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Abstract
This project sought tocextend theconceptof enhancedcooperativereactivity in

bimetallic chemistryo metals beyond Mdn or Al, especially GaandMn.

Towardsnew applications of trisalkylg@im in synthesisstudies on gallium NHC
(N-heterocyclic carbenehemistryaffordeda novel series of normal, abnormal and
anionic NHC complexes derivelom Ga(CHSiMes)s. Thesecomplexes proved
excellent platforms for accessing functionalisedNHC ligands via
metallation/electrophilic interception afod thermal isomerisationCapitalising on
these advancea new FLP systenimcorporating Ga(CkBiMes)s andbulky NHCsas
effective Lewis acidLewis basecombinationswas developedBy exploring ther
reactivity towards carboryl compoundstwo distinct types of FLP activatio
processesvere uncovered Adding the FLP pair across thé=0 functionalitycan
occur, formingnew GC and GaO bonds, in which NHC can participatéhrough its
normal or abnormal positionAlternatively, C-H bond activationcan proceedby
treatingenolizable ketone®r otherC-H acidic substratesuch as nitriles or terminal
alkynes with the same mixture

Exporing such steric incompatibility into bimetallic chemistry anew
multicomponentLiTMP/GaRs metallating mixture that works in a tandem manner
has been establishetlack of co-complexation between thieulky lithium amide
LITMP and trisalkylgalliumfacilitatessubstratedeprotonation by iTMP (the base)
and anion trapping byGaRs (the trap). Thusintroducingthe concept of gallium
transmetattrapping, for the first time formal gallation of aromatic substrates. (

diazines and anisole) has been accomplished.

The project also developealkali-metal manganate chemistryA new family of
homolepticalkali-metal manganates has bgamepared and characterized byra§
crystallographic, EPR spectroscopic and SQUID magnetometric stiilieguing
structural/synthét/magnetic correlationsvere revealed in whiclaggregation and
reactivity of different manganatesere largely deterrmed by the alkalmetal
Furthermore, addressing the issue ofldfined manganese specaticipatingin
organic transformationslithium manganatg(TMEDA).Li-Mn(CH:SiMes)4] was
disclosed as an effectiveagento promote direcMn-l exchange and homocoupling

processes
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Chapter lintroduction to state of the art cooperative chemistry

1. Introduction to state of theart cooperative chemistry

Todaybs ease of camnbioes with thénternatiamdlisatiomathe scientific
community has had a profound influenceradern sience, primarily by elevating from
small confined areas ofsearch tdnterestthat pools togethatifferent backgroundacross
different disciplines. In that aspect, progress madgafar organometallic chemistry has
benefited from an improved communication and collaboration betweemorganic and
organic chemistg~or this reaon, to cover albrogress made in the area would be impractical
in an introduction of limited length, so therefore only the key developmelagant to the
work presented in this thesis will be bheintroduced in thisopeningchapter.Completing
this general sectignat the beginning of each chapterore specific introductions to the
presented work will be given.

1.1. Development ofmixed-metal polar organometallic reagents

Singlemetal organometallic species suchadisyllithium (LiR)» and lithium amie
(LINR2)» reagentdhavelong been deemed reagents of choice in several cornerstone
organic transformations such as deprotonative metallation, -mdtaden exchange
transmetallatiorand carbometallation reactio€! The widespread utility of these
reagentsevidenced in their commercial @lability from companies such &gma
Aldrich, Rockwood Lithium (now Albermarle) or Alfa Aesas due primarily to
their high reactivitycaused byhe high polarityof the carbonmetal (LF * C*) bond
(6(Li) = 0.98v s(C)& 2.55, according to Pauling§*

Whereashigh reactivity issought after in a agent,in organolithium reagentg
often comes tainted withihe lack of functional grop tolerance and/or selectivity.
Examples areside reactions from the attack of the @lephilic substituents and
incompatibility with ethereal solventth many casethis impases the need fatrict
reaction conditions including extremely low temperatugzsne of these drawbacks
can be avoidedr at least minimisetly the use of Grignard reagents (RMgXhich
exhibit beter functional group tolerancegcompatibility with trangion-metal

catlysed crossoupling reactions and tolerate highmperature®! However,
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these group 2 reagertan bedimited by theirdiminished reactivityn comparison to
alkyllithiums, poor soluility in non-ethereal solvents arambmplicatedsolutionstate

equilibria(most commonly Sdenk equilibria)®!

A developing synthetic strategyhat aims to overcome the limitations of polar
organometalliceagentsis the use obimetallic compounds containing two metals of

distinct polaritiesThese were often pioneered spacatly in early studiesthe most

notable examplesbeing the LochmannSchlosser superbd$® a n d Cauberebo
reagent§! both in the latel960s. More recently, mixtures of this type have been

studied more systematically includiignoc hel 6s turbo Grignar.d
supported eagent8® 3 and thelithium zincaté!“ 1l and aluminaté® 8 reagents

introduced by Kondo and Uchiyanf&cheme 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 1.1Simplistic representation of a selection of bimetallic compounds.

The LochmanrSchlosser superbase (LICKORS§! for instance, most commonly
represents an equimolar mixture ebutyllithium and potassiuntert-butoxide, but
other mixtures are possible as well. The exact structure of this powerful mixture is
not known, howeveas it exhibits reactivity higher than that"®&ulLi, but lower than

that of "BuK it implies that a ceomplextion rather than a complete
transmetallations taking placeThe basicity of the LochmanBchlosser reagent is
increased in a way such thatenarenes with low acidityfor exampe benzene, can

be deprotonated, but with this enhanced reactikitiacks selectivityand often
mixtures of products are obtained. Note that a negentyl analogue
[LixKy(CH2'Bu)(O'Bu)x+y-z] was preparea@nd structurayl definedin 2016 by Klett

showing a complex structural moffigure 1.1).[*°
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(a) (b)

Figure 1.1: a) Ball and stick model of [{L{O'Bu)s}*{K3Nps}]; b) Framework of
[{Li 4(OBu)s} *{K sNps} ] with O'Bu and Np substituents omitted for clarity (Np =
neopentyly*

Closely related alternatig¢o LICKOR areotherheterobimetallic compounds which
incorporatetwo metak of markedly different polaritiebeld together by an array of
ligands within one molecul@® These so-called ate compounsg strategically
combine the high reactivity of the electropositive metal with the high selectivity and
better functional group tolerance of the less polar metal, thus exhilgjtaegly

enhanced performanceser their homometallic counterpatt$29 22

Most typically encountered are mixtures of alkaletal (usually Li, Na, Kand a
second, les electropositive metallic centre (such as Zn, Mg or Al) with a variety of
anionic ligands (e.g.alkyl, amido or dtoxy groups)combinedin a way that the
metal withstrongerLewis acidity can accept more (Lewis) basic ligakti$? Such
constitution arises from localisation of the anionic charge on the part of the molecule
containing the more electronegatimetal Depending on the ratio of the alkatietal

(AM) and the subordinate met@"), two different common formulations oétes

can be obtaingdnamely triorganometallateAM)M "Rs or tetraorganometallates
(AM)2M"R4, which can also be referred to Bmver-order and higheorder 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 1.2Simplistic representation of lower and higher order formulations of ates.

Whereasthese general formulae are givas examples ofthe most commogl
employed stoiclimetries, 1:1 and 2:1, and fates which containa divalent
subordinate metale(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, he correspondingformulations would be(AMM'"'R; and
(AM)2M"Rs_lllustrating a more unusual stoichiometr@armon&® and Hevi&*?°!
have independerstilcyh or épaniRsh@Rd= CiHg Ethwhere
unusuallythe amount ofubadinate metal (i.¢zinc) is increased oveahe amount of

alkali-metal Figure 1.2).

7

Zn

S

Figure 1.2: Structure of the[{Zn»(CsHs)s} ] ion of [{Na(THF)s} *{Zn(CsHs)s} ] with 50%
probability displacement ellipsoids. All hydrogen atoms and [{Na(EHFrounterion have
been omitted for clarit{#

The mostcommon preparative methodologifes accessing ate compoundee (i)
interlocking co-complexationwhere the two homometallic reagestfassemblen

an appropriate stoichiometand(Scheme 13a) (ii) saltmetathesis where an excess

of polar organometallic reagent is reacted with a halide salt of the low polarity metal

(Scheme 1.3h In both methodsthe relative stoichiometry of the starting material

4
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will generallydetermine whether the tricigometallate or tetomganometallate will
be formed, though in rare cases the structures produced do not match the

stoichiometry of the reaction.

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

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

Although theoldest knownbimetallic compoundiNaZnEgo dates to the work of
Wanklyn?627jt wasNobel laureatdVitig who coined the term 6
Li/Mg aryl compound [LiMgPB] in 1951 prepared by directly combining PhLi and
PhMg.2829Furthermore,Wittig observed, even if not unambiguously stated, the
synergic regioselectivity of the prepared magnesiate spede towards
benzalaetophenonevhich favoured the 1addition product ovethe competing
1,2-addition producbbtained with PhL{Scheme 14).

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

Scheme 14: Contrasting reactivities of homometallic LiPh and bimetallic LiMgi®wards
benzalaetophenone.

Despite displaying intriguip properties and reactivitieateshad been somewnhat
overlooked by the syntheticommunity until recently. Close tthe turn of the

century, the development of powerful analytical techniques suchrag diffraction

analysis enabled inorganic chemists to determine the truestatel constitutiomof
variousb at e compl exes. I n his seminal revi ev
the gructuralinformation whose value to the field of synthetic chemistry conees fr

enablinga better understanding of theaction mechanisné? Ates are knownto

exhibit either contacted iepair (CIP) or solvent separated iguair (SSIP)

structura.*Y! Contacted iofpair motifs (Fig. 1.33) 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 TMEDAA solventseparated ioair structure

(Fig. 1.30) contains weldefined cationic and anianimoieties, 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 coordynidwed

anionic ligands

b)

Figure 1.3: Crystal structures of (a) CIRtHium zincate {(PMDETA)LiZnMe]; b) SSIP
lithium zincate [{Li(diglyme}}*{ZnMegs}]. Ellipsoids are drawn at 50% probability level
and all hydrogen atoms have been omitted for cl&fity.

Nowadays py switching on cooperative effects, this family of bimetallic reagents has
found widespread applicationsin many fundamentally importantorganic
transformationsdisplayingbetter functional group tolerance aedabling the use of
ambient temperatas as their metallimtermediates are generally multiple orders of

magnitude more stable than the corresponding ititermediates

The results obtained by application of these versadidgyentsn foremost central
organic transformation§.e., deprdonative metallation, nucleophilic addition and
metathalogen exchange reactigndave been highlighted in many review
articledt?16:20.31.33gnd book chaptefd For the sake of brevity, only developments
in the area of deprotone¢ metallation will k& considered heras this type of

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

Globaly, ceprotonative metallation @ne of the most practised reactions. It is used as
anapproacHor thetransformation otomnonly encountered, buelatively inert G

H bonds into more reactive carboretal bond$2° Subsequent reactivity of the-I@
bond can allow formation of neacarboncarbonor carborheteroatonbond which

is central to the field of organic synthestommonlyemployedreagents for these
transformationsare alkyllithiums (-butyllithium is the best knownand bulky
lithium amides, whereghe high reactivity othe predominantly ionic LHC or Li-N
bond enablesdirect poton abstraction frona myriad of organicsubstratesThe

i s o f, less reactivenetals such as organozinc or orgahoainium, were always

regarded as beingnable to perfornsuch tasks

The devel opment of heterobimetallic date
metallation of aromatic substrates where the softer metal in the presence ef alkali
metal performs thegprotonation of the substrate in the process terilieali-Metal-
Mediated Metallatiod?®?!While it is the less reactive metal that performs the actual
M-H exchange procesthe presence of the alkatietal in close proximity is crucial

for the reaction to take plac€his synergic behaviour of metals can be illustrated on
the example of benzenwhich is a very challenging substrate to deprotonate due to
the low acidity ofits C-H bonds(its pKa is high at 44734 and was found to be inert

to both NaTMP and ZBu..*® However, by combining the twdomometallic
compoundsin a single heterobimetallic complex [(TMEDA)Na(TMP)}Rn;] and
switching on cooperative effectbenzene can be readily demmoated Scheme
1.5).1%% This metallation is formally a zincation, as the position previously filled by
an H atom is aw occupied in the final product by Zn. However, since the presence
of sodiumis required for the metallation process to take place, this special type of
reaction can be described as aliaétal mediated zincatiofAMM Zn). Metallation

of benzene was premisly achieved by employing LICKOR superbaged supra,
however this AMMEZn approachrepresents improvemeas it isexecuted at room

temperature.
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No reaction

Zn'Bu,

()

NaTMP

—_

No reaction

Scheme 1.5Contrasting reactivities of homometallic components NaTMPZa'Bu, with
the heterobimetallic sodium zincate [(TMEDA)NazZn(TNB].!

As mentioned before, the fundamental ortance of direct metallation lies in the
abundance of €1 bonds in any substrate, however this same abundance challenges
the selectivity of the process. This challenge was met in the seminal discovery of
fidi r ethoreat al | adV) indegendentldeveloped by Gilmah® and
Wittig®”l while studying metallation of anikg which has since &m greatly

developedsit applies irrespective of the nature of the metallating reagent.

The concept of BM relies on the presence of substituent on the aromatic substrate
which actsas a docking site for the approaching Lewis acidic metallating reagent,
thus by coordination activating the adjaceottho) C-H bond (Scheme 1.518 In
addition to determining the position of the metallation, (hence the name directing
group), the substituent can also weaken that sarie Bond through electronic
effects making it more susceptible to undergo diredtl Mxchange. Depending on
the nature of the directing group (DG), primarily its coordinating and electron
withdrawing ability, DGs can be classified as weakg( alkyl), moderate €.9.,

alkoxy) orstrong {.e., amidg [R2N(O=C)]).

= —1%
M
DG DG" R DG

H  RM H M
-RH

Scheme 16: General mechanism ofdM.



Chapter lintroduction to state of the art cooperative chemistry

Building on these findings, a thoughtovoking perspective by Snieckus and Beak

i ntroduced t he-intducee proxinityeffecin ¢ €CmMPEE x ex pl ai n

in special cases lithiation can occur atHCbonds which are formally remote
(through bond connections), but are conformationally (through space) in proximity of
the DG substituer(Scheme 1.y, 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:Regioselectiviy of lithiation of N,N-diisopropyt4-methoxybenzamide with
different lithium reagents illustrating the difference between the DoM and CIPE détrol.

In one aspect, DoM is extremely beneficial as it enables seledtivéybsequent
synthetic transformationsioweverthe selectivitytakes placeonly at one specific
position (that isortho) and although deviations from the rule exisiey are rare.
Opening up site access within aromatic and heteroaromatic frameworks beyond
ortho or proximal GH bonds is one of the foremost challesgerrently exercising

the minds of chemists worldwide. To date, most of the advances accomplishing such
outlying siteselectivity have centred on late transition metal methodologies, which,
while effective with certain substrates in specific catalytindfarmations, have not

yet come close to the ultimate goal of general applicalfifitt?! Furthermore, they
often require significant preatdytic synthetic steps (e.gattaching covalent linker
groups to arene framewa@kand come with common, intsit limitations of late
transition metals such as high cost, low abundance, limited sustainability and toxicity

issued®!

Addressing this issuom a main group perspectiveeminalreportby Mulvey and
O 6 H a rsantroduaedan innovative approach in controlling the regioselectivity
attainable in the aromatic-8 metallation chemistry through the structure of the
metallating ager®” By using a donor solveiitee sodium magnéese
[NauMg2(TMP)e("Bu)z] in hydrocarbon solvent unprecedented onthe t a 6 and

me t
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met ad di met al | aNi dinsthylaniline, aespedively, ehave lveen
accomplished in veryigh yields Gcheme 1.&ndFigure 1.4)

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

Scheme 1.8Simplistic representation of @M of anisole and M of aniline achieved
with sodium magnesiate [IWdg2(TMP)s("Bu)].14

The major driving force behind these dimetallations is the preorganised structure of
the baseawvhich with its invers crown topologyinstigates the template mechanism,
while the presence of the twpendantbutyl ligands ontwo magnesium atoms
ensures deprotonatioNote that the identity of the DG still plays a role as its spatial
naturedirects the deprotonation towardgherorthome t adnv)(oDmetame t a 6
(DmmM) sites

Figure 1.4 Molecular structure of Nd/Ig2(TMP)s(CsHaNMe»-3,5)] with 50 % displacement
ellipsoids. All hydrogen atom have been omitted for clarity and TMP ligands are
represented with wire model for clarit

10
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The advances in metallation chemistachieved by heterobimetallic reagents
presented so far weexecuted by composite reagents where the two metals working
together are incorporatedithin one moleule. The concept ofAMMZn and

AMM Mg was exported to the branch of aluminium chemistry.

