) A). The =-
electrostatic interactions of sodium atoms often involve C=C of neighbouring acetylide units,
giving the rise to the polymeric motif observed in the solid state (see Figure 5. 15 b).

A very similar structure could be found for the higher order sodium magnesiate
phenylacetylide, published recently by our group.”’”! In this structure the anions
{Mg(C=CPh)4}*  are connected by sodium cations to form a Weiss motifs.[””! As in 45 the
sodium atoms have slightly different coordination environments between each other. In fact
they have n?-n-coordination with the C=C triple bonds of two or more acetylide units (up to
four) and one or two molecules of THF to complete the coordination sphere.

Despite its poor solubility, we were also able to isolate and characterize, the potassium
analogue of 45, [(THF)sK4sMny(C=CPh)s] (46). In contrast to 45, 46 was obtained via salt
metathesis using four equivalent of potassium phenylacetylide (prepared in-situ deprotonating
phenylacetylene with KCH,SiMes) and one equivalent of MnCl, in THF (Scheme 5. 17). The
poor solubility led to a crystalline yield of only 5%. Interestingly exposing the same mixture
of potassium phenylacetylide and MnCl, to oxygen, the 1,3 diyne 44a was obtained in 80%

yield.
. Ph
K K(T|?|F)2“ LK(THF)_Z_-—_
= Cl Ph—= "
4 — i -
THF './ \\\
PV RANN
// Ph
Ph Jw
(46)

Scheme 5. 17 Synthesis of 46 via salt metathesis of potassium phenylacetylide and MnCl,, the isolated
yield of 456was 5%

The crystal structure of 46 is very similar to 45, in fact the structure of 46 is also a chain
polymer made by the secondary interactions of potassium with © electrons (Figure 5. 16).
Manganese is tetra-coordinated with a distorted tetrahedral geometry, the angles around Mn
ranging between 102.54(8)° and 111.89(9)° with a mean value of 109.45° like in 45. Every
atom of manganese is coordinated by 4 phenylacetylide anions, the average Mn-C distance is
2.131 A, very similar to the one observed for 45 (2.138 A).

Potassium, like sodium in 45, is coordinated by THF molecules and triple bonds, but also from
the 7 electrons of the phenyl. All the K atoms are coordinated by three triple bonds and two
molecules of THF, except for K3 that instead fill its coordination sphere with the 7 electrons
of the phenyl ring in a n* fashion. The interactions of potassium cations with the acetylene
units, involving neighbouring C=C triple bonds give rise to a polymeric 1D chain structure. In
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accordance with the larger size of the cation, the K-C distances (average value 3.226 A) are

longer than the one observed for the Na-C in 45.

Figure 5. 16 a) molecular fragment and b) polymeric structure of 46, thermal ellipsoids are rendered
at 50% probability. Hydrogen atoms and disorder elements in THF are omitted for clarity. In b) carbon
atoms not involved in triple bonds are drawn as wire frame. Selected distances (A) and angles (°) Mn1-
C9 2.120(3), Mnl1-C1 2.121(2), Mnl-C1 72.131(2), MnI-C25 2.140(3), Mn2-C33 2.121(2), Mn2-C41
2.136(3), Mn2-C49 2.139(2), Mn2-C57 2.144(2), K-Caityny ranging from 2.7076(19) to 3.598(2), K-Cay
from 3.182(2) to 3.543(3) ranging from C9-Mn1-C17 111.89(9), C9-Mni1-C1 102.54(8), C9-Mnl-C25
111.01(8), C1-Mn1-C25 108.64(8), C17-Mnl1-C1 111.60(8), C17-Mn1-C25 110.85(8), C41-Mn2-C33
111.07(8), C41-Mn2-C49 109.89(8), C41-Mn2-C57 107.85(8), C33-Mn2-C49 107.22(8), C33-Mn2-
C57 110.06(8), C49-Mn2-C57 110.78(8).

Interestingly the polymeric structure found in 45 and 46 is not shared by the similar higher
order lithium manganate [(THF),Li>Mn(2,6-(Me3Si),PhC=C)4].*% This compound, which was
prepared via salt metathesis using four equivalent of Li(2,6-(MesSi),PhC=C) and MnCl,,
presents a monomeric structure. In fact, despite the lithium cations can n-engage 2 acetylene
units each, they belong to the same monomer. Moreover, their coordination sphere is satisfied

by a single THF molecule that prevents the coordination from neighbouring units.

