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1. Introduction

In the laboratorymuch time and effort is spent keeping water
molecules outside of the reaction flask,pesially when highly
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Hydrolysis of organometallic and metalmide precursors:
Synthesis routes to oxtridgedheterometallic complexes metal-
oxo clusters and metal oxide nanoparticles
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The hydrolysis reaction between Brgnsted basic organometallic or rapta@le reagents with Brgnsted acidic OH groups

from water or metalhydroxidesnay actas®2 Y i N2 f f SR a0 2AOKA2YSGONRO & NicaieRiBE T2 1
consideration 6reaction conditionss employed This article explores the utilisation of highly reactive organometallic and
metalamide complexes from across the periodic table as reagents for the synthesis ofaxetalusters, oxdridged
heterobimetallics and metabxide nanoparticles. Such reactivity typically occurs at low temperatures with the release of
hydrocarbon or amine b JNE Rdz0G a® ¢ KS AYLI OG 2F tATFYR O22NRAYIGA2YZ
temperature are discussed.

nanopartcles (NPs)and materials may be generated in a
controlled manner. This perspective will examisgnthetic
Troutes to form (mixed) metabxo molecularclustersand NPs
using reactive metal specie$ocussing onthe reaction of

reactive metal complexes are used. It is commonly recognised

that organometallics (such as ZgEbr metalamides [such as

organometallics (MR and metalamides (M(NR),) with protic
reagents such as water or metiaydroxides.

Fe(N(SiMg)),] react rapidly with moisture to form the

respective metal oxide materialsHowever,

sch potent 1.i Preparation and applications of metal oxides

reactivity can be advantageoifsthe source and stoichiometry

of water iscarefully controlledand the reaction conditiong&.g.
temperature and speed of additioaye carefully consideredy
harnessing this ability to craft metalkygenmetal connectiviy
a range of desirable metalxygenmolecular species,
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The simple combination of metal cations with oxide anions
producesa host of remarkable materials with applications
spanning cerami; semiconductors and magnetic material3.
Titanium dioxide is used in sun creams, solar cells and self
cleaning windows; 4 zinc oxide has antibacterial properties,
and is used in varistofsand indium tin oxide is a transparent
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electronics® Nanoparticulate versions of metal oxides retairZieglerNatta polymerisation chemistry with the discovery of
many ofthe useful material properties whilst greailycreasing the cocatalyst methylaluminoxane (MAO), formed from
the available surface area, leading to enhancatdivity in AlMes.2” A wide range of reactive organometallic and metal
applications such as catalygigntibacterial surface& ° and amide reagentsre availablewhich present an emerging class
sensingt® 11 The conductivity of metal oxides may vdrgm of precursors for the synthesis of metako clusters, molecular
metallic through semiconducting to fully insulating, determinedhixed metaloxo speciesand NFs.

by the electronic band structure of the materidhe properties

of thesematerials can be altered upon shrinking the crystallité.ii Organometallic and metaamide reagents: synthesis and
dimensions inb the nanoscale, and even further down to thestructure

realm of molecules.In a process known as qua‘mumOrganometalIic reagents have revolutionised many research

confmemgnt_the; band gap of metal oxides becomes enla_Lrgeé#eaS including catalysis, polymerisation chemistry and total
upon shrinking? Molecular netal-oxo clusters® may retan synthesis. Their popularity isdue to their high reactivity,

some_ properties of the related bulk metal oxidﬁe_t typic_ally coupled with their relatively straightforward synthesis and the
exhibit enlarged band gaps they have been applieas light broad variety ofcommercially available reagent®esirable

harvesters for photocatalysi andassingle source precursors reactivity can often be achieved through careful consideration

for chemical vapour dgposﬂmn te_chnlql_Jéﬁs The clus.ter of the nature of he metal and the organo group, where a
structuresmay be recognised as vertices within metaganic greater difference in electronegativity generally gives a more

frameworks (MOFs)’ and indeed preformed metatoxo polarisedandhenceY 2 NB NB I O A @S .1y28The £ b /
clusters may be assembled into microporoddOFs by reaciivity can often bauned further through the formation of
mechanochemical techniqueslich simple processes proise  ,qq,cts. such as the addition of a Lewis do#ariCl salf®or a

acces to MOFs usmgrgi[:())ld, reliable and envronmentally  go.onq, different metalwhich can modulate the agggation
friendly synthetic routes _ _ state and the charge distributiot Counterbalancing their

_ Mixed-metal oxidessuch aperovskites and spinelplay an peneficially high reactivity, organometallic reagents are often
increasingly important ale in applications and devices, andpyrophoric, air and moisturesensitive, and in some cases,

have a range of important properties such agjgh¢gensitive® The Lewis acidic metal centres can interact
superconductance, magnetism and thility to absorb solar with water and oxygen, while the unstable and reactive R

energyz" 22Purposefully doping a secondary metal into a metal ., can rapidly react with protic sources such as water.
oxide hasalso been shown to influence the optoelectronic

o oa S .
prc\)\pertlves; . At the'mo!cecular I?Vel' building mlxedetaI. from highly reactive organolithiumporganomagnesium or

2ZEARSA 0 ¢ Xucknnectiviiyh bemables  electronic oo nqajuminium compounds. The common preparative route
communication between different metals through bridging, organolithium and organomagnesium reagents is oxidative

oxyg_en centres, leading toomplexeswith highly 'Funeable addition, where the metal is directly added to an organohalide
function. Not only do these mixethetatoxo species show Fig. 2). This versatile synthetic method is generallyllwe

promise as effective precursors to mixed/doped metal oXidg, i olled although siddB I OG A2y a &dzOK -1 & 2

materials?* they also displayhigh catalytic activities within ,y qige elimination, and the formation of mixed aggregates are
olefin polymgrisatioﬁ5 and .the hydroamination of imine%. possible.Organoaluminium reagent@IR) are often prepared
Metal oxidesare traditionally formed by pHcontrolled 5,91 gansmetallation (Fig. 2), with the exchangeof an
precipitation from aqueous solutions of metal salfidthe use - g|qciropmsitive metal (Al) for a more electronegative metal (Hg),
of ligands or surfactantsan help direct the reaction to well through oxidation of Al by HgR. Less reactive organometallic

defined nanomatgrlals. _Usmg a rgactl.veenad precursor that reagents areypically preparedhroughsubsequenmetathesis
undergoes stoichiometric hydrolysis with waiestead allows reactions such as the production afrganozinc compounds

improved control over the reaction progress. StoichiometriEZnB) from LR and ZnC}, driven by the thermodynamically
reactivity also allows access to partially hydrolysed speciggyqraple formation of LiCThesteric and electronic stabilising

which are _inaccessible from gqueous routes. Théitath’ effects of the organo grougignificanty influencethe reactivity,
acquirepartially hydrolysedpecies has played a vital role in and the desired organo groujis typicallyobtained through

Most organometallic or metahmide reagentsare derived

Ag=>24 Ax=0 deprotonative met#lation of a more acidic organicsubstrate
xty ;*_; Ky such as an amine to form a met@hide reagentKig.2). These
— preparative routesare often combined tesynthesisea desired
lonic Polar covalent Covalent reagent, giving access toa multitude of organometallic
(LiR)---- MgR,, AIR; -+ ZnRj -~ CuR)(SnRJ precursors.
Ymetat 097 123 147 166 175 1.72 Althoughabw 062y R LJ2f | NA{d alga 1385
Reactivity influenced by thestructure and bonding, which is affected by
High Low the solvent and the nature of the organo group. Some of the
Stability Low High most reactive organometallic precursors display electron

deficient bonding, with organgroups bridgindetween two or
Fig 1 Scale of organometallic reagents and their properties.
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to prepare alkalineearth metal amides such as Mg[N(SE¥g

change metal MR + MX
rremereaenaneneannanes X TRANSMETALLATION (Fig. 2% 42 Thesepolar andreactive metalamides can be
! oxidati tion b . M'X . .
joxiative a:;"'°“ag’;|’;j;:‘(;’£ converted to a broad range dbwer polaiity metalFamides
i i
H reactive polar organometallics (MR,) : : - 0
| Mg+ RX 4>| LIR or MgRX or AIR; or MgR; through transmetallatlorT with the relevant metahhde salt?
; transmetallation | R N Although metalalkoxides [M(OR) are commonly used as
i 2Al + 3 HgR. : change R group . . .
! Mg + s,.Rzz i METATHESIS precursors to metal oxide®, it should be noted that certain
i ; R'H . . . .
""""""""""""" MR'*RH  examples are not readilaccessiblgor example zinc [and other
R'=C,N,O