In 2004, Uchiyama and eworkersreportedthata mixture of LiITMP and ABuz was
capable of regioand chemoselective direct alumination of functionalised aromatics
and heteroaromatids’*® Thein situ prepared mixtee was found to be effective and
regioselective for a variety of substrates bearing both eledoating and electren
withdrawing groupsand aluminated species were shown to undergo coper
palladium catalysed heterocouplings in high yields and witth cheme and
regioselectivities. Notably, the metallation occured with the suppression of
nucleophilic addition tca carbonyl group or halgenexchange reaction at iodine,
which wasunique to thissystem because neither conventional metal bases (i)

even TMP zincates can coexist with aryl iodide

Further work by Mulvey and Hevia revealdthat these remarkable transformations

are in fact a product of stepwiseiTMP lithiation followed immediately by trapping

by alkylaluminium conplex® Synergic cooperation between the tveeparate
monometallic reagentpresent in the mixturehas highlighted that twemetal
synergistic reactions are not confined to cotezkrsynchronised 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 forcomptex.To

further illustrate the synthetic utility of thisansmetattrapping approach, the
authors successfully employed another, closely relaf@MPiTMPAI'Bu; pairing to

metallate ferrocene in good yieldSidure 1.5).122

11
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Figure 15: Molecular structure of monoaluminatece f r ocene -T[MPH-RALI ( €
(CsH4)Fe(GHs)}AI( 'Bu),] with 50 % displacement ellipsoids. All hydrogen asonave been
omitted for clarity??

1.2.1. Bimetallic compounds for NHC functionalisation

Progressing from laboratory gosities and phosphine alternatives;hiterocyclic
carbenes (NHCs) have established themselves as pivotal ligands with applications in
key areas of modern chemisincluding organic andransitionmetal catalysi&® 5
stabilisation of low valent maigroup compound®®! and development of
frustrated Lewis pair syster§:5”1to name just a fewlhese commodity ligands are
extremely versatile, which is primarily due to the possibaityine tuningthe steric

and electronic properties by modifying substituents eatdins or the backboraf

the imidazole rind?® Surprisingly, examples of selective metallation of the
backbone of NHCs are scarce.

It was as recent as 2010 whieonbinson reportethe first straightforwardlithiation

of 1,3bis(2,6diisopropylghenyl)imidazol2-ylidene (Pr) with nBuLi.5®! The single
crystal Xray analysis othe -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 repesentation of a portion of a polymeric structurg{o€{[N(2,6-
'Pr,CsH3)].CHCLI(THF)}p] with Li and atoms of the imidazole rirdrawn with ellipsoids
set at 50% probabilit§!

Exporting the developing idea of cooperative bimetallic bases to the evolving area of
functionalzation of NHCs, the group of Hevia has found thenetallic base
[NaZn(TMP)Bux(TMEDA)] can promote dect zincation of both fretPr and NHC
complex at C4 positio” Particularly interestingwas their finding that the
Zn'Bu,APr which readily undergoes zincation with the bimetallic base fails to
undergo metallation withBuLi, but insteadformed a cecomplex of NHC and

lithium zincate products of which have been isolated and structurally characterised
(Schemel.9).

\ }ME DI Na(THF
Dipp [ Ng, p: et pp {Na(THF)e}"
B
N 'Bu
¢
[ >—>Zn Bu, hexane/ THF tBu\ >\ +TMP(H)
-TMEDA t
biep dop
o o
: N ;
Dipp ; TMP = :
Byl i / ‘Bu E :
BulLi N RN ; ipr :
hexane K L  zn—Bu 5 !
AN ' D :
(co-complexation) N\ 'Bu/ : Dipp = 5
Dipp : Pr ;

Scheme 1.9:Contrasting reactivities of homometallic organolithium reag&oi_i and
heterobimetallic lithium zincate towards a-KitHC complex?”

13
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Introducing heterobimetallic magnesiate bases to the handful of metals that can
directly metallate NHC, Mulveyet al. found that usinghigher order solverfree
sodiummagnesiate[NauMgz(TMP)s("Bu)z] it is possible to dideprotonatéPr
(Fig.1.7).l"'4

Figure 1.7: Molecular structure of the inverse [{Mg(TMP)s(IPr?)},] of one of the two
crystallographically independent moleculeish 50 % dsplacement ellipsoids. All hydrogen
atons have been omitted for clarify’

This remarkable resuis believed to originate from the steric incompatibility of the
substrateNJHC) and the inverserown tenplate basevhich setsn motion a chain of
reactions(Scheme 110) affording a product containing aative GNa bond at the
normal (C2), sodiation at the abnormal (C4) and magnesiation patagosition of

the pendant Dipp substituent oratbm!’l

14
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iPr

N—= TMP iPr T™MP
Dipd N~ “Na_ r\ N —g
5 -~ . \
TMP\M Bu/,,,,,Mg/TMP —> Dipp” \ iPr Na—TMP
/ g“Bu \ Na—_
TMPL_ _TMP T™P
Na Na
\TM p/ + NaTMP + other fragments
Ei) donor-acceptor coordination | ilii)cooperative magnesiation |
/TI\/IP\Na l
—Na . .
TMF{ v e \)'\N/D'pp Na iPr TMP
\ -
oo — o
TMP/ iPr Na. i /N\_{ P i
, Tvp Dipp™ 1\ T Na—TMP
Na _ iPr / Na s
EN—QMg ~TMP

¢
i
i
1

iif) non-cooperative sodiation

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

Scheme 1.10Proposed stages in dideprotonation of IPr withsMge(TMP)s("Bu)z].1"!

1.3.

Most

The less common metals

of the studies discussed so far haveused on maugroup metal

systems which combine an alkatietal with a more electronegative metal such

as Mg, Zn (pseudo main group because ofliss’ reactivity) or Al3%:33.72]

The main aim of this PhD project was however @vealop systems which

combine alkalimetals with less commonly employed low polarity metals, in

particular Mn(Il) and Ga(lll). Therefore, the next few pages will very shortly

present therelevance of these metala organic synthesiand why they

attracted oumterest

1.3.1.

Organogallium chemistry

The organometallic chemistry of group 13 is still heavily dominated bghamistry

of organoaluminium compounds, whilst gallium and indium dgiwes are still

underexplored and confineprimarily to academic researé.

15
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Pioneering work by Dennist al. reportng the synthesis and isolation of the first
gallium alkyl compound§?! initiated the interest in organogallium compounds.
Although they have found applications @ wide range of fields such as
homogeneous catalydié;"> andchemotherapeuti¢€! their use in organic synthesis
has become more prominéft’® Accordingly, organogallium reagents have been
successfully employed as selective alkylating reagents in addition reactions to
activated olefing/®® aldehydes and ketonB482 as Lewis acid catalyst for
transformations such as Friededafts alkylation and acylatigf’! along with

promoting carbometallation of carb@arbon triple bond¥8l(Scheme 1.1).

COzEt
G CO,Et
Ph a
/ COzEt

CO,Et

ﬁ OH
C

- /\/GGC|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 olefirend aldehydes, FriedeCrafts acylation and carbogallation of
alkynes, respectively

Within the context of mixednetal chemistry, although gallatésve not been
studied to the samextent as aluminates, there arkew 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

16
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organocadmium compount¥&. It has been shown that lithium gallates can react
selectively under mild conditions to transfer onlye alkyl or aryl group in excellent
yields in the presence of other sensitive functional groups like olefin, ether and nitro

groups (Scheme 1.2).

nBuylLi g |
"Bus;Ga ————  "By,GaLi ~ 0 X
0°C 0°C-R.T o
THF/Hex THF/Hex \ I

78 %

Scheme 1.12In situ prepared lithium tetraorganogallate employed in widio acyl
chloride.

More recently, Okudat al. have reporte@n extensive study on the preparation and
characterisation of neutral, cationic and anionic allylgallium compdffids
Reactivities of these related compounds were compared and the first example of 1, 2
insertion reactions of isoquinoline mediated by potassium tetra(allggslhas

been describedscheme 1.3).

K+

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

Our own grouphasprepared novel unsolvated tetraorganogallate species using non
polar hexane/ar@nsolvent mixturegFigure 1.8).°% 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 \etglos$i

M C and GaTh€ pofassiand 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

17
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exist as discretesdvent separated iepair [{M(solvent)s}{Ga(CH:SiMes)a}]
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 ¢trity.

1.3.2.0rganomanganese chemistry

Thechemistry of heterobimetallic systems which incorporate a transition metal
as the divalent partner for the alkaietal is still in its infancy; however it §
attracting attentiordue to certain advantages that could be encountBred.
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 sorspecific, soughtfter propertiesg.g. magnetic) all of
which are, in general, uncharacteristic for the main group chemistry.
Manganese could be considered an excellent candidate agidramsetal
incorporated in anate for several reasons. Relativelymwexpensive,
toxicologically benign and readily available due to its high abundance (12
mo s t abundant met al in the Earthos cr
to industry®® More importantly, the organometallic chemistrymnganese

in oxidation state +has been shown to be more comparable to that of-main
group metals than to-lbdlock metals due to the presence of predominantly ionic
Mn-C bondd%? Additional alikeness arises from similar values of the ionic
radii®¥ of Mn?* and Mdg* (0.81 A vs 0.86 A) which is evident through the
isolation of some  molecularly isostructural corapds @ (i.e.
[M{N(SiMe 3)2} sLi(THF), where M = Mi®* or Mg®®)).

18
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Focusing on Mn(ll), lithium tr and tetraalkyl manganates (usually prepared

in situ via saltmetathesis or Mn insertion protocdi$f®°"lhave proved to be
efficient reagents in organic synthesis for bringing about key transformations
including radical cycliations, 1,4additions, Mrhalogen exchange and homo

and crosscoupling processes name just a feScheme 1.1y [(1981100]

a)
|
/
20 % MnCl,
+4"BuMgCl ————>
o

THF, RT, 12 h fo)

b)
o]

M - ></U\
+ 1.15 "BuMgClI

A THF, 0°C,1.5h Bu

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

In 2007, Cahiezeported a manganesatalysed homocoupling of aryl, alkenyl and
alkynyl Grignard reagents using dry air as an oxi#4Ht.The reactions were
performed under mild conditions (RT, 45 min) and were found to be ch@mg

ester, nitrile and nitro grougsleran) and stereadective.During these studies, the
authors have noted the coupling was rapid, however the reaction rate was highly
dependenton the steric and electronic nature of the organic group of RMgX.
Elengantly exploiting this observation, by combining an eleeticn 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 produ@&cheme 1.151%?

MgCl

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

sterically ilelectronically
: demanding :  disfavoured |

Scheme 1.15Mn-catalysed heterocoupling of Grignard reagéfits.
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Surprisingly, despite these, and several other, excellent organic studies which
highlight the synthetic utility of these bimetallic compounttie informationon the

nature ofand constitution of the reactive manganese speciexy limited.

In the context of better understanding of reactive organomangante species
Mulvey successfullyextended the developing idea of alkaletalmediated
metallation to manganese by employing structurally defined
[(TMEDA)Li Mn(TMP)(CH:SiMes);] to directly manganate ferroceH&’ The

uni que cr vyst a-timewmltateduferroaend€dg. 1®)f haslunvéiléd

the reactivity of all three arms (two alkyl and one amido) as bases making this
lithium mangante exceptionally ateetonomicaland superior in comparison

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

Figure 1.9: Molecular structure of [[TMEDALi Mn2{Fe(CsH.)2} 5] with selective atom
labelling and 50% probability displacement labellf¥§.

In the framework of the research developing AMNK Mulvey recently
demonstrated the ahy of the structurally related sodium manganate
[(TMEDA)NaMn(TMP)(CH2SiMez)] to promote direct MfH exchange reactions of
various aromatics Scheme 116),1941%1 mimicking in some cases reactivities
previously reported for related alkafietal magnesiate systems. This jgatar base
proved to be a verike manganating reagentapable of displayingoth alkyl and

amido basicity ashown inScheme 116.

20



Chapter lintroduction to state of the art cooperative chemistry

d
/ N\
. [N TMP
i Na_  Mn-TMP
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N Mn—CH,SiMes
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CH,
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Scheme 1.16An overviewof direct MnH exchange reactions achieved by sodim
manganate [(TMEDA)NaMn(TMBJCHSiMej].[104 106]

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

presents our findings indeveloping newapplications of organogallium and
organomangnese reagenthapter 2 will focus on progressing gallium NHC
chemistry byintroducing new methodologiefor the rational synthesis of Ga
complexesontaining anionic, normal and abnormal NHBTiilding on these results,
Chapter 3 explores the potentialf @a/NHC partnership to promosenall molecule
activation processes vi&LP reactivities With our focus still on organogallium
chemistry, but exploiting metahetal stepwise cooperativityChapter 4 will
investigate a mixture of LITMP/GaRor metallationof pharmaceutically relevail-
heterocyclic moleculesMoving our focus to alkalmetal manganasg Chapter 5
presents a systematic study into the structural diversity of a series of homoalkyl
alkali-metal manganatesChapter 6 provides overall conclusioa of the work
presented here, whil€hapter 7 details general experimental techniques and

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

2.1. Introduction to N -heterocyclic carbene chemistry

Over the past two decadeN;heterocyclic carbenes (NHCs), in particular
imidazol2-ylidenes, have progressed from mere curiosities to commodity
n e ut dandr lighnds with a multitude of applications in synthesis and
materiald!! Typically, the carbene centre is located between the two nitrogen
atoms (C2 position a | | aonationgby both adjacent-heteroatoms into

the empty p orbital of the carbene~{gure 2.1), which makes these ligands

remarkably more stable than other roylic, alkcarbon counterparts?

Figure 2.1: Groundstate electronic structure of imidazdly | i denes -wi th t
wi t hdr a w-domaing &ffects of nitrogen atoms contributing to the stabilisation
depicted. IUPAC numbering system shown in green.

Acting a s s t -domorsg theBe versatile ligands have been pivotal to recent
breakthroughs in transitiemetal catalysi§&' For e x a mp | "€genef@tio b b s 6
catalyst Figure 2.2g, where one of the two phosphine ligands has been replaced by

a carbene, promotes olefin metathesis at very low catalyst loading (0.05
mol%) 191U 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 degradationud to the presence of more sterically demanding

substituents?

In terms of Pecatalysed cross oupl i ng r eact-REPPSHNHC Or gan
precatalyst compies (PEPPSI = pyridinenhanced precatalyst preparation,
stabilisation and initiation) are now commercially available and have demonstrated

excellent performance in cressupling reactions. In particular, RREPPSIIPent
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Chapter2: Rationalsynthesis of normal, abnormal and anionic Nglium alkyl complexes

(Figure 2.2b) has been revealed ase of the most reactive and general catalysts for
both carborcarbon bond formatiore(g.,SuzukiMiyaura, Negishi, and StillMigita
couplings) and for carbeneteroatom bond formatione.gg., amination and

sulfination reactions!

CI—Pd Cl

Cl//// l
a” | -
iMes = 2,4,6-trimethylphenyl 5 X

(a) (b)

Figure 2.2: Incorporation of NHCs into catalysts for organic transformations: "4) 2
generatiorGr u b b s 0¥; ¢ @t) a |OwRFRPSIBPent pRedatalyst compléi.

Furthermore, the application of NHCs to mairogp chemistry has enabled the
stabilisation of novel low valent compourté$2® as well as the development of
several frustrated Lewis pair (FLP) systdfi$? By utilising NHCs as Lewis bases

a group of highly reactive molecules inding neutral diborine8? disilicon[8l
diphosphorué¥ and digermari&® compounds have been stabilised and isolated. The
role of the carbene is crucial as it provides the steric support to the newly generated
elementelement bonds whilst &g unreactive towards the alkatietal reduction
method used in the synthesis of allotropes. Noteworthy are the examples of gallium
clusters reported by Robinson and-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 Gaoctahedron with Ga(l) and Ga(0) is form&tieme 2.1
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Vi N/’Pr
%5

Pr
N o & N/
’P/ Mes®Ga—Ga-=tMes /Pr 3KCg
T N |
‘//N hexane
N

N \
N iPr

n

+—GaCl

W,

\\\/Mes
Cl Mes\é%//ea\ I

Mes toluene

Scheme 2.1:Preparation of gallium clusters with gallium centres in different

oxidation states stabilised by NHES.

In parallel to these studies, a different type of NKGmplex has been

developedwhere the imidazole ring binds to the metal centre through its

backbone. These less stabilised carbenes, where there is only-atoen N

adjacent to their carbenic car®Sh have been termed aabnormal (or

mesoionic) NHCsgNHCs)?9 28 Following O abt r ee 6 s

s emi

of the first transitiormetal complex with araNHC (Scheme 2.2p several

other examples have been prepafé&dt However, it was only in 200¢hat

Bertrand succeeded in the isolation of the first stableak#4¢C by the elegant

deprotonation of 1,2,3;tetraarylated imidazium chloride Scheme 2.2h[E

Crabtree's approach
S |
N X
N [IrH5(PPh3),] N i
r
®> H 5 3)2 I/ . PPh3
-2H, ) Ir—H
N BFy o N 4|
\, Bu PhsP'H
Bu

Ph N o Ph N
o _KN(SiMes), \[ oh
ngz%_ cr ‘CDN?_

Bertrand's synthesis of free aNHC
_Dipp _Dipp

Dipp Dipp

Scheme 2.2Cr a b t?% eered s B e P?tpioreeeridgonsethods for the preption
of metal complex with an abnormal NHC and the free abnormal NHC, respectively.

