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Abstract
This project sought to extend the concept of enhanced cooperative reactivity in

bimetallic chemistry to metals beyond Mg, Zn or Al, especially, Ga and Mn.

Towards new applications of trisalkylgallium in synthesis, studies on gallium NHC
(N-heterocyclic carbene) chemistry afforded a novel series of normal, abnormal and
anionic NHC complexes derived from Ga(CH.SiMes)s. These complexes proved
excellent  platforms for accessing functionalised aNHC ligands via
metallation/electrophilic interception and/or thermal isomerisation. Capitalising on
these advances, a new FLP system incorporating Ga(CH2SiMe3z)3 and bulky NHCs as
effective Lewis acid Lewis base combinations was developed. By exploring their
reactivity towards carbonyl compounds two distinct types of FLP activation
processes were uncovered. Adding the FLP pair across the C=0O functionality can
occur, forming new C-C and Ga-O bonds, in which NHC can participate through its
normal or abnormal position. Alternatively, C-H bond activation can proceed by
treating enolizable ketones, or other C-H acidic substrates such as nitriles or terminal

alkynes, with the same mixture.

Exporting such steric incompatibility into bimetallic chemistry a new
multicomponent LiTMP/GaRz metallating mixture that works in a tandem manner
has been established. Lack of co-complexation between the bulky lithium amide
LiTMP and trisalkylgallium facilitates substrate deprotonation by LiTMP (the base)
and anion trapping by GaRs (the trap). Thus, introducing the concept of gallium
trans-metal-trapping, for the first time formal gallation of aromatic substrates (i.e.

diazines and anisole) has been accomplished.

The project also developed alkali-metal manganate chemistry. A new family of
homoleptic alkali-metal manganates has been prepared and characterized by X-ray
crystallographic, EPR spectroscopic and SQUID magnetometric studies. Intriguing
structural/synthetic/magnetic correlations were revealed in which aggregation and
reactivity of different manganates were largely determined by the alkali-metal.
Furthermore, addressing the issue of ill-defined manganese species participating in
organic transformations, lithium manganate [(TMEDA).Li-Mn(CH.SiMes)s] was
disclosed as an effective reagent to promote direct Mn-I exchange and homocoupling

processes.
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Chapter 1: Introduction to state of the art cooperative chemistry

1. Introduction to state of the art cooperative chemistry

Today’s ease of access to information combined with the internationalisation of the scientific
community has had a profound influence on modern science, primarily by elevating it from
small confined areas of research to interest that pools together different backgrounds across
different disciplines. In that aspect, progress made in polar organometallic chemistry has
benefitted from an improved communication and collaboration between the inorganic and
organic chemists. For this reason, to cover all progress made in the area would be impractical
in an introduction of limited length, so therefore only the key developments relevant to the
work presented in this thesis will be briefly introduced in this opening chapter. Completing
this general section, at the beginning of each chapter, more specific introductions to the
presented work will be given.

1.1. Development of mixed-metal polar organometallic reagents

Single-metal organometallic species such as alkyllithium (LiR), and lithium amide
(LiINR2)n reagents have long been deemed reagents of choice in several cornerstone
organic transformations such as deprotonative metallation, metal-halogen exchange,
transmetallation and carbometallation reactions.? The widespread utility of these
reagents, evidenced in their commercial availability from companies such as Sigma
Aldrich, Rockwood Lithium (now Albermarle) or Alfa Aesar, is due primarily to
their high reactivity caused by the high polarity of the carbon-metal (Li**- C*) bond
(x(Li) = 0.98 vs %(C) = 2.55, according to Pauling).[>4

Whereas high reactivity is sought after in a reagent, in organolithium reagents it
often comes tainted with the lack of functional group tolerance and/or selectivity.
Examples are side reactions from the attack of the electrophilic substituents and
incompatibility with ethereal solvents. In many cases this imposes the need for strict
reaction conditions including extremely low temperatures. Some of these drawbacks
can be avoided or at least minimised by the use of Grignard reagents (RMgX)» which
exhibit better functional group tolerance, compatibility with transition-metal

catalysed cross-coupling reactions and tolerate higher temperatures.[! However,
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these group 2 reagents can be limited by their diminished reactivity in comparison to
alkyllithiums, poor solubility in non-ethereal solvents and complicated solution-state

equilibria (most commonly Schlenk equilibria).t®!

A developing synthetic strategy, that aims to overcome the limitations of polar
organometallic reagents, is the use of bimetallic compounds containing two metals of
distinct polarities. These were often pioneered sporadically in early studies, the most
notable examples being the Lochmann-Schlosser superbasel’® and Caubere’s
reagents® both in the late 1960s. More recently, mixtures of this type have been
studied more systematically including Knochel’s turbo Grignard and related salt-
supported reagents’®*3 and the lithium zincatel!*¢! and aluminatel®8l reagents

introduced by Kondo and Uchiyama (Scheme 1.1).

n
Li— B\“ R %

Cl
. AN THF, Q
\O/LI\ Li< /K ./N\ t w,, i/ \Mg‘\\\\TMP
NMe, 0 U, An—Bu THFT N TTHF
R’ tBLI
Caubere's reagent LIC-KOR LiZn(TMP)Bu, TMPMgCI-LiCl

Scheme 1.1: Simplistic representation of a selection of bimetallic compounds.

The Lochmann-Schlosser superbase (LICKOR),[® for instance, most commonly
represents an equimolar mixture of n-butyllithium and potassium tert-butoxide, but
other mixtures are possible as well. The exact structure of this powerful mixture is
not known, however as it exhibits reactivity higher than that of "BuL.i, but lower than
that of "BuK it implies that a co-complexation rather than a complete
transmetallation is taking place. The basicity of the Lochmann-Schlosser reagent is
increased in a way such that even arenes with low acidity, for example benzene, can
be deprotonated, but with this enhanced reactivity it lacks selectivity and often
mixtures of products are obtained. Note that a neo-pentyl analogue
[LixKy(CH2'Bu),(O'Bu)x+y-z] was prepared and structurally defined in 2016 by Klett

showing a complex structural motif (Figure 1.1).1%°]
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(a) (b)

Figure 1.1: a) Ball and stick model of [{Lis(O'Bu)s}*{KsNps}]; b) Framework of
[{Lis(O'Bu)s}*{KsNps}] with O'Bu and Np substituents omitted for clarity (Np =
neopentyl).[t!

Closely related alternatives to LICKOR are other heterobimetallic compounds which
incorporate two metals of markedly different polarities held together by an array of
ligands within one molecule.’®) These so-called ate compounds, strategically
combine the high reactivity of the electropositive metal with the high selectivity and
better functional group tolerance of the less polar metal, thus exhibiting greatly

enhanced performances over their homometallic counterparts.[6-20-22]

Most typically encountered are mixtures of alkali-metal (usually Li, Na, K) and a
second, less electropositive metallic centre (such as Zn, Mg or Al) with a variety of
anionic ligands (e.g., alkyl, amido or alkoxy groups) combined in a way that the
metal with stronger Lewis acidity can accept more (Lewis) basic ligands.?>-?2 Such
constitution arises from localisation of the anionic charge on the part of the molecule
containing the more electronegative metal. Depending on the ratio of the alkali-metal
(AM) and the subordinate metal (M"), two different common formulations of ates
can be obtained, namely triorganometallates (AM)M''Rs or tetraorganometallates
(AM),M""R4, which can also be referred to as lower-order and higher-order ates,

respectively (Scheme 1.2).
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/ \ / N / \
AM M

N / y R \ N / o
lower-order ate higher-order ate

(AM)M'"R,4 (AM),M"R,

Scheme 1.2: Simplistic representation of lower and higher order formulations of ates.

Whereas these general formulae are given as examples of the most commonly
employed stoichiometries, 1:1 and 2:1, and for ates which contain a divalent
subordinate metal (e.g., Mg, Zn) they are by no means the only possibility.
Employing the same stoichiometries but with trivalent metals, such as for instance
group 13 metals, the corresponding formulations would be (AM)M'"'Rs and
(AM)2M"'Rs. Illustrating a more unusual stoichiometry, Carmonal®®! and Hevial?4?°]
have independently reported “zinc-rich” zincates [M*Zn2Rs] (R = CsHs, Et) where
unusually the amount of subordinate metal (i.e., zinc) is increased over the amount of

alkali-metal (Figure 1.2).

7

Zn

S

Figure 1.2: Structure of the [{Zn2(CsHs)s}] ion of [{Na(THF)e} {Zn2(CsHs)s}] with 50%
probability displacement ellipsoids. All hydrogen atoms and [{Na(THF)s}*] counterion have
been omitted for clarity.?l

The most common preparative methodologies for accessing ate compounds are (i)
interlocking co-complexation where the two homometallic reagents self-assemble in
an appropriate stoichiometry and (Scheme 1.3a) (ii) salt-metathesis where an excess
of polar organometallic reagent is reacted with a halide salt of the low polarity metal
(Scheme 1.3b). In both methods, the relative stoichiometry of the starting material

4
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will generally determine whether the triorganometallate or tetraorganometallate will
be formed, though in rare cases the structures produced do not match the

stoichiometry of the reaction.

MR+ M'R, ——— M'M'R, (a)
3MR + M'Xg—— MIM'R;+ 2M'X  (b)

Scheme 1.3: General representation of methods for accessing homoleptic
triorganometallates in a) co-complexation method; and (b) metathesis, respectively.

Although the oldest known bimetallic compound “NaZnEts” dates to the work of
Wanklyn,[26’27] it was Nobel laureate Wittig who coined the term ‘ate’ for the mixed
Li/Mg aryl compound [LiMgPhz] in 1951 prepared by directly combining PhLi and
Ph,Mg.[282%IFurthermore, Wittig observed, even if not unambiguously stated, the
synergic  regioselectivity of the prepared magnesiate species towards
benzalacetophenone which favoured the 1,4-addition product over the competing
1,2-addition product obtained with PhLi (Scheme 1.4).

© @
o ® o o LiMgPh,
/}\/\ <—LiPh 4>LngPh3 ? i
Ph | Z pn o T /v
Ph Ph
1,2-addition 1,4-addition

Scheme 1.4: Contrasting reactivities of homometallic LiPh and bimetallic LiMgPhs towards
benzalacetophenone.

Despite displaying intriguing properties and reactivities, ates had been somewhat
overlooked by the synthetic community until recently. Close to the turn of the
century, the development of powerful analytical techniques such as X-ray diffraction
analysis enabled inorganic chemists to determine the true solid-state constitutions of
various ‘ate complexes. In his seminal review, Weiss reflects on the importance of
the structural information whose value to the field of synthetic chemistry comes from
enabling a better understanding of the reaction mechanisms.*% Ates are known to
exhibit either contacted ion-pair (CIP) or solvent separated ion-pair (SSIP)

structures.l®Y Contacted ion-pair motifs (Fig. 1.3a) where both metals are connected

5
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via bridging ligands are favoured in the absence of strongly coordinating Lewis
donors (as for example THF or TMEDA). A solvent-separated ion-pair structure
(Fig. 1.3b) contains well-defined cationic and anionic moieties, where the cation is
made up by the most electropositive metal, usually solvated by donor solvent
molecules and the anion comprises the most electronegative metal coordinated by the

anionic ligands.

b)

Figure 1.3: Crystal structures of (a) CIP lithium zincate {(PMDETA)LiZnMes]; b) SSIP
lithium zincate [{Li(diglyme).}*{ZnMes}]. Ellipsoids are drawn at 50% probability level
and all hydrogen atoms have been omitted for clarity.

Nowadays, by switching on cooperative effects, this family of bimetallic reagents has
found widespread applications in many fundamentally important organic
transformations, displaying better functional group tolerance and enabling the use of
ambient temperatures as their metallo-intermediates are generally multiple orders of

magnitude more stable than the corresponding lithio-intermediates.

The results obtained by application of these versatile reagents in foremost central
organic transformations (i.e., deprotonative metallation, nucleophilic addition and
metal-halogen exchange reactions) have been highlighted in many review
articles*?1620:3L331 and book chapters.®! For the sake of brevity, only developments
in the area of deprotonative metallation will be considered here as this type of

reactions will be discussed in detail latter in the thesis.
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1.2. Deprotonative Metallation

Globaly, deprotonative metallation is one of the most practised reactions. It is used as
an approach for the transformation of commonly encountered, but relatively inert C-
H bonds into more reactive carbon-metal bonds.[?l Subsequent reactivity of the C-M
bond can allow formation of new a carbon-carbon or carbon-heteroatom bond which
is central to the field of organic synthesis. Commonly employed reagents for these
transformations are alkyllithiums (n-butyllithium is the best known) and bulky
lithium amides, where the high reactivity of the predominantly ionic Li-C or Li-N
bond enables direct proton abstraction from a myriad of organic substrates. The
“softer”, less reactive metals, such as organozinc or organoaluminium, were always

regarded as being unable to perform such tasks.

The development of heterobimetallic ‘ate compounds introduced a new approach for
metallation of aromatic substrates where the softer metal in the presence of alkali-
metal performs the deprotonation of the substrate in the process termed Alkali-Metal-
Mediated Metallation.l?%2 While it is the less reactive metal that performs the actual
M-H exchange process, the presence of the alkali-metal in close proximity is crucial
for the reaction to take place. This synergic behaviour of metals can be illustrated on
the example of benzene which is a very challenging substrate to deprotonate due to
the low acidity of its C-H bonds (its pKa is high at 44.7)14 and was found to be inert
to both NaTMP and Zn'Bu,.*® However, by combining the two homometallic
compounds in a single heterobimetallic complex [(TMEDA)Na(TMP)Zn'Bu;] and
switching on cooperative effects, benzene can be readily deprotonated (Scheme
1.5).13%1 This metallation is formally a zincation, as the position previously filled by
an H atom is now occupied in the final product by Zn. However, since the presence
of sodium is required for the metallation process to take place, this special type of
reaction can be described as alkali-metal mediated zincation (AMMZn). Metallation
of benzene was previously achieved by employing LICKOR superbase (vide supra),
however this AMMZn approach represents improvement as it is executed at room

temperature.
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No reaction

Zn'Bu,

()

NaTMP

R ———

No reaction

Scheme 1.5: Contrasting reactivities of homometallic components NaTMP and Zn'Bu, with
the heterobimetallic sodium zincate [(TMEDA)NaZn(TMP)'Bu,].B!

As mentioned before, the fundamental importance of direct metallation lies in the
abundance of C-H bonds in any substrate, however this same abundance challenges
the selectivity of the process. This challenge was met in the seminal discovery of
“directed ortho-metallation” (DoM) independently developed by Gilman® and
WittigB”l while studying metallation of anisole, which has since then greatly

developed as it applies irrespective of the nature of the metallating reagent.

The concept of DoM relies on the presence of substituent on the aromatic substrate
which acts as a docking site for the approaching Lewis acidic metallating reagent,
thus by coordination activating the adjacent (ortho) C-H bond (Scheme 1.6).581 In
addition to determining the position of the metallation, (hence the name directing
group), the substituent can also weaken that same C-H bond through electronic
effects making it more susceptible to undergo direct M-H exchange. Depending on
the nature of the directing group (DG), primarily its coordinating and electron-
withdrawing ability, DGs can be classified as weak (e.g., alkyl), moderate (e.g.,
alkoxy) or strong (i.e., amido, [R2N(0O=C)1).

M
DG DG" R DG

H RMm v M
-RH

Scheme 1.6: General mechanism of DoM.
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Building on these findings, a thought-provoking perspective by Snieckus and Beak
introduced the theory of “complex-induced proximity effect” (CIPE) explaining how
in special cases lithiation can occur at C-H bonds which are formally remote
(through bond connections), but are conformationally (through space) in proximity of
the DG substituent (Scheme 1.7). 3

_ Li o
Li N(Pr), o
i . i
sBuLi*TMEDA N(Pr), __EtO N('Pr);
HMPA
M
MeO MeO e0
DoM CIPE Li

Scheme 1.7: Regioselectivity of lithiation of N,N-diisopropyl-4-methoxybenzamide with
different lithium reagents illustrating the difference between the DoM and CIPE control.!

In one aspect, DoM is extremely beneficial as it enables selectivity in subsequent
synthetic transformations, however the selectivity takes place only at one specific
position (that is ortho) and although deviations from the rule exist, they are rare.
Opening up site access within aromatic and heteroaromatic frameworks beyond
ortho- or proximal C-H bonds is one of the foremost challenges currently exercising
the minds of chemists worldwide. To date, most of the advances accomplishing such
outlying site-selectivity have centred on late transition metal methodologies, which,
while effective with certain substrates in specific catalytic transformations, have not
yet come close to the ultimate goal of general applicability.[**-°2 Furthermore, they
often require significant pre-catalytic synthetic steps (e.g., attaching covalent linker
groups to arene frameworks) and come with common, intrinsic limitations of late
transition metals such as high cost, low abundance, limited sustainability and toxicity

issues. %3

Addressing this issue from a main group perspective, seminal report by Mulvey and
O’Hara has introduced an innovative approach in controlling the regioselectivity
attainable in the aromatic C-H metallation chemistry through the structure of the
metallating agent.®® By using a donor solvent-free sodium magnesiate

[NasMg2(TMP)s("Bu).] in hydrocarbon solvent unprecedented ortho-meta’ and meta-
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meta’ dimetallations of anisole and N,N’-dimethylaniline, respectively, have been

accomplished in very high yields (Scheme 1.8 and Figure 1.4)

OMe NMe,
Mg
Mg Mg Mg
ortho-meta' metallation meta-meta’' metallation
(DomM) (DmmM)

Scheme 1.8: Simplistic representation of DomM of anisole and DmmM of aniline achieved
with sodium magnesiate [NasMg2(TMP)s("Bu),].5>4

The major driving force behind these dimetallations is the preorganised structure of
the base which with its inverse crown topology instigates the template mechanism,
while the presence of the two pendant butyl ligands on two magnesium atoms
ensures deprotonation. Note that the identity of the DG still plays a role as its spatial
nature directs the deprotonation towards either ortho-meta’ (DomM) or meta-meta’
(DmmM) sites.

Figure 1.4: Molecular structure of NasMgx(TMP)s(CsHsNMe»-3,5)] with 50 % displacement
ellipsoids. All hydrogen atoms have been omitted for clarity and TMP ligands are
represented with wire model for clarity.4

10
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The advances in metallation chemistry achieved by heterobimetallic reagents
presented so far were executed by composite reagents where the two metals working
together are incorporated within one molecule. The concept of AMMZn and

AMMMg was exported to the branch of aluminium chemistry.

In 2004, Uchiyama and co-workers reported that a mixture of LiTMP and Al'Bus was
capable of regio- and chemoselective direct alumination of functionalised aromatics
and heteroaromatics.[*"*8 The in situ prepared mixture was found to be effective and
regioselective for a variety of substrates bearing both electron-donating and electron-
withdrawing groups and aluminated species were shown to undergo copper- and
palladium catalysed heterocouplings in high yields and with high chemo- and
regioselectivities. Notably, the metallation occurred with the suppression of
nucleophilic addition to a carbonyl group or halogen-exchange reaction at iodine,
which was unique to this system, because neither conventional metal bases (RLi) nor

even TMP zincates can coexist with aryl iodides.

Further work by Mulvey and Hevia revealed that these remarkable transformations
are, in fact, a product of stepwise LiTMP lithiation followed immediately by trapping
by alkylaluminium complex.®! Synergic cooperation between the two separate
monometallic reagents present in the mixture has highlighted that two-metal
synergistic reactions are not confined to concerted, synchronised processes where the
metals belong within the same reagent, but can be extended to tandem, stepwise
processes involving two separately added reagents that do not form a co-complex. To
further illustrate the synthetic utility of this trans-metal-trapping approach, the
authors successfully employed another, closely related LiTMP/TMPAI'Bu; pairing to

metallate ferrocene in good yields (Figure 1.5).[2%

11
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Figure 1.5: Molecular structure of monoaluminated ferrocene [THEF-Li(u-TMP){p-
(CsH4)Fe(CsHs) YAI('Bu)2] with 50 % displacement ellipsoids. All hydrogen atoms have been
omitted for clarity.??

1.2.1. Bimetallic compounds for NHC functionalisation

Progressing from laboratory curiosities and phosphine alternatives, N-heterocyclic
carbenes (NHCs) have established themselves as pivotal ligands with applications in
key areas of modern chemistry including organic and transition-metal catalysis, %5
stabilisation of low valent main-group compounds® and development of
frustrated Lewis pair systems,%¢%71 to name just a few. These commaodity ligands are
extremely versatile, which is primarily due to the possibility of fine tuning the steric
and electronic properties by modifying substituents on N-atoms or the backbone of
the imidazole ring.[%® Surprisingly, examples of selective metallation of the

backbone of NHCs are scarce.

It was as recent as 2010 when Robinson reported the first straightforward lithiation
of 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene (IPr) with nBuLi.[%l The single
crystal X-ray analysis of the -isolated product revealed a polymeric structure of Li
cations connected by anionic NHC moieties employing simultaneously their C2 and
C4 sites (Figure 1.6).

12
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Li

Figure 1.6: Wire model representation of a portion of a polymeric structure of [{:C{[N(2,6-
'Pr,CsHs)].CHCLI(THF)}.] with Li and atoms of the imidazole ring drawn with ellipsoids
set at 50% probability.[5%

Exporting the developing idea of cooperative bimetallic bases to the evolving area of
functionalization of NHCs, the group of Hevia has found that bimetallic base
[NaZn(TMP)'Bu(TMEDA)] can promote direct zincation of both free IPr and NHC
complex at C4 position.’™ Particularly interesting was their finding that the
Zn'BuzIPr which readily undergoes zincation with the bimetallic base fails to
undergo metallation with 'BuLi, but instead formed a co-complex of NHC and
lithium zincate, products of which have been isolated and structurally characterised
(Scheme 1.9).

\ }ME DI Na(THF
Dipp [ Ng, p: et pp {Na(THF)e}"
Bu
N Bu
t
[ >—>Zn Bu, hexane/ THF tBu\ >\ +TMP(H)
-TMEDA t
biep dop
A o
: N ;
Dipp ¢ TMP = :
—_" / Bu E :
BuLi N RN ; ipr :
hexane K L  zn—Bu 5 !
N LD :
(co-complexation) N\ 'Bu/ : Dipp = 5
Dipp : ipy !

Scheme 1.9: Contrasting reactivities of homometallic organolithium reagent ‘BuLi and
heterobimetallic lithium zincate towards a Zn-NHC complex.["
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Introducing heterobimetallic magnesiate bases to the handful of metals that can
directly metallate NHC, Mulvey et al. found that using higher order solvent-free
sodium-magnesiate [NasMgz(TMP)s("Bu)2] it is possible to dideprotonate IPr
(Fig.1.7).["41

Figure 1.7: Molecular structure of the inverse [{NasMg(TMP)s(IPr¥)},] of one of the two
crystallographically independent molecules with 50 % displacement ellipsoids. All hydrogen
atoms have been omitted for clarity.l!]

This remarkable result is believed to originate from the steric incompatibility of the
substrate (NHC) and the inverse-crown template base which sets in motion a chain of
reactions (Scheme 1.10) affording a product containing a dative C-Na bond at the
normal (C2), sodiation at the abnormal (C4) and magnesiation at the para-position of

the pendant Dipp substituent on N-atom.["]
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iPr

N—= TMP iPr T™MP
Dipd N~ “Na_ r\ N —g
5 -~ . \
TMP, Bu,,. JMP Dipp” | i iPF e
Mg~ ‘Mg \1 Na
/ Bu \ N
TMPL_ _TMP T™P
Na\ /Na
TMP + NaTMP + other fragments
Ei) donor-acceptor coordination | l icooperative magnesiation |
/TI\/IP\Na l
—N .
TMP ,‘a iPr \_. /D|pp Na P TMP
/N 1P, /
Mg N ) T\ —Ng
TMP/ iPr Na Di /N\( iPF \
ipp” g —
Na iPr T™P \ Na—TMP
Y\N I\/I/ Na\TIVIP
N/ °

. , i \
R O AP Na—Twe
iv) head-to-tail, Na—~ &

dimerisation

i
i
H
y, ’

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

¢
i
i
1

iif) non-cooperative sodiation

r
i
i
i
i
i
1

Scheme 1.10: Proposed stages in dideprotonation of IPr with [NasMgz(TMP)e("Bu)].["™M

1.3. The less common metals

Most of the studies discussed so far have focused on main-group metal
systems which combine an alkali-metal with a more electronegative metal such
as Mg, Zn (pseudo main group because of its s>—s° reactivity) or Al.[31:3372]

The main aim of this PhD project was however to develop systems which
combine alkali-metals with less commonly employed low polarity metals, in
particular Mn(lIl) and Ga(lll). Therefore, the next few pages will very shortly
present the relevance of these metals in organic synthesis and why they

attracted our interest.

1.3.1. Organogallium chemistry

The organometallic chemistry of group 13 is still heavily dominated by the chemistry
of organoaluminium compounds, whilst gallium and indium derivatives are still

under-explored and confined primarily to academic research.[®!

15



Chapter 1: Introduction to state of the art cooperative chemistry

Pioneering work by Dennis et al. reporting the synthesis and isolation of the first
gallium alkyl compounds,[”® initiated the interest in organogallium compounds.
Although they have found applications in a wide range of fields such as
homogeneous catalysis,[”*"® and chemotherapeutics,” their use in organic synthesis
has become more prominent.’”8 Accordingly, organogallium reagents have been
successfully employed as selective alkylating reagents in addition reactions to
activated olefins,[’*8 aldehydes and ketones,®282l as Lewis acid catalyst for
transformations such as Friedel-Crafts alkylation and acylation,® along with

promoting carbometallation of carbon-carbon triple bonds®+%71 (Scheme 1.11).

COzEt
G CO,Et
Ph a
/ COzEt

CO,Et

ﬁ OH
C\ /\/GaC|2

H

THF/Hex

0 °C, 30 min
NO; ' O,N

CH, CHs; O
Ga(OTf)3 (10 mmol%
Cl
+ 110 °C, 8h

R GaCl,

R RGaC|2
H———GaCl, —
<0°C
H GaCI2

Scheme 1.11: Selected examples of application of organogallium compounds in organic
synthesis: addition to olefins and aldehydes, Friedel-Crafts acylation and carbogallation of
alkynes, respectively.

Within the context of mixed-metal chemistry, although gallates have not been
studied to the same extent as aluminates, there are few structurally characterised
alkali-metal gallates as well as some studies on their applications in organic
chemistry. In situ prepared lithium tetraorganogallates have been employed to

produce ketones from acyl chlorides as an alternative to organocopper and
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organocadmium compounds.® It has been shown that lithium gallates can react
selectively under mild conditions to transfer only one alkyl or aryl group in excellent
yields in the presence of other sensitive functional groups like olefin, ether and nitro

groups (Scheme 1.12).

c|:|
(o) Cx
RN
l 0 Bu
n BuLi \ |
Bu;Ga —————  "By,GalLi - 0 _Cy
0°C 0°C-R.T I 0
THF/Hex THFHex N\
78 %

Scheme 1.12: In situ prepared lithium tetraorganogallate employed in addition to acyl
chloride.

More recently, Okuda et al. have reported an extensive study on the preparation and
characterisation of neutral, cationic and anionic allylgallium compounds.
Reactivities of these related compounds were compared and the first example of 1, 2
insertion reactions of isoquinoline mediated by potassium tetra(allyl)gallates has
been described (Scheme 1.13).

K+

- 7 dg-THF N
Z 8 7
AU () 2 e |
\ R.T, 17 h (V) Z
3
Scheme 1.13: Reactivity of potassium tetrakis(allyl)gallate towards isoquinoline.

Our own group has prepared novel unsolvated tetraorganogallate species using non-
polar hexane/arene solvent mixtures (Figure 1.8).°%1 X-ray crystallographic studies
reveal that these gallates exhibit novel polymeric arrangements, with the lithium and
sodium derivatives sharing the same linear chain structure, made up exclusively of
M-C and Ga—C bonds. The potassium derivative has incorporated benzene into its
constitution and displays a more open structural motif. Multinuclear NMR

spectroscopic studies suggest that in deuterated benzene solutions these compounds
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exist as discrete solvent separated ion-pair [{M(solvent)x}*{Ga(CH2SiMes)s}]
species.

Figure 1.8: Asymmetric units of a) lithium, b) sodium and c) potassium gallates with 50 %
displacement ellipsoids. All hydrogen atoms have been omitted for clarity.[%

1.3.2. Organomanganese chemistry

The chemistry of heterobimetallic systems which incorporate a transition metal
as the divalent partner for the alkali-metal is still in its infancy; however it is
attracting attention due to certain advantages that could be encountered. By
incorporating a transition metal as a subordinate partner, possibilities for new
and attractive reactivity such as redox chemistry or catalytic behaviour
emerge, as well as some specific, sought-after properties (e.g. magnetic) all of
which are, in general, uncharacteristic for the main group chemistry.
Manganese could be considered an excellent candidate as transition metal
incorporated in an ate for several reasons. Relatively inexpensive,
toxicologically benign and readily available due to its high abundance (12"
most abundant metal in the Earth’s crust), manganese embodies a great appeal
to industry.®¥1 More importantly, the organometallic chemistry of manganese
in oxidation state +2 has been shown to be more comparable to that of main-
group metals than to d-block metals due to the presence of predominantly ionic
Mn-C bonds.??l Additional alikeness arises from similar values of the ionic
radii®® of Mn?* and Mg?* (0.81 A vs 0.86 A) which is evident through the
isolation of some  molecularly  isostructural  compounds  (i.e.
[M{N(SiMes)2}sLi(THF), where M = Mn!®1 or Mg!®),

18



Chapter 1: Introduction to state of the art cooperative chemistry

Focusing on Mn(ll), lithium tri- and tetra-alkyl manganates (usually prepared
in situ via salt-metathesis or Mn insertion protocols)®2%971 have proved to be
efficient reagents in organic synthesis for bringing about key transformations
including radical cyclizations, 1,4-additions, Mn-halogen exchange and homo-

and cross-coupling processes to name just a few (Scheme 1.14), [°11[98-100]

a)
|
/
20 % MnCl,
+4"BuMgCl ————
o

THF, RT, 12 h fo)

b)
o]

)\)ok m ></U\
+ 1.15 "BuMgClI

A THF, 0°C,1.5h Bu

Scheme 1.14: a) Mn-catalysed dehalogenative radical cyclizations of aryl iodides; b) 1,4-
addition of Grignard reagents to conjugated enones. ]

In 2007, Cahiez reported a manganese-catalysed homocoupling of aryl, alkenyl and
alkynyl Grignard reagents using dry air as an oxidant.[’% The reactions were
performed under mild conditions (RT, 45 min) and were found to be chemo- (i.e.,
ester, nitrile and nitro groups tolerant) and stereoselective. During these studies, the
authors have noted the coupling was rapid, however the reaction rate was highly
dependent on the steric and electronic nature of the organic group of RMgX.
Elengantly exploiting this observation, by combining an electron-rich but bulky aryl
group with an alkynyl group that couples more slowly but is not sterically
demanding, the formation of homocoupled products was overpowered by the

formation of heterocoupled product (Scheme 1.15).[102]

MgCl

oN
+ 20% mol MnCI,LiCl O — O
O 0O,, THF, 0 °C, 1h

sterically ilelectronically
: demanding :  disfavoured |

Scheme 1.15: Mn-catalysed heterocoupling of Grignard reagents.[1%2
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Surprisingly, despite these, and several other, excellent organic studies which
highlight the synthetic utility of these bimetallic compounds, the information on the

nature of and constitution of the reactive manganese species is very limited.

In the context of better understanding of reactive organomangante species,
Mulvey successfully extended the developing idea of alkali-metal-mediated
metallation to  manganese by employing structurally  defined
[(TMEDA)LiMn(TMP)(CH2SiMes),] to directly manganate ferrocene.[*%®l The
unique crystal structure of 1,1°-dimetallated ferrocene (Fig. 1.9) has unveiled
the reactivity of all three arms (two alkyl and one amido) as bases making this
lithium mangante exceptionally atom-economical and superior in comparison

to related magnesitates or zincates which typically use only two arms.

Figure 1.9: Molecular structure of [[TMEDA).Li-Mn{Fe(CsHa).}s] with selective atom
labelling and 50% probability displacement labelling.[2%%!

In the framework of the research developing AMMMN, Mulvey recently
demonstrated the ability of the structurally related sodium manganate
[(TMEDA)NaMn(TMP),(CH.SiMes)] to promote direct Mn-H exchange reactions of
various aromatics (Scheme 1.16),[1%1%1 mimicking in some cases reactivities
previously reported for related alkali-metal magnesiate systems. This particular base
proved to be a versatile manganating reagent, capable of displaying both alkyl and

amido basicity as shown in Scheme 1.16.
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Scheme 1.16: An overview of direct Mn-H exchange reactions achieved by sodim
manganate [(TMEDA)NaMn(TMP),(CH,SiMes].[104-108]

1.4, Aims and structure of this thesis
Building on recent developments in cooperative organometallic chemistry, this thesis

presents our findings in developing new applications of organogallium and
organomanganese reagents. Chapter 2 will focus on progressing gallium NHC
chemistry by introducing new methodologies for the rational synthesis of Ga
complexes containing anionic, normal and abnormal NHC. Building on these results,
Chapter 3 explores the potential of Ga/NHC partnership to promote small molecule
activation processes via FLP reactivities. With our focus still on organogallium
chemistry, but exploiting metal-metal stepwise cooperativity, Chapter 4 will
investigate a mixture of LiTMP/GaR3 for metallation of pharmaceutically relevant N-
heterocyclic molecules. Moving our focus to alkali-metal manganates, Chapter 5
presents a systematic study into the structural diversity of a series of homoalkyl
alkali-metal manganates. Chapter 6 provides overall conclusions of the work
presented here, while Chapter 7 details general experimental techniques and

preparation of starting materials.
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2. Rational synthesis of normal, abnormal and anionic NHC-
gallium alkyl complexes

2.1. Introduction to N-heterocyclic carbene chemistry

Over the past two decades, N-heterocyclic carbenes (NHCs), in particular
imidazol-2-ylidenes, have progressed from mere curiosities to commodity
neutral o-donor ligands with a multitude of applications in synthesis and
materials.[! Typically, the carbene centre is located between the two nitrogen
atoms (C2 position) allowing m-donation by both adjacent N-heteroatoms into
the empty p- orbital of the carbene (Figure 2.1), which makes these ligands

remarkably more stable than other non-cyclic, all-carbon counterparts.[?°l

Figure 2.1: Ground-state electronic structure of imidazol-2-ylidenes with the o-
withdrawing and m-donating effects of nitrogen atoms contributing to the stabilisation
depicted. IUPAC numbering system shown in green.

Acting as strong o-donors, these versatile ligands have been pivotal to recent
breakthroughs in transition-metal catalysis.l*®! For example, Grubbs’ 2" generation
catalyst (Figure 2.2a), where one of the two phosphine ligands has been replaced by
a carbene, promotes olefin metathesis at very low catalyst loading (0.05
mol%).[*1%11 The role of the carbene ligand is believed to be twofold: enhancing the
catalyst performance by being a better donor than the phosphine ligand as well as
slowing down its degradation due to the presence of more sterically demanding

substituents.[!2

In terms of Pd-catalysed cross-coupling reactions, Organ’s Pd-PEPPSI-NHC
precatalyst complexes (PEPPSI = pyridine-enhanced precatalyst preparation,
stabilisation and initiation) are now commercially available and have demonstrated

excellent performance in cross-coupling reactions. In particular, Pd-PEPPSI-IPent
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(Figure 2.2b) has been revealed as one of the most reactive and general catalysts for
both carbon-carbon bond formation (e.g., Suzuki-Miyaura, Negishi, and Stille-Migita
couplings) and for carbon-heteroatom bond formation (e.g., amination and

sulfination reactions).

Mes /N N\

Clim. l CI—Pd Cl
CI/ |
{Mes = 2.4,6-trimethylphenyl N o
(a) (b)

Figure 2.2: Incorporation of NHCs into catalysts for organic transformations: a) 2"
generation Grubbs’ catalyst¥l; b) Organ’s Pd-PEPPSI-IPent precatalyst complex.®

Furthermore, the application of NHCs to main group chemistry has enabled the
stabilisation of novel low valent compounds,™*?! as well as the development of
several frustrated Lewis pair (FLP) systems.[?:-2%l By utilising NHCs as Lewis bases
a group of highly reactive molecules including neutral diborines,? disilicon,®l
diphosphorust* and digermane!*®! compounds have been stabilised and isolated. The
role of the carbene is crucial as it provides the steric support to the newly generated
element-element bonds whilst being unreactive towards the alkali-metal reduction
method used in the synthesis of allotropes. Noteworthy are the examples of gallium
clusters reported by Robinson and co-workers.?l By reducing the carbene-
complexed mesitylgallium dichloride with potassium graphite a dimeric compound
comprising Ga(ll) is formed, whilst when potassium is used the first example of a

neutral aromatic Gas octahedron with Ga(l) and Ga(0) is formed (Scheme 2.1).
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Pr—" N\/N\’Pr
| b
'Pr Ga
~
%j N
r
. Ga
N O . / I - \I
’Pr/ Mesw=Ga—Ga-=Mes /'Pr 3KCyq N i & 2K MeS\Ga/I//\Ga—Mes
o -~ [ —=Ga—Cl ————>
\/'/N hexane Ga\'\%s toluene \/Ga
N
Mes'
N \
N iPr \ 0
C15a
1 1|
P NP

Scheme 2.1: Preparation of gallium clusters with gallium centres in different
oxidation states stabilised by NHCs.[24

In parallel to these studies, a different type of NHC complex has been
developed where the imidazole ring binds to the metal centre through its
backbone. These less stabilised carbenes, where there is only one N-atom
adjacent to their carbenic carbon!®! have been termed as abnormal (or
mesoionic) NHCs (aNHCs).[?6-28] Following Crabtree’s seminal report in 2001
of the first transition-metal complex with an aNHC (Scheme 2.2a), several
other examples have been prepared.?®31 However, it was only in 2009 that
Bertrand succeeded in the isolation of the first stable free aNHC by the elegant

deprotonation of 1,2,3,4-tetraarylated imidazolium chloride (Scheme 2.2b).E2

Crabtree's approach Bertrand's synthesis of free aNHC
Z BF
4
| 7z Dipp Dipp
X ‘ Ph N Ph N~
N \N KN(SiMe3)
N N Ph ——————37% Ph
@ H [IrH5(PPh3)2] I/ \\\Pphs N _ . N
; -2H, Q):—’ Ir—H H AN Cl h N\
N
u

| BFy 4| Dipp Dipp
"Bu

Scheme 2.2: Crabtree’s!?8! and Bertrand’s!®? pioneering methods for the preparation
of metal complex with an abnormal NHC and the free abnormal NHC, respectively.

Interestingly, experimental and theoretical studies point to aNHCs being better
donors than their normal counterparts, which is in part attributed to their
reduced steric congestion.®2*4 Thus Layfield has recently reported a
thermally induced rearrangement of IPr-Fe(HMDS). [IPr = 1,3-bis-(2,6-di-
isopropylphenyl)imidazol-2-ylidene, HMDS = 1,1,1,3,3,3-
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hexamethyldisilazide] which after 3h in refluxing toluene evolves to its

abnormal isomer (Scheme 2.3).13%]

Dipp /Dipp
N /SiMe3 ( isomerisation) N
e - [O—
N \S'M toluene, reflux, 3h ;
iMe : N
\ 3 MesSi~ 2 \
Dipp \ . Dipp
SiMes

Scheme 2.3: Thermal isomerisation of IPr-Fe(HMDS), into alPr-Fe(HMDS), reported by
Layfield.*

Within main group chemistry, the number of complexes containing aNHCs
remains very limited. The first example of an adduct of this type, a substituted
phosphinidene complex resulting from coupling of complexes derived from
singlet phosphinidenes (i.e., [Mn2(CO)s{u-P(N'Pr2)}]) with free singlet
carbenes (e.g., I'Bu or 1Ad), was reported by Carty in 2006 (Figure 2.3).6]

P H
(CO)4MnA

Figure 2.3: ChemDraw representation and X-ray structure of phosphinidene-aNHC
complex. 36

Thermal rearrangements related to that mentioned above in iron chemistry
have been proposed for tris(pentafluorophenyl)borane NHC systems which
exhibit FLP chemistry.[*-3% Similarly, within group 13 Dagorne has shown
the isomerisation of I'Bu-AlMes [I'Bu =1,3-bis(tert-butyl)imidazol-2-ylidene]
to its C4 bound isomer (al'Bu-AlMes) at room temperature in THF, although
the mechanisms involved in these processes remain unclear.[°]

In addition to these isomerisation studies, Robinson has demonstrated that

anionic NHCs, resulting from the lithiation of the imidazole backbone of
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unsaturated NHCs,[*] can be employed as platforms to access aNHC-
complexes of B and Zn by quenching the relevant anionic B or Zn complex
with a suitable electrophile such as HCI-NEt3 or MeOTf (Scheme 2.4).[42-44]

. Dlpp Dipp Dipp
Dipp /
"BuLi BEt \ ® HCI-NEt
ULl % (. 3 >
L0 e L.@ LB [Ohm [@
hexane toluene gy N\ L|C| NEt;
Dlpp Dlpp Dipp Dlpp

Scheme 2.4: Synthesis of aNHC complex of BEts by electrophilic quenching of
anionic mixed Li/B complex.[3]

Within the scope of gallium chemistry, there have been some examples of NHC-Ga
complexes reported, however the majority of these were gallium hydrides and
halides,?#45-491 while organogallium examples remain scarce.[?44¢5% Some of the
prepared complexes have demonstrated intriguing chemistry as exemplified by the
work of Gandon who developed applications of some Ga-NHC adducts as m-acid
catalysts.[*®*°1 However, all of these examples are examples of normal complexes,
the only abnormal NHC complex known to date aIPr-GaCls!* was reported as
recently as 2014, although its synthesis is not straightforward as it was obtained by

transmetallation of GaClz with an anionic NHC mixed Li-B complex.

2.2.  Aims of the chapter

Identifying a gap in knowledge in Ga-NHC chemistry and building on the
most significant developments in the field of NHC chemistry, this chapter
presents a systematic study into the rational synthesis of series of gallium-
NHC complexes derived from the same metal fragment, tris(alkyl)gallium
Ga(CH.SiMe3)3 while using the unsaturated carbene IPr as a case study. The
gallium reagent containing the heteroneopentyl ligand MesSiCH2  was
selected due to its sraightforward synthesis,®Y lack of B-hydrogen atoms,
considerable steric bulk and electronic stabilization when compared to carbon-
only-based alkyl groups that are prone to decomposition processes.®?53 The

constitution and stability of these complexes has been assessed by combining
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X-ray crystallographic, kinetic and spectroscopic studies with theoretical

investigations.

2.3. NHC-stabilised lithium gallate complexes

By reacting equimolar amounts of IPr and trimethylsilylmethylgallium(i11)51]
(GaRgz) at room temperature in non-polar hexane solvent a yellow suspension
was formed which was gently heated into a solution and afforded colourless
crystals of the adduct IPr-GaRs (1) in a 75% isolated yield (Scheme 2.5).

Di Dipp e
;PP [PP | R=CH,SiMe,
N GaR, N i iPr
E >: hexane [ >5—>GaR3 | Di
: Dipp =
N N " . Diep
Dipp Dipp iPr

Scheme 2.5: Synthesis of normal adduct IPr-GaR3 (1).

The molecular structure of 1 (Fig. 2.4) was elucidated by a single crystal X-ray
diffraction analysis which revealed the formation of a complex with the four-
carbon-coordinated gallium atom attached to three alkyl groups and the C2
(i.e.,, Cl in Fig. 2.4) of a neutral carbene. A distorted tetrahedral geometry
adopted by Ga centre is evidenced by the C-Ga-C bond angles which range
from 96.36(6)° to 119.43(7)° (average angle 108.79°). The Ga-Cay distances
range from 2.0034(15) A to 2.0164(16) A (mean 2.0106 A) which is elongated
(by ~2.5%) when compared to parent monomeric GaR3z (Ga-C bonds ranging
from 1.952(4) A to 1.971(3) A, average 1.959 A)P®4 in agreement with the
increase in the coordination number of Ga in 1. Noticeably, the Ga-Cnhc
distance of 2.1960(16) A is significantly longer compared to that observed in
the related Ga halide complex IPr-GaCls (2.016(2) A).*" This elongation can
be rationalised in terms of a combination of the greater steric congestion in 1
imposed by the monosilyl groups as well as the stronger Lewis acidity of

GacCls compared to GaRa.
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Figure 2.4: Molecular structure of 1 with 50% probability displacement ellipsoids. Minor
disorder in one isopropyl group and one monosilyl group are omitted for clarity, as are all H
atoms except for those on the imidazole ring. Selected bond distances (A) and bond angles
(°):Ga(1)-C(1) 2.1960(16), Ga(1)-C(28) 2.0034(15), Ga(1)-C(32) 2.0120(17), Ga(1)-C(36)
2.0164(16), C(28)-Ga(1)-C(1) 101.15(6), C(32)-Ga(1)-C(1) 106.27(7), C(36)-Ga(1)-C(1)
96.36(6), C(28)-Ga(1)-C(32) 114.89(7), C(28)-Ga(1)-C(36) 119.43(7), C(32)-Ga(1)-C(36)
114.63(7), N(1)-C(1)-N(2) 102.80(3).