5.5 Conclusion

To conclude, a new Mn-mediated protocol to access symmetrical bis(arenes) or 1,3 diyenes
has been uncovered, which relies on the synergistic partnership between alkali metals and
Mn(II). Higher order lithium manganate AM>MnR4 (AM= Li, Na, K) promotes direct Mn-I
exchange reactions of aryliodides (AM= Li) or Mn-H exchange of terminal acetylene
(AM=Na, K). These types of reactivity are typically considered as exclusive domain of polar
RLi or RMgX reagents. Those exchanges occur with an excellent atom economy, forming the
relevant AM>MnAr; intermediates which in the presence of RI (concomitantly generated in
the Mn-I exchange) or oxygen undergo oxidative homocoupling furnishing a range of
symmetrical bis(aryl) and 1,3-diynes in excellent yields. Structural and magnetic insights on
the constitution of the mixed Li/Mn organometallic intermediates involved in these reactions
revealed that the formation of contacted ion pair alkali-metal manganates has a key role for
the reactivity of the manganates. These studies also improve our understanding on how Mn(II)
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aryl complexes promote homocoupling processes in the presence of atmospheric oxygen, a
type of reactivity previously noted in the literature but for which the constitution of the
organomanganese intermediates involved had hitherto proved elusive.

5.6 Experimental Section

Compound 37-2TMEDA, 39 were prepared according the literature procedure.®” The general
procedure for the manganese-iodine exchange and the homocoupling of iodoarenes was
previously reported together with the characterization of the organic products.®!

General procedure for the metal/halogen exchange

An oven dried Schlenk tube was charged with the appropriate amount of LiCH,SiMes and
MnCl,, THF (5 mL) was added. The reaction was left stirring at ambient temperature (20 °C)
for 15 minutes, the orange solution obtained was then cooled down to -78 °C (isopropanol/dry
ice). A different oven dried Schlenk tube was charged with the selected amount of 4-
iodoanisole and 16 mg of hexamethylbenzene, THF (3 mL) was added and the solution again
cooled to -78 °C (isopropanol/dry ice). The two solutions were mixed via cannula and the
mixture was stirred for 15 minutes at -78°C. The reaction was quenched with brine and
extracted three times with 5SmL of Et,O. The combined organic layer was dried over
magnesium sulphate and filtered. The sample for the GC injection was prepared using 0.5 mL
of the solution of the crude product which was diluted with 4 mL of fresh Et,0.

Synthesis of [(Et,O)LiMn(C¢Hs-OMe)4] (40)

; An oven-dried Schlenk tube was charged with 106 mg MnCl,

o) Me\ O\ Me (0.84mmol) and 384 mg 2-anisolyllithium (3.36 mmol) to which

\‘Q\ /o/ 15 mL of dry diethyl ether was added. The suspension was

Me~ =" 0 allowed to stir at room temperature overnight. LiCl was removed

@ by filtration affording a clear solution. Solvent and all volatiles

@ were removed under vacuum and the yellow residue was

dissolved in 2 mL of hot toluene. Slow cooling of solution
afforded orange, X-ray single quality crystals (80 mg, yield: 17%).

Elemental analysis: analytical calculated for C3»H3sLixMnOs: C 67.26, H 6.70. Found: C
66.86, H 6.64.
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Synthesis of [(THF)LisMnyAre(us-O)] (41)

Me An oven-dried Schlenk was charged with 63 mg MnCl, (0.5

P ’L(: _________ THE mmol) and 228 mg of 2-anisolyllithium (2 mmol) to which 10
&%M\e ' mL of dried THF was added and the suspension stirred for 15
MeO™ l\ v min. The yellow solution obtained was cooled on an ice bath
L. to 0 °C and exposed to dry air (fitted with a drying tube

MeO~"~ @/OMe containing oven-dried CaCl,) for 15 min. The solution was

then returned to inert atmosphere and stirred for another hour.
The resulting orange solution was layered with hexane and placed at -33 °C for crystallization
affording single crystals of 41 and 42.

