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Abstract

Building on recent advances in zincate chemistry, but going beyond the state-of-the-art, this
project sought to advance the understanding of the mechanisms involved in alkali metal-
mediated zincation (AMMZn), as well as design a new type of mixed-metal reagent,
magnesium-zinc hybrids, focussing on their applications in nucleophilic additions to ketones

and direct zinc-iodine exchange reactions.

Unveiling two new applications of the alkali metal TMP-zincates [(THF)Li(TMP)Zn'Bus] (1)
and [(TMEDA)Na(TMP)Zn'Bus] (3), reaction with trimethyl(phenoxy)silane (12) allowed the
isolation of the first intermediates of direct lateral zincation (DIZn) of an aromatic substrate,
while the reaction of 3 with benzoylferrocene (17) has shown that two competing pathways
are available: (i) remote 1,6-nucleophilic addition of a tert-butyl group to the phenyl ring of
17 and (ii) simultaneous o-deprotonation of the substituted cyclopentadienyl ring and 1,2-

addition of a tert-butyl anion to the carbonyl group of the ketone.

Shedding new light on the mechanism by which these alkali metal TMP-zincates react, the
proposed intermediate species of the two-step mechanism (previously proposed by theoretical
studies) [(THF),Li(0-CsHsOMe)ZnMe,] (26) and [(THF)sLi(0-CsHsOMe)Zn'Bu,] (29) were
prepared. Reactivity studies of 26 and 29 with TMP(H) provided the first tangible
experimental evidence that the AMMZn of anisole by 1 proceeds via a two-step mechanism,
which is greatly influenced by both the nature of the alkyl groups of the zincate (Me vs. 'Bu)
and the polarity of the solvent in which the reaction is performed (hexane/benzene vs. THF).

In addition, investigations into the seemingly simple stoichiometric salt metathesis reactions
of Grignard reagents with ZnCl, led to the isolation of a series of magnesium-zinc hybrid
species [(THF)Mg(u-Cl)2Zn('Bu)(CI)] (34) and [(THF)Mg(u-Cl)sZnR},] (R = 'Bu (36), "Bu
(37), Et (38), 0-C¢HsOMe (39)), formed via metathetical co-complexation. Altering the
stoichiometry of these reactions (from 1:1 to 3:1) to mimic the conditions employed in ZnCl,
catalysed reactions of Grignard reagents led to the formation of the alkyl-rich Mg-Zn hybrids
[{Mg.Cls(THF)s} {Zn'Bus}] (40) and [{Mg2Cls(THF)e} " {Zn,Ets} ] (41).

Probing the possible applications of these Mg-Zn hybrid species in various key synthetic
methodologies revealed that 41 can be employed both stoichiometrically, and catalytically in



the presence of an excess of EtMgCI, to perform the chemoselective alkylation of ketones. In
contrast, the analogous 1% generation Mg-Zn hybrid 38 displayed diminished reactivity even
towards activated ketones, although the addition of LiCl resulted in improved reactivity,
hinting at the existence of trimetallic Li-Mg-Zn hybrid species in solution. Furthermore, 40
can readily undergo direct Zn-I exchange reactions with a wide range of functionalised aryl
iodide substrates, demonstrating high atom economy, with the subsequent aryl-zincate species

proving to be valuable precursors for Pd-catalysed Negishi cross-coupling reactions.
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Chapter 1: Introduction to organozinc chemistry and recent

advances in alkali metal zincates

1.1  Organozinc reagents

The discovery of the first organozinc reagent in 1849 by Frankland, who formed ZnEt, by
heating ethyl iodide with zinc powder,™ was a breakthrough which for many authors heralded
the birth of modern organometallic chemistry. Although initially these organozinc reagents
captured the attention of synthetic chemists, they became somewhat neglected with the
emergence of Grignard and organolithium reagents in the early part of the 20" century.™
However, recently we have seen the re-emergence of organozinc reagents as key
organometallic reagents in organic and organometallic chemistry, used in a number of key

synthetic methodologies.

Although it is present in the transition metal series, zinc has few common properties with the
other transition metals. This is due to the very stable valence electron configuration of zinc
([Ar] 4s? 3d'°), with the filled d-shell resulting in zinc chemistry being dominated by the 4s?
valence electrons, sharing many reactivity features with magnesium ([Ne] 3s2).! However,
despite their similar chemical properties and size (atomic radii Mg = 160 pm; Zn = 133 pm)™*!
they have some important differences. Zinc is more electronegative than magnesium, and as a
result organozinc reagents exhibit stronger, more covalent C-M bonds which makes them less

reactive than organomagnesium reagents, but also more selective.®

Neutral organozinc reagents exist in two main formulations; organozinc halides (RZnX) and
diorganozinc reagents (ZnRj). Historically, they have been primarily used in organic
synthesis as soft nucleophiles for performing addition reactions, such as the Reformatsky
reaction.’! Unlike more polar organometallic species such as organolithium and
organomagnesium compounds, organozinc reagents are significantly less reactive due to the
covalent nature and low Kinetic reactivity of Zn-C bonds.®® However, this lower reactivity
accounts for the greatest advantage of organozinc reagents, which is their greater selectivity

and functional group tolerance.”
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Another important advantage of organozinc reagents is their relatively straightforward
preparation. Starting first with organozinc halides (RZnX), there are two common methods
for their preparation; (i) direct insertion of zinc metal into an organic halide (R-X), and (ii)
metathesis reaction of a zinc halide (ZnX;) with a more polar organometallic reagent,

typically an organolithium (RLi) or a Grignard reagent (RMgX) (Scheme 1.1)."

RX + Zn —» RZnX (i)
RM + ZnX, ——» RZnX + MX (ii)
(M = Li, MgX)

Scheme 1.1: Synthesis of organozinc halides (RZnX) by (i) direct Zn insertion and (ii)

metathesis reaction.

When using the direct insertion approach the zinc has to first be activated due to the general
low reactivity of zinc metal caused by surface oxide formation. This can be done by preparing
a Zn/Cu couple (treatment of zinc dust with HCIl then CuSOspg, followed by
washing/drying),’® using Rieke zinc (reduction of ZnX, in dry THF by lithium, sodium or
potassium naphthalenide),” or by treatment of zinc dust with catalytic amounts of 1,2-
dibromoethane and chlorotrimethylsilane.™*® More recently, Knochel has also shown that zinc
insertion into organic halides can be induced by the addition of stoichiometric amounts of
LiCL.® Although the metathesis approach can be used to prepare organozinc halides, the
need for reactive organometallic reagents (RLi, RMgX) in the synthesis greatly limits the
formation of functionalised organozinc reagents due to unwanted side-reactions of the starting
materials, and as a result zinc insertion is a more favourable approach.l”? Organozinc halides
prepared via these methods have been most commonly used in Reformatsky reactions, which
dating back to 1887 is one of the oldest applications of organozinc halide reagents in
synthesis.!) Typically this reaction involves the insertion of Zn into the C-X bond of an o-
halocarbonyl compound to form a zinc enolate, which can then be subsequently reacted with
an electrophile. The most common electrophiles are aldehydes and ketones to form f-
hydroxyketones (Scheme 1.2). The main advantage of this reaction is that the low basicity of
the zinc enolates prevents any unwanted side reactions and so can be reacted with highly

enolizable carbonyl compounds.® 4
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O

SiMe3
o) o) . o)
\)J\ Zn(Cu) \)k O)\SM% HO
—_— _— >
Br. BrZn
OFEt THF OFEt OFEt

70%

Scheme 1.2: Reformatsky reaction.™!

Turning to diorganozinc species, simple dialkylzinc reagents are most commonly prepared by
a metathesis reaction between ZnX, and two equivalents of RLi or RMgX (Scheme 1.3). The
organozinc reagent can then be purified by distillation/sublimation, or removal of the
inorganic salt by-products by filtration, whereby dioxane can be added to induce the

precipitation of magnesium salts.™**!

th di
2 RM + ZnX, — o 7nR, + 2MX -2 0 7R, + 2 MgX,.dioxane
(M = Li, MgX) (M = MgX)

Scheme 1.3: Synthesis of diorganozinc reagents (ZnR;) by metathesis reaction.

A final important advantage of organozinc reagents, which has seen their use in synthetic
chemistry flourish in the last 30 years, is that they can readily undergo transmetallation with
transition metal complexes such as palladium and nickel, allowing the generally sluggish
reactivity of organozinc reagents to be circumvented. As a result, organozinc reagent have
become essential reagents in transition metal catalysed carbon-carbon bond forming reactions,
in particular in Negishi cross coupling,!*® whereby an unsaturated organozinc reagent can be
coupled to an unsaturated organic electrophile in the presence of a palladium (or nickel
catalyst) (Scheme 1.4).*®! Recently, this methodology has even been successfully applied to
the C(sp3)-C(sp?) cross-coupling of alkylzinc species with various unsaturated organic
halides.'” Further examples of reactions which can be performed by organozinc reagents in
the presence of a Ni or Pd catalysts include acylations, conjugate addition to a,B-unsaturated

ketones and 1,2-addition to carbonyls.™™!

cat. PdL R'/R? = aryl, alkenyl, alkynyl
L R1—R2 Y = halogen or organic group
X =1, Br, OTf

R'—znY + R2—X

Scheme 1.4: General scheme for palladium catalysed Negishi cross-coupling reaction.™®

3
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1.2 Alkali metal zincates

Group | organometallic compounds such organolithium and lithium amide reagents (LiR,
LiNR2) have been the cornerstone of organometallic chemistry for many years. The high
polarity of the Li-C (or Li-N) bonds make these species highly reactive, and ideal reagents for
performing deprotonative metallation, metal-halogen exchange and carbometallation
reactions, displaying levels of reactivity unequalled by any other homometallic reagents.!*®!
However, this high level of reactivity comes at a cost, and organolithium reagents have a
number of disadvantages such as their lack of functional group tolerance, incompatibility with
both chlorinated and ethereal solvents, they often require cryogenic temperatures, and are
incompatible with important synthetic methods to generate new C-C bonds such as palladium
catalysed cross-coupling reactions. By combining organolithium and organozinc reagents to
form alkali metal zincates, the high reactivity of organolithium reagents can be combined with
the great functional group tolerance and solvent compatibility of organozinc reagents,
simultaneously overcoming the poor selectivity of organolithium reagents and low kinetic
reactivity of the organozinc reagents. The result is the formation of new mixed-metal reagents
that display chemical properties which cannot be replicated by either of their relevant

homometallic reagents.

Dating back to 1858, alkali metal zincates constitute the oldest known class of
heterobimetallic (ate) compound, first prepared by Wanklyn who reacted sodium metal with
diethyl zinc to form “NazZnEt;”.™! In 1948 Hurd reported the successful synthesis of the
lithium tetra(alkyl)zincate [Li;ZnMe,],* the structure of which was reported in 1968 by
Weiss.?! The term ‘ate’ itself was coined by Wittig in 1951, to describe the new lithium
tris(aryl)zincate [LiZnPhs].”? Despite this pioneering work in the area of alkali metal
zincates, the use of these compounds in synthetic chemistry remained dormant for some time,
and only recently have they emerged as a highly versatile type of organometallic reagent
which can participate in numerous fundamental organic transformations such as deprotonative

metallation,® 2% metal-halogen exchangel® and nucleophilic addition.®

Primarily, there are two major formulations for this type of mixed-metal reagent; M'ZnR3 and
M',ZnR,,  which are usually referred to as triorganozincates and ‘“high order”
tetraorganozincates respectively. These compounds can exhibit; (i) a solvent separated ion-

pair (SSIP) structure, where the alkali metal forms the cationic part of the molecule, solvated
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by donor solvent or a Lewis base, and the zinc bonds to the anionic ligands to form the
counterion, or alternatively (ii) a contacted ion-pair (CIP) structure, giving rise to a molecular

structure where both metals are connected through one or more of the anionic ligands.!®!

The conformation adopted by the zincate is dependent on a number of factors, including the
solvent employed, presence of a Lewis base and the anionic ligands bonded to zinc, as has
been demonstrated in a recent study of the triorganozincate LiZnMes. In the presence of the
tridentate amide donor, N,N,N',N",N"-pentamethyldiethylenetriamine (PMDETA), the zincate
adopts the CIP structure [(PMDETA)LiZnMes] (Figure 1.1(a)), whereas in the presence of
the analogous ethereal donor, diglyme, a SSIP species is formed [Li(diglyme),]'[ZnMes]
(Figure 1.1(b)).*"

()

Figure 1.1: Crystal structures of (a) CIP triorganozincate [[PMDETA)LiZnMes] and (b) SSIP
triorganozincate [Li(diglyme),] [ZnMes] . Hydrogen atoms have been omitted for clarity.

Figure 1.1(c): Crystal structure of triorganozincate [{(TMEDA)LiZn(NMe,)s},]. Hydrogen

atoms have been omitted for clarity.

In both of these compounds the zinc centre is three co-ordinate, adopting a trigonal (sp? like)
conformation. However, triorganozincates are not solely confined to such bonding modes, as
shown by the homoleptic tris-amido zincate “(TMEDA)LiZn(NMe,)s” (TMEDA= N,N,N’,N’
tetramethylethylenediamine) which exists as dimeric [{(TMEDA)LiZn(NMe,)s}.] (Figure

1.1(c)).?®®! Thus, although this compound is a triorganozincate, each of the zinc centres is
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four co-ordinate, adopting a distorted tetrahedral (sp* like) geometry. In this regard the
geometry of Zn in [{(TMEDA)LiZn(NMe;)s}.] is more related to tetraorganozincates, where
usually the zinc will also adopt a tetrahedral geometry, examples of which include the
homoleptic zincate [(TMEDA),Li,ZnMe4] and heteroleptic [(TMEDA),Li,Zn(NMe;)sMe]
(Figure 1.2).1¢

Figure 1.2: Crystal structures of tetraorganozincates (a) [(TMEDA),Li,ZnMe,] and (b)
[(TMEDA),Li,Zn(NMe;)sMe]. Hydrogen atoms have been omitted for clarity.

1.2.1 Preparation of alkali metal zincates

Two common methods for the preparation of alkali metal zincates are; (i) co-complexation of
an organozinc reagent (ZnR) with an organolithium reagent (LiR) (or other organo-alkali
metal species such as organosodium (NaR) and organopotassium (KR) reagents), and (ii)
metathesis reaction of zinc salts, most commonly ZnCl,, with a group | organometallic
reagent. Starting with the co-complexation approach, the formation of a triorganozincate or
tetraorganozincate can be determined simply by adjusting the stoichiometry of the reagents.
Thus, for a triorganozincate a ratio of ZnR, to M'R of 1:1 is required, and for a
tetraorganozincate a ratio of 1:2 (Scheme 1.5),7%*! although in some cases the formation of one
of these types of zincates is more energetically favoured than the other, giving rise to
disproportionation reactions.’?*® 25> 2% This protocol can be easily adapted for the preparation
of heteroleptic zincates of the form M'Zn(R')R, by reacting a diorganozinc reagent (ZnR,)

with a group one organometallic reagent possessing a different organic fragment (M'R).

ZnR, + MR —_— M'ZnR, (a)
(M' = Li,Na, K)
ZnR, + 2MR ——>» M',ZnR, (b)

Scheme 1.5: Synthesis via a co-complexation approach of (a) a triorganozincate and (b) a

tetraorganozincate.
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Turning to the metathesis approach, which involves the reaction of ZnCl, with a more polar
organometallic reagent, the formation of triorganozincates and tetraorganozincates can again
be controlled by the ratio of monometallic reagents employed (Scheme 1.6).2®! Heteroleptic
zincates can also be prepared through this method, by the successive reaction of different
organometallic reagents (M'R and M'R") with ZnCl,.% One of the main drawbacks to this
approach is the formation of two equivalents of alkali metal chloride (M'CI), which is some
cases can greatly affect the reactivity of the newly generated mixed-metal species, as will be
discussed later (Chapters 1.3.2 and Chapters 4-6). In addition, this metathetical approach
requires the use of ethereal solvents (usually THF or diethyl ether) to solubilise the inorganic

salt, which can lead to side-reactions of the polar organometallic reagent with the solvent.

ZznCl, + 3MR —>» M'ZnR; + 2 M'CI (a)
(M' = Li,Na, K)
ZnCl, + 4MR ——> MLZnR, + 2M'CI (b)

Scheme 1.6: Synthesis via metathesis reaction of (a) triorganozincates and (b)

tetraorganozincates.
1.2.2 Applications of alkali metal zincates in 1,4-conjugate addition and 1,2-addition

The most common applications of homometallic reagents such as organolithium and Grignard
reagents in synthetic chemistry have been in both nucleophilic 1,2-addition and 1,4-conjugate
addition, metal halogen exchange and deprotonative metallation.™™® 3! Thus, early studies into
the reactivity of alkali metal zincates focussed on these cornerstone synthetic methodologies.

One of the earliest reported synthetic reactions involving triorganozincates was in 1977 by
Isobe and co-workers, who described the use of “trialkyllithiumzinc” compounds, LiZnRs, as
new reagents for performing selective conjugate addition to o,B-unsaturated carbonyl
compounds. The generality of this reaction was shown by performing the conjugate addition
of a range of different lithium triorganozincates to dicyclopentadien-1-one (Scheme 1.7), with
the reactions yielding none of corresponding 1,2-adducts.®? Since this initial report,
numerous examples have followed on the use of lithium triorganozincates for performing
conjugate addition reactions,®* 33! and sparked a steady growth in the use of these bimetallic

reagents in synthetic organic chemistry.!?®!
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0 0
LiZnRs
THF,
time, temp
R
Time Temp. Yield
(mins) (*C) (%)
Me 30 0 92
"Bu 30 -78t0 0 92
*Bu 60 -78 66
‘Bu 60 -78 58
Ph 180 -78 15
1-butynyl 180 -78 0

Scheme 1.7: 1,4-conjugate addition of LiZnRj3 to dicyclopentadien-1-one.

Not solely restricted to lithium, alkali metal zincates of the form M'ZnEt; (M' = Li, Na, K)
have proved to be excellent reagents for selective nucleophilic 1,2-addition to a series of
aldehydes and ketones at ambient temperature (Scheme 1.8).1**! Substrates which successfully
underwent nucleophilic addition included benzaldehyde, acetaldehyde and benzophenone,
although the a,B-unsaturated substrate, 2-cyclohexenone, gave only the 1,4-adduct for all
three zincates. Possible side reactions include reduction (through B-hydride elimination) and
aldol dimerization when the substrate possesses a-hydrogens. Although such side reactions
are commonly seen when using organolithium reagents, in the case of M'ZnEt; these by-
products were seen only in trace amounts, although reaction of hexan-2-one with NaZnEts
and KZnEt; gave significant amounts of the aldol product (23% and 28% respectively). In all
cases, reaction of homometallic ZnEt, with the substrate led almost entirely to recovery of the
starting material (Scheme 1.8). It has also been shown that heteroleptic alkali metal zincates
of the form M'ZnMe,H (M' = Li, Na), prepared by co-complexation of ZnMe, and M'H,
could selectively perform a 1,2-addition of the hydride ligand to a broad range of different
aldehydes and ketones yielding the corresponding alcohols. The reduction of these substrates
proceeded without any nucleophilic addition of the alkyl ligand, demonstrating the
chemoselectivity of these mixed-metal species and highlighting their potential as effective
reducing agents. Adding to the scope of this reaction, the same protocol could be applied to
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perform the selective reduction of esters, amides, epoxides and lactones, and the reaction

could also be performed using catalytic amounts of ZnMe, (20 mol%).”*!

Q (M'I\ﬂlf::\_:l;? K) HO =~ Ht
)J\ Toluene, g ><
R R’ rt, 30 mins R R’
(SM) (P)
LiZnEt; NaZnEt; KZnEt; ZnEt,
R R’ SM P SM P SM P SM P
(%) (%) (%) (%) (%) (%) (%) (%)

Ph H 0 97 0 97 0 87 98 0
CH3(CH,)s H 0 95 4 90 3 85 98 0
Ph CH; 0 98 27 71 62 36 99 0
Ph Ph 0 99 0 97 0 99 100 0
CH; CH,CH,CH(CH;), 3 94 38 37 38 31 98 0

Scheme 1.8: Nucleophilic 1,2-additon of M'ZnEt; to aldehydes, ketones and enones.
1.2.3 Applications of alkali metal zincates in metal-halogen exchange

Metal-halogen exchange is one of the most common applications of organolithium reagents in
synthetic chemistry, with these highly polar organometallic reagents showing high levels of
reactivity towards aryl-, heteroaryl-, vinyl- and alkyl-halides.®® However, to prevent any
unwanted deprotonation of the substrate, or side-reactions with sensitive functional groups
present, the reactions have to be performed a sub-ambient temperatures. In addition, an excess
of the organolithium reagent (RLi) is usually required to prevent reaction of the new lithiated

species with the by-product of the reaction R-X.1*®!

Early reports of the use of zincates in metal-halogen exchange reactions came from Harada
and Oku, who showed the ability of triorganozincates to successfully perform zinc-bromine
and zinc-chlorine exchange reactions with 1,1-dibromocylopropane and 1,1-dihaloalkenes
(Scheme 1.9).B™ The zincate carbenoid intermediates could then undergo subsequent 1,2-

alkyl migration with loss of a second halogen atom to form cyclopropylzinc and alkenylzinc
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species respectively, which could in turn be quenched with a suitable electrophile.
Furthermore, the authors found that this 1,2-alkyl migration could be inhibited if the reaction
was performed at -80°C, at which point the zincate carbenoid species remained stable and

could be quenched with the relevant electrophile (Scheme 1.9).

stable at low temp. Bu
Ph | Ph

ZnBuLi H* H
o —_— Yield 82%
Ph Ph -80°C Br Br
t :Bl’ LiZnBus t fZnBuLi
_
gr THF,temp Br Ph Ph

0°C Bu H* Bu
—_— Yield 95%
ZnBu

H
1,2-alkyl migration

Bu

Scheme 1.9: Zinc-halogen exchange reactions of 1,1-dibromocyclopropane with LiZnBus

followed by electrophilic quenching with H* at variable temperatures.

Moving onto aromatic substrates, in 1994 Kondo and co-workers successfully reported the
efficient metal-halogen exchange reactions of a variety of aryl iodides using the lithium
trimethylzincate, LiZnMes. The resulting aryldimethyl zincates could then be reacted with
benzaldehyde to give the corresponding benzhydrol product in yields of 60-74% (Scheme
1.10(a)).*® This reagent failed to promote direct zinc-bromine exchange when bromobenzene
was reacted with LiZnMes under the same conditions. However, when the tetraorganozincate
Li,ZnMe, was employed, followed by electrophilic interception with benzaldehyde, the
resulting secondary alcohol could be obtained in a yield of 47% (Scheme 1.10(b)).**" This
greater reactivity of the tetraalkylzincate over the trialkylzincate was rationalised by the

authors in terms of the greater anionic character of the alkylzinc centre (ZnMes* vs. ZnMes).

R Yield (%)
Zn(Me), H(OH)P 65
L|ZnMe3 PhCHO Me 62
THF, 78°C 8°C tort Me 60
R COzMe 74
(o) 68

Scheme 1.10(a): Zn-I exchange reaction of Ar-1 with LiZnMes, followed by reaction with
benzaldehyde.

10



Chapter 1: Introduction to organozinc chemistry and recent advances in alkali metal zincates

(i) LiznMes, Br (i) Li,znMe,, CH(OH)Ph
THF, -20°C, 2h THF, -20°C, 2h
No reaction = e ———
(if) PhACHO (il) PhACHO
Yield 47%

Scheme 1.10(b): Zn-Br exchange reaction of bromobenzene with LiZnMej; and LiZnMey,

followed by reaction with benzaldehyde.

More recently the great versatility displayed by the high order lithium tert-butylzincate
(Li»Zn'Bus) in metal-halogen exchange reactions has been shown.?*® 244l This reagent proved
highly effective in both Zn-1 and Zn-Br exchange reactions of aromatic halides which
possessed sensitive functional groups such as esters and amides in almost quantitative yields.
Even more interestingly this mixed-metal reagent selectively promotes the relevant metal-
halogen exchange products when reacted with aryl iodides possessing unprotected acidic
protons (including amide NH and phenolic OH protons), which after quenching with allyl
bromide gave the desired product in almost quantitative yields (Scheme 1.11). However, in
Zn-Br exchange reactions elevated temperatures were required (60°C) and in the case of p-
bromobenzylalcohol this resulted in deprotonation of the alcohol instead of the expected
metal-halogen exchange, and subsequent C-C bond formation when the intermediate was

reacted with the organic electrophile did not take place.

Zn'BusLi,
|22ntBu4r /\/Br
THF, rt, 2h T 1eh
Yield = 100%

H

Scheme 1.11: Reaction of Li,Zn'Bu, with 4-iodobenzyl alcohol followed by quenching with
allyl bromide.

Electrospray ionisation mass spectroscopy (ESI-MS) and NMR studies of LiZn'Bus suggest
that in solution the constitution of this high order zincate is retained, even in a strongly
donating solvent such as THF, with no indication of an equilibrium between the mixed-metal
species and its monometallic components taking place.¥ In contrast, similar studies of the
trialkylzincate LiZn'Buz showed that the monoanionic Zn'Bus™ fragment of this species is not
retained in solution, instead disproportionating to Zn'Bus, and Li,Zn'Bus. Analysis of the gas-

phase properties of these two compounds by DFT studies was in agreement with these

11
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spectroscopic results, showing that the disproportionation of LiZn'Bus to Li,Zn'Bu, and
Zn'Bu; is thermodynamically favoured (AE. = -6.9kcal mol™).[** 2! previously it has been
reported that LiZn'Bus is able to carry out Zn-l exchange reactions with functionalised
aromatic iodides.®® However, these results would suggest that the active species involved in
this process is actually the more stable lithium tetra-tert-butylzincate.

i) Li,Zn"Bu,. TMEDA

(1/3 equiv)
‘d ’
/\/\ toluene, rt, 1h /\/\
! Br > ! Ar
NN / ii) Ar-X (1 equiv) NN /
N [PdCIy(PPh3),] (5 mol%), N
PPh3 (10 mol%)
reflux, 12h
Yield
Br-P Ar-X Product
y (%)
x
N |
| P N/ OMe 65
N Br | OMe
x AN
| | 58
= -
N Br | N OMe
x
N OMe | P
© Q N 46
N Br |
OMe
X
\ OMe
=
| P /O/ Me0” N 63
MeO N Br |
OMe
cl
N Br cl
| N 62
Pz
cl N | _
Cl N
N
=
N Br Nﬁ WN
| P LN NN 50
cl N Br Z | P
cl N

Scheme 1.12: Zn-Br exchange of bromopyridines with Li,Zn"Bus. TMEDA followed by
Negishi cross-coupling. ! one equivalent of Li,Zn"Bu,. TMEDA employed.
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The application of the related zincate, Li,Zn"Bus. TMEDA, in the zinc-halogen exchange of
bromopyridine has also been recently reported (Scheme 1.12). Interestingly in this case it was
shown that not only could the zincate successfully perform the Zn-Br exchange reaction of 2-
and 3-bromopyridines, but that it could also react substiochiometrically (1/3 equivalent)
allowing one molecule of the zincate to simultaneously metallate three molecules of the
substrate.””) This polybasic behaviour of lithium zincates has previously been reported in
both deprotonative metallation'*! and metal-halogen exchange*?, but this is the first example
where is has been described for a homoleptic zincate. Unfortunately all four alkyl groups of
the zincate could not be activated towards Zn-Br exchange, which was believed to be due to
low solubility of the proposed tripyridyl zincate species formed [Li,Zn(py)s"Bu]. Having
optimised the reaction conditions, a series of bromopyridine substrates were successfully
metallated and then subjected to Negishi cross-coupling to form the final products in yields
ranging from 41-65% (Scheme 1.12).

Previously, it has been reported that the neutral dialkylzinc reagents Zn'Pr, and ZnEt, show no
reactivity in terms of metal-halogen exchange reactions with aryl iodides in THF or Et,0
solutions. However, when the solvent was changed to a 1:10 mixture of Et,O and N-
methylpyrrolidinone (which is a highly polar solvent) the metal-halogen exchange reaction
occurred, forming ArZnR. In an attempt to induce the activation of the second alkyl group on
the zinc, Li(acac) was employed as an additive to form a putative heteroleptic lithium zincate
species “[Li]"[(acac)ZnAr(R)]™. Undergoing a second metal-halogen exchange reaction led to
the formation of ZnAr, along with regeneration of the Li(acac) (Scheme 1.13(a)). As a result,
the lithium additive could be employed catalytically (10 mol%), successfully activating Zn'Pr,
towards two-fold metal-halogen exchange with a series of aryl iodide substrates (Scheme
1.13(b)).1*! Thus, we see another example of lithium-zincates not only providing high levels
of reactivity, selectivity and functional group tolerance, but also high atom economy, where in
this case two alkyl “arms” of the zincate can promote metal-halogen exchange under catalytic

conditions.

Although proving to be extremely successful in 1,4-conjugate addition, 1,2-addition and metal
halogen exchange, lithium alkylzincates, such as those described above, have proved to be
sluggish to react with aromatic molecules to promote direct Zn-H exchange reactions

(deprotonative metallations).

13
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RsZn
Ar-| ——— > ArZnR

\Ar

®
L| acac R—2Zn" Li
Wacac
Ar,Zn + R-l Ar-1

Scheme 1.13(a): Proposed catalytic cycle for the reaction of ZnR; and Li(acac) with Ar-I.

| 0.55eq. ZnR, §
/ ’ 10 mol % L|(acaC) / ’ 2 0000 ~ ’
\/\ ELONMP (10:1) \/ \/\
» 3h, rt FG
Yield Yield
Ar-| E (%) Ar - (0)

| NC. |
Q/ PhCO- 82 C{ MeCO- 87
MeO,C
| |
@ 4'N02'C5H4' 71 ©;‘/Ph 4-C02Me-C5H4' 81
CO,Et
(@]
MeO,C I I\
\@ A-F-CeHa- 83 Y@l 4-COMe-CoHy- 52
(o]

\
N
MesSn- 66 Ph/nf?, CH,=CH-CH,- 84
O

OHC |
jij 4-CO,Me-CgH,- 86 \(;[OAC cyclohexyl-CO- 75
OMe
OHC\<;[|

2-NO,-CgH,- 84
4-Cl-CsH3N-CO- 77

CH,=CH-CH,- 77
OMe  4-CO,Me-C¢Hys- 60

Scheme 1.13(b): Metal-halogen exchange of Ar-1 with ZnR; and Li(acac) and subsequent

electrophilic quenching.
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1.3  Alkali metal TMP-zincates in directed ortho metallation (DoM)
1.3.1 Directed ortho metallation (DoM)

The process of directed ortho metallation (DoM) involves the selective metallation of an
aromatic proton ortho to a specific functional group, often referred to as a direct metallating
group (DMG) (Scheme 1.14). This process has arguably now overtaken the more classical
approach of electrophilic aromatic substitution as the most useful tool to regiospecifically

functionalise an aromatic ring."*!

DMG DMG DMG DMG
Li—R “~Li -RH : E*
o T
R i
OH Li E

Coordination Acidifying Effect

Scheme 1.14: A simplified reaction mechanism for DoM.

DoM is primarily favoured by two factors; (i) the DMG provides the organometallic reagent
with a coordination point (usually a basic heteroatom), which directs the reactivity adjacent to
the functional group (ortho), and thus fixes the regioselectivity of the reaction (ii) usually the
DMG is an electron withdrawing substituent, and therefore it can acidify nearby protons (via
inductive effect), and as a result those protons ortho to the DMG will be metallated more

readily than those which are at meta or para positions.[**!

In a comprehensive review of directed ortho lithiation (DoL) carried out in 1990 by
Snieckus, ™ a number of DMG were divided into different categories based on their ability to
facilitate ortho lithiation (Table 1.1). In general, the stronger DMG contain a basic
heteroatom and are strongly electron withdrawing (e.g. tertiary amines and carbamates),
whereas the less powerful DMG tend to be weaker Lewis bases, acidifying nearby protons by
the presence of an electronegative atom (via the inductive effect), and usually contain only a
nitrogen or oxygen atom (e.g. ethers and amines), or a halide. One of the main drawbacks of
the strong DMG is that the metallation reactions have to be carried out at low temperatures to
avoid possible side reactions, as they all contain an electrophilic carbonyl group or an

equivalent group (e.g. sulfone, sulfoxide).
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Decreasing ability to facilitate DoM

v

Strong Moderate Weak
-78°C -50°C -20°C 0°C >0°C
O
N
o} NR / (
o NR, 2 o__N Q (|) OR Hal
Carbamates 3 Amides | Oxazolines ~ MOM ethers Ethers Halides
0
O_|| ‘Bu o B NR
Ns7 S Z NR; CFs
Sulfones Sulfoxides Imines Amines  Trifluoromethyl

Table 1.1: Table of functionalised aromatic substrates showing their relative ability to
facilitate DoM and general reaction temperature required for lithiation using "BuLi in THF.

1.3.2 Recent developments in alkali metal TMP-zincates

One of the most widely used metallating reagents in organic synthesis is the secondary amide
lithium 2,2,6,6-tetramethylpiperidide (Li(TMP)). The steric hindrance afforded by the bulky,
cyclic amide, coupled with its strong basicity (pKa = 37),1*! makes it an excellent reagent for

performing deprotonation reactions with a wide range of organic molecules.

CO,R CO,R COR COR O R Yield (%)
Li Et 44
THF, -78°C i
. . . Pr 18
Li(TMP)

"Pr 46
+ LIOR nBu 50
TMP = iBU 52

W SN

Scheme 1.15: Directed ortho lithiation of arylcarboxylic esters followed by condensation

reaction of lithiated intermediate with unreacted starting material.

In some cases the relevant organolithium intermediate resulting from the deprotonation

(lithiation) can undergo side reactions (even at low temperatures) with the starting materials.
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For example, Upton and Beak have shown that when Li(TMP) is employed to metallate
arylcarboxylic esters (e.g. ethyl, methyl, propyl and butyl benzoate) the ortho-metallated
intermediate underwent unwanted condensation reactions with a molecule of the starting
material to give the corresponding ortho-benzoylbenzoates in low to moderate yields
(Scheme 1.15).[4¢]

Previous reactivity studies of alkali metal zincates had focussed mainly on homoleptic
species, either tri(alkyl)- or tetra(alkyl)-zincates. However, in 1999 Kondo and co-workers
developed a heteroleptic lithium dialkyl-amidozincate, [Li(TMP)Zn'Bu,], which was prepared
by combining di-tert-butylzinc with a solution of lithium-TMP in THF.[*! This proved to be
both a highly efficient and regioselective reagent for performing the ortho-metallation of a
variety of functionalised aromatics at room temperature, with the resulting arylzincates being
intercepted using I, as an electrophile to afford the corresponding ortho-iodinated species in
yields of 73-99% (Scheme 1.16). In the case of ethylbenzoate, the ortho-zincated species
could also be subjected to Negishi cross-coupling with either iodobenzene or 3-iodopyridine
in the presence of [Pd(PPh3),] to give the relevant asymmetric bis(aryl) products in yields of

58% and 43% respectively.

DMG  Yield (%)

DMG T bpMmG ] DMG CO,Me 73
Li(TMP)Zn'Bu, Zn'Buzli I, | COZiEt .

> CO,Pr 98

THF, room temp. room temp. CO,'Bu 99

L . CON'Pr, 95

CN 92

Scheme 1.16: Ortho metallation of functionalised aromatics using [Li(TMP)Zn'Bu,] followed

by electrophilic quenching with 1.

Furthermore, this lithium TMP-zincate proved to be equally efficient for the selective
metallation of ethyl-3-thiophenecarboxylate at the 2-position and ethyl-2-furancarboxylate at
the 3-position, and more interestingly still was the successful a-metallation of electron
deficient heteroaromatic substrates such as pyridine and isoquinoline.*”! Analysis of the
metallated intermediates from this reaction by *C{*H} NMR spectroscopy suggested these
reactions were in fact zincations, with the zincate acting as an amido base and TMP(H)

formed as the by-product.
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Two further publications by the same group highlighted the complexity of the reactivity of
these lithium amido-zincates. For example, studies on the metallation of bromopyridines
revealed that the regioselectivities can be tuned by modifying the amide group in the mixed-
metal reagent. Thus, when the reaction of the lithium TMP-zincate [Li(TMP)Zn'Bu,] with 2-
bromopyridine was performed in Et,O at room temperature and quenched with I, 2-bromo-6-
iodopyridine was obtained in an 86% yield, with metallation occurring almost exclusively at
the 6-position (Scheme 1.17). However, when the same substrate was reacted with the closely
related lithium dialkylamido-zincate [Li(DA)Zn'Bu,] (DA = diisopropylamide) in THF,
metallation occurred at the 3-position, yielding 2-bromo-3-iodopyridine in a 72% vyield.
Similarly, when the same reaction was performed on 3-bromopyridine, metallation with the
lithium TMP-zincate occurred favourably at the 2-position, but with the lithium DA-zincate

selectivity switched to the 4-position (Scheme 1.17).1®!

AN ) LITMP)Zn'Bu, ) Li(DA)Zn'Bus AN
‘  Et,0,rt ‘ THF, -20°C ‘
| N/ Br i) 1o / /
(86%) 2%
N ) LITMPIZRBY, N~ i) LIDA)ZnBu, N
| ~ Et0,rt ’ THF, rt |
N/ | ") |2 / ii |2 /
(68%) (66%)

Scheme 1.17: Metallation of 2/3-bromopyridine using [Li(TMP)Zn'Bus] or [Li(DA)Zn'Bus]

followed by electrophilic quenching with I,.

Turning to the influence of the alkyl groups on the reactivity of the lithium TMP-zincates, in a
similar study the authors compared the reactivity of [Li(TMP)Zn'Bu,] and the related methyl
derivative [Li(TMP)ZnMe,] with bromobenzene substrates bearing substituents at the 3-
position. For both mixed-metal reagents selective metallation at the 2-position, between
bromine and the functional group, was observed. However, the stabilities of the resulting
arylzincate intermediates differed substantially. The tert-butyl containing intermediate
remained stable at room temperature, and could easily be quenched with I, to give the desired

tri-substituted aromatic product in yields ranging from 55-96% (Scheme 1.18). However,
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under the same reaction conditions the methyl containing intermediates proved to be far less
stable, readily undergoing elimination to form benzyne, which could be trapped with the
diene 1,3-diphenylisobenzofuran to yield the resulting Diels-Alder adduct in yields of 55-
100% (Scheme 1.18).1! Collectively, these studies highlight the important role which solvent
and the different components of the mixed-metal reagent can have on tuning their reactivity,
as well as their effects on the overall stabilities of the newly generated arylzincate
intermediates. Despite these pioneering studies by Kondo and Uchiyama, the available
information regarding the mechanisms involved in these reactions was scarce, with no

tangible proof of the identity of the organometallic species involved in these processes.

R = CN, OMe, CONPr,,
CO,'Bu, CO,Et, CI, F R

Ph
R .
|) Li(TMP)Zn'Bu, Li(TMP)ZnMe,
THF rt, 3h diene, THF, rt, 3h )
Yield 55-96% —_— Yield 55-100%
||) I
Br
Ph
i) 1o i) Li(TMP)ZnR,

R
ZnRLi R' = 'Bu ZnR',Li R = Me
-
||) diene
Br Br

Scheme 1.18: Reaction of 3-substituted bromobenzene using [Li(TMP)ZnR;] (R = 'Bu or Me)
and quenching with I, or 1,3-diphenylisobenzofuran.

Shedding new light on this matter, in 2006 Mulvey and co-workers successfully isolated
[Li(TMP)Zn'Buy], and were able to determine its molecular structure by X-ray
crystallography, revealing that this zincate exists as the CIP species [(THF)Li(TMP)Zn'Bu,]
(1) (Figure 1.3(a)). The lithium and zinc atoms are connected by a bridging TMP ligand
and by one of the tert-butyl groups, which binds strongly to zinc through the quaternary
carbon (forming a short o-bond) and through one of the methyl groups to lithium giving rise
to a secondary (electrostatic) interaction, resulting in the presence of a five-membered
{LiNZnCC} ring at the core of the structure. The lithium is also bound to the monodentate

donor ligand, THF, with the coordination of the zinc completed by a terminal tert-butyl

group.
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As well as successfully elucidating the molecular structure of 1, the authors also investigated
its reactivity towards the aromatic ether anisole, a classical substrate in DoM chemistry.!* >
Pioneering work in this area, carried out in 1939 by Gilman, involved the ortho metallation of
a variety of organic substrates by "BuLi, including anisole.®? Recent years have seen a
number of studies into the lithiation of anisole in an attempt to determine the mechanism for
DoM. These have included NMR spectroscopy,®® kinetic isotope effects®™! and rate
studies.”™™ An example of the practical application of the DoM of anisole is the synthesis of
the antibiotic Methicillin (Scheme 1.19), which involves the lithiation of 1,3-
dimethoxybenzene, followed by reaction with carbon dioxide. Thus, when the reaction of 1
with one molar equivalent of anisole was performed the arylzincate intermediate
[(THF)Li(TMP)(0-CsH4OMe)Zn'Bu] (2) was isolated, the structure of which was determined

by X-ray crystallography (Figure 1.3(b)).*!

G s

Methlcﬂlln ECO H

gl

Scheme 1.19: Synthesis of Methicillin.

€Y (b)

/
- /
& c
‘ ,
C &

Figure 1.3: Molecular structure of (a) [(THF)Li(TMP)Zn'Bu,] (1) and (b) [(THF)Li(TMP)(o-
CsH4OMe)Zn'Bu] (2). Hydrogen atoms have been omitted for clarity.

The molecular structure of 2 displays a number of similar features to that of 1, with the
lithium and zinc metal centres again connected by a bridging TMP ligand, a terminal THF on
lithium and a terminal tert-butyl group on zinc. The main difference is the presence of a
molecule of ortho-metallated anisole, which bonds to zinc via the metallated carbon of the
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aromatic ring, and to lithium through the oxygen atom of the methoxy group. The formation
of this Zn-Cqho bond confirms that this reaction is in fact a direct zincation, as proposed by
Kondo and Uchiyama in their initial studies. However, the structural elucidation of 2 also
shows that the deprotonation of anisole by 1 has occurred with loss of one of the tert-butyl
ligands, generating isobutane, and retention of the bridging TMP ligand, which is consistent
with the zincate acting as an alkyl base (Scheme 1.20). This alkyl basicity indicates a
different reaction mechanism compared to that which had previously been proposed for this
zincate (where a preference for amido basicity was suggested). This apparent discrepancy was
initially explained by the different solvent employed in the metallation reactions, non-polar

hexane versus strongly coordinating THF (used by Kondo and Uchiyama in their studies).*"!

© '/(j\'
g, Q]

Qo—u/ Zn—'Bu + 'BuH
QO_L, Zn— u hexane, rt, 1h

(M) By (2)/

Scheme 1.20: Reaction of [(THF)Li(TMP)Zn'Bu,] (1) with anisole to form
[(THF)Li(TMP)(0-CsH,OMe)Zn'Bu] (2).

In 2005, Mulvey reported a study on the related sodium zincate [(TMEDA)Na(TMP)Zn'Bus]
(3) (Figure 1.4(a)).™ This mixed-metal reagent is almost isostructural to 1, with the sodium
centre now co-ordinated to a molecule of the chelating diamine TMEDA. This bimetallic base
3 can deprotonate benzene, the simplest aromatic molecule where the protons are not
activated by any functional group (pK. = 44.7)P® at room temperature to afford
[(TMEDA)Na(TMP)(CsHs)Zn'Bu] (4) (Figure 1.4(b)). This deprotonation reaction was also
found to be a zincation, with zinc occupying the position on the benzene ring previously
occupied by a proton, demonstrating that this reaction is a genuine example of direct
zincation. Considering that both of the parent homometallic reagents (NaTMP and 'Bu,Zn)
show no reactivity towards benzene," this reaction can be described as an alkali metal-
mediated zincation (AMMZn) (Scheme 1.21).5 %]
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Figure 1.4: Molecular structure of (a) [[TMEDA)Na(TMP)Zn'Bu,] (3) and (b)
[(TMEDA)Na(TMP)(CsHs)Zn'Bu] (4). Hydrogen atoms have been omitted for clarity.

Zn'Bu, Na(TMP)

H
-—X— O/ pK, = 44.7 | ——HK—>

N/\N = I,
N

| N = TMEDA

[(TMEDA)Na(TMP)Zn'Bu,]
(3)

T™P
\J
AN
Ny
(AMMZn) aNa\\ Zn—Bu + 'Byu-H

(4)

Scheme 1.21: AMMZn of benzene with [(TMEDA)Na(TMP)Zn'Bu,] (3) to afford

[(TMEDA)Na(TMP)(CsHs)Zn'Bu] (4).

Reactions of this type, where zinc is the active metal which performs the deprotonation, but

requires the presence of the alkali metal for the reaction to occur, represent a useful atom

economical methodology for performing zincations. In contrast, the more conventional

indirect route requires the deprotonation of the substrate with a more polar group |

organometallic reagent such as "BuLi (activated by a Lewis base such as TMEDA),

followed by a metathesis reaction with ZnCl; to form the relevant organozincate intermediate

(Scheme 1.22).1°% Thus, the phrase AMMZn has been coined to describe the special synergic

reactivity which exists when zinc and an alkali metal are combined in the same molecular

framework, whereby surprising reactivity and/or selectivity is achieved which cannot be

replicated by either of the substituent homometallic reagents.
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Li ZnCl

+ "BuLi— TMEDA + zncl, — + LiCl

hexane, 25°C B

Scheme 1.22: Indirect method for the formation of zincated benzene.

Since it was first reported in 2006 sodium TMP-dialkyl zincate [(TMEDA)Na(TMP)Zn'Bu,]
(3) has proved to be a extremely versatile reagent for performing the direct zincation of a
wide range of aromatic substrates, the metallated intermediates of which have been

structurally characterised (Scheme 1.23).
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Scheme 1.23: Reaction of [[TMEDA)Na(TMP)Zn'Bu,] (3) with various aromatic substrates.

Yields given are isolated crystalline yields.
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The substrates which have been successfully metallated include benzene,®" ¥ toluene,®?
anilines,’®  benzonitriles,®™ benzamides,® carbamates,’®™ naphthalene,®™ aromatic
ethers,'®” and N-heterocyclic aromatic compounds.®®® Worthy of mention for the unusual
selectivity observed are the meta-metallation of aniline, and the mixed meta/para-metallation
(ratio ~1:2) of toluene, as well as the dimetallation of both benzene and naphthalene.
Furthermore, the metallation of substrates containing sensitive functional groups such as
nitriles, carbamates and amides could be performed at room temperature, whereas classical
homometallic organolithium reagents would require significantly lower temperatures to carry
out such metallations. It should also be noted that in all the examples shown in Scheme 1.23
the metallated intermediates still possess a bridging TMP ligand between the two metal
centres, which would be consistent with the zincate acting as an alkyl base (with loss of a tert-

butyl ligand as isobutane).

Furthermore, as recently showcased in Science,® the trimethylsilylmethyl (MesSiCH,)
variant of 3, [(TMEDA)Na(TMP)Zn(CH,SiMes),] (5), is able to promote the selective a-
zincation of the cyclic ethers THF and THP without observing the expected ether cleavage,
which commonly occurs in a-metallated cyclic ethers formed during reaction with monomeric
organolithium reagents (Scheme 1.24)."%! The authors rationalise the trapping of these highly
unstable anions in terms of the synergic co-ordination of the bimetallic fragment, with Zn
bonding to the metallated carbon and sodium to the oxygen of the ether, providing a synergic

sedation of the a-metallated ethers (Figure 1.5).

(a) (b)

El4 .
N T™P RLi o
[ N N\ [(TMEDA)Na(TMP)Zn(R),] (5) 0 (R' = Me, "Bu, 'Bu) ©
Na Zn—CH,SiMe; = =
NT A (R = CH,SiMes) (n=1)
A9 o
n=1(6)
N n=2(7)

v

Scheme 1.24: Reaction of (a) [(TMEDA)Na(TMP)Zn(CH,SiMes),] (5) with THF and THP to
form 6 and 7, and (b) THF with R'Li showing resulting ether cleavage.
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Figure 1.5: Molecular structure of (a) [[TMEDA)Na(TMP)(C4H;0)Zn(CH,SiMes)] (6) and
(b) [[TMEDA)Na(TMP)(CsHq0)Zn(CH,SiMe3)] (7). Hydrogen atoms omitted for clarity.

In addition, the analogous potassium compound [(PMDETA)K(TMP)Zn(CH,SiMes),] (8)
possessed significantly increased reactivity, achieving the selective metallation of ethene, a
substrate which is reported to possess an estimated pKa of ~44 (Scheme 1.25)." Not only
does this potassium TMP-zincate overcome the weak acidity of the protons of ethene, it also
demonstrates the ability to trap a highly unstable anionic fragment (CH,=CH"), inhibiting the
expected polymerisation of this anion, which was believed to be as a result of the =n-
interactions between K and CH,=CH" (Figure 1.6).[%

~
= ~
= =

N T™MP H,C=—CH N
(‘ ,C——=CH, TMP
11, \ / \ =
N>K\ Zn—CH,SiMe; __(PKa=~44) I“'('\N\\K/ Zn—CH,SiMe;
:_Nk “ch, hexane _N/ [N
e | LRV
SlMe3

Scheme 1.25: Reaction of [(PMDETA)K(TMP)Zn(CH,SiMes),] (8) with ethene to form
[(PMDETA)K(TMP)Zn(CH=CHy,)(CH,SiMe3)] (9).

~Zn
Vv '
\.i “~ Si

Figure 1.6: Molecular structure of [[PMDETA)K(TMP)(CH=CH;)Zn(CH,SiMe3)] (9).
Hydrogen atoms (except those of CH=CH,) have been omitted for clarity.
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Another important mixed-metal combination which has shown numerous applications in
AMMZn is the homoleptic lithium zincate “LiZn(TMP)3”, reported for the first time in 2007
by Mongin. This base can deprotonate a number of diazine species such as pyrazine,
quinoxaline, pyridazine and pyrimidine,"? and a wide range heterocyclic species including
benzoxazole, benzothiazole, benzo[b]thiophene, benzo[b]furan, N-Boc indole, N-Boc pyrrole
and N-phenylpyrazole,[73] in yields ranging from 25-73% after electrophilic quenching with I,
(Scheme 1.26).

i) 0.5 eq. ZnCl,.TMEDA
+ 1.5 eq. Li(TMP),

THF, 2h, rt
Ar—H ] Ar—I
i) 1,
Yield Yield
Ar-H Ar-1 Ar-H Ar-1
(%) (%)

X X N\ N\
PENOEEROSIODE.
N/ N/ | N/ N/ |

b N m
| | oot KY 57

Q“» QX . Q_)@ .

Lo Qo = Y Y

Coy v, »

Scheme 1.26: Reaction of Li(TMP).Zn(TMP), with diazines and aromatic heterocycles

followed by electrophilic quenching with I,. ! Reaction performed at reflux.
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Investigation into the effect of changing the amide component of the zincate to
diisopropylamide or piperidide, or preparing mixed amido zincates from these amides showed
that the homoleptic TMP-zincate was the most efficient for performing deprotonative
metallation reactions. Furthermore, replacing one TMP ligand with an alkyl group ("Bu, °Bu,
'Bu or MesSiCH,) led to a slight decrease in reactivity compared to that observed for
“Li(TMP)3Zn”."

The homoleptic lithium TMP-zincate used in these reactions is prepared by reacting
[ZnCI,(TMEDA)] with three equivalents of Li(TMP), generating the active zincate in situ.
Although the authors describe this reaction mixture as “LiZn(TMP)3” they acknowledge in
their report the complex nature of the organometallic species present in solution (as
determined by “C{*H} NMR spectroscopy). This spectroscopic analysis suggests that the
major species present in solution are Li(TMP) and Zn(TMP),."# Furthermore, DFT studies
indicate that the relevant homometallic components Li(TMP) and Zn(TMP), are energetically
more favourable (-3.8 kcal mol™) than the expected lithium tris-amidozincate
Lizn(TMP)3.[**! The unfavoured co-complexation of Li(TMP) and Zn(TMP), in solution
appears to be due to the fact that mixed-metal species would be highly sterically hindered due
to the presence of three molecules of the bulky amide TMP around the zinc centre. Thus, for
these reactions the base is described as a 1:1 in situ mixture of Li(TMP) and Zn(TMP),, and
the mechanism by which it reacts is believed to be first via metallation of the substrate by

Li(TMP) to generate an aryl lithium intermediate which can then undergo subsequent reaction

with Zn(TMP), to generate a more stable zincated species (Scheme 1.27).17% ™!
'i'MP
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/ \ irmey \ Zn(TMP), //& N
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Scheme 1.27: Proposed reaction of Li(TMP) with N-phenylpyrazole followed by reaction

with Zn(TMP); to generate the final arylzincate intermediate.
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A recent multinuclear (*H and ‘Li) DOSY study of the in situ mixture of Li(TMP) and
Zn(TMP), (prepared by the metathesis reaction of Li(TMP) with ZnCl,.TMEDA in a ratio of
3:1) has shown an even more complex scenario to exist, due to the presence of TMEDA, and
two equivalents of LiCl, formed as a co-product of the metathesis reaction. Diffusion-ordered
NMR spectroscopy (DOSY) is a pseudo two-dimensional NMR technique where one
dimension shows chemical shift data and the second dimension relates to the diffusion
properties of the species in solution. Thus, DOSY can be used to identify the individual
components of mixtures in solution by their diffusion coefficients (D), and has been described

as “chromatography by NMR”.[®!

A DOSY study of the in situ mixture of [Li(TMP).Zn(TMP),.TMEDA.2LiCl] was performed
in dg-THF (Figure 1.7), confirming first of all that there is no interaction between Li(TMP)
and Zn(TMP); in solution, as previously proposed. Furthermore, the study also shows an
interaction in solution between Li(TMP) and the two equivalents of LIiCl, hinting at the
presence of a [Li(TMP).2LiCI] complex with some degree of solvation by THF, and a weak
interaction with TMEDA.I"® Therefore, these results support Mongin’s reactivity studies,
which proposed that this mixture initially performs a lithiation of the aromatic substrate,
followed by transmetallation with Zn(TMP),. However, they also show that the active species
in solution is in fact a complex of Li(TMP) and LiCl, highlighting the important role of

inorganic salts in the reactivity of organometallic bases.
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Figure 1.7: *H (black) and 'Li (red) DOSY spectra for the in situ mixture of
[Li(TMP).Zn(TMP),.2LiCI.TMEDA] in dg-THF.["®
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1.3.3 Zinc modified turbo-Hauser bases

The area of AMMZn is not confined solely to the use of zincates possessing only alkyl and/or
amido ligands. In the last ten years Knochel and co-workers have developed the halogen
containing lithium-magnesiate turbo-Hauser bases (R,NMgCI.LiCl) as a new class of
bimetallic reagent for performing deprotonative metallation reactions.[’”! The analogous zinc
turbo-Hauser bases (R:NZnCI.LiCl) have been shown to be highly selective bases for the
direct zincation of many aromatic and heteroaromatic compounds.[’® Most impressively was
[(TMP)ZnCI.LiCl], which could be used to successfully metallate aromatic species possessing
highly sensitive functional groups such as fluoro, nitro, ester and aldehyde functionalities,
which after quenching with a wide range of electrophiles yielded the desired products in
yields ranging from 67-92%. This new [(TMP)ZnCI.LiCl] base was also compatible with
highly sensitive heterocycles including pyridazines, pyrimidines, pyrazines, furans,
thiophenes and purines (Scheme 1.28). Impressively, all of these reactions were performed at
room temperature, without any unwanted side reactions, a feat which could not be mirrored

by any of the corresponding lithium-magnesiate turbo bases such as [(TMP)MgCI.LiCl].

ZnCL.LiCl

Br
No, 1)
NO, N 2

‘ X [(TMP)ZnCI.LiCI] (1.1 eq.)

_ NO
/ THF, t, 45 mins = 2) CUCN.LICI (5 mol%) Xy ’

N Cl N Cl

=
N Cl
73%

Scheme 1.28: Deprotonation of 2-chloro-3-nitropyridine with [(TMP)ZnCI.LiCl] and

subsequent quenching via Negishi cross-coupling.

Recent advances in this area have revealed that for less sensitive organic substrates the
trimetallic combination of [Zn(TMP),.2LiCl.2MgCl,] shows an enhanced metallating power
than bimetallic [(TMP)ZnCI.LiCl]. Thus, these turbo mixtures have been used to selectively
metallate a myriad of aromatic and heteroaromatic substrates, with numerous examples
reported to date.l’”® Notwithstanding, since three different metals (Li, Mg and Zn) are present
in the reaction mixture we can no longer regard these species as simple alkali metal zincates,
but instead as more complex trimetallic Li/Mg/Zn amide bases. Recent solid-state (X-ray
crystallography)®” studies have established that the turbo-Hauser bases [(TMP)MgCI.LiCl]
and [(DA)MgCI.LICI] exists as the contacted ion-pair species [(TMP)MgCI,Li(THF)3] (10)
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and [{(DA)MgCI,Li(THF)2}2] (11) in the solid state, with the alkali metal connected to the
magnesium centre via two bridging chlorine atoms (Figure 1.8). Subsequent solution studies
using DOSY NMR spectroscopy have inferred that their behaviour in solution is far more
complex, with the solid state structures not being retained in solution, and the two metals
most likely existing as solvent separate ion pairs.®® Furthermore, these inherent differences
in structure, both in the solid-state and in solution, of 10 and 11 go some way towards
explaining the different reactivity characteristics observed for these two turbo-Hauser bases.
Thus, whereas reaction of 10 with ethyl-3-chlorobenzoate leads to selective metallation at the
2-position, reaction of 11 with the same substrate under identical conditions results only in
nucleophilic addition/elimination.®”
iPr\ /iPr
T N T N
THF/ \CI/ \TMP THF/ \CI/ \N/ \CI/ \THF
(10) (11) iPr/ \‘Pr

Figure 1.8: Molecular structures of turbo-Hauser bases [(TMP)MgCI,Li(THF)3] (10) and
[(DA)MgCIL,LI(THF),]2 (12).

Despite these studies, to date there is very little known about the exact nature of the
trimetallic Li/Mg/Zn amide bases, either in the solid state or in solution. However, given that
the presence of all three metals is required for the reactions to proceed it would suggest that

some form of interaction does exist between the three different metals.[”®

Alkali metal zincates have emerged as a useful class of organometallic reagents, showing
enhanced levels of reactivity in a wide range of fundamental reactions such as nucleophilic
addition, metal-halogen exchange and deprotonative metallation. The area of alkali metal-
mediated zincation (AMMZn) is one of growing interest to both organic and organometallic
chemists, allowing access to new levels of reactivity and selectivity, which in some cases are
not available for homometallic reagents. However, there is still much about these mixed-
metal bases which remains unknown, including the exact mechanism of how they operate,

and the origins of the unique synergic behaviour of these reagents.
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Building on these initial breakthroughs the first part of this thesis (Chapters 2 and 3) will
focus on advancing the understanding of AMMZn, shedding new light on the “modus
operandi” of these bimetallic reagents, which can help to tune their reactivity. On the other
hand, the second part (Chapters 4-6) will thesis our findings on the development of a new
type of mixed-metal reagent, magnesium-zinc hybrids, using salt metathesis reactions as a
vehicle for their preparation, as well as exploring their applications in two fundamental types
of organic transformations, namely nucleophilic addition to ketones and metal-halogen

exchange reactions.