Interestingly, experimental and theoretical studies poialNdCs being better

nal

donors than their normal counterparts, which is in part attributed to their

reduced stericcongestiot®? 34 Thus Layfield has recently reported a

t her mal l vy i nduce

isopropylphenyl)imidazek-ylidene,

d

r e ar fIRx rd,&bisd 206tdi-
HMDS = 1,1,1,3,3;3
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hexamethyldisilazide] which afteBh in refluxing toluene evolves to its

abnormalisomer Scheme 2.RF%

Dipp /Dipp
N /SiMe3 ( isomerisation) N
‘ >:—>Fe > Q H
N \ ) toluene, reflux, 3h L >
\ o OMes MesSi—r£" N
Dipp \ . Dipp
SiMes
Scheme 23T her mal i somer i s aintba P r AfF elfRpbdAeEBlEy( HMDS)
Layfield

Within main group chemistry, the number of complexes contaiaBICs
remains very limited. The first example of an adduct of this type, a substituted
phosphinidene complex resulting from coupling of ptemes derived from
singlet phosphinidenes (i.e., [MEO){ eP(NPr)}]) with free singlet
carbenesd.g.,I'Bu or I1Ad), was reported by Carty in 200&idure 2.3).8]

H
(CO)4MnA

Figure 2.3: ChemDraw representation andrXy structure of posphinideneaNHC
complex8l

Thermal rearrangementglated tothat mentioned above in iron chemistry
have been proposed for tris(pentafluorophenyl)borane NHC systems which
exhibit FLP chemistr{?”3% Similarly, within group 13 Dagorne has shown

the isomerisation of'B u A A4 [INBa =1,3-bis(tert-butyl)imidazo}t2-ylidend

to its C4 bound isomer('B u A AJ) al eoom temperature in THF, although

the mechanisms involved in these processes remain uH€lear.

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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Chapter2: Rational synthesis of mmal, abnormal and anionic NH@allium alkyl complexes

unsaturated NHC$Y can be employed as platforms to ess aNHC-
complexes of B and Zn by quenching the relevant anionic B or Zn complex
with a suitable el socMeOT @dhéemeat®8“ich as

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

Scheme 2.4:Synthesis ofaNHC complex of BES by electrophilic quenching of
anionic mixed Li/B comple}?!

Within the scope of gallium chemistry, there have been some examples efGHC
complexes reported, howevéne majority of these were gallium hydrides and
halides?4494% while organogallium examples remain scaft¢:é®>°! Some of the
prepared complexes have demonstrated intriguing chemistry as el the

work of Gandon who developed applications of someNGAC a d d u-acids a s
catalystd*®4° However, all of these examples are examples of noomalplexes,

the only abnormal NHC complex known to date P r Ad&law@s reported as
recently as 2014, although its synthesis is not straighdfi@has it was obtained by

transmetallation of GagWith an anionic NHC mixed EB complex.

2.2. Aims of the chapter

Identifying a gap in knowledge in @dHC chemistry and building on the
most significant developments in the field of NHC chemistry, this enapt
presents a systematic study into the rational synthesis of series of gallium
NHC complexes derived from the same metal fragment, tris(alkyl)gallium
Ga(CHSiMes)s while using the unsaturated carbene IPr as a case Sthdy.
gallium reagent containing thd&eteroneopentyl ligand M8ICH> was
selected due to its sraightforward synth&ls| a c k -hyalrbgenbatoms,
considerable steric bulk and electronic stabilization when compared to €earbon
only-based alkyl groups that are prone to decomposition prodéssgghe

constitution and stability of these complexes has been assessed by combining
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Chapter2: Rational synthesis of normal, abnormal and anionic Mfallium alkyl complexes

X-ray crystallographic, kinetic and sgeoscopic studies with theoretical

investigations.

2.3. NHC-stabilised lithium gallate complexes

By reacting equimolar amounts of IPr and trimethylsilylmethylgalliunitHl)
(GaRs) at room temperature in ngolar hexane solvent a yellow suspension
was formed which was gently heated into a solution and affordedrtzds
crystals of the adduct IPr-GaRl) in a 75% isolated yieldScheme 2.h

Dipp Dipp

/ / | R =CH,SiMes
N GaR, N i iPr
‘ >: hexane ‘ >5—>GaR3 | Di
. | =
N N " . Diep
Dipp Dipp iPr

Scheme25Synt hesi s of no(mal adduct | Pr

The molecular structure d@f(Fig. 2.4 was elucidated by a single crystakray
diffraction analysis which revealed the formation of a complex with the four
carboncoordinated gallium atom attached to three alidups and the C2
(i.,e., C1 in Fig. 2.4 of a neutral carbene. A distorted tetrahedral geometry
adopted by Ga centre is evidenced by th€&@&C bond angles which range
from 96.36(6)° to 119.43(7)° (average angle 108.79°). Th&€ L@ distances
range from2.0034(15) A to 2.0164(16) A (mear0206 A) which iselongated

(by ~2.5%) when compared to parent monomeric 3&&C bonds ranging
from 1.952(4) A to 1.971(3) A, average 1.959°A)in agreement with the
increase in the coordination number of GalinNoticeably, the G&nHc
distarce of 2.1960(16) A is significantly longer compared to that observed in
the related Ga ha(R016(2 A¥bThipdloagatiol camr A Ga C
be rationalised in terms of a combination of the greater steric congestlon in
imposed by the monosilyl groups as well as the stronger Lewis acidity of
GaCk compared to GaRR
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Figure 2.4: Molecular structure ofl with 50% probability displacement ellipsoidglinor
disorder in one isopropyl group and one mondsgjipup are omitted for clarity, as are all H
atoms except for those on the imidazole ri8glected bond distances (A)dabond angles
(°):Ga(1)YC(1) 2.1960(16), Ga(i(28) 2.0034(15), Ga(3¢(32) 2.0120(17), Ga(i¢(36)
2.0164(16), C(28a(1)C(1) 101.15(6), C(32pBa(1)}C(1) 106.27(7), C(36%Ba(1)yC(1)
96.36(6), C(28Ga(1}C(32) 114.89(7), C(28pa(1)C(36) 119.43(7), G32)Ga(1)}C(36)
114.63(7), N(1)C(1)N(2) 102.80(3).

Despite the long G&1 distance, it should be noted thatetains its integrity

in CsDe solution as evidenced B{1-DOSY NMR studies, which show that the

IPr and monosilyl groups belong to the samedigpecies, as the crgssint

for both ligand resonances are aligned in the second dimension (average D
val ue Tm¥&L 26Fh.02.5. The most informative resonance in the
3C NMR spectrum is that for the carbenic carbon observed at 186.6vspm (
220.6 ppm for the free IPr), confirming a retention of the@&ond in
solution. Two singlets are observed for the monosilyl group.86 (GaCHy)

and 0.18 ppm (Si(8s)s) contrasting with théH NMR spectrum of GaRin

the same solvent where bothrsadscoincidentallyoverlap displaying a singlet

at 0.13 ppm.
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Next the reactivity ofl towards LICHSiMes was investigated. Previous work

by Roesky and Stalldh as shown that wheistrdated ane
with "BulLi, 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 untoucheld® Similar reativity has also been described for the

al ky | bor afténteresinglpiB Bur studies, the polar organometallic

RLi fails to deprotonate the NHC ligand bf affording instead lithium gallate

[ | Pr A L:Bige)q (2 kh anisolated yield of 48%%cheme 2.k

D|pp D|pp D|pp
[ > aR3 [ >—>GaR LR, [ >—>L| Ga
3
hexane hexane
D|pp D|pp D|pp (2)

[co-complexation]

Scheme26Synt hesi s #H®). [ | Pr ALi GaR

Single crystal Xray diffraction analysis established the molecular structure of
[ I Pr AL:Bilde)q whidh represents to the best of our knowledge the first
example of an alkalmetal gallate stabilised by an NHC ligarfeigure 2.6).

Unfortunately even after several attempts in crystallising, all four monosilyl

groups of compound2 were found to be disordered iwh 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 oR 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.

Compound2 exhibits a contacted ion pair (CIP) motif where the two metals
are canected by two bridging alkyl groups with the neutral NHC bindiiag

its C2 (.e., C1l) position to lithium.These findings show that under these
reaction conditions the polar Li alkyl reagent preferentialhicomplexes with
GaR;, to yield [LiGaRy]®® 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 ratheart a neutral IPr ligand. It
should be noted that a similar reactivity has been reported by our group for the
react i onBuaith 'BullPin BeXane, which produces zincate complex

[ 1 Pr 'Bug.P’Z @allate 2 can also be prepared by reacting polymeric
[{LiGaR4}p] with free IPr. Solution state studies Dfwere hindered by poor
solubility in arene solvents sluas GDs; whereas in coordinating THF the
adduct dissociates into free IPr and miilltiF-solvated LiGaR, as evidenced

by multinuclear NMR spectroscopy.

Contrastingly, if the order of the monometallic reactants is reversed, by
treating first IPr with LiRfollowed by the addition of gallium alkyl GaRn

THF, heteroleptic (THELI[:C{[N(2,6 - Pr.CsH3)].CHCGa(CHSiMez)3}] (3)

was obtained in a 56% isolated yield. FormatiorBafan be rationalised in
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terms of a stepwise indirect gallation process. IPr g& fleprotonated at the

C4 position by the highly polar LI®! reagent I in Scheme 2.y, which can

then undergo fast transmetallation with the more electronegative Ga fragment,
with the alkalimetal being trapped by the vacant C2 site of the carbene
(Scheme 2.Y.

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 2.7Two-step synthesis of heteroleptic lithium galldte

X-ray crystallographic studies established the CIP structurg where the

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

asymmetric bridgevia its normal C2 position to Li and its abnormal C4

"’\.“;f

position to Galfigure 2.7).

°© e

~.8i1_~" C29
L
e

Figure 2.7: Molecular structure o8 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 (°)-G&)1)
2.052(2), Ga(1)C(29) 2.013(2), Ga(3(33) 2.040(2), Ga(1g(37) 2.031(2), Li(1C(2)
2.093(5), C(29Ga(1)}C(3) 111.43(9), C(29%Ba(1)}C(33) 108.63(10), C(29%Ba(1}

C(37) 112.99(10), C(33za(1)C(3) 110.96(9), C(3#sa(1)yC(3) 105.68(9), C(37)
Ga(1)C(33) 107.06(10), N(2L(1)yN(2) 111.56(17).
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The C2Li (i.e.,C1 inFig. 2.7) distance is 2.093(5) A which is similar to those
reported for related complexes containing ammddHC bridged in a similar
C2-Li/C4-M fashion to Li/Al and Li/B pairing&*43.5%1

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 withep tetracoordinated
gallate species such as {{#ibenze18-c-6]"[ G a-Cstlls)]} (2.029 A mean)®8!

The GaC4 distancei(e., C3 in Fig. 2.7) of 2.052(3 A is close in value with
Ga-Caiky bonds (average 2.028 Ahd understandably it is significantly shorter
(by 0.144 A)to that found in the neutral C2 bound IPr adddctlt is
noteworthy, that unlike il where a pyramidalization of Ga coordination
sphee was evidentuvide suprd, 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 centrenche attributed to the relief of the steric
congestion oB when compared tth. From the NMR data ids-THF solutions,
metallation of IPr was demonstrated by the large downfield chemical shift of
the C4 resonance in th€C NMR spectrum (from 122.3 ppm fnee IPr to
155.1 in3), as well as an informative singlet at 6.64 ppm (integral 1H) in the

IH NMR spectrum of the imidazoleHC(versus7.19 ppm in free IPrfig. 2.8
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Figure 2.8:'H NMR spectrum o8 in ds-THF solution.
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Chapter2: Rational synthesis of normal, abnormal and anionic Mfallium alkyl complexes

In addition, a resonance iha'*C NMR spectrum at 201.4 ppm for carbenic
C2 confirms the formation ofraNHC complex. The loss of symmetry in the
imidazole ring is evidenced in th&H and *C NMR spectra with the
appearance of two distinct sets of Dipp signals.

Following this line & inquiry, treating a hexane suspension of IPr with heavier
alkali-metal alkyls MCHSIMes (M = Na, K) led to the instant formation of yellow
solids which werecompletely insoluble even when using large amounts of the more
polar solvent THF. Addition of GalRhowever, solubilised this product allowing the
isolation ~ of  heteroleptic  alkatnetal gallates (THRENa[:C{[N(2,6-
'Pr,CeH3)].CHCGa(CHSIiMes)s}] (4 and (THRK[:C{[N(2,6 -
'Pr,CsH3)]2.CHCGa(CHSIMes)s}] (5) in 71 and 76% isolated yields respectively
(Schene 2.9.

/Dipp ,\1Dipp_ Dipp
o Lg ,-,@):\,; @ _GaRy GaR3 )@>—»M (THF)3
bipp L Dipp _ kR Dlpp
P step 1 I step 2 M = Na (4)
transmetallation M = K (5)

Scheme 2.8Synthesis of heavier alkaline metal gallatesd5.

Although the solids obtained by treating IPr with MR (M = Na, K) cannot be
characterised, due to their lack of solubility, the isolation4odnd 5 provides
compelling proof that these heavier alkaline metal alkyls can in fact metallate this
NHC. While the relevant MPr salts { in Scheme 2.B are obtainedvia direct
metallation, it should be noted that Goicoechea has structurally charactefifed K
-2THF as the result of the reaction of the lithiated IPr with potasdient
butoxidel>®

Solid state structures of sodiud) @nd potassiun®) gallates were elucidated by X
ray crystallographic studiesrig. 2.9 which confirmed them to be molecularly
isostructural witi3. The GaC4 distances (i.e., C24 fdrand C2 for5 in Fig. 2.9 of

38



Chapter2: Rational synthesis of normal, abnormal and anionic Mfallium alkyl complexes

2.050(2) A for4 and 2.050(3) A fol5 are close in vake with the GaCakyi bonds
(average 2.027 A and 2.028 A férand5 respectively) and in excellent agreement
with the bond distances found3nThe narrow variation observed for the-Gdond
lengths together with very similar bond angles (mean anglel308or 4 and
109.46° for5) reveal an almost ideal tetrahedral geometry of gallium centre in both
compounds. With the virtually identical environment aroundan, complexed

and5 display their differences at the other end of the bridging ligand.rigrisungly,

the M-Cnnc bond distance found i (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 -aficdéil.

Both values compare well with those reported for other anionic complexes
containing these alkathetals!®657:6962] Both sodium and potassium complete their
coordination spheres by coordination of three molecules of THF, with more
electropositive potassium gaining further stabtisn through electrostatic
interaction with theipso carbon of the pendant Dipp group on NZglre 2.9b).
This secondary contact (K1AAAC16 = 3.301
report ed -ipterdctios®d ! anthtranslates into a significantly more acute
N2-C1-K1 angle (107.77(18)°) than NQ1-K1 (150.71(19)°).

4
e

N\,C1

N
i3 : 1) J - )
ce st/ &g )
e N\ K K% ]
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Figure 2.9: Molecular structure o#4 (a) and5 (b) with 50% probability displacement
ellipsoids. All hydroga atoms except the one left on imidazole riramd disorder
components in THF ligands have been omitted for clarity. Dashed lines represent secondary
interactions.

The NMR data oft and5 in ds-THF solutions, follows the same trend observedfor
with the large downfield shift of theC4-Ga resonance in thEC NMR spectra as
well as with the presence of diagnostic singliettegrating 1H in thetH NMR
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Chapter2: Rational synthesis of normal, abnormal and anionic Mfallium alkyl conplexes

spectra for the imidazoleHC(Table 2.1). In addition, the carbeniC atom attached
to the alkakmetal ca be observed at 202.8 and 210.7 ppméfand5 respectively,

at similar values to those reported for other related complexes contairitigaNe
K.[59]

Table2.1:Compari son of sel ected &VHE fordikalimetal a |

gallates3-5.
3 (M =Li) 4 (M = Na) 5(M =K)
ut3c C2-M 201.4 202.8 210.7
U3 C4-Ga 155.1 155.2 153.6
it 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 coeglexhen treated
with an electrophile can be transformed into neutral abnormal adtfif¢tg.o
explore this reactivity here, we tredt® 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 neutrabnormal NHC-Ga
complex[CHsC{[N(2,6-'Pr.CsH3)].CHCGa(CHSiMes)3}] (6) in a 68% vyield
(Scheme2.99).
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Dipp
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Scheme 2.9Electrophilic interception of anionic NHC compl8xvith a) MeOTf, b) MeOH

and c) imidazolium salt IMes-HCI.

Complex 6 results from the selective C2 methylation of the anionic NHC
leaving the G&C4 bad intact. It should be noted that although there are
several examples of @dHC adducts reported in the literatdt&*”-5% with
some of them f i n-@ddrcaalyst§{the anly abnanmks a s
NHC complex known to datal P r As&lavasl reported as recently as 2014,
although its synthesis is not straightforward.