Despite the long Ga-C1 distance, it should be noted that 1 retains its integrity
in CsDs solution as evidenced by *H-DOSY NMR studies, which show that the
IPr and monosilyl groups belong to the same sized species, as the cross-point
for both ligand resonances are aligned in the second dimension (average D
value = 6.2:10° m?s1; see Fig. 2.5). The most informative resonance in the
13C NMR spectrum is that for the carbenic carbon observed at 186.6 ppm (vs.
220.6 ppm for the free IPr), confirming a retention of the Ga-C bond in
solution. Two singlets are observed for the monosilyl group at -0.95 (Ga-CHy)
and 0.18 ppm (Si(CHs)s) contrasting with the *H NMR spectrum of GaRg in
the same solvent where both signals coincidentally overlap displaying a singlet

at 0.13 ppm.
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Figure 2.5: *H-DOSY NMR spectrum of IPr-GaRs (1) at 25 °C in CsDg solution.

Next the reactivity of 1 towards LiCH2SiMes was investigated. Previous work
by Roesky and Stalke!®] has shown that when borane adduct IPr-BH3 is treated
with "BuLi, lithiation of the C4 position of the imidazole ring takes place
affording an anionic NHC which binds through its C4 position to Li, leaving
the B-C2 bond untouched.® Similar reactivity has also been described for the
alkylborane IPr-BEts.[ Interestingly in our studies, the polar organometallic
RLi fails to deprotonate the NHC ligand of 1, affording instead lithium gallate
[IPr-LiGa(CH2SiMes)4] (2) in an isolated yield of 48% (Scheme 2.6).

D|pp D|pp D|pp
GaR3 |_ R

> > —-GaR; ————— > —>L| Ga
hexane hexane R

D|pp D|pp D|pp (2)

[co-complexation]

Scheme 2.6: Synthesis of [IPr-LiGaR4] (2).

Single crystal X-ray diffraction analysis established the molecular structure of
[IPr-LiGa(CH2SiMes)4] which represents to the best of our knowledge the first
example of an alkali-metal gallate stabilised by an NHC ligand (Figure 2.6).
Unfortunately even after several attempts in crystallising, all four monosilyl

groups of compound 2 were found to be disordered which obviously
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compromises any discussion of geometrical parameters such as bond distances,
however the crystallographic analysis does establish the connectivity.

Figure 2.6: Molecular structure of 2 with 30% probability displacement ellipsoids.
All CH:SiMes groups are disordered and only one component of the disordered model
is shown above. All hydrogen atoms except those on the imidazole ring have been
omitted for clarity.

Compound 2 exhibits a contacted ion pair (CIP) motif where the two metals
are connected by two bridging alkyl groups with the neutral NHC binding via
its C2 (i.e., C1) position to lithium. These findings show that under these
reaction conditions the polar Li alkyl reagent preferentially co-complexes with
GaRs, to yield [LiGaR4]™8 which is then trapped and stabilised by the neutral
NHC ligand, instead of lithiating the carbene backbone. Clearly the Ga atom
favours coordination of another alkyl anion rather than a neutral IPr ligand. It
should be noted that a similar reactivity has been reported by our group for the
reaction of IPr-Zn'Buz with 'BuLi in hexane, which produces zincate complex
[IPr-LiZn'Bus].’’l Gallate 2 can also be prepared by reacting polymeric
[{LiGaR4}«] with free IPr. Solution state studies of 2 were hindered by poor
solubility in arene solvents such as CsDs; whereas in coordinating THF the
adduct dissociates into free IPr and multi-THF-solvated LiGaRg, as evidenced
by multinuclear NMR spectroscopy.

Contrastingly, if the order of the monometallic reactants is reversed, by
treating first IPr with LiR followed by the addition of gallium alkyl GaRs in
THF, heteroleptic (THF)2Li[:C{[N(2,6-'Pr.CsHs)].CHCGa(CH2SiMes)s}] (3)
was obtained in a 56% isolated yield. Formation of 3 can be rationalised in
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terms of a stepwise indirect gallation process. IPr is first deprotonated at the
C4 position by the highly polar LiR[™! reagent (I in Scheme 2.7), which can
then undergo fast transmetallation with the more electronegative Ga fragment,
with the alkali-metal being trapped by the vacant C2 site of the carbene
(Scheme 2.7).

i D|pp Dipp
Dipp
[ > \u @)\;ﬁ GaRs )@>—>L| THF),
hexane
Dlpp L D|pp i R R D|pp

3
i) lithiation [ii) transmetallation] )

Scheme 2.7: Two-step synthesis of heteroleptic lithium gallate 3.

X-ray crystallographic studies established the CIP structure of 3 where the

metals are now connected by an anionic NHC which coordinates as an

asymmetric bridge via its normal C2 position to Li and its abnormal C4

"’\.“;f

position to Ga (Figure 2.7).

°© e

~.8i1_~" C29
L
e

Figure 2.7: Molecular structure of 3 with 50% probability displacement ellipsoids. All
hydrogen atoms except H2 on the imidazole ring and minor disorder of THF ligand have
been omitted for clarity. Selected bond distances (A) and bond angles (°): Ga(1)-C(3)
2.052(2), Ga(1)-C(29) 2.013(2), Ga(1)-C(33) 2.040(2), Ga(1)-C(37) 2.031(2), Li(1)-C(1)
2.093(5), C(29)-Ga(1)-C(3) 111.43(9), C(29)-Ga(1)-C(33) 108.63(10), C(29)-Ga(1)-
C(37) 112.99(10), C(33)-Ga(1)-C(3) 110.96(9), C(37)-Ga(1)-C(3) 105.68(9), C(37)-
Ga(1)-C(33) 107.06(10), N(1)-C(1)-N(2) 111.56(17).
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The C2-Li (i.e., C1 in Fig. 2.7) distance is 2.093(5) A which is similar to those
reported for related complexes containing anionic NHC bridged in a similar
C2-Li/C4-M fashion to Li/Al and Li/B pairings.[4%:435]

All four Ga-C bonds are similar in length ranging from 2.013(2) A to 2.052(2) A
(average 2.034 A) which is in good agreement with other tetra-coordinated
gallate species such as {[K-dibenzo-18-c-6]*[Ga(n-CsHs)4]'} (2.029 A mean).[8]
The Ga-C4 distance (i.e., C3 in Fig. 2.7) of 2.052(2) A is close in value with
Ga-Caikyi bonds (average 2.028 A) and understandably it is significantly shorter
(by 0.144 A) to that found in the neutral C2 bound IPr adduct 1. It is
noteworthy, that unlike in 1 where a pyramidalization of Ga coordination
sphere was evident (vide supra), in 3 the gallium atom exhibits nearly ideal
tetrahedral geometry with the average bond of 2.034 A and mean angle of
109.46° (angles ranging from 105.68(9)° to 112.99(10)°). This decrease in
distortion around the metal centre can be attributed to the relief of the steric
congestion of 3 when compared to 1. From the NMR data in ds-THF solutions,
metallation of IPr was demonstrated by the large downfield chemical shift of
the C4 resonance in the *C NMR spectrum (from 122.3 ppm in free IPr to
155.1 in 3), as well as an informative singlet at 6.64 ppm (integral 1H) in the
IH NMR spectrum of the imidazole CH (versus 7.19 ppm in free IPr), Fig. 2.8.
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Figure 2.8: *H NMR spectrum of 3 in ds-THF solution.
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In addition, a resonance in the 3C NMR spectrum at 201.4 ppm for carbenic
C2 confirms the formation of an NHC complex. The loss of symmetry in the
imidazole ring is evidenced in the 'H and 3C NMR spectra with the
appearance of two distinct sets of Dipp signals.

Following this line of inquiry, treating a hexane suspension of IPr with heavier
alkali-metal alkyls MCH>SiMes (M = Na, K) led to the instant formation of yellow
solids which were completely insoluble even when using large amounts of the more
polar solvent THF. Addition of GaR3, however, solubilised this product allowing the
isolation ~ of  heteroleptic  alkali-metal  gallates  (THF)3Na[:C{[N(2,6-
'Pr,CeHs)].CHCGa(CH,SiMe3)s}] 4) and (THF)3K[:C{[N(2,6-
'Pr,CeHs)].CHCGa(CH:SiMes)s}] (5) in 71 and 76% isolated yields respectively
(Scheme 2.8).

/Dipp ,\1Dipp_ Dipp
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transmetallation M = K (5)

Scheme 2.8: Synthesis of heavier alkaline metal gallates 4 and 5.

Although the solids obtained by treating IPr with MR (M = Na, K) cannot be
characterised, due to their lack of solubility, the isolation of 4 and 5 provides
compelling proof that these heavier alkaline metal alkyls can in fact metallate this
NHC. While the relevant M*IPr salts (I in Scheme 2.8) are obtained via direct
metallation, it should be noted that Goicoechea has structurally characterised K*IPr
-2THF as the result of the reaction of the lithiated IPr with potassium tert-
butoxide.l!

Solid state structures of sodium (4) and potassium (5) gallates were elucidated by X-
ray crystallographic studies (Fig. 2.9) which confirmed them to be molecularly
isostructural with 3. The Ga-C4 distances (i.e., C24 for 4 and C2 for 5 in Fig. 2.9) of
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2.050(2) A for 4 and 2.050(3) A for 5 are close in value with the Ga-Caiy bonds
(average 2.027 A and 2.028 A for 4 and 5 respectively) and in excellent agreement
with the bond distances found in 3. The narrow variation observed for the Ga-C bond
lengths together with very similar bond angles (mean angle 108.15° for 4 and
109.46° for 5) reveal an almost ideal tetrahedral geometry of gallium centre in both
compounds. With the virtually identical environment around Ga-atom, complexes 4
and 5 display their differences at the other end of the bridging ligand. Unsurprisingly,
the M-Cnic bond distance found in 4 (2.530(3) A) is significantly shorter than that of
5 (2.902(3) A), which is in agreement with the increase in size of the alkali-metal.
Both values compare well with those reported for other anionic complexes
containing these alkali-metals.[56:57:60-621 Both sodium and potassium complete their
coordination spheres by coordination of three molecules of THF, with more
electropositive potassium gaining further stabilisation through electrostatic
interaction with the ipso carbon of the pendant Dipp group on N2 (Figure 2.9b).
This secondary contact (K1--C16 = 3.301(3) A) is within the range of previously
reported potassium n-interactions!® 8 and translates into a significantly more acute
N2-C1-K1 angle (107.77(18)°) than N1-C1-K1 (150.71(19)°).

S|39’0
cas .
Ga‘i

Figure 2.9: Molecular structure of 4 (a) and 5 (b) with 50% probability displacement
ellipsoids. All hydrogen atoms except the one left on imidazole ring, and disorder
components in THF ligands have been omitted for clarity. Dashed lines represent secondary
interactions.

The NMR data of 4 and 5 in ds-THF solutions, follows the same trend observed for 3
with the large downfield shift of the C4-Ga resonance in the 3C NMR spectra as
well as with the presence of diagnostic singlets integrating 1H in the *H NMR

39



Chapter 2: Rational synthesis of normal, abnormal and anionic NHC-gallium alkyl complexes

spectra for the imidazole CH (Table 2.1). In addition, the carbenic C atom attached
to the alkali-metal can be observed at 202.8 and 210.7 ppm for 4 and 5 respectively,

at similar values to those reported for other related complexes containing Nal®! and
K.[59]

Table 2.1: Comparison of selected NMR chemical shifts (ppm &) in ds-THF for alkali-metal

gallates 3-5.
3 (M =Li) 4 (M = Na) 5(M=K)
513¢ Cc2-M 201.4 202.8 210.7
51%¢ C4-Ga 155.1 155.2 153.6
5" C5-H 6.64 6.64 6.59

2.4. Electrophilic interception reactions: accessing abnormal
NHC-Ga complexes

Recent studies have shown that certain anionic NHC complexes, when treated
with an electrophile can be transformed into neutral abnormal adducts.*344 To
explore this reactivity here, we treated 3 with a molar equivalent of MeOTf in
toluene at -78 °C. The reaction occurred with the formation of a white
precipitate (presumably LiOTf) furnishing a neutral abnormal NHC-Ga
complex [CH3sC{[N(2,6-'Pr.CsHs)].CHCGa(CH.SiMes)s}] (6) in a 68% vyield
(Scheme 2.9a).
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Scheme 2.9: Electrophilic interception of anionic NHC complex 3 with a) MeOTf, b) MeOH

and c¢) imidazolium salt IMes-HCI.

Complex 6 results from the selective C2 methylation of the anionic NHC
leaving the Ga-C4 bond intact. It should be noted that although there are
several examples of Ga-NHC adducts reported in the literature, 64759 with
some of them finding applications as m-acid catalysts,[*34°1 the only abnormal
NHC complex known to date alPr-GaCls*®l was reported as recently as 2014,
although its synthesis is not straightforward.

The molecular structure of 6 was established by X-ray crystallographic studies
(Fig. 2.10). The bond length of 1.538(6) A for C2-Cwme (i.e., C1-C4 in Fig.
2.10) is consistent with a single bond, while the Ga-C4 (i.e., C3 in Fig 2.10)
bond length of 2.087(3) A is only slightly elongated compared to that found in
the anionic variant 3 (2.052(2) A), and significantly shorter than the Ga-C2
bond length in 1 (2.1960(16) A). Reflecting the formation of a neutral
abnormal complex, the 3C NMR spectrum of 6 shows a resonance at 186.5
ppm for the C4 attached to Ga (vs 155.1 ppm in 3) whereas the methylated
carbon (originally C2 carbenic position in 3) resonates significantly upfield at

124.4 ppm in comparison with that observed for 3 (at 201.1 ppm).
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Figure 2.10: Molecular structure of 6 with 50% probability displacement ellipsoids. Only
one component of disordered monosilyl groups is shown. All hydrogen atoms except the one
on the imidazole ring have been omitted for clarity. Selected bond distances (A) and bond
angles (°): Ga(1)-C(3) 2.087(3), Ga(1)-C(29) 1.969(5), Ga(1)-C(33) 2.089(5), Ga(1)-C(37)
1.983(5), C(1)-C(4) 1.538(6), C(29)-Ga(1)-C(3) 107.34(18), C(29)-Ga(1)-C(33) 106.4(2),
C(29)-Ga(1)-C(37) 117.3(2), C(33)-Ga(1)-C(3) 107.71(15), C(37)-Ga(1)-C(3) 109.77(17),
C(37)-Ga(1)-C(33) 107.9(2), N(1)-C(1)-N(2) 107.6(3).

The use of methanol as a quenching reagent resulted in clean conversion of 3
to the abnormal adduct alPr-GaRs (7) (Scheme 2.9b). Notably, 7 is also
formed as a metallation product from the reaction of 3 with the imidazolium
salt IMes-HCI (1,3-bis-(2,4,6-trimethylphenyl)imidazolium chloride) (Scheme
2.9¢). These findings not only demonstrate that the C2 position of 3 in the
imidazole ring is its preferred basic site, but also the high strength of its Ga-C4
bond as it is retained in 7. Furthermore in view of these results it appears that
for GaRs fragment alPr is a better ligand than the related normal IMes carbene
(obtained from deprotonation of the imidazolium salt, Scheme 2.9¢), as no
ligand exchange occurs. Compound 7 was isolated as a crystalline solid in a
61% vyield and its molecular structure was established by X-ray

crystallography (Figure 2.11).
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Figure 2.11: Molecular structure of 7 with 50% probability displacement ellipsoids. All
hydrogen atoms except those on the imidazole rings have been omitted for clarity. Selected
bond distances (A) and bond angles (°): Ga(1)-C(2) 2.0759(16), Ga(1)-C(30) 2.0071(17),
Ga(1)-C(34) 2.0262(17), Ga(1)-C(38) 2.0257(16), C(30)-Ga(1)-C(2) 106.54(7), C(34)-
Ga(1)-C(2) 102.53(7), C(38)-Ga(1)-C(2) 109.08(7), C(30)-Ga(1)-C(38) 114.78(7), C(30)-
Ga(1)-C(34) 112.42(7), C(38)-Ga(1)-C(34) 110.63(7), N(1)-C(1)-N(2) 107.51(14).

The Ga-C4 bond length (i.e., Ga-C2 in Fig 2.11) of 2.0759(16) A in 7 is
significantly shorter than the corresponding bond in the normal congener 1 (by
0.1201 A), supporting previous studies which suggest that abnormal carbenes
are stronger o-donors, less sterically congested, and consequently are able to
form stronger bonds with metal centres. In fact, as previously discussed for 6,
despite the neutral constitution of the aNHC ligand, the strength of this
interaction is similar to that observed for the Ga-C bond of the anionic carbene
present in 3.

As mentioned above, the only example of an abnormal NHC Ga complex prior
to this work was reported by Robinson,*3 where alPr-GaCls was formed while
attempting the transmetallation of mixed lithium/boron anionic NHC complex
with GaCls. Interestingly the Ga-Cearbene distance of this complex (1.978(3) A)
differs only by 0.097 A to that found for 7 (2.0759(16) A). This contrasts with
the markedly different bond distances found when comparing the relevant
normal isomer (Ga-Ccarnene bond distance in IPr-GaXs, 2.1960(16) A when
X=R (1); vs 2.016(2) A when X=ClI), hinting that in the abnormal systems, due
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to the increased steric space around the metal centre, the size of the anionic
groups attached to Ga has a significantly smaller influence than in the normal
adducts.

The 'H NMR spectrum of 7 in ds-THF solution showed a diagnostic singlet at
9.00 ppm (Fig. 2.12a) belonging to the H attached to the C2 position of the
carbene, whereas the remaining H in the imidazole ring resonates at 7.20 ppm.
The significant downfield shift of this C2-H proton compared to the imidazole
protons of 1 and 3 can be potentially correlated to its acidity as we have found
that addition of LiR to 7 will cleanly and instantly yield 3, whereas when we
attempted deprotonation of 1 co-complexation took place affording 2 (vide
supra). Similarly to that found in 6, the *C NMR spectrum shows two
informative singlets at 162.8 and 124.4 ppm which can be assigned to Ga-C4
and NC(H)N respectively.
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Figure 2.12: Comparison of the expanded aromatic region of *H NMR spectra in ds-THF
solution of compounds 1 (bottom), 3 (middle) and 7 (top); [Ga] = GaRa.

Illustrating the generality of these electrophilic interception reactions, we have
next reacted 4 with an equimolar amount of allyl bromide and 5 with Me3SiCl
in THF at room temperature. In both cases the reaction proceeded with the

formation of white precipitate (presumably alkali metal salts NaBr and KClI,
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respectively) affording [CsHsC{[N(2,6-'Pr.C¢H3)].CHCGa(CH.SiMes)s}] (8)
and [MesSiC{[N(2,6-'Pr.CsHs)]2.CHCGa(CH2SiMes)s}] (9) in 42 and 61 %
yields respectively (Scheme 2.10).
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Scheme 2.10: Electrophilic interception of anionic NHC complexes (a) 4 with allyl bromide
and (b) 5 with MesSiCl.

Compounds 8 and 9 are, like 6 and 7 before, neutral abnormal NHC Ga
complexes obtained as a result of the selective allylation (for 8) and silylation
(for 9) of the C2 position of the anionic NHC ligand present in 4 and 5, leaving
the C4-Ga left intact. The isolation of 9 contrasts with the reactivity reported
by Arnold for a related mixed K/Y complex,®t where the silylation occurs at
the C4 position of the anionic carbene, instead of C2. Similar regioselectivity
has been witnessed by Robinson for polymeric Li*IPr’, which in this case
affords the C4-SiMes substituted free carbene.[*! Interestingly, by adding
borane to this lithium complex, it is possible to direct the selectivity of the
quench with SiMesClI towards the C2 position.[44]

The molecular structures of 8 and 9 have been established by X-ray
crystallography (Fig 2.13). The Ga-C4 distances (i.e. C3 and C45 for 8 and 9
respectively) showed very little variation (2.0802(18) and 2.0887(16) A) to
that found in for instance 6 (2.0759(16) A) where the C2 position of the
carbene is occupied by a H atom, suggesting that the substituents on the C2 of

the imidazole ring have little influence in the strength of the Ga-C4 bond.
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(a) (b)

Figure 2.13: Molecular structure of 8 (a) and 9 (b) with 50% probability displacement
ellipsoids. All hydrogen atoms have been omitted for clarity. For compound 8 only
the CH,-CH=CH, fragment is shown. The wunit cell of 9 contains three
crystallographically independent molecules with identical connectivity. One of these
molecules is shown here.

Structural analysis of 8 revealed it to be a cocrystal which contains CHo-
CH=CH2 and CH=CH-CHs as substituents at the C2 of the carbene in
approximately 2:3 ratio, arising from the partial allylic rearrangement.
Mirroring this composition in solution, NMR spectroscopic analysis of 8
proved to be extremely complex in the allylic section (from 3 to 6 ppm);
although it should be noted that no interconversion between these two isomers
is observed over prolonged periods of time. Despite its complexity, the H
NMR spectrum displays four septets for the CH of isopropyl groups, while an
informative resonance at 163.4 ppm is observed for the carbenic carbon. A
similar chemical shift is observed for 9 (167.6 ppm) along with another signal
at 148.8 ppm, which can be assigned to the C of the imidazole ring that is now
bonded to a SiMes group (Fig. 2.14).
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Figure 2.14: 3C NMR spectrum of 9 in C¢Ds solution.

Compound 7, along with 1 and 3-5 constitutes a rare example of a series of
normal, anionic and abnormal complexes incorporating the same metal-
coligand partnership. As far as we can ascertain there are only two other
examples containing the BEt3*34489 and B(CeFs)s fragments.[37:39.70
Complementary DFT computational studiest” ! were undertaken on these three
compounds (i.e., 1, 3 and 7) employing the B3LYP method!’?>7% and the 6-
311G(d,p) basis set.[’ Natural bond orbital (NBO) analysis of the optimised
structures of IPr-GaRs (ll1lipr), alPrGaRsz (IVier) and (THF)2LIi[:C{[N(2,6-
'Pr,CeHs)].CHCGa(CH2SiMes)s}] (Vier) suggest considerable covalent
character of the Ga-C bonds. The Ga natural charges range from +1.43 to
+1.35 and the Wiberg bond indices (WBIs) of the Ga-C bonds range from
0.45-0.64. Contrastingly reflecting the more ionic nature of the Li-C contact in
Vipr, the natural charge of Li is +0.88 and the WBI of the Li-C is 0.08. In
agreement with our experimental findings the estimated Ga-C4 bonds in 1Vipr
and Vipr are significantly shorter (2.146 and 2.054 A, WBIs = 0.56 and 0.53
respectively) than the Ga-C2 bond in the normal complex I11ier (2.333 A, WBI
= 0.45), although it should be noted that for Illipr and 1Vipr, the strength of
these Ga-C bonds is somewhat underestimated (vide infra). A comparative
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natural charges analysis of these three models shows that while in bimetallic
Vier the amount of electrons transfer to GaRs unit is 0.34, in the case of
adducts Iller and 1Vipr these values are 0.27 and 0.31 which is consistent with
the neutral constitution of the NHC ligands.

Figure 2.15 shows the highest occupied molecular orbitals (HOMOS)
calculated for models I11er, IVier and Vier which in all case correspond to the
Ga-C bonding orbitals at the CH. groups of the monosilyl ligands, involving
also in the case of Vier the C4 of the anionic NHC. For this bimetallic system,
these calculations contrast with those reported for the related anionic lithium
dicarbene [:C{[N(2,6-iPr.C¢Hs)].CHCLIi(THF)}]n prepared by Robinson,®!l
whose HOMO and HOMO-2 correspond to the two strongly polarised Li-C
bonding orbitals at the C2 and C4 positions of the imidazole ring.

THF),LilPr*GaRs] (V
IPrGaR; (1llp,) alPrGaR; (IVip,) ! )2-I5.O6 eV ol Ve

-5.96 eV -5.60 eV
IPr* = [:C{[N(2,6-Pr,C¢H3)L,CH}I

Figure 2.15: Calculated molecular orbitals HOMO of models IH1pr, IVipr and Vier.

Interestingly,  calculations on  the regioisomeric  structure  of
[(THF).Li{IPr*GaRs}] (Vier) with the positions of the {GaRs} and
{Li(THF)2}" reversed, giving rise to Ga-C2 and Li-C4 coordination modes
(IGaRz{IPr*Li(THF)2}], model Vlipr) showed that this model is significantly
less stable (by 11.7 kcal mol?) which is consistent with the formation of a
significantly weaker (longer) Ga-C bond (2.272 A for Vlier vs 2.054 A for
Vipr, Figure 2.16).
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M) f . IPr* = [:C{[N(2,6-Pr,CqH2)],CH}I
)
[(THF),LKIPr*GaRa}] (Vip,) [GaR{IPr*Li(THF),}] (Vle,)

Figure 2.16: Comparison of regioisomeric structures Vpr and Vlpr.

2.5. Thermal isomerisation

It is rare to find examples where both normal and abnormal isomers have been
structurally characterised.l’>761 Amongst them, intriguing studies from the
groups of Layfield® and Dagorne® have shown that the systems
IPr-Fe(HMDS), and I'Bu-AlMes respectively, thermally isomerise to the
relevant abnormal species although the possible reaction pathways for these
transformations remain obscure. Similarly to our findings for complexes 1 and
7, in these Fe and Al examples, analysis of the metal-carbon distances have
revealed that the abnormal NHCs bind more strongly to the metal centres than
the isomeric normal carbenes. These studies also suggest the formation of the
abnormal-NHC complex is thermodynamically controlled with steric factors
strongly influencing isomerisation processes. Since compound 7 was obtained
using an indirect method (metallation/electrophilic interception), we pondered
if such types of thermal rearrangement would also be in operation when 1 was

heated in solution (Scheme 2.11).

Di Di
N/ PP N/ PP time|solvent|yield
100°C, time, solvent CgDg | 779
[ >:+GaR3 ] @2 o d 6TH6F 750;0
N 4N Th |ds- °
\ . R3Ga \ .
Dipp Dipp

Scheme 2.11: Thermally-induced rearrangement of 1 into 7.

Indeed, heating a de-benzene solution of 1 at 100 °C and monitoring progress
by *H NMR, produced 7 in 77% yield after 10 h (Fig 2.17 and 2.18)
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Figure 2.17: 'H NMR spectrum of mixture of 1 and 7 (77%) in Ce¢Ds solution obtained after
10h of heating of 1 at 100 °C.

*

*
Ll * *
*
J*
! * *
* %

-
€3

.
]
1
=

*

e

il 3

L * }
*

*~ *

* s

J *

N

T T T T T T

T T T T T T T T T T
0.4 03 0.2 0.1 00 -01 -02 -03 -04 -05 -06 -07 -08 -09 -10 -1.1

Figure 2.18: Expanded high field region of the *H NMR spectra for the isomerisation of 1
into 7 in CeDe.
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The reaction was greatly accelerated by using the more coordinating solvent
ds-THF (75% conversion in only 1 h). Under these conditions the maximum
conversion observed of 1 to 7 was 75%, however extended reaction times
(48h) did not lead to an increase in this conversion.

Previous studies on I'Bu-AlMesz have shown that the isomerisation is much
faster using a Lewis donor solvent such as THF, hinting that dissociation (at
least partially) of the carbene from the metal must play a significant role in the
process. Assessing the role of the metal fragment, related IPr-GaCls,“]
MgR2: 1Pl and ZnR2IPr [R = CH.SiMes] were prepared and heated in a
sealed tube. ZnR2-IPr (10) was prepared by mixing equimolar amounts of
ZnR2 and IPr in hexane and fully characterised by multinuclear NMR

spectroscopy and X-ray crystallographic analysis (Figure 2.19).

Figure 2.19: Molecular structure of 10 with 50% probability displacement ellipsoids. All
hydrogen atoms except those on imidazole ring and minor disorder in isopropyl groups are
omitted for clarity. Symmetry operator: -X, y, -z + 0.5. Selected bond distances (A) and bond
angles (°): Zn(1)-C(1) 2.141(3), Zn(1)-C(15) 2.008(2), C(15)-Zn(1)-C(15%) 129.54(17),
C(15)-Zn(1)-C(1) 115.23(9), N(1)-C(1)-N(17) 103.2(3).

Interestingly no isomerisation is observed for IPr-GaCls when using smaller
and stronger Lewis acid GaCls, as mentioned above, the carbene binds
significantly more strongly to the Ga centre. Related to these findings,

reflecting the relevance of the Lewis acidic character of the metal fragment,
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using the alkyl compounds MgR2:IPrl"I and ZnR2:1Pr (10) no rearrangements
were observed after 72 h at 100 °C.

The effect of the steric bulk of the substituents on the NHC ligand was
assessed. By  mixing equimolar  amounts  of  1,3-bis-(2,4,6-
trimethylphenyl)imidazol-2-ylidene (IMes) and GaRsz in hexane at room
temperature, IMes-GaR3 (11) was isolated as a crystalline solid in 34% vyield.
The coordination of metal fragment to the carbene and formation of a NHC
complex is best demonstrated by a resonance for the carbenic carbon at 182.2
ppm (vs 220.0 ppm in free IMes). Likewise, in *H NMR spectrum splitting of
the resonance for the methyl substituents and an upfield shift of the resonance
for the imidazole backbone from 6.50 ppm in free IMes to 5.92 ppm in 11,
further supports the formation of the adduct.

Containing the less bulky (IMes)[® carbene, 11 rearranges at a significantly
slower rate than 1, showing after 30 hours at 100°C in ds-THF a modest 8%

conversion to its abnormal isomer (Figure 2.20).
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Figure 2.20: *H NMR of mixture of 11 and its abnormal isomer (8 %) in ds-THF solution
obtained after 56 h of heating at 100 °C.

Contrastingly, 1,3-bis(tert-butyl)imidazol-2-ylidene (I'Bu) failed to form a

normal adduct with GaRs, furnishing instead only the abnormal isomer
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al'Bu-GaRs (12) at room temperature within one hour. Isolated as a
microcrystalline yield (43%, but almost quantitative in solution) 12 was not
amenable to single crystal X-ray analysis, however it was characterised by
multinuclear NMR spectroscopy. In the *H NMR spectrum in ds-THF solution
two sharp singlets are observed at 1.60 and 1.67 ppm (each integrating for 9H)
along with the two singlets at 7.07 and 8.36 ppm (1H each) attributed to
inequivalent '‘Bu groups and imidazole protons, respectively. Furthermore, an
informative resonance at 158.7 ppm for the C4-Ga is observed in *C NMR
spectrum which is in excellent agreement with the analogous bond in 7 (cf.
162.8 ppm).

This reactivity contrasts with that reported for the iron complex
I'Bu-Fe(HMDS), which undergoes thermal decomposition producing a
bis(imidazole)iron complex [(‘Bulm).Fe(HMDS),] accompanied with the
extrusion of isobutene,®! and appears to be more in line with that reported by
Tamm for the B(CsFs)s/I'Bu frustrated Lewis pair system (FLP) which has
been used for the activation of small molecules such as Ha or alkynes (Scheme
2.12). Although the two components fail to give an isolable normal complex,
in the absence of other reactive substrates, the irreversible formation of the

relevant abnormal carbene-borane adduct is observed.37-39

)
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N HMDS,,, /N
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[(‘Bulm),Fe(HMDS),]

Scheme 2.12: Comparison of I'Bu/GaR3 system with related 1'Bu/BAr; and I'Bu/Fe(HMDS).
systems, 1353
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2.6. DFT calculations

Encouraged by the formation of several aNHC-Ga complexes using this
approach, we performed theoretical calculations at the DFT level™*l employing
the B3LYP method">"®l and the 6-311G(d,p) basis setl’ to optimize
structures and to gain new insights into the thermodynamics involved in these
processes. A comparison of geometrical parameters of optimised structures
IPr-GaRs (I1lipr) and alPrGaRs (IVier) shows general good agreement with
those found experimentally from the X-ray determinations of 1 and 7
respectively (Table 2.2) although for both models there is a slight
underestimation of the strength of the Ga-Ccarvene interaction (A[d(Ga-C)carc -
d(Ga-C)exp) = 0.137 and 0.070 A for 1 and 7 respectively). Interestingly model
IVipr was computed to be more stable than I11er by just 1.5 kcal mol™.

Table 2.2: Modelled structures and relative energies of NHC-adducts IPr-GaR3 (111p¢) and
alPr-GaRs (|V|Pr).

IPr-GaRs alPr-GaRs

3 e
2 e "#‘f"

E relative 1.5 kcal mol*! 0.0 kcal mol*
calculated (I11ipr)  experimental (1) ca(llc\lj:zt)e d exper(l;r; ental
Ga('g)NHC 2.333 2.1960(16) 2.146 2.0759(16)
2.038 2.0120(17) 2.045 2.0071(17)
Ga-Cr (A) 2.045 2.0164(16) 2.051 2.0257(16)
2.036 2.0034(15) 2.051 2.0262(17)
N-C-N (°) 102.9 102.80(13) 108.6 107.51(14)

Using the same level of theory, free alPr was also found to be 16.2 kcal mol?
less stable than its normal isomer IPr. Notably, the dissociation energy of 1Vipr
was found to be 17.7 kcal mol?t higher than for Iller (Scheme 2.13), in
agreement with our experimental findings which suggest a greater donor
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ability of the abnormal NHC ligand for the GaRs fragment when compared to

its normal isomer.

R* R*
/ /U
N N R* Model AE
[ >—>GaR3 — = [ >: + GaR; | Dipp W,  +5.7
N N L Mes Mipes  +11.8 )
\ \ e
R* 1 R*
R* e
H / /R* R*  Model AE
Y H N Dipp  IVjp, +23.4
NQ ™GaR; ————> @: + GaRj Mes Vimes  +26.5
R* \Y; R*/N By Wigy +23.9 ;

Scheme 2.13: Estimated dissociation energies (AE) in kcal mol™? of complexes 111 and 1V
(R* = Dipp, Mes, tBu).
These studies were extended to the related carbenes IMes and I'Bu. For IMes,
which is less sterically demanding than IPr, the order of stability of 111imes and
IVimes is reversed; with the normal isomer Illives being 2.1 kcal mol™t more
stable (Figure 2.21). Interestingly, the energy difference between free alMes
and IMes of +16.8 kcal mol™ is almost identical to that for free alPr and IPr.
As shown in Scheme 2.13, the calculated values for the dissociation energies
of I limes and 1Vimes follow the same trend as described for the IPr complexes,
although now the dissociation of IMes-GaR3z (Illimes) is noticeably more
endothermic (by 6.1 kcal mol?) than in IPr-GaRs (I1lier). These subtle but
significant changes in the energy values could explain the lower conversions
observed experimentally when IMes-GaR3 (11) is heated in ds-THF (max yield
8% for alMes-GaRs, vide supra), as the dissociation of IMes-GaR3 is more

thermodynamically challenging.
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Figure 2.21: Modelled structures and relative energies of NHC-adducts 11imes and 1V imes.

A more dramatic effect is observed for I'Bu, which containing aliphatic ‘Bu
substituents, is significantly bulkier than IPr, more basic and therefore a better
donor, from an electronic perspective. Notably attempts to optimize the
structure of I'Bu-GaRs were unsuccessful, as all the obtained models showed
no stabilisation compared to the separate constituents I'Bu and GaRs. This lack
of coordination between I'Bu and GaRs can best be explained by steric
incompatibility of ‘Bu and monosilyl groups and supports our experimental
findings that when I'Bu and GaR3 are mixed at RT al'Bu-GaRs (12) is formed.
The dissociation energy for this abnormal complex was found to be +23.9 kcal
mol? (Scheme 2.13).

Collectively these computational results not only offer further support for the
greater donor ability of abnormal NHC ligands compared to their normal
isomers but also highlight the crucial role that the steric profile plays in these
isomerisation processes. Thus, in the case of IMes, the less bulky of the
carbenes investigated, it becomes slightly endothermic, whereas for IPr and
I'Bu, the formation of the abnormal complexes is thermodynamically favoured

by -1.5 and -6.63 kcal mol* respectively, in accord with their sizes.

2.7. Mechanistic implications

Both computational and spectroscopic studies suggest that the isomerisation of
1 into 7 may involve a dissociative step. Supporting this assumption, when a

mixture of 1 and GaRs (two equivalents) was heated at 100 °C in ds-THF, the
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formation of 7 becomes significantly slower (46% conversion observed after 1
h), which can be rationalised in terms of the effect that the excess of this
reagent will have in the equilibrium depicted in Equation 2.1, namely shift it

towards the left.

[GaR3-IPr GaRj + IPr]

Equation 2.1: Proposed equilibrium of 1 and its free components in solution.

Contrastingly, when the reaction is carried out using an excess of IPr (2
equivalents), the isomerisation process occurs significantly faster (90% after
30 minutes). In order to shed some light on the mechanism involved in this
isomerization process, kinetic analysis of a NMR scale reaction ([1]= 0.22 M)
performed at 100°C in ds-THF revealed a pseudo-zeroth-order kinetics over a
period of two-half lives (64% conversion). Under these conditions the
maximum conversion observed of 1 to 7 was 75%, while the extended reaction
times (48h) did not lead to an increase in this conversion. An identical
experiment using IPrP-GaRs (1P) (IPr® = 1,3-bis(2,6-di-isopropylphenyl)-4,5-
dideutero-imidazolin-2-ylidene)[™® allowed the comparison of the subsequent
zero order rate constants, revealing no observable KIE (Figure 2.22).
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Figure 2.22: Kinetic analysis performed on the 0.22 M dg-THF solution of 1 (left hand
side) and 1° (right hand side) at 100 °C.

These findings suggest that the bond cleavage of the Cs-H in IPr ligand is
unlikely to be rate-determining step in the isomerisation process. Encouraged
by these findings we chose to study further the mechanism of this process
using the method of initial rates.[% Attempts to study transformation of 1 into

7 under pseudo-first-order conditions (using a 10 molar equivalent excess of

57



Chapter 2: Rational synthesis of normal, abnormal and anionic NHC-gallium alkyl complexes

GaRs3 per complex 1) completely inhibited the isomerisation process, however
initial rate experiments could be successfully conducted. Isomerisation of 1 into
7 in dg-THF at 323K (Scheme 2.14) was monitored using in situ NMR spectroscopy

by following the appearance of the resonance assigned to the new Ccarbene-H bond (9

ppm).

/Dipp /Dipp
N N
323 K, dg-THF
[ DGR, - @>7H
N ¥ N
\ . R3Ga \ .
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Scheme 2.14: Isomerisation of 1 into 7 at 323 K in ds-THF studied by initial rate
experiments.

The percentage of conversion was restricted to 5-7 % in order to calculate the initial
rate (ro) of the reaction. The data were plotted as molar concentration of the product
versus time yielding straight lines, which were fitted by conventional linear
regression (r?> > 0.96) and r, values were obtained from the corresponding slopes. A

sample plot is shown in Figure 2.23.
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Figure 2.23: Initial rate over 4800 s (0.42 M [IPrGaRs]).

To investigate the effect of [IPrGaRz] (1) on the reaction rate, four experiment were
carried out varying the concentration of 1 in the range 0.17-0.42 M and a first order
dependence was revealed (Figure 2.24).
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Figure 2.24: Initial rates versus concentration of IPr-GaRs, [1] for isomerisation of 1 into 7
in dg-THF at 323 K and at given initial concentration of 1.

First-order dependence is also observed for the concentration of IPr ([IPr] =
0.29-0.55 M) as shown in Figure 2.25, which is consistent with the

dissociative step previously discussed and the involvement of free IPr in the

isomerization process.
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Figure 2.25: Initial rates versus concentration of [IPr] for isomerisation of 1 into 7 in ds-
THF at 323 K and at given initial concentration of 1 and IPr.

By contrast to IPr, a negative order of -1 is observed for the concentration of
GaRs ([GaRs] = 0.32-0.74 M) as shown in Figure 2.26.
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Figure 2.26: Initial rates versus concentration of [GaR3]™ for isomerisation of 1 into 7 in ds-
THF at 323 K and at given initial concentration of 1 and GaRs.
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A plausible interpretation of these results is that the isomerisation process
takes place by the partial dissociation of 1 (which appears to be the rate-
determining step of the reaction) to form free IPr that in turn can activate the H
atom from the backbone of the NHC ligand coordinated to Ga in complex 1
(Scheme 2.15). Consistent with this interpretation, the formation of al'BuGaRs
(12) from an equimolar mixture of I'Bu and GaRs occurs under much milder
conditions (room temperature, 60 minutes) than for 7. In this case I'Bu and
GaRs fail to form a stable normal adduct, thus a dissociation step is not
required. NMR studies of equimolar amounts of IPrP-GaR3 (1P) and IPr-GaR3
(1) in dg-THF were carried out in order to assess if the transformation of 1 to 7
occurs via an intra- or intermolecular mechanism. However analysis of the
NMR data proved to be inconclusive due to the overlapping of the signals

from the protonated and deuterated species.
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Scheme 2.15: Proposed mechanism for the isomerisation of 1 into 7.

This proposed modus operandi is similar to that described for the activation of
small molecules such as acetylenes, H> or amines using NHC/borane FLP
systems, that, as mentioned before, in the absence of another substrate form
the relevant abnormal aNHC-BAr; adducts (Ar = CeFs or XyFg).3 3 |n

particular the reactivity of 1 can be related to that described by Tamm for
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I'Bu-B(XyFs)s that forms a stable normal adduct at room temperature but
heating at 110°C isomerizes to al'Bu-B(XyFe)s. This system exhibits FLP
reactivity and can activate CO,, HCCPh and THF (Scheme 2.16).5°

/tBU /tBU
N N
© toluene, 15 min O H
| @)—B0xyFe)
X 110 °C ¢
\ (XyFe)3B \
‘Bu Bu
isomerisation
/tBu
N CPh
HC=CPh Il
- | @>>7H C
benzene, RT, 20 min ol
________________________________ N\ B(XyFe)3

C-H activation

Scheme 2.16: The formation of abnormal NHC-borane complex and FLP activation of
phenylacetylene by the same normal NHC-borane complex under different conditions.’!

This could lead to the formation of the transient ion-pair species [IPr-
H]'[IPr*GaRs]" (A in Scheme 2.15) (IPr* = :C{[N(2,6-iPr.C¢Hz)].CHC),
comprising an imidazolium cation and an NHC-gallate containing an anionic
NHC (which on the basis of the constitution of lithium gallate 3, it could be
expected to have its Ga center coordinated to the C4 position).

This reactivity can be interpreted in terms of “thermally induced frustration™, a
concept recently introduced by Papai which refers to the thermal activation of
strained dative bonds of bulky Lewis donor-acceptor pairs.[Bl Intermediate A
will evolve fast with the irreversible formation of abnormal complex 7 and the
regeneration of free IPr. This proposed behaviour mirrors that described in
Scheme 2.9c, for the protonation of the anionic carbene present in 3 by the
imidazolium salt IMes-HCI, which occurs at the C2 position, forming neutral
alPrGaRs and free IMes. Since IPr is regenerated at the end of the process, it
can then be envisaged that under the conditions studied it acts as a catalyst in
the isomerization process. The proposed intermediate A as a transient species
has never been experimentally observed, however a model for the energy of its
formation has been calculated. The formation of intermediate A from two
molecules of free IPr and a molecule of GaRs was found to be endothermic by + 11.7

kcal mol™ (Figure 2.27). Several models of the analogous intermediate, which would
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be formed from free carbenes and has no GaRs coordinated, were attempted but their

geometries were not possible to optimize.

AE = +11.7 kcal mol-'

Figure 2.27: DFT study on the reaction of model systems lpr and GaRs; to afford
intermediate A.

2.8. Conclusions

Progressing main-group NHC chemistry, this systematic study of the synthesis
and stability of abnormal NHC-gallium complexes has demonstrated two
alternative and efficient methodologies to access alPrGaRz (7). Studies
investigating the synthesis of anionic NHC complexes have shown that the
functionalization of the imidazole backbone can be achieved by sequentially
treating IPr with the polar organometallic reagent LiR followed by GaRs
addition (indirect stepwise gallation), to afford heteroleptic gallate
(THF)2LI[:C{[N(2,6-'Pr.CeH3)].CHCGa(CH2SiMes)s}]  (3).  Electrophilic
interception of 3 with MeOTT or the imidazolium salt IMes-HCI led to the
isolation of neutral abnormal NHC (aNHC) complexes [CH3C{[N(2,6-
'Pr,CeHs)]2CHCGa(CH2SiMes)s}] (6) and alPrGaRs (7). These studies
disclose the preference of the anionic IPr ligand present in 3 to react with these
electrophiles via its C2 position, leaving its Ga-C4 interaction intact.
Compound 7 can also be accessed by a thermally induced rearrangement of its
normal isomer IPr-GaRsz (1). NMR spectroscopic studies coupled with
theoretical calculations have revealed the importance of the donor ability of

the solvent used in these thermal isomerisation processes as well as the steric
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bulk of the substituents on the N atoms of the NHC ligands and the Ga reagent,
suggesting that the relief of the steric hindrance by forming an abnormal
complex is one of the main driving forces behind these rearrangements and
hinting at the potential FLP reactivity that these systems may exhibit.
Mechanistic studies intimate that these processes occur via a rate-determining
dissociative step, supporting the formation of free NHC, which in turn can

catalyse the isomerization process.