M(I)] alkoxides tend to form rather insoluble powdeasd
copper(l) alkoxidegare typicallyunstable. In both these cases
commercially available and soluble organometallic reagents
more metal centres. Organoaluminium reagents not onlye g. znEt and CuMs) are more suitable precursors.
Oz2yidl Ay St SOUGNRY 26k 6ofid @NcE ¥iré  Firthebmble,'hé str@r&bonding, anchydrolysispathways

highly polarised and reactiygbut also possess lofyingvacant of some organometalliceagents arewvell-establishedi+48 This

orbitals, these features increase their moisture sensitivitynderstanding, in combination with the wide varietlyat are

through facilitating nucleophilic attack by watewhile still  commercially available or synthetically accessible, gives these
pyrophoric, organozinc reagents display lower reactivities, sagents greatscopeas precursors to a range of metako _
2SN L2t NAue *%yb/ 02YyRa LBugsaa I IANBIUSN 020t Syud OKI N
In the case of dialkybr diamide zinc reagentscluding ZnE#3

and  Zn(N(SiMg)2,** monomeric, linear compoursl are { jij Reactivitytrends for thehydrolysis oforganometallic

formed, which contain 2et S %2y b / klib corir@sytétra- @ precursors

organdin complexessuch as Svle, are tetrahedral, elecon-
precise structures thatare not moisture sensitivé> While
Sn(lV) is the more stable oxidation state, a rangemufre
reactiveSn(ll) organometallic and metamide complexes are
alsoknown.

FHg.2  Synthetic routes to organometallic reagents.

Hydrocarbons and amines have much larg&g yalues than
water [pKa values (in water): $0, 15.75; NEJ 37.8; PHH, 43.0;
Me-H, 48]%9 therefore polar organometallic and metamide
precursors typically act as strong Brgnsted bases and adilye

In contrast to s-block organometallics, transition metal hydrolysed. Bronsted acid/base reactions are typicaliyd and

organometallisRA & LJX F & Fy Ay ONFovatesty £5SHCEANd.cpn ocalir a jgw temperatuse Whik the
. .. . hydrolysis of metabmides” is less thermodynamically
andstrength down a triag® arisingfrom the involvement of d
. . . . . favourable than thenalogous metahlkyl/aryl reagents, metal
orbitals in theMbCbonding- thusthird row organometallisare ) . o o .
. . e amides can @play enhanced kinetic basicifif. Studies have
typicallyless reactive than thefirst and second row analogues.

The hydrolysis of high oxidation state organometallics such %légglestetd 'E[:at th? Ior;ehpzlr IOf iLectror;}s fon_lt_:let?hulﬁlt mtay
Cp*MMes (M = Mo, W) may favour formation alerminal oxo accelerate the rate of hydrolysishrough faciitating proton

o . transfer from HO to the NR unit, to form a hydroxide
roups (M=0), as such arrangemecdshelp stabilise the high . A A .
groups (M=0) 9 P 9 speciest. 22 hy 8 F2NNSRE abhl  dzyA
charge upon the metal. For examplép*WMe, hydrolyses at - S P
o . %ubsequenOZ)[Rsyal-ui\Ey U2 whtgnd¥tala b h b ¢
elevated temperatures (>65°C) to form methylene bridge .
AT . . . oxo cluster& or molecular (mixegmetaloxo compounds5 In
[CPp*W(=0)2-CH)]2.37 In contrast, Cp*TiMg, with a lower _
. . . . contrast, alcohols have loweKpvalues which are closer to that
oxidation state, reacts to form oxoridged dimeric ‘ ; th tablkoxid I .
(Cp*TiMe)2(>2-O) and trimeric [Cp*TiMet-O)k.28 Moving of watef, us me oxides generally splay poorer

across the periodic table towards transition metals of hi(ﬁ:;heEan;t.ed basicity pka values (in Water):_ MeQH, 15.21; E[.OH’
. . . . 15.85;PrOH, 16.48BuOH, 16.54}* Despite this lower basicity,
electronegativties results in less polarised and less reactivi

ab/ 0 2 y R & copperdikyl fréagents are generally t’ﬁe h)_/droly5|s of metaalkox_ldes may be driven by an
. . efntroplcally favoured condesation process.
unstable copper-arylcomplexes typically exist as aggregates o o . .
Reactivity trends for the hydrolysis of organometallic
Cu, Cu, Cu or Cw.32 Onecommonly used precursocopper ts tvpically foll th larizability of thdbC bond
mesityl (CuMes, Mes = 2,4®MesH,), forms structures of reagents typically foflow the polarizability o ond,

different aggregation states depending on the donor solven\f\,llltht the ,TOSt r?plldT:ydroly:s _OF:currlngfcI)lr the tmc?ft
with structural data repored for tetrameric andpentameric electropositive metals Ihe mechanisns generaflyexpected to

fing structures® proceed via_nuc_leophilic_attack of watéo]lowed byhydrolysis
While the range of commercially availabletaramides is to a hydroxide intermediateand subsequent condensatidt.
. . . . . 55The nucleophilic attack of water is faciliéat by the presence
limited in comparison to organometallic reagents, a growmgf low-energy vacant orbitalswhich promote Lewis basic
rlllér(TI]\lb(g:Mgi)Z no;\:] dbe ;L:}r(?ﬁsae)zd, (j'tlj\jg as:Sn(l\;(gj’z?z coordination of.water to Fhe mgtalenablng low activgtion
o . . energy hydrolytic mechanisms via the enhanced acidity of the
tetramethylpiperidde). Polar metalamides can be readily metalaqua adduct, Polar organometallics such as M@RR
preparedthrough deprotonative metalation of an aminsuch AR and GaRare re:adily hydrolysed, thanks to the presenc;e of
as HN(SiMg,  (hexamethyldisilazane), TNI®) or ’

N - . . o . both highly polarisedMLC bonds and lovenergy vacant
diisopropylamine, by reaction with organolitimy magnesium, . . .
. . . . orbitals. Less Brgnsted basic organometallic complexes do not
aluminium or zinc reagent#lternatively, the transmetallation

of group 2 metals with Snd@mide reagents is a useful strategydeprommjlte water as readilyor example, CiiMe; is

This journal i®© TheRoyal Society of Chemistry 20xx J. Name, 2013, 00, 1-3| 3



+

characterise partially hydrolysed intermediates, rapid low

L=

: oﬁ /_\ OH, temperature reactivity and optionastoichiometric utility of
" O, Moo Z>}e—CH3 Me,si \|< H170 for NMR studie& 66 Upon hydrolysis, metsamide
% ot 3 "°c|m1 z\ /) lH3°" reagents form amines that may remain coordinated to the
S | metal as a neutral Lewis basic ligand, although volatile amines

. ; .

