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Chapter 1

The -GhMm Wayd: Advances in Mechanochemical

Introduction

Those of us involved with chemistry aeminded perhaps not often enougho
Aqguestion our assumptionso about-estadishedopt s an
reasonable to doubtt is prudent advice, as the failure to reconsideroelgl beliefs haser
peatedly stalled advances in multiple areas of the science, including synthetic studies. Entire
chemicalfam | i es, such as mol ecul ar complexes cont
(e.g., those with Br Gd', Ho', and othe’®® , or compounds of t'he 6éun
> were at one time thought to be unisolable, for seemingly impeccable scientific reasons. Yet
an assumption far older and more pervasive than those associated with these examples is still
infrequently questioned: namely, that a solvent is needed vametucting reactions. The
roots of this supposition go back centuries, if not millennia; the obvious dependenae of bi
logical processes on liquid water perhaps helped promote the idea that solvents are required
for nearly all chemical transformations. Ircognition of the solvent/reaction relationship, the
al chemi sts even h &aporanohagtnt nisispubar § bedf es db: nd
unless dissolved).

It would be wrong to characterize the use of solvents as purely reflexive, hoagver;
solventbased reactions remain the overwhelming norm in synthetic chemistry, and for empi
ically sound reasons. Solvents promote the interaction of reagents, affect the rates of rea
tions, often change the distribution of products, and disperse heat in exotresations.

There are significant issues to contend with when solventsoaused: many reactions are

simply not amenable to a solveintée approach, particularly on a large scale, where efficient

mixing can be problematic. Solvents are still often neglifor the extraction, separation and
purification of productéThus 6fsmée@&ntor often more accurat
chemistry is not necessarily a completely green approach to syrfthesis.

Despite such limitations, reactions conducted through grinding or milling, rather than
solvent mediation, hold great promise for synthetic chertigthis has alreadbeen exte-
sively demonstrated in organic chemitryf and, to a lesser but growing extent, in inorganic
and coordination chemisty,'® especially in the area of metal organic frameworks (MGFs).
1920|n contrast, the area of mechanochemicghnometallicsynthesis is markedly undexd
veloped. As noted below, gHirst papers on the subject appeared scarcely a quarter century



ago, and only in the present decade have suchsalid syntheses become more widgly a
preciated, even if not broadly practiced. A goal of this chapter, and overall thesde{s to
scriberecent developmentand investigations the area. This is a rapidly evolving field, and
the various consequenéesome advantageous, others perhaps lgsstst can arise when
solvents are removed from an organometallic system are only partially kinbene. are miy

tiple entry points into the field, several quite inexpensive and well worth examihisger-
hapsnot too much to suggest thabre chemists consider mechanochemical approaches when
designing strategies for preparing new organometablealles and studying their

reactions-*

A brief history of mechanochemical synthesis

It should be stressed that, despite the alchemical adage mdrdiomes, the grinding
or milling of chemical compounds to initiate reactions is not a new practice. Recognition of
the distinctive activation processes involved in grinding was slow in coming, however. A d
tailed history of this area can be found elsewfieomly a few pointsare summarizetere.
Among the earliest recorded reactions that could be considered mechanochemical is-one me
tioned by Theophastus of Ereso¥ ¢entury BC), who noted that the grinding of cinnabar
(HgS) with vinegar in a copper vesseld-(what
ingd, LAG) results in theHigSr maHguCub)Y?of el e me
Grinding has also long been known to facilitate displacement reactions between a metal oxide
and a more reactive metal (e4., Cu O + 3 F §,).¥n 1820, Glichael Fafagay
published his resech on the reduction of AgCI with various active metals (Zn, Sn, Fe, Cu)
by grinding in a mortar, i“fEveathopghootadltimrr e he ¢
sults can be cleanly replicated todapjs marked one of the first systematic studies oftmec
anochemical processes. The problem with interpreting the nature of these reactions is that
theycan be initiated with either grinding or heat (note that the HgS/Cu, CuO/Fe, and AgCl/Zn
reactions above are al s oG%Hmkx6E)rAmneasogablaasspo al |y s
tion (that word again!) made when discussing these systems was that theewntlyedult of
grinding was the generation of heat through friction, andatyatchemical changes were due
to secondary thermochemical processes. Not surprisingly, in a discussion of this topic in a
well-regarded chemistry textbook from the 1880s, itwast egor i cal |l y st ated:
assume that chemical changes co%e about thro
Within a decade, this view was about to change, as at the end of'tbertt@ry the
American chemist M. Carey Lea (182897) began to distinguish systematically the results
of grindingfrom thermochemical effects. He identified chemical systems that behaved



differently depending on how they were activated. Among these were the silver halides,

which form elemental silver on grinding, but melt without decomposition when simply hea
ed®Leads work was important in the recogniti
by Wilhelm Ostwald in 191%8) as a distinct subdiscipline of chemistty.

The potential for transformative results in organometallic chemistry through neechan
chemical means would seem to be as great as in organic and coordination chemistry. In fact,
reactions of organometallic compounds in the solid state have been known for at least half a
century®® Many of these, however, including thermally induced ligand isomerizations and
reactions at surfaces, do not involve the application of mechanical energy, and are met prope
ly considerednechanochemicaf. The range of organometallic complexes synthesized
through truly mechanochemical methods is actually quite substantial, and is only partially i
dicated by the examples in Figuré“?? Combined thermal and mechanochemical synthesis is
also known, such asith thesolid-state desolvation of the dimeric alkoxidég{u Z rQ(t€
Bu))(thf)}.], which produces the trimeric {{Bu)ZnO{-Bu)}s]; grinding of the latter geme
ates the tetrameric cubanetf§u)ZnO¢-Bu)}4].”
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Figure 1. A sampling of organometallic species produced through mechanochemical mejtedsicene™®
b) Al[ 1,3-(SiMe3),C3Hs]5;* c) oneof two diastereomers &s[1,3-(SiMe;),CsH3ls;*" d) the metallocarborane
[MesN][Cr(C,BgH11)2;* e) fac-(TMEDA)ReCOXF;** f) [Au(IPr)(CsHs)] (IPr = 1,3bis(2,6di-
isopropylghenyl)imidazol2-ylidene)*® g) diag-CpRe(CO)Cl, andlat-CpRe(CO)Cl,;** h) [(CsMes)RhCh], **



The first reports of theserganometallic reactions appeared in the early 1990s, and
included the preparation of various cyclopentadienyl, indenyl, and metallocarborane co
plexes®>**2 Despite the novelty of the solvefiee approach and a steady accumulation of
synthesis reports on varigmetal complexes over the next dec&d@jnterest in the tde
nique remained low, at lea$judged by paper citation counts. Part of the reason for this may
have been that many of the compounds made in the initial years were already known from
conventional solution routes, so any special advantages (apart from reduced solvent use) of
the mechaochemical alternatives were not apparent. In addition, it was not always clear what
role grinding or milling actually played in the processes. The products were typically removed
from reaction mixtures by sublimation (with heating) or solvent extraction the possibility
that most or all of a reaction occurred during workup could not be excluded. This was expli
itly shown to be true in the formation of Cr(acaitdm the reaction of Cr@land Naacac];
grinding was said t o butropredud was aciuallyadetectbdunti h e mi
external heat was subsequently appliethis was also demonstrated during the formation of
various monocyclopentadienybmplexes, whose reagents, although ground, had to be heated
to form product$®*°

One of the first reports to clarify this issue involved a detailed investigation with IR
and powder Xray diffraction of ground reaction mixtures of Fe@hd TICp; ferrocene fe
mation was shown to increase as a function of milling tifrleater, solid state NMR was
added to the list of techniques used for characterizing reaction mixtures, confirmingdhat rea
tions to formcis-(PhsP),PtCh andcis-(PhsP),PtCQ; from PtC} and the other ligands occurred
before any workup procedurgslt is now well established that organometallic syntheses can
occur in a truly mechanochemical fashion, without the assistance of auxiliary heatihkg or so
vents, thus vindicating (with a nod Earaday, and to the informal abbreviations of physical
chemi stcrhye nabs abnPd el ecd romb)e-end sihe wl & . 0 E

The Mechanochemical Regime

| UPAC has formalized the definition of a
reactionthat s i nduced by the dir ec t*Athbugtothisgeave n o f
many specifics undefined, it does help distinguish mechanochemical reactions from purely
thermal ons.

Heat may be involved, but it is not the majowarg force of a mechanochemical
transformation. Several processes are understood to be active during grinding and milling,
including mass transfer and the generation and relaxation of mechanicaltsadster is
associated with the disruption of crystalline lattit@he cracking otrystals, for example,
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has been estimated to involve the energy equivalent ofi 5000 K, crack propagation near
velocity of sound (10cm s%), and bond excitation lifetimes of ~100 fdda. this regard,

there are parallels to the processes associated with ultrasonic cavitation in solution, where
during bubble collapse temperatures o860 K for a time period of 16 10°® sec and pe

sures of several tens of kilobars may be invoR7ell considerable amount of energy can be
added to the system with a negligible increase in macroscopic temperature. Furthermore, the
magnitude of the electric field near the tip of a mobile crack has beeraes! at ~1HV

m*,>®and high defect density introduced in crystals by grinding may also contribute as a dfri
ing force®* Such enmies can fracture bonds and create radicals in ways that do not occur in
solution. Not surprisingly, the outcome of mechanochemical reactions need not be the same as
in solution, or when externally heated.

A fundamental difficulty in studying the mecham of mechanochemical reactions is
monitoring their progress. In some cases, grinding can be stopped after different intervals of
time and the reaction mixture analyzed. In other cases, mechanochemical activation is r
quired only to initiate a reaction, wah will proceed without continuous grinding. In these
instances, powder-Xay diffractior?® or solid-state NMR® have been used to mitor the g-
pearance of products and disappearance of reagents. A particularly elegant demonstration of
reaktime monitoring of reaction progress during grinding has been provided with synchrotron
di ffraction though t he®Suhindtrumertal ifvestiggtioi, ds a n d
valuable as it is, is not widely available, and some mechanochemical reactions cam be co
pleted on relatively short time scales-@Dsecy’, providing little time for conventional data
acquisition. Most reactions mechams are generally inferred from an analysis of the product
mixtures. Reatime monitoring of mechanochemical reactions is an area that will likely see
considerable development in the coming years.

Equipment for Mechanochemical Synthesis

Mechanochemical reactions can be conducted under a range of conditions with
equipment ranging from nearly free to tens of thousands of dollars. More expenspe equi
ment can conveniently and consistently process larger amounts of reagents and decrease rea
tion time, but is certainly not required for exploratory work or praetoncept investig-
tions. Several mechanochemical techniques ranging from low to high cost are listed here. The
inventory is not exhaustive. There are, for example, commercially bleaitzotorized mortar
and pestles, but these have not found extensive use insrakdlorganometallic synthesis.



Mortar and Pestle

As the most timénonored and one of the least expensive tools for mechanochemistry,
mortar and pestles are routinely@oyed for size reduction. Depending on the system-of i
terest, these may also be used to promote mechanochemical reactivity. Many chemists have
inadvertently done so when preparing pellets for IR spectra by grinding KBr with an organic
compound, and disgering bromine incorporation into the sample. This has been done with
coordination polymers to deliberately promote anion exchahgthough widely available,
mortar and pestle grinding suffeigrsificant limitationsin regardgo defined reaction cond
tions® Factors ranging from atmospheric conditions (if performed on a benchtop), grinding
frequency, strength of the grinder, and mixing of reagentslcplag an important role du
ing milling reactions? Despite thesenhitations, the venerable mortar gestle combination
offers an inexpensive entry point for examining probtoncept organoetallic mechao-
chemistry.

Glass flask milling

In a round bottom flask partially filled with ball bearings, reagents can be gently
milled when the flask is swirled by hand or attached to a rotary evaporator. The latter allows
for greater control ofeaction conditions. An advantage of this method is the ability tolvisua
ly monitor reactions; furthermore, reaction size in principle is limited only by flask volume. In
practice, however, small ball bearisnhgs (ca.
used in order to avoid glass breakage. This consequently limits the mechanical energy that can
be transferred to the reagents, which has the effect of reducing yields and extending reaction
times>® Nevertheless, this methdws been found to heseful for initial studies and scree
ings. The tri(allyl) complexes [MA] (A" = 1,3-(SiMe3),C3H3); M = Al, Sc) werefirst pro-
duced by glass flask milling; the aluminum compound was mswligit ca. 30% yield after a 2
h milling.®® This will be discussed in more detail in Chapter 2.
An alternative to the rotary evaporator millisgo usea magnetictir baras an agé-
tor for bal bearingssimilar to the arrangement thaill be discussed for the tube disperser.
In place of solvent, several small ball bearingslwe added to a flask containing solid+e
gents and longtir bar Spinning of thestir barprovides enough agitationfdall bearings to
grind reagentsuccessfullyThis methodmay provide another accessilib@-endtechnique.



Wig-L-BugE and Tube Disperser Milling

Sever adlevoeniéod mi I 1 i ng techniques are avail
easily portablequipment, suchastheWigBu gE ( Dentsply Rinn.), tut
the UltraTurrax® Tube Drive, IKA) and lapidary grinders. These provide higher energy,
greater adaptability, and increased control for moderate cost (~USD 1000). It should be noted
that although such equipment is designed for grinding and mixing samples, their ush-in mec
anochemical synthesimuldtax their efficiency. The Wig-Bu gE, tube diisper ser
lar homogenizers employ different motions for the grinding of samplesisspossible that
one will be better suited to a given application than another. Typically, such units require little
space and can easily be used in glove boxes. However, as these are not designed for bulk
grinding, reaction scalap is limited.

A tubedisperser, which uses a spinning agitator to move ball beaisregsily adap
able to airsensitive chemistry. Reactions can be taken to completion in as littlel&sri,
visually monitored, and the products easily extracted. There are limitssypdtieen, as ef
cient motion of the agitator and ball bearings are needed for grinding. A practical maximum
of ca 0.5 g total reagents can be used at one time and soft or malleable solid reagents must be
avoided.

Mixer and Planetary Mills

Specialized bamills such as mixer mills and planetary mills occupy the high end of
the baltmilling spectrum, and serve as gold standards for mechanochemical synthesis. Both
mill types are designed for higénergy milling and size reduction of a wide range of mater
als over long periods, and are ideally suited for controlled, consistent mechanochemical sy
thesis. As with the midevel techniques, mixer and planetary mills differ in how grinding is
accomplished. Planetary mills utilize a spinning jar on an opposfigipiag Gunwheedbto
impart high centrifugal and frictional forces on materials through the motion of ball
bearings? In contrast, mixer mills utilize cylindrical jars oscillating horizontally to impart
high impact foces between the ball bearing and the curved ends of the jar. Mixer mills in
general provide overall higher energy impacts than planetary mills. Planetary mills tend to
have a wider distribution of mechanical energy and generally offer larger reactioregolum
Despite these differences, both mixer and planetary mills have been used to synthegize a var
ety of inorganic and organometallic compleXeas a measure of the energy imparted by
these mills, the prepation of [AIA"3] that required 2 h of glass flask milling (see above) was
completed in 20 min in a tube disperser (80% yield) and in 88% yield after 5 min grinding at
600 rpm in a planetary ball m{ltietails in Chapter 2
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The energy input into a mechanochemreaction can be varied not only by e
sign of themill itself but also by the use of ball bearings of different materials or size, and by
the frequency of grinding. Balls for grinding are available in a variety of materials, including
Teflon® (2.3 g cM®), alumina (AbOs, 4.0 g cmt’), zirconia (ZrQ, 5.7 g cn), stainless steel
(ca. 8.0 g cril) and tungsten carbide (WC, 15.6 g'&nwith the densematerials providing
more kinetic energy during impact. Grinding chambers themselves can be made of various
materials, and their combination with various ball bearings can change the mechanochemical
outcome, such as initiating redox chemistry.

Removing Solvent from Organometallic $nthesis

Just as fisolventl esso and fAmechanoeehemica
scribing reactions, the absence of a solvent during a mechanochemical synthesis can have va
ied consequences. For simpiygione can anticipate three different outcomes: 1) stéte
and solution syntheses give the same or closely related products; 2) solution synthesis gives
the desired product, whereas solid state does not; and 3p&ikdsynthesis gives the desired
product, but solution does not. Which of these is the most likely is not yet readily predictable.
Whether the first case is obtained certainly depends on the stability of the prodtiet a&d
uration of thametal coordingon spherelf the compound isammonly isolated with coord
nated solvent, then its absence leaves open the possibility that other reactions may occur.

Solvent removaldoes not change the product

Coordinatively saturated metal complexes may be among the most predictabéy synth
sized with mechanochemical methods. This is typified by ferrocene, prepared fromareCl
TICp,*® or bis(indenyl)nickel, from NiB{dme) and Na[Indf> The sameis true with sterically
congested homoleptic allyl complexes. [Sgj&an be made from Sc£and K[A] in THF in
approximately 60% vyield® and mechanochemically in 15, 25, and 42% vyield by glass flask,
disperser, and planetary ball milling, respesiy(discussed in Cipter2).>® The same is true
of [HoA 3], [ErA's] , 4 Y A Mjn ¢, wiicB eaA i made equally well in solufib? or
by ball milling®® Some multimetallic clusters are also in this category; the 1:2 reactions of
[Au(C* CPh)PPH| with [Ag(OTTf)] or [Ag(OTf)(tht)] (tht = tetrahydrothiophene) ledd the
high nuclearity species [AgAu1o(Ct CPh)AOTf)s(PPh)s] and
[Ag26AULo(Ct CPhx4(OTH)12(PPhR)s(tht)i2], respectively. The same products are produced
whether the reactions are conducted in acetone or with ball nffiling.



Solvent removalis detrimental

Solvent removal may not always be benign in an organometallic reaction. In such ca
es, it may be possibtlistinguish the effects of the removal ofwsmit during a mechan
chamical reaction from the direct consequences of the addition of mechanical effagyy.
situationwas encountereduring the synthesis of the trimethylsilylated bis(allyl)metal nickel
complex [NiA"] from the combination of NiBfdme) and the substituted potassium allyl
K[A], " both of which are highly soluble in THF (eq 1).

NiBry(dme) + 2K[A'] ™M [NIA";] + 2 KBr Z (1)

Under solventree ballmilling conditions, however, the reaction yields the dimerized ligand
(1,3,4,6tetrakis(trimethylsilyl}1,5hexadiene)[( A]Npstead (eq 258

NiBry(dme) + 2K[A']-2~ [ A]Nj2 KBr + Nibyproducts )

Although it might seem as if grinding has changed the primary mechanism from halide
metathesis to a redox reaction, use of the (TitéBluble) NiC} in place of NiBg(dme) in the
magnetically stirred TH#ased reaction also results in allyl couplii@ased on the known
ability of nickel centers to couple allyl liganfsit was reasonable to propose that oxidative
coupling of the allyl mions occurred at the surface of the insoluble NiCTHF. By exte-
sion, the same process is likely occurring under ball milling conditions with the solid
NiBr,(dme). Clearly, dissolution of the metal reagent is critical to avoid unwanted coupling
reactons. It is the absence of solubilized metal ions, rather than specifically the grinding,
which promotes the couplingllyl coupling reactionbave also been found t@cur during
the preparation of other firsow allyl complexes [MAg] (M = Cri Co)’*"® from the metal
halides MX and K[A"] under solvenfree milling conditions, even though all the reactions
are successful in TH@iscussed iChapters).®®

Solvent removalis advantageous

The synt h g provelesanfexcgllant ilstdpce oéthower of organometallic
mechanochemistry to circumvent otherwise intractable synthetic diffiguttiesl discussed
in significant depth irChapter2. A tri(allyl)aluminum complex was an especially inviting
target, as unsuccessful attempts to genénatbasdree parent species, Al¢Hs)s, date from
the 1920<° Okuda has prepared several complexeaildeves (L:Al(CsHs)s; L = THF,

OPPh, pyridine), howevef’ and the related gallium complex [Gaphad been previously
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synthesized from Gaghnd K[A'] in THF®’ so the synthesis of the aluminum complex was
not expected to be especially problematic.

Nevertheless, soluiethased t echni ques do gnAttempted | ow i s
salt metathesis between AJ4nd K[A'] in etheeal solvents (RO, THF) give complex, un
dentifiable mixtures, and in a hydrocarbon solvent (hexanes) no reactivity is observed.

By grindings(K{f ANj]Cla,n dBrA,l ¥lcanbe isvlatedeay large, [ Al ,
yellow crystals irhighyield on a muigram scal€® A single crystal Xray study indicates
[ A I3]AsMjthreecoordinate metal complex, and is found to be highly fluxional in solution. If
di ssol ved i n an jednioebe eaVereubiristeagifaring an (nidlénti Nj
able solid.

Despitet he bul k of the AN Iligands, they do no
the metal center. | n dredcemniediaelytolyielditreemgeo phenon
tion product [AI(COPBA Nj)in quantitative yield® In contrastreatment of the
[AI(C 3Hs)3(thf)] complex with benzophenone form theequivalenttompound
[AI(COPh,C3Hs)s(THF)] is much slowef® Preliminary calculationsdf{scussed in Chaptej 2
suggestthethreeo or di nat e me g pldys aciealrdlea its highfeacfivityl A Nj

Despitesuch behavigr [ spi$ Iésdljeducing than the more ionic alkali metal salts of
[A']", and can be used with Bib form [BiA’3]. In contrast, the same reaction with K[A']
produces bismuth metal and the coupled ligan®RijlU s e o ] offerA & chdxice tai
vestigate synthesis of metal allyl compleréshe more reducible metals of théokbck and
p-block.

Solvent removal or reduction can be beneficial to synthesis even when the pimduct o
tained is ultimately the same. This was demonstrated in the synthesis of the CVD precursor
[SrCp%(OEL)] (Cp” = GMey(n-Pr)) on a 0.5 kg scaf@ Although the compound can be@r
duced in small amounts through conventional metathesis in diethyl ether (h.e.2Srl
K[Cp']), the reaction does not scale. Owing partially to the density {546 g mal*), and
the fact thathe reagents are poorly solubleEtO, magnetic or mechanical stirring, suff
cient for gramscale reactions, is inadequate with larger amounts of reayéititsthe aid of
ball milling and the use of a small amoun&O to create a LAG environment, however, the
solvated metallocene ppoduced in 88% yield. The ether can be subsequently removed
through distillation.
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Challenges and Opportunities

Degradation of products

A patrticular issue that must be addressed during mechanochemical synthesis is that,
even if macroscopic temperaggrdo not rise significantly during grinding, a continual input
of energy is involved. At the minimum, this can cause degradation of the product and place a
cap on product yield. The production of ferrocene from fafd TICp was found to reach a
maximumafter 60 min of milling; decomposition of ferrocene was responsible for the-subs
quent decrease in yield as milling contind&@his was established in two ways; one was by
grinding ferrocene itself in a ball mill; the compoundjdeled detectably after 75 min, with
release of cyclopentadiene. A second, more interesting test was the grinding of ferrocene with
TICI; in addition to the decomposition of ferrocene, some TICp could be detected irkthe mi
ture (eq 3).

CpFe + 2 TICI§ FeCb+ 2 TICp 3)

This reaction is of course the reverse of the one that formed ferrocene, and touches on
the question of the extent to which equilibrium is established in mechanochemical ré4ctions.
The reaction in e also hints at another potential problem with a mechanochemical reaction;
namely, unwanted bgroducts of a reaction are usually in the same phase as the reactants and
products, ad can react with them. This may require a redesign of the reaction to avoid the
formationof suchbyr oducts; this of course is benefi ci

Stoichiometric and Stereochemical Variations

The concentrations of reagentsaisolidstate reaction are high, if measured on a
purely reagent/volume ratio. Yet this does not necessarily translate into the speed of mass
transport of reagents, which is dependent on the grinding agent (e.g., milling balls). Although
mechanochemical syhesis can increase control over reaction stoichiomé&tifdshis may
not always be the casthe consequences of this have been encountered in the context of a
kaline earth metal allyl chemistry, discussed in detathapter4.

The reaction of BeGlwith K[A"] in Et,O produces theolvated [(EfO)BeA™] (eq.
4) 3 Attempts to desolvate the complex leads to its decomposition. As an alternative route to
a basdree bis(allyl) compound, the two solid reagents were ball milled, and the reackion mi
ture extracted with hexas. Crystals of a beryllium allyl were readily isolated from the he
anes mixture, but they were found to be of the beryllate K[EBeAhe structure of this
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complex is of a type found before in solution syntheses where tbeotidinate metal is

Sn(11)®° or Zn(11) .2 The fact that this forms only in the solid state, despite theopimum

ratio of reagents (i.e., the reaction is effectively BeCl 3 K[ AE] 3] 2 KKI], iBde A E

cates that without solvent the coordination sphere of bemyliu s abl e t e accept
bonded allyl ligand.

BeCh+ 2 K[A] 2> [(Et,0)BeA7] + 2 KCI (4)

A more subtle consequence of solvent removal can be found in shifts of sterecisomer
ratios. Although this is well documented in organic chenfi§tfyorganometallic examples
are rare. Thsp(MSAsoSh,Bi) coraplekeMaampe readily formed through
both solution and mechanochemical synthesis metlandisare found as pairs of diaster

omers (Chpter 37*". One form has appareng€ymmetrywi t h al | of t he [ ANj
in one direction, si mjconplexes The dthercdhasorlyr'§Smet ur e o
metry, confimedwith X ay crystall ography. -Doondandaac o mpl e x

not be interconverted between &d G diastereomers’

An unpredictable element of reactivity manifests itdaibugh the ratio of the sterieo
somers produced in the mechanochemical and solbiead methods. The ratio of 0 G;
is dependent upon the method of synthesis and identity of the metal center, with variations of
reagents, reaction temperature, and lemgving no effect’ Ball milling promotes the fio
mation of the @isomer,evidently the kinetic product, sometimes substantially increasing the
relative ratio between Gnd G (up to 10:1 for the arsenic derivative).

Despite the uncertainties in mechanism that can accompany mechanochermical rea
tions, it has been gratifying see the advances that have been made in multistep organom
tallic synthesis. Multistep mechanochemical coordination chemistry has been demonstrated
before®® but even more complex transformations, involving both redox chemizirg@a-
lent bond transformations, have been demonstrated with metal carbonyls. Perhaps the most
elaborate to date is illustratedfigure 2 in which Rg(CO)is converted tdac-
(TMEDA)Re(CO}F through the agency of Nal, K[Hg[Qoxone), AgF andN,N,N",N"-
tetramethylethylenediamine (TMEDA).

The individual steps of the reaction, which can be conducted separately, comprise ox
dative addition of a zergalent metal carbonyl, halogen exchange, and addition of a chelating
ligand. Most impressively, howevehdy can be conducted in a epet five-reagent process,
generating the final rhenium tricarbonyl complex in 45% yield, an elegant example @-ortho
onal synthesi&’ The potential for expanding such multicomponent reactions to other systems
is large.
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oo,,,,,,llq.\co cio Nal T T \/ T
‘Re «CO K+HSO:]> OCu,, WCO AgF OCs,, | WCO  TMEDA Ny, WCO
00 | Tpel . MHSOS PR 'Re"\\\ AN Re'\\ — 'Re"\\\
co. #| ©° oc” | “~Yco oc” | “¥co N | o
oc co co \ co
co
\ Nal, K*[HSOsJ, AgF, TMEDA (milling, 2 h, 30 Hz) /

Figure 2. Mechanochemical synthesisfat-(TMEDA)ReCO}XF from Rg(CO),o. The steps can be performed
separately, but a ofot multicomponent synthesis woralsa

Catalyzed reactivity

Heterogeneous catalysis is another frontier in organometallic mechanochemistry that
has much room for growth. Bottondensatiotf °* and coupling reactions have beenraxa
ined; 2°° developments in this area have been revielv&kcently Ri-catalyzed olefin re-
tathesis, including crossetathesis and ringlosing metathesis, has been demonstrated with
commercially available catalysts, including first and seegegkeration Grubbs catalysts, and
the secondjeneration Hoveydarubbs catalysiFigure 3.°

+ HyC=CH,
[Ru}

neat or LAG
R =-H; -CO.H; -CO,Me

NO
4~ Y ] + HsC=CH, 9 2
[Ru]
solid auxiliary . COZE'(
COzEt
OZS\N

+

BF,~ H2 BF,~ 2

+ H,C=CH,

[RU] _

Figure 3. Mechanochemically induced Ruatalyzed afin metathesis reactions, including crosstathesis and
ring-closing metathesis.

Steelbased equipment had to be avoided with neat liquids, owing to irredueible b
havior, and in someasesan inert abrasive auxiliary (e.g., NaCh30O,) had to be adied to
prevent the balls from being coated with reaction mixtures, limiting the product yields. In
manycaseshigh yields were obtained, with minimal solvent use required in workug-Esp
cially notable was the higher conversion (90+ %) observed with liitgrcompared to
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reactions conducted under other conditions, such as with thelasiog metathesis &,N-
diallyl-3,5-dinitrobenzamide to-{3,5-dinitrobenzoyl}2,5-dihydro-1H-pyrrole (eq 7); a static
solid state reaction (reagents ground, but subsety left undisturbed) produced the pyrrole
in only ca. 3% yield after one d&$The scalability and solvent efficiency of mechanochem
cally driven catalysis promises many avenues for future exploration.

chs\

gy ey

In this chapterit has beershown that mechanochemistry, and specifically ball mil
ing, offers the organometalli©iemista powerful synthetic tool that complements standard
solutonb ased met hodealhegn eva.y 6Tthe id'ds its own cha
to synthesis, and many of the latter are not yet fully understood. Meai(@hiof reactions in
the solid state are by no means required to follow those of their sehas®sd counterparts.
Manipulating solid materials introduces different issues of mass transport, and can reduce the
effects of steric hindrance to reactiviiThese changes can contributeyetf unpredictable
patterns of reactivity, whether they involve the promotion of undesired decomposition routes,
the formation of nonstoichiometric products, or the germm@ratf products previouslyds
lieved to be unattainable. The last of these is of course a part of the great allure ofomechan
chemistry, especially if solvetfitee species have considerably higher reactivity than an co
parable solvated complexes. This haplioations for the design of more active reagents and
catalytic initiators.