Thus, this thesis is divided into eight main chapters; Chapter 1 provides a brief introduction
on recent advances in organozinc chemistry, placing special emphasis on those involving
alkali metal zincates. Chapters 2 and 3 explore the reactivity of lithium and sodium TMP-
zincates in deprotonation reactions; the former unveiling new reactivity trends of these
bimetallic reagents, while the latter focuses on the mechanism of AMMZn. In Chapter 4 a
series of new bimetallic Mg-Zn hybrids will be unveiled, prepared through the salt metathesis
reaction of Grignard reagents with ZnCl,. Chapters 5 and 6 will focus on the synthetic
applications of these Mg-Zn hybrid reagents in nucleophilic alkylation of ketones and metal-
halogen exchange reactions respectively. Finally, Chapter 7 will describe the synthesis and
characterisation of the new compounds reported herein, and Chapter 8 will provide an
overview of the results reported within this thesis along with some conclusions and further

work.
In addition, an electronic appendix containing crystallographic data of the compounds whose

structure have been determined by X-ray crystallography, and details of DOSY experiments
and DFT calculations is provided in the form of a CD-ROM.
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The lithium TMP-zincate [(THF)Li(TMP)Zn'Bus] (1) and sodium TMP-zincate
[(TMEDA)Na(TMP)Zn'Bu,] (3) have both been shown to be highly chemo- and
regioselective bases for the metallation of a variety of aromatic substrates under mild
conditions, including unactivated substrates such as benzene and naphthalene," ®% ! and
those containing highly sensitive functional groups such as carbamates,® nitriles!*” % and
amidest” ®I (see Chapter 1). In the following chapter the reactivity of these two bimetallic
bases towards new aromatic substrates will be investigated, revealing some interesting new

selectivities and applications of theses zincates.

2.1 Direct lateral metallation using alkali metal-mediated zincation
(AMMZn): SiC-H vs. Si-O bond cleavage

Previous studies investigating the reactivity of 3 with toluene showed that the aromatic
molecule is deprotonated exclusively on the ring, although a mixture of the meta- and para-
metallated products was obtained in a ratio of 1.9:1.1% The most surprising feature of this
reaction was that the methyl group, which is the most thermodynamically preferred position
for metallations when monometallic reagents such as ‘BuLi are employed,® remained intact.
The ratio of products is very close to the 2:1 ratio of meta and para protons present in toluene,

which would suggest that metallation at these two positions is equally favoured.

This reaction is another genuine example of AMMZn, as neither of the homometallic reagents
(Na(TMP) or Zn'Bus) shows any reactivity towards toluene (Scheme 2.1). In contrast, indirect
lateral zincation at the methyl group could be achieved by treating toluene first with BuNa to
give benzyl sodium, and subsequent reaction with Zn'Bu, and two equivalents of TMEDA to
afford the new mixed metal product [(TMEDA),Na]*[(CH,Ph)Zn'Bu,]’, resulting from a co-
complexation reaction. DFT calculations for the reaction of 3 with toluene revealed a
thermodynamic preference for meta and para metallation over ortho or methyl, and can be
rationalised at least in part by the favourable Na-Ciy m-interactions present in the meta and
para-metallated products (Scheme 2.1), interactions which would be much weaker (almost
non-existent) if metallation had occurred at the lateral methyl group. Furthermore, this

reactivity pattern shows a reversal in the order of stabilities which is seen when conventional
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homometallic reagents are employed (where lateral metallation is favoured over metallation

on the ring).

% Na(TMP), TMEDA o~

t
Bu N N
CHj s
" tgy—24n_; /’Né +
BUZZ”;’ TEMEDA (i) BuNa, TMEDA(-Bu-H) }20 N/ \N
(ii) ‘BBuyZn N

Indirect zincation
-BuH |[(TMEDA)Na(TMP)Zn'Bu,] (3)

Y M
N//I[
“N Zn—1B
v a\ n u

HsC
* 35.5% 64.5% CH,
Direct zincation

Scheme 2.1: Direct and indirect zincation of toluene.

Thus, to date all examples of AMMZn of aromatic substrates using alkali metal TMP-zincates
have resulted in metallation occurring exclusively at aromatic (sp) carbons, with no examples
of direct lateral zincation (DIZn) at an sp® carbon atom. With this in mind, we investigated the
reactivity of the lithium TMP-zincate 1 and sodium TMP-zincate 3 with the aromatic
substrate, trimethyl(phenoxy)silane (12). This aromatic molecule was chosen for a number of
reasons (Figure 2.1), the first of which is that its trimethylsilyl (TMS) group is a highly
sterically demanding substituent, and in fact 12 could be viewed as a bulky analogue of
anisole. As a result it is possible that reaction of 12 with the mixed-metal bases 1 and 3 will
direct metallation towards the meta or para positions of the ring. In addition, this substrate
may also react in the same fashion as anisole, affording ortho metallation due to the directing
effect of the OR group (R = SiMes), or alternatively the PhO group could provide an
activating effect to the SiMe; group, favouring deprotonation of one of the methyl groups to
form an o—metallated silane (o—carbanion). Finally, it is important to mention that TMS
groups are commonly employed in organic synthesis as protecting groups for alcohol
functionalities, so 12 can essentially be envisaged as a protected phenol molecule. Such
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protecting groups are usually removed by nucleophilic displacement under acidic or basic
conditions,® and as a result it is possible that reaction of 12 with an alkali metal TMP-
zincate may simply lead to nucleophilic substitution at the silicon, with the cleavage of the Si-
O bond. Therefore, despite the simplicity of this substrate, 12 provides five possible sites for
reaction with the TMP-zincates 1 and 3; ortho, meta, para or lateral metallation, and Si-O
bond cleavage (nucleophilic substitution) (Figure 2.1).

CHs

-

nucleophilic substitution ——> ™, SimiICH
s, _Sium 3

07 *.. WCcH, <—= lateral metallation

.

{—— ortho metallation

{——3 meta metallation
{—— para metallation

Figure 2.1: Possible reaction sites of 12.
2.1.1 Investigating the reactivity of trimethyl(phenoxy)silane (12) with 1 and 3

Zincates 1 and 3 were prepared in situ by combining the relevant alkali metal amide and
'‘Bu,Zn in the presence of one molar equivalent of donor (1; Li(TMP) and THF, 3; Na(TMP)
and TMEDA) in hexane. To the resulting solution was added 12, and the reaction mixtures
stirred for one hour at room temperature (Scheme 2.2), affording a pale yellow solution.
Cooling the solutions overnight (-30°C) allowed the isolation of colourless crystals of
[(THF)Li(TMP){PhOSi(CH3),CH,}Zn'Bu] (13) and
[(TMEDA)Na(TMP){PhOSi(CHs),CH,}Zn'Bu] (14) in isolated yields of 52% and 42%
respectively. 13 and 14 were characterised by NMR spectroscopy, and their molecular

structures determined by X-ray crystallography.

The successful lateral zincation of 12 was confirmed by determining the structure of
[(THF)Li(TMP){PhOSi(CH3),CH,}Zn'Bu] (13) (Figure 2.2(a)) using X-ray crystallography.
The structure can be described as a CIP, with the lithium and zinc connected by two bridging
ligands. Firstly, the monodentate TMP ligand bridges the two metals directly through its
nitrogen atom, while the second bridging ligand is the metallated trimethyl(phenoxy)silane,
which bridges the two metals in an ambidentate fashion. The zinc bonds directly to the
metallated methyl carbon, forming a short (strong) sigma bond (Zn-C14, 2.0769(15) A),
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confirming that the a-metallation of 12 is in fact an o-zincation. The metallated silane
fragment also binds to lithium through a dative Li-O bond (Li-O1, 1.974(3) A).

m W

O/SiMe3 N\
H D—M! Zn—'Bu
exane
M(TMP) + 'Bu,Zn + Donor + — c|> (I)
I iH
s\
/e ™
(12) Me Me

M' = Li, D = THF (13) (Yield = 52%)
M' = Na, D = TMEDA (14) (Yield = 42%)

Scheme 2.2: Reaction of alkali metal zincates (1 and 3) with 12 to form
[(D)M'(TMP){PhOSi(CHs),CH;}Zn'Bu] (M' = Li, D = THF, 13; M' = Na, D = TMEDA, 14).

(b)

c14

Figure 2.2(a): Molecular structure of [(THF)Li(TMP){PhOSi(CHs),CH,}Zn'Bu] (13), with
50% probability ellipsoids. Hydrogen atoms and minor disorder component of THF have been
omitted for clarity. (b) Inorganic core of 13 highlighting the pseudo boat conformation of the
{LiNZnCSiO} ring and secondary Li-C interaction. Selected bond distances (A) and bond
angles (°):Zn-C14 2.0769(15), Zn-C10 2.0296(14), Zn-N 2.0315(12), Li-C14 2.568(3), Li-O1
1.974(3), Li-N 2.000(3), Li-02 1.937(3), Si-O1 1.7028(11), Si-C14 1.8181(15), Si-C15
1.8540(16), Si-C16 1.8635(16); C14-Zn-C10 118.71(6), C14-Zn-N 108.24(5), C10-Zn-N
133.04(6), O1-Li-02 98.42(11), O1-Li-N 128.71(14), O2-Li-N 130.45(15).
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This non-symmetrical coordination of the metallated substrate gives rise to a unique
heteroatomic six-element {LiNZnCSiQO} ring at the core of the structure (Figure 2.2(b)). This
ring adopts a pseudo boat conformation, where the N, Zn, Si and O lie almost co-planar
(torsion angle 4.84(2)°), with Li and C forming the boat vertices. This boat conformation is
most likely stabilised by a weak secondary electrostatic interaction between the
electropositive lithium and the metallated carbon, which bears a partial negative charge (Li-
C14, 2.568(3) A). This Li-C bond is relatively long (weak) compared to the Li-C bonds of
other similar compounds such as [(TMEDA)LiICH,SiMes],, [(sparteine)LiCH,SiMes], and
[(PMDETA)LICH,SiMe;] (average Li-C bond length 2.265, 2.404 and 2.113 A
respectively),’®® but appears to be sufficient to favour the boat conformation displayed in 13.
The zinc coordination is completed by a terminal tert-butyl group (Zn-C10, 2.0296(14) A)
and lithium is solvated by a molecule of THF (Li-O02, 1.937(3) A), which results in 13
retaining the same {(THF)Li(TMP)Zn'Bu} backbone to that exhibited in 1, showing that the
zincate has again acted as an overall alkyl base, liberating isobutane as the co-product of the

reaction.

The molecular structure of 14 was also determined by X-ray crystallography
[(TMEDA)Na(TMP){PhOSi(CH3),CH,}Zn'Bu] (Figure 2.3(a)), displaying a similar CIP
motif to that of 13, with the only major difference being the alkali metal and donor ligand
present (Na and TMEDA). The two metals are again connected by a bridging TMP ligand and
an ambidentate a-zincated trimethyl(phenoxy)silane ligand, giving rise to a heteroatomic
{NaNznCSiO} six-membered ring which also adopts a pseudo-boat conformation (Figure
2.3(b)).

The difference in alkali metal from 13 to 14 (lithium to sodium) has very little effect on the
zinc bond lengths and angles. Thus, in 14 zinc adopts a distorted trigonal planar geometry
(sum of angles around Zn = 360°) displaying similar Zn-'Bu (Zn-C10, 2.041(4) A), Zn-CH,
(Zn-C14, 2.083(4) A) and Zn-N (2.021(3) A) bond lengths to those observed for 13
(2.0296(14), 2.0769(15) and 2.0315(12) A respectively). However, the Na-N1 (2.430(3) A)
and Na-O1 (2.385(4) A) bond lengths in 14 are much larger than the corresponding Li-N1 and
Li-O1 bond lengths in 13 (2.000(3) and 1.974(3) A respectively), due to the sodium atom
being larger in size than the lithium, as well as the different coordination number exhibited by
each metal (Na = 4, Li = 3). A further consequence of the larger Na atom in 14 is that the
secondary electrostatic Na-C14 interaction (2.971(4) A) is much longer than the Li-C14
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interaction in 13 (2.568(3) A). This Na-C distance is also longer than that found in the
laterally metallated toluene species [(PMDETA)NaCH,(Ph)]., reported in 1991 by Weiss
(Na-C 2.752(6) A),4 showing that this secondary interaction in 14 must be relatively weak.

(b) N

c10

Figure 2.3(a): Molecular structure of [(TMEDA)Na(TMP){PhOSi(CHs),CH,}Zn'Bu] (14)
with 50% probability ellipsoids. Hydrogen atoms and minor disordered component of
TMEDA have been omitted for clarity. (b) Inorganic core of 14 highlighting the pseudo boat
conformation of the {NaNZnCSiO} ring and the secondary Na-C interaction. Selected bond
distances (A) and bond angles (°): Zn-C14 2.083(4), Zn-C10 2.041(4), Zn-N1 2.021(3), Na-
Cl14 2.971(4), Na-O 2.385(4), Na-N1 2.430(3), Na-N2 2.577(4), Na-N3 2.571(5), Si-O1
1.701(3), Si-C14 1.778(5), Si-C15 1.842(5), Si-C16 1.865(4); C14-Zn-C10 115.23(16), C14-
Zn-N1112.01(14), C10-Zn-N1 132.74(14), O-Na-N1 112.94(15), O-Na-N2 100.50(14), O-Na-
N3 103.96(13), N1-Na-N2 125.43(13), N1-Na-N3 131.75(19), N2-Na-N3 73.87(16).

The *H NMR spectrum of 13 in dg-benzene (Figure 2.4) was consistent with the molecular
structure [(THF)Li(TMP){PhOSi(CHs),CH,}Zn'Bu], displaying a triplet at & 7.04 ppm and a
multiplet at & 6.84 ppm (resulting from an overlapping triplet and doublet) for the aromatic
protons of the phenoxy group, which appeared at similar chemical shift to those of 12 (triplet
and multiplet at 6 7.10 and 6.87 ppm) (Table 2.1). The presence of two singlets at 5 1.19 and
1.38 ppm for the a—methyl protons of TMP was indicative of the amide bridging between the
two metal centres, caused by the stereochemical inflexibility of this bridging ligand,*" and
confirmed that the Li-TMP-Zn backbone found in the molecular structure of 13 is retained in
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solution. The most indicative resonances were those of the two singlets at 6 0.29 and -0.59
ppm corresponding to the CH3; and CH; groups bound to silicon in a ratio of 6:2 respectively.
The CHj3 groups appear at a similar resonance to those of 12 (5 0.15 ppm), while the CH,
group is shifted remarkably upfield, as a result of the a-deprotonation of the methyl group.
This chemical shift is almost identical to that observed for ZnMe, (6 -0.52 ppm), but
markedly different from that of MeLi (6 -1.42 ppm), confirming that the Zn-CH, bond of 13

is retained in solution. The Li NMR spectrum confirmed the presence of only one species,
with a singlet at 6 1.07 ppm.

CH; (‘Bu) SiCH;
CH,, THF &
CHs (TMP)
CH;, (TMP) T
\& /
B-CH,
CH (TMP) .
meta CHortho & CHpara OCH2 THE SICHZ
\/ / 4-CH, (-0.59 ppm)
U N |
SR P RN R P RN R R R P
7 6 5 4 3 2 1 0 ppm

Figure 2.4: 'H NMR spectrum of 13 in dg-benzene.

Comparison of the *H NMR spectra of 13 and 14 show them to be very similar (Table 2.1),
with the main differences being for the resonance of the Si-CH, group and the a-methyl
groups of TMP, which show a slight upfield shift in 14, most likely due to the presence of the
more electropositive sodium atom, compared to the lithium atom in 13. The ®*C{*H} NMR
spectra of 13 and 14 were also very similar, with the most informative resonance being that of
the SiCH, group, appearing at & -3.9 ppm in 13 and & -3.3 ppm in 14. As was seen in the 'H
NMR spectra, this is shifted significantly upfield compared to that of the non-metallated
SiCHs3 groups in 12 (6 0.1 ppm) and the SiCH3 groups of 13 and 14 (8 2.6 and 2.7 ppm
respectively).
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TMP
(a-Me)

[(THF)Li(TMP){PhOSi(CH2),CH,}zn'Bu] (13) | 1.63 029 -0.59  7.04,6.84  1.38 1.19

8(ppm) '‘Bu  SiCH; SiCH, Ar-H

[(TMEDA)Na(TMP){PhOSi(CH5),CH,}Zn'Bu] (14) | 1.70 0.31 -0.73 7.07,6.90,6.85 1.50, 1.16
'Bu,Zn 1.02 - - - -

PhO-SiMe; (12) - 015 - 7.10, 6.87 -

Table 2.1: Comparison of selected resonances of the *H NMR spectra of 12, 13, 14 and

'Bu,Zn in dg-benzene.

Although 13 and 14 were only isolated in crystalline yields of 52% and 42% respectively,
analysis of the filtrate revealed these were the major species present in solution. Furthermore,
when the reaction of isolated crystals of [(THF)Li(TMP)Zn'Bu,] (1) with an equimolar
amount 12 was performed in dg-benzene and monitored by *H NMR spectroscopy conversion
of 12 to the a-metallated species 13 proceeded in a yield of 92% after one hour, showing that

this reaction is almost quantitative.

Due to the low acidity of silyl methyl protons only a small number of examples for preparing
a-metallated silanes by direct metal-hydrogen exchange have been reported to date. This
problem was highlighted by Peterson in 1967, where the metallation of tetramethylsilane with
a 1:1 mixture of "BuLi and TMEDA required reaction times of three days, and afforded the a-
lithiated silane in a yield of only 36% (Scheme 2.3).1%! West and co-workers have shown that
when the reaction was performed with methoxytrimethylsilane using ‘BuLi and TMEDA, the
presence of the alkoxide substituent on the silicon made the substrate more susceptible to a-
metallation, reducing the reaction time to 6 hours. However, the competing nucleophilic
attack by the tert-butyl group at the silicon was also observed, with subsequent quenching
with TMS-CI resulting in the expected product from a-metallation being isolated in a yield of
only 15%, and one of the products from nucleophilic substitution, ‘Bu-SiMes, being isolated
in a 40% yield. Even more interestingly, when the reaction of ethoxytrimethylsilane with
'‘BuLi/TMEDA was carried out, quenching with TMS-CI gave the expected product of o-
metallation in a much improved yield of 50%.%¢! In this latter example it was believed that the
more bulky EtO (compared to MeQO) group inhibited the nucleophilic cleavage of the Si-O
bond.
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Scheme 2.3: Comparison of reactivity of "BuLi. TMEDA towards Me,Si and Me3;SiOMe.

More recently, Thomas has shown that the a-lithiation of methoxytrimethylsilane and
methoxymethyltrimethylsilane using ‘BuLi proceeds in high yields when carried out in non-
polar solvents (e.g. pentane, cyclopentane) and in the absence of any Lewis base, with almost
no substitution at silicon taking place.’®”? However, when this same methodology was applied
to the phenyl substituted alkoxysilane, diphenylmethylethoxysilane [EtOSiPh,Me], both the
o-lithiated product and the substitution products (EtO-Li + 'Bu-SiPh,Et) were obtained,
suggesting that substitution at silicon was a competitive reaction pathway for this substrate. !
Thus, to date attempts to apply direct a-metallation to phenyl silanes has proved unsuccessful,

which makes the DIZn of 12 by alkali metal zincates 1 and 3 a result of great interest.

As the direct a-metallation of 12 has not previously been investigated, it was necessary to
compare the results obtained using hetero-bimetallic base 1 with the reactivities exhibited by
more conventional homometallic reagents. Thus, the reactions of 12 with; (i) ‘BuLi/THF, (ii)
'‘BuLi, (iii) Li(TMP) and (iv) Zn'Bu, were investigated (Scheme 2.4). As previously
mentioned, TMS groups are commonly used as protecting groups for alcohols, and can be
cleaved by nucleophilic displacement under acidic or basic conditions. Hence, when 12 is
treated with 'BuLi in THF at -78°C then the sole products obtained were those resulting from
nucleophilic substitution at the silicon, [(THF)Li-OPh] and 'Bu-SiMes. Previously it has been
suggested that although the presence of a Lewis base such as THF can increase the rate of a-
metallation of silanes by activating the organolithium reagent, it can also lead to the
organolithium reagent favouring substitution at the silicon.®”) In this case reaction of 12 with

'‘BuLi in THF results only in nucleophilic substitution with no a-metallation of the substrate
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observed. This is most likely due to the great leaving ability of the PhO group, resulting in a

preference for cleavage of the Si-O bond over the C-H bond of the methyl group.

No reaction

BuyZn, hexane
rt

SIMGQCHle Li SIM63 /LI (THF)

Li(TMP) tBuL. THF
{TMP). hexane ‘Bu—SiMes
78°C

(traces) (12)

BuLi, hexane
rt

Low conversion,
Mixture of products

Scheme 2.4: Comparison of the reactivity of 'BuLi, Li(TMP) and '‘Bu,Zn with 12.

Thomas and co-workers have reported that a-metallation can be favoured over nucleophilic
substitution when the reactions are carried out in the absence of donor solvents, or using more
sterically hindered alky! lithium reagents.’*”#®! However, reaction of 12 with '‘BuLi in hexane
proceeded sluggishly, with only ~33% of the substrate having reacted after 24 hours at room
temperature. The reaction produced a white powder, only soluble in dg-THF, which when
analysed by *H and "Li NMR spectroscopy revealed a complex mixture of products, with no
resonances at negative chemical shifts, which would be indicative of a-metallation. When
Li(TMP) was employed a similar complex mixture of products was observed, including the
substitution products Li-OPh and TMP-SiMes, as well as traces of the a-lithiated product.
Unsurprisingly, the significantly less polar organometallic reagent ‘Bu,Zn showed no

reactivity towards 12 (Scheme 2.4).

Thus, the selective a-metallation of 12 by 1 constitutes a new addition to the existing
catalogue of examples of AMMZn, whereby the reactivity of the zincate towards 12 cannot be
replicated by either of the homometallic species (Li(TMP) and Zn'Bus), and also represents
the first reported example of a direct lateral zincation (DIZn). Furthermore, taking into
consideration the results observed for the reactions of 12 with conventional group 1
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organometallic reagents, the synthesis of a-zincated trimethyl(phenoxy)silanes through an
indirect route, involving the initial deprotonation of 12 by a more reactive organolithium
reagent (e.g. Li(TMP), '‘BuLi) followed by a metathesis reaction with ZnCl, is not viable. This
illustrates the vast scope of AMMZn as a powerful synthetic tool, achieving the regioselective
a-metallation of 12 that is otherwise inaccessible when conventional monometallic reagents

are employed.
2.1.2 Investigating the regioselectivity of the DIZn of 12 by 1

In order to gain more understanding of the a-metallation of 12 by 1, the reaction of Li(TMP)
and Zn'Bu, with 12 in the absence of any other donor ligand was performed, in an attempt to
isolate the pre-metallation complex [(PhOSiMe;)Li(TMP)Zn'Bu,] (15), where 12 is
coordinated to the lithium centre prior to deprotonation (Scheme 2.5).

/SiMe3

T™P o Me;Si T™P

o—ti”  zn—Bu hexane

hexane

AN
Messi” | | <NeXaNe | i(TMP) + BuyZn + o—Li /Zn—tBu
O\ ./C"'””H tBu
Si ‘\
/ % H (16) (12) (15)
Me Me

Scheme 2.5: Synthesis of [(PhOSiMes)Li(TMP){PhOSi(CH3),CH,}Zn'Bu] (16), along with

the proposed formation of the pre-metallation complex 15.

Thus, to a solution of Li(TMP) and '‘Bu,Zn was added one equivalent of 12, and the solution
stirred at room temperature for 30 minutes. Storage of the solution at low temperatures (-
30°C) for several days, yielded a batch of colourless crystals of
[(PhOSiMes)Li(TMP){PhOSi(CHs),CH,}Zn'Bu] (16) in an isolated yield of 16% (Scheme
2.5), which were analysed by X-ray crystallography and multinuclear (*H, ‘Li and *C{*H})
NMR spectroscopy. The molecular structure of 16 was confirmed by X-ray crystallographic
analysis (Figure 2.5(a)), which revealed the product to be the mixed-metal compound
[(PhOSiMes)Li(TMP){PhOSi(CHs),CH,}Zn'Bu]. The structure is very similar to that of 13,
with the two metals connected through a bridging TMP ligand and an ambidentate a-zincated
trimethyl(phenoxy)silane ligand, resulting in the formation of a six-membered {LiNZnCSiO}

ring stabilised by a secondary Li-C11 interaction (Figure 2.5(b)).
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(b)

c2

Figure 2.5(a): Molecular structure of [(PhOSiMe3)Li(TMP){PhOSi(CHs),CH,}Zn'Bu] (16)
with 50% probability ellipsoids. Hydrogen atoms have been omitted for clarity. (b) Inorganic
core of 16 highlighting the pseudo boat conformation of the {LiNZnCSiO} ring and the
secondary Li-C interaction. Selected bond distances (A) and bond angles (°): Zn-C11l
2.0738(15), Zn-C2 2.0421(15), Zn-N 2.0422(12), Li-C11 2.776(3), Li-O1 2.025(3), Li-N
2.021(3), Li-04 2.075(3), Si1-01 1.7132(11), Si1-C11 1.8117(16), Si1-C12 1.8621(16), Sil-
C13 1.8625(16), Si2-O4 1.7018(11), Si2-C41 1.8525(18), Si2-C42 1.8537(17), Si2-C43
1.8461(17); C11-Zn-C2 114.20(6), C11-Zn-N 109.91(6), C2-Zn-N 135.80(5), O1-Li-O4
102.39(12), O1-Li-N 123.81(14), O4-Li-N 132.73(15).

Zinc bonds directly to the metallated methyl group, where the Zn-C bond length (Zn-C11,
2.0738(15) A) is almost identical to that found for 13 (2.0769(15) A). Both of the metals
adopt distorted trigonal planar geometries (sum of angles around Zn = 360°, Li = 358.8°), with
the major difference being that whereas in 13 the coordination sphere of lithium was
completed by a terminal molecule of THF (Li-02, 1.937(3) A), in 16 it is a molecule of 12
which completes the coordination of lithium, forming a dative bond from the oxygen which is
slightly longer (Li-O4, 2.075(3) A) due to the greater steric bulk around the oxygen. This also
leads to a slight elongation of the secondary Li-C interaction in 16 (Li-C11, 2.776(3) A)
compared to that of 13 (2.568(3) A), which, prevents the lithium from approaching more
closely to the carbanionic centre.

Comparison of the 'H NMR spectrum of 16 in dg-benzene solution (Figure 2.6) with that of
13 also shows them to be very similar (Table 2.2). The resonances which are of most interest
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are two singlets at 6 0.22 and -0.68 for the SiCH3; and SiCH, protons of the molecule of a-
metallated silane, in addition to another singlet at 8 0.15 ppm corresponding to a second set of
SiCHjs protons, in a ratio of SiCH,:SiCH3:SiCHj3 of 2:6:9, consistent with the presence of one

molecule of a-metallated substrate along with a second molecule where all three of the methyl
groups remain intact.

CHortho & CHpara
(co-ord.)

and CHgara .

(metallated) SI(CHy)s

{_A_\ /E:mHeotgﬁated)

CHmeIa CHmeta
(co-ord.) (metallated)

CH; (‘Bu)
Si(CHa,),
Nobo ke ke e ke ke ehe ik edeehe e a-CHs
) T :%(TMP)
\\ //// B'CHZ
\ e (TMP
\ -7
\ /’ .
\ ,// 'Y-CHZ SlCHZ
‘\, ----- 7 (TMP) \ (-0.52 ppm)
LR Y L |
““““ e R B
7 6 5 4 3 2 1 0 -1 ppm

Figure 2.6: 'H NMR spectrum of 16 in dg-benzene.

This was mirrored by the aromatic region, which indicated the presence of two different
phenyl groups, as shown by two different sets of aromatic protons, two triplets and a doublet
at 6 7.04, 6.85 and 6.74 ppm for the a-metallated molecule of the substrate, and a triplet and
an overlapping triplet and doublet at 6 7.10 and 6.87 ppm for the molecule of coordinated
substrate, in a ratio of approximately 1:1. Comparison of the *H NMR resonances of the co-
ordinating molecule of trimethyl(phenoxy)silane in 16 (5 0.15, 6.84, 7.10 ppm) with those of
12 (6 0.15, 6.87, 7.10 ppm) show them to be almost identical.

t - - TMP
8(ppm) Bu SiCH; SiCH; Ar-H (a-Me)
7.04,6.85, 6.74
[(PhOSiMe;)Li(TMP){PhOSi(CHs),CH,}Zn'Bu] (16) | 1.53 0.22,0.15 -0.68 710. 6.87 1.04,1.25

[(THF)Li(TMP){PhO-Si(CH;),CH,}Zn'Bu] (13) | 1.63 0.9  -0.59 7.04,684  1.19,1.38
PhO-SiMe; (12) - 015 - 7.10, 6.87

Table 2.2: Selected *H NMR data (ppm) for 12, 13 and 16 in dg-benzene.
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The C{*H} NMR spectrum of 16 also confirms the presence of two different molecules of
phenoxysilane, one set of aromatics resonances for the a-metallated molecule of 12 (& 153.7,
130.2, 123.5 and 119.9 ppm) and one set of resonances for the coordinated molecule of 12 (5
155.7, 129.8, 121.8 and 120.4 ppm). The ‘Li NMR of 16 showed a single resonance at & 1.89
ppm, which was different from that of 13 (6 1.07 ppm) and consistent with a different

environment for the lithium centre.

In order to prepare 16 via a rational route, the reaction of Li(TMP) and 'Bu,Zn was repeated
with two molar equivalents of the silane 12, affording a batch of colourless crystals which
when characterised by multinuclear NMR (*H, Li and *C{*H}) spectroscopy displayed
identical spectra to those reported for [(PhOSiMes)Li(TMP){PhOSi(CH3),CH,}Zn'Bu] (16),
in an improved yield of 37% (compared to 16% when one equivalent of 12 was employed).
Analysis of the filtrate indicated traces of the product were present, but the major species was

Li(TMP), indicating that the reaction had not gone to completion (vide infra).

The fact that 16 is obtained even when only one equivalent of 12 is employed suggests that
metallation of the substrate must occur at a faster rate than coordination to lithium to form the
putative pre-metallation complex [(PhOSiMes)Li(TMP)Zn'Bu,] (15). So, once 15 is formed it
must react rapidly with another molecule of non-coordinated 12, metallating the substrate and
giving the final product 16 (Scheme 2.6). Previous work on the a-lithiation of
methoxytrimethylsilane by Thomas and co-workers had suggested that at low temperatures (-
78°C) a pre-metallation complex of the substrate and ‘BuLi was formed ['‘BuLi.2MeOSiMes]s,
which could be characterised spectroscopically ("Li and 2*C{*H} NMR),® and was found to
be in equilibrium with the starting materials ((‘BuLi); and MeOSiMes). With this in mind, the
reaction of Li(TMP) and 'Bu,Zn with one equivalent of 12 was carried out at -78°C in an
attempt to detect the pre-metallation complex 15. After 30 minutes a white precipitate was
formed, which was isolated and identified as Li(TMP) by *H and ‘Li NMR. The volatiles
were removed from filtrate in vacuo, and analysis by *H and 'Li NMR also revealed the
presence of only Li(TMP) (both 12 and 'Bu,Zn are volatile, and can be easily removed in
vacuo), which suggested firstly that no deprotonation of the substrate had occurred, and that at
low temperatures precipitation of Li(TMP) must drive the proposed equilibrium in Scheme

2.6 towards the monometallic compounds.

45



Chapter 2: Unveiling new reactivity patterns in AMMZn

SiMe
Ve 3
o TMP
VRN .
) X . X O—Li Zn—"'Bu
Li(TMP) + '‘BupsZn + Me Si/ /
3 \
H3‘C/C(”"CH3
(12) CH, (15)
Step1 SiMes
Co-complexation o’

Step 2
1-X Alkali-metal mediated
zZincation

O—Li Zn—Bu
Me;Si | |
O\S'/CI mH
1
d%> ™
ME& Me (16)

Scheme 2.6: Proposed mechanism for the formation of 16.

These results suggest that in hexane solutions the pre-metallation complex 15 lies in
equilibrium with the starting materials (Li(TMP), 'Bu,Zn and 12), and once formed, 15
rapidly reacts to metallate a second non-coordinated molecule of 12 to give the final product
16, driving the equilibrium between the starting material and 15 towards the formation of the
mixed-metal species. At low temperatures (-78°C) the solubility of Li(TMP) decreases and it
precipitates from solution, driving the equilibrium towards the starting materials, which
results in no metallation or complexation of 12 being observed (Scheme 2.6).

2.1.3 Applications of DIZn to other silyl-substituted substrates

To extend the concept of DIZn, two silyl-substituted aromatic molecules similar to 12 were
investigated, trimethyl(phenyl)silane  and N,N-bis(trimethylsilyl)aniline (Figure 2.7).
Trimethyl(phenyl)silane is very similar to 12, with the exception that instead of a phenoxide
group bonding to the silicon it is a phenyl group, whereas N,N-bis(trimethylsilyl)aniline can
be viewed as the amido analogue of 12, so instead of an OSiMes functional group there is a
N(SiMej3), group.
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CH3 CH3 CH3
CHj
S|<CH3 ~/CH3 Hj CTSl\N/S|TCH3
H;C CH,
Trimethyl(phenoxy)silane (12) Trimethyl(phenyl)silane N, N-bis(trimethylsilyl)aniline

Figure 2.7: Comparison of the substrates 12, trimethyl(phenyl)silane and N,N-
bis(trimethylsilyl)aniline.

After reacting each of these substrates with the lithium TMP-zincate 1 analysis of the reaction
mixtures by *H NMR spectroscopy indicated that no metallation had occurred, even after
leaving the reactions to stir for 4 days at room temperature or refluxing the solutions for 4
hours. Reaction of N,N-bis(trimethylsilyl)aniline with the sodium TMP-zincate 3 also showed
no metallation after 4 days at room temperature or 4 hours under reflux when analysed by *H
NMR. However, when 3 was reacted with the unactivated trimethyl(phenyl)silane, analysis of
the reaction mixture after 4 hours at room temperature by *H NMR revealed traces of
metallated substrate (<5% conversion) along with unreacted zincate (the unreacted substrate
is volatile and can therefore be removed in vacuo). If the reaction was refluxed for 6 hours,
analysis by *H NMR spectroscopy showed only a slight increase in the yield (~5-10%), with
the main species present still the unreacted base 3. Analysis of the crude reaction mixture
indicated a mixture of products which included the substrate metallated at the meta position,
as shown by the presence of a singlet, two doublets and a triplet, and a second product
appeared to be that of the para metallated species, due to the presence of two doublets.
Analysis of the aliphatic region showed no signals at negative ppm, suggesting that no a-
metallation of the SiCH3 groups had occurred. As mentioned previously, a similar mixture of
meta and para metallated products has been found for the reaction of 3 with toluene, but in

this case metallation is quantitative at room temperature.!®”

Thus, these results show that zincates 1 and 3 show almost no reactivity towards
trimethyl(phenyl)silane and N,N-bis(trimethylsilyl)aniline. The lack of reactivity towards
trimethyl(phenyl)silane can be rationalised by considering that in general the reactivity of
tetra(alkyl)silanes towards organometallic bases is known to be very poor, due to the lack of

acidity of the protons, and the stability of Si-C bonds.’®”! Therefore, trimethyl(phenyl)silane
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will be much less activated towards metallation than the corresponding phenoxysilane 12. The
presence of a nitrogen heteroatom in N,N-bis(trimethylsilyl)aniline should enhance the acidity
of the methyl protons compared to those of trimethyl(phenyl)silane, but since nitrogen is less
electronegative than oxygen, these protons will be less acidic than those in 12. Furthermore,
the N(SiMes), group is much more sterically demanding than the OSiMe; of 12, which is
likely to have an effect on the ability of the substrate to coordinate to the zincate, and
therefore prevent any metallation.

Despite the negative results when attempting to metallate trimethyl(phenyl)silane and N,N-
bis(trimethylsilyl)aniline there are still further substrates which could be investigated,
including trimethylalkoxysilanes (RO-SiMej3), and other related phenyl silanes such as PhO-
SiEt; or EtO-SiPh,Me, the latter of which Thomas has previously unsuccessfully tried to
metallate using ‘BuLi.®”) In addition, it would also be interesting to investigate the reactivity

of 13 and 14 with a range of electrophiles such as Mel, 1, or PhCHO.
2.1.4 Conclusions

The reactions of the lithium TMP-zincate [(THF)Li(TMP)Zn'Bu,] (1) and the sodium TMP-
zincate [(TMEDA)Na(TMP)Zn'Bu,] (3) with trimethyl(phenoxy)silane (12) have provided
the first examples of quantitative a-zincation of a phenoxysilane, forming the alkali metal
zincates [(THF)Li(TMP){PhOSi(CHs),CH,}Zn'Bu] (13) and
[(TMEDA)Na(TMP){PhOSi(CHs),CH,}Zn'Bu] (14), with no competitive nucleophilic
substitution at the silicon having taking place even though the reactions are performed at
ambient temperatures. Moreover, these reactions provide the first ever examples of direct
lateral zincation (DIZn) of an aromatic substrate, demonstrating a new application of alkali
metal zincates in synthetic chemistry.

In addition, the reaction of Li(TMP) and 'Bu,Zn with 12 has been investigated, suggesting
that a mixed-metal reagent of similar structure to 1, where 12 is coordinated to the lithium
instead of THF to give [(PhOSiMes)Li(TMP)Zn'Bu,] (15) must first be formed, which reacts
rapidly with a second molecule of 12 to give the metallated intermediate
[(PhOSiMes)Li(TMP){PhOSi(CHs),CH,}Zn'Bu] (16), which has been isolated and fully

characterised.
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Compounds 13, 14 and 16 have been structurally characterised by X-ray crystallography,
revealing that each of these compounds contains a novel heteroatomic six-element
{M'0SiCZnN} ring, which adopts a pseudo boat conformation, stabilised by an additional

secondary interaction between the alkali metal and the metallated carbon.

2.2 Assessing the reactivity of sodium TMP-zincate (3) towards

benzoylferrocene: deprotonative metallation vs. alkylation reactions

So far alkali metal TMP-zincates 1 and 3 have only been discussed within the context of
metallation reactions. However, the reactivity of this species is not solely restricted to
deprotonative metallation. The previously reported reaction of 3 with the aromatic ketone,
benzophenone, resulted in the unexpected nucleophilic addition of a tert-butyl group at the
para position of one of the aromatic rings to vyield the tert-butylated 1,6-adduct
[(TMEDA)Na(TMP) {u-OC(Ph)(4-'Bu-C¢Hs)}Zn'Bu] in an isolated crystalline vyield of
60%.%% Furthermore, subsequent studies have shown that this remote 1,6-addition can also be
extended to fluorenone and 2-benzoylpyridine, with the expected products isolated in yields
of 66% and 56% respectively (Scheme 2.7),” showing a new application of 3 as a reagent

capable of performing remote alkylations to aromatic ketones.
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Scheme 2.7: Reaction of [[TMEDA)Na(TMP)Zn'Bus,] (3) with benzophenone, , fluorenone
and 2-benzoylpyridine.

Applications of bimetallic combinations in the deprotonation of metallocenes have also been
reported. Previous studies into the metallation of ferrocene have shown that reaction of the
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lithium TMP-zincate [(TMEDA)LiI(TMP)Zn"Bu,] with either one or two equivalents of
ferrocene yielded the neutral bis(ferrocenyl) zinc compound [(TMEDA)Zn(Fc),] and the
solvent separated tris(ferrocenyl)zincate [Li(THF)4]"[Zn(Fc)s]” respectively (Figure
2.8(a)).°® Furthermore, ferrocene can be tetra-metallated using the alkali metal magnesiate
“NaMg(N'Pr,);” to form the inverse-crown species [Fe(i7°-CsHs).NasMga(N'Pr»)s)] (Figure
2.8(h)).2

Figure 2.8: Molecular structures of metallated ferrocenyl species (a) [Li(THF)4] [Zn(Fc)s]
and (b) [Fe(;°-CsHs),NasMgs(N'Pr,)s)]. Hydrogen atoms have been omitted for clarity.

Turning to functionalised ferrocene substrates, it has been shown that the turbo-Hauser base
[(TMP)MgCL.LIiCI] can selectively deprotonate a wide range of substituted ferrocenyl
substrates containing ester, nitrile and carboxylic acid groups, which after electrophilic
quenching yielded the expected di-substituted ferrocenes in good yields (Scheme 2.8).[%
These species could further undergo consecutive metallation and quenching to yield tri- and

tetra-substituted ferrocenyl products.

It has also been reported that using the lithium-cadmiate base (TMP)sCdLi, mono- and di-
metallation of ester substituted ferrocenes can be achieved by controlling the stoichiometry of
the base used from 0.5 to 1 equivalents respectively (Scheme 2.9).°* Furthermore, this
protocol could be extended to some chiral ferrocene esters, to give diastereoselective
deprotonation, with subsequent iodination yielding the final product in good diastereomeric
excess.l®™ However, with weakly activated substrates such as benzoylferrocene a mixture
mono- and diiodo-products was obtained in relatively low yields (36% and 2% respectively).
Turning to the lithium zincate combination of Li(TMP) and Zn(TMP), (1:1), the selective
mono-iodination of ferrocenecarboxylate, cyanoferrocene and N,N-

dimethylferrocenecarboxamide could be achieved in excellent yields (Scheme 2.9).°%
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Scheme 2.8: Reaction of [(TMP)MgCI.LiClI] with functionalised ferrocenyl substrates

followed by electrophilic quenching.
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Scheme 2.9: Reaction of (TMP)3;CdLi and Li(TMP)/Zn(TMP), with functionalised
ferrocenyl substrates followed by electrophilic quenching with iodine.
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Herein, we extend our studies on the reactivity of sodium zincate 3 to their application in
metallocene functionalisation, using benzoylferrocene (17) as a case study. This substrate was
of interest as it combines relatively acidic protons of the Cp rings (therefore susceptible
towards C-H deprotonation) with an electrophilic benzoyl fragment (which can undergo 1,2-

or 1,6-addition reactions) (Figure 2.9).

1,2-addition 1)
% H <:] deprotonation
1,6-addition > O |=:e

Figure 2.9: Possible sites of reactivity on benzoylferrocene (17) from reaction with
[(TMEDA)Na(TMP)Zn'Bus] (3).

2.2.1 Investigating the reactivity of benzoylferrocene (17) with sodium TMP-zincate (3)

A hexane solution of 3 was prepared by combining the constituent homometallic reagents,
Na(TMP) and Zn'Bu,, along with the bidentate ligand TMEDA in hexane, to which was
added one molar equivalent of 17 giving a deep red suspension which was stirred at room
temperature for 1 hour. Removal of hexane in vacuo and addition of toluene gave a deep red
solution, which after storing in the freezer (-30°C) a batch of orange crystals of
[(TMEDA )Na(u-TMP)Zn{OC(Ph)('Bu)(5°-CsHs)Fe(°-CsHs)}] (18), as determined by *H
and 2C{*H} NMR spectroscopy and X-ray crystallography, were deposited in an isolated
yield of 12% (Scheme 2.10).

O <
TMP
N, Ph)‘© hexane/toluene
< v, /N rt, 1h

Na Zn—Bu + i -

N/ \\\IBU/ <F£ _ tBUH
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Scheme 2.10: Reaction of [(TMEDA)Na(TMP)Zn'Bu,] (3) with 17 to form [(TMEDA )Na(u-
TMP)Zn{OC(Ph)(‘Bu)(;>-CsHa)Fe(1°-CsHs)}] (18).
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The molecular structure of [(TMEDA)Na(p-TMP)Zn{OC(Ph)(‘Bu)(;°-CsHs)Fe(;°>-CsHs)}]
(18) was determined by X-ray crystallography (Figure 2.10), revealing that an
unprecedented two-fold activation of the tert-butyl groups in 3 had taken place. Thus, the
substrate had been simultaneously deprotonated at the a-carbon of the functionalised Cp ring
(Cp’), and undergone nucleophilic 1,2-addition of the second tert-butyl ligand across the

carbonyl group of the ketone.

Figure 2.10: Molecular structure of [(TMEDA)Na(u-TMP)Zn{OC(Ph)(‘Bu)(7°-CsHz)Fe(°-
CsHs)}] (18) with 50% probability ellipsoids. Hydrogen atoms and minor disordered
component of TMEDA have been omitted for clarity. Selected bond lengths (A) and angles
©): Zn(1)-N(1) 1.926(2), Zn(1)-C(9) 1.930(3), Zn(1)-O(1) 1.9827(17), Na(1)-O(1) 2.229(2),
Na(1)-N(1) 2.527(2), O(1)-C(21) 1.415(3), N(1)-Zn(1)-C(9) 166.66(11), N(1)-Zn(1)-O(1)
104.30(8), C(9)-Zn(1)-O(1) 89.03(10), O(1)-Na(1)-N(1) 80.66(7), Zn(1)-O(1)-Na(1) 90.26(7),
N(1)-Zn(1)-Na(1)-O(1) 166.83(11).

The CIP structure of 18 retains the “(TMEDA)-Na-(u-TMP)-Zn” backbone of the bimetallic
base (3), a feature which is commonly found in metallated intermediates from reactions
involving this zincate (see Chapter 1.3). In addition to the amido ligand, the two metals are
bridged by the oxygen atom of a tertiary alkoxide, formed by the nucleophilic addition of one
of the tert-butyl groups of 3 across the carbonyl of the ketone to form a tetrahedral (sp®)
carbon atom (average angle around C21, 109.4°). The C-O bond length in 18 (C21-O1,
1.415(3) A) is longer than that of the carbonyl bond length in 17 (C=0, 1.225 ad 1.203 A),®
providing further evidence of the successful nucleophilic addition to the ketone. A
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consequence of this addition reaction is that it leads to the formation of a chiral centre (C21),

although the product obtained is a racemic mixture.

Another common characteristic of the molecular structures of AMMZn intermediates from
reactions of 3 is the presence of a terminal tert-butyl ligand on the zinc. This is not the case in
18 as the second tert-butyl group has been replaced by the Cp’ ring which has been
deprotonated at the a-position to form a Zn-Cc, sigma bond (Zn1-C9 1.930(3) A), confirming
that the metallation is a direct zincation. This bond is of similar length to the Zn-Cc¢, bonds of
the related zincated ferrocenyl compounds [{C,N-[Fe(;°-CsHs-CH,NMe,)(17°-CsHs)]}.Zn]
(1.948(2) and 1.945(2) A),*™ and [(TMEDA)Zn{(i7>-CsHas)Fe(;°-CsHs)},] (1.9814(11) A).°Y

The two-fold reaction of 3 with the substrate leads to the formation of a dianionic ferrocenyl
fragment {OC(Ph)(‘Bu)(;7°-CsHs)Fe(;7°-CsHs)}> which binds to the zinc centre in a bidentate
fashion, through the oxygen atom of the alkoxide group (which bridges between the two
metal centres) and the zincated carbon of the Cp’ ring. As a consequence of this rigid
bidentate bonding the zinc centre adopts a highly distorted trigonal planar geometry, where
the two bonding atoms of the ligand form an acute C9-Zn-O1 bond of 89.03(10)° which
consequently results in a markedly obtuse N1-Zn-C9 angle (166.66(11)°). Furthermore, the
bonding of the metallated fragment gives rise to a five-membered {Zn-O-C(21)-C(10)-C(9)}
ring. This ring is fused through C9 and C10 to the Cp’ ring, lying almost co-planar
(maximum deviation from the mean plane = 0.072 A for Zn), and through Zn and O to a
slightly more distorted four-membered {Zn-O-Na-N1)} ring (N-Na-O-Zn torsion angle,
8.49(7)°).

Thus, the molecular structure of 18 reveals a unique two-fold activation of the ‘Bu,Zn in 3,
where one of the tert-butyl groups has selectively a-deprotonated the substituted ferrocenyl
ring, whilst the second tert-butyl group successfully undergoes a 1,2-addition across the
carbonyl group of the substrate. Previously, it has been shown that by reacting the lithium
TMP-zincate (1) with two equivalents of anisole both tert-butyl ligands can be activated
towards deprotonation, selectively ortho metallating both molecules of the substrate to give
[(THF)Li(n-TMP)Zn(0-CsH4OMe),].*Y) However, 18 constitutes not only the first example
where both tert-butyl ligands react simultaneously with the same substrate molecule, but also
the first example where the tert-butyl groups exhibit different forms of reactivity

(deprotonation and 1,2-addition).
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The *H and “C{*H} NMR spectra of 18 were recorded in dg-benzene solution. The most
indicative resonances in the *H NMR spectrum (Figure 2.11) were three broad singlets at &
4.70, 4.63 and 4.33 ppm in a ratio of 1:1:1, for the three C-H bonds on the metallated Cp’
ring, which differ significantly from the two multiplets present on the Cp’ ring of the
substrate (5 4.14 and 4.84 ppm). When the 'H NMR spectrum is recorded at a higher
temperature (343K) these three singlets give a more defined splitting pattern of doublet,
triplet and doublet, as would be expected for this substitution pattern. There is also a singlet
at 6 1.07 ppm for the tert-butyl group which has added across the carbonyl group of the
ketone, which differs significantly from previous metallated intermediates involving 3, where
the tert-butyl ligand remains terminally bound to zinc (usually found between & 1.46-1.66
ppm).l5" 663 831 Fyrthermore, the TMP ligand which bridges between the two metals in 18
must remain in the same orientation in solution, as shown by the presence of two singlets at 6

1.44 and 1.52 ppm for the inequivalent a-methyl groups of TMP.
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Figure 2.11: "H NMR spectrum of 18 in dg-benzene.

Further confirmation of the nucleophilic addition of a tert-butyl group across the carbonyl
group of the substrate was provided by the *C{*H} NMR spectrum of 18 in ds-benzene,
which showed the C-O resonance has moved upfield to 6 81.3 ppm, compared to the C=0
group of the substrate which is found at 8 197.4 ppm. Further changes are observed for the
zincated Cp’ ring, which now has five separate resonances (6 111.8, 75.3, 73.0, 70.8 and 70.0
ppm) compared to the three resonances of the unreacted substrate (6 79.2, 72.3 and 71.8
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ppm), with the most dramatic effect seen for the zincated carbon, which experiences a large
downfield shift from 72.3 ppm in the substrate to 111.8 ppm in 18 (Table 2.3).

Given the low crystalline yield (16%) obtained from the reaction, the filtrate solution was also
analysed by *H and *C{*H} NMR spectroscopy to determine the overall conversion of 17 to
18. Surprisingly, the spectra showed only traces of 18 to be present, and no unreacted
substrate 17. However, there were a series of broad resonances (6 6.7-7.5, 5.4-6.0, 4.8-3.7,
3.0-3.6 ppm) which could not be easily assigned, but were shown to couple to one another
through COSY NMR. The presence of these resonances along with the lack of unreacted 17
suggested that the major product of this reaction must be something other than the isolated
crystalline species 18. Numerous attempts to isolate and characterise this unknown species
were unsuccessful. Therefore, in an attempt to shed some light on the overall outcome of the
reaction between 3 and 17 and determine the constitution of this unknown species,

electrophilic interception of the organometallic intermediates was performed.

(0]

R Zn
S
© ) PhJ@ (cp)

| |
Fe

Fe
O ey D e

o (ppm) 'H (17) 'H (18) BC{'H} (18) BeH} (17)
Ph (Cigso) - - 154.5 140.5
Ph(CHrtno) 7.94 8.19 128.7 131.3
Ph(CHpeta) 7.12 7.36 126.0 128.5
Ph(CHpara) 7.18 7.26 124.9 128.3
c-0 - - 81.3 197.3
Cp’(CH)  4.84,4.13 4.70, 4.63, 4.33 73.0,70.8, 70.0 72.3,71.8
Cp’(C-CO) - - 75.3 79.2
Cp’ (C-Zn) - - 111.8
CsHs 3.91 3.84 68.0 70.3
TMEDA - 1.94 (NCHs), 1.78 (NCH,) 57.5, 46.6
TMP - 1.79 (y-H), 1.39 (B-H) 53.0 (C,), 41.2 (Cy), 19.8 (C,)
a-Me (TMP) - 1.52,1.44 36.8, 36.1
'Bu - 1.07 40.5 (CH3), 28.2 (C)

Table 2.3: *H and *C{*H} NMR resonances of [[TMEDA )Na(u-TMP)Zn{OC(Ph)(‘Bu)(,°-
CsHs)Fe(;7°-CsHs)}] (18) and benzoylferrocene (17) in dg-benzene solutions.
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2.2.2 Electrophilic quenching studies

Initially, electrophilic quenching of the reaction was performed with I,, an electrophile which
has previously been used for the successful isolation of metallated functionalised-ferrocenyl
species, where the metallating agents used were the turbo-Hauser base [(TMP)MgCI.LiCI],*
the lithium-cadmiate  [(TMP)sCdLi],®**®  and  the lithium-zinc  mixture
Li(TMP).Zn(TMP),.4 Thus, benzoylferrocene (17) was treated with one molar equivalent of
3 in toluene at room temperature for 2 hours, followed by subsequent reaction with a THF-
solution of iodine. After aqueous work-up, and purification by chromatography the expected
ferrocenyl product [PhC(OH)(‘Bu)(;7>-CsHsl)Fe(°-CsHs)] (19) and the tert-butylated 1,6-
adduct [4-'Bu-CgH4C(=0)(5°-CsHa)Fe(;°>-CsHs)] (21) were obtained in isolated yields of 29%
and 24% respectively (Scheme 2.11). The constitution of 19 and 21 were determined by X-
ray crystallography (Figures 2.12 and 2.13 respectively), as well as ‘H and **C{*H} NMR
spectroscopy, elemental analysis and GC-MS (see Chapter 7.3.5 for details).

Ny
Qund Sz ‘)% () Toluen, 21, 1t ‘><‘ Q)b
‘t

Fe
l,, THF, 6h
(3) a5 W (19) 21)

29% 24%
Scheme 2.11: Electrophilic quenching of the reaction of 3 and 17 with I, to yield
[PhC(OH)("Bu)(#°-CsHsl)Fe(;°-CsHs)] (19) and [4-'Bu-CgH4C(=0)(5°>-CsHa)Fe(;°>-CsHs)]
(21).

Disubstituted-ferrocenyl species 19 is the expected product from I, interception of the
organometallic intermediate 18, where the position previously occupied by Zn on the Cp’
ring of 18 is now occupied by an iodine atom and the alkoxide group has been hydrolysed to
form a tertiary alcohol. X-ray crystallographic analysis revealed that a mixture of 19 and the
di-iodinated analogue [PhC(OH)(‘Bu)(i7>-CsHsl)Fe(7°-CsH4l)] (20) in a respective ratio 95:5
was found in the crystal lattice. The formation of 20 could be attributed to a double zincation
of benzoylferrocene by 3. However, when the same reaction was quenched with D,O (vide
infra) there is no indication of the presence of a related doubly deuterated species.
Furthermore, given the yield of 20 is extremely small it seems more plausible that the
formation of this di-iodinated species is as a result of a side reaction of iodine (used in

excess) with the mono-iodinated species 19. Similar selectivity problems when using I, as a
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quenching agent for organometallic intermediates which lead to polysubstituted products has

previously been reported in the literature.l*®!

(@)

Figure 2.12: Molecular structures of (a) [PhC(OH)(‘Bu)(i7°-CsHsl)Fe(;7°-CsHs)] (19) and (b)
[PhC(OH)("Bu)(#7°-CsHsl)Fe(;°-CsHal)] (20) (present as a mixture in the crystalline lattice in
a ratio of 95:5) with 50% probability ellipsoids. Hydrogen atoms (apart from -OH group)
have been omitted for clarity. Selected bond lengths (A) and angles (°): C(11)-O(1) 1.436(5),
C(11)-C(2) 1.535(5), C(11)-C(21) 1.549(5), C(11)-C(12) 1.574(6), 1(1)-C(3) 2.099(4),
C(10A)-1(2) 2.084(9), O(1)-C(11)-C(2) 107.9(3), O(1)-C(11)-C(21) 108.4(3), C(2)-C(11)-
C(21) 113.0(3), O(1)-C(11)-C(12) 104.2(3), C(21)-C(11)-C(12) 111.3(3), C(2)-C(11)-C(12)
111.5(3), C(1)-C(2)-C(3)-1(1) 176.5(3), C(7A)-C(6A)-C(10A)-1(2) 174(7).

c3

c7 c2

Figure 2.13: Molecular structures of [4-'Bu-CgH4C(=0)(;>-CsH4)Fe(;7°-CsHs)] (21) with 50%
probability ellipsoids. Hydrogen atoms have been omitted for clarity. Selected bond lengths
(A) and angles (°): O(1)-C(11) 1.226(4), C(3)-C(7) 1.540(5), C(11)-C(12) 1.482(5), C(6)-
C(11) 1.504(5), C(4)-C(3)-C(2) 117.9(3), C(4)-C(3)-C(7) 122.7(3), C(2)-C(3)-C(7) 119.4(3),
C(1)-C(6)-C(5) 119.2(3), C(1)-C(6)-C(11) 124.4(3), C(5)-C(6)-C(11) 116.3(3), O(1)-C(11)-
C(12) 119.3(3), O(1)-C(11)-C(6) 120.6(3), C(12)-C(11)-C(6) 120.0(3), C(7)-C(3)-C(4)-C(5)
178.7(3), C(2)-C(1)-C(6)-C(11) 178.1(3).
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Interestingly, unlike in the previous reactions between 3 and aromatic ketones where only 1,6-
addition was reported, the reaction of 3 and 17 after electrophilic quenching yields both the a-
metallation/1,2-additon and the 1,6-addition products, 19 and 21. The isolation of [4-'Bu-
CeH4C(=0)(5>-CsHa)Fe(57°-CsHs)] (21), formed by the nucleophilic 1,6-addition of a tert-
butyl group to 17, confirms that the reaction between 3 and 17 prior to electrophilic
quenching must yield two different organometallic intermediates. Based on the isolation of
this 1,6-adduct and the previously isolated organometallic intermediates of nucleophilic 1,6-
addition of aromatic ketones by 3, a possible organometallic intermediate of constitution
[(TMEDA)Na(TMP) {-OC(4-'Bu-CsHs)(Fc)}Zn'Bu] (22), formed by tert-butylation of 17 at
the para-position, could be the precursor to the final isolated product 21 (Scheme 2.12). This
intermediate may also account for the series of broad resonances observed in the *H NMR
spectrum of the filtrate solution of the reaction. Following electrophilic quenching and
aqueous work-up 22 would be expected to yield a conjugated enol species, which would then

undergo spontaneous aerobic oxidation, with loss of H,, to form the final product 21.1°

T™P : P
0 No,. / AN N"'u, / AN

N, /T MP\ N S AN N
i, § LD Q + %
QN(Na\ /Zn— Bu | (i) Toluene, 2 h, rt . !

g Fe Bu—} s -

B

Fe
@ " > @ N Fo

Scheme 2.12: Proposed intermediate species (18 and 22) from the reaction of 3 and 17,

which after electrophilic quenching with 1, and aqueous work-up yield 19 and 21.

The isolation of 19 and 21 (isolated yields of 29% and 24% respectively) as the only major
products from this reaction after electrophilic quenching with I, confirms that organometallic
species 18 and 22 are the two intermediates formed from the initial reaction between 3 and 17.
Surprisingly, a large amount of unreacted benzoylferrocene was recovered after purification
of the crude reaction mixture which, coupled with the relatively modest yields obtained for 19
and 21, is somewhat surprising considering that *H NMR analysis of the reaction prior to the

I, quenching step showed no unreacted benzoylferrocene present in solution. Intrigued by
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these results we decided to investigate the quenching of this reaction with other electrophiles.
Initially D,O was employed in order to determine the overall formation of a-metallation/1,2-
additon species, which led to the isolation of [CsHsC(OH)'Bu(i7°-CsHsD)Fe(;°-CsHs)] (23) in
a marginally improved vyield of 32%. Under these quenching conditions [4-'Bu-
CeH4C(=0)(5>-CsH4)Fe(;7°-CsHs)] (21) was also obtained in a slightly higher yield of 27%
(Scheme 2.13), along with the recovery of the unreacted substrate 17 in a 25% yield.