2.9. Experimental procedures
2.9.1. Synthesis of [IPrGa(CH2SiMes)s] (1) Equimolar amounts of

/Dipp Ga(CH2SiMe3)s (036 g, 1 mmol) and bis(2,6-

N diisopropylphenyl)imidazol-2-ylidene (IPr) (0.39 g, 1 mmol)
[N>:+GaR3 were suspended in hexane (10 ml) and stirred for one hour at

\Dipp room temperature. The resulting yellow suspension was gently
heated until all of the visible solid had dissolved. Slow cooling of the resulting
solution afforded a crop of colourless crystals (0.54 g, 75%). Anal. Calcd for
CagHeoN2SizGa: C, 65.06; H, 9.66; N, 3.89. Found: C, 65.00; H, 10.08; N,
3.94.
'H NMR (298 K, CeDs) 6 -0.95 (6H, s, CH2SiMes), 0.18 (27H, s, Si(CHs)s3),
0.94 (12H, d, CH(CHa3)2), 1.39 (12H, d, CH(CHz).), 2.71 (4H, sept,
CH(CH5)2), 6.40 (2H, s, imidazole backbone CH), 7.11 (4H, d, m-CH), 7.26
(2H, t, p-CH). BC{*H} NMR (298 K, C¢Ds) & 0.4 (CH2SiMes), 3.6 (Si(CHs3)3),
23.0 (CH(CHs3)2), 26.0 (CH(CHs3)2), 29.0 (CH(CHs3)2), 124.3 (m-CH), 124.4
(imidazole backbone CH), 130.7 (p-CH), 136.3 (i-C), 145.8 (0-C), 186.6 (C:).
IH NMR (298 K, ds-THF) & -1.13 (6H, br s, CH2SiMes), -0.20 (27H, s,
Si(CHs3)3), 1.14 (12H, d, CH(CHs3)2), 1.36 (12H, br s, CH(CHz)2), 2.76 (4H,
sept, CH(CHzs)2), 7.32-7.48 (8H, mult, imidazole backbone CH + ArCH).
BC{'H} NMR (298 K, ds-THF) & 0.7 (CHzSiMes), 3.4 (Si(CHs)3), 23.6
(CH(CH3)2), 25.9 (CH(CHa)2), 29.5 (CH(CHa3)2), 124.7 (m-CH), 126.0
(imidazole backbone CH), 130.9 (p-CH), 137.5 (i-C), 146.7(0-C). Carbenic C

could not be detected.
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2.9.2. Synthesis of [IPrLiGa(CH2SiMes)s] (2) Li(CH2SiMe3) (1M in
/Dipp pentane, 1 mL, 1 mmol) was added to a solution of GaR3
N PN (0.33 g, 1 mmol in 10 mL hexane) and stirred for 1h at
[N>:+Li\R/GaVR room temperature. To this suspension of [LiGaR4]«», an
\Dipp equivalent of IPr (0.39 g, 1 mmol) was added and the
resulting orange suspension was stirred for another hour at room temperature.
To the resulting orange suspension toluene was added dropwise with gentle
heating until all of the visible solid has dissolved. Slow cooling of the resulting
solution afforded X-ray quality crystals. The mixture was then concentrated
and kept at -26 °C for a couple of days to yield a crop of colourless crystals
(0.39 g, 48%). Anal. Calcd for C43HsoN2SisLiGa: C, 63.36; H, 10.02; N, 3.44.
Found: C, 63.01; H, 10.37; N, 3.54.
'H NMR (298 K, CeDs) 6 -0.96, -0.91 (8H, s, CH2SiMesz), 0.21 (36H, s,
Si(CHz)3), 0.97 (12H, d, CH(CH3)2), 1.32 (12H, d, CH(CH3)2), 2.65 (4H, sept,
CH(CHs3)2), 6.34 (2H, s, imidazole backbone CH), 7.08 (4H, d, m-CH), 7.22
(2H, t, p-CH). "Li NMR (298 K, CsDs): & 0.80. Because of poor solubility *C
spectrum was not obtained. By switching to the donor solvent dg-THF it was
evident from H and ’Li that the co-complex was broken and the free IPr and

LiGaR4 were identified.

2.9.3. Synthesis of (THF)2Li[:C{[N(2,6-'Pr.CeH3)]2CHCGa(CH2SiMe3)s}]

Dipp (3) Li(CHzSiMes) (1 mL, 1M in pentane, 1 mmol)

N/ was added via syringe to a suspension of IPr (0.39

JI >=+Li(THF)2 g, 1 mmol) in hexane (10 mL) at room temperature
RsGa N\Dipp to form a white suspension. After stirring overnight,

a hexane solution of Ga(CH:SiMes); (0.33 g, 1
mmol in 5 mL hexane) was added via cannula and stirred for 3h at room
temperature. The reaction mixture was then concentrated to approximately 5
mL and 1 mL of THF was added to afford a colourless solution. Overnight
storage of the solution at -30 °C provided a batch of colourless crystals (0.44 g,
56 %). Anal. Calcd for C47HgaN2SisLiO2Ga: C, 64.88; H, 9.73; N, 3.22. Found:
C, 65.00; H, 10.08; N, 3.65.

IH NMR (298 K, ds-THF) & -1.18 (6H, s, CH.SiMes), -0.17 (27H, s,
Si(CHs)3), 1.07-1.11 (12H, mult, CH(CHs3)2), 1.18 (6H, d, CH(CHz)2), 1.29
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(6H, d, CH(CHs)), 3.0 (4H, mult, CH(CHz3).), 6.64 (1H, s, imidazole
backbone CH), 7.16-7.34 (6H, mult, m-CH + p-CH). 3C{*H} NMR (298 K,
ds-THF) & 0.1 (CH2SiMes), 3.6 (Si(CH3)3), 23.2 (CH(CHs)2), 24.8
(CH(CHs3)2), 25.2 (CH(CHs3)2), 26.7 (CH(CHs)2), 28.4 (CH(CHs3)2), 28.6
(CH(CHs)2), 123.4 (p-CH), 124.0(p-CH), 127.8 (m-CH), 128.7 (m-CH), 129.2
(imidazole backbone CH), 140.1 (i-C), 143.6 (i-C), 147.1 (0-C), 147.3 (0-O),
155.0 (C-Ga), 201.5 (C:). 'Li NMR (298 K, dg-THF): 5 0.12.

'H NMR (298 K, CesDs) 6 -0.60 (6H, s, CH2SiMes), 0.40 (27H, s, Si(CHs3)s3),
1.01 (12H, mult, CH(CHs)2), 1.06 (8H, mult, THF), 1.27 (6H, d, CH(CHz)>),
1.58 (6H, d, CH(CHs)2), 2.56 (8H, mult, THF), 3.00 (2H, sept, CH(CHz)>),
3.21 (2H, sept, CH(CHz3)2), 6.99 (1H, s, imidazole backbone CH), 7.0-7.2
(mult, ArCH overlapping with CsDg).

2.9.4. Synthesis of (THF)3sNa[:C{[N(2,6-'Pr.CsH3)]2CHCGa(CH2SiMe3)3}]
(4) Equimolar amounts of Na(CH.SiMe3z) (0.22g, 2
mmol) and IPr (0.8 g, 2 mmol) were suspended in

N
JI >:_>Na(TH|:)3 hexane (10 mL) and stirred for 2h at room temperature.

R;Ga N\ To the obtained slurry, a hexane solution of

Dipp Ga(CH2SiMe3)s (0.66 g, 2 mmol in 10 mL hexane) was

added via cannula and stirred over night at room temperature. The reaction mixture

Dipp
/

was then concentrated to approximately 5 mL and 1 mL of THF was added to afford
a straw solution. Overnight storage of the solution at -30 °C provided a batch of
colourless crystals (1.36 g, 71 %). %). It should be noted that two coordinated THF
molecules are lost upon drying in vacuo. Anal. Calcd for Ca3H76N2SisNaOGa: C,
63.44; H, 9.41; N, 3.44. Found: C, 63.21; H, 9.44; N, 3.70.

'H NMR (298 K, CsDs) 8(ppm) -0.62 (6H, s, CH2SiMes), 0.37 (27H, s, Si(CH3)3),
1.04 (12H, d, CH(CHs)), 1.31 (20H, mult, CH(CHz3)> + THF), 1.57 (6H, d,
CH(CHzs)2), 3.00 (2H, sept, CH(CHs).), 3.09 (14H, mult, THF), 3.21 (2H, sept,
CH(CHa)2), 6.99 (1H, s, imidazole backbone CH), 7.08 (2H, p-CH), 7.16-7.21 (4H,
mult, m-CH overlapping with C¢Ds). BC{*H} NMR (298 K, CsDs) 8(ppm) 0.2
(CH2SiMez), 3.8 (Si(CHs)3), 23.3 (CH(CHa)z2), 24.8 (CH(CHz3)2), 25.3 (CH(CHs)2),
25.5 (CH(CHa)2), 27.9 (CH(CHz3)2), 28.1 (CH(CHs).), 123.4 (Ar-CH), 123.7 (Ar-
CH), 124.5 (Ar-CH), 128.5 (Ar-CH), 129.2 (imidazole backbone CH), 139.1 (Ar-C),
142.7 (Ar-C), 146.8 (Ar-C), 146.9 (Ar-C), 156.0(C-Ga), 198.6 (C:).
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IH NMR (298 K, ds-THF) &(ppm) -1.18 (6H, s, CHzSiMes), -0.17 (27H, s,
Si(CHa)s), 1.09-1.19 (12H, mult, CH(CHs)2), 1.30 (6H, d, CH(CHs3)2), 3.0 (4H, mult,
CH(CHa)2), 6.64 (1H, s, imidazole backbone CH), 7.18-7.36 (6H, mult, m-CH + p-
CH). 3C{*H} NMR (298 K, ds-THF) &(ppm) 0.2 (CH.SiMe3), 3.7 (Si(CHs3)3), 23.3
(CH(CH3)2), 25.1 (CH(CHs)32), 25.3 (CH(CHs3)z2), 26.4 (CH(CH3)2), 28.5 (CH(CHs)2),
28.6 (CH(CHs)2), 123.6 (Ar-CH), 124.1 (Ar-CH), 127.9 (Ar-CH), 128.8 (Ar-CH),
129.5 (imidazole backbone CH), 139.1 (Ar-C), 142.7 (Ar-C), 147.3 (Ar-C), 147.5
(Ar-C), 155.2 (C-Ga), 202.8 (C:).

2.9.5. Synthesis of (THF)sK[:C{[N(2,6-'"Pr2CsH3)].CHCGa(CH:SiMe3)3}]

/Dipp (5) Equimolar amounts of K(CH2SiMes) (0.26 g, 2

N mmol) and IPr (0.8 g, 2 mmol) were suspended in
£N> = K(THP): hexane (10 mL) and stirred for 2h at room temperature.

\ To the obtained slurry, a hexane solution of
Ga(CH:SiMes)s (0.66 g, 2 mmol in 10 mL hexane) was added via cannula and stirred
over night at room temperature. The reaction mixture was then concentrated to
approximately 5 mL and 1 mL of THF was added to afford a straw solution.
Overnight storage of the solution at -30 °C provided a batch of colourless crystals
(1.48 g, 76 %). It should be noted that one coordinated THF molecule is lost upon
drying in vacuo. Anal. Calcd for Cs47HssN2SisKO2Ga: C, 62.57; H, 9.38; N, 3.10.
Found: C, 62.71; H, 9.62; N, 3.45.

'H NMR (298 K, ds-THF) &(ppm) -1.16 (6H, s, CH.SiMes), -0.17 (27H, s,
Si(CHs)3), 1.09 (12H, d, CH(CHs)2), 1.17 (6H, d, CH(CHzs)2), 1.29 (6H, d,
CH(CHs3)z2), 3.02 (4H, mult, CH(CHz)2), 6.59 (1H, s, imidazole backbone CH), 7.15-
7.28 (6H, mult, m-CH + p-CH). BC{*H} NMR (298 K, ds-THF) &(ppm) 0.2
(CH2SiMes), 3.7 (Si(CHzg)3), 23.2 (CH(CHs3)2), 24.9 (CH(CHa)2), 25.3 (CH(CHz3)2),
26.4 (CH(CHa)2), 28.4 (CH(CHz3)2), 28.6 (CH(CHs).), 123.2 (Ar-CH), 123.7 (Ar-
CH), 127.6 (Ar-CH), 128.2 (Ar-CH), 128.6 (imidazole backbone CH), 140.8 (Ar-C),
144.3 (Ar-C), 147.3 (Ar-C), 147.4 (Ar-C), 153.6 (C-Ga), 210.7 (C:).

2.9.6. Synthesis of [CH3C{[N(2,6-'Pr.CeH3)]2CHCGa(CH:2SiMes)s}] (6) A
toluene solution of 3 (0.43 g, 0.5 mmol in 15 mL of toluene) was cooled down
to -80 °C and stirred for 20 min. To this slurry, a toluene solution of MeOTf

(0.08 g, 0.5 mmol in 3 mL of toluene) was added dropwise and stirred for an
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Dipp hour. The mixture was filtered through Celite to remove
/ LiOTf and washed with more toluene (5 mL). The solvent
@ Me " was exchanged in vacuo to hexane (5 mL) to which 2 mL
R3Ga \ of fresh toluene were added. Obtained suspension was
gently heated until a yellow solution was obtained which
upon slow cooling afforded X-ray quality crystals. This mixture was then kept
overnight at -30 °C to yield a crop of colourless crystals (0.25 g, 68%). Anal.
Calcd for C4oH7:1N2SisGa: C, 65.28; H, 10.00; N, 3.81. Found: C, 65.04; H,
9.91; N, 4.08.
'H NMR (298 K, ds-THF) & -1.09 (6H, s, CH2SiMes), -0.13 (27H, s,
Si(CHs)3), 1.09 (6H, d, CH(CHas)2), 1.20 (6H, d, CH(CHs)2), 1.36 (6H, d,
CH(CHz3)2), 2.04 (3H, s, CHz), 2.51 (2H, sept, CH(CHz3)2), 2.72 (2H, sept,
CH(CH&)2), 7.13 (1H, s, imidazole backbone), 7.34-7.48 (mult, 6H, Ar-CH).
BC{*H} NMR (298 K, ds-THF) & 0.5 (CH:SiMes), 3.5 (Si(CHs)3), 12.2
(CHz), 24.0 (CH(CH3)2), 24.4 (CH(CH3)2), 249 (CH(CHz3)2), 25.4
(CH(CHs)2), 28.9 (CH(CHs3)2), 29.3 (CH(CH?3)2), 125.3 (m-CH), 125.8 (m-
CH), 130.0 (p-CH), 131.7 (imidazole backbone CH), 132.1 (p-CH), 132.1(i-
C), 135.1 (i-C), 145.0 (NCMeN), 146.3 (0-C), 146.5 (0-C), 161.2 (C-Ga).

2.9.7. Synthesis of [alPrGa(CH2SiMes)s] (7) To a THF solution of 3 (0.43 g,
/Dipp 0.5 mmol in 10 mL of THF) IMesHCI (0.17 g, 0.5 mmol)
@ was added from solid addition tube and stirred for 6h at
H
£ TN

room temperature. The mixture was filtered through Celite

R3Ga \
Dipp
concentrated to ca. 5 mL in volume to which 2 mL of hexane was added and

and washed with more THF (2 x 5 mL). Clear filtrate was

stored at -30 °C to afford colourless crystals of title compound (0.22 g, 61%).
Anal. Calcd for CaHesoN2SisGa: C, 65.06; H, 9.66; N, 3.89. Found: C, 65.42;
H, 9.76; N, 4.19.

'H NMR (298 K, CeDs) 5 -0.67 (6H, s, CH2SiMes), 0.29 (27H, s, Si(CHs)s3),
0.85 (6H, d, CH(CHa)2), 0.91 (6H, d, CH(CHs3)2), 1.07 (6H, d, CH(CHs)2),
1.41 (6H, d, CH(CHs)2), 2.37 (2H, sept, CH(CHs)2), 2.73 (2H, sept,
CH(CH5)2), 6.93 (2H, d, m-CH), 6.94 (1H, s, imidazole backbone CH), 6.97
(1H, s, C2-H), 7.08 (2H, d, m-CH), 7.11-7.23 (2H, two triplets, p-CH).

67



Chapter 2: Rational synthesis of normal, abnormal and anionic NHC-gallium alkyl complexes

IH NMR (298 K, ds-THF) & -1.07 (6H, s, CH»SiMes), -0.13 (27H, s,
Si(CHs)3), 1.10 (6H, d, CH(CHs3)2), 1.18 (6H, d, CH(CHz)2), 1.27 (6H, d,
CH(CHa)2), 1.38 (6H, d, CH(CHa)2), 2.59 (2H, sept, CH(CHz)2), 2.77 (2H,
sept, CH(CHa)2), 7.19 (1H, s, imidazole backbone CH), 7.35-7.41 (4H, two
doublets, m-CH), 7.48-7.58 (2H, two triplets, p-CH), 9.00 (1H, s, C2-H).
BC{'H} NMR (298 K, ds-THF) & -0.1 (CH2SiMes), 3.4 (Si(CHs)3), 22.9
(CH(CHs3)2), 24.6(CH(CHz3)2), 24.9 (CH(CHa3)2), 26.7 (CH(CHs)2), 29.1
(CH(CH&)2), 29.3 (CH(CHz3)2), 124.6 (m-CH), 125.2 (m-CH), 131.1 (p-CH),
131.2 (imidazole backbone CH), 131.8 (p-CH), 132.1 (i-C), 135.6 (i-C), 139.2
(NCHN), 146.5 (0-C), 146.7 (0-C), 162.8 (C-Ga).
2.9.8. Synthesis of [C3HsC{[N(2,6-'Pr2CsHs)]2.CHCGa(CH:SiMes)3}] (8)
Dipp To a THF solution of 4 (0.48 g, 0.5 mmol in 5 mL of THF)
N/ allyl bromide (0.06 g, 43 uL, 0.5 mmol) was added inducing
i.@%C?JHS precipitation. Obtained suspension was stirred for 1h at room
R3Ga \Dipp temperature and then filtered through Celite. Orange filtrate
was layered with 3 mL of hexane and stored at -33 °C to
afford colourless crystals of title compound (0.16 g, 42%). Anal. Calcd. for
Cs2H73N2SisGa: C, 66.37; H, 9.68; N, 3.69. Found: C, 65.69; H, 9.66; N, 3.84. The
NMR analysis is very complex and the reported chemical shifts are for both CH=CH-
CH3z and CH2-CH=CH; fragments.

'H NMR (298 K, ds-THF) &(ppm) -0.67 (6H, mult, CHzSiMes), -0.29 and -0.33
(27H, s, Si(CHs)3), 0.81-1.46 (24H, mult, CH(CHz3)2), 2.35 (0.8 H, mult, CH(CHj3).),
2.51 (1.2 H, mult, CH(CHa)2), 2.70 (0.8 H, mult, CH(CHz3)2), 2.85 (1.2 H, mult,
CH(CHzs)2), 2.95 (0.5 H. d, CH=CH-CH3), [4.12, 4.36, 4.54, 4.67, 5.00, 5.60] (CH2-
CH=CH2 + CH=CH-CHj3), 6.88 (7H, mult, imidazole backbone CH + Ar-CH),
BC{*H} NMR (298 K, ds-THF) &(ppm) 0.3 (CH.SiMes), 3.6 (Si(CHas)3), 22.6
(CH(CHBa)z2), 22.8 (CH(CHs3)2), 23.0 (CH(CH3)2), 23.7 (CH(CHsa)2), 23.8 (CH(CHs3)2),
23.9 (CH(CHs).), 24.4 (CH(CHs)2), 24.5 (CH(CHs)2), 24.6 (CH(CHs)2), 26.4
(CH(CHs)2), 28.3 (CH(CHs3)2), 28.4 (CH(CH?3)2), 28.5 (CH(CH?3).), 28.7 (CH(CH3)2),
30.1 (CH=CH-CH3), [114.2, 115.9, 120.3, 124.1, 124.4, 124.6, 124.7, 124.8, 125.1
CH2-CH=CH, + CH=CH-CHg], [130.1, 130.2, 130.5, 130.8, 130.9, 131.2, 131.4,
131.7 aromatic CH + imidazole backbone CH ], [134.1, 134.7, 136.6 Ar-C], 141.6
(C2-C), [143.7, 1455, 145.6, 145.7 Ar-C], 163.4 (C-Ga).
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2.9.9. Synthesis of [MesSiC{[N(2,6-"Pr2CsHs)]2=CHCGa(CH:SiMes)s}] (9)
Dipp To a THF solution of 5 (0.49 g, 0.5 mmol in 5 mL of THF)

/
N dried TMSCI (0.05 g, 63 pL, 0.5 mmol) was added
/@ SiMes inducing precipitation. Obtained suspension was stirred for

* N
RsGa \ 1h at room temperature and then filtered through Celite.

Clear filtrate was layered with 2 mL of hexane and stored
at -33 °C to afford colourless crystals of title compound (0.24 g, 61%). Anal. Calcd
for C42H77N2SisGa: C, 63.68; H, 9.80; N, 3.54. Found: C, 62.89; H, 9.46; N, 3.60.

'H NMR (298 K, Ce¢Ds) 8(ppm) -0.69 (6H, s, CH.SiMe3), -0.46 (9H, s, SiCH3), 0.33
(27H, s, Si(CHzg)s), 1.03 (6H, d, CH(CHs)2), 1.09 (12H, d, CH(CHs)2), 1.40 (6H, d,
CH(CHa)2), 2.40 (2H, sept, CH(CHa)2), 2.76 (2H, sept, CH(CHa)2), 6.95 (2H, d, Ar-
CH), 7.04 (2H, d, Ar- CH), 7.12-7.21 (3H, mult, Ar-CH + CH imidazole backbone).
BC{'H} NMR (298 K, ds-THF) &(ppm) -0.5 (SiCHs), 1.3 (CH:SiMes), 3.7
(Si(CHz3)3), 21.6 (CH(CHz3)2), 24.3 (CH(CHz3)2), 25.1 (CH(CHz3)2), 28.0 (CH(CHz3)2),
28.5 (CH(CHs3)2), 28.9 (CH(CHa)2), 124.2 (Ar-CH), 124.4 (Ar-CH), 130.5 (Ar-CH),
131.4 (Ar-CH), 133.1 (Ar-C), 135.3 (imidazole backbone CH), 137.3 (Ar-C), 145.3
(Ar-C), 146.5 (Ar-C), 148.8 (C-SiMes), 167.6 (C-Ga).

2.9.10.Synthesis of [IPrZn(CH2SiMes)2] (10) Zn(CH2SiMes)2 (0.92 mL, 0.54
Dipp M in hexane, 0.5 mmol) was added via syringe to a suspension

/

N of IPr (0.19 g, 0.5 mmol) in hexane (10 mL) at room
[N>'+ZnR2 temperature to form a white suspension and stirred for 15 min
\

Dipp at room temperature. The reaction mixture was then gently
heated until all of the visible solid had dissolved. Slow cooling of the resulting
solution afforded X-ray quality crystals (0.22 g, 70%). Anal. Calcd for
CssHssN2SiaZn: C, 66.90; H, 9.30; N, 4.46. Found: C, 66.67; H, 9.46; N, 4.81.
'H NMR (298 K, CesDs) 5 -0.99 (4H, s, CH2SiMes), 0.10 (18H, s, Si(CHs)s3),
1.00 (12H, d, CH(CHs)2), 1.34 (12H, d, CH(CHs).), 2.82 (4H, sept,
CH(CH5)2), 6.44 (2H, s, imidazole backbone CH), 7.11 (4H, d, m-CH), 7.23
(2H, t, p-CH). 3C{*H} NMR (298 K, CsDs) & -0.8 (CH:SiMes), 3.9
(Si(CHs3)3), 23.4 (CH(CHz3)2), 25.3 (CH(CHs)2), 28.7 (CH(CHs)2), 123.3 (m-
CH), 124.5 (imidazole backbone CH), 130.5 (p-CH), 135.6 (i-C), 145.6 (0-C),
192.2 (C).
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2.9.11.Synthesis of [IMes-Ga(CH2SiMes)s3] (11) Equimolar amounts of
}\/Ies Ga(CH2SiMes)s (0.36 g, 1 mmol) and bis(1,3,5-
N trimethylphenyl)imidazol-2-ylidene (IMes) (0.30 g, 1 mmol)
[N>:_>GaR3 were mixed in hexane (10 ml) and stirred for one hour at room
}Vles temperature. The resulting orange solution was concentrated to
the half of its volume and placed at -27 °C to yield a crop of orange crystals
(0.22 g, 34%). Anal. Calcd for CssHs7N2SisGa: C, 62.34; H, 9.04; N, 4.41.
Found: C, 62.45; H, 9.52; N, 4.77.
'H NMR (298 K, CesDs) 6 -0.91 (6H, s, CH2SiMes), 0.22 (27H, s, Si(CHs3)3),
1.99 (12H, s, CH3), 2.16 (6H, s, CH3), 5.92 (2H, s, imidazole backbone CH),
6.77 (4H, d, m-CH). 13C{*H} NMR (298 K, CsDe¢) & -0.6 (CH2SiMes), 3.5
(Si(CH3)3), 18.2 (CHs3), 21.1 (CH3), 122.9 (m-CH), 129.6 (imidazole backbone
CH), 135.3 (p-CH), 135.9 (i-C), 139.6 (0-C), 182.2 (C:).
2.9.12.Synthesis of [al'BuGa(CH2SiMes)s] (12) Equimolar amounts of
'Bu Ga(CHsSiMe3)s (0.17 g, 0.5 mmol) and bis(tert-
N/ butyl)imidazole-2-ylidene (I'Bu) (0.09 g, 0.5 mmol) were
/_.@%H mixed in 5 mL hexane. Obtained suspension was stirred for
{

R3Ga \

5 2h at room temperature. Toluene (1 mL) was added and the
u

mixture was gently heated until all of the visible solid had
dissolved. Slow cooling of the resulting solution afforded a crop of colourless
crystals (0.11 g, 43 %). Anal. Calcd. for: C23Hs3GaN»Sis: C, 53.99; H, 10.44;
N, 5.48. Found: C, 53.43; H, 10.07; N, 5.40.
'H NMR (298 K, ds-THF) & -0.73 (6H, s, CH2SiMes), -0.13 (27H, s,
Si(CHs3)3), 1.60 (9H, s, C(CHz3)3), 1.67 (9H, s, C(CH3)3), 7.07 (1H, s, imidazole
backbone CH), 8.36 (1H, s, C2-H). BC{*H} NMR (298 K, ds-THF) & 1.9
(CH2SiMes), 3.4 (Si(CHs3)3), 29.9 (C(CHa3)3), 30.8 (C(CHB3)3), 57.8 (C (CHa)3),
59.8 (C(CHas)3), 127.0 (imidazole backbone CH), 130.1 (NCHN), 158.7 (C-
Ga).
'H NMR (298 K, CesDs) 6 -0.23 (6H, s, CH2SiMes), 0.33 (27H, s, Si(CHs3)3),
0.87 (9H, s, C(CHz3)3), 1.33 (9H, s, C(CH3)3), 7.09 (1H, s, imidazole backbone
CH), 7.21 (1H, s, C2-H). BC{*H} NMR (298 K, CeDs) & 2.0 (CH2SiMe3), 3.6
(Si(CH3)3), 29.3 (C(CHs)3), 30.4 (C(CHg3)3), 56.5 (C(CHs3)3), 59.1 (C(CHa)3),
126.6 (imidazole backbone CH), 126.9 (NCHN), 160.1 (C-Ga).
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3. Introducing Ga complexes to Frustrated Lewis Pair (FLP)
Chemistry

3.1. Introduction to FLP Chemistry

Nearly a century ago, G. N. Lewis offered a molecular-orbital-based principle for
reactions describing dative donor-acceptor adducts where molecules are categorised
as electron-pair donors and acceptors.!*! The concept for bonding involving filled
HOMO (highest occupied molecular orbital) orbitals of a Lewis base and vacant
LUMO (lowest unoccupied molecular orbital) orbitals of a Lewis acid is central to
our understanding of much of modern chemistry, (for example, organic,
organometallic, solid state chemistry and surface science). Early reports by Brown,?]
WittigB#! and Tochtermann® revealed that there are exceptions from this rule and
that steric incompatibility can prevent the formation of a simple Lewis adduct and
rather afford unforeseen reactivity. These findings were, however, not further
developed until the work of Stephan and co-workers, who while investigating the use
of boranes and borate salts as activators for olefin polymerization, began to explore
combinations of bulky phosphine-borane systems. It was these B/P systems that were
shown to heterolytically cleave H. in a cooperative manner, displaying unique

reactivities typically reserved for transition-metal complexes (Scheme 3.1).

R F R F
Hy \ @ ©
M332P B(C6F5)2 ~ > M eszP B{C6F5)2
(-Hy, 150 °C) H
F F F F

Scheme 3.1: Heterolytic cleavage of hydrogen by a bulky phosphine-borane system.[©!

Defined as a sterically encumbered Lewis pairs which evade self-quenching by
formation of a “classical” Lewis adduct, “frustrated Lewis pairs (FLPs)” are

“available” to react with a third molecule.["°! Stephan’s seminal work brought FLPs
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to the forefront of main group chemistry, after which the field has, in less than a
decade, snowballed due in part to the ever-growing scope of small molecules that can
be activated (e.g., H2 and greenhouse gases), and also because of its progression from

stoichiometric to catalytic processes.

Although the most powerful FLPs to date rely on the use of sterically hindered,
electron-rich organophosphines as the Lewis base (LB) component,©*2 N-
heterocyclic carbenes (NHCs), which have a myriad of applications in their own
right,*®1 are increasingly gaining attention in this field. Exhibiting related
coordination chemistry to that of phosphines, NHCs offer greater potential for subtle
variations of their steric/electronic properties.[*%4-221 |n addition to being a source of
tuneability, the N-substituents are responsible for inducing “steric pressure” towards
the Lewis acidic (LA) component by being directed towards the carbene lone pair.[%
Thus, in 2008, the groups of Stephan and Tamm have independently combined 1,3-
di-tert-butylimidazole-2-ylidene (I'Bu) with B(CeFs)s for the activation of

dihydrogen under mild reaction conditions (Scheme 3.2).11415]

’Bu tBu
H, CsFs
[ >+ B(CoFs [69>>7H + of
toluene 20 °C =
10 min N CeFs ‘ iy
tBU tBU 6' 5

Scheme 3.2: Heterolytic cleavage of hydrogen by borane-NHC frustrated Lewis pair.[:42°]

Although the vast majority of these FLP studies employ boron complexes as Lewis
acids, recent reports have also highlighted the potential of other group 13 complexes
to exhibit related reactivities. Studies on aluminium species, for instance, have
shown slow but steady growth in popularity with the notable work of UhI?3-27] and
Stephan,1*®2-321 amongst others.*-361 By comparison, the use of heavier gallium
Lewis acids (LA) has barely been touched upon. In this context, studies on the
reaction of 4-ethynyl-2,6-lutidine with a range of group 13 compounds have revealed
that while using B(CsFs)3 leads to FLP activation processes, alkyl complexes of the
heavier Al, Ga and In display a common but distinct reactivity, promoting
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metallation of the ethynyl group with concomitant elimination of the relevant alkane
(Scheme 3.3).F7]

N
H
FLP reactivity metallation

Scheme 3.3: Contrasting reactivity of 4-ethynyl-2,6-lutidine with group 13 compounds.®"]

Breaking new ground in the field, Aldridge has reported an ambiphilic gallium
system, containing an activated B-diketiminate ligand, capable of cooperative
activation of protic, hydridic and apolar H-X bonds (Scheme 3.4).8 This work has
not only demonstrated that a gallium species can in fact be a viable Lewis acid
component of the FLP pair, but also that the obtained gallium hydride can act as a
catalyst for the reduction of CO2 to MeOBpin using HBpin.

o H H
i
N/ PP H— /Dipp
SiHy \ XH __N NH; (RT, 30 min)
Bu =<——— Ga-Bu —21 » \ JBu XH = SH, (RT, 30 min)
RT, 1h \ N/ benzene Ga., H, (70 °C, 7h)
benzene / X
\ N
Dipp

\
Dipp

Scheme 3.4: Cooperative H-X bond activation using ambiphilic gallium system. [
Furthermore, the enhanced Lewis acidity of coordinatively unsaturated Ga alkyl
fragments in close proximity to Lewis basic nitrogen atoms has proved to be key for

promoting reactivity of mixed Ga/Ge complexes towards phenylacetylene and

heterocumulenes (Scheme 3.5).[%
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_Ph ] Ph
tBU 1 \
Bu o) i
t \ Bu §
BU\Ga[TEtz tBu\\:. H\ By ’Bu\(\3 _"_H Bu
Ge / tg—Ca NEb a Y
/ Ph—=——H e\ | "/ - HNEt, Ge
----Ga Ge —_— /
\ Bu / --Ga
Bu ¢ at =By
Bu ‘ \ Bu By Y
tB tBU Bu
Bu
By Bu

Scheme 3.5: Reported FLP pair incorporating Ga species as a Lewis acid component for
small molecule activation.

Interesting recent work by Schulz has also uncovered the double agent role of Ga
systems as they can reverse their role in FLP chemistry (Scheme 3.6). Being a part of
a gallanediyl framework, acting in this case as a Lewis base component, when
combined with [M(CsFs)s] (M= B or Al) LAs they have been found to facilitate

insertion of benzaldehyde at room temperature.[*°]

Ar A

1 i /" CeFs

N\ Cofs )L N |

/ 6F5)s Benzena benzene { Y |
Cer RT benzene N

N \  Ph  CgFs

Ar Ar

Scheme 3.6: Reported FLP system incorporating gallanediyl as a Lewis base component of
FLP pair.[9

3.2. Aims of the chapter
Having established in our previous work (see Chapter 2) that steric incompatibility
prevented trimethylsilylmethylgallium(l1l) (GaR3) and 1,3-bis(tert-butyl)imidazol-2-
ylidene (I'Bu) from forming a stable normal adduct, it seemed like a system with
potential for FLP reactivity. This chapter details a systematic study probing the
reactivity of these NHC/Ga combinations towards carbonyl compounds, an area
where other, mostly, but not limited to, PR3/B based FLP systems have shown
considerable promise in synthesis and catalysis.***1 Combining X-ray

crystallographic with spectroscopic and theoretical investigations, new insights are
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provided into the intriguing chemoselectivities and mechanisms of these processes,
which intensifies the potential of gallium tris(alkyl) complexes for FLP activation.

3.3. Reactions with aldehydes

Reacting GaRs/I'Bu with the simplest and most reactive aldehyde, namely
paraformaldehyde, in hexane suspension at 0 °C immediately produced a white
precipitate which could be solubilised by addition of toluene to obtain X-ray
amenable crystals of zwitterion [I'BUCH20GaR3] 13 in a 66% yield (Scheme
3.7a).

I
C
; \ H H
(a)
(\N/tBU 0 Br
NJ. + GaRs /’Bu
/o H
By N
R = CH,SiMe; Br g E@) 8/R
. J (b) N H O—" a',/
\ 7R
tBU R
(14)

Scheme 3.7: FLP induced synthesis of zwitterionic compounds 13 (a) and 14 (b).

A single crystal X-ray diffraction analysis (Fig. 3.1) revealed the outcome of
addition of the I'Bu/GaRs3 pair across the C=0 functionality forming a new,
single carbon-carbon bond [i.e C1-C24, 1.505(3) A] and an oxygen-gallium
bond. The C3O-tetracoordinated gallium atom adopts a distorted tetrahedral
geometry as evidenced by the bond angles ranging from 102.90(9)° to
116.28(11)° with an average angle of 109.16°. Ga-Caxy and Ga-O bond
distances (mean Ga-C 2.012 A; Gal-O1 1.9317(15) A) are in good agreement

with literature values for other tetracoordinated gallium species. 5052
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Figure 3.1: Molecular structure of 13 with 50% probability displacement ellipsoids.
All hydrogen atoms except those on the reduced formaldehyde substrate are omitted
for clarity. Selected bond distances (A) and bond angles (°): Ga(1)-O(1) 1.9317(15),
Ga(1)-C(12) 2.012(3), Ga(1)-C(16) 2.012(2), Ga(1)-C(20) 2.011(3), O(1)-C(24)
1.384(3), C(1)-C(24) 1.505(3), 0O(1)-Ga(1)-C(20) 103.41(9), O(1)-Ga(1)-C(12)
105.21(9), C(20)-Ga(1)-C(12) 110.86(13), O(1)-Ga(1)-C(16) 102.90(9), C(20)-Ga(1)-
C(16) 116.27(11), C(12)-Ga(1)-C(16) 116.28(11), N(1)-C(1)-N(2) 107.50(19).

7.50
5.05
3.58
1.81
—=0.06
—=0.82

Si(CH;),

WH
)* as CH, (‘Bu)

— a "y
f H © R
Bu

SiCH,

T
-2 ppm

S
w -
N
=y
o -
|
-

2000= ¢ ]
6.00

1.92>
2710 =

Figure 3.2: 'H NMR spectrum of 13 in ds-THF solution.

The most informative resonance in the *H NMR spectrum in dg-THF (Fig. 3.2)

is a singlet at 5.05 ppm for formerly aldehydic protons (i.e., H24 in Fig. 3.1)
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which displays a significant upfield shift (vs. 9.58 ppm in free formaldehyde).
Similarly, in the ¥3C NMR spectrum, the resonances of former carbenic and
C=0 fragments are observed at 152.7 ppm and 58.1 ppm, respectively (vs.
213.2 ppm and 195.2 ppm in the free reagents).

Applying the same protocol to the aromatic aldehyde 4-bromobenzaldehyde afforded
[I'BUCH(p-Br-C¢Hs)OGaRs] (14) in 42% crystalline yield (Scheme 3.7b). As
evidenced by X-ray crystallographic studies, 14 (Fig 3.3) has a similar molecular
structure to 13 and displays similar gross structural features with an average angle of
109.15° around distorted tetrahedral gallium centre, an average Ga-Caiy bond length
of 2.018 A and a Ga-O bond length of 1.9522(16) A.

Figure 3.3: Molecular structure of 14 with 50% probability displacement ellipsoids. All
hydrogen atoms except those on the reduced 4-bromobenzaldehyde substrate are omitted for
clarity. Selected bond distances (A) and bond angles (°): Ga(1)-O(1) 1.9522(16), Ga(1)-
C(19) 2.021(2), Ga(1)-C(23) 2.005(2), Ga(1)-C(27) 2.027(2), O(1)-C(12) 1.372(3), C(1)-
C(12) 1.525(3), O(1)-Ga(1)-C(23) 105.42(9), O(1)-Ga(1)-C(19) 103.48(9), C(23)-Ga(1)-
C(19) 114.57(10), O(1)-Ga(1)-C(27) 102.42(8), C(23)-Ga(1)-C(27) 111.41(11), C(19)-
Ga(1)-C(27) 117.58(10), N(1)-C(1)-N(2) 107.8(2).

Although in the solid state 14 has a molecular structure similar to that of 13,
NMR spectroscopic analyses revealed a much more complex scenario in
solution. As 14 exhibited poor solubility in arene solvents such as CeDes, its
solution studies were conducted in dg-THF solution where two different

species containing reduced carbonyl group were observed together with the
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free starting materials.[*®] One species can be confidently assigned to complex
14, displaying informative resonances in the *C NMR spectrum at 72.3 and
154.2 ppm for the OCH(Ar) and NCN fragments respectively. Interestingly,
over the course of 24 hours,?%1 14 evolved completely into the new complex
which could be isolated and structurally defined as [al'BuCH(p-Br-
CeH4)OGaR3] (15) (Scheme 3.8).

Br
Br
f
B
/oY dg-THF, RT R
N 24 h ol
[@D /R 4 S /Ga'wR
N H o-ea, BU—N H R
‘Bu R SRR By
(14) } R 5 CHaSiMes H (15)

Scheme 3.8: Solution state evolution of 14 into 15 in ds-THF at room temperature.

Isomeric with 14, complex 15 (Figure 3.4) also contains an OCHAr fragment
coordinated to Ga, resulting from the addition of the carbene across the C=0
bond of the aldehyde.

Figure 3.4: Molecular structure of 15 with 50% probability displacement ellipsoids.
All hydrogen atoms except those on the imidazole ring and on the reduced 4-
bromobenzaldehyde substrate are omitted for clarity. Selected bond distances (A) and
bond angles (°): Ga(1)-O(1) 1.943(5), Ga(1)-C(19) 2.019(8), Ga(1)-C(23) 2.020(7),
Ga(1)-C(27) 2.012(8), O(1)-C(12) 1.335(9), C(2)-C(12) 1.541(10), O(1)-Ga(1)-C(27)
109.6(3), O(1)-Ga(1)-C(19) 102.0(3), C(27)-Ga(1)-C(19) 114.4(3), O(1)-Ga(1)-C(23)
102.8(3), C(27)-Ga(1)-C(23) 113.3(3), C(19)-Ga(1)-C(23) 113.3(3), N(1)-C(1)-N(2)
109.9(7).
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However, in this case, this has occurred via one of the C atoms located at the
backbone of the imidazole ring (so called abnormalf?'222 or C4-position) [C2
in Fig. 3.4], whereas the former carbenic C in I'Bu [C1 in Fig 3.4] is now

protonated.

Consistent with the lack of symmetry in the imidazole ring, *H NMR spectrum of 15
in ds-THF showed two singlets for the non-equivalent protons of the imidazole ring
at 8.45 and 7.84 ppm (Fig. 3.5). Furthermore, the 3C NMR spectrum displays a
resonance at 72.7 ppm which can be assigned to the reduced C=0 functionality (i.e.,
C12 in Fig. 3.4), whereas the formally C2 and C4 carbon atoms of I'Bu (i.e., C1 and
C2 in Fig. 3.4) resonate at 131.8 and 149.0 ppm respectively.
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Figure 3.5: 'H NMR spectrum of 15 in ds-THF solution.

Complexes 14 and 15 can be described as kinetic and thermodynamic products
of the activation of 4-bromobenzaldehyde by GaRs/I'Bu combinations.
Supporting this interpretation, monitoring the reaction over a range of
temperatures (230-323 K) revealed that at 230K, addition of I'Bu led to the
almost instantaneous formation of 14. Gradual increase in temperature and

recording of 'H NMR spectra revealed an appearance of second set of
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resonances at 303 K belonging to complex 15. As the temperature was further
increased, the relative amount of 15 has increased with the decrease in the
amount of 14, and after just 15 min at 323 K full conversion of 14 into 15 was
evident (Fig. 3.6).

| ['BUCH(p-Br-CgH,)OGaR] (14) |

| [al'BUCH(p-Br-C4H,)OGaRs] (15) |

reaction mixture, 323 K, 15 min *
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Figure 3.6: High field region of 'H NMR spectra of reaction mixture at different
temperatures in ds-THF. Blue labels represent resonances assigned to 14 and green
those of 15.

During these solution studies, the persistent presence of small amounts of the
three components of these complexes, I'Bu, GaRs and ArCHO, suggested that
all these species co-exist in equilibrium. Further support was found by
dissolving isolated crystals of 15 in ds-THF the resulting *H NMR spectrum of
which showed, once again, the presence of resonances for the three starting
materials. These findings are consistent with the reversible cleavage in
solution of the newly formed C-C and Ga-O bond in both adducts 14 and 15. It

should be noted that a similar equilibrium has been reported previously by

84



Chapter 3. Introducing Ga complexes to Frustrated Lewis Pair (FLP) Chemistry

Erker for the reactions of geminal P/B FLP systems with benzaldehyde and

trans-cinammic aldehyde.*4

By irrefutably establishing interconversion of 14 into 15, it was possible to
prepare 15 rationally from starting materials in hexane at 0 °C simply by

extending the reaction time from 15 minutes to two hours (Scheme 3.9).

Br
) H Br
/tBu
R hexane, 0 °C hexane, 0 °C N
15 min
/@CLaw,,R 2 E@D o /R
‘Bu—n S oA N H 0—Ga,
e " R Br \ G
>/N\' — Bu R
(15) B R = CH,SiM (14
H »SiMeg

Scheme 3.9: Comparison of synthetic methods to prepare Kkinetic (14) and
thermodynamic (15) products of reaction of [I'Bu/GaRs pair with 4-
bromobenzaldehyde.