What can be said with certainty even at this point, however, is that mechanochemistry
offers a route to circumvent solvent effects, and can be practiced with readily availiable or
expensively purchased equipment. As more data is gathered that compares the outcomes of
mechanochemical and solutidased reactions, the potential of sedtdte synthesis to cha
lenge prevailing assumptions about the role of solvents should becomapparent. Too
often,chemistss t i | | ask Awhat solvent is needed?0 wh
the better question is fido | really need a s

(7)

Conclusions
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Discussed in the following chapters are the efforts towards the adaptation of ball mil
ing to bulky allyl metal chemistry paired with the results of the removal of solvents, @eviou
ly assumecessential A detaileddiscussion othesetopics (i.e, aluminum, group 15, and
group 2) can be found in the subsequent chap@rapters 24, respetively). Additionally,
forays into other areas of the periodic table and how these investigations impact our
knowledge of organometallic mechanochemistry will be discussed afGhealbter 5)Work
conducted on carbonyl derivatives of allyl complexes,meted prior to the initiation of the
mechanochemical studies,dascribedn Chapter 6.
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Chapter 2

Mechanochemical Synthesis and Investigations as a Potential Allyl Transfer Agent of
the BaseFree Tris(allyl)aluminum Complex [Al(1,3-(SiMe3)2C3H3)3]

Introduction
Solventfree organometallic reactions, although far less common than solvent
mediated versions, can encompass a variety of transformations, including isomerization, li
and rearrangement and replacement, and oxidative addition/redelatiiration’? 3+ 33 99101
Solid-state reactions provide the opportunity to investigate compounds not attavhabla
solvent is present, either because useable solvents interfere with the interactionasf the re
gents, or because solvent molecules bind strongly to the product, and change its structure and
reactivity. Described here is a mechanochemical syntheais aiuminum allyl not available
via conventional solverltased routes, which displays reactivity different from a related sol
ated version, and has been utilized as an allyl transfer reagent for metal allyl complexes of
easily reduced metals. Later, exdems of this method to allyl complexes of other metals will
be described.
Among organoaluminum compounds, the tri(allyl) complex [AH§)s] is a surprs-
ingly elusive species; it has never been isolated in pure form, although attempts to generate it
datefrom the time of GrignarCompounds known or bedtied/ edr t o
[Al 5(C3Hs)3Brs] species have been prepanedituand used in organic synthe&5°® More
recently, Okuda and coworkers have synthesized the THF adduct of tri(allyl)aluminum,
[AI(C 3Hs)s(thf)], as a yellow oil from the halide metathesis reaction of A#d K[CGHg]. "
The THF can be replaced with thessiger base OPBh o f orm t he sol i d [ Al (
CsHs)3(OPPh)], or with pyridine to form the yellow oil [Al (§Hs)s(py)].”” The THF adduct
has been transformed into “4CiHeTHRks{ al | yl ) al um
[BPhy]'-(n+1)THF (= 0, 1), and the tetrakis(allyl) aluminaté[KA I*-Cslds)4]" .”® Reactions
of the allyl complexes with benzophenone, allyl halides, halogens and pyridines have also
been explored”"®
Our interest in metal complexes of trimethylsilylated allyl ligands stems from the co
siderablekinetic stability and high hydrocarbon solubility they exhibit, particularly when
compared to unsubstituted versions, which may be unknown or substantially les¥’$t&ble.
The 1,3(SiMe3),CsH3 (A”) ligand has previously been used to generate the groupni-3 co
plex [GaA%] with halide metathesi,and it was thought that preparation of the aluminum
homologue would be straightforward.
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This proved not to be the case; for example, treatment of XX ClI, 1) with K[A"]
in either THF or diethyl ether, followed by removal of the solvent yields thick orange oils
containing unidentifiable mixtures of products. Variation in the temperature (roomitéép,
°C) does not change the outcome. A typical oil from the reaction gfvitth K[A'] in THF
displays at least 8 resonances iffSNMR spectrum in the SiMe e g i o in0.4f, flus0 . O
another 8 mul tipl et §7.0), mdicatikesof acconplexi mixiure. Sime gi o n
lar results are obtained under the same conditions Whé; (X = Cl, 1) is treated with the
less bulky K[L-(SiMes)C3Hg4], which suggests that the mixture of products is not a result of
the high steric demand of the [ AN)] | igand.
In an attempt to avoid the issues experienced through a salt metathesiscsyouiteti
attempts were made to deprotonate HANj with
[AIR;] (R = Me, Et) with HANj in diethyl ether
Evidently HANj i s not a s ufohiransfeereattiong. Tiea i di c
ment of1-(SiMe3),C3sHsi n p | a dsesimitafly unsucdgssful. Combined with the idabi
ity to produce identifiable productdgis the I
not available using standard solw@isedsynthetic approaches.

Experimental

General Considerations All syntheses were conducted under rigorous exclusion of
air and moisture using Schlenk line and glovebox techniques. Ptetpreérbon ¥°C), and
COSY spectra were obtained on an Advance4® MHz spectrometer. Proton and carbon
were referenced to residual resonancess®C U 7. 15 and U 128%H. Vari
NMR was obtained on a Bruker DR300 and referenced to residual resonances -aktol
Metal analysis was obtained with IGFESon a Perkin Elmer Optima 7000 DV. Combustion
analysis was performed by ALS Environmental, Tucson, AZ.

Materials. Aluminum halides (anhydrous) and alkyls, and Se@re purchased from
Strem Chemicals and used as received. All other anhydrous metal salts were previeusly pu
chased from Strem and Sigmddrich, stored under anNtmosphere and used as received.
Anhydrous inhibitotfree tetrahydrofuran (THF) was usesi@btained from Aldrich. Other
commercially available reagents were used without additional purification. Toluene, hexanes,
and diethyl ether were distilled under nitrogen from potassium benzophenongi@sy-
terated benzene {Ds) was distilled from Na/K (22/78) alloy prior to udgeuterated toluene
(tol-dg) was purchased from Cambridge Isotopes and dried over molecular sieves prior to use.
The HA” and K[A"] (A" = 1,3(SiMe3),C3H3) reagents were synthesized as previousty d
scribed"!? Stainless steel (440 grade) balakiags (6mm, 3/8 in, and ¥ in dia) were tho
oughly cleaned with hexanes and acetone prior to use. Disperser milling was performed with
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an UltraTurrax Tube Drive and BMRO-S tubes, both purchased from IKA. Planetary-mil
ing was performed with a Retsch dad PM100 mill, 50 mL stainless steel grinding jar type

C, and safety clamp for agensitive grindingtH NMR spectra ofy HANj, K[ A

available in Appendix AFigures Al, A2, and A3, respectively.

Syntheses and geactivity of [ Al ANj

Attempteds y nt h e s igdromoAfX 3 (X A CIA)NJThe preparation of [AlAg]
was attempted from the treatment of AKX = CI| , 1 ) ,Ovat26 1C. IKd typisg] i n
procedure, A (0.173 g, 0.43 mmol) was dissolved in@tin a 125 mL Erlenmeyer flask
equipped with magnetic stir bar. K[A] (0.293 g, 1.31 mmol) was dissolved in a 20 mL vial in
Et,O. The K[A"] solution was added dropwise to the 125 mL flask and the mixture was stirred
for 12 h. Work up yielded a mixture of unidentifiable produtiisNIMR). Attempts to -
volved varying reaction temperatuiie’8 °C), solvent (THF, hexanes), and halide (A)CI
were similarly unsuccessful.

Attempt ed sy ntiromeAdRiz A 125 ML Eriédnméyélj flask was filled
with hexanes (40 mL) and sealed with ateep AlEt; in hexanes (4.4 mL, 4.4 mmol) and
HA" (2.46 g, 13.2 mmol) were added to the flask by syringe. The mixture was stirred for 24 h
at room temperature. Removal of the volatiles under vacuum yielded a turbid white bil. Ana
ysis of productbyjH NMRshowed only the presence Bf HAN]
tempted reaction was repeated with Ajwath the same result.

Sy nt hesissbydidpersermmilliAgNp 20 mL dispersing tube (IKA BMR0)
was charged with A}l(0.11 g, 0.27 mmol), K[A] (0.2 g, 0.88 mmol), and stainless steel ball
bearings (6 mm diameter, 20 count) under a nitrogen atmosphere and tightly sealed. The tube
was connected to the dispersing unit and milled for 15 min at a high rate. The mixture was
extracted with minimal hexanés 50 mL) and filtered through a medium porosity ground
glass frit, providing a pale yellow filtrate. Removal of hexanes under vacuum gave alpale ye
low solid, mp 4044 °C (0.13 g, 80% yield); comparable yields (up to 85%) have deen o
tainedin other runsCrystals suitable for Xay diffraction were obtained from a hexanes s
[ution dried under vacuum. Exposure to air results in the production of white smoke within a
minute, leaving a dark yellow oil. Anal. Calcd (%) fof/8¢3AlSis: C, 55.6; H, 10.9, Al, 43.

Found: C, 54.6; H, 11.2; Al, 4.6 NMR (400 MHz, 298K, @De) : U 0. 19 3( s, 54F

U 3. 66J=(18Hz, GsrH) ; U 6 J31F HZ, GyH). HINMR (500 MHz,
233K, tokdg) : U 0. 22 3)(;s,U 534.KHA58EMMeHOH, U 6 J41B (t,

Hz, Co-H) °C NMR (100 MHz, 298 K, @Dg) : U 0301 U( Slpe 07 1 &€3. 45
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(Cr2)). Comparable results were obtained using ABCIAIBrs; in place of Alk. Full 'H NMR
spectra at 25 °C and0 °C available ilAppendixA, Figures A4 and A6, respectively)
Synthesis of[ A |3]AWNplanetary ball milling. Solid AlBr; (0.68 g, 2.54 mmol) and
K[A] (1.76 g, 7.78 mmol) were added to a 50 mL stainless steel grinding jar (type C). The jar
was charged with stainless steel balhbngs (6 mm diameter, 50 count) and closed tightly
with the appropriate safety closer device under aatidosphere. The reagents were milled
for 5 min. at 600 rpm, resulting in a light brown solid. The product was extracted with min
mal hexanes (< 100Ioh and filtered through a medium porosity ground glass frit, providing a
pale yellow filtrate. Drying under vacuum initially yielded bright yellow oil (1.31 g, 88%
yield), which formed transparent pale yellow crystals overnight The product was idergified a
A Ml of high purity from its characteristittH NMR spectrum.
Synthesis of [AI(A"PhCO)3]. A 50 mL Schlenk flask equipped with a magnstic
barwa s ¢ h ar gA¢(0.19w, 03 hmmbdiINdissolved in hexanes. A 125 mL Schlenk
flask with magnetistir barwas charged with BE&O (0.17 g, 0.95 mmol) dissolved inxae
anes. The¢Al A Hlijsolution was cannulated into the,RI® at-78 °C, resulting in an immediate
color change to red at tshhadbeen adddd, the folugodithd t i o n
become light pink. Removal of hexanes under vacuum yielded a thick eneshgaste, ao-
taining [AI(A"Ph,CO)] in quantitative yield (0.37 g). Anal. Calcd (%) foggH93AI0 3Sis: C,
70.16; H, 8.30, Al, 2.39. Found: C, 68.94; H, 8.31; Al, 2 #INMR (400 MHz, 298 K,
CeDg) :-0.G# (s,27H,SiMg ; u 0. 01 3)(;s,u 237.H-108Hz ¢l )3;H, U
560(,3HJ=19Hz, GyH) ; 0 6. D=19Hzd=d1I0HBEH) ; G &. 01 ( m,
Ph); U 7.69 (JEd.5HzImPAL).*TNMR (180 MHiz, 298K, @D¢) : - U
1.10 (SiMe) ; -0.4B(SiMe) ; U H)Y, 38 8C. 54 (CO[Al )y ; U 125.
i128mBH) ( UORBY;, 2BpHBY; 1B8ipsbBB) 120(148. 35, 0 1
(C2y. Full 'H NMR spectrum available in AppeixdA, Figure A5.
Reaction of [AIA 3] with HOCPh3: [AIA” 3] Al (0.16 g, 0.28 mmol) was dissolved in
toluene in a 50 mL Erlenmeyer flask equipped with magmséitibarto form a clear pale ye
low solution. HOCPk(68 mg, 0.26 mmol) was dissolved in tolueéme& 20 mL vial. The
PhsCOH solution was added to the Erlenmeyer flask dropwise and stirred at room temperature
for 12 hr. Removal of toluene by vacuum resulted in the isolation of starting mateérial. A
tempts made usinga 3 HOGPh 1 3]rakid résied in the isolation of startingnaterial,
although there was some evidenti¢ KIMR) for the formation of unidentified side products.
Reactions performed in hexanes showed a similar lack of reactivity.
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Synthesis of [ScAg] by disperser milling: A 20 mL dispersing tube (IKA BMT0)
was charged with Scg{60.6 mg, 0.40 mmol), K[A"] (0.271 g, 1.21 mmol), and stainless
steel ball bearings (6 mm diameter, 20 count) in aatihosphere and tightly sealed. The
tube was connected to the dispersing and milled for 15 min at a high rate. Product was
extracted with minimal hexanes (< 50 mL) and filtered through a medium porosity ground
glass frit, providing a pale yellow filtrate. Removal of hexanes under vacuum gave yellow
crystals (65.3 mg, 25%). Gstals melt and decompose around 140 °C. Anal. Calcd for
CoHesScSk: C, 53.94; H, 10.56. Found: C, 50.95; H, 9.49; the low values may reflect the
high airsensitivity of the compoundH NMR (400 MHz, 298K, @D¢) : U 0. 23 (s, 5
Si(CHa)s) ; U 3.G@u3H(0d,16HHz); &HT=16#H2)."CCtINMR @60, C
MHz, 298K, GDg) : U 0384 U( SLifWe A (B Rull '8 NMRGpectrum
available in Appendix A: Figure A7

Sy nt he s ispbypldnetdrydall miNj Solid ScC} (0.214 g, 1.41 mmol) and
K[A"] (0.990 g, 4.41 mmol) were added to a 50 mL stainless steel grinding jar (type C). The
jar was charged with stainless steel ball bearings (6 mm diameter, 50 count) and closed tightly
with the appropriate safety closer device uratelN, atmosphere. The reagents were milled
for 10 min. at 600 rpm, resulting in a lime green powder. The product was extracted nvith mi
imal hexanes (< 100 mL) and filtered through a medium porosity ground glass frit, providing
a dark orange filtrate. Remay of hexanes undgasayelowaramga yi el d
solid in moderate yield (0.41 g, 48%). NMR spectthgnd**C) were identical to the product
prepared with the disperser mill.

Usinggs [ AISANNN [ ANj] transfer agent.

Attempted synthesis of S g]ASd|id ScC} (0.136 g, 0.90 mmol) and crystalline
[ A l3]AONj77 g, 0.82 mmol) were placed in a 50 mL grinding jar (Type C). The jar was
charged with stainless steel ball bearings (6 mm, 50 count) and closed tightly with the appr
priate safety clser device under anddtmosphere. The reagents were milled for 10 min. at
600 rpm, resulting in a light yellolwrown solid. Extraction with hexanes and drying under
vacuum resulted in the i sspMNoxhemioahshiftsfcoest he st ar
spondi n g]weérevisiplsSit théNjNMR spectra.

Synt hesi,§complexipHexadedbnl (0.134 g, 0.214 mmol) was partially
dissolved in hexanes in a 50 mL Erlenmeyer flask, with magnetic stir bar, to create a clear
yellow solutionoveromge cr yst al 4 (0.06& g, 8.275 mnaol) wak disisovéy in
hexanes in a 10 mL vial to 4soletatwasaddeptal e yel
the 5 mL flask dropwise with stirring, resulting in a cloudy yellow solution with a fainhgree
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tint. After 15 min no solid Sgplremained in solution. The solution was stirred overnight at

room temperature yieldingstightly turbidyellow solution. Filtering through a mediune

rosity ground glass frit yielded a bright yellow filtrate and an ofitevkolid being retained in

the frit. Removal of hexanes under vacuum yielded a viscous yellow oil and a yellow solid on

the sides of the flask (0.326 g total). The yellow oil was highly soluble in hexanes, whereas

the solid was only sparingly so. ThHe¢ NMR spectra of the solid and oil were largely diffe

ent , with the oil containing at |l east six di
triplets (labeled as [q/t]), identified with COSY. THE NMR spectra was highly complex

due to thdargenumber of signals, many of which overlap with similar shifts and those of r

sidual solvents, preventing an accurate assignment and identification. Separation of the oll
components is needed for assignment of BeNMR chemical shifts. The NMR of the sli
contained resonances al most solely fpr two d
pendix A Figure A9), relatively close to one set of resonances observed with the oil, but with

no indication of the other ligands or the quartets and tripletsdhe seems to suggest the
presence of t wo )aztwoyesaanoes dreaobserndedjforl each protod,sot

just those adjacentto the tinmetalcenftehi s suggests that the Adou
di fferent AN | i ogfspliting fromnidisotopes. Neitheetheroien®rithe t

solid crystallized. There was insufficient solid product fbigh signal to nois€’C NMR

spectrum to be obtainef.S nJMdiNproduct*: *H NMR (400 MHz, GDg, 298K):[ AJNji

0.1082 (s,9H,SiM@ ; U0. 3597) (syg DH43 358 Med();1HI5J26981
(d,1H,J=18.12Hz,H),; U 6. 3 5,4 18.1¢ Hzd= 11P6Hz, HI,[ AN{
0.1372(s,9H,SiM@ ; U 0. 2053p; (8, 29B605i Md )); 1 HisH .7 0= 11
(d,1H,J=18.28 Hz,H),; U 6. 1 2,8 28.08 Hzdd=11MMHz, H J;[ ANE: U

0.1627 (s,9H,SiIM® ; UO0. 1662) ( sU ®H175p) Mes, 09HBO0BI Ms,
SiMe;) ; U 0. 2243 ; (8, 09R39:Bi Ma, (6 28R,ESMB)i[ MeNfi

2.4990 (d, 1H,J=11.68Hz;l); U5. 6627 (d, YL H,0 J6.=821672. 44d dHz
18.28 Hz, J=11.68 Hz, gy AN 2. 5713 (d, (HH, Ul5.=611910. § dHz ,:
17.52Hz,H)y; U 6. 2 1,508.00 zdd= 1176Hz, k0Yy[ AINf 2. 4566 ( d,
J=1188Hz,H)y); U5.6297 (d,JLH,0 JI6.=2 714738.402dzcz , 1 HH J
11.84Hz, Hg) ANu 2. 4174 (d, 13, U5=59385@QdHz1HH J
H¢ )y; 6.1816 (dd, 1H,4= 18.00 Hz, d= 11.52 Hz, Higy[g/]*:4 0. 7560 (t, J =
a 3.61237 (g, J = 7.04 Hz); U0 3.6453 (q, J =
=7.04 Hz)[ S nJAsdlid product : *H NMR (400 MHz, GDs, 298K):[ ANji 0. 1492 (s,
9H,SiMg) ; U 0. 21632; (8, 29B84S5i Md p); 1 H, 51 73201 .(4,F
18.08,H)); U 6. 16:658.04 dzdd=11M4Hz Hgy[ ANjG O0. 1597 (s, 9H
SiMes) ; 0 0. 2163; (8, 29B824BMBHdK));1 HI 9. 7261 (d, 1
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J=17.92,KH)y; U 6. 16,9 98.1(Hd, d=11.28Mz, K Jy*Labels [A N, [A M,
[AN)] . ol AR, and A M (oil product)and A NiJyand A NgJfsolid product) ind
cate H assignmentso s p e c i fds.*t LalpelAgW sigrifiesgha quartets and triplets
that split each other, identified by'™MCOSY, b
NMR spectra] odi It hgsolid &jaiBdbg§AnN\ppendix AFigures A8 ad
A9, respectively.
Synt hesi s yoomplexhy milliSgnShiNg 0. 162 g, 0. 258 mmol )
(0.194 g, 0.333 mmol) weredded to a 50 mL stainless steel grinding jar (type C). The jar
was charged with stainless steel ball bearings (1/2 ir8diaynt) and closed tightly with the
appropriate safety closer device under arathosphere. The reagents were milled for 15 min
at 600 rpm, resulting in bright yellow oil with no sign of solid reagents. The producixwas e
tracted with minimal hexanes (00 mL) and filtered through a medium porosity ground
glass frit, providing a yellow filtrate. Removal of hexanes under vacuum yialgeltbw oil
and a yellow solid along the flask sides (0.264g total). The solid was not crystalline and once
out of soldion was sparingly soluble in hexanes. THeNMR spectra displayed signals for
three distinct ANj L]i,gdjnANgglfiongreadipng condactedihi ng [
hexanes. Signals corresponding to [g/t] set were also present. Identical weselobtained
for 48 h reactions conducted in hexarfesNMR (400 MHz, GDg, 298K):[ AINji 0. 100 ( s,
9H,SiMg) ; U 0. 337% ;(su 19H4L21Si(Mey);1HI 9. 2671 1( @, HII
182Hz,H)); U 6. 329182 Hzdd=119H, H gy ANt 0. 137 (s, 9H,
SiMes) ; 0 0. 199 ;(si, 2.H,90Si(Me ;1 HF 9. 689 1(d, HEH,
Hz,H )y; U 6. 11518.1Hzdd=114MHz HJ[ AN 0. 137 (9s;, ®H, S
0.199 (s,9H,SiMg ; U0 2IH@4814HHH)); U 5.694 (d¢)y;1HG J
6.107 (dd, 1H,4J=18.1Hz,d=11.4Hz, Hy[g/l: & 0. 791 (t, J = 7.04 H
7.04 Hz):; U 3.645 (q, J = 7.04 Hz):; U 3.676
(q, J = 7.04 Hz)Full *H NMR spectra available in Appendix Rigures A10 and A11.
Attempted pr epal]r adamml ex 3JuRsCH (PHLAHND. 420\ Nj
mmol) was partially suspended in hexanes, in a 50 mL Erlenmeyer flask equipped g¢th ma
netic stir bar, resul ti4(9.150 ¢ 278 mmol das glissddvedo wn s
inhexanesina20mLvial produci ng a pal e jgoutiohwawadded! ut i o1
dropwise to the 50 mL Erlenmeyer flask with no immediate visible change. Within 10 min.
the solution became noticeably darker and after 24 h a biotaek solution was present.|Fi
tration hrough a medium porosity ground glass frit gave a brown filtrate with a particulate
brown solid. Drying under vacuum gave a thick viscous browsasitl mixture (0.177 g).
Attempts to grow crystals through the slow evaporation of hexanes were unsuc@ésstdl
NMR spectra showed the pr ogdandapogsible groductanoc o mp |
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[ AlIsJANvas observed. The spectrum app-ecands cons.i
[ ANjj] ligands, as i ndi c*notandikehbhgH NMRepectra@ mi c al s
possi b e aln8chriplexes\plso synthesized fr¢mA I3] ATNg similarities with
[ Sn]ANa n dy pfodudténdlpydedt he presence of -dAOpgnditripeetnt qu at
(U -0..8) resonances that do noFRul'dNMRsgestprond wi |
available in Appendix AFigure: A12

Attempted prepaf atcompl|l X 3aPsdh@JORHA.E7X Nj
mmol ) a4#(@.22R ¢ 0.28Nmmol) wegdded to a 50 mL stainless steel grinding jar
(type C). The jar was charged with stainless steel ball bearings (6 mm dia, 5Cacolunt)
closed tightly with the appropriate safety closer device under, atnibsphere. The reagents
were milled for 10 min at 600 rpm, resulting in viscous black oil. The product was extracted
with minimal hexanes (< 100 mL) and filtered through a mediurogity ground glass frit,
providing a yellowbrown filtrate. Removal of hexanes under vacuum yielded viscous brown
oil that did not solidify. ThéH NMR spectra suggested Aascompl e
an identifiabl e c g wagsoohpeesent; Several wthey peaks colldhdé A Nj
seen that did not correspond to known complexes, including the qafiets430) ahd triplet
( U -008). 6

Attempted pr ep ajcamplexolel, (@1B0 gad.2D4TrenalNand
[ Al3]AONj177 g, 0.201 mmpivereadded to a 50 mL stainless steel grinding jar (type C).
The jar was charged with stainless steel ball bearings (6 mm dia, 50 count) and closed tightly
with the appropriate safety closer device under aatidosphere. The reagents were milled
for 20min at 600 rpm, resulting in a yellow solid. The product was extracted with minimal
hexanes (< 100 mL) and filtered through a medium porosity ground glass frit, providikg a ye
low filtrate. Removal of hexanes under vacuum yieldgdllow residue (0.058 g), tentatively
i dent i f ijeDRue tathe l§wWield ti entire sample was usedHANMR analysis,
butwas of insufficient concentration for conclusiv€ NMR, and no attempts at crystadiz
tion were made. ThHH NMRspect a are consi stent -wdurhd t[heNjpr e
ligands, one of significantly greater intensity than the other. The presejfdlipias com-
firmed along with several other unidentifiable signals. Additionally several overlapping qua
tets( U -40.)5 and t wo-0tB)plwerse @EieGedt. JMdj or [ ANj
NMR (400 MHz,GDs, 298 K): U0 0.31;300 (G. 13@)H( s BiMelP3S{
4HJ=110Hz,Hy)y; U 5.478 (d,))4 H, 6J26818.@Hz0,~H4H, HJ
11.0Hz,H)y. Mi nor ["ANYR (AO®MHz,IGBex : 298 K) : 1 0.117 (s
SiMes) ; 0 0. 1432 ;(si 39.H,41Si(Mey); 1H b= 28BB. 4 dHz ,1 HH
H )); U 6. 0 9=318.0Q Hizdd= 1041 Hz, H J,Quartet and Tplet: *H NMR (400
MHz,CDs, 298K): U 0.654 (t, ~2H, J = 7.0 Hz); I
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~4H); U 3.726 (g, ~1H, J = FOl!HONMRgpecirumi 3. 757

available in Appendix AFigure A13.

Attemptedme c hanoc hemi cal drgnmNiBn gdme).NiBrg(ldme)] Ni A Nj

(0.126 g, 0. 4Q]9.163thg 0.280 ok wepxitldd £0dj 50 mL stainless
steel grinding jar (type C). The jar was charged with stainless steel ball bearings (6 mm dia,
50 coun) and closed tightly with the appropriate safety closer device undes amisphere.
The reagents were milled for 10 min at 600 rpm, resulting in yddiemwn solid. The product
was extracted with minimal hexanes (< 100 mL) and filtered through a mediasity
ground glass frit, providing an orange filtrate. Drying under vacuum yielded a small amount
of viscousyellowo r ange o1 | J,thdail did nbtesolidify\or chydtpllize after seve
al days*** From*H NMR spectra, the oil appeared to be a complex méxvfiproducts and
reagentsamong which wap A I3] ATNg presence afeveral unidentifiegpeaks, the color
changes, and the presence of starting material suggest that a partial reaction likely occurred
and not just the decomposition observed with Bi@neg and K[ ANj] .

Attempted mechanoche gifranaNiCl,NCh (0.056g,i s of
0. 171 mmo I3)0.163gd0.279Aamal)Nyermdded to a 50 mL stainless steel grin
ing jar (type C). The jar was charged with stainless steel ball bearing® @a, 50 count)
and closed tightly with the appropriate safety closer device undes amidsphere. The ae
gents were milled for 10 min at 600 rpm, resulting in dark yeloown oil. The product was
extracted with minimal hexanes (< 100 mL) and iflgigdok on a green tint. Filtration
through a medium porosity ground glass frit resulted in the collection of a fg@en solid
and a yellowbrown filtrate. Drying under vacuum yielded a small amount of viscous yellow
brown oi | ., themildd Roesolidiy or rjtallize after several ddy3Over the
period of several days, the oil began to deposit a-lgiagk solid, suggesting the presences of
a thermally unstable compound. Tie&NMR spectrum of the oil was inconclusive owing to
an extreme broadening ali peaks, likely from the decompositionricckel metalduring the
experiment. The isolation of the yelldovown oil indicates the presence of some reactivity
and not just the decomposition observed with N&cCh d K[ A Nj] .

Reaction of Ul(dioxane) with [Al A]Njreatmentof U di ox an e )s,wi t h

involve a reaction, although the products could not be identified. Milling for 15 min in the
disperser followed bgn extraction with hexanes yielded dark brown oil that only partially
solidified over a period of days. The NMR spectra suggestélata highly complex mk-

ture of several productgas presentincluding a minor amount oA[jljb ut n gwdsAl ANj
identifiable When performed in hexanes, an immediate color change-twraade was lo-
served on t h e, adstriing foroah abrbomtemperatNje yeeldn orange
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brown solution. Extraction with hexangigldeda brown oil in low yieldThe'H NMR spe-
tra suggestd thata highly complex mixturgvas present, and also tisaarting materialvas
completely consumedh full *H NMR spectrunis available in Appendix AFigure A14.
Attempts towar ds t hlelrepmeatpfalBjavithistoicho-of [ Ti AN
met ri c amodlindolstions of hgxahddid it yielda [ 4] corApNgx. The add
t i on gfesulteA in nhiediate color change, yielding a deep red to purple solution from
the initial yellow. Within 60 min of stirringa nearly black solution was present, though a
closely held light confirmed the solution wiasfactvery deep red. Filtration through a nred
um porosity ground glass frit and drying under vacuum yielded a mixture of brown and gray
solids. The only product itH NMR spectra wasA §lj The presence of the initial deep red
solution may indicate a rapidly forming and decomposing product or intermediate. Alterations
of the synthesis conditions and isolation procedure may allow for the isolation ofrthis co
plex.
Attempts towards the pr efpeatmentof TdChwitof [ TI AN
[ A l3]Aidlged a dark gray solid, consistent with Tl metal, from which oAl§jljcould be
isolated and identified withtH NMR. Reactions conducted by ball milling and in hexsmia-
tions rapidly resulted in the reduction and
ligand. It appearsthatTl s t oo easily reduced in the prese
is from KEAN] or [ Al ANj

Results and Discussion

A procedue used for the production of magnesium borohydtidesas adopted for
the solid state synthesis of the aluminum allyl. A{(X = CI, Br, or I) and K[A"] were cm-
bined in a 50 mL round bottom flask containing stainless steel ball bearings (@nam)
turned on a rotary evaporator far2lhours, producing an effhite to yellow powder. Exta
tion with hexanes gives the solid product [A]A(1) in approximately 30% yield. No reaction
occurred if the reagents were simply magnetically stirred inrfesxavithout grinding, oo
firming that mechanochemical activation was responsible for the productigmod did not
occur during the extraction procedure.