SVIltheSiS of [(THF)4Li4MI12AI‘4C12(LJ_4—O)2] (42)

An oven-dried Schlenk was charged with 63 mg MnCl, (0.5 mmol)
\¢ OMe and 228 mg of 2-anisolyllithium (2 mmol) to which 10 mL of dried

THF was added and the suspension stirred for 15 min. Obtained

THE.. "/ \\\O yellow solution was cooled on an ice bath to 0 °C and exposed to
c dry air (fitted with a drying tube containing oven-dried CaCl,) for

_THF
Me O CI Me
d \S 15 min. The solution was then returned to inert atmosphere and
stirred for another hour. Obtained orange solution was layered with
hexane and placed at -33 °C for crystallization affording single crystals of 41 and 42. A second
crystallisation of filtrate afforded pure sample of 42 (97 mg, 35%) which was subjected to
SQUID measurement and elemental analysis.

Elemental analysis: analytical calculated for C4sHssCl2LisMn,O11: C, 56.00; H, 6.66; found
C 54.10; H, 5.37 corresponding to 42 losing two molecules of THF upon drying in vacuo
(analytical calculated for C4Hs2CloLisMn,O9: C 54.26; H, 5.92).

Synthesis of [(THF)sMgCl,MnPh;]

TTF - Ph To a THF suspension of 126 mg of MnCl, (1 mmol in 10 mL
THF’; Mg’: /'( i THF), 2.67 mL of freshly prepared and titrated THF solution of
THF -|—|1”: cl Ph - PhMgCl (0.75 M, 2 mmol) was added dropwise. After stirring for

2 hours at room temperature, the orange solution was layered with
hexane and placed at -33 °C to precipitate MgCl, which was removed by filtration. The filtrate
was returned at -33 °C and after several days a crop of orange, X-ray quality crystals were
isolated (300 mg, 51 %).

Elemental analysis: analytical calculated for CosH4,Cl,MgMnOs: C, 56.73; H, 7.14; found C,
56.26; H, 7.13
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General procedure for the metalation and coupling of alkynes (44a-44h)

An oven dried Schlenk tube was charged with 110 mg of NaCH»SiMes (1 mmol) and 115 mg
of Mn(CH,SiMes),, hexane (5 mL) was added and the suspension was allowed to stir for 30
minutes at room temperature. Volatiles were removed under vacuum, the white residue was
solubilized in 5 mL of dried THF. The solution was cooled down to -78°C and 4 mmol of the
selected alkynes was added dropwise. The solution was removed from the cold bath, and it
was allowed to stir for 1 h at room temperature. The solution was exposed to dry air (fitted
with a drying tube containing oven-dried CaCl,) for 1 h, affording a black mixture. The
reaction was quenched with brine and HCI (1M) and extracted with ethyl acetate three times.
The combined organic layers were dried with magnesium sulphate and the volatiles were
removed under reduced pressure. The yield of the product was calculated by "H-NMR against
hexamethylbenzene as internal standard, based on the resonances reported in the literature for

the products.[6382-34]

Synthesis of [(THF)4NasMn,(C=CPh)s] (45)

The higher order sodium manganate (43) was prepared in situ.

PhNd}l)'h 110 mg (1 mmol) of NaCH,SiMes and 115 mg (0.5 mmol) of
\\\> W' T Na(THF) Mn(CH»,SiMes), were mixed together for 30 minutes in 5 mL
) \ of hexane affording a light grey suspension. The volatiles were
4/ ) N Ph removed under vacuum and the white solid left was then
Ph ™ @©

. solubilized with 2 mL of THF affording an orange solution.
The mixture was cooled down to -78°C and 0.22 mL (2 mmol) of phenylacetylene was added
dropwise, affording a red solution. The mixture was removed from the cold bath and let stirring
at room temperature for 1h. 3 mL of hexane were layered on the solution. Slow diffusion of
the hexane in the solution of THF afforded single crystals of 45 (146 mg, yield: 44%).

Elemental analysis: analytical calculated Cs;HssMnNa,Os C 72.55, H 6.44 Found: C 72.62,
H 6.60.