Furthermore, this approach to access C4-substituted abnormal adducts can be
successfully extended to other aldehydes, including benzaldehyde, 4-
anisaldehyde and ferrocenecarboxaldehyde affording alkoxo derivatives
[alI'BUCH(CsHs)OGaRs] (16), [al'BUCH(p-OMe-CsH4)OGaRs] (17) and
[al'BUCH(FeCp2)OGaRs] (18) in 62, 56 and 48% isolated crystalline yields
respectively (Scheme 3.10).
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Scheme 3.10: FLP-induced synthesis of compounds 16-18.

Multinuclear NMR spectroscopic studies confirmed that in all cases the

insertion of the substrate has taken place via the I'Bu C4-position (Table 3.1).

Table 3.1: Selected *H and *C NMR shifts (6/ppm) for compounds 15-18 in ds-THF

solution.
8/ppm 15 16 17 18
lH 13C lH 13C 1H 13C 1H 1SC
CH:SiMes -0.92 1.9 -0.92 1.9 -0.93 1.9 -0.86 2.0
SiMes -0.10 35 -0.09 35 -0.10 3.6 -0.03 3.6
CHO 6.14 72.7 6.17 73.3 6.12 72.9 6.24 100.7
CH
(imidazole 7.84 121.8 7.85 121.8 7.83 121.7 7.67 120.0
backbone)
NCHN 8.45 131.8 8.43 131.4 8.41 131.3 8.36 130.6
Cim-CHO - 149.0 - 149.3 - 147.7 - 148.0
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Mimicking the situation with 15, activation products 16-18 are in equilibrium
with their free components when dissolved in ds-THF. Interestingly, the
position of this dissociative equilibrium seems to correlate with the electronic
nature of the Ar group substituents of the aldehyde. Thus, by replacing the
electron-withdrawing bromide with H (in 16) or electron-donating OMe (in
17) leads to higher ratios of free I'Bu, GaRs and the relevant aldehyde. On the
other hand, with 18, which contains a ferrocenyl substituent, no measurable

sign of dissociation is observed.

An interesting solvent effect was also evident in these processes. Contrasting
with the studies using ds-THF, when CsDes was employed compound 16 (which
is the only one partially soluble in this arene solvent), showed no evidence of
being in equilibrium with its free components (Fig. 3.7) suggesting that donor
solvents such as THF favour complex cleavage.
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Figure 3.7: 'H NMR spectrum of 16 in CsDs solution.
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3.4. Mechanistic implications and DFT calculations

Previous studies using NHC-based FLP systems containing B[*%531 and AIl3254]
Lewis acids have shown their ability to reduce CO> and other carbonyl
compounds using either the C2 or C4 position of their NHC component.
However, as far as we are aware, this is the first time that both possible
constitutional isomers (i.e., 14 and 15) have been isolated and structurally
defined. Furthermore, our investigations also indicate that the formation of the
C4-inserted products is thermodynamically controlled. It should also be
stressed that I'Bu is not capable of activating any of the studied substrates on
its own. Also despite the fact that our solution studies evidence the presence of
variable amounts of free I'Bu and GaRs, the abnormal complex [(al'Bu)GaRs]
(which is observed as the only product when both reagents are mixed in the

absence of the aldehyde, see Chapter 2) has not been detected.

Intrigued by these findings DFT calculations® were carried out employing the
B3LYP method®®571 and the 6-311G(d,p) basis setl® to optimise structures
and cast light on the thermodynamics involved in these processes. Geometrical
parameters of optimised structures [I'BUCH(p-Br-CeHs)OGaR3] (I1ar) and
[al'BUCH(p-Br-CeHs)OGaRs] (Il11ar) are in excellent agreement with those
obtained experimentally by X-ray determination of 14 and 15, respectively
(Table 3.2), with only a slight underestimation of the strength of the Ga-O
interaction (A[d(Ga-O)caic-d(Ga-O)exp] = 0.063 and 0.057 A for llar and Hlar
respectively). Interestingly, consistent with experimental observations, model
Il1ar was computed to be more stable than Ilar, although only by a modest
margin of 3.9 kcal mol™? (Table 3.2).
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Table 3.2: Modelled structures and relative energies of inserted products 14 and 15.

x ]
2 N
‘\& O c4 ,\2/,
c1 C10 6
\ O Ga% *‘{ A
' ] {4 3 S
6/ Si

Br‘ ~ o *T
Har A
E relative + 3.9 kcal mol* 0.0 kcal mol™*

calculated (I1ar)  experimental (14) calculated (I11ar)  experimental (15)

Cnrc-Car (R) 1.547 1.525(3) 1532 1.541(10)
Ga-Oar (A) 2.016 1.9522(16) 2.000 1.943(5)
N-C-N (°) 107.8 107.8(2) 110.4 109.9(7)

NMR analysis of mixture of GaRz and the aldehyde revealed formation of the
donor-acceptor complex in non-polar solvents (i.e., C¢Ds) as all resonances are
slightly shifted upfield when compared to those of the free starting materials.
This observation suggests that formation of 14 takes place via initial
coordination of 4-bromobenzaldehyde to Lewis acidic GaRs, which increases
the polarity of the C=0 bond and facilitates its nucleophilic attack by I'Bu.
Supporting this interpretation, both steps were found to be exothermic, with an
overall energy gain of 13.1 kcal mol' (Scheme 3.11). Contrastingly,
illustrating the relevance of GaRs, the reaction of I'Bu with 4-
bromobenzaldehyde was found to be endothermic by 12.4 kcal mol, which is
consistent with lack of reactivity witnessed experimentally. The activation of
the aldehyde by forming a donor-acceptor intermediate is reminiscent to that
proposed by Tamm for the fixation of CO2 and N2O by NHC/B(CsFs)3s FLP
combinations.[3
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Scheme 3.11: Proposed scenario for the formation of 14.

Formation of C4-substituted 15 could happen via a similar pathway, although
in this case, abnormal al'Bu should act as the Lewis base in the activation
process (Scheme 3.12). Having just one N-atom adjacent to their carbenic
position, abnormal NHCs are significantly less stabilised than their normal
isomers as well as being significantly better donors.5®¢1 Although usually
considered as transient species, Bertrand has succeeded in the isolation of a
stable free aNHC derived from a 1,2,3,4-tetraarylated imidazolium salt.[

(i) FLP By Ar
N activation NN S / R
isomerisation —_— @ O/Ga
t
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Scheme 3.12: Proposed scenarios for the reaction of aldehyde GaRs donor-acceptor
complex with I'Bu.

The computed energy difference between free al'Bu and I'Bu is +17.2 kcal
mol? and is in a good agreement with the +13.9 kcal mol™* value obtained by
Dagorne at the M06/def2-SVP level in solution (PCM with THF).[5 Assuming
a fast I'Bu/al'Bu isomerisation equilibrium, as soon as more nucleophilic al'Bu
is formed in solution (even as a minor product in comparison to I'Bu), it can
react with the aldehyde-GaR3 donor-acceptor complex furnishing 15 (Scheme

3.12i). This C4-insertion is found to be significantly more energetically

90



Chapter 3. Introducing Ga complexes to Frustrated Lewis Pair (FLP) Chemistry

favoured (by 10.3 kcal mol?) than the competitive formation of abnormal
complex [(al'Bu)GaRs)], resulting from substitution of 4-bromobenzaldehyde

as a donor to the GaR3s fragment (Scheme 3.12ii).

Nevertheless, a plausible alternative reaction pathway for the formation of 15
could be the insertion of 4-bromobenzaldehyde into this aNHC Ga complex.
This possibility was investigated experimentally by dissolving isolated crystals
of [(al'Bu)GaRs)] and the aldehyde ArCHO in ds-THF (Scheme 3.13). H
NMR monitoring of the reaction mixture showed that at room temperature,
after 2 days no reaction was observed between the reagents, which suggests
that [(al'Bu)GaRs)] is actually a deactivation product and once it is formed,
any possible FLP reactivity with unsaturated substrates is inhibited. This is in
line with previous studies in other related FLP systems containing B or Al
Lewis acids for which it has been reported that the relevant abnormal NHC
complexes fail to exhibit FLP reactivity.[1416-1854,6263]
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aNHC complex Ar = p-Br-CgH,4 C4-insertion

Scheme 3.13: Lack of reactivity of al'Bu-GaR3 towards 4-bromobenzaldehyde in ds-
THF observed experimentally.

The lability of complex 14, which is in dynamic equilibrium with its free
components, is also key in promoting the formation of 15, as it enables over
time the I'Bu/al'Bu isomerisation. Thus complex 13, resulting from the formal
C2-insertion of formaldehyde, displays no signs of dissociation in solutions
over prolonged period of time and does not seem to readily form the relevant
C4-insertion isomer. Offering further support to these experimental findings,
DFT calculations on the optimised structures [I'BuCH.0GaR3] (Il+) and
[al'BUCH20GaR3] (I11H), showed that in this case there is not a clear
thermodynamic drive for the C2/C4 isomerisation. Both models have almost

identical energies (1111 being just 0.2 kcal mol* more stable than 111). The

91



Chapter 3. Introducing Ga complexes to Frustrated Lewis Pair (FLP) Chemistry

small size of the reduced aldehyde in 13 may also contribute to the lack of
lability observed for this complex. In this regard, the dissociation energy of
model Iln into I'Bu, GaRs and CH,O (Scheme 3.14) was found to be +31.7

kcal mol™ (18.6 kcal mol™* greater than for 11a).
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Scheme 3.14: Estimated dissociation energies of complexes Il and I11.

3.5. Reactions with ketones: C4 insertion vs C-H activation

Attention was next turned to the reactivity of these NHC/Ga combinations
towards ketones. Initial studies using benzophenone led to the formation of the
deactivation complex [(al'Bu)GaR3)]. This was best discerned in *C NMR
spectrum by the observation of informative resonances at 196.1 and 159.42
ppm which can be assigned to the C=0O group of benzophenone and C-Ga
bond of [al'Bu-GaRs] complex, respectively. Trying to circumvent this
problem, the same reaction using the saturated version of I'Bu, namely bis(tert-
butyl)imidazolin-2-ylidene (SI'Bu) was next probed. However even under
forcing reaction conditions (60 °C, 12h), formation of an insertion product

could not be detected.

Moving to the more electrophilic a,a,a-trifluoroacetophenone, containing the
strong electron withdrawing CFs group, furnished [al'BuC(Ph)(CF3)OGaRs]
(19) in a 63% isolated crystalline yield (Scheme 3.15).
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Scheme 3.15: FLP-induced synthesis of 19.

Established by X-ray crystallographic studies, the molecular structure of 19
(Fig. 3.8) bears a resemblance to that of 15 (Fig. 3.4), revealing that the I'Bu
has added across the C=0 group of the ketone by its abnormal C4-position
(i.e., C2in Fig. 3.8). The C3O-tetracoordinated Ga atom once again displays a
distorted tetrahedral geometry (average angle 108.99°) with the newly formed
Ga-O bond having a distance (1.9692(14) A) towards the longer end of the

range, but within the scope of other reported values.5:52]

H1

Figure 3.8: Molecular structure of 19 with 50% probability displacement ellipsoids.
All hydrogen atoms except those on the imidazole ring are omitted for clarity.
Selected bond distances (A) and bond angles (°): Ga(1)-O(1) 1.9692(14), Ga(1)-C(12)
2.022(2), Ga(1)-C(16) 2.012(2), Ga(1)-C(20) 2.010(2), O(1)-C(24) 1.361(2), C(2)-
C(24) 1.544(3), O(1)-Ga(1)-C(20) 107.81(9), O(1)-Ga(1)-C(12) 104.63(8), C(20)-
Ga(1)-C(12) 116.46(9), O(1)-Ga(1)-C(16) 96.37(8), C(20)-Ga(1)-C(16) 115.00(10),
C(12)-Ga(1)-C(16) 113.70(10), N(1)-C(1)-N(2) 110.93(18).

Multinuclear NMR studies are consistent with the retention of the solid-state
structure of 19 in dg-THF solution. As observed for compounds 15-18, two
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singlets appear in the *H NMR spectrum at 8.67 and 7.21 ppm for the
imidazole hydrogen atoms, which is consistent with the lack of symmetry in
the heterocyclic ring (Fig. 3.9). *C NMR spectrum showed an informative
resonance at 81.7 ppm belonging to the reduced C=0 group (which resonates
at 191.2 ppm in the starting material). Interestingly though, the transformation
of the ketone into the gallium alkyl(alkoxide) 19 has little effect on the °F
NMR spectrum where a broadening of the resonance is evident, most probably
caused by a hindered rotation around the O-C bond in the chiral alkoxide, but
with little significant difference in the chemical shift (-69.9 ppm in 19 vs -72.4
ppm in free trifluoroacetophenone).
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Figure 3.9: 'H NMR spectrum of 19 in ds-THF solution.

Contrasting with the reactivity studies on aldehydes, *H NMR monitoring of
the reaction of I'Bu, GaR3 and PhC(O)CF;3 did not detect the initial formation
of a C2 insertion isomer or an equilibrium between the starting materials and
adduct 19. A plausible explanation may lie in the large steric hindrance of
electron withdrawing CF3, which has been described as intermediate in size
between 'Pr and 'Bu substituents,%45%1 which may make difficult the approach

of normal I'Bu to the electrophilic C=0 group of the substrate. The reduced
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steric congestion on al'Bu, having just one N'Bu-fragment adjacent to its
carbenic position, seems to be sufficient to promote instead formation of C4-
insertion adduct 19. Further support was found by DFT calculations, where the
reaction of I'Bu, GaRs and PhC(O)CF3 to give [al'BUC(Ph)(CF3)OGaRs]
(I11cra) was calculated to be exergonic by 14.5 kcal mol. The rearrangement
of the free carbene, and subsequent reaction with the substrate was also
suggested by Dagorne in a recent report on the activation of benzophenone
with AlMes/I'Bu pair (Scheme 3.16).[54
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Scheme 3.16: Reaction of AlMes-1'Bu adduct with benzophenone.4

Geometrical parameters of the optimised structure Illcrs (Fig. 3.10) are in
excellent agreement with those found experimentally by X-ray analysis of 19
(Table 3.3).

Table 3.3: Comparison of calculated and experimentally found structural parameters for
compound 19.

t
Structural parameters al'BUC(CF3)(CeHe)OGaRs (19)

calculated (I1lcgs) experimental (19)
Cnrc-Caubstrate (A) 1.552 1.544(3)
Ga-Osubstrate (A) 2.061 1.9692(14)
N-C-N (°) 110.7 110.93(18)

Contrastingly, attempts to model the structure of the C2-insertion product
analogous to Ilar and Il4, led to the optimisation of a structure where the
normal carbenic position is located at 5.708 A of the C=0 group of the ketone,

evidencing the steric incompatibility of the reagents to promote a C2 addition
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process (llcrs in Fig. 3.10). It should be noted that this model was estimated to

be 12.4 kcal mol™ less stable than 111cFs.
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Figure 3.10: Modelled structures and relative energies of FLP adducts Ilces and
Hlces.

Interestingly, the reactions of GaRs/I'Bu with enolizable ketones 4-
iodoacetophenone or 2,4,6-trimethylacetophenone revealed a different FLP
reactivity pattern, promoting in this case C-H activation processes to produce
mixed imidazolium gallate salts [{I'BuH}*{(p-1-Ce¢H4)C(CH2)OGaR3}] (20)
and [{I'BuH}"{(MesCsH2)C(CH2)OGaRs}] (21) in 74 and 60% yields
respectively (Scheme 3.17). Analogous reactivity was observed when using
SI'Bu, leading to the chemoselective formation of [{SI'BuH}*{(p-I-
CeéH4)C(CH2)OGaR3}] (22) and [{SI'BUH}*{(MesCsH2)C(CH2)OGaRs}]
(23) in isolated yields of 60 and 84%, respectively.
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N P + GaR3 o t / @ | \\\\R
tBu/ hexane, 0 °C Bu H _Ga,
R = CH,SiMe; HC™ 00 R

Ar* = CgH,l (20)
Me3C6H2 (21)

Scheme 3.17: Deprotonation of ketones by 1'Bu/GaR; pair yielding compounds 20
and 21.

The low solubility of these compounds in hexane precluded their isolation as

single crystals; however multinuclear NMR spectroscopic studies disclosed the
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constitution of these compounds. *H NMR spectrum of 20 confirmed the
presence of an imidazolium cation with singlets at 8.72 and 7.78 ppm for the
imidazole protons integrating one and two hydrogen atoms respectively, as
well as the formation of an enolate anion with olefinic protons resonating at
3.86 and 4.12 ppm. The enolate form of anion was further established by
observing two resonances at 163.3 and 79.9 ppm in the 3*C NMR spectrum

belonging to the C=CH: fragment.

Spectroscopic analyses of compounds 20-23 have revealed their structural
similarity on a molecular level (Table 3.4) with differences arising only from
the nature of the carbene and/or substituent used.

Table 3.4: Selected *H and *C NMR shifts (8/ppm) for compounds 20-23 in ds-THF.

20 21 22 23
S/ppm lH 13C 1H 13C lH 13C 1H 13C
NCHN 8.72 131.9 8.75 132.0 7.43 152.9 7.87 152.8
3.86 3.13 3.85 3.16
CH2=C 79.9 81.4 79.8 81.7
4.12 3.85 4.13 3.86
CH,=C-0-Ga - 163.3 - 165.7 - 163.0 - 165.6

The isolation of 20-23 uncovers the ability of these NHC/Ga systems for the
activation of acidic C-H bonds. Evidencing their cooperative behaviour,
neither the carbenes employed nor GaRsz can activate these substrates
independently. This approach can be extended to other unsaturated organic
substrates containing a-acidic protons. Thus I'Bu/GaRs readily deprotonates
diphenylacetonitrile, affording novel [{I'BuH}*{Ph.C=C=NGaRs}] (24) in
64% yield (Scheme 3.18), with I'Bu abstracting the a-proton of the substrate
while the alkyl groups on Ga are mere spectators in the reaction. This
reactivity contrasts with that observed by Mitzel for the reaction of 4-ethynyl-
2,6-lutidine with GaMes where metalation of the ethynyl groups is observed

along with methane elimination (see Scheme 3.3)."1 Replacing I'Bu by SI'Bu
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furnished the analogous compound [{SI'BUH}*{Ph,C=C=NGaR3}] (25) in
86% yield.

[{
(\N/tBU /\CH'CEN N\@<
N—J/. +GaR; PH AR
By hexane, 0 °C, 2h N R
R = CH,SiMe; ph C  Ga-R
C O\
\ R
Ph (2)

Scheme 3.18: Deprotonation of diphenylacetonitrile by I'Bu/GaR3 and formation of
24,

Elucidated by a single crystal X-ray diffraction analysis, the molecular
structure of 24 shows a salt-like ion-pair structure comprised of a protonated
imidazolium cation charge-balanced by a heteroleptic gallate anion containing

a 3:1 ratio of monosilyl groups to keteniminate ligands (Fig. 3.11).

Figure 3.11: Molecular structure of 24 with 50% probability displacement ellipsoids.
All hydrogen atoms except those on the imidazole ring and minor disorder in one of
two 'Bu substituents are omitted for clarity. Selected bond distances (A) and bond
angles (°): Ga(1)-N(3) 2.0726(19), Ga(1)-C(12) 2.000(2), Ga(1)-C(16) 1.988(2),
Ga(1)-C(20) 1.999(3), N(3)-C(24) 1.171(3), C(24)-C(25) 1.378(3), N(3)-Ga(1)-C(20)
101.08(9), N(3)-Ga(1)-C(12) 100.57(9), C(20)-Ga(1)-C(12) 113.75(11), N(3)-Ga(1)-
C(16) 103.06(9), C(20)-Ga(1)-C(16) 117.63(10), C(12)-Ga(1)-C(16) 116.82(10),
N(1)-C(1)-N(2) 109.7(2).
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The heteroallene nature of the keteniminate ligand is evident from the
shortening of the C24-C25 bond (1.378(3) A) and elongation of the N3-C24
bond (1.171(3) A) compared to those in the free nitrile Ph,CHCN (1.470(2) A
and 1.147(2) A, respectively).5® These bond distances as well as the near
linearity of the C25-C24-N3 angle (175.26°) are in close agreement with other
structurally characterised metal-keteniminate complexes.®7% As far as is
ascertained, this is the first example of a structurally characterised Ga-
keteniminate complex. Its *H NMR spectrum in ds-THF displays three singlets
for the imidazolium cation at 8.68, 7.59 and 1.56 ppm for the No.CH, NCH and
'Bu groups respectively. In agreement with previous literature values, the
newly formed ketenimine ligand gives rise to two low intensity resonances in
the 13C NMR spectrum, at 55.7 and 143.4 ppm for the Ph2C and C=N groups
respectively. The v(C=C=N) stretch, which is the most characteristic
vibrational mode in the IR spectrum for the ketenimine ligand is visible at
2073.5 cm™.[67-701 Molecularly analogous 25 displays in its *3C NMR spectrum
two low intensity resonances for PhoC and C=N groups at 55.6 and 143.1 ppm
respectively, whilst the imidazolinium cation can be best characterised by a
sharp singlet at 3.75 ppm in *H NMR spectrum integrating to four protons

corresponding to olefinic backbone.

Similarly as it was found for ketones, the I'Bu/GaRs pair was not reactive
enough to achieve addition across the C=N bond in nitrile compounds such as
benzonitrile. The analysis of the reaction mixture revealed the deactivation of
the pair by formation of al'Bu-GaR3 best evidenced by a resonance at 159.3

ppm in ¥*C NMR spectrum corresponding to the Cim-Ga bond (Figure 3.12).
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Figure 3.12: **C NMR spectrum of reaction mixture of GaRs, I'Bu and PhCN in
CeDes.

3.6. C-H activation of other substrates bearing acidic protons

While studying the FLP reactivity of the GaRs/I'Bu pair towards various substrates,
we isolated and structurally characterised mixed imidazolium gallate
[{I'BuH}*{(GaR3):0H}] (26). This serendipitous product formation is most likely
due to the reaction with trace amounts of moisture present in the reaction mixture
(Scheme 3.19).

(\N/tBU
Bu @

t
@N/ “H20" ¢ R 8 R
N—7 + GaRj; Bu H //"Ga/@\Gai‘\\\
By R 7 1R
R R

R= CstiMe3

Scheme 3.19: Activation of the O-H bond of water with I'Bu/GaRs FLP pair affording 26.
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X-ray crystallographic studies established the salt-like ion pair structure of 26 where
again imidazolium cation is counterbalanced with a gallate anion, however this time
the anion is a dinuclear species (Figure 3.13). The hydroxy group acts as a bridge
between the two GaRs units with bond lengths of 1.976(2) A for Gal-O1 and
1.962(2) A for Ga2-O1. Both Ga atoms exhibit a distorted tetrahedral geometry with
average bond angles of 108.91° and 109.10° around Gal and Gaz2, respectively and
mean Ga-C bond lengths of 2.007 A and 1.989 A all of which are in good agreement

with other tetracoordinated Ga complexes.l>0-%2

Figure 3.13: Molecular structure of 26 with 50% probability displacement ellipsoids. All
hydrogen atoms except those on the imidazole ring and hydroxy ligand are omitted for
clarity. Selected bond distances (A) and bond angles (°): Ga(1)-O(1) 1.976(2), Ga(1)-C(12)
2.005(3), Ga(1)-C(16) 2.012(3), Ga(1)-C(20) 2.004(3), Ga(2)-O(1) 1.962(2), Ga(2)-C(24)
2.007(3), Ga(2)-C(28) 1.999(3), Ga(2)-C(32) 1.962(2).

This outcome is significant because it illustrates the cooperativity of GaRs and
carbene, both of which are moisture sensitive. The decomposition of NHCs, caused
by reaction with water which leads to ring opening and formation of formamide, [ is
more pronounced in the case of saturated NHC (i.e., SI'Bu) due to the lack of
aromatic stabilisation. However, even SI'Bu/GaRs pair was found to afford

compound analogous to 26 (but incorporating {SI'BuH}* cation).

Despite its reproducibility when the solvent is not perfectly dry, targeted synthesis of

26 using stoichiometric amounts of H2O has not yet been achieved, however we were
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able to prepare a closely related complex in [{I'BuH}*{GaRsOPh}] (27) by
deprotonation of phenol in hexane. Considering the relatively high acidity of phenol,
this deprotonation can be achieved by either of the two components on their own
(i.e., I'Bu or GaRs), as evidenced by the mixture of products obtained when phenol
was added to the hexane suspension of the I'Bu/GaRs pair. However, if phenol was
added to the hexane suspension of I'Bu, followed by the addition of GaR3, a more
controlled deprotonation was achieved and 27 was isolated in 76% yield (Scheme
3.20). The clean synthesis of 27 was confirmed by elemental and *H NMR

spectroscopic analysis which unambiguously revealed a 1:3 phenoxy:monosilyl ratio.

f
/BU OH (\N/tBu
N o ©)
[ >: . + GaR, hexane, 0 °C /N J{ Ph\o
Bu H \
N OGa,
\‘B R 1R
u _ : (27) R
R = CH,SiMe,

Scheme 3.20: FLP-induced synthesis of 27.

The O-H activation of phenol led us to consider the reactivity of the I'Bu/GaR3 pair
towards diphenylaniline (PhoNH) and phenylacetylene (PhC=CH). Thus, by
following the same order of addition established for the synthesis of 27, N-H and C-
H activation of diphenylaniline and phenylacetylene respectively was accomplished,
affording [{I'BuH}*{GaRsNPh,}] (28) and [{I'BuH}*{GaR3C=CPh}7] (29) (Scheme
3.21).
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Ph,NH Bu H
() R
(\N/Bu (28) R
N ./. + GaR3
By’ B Ith
i . (\N/ u ¢
R = CH,SiMe; HC=C—Ph ®) Il
N—< C
OGa,
R 1"R
R
(29)

Scheme 3.21: FLP-induced synthesis of 28 and 29.

NMR spectroscopic analysis of isolated solid revealed that 28 was only one of the
products in a mixture. In attempts to obtain 28 as the sole product or at least to
separate it from the mixture, the order of addition of reagents was varied, as well as
temperature and introducing polar solvent (THF). However, these changes were not
successful and thus only intractable mixtures were obtained. One potential
explanation for complications encountered in this reaction could be due to the fact
that amines as Lewis bases can form a Lewis adduct with GaR3 or even a new,
competing FLP system. This is further supported by previous reports on FLP systems

incorporating amine as a Lewis base component.[2-74]

On the other hand, the formation of 29 (isolated in 46% yield) was clean and
controlled as evidenced from *H NMR spectroscopic data and elemental analysis.
The FLP-induced C-H activation affording 29 is in sharp contrast with the reactivity
of the GaMes and 4-ethynyl-2,6-lutidine pair (Scheme 3.3) where deprotonation of
terminal alkyne by GaMes took place. The most informative resonance in *H NMR
spectrum of 29 is a singlet at 8.80 ppm corresponding to the imidazolium cation
confirming that the I'Bu abstracts the proton and not GaRs, which is further

supported by the 3:1 relative ratio of monosilyl:phenyl groups.

Compounds 27-29 could all be isolated as crystals and their structures were
elucidated by X-ray diffraction analysis. These displayed similar gross structural

features of a salt-like ion-pair structure comprised of a protonated imidazolium
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cation charge-balanced by a heteroleptic gallate anion. The gallate anion contains
three monosilyl groups and the relevant anionic fragment stemming from the
deprotonation of the substrate, that is, alkoxo, PhO" (27), amido Ph,N(28) and
alkynyl PhC=C" (29) ligand (Figure 3.14).

Figure 3.14: Anionic moiety of molecular structures of a) 27, b) 28 and ¢) 29 with 50%
probability displacement ellipsoids. All hydrogen atoms and disorder components are
omitted for clarity.

In all three structures, as in 24, Ga-centre adopts a distorted tetrahedral geometry as
evidenced by C-Ga-X bond angles (X = C, O or N) ranging from 95.4(2)° to
115.6(2)° [average angle 108.87° in 27, 109.33° in 28 and 109.36° in 29]. The Ga-
Calky distances (Table 3.5) show little variation [mean 2.016 A in 27, 2.023 A in 28
and 2.022 A in 29] and are in excellent agreement with values of other
tetracoordinated Ga species.®5 The Ga-O bond distance in 27 (1.981(4) A) shows
good agreement with literature values for Ga complexes containing terminal alkoxy
ligands.[®* The Ga-N bond length of 2.0150(17) A in 28 is only slightly shorter than
the Ga-N distance reported for the lithium gallatel’™™ incorporating [{PhsGa(u-
NMez)GaPhs}] anion (Ga-N = 2.051(1) A) consistent with the terminal vs bridging
mode of amido ligand. The Ga-C1 bond in 29 (Fig 3.14c) of 2.031(3) A is only
slightly elongated in comparison with the Ga-C bond distance found in anionic
[{Ga(CCSiMes)s(2,6-"ProCsHsN(SiMes)}] (average Ga-C = 1.969 A),["81 whilst the
bond angle Ga-C1-C2 of 175.7 (2)° illustrates the near linearity of the alkynyl ligand.
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The bond length of 1.205(4) A for C1-C2 (Fig 12c) in 29 is consistent with a triple
bond.

Table 3.5: Selected bond lenghts (A) and bond angles (°) for compounds 27-29.

27 (X=0) 28 (X=N) 29 (X=0C)

Ga-Caiyl 2.000(6) 2.022(2) 2.011(3)

Ga-Caikyl 2.029(6) 2.031(2) 2.038(4)

Ga-Caiyl 2.020(5) 2.015(2) 2.018(4)
Average Ga-Caiyl 2.016 2.023 2.022

Ga-X 1.981(4) 2.0150(17) 2.031(3)
Average angle around 108.87 109.33 109.36

3.7. Conclusions and future work

Breaking new ground in organogallium chemistry, bulky trisalkylgallium,
Ga(CH2SiMez)s, has been found to be a viable, effective Lewis acid for
promoting small molecule activation when combined with a strong base such
as 1,3-bis(tert-butyl)imidazol-2-ylidene (I'Bu) forming a new Frustrated Lewis
pair. The activation of carbonyl compounds can be achieved either by
reduction of the C=0 functionality affording zwitterionic compounds such as
[I'BUCH20GaR3] (13) by forming a new C-C bond, or by C-H bond activation
yielding [{I'BuH}*{Ph.C=C=NGaR3}] (24), for instance. The unprecedented
isolation of constitutional isomers [I'BUCH(p-Br-CsHs)OGaR3] (14) and
[al'BUCH(p-Br-CeHs)OGaRs] (15), resulting from the activation of 4-
bromobenzaldehyde by this novel FLP system, has revealed that I'Bu can
effectively act as a Lewis base not only via its normal C2 position (kinetic
product) but alternatively via its C4 (abnormal) site (thermodynamic product).
Evidencing the synergistic behaviour of these NHC/GaR3z pairings, when
separated from each other, neither component is able to activate these carbonyl
compounds. The C-H bond activation was extended to terminal alkynes
affording [{I'BuH}*{(PhCC)GaRs}] (29), as well as to O-H and N-H bond
activation as evidenced by the isolation of [{I'BuH}*{(PhO)GaR3}] (27) and
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[{I'BuH}*{(PhoN)GaRs}] (28). The  serendipitous isolation  of
[{I'BUuH}*{OH(GaRs)2}7] (26) instead of decomposition products discloses the
cooperative sedation of highly sensitive components of the pair. These results
open up new possibilities for using gallium compounds in FLP activation of
other types of bonds such as Si-H or B-H or even apolar E-E bonds (E = H, S,
P etc.).

3.8. Experimental procedures

3.8.1. Synthesis of [I'BUCH20GaR3] (13) A solution of Ga(CH2SiMe3s)s (0.17 g,
By Y R 0.5 mmol in 10 mL hexane) was cooled on an ice bath.
}\IW/'\ /eéaw/R Paraformaldehyde (0.015 g, 0.5 mmol) was then added,
@N I%l O A followed by the addition of bis(tert-butyl)imidazol-2-
By ylidene (I'Bu) (0.09 g, 0.5 mmol). Obtained white
suspension was stirred for 2 h at 0 °C. Toluene was added (1 mL) and the mixture
was gently heated until all of the visible solid had dissolved. Slow cooling of the
resulting solution afforded a crop of colourless crystals (0.18 g, 66%). Anal. Calcd
for C24Hs5N20Si3Ga: C, 53.21; H, 10.23; N, 5.17. Found: C, 53.11; H, 10.31; N,
5.39.

IH NMR (298 K, CsDs) 8(ppm) -0.28 (6H, s, CH2SiMes), 0.44 (27H, s, Si(CHa)3),
1.30 (18H, s, C (CHz3)3), 5.01 (2H, s, OCH), 6.09 (2H, s, imidazole backbone CH).
BC{IH} NMR (298 K, CsDe) S(ppm) 1.4 (CH.SiMes), 3.7 (Si(CHs)s), 30.3
(C(CHs3)3), 58.1 (OCHy), 62.2 (C(CHBa)3), 116.5 (imidazole backbone CH), 152.7 (C-
OCHpy).

IH NMR (298 K, ds-THF) 3(ppm) -0.82 (6H, s, CH.SiMes), -0.06 (27H, s,
Si(CHs)3), 1.81 (18H, s, C (CHa)s), 5.05 (2H, s, OCH), 7.50 (2H, s, imidazole
backbone CH). BC{!H} NMR (298 K, ds-THF) 3(ppm) 1.3 (CH.SiMes), 3.5
(Si(CH3)3), 31.0 (C(CHs)3), 58.6 (OCHy), 63.1(C(CHs3)s3), 118.6 (imidazole backbone
CH), 153.2 (C-OCHb>).

3.8.2. Synthesis of [I'BUCH(p-Br-CsH4)OGaRs] (14) To a cooled solution of
Ga(CH:SiMes)s (0.165 g, 0.5 mmol in 10 mL hexane) 4-bromobenzaldehyde (92 mg,
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Br 0.5 mmol) was added forming a bright yellow solution.

By Bis(tert-butyl)imidazol-2-ylidene (I'Bu) (0.09 g, 0.5 mmol)

N/ was then added and the obtained white suspension was
E@ o R stirred for 15 min at 0 °C. The solvent was exchanged in

N\ H O‘G‘a',,R vacuo for 5 mL of hexane and 5 mL of toluene and the
‘Bu R resulting solution was placed at -33 °C yielding a crop of
colourless crystals (0.145 g, 42%). Anal. Calcd for C3oHssN20SisGaBr: C, 51.72; H,
8.39; N, 4.02. Found: C, 52.33; H, 8.84; N, 4.01.
'H NMR (298 K, ds-THF) &(ppm) -0.81 (6H, mult, CH.SiMes), -0.06 (27H, s,
Si(CHa)s), 1.62 (9H, s, C(CHa)a), 1.74 (9H, s, C(CHa)), 6.79 (1H, s, CHO), 7.29
(4H, mult, Ar-CH), 7.76 (2H, s, imidazole backbone CH). 13C{*H} NMR (298 K, ds-
THF) 8(ppm) 2.9 (CH2SiMes), 3.5 (Si(CHs)s), 31.7 (C(CHs)s), 31.9 (C(CHa)s), 64.1
(C(CHBa)3), 66.3 (C(CHs)3), 72.3 (CHO), 119.0 (imidazole backbone CH), 121.8 (C-
Br), 131.7 (Ar-CH), 133.2 (Ar-CH), 148.5 (Ar-Cipso), 154.2 (Cimidazole-CHO).

3.8.3. Synthesis of [al'BuCH(p-Br-CsH4)OGaRs] (15) To a cooled solution of
Br Ga(CH2SiMes)s (0.165 g, 0.5 mmol in 10 mL hexane)
4-bromobenzaldehyde (92 mg, 0.5 mmol) was added
@R forming a bright yellow solution. Bis(tert-
O/?a"”R butyl)imidazol-2-ylidene (1'Bu) (0.09 g, 0.5 mmol) was
then added and the obtained white suspension was
H stirred for 2_h at 0 °C and concentrated in vacuo to
approximately 5 mL hexane. Toluene was added (3 mL) and the mixture was gently
heated until all of the visible solid had dissolved. Slow cooling of the resulting
solution afforded a crop of colourless crystals (0.20 g, 57%). Anal. Calcd for
CsoHssN20SizGaBr: C, 51.72; H, 8.39; N, 4.02. Found: C, 51.20; H, 8.41; N, 4.23.
'H NMR (298 K, ds-THF) &(ppm) -0.92 (6H, mult, CH,SiMes), -0.10 (27H, s,
Si(CH3)3), 1.59 (9H, s, C(CHz3)3), 1.69 (9H, s, C(CHa)3), 6.14 (1H, s, CHO), 7.32
(4H, mult, Ar-CH), 7.84 (1H, s, imidazole backbone, CH), 8.45 (1H, s, C2-H).
BC{*H} NMR (298 K, ds-THF) &(ppm) 1.9 (CH:SiMes), 3.5 (Si(CHs)3), 29.7
(C(CHs)3), 30.9 (C(CHg3)3), 60.2 (C(CHBa)s), 63.3 (C(CHs)3), 72.7 (CHO), 120.2 (C-
Br), 121.8 (imidazole backbone CH), 129.9 (Ar-CH), 131.2 (Ar-CH), 131.8
(NCHN), 146.3 (Ar-Cipso) 149.0 (Cimidazole-CHO).
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3.8.4. Synthesis of [al'BUCH(CsHs)OGaRs] (16) A solution of Ga(CH:SiMe3)s
(0.165 g, 0.5 mmol in 10 mL hexane) was cooled on an
R ice bath. Benzaldehyde (51 pL, 0.5 mmol) was then
@cl;a,,, added, followed by the addition of bis(tert-
‘Bu—n oS o’L R i ; t
>\@;N\ H R butyl)imidazol-2-ylidene (I'Bu) (0.09 g, 0.5 mmol). The
‘Bu obtained light yellow suspension was stirred for 2 h at 0
°C. Toluene was added (2 mL) and the mixture was gently heated until all of the
visible solid had dissolved. Cooling of the resulting solution at -33 °C afforded a
colourless microcrystalline solid (0.19 g, 62 %). Anal. Calcd for: C3oHsoN2.GaOSis:
C, 58.32; H, 9.63; N, 4.53. Found: C, 57.89; H, 9.39; N, 4.24.
'H NMR (298 K, CsDs) d(ppm) -0.32 (6H, mult, CH.SiMes), 0.46 (27H, s,
Si(CH3)3), 0.78 (9H, s, C(CHz3)3), 1.06 (9H, s, C(CHa)3), 6.38 (2H, s, CHO), 6.93
(1H, s, imidazole backbone CH), 7.09 (1H, t, p-CH), 7.28 (2H, t, m-CH), 7.39 (1H, s,
C2-H), 7.55 (2H, d, 0-CH).

'H NMR (298 K, ds-THF) &(ppm) -0.92 (6H, mult, CH,SiMes), -0.09 (27H, s,
Si(CHz)3), 1.56 (9H, s, C(CH3)3), 1.69 (9H, s, C(CHz)3), 6.17 (1H, s, OCH), 7.07
(1H, t, p-CH), 7.16 (2H, t, m-CH), 7.34 (2H, d, 0o-CH), 7.85 (1H, s, imidazole
backbone CH), 8.43 (1H, s, C2-H). BC{*H} NMR (298 K, ds-THF) &(ppm) 1.9
(CHzSiMes), 3.5 (Si(CHs)s), 29.7 (C(CHa)s), 30.8 (C(CHs)s), 60.1 (C(CHa)s), 63.1
(C(CHs3)3), 73.3 (OCH), 121.8 (imidazole backbone CH), 126.5 (Ar-CH), 128.0 (Ar-
CH), 128.1 (Ar-CH), 131.4 (NCHN), 147.2 (Ar-Cipso) 149.3 (Cim-OCH).

3.8.5. Synthesis of [al'BUCH(p-OMe-CsH4)OGaRs] (17) To a cooled solution of
OMe Ga(CH2SiMes)s (0.165 g, 0.5 mmol in 10 mL hexane) p-
anisaldehyde (61 pL, 0.5 mmol) was added followed by

@T bis(tert-butyl)imidazol-2-ylidene (I'Bu) (0.09 g, 0.5

~ ~auR mmol) and the obtained white suspension was stirred for

tBU\N N O A

>\@;N\ 2 hat 0 °C. Toluene was added (3 mL) and the mixture
1

B
H ’ was gently heated until all of the visible solid had
dissolved. Slow cooling of the resulting solution afforded colourless microcrystalline
solid (0.183g, 56%). Anal. Calcd for C31Hs1GaN20,Sis: C, 57.48; H, 9.49; N, 4.32.

Found: C, 57.65; H, 8.69; N, 4.39.
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'H NMR (298 K, ds-THF) &(ppm) -0.93 (6H, mult, CH.SiMes), -0.10 (27H, s,
Si(CH3)3), 1.68 (9H, s, C(CHa)3), 1.69 (9H, s, C(CHs)3), 3.70 (1H, s, OCHg), 6.12
(1H, s, CHO), 6.72 (2H, d, Ar-CH), 7.22 (2H, d, Ar-CH), 7.83 (1H, s, imidazole
backbone CH), 8.41 (1H, s, C2-H), BC{*H} NMR (298 K, ds-THF) &(ppm) 1.9
(CH2SiMes), 3.6 (Si(CH3)3), 29.7 (C(CHa)z), 30.8 (C(CHz3)3), 55.2 (OCHs), 60.0
(C(CHs)3), 63.0 (C(CHg3)3), 72.9 (OCH), 113.6 (Ar-CH), 121.7 (imidazole backbone
CH), 129.0 (Ar-CH), 131.3 (NCHN), 141.3 (Ar-Cipso) 147.7(Cim-OCH), 159.1 (C-
OMe).

3.8.6. Synthesis of [al'BuCH(FeCp2)OGaRs] (18) To a cooled solution of
Ga(CH2SiMes)s (0.165 g, 0.5 mmol in 10 mL hexane)
ferrocenecarboxaldehyde (0.107 g, 0.5 mmol) was
added forming a bright red solution. Bis(tert-
butyl)imidazol-2-ylidene (I'Bu) (0.09 g, 0.5 mmol) was
then added and the obtained orange suspension was
stirred for 2 h at 0 °C. Toluene was added (3 mL) and

the mixture was gently heated until all of the visible solid had dissolved. Slow

cooling of the resulting solution afforded a crop of orange crystals (0.173g, 48%).
Anal. Calcd for CzsHs3FeGaN20-Sis: C, 56.27; H, 8.75; N, 3.86. Found: C, 53.75; H,
8.42; N, 3.99. Sample consistently shows low value of the carbon content.

'H NMR (298 K, ds-THF) &(ppm) -0.86 (6H, mult, CH,SiMes), -0.03 (27H, s,
Si(CH3)3), 1.65 (9H, s, C(CHa)3), 1.69 (9H, s, C(CHz3)3), 3.75 (1H, s, FeCp2), 3.89
(1H, s, FeCp2), 3.94 (1H, s, FeCp»), 4.14 (5H, s, FeCpz), 4.42 (1H, s, FeCp2), 6.24
(1H, s, OCH), 7.67 (1H, s, imidazole backbone CH), 8.36 (1H, s, C2-H). BC{*H}
NMR (298 K, ds-THF) &(ppm) 2.0 (CH2SiMes), 3.6 (Si(CHz3)3), 29.7 (C(CHa)3),
31.3 (C(CHs3)3), 60.0 (C(CHs)s), 63.4 (C(CHs)3), 66.7 (FeCp2-C), 67.4 (FeCp2-C),
67.5 (FeCp2-C), 69.4 (FeCpo-C), 69.5 (FeCp2-C), 70.3 (FeCp.-C), 100.7 (CHO),
120.2 (imidazole backbone CH), 130.6 (NCHN) 148.0 (Cin-CHO).

3.8.7. Synthesis of [al'BuC(Ph)(CF3)OGaRs] (19) A solution of Ga(CH.SiMe3)s
(0.165 g, 0.5 mmol in 10 mL hexane) was cooled on an ice bath. a,a,0-
trifluoroacetophenone (70 pL, 0.5 mmol) was then added, followed by the addition
of bis(tert-butyl)imidazol-2-ylidene (I'Bu) (0.09 g, 0.5 mmol). The obtained white
suspension was stirred for 2 h at 0 °C. Toluene was added (2 mL) and the mixture
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was gently heated until all of the visible solid had

R dissolved. Slow cooling of the resulting solution
/%la,,,WR afforded an oil which upon cooling at -33 °C
tBU\N@/N C|:3O A afforded a crop of colourless crystals (0.215 g,
>/ \’Bu 63%). Anal. Calcd for CaiHssF3sN20SisGa: C,
H 54.29; H, 8.52; N, 4.08. Found: C, 54.11; H, 7.97;
N, 4.56.