(0] HO t
o Bu
AN
N, i) Toluene, 2h, rt
(N/‘Na\ Zn—'Bu + O () ()—"B *
X! u/ ) u Fe Fe

| (i) D,O

@) “ﬂ@

(21) (23)
27% 32%

(i) Toluene, 2h, rt
(i) TEMPO (3 eq.),

20h, rt
0] HO /'Bu H
@ 2
* s o
(21) (24)
41% 34%

Scheme 2.13: Electrophilic quenching of the reaction between 3 and 17 with D,O and
oxidative work-up with TEMPO.

Previous studies on the ring alkylation of benzophenone with 'BuLi have revealed that
aqueous workups can lead to the decomposition of the 1,6-addition intermediate to regenerate
benzophenone, but if a strong oxidising agent such as SOCI; is used it is possible to minimise
this degradation route and significantly increase the yield of tert-butylbenzophenone.®% %01
As a similar decomposition process could be taking place in the 1,6-alkylation of
benzoylferrocene by 3, SOCI, was employed in an attempt to isolate the 1,6-adduct in a
higher yield, but this an oxidative work-up still lead to a large amount of unreacted substrate
being recovered. However, turning to the radical oxidant TEMPO [(2,2,6,6-
tetramethylpiperidin-1-yl)oxyl]™® followed by aqueous work-up, [4-'Bu-CeHsC(=0)(1*-
CsH4)Fe(i7°-CsHs)] (21) could be isolated in a yield of 41%, along with the 1,2-adduct
[CeHsC(OH)'Bu(r°-CsHa)Fe(5°-CsHs)] (24) in a 34% vyield (Scheme 2.13). In this case only
7% of unreacted substrate was recovered, which suggests that although this is the most
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successful oxidative work-up discovered to date, the total conversion of 17 to the 1,6-addition

product 21 could potentially be even greater than 41%.

The results of these quenching reactions provide a very useful insight into the reaction of 3
with 17. The isolation of the 21 confirms that the second major species formed prior to
electrophilic ~ quenching is the 1,6-adduct [(TMEDA)Na(TMP){u-OC(4-'Bu-
CsHs)(Fc)}Zn'Bu] (22). Thus, although isolation and characterisation of the organometallic
intermediates yields only the 1,2-additon/deprotonation species [(TMEDA)Na(u-
TMP)Zn{OC(Ph)(‘Bu)(;>-CsHs)Fe(;7°-CsHs)}] (18), this is not the major product of the
reaction. Different electrophilic quenches (I, D,O, TEMPO/H,0) allow the expected product
of a-metallation/1,2-additon [CsHsC(OH)'Bu(i7°-CsHsX)Fe(;7°-CsHs)] (X = 1, 19; D, 23; H,
24) to be isolated in yields ranging from only 29-34%, which would suggest that during the
reaction with 3 only around one third of the benzoylferrocene undergoes simultaneous
deprotonation and 1,2-addition. Thus, it would appear that the reaction in fact favours a
nucleophilic 1,6-addition, as has been previously reported for related aromatic ketones, with
the major species obtained when a suitable oxidative work-up is employed being [4-'Bu-
CsH4C(=0)(5°-CsHa)Fe(°-CsHs)] (21) in a 41% vyield. This yield may be even higher, as
some unreacted benzoylferrocene is still recovered from the reaction, which is most likely
formed by decomposition of the organometallic 1,6-adduct during aqueous work-up, as NMR

analysis of the reaction prior to quenching shows there to be no unreacted substrate present.
2.2.3 Further investigation into the two-fold activation of Zn'Bu, in 3

Returning our attention to the surprising two-fold activation of Zn'Bu, in 3 towards
benzoylferrocene (17) we decided to investigate this unusual dual reactivity more closely.
From the electrophilic quenches of the reaction discussed above we found that there were no
isolated products obtained from the reaction whereby only 1,2-addition or metallation of the
Cp’ ring had occurred. Furthermore, when the reaction is performed at lower temperatures,
although the yields of the products decrease, 1,2-addition or a-metallation cannot be obtained
selectively. This would suggest that the initial metallation of the Cp’ ring by 3 must bring the
second tert-butyl into close proximity to the carbonyl group, and therefore induce
simultaneous 1,2-addition. To confirm this, the reaction of 17 with the heteroleptic zincate
[(TMEDA)LiZn'Bus], prepared by co-complexation of '‘BuLi and Zn'Bus, in the presence of

TMEDA, was investigated. Previously it has been shown that heteroleptic trialkylzincates are
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poor bases in terms of metallating activity, but they exhibit an enhanced reactivity in
nucleophilic addition®3% and metal-halogen exchange.””*® *¥1 Thus, the reaction of
[(TMEDA)LiZntBus] with 17 will inhibit metallation of the Cp’ ring of the substrate and

therefore prevent the subsequent 1,2-addition.

To a suspension of [(TMEDA)LiZntBus] was added one equivalent of 17, and the reaction
stirred at room temperature for 1 hour. Unfortunately it was not possible to obtain suitable
crystalline material from the reaction for X-ray crystallographic analysis, and NMR
spectroscopy was inconclusive as to the reactivity of this zincate towards 17, due to the
broadness of the resonances observed. Therefore, the reaction was quenched with I,, and [4-
'Bu-CsH4C(=0)(5>-CsH4)Fe(;°-CsHs)] (21) was obtained in an isolated yield of 76% (Scheme
2.14), as confirmed by *H and *C{*} NMR spectroscopy. Furthermore, the reaction yielded
only trace amount of the expected product from 1,2-addition [CsHsC(OH)'Bu(;°-CsH.)Fe(r>-
CsHs)] (24), and the expected product from o-metallation/1,2-addition [CeHsC(OH)'Bu(s°-
CsHsl)Fe(;7°-CsHs)] (19) could not be detected at all. Highlighting the important role of
lithium in these bimetallic reagents the reaction of 17 with Zn'Bu, was also performed,
showing that the homometallic species displayed no reactivity (metallation or addition)

towards the substrate.

0 Bu
[(TMEDA)LiZn'Bus] + O I (i) Hexane, 2h, rt .
I " Fe Fe
Fe (i) 1
(17)@ @ >
(21) (24)
76% traces

Scheme 2.14: Reaction of [(TMEDA)LiZn'Bus] with 17, followed by electrophilic quenching

with |, to form 21.

This series of reactions demonstrates the great difference in reactivity of dialkylamido
zincates such as [(TMEDA)Na(TMP)Zn'Bu,] (3) and heteroleptic trialkylzincates such as
[(TMEDA)LiZn'Bus], whereby the presence of the amido group in 3 promotes some
metallation of the Cp’ ring, inducing simultaneous 1,2-addition to the carbonyl group, most
likely driven by the proximity of the electrophilic C=0 group of the ketone and the tert-butyl
group still bound to zinc. However, this reactivity only accounts for around one third of the
substrate, with the remainder reacting via 1,6-addition. Using [(TMEDA)LiZn'Bus] it is not
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possible to perform deprotonative metallation reactions due to kinetic stability of the Zn-C
bonds (compared to the Zn-N bond in 3). Therefore a significant decrease in 1,2-addition to
17 occurs (only trace amounts), and the zincate performs selective 1,6-addition to
benzoylferrocene. Furthermore, we see in this case that oxidation of the organometallic 1,6-
adduct with I, occurs without substantial decomposition of the intermediate back to starting
material. This contrasts significantly with the reaction of 3 and 17, where the radical oxidant
TEMPO was required to successfully prepare the final 1,6-addition product 21.

2.2.4 Conclusions

From these results it has been determined that sodium zincate 3 can react with
benzoylferrocene (17) via two distinct reaction pathways; (i) direct o-zincation of the
functionalised Cp ring (Cp’) of the substrate, with loss of one tert-butyl group from the
zincate, followed by simultaneous 1,2-addition of the second tert-butyl group of 3 across the
C=0 group of the substrate, and (ii) nucleophilic 1,6-addition of one tert-butyl group of 3 to

the aromatic ring of the substrate (see Scheme 2.12).

Isolation and characterisation of the organometallic intermediates from the reaction of 3 and
17 yielded [(TMEDA)Na(p-TMP)Zn{OC(Ph)(‘Bu)(;°-CsHs)Fe(;>-CsHs)}] (18), formed as a
result of the unprecedented two-fold activation of Zn'Bu,, where not only is each of the tert-
butyl groups of 3 activated towards the same substrate, but they each react in a different way
(deprotonation and nucleophilic addition). However, NMR spectroscopic analysis of the
organometallic intermediates formed during the reaction suggested that this dual a-
metallation/1,2-addition product 18 was not the major species. Subsequent electrophilic
quenches with I, D,O and H,O, vyielded the expected products [CsHsC(OH)'Bu(i’-
CsHsX)Fe(5°-CsHs)] (X = I, 19; D, 23; H, 24) (see Scheme 2.12 and 2.13) in yields of 29-
34%, which established that only around one third of the a-metallation/1,2-addition product
was formed. A second organic product was also isolated [4-'Bu-CsH4C(=0)(17°-CsHa)Fe(i>-
CsHs)] (21), which after finding a suitable oxidative work-up could be obtained in an isolated
yield of 41% (see Scheme 2.13). Based on these results, and previous work involving
nucleophilic 1,6-addition of other aromatic ketones with 3, it can be concluded that the
major organometallic species formed during the reaction of 3 and 17 is
[(TMEDA)Na(TMP) {u-OC(4-'Bu-CsHs)(Fc)}Zn'Bu] (22) formed via nucleophilic 1,6-
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addition of the substrate. Therefore, although 3 can react with 17 via two separate pathways, it

is the remote 1,6-addition process which is the favoured route.

2.3 Summary

In the course of this chapter two new applications of the alkali metal TMP-zincates
[(THF)LI(TMP)Zn'Bu,] (1) and [(TMEDA)Na(TMP)Zn'Bu,] (3) have been reported,
displaying new reactivity patterns for these mixed-metal reagents. Both of these zincates have
demonstrated the ability to perform the first ever examples of direct lateral zincation (DIZn),
where reaction with the aromatic substrate trimethyl(phenoxy)silane (12) at ambient
temperatures, yielded the first phenyl containing a-metallated silane species
[(THF)Li(TMP){PhOSi(CHs),CH,}Zn'Bu] (13) and
[(TMEDA)Na(TMP){PhOSi(CH3),CH.}Zn'Bu] (14). This high level of reactivity and
selectivity towards this aromatic substrate cannot be replicated by the constituent
homometallic species, where a lack of reactivity is seen for Zn'Bu, and organolithium
reagents suffer from competing nucleophilic substitution at the O-Si bond even at reduced

temperatures, showcasing the advantages of this mixed-metal approach.

Turning to the functionalised metallocene, benzoylferrocene (17), it has been shown that
reaction with the sodium zincate (3) leads to the isolation of the organometallic intermediate
[(TMEDA)Na(u-TMP)Zn{OC(Ph)('Bu)(;°-CsHz)Fe(°-CsHs)}] (18). This species is formed
through the unprecedented two-fold activation of Zn'Bu, in 3 where one of the tert-butyl
groups has performed the o-metallation of the functionalised Cp’ ring, bringing the second
tert-butyl group into position to perform a simultaneous nucleophilic 1,2-addition to the
carbonyl group of the substrate. However, subsequent electrophilic quenching (with I, D,O
and H;0) of this organometallic intermediate gave the expected products in yields ranging
from only 29-34%. Under suitable oxidative work-up (with TEMPO) the major product of the
reaction [4-'Bu-CsH4C(=0)(57°-CsH,)Fe(°-CsHs)] (21) formed via a nucleophilic 1,6-addition
was isolated in a 41% yield. Using the heteroleptic trialkylzincate [[TMEDA)LiZn'Bus], the
absence of an amido ligand allows the selectivity of this reaction to be tuned towards solely
the 1,6-addition product, highlighting the important role of the TMP ligand in the mixed metal
bases 1 and 3 to promote metallation, and further emphasising the complexity of reactions

involving alkali metal zincates.
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anisole by TMP-dialkyl zincates

Taking into account the heteroleptic nature of alkali metal TMP-zincates such as
[(THF)LiI(TMP)Zn'Bu,] (1) and [(TMEDA)Na(TMP)Zn'Bu,] (3), different mechanistic
hypotheses for their unique reactivity have been proposed in the literature. The mixture of
tert-butyl and TMP ligands within the zincate means that theoretically the zincate could either
be acting as an alkyl base or as an amido base.®”! When the use of lithium TMP-zincate 1 as a
reagent for performing DoM was first reported in 1999 it was proposed that it had reacted as
an amido base, with the TMP ligand providing the source of basicity, generating an aryl
zincate intermediate [(Ar)Zn'Bu,Li] and TMP(H). Although there was no tangible structural
evidence to support this proposal, **C{*H} NMR analysis of the metallated intermediates
from the reaction between N,N-diisopropylbenzamide and 1 (Scheme 3.1(a)), and 2-iodo-
N,N-diisopropylbenzamide with the heteroleptic zincate [LiZn'Bus] (Scheme 3.1(b)),
indicated that the same arylzincate intermediates were formed, which would point towards

zincate (1) retaining both of its tert-butyl groups following deprotonation of the aromatic

substrate.™"!
o N'Pr, o N'Pr, o N'Pr,
(a) (b)
Zn'Bupli ~ Li(TMP)Zn'Bu, (1) X Lizn'Bus Zn'Bupli
o TMP(H) - 'Bul -
(x = H) (x=1)

Scheme 3.1: Comparison of the metallated intermediates proposed on the basis of **C{*H}
NMR data for (a) the deprotonative metallation of N,N-diisopropylbenzamide with 1, and (b)
the Zn-1 exchange reaction of 2-iodo-N,N-diisopropylbenzamide and LiZn'Bus.

Since these initial findings, numerous metallated intermediates from the deprotonation of
aromatic substrates by 1 and 3 have been isolated and structurally characterised (see
Chapters 1 and 2), and in almost every example reported to date these species have retained
the same M'-TMP-Zn backbone as is observed in the molecular structure of the bases
(Scheme 3.2). However, it must be taken into consideration that although these structural and
reactivity studies provide evidence of the constitution of the starting materials and final
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metallated products, any possible organometallic intermediates involved in these reactions
could remain invisible to these studies. Thus, these apparently divergent proposals have led to
further debate over the mechanism of deprotonative metallations of aromatic substrates using

alkali metal TMP-zincates, involving both theoretical and experimental studies.

/ \ > D—M'/ \Zn tBu + 'BuH

M' = Li, D = THF (1)
M' = Na, D = TMEDA (3)

Scheme 3.2: General scheme for the deprotonative metallation of aromatic substrates by

alkali metal zincates 1 and 3.

3.1 Theoretical studies on DoM of anisole using lithium TMP-zincates

As mentioned in Chapter 1 the metallated intermediate from the reaction between 1 and
anisole was successfully isolated and characterised by Mulvey and co-workers in 2006,
revealing the formation of the CIP species [(THF)Li(TMP)(0-CsHsOMe)Zn'Bu] (2) which
retained the Li-TMP-Zn backbone of the mixed-metal base 1, suggesting that the zincate had
behaved as an overall alkyl base, with the generation of isobutane (‘BuH) (Scheme 3.3).1%
Contrasting with previous studies,™*”! these results pointed towards a preferred alkyl basicity
for this bimetallic system. Initially the apparent difference in the reactivity of 1 was attributed
to the different solvent employed in the reactions, with a polar solvent such as THF favouring

amido basicity, and a non-polar solvent such as hexane favouring alkyl basicity.[*"

g, "
o—u —1Bu *+ 'BuH
CO——LI /Zn hexane, rt, 1h C

(1) B (2)

Scheme 3.3: Reaction of [(THF)Li(TMP)Zn'Bu,] (1) with anisole to form [(THF)Li(TMP)(o-
CsH4sOMe)Zn'Bu] (2).
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In the same year that the molecular structure of 2 was reported, Uchiyama and co-workers
published a theoretical study of the different reaction pathways of lithium TMP-zincate
[(THF)Li(TMP)Zn'Bu,] (1) with anisole.''%? For these DFT calculations simplified structural
models of the lithium zincate were used, with [(Me,O)Li(NMe;)ZnMe;] employed as the a
model for [(THF)Li(TMP)Zn'Bu,] (1), where the 'Bu groups and THF were replaced by Me
and Me,O respectively, and NMe; was used instead of TMP (Figure 3.1). Although the
authors justify these simplifications on the basis of the computational cost of their study, they
must be taken into account when comparing the structures of the transition states involved in

the study since they significantly minimize the steric interactions of these bimetallic systems.

\ Me
/ >Zn—Me Oo—u( ‘\{n—é

Model Zincate (1)

Me

Figure 3.1: Comparison of model zincate, used for the DFT calculations, with zincate 1.

In these theoretical studies, the activation energies of the proposed transition states were
calculated for two possible pathways; where the model zincate acted as an alkyl base
(Scheme 3.4(a)), and where it acted as an amido base (Scheme 3.4(b)). As can be seen from
these results there is a thermodynamic preference for the bimetallic reagent to act as an alkyl
base, with the reaction being overall exothermic (AE = -14.6 kcal mol™) compared to an
endothermic reaction when the zincate acts as an amido base (AE = +6.2 kcal mol™).
However, for the alkyl basicity pathway the most likely transition state had an overall
activation energy (AE,) of +28.4 kcal mol™, which was significantly higher than that
calculated when the zincate acts as an amido base (AE; = +18.6 kcal mol™) (Figure 3.2). This
would suggest that although there is a thermodynamic preference for alkyl basicity, the
alternative pathway where the zincate acts as an amido base is kinetically favoured. Thus,
these theoretical studies seemed to disagree with the experimental findings reported

Mulvey."
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Scheme 3.4: Proposed reaction pathways for the DoM of anisole with

[(Me,O)Li(NMe,)ZnMe,] where the zincate acts (a) as an alkyl base, and (b) as an amido

AE

(kcal mol™)

base (energy values shown are in kcal mol™).

N /"Ii\
e, \ AE=-146 T
\Li/ * \ Zn\
§ \ Me
OMe, S~ — + MeH
Alkyl Base

Reaction Coordinate

Figure 3.2: Energy profile for the reaction of [(Me,O)Li(NMez)ZnMe;] with anisole.

68



Chapter 3: Closer insight into the mechanisms of AMMZn of anisole by TMP-dialkyl zincates

3.2 Theoretical studies on metallation of benzene using sodium TMP-

zincates

Turning to sodium TMP-zincate [(TMEDA)Na(TMP)Zn'Bu,] (3), as was shown in Chapter 1
this base can react with benzene to yield the metallated intermediate
[(TMEDA)Na(TMP)(CsHs)Zn'Bu] (4), showing an overall alkyl basicity for 3. The
thermodynamic preference for this alkyl behaviour was supported by DFT calculations which
showed when the zincate acts as an alkyl base the process is exothermic by -21.9 kcal mol™,
and if it acts as an amido base the process would also be exothermic, but only by -1.5 kcal

mol™ (Scheme 3.5).5%"]

[(TMEDA)Na(CeHs)(TMP)Zn(Bu)] (4) + 'BuH | Alkyl Basicity

A

AE = -21.9 kcal mol™*

[(TMEDA)Na(‘Bu)(TMP)Zn('Bu)] (3) + CgHs

AE = -1.5 kcal mol™

\

[(TMEDA)Na('Bu)(CsHs)Zn('Bu)] + TMP(H) Amido Basicity

Scheme 3.5: Results of DFT calculations for the reaction of [[TMEDA)Na(TMP)Zn'Bus]

with benzene.

A more comprehensive theoretical study was reported by Uchiyama on the same reaction
where a simplified structural model of the zincate 3 was employed,
[(TMEDA)Na(NMe,)ZnMe,].% Similar to the calculation performed for the AMMZn of
anisole, the activation energies of the proposed transition states were calculated for two
possible reaction pathways; (i) where the model zincate acted as an alkyl base (Scheme
3.6(a)), and (ii) where it acted as an amido base (Scheme 3.6(b)). In this case the authors also
observed a kinetic preference for amido basicity over alkyl basicity (AE, = +25.1 kcal mol™
vs. AE, = +45.6 kcal mol™). In order to account for the overall alkyl basicity shown by
experimental studies, the authors proposed a two-step mechanism where the zincate first acted
as an amido base towards benzene, forming Me,NH and [(TMEDA)Na(CgHs)ZnMe;]. The
zincate could then act as an alkyl base, with one of the remaining methyl groups reacting with
the previously formed amine (Me,NH) to generate methane (MeH) and
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[(TMEDA)Na(NMe,)(CeHs)ZnMe], which is similar to the isolated intermediates previously
structurally characterised (Scheme 3.6(b)).

Me

I\|/Ie | I\|/Ie
/Zn\ H /Zn\ /Zn
MeN] Me sasb Mo Moy 884, e X + on,
Ng AN Ng
Me—y' y—Me SN NS Me—y y—Me
Me—=N  NZys Me— |1T™Me Me—=N  NZys
TS
Alkyl Basicity
AE =-12.8

Scheme 3.6(a): Proposed mechanisms for the reaction of [ TMEDA)Na(NMe,)ZnMe,] with

benzene, with zincate acting as an alkyl base (energy changes shown in kcal mol™).

I I i
/Zn\ /Zn\ Zn\
O+ + MeN Me 251, MeN” e 180, X “Me + HNMe,
N 7 / /
Na _-H Na Na
Me—y \y—Me @ Me—y y—Me Me—y/ “y_—Me
Me—N_ N=Me Me—N N=Me Me—N_ N=Me
TS, 1st Step Amido
Basicity
I\|/Ie |\|/Ie I\|/Ie
Zn\ Zn—Me Zn\
\
14, K e 23 oK ow ma COX NMe; + CH,
NG Nl Na—rite g
Me—y/ ‘y—Me Me—yi ‘y—Me Me—y/ ‘y—Me
Me/N N\Me Me/N N\Me Me/N N\Me
TS, 2nd Step
Alkyl Basicity
AE =-12.8

Scheme 3.6(b): Proposed two-step mechanism for the reaction of
[(TMEDA)Na(NMe,)ZnMe,] with benzene, showing initial amido basicity, followed by alkyl
basicity (energy changes shown in kcal mol™).

In the case of the one step reaction, with the zincate acting as an alkyl base, the reaction
proceeded through a single transition state with an activation energy of +44.8 kcal mol™, and
the overall process being exothermic (AE = -12.8 kcal mol™). In the two-step mechanism, the
reaction proceeded through two transition states, each of which had a lower activation energy
(AE, = +25.1 and +21.3 kcal mol™) than that of the one step alkyl basicity reaction (AE, =
+45.6 kcal mol™), and involved the formation of the intermediate dialkylzincate species
[(TMEDA)Na(CgHs)ZnMe,] (Figure 3.3). The lower activation energies of this process,

compared to the one step mechanism, would suggest that it was kinetically more favourable
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for the zincate to act initially as an amido base, and then act as an alkyl base to from the final
metallated product [(TMEDA)Na(TMP)(C¢Hs)ZnMe] and methane (CHy,).

AE

(kcal mol™)

Reaction Coordinate
Figure 3.3: Energy profile for the reaction of [[TMEDA)Na(NMe;)ZnMe,] with benzene
showing one-step (alkyl basicity) mechanism (Blue), and two-step (amido then alkyl basicity)

mechanism (Green).

Similar DFT studies has also been carried out to model the reactions of
[(THF)Li(TMP)Zn'Bu,] (1) with N,N-diisopropylbenzamide,!*® methyl benzoate™®' and
benzonitrile,®! showing a similar kinetic preference for the zincate to react via a two-step
mechanism, acting first as an amido base then as an alkyl base. A simplified model of the
zincate was again used for these calculations [(Me,O)Li(NMe,)ZnMe;], and in the reaction

with N,N-diisopropylbenzamide the substrate was modelled as N,N-dimethylbenzamide.

However, it must be stressed that although these theoretical studies strongly support the
existence of a two-step mechanism for these bimetallic bases, there is no tangible
experimental evidence to confirm this.'’? Furthermore, as mentioned above, the simplified
models adopted by the authors for the real bimetallic systems can greatly underestimate the
influence that steric factors may have in these reactions. For example, it has recently been
reported that mixed alkyl-amido zincates, prepared by combining Li(NMe;) and ZnMe; in
THF, show no metallating ability towards aromatic substrates such as anisole, benzonitrile,

and N,N-diisopropylbenzamide.?"!
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3.3 New insight into the reactivity of lithium TMP-zincates in DoM of

anisole

In order to shed some light on the mechanisms of AMMZn and to provide new experimental
insights into the “modus operandi” of these bimetallic bases, the deprotonation of anisole, a
classical substrate in monometallic DoM,"? with the lithium zincate 1 was investigated. As
previously mentioned, the final product of this reaction is 2, which has been previously
characterised by Mulvey and co-workers (Scheme 3.7).1%Y If the reaction of 1 with anisole
follows the two-step mechanism suggested by Uchiyama’s theoretical studies, then it must
proceed via an intermediate species [(THF)Li(0-CsHsOMe)Zn'Bus,] (Int-A), where TMP has
been replaced in 1 by a molecule of ortho-metallated anisole (Scheme 3.7).

'Bu Bu

O—Li!{ Zn—Bu ——> o—Li; Zn—"Bu + TMP(H)
\ / \

O

N Amido Basicity e é
e giiil} (Int-A)

l Alkyl Basicity

O
O——Li“ Zn—"Bu + 'BuH

/O

(2
Scheme 3.7: Proposed two-step mechanism for the reaction of 1 with anisole.

Attempts to isolate or even detect the formation of [(THF)Li(0-CsHsOMe)Zn'Bu,] (Int-A)
were unsuccessful. Thus, when the reaction of 1 with anisole was performed at room
temperature only the final metallated species [(THF)Li(TMP)(0-CsH,OMe)Zn'Bu] (2) was
obtained, whereas if the temperature of the reaction was reduced to -78°C the starting
materials, 1 and anisole, were recovered (Scheme 3.8). These results suggest that if the
reaction does proceed through a two-step mechanism and Int-A is formed, then the second
step where this intermediate zincate species reacts with concomitant TMP(H) must proceed

rapidly in solution to form 2.
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THF THF

Li L|
\O/ ~ ™P rt hexane ™~ / tBu

| hexane
<——— Li(TMP) + 'Bu,Zn + + THF %»
Zn
~
Bu
(2) (Int-A)

Scheme 3.8: Synthetic approach to the synthesis of [(THF)Li(0-CsHsOMe)Zn'Bus] (Int-A).

Given these results, an alternative indirect approach to synthesise this putative intermediate
Int-A was attempted, with the objective of studying its reactivity towards the amine TMP(H)
in order to assess if the second step of the two-step mechanism was plausible. To prepare this
intermediate an indirect co-complexation approach was used, where anisole was initially
ortho-lithiated using ‘BuLi in THF at 0°C, followed by addition of a dialkylzinc reagent
(ZnRy) (Scheme 3.9). In the course of these studies two different ZnR, reagents were
investigated, Zn'Bu, and ZnMe,. The former is the dialkylzinc species present in 1, and so
preparation of the proposed intermediate containing tert-butyl ligands will provide a direct
comparison for the two-step mechanism through which alkali metal TMP-zincates such as 1
are believed to react. On the other hand, although ZnMe; is not present in 1, use of this
dialkylzinc species does mirror the simplified structural models used for 1 in previous DFT
studies,™®% and therefore synthesis of this proposed dimethyl intermediate provides a
useful insight into the species involved in these theoretical studies. Furthermore, it has been
shown that variation of the alkyl groups can have a dramatic effect on the structure and the
reactivity of zincates,*! and synthesis of these two different intermediate species will be of

use for investigating the reaction mechanism of different dialkyl TMP-zincates.
(THF),

\ /LI
THF R Me, tBU

+ BuLi —» + ZnR, —— Zn

Scheme 3.9: Synergic co-complexation approach for the synthesis of the proposed reaction

intermediate.

Following standard experimental procedures anisole can be selectively ortho-lithiated using
'‘BuLi in THF at 0°C, and colourless crystals of tetrameric THF solvate [(THF),Lis(0-
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CsHsOMe),] (25) could be obtained by addition of hexane, which were characterised by *H,
Li and BC{*H} NMR spectroscopy and X-ray crystallography (see Chapter 7.3.8 —
Experimental Procedures for details).

3.3.1 Co-complexation of [(THF),Lis(0-CsH4sOMe),4] (25) with ZnMe,

Firstly, the co-complexation of 25 with the commercially available ZnMe, was studied. Thus,
it was found that combining equimolar amounts of both homometallic reagents in THF
afforded the novel bimetallic species [(THF),Li(0-C¢HsOMe)ZnMe,] (26) as a colourless oil
(Scheme 3.10), which was characterised by *H, ’Li and *C{*H} NMR spectroscopy.

THE THF
(0] Li.
THF \O/ e
+ tBu|_i o [(THF)zLi4(O-C6H4OMe)4] + ZnM62 e |
0°C (25) Zn\
Me
(26)

Scheme 3.10: Co-complexation reaction of (25) with ZnMe, to form [(THF),Li(o-
CsH,OMe)ZnMe,] (26).

The *H NMR spectrum of 26 in dg-benzene solution (Figure 3.4) showed four multiplets at
6 8.26, 7.24, 7.17 and 6.78 ppm for the aromatic protons, consistent with the formation of a
molecule of ortho-metallated anisole, and a singlet at 6 3.44 ppm for the methoxy group.
There was a further singlet at 5 —0.17 ppm which was indicative of a methyl group bonded to
zinc, and two multiplets at 6 1.21 and 3.24 ppm corresponding to the THF protons. Analysis
of the integration revealed a ratio of anisole:THF:Me of 1:2:2, which is consistent with 26
being of composition [(THF),Li(0-C¢H,sOMe)ZnMe,]. While the resonances for the aromatic
protons and the methoxy group showed a small shift compared to those of 25 (Table 3.1), the
singlet at 6 —0.17 ppm for the Zn-Me protons showed a significant downfield shift compared

to that of free ZnMe, (6 -0.52 ppm), which confirmed that co-complexation had occurred.

The "Li NMR spectrum possessed a single resonance at & 0.72 ppm, appearing markedly
upfield in comparison to that of 25 (6 3.28 ppm), suggesting a significant change in
environment of the Li atom. The most noticeable difference between the *C{H} NMR

spectra of 26 and 25 is the chemical shifts for the metallated ortho-carbon, which appears at
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0 154.8 ppm in 26 (compared to 6 159.2 ppm in 25), and the methyl groups attached to zinc,
which appear at 6 -8.6 ppm.

Li(THF),
\O/
CHmeta* I
ps9 ZnMe
\ CHpara ortho" ~ 2 Zn(CHy),
CHotho* 4
meta meta
—CHirem— para CH; (THF)
OCH, (THF)
[N 69 6.8 6.7,
1 _-"
\ _-"
-7 OCHs

L r”

I 1

I 1

Figure 3.4: *H NMR spectrum of 26 in ds-benzene solution.

! ) THF/ _—
o("H) Me OMe Ar-H TMEDA Li

[(THF),Li(0-C¢H,OMe)ZnMe,] (26)  -0.17 3.44  8.26,7.24,7.17,678 121,324 | 0.72

[(THF),Lis(0-CsH4OMe).] (25) - 341 818,739,726678 117,310 | 3.28
ZnMe, 052 - - - -
CeHsOMe - 331 7.12,6.81,6.84 - -

[(TMEDA)Li(0-CsH4OMe)ZnMe,] (28) -0.14 342  8.27,7.23,7.19,6.77 165162 | 0.67

Table 3.1: Comparison of *H and "Li NMR chemical shifts (ppm) of 26, 25, ZnMe;, anisole

and 28 in dg-benzene solution.

Attempts to grow crystals of 26 from neat THF or toluene were unsuccessful due to the high
solubility of this compound in these solvents, even at lower temperatures (-30°C). Use of a
less polar solvent such as hexane gave a white solid, which could be re-dissolved by addition
of toluene, and after leaving at room temperature overnight deposited colourless crystals of
the tetraorganozincate [(THF),Li»(0-CsHsOMe)sZn] (27) (average isolated yield = 9%),
whose formation can be attributed to a disproportionation process as a result of the large

change in polarity of the organic solvent (see Chapter 3.5 for further discussion of 27).
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Thus, despite numerous attempts to prepare 26 as a crystalline solid using different solvent
systems and conditions, only tetraorganozincate 27 could be isolated. In a deliberate attempt
to form a crystalline derivative of 26, THF was replaced with the bidentate ligand TMEDA,
which can coordinate in a chelating fashion, providing additional stabilisation to the proposed
organometallic intermediate, and prevent its disproportionation to 27. Using a similar
approach to that described above anisole was ortho-lithiated by '‘BuLi at 0°C, this time using
hexane as the bulk solvent in the presence of one molar equivalent of TMEDA, followed by
the addition of ZnMe, (Scheme 3.11). The resulting solution was left at room temperature
overnight, affording a crop of colourless crystals of [[TMEDA)Li(0-CsH,;OMe)ZnMe;] (28)
(Isolated yield = 62%), which were analysed by X-ray crystallography and 'H, ’Li and
BC{"H} NMR spectroscopy. The *H NMR spectrum of 28 in dg-benzene solution proved to
be almost identical to that of the THF analogue 26, showing marginal variations for the
chemical shifts of the aryl and methyl groups (Table 3.1), and two singlets at & 1.65 and 1.62
ppm corresponding to the CH3 and CH groups respectively of the TMEDA ligand.

\o %, '/
~o
hexane ] © Me
+ Bulj + TMEDAW [(TMEDA)Li4s(0-CgH,OMe)4}o] + ZnMey —— |
Zn
\Me
(28)

Scheme 3.11: Synthesis of [(TMEDA)Li(0-C¢H,OMe)ZnMe;] (28).

The mixed-metal constitution of 28 was confirmed by an X-ray crystallographic study
(Figure 3.5(a)), demonstrating that co-complexation of ZnMe, with [(TMEDA){Li4(0-
CsHsOMe)2}-]™ had taken place. The ortho carbon of the metallated anisole fragment,
which was initially bound to lithium is now bonded to zinc, forming a strong ¢-bond (Zn-C3
2.016(3) A). The two metal centres are connected through both a bridging methyl group (Zn-
C1 2.048(3), Li-C1 2.290(4) A) and an ambidentate ortho-metallated anisole fragment, where
lithium forms a dative bond to the oxygen (Li-O 1.960(4) A), and zinc binds covalently to the
ortho-carbon of the anisole group, giving rise to a CIP structure which is completed by a
terminal methyl group on the zinc, and the bidentate TMEDA ligand, which chelates the

lithium centre.
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(b)
Li
- C3
o
C4

Figure 3.5(a): Molecular structure of [(TMEDA)LIi(0-CsHsOMe)ZnMe;] (28) with 40%
probability ellipsoids. Hydrogen atoms have been omitted for clarity. (b) Central six-
membered {LiOCCZnC} ring of 28 fused to the aromatic ring of anisole, with 30%
probability ellipsoids. Selected bond distances (A) and bond angles (°): Zn-C1 2.048(3), Zn-
C2 2.045(2), Zn-C3 2.016(3), Li-C1 2.290(4), Li-N1 2.144(4), Li-N2 2.108(4), Li-O 1.960(4);
C1-Zn-C3 122.71(10), C2-Zn-C3 116.20(11), C1-Zn-C2 121.09(10), C1-Li-N1 113.90(18),
C1-Li-N2 114.34(18), C1-Li-O 107.24(17), N1-Li-N2 86.96(14), N1-Li-O 115.07(19), N2-Li-
O 118.55(19).

The bonding in 28 results in a closed structure comprising of a central six-membered
{LiOCCZnC} ring, which is fused to the aromatic ring of anisole through the ipso and
metallated ortho carbon atoms, which can be envisaged as a hetero-naphthalenyl fragment
(Figure 3.5(b)). Thus, Zn, O and C1 lie almost co-planar with the aromatic ring (maximum
deviation from mean plane 0.031 A for O), whereas the lithium centre adopts an almost
perpendicular disposition, as evidenced by the angle of 76.7° between the Li-O-C1 and C1-
Zn-C3-C4-0 planes. The ortho-metallated anisole fragment in 28 bonds in a similar fashion to
that displayed in [(THF)Li(TMP)(0-CsH4sOMe)Zn'Bu] (2), with similar bond distances for the
dative Li-O bonds (1.960(4) A in 28 compared to 1.985(3) A in 2) and the Zn-Corno bonds
(2.045(2) A in 28 compared to 2.0937(16) A in 2). The bridging methyl group in 28 forms not
only a strong, short bond to zinc (Zn-C1, 2.0483(3) A), but also a short-medium contact to
lithium (Li-C1, 2.290(4) A). This Li-C bond in 28 is significantly shorter than that of the
analogous lithium dimethylzincate compound [(TMEDA)LI(TMP)ZnMe;] (Li-C bond length
2.603(5) A),*°! and is more comparable with those found in the methyl lithium tetramer
[{(THF)LiMe}.] (average Li-C bond length 2.240 A), % suggesting that this bridging methyl
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group in 28 may possess a substantial amount of lithium character. However, in dg-benzene
solution at room temperature this Li-C contact must be broken, as the *H NMR spectrum
shows the two methyl groups to be equivalent, and the chemical shift (6 -0.14 ppm) suggests
the methyl groups possess more zinc character than lithium character when compared to the
resonances of the methyl groups in each of these homometallic reagents (ZnMe, = & -0.52

ppm, MeLi = 3 -1.42 ppm).

3.3.2  Co-complexation of [(THF),Lis(0-CsH4sOMe)4] (25) with Zn'Buj

After the successful synthesis and characterisation of the monoaryl-dimethylzincates 26 and
28, we next endeavoured to prepare a di-tert-butyl derivative. Thus, a THF solution of ortho-
lithiated anisole was reacted with 'Bu,Zn to form the corresponding monoaryl-di-tert-
butylzincate [(THF)sLi(0-CsHsOMe)Zn'Bu,] (29) via synergic co-complexation (Scheme
3.12).

THF THF

~ \P e
Li’
SN0 sy
T THF |
+ 'BuLi — % [(THF),Liy(0-CeHsOMe)s] + Zn'Bu, ——> 4
(25) gy
(29)

Scheme 3.12: Synthesis of [(THF)sLi(0-CsH4sOMe)Zn'Bus] (29) via synergic co-

complexation.

The *H NMR spectrum of the crude reaction mixture in d-benzene solution (Figure 3.6) was
consistent with the formation of the mixed-metal compound [(THF)sLi(0-CsHsOMe)Zn'Bu,]
(29). Analysis of the aromatic resonances showed significant change in the chemical shifts
compared to those found in the *H NMR spectrum of 25 (Table 3.2), the most notable of
which was the resonance of the meta proton, which appears at 5 8.18 ppm in 25, where the
proton is adjacent to the Li-C bond, but in 29 it has moved further up-field to & 7.26 ppm.
This is also significantly different when compared to that of the analogous dimethylzinc

species (26), which has a chemical shift of & 8.15 ppm for its meta proton (Table 3.2).
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Zn('Bu), \O/Li(THF)3
OCHj; (THF) ipsg) Zn'Bu,
ortho ortho
meta’ meta
para
CH; (THF)
CHmera"
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OCHg;
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Figure 3.6: *H NMR spectrum of 29 in ds-benzene solution.

1 t 5 THF/ 70 s
8CH) Bu OMe Ar-H PMDETA Li

[(THF)sLi(0-CeH,OMe)Zn'Bu,] (29) 158 3.43 7.26,7.14,6.80,6.74 1.38,3.13 | -0.28
[(PMDETA)Li(0-C¢H,OMe)Zn'Bu,] (30) 1.75 3.83 8.18,7.19,7.06,6.21 1.81,1.65,1.63| -0.15
'‘Bu,Zn 1.02
[(THF),Li4(0-CsH,OMe),] (25) - 341 818,7.39,7.26,6.78 1.17,3.10 | 3.28

[(THF),Li(0-CeH,OMe)ZnMe,] (26)  -0.17 3.44 8.26,7.24,7.17,6.78 121,324 | 0.72

[(THF)Li(TMP)(0-CsH,OMe)Zn'Bu] (2) 1.61 3.31 7.94,7.22,7.16,6.56 1.17,3.00 | 0.87

Table 3.2: Selected *H and "Li NMR chemical shifts (ppm) of 29, 30, ‘Bu,Zn, 25, 26 and 24!

in dg-benzene.

A large singlet at 8 1.58 ppm can be assigned to the methyl protons of the ‘Bu groups, which
is shifted downfield compared to that found for free '‘Bu,Zn (& 1.02 ppm), but appears at a
similar chemical shift to that observed for the ‘Bu group of the related mixed metal compound
[(THF)Li(TMP)(0-CsHsOMe)Zn'Bu] (2) (8 1.61 ppm) (Table 3.2).*"! Further confirmation
that co-complexation has taken place is gained from the "Li NMR spectrum, which displays a
single resonance at 6 —0.28 ppm, which is shifted considerably downfield when compared to

that of 25 (5 3.28 ppm), suggesting a substantial difference in the coordination environment of
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the Li atom. The presence of coordinated THF is indicated by two multiplets at 6 1.38 and
3.13 ppm, which are very different to those of free THF in the same deuterated solvent (5 1.88
and 3.74 ppm). Analysis of the integration of these resonances reveals a ratio of metallated
anisole:THF:'Bu of 1:3:2, which would suggest a species of composition [(THF)sLi(o-
CsHsOMe)Zn'Buy] (29).

As previously observed for 26, attempts to obtain 29 in crystalline form proved to be
unsuccessful due to the high solubility of this compound in neat THF or toluene, and the
addition of hexane giving the disproportionation product [(THF),Li>(0-CsH,OMe)sZn] (27)
(see Chapter 3.5 for further discussion of 27). After the success of employing the bidentate
ligand TMEDA to isolate the analogous dimethylzincate [(TMEDA)Li(0-CsHsOMe)ZnMe,]
(28), the same approach was used for 29. Taking into account that 29 appears to contain three
molecules of THF, the tridentate amine PMDETA was employed in an attempt to stabilise the
intermediate and prevent disproportionation to the tetraorganozincate 27. Thus, anisole was
first ortho-lithiated by 'BuLi at 0°C in hexane in the presence of one molar equivalent of
PMDETA, and to the resulting suspension was added Zn'Bu,. After removing the volatiles in
vacuo the resulting residue was dissolved in warm toluene and left to slowly cool to room
temperature, affording a crop of cubic crystals [(PMDETA)Li(0-CsHsOMe)Zn'Bu,] (30)
(Isolated yield = 34%) (Scheme 3.13), which were analysed by *H, ‘Li and *C{*H} NMR
spectroscopy and X-ray crystallography.

A (\N",‘“\
N

>~ ( "
“Li
0 —
N ~
hexane, B \O Bu
. _ PMDETA _ N /
+'BULi ————— [(PMDETA),Li(0-CgH,OMe)] + Zn'Bu, ———> zn
0°C =
(30)

Scheme 3.13: Synthesis of [[PMDETA)Li(0-CsHsOMe)Zn'Buy] (30).

As can be observed in Table 3.2, multinuclear NMR analysis confirmed the successful co-
complexation of 'BuyZn with [(PMDETA),Li(0-CsH,OMe)], with the most indicative
resonance being the protons of the tert-butyl groups, appearing at & 1.75 ppm (compared to
unco-complexed Zn'Bu, 81.02 ppm). The differences between the *H NMR spectra of 29 and
30 (Table 3.2) are most likely caused by the stronger coordinating ability of the chelating

80



Chapter 3: Closer insight into the mechanisms of AMMZn of anisole by TMP-dialkyl zincates

PMDETA compared to monodentate THF, which may result in the THF molecules
coordinated to the Li centre in 29 being partially labile in solution, whereas in 30 this is
unlikely to occur with the tridentate PMDETA ligand.

Analysis of the crystalline material of 30 by X-ray crystallographic studies revealed the
molecular structure of the CIP lithium zincate [(PMDETA)Li(0-CsHsOMe)Zn'Bu,] (Figure
3.7), evidence that the co-complexation of Zn'Bu, with lithiated anisole had taken place. As in
the dimethylzincate derivative [(TMEDA)Li(0-CsH4sOMe)ZnMe;] (28), the ortho-carbon of
the metallated anisole fragment is bonded to zinc, forming a strong o-bond (Zn-C9 2.050(3)
A) and lithium bonds to the oxygen of anisole, resulting in a molecule of ortho-metallated
anisole which bridges the two metal centres in an ambidentate fashion. Zinc completes its
coordination sphere by bonding to the two terminal tert-butyl groups in a trigonal planar
geometry (sum of the angles around Zn 358.2°), whereas lithium exhibits a distorted
tetrahedral geometry (average angle around Li 108.2°), bonded to the oxygen of anisole and
the three nitrogen atoms of PMDETA.

Figure 3.7: Molecular structure of [(PMDETA)Li(0-CsHsOMe)Zn'Bu,] (30) with 30%
probability ellipsoids. Hydrogen atoms have been omitted for clarity. Selected bond distances
(A) and bond angles (°): Zn-C1 2.044(9), Zn-C5 1.975(8), Zn-C9 2.050(3), Li-O 1.929(4), Li-
N1 2.118(6), Li-N2 2.129(6), Li-N3 2.086(7), Li-C7 4.869(12); C1-Zn-C5 124.2(5), C1-Zn-C9
117.2(3), C5-Zn-C9 116.8(3), O-Li-N1 117.8(2), O-Li-N2 123.3(2), O-Li-N3 116.2(2), N1-Li-
N2 86.8(2), N1-Li-N3 119.2(2), N2-Li-N3 85.9(2).

Importantly, where 28 had a closed structure, with the two metals also linked by one of the
methyl groups, 30 exhibits a much more open structural motif, having the ortho-metallated

anisole fragment as the only ligand bridging between the Li and Zn centres. Thus, there is no
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secondary interaction between the lithium and any of the methyl groups of the tert-butyl
ligands of 30 (shortest Li-CH3; bond distance 4.869(12) A for Li-C7), contrasting with the
previously reported molecular structure of the mixed-metal base [(THF)Li(TMP)Zn'Bu,] (1)
(shortest Li-CH; bond distance 2.4090(3) A),* where Li and Zn are connected by both a
TMP and one of the 'Bu ligands. A similar open structural motif to 30 has been reported for
the related lithium aluminate [(THF)3Li{O(:C)NiPrz(CeH4)}A|(iBU)3], resulting from the
direct ortho-alumination of N,N-diisopropylbenzamide by the mixed-metal base
[(THF)sLi(TMP)AI'Bus] (Figure 3.8).2%! Encouragingly, this compound has a contacted ion-
pair structure containing a lithium atom coordinated to three molecules of THF and to the
oxygen of the aromatic substrate, providing a similar motif to that which would be expected
for [(THF)sLi(0-CsHsOMe)Zn'Buy] (29).

Figure 3.8: Molecular structure of the [(THF)sLi{O(=C)N'Pr,(CsH4)}AI('Bu)s]. Hydrogen
atoms have been omitted for clarity.

Having characterised both the dimethyl and di-tert-butyl intermediates it has been shown that
they posses remarkably different structural motifs, with [(THF),Li(0-CsH4,OMe)ZnMe;] (26)
adopting a closed structure compared to the open structure of [(THF)sLi(0-CsHsOMe)Zn'Bu,]
(29). The next step in these studies was to investigate the reactivity of these bimetallic species
with TMP(H) in order to mimic the second step of the mechanism for AMMZn proposed by
Uchiyama in his theoretical studies, as well as assessing the effect that the different alkyl

groups (Me vs. 'Bu) may have on the reactivity of this family of alkali metal zincates.

82



Chapter 3: Closer insight into the mechanisms of AMMZn of anisole by TMP-dialkyl zincates

3.3.3 Investigating the reactivity of [(THF),Li(0-C¢H4sOMe)ZnMe;] (26) with TMP(H)

Based on the data provided by theoretical studies, the reaction of lithium dialkyl-
amidozincates [(THF)Li(TMP)ZnR;] with anisole would be expected to afford an
intermediate of similar structure to [(THF),Li(0-CsHsOMe)ZnMe,] (26), which in turn reacts
with concomitant TMP(H) to afford the final product of AMMZn [(THF)Li(TMP)(o-
CesHsOMe)ZnMe] (31) and methane. Thus, in order to replicate experimentally the proposed
second step of this theoretical study, the reactivity of 26 with equimolar amounts of TMP(H)

was investigated (Scheme 3.14).

THF\ /THF 'I'HF
o DN
O ‘Te 0 TMP
+ TMPH) — > + MeH
ZH\M Zn\
e Me
(26) (31)

Scheme 3.14: Proposed 2" step for AMMZn of anisole: reaction of [(THF),Li(o-
CsHsOMe)ZnMe;] (26) with TMP(H).

In general, it is well known that the reactivity of mixed-metal reagents is greatly influenced
by the donor ability of the solvent employed,!*¥ so these reactivity studies have been carried
out in both dg-benzene and the more polar solvent dg-THF. An advantage of carrying out such
reactions in deuterated solvents is that they can be monitored directly by NMR spectroscopy,
which means that any volatile reagents or by-products formed can be detected, and therefore a

more complete picture of the reaction can be observed.

The reactivity of 26 with TMP(H) was first investigated in deuterated benzene, with the
synthesis of 26 carried out as described in Chapter 3.3.1, followed by removal of the solvent
and volatiles in vacuo. The product was then dissolved in dg-benzene, and its purity confirmed
by *H and "Li NMR spectroscopy (Figure 3.9(a)). One equivalent of TMP(H) was then added
to the NMR tube, and the reaction mixture analysed by *H NMR spectroscopy after 2 hours
(Figure 3.9(b) and (c)). Analysis of the aliphatic region (Figure 3.9(c)) indicated that
TMP(H) had been successfully metallated by the presence of two characteristic singlets at &
1.23 and 1.50 ppm, corresponding to the a-methyl groups of TMP. The inequivalence of these
methyl groups is indicative of a fixed stereochemically rigid Li-TMP-Zn backbone in the
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product. However, a second set of resonances was also present at 6 1.12 and 1.44 ppm, which
would indicate the presence of a second species possessing a Li-TMP-Zn backbone, along
with some unreacted TMP(H) as indicated by a singlet at 5 1.06 ppm, corresponding to the a-
methyl groups. Thus, it would appear that the reaction of TMP(H) with 26 has yielded two
different products. This was confirmed by analysis of the aromatic region (Figure 3.9(b)),
which showed four multiplets at 6 7.96, 7.16, 7.10 and 6.53 ppm, which were consistent with
the presence of ortho-metallated anisole, but shifted slightly compared to those of 26 (8.26,
7.24, 7.17 and 6.78 ppm). However, these resonances were only a minor product, the major
species present was indicated by three resonances at 6 7.11, 6.84 and 6.79 ppm (a triplet,
triplet and doublet respectively), and a singlet at & 3.36 ppm, which were consistent with

those of free anisole in the same deuterated solvent.

(@) ~___Li(THF),
O
|
) ipsQ) ZnMe, Zn(CHz),
ortho ortho
meta” meta
para
CH, (THF)
OCHs | OCH, (THF)
CHpara
CHmeta*
CHmeta CHortho*
_ J
(b) Free anisole
THF
Ar-H (31) (OCH,) (See Fig 3.9(c))

Zn-CH;

Figure 3.9: Reaction of 26 with TMP(H) in dg-benzene, monitored by *H NMR. (a) before
addition of TMP(H) and (b) 2 hours after addition one equivalent of TMP(H).
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Unreacted
TMP(H)
THF
(CHy)
Metallated TMP Metallated TMP
(a-CHs) (31) 7 (a-CH3) (32)

Figure 3.9(c): Aliphatic region of the *H NMR spectrum of the reaction between 26 and
TMP(H) in dg-benzene after 2 hours.

This data would suggest that although TMP(H) has reacted with 26, the expected product
[(THF),Li(TMP)(0-C¢H4sOMe)ZnMe] (31), formed by reaction of TMP(H) with one of the
methyl groups of 26, is only the minor species present. The major product in the aromatic
region is anisole, implying that 26 has reacted with TMP(H) in a completely different manner
to that suggested by Uchiyama, and instead of the TMP(H) replacing one of the methyl
ligands it has instead displaced the ortho-metallated anisole of 26, affording the lithium
dimethyl-TMP zincate [(THF)Li(TMP)(Me)ZnMe] (32) and free anisole (Scheme 3.15). The
formation of 31 and 32 is consistent with the presence of two sets of a-methyl resonances for
two different Li-TMP-Zn fragments observed in the aliphatic region (& 1.23 and 1.50 ppm,
6 1.12 and 1.44 ppm). Analysis of the integration of the aromatic resonances reveals a ratio of

ortho-metallated anisole to free anisole of ~1:3.

Furthermore, this reaction showed no dependence on the nature of the solvent employed, with
the same results observed when the reaction was carried out in the more polar dg-THF, giving
an almost identical ratio of products. It should also be noted that reaction of the TMEDA
analogue, [(TMEDA)Li(0-C¢HsOMe)ZnMe,)] (28), with one equivalent of TMP(H) in
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deuterated benzene gave the same result as was seen for 26, with [[TMEDA)Li(TMP)ZnMe,]
and free anisole being the main products formed.

|
o)
Oo,// Me dg-THF or -

C?;L\i/ Nzn—e s TMP(H) Sebenzene_ (31)
@)
- " o
e
. CO 0 e +
—Li n—NMe 74%
N\ /
TMP
(32)

Scheme 3.15: Reaction of 26 with TMP(H) to form 31 and methane, and 32 and free anisole.

The unexpected formation of [(THF)Li(TMP)(Me)ZnMe] (32) from the reaction of 26 with
TMP(H) was confirmed by preparing this dialkyl-TMP-zincate via a rational co-complexation
approach, by reacting equimolar amounts of LITMP, Me,Zn and THF in hexane (Scheme
3.16). After stirring at room temperature for 1 hour the solvent was removed in vacuo,
affording a colourless oil which was analysed by *H NMR spectroscopy, showing almost
identical resonances to those seen in the reaction of 26 and TMP(H) in ds-benzene, the most
indicative of which were those of the a-methyl groups of the bridging TMP ligand at 6 1.10
and 1.45 ppm (compared to 6 1.12 and 1.44 ppm in the reaction between 26 and TMP(H) -

Figure 3.9(c)).
hexane N

/ N\

rt, 1h O—Li, Zn—Me
./

Me (32)

Scheme 3.16: Rational synthesis of 32.

L(TMP) + Me,Zn + THF

These results fill an important gap in the understanding of the reactivity of dialkyl-TMP
zincates [(THF)Li(TMP)ZnR;]. In theory, if they behaved as amido bases it might be
expected that the alkyl groups would play only a spectating role in the reactivity of these
zincates, and that both 1 (R= 'Bu) and 32 (R= Me) would exhibit similar reactivities.

However, whereas [(THF)Li(TMP)Zn'Bu,] (1) ortho-deprotonates anisole at room
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temperature in hexane in an almost quantitative yield after 2 hours,*" the methyl analogue
[(THF)LI(TMP)ZnMe;] (32) showed very low reactivity, with only 20% of the aromatic
substrate being metallated after 48 hours at room temperature. These differences in reactivity
between 1 and 32 could be attributed to a one-step reaction, where the zincate acts solely as
an alkyl base, and the lower basicity of methyl ligands compared to tert-butyl ligands
accounting for the different levels of deprotonation. However, taking into account the results
observed for the reaction of 26 with one equivalent of TMP(H) (where the yield of metallated
anisole is 26%), this study provides an alternative explanation for the poor reactivity exhibited
by 32.

Thus, if [(THF)LI(TMP)ZnMe,] (32) did behave initially as an amido base, it would first
metallate anisole forming the proposed intermediate species 26 and TMP(H). However, due to
the lower basicity of the methyl ligands (in comparison with tert-butyl ligands), TMP(H) is
able to react with the molecule of metallated anisole more rapidly than it does with the methyl
ligands of 26. Therefore, a reversal of the first step of the reaction, where TMP(H) displaces
anisole to regenerate 32 and free anisole could compete with the formation of the final
metallated species 31 and methane (Scheme 3.17). The net result of which is that the

metallation of anisole by 32 occurs in very low yields (only 20%).

(THF)2 ”/(j\”
|||||||' Q] \ N
CO Li/ \Zn-Me
Co—u“\ e ©/ J* TMP(H) ——~ /\oé

(31)
(26) + MeH

Scheme 3.17: Summary of the reactivity of [(THF)Li(TMP)ZnMe;] (32) with anisole.
3.3.4 Investigating the reactivity of [(THF)sLi(0-CsHsOMe)Zn'Bus] (29) with TMP(H)

Building on these results, attention next turned to investigating the reactivity of [(THF)sLi(o-
CsHsOMe)Zn'Buy] (29) towards TMP(H). These reactivity studies were also carried out in
both ds-benzene and ds-THF, to give an insight into the role of solvent in these metallation
reactions. Compound 29 was prepared in situ, then dissolved in dg-benzene, and a *H NMR
spectrum was recorded which confirmed the purity of the bimetallic compound (Figure
3.10(a)).
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(See Fig 3.12(c))

© Bu TMP(H)
(CH3) (2) (a-Me)

Metallated TMP
(a-CHs’s) (2)

'BuH
(CHy)

Metallated TMP Metallated TMP
(v-H) (B-H’s) ‘BuH

\

TMP(H)
(B-H)

Figure 3.10: Reaction of 29 with TMP(H) in ds-benzene, monitored by *H NMR (a) before
addition of TMP(H), (b) 2 hours after addition of TMP(H), and (c) Expanded aliphatic region
2 hours after addition of TMP(H).
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To the NMR tube was added one equivalent of TMP(H), and the reaction mixture analysed
after 2 hours (Figure 3.10(b)). In this case, analysis of the aliphatic region revealed the
presence of only one set of a-methyl resonances for metallated TMP, with two distinct
singlets at 6 1.21 and & 1.40 ppm consistent with a bridging TMP ligand, along with a further
peak at & 1.04 ppm corresponding to the a-methyl groups from some remaining unreacted
TMP(H) (Figure 3.10(c)).

Analysis of the aromatic region again showed the presence of two different sets of aromatic
resonances. A set of four multiplets (6 7.76, 7.11, 7.02 and 6.50 ppm) indicated the presence
of a molecule of ortho-metallated anisole, which were different to those of observed for 29 (&
7.26, 7.14, 6.80, 6.74 ppm), but consistent with those found for the product of direct AMMZn
of anisole by the lithium TMP-zincate (1), [(THF)Li(TMP)(0-CsH.OMe)Zn'Bu] (2) (8 7.94,
7.22, 7.16, 6.56 ppm).[*"! In addition, there were three resonances at § 7.11, 6.84 and 6.79
ppm indicating the presence of free anisole, which was the minor product of this reaction,
with integration of the aromatic resonances indicating a ratio of approximately 4:1 between
the product [(THF)Li(TMP)(0-CeH4sOMe)Zn'Bu] (2) and free anisole. Thus, the expected
reaction of 29 with TMP(H) to form 2 is favoured over the reaction of TMP(H) with the
metallated anisole ligand to regenerate 1 and anisole (Scheme 3.18), showing a contrasting
reactivity pattern to that which was observed for the dimethyl derivative 26. Further
confirmation that the reaction of 29 and TMP(H) had proceeded to form 2 is the presence of a
distinct doublet at 56 0.87 ppm and a multiplet at 6 1.56 ppm (Figure 3.10(c)), which can be
assigned to the CH3 and CH groups respectively of isobutane (‘BuH), the expected by-product
of this reaction (Scheme 3.18).

TM TMP

7\
B 0—Li Zn—'Bu

O——-Ll Zn—‘Bu
C <CeDs P TMP(H) —C6D6 o cl)
3C/C ’/lCH3 O‘Ll— e

m )

Q (29)@ + 'BuH

Minor Products Major Products

Scheme 3.18: Reaction of 29 with TMP(H), forming 2 and isobutane preferentially, over 1

and anisole.