Fig 3 Examples obrganometallic complexes characterised with a metiyl such aSNMeZH can l_)e removeth vacuc® _The hydmly_SIS of

bond and a coordinated water ligand. organometallic species can offer an additional benefit, as the
alkane or arene byroducts are essentially inert and have a

reportedly waterstable. Furthermore, the solvent separated'€dligible effect upon the surface chemistry of the résut
aqua complex [GiFi(Me)(HO)FB(GFs)46 aeyiKSa aAnetalpxo q]anostwq%es. Jhis contrasts with the synthesis of
(Fig.3), has been isolated and characterised, a rare example'BPtal'OXO species from the reaction of metal halides with water
a firstrow transition metal organometallic complex containing®’ &lcohols, where the halide may be incorporated into the
both a methyl ligand and a eardinated water molecul& The ~réaction product®. 69

aqua complex,[CpTiMe(HO)}, eventually decompose by
proton transfer from the coordinated 4# to Me as
demonstrated by isotope studies, indicatinghat an
intramolecular proton transfer is key to hydrolysis in thig.iHydrolysis oforganometallic and metabmido precursors

system56 Other organefransition metal aqua complexesThe hydrolysis of organometallic and megahido precursors

6SENAY3 Y2NB O20I tSyidz y20f &Rl %Hgb &%ﬂrl@lﬁg%nd%%]iw(aﬁo&o%lﬁs?eﬁé Y Si

bonds havealso been reported, including [Cp_*Tal\ka(odZG This section will explore theformation of homometallic

(CHOINGHg)(HO)T",*" [Re(Me)(0)(@x(H0)-(diglyme)p® and - mojecular clusterswith a particular focus on welitudied main

various Pt complexes including -g2ridybSiMe)PtMes(H.O) group organometallics (e.g. Rl Gas, ZnR). Conplexes with

(Fig 3).5° odzf 1@ yRk2NJ OKSfFGAYy3 tA3al yRa
Within partialy hydrolysed metabxo specied? any 2 pN) at b 52y RAZ &M Kand | NacNaé LJ )

unhydrolyzed organdunctionalities (and more stronglyoind 4 ¢ p G@HY), will (bé discussed irfollowing ®ctions, as

2. Synthesis of molecular metaixo clusters

ligands, such as acac/carboxylate) will act as aligatings$hell 4 k8538 atbf A 3 YR 02yRa& I NB G(&LnC
terminology associated with such partially hydrolysed spemgsK Iy 2 0K IShds dub tb aromat|C|ty and/or resonance

varies WOt dza G SNBQ A& | 3ISYSNRO éﬂa&l@%onu'\"] RAGAZ2YLFfte Faaz2O0Al GS8SR
rigidly coordinated meta¥ S | t 0 2 y@(‘}”fe@ Bt qu”-‘lill'ﬁe@nydrolysls of trialkylaluminium complexes has been of

AE O2YY2yta FGal OKSR 2 OKI YBupiRerdbtiideldoln dob of BARAI Ry&oigsdd MACS Fn & |
polycycllc compounds with an internal VO[u'f%a”d s?JgeI activator in ethylene_and propylene_polymerisation reactions
chemists refe[ tometa2 E2 I £ 1 2 '?)\ Rsa I a wgr{béjtr%ﬁée@ﬂrhe%ﬁﬁﬁl%fs lpdt'h@@f AR feagentshave
selfassemb & 27 € AILYRAQ 2N Wa e { hebnisRded orf bRl BPEROSHIhhiB oniifs Al S NY
WOt dza G SND 62N WO22NRAYII (A2 %pec@cﬁsé&ﬁc%ﬁﬂ& WnthE stdicturtalf cRafacteRsgidr of 978 S
compounds where several metal atoms are connected througkyaed complexegi4 7 Initially, a water molecule binds to form
bridging atoms or ligands,and so we shall heafterrefer to 5 | ewis adduct AIR-H,O, which has been struarally
4dzOK &LISOASa-2&RYOf 8lzali & N® QO knbracterised in Al@Es)3(H:0), and the related Ga complex

¢2 3ISYSNIGS abhba 02YRA T NBNes@iubP(Eiy 2055 Wiid dafedild) YoSsthbid
amide reagents, addition of an oxygen source such as waterfdjow 0°C, the Al analogue Al(Mg&}O), which exhibits ore
abhl A& NBJGANBRI 3AGAWIN 323k 6 0LAPKAFY S0 A Py QRAYVHSa asa
contrast, metalalkoxide precursors can indirectly generate aRydroxide dimer [Al(Mes}>>-OH)b-2THFS ForAl(GFs)s(H0) a
oxygen source by reaction or decomposmon of the alkox@grong Lewis adduct interaction, hydrogen bonding
tA3ryRa® C2NJ SEI YLX Sz NBI Oldgibutidhandire Rediced éréfhgted basi&y eXR Fel forta A O
Ol y_ ISYSNIdS +y SaGSN YR fluorindtédnaly gré&y étéfblfrse tﬁe&ﬁ\tfaﬁﬁdécod’lpﬁ‘e?and? A NS C
formatiz y 2¥ abhba 02y Ra QA )hdsE fr& ! Ay s efiminatisrt! §fS & Oo¥chrE kal room
also beensuggestedat high temperatures$3: 62 Likewise, lhe temperature?! Hydroxide species such as [BUk(>2-OH)} (n
decompositionof AIR(OR or AIR(OCR complexes,{n the = 23) have been characterised during hydrolysis ofs AIR
presence ofexcess AlRmay also formAILOLAI bondsdirectly reagents (Fig. 4a).72 73 In fact, elevated emperatures are
along_3|dealk§1ne or ester byproduc@:G.“The reachorofmeta}- sometimes required to drive the condensation reactions of
alkoxides with water carhus form mixtures of heteroleptic [AIR(OH)], species with bulky R group%.7274 Condensation
species bearing hydroxide, alkoxide and/or oxo ligands, and$er § §y ¢ §1 Ra (12 O2 YANLEE 612) wrhT (i K ¢
these processes are often poorly controlled with respect to th@age like structures comprised ot@4 and AbO; building units
stoichiometric incorporation of oxygen. (Fig.4a).72 73Several species are often simultaneously formed,

This article will focus on the hydroly5|shnghly reactive MR suggesting equilibrium processes may be odog. Due to
and M(NR) reagentswith ¢ 4 SNJ 2 NJ abhl dad Addiributiol préc@sfes, the condensatigmoducts

temperatures. Advantages of thls routanclude excellent formed depend on the reaction medium and temperatute.
stoichiometric control with the opportunity to isate and

4| J. Name, 2012,00, 1-3 This journal i®© The Royal Society of Chemistryx0
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7 N s HO, OH RTINS R - - ‘. '. { )"'“‘»
R R ~ar o N - \__/ v--'“
EAN \ . S T—
R ' < Pl
) I
\
Aly(OH);'Bug AlgOg!Bug AlgOy'Bug
"""""""""""""""""""""""""""""""""""""""""""""" AW AT
b % O
] Ar _}] .a/ \(;-I,IIMIAI
Ar = CgHsR, Hydrolysis 113 HO SH + Mes-H

R=H, o-,m-,p- Me, p-Ph

3a
A / g
Ar Hy0 e THF \\r

N A A Ar
,_/_1\ L\/ \-> & Arw O3y, Or bulky Ar group
AN . - Ar?”  “ar |
i 1" - OHy
b—“ '.\ d \ ar OM:
r, OH
Toluene/H,0 ‘Ga &
NN r AR | ar i] AT YOH
OH.
\ ‘ Ar-Ar -
N VS H-H
GagzOq(OHNAr

GaMes(Hy0).2THF Bi-aryl coupling

Fig4  a) Hydrolysis pathway of AJRprecursors.Xray structuresfor Ak(OH}Bu,? AlkOs'Bws,’2 and AkOs!Bus 7 b) GaAg hydrolysis pathways. Crystal structsrdor
GaMes(OHy)-2THP> and Ga ,0:¢(OH)(0-GHsOMe)».”> Colours: O, red; Al, pale pink; Ga, dark pink.

