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Preface

The following Ph.D. thesis consists of a survey on the reactivity of mainly rare-earth-metal
complexes, especially tetramethylaluminate and tetramethylgallate complexes, toward
pentadienyl ligands resulting in metallcyclization reactions, a summary of the main results, and

original scientific papers.

The work has been carried out at the Institut fiir Anorganische Chemie of the Eberhard Karls
Universitit Tiibingen, Germany, over the period from October 2019 to November 2022 under

the supervision of Prof. Dr. Reiner Anwander.

Parts of this thesis have been presented at international conferences as poster contributions.
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Abstract

Heterobenzene chemistry of the rare-earth metals and group 13 elements can be considered as
a rather new or neglected field, likely due to the low electronegativity of the rare-earth metals

and especially aluminum, and therefore enhanced reactivity.

Investigations of the reactivity of heterobenzene supported rare-earth-metal complexes [(1-Me-
3,5-Bus-CsH3Al)(u-Me)Y (2,4-dtbp)],  [(1-Me-3,5-Bu,-CsH3Ga)(u-Me)Y (2,4-dtbp)]  and
derivatives of those complexes toward several Lewis bases, in the form of neutral donor
molecules, showed that the Lewis adduct formation of the central rare-earth-metal cations is
favored over the group 13 atom in the heterobenzene moiety. The stability of the “dianionic”
alumina- and gallabenzene ligands was further evidenced by pentadienyl exchange reactions

with KCsMes and KTpMeMe,

Since the route toward the rare-earth-metal-coordinated group 13 heterobenzenes is very robust,
several one-pot reactions at variable temperatures were conducted utilizing ternary mixture of
[LnMes],, GaMes and K(2,4-dtbp) targeting new types of heterobenzenes. This approach led to
the isolation of the highly reactive terminal methyl complex [(2,4-dtbp).LuMe] at lower
temperatures, which can incorporate two gallium atoms into the pentadienyl ligands, resulting
in a dianionic and a monoanionic trigonal planar gallabenzene. Further, molar variation of the
reactants K(2,4-dtbp) and GaMes gave rare-earth-metal incorporated heterobenzenes as well as
mixed group 13 and rare-earth-metal heterobenzenes in the same complex. Slight modifications
of the synthesis protocol also led to higher aggregations of these complexes of up to five

lantahanid atoms, offering a vast potential for cluster synthesis.

The reactivity of the rare-earth-metal coordinated group 13 heterobenzenes was extended to the
Lewis acids AlMes and AICI3/GaCls. While AlMe; was simply added to the electron-rich
heterobenzene moieties, a different behavior was observed for the chlorides. In this case, the
formation of thermodynamically favored rare-earth-metal chlorides triggered the abstraction of
the heterobenzene ligands as monoanionic moieties, affording a group 13 complex bearing a

lid-like bis-alumo/galla-cyclobutane cycle stabilized by a pentadienyl ring.

Further investigations established the synthesis of aza-crown stabilized alkyl species of the
earlier, bigger rare-earth metals, which were previously not accessible. Accordingly, an efficient

synthesis of monomeric (Me3TACN)LnMe3(THF)(Ln = La - Nd) was developed and some
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properties and reactivities toward Lewis acids and alcohols were studied, resulting in the

isolation of the first monomeric rare-earth-metal alkoxides for smaller alcohols.

In another approach, this synthesis route was expanded toward titanium, giving access to the
first titanium trimethyl compound as (Mes;TACN)TiMes closing the gap between TiMe4 and
(DMPE),TiMe,. Furthermore, the reaction of (Me3TACN)TiMes with AlMes produced the ion
pair [(MesTACN)TiMex(THF)][AlMes4] and exchange reactions with trimethylsilylchloride/
triflate (TMS-CI/OTY) accomplished defined mixed methyl complexes. Moreover, the reactions
with methanol and ethanol resulted in the smallest structurally characterized alcoholates for

titanium so far.

Finally, the isolation of halide-containing side products let us to comprehensively study the
purification of methyllithium. Since commercial MeLi is contaminated with LiCl, MeLi was
purified via the addition of KN(SiMes), and precipitation of KCI, resulting in the
MeLi/LiN(SiMes)2/Et>O solution which was layered with n-hexane to afford pure MeLi. A "Li-
NMR study showed that the LiCl contamination is an integrated part of an oligomeric structure
emerging in a single 7Li resonance. This signal can be used to calculate the amount of LiCl via
"Li NMR-spectroscopy, instead of potentiometric analysis. Aza-crown addition to MeLi
resulted in monomeric (Me3TACN)LiMe, which was characterized by X-ray diffraction, as was
monomeric (Me3TACN)LiCl. A DFT study revealed that the Li—~C(CH3) and the Li—Cl bond

show almost the same ionicity.
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Zusammenfassung

Die Heterobenzolchemie der Lanthanoide und Gruppe 13 Elemente kann als neuerer Zweig der
Chemie betrachtet werden. Dies liegt vorrangig an der niedrigen Elektronegativitidt der
Lanthanoide und bei den Gruppe 13 Elementen gilt dies im Besonderen fiir Aluminium und

bedingt dadurch die erhdhte Reaktivitit dieser Komplexe.

Die Untersuchung der Reaktivitidt von Heterobenzolen gegeniiber Lewis-Basen, in Form von
Donoren zeigte, dass eine Lewis-Addukt-Bildung mit dem Lanthanoidzentrum bevorzugt wird,
gegeniiber der Koordination an ein Gruppe 13 Atom. Die Stabilitdt des ,,dianionischen*
Alumina- und Gallabenzol-Liganden wurde ebenfalls durch Austauschreaktionen mit KCsMes
und TpMeMe untersucht. Wobei die Reaktion mit dem Ersteren zum ,,Sandwich® Analogon
fithrte und die Zweite zur Bildung eines zwitterionschen Komplexes, indem das Aluminium

oder Gallium als Aluminat oder Gallat betrachtet werden kann.

Da die Route zur Darstellung vom Lanthanoid-basierten Gruppe 13 Heterobenzolen sich als
duBerst robust erwiesen hat, wurde eine Reihe an Fintopf-Reaktionen mit variablen
Temperaturen auf Grundlage von [LnMes], mit dem Ziel neuer Typen von Heterobenzolen
ausgefiihrt. Dieser Ansatz flihrte zur Isolierung von hoch reaktiven endstindigen Methyl-
Komplexen bei tieferen Temperaturen und zur Integration eines zweiten Galliumatoms in ein
monoanionisches Gallabenzol mit trigonal planarer Koordinationsgeometrie. Weitere
Modifikationen an den Aquivalenten der Edukte K(2,4-dtbp) und GaMe; fiihrt zur Bildung von
Lanthanoid-Heterobenzolen und zur Bildung von gemischten Gruppe 13 und Lanthanoid-
Heterobenzolen in einem Strukturmotiv. Die Verdnderung resultierte ebenfalls in einer hoheren
Aggregation dieser Fragmente, mit bis zu fiinf Lanthanoid Zentren, was eine zukunftsreiche

Perspektive fiir weiter Untersuchungen in die Richtung von Clustern 6ffnet.

Um die Untersuchung der Reaktivitdt der Gruppe 13 Heterobenzole zu vervollstindigen, wurde
deren Verhalten gegeniiber Lewis-Sduren getestet, welche in Form von AlMes and AICl3/GaCl;
eingesetzt wurden. Die Reaktion mit AIMe;s resultierte in der Lewis-Addukt-Bildung, indem
sich das AlMes an das elektronenreiche Heterobenzol anlagert, wohingegen die Umsetzung mit
den Halogeniden sich komplett anders verhdlt. In diesem Fall wurde die Bildung von
thermodynamisch bevorzugten Seltenerd-Chloriden beobachtet, sowie die Abstraktion von

monoanionischen Heterobenzol-Fragmenten. Diese anionischen Fragmente koordinieren an
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ein, bisher unbekanntes Strukturmotiv, dass aus einen bis-alumo/galla Cyclobutanring besteht,

welcher mit einem weiteren Pentadienid-Riickgrat stabilisiert wird.

Weitere Untersuchungen fanden auf dem Gebiet der Azakrone-stabilisierten Alkyle der friihen,
groBeren Lanthanoide, welche zuvor nicht zugénglich waren, statt. Durch diese Arbeiten konnte
eine effiziente Synthese fiir monomere Komplexe (Me;TACN)LnMes(THF) (Ln = La - Nd)
gefunden werden, welche daraufhin aufihre Eigenschaften und Reaktivitidten gegentiber Lewis-
Sduren und Alkohole untersucht wurden, dies resultierte in den ersten monomeren Alkoholaten

fiir kleinere Alkohole der Lanthanoide.

Ein erweiterter Ansatz, der Azakronen-basierten Syntheseroute wurde auf Titan angewendet,
dies fiihrte zur Isolierung des ersten Titantrimethyls, als (Me3sTACN)TiMes, dies schlief3t die
Liicke zwischen den zuvor publizierten Komplexen TiMes(THF) und (DMPE),TiMe,. Des
Weiteren wurde die Reaktivitdit von (Me3TACN)TiMes gegeniiber AlMe; getestet. Dies
resultierte in einem Kontakt-lonenpaar [(MesTACN)TiMe,THF][AlIMes], wohingegen
Austauschreaktionen mit TMS-CI/OTf in definierten gemischten Methyl-Komplexen
resultierten. AuBerdem wurde die Reaktivitit gegeniiber Methanol und Ethanol getestet, welche

in den kleinsten bisher bekannten monomeren Titanalkoholaten endeten.

Da kéauflich erwerbliches MeLi immer mit LiCl verunreinigt ist, wurde ein Syntheseprotokoll
zur Aufreinigung entwickelt. Durch Zugabe von KN(SiMes), wird in etherischer Losung KCl
ausgefallt. In der Losung verbleibt ein MeLi/LiN(SiMes). Gemisch, welches mit n-Hexane
iiberschichtet wurde um, sauberes MeLi auszufillen. AuBerdem konnte durch eine "Li-NMR-
Studie der Anteil an LiCI-Verunreinigung bestimmt werden, da MeLi und LiCl als Oligomere
vorliegen, welche nur ein Signal im "Li-NMR-Spektrum ergeben. Dieses Signal verschiebt sich
je nach Zusammensetzung und kann demnach zur Bestimmung des LiCl Anteils benutzt
werden, womit potentiometrische Untersuchungen umgangen werden konnen. Durch
Chelatisierung des aufgereinigtem MeLi mit der Azakrone, konnte eine monomere
(MesTACN)LiMe-Struktur isoliert werden. Dies ermdglichte es eine DFT-Berechnung
vorzunehmen, welche die Ionizitit der Li—C und Li—Cl-Bindungen zum Gegenstand hatte und

deren Ahnlichkeit zeigte.
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Objective of this Thesis

The main emphasis of this thesis is to synthesize and investigate the formation of pentadienyl-
based metallacycles of the rare-earth metals and group 13 elements via rare-earth-metal

tetramethylaluminates and tetramethylgallates.

Chapter A gives an overview of the formation of metallacycles via different routes. The focus
will be on the C—H-bond activation of pentadienes and the emerging transition metal, group 13,

and rare-earth-metal metallacycles and heterobenzenes.

Chapter B contains a summary of the main results of this thesis and is divided into two main

parts:

= Heterobenzene chemistry via pentadienyls

= Reactive methyl precursors, synthesis, reactivity, and general properties

Chapter C reactions and unpublished results, which are not part of a publication or manuscript,

are presented.

Chapter D Bibliography

Chapter E is a compilation of publications.

Chapter F appendix
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Pentadienyl-Derived Metallacycles
Emerging from Rare-earth-metal

pentadienyl Components




1 Introduction into Metallacycles

Metallacycles and in particular metallabenzenes have been a vibrant topic in organic and
inorganic chemistry alike. Ever since Kekulé's idea of “aromaticity” for the archetypal benzene,
the concept of aromaticity is still being discussed and was extended by both experimental and
theoretical chemists over the years.!'? The basic terms of aromaticity have also changed over
time, nevertheless, it is generally accepted that aromatic compounds display planarity, a fully
conjugated z-electron system and a somehow cyclic system. An additional term would regard
the interatomic distances, between a single and a double bond, which can be neglected since
we are addressing metal-carbon bonds. Furthermore, the diamagnetic ring current can be used

as evidence to investigate the hetero-aromaticity.[*-

While the ubiquitous benzene poses the foundation of aromatic compounds, it is well known
that heterocyclic analogs of benzene also exhibit aromatic properties. In general, a CH fragment
is replaced by an isoelectronic heteroatom. This concept embraces the archetypal
heterobenzenes pyridine and boratabenzene as well as a whole series of main-groups element-
incorporated moieties. For example the group 16 cations feature pyrylium, thiapyrylium,
selenopyrylium, and telluropyrylium.* ¢ Group 15 includes the well-known pyridine,
phosphabenzene, and the heavier analogs arsinine, stibnine, and bismine.[-'71 Group 14 is to be
easily to build benzene analogs such as siline, germine, and stanine.['-3! The series continuous
with group 13 with the already mentioned and well-known borinine or the anionic
boratabenzene as well as the rather new, despite theoretical predictions, less investigated

anionic alumiabenzene, gallabenzene and indabenezene. 3251

Turning to transition metals, only little is known about their behavior when embraced in
metalacyclic benzenoid compounds. Though a lot of progress has been made in the past
decades, the interest in metalacyclic transition metal-bearing heterobenezenes is still vital, with
a particular focus on their aromatic properties. Such transition-metal embracing metallacycles
were accessed via alkyne or alkene precursors, utilizing oxidative addition to form the
unsaturated 6-membered cycle. These approaches/strategies and the properties of the resulting

metallacycles have been summarized in several reviews so far and won't be part of this work.5?-

59]

The synthesis of transition-metal derived 6-membered metallacycles via utilization of the

preformed Cs-carbon skeleton, as pentadienyl potassium salts somehow started this branch of
1



chemistry. Again, oxidative addition reactions were crucial for the formation of several

transition-metal metallacycles.[60-74]

This overview will cover the synthesis and behavior of pentadienyl-based metallacycles of the
rare-earth metals and the group 13 elements aluminum and gallium. Special consideration is
given to the synthesis approaches of rare-earth-metal precursors and their role in the formation

of the metallacycles.

The first part focuses on the synthesis and reactivity of rare-earth-metal tetramethylaluminates
with potassium pentadienyls and the formation of rare-earth-metal-supported group 13
metallacycles. This includes the derivatization of the earth-metal-supported group 13
metallacycles with different donors and ligand systems. The second part will deal with the in-
situ formation of group 13 metallacycles and rare-earth-metal metallacycles via the pure alkyl
species [LnMes],. The third part embraces the formation of the pure group 13 heterobenzene
moieties via reaction of Lewis acids with group 13 heterobenzenes as well as the theoretical

understanding of the resulting heterobenzenes.



2 Transition-metal incorporated metallacycles, synthesis routes, and their Cs-

unitprecursors

The formation of transition-metal-based matallacycles via alkene or alkyne chemistry was
already summarized several times and is not of interest to this work.[”>7¢] However, the
formation via preformed 5-membered carbon-frame precursors is, since group 13 elements and
rare-earth metals show no clear tendency toward oxidative addition. The first pentadienyl-based
metallacycles were introduced by Ernst in 1987, followed by a prosperous period for this

specific topic, with representative ones shown in Scheme 1.
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Scheme 1. Milestones in metallacycle chemistry of the transition metals, emerging from pentadienyl ligands. 1 Molybdenum metallacycle
Mo,(2,4-C;H;1)(2,4-C7Ho)(CO)s by Ernst. 2 Iridabenzene Ir(2,4-C;Ho)(PEt;); by Bleeke. 3 Manganese metallacycle Mn,(CsHs),(2,4-C;Hy) by
Emst. 4 Mixed nickelobenzene ruthenocene (CsMes)Ru(u-(Ni(C;Hy))(CsHs) by Salzer. 5 Homoleptic ruthenabenzene ruthenocene
Ru(Ru(C7Hy)(CO)3), by Salzer.

The precursor of complex (1) could be prepared by treatment of [(diglyme)Mo(CO)3] with the
potassium salt of the 2,4-dimethylpentadiene K(2,4-dmp) to form n’-coordinated ionic [(2,4-
dmp)Mo(CO)3][K(diglyme)], which readily reacted with 1,2-diiodoethane to form dimeric



complex (1).1°7] This takes place through oxidative addition at one of the molybdenum centers
via abstraction of the protons at one of the pentadienyl moieties, precipitating KI and
eliminating ethane. A comparable approach was used for the formation of complex (2), utilizing
[[rCI(PEt3);] as easily accessible iridium precursor and K(2,4-dmp). Subsequent first
deprotonation of [(2,4-dmp)In(PEt3)3] with methyl trifluoromethanesulfonate MeOTf gave the
dianionic pentadienyl moiety, while the second deprotonation with sodium enolate eliminated
acetone and NaOTf. Thus, no routine oxidative addition, but rather a series of different
deprotonations was used to isolate (2).14 Ernst and co-workers showed a more direct approach,
leading to the manganesebenzene (3). Which starts straight from an equimolar mixture of
MnCl,, NaCsHs, and K(2,4-dmp) or the [CsHsMnCI(THF)]> with K(2,4-dmp). This reaction
directly includes formation of H» via oxidative elimination, to end up with the desired complex
(3).1921 Complex (4) was isolated, using [(2,4-dmp)Ru(CsHs)], together with a cationic Cp-
complex, in this case, the nickel “triple-decker” cation [(CsHs)3;Niz][BF4], thus forming the

[61] Reacting the

nickelobenzene likewise via oxidative elimination and extrusion of Ha.
symmetrical “sandwich” complex precursor [Ru(2,4-dmp);] with the neutral trimeric
[Ru3(CO)12] at 145 °C, affording H» extrusion on both open pentadienyl systems, thereby

forming ruthenabenzene “sandwich” complex (5).[60]



3 Group 13 element incorporated metallacycles
3.1 Synthesis routes, and their Cs-unit precursors

In comparison to their transition metal congeners, the group 13 element heterobenzenes are,
accessible via different exchange reactions, namely salt metathesis, and ring rearrangement
reactions, e.g., Stille-like reaction.[’’-”8] Through an unsuspected ring rearrangement, Herberich
and coworkers were able to isolate the first borabenzene!”’), and with it the first group 13
heterobenzene. Herberich started with cobaltocene [Co(CsHs).], which was reacted with
CsH;sBBr; affording [(CsHs),CoBr] and a red unstable solution which could be stabilized with
SrBr4 to give [(CsHs)Co(CsHsB(CsHs))][SnBre]. The reaction could be described as additive
oxidation of both cobaltocene with Br and ring expansion reaction of one CsHs with CsHsBBr.

This remarkable discovery started the search for further group 13 heterobenzenes, (Scheme 2).
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Scheme 2. Milestones in metallacycle chemistry of the group 13 elements, via Cs building units. 6 first boratabenzene metallacycle
(PhBC;Hg)Co(CsHs) by Herberich. 7 Aluminabezene [Li(DME);][Mes-Al(1,5-(Si('Pr);)] by Yamashita. 8 Gallabenzene
[Li(THF),][CsHsGaMes*] by Ashe III. 9 Indabenzene [Li(DME);][Me-In(1,5-(Si("Pr);)] by Yamashita.

The first approach aiming directly at a not metal coordinated boratabenzene was made by Ashe
IIT and co-workers, utilizing the Stille coupling-like route via a preformed Cs building unit in
the form of 1,4-pentadiyne, reacting with stannene R,SnH> to produce the intermediate cyclic
alkyl tin system which can be exchanged against boron via PhBBr», (Scheme 3). The resulting
cyclic boron complex was deprotonated using ‘BuLi to obtain the monoanionic boratabenzene
(6).°1 An aluminum congener was described in 2014 by Yamashita and coworkers, utilizing
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similar conditions as Ashe III before. Here, a Cs building unit in the form of bis-
(triisopropylsilyl)diyne was reacted with DIBAI-H and subsequently chlorinated with
Bu:SnCly. The intermediate cyclic aluminohexadiene is stabilized by an AIC1’'Bu moiety as
Lewis acid, which was displaced by the addition of pyridine. The pyridine adduct was treated
with Li-Mes to obtain the Mes-stabilized monoanionic aluminabenzene with the Lithium being
separated by coordination of DME, as complex (7).[¢! In comparison to these routes, the first
gallabenzene (8)!7°], by Ashe III and co-workers was synthesized via a 1,5-di-lithium-diene as
a Cs building unit and ArGaCl,. The targeted gallium cyclohexadiene was subsequently

converted to gallabenzence complex (8) by the addition of ‘BuLi.
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Scheme 3. Schematic depiction of the different routes toward milestones in the formation of group 13 elements embracing heterobenzenes. I,
ring rearrangement including boron to a cyclopentadienyl moiety. I1, Stille-like reaction of R,SnH, to form a cyclic hexadiene stannane as a
precursor for exchange reactions. III, mixed pathway with Stille-like reaction formation and DIBAI-H to isolate a cyclic alumina hexadiene.
IV, salt metathesis reaction with suitable group 13 precursor. V, exchange reaction with a cyclic alumina hexadiene and suitable group 13
precursors. VI, deprotonation with lithium alkyls, yielding in the “aromatic” target molecules.

It is noteworthy, that the alumina cyclohexadiene intermediate mentioned vide supra and
introduced by Yamashita can be treated with GaCls to produce an isostructural gallabenzene.
This was also possible in the case of the indabenzene complex (9), by simply reacting the afore
mentioned aluminum intermediate with InCls, methylation with AIMe; and followed by

deprotonation with lithium tetramethylpiperidide.*!



3.2 Synthesis via deprotonation of rare-earth-metal supported pentadienyls

In this section main findings of this thesis are included for reasons of better understanding

and comparability.