Since 2 is the product obtained from direct zincation of anisole by [(THF)Li(TMP)Zn'Bu,]

(1), these results constitute the first experimental evidence to support the two-step
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mechanism, previously suggested by Uchiyama’s theoretical studies. Thus, zincate (1) first
acts as an amido base, metallating anisole to yield 29 and liberating TMP(H), which can in
turn react in a second step to afford the final metallated species [(THF)Li(TMP)(o-
CsHsOMe)Zn'Bu] (2) and release isobutane. The reaction shows overall alkyl basicity,
although kinetically it is the TMP ligand which has removed the proton from the aromatic

molecule.

These studies also highlight the important role that the alkyl groups play in the reactivity of
dialkyl TMP-zincates [(THF)Li(TMP)ZnR3]. The increase in the basicity of the R group in 29
(‘Bu) compared to 26 (Me) allows the TMP(H) to be deprotonated preferentially by the alkyl
group, to give the final metallated product 2, while the alternative reaction, where TMP
replaces the molecule of ortho-metallated anisole to regenerate zincate 1 and anisole is only a
minor pathway in this reaction. In contrast when the reaction between the dimethyl
intermediate 26 and TMP(H) is performed in the same solvent, the TMP(H) reacts
preferentially with the metallated anisole ligand, regenerating [(THF)Li(TMP)ZnMe;] (32)

and releasing anisole.

In order to evaluate the effect of the donor solvent in these experiments the reaction of 29
with TMP(H) was studied in deuterated THF. Thus, compound 29 was prepared in situ,
followed by removal of the solvent and volatiles in vacuo. The product was then dissolved in
dg-THF, and analysed by *H, *C{*H} and "Li NMR spectroscopy. Surprisingly, the *"H NMR
spectrum of 29 (Figure 3.11) was found to be much more complicated in a dg-THF solution
than in a dg-benzene solution. The tert-butyl peak still appeared as a singlet, in this case at
6 0.94 ppm compared with 6 1.58 ppm in dg-benzene, but the aromatic region showed two
different sets of resonances for the ortho-metallated anisole fragment. One set (at 6 7.50, 6.85,
6.71 and 6.59 ppm) was much broader than the other (at 5 7.31, 6.68, 6.53 and 6.43ppm), and
confirmation that these resonances corresponded to two different species was provided by
COSY NMR. The spectrum also showed two different singlets for two distinct methoxy

groups at 6 3.69 and 3.66 ppm.
It should also be noted that the H spectrum of 29 in dg-THF showed a small amount of free

anisole (Figure 3.11). However, this was most likely caused by some partial hydrolysis of 29
by the solvent. Although the dg-THF is freeze-dried over molecular sieves to remove any
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traces of water or oxygen, it is very difficult to ensure that this solvent is perfectly dried due
to its high polarity. However, a sample of 29 dissolved in dg-THF was monitored by *"H NMR
over 4 days, and apart from the initial traces of free anisole no further hydrolysis (or

decomposition) of 29 was observed.

* = metallated anisole (I) * = metallated anisole (I1) * =free anisole

Zn(‘Bu),

Figure 3.11: Crude *H NMR spectrum of 29 in dg-THF.

In order to rule out the possibility that these additional resonances observed in the aromatic
region were caused by an impurity, the in situ preparation of 29 was repeated and an aliquot
of the solution analysed by *H NMR in dg-benzene solution. The spectrum showed the same
'H NMR spectrum as previously discussed for 29 in this deuterated solvent with a single set
of resonances (four multiplets) for the metallated anisole fragment. A second aliquot was
analysed in dg-THF solution, which again showed the aforementioned two sets of resonances

in the aromatic region.

A possible explanation for the complex *H NMR spectrum of 29 in dg-THF solution could be
that in a strong donor solvent such as THF this species exists in equilibrium between its CIP
structure  [(THF)sLi(0-CsH,OMe)Zn'Buy], and a SSIP species [{Li(THF)} {Zn(o-
CsH4OMe)'Bu,}7T (Scheme 3.19). This would account for the presence of two different sets of
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metallated anisole resonances, as in the solvent-separated structure anisole bonds only to the
zinc, but in the contacted ion pair structure it is also coordinated to the lithium, so it can be
expected that different chemical shifts would be observed for these metallated anisole
fragments. This equilibrium is also consistent with the presence of a single resonance for the
tert-butyl groups (6 0.94 ppm), which suggests that the alkyl ligands remain in a similar

environment, bound terminally to zinc, in both of the equilibrium species.

@) %
t
Bu Zn—'B

Q \ d8-THF
E_ __tB @
Co..,_i_o/ Zn—BU —~ [(THR)L] | O

/
C)O (29)

Scheme 3.19: Proposed equilibrium of 29 in dg-THF solution.

Having confirmed the purity of 29 in dg-THF solution (Figure 3.11), one equivalent of
TMP(H) was added to the NMR tube, and the reaction mixture analysed by *H and ‘Li NMR
spectroscopy after two hours. The *H NMR spectrum (Figure 3.12(a)) indicated there were
two different types of metallated TMP by the presence of two sets of inequivalent a-methyl
resonances at 61.21 and 0.92 ppm, and 61.06 and 0.97 ppm (Figure 3.12(b)), confirming that
the TMP(H) had reacted with 29 to from two different products. (N.B. In Figure 3.12(b) the
a-methyl resonances at 31.06 and 0.92 ppm cannot be seen clearly as they overlap with the
'‘Bu and TMP(H) peaks respectively). Analysis of the aromatic region again showed the
presence of two sets of ortho-metallated anisole resonances, which were observed at slightly
different chemical shifts to those of 29 (Figure 3.13(a) and (b)). As seen for 29 one set of
peaks (at 6 7.35, 6.65, 6.52 and 6.44 ppm) were much broader than the other set (at & 7.48,
7.07, 6.86 and 6.74ppm). In addition to the two sets of resonances for metallated anisole, a
substantial amount of free anisole was also present, with a triplet at 5 7.21 and a multiplet at

5 6.84 ppm.
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(@)

* = metallated anisole (I) * = metallated anisole (I11) * = free anisole

*

(See Fig 3.12(b))

(b)

TMP(H)
(0-CHgz’s) Bu

Metallated TMP (1)

Metallated TMP (1) ,
(a-CHj3’s) (a-CHs’s)
THF
(-CH2) TMP(H) (B-H’s)
TMP(H) (y-H) \
\, TMP(H) (NH)

Figure 3.12: Reaction of 29 and TMP(H) in dg-THF monitored by *H NMR (a) after 2 hours,
and (b) expanded aliphatic region of the *H NMR spectrum after 2 hours.
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(a) [(THF)3Li(0-CsH,OMe)Zn'Bu,] (29)

*= anisole

(b) [(THF)sLi(0-CsH,OMe)Zn'Bu,] (29) + TMP(H), 2 hours

*

*= anisole

75 7.4 7.3 7.2 7.1 7.0 6.9 6.8 6.7 6.6 6.5 6.4 ppm

() [(THF)Li(0-CsH,OMe)(TMP)Zn'Bu] (2)

(d) [(THF)LiI(TMP)('‘Bu)Zn('Bu)] (1) + anisole, 2 hours

*

*= anisole

Figure 3.13: Aromatic region of the *H NMR spectra in dg-THF of (a) 29 (b) 29 + TMP(H)
after 2 hours, (c) 2 and (d) 1 + anisole after 2 hours.
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In order to confirm that TMP(H) had reacted with 29 to form the expected product
[(THF)Li(TMP)(0-CsHsOMe)Zn'Bu] (2), some isolated crystals of 2 were dissolved in dg-
THF and analysed by *H NMR spectroscopy. Interestingly, as was observed for 29, the *H
NMR spectra of 2 in dg-THF solutions displayed two different species in the aromatic region,
with four sharp resonances (6 7.48, 7.07, 7.86 and 6.75 ppm) and four broad resonances
(6 7.35, 6.66, 6.52 and 6.43 ppm). However, if the same crystalline material is analysed in ds-
benzene solution, only one set of aromatic resonances are observed (6 7.94, 7.22, 7.16, 6.56
ppm).[*! This again hints at the existence of an equilibrium in polar solvents such as THF,
where 2 can exist as a CIP species [(THF)Li(TMP)(0-CsHsOMe)Zn'Bu] and as a SSIP species
[{Li(THF),} {Zn(TMP)(0-CsH,OMe)'Bu} ], similar to the equilibrium which existed for 29
in THF solutions (Scheme 3.19). Comparison of *H NMR spectrum of 2 in dg-THF with that
of reaction between 29 and TMP(H), and in particular the aromatic region (Figure 3.13(b)
and (c)) shows good correlation, confirming that 2 is one of the species formed during the
reaction of 29 with TMP(H), where TMP had replaced one of the '‘Bu groups of 29 to form 2
and isobutane (‘BuH) (Scheme 3.20(a)). In this case, unlike when dg-benzene is used as the
solvent, the formation of 'BuH could not be detected, most likely due to the low solubility of

this non-polar gas in a polar solvent such as THF.

In addition to the aromatic resonances corresponding to the formation of 2, the *H NMR
spectrum from the reaction of 29 and TMP(H) after 2 hours (Figure 3.12(a)) also showed the
presence of free anisole (6 7.21 and 6.84 ppm), in a much more significant ratio to that
observed in the initial spectrum of 29 (Figure 3.11). As mentioned above, a study of 29 in dg-
THF solution over 4 days had shown that no further hydrolysis had occurred after the initial
addition of the solvent. Therefore, the increase in the moiety of free anisole in this spectrum
must have been a result of TMP(H) reacting with 29 via the alternate pathway (with the
molecule of metallated anisole) to give free anisole and lithium zincate (1) (Scheme 3.20(b)).
Thus, the reaction between 29 and TMP(H) can again proceed via two separate pathways,
either reacting with one of the tert-butyl ligands (to form 2 and isobutane) or with the ortho-
metallated anisole ligand (to form 1 and anisole) (Scheme 3.20). Although this same dual
reactivity was observed when the reaction was performed in dg-benzene, the ratio of
metallated anisole to free anisole observed in this non-polar solvent was ~4:1, compared to a

ratio of ~1:1 when the reaction is performed in the highly polar solvent dg-THF.
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7N\
O—Li Zn—'Bu
(a) l 52% (dg-THF)
— + 'BuH
/O 83% (dg-benzene)
S
2 / Zn—'Bu + TMP(H) |
O~1i—0 TMP ~
o/ SN, o
o—H  Zn—Bu H  48% (dg-THF)
(29) / * 17% (dg-benzene)
(b) H3C/C(’IICH3 6
1 CH3

Scheme 3.20: Reaction of 29 and TMP(H) in dg-THF/ds-benzene to form (a)
[(THF)Li(TMP)(0-CsHsOMe)Zn'Bu] (2) and isobutane and (b) [(THF)Li(TMP)Zn'Bu.] (1)

and anisole.

These results also have implications for the metallation of anisole by [(THF)Li(TMP)Zn'Bu,]
(1), whereby if the reaction does proceed via the proposed two step mechanism then the
overall yield would be lower when carried out in a polar solvent such as THF than it would in
a non-polar solvent such as benzene or hexane. To investigate this possibility, isolated
crystals of 1 were reacted with anisole in dg-THF, with the reaction monitored by *H NMR
spectroscopy. After 2 hours at room temperature, the metallation of anisole to form 2 had
proceeded in a yield of only 62% (as determined by comparison of the integration of free
anisole to metallated anisole - Figure 3.13(d)). However, when the reaction is performed in
hexane under the same conditions the metallation of anisole proceeds in an almost
quantitative yield. Previous reports from Kondo and Uchiyama which probed the metallating
ability of 1 in bulk THF employed two equivalents of the zincate to deprotonate several
aromatic substrates in high yields."*”! Thus, when the reaction of 1 with anisole was repeated
in dg-THF using two equivalents of the zincate 1, the metallated product 2 was obtained in an
improved yield of 88%.

Collectively these studies on the reactivity of 29 with TMP(H) in both ds-benzene and ds-THF
provide tangible experimental evidence that the metallation of aromatic substrates by lithium
TMP-zincates can proceed via a two step mechanism, as previously predicted by DFT
studies.%%! However, as well as the reacting with TMP(H) to generate the final metallated
species 2, the intermediate species 29 can also react via a second pathway, where TMP(H) can
displace the metallated anisole ligand to regenerate the zincate 1 and anisole. This unexpected

reaction of 29 with TMP(H) occurs to a much greater extent in THF (48%) than it does in a
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non-polar solvent such as benzene (17%) (Scheme 3.20). As a result, when the AMMZn of
anisole by 1 is performed in THF solutions, two equivalents of the zincate are required to
achieve a high yield of metallation (88%), whereas in hexane a similar yield can be obtained

by employing only one equivalent of the zincate.

3.3.5 Disproportionation process of 26 and 29 to [(THF),Li,Zn(0-CsHsOMe)4] (27)

As previously mentioned, when [(THF),Li(0-CsH,OMe)ZnMe,] (26) and [(THF)sLi(o-
CsHsOMe)Zn'Buy] (29) are placed in hexane a white precipitate is formed almost
instantaneously, which could then be recrystallised from a hexane/toluene solution yielding
the tetraorganozincate [(THF),Li>Zn(0-CsHsOMe)4] (27) in an average crystalline yield of
9%. Full characterisation of 27 was carried out using *H, ‘Li and *C{*H} NMR spectroscopy
and X-ray crystallography. Analysis of the crystalline material by X-ray crystallography
revealed the structure to be the homoleptic lithium tetra-aryl-zincate [(THF),Lix(o-
CesHsOMe)4Zn] (27) (Figure 3.14). Exhibiting a CIP structure, 27 consists of four molecules
of ortho-metallated anisole, each bonded directly to zinc, whereas each lithium atom bonds to
two of these ortho-metallated anisole anions through the oxygen of the methoxy group, and to

one molecule of THF.

Figure 3.14: Molecular structure of 27 with 40% probability ellipsoids. Hydrogen atoms have
been omitted for clarity. Selected bond distances (A) and bond angles (°): Zn-C1 2.150(3),
Zn-C8 2.075(3), Zn-C15 2.072(3), Zn-C22 2.148(3), Li1-C22 2.373(6), Li2-C1 2.308(6); C22-
Zn-C15 111.65(10), C22-Zn-C8 103.12(11), C22-Zn-C1 113.34(10), C15-Zn-C8 112.96(11),
C15-Zn-C1 103.12(10), C8-Zn-C1 113.01(10), Li2-Zn-Li1 91.10(15).

97



Chapter 3: Closer insight into the mechanisms of AMMZn of anisole by TMP-dialkyl zincates

Comparison of the Zn-C bond lengths shows two longer (2.148(3) and 2.150(3) A) and two
shorter contacts (2.072(3) and 2.075(3) A). This can be explained by the fact that in the
crystal structure of 27 each of the lithium atoms forms an additional n-interaction with the
ortho carbon of one of the molecules of metallated anisole (Li2-C1 and Li1-C22), to give two
different bonding environments for the {0-CsH,OMe} ligand. For those ortho-deprotonated
anisole fragments which form these additional Li-n contacts the Zn-C bond is slightly
elongated (Zn-C1 2.148(3), Zn-C4 2.150(3)) when compared to the Zn-C bonds where the
ortho carbon of the {0-CsH,OMe}" group is bonded solely to zinc (Zn-C2 2.072(3), Zn-C3
2.075(3) A). Regarding the Li-C bond distances, the values found for the Li1-C22 and Li2-C1
interactions (2.373(6) and 2.308(6) A respectively) fall within the range of the Li-C bond
distances found in lithiated anisole [(THF),Lis(0-CsH4sOMe),] (25) (2.14(11)-2.49(13) f\) (see

Chapter 7.3.8 — Experimental Procedures for details).

The additional zm-interactions between Li and the anisole ring have further consequences for
the crystal structure of 27. Most tetraorganozincates (LiZnR,4) adopt linear conformations,
where the Lil-Zn-Li2 vector is close to 180°. However, in the case of 27 these Li-Cortho
contacts distort the structure from its linear arrangement, resulting in 27 possessing a much
more acute Lil-Zn-Li2 vector of 91.10(15)°. A search of the Cambridge Crystallographic
Database (CCDB) for zincates of similar chemical formula to 27 revealed a range of Li-Zn-Li
vectors (Table 3.3 and Figure 3.15), the majority of which tend towards linearity, with three
of the examples approaching almost perfect linearity (172.06-177.83°). The smallest Li-Zn-Li
vector found was 121.91° for [(Et,0)zLiz(pa-(‘BuN)2BPh),Zn],*®! which is still significantly
larger than that of 27.

Compound Li-Zn-Li Vector (°)
[(THF),Li,Zn(0-CsHsOMe).] (27) 91.10
[(Et,0),Liz(p2-(‘BuN),BPh),Zn] 1% 121.91
[(TMEDA),Li;(pi2-(CH2)s)22n] M 172.06
[Lia(p2-CHsCHoNMe,),zn] M2 177.83
[(TMEDA),Lix(p12-CH5Si(CHs),CH,),Zn] ! 136.32
[(TMEDA),Lis(us-CsHig)2Zn] 4! 173.58
[(TMEDA),Li,Zn(C=C-Ph),] M 146.70

Table 3.3: Comparison of Li-Zn-Li vectors (°) in selected tetraorganozincates.
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Figure 3.15: Molecular structure of (a) [[TMEDA),Lix(uz-(CH2)a)2Zn] M and (b) [Lix(p-
CsHaCH,NMey),Zn] M2 displaying Li-Zn-Li bond angles of 177.83 and 172.06° respectively.

Despite the two different coordination modes of the metallated anisole ligand in the molecular
structure, analysis of crystals of 27 in dg-benzene by *H and ‘Li NMR spectroscopy revealed
all four molecules to be equivalent. Thus, the *H NMR spectrum displayed a single set of four
multiplets at & 8.35, 7.20, 7.10 and 6.73 ppm and a singlet at & 3.24 ppm corresponding to the
four aromatic protons and the methoxy group of ortho-metallated anisole respectively. This
may be as a result of two factors; (i) in solution the m-interactions between Li and anisole are
not retained, making the four equivalent molecules of ortho-metallated anisole equivalent, or
(if) a dynamic process is taking place where the two different types of {0-C¢H,OMe}
fragments present in the molecular structure of 27 are rapidly exchanging. In addition, two
multiplets at 6 1.23 and 3.16 ppm for the THF molecules were observed, and integration
indicated a ratio of metallated anisole to THF of 2:1, as predicted by the molecular structure
of 27. The presence of lithium in the molecule was confirmed by the 'Li NMR spectrum

which showed a singlet at 6 0.96 ppm.

Turning to the possible reactions involved in the formation of 27, NMR analysis of the filtrate
solution revealed traces of 27 were present along with a large singlet at & -0.28 ppm, which
can be assigned to methyl groups bonded to zinc (see later), and two multiplets at 6 1.23 and
3.23 ppm for coordinated THF. Given that 27 precipitates readily from hexane solutions of
[(THF),Li(0-CsH4sOMe)(Me)Zn(Me)] (26), this suggests that a dismutation process must be
taking place (Scheme 3.21) to afford 27 and “Li,ZnsMeg”. The latter will probably exist in
solution as a mixture of the tetraorganozincate (Li,ZnMes) and dimethylzinc (ZnMe,).
However, it is known that in solution, Li,ZnMey lies in equilibrium with LiZnMesz and MelLi,

with the equilibrium lying far to the side of the triorganozincate.!**®!

99



Chapter 3: Closer insight into the mechanisms of AMMZn of anisole by TMP-dialkyl zincates

THF,  THF

\l/

1

\O/ “Me hexane
4 Zln ~ — [(THF)2Li2(0-06H4OMe)4Zn] + LizZnMe4_(THF)X + ZZnMez_(THF)G_x
“Me  THF
(27) 1
(26)

MeLi + LiZnMe3

Scheme 3.21: Possible reaction scheme for the disproportionation of 26.

As a result, the filtrate is likely to contain a number of organometallic species in equilibrium,
including MeLi, ZnMe,, LiZnMe; and Li,ZnMe4, which would be consistent with the
resonances observed at 6 -0.28 ppm, which along with two multiplets at 6 1.23 and 3.23 ppm
would indicate these organometallic species are solvated by THF. The chemical shift
observed for the methyl groups is further upfield than those found for methyl lithium (-1.42
ppm) and in the same region as the chemical shifts of the other likely species present in
solution (ZnMe;,, LiZnMe; and Li,ZnMey) (Table 3.4). The presence of only one resonance
for the methyl groups in the *H NMR spectrum must be the result of a rapid exchange process
between the different organometallic species present in solution. Interestingly this dismutation
process appears to be reversible, and when hexane is added to a solution of 26 in THF,
compound 27 precipitates as a white solid. However if at this stage the solvent is removed
under vacuum and the resulting residue is dissolved in THF solution, analysis of the solution
by *H and "Li NMR spectroscopy reveals that only compound 27 is present (Scheme 3.21).
Furthermore, the low yields obtained for 27 (average isolated crystalline yield 9%) can be
explained by its formation through the disproportionation process outlined in Scheme 3.21,

where the maximum possible yield of 27 is only 25%.

Compound Sme (PpmM)
LiMe -1.42
ZnMe; -0.52
LiZnMes -0.41
Li,ZnMey -0.45
Filtrate of 27 -0.29

Table 3.4: Comparison of "H NMR resonance’s of the filtrate of 27 with a variety of methyl

lithium and methyl zinc species in dg-benzene.
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3.4 Conclusions

The new dialkyl(aryl) lithium zincates [(THF).Li(0-CsH4sOMe)ZnMe;] (26) and [(THF)sLi(o-
CsHsOMe)Zn'Buy] (29) have been prepared using a co-complexation approach by reacting
lithiated anisole [Lis(0-CsH4OMe)4(THF)2] (25) with the relevant dialkylzinc compound, and
characterised in solution by NMR spectroscopy. Compounds 26 and 29 are stable in THF
solutions but in a less polar solvent such as hexane they disproportionate to form the
tetraorganozincate [(THF),Li>Zn(0-CsH,OMe)4] (27) whose structure has been determined by
X-ray crystallography. The molecular structures of the TMEDA solvate of 26 and the
PMDETA solvate of 29 have also been characterised by X-ray crystallography, showing
different structural motifs. In [(TMEDA)Li(0-C¢HsOMe)ZnMe,] (28) the two metals are
connected through the metallated anisole molecule which binds in an ambidentate fashion
(through the ortho carbon to zinc and the oxygen to lithium) and also through one of the
methyl groups, forming a six-membered ring. On the other hand, [(PMDETA)LI(o-
CsH4OMe)Zn'Bu,] (30) displays an open structure where anisole connects the two metals (in

the same ambidentate fashion as 28) but the tert-butyl groups are solely bonded to zinc.

Following the successful preparation of compounds 26 and 29, their reactivity with TMP(H)
was investigated, in an attempt to replicate the second step of the two-step mechanism
previously predicted by theoretical studies.’%%%! The results of these studies provided the
first experimental evidence that lithium zincate [(THF)Li(TMP)Zn'Bu,] (1) operates via a
two-step mechanism for the AMMZn of anisole. Thus, anisole is first ortho-metallated by the
TMP ligand of 1 to yield the intermediate [(THF)sLi(0-CsHsOMe)Zn'Bu,] (29) along with
TMP(H), which could then react in a second step giving rise to the final metallated species
[(THF)Li(0-CsH4sOMe)(TMP)Zn'Bu] (2) and isobutane. However, the intermediate species
can also react via a second pathway, where TMP(H) instead protonates the metallated anisole
ligand to regenerate zincate 1 and anisole. It appears that the role of solvent in these reactions
is particularly important, as in non-polar benzene or hexane, the competing reversal of the
first step of the reaction only occurs to a small extent, but in a polar solvent such as THF the
two possible reactions of the intermediate species 29 with TMP(H) occur in a ratio of ~1:1.

These reactivity studies also highlighted the importance of the alkyl groups in tuning the
reactivity of lithium dialkyl-TMP zincates [(THF)Li(TMP)ZnR;]. It could be expected that as
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it is the amido ligand which carries out the initial metallation of the aromatic substrate then
the alkyl ligands must play only a spectating role in these reactions. However, these results
have revealed that the alkyl ligands play an important part in the final outcome of the
metallation, by reacting with the TMP(H) released in the first step of the reaction to form the
final metallated product. Thus, when methyl ligands are present, the reaction favours the
regeneration of the starting zincate and anisole in both polar and non-polar solvents. However,

more basic tert-butyl groups favour the formation of the final product of AMMZn
[(THF)Li(TMP)(0-CsH4sOMe)Zn'Bu] (2) and isobutane.

— t,
E—’ CF3 a = + Bu _
AN S A VL
Na Zn—Bu + T=0°C N \\\\\N
v BN
3\ BL (2 ) () N N
E 3\
T =25°C
b
- 'BuH (b)
%N’ T™P
~ . TMP(H)
Na_ Zn-'Bu -
N T =25°C
H -'BuH
/
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\ e, ©

ortho meta para
55% 33% 12%

Scheme 3.22: Reaction of 2 with trifluoromethyl benzene at (a) 0°C to form the kinetic
product [{(TMEDA),Na}*{Zn(o-CsH.CF3)'Bu,}], (b) 25°C to form the thermodynamic
product [(TMEDA)Na(TMP(o/m/p-C¢H4CF3)Zn'Bu] and (c) reaction of the kinetic product
with TMP(H) to form [(TMEDA)Na(TMP(o/m/p-CsH4CF3)Zn'Bul.

Lending support to these results, a recent study into the reaction of trifluoromethyl benzene
with the sodium TMP-zincate 3 at 0°C allowed the isolation of a genuine kinetic intermediate
of the AMMZn reaction, solvent separated zincate [{(TMEDA);Na} {Zn(0-CsH4CF3)'Bu,}]
(Scheme 3.22)_[“7] Contrastingly, if the reaction is performed at room temperature a different
type of product is obtained, where both metals (Na and Zn) are connected by a bridging TMP
ligand and molecule of trifluoromethyl benzene, present in a mixture of ortho-, meta- and
para-metallated regioisomers (ratio 55:33:12 respectively). Furthermore, the kinetic product
could be reacted with TMP(H) to yield a mixture of the ortho-, meta- and para-metallated
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organometallic species [(TMEDA)Na(TMP(o/m/p-C¢H4CF3)Zn'Bu], along with free
trifluoromethyl benzene (Scheme 3.22). These results not only provide further evidence of the
two-step mechanism, but they also show for the first time that the second step of the reaction
can tune the overall regioselectivity of the reaction. Furthermore, the regeneration of the
starting materials of the reaction, trifluoromethyl benzene and 3, is also observed on addition
of TMP(H), showing that the competitive reaction pathway where TMP(H) reacts with the
metallated aromatic substrate instead of a '‘Bu group, also occurs in this reaction (Scheme
3.22).

103



Chapter 4: Investigating metathesis reactions of Grignard

reagents with ZnCl,: Introducing Magnesium-Zinc Hybrids

Organomagnesium compounds such as Grignard and dialkylmagnesium reagents (RMgX,
MgR,) are, along with organolithium reagents (RLi), the most commonly used polar
organometallic reagents in synthesis. Their easy preparation, relative stability and high
reactivity make them excellent reagents for participating in several organic transformations
such as nucleophilic addition to carbonyl compounds, C=C bonds, imines and nitriles,**¥! as
well as transition-metal catalysed cross-coupling reactions.™®! Their high reactivity can be
attributed to the presence of relatively polar Mg-C bonds,™ which can also be an important

drawback, resulting in low functional group tolerance.™*”!

In contrast, organozinc reagents exhibit an enhanced functional group tolerance but
significantly lower Kinetic reactivity. As mentioned in Chapter 1, one of the most common
methods for preparing organozinc reagents, together with the oxidative insertion of zinc into
C-X bonds,™ is salt metathesis reactions of ZnCl, with more polar organometallic reagents
(typically organolithium, RLi, or Grignard reagents, RMgX), which are usually performed in
an ethereal solvent (e.g. THF, Et,0) (Scheme 4.1).2!! These reactions are favoured by the

formation of ionic salts (e.g. MgCl, or LiCl) with high lattice energies.[*% 14

ethereal

solvent
RM + ZnX, — RZnX + MX
metathesis

(M = Li, MgX)

Scheme 4.1: Metathesis approach for the preparation of organozinc reagents.

Usually, the relevant organozinc reagent is prepared in situ, followed by addition of the
desired organic substrate, without isolation or purification of the organometallic compound.
More often than not the formation of inorganic salts (MgCl, or LiCl) as the co-product of
these reactions, and their possible effects on the reactivity of the newly generated organozinc
reagent is not studied or even considered. However, a series of recent studies have shown that
far from being mere spectators, these inorganic salts can greatly influence, and in some ways

also dictate, the reactivity of the newly generated organozinc reagent.
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For example, Walsh has shown that the asymmetric arylation of naphthaldehyde by ZnPh; in
the presence of catalytic amounts of a chiral amino alcohol ligand ((2S)-3-exo-
(Morpholino)isoborneol, (-)-MIB) proceeds in a 94% ee, when commercial sources of the
bis(aryl)zinc reagent are employed. However, if ZnPh, is prepared in situ by the salt
metathesis reaction of ZnCl, with two equivalents of PhLi, then the reaction leads to the
isolation of the racemic alcohol (only 2% ee) (Scheme 4.2).1%2 These low enantioselectivities
have been attributed to the presence of LiCl (a by-product of the metathesis reaction) in the
reaction mixture which promotes the background addition reaction of ZnPh, to the aldehyde
faster than the catalytic asymmetric addition. However, the addition of the chelating diamine
(N,N,N’,N’-tetraethylethylenediamine — TEEDA) inhibits the effect of LiCl by sequestering
the inorganic salt, and thus, a wide range of bis(aryl)zinc reagents prepared via salt metathesis
reaction could be employed in the catalytic asymmetric arylation of a series of aldehydes in
yields of 78-99% and 80-92% ee.['??]

2 PhLi + ZnCl,

ZnPh2
! 5 mol% ( )-MIB ‘ ” 5 mol% ( )-MIB I I l

2% ee 94% ee

o)
N
OH (-)-miB

Scheme 4.2: Catalytic asymmetric arylation of naphthaldehyde by ZnPh, — commercial ZnPh,

vs. ZnPh, prepared in situ via salt metathesis.

In contrast with these results, Knochel has reported that the presence of inorganic salts can
also be advantageous, enhancing the reactivity of organozinc reagents. For example, addition
of MgCl, to both organozinc halides and diorganozinc reagents can significantly improve
their nucleophilicity, facilitating the selective addition reaction to a wide range of
functionalised aldehydes and ketones, and even to CO,.**! A representative example of
which is the nucleophilic addition of (3-ethoxycarbonyl)benzylzinc chloride to 4-
dimethylaminobenzaldehyde, which showed no reactivity at room temperature. However, the
addition of one molar equivalent of MgCl, to the reaction mixture lead to the isolation of the
expected secondary alcohol in an 80% yield (Scheme 4.3). Furthermore, Ellman has shown

that the scope of this enhanced reactivity can be extended to the asymmetric synthesis of
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amines by reaction of benzyl zinc reagents with N-tert-butanesulfinyl aldimines in the
presence of sensitive functional groups such as nitriles, with excellent diastereomeric

ratios.[*?4

CHO CHO
OH
ZnCl ZnCl.MgCl,
NMe2 O B NMe2
NMe THF, 25°C, 6h

THF, 25°C, 6h )
Yield = 0% i ld =
COLE o Yield = 80% CO,Et
CO,Et

Scheme 4.3: Reaction of (3-ethoxycarbonyl)benzylzinc chloride with 4-
dimethylaminobenzaldehyde, demonstrating enhanced reactivity in the presence of MgCl..

The authors rationalised this enhanced reactivity of the organozinc reagents in the presence of
MgCl; by assuming that the reactions proceeded through a six membered transition state
(Figure 4.1), whereby the more Lewis acidic MgCl, (compared to RZnCl) coordinates to the
carbonyl group of the substrate, providing greater activation of the substrate towards

nucleophilic addition.!*?®!

Weak Lewis R’ Cl Strong Lewis
Acid | | Acid

Zn Mg_
- o

cr” ™0 cl
N a
~ R’ z R3 CI/ R’

R2

Figure 4.1: Proposed transition states for the nucleophilic addition of RZnCl to aldehydes and

\\y—

Cl R3

=

Py
N

ketones in the presence and absence of MgCl..

Adding a new level of complexity to the role of inorganic salts when present with organozinc
reagents, recent reports have shown that the organometallic source employed to perform the
salt metathesis reaction can also have a dramatic effect on the reactivity of the organozinc
reagent. Thus, Lei and Marder have reported that the nickel catalysed oxidative homocoupling
reaction of PhZnCl proceeds in a quantitative yield after 4 minutes at -20°C, when the
organozinc reagent is prepared from PhMgCI and ZnCl,. However, if PhLi is employed as the

organometallic reagent, then under the same reaction conditions only 13% conversion to the
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desired product is observed (Scheme 4.4).!%°! The authors suggest that this remarkable
difference in reactivity is primarily due to the different roles played by the relevant inorganic
salt formed concomitantly in the metathesis reaction.

( )
Ni(acac), (2 mol%)

THF, -20°C, 20 mins
(@) PhMgCl+2ZnCl, — .| "PhznCI" »  Ph-Ph
- MgCl, desyl chloride 100%
(1)

Ni(acac), (2 mol%)

_ THF, -20°C, 1h
(b)  PhLi +ZnCly — | "PhZnCI" »  Ph-Ph

- LiCl ,
desyl chloride 13%

Scheme 4.4: Ni-catalysed oxidative homocoupling of PhZnCl, prepared via in situ salt
metathesis of (a) PhMgCl and ZnCl, and (b) PhLi and ZnCls.

Kinetic studies revealed that whereas the transmetallation of PhZnCl with the Ni catalyst
occurred rapidly when prepared from PhMgCI, with reductive elimination the rate
determining step, when the organozinc halide was prepared from PhLi transmetallation
became rate-limiting. Furthermore, if MgCl, was added to the PhLi/ZnCl, system, the
reaction rate increased, becoming comparable with that of the PhMgCIl/ZnCl, system. These
results suggest that MgCl, may in fact be interacting closely with PhzZnCl, accelerating the

transmetallation step and allowing the oxidative homocoupling reaction to proceed rapidly.

The important influence that inorganic salts exert on the performance of organometallic
reagents is not solely confined to organozinc reagents. Previously, Knochel has reported that
the addition of LiCl to 'PrMgCl can significantly increase the rate of Mg-Br exchange,
whereby reaction of 4-bromoanisole with 'PrMgCl leads to only an 18% conversion,

compared to a 70% conversion when one equivalent of LiCl is added (Scheme 4.5).

Br MgCl Br
/©/ PrMgCl /©/ ~ iPrMgCI.LICI /©/
THF, rt, 68h " THF, rt, 68h
MeO MeO MeO

18% 70%

Scheme 4.5: Comparison of the reactivity of 'PrMgCl and ‘PrMgCI.LiCl in the Mg-Br

exchange of 4-bromoanisole.
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Subsequently, this Turbo Grignard reagent, 'PrMgCI.LiCl, proved to be an extremely effective
reagent for performing metal-halogen exchange reactions with a wide range of functionalised
haloaromatic molecules.**®! Furthermore, as previously mentioned in Chapter 1.3.3, the
analogous Turbo Hauser bases [(R:N)MgCI.LiClI] are capable of effectively performing the
selective deprotonation of aromatics bearing sensitive functional groups (Scheme 4.6).[""!
Thus, these “turbo” mixtures display enhanced levels of reactivity and functional group

tolerance compared to the corresponding homometallic organomagnesium reagents. 5% 1271

EtO,C CO,Et EtO,C CO,Et EtO,C CO,Et
[(TMP)MgCI.LICl] I
—_— —_—
THF, -25°C, 6h
Br Br MgCI.LiCl Br |

Yield = 88%

Scheme 4.6: Direct magnesiation of 2,4-bis(ethoxycarbonyl)bromobenze with
[(TMP)MgCI.LIiCI], followed by electrophilic quenching with I,.

41  Investigating the salt metathesis reaction of ‘BuMgCl and ZnCl,

Building on these important precedents, and aiming to shed new light on the role played by
inorganic salts on the reactivity and constitution of organozinc reagents, studies initially
focussed on the simple metathesis reaction of equimolar amounts of ‘BuMgCl and ZnCl,
(performed in THF at 0°C), from which the monometallic reagents '‘BuzZnCl and MgCl, were

expected to be obtained (Scheme 4.7).

THF
‘BuMgCl + ZnCl, > BuznCl + MgCl,
0°C, 1h

Scheme 4.7: Expected salt metathesis reaction of 'BuMgCI and ZnCl..

When ‘BuMgCI (1 M solution in THF) was added dropwise to a THF solution of ZnCl, a
white precipitate was formed before the addition was complete, which was initially attributed
to the formation of MgCl, (later discovered to be the magnesium halozincate species
[{Mg(THF)s}**{Zn,Cls}]* (33) (vide infra)). After stirring the resulting suspension for one
hour at 0°C the precipitate was removed by filtration, and hexane was added to the filtrate
which was left at -30°C for 48 hours, affording a crop of colourless crystals of [(THF);Mg(u-
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CI),Zn("Bu)(CI)] (34) (isolated in yields ranging from 5-10%), which were analysed by ‘H
and *C{*H} NMR spectroscopy and X-ray crystallography.

The bimetallic constitution of 34 was confirmed by X-ray crystallographic analysis (Figure
4.2). Exhibiting an unprecedented structure in the bimetallic chemistry of zinc, to the best of
our knowledge, [(THF)sMg(u-Cl)2Zn('Bu)(CI)] (34) constitutes the first example of a
magnesium zincate which possesses a CIP structure. As a result, 34 can be envisaged as a
magnesium-zinc hybrid reagent, where both metals (Mg and Zn) can communicate to each
other through the two bridging chlorine ligands (CI2 and CI3), giving rise to a planar
[MgCIZnClI] four-membered ring (sum of angles = 360°).

cn

Clz

Zn

CI3
C1

Figure 4.2: Molecular structure of [(THF)sMg(u-Cl).Zn('Bu)(CI)] (34) with 50% probability
ellipsoids. Hydrogen atoms and minor THF disorder components have been omitted for
clarity. Selected bond distances (A) and bond angles (°): Zn-C1 2.000(3), Zn-CI1 2.2788(7),
Zn-Cl2 2.4107(7), Zn-CI3 2.4226(7), Mg-Cl2 2.4774(10), Mg-CI3 2.4972(10); C1-Zn-Cl1
123.46(8), C1-Zn-Cl2 114.56(8), Cl1-Zn-CI2 103.24(3), C1-Zn-CI3 115.51(8), Cl1-Zn-CI3
104.78(3), CI2-Zn-CI3 89.51(2), Cl2-Mg-CI3 86.33(3), Zn-Cl2-Mg 92.45(3), Zn-CI3-Mg
91.68(3).

Zinc adopts a distorted tetrahedral geometry (average angle around Zn = 108.5°), completing
its coordination sphere by bonding to a terminal chlorine atom and forming a strong sigma
bond with the quaternary carbon of the ‘Bu ligand (2.000(3) A), which was originally bound

to magnesium in the Grignard reagent. This Zn-C bond is comparable to those found in the

109



Chapter 4: Investigating Metathesis Reactions of Grignard Reagents with ZnCl,

related tert-butyl containing organozinc compounds, such as monomeric ‘Bu,Zn (1.977(4)
A)%8 and [(TMEDA)Zn'Bus] (2.0592(19) and 2.0536(18) A).'*! As expected, the terminal
Zn-Cl bond (Zn-Cl1 = 2.2788(7) A) is significantly shorter than those observed for the
bridging Zn-Cl bonds (2.4107(7) and 2.4226(7) A), which lie marginally closer to the zinc
centre than they do to the magnesium (2.4774(10) and 2.4972(10) A), as a result of the
slightly larger size of magnesium, as well as its higher coordination number, adopting a
distorted octahedral geometry by bonding to four molecules of THF.

THF
THF THE | o, A©

‘BuznCl + MgCl, <=—X— 'BuMgCl + ZnCl, ————> /Mg\ ,Z”\
THF Cl ‘Bu

THF (34)
Scheme 4.8: Reaction of 'BuMgCl and ZnCl, to form 34.

Compound 34 can be described as a metathetical intermediate of the reaction between
'BuMgCI and ZnCl,, where the alkyl group has transferred from Mg to Zn to form 'BuznCl,
and the inorganic salt co-product, MgCl,, has been trapped within the molecular framework of
the zincate (Scheme 4.8). Interestingly, at the same time that we published this study, Lei and
Marder reported their investigations on the synthesis of PhZnCl and its applications in nickel
catalysed homocoupling processes. They found that the reaction of PhMgBr with ZnCl; led to
the isolation of the related compound [(THF)s;Mg(u-Cl)2Zn(Ph)(X)] (X = CI/Br) (35) (Figure
4.3),%1 which suggests that the formation of these new Mg-Zn hybrids may be more

common than initially thought.

Figure 4.3: Molecular structure of [(THF);Mg(u-Cl),ZnPhX] (X = Br:Cl, 56:44) (35).

Hydrogen atoms have been omitted for clarity.
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The heteroleptic halide/alkyl composition of 34, which can be described as an adduct of
'‘BuznCl and MgCl,, allows its direct comparison with Knochel’s “turbo” Hauser bases
(R2NMgCI.LIiCl), with the structure of the TMP analogue [(THF),Li(u-Cl),Mg(TMP)(THF)]
(10) having been recently unveiled.® 10 exhibits a similar CIP structural motif to that of 34,
where both metals (magnesium and lithium) are connected by two chlorine bridges and the
remaining anionic ligand (TMP) bonds terminally to magnesium. Both metals display
tetrahedral geometries, with magnesium bonding to an additional molecule of THF whereas
lithium completes its coordination sphere with two molecules of THF (Figure 4.4). The major
difference between the molecular structure of 10 and that of 34 is that the greater
electronegativity of zinc (compared to magnesium) leads to a reversal in the role of the
magnesium centre, which acts as the Lewis acid in 34, being solvated by the THF molecules,

whereas in 10 it adopts the role of zinc, binding to the anionic ligands.

THF
THF\ \\\CI//, /THF THF//I’I, | ‘\\\\CI//III /CI

SN N i Mgy
e el TMP  THF ci

(10) THF  (34)
Figure 4.4 Comparison of the molecular structures of the turbo Hauser base [(THF),Li(u-
CI),Mg(TMP)(THF)] (10), and Mg-Zn hybrid 34.

It is well known that the constitution of Grignard reagents (RMgX) in solution can be
extremely complex, and is dependent on several factors such as temperature, concentration,
solvent (THF, Et,0) and the nature of the R and X groups present.!*® Therefore, it many
cases it is difficult to establish a direct comparison between their structures in the solid and in
solution.™* In contrast, the *H NMR spectrum of 34 in dg-THF solution appears to be much
more simple, displaying a single resonance at & 0.99 ppm corresponding to the methyl protons
of a tert-butyl group and two multiplets at 6 1.77 and 3.63 ppm for THF. The integration of
these signals indicated a ratio of ‘Bu: THF of 1:4, which is consistent with the crystal structure
obtained. The most diagnostic signals in the *C{*H} NMR spectrum were two resonances at
0 33.6 and 21.9 ppm for the methyl and quaternary carbon of the tert-butyl group respectively,
which appear at similar chemical shifts to those found for ‘BuZnCl (5 33.8 and 21.5 ppm) in
the same solvent, but differ significantly from those of ‘BuMgCl (& 35.8 and 15.6 ppm) and
‘Bu,Mg (5 35.9 and 15.8 ppm) (Table 4.1), which suggests that the tert-butyl group of 34

retains most of its “zinc” character in solution.
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d(ppm) 'H (CH;'Bu) C{’H}(CH;'Bu) “C{'H} (C(CHs);'Bu)
[(THF)sMg(u-C1),Zn('Bu)(CI)] (34) 0.99 33.6 21.9
'‘Bu,zn 0.97 33.0 25.4
‘BuznCl 0.95 33.8 21.6
'Bu,Mg 0.86 36.0 15.8
‘BuMgClI 0.85 35.8 15.6

Table 4.1: *H and *C{*H} NMR shifts (ppm) of the tert-butyl groups of 34 and related

organozinc and organomagnesium compounds in dg-THF.

It is noteworthy that cold spray ionisation mass spectroscopy (CSI-MS) studies by Imamoto
and Yamaguchi into the constitution of Grignard reagents have revealed that the major species
present for MeMgCl in THF solution is binuclear [MeMg,Cls(THF),] (x = 4-6).% This
species can be envisaged as a homometallic analogue of 34, combining MeMgCl and MgCl,

within the same molecular structure.

Given that the yield of [(THF)sMg(u-Cl),Zn(‘Bu)(CI)] (34) proved to be very low (isolated
yield 5-10%) using the metathetical approach described above, attention next turned to the
composition of the white solid which was formed when '‘BuMgCIl was initially added to
ZnCl,. The solid was shown to be highly insoluble in a variety of organic solvents, including
THF, toluene and diethyl ether, even after reflux or sonication. This ruled out the possibility
that this species was either ZnCl, or MgCl,, as both are soluble in THF. Due to its low
solubility this unknown product could not be analysed by NMR spectroscopy, although
atomic absorption spectrometry (FAAS) revealed that this precipitate contained both
magnesium and zinc (Table 4.2). Furthermore, when ‘BuMgCl was added to a static solution
of ZnCl, in THF and left to stand at room temperature overnight a small batch of colourless
crystals [{Mg(THF)s}**{Zn,Cle}]* (33) were obtained, which were analysed by X-ray
crystallography.

The molecular structure of 33 was shown to be the SSIP mixed magnesium-zinc chloride
species [{Mg(THF)e}**{Zn,Cls}*] (Figure 4.5), comprising of an octahedral magnesium
dication solvated by six molecules of THF, and a dianionic fragment containing two zinc and
six chlorine atoms. The two zinc centres are connected by two bridging chlorine atoms, with

two further terminal chlorines atoms on each of the metal centres, which adopt a distorted
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tetrahedral geometry (average angle around Zn = 109.1°). A search of the CCDB revealed that
there were thirty-one previously reported structures which contained the same {Zn,Clg}*
anion as 33, but this fragment has never been reported within the context of a magnesium-

zincate species.

CHA
ZnA
/JkCISA
FIZA
/.— ciz
CBL~zm
ci

Figure 4.5: Molecular structure of [{Mg(THF)s}**{Zn,Clc}*] (33) with 50% probability
ellipsoids. Hydrogen atoms and minor THF disorder components have been omitted for
clarity. Selected bond distances (A) and bond angles (°): Zn-Cl1 2.2098(7), Zn-CI3 2.2077(7),
Zn-Cl2 2.3650(6), Zn-Cl2a 2.3511(5); ClI1-Zn1-CI2 109.85(3), Cl1-Zn1-Cl2a 114.79(2), CI1-
Zn1-CI3 115.46(2), CI2-Zn1-CI3 112.91(3), CI2-Zn1-Cl2a 92.36(2), CI3-Zn1-Cl2a 109.29(3).

The formation of 33 can be rationalised by a co-complexation reaction of ZnCl, with MgCl,,
where the MgCl, must be present in solution due to the Schlenk equilibrium which affects
'‘BuMgClI (Scheme 4.9). Thus, in THF solution 'BuMgCl will be in equilibrium with ‘Bu;Mg
and MgCl,, allowing the latter to react with ZnCl, to give 33, the formation of which must be
greatly favoured by its low solubility in THF solution. This hypothesis was supported by
reacting one equivalent of MgCl, with two equivalents of ZnCl; in THF solution, which led to
the formation of 33 in an isolated yield of 80-85%. The results of the atomic absorption
analysis for the solid obtained from this reaction (3.87% Mg, 15.95% Zn) showed good
correlation to the theoretical data for 33 (3.03% Mg, 16.34% Zn) (Table 4.2). The data was
also more satisfactory than that obtained for 33 synthesised from the reaction of ‘BuMgCl and
ZnCl,, which suggests that in the latter approach another magnesium containing species may
also be present in the isolated solid.
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THE %Y G

THE THF,,, | WTHE ; /CI\ WCl
‘BuMgCl + ZnCl, ——> ,Mg‘ "“Zn  Zn
N THET | YTHE Y N\ e
THF
Schlenk equilibrium (33)
THF

‘Bu,Mg + MgCl,
MgCl, + 2 ZnCl,

Scheme 4.9: Reaction of 'BuMgClI (or MgCl,) with ZnCl, and to form 33.

The formation of 33 from the reaction of ‘BuMgCl and ZnCl, will not only have a dramatic
effect on the Schlenk equilibrium, pushing it towards the formation of MgCl, and ‘Bu;Mg, but
it will also greatly reduce the amount of ZnCl, available for the metathesis reaction. In fact,
from the yield of 33 obtained when 'BuMgCl is reacted with ZnCl, it can be estimated that
approximately 50-60% of the ZnCl, present in the reaction mixture is consumed in the
formation of this magnesium halozincate, thus explaining the very low yields obtained for the
formation of 34.

Synthesis of [{Mg(THF)e}**{Zn,Cls}*] (33) Mg (%) Zn (%)
‘BuMgCl + ZnCl, 5.27 13.14
MgCl, + 2 ZnCl, 3.87 15.95
Theoretical Mg % and Zn % in 33 3.03 16.34

Table 4.2: Atomic Absorption data for [{Mg(THF)e}?*{Zn,Cls}*] (33) prepared by the
reaction of (i) 'BuMgCl + ZnCls, and (ii) MgCl; + 2 ZnCl,.

Thus, the formation of 34 via a co-complexation approach between ‘BuZnCl and MgCl, was
investigated (Scheme 4.10). It was found that by carrying out this reaction the isolated yield
of 34 could be greatly improved (90-95%) compared to the metathesis approach (5-10%). For
this  co-complexation approach it appears that the magnesium halozincate
[{Mg(THF)e}**{Zn,Cls}*] (33) is not formed, probably due to the lower extent which the
Schlenk equilibrium affects RZnX compounds in comparison with Grignard reagents,

minimizing the amount of ZnCl; available.
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THF
THF THF THF"/,,, ’ \“\\Clm, /CI
‘BuznCl + MgCl, <«—>— BuMgCl + ZnCl, —————> Mg ,Z”\
- THFZ | ci ‘Bu
metathesis
(Yield 5-10%) THF (34)
co-complexation THE

(Yield 90-95%)

‘BuznCl + MgCl,

Scheme 4.10: Formation of 34 via salt metathesis and co-complexation approaches.

4.2  Further studies on the metathesis reaction Grignard reagents with
ZnC|2

Following on from these initial results, studies of salt metathesis reactions were extended to
other Grignard reagents, as well as investigating the effect of altering the solvent employed.
Thus, the metathesis reaction of ZnCl, with a series of different Grignard reagents (‘BuMgCl,
"BuMgCl, EtMgCI and 0-MeO-CgH4MgBr) was initially carried out in THF. In all cases the
almost immediate precipitation of a white solid was observed, which was removed by
filtration, and addition of toluene to the remaining filtrates led to the isolation of the new
magnesium-zinc hybrid species [{(THF);Mg(u-Cl)sZnR}.] (R = 'Bu, 36; "Bu, 37; Et, 38; o-
CeHsOMe, 39) in isolated yields ranging from 24-34% (Scheme 4.11), which were
characterised by X-ray crystallography and NMR spectroscopy.

As previously observed in the synthesis of 34, the low-moderate yields of these bimetallic
species can be attributed to the formation of magnesium halozincate
[{Mg(THF)6}**{Zn,Cls}*] (33), resulting from the competing co-complexation reaction of
ZnCl, with MgCl,. Interestingly the reaction of arylmagnesium bromide (0-C¢H,OMe)MgBr
with ZnCl; results in the formation of the magnesium chloro-arylzincate [{(THF),Mg(u-
Cl)3Zn(0-CsH4OMe)},] (39). The absence of bromine in this product suggests that in this case
instead of the precipitation of 33 a related mixed halide magnesium-zincate
[{Mg(THF)e}{Zn,Br.Clg.}*7] containing both bromine and chlorine ligands must be formed.
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THF
Cl THF
R ~ ‘ e
\Z n{ \\“M g ‘“u,,
I/,//// \\\\ ll/,//
Cl "Cl
RMgX + ZnCl, THF/toluene 05
“n, 7, \\\\\\C I ///II 'y,
"'I\/g“\\ /"Zn\
TMEgﬁé: €4) | THE e | i R
(R=E) | (36-39)
THF
X R Yield (%)
[MgCly(THF),] + [(TMEDA)Zn(Et)Cl] cl ‘Bu 28 (36)
cl "Bu 24 (37)
cl Et 34 (38)

Br 0-CgH,OMe 34  (39)

Scheme 4.11: Metathesis reaction of RMgX with ZnCl, to form Mg-Zn hybrids 36-39, and
reaction of EtMgCI with ZnCl; in the presence of TMEDA.

When the initial metathesis reactions were performed using poorly coordinating toluene as the
bulk solvent instead of THF, the formation of 33 was still observed, and magnesium-zinc
hybrids 36-39 were obtained in similar yields to those obtained when the reactions were
performed in THF, followed by the addition of toluene. In contrast, if the reaction of EtMgCI
with ZnCl, was performed in THF in the presence of the chelating diamine TMEDA
(ZnCIl,. TMEDA was used instead of ZnCl,), the formation of 33 is precluded, affording a
solution from which a batch of colourless crystals were isolated. When analysed by X-ray
crystallography and NMR spectroscopy these were revealed to be a mixture of the two
expected monometallic products of the reaction, TMEDA-solvated ethylzinc chloride
[(TMEDA)Zn(EY)CI™Y and THF-solvated magnesium chloride [MgCIly(THF)4]**?
(Scheme 4.11). These results reveal that the presence of TMEDA inhibits not only the
formation of the magnesium halozincate species 33, but also the magnesium-zinc hybrid
[{(THF),Mg(u-Cl)3ZnEt},] (39), illustrating the important effect that coordinating solvents

may exert on these metathesis reactions.

The mixed-metal composition of the magnesium-zinc hybrids 36-39 was established by X-ray
crystallographic studies (Figure 4.6 and Chapter 7.3.16 — Experimental Procedures). These
compounds display the same structural motif, with the only variation of note being the

difference in the organic fragment bound terminally to zinc (‘Bu, "Bu, Et and 0-CsH4sOMe).
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The extent of these similarities can be observed by comparison of the principal bond lengths
and angles of their structures which revealed very little variation (Table 4.3), including the

relevant Zn-C bond lengths which range from 1.944(8) to 1.984(3) A.

(b)

Figure 4.6: Molecular structure of (a) [{(THF),Mg(u-Cl)sZnEt},] (38) with 40% probability
ellipsoids and (b) [{(THF),Mg(u-Cl)3Zn(0-C¢H,OMe)}2] (39) with 50% probability
ellipsoids. Hydrogen atoms and minor THF disorder components are omitted for clarity. For

selected bond distances (A) and angles (°) see Table 4.3.

Compound 36 37 38 39
R '‘Bu "Bu Et 0-C¢H,OMe
Zn-C 1.982(3), 1.984(3) 1.964(2) 1.967(3) 1.944(8)
Zn-Cl 2.3410(5)-2.4512(7)  2.3422(5)-2.4760(5)  2.3265(6)-2.5085(7)  2.347(2)-2.504(2)
Av. Zn-Cl 2.3751 2.3879 2.3934 2.400
Mg-ClI 2.4577(8)-2.5829(7)  2.4809(7)-2.5718(7) 2.4780(10)-2.5761(9)  2.512(3)-2.563(3)
Av. Mg-ClI 2.5369 2.5257 25271 2.530
C-Zn-Cl 120.40(9)-122.09(8)  120.90(8)-122.96(7)  117.76(9)-125.87(8)  107.0(2)-126.7(2)
Av. C-Zn-ClI 121.15 121.98 121.26 119.10
Cl-Zn-Cl | 91.541(17)-103.20(3) 90.349(16)-101.301(19) 89.75(2)-103.38(2)  91.90(7)-104.31(7)
Av. Cl-Zn-Cl 95.443 94.233 94.71 96.05

Table 4.3. Selected bond distances (A) and angles (°) of Mg-Zn hybrids 36-39
[{(THF)2Mg(u-Cl)sZnR}-].

The CIP structures 36-39 display a dimeric motif, comprising of two crystallographically
equivalent {(THF),MgCl3ZnR} units. Each magnesium-zinc pair and both magnesium atoms
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are connected by two bridging chlorines, giving rise to a face-fused double heterocubane
structures with two opposite vertices removed. Alternatively, these structures can be described
as inverse crown species, a term previously coined by Mulvey et al to describe bimetallic ring
systems which comprise of an outer catioinc ring which hosts an anionic fragment in the
core.’*¥ Thus, 36-39 can be envisaged as a [{ZnCIMgCI},] cationic eight-membered rings
hosting two chloride anion guests, with the R groups bound terminally to the distorted
tetrahedral zinc atoms and each magnesium centre completing its octahedral coordination

sphere by bonding to two molecules of THF.

As was observed for [(THF)sMg(u-Cl),Zn('Bu)(CI)] (34), compounds 36-39 are formed by
the co-complexation of the two expected homometallic products of the metathesis reaction,
MgCl, and RZnClI, where the inorganic magnesium salt is trapped within the molecular
framework of a zincate species. However, in this case, instead of the monomeric arrangement
observed for 34, compounds 36-39 adopt dimeric structures, most likely due to the use of
toluene as the bulk solvent, which limits the availability of THF and favours the formation of
a dimeric species. Although unprecedented in magnesium-zinc chemistry, compounds 36-39
are closely related to the homometallic molecular structures observed for Grignard reagents
[{RMg,Cls(THF)s},] (R= Et, Me, ‘Bu, CH,Ph),*® ¥4 which are adducts of RMgCl and
MgCl,, and the recently reported mixed magnesium-manganese complex [{(THF).Mg(u-
CI),Mn(CH.Ph)CI},],*% which is formed as a side product from the metathesis reaction of

dibenzylmagnesium with MnCl; (Figure 4.7).

(b)

Figure 4.7: Comparison of the molecular structures of (a) [{(THF)sMg,(H-Cl)3'Bu},]"** and
(b) [{(THF),Mg(p-Cl)sMn(CH,Ph)},].**! Hydrogen atoms have been omitted for clarity.

118



Chapter 4: Investigating Metathesis Reactions of Grignard Reagents with ZnCl,

Compounds 36-39 [{(THF),Mg(u-Cl)sZnR},] were also characterised by *H and *C{*H}
NMR spectroscopy in dg-THF solution. The spectra of the four species displayed two
resonances for free THF (which would be displaced by the large excess of dg-THF), along with
a single set of resonances for the relevant R group (Table 4.4 and Chapter 7.3.16 —
Experimental Procedures). Analysis of the integration of these resonances revealed the ratio
of R:THF was approximately 2:3 in each case. This is slightly lower than would be expected
from the crystal structures (R:THF = 2:4), but can be explained by the loss of some of the THF
when the compounds are dried in vacuo. The spectra also showed varying amounts of free

toluene, which was present in the crystal structure as solvent of crystallisation.

The chemical shifts displayed in the *H and *C{"H} NMR spectra for the R groups present in
36-39 differ significantly from those found for the relevant Grignard reagent precursors (see
Table 4.4 for comparison), exhibiting values closer to those observed for related monometallic
organozinc species. Thus, for example the *H NMR spectrum of the ethyl-zincate 38 displayed
a quartet at 0.06 ppm corresponding to the CH, group of the Et fragment, which is similar to
that observed for the same group in [(TMEDA)ZnEt;] (6 -0.15 ppm) and ZnEt; (6 0.04 ppm)
but shifted significantly downfield compared to that in EtMgCI (-0.84 ppm).