Reaction with additional water may lead to the formation oEomplexes’! Subsequentlimination of ethaneoccurs rapidly
hydroxy complexes with persistehtf &t w 3 NP dBula » 0 Shdaflows fdrmdtion of ZnOv{de infrg. Hydrolysis of bulkier
Ouo6 »0OHY)]),”¢ or alumina gels [AIO(OH)] Heavier group 13 ZriBw allows isolation andstructural characterisation of the
Ga and In organometallics form hydroxide complexes readilpetastable hexamer [ZBu(OH) (seeFig 22b, section4).82. 83
but condensation typically becomes slower anduiegs higher Outside of these well studied Al, Ga and Zn systems, the
temperatures’”7° These metals bear higher electronegativitieseaction of other MR organometallics with water is less
than Al, which reduces the Brgnsted basic nature of the SRudied.Onenoteworthy set of examples are the reactions of
groups and their susceptibility to hydrolysis. Raston and Atwo&h(R)(CCMepvith water.5 S&a LJIA 1S GKS ISy SNI ¢
studied the hydrolysis of Gagctomplexes (Ar =R, R = Hy- bonds to water the { y' b | f Hordguiadergo hydrolysis to
,m-,p-Me, p-Ph) and discovered that the formation of theproduce oxeclusters such as[Sn2Ri20 OO0 >OH)}](OH}),
icosahedral cluster [GaAr12010(OH)] ultimately occurs in the [Sni2(Ard 200 $0)%0 >Ou6 »>OH)(OH)], or a curious
presence of excess water. However, the reaction mechanismhisxameric cluster, [SArs0 Ou0 006 >OH}(OH})], which
dependent onthe solvent mediunT® 8 |In THF, a hydrolysiscan be described as a douHlwist M6bius band of stannoxane
route occurs via [Ga/iOH)} with AibH releasedwhereas in a units (Fig. 5aj4 85
biphasic toluene/water mediurintramolecular biaryl coupling Studies & the hydrolysis of organtransition metal
occurs instead, generatingn@ArbAr by-product and the same complexes areuncommon however, isolated examples of
icosahedral galloxane cluster [Fi4p].8° The biaryl coupling NB I Ot A2y a 2F O2YL}X SESa Oz2yil A
reactiongenerates BHland occurs in thabsence of @ requiing bonds have been reportedfor example,the reactions of
water to act asthe oxidant. The authors propose initial2 6 'B8)(CHBu) (E = C, Si) and Mo(=Z8H)(CHBu)6 'Bu),
coordination oftwo water molecules,to form GaAs2(H:O), with excesswater8689 In such examplespartial hydrolysis
followed by H release and baryl coupling togive GaAr(OH) occurs withenhanced reactivitat 1 KS  a b/ kb Ydzt G AL
which can oligomerisénto [Ga2Ar2010(OH)]. Competition The products retairsomed A y 3t S ahighlightngtifeR a
experiments showed that when THF was >30% of the organitative & i | 6 A £ A (1 @ 2nTheawiek fransiich yfrietal
solvent then the hydrolysis route was favoured, indicating complexeswhere significant covalency is present.
important role of the coordinating solvent within the hydrolysis Hydrolysis of metahmido complexeslsoformsa bt h b a
mechanism, potentially blockingordination ofa secondvater bonds andcangenerate metaloxo clusters however, reported
to form the GaAg-2(HO) intermediate. Such divergentexamples are rarel'he goup 5 reagers M(NMe)s (M = Nb/Ta)
reactivity was not observed for the reaction of Ga(Masith are shown todideprotonate one equivalent of water to form
excess watenvhich only hydrolyses to generate MesH and thfM(NMe»)sOl: (Fig 5b),%0 although further hydrolysis yields
smaller galloxane [GMlessO Ou0 »>OH)] in either THF or insoluble powders. Bergman, Arnold armb-workers also
toluene. It is noteworthy that the initial adduct GaMg$hO) showed the reaction of either Ta(NMe or TaBa(=NBu) with
could be isolated and structurally characteriséBig. 4b), ArNH and 1/6 equiv. of water led to the formation of a series
perhaps suggesting that the-adduct of water, and proposed of TaO(=NAr) clusters,indicating a stoichiometric hydrolysis
precursor to biaryl coupling, GaA2(H:0), is not accessible inroute with either organometallic or metalmide precursas.9!
this caselt therefore seems plausible that the enlarged steric€onsidering the wide range of knovmetalamide complexes
of the mesityl group hinders a-airyl coupling pathway? (especially the M(N(SiMp)x family) there appear to be plenty

Sudies d the reaction of Znktwith water have also shown of unexploredopportunities for forming new metabxo clusters
the formation of a hydroxide intermediate, [ZnEt(OHyhichis by hydrolysis routesyith the benefit thatthe products may be
likely to exist as a tetramer similar t&nown [ZnR(OR})]
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organometallics are found for Zn system&/hile chelating
ligands bind strongly to metal sites, rearrangement and
exchangecanoccur during hydrolysis and in the resulting metal
oxo cluster products, allowing equilibrium conditions to
selectively form thermodynamically favoured structufé&uch

a)

R="Bu
R

/ ligand mobility is also regularly reported for ligated metab-
R—si excoss H;0 . R alkoxide structues53 9799 The ability to direct reactions
\\\R' ] A / Y through welldefined intermediates is a key ceideration in the
. A f o L growth of extended metabxide nanostructures from

molecular precursors. However, due to equilibration and
rearrangement, the products of each hydrolysis step bear little
structural resemblance to theprecursorst® The introduction

of bridging oxo ligands direcsglfassembly of condensed units,
such as MO tetrahedra, and may initiate the rearrangeméat
even bss)of ligands in the precursof.herefore,in most cases,
the eventual assemblies should not be influenced by the
. -1\1’ 7-/ molecular precursor designNonetheless the quantity of

< 2
R = 1,3,5-CoHy('Pr); e 2(. +

[Sn6(Ar)g(H3-0)a(p2-0)z(12-OH);(OH)g]  [SN12(Ar)g(p14-0)(13-0)s(12-0)a(ki2-OH)s(OH)4]

o4 strongly binding ligandscan influence the growth of

1H,0 n A

"'M’:"':w"e"' m’ e mONMeL -/ &: ' condensation productseither supporting small clusters or
’ * m=wbTa ,)}f allowing growth of extended metaixide domains. If the

wera \U excess - precursos havea high ligand content then hydrolysis is likely to

A ~ lead to small ligated metadxo-clusters, such as tetrahedral

1/6 H,0
-5 NHMe,

ZnOls (L = carboxylatecarbamate amidate, phosphinate or
dialkylphosphate}8. 9. 101103 fgrmed through the
straightforward stoichiometric hydrolysis of a 2:3 ratio of ZnEt
and ligand. This tetrahedral unit has been commonly used
vertex within MOFs and preassembled Zi©O(amidategclusters
Fig5 a) Hydrolysis of alkynyl tin precursors withucturesof products{Sn.R(m- aCt @s a precursor to the mechanochemical formation of MOF
O){m-OH)J?* (anions omittedf? [Snx(2,4,6GH,Pr)s(m-Op(m-Ox(m-Oxm-  5.17-18 Bury, Lew#ski and ceworkersreportedthat introducing
OH)(OH)],%* [Sry(2,4,6GH,Pra)s(m-O)(m-O)(m-OH)(OH)]® b) Formation of MO:  additional water to ZgO(PhC@s in THF resulted in the
and MO clusters from group 5 metal amido precursorsrystzlil structures of formation of adducZnO(PhC@e(H:O)(THFRTHEwhere one
[NbO(NMe})], and Ta(PMN),4,0.2091 Colours: O, red; Sn, grey; N, light hltdb, pale . . .
twrquoise: Ta, teal. zinc centre changes from a tetrahedral coordination
environment to a pseudwoctahedral one(Fig. 6).1%4 Such
of interest Withrespect to Ndoped metal oxide§3 findings have implicationﬁor the Stab”lty and reaCtiVity of
The partial hydrolysis of related metal alkoxides been MOFs in the presence of moisture. Intriguingly the reactivity of
studied in detail and is comprehensively reviewed elsewliéreZnO(PhPQ)s displays a verylifferent onward reaction with
In many cases condensation ocgat elevatedtemperaturesin  Water: in hydrophobic solvents such as C{I€lds-toluene the
the abseice of added water, suggesting thametal oxy/alkoxy Original Zg cluster exhibits an quilibrium relationship with an
clusters can form through decomposition routesMetal €xtended zinéhydroxy cluster, ZgOH}(PhPQ)s (Fig. 6b)* It
alkoxide precursors often forma variety of speciesFor appears that changing the ligand from [PhfE® the slightly
example,complexes exhibiting lower degrees of condensatiol@rger [PRPQJ* favours expansion to form a larger cluster,
(e_g. TjO(ORj)o) are unstable aad can react to form more pOSSibly due to a relaxation of bond strain in the chelating
condensed species (e.g.1i13(OPr)g), with concomitant Phosphinate ligand.
release of parent Ti(ORprecursors through an equilibrium

arrangement?® N
2.ii Hydrolysis of ligated reactive precursors l""cﬁl' 2 iOLH,0)(THE) 2THE «\? A/
6L-H -