Synthesis of [(THF)sK4Mny(C=CPh)s] (46)

B o 7] 252 mg (2 mmol) of KCH,SiMes were suspended in 10 mL of
_ Hexane, the mixture was cooled down to -78°C and 0.22 mL
P:(T\H\F)z' !_K(THF)_z—__ (2mmol) of phenylacetylene were added dropwise. The afforded
\ suspension was removed from the cold bath and let to stir at
/// \\\\\ oh room temperature for 30 minutes. All the volatiles were

Ph o removed under vacuum and the residue was re-dissolved in 10

mL of diethyl ether. 63 mg (0.5 mmol) of MnCl, were added to
the yellow solution and the mixture was let stir for 16h at room temperature, affording a light-
yellow suspension. All the volatiles were removed, and the residue was suspended in 10 mL
of THF affording a yellow suspension. The suspension was filtrated via canula and glass fibre
filter. The mother liquor was concentrated under vacuum until almost 1 mL and 0.8 mL of
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hexane were carefully added. The mixture was then stored in the freezer (-33°C) for 24 hours,
furnishing a crop of orange single crystals of 46 (38 mg; yield: 5%)
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Chapter 6: Conclusions and Outlook

Exploiting chemical cooperativity between two different metals and also between distinct
types of ligand sets, the work presented in this thesis advances the development of new
protocols for arene functionalization (via deprotonative metalation or metal-halogen
exchange) and C-C bond forming protocols. A connecting thread between the different
chapters is the use of heterobimetallic reagents which combine an alkali-metal with an earth
abundant divalent metal, namely, Zn, Mg and Mn. Adopting a metal-focused perspective, with
special emphasis in the isolation and characterization of the organometallic species involved
in these transformations, these findings provide new mechanistic insights into how these
alkali-metal ate complexes operate and shed some light into their unique reactivity.

Chapters 2, 3, and 4 provide new applications for sily(bis)amine Ph,Si(NHAr*), as a
precursor for the synthesis of heterobimetallic compounds containing a chelating
silyl(bis)amide ligand. Using a stepwise deprotonative co-complexation approach a family
new alkali-metal magnesiate, zincate and manganate compounds has been prepared and
structurally characterized. Reactivity studies towards a selection of substrates including
ketones, amines and acetylenes have revealed that depending on the nature of the divalent
metal the silyl(bis)amide group can act as a steric stabilizer or alternative become involved in
the metallation reaction acting as base.

The combination of this bulky silyl(bis)amide ligand and a kinetically activated TMP group
within the framework of a potassium zincate has uncovered a new type of heterobimetallic
base which can regioselectivly promote direct Zn-H exchange of a wide range of fluoroarenes
including hypersensitive fluoro substituted nitrobenzenes. Demonstrating the metalating
power of this bimetallic approach selective 3,6-dizincation of 1,2,4,5-tetrafluorobenzene can
be accomplished. |H NMR reaction monitoring studies combined with structural studies have
shown the instrumental role of the bulky silyl(bis)amide ligand which coordinates to zinc in a
chelating fashion providing a protective steric shelter for the sensitive fluoroaryl fragment.
Key for the success of this approach is the special Zn/ligand cooperativity in these complexes

whereas the alkali-metal seems to take have a secondary role.

Chapter 5 explores the reactivity of tetra(alkyl) manganates, uncovering a unique Li/Mn(II)
bimetallic partnership for the synthesis of symmetric bis(aryl) via tandem Mn-I/oxidative
homocoupling reactions of iodoarenes. Isolation of key reaction intermediates combined with
EPR monitoring studies have revealed that initially Mn-I exchange occurs, with the lithium
manganate mirroring the reactivity previously reported to lithium magnesiates. However the
redox flexibility of this earth abundant transition metal enables the C-C bond forming process
by reacting with the concomitant alkyliodide formed during the exchange processes which acts
as an internal oxidant. Interestingly these reactions take place via the formation of contacted
ion pair species which maximizes bimetallic communication between the Li and Mn centers.
This seems to be a crucial aspect for the success of this tandem process since on the addition
of a macrocyclic Lewis donor completely suppresses the exchange reaction. This work can
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also be extended to alkynes to access 1,3-enynes via initial deprotonation of the terminal
alkynes and aerobic oxidation. For this type of tandem process the influence of the alkali-metal
has been investigated, showing that the Na/Mn pairing appears to be the most effective.