Compound 3(‘H) (ppm) 3(°C{"H}) (ppm)
[{(THF),Mg(u-Cl)3Zn'Bu},] (36) 1.01 (Zn-C(CHa)s) 22.0 (Zn-C), 33.7 (CHy)
‘BuMgCl 0.84 (Mg-C(CHs)s) 15.6 (Mg-C), 35.8 (CH3)
[{(THF),Mg(u-Cl)sZn"Bu},] (37) 0.14 (Zn-CH,) 10.1 (Zn-CH,)
"BuMgCl -0.71 (Mg-CH,) 7.8 (Mg-CH,),
[{(THF),Mg(u-Cl)sZnEt},] (38) 0.06 (Zn-CH,) 1.0 (Zn-CH,)
EtMgCl -0.84 (Mg-CH,) -2.4 (Mg-CHj)
[{(THF),Mg(u-Cl)3Zn(0-CsH,OMe)},] (39)  6.65, 6.73, 7.01, 7.39 (ArH) 142.4 (Zn-Cipso)
0- MeO-CgH4MgBr 6.53, 6.68, 6.89, 7.47 (ArH) 158.4 (Mg-Cipso)

Table 4.4: Selected chemical shifts (ppm) of the *H and “*C{*H} NMR spectra of compounds
36-39 and commercial sources of ‘BuMgCl, "BuMgCl, EtMgCl and 0-OMe-CgH4MgBr in dg-
THF solutions.

Similarly, the **C{*H} NMR spectrum of 38 displayed a resonance for the CH, group at 1.0
ppm, compared to 1.7 ppm for that in [(TMEDA)ZnEt,] and -2.4 ppm for that in EtMgCI,
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reflecting that the Et group in 38 retains its “zinc-character” in solution. The same trend is
observed for the tert-butyl-zincate 36, with the *C{*H} NMR resonances of the tert-butyl
ligand (6 21.4 and 33.5 ppm for the quaternary and methyl carbons respectively) differing
significantly to those of the corresponding Grignard reagent (‘BuMgCl, 15.6, 35.8 ppm), and
lying closer to those of ‘BuznCl (21.0, 33.2 ppm) (Table 4.4).

To gain a greater understanding of the energetics involved in the formation of these bimetallic
hybrids, a theoretical study on the reaction of EtMgCI and ZnCl, was also carried out, to
determine if the formation of [{(THF),Mg(u-Cl)sZnEt},] (38) was energetically favoured
(For full details of DFT calculations see Appendix). Firstly, the energies of the reaction of the
homometallic reagents, EtMgCI and ZnCl,, was investigated, with the reagents modelled as
THF-solvated dimers [{(THF)EtMgCI},;] (1) and [{(THF)ZnCl,},] (Il) (Scheme 4.12).
Interestingly, the formation of the CIP magnesium-zinc hybrid [{(THF),Mg(n-Cl)sZnEt};]
(111), obtained via metathetical co-complexation, is thermodynamically more favoured (by
29.61 kcal mol™) than the expected homometallic products from the classical salt-metathesis
reaction, [{(THF)EtZnCl},] (1V) and [{(THF)MgCl.},] (V) (Scheme 4.12).

THF
Cl THF
metathetical Etl n/ \l\/llg/
Et// /CI\ \\\\THF CI/// /Cl\ \\\\\THF co-complexation 'III/CI' | IJIIC|
M MeQL o+ D7 A = o, | |
N | { | | | | | Ny,
THF cl THF cl AE = -87.65 kcal mol™ NGl I
0 ) THEY | YCI Et
conventional T 1T T T 1T 1T % THF
metathesis A.E 1 -58.Q4 ¥q-4908 (nm
Cl Cl
Etu, /N “\\\\\THF Clu, /N WWIHF
‘70 /Zn‘Et + ‘Mg /Mg‘
THF( \CI THF( \CI Cl
(v) (V)

Scheme 4.12: DFT study of the energies of the reaction between the model homometallic
reagents [{(THF)EtMgCI},] (1) and [{(THF)ZnCl,},] (11).

The geometrical optimisation of 111 was performed by sequential addition of THF molecules
to the solvent-free magnesium zinc hybrid [{MgClsZnEt},] (VI). Surprisingly, for this
unsolvated species a conformation where the four metals adopt a linear Zn-Mg-Mg-Zn

arrangement with two chlorine atoms bridging between each pair of metal-centres [{CIMg(u-
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CI),Zn(Et)},] (VIB) was found to be 11.36 kcal mol™ more stable than the cyclic isomer VIA

(Figure 4.8).
a4
‘Q‘ Mg cl

VIA 11.36 kcal mol™’ VIB 0.00 kcal mol’

Figure 4.8: Structural models and relative energies of solvent free Mg-Zn hybrid

[{MgCl3ZnEt},] in its cyclic conformation VIA and its linear conformation VIB.
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Figure 4.9: Structural models and relative energies of THF-solvated Mg-Zn hybrids
[(THF)sMga(p-Cl)sZn;Rz] 111A-D.
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However, on addition of four molecules of THF (as found in the X-ray structure of 38), the
relative energies of these two theoretical models is reversed, and the cyclic species 1A,
where each Mg centre is solvated by two molecules of THF (Figure 4.9(a)), is 11.84 kcal
mol™ more stable than the chain conformation 111B, where each metal centre (Mg and Zn) is
solvated by one molecule of THF (Figure 4.9(b)). Furthermore, I11A was found to be 15.73
kcal mol™® more stable the analogous cyclic species where each Mg and Zn centre is
coordinated to one molecule of THF 111C (Figure 4.9(c)), and 72.46 kcal mol™ more stable
than 111D (Figure 4.9(d)), the species resulting from the direct co-complexation of the two
monometallic reagents present prior to the metathesis reaction ([{(THF)EtMgCI},] (1) and
[{(THF)ZnCl;},] (I1)). The energy gap between IIIA and 111D is even more remarkable
considering that both species are almost isostructural, with Mg and Zn having swapped
positions and the ethyl group remaining bonded to Mg in 11D, which shows that the
metathesis reaction of EtMgCI and ZnCl; is largely thermodynamically driven, even without

the formation of the highly ionic MgCl;, lattice.

Figure 4.10: Comparison of the molecular structure of (a) [{(THF),Mg(u-Cl)sZnEt},] (38)
and (b) the computed minimum energy theoretical structure of [{(THF),Mg(u-Cl)3ZnEt};]
(MA).

Thus, the energy minimum observed for the theoretical model I11A is in good agreement with
the molecular structure of the isolated crystalline product obtained from the reaction of
EtMgCI with ZnCl; [{(THF),Mg(u-Cl)sZnEt},] (38), as determined by X-ray crystallographic
analysis (Figure 4.10), and further supported by the comparable bond lengths of these two
species (Table 4.5). Collectively these experimental and theoretical studies suggest that the
formation of Mg-Zn hybrids as the products of metathesis reactions are more common than
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originally thought. Furthermore, these findings pose the intriguing question that perhaps some
of the reactivities previously attributed to organozinc reagents prepared via this well-
established methodology actually belong to mixed magnesium zincate species.

Bond distance (A) 38 1A

Zn-C 1.967 1.969
Zn-Cla 2.3452, 2.3265 2.412,2.432

Zn-Clg 2.509 2.738
Mg-Cla 2.4780, 2.512 2.511, 2.496
Mg-Clg 2.5632, 2.5761 2.570, 2.563
Mg-O 2.0589, 2.0559 2119, 2.117

Table 4.5: Comparison of the calculated bond distances (A) for the computed minimum energy
theoretical structure of 111 (111A) with those of [{(THF),Mg(u-Cl)3sZnEt};,] (38).

4.3  Applications of ZnCl, catalysed reactions of Grignard reagents

Related to these stoichiometric metathesis reactions, a number of studies have shown that the
addition of catalytic amounts of ZnCl, can greatly enhance both the reactivity and selectivity
of Grignard reagents in a variety of synthetic methodologies. The first reported use of
catalytic ZnCl, to improve the reactivity of Grignard reagents was by Feringa in 1989, where
the addition of catalytic amounts of [(TMEDA)ZnCl;] increased the selectivity for 1,4-
addition over 1,2-addition (ratio of 3:1 without catalyst vs. 6:1 with catalyst) in the reaction of
a variety of Grignard reagents with a,B-unsaturated ketones as well as significantly improving

the overall isolated yield of the desired product (Scheme 4.13).1*%¢!

@) O
. THF, 0°C
+ 'PrMgBr >
[(TMEDA)ZnCl,]
(0.1 mol%)
'Pr
81%

(without Zn catalyst) (25%)

Scheme 4.13: 1,4-conjugate addition of 'PrMgCl to cyclohexenone, showing the effects of

adding catalytic amounts of ZnCl..
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More recently, Ishihara reported that catalytic ZnCl, can greatly improve the selectivity of the
alkylation of ketones by Grignard reagents.**! The nucleophilic addition of ketones to give
the desired alcohols is often hindered by the formation of unwanted reduction products,
formed as a result of B-hydride elimination. However, the addition of ZnCl, (10 mol%) was
found to significantly reduce, and in some cases inhibit, the formation of these unwanted side-

products (Scheme 4.14).

Q _ THF, 0°C, 2h HO ~ /Pr HO M
T e
Ph Et ZnClz (10 mol%) Ph Et Ph Et

95% 0%
(Without ZnCly)  (56%) (38%)

Scheme 4.14: Reaction of 'PrMgCl with propiophenone, showing the effects of adding
catalytic amounts of ZnCl..

cat. ZnCl, + 2 RMgCl

R, OMgCI
R'” "R?
[RaZn]
RMgCI
/CI
R\\\ Mg---O "R3ZnMgClI"
/R\ (Active species)

R2 R]\/\
R1

Scheme 4.15: Proposed catalytic cycle for the ZnCl, catalysed nucleophilic addition of
RMgCI to ketones, showing likely R3ZnMgCl active species.

This methodology proved to be successful for a variety of Grignard reagents (RMgCI, R =
Me, Et, 'Pr, etc.) and organic substrates (including functionalised ketones and imines),
allowing their chemoseletive alkylation in excellent yields. In the report, the authors also
proposed a possible catalytic cycle for these reactions (Scheme 4.15), where catalytic ZnCl,
first reacts with two equivalents of RMgCI to form a dialkylzinc species (ZnR5), which can in

turn react with a third equivalent of RMgCI to form a putative magnesium trialkylzincate
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species “R3ZnMgClI”. It is this species which is proposed as the active species for the reaction,
forming a six-membered chair conformation transition state with the ketone, activating it
towards nucleophilic addition by one of the alkyl groups to form the relevant magnesium
tertiary alkoxide. This regenerates the dialkylzinc reagent, which can then react with another

molecule of RMgCI to regenerate the trialkylzincate active species.

Magnesium trialkylzincates of this type have also been proposed as the active species in 1,4-
conjugate addition reactions. Following the successful 1,4-addition of a,B-unsaturated ketones
with lithium triorganozincates (prepared from [(TMEDA)ZnCl,] and RLi in a ratio of 1:3)
reported by Isobe and co-workers (see Chapter 1.2.2),*% Kjonaas revealed that related
magnesium triorganozincates can be prepared by reacting [(TMEDA)ZnCl,] with three
equivalents of the relevant Grignard reagent. Both the tri-butyl- and tri-isopropylzincates
proved to be highly selective reagents for performing 1,4-adition to 2-cyclohexenone, methyl
vinyl ketone (MVK) and 2-cyclopentenone in yield ranging from 50-96%.!**! The author also
reported that altering the ratio of Grignard reagent and [(TMEDA)ZnCl;] to 1:1, 2:1 or 4:1
lead to significantly lower yields of the desired product. However, they remained cautious in
their characterisation of the active species, stating that their experiments “offer no real
evidence for the existence of a magnesium triorganozincate”,**¥ and use the formula

“R3ZnMgX” only to denote the stoichiometry of the reagents involved.

Similarly, in 2009 a magnesium triorganozincate was proposed as the active species for the
nucleophilic substitution reactions of chlorosilanes by Grignard reagents reported by Oshima
and Yorimitsu. They found that the addition of catalytic amounts of [(TMEDA)ZnCl;] could
substantially improve the yields of nucleophilic substitution reactions of aryl-, vinyl- and
benzyl-Grignard reagents (RMgX) with chlorosilanes (R'sSiCl) (Scheme 4.16).1*% In order to
investigate the active species present in these reactions, the reactivity of [(TMEDA)ZnCl,]
with varying amounts of para-tolylmagnesium bromide (1-3 equivalents) towards
chlorodimethylphenylsilane (PhMe,SiCl) was examined. The authors found that when
[(TMEDA)ZnCl;] and the Grignard reagent were combined in a ratio of 1:1 and 1:2 no
reactivity towards the silane was observed. However, when the ratio was increased to 1:3 the
expected arylsilane product was obtained in a 72% yield, suggesting that the active species in
this reaction must be a tris(aryl)zincate of the form “R3ZnMgX” (where R = (p-MeCgHy)).
Following a similar catalytic cycle to that proposed for Ishihara’s alkylation reactions, this

magnesium triorganozincate can react with the chlorosilane (R'3Si-Cl) to form the desired
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product R'sSi-R and XMgCl, along with ZnR, which can then react with another equivalent of

the Grignard to regenerate the active triorganozincate species (Scheme 4.17).

[(TMEDA)ZnCl,]
] (1 mol%) )
RMgX + R'3Si-Cl » R-SiR';
1,4-dioxane,
time, 20°C
o Yield
RMgX SiR'; t (h) (%)
0-MeCgsH;MgBr PhMe,Si 5 92
p-MeOCsH,MgBr PhMe,Si 1 87
m-CF;Ce¢H4MgBTr PhMe,Si 3 99
PhMgBr (CICH,)Me,Si 1 74
p-MeCgH,MgBr PhMe,Si 15 89
p-MeCgH;MgBr  p-CNCgH,SiMe, 1 75
CH,=CMeMgBr PhMe,Si 3 84
PhCH,MgClI '‘BuMe,Si 7 70
CH,=CHCHMgCI 'Pr,Si 12 91
BuMgBr 'Pr;Si 1 trace

Scheme 4.16: Zinc catalysed nucleophilic substitution of chlorosilanes with Grignard

reagents.
3 RMgX
lanb
"R3ZnMgX"
R';Si-Cl
RMgCI R';Si-R + MgCIX
RoZn

Scheme 4.17: Proposed catalytic cycle for the ZnCl, catalysed nucleophilic substitution of a
Grignard reagent with a chlorosilane substrate.

Despite magnesium triorganozincates (“R3ZnMgX”) having been proposed as the active

species in many reactions, the isolation and characterisation (in the solid state or in solution)
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of such species within this context has not been explored. The lack of tangible experimental
proof that these mixed-metal species are involved in these important organic transformations
Is somewhat surprising. Furthermore, a search of the CCDB revealed that only a handful of
structurally defined magnesium zincates have been reported (none of which are obtained via
salt metathesis reactions),™* which contrasts with the relatively abundant number of

structures known for alkali metal magnesiates and zincates.!® !

The important role of Mg/Zn mixtures in catalytic studies has also been demonstrated by Breit
within the context of ZnCl, catalysed enantiospecific sp-sp® cross-coupling reactions of o-
hydroxy ester triflates with Grignard reagents.™ Thus, although the reaction proceeded in an
almost quantitative yield when "BuMgCIl was employed, when performed under otherwise
identical conditions with the alkyl lithium reagent ("BuLi) no coupling was observed (Scheme
4.18), showing that the presence of the magnesium counterion is essential for this reaction to
proceed, and highlighting the fact that magnesium trialkylzincates can display a different level
of reactivity to that of lithium trialkylzincates. Under optimised conditions, reaction of this
ester triflate could be performed with a range of different Grignard reagents (RMgCl, R = Et,
'Pr, 'Bu, etc.) in yields of 90-99% and >99% ee. In addition, this methodology could also be
applied to other commercially available a-hydroxy ester triflates, showing similarly
impressive yields and ee. A proposed catalytic cycle for these reactions mirrored those of
Ishihara and Oshima, suggesting the presence of a magnesium triorganozincate (R3ZnMgCl)

as the active species.[*?

o o
BuM  + 5 )K/ ZnCl, (5 mol%)> tB
aeeq) © THF, 12h, -20°C uo
Tf "Bu

M = MgCl, 99%
M = Li, 0%

Ol

Scheme 4.18: ZnCl, catalysed sp®-sp® cross-coupling reactions of a-hydroxy ester triflates
with "BuMgCl and "BulLi.

Thus, the use of catalytic ZnCl, to enhance the performance of Grignard reagents in a variety
of different synthetic methodologies is a rapidly growing area of organic chemistry. Mixed
magnesium-zinc species of the form “R3ZnMgX”, formed from the metathesis reaction of the

relevant Grignard reagent with ZnCl,, have been generally accepted as the likely active
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species in these reactions. However, their presence has only been proposed, and as mentioned
above no definitive spectroscopic or structural proof of their formation has been provided.
Therefore, in an attempt to provide some new insights into the constitution of these mixed-
metal species, the salt metathesis reactions of Grignard reagents with ZnCl, were further
investigated, employing a sub-stoichiometric amount of ZnCl, (Grignard reagent : ZnCl, of

3:1) in order to mimic the catalytic conditions of the aforementioned reactions.

4.4 Investigating the salt metathesis reaction of ‘BuMgCl with

substoichiometric amounts of ZnCl,

Following a similar approach to that described for the synthesis of [(THF);Mg(u-
CI)2Zn('Bu)(CI)] (34), investigation of the sub-stoichiometric metathesis reaction between
'BuMgCl and ZnCl, in a ratio of 3:1 was initially studied (Scheme 4.19).

3 'BuMgCI + ZnCl, ‘BusZnMgCl + 2 MgCl,

rt, 3h
Scheme 4.19: Proposed metathesis reaction of ‘BuMgCI and ZnCl, using a 3:1 excess of
Grignard reagent.

Thus, following standard experimental protocol reported in the literature, one equivalent of
ZnCl, was added to a THF solution of ‘BuMgCI (three equivalents). Interestingly, these
reagents combined to give a colourless solution, contrasting with the stoichiometric reaction
which  yielded a large amount of the insoluble magnesium halozincate
[{Mg(THF)e}**{Zn,Cls}]* (33). After stirring at room temperature for 3 hours the solution
was cooled to -30°C overnight, affording a crop of large hexagonal crystals of
[(THF),MgCl,],*** which were removed by filtration. Addition of hexane to the remaining
filtrate and cooling to -30°C afforded a batch of colourless cubic crystals of the magnesium
trialkylzincate [{Mg,Cls(THF)s}*{Zn'Bus}] (40) (isolated yield = 11%), which were
analysed by NMR spectroscopy and X-ray crystallographic analysis. The isolated yield of 40
could be greatly increased (average isolated yield 67%) by performing a co-complexation
reaction between ‘Bu,Zn, '‘BuMgCl and MgCl,, and could also be prepared by the metathesis
reaction of '‘Bu,Mg with ZnCl, in a ratio of 1.5:1 (isolated yield 29%). Furthermore, NMR

analysis of the respective filtrate solutions indicated that 40 is the major species present.
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The molecular structure of 40 was found to be the SSIP magnesium-zincate
[{Mg,Cl3(THF)e} ' {Zn'Bus}] (Figure 4.11). The cationic fragment comprises of two
magnesium centres, bridged by three chlorine atoms, with each of the magnesium atoms
bonding to three molecules of THF, giving rise to a distorted octahedral geometry. The
anionic fragment is made up of a zinc centre bonded to three tert-butyl groups, with the zinc
adopting a trigonal planar geometry (average angle around Zn = 119.5°). The Zn-C bonds of
40 (2.068(5), 2.073(4) and 2.081(4) A) are marginally longer than those found in
[(THF)sMg(u-C1)2Zn(‘Bu)(C)] (34) (2.000(3) A) and [{(THF);Mg(u-Cls)Zn'Bu},] (36)
(1.982(3) and 1.984(3) A), probably as a consequence of the increased steric hindrance
around the zinc centre in 40. As far as we can ascertain, 40 constitutes the first example of a
magnesium trialkylzincate prepared via a metathesis approach to be structurally charaterised.
However, both the cationic and anionic fragments have previously been found seperately in
other organometallic species. Thus, Imamoto has reported that the binuclear
{Mg,CI3(THF)}" cation is commonly found in the solid state structures of Grignard
reagents,** whilst the tri-tert-butylzinc anion has been reported in a number of alkali metal
zincate structures, such as [{(TMEDA);Na(NC'Bu),}*{Zn'Bus}] and [{LigH(us-
C7N3H1)e} {Zn'Bug} 1.6+ 143

Figure 4.11: Molecular structure of [{Mg.Cls(THF)s} {Zn'Bus}] (40) with 40% probability
ellipsoids. Hydrogen atoms and minor THF disorder components have been omitted for
clarity. Selected bond distances (A) and bond angles (°): Zn-C1 2.068(5), Zn-C2 2.073(4), Zn-
C3 2.081(4), Mgl-CI1 2.4998(17), Mgl-Cl2 2.4979(16), Mgl-CI3 2.5084(17), Mg2-Cl1
2.4953(17), Mg2-CI2 2.4871(15), Mg2-CI3 2.5117(18); C1-Zn(1)-C2 117.14(19), C1-Zn(1)-
C3 120.8(2), C2-Zn(1)-C3 120.50(18), CI2-Mg1-ClI1 83.65(5), ClI2-Mg1-CI3 86.43(5), Cl1-
Mg1-CI3 84.70(5), CI2-Mg2-Cl1 83.97(5), ClI2-Mg2-CI3 86.605, Cl1-Mg2-CI3 84.73(5).
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Despite its SSIP structure, 40 shares some similarities with 34 and 36, as in both cases the
tert-butyl group of the Grignard reagent is transferred from magnesium to the the more
electronegative zinc. Furthermore, MgCl, (the co-product of the metathesis reaction) has been
incorporated into the constitution of the Mg-Zn hybrid. In the case of 40, only one equivalent
of MgCl, is added to form the dinucleur cation {Mg,Cls(THF)s}", whereas the remaining
equivalent is isolated as [(THF)sMgCl,] (Scheme 4.20).1%%

+
THF_|

TH F TH F\ ‘\\\\\\C I///,l / tBu \ _I
3 BuMgCl + ZnCl, ———> THF"\MQ:CI;MQU,,/THF Zn—"Bu + [(THF),MgCl,]
metathesis THF\\\ cl \T tBu/

HF (40)

Scheme 4.20: Formation of 40 via metathesis approach.

—3.61
—1.75

* = {'BusZn} CH; (Bu)
* = 'By,Zn
* = 'BuMgClI
I*
OCH, (THF) CH, (THF) *
|
*

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

Figure 4.12: "H NMR spectrum of 40 in dg-THF solution.

Turning to the constitution of 40 in solution, the *H NMR spectrum in dg-THF solution
(Figure 4.12) appears to be much more complex than that observed for 34 (which displayed
only one resonance for the 'Bu group), showing four different resonances in the region of the
tert-butyl groups (major resonance at 6 0.89 ppm, along with three smaller resonances at o

0.95, 0.86 and 0.84 ppm) which suggests the presence of several organometallic species in
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solution. The combined integration of the four singlets in the *H NMR spectrum, compared to
those of the THF resonances (at & 3.61 and 1.75 ppm), show a ratio of 'Bu:THF of 1:2, which
Is the same as is seen in the crystal structure of 40. As shown in Figure 4.13 the presence of
four different tert-butyl groups is also observed in the *C{*H} NMR spectrum, showing four
sets of signals for the methyl groups (major resonance at 6 36.4 ppm, and three smaller
resonances at & 35.6, 34.9 and 32.8 ppm) and quaternary carbons (major resonance at & 23.9

ppm, and three smaller resonances at & 24.9, 15.5 and 14.9 ppm).

68.18
35.64
T——34.89
32.82
26.17
24.90
23.85
__—15.50
——14.92

___—36.44

* = {BusZn}
* ='Bu,Zn
* = 'BuMgClI
*
CH, (THF)
a3
sk K
*
|| i o
7‘5 7‘0 6‘5 6‘0 5‘5 5‘0 4‘5 4‘0 3‘5 3‘0 2‘5 2‘0 1‘5 ppm‘

Figure 4.13: *C{*H} NMR spectrum of 40 in dg-THF solution.

A plausible explanation for this mixture of species could be that in solution 40 is in
equilibrium with its monometallic components (‘Bu,Zn and ‘BuMgCI) (Scheme 4.21). Thus, a
comparison of the different resonances observed for 40 with those of the relevant
homometallic species (‘Bu,Zn, ‘BuznCl, 'Bu,Mg and '‘BuMgCIl — Table 4.6) shows that the
major product in solution (*H & 0.89 ppm, *C{*H} & 36.4 and 23.9 ppm) does not correlate
with any of the homometallic species, and so is most likely the parent anion of 40 {Zn'Bus}".
One of the minor species (*H & 0.959 ppm, *C{"H} & 32.8 and 24.9 ppm) can be attributed to
'‘BuyZn (*H 6 0.97 ppm, BC{’H} §33.0 and 25.4 ppm), while the remaining two species (‘"H &
0.86 and 0.84 ppm, *C{*H} & 35.6, 34.9, 15.5 and 14.9 ppm) are consistent with a compound
containing tert-butyl groups bonded to magnesium, most likely '‘BuMgCI and ‘Bu,Mg, which
will both be present in THF solutions of 'BuMgCI due to the Schlenk equilibrium.
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THF_|+ t

N Bu__- THF
THF':MQ\:CVMQW//THF Zn—'Bu <~——= !BuyZn + ‘BuMgCl + MgCl,
THFY  ClI \THF ‘Bu
(40)

Scheme 4.21: Proposed equilibrium of 40 in THF solutions.

Compound 3'H (CH; 'Bu) 8C (CH;'Bu)  8™C (C(CHs)s) '‘Bu)
[{Mg:Cls(THF)} {Zn'Bus}] (40) | o5 gigg, 0.84) (356, giig, 328) (249, igg 14.9)
'Bu,Zn 0.97 33.0 25.4
'BuznCl 0.95 33.8 216
‘Bu,Mg 0.86 36.0 15.8
'BuMgCl 0.85,0.86 35.8, 35.0 15.6, 14.9

Table 4.6: *H and *C{*H} NMR resonances (ppm) for 40 and a variety of homometallic

reagents in dg-THF. (minor species in parenthesis).

To further investigate the possibility of this equilibrium, concentration and variable
temperature studies were carried out. Thus, it was found that at higher concentration (0.22 M)
(low dilution) the *H NMR spectrum shows only traces of the resonances which correspond to
the homometallic species, with a singlet at & 0.90 ppm showing the {'BusZn}" anion to be the
major species (Figure 4.14(a)). Analysis of the integration showed a ratio of {‘BusZn}
‘'Bu,Zn:'BuMgCl of 8:1:1. In contrast, at lower concentration (0.07 M) (high dilution) the *H
NMR spectrum shows an almost equal mixture of species, with integration showing a ratio of
{'BusZn} : 'BuyZn : 'BuMgCl of 3:4:4. (Figure 4.14(b)). This behaviour is consistent with the
hypothesis that 40 is in equilibrium with its homometallic components, as it would be
expected that in a dilute sample disproportionation of 40 into ‘BuMgCI and ‘Bu,Zn would be
favoured, whilst in a concentrated sample the equilibrium would be shifted towards 40. The
equilibrium between 40 and its homometallic components is also sensitive to changes in
temperature. Thus, at elevated temperatures (65°C) (Figure 4.14(c)) the resonance at & 0.90
ppm for the {'BusZn} species (which is the major species at 25°C — Figure 4.14(a))
disappears almost completely, leaving the homometallic species as the major compounds

present in solution, which also supports the proposed equilibrium (see Scheme 4.21).
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0.22 M, 25°C

* = 'Bu,Zn
* = 'BuMgClI
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ppm

—1.77
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* = {'Bu,Zn}
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Figure 4.14: "H NMR spectrum of 40 in dg-THF at (a) high concentration (0.22 M) at 25°C,

(b) low concentration (0.07 M) at 25°C and (c) high concentration (0.22 M) at 65°C.
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Further evidence for this equilibrium was provided by carrying out controlled addition
experiments. A sample of 40 was dissolved in dg-THF and analysed by H NMR
spectroscopy, to which was then added one equivalent of 'Bu,Zn and the sample analysed
again by *H NMR spectroscopy. In addition to an increase in ‘Bu,Zn resonance (5 0.99 ppm),
the spectra also showed an increase in the relative intensity of the {'BusZn} resonance
compared to those of '‘BuMgCI. The experiment was then repeated, but with the addition of
'‘BuMgCl to 40, which resulted in an increase in '‘BuMgCl resonances, along with an increase
in the relative intensity of the {'BusZn} resonance compared to that of '‘Bu,Zn. These results
are consistent with the equilibrium depicted in Scheme 4.21, where addition of each of the

homometallic species will shift the equilibrium towards the formation of the {Zn'Bus}” anion.

4.5 Investigating the salt metathesis reaction of EtMgCl with

substoichiometric amounts of ZnCl,

In order to investigate the effect of changing the alkyl ligand present, the synthesis of an ethyl
magnesium-zinc species, analogous to that of [{Mg.Cls(THF)s}{Zn'Bus}] (40), was
investigated. Thus, following the same procedure as was employed in the synthesis of 40,
EtMgCI was reacted with ZnCl, in a ratio of 3:1 in THF solution. Initially, the reaction
yielded a colourless solution, which on leaving to stir for a few minutes formed a precipitate,
which could be re-dissolved by gentle heating or the addition of more solvent. Cooling of the
reaction mixture yielded colourless crystals, which when analysed by NMR spectroscopy and

X-ray crystallography were confirmed as [(THF)sMgCl,].*?

Despite numerous attempts to isolate a mixed magnesium-zinc species from the filtrate
solutions, only crystals of magnesium chloride could be detected by X-ray crystallographic
analysis. However, when the crude reaction mixture was analysed by *H NMR spectroscopy,
in addition to an excess of THF (6 3.64 and 1.76 ppm) which coordinates to MgCl,, there
were two resonances, a triplet and quartet at & 1.10 and -0.20 ppm, which were consistent with
the CH3 and CH; protons of an ethyl group respectively. Comparison of these resonances with
those of EtMgCI (triplet and quartet at & 1.13 and -0.80 ppm respectively) displayed a
significant downfield shift of the CH, group, suggesting that EtMgCI was no longer present in

the reaction mixture. Furthermore, the ethyl resonances of this unknown species were very
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similar to those of [(TMEDA)ZnEt,] (6 1.19 and -0.15 ppm) and ZnEt, (6 1.12 and 0.04

ppm), which suggested the transfer of the ethyl group from the Grignard reagent to zinc.

Given that the magnesium tri-tert-butylzincate 40 could also be prepared by a co-
complexation approach, EtMgCI was reacted with one equivalent of ZnEt, in THF solution,
and after addition of hexane the resulting solution could be cooled, yielding a crop of
colourless crystals of [{Mg,Cls(THF)e} {Zn,Ets}] (41) in an isolated crystalline yield of 21%
which were analysed by NMR spectroscopy and X-ray crystallography. The molecular
structure of 41 contained the same {Mg,Cls(THF)¢}" cation as was observed in 40, but instead
of the expected trialkylzincate anion, X-ray crystallographic analysis suggested that 41
contained the unusual “zinc rich” anion {Zn,Ets} (Scheme 4.22). Unfortunately, due to a
high degree of static and/or dynamic disorder around the ethyl groups and zinc centres of the

anionic fragment, the presence of this {Zn,Ets} anion could not be unequivocally confirmed.

+
THF
THF, 2h, rt N o, T SN oF
EtMgCl + ZnEt, 22 » {THF»~Mg=ci»rMg,, Zn Zn
SN THF AP 4
N Cl \ 4 Et Et
THF THF | [ Bt
(41)

Scheme 4.22: Proposed molecular structure of 41, prepared by reaction of ZnEt, and EtMgCI.

Employing a different Grignard reagent, the reaction between EtMgBr and ZnEt, could be
performed under otherwise identical conditions, from which a less disordered magnesium-
zincate [{MgsBr3(OEt),(THF)e} {Zn,Ets}] (42) could be obtained in an isolated yield of
24%, which contains the same {Zn,Ets}  anion as was proposed for 41 (Figure 4.15).
Although this compound is still too disordered for a detailed discussion of the bond lengths
and angles, the connectivity of the anion in definite, comprising of two distorted trigonal
planar zinc centres, each bonded to two terminal Et groups and one further Et ligand which
bridges between the two metal centres. The {MgsBrs(OEt),(THF)s}" cation contains a six-
membered ring comprising of alternating Mg-Br atoms, with each Mg centre solvated by two
molecules of THF. The cation also contains two EtO" ligands, each bridging between the three
metal centres, the presence of which is probably due to partial oxygen contamination of the
Grignard reagent (repeated attempts to prepare 42 without the presence of EtO" ligands proved
unsuccessful). Although this cationic fragment has not been previously reported, the related
heterobimetallic ~ species  [{MgzBrs(OEt)(Et20)s} {MRs}] ({MR;} = {Ph,InBr.},
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{Me,Ga(adamantyl).} and {Me,Al(adamantyl),}),***! where Mg is solvated by Et,0 instead
of THF, and the three metal centres are bridged by one Br and one EtO" ligand, have been
reported as the products of metathesis reactions between metal halides and Grignard reagents,

although in these cases the EtO™ group may come from ether cleavage of Et,0.

Figure 4.15: Molecular structure of [{Mgs;Brs(OEt)(THF)s} {Zn:Ets}] (42) with 40%
probability ellipsoids. Hydrogen atoms, disorder component of {Zn,Ets} anion and minor
THF disorder components have been omitted for clarity. Due to disorder present in the

molecular structure bond lengths and angles are not discussed herein.

A related sodium penta(organo)-dizincate [{Na(THF)s}'{Zn,Cps}] has been reported by
Carmona, prepared by reacting NaCp with ZnCl, in a ratio of 5:2.1 Interestingly, when this
stoichiometry was altered to 3:1 the sodium triorganozincate [(THF),NazZnCps] was obtained.
In contrast, when the reaction of ZnEt, with EtMgCI is performed in a stoichiometry of 1:1 or
2:1 (matching that of the product) only [{Mg,Cls(THF)s} {Zn,Ets}] (41) is obtained in an
isolated yield of 21% and 45% respectively. Furthermore, returning to the tert-butyl
magnesium-zincate [{Mg.Cls(THF)s} {Zn'Bus}] (40), when the reaction of '‘BuMgCI and
ZnCl, was performed in a ratio of 5:2 or 'BuMgCl with Zn'Bu, in a ratio of 1:2 only the
trialkylzincate 40 was obtained, suggesting that in the case of 40 and 41, the steric demands of
the alkyl group employed (‘Bu and Et) determine the final conformation of the zincate anion,

and not the stoichiometry of the reagents employed.

Having prepared a pure sample of [{Mg,Cl3(THF)¢} {Zn.Ets}] (41) through the co-
complexation of ZnEt, and EtMgCI the constitution of this species in solution was then

studied. Thus, the '"H NMR spectrum of 41 in dg-THF solution showed a single set of
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resonances for the ethyl groups, with a triplet at 6 1.09 ppm for the CH3 group and a quartet at
6 -0.21 ppm for the CH, group, along with two multiplets at 3.64 and 1.76 ppm for THF. The
resonances of the ethyl group were almost identical to those observed for the crude reaction
mixture from the metathesis reaction between three equivalents of EtMgCl and ZnCl, (5 1.10
and -0.20 ppm), which is consistent with the formation of the same magnesium-zincate from
these two different synthetic approaches. As mentioned above the resonances of the ethyl
groups of 41 are similar to those of [(TMEDA)ZnEt,] (6 1.19 and -0.15 ppm) but shifted
downfield compared to those of EtMgCl (6 1.13 and -0.80 ppm) (Table 4.7), emphasising the
zinc character of these groups in solution. The **C{*H} NMR spectrum of 41 displayed only
two resonances at 6 0.8 and 13.6 ppm, corresponding to the CH, and CHj3 carbons of the ethyl
group respectively, which also confirm the retention of the zinc character in solution when
compared to the equivalent chemical shifts of [[TMEDA)ZnEt,] and EtMgCI (Table 4.7).

Compound 3'H(CH,) &'H(CHs) 8 C{'H}(CHy & C{'H} (CH,)
[{Mg.Cls(THF)s} {Zn,Ets}] (41) | -0.21 1.09 0.8 13.6
[(TMEDA)ZnEt,] -0.15 1.19 1.7 14.6
EtMgCI -0.80 1.13 -2.4 14.0

Table 4.7: 'H and *C{*H} NMR data (ppm) for the ethyl groups of 41, [[TMEDA)ZnEt;]
and EtMgCI in dg-THF.

Interestingly, whereas [{Mg.Cls(THF)s} " {Zn'Bus}] (40) displayed a complex equilibrium in
solution between the mixed metal species and the homometallic components, Zn'Bu, and
'‘BuMgCl (vide supra), both the *H and **C{*H} NMR spectra of 41 indicate the presence of
only one ethyl species. However, if the molecular structure was retained in solution the
presence of two different ethyl resonances for 41 would be expected, one for the four terminal
ligands and a further resonance for the bridging Et ligand. To try and clarify the constitution
of the {Zn,Ets} anion in solution, a variable temperature study (from 25°C to -78°C) of a dg-
THF solution (0.125 M) of 41 was performed (Figure 4.16). The biggest change observed on
reducing the temperature from 25°C was for the CH, resonance, which shifted slightly upfield
from & -0.21 ppm to -0.25 ppm between 25°C and -43°C, combined with a marked broadening
of the sharp quartet observed at 25°C to a broad singlet at -43°C. This slight upfield shift of
the resonances continued between -43°C and -78°C to & -0.28 ppm, along with the re-

emergence of a sharp quartet below -58°C (Figure 4.16). This data suggests the existence of a
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dynamic equilibrium in solution, where one species is favoured at ambient temperatures, but
at lower temperatures the equilibrium shifts, and a different species is formed. One possible
explanation for this would be a situation whereby the {Zn,Ets}" anionic fragment of 41 is
present at lower temperatures, but at room temperature this species can break to form
{ZnEt3} and ZnEt, (Scheme 4.23).

N 25°C
A OOC
ra -13°C

-28°C
-35°C
-40°C
-42°C
-43°C
-45°C

-50°C
-58°C

)M( -68°C
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Figure 4.16: Variable temperature study of the CH, resonance of 41 in dg-THF solution
(0.125 M) from 25°C to -78°C.
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Scheme 4.23: Proposed equilibrium in solution between {Zn,Ets} and ZnEt,/{ZnEt3} .

In order to further explore this proposed equilibrium, a series of experiments were performed
where to a dg-THF solution of 41 (0.125 mmol, 0.25 M) was added half an equivalent of a
ferrocene internal standard (0.062 mmol). Analysis of this sample by *H NMR spectroscopy
displayed a quartet at & -0.29 ppm for the Zn-CH, protons and a triplet at 6 1.13 ppm for the
CHjs protons. Integration of these resonances relative to that of the singlet for the Cp rings of
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the ferrocene internal standard (integrated to 5H) revealed that the CH, quartet accounted for
10 protons and the CHs triplet for 15 protons (Figure 4.17(a)). This solution was then placed
under vacuum for 1 hour, and the resulting orange residue re-dissolved in dg-THF solution
and analyzed again by *H NMR spectroscopy, showing a significant upfield shift of the Zn-
CH; quartet from 6 -0.25 to -0.73 ppm (Figure 4.17(b)). Furthermore, the relative integration
of the CH, and CHj5 groups with respect to the internal standard showed that the integration of
these resonances had dropped to 6.2 and 9.2 protons respectively, which suggested the loss of

two ethyl groups from the original {Zn,Ets} anionic fragment.

(@)
CH;
THF THF
FeCp,
Zn-CH,
‘ 4‘5 4‘.0 3‘.5 3.‘0 2.‘5 zio 1‘.5 1‘.0 0‘5 o.‘o —o‘.5 ppm‘
FeC
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CH;
Zn-CH,
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Figure 4.17. *H NMR spectra of (a) a mixture of [{(THF)sMg,Cls}"{Zn,Ets}] (41) and

ferrocene (used as an internal standard) in a 2:1 ratio in dg-THF at room temperature and (b)

after the sample was left under vacuum for 1 hour, then re-dissolved in dg-THF.
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The significant decrease in the integration of the ethyl resonances can be explained by taking
into account the high volatility of ZnEt,, which is readily removed in vacuo, even in the
presence of a coordinating solvent such as THF. Thus, if in THF solution {Zn,Ets}" does
break up into smaller species such as {ZnEts} and ZnEt,, then when placed under vacuum the
dialkylzinc species will be removed, leaving only {ZnEt;}". Therefore, these results confirm
the existence of ZnEt, in THF solutions of 41, which can be readily removed in vacuo.
Furthermore, the significant upfield shift of the CH; resonance from & -0.25 to -0.73 ppm
suggests that a more carbanionic Zn-Et species has been formed, which is consistent with the
conversion of a {Zn,Ets} anion into a {ZnEt;} anion. In order to further assess the

constitution of 41 in solution, a sample of the crystalline material was also studied by *H
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Figure 4.18: Example of a *H DOSY spectrum of a mixture of ethyleneglycol and caffeine in
D,0. 1141

As briefly mentioned in Chapter 1.3.2, DOSY is an NMR technique which can be used to
identify the individual components of mixtures in solution. In this pseudo two-dimensional
technique, one dimension represents normal chemical shift data (e.g. *H, ‘Li, *C{*H} NMR
spectrum), while in the second dimension species are resolved by their diffusion properties
(diffusion coefficient D), where D is inversely proportional to the size of the molecule.[”™ The
measurement of D is performed using a technique called pulsed gradient spin-echo (PGSE),
which was first reported almost 50 years ago,'**”! but was only incorporated into the two-
dimensional technique in 1992,“8! which is now referred to as DOSY. A simple example to
demonstrate the effect of this technique is the 'H DOSY of a mixture of caffeine and
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ethyleneglycol in D,O (Figure 4.18).1*¢! Thus, the smallest component of the mixture, DO,
has the largest D value and will appear lower down on the y-axis (log D). Resolution of the
two larger components, glycol and caffeine, is also observed, with the larger molecule,
caffeine, possessing a smaller D value than that of glycol or D,0.

Recent DOSY studies have revealed that the addition of simple hydrocarbon molecules as
internal standards can be used to determine the aggregation state of organometallic species.
Thus, Williard and co-workers have demonstrated that in the presence of internal standards
DOSY can be used to determine the formula weight (FW) of a number of organolithium
compounds, by correlation of their diffusion coefficients with the diffusion coefficients and
FW of the internal standards.™! For example, analysis of THF-solvated lithium
diisopropylamide (LDA) by *C{*H} DOSY in ds-toluene solution in the presence of internal
standards (benzene, ethylbenzene, 1-octadecene (ODE) and cis-/trans-cyclododecene
(CDDE)) revealed that the lithium amide possesses a smaller D value than the internal
standards present. Correlation of log D vs. log FW allowed an approximate FW of the lithium

amide species to be estimated, which revealed that in solution it probably exists as the dimeric

species [{(THF)Li(DA)}.] (Figure 4.19) 4
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Figure 4.19: C{*H} DOSY of [{(THF)Li(DA)},] in ds-toluene solution in the presence of

internal standards.™> 1%

As mentioned in Chapter 1, following a similar procedure Mulvey and co-workers have
elucidated the complex solution behaviour of the turbo Hauser bases [(TMP)MgCI,Li(THF)s]
(10) and [{(DA)MgCI,Li(THF),},] (11),%%! and more recently have demonstrated that the in
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situ mixture of [Li(TMP).Zn(TMP),.TMEDA.2LIiCl], prepared by metathesis reaction of
Li(TMP) with ZnCl,. TMEDA (in a ratio of 3:1), contains a THF solvated [Li(TMP).2LiCl]
complex and Zn(TMP),, as two distinct species.’® Furthermore, DOSY studies have also
been used to demonstrate that the lithium triorganozincate [(PMDETA)LiZnMej3] retains its
CIP  structure in  dg-toluene solutions, whereas the SSIP triorganozincate
[(diglyme),Li}"{ZnMe3}] displays no interaction between lithium centre and the {ZnMez}’

anion in solution.?”]

Thus, DOSY is emerging as an extremely powerful tool for advancing the understanding of
the complex constitution of organometallic species in solution. Following a similar procedure
to that reported by Mulvey and co-workers, 41 was analysed by diffusion-ordered NMR
spectroscopy (DOSY) in dg-THF solution in the presence of internal standards (TPhN:
1,2,3,4-tetraphenylnaphthalene; PhN: phenylnaphthalene; and TMS: tetramethylsilane), in an
attempt to provide further confirmation of the identity of the species present in solution.

Analysis of 41 by variable temperature *H NMR spectroscopy had revealed a distinct change
in the resonance of the Zn-CH, group between 25°C and -43°C, with the sharp quartet which
appeared at ambient temperature collapsing down to a broad singlet at -43°C, consistent with
a change in the constitution of the “Zn-Et” species present in solution. To provide a clear
picture of these two different situations, DOSY studies of 41 in dg-THF solution (0.125 M)
were performed at both 25°C (Figure 4.20(a)) and at -40°C (Figure 4.20(b)). At both
temperatures the CH; and CHj3 resonances of the Zn-Et species show a single cross peak with
the same diffusion coefficient (D). However, the value of D at 25°C [D(Zn-Et, 25°C) =
1.24(3) x 10° m? s™] is significantly larger than that obtained at -40°C [D(Zn-Et, 40°C) =
2.69(1) x 10" m?s™]. Thus, when the D of the “Zn-Et” species is compared to that of the
internal standards, it appears at a similar value to that of PhN at 25°C [1.18(2) x 10”° m?s™]
(Figure 4.20(a)), but lies somewhere between PhN [3.3(1) x 10™° m?s™] and TPhN [1.79(1) x
10° m? s at -40°C (Figure 4.20(b)). As D is inversely proportional to the size of the
molecule, these results suggest that as the temperature decreases there must be an important
change in the constitution of 41 in solution, with a larger “Zn-Et” species present at -40°C

compared to that at 25°C.
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Figure 4.20: *H DOSY experiment of a dg-THF solution of 41 in the presence of three
internal standards (TPhN, PhN and TMS) at (a) 25°C [D(Zn-Et) = 1.24(3) x 10° m?s™] and
(b) at -40°C [D(Zn-Et) = 2.69(1) x 10" m?s™].

In the previously mentioned DOSY studies,!”™ *°! correlation of log D with log FW of the
unknown species and the internal standards allowed the FW of the organometallic species to

be determined, which relied on the assumption that the approximate size of a species is
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proportional to its FW. However, an added complication when studying zinc organometallic
species is that zinc has a much larger FW compared to its size than lithium, and as a result the
approximation that FW is proportional to size may not hold for zinc containing species. To
investigate this further, the *H DOSY of [(TMEDA)ZnEt,], the molecular structure of which
is known to be monomeric,*** was performed in the presence of internal standards (TPhN,
PhN, TMS). The values obtained for D were correlated against FW (log D vs. log FW), and
against molar volume (V) (V determined by DFT optimised geometries — see Appendix) (log
D vs. log V). The results revealed that the FW determined by DOSY for [(TMEDA)ZnEt,]
(187 g mol™) had an error of -22% compared to the actual FW (239.72 g mol™), but the
volume determined by DOSY for [(TMEDA)ZnEt,] (173 cm® mol™) had an error of only -9%
compared to volume determined by DFT (189.30 cm® mol™). Therefore, the results suggest
that a log D vs. log V correlation seems to be more accurate than log D vs. log FW for
organozinc species, and data extracted from the diffusion properties of 41 would be treated in

this way.

Thus, the presence of internal standards (TPhN, PhN and TMS) of known volume in the
DOSY studies of 41 allowed the calibration curve of log D vs. log V to be prepared for the
DOSY spectra at each of the two different temperatures (see Appendix for full DOSY data).
By applying the D value obtained for the “Zn-Et” species at each temperature into these
calibration curves an approximate value of the size of these unknown species could be
determined, and could therefore be used to estimate the constitution of the species present in
dg-THF solutions of 41. Thus, at 25°C the volume obtained for the “Zn-Et” species is 160
cm®mol™, compared to 226 cm>mol™ at -40°C. The DFT optimized molar volume obtained for
the {Zn,Ets}” (see Appendix for details of DFT optimized geometries) indicates that the
volume of the penta(ethyl)-dizinc anion present in 41 is 232 cm®mol™. Therefore, the data
obtained by *H DOSY studies indicates that at -40°C the {Zn,Ets}" anion is the major species
present, with an error of only 3% between the molar volume of {Zn.Ets} (232 cm®mol™,
determined by DFT optimization) and that obtained for the unknown “Zn-Et” species by
DOSY at -40°C (226 cm®mol™) (Figure 4.21).

However, analysis of the DOSY data at room temperature reveals that the parent anion of 41
{Zn,Ets} is not the major species present, as in this case there is an error of 31% between the
DFT optimized molar volume (V) of the anion (232 cm®mol™) and the volume obtained from
the 'H DOSY (160 cm®mol™) (Figure 4.21). Therefore, at room temperature, the “Zn-Et”
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species present must be significantly smaller than the parent anion of 41 {Zn,Ets}". The
volumes of some smaller aggregates which could be present in solution were calculated by
DFT optimization (see Appendix), and the error of these species with respect to the volume
obtained by DOSY studies determined (Figure 4.21).

V predicted for 41
in dg-THF
i) -40°C = 226 ¢cm3 mol-1
i) 25°C = 160 cm® mol”

\ -40°C 25°C
{anEt5}@ 232 cm® mol™" (3 %) (31 %)

ZnEty(THF), 196 cm® mol™ (-13 %) (18 %)
ZnEty(THF) 162 cm® mol™ (-28 %) (1 %)

@ {ZnEt)® 119 cm® mol™ (-47 %) (-26 %)
() ZnELCH® 114 cm® mol! (-50%) (-29 %)

@ ZnEt, 78 cm3 mol™! (-65 %) (-51 %)

Figure 4.21: Possible species of the parent anion {Zn,Ets} present for 41 in dg-THF solution
with errors (in parentheses) with respect to the estimated volume (V) predicted by *H DOSY
studies at -40°C (blue) and 25°C (green).

Thus, the data suggests that smaller aggregates such as {ZnEts} and ZnEt, are the most likely
species present at this temperature. DOSY studies are unable to differentiate between species
of similar size, and so the volume determined will be an average of the species present, a
situation made even more complex by differing grades of THF solvation, and by the presence
of MgCl; in solution which could also interact with the zinc centres (vide infra — Chapter 5).
Although DOSY cannot be used to determine the absolute constitution of the species present
in solution at room temperature, it can establish that the parent anion of 41 {Zn,Ets} is
unlikely to be the major species present under these conditions (25°C, 0.125 M). One possible
explanation for this would be the existence of an equilibrium of {Zn,Ets} with a
triethylzincate {ZnEts;} and [(THF)«ZnEt;] (x = 0-2) (Scheme 4.24), which is consistent with
the results obtained from the NMR solution studies of 41 in the presence of a ferrocene

internal standard mentioned previously.
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Scheme 4.24: Possible temperature dependant equilibrium of 41 in dg-THF solution.
4.6 Conclusions

Initial studies into the seemingly simple stoichiometric metathesis reaction between ‘BuMgCl
and ZnCl, have provided a number of interesting results. The reaction, which would be
expected to form the homometallic species '‘BuZnCl and MgCl,, in fact yielded the new
mixed-metal magnesium zincate [(THF);Mg(u-Cl),Zn('Bu)(C)] (34), formed by co-
complexation of the two expected products of the reaction. This reaction also resulted in the
formation of a second product, the solvent separated mixed magnesium-zinc chloride species
[{Mg(THF)e}**{Zn,Cls}*] (33), which is formed by the reaction of ZnCl, and MgCl, (present
in solution due to the Schlenk equilibrium), diminishing the amount of ZnCl, present in

solution to react with 'BuMgCl, resulting in the low yields obtained for 34.

Altering the bulk solvent employed in these metathesis reactions from THF to toluene the
analogous dimeric species [{(THF),Mg(p-Cl)sZn(R)}] (R = 'Bu, 36; "Bu, 37; Et, 38; o-
CesHsOMe, 39) can be obtained by reacting ZnCl, with a number of different Grignard
reagents (‘BuMgCl, "BuMCI, EtMgCl and (0-CsH4sOMe)MgBr), although formation of the
insoluble magnesium halozincate species still occurs under these conditions. Subsequent DFT
studies have also revealed that the formation of these Mg-Zn hybrid species is
thermodynamically favoured over the formation the relevant homometallic species (RZnCl
and MgCly), which suggests that the presence of these hybrid species in organic
transformations which involve the synthesis of organozinc reagents in situ may be much more

common than initially thought.

When the metathesis reaction of 'BuMgCl with ZnCl, is performed under substoichiometric
conditions  (‘BuMgCl:ZnCl, 3:1) the new magnesium-zinc alkyl-rich  hybrid
[{Mg,Cl3(THF)s} ' {Zn'Bus}] (40) is formed. The isolation of this species provides important

structural insights for these types of compounds, which have previously been proposed as the
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active species in organic reactions involving Grignard reagents with catalytic amounts of
ZnCl,. Analysis of dg-THF solutions of this compound by *H and **C{*H} NMR spectroscopy
revealed that it exists in a temperature and concentration dependant equilibrium with its
constituent homometallic components, ‘BuMgCl and Zn'Bu,, illustrating the complex

behaviour that these species can display in solution.

Turning to the analogous metathesis reaction between EtMgCl and ZnCl,, the unexpected
“zinc rich” magnesium-zinc hybrid species [{Mg,Cl3(THF)s} {Zn,Ets}] (41) was obtained
along with [(THF),MgCl,]. Using a similar co-complexation approach to that employed in the
synthesis of 40, pure crystalline material of 41 could be obtained. NMR studies, including *H
DOSY experiments, have revealed the intricate constitution of 41 in solution, which appears
to exist in a temperature dependant equilibrium with the related triethylzincate species
{ZnEt3} and neutral [ZnEty(THF)y] (x = 0-2).

Thus, this systematic study of the metathesis reactions of ZnCl, with variable amounts of
Grignard reagent offers a closer insight into the mixed-metal species involved in this
fundamental synthetic methodology. Collectively, these results highlight that the constitution

of the organometallic species involved can be an extremely complicated subject.
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nucleophilic alkylation reactions of ketones

Amongst the different synthetic tools available for forming new C-C bonds, the addition of
polar organometallic reagents to carbonyl compounds constitutes one of the most important
methodologies in organic chemistry.'*” Combining strong nucleophilic power with ready
availability and ease of preparation,®™™ Grignard reagents (RMgX) have emerged as the
reagent of choice for performing these reactions.!**®"! Notwithstanding, on many occasions the
desired addition products are obtained along with the formation of unwanted reduction and/or
enolization products, as a result of competing B-hydride elimination and a-deprotonation
reactions respectively.!**¥ To overcome this drawback, several synthetic strategies have been
developed to enhance the nucleophilicity of Grignard reagents as well as activating the
carbonyl group of the substrate. For example, previous reports have shown that the addition of
stoichiometric (or excess) amounts of inorganic salts such as CeCls,™" LiCl,1*%% FeCl,*% or
LnCls.2LiCl (Ln = La, Ce, Nd)!**¥ can enhance the selectivity and functional group tolerance

of Grignard reagents, minimizing the formation of unwanted side-products.

On the other hand, due to their softer nucleophilic character organozinc reagents (ZnRj)
display much greater levels of selectivity in the nucleophilic addition of carbonyl compounds.
However, on many occasions the presence of a chelating ligand,** or transition-metal
catalysts™® is required to promote the alkylation reactions, due to low kinetic reactivity of
the Zn-C bonds.

As mentioned in Chapter 4, Ishihara and co-workers have shown that catalytic amounts of
ZnCl, can be employed to significantly improve the selectivity of Grignard reagents in
nucleophilic addition reactions of ketones, suppressing, and in some cases completely
inhibiting, the formation of the reduction products, allowing the relevant tertiary alcohols to
be obtained in excellent yields (Scheme 5.1).*"! Closely related to this work, Knochel has
recently reported that the addition of MgCl, to organozinc reagents can greatly accelerate

their addition to aldehydes, ketones and CO,.!*#*!

Despite these excellent organic studies, which suggest the participation of mixed Mg-Zn
compounds in addition reactions, to date these proposed intermediates have not been detected
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or characterised (either in solution or in the solid-state). Building on the results reported in
Chapter 4, this chapter will investigate the alkylating ability of the magnesium-zinc hybrids
species [{Mg.Cls(THF)s} ' {Zn'Bus}] (40) and [{Mg.Cls(THF)s} {Zn,Ets}] (41), as well as
halide-rich [{(THF).Mg(u-Cl).ZnEt},] (38) (all of which are obtained via salt metathesis
reactions of the relevant Grignard reagent with varying amounts of ZnCl,), in order to assess
if these compounds could be the true active species involved in these chemoselective organic

transformations.

O . THF, OOC, 2h HO iPI" HO H
. 5 N
R R (1.3equiv.) 2£nCl2(0or10mol%) pp Ph  Ph Ph
Addition Reduction
with ZnCl, without ZnCl,
Addition Reduction Addition Reduction
Ketone
(%) (%0) (%) (%)
PhC(O)Me 85 0 31 11
PhC(O)Et 95 0 56 38
PhC(O)'Pr 87 12 38 59
PhC(O)CF; 780 20 23 73
a-naphthyl-C(O)Me 76 0 33 12
B-naphthyl-C(O)Me 76 0 35 12
2-thienyl-C(O)Me 91 0 40 0
4-pyridyl-C(O)Me 80 7 73 11
2-adamantanone 521 27 16 78

Scheme 5.1: Alkylation of ketones by 'PrMgCl in the presence and absence of catalytic
amounts of ZnCl,. ¥ 30 mol% ZnCl, employed.**"]

51 Investigating the reactivity of [{Mg,Cls(THF)s} {Zn,Ets}] (41) in stoichiometric
alkylation reactions of benzophenone

In order to investigate if Mg-Zn hybrids 40 and 41 can be the active species in the

chemoselective alkylation of ketones by Grignard reagents in the presence of ZnCl,, their
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reactivity towards benzophenone was studied. However, it was found that the tert-butyl
derivative 40 fails to react with the ketone, probably due to the steric bulk of the alkyl groups
in this compound (which also precludes the reduction product). Turning to the less sterically
demanding ethyl derivative 41, a THF solution of 41 (prepared in situ via co-complexation of
ZnEt, and EtMgCI in a ratio of 2:1) was cooled to 0°C, to which was added one molar
equivalent of 43 and the reaction mixture stirred for 1 hour. Addition of hexane, and cooling
of the solution overnight in the freezer afforded a crop of colourless crystals of
[{Mg,Cl3(THF)s} {Mgo(OC(Et)Ph,),Cls(THF)}] (44) in an isolated yield of 21%, which
could be improved to 41% by reacting isolated crystals of 41 with 43 under otherwise
identical conditions (Scheme 5.2). Furthermore, in situ monitoring of the reaction between 41
and 43 by NMR spectroscopy indicated that the alkylation of benzophenone to form 44
proceeded in a yield of 89% (vide infra).

o}
Et. P
)]\ ® \C‘\"ph o
Ph” 4 PN THR_ (I, THF !
(43) NS £ Clay, O, WTHF
EtMgCl + 2 ZnEt, » 0.5 {THF»Mg~Cci»Mg, “Mg Mgy
THF. 0°C SN e \THF chr N~ ~ClI
! THE®  C o e ?
tald = Ph»-C
Isolated yield = 21% (44) PR CEt
o}
(43) Ph)kPh i
Isolated yield = 41%
THF, 0°C
® S}
THR «Cl, THF Et, Et
THF»Mg~CiwMg, zn__ AN
S N N/THF SNy
THE Cl \THF Et Et Et
(41)

Scheme 5.2: Alkylation of benzophenone by 41 to form
[{(THF)sMg.Cls} {Mgo(OC(Et)Ph,),Cls(THF)}] (44).