Organometallic (or metaimide) precursors may be adapted by 1H0 * 20, THE 7

. . . L . . 4 ZnEt, ———3 Zn,0L; — 2
adding ligating species; chelating ligands such as carboxylates or ~ gy v -
dialkylphosphinates R Q]* areoften used. The corresponding L= 2 70 OH)L ( (

Y
acid proligands react directly with theBrgnsted basic L = [RCO,I, L = [Ph,PO,]" { p!
. . ) . e

organometdlic precursor and bind to the metaBuchligated {ﬁz:g;ﬂ .r"‘> ?F
metal precursors are expected to retain their coordination to [(RO);PO,T" \\‘ g"‘{( 7

ligands upon initial hydrolysis, which enables extra stabilisation
and conformational control, and can also improve solubility \ )

: ; : ig 6  Synthesis of Z®Ls clusters from Znkand reactiors with excess wate?®
properties.Mostreported examples of the hydrolysis of Ilgatetin_m(:olom: O. red: zn, blue; P, orange
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Outside of zinc reagents, the hydrolysis of ligated
organometallics to generatenetaloxo clusters is generally
restricted to the formation of small dimeric or trimeric, oxygen
bridged species. For examplépMMe, (M = Hf, Zr) undergo

3 facile hydrolysis under air, with the formation of linear dimers
b [(CpMMe) 0 >0)] 108, 109whilst Cp*TMes, reacts with water to

1) 4/11 Ph,POH
2) 4111 H,0

N A p!
YA AL IO JM/ ASYSNI (8 i NRXXOSR Controllad hydralgsis »f
~ 3 Voal ~ N e (2 = magnesium complexes such as(pyrazolyl)hydroborato (Tp)
o &30 e // ligated [(Tp-Me)Mg(Me)-(THF)](Ar =p-butyl-GsHs) often leads
ANT A 7 to the formation of dimeric hydroxy complexes, such as
2 N ik [(TRA"MeMg(1OH)p 110
Zn1104Et;o(02PPh,)s Zn1004Ety(L1)s Zn1g04Ety(Los The hydrolysis of organometallics andtalamides shows

Fig 7 ZnO clusters formed by partial hydrolysis of Zre#td/or ZnEtL98. 105. 106

romise in formin artially hydrolysed metfako clusters.
Colours: O, red; Zn, blue; &ange; N, light blue p gp y hy Yy

Whilethe introduction of ligands can stabilise the formation of
larger structuresdivergent reactivity to formligated clusters
and bulk metaloxides may occur when a small proportion of
ligand is used®¢

Larger Zroxo clusters can be synthesized by usirigveer
ligand:Zn ratio. For example, #Z0sEto(PhPQ)s was
synthesized by addintpe required stoichiometry ofvater to a
1:7 mixture of [ZnEt(RRPQ)]s and ZnEt(Fig.7).°6¢ Recently, two
ZnO supertetrahedron structures were reported from th¢=3 M | hvd | | .
partial hydrolysis of either ZngEtwith ~0.8 equiv 2 % eta _y roxyl comp exes_ aBI’Ot_IC precursors
GHuN(NHGHsOMe) or from ZnEtL (L =314,6,7,8hexahydre for oxo-bridged heterometallic motifs
2H-pyrimido[1,2a]pyrimidine):° 19 Both complexes have 3 j synthetic routes towards building Moba Q@ 02 Yy SOG A GA G &
formulae ZnoEuOsls with a heteroadamantane ZgOs core
(Fig 7). In the first cas, the complex is active as a catalyst fo
ring-opening polymerisation of-lactide ande-caprolactonel%6
In the second case, it imusualthat partial hydrolysis of ZnEtL
(10 equiv.) with KO (4 equiv.) releasestH (6 equiv.) anddH
(2 equiv.), rather than exclusively releasing alk&#fieSteiner
and coeworkers reported the reaction of Znktwith amino
phosphazene$RNH)P:N; (Fig. 8under dry conditions tdorm
{(RN}(RNHjP:Ns}»(ZnEf}.197  Employing the weldefined
hydrates (RNHgPsNz:.xHO insteadled to structures with ZnO
fragments elegntly sandwiched between two ligandBig 8).
Either a planar Z©s ring or hexagonal Z@s prism could be
captured by capping with {(RRNH3P:Ns}(ZnEf} units 107

}Nhen two different metal centres are connected through a
bridging heteroatom within a molecular environment,
electronic and chemical communication between the two
metals occurs. This connectivity can alter the Lewis acidity of

the metal centres, and sucheterometallic (mixeemetal)

species often display different chemical reactivdymparedto

the homometallic analogues, leadingnew properties such as
enhanced catalytic activities?> 28 While a broad range of
heterometallic systems are knowithis section will focus on

ox06 NA RISR aeads¥aq o082 yWAYAG A D K
complexes havebeen appliedas olefin and ringopening
polymerisationcatalysts andhave shown promise as single site
precursors for the synthesis of mixedetal oxide NPs and
materials with carefully controlled metdd S i I £ G41NJ (G A 2 &

HRN NRH
N
HRN-N\ 2\ £ NRH
| I n ZnEt,
N N +2 (RNH)GP3N3 xH,0
§p/ a) dealkylation deamination
I M—R M—NR
HRN NRH / $ \ - ) /0 2 P
i — d 3
<\ LM \M "M ..... OH LM \M

-RH - HNR2

b)

1 7 T B
K< Al-OH
— QP—‘\ Ga-OH GaZr HGaHf
[w X 4 Zr-OH ZrCa ZrTi ZrHf (zmi
. { ; , ()/- ; Sn-OHlk Snzn
n= n= =16 (e
R = "Pr R="pr Ro oy sr-oH}} srzr |
x=0 x=1.5 x=5

Fig 9 a) General schematic for the synthesis of molecular miretaloxo species

through dealkylation or deamination routes. b) Known combinations for structurally
chamcterised molecular mixethetatoxo (MOa QU Of dzai SNAX &deyiKS
dealkylation or deanmation pathways.