The molecular structure &was establishedybX-ray crystallographic studies
(Fig. 2.10. The bond length of 1.538(6) A for @2ve (i.e., C1-C4 in Fig.
2.10 is consistent with a single bond, while the-G4& (.e., C3 in Fig 2.10
bond length of 2.087(3) A is only slightly elongasamparedo thatfound in

the anionic varianB (2.052(2) A), and significantly shorter than the-Ga
bond length in1 (2.1960(16) A). Reflecting the formation of a neutral
abnormal complex, th&C NMR spectrum o6 shows a resonance at 186.5
ppm for theC4 attached tdGa (s 155.1 ppm in3) whereas the methylated
carbon (originallyC2 carbenic position i) resonates significantly upfield at

124.4 ppm in comparison with that observed3dgat 201.1 ppm).
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Figure 2.10: Molecular structure of with 50% probability diplacement 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(1L(3) 2.087(3), Ga(1L(29) 1.98(5), Ga(1)C(33) 2.089(5), Ga(E(37)
1.983(5), C(1)XC(4) 1.538(6), C(295a(1)yC(3) 107.34(18), C(29%Ba(1)yC(33) 106.4(2),
C(29)Ga(1)yC(37) 117.3(2), C(33pa(1}yC(3) 107.71(15), C(3Apa(1)yC(3) 109.77(17),
C(37)Ga(1)yC(33) 107.9(2), N(HC(1)1N(2) 107.6(3).

The use of methanol as a quenching reagent resulted in clean conver3ion of
to the abnormal addudlPr-GaR (7) (Scheme 2.9h Notably, 7 is also
formed as a metallation product from the reactior efith the imidazolium

salt IMes-HCI (1,3bis-(2,4,6trimethylphenyl)imidazolium chloride)Scheme
2.99. These findings not only demonstrate that the C2 positio8 iaf the
imidazole ring is its preferred basic site, but also the high strength of-@&4Ga
bond as it is retained in. Furthermorean view of these results it appears that
for GaR; fragmentalPr is a better ligand than the related normal IMes carbene
(obtained from deprotonation of the imidazolium s&theme 2.9; as no
ligand exchange occurs. Compoundvas isolated as a crystalé solid in a
61% vyield and its molecular structure was established byayX
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 hesre dmitted for clarity. Selected
bond distances (A) and bond angles (°): G&) 2.0759(16), Ga(i¢(30) 2.0071(17),
Ga(1)C(34) 2.0262(17), Ga(ir(38) 2.0257(16), C(36pa(1)}C(2) 106.54(7), C(34)
Ga(1)C(2) 102.53(7), C(38Ba(1}C(2) 109.08(7), C@)-Ga(1)yC(38) 114.78(7), C(30)
Ga(1)C(34) 112.42(7), C(38pBa(1)yC(34) 110.63(7), N(HC(1)»N(2) 107.51(14).

The GaC4 bond length (i.e., G&2 in Fig 2.11) of 2.0759(16) A in7 is
significantly shorter than the corresponding bond in the normal confjéhgr
0.1201 A), supporting previous studies which suggest that abnormal carbenes
ar e s t-domarsgless stetically congested, and consequently are able to
form stronger bonds with metal centres. In fact, as previously discusséd for
despite the netdl constitution ofthe aNHC ligand, the strength of this
interaction is similar to that observed for the-G#&ond of the anionic carbene
present irB.

As mentioned above, the only example of an abnormal NHC Ga complex prior
to this workwasreported byRobinsor*3lwhereal P r As@as@okmed while
attempting the transmetallation of mixethium/boron anionic NHC complex
with GaCk. Interestingly the G&carvenedistance of this complex (1.978(3) A)
differs only by 0.097 A to that found f@r(2.0759(16) A). This contrasts with

the markedly different bond distances found when comparingraleant
normal isomer (Ge&Ccarbene bond distance in IPr-GaxX 2.1960(16) A when
X=R (1); vs2.016(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 tGa has a significantly smaller influence than in the normal
adducts.

The'H NMR spectrum of7 in ds-THF solution showed a diagnostic singlet at
9.00 ppm Fig. 2.129 belonging to the H attached to the C2 position of the
carbene, whereas the remaining Hha imidazole ring resonates at 7.20 ppm.
The significant downfield shift of this CGB proton compared to the imidazole
protons ofl and3 can be potentially correlated to its acidity as we have found
that addition of LiR to7 will cleanly and instantly ield 3, whereas when we
attempted deprotonation df co-complexation took place affording (vide
suprd. Similarly to that found in6, the 3C NMR spectrum shows two
informative singlets at 162.8 and 124.4 ppm which can be assigned@d Ga
and NC(H)N regectively.

|
|- JJJJL'L JMJH\__A

9.0 85 8.0 75 7.0 6.5 ppm

Figure 2.12: Comparison of the expanded aromatic regioAtbNMR spectra inds-THF
solution of compound$ (bottom),3 (middle) and7 (top); [Ga] = GaR

Illustrating the generality of these electrophilic interception reactions, we have
next reacted4 with an equimolar amount of allyl bromide a&dvith MesSiCl
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) affordingCsHsC{[ N(2,6-'Pr.CsH3)].CHCGa(CHSiMes)s}] (8)
and [Me&SiC{[N(2,6- PrCsH3)].CHCGa(CHSiMes)s}] (9) in 42 and 61 %
yields respectively§cheme 2.1D

Br/\/ / —
; N
@ THF, RT, 1h - @J
a -NaB A
M = Na ast g N
.................................. R i \D'
RsGa R (8 ~PP
N—Dipp
N
_
D
P OiPp M(THF), 5
{R=CHxSiMe; i
_ N
(b) M=K @ SIMe3
MesSiCl RU AN
Ru-Ga \
THF, RT, 1h 4 (9) Dipp
KCl R

Scheme 2.10Electrophilic interception of anionic NHC complexes 4ayith allyl bromide
and (b)5 with MesSiCl.

Compounds8 and 9 are, like 6 and 7 before, neutral abnormal NHC Ga
complexes obtained as a result of the selective allylatior8ffand silylation

(for 9) of the C2 position of the anionic NHC ligand presert and5, leaving

the C4Ga left intact. Thasolation of9 contrasts with the reactivity reported
by Arnold for a related mixed K/Y complé®] where the silylation occurs at
the C4 position of the anionic carbene, instead af &ilar regioselectivity
has been witnessed by Robinson for polymeridRri, which in this case
affords the C4SiMes substituted free carbe@l Interestingly, by adding
borane to this lithium complex, it is possible to direct the selectivity of the
quench with SiMeCl towards the C2 positidffl

The molecular structures o8 and 9 have been established by-rXy
crystallography Fig 2.13). The GaC4 distances (i.e. C3 and C45 ®and9
respectively) showed very little variation (2.0802(18) and 2.0887(16jpA)
that found in for instancé (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 the33&ond.
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(a) (b)

Figure 2.13: Molecula structure oB (a) and9 (b) with 50% probability displacement
ellipsoids. All hydrogen atoms have been omitted for clarity. For comp8uordy
the CH-CH=CH, fragment is shown. The wunit cell o® contains three
crystallographically independent molecsileith identical connectivity. One of these
molecules is shown here.

Structural analysis o8 revealed it to be a cocrystal which contains>CH
CH=CH, and CH=CHCHs as substituents at the C2 of the carbene in
approximately 2:3 ratio, arising from the patltiallylic rearrangement.
Mirroring this composition insolution, NMR spectroscopic analysis 8f
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 obseved over prolonged periods of time. Despite its complexity,Hhe
NMR spectrum displays four septets for thid &f isopropyl groups, while an
informative resonance at 163.4 ppm is observed for the carbenic carbon. A
similar chemical shift is observed for(167.6 ppm) along with another signal

at 148.8 ppm, which can be assigned toGhe the imidazole ring that is now
bonded to a SiMggroup Fig. 2.19.
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Figure 2.14:C NMR spectrum o8 in C¢D¢ solution.

Compound7, along with1l and 3-5 constitutes a rare example of a series of
normal, anionic and abnormal complexes incorporating the same -metal
coligand partnershipAs far as we can ascertain there are only two other
examples containing the BEE*® and B(GFs)s fragmentd3”3%70
Complementary DFT computational studi@svere undertaken on these three
compounds (i.e.1, 3 and 7) employing the B3LYP methdd 3! and the 6
311G(d,p) basis sé&t! Natural bond orbital (NBO) analysis of the mpised
structures of IPr-GaR(lll rr), alPrGaR (IVirr) and (THF)LI[:C{[N(2,6 -
'Pr,CsH3)].CHCGa(CHSIMes)s}] (Vier) suggest considerable covalent
character of the G& bonds. The Ga natural charges range from +1.43 to
+1.35 and the Wiberg bond indices (VgB of the GaC bonds range from
0.450.64. Contrastingly reflecting the more ionic nature of th€ldontact in
Vipr, the natural charge of Li is +0.88 and the WBI of theCLis 0.08. In
agreement with our experimental findings the estimate€C&aondsn IV ipr
andVipr are significantly shorter (2.146 and 2.054 A, WBIs = 0.56 and 0.53
respectively) than the Ga2 bond in the normal compléht ipr (2.333 A, WBI

= 0.45), although it should be noted that fdner and 1V ipr, the strength of
these Ga&C bmds is somewhat underestimateddé infrg). 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 Gakhit is 0.34, in the case of
adductdll pr andlV ipr thesevalues are @7 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 modelBI ir, IV iIpr andVier which in all case correspond to the
GaC bonding orbitals at #h CH groups of the monosilyl ligands, involving
also in the case of ipr 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.CsHz)].CHCLi(THF)}]n prepared by Robinsdf!
whose HOMO and HOME correspond to the two strongly polarisedQ.i
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 mod#lser, IV pr andVier.

Interestingly,  calculations on the regioisomeric  structure  of
[(THF)oLi{IPr*GaR3s}] (Virr) with the positions of the {GaR and
{Li(THF) 2} " reversed, giving rise to Ga2 and LiC4 coordination modes
([GaRs{IPr*Li(THF) 2}], model VI rr) showed that this model is significantly
less stablgby 11.7 kcal mol) which is consistent with the formation of a
significantly weaker (longer) G& bond (2.272 A foWlpr vs 2.054 A for
Vipr, Figure 2.16).
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QP o3, o

93 ‘ Vier Vi,

2.054 d(C-GayA 2272
c4 2120 d(C-LiyA  2.047
Ga 0.0 Eq/kcal mol' +11.7
M) r . IPr* = [:C{[N(2,6-Pr,CsHa)l,CH}I
)
[(THF),LKIPr*GaRa}] (Vip,) [GaR{IPr*Li(THF),}] (Vle,)

Figure 2.16:Comparison of regioisomeric structuhés, andVl e;.

2.5. Thermal isomerisation

It is rare to find examples where both normal and abnormal isomers have been
structurally characterisét:’®? Amongst them, intriguing studies from the
groups of Layfied®! and Dagorné® have shown that the systems

| Pr AF e ¢ Bl DBSU A Ad riebpectively, thermally isomerise to the
relevant abnormal species although the possible reaction pathways for these
transformations remain obscure. Similarly to our findings for compléxesl

7, in these Fe and Al examples, analysis of the nuatddon distances have
revealed that the abnormal NHCs bind more strongly to the metal centres than
the isomeric normal carbes. These studies also suggest the formation of the
abnormalNHC complex is thermodynamically controlled with steric factors
strongly influencing isomerisation processes. Since compdwnas obtained

using an indirect method (metallation/electrophilieieeption), we pondered

if such types of thermal rearrangement would also be in operation imMvan
heated in solutiongcheme 2.11L

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 2.11Thermallyinduced rearrangement dinto 7.

Indeed, heating ds-benzer solution ofl at 100 °C and monitoring progress
by IH NMR, produced in 77% yield after 10 hRig 2.17and2.18
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Figure 2.17:*H NMR spectrum of mixture af and7 (77%) in GDs solution obtained after
10h of heating of at 100 °C.

L *;ﬂ.
G -

t=7h

£
*
*
] .
*
[ .
*
* | x *
I *

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 thdd NMR spectra for the isomerisation bf
into 7 in CgDe.
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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 obsereeof 1 to 7 was 75%, however extended reaction times
(48h) did not lead to an increase in this conversion.

Previous studies orfB u A Ad hisMe 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 metah fmae n t | rel gfled I P
MgRAPIl and ZnRAPr [R = CHSiMes] were prepared and heated in a
sealed tube. Zn/APr (10) was prepared by mixing agnolar amounts of
ZnR> and IPr in hexane and fully characterised by multinuclear NMR

spectroscopy and-¥ay crystallographic analysigigure 2.19.

Figure 2.19: Molecular structure oflO with 50% probability displacement ellipsoids. All

hydrogen atorm except those on imidazole ring and minor disorder in isopropyl groups are
omitted for clarity. Symmetry operatox, y, -z + 0.5. Selected bond distances (A) and bond

angles (°): Zn(3:C(1) 2.141(3), Zn(}C(15) 2.008(2), C(15¥n(1}C( 1 50) 129. 54
C(15)Zn(1)}C(1) 115.23(9), N(2C(1y)N( 16) 103. 2( 3) .

|l nterestingly nNo i S o0 mersiwhantusing smallers obs
and stronger Lewis acid Gaglas mentioned above, the carbene binds
significantly more strongly to the Ga centre. Relatedthese findings,

reflecting the relevance of the Lewis acidic character of the metal fragment,
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using the alkyl compounds MgRPr’l and ZnRAPr (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 -His32,4,6
trimethylphenyl)imidazeR-ylidene (IMes) and GaRkin hexane atroom

t emper at urszdll) washselatetl GsaaRerystalline solid in 34% yield.
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 ¢s220.0 ppm in fee IMes). Likewise, irtH 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 ppf,in
further supports the formation of the adduct.

Contining the less bulky (IMek§! carbene11 rearranges at a significantly
slower rate thari, showing after 30 hours at 1@ in de-THF a modest 8%

conversion to its abnormal isométidgure 2.20.

7.27
—T7.09

-0.15

-0.23

~~7.01

—a4mn

—-1.06
--1.22

—357
—2.35

—2.1
1.87
—1.73

—0.11

e

/ /
N N
[ D=GaR, [ H
N N FeCp,
\ R3Ga \
Mes |V|eS
*
-
*
*
* L THF THF *
—_— .._*u_.“_ . R S ) .__.J«\lilhAJJ_Aﬁﬁ ._L‘»'LL — .L_)L_ i

T
8 7 6 5 4 3 2 1 0 ppm

H

Figure 2.20:*H NMR of mixture of11 and its abnormal isomer (8 %) t#h-THF solution
obtained after 56 h of heating at 100 °C.
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Contrastingly, 1,ais(ert-butyl)imidazol2-ylidene (IBu) failed to form a
normal adduct with GaRR furnishing instead only the abnormal isome
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allBu-GaR (12) at room temperature within one hour. Isolated as a
microcrystalline yield (43%, but almost quantitative in soluti@@)was not
amenable to single crystal-bdy analysis, however it was characterised by
multinuclear NMR spectroscopy. lhéH NMR spectrum irds-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. Fartiore, an
informative resonance at 158.7 ppm for tbé-Ga is observed if°C NMR
spectrum which is in excellent agreement with the analogous borndadh

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 MBulm).Fe(HMDS)] accompanied with the
extrusion of isobutené® and appears to be more in line with that reported by
Tamm for the B(GFs)a/I'Bu frustrated Lewis pair system (FLP) which has
been used for the activation of small molecules suchyas Blkyres 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 carbef®rane adduct is observEd 3°

¢ isomerisation
Bu tB

[ > + GaRy — @>7

R3Ga

a)

Bu : N :
Y EHMDS =g g
b) tB ! e N
u Bu : | :
£ o
C >+BAr3 — @%
BU Ar3B tBu
c)
/tBU / N/tBu
M < retos)

N HMDS,,, /N
| >:+ Fe(HMDS), ——— L +
N HMDS \N/
\t /\N—f
Bu I\/ Bu

[(‘Bulm),Fe(HMDS),]

Scheme 2.12Comparison of'Bu/GaR; system with relatedBu/BAr; and IBu/Fe(HMDS)
systemd353
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2.6. DFT calculations

Encouraged by the formation of seveaHC-Ga complexes using #hi
approach, we performed theoretical calculations at the DFTféeshploying

the B3LYP method>"® and the 6311G(d,p) basis dé&t 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 (Il ipr) and alPrGaRs (IV irr) showsgeneral good agreement with
those found experimentally from the-rgy determinations ofl and 7
respectively Table 2.2 although for both models there is a slight
underestimation of the strength of the-Gameneinterac t i o n -C)al-d ( Ga
d(GaC)exp) = 0.137 and 0.070 A fak and7 respectively). Interestingly model

IV ipr was computed to be more stable thiamer by just 1.5 kcal mot.

Table 2.2:Modelled structures and relative energies of Ntld d u ¢ t s3 (Il PraiGa R

al Pr A@®arR
| Pr AsGa R a Pr AsGaR
¥ z r*/
9
Erelative 1.5 kcal mot? 0.0 kcaI mol*
calculated I »r) experimentalI) caz:i:/ullpa)ted expe(n?r)nental
Ga('AC)N”C 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 dfheory,free alPr was also found to b#&6.2 kcal mot
less stable thaits normal isomer IPNotably, the dissociation energy I&f ipr
was found to be 17.7 kcal mblhigher than forlll ipr (Scheme 2.18 in

agreement with our experimental findings which suggest a greater donor
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ability of the abnormal NHC ligand for the Bafragment when compared to

its normal isomer.