The successful addition of an ethyl group from 41 to benzophenone was confirmed by the
molecular structure of 44 (determined by X-ray crystallography), which surprisingly revealed
the formation of the homometallic magnesium-magnesiate compound
[{Mg,Cl3(THF)s} {Mgo(OC(Et)Ph,),Cl3(THF)}] (Figure 5.1). Exhibiting a SSIP structure,
44 contains the same dinuclear magnesium cation {Mg,Cl3(THF)s}" as previously reported in
the magnesium-zinc hybrid species 40 and 41. However, the anionic part of this molecule is

very unusual, comprising of two {OC(Et)Ph,} alkoxide fragments, resulting from the
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nucleophilic addition of one of the ethyl groups of 41 across the carbonyl group of the ketone,
to form a tetrahedral (sp®) carbon atom (average angle around C1 = 109.5° and C16 = 109.5°).
Consistent with the formation of a C-O single bond, an elongation of the C-O bond distances
in 44 (C1-01 1.424(3), C16-02 1.431(3) A) compared to that of the ketone 43 (C=0 1.214-
1.223 A)7 is observed. These two newly formed alkoxide ligands bridge between two
magnesium centres (Mgl and Mg2) to form a central four membered {Mg-O-Mg-O} ring
(sum of internal angles = 359.5°), with the two magnesium centres exhibiting different
chemical environments. Thus, whereas Mg2 is bonded to two terminal Cl atoms, Mgl only
coordinates to one Cl, completing its tetrahedral coordination by bonding to a molecule of
THF, giving rise to an extremely rare non-symmetrical magnesium alkoxide dimeric
arrangement, contrasting with the numerous examples of symmetrical dimeric magnesium
alkoxide species which have previously been reported.’*® In addition, the fact that the
resulting {OC(Et)Ph,} alkoxide fragment forms part of an anion rather than a neutral
magnesium compound can be an advantage to its further functionalisation, as in general,

magnesiates display enhanced nucleophilicity than the corresponding neutral species.

Figure 5.1: Molecular structure of [{Mg,Cl3(THF)s} {Mg,(OC(Et)Ph,),Cl3(THF)}] (44)
with 50% probability ellipsoids. Hydrogen atoms have been omitted for clarity. Selected bond
distances (A) and bond angles (°) of the anion : Mg1-Cl1 2.2732(10), Mg1-O1 1.944(2),
Mg1l-02 1.9439(18), Mg1-03 2.010(2), Mg2—CI2 2.3057(10), Mg2-CI3 2.3084(12), Mg2—
O1 1.9770(17), Mg2-02 1.976(2), O1-C1 1.424(3), 0O2-C16 1.431(3), C1-C2 1.547(4),
C16-C17 1.540(3); Cl1-Mgl-O1 124.66(7), Cl1-Mgl-02 123.87(6), Cl1-Mgl1-O3
106.95(6), O1-Mg1-02 84.54(8), O1-Mg1-03 107.78(8), 0O2-Mg1-03 106.55(8), Cl2—
Mg2-CI3 115.94(4), Cl2-Mg2-01 115.28(6), Cl2-Mg2-02 113.18(7), CI3-Mg2-01
111.60(7), CI3-Mg2-02 113.69(7), 01-Mg2-02 82.82(7), Mgl-O1-Mg2 96.08(8), Mgl-
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02-Mg2 96.10(8), 01-C1-C2 106.82(19), O1-C1-C4 110.1(2), 01-C1-C10 107.3(2), C2—
C1-C4 108.3(2), C2-C1-C10 113.7(2), C4-C1-C10 110.50(19), 02-C16-C17 106.5(2), 02—
C16-C19 107.6(2), 02-C16-C25 110.1(2), C17-C16-C19 113.8(2), C17-C16-C25
108.2(2), C19-C16-C25 110.6(2).

The “magnesium-only” constitution of 44 contrasts with the mixed-metal nature of its
precursor 41, and paradoxically, to the best of our knowledge represents the first example of a
structurally defined intermediate of the nucleophilic addition of a zincate to the carbonyl
group of a ketone. Furthermore, its structure also highlights the important role of the
inorganic salt (MgCl,) in this reaction (present in both the anionic and cationic moieties of
44), which acting as a strong Lewis acid provides a solvation anchor for the substrate and

structural support for the newly generated alkoxide groups.

Confirmation of the successful alkylation of 43 was also provided by *H and *C{*H} NMR
analysis of a dg-THF solution of 44. The most diagnostic resonances of the *H NMR spectrum
were a triplet and quartet at 6 0.74 and 2.46 ppm respectively, belonging to the CH, and CH3
protons of the ethyl group, which appear considerably downfield compared to those observed
for the magnesium penta(ethyl)-dizincate 41 (& -0.21 and 1.09 ppm for the CH, and CHjs
protons respectively). This remarkable change in the resonance is consistent with the transfer
of the ethyl group from the zincate to the carbonyl carbon of the ketone. In addition, the
BCc{"H} NMR spectrum reveals a substantial change in the chemical shift of the quaternary
carbon that has experienced the nucleophilic addition, appearing considerably more shielded
(6 80.9 ppm) than the carbonyl carbon of benzophenone (& 195.9 ppm), as would be expected

due to the change in its hybridisation from sp? to sp°.

As mentioned above, despite the alkylation of 43 being performed with mixed magnesium-
zinc species 41, the isolated product from the reaction is the magnesium-magnesiate 44,
which implies that other zinc containing organometallic species must be formed during the
reaction. In an attempt to confirm the fate of zinc in the stoichiometric alkylation reaction of
43 by 41, the reaction was performed in ds-THF and monitored by *H NMR spectroscopy at
0°C (Figure 5.2). After 2 hours all of the benzophenone had been consumed, generating 44 as
the major species (highlighted in blue, Figure 5.2(b)), along with a small amount of the
reduction alkoxide “Mg-OC(H)Ph,” and ethene, resulting from competing B-hydride

elimination. The most indicative resonances for this minor product were a small multiplet at 6
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5.91 ppm for the hydride which has added across the ketone, along with some minor aromatic
resonances (highlighted in red, Figure 5.2(b)). Analysis of the relative integration of these
two species revealed a ratio of alkylation : reduction of 89:11. The high chemoselectivity of
this reaction is similar to that previously reported by Ishihara for the reaction of EtMgCl and
benzophenone in the presence of catalytic amounts of ZnCl, (in terms of the ratio of

secondary and tertiary alcohols formed).™™"!

As well as the two alkoxide species, the *H NMR spectrum also revealed the presence of two
resonances, a quartet and a triplet at 6 0.02 and 1.12 ppm respectively, consistent with the
presence of an ethyl containing organometallic species (highlighted in green, Figure 5.2(b)).
Comparison of the integration of these resonances with those of the ethyl group which has
added across the C=0 group of benzophenone revealed a ratio of ~4:1. These resonances were
shifted slightly downfield compared to those of 41 (6 -0.21 and 1.09 ppm), suggesting the
formation of neutral “Zn-Et” species with less carbanionic character. Furthermore, a
comparison of these chemical shifts with those observed for ZnEt, in the same deuterated
solvent (6 0.04 and 1.12 ppm) suggested that the formation of 44 occurs with the formation of

two equivalents of ZnEt,, or a closely related species (vide infra).

[*Mg—OC(H)th . ZNnEt, +44 = CHy=CH, *41]
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* CH,
Zn-CH,
THF THF .
CH;
*** CH * CH2 *
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Figure 5.2: *H NMR spectra for dg-THF solutions of (a) [{Mg,Cls(THF)s} {Zn,Ets}] (41)

and (b) equimolar amounts of 41 and benzophenone (43) after 2 hours at 0°C.
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Contrasting with the high levels of selectivity displayed by [{Mg,Clz(THF)s} {Zn.Ets}] (41)
in the alkylation of benzophenone (43), which led to the formation of the desired tertiary
alcohol Ph,C(OH)Et (45) in a yield of 90% after aqueous work-up, previous reports have
shown that if 43 is reacted with EtMgCI then the major species obtained from the reaction is
the reduction product Ph,CH(OH) (46) (71%), formed through B-hydride elimination, along
with only a small amount of the 45 (25%).3™ Furthermore, the corresponding organozinc
reagent (ZnEty) displays no reactivity (alkylation or reduction) towards the ketone, consistent
with the low Kinetic reactivity of the Zn-C bonds in this neutral organozinc species. As
alluded to in Chapter 4.5, DOSY studies revealed that in solution the penta(ethyl)-dizinc
anion of 41 {Zn,Ets} exists in a complex equilibrium with smaller aggregates such as
{ZnEt;} and ZnEt,. As a result, it is not possible to determine unequivocally which “Zn-Et”
species performs the alkylation of benzophenone, although it would be expected that the
triethylzincate anion {ZnEt;} would be more nucleophilic than {Zn,Ets} where the negative

charge is shared between two metal centres.

The enhanced levels of reactivity and selectivity displayed by 41 in the alkylation of
benzophenone, compared with the results obtained when using the relevant homometallic
reagents, EtMgCI and ZnEt,, can be attributed to the synergic cooperation of both magnesium
and zinc in this bimetallic system. Although, conventional organozinc reagents are softer
nucleophiles, and therefore less likely to undergo B-hydride elimination than RMgX, % they
are also reluctant to react with non-activated ketones due to their low kinetic reactivity.”?*” In
the case of 41, the formation of an ethylzincate anion {Zn,Ets} overcomes this kinetic hurdle,
allowing the selective transfer of the Et group to benzophenone. The magnesium cation
{Mg,Cl3(THF)c}" also plays an important role in this reaction, acting as a strong Lewis acid
(stronger than neutral MgCl,), anchoring the ketone and activating the carbonyl group
towards the nucleophilic attack by the zincate anion. These results are in agreement with
theoretical studies by Uchiyama and Nakamura which have reported a similar increased
reactivity in nucleophilic addition reactions of lithium trialkylzincates towards aldehydes,
where the cooperative activation of the ketone by lithium is coupled with the enhanced

nucleophilicity of the trialkylzincate fragment.[>”

Interestingly, along with the formation of 44, the reaction of 41 with benzophenone proceeded
with the generation of two equivalents of ZnEt, (Figure 5.2(b)), which coupled with the
homometallic constitution of 44 provides new insights into how Zn could be recycled in a
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catalytic process (similar to the one proposed by Ishihara using ZnCl; as a catalyst). It is also
noteworthy that when the alkylation of benzophenone (43) was studied using a solution of 41
prepared in situ via the metathesis reaction of EtMgCI with ZnCl; (in a ratio of 5:2), analysis
of the crude reaction mixture by *H NMR spectroscopy indicates the formation of 44 and the
reduction alkoxide “Mg-OC(H)Ph,” in a ratio of 95:5, along with two equivalents of ZnEt,
and excess THF due to the presence of [(THF);MgCl,] (Figure 5.3). Surprisingly, unlike
ZnEt, which is extremely volatile in vacuo, the “ZnEt,” species formed in this reaction can
still be observed when an aliquot of the reaction mixture is analysed by NMR spectroscopy
(after the volatiles have been removed in vacuo). This suggests that the “ZnEt,” fragment
must be interacting with another species in solution, which significantly decreases its
volatility. One possible scenario is that ZnEt, interacts with some of the MgCl, present in
solution. To investigate this further, equimolar amounts of ZnEt, and MgCl, were mixed in
THF and analysed by *H NMR spectroscopy, displaying a quartet and triplet at & 0.00 and
1.08 ppm respectively, which were consistent with those for the “ZnEt,” species observed in
the reactions of 41 and benzophenone (5 0.01 and 1.10 ppm) (Figure 5.2(b) and Figure 5.3).

(- Mg-OC(H)Ph, -ZnEt, «44 - [(THF),MgCl,])
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Figure 5.3: 'H NMR spectrum in dg-THF of the crude organometallic species formed in the
reaction of 41 (prepared via metathesis of 5 EtMgCl + 2 ZnCl,) with 43 after 2 hours at 0°C.

Further support of this association between ZnEt, and MgCl, was provided when a *H DOSY
study of this mixture was compared with the data obtained for a THF solution of ZnEt,
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(Figure 5.4 - see Appendix for full DOSY data). The results confirm that an interaction
between MgCl, and ZnEt, must exist in THF solutions, as a substantial size increase is
observed for the “Zn-Et” species (average volume increases from 136 cm®mol™ for ZnEt, to
175 cm®mol™ for ZnEt,.MgCl,). A comparison of the diffusion coefficients (D) of the relevant
“Zn-Et” species with those obtained for the internal standards showed that whereas ZnEt,
displays a larger D value (1.86(3) x 10° m? s™), and therefore will be smaller in size, than
PhN (1.51(3) x 10° m? s™) (Figure 5.4(a)), for ZnEt,.MgCl, the D value observed (1.28(4) x
107 m? s™) is similar to that of PhN (1.28(2) x 10° m? s™%), indicating that both species have

a similar sizes (Figure 5.4(b)).
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Figure 5.4: 'H DOSY NMR spectra of (a) ZnEt; in dg-THF solution and (b) ZnEt,.MgCl, in
dg-THF solution, run at 25°C in the presence of internal standards (TPhN, PhN, TMS).
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Thus, these DOSY studies revealed that a clear interaction between ZnEt, and MgCl, exists in
solution. As already mentioned, Knochel has recently reported that the addition of
stoichiometric amounts of MgCl, to organozinc reagents can significantly improve the
reactivity of RZnCl and R,Zn towards carbonyl compounds.*?! In contrast, the 1:1 mixture
of ZnEt, and MgCl; in THF reacted very slowly with benzophenone (16% conversion to the
alkylation product over 20 hours). Slightly improved reactivity was observed with the more
activated ketone 2,2,2-trifluoroacetophenone (47), which showed a conversion of 38%
alkylation Ph(CF3)C(OH)Et (48) and 46% reduction Ph(CF3)CH(OH) (49), which contrasts
with the complete lack of alkylation observed when homometallic ZnEt, is employed, where
the secondary alcohol (49) is obtained in a 66% yield (Scheme 5.3). Thus, adding to previous
findings discussed within this report, these results further emphasise the significant effect that
MgCl; (or other inorganic salts such as LiCl), often present in solution due to the use of in
situ metathetical approaches, can have in organic transformations, interacting with both the

organic substrate and the organometallic species present in solution.[*?”

H
HO><Et HO><H THF, 0°C, 2h i THF, 0°C, 2h Ho><Et HO><
+ - > +
Ph Ph  Ph Ph ZnEt,.MgCl, Ph R ZnEt;MgCl;  pp CF3; Ph CF3
16% 0% (R =Ph (43)) (R =CF; (47)) 38% 46%
Addition Reduction Addition Reduction
(45) (46) ZnEt, e cr (48) (49)
THF, 0°C, 2h (R =CF; (47)
HO Et HO H
+
Ph CF; Ph CF,
0% 66%
Addition Reduction
(48) (49)

Scheme 5.3: Reactions of ZnEt,.MgCl, with 43 and 47, and ZnEt, with 47 in THF at 0°C,

followed by aqueous work-up.

5.2 Investigating the catalytic activity of [{Mg,Cls(THF)s}'{Zn,Ets}] (41) in
alkylation reactions of benzophenone by EtMgCI

To investigate if Mg-Zn hybrid 41 could act as a catalyst for the alkylation of 43 by EtMgCI,
the reaction of 0.9 equivalents of EtMgCI with 43 in the presence of 10 mol% of 41 was

performed in dg-THF at 0°C and analysed by *H NMR spectroscopy after 2 hours (Figure
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5.5(c)). The spectrum showed that that all of the ketone had been consumed, with the major
product being the alkylated species 44 (90% vyield) and a small amount of the reduction
product (10%). The spectrum closely resembles that of the stoichiometric reaction of 41 and
43 (Figure 5.5(b)), although in this case the resonances corresponding to “ZnEt,.MgCl,” are
significantly smaller as smaller amounts of ZnEt, are generated in this reaction due to
substoichiometric amounts of 41 being employed. The high conversion observed for the
alkylation product 44 shows that the competing background reaction of EtMgCI with 43
under these conditions is overridden by the co-complexation of the Grignard reagent with the
in situ generated ZnEt,, recycling the active species 41. Furthermore, mirroring the conditions
employed by Ishihara in the ZnCl, catalysed alkylation, the reaction of 1.3 equivalents of
EtMgCl with benzophenone in the presence of ZnCl, (10 mol%) in dg-THF solution was
performed (Figure 5.5(d)). The *H NMR spectrum after 2 hours at 0°C displayed an almost
identical NMR spectrum to that obtained when 41 was used as the catalyst, with a similar

ratio of products (84:16 alkylation : reduction).
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Figure 5.5: *H NMR spectra for dg-THF solutions of (a) [{Mg.Cls(THF)s} {Zn,Ets}] (41),
(b) reaction of equimolar amounts of 41 with 43 after 2 hours at 0°C, (c) reaction of EtMgCl
(0.9 eq, 1.15 M solution) and 41 (10 mol%) with 43 after 2 hours at 0°C, (d) reaction of
EtMgCI (0.9 eq, 0.99 M solution) and ZnCl, (10 mol%) with 43 after 2 hours at 0°C.
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Interestingly, these catalytic reactions are shown to be greatly affected by concentration.
Thus, when 41 is employed as the catalyst, the reaction of EtMgCI (initial concentration of
THF solution of EtMgCI 1.15 M) with benzophenone results in a ratio of alkylation :
reduction of 9:1. Surprisingly, if the reaction is performed under more dilute conditions
(initial concentration THF solution of EtMgCI 0.19 M) then the alkylation and reduction
products are obtained in a ratio of approximately 1:1. Similar results are observed when ZnCl,
is employed as the catalyst, with the alkylation and reduction products obtained in 84% and
16% yield respectively at high concentrations (initial concentration EtMgCI solution 0.99 M),
but at lower concentrations a reversal in selectivity is observed, with only 30% of the
alkylation product and 70% of the reduction product obtained (initial concentration EtMgClI
solution 0.18 M). These results indicate that for the catalytic reactions concentration becomes
a much more important factor, since under dilute conditions the large excess of EtMgCI
present in solution can compete with the catalytic amounts of the zincate 41 to react with
benzophenone, favouring B-hydride elimination, whereas when more concentrated solutions

are employed the background reaction becomes less favoured.

cat. 2 ZnCl, + EtMgCl
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Scheme 5.4: Proposed catalytic cycle for the alkylation of benzophenone (43) by EtMgClI
using catalytic ZnCl,.

Based on these results, a catalytic cycle can be proposed where the active species
[{Mg.Cl3(THF)s} {Zn:Ets}] (41) is generated in situ by reaction of catalytic ZnCl, with
EtMgCI. This Mg-Zn hybrid can then react with the substrate to form the magnesium-
magnesiate species 44 along with the re-generation of ZnEt; to continue the catalytic cycle
(Scheme 5.4). Therefore, the success of this catalytic cycle is reliant on two key features, the
first of which is that the alkylation of benzophenone by 41 (present in catalytic amounts)
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proceeds more rapidly than the background reaction of EtMgCI with the substrate, which as
described above is dependent on the concentration of the solution; and secondly, on the
formation of the “magnesium-only” alkylated product
[{Mg,Cl3(THF)s} {Mg,(OC(Et)Ph,),Clz(THF)}] (44), which allows ZnEt; to be released to

re-generate the active species 41.
5.3  Insight into the constitution of the reduction products

One of the missing parts from this study of the alkylation reactions of ketones is the
constitution of the alkoxide reduction product, resulting from the competing B-hydride
elimination reaction. In an attempt provide further information of their constitution, EtMgCl
was reacted with benzophenone at room temperature (conditions which favour reduction over
alkylation, after aqueous work-up the secondary alcohol 46 is obtained in a 90% vyield).
Analysis of the crude reaction by *H NMR spectroscopy revealed that the alkoxide compound
“Mg-OC(H)Ph,” was the major product, although unfortunately crystals suitable for X-ray
diffraction could not be obtained. However, when the same reaction was performed using
2,2,2-trifluoroacetophenone  (47), colourless crystals of the reduction product
[{(THF)sMg3;Cl,{OC(H)Ph(CF3)}.] (50) were obtained in a 24% isolated yield (Scheme 5.5),
which were characterised by X-ray crystallography and ‘H, *C{*H} and “*F{’H} NMR

spectroscopy.

Ho .Ph
\C{})\:\CFg

THF |

THR Cl, = 0O
o THF, rt, 2h N A7, % 0N WTHF
Ph CF, Yield = 24% S N N
(47) THF CI |
Ph~wC
5N
(0 “F H

Scheme 5.5: Reaction of EtMgCI with 47 to form [{(THF)sMgsCl,{OC(H)Ph(CF3)}.] (50).

Contrasting with the SSIP structure of 44, [{(THF)sMg3;Cl,{OC(H)Ph(CF3)},] (50) exhibits a
CIP structure (Figure 5.6) containing three Mg centres, each of which is present in a different
coordination environment. Mgl bonds terminally to a chlorine atom and a molecule of THF,
and is connected to Mg2 via two bridging {OC(H)Ph(CF3)} alkoxide fragments, resulting
from the addition of a hydride to the C=0 bond of the ketone. Mg2 is also bonded to one

molecule of THF, and completes its octahedral coordination by bonding to three CI atoms
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which bridge to Mg3, also found in a distorted octahedral geometry, bonding to three terminal
THF molecules. This unusual combination of Mg centres connected either by bridging
chlorine atoms or by alkoxide ligands, coupled with the different coordination geometries of
the Mg atoms, must significantly contribute to the non-linearity of the Mg1-Mg2-Mg3 vector
(134.64(4)°) found in 50. The trinuclear asymmetric structure of 41 contrasts with the

previous example of a magnesium alkoxide reduction product reported by Henderson,

resulting from the reaction of benzophenone with the alkylmagnesium amide

[BuMgN(SiMes),], resulting in the formation of [{(Me3Si):NMg(u-OCHPh,).Ph,CO};]
[158€]

which exhibited a symmetric dimeric arrangement.

Figure 5.6: Molecular structure of [{(THF)sMgsCl,{OC(H)Ph(CF3)}.] (50) with 40%
probability ellipsoids. Hydrogen atoms and minor THF disorder component have been
omitted for clarity. Selected bond lengths (A) and angles (°): Mg1-02 1.9187(17), Mg1-03
1.9304(17), Mg2-Cl2 2.5404(10), Mg2-CI3 2.5224(10), Mg2-Cl4 2.5915(9), Mg2-02
2.0358(17), Mg2-03 2.0404(16), Mg3-CI2 2.4841(10), Mg3-CI3 2.4684(10), Mg3-Cl4
2.4811(9) 02-C11 1.397(3), O3-C19 1.396(3), Mgl-O2-Mg2 97.45(7), Mgl-03-Mg2
96.92(7), 01-Mg1-02 109.99(8), 02-Mg2-03 79.90(7).

Alternatively, 50 can be viewed as comprising of a neutral, symmetric dimer
[{(THF)MgCI(OC(H)Ph(CF3))}.], formed by the B-hydride elimination of EtMgCI with 47,
which co-complexes to a molecule of [MgCI,(THF)3], present in solution as a result of the

Schlenk equilibrium on EtMgCI. This molecular structure contrasts with that of 44, which
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comprises an anionic, asymmetric dimer {Mg.(OC(Et)Ph).Cl3(THF)}, and -cationic
{MgCI(THF)3}" which co-complexes to [MgCl,(THF)s] (Figure 5.7). However, in both 44
and 50 the inorganic salt (MgCl,) is incorporated into the structure of the organometallic
species, providing further evidence of the important structural role that MgCl, plays in these

processes by stabilising the final products of these alkylation/reduction reactions.

Ph

THF, Cl THF ' © THF, o e
THF——\MQ‘\:\C&MQ/ Clay o g i \M o ST g
& \Cl/ \”l/THF Cclw™ g\o/ /e THFT grmCl—, g\o/ \C|
THF THF Cll THF Cl |
Ph=" wC
(44) PR Et (50) FaCis™

Figure 5.7: Comparison of the SSIP structure of 44 and the CIP structure of 50.

Turning to the characterisation of 50 in solution, the *H NMR spectrum in dg-THF displayed
three broad resonances in the aromatic region (6 7.74, 7.32 and 7.29 ppm) for the phenyl
groups of the alkoxide ligand, along with a further broad singlet at & 5.41 ppm, corresponding
to the hydride which has added across the carbonyl group. The resonance for this hydrogen
would be expected to exist as a quartet as a result of coupling with the CF3 group, but due to
the poor resolution of the spectrum it appears as a broad singlet. The broadness of the
resonances in the *H NMR spectrum can be attributed to the reduction of 47 generating a
chiral centre in the alkoxide ligand (present as a racemic mixture) which results in the
existence of two possible diastereoisomers (RR/SS and RS/SR), and the overlapping of the

resonances of these closely related species.

The presence of two different diastereoisomers was also confirmed by the F{'*H} NMR
spectrum, which displayed two equivalent singlets at 6 -77.19 and -77.40 ppm, which were
shifted slightly upfield compared to the ketone (singlet at & -74.28 ppm). The most
characteristic resonance in the **C{"H} NMR spectrum was a quartet at & 75.4 ppm (Jcr =
31.9 Hz) corresponding to the quaternary carbon which has experienced the hydride addition.
The notable upfield shift for this carbon compared to the carbonyl carbon of the ketone
(quartet at 6 181.2 ppm, 2Jc.r = 35.2 Hz) is again consistent with the change in hybridisation

from sp? to sp® as a result of the hydride addition across the ketone.
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5.4  Assessing the reactivity of 1% generation magnesium-zinc hybrid reagents in

nucleophilic addition reactions: salt effects

Closely related to the alkyl-rich zincate [{Mg.Cls(THF)s} {Zn,Ets}] (41) is the 1% generation
magnesium-zinc hybrid species [{(THF),Mg(u-Cl)sZnEt},] (38). Contrasting with 41, which
Is prepared via substoichiometric metathesis reaction of EtMgCI with ZnCl, (ratio of 3:1 or
5:2), 38 is prepared by the stoichiometric metathesis reaction, which results in the co-
complexation of the two expected homometallic reagents, EtZnCl and MgCl,, within the same
molecular framework. As previously mentioned, the alkylation of benzophenone (43) by 41
followed by aqueous work-up yields the expected tertiary alcohol 45 in yields of 90-95%,
with only a small amount of the reduction product 46 being formed. These yields are similar
to those reported by Ishihara when catalytic amounts of ZnCl, (10 mol%) are employed to
improve the selectivity of the alkylation of 43 by EtMgCl (Scheme 5.6).1**” However, when
the reaction of 43 with 38 is performed under identical conditions (2 hours, 0°C), no reaction
(alkylation or reduction) is observed, even after extended reaction times (48 hours) and higher
temperature (25°C) (Scheme 5.6). Thus, although the addition of ZnCl, inhibits the formation
of secondary alcohol 46, the new organometallic species present in solution is not

nucleophilic enough to promote the alkylation of 43.

0 < 6q. ZnCl, HOy & HOy
Ph Ph THF,0°C,2h  py Ph Ph Ph
(43) (45) (46)
x=01 84% : 15%
x=1 0% : 0%
x=0 25% : 71%

Scheme 5.6: Comparison of the reactivity and selectivity of the alkylation of 43 by EtMgCl in
the absence and presence of catalytic (10 mol%) and stoichiometric amounts of ZnCl,.**"!

This remarkable change in reactivity on adjusting the stoichiometry of ZnCl, employed in the
initial metathesis reaction from 0.1 equivalents to 1 equivalent can be easily explained when
the molecular structures of the relative Mg-Zn hybrid species is considered (Figure 5.8).
Thus, under catalytic conditions (x = 0.1), the active species generated in situ will be the SSIP
species [{Mg,Cl3(THF)e} {Zn:Ets}] (41), which will be activated towards the alkylation
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reaction due to the combination of the alkyl rich {Zn;Ets}" anion, possessing an enhanced
nucleophilic power, with the strongly Lewis acidic cation {Mg,Cls(THF)¢}", which can
coordinate to the carbonyl group of the substrate and facilitate the nucleophilic addition. In
contrast, the CIP structure of the halide-rich [{(THF),Mg(u-Cl)3ZnEt},] (38) will posses Zn-
C bonds which are much less kinetically activated, displaying a reactivity similar to that

observed for neutral organozinc reagents.

THF
Cl THF
Et\Zn/ \IV! / ® o
| ""Cl“‘“l Ko THR &, JTHE L Tt oFt
& 4 | THFV\MQ:CIngqTHF zn__ 20,
N
|
THF | Cl" (3 Et (41)
THF

Figure 5.8: Comparison of the molecular structures of [{(THF),Mg(u-Cl)sZnEt},] (38) and
[{Mg.Cl3(THF)s} {Zn,Ets}] (41), prepared via substoichiometric and stoichiometric

metathesis reaction of EtMgCl with ZnCl; respectively.

The lack of alkylating ability displayed by 38 also contrasts with previous reports, where the
addition of stoichiometric amounts of MgCl, greatly enhanced the reactivity of organozinc
halides towards nucleophilic addition (Scheme 5.7).2%! The active species proposed in these
reactions was believed to be a mixed Mg-Zn hybrid species, containing the same

“RZnCl.MgCl,” structural motif as is observed in 38.

O O

F3C OH

CN _ZnBr Ph Fs CN _ZnBr.MgCl,
(47) (47)
THF, 25°c THF, 25°c
48h, 77% 6h, 76%

(without MgCl,)

Ph Ph OH
ZnCl.MgCl, }\j
N/ /
\ = NG
THF, 25°C, 10h \
98% CN

Scheme 5.7: Enhanced reactivity of “RZnC1.MgCl,” in nucleophilic addition to 2,2,2-

trifluoracetophenone (47) and 4-cyanobenzaldehyde.™*!
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Thus, to further assess whether 38 could participate in this type of reaction, its reactivity
towards the more activated ketone, 2,2,2-trifluoroacetophenone (47) was compared with other
ethyl containing organometallic combinations (Scheme 5.8, Table 5.1). These reactions were
performed in THF solution at 0°C for 2 hours, followed by a further 24 hours at room
temperature. Following aqueous work-up, the conversion of 47 to the relevant addition and
reduction products (48 and 49) was determined by analysis of the crude reaction mixture by
GC-FID and *H NMR spectroscopy (in the presence of ferrocene as an internal standard).

Although 47 exhibits an enhanced electrophilicity of the carbonyl group towards nucleophilic
addition, due to the presence of the highly electron withdrawing CF3 group, in general, the
chemoselective alkylation of trifluoromethyl ketones using classical homometallic reagents
can be compromised by their greater tendency to undergo B-hydride elimination reactions.!***
1801 Thus, the alkylation of 47 with homometallic reagents EtMgCl and [EtZnCI(TMEDA)]
were ineffective, yielding the desired product 48 in only a 4% vyield. Illustrating the marked
difference in polarity and reactivity between organomagnesium and organozinc reagents,
when EtMgCI was employed a large amount of the reduction product 49 (90%) was obtained,
whereas reaction with [EtZnCI(TMEDA)] led mainly to the recovery of starting material 47

and only a 6% yield of 49 (Table 5.1, Entry 1-2).

The addition of LiCl to EtMgCIl to form the corresponding turbo Grignard reagent
(EtMgCI.LIiCl) showed only a marginal improvement in selectivity with tertiary alcohol 48
obtained in a 19% yield (compared to 4% for EtMgCI), although the reduction product 49 is
still the major product formed in a yield of 73% (Table 5.1, Entry 3). However, the analogous
zinc modified turbo Grignard mixture (EtZnCI.LiCl) displayed both enhanced reactivity and
selectivity (yield of 60% for 48, Table 5.1, Entry 4) compared to that of the homometallic
species [EtZnCI(TMEDA)].

Next, the reactivity of isolated crystals of 38 towards 47 was investigated, revealing the
formation of only trace amounts of the desired product 48 (2%), along with 14% of the
reduction product 49 and unreacted starting material 47 (84%) (Table 5.1, Entry 5). These
results are comparable to those observed for the organozinc reagent [EtZnCI(TMEDA)]
(Table 5.1, Entry 2). In contrast with the modest alkylating ability of 38, Ishihara has
previously shown that reaction of 47 with Grignard reagents in the presence of catalytic

amounts of ZnCl, (30 mol%) results in the desired tertiary alcohols being obtained in high
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yields (up to 78%),™*" which as mentioned above can be rationalised by the different

constitution of the magnesium-zinc hybrid species involved.

0] HO Et HO H
EtMX (1 equiv.)
CF; > CF; CF3
THF, 0°C, 2h +
tort, 24h
(47) (48) (49)

Scheme 5.8: Reaction of 2,2,2-trifluoroacetophenone (47) with different ethyl containing

organometallic combinations.

Entry Reagent EtMX 47 (%) 48 (%) 49 (%)
1 EtMgCI 6 4 90
2 EtZnCI(TMEDA) 90 4 6
3 EtMgCI + LiCl 8 19 73
4 EtZnCl + LiCl 36 60 4
5 [{(THF),Mg(u-Cl)3ZnEt},] (38) 84 2 14
6 38 + LiCl 22 74 4
7 EtMgCI + LiCl + ZnCl, 24 72 4
8 38 + MgCl; 59 2 39

Table 5.1: Alkylation of 47 by [{(THF),Mg(u-Cl)3ZnEt},] (38) and other relevant
organometallic combinations. Yields were determined by GC-FID analysis and *H NMR

spectroscopy using ferrocene as an internal standard.

The poor conversion displayed by 38 contrasts even more with the high yields reported by
Knochel and co-workers for the nucleophilic addition of several functionalised RZnX
reagents to 47 (yields 60-87%) in the presence of MgCl, (Scheme 5.7).122 However, a closer
look into these results revealed that the synthesis of the functionalised organozinc reagents is
performed in the presence of one molar equivalent of LiCl, which is required to induce the
oxidative insertion of zinc into the C-X bond of the relevant starting material.** Thus, in

order to further investigate the effect of LiCl in these alkylation reactions, the reaction of 38
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with 47 in the presence of one molar equivalent of LiCl was performed (Table 5.1, entry 6),
which resulted in a substantial increase in the yield of the desired tertiary alcohol 48 (74%
yield). Furthermore, generating the same reactive species in situ by combining equimolar
amounts of EtMgCI, LiCl and ZnCl; resulted in a similar yield of 48 (Table 5.1, entry 7).
Surprisingly, when MgCl,, a stronger Lewis acid was used as an additive, Mg-Zn hybrid 38

failed to promote the alkylation of 47 (Table 5.1, entry 8).

Although the mechanistic implications of the presence of LiCl in these reactions can be
considerably complex, the enhancement observed in the chemoselectivity of the reaction
could be triggered by a new trimetallic reagent, where LiCl has been incorporated into the
constitution of 38. In this regard, a number of excellent reactivity,l’” 7" 14 structural, ' 162
theoretical™®! and spectroscopict®® %! studies have demonstrated that the addition of LiCl to
single-metal organometallic reagents (such as RMgX or RLi) greatly affects their constitution
and chemical properties through the formation of unique mixed-metal aggregates.'*"!
Contrastingly, to the best of our knowledge the effect that LiCl may exert when added to
bimetallic reagents, which could lead to the formation of trimetallic species, has not been
explicitly studied, although the in situ formation of mixed Li/Mg/Zn reagents has been
previously proposed. Thus, the trimetallic system of [Zn(TMP),.2LiCl.2MgCl,] (prepared in
situ by reaction of ZnCl, with two equivalents of to the turbo Hauser base
[(TMP)MgCI.LICI]) shows high levels of reactivity and selectivity in the direct zincation of
sensitive aromatic substrates,!”® which cannot be replicated in the absence of either MgCl, or
Licl.l’e

ZnCl, (10 mol%)

R'MgCl (20 mol%) :
? - ip HO  H
J\ + iPrMgClI R=mwschy) PR /T ><
(1.1 equiv.) LiCl (1.1 eq.)

1 2 1 2 ! 2
R R THF, 0°C, 2h R R R R
Addition Reduction

90% : 10%

(without LiCIl + R'MgCl) 17% : 82%

(without ZnCly, LiCl + RMgCl) ~ 15% : 85%

Scheme 5.9: Nucleophilic addition of ketones by RMgX (X = Br, 1) catalysed by ZnCl, and
TMSCH;MgCI, and in the presence of stoichiometric amounts of LiCl.
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Furthermore, in attempting to extend ZnCl, catalysed alkylation and arylation of ketones to
both iodo and bromo containing Grignard reagents (RMgX, X = Br, 1), Ishihara reported that
the presence of a stoichiometric amount of LiCl was essential for promoting these addition
reactions (Scheme 5.9), proposing trimetallic [RzZn] [Li]" [MgXz]m[LiCl], (X = CI, Bror I) as
the active species.l**” Providing some evidence of the effect which LiCl can have on these
bimetallic systems, it was found that when LiCl is present in solution during the metathesis
reaction of EtMgCl with ZnCl,, the formation of the magnesium halozincate
[{Mg(THF)e}**{Zn,Cls}*] (34) is inhibited, giving rise to homogeneous solutions.

In an attempt to provide further information on the constitution of the reactive species present
in solution in these different organometallic combinations, an aliquot of each of the solution
mixtures was analysed by multinuclear (*H, *C{"H} and 'Li) NMR spectroscopy (Table 5.2).
In all cases the NMR spectra were run in dg-THF at room temperature, revealing the presence
of only one set of ethyl resonances under these conditions. The most informative resonances
were those of the M-CH, group, which are substantially different in 38 (6 0.06 and 1.0 ppm in
the *H and *C{*H} NMR respectively, entry 1) compared to those of EtMgCl (& -0.81 and -
2.4 ppm, entry 2) or the turbo Grignard mixture EtMgCI.LiCl (6 -0.76 and -1.6 ppm, entry 4),
demonstrating the difference in the environment of the ethyl group, which is bound to zinc in

38 and to magnesium in the other two cases.

T e
Entry Reagent EtMX 5 CH:' NMSRCHS 5 C(;{ZH} '\:3'\(/:'53 8 Li
1 [{(THF);Mg(u-Cl)sZnEt},] (38) 006 112 1.0 13.1 -

2 EtMgCI -081 112 -2.4 14.0 -

3 EtZnCI(TMEDA) -0.02 115 -1.6 13.9 -

4 EtMgCI + LiCl -0.76  1.15 -1.6 143  -1.56
5 EtzZnCl + LiCl 0.01 1.10 15 134  -0.03
6 38 + LiCl -0.01 1.09 1.6 13.4 0.02
7 EtMgCI + LiCl + ZnCl, -0.03 1.09 1.8 13.2 0.07

8 38 + MgCl, 0.05 1.11 1.2 13.1 -

Table 5.2: Selected *H, **C{*H} and "Li NMR data (ppm) for various ethyl containing
organometallic combinations in dg-THF.
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The addition of LiCl to 38 leads to a notable change in these chemical shifts from 6 -0.01 and
1.6 ppm for 38 (entry 6) to 6 0.06 and 1.0 ppm (entry 1), but they are almost identical to those
observed for the in situ mixture of EtMgCl, ZnCl, and LiCl (5 -0.03 and 1.8 ppm, entry 7).
These resonances show that addition of LiCl to 38 and the in situ mixture of EtMgCI, ZnCl,
and LiCl lead to the formation of the same organometallic species. This is consistent with the
similar yields observed when these solutions were reacted with 47 (see Table 5.1, Entries 6-
7), which coupled with the reactivity studies discussed above, hints at the possible formation
of a trimetallic Li/Mg/Zn species in solution. Furthermore, comparison with the resonances of
EtMgCl and EtMgCI.LiCl suggests that on addition of LiCl to 38 the ethyl group remains

bound to zinc.

Attempts to isolate crystals of this putative trimetallic species by decreasing the temperature
or adding non-polar solvents such as hexane led to the isolation of THF-solvated inorganic
salts (LiCl, MgCl,), as shown by X-ray crystallography and NMR spectroscopy. Highlighting
the novelty of such species, a search of the Cambridge Crystallographic Data Base (CCDB)
revealed that to date there have been no reported examples of structures combining all three of
these metals in the same organometallic species. Thus, providing further insight into the
constitution of trimetallic Li/Mg/Zn systems stands out as an important challenge in this area
of organometallic chemistry. Understanding these complex systems is essential to improving
their reactivity and developing new reagents. Future work in this area would focus on the
isolation and characterisation of a trimetallic species from such organometallic mixtures,
which could include the preparation of crystalline material suitable for X-ray diffraction, or
DOSY studies, where a combination of *H and ‘Li DOSY experiments could be used to

establish if lithium and the ethyl groups are part of the same species in solution.

55 Conclusions

Investigating  the reactivity of  the  alkyl-rich magnesium-zinc  hybrid
[{Mg,Cls(THF)s} {Zn:Ets}] (41) with benzophenone (43) resulted in the isolation of the
“magnesium-only” alkoxide complex [{Mg.Cl3(THF)s} {Mg.(OC(Et)Ph,),Cl3(THF)}] (44),
along with the formation of two equivalents of ZnEt, (detected by *H NMR monitoring of the
reaction). These results provide valuable new insights into how Zn can be recycled in the
catalytic process previously proposed by Ishihara for the ZnCl, catalysed alkylation of

ketones. Furthermore, it has been shown that catalytic amounts of 41 can be employed instead
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of ZnCl,, suggesting that the active species involved in these reaction could be a

trialkylzincate or a penta(alkyl)-dizincate such as 41.

These results also highlight the important role that inorganic salts, formed as co-products in
metathesis reactions, can play in the final outcome of these alkylation reactions. In this case,
the presence of Lewis acidic MgCl, not only activates the ketone towards nucleophilic
addition by coordinating to the carbonyl group, but is also incorporated into the constitution
of the alkylating reagent (41) as well as the alkylation and reduction products (44 and 50),

providing structural support to the newly formed magnesium-alkoxide species.

New light has also been shed on the synergic partnership which exists between Mg and Zn in
these systems. Thus, the formation of a Mg-Zn hybrid increases both the nucleophilicity of
the anionic component and the electrophilicity of the cationic component of the
organometallic reagent, enabling the chemoselective alkylation of ketones (and minimizes the
formation of undesired products).

Contrastingly, this study has also shown that the first generation halide-rich magnesium-zinc
hybrid [{(THF),Mg(u-Cl)sZnEt},] (38), obtained when equimolar amounts of ZnCl, and
EtMgCI are combined in solution, displays a much lower alkylating power, unable to react
with benzophenone even after prolonged reaction times. However, this species did show some
reactivity towards the more activated ketone 2,2,2-trifluoroacetophenone (47). Assessing the
reactivity of 38 along with a number of other ethyl containing organometallic mixtures
towards 47, it was established that greater conversions and levels of chemoselectivity were
obtained when three metals, Li, Mg and Zn (accompanied by CI and alkyl ligands) are present

in solution, hinting at the existence of a trilateral multi-component partnership.

Collectively, these results provide important insights into the non-innocent role of inorganic
salts on the structure and reactivity of organometallic reagents in organic reactions, and also
raise awareness of the presence of these inorganic by-products when salt metathesis

methodologies are employed to generate organometallic reagents.
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Zn-1 exchange and Pd-catalysed Negishi cross-coupling reactions

Metal-halogen exchange is one of the most fundamental techniques for functionalising
aromatic molecules, with organolithium reagents finding numerous applications in this type of
reaction due to their high reactivity, allowing access to aryl and heteroaryl lithium compounds
via direct lithium-halogen exchange.® However, these methodologies require the use of very
low temperatures (usually -78°C), display poor functional group tolerance, and more
importantly are not compatible with transition metal catalysed cross-coupling reactions.[**®
One possible way around this problem is to perform the metathesis reaction of the resulting
organolithium compound with a zinc salt to form more covalent organozinc species, which
are key precursors in Negishi cross-coupling reactions.'® Thus, the formation of organozinc
species via direct zinc-halogen exchange reactions is an extremely desirable prospect in
synthetic chemistry. Unfortunately, due to the low polarity of neutral organozinc reagents,
they are only able to react with aryl iodides in the presence of a catalyst,™®! or when
combined with a more polar organometallic reagent to form a zincate (see Chapter 1.2.3 for

discussion of lithium zincates in metal-halogen exchange).

Notwithstanding, as mentioned in Chapter 1.2.3, recent studies have shown that whereas
Zn'Pr, fails to react with aryl iodides in THF, changing the solvent to a 1:10 mixture of
Et,O/N-methylpyrrolidinone allows the desired arylzinc(alkyl) species ArZn'Pr to be formed
in quantitative yields, while the addition of catalytic amounts of Li(acac) also allows the
second 'Pr group to be activated towards Zn-1 exchange.[? These studies also revealed that
better results for the Zn-1 exchange reactions were obtained when more bulky alkyl groups
were present, with Zn'Pr, and Zn°Bu; displaying higher levels of reactivity than ZnMe; or
ZnEt,. Furthermore, investigations into the Zn-1 exchange reaction of ZniPrz with alkyl
iodides, which are more reactive substrates than aryl iodides, revealed that the addition of
magnesium salts increased the rate of the reaction by a factor of around 200.1%®! Encouraged
by these results, the ability of [{Mg.Cls(THF)s} {Zn'Bus}] (40) to promote direct Zn-I

exchange reactions with aryl iodide substrates was investigated.

171



Chapter 6: Applying Mg-Zn hybrid chemistry to direct Zn-1 exchange and Pd-catalysed Negishi cross-coupling reactions

6.1 Investigating the reactivity of [{Mg,Cls(THF)¢} {Zn'Bus}] (40) in Zn-I exchange
and Pd-catalysed Negishi cross-coupling Reactions

Initially, these studies began by probing the reactivity of 40 towards one equivalent of 4-
iodotolune (51), performing the reaction in THF at room temperature. A *H NMR spectrum of
the crude reaction mixture after 1 hour suggested that 51 had successfully undergone metal-
halogen exchange (Figure 6.1). To elaborate, the reaction mixture showed two doublets at &
7.62 and 6.80 ppm, and a singlet at 6 2.18 ppm which can be assigned to the aromatic protons
and the methyl group of a p-tolyl fragment respectively, along with a singlet at 6 0.98 ppm for
the remaining tert-butyl groups, which is shifted marginally downfield compared to the major
tert-butyl resonance of 40 (6 0.89 ppm). Integration of these signals revealed a ratio of p-

tolyl:'Bu of ~1:2, which is consistent with the presence of a {Zn(p-tolyl)'Bu,} species.

CH;
(Bu)

CH CH
(Tol) (Tol)

o G G
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 ppm

Figure 6.1: *H NMR spectrum in dg-THF of the crude product from the reaction between
[{Mg.Cl3(THF)s} {Zn'Bus}] (40) and 4-iodotolune (51) after 2 hours at room temperature.

To monitor this reaction more closely, isolated crystals of 40 were reacted with 51 in dg-THF
solution, and the reaction followed by *H NMR spectroscopy. After 20 minutes (Figure
6.2(b)) the aromatic region displayed only one set of resonances (6 7.56 and 6.76 ppm), along
with a single resonance at 6 2.14 ppm for the methyl group, consistent with the quantitative
Zn-1 exchange of 51. The aliphatic region displayed a singlet at 6 0.96 ppm for the remaining
unreacted tert-butyl groups, with analysis of the integration of p-tolyl:'Bu revealing a ratio of
1:2. A singlet at & 1.89 ppm, corresponding to '‘Bul, provided further confirmation of the

successful metal-halogen exchange of 51.
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Figure 6.2: *H NMR spectra of the reaction of [{Mg2Cls(THF)¢}*{Zn'Bus}] (40) with 51 in
ds-THF (a) before addition of 51, (b) 20 minutes after addition and (c) 6 hours after addition.

Interestingly, when the reaction was analysed again after 6 hours (Figure 6.2(c)) the intensity
of the 'Bul and Zn-'Bu resonances had decreased significantly, and two new singlets at & 1.66
and 4.59 ppm had emerged, which were consistent with the formation of isobutene
((CH3),C=CHy;), along with a doublet at & 0.85 ppm which would indicate the presence of
isobutane (‘BuH). These results suggest that following the initial formation of {Zn(p-
tolyl)'Bu,} one of the remaining tert-butyl groups reacts with ‘Bul to form {I1Zn(p-tolyl)'Bu},
isobutene and isobutane (Scheme 6.1). The formation of these by-products can be detected
even after 20 minutes (Figure 6.2(b)), demonstrating how rapidly ‘Bul reacts with Zn-'Bu
groups. A similar side-reaction has also been reported for organolithium reagents, where
metal-halogen exchange reactions performed with ‘BuLi often suffer from the side-reaction of
'‘Bul with the organolithium reagent, reducing the yield of the metal-halogen exchange
reaction. To overcome this limitation, two equivalents of the organolithium reagent are

usually employed.®!
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+ [{(THF)sMg,Cls}{Zn'Bugy] —HE. 1t o + 'Bul + (CH3),C=CH,
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- ~
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Scheme 6.1: Reaction of 40 with 51 to form putative intermediate [Zn(p-tolyl)'Bus]’, which
undergoes subsequent reaction with '‘Bul to form [Zn(p-tolyl)'Bu(l)], isobutane and isobutene.

Remarkably, even after this side reaction of the concomitantly formed 'Bul, the
organometallic intermediate still possesses one unreacted tert-butyl group. Encouraged by
these results, and since 40 contains three tert-butyl groups, the reaction of 40 with three
equivalents of 51 was next investigated, using identical conditions to those described above.
Thus, monitoring the reaction in dg-THF by *H NMR spectroscopy revealed that after 30
minutes 83% of 51 had been consumed (Figure 6.3), as evidenced by the presence of two
new doublets at 6 7.71 and 6.87 ppm and a singlet at 2.21 ppm, which can be assigned to the
new Zn-Ar organometallic species, along with some unreacted 51 (6 7.53 (d), 6.92 (d) and

2.24 (s) ppm), 'Bul (singlet at 8 1.91 ppm) and some remaining Zn-Bu groups (5 1.04 (s)
ppm).

—7.71
—7.53
3.61

_—-6.92
—~6.87

— 0 <
o ™~ o
— —

CHjs
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_2.24
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CH;
(Zn-Tol)

CH (1-Tol)
(51)

CH
CH /\ CH (I-Tol)3(51)
(zn-Tol) (Zn-Tol) CH,

(isobutene)

Figure 6.3: Reaction of [{Mg.Cls(THF)s} {Zn'Bus}] (40) with 3 equivalents of 51 in dg-
THF, monitored by *H NMR after 30 minutes at room temperature.
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Following the reaction over the next 4 hours showed only a marginal increase in the yield of
Zn-1 exchange is observed (to 85%), with the remaining unreacted Zn-'Bu groups being
consumed by reaction with ‘Bul, forming isobutane and isobutene (traces of these by-products
can already be observed after 30 minutes). Interestingly, although any unreacted tert-butyl
groups readily undergo reaction with ‘Bul, the newly generated organometallic species
containing para-tolyl groups remains intact even after 4 hours at room temperature,

highlighting the greater stability of Zn-Ar bonds compared to Zn-"Bu bonds.

Performing the reaction of 51 (three equivalents) with 40 on a larger scale (2 mmol) afforded
a pale yellow solution that was allowed to stir at room temperature for 30 minutes before
being placed in the freezer (-30°C). After 24 hours colourless crystals of
[{Mg.Cl3(THF)s} {Zn(p-Tol)3}] (52) (p-Tol = 4-Me-CgH.,) were deposited in a 60% yield
(Scheme 6.2), as determined by X-ray crystallography and 'H and *C{*H} NMR

spectroscopy.
|

3eq. © HaC .
THF, * @
THF + - (51) N\ Cl THF -
\Mg.’CIYM AL ] B . —— M MM . zn{-CHy
THF= &9 Cly IvTHE gn—Bu THF, rt, 30 mins SN

THE ¢ %pe | | 'BU

SRNGUZRAI T2
THF Cl /THF

- 3'Bul (52) | HsC

40
(40) 60% Isolated Yield

Scheme 6.2: Reaction of 40 with three molar equivalents of 51 to form
[{Mg.Cls(THF)e}"{Zn(p-Tol)s}] (52).

The molecular structure of 52 (Figure 6.4) is very similar to that of the precursor Mg-Zn
hybrid 40 displaying a SSIP structure which contains the same {Mg,Cl3(THF)s}" cation, and
the anionic fragment comprises of a zinc centre o-bonded to three para-tolyl groups in a
trigonal planar geometry. Providing confirmation that the Zn-lI exchange reaction has
occurred with the activation of all three tert-butyl groups attached to zinc in the Mg-Zn hybrid
40, the structural elucidation of 52 demonstrates that this exchange process has taken place
with an excellent atom economy. Furthermore, to the best of our knowledge, 52 constitutes
the first example of an organometallic intermediate of direct Zn-halogen exchange to be
structurally characterised. Previously, Uchiyama and Sakamoto have reported the application
of lithium tri- and tetra-alkylzincates in Zn-halogen exchange reactions with a wide range of
aryl halide substrates.”* *¥%1 However, in these examples the zincate is reacted with

equimolar amounts of the aryl halide substrate, resulting in only one of the alkyl ligands of
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the zincate being consumed in the initial Zn-halogen exchange reaction. Therefore, the
guenching step of the reaction will require an excess of the electrophile to be employed, as the
remaining alkyl ligands on the zincate can also be transferred. Furthermore, the activation of
the tert-butyl groups in 40 is in sharp contrast with the total lack of reactivity observed when
Zn'Bu, is combined with 4-iodotolune, emphasising that this Zn-l exchange reaction

constitutes a new example of synergic synthesis.

Figure 6.4: Molecular structure of [{Mg.Cl3(THF)s} {Zn(p-Tol)s}] (52) with 50%
probability ellipsoids. Hydrogen atoms and minor THF disorder components have been
omitted for clarity. Selected bond distances (A) and bond angles (°): Zn-C1 2.004(6), Zn-C8
2.005(6), Zn-C15 2.039(5), Mg1-CI1 2.503(2), Mg1-CI2 2.483(2), Mg1-CI3 2.5253(19), Mg2-
Cl1 2.5206(19), Mg2-CI2 2.487(2), Mg2-CI3 2.502(2), C1l-Zn-C8 122.2(2), C1-Zn-C15
119.0(3), C8-Zn-C15 118.8(3).

Analysis of 52 by 'H and *C{*H} NMR spectroscopy confirmed that it is the same
organometallic species generated when the reaction between 40 and 51 (3 equiv.) is
performed in dg-THF. Thus, the *H NMR spectrum of 52 displayed two doublets at § 7.67 and
6.87 ppm and a singlet at 2.21 ppm that can be assigned to the aromatic and the methyl
protons of the para-tolyl ligand respectively. In addition, two multiplets were observed at 6
3.61 and 1.77 ppm corresponding to free THF, whose integration displayed a ratio of THF to
Ar of 2:1, as observed in the molecular structure (Table 6.1). The most informative resonance
of the *C{*"H} NMR spectrum is that at & 162.8 ppm for the Zn-Cips, Which has experienced
the Zn-I exchange, exhibiting a large downfield shift compared to that of I-Cjps, in 51 (5 91.1
ppm) (Table 6.1). Interestingly, whereas the NMR spectra of 40 displayed several resonances
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for the tert-butyl group (as a result of a complex equilibrium between 40 and its homometallic
constituents, Zn'Bu, and 'BuMgCl - vide supra), in 52 there is only one set of resonances for
the para-tolyl fragment, suggesting that 52 does not undergo a similar equilibrium with its

monometallic components.

& (ppm) 'H (52) 'H(51)  Bc{Hy(2) “c{H}(51)
Tol (Cipso) - - 162.8 91.1
Tol (CHortno) 7.67 7.54 1413 138.4
Tol (CHmeta) 6.87 6.93 1275 132.3
Tol (Cpara) - - 133.0 138.6
Tol (CH3) 2.21 2.25 22.0 21.3
THF 1.77,3.61 - 26.6, 68.5

Table 6.1: Comparison of the *H and **C{*H} chemical shifts (ppm) of 52 and 51 in dg-THF.

Taking into account the exceptional ability of organozinc compounds to facilitate
transmetallation reactions with transition metal complexes,**®! and the presence of three Zn-
Cary bonds within its anionic zincate structure, 52 could potentially be an excellent precursor
for Negishi cross-coupling reactions. Thus, to investigate this important synthetic application,
isolated crystals of 52 were reacted with three molar equivalents of iodobenzene in the
presence of a palladium catalyst [PACl,(dppf)] (dppf = 1,1°-
bis(diphenylphosphino)ferrocene))!**”! for 24 hours at room temperature. This reaction proved
to be extremely promising, yielding the expected cross-coupled product, 4-methylbiphenyl
(53), in an isolated yield of 93% (Scheme 6.3). This reaction could also be performed by
reacting the magnesium trialkylzincate 40 with three equivalents of 51 in situ, with
subsequent Negishi cross-coupling affording the asymmetric bis(aryl) species 53 in a 65%
yield (Scheme 6.3).

Building connections between organic and inorganic synthesis, these preliminary studies
show that Mg-Zn hybrid 40 can readily perform direct Zn-1 exchange reactions with simple
aryl iodide molecules such as 4-iodotoluene (51) under mild conditions (room temperature,
stoichiometric amounts of reagent and short reaction times of 2 hours). These studies reveal
that all three alkyl groups on the tert-butyl precursor 40 are activated towards reaction with
51, affording the magnesium tris(aryl)zincate 52, demonstrating that the reaction takes place

with the bonus of an excellent atom economy. By structurally defining this intermediate 52,
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the reaction has also been confirmed as a genuine example of a direct Zn-I exchange reaction.
Furthermore, it has also been established that 52 can be used as a precursor in Pd-catalysed
Negishi cross-coupling reactions, which further expands the synthetic potential of these

bimetallic species.

Nt

THF Cl THF tB (53)
65% Yield
I (51)
THF, rt, 30 mins |3 eq.
- 3'Bul
(51)

}+ - THF,rt,2h 2.5 mol% [PdCly(dppf)],

"N el THE Bu 3 'Bul t, 24h
THF"Mg ICh MngHF Zn CHs

CHs
Y -
HsC
R o et 2.5 mol% [PdCl,(dppf)],
—\Mg/'fcf Mg zh—@cm ki - CH
THE™ A~ THF | 3
THF Cl THF (53)
52)|  Hyc 3eaq. 92% Yield

60% Isolated Yield

Scheme 6.3: Negishi cross-coupling reaction of [{Mg,Cls(THF)s} {Zn(p-Tol)3}] (52) with
iodobenzene to form 4-methylbiphenyl (53), using isolated crystals of 52, and 52 prepared in

situ from reaction of 40 with three molar equivalents of 51.

6.2  Expanding the scope of Zn-1 exchange and Negishi cross-coupling reactions of
[{Mg,Cl3(THF)s}*{Zn'Bus}] (40) to 2-lodotolune and 3-lodotoluene

To investigate the scope of this methodology, the reactivity of 40 with other aryl iodide
substrates was studied (Scheme 6.4). Firstly, in order to assess the effect of the ring
substitution on the aromatic substrate the reactivity of 40 towards 3-iodotolune (54) and 2-
iodotoluene (55) was investigated. The reactions of 54 and 55 (three equivalents) with 40
were initially performed in dg-THF and followed by *H NMR spectroscopy. After 2 hours the
Zn-1 exchange had proceeded in a yield of 87% for 54, whereas for ortho-substituted 55 the
yield was slightly lower (75%) (Table 6.2). Thus, although the three tert-butyl groups of 40
must still be active towards the exchange, the presence of the methyl group ortho to the C-I
bond in 55 must have a detrimental effect on the reaction, probably due to a combination of

steric and electronic effects. In this regard, a recent kinetic study by Knochel and Mayr has
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shown that in Mg-Br exchange reactions for functionalised aryl bromide substrates with
'PrMgCL.LIiCl, the rate of the Mg-Br exchange reactions for 3- and 4-bromotoluene were
almost two times faster than that observed for 2-bromotoluene.!*%®!

e o - 2.5 mol% [PdCl,(dppf)],
\M LCl, THF Bu_ THF, rt, 2h rt, 24h FG
THF = SUCMI< /Z”_tB“ | ~ ' ~
THF Cl FHr Bu
A
FG

Y N
(Negishi cross—coupling)

Scheme 6.4: General mechanism for the Zn-1 exchange reaction of functionalised aryl iodide

N /

substrates with 40, followed by Pd catalysed Negishi cross-coupling with iodobenzene.