Fig 8 The reaction of aminghosphazenghydrates) with ZnEfwhichcantrap ZnO
fragments  in the reaction products; PrNYy("PiNH)%P:Ns}(ZnEt,
{(PrNY("PINHYP;Ng}(ZNEY(Zn0), {(CYNYCyNHP:Ns}(ZNEtY(Zn0O).1%7 Colours: O,
red; Zn, blue; P, orange; N, light blue
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The dealkylation or deamination of organometallic or metal e, ar N/‘“’"’ N/‘""" “"""\N
amide reagents through reaction with metahydroxyl =M _ou N\ M N\, /O\AI/ =
compounds provides a useful strategy to prepare molecular N\ N/A'\R \ < o \ 7 Non wo” N /
heterometallic oxovs;3ecies inﬂavcontrolled maan'rg(9). AW N Niep Niipp dipg
wide range of welRST¥AY SR abhl O2¥YAWSESa | NB (y29y
and can be accessed through controlled hydrolysiges 44 110, [amacnscANRNOMT— IaiponacacAl(OH)2] KL aippiacnacANOHN(k-O)]
113115 Sybsequent deprotonation dfhe Brgnsted acidicOH o e e dipp =
proton with a highly Brgnsted basmrganometallic ometal R =Et, Ar = dipp

R=Ph,Ar=
amide reagent can generate a range dieterometallic oxo R=Ph,A:=:1i:z

. . B R = OEt, Ar = dipp
speciesThe success of these reactions typically depends on thég - osiwe,, ar = dipp
Brgnstedacidity of the OH protonthe nucleophilicity of the
organometallic or metalamide reagent and the careful
selection of the supporting ligan@hisversatileapproach has

been applied to a range of main group and transition metals

(Fig 9b). AlternativeY, the use of protic nommetallic hydroxides 0\0 °

69bhl1 v Oy I|faz KeRNRf&aasS 2NBIy2YSiGrttaAd TR yﬁé G2
ISy SNI (8 ab his97Far éxdidple iB(eNRacts [LroapAI(OH). THF, Q -

with ZnEt (2 equiv.) and P QH (3 equiv.) to form the cluster

Zn(PhPQ)o(BQ)s, in which three B(OH)units combine to Bu

. s .
for[nvaﬂcentralv BOs boroxtne ring? )Nhllve a yast amoun.'E of Fig 10__ Ligand supported aluminium hydroxide precursafeis o )
NBAa&SINOK KFa F20dzZASR 2y UKS OS2y oSNEAZY 2 F —abirw I NEuzJa U z
a§ htaQ .dZ)/'7\ u a; U KA_ a u.2 LJ)\QO K I e 6m%1§r|¥3-/ §fEIlrb§ng asilxjp%&é A2 grg‘cm@m% AY
reviews and will not l?e discussed in detgll hé&les9 Other [(LresdA(OH)-THE] has a trimeric structure, with a central
successful yet less widetieveloped strategies to fornoxo- {A(OH)} core Fig 10).137 While it could be expected that OH
bridged heterometalliccomplexesinclude GbH deprotonation groupsthat bridge between two Lewis acidicAtentres would

i 1 i i 19, 120 i i ) . ) L.
o Yyield zyvltterlonlc complexes oxidation OT display enhanced Brgnsted aciditin practice thisis not
heterometallic precursor?!. 122 yse of a heterometallic straightforward. For example, trimeric jge)AIOH. THE]does
reagent l;g)rlzt;,:ncapsulate 0Xo dla_mlons from air or eth_ererﬁlot display sufficient Bransted acidity to dealkylate £ZpMe,.
solvents; or adduct formation from a donor M=0 This lack of reactivity has also been observed wittreobridged

functionality to a Lewis gcidic metal centl’i.é6 Here we §hal hydroxide complexes such dlyesnacnaZN(OH)}132 and may
focus on the welkstablished and versatile dealkylation OL'NRAS FTNRY 3

o _ _ AGSNAO LINRPGSOGAZY 2
deamination routes from organometallic/metalamide GKS ONKRIAYI 2N GSNNAYL v I d:
precursors

aggregation state, steric bulk and electronics of the supporting

ligand, and nature of the anionic groups (R, OH or O) can

influencel KS . ND#& a i SR | OA Rk delativeHT (i K ¢

While the formation of mixednetaloxo species through p g w OKSYA OF f a K prétdné ca give &okié a b

dealkylationdeaminationis a general methadhis concept has jngijcation of their acidity, with downfieldOH resonances

been best established for aluminium spect#®s * generally expected to display greater Brgnsted acidic

Heterometallic complexes based on aluminium are particulariharacteri44 While such comparisons are somewhat limited by

attractive as many are potent ethylene polymerisatiogolyent effects and the presence of hydrogen bonding, the

catalysts, which blend a single site homogencatiyst with a chemical shifts can give a useful indication of the influence of

well-defined alumoxane un#?Arange of £ b hba O2 ¥bHgandapdisubstituents upon the Brgnsteddity (Table 1).

have beenprepared from ligand supportedAbOH species |n GDs= (i K §l resohiahck of complexes based on the BDI

bearing Brgnsted acidiprotons, including AIMdg?” AlCal?® pased ligande.qg. [Laippnacna@I(R)(OH)]shifts upfield (towards

AIST?8 AITi}29 AlZri30 AIHE?8 AlCuiSt AlZn}3? AlGa® and  \eaker Brgnsted acidity) in the ordBr=Me (0.53 ppm)140R =

AISr3* systems. o o __ OH (0.22 ppmi*LR =Ob! f Q 06 b A%(Rig110).MININE this
a 2NHFYy2YSUFttAO O2YLX SE Sofder? & U Berhbips Ucolhérintitivé, 4st elBctrondtplidet |

often unstable (refer to Section 2), the preparation of thesgypstituents would generally be expected to enhance the

compounds can be a synthetic challenge. In spite of this, several

| 4 . .
ext YL 84 2F fA3FyR adzlLl NIFGR Ta'?'eff_ YR St o5 BB LR IR ORPR MO pecurgors 13 sy

3.i Building Al0-a Q 6 NA R ALDE redghidsY

1005 LI NIAOdA I NI & K2 2 &limmdted a2y &5 NI O+t —6-dzrt—-&—
ligand frameworks. Complexes of general formula LAXR) Compound 1 baw &akKA ¥ Reference
are formedfrom hydrolysis oL Al(R)CI, in the presence of a N [LaippnacnaAl(Me) (OH)] 0.53 140
heterocycliccarbene as a HCI scavendg®rin certain cases, [LaippNacnaAl(OH)] 0.22 141
AlbOHcomplexes can baccessed bgontrolled hydrolysis of a  [{LainenacnabI(OH)0 0)] bndcn w2
reactiveorganoaluminium complexsuch ashe preparation of [{tdippNacN;G‘i(gﬂ:))z)gO;))]] L0.08¢ 14433
. i esNacNaks &l B M®Poy
[(LyeepAl(OH).THHF] from [(LrespAlMe- THFhndwater. Unlike Lo n(OH)] n N .
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TiMe,4 or ZrMe,

1 iv.

HH
dipp dipp, dipp dipp dipp,
N (‘;é\ W — M(NMe:), J ez T
\A|/0\Ga/O\A|/ (NMe;)GaH; \ \AI/OH 0.5 equiv. o — \ /O\'\L/O\ ;=
S > Al Al
VA AN ; N 0.5
N Me H/\H me” Hy N\ Me - N(Me),H \ N Swe | ome? N /
. NMe.
dipp dipp/ dipp \ . 2 /
dipp dipp
M{N(SiMe;)z}, : FriB2
: equiv.
0.5 M{N(SiMes)}, | Ti(Bz)4 1 equiv.
. ; d di
- HN(SiMe3), - 2 HN(SiMe), : - PhCH, / P o 'PP\
dipp H - PhCH; —N o | o /N_
N/ dipp dipp, i dipp 0.5 \Al/ Sz N
— THF / \ i / N\ e | we” \—Y
\ _o..” —N N— H —N Bz N Me me” Yy
Al M—THF \ O~ O/ : \ y; Bz
/7N M H e B \ /
N Me \ /A'\ /A'\ / : \ Al Ti—Bz Mipp dipg
\dipp N(SiMe), N Me me” : N “we \
: B
\dipp dipp/ H \dipp z + 0.5 Zr(Bz),

Fig. 11 Reactivityof [LappnacnaAl(Me)(OH)] with various organometallic and meganide reagents. Lef§ormation oK SG SN2 YSGF € £ AO YI Ay 3ANRdzLd !t bhb
oxo specied?’. 134 13Right)Influence of organometallic or metaimide reagent upon the product formationandtba Q a G2 A OKA 2 YS{i NBE ©®

Brgnsted acidity of a substrate, these systems are nahalogous reactions with TiMer ZrMe were unsuccessful,
straightforwad as theqOH is located on a metal centtf resulting in the formation of elementdli or Zr.147 In general,

These 1 baw AaAKAFTOa adz33asSad G withibulkyi KiSnacniAKMeOH)] pradBshra wndl teteavalent
[MeLgippnacna@®I(Me)(OH)] display the greatest Brgnsted agid group4 reagents, only one or two of the alkyl/amide units will