R* R*

/ /2

N N . R*  Model AE
[ >:—>GaR3 _— [ >: + GaR; | Dipp i,  +5.7

N N :~ Mes I"IMes +11.8

\ \ T

R* I R*

R* 5’ R* Model AE

r
H /
YN H N i i E
Orneo—— oo & 2t
W N : 9
R v R

Scheme 2.13Est i mat ed di ssoci at i'ofconplexedll gndd/s ( PE) |
(R* = Dipp, Mes tBu).

These studies were extended to the related carbenes IMé'BanBor IMes,
which is less sterically demanding than IPr, the order of stability ofes and
IV ves is reversed; with the normal isomil ives being 2.1 kcal mol more
stable Figure 2.21). Interestingly, the energy difference between fldes
and IMes of +16.8 kcal mdi is almost identical to that for fremPr and IPr.
As shown inScheme 2.13the calculated values for the dissociation energies
of 11l imes andlV ves follow the same trend as described for the IPr complexes,
although now the disgiation of IMes-GaR (lll ives) is noticeably more
endothermic (by 6.1 kcal mé) than in IPr-GaR (lll irr). These subtle but
significant changes in the energy values could explain the lower conversions
observed exper i meg(itl)dsihéatd ingshre(max Maelds A Ga R
8% for alMes-GaR, vide supra , as the disseoismadagi on

thermodynamically challenging.
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"
9
SIf
IMes-GaR; (Illjpyes) alMes- GaR3 (IVimes)
(0.0 kcal mol) (+2.1 kcal mol ")

Figure 2.21:Modelled structures and relative energies of NatiductdIl mes andlV mes.

A more dramatic effect is observéor I'Bu, which containing aliphatitBu
substituents, is significantly bulkier than IPr, more basic and therefore a better
donor, from an electronic perspective. Notably attempts to optimize the
structure of '‘Bu-GaRy were unsuccessful, as all the ob&lmrmodels showed

no stabilisation compared to the separate constituhtsahd GaR This lack

of coordination between'Bu and GaR can best be explained by steric
incompatibility of 'Bu and monosilyl groups and supports our experimental
findings that wnen IBu and GaRare mixed at RBI'Bu-GaRs (12) is formed.

The dissociation energy for this abnormal complex was found to be +23.9 kcal
mol!(Scheme 2.18

Collectively these computational results not only offer further support for the
greater donor ality 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 slightiglaghermic, whereas for IPr and
I'Bu, the formation of the abnormal complexes is thermodynamically favoured

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

2.7. Mechanistic implications

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

mixture ofl and GaR (two equivalents) was heated at P@in ds-THF, the
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formation of 7 becomes significantly slower (46% conversion observed fte
h), which can be rationalised in terms of the effect that the excess of this
reagent will have in the equilibrium depictediquation 2.1, namely shift it

towards the left.

[GaR3-IPr GaRj + IPr]

Equation 2.1: Proposed equilibrium df 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 invaivéds
isomerization process, kinetic analysis of a NMR scale reactipn Q22 M)
performed at 10 in ds-THF revealed a pseudterothorder kinetics over a
period of twehalf lives (64% conversion). Under these conditions the
maximum conversion obsexd oflto 7 was 75%, while the extended reaction
times (48h) did not lead to an increase in this conversion. An identical
experiment using IP&aR; (1°) (IP° = 1,3-bis(2,6di-isopropylphenyh4,5-
dideutereimidazolin-2-ylidene’®! allowed the comparison of the subsequent
zero order rate constants, revealing no observable Kttie 2.22).

y =5.26E-05x + 1.21E-02
R*=9.86E-01 0.02

y =5.26E-05x + 1.17E-02
R*=9.77E-01

0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
t/s t/s

Figure 2.22: Kinetic aralysis performed on the 0.22 M-THF solution ofl (left hand
side) andL® (right hand side) at 100 °C.

These findings suggest that the bond cleavage of thHd @ IPr ligand is
unlikely to be ratedetermining step in the isomerisation process. Encedrag

by these findings we chose to study further the mechanism of this process
using the method of initial raté®8] Attempts to study transformation dfinto

7 under pseuddirst-order condibns (using a 10 molar equivalent excess of
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GaRs per complexl) completely inhibited the isomerisation process, however
initial rate experiments could be successfully condudsedherisation ofl into
7 in dg-THF at 323K Scheme 2.13was monitored using situ NMR spectroscopy

by following the appearance of the resonance assigned to theaeweB bond (9

ppm).

/Dipp /Dipp
N N
323 K, dg-THF
[ >:—>GaR3 8 @>7H
N ¥ N
\ . R3Ga \ .
Dipp Dipp

(1) (7)

Scheme 2.14lsomerisation ofl into 7 at 323 K inds-THF studied by initial rate
experiments.

The percerdgge of conversion was restricted 1073% in order to calculate the initial

rate (k) of the reaction. The data were plotted as molar concentration of the product
versus time vyielding straight lines, which were fitted by conventional linear
regression &> 0.96) and g values were obtained from the corresponding slopes. A

sample plot is shown iRigure 2.23

r,=5.04x10°

0 ‘I . ) ) 1
0 2000 4000 6000
t/s

Figure 2.23:Initial rate over 4800 s (0.42 M [IPrGgR

To investigate the effect of [IPrGgR 1) on the reaction rate, four experiment were
caried out varying the concentration bfn the range 0.110.42 M and a first order

dependence was revealédgure 2.24).
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[MIM ry-108 (Ms™) 6
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Figure 2.24:Initial ratesversusc onc e nt r at i, ¢pfor sdmerisafian AfiGreoR’
in de-THF at 323 K and at given indi concentration of.

Firstorder dependence is also observed for the concentration of IPr ([IPr] =
0.290.55 M) as shown inFigure 2.25 which is consistent with the
dissociative step previously discussed and the involvement of free IPr in the

isomerizaion process.

[MIM  [IPFIM 1,108 (Ms) 81

".‘m 6 -
0.29 3.26 + 0.08 L v=12137x
0.29 0.07  467+0.05 ~4 | R*=0.9873

(@)
0.29 0.15 5.71 +0.15 :;2 |
0.29 0.26 6.40 + 0.09 .

0 0.2 0.4 0.6
[IPr]/ M

Figure 2.25: Initial ratesversusconcentration of [IPr] for isomerisation dfinto 7 in ds-
THF at 323 K and at given initial concentrationlaind IPr.

By contrast to IPr, a negative order-afis observed for the concentration of
GaR3 ([GaRs] = 0.320.74 M) as shown irFigure 2.26

4 -
4
.106 -1 T3 A
[MIM  [GaR;]M  ry10° (Ms™) . = 15563 ;
0.32 0.16 3.39 +0.04 >~2 R*=0.9898
o
—
0.32 0.31 2.30+0.02 <1
0.32 0.42 2.06 + 0.04 0
0 0.5 1 1.5 2 2.5
[GaR,]1/ M1

Figure 2.26: Initial ratesversusconcentration of [Gagk* for isomerisation ol into 7 in ds-
THF at 323 K and at given initial concentrationlaind GaR.
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A plausible interpretation of these resuls that the isomerisation process
takes place by the partial dissociation lofwhich 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 Gapimplex1
(Scheme 2.1k Consistent with this interpretation, the formatiorabBuGaR;

(12) from an equimolar mixture ofBu and GaR occurs under much milder
conditions (room temperature, 60 minutes) than7omm this case'Bu and
GaR; fail to form a stable normal adduct, thus a dissociation step is not
required. NMR studies of equimolar amounts ofiBaR; (1P) and 3 Pr AGs
(1) in dg-THF were carried out in order to assess if the transformatiane?
occursvia 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.

Dipp Di
! ] pp
N N
E >:—>GaR3 ~— E >: + GaR3
N N
\ \
4 Dipp Dipp
Dipp
N
GaRj3 E >:—> GaR,
N
\
Dipp
Dipp Dipp [ Di Dipp |
/ ; ! pp ! pp
N N N® N
O+l [ > @£>;
¥ N N N N
R3Ga \ \ \ R3Ga \
7 Dipp Dipp | Dipp A Dipp |

Scheme 2.15Proposed mechanism for the isomerisatiot iofto 7.

This proposednodus operands similar to that described for the activation of
small molecules such as acetylenéb or amines using NHC/borane FLP
systems, that, as mentioned before, in the absence of another substrate form
the relevant abnormaaNHC-BAr; adducts (Ar = GFs or XyFe).B"39 In

particular the reactivity ofl can be related to that described by Tamm for
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I'B u A B (g)XthaF forms a stable normal adduct at room temperature but
heating at 119 isomerizes taal'B u A B ()X YHs system exhibits FLP
reactivity and can givate CQ, HCCPh and THFScheme 2.151

/[Bu /tBU
N N
© toluene, 15 min O H
| @)—B(XyFe)s
X 110 °C ¢
\ (XyFg)3B \
‘Bu Bu
isomerisation
/tBu
N CPh
HC=CPh Il
- @>>7H C
benzene, RT, 20 min ol
________________________________ N\ B(XyFe)s
XyFe = 3,5-(CFa)sCeHz  BU C-H activation

Scheme 2.16:The formation of abnormal NH8orane complex andUP activation of
phenylacetylene by the same normal Nbi@@ane complex under different conditidifs.

This could lead to the formation of theeansient iompair species [IRr
H]'[IPr*GaRs]" (A in Scheme 2.1p (IPr* = :C{[N(2,6-iPr.CeHz)].CHC),
comprising an imidazolium cation and an Nid@llate containing an anionic
NHC (which on the basis of the constitution of lithium gallatet could be
expected to have its Ga center coordinated to the C4 position).

This reactivity can be interpreted i
concept recently introduced by Papai which refers to the thermal activation of
strained dative bonds of bulkyelvis donoracceptor pair§! IntermediateA

will evolve fast with the irreversible formation abnormal complex and the
regeneration of free IPr. This proposed behaviour mirrors that described in
Scheme 2.9cfor the protonation of the anionic carbene preserg 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 intermediads a transient species

has never been expmentally observed, howevamodel for the energy of its
formation has been calculated@he formation of intermediatéd from two
molecules of free IPr and a molecule of GaRs found to be endothermic by + 11.7

kcal mol* (Figure 2.27). Several modelsfahe analogous intermediate, which would
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be formed from free carbenes and has nof&aRBrdinated, 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 and GaR to afford
intermadiateA.

2.8. Conclusions

Progressing maigroup NHC chemistry, this systematic study of the synthesis
and stability of abnormal NHQ@allium complexes has demonstrated two
alternative and efficient methodologies to accedéBrGaR (7). Studies
investigating he 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 {5aR
addition (indirect stepwise gallation), to affordheteroleptic gallate
(THF)2LI[:C{[N(2,6 - ProCsH3)].CHCGa(CHSiMes)3}]  (3). Electrophilic
interception of3wi t h Me OT f or t he i mi dazol i um
isolation of neutral abnormal NHCaNHC) complexes [CBEC{[N(2,6-
'Pr,CsH3)].CHCGa(CHSiMes)s}] (6) and alPrGaR (7). These studies
disclose the preference of the anionic IPr ligand presehtarreact with these
electrophiles via its C2 position, leaving its G@&4 interaction intact.
Compound? can also be accessed by a thermally induced reamemjeof its
normal i s o mer 3 |(1).r NM& aspPectroscopic 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 at®wf 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 maybiexhi
Mechanistic studies intimate that these processes occur via-@etatenining
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(CH:SiMe3)s] (1) Equimolar amounts of

/Dipp Ga(CHSIMez)s (0.36 g, 1 mmol) and bis(26

N diisopropylphenylimidazeR-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 util 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
CaoHeoN2SizGa: C, 65.06; H, 9.66; N, 3.89. Found: C, 65.00; H, 10.08; N,
3.94.
IH NMR (298 K, CsDs) U -0.95 (6H, s, El>SiMes), 0.18 (27H, s, Si(83)3),
0.94 (12H, d, CH(E3)2), 1.39 (12H, d, CH(B3)2), 2.71 (4H, sept,
CH(CHs3)2), 6.40 (2H, s, imidazole backboneHy; 7.11 (4H, d,mCH), 7.26
(2H, t,p-CH). 13C{1H} NMR (298 K, CsDs) i OCH#BiMg&3), 3.6 Si(CHs3)3),
23.0 (CHCH?3)2), 26.0 (CHCH3)2), 29.0 CH(CHg)2), 124.3 (n-CH), 124.4
(imidazole backbon€H), 130.7 p-CH), 136.3 (-C), 145.8 ¢-C), 186.6 C:).
1H NMR (298 K, ds-THF) U -1.13 (6H, br s, E3SiMes), -0.20 (27H, s,
Si(CH3)3), 1.14 (12H, d, CH(B3)2), 1.36 (12H, br s, CH(83)2), 2.76 (4H,
sept, GH(CHz)2), 7.327.48 (8H, mult, imidazole backboneHC+ ArCH).
3C{*H} NMR (298 K, ds-THF) U 0 CHaSIMEs), 3.4 (SiCHa)3), 23.6
(CH(CH3)2), 25.9 (CH(CHa3)2), 29.5 CH(CHs)2), 124.7 (mCH), 126.0
(imidazok backboneCH), 130.9 p-CH), 137.5 {(-C), 146.76-C). Carbenic C

could not be detected.
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2.9.2. Synthesis of [IPrLiGa(CH2SiMes)4] (2) Li(CH2SiMes) (1M in
Dipp pentane, 1 mL, 1 mmol) was added to a solution of:GaR

/

N R R (0.33 9,1 mmolin 10 mL hexane) and stirred forath
[N>'_'L'\R/G3~R room temperature. To this suspension of [LidaRan
\

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 hassdblved. Slow cooling of the resulting
solution afforded Xray quality crystals. The mixture was then concentrated
and kept at26 °C for a couple of days to yield a crop of colourless crystals
(0.39 g, 48%). Anal. Calcd for4gHsoN2SisLiGa: C, 63.36; H, 0.02; N, 3.44.
Found: C, 63.01; H, 10.37; N, 3.54.

IH NMR (298 K, CsDe¢) U -0.96, -0.91 (8H, s, El-SiMes), 0.21 (36H, s,
Si(CHg)3), 0.97 (12H, d, CH(B3)2), 1.32 (12H, d, CH(B3)2), 2.65 (4H, sept,
CH(CHg)2), 6.34 (2H, s, imidazole backboneHy; 7.08 (4H, dm-CH), 7.22

(2H, t,p-CH). 'Li NMR (298 K, CeDe): i 0. 80 .pooBselubiityt’ce o f
spectrum was not obtained. By switching to the donor solkkemtHF it was
evident from'H and’Li that the cecomplex was broken and the free IPr and

LiGaRs were identified.

2.9.3. Synthesis of (THFYLI[:C{[N(2,6 -Pr2CeH3)]2CHCGa(CH2SiMes)3}]

/Dipp (3) Li(CH2SiMes) (1 mL, 1M in pentane, 1 mmol)
N was addedsia syringe to a suspension of IPr (0.39
JI >=—>Li(THF)2

g, 1 mmol) in hexane (10 mL) at room temperature
ReGa N\Dipp to form a white suspension. After stirring overnight,

a hexane solution of Ga(GCHiMes)s (0.33 g, 1
mmol in 5 mL hexane) was addeda 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 &80 °C provided datch of colourless crystals (0.44 g,

56 %). Anal. Calcd for &zHs4N2SisLiO>Ga: C, 64.88; H, 9.73; N, 3.22. Found:
C, 65.00; H, 10.08; N, 3.65.

IH NMR (298 K, ds-T HF ) -1.i8 (6H, s, ®.SiMes), -0.17 (27H, s,
Si(CH3)3), 1.071.11 (12H, mult, CH(E3)2), 118 (6H, d, CH(®3)2), 1.29
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(6H, d, CH(QH3)2), 3.0 (4H, mult, EG(CH3)2), 6.64 (1H, s, imidazole
backbone @), 7.167.34 (6H, mult,m-CH + p-CH). 3C{*H} NMR (298 K,
ds-THF) U 0 .CHI2SiMgs), 3.6 (SiCHas)3), 23.2 (CH(CHs)2), 24.8
(CH(CH3)2), 25.2 (CH(CHa3)2), 26.7 (CHCHz3)2), 28.4 CH(CHs)2), 28.6
(CH(CHa)2), 123.4 p-CH), 124.00-CH), 127.8 (n-CH), 128.7 (n-CH), 129.2
(imidazole backbon€H), 140.1 {-C), 143.6 {-C), 147.1 ¢-C), 147.3 ¢6-C),
155.0 C-Ga), 201.5C:). 'Li NMR (298 K, ds-THF): a 0. 12.
IH NMR (298 K, GsDs) U -0.60 (6H, s, El2SiMes), 0.40 (27H, s, Si(83)3),
1.01 (12H, mult, CH(El3)2), 1.06 (8H, mult, THF), 1.27 (6H, d, CHKg)>),
1.58 (6H, d, CH(Els)2), 2.56 (8H, mult, THF), 3.00 (2H, septH(CHz3)>2),
3.21 (2H, sept, H(CHs)2), 6.99 (1H, s,imidazole backbone i), 7.0-7.2
(mult, ArCH overlapping with GDg).
2.9.4. Synthesis of (THF}Na[:C{[N(2,6-Pr2CsH3)]2CHCGa(CH2SiMe3)3}]
Dip (4) Equimolar amounts of Na(GSiMes) (0.22g, 2
N/ mmol) and IPr (0.8 g, 2 mmol) were suspended in
JI >:_>Na(TH|:)3 hexane (10 mL) and stirredrf2h at room temperature.
R;Ga N\ To the obtained slurry, a hexane solution of
Dipp Ga(CHSiMes)s (0.66 g, 2 mmol in 10 mL hexane) was
addedvia cannula and stirred over night at room temperature. The reaction mixture
was then concentrated to approximately 5 mL anallof THF was added to afford
a straw solution. Overnight storage of the solution3ét °C provided a batch of
colourless crystals (1.36 g, 71 %3). It should be noted that two coordinated THF
molecules are lost upon drying vacuo Anal. Calcd for GsH7eN2SisNaOGa: C,

63.44; H, 9.41; N, 3.44. Found: C, 63.21; H, 9.44; N, 3.70.