In contrast to the previous synthesis protocols, the formation of rare-earth-metal supported
metallacycles involves the deprotonation of the exo/endo protons of pre-coordinated
pentadienyls, and depends on the steric bulk of the Cs precursor. Starting with Ln(AlMes)s; (VII)
as the rare-earth-metal precursor®-33, the polymer [LnMes], (VIIIy) can be obtained via donor

induced aluminate cleavage for the smaller rare-earth-metals (Ln = Sc, Y, Ho - Lu), (Scheme

4).[84—85]
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Scheme 4. Rare-carth-metal supported synthesis pathway for aluminum and gallium heterobenzenes via deprotonation, exemplarily for (VII,),
yttrium tetramethylaluminate as a precursor for the following aluminate cleavage with diethyl ether, resulting in (VIIly), with the possible
addition of Lewis acids such as GaMes; and AlMej; to from (VIIy) and (IXy). Through the introduction of the Cs-unit, in the form of 2,4-di-tert-
butyl-pentadienyl, the temperature labile intermediates (Xy) for Al or Ga can be obtained. Depending on the added Lewis acid, at ambient
temperatures, the rare-earth-supported alumina- 10, or gallabenzene 11, can be isolated.



To this amorphous [LnMes],, addition of Lewis acids, such as AlMes or GaMes yields the
respective aluminate (VII) or gallate (IX). The pentadienyl ligand is introduced via salt
metathesis, while the delicate “sandwich” intermediates (XavGa) can be isolated at -40 °C. The
targeted heterobenzenes form at ambient temperatures on the pentadienyl-supported rare-earth-

metal.[86-87]

4 Rare-earth-metal containing metallacycles, via deprotonation of rare-

earth-metal supported pentadienyls

The next group of heterobenzenes consists of rare-earth-metal-containing metallacycles,
emerging from rare-earth-metals supported by sterically demanding pentadienyls. Several
approaches are viable, with the first shown by Walter and co-workers, where they conducted a
salt metathesis between LnCl3(THF), with three equivalents of the potassium 2,4,di-fert-butyl
pentadienyl K(2,4-dtbp), (Scheme 5).[3%8) While the earlier, bigger rare-earth-metals (Ln = La —
Nd) gave the expected tris (pentadienyl) complexes [Ln(2,4-dtbp)s], the easily reducible rare-
earth-metals Ln = Sm, Eu, Yb instead formed the divalent “sandwich” complex [Ln(2,4-dtbp)-].
This reduction was already shown for titanium and chromium by Ernst and co-workers, where
Ti(IIT) and Cr(IIT) halides got reduced by K(2,4-dtbp), thus forming [M(2,4-dtbp).] and the
dimeric Wurtz coupling product 2,4,7,9-tetra-tert-butyl-1,3,7,9-decatetracne.[¥-1 In the case
of the later, smaller rare-earth metals (Ln = Sc, Y, Gd — Lu), the reaction pathway is dominated
by the steric bulk of the pentadienyl system. Thus, the formation of the [Ln(2,4-dtbp)s] is
probably taking place has a transiently occurring n-coordinated pentadienyl might trigger the
deprotonation of the exo/endo protons of other pentadienyl ligands, forming dimeric structures

with three differently coordinating and differently charged Cs ligands shown as (12).
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Scheme 5. Known rare-earth-metal incorporated heterobenzene moieties via deprotonation reactions. 12, v, ga - Lu» this substance class was
introduced by Walter and co-workers via “self-assembling” of sterically crowded tris (pentadienyls) of the smaller rare-earth-metals.

One pentadienyl ligand in complex (12) is coordinating in a monoanionic Cp-like fashion. The
second dianionic Cs-Ligand is bridging two metals in an anionic alkylic n!-coordination and an
n°-coordination. The last trianionic Cs-ligand is forming a heterobenzene-like structure,
embracing the rare-earth-metal center in a dianionic way and coordinating in a n’-coordination

monoanionic to the opposing metal center.

Utilizing the pure trimethyllutetium precursor [LuMes], as a starting material, several one-pot
synthesis routes can be conducted. In situ Lewis adduct formation between GaMes and one of
the methyl groups of [LuMes], forms an intermediate GaMe4 anion which can readily react with
the potassium salt K(2,4-dtbp) to form the intermediate [(2,4-dtbp)i sLuMe; s]x, and K(GaMes)
as precipitate, (Scheme 6). The methyl groups of the intermediate structure eventually
deprotonate the exo/endo protons on the pentadienyls to form the dimeric complex (13).
Adjusting the stoichiometry of potassium salt and the gallium alkyl to one equivalent, complex
14 was obtained, displaying again three different pentadienyl coordination modes. The central
lutetabenzene is completely planar and is forming as an inverse “sandwich” which neighbors
two lutetium centers (n’-coordination mode). The other two pentadienyls feature monoanionic

coordination and a dianionic moiety bridging between two lutetium atoms and coordinating
9



alkylic to the central lutetium. Following this synthesis route, complex (15) could be isolated
via a small excess of GaMes, forming a dianionic planar gallabenzene bridging between two

lutetabenzenes, thus the first mixed heterobenzene complex of its kind ever mentioned.

1.5 GaMej
[LuMes], 1.5 K(2,4-dtbp)
VIl

1.75 GaMesy
1.5 K(2,4-dtbp)

By

tBusn...

tButm...
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Scheme 6. Complexes 13, 14, and 15 were prepared by Anwander and co-workers utilizing different stoichiometries of [LuMes], VIIIy,,
GaMe;, and the potassium salt K(2,4-dtbp)
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5 Accessibility of different Structural Motifs via Cs Precursors

As shown before, there are four main routes toward heterobenzene moieties via Cs precursors,
with different structural motifs accessible depending on the chosen route, (Scheme 7). While
the Stille-reaction-like alkyne precursor shows the advantage of straightforward accessibility
via 1,4-pentadiynes (III) and their derivatives, it also blocks the meta (m) position in the later
heterobenzene, at least at this stage of the synthesis. It is nevertheless the most used synthesis
route toward heterobenzenes by exploiting the stannation with R,SnH; to the Stille-like
intermediate (III*). At this stage it is formally possible to introduce a substituent in meta (m)
position, but so far only none and ortho (0) substituted heterobenzenes have been prepared via
this way. The final introduction of the heteroatom gives access to the substitution on the ipso
(7) position via a choice of R and X in the REX; compound. The congeneric route via 1,5-
dilithio-1,4-pentadiene (IV), uses the same Stille-like intermediate (IIT*) and hence the same
substitution pattern. Via ring closure with REX5 are ipso (i), ortho (o) and para (p) substitution

patterns accessible.3% 3911

m
o I}
i,o,m,p
p p
p
m
o m m
i,o,m, p i,o,p o,p
_— B -
p P> /Sn\ o
| o E R R o
I Mo - "
i,o,p
m
Li Li
/ /
o p
v

Scheme 7. Different routes toward heterobenzene moieties and the resulting accessibility of structural motifs are shown as the resulting
substitution patterns on the heterobenzene. (i) ipso, (o) ortho, () meta and (p) para.
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Ring expansion of cyclopentadienyls via the addition of BX3 gives formally access to all
positions in the resulting heterobenzene, but it was only shown in the form of Herberichs
[(CsHs5)Co(CeHsB(CsHs))][X] (X = PFs or 0.5 SnBre) and is therefore not of relevance (I). The
last route utilizes preformed monoanionic pentadienyls (II), which are either commercially
available as dienes or obtained via a three-step synthesis, (Scheme 8).133- 9291 The so-prepared
Cs-synthons can bear substituents at the meta (m) and para (p) positions as well as

unsymmetrical mixtures.

0
o) o) | | K
w v
+ —_— R! R — > 4 3 —
R T"R? R® “CHj R R R’ R

Aldol R? Wittig R2 R2

Scheme 8. Synthesis of different substituted pentadienyls, utilizing an unsymmetrical Aldol reaction, a Wittig olefination, and deprotonation.
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6 Structural and Chemical Properties of Monoanionic Heterobenzene

Moieties
6.1 Transition-metal based heterobenzenes

Utilizing the salt metathesis and subsequent cyclization via oxidative addition deprotonation
reaction mentioned vide supra, transition-metal metallabenzene complexes could be obtained.
Bleeke and co-workers showed that iridabenzene behaves as an “arene” and can therefore be
used as a neutral metallabenzene ligand.!% 190-1011 ‘While (2) could be obtained via salt
metathesis and subsequent oxidative addition and deprotonation, (16) is accessible via arene
exchange with [(xylene)Mo(CO);], while (17) is obtainable via oxidation with HBF4, (Scheme
9). Complex (2) shows a conjugated alternating pattern regarding the C—C and Ir—C interatomic
distances, whereas (16) and (17) depict rather two located double bonds and an anionic charge
at the Cpara atom. Nevertheless, no significant deviation out of the ring plane is detected and the
coordination can be described as n°® in both cases. Due to the bridging hydrido ligand in 17, the
Ir-Mo interatomic distance of (2.950 (1) A) is even shorter than for the none-bridged (16)
(2.978 (1) A)

BF,

Scheme 9. Neutral iridabenzene 2 and the derived molybdenum arene complex 16 and cationic oxidized species 17.

Due to the ring current in complex (2), the proton signals for Hi/Hs at (10.91 ppm) and Hj at
(7.18 ppm) experience a shift to the lower field. The arene complexes (16) and (17) however,
show a lesser shift to lower field with (8.08) (16) and (7.89) (17) ppm for Hi/Hs and (6.25) (16)
and (7.01) (17) ppm for Hs. It is noteworthy that metallacycles in complex (17) could be
regarded as a neutral ligand arene or as a monoanionic iridabenzene, as it is the case for

complexes (1) and (3), where the molybdenobenzene (1) or manganobenzene (3) acts as a

13



monoanionic ligand, comparable to a cyclopentadienyl ligand, (Scheme 1).162 66: 1021 Complex
(1) is similar to iridabenzene complex (16), and neither the ring C—C nor Mo—Mo/Mo—Ir
interatomic distances differ greatly, also due to the carbonyl coordination on the central
molybdenum. A difference can be found in the (non) planarity of the heterobenzene, with the
iridium being almost co-planar with the Cs fragment, and the molybdenum displaced from the

Cs plane, away from the central molybdenum, (Scheme 10).

Scheme 10. Schematic comparison of complexes 1 and 3 regarding the planarity of the heterobenzene and the corresponding localization of
the double bonds.

Taking complex (3) into account, the respective out-of-plane distortion brings the ring-
manganese in closer proximity to the central manganese, hence enhancing the Mn-Mn
interaction to an interatomic distance of (2.459 (3) A). This divergence can also be observed in
the localization of the double bonds, which are in the case of the molybdenum-centered
complexes (1), (16), and (17) found between Coriho and Cmeta and in the case of the manganese
complex (3) between Cpmeta and Cpara. Compound (1) shows the typical 'H-NMR shift for the
ring protons with (7.66 ppm) for Hi/Hs and (5.90 ppm) H3, while no measurement was taken
for complex (3). Salzer and co-workers established various protocols toward ruthenium-
centered “sandwich” metallabenzenes (4), 5), and (18).[69-61- 631 Tjke for the afore mentioned
molybdenum complexes, the heterobenzenes of the ruthenium complex show a loss of planarity
regarding the heteroatom, with the strongest distortion out of the plane observed for complexes
(18), followed by complex (4) and (5) with the highest planarity. While (4) and (18) were
obtained via the reaction of [(CsMes)Ru(2,4-dmp)] which either the nickel triple-decker
[(CsHs)3Ni2][BF4] or [(CsHs)Ru(MeCN)][PFs] as precursors, complex (5) was accessible via

Ru(2,4-dmp), and Ruz(CO)2. Comparing the interatomic distances of the three complexes, the
14



heterobenzene in (18) exhibits the highest aromaticity regarding the C—C and the Ru—C

interatomic distances, despite the loss of planarity, (Scheme 11).
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Scheme 11. Schematic depiction of metallabenzene coordinated ruthenium complexes 4, 5, and 18.

Complexes (4) and (5) show localization of the double bonds, despite the higher planarity. All
three ruthenium complexes display an aromatic shift for the ring protons of the regarding
heterobenzenes. Complex (18) showed the heaviest divergence with (10.31 ppm) for Hi/Hs and
(5.47 ppm) for Hs, followed by the nickelobenzene with (9.70 ppm) for Hi/Hs and (5.70 ppm)
Hs. Interestingly, these protons resonance appeared inverted in complex (5) with that of Hs at

lower field (6.23 ppm) than for Hi/Hs with (5.60 ppm).

6.2 Group 13 element-based heterobenzenes

While protocols for anionic boratabenzenes have been established for a while now, the
corresponding routes for the higher group 13 heterobenzenes have been discovered more
recently, with an exception for some gallabenzenes[3# 36, 38-39, 91, 103-106] “ A three archetypal
monoanionic alkali-metal salts are available as complexes (7), (8), (9) and for Boron the
ammonium salt (19), shown in Scheme (12).32-33. 35, 46, 107-108] Egllowing the ionic radii of the
group 13 elements, the boratabenzene (19) displays the most narrow C—E—-C angle of all
heterobenzenes (19) with (114.25(2) °), compared to (109.38(10) °) (7), (108.72(11) °) (8), and
(102.59(12) °) for (9). Logically, the same trend is observed in the elongation of the E-C
interatomic distance, except for Al-C (1.922(2)-1.924(2) A) and Ga-C (1.927(3) A) which are
almost the same. This is probably caused by the higher electronegativity of gallium and the
resulting higher covalency of the Ga—C bonds.['"! The 'H-NMR spectra show a similar trend,
with (7.28 ppm) for Hmeta, (6.47 ppm) for Hortho, and (6.18 ppm) for Hpara in complex (19), (8.16
ppm) for Hmeta and (5.98 ppm) Hpara in complex 7, (8.23 ppm) for Hortmo and (6.01 ppm) Hpara in
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complex (8) and (8.57 ppm) for Horno and (5.88 ppm) for Hpara complex (9). This underlies
again, the effect of the lower electronegativity of aluminum showing almost the same values as

gallium despite the bigger ionic radii of the latter.

SitPry \\SiiPr3 \\SiiPrS
.7 < Al —Mes < Ga —Mes Q—
SiPrs SiPPry Si'Prs
[PhNMes]* [Li(dme)s] [Li(dme)s [Li(dme)s]*
19 7 8 9

Scheme 12. Schematic depiction of group 13 atom bearing heterobenzenes as pseudo alkali metals salts and ammonium salts, borabenzene as
19, aluminabenzene as 7, gallabenzene as 8 and indabenzene as 9.

The usability as a monoanionic ligand was examined extensively for boratabenzenes in different
metal environments, as it is shown in Scheme 13 for representative complexes of a transition

metal (20), a main group metal (21), an alkaline-earth metal (22), and a rare-earth-metal (23).3%

42-46, 105, 108, 110-113]

Scheme 13. Different monoanionic boratabenzene complexes, reaching from transition metal 20 to main group 21, alkaline-earth 22, and rare-
earth-metal centers 23.

The boratabenzene ligands have no propensity to form dianionic “borate” moieties, e.g. B-Cl-
Sc via a linkage, as it would be possible in the case of the chloride bridged scandium
boratabenzene sandwich dimer. The B-M interatomic range from (2.283(5) A) in the case of
B—Co in complex (20), over (2.436(2) A) in for B-Mg (22), to almost similar distances of
(2.808(11) A) for B-Pb (21) and (2.826(1)-2.855(1) A) for B-Sc. This is not the case for the
interatomic distances in the boratabenzene ring, with B—C distances reaching from (1.508(3)-
1.526(2) A) and B-Cwme distances from (1.583(2)-1.596(1) A), thus underlying the
incorporation of the boron in the aromatic system. The only exception is given for complex

(21), where the B-C interatomic distances differ vastly from (1.438(1)-1.609(1) A), with
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conjugated localized double bonds in the ring, thus forming a localized boratabenzene. While
the coordination of monoanionic boratabenzenes to different cations, as in the complexes (20-
23), has almost no influence on the aromatic properties and other structural parameters of the
boratabenzenes, this cannot be said for the higher congeners. The corresponding 'H-NMR shifts
can be explained via the SCXRD, where the interatomic distances vary with the metal and also
with monomer-dimer behavior. Thus, given different distances between the Cortho, Cimeta, and
Crara to the metal center, and the partial electronic charge is changed. This can also be seen in

the regarding protons shifts, given in Table 1.

Table 1. 'H-NMR shifts of the corresponding ring protons, Hortho, Hmeta, and Hpara 0f the complexes 20 - 23 in ppm

Complex Hortho Hineta Hpara
20 n. a. n. a. n. a.
21 7.29 6.20 7.00
22 6.69 7.61 6.42
23 5.39 6.02 6.02

Quite recently a series of complexes of the higher congener, the aluminabenzenes have been
published.[***81 While the non-coordinated alumina- and gallabenzenes show aromaticity,
measured by their planarity and the interatomic distances, a severe loss of those features
happens with the coordination to a metal center as shown in Scheme 14. Yamashita et al.
published a series of aluminabenzene-coordinated complexes (24, 25, and 26) where the
aluminabenzene ligands directly formed “dianionic” fragments, when feasible.[- 43461 This was
the case for complex (24), where the chlorido is bridging between Al and Zr, thus forming a
“semi-aluminate”. If, however, the potential bridging ligands are sterically too demanding, like,
in complex (25), the resulting complex forms a zwitterionic structure with a tetrahedrally
coordinated aluminum which is heavily displaced from the ring plane. Scrutinizing the “semi-
aluminate” aluminabenzene in complex (24), localized double bonds can be found between
Cortho—Crmeta (1.375(5) to 1.404(5) A) and longer interatomic distances between Cmeta—Cpara
(1.413(5)-1.438(5) A), as well as Al-C distances between (1.978(3)-2.029(4) A), thus still
showing aromatic properties but less than the “free” aluminabenzene in compound 7. The
zwitterionic dianionic congener in complex (25) could better be described as an anionic
butadiene linked to a tetrahedrally coordinated aluminate, thus featuring close C—C distances
in the butadiene moiety ranging from (1.407(4) — 1.423(4) A), and Al-C distances between
(1.993(3)-2.188(3) A). An interesting approach was given in the case of the complexes (26rn)

and (261r), where the absence of a second anionic ligand rules out the formation of a “semi-
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aluminate” or aluminate ligand. This led to localized double bonds in the aluminabenzene
between Cortho—Crmeta (1.391(5) to 1.405(5) A) and integration of the aluminum as revealed by
Al-Comno distances between (1.927(4)-1.942(4) A), which is quite close to the “free”
aluminabenzene in (7). While the interatomic distances in the ring systems change in the viewed
complexes, the M—Al distance is not as strongly altered, with values between (2.958(11)-
2.9836(11) and 2.969(9) A) for (24) and (25) and (2.7901(13) A) for (261r) and (2.8168(12) A)

for (26rn), due to “semi-aluminate” and aluminate formation.

Prsi

24 25 26 27

Scheme 14. Transition-metal based complexes with monoanionic alumina- and gallabenzene ligands, showing the formation of “sandwich”
complex 24, “zwitterionic” complex 25, due to sterically demanding ligands, and the monoanionic coordination in the complexes 26gp, 1r
complex 27.

The tendency of gallium to build gallate complexes is lower than for aluminum, which was
shown for the anionic coordination of the first isolated gallabenzene in complex (27). Therefore,
the resulting gallabenzene shows two localized double bonds between Cortho—Cuneta (1.386 to
1.396 A) and a heavy deviation of the gallium out of the ring plane, due to the sterically
demanding aryl substituent. Thus, complex (27) shows a loss in planarity and aromaticity of
the metallacyclic ligand compared to the “free” gallabenzene in complex (8). While the
substitution pattern on the Corwno for complexes (24 - 26) imply no proton shift in this position,
the main influence remains the anionicity of the corresponding carbon atom and with that the
proximity to the metal center, as shown in Table 2. Due to the inherently twisted conformation

in complex (24), the corresponding protons on Corho and Cpara show a different chemical shift.

Table 2. 'H-NMR shifts of the corresponding ring protons, Horthos Hineto, and Hypgr, of the complexes 24 - 27 in ppm

Complex Hortho Hineta Hpara
24 - 7.70-8.36 6.68-6.76
25 - 7.59 7.22
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26rn - 6.78 6.80
261 - 6.41 6.85
27 6.60 7.47 6.60

6.3 Group 13 element-based heterobenzenes on rare-earth metals and other cations

As mentioned beforehand, the formation of group 13 heterobenzenes can be achieved through
several approaches. Anwander et al. showed that a cascade of deprotonation reactions of rare-
earth-metal aluminates and gallates with pentadienyl precursors at ambient temperatures result
in “semi-aluminate/gallate” dianionic heterobenzene moieties with an almost sandwich like
structure, (Scheme 15).[42 113-114] (and Angew. Chem. Int. Ed. manuscript). Noteworthy, the
reaction of Y(AIMe4); and Y(GaMes)s; with 2 equivalents of K(2,4-dtbp) at -40 °C resulted in
the corresponding sandwich aluminate (1) or gallate (2), (Scheme 15). Due to the changed Cs-
substitution pattern in the Cueta position, this approach opened the feasibility of new group 13
heterobenzenes. Like the prior mentioned Corno substituted alumina- and gallabenzene
complexes, reduced aromaticity regarding the C—C and E—C distances and the planarity was

observed.
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+ 2 K(2,4-dtbp), rt.
Y(EMey); -

_2 K(EMey), -2 CH,

Bu

+2 K(2,4-dtbp) | _
DY 2 K(EMe,)

Me,, ____-Me rt. T
tB ~E
Me/ \Me -2CHy
_.unll\tBu
XAIIGa E = Al/Ga

tBu

Scheme 15. Temperature-dependent reaction of homoleptic Y(AlMey); or Y(GaMey); with two equivalents of the potassium salt K(2,4-dtbp),
at ambient temperature, resulting in complex 10 (Al) or 11 (Ga), top. The low-temperature approach results in the corresponding sandwich
aluminate or gallate Xayga (bottom).