This correlates with the chemicashifts (Table 1)and NXB I Ol g2 ISy SNI i b hibfabbhhtbg f 2 NI
experimentally observed reactivity trends for analogoueespectivelyt4” So far, this synthetic stragy appears to be

galliumhydroxide precursorévide infrg. somewhat limited in its use for preparing complexes with more
The deaminatiomf Mg{N(SiMe)2}> by aluminium hydroxide than three metal centres from a monohydroxide precursor.
[Laippnacna®l(Me)(OH)]  has been used to synthesie The selection of an appropriate ligand is imgort as it can

heterometallic  [Laippnacnat T 0 a-O)MA[N(SiMg2}]  (Fig. influence the stability of the heterometallic product.
11)1275dzS G2 G(GKS KAIK . NDZF & (R Daprotanktion afi fip,n2nEAI(MeX@HY] with TV (M & S

units, altering the Mg:Al reaction stoichiometry to 1:2 results ifli, Zr or Hf) leads to the formation ofgPenacnat £ 0 a-S 0 0 >
GKS F2NXIGAZY 2F GKS G NAYSGOMMeOp, 2di\@en dNI& AcSdnpalrying (formafiok hob a 3 t
within [{Laippnacnat T O a-8Mgk This tnnetallic complex methane gas(Fig. 2).129 135 140|n contrast to reaction with
bearsthe same metaf SG I £t Q NI G A 2 404, anil KSTike &k §pFike, 48 raadtiort of [kippnacnaAl(Me)(OH)] with

has potential as a useful precursor to bulk mixradtal oxides [Laippnacnad IMes] does not yield atable heterometallic product

Using sterically unhindered gallium hydride the basegave Instead [kippnacnat T O a-8)TigMe)Laippnacnat Undergoes slow

dimeric heterometalliccomplex [Ldippnacnadl(Me)e-O)GaH)2, oo p_—
beaing a [GaO] galloxane core Kig. 1).136 This ¢OH _ _N< o
deprotonation strategy has also been applied to |Bsgnsted \ )TuMe); \ /AI‘/M., N
basic main group reagents, such as SN{N(giMérig. 1).134 N\Ulipp N\dipp cratiiels o

Oxophilic group 4 organometallic and metahide reagents
have also beenused to deprotonat Brgnsted acidic -CH, -CH,
[LdippnacnaAl(Me)(OH)] (Fig 11). While this is generally a dipp  dipp dipp

. - / \ /

successfl method to access mixemhetaloxo species, the =N /Ok\ N= =N oS
choice of the metal, nature of the organor amide groupand \ N/A'\Me ME/T'\N / \ N/A'\Me M—ee
the reaction stoichiometry influences whether a bimetallic Nipp did Nipp
o!'fbhbav 2NohbNMBLYSGIE Ot DAONSB! Aa | 0O0SaaSR o6a I' ¢AZ o
Zr, Hf). With benzyl precursor TiBs, altering the reaction lgand =M _on
stoichiometry from 1:1 to 2:1 (Al:Ti) allowed the controlled redistribution \ N/‘“\Me
synthesis of bimetallitgippnacnat T 0 a-Q)Tigpor trimetallic N
[{Ldippnacnat £ O a-Q)pTiBm), respective!y. In contrast,. using_ aon avn, oo P
ZrBh, as the BrﬂAnsted base selectively gave trimetallic =N Mo M= =N e =N ol o M=
[Ldippnacnat £ 0 a-Q)pZbB), irrespective of the **Q N/TI\OM/e/TI\N 7" N\ \ e "{C e’ \_{
stoichiometry of the starting reagent$® While sterically AVI— Nipp e el

unhindered metalamides Ti(NMe)s and Z(NMey)s can Fig.12 Ligand influence upon product formation and stability of dxalged
generate trimetallic [{lippnacnal O a-Q)pM(I¥Me)],130 the  heterometallic AITi complexed. 135. 142
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(CuMes),, r.t. R\ /C:u ----- Cu L
————— > A—ol i i So—aAl
-2 MesH 7 Ny \
R = Me, Et or OH L
\M/
S
R
2 L-Al — L (CuMes),
OH I -2 MesH
Mes AI* M
v vivh
2 (CuMes),, 70°C o / \ N /
/°"., Cil Cu .Ci —~—
-4 MesH k
/Cu\ //Cu\
Mes: o\ _0 Mes

Al

L
Fig. 13 Synthesis of GQ-Al species through dealkylation reactiofis.

{Abhl

LINEG2y RA&

LI |

@SR ANBI G§SNJ

proton, which may be partly due to the steric bulk of the dipp

groupsprovidinga i S N& O

O2YLISGAGAZY
0ST2NB

a

e

aidsyz
I £ b hohhEOHgMlipdolbé degrdtoBated.

LINB G SOG A 2IythiF 2 NJ

GKS {Abhl

Thus, the Brgnsted basicity and steric bulk of the organometallic
or metalamidereagent becomes highly important. Highlighting
the difference in reactivity between AlIMeand GaMe, the
reaction of [lippnacnat T O hAOYSHOHIDBU);] with strongly
Brgnsted basic AlMe(1 equiv.) gave the dideprotonation
product, [Laippnacnat T 260»Si(GBuU)0 >O)A(Me)]. In contrast,
reactionwith GaMe (1 equiv.)resulted in monodeprotonation

(of only i K §

{ A B tolformdtyipindinaAl(OH)Si(@u)o >

ligand redistribution to form homometallic complexesO)GaMel. Excess GaMe(3.4 equivalents) was required to

[Laippnacnad i(Me)O} and [LaippnacnadIMes] (Fig. R). 149

When mired with a strongly Brgnsted acidicb®H unit,
dealkylation of weaker Brgnsted bassisch asorganocopper aLISOASa

reagents can be achievedThe reaction ofmonohydroxde
/ dfuSkased3oHi Geprotopagogof Geb@Hrgagentso form GaG-a Q

[LdippNacNa!:fC')WOéhl 8 Ij}\l:IK

species[Lgippnacnat £ 0 380)CuMes)h (Fig. B).131 When the

RSLINRG2Y L

i S (Eik B). Didépkotoriatiodzyak dlso

achieved using M&n (1.5 equiv.)to generate a heterometallic

6St

connectivity

NA y 3

related dihydroxide specieflaippnacna&I(OH)], was appliedas Complexesbearing Gah L a Q
the precursor and the reaction performed at ambienprepared through dealkylation and deaminatiorroutes,
although fewer examples are known. Common precursors

temperature, [lippnacnat T 0 hslOYCaMeshbwas formedwith
a reactive OHmup retainedon eachAl centre. Performing the include
product,

reaction at 70°C, or reactingthe initial

OH)}Ga(Mes)-2THF}46

[letippNacNag;a(l\Ae)OHI]43
While

and
[LdippNacNag;a(Me)OH]

FIQI W Bhb{ Abhb¥

O 2 v yiehed diso dheir &

[(Mes)D | & >
was

[Laippnacnat £ O hzlO)CaMesh, with a further equivalent of synthesised from a similar method to the aluminium

CuMes vyielded the dimeric product

[epnacnal € 30 >analoguelss the dimeric mesityl precursor was preparbdthe

OxCuMes;]2, where two Cu units are bridged by two AKD controlled hydrolysis of trimesitylgallium with water, in THF

units (Fig. B).