'H NMR (298 K, CeDs) U ( p@an(BH, s, El-SiMes), 0.37 (27H, s, Si(83)3),
1.04 (12H, d, CH(El3)2), 1.31 (20H, mult, CH(B3). + THF), 1.57 (6H, d,
CH(CHs)2), 3.00 (2H, sept, B(CHs)2), 3.09 (14H, mult, THF), 3.21 (2H, sept,
CH(CHz)2), 6.99 (1H, s, imidazole backbonédy; 7.08 (2H,p-CH), 7.167.21 (4H,
mult, m-CH overlapping with @Ds). ¥C{*H} NMR (298 K, CeDs¢) U ( p pOn2)
(CHzSiMes), 3.8 (SiCHa)3), 23.3 (CH(CHa)2), 24.8 (CHCHa)2), 25.3 (CHCH?3)2),
25.5 (CHCH3)2), 27.9 CH(CHa)2), 28.1 CH(CHs)2), 123.4 (AFCH), 123.7 Ar-
CH), 124.5 (AfrCH), 128.5 (AFCH), 129.2 (imidazole backbor@H), 139.1 (ArC),
142.7 (AFC), 146.8 (ArC), 146.9 (ArC), 156.0C-Ga), 198.6C:).
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'H NMR (298 K, ds-THF) U (-1p1B rf6H, s, E:SiMes), -0.17 (27H, s,
Si(CH3)3), 1.091.19 (12H, mult, CKICHs)2), 1.30 (6H, d, CH(E3)2), 3.0 (4H, mult,
CH(CHzy)2), 6.64 (1H, s, imidazole backbondd{; 7.187.36 (6H, mult,m-CH + p-

CH). BC{*H} NMR (298 K, ds-T HF ) U 0.9 @HSiMes3), 3.7 (SiCHs3)3), 23.3
(CH(CH3)2), 25.1 (CH(CH?3)2), 25.3 (CHCH3)2), 26.4 (GH(CH3)2), 28.5 CH(CHa)z2),

28.6 CH(CHa)2), 123.6 (ArCH), 124.1 (ArCH), 127.9 (ArCH), 128.8 (ArCH),

129.5 (imidazole backbon€H), 139.1 (ArC), 142.7 (ArC), 147.3 (ArC), 147.5
(Ar-C), 155.2 C-Ga), 202.8C:).

2.9.5. Synthesis of (THF)3K[:C{[N(2,6 -'Pr2CeH3)]2.CHCGa(CH:2SiMe3)3}]
Dipp (5) Equimolar amounts of K(C#$iMes) (0.26 g, 2

/

N mmol) and IPr (0.8 g, 2 mmol) were suspended in
£N>'+ K(THF)s hexane (10 mL) and stirred for 2h at room temperature.
\

RaGa Dipp To the obtained slurry, a hexane solution of
Ga(CHSiMes)s (0.66 g, 2 mmol in 10nL 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 &0 °C provided a baltcof colourless crystals
(1.48 g, 76 %)lt should be noted that one coordinated THF molecule is lost upon
drying in vacuo Anal. Calcd for G7HsaN2SisKO2Ga: 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) u (-1p1p rf6H, s, ESiMes), -0.17 (27H, s,
Si(CHas)3), 1.09 (12H, d, CH(83)2), 1.17 (6H, d, CH(E)2), 1.29 (6H, d,
CH(CHa3)2), 3.02 (4H, mult, €I(CHs)2), 6.59 (1H, s, imidazole backbonély; 7.15
7.28 (6H, mult,m-CH + p-CH). 13C{'H} NMR (298 K, ds-THF) U ( p p2)
(CH2SiMez), 3.7 (SiCH3)3), 23.2 (CHCHS3)2), 24.9 (CHCH3)2), 25.3 (CHCHs3)2),
26.4 (CHCHa3)2), 28.4 CH(CHzg)2), 28.6 CH(CHa)2), 123.2 (ArCH), 123.7 (AF
CH), 127.6 (ArCH), 128.2 (ArCH), 128.6 (imidazole backbor@H), 140.8 (ArC),
144.3 (Ar-C), 147.3 (AkC), 147.4 (AkC), 153.6 C-Ga), 210.7C:).

2.9.6. Synthesis of [CHC{[N(2,6-'Pr2CeH3)]2CHCGa(CH2SiMe3)z}] (6) A
toluene solution 08 (0.43 g, 0.5 mmol in 15 mL of toluene) was cooled down
to -80 °C and stirred for 20 min. To this slurgytoluene 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 exchangenh vacuoto hexane (5 mL)a 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 -Xay quality crystals. This mixture was then kept
overnight at-30 °C to yield a crop of colourless cralst (0.25 g, 68%). Anal.
Calcd for GoH7iN2SisGa: C, 65.28; H, 10.00; N, 3.81. Found: C, 65.04; H,
9.91; N, 4.08.
IH NMR (298 K, ds-THF) U -1.09 (6H, s, El>SiMes3), -0.13 (27H, s,
Si(CH3)3), 1.09 (6H, d, CH(E3)2), 1.20 (6H, d, CH(Es)2), 1.36 (6H, d,
CH(CHs)2), 2.04 (3H, s, E3), 2.51 (2H, sept, B(CHz)2), 2.72 (2H, sept,
CH(CHsa)2), 7.13 (1H, s, imidazole backbone), 7~B848 (mult, 6H, A-CH).
BC{H} NMR (298 K, ds-THF) U 0 CHaSiME&z), 3.5 (SiCH3)3), 12.2
(CH3), 24.0 (CHCHas)2), 24.4 (CHCHs3)2), 24.9 (CHCH3)2), 25.4
(CH(CHs3)2), 28.9 CH(CHz)2), 29.3 CH(CHg)2), 125.3 (m-CH), 125.8 (-
CH), 130.0 p-CH), 131.7 (imidazole backboneH), 132.1 ¢-CH), 132.1{-
C), 135.1 {-C), 145.0 (NCMeN), 146.3 ¢-C), 146.5 6-C), 161.2 C-Ga).

2.9.7. Synthesis of fIPrGa(CH 2SiMes)s] (7) To a THF solution 08 (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 asiiired for 6h at

/
N
—H ) ) .
/.,@ room temperature. The mixture was filtered through Celite
R3Ga \
Dipp
concentrated t@a.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 at30 °C to afford colourless crystals tile compound (0.22 g, 61%).
Anal. Calcd for GeHsoN2SizsGa: C, 65.06; H, 9.66; N, 3.89. Found: C, 65.42;
H, 9.76; N, 4.19.

IH NMR (298 K, CsDes) U -0.67 (6H, s, El2SiMes), 0.29 (27H, s, Si(H3)3),
0.85 (6H, d, CH(EI3)2), 0.91 (6H, d, CH(E3)2), 1.07 (6H, d CH(CH3)2),
1.41 (6H, d, CH(®3)2), 2.37 (2H, sept, B(CHz)2), 2.73 (2H, sept,
CH(CHsa)2), 6.93 (2H, dm-CH), 6.94 (1H, s, imidazole backbondd¥; 6.97
(1H, s, C2H), 7.08 (2H, dm-CH), 7.1%7.23 (2H, two tripletsp-CH).
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IH NMR (298 K, ds-THF) U -1.07 (6H, s, (H.SiMes), -0.13 (27H, s,
Si(CH3)3), 1.10 (6H, d, CH(E3)2), 1.18 (6H, d, CH(E3)2), 1.27 (6H, d,
CH(CH3)2), 1.38 (6H, d, CH(E3)2), 2.59 (2H, sept, B(CHz)2), 2.77 (2H,
sept, GH(CH3)2), 7.19 (1H, s, imidazole backboneH{; 7.357.41 (4H, two
doubkts, m-CH), 7.487.58 (2H, two triplets,p-CH), 9.00 (1H, s, CH).
BC{H} NMR (298 K, ds-THF) U -0.1 (CH:SiMes), 3.4 (SiCHz)3), 22.9
(CH(CH3)2), 24.6(CHCHa3)2), 24.9 (CHCHs3)2), 26.7 (CHCHs)2), 29.1
(CH(CH3)2), 29.3 CH(CHa)2), 124.6 (nCH), 125.2 (nCH), 131.1 p-CH),
131.2 (imidazole backboreH), 131.8 p-CH), 132.1 {-C), 135.6 {-C), 139.2
(NCHN), 146.5 6-C), 146.7 6-C), 162.8 C-Ga).
2.9.8. Synthesis of [C3HsC{[N(2,6-'Pr2CeH3)]2.CHCGa(CH2SiMes)s}] (8)
Dipp To a THF solution o#4 (0.48 g, 0.5 mmol in 5 mLforHF)
N/ al | yl bromide (0.06 g, 43 ¢lL,
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 stored3& °C to
afford coburless crystals of title compound (0.16 g, 42%). Anal. Calcd. for
Ca2H73N2SisGa: 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 GH=CH
CHs and CH-CH=CH: fragmerts.

'H NMR (298 K, ds-THF ) U (Ogp (@H, mult, El.SiMes), -0.29 and-0.33
(27H, s, Si(®3)3), 0.8%£1.46 (24H, mult, CH(E3)2), 2.35 (0.8 H, mult, B(CHa)>),
2.51 (1.2 H, mult, €(CHz)2), 2.70 (0.8 H, mult, 6(CHs)2), 2.85 (1.2 H, mult,
CH(CHs)2), 2.95 (0.5 H. d, CH=CKCH3), [4.12, 4.36, 4.54, 4.67, 5.00, 5.60]HE&
CH=CH, + CH=CH-CHzs), 6.88 (7H, mult, imidazole backboneHC+ Ar-CH),
B3C{IH} NMR (298 K, ds-THF) U ( p pO8) CH2SiMes), 3.6 (SiCHz3)s3), 22.6
(CH(CHs3)2), 22.8 (CH(CH?3)2), 23.0 (CHCH?3)2), 23.7 (CHCH3)2), 23.8 (CHCH3)2),
23.9 (CHCHs)2), 24.4 (CHCHz3)2), 24.5 (CH(CHa)2), 24.6 CH(CHs)), 26.4
(CH(CHa)2), 28.3 CH(CHa)2), 28.4 CH(CHa)2), 28.5 CH(CHs)2), 28.7 CH(CHs)2),
30.1 (CH=CHCHj3), [114.2, 115.9, 120.3, 124.1, 124.4, 124.6, 124.7, 124.8, 125.1
CH>-CH=CH, + CH=CH-CHjg], [130.1, 130.2, 130.5, 130.8, 130.9, 131.2, 131.4,
131.7 aromaticCH + imidazole backbon€H ], [134.1, 134.7, 136.6 AC], 141.6
(C2-C), [143.7, 145.5, 145.6, 145.7-8), 163.4 C-Ga).
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2.9.9. Synthesis of [Me3sSiC{[N(2,6-'Pr2CeH3)]-.CHCGa(CH2SiMes)3}] (9)

Dipp To a THF solution 06 (0.49 g, 0.5 mmol in 5 mL of THF)
N/ dried TMSCI (0. 05 g, 6 3 eL,
/,_@ SiMes inducing precipitation. Obtained suspension was stirred for
RsGa \ 1h at room temperature and then filtered through Celite.

Clear filtrate was layeredith 2 mL of hexane and stored
at-33 °C to afford colourless crystals of title compound (0.24 g, 61%). Anal. Calcd
for Cs2H77N2SisGa: C, 63.68; H, 9.80; N, 3.54. Found: C, 62.89; H, 9.46; N, 3.60.

'HNMR (298 K, CeDe) U ( @697(6H, s, Gl.SiMes), -0.46(9H, s, SitHs), 0.33
(27H, s, Si(®3)3), 1.03 (6H, d, CH(E3)2), 1.09 (12H, d, CH(8)2), 1.40 (6H, d,
CH(CH3)2), 2.40 (2H, sept, B(CHs)2), 2.76 (2H, sept, B(CHs)2), 6.95 (2H, d, Ar
CH), 7.04 (2H, d, Ar CH), 7.127.21 (3H, mult, A*CH + CH imidazole bakbone).
BC{*H} NMR (298 K, ds-THF) U ( p p-®M5% (SCH3), 1.3 CH:SiMes), 3.7
(Si(CHa)3), 21.6 (CHCH3)2), 24.3 (CHCH3)2), 25.1 (CHCH3)2), 28.0 CH(CHa)2),

28.5 CH(CHa)2), 28.9 CH(CHs)2), 124.2 (AFCH), 124.4 (ArCH), 130.5 (ArCH),

131.4 (ArCH), 133.1 (ArC), 135.3 (imidazole backboreH), 137.3 (ArC), 145.3
(Ar-C), 146.5 (ArC), 148.8 C-SiMes), 167.6 C-Ga).

2.9.10Synthesis of [IPrZn(CHz2SiMes)z2] (10) Zn(CH:SiMes)2 (0.92 mL, 0.54
Dipp M in hexane, 0.5 mmol) was addei@d 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 Xray quality crystals (0.22 g, ). Anal. Calcd for
CssHssN2SiZn: C, 66.90; H, 9.30; N, 4.46. Found: C, 66.67; H, 9.46; N, 4.81.
IH NMR (298 K, CsDs) U -0.99 (4H, s, El>SiMes), 0.10 (18H, s, Si(Hs)3),

1.00 (12H, d, CH(Es)2), 1.34 (12H, d, CH(8s3)2), 2.82 (4H, sept,
CH(CHsa)2), 6.44 (M, s, imidazole backboneH}, 7.11 (4H, dmCH), 7.23
(2H, t, p-CH). 3C{H} NMR (298 K, CeDs) U -0.8 (CH:SiMes), 3.9
(Si(CHg)3), 23.4 (CHCHs3)2), 25.3 (CHCHz3)2), 28.7 CH(CHs)2), 123.3 (n+

CH), 124.5 {midazole backbone i), 130.5 p-CH), 135.6 {-C), 145.6 (0-C),
192.2 C).
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29.11Synt hesi s o f 2SiMed)s M@ B AQ@anplar Hamounts of
}\/Ies Ga(CHSiMe3)s (0.36 g, 1 mmol) and bis(1,3,5
N trimethylphenyl)imidazeR-ylidene (IMes) (0.30 g, 1 mmol)
[N>:*GaR3 were mixed in hexane (10 ml) and stirred for one hour at room
}Vles tempeature. The resulting orange solution was concentrated to
the half of its volume and placed @7 °C to yield a crop of orange crystals
(0.22 g, 34%). Anal. Calcd for sgHs7N2SisGa: C, 62.34; H, 9.04; N, 4.41.
Found: C, 62.45; H, 9.52; N, 4.77.
IH NMR (298 K, CsDs) U -0.91 (6H, s, El2SiMes), 0.22 (27H, s, Si(83)3),
1.99 (12H, s, E3), 2.16 (6H, s, E3), 5.92 (2H, s, imidazole backboned§;
6.77 (4H, d,m-CH). 3C{H} NMR (298 K, CeDe¢) U -0.6 (CH2SiMes), 3.5
(Si(CH3)3), 18.2 CH3), 21.1 CH3), 122.9 (n-CH), 129.6 (imdazole backbone
CH), 135.3 p-CH), 135.9 {-C), 139.6 ¢-C), 182.2 C)).
2.9.12Synthesis of al'‘BuGa(CH2SiMes)s] (12) Equimolar amounts of
'Bu Ga(CHSiMes)s (0.17 g, 0.5 mmol) and bis(tert
N/ butyl)imidazole2-ylidene (fBu) (0.09 g, 0.5 mmol) were
i@%” mixed in 5 mL hexae. 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 g43 %). Anal. Calcd. for: &Hs3GaNSis: C, 53.99; H, 10.44;
N, 5.48. Found: C, 53.43; H, 10.07; N, 5.40.
IH NMR (298 K, ds-THF) 0 -0.73 (6H, s, El:SiMes), -0.13 (27H, s,
Si(CH3)3), 1.60 (9H, s, C(B3)3), 1.67 (9H, s, C(83)3), 7.07 (1H, s, imidazole
backbme H), 8.36 (1H, s, CH). 13C{H} NMR (298 K, ds-THF) U4 1. 9
(CH2SiMes), 3.4 (SiCHB3)3), 29.9 (CCHa3)3), 30.8 (CCH3)3), 57.8 C (CHz)3),
59.8 C(CHs3)3), 127.0 (imidazole backbon€H), 130.1 (NCHN), 158.7 C-
Ga).
IH NMR (298 K, CsDs) U -0.23 (6H, s, El2SiMes), 0.33 (27H, s, Si(83)3),
0.87 (9H, s, C(El3)3), 1.33 (9H, s, C(BE3)3), 7.09 (1H, s, imidazole backbone
CH), 7.21 (1H, s, CH). 13C{*H} NMR (298 K, CeéDe) I 2CHgEBiIME&s3), 3.6
(Si(CH3)3), 29.3 (CCH3)3), 30.4 (C(CHpz)3), 56.5 C(CHs)3), 59.1 C(CHs)3),
126.6 (imidazole backbor@H), 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 molecoldnitalbased principle for
reactions describing dative doracceptor adducts where molecules are caisepb

as electrorpair donors and acceptdts.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 ®rown,
Wittig®4 and Tochterman® 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 andvearkers, who while investigating the use

of boranes anthorate salts as activators for olefin polymerization, began to explore
combinations of bulky phosphid#rane systems. It was these B/P systems that were
shown to heterolytically cleave o;Hn a cooperative manner, displaying unique

reactivities typicallyreserved for transitiometal complexesScheme 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 3.1Heterolytic cleavage of hydrogen by a bulky phospiiosne systerfi.