'H NMR (298 K, ds-THF) &(ppm) -0.83 (6H, s, CH:SiMes), -0.05 (27H, s,
Si(CHz3)3), 1.51 (9H, s, C(CHa)3), 1.72 (9H, s, C(CHa)3), 7.21 (3H, mult, imidazole
backbone CH + 0-CH), 7.53 (3H, mult, m-CH + p-CH), 8.67 (1H, s, C2-H). 13C{H}
NMR (298 K, ds-THF) &(ppm) 3.2 (CH2SiMez), 3.5 (Si(CH3)3), 29.4 (C(CHa)a),
32.1 (C(CHs)3), 60.6 (C(CHa)3), 66.6 (C(CHz3)3), 81.7 (g, OC(Ph)CFs), 119.1
(imidazole backbone CH), 127.6 (Ar-CH), 128.1 (Ar-CH),129.4 (Ar-CH), 134.1
(NCHN), 141.5 (Ar-Cipso), 145.8 (Cim-OC(Ph)CFs3). CFs could not be confidentially
assigned due to the low intensity of its resonances and noise in the baseline. *°F
NMR (298 K, ds-THF) d(ppm) -69.92 br s (additional resonances arising from the
decomposition of this sensitive substrate are observed in the °F NMR spectrum of
both product and starting material).

3.8.8. Synthesis of [{I'BUH}*{(p-1-CsH4)C(CH2)OGaRs}] (20) To a cooled
| solution of Ga(CH.SiMes)s (0.165 g, 0.5 mmol

/ N/tBU . i
@i in 10 mL hexane) 4’-iodoacetophenone (0.123 g,

. /N R 0.5 mmol) was added followed by bis(tert-
Bu H Od R

~
N
H,C”™ 07y

butyl)imidazol-2-ylidene (I'Bu) (0.09 g, 0.5
mmol) and the obtained yellow suspension was
stirred for 2 h at 0 °C and protected from light. Straw solid (282 mg, 74%) was
isolated by filtration. Anal. Calcd for C31HsoGalN20Sis: C, 49.14; H, 7.98; N, 3.70.
Found: C, 49.07; H, 7.81; N, 3.40.

'H NMR (298 K, ds-THF) &(ppm) -0.74 (6H, s, CHzSiMes), -0.06 (27H, s,
Si(CH3)3), 1.62 (18H, s, C(CH3)3), 3.86 (s, 1H, CH>), 4.12 (s, 1H, CH>), 7.41 (2H, d,
Ar-CH), 7.55 (2H, d, Ar-CH), 7.78 (2H, s, imidazole backbone CH), 8.72 (1H, s, C2-
H). ¥C{*H} NMR (298 K, ds-THF) &(ppm) 2.3 (CH2SiMes), 3.5 (Si(CHs)3), 29.7
(C(CHs3)3), 61.2 (C(CHa)3), 79.9 (CH2=C), 90.8 (C-I), 121.5 (imidazole backbone
CH), 129.2 (Ar-CH), 131.9 (NCHN), 136.3 (Ar-CH), 145.8 (Ar-Cipso), 163.3 (C-O).

110



Chapter 3. Introducing Ga complexes to Frustrated Lewis Pair (FLP) Chemistry

3.8.9. Synthesis of [{I'BuH}*{(Me3CsH2)C(CH2)OGaRs}] (21) To a cooled
(\N/tBu solution of Ga(CH2SiMes)s (0.165 g, 0.5 mmol in
®) 10 mL hexane) 2’.4’,6’-trimethylacetophenone
tBu/ 4<H R (0.081 g, 0.5 mmol) was added followed by
H,C 0 \R bis(tert-butyl)imidazol-2-ylidene (I'Bu) (0.09 g,
0.5 mmol) and the obtained yellow suspension
was stirred for 2 h at 0 °C. The off-white solid (203 mg, 60%) was isolated by
filtration. Anal. Calcd for CasHe7N2OSizGa: C, 60.60; H, 10.02; N, 4.16. Found: C,
58.15; H, 9.62 N, 3.88. The sample shows consistently low value for carbon content.
Small amounts of unreacted ketone are observed in NMR spectra.
'H NMR (298 K, ds-THF) &(ppm) -0.72 (6H, s, CH2SiMes), -0.08 (27H, s,
Si(CH3)3), 1.63 (18H, s, C(CHa)3), 2.13 (3H, s, CH3), 2.33 (6H, s, CH3), 3.13 (s, 1H,
CHy), 3.85 (s, 1H, CH»), 6.57 (2H, s, Ar-CH), 7.81 (2H, s, imidazole backbone CH),
8.75 (1H, s, C2-H). BC{*H} NMR (298 K, ds-THF) 3(ppm) 2.3 (CH.SiMes), 3.5
(Si(CHz3)3), 21.00 (Ar-CHas), 21.3 (Ar-CHs), 29.7 (C(CHzs)3), 61.2 (C(CHs)s), 81.4
(CH2=C), 121.6 (imidazole backbone CH), 127.6 (Ar-CH), 132.0 (NCHN), 133.3
(Ar-C), 135.8 (Ar-C), 145.1 (Ar-Cipso), 165.7 (C-0).

3.8.10. Synthesis of [{SI'BuH}*{(p-1-CsH4)C(CH2)OGaRs}] (22) To a cooled
t | solution of Ga(CH2SiMes)s (0.165 g, 0.5 mmol in

—Bu
@Ni 10 mL hexane) 4’-iodoacetophenone (0.123 g, 0.5

By y @ll? mmol) was added followed by bis(tert-
H,C O/G{"'R butyl)imidazolin-2-ylidene (SI'Bu) (0.09 g, 0.5
mmol) and the obtained off-white suspension was
stirred for 2 h at 0 °C and protected from light. The peach-coloured solid (211 mg,
62%) was isolated by filtration. Anal. Calcd for C31He2N210SisGa: C, 49.01; H, 8.23;
N, 3.69. Found: C, 48.26; H, 7.69; N, 3.41.
'H NMR (298 K, ds-THF) &(ppm) -0.74 (6H, s, CH2SiMes), -0.05 (27H, s,
Si(CHz)3), 1.37 (18H, s, C(CHz)3), 3.85 (s, 1H, CH>), 3.92 (s, 4H, CH2 backbone),
4.13 (s, 1H, CHy), 7.43 (2H, d, Ar-CH), 7.56 (2H, d, Ar-CH), 7.88 (1H, s, C2-H).
BC{IH} NMR (298 K, ds-THF) &(ppm) 2.3 (CH2SiMes), 3.5 (Si(CH3)3), 27.9
(C(CHs3)3), 46.2 (NCH2CH2N), 57.5 (C(CH3)3), 79.8 (CH2=C), 90.9 (C-1), 129.1 (Ar-
CH), 136.4 (Ar-CH), 145.8 (Ar-Cipso),152.9 (NCHN), 163.2 (C-O).
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3.8.11. Synthesis of [{SI'BuH}*{(Me3CsH2)C(CH2)OGaRs}] (23) To a cooled
solution of Ga(CH2SiMes)s (0.165 g, 0.5 mmol in

{
—B .
@N " 10 mL hexane) 2’,4°,6’-trimethylacetophenone
’Bu/N /\H R (0.081 g, 0.5 mmol) was added followed by
QGa"R bis(tert-butyl)imidazolin-2-ylidene (SI'Bu) (0.09
H,C 0 \R

g, 0.5 mmol) and the obtained white suspension
was stirred for 2 h at 0 °C after which a white solid was isolated by filtration (272
mg, 80%). Anal. Calcd for C3sHes7N20SisGa: C, 60.42; H, 10.29; N, 4.14. Found: C,
60.66; H, 10.16; N, 4.65.

'H NMR (298 K, ds-THF) &(ppm) -0.72 (6H, s, CH2SiMe3), -0.06 (27H, s,
Si(CH3)3), 1.37 (18H, s, C(CHa)a3), 2.15 (3H, s, CH3), 2.34 (6H, s, CH3), 3.16 (s, 1H,
CH?2), 3.85 (s, 4H, CH2 backbone), 3.86 (s, 1H, CH>), 6.60 (2H, s, Ar-CH), 7.87 (1H,
s, C2-H). *C{*H} NMR (298 K, ds-THF) 8(ppm) 2.3 (CH.SiMe3), 3.6 (Si(CHs)3),
21.0 (Ar-CHzs), 21.3 (Ar-CHzs), 28.0 (C(CHg)3), 46.2 (NCH2CH2N), 57.5 (C(CH3)3),
81.7 (CH2=C), 127.16 (Ar-CH), 133.6 (Ar-C), 135.9 (Ar-C), 145.1 (Ar-Cipso),152.8
(NCHN), 165.6 (C-0).

3.8.12. Synthesis of [{I'BuH}*{Ph.C=C=NGaRs}] (24) To a cooled solution of
Ga(CH2SiMes)s (0.165 g, 0.5 mmol in 10 mL

Bu
N/ N, R hexane) diphenylacetonitrile (97 mg, 0.5
@ -
N)\H Ph\CyC @Gla\R mmol) was added followed by bis(tert-
o | R butyl)imidazol-2-ylidene (I'Bu) (0.09 g, 0.5
Bu Ph

mmol) and the obtained yellow suspension
was stirred for 2 h at 0 °C. Toluene was added (3 mL) and the mixture was gently
heated until all of the visible solid had dissolved. Slow cooling of the resulting
solution afforded yellow oil which upon standing provided X-ray quality crystals
(0.225 g, 64%). Anal. Calcd for Cs7HesGaNsSis: C, 63.04; H, 9.15; N, 5.96. Found:
C, 61.12; H, 8.51; N, 6.04. The sample consistently shows low values for carbon
content. Small amounts of unreacted diphenylacetonitrile are observed in NMR
spectra.
'H NMR (298 K, ds-THF) &(ppm) -0.69 (6H, s, CH2SiMes), -0.02 (27H, s,
Si(CHs)3), 1.56 (18H, s, C(CHz3)3), 6.46 (2H, mult, p-CH), 6.92 (4H, t, m-CH), 7.28
(4H, t, 0-CH), 7.59 (2H, s, imidazole backbone CH), 8.68 (1H, s, C2-H). B3C{'H}
NMR (298 K, ds-THF) 8(ppm) 2.7 (CH2SiMe3), 3.1 (Si(CHz3)3), 29.7 (C(CHz)3),
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55.7 (PhoC=C=N), 61.1 (C(CHz3)3), 117.9 (Ar-CH), 121.4 (imidazole backbone CH),
123.1 (Ar-CH), 128.4 (Ar-CH), 131.9 (NCHN), 143.4 (Ph,C=C=N), 144.2 (Ar-Cipso).

3.8.13. Synthesis of [{SI'BuH}*{Ph.C=C=NGaRs}] (25) To a cooled solution of
Ga(CHSiMes)3 (0.165 g, 0.5 mmol in 10 mL
N, R hexane) diphenylacetonitrile (96 mg, 0.5 mmol)

/tBu
N
<N\@)\H Phe e Bel‘ ., Was added followed by bisCert
/ |\D R butyl)imidazolin-2-ylidene (SI'Bu) (0.09 g, 0.5
mmol) and the obtained yellow suspension was
stirred for 2 h at 0 °C. The yellow solid was isolated by filtration (305 mg, 86%).
Anal. Calcd for Cs7HesN3SisGa: C, 62.86; H, 9.41; N, 5.94. Found: C, 62.15; H,
9.06; N, 6.28.
'H NMR (298 K, ds-THF) &(ppm) -0.68 (6H, s, CH.SiMes), 0.00 (27H, s,
Si(CH3)3), 1.28 (18H, s, C(CHBa)z3), 3.75 (s, 4H, CH>), 6.48 (t, 2H, p-CH), 6.95 (t, 4H,
m-CH), 7.30 (4H, d, 0-CH), 7.78 (1H, s, C2-H). BC{:H} NMR (298 K, ds-THF)
d(ppm) 2.8 (CH2SiMes), 3.1 (Si(CHs)s), 27.9 (C(CHzs)3z), 46.0 (NCH2CH2N), 55.6
(Ph2C=C=N), 57.5 (C(CHj3)3), 118.0 (Ar-CH), 123.0 (Ar-CH), 128.4 (Ar-CH), 143.1

(Ph,C=C=N),144.0 (Ar-Cipso),152.6 (NCHN).

O]

Bu h

3.8.14. Synthesis of [{I'BuH}*{GaR3OPh}] (27) To a hexane suspension of I'Bu
(0.5 mmol, 0.09 g in 5 mL hexane) phenol (47 mg, 0.5

B Ph N .

/@N ! O/ mmol) was added via solid addition tube followed by a

/N{ @G|a hexane solution of Ga(CH,SiMes)s (0.165 g, 0.5 mmol

Bu H RTLI "R
R

was stirred for an hour at room temperature and subsequently solubilised by addition

in 5 mL hexane). The obtained white, thick suspension

of toluene (3 mL) and gentle heating. Slow cooling of the resulting solution afforded
X-ray quality crystals (230 mg, 76%). Anal. Calcd for C29Hs9N2SisOGa: C, 57.50; H,
9.82; N, 4.62. Found: C, 57.85; H, 9.46; N, 5.33.

'H NMR (298 K, CsDs) 6(ppm) -0.15 (6H, s, CH2SiMes), 0.48 (27H, s, Si(CHa)s),
1.08 (18H, s, C(CHsa)z3), 6.27 (s, 2H, imidazole backbone CH), 6.70 (t, 1H, p-CH),
7.00 (d, 2H, 0-CH), 7.28 (2H, t, m-CH), 9.64 (1H, s, C2-H).

113



Chapter 3. Introducing Ga complexes to Frustrated Lewis Pair (FLP) Chemistry

3.8.15. Synthesis of [{I'BuH}*{GaRsC=CPh}] (29) To a hexane suspension of I'Bu
(0.5 mmol, 0.09 g in 5 mL hexane) phenylacetylene (47

Ph
(\N/tBu C|: mg, 0.5 mmol) was added followed by a hexane
® Q;l solution of Ga(CH2SiMes)s (0.165 g, 0.5 mmol in 5 mL
|

hexane). The obtained white, thick suspension was
e

0,/ - -
R F‘{ R stirred for an hour at room temperature after which the

solvent was exchanged in vacuo for benzene (5 mL). Gentle heating afforded a
solution which upon cooling afforded X-ray quality crystals (140 mg, 46%). Anal.
Calcd for Cs1HsgN2SisGa: C, 60.66; H, 9.69; N, 4.56. Found: C, 60.73; H, 9.49; N,
4.89.

'H NMR (298 K, ds-THF) &(ppm) -1.01 (6H, s, CH2SiMes), -0.02 (27H, s,
Si(CHg)3), 1.66 (18H, s, C(CHa)z3), 6.93 (t, 1H, p-CH), 7.04 (t, 2H, m-CH), 7.21 (2H,
d, 0-CH), 7.86 (s, 2H, imidazole backbone CH), 8.80 (1H, s, C2-H).
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4. Transforming LiTMP lithiation of challenging N-heterocyclic substrates
via gallium alkyl trans-metal-trapping

4.1. Introduction
Lithium amides (R2NLi)*?l are amongst the most important and reactive classes of lithium

reagents and can be easily prepared by deprotonation of secondary amines such as
diisopropylamine, 2,2,6,6-tetramethylpiperidine and bis(trimethylsilyl)amine affording
lithium diisopropylamide (LDA), LiTMP and LIHMDS respectively (Figure 4.1). Of these
three sterically hindered commodity amides, LIiTMP has become a staple reagent for
deprotonation reactions as it is more basic than LIHMDS and more stable than LDA. These
valued attributes stem from the architecture of the cyclic TMP anion where the electron-
donating methyl groups are positioned adjacent to nitrogen atom simultaneously enhancing
the bulkiness and the basicity while precluding decomposition via B-hydride elimination

(which can be encountered when working with LDA).Bl

LiTMP LDA LIHMDS

Figure 4.1: Simplistic representation of utility amides.

While less basic, sterically hindered lithium amides are also less nucleophilict! than
alkyllithiums which makes them a better choice for deprotonation of substrates bearing
sensitive functional groups susceptible to nucleophilic addition (i.e. esterst® or nitrilest®).
This diminished nucleophilicity has also been shown to be advantageous when attempting to
functionalise sensitive nitrogen heterocycles, such as pyridines, quinolines and diazines.["*!
These important substrates represent scaffolds frequently encountered in various biologically
active molecules, natural products, pharmaceuticals and agrochemicals.[*®! The structural
complexity of these commercial commodities requires that their syntheses need highly

selective, flexible and efficient methods of functionalisation from precursors. An additional
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hurdle to overcome with naked heterocycles is the lack of any directing group which could

aid the control regioselectivities of such method.™*!

Diazines are derivatives of pyridines incorporating an additional N-atom which enhances
their acidity (in terms of pKa values), but also decreases the energy of their LUMO orbitals
making them even more susceptible to nucleophilic addition reactions.[’! Figure 4.2
highlights some commercially available pharmaceuticals based on structurally modified

diazine scaffolds.[12

O
0)
I o] CO,H
(\N/ HN_ @ N NH2 E
L AT 0 ;
X A N
| HN = N CO,H
2N N | H
© " HoN \N N/
Pipofezine 2
(antidepressant) Folic acid
Minoxidil (one of the B vitamins)
(hair growth)

Figure 4.2: ChemDraw representations of selected pharmaceuticals having diazine scaffolds.®2

First noted by Quéguiner, LITMP could be employed to lithiate these sensitive substrates in
moderate yields, however to achieve this, a large excess of base (4 equivalents) was
required.’®) Moreover, as the lithiated diazine intermediates are generally unstable, strict
cryogenic conditions, in situ electrophilic quenches and short reaction times are required to

avoid side reactions and decomposition (Scheme 4.1).

i) 4 LiTMP, -75 °C,

[Nj LR, 75 [Nj/E E*  Yield (%)
— — PhCHO 39
N/ i) E™, -75 °C, 90 min N/ |2 44

N i) 4 LITMP, -75 °C, N E E*  Yield (%)
| —oonomin_ | PhCHO 31
N ii) E*, -75 °C, 90 min N Iy 16
OMe

N or o MeO ,
o Vi MONNE e e
U ii) E*, -75 °C, 90 min N~ PheRo 29

Scheme 4.1: Deprotonation of diazines with excess LiTMP followed by quenching.
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To compensate for these shortcomings, Knochel,[*31 Kondo,*4 Mongin,*®! and Hevial*! have
employed coalitions of components typically but not exclusively based on the softer metal
zinc (in the Pearson sense of hard and soft acids and bases, HSAB)!"] to improve stabilities
and to perform metallation under milder conditions. In this context, Mongin has reported that
“Li(TMP)-Zn(TMP),” facilitates deprotonation of diazines at room temperature, whilst
Knochel and Dong used (TMP),Mg-2LiCl in the presence of ZnCl, for the regioselective a-
deprotonation of pyrazine and quinoxaline. Participation of the zinc salt was found to be
crucial for the success of the reaction as the reactive magnesium intermediate undergoes fast
transmetallation into zincated species which are more stable and susceptible to post-
metallation functionalisation. A similar role of the zinc salt was also observed by Kondo who
successfully employed a nonmetallic N-alkyl oligophosphazane t-Bu-P4 base in the presence
of Znl for deprotonative functionalisation of aromatics (Scheme 4.2).

OH t-Bu-P4 base
Hl pPh
t-Bu-P4 base (3 eq) P -
-78 Ctort, 0o.n : N N N ;
X AN I L/
| Znl, (1 eq), toluene N ;/N—||D=N—|T—N=FI>—N\ g
N N H H
~~“Y PhCHO (1.6eq) N N N~ Ny N
o
0, H -
80 % | M

Scheme 4.2: Deprotonation of pyrimidine by the t-Bu-P4 base. 4

Though these organic studies made excellent progress, a lack of definitive structural
information still limits the understanding of this area, which in the most extreme “black box”
cases leads to a misidentification of the actual metallating base.[*®! Addressing this gap in
knowledge, our group employed a well-defined lithium zincate [(THF)LiZn(TMP)'Bu;] for a
direct zincation of pyrazine (Scheme 4.3) and, going a step further, offered the first tangible
information on the constitution of the organometallic intermediates involved in these

reactions (Figure 4.3).128]
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Bu THE THF
N N A —
n | H )
X 2 [(THF)LiZn(TMP)('Buy)] ./ Y\N/ N E N
| 2| T™MP TP =X
Z THF, 0 °C N N AL S ;
N (L:I Zln R A
THF e By

[ 2,5-direct zincation J

Scheme 4.3: Deprotonation of pyrazine with lithium zincate [(THF)LiZn(TMP)'Bu_].1*¢!

Figure 4.3: Molecular structure of [2,5-{(THF),LiZn(TMP)(‘Bu)}2(CsN2H)] with 50% probability
displacement ellipsoids. All hydrogen atoms except those on pyrazine ring have been omitted for

clarity. ¢!

Building on these previous studies, which all depend on the reactivity of LiTMP and presence
of softer zinc, we decided to explore the trans-metal-trapping approach (see Chapter 1) as an
alternative to existing methods. Thus, this chapter gives an account of a new trans-metal-
trapping (TMT) protocol based on a mixture of LIiTMP and bulky
tris(trimethylsilylmethyl)gallium which leads to promising applications for the regioselective

deprotonation of these sensitive heterocycles.
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4.2. Establishing GaRs as a trapping agent

Since previous work by Quéguiner has demonstrated that LiTMP on its own can metallate
diazines, albeit not very efficiently, we surmised that this system could be particularly
interesting to test the ability of GaRs to engage in trans-metal trapping processes (Scheme
4.4).

Trans-Metal Trapping (TMT)

e . Li
f FG FG ; MR,

metal trap FG~

» H Li
éLITMP + — + TMP(H): ©/MRX

Scheme 4.4: Two-step lithiation and carbanion trapping process in equilibrium controlling TMT.

On the strength of the previous work in Chapters 2 and 3, bulky
tris(trimethylsilylmethyl)gallium (GaRs) seemed like an excellent choice of a trapping agent
for several reasons. To start with, liquid GaR3 exhibits good hydrocarbon solubility giving it
a decided advantage over salt traps (e.g., MgClz, ZnCly),*® which generally need the use of
ethereal solvents and often require low temperatures to avoid competing salt metathesis
reactions. More importantly, Ga is characterised by strong carbophilicity, stronger than that
of zinc or aluminium, on account of which it could sedate the sensitive and unstable incipient
carbanions arising from deprotonation of N-heterocyclic molecules. Apart from these
intrinsic properties of GaRs, a key property of the trapping reagent, as demonstrated by the
previous work,?% s its inertness towards co-complexation with LiTMP, and therefore our
first step was to establish whether GaRs is bulky enough to compromise its ability to form a
weakly basic ate with LITMP. Such separation is essential to action the lithiation step of
TMT since whereas free LiTMP is a strong base, combining it with for example 'BusAl to
form aluminate LiAl(TMP)(‘Bu)s greatly diminishes its deprotonating power. Unfortunately
limited solubility of LiTMP in arene solvents such as benzene or toluene precluded
meaningful DOSY NMR studies, however a comparison of a *H NMR spectrum of a
LiTMP/GaR3 mixture with those of the individual components was evidence enough that
LITMP and GaRs remain separate in benzene solution (Figure 4.4). The lack of co-

complexation is best deduced by the informative singlet at 0.13 ppm which corresponds to
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coincidentally overlapping CH, and CHj; resonances of the CH,SiMes group on gallium.?4
Furthermore, resonances for both tetrameric and trimeric LiTMP are present and identical to

previously reported ones.!

o N wo © ©
- Rk 88 9 =
N P S
\EN |
GaR;+ LiITMP mixture
J\.L A it
r T T T T T T T T T T T T T T T 1
) ppm
© 0¢m ©o
= KKk 99
e e
\YARRY
LITMP
N
7.0 ) 4 0.0 ppr
e o
] T
GaR;

Figure 4.4: Comparative 'H NMR spectra of free GaRs (bottom), free LITMP (middle) and a mixture
of GaRsand LiTMP in CeDe.

The ability of LITMP and GaRs to co-complex and afford lithium gallate 1 (Figure 4.5) was
further examined by performing DFT computational studies’?? employing the B3LYP
method[?324] and the 6-311G(d,p) basis set.["!

Li

Figure 4.5: Modelled co-complexation process between monomeric LiTMP and GaRs.
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The optimised geometry of the hypothetical lithium gallate | contains a TMP bridge and an
alkyl bridge with other two monosilyl groups terminally bonded to gallium atom. GaR3z was
modelled as a monomer according to its known structure in the solid state,?®! while LiTMP
was modelled as a monomer, trimer and tetramer. Interestingly, it was found that the co-
complexation of GaRs with LITMP as a tetramer or trimer, which are the two known
aggregates of this compound in non-polar solvent solutions,®! were endothermic by 9.0 kcal

mol*; whereas monomeric LiTMP and GaRs was exothermic by -17.1 kcal mol™ (Table 4.1).

Table 4.1: Comparison of relative energies of co-complexation of LITMP and GaRa.

1
— (LITMP),, + GaRj - LiGa(TMP)R;

n AE co-complexation/ kcal mol*
1 -17.1
3 +9.0
4 +9.0

Confident that LiTMP and GaRs indeed remain separate in non-coordinating solvent we next
decided to test this mixture as a TMT reagent using anisole as a benchmark molecule in
DoM. Thus, to a hexane suspension of equimolar amounts of GaRz and LiTMP at room
temperature, a molar equivalent of anisole was added to give a light yellow suspension. After
stirring the mixture for an hour, an equivalent of PMDETA was added and the solution
placed at -33 °C affording a crop of colourless crystals of [(PMDETA)LIi(o-
CesHsOMe)Ga(CH2SiMe3)s3] (30) in a 55% isolated yield (Scheme 4.5).

(N

\ .

OMe C_/LI\OMG
i) hexane, rt, 1h N

| GaR3 +
. TMPH
GaRz + LITMP + i) PMDETA (1 eq)

(30)

Scheme 4.5: Synthesis of [[PMDETA)Li(0-CsHsOMe)Ga(CH.SiMes)s] (30).
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The molecular structure of 30 was elucidated by a single crystal X-ray diffraction analysis
(Figure 4.6) which revealed the formation of a mixed-metal lithium gallate with the two
metal centres connected through an ambidentate ortho-metallated anisole fragment giving
rise to a contacted ion-pair (CIP) structure. The ortho carbon of metallated anisole fragment
bonds to gallium forming a new Ga-C bond (Ga-C13 2.0501(15) A in Fig 4.6) similar in
length with the remaining Ga-Caiy bonds ranging from 2.0279(16) A to 2.0447(15) A. The
C4-tetracoordinated gallium atom exhibits a nearly ideal tetrahedral geometry with an
average bond length of 2.0388 A and a mean bond angle of 109.43° (angles ranging from
104.89(6)° to 113.24(7)°) which are in good agreement with those of previously discussed
tetra-coordinated gallate species 3 (Chapter 2). Exhibiting a more distorted tetrahedral
geometry with an average angle of 108.41°, the oxygen-bound lithium atom completes its
coordination sphere by bonding to tridentate PMDETA ligand. Exhibiting an open structural
motif, PMDETA-capped Li and GaRs are situated at the opposite sides of C17-C14-01 plane
(plane perpendicular to the aromatic ring plane) precluding any possibility for secondary
interactions between Li and any methyl groups of GaRs. Whereas 30 is unprecedented in
gallium chemistry, a very similar, open structural motif has been reported in the scope of
zincate chemistry for the related complex [([PMDETA)Li(0-CeHsOMe)Zn'Buy].1?"]

Figure 4.6: Molecular structure of 30 with 50% probability displacement ellipsoids. All hydrogen
atoms have been omitted for clarity. Selected bond distances (A) and bond angles (°): Ga(1)-C(1)
2.0279(16), Ga(1)-C(5) 2.0447(15), Ga(1)-C(9) 2.0324(15), Ga(1)-C(13) 2.0501(15), Li(1)-O(1)
1.910(3), Li(1)-N(1) 2.100(3), Li(1)-N(2) 2.072(3), Li(1)-N(3) 2.116(3), C(1)-Ga(1)-C(5) 113.24(7),
C(1)-Ga(1)-C(9) 110.64(7), C(1)-Ga(1)-C(13) 110.19(7), C(5)-Ga(1)-C(9) 104.89(6), C(5)-Ga(1)-
C(13) 109.73(6), C(9)-Ga(1)-C(13) 107.92(6).
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Multinuclear (*H, C{*H} and "Li) NMR spectroscopic analysis of 30 in ds-THF solution
was consistent with the solid-state structure. Thus, two doublets (7.44 and 6.40 ppm,
integrating for 1H each), two triplets (6.54 and 6.78 ppm, integrating for 1H each) and a
singlet at 3.67 ppm (integrating for 3H) are observed for the ortho-substituted anisole. The
most informative resonance of this set is a doublet at 7.44 ppm corresponding to the meta-CH
adjacent to the gallated C-atom which is significantly upfield shifted in comparison to that
reported for the ortho-lithiated anisole (cf. 7.66 ppm). The presence of two distinct singlets at
-0.85 and -0.19 ppm which upon integration show an overall 3:1 ratio against anisole is
indicative of preservation of the three monosilyl groups on gallium. The most informative
resonance in the 3C NMR spectrum is a low intensity signal at 155.2 ppm for the C-Ga
resonance which is a good agreement with the relevant resonance in ortho-aluminated anisole

(cf. 154.4 ppm),©?% reflecting the expected chemical similarity between Al and Ga.

The formation of 30 can be best interpreted as a two-step lithiation/trans-metal-trapping
process synergic in efficiency as both LiITMP and GaRs are essential for the success of the
reaction. Whereas alkyllithium reactions are generally irreversible, LITMP reactions tend to
be pKa dependent equilbria and it was previously established that LiTMP yields only about
5% lithiated anisole.°! In TMT these equilibria can be shifted towards the wanted lithiated
substrate product by its interception via a trapping agent. In this system, sterically
voluminous GaRs traps and stabilises the carbanion generated by deprotonative lithiation and
equally as important shifts the equilibrium towards the desired anisolyl gallium product by
not engaging with the free LITMP (Scheme 4.6).

OMe OMe (Qi@
H Li N~ TOMe
LITMP + - = - TMP(H) — R
ii) PMDETA
GaR3>‘< 5%
R= CH28iMG3 55 O/o

no reaction

Scheme 4.6: Two-step lithiation/trans-metal-trapping synthesis of 30.

Direct interception of the lithiated substrate with an electrophile such as > would be
inadequate for its non-selective nature. To elaborate, by treating the reaction mixture with

iodine both lithiated anisole and LiTMP would react preventing the equilibrium in Scheme
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4.6 shifting towards lithiated anisole, whereas the GaR3 selectively targets lithiated anisole

and leaves bulkier LiTMP untouched and available to undergo further reaction.

Tridentate PMDETA proved to be the perfect donor molecule to stabilise the sensitive
metallo-species and to help the crystallisation by chelating to lithium. We previously
attempted to employ THF or TMEDA, however these donors led to the formation of oily
mixtures. During the course of these investigations it became apparent that it is important to
add PMDETA at a later stage of the reaction to avoid undergoing competing deprotonation
itself as we have unambiguously established by isolating a fortuitous product
[Li{Me2NCH2CH2N(Me)CH2CH2N(Me)CH2}(TMP)GaR2] (31) (Scheme 4.7).

u,,////

N \/
/N N hexane, rt N"CHz
+ GaRj + LITMP /

_N\LI [}
T\ ---------------------------- \\O/Ga R +TMS
| l %
O TMP )</$ ”
R CHQSIMe3

Scheme 4.7: Synthesis of [Li{Me;NCH,CH;N(Me)CH,CH,N(Me)CH,}(TMP)GaR;] (31).

Determined by X-ray crystallography, the molecular structure of 31 (Figure 4.7) reveals a
closed CIP arrangement where the two metal centres connect through two anions, namely
TMP bridge and an ambidentate NCH> fragment of metallated PMDETA. This double bridge
closes a five-membered {LiNCGaN} ring, while gallium’s tetrahedral coordination sphere is
completed by two terminal monosilyl groups. Interestingly, note that the three Ga-C bonds
(ranging from 2.043(5) A to 2.047(5) A) and the Ga-N bond (2.052(4) A) are the same length
within the experimental error. The lithium centre completes its coordination sphere by
bonding to the remaining two PMDETA N-donor atoms with an average Li-N bond length of
2.264 A,
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Figure 4.7: Molecular structure of 31 with 50% probability displacement ellipsoids. All hydrogen
atoms except those on metallated CH, group of PMDETA have been omitted for clarity. Selected
bond distances (A) and bond angles (°): Ga(1)-C(1) 2.047(5), Ga(1)-C(5) 2.043(5), Ga(1)-C(9)
2.047(5), Ga(1)-N(1) 2.052(4), Li(1)-N(1) 2.187(10), Li(1)-N(2) 2.128(10), Li(1)-N(3) 2.267(9),
Li(1)-N(4) 2.474(10), C(1)-Ga(1)-C(5) 105.3(2), C(1)-Ga(1)-C(9) 107.0(2), C(1)-Ga(1)-N(1)
119.53(19), C(5)-Ga(1)-C(9) 109.0(2), C(5)-Ga(1)-N(1) 114.90(18), C(9)-Ga(1)-N(1) 100.38(18).

Closer inspection of the bond angles subtending Li [N-Li-N angles ranging from 79.3(3)° to
138.8(4)°, mean 108.2°] reveals a significantly distorted tetrahedral geometry which can
further be quantified by calculating a Houser geometry index for four-coordinate complex

(ta) which defines the molecular shape and the alignment of the structure to the perfect

tetrahedron (Equation 1).[2%!
~360°— (a + B)
VI

Equation 4.1: Houser geometry index parameter for four-coordinate complex, ts, where o and 3 are
the two largest bond angles around the atom of interest.[®]

Based on the value of the largest angles around the atom (a and ), the value of 14 can vary
between 1 for a perfect tetrahedron (a=B=109.5°) to 0 for a square planar geometry
(0=Pp=180°). Thus, with the largest bond angles around Li of 138.8(4)° and 128.4(4)°,
applying Equation 1 affords a 14 value of 0.66 which corroborates a significant distortion
from tetrahedral geometry that must be imposed by the coordination modes of the metallated
PMDETA. In comparison, the same calculation for the Ga centre (0=119.53(19)°,
B=114.90(18)°) yields a 14 value of 0.89 revealing a coordination geometry only slightly
distorted from tetrahedral.
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A quick glance at the structure might suggest that it is GaR3 that deprotonated the substrate as
the structure incorporates a TMP anion and only two monosilyl groups on gallium. However
GaRs on its own is not a sufficiently strong base to metallate PMDETA, therefore the a-
deprotonation is based on the stepwise cooperation between LiTMP and GaRsz. LiTMP
deprotonates the triamine followed by the fast trans-metal-trapping process with GaRs
yielding a proposed intermediate A (Scheme 4.8i) where concomitantly produced TMPH
helps to fill the coordination sphere of lithium and is thus in close proximity to GaRs. The
sterically encumbered intermediate and enhanced acidity of coordinated TMPH makes it

possible for otherwise inert gallium alkyl to react affording 31 and TMS (Scheme 4.8ii).

intermediate A
\ \
l N N
N ot i3 ) !
N NK\ /Tl i) amide basisity ( /Li/N\ W ii) alkyl basicity ( /Li/N\ v, ™S
/ N\ | =N CH, (N\F\N CH,
GaRj3 + LiTMP GarR E Gla"R
+ TMPH  HoG R R
SiMe; (31)

Scheme 4.8: Proposed reaction sequence for the surprising formation of 31.

Although we have no direct evidence for the proposed mechanism, it is supported indirectly
by the notion that triorganogallium reagents cannot deprotonate coordinating additives such
as PMDETA or TMEDA as C-H bonds adjacent to N centres in tertiary amines are only
weakly acidic (see below). In addition, it was found that the bulkiness of a reagent such as
GaRs precludes chelation and instead, it acts as a bridging ligand as observed in the crystal
structure of R3Ga-TMEDA-GaR3.?®l Further, to an extent, experimental support for the
proposed pathway came from the addition of a similar, but smaller diamine TMEDA to the
mixture of LiTMP and GaRs from which we have isolated
[(TMEDA)Li{Me:NCH2CH2N(Me)CH2}GaRs] (32) (Figure 4.8). Displaying an open CIP
structure with three alkyl groups on gallium and no TMP anion incorporation, the molecular
structure of 32 is reminiscent of the proposed intermediate A. Here, due to the smaller size of
the used diamine, Na-tetracoordinated lithium is capped with two molecules of TMEDA one
of which is metallated and the other one is neutral, completing the coordination sphere and

avoiding the close proximity of TMPH and GaR3 which would induce alkyl basicity.
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Figure 4.8: Molecular structure of 32 with 50% probability displacement ellipsoids. All hydrogen
atoms except those on metallated CH; group of TMEDA have been omitted for clarity. Selected bond
distances (A) and bond angles (°): Ga(1)-C(1) 2.0451(19), Ga(1)-C(5) 2.032(2), Ga(1)-C(9) 2.029(2),
Ga(1)-C(17) 2.0646(19), Li(1)-N(1) 2.049(4), Li(1)-N(2) 2.164(4), Li(1)-N(3) 2.202(4), Li(1)-N(4)
2.117(4), C(9)-Ga(1)-C(5) 112.62(9), C(9)-Ga(1)-C(1) 108.32(8), C(1)-Ga(1)-C(5) 110.02(8), C(9)-
Ga(1)-C(17) 112.35(8), C(5)-Ga(1)-C(17) 102.76(8), C(1)-Ga(1)-C(17) 100.71(8).

The direct a-metallation of tertiary amines is typically hampered by the destabilization
arising from the repulsion between the developing carbanion and the lone pair electron
density of the adjacent nitrogen atom.!*! There are few examples of such metallations with
different organoalkali reagents such as ‘BuLi, "BuLi or LICKOR,%22 however isolation and
structural characterisation of 31 and 32 is rather unusual, with the only other similar

examples stemming from deprotonation by employing the LiTMP and Al'Buz mixture.[*!

Despite the formation of 31 and 32 being reproducible, a clean and controlled synthesis has
yet to be achieved, thus no further characterisation (neither NMR spectroscopic nor elemental
analysis) has been obtained. Nonetheless, the formation of 31 and 32 further supports our
notion that LITMP and GaR3 do not co-complex, even if a donor molecule is offered, but

rather exist as separate species and react with substrates in a sequential manner.

4.3. Applying TMT for pyrazine functionalisation

Studies on the metallation of pyrazine have shown that four molar equivalents of LITMP are

required in THF at -75°C, affording only modest yields of 2-substituted derivatives (39-65%
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depending on the electrophile) along with variable amounts of 2,5-disubstituted product
(16%). Performed at room temperature in hexane solution our new LiTMP/GaRs TMT
approach in a 1:1:1 stoichiometry with pyrazine afforded selectively [1-(PMDETA)LI-3-
(GaR3)-CsH3N2] (33) isolated in 61% crystalline yield (Scheme 4.9) and its molecular
structure was established by X-ray crystallography.

R3Ga
hexane rt, 1h S— N
/
GaR3 + LITMP + [ j ) PMDETA (1 eq) N N—Li—N
(33)
Scheme 4.9: Synthesis of pyrazine derived [1-(PMDETA)LIi-3-(GaR3)-CsH3N2] (33).
The formally monogallated pyrazine complex (33) exhibits an open CIP motif with a 1,3-

separation of (PMDETA)Li and GaRs units bonded to N and C atoms, respectively (Figure
4.9).

Figure 4.9: Molecular structure of 33 with 50% probability displacement ellipsoids. All hydrogen
atoms except those on pyrazine have been omitted for clarity. Selected bond distances (A) and bond
angles (°): Ga(1)-C(3) 2.043(2), Ga(1)-C(14) 2.031(2), Ga(1)-C(18) 2.028(2), Ga(1)-C(22) 2.027(2),
Li(1)-N(1) 2.020(4), Li(1)-N(3) 2.079(4), Li(1)-N(4) 2.098(4), Li(1)-N(5) 2.047(4), C(22)-Ga(1)-
C(18) 110.40(9), C(22)-Ga(1)-C(14) 113.88(9), C(18)-Ga(1)-C(14) 112.94(9), C(22)-Ga(1)-C(3)
104.19(9), C(18)-Ga(1)-C(3) 108.29(9), C(14)-Ga(1)-C(3) 106.55(9).
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The Ns-tetrcoordinated Li-atom once again exhibits a distorted tetrahedral geometry
determined by bond angles ranging from 122.7(2)° to 88.02(16)° [mean angle 108.6°] and an
average bond length of 2.061 A, however a 14 value of 0.84 reflects a significantly reduced
level of distortion than that observed in 31. Showing very little variation in length (varying
from 2.027(2) A to 2.043(2) A), the four Ga-C bonds are in excellent agreement with other
related tetracoordinated gallium species discussed throughout this thesis (e.g., compound 30).
It is remarkable that this is, as far as we can ascertain, the first example of a structurally
characterised monometallated unsubstituted pyrazine obtained by direct metallation. There
are two other reported structures incorporating 13 and Pd[®! put they have been obtained

via a halogen displacement methodology.

The *H NMR spectrum of 33 in dg-THF solution was consistent with the monosubstituted
pyrazine displaying three distinct resonances at 7.76, 8.48 and 8.56 ppm integrating for 1H
each, as opposed to the solitary singlet at 8.55 ppm for a symmetrical free pyrazine. The
preserved integrity of 33 in solution is further indicated by the presence of two singlets at -
0.82 and -0.18 ppm corresponding to the CH, and CH3 groups of the monosilyl group, as well
as by the appearance of four broadened resonances between 2.20 and 2.60 ppm for
coordinated PMDETA (Figure 4.10).
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Figure 4.10: *H NMR spectrum of 33 in ds-THF solution.
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The most informative resonance in the *C NMR spectrum is the one for C-Ga located at
198.8 ppm displaying a significant downfield chemical shift when compared to that of free

pyrazine (cf. 146.1 ppm).

Although 33 was isolated in only 61% crystalline yield, NMR monitoring of the reaction and
integration against an internal standard revealed a quantitative formation in solution. In
addition to excellent efficiency, our TMT protocol displayed remarkable selectivity as no
dimetallated species has been observed. This observation prompted us to increase the
base:trap:substrate ratio to 2:2:1, again in hexane at room temperature, affording dimetallated
[1,4-{(PMDETA)Li}2-2,5-(GaRs3)2-C4H2Nz] (34) in 43.6 % yield (Scheme 4.10).

N
L
N\ i) hexane, rt, 1h R3Ga | SN '~N
2GaR4; + 2LITMP + i) PMDETA (2
’ [ ; " oD N -/N%G R
N N/lf_l ang
\_N (34)

Scheme 4.10: Synthesis of pyrazine derived [1,4-{(PMDETA)Li}2-2,5-(GaRs).-CsH2N2] (34).

The centrosymmetric molecular structure of 34 revealed a two-fold deprotonation of pyrazine
incorporating two (PMDETA)Li and two GaRs3 units cooperatively stabilising the dianion by
tying up the lone pairs of the N and C atoms respectively (Figure 4.11). The Ga-C bond
lengths and C-Ga-C bond angles show very little variation amongst each other or to the ones
reported for 33, however a notably more congested structure of tetranuclear complex 34 with
its GaRs and (PMDETA)LI units in proximal disposition, is revealed in enhanced distortion
of tetrahedral geometry around the Li-atom. Having a 14 value of 0.63, the Li atom in 34
displays a significant level of distortion, greater even than the distortion found in 31 (cf.
14=0.66). Additionally, the Li-Npyrazine bond (Li1-N1, 2.138(3) A in Figure 4.11) is elongated
(by approximately 6%) in comparison to the analogous bond witnessed in 33 (Lil-N1,
2.020(4) A in Figure 4.9). The molecular structure adopted by 34 is comparable with the
relevant two-fold zincated pyrazine (vide supra) with the main structural difference being the
open CIP motif most probably directed by the lack of bridging TMP ligands.
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H14

L
H14’

Figure 4.11: Molecular structure of 34 with 50% probability displacement ellipsoids. All hydrogen
atoms except those on the pyrazine ring have been omitted for clarity. Symmetry operator: -x, -y, -z
Selected bond distances (A) and bond angles (°): Ga(1)-C(1) 2.022(3), Ga(1)-C(5) 2.021(2), Ga(1)-
C(9) 2.018(3), Ga(1)-C(13) 2.062(3), Li(1)-N(1) 2.106(5), Li(1)-N(2) 2.197(5), Li(1)-N(3) 2.224(5),
Li(1)-N(4) 2.144(5), C(5)-Ga(1)-C(13) 104.22(10), C(1)-Ga(1)-C(13) 100.99(10), C(9)-Ga(1)-C(5)
119.36(12), C(9)-Ga(1)-C(1) 114.86(10), C(5)-Ga(1)-C(1) 108.11(10), C(9)-Ga(1)-C(13) 107.12(12),
N(1)-Li(1)-N(4) 108.2(2), N(1)-Li(1)-N(2) 103.7(2), N(4)-Li(1)-N(2) 126.8(2), N(1)-Li(1)-N(3)
154.5(3), N(4)-Li(1)-N(3) 84.22(18), N(2)-Li(1)-N(3) 84.74(17).