Although the flask reactor is inexpensive and sufficient for test reactions, significantly
shorte reaction times (15 min) and higher yields (up to 85%) were obtained with the use of a
tube disperser:>which provides more energetic impact of the ball beariBgen shortera-
action times (5 min, 600 rpm) and equivalent yields (up to 88%) on a multigram scale were
obtained with the use of a planetary ball mill. Compoiila lowmelting crystalline solid
(40i 44 °C), soluble in both aromatic and aliphatic logdirbons, and stable indefinitely under
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an inert atmosphere at room temperature. It can survive ohg03€ec exposure to air before
decomposition occurs with the production of white smoke. In TIHEadily dissolves to
form a pale yellow solution. Remalof the THF leaves yellow oil that does not solidify over
a period of daystH NMR spectra contain multiple broad resonances that suggest a mixture of
products is present.
The'H NMR spectrum ofl at room temperature gives the appearance of a structure
with symmetr itcygleloy)y baddrnyd (I fi-dg,ahe @esonanceforgll , i n b
six SiMe groups apper s as a s h a Mhe centrahhgdrogen atdgmion the allyb ) .
|l igands appears as a tripleteqantted®d8h)y d hekou
3.66). At room temperature in toluedg the terminal hydrogens appear as a broad resonance
Wpd 125 Hz) tiR2&°Cint® & doubletd(=nls Hzy Furthecooling to-70 °C
produces no additional major changes ingbectrum. In particular, the SiMesonance
broadens slightly but remains unsplit. This behavior is reminiscent of the fluxionalfGaA”
compl ex, whichH ypleo adilypgl dyiggafmds i n sol uti on
SiMe; remains unresolved at5 °C.
A singlecrystal Xray diffraction study ofl reveals that it crystallizes from hexanes as
a monomer with t-boend tathaibis(rimethylsild)allg gands in a toig
nal planar manner (Figud. All three ligands are roughly perpiaular to the AIG plane,
with one antiparallel to the other two. The complex is isostructural with the galliaim an
logue®’

Figure 4. Thermal ellipsoid plot of; ellipsoids are drawn at the 50% level, and hydrogen atoms on tkee trim
thylsilyl groups have been omitted for clarity. Bond angles and distances available in AppeBdutiBnB1.
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The average AIC distance of 1.964(3) & typical for aluminurecarbon single bonds;
cf. those of the mononuclear trimesitylaluminum (1.951(1)'ApAl( t-Bu)s] (2.006(7) A)H
and [AI(PhCH)3] (1.99(1) A)M8 The nearly perfect planarity of thernteal AlC; unitin1is
indicated by the sum of thei &li C” angles of 359.8°; the Al atoimionly 0.046 A from the
Cs plane. The planarity reflects the isolation of the metal center from neighboring molecules;
in contrast, close intermolecular®\IC contacs in the solid state structures of [ABuU)s] and
[AI(PhCH,)3] lead to puckering of the Algunits, with the metal center lifted 0.25'Aand
0.475 A*8respectively, from the £planes. The fully localized carbaarbon bonding in the
allyl ligands inlis indicated by the average=C and €C bond distances of 1.334(5) and
1.503(5) A, respectively.

The bulkiness of the A" ligands not only shields the Al centé&rfiom adjacent mie
ecules in the solid state, but it also apparently affects the internal coordination of thg-allyl li
ands. Computational modeling of the parent [AH€)s] indicates that the binding mode of
the ligands is a sensitive function of the level of theory employed. At the Hadokdevel
with the def2TZVP basisset (Figurga ) , t he | i g-dodedwitlalocalized! ear | y |
bonding, e.g., all AIC4i Cp angles are >105°, and there is an average 0.18 A differeace b
tween the single and double carbzarbon bond lengths. TheiAl bond lengths (1.983 A,
ave.) are close to thoselin

In contrast, a DFT calculan using a functional that provides some accounting for
dispersion effects (MG&) leads to a conformation with ligands of clearly mixed hapticity,

i . elCgHs)o( HCsHs)Al (Figure5b). The AIC b onds t-bondedatlyls awerage d

to 1.974 A, wiha C4AIiC7 angl e o f-elettdr® ard dso strdnglelocalized,

with average ©C and C=C distances of 1.477 A and 1.331 A, respectively. The third allyl

Il i gand has -bomwedeadangementptheidl distances vary only from 2.13.16

A, and the carbowgarbon distances in the ligand are almost identical, at 1.400 and 1.408 A.
Complexes with allyl ligands of mixed hapticity are known in both rgagupg™® and d and

f-block chemistry??***°but [Al(C3Hs)3] is one of the few neutral homoleptic complexes that

is predicted to adopt such a conformatidfiT he cal cul at elbndmgipanar anc e
allyl ligand is not observed in the solithte structure of.**?
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Figure 5. Optimized geomigies of Al (C3Hs)s. Selected bond distances (A) fa) with HF/def2TZVP: Al C1,
1.981; Al C4, 1.984; Ai C7, 1.984.1§) with M06-L/def2TZVP: Ali C4, 1.976; AiC7, 1.971; AIC1, 2.127;
Al C2, 2.136; Al C3, 2.159Appendix G Section C1)

As the firstexample of a baskee tri(allyl)aluminum compound, several surveycrea
tions were conducted withto determine how the bulky allyl ligands might affect its reactiv
ty. Initially, reactivity surveys focused on comparisons to closely related compoundf; spec
cally [Al(C3Hs)s(thf)].*3 Later surveys focused on the abilitylof o act as an ANj s
synt hesi s ,Jodmplexeshotemore pasilx tféduced metal centers. No reactibn is o
served whed is treated with an equivalent of HOGPEven with 3 equivalentshére is ng-
ligible evidence of interaction, and no new product can be isolated. The inhibited reactivity
may stem from the combined bulk of the alcohol and allyl ligands.

In a direct comparison to [Al{#Els)3(thf)], the reaction ofl with benzophenone was
conducted to test the ability of the bulky A" ligand to add to a kéf6i& In contrast to the
behavior with HOCP¥) [AI(A"Ph,CQO)] (2) is readily formed from the treatment of Bi©
with 1in hexanes (eq 1). Notable are the fastectiea and larger scale dfcompared to
thosereported fofAI(CsHs)s( t hf )], despite the bulk of the
[Al(C 3Hs)s(thf)] took up to 10 min at room temperature for NMR scale reactins.

Upon addition ofL the reaction proceeds rapidly-@8 °C, as denonstrated by the
immediate appearance of a light orange color. Addition2Nyas produced on the hundred
milligram scale in quantitative yield, as there was no evidence in NMR spectra for rdsidual

hexanes -78 °C, ™s/3 (1)

immediate
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The difference in reactivity is likely the resultbbeing a baséree 3coordinate
complex, as compared to thedordinate [Al(GHs)s(thf)]. Preliminary DFT calculations
concerning a major mechanistic reaction step, the formation of-&nb&ind betwee PrCO
and [Al(GsHs)3] or [Al(C3Hs)s(thf)], support coordination number aprominent factoin
reactivity. For the unsolvated [Al(§E15)3], the formation of the AD bond to create a four
coordinate complex ian energeticalljavoredprocess  wi G°lofi 8.8 lapal mdl* (Fig-
ure 6.

Al(C3Hs5)3 + O=Ph; —>

(AG° = -9.8 kcal mol™)

Figure 6. Calculated reaction product (M06/def2TZVP) of benzophenone with the parengtaJé(Appendix
C, Section C1)

The solvated foucoordinate [Al(GHs)s(thf)] complex already contains an-81 bond
from thecoordinated and strongly donating THF molecule. The formation of a sece@d Al
interaction from P}CO to form a fivecoordinate complex is actually an unfavorable prgcess
wi t hG° af +4cp kcal mdll (Figure 7.

(THF)AI(C3Hs)3 + O=Phy —>

(AG® = +4.5 kcal mol™)

Figure 7. Calculated reaction produ@06/def2TZVP) of benzophenone with the solvated [AHE)s(thf)]
complex.(Appendix C: Section C1)
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It should be noted that the unsubstituted [AHE)] was used in place dffor these
calcul ations. Whil e tnhghtinegintipleanpadatherkactiviy, t he AN
the speed of observed reactsuggestshat this isa miror concernThe highly fluxional a-
ture of the A N |igands presumably contribut
an ANj | i g a nationdtherelsadilawing readyaccessro the Al center.

In a test of the interaction of a rare earth halide Wwjtfr the latter was ball milled
with ScCk and the ground mixture extracted with hexanes. Only the startwas evident in
theH NMR spectrum. Ircontrast, repeating the procedure with K[A] and S¢@llds the
allyl complex [ScAg] (3). Although3c an be synt hesized gt THF frc
offers an interesting comparisonioThe overall yields 08, in both solution and milling
syntheses, are lower (~50%) than those observetl. fohe'H NMR spectrum o8 at room
temperature displays the +asdinligand®dhisisalsopect ed
true of the unsolvated parent complex, [S¢{£)s], although the THFsolvated versionsxe
hi bit vari ou s’acnodmadied bgandsd hhe singlée crygtal Xay structure
of 3 (Figure8), like that of the [YA3] homologue®® suffers from considerable disorder in the
allyl ligands, rendering it essentially of connectivitgly quality. Nevertheless, the ligands
ar e c Ibeuad, ang the averageiSrdistance of 2.38(3) A is shorter than the equivalent
distance in [TmAg] (2.53(1) A) by roughly the difference in ionic radii (0.14AjNo rea-
tivity studies have been performed ®rThe synthesis & provided oneof the initial proofs
of concept syntheses for our ball milling techniques.

Figure 8. Plot of the norhydrogen atoms d; only one conformation of the disordered allyl ligands is shown.
Thermal ellipsoids for Sc and Si are drawn at the 50% levelcanbns have been assigned an arbitrary radius
(Appendix B Section B).
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The ability to synthesize multigram quantitiesloh high yield and purity, without
further purification allowedus to considet as a possible reagent for additional synteebe
our examination of the mgoomaeres, dibcassed furthérins y nt h
Chapter5, we found that the techniques were largely unsuccesbineasily reduced metal
centersvere involved Easily accessible reduction potentials camediwith the oxidative
coupl i npANappearetjo beamplified when milling. Similar trends had bben o
served previously in solution when K[ ANj] was
such as TI, Pb, and th&%2and 3° row transition metals. As the mefajand interactions of
are significantly more coval ehmightaloaw accesshose o
t o []bomplpxeshatc annot synthesized from our stande
Initial investigations tfered mixed results ranging from no reactivity, such as with

ScCh, to the successful synt hasdussednfCipterg* v c omp |
While results as definitive as those of Sc&€In d  §] BereAalg, the majority of reactions
suggestedcoul d be used as an ANj source. Though n
[MA Jlicomplexes could be mad#) NMR spectra indicate disappearancd ahd the p-
pearance of new ANj ligands. These results an
ball milling warrant more in depthemicalvesti ga
producs.

Attempted Syntheses of ilBlock Metal Complexes

Attemptsto mechanochemicyl syntheste[] SnJANf r om K[ ANj] demonstr
tendency towards reductiarfi the tin centeryielding complex mixtures ¢A Nljand uniderit
fiable productsThus teatment of Snlwith 1 in hexanes or by ball milling yielded intensely
colored yellow products c dhNMRi Whilerthg présjcel i g an d
of an ANj containing compl ex c¢ outhathighlyeane st abl i
plex mixtures of productswere presentThe prominent products appeared to be liquids;-ho
ever, a norcrystalline yellow solid with low hydrocarbon solubility was also present. Adding
to the complication of the systems was that the prodaeted with the synthesis method.

The most complex spectra were obtained from reactions conducted in hexanes, with a
reaction time less than 24 hours. The major product was free flowing yellow oil, although
small amounts of the yellow solid were depegdion the walls of the flask. NMR spectra of
the oil indicated the presence of at | east s
G-bound, of roughly equal intensity (Appendix Fgure A8). COSY NMR was utilized for
assignment of chemical iffs to individual ligands, from which interesting deviatidram
predicted chemical shift ranges could be observed. The greatest deviation was a doublet near
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U 1.4 cor r es pbthedganddpabeted[Nflh e THhe ot her doubl et s
tot he other five AN |ligands i@2ppgeamMhwi shigmat ha
significantly more upfield than expected and, through analysis of the patterns in CQSY spe

tra and the trend in coupli-bhgurmdnANanilse d¢lse
shifts for [AANj] ¢ sandHf .3 r e on t he edges ofi5.tdheafedkplecé.ed
6. 4, respectively. The s4(EzcAsrSh Bif/aiscassedint unl i
Chapter3, but of significantly greater complexity (Figudg

' (b) 2.6 2.4 2.2 2.0 1.8 1.6  ppm

T T T T T T
(a) 6.4 6.2 6.0 5.8 5.6 5.4 ppm

Figure 9. Selected portions of tHél NMR spectrum fromthg SnJANpi | , containing resonan
[ AIN] oI, AdNi, Ad, A Nid); @a) thie Affjeftmost multiplet) and Horangesib) the H dange.

Spectra of the oil also contained a complex set of four overlapping quartets, centered
near 70 and a triplet ceRguele@SYANMREpetra7, | abe
show these signals to be splitting each other, and their equal coupling constants confirm the
analysis. The chemical shifts and coupling constdnts/.0 Hz, are more caistent with &
kanes than whatlJ=10d 2eHzgct Adldfi arn oAMNI(y, the A
to the observed splitting, specifically four quartets adjacent to a triplet. The lack of &ppropr
ately intense peaks in the TMS region, center¢dd U 0. O, suggeamlig-t hat th
andgi ving rise to these signals does not <cont
ligand. Due to these factors, this product cannot be identified, but warrants continuad invest
gation. As this is onlyart of the initial investigationdfas an ANj source, it i
that this could be a heterometallic species.
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(a) 3.8 3.7 3.6 ppm (b) 0.80 0.75 pom

Figure 10. Selected portions of tHél NMR s p e c t r u m oil of [q/th (a} fdureoveflaPping djartets
and(b) triplet split by all quartets (analysis from COSY spectra).

The oil I i kel y ftcomnmplexes ofivaryirsgsubsitutard and c8ifA N;j
mation. The ability to bind four ANj li4i gands
entation andynmetry of final complexeddowever,an accurate identification of the pko
ucts cannot be made solddgsed oiNMR. Given samples of sufficient concentration, it may
be possible to encourage the oil to crystallize over an extended period of time aifuateslre
temperature. A crystal structure of one of the products would greatly aid in identifying the
components of the mixture.

Further complicang this system, the NMR spectra of the yellow solid are significan
ly different from those of the oil (Figuel) . Onl y t wo A Nph) iagnadipotf sANj | a b
equal intensity are found in thil NMR spectra. These ligands display coupling constants
and chemical shifts s]foundiatheofl. 4 shouldbesneteddhit t h e
thegreatdss si mi | ari ty hlg o ngpun[dh Njieltewetemer[elsNj s no e
within the oil sample. Based on this data, it is believed that the solid is a distinctly different
product from the oil, though whether or not the oil contains any dssdalelid cannot beed
termined.

T T T | L A B
(@ &= &= een (b) .75 5.0 pem - (C) 2.70  2.65 o

Figure 11 Selected portionsoftfél NMR spectrum fsolm d hecd BN aAINONj ng resor
a n d g} (3 MNyj n,gverlapping doublet of doubletéy) H ,gverlapping doubletgr) H, ggoublets.
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If the reaction is performed by ball milling or is allowed to continue in solution for up
to 48 hours, a different mixture of products can be isolated. Both reactions produced the same
mixture of a yellow oil and yellow solid, observed Y NMR. The mixture contains the
same yellow solid found from the 24 hour solution reaction, as indicated by the presence of
t heahl ANisdfigdndsNj

Two additional sets of peaks could be observed in the mixtures that were not present
in the solid olained in the 24 h reaction. One set is identical to the quartets and triplets, [g/t],
discussed previously (Figule€a). The final set was found to correspond to the ligandgeor li
and environment, pn]éRgurelbscldy Thesd lgands ard likeeyd a s
part of the complex, or complexes, that make up the yellow oil. What these complexes are
cannot yet be determined.

il .

_IE5 pm (b) [ 40 ppm

(€) %% 53 52 eem  (g) 1% 1.4 ppm

Figure 12 Selected portions of tféd NMR s p e ¢ t r u m] miillrcontaininglesondn&s féaNp/]
envi r on meah (b)H &doutblet pf Addplets)c) H ,doublet;(d) H; doublet.

The reactions conducted for 48 h or by ball milling should logically represent a more
Acompl et ed r enalling impams,sucts High energy int thé system and the
products from the two reaction conditions are identical. It stands to reason then that the mi
ture of compounds observed after the 8drineaction represent reactive intermediates.
Whether these arstable themselvesr continue to reactannot currently be said. Additie
ally it is currently unknown whether the products are polymetallic or monometallic. More e
tensive investigation of synthesis withs needed to determine this, most likely requiring
single crystal structures of products. Based on its limited solubility it may be possible to
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isolate the yellow solid; however, the oil mixture will likely prove significantly more difficult
to charactere.

A preliminary investigation suggests that treatment of Weh 1 under ball milling
conditions producga mi X t u ryJeconplexed. The réalfiagenerated yellow residue
in very low yield only sufficient for analysis b{H NMR. The spectrindicate the presence
of twounid ANj | igands of a difference in inte
in intensity suggests that these corresponsvo different complexes big not definitive.
Additional signals representing overlappinggqut et s and tri pl et s], si mi
mixtures, are also present. Their presence here implies that they may be a result of reactions
incorporatingl or an Al metal centdanto the formula, but further investigation is needed to
determine whais creating these sets of signals. A substantial amoUy/At Rifis present, sy
gesting that decomposition is not completely
1, only[A Nijcan be isolated.

In the case of the reaction of TICI with [Al#; only decomposition products (e.g.,
[A2] ) were obtained. While a [Tl ANj] cofmpl ex i
erence point for the reducing ability bf This provides an important factor for reactiom-co
siderations when employirigas areagent, as the decomposition pathways observed for
K[ AN] are still possible.

Attempted Syntheses of Transition Metal Allyl Complexes

Whereas no reactivity was observed with S&@id [AIA 3], this was not the case for
other transition metalJitanium, nickel, palladium, and platinum were reactive in the-pre
ence ofl, either in hexane solutions or when ball milling. Reactions performed with iRiBr
hexanes solution produced rapid andafeein sti nct
sever al hours. The observed col or,imglyétheges acoc
f or mat i o R oramixea AlTi SompleXjof low thermal stability. Alterations of the
reaction conditions to shorter times or lower temperatures may allohefasdlation of this
complex. It is likely that milling of TiBrand1lwi | | p rop ab the legh ¢nérdyj of the
mill reactions may promote the formation of decomposition products.

Attempted syntheses of AN compANx eye nopfl op a
ing both solution and ball mi | |,). Dugto theeeade ni q u e
of reduction for both metals, these results from ball milling were not unexpected. However
reactivity was observed for both M&alts (M = Pd, Pt) when treated withThe products
were not visually consistent with the formation of decomposition products, aftd MigR
spectra were significantly more complicated than that of puBpectra of each indicated that
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acomplexmixte of products -comdad nANjgl sgaedm| was p
ally, the distinctive chemical shifts @fwere not present. While it may not be possiblede is
late or separate a single product from these reactions, the presence of the mesumgtio
thatlcoul d be used in place of K[ANj] whdan deal.
als.
Trials conducted with NiGland NiBi(dme) offer a very interesting point of compar
son for the difference of reactivity betweka n d K[ A Mjhesis ahdreactisity of
[ Niy]Addjbeen well documented and requires the use ob(diBe) in place of NiGlwhen
conductedn THF solution**® **®Nickel halides were found to be largely insoluble in THF
and promot ed t f Eowéversrifthe moreoTHF soltible Nigd#pe) was
us ed, ] cpbuMibediddjated in high yield. The insoluble NB&lts weréelieved to po-
mote the coupling of ligands. This hypothesis was further examined when syntheses using
both NiClL and NiBr(dme) were conducted mechanochemically. When eith@) Nburce
was milled in the presence [0ANéwevemillingt he onl
either in the presence dfpromotes in completely different reactivity.
A yellow-orange oil was isolated from the reaction of N(Bme) andL; under the
same conditiongl, and NiCh yielded ayellowb r own oi | . Unl ikcem-t he r ep
plex, neither product solidifietf® The yellav-orange oil appeared reasonably stable, whereas
the yellowbrown oil deposited grey solid over a period of days, very similar to the deeomp
si ti on(CDJ**NMWR spedjra of the yellowrange oil indicated that a complexmi
ture was present that includé@longwith several unidentifiable signals within the appropr
ate shift ranges oH NMRmsgectrAnNpf the ygllekbravn oil ould ui t ab |
not be obtained as the relative instability of the compound resulted in the formation of solids
during the eperiment. The recorded spectra were consistent with the presence of adgerroma
netic metal, suggesting the formationnadkel metal It should be noted that the relativd-co
ors, orange and yellow, of the two products are consistent with the reportedo¢dharswo
repor t #dastéréomerdljf these products could be isolated and more fully ahara
terized, it may provide an invaluable comparison between the behavior of reactions-concer
ing bulky allyls and the difference between solut@sed techgues and ball milling tée
niques, as well as furthering the possible applicatioisasfa reagent.
Results obtained from the treatment of(dioxane) withl in hexanes are very similar
to those described above. A distinct color change to red was sethepon the addition &f
and throughout the remainder of the 72 h reaction a shift towards orange was observed. A
brown oil was isolated as the final product and'théIMR spectra indicated a complexmi
ture of several specaeimsadorrsthaifriisn,gool&id elsipgpanrdd
identified but were of very low intensity. Most importantly, no evidenceaduld be found
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in the spectra. The formation and disappearance of the red and orange solutions may indicate

the presence of reactiveraplexes initially formed during the reaction and consumed later to
produce the brown ojimplies thahthe rddaction afto W'rdid of [ AN
not occur. Future investigations would likely benefit from significantly shorter reaction times

to try and isolate the red and orange species, if these are in fact distinct compounds. If these

are indeed reactive, separation from other mixture conmgemeay allow their characteaz

tion. The lack of reduction frorh, as opposed to the formation of purple solid in the presence

of K[ ANj , furt hlars sau pgpeonrttl se rt hAeN) ussoeu rocfe .

Conclusions

In summary, the first unsolvated tri(allyl) coreglof aluminum and its monomeric
scandium analogue have been isolated through a mechanochemical route. This sidesteps the
formation of either solvated complexes ordlle f iTAé @ 66 species. Rrelimin
cate that the aluminum compound displthes reactivity expected of an allyl complex: al
hough the combination of an unsolvated metal center and bulky ligands may moderate it in
unanticipated ways. In addition to the expected reactivity, the aluminum compound has been
employed as a reagent ftwettransfer of the ligands onto other metals of interest. In some
cases this has allowed the isolation of potentially new metal allyl complexes of easily reduced
met al centers, | eading to fisecond generation
with further investigation, the aluminum complex could be used to synthesize metal allyl
complexes of transition and heawplpck metals. These results suggest that mechanaechem
cal approaches should be more widely explored to expand the palette of sthieeddow
coordinate organometallic complexes.
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Chapter 3

Mechanochemical Influence on Stereoisomer Formation in the Syntheses of
Group 15 Bis(1,3trimethylsilyl)allyl Complexes (Asi Bi)

Introduction

Allyl ligands in maingroup complexes display amarkable range of bonding modes
( G, x angd var@us combinations), and the complexes themselves have found diverse uses
as allyl transfer agents and polymerization initiafd?$*! In addition to their conformational
flexibility, substituted allyls can introduce additional stereochemical possibilities to structures
and reactios*® 1*#'*3 The ansatris(allyl) complex [MeSi{(GHsSiMes)Li(tmeda)}s] (Figure
13a), for example, displays a mix ekq endoconfigurations; the centraéhdq exd allyl li g-
and exhi bi t2bondirsywhereasthe flankingjaexd | i gands possess
bonding® **?Withthepb | oc k e | e me nborsled alfyloare the hule,¢hie [1,8
(SiMe;),CsH4]' (A") anion appears in various diastereomeric configurations. The complexes
[AIA” 5] and [GaAj3] possessR,S S (or [SRR]) configurations around the Gaf the allyl
ligands in the solid state (Figur&t).®®°" In solution, the molecek are highly fluxional, @&
p e a r -baurg in*H NMR spectra (Figuré4a): there is a single doublet for the threeghl
and three I protons, a triplet for the threg lggrotons, and all SiMggroups are equivalent.
The tris(allyl) complex [Sn(1;8iMes),C3Hz)sK(thf)] (Figure 13c) possessessGymmetry in
the solid state and solution; all threg ggrotons exhibit the same stereochemical agang
ment, RRR] (or [SSS).%° The same configuration is observed in the solid state for tthe zi
cates [Zn(1,55iMe3),C3H3)sM)] (M = Li, Na, K); they are highly fluxional in solution, e
ever , di-boprda y iijEhesd examples were synthesized with soldbased
methods, and in each case were the sole isolated products.

Mechanochemical methls of synthesis, which employ grinding or milling with little
or no solvent, are intrinsically high energy in nattfr€o a first approximation, such syeth
ses might be thought to favor thermodynamically preferred products. As reaction conditions
during milling may be far from equilibrium, however, and mass transport&tiee conside
ably different from those in solution, ball milling can generate either the thermodynamic or
kinetic products of a reactidfi* Furthermore, even thermodynamically controlled reactions in
the solid state may yield different distribution of products from those produced in

solution®0 145146
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Our interest both isilyl-substituted ally& 6% 70 7414710 3nd Group 15 element

chemistry®***led us to consider whether mechanochemistry could be used to generate allyl
based stereoisomers unattainable through solution approaches. There have been no reports of
silyl-substituted allyl complexes with the heavier Group 15 elementB{A$iowever, and

in anticipation of possible synthetic difficulties, we wanted to explore the use of neechan
chemical methods of synthesis. Such an approach has been used to syntustitited

aluminum allyl that could not be produced in ethereal or hydrocarbon sol¥&wsn though

this precaution was unnecessary, as synthesis could be accomplished in solution, there are still
differences in the outcomes depending on the synthesis method used.

N‘\ _
Me \ SiMes He «s SiMes

Li—N . .= _Sny
. 75 SiMe Me3Sims H¢
Me?’SI\/’\«—"—'gi : ; o 7 a ’ H® SiMes
TS 7N\ SiMes HE e g H -
a T S b Messin c \-K<,
Lz TN Nl Tsives | SiMes
A | ™ “siMes MesSi” O, “SiMe;
N MesSi (_7
SiMes

Figure 13.Structure and bonding configuration(ai [MeSi{(CsHsSiMe;)Li(tmeda)}s]; (b) [AIA" 3]; (¢) [Sn(1,3
SiMe;),C3H3)sK (thf)].

E
Hy) H,m Hp)

Figure14.(a) Labeltbomgdddral l y-10 (napi dpbpeuldox@ndHglf)-asi't uat i
bonded allyl become equivalent, appearing as one do(bjéabeling ford-bonded allyl

Experimental

General Considerations All syntheses were conducted under rigorous exclusion of
air and moisture using Schlenk line and glovebox techniques. Ptetpreérbon ¥C), and
COSY NMR spectra were obtained at ambient temperamran Advance AM00 MHz
spectrometer. Proton and carbon spectra were referenced to residual resonagiges of C
7.15 and U 128) ."HNMRwasobtdined on & Bnyker DRSO instre
ment and referenced to residual resonances-ogtdlletal and combustion analyses were
performed by ALS Environmental, Tucson, AZ.
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Materials. Anhydrous Asd, SbCk, Sbk, and BiCk were purchased from Strem
Chemicals and used as received. Anhydrous inh#figer tetrahydrofuran (THF) was used as
obtained Hexanes and toluene were distilled under nitrogen in the presence of potassium
metal prior to use. Deuterated benzene and deuterated toluedg) {teke purchased from
Cambridge Isotopes and were distilled from Na/K (22/78) alloy prior to use. The K]
gent was synthesized as previously descrityeld. A |5] Ava§ synthesized with the previously
reported mechanochemical metti8&tainless steel (440 grade) ball bearirigsif, 6 mm)
were thoroughly cleaned with hexanes and acetone prior to usetéPyamilling was pe
formed with a PM100 mill, 50 mL stainless steel grinding jar type C, and safety clamp for air
sensitive grinding, all purchased from Retsth. NMR spectra of, HANj, K[ A
available in Appendix A: Figures Al, A2, and A3, resipeely.