From these kinetic studies, it was also demonstrated that the presence of electron donating
groups results in a decrease in the rate of the reaction. Thus, bromotoluene, which possesses a
weakly electron donating Me group through a positive inductive effect (+I), displays a
reduced rate of reactivity than unsubstituted bromobenzene, with a stronger deactivation
experienced for 2-bromotoluene due to the proximity of the functional group to the C-Br
bond. However, the authors suggest that steric shielding may also play a role in the decreased
reactivity of the ortho-substituted species. A similar situation could be taking place in the Zn-
I exchange reactions of 40, which would explain the different reactivities observed for the
iodotoluene substrates, with ortho-substituted 55 displaying reduced yields (Table 6.2).

Regarding the second step of this methodology, which involves a Negishi cross-coupling
reaction of the aryl zincate species with iodobenzene (Scheme 6.4), it was found that 54
displayed an identical yield to that observed for 51 (65%), suggesting that substituents at the
meta and para position have little effect on the overall yield of the coupling process. A
reduced yield (60%) was found for 55, which can be explained by the reduced rate of the
initial Zn-1 exchange, although the influence of steric factors due to the presence of the
methyl group adjacent to the site of reactivity cannot be discarded. The relatively moderate
yields obtained for these cross-coupling reactions (60-65%) can be attributed to the
conversions observed in the Zn-I exchange reactions (75-87%). As a result of the incomplete

reaction of 40 with the iodotoluene substrates, the subsequent cross-coupling reactions led to
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the formation of some of the homocoupled species, dimethyl-biphenyl, formed by cross-
coupling of the arylzincate intermediate with some of the unreacted iodotoluene substrate

present in solution.

% Zn-1 Exchange
after 2h™®

4-|od%tfluene 85 65%
(51) (53)

3-lodotoluene
(54)

2-lodotoluene
) " &

(87)

Substrate Product Isolated Yield

87 65%

AI

56

60%

Table 6.2: Comparison of the isolated yields of the relevant products from Zn-I exchange of
iodotoluene substrates (3 eq.) with 40, followed by Pd catalysed Negishi cross-coupling with
iodobenzene. ¥ Determined by *H NMR spectroscopy.

6.3 Investigating Zn-1 Exchange and Negishi cross-coupling reactions of 40 with

iodoanisole substrates

Studies then turned to the effects of altering the functional group present on the aryl iodide
substrate, initially looking at the methoxy substituted 2-, 3- and 4-iodoanisole substrates (58-
60). Based on the findings of the reactivity of 40 with iodotoluene, and taking steric effects
into consideration, it may be expected that 2-iodoanisole (58) would display lower levels of
reactivity than 3-iodoanisole (59) or 4-iodoanisole (60). Contrastingly, the previously
mentioned kinetic studies of Mayr reported that Mg-Br exchange by 'PrMgCL.LiCl is
accelerated by the presence of inductively electron withdrawing groups, with the magnitude
of these rate enhancing effects decreasing in the order ortho >> meta > para.™®! Thus, the
rate of Mg-Br exchange for MeO substituted aryl bromides is greater than that of the Me
substituted species, as a result of the slight activation of the C-Br bond by the inductively
electron withdrawing MeO substituent (compared to the electron donating Me group), with

the ortho-substituted aryl bromide displaying the greatest activation.
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In order to assess the electronic and steric effects in our systems, the reaction of 40 with 58 (3
eq.) in dg-THF was monitored by *H NMR spectroscopy. The spectra revealed that the extent
of Zn-I exchange after 15 minutes was 79%, increasing to 86% after 2 hours (Scheme 6.5,
Table 6.3), as shown by the presence of four new aromatic resonances (6 7.46 (d), 6.84 (t),
6.64 (t) and 6.53 (d) ppm) and a singlet at 6 3.70 ppm for the methoxy group which are
significantly shifted from those of 58 (6 7.70 (d), 7.25 (t), 6.84 (d), 6.64 (t) and 3.77 (s) ppm).
After this time there was no further increase in the extent of Zn-l1 exchange, with the
remaining unreacted Zn-'Bu groups being consumed by ‘Bul. Interestingly, the yield of Zn-I
exchange obtained is an improvement of the 75% yield obtained for 2-iodotoluene (55) under
the same reaction conditions, suggesting a similar trend to that reported in the kinetic studies

for Mg-Br exchange reactions.!*®®!

Turning to the reactivity of 59 and 60 with 40, analysis of the organometallic species present
after 2 hours at room temperature by *H NMR spectroscopy revealed the extent of Zn-I
exchange was 86% and 88% for 59 and 60 respectively (Scheme 6.5, Table 6.3). Thus, the
crude product from the reaction between 40 and 59 displayed four aromatic resonances at &
7.16 (d), 7.13 (d), 7.02 (t) and 6.59 (dd), along with a singlet at 3.70 ppm, which were
significantly shifted from those of the unreacted substrate (6 7.27 (dd), 7.25 (dt), 6.99 (t), 6.88
(ddd) and 3.75 (s) ppm). Similarly, the reaction between 40 and 60 displayed two doublets &
7.46 and 6.71, along with a singlet at 3.69 ppm, and traces of the unreacted substrate (6 7.53
(d), 6.71 (d) and 3.74 (s) ppm). Thus, mirroring the reactivity of the ortho-substituted
substrate, 3- and 4-iodoanisole display enhanced reactivity compared to the corresponding
iodotoluene substrates (Scheme 6.5, Table 6.3).

Kinetic studies for Mg-Br exchange reactions with 'PrMgCl.LiCl show that 58 should display
an enhanced rate of Zn-1 exchange (reaction of 2-bromoanisole with 'PrMgCI.LiCl proceeds 4
times faster than that of 4-bromoanisole)™® due to the proximity of the OMe group to the
reactive C-X bond in the substrate which maximizes the inductive effect. However, 40
displays similar conversions for the Zn-l1 exchange for the three substrates (86-88%),
suggesting that steric factors are playing a role in these reactions, counterbalancing the
activating inductive effect (-1) of the OMe group.
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Scheme 6.5: Reaction of 40 with three molar equivalents of 2-/3-/4-iodoanisole (58-60),

followed by Negishi cross-coupling with iodobenzene.

% Zn-1 Exchange

Substrate after 2h!@ Product Isolated Yield
R
2-lodoanisole (58) 86 76% (R = OMe) (61)
2-lodotoluene (55) 75 O O 60% (R = Me) (58)
R
3-lodoanisole (59) 86 76% (R = OMe) (62)
3-lodotoluene (54) 87 O O 65% (R = Me) (57)
4-lodoanisole (60) 88 R 79% (R = OMe) (63)
4-lodotoluene (51) 85 65% (R = Me) (53)

Table 6.3: Comparison of the isolated yields of the relevant products from Zn-1I exchange of
iodotoluene/iodoanisole substrates (3 eq.) with 40, followed by Pd catalysed Negishi cross-

coupling with iodobenzene. @ Determined by *H NMR spectroscopy.

Further comparison of the reactivity of the three different iodoanisole substrates with 40 was
provided by carrying out Negishi cross-coupling reactions. Using identical conditions to those
employed for the iodotoluene substrates (and therefore allowing direct comparison of the
effects of the different functional groups) cross-coupling reactions were performed for each of
the substrates 58-60 with iodobenzene, and the products purified by column chromatography
(Scheme 6.5, Table 6.3). The isolated yields of the final methoxybiphenyl products (76-79%)
are greater than those obtained for the corresponding iodotoluene substrates (60-65%),
consistent with the enhanced levels of Zn-1 exchanges displayed by these substrates, which

minimizes the competitive homocoupling process.
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As previously mentioned, the yields determined for the initial Zn-1 exchange reaction and the
final isolated yields obtained for Negishi cross-coupling reactions confirm that all three tert-
butyl groups of the magnesium zincate 40 can be activated towards Zn-1 exchange for all of
the iodoanisole substrates 58-60. In order to get a better understanding of the organometallic
species involved in these reactions, the reaction of three equivalents of 2-iodoanisole (58)
with the magnesium trialkylzincate 40 was performed. After stirring for 30 minutes at room
temperature hexane was added, and the solution left to stand overnight at room temperature,
affording a crop of colourless crystals of the Mg-Zn hybrid species [{Mg(THF)e}**{Zn(o-
CsHsOMe)3}.] (64) in an isolated yield of 29% (Scheme 6.6), which were analysed by X-ray
crystallography and NMR spectroscopy.

3eq. O 2+ '
- (58) THF\ \\\\THF

o}
' oy
\ ,CI /THF tBu\
—_—
THF'MQ<CI\/M9‘THF Zn—BUr THF, rt, 30 mins THF’:MQ‘THF — Q
THF  CI Fnf Bu _3 Byl THE

(40)
26% Isolated Yield

Scheme 6.6: Reaction of 40 with three molar equivalents of 58 to form
[{Mg(THF)s}**{Zn(0-CsHsOMe)z} (64).

The molecular structure of 64 (Figure 6.5) displayed a SSIP motif, comprising of an
octahedral magnesium di-cation solvated by six molecules of THF, and two anionic fragments
which each consist of a trigonal planar zinc centre (average angle around Zn 119.7°) bonded
to three ortho-zincated molecules of anisole, confirming this reaction as another example of
direct Zn-1 exchange. The three Zn-C bonds (2.075(5), 2.061(10) and 2.083(10) A) are
marginally longer than the Zn-C bonds of the related magnesium tris(p-tolyl)zincate 52
(2.039(5), 2.004(6) and 2.005(6) A), which could be attributed to the steric hindrance of the
adjacent methoxy groups in 64. Remarkably, no interaction between the methoxy groups and
the magnesium cation is observed. Thus, the molecular structure of 64 confirms the activation
of all three tert-butyl “arms” of 40, and demonstrates another example of high atom economy

using this magnesium-zinc hybrid reagent.
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cs c15

Figure 6.5: Molecular structure of [{Mg(THF)s}**{Zn(0-CsH,OMe)s},] (64) with 30%
probability ellipsoids. Hydrogen atoms and minor THF disorder components have been
omitted for clarity. Selected bond distances (A) and bond angles (°): Zn-C1 2.075(5), Zn-C8
2.061(10), Zn-C15 2.083(10), Mg-04 2.093(6), Mg-O5 2.062(6), Mg-06 2.078(6), C1-Zn-C8
122.5(4), C1-Zn-C15 117.7(4), C8-Zn-C15 119.0(4), O4-Mg-05 89.4(2), O4-Mg-06 89.4(2),
05-Mg-06 91.8(2), 04-Mg-O6A 178.9(2), O4A-Mg-06 178.9(2), O5-Mg-O5A 177.2(4).

The *H NMR spectrum of 64 displayed four aromatic resonances (8 7.48 (d), 6.93 (t), 6.71 (1)
and 6.60 (d) ppm) and a singlet at 3.70 ppm for the methoxy group, consistent with those
observed when the reaction of 40 with three equivalents of 58 is monitored by ‘H NMR
spectroscopy in dg-THF, confirming that this is the same organometallic product. The most
diagnostic resonance of the *C{"H} NMR spectrum was that corresponding to the ortho-
carbon bonded to zinc, which appears at 6 150.4 ppm, shifted significantly downfield from
that observed for the ortho-carbon of the substrate 58, which bonds to iodine (6 86.7 ppm).

6.4 Investigating Zn-1 exchange and Negishi Cross-coupling reactions of 40 with

iodobenzonitrile substrates

In general, aromatic substrates which possess strongly electron withdrawing groups such as
nitriles and carboxylates are more activated towards metal-halogen exchange reactions.**®
However, the efficiency of these reactions can be compromised by the high electrophilicity of
these groups, which when reacted with polar organolithium or Grignard reagents can readily
undergo nucleophilic addition reactions.™ ** This problem can be overcome by using the
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turbo Grignard reagent 'PrMgCI.LiCl, which can react selectively with bromobenzonitrile
substrates at 0°C.["%¢ 1520 168-189] Baaring these precedents in mind, the reaction of 40 with 2-,
3- and 4-iodobenzonitrile (65-67) was investigated, allowing the compatibility of this Mg-Zn

hybrid with more sensitive functional groups to be assessed.

Thus, previous kinetic studies suggest that the presence of this strongly electron withdrawing
nitrile group should provide even greater activation of the substrates than that observed for the
iodoanisole substrates (where enhanced reactivity was due to the relatively weak inductive
electron withdrawing effect of the OMe group). Furthermore, given the magnitude of these
rate enhancing effects decreases in the order ortho >> meta > para, it could be expected that
2-iodobenzonitrile (65) will display the highest rate of Zn-I exchange.l'®®*®] |nitially, the
reactivity of 40 with the three different substrates was performed at room temperature in dg-
THF and monitored by NMR spectroscopy. Analysis of reaction with 3-iodobenzonitrile (66)
after 15 minutes indicated that Zn-1 exchange had proceeded in a yield of 86%, improving to
93% after 2 hours, with no indication of any side reactions at the CN group. The aromatic
region displayed four resonances for the zincated product (6 8.04 (s), 8.03 (d), 7.33 (d) and
7.19 (t) ppm), along with traces of unreacted substrate 66 (5 8.09 (s), 7.98 (d), 7.69 (d) and
7.25 (t) ppm) (Table 6.4) and the formation of ‘Bul (8 1.91 ppm). A similarly high yield was
also observed for the reaction of 4-iodobenzonitrile (67) with 40 (74% after 15 minutes,
improving to 85% after 2 hours), with the new zincated species displaying two doublets at 6
7.91 and 7.32 ppm, and two further doublets for the unreacted substrate 67 (at & 7.89 and 7.44
ppm) (Table 6.4).

8 'H (ppm)
3-lodobenzonitrile (66) 8.09 (s), 7.98 (d) 7.69 (d), 7.25 (1)
40 + 3 eq. 3-lodobenzonitrile (66) 8.04 (s), 8.03 (d) 7.33 (d), 7.19 ()
4-lodobenzonitrile (67) 7.89 (d), 7.44 (d)
40 + 3 eq. 4-lodobenzonitrile (67) 7.91 (d), 7.32 (d)
2-lodobenzonitrile (65) 7.99 (d), 7.70 (d) 7.51 (t), 7.34 (1)
40:+3 0, AoonRraoe G9) 1 7 0110 ) 707 0 i

Table 6.4: Comparison of *H NMR resonances (ppm) in dg-THF of the substrates (65-67) and

the organozincate species formed through Zn-I exchange with 40.
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Contrasting with these relatively straightforward NMR spectra and the high yields observed
for the Zn-1 exchange of 66 and 67 with 40, the reaction with 2-iodobenzonitrile (65)
displayed a much more complex series of *H NMR spectra. After 15 minutes (Figure 6.6(b)
and Figure 6.7(a)) four new aromatic resonances had emerged (6 7.78 (d), 7.44 (d) 7.24 (t)
and 7.06 (t) ppm), consistent with the formation of a new Ar-Zn species, along with a
significant amount of unreacted substrate (6 7.99 (d), 7.70 (d) 7.51 (t) and 7.34 (t) ppm)
(Table 6.4). Analysis of the integration of these resonances indicated that the Zn-1 exchange
had proceeded in a yield of only 53% after 15 minutes, a significantly lower conversion to
those observed for 66 or 67 (83% and 74% respectively). Furthermore, the aliphatic region
displayed a single resonance at & 0.98 ppm, which integrated to nine protons, consistent with
the presence of one remaining tert-butyl group bound to zinc. This resonance is shifted
slightly downfield compared to the major tert-butyl resonance of 40 (6 0.89 ppm), which

suggests that the {Zn'Bus}” anion of 40 is no longer present in solution.

[* (65) = Ar-Zn (species 1) « Ar-Zn (species 2)}

(©)
‘Bul
(see Figure 6.7(b)) Zn-Bu
Tt T T 1
: o ke e X : 1 MCHa (‘BuH)
_|_,.I_A.A._*n.l-«_,<- J sl

(isobutene)

(b) / Zn-'Bu
CHZ tBul

CH; (‘BuH)

(@) Zn-'Bu
(40)

T T T T T T T T T T T T T
8 6 4 2

Figure 6.6: 'H NMR spectra for the reaction of 40 with three equivalents of 65 (a) before the
addition of Ar-1, (b) 15 minutes after addition and (c) 2 hours after addition.
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[* (65) =« Ar-Zn (species 1) =« Ar-Zn (species 2)]

8.0 7.5 7.0
Figure 6.7: Expanded aromatic region of the *H NMR spectra for the reaction of 40 with
three equivalents of 65 in dg-THF (a) 15 minutes after addition and (b) 2 hours after addition.

Even more surprisingly, after 2 hours (Figure 6.6(c) and Figure 6.7(b)) the moiety of the
resonances of the Ar-Zn species (species 1) had decreased, and a new set of aromatic
resonances (species 2) had begun to emerge (6 8.07 (d), 7.45 (d) 7.32 (t) and 7.07 (t) ppm)
(ratio of species 1 species to species 2 ~2:1) (Table 6.4). Combining the integration of both
of these Ar-Zn species with those of the unreacted substrate 65 indicated that the extent of Zn-
I exchange after 2 hours had not significantly increased compared to the conversion after 15
minutes (55% vs. 53%), although the moiety of the remaining tert-butyl ligand (6 0.98 ppm),

which previously integrated to nine protons had decreased to five.

Further monitoring of the reaction revealed no further conversion of the substrate 65, even
after 20 hours, although the ratio of species 1 to species 2 had changed to ~1:3 after 9 hours
and ~1:10 after 20 hours (Figure 6.8). In addition, the remaining tert-butyl resonances had
disappeared completely, along with a decrease in the amount of '‘Bul present in solution, as
shown by the integration of the singlet at 6 1.91 ppm, and the emergence of resonances at 6
461, 1.68 and 0.87 ppm, consistent with the formation of isobutene and isobutane
respectively, which suggests that the remaining tert-butyl group bonded to zinc has reacted
with ‘Bul.
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[ « (66) = Ar-Zn (species 1) = Ar-Zn (species 2)}
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Figure 6.8: Aromatic region of the *H NMR spectra for the reaction of 40 with three
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equivalents of 65 (a) 15 minutes after addition, (b) 2 hours after addition, (c) 9 hours after
addition, (d) 20 hours after addition, (e) [(THF)4sMgCI{NC-0-CsH4}Znl(0-C¢H4CN)(THF)]
(68) (vide infra) and (f) 2-lodobenzonitrile (65) in dg-THF.

Thus, in contrast with the reactivities observed for 3-iodobenzonitrile (66) and 4-
iodobenzonitrile (67), monitoring the reaction of 40 with 65 by *H NMR spectroscopy
suggests that only two of the tert-butyl ligands of 40 are activated towards Zn-1 exchange
with 65, with the remaining tert-butyl group being consumed over time by reaction with ‘Bul.
This reduced reactivity is an unexpected result given that the previously mentioned Kinetic
studies into Mg-Br exchange suggest that 2-bromobenzonitrile is much more activated than 3-
or 4-bromobenzonitrile.®8%% |n an attempt to shed some light on the reasons behind these
results, 40 was reacted with three equivalents 65 in THF for 4 hours at room temperature, and
following addition of hexane the dark red solution transferred to the freezer. After several
days a crop of colourless cubic crystals were obtained of the magnesium-zincate species
[(THF)4MgCI{NC-0-CsH}Znl(0-CsH4CN)(THF)] (68) in an isolated yield of 8% (although

analysis of the filtrate solution suggested that 68 was the major species present).
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Contrasting with the SSIP structures previously described for the products of Zn-1 exchange
[{Mg.Cls(THF)s} {Zn(p-Tol)s}] (52) and [{Mg(THF)s}*"{Zn(0-CsHsOMe)s},] (64), 68
exhibits a CIP structure (Figure 6.9). Both metals are connected by an ortho-metallated {o-
CeHs-CN} fragment, which binds through the ortho-carbon to zinc forming a strong c-bond
(Zn-C12 2.008(3) A) and through the nitrogen of the nitrile group to magnesium (Mg-N2
2.232(3) A). Magnesium completes its distorted octahedral geometry by bonding to a Cl atom
(in a trans disposition to the N atom, N2-Mg-ClI1 176.88(8)°) and four molecules of THF,
whereas distorted tetrahedral zinc binds to another {0-CsHs-CN} unit (Zn-C5 2.013(3) A), a
molecule of THF and a terminal iodine atom (Zn-11 2.6981(4) A).

Figure 6.9: Molecular structure of [(THF);MgCI{NC-0-C¢Hs}Znl(0-C¢H4CN)(THF)] (68)
with 50% probability ellipsoids. Hydrogen atoms have been omitted for clarity. Selected bond
distances (A) and bond angles (°): Zn-11 2.6981(4), Zn-C12 2.008(3), Zn-C5 2.013(3), Zn-01
2.182(2), Cl1-Mg 2.3777(13), Mg-N2 2.232(3), C12-Zn-C5 135.57(13), C12-Zn-O1
97.82(11), C5-Zn-01 98.82(11), C12-Zn-11 113.59(8), C5-Zn-11 105.60(10), O1-Zn-I11
95.05(6), N2-Mg-Cl1 176.88(8), N2-C18-C13 177.0(3), C18-N2-Mg 172.7(3).

The bidentate coordination mode of the {0-CsH4-CN} fragment in 68 is similar to that
observed in the related sodium zincate species [(TMEDA),Na{2-Zn(‘Bu),-1-NC-C1oHs}],
resulting from the AMMZn of 1-cyanonaphthalene by the sodium zincate 3,1 where the
{Zn('Bu)2(0-CN-C1gHe)} anion bonds through the nitrile group to cationic {Na(TMEDA),}"
(Figure 6.10).
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Figure 6.10: Comparison of the CIP structures of 68 and
[(TMEDA),;Na{2-Zn('Bu),-1-NC-C1oHg}].

Remarkably, the *H NMR spectrum of 68 in dg-THF displayed only one set of aromatic
resonances (6 8.08 (d), 7.44 (d) 7.34 (t) and 7.09 (t) ppm) (Figure 6.8(e)), suggesting that in
solution the CIP structure may be breaking into a {MgCI(THF),}" cation and a {Zn(o-CN-
CeHa)2I(THF)} anion, or alternatively, the {MgCI(THF),}" fragment, which coordinates to
one of the nitrile groups in the molecular structure of 68 may be rapidly exchanging between
each of the molecules of ortho-zincated benzonitrile in solution. Notwithstanding, analysis of
these aromatic resonances revealed that 68 is the second organometallic species formed in the
reaction of 40 with three equivalents of 65, which is initially observed after 2 hours (Figure
6.8(b)), and becomes the major species after 20 hours (Figure 6.8(d)). Thus, these results
strongly suggest that in the reaction of 40 with three equivalents of 65 only two tert-butyl
groups of the {Zn'Bus} anion are activated towards Zn-I exchange. This could lead to the
formation of a magnesium bis(aryl)-tert-butylzincate [(THF)sMgCI{NC-0-CsH,}Zn'Bu(o-
CesH4sCN)(THF)] (69), which may adopt a similar structural motif to that of 68 (Scheme 6.7).
Over time, the remaining tert-butyl group of 69 will react preferentially with the ‘Bul
generated by the Zn-1 exchange reaction, instead of the remaining unreacted 2-
iodobenzonitrile (65), forming the final magnesium-zincate species 68, along with isobutene

and isobutane (Scheme 6.7).

A plausible explanation for the lack of activation of the third tert-butyl group in 69 to undergo
Zn-1 exchange with 65 could be the fact that CIP Mg-Zn hybrid species are involved in this
reaction. To elaborate, a recent theoretical study into Zn-lI exchange reactions of lithium
trialkylzincates (LiZnR3) revealed that in the most energetically favoured pathway the first
step of the reaction is coordination of the substrate through the iodine atom to lithium. This
coordination of the substrate activates the C-I bond, facilitating the Zn-I exchange.” A

similar mechanism could also be taking place for magnesium-zincate 40, where the organic
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substrate will initially coordinate to the cationic Mg centre, allowing anionic {Zn'Bus} to
react with the activated C-1 bond. Assuming that the Zn-1 exchange reactions of the three tert-
butyl groups in 40 occurs in a sequential manner, after the successful reaction of two of the
tert-butyl groups, formation of a CIP species such as 69 may hinder the coordination of the
third molecule of substrate to magnesium, or if the substrate is able to coordinate, the less
flexible CIP structure may prevent the approach of the remaining tert-butyl ligand close
enough to the C-1 bond for the reaction to occur.

NSe
THF, rt, 2h THE
THR ol THF Y[ sy - -2'Bul CI FpMT By :©
THF"M9<CI\/M9wTHF { \Zn—‘Bu} I A9 THEmZ
Cl THF tBL,I g

/ =
CN THF™ = N
2 eq. THF \C (69)
(40) (65)

tBul ©/
(65)
BuH + (CH3),C=CH,

*C
TH
19 THF—Zn
THF/ \N\

Scheme 6.7: Proposed reaction of 40 with three molar equivalents of 65, to form the putative

intermediate 69, which undergoes subsequent reaction with ‘Bul to form 68.

The reduced reactivity displayed by 40 towards 2-iodobenzonitrile (65) was mirrored by the
isolated yields which were obtained when the Negishi cross-coupling reactions of 65-67 with
iodobenzene were performed under the same conditions employed for the iodotoluene and
iodoanisole substrates (Scheme 6.8, Table 6.5). Thus, whereas the cross-coupling reactions of
3- and 4-iodobenzonitrile (66 and 67 respectively) yielded 3-cyanobiphenyl (71) and 4-
cyanobiphenyl (72) in yields of 75% and 71% respectively, when the same cross-coupling
reaction was performed with 3 equivalents of 2-iodobenzonitrile (65), the expected product,
2-cyanobiphenyl (70), was obtained in a yield of only 31%. This dramatic difference in yield
is easily explained by the low yield of Zn-l exchange obtained for 65 (55% after 2 hours)
compared to 66 and 67 (90% and 85% respectively) (Table 6.5). Therefore, the substantial
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amount of 65 which remains unreacted in solution will greatly affect the final yield of the

Negishi cross-coupling reaction.

+ o,
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Scheme 6.8: Reaction of 40 with three molar equivalents of 2-/3-/4-iodobenzonitrile (65-67),

followed by Negishi cross-coupling with iodobenzene.

% Zn-1 Exchange

Substrate after 2

Product Isolated Yield

2-lodobenzonitrile (65) 55 31% (R = CN) (70)

R
2-lodoanisole (58) 86 76% (R = OMe) (61)
2-lodotoluene (55) 75 60% (R = Me) (58)
3-lodobenzonitrile (66) 93 R 75% (R = CN) (71)
3-lodoanisole (59) 86 76% (R = OMe) (62)
3-lodotoluene (54) 87 65% (R = Me) (57)

4-lodobenzonitrile (67) 86 71% (R =CN) (72)
4-lodoanisole (60) 88 R 79% (R = OMe) (63)
4-lodotoluene (51) 85 65% (R = Me) (53)

Table 6.5: Comparison of the isolated yields of the relevant products from Zn-1I exchange of
functionalised aryl iodide substrates (3 eq.) with 40, followed by Pd catalysed Negishi cross-

coupling with iodobenzene. @ Determined by *H NMR spectroscopy.

Since as previously mentioned the presence of unreacted aryl iodide substrate from the Zn-I
exchange reaction can have a detrimental effect on the cross-coupling reaction, leading to the
formation of the homocoupled product, the reaction of 40 with two equivalents of 65 was
performed in an attempt to improve the isolated yield of 2-cyanobiphenyl (70). In order to
first determine the extent of the Zn-I exchange, the reaction of 40 with two equivalents of 65
in dg-THF was followed by *H NMR spectroscopy. After 15 minutes (Figure 6.11(a)) Zn-I
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exchange had proceeded in a yield of 83%, forming the putative intermediate
[(THF),MgCI{NC-0-CsH4}Zn'Bu(o-C¢H,CN)(THF)] (69). After 2 hours the yield had
improved to 86% (Figure 6.11(b)), with four new aromatic resonances corresponding to 68
beginning to appear, and those of 69 decreasing with 68 becoming the major species present
after 6 hours (Figure 6.11(c)).

[* (65) « Ar-Zn (species 1) (69) =« Ar-Zn (species 2) (68)}
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Figure 6.11: Aromatic region of the ‘H NMR spectra for the reaction of 40 with two
equivalents of 65 (a) 15 minutes after addition, (b) 2 hours after addition, (c) 6 hours after
addition, (d) 68 and (e) 65 in dg-THF.

Based on the improved yield for Zn-1 exchange when 40 is reacted with only two equivalents
of 65, it would be expected that by applying the same Negishi cross-coupling protocol to this
system as described previously, the isolated yield of 2-cyanobiphenyl (70) would be
significantly higher than that obtained when three equivalents of 65 are employed (31%).
Surprisingly, the cross-coupling reaction resulted in the isolation of 70 in an almost identical

yield of 30%. Furthermore, when 40 was reacted with only one equivalent of 65 the
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subsequent cross-coupling reaction led to the isolation of 70 in a modest 14% vyield, half that

of the reaction with two and three equivalents of 65 (Scheme 6.9).
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Scheme 6.9: Reaction of 40 with 2-iodobenzonitrile (65) (1-3 equivalents), followed by
Negishi cross-coupling with iodobenzene to form 2-cyanobiphenyl (70).

The similar yields obtained for 70 when two or three equivalents of 65 are employed not only
provide further confirmation that only two of the tert-butyl groups of 40 can react with 65, but
also show that in this case excess 65 present in solution is not the cause of the low yields
obtained for the cross-coupling reactions. This suggests that 2-iodobenzonitrile (65) not only
shows a decreased reactivity towards 40 in the Zn-I exchange step, but also gives rise to a less
reactive organozincate intermediate to participate in the Negishi cross-coupling step. In this
regard, previous studies into Negishi cross-coupling reactions have revealed that the presence
of strongly electron withdrawing groups on the aryl-zinc species can significantly decrease
the rate of cross-coupling reactions, due to their deactivating effect on the transmetallation
step.l* This negative effect of the nitrile group on the cross-coupling reactions appears to be
less prominent for 3- and 4-iodobenzonitrile (66 and 67), as the yields observed for the
relevant bis(aryl) species are comparable to those of the related iodoanisole substrates under
the conditions employed. However, the molecular structure of the different types of Mg-Zn
hybrids involved in these reactions could also be playing an important role, with the
formation of CIP structures such as 68 perhaps affecting both the Zn-lI exchange and

transmetallation reactions.

These results would suggest that in order to overcome the lower yields of this cross-coupling
reaction some of the reaction conditions, such as catalyst loading, reaction temperature or
using a different catalyst altogether, may have to be altered. Recently, it has been reported
that the challenging Negishi cross-coupling of benzylic pyridines can be achieved by the

addition of a Lewis acid to the reaction (Sc(OTf)s, BFs.OEt,).*™ Thus, a similar Lewis acid
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promoted cross-coupling protocol could be employed for the reaction between 40 and 65.
Furthermore, coordination of the Lewis acid to the iodobenzonitrile molecules may also
activate the substrate towards Zn-1 exchange with all three tert-butyl groups present in 40,

resulting in a further enhancement of the cross-coupling yields.

To sum up, a new methodology to prepare asymmetric bis(aryl) compounds by sequential
direct Zn-1 exchange, promoted by Mg-Zn hybrid 40, followed by a Pd-catalysed Negishi
cross-coupling reaction has been developed, which allows the synthesis of these important
molecules in yields ranging from 31-79%. Comparison of the yields obtained for the Zn-I
exchange and Negishi cross-coupling reactions in Table 6.5 also provides an insight into the
effect of the different functional groups (-Me, -OMe, -CN) and substitution pattern (ortho,

meta, para) of the aromatic substrates in this system.

In general the presence of the electron donating Me group results in lower yields for the Zn-I
exchange reaction (75-87%) compared to the inductively electron withdrawing OMe group
(86-88%) and the strongly electron withdrawing CN group (86-93%), with the exception to
this rule being 2-iodobenzonitrile (65), which as previously discussed displays surprisingly
low yields for the Zn-1 exchange when three equivalents of the substrate are reacted with 40
(55%). Interestingly, despite the significantly greater electron withdrawing ability of nitrile
groups compared to methoxy groups, the yields of Zn-1 exchange reactions for these
substrates are comparable (excluding 65), where previous studies would suggest that the
nitrile substituted aryl halides should display greater reactivity.[**¢*"% Therefore, these results
suggests that for these magnesium triorganozincate systems steric effects, which may include
the formation of CIP species such as 68, may be playing an important role in the outcome of

these Zn-I exchange reaction.

The lower yields of Zn-I exchange obtained for the iodotoluene substrates also provide an
explanation for the lower yields observed in the Negishi cross-coupling reactions (60-65%),
with a notable amount of the homocoupled (dimethylbiphenyl) species being formed.
Furthermore, the cross-coupling yields of the methoxy substituted substrates are found to be
higher than the corresponding nitrile substituted substrates, which can be explained by the
tendency of the more strongly electron withdrawing CN groups to inhibit transmetallation of

the organozincate species with the Pd catalyst.' "
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Comparison of the different substitution patterns reveals that in general the ortho-substituted
aryl iodide substrates display marginally lower yields for Zn-1 exchange (55-86%) and
Negishi cross-coupling (31-76%) than both the meta- (Zn-1 exchange 86-93%, cross-coupling
65-76%) and para- (Zn-1 exchange 85-88%, cross-coupling 65-79%) substituted aromatic

substrates, which again hints at the influence of steric effects in these systems.

6.5 Conclusions

Initial studies, which involved '"H NMR monitoring and structural elucidation of key
organometallic intermediates, into the reactivity of magnesium tri-tert-butylzincate
[{Mg,Cl3(THF)s} {Zn'Bus}] (40) with aryl iodide substrates have established that
contrasting with the complete lack of reactivity shown by Zn'Bus, all three tert-butyl groups
bonded to Zn are active towards Zn-I exchange. Thus, reaction of 40 with three equivalents of
4-iodotoluene (51) and 2-iodoanisole (58) resulted in the isolation of the magnesium
tris(aryl)zincate species [{Mg,Cl3(THF)e} {Zn(p-CsHsMe)s} ] (52) and
[{Mg(THF)6}**{Zn(0-CsHsOMe)s},] (64). Furthermore, these highly atom economical Zn-I
reactions were performed at ambient temperature without observing any side reactions with
sensitive functional groups such as nitriles, and required only stoichiometric amounts of the

zincate to be employed.

Monitoring the reactions of 40 with three equivalents of iodotoluene (2-Me (55), 3-Me (54)
and 4-Me (51)), iodoanisole (2-OMe (58), 3-OMe (59) and 4-OMe (60)), and iodobenzonitrile
(3-CN (66) and 4-CN (67)) substrates by *H NMR spectroscopy indicated that similar
tris(aryl)zincates could be obtained from all of these reactions. Furthermore, these zincates
could be employed in simple Pd catalysed Negishi cross-coupling reactions with iodobenzene,
yielding the expected asymmetric bis(aryl) products in yields ranging from 60-79%. However,
performing a similar Zn-1 exchange with 2-iodobenzonitrile (65) resulted in the formation of
the unexpected CIP magnesium bis(aryl)zincate [(THF)sMgCI{NC-0-CsH4}Znl(0-
CeH4CN)(THF)] (68), where only two of the tert-butyl ligands of the zincate were able to
perform Zn-1 exchange with the substrate, and the remaining tert-butyl group was replaced by
iodine following a side-reaction with 'Bul. Furthermore, this bis(aryl)zincate 68 displayed
substantially lower levels of reactivity in Negishi cross-coupling reactions than any of the

other substrates studied to date, which could be attributed to the presence of the highly
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electron withdrawing nitrile group adjacent to the Zn-C bond, inhibiting the transmetallation

reaction of the zincate with the Pd catalyst.

Of the different functionalised aryl iodides studied to date for this methodology, it is the
iodoanisole substrates which overall display the greatest reactivity, providing a good balance
of inductive electron withdrawing ability to facilitate the Zn-1 exchange, coupled with the
mesomeric electron donating ability to ensure they readily undergo transmetallation with the
Pd catalyst. This is somewhat counter intuitive, as it would be expected that the stronger
electron withdrawing ability of a nitrile group should result in enhanced yields for the Zn-I
exchange reactions. However, based on the molecular structures of the magnesium aryl-
zincates observed so far, it would also appear that the poorer donor ability of the OMe groups
compared to that of the CN groups may also be an important factor. Thus, the CIP structure
[(THF);MgCI{NC-0-CsHs}Znl(0-CsH4CN)(THF)] (68) obtained from the reaction of 40 with
2-iodobenzonitrile (65) contrasts the SSIP structure [{Mg(THF)}**{Zn(0-CsHsOMe)s},]
(58) obtained from the reaction of 40 with 2-iodoanisole (58), which may provide further
explanation for the lower than expected reactivity observed for the iodobenzonitrile substrates

in Zn-1 exchange.
Future work in this area will focus on developing suitable reaction conditions to perform the

cross-coupling reaction of 2-iodobenzonitrile in higher yields, as well as extending this Zn-I

exchange/Negishi cross-coupling methodology to other aromatic and heteroaromatic halides.
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7.1  General experimental techniques
7.1.1 Schlenk techniques

Most of the organometallic species involved in this project were oxygen and moisture
sensitive. Further still, some of these compounds, such as tert-butyllithium, were pyrophoric,

as reaction with moisture leads to the formation of flammable hydrocarbons (Scheme 7.1)

‘BuLi + H,0 —— 'BuH + LiOH

Scheme 7.1: Reaction of 'BuLi with water.

As a result, all reactions had to be carried out in a dry, inert atmosphere, using standard
Schlenk techniques. This involved the use of a Schlenk line, and Schlenk glassware (Figure
7.1). Two of the most common pieces of apparatus used were the Schlenk tube, in which most
of the reactions were carried out, and the Schlenk filter stick, which was used for the isolation
of solid products, and the removal of insoluble impurities.
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Connected to supply To vacuum
of dry Araon

Connectors pump

Solvent trap

Figure 7.1(a): Standard Schlenk line.
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)

Figure 7.1(b): Standard Schlenk filter stick (left) and Schlenk tube (right).
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The Schlenk line consists of an inert gas/vacuum double manifold, which contains two
separate pathways; one connected to a vacuum pump, and the other to a supply of dry argon-
gas. The Schlenk line contains separate connectors, which can be connected to the appropriate
apparatus (usually a Schlenk tube). Each of these connectors has a two-way tap, which means
that the apparatus can be subjected to either vacuum or to argon-gas. Oxygen is removed from
the Schlenk tube by applying vacuum for a period of at least 10 minutes, allowing the
apparatus to be evacuated, followed by re-filling with argon. This process is repeated three
times as standard practice, to provide the dry, inert atmosphere required for reactions to be
carried out. The addition of solvents and reagents to the apparatus was always carried out

under a positive pressure of argon, so as to prevent any oxygen entering the system.

A liquid-nitrogen cooled trap was attached to the end of the Schlenk line, to condense any
volatile substances, which could be potentially damaging, before they reach the vacuum
pump. A pressure release bubbler is also incorporated into the line, which ensures that there is
no build-up of pressure in the apparatus. Finally, all Schlenk glassware used contained
ground-glass joints, which were lightly greased before being connected together, to seal the

joints, and prevent the glass pieces from getting stuck together.

7.1.2 Glove box

Due to the oxygen and moisture sensitive nature of most of the compounds involved in this
project, the manipulation of solid materials, which included the determination of weights of
reactants and products, and the preparation of NMR samples, was carried out in a standard

glove box (or dry box), which provides a sealed, inert atmosphere to work in (Figure 7.2).

The glove box comprises of two main chambers. The larger chamber, which contains a plastic
window and two gloves, is the working area. This chamber is kept full of dry argon, and is
where the manipulation of chemicals takes place. The second chamber is the port on the right
hand side (Figure 7.2), which has an outer door and an inner door (connected to the main
chamber), allowing the transfer of apparatus and chemicals into and out of the box. Items are
placed in the port, which is then evacuated to remove oxygen and moisture, followed by the
re-filling of the port with dry argon gas. As with the Schlenk line, this process is carried out
three times as standard practice, to ensure that only negligible quantities of oxygen and

moisture are present. After this, the inner door of the port can be opened, and the contents
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transferred to the main chamber to be used. The gas in the glove box is constantly circulated
over a catalyst and molecular sieve unit, which removes any oxygen or water which may be

present in the system. The catalyst and sieve unit have to be regularly regenerated.

Main chamber

Smaller chamber
(Port)

Figure 7.2: Standard glove box.

7.1.3 Solvent purification

As a result of the sensitivity of the reactants and products to oxygen and moisture, any
solvents which were used had to first be dried and de-gassed. Solvents such as THF, hexane,
toluene and diethyl ether were distilled over nitrogen, in the presence of sodium and
benzophenone. The generation of the sodium benzophenone ketyl radical, which displays an
intense blue colour, confirms that the solvents are dry and free from oxygen contaminant.!"
Deuterated solvents, such as ds-THF and ds-benzene, which were purified on a smaller scale
were dried over molecular sieves, and de-gassed using a standard freeze-pump-thaw

procedure,*"? then stored in the dry box.
7.1.4 Standardisation of organometallic reagents

The standardisation organolithium and Grignard reagents was performed using a 1 M solution
of 2-butanol in p-xylene and N-phenyl-1-napthylamine.l*”® The addition of the organometallic
species to the indicator results in the formation of a bright yellow/orange solution, which on
addition of 2-butanol results in the formation of colourless/cloudy solution, which indicates
that the end-point has been reached. The standardisation of organozinc reagents was
performed using I, and a THF solution of LiCl, with the end point determined when the

addition of the organozinc reagent had turned the brown solution colourless. 74
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7.1.5 Analytical Procedures

All 'H NMR spectroscopic analysis were carried out a Bruker AVANCE-400 NMR
spectrometer operating at 400.13 MHz under TopSpin (version 2.0, Bruker Biospin,
Karlsruhe). The *C{*H} NMR spectra were carried out on the same instrument, operating at
100.62 MHz, and all were proton decoupled. The ‘Li NMR spectra were recorded at 155.50
MHz. The “F{*H} NMR spectra were recorded at 376.36 MHz. Abbreviations of NMR
patterns are as follows: s (singlet), d (doublet), t (triplet), m (multiplet) and b (broad peak).

The X-ray crystallographic data were recorded on Nonius Kappa CCD diffractometers at
150K, and Oxford Diffraction (now Agilent Technologies) Xcalibur and Gemini
diffractometers at 123K using MoKo and CuKa radiation (A = 0.71073 and 1.54180 A,
respectively). The structures were solved by direct methods and refined on all unique F?

values.'”

7.2 Synthesis of common starting materials
7.2.1 Synthesis of Zn'Bu,

Et,0 (60 mL) was added to solid ZnCl; (5.44 g, 40 mmol, dried in vacuo at 200°C for 2 days),
and the resulting suspension cooled to 0°C, to which 'BuLi (1.7 M in pentane, 47 mL, 40
mmol) was slowly added over a period of 30 minutes. The resulting suspension was then
gradually warmed to room temperature and stirred for 3 hours. The precipitate was removed
by filtration through celite, and the resulting colourless solution concentrated in vacuo.
Purification was performed by vacuum sublimation, yielding Zn'Bu, as a white solid (typical
isolated yield 5.3 g, 74%).

7.2.2 Synthesis of BuNa

A suspension of NaO'Bu (3.84 g, 40 mmol) in hexane (50 mL) was cooled to 0°C, to which
was added "BuLi (1.6 M in hexane, 25 mL, 40 mmol) over a period of 20 minutes. The
resulting suspension was stirred overnight at room temperature, and then filtered and washed
with hexane (3 x 30 mL). The resulting white solid was dried in vacuo and isolated (typical
yield 2.5 g, 75%).

201



Chapter 7: General experimental techniques and procedures

7.2.3  Synthesis of [(THF)Li(TMP)Zn'Bu,] (1)

Following the procedure outlined in the literature,®™ a solution of hexane (10 mL) and
TMP(H) (0.34 mL, 2 mmol) was added "BuLi (1.6 M in hexane, 1.25 mL, 2 mmol), and the
resulting colourless solution was stirred for 1 hour at room temperature. A solution of '‘Bu,Zn
(0.36 g, 2 mmol in 10 mL of hexane) was added via canula, followed by THF (0.18 mL, 2
mmol) to give a colourless solution. This solution could then be employed in the desired
reaction, or placed in the freezer (-30°C) overnight, yielding 1 as colourless crystals. Analysis
of the crystals by *H, *C{*H} and "Li NMR spectroscopy was consistent with that reported in

the literature.™”!
7.2.4 Synthesis of [([TMEDA)Na(TMP)Zn'Bu,] (3)

Following the procedure outlined in the literature,®” BuNa (0.36 g, 4 mmol) was suspended
in hexane (20 mL), to which was added TMP(H) (0.68 mL, 4 mmol) and the resulting
suspension was stirred for 1 hour at room temperature. In a second Schlenk tube freshly
distilled 'BuyZn (0.72 g, 4 mmol) was dissolved in hexane (20 mL), and this was added via
cannula to the suspension of Na(TMP), followed by TMEDA (0.60 mL, 4 mmol). The
reaction mixture was then gently heated to afford a pale yellow solution, which was allowed
to cool to room temperature. Placing this solution in the freezer placed (-30°C) overnight
affording a crop of pale yellow crystals of 3 (1.352 g, 74%). Analysis of the crystalline
material by *H and *C{'H} spectroscopy was consistent with that reported in the

literature.®”]

7.3 Synthesis of Products
7.3.1 Synthesis of [(THF)Li(TMP){PhOSi(CHs),CH,}Zn'Bu] (13)

A hexane solution of 1 (2 mmol) was prepared as described above, to which was added
trimethyl(phenoxy)silane (12) (0.36 mL, 2 mmol) and after stirring for 1 hour the solution
was concentrated in vacuo, then placed in the freezer (-30°C) for 4 days, and large colourless
crystals of 13 were obtained (0.518 g, yield 52%; NMR analysis of the filtrate indicated that

metallation is almost quantitative).
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'H NMR (400.13 MHz, 298K, C¢Ds) & 7.04 (2H, t, Het), 6.84 (1H, t, Hyars), 6.84 (2H, d,
Hortho), 3.34 (4H, m, OCH,, THF), 1.83 (2H, m, H,, TMP), 1.68 (2H, m, Hg, TMP), 1.63 (9H,
s, CHs, 'Bu), 1.45 (2H, m, Hp, TMP), 1.38 (6H, s, a-CHz, TMP), 1.19 (6H, s, a-CH3, TMP),
1.19 (4H, m, CH,, THF), 0.29 (6H, s, OSi(CHs),), -0.59 (2H, s, OSiCH,). “*C{*H} NMR
(100.62 MHz, 298K, Ce¢Ds) & 154.6 (Cipso), 129.8 (Cortno), 122.8 (Cpara), 120.7 (Creta), 68.3
(OCHy, THF), 52.8 (C,, TMP), 39.9 (Cg, TMP), 36.1 (a-CH3, TMP), 35.0 (CH3, 'Bu), 33.3 (a-
CHs, TMP), 25.0 (CH,, THF), 20.0 (C(CHs), 'Bu), 19.8 (C,, TMP), 2.6 (OSi(CHs3),), -3.9
(OSiCH,). "Li NMR (298K, d®-THF, reference LiCl in D,O at 0.00 ppm): & 1.07.

7.3.2  Synthesis of [[TMEDA)Na(TMP){PhOSi(CH3),CH,}Zn'Bu] (14)

A hexane solution of 3 (2 mmol) was prepared as described above, to which
trimethyl(phenoxy)silane (12) was added (0.36 mL, 2 mmol) and after stirring for 1 hour at
room temperature the solution was concentrated in vacuo, then placed in the freezer (-78°C)
for 4 days. Large colourless crystals of 14 were isolated (0.472 g, yield 42%; NMR analysis

of the filtrate indicated that the reaction is almost quantitative).

'H NMR (400.13 MHz, 298K, C¢Dg) & 7.07 (2H, t, Hmeta), 6.90 (2H, d, Horno), 6.85 (1H, t,
Hoara), 1.79 (12H, s, CHs, TMEDA), 1.74 (8H, s, CH,, TMEDA), 1.70 (9H, s, CHj, 'Bu),
~1.68-1.82 (6H, bm, H,, & Hg, TMP), 1.50 (6H, s, a-CH3, TMP), 1.16 (6H, s, a-CHs, TMP),
0.31 (6H, s, OSi(CHs)y), -0.73 (2H, s, OSiCH,). *C{*H} NMR (100.62 MHz, 298K, CsDs) 5
155.3 (Cipso), 129.5 (Cortho), 122.6 (Cpara), 121.9 (Crmeta), 60.0 (CH2, TMEDA), 52.6 (C,, TMP),
45.9 (CH3, TMEDA), 40.0 (Cg, TMP), 35.4 (0-CHs, TMP), 35.0 (CHs, 'Bu), 34.7 (a-CHs,
TMP), 19.9 (C,, TMP), 19.5 (C(CHa)s, 'Bu), 2.7 (OSi(CHs)y), -3.3 (OSiCH,).

7.3.3  Synthesis of [(PhOSiMes)Li(TMP){PhOSi(CHs),CH,}Zn'Bu] (16)

To a solution of hexane (10 mL) and TMP(H) (0.34 mL, 2 mmol) was added "BuLi (1.6 M in
hexane, 1.25 mL, 2 mmol), and the resulting colourless solution was stirred for 1 hour at room
temperature. A solution of 'Bu,Zn (0.36 g, 2 mmol in 10 mL of hexane) was added via canula,
followed by trimethyl(phenoxy)silane (12) (0.36 mL, 2 mmol) and after stirring for 1 hour the
solution was concentrated in vacuo, then placed in the freezer (-30°C) for 7 days. A batch of

large colourless crystals were isolated (0.194 g, yield 16%). The isolated yield of 16 could be
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improved (0.451g, 37%) when the reaction was performed with two molar equivalents of

trimethyl(phenoxy)silane (0.72 mL, 4 mmol).

'H NMR (400.13 MHz, 298K, C¢Dg) 6 7.10 (2H, t, Hieta (CO-0rd.)), 7.04 (2H, t, Hieta, (Met.)),
6.89-6.84 (4H, m, Hpara (Met. & co-ord.) & Homno (c0-ord.)), 6.74 (2H, d, Horno(met.)), 1.72
(2H, m, H,, TMP), 1.60 (2H, m, Hs, TMP), 1.53 (9H, s, CHs, 'Bu), 1.48 (2H, m, Hg, TMP),
1.25 (6H, s, a-CHs, TMP), 1.04 (6H, s, a-CH3, TMP), 0.22 (6H, s, OSi(CHj3),), 0.15 (9H, s,
OSi(CHs)3), -0.68 (2H, s, OSiCH,). *C{*H} NMR (100.62 MHz, 298K, C¢Ds) & 155.7 (Cipso
(co-ord.)), 153.7 (Cipso (met.)), 130.2 (Cortno (Met.)), 129.8 (Corno (c0-ord.)), 123.5 (Cpara
(met.)), 121.8 (Cpara (c0-0rd.)), 120.4 (Cpeta (CO-0rd.)), 119.9 (Cpneta (Met.)), 52.7 (Co, TMP),
40.6 (a-CH3, TMP), 35.8 (a-CHs, TMP), 34.2 (CHs, 'Bu), 34.1 (Cp, TMP), 20.6 (C(CHa)s,
'Bu), 19.5 (C,, TMP), 2.2 (OSi(CHs)y), 0.2 (OSi(CHa)3), -4.2 (OSiCH,). 'Li NMR (298K, d°-
THF, reference LiCl in DO at 0.00 ppm): 6 1.89.

7.3.4  Synthesis of [(TMEDA)Na(p-TMP)Zn{OC(‘Bu)(5°-CsH3)Fe(s°-CsHs)}] (18)

To a hexane solution of 3 (2 mmol, prepared as described above) was added one molar
equivalent of benzoylferrocene (0.580 g, 2 mmol). The resulting deep red suspension was
stirred for 2 hours at room temperature, after which time the solvent was removed in vacuo,
and toluene (5 mL) added to give a dark red solution. After 48 hours in the freezer (-30°C) a
batch of orange, cubic crystals of 18 were obtained (0.172 g, 12%).

'H NMR (400.13 MHz, 298K, CsD¢) & 8.19 (2H, doublet, CHortno), 7.36 (2H, triplet, CHueta),
7.26 (1H, triplet, CHpara), 4.70 (1H, broad singlet, CsHs), 4.63 (1H, broad singlet, CsHs), 4.33
(1H, broad singlet, CsH3), 3.84 (5H, singlet, CsHs), 1.94 (12H, singlet, CH3, TMEDA), 1.79
(2H, m, y-CH,, TMP), 1.78 (4H, singlet, CH,, TMEDA), 1.52 (6H, singlet, a-CHs, TMP),
1.44 (6H, singlet, a-CH3, TMP), 1.39 (4H, m, B-CH,, TMP), 1.07 (9H, singlet, C(CHa)s, 'Bu).
BC{"H} NMR (100.62 MHz, 298K, CsDg) & 154.5 (Cipso), 128.7 (Cortno), 126.0 (Crnets), 124.9
(Cpara), 111.8 (C-Zn, CsH3) 81.3 (C-0), 75.3 (OC-CsHs), 73.0 (CsH3), 70.8 (CsH3), 70.0
(CsHs), 68.0 (CsHs), 57.5 (CH,, TMEDA), 53.0 (a-TMP), 46.6 (CH3, TMEDA), 41.2 (B-CHa,
TMP), 40.5 (C(CHa)s, ‘Bu), 36.8 and 36.1 (a-CHs, TMP), 28.2 (C(CHs)3, '‘Bu), 19.8 (y-CHy,
TMP). Elemental Analysis calculated (%) for CssHsgFeNsNaOzZn: C 62.57, H 8.18, N 6.08;
found C 62.24, H 8.07, N 5.97.
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N.B. A polymorph of 18 was also obtained from a second batch of crystals, but contained a
molecule of the solvent of crystallisation [(TMEDA )Na(u-TMP)Zn{OC('Bu)(#°-CsHz)Fe(r-
CsHs)}.C/Hg] (18B).

Figure 7.3: Molecular structure of [(TMEDA)Na(u-TMP)Zn{OC('Bu)(1°-CsHs)Fe(;°-
CsHs)}.C7Hg] (18B) with 50% probability ellipsoids. Hydrogen atoms and minor disordered

component of TMEDA have been omitted for clarity.

7.35 Synthesis of [PhC(OH)('Bu)(>-CsHsl)Fe(n>-CsHs)]  (19) and  [4-'Bu-
CeH4C(=0)(1°-CsHa)Fe(n°-CsHs)] (21)

Benzoylferrocene (0.290 g, 1 mmol) was dissolved in toluene (7 mL) and added via cannula
to a second Schlenk tube containing isolated crystals of 3 (0.460 g, 1 mmol, prepared as
described above). The resulting deep red solution was stirred for 2 hours at room temperature,
after which time 1, solution (1 M in THF, 3 mL, 3 mmol) was added, and the reaction stirred
for a further 4 hours at room temperature. The reaction was then quenched with saturated
Na,S,03 solution (5 mL) and saturated NH,ClI solution (5 mL) and then extracted with EtOAc
(3 x 15 mL). The combined organic extracts were dried over MgSO, and concentrated in
vacuo. The crude residue was purified by column chromatography (eluent: hexane/diethyl
ether, 1:0 — 9:1) affording 19 as an orange solid (0.1380 g, 29% - as a mixture with
[PhC(OH)("Bu)(#7°-CsHsl)Fe(;°-CsHal)] (20) in a ratio of 95:5, 19:20) and 21 as a red solid
(0.0845 g, 24%).

NMR data for 19: 'H NMR (400.13 MHz, 298K, CDCl3) § 7.90 (2H, doublet, CHorno), 7.42
(2H, triplet, CHmeta), 7.33 (1H, triplet, CHpara), 4.45 (2H, m, CsHs), 4.30 (1H, triplet, CsHa),
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3.74 (5H, singlet, CsHs), 2.63 (1H, singlet, OH), 0.97 (9H, singlet, C(CHa)s, ‘Bu). C{*H}
NMR (100.62 MHz, 298K, CDCls) 8 146.4 (Cipso), 127.2 (Cortho, Ceta), 126.6 (Cpara), 89.9 (C-
0), 81.1 (OC-Cc¢y), 77.4 (CsH3), 71.7 (CsHs), 70.8 (CsHs3), 69.2 (CsHs), 41.2 (C-1), 40.0
(C(CHs)s, 'Bu), 27.0 (C(CHs)s, '‘Bu). Both the *H and *C{*H} NMR spectra showed trace
impurities which were assigned to compound 20. Elemental analysis calculated (%) for
Co1H2 0sFels g50: C 52.49, H 4.91; found C 51.76, H 4.82. GC-MS: m/z 474.0 (M™).

NMR data for 21: *H NMR (400.13 MHz, 298K, CDCl3) & 7.88 (2H, doublet, CHortno), 7.49
(2H, doublet, CHmeta), 4.93 (2H, triplet, CsHj), 4.58 (2H, triplet, CsHy), 4.23 (5H, singlet,
CsHs), 1.38 (9H, singlet, C(CHs)s, 'Bu). *C{*H} NMR (100.62 MHz, 298K, CDCl3) & 198.7
(C-0), 155.1 (Cipso), 137.0 (Cpara), 128.2 (Cortho), 125.2 (Crneta), 78.6 (CsHs), 72.3 (CsHa), 71.6
(CsHa), 70.2 (OC-Cgp+), 35.0 (C(CHs)s, 'Bu), 31.2 (C(CHs)s, 'Bu). Elemental analysis
calculated (%) for C,H2FeO: C 72.85, H 6.40; found C 72.60, H 6.40. GC-MS: m/z 346.2
(M").

7.3.6  Synthesis of [CsHsC(OH)'Bu(°-CsHsD)Fe(;°-CsHs)] (23) and [‘Bu-CsH.CO(#°-
CsHa)Fe(y°-CsHs)] (21)

Benzoylferrocene (0.290 g, 1 mmol) was dissolved in Toluene (7 mL) and added via cannula
to a second Schlenk tube containing isolated crystals of 3 (0.460 g, 1 mmol, prepared as
described above). The resulting deep red solution was stirred for 2 hours at room
temperature, after which time D,O (4 mL) was added. The product was then extracted with
EtOAc (3 x 15 mL), the combined organic extracts were dried over MgSO, and concentrated
in vacuo. The crude residue was purified by column chromatography (eluent: hexane/diethyl
ether, 1:0 — 9:1) giving 23 as a yellow solid (0.119 g, 32%) and 21 as a red solid (0.0935 g,
27%).

NMR data for 23: 'H NMR (400.13 MHz, 298K, CDCls) & 7.68 (2H, doublet, CHorho), 7.35
(2H, triplet, CHpet), 7.27 (1H, triplet, CHpar), 4.33 (1H, m, CsHsD), 4.21 (1H, m, CsH3D),
4.17 (1H, m, CsH3D), 3.88 (5H, singlet, CsHs), 2.65 (1H, singlet, OH), 0.95 (9H, singlet,
C(CHs)s, 'Bu). 2D NMR (61.41 MHz, 298K, CHCls) & 4.53 (singlet, CsH3D). *C{*H} NMR
(100.62 MHz, 298K, CDCls) & 146.0 (Cipso), 127.3 (Cortno), 126.8 (Cneta), 126.2 (Cpara), 95.7
(C-0), 79.6 (OC-Ccp+), 69.7 (CsHs), 68.9 (C-D), 68.4 (CsHs), 68.3 (CsHs), 66.9 (CsHs), 39.0
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(C(CHs)s, 'Bu), 26.5 (C(CHs)s, 'Bu). Elemental analysis calculated (%) for CH3sDFeO: C
72.21, H 7.21; found C 71.55, H 6.53. GC-MS: m/z 349.0 (M").