Table 3. 'H-NMR shifts of the corresponding ring protons, Horho, Himeta, and Hyara 0f the complexes 10 - 11 in ppm

Complex Hortho Hineta H para
10 (Al) 5.80 - 5.30
11 (Ga) 5.67 - 5.36

Both complexes show localized double bonds between Cortho—Crmeta (1.378(4)—1.386(5) A) and
Al-C distances between (1.958(4) and 2.096(6) A) for (10) and Corho—Cmeta (1.381(3)-1.386(3)
A) and Ga—C distances between (1.961(3) and 2.116(2) A) for (11). More of interest is the close
interatomic distance between Al/Ga—Y with (2.770(9) A) for aluminum and even shorter
(2.747(3) A) for gallium, compared to the remaining Y—C bonds of around 2.5 A, indicating a
nb-coordination of the ring systems. Since both complexes (10) and (11) are isostructural,
almost identical ring proton shifts are not surprising, (Table 3). These heterobenzene complexes
can interact with several mono- or bidentate donors, resulting in a flock of different complexes,

(Scheme 16). The use of monodentate donors (THF, Py, DMAP, and PMe3) resulted in the mere
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coordination of the donor to the yttrium center, with no interaction with the Lewis acidic
aluminum moiety. Similarly, bidentate donors DME and TMEDA also coordinated to the same
yttrium center, replacing the bridging methyl almost entirely (DME) or even forcing an
exchange between the pentadienyl ligand and one of the methyl groups on the aluminum due
to steric pressure. The latter reaction formed complex (38) containing terminal methyl group,

which have been known for their high reactivity.!'3-11°]

:tBu tBu
; / N\—Bu  Bu
Al )
Do Do TMEDA /

Bute, tBu

.. \
_N Me
B \\\
{Bu N~

_ 28 THF (Al), 29 Py (Al), 30 DMAP 10/11
= (Al) 31 DME (Al), 32 DME (Ga),
33 PMe; (Al), 34 PMe; (Ga)

Bu,,

Bu

35 4,4-Bipy (Al)
36 DMPE (Al), 37 DMPE (Ga)

Scheme 16. Formation of different monodentate and bidentate donor-adducts of alumina- and gallabenzene-bearing yttrium complexes,
resulting in a series of monomer complexes for THF, Py, DMAP, DME, PMe;, bimetallic compounds for 4,4-Bipy and DMPE, while TMEDA
forced exchange between a methyl group and the pentadienyl moiety.

Sterically rather demanding bidentate donors as DMPE or rigid systems as 4,4-Bipy resulted in
the formation of donor-bridged compounds, without interacting with the group 13 elements.
The interatomic distances of the donor adducts are shown in Table 4. Only bidentate donors

coordinating to the same yttrium center show a distinctive variation in the bonding situation.
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Table 4. Overview of several donor adducts of yttrium alumina- and gallabenzene complexes and their corresponding interatomic distances in

A

Complex Al/Ga-C Cortho—Cimeta Crneta—Cpara Al/Ga-Y Y—Chme
28 THF (Al) 1.972(2)-2.034(2) 1.377(3)-1.382(3) | 1.445(3)-1.453(3) | 2.869(2) 2.867(2)
29 Py (Al) 1.965(3)-2.050(3) 1.372(5)-1.379(5) | 1.434(4)-1.461(4) | 2.867(5) 2.861(1)
30 DMAP (Al) 1.983(2)-2.057(7) 1.361(2)-1.376(2) | 1.443(2)-1.446(2) | 2.856(3) 2.808(2)
31 DME (Al) 2.000(4)-2.022(4) 1.361(5)-1.388(5) | 1.442(5)-1.443(5) | 3.191(5) 4.157(3)
32 DME (Ga) 2.007(4)-2.047(4) 1.371(5)-1.3885) | 1.443(5)-1.444(5) | 3.157(5) 4.142(2)
33 PMe; (Al) 1.961(7)-2.025(7) | 1.374(9)-1.393(10) | 1.437(9)-1.467(9) | 2.878(2) 2.969(7)
34 PMe; (Ga) 1.970(2)-2.048(2) 1372(2)-1.375(2) | 1.441(2)-1.444(2) | 2.857(16) 2.986(2)
3544-Bipy (Al) | 1.968(2)-2.040(2) 1.362(3)-1.375(3) | 1.448(3)-1.450(3) | 2.867(8) 2.993(2)
36 DMPE (Al) 1.961(2)-2.032(2) 1.378(3)-1.384(3) | 1.443(3)-1.446(3) | 2.886(6) 2.990(2)
37DMPE (Ga) |  1.975(4)-2.048(4) 1.372(5)-1.383(5) | 1.444(5)-1.452(5) | 2.868(5) 3.052(5)
38 TMEDA (Al) | 1.991(4)-2.019(4) 1.386(5)-1.394(5) | 1.427(5)-1.433(5) | 3.048(12) 3.690(12)

The donor complexes show different interatomic distances of the cycle carbon atoms to the

cationic metal center and therefore also different planarities. However, the solution "H-NMR at

ambient temperatures, feature almost the same chemical shift for the ortho and para protons as

their mother structures (10) and (11), (Table 5).

Table 5. 'H-NMR shifts of the corresponding ring protons, Horthos Hineto, and Hypgr, of the complexes 28 - 38 in ppm

Complex Hortho Hineta Hpara

28 THF (Al 5.79 - 5.29
29 Py (Al) 5.76 - 5.24
30 DMAP (Al) 5.79 - 5.32
31 DME (Al) 5.72 - 5.25
32 DME (Ga) 5.66 - 5.36
33 PMe; (Al) 5.79 - 5.30
34 PMes (Ga) 5.67 - 5.36
35 4,4-Bipy (Al) 5.80 - 5.29
36 DMPE (Al) 5.79 - 5.29
37 DMPE (Ga) 5.67 _ 5.36
38 TMEDA (Al) 5.79 - 571

Furthermore, due to the dianionic character of the “semi-aluminate/gallate” the opposing

pentadienyl ligands tend to be easily exchanged for stronger bonding ligands as CsMes in the
complexes (39a1), (40Ga) and TpMeMe in the complexes (41a1), (42Ga), (Scheme 17). While the
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CsMes coordinated complexes (39/40) still show a short Y—Cye bond of (2.584(3)/2.582(3) A),
thus indicative of a “semi-aluminate/gallate”, the TpM®Me-coordinated complex feature a Y—
Cwme distance of (3.030(3) A) and can therefore be discussed as a zwitterionic compound as it is

the case for complex (25) or the DME and TMEDA coordinated complexes (31/32) and (38).

tBu

Me \
=L
I

KCsMes Me
B
n-hexane, 2 d !

B N, n=/

M
10/11 Me ", Me ©
KTpMe,Me “,
CY JBu

n-hexane, 2 d $

E = (Al Ga

tBu
41/42

Scheme 17. Ligand exchange reaction via salt metathesis of 10/11 with KCsMes and KTpM*Me resulting in the corresponding heterobenzene
complexes 39 (Al)/40 (Ga) and 41 (Al)/42 (Ga).

Comparing the ortho and para protons in complexes (39 - 42) with those in complexes (10),

(11), and the donor adducts (28 - 38) any significant difference was not observed, (Table 6).

Table 6. "H-NMR shifts of the corresponding ring protons, Heto, Hineta, and Hpara of the complexes 39 - 42 in ppm

Complex Hortho Hineta Hpara
39 5.30 - 5.08
40 5.21 - 5.16
41 5.65 - 5.55
42 5.64 - 5.50
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The reactivity of the aluminabenzene yttrium complex (10) was also probed toward the neutral
borane B(C¢Fs)s, borate [CPh3][B(CsFs)s] and fert-butyl alkyne, (Scheme 18). The neutral
borane reacted via the exchange of the bridging and terminal methyl groups for CeFs to afford
(43). Complex (43) exhibits a more pronounced deviation of the aluminum out of the ring plane
and localized double bonds between Cortho—Cumeta (1.384 A). Borate [CPh3][B(CsFs)a4] abstracts
the pentadienyl ligand, but no exchange between the methyl groups and the borate ligands CeFs
was observed. The resulting complex (44) can be described as contact ion pair with the
aluminabenzene sitting close on the yttrium center. Therefore, the Al-Y distance with
(2.7488(5) A) is quite short, and localized double bonds between Corho—Cumeta (1.374(2)—
1.383(2) A) are deflected. The loss of steric saturation was balanced through a benzene

molecule coordinating to the yttrium center.

Bu {Bu

7

Me\AI/ﬁ

. B(CeFs)s ',

tBu

\\\\\\
N
W

=tBu

ltBu

Scheme 18. Reaction products of 10 with B(C¢Fs); complex 43, with [CPh;][B(C¢Fs)4] complex 44 and with zert-butyl alkyne complex 45.

Treatment of (10) with tert-butyl alkyne led to a ring opening via protonation of the Corno atom,
resulting in a fert-butyl alkynido bridging between the yttrium and aluminum as well as a
dianionic Cs moiety bridging the same atoms. Ring-opened complex (45), shows a significant

proton shift of the bridging Cy moiety, (Table 7).

Table 7. "H-NMR shifts of the corresponding ring protons, Horiho, Hineto, and Hygr, of the complexes 43 — 45 in ppm

Complex Hortho Hineta Hpara
43 5.69-5.74 - 5.18
44 5.20 - 5.20
45 7.08 - 5.06

The reaction of aluminabenzene (10) with amides, in this instance LiN(SiHMe:)», led to the
exchange of the bridging methyl group for the amido in complex (46), (Scheme 19). More as
of the steric demand the pressure on the yttrium atom via addition of THF, gave complex)(47)

recreating a terminal amido ligand and two THF coordinated to the yttrium center and migration
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of the pentadienyl ligand onto the aluminum. While the aluminabenzene metrical parameters
remained almost unaltered by the initial amide/methyl exchange in complex (47), the THF-
induced pentadienyl displacement does affect the planarity of the aluminabenzene. The Y-Me
distance changes for instance from (2.627(1) A) to (4.142 A) and the heterobenzene can
therefore be considered as an aluminate implementing dianionic aluminabenzene entity, thus

forcing again a kind of Zwitterion.

tBu
Bu ; .
§ N\ —1Bu Li—N(SiHMe,),
Me ./~ / Bu
/Al [ 3
(Me,HSI),N —_— Al y
\N Me/ _ |

tBu

(Me,HSi),N

tBu,,// tBu

£ O

46 47 48

Scheme 19. Reactivity of 10 toward LiN(SiHMe,), resulted in complex 46 and complex 47 via addition of THF and minor side product 48.

The very same reaction also resulted in the formation of complex (48) as a minor product, where
an yttrium atom is inserted into one pentadienyl system and was described as a neutral
yttracycle coordinated by a LiN(SiHMe;), and the opposing aluminabenzene. The yttracycle
itself coordinates to another yttrium center in a n°° mode with a Y-Y distance of (3.263(0) A).
The C—C interatomic distances in the yttracycle show two localized double bonds between
Cortho—Crmeta (1.372(7)-1.390(7) A) and two longer bonds between Cmeta—Cpara (1.445(7)—
1.471(7) A), which is slightly longer than for aluminabenzene systems, but follows the same
trends, (Table 4). The corresponding aluminabenzene in complex (48) is strongly distorted out
of the ring plane and shows a double bond as well as allylic interatomic distances for Cortho—
Crneta (1.370(7) A) and Cortho—Cmeta—Chpara (1.409(9)-1.412(8) A), respectively. Nevertheless, this
side reaction revealed the possible incorporation of rare-earth metals in to the pentadienyl in
the presence of strong bases. The amido bridge in complex (46) is opening the biting angle
between AI-N-Y, thus shortening the distance between Cpara and the yttrium center, and shifting
the para proton to lower field compared to complex (10), (Table 8).

Table 8. 'H-NMR shifts of the corresponding ring protons, Hortho, Hineta, and Hpara 0f the complexes 46 — 48 in ppm

COHIPIGX Hortho Hineta Hpara
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46 5.14 - 5.66

47 n. a. n. a. n. a.

48 n. a. n. a. n. a.

The Anwander group reacted the CsMes-coordinated yttrium aluminabenzene complex (39)
with the Lewis acid AIMes resulting in the formation of the Lewis adduct (49), where the AlMe3
added to the partially electron-rich Corno atom of the aluminabenzene, thus bridging between
the Corho atom and the yttrium center. This addition entails localized, but alternating double
bonds for Al-Corho—Al bridging Corho—Cimeta (1.379(2) A) and Cimeta—Cpara (1.367(2) A) as well
as Al-C distances between (1.958 and 2.046 A), while the Y—Al distance in complex (49) is
almost the same for both aluminum atoms with (2.7999(6) and 2.8233(5) A). The stronger
Lewis acid AICls exchanges the chlorido ligands for aluminabenzene and methyl moieties,
resulting in complex (50) new structural motif and oligomeric [(CsMes)Y Cli sMeo 5] species,
(Scheme 21). Here, the intact aluminabenzene ligand functions as a monoanionic ligand (i),
(Scheme 20), and the “di-alumo-cyclobutane” moiety is a cationic ring, which is bonded to the
pentadienyl backbone (ii). The anionic aluminabenzene moiety shows comparatively shorter
distances between Cpeta—Cpara (1.407(4) and 1.411(4) A) and Cortho—Crmeta between (1.421(4) and
1.428(4) A) and also shorter Al-Corno distances (1.961(3)-1.980(3) A) indicating a double bond
character between the Al and Cormo atoms in this moiety. The “di-alumo-cyclobutane” features
Al-Comno distances between (2.027(3) and 2.037(3) A) and Al-Cy. distances between (1.971(3)
and 1.970(3) A). The pentadienyl backbone in (ii) shows localized but alternating conjugated
double bonds for Cortho—Cmeta (1.400(4) A) and Cmeta—Chpara (1.389(4) A).

Me

Al

tBu@\tBu

Scheme 20. Suggested retrosynthetic composition of complex 50. The anionic aluminabenzene i (left), and the “di-alumo-cyclobutane” cation
ii (right).
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AlMe;

>
toluene

0.5 AICI;
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+ 2 C5Me5YC|1_5Meo_5

Scheme 21. Reaction scheme of complex 10 with the Lewis acids AIMe; and AICl;, resulting in complexes 49 and 50, respectively.

While the proton shifts of the aluminabenzene ligand on the yttrium center showed only little
variety, this is not the case for complex (50) where the monoanionic moiety (i) shows a
significant shift to lower fields for the ortho protons and a shift to higher fields for the para
protons. The pentadienyl backbone in (ii) in the cationic moiety shows protons shifted to higher

fields, (Table 9).

Table 9. 'H-NMR shifts of the corresponding ring protons, Horho, Heta, and Hpara 0f the complex 50 in ppm

COl’IlpleX Hortho Hmeta Hpara
50a1uminabenzene 6.21 - 432
50pentadienyl-backbone 4.29 - 343

Utilizing the basicity of GaMes in a one-pot reaction with [LuMes], and K(2,4-dtbp) the
Anwander group showed that the incorporation of gallium in to the pentadienyl systems is
feasible for both pentadienyls, (Scheme 22). This could be achieved either at elevated
temperatures with four equivalents of GaMes3, resulting directly in the “sandwich” gallabenzene

methyl complex (51) (top), or at -40 °C with two equivalents of GaMes forming the delicate
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sandwich methyl complex (XI), which in the presence of additional GaMes gave complex (51)

as well. The monoanionic gallabenzene ligand exhibits localized double bonds of Cortho—Cmeta
with (1.391(4)-1.398(6) A) and Cmeta—Chpara distances for (1.430(6) and 1.432(6) A), as well as
a Lu-Ga distance of (2.989(4) A). Also noteworthy are the short Ga—C distances (1.921(4)—

1.958(4) A) indicating some level of a double bond between Ga—Corno. The dianionic
gallabenzene shows comparable Cortho—Cimeta a1d Crmeta—Cpara distances of (1.369(6)—-1.382(6) A)
and (1.454(6)-1.459(6) A) respectively, but the Lu-Ga distance of (2.6896(5) A) is significantly

shorter than for the monoanionic gallabenzene ligand . This is not the case for Ga—Coriho,

distances (1.946(4) and 2.030(4) A).

[LuMes], —

Vil

4 GaMej;
2 K(2,4-dtbp)

90 °C

2 GaMej
2 K(2,4-dtbp)

-40°C

u) tBu
U,
,~_:'\
H@Ga —Me
tBu H
51
e p
i, 1)
H
tBu
Me
H

N

tBu XI

JBu
Me\ H/,_,‘:
Ga | H
Me%
L -«
B H

2 GaMej

90 °C

Scheme 22. Reaction scheme of [LuMes], (VIIIy,) with K(2,4-dtbp) and GaMe;, resulting in complex 51 (top) 4 equiv. of GaMe; at elevated
temperatures or complex XI (bottom) 2 equiv. GaMe; at -40 °C.

The second monoanionic gallabenzene moiety in complex (51) shows a little more aromatic

character, with the ortho and para protons slightly shifted to lower fields, (Table 10).

Table 10. "H-NMR shifts of the corresponding ring protons, Hortho, Hineta, and Hpara of complex 51 in ppm

Complex

Hortho

Hmeta

Hpara

51 gallabenzene (top)

5.34

5.71
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51gallabenzene (bottom) 5 56 - 6 1 6

Quite recently, new types of monoanionic gallabenzene moieties have been established,
utilizing the synthesis via pentadienyl salts with a meta-substitution pattern. The addition of the
Lewis acid GaCls to complex (51) afforded trimetallic complex (52) very similar to complex
(50), but with gallium incorporated into the three ring systems instead of aluminum, (Scheme

23).

Trigallium complex (52) differs from trialuminum complex (50) only by the absence of
coordinated THF and is available in higher yields due to the availability of two already
preformed heterobenzenes. The Cortho—Crmeta (1.416(5)—1.420(5) A) and Cimeta—Cpara (1.394(6)—
1.400(6) A) shorter Ga—Corno (1.946(6)-1.953(4) A) distances in (52) are comparable to those
in (50) reveal a higher level of double bond character in the anionic part (iii) of complex (52),
than the aluminum congener (50). The “di-galla-cyclobutane” (iv) features Ga—Corno distances
between (2.032(4) and 2.113(4) A) and Ga—Cwme distance 0f(1.973(4) A). The pentadienyl
backbone in the cationic part (iv) shows localized alternating double bonds with more
delocalized bonds between Cortho—Cmeta—Cpara—Cimeta (1.401(5)-1.411(5) A) and Cmeta—Cortho
(1.432(5) A) than the aluminum congener (50). Those distances in (52) indicate a more
conjugated system for both, the “di-galla-cyclobutane” in the cationic part (iv) and a part of the

anionic pentadienyl backbone in (iv) compared to (50).

Me H A ‘:’ %
By GaCl Ga" H
tBU//,,,,' n-hexane N—~", / §
EN Z f/ 3
f Gg—Me s M By

tBu
Bu” 59 52
+ [LuCly],

Scheme 23. Synthesis of complex 52 (middle) from complex 51 (left) and GaCl; via elimination of [LuCl;],. Ionic fragments of complex 52,
anionic gallabenzene iii and cationic part iv.

Exploiting the oxophilicity of the rare-earth-metal center, complex (51) was treated with two
equivalents of KO'Bu, resulting the ligand exchange envisaged and the fragment of potassium
gallabenzene and a mixed alkoxy/methyl rare-earth-metal species which could not be further
identified, (Scheme 24). Potassium gallabenzene (53) was further reacted with cryptand [2.2.2]-

crypt to obtain the “free” uncoordinated gallabenzene (54). Both complexes show almost the
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same interatomic distances, underlying the negligibility of the coordination to the potassium.

The ring atom distances of (53 & 54) are shown in Table 11.

Table 11. Interatomic distances of the ring atoms of complexes 53 and 54 in [A]

53 54
Ga-Cortho 1.893(5)-1.895(5) | 1.884(3)-1.899(3)
Cortho-Crmeta 1.393(6)-1.395(6) | 1.385(4)-1.395(4)
Crmeta-Cpara 1.423(6)-1.424(6) | 1.421(4)-1.426(4)

Both complexes (53 & 54) show a higher level of involvement of the gallium into the aromatic

system, due to the shorter Ga—C distances.

JBu

Me\Ga/:D’?

Me 2 KOtBU [2.2.2]
tBu _— - -
tBu,,,,ﬁ n-hexane/THF Et,O

=
Ga—Me

Bu” 51 L 53 —n

+2 [LuMe(OtBu),],

Scheme 24. Reaction of complex 51 (left) with KO'Bu to 53 and elimination of [LuMe(O'Bu),],, and separation of the potassium cation with
[2.2.2] to yield 54.

The coordination of the electropositive potassium causes marginal proton shifts (53 versus 54),
(Table 12). Comparing complex (52) with the aluminum congener (50), the ortho protons of
52) show a shift to higher fields and the para protons of (52) to lower fields than those for
complex (50).

Table 12. '"H-NMR shifts of the corresponding ring protons, Horiho, Himeta, and Hyqra 0f the complexes 52 - 54 in ppm

Complex Hortho Hineta Hpara
52galiabenzene 5.09 - 6.53
52pentadienyl-backbone 2.82-4.23 - 6.22
53 6.63 - 5.74

54 6.41 - 5.57

6.4 Rare-earth-metal-based heterobenzenes

The group of Walter studied the salt metathesis reactions of rare-earth-metal chlorides with the

known pentadienyl potassium salt K(2,4-dtbp).I%8! They encountered three different reaction
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types, resulting in the mere salt metathesis product Ln(2,4-dtbp)s for the bigger Ln (La — Nd)
and the reduced sandwich products Ln(2,4-dtbp), for the easily reducible Ln (Sm, Eu and YD).
A more surprising reaction happened for the smaller, yet not easily reducible Ln (Sc, Y, Gd —
Lu), where the steric bulk forced the deprotonation of the exo/endo protons of the pentadienyl
ligands to form the mixed anionic complex series (12sc, Y, Gd - Lu), Which include three different
pentadienly units: monoanionic pentadienyl depicted in black, dianionic pentadienyl in blue,
trianionic pentadienenyl in red. The dianionic ligand bridges to the opposing Ln center via a -
bond, in form of a metallacycle, featuring the first heterobenzene, (Scheme 25) thus, ones

deprotonated blue pentadienyl which also coordinates via a 6-bond to the opposing Ln center.