Synt hesi #bybdl miling.sSAliNjAsk (0.176 g, 0.386 mmol) and K[A]

(0.286 g, 1.27 mmol) were added to a 50 mL stainless steel grinding jar (type C). The jar was
charged with stainless steel ball bearings (6 mm dia, 50 count) a®dl ¢ightly with the jo-
propriate safety closer device under aralinosphere. The reagents were milled for 5 min at
600 rpm, resulting in a light yellow solid. The product was extracted with minimal hexanes (<
100 mL) and filtered through a medium porogjtpund glass frit, providing a pale yellow

filtrate. Drying under vacuum yielded yellow crystals (0.194 g, 80%), mp 52 °C. Crystals
were identified as the asymmetricJC ¢ o mp o wlnsuppgriddsvAhNjlemental analysis
andNMR spectra. Chemical shifissignments were identified with COSY NMR. A set of

peaks visible itH and**C NMR were assigned to the Giastereomer of [AsA] as a minor
product. The observed ratio of isomers was approximately L0d G. Variations of mill

time from 30 s to 2 had no effect on isomer ratiogGymmetric [AsA3]: *H NMR (400

MHz, 298K, GDg) : U = 0. 1 43), Q.18 ¢br ssOH, S8V, 2.533d, BHg = 11.1

Hz, G ohl), 5.61 (d, 3H,)=18.1 Hz, ¢ 5Hi), 6.08 (dd, 3HJ; = 18.2 Hz,J, = 11.1Hz, G 5

H). °C NMR (100 MHz, 298K, €Dg) : -1i03 (SiMe), -0.45 (SiMe), 33.90 (G §,130.48

(C( ),145.78 (€ 9.y Ci-Symmetric [AsA3]*: 'H NMR (400 MHz, 298K, @D¢) : Ui = 0. 18
0.22 (brs, 54H, SiMg ; @l AW NE 2 . 4J7F 11.0dHz, G &Kh, 5.65 (d, 1H) = 18.3 Hz,

C( shl), 6.47 (dd, 1H); = 18.4 HzJ, = 11.0Hz, Csll) ; ®I ANji = 20=210H¢ d, 1H,
C( ghl), 5.56 (d, 1HI = 18.2 Hz, ¢ 5Hl), 6.34 (dd**, 1H,J; = 18.2 Hz,J, = 10.9 Hz, ¢ skl);

[ ANj: 40 = 2)J=61® Hg, @ sh), 5.68,(d, 1H) = 18.2 Hz, ¢ 5Kl), 6.31 (dd**, 1H,

Ji1=18.3 Hz,J, = 11.2 Hz, ¢ sHl). *C NMR (100 MHz, 298K, €D¢) : -@i99 (SiMg), -

0.85 (SiMe), -0.67 (SiMe), -0.35 (SiMe), -0.29 (SiMe), -0.17 (SiMe), 34.79 (G 9,35.51

(C( ,38.34 (G 9,128.71 (€ ),)128.82 (€ ),)130.19 (€ ),)145.00 (¢ 9,147.45 (C 9,

147.45 (G 9. Cs-Symmetric [AsA3]: 'H NMR (500 MHz, 363K, toldg) : U 1023 @r.s1 5
66H, SiMe), 2.52 (d, 1H,J = 11.1 Hz, € shl), 5.72 (d, 1H,]) = 18.5 Hz, ¢ 5Kl), 6.09 (dd,
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1H,J; = 18.2 Hz,J, = 11.2Hz, G sHl). C-Symmetric [AsA3]*: *H NMR (500 MHz, 363K,
tol-dg) : O i8.228 (bris566H, SiMg ; wl: A Nj= 2 . 436 11.3Hz, G &k, 5.65

(d, 1HJ = 18.4 Hz, G 5Hl), 6.47 (dd, 1H}, = 18.3 Hz L =11.1Hz, Gphl) ; @l ANfi = 2. 25
(d, 1H,J = 11.0 Hz, G sh), 5.54 (d, 1H) = 18.2 Hz, G sHl), 6.33 (dd**, 1H,J; = 17.2 Hz,J,
=11.0Hz, Gohl) ; ol ANii = 2J=51B Hg, € ohi), 5.65,(d, 1HI = 18.5 Hz, ¢ 5

H), 6.30 (dd**, 1H,J, = 18.2 Hz,J, = 11.3 Hz, ¢ skl). Anal. Calcdfor C,7He3ASSk (631.23
gmof%): C,51.38; H, 10.06, As, 11.8%ound C, 49.52; H, 10.7; As,
AP amd nANjcate H assi gnme n*Cancideot peaks giveitheé i ¢ [ AN
appearance of overlapping triplets; i[&,Nj]: 4 6 . B $22H2,J, = 11 Hz G k),
[AN]:0 6. B922Hz2,J,=11Hz G sH). The peak assignments listed above wére o
tained through COSY analysis. Flii NMR spectrum available in Appendix A: Figure A15.
Synt hesi#inleftanep:Ask (8.5 g, 0.318 mmol) was partially dissolved
in hexanes in a 50 mL Erlenmeyer flask with magnetic stir bar to yield a golden colared sol
tion. K[ ANj] ( 0wa2added glqwly b th8 Asfolutimmowelr 5 min. Thesr
action mixture betweenthe Ad ol uti on and K[ ANj] sl urmy was s
perature. During the course of the reaction, the solution became more intensely yellow. The
mixture wadiltered through a medium porosity ground glass frit, providing a pale yellow fi
trate. Drying under vacuum yielded pade yell
with *H and**C NMR.H NMR spectra confirmed the presence of both than@ G dia-
stereomers, and a high contenf oA;Njhe ratio of G to G; was found to be approximately
3:1. Full*H NMR spectrum available in Appendix A: Figure A16.
Attempted Ci;toCzconver si gn[ ASANG28 g, A.R) mmol), syngh
sized by ball milihg, was dissolved in minimal toluene in a 50 mL Schlenk flask wittprma
netic stirbar to yield a pale yellow solution. The flask was sealed with a condensexr-and r
fluxed for 4 h under a nitrogen atmosphere. During&flex, the solution changed from the
initial pale yellow to a pale brown. Removal of toluene under vacuum yielded an-orange
brown residue that consisted mainly of insoluble decomposition products. The residue that
could be extracted with hexanes was found to possess a ratieco€C§&of appoximately 8:1,
suggesting that no substantial thermal conversion between the isomers had occurred.
Attempted synmntinhTEllsiAst empf As ANj $bysattieesi ze |
tathesisof Agland K[ ANj] i n THF wer e un stweconsigisgf ul . Wc
prominently off A]Mnd unidentifiable producttf NMR) . The expegted pea
were not present. Analogous attempts at synthesis at a reduced reaction tempégat@e (
were similarly unsuccessful.
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Synt hesi #bybal miling:bSalidjSbC} (0.213 g, 0.938 mmol) and K[A"]

(0.645 g, 2.87 mmol) were added to a 50 mL stainless steel grinding jar (type C). The jar was
charged with stainless steel ball bearings (3/8 in dia, 9 count) and closed tightly with the a
propriatesafety closer device under an &mosphere. The reagents were milled for 5 min. at

300 rpm, resulting in a light yellow solid. The product was extracted with minimal hexanes (<

100 mL) and filtered through a medium porosity ground glass frit, providoadeayellow

filtrate. Drying under vacuum initially yielded a mixture of pale yeHomwn crystals suat-

ble for single crystal Xay diffraction, and lowviscosity yellow oil (0.53 g, 82%). The low

viscosity of the oil allowed for the isolation of a dgléne solid, mp 90 °C (0.27 g, 42%),

identified with’H, *C, and COSY NMR spectra and single crystai analysis as the

asymmetric (¢) [ $p BGh& NMplated oil (0.10 g, 16%) was identified as a mixture of the
asymmet ridissoMedsimtleNs y mme t r 4 (CH, fCSandAAGSY NMR). Arla

ysis of'H NMR peaks in the oil sample displayed an approximate ratio of 3:2 for tleeGg

isomers. Gs y mme t r 4 H NMB @00NHz, 298K, @) : U = 0.19 (s, ~:
SiMes), 0.22 (s, ~27H, SiMg, 2.3 (d, 3H,J = 11.7 Hz, ¢ sh), 5.59 (d, 3H,) = 18.1 Hz,

C( shl), 5.95 (dd, 3HJ; = 18.1 Hz,J, = 11.7 Hz, € sHl). "°C NMR (100 MHz, 298 K, €Dg):

U -673(SiMe), -0.37 (SiMe), 30.18 (¢ 9, 129.79 (¢ ),)146.68 (¢ ), Ci-symmetric

[ S hk]AMNjNMR (400 MHz,298K,@D¢) : & = 0.188, U 0.193; & O,
0.222 (brs,54 H, SiMg ; @l ANji = 2J=21Q Hg, € 5H), 3.57,(d, 1H1=18.1

Hz, G ohl), 6.40 (dd, 1H); = 18.1 Hz,J,=11.2Hz, CsH) ; @l AN =1H2=53 ( d,
11.6 Hz, G sH!), 5.65 (d, 1H) = 18.2 Hz, ¢ sHl), 6.36 (dd, 1HJ; = 18.1 Hz,J, = 11.6 Hz,

Ciohl) ; of ANE 2. 33 11.6dHz, € 3hH, 5.60 (d, 1H) = 18.0 Hz, € sh), 6.14

(dd, 1H,J; = 18.0 Hz,J, = 11.6 Hz, ¢ sHl). °C NMR (10 MHz, 298 K, GD¢) : -@i69 =

(SiMe3), -0.07 (SiMe), -0.30 (SiMe), -0.25 (SiMe), -0.21 (SiMe), 0.05 (SiMg), 29.59

(C( 9,)31.87 (€ 9,32.04 (€ 9,127.88 (¢ ),)128.44 (¢ ),)129.15 (¢ ),)145.82 (€ 9,

146.85 (G 9,147.94 (G 9, Anal. Calcdfor Cr7HesSbSk (678.07 g mdl'): C, 47.83; H, 9.36,
Sb,1796Found C, 47.29; H, 9. 49 ;epSa pddidaepi®&- (*Lab
signments to specH fNMR [sAN]c ] ciysiaboitfraibelys b ARNj | |

[Sb Adiystab,a n d ] GlavaiMple in Appendix A: Figurésl7-A19, respectively.

Synt hesi #inTHF SpEMm1A6\), 0.211 mmol) was dissolved in a 125 mL
Schlenk flask, containing a magnetic stir ba
(0.168 g, 0.748 mmol) was dissolved in a 50 mL Schlenk flask in minimal THF to give a pale
orange solution. Botflasks were attached to a Schlenk line and cooled@d6C in dry ice
acetone baths. Once cooled, the K[ANj] soluti
containingShis ol uti on. Upon addition o-peack.[THeNj] , t he
mixture was stirred and warmed to room temperature overnight, during which time the
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solution turned dark brown. THF was removed under vacuum and the product extracted with
hexanes. The extract was filtered through a medium porosity ground glass frit ta pedtl

brown filtrate and black solid. The filtrate was dried under vacuum to yield a brown oil (90
mg, 63%) that did not solidify over a period of days. The product was identified as a mixture
of [sSliasteomers Cand Gin 3:2 ratios, with'H and**C NMR. Separation of the ali
stereomers was not possible as no solid formed, they displayed identical solubility, apd the C
oil served to dissolve the;Golid. Full'H NMR spectrum available in Appendix Rigure

A20.

Synt hesi$inletanep:36IASY8 mg, 0.385 mmol) was dissolved immi
imal hexanes in a 50 mL Erlenmeyer flask, containing a magnetic stir bar, to give a yellow
solution. K[ANj] (0.274 g, 1.22 mmol ) was slu
mL flask with stirringoveb mi n. After addition of K[ ANj], t
After stirring for 2 h, the solution became dark grey and was filtered through a mediwsn poro
ity ground glass frit to yield a yellow filtrate and a gtarpwn solid. Drying the filtrate unde
vacuum yielded a mixture of yellow oil and solid (0.195 g, 80%). The product was identified
with'H NMR as a mil€tandiGeliastefeomers, i &:Afatio.

Attempted C;toCsc onver si on[ DEARINEPOAORE mmol), primarily
of the G isomer, was dissolved in minimal toluene in a 50 mL Schlenk flask with magnetic
stir bar, yielding a pale yellow solution. The flask was sealed with a condenser and refluxed
for 4 h under a nitrogen atmosphere. During the reflux, the solution chfxogethe initial
pale yellow to a pale brown. Removal of toluene under vacuum yielded a ywlhovn res
due that was identified as the &d Gisomers in approximately 8:1 ratio with NMR
spectra, suggesting that no substantial thermal conversiopdretive isomers had occurred.
Additionally, a substantial amount pf A;Mj&s also observed in the spectra.

Attempt ed synjthAhtetseinsp tosf t[oB sBySpit hetathasiz e [ Bi Al
fromBilzand K[ ANj] were unsuccessful. In both sol
(IKA tube disperser) synthesis attempts, products consistent WitmB] A,Mjgre obtained.

The coupl ed al,wgslidendfiecavsttHeNMB.o me r A Nj

Synthesis ofBi A]Njr o m g ilHexamNgs:Bil; (0.138 g, 0.438 mmol) was su
pended in a 50 mL Erlenmeyer fl g@®R5Swi t h magn
0.419 mmol) was readily dissolved in hexanes in a 20 mL vial, forming a pale yeliow sol
tion, and addedropwise to the flask over 5 min. The mixture was stirred for 24 h in the dark
to yield a bright yellowsolution, whichwas filtered through a medium porosity ground glass
frit, providing a yellow filtrate. Drying under vacuum yielded a {aiscosity bridnt yellow
oil (0.320 g). The coll ected produsgbeingwas i de
the major product'H NMR); the G and G diastereomers were present in an approximately
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1:3.5 ratio. The product was found to be photosensitive anahaltigrunstable, with complete
decomposition occurring within 7dhbrs.Cs-s y mme t r 4: tH NMB (408 NjHz, 298 K,

CDe) : U = 0. 21 3,082 brs, 27H2SM8, 2.853d, 3Hg = 12.0 Hz, C sHl),
5.30 (d, 3H,J = 18.0 Hz, ¢ 5K, 6.08 (dd 3H,J; = 18.0 Hz,J, = 12.1Hz, G sHl). °C NMR
(100 MHz, 298K, @Dg) : U = 4, 0.273SiMeB 47)8%(C §,130.57 (¢ ),)146.98

(C(99Css y mme t r gi*:c'H NMRi(4@0NMHzZ, 298 K, @Dg) : U 10:23 (@r.s,152H,
SiMes) ; ] A Nju (& 1H2J= 318 Hz, ¢ shl), 5.35 (d, 1HI = 18.2 Hz, ¢ 5Kl), 6.65
(dd, 1H,J,=18.1 Hz,J,=11.3Hz, Cphl) ; ®I AN = 2J=8250H¢, o), 1 H,
5.40 (d, 1H) = 17.9 Hz, ¢ sH), 6.46 (dd, 1HJ); = 18.1 Hz,J, = 11.7 Hz, G skl ) ; ol UA Ni
2.66 (d, 1HJ=11.7 Hz, € ghl), 5.30 (d, 1HJ = 18.2 Hz, ¢ ;H), 6.24 (dd, 1H,; = 18.5 Hz,
J, = 11.7 Hz, € shl). °C NMR (100 MHz, 298K, €De) : -0i52 (SiMe), -0.45 (SiMe), -
0.11 (SiMe), -0.072 (SiMg), -0.042 (SiMe), -0.30 (SiMe), 43.66 (G (,44.67 (¢ 9,47.09
(C( 9,128.79 (¢ ),)129.05 (€ ),)130.06 (€ §,)146.61 (¢ 9, 147.20 (¢ §,147.50 (€ 9The
instability of the compound precluded obtaining elemental anafysis'H NMR spectrum
available in Appendix A: Figura 2 1 . ( * laa ke Nj s pAndjcatdjH assignments
to specific [AN] Iligands.)

Synt hesispf roofm [5] By baljling: Bil;(0.120 g, 0.38 mmol) and
[ Al3]AONg12 g, 0.36 mmol) were added to a 50 mL stainless steel grinding jaC{typke
jar was charged with stainless steel ball bearings (3/8 in dia, 10 count) and closed tightly with
the appropriate safety closer device under aathosphere. The reagents were milled for 5
min. at 600 rpm, resulting in a brovemange solid. The product was extracted with minimal
hexanes (< 100 mL) and filtered through a medium porosity ground glass frit, providing a
brownyellow filtrate. Drying umler vacuum yielded browyellow oil (0.225 g). The collée
ed product was identi fised,akNpdentfiecdspd pgbx mi xt u
ucts. Both the @nd G[ B i3] didfjtereomers were present in approximately a 1:2.5 ratio.
Full *H NMR spetrum available in Appendix A: Figure A22.

Results and Discussion

The reaction of trihalides of As (X = 1)
either in solution (THF, hexanes) or by mechanochemical methods (ball milling), followed by
extractionin hexanes (eq 1). Although tris(allyl) complexes could be produced with béth me
als, the outcomes differed in several details.

hexanes (As);
THF/hexanes (Sb)
EXs + 3 K[AT] 3 KX > EA';
- (1)
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The tris(allyl)arsenic product [AsA] (1) could not be formed from THF solutions.
The coupled hexadiene ([4)"° was the major identified produdH NMR), accompanied by
reduced arsenicontaining byproducts. From hexanes, however, crystalline yélloould be
isolated in 64% yield. Itauld also be isolated in slightly higher yield (80%) by ball milling
Aslswi t h K[ ANj] (5 min/ 600 rpm), foll owed by ex
The tris(all yl ) a](2)couddeafyrmgd m the sama mafn&ijasA Nj
but its synthesis was compatibiih a wider range of solvents (THF, toluene, hexanes).
From a THFbased reactior?, was isolated in ca. 60% yield as a brown oil that did notisolid
fy. Ball-milling solid SbC} and K[A"] (5 min/300 rpm) produced a light yellow solid, which
could be extraed into hexanes. A mixture of transparent pale yethoown crystals and
low-viscosity yellow oil, in a total yield of 82%, was isolated from the extract. The oil could
be drained from the crystals, but both were found to consist of
Attempts to synthe i z e 3] (3)By tAeNpaction of Bilwith K[A"] were unsucces
ful. Reactions conducted in THF, hexanes, or by milling produced a dark gray poweder co
sistent with the presence of bismuth metal. Extraction of the gray powder with hexades yiel
ed [A5]"° as the only identifiable product{ NMR). However in either hexanes or by ball
milling, 3 can be formed from treatment of Bwith the mechanochemically produced
[ A l3]4etyR) 3 3 was isolated as a ligisensitive, thermally unstable yellow oil in 95%
yield, completely decomposing withinthrdeay s at r oom t egmgvidentigt ur e .
serves as a less strongly reducing substrate than does the more ionic K[A"]. The generation of

[BIA 3] from[AIA"s] i s a type of fisecond generationo n
BIl, + AlA7 XN /S0 BIA’s
—All; (2)

NMR spectra{H/*3C) of [EA3] from both the solution and mechanochemical prep
raa i ons cl ear |y i nhbindalyl lgandshbet ane unexpextadbnepleo f G
(see full spectra in Appendix A). A portion of the spectra that contains the resonancies assoc
ated with the K ggrotons forl and2is given in Figurel5. Tihe uind [ AMf)ha6 Fi gur e
five unique proton environments: two inequivalent trimétifyt groups and three distinct
protons of the allyl. The resulting splitting pattern consists of a doublet, doublet of doublet,
and doublet for Hy H¢ s pnd H jorotons, respectively. Spectra of [EASuggested the pse
e n ¢ e-bowrfd ligands but déated from the expected patterns.
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In the case ot (Figurel15a, b), the doublets of H; arising from coupling to Hb()lJ =
11 Hz), are observed in the expected rang8 (fpm). A maximum of three doublets would
be expected for a molecule with sgmmetry, but four are observed. Three of the doublets
are of equal Il ntensity, whereas the relative
mode of synthesis. Analogous complications are observed in the region gfdigsdthance
(61 7 ppm), whch contains what appears as overlapping sets of triplets.

Interpretation of COSYMR spectra indicate thdtis a mixture of two diaster
omers, one with no symmetry {@jiving rise to the three equal intensity doublets, andnanot
er with an apparentthedoldaxis(G) , accounting for the single
overlapping triplets in thei@ ppm region were identified as two overlapping doublets of
doublets from K x9f the G diastereomer.

Cs

[}
[}
' Z.éO ' 2. 1’30

G C c
[}
(&3]
2.40 2.30 2.20 2,60 250 2.40 2.30 2.20
d(ppm) d(ppm)

G Ci G

a o o

d (ppm) d(ppm)

Figure 15. 'H NMR of the H gegion of:a) [ASA";] from solution;b) [AsA"3] from ball milling; c) [SbA"]
from solution;d) [SbA";] of the crystals obtained from ball milling; they were drained of theilCleaving the
nearly pure ¢diastereomer.

The ratio of diastereomers depends upon the method of synthegistherG:C; ratio
is approximately 3:1 from hexanes solution, increasing to 10:1 from ball mill reactions (Table
1). Variation of milling times (30 s to 2 h) did not alter the observasteieomer ratios, gu
gesting the product ratio is set very early in the reaction. Variable tempétatNidR spe-
tra (up to 90 °C) show significant broadening of peaks, but no change in the diasteeeomer r
tio is observed. Refluxing in toluene promotadnple decomposition with no significant
change of the ratio.
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Similar behavior is observed f@r Figurel5c displays four doublets within the i
region for2 obtained in THF. Three of the resonances correspond i@@$lereomer, while
the resonance at (gdiasterBomerorheiHgegipnoftredMRspe t he C
tra was highly complex due the presence of an apparent octet of equal intensity peaks that
could be resolved with COSY as overlapping doubletioablets of the Cdiastereomer. The
C,to Ggratio is 3:2 from solution and 3:1 from ball milling. The ratios were consistent across
variations of reaction timm both solution (212 h) and milling reactions {80 min). The
mechanochemical synthesisaalled for the nearly complete isolation of thedizstereomer
as crystals, as shown kigure 15. The oil drained from the crystals was a mixture padd
Cs. A pure sample of thef@iastereomer could not be obtained, as the oil dissolved;the C
form. No conversions between the &d G diastereomers df were observed.

The products from the bismuth reactions also contain a mixture aidCG-
symmetric forms 08, but with the Gform in excess. Reactions conducted in hexanes and by
ball milling yielded3 with C;:Cs ratios of 1:3.5 and 1:2.5, respectively. No conversin b
tween diastereomers was observed, however the instabiBtgrevented thermal conversion
attempts. The retave amounts of the isomers for all three [E}Jfdroduced under the different
reaction conditions are summarized in Table 1.

Table 1.Relative amounts of the;@nd G-symmetric isomers ({ICs) of [EA"3] obtained through solution and
ball milling methods.

E  Solution Ball milling
As 31 10:1

Sb 3:2 31

Bi 1:3.5 1:.25

The source of the difference in the relative ratios of thard G-symmetric diaster-
omers is not immediately obviou&.few points howeverare clear: (a) the ratio of;@ G; is
independent of time for reactions conducted either in solution or by ball milling; (b) once
formed, there is no evidence for diastereomer interconversion; and (c) there is a metal center
dependency on theyCs ratio. The latter is manifested in two y& Firstly, mechanocham
cal synthesis increases thg@; ratio relative to that produced in solution for all thres el
ments, although the enhancement decreases from As (230%) to Bi (40%). Secondly, the C
form becomes less favored moving down group Wiching from the major diastereomer
for 1 and2, to the minor isomer fas.
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In order to help interpret these results, single crystalsanoid2 were grown from he
ane. The complexes were found to be monomeric in the solid state, with the arseni- (antim
ny) aboundi to the ANj | igands i n6.& Theyhageonal p-
no molecular symmetry, and are consistent with thdigstereomers found in NMR sgtra.
They represent the first crystal structures of uncoordinated homoleptic arsenic and antimony
allyl complexes>***°|n the cas®f 1, two of the ligands are roughly parallel to a lire b
tween the As and the center of thep@ramid base (QXC10' C19), but the third (involving
C1i C2i C3) is approximately parallel to the @lane. The average AS distance of 2.010(5)
A is typical forarseniecarbon single borgj cf. those of the mononuclear
tri(neopentyl)arsenic (1.998(10) AY (2,4,6(i-Pr)sCsH)sAs (1.986(7) A) " and perhaps
especially, the As(§1s)s ligands in PAG[As(CsHs)s]2 (1.96(1) A)X° The average (Asi C’
angle of 109(2)° in [AsA3] is somewhat wider than found in tri(neopentyl)arsenic
(94.6(4)°)*° but is similar to that in MeCsH.)3As (99.3(2)°)**%the values in
tri(mesityl)arsenic (107.6(4)*) or (2,4,6(i-Pr)sCsH2)sAs (109.2(2)°J°" are notably wider.
The differences have been ascribed to steric crowding. The fully localized camttamm
bonding in the allyl ligands ifh is indicated by the average C=C anidCCbond distances of
1.321(7) and 1.496(6) A, respectively.

Figure 16. Thermal ellipsoid plot of [AsAy], illustrating the numbering scheme used in the text. Thermpt elli
soids are drawn at the 50% level, and for clarity, hydrogen atoms have been removed from the trimethylsilyl

groups. List of bond angles and distances available in Appen@r@&ionB2.

Compound? is isostructural witi (Appendix B SectionB3). The ame mix of para
lel and perpendicular ligand arrangement relative to tygy@mid base is present. The ave
age SbC distance of 2.206(5) A is on the upper end for antirgarpon single bonds, and is
similar to those in the mononuclear tri(neopentylyantiy (2.18(3) A)*°and
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tribenzylantimony (2.175(3) A%°! The average CShi C” angle of 98.7(2)° i is wider than
found in tri(neopentyl)antimony (93.5(3)%%} or tribenzylantimony (94.9(6)*%%* which may
be the result of steric crowding.

DFT calculations of the relative energies of the [f&omplexes were completed to
compare them with the experimentally observed product ratios. The central metal was varied
(Asi Bi, with Al addedfor comparison), and three conformations were considered (Figure
For the G form (a), the coordinates from the crystal structure$ ahd2 were used as star
ing points.The G form (b) was modelled after the configuration found in
[M(1,3-SiMes),CsHs)sE(thf),].2>® The conformatioriound for [AIA"3] and [GaA3],% ®7in
which the three ligands are roughly perpendicular to the pléhe, with one antiparallel to
the other two (1U2D) served as the basis for configuratidhe G and 1D2U forms (both of
which are ofC; symmetry) posses&[S S arrangements at the Ggenters, while the {Hia-
stereomer exhibit{,R,R] symmetry. It should be noted that these three forms do not exhaust
the possibilities for the symmetries (egndgexoforms of the ligands were nstudied). The
calculations were completed with three different functionals @08 APFD,'*wB97X-

D%, all of which include some accountifay dispersion interactions; the def2TZVP basis

set was used on the metal atoms, and def2SVP was used on all thé®dkietise confa-

mations were found to be minima on their respective potential energy surfaces. Relative ene
gy difference for the conformations were averaged from the three functionalsexeglot-

ted for each metal center kigurel8.

Figure 17. Basic structural types considered for geometry optimiza#iptiie G form, modeled after the
[(As,Sb)A%] crystal structuredy, the G form, viewed down its major axis; the 1U2D form, modeled after the
configuration found in [AlA3] and [GaA3] (Appendix C: Section C2)
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Relative Energies (234 kJ mol' 1)

Figure 18. Relative energies of the [E4 diastereomers; those at 0.0 kJ theépresent the most stable form for
each metaf{Appendix C: Section C2)

There is a substantial dependence of the relative energies of the conformations on the
identity of the met al center. The 3lbutzsD i s th
the highest energy of the three conformationd fand2. This may be a consequencerof i
tramolecular close contacts generated by the pyramidal coordination around the eenter el
ment, a feature absent in the trigonal planar environments ofG&AA5].3 %" For 3, the
1U2D conformation is only 0.7 kJ miblbove that of § which is insignificant at this level
of theory. The longer MC bonds ir8 reduce the interligand crowding in the 1U2D canfo
mation; there are no methglethyl contats less than 4.0 A.

For1l, all three DFT functionals agree in placing the@m lower in energy than{Z
the average difference is 5.1 kJ MoFor2 and3, the preference is reversed, with the C
form lower in energy than by an average of 9.2 an8.9 kJ mdl*, respectively. The cale
lated stability of the €and G forms of2 is reversed relative to the expeantally observed
product ratiosAlthough G is predicted to be the more stable form3pthe energy diffe
ence of 15.9 kcal mbibetweenC; and G would be equivalent to a diastereomer ratio diffe
ence of roughly 1:600, if they were in true thermodynamic equilibrium, and not the 1:(2.5
3.5) ratios experimentally observed.

The calculations are qualitatively consistent withékperimentally isolated ratios of
products if: a) the Cforms are the kinetically preferred products T@and2; and b) milling
promotes the kinetic products. In the casé,dhis reinforces the thermodynamicallyepr
ferred product, and contributestte G:Cs ratio of 10:1 from milling. Although the Qlia-
stereomer is still the predominantly isolated formZodespite its calculated lower stability,
the G:Cs ratio from solution is half that fdk, and less than a third from the mechanochemical
synthesis. The observed isomer ratios3a@re consistent with the higher thermodynamée st
bility of the G form, but whether this reflects true thermodynamic control is not certain. Once
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again, ball milling increases the relative amount of the unsymme@iicabmer. The diffe
ent reaction conditions for the formation3figand transfer from the covalently bonded
[AIA" 5] rather than from the more sdike K[A"], makes comparisons with the lighter Group
15 counterparts difficult.