7.3.7 Synthesis of [CsHsC(OH)'Bu(;>-CsHa)Fe(5°-CsHs)] (24) and ['‘Bu-CsH.CO(y°-
CsHa4)Fe(y°-CsHs)] (21)

Benzoylferrocene (0.290 g, 1 mmol) was dissolved in Toluene (7 mL) and added via cannula
to a second Schlenk tube containing isolated crystals of 3 (0.460 g, 1 mmol, prepared as
described above). The resulting deep red solution was stirred for 2 hours at room
temperature, after which time TEMPO (0.468 g, 3 mmol) was added, and the reaction stirred
for a further 20 hours at room temperature. The reaction was quenched with saturated NH,4Cl
solution (5 mL) and then extracted with EtOAc (3 x 15 mL). The combined organic extracts
were dried over MgSO, and concentrated in vacuo. The crude residue was purified by
column chromatography (eluent: hexane/diethyl ether, 1:0 — 9:1) giving 24 as an orange
solid (0.1185 g, 34%) and 21 as a red solid (0.1415 g, 41%).

NMR data for 24: '"H NMR (400.13 MHz, 298K, CDCls) & 7.67 (2H, doublet, CHorho), 7.35
(2H, triplet, CHuets), 7.27 (1H, triplet, CHpars), 4.52 (1H, m, CsHa), 4.33 (1H, m, CsHy), 4.21
(1H, m, CsHy), 4.17 (1H, m, CsHy), 3.88 (5H, singlet, CsHs), 2.65 (1H, singlet, OH), 0.95
(9H, singlet, C(CHs)s, 'Bu). *C{*H} NMR (100.62 MHz, 298K, CDCls) & 146.0 (Cipso), 127.3
(Cortho), 126.8 (Cmeta), 126.2 (Cpara), 95.8 (C-O), 79.6 (OC-Ccp+), 69.8 (CsHs), 68.9 (CsHa),
68.5 (CsHy), 68.4 (CsHs), 67.0 (CsHy), 39.0 (C(CHa)s, 'Bu), 26.5 (C(CHs)s, 'Bu). Elemental
analysis calculated (%) for C,1H4FeO: C 72.42, H 6.94; found C 72.66, H 7.01. GC-MS: m/z
348.0 (M").

7.3.8 Synthesis of [Lis(0-C¢HsOMe)4(THF),] (25)

A solution of THF (10 mL) and anisole (0.54 mL, 5 mmol) was cooled to 0°C in an ice bath,
then '‘BuLi (1.7 M in pentane, 2.9 mL, 5 mmol) was added to give a pale yellow solution,
which was stirred at 0°C for 25 minutes. The solvent was removed in vacuo yielding a yellow
oil, which was dissolved in hexane (10 mL). This solution was concentrated by removing
some solvent under vacuum and placed in the freezer (-30°C). A crop of colourless crystals
was deposited overnight (isolated yield 0.16 g, 22%; NMR analysis of the filtrate indicated

the metallation is almost quantitative).
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'H NMR (400.13 MHz, 298K, CgDg) & 8.18 (1H, d, CHmeta), 7.39 (1H, t, CHuetar), 7.26 (1H,
t, CHpara), 6.78 (1H, d, CHorhox), 3.41 (3H, s, -OCH3), 3.10 (2H, s, -OCH,, THF), 1.17 (2H, s,
-CH,, THF). *C {"H} NMR (100.62 MHz, 298K, CsD6) & 169.9 (Cipso), 159.2 (Cortno), 142.3
(Creta), 127.2 (Crnetar), 121.8 (Cpara), 106.4 (Cortnor), 67.2 (-OCHs), 54.3 (-OCH,, THF), 25.2 (-
CH,, THF). "Li NMR (298K, C¢Ds, reference LiCl in DO at 0.00 ppm): & 3.28

Figure 7.4: Molecular structure of [(THF),Lis(0-CsHsOMe)s] (25) with 30% probability
ellipsoids. Hydrogen atoms and minor disordered component of THF have been omitted for

clarity.
7.3.9 Synthesis of [(THF),Li(0-CsH,OMe)ZnMe;] (26)

A solution of THF (10 mL) and anisole (0.54 mL, 5 mmol) was cooled to 0°C in an ice bath,
'‘BuLi (1.7 M in pentane, 2.9 mL, 5 mmol) was added to give a yellow solution, which was
stirred at 0°C for 25 minutes. Me,Zn (2 M in toluene, 2.5 mL, 5 mmol) was added, and the
solution slowly warmed to room temperature to give a very pale yellow solution, which was
stirred for 15 minutes. The solvent was removed in vacuo to yield a yellow oil (26), which

was analysed by *H, Li and *C{*H} NMR spectroscopy.

'H NMR (400.13 MHz, 298K, CgDg) & 8.26 (1H, d, CHpeta), 7.24 (1H, t, CHmetar), 7.17 (1H,
t, CHpara), 6.78 (1H, d, CHorno), 3.44 (3H, s, OCHs), 3.24 (8H, s, OCH,, THF), 1.21 (8H, s,
CH,, THF), -0.17 (6H, s, Zn(CHa),). *C{*H} NMR (100.62 MHz, 298K, C¢Dg) & 165.9
(Cipso)s 154.8 (ZN-Cortho), 142.8 (Cineta), 126.7 (Cinetar), 122.8 (Cpara), 110.0 (Cortnor), 67.8

208



Chapter 7: General experimental techniques and procedures

(OCH,, THF), 56.0 (OCHj3), 24.8 (CH,, THF), -8.6 (Zn(CHs),). ‘Li NMR (298K, CgDs,
reference LiCl in DO at 0.00 ppm): & 0.72

7.3.10 Synthesis of [(THF),Li,Zn(0-CsH,OMe)4] (27)

A solution of THF (10 mL) and anisole (0.54 mL, 5 mmol) was cooled to 0°C in an ice bath,
then '‘BuLi (1.7 M in pentane, 2.9 mL, 5 mmol) was added to give a yellow solution, which
was stirred at 0°C for 25 minutes. Me,Zn (2 M in toluene, 5 mL, 5 mmol) was added, and the
solution slowly warmed to room temperature to give a colourless solution, which was stirred
for 15 minutes, then the solvent was removed in vacuo, to give a yellow oil (26). Hexane (5
mL) was then introduced, to give an oily white solid. The addition of toluene (5 mL) gave a
white precipitate, and gently heating for a few minutes resulted in the formation of a yellow
solution, which was placed in a Dewar of hot water, and after standing overnight yielded a
white needle-like crystalline solid (27) (isolated yield 0.28 g, 9%; maximum possible yield =
25%).

'H NMR (400.13 MHz, 298K, CgDg) & 8.35 (3H, d, CHmets), 7.20 (3H, t, CHmetar), 7.10 (3H,
t, CHpara), 673 (3H, d, CHortho*), 324 (3H, S, OCHg), 316 (12H, t, OCHZ, THF), 123 (11H,
m, CH,, THF). 'Li NMR (298K, CgDs, reference LiCl in D,O at 0.00 ppm): & 0.96

7.3.11 Synthesis of [[TMEDA)L.i(0-CsH;sOMe)ZnMe;] (28)

A solution of hexane (10 mL), TMEDA (0.75 mL, 5 mmol) and anisole (0.54 mL, 5 mmol),
was cooled to 0°C in an ice bath. 'BuLi (1.7M in pentane, 2.9 mL, 5 mmol) was then added to
give a pale yellow solution, which was stirred at 0°C for 25 minutes, then Me,Zn (2 M in
toluene, 2.5 mL, 5 mmol) was added to afford a white precipitate. Toluene was introduced at
this stage (2 mL) and the mixture was gently heated until all the solid had dissolved, affording
a pale yellow solution. Allowing this solution to cool slowly to room temperature afforded a

crop of colourless crystals (28) (1.03 g, 62%).

'H NMR (400.13 MHz, 298K, CsDg) & 8.27 (1H, d, CHmeta), 7.23-7.19 (2H, m, CHpege+ and
CHypara), 6.77 (1H, d, CHorthox), 3.42 (3H, s, OCH3), 1.65 (12H, s, CHs, TMEDA), 1.62 (2H, s,
CH,, TMEDA), -0.14 (6H, s, Zn(CHs),). **C{*H} NMR (100.62 MHz, 298K, CsDs) & 166.0
(Cipso), 155.1 (ZN-Cortno), 142.9 (Crneta), 127.2 (Crnetar), 124.1 (Cpara), 113.9 (Cornor), 59.5
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(OCHs), 56.0 (CHz, TMEDA), 45.0 (CHs;, TMEDA), -9.2 (Zn(CHs),). 'Li NMR (298K,
CeDes, reference LiCl in D,O at 0.00 ppm): 6 0.67

7.3.12 Synthesis of [(THF)sLi(0-CsHsOMe)Zn'Bus,] (29)

A solution of THF (4 mL) and anisole (0.22 mL, 2 mmol)was cooled to 0°C in an ice bath,
then 'BuLi (1.7 M in pentane, 1.2 mL, 2 mmol) was then added to give a yellow solution
which was stirred at 0°C for 50 minutes. A solution of ‘Bu,Zn (0.36 g, 2 mmol in 10 mL THF)
was added via canula, and the solution was slowly warmed to room temperature, and allowed
to stir for 30 minutes. The solution was then placed in the freezer overnight. The solvent was
removed in vacuo to yield a yellow oil (29), which was analysed by *H, ‘Li and “*C{*H}

NMR spectroscopy.

'H NMR (400.13 MHz, 298K, C¢Dg) & 7.26 (1H, d, CHmeta), 7.14 (1H, t, CHuetar), 6.80 (1H,
t, CHpara), 6.74 (1H, d, CHorhor), 3.43 (3H, s, OCHg), 3.13 (12H, t, OCH,, THF), 1.58 (18H, s,
CHs, 'Bu), 1.38 (12H, m, CH,, THF). *C{*H} NMR (100.62 MHz, 298K, CsDg)8 167.0
(Cipso), 147.8 (Zn-Cortno), 140.9 (Crneta), 129.7 (Crnetar), 122.5 (Cpara), 110.6 (Cortho), 68.3
(OCH,, THF), 56.3 (OCH3), 36.6 (CHs, 'Bu), 25.4 (CH,, THF), 24.2 (Zn-C, 'Bu). 'Li NMR
(298K, CgDg, reference LiCl in D,O at 0.00 ppm): 6 -0.28.

7.3.13 Synthesis of [[PMDETA)Li(0-CsH4sOMe)Zn'Bus,] (30)

A solution of hexane (10 mL), PMDETA (0.42 mL, 2 mmol) and anisole (0.54 mL, 5 mmol),
was cooled to 0°C in an ice bath, then 'BuLi (1.7 M in pentane, 2.9 mL, 5 mmol) was added to
give a pale yellow solution, which was stirred at 0°C for 25 minutes. A solution of 'Bu,Zn
(0.36 g, 2 mmol in 10 mL hexane) was added, to afford two layers, a yellow oil and a
colourless solution. The reaction mixture was warmed slowly to room temperature and stirred
for 1 hour. The solvent was then removed in vacuo, and toluene (3 mL) added. Gentle heating
afforded an orange solution, which was left in a Dewar filled with hot water overnight,

resulting in the formation of small cubic crystals of 30 (0.32 g, 34%).

'H NMR (400.13 MHz, 298K, CsDg) & 8.18 (1H, d, CHpeta), 7.19 (1H, t, CHyara), 7.06 (1H, t,
CHumeta+), 6.21 (1H, d, CHortho), 3.83 (3H, s, OCHg), 1.81 (3H, s, CH3, PMDETA), 1.75 (18H,
s, CHs, 'Bu), 1.65 (8H, m, CH,, PMDETA), 1.63 (12H, s, CHs, PMDETA). 2¥C{'H} NMR
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(100.62 MHz, 298K, CgDs) & 163.4 (Cipso), 157.3 (Zn-Cortho), 140.6 (Crmeta), 124.0 (Crnetar),
122.3 (Cpara), 112.6 (Cortho), 57.0 (CH,, PMDETA), 56.9 (OCHs), 56.0 (CH,, PMDETA),
45.3 (CHs, PMDETA), 44.1 (CH3, PMDETA), 37.1 (CHs, 'Bu), 24.4 (Zn-C, 'Bu). 'Li NMR
(298K, CgDg, reference LiCl in DO at 0.00 ppm): 6 - 0.15.

7.3.14 Synthesis of [(THF)LiI(TMP)ZnMe;] (32)

Me,Zn (2 M in toluene, 2 mL, 4 mmol) was added to a solution of Li(TMP) [prepared in situ
by reaction of "BuLi (1.6 M solution in hexane, 2.5 mL, 4 mmol) and TMP(H) (0.68 mL, 4
mmol)] to afford a white precipitate. After stirring for a further 15 minutes, THF (0.33 mL, 4
mmol) was added to give a yellow solution. This solution was concentrated by removing
some solvent under vacuum and placed in the freezer (-30°C). A crop of colourless crystals of
32 were deposited overnight (0.12 g, 10%; NMR analysis of the filtrate showed the formation

of 32 is almost quantitative).

'H NMR (400.13 MHz, 298K, CsDg) & 3.26 (4H, t, -OCH,, THF), 1.91 (2H, bs, H,, TMP),
1.66 (4H, bs, Hg, TMP), 1.45 (7H, bs, a-CHs, TMP), 1.21 (5H, m, -CH,, THF), 1.10 (6H, bs,
a-CHs, TMP), -0.36 (6H, s, -Zn(CHs),). **C {H} NMR (100.62 MHz, 298K, CsDs) & 68.78
(-OCH,, THF), 55.12 (C,, TMP), 41.44 (Cp, TMP), 36.25, 31.12 (CH3, TMP), 25.27 (-CHb,
THF), 20.01 (Cy, TMP), -6.88 (-Zn(CHs),). 'Li NMR (298K, C4Dg, reference LiCl in D,O at
0.00 ppm): 6 1.53.

7.3.15 Synthesis of [(THF);Mg(n-Cl),Zn(‘Bu)(CI)] (34)

A solution of tert-butylmagnesium chloride (1 M in THF, 2 mL, 2 mmol) in THF (10 mL)
was cooled to 0°C, and zinc chloride (1 M in diethyl ether, 2 mL, 2 mmol) was added
dropwise, resulting in the formation of a white precipitate. After stirring for 1 hour at 0°C, the
solid [{Mg(THF)e}**{Zn,Cls}]* (33) was removed by filtration (average yield based on
ZnCl, 0.49 g, 62%). The filtrate was concentrated in vacuo (to approx. 3 mL), and then
hexane (2 mL) was added. The resulting colourless solution was then transferred to the freezer
(-30°C) and after 48 hours a crop of colourless crystals (34) were isolated (average isolated
yield 0.05 g, 5%:; the isolated yield could be improved to ~95% by reacting ‘BuZnCl (2 mmol)
with MgCl, (2 mmol) in THF).
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'H NMR (400.13 MHz, 298K, dg-THF) & 3.63 (16H, m, OCH,, THF), 1.77 (16H, m, CH,,
THF), 0.99 (9H, s, C(CHas)3). *C{*H} NMR (100.62 MHz, 298K, dg-THF) & 68.2 (OCH,,
THF), 33.6 (C(CHs)s3), 26.2 (CH,, THF), 21.9 (C(CH3)3)

7.3.16 Synthesis of [{(THF).Mg(u-Cl)3ZnR},] (36-39)

Synthesis of 36 (R = 'Bu): To a solution of 'BuMgCl (5 mL of 1 M solution in THF 5 mmol)
in toluene (45 mL) was added ZnCl, (0.680 g, 5 mmol), and the resulting suspension was
stirred at room temperature for 20 hours. The solid was removed by filtration, then the filtrate
slowly concentrated in vacuo, and left to stand at room temperature. After 24 hours a crop of
colourless crystals of 36 was obtained (0.524 g, 26% vyield).

'H NMR (400.13 MHz, 298K, dg-THF) & 3.62 (m, 13H, OCH, THF), 1.77 (m, 13H, CH,
THF), 1.01 (t, 18H, C(CHas)s, Zn-Bu). *C{*H} NMR (100.62 MHz, 298K, ds-THF) & 68.48
(OCHy, THF), 33.74, (C(CHa)3, Zn-'Bu), 26.60 (CH,, THF), 22.01 (C(CHa)s, Zn-'Bu).

Synthesis of 37 (R = "Bu): To a solution of "BuMgCI (1 mL of 2 M solution in THF 2 mmol)
in THF (10 mL) was added ZnCl; (0.272 g, 2 mmol), and the resulting suspension was stirred
at room temperature for 2 hours. The solvent was then concentrated in vacuo to approximately
2 mL, and toluene (30 mL) added. The resulting suspension was stirred for 1h at room
temperature, then the solid removed by filtration. The filtrate was slowly concentrated in
vacuo, and left to stand at room temperature. After 24 hours a crop of colourless crystals of 37
was obtained (0.197 g, 24% yield).

'H NMR (400.13 MHz, 298K, dg-THF) & 3.61 (m, 12H, OCH, THF), 1.75 (m, 12H, CH,
THF), 1.48 (m, 4H, Zn-CH,CH,CH,CH3), 1.25 (m, 4H, Zn-CH,CH,CH,CHs), 0.82 (t, 9H,
Zn-CH,CH,CH,CHs), 0.14 (t, 4H, Zn-CH,CH,CH,CHj3). *C{*H} NMR (100.62 MHz, 298K,
ds-THF) & 68.50 (OCH,, THF), 32.02 (Zn-CH,CH,CH,CHs), 30.12 (Zn-CH,CH,CH,CHy),
26.50 (CH,, THF), 14.64 (Zn-CH,CH,CH,CH3), 10.09 (Zn-CH,CH,CH,CH3).

Synthesis of 38 (R = Et): To a solution of EtMgCI (2 mL of 2 M solution in THF 4 mmol) in

toluene (40 mL) was added ZnCl;, (0.544 g, 4 mmol), and the resulting suspension was stirred

at room temperature for 20 hours. The solid was removed by filtration, then the filtrate slowly
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concentrated in vacuo, and left to stand at room temperature. After 24 hours a crop of

colourless crystals of 38 was obtained (0.493 g, 33% vyield).

'H NMR (400.13 MHz, 298K, dg-THF) & 3.61 (m, 12H, OCH, THF), 1.76 (m, 12H, CH,
THF), 1.12 (t, 6H, CHs, Zn-Et), 0.06 (q, 4H, CH,, Zn-Et). *C{*H} NMR (100.62 MHz,
298K, dg-THF) & 68.51 (OCH,, THF), 26.57 (CH,, THF), 13.11, (CH3, Zn-Et), 0.98 (CH,,
Zn-Et).

Synthesis of 39 (R = 0-C¢H4OMe): To a solution of (0-MeO-C¢HsMgCl (2 mL of 1 M
solution in THF 2 mmol) in THF (10 mL) was added ZnCl, (0.272 g, 2 mmol), and the
resulting suspension was stirred at room temperature for 2 hours. The solvent was then
concentrated in vacuo to approximately 2 mL, and toluene (30 mL) added. The resulting
suspension was stirred for 1 hour at room temperature, then the solid removed by filtration.
The filtrate was slowly concentrated in vacuo, and left to stand at room temperature. After 24
hours a crop of colourless crystals of 39 were obtained (0.303 g, 34% yield).

'H NMR (400.13 MHz, 298K, dg-THF) & 7.39 (d, 2H, CHmeta), 7.01 (t, 2H, CHyara), 6.73 (1,
2H, CHpmeta), 6.66 (d, 2H, CHorthox), 3.66 (s, 6H, OCHz), 3.62 (m, 12H, OCH, THF), 1.75 (m,
13H, CH; THF). ®C{*H} NMR (100.62 MHz, 298K, dg-THF) & 166.76 (Cipso), 142.41
(Cortho), 140.20 (Cret), 127.92 (Cryeta), 121.17 (Cpara), 109.29 (Cortnos), 68.48 (OCH,, THF),
55.38 (OCHs), 26.53 (CH,, THF).

7.3.17 Synthesis of [{Mg.Cls(THF)s} {Zn'Bus}] (40)

Method 1: To a solution of tert-butylmagnesium chloride (3 mL of a 1 M solution in THF, 3
mmol) zinc chloride (0.136 g, 1 mmol) was added. The resulting colourless solution was
stirred at room temperature stirred for 3 hours, then transferred to the freezer (-30°C). After 24
hours a crop of colourless crystals of [(THF);sMgCl,] were isolated (0.357 g, 0.9 mmol). The
solvent was removed from the filtrate in vacuo, hexane (1 mL) and THF (1 mL) added, and
the resulting solution returned to the freezer for 48 hours. A batch of colourless crystals of 40
were isolated (crystalline yield = 0.09 g, 11%).

Method 2: To a solution of tert-butylmagnesium chloride (1 M solution in THF, 4 mL,
4mmol) was added Zn'Bu, (0.72 g, 4 mmol in 20 mL THF) and MgCl, (0.360 g), and the

resulting solution stirred for 2 hours at room temperature. The solvent was then removed in
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vacuo, THF (4 mL) and hexane (3 mL) added, then placed in the freezer (-30°C) overnight,
from which a batch of colourless crystals of 40 were obtained (typical crystalline yield = 2.05
g, 62%).

Method 3: Crystalline [(Et,0),Mg'Bu,] (0.870 g, 3 mmol) was dissolved in THF (20 mL) and
ZnCl; (0.272g, 2 mmol) added. After stirring for 2 hours at room temperature the solution was
concentrated in vacuo, and hexane (2 mL) added, and the resulting solution placed in the
freezer for several days. A batch of colourless crystals of 40 were isolated (crystalline yield =
0.474 g, 29%).

'H NMR (400.13 MHz, 298K, dg-THF) & 3.63 (24H, m, OCH,, THF), 1.77 (24H, m, CH,,
THF), 0.97 (1.91H, s, C(CHa)s, 'BuyZn), 0.91 (23.4 H, s, C(CHs)s {Zn'Bus}), 0.89 (0.59H, s,
C(CHs)3, 'BuMgCl), 0.87 (0.42H, s, C(CHs)s, 'BuMgCl). *C{*H} NMR (100.62 MHz, 298K,
ds-THF) & 68.5 (OCH,, THF), 36.8 (C(CHs)s, {Zn'Bus}), 35.9 (C(CHs)s, 'BuMgCl), 35.2
(C(CHa)3, 'BuMgClI), 33.1 (C(CHa)s, 'Bu,Zn), 26.5 (CH,, THF), 25.4 (C(CHs)s, '‘Bu,Zn), 24.2
(C(CHa)3, {Zn'Bus}), 15.8 (C(CHs)3, 'BuMgCl), 15.2 (C(CHs)s, 'BuMgCl).

7.3.18 Synthesis of [{Mg,Clz(THF)e} {Zn,Ets}] (41)

To a solution of ethylmagnesium chloride (5 mL of a 2 M solution in THF, 10 mmol) in THF
(2 mL) zinc chloride (0.544 g, 4 mmol) was added, giving a suspension, which was stirred for
3 hours at room temperature. The precipitate ([(THF);MgCl,]) was then removed by filtration,
and the filtrate concentrated in vacuo (to approx. 2 mL), hexane (1 mL) was added and then
transferred to the freezer (-30°C). After 48 hours a crop of colourless crystals of
[(THF);MgCl,] and 41 was isolated. Compound 41 could also be prepared using an
alternative co-complexation route by reacting EtMgCI (2.5 mL of a 2 M solution in THF, 5
mmol) with ZnEt, (5 mL of a 1 M solution in hexane, 5 mmol) using THF as a solvent (10
mL), which allowed the isolation of 41 (0.96 g, 21%, maximum possible yield 50%) in pure
crystalline form. Better yields could be obtained when the reaction was carried out using a 1:2
ratio of EtMgCI/ZnEt; (1.96 g, 45%).

'H NMR (400.13 MHz, 298K, dg-THF) & 3.64 (m, 24H, OCH, THF), 1.76 (m, 24H, CH,
THF), 1.09 (t, 15H, CHs, Zn-Et), -0.21 (g, 10H, CH,, Zn-Et). *C{*H} NMR (100.62 MHz,
298K, dg-THF) & 68.47 (OCH,, THF), 26.37 (CH,, THF), 13.59, (CHs, Zn-Et), 0.79 (CH,,
Zn-Et).
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7.3.19 Synthesis of [{Mgs(OEt),Brs(THF)s} {Zn,Ets}] (42)

To a solution of ethylmagnesium bromide (2 mL of a 1 M solution in THF, 2 mmol) in THF
(10 mL) diethylzinc (4 mL of a 1 M solution in hexanes, 4 mmol) was added dropwise. The
resulting colourless solution was stirred for 1 hour at room temperature, concentrated in vacuo
(to approx. 3 mL) and then transferred to the freezer (-30°C). After 24 hours a crop of
colourless crystals of [(THF)4sMgBr,] were isolated (0.14 g, 0.3 mmol). The solvent was
removed from the filtrate in vacuo, hexane (1 mL) and THF (1 mL) added, and then returned
to the freezer (-30°C). After 48 hours a crop of colourless crystals of 42 were isolated (0.17 g,
24 %).

'H NMR (400.13 MHz, 298K, dg-THF) & 3.81 (bs, 4H, OCH,, Zn-OEt), 3.61 (m, 24H, OCHs,
THF), 1.77 (m, 24H, CH,, THF), 1.19 (m, 9H, CH3, Zn-OEt) 1.13 (t, 15H, CH3, Zn-Et), -0.19
(bs, 10H, CH,, Zn-Et). *C{*H} NMR (100.62 MHz, 298K, ds-THF) & 68.22 (OCH,, THF),
58.20 (OCH,, Zn-OEt), 26.32 (CH,, THF), 21.73 (CHs, Zn-OEt), 12.56, (CHs, Zn-Et), 1.93
(CH,, Zn-Et).

7.3.20 Synthesis of [{Mg,Cl3(THF)s} {Mg(OC(Et)Ph,).CI3(THF)}] (44)

Method 1: To a solution of ethylmagnesium chloride (2 M solution in THF, 1 mL, 2 mmol) in
THF (5 mL) was added diethylzinc (2 mL of a 1 M solution in hexanes, 2 mmol). The
resulting solution was stirred for one hour at room temperature, cooled to 0°C in an ice bath,
and then benzophenone (43) (0.364 g, 2 mmol) was added, to give a pink solution which after
stirring for one hour at 0°C turned light yellow. Approximately half of the solvent was
removed in vacuo and hexane (2 mL) was then introduced. The resulting solution was
transferred to a freezer (-30°C). After 24 hours a crop of colourless crystals of 44 was isolated
(isolated yield = 0.286 g, 21%).

Method 2: Compound 44 could alternatively be prepared by reacting isolated crystals of 41
(0.863 g, 1 mmol) with benzophenone (43) (0.182 g, 1 mmol) in THF solution (3 mL). The
reaction mixture was stirred for one hour at 0°C, affording a light yellow solution which on
cooling deposited a crop of crystals of 44 (isolated yield = 0.284 g, 41%).

Method 3: To a solution of ethylmagnesium chloride (2 M solution in THF, 2 mL, 4 mmol) in
THF (10 mL) was added zinc chloride (1 M solution in diethylether, 0.4 mL, 0.4 mmol). The

resulting solution was stirred for one hour at room temperature, cooled to 0°C in an ice bath,
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and then benzophenone (43) (0.728 g, 4 mmol) was added, to give a deep pink/red solution
which after stirring for one hour at 0°C turned light yellow. Approximately half of the solvent
was removed in vacuo and hexane (2 mL) was then introduced. The resulting solution was
transferred to a freezer (-30°C). After 24 hours a crop of colourless crystals of 44 was isolated
(typical isolated yield = 0.588 g, 23%).

'"H NMR (400.13 MHz, 298K, dg-THF) & 7.47 (d, 8H, Hortno), 7.23 (t, 8H, Hera), 7.13 (t, 4H,
H para), 3.61 (M, 28H, OCH, THF), 2.46 (q, 4H, CHy, Zn-Et), 1.76 (m, 28H, CH, THF), 0.74
(g, 6H, CHa, Zn-Et). *C{*H} NMR (100.62 MHz, 298K, dg-THF) & 149.77 (Cipso), 128.96
(Cortho), 128.31 (Crreta), 126.85 (Cpara), 80.79 (C-O), 68.36 (OCH,, THF), 37.17 (CH,, Et),
26.39 (CH,, THF), 10.96 (CHs, Et).

7.3.21 Synthesis of [{(THF)sMgsCl{{OC(H)Ph(CF2)}.] (50)

To a solution of ethylmagnesium chloride (2 M solution in THF, 2 mL, 4 mmol) in THF (10
mL) was added 2,2,2-trifluoroacetophenone (47) (0.56 mL, 4 mmol), affording a pale yellow
solution. After stirring for one hour at room temperature, the solvent was removed in vacuo.
THF (8 mL) and hexane (1 mL) were then introduced. The resulting pale yellow solution was
placed in a refrigerator (5°C). After 24 hours a crop of colourless crystals of 50 was obtained
(0.459 g, 24%).

'H NMR (400.13 MHz, 298K, dg-THF) & 7.74 (m (broad), 2H, Hortho), 7.25-7.38 (m (broad),
3H, Hmeta and Hpara), 5.41 (m (broad), 1H, CH), 3.61 (m, 9H, OCH,, THF), 1.77 (m, 9H,
CH,, THF). *C{"H} NMR (100.62 MHz, 298K, dg-THF) & 140.57 (Cipso), 130.11 (Cortho),
128.93 (Creta), 128.78 (Cpara), 75.43 (g, C-O, 31.9 Hz), 67.62 (OCH,, THF), 25.42 (CHb,
THF) (due to the moderate solubility of 48 in dg-THF the relevant resonance for the CF;
group could not be detected) . **F{*"H} NMR (376.36 MHz, 298K, dg-THF) & -77.19 and -
77.40 (CF3).

7.3.22 General procedure for alkylation studies of 2,2,2-trifluoroacetophenone (47)

To a Schlenk tube was added 1 mmol of the required metal salt(s) (MX, where MX = LiCl
(0.042 g), ZnCl, (0.136 g), MgCl; (0.095 g) or (TMEDA)ZnCl, (0.252 g)) along with THF

(10 mL), and the resulting suspension was sonicated for 1 hour to give a solution. To this
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solution was then added 1 mmol of the relevant organometallic species (RMX, where RMX =
[(THF),Mg(u-Cl)2Zn(Et)(Cl)]2 (38) (0.416 g), EtMQCI (0.5 mL of a 1M solution in THF) or
EtLi (2 mL of a 0.5M solution in benzene/cyclohexane 90:10), and the resulting solution
stirred for 1 hour at room temperature. The solution was then cooled to 0°C and 2,2,2-
trifluoroacetophenone (47) (135 pL, 1 mmol) was then introduced. The reaction mixture was
stirred for 2 hours at 0°C, then allowed to warm slowly to room temperature and stirred for a
further 24 hours. The resulting solution was then quenched with a concentrated NH,Cl
solution, and the yields of the products and starting material were quantified by *H NMR
spectroscopy and GC-FID chromatography of the crude reaction mixture, using ferrocene

(0.093 g, 0.5 mmol) as an internal standard.
7.3.23 Synthesis of [{Mg,Clz(THF)s} {Zn(p-CsHsMe) 337 (52)

Compound 40 was generated in situ by adding Zn'Bu, (0.36 g, 2 mmol in 10 mL THF) to a
solution of tert-butylmagnesium chloride (1 M solution in THF, 2 mL, 2mmol), and the
resulting solution stirred for 1 hour at room temperature. 4-iodotoluene (1.308g, 6 mmol) was
then introduced and the resulting yellow solution stirred for 30 minutes at room temperature.
The volatiles (including 'Bul) were then removed in vacuo, then THF (20 mL) was added and
the solution stirred at room temperature for one hour. The solution was concentrated in vacuo,
and then transferred to the freezer for 48 hours. A batch of colourless crystals of 52 were

isolated (average crystalline yield = 0.994 g, 60%).

'H NMR (400.13 MHz, 298K, ds-THF) & 7.67 (6H, d, CHortno), 6.87 (6H, d, CHuet), 3.61
(24H, m, OCHy, THF), 2.21 (9H, s, CH3), 1.77 (24H, m, OCH,, THF). *C{*H} NMR (100.62
MHz, 298K, dg-THF) & 162.8 (Zn-Cipso), 141.3 (Corino), 133.0 (Cpara), 127.5 (Creta), 68.5
(OCH,, THF), 26.6 (CH,, THF), 22.0 (CHs).

7.3.24 Cross-coupling reaction of 52 with iodobenzene

Isolated crystals of 52 (2.779 g, 3 mmol) (prepared as described above) were dissolved in
THF (10 mL), to which was added a solution of [PdCI,(dppf),] (0.054 g, 2.5 mol%) and
lodobenzene (0.34 mL, 3 mmol) in THF (10 mL), affording a yellow suspension, which was
stirred at room temperature for 24 hours. The reaction was quenched with saturated NH,CI,

extracted with Et;O (3 x 15 mL) and dried over MgSO,. The solvent was removed in vacuo,
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and the crude product purified by column chromatography (SiO,, hexane). The product, 4-
methylbiphenyl (53) (0.464 g, 92%) was obtained as a white solid.

'H NMR (400.13 MHz, 298K, CDCls) & 7.58 (2H, d, Ho), 7.50 (2H, d, Hp), 7.43 (2H, t, Hy),
7.33 (1H, t, He), 7.26 (2H, d, Ha), 2.41 (3H, s, CH3). “C{*H} NMR (100.62 MHz, 298K,
CDCls) 5 141.2 (Cy), 138.4 (Cy), 136.9 (Ch), 129.5 (C,), 128.7 (Cy), 126.9 (Cp and C.), 126.8
(Ce), 21.0 (CHs).

7.3.25 General procedure for monitoring Zn-1 exchange reactions of 40 with

functionalised aryl iodide substrates in dg-THF

Isolated crystals of 40 (0.103 g, 0.125 mmol, prepared as described in Chapter 7.3.17) were
placed in an NMR tube and dissolved in dg-THF (0.5 mL). The sample was then analysed by
'H NMR spectroscopy to confirm the purity of the zincate. To the NMR tube was then added
X equivalents (x = 1-3) of the relevant aryl iodide substrate (0.125-0.375 mmol). Analysis of
the reaction was then performed *H NMR spectroscopy as quickly as possible after the
addition of the substrate (after approximately 15-30 minutes), and again 2 hours after
addition, and at any required time interval thereafter. The extent of Zn-l1 exchange was
determined by the relative integration of the aromatic resonances of the unreacted substrate

with those of the Zn-Ar species.

7.3.26 General procedure for Zn-1 exchange reactions of 40 with functionalised aryl

iodide substrates followed by Negishi cross-coupling with iodobenzene

To a THF solution of 40 (1.1 mmol, prepared either by metathesis reaction of 3.3 eq. of
'BuMgClI with ZnCl,, or co-complexation of 1.1 eq. 'BuMgCl and 1.1 eq. Zn'Bu, — see
Chapter 7.3.17) was added x equivalents (x = 1,2 or 3) of the relevant aryl iodide substrate
(1-3 mmol). The reaction was stirred for 30 minutes at room temperature, followed by the
removal of the solvent and volatiles in vacuo. THF (5 mL) was then added, and the reaction
stirred for a further 2 hours at room temperature, followed by the addition of [PdCl,(dppf)]
(0.054 g, 2.5 mol%) and iodobenzene (0.12-0.34 mL, 1-3 mmol), and the reaction mixture
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stirred for a further 24 hours at room temperature. The reaction was quenched with saturated
NH,4CI, extracted with Et,O (3 x 15 mL) and dried over MgSO,. The solvent was removed in
vacuo, and the crude product purified by column chromatography (SiO,, hexane/Et,0). For

isolated product yields and NMR data see below.

(a) 4-methylbiphenyl (53)

Reaction performed with 3 equivalents of 4-iodotoluene (51) (0.654 g, 3 mmol) resulted in the
isolation of the desired product (53) as a white solid (0.3985 g). Analysis by GC-MS and
NMR spectroscopy indicated the presence of some of the homo-coupled species 4.,4’-
dimethylbiphenyl, which could not be separated from the desired product by column
chromatography. The purity of the sample was determined by GC-MS to be 82%, giving the
final isolated yield of 53 (0.3298 g, 65% yield).

'H NMR (400.13 MHz, 298K, CDCl3) 5 7.58 (2H, d, Hc), 7.50 (2H, d, Hp), 7.43 (2H, t, Hy),
7.33 (1H, t, H), 7.26 (2H, d, Ha), 2.41 (3H, s, CHs). C{*H} NMR (100.62 MHz, 298K,
CDCl3) & 141.2 (Cy), 138.4 (Cy), 136.9 (Cy), 129.5 (C,), 128.7 (Cy), 126.9 (Cy and C¢), 126.8
(Ce), 21.0 (CHy).

(b) 3-methylbiphenyl (56)

Reaction performed with 3 equivalents of 3-iodotoluene (54) (0.39 mL, 3 mmol) resulted in
the isolation of the desired product (56) as a colourless liquid (0.3600 g). Analysis by GC-MS
and NMR spectroscopy indicated the presence of a small amount of the homo-coupled species
3,3’-dimethylbiphenyl, which could not be separated from the desired product by column
chromatography. The purity of the sample was determined by GC-MS to be 91%, giving the
final isolated yield of 3-methylbiphenyl (56) (0.3276 g, 65% yield).

'H NMR (400.13 MHz, 298K, CDCls) & 7.60 (2H, d, Hc), 7.44 (4H, m, Hg, Hy and Hy), 7.35
(2H, m, Ha, He), 7.18 (1H, d, H;), 2.44 (3H, s, CHa). *C{*H} NMR (100.62 MHz, 298K,
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CDCl3) § 141.4 (Cy), 141.2 (Cy), 138.3 (Cy), 128.7 (Cq), 128.6 (C.), 128.0 (Cy and C;), 127.2
(Cc and C,), 124.3 (Cp) 21.5 (CHa).

(c) 2-methylbiphenyl (57)

Reaction performed with 3 equivalents of 2-iodotoluene (55) (0.39 mL, 3 mmol) resulted in
the isolation of the desired product (57) as a pale orange liquid (0.3258 g). Analysis by GC-
MS and NMR spectroscopy indicated the presence of a small amount of the homo-coupled
species 2,2’-dimethylbiphenyl, which could not be separated from the desired product by
column chromatography. The purity of the sample was determined by GC-MS to be 93%,
giving the final isolated yield of 2-methylbiphenyl (57) (0.3030 g, 60% yield).

'H NMR (400.13 MHz, 298K, CDCls)  7.58 (2H, d, Hc), 7.50 (2H, d, Hy), 7.43 (2H, t, Ha),
7.33 (1H, t, Hy), 2.30 (3H, s, CHa). *C{*H} NMR (100.62 MHz, 298K, CDCl3) & 142.0 (Cy),
141.9 (Cy), 135.4 (Cp), 130.3 (Cy), 129.8 (Cy), 129.2 (Cq), 128.1 (Co), 127.3 (Ce), 126.8 (Cp),
125.8 (C,) 20.3 (CHa).

(d) 2-methoxybiphenyl (61)
Reaction performed with 3 equivalents of 2-iodoanisole (58) (0.36 mL, 3 mmol) resulted in

the isolation of the desired product (61) as an orange liquid (0.4226 g, 76%).

'"H NMR (400.13 MHz, 298K, CDCl3) & 7.54 (2H, d, Hc), 7.42 (2H, t, Hy), 7.33 (3H, m, H;,
Hp, He), 7.05 (1H, t, Hy), 7.00 (1H, d, H;), 2.83 (3H, s, OCH3). *C{*H} NMR (100.62 MHz,
298K, CDCl3) & 156.5 (Cp), 138.5 (Cy), 130.8 (Cy), 130.9 (C)), 129.5 (C.), 128.6 (Cp), 128.0
(Cq), 126.9 (Ce), 120.8 (C,), 111.2 (C;), 55.6 (OCHs).
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(e) 3-methoxybiphenyl (62)
Reaction performed with 3 equivalents of 3-iodoanisole (59) (0.702 g, 3 mmol) resulted in the
isolation of the desired product (62) as a colourless liquid (0.4225 g, 76%).

'H NMR (400.13 MHz, 298K, CDCls) & 7.61 (2H, d, Hc), 7.45 (2H, t, Ha), 7.37 (2H, m, H,
and He), 7.20 (1H, d, Hy), 7.14 (1H, d, Hy), 6.92 (1H, dd, H;), 3.88 (3H, s, OCHs). *C{*H}
NMR (100.62 MHz, 298K, CDCl3) & 159.9 (Ci), 142.8 (Cy), 141.1 (Cr), 129.7 (C,), 128.7
(Ca), 127.4 (Ce), 127.2 (C¢), 119.7 (Cp), 112.9 (Cy), 112.7 (C;), 55.3 (OCH).

(f) 4-methoxybiphenyl (63)
Reaction performed with 3 equivalents of 4-iodoanisole (60) (0.654 g, 3 mmol) resulted in the
isolation of the desired product (63) as a white solid (0.4340 g, 79%).

'H NMR (400.13 MHz, 298K, CDCls) 5 7.56 (2H, d, Hc), 7.54 (2H, d, Ha), 7.43 (2H, t, Hy),
7.31 (1H, t, He), 6.99 (2H, d, Hy), 3.89 (3H, s, OCH3). *C{*H} NMR (100.62 MHz, 298K,
CDCl3) & 159.1 (Cy), 140.8 (Cy), 133.8 (Cy), 128.7 (Ce), 128.1 (Ca), 126.7 (Cq), 126.6 (Cy),
114.2 (Cy), 55.3 (OCHsa).

(9) 2-cyanobiphenyl (70)

Reaction performed with 3 equivalents of 2-iodobenzonitrile (65) (0.687 g, 3 mmol) resulted
in the isolation of the desired product (70) as a pale yellow oil (0.1667 g, 31%). When 2
equivalents of 65 (0.458 g, 2 mmol) were employed, 70 was obtained an isolated yield of 30%
(0.1067 g). When 1 equivalent of 65 (0.229 g, 1 mmol) was employed, 70 was obtained in an
isolated yield of 14% (0.0248 g).
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'H NMR (400.13 MHz, 298K, CDCl3) & 7.79 (1H, d, Hi), 7.66 (1H, t, Hy), 7.57 (2H, d, Hy),
7.55 (1H, d, Hy), 7.51 (2H, d, H), 7.48 (1H, t, He), 7.46 (1H, t, Hp). *C {"H} NMR (100.62
MHz, 298K, CDCl3) & 145.5 (Cg), 138.1 (Cy), 133.8 (Cj), 132.8 (Cy), 130.0 (Cp), 128.7 (C.,
Ca, Ce), 127.5 (C;), 118.7 (CN), 111.3 (Cy).

(h) 3-cyanobiphenyl (71)
Reaction performed with 3 equivalents of 3-iodobenzonitrile (66) (0.687 g, 3 mmol) resulted

in the isolation of the desired product (71) as a colourless liquid (0.4034 g, 75%).

'H NMR (400.13 MHz, 298K, CDCls) 5 7.88 (1H, t, Hy), 7.82 (1H, dt, H;), 7.64 (1H, dt, Hy),
7.58 (1H, t, Ha), 7.56 (2H, d, Ho), 7.49 (2H, t, Hg), 7.43 (1H, t, He). *C{*H} NMR (100.62
MHz, 298K, CDCls) & 142.5 (Cy), 138.9 (Cy), 131.5 (C;), 130.7 (Cp), 130.6 (Cp), 129.6 (Ca),
129.1 (Cy), 128.4 (Ce), 127.1 (Co), 118.8 (CN), 112.9 (C))

(i) 4-cyanobiphenyl (72)
Reaction performed with 3 equivalents of 4-iodobenzonitrile (67) (0.687 g, 3 mmol) resulted
in the isolation of the desired product (72) as a white solid (0.3806 g, 71%).

'H NMR (400.13 MHz, 298K, CDCl3) & 7.73 (2H, d, H), 7.71 (2H, d, Hy), 7.60 (2H, d, Ho),
7.50 (2H, d, Hg), 7.44 (1H, t, He). *C{*H} NMR (100.62 MHz, 298K, CDCl3) & 145.7 (C),
139.2 (Cy), 132.6 (Cy), 129.1 (Cy), 128.6 (C.), 127.7 (Cp), 127.2 (Cy), 118.9 (CN), 110.9 (Cp).

7.3.27 Synthesis of [{Zn(0-CsHsOMe)s} {Mg(THF)s}**] (64)

Compound 40 was generated in situ by adding Zn'Bu, (0.18 g, 1 mmol in 5 mL THF) to a
solution of tert-butylmagnesium chloride (1 M solution in THF, 1 mL, 1 mmol), which was
stirred for 1 hour at room temperature. 2-iodoanisole (58) (0.39 mL, 3 mmol) was then

introduced and the resulting pale yellow solution stirred for 30 minutes at room temperature.
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The volatiles (including 'Bul) were then removed in vacuo, then THF (6 mL) was added and
the resulting solution left to stand at room temperature overnight. A batch of colourless
crystals of 64 were isolated (typical crystalline yield = 0.360 g, 29%).

'H NMR (400.13 MHz, 298K, dg-THF) & 7.49 (6H, d, CHpeta), 6.93 (6H, t, CHpara), 6.71 (6H,
t, CHeta), 6.60 (6H, t, CHorthor), 3.70 (18H, s, OCHg), 3.62 (24H, m, OCH,, THF), 1.77
(24H, m, OCH,, THF). *C{"H} NMR (100.62 MHz, 298K, dg-THF) & 167.5 (MeO-Cips,),
150.4 (Zn-Cortno), 140.2 (Creta), 126.6 (Cpara), 121.2 (Creta), 10.3 (Corinor) 68.5 (OCH,, THF),
55.4 (OCHs), 26.6 (CH,, THF).

7.3.28 Synthesis of [(THF);MgCI{N=C-C¢H4}Znl(CsH4,CN)(THF)] (68)

Compound 40 was generated in situ by adding Zn'Bu, (0.18 g, 1 mmol in 5 mL THF) to a
solution of tert-butylmagnesium chloride (1 M solution in THF, 1 mL, 1 mmol), and the
resulting solution stirred for 1 hour at room temperature. To this was added 2-iodobenzonitrile
(65) (0.687 g, 3 mmol) and the resulting deep red solution stirred for 24 hours at room
temperature. The solvent and volatiles were removed in vacuo, THF (4 mL) added and the
resulting red solution placed in the freezer (-30°C) for several days, from which a crop of
colourless crystals of 68 (0.062 g, 8% yield) were obtained.

'H NMR (400.13 MHz, 298K, dg-THF) & 8.08 (2H, d, CHmet), 7.44 (2H, d, CHortnor), 7.34
(2H, t, CHpara), 7.09 (2H, t, CHpeta), 3.62 (30H, m, OCH,, THF), 1.77 (30H, m, OCH,, THF).
BC{'H} NMR (100.62 MHz, 298K, dg-THF) & 172.4 (Zn-Cipso), 141.6 (Crmeta), 132.1 (Cortno),
131.0 (Cpara), 125.9 (Cretar), 124.7 (Cipso) 120.6 (C-Zn), 68.5 (OCH,, THF), 26.6 (CHy, THF).
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Recent pioneering work from around the world has recognized the potential of mixed-metal
reagents in synthetic chemistry, revealing a number of advantages over conventional
monometallic reagents (e.g. RLi, RMgX, ZnR;) such as improved levels of reactivity,
selectivity and functional group tolerance, and often resulting in examples of unprecedented
chemoselectivity. These bimetallic reagents usually combine two metals of different polarity,
for example zinc with a more polar metal such as Li or Mg. Within the context of zincate
chemistry, and using a structurally focussed inorganic approach, this PhD programme was
designed with the main objective of advancing the understanding of how these mixed-metal
reagents operate in organic synthesis (in particular in deprotonative metallation, metal-
halogen exchange and nucleophilic addition reactions) as well as exposing some of the origins
of their unique chemical behaviour. To reach this target, a combination of different analytical
techniques have been employed, including X-ray crystallography (solid-state), multinuclear
NMR spectroscopy (solution chemistry) and DFT calculations (gas phase). For studies of the
solution phase (probably the most important of the three phases, as it is the one where the
reactions take place) NMR reaction monitoring techniques have been employed along with
diffusion-ordered NMR spectroscopy studies (DOSY).

Within the context of deprotonation chemistry, previous studies in the area of AMMZn have
identified the alkali metal TMP-zincates [(THF)Li(TMP)Zn'Bu] (1) and
[(TMEDA)Na(TMP)Zn'Bus,] (3) as versatile and highly regioselective reagents for performing
the direct zincation of aromatic molecules. Building on these previous studies, two new
synthetic applications of these bimetallic reagents has been reported. Prior to this work, all the
examples of AMMZn have been confined to aromatic (sp®) carbons. By investigating the
reactions of 1 and 3 with the aromatic molecule trimethyl(phenoxy)silane (12), the concept of
AMMZn has been extended to lateral metallation, providing the first example of a selective a-
zincation of 12. Conventional group | organometallic reagents fail to deprotonate this
substrate instead affording complicated mixtures of products, including substitution products
resulting from the Si-O bond cleavage, while organozinc reagents are inert towards this
substrate. However when the bimetallic bases 1 or 3 are employed, the selective removal of
one of the a-protons of the silane is accomplished at ambient temperature, leaving the Si-O

intact, constituting the first example of direct lateral zincation (DIZn) using these bimetallic
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bases. In order to shed some light on the mechanism involved in this intriguing deprotonation,
the reaction of “un-cocomplexed” mixtures of Li(TMP) and 'Bu,Zn with 12 was also
investigated revealing that initially, a mixed-metal complex where the silane acts as a donor

must be generated.

The applications of (TMP)dialkyl zincate 3 in the area of metallocene functionalisation have
also been investigated, using benzoylferrocene (17) as a case study. These investigations
show that at room temperature two different reactivity pathways are available for the
bimetallic reagent: (i) remote 1,6-nucleophilic addition of a tert-butyl group to the phenyl ring
of 17 and (ii) simultaneous a-deprotonation of the substituted cyclopentadienyl ring of the
metallocene and 1,2-addition of a tert-butyl anion to the electrophilic carbonyl group of the
ketone. The latter involves an unprecedented two-fold activation of the tert-butyl groups of
bimetallic base 3, where the two alkyl groups display strikingly different reactivities
(deprotonation vs. alkylation) towards the substrate, which is in sharp contrast to the lack of
reaction observed when 17 is treated with homometallic Zn'Bus.

Overall these findings highlight some of the complexity of these organometallic species and
the mechanisms involved in the reactions of alkali metal zincates as well as unveiling new
reactivity patterns for molecules 12 and 17 which are not available to any significant extent
using more conventional monometallic systems. Thus, there is a great scope for these alkali
metal zincates to act as bases towards other functionalised aromatic substrates which could
combine strong directing groups such as CN or CONR; with OSiMes groups, in order to
assess if DIZn can prevail over DoM, or if the combination of those functional groups may
direct the zincation towards an alternative site. Similarly, the extension of these metallation
studies to other molecules combining relatively acidic hydrogen atoms (therefore susceptible
towards C-H deprotonation) with an electrophilic benzoyl fragment (which can undergo 1,2-
or 1,6-addition reactions) would also be interesting in order to assess the metallating power of

these bimetallic reagents against their ability to promote remote nucleophilic additions.

In order to shed new light on the mechanisms involved for these TMP-zincates in DoM
reactions, the reaction of 1 with anisole (a classical substrate in DoM chemistry) was
investigated. Due to the heteroleptic nature of these zincates there has been a significant
amount of debate as to whether these reagents act as alkyl or amido bases. Definitive

structural elucidations of metallated intermediates show that for the vast majority of the
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aromatic substrates studied these zincates react overall as alkyl bases. Contrastingly, a number
of theoretical (DFT) studies have reported that a possible two-step mechanism could be taking
place, where the substrate is initially deprotonated by the amido ligand (due to the greater
kinetic reactivity of the Zn-N bonds) affording a reaction intermediate which could then react
with concomitantly generated TMP(H) giving rise to final metallated species and 'BuH. In an
attempt to further investigate this two-step mechanism, the proposed intermediate species
were prepared via a co-complexation approach, generating the new lithium dialkyl(aryl)
zincates [(THF),Li(0-CsH4sOMe)ZnMe;] (26) and [(THF)sLi(0-CsH4sOMe)Zn'Bus] (29).

Mimicking the second step of this proposed two-step mechanism, the reactivity of compounds
26 and 29 towards TMP(H) was then studied, providing the first tangible experimental
evidence that lithium TMP-zincate 1 operates via a two step mechanism for the AMMZn of
anisole. These reactivity studies also revealed the important role of the alkyl groups in
dialkyl(TMP)zincates [(THF)Li(TMP)(R)Zn(R)], which far from being just mere spectators,
play a crucial role in the final success of the metallation, by reacting with the concomitant
TMP(H) released in the first step of the reaction and therefore precluding the reversibility of
the metallation. In addition the importance of the Lewis donor ability of the solvent employed
in the reaction is also assessed showing that the use of a polar solvent such as THF diminishes
the yield of the final metallated product [(THF)Li(TMP)(0-CsH4sOMe)Zn'Bu] (2) since in the
second step of the reaction TMP(H) can also react with the ortho-metallated anisole ligand in
29. Thus, by providing a greater understanding of the mechanisms involved in the AMMZn of
aromatic molecules by TMP-dialkyl zincates, this study may contribute to further advances in
this area, helping to rationalise the unusual regioselectivities and conversions observed when

bimetallic base 1 and 3 are employed.

Moving away from alkali metal zincates, a number of recent reports have demonstrated the
influential role that inorganic salts can play in the reactivity of organometallic reagents. Thus
in the second part of this report, by isolating and structurally defining key organometallic
intermediates of salt metathesis reactions involving equimolar amounts of several Grignard
reagents with ZnCl,, the hidden complexity of this widely used methodology for preparing
organozinc reagents was exposed, resulting in the formation of mixed-metal magnesium zinc
species (Mg-Zn hybrids). Furthermore, a DFT computational study of these reactions reveals
that the formation of these hybrid species is energetically more favoured than the expected

homometallic products of this metathesis reaction (MgCl, and RZnCl), supporting the view
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that mixed-metal compounds of this type may be involved in or even responsible for

reactivities previously attributed to conventional monometallic organozinc species.

In addition, by performing the reactions of RMgCl (R= 'Bu, Et) with substoichiometric
amounts of ZnCl, (ratio of 3:1), mimicking the conditions employed in ZnCl, catalysed
reactions of Grignard reagents, the alkyl-rich magnesium zinc hybrids
[{Mg,Cls(THF)s} {Zn'Bus}] (40) and [{Mg,Cls(THF)s} {Zn,Ets}] (41) have been isolated
and structurally defined. DOSY NMR studies of 41 have revealed its intricate constitution in
THF solutions, which appears to be in a temperature-dependent equilibrium with a related
triethylzincate species and charge-neutral ZnEt,.(THF)x (x= 0-2). These results call for a
future systematic study of the metathesis reactions between high polarity organometallics with
other low polarity inorganic salts (e.g. AICl3, MnCl, or FeCls) as a new methodology for
preparing new bimetallic compounds. Results emerging from these studies can have important
implications in synthesis, in particular in catalysis since mixed Li-Fe and Mg-Fe compounds
have been previously proposed as the reactive intermediates involved in iron-catalysed cross
coupling reactions, while potential applications of mixed Mg-Al compounds in rechargeable

batteries have also been recently reported.

Having prepared several Mg-Zn hybrid reagents, their application the nucleophilic alkylation
of ketones was investigated. Thus, despite several organic studies on the preparation of
tertiary alcohols by reacting Grignard reagents with ketones in the presence of zinc salts, the
true constitution of the organometallic species involved in these reactions remained unclear.
By investigating the organometallic species involved prior to aqueous workup, it has been
demonstrated that magnesium penta(ethyl) zincate 41 is the active species responsible for
carrying out these alkylation reactions (both stoichiometrically and catalytically in the
presence of an excess of EtMgCI). Furthermore, structural elucidation of the alkylation
product  [{(THF)§Mg.Cls} {Mg,(OC(Et)Ph,),Cls(THF)}] (44) along with H NMR
monitoring of these reactions has provided valuable clues into how zinc can be recycled in
these catalytic processes. The success of this methodology can be described in terms of the
combined Lewis acid-Lewis base activation, where the cationic {(THF)sMg.Cls}" moiety acts
as a Lewis acid (activating the substrate) whereas the alkylating species is the zincate anion
{Zn,Ets} which is a much more powerful nucleophile than charge-neutral ZnEt, (Lewis base
activation). Building on these initial findings, a more detailed study should be directed

towards the development of new catalytic systems to enable chemoselective alkylation of a
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wide range of organic molecules containing C=0 and C=N bonds which should lead to the
formation of alkoxide and amide ligands which will preferentially bond to the high polarity
metal, allowing the low polarity catalyst to be recycled.

Also, by assessing the alkylation reactions of several equimolar organometallic combinations
towards 2,2,2-trifluoroacetophenone, greater conversions and levels of chemoselectivity have
been accomplished when the three metals Li, Zn and Mg (accompanied by Cl and alkyl
ligands) are present in the reaction mixture, hinting at the existence of a trilateral-
multicomponent-partnership which adds further level of intrigue to these reactions. These
findings provide important insights into the non-innocent role of inorganic salts on the
structure and reactivity of organometallic reagents in organic reactions, and should raise
awareness of the presence of these inorganic by-products when salt metathesis methodologies
are employed to generate organometallic reagents. Therefore further investigations should be
directed towards shedding new light on the complicated role that LiCl can play when added
to bimetallic compounds, which can modify both the structure and reactivity of these mixed-
metal species. Thus, the isolation and characterisation of these species in the solid-state and/or

in solution remains as a key goal in this area of mixed-metal chemistry.

Extending the applications of these Mg-Zn hybrid reagents, the reactivity of magnesium tri-
tert-butyl zincate 40 in metal-halogen exchange reactions, one of the most powerful synthetic
tools for the functionalisation of aromatic molecules, was investigated. Initial studies revealed
that the three tert-butyl groups in 40 are active towards reaction with 4-iodotoluene, allowing
the preparation of tris(aryl) zincate 52, the structure of which was determined by X-ray
crystallography, representing the first intermediate of a Zn-l1 exchange reaction to be
structurally defined. The direct zincation of 4-iodotoluene can be easily accomplished under
mild conditions and with the bonus of a high atom economy, contrasting with the lack of
reactivity displayed by conventional monometallic organozinc reagents. Furthermore, it was
established that the resulting aryl zincate 52 can be employed as a precursor in Negishi cross-
coupling reactions using [PdCl,(dppf)] as a catalyst, which expands even more the synthetic
potential of this bimetallic approach. This methodology can also be further extended to other
functionalised aromatic molecules, being compatible at room temperature with functional
groups such OMe or CN. Further investigations of the application of this mixed magnesium-
zinc approach to metal-halogen exchange/Negishi cross-coupling reactions to other aromatic

and heteroaromatic substrates are currently underway in our laboratory. These studies will
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include not only the assessment of the substrate scope of this method but also the optimisation
of the conditions employed in the cross-coupling reaction. Thus different catalytic systems
based on Pd, Ni or Fe will be probed along with the use of inorganic salts such as LiCl or
MgCl, which, as recent reports have shown, can have a beneficial effect in this C-C bond

formation processes.

In summary, new insights into the cooperative effects between zinc and more polar metals
(Li, Na or Mg) have been disclosed. Revealing new synthetic applications, key organometallic
intermediates, mechanistic studies and unprecedented structural motifs, the work presented in
this thesis has demonstrated that new and synthetically useful synergic chemistry can be
obtained by these bimetallic reagents, which extends beyond the scope of classical
monometallic systems (Figure 8.1). Given that numerous areas of mixed-metal chemistry
have not yet been explored, a systematic approach covering most of the metals of the periodic
table (main group, transition metal, lanthanide) will be vital to determine the full scope of
mixed-metal (hybrid) chemistry, and the different applications, and limitations of particular

metal-metal partnerships.

MPR n . . . ZnR%, .
Polar Metal Compounds

LINR, NaNR, LiR RMgX Low Polarity Compounds
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Figure 8.1
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