And at last, the twice deprotonated pentadienyl embedded in the rare-earth-metal metallacycle

tBu L
\\\\O

in red, featuring the first Ln heterobenzene, (Scheme 25).

\

. Ln(2/4-dtbp)s

Ln=La-Nd

3 K(2,4-dtbp) + LnX; Ln(2,4-dtbp),
“3KX|Ln= Sm, Eu, Yb

tBu
12

Ln=Sc,Y, Gd-Lu

Scheme 25. Reaction of LnCl; with K(2,4-dtbp) conducted by the group of Walter, producing three distinct products the salt-metathesis product
(top), the tandem salt-metathesis, reduction (middle), and tandem salt-metathesis deprotonation resulting in the heterobenzene complexes 12,
y,Gd- Lu (bottom).

These metallacycle (12sc, v, Ga-Lu) show, depending on the ionic radii of the metal, two localized
double bonds between Cortho—Cmeta and two single bonds Cieta—Cpara, respectively, (Table 13).
The Ln—C distances appear shorter when compared with terminal methyls like [(2,4-
dtbp)2LuMe] (XI) or [(CsMes).LuMe], (Table 10),[''”] pointing to some degree of aromaticity
in the lutetabenzene-type moiety. Of greater interest is the possible interaction between the rare-
earth metals in the heterobenzene system and the central cation, forced by the coordination of

the heterobenzene moiety.

Table 13. Interatomic distances in [A] for chosen representative complexes of the Walter group, featuring heterobenzene moieties

COHlpleX Ln—cortho Cortho_cmeta Cmeta_Cpara Ln—Ln

12sc 2.245(2)-2.422(2) | 1.383(2)-1.392(2) | 1.429(2)-1.438(2) 2.929(4)
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1210 2.339(5)-2.391(5) | 1.386(3)-1.388(8) | 1.417(8)-1.452(8) 3.079(4)
12y 2.400(2)-2.422(2) | 1.386(3)-1.395(3) | 1.431(4)-1.450(4) 3.180(2)
126a 2.428(6)-2.442(5) | 1.395(8)-1.398(8) | 1.438(8)-1.449(8) 3.246(4)

Since the rare-earth-metal containing heterobenzenes show more polarized ortho carbons, the

corresponding ortho protons show a shift toward lower fields, (Table 14).

Table 14. '"H-NMR shifts of the corresponding ring protons, Horho, Hmeta, aNd Hypara 0f the complexes 124y, ga-Lu in ppm

Complex Hortho Hineta Hpara
12sc 6.93 - 5.55
12y 5.55-6.93 - 5.38
1210 6.09 - 5.33

The Anwander group conducted a series of one-pot synthesis reactions aiming at the
incorporation of rare-earth metals into a heterobenzene moiety. Therefore, several approaches
with different molar mixtures of GaMes, K(2,4-dtbp) and [LuMes], V(IIlLu) were performed,
(Scheme 26 and 27). When 1.5 equivalents of the gallium and potassium related to lutetium
reactants were employed, the main product was complex (13), featuring very short Lu—C
distances (2.340(4)-2.360(5) A). Nevertheless, the resulting heterobenzene shows a lower level
of aromaticity compared to the complex series (12sc, v, Gd - Lu). This is not the case for the
“dimeric” complex (55) which shows localized double bonds for Cowtho—Cmeta (1.364(8)—
1.383(8) A) and also quite short Lu—Corno distances of (2.382(6)-2.389(6) A), and hence higher
aromaticity of the lutetabenzene moiety than complex (13), and comparable to those of Walter

et al..
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1.426 AH1 564 A

1.5 GaMe;

LuMey], -5 K(2:4-dtop)

Vil

Scheme 26. One-pot reactions of [LuMes],, GaMe; and K(2,4-dtbp) including a salt metathesis and deprotonation reactions resulting in the
monomeric complex 13 (top) and the dimeric complex 55 (bottom).

Under the same reaction conditions, a 1:1:1 mixture of GaMes, K(2,4-dtbp) and [LuMes],, gave
complex (14), featuring like the complexes of Walter et al. three different coordination modes
of the pentadienyl ligand. It is noteworthy that the central lutetabenzene is completely planar,
but shows longer Lu—Corno distances with (2.428(8) A) and localized double bonds for Cortho—
Cimeta With (1.396(10) A), in contrast du (15). If an uneven amount of both reactants is used,
different compounds are targetable. This approach was used in the case of complex (15),
obtained by a 1.75:1.5:1 mixture of GaMes, K(2,4-dtbp) and [LuMes],.. Here, the lutetabenzene
moieties show localized double bonds between Cortho—Crmeta for (1.389(7)-1.397(7) A) and Lu—
Cortho distances between (2.289(5) and 2.353(5) A). The Lu—Lu distances of (3.074-3.083 A)
are very similar to those reported previously by Walter and the Lu—Ga distances are with

(2.8960(11)-2.954(11) A) in an expected range.
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[LuMes], Vill,

1 GaMey 1.75 GaMegy
1 K(2,4-dtbp) 1.5 K(2,4-dtbp)

H
1.442 A|1.440 A
tBu tBu
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tBun.,

tBu tBu
1.448 AH1 448 A 14

Scheme 27. One-pot reactions of [LuMes],, GaMes and K(2,4-dtbp) resulting in complex 14 (left ) complex 15 (right).
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7 Perspectives in the field of anionic heterobenzene ligands, emerging from

Cs-building units

To evolve the synthetic feasibility and therefore the possible use of the class of anionic
heterobenzene ligands of primarily the group 13 elements, transition metals, and rare-earth-
metals, it is of utmost importance to overcome the limitations of the carbon skeleton used in the
synthesis and the possible precursors, linked to the traits of the hetero elements. As shown vide
supra, oxidative additions toward the formation of metallacycles and heterobenzenes have only
been used for the transition metals. Since the chemistry of the group 13 elements has advanced
over the years, new low-valent precursors are available now. In particular, the gallium and
possibly indium mono-halides show great potential, as shown by Green and co-workers and
others.['20-123] Alternating the reduction of a preformed M(X)2(Cs) (X = F, Cl, Br, 1) could be
envisaged, as shown by Roesky and co-workers for the reducing [Cp*AICl,] by potassium to
form the [Cp*Al]4 tetramer. [>4] Both pathways could result in the formation of the intermediate
pentadienyl congener [(2,4-dtbp)E]x were the group 13 element is still in the oxidative state +1.
This intermediate can react further by itself, extruding two exo/endo protons of the pentadienyl
as H» with subsequent oxidation the group 13 element to +3, resulting in a neutral heterobenzene
which could by anionized with lithium alkyls like ‘BuLi. These structures could already be
isolated by Ashe III and Anwander for gallium / aluminum, and gallium /indium by Yamashita,

(Scheme 28).[32-33. 41-46, 79, 125]

sonication

Ga+05l, — >  Gal

toluene
l K(2,4-dtbp)

— H — % H H

tBu tBu tBu tBu tBu tBu
X X , X
— B, [Li(do),]
) H -H, am aun
H E H H E H H E H
H
tBu

K(2,4-dtby
Al _K@A4-dibp) [(2,4-dtbp)All,],

Scheme 28. Possible precursor and synthesis routes toward new group 13 heterobenzene ligands.
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The formation of low-valent pentadienyl-supported transition metals has already been
published some time ago.[63 9% 96-97.126-134] Tpy geveral approaches the stabilizing environment of
the pentadienyl ligands was proven. It is also noteworthy that 1,1-dmCh ligand (1,1-dimethyl-
cyclohexadienyl ligand) was introduced stabilizing low-valent early transition-metal
“sandwich” complexes, which could be seen as the “non-heterobenzene” congener of the
targeted ligand class.['?6] A formal p-methyl elimination from a neutral n’-6-membered 1,1-

dmCh arene ligand afforded the monoanionic n®-6-membered ligand, as shown in Scheme 29.

CHs CH

HsC L HsC

H3C
H3C
—_— i
|
H3C H3C-_‘
I-n-1

Scheme 29. Schematic depiction of 1,1-dmCh transformation from a n’-ligand to a n®-ligand.

Reacting divalent transition-metal chlorides MCl, with two equivalents of K(2,4-dtbp) to obtain
the pentadienyl sandwich and subsequent reaction with EMes (E = Al or Ga) could offer the

opportunity to afford monoanionic group 13 heterobenzenes, (Scheme 30).
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Scheme 30. Possible precursors for the formation of heterobenzene moieties utilizing a pentadienyl-supported transition-metal complex and
group 13 trimethyl via deprotonation.

Finally, the same class of monoanionic or dianionic heterobenzenes should be accessible for
the rare-earth metals as heteroatoms, since a couple of structures have already been synthesized
via two different routes.[> 881 Therefore, the [LnMes], could be utilized, reacting in a one-pot
cascade reaction forming (2,4-dtbp)LnMe; as an intermediate for subsequent deprotonation.
This route could result in homoleptic rare-earth-metal heterobenzene complexes templated by

a central Ln cation, having the advantage of fewer side reactions, (Scheme 31).

Me H

3 K(2,4-dtbp)
3 GaMe
4 [LnMe], 3 H + [LnMe3], - .
- 3 KGaMey H -6 CHy
CH,
¥
H " 3

tBu tBu Bu
‘
-CH
W )

tBu
H
H
: A‘\ \_/‘*[LnMeG]n @ w‘
e Me

M

Scheme 31. Possible reaction scheme for the preparation of rare-earth-metal-based heterobezenes, utilizing homoleptic Ln-alkyls and
pentadienyls.
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Rare-earth-metal chlorides are poorly soluble, but nevertheless, the well-established route via
the Stille-like intermediate tin-cyclohexadiene should be considered a feasible option. Thus, the
use of rare-earth-metal bromides, iodides, or even triflates should be considered for these
reactions. The subsequent deprotonation with a suitable base could deliver the targeted, higher
“congener” of the alumina- or gallabenzene in the form of a monoanionic Ln heterobenzene,

(Scheme 32).

LnXs LiR
Sn > @ - @ -
VRN - R,SnX, .
R R X R Li

X =Cl, Br, I, OTf

Scheme 32. Possible reaction scheme for the preparation of rare-earth-metal based heterobezenes, utilizing Stille-like tin intermediates.
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Summary of the Main Results




1 Heterobenzene chemistry via pentadienyls
1.1 Gallabenzene via gallate precursors

Given the successful synthesis of the pentadienyl-based aluminabenzene, the higher
homologue, the gallabenzene, was subsequently targeted.[*> 131 This could be accomplished by
utilizing Y(AlMes)s as an starting material, which was transformed to [YMes], via donor-
induced aluminate cleavage, (Scheme B1). The amorphous trimethylyttrium was treated with
GaMe; to form the Lewis adduct Y(GaMes)s, which could be further reacted applying the same
reaction conditions as for (Aai) to result in (Aca), thus, adding to the small family of gallium

heterobenzenes (Scheme B1).[33 35]

Et,O GaMey
—_—

YMe Y(GaMe
Y(AlMe,); Pw— [YMes], pR—. ( 4)3
n-hexane, n-hexane,
rt., 18 h 2 K(2,4-dtbp) rt., 18 h 2 K(2,4-dtbp)
JBu JBuU
Me
Me
B n-hexane | rt.,, 18 h
AlMe; or GaMe; tBU/,,,
2 K(2,4-dtbp)
Bu Ay tBu
79% Aca
67%

Scheme B1. Synthesis route to aluminabenzene A (left), as well as gallabenzene Ag, (right) (Paper I).

To further investigate the behavior of (Aavca) toward different Lewis bases in the form of
neutral donor molecules, a series of such reactions was conducted, (Scheme B2). While no
coordination or interaction of the donor molecules with the aluminum or gallium was observed,
the coordination to the yttrium centers resulted in different structural motifs. PMes coordination
forced the other ligands to twist around the yttrium center in complex (Bavca), while the

sterically more demanding DMPE bridged two molecules of (Aavca) to form (Cavca). DME in
40



contrast, forced the formerly bridging methyl group of the Al-Cumc—Y linkage aside, resulting
in an “aluminate” moiety in the now dianionic aluminabenzene ligand of complexes (DAvGa).
This was confirmed via VI-NMR-spectroscopy, where the bridging Cwme changed from a

doublet yttrium coordination to a singlet at elevated temperatures (Paper I).

PMe3

E =Al) Ga

D|V| PE
tBu
ApiGa
tBu
DME
— tBu Daiga

=

tBuuu :/

Scheme B2. Reaction patterns of the yttrium heterobenzenes Aayc, With neutral donors, forming ; complexes Byyga, complexes Cuyca, and
complexes Dayca (Paper I).

Like the stronger chelating donor DME, but unlike DMPE TMEDA coordinated also to the
same yttrium center, but due to its enhanced steric demand forced an exchange of the
pentadienyl ligand for one of the methyl groups, (Scheme B3). Hence, the resulting complex
(E) shows a terminal methyl group on the yttrium center making it thermally labile, like other

terminal methyls of this kind.!'13-11°]
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Scheme B3. Coordination of TMEDA and subsequent intramolecular methyl/pentadienyl exchange affording complex E [(1-(2,4-dtbp)-1-Me-
3,5-Bu,-CsH;Al)Y (Me)(TMEDA)] (Paper I).

The lability of the pentadienyl ligand was further exploited via salt metathesis with KCsMes,
exchangeability generating the thermodynamically favored complexes (FavGa). Pentadienyl
exchange could also be achieved with the bulky TpMeMe = tris(pyrazolyl-Me»-3,5) borato
ligand, resulting in the complexes (GavGa), with heavily elongated Y—Cuwe distances for the prior
bridging methyl group, (Scheme B4). Thus, complexes (Gavca) exhibits, like the DME

complexes (DavGa), a structural “aluminate” motif.

Me '
E)=(AD)Ga >

E
|
KC5M€5 Me

—
n-hexane, 2 d

K_Tp(Me,Me)

L
n-hexane, 2 d

Gauga (Bu

Scheme B4. Ligand exchange reaction via salt metathesis, resulting in the complexes Fyca (top) with KCsMes and complex Gayg, for Tpee

(bottom) (Paper I).
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1.2 One-pot reactions with trimethyllutetium

Through one-pot syntheses of different molar ratios of [LuMes],, GaMes, and K(2,4-dtbp), the
formation of hitherto unknown pentadienyl reaction patterns was observed. By reacting K(2,4-
dtbp), [LuMes], and GaMes; with the molar ratio of (1:2:4) in a one-pot reaction at ambient
temperature, slowly elevating to 90 °C, the formation of dianionic and monoanionic
gallabenzene ligands at the lutetium center was achieved in complex (H), (Scheme BS).
Complex (H) displays a very short Lu—Ga distance of only (2.6896(5) A) for Ga2 (dianionic
moiety) in the methyl-bridged cycle. This is the shortest Ln—Ga distance reported so far, being
only moderately longer than the Ln—C distances between the rare-earth-metal center and the
ring carbon atoms in the dianionic metallacycle ranging from (2.443(4) to 2.621(4) A), (Figure
B1).

4 GaMej
2 K(2,4-dtbp)

- 2 K(GaMey)
-4 CH,
90 °C

[LUMG3]n

Vil

2 GaMej
2 K(2,4-dtbp)

- 2 K(GaMey)
-40°C

Scheme B5. Direct synthesis route of compound H (top), using 4 GaMes; with 2 K(2,4-dtbp) and [LuMes], at 90 °C (top). Route for compound
I (bottom), reacting 2 K(2,4-dtbp) and GaMes; with [LuMes], at -40 °C (bottom). Follow-up reaction of I with two GaMe; at 90 °C, yielding
complex H (Paper II).
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Lowering the reaction temperature to -40 °C and treating [LuMe3], with each two equivalents
of K(2,4-dtbp) and GaMes, the fully open lutetocene complex (I) could be obtained as a crucial
intermediate en route to rare-earth-metal pentadienyl heterobenzenes. Complex (I) features a
highly reactive terminal methyl group, acting as Lewis base for AlMes; and GaMes. Compound
(I) shows the shortest Lu—Cye distance (2.335(8) A), reported so far, compared to known

aluminates and the terminal methyl groups of [(CsMes)LuMe;],.[115-119]
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iy C19 / K
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/\ (Cjbz/ ,_:@ - / @’ér c18
c3 @ : ) _.CZL.RH
e IR

c14
C4 C5 C14

Figure B1. Crystal structure of H (left) and I (right) with atomic displacement parameters set at the 50% probability level, (Paper II).

The reaction pattern leading to complex (I) was possible due to the thermodynamically favored
formation of KGaMey, outrunning a rather weakly bonded Lewis adduct formation between the
terminal methyl group and GaMes. This means that, by reacting [LuMes], with equal amounts
of GaMes and K(2,4-dtbp), metallacycles without any gallium atoms might be feasible. This
would involve [(2,4-dtbp),.LuMe,] intermediates, as precursors for the following ring closure
via methane elimination, (Scheme B6). Accordingly, the 1:1.5:1.5 reaction resulted in complex
(J) and complex (K) as a monomer-dimer mixture that is not convertible into each other, both
featuring rare examples of rare-earth-metal bearing heterobenzenes in the form of

lutetabenzene.
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1.5 GaMej
1.5 K-2,4-dtbp

- 1.5 K(GaMe,)
40 °C

[LuMes],

WitBu

Scheme B6. Reaction of [LuMe;], with K(2,4-dtbp) and GaMe; via 1:1.5:1.5 ratio resulting in the dimer-monomer mixture J (top) and K ratio
(bottom) (Paper IT).

Another reaction with 0.25 equivalents surplus of GaMes led to the formation of complex (L)
with dianionic planar gallabenzene flanked by two lutetabenzene moieties, (Scheme B7). This
metallacycle exhibits full planarity, bridges two lutetium atoms, lies on a mirror plane, and is
the first of its kind. Furthermore, higher aggregation of Lu-pentadienyl fragments was possible
via the use of fewer equivalents of GaMes and K(2,4-dtbp). Complex (M), features a totally
planar lutetabenzene and with this three distinct Cs-ligands in one compound. This is the first

example of a rare-earth-metal heterobenzene showing such coordination behavior.
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Scheme B7. Reaction of [LuMes],, GaMes; and K(2,4-dtbp) with a 1:1.75:1.5 ration yielding in a totally planar gallium heterobenzene
containing complex L (top). The use of equimolar amounts of [LuMe;],, GaMe; and K(2,4-dtbp), resulted in the totally planar lutetabenzene
containing complex M (bottom) (Paper II).

1.3 Lewis acid reactions and abstraction of free gallabenzene

The combination of strong alkylating Lewis acids with the electron-rich pentadienyl ligands in
complex (I) already revealed a novel reactivity (Scheme B4). This reactivity was further
exploited with the CsMes-stabilized yttrium aluminabenzene (Far) and, AIMejs resulting in the
formation of the Lewis adduct complex (N), (Scheme B8). The X-ray structure of compound
(N) displays almost a bis-(heterobenzene) moiety, with conjugated localized double bonds in
the pentadienied Cs-backbone and can be compared to the ‘“half-sandwich” aluminate
[(CsMes)Y(AlMes)2]. The reaction with the stronger Lewis acid AICIl; led to the rather

surprising formation of complex (O), featuring three metallacycles in a contact ionic pair.
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Scheme B8. The reaction of the pseudo-sandwich complex F4; with the Lewis acids AIMe; and AICI; resulting in complexes N (top) and O
(bottom), respectively (Paper I1I).

The first monoanionic cycle can be related to heterobenzene (i) rendering the second part of the
molecule as a cationic fragment (ii) (Scheme B9). The second and third cycles incorporate the
second Cs-backbone, expanding the formal 6-membered cycle by an AlMe fragment,
consequently forming the third ring in a lid-like structure. This motif can be seen as a
pentadienyl-stabilized-“bisalumocyclobutane” cation, (Scheme B9). The cleavage of the
assumed contact ion pair, (i) and (ii) was confirmed via mass spectrometry, using a mild

ionization method (Paper III).
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Scheme B9. Suggested retrosynthesis fragments of complex O, the anionic aluminabenzene i (top) and the bisalumocyclobutane cation ii
(bottom) (Paper III).
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Figure B2. Crystal structure of N (left) and O (right) (ellipsoids set at 50%). Some hydrogen atoms have been omitted for clarity. (Paper I1I)

Exploiting the higher electronegativity of gallium, and, hence, the higher covalency in the Ga—
C bonds, the reaction of bis(gallabenzene) complex (H) with the Lewis acid GaCls led to the
formation of (almost identical to (O)) complex (P), (Scheme B10). Due to two accessible
preformed gallabenzene moieties, the targeted reaction resulted in higher yields and LuCl3
could be recovered. The SCXRD shows a slightly higher level of aromaticity in the form of

conjugated double bonds over the whole system, compared to complex (O).
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n-hexane GaClj n-hexane/THF | 2 KOtBu

+ [LuCl3], + 2 [LuMe(OtBu),],

Et,O | [2.2.2] crypt.

Scheme B10. Complex P (left) was synthesized from H and GaCl; via elimination of [LuCl;],; complex Q (middle) could be isolated via ligand
exchange with KO'Bu and elimination of [LuMe(O'Bu),],; complex R with [2.2.2] cryptand (Paper III).