Conclusions

In summarytrimethylsilylated tris(allyl) complexes of arsenic, antimony, and bismuth
have been prepared in high yield through both solution and mechanochemical methods. The
compl exes of arsenic and antimony represent
compounds. The unstable tris(allyl) bismuth complex could only be generated by treatment
with the mechanochemically produced [AAThe latter may prove to be a valuable reagent
in the preparation of other redox sensitive complexes of the headrdg-block metals.
The [EA’3] complexes were isolated as mixtures of diastereomers afidCG-symmetry, the
ratio of which depends on the metal center and synthesis method. Mechanochemical syntheses
shift the diastereomer ratio to promote the unsymmet@icploduct of these systems. These
results suggest mechanochemical syntheses can moderate the isomer ratios in metal allyl
complexes, an influence that may be useful in other systems where stereocontrol must be e
erted.
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Chapter 4
Organometallic Mechanodemistry of s-Block Metal Complexes

Introduction

The synthesis and reactivity of alkaline earth metal complexes containing the bulky
allyl ligand AN have occupied a |large*portio
38,6567.74,84, 140 130,186 \wjith an ultimate goal of mimicking the catalytic properties of rare earth
metal complexes with the alkaline earth metals, the catalytic reactivity of group 2 complexes
were investigated and compared to rare earth metal (lanthanide) counf8rfat % 16
As the group 2 metals are significantly more abundant and of comparable size and charge, it is
believed that the alkaline earth metals could in many cases offer a cheaper alternative than the
more expensive and less abundant rare earth metals for catalysis.

Previous investigations in our group led to the successful synthesis, characterization,
and in some cases catalytic screening®of sev
101®Among these wer e g (MmdBae ba Ga; $r)ecamplexpshaAdNj
the binuclear [K(thf)BgA §F* 144 14”18 Attempts to remove THF from the final products
were unsuccessful in all cases, and as demonstrated by synthesis of arTEIFe 2 Mg A Nj
conplex, base free complexes could only be obtained by excluding THF from the synthesis
route’*®*®un | i k e] (QhabterR)Nfhe complexes could still be formed in the presence
of THF; once coordinated, THF did not appear to have any other effect.

It was not until the investigation of catalytic activity that THF was suspected as not
being as benign as originally expected T h e ¢ o mpfthf)4 was ihabtigeAdMjards the
pol ymeri zation of MMdémpleX, haveveraamenstfareccaemodedig A N;j
turnover rate (~3,0001.1% 1% Apart from the monomer vs. dimer distinction (which is not
as apparent in solution, owing to fluxional behavior), the only appreciable difference between
these complexes is the presence, or lack thereof, of coordinated THFe$aeqar of THF
evidently inhibits catalytic activity, presumably by occupying coordination sites on tpe ma
nesium center. This principle should be applicable to othéwck complexes as well.

The cal ci um y(thiy]nspl particuldr iterestsyt displays significant
activity even with THF coordination (TOF ~19,080).1°1 f  a ,] fo@p@leA duld be
lated without coordinated THF,mtakes sensthat an increase of activity could be observed.
Complications arise when attempting to synth i z e;] by diastaiNjard salt metathesis
routes, however, which require ethereal solvents in the formy©Of &t THF. Due to the
strength of the THIEoordinationto Ca, THF cannot be removed from the final product.
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Unl i ke t he Mfgicoddyda besymthesize€ia B Njnd thus appeared inasce
sible through our traditional solvebhtised methods.

The successf ulsj powdedalpesousy unednsideréd agpijach to
the formation of a baskeee pblock metal allyl complex® The negative iffience of coord
nating solvents i s especi,adtihegomdoeandeanmtreven us i n
be formed in either THF or diethyl ether. The successful mechanochemical synthesis of the
basefree aluminum complex suggested that it might sessa model for the preparation of
alkalineeart h counterparts. | t s thementbvakokcaogdo na bl e
nating solvents should all ow t he]ycompleses.ght f or
This last assumption was found t incorrect. While the removal of coordinating solvents
does allow for the isolation of baf®e complexes, these are not the monometallic variants
expected.

Described here are the applications of mechanochemical synthesis techniques, specif
cally ball mlling, towards the formation of base fredlock metal allyl complexes. The
compositions of the complexes demonstrate that mechanochemical syntheses cannot routinely
be expected to follow the patterns set by solubiagsed routes. Instead, new complexes
formed to compensate for the lack of coordinating solvents; these may not reflect the stoich
ometries of the starting reagents, for example, and in some cases display deceptively simple
NMR spectra.

Experimental

General Considerations All synthesesvere conducted under rigorous exclusion of
air and moisture using Schlenk line and glovebox techniques. Ptetpreérbon ¥°C), and
COSY spectra were obtained on an Advance499 MHz spectrometer. Proton and carbon
were referenced to residual resoresi0fGDg( U 7. 15 and U 128%. Vari a
NMR was obtained on a Bruker DR300 and referenced to residual resonances -aktol
Metal analysis was obtained with IGBES on a Perkin Elmer Optima 7000 DV. Combustion
analysis was performed by ALEhvironmental, Tucson, AZ.

Materials. All anhydrous metal salts were previously purchased from Strem gnd Si
maAldrich, stored under an Nitmosphere and used as received. Anhydrous inhiioger
tetrahydrofuran (THF) was used as obtained from Ald@ther commercially available ae
gents were used without additional purification. Toluene, hexanes, and diethyl etherswere di
tilled under nitrogen from potassium benzophenone REtfdeuterated benzene {0) was
distilled from Na/K (22/78) alloy prior to use. Deuterated toluenedgolas purchased from
Cambridge Isotopes and dried over molecular sieves prior to use. The HA” and K[A]
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(A" = 1,3(SiMe;),CsHs) reagents were synthesized as previously desctb&tainless steel
(440 grade) ball bearings (6mm, 3/ and % in dia) were thoroughly cleaned with hexanes
and acetone prior to use. Disperser milling was performed with anTtrax Tube Drive
and BMT-20-S tubes, both purchased from IKA. Planetary milling was performed with a
Retsch model PM100 mill, 5@L stainless steel grinding jar type C, and safety clamp for air
sensitive grinding.}H NMR spectr a of ,adalallein Appehdif]A;-and [ Al
ures Al, A2, and A3, respectively.
Nonstoichi omet r i cg: SolidBeC ©.893 g, 06 mmoK &énd e A Nj
K[ A Nj] (2. 246 ¢ added @.a 601mL stambess)steelvggindiag jar (type C). The
jar was charged with stainless steel ball bearings (6 mm dia, 150 count) and closed tightly
with the appropriate safety closer device under aatidasphere. The reagents were milled
for 15 min at 600 rpm, resulting in a light orange solid. The product was extracted with min
mal hexanes (< 100 mL) and filtered through a medium porosity ground glass frit, providing a
dark orange filtrate. Drying underaaum yielded a dark orange solid (0.1967 g, 25% yield of
K[ B g])AvNich was recrystallized by the slow evaporation of toluene over 1 montb-to pr
vide dark orangé&rown crystalsuitable for single crystal-Xay diffraction. The product was ide
tifiedasK[ BeJANj A. second set of peaks, osi,wemen i dent.i
present in NMR spectra but were marginally above baseline intensity. Tentative assignments
were made based on known data, though integrations were not reliable duerite iy
and overlapAnal. Calcd (%) for GiHg3BeKSk: C, 53.65; H, 10.51; Be, 1.49; K, 6.47. Found:
C,52.09; H, 9.79; Be, 1.04; K, 4.44.a j or K prBdech Nj NMR (400 MHz, GDs,
298K): 0 0.2396 (@Us.,3.2089, (i, (NMB;H,0 J6.=94886((1t2, HZH
Hz, H 9,"°C NMR (100 MHz, GDs, 298K) : U39 .04 7(s).4)1Si(Me6 6C 09
(s,GdyMi nor K prBdech Nj NMR (400 MHz, GDs, 298 K) : U 30; 2#33( s
2.766 (d,J=16.0Hz,¢b) 5y U 6. 6.6 Hz, H })"*C NMR @00 MHz, GDs, 298K):
U 2.04005 ;(st, 7Puo)Me2 U( <,5 3T qull'HNMR spectrum can be
found in Appendix A: Figure A23
Attempted Stoichi omed:SolicBeGyr233ly,83dnsmolpf K[ B
and K[AN] (2.628 g, 11.72 mmol) were added tc
The jar was charged with stainless steel ball bearings (6 mm dia, 150 count) and closed tightly
with the appropriate safety closer device under aatdosphere. The reagents were milled
for 15 min at 600 rpm, resulting in a buarange solid. Multiple extractions were performed,
through a medium porosity ground glass filtration frit, in an attempt to collect produets sho
ing lower solubility in hexams. Both extractions yielded large amounts of brown solid in the
filter frit. Initial extraction was performed with hexanes yielding a dark orange filtrate after
filtration. Removal of hexanes under vacuum initially precipitated a light brown solid and
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conplete removal yielded an orarteown oil. The oil was highly soluble in hexanes and

could be extracted, while the brown solid was insoluble once precipitated from hexanes. The

oil slowly solidified into a dark orangerown solid, though no crystals wereserved. The

solid was i de]myt’H XNMReAs suahsthisknetBod alldlived for the isolation of

pur e K [nBbw el (0.0805 g, 9.3% yield). The hexane insoluble solid demonstrated
marginal solubility in GDg, and the NMR spectra were castent with the minor product

identified in the nonstoichiometric reaction. A second filtration and extraction was performed

with toluene on the remaining brown solid of the filtration frit. The brown solid was only pa

tially soluble, yielding a redrangéfiltrate. The filtrate was dried to an oranigeown solid

composed of brittle flakes (0.187 g). The NMR spectra of this product were consistent with

the minor product of the nestoichiometric reaction. It should be noted the chemical shifts of
theminorp oduct are identical to those obwerved
ever, due to K[ANj]O6s being insoluble an hexa
terial. The full* H NMR spectrum can be found in AppendixMgure A24

Non-stoichiometric Synthesis of [K(tol)(#tA Nj) K ( t o | )-A K)\eolid Mddr ( O
(0.556 g, 3.02 mmol ) andadddd b0 ML stainkessteey, 5. 4
grinding jar (type C). The jar was charged with stainless steel ball bearings (&n%6 d
count) and closed tightly with the appropriate safety closer device underaamdsphere.

The reagents were milled for 10 min at 600 rpm, resulting in a hard, dark pink solid caked
along the walls of the jar and a large sticky mass of pink sotichall bearings. Hexanes

were used to soften and begin extraction of product directly from the jar. Filtering through a
medium porosity ground glass frit separated a pink solid from a yellow filtrate. The solid was
dried and milled a second time for 10mait 600 rpm yielding a whitgink solid. The solid

was extracted with hexanes, filtered, and added to the initial filtrate. Removal of hemanes u
der vacuum yielded an orange oil in low yield, which solidified to orange microcrystais ove
night. A reactioryield was not obtained. The sample was dissolved in toluene and allowed to
slowly evaporate to dryness over the course of one month to form small orange block crystals
suitable for single crystalsay analysis. Due to complications in handling the bestals

were lost, however a structure was obtained for a second set of crystals. The product was
identified as the bimetallic compléK(tol)(u-A Nj) K ( t o | )-A Mj)kby theArnjlly p@-

di ct e d]yHadddjoh Blpichiometric reaction ratibhe 'H NMR spectra of both the iin

tial product andK(tol)(u-A Nj) K ( t o | )-A Njvaidemtitg) in s, indicating that tb

uene only helped to promote large crystal formation and the microcrystals are of the form
[K(u-A Nj) K] [ M8 KjYCHilsidefing theamplexity of the molecule, théd NMR spe-

tra are remarkably simple and cl eanhoundi spl ay
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or highly f | inxoughlyatwo toroNg ratidwe ohod gield and product loss,
insufficient sample wagbtained for microanalysidia j o r*H MMR. (400 MHz, GDs,
298K): 0 0.28%2 (@Us.,3.24d8, (diiMeyHU b.H84BE388.(8 ,H2Z2H,
Hz, H 9,"*C NMR (100 MHz, GDs, 298K) : U39 . 598 7(1s).8)6i(Me57C 21
(s, G 9yMi n o r'H MW (400 MHz, GDs, 298 K) : U 0.32;230 (3. 7 2ABH(d
2H,J=16.0Hz, Hy) 5y U 6. 64 ¥6.0Hz H 9, ICHNMR @00 MHz, GDs, 298K):
U 2.4133) (s BPgWE7 U( 2,5 3LTReSUll(HSNMR gpectrum can be
found in Appendix A: Figure A25

Stoichiometric Synthesis of [K(tol)(#tA Nj) K ( t o | ) -\ K)\Bolid MdEh ( O
(0.094 g, 0.511 mmol ) an daddédtAagp ml(s@inlés8sdeelg, 2.
grinding jar (type C). The jar waharged with stainless steel ball bearings (3/8 in dia, 10
count) and closed tightly with the appropriate safety closer device underaamdsphere.
The reagents were milled for 10 min at 600 rpm, resulting in a pale orange solid. The product
was extracd with hexanes and filtered through a medium porosity ground glass frit to isolate
a pale orange filtrate. When dried under vacuum, two solid, butrystalline products were
isolated, one pink and the other yellmnange (0.101 g total, 24% yieldaéiculated as
[K(u-A Nj) K] [ M4 HDAD{E to §milar solubility the solids could not be separated. The
'H NMR spectrum of a sample containing the predominantly red solid was identical to that
obtained for [K(tol)(#|A Nj) K ( t o | )-A Nj)Nogvéveér Mjm@j@ and minor products
were reversed. This implies that the solids are two discrete compounds and a tentatase correl
tion between samples and chemical shifts can be made. Integrations were based upon the peak
at U0 6.945 bei ng smdtbetcalculdtdd withduhknosvingathe identityadf i 0 ¢
both productsMa j or ANj (HNMR (480MHZ, GDs,. 298 K) : U 0.223 (
SiMes) ; U 2.727 (dyo)8H, 0 B.H4UH0HA K MACHNMR 100
MHz, CsDs, 2 9 8 KB(S,SiMeg)2;. 401 7 Pg) $H7 U( L5 3M17 Bof sIANIC(ye
low-orange solid)."H NMR (400 MHz, GDs, 298 K) : U 0 .32:620 (3. 2 18 H( d
2H,J=158Hz,Hy) 5y U 6. 945 ( t(9)°CNMR (100 MHz1GDs, V8KH z , H
Ul.5%®e)(;s U 7du) §)6 G( <,5 3@ ul’HNMR spectrum can be
found in Appendix A: Figure A26

Synthesis ofK[(1-A Nj) Gh IA &jypical reactionCak (0.0714 g, 2.43 mmol) and
K[ ANj] (1. 705 gaddedto a&50 mktamleds jteelvgendirg jar (type C). The
jar was charged with stainless steel ball bearings (6 mm di&) 86unt) and closed tightly
with the appropriate safety closer device under aatidosphere. The reagents were milled
for 15 min at 600 rpm, redirlg in a mixture of solids closely resembling the starting mater
als. The ground mixture was extracted with hexanes and filtered through a medium porosity
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ground glass frit to isolate a patelored filtrate. Removal of hexanes under vacuum provided
a pak yellow residue, in low yield, which grew into microcrystals overnight not suitable for
single crystal xray diffraction. Approximately 72 h after isolation, the yellow microcrystals
turned orange under an inert atmosphere. The change was found to loethenthe product
was dry or dissolved in hexanes, turning a yellow tinted solution to orange. Both the yellow
and orange solids were aand moisturesensitive. Once formed, the orange solid was stable
indefinitely under an inert atmosphere. As with K[Bs]Ng white solid was often left in the
flask upon removal of the product that was insoluble in the available solvents (toluene, he
anes, pentane,anglz) . Vari ations in the ratio of reag:
did not have a significamtipact on yield; in some cases yields were lower when the

K[ A Nj} rati€aak higher. This, however, may be more of a factor of the masseatio b
tween the reagents and ball bearings. *Fh&IMR spectra of both the yellow solid, taken

immediately afteris| at i on, and t he or an éeundoohighlld wer e ¢
fluxional ANj ligands. The yell ow solid appea
whil e the orange solid contained two. The se

solid were identical in splitting and chemical shift to those of the yellow. This suggests that

only some of the ligands in the complex do not undergo a detectable change in environment

while other are shifted significantly more downfield and result in ther @blange. The che-

ical shifts of the yellow solid were consistent with those of the previously reported

[ C a(thi)."*" 1 After 6 monthsthe producbecameprimarily orange and the maximum

ratio between the peaksr the two colored solids was 2:3ingle crystals suitable forpay

crystal analysis were grown over the course of 6 months, by the slow evaporation of hexanes

in a heavily etched 20 mL glass vial. The orange product was identified a®\ji{u G]a A N;j

deviating significantly from the structures found for beryllium and magnesium, but having an

al | yl arrangement around the gh&YVellow[CaefNj er si
complex.'H NMR (400 MHz, GDs, 298 K) : U 0 .32:420 (3. 73U8MH( d ,Si M
Hz,H o) 5y U 6. 661.0H2 K ), ICHNMR (00 MHz, GDs, 298K) : & 2. 39
SiMes) ;0 7 Pug) )2 u( 4.5 Q.Q'Weﬁulllﬁ NMR gpectrum can be found irpA

pendix A: Figure A27. K[(sA Nj) G]a'A NMR (400 MHz, GDs, 29 8 K) : U 0. 279 (s,
SiMes) ; U0 0.3443) (spo 28HMLI5S{( Mey)4HU B.39B5.(9,H2H
Hz, pH(o) 5y U 6. 623 (t(9).2H, 7J. 2=4 51 5(.t9H HERe,full) = 16.
'H NMR spectrum can be found in Appexdi, Figure A28
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At t empt ed Sy n{ Goeplexes fraanfCaX (X aRA Gl Br). Reactivity
was observed between CaXx X = Cl , Br ) and K[ ANj] wunder mec!|
products were confirmed withd NMR as identical to the produai®served from reactions
with Cab, but in lower yields. Variations of reaction and grinding parameters, such as ball
size, ball composition, milling time (up to 20 min), and reagent ratios, did not improve the
yield from either calcium source. Milling tirmen the scale of hours may be able to increase
yields, but these have yet to be investigated. Attempts to utilizeaSadreagent were urtsu
cessful. No reactivity with excess K[ANj] was
Cak. Variationson grinding parameters were similarly unsuccessful.

Attempted Mechanochemi,gGmpleXpoldBsx@OPL4 of an
g, 0.986 mmol) and K[ ANgddedtda50 mbstainlgssstedl. 1 22 mm
grinding jar (type C). The jar was aigad with stainless steel ball bearings (6 mm dia, 100
count) and closed tightly with the appropriate safety closer device underaamdsphere.
The reagents were milled for 5 min at 600 rpm, resulting in awlite solid resembling
starting materialThe solid was extracted with minimal hexanes (< 100 mL) and filtered
through a medium porosity ground glass frit, providing a near colorless filtrate. Drying under
vacuum produced a small amount (0.015 g) of a white solid. The solid was solukl®;in C
anddH NMR spectra suggbkeuerd obhehpgkbkgentleuwiona
to the low yield, assignment of carbons'i NMR could not be made. Only a single set of
[ ANjj peaks were visible, unl'HKMR“MOMHZe observ
CéDs, 298K): U0 O0.32/460 (3.,78BH(dSS)Med BH.658D6 (@ , H
16.0 Hz, H 9, The full H NMR spectrum can be found in Appendix A: Figure A29

Synthesis of CesKosf ANjol i d Csl| (0. 157 D0.449Dg, $98&2 mmo |
mmol) wereadded to a 50 mL stainless steel grinding jar (type C). The jar was charged with
stainless steel ball bearings (1/2 in dia, 3 count) and closed tightly with the appropriate safety
closer device under amltmosphere. The reags were milled for 15 min at 600 rpne-r
sulting in a pale yellovorange solid. The solid was extracted with hexanes and filtered
through a medium porosity ground glass frit, providing a nearly colorless, yellow tikted fi
trate. Removal of hexanes undecwam resulted in a cloudy yellewhite solution that é-
posited a precipitate as the product was concentrated. Removal of hexanes yielded a yellow
solid in negligible yield (0.012 g). The solid was dissolved in hexavigsh were slowly
evaporated over thmurse of a week to promote crystal grown. Duringtiime, the solution
became significantly darker, taking on a more prominent orange color, not unlike wirat is o
served f g systemhresul{inGia éajged crystals being collected-rdy analysis
of the crystals revealed them to be the bimetalligsKgJA ] complex. The product was
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highly soluble in GDs, giving a bright red solution. TH&! NMR was consistent with a single
“bound or highl yHNVRI(%0D MHzaQDs, 28 Kl) i gaind.. 272 (s,
SiMe) ; U 2.707 (deo)2yH U B.5H7E6HLA= BAHE, HHYJC

NMR (100 MHz, GDs, 298 K) : U 3)2;. 302 27 3p)s98 BisMBITHel (s, C
full * H NMR spectrum can be found in Apmix A: Figure A30

Results and Discussion

The procedur es us e ds,énoompassimgthesopnmdbdites i s o f
flask mill, the tube disperser mill, and the planetary ball mill, were adapted for use with the
various sblock elements of intere?® The reactions of the metal halides (M = Be, Mg, Ca, Sr,
Ba, Cs) and K[ ANj] were conducted mechmnochem
etary mill, followed by an extraction of hexanes (eq. 1). Metal allyl products could be isolated
from all elementsyeept for barium, which even in solution is known to provide products
whose formula is not directly related to the stoichiometry of reagents. As such, the lack of an
isolable product from mechanochemical methods of synthesis was not entirely surprising.

AeX, + 2KA' ——> AeA’, + 2KX
Ae = Be, Mg, Ca, Sr, Ba (1)

I niti al investigations used stoichaometr.i
line earth metals and 1:1 for Cs. Milling typically resulted in low yields of products, identifi
ble by’H NMR, and the collection of the starting materia®Kf{ll duri ng extracti
simple nature ofH NMR spectra obtained for early samples of reactions with,@ax
MgBr,, products wer e t e n]tanplexeselheyspectd displayedtwoe d a s

sets of patt-boumsrhighk pelcteidooéal "ANj | i gpands and

sistent with val yfyM=eguovgtcemplexed 1! H¥ [ MA N;
Manyd t he observed chemical shifts also sh

which was present after milling and cwll ecte

ble in hexanes, so it should be completely removed upon filtration. Grinding pure samples o
K[ ANjj foll owed by extraction with hexHanes pr

NMR i ndicated trace amounts of HAN; an unrea
as the only identifiabl e ¢ ompefutdudngfiltiatoe mi | | e
and was not present in the isolated fAproduct

'H NMR spectra ar e]chnipgxedaye bang isdlatedin the fihakpeoA Nj
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ucts. The similarity of the chemical shifts beemeK[A] and various products stems, in part,
from the similar ionicities of complexes of thékck metals.

The largest variations between the various complexes were their physical properties,
specifically their color, and the intensity of a mirset® A Nj] peaks imaortyhe NMR.
of the complexes wengellow to dark orange, or in the case of Ca and Cs were initially yellow
and become orange over a period of days. While the greater intensity set of peaks showed
strong agreement with the reported values, the lesser intensity set showed signifieant devi
tion. It was not until we obtained crystal structures of Mg and Be products that we realized
our initial assumptions that monometallic species had formed was incorrect.

K[ B g]Ad¥)plex.The orange product isolated from milling Be@l the presence of
KIAN]] was nobuf BedAiNjher t he 3t(d) (Fguted9. Daykloaige r y | at
crystals ofl were obtained from a nestoichiometric reaction using only two equivalents of
ANj; however reactions conduct kpoducts (eg2).hhe pr o
the solid statd exhibits approximate £s y mme t r ¥ owin td h A (nyjithl tHe godassd s |,
um cation situated between the three double bonds of the allyl ligantiss isostructural
with the previ odi(MELY, Na e pko,r tGesd) sMpnZplex@®i®STheA Nj
beryllium center is in a nearly perfectly planar trigonal planar environment (sum of angles C
Be-C angles = 357.7°).

BeCl, + 3KA —— K[BeA';] + 2KCl @)

Figure 19. Structure of oK [ B g],Avitlh thermal ellipsoids drawn at the 50% level. Hydrogen atoms have been
removed fronthe trimethylsilyl groups for claritAppendix B: Section B)
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The average BeC distance of 1.805(10) A is not directly comparable to that in other
beryllium compounds, akrepresents the first crystallographically characterized trialkylbery
late. Tre Bd C length is similar to the B€ amendength of 1.816(2) A in thiVe,Be-(IPr)]
(IPr = 1,3bis(2,6di-isopropylphenyl)imidazep-ylidene) complex, which also hasa 3
coordinate Be centéf® The charged methyl groups in [MB=(IPr)] are at a noticeably ster
er distance (1.742(3) A), however. A comparison could also be made withitBedBgance
of 1.84 A in lithium tetramethylberyllate, {BeMey], although the bond distance would be
expected to be slightly longer in the latter owing to the higher coordmatimber on bety
lium and the higher negative char§éThe G C and C=C bonds in the alkyl gnos are loda
ized at 1.475(5) A and 1.353(9) A, respectively. THé K (olefin) contacts average 3.153(7)
i and 2.940(7) i to the ¢&8ICd2nC23) todthmiseriyb ( C2,
um atom, respectively. These distances are comparable tsljdghity shorter than, the range
of K€ C contacts found in the comparable zincate struc®i206(3) A and 2.945(3) Aer
spectively, which reflects the shorteriNy bonds inl. The distance between Be and K,
about 3.59 A, is long enough to rule owgrsficant metaimetal interactions
The compositionoti s obviously compl et eiBLOH2f f er en
(Figure 20), even though the same stoichiometric ratio of reagents was used fo@heyi=t
theses.(eq 3) and the initimechanochemical attempfsWhereas formed colorless ci
tals, those ol were orange, a possible result of the anionic charge on the metal center.

. Et,0 ,
BeCl, + 2KA — > BeA,(Et,0) + 2KCl
25°C 3)

Figure20: Cr y st al st ry(&EtO)].iHydmgen dtomp tizaee dédgn removeddarity
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The'HNMRofls hows a +ioutnidn AtN] wi t h a (dpr i pl et r
doublet representing the equivalentddgnd H ; and a singlet for the two equivalent TMS
groups (Appendi x A: Fi g u rbeunddigadds of thé\tnystal c o mp ar
structur e, 1amecigyNpxibnalgThetripletafp f at G 7. 00, i s si
more downfield that the triplt o fy(EfOB d ANjt G 6. 53. No si-gni fic
cal shift is present for the doublets and singlets between the two complexes. However, the

spectraoidoes di splay a second set of | ower inte
bounde highly fluxional AN environmente- The se
ment with those of K[ANj], but since K[ANj] is

peaks likely correspond to a minor beryllium allyl complex of unknown composition.

Regardless of theeactionratio of BeCht o KT igAtiNgJmajor product. Formation
of 1 suggests this structure is highly favored and could be adopted by the other graup 2 me
als.1is highly air and moisture sensitive but stable indefinitely underematmosphere.
The intense orange color of the products is visible immediately after ball milling and persists
during extraction and isolation of the final products. No color change is observed during this
process, giving no indication that an additiop@dduct is formed during the work up. Due to
their differing solubility, the major and minor products can be separated from each other.

Removal of hexanes from the filtrate precipitates a pale orange solid followed by a
darker orange solid, once all hees have been removed. The dark orange solid is highly so
uble in hexanes, allowing for the isolation of plir& he pale orange minor product is insol
ble in hexanes once precipitatbdt can be dissolved in toluene.

In attempt to isolate more of eithgroduct, an extraction with toluene was attempted
on the solid collected in the hexanes extraction. These attempts were largely ineffective. A
light orangebrown solid could be isolated from the toluene filtrate,'BUNMR spectra di-
played a mixtureot, t he mi nor product, and | ikely unr e
peaks of the minor product showed si@nhifican
tively soluble in toluene, this is not unexpected.

The presence dfin the toluene filtratemplies the need for a more thorough initial
extraction. Due to its composition as a beryllate 4attay be less soluble in hexanes than
initially thought, despite the presence of the nonpolar trimethylsilyl groups. By lengthening
the extraction proces®d allowing more time fot to enter solution, it may be possible to
increase its yield. A second extraction with hexanes will be needed, once the filtrate from the
first is dry, to separate and isolate both products. As the initial extraction shoulderamov
unreacted K[ANj], toluene can be used when wo

62



Ko Mg AdgmplexA situation similar to that observed fbrwas encountered when
miling MgBr,and wi th two equivalents of K[ ANj. Mi |
ized overnight to produce orange microcrystals in low yield. They were found to be highly
air- and moisturesensitive but stable indefinitely under an inert atmosphere. Crystals suitable
for x-ray crystal diffraction had to be grown by the slow evapanatictoluene. Owing to
complications during handlingnd the highly sensitive nature of the product, initial samples
containing the most prominent and wiglimed crystals were lost on exposure to air. Due to
the simplicity of*H NMR spectra, prior to therystallographic characterization bfthe
product was tent at iyweniplgx. Adinenc produat vead beleeged a [ Mg A
possible due to the previously reported biase e e ], ddmpheijalthough thtH NMR
spectra were not a perfect matéh*®®

Crystallographic analysis of the crystals identified them as the polymetallic complex
[K(to)(u-A Nj) K ( t ol )A Nj®)dRigéred));(thd structure is only of sufficient quality
to provide connect i vi t-ound A figandsriakithie bwo potaS&shr ee b
ums and singl e miogndA digandis presant anitha mdgresiuin. The
coordination sphere of the potasss is completed by capping toluenes, derived from the
crystallization solvent. The highly complex structur&afidicates a reaction requiring four
equivalents of K[AN] (eq 4) as opposed to th

MgBr, + 4KA'—— [K(p-A)K][MgA (u-A), ] + 2KCl @)

Figure 21 Structure of A" )Mg(u-A") K(tol)(1-A")K(tol). Only a major conformation is shown; owing to
extensive disorder, the structure is of conneetjoality only.
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It is believed the inclusion of the toluene molecules, while disordered, assisted in the
crystal gowth by filling the coordination sphere of K. The identitdINMR spectra o8 and
the microcrystals, obtained prior to the addition of toluene, further supports this conclusion.
This implies that the microcrystals were likely the toluene free product
[KM-ANj) KT [ M4 gHMN) (O

Given the complexity o8 and4, their (identical)'H NMR spectra are deceptively
simple (Appendix A: Figures A23), A26 @)). The spectra display the expected splitting
pattebaupnd Or hi ghl y nfeldestingly, the spéctra®mipd4areg and s . I
cl oser i n agr ee mgthip thanohe signikcantlyrmare complek dpegctaNgf
[ Mg.B.X} ' The reason for this is currently unclear. It may arise from the eatiori n-t er a
tions in [MgAy],, which are absent i3

Aswithl, two major sets of different nintensi
tense set are in close agreement withrttep or t e d ¢ h e m({hd.h WhilestHe legst s [ Mc
intense are consistent with K[AN]. Again, du
is from unreacted starting material collected during extraction. The minor product may be the
released K[ ANjpnd4irnons ol uti on or may coyoompep.ond t o
A more indepth investigation of this system would be needed for a definitive identification.