9ELJN YRAY 3 dzL2Yy ! fbhi

~ _solvent’s1 A IKE AIKGAY I A
Wit O dzid A 8 BB Ayl { Gl2YV2LaIANA2aE2 v S 2H NMR L h |

GKS &SI 1SN . N

{ Abhb! f barelalsodagckssiblddeprotonation of such resonances have an upfield chemical shifompared to
precursors has successfully led to the synthesis of novely | f 2 3 2 Hzdresonamcesh (Table 3) For example,

I £t dzr2aAirf2El ySa

0 St NR Y3 [LypmnacnaGa(MS OIS K b & b PHrdSonanke at 0.08 ppm,

{Abhb! {bHBELAKENKPERNIY%Y ZL h B wheledsthe/!  H tresonanceof [LappnacnaAl(Me)(OH)larises

cores. For example, dbpnacnat € 0 h2AOYSHCHIDBU)2] was  at 0.53 ppm (bothin GDs solvent)140

derivatised through reaction with a range of organometallic Thedeprotonationof [Laippnacna&a(Me)(OH)] with GErMe;

reagents including ZnMe and GaMe, to
heterometallic alumosiloxars(Fig 14).1%3In all cases, the
Me THE Me\ /Me
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e A i 'p:o/ o
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Fig. 14 Synthesis of hetefiimetallicalumasiloxanespecies'33
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generate led to heterometallic [kippnacnaD | 0 a DIZMe)CH in a

straightforward manner143 In contrast, thedeprotonation of
[(MesyD I €OyGa(Mes)-2THFDby Ti(NE%)4 is more complex
using a 1:3 ratio of reagents gave a mbradtal [GaTi] oxo
cluster Fig. B).146Interestingly, the solid state structure of this
cluster suggests that metathesis has occurred, as the, NEt
ligands havebeen transferred from Ti to Gand GaMes was
observed along with mesitylene and HMNEBuch metathsis
reactions have been observed with other gallimased oxo
systems; the reaction of {kpnacnad iIMes] with [(Mes)D | 6 >
OH)YGa(Mes)-2THF] gave the homometallic okddged
species [kippnacnal A 0 a-G)TiEVie)luippnacnad, @long with

Psi
5%

Fig. 15 Synthesis of a mixednetal GaTi oxo clustéf®

i /Q Ti(N Et2)4 toluene,

- MesH, Me;Ga

- HNEt,, -

- THF
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M(NR2)4 M=Ti,R=Me
Ga Ga M=2Zr,R = Et
N ToH HO 2HNR2 M = Hf, R = Et
M Mes M Mes

RZN NR,
Fig 16  Synthesis of heterometallic galloxane complei&s.

GaMes.1*9 A range of heterometallic galloxane complexes have

been prepared from a dihydroxide precursor,

[{Lvesnacna&Sa(OHYO =©)] Fig. 16.152Dideprotonation by group

4 amide reagent§Ti(NMe)a, Zr(NEf)s or Hf(NE%)4] led to the

synthesis of [{(kesnacna&ad0 sh U YORL{M(NR)2}]. It is

noteworthy that while the Gu OH unit deaminates

organoamide reagents, no reaction occurred with Fig 17 Synthesis of [les)Al(>-O)Zr(Me)Cp.2%7

trialkylaluminium or gallium reagents (AlNler GaMe), or with

CpMMe; (M = Ti, Zr or Hf). This lack of dealkylation may arigg&rgeted complex [(133,1;) I Oz Me)Cpji] was accessed{g.

from the steric bulk bthe group 4 organometallic reagents.17).13’ The lzO0 O S & & F dz RSLINRO2YyFGAZ2Y 2°

Alternatively, the reactivity observed with Ti(NMe)or due to their greater accessibility, asrag diffraction studies

Zr/Hf(NEt) may be attributed to the enhanced kinetic basicityshow that [Cp3Zr(MeOH)] is monomeric with terminatOH

of organoamide uni® and the ability of the lone pair of units53 in contrast to trimeric [Lregil(OH)-THE] which

electrons on N to facilitate proton transfét. 52 contains bridging-OH unitst37 In general, other aluminium
Comparison of thelH NMR spectra of these & hydroxide precursors have successfully dealkylated

precursors  suggest that the galloxane precursor organozirconium reagents, such as the reaction of

[{LvesnacnatSa(OHYO +0)] will display weaker Brgnsted acidityLgippnacnadl(Me)(OH)] and [GArMe):] to form

than [Laippnacna&Sa(Me)(OH)las the GeOH!H NMR resoance is [Ld.ppNacNaL f 0 a-Q)dr@vie)Cg.140

FAdzNLIKSN) dzLJFASE R 6bmdoy LILI | Yridcursof [Tpzr(MDH)] MeB proviénQdide @ énérally 0 2

GsDs).143 152The experimental data provides support for #ee effective Brgnsted acith? and has been applied to the

relative Brensted acidities, as whiledfbnacnaésa(Me)(OH)] dealkylation of [Cp*TiMg or deamination of Ti(NMgs to

dealkylates CZrMe, 4 the bis-Ga precursor synthesise heterobimetallics [CpAND afOPTiiMe)Cp*]L53

[{Lvesnacna&Sa(OHYO -©)] does not>2Thebis-Ga precursor also and [Cp3Zi(Me)o »O)Ti(NMe)s].157 However, a mixture of

displays lesser acidity than the Al analogue species were observed from the reactiafi [Cp*Zr(Me)OH]

[{Ldippnacna@I(OH)}6 ©)] in line with the OHH NMR shifts (Al with 1 equivalent of Hf(NMgs; alongside [Cp¥:Nh & 6 >

OHZ b dcn -OHALIYH M dbly  LILEDe)“Dahdi KO)HANKI)s), trimetallic  [Cpi(Me)ZrE2-O)Hf(NMe)2(>2-

evidenced by the lack of ability of the Ga species to dealkylatgzr(Me)Cp3 was observed as a minor product. The trimetallic

organoaluminium reagents?. 152 ZnHf species is notabl@s even the reaction of heterometallic
[Cp*%ZnMe)d »0)Ti(NMe)s] with a second equivalent of
3.iv ApplyingZi-OH complexeso build ZrO-a Q dzy' A U a [Cp*Zr(Me)YOH] still did not result in the formation of the

The zirconium precursor [CgZr(MeOH] can be preparedy trimetallic ZpTi analogue. This reactivity difference may arise
hydrolysis of [CpZrMe] with one equiv of water, with from the enhanced Brgnsted basicity ofbtNMe> units in
concomitant formation of methane g#8% The hydroxyl comparison to BENMe,, due to the greater polarity of the HN

complex is monomeric in the solid state, and displays go®@nds, or from the steric bulk of the Cp* groups hindering a
stability even at elevated temperatureShe choice of ligand S€cond deamination at the smaller Ti centpe.

and R group arémportant for stabilisingthe hydroxide, ashe The concept of dealkylation has also been applied to the
reaction of either[CpZrMey] or [Cp*ZrH] with one equiv. of A Y O2 N1J2 NI (BZ2 ghits D6 | a I4NB O2 Yy i F Ay A
water leadsinsteadto oxo-bridged dimeric specigi$9. 137,154 Basedon TPHNa h C 6 ¢ t |-His(c&rboxyghangp-nitro-
Basedon the reaction of [CpZr(MeXOH] with a ligand M >-wighenyl, Fig. B), the deprotonation of terminal 26
supported LAIMe complex, Harder and -workers tave OH) sites by MgMsgave an elegant synthetic method to

RS@St 2SR O02YLX SES& o6SINAYy3a “NbLhb!f O2yySOiGAagAaite Fa STFFTAO
olefin polymerisation catalysts [L =dgpor Lopy Lol 6 Z 0 Q
bis(2methylallyl}o m-Biphé@nyl}H Z-dia).13”. 15 From a

reactivity perspective, the synthesis of these complexes

demonstraba G KS AYLERNIIFyOS 27F KS yl- i dzNB
iKS [aQbw NBIF3ISyGa Ay | OOSaaay3d o]
connectivity. Beginning with the aluminium monohydroxide

complex [(ksspAlOH)]s; and [Cp*ZrMe)] or [CpZrMe)], no

dealkylation was observedHowever, simjy swapping the

ligandsupported metals ofii KS ab hl FYR aQbw dzyAiaz oeé

combining [(ksspAl(Me)- THR] and [Cp%Zr(Me) OH)], the Fig. B Synthesis of heterometallic MgEtOF based catalys#s.
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