The tendency of rare-earth metals to exchange alkyls or heterobenzene fragments for
thermodynamically favored halogenido or alkoxy ligands led to the isolation of complex (Q)

and an undefined mixed tert-butoxy methyl lutetium species. The coordination polymer (Q)
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could be converted to “free” gallabenzene (R) via potassium displacement with [2.2.2]

cryptand.
c14 R
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Figure B3. Crystal structures of P (left), Q (middle) and R (bottom) (ellipsoids set at 50%) (Paper III).
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2 Reactive methyl precursors, synthesis, reactivity, and general properties
2.1 Monomeric LnMes of the early rare-earth metals

The smaller to mid-sized rare-earth-metals (Sc, Y, Dy - Lu) form polymeric amorphous
[LnMes], and can be used as highly reactive precursors.[®*-83 This is not the case for the early
rare-earth metals, since the respective donor-induced-aluminate-cleavage employing
Ln(AlMey)s results in multiple C—H bond activations, and not the desired homoleptic methyl
complexes.[3>136]  Other approaches using mixtures of hexamethyl complexes
[LisLn(Me)s(do)<] and AlMes weren't successful in obtaining [LnMes], for the early rare-earth
metals. Therefore, the stabilizing effect of the aza-crown 1,4,7-Me3-TACN was exploited to
synthesize trimethyl complexes of the early rare-earth metals as (Me;TACN)LnMes(THF)
(TwLn) via the halogenide precursor (Me3TACN)LnCl3(THF) (SLa), (Scheme B11).[137-139]

|
T

LnCl;THF, 1,4,7-Me3zTACN 5 equiv. MelLi
thf, 80 °C THF, -40 °C, 12 h
-15°C, 24 h
Ln=La-Nd

Scheme B11. Synthesis route of the (Me;TACN)LnMe;(THF) (Ty,) species via the (Me;TACN)LnCL(THF) intermediate (Sy,) (Paper IV).

For lanthanum and cerium pure trimethyl complexes were obtained, thus showing that the
trimethyl complexes of the biggest trivalent rare-earth metals are accessible via this route, the
crystal structures are shown in Figure B4. Performing these reactions lower temperatures and
the use of 5 equiv. of MeLi were crucial, due to impurities in the commercially available MeLi
and also because of the behavior of the aza-crown to change the coordination from the

lanthanide to the lithium center.
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Figure B4. Crystal structures of Ty, (left) and T, (right) (ellipsoids set at 50%) (Paper IV).

The use of stochiometric or lower amounts of MeLi led to the isolation of statistically mixed

methyl/chloride complexes, shown for neodymium in Figure BS.

C12/CI3

58 c1o c11/ci2 QD

C12/CI3
C11/CI2 c10CH

S

Figure BS5. Crystal structures of Tnacio.2s (Ieft) and Tnacio.s (right) (ellipsoids set at 50%) (Paper IV).

The properties of the (MesTACN)LnMes;(THF), were further investigated by a simple
alkoholysis reaction with 3 equivalents of neopentyl alcohol, resulting in the monomeric

alkoxides (ULa) and (Uce), (Scheme B12).
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3 HOCH,tBu

Et,0

97%
Ln = La, Ce

Scheme B12. Reaction of (Me;TACN)LnMe;(THF) Ty, with 3 equiv. of HOCH,'Bu, yielding in the lanthanum complex Uy, and the cerium

complex Uce.
g Y7 9

N2

Cel
o1

02

Figure B6. Crystal structure of (Me;TACN)Ce(OCH,#Bu); (Uce) (ellipsoids set at 50 %) (Paper IV).

Since the synthesis of the trimethyl complexes were achieved via alkylation of
(Me;TACN)LnCl3 with MeLi, the same approach was used for the sterically more demanding
tert-butyl group via reacting with ‘BuLi. This resulted in the isolation of three different
structural motifs, shown in Scheme B13. While the lager La and Ce centers lose the aza-crown
during the alkylation and form anionic tetra (alkyl) complexes (VLa) and (Vce), the smaller
scandium stays in the chelating grip of the aza-crown. Likely Due to steric pressure, a Sc-OET
alkoxy moiety and a C-C bond formation as evidenced by two neohexyl ligands at the scandium

center in complex (Vsc).
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3 LiBu 3 LiBu

THF, 18h, ="  THF/toluene,
-40°C 18 h, -40 °C

40 °C,

Et,0, 18 h, | 3 LiBu

- ethene

Scheme B13. Reactivity of Sy, toward ‘BuLi resulting in complexes Vi, (left) and complex V. (left) and the reaction pattern for V. (bottom).
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Figure B7. Crystal structures of Vi, (left), V¢, (middle) and Vg, (right) (Paper IV).
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For the smaller lanthanides, the tris-(neosilyl) complexes are accessible with ease, but this is
not the case for the early, larger rare-earth metals.!'4?] Therefore, the same approach utilizing
(Tra) was chosen under the same reaction conditions, accomplishing complex (W), (Scheme
B14). Complex (W) is highly temperature sensitive and could only be isolated as an oil, the

analytic were bound to VI-NMR-spectroscopy.

/
(\N/ﬁ (\
N N

“Cl Me3SiH,C

CstiMe3

W

Scheme B14. The reaction of (Me;TACN)LaCl;THF with 3 equiv. of LiCH,SiMes, resulting in complex W (Paper IV).

The low temperature product was further proved for the implementation of other alkyl ligands.
Accordingly (MesTACN)LaCl3(THF) was reacted with three equivalents of n-BuLi. The
recorded NMR spectra of the reaction outcome matched the envisaged product but any crystals
suitable for x-ray diffraction were not obtained, we repeated this reaction with different rare-
earth-metal chlorides and had luck with samarium that we could at least get a connectivity,
(Figure B8). Luckily, the samarium (III) reaction produced crystals which allowed for the

determination of a connectivity structure (X).

Figure B8. Connectivity of (Me;TACN)Sm(nBu); (X) (Paper VII).
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The samarium is bound to three-terminal n-butyl ligands and the coordination sphere is
completed with the aza-crown. These n-butyl complexes are pretty unstable comparable to the
[LisLn(nBu)s(THF)4] complexes reported earlier. Maybe even more so, since after a few hours
in solution at -40 °C the complexes had decomposed completely. Because of this the lanthanum
complex (W) was examined in the Knochel group and reported recently. They used 2-bromo-
biphenyl derivatives and the proposed nBu>LaCI(LiCl)4 to form supposedly a lantha-fluorenyl

complex as intermediate, (Scheme B15).[141]

/ O Br
N
~ S
\ AN /N
S, <N T 40c, 30 min,

1 L;" THF
- 1-Br-nBu nBu
n

\

Scheme B15. Reaction of (Me;TACN)La(nBu); (Y) with 2-Bromo-biphenyl (Paper VII).

In our hands the low-temperature reactions gave only the exchange of one n-butyl ligand for a

biphenyl (Figure B9).

Figure BY. Crystal structure of (Me;TACN)La(nBu),(2-biphenyl) (Y) (Paper VII).
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2.2 Putting on the Crown: Synthesis and Reactivity of Trimethyltitanium

The synthesis and isolation of pure titanium alkyls and also mixed halogenido alkyl complexes
have been an ongoing topic in the ethylene polymerization community and resulted in the
isolation of mixed Ti(IV) compounds as well as TiMe4.['42-147] The corresponding DMPE-

stabilized TiMe, was later isolated by Girolami, leaving only the TiMe3 as a hitherto unknown

link.[l 48-149]

—

Do = OEt, THF, DMPE

Me—— Ti miMe

Me/ \Me

mnz

Beermann, Claus Girolami

1956-9 This work 1987

Scheme B16. Methyl-titanium complexes in the hitherto known oxidation states, (left) Ti(IV), isolated by Schumann and Seppelt, (middle)
Ti(Il) Z, isolated in this work and (right), Ti(II), isolated by Girolami (Paper V).[!3%-151]

The synthesis of complex (Me3TACN)TiMes; (Z) was performed via in situ preformation of
(MesTACN)TiClz and addition of 4.5 equivalents of MeLi, due to LiCl impurities in
commercially available MeLi. The lower temperature protocol prevents the aza-crown from
getting transferred to readily available lithium cations. When EtLi or Li'Bu were used under the

same conditions, immediate decomposition and gas extrusion was observed.
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imediate decomposition

EtLi | Et,0

tBuLi ’ -40 °C

) Me;TACN 4.5 equiv. MelLi
TiClsthfs _
THF -20 °C, THF, 48 h

stochiometric

72%

-40 °C,
THF, 24 h

2 equiv.
LiCH,SiMe3

CH,SiMes

AA
84%

Scheme B17. Conducted synthesis route for (Me;TACN)TiMe; Z (right). Reaction protocol for the formation of complex AA via salt metathesis
of (Me;TACN)TICl; and 2 equivalents of LiCH,SiMes. (Paper V)

This was not the case for the reaction with lithtum neosilyl. The treatment of (Me3TACN)TiCl;
with two equivalents of LiCH,SiMes succeeded in the isolation of complex (AA), which, to the
best of our knowledge, is the first neosilyl titanium complex in the oxidation state Ti(III).
Although complex (Z) is paramagnetic, its high symmetry allowed for a decent 'H-NMR
spectrum, which could be used for identification aside from the SCXRD, (Figure B10).
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—1a87

Figure B10. 'H-NMR spectrum (500 MHz) of Z in THF-dgat -40 °C. The solvent residual signal is marked with an asterisk (left); the crystal
structures of Z (middle) and AA (right) (Paper V).

Due to the easy accessibility of complex (Z) and the use of mixed halogen/alkyl complexes in
a-olefin polymerization, methyl exchange reactions were probed. Therefore, TMS-CIl and
TMS-OTf were utilized, resulting in the formation of (AB), (AC), and (AD), (Scheme B18),

reacting a defined non-statistical methyl/X exchange.

B

AN N
Me ‘Me
z
TMS-CI TMS-OTf | 2 TMS-OTf

oTf
AB AC AD
92% 97% 89%

Scheme B18. Conducted exchange reactions of Z with TMS-CI/OTf in benzene to isolate complexes AB, AC, and AD.
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Figure B11. Crystal structures of AB (left), AC (middle) and AD (right) (Paper V).

The trimethyl precursors of the rare-earth-metals tend to form tetramethylaluminates with
AlMes in non-donating solvents. When complex (Z) is used instead, the formation of
[(Me;TACN)TiMex(THF)][AIMes] (AE) was observed regardless of the equivalents of AlMes

used. Furthermore, no reaction could be observed in the absence of THF, (Figure BS8).[!>2]

Me

Figure B12. Crystal structure of AE (Paper V).

To further investigate the behavior of complex (Z) toward aluminum alkyls, (Z) was treated
with HAIMe; and (AB) with LiAlMes, (Scheme B19). The reaction with HAIMe; revealed the
formation of titanium complex (AF) [((MesTACN)Ti(Me,Al(u-H2)2(u-H)][AlMes] as a
surprising new structural motif, precipitating from the THF solution as purple solid. The
reaction of (AB) with LiAlMes did not generate (AE) as expected, but instead it also formed a
chlorido bridged motif, [(MesTACN)TiMe,)>(u-Cl)[[AlMes] (AG), (Figure B13).
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2.5 HAIMe,
-40 °C, THF

1 LiAlMe,
-40 °C, THF

[AlMe,]

82% [AlMe,]

AG
42%

Scheme B19. Formation of complex AF, via reduction of complex X (top). Formation of complex AG with one equivalent of LiAlMe,, via
elimination of one LiCl of the former mixed species X¢ (bottom).

Figure B13. Crystal structures of AF (left) and AG (right) (ellipsoids set at 50%). Most hydrogen atoms have been omitted for clarity

(Paper V).
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Furthermore, complex (Z) and the corresponding scandium trimethyl (Me3TACN)ScMes were
exposed to methanol and ethanol. While it was easy to isolate (Me3TACN)Ti(OMe); (AH)
(MesTACN)Ti(OEt); (AI) at ambient temperatures, the formation of the scandium analog
(MesTACN)Sc(OMe)s (AJ) was only stable at lower temperatures. To the best of our

knowledge, these are the first examples of (donor-stabilized) monomeric alcoholates of titanium

and scandium with small aliphatic alkoxy ligands.

/

B

MeOH EtOH
OEt
Al
MeOH
-

Scheme B20. Protonation reactions of (Me;TACN)TiMes; Z and (Me;TACN)ScMe; with methanol and in the case of titanium also with ethanol
(Paper V).

e

o1

@ Cc10

Figure B14. Crystal structures of AH (left) and of AI (right) (ellipsoids set at 50%). All hydrogen atoms have been omitted for clarity (Paper
V).
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2.3 Pure MeL.i, synthesis, properties, and monomeric structure

Since commercially available methyllithium stock solutions are inherently contaminated with
lithium chloride, and ore used extensively by our group, we were curious to find a purification
method. Recently, a successful purification approach for methyllithium was published by us,
and the involved solution consisting of Li[N(SiMes3)>] and MeLi, was sufficient for generation
of pure Ca[N(SiMe3):]>. Accordingly, a potentiometric determination of the LiCl amount was
necessary to precipitate KCl via addition of a stochiometric amount of K[N(SiMe3)2]. The new
protocol allows to use of surplus of K[N(SiMe3s)2], precipitate the resulting KCl, and eventually
KMe at lower temperatures. Filtration of the mixture and layering the solution with n-hexane

precipitates pure MeLi, with Li[N(SiMes;).] staying in solution, (Scheme B21).

5-10 mol % 5-10 mol %
LiCl Li[N(SiMes)s]
K[N(SiMes),] OEt, n-hexane
OEt, 245 °C
C > MelLi
KCl Li[N(SiMe3),]

Scheme B21. Synthesis and isolation of pure methyllithium. MeLi-c = contaminated MeLi (Paper VI).

Furthermore, we established an analytical tool to determine the LiCl impurities in MeLi via "Li-
NMR-spectroscopy. Since MeLi/LiCl mixtures give one signal due to the formation of
oligomeric complexes in THF. Therefore, different mixtures of MeLi and LiCl were synthesized
and the "Li chemical shifts were measured, (Figure B15). Starting from pure LiCl at (0.49
ppm), the successive addition of MeLi up to pure MeLi was measured, showing a linear shift
toward lower fields, as it is shown in Figure B16. When plotting the data points a linear
regression can be used to determine the LiCl amount in different commercially available MeLi
solutions or self-composed mixtures without potentiometric analysis. To fully confirm the
purity of the MeLi synthesized via the described protocol, the obtained pure MeLi was

potentiometrically analyzed. The found LiCl amount was in the same area as deionized water.
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pure MeLi i
5% LiCl jL
10% LiCl JL

15% LiCl

VAN
20% LiCl AN
25% LiCl A
33% LiCl AN
50% LiCl DA
66% LiCl P
100% LiCl \

I [ I |
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Figure B15. 'Li NMR spectra of pure MeLi and several MeLi/LiCl mixtures (5, 10, 15, 20, 25, 33, 50 and 66 mol% LiCl) and LiCl (116.64

MHz, THF-ds, 298 K) (Paper VI).
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Figure B16. Linear regression of the ’Li chemical shifts versus the associated mol percentages of LiCl (Paper VI).

The behavior of defined MeLi/LiCl mixtures was further investigated, showing that the
oligomeric character of those mixtures is only viable at certain temperatures. For instance, a
mixture of 85% LiCl and 15% MeLi at ambient temperatures shows the expected mixed single
signal, which is not the case if the temperature is reduced successively to -60, -80, and -93.5
°C, (Figure B17). Instead, the LiCl/MeLi aggregate splits into more and more pure LiCl and
pure MeLi, and a new aggregate, which showed a higher percentage of MeLi than the 15%

before, thus underlying the temperature-sensitive behavior of mixtures of possible aggregates.
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Figure B17. "Li VT NMR spectra of MeLi/LiCl with a ratio of 0.15/0.85. (194.36 MHz, THF-dg) (Paper VI).

Finally, we investigated if commercially available MeLi and pure MeLi as well as pure LiCl
show different behavior when monomerized with a neutral donors like MesTACN, resulting in
the complexes (AK) (left), (AL) (middle), and (AM) (right), (Figure B18). DFT calculations
revealed that the electronic behavior of aza-crown coordination resulted in almost identical
ionization grades for LiCwme (92.2%) and LiCl (95.3%). These findings support the idea that the
similar polarity of the Li—C and Li—Cl bonds might play a role in halide contamination. On the
other hand, the high ionicity of the lithium-carbon bond in monomeric (AL) is reflected in
enhanced carbanion reactivity (super-basicity) of the methyl group, affording instantaneous

deprotonation of toluene, more rapidly than the dimeric sparteine [MeLi(-)-sparteine]>

adduct.!'>3!
/@ : v N3 j ) Q@ @@ N2 §
4 %% ‘\? N
: - s X :
@ Li1 %
b I

g it N3 @

c1o0 &y cn clo &y @cn

Figure B18. Crystal structure of AK (left), AL (middle), and AM (right) (Paper VI).
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1.1 Scandium-coordinated Galla- and Aluminabenzenes and Reactivity of Lutetium-

coordinated Gallabenzene toward FeCl:

As shown before, alumina- and gallabenzene-supported rare-earth-metal complexes are readily

available for yttrium and lutetium. Therefore, it was of interest to us if this chemistry also

applies for the smallest rare-earth-metal scandium and if the heterobenzene ligands can be

transferred to other metals, such as transition metals.

Sc(AlMey)3(AlMes)g 5

{Bu
Me\
Al
|
2 K(dtbp) Me
> tBu
-40°C, n-hexane {Bu
48 h L
tBu

Scheme C1. Formation of complex a [(1-Me-3,5-Bu,-CsH;Al)(u-Me)Sc(dtbp)], isostructural to the Y and Lu congeners.

The formation of the aluminabenzene scandium complex [(1-Me-3,5-Bu,-CsH3Al)(u-

Me)Sc(dtbp)] (a) was accomplished at -40 °C, (Scheme C2), Complex (a) is isostructural to

the yttrium and lutetium congeners. Furthermore, the scandium bis (gallabenzene) complex (b)
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could be obtained according to the route described for lutetium, (Scheme C3). Complex (b) is

isostructural to the corresponding lutetium complex (H).

Bu
Me
Ga | )
2 K(dtbp) |
Sem 4 GaMe, Me
CcNies >
n-hexane, -40 °C Bu Bu
to 70 °C 48 h
Ga—Me
Bu

b

Scheme C2. Formation of the complex b (1-Me-3,5-'Bu,-CsH;Ga)(u-Me)Sc(1-Me-3,5-Bu,-CsH;Ga), via one-pot synthesis.
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Figure C1. Crystal structure of a (ellipsoids set at 50%). All hydrogen atoms have been omitted for clarity. Selected interatomic distances (A)
and angles (°): Sc(1)-C(1) 2.3079(13), Sc(1)-C(5) 2.3385(12), Sc(1)-C(3) 2.3886(11), Sc(1)-C(2) 2.5158(12), Sc(1)-C(4) 2.5540(11), Sc(1)-
Al(1) 2.6544(4), Al(1)-C(28) 1.9600(14), Al(1)-C(27) 2.0374(14), Al(1)-Sc(1)-C(27) 44.90(3), C(1)-Al(1)-C(5) 92.42(5), C(28)-Al(1)-C(27)
114.27(6). Crystal structure of b (ellipsoids set at 50 %). All hydrogen atoms have been omitted for clarity. Selected interatomic distances (A)
and angles (°): Sc(1)-C(1) 2.533(4), Sc(1)-C(2) 2.553(4), Sc(1)-C(3) 2.451(4), Sc(1)-C(4) 2.539(4), Sc(1)-C(5) 2.541(4), Sc(1)-C(15) 2.338(4),
Sc(1)-C(16) 2.539(4), Sc(1)-C(17) 2.393(4), Sc(1)-C(18) 2.535(4), Sc(1)-C(19) 2.325(4), Ga(1)-C(1) 1.928(4), Ga(1)-C(5) 1.939(4), Ga(1)-
C(14) 1.949(4), Ga(2)-C(29) 1.952(4), Ga(2)-C(19) 2.034(4), Ga(2)-C(15) 2.037(4), Ga(2)-C(28) 2.066(5), Ga(2)-Sc(1)-C(28) 46.37(10),
C(1)-Ga(1)-C(5) 98.32(17), C(19)-Ga(2)-C(15) 92.54(16), C(29)-Ga(2)-C(28) 112.29(18).

Since the formation of the lutetium and scandium sandwich gallabenzene complexes (1-Me-

3,5-Bus-CsH3Ga)(u-Me)Ln(1-Me-3,5-Bu,-CsHzGa) was achieved, the possibility of an
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exchange “transmetallation” of the gallabenzene moieties was attempted. Accordingly, the
reaction of lutetium bis (gallabenzene) (H) with ferrous chloride led to an unsuspected
exchange of the bridging methyl group in complex (¢) [1-Me-3,5-Bu,-CsH3Ga)(u-Cl)Lu(1-
Me-3,5-Bu,-CsH3Ga)] in low yields, (Scheme C3).

tBu tBu

Me Me
Ga Ga
|

Me 0.5 FeCl, (cl
tBu > @ tBu
tBu THF 18 tBu
h, 40 °C
Ga—NMe Ga—NMe
tBu tBu

Scheme C3. Attempted transmetallation of the gallabenzene moieties, resulting in Me/Cl exchange complex c.
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Figure C2. Crystal structure of ¢ (ellipsoids set at 50%). All hydrogen atoms have been omitted for clarity. Selected interatomic distances (A)
and angles (°): Lu(1)-C(1) 2.653(4), Lu(1)-C(2) 2.666(4), Lu(1)-C(3) 2.545(4), Lu(1)-C(4) 2.633(4), Lu(1)-C(5) 2.612(4), Lu(1)-C(15)
2.514(4), Lu(1)-C(16) 2.649(4), Lu(1)-C(17) 2.532(4), Lu(1)-C(18) 2.631(4), Lu(1)-C(19) 2.480(4), Lu(1)-CI(1) 2.5697(13), Lu(1)-Ga(2)
2.8505(7), Lu(1)-Ga(1) 3.0160(6),Ga(1)-C(1) 1.947(4), Ga(1)-C(5) 1.932(4), Ga(1)-C(14) 1.957(4), Ga(2)-C(15) 1.992(4), Ga(2)-C(19)
1.992(4), Ga(2)-C(28) 1.933(5), Ga(2)-CI(1) 2.5536(14), C(1)-C(2) 1.386(6), (2)-C(3) 1.447(5), C(3)-C(4) 1.422(6), C(4)-C(5) 1.398(6),
C(15)-C(16) 1.376(6), C(16)-C(17) 1.439(5), C(17)-C(18) 1.442(6), C(18)-C(19) 1.376(6), Ga(2)-CI(1)-Lu(1) 67.61(3).
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1.2 Reactivity of Fluorinated Boranes / Borates toward Alumina- and Gallabenzene-

Supported Rare-Earth-Metal Systems.