Defined as a sterically encumbered Lewis pairs which evadegseifching by
formati on of a Aiclassical o Lewi s adduct

fiavai tbeedctwtha third moleculé St ephanés seminal wor
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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 eyr@wing scope of small molecules that can
be activatedd.g.,H2and 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,
electronarich organophosphines as the Lewis base (LB) compdfié&ht,N-
heterocyclic carbenes (NHCs), which have a myriad of applications in their own
right/*® are increasingly gaining attention in this field. Exhibiting related
coordination chemistry to that of phosphines, NHCs offer greater potential for subtle
variations é their steric/electronic properti€8:1422 In addition to being a source of
tuneability, the Nsub st i tuents are responsible for
the Lewis acidic (LA) component by being directed towards the carbene lor!pair.
Thus, in 2008, the groups of Stephan and Tamm have independently combined 1,3
di-tert-butylimidazole2-ylidene (IBu) with B(CsFs)s for the activation of

dihydrogen undemild reaction conditions§cheme 3.p[4:19]

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

Scheme 3.2Heterolytic cleavage of hydrogen by boraNeiC frustrated Lewis pait**®l

Although the vast majority of these FLP studies employ boron complexes as Lewis
acids, recent reports have also highlighted the potential of otbp 33 complexes

to exhibit related reactivitiesStudies on laminium species, for instance, have
shown slow but steady growth in popularity with the notable work of3RI! and
Stephart*®28321 amongst others¥ 3¢l By comparison, the use of heavier gallium
Lewis acids (LA) has barely been touched upon. In this congtuties on the
reaction of 4ethynyt2,6-lutidine with a range of group 13 compounds have revealed
that while using B(6Fs)s 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 3.3E7

B(CgF5)3 H MG\M/Me

H S TS R
l _ | A M _ gla | AN

'Tj N/ N In N/

H

FLP reactivity metallation

Scheme 3.3Contrasting reactivity of-€thynyl2,6-lutidine with group 13 copoundg®”

Breaking new ground in the field, Aldridge has reportedaambiphilic gallium
system, cont ai n-diketgninate nligana,c dapablea of ecdoperative
activation of protic, hydridic and apolar-¥ bonds Scheme 3.1 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 G& MeOBpn using HBpin.

o H H
i Z,
N/ PP H— /Dipp
SiH, \ 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 3.4Cooperative HX bond activation using ambiphilic gallium syst&h.
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

heterocumuleness¢heme 3.5.3
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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 o\ | / - HNEt, Ge
----Ga Ge —_— /
\ Bu / --Ga
Bu ¢ Ga-t \ Bu
Bu ‘ \ Bu By 4
Bu ‘BU Bu
Bu
tBU Bu

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

Interesting recent work by Schulz has also uncovered the double agent role of Ga
systems as they can reverse their role in FLP chem&thefne 3.5 Being a part of

a gallanediyl framework, acting in this case as a Ldvdse component, when
combined with [M(GFs)s] (M= B or Al) LAs they have been found to facilitate

insertion of benzaldehyde at room temperatiite.

Ar (0]

Ar
/ /| CeéFs
N CGCFSF N—d O _CF
a 65
C Sai +B(CeFs)s ponzend benzene C B/ oo BT, C/ / Y -
N

/ Cer RT, benzene
\Ar Ar

Scheme 3.6Reported FP system incorporating gallanediyl as a Lewis base component of
FLP pairl*

3.2. Aims of the chapter
Having established in our previous work ($&apter 2) that steric incompatibility
preventedrimethylsilylmethylgallium(lll) (GaR) and 1,3bis(tert-butyl)imidazol2-
ylidene (IBu) 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 comlations towards carbonyl compounds, an area
where other, mostly, but not limited to, #B based FLP systems have shown
considerable promise in synthesis and catal{4f! Combining Xray

crystallographic with spectroscopic and theioatinvestigations, 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 GaR!I'Bu with the simplest and most reactive aldehyde, namely
paraformaldehydan hexane suspension at Oit@mediately produced a white
precipitate which could be solubilised by addition of toluene to obtaiayX
amenable crystals of zwitterifhBuCHOGaRs] 13 in a 66% yield $cheme
3.79).

]
C
; \ H H
(a)
t
(\N/Bu o
NJ. + GaRs
tBu/
R = CH,SiMe; Br

(14)

Scheme 3.7FLP induced synthesis of zwitterionic compouti8ga) andl4 (b).

A single crystal Xray diffraction analysisKig. 3.1) revealed the outcome of
addition of the 'Bu/GaR; pair acros the C=0 functionality forming a new,
single carborcarbon bond [i.e GC24, 1.505(3) A] and an oxygegallium
bond. The @O-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°.-CGaa, and GaO bond
distances (mean Ga 2.012 A; GaiO1 1.9317(15) A) are in good agreement

with literature values for other tetracoordinated gallium spéx4és.
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Figure 3.1: Molecular structure ofl3 with 50% probability displacement ellipsoids.

All hydrogen atoms except those on the reduced formaldehyde substrate are omitted
for clarity. Selected bond distances (A) andd@ngles (°): Ga(3P(1) 1.9317(15),
Ga(1)C(12) 2.012(3), Ga(ir(16) 2.012(2), Ga(ir(20) 2.011(3), O(rr(24)
1.384(3), C(1)C(24) 1.505(3), O(IBa(1)}C(20) 103.41(9), O(pa(1)C(12)
105.21(9), C(20)Ga(1)C(12) 110.86(13), O(1HBa(1)C(16) 102.909), C(20)Ga(1)

C(16) 116.27(11), C(12Ga(1)yC(16) 116.28(11), N(EC(1)»N(2) 107.50(29).

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 -
|

-

1.92>
2.00>= ¢ ]

27.10 =
6.00

Figure 3.2:H NMR spectrum ofL3in ds-THF solution.

The most informative resonance in it NMR spectrum in ¢ THF (Fig. 3.2
is a singlet at 5.05 ppm for fmerly aldehydic protons.€., H24 in Fig. 3.1
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which displays a significant upfield shif¢g. 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 mspectively ¥s.
213.2 ppm and 195.2 ppm in the free reagents).

Applying the same protocol to the aromatic aldehydeaemobenzaldehyde afforded
[I'BUCH(p-Br-CeHs)OGaR] (14) in 42% crystalline yield $cheme 3.7h As
evidenced by Xay crystallographicstudies,14 (Fig 3.3) hasa similar molecular
structureto 13 and displays similar gross structural features with an average angle of
109.15 around distorted tetrahedral gallium centre, an averag@afgabond length

of 2.018 A and a G® bond length 01.9522(16) A

Figure 3.3: Molecular structure ofi4 with 50% probability displacement ellipsoids. All
hydrogen atoms except those on the reduekbrhobenzaldehyde substrate are omitted for
clarity. Selected bond distances (A) and bond angles (°):)@®x() 1.9522(16), Ga(1)
C(19) 2.021(2), Ga(ig(23) 2.005(2), Ga(1g(27) 2.027(2), O(FrL(12) 1.372(3), C(3)
C(12) 1.525(3), O(H5a(1)yC(23) 105.42(9), O(1HBa(1)yC(19) 103.48(9), C(23pa(1y
C(19) 114.57(10), O(1pBa(1}yC(27) 102.42(8), C(23pa(1)yC(27) 111.41(11), C(19)
Ga(1)C(27) 117.58(10), N(2L(1)»N(2) 107.8(2).

Although in the solid staté4 has a molecular structure similar to thatlGf

NMR spectroscopic analyses revealed a much more complex scenario in
solution. As14 exhibited poor solulity in arene solvents such aslis, its
solution studies were conducted d3-THF solution where two different

species containing reduced carbonyl group were observed together with the
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free starting materiaf$’ One species can be confidently assigreedamplex
14, displaying informative resonances in tH€ NMR spectrum at 72.3 and
154.2 ppm for the OH(Ar) and NCN fragments respectively. Interestingly,
over the course of 24 houf8 14 evolved completely into the new complex
which could be isolatedand structurally defined asalfBuCH @p-Br-
CsHa)OGaRy] (15) (Scheme 3.8

Br
Br
I
B
/oY dg-THF, RT R
N 24 h |
G
| ®> o /R t S TR
N H o-ea, BU—N H R
‘Bu R SRR By
(14) | R = CHaSiMe; H (15)

Scheme 3.8Solution state evolution df4into 15in ds-THF at room temperature.

Isomeric with1l4, complex15 (Figure 3.4) also contains an OCHAragment
coordinated to Ga, resulting from the addition of the carbene across the C=0
bond of the aldehyde.

Figure 3.4: Molecular structure ofl5 with 50% probability displacement ellipsoids.

All hydrogen atoms except those on the imidazole ring andhenreduced 4
bromobenzaldehyde substrate are omitted for clarity. Selected bond distances (A) and
bond angles (°): Ga(A®(1) 1.943(5), Ga(1¥L(19) 2.019(8), Ga(1L(23) 2.020(7),
Ga(1)C(27) 2.012(8), O(1X(12) 1.335(9), C(2(12) 1.541(10), O(rpa(1)C(27)
109.6(3), O(1)Ga(1)C(19) 102.0(3), C(2#a(1)yC(19) 114.4(3), O(H>a(1)C(23)
102.8(3), C(27Ga(1)YC(23) 113.3(3), C(191a(1)C(23) 113.3(3), N(1C(1)}N(2)
109.9(7).
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However in this case, this has occurreih one of the C atoms located aet
backbone of the imidazole ring (so called abnoliie?! or C4-position) [C2
in Fig. 3.4, whereas the former carbenic C {Bu [C1 in Fig 3.4 is now

protonated.

Consistent with the lack of symmetry in the imidazole rityNMR spectrum ofL5

in dg-THF showed two singlets for the nequivalent protons of the imidazole ring

at 8.45 and 7.84 ppnFig. 3.5. Furthermore, théC NMR spectrum displays a
resonance at 72.7 ppm which can be assigned to the reduced C=0 functionality (i.e.,
C12 inFig. 3.4, whereas the formally C2 and C4 carbon atom&uf (i.e., C1 and
C2inFig. 3.4 resonate at 131.8 and 149.0 ppm respectively.

< O O NMO
$% 3339888 = 3 R83 35 53dg¢
@ © Ll o e o S S o el - e { | A | & B
) \
V N SN\~ | \|/ \/ N\
Si(CH,);
R
e |
O/(.:J‘a"uuR
R
CH; (Bu)
SiCH,
Ar-H '
<.L_Q_)~ i A Uf\
T T T T T T T T T T T T T T T T T T T T
85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0.0 -05 ppm
| | J 1 | )
2 ‘3 8 8 ‘;'5 %‘8 3|8
o o g - 9 o o~ }e o ©

Figure 3.5:H NMR spectrum ofLl5in ds-THF solution.

Complexesl4 and15 can be described as kinetic and thermodynanadyasts

of the activation of 4romobenzaldehyde by GgRBu combinations.
Supporting this interpretation, monitoring the reaction over a range of
temperatures (23323 K) revealed that at 230K, addition &8u led to the
almost instantaneous formation dfl. 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 compléxAs the temperature was further
increased, the relative amount b5 has increased with the decreasethe
amount ofl4, and after just 15 min at 323 K full conversionldfinto 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
* %
y P 7y

reaction mixture, 323 K

Ay JU ™A #
AUV ) _ \*‘—-_A.._/\k e S —

*
|

1

A

*
l
reaction mixture, 230 K h
i
|
i il
A V1
PUAVAN N N e @ -
#
GaRS + p'Br'CsH4, 298 K l #

T T T T T T

Figure 3.6: High field region of'H NMR spectra of reaction mixture at different
temperatures in€THF. Blue labels represent resonances assigndd! tind green
those ofl5.

During these solution studies, the persistent presence of small amounts of the
three components of these complex&,|l GaR and ArCHO, suggested that

all these species exist in equilibrium. Further support was found by
dissolving isolated crystals df5in ds-THF the resultingH 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 € and GaO bond in both adductsd and15. It

should be noted that a similar equilibrium has been reported previously by
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Erker for the reactions of geminal P/B FLP systems with benzaldehyde and
trans-cinammic aldehyd&?

By irrefutably establishing inteonversion ofl4 into 15, it was possible to
preparel5 rationally from starting materials in hexane at 0 °C simply by

extending the reaction time from 15 minutes to two hoBchéme 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 synthiE methods to prepare kineticl4) and
thermodynamic 15 products of reaction of 'Bu/GaR pair with 4
bromobenzaldehyde.

Furthermore, this approach to accessstBstituted abnormal adducts can be
successfully extended to other aldehydes, includingzdidahyde, 4
anisaldehyde and ferrocenecarboxaldehyde affording alkoxo derivatives
[al'BUCH(CGsH5)OGaR] (16), [al'BUCH(p-OMe-CeHs)OGaR)] (17) and
[al'BUCH(FeCp)OGaRy] (18) in 62, 56 and 48% isolated crystalline yields
respectively(Scheme 3.11
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R
1
- O/‘a"”R

11
BuU—N@ | H R

hexane, 0 °C, 2h N ™
Bu
() H (16)
OMe
j{ R
KN/ Bu Q)k %
N—  *GaRs h 0°C,2nh Bu S IR
/ exane, —N H R
tBU B . @./ N\

R = CH28IMG3 tBU (17)

(0]
(c) @—<

hexane, 0 °C, 2h

Scheme3.10: FLP-induced synthesis of compountis-18.

Multinuclear NMR spectroscopic studies confirmed that in all cases the
insertion of the substrate has taken phaaghe fBu C4-position Table 3.1).

Table 3.1:SelectedH and®*C NMR shi fts (0/ 1BA8Mds-THBEr ¢ o mp
solution.

{/ppm 15 16 17 18

1H 13C 1H 13C lH 13C lH 13C

CH2SiMes -0.92 1.9 -0.92 1.9 -0.93 1.9 -0.86 2.0

SiMes -0.10 3.5 -0.09 3.5 -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 withl5, activation product46-18 are in equilibrium

with their free compnents when dissolved ids-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
electronwithdrawing bromide with H (inl6) or electrondonating OMe (in

17) leads to higher ratios of fre#8BU, GaR and the relevant aldehyde. On the
other hand, withl8, which contains a ferrocenyl substituent, no measurable

sign of dissociation is observed.

An interesting solvent effect was alswident in these processes. Contrasting
with the studies usinds-THF, when GDs was employed compouridb (which

is the only one partially soluble in this arene solvent), showed no evidence of
being in equilibrium with its free componentsid. 3.7) suggesng that donor
solvents such as THF favour complex cleavage.

VVOIIRNVNrT"IDOMD © ®© © aggg
NRYOAQNNNrmmmOQQAN o X ????
NAENNMNNNNNNNNNOO® - O ©
=)\ K= [ | |
Si(CH>),
m-Ar
o-Ar
| |, p-Ar
] ‘
| |
CHj; (‘Bu)
‘ SiCH,
|
R 1 S P
I T T T T T T T T T T T T T T T T T 1
80 75 70 65 60 55 50 45 40 35 30 25 20 15 0 o 0.0 ppm

ol~lo(o

6.00

Figure 3.7:*H NMR spectrum ofL6in CsDs solution.
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3.4. Mechanistic implications and DFT calculations

Previous studies using NHiGased FLP systems containing®83 and AlF354

Lewis acids have shown their ability to reduce -C&nhd 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.el4 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 thatBu is not capable of activating any of the stadsubstrates on

its own. Also despite the fact that our solution studies evidence the presence of
variable amounts of freéBlu and GaR the abnormal complexd('Bu)GaR]

(which is observed as the only product when both reagents are mixed in the

absene of the aldehyde, s&hapter 2)[°% has not been detected.