Building on the knowledge accrued from these thesis and the current research lines in our
research group several new future directions for this work can be envisaged. This includes
upgrading some of the stoichiometric successes into catalytic regimes. Alkali-metal
magnesiates have shown promise as catalysts hydroelementation reactions whereas potassium
zincates can catalyse benzylation of styrenes. The presence of the bulky silyl(bis)amide ligand
in the new ates included in this thesis can allow for the fine tuning of the catalytic ability of
these heterobimetallic systems. The steric bulk of the {Ph,Si(NAr*),}? can be modulated by
changing the Ar* substituents. These systems can be particularly interesting for hydroboration
or hydrosilylation reactions favouring the formation of monomeric highly nucleophilic
intermediates. Extension to catalytic hydrophosphination and hydrophosphinylation of
styrenes and alkynes will lead to the development of new methods to access valuable
organophosphorus compounds in a atom economical way, minimizing waste and avoiding the
use of toxic PCls.

The full potential of potassium zincate [{Ph,Si(NAr*),Zn(TMP)} {K(THF)s}*] (19) as a
regioselective base for the zincation of other organic substrates different to fluoroarenes
remains untapped. Initial studies could focus on the use of this TMP-activated base for the
metallation of diazines such as pyrimidine which are well known for their fragility and poor
control of the regioselectivity when metallation is attempted with traditional organolithium or
lithium amide reagents. Mechanistic studies with the aid of DFT calculations may also
contribute towards understanding how this base operates and which is the specific role (if any)
of the alkali-metal. Further work in this field should also include extending the studies on the
onward reactivity of the relevant potassium zincate products containing the metalated

fluoroarenes.

The work on alkali-metal tetra(alkyl) manganates opens a new line of research in terms of
promoting direct manganese-halogen exchange processes and their subsequent involvement
in C-C bond forming reactions. Further work in this area can be envisaged on the development
of a protocol that can enable cross-coupling reactions to access non-symmetric bis(aryls).
Similarly, by changing the ligands on Mn, the basic capabilities of these bimetallic systems
towards deprotonative metallation can be optimized. Last but not least, further work should
assess if these type of processes are exclusive to manganates or if other divalent transition
metals such as Fe, Co or Ni can also promote similar transformations. Advances in this area
will involve the isolation and characterization of key reaction intermediates which can provide
valuable insights into the stability and coordination preferences of these heterobimetallic

systems.
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Chapter 7: General Experimental Techniques and Procedures
7.1 Schlenk Techniques

The polar organometallics compounds are notoriously sensitive towards the air and the
moisture, moreover some of those substances they can be even pyrophoric. Therefore, all the
experimental work described in this thesis was performed in argon atmosphere to reduce to

minimum the amount of moisture and oxygen. All the manipulation were doing using a

Schlenk line (Figure 7. 1), ! a well-known piece of glassware firstly developed by Schlenk.!!

Figure 7. 1 Typical Schlenck line set-up

The Schlenk line used is made by two compartments, one for the vacuum and one to provide
argon. The section reserved to argon is connected to an argon cylinder by an inlet and with an
outlet with an oil bubbler. The vacuum manifold is connected to a vacuum pump. Before the
pump is placed a trap cooled down with liquid nitrogen to stop any volatilise. The Schlenk line
is equipped with 5 two-ways tap to apply alternatively vacuum or argon gas to the attached
glassware.

Before the use all the glassware were cleaned dried in oven at 175°C. On all the ground-glass
jointure were applied a thin layer of vacuum grease (Dow-Corning or similar) to maintain the
seal. Glassware equipped with j-Young’s tap can be used to avoid the use of grease. The air
inside the glassware were removed under vacuum for 15 minutes, after which the glassware is
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refilled by argon. This procedure was repeated at least 3 times to ensure the presence of inert

atmosphere.

A positive flow of argon is always maintained to prevent air in entering in the system. the
liquid or the solvent are transferred using needles or cannulae that are flushed with argon
before the use.