The activity in isoprene polymerization of the aluminabenzene complexes was previously
reported by Barisic et. al., showing that the activation with the co-catalysts [Ph3C][B(C¢F5)4],
[PhNMe>H][B(CeFs)4], B(CsF5)3, and Me,AlCI always attacks the labile monoanionic dtbp
moiety.['>*! Therefore, in this study, we focused on CsMes-stabilized heterobenzene-bearing

yttrium complexes (Favca) as precursors.

[PhNMe,H][B(CgF5)a]

F
-30°C, 18 h,
toluene
L (CoFs)sB
Meo—/ —
Al ) H E
/ H
Me tBu
F F
F F
QtBu
F H/, '_5
Fa " Al ) >—H
B(CeF5)3 F
H
-40 °C, 18 h, tBu
toluene
F F--"

e
inactiv species

Scheme C4. Reactions of CsMes-stabilized yttrium aluminabenzene F4, with co-catalyst [Ph;C][B(CsFs)s] and [PhNMe,H][B(C4Fs)s], resulting
in the formation of the single-molecule catalyst for isoprene polymerization, d (via protonation) and the inactive species e via Me/C¢Fs
exchange.

Utilizing this approach, the reaction of (Fai) with the anilinium borate [PhNMe>H][B(C¢Fs)4]

led to the protonation of the aluminabenzene ligand, and hence cationization of the complex.
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Cationized compound (d) is isolable and reacts as a single-molecule catalyst in the
polymerization of isoprene. The cationization can explain the active polymerization behavior,
since no further exchange of the “active” methyl ligand for C¢Fs from the weakly coordinating
borate occurred. Complex (e), obtained from the reaction of (Fai) with B(CsFs); underwent

exactly such an Me/CsFs exchange and therefore is not active in polymerization.

o F10 &
o
& &

Figure C3. Crystal structure of d (ellipsoids set at 50%). All hydrogen atoms have been omitted for clarity. Selected interatomic distances (A)
and angles (°): Y(1)-C(3) 2.814(6), Y(1)-C(4) 2.764(6), Y(1)-C(5) 2.446(6), Y(1)-C(14) 2.493(7), Y(1)-Al(1) 3.0286(19), Y(1)-F(1) 2.576(3),
Y(1)-F(2) 2.451(3), Al(1)-C(1) 1.981(7), Al(1)-C(5) 2.083(6), Al(1)-C(14) 2.080(7), Al(1)-C(15) 1.928(7), Al(1)-C(14)-Y(1) 82.4(2), F(1)-
Y(1)-Al(1) 121.60(7), C(1)-Al(1)-C(5) 92.3(3). Crystal structure of e (ellipsoids set at 50%). All hydrogen atoms have been omitted for clarity.
Selected interatomic distances (A) and angles (°): Y(1)-C(1) 2.501(3), Y(1)-C(2) 2.675(3), Y(1)-C(3) 2.556(3), Y(1)-C(4) 2.678(3), Y (1)-C(5)
2.501(3), Y(1)-Al(1) 3.0429(9), Y(1)-F(1) 2.3915(17), Al(1)-C(1) 1.982(3), Al(1)-C(5) 1.991(3), Al(1)-C(24) 2.008(3), Al(1)-C(30) 2.040(3),
C(1)-C(2) 1.396(4), C(2)-C(3) 1.439(4), C(3)-C(4) 1.448(4), C(4)-C(5) 1.392(4), C(1)-Al(1)-C(5) 96.13(13).
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1.3 Additional Ring Inclusion of Rare-Earth Metals into Pentadienyl Ligands via One-Pot
Synthesis

Any stabilizing effect at the C5MS5-ligand was also probed in one-pot-reactions of
[LuMes]./GaMes/K(2,4-dtbp). Therefore, K(2,4-dtbp) was partly exchanged for K(CsMes).
While targeted complex [(CsMes)(dtbp)LnMe] was not available the dimeric yttrium complex
(f) could be isolated featuring dianionic Cs-moieties. In the case of the lutetium reaction, the

formation of a lutetabenzene ligand in compound (g) was observed.

2 GaMej
KC5Me5
K(2,4-dtbp)

n-hexane, rt,
48 h

[LnMes],

Scheme C5. Formation of complexes f and g via one-pot synthesis, utilizing GaMe; and the regarding ligand salts K(CsMes) and K(2,4-dtbp).
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Figure C4. Crystal structure of f (ellipsoids set at 50%). All hydrogen atoms have been omitted for clarity. Selected interatomic distances (A)
and angles (°): Y(1)-C(1) 2.501(2), Y(1)-C(2) 2.689(2), Y(1)-C(3) 2.611(2), Y(1)-C(4) 2.7214(19), Y(1)-C(5) 2.4091(19), Y (1) -C(5) 2.445(2),
Y(1)-Y(1)" 3.4780(4), C(5)-Y(1)-C(5)" 88.48(7), C(5)-Y(1)-Y(1)" 44.66(5), C(1)-C(2)-C(3) 125.21(19), C(2)-C(3)-C(4) 132.66(19), C(5)-
C(4)-C(3) 124.03(18), C(4)-C(5)-Y(1)" 160.37(15). Crystal structure of g (ellipsoids set at 50%). All hydrogen atoms have been omitted for
clarity. Selected interatomic distances (A) and angles (°): Lu(2)-C(1) 2.357(3), Lu(2)-C(2) 2.622(3), Lu(2)-C(3) 2.538(3), Lu(2)-C(4) 2.638(3),
Lu(1)-C(1) 2.407(3), Lu(1)-C(5) 2.350(3), Lu(1)-C(14) 2.434(3), Lu(1)-C(15) 2.795(3), Lu(1)-C(16) 2.851(3), Lu(2)-C(5) 2.398(3), Lu(2)-
C(14) 2.479(3), Lu(1)-Lu(2) 3.0780(2), Lu(1)-C(5)-Lu(2) 80.80(9), Lu(1)-C(14)-Lu(2) 77.57(9), C(1)-C(2)-C(3) 122.6(3), C(4)-C(3)-C(2)
128.8(3), C(5)-C(4)-C(3) 122.3(3), C(4)-C(5)-Lu(1) 129.0(2), C(5)-Lu(1)-C(1) 78.43(10).
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1.4 Benzoate Complex (MesTACN)Dy(OOCPh)s

The reaction of in situ prepared discrete (Me3TACN)DyMes with benzoic acid gave complex
(h) as a defined carboxylate. In fact, this could be the first monomer rare-earth-metal
carboxylate. Since such carboxylate complexes are prone to form oligomeric structures or even
amorphous materials. Those phenomes could be prevented due to the chelating, stabilizing and

most of all monomerizing effects of the aza-crown.

N N
A A TN 5 equiv. MeLi 3 HOOCPh
cl “, THF, -40 °C, 12 h
cl -15°C, 24 h

Cl

Scheme C6. Conducted reaction protocol from in situ prepared (Me;TACN)DyMe; with 3 equivalents of benzoic acid to form complex h.

The SCXRD revealed a propeller-like arrangement of the three benzoates on the dysprosium
center. The interatomic distances Dyl — O1/02 accounts to (2.392(4) and 2.432(4) A), and are
in the same range as the only other well “defined”-polymer rare-earth-metal carboxylate

Tb(ad)(CH;COO)(H20)], with (2.325(10) — 2.453(5) A).l155]

Figure C5. Crystal structure of h (ellipsoids set at 50%). All hydrogen atoms have been omitted for clarity. Selected interatomic distances (A)
and angles (°):Dy(1)-N(1) 2.616(5), Dy(1)-O(1) 2.392(4), Dy(1)-O(2) 2.432(4), Dy(1)-C(4)-2.757(7), O(2)-C(4)-O(1) 121.6(6), O(1)-Dy(1)-
0(2) 54.27(15), O(1)-Dy(1)-N(1) 77.98(16).
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1.5 Experimental Section Unpublished Results

All manipulations were performed under rigorous exclusion of air and moisture using standard
Schlenk, high-vacuum, and glovebox techniques (MBraun UNIlabpro ECO); <0.5 ppm Oo,
<0.5 ppm H»O, argon atmosphere). n-hexane, toluene and THF were purified using Grubbs
Columns (MBraun SPS, solvent purification system), THF was further dried over molecular
sieves (3 A). Benzene was dried over CaH, and distilled onto molecular sieves (3 A). C¢Dg
(99.6%, Sigma-Aldrich) and toluene-ds (99.6%, Sigma-Aldrich) were dried by letting the
solvents stand over molecular sieves (3 A) for at least 24 h and subsequent filtration. All
solvents were stored inside a glovebox. Y(AlMes)s;, Lu(AlMes) and Sc(AlMe3) were
synthesized according to literature procedures.343% 1561 K (2,4-dtbp) was prepared from 2,4-zert-
butyl-1,3-pentadiene and Schlosser’s base.!'3*] Tetramethylsilane was purchased from Sigma-
Aldrich and distilled, and stored in a glovebox prior to use. trimethylphosphine, 1,2-
bis(dimethylphosphino)ethane, 1,2-dimethoxyethane and tetramethylethylenediamine were
purchased from Sigma-Aldrich and used as received. Rare-earth-metal chlorides and benzoic
acid were purchased from Sigma-Aldrich and used as received. NMR spectra of air and
moisture sensitive compounds were recorded by using J. Young valve NMR tubes at ambient
temperature on either a Bruker AVII+400 ('H, '3C), a Bruker DRX-300 (!'B) or a Bruker
AVII+500 (¥Y). NMR chemical shifts are referenced to internal solvent resonances and
reported in parts per million relative to Tetramethylsilane (TMS), BF3 and Y(NO3)s. Coupling
constants are given in Hertz. Elemental analyses were performed on an Elemental Vario Micro
Cube. IR spectra were recorded on a Nicolet 6700 FTIR spectrometer with a DRIFT cell (KBr

window), and the samples were prepared in a glovebox and mixed with KBr powder.
[(1-Me-3,5-'Buz-CsH3Al)(u-Me)Sc(dtbp)] (a)

Sc(AlMes)3(AlMes)o.s (100 mg, 0.264 mmol) was dissolved in 10 ml n-hexane and kept at -40
°C. Then, 1.95 equivalents of K(2,4-dtbp) were suspended in 5 ml cooled n-hexane and added
to the mixture, which was stirred for 18 h at -40 °C. After another 18 h at ambient temperature,
the mixture was filtered and concentrated in vacuo. Crystallization was achieved with TMS

n-hexane at -40 °C.

'H NMR, (500 MHz, C¢Ds, 26 °C): 6 5.81 (t. %/ un = 2.26 Hz, 1H, ~CH=), 5.66 (d, *J uu=
2.19 Hz, 2H, A1-CH=), 5.43 (s, 1H, -CH=), 4.35 (s, Hz, 2H, CHoxo), 2.93 (s, 2H, CHenao), 1.18
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(s, 18H, C(CHs)3), 1.17 (s, 18H, C(CH3)3), —0.26 (s, 3H, Y-CH3), —0.63 (d, 2J u,y = 4.52 Hz,
3H, AI-CH3-Y) ppm.

3C{'H} NMR (126 MHz, C¢Ds, 26 °C): § 167.1 (s, 2C, ~CCMes), 158.9 (s, 2C, ~CCMes),
123.1 (brs, 2C,~CH=), 89.8 (d, 2C, —~CH=), 89.1 (d, 2C, ~CH=), 81.4 (br s, 2C, =CH,), 39.9 (s,
2C, CCMes), 39.7 (s, 2C, CCMe3), 31.8 (s, 6C, CCMes), 31.3 (s, 6C, CCMes), 0.5 (s, 1C, Ga—
CH;-Y), -7.0 (s, 1C, ~YCH;) ppm.

Elemental analysis: C2sHsoAlSc (458.65 g/mol): C 73.33%, H 10.99%; found: C 73.20%, H
11.11%.

[(1-Me-3,5-Bu2CsH3Ga)u-Me)Sc(1-Me-3,5-Bu2CsH3Ga)] (b)

To a cooled stirred slurry of [ScMes], (100 mg, 1.110 mmol) in 10 ml n-hexane, (255.0 mg,
2.220 mmol) GaMe;3 in 1.5 ml n-hexane was added to the suspension at -40 °C. Two equivalents
of K(2,4-dtbp) (198.50 mg, 0.9088 mmol) were suspended in cold n-hexane and added to the
previous prepared suspension under continuous stirring. The reaction mixture was stirred at -
40 °C for 18 h, then stirred at ambient temperature for 18 h and subsequently for 18 h at 90 °C.
Then, the mixture was filtered and concentrated under vacuo. After addition of n-pentane and
TMS, the solution was stored overnight at -40 °C, while (d) formed as red crystals in 37%
yield.

[1-Me-3,5-Buz2-CsH3Ga)(u-Cl)Lu(1-Me-3,5-'Buz2-CsH3Ga)] (¢)

[1-Me-3,5-Buy-CsH3Ga)(u-Me)Lu(1-Me-3,5-‘Bu,-CsHzGa)] 100 mg (1 equiv., 0.14 mmol)
was dissolved in 5 ml THF, and combined with 8.87 mg FeCl, (1 equiv., 0.07 mmol) the mixture
was stirred for 18 h at ambient temperatures. The solution was dried under vacuum and the
residue was solved in n-pentane and stored under -40 °C for crystallization. [1-Me-3,5-Bu,-
CsHzGa)(u-Cl)Lu(1-Me-3,5-Buy-CsH3Ga)] formed after several days as red crystals in low
yields.

[(1-Me-3,5-'Buz-CsH4Al)(u-Me)Y (CsMes)(B(C6Fs)4] (d)

[(1-Me-3,5-'Bus-CsH3Al)(u-Me)Y(CsMes)] 100 mg (1 equiv., 0.218 mmol) was dissolved in 10
ml cooled toluene, combined with 174.75 mg [PhNMe,H][B(CsF5)4] (1 equiv., 0.218 mmol) in

5 ml cooled toluene, then mixture was stirred for 18 h at -30 °C. Then, the suspension was
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filtered and dried under vacuo. Crystalline product could be obtained from an 0-CsH4F> solution

in low yields as orange crystals.
[(1-Me-3,5-'Buz-CsHsAl)(u-Me)Y (CsMes)(B(CsFs)4] ()

[(1-Me-3,5-'Bus-CsH3Al)(u-Me)Y(CsMes)] 100 mg (1 equiv., 0.218 mmol) was dissolved in 10
ml cooled toluene, combined with 111.61 mg B(CesFs)3; (1 equiv., 0.218 mmol) in 5 ml cooled
toluene, the mixture was stirred for 18 h at -40 °C. Then, the suspension was concentrated in
vacuo, filtered and stored at -40 °C. Crystalline product could be obtained from an 0-CsHsF>

solution in low yields as red crystals.
[((CsMe5)Y)2(3,5-Buz-CsHa):] (f)

To a suspension of YMes 100 mg (0.746 mmol) in cooled n-hexane, a slurry of K(CsMes),
130.08 mg (0.746 mmol), K(2,4-dtbp) 162.99 mg (0.746 mmol) and 171.37 mg GaMes (1.492
mmol) in cooled n-hexane was added and stirred at ambient temperature for 18 h. Then, the
mixture was filtered and dried under vacuo. The residue was dissolved in n-pentane and TMS

and stored for crystallization at -40 °C, to form (f) as red crystals in low yield.
[(CsMes)Lu(1-Me-3,5-'Buz-CsHsLu)(dtbp) (g)

To a suspension of LuMes 100 mg (0.454 mmol) in cooled n-hexane, a slurry of K(CsMes)
79.21 mg (0.454 mmol), K(2,4-dtbp) 99.25 mg (0.454 mmol) and GaMe; 104.26 mg (0.908
mmol) and the mixture was stirred at ambient temperature for 18 h. Then, the mixture was
filtered and dried under vacuo. The residue was dissolved in n-pentane and TMS and stored for

crystallization at -40 °C, to form (g) as red crystals in low yield.
[(Me3TACN)Dy(OOCPh)s3] (h).

(MesTACN)DyCls (200 mg, 0.45 mmol) was suspended in THF (10 mL) and cooled to —40 °C.
Then, a solution of MeLi (39.96 mg, 1.81 mmol, 4 equiv., in THF) was added dropwise. The
suspension was stirred for 12 h at 40 °C and additional 24 h at —15 °C. The suspension was
filtered and concentrated in vacuo. Crystals of (Me3sTACN)DyMes were obtained from a highly
concentrated THF solution. (MesTACN)DyMes 100 mg (0.263 mmol) was dissolved in cold
THF and benzoic acid 96.36 mg (0.79 mmol) was added to the mixture. After stirring for 30
minutes at -40 °C, the solution was allowed to warm up to ambient temperatures and
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concentrated and filtered for crystallization. Crystals of (h) suitable for XRD analysis were

obtained from a highly concentrated THF solution.
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1.6 Crystallographic Data of Unpublished Results

Table C1. X-ray crystallographic parameters for complexes a - ¢

Compound

[(1-Me-3 5-Buz-CsHaAl) (-
Me)Sc(2,4-dtbp)]

(1-Me-3,5-'Buz-CsHaGa) (-
Me)Sc(1-Me-3,5-Buz-CsHsGa)

(1-Me-3,5-Buz-CsHsGa) (-
Cl)Lu(1-Me-3,5-Buz-CsHsGa)

Sample code a b c
Empirical formula CasHs0AISc Co9Hs1GazSc CaiHssClGazlu
Formula weight 458.62 584.09 777.61
Temperature [K] 100(2) 100(2) 100(2)
Crystal system Monoclinic Orthorhombic Triclinic
Space group P2i/n Pbca P-1
a[A] 12.5170(6) 17.3716(13) 9.3199(13)
b [A] 16.5871(8) 18.2723(14) 9.7143(15)
c [A] 13.7775(7) 18.8575(15) 18.633(3)
al’] 90 90 99.398(3)
B[] 90.6150(10) 90 91.263(3)
vy [l 90 90 94.874(2)
Volume [A3] 2860.3(3) 5985.7(8) 1657.2(4)
z 4 8 2
Pealc [g/cm?] 1.065 1.296 1.558
p [mmY 0.300 2.022 4.667
F(000) 1008 2464 782

Crystal size [mm?]

0.267 x 0.208 x 0.183

0.091 x 0.065 x 0.062

0.091 x 0.063 x 0.055

Radiation

MoKa (A = 0.71073)

MoKa (A = 0.71073)

MoKa (A = 0.71073)

O range for data collection [°]

1.922 to 30.514

1.945 to 26.401

1.108 to 30.492

Index ranges

17<=h<=17, -23<=k<=23, -

-21<=h<=21, -22<=k<=22, -

-13<=h<=12, -13<=k<=12, -

19<=I<=19 23<=I<=23 26<=I<=25
Reflections collected 52092 79197 33035
Independent reflections 8731 6131 9248
Data/restraints/ parameters 8731/0/309 6131/37 /350 9248 /0/331
Goodness-of-fit on F2@ 1.038 1.020 1.022

Final R indexes [I>=2¢ (I)]PI]

R1=0.0375,wR2 =0.0971

R1 =0.0420, wR2 =0.0898

R1=0.0426, wR2 =0.0847

Final R indexes [all data]

R1=0.0514,wR2 =0.1071

R1=0.0844, wR2 =0.1088

R1=0.0602, wR2 = 0.0929

Largest diff. peak/hole [e A7)

0.498 and -0.355

0.599 and -0.573

1.746 and -1.764

BIGOF = [Ew(F,? - F2)? / (n - np)]"2. PIR1 = Z(||Fy| - |Fe|l) / Z|Fol, Fo > 40(Fo). IWR, = {Z[w(Fy? - F2? / Zw(F?)* ]}
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Table C2. X-ray crystallographic parameters for complexes d - g

[(CeFs)aB][(CsMes)Y(1-Me-3,5-

[(1-(CeFs)-3,5-Bu2-CsH3Al) (u-

Compound Buz2-CsHsAl)(u-Me)] CoFs)YCsMes] (C5Me5)(|:‘;_(|l;l:?lt(k::p5)'\(/|t35'lauz'
Sample code d e g
Empirical formula Ce3Hs0AIBF20Y C44H43.50AICl1.50F 10Y CagH7aluz
Formula weight 1322.80 931.35 976.99
Temperature [K] 100(2) 100(2) 100(2)
Crystal system Monoclinic Monoclinic monoclinic
Space group P2i/c C2/c P2i/c
a[A] 14.0457(9) 37.7816(10) 11.9763(7)
b [A] 24.1528(15) 17.8560(5) 20.9138(12)
c [A] 17.8753(11) 26.8982(7) 17.6808(10)
al’] 90 90 90
B[] 97.890(2) 111.1640(10) 104.2160(10)
vl 90 90 90
Volume [A3] 6006.7(7) 16922.3(8) 4292.9(4)
z 4 16 4
Pealc [g/cm?] 1.463 1.462 1.512
M [mm7 1.087 1.569 4.601
F(000) 2696 7600 1968

Crystal size [mm?]