Another possibility exists for the identity of the products obtained iMipeystem.
Close inspection of the crystal structur8sf h ows t he presAmpwmit of a [ M
which is not unlike the structure of As such, the initial product or products may include the
compl e x 3 ) Mg pkeNence of toluene may prdenthe crystallization o8 or some
mixture of4 and>5. It remains highly possible that initial crystal samples véerghich pe-
liminary calculations suggest as a stable configuration, ang (fagure 22).

Figure22.Cal cul at ed s-D/def2tevp Mg,K); déf2s\d 9CHXSI)) of K[M4 5], with hydrogens
removed from the trimethylsilyl groups for clarity. The structure was optimized undsm@netry, and is a
minimum on the potential energy surfat&ppendix C: Section C3)
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Future investigations using three equi val
standing this system. A focus should be placed on identification of the initial microcrystals as
4, 5, or a still different product. These investigations will likely reguptimization of sy-
thetic conditions and the avoidance of toluene to limit the possible formatBi\dtlitiond-
ly, the reactivity of3 remains largely unexplored and could provide a useful comparison to
the previous i nyhé)gdand g[aMd Asicompbexity df thgsisigm adds
support to the thesis that that removal of solvent from reactions involving coordinately unde
saturated metal complexes can lead to the formation of unpredictable products.

Synt hes i gcomdlexef By AN most interesting system observed thus far
concerns the formation of <cal ci umjytefglanp| e x e s .
the observed differ en(f ian dldsudaesdd aybadeeet we e n
calcium complex wold be very highly reactiv&'® 4" 1% The differences between the blery
lium and magnesium allyl structures obtained by mechanochemical methods made it unlikely
that theresults of analogous reactions with calcium allyls could be predicted with confidence
This turned out to be true.

Synthesis attemptgrior to the determination of the crystal structure$ ahd3, con-
sisted of milling a calcium halide withtwoequigaht s of K[ ANj] (eg 5). EX
tion with hexanes yielded yellow microcrystads, expectedolor for group 2 complexes but
a significant deviation from the oranfi@nd3. The’H NMR spectra of the product displayed
the expected tOouplet (U @.68), si-bognl@t (UO. 2
hi ghl y f (Figuxei2®) mha thenficll shifts were consistent with the values reported
f or fth®)a"Xajd were not with those @fand3. As such, the yellow product wae-b
lieved to be the coordinately unsatur e d ][(6); and Wil be discussed according to this
identification. While the exact structure and composition are unknown, the chemical shifts
indicate thab is likely not a bimetallic complex as seen witAnd3.

TMS TMS
CaX, + 2KA ——> Cla
™S 7 TMS ©)
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T T T T T T T T
7.4 7.2 7.0 6.8 ppm 3.5 3.0 ppm

(a) (b)

Figure 23 Selected portions of it NMR s p e ¢ t 4 (@)roonwmifing thE€ rasandincés H, ; (b) H, o)
and H , Full 'H NMR Spectrum can be found in Appendix A: Figure A27.

When solidé was stored under an inert atmosphere, a dramatic color changeedccu
over the course of several days; i.e., orange microcrystals formed from the §efpprox-
imately 72 h after isolation, only an orange product was visible and the color remained stable
for several months. The same color change occurred whendtiect was dissolved in ke
anes, turning a light yellow solution orange. The orange coloration was similar to that found
with 1 and3, and the relative cleanliness of the NMR spectra did not suggest that the yellow
to orange transformation was the resfldecomposition.

Spectra of the orange solid indicated the
of whichwere consistent with the hypotheti@l The t r i pgyetddquibl7et25( d H3
Hoo)oyand s i ngrhsgdfthe(lass ieres3 /ANj Wlwer e shi fted- downf i
able margin (Figre 29. The typical chemical shift of the iy s cent ered ar ound
for beontddodnd ARFEPOYRHd*6°As such, the Heof the orange do
id is approximately 0.fppmdownfield of its expected range. The ratio between the peaks co
responding t® and those more downfield was found to be 2:1.

T T T T T T
3.4 3.2 3.0 2.8 2.8 ppm

T T T T T T .
(a) 7.4 7.2 7.0 6.8 6.6 pm (b) =5

Figure24: Selected portions of tHti NMR s pect r um o ] prodhceconsamiagtiee eesokgnd@s A Nj
(@) H¢ g {b) H  ;gnd H , Full 'H NMR Spectrum can be found in Appendix A: Figur2gA
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There are few AN] ¢ghepidalehfts dowrfi¢dldnears@i spl ay H
( @.15). To the best of our knowledge, the only reported examples are fgP{YA [ £ A Nj
and K{%2mlIAINj of the reported complexes in solui
ligands. The Hgg he mi cal sshi ttis706:p) FGAMdA4pYAare cons
downfield that is typically observed. The chemical shifts are a possible result of the combined
effect -bdbunhdr ANj 'i gands (bot h s octropdasiiven and s
M?3* centers.

TheHoghemi cal shi f(td off. OKG)ZnAsNjj ust dBwnfiel
I f the presegapvdsfcabses ANdéshiel digasd of pr
[ S¢g]JANjdownfield chemical S hi 4] dogaingna Zgp(H)tmethl e e x p ¢
cent emoamd @ANj |igands in the solid stnate, |e
al y, the pr esen csceadr may mteoduaeraicaompatirgy shieldingleffgct.
The resulting combination of these influences liked gives rise to the chemical shifts on the
downfield border of typically observed ranges.As isostructural wi h K E],&imikam;j
reasoning may accountforthg fy e sonance at U 7. 0ppgheriidale appea
shift at U 7.25 of the orange calcium compl e
tors.

To aid in the identification of the orangalcium product, crystals were grown over
the course of several months. Those suitable for single crystglanalysis were identified
as {K[(1-A Nj) GlapA7NjThough the chemical formula @fis the same, it is far from
isostructural withl (Figure25). {K[(1-A Nj) G]poAoNns a coordination polymer in the solid
state, with t h7é-baurdtoghe metaNgceriter, gsavasdbbseregedl with the
structun®snoff¥BMMj pot assium counter ion int
ligands of7.

Around the calcium, the allyl ligands are arranged in an irregular fashion, wit Ca
distances ranging from 2.573751 A, with an average of 2.67 Bespite the geometrically
irregular shape of the substituted allyl anion, midigdnd distances in monomeric lanthanide
and alkalineearth allyl complexes have previously been shown to be reasonably predictable
based on metal radius and oxidation stafhis is an expected consequence of a high degree
of ionic character in the bonding (i.©M; L =r+ + rj). Subtracting the value of the radius of
6-ccordinate C& (1.OOA)*f rom 2.67 | |l eaves 1.67 | for th
is a value thais slightly long for a neutral complex with a divalent metal center @QU4A’ca.
1.64 A), but matches the value obtained from, e.g., thelaiigyed dimeric complex
[SM(A)s{ eK(THF)2}] 2 (i.e., 2.84 A- 1.17 A (for Smi")).}"* Thus,the packing of the A" ¢j-
ands aroud the calcium center appears to be typical for such a metal/ligand combination.
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The six K C contacts are highly variable, 2.9%3. 32 7 | (ee = 0.40 i),
3.12 A. This is a broader range than that observed in the polymeric {K[£2]87 3.15 A;
& = 0 2wBich jtsplf is larger than usually obseniaccomplexes containing extended
A’ (U-K)A” arrays (e.g., {K[AJ(THFy}, (2933 . 12  ; & lIt3sdifficulttoa-j ) .
tach much significance to the variation7inother than to note that it is perhaps not entirely
surprising, given thahe potassiunonsare linking the large and highly asymmetric
[Ca(A");]- fragments, rather than A" ligands alone.

Figure 25. Portion of the structure oK[(1-A Nj) Gk Avitl thermal ellipsoids drawn at the 50% level.
Hydrogen atoms have been reradvfor clarity.(Appendix B: Section Bp

Determination of the structure @has allowed for a more accurate analysis ofithe
NMR spectra and accounts for the number of resonances and their respective intensities. The
nonbri dging ANj |Ii gands simbautd tide ligards ab;ikelgatc- envi r on
couningfortheH yyesonance at U 6. AN} [dIdg@unisfoetteence of
Henesonance at U07.25 and the-Abdjbsegaaeds2génel
MA” 3 environment around Ca, so corresponding resonances would be expected to appear
more downfield of typical ranges. As with the casé,dhe M** center and shielding from the
[ C a]AaNion likely are the reasons the resonances are not as far downfield as those of

[ YARaE nd J.8cANj
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Prd i mi nary c¢al c ulsadmpasitioa suggest thahaestrukt|ired sosirivj
tural with1( i . e . ;A NRWowdir( fact be a minimum on the potential energy surface.
An isolated fragment ot ( i . e . ;A NP Wodld lfe approximately 5.9 kcaiol' * lower in
e n er G°ywhénaompared to a calcium complex isostructural tviffigure26). The
structureof7fi s, | i kel-tyouwmnde AN Itihearnds. Pré&vious inv
compl exes I|-mowred yANjalviogarnds and require cons
constraint-sonding®'Pt mot e

(b)

Figure26:Cal cul at ed s iDidef2tzvpCaK)s defRsyB(®,H,Si)) of K[@&;], with hydrogens
removed from the trimethylsilyl groups for clarity. Struct(@@gwas optimized under {&ymmetry;(b) structure
was modeled after the crystal structure; both are minima on their respective potential energy 6Apiaerdix
C: SectionC3)

What cannot be readily explained, however, is the manner in whéctormed. It is
obvious thus far that the overall process involves the initial isolatiénfolowed by the
slow formation of7 (eq6). The isolation of and continued reactivitf/6 demonstrates it is a
highly reactivebut marginally stable unsaturated calcium compleg@rife act s wi t h any
present after isolation then the formatiorvaeems reasonable. This formation coulde e
pected to occur slowly as there would Ineozerall loss of entropy and a significantrrea
rangement of ligands would be needed to ease steric interactions.

TMS

CaX, + 3KA ——>

TMS
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While the reaction presented by stoichiometry is straightforward, the presence of any
significantamountofK [ ANj] af t eamlii kell gt.i &K AINN i s i nsolub
demonstrated by its isolation from a hexane solution during synttie$tsis was further
confirmed by milling samples of K[ ANja-with a
tion,withhexmes, of the samples resulted only the
results indicate that the standard extractio
samples are mill ed. | f any free K[nSN] is pre

One possibility source of K[ ARjThismay be fr
pol ymetallic complex demonstrates that K[ ANj
a similar situation may be present for the calcium system. The majeretitle between these
systems is tha is likely isolated immediately after extraction; however, the presence of less
soluble aggregates or complexes may account for the precipitate encountered on work up. The
amount of K[ ANj] i s ometrikeguivglenf naeded but mambetetoegh®t oi c
promote reactivity.

It is also possible thatis not the only product produced. Bss highly reactive, it
may continue to react with any compounds present. The formation of the orange complex may
in fact be only one of several generated, taking roughly the same amount of time. This would
account for the near uniform color change ofgwlto orange. However, more information is
needed concerning hows formed.

It seems obvious that this calcium system is more complex than initially predicted.
Combined with the results from beryllium and magnesium, these three metals present a wide
range of possible reactivity. What can be said is that these complexes are highly reactive,
most likely due to their unsaturated nature. As demonstrated by the formafighamitin-
ues to slowly react after isolation. Continued investigation of thismaysié be required to
completely understand the intricacies of reactivity. If the more of the final products present
with 7 could be identified, a better picture of the sample composition immediately following
milling may be possible.

[ S rA&ddpplex. The initial investigations of the mechanochemical reactivity of
SBband K[ ANj] showed significantly | esis react.
um, and calcium. Although a product could be isolated from reactions using two equivalents
of K[ AdMjlyield onlyradlowed analysis by NMR. In general, isolations yielded near
negligible amounts of a residue whdseNMR spectrum was consistent with the presence of

a metal compdbexndomtraihmigmd¢ vy~ fl uxi ondatto ANj | i g
those of K[A"], but this simply points to existence of a highly ionic reellgl interaction, as
K[ ANj] itself is removed during workup prior
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discussed systems of the lighter Group 2 metals, no crystals rmcmystals could be grown
from the reaction residue.

The presence of a s tHNYR spechunjofehe producbiesme nt |
due provides too little information to make an accurate identification of its composition wit
out additional analysis nit@ods (Appendix A, Figure A29). Increasing the reaction sizes and
reactant ratio may offer the best chances for isolation of greater amounts of product. Using
three equivalents of K[ANj] seems the waost |
ewver, as has been demonstrated predicting the reaction ratios of these systems camfe proble
atic. The strontium system may follow more in line with calcium by demonstrating some form
of selfrearrangement or reactivity after initial isolation. If this is dase, a complex such as
[ S p] A& form and react slowly with adjacent complexes to form an orange product. As
with 6, the chemical shifts of the immediately isolated strontium product are upfield of what
is has been observed fband3.

Attempted formation of a[ B asJAdinplexPreliminary investigations of ball nhil

ingBaX( X = Br, ') with two equival enty]pweref var.i
not successful in the promotion of any reactivity. No visible changes could be observed i
medat ely after milling and only a side produc

could be isolated and identified %4 NMR. Only starting masgeri al
was used as a reagent. Attempts using the previously reported react®forak[Ba,A ]
were similarly unsuccessftfi® Reaction utilizing the ratios observed in the crystal structures
of 1 and3 could prove more successful in future investigations. However as the everuthe sol
tion reactivity of this system deviateagsificantly from other group 2 elements, this may not
hold true.

The near identical ionic radii of barium and potassium may contribute to this issue and
in some way prevent or hinder reactivity. As the possible mechanism, or mechanisms, of ball
milling are not known, the impact of similar ionic radii cannot be fully determined. This does
continue the general trend observednor the
plexes; i.e., that the reactivity of such systems under mechanochemical cortiticeeses
moving down the group.

[ (Cs/ K) ANlWhem mPdlexi.s milled in tHe presen
lowed by an extraction with hexanes, a pale yellow solid is isolated in low yield. After several
days, the yellow solid darkened to orange,ilsinto what was observed for the calciunmzo
plex. During this time fragile redrange crystals, suitable for single crystaby diffraction,
formed. The product was identi f(9 Eigurea7s t he co
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Figure 27. Packirg diagram ofCs Ko fA’], with thermal ellipsoids drawn at the 50% level. Hydrogen atoms

have been removed for clariffhe asymmetric unit contains three alkali metal cations and three substituted allyl
anions, all in general positions. Each of thieee metal sites is modeled as a site disorder of atoms types K and
Cs. Two distinct peaks were found in the difference Fourier map for the site containing atoms Cs1 and K1, and
their positions were refined freely, but their anisotropic displacement ptaenwere constrained to be eguiv

lent. For the other two site disorders (atom pairs Cs2/K2 and Cs3/K3), the atoms were constrained ta-be isopos
tional and their anisotropic displacement parameters were constrained to be equivalent. The ratios @f Cs to K
the three sites refined to 0.60:0.40, 0.29:0.71, and 0.61:0.39, respectively, for atom pairs Cs1/K1, Cs2/K2, and
Cs3/K3. The structure is polymeric in two dimensions; contacts such®<B13.20 A) are responsible for
generating the-D arrangemen{Appendix B: Section B)

Following the trends of the othetbéock complexes? appears to be the result of a
non-stoichiometric reaction ratio. It appears a8 i$ formed from Csl reacting with appriex
mately two equi %), adwevartksexact fatioks[mardlgifficglteogqletermine.
As seen from the structure, both’@sd K and present in the structure and, for all intents
and purposes, are completely interchangeable. Remarkably, very little ligand disorder is pr
sent even with the paali substitution of metal ions.

Csl, + 2KA'Y ——> (K/Cs)A"+ K @

Thecrystal structure &i s si mi |l ar to what HBot stice e n

tures are coordination polymers of interchanginggMons and the ANj | i gand.

owing to the presence ofsG 9 demonstrates significantly more interactions between the la
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ers of the coordination polymer. These interactions, promoting the formation of layers, help to
explain the highly fragile crystals and the length of time needed for crystal formation.

Unsu prisingly, only a singl e-besuadorhighly r esona
fluxional AN IHINNR spectraiokthe pamplex.eThetcheminal shifts of this
complex are identical to those ofeiflpshiNjy] , whi

of K[ A Njnthafal strGcture. All the observed shifts are upfield of those for co

plexes of the otherilock complexes. Unlike the previously described complex&ams a

red solution when dissolved ins0s, which suggests thatdglcation® | nt er acr-i ons ar
tained in nonpolar media.

Future investigations will likely focus on attempts to increase the reaction yield so that
more of9 can be analyzed. Based on the crystal structure the more likely reaction ts be su
cessfulwillut i 'i ze two equivalents of K[AN], in pl
seems unlikely that ay douldhbeisolated from batidgdta¢iex s u c h
sisunder mechanochemical conditions, due to the inclusion af ke final poduct. It
should be noted that the known [CsA’(thf)] complex was prepared from direct reaction of the
elemental cesium with HA®’

The investigation of the meanplaxwd ikbéy mi c al
add another valuable data pioia this current set. It may follow the behavior demonstrated by
9. If so, we may be able to begin predicting to some extent, the consequences of solvent r
moval from these large, highly electropositive metal centers.

Conclusion

Mechanochemical techniques can be used to
complexes of Be, Mg, Ca, Sr, and Cs, from both stoichiometric andtoamiometric ratios
of reagents. The results of these reactions are not easily predicted astihechelydree
equivalents of their THF coordinatd,ng count e
[KU-ANj) K] [ Ma EKik-A Q) GAaMd [ (Cs/ K) AN exemplify
solvents are not as benign as originally believed. In the absenoerdinating solvents,
products are formed that serve to maximize the saturation of the metal coordination spheres.
All products appear to be highly reactive, and may open the doorway to more highly active
cat al y sxtcanplexés thehApMviously obsed. While efforts towards the synthesis
and characterization of strontium and barium systems have been relatively unsuccessful, an
examination of a wider range of reagent ratios will likely make these efforts more fruitful.
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Chapter 5:

Mechanochemicallnvestigations of d-Block and p-Block Metal Centers

Introduction

The application and development of organometallic mechanochemical techimgues
potentialwell beyond what has been discussed in previous chapterg, the focus wasn
complexes and#nds in highly specific areas of the period table. In addition to these areas,
considerable efforts have been made into
the transition metalsand select {block metals.

The transition metals offered anpansive list of possible comparison due to past r
searclont r ansi t i on mé&td% PR R} adulitiopallyeivavasshoped that
new techniques would allow for the isolation of second and third row transition metal co
plexes. While solvent coordination was not an issué¢rémsition metatomplexesthe ten-
dency of the second drthird rows towards reduction has/erely hindered past work. At the
ti me, a mechanochemical approach towards
This investigation spanned the nearirety of the transition metals and was largely wasu
cessful i n t hjeconmplexediua to reduationaof the [métal dgnters. The anm
diate result was a tendency to favor reduction of more easily reduced metal ceetd¢he
f or mat i o plexest ThAsdmeomasmbserved in theshgation of the glock metals.

The only definitive success, not including aluminum and group 15, was the synthesis-of a pr

vi ous |l y p ud’ibymecharbchén®al Aéthods.
Described here are the mechanochemical investigations of the transtialsand
selected fhlock metalsFor the transition metals, it was found that the vast ntgjonde-

went reduction when milled in the presence

lowed were for metals in groups 3, 4, ar&d Group 4 provides the most interesting point of
comparison as a distinct difference was observed betweeeattvity of zirconium and fia
nium. The pblock displayed an interesting mix of reactivity with certain metals favoang r

duction pathways while others favoredn-the

sition metals and selecteebjpck metalsallow for increased understanding of the rules
dictating mechanochemical synthesis.
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Experimental

General Considerations All syntheses were conducted under rigorous exclusion of
air and moisture using Schlenk line and glovebox techniques. Ptetpreérbon £°C), and
COSY spectra were obtained on an Advance400 MHz spectrometer. Proton and carbon
were referenced to residual resonancessPkC U 7. 15 and o 128%H. Vari a
NMR was obtained on a Bruker DR300 and referenced to residuesonances of tals.

Metal analysis was obtained with IGBES on a Perkin Elmer Optima 7000 DV. Combustion
analysis was performed by ALS Environmental, Tucson, AZ.

Materials. All anhydrous metal salts were previously purchased from Strem gnd Si
maAldrich, stored under anMitmosphere and used as received. Anhydrous inhiloger
tetrahydrofuran (THF) was used as obtained from Aldrich. Other commercially available re
gents were used without additional purification. Toluene, hexanes, and diethyletbets-
tilled under nitrogen from potassium benzophenone REtfeuterated benzene {0s) was
distilled from Na/K (22/78) alloy prior to use. Deuterated tolueneddplvas purchased from
Cambridge Isotopes and dried over molecular sieves prior to use. The HA” and K[A] (A" =
1,3-(SiMe3),CsHs) reagents were synthesized as previously desctb&dainless steel (440
grade) ball bearings (6mm, 3/8 in, and %2 in dia) were thoroughly cleaned with hexanes and
acetone prior to use. Disperser milling was performed with aa-Ultrrax Tube Drive and
BMT-20-S tubes, both purchased from IKA. Planetary milling was performed with a Retsch
model PM100 mill, 50 mL stainless steel grinding jar type C, and safety clamp-for air
sensitive grinding.'HNMR spectra of ]HakdipbleiAppeNiix,AFignd [ ANj
ures Al, A2, and A3, respectively.

Attempted Mechanochemical Synthesis of Transition Metal [MA J§jcomplexes:

Attempts towards the synthesis of {lM fjlicomplexes of transition metals by ball milling

were largelyunsuccessful. Save for the cases list below, grinding a transition metal halide in

the presence of [ KANjL, identifeed by SMRb It appedrs thpoundére r  a n
mechanochemical conditions, an easily reduced metal center will promotephégcom g of [ A
t o ][ (M*N§Ti, V, Cr, Fe, Co, Ni, CuAg, Nb, Mo, Ru, Pd, Ag, Ta, W, Re, and.Pt)

MechanochemicalSy nt h e s igsA 20 ML dispessiNg tube (IKA BMR0)
was chargedwithYGI( 0. 066 g, O0.376 mmol ), KAddsstebl. 224 ¢
ball bearings (6 mrdia, 20 count) under a nitrogen atmosphere and tightly sealed. The tube
was connected to the dispersing unit and milled for 15 min at a higlyisdting a yellow
solid. The mixture was extracted with minimal hexanes (mbPand filtered through a ea
dium porosity ground glass frit, providing a bright yellow filtrate. Removal of hexanes under
vacuum gave a yellow solid that did not crylsta. No yield was recordetdowever

75



'H NMR chemical shifts were consistent witlose previously reported? It should be noted

that that splitting froni®Y can be observed iH NMR spectralH NMR (400 MHz, GDs,

298K): U 0.231 (is.,3.5dHp2H8OMeBIHZHy)sy) U 7. 456
(td, 3H,J=16.2 Hz Jy.y= 1.5 Hz, H 9,"°C NMR (100 MHz, GDs, 298 K): U 1. 10
SiMes) ; U 95 y)5;9 70 (56 3 Thefdl 'HNMR sp&ctum can be found in

Appendix A FigureA31

Group 4 Complexes Containing the A" Ligand

AttemptedSy nt h e s i & ZrGlf (0.15&yr 04 R mmol) was dissolved in mAi
imal THF in a 125mL Schlenk flask, equipped with magnetidistirand sealednder an
No(g) atmosphere with a septum, tg9,2¢24ve a nea
mmol) was dissolved in minimal THF in a BL Schlenk flaskandsealed under anX{g)
atmosphere with a septum, to give an orange solution. Both flasksitagked to a Schlenk
line and cooled te78°C in a dry iceacetone battAs theK [ ANj] s ol ut i amo was ¢ a
the 125mL flask, no color change was observed. The solution was stirred for 24 h and grad
ally warmed to room temperature, yielding a-tedwn solution. Removal of THF underosa
uum produced dark browgil thatwas extracted with hexanes. The hexane soluble product of
the oil was filtered through a medium porosity ground glass frit, providing an cbaoga
filtrate. Drying under vacuum yided orangebrown oil (0.335g, 59.4%), tentatively ident
fied g with HANMR.§low evaporation of solvent did nesult incrystal formation.
'HNMR (400 MHz,GDs, 298 K): U 03 280 B8s56B3B2Hd, SBMe J
H o) ») U (1,6tH,8 85.5 Hz, H))"°C NMR (100 MHz,GDs, 298K) : & 1.027
SiMes) ; U 9pu) 98 U( 9.4 9T il NMR s@erum can be found in g
pendix A.Figure A2.

At tempt ed Mechanoche mj Atanpts ®gymtheSizeZi]ANp f [ Z
fromzZrChand K[ ANj] by disperser milling resulted
a n d ], [déntified by'H NMR. The reaction went to complete decomposition within a few
minutes. Synthesis in a planetary mill (PM100) was not attemaseatintroducessignificart-
ly more energy than the disperser, which already results in decomposition.

Synt hesi ginswlition: HECIAMR47g, 0.771 mmol) was dissolved in mi
imal THF in a 125mL Schlenk flask, equipped with magnetidostirand sealed under an
No(g) atmosphere with a septum, t9308bve a nea
mmol) was dissolved in minimal THF in a 50mL Schlenk flask, sealed undefghdimc-
phere with a septum, to give an orange solution. Both flasks attached to a Schlenk line
and cooled te78°C in a dry iceacetone battAs theK[ ANj] s ol ut i oniotheas canr
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125mL flask, no color change was observed. The solution was stirred for 24 h and gradually
warmed to room temperature, yielding a yellow solution. Removal of THF under vacuum
produceda yellow oil, which was extracted with hexanes. The hexane soluble profitiet

oil was filtered through a medium porosity ground glass frit, providing a pale yellow filtrate.

Drying under vacuum yieldealviscous yellow oil (0.408)p el i ev e d 4tSow be [ Hf AN
evaporation of solvent did nag¢sult incrystal formation. NMR gectra of the oil were found

to contain a si gasiwelliacpsoduct. TAehand™ i NMP spectfaivéte

not completely consistent with those obtaifresn products of mechanochemical syntheses.

'H NMR (400 MHz, GDs, 298 K) :2HiSiMe) 268 B8s432 (d, 8H, J
Houo)s)y U 6.547 (1t €NMR(I00MHz1@®s 3 2ABK)H U 0.949
SiMes) ; U 98u) 49 U( 9.4 8dH &ll'd NMR s@érum can be found in g

pendix A Figure A33.

Synthesis off H f4JAWpall milling: Solid HfCL( 0. 258 g, 0.805 mmol )
(0.730 g, 3.25 mmol) wermdded to a 50 mL stainless steel grinding jar (type C). The jar was
charged with stainless steel ball bearings (6 mm dia, 100 count) and closed tightly with the
appropriate safety closer device under amthosphere. The reagents were milled for 5 min
at 600 rpm, resulting in dark brown solid. The product was extracted with minimal hexanes (<
100 mL) and filtered through a medium porosity ground glass fritjgiraya brown filtrate.

Drying under vacuum yielded a brown solid (0.164, 22% vyield, tentatively identified as

[ H f4 AAempts to crystéilze the productrom the slow evaporation of solvent were unsu
cessful. NMR spectr aoundodi cdratgdl tyhd | pxae-oeamad e [ &
theses conducted on smaller scales by disperser milling yielded similar resiNgR (400

MHz,CDs, 298 K): 0 03 278 B8s7402dd,(8)B;Mel J6 .=6 L0 . (
4H,J = 14.88 Hz, H)y"°C NMR (100 MHz,GDs, 298 K): ) 0. B5D14.s77 S
Ciu)ay U 149,91 full 'l NMRGpetrum can be found in Appendix &igure

A34.

Group 12 Complexes Containing the A" Ligand

Synt hesi sy Gomplea A 504 rolNjdbottom flask was charged with
ZnF,(0.163g, 158mmo | ) , [ KoANIp mroadd),.andGt&inless steel ball bearings (6
mm, 100 count). The contents were milled by attaching the flask to a rotary evaporator. The
reactants were milled f&h at a low rotational speed, to prevent breaking the flask, resulting
in a dark browrred mixture.The reaction mixturgvas extracted with minimal hexanes and
filtered through a medium porosity ground glass frit. Drying of the filtrate resulted incthe is
lation of a reebrown solid in low yieldAlthough the chemicahifts of the'H NMR
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spectrum match those reported fo [ KhsMjust be an accidental agreemenijas Nj] i s
insoluble inhexanesand would have bearompletely removed durintpe extracton. The
splitting and chemicalbosumidf tosr arieg hd oynRe&-il sutxe notn
peating this reaction with three equivalents
and crystallization to help confirm the identity of thelaged producttH NMR (400 MHz,

CéDs, 298K): 0 0.32500 (3., 7a8H(d&S)Med B.657H6.(Q ,H
16.0 Hz, H 9, The full'H NMR spectrum can be found in Appendix@Bgure A35.