7.2 Glovebox

A glovebox is routinely used to store reagents and products which are sensitive to air and
moisture and for handling solid chemicals under argon atmosphere. The glovebox is composed
a large chamber filled with argon and equipped by a gas recirculation and purification system
to ensure the minimal level of oxygen and moisture. The manipulations were made using two
gloves of semi-impermeable materials. The glovebox is equipped with 2 antechambers (or
“port”), which allow the transfer of chemicals and glassware inside and outside the glovebox
without a direct connection with the external atmosphere. After the glassware or the chemicals
are loaded in the antechamber vacuum is applied for 5 minutes (15 minutes if the large port is
used) than the antechamber is filled with argon and the process is repeated for other two times

before opening the antechamber to the main body of the glovebox.

Figure 7. 2 MBraun UNIlab pro glovebox
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7.3 Solvent Purification

Hexane, diethyl ether, toluene and benzene were dried over alumina column of Solvent
Purification System (a MBraun MBSPS 5). The system is equipped with a pump and a nitrogen
gas line to dispense solvent under nitrogen and in negative pressure. After the collection it was
stored over activated 4 A molecular sieves and argon atmosphere.

Tetrahydrofuran was dried over sodium and benzophenone ketyl and purified by distillation
under argon atmosphere, metallic sodium reacts with the trace of water forming sodium
hydroxide and hydrogen gas. The presence of benzophenone ketyl (generated by mono-
electron reduction with sodium) give to the mixture a blue colour, which indicate the minimum
level of water in the solvent. After the collection it was stored over activated 4 A molecular
sieves and argon atmosphere.

All the deuterated solvents for NMR (with exception of CDCIl;) were dried over NaK, s fora
night, degassed with the freeze-pump-thaw technique, consisting in removing all the volatilise
under vacuum while the solvent was frozen. The solvents were distilled over static vacuum

and stored over activated 4 A molecular sieves and argon atmosphere.
7.4 Commercial Reagents

The commercially available reagents were purchased from Sigma-Aldrich, Fluorochem or
Agros Chem.

When appropriate the liquid reagent were dried with CaH; and distilled under argon

atmosphere, before being stored over activated 4 A molecular sieves and argon atmosphere.

The metal halides salts were dried for 3 days under vacuum at 180°C and stored in the

glovebox.

7.5 Standardization of the organometallic solutions

Grignard reagents were used in form of THF or Et,O solutions and their exact concentration
were determined by iodometric titration.’! The solution of Grignard was added dropwise to a
solution of iodine (exactly weighted) in THF saturated with LiCl until the solution became
colourless. From the volume of Grignard reagents used it is possible to calculate the

concentration.

PhMgCI + I,

THE, Licl P+ Mgicl

Scheme 7. 1 Example of iodometric titration of Phenilmagnesium chloride

The concentration of organolithium solutions were determined by titration against L-menthol
with 2,2’-bipyridine as indicator. An exact amount of L-menthol was dissolved in THF
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together with 5 mg of 2,2’-bipyridine. The organolithium solution were added dropwise until
a deep red colour is persistent. The colour is due to the product of alkylation of the 2,2’-
bipyridine by the excess of organolithium.

"Buli
e —— colourless
THF
Y (o) Y OLi
/_\

- "Bu(H)
PN
L-menthol
N
| _ excess "BulLi deep red
N | N THF colour
N~

Scheme 7. 2 Titration of "BulLi using L-Menthol and 2,2 -bipyridine as indicator

7.6 Analytical procedures

NMR spectra were performed in J. Young’s NMR tube, prior oven dried and flushed with
argon. NMR spectra were recorded using a Bruker AV 400 spectrometer operating at 400.13
MHz for 'H and "F, 100.62 MHz for '*C{'H} or a Bruker AV 400 spectrometer operating at
300 MHz for 'H and '°F, 75 MHz for *C{'H} .'H and *C{'"H} NMR spectra were calibrated
against the appropriate solvent signal. All the 1D and 2D spectra were analysed with the
software Topsin. The multiplicity of the signals was indicated with the following abbreviation:
singlet (s), doublet (d), triplet (t), septet (sept.), multiplet (m).