Intrigued by these finding®FT calculation8® werecarriedout employing the
B3LYP methot®°"! and the 6311G(d,p) basis &t to optimise structures
and cast light on the thermaalymics involved in these processes. Geometrical
parameters of optimised structurfi$BuCH(p-Br-CeHs)OGaRj] (Il ar) and
[al'BUCH(p-Br-CeHs)OGaRy] (lll ar) are in excellent agreement with those
obtained experimentally by -Kay determination ofl4 and 15, resgctively
(Table 3.2, with only a slight underestimation of the strength of theGGa

i nt er act iOkard(Ga@ixH < 0®E3 and 0.057 A foll ar and Il ar
respectively). Interestingly, consistent with experimental observations, model
Il ar was compted to be more stable thdinr, although only by a modest
margin of 3.9 kcal mot (Table 3.2.
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Table 3.2:Modelled structures and relative energies of inserted protidetsd15.

x ]
2 N
‘\N’%& O c4 ,\2/,
c1 C10 6
\ O Ga% 4“ A“
" ] fw 3 S
6/ Si

Br‘ ~ = ‘-—T
I ar [l Ar
Eelative + 3.9 kcal mot* 0.0 kcal mol*

calalated (I o) experimentall4) calculatedlll o)  experimental15)

Cnrc-Car (A) 1.547 1.525(3) 1.532 1.541(10)
Ga-Oa (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 Gaand the aldehyde reveal formation of the
donoracceptor complex in nepolar solventsi(e., CsDs) as all resonances are
slightly shifted upfield when compared to those of the free starting materials.
This observation suggests that formation bf takes placevia initial
coordnation of 4bromobenzaldehyde to Lewis acidic GaRhich increases

the polarity of the C=0 bond and facilitates its nucleophilic attack'By. |
Supporting this interpretation, both steps were found to be exothermic, with an
overall energy gain of 13.1ckl mof' (Scheme 3.1L Contrastingly,
illustrating the relevance of GaR the reaction of '‘Bu with 4
bromobenzaldehyde was found to be endothermic by 12.4 kcal mbich is
consistent with lack of reactivity withessed experimentally. The activafion o
the aldehyde by forming a donracceptor intermediate is reminiscent to that
proposed by Tamm for the fixation of g@nd NO by NHC/B(GFs)s FLP

combinationd®®!
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R bbb EEEEEEEERRE : t
| GaRy | /Bu

. GaR, + N )|\H )O\ . FLP activation [®>

Ar = 0-Br-CoH Ar H ’Bu\N ’Bu N H o= Géan
: P 674 coordination \_/ gy 14 ‘R

C2-insertion

AE= -13.1 kcal mol’!

Scheme 3.11Proposed scenario for the formationldf

Formation of C4substitutedl5 could happervia a similar pathway, although

in this case, abnormall'Bu should act as theewis base in the activation
process $cheme 3.1p Having just one Matom adjacent to their carbenic
position, abnormal NHCs are significantly less stabilised than their normal
isomers as well as being significantly better dofSr&! Although usually
considered as transient species, Bertrand has succeeded in the isolation of a
stable freeaNHC derived from a 1,2,3;tetraarylated imidazolium sdff!

(i) FLP 5 Ar

o U
N activation N7 N S / R

isomerisation —_— @ o/Ga '

t t
N/BU /BU o\\\GaR3 H \fBu 15

[[ > : _~'©>—H + )I\ C4-insertion AE= -34.2 kcal mol!

Nt N\t Ar H
(O%l; 17B; Ar = p-Br-CgH,4 5

. +17.

( -1 : Bu\ ,Ga + |
E,ci(kcal mol™) A SR
S 4 (i) donor R Ar H
substitution

aNHC Comp|ex AE= -23.9 kcal mol!

Scheme 3.12Proposed scenarios for the reaction of aldehydes@aRbracceptor
complex with 1Bu.

The computed energy difference between f€Bu and Bu is +17.2 kcal
mol?! and is in a good agreement with the +13.9 kcal'nvallue obtained by
Dagorne at the M06/def3VP level in solution (PCM with THFEJ* Assuming
a fast 1Bu/al'Bu isomerisation equilibrium, as soon as more nucleopdtilgu
is formed in solution (even as a minor product in comparisol'Bu), it can
react wi t h tsldanoractepta boynplex Ai@ishRBS5 (Scheme
3.12). This C4insertion is found to be significantly more energetically
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favoured (by 10.3 kcal md) than the competitive formation of abnormal
complex [@I'Bu)GaRy)], resulting from substitution of-Bromobenzaldehyde

as a donor to the GagRagment Echeme 3.12)i

Nevertheless, a plausible alternative reaction pathway for the formatibim of
could be the insertion of-dromobenzaldehyde into th&8N\HC Ga complex.
This possibility was investigated experimentally by dissolving isolated crystals
of [(al'Bu)GaR)] and the aldehyde ArCHO ids-THF (Scheme 3.1B H

NMR monitoring of the reaction mixture showed that at room temperature,
after 2 days no reaction was obsehleetween the reagents, which suggests
that [@'Bu)GaRy)] 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 system#amoing B or Al
Lewis acids for which it has been reported that the relevant abnormal NHC
complexes fail to exhibit FLP reactivityf:18 18:54.62,63]

tBU\N®;/rCEa\ . Cl)
)\N R R PN %

Ar H

\ R
H ‘Bu H Bu 15

I‘Bu\ Ar R
€) _—Ga"
)¥N H 0] »

\

aNHC complex Ar = p-Br-CgH,4 C4-insertion

Scheme 3.13Lack of reactivity ofal'B u A GtaviRards 4bromobenzaldehyde in-d
THF observed experimentally.

The lability of complex14, which is in dynamic equilibrium with its free
components, is also key in promoting the formatioi®fas it enables over
time the 1Bu/al'Bu isomerisationThus complex.3, 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 thespezknental findings,

DFT calculations on the optimised structurg8BuCHOGaR] (Il1) and
[al'BUCHOGaR] (Ill H), showed that in this case there is not a clear
thermodynamic drive for the C2/C4 isomerisation. Both models have almost

identical energiesli(ln being just 0.2 kcal mdi more stable thatl ). The
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small size of the reduced aldehydeli®d may also contribute to the lack of

lability observed for this complex. In this regatte dissociation energy of
modelll 1 into I'Bu, GaR and CHO (Scheme 314) was found to be +31.7
kcal mot* (18.6 kcal mof greater than foH ar).

Bu /Bu
H / e,
N R* N " "R* Model AE
E®>> k oR E >3 *GaRyt C o TR Ny +317
N 0-Ca, N Ho RY pBrCgH, s, +13.1
Bu R R 8y T

R
e
aw N o} © R* Model AE |
IS - R : :
tBU\N>\/<B;\I\}I)<O é —>-@>7H +GaR3+ /(H;\ H "IH +49.2§
*>N

H™ "R* {p-BrCgHg llly, +34.2

Scheme 3.14Estimated dissociation energies of completkeandlll .

3.5.

Reactions with ketones: C4 insertion vs &1 activation

Attention was ngt turnedto the reactivity of these NHC/Ga combinations

towards ketones. Initial studies using benzophenone led to the formation of the
deactivation complex §'Bu)GaRy)]. This was best discerned HC NMR

spectrum by the observation of informative memaces at 196.1 and 159.42

ppm which can be assigned to the C=0 group of benzophenone-&ad C

bond of RI'B u A GlacBmplex, respectively. Trying to circumvent this

problem, the same reaction using the saturated versidBupfriamely biggert-

butyl)imidazolin2-ylidene (SIBu) was next probedHowever even under

forcing reaction conditions (68C, 12h), form#on of an insertion product

could not be detected.

Mo v i

ng

t o the mo-triluoreatedghenone,pcbntainingahe U, U,

strong electron withdrawing GFRgroup, furnishedal'BuC(Ph)(CE)OGaRy]
(19) in a 63% isolated crystalline yiel&¢heme 3.1p
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/ N/

hexane 2h, 0 °C

+ GaRj3 + a IR

/ '° Bu—
N @ F3

R = CH,SiMej3 t
H

Scheme 3.15FLP-induced synthesis df9.

Established by ay crystallographic studies, the molecular structurd ®f
(Fig. 3.9 bears a resemblance to thatl&f(Fig. 3.4), revealing that the'Bu

has added acroske C=0O group of the ketone by its abnormalpgosition
(i.,e.,C2 inFig. 3.8. The GO-tetracoordinated Ga atom once again displays a
distorted tetrahedral geometry (average angle 108wi#i)the newly formed
GaO bond having a distance (1.9692(14) Ayvéods the longer end of the
range, but within the scope of other reported vafiéd.

Figure 3.8: Molecular structure ofl9 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) 1.9692(14), Ga(i¢(12)
2.022(2), Ga(1X(16) 2.012(2), Ga(1(20) 2.0102), O(1)YC(24) 1.361(2), C(2)
C(24) 1.544(3), O(Ba(1)yC(20) 107.81(9), O(rHBa(1)yC(12) 104.63(8), C(20)
Ga(1)C(12) 116.46(9), O(Xpa(1)C(16) 96.37(8), C(26%5a(1)C(16) 115.00(10),
C(12)Ga(1)C(16) 113.70(10), N(EC(1)1N(2) 110.93(18).

Multinuclear NMR studies are consistent with the retention of the -sbdite

structure of19 in ds-THF solution. As observed for compounl§-18, two

93



Chapter3. Introducing Ga complexes to Frustrated Lewis Pair (FLP) Chemistry

singlets appear in théH NMR spectrum at 8.67 and 7.21 ppm for the
imidazole hydrogen atoms, which is consisteithwhe lack of symmetry in

the heterocyclic ringRig. 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(alkoxid@p has little effect on thé®F

NMR spectrum where a broadening of the resonance is evident, most probably
caused by a hindered rotation around thR€ ®ond in the chiral alkoxide, but

with little significantdifference in the chemical shift§9.9 ppm in 9 vs-72.4

ppm in free trifluoroacetophenone).

BT OONNNN -~ @ 3 3383
Geu3R3RayNF] 3 S 2322
L N S L] 1 999

SiCH

!BU‘-—-N 3

‘Bu
T T
T SiCH,
1 A i ™ I
I ] I 1 1 I ] I ] I ]
9 8 7 6 5 4 3 2 1 0 ppm

0.96
299
3.13
8.73
9.2
27.81
6.00

Figure 3.9:H NMR spectrum ofl9in ds-THF solution.

Contrasting with the reactivity studies on aldehydesNMR monitoring of

the reaction of'Bu, GaR and PhC(O)CE did not detect the initial formation

of a C2 insertion isomer or an equilibrium between the starting materials and
adduct19. A plausible explanation may lie in the large steric hindrance of
electron withdrawing C& which has been described iasermediate in size
betweeriPr and'Bu substituent&*¢% which may make difficult the approach

of normal IBu to the electrophilic C=0O group of the substrate. The reduced
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steric congestion oml'Bu, havingjust one NBu-fragment adjacent to its
carbenic position, seems to be sufficient to promote instead formation-of C4
insertion adducl9. Further support was found by DFT calculations, where the
reaction of Bu, GaR and PhC(O)Cf¥ to give [al'BUC(Ph)(CE)OGaRy]

(Il cr3) was calculated to be exergonic by 14.5 kcalm®he 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 AIMe3/I'Bu pair Scheme 3.1$.54

Ph ‘Bu
N o) © 0 /
MesAl”~ N
| >—>A|M93 + )J\ B ———— 3 Ph H
N Ph Ph \ @>’
N
By \tB
u

Scheme 3.16Reaction of AIMe-1'Bu adduct with benzophenoffé.

Geometrical parameters of the optimised structurers (Fig. 3.10 are in
excelent agreement with those found experimentally bya}X analysis ofL9
(Table 3.3.

Table 3.3:Comparison of calculated and experimentally found structural parameters for
compoundl9.

t
Structural parameter A'BUC(CR)(CeH)OGaR (19)

calculated (llErs3) experimental (19)
Cnric-Csubstrate(A) 1.552 1.544(3)
GaOsubstrate(A) 2.061 1.9692(14)
N-C-N (°) 110.7 110.93(18)

Contrastingly, attempts to model the structure of theirS2rtion product
analogous tdl ar and Il H, led to the optimisation of a stture 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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processl{ crs in Fig. 3.10. It should be noted that this model was estimated to
be 12.4 kcal mot less stable thahl cra.

A

? (Nlgpz) (Mges) &
‘;A\, E,o/kcal mol' +12.4 0.0
ﬂ
d(C1-C4yA - 1552
iy P L dcrcoyA 5708 -
[(BU)II(Ph)C(=O)(CF3)GaRy] (lices) [al'BUC(Ph)(CF5)OGaRy] (Illces)

Figure 3.10:Modelled structures and relative energies of FLP addugts and
I ces.

Interestingly, the reactions of G&RBu with enolizable ketones -4
iodoacetophenone or 2,4témethylacetophenone resled a different FLP
reactivity pattern, promoting in this caseHCactivation processes to produce
mixed imidazolium gallate saltfl '‘BuH}*{(p-I1-CsH4)C(CH)OGaR}] (20)
and [{l 'BuH}*{(Me3CsH2)C(CH,)OGaR}] (21) in 74 and 60% yields
respectively $chene 3.17%. Analogous reactivity was observed when using
SI'Bu, leading to the chemoselective formation §SI'BuH}*{(p-I-
CsH4)C(CH)OGaR}'] (22) and [{SI'BuH}*{(Me3CsH2)C(CH)OGaR}']
(23) in isolated yields of 60 and 84%, respectively.

@] t
/ N/tBU )J\ @N/BU
(\/ HoC™ DAr 4< Ar R
N . +GaR3

to./ * hexane, 0 °C ‘Bu H “Ga,
Bu . H2C (@) R

R= CH28|M63
Ar* = CgHyl (20)
Me3C6H2 (21)

Scheme 3.17Deprotonation of ketones biBu/GaR; pair yielding compound20
and21

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

single crystals; however multinuclear NMR spectroscopic studies disclosed the
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constitution of these compounddd NMR spectrum of20 confirmed the
presence of an imidazolium cation with singlets at 8.72 and pi#8for 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 resonaes at 163.3 and 79.9 ppm in tH€ NMR spectrum
belonging to the C=Cifragment.

Spectroscopic analyses of compourls23 have revealed their structural
similarity on a molecular levelT@ble 3.4 with differences arising only from
the nature of the chene and/or substituent used.

Table 3.4:SelectedH and*C NMR shi fts (U0/20p3inds-THFOr compoltl

20 21 22 23
1 /ppm 1H 13C lH 13C 1H 13C lH 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 79.9 814 79.8 81.7
4.12 3.85 4.13 3.86
CH>=C-0O-Ga - 163.3 - 165.7 - 163.0 - 165.6

The isolation 0f20-23 uncovers the ability of these NHC/Ga systems for the
activation of acidic €H bonds. Evidencing their cooperative behaviour,
neither the carbenes employed nor Gatan activate these substrates
independently. This approach che extended to other unsated organic
substr at e s-acidioprdtoas. ThusiBgGaR readily deprotonates
diphenylacetonitrile, affording novdfl '‘BuH}*{Ph.C=C=NGaR}'] (24) in
64% yield Gcheme 3.1 with 'Bu a b s t r aproton of the dubisteate U
while the alkyl goups on Ga are mere spectators in the reaction. This
reactivity contrasts with that observed by Mitzel for the reactionethgny}
2,6-lutidine with GaMe where metalation of the ethynyl groups is observed

along with methane elimination (s&eheme 3.3E"1 Replacing ‘Bu by SIBu
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furnished the analogous compouf{&!'BuH}*{Ph.,C=C=NGaR}'] (25) in
86% vyield.

Scheme 3.18Deprotonation of diphenylacetonitrile by8u/GaR and formaibn of
24.

Elucidated by a single crystal -bay diffraction analysis, the molecular
structure of24 shows a sallike ion-pair structure comprised of a protonated
imidazolium cation chargbalanced by a heteroleptic gallate anion containing

a 3:1 ratio oimonosilyl groups to keteniminate ligandsd. 3.117).

Figure 3.11: Molecular structure o24 with 50% probability displacement ellipsoids.

All hydrogen atoms except those on the imidazole ring and minor disorder in one of
two 'Bu substituents are omditl for clarity. Selected bond distances (A) and bond
angles (°): Ga(iN(3) 2.0726(19), Ga(igf(12) 2.000(2), Ga(if(16) 1.988(2),
Ga(1)C(20) 1.999(3), N(3(24) 1.171(3), C(24%L(25) 1.378(3), N(3a(1)C(20)
101.08(9), N(3)Ga(1)}C(12) 100.57(9), C@-Ga(1)C(12) 113.75(11), N(3Ba(1)

C(16) 103.06(9), C(206%a(1)C(16) 117.63(10), C(12pa(1)C(16) 116.82(10),
N(1)-C(1)}N(2) 109.7(2).
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