Synt hesi sy complexaA 70 @ddspgrsing tube (IKA BMT20) was
chargedwithCgl( 0. 152 g, 0.410 mmol ), KANj (0. 183 g,
bearings (6 mm dia, 20 count) under a nitrogen atmosphere, tightly sealed, and wrapped in
electrical tape to exclude light. Thébiwas connected to the dispersing unit and milled for
15 min at a high rate. The mixture was extracted with minimal hexanes (< 50 mL) and filtered
through a medium porosity ground glass frit, providing a yellow filtrate. Removal of hexanes
under vacuum gee a lightsensitive yellow solid that decomposed overnight. The solichis te
tatively i degconiplexwittdaHa NMR [s@aANjrum dhaundsi st ent
or highly MINMR®@0® Mz, GD, ANJ]9.8 K) : U 0.32:080 (3., 41LB¢
(verybroads,2H,Hy) 5y U 6. 763 (broadyTheful MNMRsgetrum 15. 1 |
can be found in Appendix Aigure A36.

Synthesis of a [HgA Njcomplex: A 20 mL dispersing tube (IKA BMTR0) was
chargedwithHgCl, ( 0. 156 g, 0 .(@209g, \M@BRonimpl), antshaMjess steel
ball bearings (6 mrdia, 20 count) under a nitrogen atmosphere and tightly sealed. The tube
was connected to the dispersing unit and milled for 15 min at a higlyisd¢tieng a yellow
oil. The mixture was extraetl with minimal hexanes (< 50 mL) and filtered through aimed
um porosity ground glass frit, providing a pale yellow filtrate. Removal of hexanes under
vacuum gave a low viscosity colorless to pale yellow oil, tentatively identified as iy
'H NMR. Cooling the oil at30.0°C overnight resulted in a dramatic increase in viscosity but
no solid formation, suggested that the temperature may havabeegthe compound s
freezing point. NMR spectra s ugagersdligghdaN] pr es
of equal intensitylnterpretation of£OSY NMR spectra allowed for a correlation between the
protons of the ligands, whepossible, labeled as A and'B. NMR (400 MHz, GDs, 298K):

d 0.086 (3s;, MOHQ. B9 Me( si, O09.HEiMeGPE(ME, O09.H,52 (s, 9
SiMes) ; 0 1.920 (dywLH,01) 96 710(.d6, &z, H 5= 4B @ 46 (
1H,J=180Hz,Hy) ; U5. 479 (d,g)H, GJ6=4D&800HeA, BHH,
=10.9, H ave)). °C NMR (100 MHz, GDs, 2 9 80PS5 (s, 8iMg ; U 0. 3BO (s, ¢
d 57.9p; (8,58,)600 (25)C19 (125),Cql@dgy)d® (s, C
full *H NMR spectrum can be found in AppendixFgure A37.
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Synt hesi sy complexaA 70 rlgdspgrsing tube (IKA BM120) was
charged withHgGI( 0. 102 g, O0.376 mmol ), KANj (0.167 g,
ball bearings (6 mrdia, 20 count) under a nitrogen atmosphere and tightly sealed. The tube
was connected to the dispersing unid amlled for 15 min at a high rate yielding yellow oil.
The mixture was extracted with minimal hexanes (< 50 mL) and filtered through a medium
porosity ground glass frit, providing a pale yellow filtrate. Removal of hexanes under vacuum
gavealowviscost col orl ess to pale yell o' NMR, tent
NMR spectra suggest the presence ofsimailarlyG-b ound [ ANj] | i gands of
| abel ead amgH HNNRj400 MHz, GDs, 298K) : U 03 Q740L (Os ,089¢+
(s,9H,SiMg) ; 0 0. 133 ;(s0 O09.HL3%Ei(M& 19.H0,08Si(Me, 1H, .
H s) ;1963 (d, 1H,J=106Hz,Hy) ; U 5. 434 (dis)Lb462@ = 18.0
1H,J=180Hz,Ha) ; U 6. 4 7018.1Hzod=10T H{, )t U 6. 473 (dd,
18.0 Hz, J=10.6, H &)). °C NMR (100 MHz, GDs, 2 9 804p8 (s, SiMg ; U 0. 355 (
SiMe;) ; a 5(76.);9 50 (5380.);2390 (.‘BZ(Q).Cl& (1§(,5)JGZII(4§,. 66 (s,
C(9); U 14 79,Bh8ful*s NMRGpetrum can be found in Appendix Aigure A38.

P-Block (In, Ga) Complexes Containing the A" Ligand

Attempted Mechanochemical Synthesis gi-B | o ¢ k ] foMpleXgs:Attemptsto
prepargM*A fjlicomplexes of the heavylgock metals by Hamilling were largely unso-
cessful. Milling metal halides of Ge, PR, and T e y]. Snila seesults|[wérdtp
served from SfiV) metalhalides;however'H NMR spectra suggesting possible reactivity
were collected from reactionisat employedn(Il) metal halides. Products collected froea r
actions utilizingS@il) hal i des suggest tbeupdef§d@dNjtel ogamdk
highly similar to those joRedctonspefdmedwithm r eact i
Galll) and Ir(lll) are disassed below, an@roup15 complexes ardiscussed itChapter3.
MechanochemicalSy nt h e s i g: AQG mL[dispargingjtube (IKA BMTR0)
was chargedwithGa( 0. 159 g, O0.353 mmol ), KANj (0. 238 g
ball bearings (6 mrdia, 20 count) under a nitrogen atmosphere and tightly sealed. The tube
was connected to the dispersing unit and milled for 15 min at a higlyisdtieng a yellow
solid. The mixture was extracted with minimal hexanes (< 50 mL) and filtered through a m
dium porosity ground glass frit, providing a yellow filtrate. Removal of hexanes under vac
um gave a yellow to white solid thatdid notcrystat e. The sol i d was i den
and™H NMR chemical shifts were consistent with those previously repdffétiNMR (400
MHz,CDs, 298K): 0 0.31;760 (3,933 Hd&S)Meu Bb.38B4 (8
3H, J = 14.81z, H 9,The full 'H NMR spectrum can be found in Appendix@gure A39.
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Synt hesi sy aimplea: A 20[mlL dispétsing tube (IKA BMR0) was
chargedwithid( 0. 107 g, 0.216 mmol ), KANj (0. 150 g,
bearings (6 mndia, 15count) under a nitrogen atmosphere and tightly sealed. The tube was
connected to the dispersing unit and milled for 15 min at a high rate yielding yellow solid.

The mixture was extracted with minimal hexanes (< 50 mL) and filtered through a medium
porosityground glass frit, providing a yellow filtrate. Removal of hexanes under vacuum gave
yellow oil that solidified overnight. No yield was recorded NMR spectra suggest the presence

of tihoaeaeadld [ ANj] |l igands. Accur atfilconsthetsnnt i fi cat
could not be obtained due to heavy overlap of all observed signals. Variable tempetature

NMR may allow for a better separation of the observed sight4lSMR (400 MHz, GDs,

298K): -iih 0.232 (broadgsi mghakssd,p ;5 4H.,5.Fi7Me ( m,
Hw), u 6. 446, Thenull 'HMR spétrum can be found in Appendix A&igure

A40.

Results and Discussion

The majority of transition metdlalides under went reduction wher
to yield metallicpowdesand[ANjReduct i on of the metal and col
could be accomplished by both flask and tube dsgyamilling.Because of this [ ;MM Nj
Fe, Co, NiMn, Cr)’®"*”°> complexes synthesized in THF could not be made mechanechem
cally *® while the difference in reactivity was disappointing, ultimately this investigation
helped to define of thigmitations of millingas a synthetic methodologgndin the process
helped taconfirm a previouy pot hesi s cogoomplentiftng t he [ Ni AN;

During attempts tesynthesze[ N iy] AWgjproduct could b obtained from the THF
soluble NiBg(dme) but not theTHF-insoluble NiCh.** It was originally believed that solid
NiCl, acted as a platform for the formation[6f§}lj and that by switching to a maseluble
salt this issue could be avoided. Ni@li | | ed i n the presence of K[/
and[ A]Njs previously observed in solutiamth NiCl,. The same reactivity was witnessed
upon milling with NiBr(dme), confirming the role of solventrfthis systemi.e., that solva
ed Nf* ions are required to avoid decomposition reactiisce miling reaction are done in
the solid stateéboth NiChband NiBp( d me) ar e abl e t lothipcaseitnet e ANj ¢
presences, or lack thereof, of saiveffects dictat¢he final products.
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MechanochemicalSy nt h e s izJsParallel repcivityNjetween solution based
and milling techniques wasgj3 Wilicanbesnwmaedbymii t h t h
ing solutionsof YGdand K[ ANj] i n THFdreagents ip a tobe tidperéerg t h e
The'H NMR spectrum of the mechanochemical product is nearly idemticae previously
reported spectra df synthesized in THE* The spectra of produced mechanochemically
have additional splithg of the doublet and triplet, not observed in the original speiatad
28). Thecoupling constants of these additional peaksespond to theecondary coupling
between the allyl protons afity (spin ¥ 100%abundance(Appendix A. Figure A3)L The
discrepancy between the spectra likely results from different NMR strengths between the
mechanochemical sample (400 MHz) and the reported sample (300 ¥Z). k e 3][1S ¢ A Nj
falls into the category of complexes which can be made by both solution and milhag tec
nigues. The lack of readily accessible reduction states and absence of caorditeti
around the metal that coudttcommodate a coordinagj solventare likelythe reasons that
the solution and solidtate syntheses yield the same product.

(a) 'F.ISD 7.45 ppm (b) 3.6 pEm

Figure 28 Selected portions of e N MR s p e ¢ tgrcontainingfresdnandedfs) H xsplit by®%Y;
(b) H( o split by®%Y.

Mechanochemistry of Group 4 ComplexesThe heavy Group 4 elements, zirconium
and hafnium, are among the most interesting systems invedtigdlkén the transition metals.
The synt hesigs(2o for a]i(3HiaamdbEer regoitgdo bothsolution
based and mechanochemical synthetic techniques could be investigated simultaneously. The
initial assumption was that both zirconium and hafnium should s@adarly through either
met hod in t he peld2amd GaneralyspeakingsdijplexesoZr(V)
andHf(1V) displayclosely similarreactivity, should not be easily reduced, and are unlikely to
incorporate coordinating soluts. We expectefl and3 to provide additional examples of
identical reactiity in solution and solid staten a manner similartothat@a n d §.Sc AN;j

Both 2 and3 can be readily formed in THF at low temperature in approximately 60%
crudeyield (eql). Though crystals of sufficient quality forray crystal analysis could nbe
obtained for definitive identification, these represent the most likely prodifesH NMR
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spectra display splitting and chemical shifts consistentavgimgle” -bound,or highly flux-
ional , ANj | i,gnd nodfirmetime\absenceafyeaordinating HF and starting
materials. The spectra indicate highly symmetric molecules and are consistent with previous
investigations.”

. THF .
MCl+ 4KA' ——— MA', + 4KCl
M= ZI’, Hf (1)

In contrast to the solution reactionsetmechanochemical attempts to synthe2iaed

3 provided highly unexpected results. When Zngas milled withde qu i val ennas o f

tube disperser mill, a black solid rapidly formed. Work up providelhek powder from
which only[A Njcould be extracted and identified iy NMR (eq2). Since[A Njwas the o-
ly identifiable product, it is likely the black solid was zirconium metal. This alone was su
prising as we were not expected to be able to redud¥); however, this reduction wasrco
sistent with the other transition metals.

ZrCl, + 4KA ——> Zr°+ 2[A,] + 4KCl @)

Milling of HICl,wi t h f our equi v al e nt adarkdrowkKdold Nj] ,
(eq3). The brown solid was consistently formed by milling in both the tubeedisp and
planetary ball mill. Work up of the brown solid yielded a brown-noystalline solid. Efforts
to crystalize thebrownsolid from the slow evaporation of solvent (hexanes, toluene) over the
course of several weekgere unsuccessful. THel NMR spectra suggestetiat3 was the is-
lated product from this reactioB8lightdiscrepancies the NMR spectra were noted between
the product produced from solution methods and that generated mechanochemically (res
nances in the latter were consistei@l$ 0.3 ppm more downfieldCoupling constants, spli
ting patterns, and integral ratios were consistent between both mdtbagwer, and the
products were judgetthe same As such, the mechanochemical product was identifi&d as

HfCl, + 4KA' —— HfA , + 4KCl 3)
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These resultmark a very distinct difference between zirconium and hafnium, and o
fers insight into the impact removing solvent has on a reaction. The exactsréasie di-
ference in the outcomes between the two metals is not areaulbly apparent. The fact that
can be formed in THF but not by milling suggests very differentrfefd] | nt er acti ons
solvent is removed. THF may in some way be regulating the possibility of reduhtien
promoting the formation d over that of A §jjj As was observeith thenickel system,
Ni(ll) canactasasolisst at e pl atform to promoteispcdhe coup!
sible this occurs witZr(1V), one would expect it to apply tf(IV) as well. It seems apparent
thatthe A Idpionin THF is not a strong enouglducing agent to promote the reduction of
Zr(1V) as it does when milling. It is clear that this was not a thermal process due to the rapid
reactivity observed in the low energy tube disperser. These relatively low energy collisions,
compared to a planetaball mill, were enough to promote reactivity within the early minutes
of the reaction.
These results further demonstrate a unique difference in reactivity betole@on
based and mechanochemical methods. Here we saw the reduction of a metaiatecoeid
not be predicted frorsolutionbasedanalogies|t seems mechanochemical reactioresy
amplify atendency towards reduction thabiherwisemitigated by solvent. The direct cause
of this is unknown but it does seem that standatdtionreduction potentials are not inem
diately applicable to mechanocheali synthesis

Group 12 Complexes Containing the A" Ligand

The group 12 metals displayed veignilar mechanochemical reactivity that do-
served with YIII) and S¢lll) . Milling the meal halides (Znk, HgCh, Hg.Cl,, Cdk) with two
equivalents of K[ANj] vyielded isolable produc
ligands to[A N The yields for all reactions were low and the isolated products from each
metal center wereorsiderablydifferent from each other. The low yields are likely due the
inherently low yields associated with round bottom flask and tube disperser milling

The exact identity of the ZH) product is currently unknown and will require a crystal
structurefor an accurate identification. Past wavkh zincANj comp |l exes i-yi el ded
ously publ i s hsf dhoseH NMRachemical $hitsvereMjore downfield than
those Ub%Thk[ AMjloduct from the mill reaction ga
though the physical characteristicg™Bxnd sol u
ami nat i on ycystenwith dsfergntZeacoNjratios and higher emgymilling
methodseither with gplanetary or mixer nflii may allow for a more accurate analysighe
products
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An app arecamplefwa&stbrnbg when milling Cdlin the presence ¢ [ A Nj] .
Analysis of the isolated product was greatly hinderedddyght sensitivity and likely low
thermal stability The product, a yellow solid, decomposed completely to a black solid and
[A Nljwithin approximately 12 h of isolation. THE NMR spectra that could be obtained-di
playedconsiderabldroadening, most likely due to decompositmior orduring the NMR

experiment. The spectra do hweevmpl sxggest atit
bound, or highly fluxional, ANj ligands. This
at u 6. 77, wi tplage with roeghlyehalfpthe tere d yHof t he si gna
The signal at U 3.41 is an extremelyebroad a
expected fordpgand H ,G U -2 .30. 5) . The |l ow stability preve

accurate determination. From thigwever, it does appear that(@)is able to react meeh
nochemically t]ecomplexard nat fellovathe[d€cdmpdgition pathwaydarg
ly favored by the transition metals.

Milling of either HgCl, or HgCL in the presence of two equivalentof ANj] al | ows
for the isolation of anobilepale yellow oil in low yield (eqt and5). The products, withe-
spect to their starting materials, were tentatively identified agAkHd4) a n dy (p)Hg A Nj
Storing4 and5 at-30°C for 1224 h greatly increaseviscosity buproducecdho solid. Wam-
ing back to room temperature returned the oils to their previous low viscosity statéls. The
NMR, for both4and5, 1 ndi cated samples of high purity
identical environments. TheseNp | i gands -doued, ofldgualtintensityt andgpr U
vide no indication of fluxional behavior.

Hg,Cl, + 2KA ———>Hg,A’, + 2KCl 4

HgCl, + 2KA' ——> HgA, + 2KCl 5)
Spectra ot and5 are virtually identical, with only slightifferencesetween cheim

cal s h0i02).tTlse sifeetra & does display two distinct and heavily overlapping-do

blets of doublets for the Hthatnot visible inspectreof 4. It should be noted that the peaks

in 4 are noticeably broader than thoséppossibly accounting for a loss of splitting or is the

resut of subtle differencebetweerthe Hg?" ion and HdlI) .
The behavior othe Hg?* ion and Hg(ll)is remarkably different than what has been

observed for the other complexes -mdund akNi t.
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ligands are more inrie with those o6roup15®, discusseih chapter 3and other heavy-p
block metalsthan anything observed in thebtbck. As these samples are oils, temperatures
below-30°C will be required to promote the formation of any crystals. Elemental analysis
will likely be the most diagnostic for distinguishing betwdeand5, due to the drantia

change in percent composition accompanying the addition or removal of a single Hg atom.
However, higher yields are needed for proper analysis. It is currently unkmiogtherthis
system will be compatible with a planetary ball mill, due to possitégantions o#t and5

with the stainless steel milling jaid§.no interactions occur then higher yields should b& po
sible.

Group 12 Complexes Containing the A" Ligand of the {Block Elements

Mechanochemical investigations of thélpck metals, noticluding aluminum and
Groupl5, were largely reminiscent of the transition metals. Attempts to mill halide salts of
germanium, thallium, lead, and telluriumn t h e pr e,$eadriocrapid educti6n[ardNj]
the isolation of A §jlj As with many of théransition metals, the tendency towards reduction
of the metal center and coupl ltiemptkoolvnhawWj | i gan
much of this is intrinsic to the metal centers and how much can be ascribed to meamanoche
ical pracessingasthere have been no attempts to prepaeny of these metth Nj c omp | ex e s
with solutionbased techniqueSynthetic attempts with tin offered a highly complex mixture
containingbonuwnerfHNjsl ilgands an8ynthesesismmmposi ti on
[ AIJANj n pl ace of K[ ANjhesmay hprsa,se ali d,iciaie AANNja |
plexes similar to thosealated for tellurium and tims discussed in chapt&r

The synt he]%6) symiig Ghlk@ada Njoi chi ometri c amount
offers another example of a product unaffected by the inclusion or removal of solvent from
the synthesisThe'H NMR spectra o6 are identical to those previously reported fronusol
tion-based techniquééAs obs er v eld SwilaNpd [ [/ ddmadinsbasefree
even when synthesized from solutions of THE’*1® These three complexes represent the
only examples we currently have of identical reactivity between sotbised and mechan
chemical techniques.

The results of ball mill reactionsof je N d K[ A Njlayelow oildhatsobddied
overnight to a nomrystalline yellow solidTheH NMR spectra of this product suggested the
possi bl e pr egcempexebutavére largely incdontldsNeg due to excessive peak
broadening. The location and integrationoi e br oad mul 54d7plaend w16 .04 5
are all within theangesexpectedorthe H yH ,andH ) r e s p e c thiovuenldy ,ANp.f @
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The number of peaks per multiplet suggese v e r a | ANj i gands are pre
number canot be determined.

This suggests t heg AN nipil-beaxd dasolatoianotable [ | n AN
deviation from the preyandéus Bgt § anfiéialr ZeNjclo mp | e x
bound in the solid state but highly fluxional in solutiovere down to70°C3# 17 |t seems
reasonabl e to gxpempl &k a wiodnll lgang@stinah& dhlidistats. G
As such, indium may mark the point at which the tri@msibetween highly fluxionai” -
boundt o-b dund ANj |l i gands occurs in solution.

If viewed as a transition point between these two behaviors, the extremely bréad spli
ting observedppears easonabl e. 't I s possibbundnsdauhat whi
tion, they are not locked into positisuchas t hose obs g ((EvAISbiBR)r t he |
complexes’ (Chapter3) Althoughtheir resting stateisnétb ound, t he ANj | i gan
do not rearranged their conformationgasidly as with the lighter metalsesulting in an
overall broadening of signals. Analysis by low temperature NMR may #fleiigand mo-
tion to be frozenoya nd t h e p-boans furiana bebalvior Gould be confirmandd
guantified

Conclusion

Mechanochemical investigationgarthe transition and selectp-block metals pe-
sent an interesting mix of reactivitihe vast majority of the transition metals, along with
thallium, lead, germanium, and tellurium are incompatible with the milling techniques, at
leastinthe presencé o K[ ANj] . Reactivity was still obser
[ MA Bpmplexes were not the result. Milling resulted in the oxidative formatipA §fj
with reduction of t heg]compléxeslofthese metasmwilllikélyc c e s s t
require alesseducings our ce of AdNjOnlysvhen reduatien of nfetal Aalis to the
elements is chemically difficult (e.g., with Group 3 and 12 metals and hafritusppears
that milling of K[ ANj i n t hleoxidationstates wikt- of me't
vor the redox pathway.

Reactions of the metal centers where the decomposition did not occur were themselves
widely varied. Allyl complexes of gallium and yttrium could be synthesized by ball milling
and were identical to prewsly reported complexeandadd to the class of compounds
where removal of solveii¢avesdentical reactivity. A noticeable difference in reactivigrb
tweenZr(1V) andHf(IV) was observed in milling reactions but not those conducted in THF,
suggesting difference of reduction potentiads reaction mechanisms are operativéhe
solid state.
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Mechanochemical reacti ons alglcoamplexes off or
zinc, cadmium, mercury, and indium. The presenamofdinatedA Nj | i gldlped®m- c o u
firmed butowingto reaction and stabilitglifficulties, accurate identifications could not be
made More in-depthinvestigation of these systems is needed for the identification and anal
sis of their characteristics and reactivity. As these metals have onlpbefiy studied
through solutiorbased efforts, few direct comparisons are available. Investigatsomg both
solid-state and solutioroutes would provide valuable informatiooncerning the effects of
mechanochemistry and the removal of solvent fthensynthesis dhte dblock and early p
block metalcomplexes
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Chapter 6

Balancing Adduct Formation and Ligand Coupling with the Bulky Allyl Complexes
M[1,3-(SiMe3)2C3H3]2 (M = Fe, CO, NI)

Introduction

T he f i-alyltdanstgidn métal chemistry was inaugurated with the synthesis of
[(CsHs)PdCIL by Smidt and Hafner in 1959 and two years later Wilke had prepared a-first
row allyl complex, (GHs):Ni.'®Si nc e t kallyltmetal complexes have become litoa
ly usdul as reagents in organic chemiséanyd catalysis/ 3193134 194198 5nd numerous era
ples have been synthesized for these purposes.

Despite this, many poly(allyl) complexes of the first row transition metals are not eas
ly handled; for example, the pyrophoricstG).Ni d e ¢ o mp o S°arsl (Ghls);Femdd e C,
(CsHs)sCoare even less stable (dec-4@ °C)**° The instability is often driven by the oper
tion of low-energy decomgsition pathways involving the coupling of the allyl ligandst-Fu
thermore, the presence of additional donor ligands that could help saturate the metah-coordin
tion sphere and inhibit ligand loss may not lead to stablds)}gML , species. Although
(CsHs)-NiPMe; is stable enough to be crystallographically characterized, for exahipke,
corresponding PRfadduct begins to dissociate in solutiorfi @ °C; at 0 °C, coupling of the
allyl ligands occurs to give a hexadiene compfeSimilarly, the 18electron species
(CsHs)2Fe(CO) evolves 1,5hexadiene on standing at room temperature, and esgstiorage
at low temperature {6 °C) under an inert atmosphéf&*

Allyl coupling reactions are often induced during reactions of poly(allyl) complexes.
Treatmentof (GHs)3C o wi t h CO | eads -dlly)colbahtacarponyh fruct i on
example, whiclis stable against further loss of the allyl ligand (e¢’15%

(CsHs)3Co + 3 CO-  (C3H5)Co(COY + H,C=CH-(CH,),-CH=CH, Q)
In contrast, Wilke found that the direct reaction ofH€).Ni with carbon monoxide
goes completely to Ni(CQ@und 1,5hexadiene, rather than yieldingst€).Ni(CO) (1) (eq

2).178

(CsHs)2Ni + 4 CO-  Ni(CO)s + HyC=CH-(CHyp),-CH=CH; o
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There is some evidence thatNRCsH,)2Ni reacts with an equivalent of CO1&80 °C
to produce an unstable 1:1 addueM@C;H4)-Ni(CO).**° Nevertheless, warming the reaction
in the presence of additional CO leads to the production of Ni(@€@) the coupling product
2,5-dimethylhexal,5-diene, or to the insertion product phorone (diisopropylidene acetone) if
excess CO is present.

Spectroscopic evidence for a bis(allyl)nickel carbonyl complex was obtained when
Baker treated the bridged nickel allyl complex derived from 2,3,5
tris(methylene)hexamethylene with CO-a8 °C;the resiting red solution displayed a strong
IR resonance at 2000 ¢hf% Warming the reaction te80 °C in the presence of additional
CO caused the signal to disappear, however, and the cyclic insertion product 3,4,6
trimethylenecycloheptanone was identified (eq 3). The unisolated, thermally unstable species
1 was proposed as the source of the transkkmésonance.

CH,

Hzc <': co HQC <': co 0o CH
Ji li—C= 2
W Eo0 780 M=C=0| o™ 3)

H,C
1

As hinted at by the reactions of substituted bis(allyl)nickel compounds with CO noted
above, it is possible to improve the kinetic stability of allyl complexes and their donor adducts
by employing substituted allyl ligandSor example, (MeCsHa).Fe(PMe),*%*is stable in
solution to at | e assl)Fe@le)Am@logfRdnd unlike (§H).Nif or t he
the tetrasubgtted substituted bis(1,1,3t8traphenylallyl)nickel is stable indefinitely at 20
°C.2%® The trimethylsilyl groups of the [1;@iMes),CsH3]' (A") ligand®’ provide even more
robust complexes, and A" has been used to synthesize a variety of bis(allyl")M species of the
first row transition metals, even in cases where the unsubstituted analog is not known (e.g.,
A’ Fe/* A ,Co"™ 188 109186 b rthermore, substituted allyl halide species of nickel (i.e.,
[A'Ni(u-Bn)]2, [A'Ni(u-1)]2) are known that do not undergo Schlenk redistribution
reactions’’

Below we describe the efforts made towards adduct formation by the direct addition of
C O t,Niamll Hp alternative synthesis developed to confirm the presence of products sy
t hesi z e@0.Previous wérl\yvithin the group focused on the reactovity ,FA afjd
A Mjo with CO and resulted in the characterization of their CO abducts. Additionally, initial
synt heti c wo pNtreatmentrwnhuCO evas pegforrdeldj however, owing to both
synthetic and stability issues of the resulting producgraplete analysis could not bb-o0
tained. The results of the previous work and newest are described together to offer the
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compl ete picture concerning tMdMFFe,Codli) i on
complexes.

Experimental

General Considerations.All manipulations were performed with the rigorous excl
sion of air and moisture using high vacuum, Schlenk, or glovebox techniques. Protonand ca
bon ¢C) NMR spectra were obtained on Bruker AM00 at 400 and 101 MHz, respectively,
andwere referenced to the residual proton S@resonances ofdDs. Infrared data wereho
tained on an ATl MattsarGenesis FTIR spectrometer between as KBr plates. Combustion
analyses were performed by Columbia Analytical Services, Tucson, AZ0EFPmeasie-
ments were made on a Perkin Elmer Optima 2000 DV instrument.

Materials. A">M (M = Fe/*Co,”” Ni’® and A"Br'* were prepared as previouslg-d
scribed.Carbon monoxide (CP grade) was passed through a drying column (anhydrous
CaSQ) before use. A Schlerdine adapted needle, which was purged with CO for several
minutes, was used to introduce CO to solutions. THF and hexanes were distilled uader nitr
gen from potassium benzophenone k&tyDeuterated solvents were vacuum distilled from
Na/K (22/78) alloy prior to use. IGRES samples were digested in 4% HNDS85 °C and
diluted with deionized water until a clear colorless solution was obtained. Other reagents were
obtained from commercial sources and used as received.