0.094 x 0.076 x 0.052

0.430 x0.121 x 0.043

0.201x0.172x 0.114

Radiation

MoKa (A = 0.71073)

MoKa (A = 0.71073)

MoKa (A = 0.71073)

O range for data collection [°]

1.426 to 24.759

1.278 to 26.188

2.101 to 30.549

Index ranges

-16<=h<=16, -28<=k<=28, -

-46<=h<=46, -22<=k<=22, -

-17<=h<=17, -29<=k<=29, -

21<=I<=21 33<=I<=33 25<=I<=25
Reflections collected 75108 140289 98446
Independent reflections 10282 16921 13140
Data/restraints/ parameters 10282/0/817 16921/1196 /1217 13140/30/510
Goodness-of-fit on F2a 1.017 1.025 1.030

Final R indexes [I>=20 (I)]*)

R1=0.0665, wR2 =0.1472

R1 =0.0440, wR2 = 0.0995

R1=0.0278, wR2 = 0.0615

Final R indexes [all data]

R1=0.1392, wR2 =0.1808

R1=0.0767,wR2 =0.1139

R1=0.0388, wR2 =0.0664

Largest diff. peak/hole [e A=)

1.099 and -0.780

1.502 and -0.746

2.793 and -1.033

BIGOF = [Zw(Fo® - F2) / (no - np)]". PR = X(|Fol - [Fl)) / ZIFol, Fo > 4o(Fo). FIwR, = {Z[w(Fe’ - F) / S[w(Fey' 1} 2
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Table C3. X-ray crystallographic parameters for complexes h - i

Compound ((CsMes)Y (2,4-'Bu-(p-dtbp))z (MesTACN)Dy(OOCPh)3
Sample code h i
Empirical formula CaeH74Y2 C36H48DyN307.50
Formula weight 804.87 805.27
Temperature [K] 100(2) 100(2)
Crystal system orthorhombic trigonal
Space group Pbca P-3c1
a[A] 11.0777(10) 16.292(2)
b [A] 16.4366(14) 16.292(2)
c [A] 23.653(2) 15.736(2)
o] 90 90
B I 90 90
v [l 90 120
Volume [A3] 4306.7(6) 3617.3(12)
z 4 4
Peaic [glem?] 1.241 1.479
u [mm7 2.710 2.117
F(000) 1712 1644
Crystal size [mm?] 0.270x0.188 x 0.173 0.097 x 0.064 x 0.034

Radiation

MoKa (A = 0.71073)

MoKa (A = 0.71073)

O range for data

collection [°]

2.378t10 29.613

1.443 to 24.757

Index ranges

-15<=h<=15, -22<=k<=22, -

-17<=h<=19, -19<=k<=16, -18<=I<=18

32<=I<=32
Reflections collected 37087 20678
Independent reflections 6053 [R(int) = 0.0697] 2083
batafrestraints/ 6053 /0 /240 2083 /39145
parameters
Goodness-of-fit on F43 1.011 1.041

Final R indexes [I>=20
IR

R1=0.0348, wR2 =0.0722

R1=0.0406, wR2 =0.0928

Final R indexes [all data]

R1=0.0607, wR2 =0.0812

R1=0.0803, wR2 =0.1079

Largest diff. peak/hole [e
A9

0.612 and -0.522

1.013 and -0.578

BIGOF = [Ew(Fy? - F2?/ (no - np)]"2

PIRT = Z(|Fo| - |Fell) / Z|Fol, Fo > 40(Fo). FIWR, = {Z[w(Fy’ - FE) / Zw(Fe?) T} e
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Jakob Lebon,? Damir Barisic,” Cicilia Maichle-M&ssmer,”? and Reiner Anwander*?!

The yttrium gallabenzene complex [(1-Me-3,5-tBu,—CsH;Ga)(u-
Me)Y(2,4-dtbp)] is accessible from Y(GaMe,); and K(2,4-dtbp) via
a tandem salt metathesis/methane elimination (2,4-dtbp=2,4-
di-tert-butyl-pentadienyl). The pentadienyl ligand in [(1-Me-3,5-
tBu,—CsH;E)(u-Me)Y(2,4-dtbp)] (E=AIl, Ga) is easily displaced by
salt metathesis with KCMe, and KTpMeMe (TpMeMe=
tris(pyrazolyl-Me,-3,5)borato) affording [(1-Me-3,5-
tBu,—CsH;E) (u-Me)Y(Tp¥*)] and [(1-Me-3,5-tBu,—CsH;E) (u-Me)Y-
(CsMe;)]. The yttrium center in [(1-Me-3,5-tBu,—CsH;E)(u-Me)Y-
(2,4-dtbp)] readily forms adducts with neutral Lewis bases like

Introduction

The chemistry of borabenzenes has been launched independ-
ently by Herberich and Ashe in the early 1970s,"? and there-
after been explored comprehensively.?! Herberich accomplished
the first synthesis of monanionic borabenzene by addition of
organoboron halides to one cyclopentadienyl ligand of cobalto-
cene and subsequent halide abstraction by SnBr, (Figure 1)."
Alternatively, the 1-phenylborabenzene anion could be ac-
cessed by stannohydration of 1,5-diacetylenes and successive
treatment of the organotin intermediates with PhBBr, and
tBuLi.”? The aluminum analogue was long considered elusive,
despite several theoretical studies suggesting its aromaticity.”
It was until Yamashita etal. succeeded in synthesizing an
anionic “aluminabenzene” in 2014 (Figure 1), by applying a
reaction sequence similar to that used by Ashe! For this
heavier analog, hydroalumination/cyclization of a sterically
encumbered bis(silyl) diyne, followed by subsequent treatment
with nBu,SnCl,/pyridine and deprotonation with MesLi was
productive. Already 20 years earlier, Ashe described the syn-
thesis of the first gallabenzene by reaction of 1,5-di-lithiated
pentadiene with a bulky arylgallium dichloride, followed by
deprotonation with lithium bases (Figure 1).’ It was again the
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4-DMAP  (4-dimethylaminopyridine), PMe;, DMPE (1,2-
bis(dimethylphosphino)ethane), and DME  (1,2-dimeth-
oxyethane). In stark contrast, addition of TMEDA (N,N,N’N-
tetramethylethylenediamine) results in methyl/pentadienyl ex-
change between aluminum and yttrium resulting in [(1-(2,4-
dtbp)-1-Me-3,5-tBu,—C;H;Al)Y(Me)(tmeda)]. The bonding fea-
tures of the newly synthesized complexes are analyzed by
single-crystal X-ray diffraction (SCXRD) and heteronuclear (*Y,
*'P) NMR spectroscopy.

X
| S
E
I
R
E=B,Al Ga, In
(), 00, () )
@y P A7 SiPrs gg” iPraSi (ny siPrs
|
Ph Mes M(L,s* Me
Herberich  Yamashita Ashe Il Yamashita
1970 2014 1995 2017

Mes = CgHoMe3-2,4,6; Mes* = CgHytBuz-2,4,6
tBu AN tBu

..
8
/ -
Me Me
this work

Figure 1. Structurally identified group-13-heterobenzene compounds.

Yamashita group who disclosed the synthesis of an indaben-
zene, by conducting a Lewis base-assisted Al/In exchange along
the original aluminabenzene synthesis (Figure 1).”

Here, we present the first rare-earth metal supported
gallabenzene, using Y(GaMe,); (ref. [8]) and the pentadienyl salt
K(2,4-dtbp) (2,4-dtbp =2,4-di-tert-butylpentadienyl) as the sole
precursors.””’ Respective aluminabenzene derivatives have been
recently obtained by using Y(AlMe,); instead of Y(GaMe,),."”
Moreover, the reactivity of such anionic heterobenzene com-
plexes toward neutral donor molecules as well as their
accessibility to salt-metathesis reactions has been examined.

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH


http://orcid.org/0000-0001-5830-7177
http://orcid.org/0000-0001-6281-813X
http://orcid.org/0000-0001-7638-1610
http://orcid.org/0000-0002-1543-3787
http://uni-tuebingen.de/syncat-anwander
https://doi.org/10.1002/chem.202302846
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fchem.202302846&domain=pdf&date_stamp=2023-10-09

Chemistry—A European Journal

Research Article
doi.org/10.1002/chem.202302846

Chemistry
Europe

European Chemical
Societies Publishing

Results and Discussion

The discrete yttrium-supported gallabenzene [(1-Me-3,5-
tBu,—C;H;Ga)(u-Me)Y(2,4-dtbp)] (1-Ga) was initially obtained
from the reaction of Y(GaMe,); with two equivalents K(2,4-
dtbp), in analogy to previously reported aluminabenzene [(1-
Me-3,5-tBu,—CsH,;Al) (u-Me)Y(2,4-dtbp)] (1-Al) (Scheme 1).% Pre-
cursor Y(GaMe,); was generated by addition of GaMe; to
amorphous [YMe;],.®! Alternatively, 1-Ga could be accessed via
a one pot reaction using [YMe;],, GaMe,, and K(2,4-dtbp) in a
molar ratio of 1:3:2 (Scheme 1). In either case, high yields were
obtained (1-Al 79%, 1-Ga 67 %), and the soluble heterobenzene
products were easily separable via filtration from the side
products KAIMe, and KGaMe,, respectively. The '"H NMR spec-
trum of 1-Ga displays a doublet signal for the bridging methyl
group (Jyy=4.4 Hz),®™" shifted to higher field relative to the
signal ascribed to the terminal gallium methyl (Figure S1).
Compared to 1-Al, the metal-bonded methyl signals of 1-Ga
appear less shifted to higher fields, which is opposed to the
low-field shift of the metallacycle protons, ranging to 5.68 ppm
for 1-Ga instead of 5.80 ppm for 1-Al. The 'H-*Y HSQC
spectrum of 1-Ga revealed a ¥Y resonance at §=258 ppm
comparable to that overserved for 1-Al (253 ppm)."” For better
assessment of the bonding situation, comparison might be also
drawn to the *Y chemical shifts of tris(cyclopentadienyl)
complex Y(CsH,Me)s(thf) (=371 ppm), tris(allyl) complex Y-
[C5H5(SiMe;),-1,3]; (470.5 ppm), as well as yttrocene alkyls
(CGH,Me),YMe(thf) (40 ppm) and  (CsMes),Y[CH(SiMe;),]
(78.9 ppm).'"? The %Y resonances suggest a pronounced
deshielding behavior of heterobenzene moieties compared to
cyclopentadienyl ligands.

Like the earlier reported isostructural compound 1-AL" the
gallium congener 1-Ga exhibits no clear indication of aroma-
ticity of the anionic “gallabenzene” moiety (Figure 2, Table 1).
Neither are the endocyclic Ga—C1/C5 distances (2.029(2)/

Me_
2 K(2,4-dtbp) |v/|
-h RT, 18 h
Y(AIMe4)3 n-nexane, N
— 2 KAIMey4, —2 CHy Bu
3 Et,0
n-hexane
— 3 AlMe;3(OEty) 3 AlMe3 or 3 GaMegy
2 K(2,4-dtbp)
n-hexane, RT, 18 h
[YMes], —
— 2 KEMey, —2 CHy
3 GaMes E=A.Ga) MBu
n-hexane Me\Ga )
2 K(2,4-dtbp) /
: Me Bu
Y(GaMe,)s n-hexane, RT, 18 h

—2KGaMey, —2 CHy Bu,

1-Ga
Bu 67%

Scheme 1. Synthesis of yttrium-supported aluminabenzene 1-Al and galla-
benzene 1-Ga.
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[Li(dme)s]*

Figure 2. Top: Crystal structure of 1-Ga (ellipsoids set at 50%). All hydrogen
atoms have been omitted for clarity. For detailed metrical parameters, cf.,
Table 1 and Supporting Information Bottom: interatomic distances of
selected “gallabenzene” ring structures in the solid state.*'”

2.026(2) A) significantly shorter than reported Ga—C single
bonds, nor are there equally short interatomic C—C ring
distances (e.g., C1—C2, 1.381 A, double bond; C2—C3, 1.438 A,
single bond). The endocyclic Ga—C distances are also slightly
longer than those observed for the 4-coordinate gallium center
in previously reported gallepin, a neutral gallium analogue of
the tropylium ion (Ga—C, av. 1.948 A)."! The heteroring bonding
pattern observed in 1-Ga is certainly affected by the steric
demand of the tert-butyl groups, coordination to the rare-earth-
metal center, and the 4-coordinate gallium ring atom. The
heteroring system of 1-Ga is similar to that detected for the
tris(carbonyl) manganese derivative 1 but distinct from
aromatic ion-separated gallabenzene Il (Figure 2)." The exo-
cylic Ga—C(methyl) distances of 1.961(3) and 2.116(3) A in 1-Ga
reflect the bridging nature of the latter one to the yttrium
center (Y-C, 2.664(2) A).

Ring folding as observed in 1-Ga and manganese complex
I-Mn(CO); (ref. [6]) is clearly favored by interaction of the anionic
gallabenzene with the yttrium and manganese center, respec-
tively. This is supported by the structure of II-Li(DME), revealing
Li-gallabenzene interaction in case of DME shortage." As a
consequence 1-Ga adopts a chair-like conformation with the
opposing Gal and C3 atoms being displaced by 0.301 and
0.215 A, respectively, from the plane spanned by C1/C2/C4/C5.

As reported previously for 1-Al, the formation of complex 1-
Ga is likely to proceed via a salt metathesis/deprotonation
sequence, involving open metallocene complex [(2,4-dtbp),Ln-
(GaMe,)] (lll, not isolated) as an intermediate at temperatures
<0°C." Compound Il undergoes ring closure via methane
elimination at ambient temperature (route A, Scheme 2). The

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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remaining pentadienyl ligand can be easily displaced by a
vvvvvvvvvvvvvvvv second salt metathesis with K(C;Me;) yielding discrete complex

)

)

)

)

)

)

)

)

)

)

)

)

)

)

6)
14)

| F S8BT =22 3838835 3
sl L g nsIerxxTEIann [(1-Me-3,5-tBu,—CsH;Ga) (u-Me)Y(CsMe;)] (2-Ga) (Scheme 2). Cy-
clopentadienide 2-Ga can be also accessed following route B,
L which starts with the equimolar reaction of homoleptic Y-
ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ T N R R
_ § % § % % iél % % §: % % E’é \§ § g % (GaMe,); with K(CsMes). Treatment of the resulting half-
Tl n x n O M NS & S MY Y Mmoo sandwich complex (CsMe,)Y(GaMe,), (IV)' with an equimolar
~ [} o~ o~ o~ (o] (o] o (o] — o~ — — — — [e)} ~

amount of K(2,4-dtbp) at elevated temperatures affords 2-Ga in

AAAAAAAAAAAAAAAA similar high yields. Route B was also adapted for the synthesis

N ¥ N N m S 8 K 5 = ™" F o 5 5 of the new aluminum congener [(1-Me-3,5-tBu,—CsH,Al)(#-Me)Y-
[ S| (CMey] (2-AD.

Both 2-Al and 2-Ga were obtained in good crystalline yields.

-Ga
3.157
2.499
2.717
2.607
2.693
2.516
4.142
2.007
2.036
2.048
1.371
1.443
1.444
1.388
92.88

@A
w
y _ The 'H NMR spectra of 2-E (E=AI, Ga) display the protons of
2 T a8 ETTTETETETTEEEG &S i iety i
5 _ T3 8ssnrE:riNemagsa the C;Me; ligand and the dianionic heterobenzene moiety in
‘g E AL e NS 222 MY YNy g the correct ratio of 15:1:2:18:3:3. The pentadienyl/cyclo-
8 pentadienyl exchange has no significant impact on the
i heterobenzene coordination in the solid state (Figures3 and
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g g ) g‘? gf g g g § g g g? g LE, g"? © g 2.582(3) A). However, the Y—CH,-E linkage seems still intact as
3 E § £ E E E 5 § § § § ®3I 3N E E assessed by two signals for the methyl group in the 'H NMR
hd spectra, the one shifted to higher field showing coupling to the
=< ttrium center (J,y=4.68 Hz).
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5 | = = s s e ) i ) ) )
T . % % g % % % % % % % % g g_: % % g Given the effective pentadienyl/cyclopentadienyl ligand
S dlgaRugunageenITagg exchange, the even bulkier tris(pyrazolyl-Me,-3,5)borato ligand
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~ (TpM*™¢) was considered another suitable candidate for salt
< _ metathesis. According to Scheme 2, the equimolar reaction of
. | A a2~ ~ =~~~ o~~~ =~ =~ =~ = o . . .
ol S I S S 1-E with KTp"*™ led to the straightforward formation of the
ui ;E,r E ﬁ R E E 5 § § & R m e e § E isostructural complexes [(1-Me-3,5-tBu,—CsH;E)(u-Me)Y (TpMeMe)]
< . L L ) i
=z (3-E; E=AI, Ga). Crucially, displacement of the heterobenzene
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[ .
E. resonances of 3-E appeared at lower field (E=Al: 297 ppm; E=
S S e i s oo aTETES g s Ga: 316 ppm) compared to 1-E (see above) or even more so
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S| 35382383823 F o than 2-E (E=AIl: 190 ppm; E=Ga: 195 ppm), corroborating the
g NN A A A A AN AN s s s s o R high shielding effect of cyclopentadienyl ligands. Not unexpect-
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metrical parameters, cf., Table 1 and Supporting Information.
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route A [ —2 KEMe, Ng me  -2CHs Bu,
«fBu » T
Y(EMey)s Il (previously isolated for E = Al)
tBu 1.
route B tBu &
K(CgMes) K(CsMes), toluene, 40 °C, 2d |
5ivieg RT
“KEMe, | n-hexane l ~K(24-dtbp) K(TpheMe)| o
nhexane |~ K(24-dtbp)
40°C,2d
\ﬁ——;}?’ K(2,4-dtbp) @’ H
n-hexane, : Me Me
Me Y 70°C, 18h M R
Me  Me" aiMe — ——— N
E—==pMe Me = — KEMey | O
| Ne -2 CH, N
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IV (ref. 15) )
- JBu
E = Al Ga
Bu 3-E

Scheme 2. Distinct routes toward heterobenzene-type complexes 2-E. Complexes 1-E readily engage in salt metathesis with K(Tp

MeMe) via displacement of the

pentadienyl ligand, underlining the stable coordination of the heterobenzene-type ligand.

edly, the sterically more demanding scorpionate ligand forces
the bridging methyl group further away from the yttrium center
(Y—C14, 3.030(3) A). This methyl ligand is flanked by two
pyrazolyl moieties, while the third pyrazolyl is oriented to the
anionic carbon atom opposing the group 13 heteroring atom.
The lengthening of the Y—C14 distance does affect the chair-
like heterobenzene conformation only insignificantly with the
opposing All and C3 atoms being displaced by 0.401 and
0.227 A, respectively, from the plane spanned by C1/C2/C4/C5.

We have previously probed the stability of the Y—CH,—Al
linkage in 1-Al by treatment with the neutral donor molecules
THF, pyridine, 4-DMAP, and 4,4-bipyridine."” It was revealed
that these donors coordinate to the yttrium center exclusively,
and hence, increased the overall Y-aluminabenzene and Y-(2,4-
dtbp) distances. Moreover, the 'H-*Y HSQC NMR spectra
showed that the ®Y resonance is progressively shifted to higher
field for stronger donor molecules (range &(*Y): 164-249 ppm).
Preliminary studies on the reactivity of 1-Ga toward 4-DMAP
revealed the formation of adduct [(1-Me-3,5-tBu,—C;H;Ga)(u-
Me)Y(2,4-dtbp)(4-DMAP] (Figure S60/right), being isotype with
the aluminum derivative."”

For further assessment of the Y—u-CH;—E bonding, such
simple addition reactions have now been extended to the
softer phosphine Lewis bases PMe; and DMPE (1,2-bis(dimeth-
ylphosphino)ethane) as well as the potentially chelating DME
(1,2-dimethoxyethane) and TMEDA  (N,N,N’,N-tetrameth-
ylethylenediamine) (Scheme 3). Despite the rather soft and
hence polarizable nature of gallium and phosphorus according

Chem. Eur. J. 2023, 29, €202302846 (4 of 8)

to the HSAB concept,"® PMe, coordinates exclusively to the
yttrium center yielding 4-Ga and 4-Al (Figures4 and S52).
Bifunctional DMPE interacts similarly with the rare-earth-metal
center but acts as a bridging ligand between two [(1-Me-3,5-
tBu,—C;H;E)(u-Me)Y(2,4-dtbp)] entities to afford 5-E (Figures 4
and S55/556). A similar donor-linked complex has been
described for 4,4-bipyridine as a bifunctional donor."” Through
extension of the coordination number of the yttrium centers in
complexes 4-E and 5-E, both the pentadienyl and heteroben-
zene ligands get twisted against each other and the Y—u-CH,—E
linkage experiences an elongation of the Y—C distance of about
0.3 A. Pentadienyl/cyclopentadienyl ligand exchange as de-
scribed for 2-Al does not change the coordination site of PMe;,
which again favors the yttrium center in complex [(1-Me-3,5-
tBu,—CsH;Al)(u-Me)Y(CsMes) (PMe;)] (7-Al), despite the sterically
more demanding CsMe; (Figure S58). The *'P NMR spectra of
compounds 4-E, 5-E, and 7-Al revealed phosphorus signals in
the range —40 to —50 ppm. The Y—P distances of complexes 4-
E (3.1002) and 3.1063(15) A) and 5-E (3.0546(5) and
3.05832(10) A) compare to those of terminal PMe; complex
[(37°:57"-CsMe,SiMe,NCMe,)Y(PMe,) (u-H)l, (2.996(2) A)"” or 6-co-
ordinate Y(CH,SiMe,);(thfi(dmpe) (av. 3.073 A)"® The Y-P
distance of 3.1538(10) A detected of cyclopentadienyl complex
7-Al appears significantly elongated.