From the NMR data in ds-THF solutions, the two-fold deprotonation and formation of the
symmetric complex is identified by a singlet at 8.58 ppm in the *H NMR spectrum for the
C4H2N; fragment and a resonance at 184.9 for the C-Ga in the *C NMR spectrum.

Interestingly, NMR monitoring of the reaction revealed 34 is formed in a 55% yield, along
with a second isomer (34°) formed in 33% which appears to be the analogous product of 2,6-

digallation (Scheme 4.11).

GaRj
|) hexane, rt, 1h R3Gaw/\N/“‘il H\N/{Lil
2GaRj + 2LITMP + [ j ||) PMDETA (2 eq) |\)\ + |\)\
’LI1/ GaRs |Lij/N Z GaR;
(34) (34")
[ILi] = LiPMDETA | 55 % 339%

Scheme 4.11: Synthesis of digallated pyrazine regioisomers 34 and 34°.

135



Chapter 4:Transforming LiTMP lithiation of challenging N-heterocyclic substrates via gallium alkyl trans-
metal-trapping

Regioisomer 34’ could not be obtained as a crystalline solid; however its constitution was
confirmed unambiguously by multinuclear NMR spectroscopic analysis in ds-THF solution.
Confirming the symmetrical nature of the complex, only one singlet in the aromatic region of
the *H NMR spectrum is observed at 8.14 ppm, significantly upfield shifted in comparison to
the corresponding resonance of 34. Similarly, in the *C NMR spectrum two resonances at
146.6 and 194.5 are observed attributed to the C-H and C-Ga atoms of the pyrazine scaffold
(Figure 4.12).
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Figure 4.12: Low field region of the 3C NMR spectrum in dg-THF solution of the crude reaction
mixture affording formation of 34 and 34°.

The stoichiometric control achieved by this TMT approach where depending on the base
stoichiometry it is possible to mono- and digallate pyrazine contrasts with the performance of
zincate [(THF)LiZn(TMP)'Buz]. This operates through a synchronised bimetallic synergy
distinct to that of stepwise TMT, as it affords only the 2,5-disubstituted pyrazine even with a
1:1, base:substrate stoichiometry (Scheme 4.3).[*1 Previously, excess LiTMP (1.5
equivalents) dispensed as 0.5 ZnCl>> TMEDA/1.5 LiTMP in THF produced 59% of the
isolated 2-iodopyrazine that reportedly decomposes at room temperature, but in hexane a

significant amount of coupled dimer product was also seen.[*%
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Finally, for comparison, we have performed a control reaction, employing the same reaction
conditions, between pyrazine and gallate LiGaR4?Y which exists as a polymeric bimetallic
species (Scheme 4.12). The reaction proceeded with a formation of orange suspension which
upon addition of one equivalent of PMDETA afforded a deep red solution.

(N

Li

LR
N i) hexane, rt, 1Th | ------ H
i) PMDETA (1 eq) _

N

I

GaRgy

(35)

Scheme 4.12: Synthesis of 35 by nucleophilic addition of one monosilyl arm of LiGaRa.

Despite several attempts, no crystalline material was obtained, that notwithstanding *H NMR
spectroscopic analysis of the crude reaction mixture in dg-THF solution disclosed that a
chemoselective addition of the R group, with concomitant dearomatization of the heterocycle
has taken place affording 35 as evidenced by the appearance of four broad resonances in the

region between 2.5 and 6.5 ppm(Figure 4.13).
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Figure 4.13: *H NMR spectrum of the crude reaction mixture of affording 35 in ds-THF.
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Integration against a ferrocene internal standard has revealed a 55% vyield of 35 with the
remaining unreacted pyrazine removed under vacuum. Further studies were not successful
due to the instability of the reaction mixture with a drastic colour change from red to deep
blue and purple over a short time period hinting at a radical formation in the reaction mixture.

Using pyrazine as a case study it is possible to compare the reactivity of single metal reagents
with the bimetallic lithium gallate and tandem LiTMP and GaR3 reagent mixture (Scheme
4.13). Thus, polar LITMP is reactive towards pyrazine but requires excess base and
employment of cryogenic conditions, GaRs shows no reactivity towards pyrazine but only
coordination is expected to occur, while the tetraalkyl lithium gallate will undergo
nucleophilic addition. However, a mixture of LITMP and GaR3 operating in a tandem manner
will perform a chemoselective metallation and with the additional benefit of good

stoichiometric control.
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Scheme 4.13: Contrasting reactivities of LiTMP and different lithium-gallium combinations towards
pyrazine.

4.4, Expanding the scope of TMT to other sensitive heterocycles

With the well-established reactivity towards symmetrical pyrazine, it was decided to expand
the scope to the next diazine, in particular pyridazine which with its 1,2-placement of N
atoms, offers a choice of metallation sites. Site selectivity in its metallation is exceptionally
challenging as evident from previous work using excess LITMP in 05
ZnCl>> TMEDA/1.5LITMP/I2, which in hexane at room temperature achieved only 27% of the
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3-iodo product mixed with the 4-iodo, and 3,5-diiodo derivatives as well as 54% unreacted
pyridazine (Scheme 4.14).1%°]

Ny D0.5ZnCLTMEDA N NS NS NSy
‘ N 1.5LITMP ‘ N ‘ N ‘
i, T AL T AN
27 % 8 % 1M1 %

Scheme 4.14: Complexity of the deprotonation of pyridazine with ZnCl,-TMEDA/1.5 LiTMP
mixture followed by iodine quench.*!

In THF the vyield of the 3-iodo product rises to 66% but only under extreme reflux
conditions. On its own, LiTMP (4 equivalents) in THF at -75°C produced only 16-32% yields
of 3-substituted pyridazines following quenching with different electrophiles.!

Run in hexane solution at room temperature, our TMT reaction afforded [1,2-(PMDETA)LI-
3-(GaRs)-CsH3N2] (36) in a 51% crystalline yield (Scheme 4.15).

(N
N / \
‘ SN i) hexane, it 1h N=N
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- TN/

Scheme 4.15: Synthesis of pyridazine-derived [1,2-(PMDETA)LIi-3-(GaRs3)-CsH3sN2] (36).

The unit cell of 36 contains two crystallographically independent molecules with identical
connectivity, one of which contains minor disorder in the PMDETA ligand, thus structural
discussion is focused on the non-disordered molecule. The molecular structure of 36 (Figure
4.14) shows C4-tetracoordinated GaRs elects to sit at the most acidic 3-position adjacent to
one N-atom, exhibiting again nearly ideal tetrahedral geometry with the average bond length
of 2.032 A and a mean bond angle of 109.1°. A novel feature is the Li(PMDETA) unit
bridging the two diazine N atoms [Li-N bond lengths 2.093(5) and 2.043(5) A for the non-
disordered molecule of the Z’=2 structure] leading to the five-coordinate spiro Li centre

connecting the 3- and 2 x 5-atom rings.
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Figure 4.14: Molecular structure of 36 with 50% probability displacement ellipsoids. All hydrogen
atoms except those on the pyridazine ring have been omitted for clarity. The unit cell of 36 contains
two crystallographically independent molecules with identical connectivity. One molecule contains
minor disorder in its PMDETA ligand, thus structural discussion is limited to the non-disordered
molecule. Selected bond distances (A) and bond angles (°): Ga(1)-C(1) 2.018(2), Ga(1)-C(9) 2.023(2),
Ga(1)-C(5) 2.031(2), Ga(1)-C(13) 2.056(2), Li(1)-N(1) 2.093(5), Li(1)-N(2) 2.043(5), Li(1)-N(3)
2.129(5), Li(1)-N(4) 2.169(5), Li(1)-N(5) 2.107(5), C(1)-Ga(1)-C(9) 113.96(9), C(1)-Ga(1)-C(5)
112.79(10), C(9)-Ga(1)-C(5) 107.71(10), C(1)-Ga(1)-C(13) 105.11(9), C(5)-Ga(1)-C(13) 110.16(9),
C(9)-Ga(1)-C(13) 104.91(9), N(2)-Li(1)-N(1) 38.40(11), N(2)-Li(1)-N(5) 121.2(2), N(1)-Li(1)-N(5)
109.8(2), N(2)-Li(1)-N(3) 113.8(2), N(1)-Li(1)-N(3) 107.4(2), N(5)-Li(1)-N(3) 124.3(2), N(2)-Li(1)-
N(4) 109.0(2), N(1)-Li(1)-N(4) 147.4(2), N(5)-Li(1)-N(4) 84.38(18), N(3)-Li(1)-N(4) 85.94(18).

'H NMR spectroscopic analysis of 36 in ds-THF exhibits three distinct multiplets (7.16, 7.84
and 8.66 ppm) characteristic for the C3-monosubstituted pyridazine. The most diagnostic

resonance in the 3C NMR spectrum is a low intensity C-Ga signal at 199.9 ppm.

Interestingly, *H NMR monitoring of the reaction revealed an important effect of the order of
metal reagent addition on reaction regioselectivity. Thus, when LiTMP is added as a solid to
the hexane solution of GaR3s and pyridazine, 36 is obtained in a 78% yield, along with small
amounts of the C4-gallated regioisomer 36’ (16% yield), Scheme 4.16a. Contrastingly, if the
substrate is added to the hexane suspension of LiITMP and GaRs, the yield of 36 decreases to
50%, and more C4 metallated product 36’ is seen (36%), Scheme 4.16b and Figure 4.15.
These contrasting results suggest an activating effect of the GaRs component, which perhaps
can initially coordinate to the Lewis basic N atoms of the heterocycle, facilitating its

lithiation at the C3 position.
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Scheme 4.16: a) Regioselectivity observed when LiTMP is added to the solution of GaRs and
pyridazine; b) Regioselectivity observed when pyridazine is added to the suspension of LiTMP and
GaRs.
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Figure 4.15: Aromatic region of *H NMR spectrum of 36 and 36’ in ds-THF solution.

As previous work had established that 1,3-diazine (pyrimidine) was found to be totally inert
to LITMP from 0°C to reflux temperatures,[® it seemed the greatest challenge to TMT.
However, TMT was again successful, demonstrated tangibly through isolation and structural
authentication of the metallated pyrimidine [1-(PMDETA)LIi-6-(GaR3)-CsHsN2] (37) which

was produced in a 27% isolated crystalline yield (Scheme 4.17).
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Scheme 4.17: Synthesis of pyrimidine-derived [1-(PMDETA)LIi-6-(GaR3)-C4HsN2] (37).

Its structure (Figure 4.16) exhibits many of the features previously observed in complexes
33, 34 and 36 with the proximal 1,6-separation of its GaRz and (PMDETA)LI fragments, akin
to that found in dimetallated pyrazine 34. As is commonly observed in the beforehand
examples, again both metals display tetrahedral geometry with an average Ga-C and Li-N

bond length of 2.033 A and 2.158 A, respectively.

Figure 4.16: Molecular structure of 37 with 50% probability displacement ellipsoids. All hydrogen
atoms except those on the pyrimidine ring have been omitted for clarity. Selected bond distances (A)
and bond angles (°): Ga(1)-C(2) 2.052(3), Ga(1)-C(5) 2.031(3), Ga(1)-C(9) 2.030(3), Ga(1)-C(13)
2.020(3), Li(1)-N(2) 2.067(6), Li(1)-N(3) 2.157(7), Li(1)-N(4) 2.246(7), Li(1)-N(5) 2.162(7), C(5)-
Ga(1)-C(2) 113.00(13), C(9)-Ga(1)-C(2) 108.09(13), C(13)-Ga(1)-C(2) 107.52(13), C(9)-Ga(1)-C(5)
113.97(13), C(13)-Ga(1)-C(5) 111.77(13), C(13)-Ga(1)-C(9) 111.84(14), N(2)-Li(1)-N(3) 111.8(3),
N(2)-Li(1)-N(5) 123.0(3), N(3)-Li(1)-N(5) 123.9(3), N(2)-Li(1)-N(4) 113.9(3), N(3)-Li(1)-N(4)
85.0(2), N(5)-Li(1)-N(4) 83.5(2).
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Multinuclear NMR spectroscopic analysis in ds-THF is in excellent agreement with the solid-
state structure, most notably in the *H NMR spectrum where a singlet at 8.87 ppm is observed
that can be attributed to the CH between the two nitrogen atoms (i.e. C1 in Figure 4.16).
Interestingly, the C-Ga resonance in the 3C NMR spectrum is observed at 219.3 ppm
(Figure 4.17) significantly downfield shifted in comparison to that of other gallated diazines
reported here (vide supra), alluding at the more carbenic nature of this particular bond in 37.
Additionally, the 'Li NMR spectrum displays a broad resonance at 2.41 ppm which could
suggest a dynamic process taking place whereby Li shuttles between the two nitrogen atoms

of pyrimidine, causing signal broadening.
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Figure 4.17: C NMR spectrum of 37 in dg-THF solution.

NMR monitoring of the reaction revealed that in the solution this yield is increased to 59%.
However unlike in the synthesis of 36 where the order of addition could help improve

regioselectivity, here no significant difference is observed.

Pleased by these results, we were intrigued to see if this TMT approach could be utilized for
the metallation of other families of heterocycles, as for example benzothiazole (btz). This
fused heterocycle is easier to deprotonate at its C2 site due to its higher acidity (pKa = 27.3 vs
37.3 pKa, of pyrazine, in DMSO),®! however the formed 2-lithio derivative is well known to
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exist simultaneously in ring-closed and ring-opened forms, as best evidenced by Boche’s
seminal 3C NMR studies in ds-THF at -75°C (Scheme 4.18).1%"]

- (= (e

Scheme 4.18: Equilibrium between the ring-opened isonitrile tautomer and ring-closed benzothiazole
tautomer upon metallation.

Carried out at room temperature, an addition of an equimolar amount of benzothiazole to the
hexane suspension of LiITMP and GaRs, followed by addition of PMDETA for the purpose of
crystallization, produced crystalline complex [2-(GaR3)-3-{Li(PMDETA)}-Ce¢HsNCS] 38 in
a remarkably high isolated yield of 84% (Scheme 4.19).
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Scheme 4.19: Synthesis of [2-(GaRs3)-3-{Li(PMDETA)}-CsHsNCS] (38).

The molecular structure of 38 follows the connectivity pattern observed in the diazine series
with the Ga(Rs) and Li(PMDETA) units adjacent on deprotonated C and N atoms
respectively with a small Gal-C13-N1-Lil torsion angle of -13.9 (4)° (Figure 4.18). There is
only a handful of C2-metal bonded benzothiazole structures reported in the CCDC of which
only two are with main group metals, namely magnesium! and tin.*®l The magnesiated
benzothiazole exhibits a dimeric structure and was prepared by direct magnesiation of free
benzothiazole with the magnesium amide base,[®! while the relevant tin compound was

prepared by lithiation at low temperature followed by transmetallation to SnPh3.B
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Figure 4.18: Molecular structure of 38 with 50% probability displacement ellipsoids. All hydrogen
atoms have been omitted for clarity. Selected bond distances (A) and bond angles (°): Ga(1)-C(1)
2.022(3), Ga(1)-C(5) 2.021(2), Ga(1)-C(9) 2.018(3), Ga(1)-C(13) 2.062(3), Li(1)-N(1) 2.016(5),
Li(1)-N(2) 2.197(5), Li(1)-N(3) 2.224(5), Li(1)-N(4) 2.144(5), C(9)-Ga(1)-C(5) 119.36(12), C(9)-
Ga(1)-C(1) 114.86(10), C(5)-Ga(1)-C(1) 108.11(10), C(9)-Ga(1)-C(13) 107.12(12), C(5)-Ga(1)-C(13)
104.22(10), C(1)-Ga(1)-C(13) 100.99(10), N(1)-Li(1)-N(4) 108.2(2), N(1)-Li(1)-N(2) 103.7(2), N(4)-
Li(2)-N(2) 126.8(2), N(1)-Li(1)-N(3) 154.5(3), N(4)-Li(1)-N(3) 84.22(18), N(2)-Li(1)-N(3) 84.74(17)

Deprotonative gallation of the C2 centre (i.e. C13 in Figure 4.18) was evident in *H NMR
spectrum in Ce¢Ds by the disappearance of the diagnostic singlet at 8.45 ppm and by the
significantly downfield-shifted resonance at 209.5 ppm in the 3C NMR spectrum, consistent
with the ring closed structure.[*? Significantly, NMR monitoring of the reaction revealed the
formation of 38 to be quantitative in solution with no ring-opened metallo(2-
isocyano)thiophenolate isomer detected. This first Ga TMT reaction of a N-S heterocycle is
competitive with Mongin’s LiTMP/CdCI>>TMEDA in THF solution approach, which used
excess (1.5) base equivalents for a 97% yield of 2-iodobenzothiazole after 1> quenching,
though no metallo-intermediate was identified.[*?l These findings show a new application of
TMT, enabling regioselective metallations to be carried out at RT as opposed to conventional

lithium chemistry where btz has to be reacted at -78 °C to avoid its ring opening.
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4.5, Conclusion and future work

This chapter has seen the emergence of a new trans-metal-trapping (TMT) protocol based on
a mixture of LITMP (the base) and tris(trimethylsilylmethyl)gallium [GaRs3] (the trap) that,
operating in a tandem manner, is effective for the regioselective deprotonation of diazines
sensitive to conventional metallation in hydrocarbon solution. As well as launching the
concept of gallium TMT, this study reports the first crystal structures of metallodiazine
complexes made by metallation (C-H to C-metal) reactions for gallium and indeed, bar a
single exception for zinc, for any metal. Furthermore, the study highlights that two-metal
synergistic reactions are not confined to concerted, synchronised processes where the metals
belong within the same reagent, but can be extended to tandem, stepwise processes involving
two separately added reagents that do not form a reaction inhibiting co-complex. Work
presented here could potentially open the floodgates to a general improvement in many other
metallation reactions with various sensitive and non-sensitive substrates where LIiTMP and
related bulky bases give only low-to-moderate yields of products. In addition to extending the
scope of substrates metallated by this system, future work should look at extending the range
the electrophilic quenching studies as well as exploring the potential compatibility of
organogallium intermediates with transition-metal coupling methodologies. Another avenue
of development for future work is finding new TMT protocols incorporating a different

gallium source as a trap, as well as trying some other bulky amides as base components.

4.6. Experimental procedures

4.6.1. Synthesis of [[PMDETA)LIi(0-CsHsOMe)Ga(CH:2SiMes)s] (30) To a suspension of

N LiTMP (0.074g, 0.5 mmol) and Ga(CH2SiMes)s (0.165 g, 0.5

6_:“\0Me mmol) in hexane (10 mL), an equivalent of anisole (0.054 g, 0.5

N GaR; mmol, 54uL) was added at room temperature. As soon as anisole

was added, a yellow fine suspension was formed which persisted

during stirring for 1 hour at room temperature. PMDETA was

added (0.11 mL, 0.5 mmol), the solvent was exchanged in vacuo for toluene and the yellow

solution placed in freezer to obtain X-ray suitable crystals (0.17 g, 55%). Anal. Calcd for
C2sHe3GaLiN3OSis: C, 54.35; H, 10.26; N, 6.79. Found: C, 54.95; H, 9.94; N, 7.55.
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'H NMR (298 K, ds-THF) &(ppm) -0.85 (6H, s, CH2SiMes), -0.19 (27H, s, Si(CHz3)3), 2.20
(12H, s, N(CHz3)2), 2.26 (3H, s, NCHs3), 2.37 (4H, mult, NCH>CH2N), 2.47 (4H, mult,
NCH2CH:N), 3.59 (3H, s, OCHa), 6.40 (1H, d, Ar-H), 6.53 (1H, t, p-CH), 6.78 (1H, t, Ar-H),
7.44 (1H, d, Ar-H). 3C{IH} NMR (298 K, ds-THF) &(ppm) 0.5 (CH.SiMes), 3.9
(Si(CHa)3), 43.7 (PMDETA), 46.0 (PMDETA), 54.3 (OCHas), 56.2 (PMDETA), 58.5
(PMDETA), 107.5 (Ar-C), 119.4 (Ar-C), 120.9 (Ar-C), 125.0 (Ar-C), 138.8 (Ar-C), 155.2
(C-Ga), 166.7 (Ar-C). 'Li NMR (298 K, ds-THF, reference LiCl in D20 at 0.00 ppm): &
0.14.

4.6.2. Synthesis of [1-(PMDETA)LI-3-(GaRs)-CsHsN2z] (33) To a suspension of LITMP
R,Ga (0.074g, 0.5 mmol) and Ga(CHzSiMe3)z (0.165 g, 0.5 mmol) in
— /N hexane (10 mL), 1 equivalent of pyrazine (0.04 g, 0.5 mmol) was
N\\—//N_L'\—N added via solid addition tube at room temperature. As soon as
pyrazine was added, a yellow solution was formed which quickly
evolved into orange and then red suspension. After stirring for 30 min at room temperature,
PMDETA was added (0.11 mL, 0.5 mmol) which induced even stronger precipitation.
Addition of 2 mL of toluene and gentle heating afforded a solution which upon slow cooling
deposited X-ray suitable crystals (0.18 g, 61%). Anal. Calcd for C2sHs9GaLiNsSis: C, 50.83;
H, 10.07; N, 11.86. Found: C, 50.05; H, 9.74; N, 11.87.
'H NMR (298 K, ds-THF) &(ppm) -0.82 (6H, s, CH2SiMes), -0.18 (27H, s, Si(CHz3)3), 2.20
(12H, s, N(CHg)2), 2.30 (3H, s, NCHz), 2.39 (4H, br s, NCH2CH2N), 2.49 (4H, mult,
NCH2CH2N), 7.76 (1H, s, pyrazine), 8.48 (1H, s, pyrazine), 8.56 (1H, s, pyrazine). 13C{*H}
NMR (298 K, ds-THF) a(ppm) -0.3 (CH2SiMes), 3.5 (Si(CHs)s), 43.7, 45.9, 56.1, 58.4
PMDETA, 137.5 (CH-pyrazine), 146.4(CH-pyrazine), 150.0 (CH-pyrazine), 198.8 (C-Ga).
Li NMR (298 K, ds-THF, reference LiCl in D20 at 0.00 ppm): & 2.35.

4.6.3. Synthesis of [1,4-{(PMDETA)LIi}2-2,5-(GaR3)2-C4H2N2] (34) To a suspension of
N \ LiTMP (0.074 g, 0.5 mmol) and Ga(CHzSiMes)s (0.165 g,

|\_i/N> 0.5 mmol) in hexane (10 mL), 0.5 equivalent of pyrazine

| N (0.02 g, 0.25 mmol) was added via solid addition tube at

N\Li/N Z GaR room temperature. As soon as pyrazine was added, a yellow
—~ 3

N l\’l solution was formed which quickly evolved into orange and

then red suspension and finally a green solution. After
stirring for 30 min at room temperature, PMDETA was added (0.11 mL, 0.5 mmol) which

induced precipitation and a change of colour to orange. Addition of 2 mL of toluene and
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gentle heating afforded solution which upon slow cooling deposited X-ray suitable crystals
(0.12 g, 43.6 %). Anal. Calcd for CseH114GazLi2NsSie: C, 50.17; H, 10.43; N, 10.17. Found:
C,50.47; H, 10.44; N, 9.98.

'H NMR (298 K, ds-THF) 3(ppm) -0.91 (12H, s, CH2SiMe3), -0.15 (54H, s, Si(CHs)3), 2.17
(24H, s, PMDETA-CH3), 2.26 (6H, s, PMDETA-CHj3), 2.34 (8H, mult, PMDETA-CH>), 2.45
(8H, mult, PMDETA-CHy), 8.58 (2H, s, H-pyrazine). *C{*H} NMR (298 K, ds-THF) -0.3
(CH2SiMes), 3.7 (Si(CHs)s), 43.8, 46.2, 56.9, 58.7 PMDETA, 153.48 (CH-pyrazine), 184.9
(C-Ga). 'Li NMR (298 K, ds-THF, reference LiCl in D20 at 0.00 ppm): § 2.47.

4.6.4. Synthesis of [1,2-(PMDETA)LIi-3-(GaRs)-C4HsN2] (36) To a hexane solution (10
(Nf\ mL) of Ga(CH2SiMez)3 (0.165 g, 0.5 mmol) and pyridazine (0.04 g, 0.5
\Ll'/N mmol), LiTMP (0.074 g, 0.5 mmol) was added via solid addition tube at
N/=\N room temperature. As soon as LITMP was added, a yellow suspension
Rﬁa@ was formed which evolved into orange and then red solution. After
stirring for 15 min at room temperature, PMDETA was added (0.11 mL,
0.5 mmol) which induced instant, but short-lived precipitation. The dark red solution was
placed at -33 °C to obtain X-ray suitable crystals (0.15 g, 51%). Anal. Calcd for
CasHseGaLiNsSis: C, 50.83; H, 10.07; N, 11.86. Found: C, 50.34; H, 9.67; N, 12.00.
'H NMR (298 K, ds-THF) &(ppm) -0.75 (6H, s, CH2SiMes), -0.16 (27H, s, Si(CHz3)3), 2.17
(12H, s, N(CHa)z2), 2.41 (7H, mult, NCHz + NCH2CH2N ), 2.54 (4H, mult, NCH2CH2N), 7.17
(1H, s, pyridazine), 7.84 (1H, s, pyridazine), 8.67 (1H, s, pyridazine). *C{*H} NMR (298 K,
ds-THF) 8(ppm) -0.3 (CH2SiMes), 3.6 (Si(CHs)s), 44.1, 45.9, 55.5, 58.1 PMDETA, 122.9
(CH-pyridazine), 136.7 (CH-pyridazine), 147.4 (CH-pyridazine), 199.9 (C-Ga). 'Li NMR
(298 K, ds-THF, reference LiCl in D20 at 0.00 ppm): 6 2.80.

4.6.5. Synthesis of [1-(PMDETA)LI-6-(GaRs3)-CsH3N2] (37) To a suspension of LiTMP
G\Nf\ (0.074 g, 0.5 mmol) and Ga(CH2SiMe3s)3 (0.165 g, 0.5 mmol) in hexane
\I_li/N (10 mL), a hexane solution of pyrimidine (0.04 g, 0.5 mmol in 10 mL

\

N hexane) was added via syringe at room temperature. As soon as

R3Ga4<_/\N pyrimidine was added, a yellow suspension was formed which evolved
\ / into orange and then brown suspension. After stirring for 15 min at

room temperature, PMDETA was added (0.11 mL, 0.5 mmol) which induced instant, but
short-lived precipitation. The suspension was filtered with cannula and a dark red solution
was placed at -33 °C to obtain X-ray suitable crystals overnight (0.08 g, 27%). Anal. Calcd
for CasHseGaLiNsSis: C, 50.83; H, 10.07; N, 11.86. Found: C, 50.91; H, 10.02; N, 11.82.
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'H NMR (298 K, ds-THF) &(ppm) -0.83 (6H, s, CH2SiMes), -0.16 (27H, s, Si(CHz3)3), 2.20
(12H, s, N(CHs)2), 2.29 (3H, mult, NCHz3), 2.38 (4H, mult, NCH2CH2N ), 2.49 (4H, mult,
NCH2CH2N), 7.67 (1H, d, pyrimidine), 7.92 (1H, d, pyrimidine), 8.87 (1H, s, pyrimidine).
BC{IH} NMR (298 K, ds-THF) &(ppm) -0.4 (CH.SiMe3), 3.6 (Si(CHa)s), 43.7, 46.1, 56.4,
55.8 PMDETA, 131.2 (CH-pyrimidine), 148.4 (CH-pyrimidine), 155.4 (CH-pyrimidine),
219.3 (C-Ga). 'Li NMR (298 K, ds-THF, reference LiCl in D20 at 0.00 ppm): 5 2.41.

4.6.6. Synthesis of [2-(GaR3)-3-{Li(PMDETA)}-CsHsNCS] (38) To a suspension of

(N”\ LiTMP (0.074 g, 0.5 mmol) and Ga(CH2SiMes)s (0.165 g, 0.5

\|_|i/N mmol) in hexane (10 mL), 1 equivalent of benzothiazole (0.067 g,

N/ 0.5 mmol, 55 pL) was added at room temperature. As soon as

©: \>76aR3 benzothiazole was added, a yellow solution was formed which

S slowly evolved into orange solution. After stirring for 1 hour at

room temperature, PMDETA was added (0.11 mL, 0.5 mmol) which induced precipitation.

Vigorous heating of the mixture afforded solution which upon slow cooling deposited X-ray

suitable crystals (0.27 g, 83.6 %). Anal. Calcd for CosHesoGaLiN4SSis: C, 52.08; H, 9.37; N,
8.68. Found: C, 52.28; H, 9.15; N, 8.60.

IH NMR (298 K, ds-THF) &(ppm) -0.73 (6H, s, CH2SiMes), -0.10 (27H, s, Si(CH3)3), 2.17

(12H, s, PMDETA-CH3), 2.24 (3H, s, PMDETA-CH3), 2.34 (4H, mult, PMDETA-CH>), 2.44

(4H, mult, PMDETA-CH>), 7.02 (1H, t, CH-btz), 7.13 (1H, t, CH-btz), 7.78 (2H, mult, CH-

btz). 3C{*H} NMR (298 K, ds-THF) &(ppm) 0.9 (CH:SiMes), 3.5 (Si(CHz3)3), 43.6

(PMDETA-CH3), 46.0 (PMDETA-CH3), 56.2(PMDETA-CHy), 58.5 (PMDETA-CH,), 121.4

(CH-btz), 121.6 (CH-btz), 121.9 (CH-btz), 123.3 (CH-btz), 139.2 (C quaternary), 158.6 (C

quaternary), 209.5 (C-Ga). ‘Li NMR (298 K, ds-THF, reference LiCl in D20 at 0.00 ppm):

5 1.87.
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5. Structural and magnetic diversity in alkali-metal manganate chemistry:
Evaluating donor and alkali-metal effects in co-complexation processes

5.1. Introduction
As mentioned in Chapter 1, despite the widespread interest that mixed-metal (ate)

compounds have attracted over the last decade, the vast majority of these studies are focused
on s/p block metals,!*4 with only a few examples using transition-metals.>71 Interestingly,
prominent work by Mulvey has already shown the great potential of alkali-metal manganates
for deprotonative metallation of aromatic substrates.®1% Insightful studies have
demonstrated that these reactivities are genuine examples of direct manganation. On the other
hand, the structures and magnetic properties of homo(alkyl) alkali-metal manganates have
remained virtually unexplored.[**31 This is particularly surprising considering their possible

implication in C-C bond forming processes discussed in Chapter 1.

5.2. Aim of the chapter
Building on our previous work on main-group heterobimetallic (ate) compounds,*6-18l

this chapter presents the investigations into the synthesis of a series of homoleptic
alkyl alkali-metal manganates. By systematically probing the co-complexation
reactions of [MCH2SiMes] (M = Na or K) with [Mn(CH2SiMes).] in a variety of
solvent combinations, containing in some cases Lewis donors of different hapticities
and coordinative properties, a new family of tris(alkyl) alkali-metal manganates is
presented. The influence that the alkali-metal and these Lewis donors impose on the
structures and magnetic properties of these bimetallic species has been quantified by
combining X-ray crystallography with SQUID magnetization measurements and EPR
spectroscopy. At the end of the chapter we extended the investigations on the

synthesis, structure and reactivity of higher order tetraalkyl lithium manganate.

5.3.  Syntheses

5.3.1. Synthesis of lower order sodium and potassium manganates
Following previous successes in the synthesis of solvent-free alkali-metal magnesiates
and zincates, we started our investigations assessing the co-complexation reactions

between Wilkinson’s Mn(II) dialkyl compound Mn(CH2SiMes):*°! and the heavier
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alkali-metal alkyls M(CH2SiMes) (M= Na, K)?°22 in the non-coordinating solvent
hexane. As mentioned before (Chapter 2), the heteroneopentyl ligand MesSiCHz
was selected primarily due to its lack of B-hydrogen atoms, considerable steric bulk
and electronic stabilization when compared to carbon-only-based alkyl groups that are
prone to decomposition processes.[?3241 Addition of the arene solvent and gentle
heating of the resulting suspensions resulted in the formation of orange solutions that
on cooling deposited crystals of the homoleptic alkali-metal manganates
[{NaMn(CH2SiMes)3}«] (39) and [{KMn(CH2SiMes)3:CsHe}2] (40) in yields of 68
and 67% respectively (Scheme 5.1).

Mn(CH,SiMes),
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Scheme 5.1: Synthesis of homoleptic, trisalkyl alkali-metal manganates 39 and 40.

As it has been well established that the presence of Lewis donors determines the aggregation
and subsequently influences the reactivity of s-block metals, the effect of adding Lewis
donors 1,4-dioxane, TMEDA and 1,4-diazabicyclo[2.2.2]octane (DABCO) to
manganates 39 and 40 was investigated (Scheme 5.2). Using two molar equivalents of
bidentater N-donor = TMEDA  allowed the isolation of  complexes
[(TMEDA):MMn(CH:SiMes)s] (M=Na, 41; M=K, 42) in 65% and 69% yields
respectively. Interestingly, disclosing an important alkali-metal effect, the reactions of
39 and 40 with 1,4-dioxane (four equivalents) produced an entirely different outcome
(Scheme 5.2). Thus while the sodium manganate 39 formed coordination adduct
[{NaMn(CHzSiMe3s)s}2(dioxane)7] (43) (52% vyield), potassium manganate 40 yielded
heteroleptic species [{(dioxane)sK2Mn2(CH2SiMe3)4(O(CH2)2OCH=CH>)2}.] (44)
(45% vyield), which contains two alkyl groups, three solvating molecules of dioxane
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and surprisingly an alkoxy vinyl ether ligand (Scheme 5.2), resulting from the alpha
metallation and ring opening of the remaining molecule of dioxane (vide infra).
Adding bicyclic diamine donor DABCO to a solution of 39 in hexane afforded a white
precipitate that could be dissolved in hot toluene, giving a brown solution that
deposited colorless crystals of [{Na2Mnz(CH2SiMez)s(DABCO)2}-] (45) on cooling to
room temperature in a 43% yield. Attempts to isolate a product from the same reaction
using potassium manganate 40 led to the isolation of a white microcrystalline material
which was not amenable for X-ray analysis.
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Scheme 5.2: Reactivity of donor-solvent free manganates 39 and 40 with selected Lewis bases.

Alkali-metal manganates 39-45 were characterized by X-ray crystallography, EPR
spectroscopy and elemental analysis and they also had their magnetic susceptibilities
measured on a SQUID magnetometer.

Unsolvated sodium manganate 39 displays an infinitely aggregated structure,
comprising dinuclear {NaMn(CH2SiMes)s} units (Figure 5.1a) where each alkyl
group acts as a bridge between Mn and Na centers via their methylene group, giving
rise to an intricate two-dimensional network (Fig. 5.1c). Its basic repeat unit features a

distorted trigonal-planar Mn (sum of angles around Mn=359.03°) bonded to three
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monosilyl CH2SiMes groups, one of which bridges to sodium (Fig. 5.1b). The two
remaining alkyl ligands bond to Na atoms of a neighbouring unit, building a 2D
honeycomb sheet structure which contains 12-membered {(NaCMnC)s} fused rings
with the SiMes groups alternately pointing to opposite faces of the sheet. Each of these
rings accommodates 6 metals (3 Na, 3 Mn) and 6 monosilyl ligands (Fig. 5.1b) and is
interconnected with another six rings within the polymeric structure (Fig. 5.1c).
Additionally, each Na gains further stabilization by forming a secondary electrostatic
interaction with the methyl group of one CH-SiMes ligand [Nal--C8, 3.020(1) A],
which induces a slight pyramidalisation in its geometry (sum of bond angles around

Na = 352.99).

Figure 5.1: (a) Asymmetric unit of 39; (b) section of polymeric 39 showing a 12-membered
{NaCMnC}s ring; and (c) wire representation of polymeric sheet network of 39. In all figures
hydrogen atoms have been omitted for clarity and ellipsoids are drawn in 50% probability. Symmetry
operators (): x+0.5, y, -z+0.5; ():=x+0.5, y+0.5, z; (**’)-x+0.5, y-0.5, z; (**”’) x-0.5, y, -z+0.5.

Inspection of the sodium-carbon distances within 39 (Table 5.1) shows that there is no
significant variation that would define a specific molecular unit. Thus all three Na-C
distances in 39 lie within relatively small range [2.653(4) to 2.705(4) A]. Similarly, no
significant difference is found between the three Mn-C bond lengths of 39 [range:

2.166(4)-2.180(4) A].
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Table 5.1: Selected bond distances (A) for manganates 39, 41, 42, 43 and 45.

M =Na, X =
M = Na M = Na M=K o M =Na, X=N
(39) (41) (42) 43) (45)
Mnl-C1 2.166(4) 2.176(2) 2.174(3) 2.170(2) 2.254(3)
Mnl-C5 2.180(4) 2.171(2) 2.176(3) 2.230(2) 2.214(3); 2.419(3)!
Mnl - C9 2.177(4) 2.155(2) 2.156(3) 2.208(2) 2.202(3)
Mnl - X1 n/a n/a n/a 2.3271(12) n/a
Average Mnl1-C 2.174 2.167 2.169 2.203 2.272
M-C1 2.705(4)! 3.079(2) 3.163(3) n/a 2.558(1)
M —-C5 2.653(4) 3.025(2) 3.199(3) 2.694(2) n/a
M- C9 2.664(4) n/a n/a 2.719(2) 2.721(1)
Average M -C 2.674 3.052 3.181 2.706 2.639
M — Mn1 n/a 3.5513(9)  3.6468(8) 3.3150(8) 3.0919(10)

[a] This distance represents Mnl1-C9*’ (symmetry operator: -x+0.5, y+0.5, z). [b] This distance
represents Mn1-C5’ (symmetry operator: x, -y - 0.5, z - 0.5). [c] This distance represents Mn1-C5’
(symmetry operator: -x, -y, -2).

These values are slightly elongated compared to those reported for the discrete
monomeric NHC-complex [(IPr)Mn(CH2SiMes)2] (IPr = 1,3-bis(2,6-
diisopropylphenyl)imidazol-2-ylidene), which also contains a tricoordinated Mn center
(Mn-Caiky bond length, 2.129(1) A).?°! Reflecting the structural similarities previously
noticed between organomagnesium and organomaganese (I1) compounds, 32526 the
intriguing 2D honeycomb assembly of 39, although unique in manganate chemistry, is
isostructural to that previously reported by our group for magnesiate
[{NaMg(CH2zSiMes)3}-].[*®! This ring-fused structure contrasts with those found for
the monometallic components of 39, which are also highly aggregated but display
polymeric chain arrangements made up in each case by association of
{Mn2(CHSiMe3)2} dimerst’ or {Na(CH.SiMe3)}4 tetramers.[26]

In general, donor free alkali-metal ate structures are rare in heterobimetallic chemistry
due to solubility issues or difficulty in generating X-ray quality crystals. In manganate
chemistry, Ernst has reported the structure of the substituted tris(dienyl) [K{Mn(3-Me-
1,5-(MesSi)CsHa)3}] which forms a discrete monomer, where K is trapped within the

three dienyl ligands, through m-engaging with the C=C bonds (Figure 5.2).[2]
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Figure 5.2: Molecular structure of [K{Mn(3-Me-1,5-(Me3sSi)CsH4)s}] with 50% probability
displacement ellipsoids. All hydrogen atoms have been omitted for clarity.?"]

As far as we can ascertain, 39 constitutes the first example of an unsolvated alkali-
metal manganate with an extended structure as well as the first homo(alkyl) sodium
manganate to be structurally defined. Switching to the heavier alkali-metal potassium
facilitated the synthesis and isolation of benzene-solvated manganate 40, which,
contrasting with polymeric 39, features a discrete dimeric arrangement and has
incorporated two molecules of benzene in its constitution, each of them m-engaging
with a K center. Centrosymmetric 40 can be described as a cationic octagonal
[(KCMNC)2]?* ring hosting two monosilyl anion guests that are ps-capped at the top
and bottom of the ring by binding to two Mn and one K (C11 and C11’ in Fig. 5.3b).
Within 40, tetracoordinated Mn exhibits a distorted tetrahedral geometry, bonded to
four alkyl groups [range of CMnC bond angles, 103.04(12)°-119.97(12)°; mean
109.16°]. Unsurprisingly, the Mn-C distances for the po-alkyls that are part of the
eight-membered ring and coordinate to K and Mn are shorter [2.186(3) and 2.198(3)
A] than those for the ps-guest alkyls [Mn1-C11, 2.235(3) A], this difference being
particularly noticeable for Mn1-C11° [2.488(3) A, Table 5.2]. These Mn-C bond
distances are within the same range as those reported for [{Mn(CH2SiMes)2}.] where
the Mn atoms also exhibit a distorted tetrahedral C4 geometry, (Mn-C bond lengths
ranging from 2.2023(17) to 2.4358(17) A].[1 This trend is even more evident for the
K-C distances, with the pz-alkyls (C7 and C15, Fig. 5.3a) forming significantly shorter
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bonds [mean value, 3.030(4) A] than the remaining ps-ligands [K1-C11, 3.374(4) Al].
The observed values for K1-C7 and K1-C15 (Table 5.2) are in the same range as those
in the homometallic alkyl [{(PMDETA)K(CH:SiMe3)}»] (PMDETA =
N,N,N’,N’’,N’’-pentamethyldiethylenetriamine; mean K-C, 2.975 A].[?%]

(b)

Figure 5.3: (a) Molecular structure of 40. (b) Framework of 40 with benzene molecules and SiMe;
substituents omitted for clarity. In all figures hydrogen atoms have been omitted for clarity and
ellipsoids are drawn in 50% probability. Dotted lines represent secondary K-C interactions. Symmetry
operator: -x, -y, -z+1.

In addition, two further long-distance stabilizing secondary interactions are observed
for each K with the Me groups of two different SiMes units [K1-C12¢, 3.3738(6) A
and K1-C9, 3.2462(4) A]. Potassium completes its coordination by engaging with the
C=C m-bonds of a molecule of benzene which coordinates in an essentially n°-fashion

[K-C distances lie in the relatively narrow range 3.285(13)-3.407(12) A].[28-30

Table 5.2: Selected bond distances (A) for potassium manganate 40.

Mn1-C7 2.186(3) K1-C7 3.011(4)
Mn1-C15° 2.198(3) K1-C15 3.050(4)
Mn1-C11° 2.235(3) K1-C12’ 3.374(4)
Mn1-C11 2.488(3) K1-C11 3.375(3)
Mn1’-C11 2.235(3) Average K-C 3.202
Mn1°-C15 2.198(3) Mn1-K1 3.4712(10)

Average Mn1-C 2.277 Mn1-K1’ 3.5202(10)
Mnl----Mnl 2.8716(10)
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The internuclear Mn---Mn separation in 40 [2.8716(10) A] is comparable with those
found for homometallic [{Mn(CH:SiMes)2}] [mean, 2.8885 A] and
[{Mn(Mesityl),}s] [mean 2.8515 A]BY and is considerably more elongated than that
recently reported by Hayton in the ketimide-bridged dimer [Li([12]crown-
4)2][Mn2(N=C'Buz)s] [MnMn 2.5965(7) A], which exhibits strong metal-metal
electronic communication between the two Mn centers as determined by solid state
magnetic susceptibility measurements using SQUID magnetometry.[3?]

The basic motif of 40, alternatively described as a face-fused double heterocubane
structure with two missing corners or as some type of inverse crown complex has been
previously found in a variety of s-block homo- and heterobimetallic compounds.33-44
However, we believe it is unique for a homo(alkyl) ate system.[*l Unlike sodium
manganate 39, the structure of 40 is strikingly different to that of its magnesiate
analogue [{KMg(CH:SiMes)3-CeHs}«] wWhich forms an infinitely aggregated 2D
network.[46]

Addition of two equivalents of bidentate nitrogen donor TMEDA to manganates 39
and 40 caused their deaggregation forming discrete monomeric triorganomanganates
[(TMEDA)2MMn(CH2SiMes)s] 41 (M = Na) and 42 (M = K) respectively with the

same ring-closed contacted ion pair motif (Figure 5.4).

Figure 5.4: Molecular structure of 41 (a) and of 42 (b) with displacement ellipsoids drawn in 50%
probability. In all figures hydrogen atoms and in 42 the minor disorder component in one of the
TMEDA ligands have been omitted for clarity.

Both compounds display a Cs-tricoordinated Mn atom (sum of the angles around Mn,
360.00° for both 41 and 42), where two alkyl groups bridge to the doubly chelated
cation {(TMEDA).M}" (M= Na or K). As shown in Table 5.1, the Mn-C bond
distances in 41 and 42 are very similar [ranging from 2.155(2) to 2.176(3)A] and show
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almost no variation to those found in unsolvated sodium manganate 39 which also
contains a tricoordinated Mn center [mean value, 2.173 A, see Table 5.1 for details].
Contrastingly, a comparison between the Na-C distances in 39 and 41 revealed a
significant elongation for the latter [mean values, 2.676 vs 3.052 A]. A different trend
is observed for the K-C distances in 40 and 42 which are relatively well matched
[mean values, 3.202 vs 3.181 A] and can be attributed to the fact that in both structures
the potassium cations are hexacoordinated. The formation of potassium
triorganomanganate 42 contrast sharply with the reactivity recently reported for
magnesiate [{KMg(CH2SiMes)3-CsHe}-] Where the bidentate ligand TMEDA not only
induces the deaggregation of its polymeric structure but also causes a redistribution
process forming higher-order tetraorganomagnesiate [(TMEDA):K>Mg(CH2SiMe3)s]
along with the elimination of [Mg(CH2SiMes),].[*¢!