Alternate synthesis of [CoA"(CO}].?°® A 250 mL Schlenk flask equipped with a
magnetic stir bar was charged with PhSIKC,Hs)s"Cl' (0.293 g, 1.29 mmol) dissolved in 40
mL of 5 M NaOH. The resulting clear colorless solution was degassed using thepuegze
thaw method. A 125 mL Schlenk flask with a magnetic stir bar was charged w{tb@e
(0.461 g, 1.35 mmol), A"Br (0.367 ¢.38 mmol), and 50 mL of hexanes to yield a dark
brown solution. The solution in hexanes was cannulated into the NaOH solution atmoom te
perature. The mixture was stirred vigorously for 2 h, resulting in an orange benzene solution
above a blue aqueowsykr. A liquidliquid extraction was performed under argon to collect
the benzene solution. The solution was dried with Mg@&@d gravity filtered to remove any
solid. The extracted orange solution was dried under vacuum and collected undet-an N
mosphee, yielding a dark orange oil (0.115 g, 26%). The product showed limited stability in
solution and under anzMditmosphere. Both in solution and when dry, complete decomposition
to a bluegreen solid occurred within 12 h. Prior to decomposition, both pte8a and3b
were identified in théH and**C NMR spectra. Their instability prevented the acquisition of
elemental analysis data.
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Reaction of A%Ni and CO. A 125 mL Schlenk flask containing a magnetic stir bar
was charged with ANi (0.20 g, 0.56 mmoland 50 mL of hexanes. The flask was codted
- 78 °C in a dry iceacetone bath under nitrogen. A needle was purged with CO for 10 min,
submerged into the solution, and CO was added for 15 min. Addition of CO resulted in a
slight color change in the selon from dark brown to a redrown. The solution wased
gassed using the freepampthaw method, filtered, and the hexanes were removed immmed
ately under reduced pressure. A darkoeginge oil (0.18 g, 80% yield) was collected. Anal.
Calcd for GgH4oNiOSi4: Ni, 12.8. Ni analysis (ICROES): 11.2. Complete decomposition was
observed within a week of synthesis without solvent and af@&h2n solution*H NMR
(CeDs298K) : 0 0. 04}); Q.19 (s, 18H3 Fi(Ck)3)S3.39 (@,3H= 9.8 Hz, 2Hsyn
C-H); 5.43 (dd,J = 18.5 Hz, 2Hanti-C-H) 6.81 (dd, J = 18.0 H3,= 10.4 Hz, 2H, Gy-H).
13C NMR (GsDs, 298 K):d i 2.50 ppm (Si(Ch)3); i 1.00 (Si(CH)3); 61.10 6ynCi H); 128.62
(anti Ci H); 143.01 (G); 204.14 (CO). Principle IR bands (£ 2955 (3, 2898 (m), 2005
(m), 1655 (m), 1619 (s), 1597 (s), 1404 (m), 1341 (m), 1247 (s), 1210 (m), 1099 (s), 1020 (s),
945 (m), 908 (m), 840 (s, br), 753 (m), 690 (m), 637 (m).

Computational Details. Geometry optimization calculations were performed using
the Gaussiar03 and 09 suites of prograrffs?° The PW91PW91 functional, whichmploys
the 1991 gradientorrected functional of Perdew and Wang for both correlationand e
change** was used. The triple polarizeddef2-TZVP basis sét°and an ultrafine grid were
used for dlcalculations. Stationary points were characterized by the calculation of vibrational
frequencies, and unless otherwise noted, all geometries were found to be Mirig= Q).
Use of the PW91PW91 functional in conjunction with the BEZX/P basis setngdicts CO
stretching frequencies with good accuracy even without scaling; the predicted values are ge
erally lower than experimental ones by 18 cm'*. This functional/basis set combination was
used to calculate(CO) for CO itself and several benchmagebonyl complexes; the values
(cm'h) for CO (2135), Fe(CQX2012, 2029), (CQE o (CO)Co(CO} (2033, 2040, 2041,
2065, 2102, terminal only), and Ni(C{Xp048) are in good agreement with the experimenta
ly determined values (CO (2143); Fe(G013, 2@4); Ca(CO) (2031, 2044, 2059, 2071,
2112), and Ni(CQ)(2057))**?

Results and Discussion

Reactions with carbon monoxideAfter carbon monoxide is passed througtusol
tions of A2M (M = Fe, Co, N) in hexanes, removal of the solvent leaves liquids that are the
result of the addition of CO to the allyl complex.
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Reaction of A%Fe and CO.The bis(allyl)iron complex (¢Hs).Feis unknown, but the
dicarbonyl compleXCsHs).Fe(CO) has been prepared fraime carbonyl halide
(CsHs)Fe(COYI,%°* which in turn is derived from Fe(C©)The trimethylsilylated version can
be prepared directly from carbon monoxad@ d,FeAANFO purge at atmospheric pressure
through an orange solution of A&e in hexanes eventually causes the solution to becdme ye
low. Removal of the solvent yields a viscous yellow liquid that was characterized &vith el
mental and spectroscopic analysis &sdttarbonyl species 4e(CO} (2). It does not cry-
tallize after weeks at room temperature or for one week at low temperdfi]. Although
stable as the pure liquid under a nitrogen atmospBergckly decomposes in air. A solution
of 2in hexans is also unstable, and a black precipitate is observed after standing overnight at
room temperature.

Only one set of resonances is found in the proton NMR spectrugnifaticating that
there is only a single orientation of the allyl ligands present @clipsed or staggered). The
proton NMR spectral pattern (s, s, d, d, dd; from the two $avieups, the terminal hydr
gens, and the central hydrogen, respectively) is indicativesyrfy anti arrangement of tries
thylsilyl groups on the allyl ligandss observed in the crystallographically characterized
A’ Fe (Figure29).™

Hsyn Hsyn
MesSi %\/HSW MegSi __h__SiMes
(@ Hanii  SiMeg (b) Hanti  Hani

Figure 29. (a) Thesyn anti arrangement of SiMeggroups on the A’ ligand, following the naming convention
used for the hydrogenb; the correspondingyn synarrangement of SiMgroups.

TheJvalues for the two doublets in the proton NMR spectru@are both 13.5 Hz,
so thesynandanti protons cannot be distinguished on that basis (#NAin contrast, the
values are not the same (16 and 10 Hz); the larger coupling constant is adsatieatieean-
ti proton of the allyl ligand}° If the order observed in ANi is followed, the upfield proton
doublet is assignable to thati protons of the allyl ligands iB. There is only one peak in the
13C NMR spectrum for the CO ligands {216.8 ppm); the two carbonyls are, as expected,
equivalent on the NMR timescale.
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Two CO stretching peaks are present in the IR spectrihani931 critand 1986
cm'?, whichcorrespond to asymmetric and symmetric stretching modes, respectiveyy.
are both 34 cii lower than those reported for 4ds),Fe(CO) (1965, 2020 cit),?** and n-
dicate that the SiMggroups on the allyl ligands are net electron donors. This poirg-is di
cussed in more detail below.

Reaction of A%Co and CO.As noted above (eq lthe orange re{iCsHs)Co(CO)
(mp-33 t0-32 °C)?°>#3can be synthesized from the direct reaction of CO wighl{zCo,
but the usual routes start from the more conveniettigined [Co(CQJ' anion?% #3214
which is derived from C4CO)s. A direct route is available for the synthesis of thedrim
thylsilylated version of the allyl cobalt complexs g&arbon monoxide is added to an orange
solution of A%Co in hexanes, the solution turns dark red but eventually returns to orange.
Removal of solvent results in an orange oil, which contains the spectroscopically identifiable
cobalt complex A"Co(CQ)3) in addition to the allyl coupling product 1,3,4,6
tetrakis(trimethylsilyl}1,5-hexadiene. Colorless crystals of the latter grow out of the oil over
several days at room temperature. The similar solubili8/afd the hexadiene has prevented
the isolatiornof analytically pure samples. Nevertheless, the general chemical propeBies of
are consistent with the other allyl complexes described here. For exampk 3lipeickly
decomposes in air, and it also decomposes in solution overnight, with the forofadiblack
precipitate.

Owing to the complications involved in the synthesi8 b direct addition of CO, a
more conventional route was used to confirm its properties. A known phase transfer catalyzed
method for the synthesis of 4d5)Co(CO}**® was adapted for the synthesis3ofAddition of
a dark brown benzene solution of equimolag(C®) and 1,3(SiMes),CsH3sBr (A'Br)**to a
colorless NaOH(aq) solution containing PhSHIEt:;"Cl' gradually produced an orangenbe
zene layer above a blue aqueous layer. After extraction and drying of the upper layer, the dark
orange3 was isolated (eq 5).

PhCH,NEt;*CI-

ABBr + Co,(CO)g aq, NaOH. Corle AEC0(CO)3 5)

The prodet matches the physical appearance and spectroscopic properties of the
product from the treatment of ACo with CO, although as the second synthesis re\&ats)
tolerate brief exposure to water during synthesis. Nevertheless, even after drying, complete
decomposition to a blugreen solid occurs within 12 h, perhaps accelerated by traces of r
maining water.
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Regardless of the method of preparatioB,dhere are two different cobalt allylesp
cies that can be identified from NMR data. One of thaa) ljas a proton NMR spectraltpa
tern consistent with trimethylsilyl groups signandanti positions on the allyl ligands (i.e., s,
s, d, d, dd; sekEigure29). The two sets of doublets at 2.30 ppm and 3.10 ppm hezakees
of 12.9 and 8.7 Hz, respectiveBs in the proton NMR spectrum of Ai, the upfield doi-
blet resonance, with its largéwalue, is considered to reflect thnti proton position, while
the downfield one is associated with gymprotons. The corresponding carbons coupled to
the synandanti protons in3afollow this trend in théC NMR spectrum.

The other cobalt allyl species presesit)(has an NMR spectral pattern typical of allyl
ligands with trimethylsilyl substituents 8yn synpositions (i.e., s, d, t; see Fig. 1). Thesal-
ueof 12.3 Hz for the doublet and triplet resonances is smaller than that either for K[A"] (15.6
Hz) or for theanti protonJ value for A%Ni (16 Hz), but is similar to thanti protonJ value
for 3a. The ratio of thesyn synspecies to theyn anti specis in the proton NMR spectrarva
ies somewhat from preparation to preparation, busynesyncomplex is always the major
product (note that in the formation of (Ay8,C3H3z)Co(CO} from K[Co(CQO),] and 1,3
pentadiene, botlyn syn andsyn anti forms aregenerated, with theyn synform the major
specie$™). Although thesyn(or syn syr) forms of (allyl)Co(CO) complexes have bees-a
sumed to be more thermodynamically stable than the correspantirfgr syn anti) con-
formations®*® DFT calculations (discussed below) indicate 8@and3b are of almost the
same energy (within ~1 kcal MYl Kinetic factors evidently play a role in the synthesis.

The'*C NMR spectrum o8 displays one peak at 204.5 ppm that corresponds te coo
dinated CO, suggesting that the ligands are in fast exchange and/or that the CO environments
of 3aand3b are nearly equivalent. The HR data for3 exhibits carbonyl peaks a984 and
2053 cnt'. As the carbonyl resonance at 1984 tismroughly twice the width of the sharp
peak at 2053 cih the broad CO peak may reflect the presence of twesolved, closely
spaced peaks.hE IR spectrum is ailable in Appendix A Figure A4l

Reaction of A,Ni and CO. Given the anticipated low thermal stability of an allyl
nickel complexcarbon monoxide was added to a solution @NAin hexane at78 °C. The
solution became reldrown, and removal of solvent produced a darkaethge oil that was
characterized as ANi(CO) (4). Synthesis oft in THF was not successful; addition of CO to
A",:Ni in THF produced a black reaction mixturerit which no product could be isolated. In
air, 4 rapidly decomposes, but even under a nitrogen atmosphere, decomposition is obvious
after a few days, and complete decomposition is observed in approximat@lyays. Like?
and3, solutions o# are unstale; decomposition is evident within a few hours.
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As with 2, only one set of resonances is observed in the NMR ddtarbe’H NMR
spectrum contains a set of resonances that is consistent with trimethylsilyl substitggnts in
anti positions on the all ligands (i.e., s, s, d, d, dd; see Fig. 1). In the proton NMR spectrum,
the two sets of doubl et s Jwltesaf 9.8Hzardl 1§5Hm and U
respectively. Since the pr oantopmotomogsNiisasnce f or
sociated with a largervalue than is that foritsynpr ot on, t he proton reso
assigned to thanti proton in4. Interestingly, this peak position is downfield from theores
nance for theynproton, making the relative positions oétheaks opposite to that observed
for A",Ni.”® The**C NMR peaks that are coupled to the corresponding proton peakslalso fo
low the trend of upfieléynand downfieldanti positions for4.

Thereisonepeakinthf®c NMR spectrum that correspond s
The FTIR data for4 contains one CO stretching frequency at 2005 cliis close to the
value of 2000 ctrt reported for the CO stretchinaddingsuppr t t o t he al atter 6
tion as a nickel carbonyl complex.

Calculations

Density functional theory calculations (PW91PW91/D&ZV/P) were performed on
model allyl carbonyl complexes with both the parent and the trimethylsilylated allyl ligands in
order to clarify the effects of the substituents on ligand conformations and CO stretehing fr
quencies>' A variety of conformations were examined for the various complexes; only those
that were found to be minima on the potaihéinergy surface (as indicated by the absence of
negative vibrational frequencies) are discussed in detail here. The lowest energy conformer in
each case is depicted in Figd@ illustrations of the others are available in Apper@dinSe-
tion C4

Iron Complexes.Several conformations of ¢8s),Fe(CO) were examined, but only
the eclipsed arrangement depicted in Figd@) was found to be a minimum on the potential
energy surfaceNjmag= 0). A summary of its structural parameters is provided in Thblde
calculated CO stretching frequencies of 1968'¢asymmetric) and 2009 ém(symmetric)
are close to the experimentally reported CO stretching frequencies (1965, 268 tm

In contrast, calculations dhindicate that several local energy minima exist for &-(T
ble 1). The angles between thedllyl planes differ substantially among the three confo
mations, but the calculated CO stretching frequencies dne narrow spread of 1948947
cm'* (asymmetric) and 1983993 (symmetric). ThE,-s y mme t r i ef rficenctl B pcsoendf o
mation (Figure80( b) ) i s t he Gphy atéeast 6ikeal mbinaedrit ghares(the
same basic arrangement as the stable @r(@sHs).Fe(CO). Taking it as the most likely
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approximation to the solution structure obR&(CO}Y, the [(CO) are calculated to be 21 cm™
and 24 crit lower for the asymmetric and symmetric frequencies, respectively, than in
(CsHs).Fe(CO). This decrese parallels the 34 ¢indrop for both frequenciesbserved x-
perimentally between @Els),Fe(CO) and AFe(CO), and supports the conclusion that the
SiMe; groups on the allyl ligands are net electron donors.

Cobalt Complexes.The conformation of (¢Hs)Co(CO); with the CO group oriented
distally to the center carbon of the allyl group was found to be a minimum on the potential
energy surface (Figure 2(c), Table 1); with the (€§ddup rotated by 180°, a transition stru
ture is obtained with a single imagry frequencyq = -76 cni'). CO stretching frequencies
of 2004 cm' (asymmetric), 2006 cth(asymmetric), and 2059 ¢i(symmetric) are predicted
for the complex; these compare favorably with the experimental values of 199gsym-
metric; theindividual stretches are not resolved) and 2065 ¢aymmetric)?*’

DFT calculations were performed on both the propeyadsynandsyn anti struc-
tures of3. In the case of theyn synconformer (Figuré0(d), Table2), a structure witmo
symmetry C,) displays three calculated CO stretching frequencies at 1984 (asymmetric),
1995 (asymmetric), and 2044 Ensymmetric). These values are close to the experimental
CO stretching frequencies 81984 cm' and 2053 ciit), taking into accourthat the two
asymmetric stretching frequencies may be overlapping to produce the observed broad peak at
1984 cm**®

The calculated structure syn anti 3 (Figure30(e), Table 3 is higher in energy than
thesyn synstructure by only 1.2 kcal mdlin DG eand 0.4 kcal mét in DH ei.e., they are
essentially equienergetic. Thgn anti 3 has three CO stretching frequencies at 1988 cm
(asymmetric), 1993 cth(asymmetric), and 2044 ¢i(symmetric); there is a 188 cm* re-
duction in the values in the trimethylsilated versions compared to the unsubstituted complex.
As in the case d? and4 (below), this reflects greater electron donation from the trimethyls
lated ligands relative to the parent species; the effect is |&sasionly a single allyl ligand is
contributing.

Nickel ComplexesAn e cflriopnstedd geomet ry i s fmwund in
terized (GHs).NiPMe; complex’* and although this conformation was determined by DFT
calculations to be the lowest enefithe three (gHs):Ni(CO) complexes that were axa
ined (Figure3(Q(f), Table?2), all of them are minima on their potential energy surfaiged=
0). The calculated(CO) are also similar (2002015 cm’). The Ni C(allyl) bond lengths
and allyl bendingngle in the eclipseftont structure are close to those otlg).NiPMe;

(1.998(5) 2.092(5) A and 3.6°, respectively).
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A calculation on the bridgetl (Figure30(g)) converged to a structure with features
similar to those of (§Hs)-Ni(CO). Tellingly, its calculatedCO) of 2014 crit is close to the
value of 2000 cit reported forl, and supports the assignment of the latter as an atlyl ca
bonyl complex.

DFT calculations were also conducted on several forldqBéble2), but the
i e c | -frontssteudtn e 0 ( 3B(h)pisuthie dowest in energy. The calculated Gfiallyl)
bondingrange (2032 . 193 ) and the all yl bending angl
those calculated for the parentisg),Ni(CO); these changes reflect the increased sterin stra
imposed by the trimethylsilydubstituted groups. The calculated bond lengths are also longer
than those of the solistate structure of ANi (1.944(3) 2.037(3) A), although the allyl ben
ing angl e i s s pNa(expb.p/'fHoWewefr, the Ni®O. binel lerigth is ATB9 A,
which is similar to that calculated for 65),Ni(CO), and shorter than that in Ni(CQ)

(1.836(2) A, gaphasef*®

The eclipsedront structure has a CO stretching frequency of 1989;dhis value is
lower than that predicted for the unsubstituted allyl complexes, again reflecting #reedh
electron donation from the trimethylsilyl groups. The stretching frequency is close tc the e
perimental CO stretching frequency measuredH@005 cm?).

Formation of (C3R,H3)2Ni(CO). A series of calculations was performed to provide a
measure ofhe thermodynamic driving force associated with the formation of an
(C3RzH3)2Ni(CO) complex, historically the most elusive of the first row allyl carbonyls. The
reaction of (GHs),Ni wi t h CO (eq 8) Goof§10M kcaldhdl'cthisssd t o h a\
reduced tdi 7.6 kcal mal for the analogous reaction with Ali (eq 9).

(CsHs)2Ni + CO - (C3Hs)2Ni(CO) (8)
ANi + CO - A',Ni(CO) (9)
These modest driving forces reflect competition between the stable pseuatie
planar 16€' (CsR;Hs),Ni specie’™ and their 1&' derivatives. An alternative reaction of
(C3R2H3)2Ni with CO to form Ni(CO) and the corresponding hexadienegX0, 11) is

strongly favored for both allyl ligands:

(CsHs):Ni + 4 CO- Ni(CO)s + H,C=(CH)s=CH, ( & =161.1 kcal mdl") (10)
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A NI+ 4CO- Ni(CO)s + [(SiMes),CsHsl» ( &° =156.8 kcal mdlh)  (11)

The fact that the reaction in eq 10 is experimentally obséfedhereas eq 11 is not,
or not immediately, is clearly a consequence of kinetic stabilization provided by tke trim
thylsilyl groups, rather than the result of major thermodynamic differences between the two
systems. In this context, it is intstang to note that the reaction to fofineq 12) is calcula
ed to be more & tiB@Xkel mdl') thanwien taaally( ligand iss8s or
A’; apparently the preorganization provided by the bridge optimizes the complex fer subs
guent reactin with CO.

Hzc <.\ co HQC <.\
N —— Ni—C=0
1

Donor properties of the A" ligand.The electronic effect of trimethylsilyl substituents
in organometallic systems is not always easily predictable. In consonance with the lower ele
tronegativity of silicon comgred to carbon, the group electronegativity 8iMe; compared
toi CHz is calculated to be lower (e.g., 1.92 vs. 2.56, respectiéejthough other values
have been suggestY. This might, perforce, indicate that thi&iMe; would be a betterad
nor than hydrogen, and indeed, a comparison of the free energies of ionization of substituted
ruthenoene complexes suggest that tl&Me; group is comparable tdCHz as an electron
donor?? Measurement of the innshell electron binding energies in [(SiIYEsHs.]2MCl
(M=2Zr,n=03; M=Hf, n=0and 3) indicas that' SiMe; is ca. 1.25 times as strong@-d
nor as i CHs.*?*In contrast to this evidence, however, the reduction potentfd],{Fof
substituted CpZrCl, compounds increases in the order ((S)¥le SiMe; < H < Me < Et),
indicating that' SiMe; is functioning as an electratceptorelative to hydrogef?*#?°In
other cases, especially when theistbulk of thei SiMe; comes into play, its electronic effect
appears to be negligibfé®

In the present case, th&iMe; groups on A" are evidently electrolonating relative
to the protons on the unsubstituted dilyand, as manifest in the lowered CO stretchieg fr
guencies in botR and3 relative to their parent complexes. In this regardj 8i&le; group
has an effect similar to that observed with the cyclobutadienyl ligand (e.g., CO stretches of
1995 and 2061m™ are observed in (El,)Ru(CO},%*’ but stretches of 1@8and 2046 chi
are found in (GQ(SiMes),)Ru(COY ?%).

( & =-30.2 kcal mdl") (12)
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Figure 30.

Figure 30. Calculated structures of (a) eclipsedHg),Fe(CO}) (C,); (b) eclipsed AsFe(CO) (Cy); (c) distal
(CsHs)Co(CO} (Cy); (d) syn synA"Co(CO) (Cy); (e) syn anti A"Co(CO) (Cy); (f) eclipsedfront (CHs),NiCO
(C) ;  C-335tris(methylenell,6-hexanediyljnickel carbonyl; (h) eclipseftont A,NiCO (C,). For clai-
ty, hydrogen atomsave been omitted from trimethylsilyl grougéppendix C: Section C4)
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Table 2 Selected calculated structural parametersng@@®) values in (RCsH3)xM(CO), Complexes

Complex MiC range (A) MicCO (A) Angle between n(CO) (cm'}) Relative energy
allyl planes (°) (kcal mol'%)
a. (CsHs),Fe(CO) 2.0592.185 1.761 23.8 1968 cm! (asymm); &
(C,, eclipsedfront) 2009 cm! (symm)
b. A",Fe(CO) (C,, 2.07712.274 1.753 25.6 1947 cmi! (asymm); 0 . OH°)( @
eclipsedfront) 1985 cm? (symm) 0. 0G°)( &
c. A",Fe(CO) (Cy, 2.0832.255 1.761 83.2 1943 cm! (asymm);  16.2( B¥)
eclipsedback) 1993 cm? (symm) 15.7( &°)
d. A",Fe(CO) (Cy, 2.078 2.285 1.754, 1.759 58.8 1946 cm! (asymm);  6.6( B¥)
staggered) 1990 cm? (symm) 6. 3G°)( &
e.(CsHs)Co(COY (Cs, 2.02112.116 1.811 (center); & 2004 cm! (asymm); &
distal) 1.771 (side) 2006 cm* (asymm);
2059 cm’ (symm);

f. syn synA"Co(CO) 2.0392.195 1.760 (Cé C1); 8 1984 cm! (asymm);  0.0( B¥)
(C) 1.800 (Cé C2); 1995 cm! (asymm);  0.0( &°)

1.775 (C&C3) 2044 cm' (symm)
g.syn anti 2.0352.157 1.802 (CéC1); 8 1986 cmi! (asymm); 0 . 4H°)( @
A’Co(CO) (Cy) 1.777 (CéC2); 1993 cm! (asymm); 1. 2G°)( @

1.761 (C6C3)
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Table 2 (cont.)

Complex MiC range (A) MicCO (A) Angle between n(CO) (cm'}) Relative energy
allyl planes (°) (kcal mol'%)

h. (C3Hs)2Ni(CO) 2.02112.103 1.795 8.6 2015 0. OH)( e
(Cyy, eclipsedfront) 0. 0G°)( e
i. (CsHs)2Ni(CO) (C;, 2.0322.194 1.794 85.0 2005 7. 4H)( e
eclipsedback) 7. 2G°)( e
j. (C3Hs)2Ni(CO) (Cs, 1.995 2.087 1.818 54.0 2008 4. OH°)( e
staggered) 3. 3G°)( e
k.[ 42,35 2.0142.138 1.782 28.0 2014 0

tris(methylenell,6-
hexanediyljnickel

carbonyl

[. A";2Ni(CO) (Cy, 2.0382.193 1.789 12.9 1989 0.0( E¥)
eclipsedfront) 0.0( &)

m. A";Ni(CO) (C,, 2.0172.187 1.859 71.6 1979 16. 8° (e
eclipsedback) 15.0( &)

n. A";Ni(CO) (Cy, 2.0202.334 1.795 40.7 1992 10.60( B¥)
staggered) 8.5( &)
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Conclusion

This work has shown that firsbw A",M complexes can be used to form kinetically
stabilizedcarbonyl derivatives by direct reaction with COzRé and A;Ni accept carbon
monoxide as a donor ligand to form theel8ctron carbonyl adducts Ae(CO} and
A":Ni(CO), respectively. The addition of CO to,&0 generates the d8ectron A"Co(CQOy,
alorg with the corresponding trimethylsilylated hexadiene, [(S)M&H3]; in the process, a
one-electron reduction of Co(ll) to Co(l) occurs. The CO stretching frequencies observed in
A’ ,Fe(COyand A'Co(COJar e consi stent withrdlebdtmndarder | i ganc
than the unsubstituted allyl.

All of the carbonyl derivates are a&ensitive, and degrade rapidly in solution. That
they can be isolated at all, if even for a limited time, at room temperature is clearlya cons
guence of the presencetbe trimethylsilyl substituents. The similar calculated therynod
namics for the reactions of CO with §B>H3),Ni suggests that §R,Hz).Ni(CO) is only an
intermediate on the way to forming nickel tetracarbonyl and the corresponding hexadienes for
both R =H and SiMe.
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Appendix A
Selected Spectra

Section Al

Reference Spectra
Figure A1.'™H NMR Spectrum of HAN,;
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Figure A22'H NMR Spectrum of K[ ANj
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Figure A3.'H NMR Specifrum of

|

[ ANj
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T
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Section A2

Mechanochemical Synthesis and Investigations as a Potential Allyl Transfer Agent of
the BaseFree Tris(allyl)aluminum Complex [Al(1,3-(SiMe3)2C3H3)3]

Figure AA.'"H NMR Spectgum of [ Al AN;

6.5 6.4 6.3 ppm 3.8 3.7 3.6 ppm
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T T T T T T T T T T T T T T T T
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 15 1.0 0.5 ppm

Figure A5."H NMR Spectr w@Dgof [ Al ( ANjPh

7.6 7.4 7.2 ppm 3.1 3.0 2.9 ppm
I T T T
6. 5.8 5.6 ppm
B 1
T T T T T T T T T T T T T T T T T
80 75 7.0 65 6.0 5.5 50 45 4.0 5 30 25 20 1.5 1.0 05 ppm
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Figure A6.'"H NMR Spectsau7M’Cof Al AN;j
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Figure A7Z.'"H NMR Spectsum of [ ScAN,;
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Figure A8."H NMR Spect g yelow oilffron] 28 m raaiiion in hexanes

bl L

T T T T T T T T T T
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T T T T
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Figure A9.'H NMR Spect g yehow sofid frfnS24 A ndaction in hexanes

6.20 6.15 ppm 2.70 2.65 ppm
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Figure A10.'"H NMR Spect g yetow préducf flBm 4#8Njreaction in hexanes

6 1 ppm ppm 0. 8 ppm
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Figure A11.'"H NMR Sp e ct f velow préduct fidrmball Miill
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Figure A12.'H NMR Spect,joompleof [ Pt ANj
6.4 6.2 6.0 5.9 506 5.4 plpm
4I5 450 3I 3IO ppnI1 “
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Figure A13.'"H NMR Spect g complea f
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Figure A14.'H NMR Spectrum of Ufdioxane) reaction
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SectionA3

Mechanochemical Influence on Stereoisomer Formation in the Syntheses of Group 15
Bis(1,3trimethylsilyl)allyl Complexes (Asi Bi)

Figure A15."H NMR Spe ct g from balmiliigAs A Nj
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Figure A16.'"H NMR Spect g filomsaufion] As ANj
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Figure A17Z.'H NMR Spect g fiom ball fmilifggS b A Nj
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Figure A18.'"H NMR Spect g crystaloffom haSrbilindlj
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Figure A19.'"H NMR Sp e ct g ailftoroball mjllisgo A Nj
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Figure A20.'H NMR Spect g fiomsaufion][ Sb ANj
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Figure A21.'"H NMR Spect 4fromsotfion [ Bi AN;j
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Figure A22.'"H NMR Spect 4 foombatl millifgBi A Nj
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SectionA4
Organometallic Mechanochemistry ofs-Block Metal Complexes

Figure A23.'"H NMR Sp e ct r gifrom NdnstoichioBnetrdc [Synthesis
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Figure A24.'"H NMR Sp e ct r difrom BtbichisnjeBeSyrithesis
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Figure A25. 'H NMR Spectrum of [K(tol)(HA Nj) K ( t o | )-A Njfkem( ANj) ( O
Nonstoichiometric Synthesis
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Figure A26.H NMR Spectrum of [K(tol)(RA Nj) K ( t o | )-A Njfkem( ANj) ( O
Stoichiometric Synthesis
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Figure A27.'H NMR Spectr um,oofmplexel | ow [ Ca AN;

£ WAL

T T T T T T T T T T T T T T T T
75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 15 1.0 0.5 ppm

Figure A28.'"H NMR Spectr um,oofmplesr ange [ CaAN,;
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Figure A29."H NMR Spect  jComplexf [ Sr ANj
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Figure A30.'"H NMR Spect f]Gomplexf [ Cs ANj
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SectionA5
Mechanochemicallnvestigations of dBlock and p-Block Metal Centers

Figure A31.'"H NMR Spectsgum of [ YAN,;
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Figure A32.'"H NMR Spectfdum of [ Zr ANj
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Figure A33."H NMR Spect g bymalailing] Hf ANj
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Figure A34.'"HNMR S p e ¢ t r u m]inosblutignH f A Nj
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Figure A35."H NMR Spect riGomgek a [ Zn AN;
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Figure A36.'"H NMR Spect rjaompeek a [ CdAN;j
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Figure A37.'"H NMR Spectrum of a [HgA §licomplex
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Figure A38.'"HNMRSpect r um,admplex [ Hg A Nj
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Figure A39."H NMR Spectgum of [ GaAN;j
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Figure A40.'"H NMR Spectr goomgek an [ | nAN;
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