Elemental analyses (C, H and N) were conducted with a Perkin Elmer 2400 Analyser or a
Flash 2000 Organic Elemental Analyser (Thermo Scientific). Samples were prepared in the
glovebox under argon atmosphere and sealed in an air-tight container prior to analyses. All

results were obtained in triplicate to ensure consistency.

GC spectra were obtained using Agilent Technologies 8860 GC System [Agilent NX 8860
FID w/EPE detector], Agilent Technologies7693A Autosampler and Agilent J&W GC
Column (30 m, 0.32 mm i.d., 0.25 p).

Continuous-wave X-Band (9.42 GHz) EPR spectra of powdered samples and frozen solutions
were collected in the temperature range 5-195 K on Bruker ESP300E spectrometer equipped
with liquid helium cryostat. Samples were prepared in the glovebox and immediately
transferred to Wilmad quartz EPR sample tube (4 mm thin wall, 25 cm long tube) which was
closed under inert N2 atmosphere with a tip-off manifold (4 mm). Obtained spectra were
processed with WINEPR Bruker software (version 2.11.0.0). Simulations of the spectra were
preformed using the EasySpin software (version 5.2.28) and functions ‘pepper’ and esfit.[*!
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All measurements were made on a RIGAKU Synergy S area-detector diffractometer or Oxford
Diffraction Xcalibur E (¢ using mirror optics monochromated Cu Ka radiation (A = 1.54184
A) or Mo Ka (A =0.71073 A).

Data reduction was performed using the CrysAlisPro program!®.. The intensities were
corrected for Lorentz and polarization effects, and an absorption correction based on the multi-
scan method using SCALE3 ABSPACK in CrysAlisPro'® was applied.

The structures were solved by direct methods using SHELXT'"), which revealed the positions
of all non-hydrogen atoms of the title compound. All non-hydrogen atoms were refined
anisotropically. H-atoms were assigned in geometrically calculated positions and refined using
ariding model where each H-atom was assigned a fixed isotropic displacement parameter with
a value equal to 1.2Ueq of its parent atom (1.5Ueq for methyl groups).

refinement of the structures was carried out on F~ using full-matrix least-squares procedures,
which minimized the function Zw(F,*>— F.%)?. The weighting scheme was based on counting
statistics and included a factor to downweight the intense reflections. All calculations were
performed using the SHELXL-2014/7® program in OLEX2.4"!

7.4 Synthesis of Common Starting Materials

Synthesis of Zn(HMDS),

Zn(HMDS), was prepared modifying the procedure reported by Hartwig et all'” 3.41 g of
ZnCl, (25 mmol) and 8.36 g of Li(HMDS) (50 mmol) were placed in an Ar flushed and flame
dried Schlenk tube. 50 mL of Et;O was added affording a cloudy white suspension. The
suspension was allowed to stir for Sh at 50°C. After, the suspension was cooled down to room
temperature and then the solid was removed by filtration through celite. The light orange
solution obtained was concentrated under vacuum affording a light orange suspension. 50 mL
of hexane was then added and the solid was removed by cannula filtration. The resulting
colorless solution was concentrated under vacuum affording ZnHMDS; as colorless oil (8.3 g;

86%). The spectra are consistence with the reported literature.[!%!

IH-NMR (300.1 MHz, C¢Ds, 298 K) 8(ppm):0.20 (s, 36H, CH;)

Synthesis of Zn(TMP),

2.72 mL of 2,2,6,6-tetramethylpiperidine (16 mmol) were solubilized in 10 mL of THF and
then 10 mL of "BuL.i solution (1.6 M in hexane) were added drop by drop affording a yellow
solution. 1.09 g of ZnCl, (8 mmol) were added, instantancously a white precipitate was
formed. The mixture was allowed to stir at room temperature for 1h. All the volatiles were
removed under reduced pressure affording a yellow waxy solid. 30 mL of Hexane were added

affording a white suspension. The suspension was filtered through celite and the mother liquor
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was evaporated furnishing Zn(TMP), as white solid (2.7 g 98%). The solid can be further

purified via sublimation as reported in the literature.!'!!