Addition of O-donor dioxane to manganates 39 and 40 led to the isolation of
[{NaMn(CH2SiMes)s}2(dioxane)7] (43) and
[{(dioxane)sK2Mn2(CH2SiMe3)4(O(CH2).OCH=CH>)2}»] (44) respectively which
exhibit completely different constitutions and structural motifs. Possessing two oxygen
atoms at positions 1 and 4, which generally precludes this bidentate donor from acting
as a chelating ligand, dioxane is well-known to facilitate aggregation by linking metal
atoms together through M-O(CH2)40-M bridges.[*5% Displaying a discrete dimeric
arrangement (Figure 5.5), 43 contains two {(dioxane)sNaMn(CH>SiMez)3} units

which are connected by an additional bridging dioxane that solvates the Mn centers.

Figure 5.5: Dimeric structure of 43 with 50% probability displacement ellipsoids. All hydrogen
atoms and minor disorder in two terminal 1,4-dioxane molecules have been omitted for clarity.
Symmetry operator: -X, -y, -z+2.

In each of these units, the Na and Mn atoms are connected by two alkyl groups,
closing four-membered {NaCMnC} rings, with a remaining alkyl bonded terminally to
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Mn. Interestingly, despite the higher coordination number of Mn in 43 (coordinated to
three C atoms and to one O atom), its mean Mn-C bond distance is just slightly
elongated [2.203 A] to those found in supramolecular 39 [2.173 A] and discrete
monomer 41 [2.167 A] (See Table 5.1 for details).

Showing a more marked effect, pentacoordinated distorted trigonal bipyramidal Na
centers form significantly stronger (shorter) bonds with the alkyl groups [2.706 A]
than those found for 39 [3.052 A] where Na is in a distorted octahedral environment
(vide supra).

X-ray crystallographic studies of 44 uncovered its heteroleptic anionic constitution,
containing a 2:1 ratio of monosilyl groups and alkoxy vinyl ether residues, with the
latter resulting from fragmentation of 1,4-dioxane. Exhibiting a similar core structure
to that of precursor 40, the asymmetric unit in 44 is made up by a cationic octagonal
[(KCMNC)2]?* ring which is now hosting two alkoxy vinyl ether anion
{OCH2CH20CH=CH2}" guests (Figure 5.6b).

(b)

Figure 5.6: (a) Asymmetric unit of 44. (b) Framework of 44 with dioxane molecules, SiMe;
substituents and alkoxy vinyl substituents omitted for clarity. In all figures hydrogen atoms and minor
disorder in two coordinated 1,4-dioxane molecules have been omitted for clarity and displacement
ellipsoids are drawn in 50% probability. Dotted lines represent secondary K-C interactions.

Each alkoxy anion interconnects two Mn atoms with one K (via Ol and O3, Fig. 5.6)
and uses its ether oxygen (O2 and O4 respectively) to chelate a K center. Each K atom
is further solvated by three molecules of dioxane, two of which are bridging to other K
centers from neighboring {K>Mn2(CH2SiMes)4(OR)2} (R= CH2CH20OCH=CH>) units

assembling a 2D network (Figure 5.7).
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Figure 5.7: Wire model representation of polymeric structure of 44 with core atoms drawn in 50%
probability displacement ellipsoids. All hydrogen atoms and minor disorder in coordinating 1,4-
dioxane molecules have been omitted for clarity. Symmetry operators #1: -x+1, -y+1, -z+2; #2: -X, -
y+1, -z+2; #3: X, -y+2, -z+3; #4: -x+1, -y+2, -z+3. Dotted lines represent secondary K-C interactions.

A comparison of the main geometrical parameters of 40 and 44 revealed that while
replacing the alkyl guests by alkoxide groups in the eight-membered [(KCMnC)2]?*
ring has little effect on the Mn-C distances [mean value 2.175 A in 44 vs 2.186(3) and
2.198(3) A in 40], it imposes a significant elongation on the intermetallic Mn---Mn
separation which is now 3.1447(4) A [2.8716(10) A for 40] as well as on the K-
C(alkyl) bonds [mean value 3.219 A in 44 vs 3.011(4) and 3.050(4) A in 40] see Table
5.3.

Table 5.3: Selected bond distances (A) for potassium manganate 44.

Mnl— C9 2.172(2) K1-C1 3.279(1)
Mn1 - C13 2.175(2) K1-C13 3.182(1)
Mn2 — C1 2.180(2) K2-C5 3.156(1)
Mn2 — C5 2.175(2) K2 - C9 3.261(1)
Mn1:--Mn2 3.1447(4) K1---Mn1l 3.6171(5)

Despite ether cleavage being a problematic side reaction in organometallic
chemistry,®? and 1,4-dioxane a common solvent in synthesis, the number of
structurally defined intermediates resulting from this process is surprisingly scarce. In
one example, Henderson has trapped the alkoxy-vinyl fragment present in 44 as a

result of the cleavage of dioxane by 'BuLil®l as well as by the action of a
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BuzMg/diisopropylaniline mixture.l® Closer to 44 is the fragmentation of this cyclic
ether mediated by lithium aluminate [{PhC(=O)N'Pr2}LiAI'Bus], where the
heteroleptic system metallates dioxane at its alpha position, to form a transient
intermediate that can rapidly undergo ring-opening and rearrange to a vinyl
modification.[®®! A similar process could be in operation in forming 44 (Scheme 5.3),
suggesting an enhanced metallating power for potassium manganate 40 over its Na
analogue 39 (where addition of dioxane only induces deaggregation of the manganate
structure to form dimer 43, vide supra). a-Manganation of one molecule of dioxane
can be facilitated by its coordination to the Mn center (as seen in 43) which would
bring it into close proximity to the ate activated monosilyl groups. Transformation of
this proposed intermediate into final product 44 involves ring-opening of the
coordinated deprotonated dioxane molecule followed by a rearrangement step to its
vinyl form (Scheme 5.3).
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Scheme 5.3: Proposed stepwise mechanism for formation of 44.

Also pertinent is the ability of alkali-metal manganates to promote the metallation and
cleavage of cyclic ethers previously demonstrated by Mulvey using
[(TMEDA)NaMn(TMP)2(CH2SiMes)], which induces the “catastrophic” cleavage of
THF, breaking its two C-O bonds and four C-H bonds to form oxo and butadiene

anions that are trapped by the residue of the bimetallic system (Scheme 5.4).[56]
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Scheme 5.4: Cleavage of THF molecule by [(TMEDA)NaMn(TMP)2(CH.SiMe3)] affording an
inverse-crown ether and 1,4-dimanganated butadiene.®

Finally, utilizing DABCO as a Lewis donor, which akin to 1,4-dioxane has its donor
atoms arranged at geometrically opposing sites led to the isolation of sodium
manganate [{Na:Mnz(CH>SiMe3)s(DABCO).}.] (45) where a new supramolecular
assembly was revealed (Fig. 5.8 and 5.9).

Figure 5.8: Molecular structure of dimeric 45 with 50% probability displacement ellipsoids. All
hydrogen atoms have been omitted for clarity. Dotted lines represent secondary Na-C interactions.
Symmetry operator: -X, -y, -Z.

The basic organometallic core in centrosymmetric 45 comprises a tetranuclear
Na:---Mn---Mn---Na chain arrangement connected by six bridging alkyl groups. This
gives rise to three planar four-membered rings, made up of two outer {NaCMnC}
heterobimetallic rings which are linked through a central {MnCMnC} ring that is
orthogonal to the outer rings. The sum of internal angles {NalC9Mnl1C1} and
{Mn1C5Mn1’C1’} are 357.93 and 359.34° respectively. While this core motif is
unprecedented in manganate chemistry, it has been previously reported in magnesiate

chemistry,[®-%% and is reminiscent to the Li---Mn---Li trinuclear arrangement reported
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by Girolami in a series of [(TMEDA):Li2MnR4] (R = Me, Et, CH2CH2CMe3)
complexes which contains two orthogonal heterometallic {LiCMnC} four membered
rings fused by their Mn vertex.[*13] Each Mn atom in 45 is bonded to four alkyl
groups with Mn-C distances [mean value, 2.272 A] similar to those found in 40 [mean
value, 2.272 A], which also contains a Mn in four-carbon coordination sphere,
although in this case the maganate exhibits a ring-structure instead of a linear
arrangement. Two nitrogens and two carbons from DABCO and alkyl ligands
respectively bond to the Na center, which is further stabilized by a medium-long
electrostatic interaction involving a methyl from one SiMes group [Na---C4, 2.9947(1)
A]. This secondary contact translates into a significantly shorter Na-CH2 bond for this
alkyl group [Nal-C1, 2.5584(1) A], which formally coordinates in an ambidentate
fashion closing a four-membered {NaCSiC} ring, than that observed for the alkyl that
binds to Na via only its methylene group [Na-C9, 2.7206(1) A]. Each DABCO ligand
on the Na atoms coordinates to another Na from a neighboring tetranuclear
{Na:MnzRs} (R = CH2SiMe3) fragment, giving rise to the formation of an eye-
catching 2D network (Fig. 5.9). This supramolecular assembly can be envisaged as a
network of {Na-DABCO-Na-DABCO}n chains in a zig-zag disposition, connected by
{MnzR4}?* linkers which bind to each Na in a chelating fashion by a combination of
Na-CH: and Na---Me-SiMe: interactions (Figure 5.9).

Figure 5.9: Wire model representation of polymeric sheet network of 45. Hydrogen atoms have been
omitted for clarity. Symmetry operators #1: -x,-y, -z; #2: -x+0.5, y+0.5, z; #3: -x+0.5; y-0.5, z.

The closely-contacted ion-pair structure of 45 contrasts with that reported for
disodium tetrabutylmagnesiate [{[Naz(DABCO)s(toluene)]?**(Mg"Bus)®>}»], which
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also displays a supramolecular assembly but one that is exclusively made up of a 3D
network of DABCO and toluene-solvated sodium cations storing in its interstices

discrete {Mg"Bus}? dianions.[!

5.3.2. A homologous series of tetraorgano alkali-metal manganates
Having prepared and established the structural diversity in lower order alkali-metal

manganates we decided to expand the scope and prepare homologous series of higher
order manganates. Thus, by employing once again a co-complexation approach and
mixing relevant alkali-metal alkyl M(CH2SiMe3) (M = Li, Na, K) with
Mn(CH2SiMezs). in hexane at room temperature this time in 2:1 stoichiometric ratio,
followed by the addition of 2 molar equivalents of Lewis donor TMEDA (for Li and
Na congeners) or PMDETA (for K) afforded fine orange suspensions. Gentle heating
produced solutions which upon slow cooling vyielded crystals of
[(TMEDA)2M2Mn(CH:SiMe3s)] (M=Li, 46; M=Na, 47) and
[(PMDETA)2KoMn(CH2SiMe3z)s] (48) in 72, 88 and 63% crystalline vyields,
respectively (Scheme 5.5).
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Scheme 5.5: Synthesis of homoleptic higher-order alkali-metal manganates 46-48.

Their structures were elucidated by X-ray crystallographic studies which confirmed
their bimetallic, alkali-metal rich constitution based on the 2:1 ration of alkali-
metal:Mn within the molecule (Fig. 5.10 and 5.11).
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Figure 5.10: Molecular structure of 46 with 50% probability displacement ellipsoids. All hydrogen
atoms and minor disorder components in TMEDA ligand and SiMes group have been omitted for
clarity. Symmetry operator: x-1, y+1, -z+2. Selected bond distances (A) and angles (°): Mn(1)-C(1)
2.277(5), Mn(1)-C(5) 2.272(5), Li(1)-C(1) 2.230(5), Li(1)-C(5) 2.229(5), C(5’)-Mn(1)-C(5) 113.3(3),
C(5”)-Mn(1)-C(1°) 100.17(18), C(5)-Mn(1)-C(1”) 116.37(17), C(5’)-Mn(1)-C(1) 116.37(17), C(5)-
Mn(1)-C(1) 100.17(18), C(1°)-Mn(1)-C(1) 111.3(3).

Figure 5.11: Molecular structure of 47 (a) and 48 (b) with 50% probability displacement ellipsoids.
All hydrogen atoms and minor disorder components in TMEDA (a) and one PMDETA (b) ligand
have been omitted for clarity. Selected bond distances (A) and angles (°): a) Mn(1)-C(1) 2.302(2),
Mn(1)-C(5) 2.233(2), Mn(1)-C(9) 2.284(2), Mn(1)-C(13) 2.253(2), Na(1)-C(1) 2.563(5), Na(1)-C(5)
2.643(5), Na(2)-C(9) 2.567(5), Na(2)-C(13) 2.608(5), C(1)-Mn(1)-C(5) 110.81(8), C(5)-Mn(1)-C(9)
107.43(8), C(9)-Mn(1)-C(13) 110.37(8), C(13)-Mn(1)-C(1) 107.09(8), C(1)-Mn(1)-C(9) 105.74(7),
C(5)-Mn(1)-C(13) 115.04(9); b) Mn(1)-C(1) 2.275(5), Mn(1)-C(5) 2.265(5), Mn(1)-C(9) 2.259(5),
Mn(1)-C(16) 2.248(5), K(1)-C(1) 2.999(2), K(1)-C(5) 3.010(5), K(2)-C(9) 3.045(2), K(2)-C(16)
2.990(5), C(5)-Mn(1)-C(1) 115.8(2), C(9)-Mn(1)-C(1) 107.61(19), C(1)-Mn(1)-C(16) 106.2(2), C(5)-
Mn(1)-C(9) 107.5(2), C(5)-Mn(1)-C(16) 106.34(18), C(9)-Mn(1)-C(16) 113.70(19).

These discrete monomeric, contacted ion-pair structures display a classical “Weiss

motif’>621 where the four alkyl groups form bridges between the central Mn atom
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and the N-donor capped alkali-metal and are isostructural on molecular level with the
series reported by Girolami (vide supra).[**3] The arrangement between the metals,
determined by the AM1.--Mn1---AM2 angle, is nearly linear in 46 (Lil---Mn1---Li2
176.082(2)°) and in 48 (K1---Mn1---K2 174.396(3)°), while 47 exhibits a more bent
arrangement (Nal---Mnl---Na2 154.993(1)°). Related to this, Mn adopts marginally
distorted tetrahedral geometry with a narrow range of angles between 100.17(18)° and
116.37(17)° for 46 [mean 109.61°], 105.79° to 115.03° for 47 [mean 109.41°] and
106.2(2) to 115.8(2) for 48 [mean 109.53°]. In all three structures there is very little
variation in Mn-C bond distances (Table 5.4) which suggests these are anchoring
bonds forming the {[MnR4]*} framework and the M'-C interactions are ancillary bond
and more electrostatic in nature. The Mn-C bond distances are in good agreement with
other examples of C4-tetracoordinated Mn-species as for instance in
[(TMEDA);Li2MnEts] or [(TMEDA):Li,Mn(CH.CH,'Bu)s], 2.249 and 2.28 A
respectively.[*3] Even better agreement is observed when compared with the previously
discussed 45 (mean Mn-C 2.272 A) in which central Mn-atom adopts a very similar

coordination environment surrounded by exactly the same alkyl group.

Table 5.4: A comparison of selected bond distances (A) and angles (°) for 46, 47 and 48.

M = Li (46) M = Na (47) M = K (48)
Mn-Cay 2.274 2.268 2.262
M-Cay 2.230 2.595 3.011
(C-Mn-C)ay 109.61 109.41 109.53
(M--Mn)ay 2.847 3.008 3.546

A more notable difference is observed in the alkali-metal-C bond lengths which are
elongating from mean Li-C 2.230 A (46) over mean Na-C 2.595 A (47) to mean K-C
3.011 A (48) (Table 5.4) in agreement with the increased radii of the alkali-metal
incorporated. Furthermore, the increase in the size and electropositivity of the alkali-
metal in question is also accompanied by the increase in the coordination number from
four in 46 up to six in 48. Capped by a bidentate TMEDA ligand, the C:N2-
tetracoordinated Li exhibits a distorted tetrahedral geometry [bond angles spanning
from 84.904(2)° to 123.934(2)°] with an average angle of 109.65°. Sodium capped

with the same bidentate ligand, however, forms an additional secondary electrostatic
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interaction with the methyl group of one alkyl group [Nal---C2, 2.9374(1) A and
Na2---C12, 3.1448(1) A] increasing its coordination number to five and exhibiting a
distorted square pyramidal geometry. The potassium congener was crystallised by
employing the tridentate PMDETA, affording 48 which is isostructural with the
magnesiate derivative [(PMDETA)2K2Mg(CH2SiMes)4].[*®] Thus, the K atom in 48 is
chelated by PMDETA, bridged by two monosilyl groups and by engaging in
secondary electrostatic interaction with the methyl group of one monosilyl ligand
[K2---C4, 3.6117(2) A and K1---C10, 3.8962(2) A] achieves further stabilisation.

5.4. EPR and magnetic susceptibility

With the [Ar]3d® electronic configuration, Mn(Il) compounds contain unpaired
electrons making them paramagnetic and incompatible with NMR techniques which is
one of the reasons why these compounds are often poorly characterized. Thus, in order
to shed some light on the electronic structure of the Mn(ll) centers in the various
coordination environments unveiled in this family of compounds, in collaboration with
the group of Prof Aromi in Universitat de Barcelona, we have conducted variable
temperature magnetization and EPR spectroscopy measurements. In this part of the
chapter, the information obtained as a part of this collaboration will be presented and

discussed.

5.4.1. Lower order manganates

Molar paramagnetic susceptibility (ym) data were collected from microcrystalline
samples in the 2 to 300 K temperature range together with isothermal magnetization
measurements at 2 K in the field range of 0-5T.

Lower order manganates containing one isolated magnetic metal centre (39, 41 and
42) display almost identical behaviour, fully consistent with the presence of one high-
spin (S=5/2) Mn(ll) ion (Figure 5.12). In all cases, the ymT product at 300 K (3.96,
4.02 and 4.19 cm® mol K for 39, 41 and 42, respectively) is slightly lower than the
theoretical prediction (4.375 cm® mol™ K, g = 2.0 and S=5/2). The small deviation
from a Curie-behaviour observed when reaching the higher temperature range is
caused by slight decomposition of the samples or their oxidation to Mn(l11) analogues

occurring at these stages. However, below 250 K the values of ymT are closer to those
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expected and the ymT vs T curves feature a small positive slope, before experiencing a

sharp decrease below 7 K.
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Figure 5.12: ymT vs T curves of compounds 39, 41 and 42. Measurement setup: 2—300 K, B=0.3 T.

The latter is due to zero-field splitting, which inhibits also the saturation of the
reduced magnetization, even in high fields. The positive slope, which lies beyond the
reasonable contribution of temperature independent paramagnetism, is often observed
in organometallic Mn(Il) compounds and has been attributed to the contribution of
low-spin states to the susceptibility.[*>¢3] An additional explanation could be the
contribution of a very small amount of antiferromagnetically coupled impurities, one
of which could be the starting material Mn(CH2SiMes)> for which antiferromagnetic
coupling between the spin carriers is reported.[’:1°]

Variable temperature X-band EPR spectra of a powdered sample of compound 39
show two very broad transitions centred at g = 5.49 and g = 2.03 (Fig. 5.13a). The
broadness is caused by intermolecular dipole-dipole interactions and D strain, which
prevents the observation of the hyperfine interaction with the Mn nuclei (1=5/2).64
The large deviation from g = 2 of the main spectral feature indicates the influence of
the zero-field splitting. The simplicity of the spectrum suggests a large degree of
rhombicity (E/D ~ 1/3).1%] The intensity of the spectra increases upon cooling, while
their shape remains unchanged. The EPR spectra of compounds 41 and 42 (Fig. 15b,c)
exhibit a much higher degree of complexity, featuring three main resonances centred
at g = 6.7, g = 4.45/4.32 (the strongest one) and 2.06/2.11 which indicates a smaller
degree of rhombicity contributions (E/D < 1/3). In both cases, the overall intensity
increases with cooling while the relative peak intensities remain practically unchanged
in the whole temperature range. Interestingly, despite the similar coordination
environment (a Cs ligand field), the spectra and the zero-field splitting of compound
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39 differ significantly from those observed for 41 and 42. The similarity of the latter is
expected, while the differences with 39 could be due to a different ligand field of the

donors or to dissimilarity in coordination spheres.
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Figure 5.13: Variable temperature (4-280 K) X-band EPR spectra (f = 9.422 GHz) of powdered
sample of compounds 39, 41 and 42.

The magnetic behaviour of dinuclear compound 43 is analogous to that of the
mononuclear species. The measured ymT product at 300 K (8.42 cm® mol~ K) is only
slightly below the theoretical value of 8.75 cm® molt K (g = 2.0 and S=5/2) for two
non-interacting high-spin Mn(l1) ions in the structure (Fig. 5.14). As described above,
near 250 K, the value of the ymT product is more coincident with the expected one;
9.11 cm®*mol* K.
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Figure 5.14: a) ymT vs T curves of compound 43 (measurement setup: 2—300 K, B=0.5 T); b)
Variable temperature (4-185 K); b) X-band EPR spectra (f=9.422 GHz) of powdered sample.

The higher temperature observations and the slight positive slope below 250 K are
caused by the same causes as discussed previously for compounds 39, 41 and 42,
whereas the pronounced drop below near 8 K is a consequence of the zero-field

splitting. The reduced magnetization at 2 K confirms indeed the S=5/2 spin states of
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the Mn(l1) centres of 43, subject to a small degree of zero field splitting (M/Nug = 9.16
at 5 T). X-band EPR spectra at 185 K on a powdered sample shows several strong
resonances, the most important ones centred at g = 2.01, g = 2.57, g =3.18, g = 4.4
and g = 8, some of which change their relative intensities with varying temperature
(Fig. 5.14b). The ensemble is consistent with the presence of zero-field splitting with a
high axial character.

Dinuclear systems with short Mn---Mn distances (compounds 40, 44 and 45) display
different magnetic properties as a result of the coupling between spin magnetic
moments. Compound 44 displays the typical behaviour of a dinuclear complex with
antiferromagnetic interactions between both manganese(ll) centres. The ymT value at
300 K is significantly lower than expected for two non-interacting high-spin Mn(ll)
ions (measured of 4.20 cm® mol* K compared with the expected value of 8.75 cm?®
mol! K for g = 2.0 and S=5/2). Additionally, a pronounced decrease of the ymT
product upon lowering the temperature is observed, reaching a plateau of 0.1 cm®mol=
K at 20 K (Figure 5.15).
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Figure 5.15: ymT vs T curve of compound 44. Measurement setup: 2—300 K, B = 0.3 T. Solid line
represents the results of the fit.

The small magnetic response below this temperature is caused by a trace amount of
paramagnetic impurity, made evident on the ym vs T plot, which exhibits a sharp
increase below 15 K. The data of the ym vs T plot were fitted using the program PHI6!
by matrix diagonalization of the isotropic spin Hamiltonian defined in Equation 5.1:

A= -2(5,5,)+ gusBS  (5.1)
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where J is the exchange constant, S is the total spin operator, S; = S, = 5/2 are the
spin operators of the individual Mn(l1) ions, B is the magnetic induction and ug is the
Bohr magneton. A simultaneous fit of the magnetization and the molar susceptibility
data using a fixed g factor (g = 2.05), yielded the exchange constant J = -24.18 cm?
and 0.9% of paramagnetic impurity (S=5/2). As it can be seen from Figure 5.15, the
proposed model slightly overestimates the ymT product in the temperature region of
50-200 K. Thus, additional fits on a restricted dataset corresponding to the
temperatures below 200 K led to a slightly more negative coupling; J = -25.10 cm™.

Minor temperature variations of the exchange constant have already been reported for
an antiferromagnetically coupled Mn(ll) dimer and it was rationalised as the
consequence of small changes in the bridging geometry and the lattice expansion upon
warming.!®71 In any case, the observed intensity of the exchange coupling is one order
of magnitude higher than reported for compounds containing the {Mn''2(u2-O).} unit

with tetrahedral coordination environment around metal ion (Table 5.5).[686°]

Table 5.5: Magneto-structural data of compounds containing {Mn(u2-0)2} core reported in
the literature.

Magnetic data

Molecular formula Mn--Mn (A)
J(cm?) g S
(Et4N)2[Mn2CI4(O—C6H4—p—CH3)g][68] 3186(1) -2.5 2 5/2
[Mns(u-OMes)s{N(SiMes)2}2(THF)]®  3.1820(7) -1.2 1.93 5/2

This could be rationalised in terms of the comparatively shorter Mn---Mn distance
(3.1447(4) A) and more acute Mn—O—Mn bridging angles (average 95.36°), which
provide a more efficient pathway for the superexchange interaction mechanism
involving 3d orbitals of metal ion and p-orbitals of alkoxy oxygen atoms from the
ligand, and perhaps some higher degree of direct overlap. However, the value of J
obtained for compound 44 is lower than those reported for dialkyl or diamido bridged
Mn(11) dimers (Table 5.6).[7:3267.70.71]
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Table 5.6: Magneto-structural data of compounds containing {Mnz(p2-X)2} core (X=C or N),
reported in the literature.

Mn---Mn Magnetic data
Molecular formula
A) J (cm™) g S

] 2.8874(5)
[{Mn(CH.SiMe3)2}-]t" -51.4 1.97 5/2

2.8897(5)
[{Mn(CH,SiMe3)(u-CH2SiMes)(THF)}]  2.7878(9) -42.5(2) 2.01(5) 5/2
[{(THF)(Mes)Mn(u-Mes)},]"! 2.851(2) -40.4 1.99 5/2
[{(2,6-Mes-CeHz)Mn(u-NMe;)},](7 2.9479(3) -38(1) 2 5/2
[Li([12]-crown-4).][Mn2(NC'Buy)s] 2 2.5965(7) -78 2.025 5/2

The variable temperature EPR spectra of 44 mirror the reported magnetic data
remarkably well (Figure 5.16). The intensities of most spectral features (with major
resonances at g = 3.35, 2.48, 1.77 and 1.43) decline systematically in lowering the
temperature while the intensity of transitions at g = 4.96 and g = 2.20 initially increase
(100-280 K) before disappearing at the lowest temperatures. As a result, the EPR

response at 4 K is silent as expected for an S = 0 ground state of the dimer.
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Figure 5.16: Variable temperature (4-280 K) X-band EPR spectra (f = 9.422 GHz) of powdered
sample of compound 44.

At high temperatures (198 K and 280 K), the spectral pattern is quite complex, with
numerous features in the almost entire range explored (500 to 5500 G). The
Boltzmann factors of the energy levels, as extracted from the J value indicate that

there is a significant population of spin states from S=0 to S=4 at these temperatures,
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justifying a rich structure of the spectra. Upon cooling to the 100-130 K range, the
dominant contributions arise from transitions related to the spin states S=1 and S=2,
while below 70 K, significant features arise only from the population of the S=1
energy level.

The ymT vs T plot for compound 40 shows a value of ymT at 300 K (9.48 cm® mol* K,
g = 2.08) that lies just above the theoretical value of 8.75 cm® mol™ K (g = 2.0 and
S=5/2) for two non-interacting high-spin Mn(ll) ions (Figure 5.17). As seen for
complexes 39, 41 and 42, a smooth maximum is seen near 260 K (9.86 cm® mol? K),
as a consequence of the slight degradation of the sample above that temperature.
Below this point, the positive slope is only perceptible from near 160 K, whereas for
temperatures close to 15 K, the decline becomes much sharper. These results indicate
that the behaviour of complex 40 is more similar to that of the complexes with isolated
Mn(ll) centers than to the structurally related cluster 44. Thus, the effect of the
magnetic coupling between the Mn centres that could be anticipated only manifests
itself very slightly by the small positive slope below 160 K, in sharp contrast to the
effect seen for 44. Consistent with this, the reduced magnetization measurements at 2
K easily saturates to the expected value for two independent Mn(ll) centres (M/Nug =
9.14 at 5 T; expected value, M/Nug = 10).
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Figure 5.17: a) ymT vs T curves of compound 40 (measurement setup: 2—300 K, B=0.3 T); b)
Variable temperature (4-297 K) X-band EPR spectra (f=9.422 GHz) of powdered sample.

The temperature dependent X-band EPR spectra are in agreement with the SQUID
measurements and resemble those for compound 39 for a highly rhombic system. The

main difference is an additional feature at g = 2.00 that decays and becomes barely
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detectable below 130 K. Since the temperature evolution of the spectra as well as that
of ymT, are rather complex and cannot be explained with a simple coupling model,
even taking into account only zero-field splitting effects, the possibility of a thermal
equilibrium between different spin states (S=5/2, S=3/2, S=1/2) exists, as has been
invoked before.[*>3] The lack of significant coupling indicates that a super-exchange
mechanism through bridging sp® carbon atoms is not effective. This is caused by the
long Mn-C bond distances within the asymmetric {Mnz(u2-C)2} core (especially that
of 2.488(3)A; 0.12 A above the sum of covalent radii of the two atoms),["? which keep
both Mn(II) centers disconnected magnetically. The peculiar local ‘hypercoordination’
geometry around the bridging carbon atoms may also contribute to its inefficient
exchange interaction. Conversely, compound 45 displays a behaviour closer to that of
compound 44, resulting from antiferromagnetic interactions between Mn(ll) ions. At
room temperature (300 K), the ymT value (6.20 cm® mol K) is below expected for the
two non-interacting high-spin Mn(ll) ions (8.75 cm® mol* K for g = 2.0 and S=5/2).
By lowering the temperature, an almost linear decrease of ymT is observed followed by
a sharp decline below 12 K (Figure 5.18).
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Figure 5.18: ymT vs T curve of compound 45. Measurement setup: 2—300 K, B=0.3 T.

The non-zero ymT product at 2 K (0.71 cm® mol? K) indicates the presence of
paramagnetic impurities, which prevents fitting the data for a precise determination of
J. However, the significantly larger coupling inferred from the data in comparison
with compound 40 arises from shorter Mn—C bonds (2.214 and 2.419 A (45) vs 2.235
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and 2.489 A for 40) and also importantly, a lower degree of ‘hypercoordination’ which
influences the directionality of the overlap and enables a better pathway for the

superexchange interaction mechanism between Mn(ll) ions.

5.4.2. Higher order manganates

Of the three prepared higher order manganates, only [(TMEDA)2Li2Mn(CH2SiMe3)4]
(46) was studied, while 47 and 48 are awaiting to be measured. Electronic structure of
the Mn(ll) centre in 46 was studied through bulk magnetization measurements and
EPR spectroscopy applying the same protocol as in previous examples (vide supra).
Displayed magnetic behaviour of [(TMEDA):Li2Mn(CH2SiMes)4] reflects its structure where
the existence of isolated high-spin Mn(Il) ($=5/2) metallic centers was established (Fig.
5.19).
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Figure 5.19: ymT vs T curve of compound 46. Measurement setup: 2—300 K, B=0.3T; Tmag =2K.

The ymT product of 4.759 cm® mol? K at the room temperature (300 K) is slightly higher
than expected for one high-spin manganese(ll) ion (expected value for S=5/2 is 4.375 cm?®
mol~ K taking into account g = 2.0) and corresponds to the calculated g value of 2.086 (Curie
Law). Upon lowering the temperature, the ymT product remains practically constant down to
6 K (minor positive slope) followed by the abrupt decrease ending at the ymT value of 3.114
cm?® mol—K at 2 K. The latter could be ascribed to the effects of the zero-field splitting, weak
antiferromagnetic interactions between the molecules at the low temperature or combination

of both. Additionally, S=5/2 ground state of Mn(Il) magnetic centre is confirmed by the
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variable field magnetization measurements where M/Nug vs H curve reaches the value of
5.067 at 5 T (expected 5.20 for S=5/2 and g = 2.08). The high-spin electron configuration for
Mn(Il) centre in 46 is fully consistent with previously reported Mn(ll) mononuclear
compounds with a tetrahedral -C4 coordination environment including even the strong-ligand

field species such as anion [Mn(CN)4]%.1}1:13.14.73-77]

Variable-temperature ~ X-band EPR  spectra  for  powdered sample  of
[(TMEDA)2Li2Mn(CH2SiMez)4] show one very broad transition centered at g = 2.001
(Figure 5.20). The intensity of observed resonance increases continuously upon lowering the
temperature as expected from the Curie Law. Although the shape of the spectra is maintained
in the whole temperature range, the appearance of additional broad and weakly intense
feature centred at g = 4 can be detected at 4 K. This observation along with broadness of the

central resonance at g = 2 indicates the existence of small anisotropy (D0, E+£0).
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Figure 5.20: Variable temperature (4-195 K) X-band EPR spectra (f=9.417 GHz) of 46.

Furthermore, the absence of any hyperfine structure coming from interaction with >*Mn
nuclei (1=5/2) could be the consequence of intermolecular dipole-dipole interactions and/or
the small changes in molecular geometry through the sample which roots the inhomogeneous
line broadening.[4 Nevertheless, the reported EPR spectra is characteristic for high-spin
tetrahedral Mn(11) compounds in a Cq ligand field, both in the solid state and solution.[:13.19.78]
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5.5. Exploring the ability of [([TMEDA):Li-MnR4] to promote Mn-I
exchange and homocoupling processes

With a range of structurally well-defined and characterised alkali-metal manganates,
next we decided to probe their potential applications in metal-halogen exchange
reactions, which is one of the most powerful methods employed in organic synthesis
for functionalization of aromatic molecules. In a single step a C-X bond (where X is a
halogen, commonly Br or I') is transformed to a more reactive C-M bond, but because
the position of the halogen atom determines the end location of the metal atom, this
methodology allows a greater regiospecific control than for example deprotonative
metallation.[’®8% Traditional lithium or magnesium reagents are well known to
undergo direct metal-halogen exchange; however they display limitations (Chapter 1)
which prompted the development of new reagents that can overcome these setbacks.
In this context, excellent results have been achieved by employing lithium zincates,
where LiZn'Bus2 and Li,Zn'Bus®°84# have been shown to readily undergo direct
Zn-l exchange when reacted with functionalised aromatic iodides, even in the presence
of unprotected sensitive functionalities such as ester or nitro groups. What is more
interesting, the higher order zincate could additionally undergo Zn-Br exchange and

even in the presence of acidic protons such as phenolic OH protons (Scheme 5.6a).

/
a) | Zn'BuaLi,
Li,Zn'Bu, A
THF, rt, 2R THF, rt, 16h
O OH by (100 % yield
b)
B i) 1/3(LipZn"Bu, TMEDA)
toluene, rt, 1h
| _ c—d N cl

I N=—=
CI/©/ 62% yield

ii) toluene, reflux,12h
5 % mol [PdCIly(PPhjz),]
10 % mol PPh4

Scheme 5.6: a) Zn-1 exchange of 4-iodobenzyl alcohol with Li,Zn'Bu, followed by reaction with allyl
bromide;®¥ b) Related Zn-Br exchange of 2-chloro-5-bromopyridine with a substoichiometric amount
of Li»Zn"Bus- TMEDA followed by Negishi cross-coupling.[®!
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The closely related reagent Li>Zn"Bus-TMEDA readily undergoes Zn-Br exchange of
bromopyridines in substoichiometric amounts (1/3 equivalent) which could then
undergo Negishi cross-coupling (Scheme 5.6b).[8%%81 Interestingly, organozinc
reagents on their own fail to promote direct Zn-X exchange processes, evidencing the
synergic behaviour of these heterobimetallic systems.

In the realm of manganese chemistry, seminal work by Cahiez and Normant have
revealed a Mn-catalysed reaction between 4-bromoanisole and "BuMgClI affording
anisole as a major component and the cross-coupling product in low yields (Scheme

5.7).[8788
OMe OMe
1 % MnCl,
+ 2 "BuMgCl — +
THF, 45°C, 16 h
H Bu

50 % 20 %

OMe

Br

Scheme 5.7: MnCl;-catalysed reduction and cross-coupling of 4-bromoanisole and
"BuMgCl.187:88l

The protocol was successfully extended and proved to be more efficient for aryl
halides containing electron-withdrawing groups®! and even aromatic ortho-
chloroketones.l®]

Regarding the closely related Mn-Br exchange reactions, Oshima and co-workers have
reported dialkylation of gem-dibromocyclopropanes with trialkylmanganates
(MMnRs, M = Li, MgX) in a similar fashion as has been previously done with zincates
and cuprates (Scheme 5.8).18991.921 However, dialkylation performed with manganate
species was tolerant to higher temperatures (0 °C) than zincates or cuprates, and more

importantly, could be upgraded from stoichiometric to catalytic processes.

Br i) "Bu,MnM H "Bu i M yield (%) AB i
THF, 0 °C, 30 min Lol i
Br 18 gy + Wil s 873
ii) H20 iMgBr 82 97/3 i

Scheme 5.8: Dialkylation of gem-dibromocyclopropanes with trialkylmanganates.®!
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Building on these findings and considering that in all these studies the putative
manganate species are prepared in situ and remain ill-defined, it was decided to test if
homoleptic lithium manganate 46 could also be involved in promoting direct metal-
halogen exchange reactions.

Probing the reactivity of 46 towards four equivalents of 4-iodoanisole, in THF at room
temperature, an immediate change from bright orange to dark red solution was
observed. GC-analyses of hydrolysed reaction aliquots were performed and revealed
that the substrate had been consumed and two different products had formed. Based on
the previous work of Cahiez,[®*°4 these were identified as anisole and biaryl 49
(Scheme 5.9). Subsequent NMR spectroscopic analysis of hydrolysed reaction
mixture confirmed the identities of products and integration against ferrocene revealed
49 to be the main product (64 %).

OMe OMe
[(TMEDA),Li,MnR,] + 4 (i) THF, RT, 15 min
) H,O
(46) (ii) Hy
MeO (49)

10 % 64 %

Scheme 5.9: Unoptimised reaction of [(TMEDA)Li2MnR4] with four equivalents of 4-iodoanisole
followed by aqueous work-up affording 49 and anisole.

Although some substrate was recovered, in general, the reaction displays a great
promise due to the employment of mild reaction conditions, short reaction times and
substoichiometric amount of 46. Encouraged with these findings it was decided to
further study the synthetic potential of 46 in synthesis of symmetrical polyaromatic
compounds. The optimisation of reaction conditions and expansion of the substrate
scope was developed as a part of another PhD project (Marco De Tullio), while here
an inquiry into the constitution of the organometallic compounds involved in these
reactions was carried out.

The best results were obtained when three equivalents of 4-iodoanisole were reacted
with one equivalent of 46 at -78 °C for 15 min and the obtained mixture further stirred
at room temperature overnight. A tentative reaction pathway can be envisioned to
proceed via Mn-1 exchange reaction affording a short-lived arylmanganate transient

species A (Scheme 5.10i) which undergoes a rapid coupling process yielding 49
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(Scheme 5.10ii). The coupling processes of manganate species were reported
before,®2%1 put the exact mechanism behind these transformations is extremely

complex.

A

() THF (if) THF

[LioMnArsR] Ar—Ar

[Li,MnR,] + 3Ar—I

Scheme 5.10: Simplistic representation of the proposed two-step process behind the homocoupling of
aryliodides promoted by lithium tetraalkylmanganate.

Having originally prepared 46 by co-complexation, we pondered if the same reagent
could be obtained from the commercially available manganese salt and LiCH2SiMes.
Thus, by turning attention to a more straightforward approach and performing a simple
salt metathesis reaction, dry MnCl. and four equivalents of alkyllithium were mixed in
THF at room temperature. The reaction mixture quickly turned into an orange solution
suggesting the formation of organomanganate 46. The solvent was exchanged in vacuo
for hexane to precipitate the presumably formed LiCl, followed by filtration and
addition of two equivalents of TMEDA. The product was solubilised with toluene and
crystallised at -33 °C. Single crystal X-ray, SQUID magnetometric and elemental

analysis revealed that the isolated product is indeed 46 (Scheme 5.11).

2 LiR SiMes - SiMes 4 LiR
+ N, CHp CH, N +
. e N & .
MnR, hexane, RT, 30 min < /L,\ M /\Li\ THF, RT, 30 min MnCl,
+ N CH, CH; N -4 LiCl +
2 TMEDA co-complexation éiMe;; éiMeg, salt metathesis 2 TMEDA
approach (46) approach

Scheme 5.11: Different approaches for synthesis of [[TMEDA),Li.Mn(CH,SiMes).] (46).

Although the isolated crystalline yield for 46 using this approach was significantly
lower (38%), these results confirmed that this mixed Li/Mn complex can be easily
prepared in situ using two commercially available reagents. It should be noted that the
yields for coupling product 49 when manganate 46 is treated with 4-iodoanisole are
almost identical irrespectively of whether 46 was prepared by co-complexation or salt
metathesis (Scheme 5.12).
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i) THF (5mL), 25 °C 0.25 h

OMe
OMe OMe
i) 3 IOOMe -78 °C, 0.25h . N
MnCl, + 4LiR O
iii) 25 °C 16h
MeO
iv) H,0 ¢ (49)
10 % 80 % 10 %

Scheme 5.12: In situ preparation of lithium manganate and its subsequent reaction with three
equivalents of 4-iodoanisole applying the optimised conditions.

It is well known that neutral organomanaganese reagents (MnR2) cannot perform this
type of organic transformations.8% In this case we observed no reaction of MnR>
with 4-iodoanisole, however it was intriguing to establish the importance of the nature
of the other metal. This line of inquiry was particularly intriguing as it builds
connections between this work and the work of Oshima (Scheme 5.8) who equally
successfully employed both RLi and RMgX with MnCl, for Mn-Br exchange
reactions. Thus, applying the same optimised conditions as previously, 4 molar
equivalents of (CH2>SiMe3)MgCI was reacted with MnCl in THF at room temperature,
followed by the addition of three equivalents of 4-iodoanisole. After aqueous workup
and column chromatography there was no evidence of formation of homocoupled
product, only starting material recovered in 82% along with presumed 18% formation
of anisole (Scheme 5.13).

i) THF (5mL), 25 °C 0.25 h

OMe
OMe OMe
i) 3 IO—OMe .78 °C, 0.25h N N
MnCl, + 4RMgCl O
iii) 25 °C 16h
MeO
iv) H,0 € (49) |
18 % 0% 82 %

Scheme 5.13: Reaction of MnCl, and 4RMgCI, followed by reaction with three equivalents of 4-
iodoanisole applying the optimised conditions.

Surprised by this outcome, and interested in identifying the putative magnesium
manganate species formed in the solution, the reaction was repeated by mixing the
four equivalents of freshly prepared and titrated (CH2SiMe3)MgCI with MnCl. in THF
at room temperature. After stirring the resulting grey-green solution for one hour,
hexane was added to the solution which was left at -33 °C overnight affording a crop

of colourless crystals identified as MgCl, by X-ray analysis. The salt was removed by
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filtration and the resulting solution returned to the freezer where after a few days new
colourless crystals of [(THF)sMgCl.Mn(CH2SiMez3)2] (50) formed, as revealed by X-
ray crystallography (Figure 5.21).

Figure 5.21: Molecular structure of 50 with 50% probability displacement ellipsoids. All hydrogen
atoms have been omitted for clarity. The unit cell of 50 contains two crystallographically independent
molecules with identical connectivity. One of these molecules contains minor disorder in THF
ligands, thus structural discussion is focused on the non-disordered molecule. Selected bond distances
(A) and bond angles (°): Mn(1)-C(1) 2.160(2), Mn(1)-C(5) 2.160(2), Mn(1)-Cl(1) 2.5484(5), Mn(1)-
ClI(2) 2.5368(5), Mg(1)-Cl(1) 2.4707(7), Mg(1)-CI(2) 2.4542(7), C(5)-Mn(1)-C(1) 122.67(8), C(5)-
Mn(1)-ClI(2) 110.01(5), C(1)-Mn(1)-Cl(2) 114.45(6), C(5)-Mn(1)-CI(1) 108.78(6), C(1)-Mn(1)-CI(1)
109.21(6), CI(2)-Mn(1)-ClI(1) 85.206(16).

Magnesium manganate (50) can be envisaged as a co-complex of MgCl, and MnR:
exhibiting a CIP structure where the two metals are held together by the two bridging
chlorine ligands, forming a planar [MgCIMnCI] four-membered ring (sum of angles
359.62°) with the M-CI bonds comparable to the structurally related [(THF)sMg(u-
CI)2MnCl,].[®I Completing its coordination sphere, manganese forms two identical
sigma bonds (Mn-C = 2.160(2) A) with two alkyl groups transferred from the
Grignard reagent which are terminally bound. These Mn-C bond lengths are in
excellent agreement with related tetrahedral organomanganese compounds containing
(trimethylsilyl)methyl ~ fragment such as  [Mn(CH2SiMe3)2>> TMEDA] or
[Mn(CH2SiMes)2(pyridine)z] (2.1379(15) and 2.150(4) A).I1 The magnesium ion
adopts a distorted octahedral geometry by bonding to additional four molecules of
THF with an average Mg-O bond length of 2.1126 A.