IH-NMR (300.1 MHz, Ds-THF, 298 K) 8(ppm):1.68 (m, 4H, y-CHs), 1.32 (m, 8H, p-CH.),
1.22 (s, 24H, 0-CHj)

Synthesis of [PhoSi(NHATr*),] (1)1

5.8 mL of 2,6-diisopropylanyline (NH,Ar*) (30 mmol) and 40 mL of diethylether (Et,O) were
added to an oven dried Schlenk. The solution was cooled to —78°C, using an isopropanol and
liquid Nitrogen bath, and 18.75 mL of "BuLi was then slowly added (1.6 M solution in hexane,
30 mmol). The reaction mixture was allowed to reach room temperature then re-cooled to -
78°C and 3.15 mL of dichlorodiphenylsilane (Ph»SiCl,) were introduced (15 mmol). A white
suspension formed that was allowed to stir over-night. The resulting LiCl was filtered through
a celite filled filter stick. The filtrate was removed by vacuum until a solid began to precipitate.
The suspension was then gently heated until a clear solution was obtained which was then
placed in the freezer. A large crop of colourless crystals was obtained, and isolated by filtration
and stored in the glove box (typical yield 7.5 g, 94%). "TH-NMR (300.1 MHz, Ds-THF, 298
K) 8(ppm):7.59 (d, 4H, Ph), 7.30 (m, 2H, Ph), 7.22 (m, 4H, Ar*), 6.93 (m, 6H, Ph and Ar*),
3.72 (s, 2H, NH), 3.28 (sept., 4H, CH, 'Pr, Ar*), 0.88 (d, 24H, CH3, ‘Pr, Ar*)

Synthesis of Mg(CH,SiMe3), (MgR,)!3!

4 g of Mg (167 mmol) turnings were added to a round bottom flask, equipped with a water
condenser, along with 100 ml of Et;O. A solution of 19 mL of Me3;SiCH>Cl (150 mmol) in 50
mL of Et,O was then added dropwise to the Mg turnings. The solution was stirred for 2 hour.
A solution of 10 mL of dioxane in 80 mL of Et;O was then added dropwise to the Grignard
solution to give a viscous grey suspension. The suspension was stirred for 16 hours at ambient
temperature. The suspension was then filtered through Celite and glasswool and washed with
20 mL of EtO. The solvent was removed in vacuo and the resulting solid was purified by
sublimation under reduced pressure at 165 °C to give the final product as a white
microcrystaline powder (typical yield 9g, 60%)

Synthesis of Mn(CH,SiMe;3), (MnR,)!!

3 g of Mg(CH,SiMes), (15 mmol) and 1.91 g of MnCl, (15 mmol) were suspended in 60 mL
of Et,0.The suspension was allowed to stir at room temperature for 4 days. All the volatiles
were removed under vacuum to give a dull orange solid. Subsequently, 160 mL of dried
toluene was introduced, and with vigorous heating to boiling an orange solution with a white
precipitate (MgCly) was observed. The suspension was filtered hot and the bright orange
filtrate allowed to cool to room temperature. Part of the solvent were removed under reduced
pressure. The mixture were stored in the freezer (-27 °C) where crystallization occurred. Thin
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orange needle crystals were observed, the solvent was removed via cannula, and the resultant
orange crystals were dried under vacuum for 2 h (2g, 60%)

Synthesis of NaCH,SiMes (NaR)[!'>]

1.92 g of NaO'Bu (20 mmol) was suspended in 40 mL of dry hexane to which 20 mL of
LiCH,SiMes (1 M in pentane, 20 mmol) was added dropwise at 0°C. The resulting suspension
was stirred overnight at room temperature, and then filtered and washed with 20 mL hexane
twice. The resulting white solid was dried in vacuo and isolated (typical yield 1.8 g, 82 %).

Synthesis of KCH,SiMes; (KR)!¢

2.24 g of KO'Bu (20 mmol) was suspended in 40 mL of dry hexane to which 20 mL of
LiCH,SiMes (1 M in pentane, 20 mmol) was added dropwise at 0°C. The resulting suspension
was stirred overnight at room temperature, and then filtered and washed with 20 mL hexane
twice. The resulting white solid was dried in vacuo and isolated (typical yield 2.2 g, 87 %).
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