184



Chapter 5:Structural and magnetic diversity in alkali-metal manganate chemistry: Evaluating donor and alkali-
metal effects in co-complexation processes

THF R
THF, | Cly,

THF
2(RMgCl + MnCl, —10F o Mg_ _'MA  +MgCl
N~ 2
THEY | ¥ R
THF
(50)

Scheme 5.14: Reaction of RMgCl and MnCl; to form 50.

It is interesting that the outcome of this reaction was found to be independent of the
reaction times (0.5 to 6 h) or stoichiometry used (1 to 4 equivalents of RMgClI),
affording in all cases 50 along with variable amounts of MgCl, (Scheme 5.14). This
observation is in stark contrast to related Mg-Zn hybrid chemistry developed by our
group where the nature of the magnesium zincate species could be controlled by the
stoichiometry.[®®! Furthermore, even though this result does not by any means exclude
the existence of other Mn-containing species in solution, it does raise a question on the
bimetallic constitution of the product of salt-metathesis between Grignard reagents and
MnCI, which is particularly relevant to the MnCl,-catalysed coupling of Grignard
reagents where the first step is presumed formation of the diorganomanganese species
(Scheme 5.15i).1%
2 RMgX + MnCl,
i
2MgCIX
XMgOOMgX RZMn“ O,

v
2 RMgX o 0o

< v,/
WAL il |

\"% N
R—R

Scheme 5.15: Proposed mechanism for Mn-catalysed homocoupling of Grignard reactions.

In light of this pronounced difference in reactivity between RMgCI and RLi when
combined with MnCl, and considering the extended use of MnClI.-LiCl as a source of
manganese, we then decided to examine the influence of LiCl. Thus, by reacting four
molar equivalents of freshly prepared Grignard reagent with MnCl2-LIiCl in THF,

followed by the addition of three equivalents of 4-iodoanisole and organic work-up,
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we isolated 71% of homocoupled product (Scheme 5.16) which is in excellent

agreement with results obtained by using alkyllithium as a partner.

i) THF (5mL), 25 °C 0.25 h

OMe
OMe OMe
i) 3|OOMe .78 °C, 0.25h @ . +
|

MnCl, + 4RMgClI O
+ 2LiClI iii) 25 °C 16h MeO

iv) H,0 (49)
9 % 71% 20 %

Scheme 5.16: Reaction of MnCl,-LiCl and 4RMgCI, followed by reaction with three equivalents of
4-iodoanisole applying the optimised conditions.

These results (summarised in Table 5.7) disclose an important activating role for LiCl,
present as a part of the MnCl,-LiCl catalyst for homo- and cross-coupling of Grignard
reagents.®%4 Whereas in every single one of these reactions LiCl was present, its presence
was attributed merely to solubility reasons and was never included in proposed intermediates,
however these results suggest that its presence is crucial to facilitate the Mn-X exchange and
the subsequent homocoupling process. Studies trying to shed new light on the role of LiCl in

these processes are currently underway in our laboratory.

Table 5.7: Comparison of the composition of the reaction mixture after reacting different
organometallic mixtures with three equivalents of 4-iodoanisole applying the same conditions.

Reagent mixture 49 Anisolel 4-iodoanisole (starting
g (homocoupled product) (exchange product) material)
MnCl; + 4 LiR 80 10 10
MnCl; + 4 RMgCI 0 18 82
MnCl; + 2 LiCl + 4
RMgClI 1 9 20

[a] The presence of anisole has been confirmed in the *H NMR spectra, but due to its volatility, the amount
provided in the table is actually calculated as a difference up to 100 %.

5.6. Conclusions
This study uncovers the diversity of alkali-metal triorganomanganate structures,

ranging from simple monomeric motifs to intricate supramolecular networks. Co-
complexation approach of the single-metal reagents Mn(CH2SiMes), and
M(CH2SiMes3) (M = Na, K) in hexane/benzene solutions produced the alkali-metal
triorganomanganates [{NaMn(CH2SiMes)s}] (39) and [{KMn(CH2SiMes)s-CeHs}2]

186



Chapter 5:Structural and magnetic diversity in alkali-metal manganate chemistry: Evaluating donor and alkali-
metal effects in co-complexation processes

(40). X-ray crystallographic studies have revealed the structural variations of this
heterobimetallic species, showing an important alkali-metal effect. Addition of
common donors in synthesis, such as TMEDA, 1,4-dioxane and DABCO has allowed
the isolation of novel bimetallic systems 41-45. Interestingly, potassium manganate 40
reacts with 1,4-dioxane to furnish heteroleptic
[{(dioxane)sK2Mn2(CH2SiMe3)4(O(CH2)2OCH=CH2)2}-] (44), resulting from the o-
manganation/ring opening of the cyclic ether.

Noticeably, despite the contrasting structures of manganates 39, 41, 42 and 43, all of
them share the same {Mn(CH2SiMes)3} anchor and exhibit minimal variation in their
Mn-C bond distances, providing the foundations to these heterobimetallic structures;
whereas Na and K are affixed to the frameworks via M-CH2 and M-CHzs ancillary
bonds. Manganates 40 and 45 illustrate two distinct dimeric arrangements for these
bimetallic systems, in forming a cyclic eight-atom ring structure containing both p»-
and pz-alkyl ligands or alternatively adopting a pseudo-linear, tetranuclear
M:---Mn---Mn---M arrangement where all the alkyl groups bind to the metals in a p»-
fashion.

By changing the stoichiometric ratio of alkali-metal alkyl MCH2SiMes (M = Li, Na,
K) and dialkylmanganese to 2:1 followed by the addition of N-Lewis donor, TMEDA
or PMDETA, has led to the isolation of higher-order alkali-metal manganates 46-48.
Compound 46 can also be accessed by salt metathesis of a 4:1 LiR: MnCl> mixture.
Finally, the well-defined and easily accessible lithium manganate 46 has been tested as
an efficient reagent for Mn-I exchange transformation in a substoichiometric amount.
Preliminary results have shown that this reagent is indeed a good choice, not only for
the metal-halogen exchange but also for further homocoupling of biaryls in absence of
any oxidant and under mild conditions.

Collectively these findings advance understanding of solvent effects and aggregation
in ate chemistry, an area that has received little attention in comparison to single-metal
systems (e.g. organolithiums), despite the fact that recent reports have highlighted that
the overall performance of these reagents can be finely tuned by introducing variable
amounts of Lewis donors. Moreover, new light has been shed on the close relationship
of structural/magnetic/reactivity aspects of alkali-metal manganates, which should
contribute towards further development of synthetic applications of this class of
organometallic reagents, which have already shown promising applications in
stoichiometric and catalytic organic transformations. In particular, it is interesting to
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note that ‘hypercoordination’ of bridging C atoms significantly decreases its ability to

couple magnetically Mn(ll) centers.

5.7. Experimental procedures
5.7.1. Synthesis of [{NaMn(CH2SiMe3)s}«] (39) Mn(CH2SiMes), (0.23 g, 1 mmol) and

. _Na NaCH>SiMes (0.11 g, 1 mmol) were suspended together in 10
MeSSI\Clil/z mL of hexane followed by 3 mL of toluene in order to
Me3Sin;M“\I4 /gllez solubilize the product. The brown fine suspension obtained
/ \ / « Was stirred for 30 min at room temperature and gently heated

N HQC "CH, in order to obtain a solution. Slow cooling to room

temperature afforded X-ray quality crystals. The mixture was then kept overnight at -34 °C to
yield a crop of needle-like, colorless crystals (0.23 g, 68%). Anal. Calcd. for C12H3sMnNaSis:
C 42.44; H 9.80; N 0.00; found C 42.13; H 9.67; N 0.34.

5.7.2. Synthesis of [{KMn(CH2SiMes)s-CsHs}2] (40) Mn(CH2SiMes), (0.23 g, 1 mmol)

MesSi, SiMes and KCH>SiMes (0.13 g, 1 mmol) were suspended together in
CH,

/
\

10 mL of hexane followed by 3 mL of benzene in order to

solubilize the product. The brown fine suspension obtained

T
X,
= \;
> ""////;J\\\\“‘ S
o ’\\\\\‘
2

was stirred for 30 min at room temperature and gently heated
/ \ in order to obtain a solution. Slow cooling to room temperature

Me3S| SIMe3
followed by overnight storage at -27 °C afforded orange,
needle-like X-ray quality crystals (0.29 g, 67%). It should be noted that the two coordinated
benzene molecules are lost upon drying in vacuo. Anal. Calcd. for C3sH7sMn2K2Sis: C 40.52;

H 9.35; N 0.00; found C 40.17; H 9.20; N 0.00.

5.7.3.Synthesis of [(TMEDA)2NaMn(CH2SiMes)s] (41) To a solution of in situ formed

SiMe; compound 39 (1 mmol) in hexane (7 mL), freshly distilled

(N e N,N,N’,N -tetramethylethylenediamine (TMEDA) (0.3 mL,

NN.\\\TNQ\ M”_CHZS'ME?’ 2 mmol) was added, affording an orange suspension that

\N Cziw was left stirring for 30 min at room temperature. The
iMe;

suspension was then filtered giving an orange solution that
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was left at room temperature for 24 hours to obtain colorless X-ray quality crystals (0.37 g,
65%). Anal. Calcd. for C24HssMnNaN4Siz: C 50.40, H 11. 45; N 9.80; found C 50.07 H 11.09
N 10.42.

5.7.4. Synthesis of [(TMEDA):KMn(CH2SiMes)s] (42) To a solution of in situ formed

SiMe; compound 40 (1 mmol) in a hexane (7 mL)/benzene (2 mL)
Nc. \\\\CH{ mixture, freshly distilled N,N,N’,N -tetramethylethylenediamine
N —CH,Si
N\\\\\“T\CH/M” CHSIMes  (TMEDA) (0.3 mL, 2 mmol) was added, affording an orange
\_N | ? suspension that was left stirring for 30 min at room
SiMe3

temperature. The suspension was heated and then filtered while
hot, giving an orange solution that was left at room temperature for 24 hours to obtain orange
X-ray quality crystals (0.40 g, 68%). Anal. Calcd. for C2sHesKMnN4Siz: C 49.02, H 11.14, N
9.53; found C 48.55, H 11.45, N 9.75.

5.7.5. Synthesis [{NaMn(CH2SiMes)s}2(dioxane)7] (43) To a solution of in situ formed

compound 39 (1 mmol) in hexane (5 mL),

o)
O/\(o\) freshly distilled 1,4-dioxane (0.34 mL, 4 mmol)
R . .
(C)))\l'e{"‘“Fi,/ — k/l R o Wwas added, affording an orange suspension that
—Mp= . :
o/ R"’Mn’O\,JO z ,\ /O\) was left stirring for 30 min at room temperature.
\R Rm Nla\o/\l

&03@0 The suspension was gently heated to obtain an

O orange solution which upon slow cooling to

room temperature afforded colorless X-ray quality crystals (0.34 g, 52%). Anal. Calcd. for
CasHooMn2Na206Sis: C, 45.83; H, 9.62; N, 0.00; found C,45.49; H, 9.58; N, 0.00.

5.7.6. Synthesis of [{(dioxane)sK2Mn2(CH2SiMe3)4(O(CH2)20CH=CH2)2}»] (44) To a

solution of in situ formed compound 40 (1 mmol) in a hexane

\\\\\\ TO (i)\> o (10 mL)/benzene (5 mL) mixture, freshly distilled 1,4-dioxane
@\ OO(J (0.34 mL, 4 mmol) was added, affording an orange suspension
R/,ﬂ \E that was left stirring for 30 min at room temperature. The
,\An.m\o "'MK suspension was gently heated to obtain an orange solution which
R/\ \?;\R upon slow cooling to room temperature afforded colorless X-ray
\/OKO/\\ quality crystals (0.28 g, 53%). Anal. Calcd. for

B \3 <'\O\>\\/O_oo
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Cz2H74K2Mn20sSis: C, 43.31; H, 8.41; N, 0.00; found C, 42.42; H, 8.81; N, 0.00.

5.7.7. Synthesis of [{NazMnz(CH2SiMes)s(DABCO)2}«] (45) Mn(CH.SiMes). (0.23 g, 1

B ‘| mmol) and NaCH>SiMes (0.11g, 1 mmol) were
K&/ J suspended in 10 mL of hexane and stirred at
N ‘\\\\\R///,, /R\ ,\sx\\R/o, /N
/Na‘R ,Mn\R n (Na\N room temperature for 30 min. To this suspension
N R
N N[ DABCO (0.11 g, 1 mmol) was added via solid
_Joo

- addition tube and the suspension was left stirring
for another 30 min at room temperature. The solvent was exchanged in vacuo for 15 mL of
toluene and the obtained brown suspension was vigorously heated in order to obtain a
solution. Slow cooling to room temperature afforded colorless X-ray quality crystals (0.18 g,
40%). Anal. Calcd. for CigHssMnN2NaSiz: C, 47.86; H, 10.04; N, 6.20; found C, 46.05; H,
9.16; N, 7.11.

5.7.8. Synthesis of [(TMEDA):Li2Mn(CH2SiMes)4] (46) Mn(CH2SiMes), (0.23 g, 1
?iMe3 Ll%ilvle3 mmol) and LiCH.SiMes (0.19 g, 2 mmol) were suspended in

Ny, .\\\\\\\CHZ\ 272 N~y 10 mL of hexane and stirred at room temperature for 30 min.
<N’ I\CHZ/MQ"’%HZ/ ‘N> To this  suspension  freshly distilled N,N,N’ N -
éiM% SiMe; tetramethylethylenediamine (TMEDA) (0.3 mL, 2 mmol) was

added, affording an orange suspension that was left stirring for another 30 min at room
temperature. The solvent was concentrated in vacuo to approximately 5 mL to which 2 mL of
toluene was added and the obtained orange suspension was vigorously heated in order to
obtain a solution. Slow cooling to room temperature afforded colorless X-ray quality crystals
(465 mg, 72%). Anal. Calcd. for CasH7sLioMNnN4Sis: C, 51.73; H, 11.78; N, 8.62; found C,

51.34; H, 11.72; N, 9.45.

5.7.9. Synthesis of [(TMEDA)2NazMn(CH:SiMes)4] (47) Mn(CH:SiMes), (0.23 g, 1
SliMe3 ?iMe3 mmol) and NaCH.SiMes (0.22g, 2 mmol) were suspended in
CH H - '

N”"'N“‘\\\\\ 2\|v| /C 2 N 10 mL of hexane and stirred at room temperature for 30 min.

< > To this suspension freshly distilled N,N,N’ N’-

a n N
NN N
tetramethylethylenediamine (TMEDA) (0.3 mL, 2 mmol)

CH, CH;

SiMe3 SiMe3 . .
was added, affording an orange suspension that was left

stirring for another 30 min at room temperature. The solvent was concentrated in vacuo to
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approximately 5 mL to which 2 mL of toluene was added and the obtained orange suspension
was vigorously heated in order to obtain a solution. Slow cooling to room temperature
afforded colorless X-ray quality crystals (598 mg, 88%). Anal. Calcd. for
CasH7sNa2MnN4Sia: C, 49.30; H, 11.23; N, 8.21; found C, 48.55; H, 10.76; N, 8.34.

5.7.10. Synthesis of [(PMDETA)2K2Mn(CH2SiMes)s] (48) Mn(CH2SiMes), (0.23 g, 1

SiMes ?iMeg, mmol) and KCH>SiMes (0.26g, 2 mmol) were suspended in
QN// \\\CH2\M ,CHZ Nj 10 mL of hexane and stirred at room temperature for 30 min.
QN CHZ/ s / > ) To this suspension freshly distilled NN’ N’ N’ N’-
SiMe;  SiMes pentamethylethylenetriamine (PMDETA) (0.42 mL, 2 mmol)

was added, affording an orange suspension that was left stirring for another 30 min at room
temperature. The solvent was concentrated in vacuo to approximately 5 mL to which 2 mL of
toluene was added and the obtained orange suspension was vigorously heated in order to
obtain a solution. Slow cooling to room temperature afforded colorless X-ray quality crystals
(518 mg, 63%). Anal. Calcd. for CasHooKoMnNeSis: C, 49.28; H, 10.95; N, 10.14.

Satisfactory elemental analysis was not obtained and needs to be repeated.

5.7.11. Synthesis of [(THF)sMgCl2Mn(CH:2SiMes)2] (50) To a THF suspension of MnCl»
THF,, THECI/, /R (0.126 g, Immol in 10 mL THF), freshly prepared and titrated THF

'Mn solution of (CH.SiMe3)MgCI (0.63 M, 2 mmol, 3.16 mL) was
THFY -I-H;CI "R added dropwise. After stirring for 1 hour at room temperature, the
greyish solution was layered with hexane and placed at -33 °C to precipitate MgCl> which
was removed by filtration. The filtrate was returned at -33 C and after several days a crop of
colourless, X-ray quality crystals were isolated (0.15 g, 24.5 %). Anal. Calcd. for
C24H54Cl2MgMN0O4Sio: C, 47.02; H, 8.08. Satisfactory elemental analysis was not obtained

and needs to be repeated.
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6. Conclusions and Outlook

Exploiting metal-metal and metal-ligand cooperativities, this thesis provides new insights in
organogallium and organomanganese chemistry, advancing the applications of these
compounds for the functionalisation of organic substrates and raising implications for small

molecule activation processes.

The first part of the thesis presents new applications of trisalkylgallium in organic
transformations. Studies on gallium NHC chemistry revealed a rational approach to access
three distinct types of carbenes (i.e., normal, abnormal and anionic). Thus, anionic alkali-
metal gallates have been shown to react with a variety of electrophiles in a controlled and
selective manner affording aNHC-Ga complexes under mild conditions. Interestingly,
aNHC-Ga complexes can also be accessed by thermal isomerisation. Combining NMR
spectroscopic and kinetic studies with DFT calculations, new light has been shed on this
intriguing transformation, which highlighted the importance of the donor ability of the
solvent used in these thermal isomerisations as well as the steric bulk of the substituents on
the NHC and gallium reagent. This reactivity was reminiscent of that reported for the
BArs/I'Bu frustrated Lewis pair (FLP) system which has been used for the small molecule
activation of molecules such as hydrogen or alkynes. By pursuing this line of enquiry, this
thesis has also revealed the first examples of FLP activation processes using a gallium
tris(alkyl) complex as an effective Lewis Acid. Using carbonyl compounds as model
substrates, two different types of FLP activation processes have been uncovered: namely, (i)
reduction of the C=0 functionality and formation of a new C-C bond, and (ii) C-H bond
activation yielding. The reduction reactions can be finely tuned to take place either at the
normal (C2) or abnormal position (C4), depending on the size of the substrate and the
reaction time in processes involving complex equilibria. These in-depth studies, supported by
solid-state structural characterisation, have revealed the hitherto hidden ability of abnormal

NHCs to promote FLP chemistry.

The cooperative behaviour of I'Bu and GaRs observed in small molecule activation based on
the steric incompatibility of reagents in question, led us to attempt a similar approach in the
domain of bimetallic chemistry. In this context, sterically hindered lithum amide LiTMP and

GaR3 were found not to undergo co-complexation to form a weakly basic ate, but rather
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operating as a multicomponent mixture in a tandem manner, to effectively promote
deprotonation of sensitive heterocycles lacking a lateral directing group. These findings
introduced the concept of gallium trans-metal-trapping where the complementary
combination of the strong basicity of free LITMP and the strong carbophilicity of GaR3 that
can stabilize sensitive metallo-intermediates, facilitate challenging functionalisations can be

accomplished with high selectivity under mild conditions in hydrocarbon solvent.

Moving on to the second part of the thesis, extending study to manganate chemistry, a family
of rationally synthesized and fully characterized alkali-metal manganates has been presented.
Paramagnetic character of organomanganate species precluded their studies by NMR
spectroscopy; however in that case the picture obtained by X-ray crystallographic studies was
completed with the information gleaned from EPR spectroscopic and SQUID magnetometric
measurements. These studies revealed intriguing structural/synthetic/magnetic correlations
where aggregation state and reactivity of different manganates was determined predominantly
by the alkali-metal employed. Building on these findings, further study into the application of
a well-defined alkali-metal manganate in Mn-1 exchange and homocoupling reactions has
been investigated, establishing a direct relationship between a well-defined manganate
species and its application in synthesis.

Overall, the results presented in this PhD thesis illustrate that there are different types of
synergy that can be employed for application in organic transformations. The chemistry
developed for organogallium reagents highlights stepwise synergistic processes which can be
based on either two metal reagents or on a single-metal reagent combined with a special
ligand. Foundations set in this research could potentially open many new roads of
development in organogallium chemistry. In the context of small molecule activation, not
only should new types of substrate-activation be investigated (most notable examples being
B-H or H-H bonds) but also a potential for variation in the components making the FLP
system. Fine-tuning the skeleton of the NHC or moving to a different carbene altogether
would be obvious choices, but additionally many different bulky ligands (such as phosphines
or guanidines), could be potentially utilised as a base component. Similarly, the use of
gallium reagent as a Lewis acid component should be further examined with the focus on
other bulky alkyl groups (i.e. 'Bu or even adamantyl). An interesting question to ponder is
“could the variability of the gallium reagent be extended to less reactive compounds such as
salts (e.g. GaCls) or alkoxides, especially for the work in the context of trans-metal-
trapping?” The reasoning behind this is the key characteristic of gallium reagent offering
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stabilisation based on its carbophilicity, and not the requirement to actually conduct

deprotonation, that is, functions as the trap not the base.

The results arising from the study of organomanganate chemistry emphasise a second type of
synergy where the two metals are integrated within the same molecule and they operate in a
synchronised manner. Having just scraped the surface, already a connection between a well-
defined species and metal-halogen exchange and subsequent carbon-carbon bond formation
has been established. Further mechanistic studies are required to determine the pathway this
transformation takes place. This could move this reactivity into the realm of catalytic
processes and encourage a design of reagent with improved performance. Most notable
improvement would be the ability to control the outcome of the final step in reactivity,

namely homocoupling versus heterocoupling.

FG FG

e -RH ~

\R/ Synchronise:j

Cooperation

FG FG

FG/MI\R
[
-RH Mm! M
MI—R + — —_— R
MR,

Stepwise Cooperation

To conclude, the take home message is not which type of cooperation is better, but rather that
chemists have choices of methods at their disposal and that the approach should be chosen

based on the specific requirements of the system.
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7. General experimental techniques and procedures

7.1. Schlenk Techniques
Synthetic work was carried out using standard Schlenk techniques as most of the reactants

and obtained products are air and moisture sensitive, with some, like Ga(CH.SiMes)s, even
being pyrophoric. A Schlenk line contains an inert gas/vacuum manifold and has two separate
compartments; one compartment is connected to a vacuum pump and the other one to a

supply of dry inert, argon gas (Figure 7.1).

Figure 7.1: A typical Schlenk line.

The Schlenk line has a number of connectors, each of which have a two way tap so that either
vacuum or argon can be applied when needed. From the connected piece of glassware, air can
be removed by applying vacuum for twenty minutes after which it is refilled with dry argon.
This procedure is employed three times to ensure there are no traces of air and moisture
inside Schlenk tubes and other used glassware. Additionally, the line contains a pressure
release bubbler and a trap attached to the end of the Schlenk line. The trap is cooled with
liquid nitrogen (-196 °C) to condense any volatiles that are removed in vacuo from the
reaction mixture, while the bubbler maintains the pressure inside the system.
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All Schlenk glassware, including Schlenk tubes, filtersticks, and solid addition tubes contain
ground-glass joints which are always lightly greased prior to any use ensuring an air tight
seal. A positive flow of argon is maintained at all times to ensure no air enters the system
while adding solvents and reagents. Liquids are transferred using a syringe and a needle that

are flushed with argon ten times immediately prior to use.

7.2.  Glove box
A glove box was used routinely to store reagents and products that were air and moisture

sensitive. A typical glove box is made up of three chambers - the main one, where the actual
work is carried out and two smaller ones that are used to take chemicals in and out of the
main chamber (Figure 7.2). The main chamber has a gas recirculation and a purification
system that ensure the minimal amounts of air and moisture are present and manipulation
within the box is made possible through gloves made of semi-permeable material. The
smaller chambers are called ports and they contain both inner and outer doors to allow
materials to be transferred into the main chamber without the possibility of air entering. The
outside door allows items to be placed in the port after which vacuum and argon can be
applied. The inside door can then be opened allowing the materials to be transferred into the

manipulation area.

Figure 7.2: A typical glove box.
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7.3.  Solvent purification
Extreme air and moisture sensitivity of the reactants and products required all solvents to be

dried and degassed prior to use. This was achieved by refluxing them over benzophenone and
sodium metal under an inert nitrogen atmosphere.l! When sodium metal reacts with
dissolved water, sodium hydroxide and hydrogen gas are formed; however the remaining
sodium will react with the benzophenone to give a blue ketyl radical anion. The blue coloured
solution is hence an indicator that the solvents are dry as this radical will react with any traces

of water or oxygen and the intense blue colour will be lost.

Deuterated solvents were purchased dried and sealed, but still underwent a freeze-pump-thaw
methodology!!! to remove any dissolved oxygen, which was repeated three times. Finally the

degassed solvents were stored in the glove box over activated 4 A molecular sieves.

7.4. Commercial reagents
Commercially available reagents were purchased from Sigma Aldrich, Alfa Aesar or

Fluorochem at the highest purity available. Tetramethylpiperidine (TMPH) was acquired
from Acros Organics.

The hygroscopic liquid reagents (i.e. N,N,N’,N -tetramethylethylenediamine or 1,4-dioxane)
were dried by heating to reflux over calcium hydride, distilled under nitrogen and stored over

activated 4 A molecular sieves in an ampoule fitted with a J Young valve.

7.5. Standardisation of organometallic reagents
Grignard reagents were used in the form of THF solutions and were titrated against iodine to

determine the exact concentration.[? The solution of Grignard reagent was added dropwise
into the THF solution of iodine saturated with LiCl until a colour change from brown to
colourless was observed which marked the end point. From the used volume of the Grignard

reagent it was possible to determine the concentration.

Similarly, commercial solutions of organolithium reagents (i.e. (trimethylsilyl)methyllithium)
were titrated against salicylaldehyde phenylhydrazone in dry THF.B! The change of colour
from yellow to red indicated the end point from which the concentration of the lithium

reagent could be calculated.
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7.6.  Analytical procedures
All H NMR spectroscopic experiments were carried out using a Bruker AV3, AV400 or

DRX 500 spectrometer operating at 400.03, 400.13 or 500.13 MHz respectively. The
BC{*H} NMR spectra were obtained on the same instruments; operating at 100.62, 100.60
and 125.77 MHz, respectively, and were always proton decoupled, while the 2H NMR spectra
were recorded at 61.402 MHz. Chemical shifts are reported relative to tetramethylsilane at
0.00 ppm. The “Li NMR spectra were recorded at 155.50 MHz and referenced against LiCl in
D,0 at 0.00 ppm, whereas the °F{*H} NMR spectra were recorded at 376.40 MHz and
referenced against CeHsCF3 in de-acetone at -63.72 ppm vs CFClz at 0.00 ppm. Abbreviations
of NMR patterns are as follows: s (singlet), d (doublet), t (triplet), sept (septet), mult
(multiplet) and br (broad signal).

The Diffusion-Order Spectroscopy (DOSY) NMR experiments were recorded on a Bruker
AV400 NMR spectrometer operating at 400.13 MHz for proton resonance and the plots were

generated using the DOSY processing modules with empirical optimisation of parameters.

Elemental (C, H, N) analysis was performed on a Perkin Elmer 2400 elemental analyser.
Samples were prepared in the argon-filled glovebox and transported in an air-tight box in
order to prevent decomposition. However, even with these precaution measures in place,
some compounds were too sensitive or have exhibited difficulties in burning (e.g. forming

metal carbides) to obtain results within 0.5% error of calculated values.

Infrared spectra were recorded on a Nicolet 360 FTIR spectrometer spanning the range 4000
— 400 cm™. Samples were prepared in the glovebox as Nujol mulls on NaCl plates, using
Nujol that had been dried over sodium metal, and were transferred to the spectrometer in a
dessicator.

Crystallographic data were measured at 123(2) K on Oxford Diffraction Gemini S or
Xcalibur E instruments with graphite-monochromated Mo (A = 0.71073 A) or Cu (A =
1.54184 A) radiation. All structures were refined to convergence on F? using all unique

reflections and programs from the SHELX family.®!

203



Chapter 7:General experimental techniques and procedures

7.7.  Synthesis of common starting materials

7.7.1. Synthesis of Ga(CH;SiMes)s (GaR3)®!
In an oven-dried, argon purged 500 mL round bottom flask, Mg turnings (3.5 g, 144 mmol)

were suspended in dry diethyl ether (60 mL). An ethereal solution (60 mL) of
(chloromethyl)trimethylsilane (17.1 mL, 120 mmol) was added dropwise into the magnesium
suspension. The resulting grey suspension was left stirring overnight after which it was
filtered through celite and glass wool to remove excess magnesium. The obtained straw
filtrate was slowly added into a cooled (0 °C) ethereal solution (80 mL) of gallium(llI)
chloride (5.0 g, 28 mmol). The resulting thick white suspension was then gradually warmed
to room temperature and stirred overnight. Removal of the solvent in vacuo afforded a white
residue which was purified by distillation at 120 °C (107 Torr) to furnish pure GaRs as a
colourless liquid (typical yield 7.5 g, 80%).

IH NMR (298 K, CsDs) § 0.13 (11H, s, CHz and CH3). 3C{*H} NMR (298 K, CeDe) & 2.49
(CHs), 12.69 (CH2). 'H NMR (298 K, ds-THF) & -0.55 (2H, s, CHy), -0.01 (9H, s, CHs).
13C{1H} NMR (298 K, ds-THF) & 2.90 (CH3), 3.46 (CH>).

7.7.2. Synthesis of Mn(CH2SiMes); (MnR2)!!
Mg(CH2SiMes), was prepared from Grignard reagent (Me3SiCH2)MgCI by manipulation of

the Schlenk equilibrium and purified by sublimation.’! Mg(CH.SiMes), (3 g, 15 mmol) and
MnCl (1.91 g, 15 mmol) were suspended in 60 mL of dry diethyl ether and allowed to stir
for 2-3 days at room temperature. The solvent was exchanged in vacuo for dried toluene (160
mL) giving an orange suspension. Vigorous heating to boiling afforded an orange solution
with a white precipitate (MgCl2) which was filtered hot and the bright orange filtrate allowed
to cool to room temperature. Storage of the solution in the freezer (-33 °C) overnight yielded
Mn(CH2SiMes), as orange crystals which were filtered and dried under vacuum (typical yield
2.59, 72 %).

7.7.3. Synthesis of NaCH>SiMes (NaR)[®!
NaO'Bu (1.92 g, 20 mmol) was suspended in 40 mL of dry hexane to which LiCH2SiMes (1

M in pentane, 20 mL, 20 mmol) was added dropwise. The resulting suspension was stirred
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overnight at room temperature, and then filtered and washed with hexane (2 x 20 mL). The

resulting white solid was dried in vacuo and isolated (typical yield 1.8 g, 82 %).

IH NMR (298 K, CeDs) & -2.44 (2H, s, SiCHs), 0.15 (9H, s, Si(CHs)s). 'H NMR (298 K, ds-
THF) § -2.20 (2H, s, CHy), -0.19 (9H, s, CHa).

7.7.4. Synthesis of KCH,SiMes (KR)®°I
KO'Bu (2.24 g, 20 mmol) was suspended in 40 mL of dry hexane to which LiCH2SiMes (1 M
in pentane, 20 mL, 20 mmol) was added dropwise. The resulting suspension was stirred

overnight at room temperature, and then filtered and washed with hexane (2 x 20 mL). The

resulting white solid was dried in vacuo and isolated (typical yield 2.2 g, 87 %).

IH NMR (298 K, CsDs) 5 -2.60 (2H, s, SiCHz), 0.18 (9H, s, Si(CHs)s). 'H NMR (298 K, ds-
THF) § -2.24 (2H, s, CHy), -0.20 (9H, s, CHa).

7.7.5. Synthesis of LiTMP!%
To a stirring hexane (20 mL) solution of TMPH (1.7 mL, 10 mmol), "BuLi (6.3 mL, 1.6 M in
hexanes, 10 mmol) was added dropwise. The resulting pale yellow solution was left stirring

overnight at room temperature which afforded a suspension. After the filtration and washing
with hexane (2 x 10 mL), the resulting white solid was dried in vacuo and isolated (typical
yield 0.96 g, 65 %).

The product was analysed by comparing the NMR spectra with the literature ones and it
should be noted that resonances for both trimeric and tetrameric polymorphs are evident and

here reported.

IH NMR (298 K, CsDs) & 1.30 and 1.36 (16H, s, CHs and Hg, TMP) 1.73 and 1.78 (2H, m,
H,, TMP). 3C{!H} NMR (298 K, CsDs) & 20.1 and 19.9 (C,, TMP), 37.1 and 37.0 (CHs,
TMP), 43.2 and 42.8 (Cp, TMP), 52.3 and 52.4 (Co, TMP). 7Li NMR (298 K, CsDs) & 2.47.
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7.7.6. Synthesis of 1,3-diaryl-imidazol-2-ylidenes*"

/R R
N + paraformaldehyde

R
0 N Cr N
o =
+ 2RNH, —FOH +TMSCI | | ) , KOBu, THFrtoluene | :

- 70°C,1h . EtOAc, 70°C, 2h rt, 20 min

N N N

\

R

(0]
() L (i) \ (i)

(a) R = 1-(2,6-diisopropylphenyl) = Dipp ——> IPr
(b) R = 1-(2,4,6-trimethylphenyl) = Mes —— IMes

Scheme 7.1: Synthesis of IPr and IMes.

7.7.6.1.  Synthesis of 1,3-bis-(2,6-diisopropylphenyl)imidazol-2-ylidene (IPr)

2,6-Diisopropylphenylamine (49.25 g, 52.4 mL, 280 mmol) and a 40% aqueous solution of
glyoxal (18.15 g, 14.3 mL, 125 mmol) were dissolved in a mixture of 200 mL of n-propanol
and 50 mL of water at room temperature. After stirring for 1h at 70 °C, the precipitate was
collected by filtration and recrystallised from acetone to give glyoxal-bis-(2,6-
diisopropylphenyl)imine (typical yield 40 g, 85 %).

The diimine (20 g, 53 mmol) and paraformaldehyde (1.59 g, 53 mmol) were added to heated
(70 °C) ethyl acetate (0.5 L, technical quality, distilled in a rotary evaporator over KoCOz). A
solution of TMSCI (6.73 mL, 53 mmol) in ethyl acetate (20 mL) was added dropwise with
vigorous stirring and the resulting yellow suspension was stirred for 2h at 70 °C. The mixture
was left to cool overnight after which a colourless microcrystalline powder of 1,3-bis(2,6-
diisopropylphenyl)imidazolium chloride was collected by filtration (typical yield 13.5 g, 60
%).

A Schlenk was charged with the imidazolium salt (2.9 g, 6.8 mmol) and evacuated three
times after which dry THF was added (50 mL). KO'Bu (0.9 g, 8.0 mmol) was added and the
orange suspension was stirred for 2h at room temperature after which the solvent was
exchanged in vacuo for toluene (50 mL). After filtration through celite and glass wool, all

volatiles were removed to give the product as an off-white solid (average yield 2.4 g, 90%).

'H NMR (298 K, CsDs) 8 1.19 (12H, d, CH(CHa)2), 1.29 (12H, d, CH(CHz3)2), 2.97 (sept,
4H, CH(CHa3)z2), 6.63 (2H, s, imidazole backbone CH), 7.19 (4H, d, meta-CH), 7.29 (2H, t,
para-CH). BC{*H} NMR (298 K, CeDs) & 23.6 (CH(CHs)), 24.8 (CH(CHa).), 28.7
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(CH(CHz3)2), 121.5 (imidazole backbone, CH), 123.6 (meta-CH), 129.0 (para-CH), 139.0
(ipso-C), 146.2 (ortho-C), 220.6 (carbenic C:). 'H NMR (298 K, ds-THF) & 1.16 (12H, d,
CH(CHz3)2), 1.19 (12H, d, CH(CHs).), 2.82 (sept, 4H, CH(CHz3)2), 7.16 (2H, s, imidazole
backbone CH), 7.25 (4H, d, meta-CH), 7.35 (2H, t, para-CH). *C{*H} NMR (298 K, ds-
THF) 6 23.8 (CH(CHa)2), 24.9 (CH(CHa)2), 29.2 (CH(CHa)2), 122.5 (imidazole backbone,
CH), 123.9 (meta-CH), 129.1 (para-CH), 139.7 (ipso-C), 146.8 (ortho-C), carbenic C: was
not observed.

7.7.6.2. Synthesis of 1,3-bis-(2,4,6-trimethylphenyl)imidazol-2-ylidene (IMes)

2,4,6-Trimethylphenylamine (67.61 g, 70.2 mL, 0.5 mol) and a 40% aqueous solution of
glyoxal (36.3 g, 28.6 mL, 0.25 mol) were dissolved in a mixture of 200 mL of n-propanol and
50 mL of water at room temperature. After stirring overnight at room temperature and 4h at
60 °C the precipitate was collected by filtration and recrystallised from acetone to give
glyoxal-bis-(2,4,6-trimethylphenyl)imine (typical yield 51.1 g, 70 %).

The diimine (15.49 g, 53 mmol) and paraformaldehyde (1.59 g, 53 mmol) were added to
heated (70 °C) ethyl acetate (0.5 L, technical quality, distilled in a rotary evaporator over
K2COs3). A solution of TMSCI (6.73 mL, 53 mmol) in ethyl acetate (20 mL) was added
dropwise with vigorous stirring and the resulting yellow suspension was stirred for 2h at 70
°C. The mixture was left to cool overnight after which a colourless microcrystalline powder
of 1,3-bis(2,6-diisopropylphenyl)imidazolium chloride was collected by filtration (typical
yield 10.3 g, 57 %).

A Schlenk was charged with the imidazolium salt (4.3 g, 12.6 mmol) and evacuated three
times after which dry THF was added (50 mL). KO'Bu (1.56 g, 13.9 mmol) was added and
the orange suspension was stirred for 2h at room temperature after which the solvent was
exchanged in vacuo for toluene (50 mL). After filtration through celite and glass wool, all
volatiles were removed to give a dull orange residue which was then washed with hexane (30

mL) to yield the product as an off-white solid (average yield 2.5 g, 65%).

!H NMR (298 K, Ce¢Ds) & 2.15 (18H, s, CHa), 6.50 (2H, s, imidazole backbone CH), 6.82
(4H, s, meta-CH). BC{*H} NMR (298 K, CsDs) 5 17.9 (ortho-CHs), 20.9 (para-CHs), 120.4
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(imidazole backbone, CH), 129.0 (meta-CH), 135.3 (para-CH), 137.1 (ortho-C), 139.1 (ipso-
C), 220.0 (carbenic C:).

7.7.6.3. Synthesis of 1,3-bis-(2,6-diisopropylphenyl)-4,5-dideuteroimidazol-2-ylidene
(D| pr)[lz, 11a]

IPreHCI (1.5 g, 3.5 mmol) and K>COs (24.7 mg, 0.18 mmol) were added to a Schlenk
followed by ~ 6 mL D>0. The reaction mixture was heated at 100 °C under argon for 24
hours. After allowing the reaction to cool, remaining solvents were removed under reduced
pressure. Once dry, the product was washed with hexanes before filtering to collect a white
solid (1.2 g, 80 % yield).

A Schlenk was charged with the imidazolium salt (1.2 g, 2.8 mmol) and evacuated three
times after which dry THF was added (15 mL). KO'Bu (0.4 g, 3.2 mmol) was added and the
white suspension was stirred for 0.5h at room temperature after which the solvent was
exchanged in vacuo for toluene (20 mL). After filtration through celite and glass wool, all
volatiles were removed to give the product as an off-white solid (average yield 750 mg,
67%).

H NMR (298 K, CsDs) & 1.19 (12H, d, CH(CHs)2), 1.29 (12H, d, CH(CHz3)2), 2.97 (sept,
4H, CH(CHz3)2), 7.19 (4H, d, meta-CH), 7.29 (2H, t, para-CH). 2H NMR (298 K, CsDs¢) &
6.63 (br s, imidazole backbone).

7.7.7. Synthesis of (I'Bu)!*3!

tBu tBu
0 (i) toluene, 40 °C 1h
(ii) ‘BuNHz, _KOBu _
* BuNH, 5 > .
(iii) 4N HCI, C CI 78 C, THF

H H (iv) glyoxal, 40 °C, 18h

tBu Bu

Scheme 7.2: Synthesis of I'Bu.
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A Schlenk was charged with paraformaldehyde (0.60 g, 20 mmol) and evacuated three times
after which dry toluene was added (20 mL) followed by a dropwise addition of tert-
butylamine (1.46 g, 2.12 mL, 20 mmol). The mixture was heated at 40 °C until a clear
solution was formed which was then cooled to 0 °C and another aliquot of tert-butylamine
(2.12 mL) was added dropwise. 4N dioxane HCI (6.7 mL) was added slowly at 0 °C and then
the ice bath was removed. Glyoxal (2.28 mL of a 40% solution in water) was then added and
the mixture stirred overnight at 40 °C. The mixture was quenched with NaHCO3 (10 mL of
an aqueous solution) and the aqueous phase was washed with diethyl ether (3 x 25 mL). The
water was removed in vacuo and the product extracted with DCM (average yield 2.03 g,
47%).

A Schlenk tube was charged with the imidazolium salt (2.0 g, 9.3 mmol) and evacuated three
times after which dry THF was added (30 mL). The suspension was cooled to -78 °C and
stirred for 20 minutes followed by the addition of KO'Bu (1.01 g, 9.0 mmol). The mixture
was allowed to warm to room temperature over 30 minutes after which the solvent was
exchanged in vacuo for toluene (30 mL). After filtration through celite and glass wool, all

volatiles were removed to give the product as an off-white solid (average yield 1.0 g, 59%).

'H NMR (298 K, CeDs¢) & 1.51 (18H, s, C(CHa)s), 6.78 (2H, s, imidazole backbone CH).
BC{*H} NMR (298 K, CsDs¢) & 32.1 (CHs), 56.5 (C(CHz3)3), 115.8 (imidazole backbone,
CH), 213.2 (carbenic C:). *H NMR (298 K, ds-THF) 5 1.51 (18H, s, C(CHz)3), 7.04 (2H, s,
imidazole backbone CH).

7.7.8. Synthesis of 1,3-bis(t-butyl)imidazolin-2-ylidene (SI'Bu)!*4

‘Bu Bu t .
| | Bu
NH NH<HCI
HCI (aq) | HC(OEt)s NaH, KO'Bu (5%)
RT, 1h formic acid (cat) ) Cl THF
NH NH-HCI reflux, 48 «
| |
‘Bu (i) ‘Bu (ii) Bu (iii) Bu

Scheme 7.3: Synthesis of SI'Bu.

N,N’-bis(t-butylamine)ethane (5 mL, 23.24 mmol) was treated with 10M HCI (4.7 mL, 46.48

mmol) in portions vyielding a colourless solution which was stirred for 1h at room
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temperature. The volatiles were removed under vacuum and N,N-bis(t-butylamine)ethane

dihydrochloride was obtained as a white crystalline solid (5.65 g, 99%).

A white suspension of triethyl orthoformate (37.3 mL, 224.5 mmol), N,N’-bis(t-
butylamine)ethane dihydrochloride (5.5 g, 22.44 mmol) and formic acid (4 drops) was heated
to reflux for 48 h. The obtained pale yellow solution was cooled to room temperature and the

solvent was removed to yield a white solid.

1.3-Bis(t-butyl)imidazolinium chloride (5 g, 22.8 mmol) was suspended in 50 mL of dry THF
and in another Schlenk NaH (3.6 g, 60% dispersion in mineral oil, 91.2 mmol) and
KO'Bu(125 mg, 1 mmol) were suspended in 80 mL THF. The suspension of NaH and KO'Bu
was transferred via cannula and the reaction mixture was stirred overnight at room
temperature. The white suspension was filtered through glass wool and celite, the solvent was
removed under vacuum and the oily residue dissolved in 10 mL of hexane followed by
another filtration to remove any residual impurities. Due to its extreme moisture sensitivity,
SI'Bu was used as a hexane solution (concentration determined against hexamethylbenzene)
and stored in an ampoule fitted with the Young J valve.

IH NMR (298 K, CsDs) 5 1.33 (18H, s, C(CHs)3), 3.04 (4H, s, NCH>). 3C{!H} NMR (298
K, CsDs) 6 30.1 (CH3), 44.6 (C(CHBa)3), 54.0 (NCH2CH:2N), 218.7 (carbenic C:).
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