DME coordinates to the yttrium center in 1-E in a chelating
manner, widening the coordination sphere of the resulting
adducts 6-E even further. This is reflected in the apparent
splitting of the Y—u-CH,—E linkage resulting in Y—C(Me)

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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[(1-Me-3,5-1Bu,-CsH3E)(u-Me)Y(2,4-dtbp)] (1-E)

E =Al Ga
‘ n-hexane, RT
F'Meg,l DMPE l DME J TMEDA l
M tBu
fBu,". / " tBu
Me—E -tBu / _\jBu
Bu \o D Al
Y X b me’ [
— "N u _ tBu
Me\Ef Bu. — ﬁ Me
N/
Me tBu \
4-E 5-E 6-E 8-Al

(89y: 255 ppm, E = Al;
258 ppm, E = Ga)

(8%Y: 255 ppm, E = Al;
258 ppm, E = Ga)

(89Y: 261 ppm, E = Al; (89Y: 695 ppm)

258 ppm, E = Ga)

Scheme 3. Reaction patterns of Al/Ga heterobenzenes 1-E with neutral donors revealing terminal, chelating, and bridging donor motifs as well as

intramolecular alkyl/pentadienyl redistribution.
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Figure 4. Crystal structures of 4-Ga (left), 5-Ga (middle), and 8-Al (right) with ellipsoids set to the 50% probability level. For detailed metrical parameters, cf.,

Table 1 and Supporting Information.®”

distances of 4.16 A (6-Al) and 4.14 A (6-Ga). Moreover, a change
of the Y—u-CH,—E linkage was proposed by a variable temper-
ature 'H NMR study revealing a change of the ¥Y-'H coupling
(Figure S37).

In sharp contrast to the routine additions observed for
aforementioned donors, the equimolar reaction of 1-Al with
TMEDA turned out completely different (Scheme 3, Figure 4).
Accordingly, TMEDA displaced the “labile” 2,4-dtbp ligand in
exchange for one of the methyl groups on aluminum, to form
[(1-(2,4-dtbp)-1-Me-3,5-tBu,—CsH;Al) Y(Me)(tmeda)] (8-Al) in low
yield. A similar pentadienyl migration was recently detected,
when complex 1-Al was reacted with LiN(SiHMe,), and exposed
to THF as a donor." Thus obtained terminal methyl complex 8-
Al showed decomposition at temperatures >-—20°C via
methane elimination. The proton resonance of both the
aluminum- and yttrium-bonded methyl groups overlap at
—0.63 ppm. The tert-butyl groups of the migrated pentadienyl
split up into two singlets caused by the #5'-coordination of the
latter to the aluminum center. The terminal methyl group on

Chem. Eur. J. 2023, 29, €202302846 (5 of 8)

yttrium causes a strong shift of the ®Y resonance to lower field
(695.3 ppm), a feature well-documented in literature.?” The
chemical shift lies in the region of cationic alkyl compounds, as
evidenced for [Y(CH,SiMe;),(thf),]J[BPh,] (660 ppm) and [Y-
(CH,SiMe,),(thf) J[AI(CH,SiMe,),] (666.6 ppm).2" For further com-
parison, the ®Y resonances of tris(alkyl) complexes like Y[CH-
(SiMe,),]; (895.0 ppm)'™ or Y(CH,SiMe;);(Mestacn) (939.4 ppm)
are shifted to even lower field.'® Subsequent recrystallization of
8-Al from SiMe, yielded a small amount of (2,4-dtbp)/Me
exchanged complex [(1-Me,-3,5-tBu,—C;H;Al)Y(Me)(tmeda)] (8 a-
Al, Figure S60/left), further corroborating the high mobility of
the pentadienyl mobility. The respective 1-Ga/TMEDA reaction
did not lead to any isolable compound but only inconclusive
NMR spectra.

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Conclusions

Yttrium complexes with aluminabenzene- and gallabenzene-
type ligands are readily synthesized, utilizing [YMe;], Y(Al/
GaMe,); and K(2,4-dtbp) as synthesis precursors. For the first
time a rare-earth-metal gallabenzene derivative, [(1-Me-3,5-
tBu,—C;H;Ga)(u-Me)Y(2,4-dtbp)], could be accessed and struc-
turally characterized. Metathesis reactions with potassium salts
yielded complexes [(1-Me-3,5-tBu,—CsH;E)(u-Me)Y(Tp"*™9)] and
[(1-Me-3,5-tBu,—CsH;E) (u-Me)Y(CsMes)] (E=Al, Ga), featuring the
stability of the heterobenzene moieties and the lability of the
“open” pentadienyl ligand. The pentamethylcyclopentadienyl
complexes are also obtained by treatment of half-sandwich
tetramethylaluminates/tetramethylgallates with K(2,4-dtbp). The
reaction of [(1-Me-3,5-tBu,—CsH;E)(u-Me)Y(2,4-dtbp)] (E=Al, Ga)
with neutral Lewis bases PMe;, DMPE, DME, and TMEDA results
in exclusive adduct formation with the yttrium center. In
addition, the chelating tmeda coordination triggers a penta-
dienyl migration to the group 13 metal center, in exchange for
a terminal methyl group on yttrium. The pentadienyl coordina-
tion in [(1-(2,4-dtbp)-1-Me-3,5-tBu,—C;H;Al)Y(Me)(tmeda)] expe-
rienced a switch from #7° to #'. Compared to yttrocene alkyl
complexes, the ®Y resonances, obtained by 'H-*Y-HSQC NMR
spectroscopy, reveal a pronounced deshielding effect of
heterobenzene moieties compared to cyclopentadienyl ligands.

Experimental Section

General Considerations including source of chemicals and meth-
ods are listed in the Supporting Information.

Representative Synthesis Procedures. Additional syntheses are
shown in the Supporting Information.

Synthesis of [(1-Me-3,5-tBu,—C;H;Ga)(u-Me)Y(2,4-dtbp)] (1-Ga)

A solution of Y(GaMe,); (500 mg, 1.04 mmol) in 5 mL n-hexane, was
added to a stirred slurry of 2 equivalents of K(2,4-dtbp) (456.49 mg,
2.09 mmol) in 15 mL of n-hexane. The reaction mixture was stirred
at ambient temperature for 24 h, and then concentrated in vacuo.
After addition of 1mL of tetramethylsilane and by standing
overnight at —40°C, compound 2 formed as orange-red crystals
with a yield of 67%. 'H NMR (400 MHz, C¢Dg, 26°C): 8 5.67 (t, “Jyy=
2.45Hz, 1H, —CH=), 5.36 (d, *Jyy=245Hz, 2H, Ga—CH=), 5.20 (t,
*Jun=2.47 Hz, TH, —CH=), 4.30 (dd, Yy =2.26 Hz, “Jyyy=2.15 Hz, 2H,
CH,yo) 330 (d, “Jyy=2.16 Hz, 2H, CH,,4,), 1.25 (s, 18H, C(CH;)s), 1.13
(s, 18H, C(CH,)), —0.02 (s, 3H, Y-CHs), —0.23 (d, *,,y=4.52 Hz, 3H,
Ga—CH5-Y) ppm. C{'H} NMR (101 MHz, C,D,, 26°C): & 166.3 (s,
—CCMe;), 162.6 (s, —CCMe3), 112.5 (br s, —CH=), 85.4 (s, —CH=), 84.5
(s, —CH=), 80.4 (br s, =CH,), 39.9 (s, CCMe;), 39.8 (s, CCMe;), 31.8 (s,
CCMe,), 31.7 (s, CCMe;), 1.8 (s, Ga—CH;—Y), —1.8 (s, —YCH;) ppm.
¥Y NMR (25 MHz, C,Dy): 0 258.1 (s) ppm. The *Y signal was
determined by means of a 'H-**Y HSQC experiment. IR (KBr) v=
2967(s), 2961 (s), 2933 (w), 1476 (s), 1462 (s), 1454 (m), 1443 (m),
1361 (m), 1354 (m), 1241 (w), 1211 (m), 1173 (w), 1099 (w), 997 (w),
925 (w), 864 (w), 811 (m), 790 (w), 764 (m), 697 (w), 645 (w), 567
(m), 477 (w), 424(s) cm™". Elemental analysis: C,gHs,GaY (545.34 g/
mol): C 61.67 %, H 9.24 %; found: C 60.87 %, H 9.00 %.

Chem. Eur. J. 2023, 29, €202302846 (6 of 8)

Synthesis of [(1-Me-3,5-tBu,—CsH;Ga)(u-Me)Y(CsMe;)] (2-Ga)

Route A: Compound 1-Ga (150 mg, 0.27 mmol) was dissolved in
5mL of toluene and added to an equimolar slurry of KC;Me;s
(47.95 mg, 0.27 mmol) in 5 mL of toluene, and the mixture stirred
for 48 h at ambient temperature. Then, the reaction mixture was
dried under vacuum and extracted with n-hexane. The obtained
yellow solution was concentrated under vacuum and stored at
—40°C upon addition of 0.5 mL of TMS. The product formed as
light-yellow crystals with a yield of 92 %.

Route B: (C;Me;)Y(GaMe,), (100 mg, 0.20 mmol) was dissolved in
5 mL of n-hexane and added to a slurry of 36.03 mg (0.206 mmol)
of K(2,4-dtbp) in 5 mL of n-hexane. The mixture was stirred for 18 h
at ambient temperature, then dried under vacuum and extracted
with n-hexane. The obtained yellow solution was concentrated
under vacuum and stored at —40°C upon addition of 0.5 mL of
TMS. The product formed as light-yellow crystals with a yield of
94 %.

'HNMR (400 MHz, C¢Dg, 26°C): & 5.20-5.21 (t, *Jyy=248 Hz, TH,
—CH=), 5.16-5.17 (d, “jyy=2.51Hz, 2H, Ga—CH=), 1.91 (s, 15H,
Cp(CH,))s, 1.22 (s, 18H, C(CH,)5), 0.06 (s, 3H, Y=CH;), —0.22 (d, *Jyy=
4.68 Hz, 3H, Ga—CH,—Y) ppm. "*C{'"H} NMR (101 MHz, C,D,, 26 °C): &
167.3 (s, —CCMe;), 120.0 (s, —(C;Meg), 112.6 (br s, —CH=), 89.6 (s,
—CH=), 40.1 (s, CCMe;), 31.9 (s, CCMe,), 11.8 (s, —(CsMes)), 3.3 (s,
Al=CH,—Y), —1.7 (s, —YCH5) ppm. ¥Y NMR (25 MHz, C,D,, 26°C): &
195.0 (s) ppm. The *Y signal was determined by means of a 'H-%Y
HSQC experiment. IR (KBr) v=2957 (s), 2918 (s), 2861 (m), 1475 (m),
1460 (s), 1389 (vw), 1359 (m), 1345 (vs), 1247 (vw), 1213 (m), 1102
(w), 1021 (w), 1000 (w), 923 (w), 868 (vw), 821 (w), 794 (w), 751 (m),
570 (m), 461 (w) cm™". Elemental analysis: C,sH,,GaY (501.24 g/mol):
C 59.91%, H 8.45%,; found: C 60.19%, H 8.93%.

Synthesis of [(1-Me-3,5-tBu,—CsH;Ga)(u-Me)Y(Tp"*"*)] (3-Ga)

Compound 1-Ga (100 mg, 0.18 mmol) was dissolved in 5 mL of
toluene and added to an equimolar slurry of KTp"*™ (61.66 mg,
0.18 mmol) in 5 mL of toluene. The mixture was stirred for 48 h at
ambient temperature, then dried under vacuum and extracted with
n-hexane. The obtained yellow solution was concentrated under
vacuum and stored at —40°C upon addition of 0.5 mL of TMS. The
product formed as light-yellow crystals with a yield of 96%. 'H NMR
(400 MHz, CDg, 26°C): O 5.64 (t, *Jyy,y=2.48 Hz, 2H, Ga—CH=), 5.49-
5.54 (d, *“Jyy=2.51 Hz, 3H, —CH=), 5.32-5.34 (s, 1H, —CH=), 2.44-2.48
(s, 9H, —C(CH,)), 2.33 (s, 1H, —BH), 1.99-2.01 (s, 9H, —C(CH,)), 1.30 (s,
18H, C(CHs);), —0.28 (s, 3H, AI-CH;—Y), —0.15 (d, *J,,y=0.87 Hz, 3H,
—YCH,) ppm. “C{'H} NMR (101 MHz, C,D, 26°C): & 1713 (s,
—CCMe;), 151.3-152.1 (s, —CH=), 146.3-147.4 (s, —CH=), 115.7 (s,
—CH=), 107.7-107.9 (s, —CH=), 88.4 (s, —CH=), 39.9 (s, CCMe;), 31.7 (s,
CCMe;), 15.8-16.2 (s, —CH;), 13.6-13.9 (s, —CH;), 0.6 (s, AI-CH;—Y),
—12.6 (s, =YCH,) ppm. ®Y NMR (25 MHz, C,D,, 26°C): & 3163 (s)
ppm. The ®Y signal was determined by means of an 'H-*Y HSQC
experiment. ""B{'"H} NMR, (96 MHz, C;Dy, 26°C): 6 —4.0 ppm. IR (KBr)
v=2957 (m), 2926 (m), 2863 (w), 2573 (w), 1543 (s), 1442 (s), 1413
(s), 1381 (m), 1359 (vs), 1202 (s), 1104 (w), 1068 (m), 1039 (m), 981
(w), 936 (vw), 822 (w), 798 (m), 766 (vw), 728 (m), 693 (m), 664 (w),
650 (m), 545 (w), 484 (w), 461 (vw) cm™'. Elemental analysis:
CaoHs5,GaBN,Y (666.23 g/mol): C 54.09%, H 7.87%, N 12.61%; found:
C 55.32%, H 8.21%. N 12.99 %.

Synthesis of [(1-Me-3,5-tBu,—C;H,Ga)(u-Me)Y(2,4-dtbp)(PMe;)]
(4-Ga)

To a solution of 1-Ga (50 mg, 0.09 mmol) in 2 mL n-hexane, a
solution of PMe; (1 equiv., 6.96 mg, 0.09 mmol) in 2 mL n-hexane

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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was added and the solution stirred for 3 h at ambient temperature.
The volume of solution was reduced by evaporation at ambient
pressure and then stored at —40°C to give 4-Ga as reddish crystals
in 51% yield. "H NMR (400 MHz, C,D, 26°C): 6 5.66-5.67 (t, “Jy=
2.48 Hz, TH, —CH=), 5.36 (dd, “Jyy=2.39 Hz, 2H, Ga—CH=), 5.19 (br t,
“Juu=1.6 Hz, TH, —CH=), 4.33 (br t, 2H, CH,,,), 3.30 (br, 2H, CH,,q),
1.25 (s, 18H, C(CH,)3), 1.13 (s, 18H, C(CH,)5), 0.79 (s, 9H, P(CH;);), 0.15
(s, 3H, YCH,), —0.37 (d, *Jyy=4.35 Hz, 3H, Ga—CH;-Y) ppm. *C{'H}
NMR (101 MHz, C,Dg, 26°C): 6 166.3 (s, 2 C, —CCMe,), 162.2 (s, 2 C,
—CCMe;), 112.5 (br s, —CH=), 85.4 (s, —CH=), 84.5 (s, —CH=), 80.4 (br
s, =CH,), 39.9 (s, CCMe;), 39.7 (s, CCMe;), 31.7 (s, CCMe;), 31.6 (s,
CCMe), 11.6 (d, P(CH5);) 1.8 (s, Ga—CH;—Y), —1.7 (s, —YCH;) ppm. *'P
{'H} NMR, (400 MHz, C,Dg, 26°C): 6 —62.2 ppm. ¥Y NMR (25 MHz,
C¢Dg, 26°C): & 258.2 (s) ppm. The *Y signal was determined by
means of a 'H-*Y HSQC experiment. IR (KBr) v=2961 (vs), 1478 (m),
1439 (w), 1377 (w), 1354 (s), 1282 (vw), 1243 (vw), 1211 (m), 1161
(vw), 1103 (w), 999 (vw), 955 (w), 923 (w), 865 (vw), 818 (vw), 792
(m), 760 (w), 714 (w), 622 (vw), 567 (vw), 550 (w) cm™'. Elemental
analysis: C3;Hs,GaPY (621.42 g/mol): C 59.92%, H 9.57 %; found: C
59.86%, H 9.41 %.

Synthesis of [(1-(2,4-dtbp)-1-Me-3,5-
tBu,—C;H;Al)Y(Me)(TMEDA)] (8-Al)

To a stirred solution of 1-Al (100 mg, 0.19 mmol) in 2 mL n-hexane,
a solution of TMEDA (0.5 equiv., 11.56 mg, 0.09 mmol) in 2 mL n-
hexane was added. The reaction mixture was stirred at ambient
temperature for 3 h and then concentrated in vacuo. After addition
of 0.5 mL of TMS and standing overnight at —40°C, crystallization
was achieved. The compound was obtained as amber crystals with
a yield of 29%. "H NMR (400 MHz, C,D, 26°C): 0 5.79 (s, TH, —CH=),
571 (t, “jyu=2.55Hz, 1H, CH), 543 (br s, TH, CH,,), 5.34 (d, 2H,
—Al-CH=), 5.19 (br s, TH, CH,pgo)s 1.92-1.96 (s, 12H, —N(CHs),), 1.71
(m, 4H, -N(CH,);N-), 1.59-1.63 (M, 2H, —AlCH exosendo)s 142 (5, 9H,
C(CH,)3), 1.36 (s, 18H, C(CH,);), 1.32 (s, 9H, C(CH,);), —0.63 (d, *Jyy=
1.87 Hz, 3H, Al-CHs—Y),-0.64 (s, 3H, CHsY) ppm. "C{'H} NMR
(101 MHz, C,D,, 26°C): 6 178.6 (s, —CCMes), 163.3 (s, —CCMe,), 158.1
(s, —CCMe;), 119.1(br s, —CCMe;), 111.4 (s, —Al(Me)2-CH=), 108.1 (s,
—CH=), 965 (s, —CH=), 80.8 (s, =CH,), 57.4 (s, —N(CH,),N—), 47.3-
47.4 (s, —(N(CH5),),), 41.2 (s, CCMes), 40.2 (s, CCMey), 35.2 (s, CCMe,),
32.1-32.1 (s, CCMes), 30.9(s, CCMe;), 30.2 (s, CCMe;), 24.0 (s,
Al-Me—Y—Me) ppm. ¥Y NMR (25 MHz, C,Ds, 26 °C): 6 695.3 (s) ppm.
The *Y signal was determined by means of a 'H-*Y HSQC
experiment. IR (KBr) v=2960 (s), 2864 (m), 1614 (w), 1591 (w), 1469
(s), 1429 (m), 1386 (m), 1357 (s), 1335 (s), 1284 (w), 1246 (w), 1212
(m), 1166 (w), 1101 (w) 1020 (w), 947 (w), 920 (w), 814 (w), 789 (m),
758 (w), 634 (w), 583 (w) cm™'. Elemental analysis calculated for
Cs4He6AINLY (618.80 g/mol): C 65.99%, H 10.75%, N 4.53%; found: C
64.77 %, H 10.00%, N 4.78 %.
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Experimental

General Considerations. All manipulations were performed under rigorous exclusion of air and moisture
using standard Schlenk, high-vacuum, and glovebox techniques (MBraun UNIllabpro ECQO); <0.5 ppm Oz,
<0.5 ppm H20, argon atmosphere). n-Hexane, toluene, and THF were purified using Grubbs-type columns
(MBraun SPS, solvent purification system), while THF was further dried over molecular sieves (3 A).
Benzene was dried over CaH: and distilled onto molecular sieves (3 A). CsDs (99.6%, Sigma-Aldrich) and
toluene-ds (99.6%, Sigma-Aldrich) were dried by letting the solvents stand over Na/K-alloy for at least 24 h
and were subsequently filtrated. All solvents were stored inside a glovebox. Y(EMes)s and (CsMes)Y(EMes):2
(E= Al, Ga) were synthesized according to literature procedures.[! K(2,4-dtbp) was prepared from 2,4-tert-
butyl-1,3-pentadiene and Schlosser's base.”? Tetramethylsilane was purchased from Sigma-Aldrich,
distilled prior to use, and stored in a glovebox. Trimethylphosphine, 1,2-bis(dimethylphosphino)ethane, 1,2-
dimethoxyethane, and tetramethylethylenediamine were purchased from Sigma-Aldrich and used as
received. NMR spectra of air and moisture sensitive compounds were recorded by using J. Young valve
NMR tubes at ambient temperature on either a Bruker AVII+400 ('H, 'C), a Bruker DRX-300 (''B) or a
Bruker AVII+500 (8%Y). NMR chemical shifts are referenced to internal solvent resonances and reported in
parts per million relative to tetramethylsilane (TMS), BFs, and Y(NOs)s. Coupling constants are given in
Hertz. Elemental analyses were performed on an Elemental Vario Micro Cube. IR spectra were recorded
on a Nicolet 6700 FTIR spectrometer with a DRIFT cell (KBr window), and the samples were prepared in a
glovebox and mixed with KBr powder. Elemental analyses were performed on an Elementar Vario Micro
Cube. Crystals of all complexes were grown by standard techniques using saturated solutions of n-
hexane/tetramethylsilane (TMS) at -40 °C. Suitable crystals for X-ray structure analyses were selected in a
glovebox and coated with Parabar 10312 (previously known as Paratone N, Hampton Research) and fixed
on a nylon/loop glass fiber. X-ray data for all compounds, except 2-Ga, were collected on a Bruker APEX Il
DUO instrument equipped with an IuS microfocus sealed tube and QUAZAR optics for MoKaq (A = 0.71073
A) and CuKq (A = 1.54184 A) radiation. For 2-Ga data were collected on a Bruker SMART APEX Il instrument
equipped with a fine focus sealed tube and TRIUMPH monochromator using MoKq radiation (A = 0.71073
A). The data collection strategy was determined using COSMO! employing w-scans. Raw data were
processed using SAINT® and APEX,?! corrections for absorption effects were applied using SADABS.[®!
The structures were solved by direct methods and refined against all data by full-matrix least-squares
methods on F? using SHELXTLI! and SHELXLE.®! All graphics were produced employing CCDC Mercury
3.10.1.° Further details regarding the refinement and crystallographic data are listed in Table S1 and in the
CIF files.[
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Additional Synthesis Procedures.

Synthesis of [(1-Me-3,5-tBuz-CsHsAl)(u-Me)Y(CsMes)] (2-Al)

Route A: Compound 1-Al (200 mg, 0.39 mmol) was dissolved in 5 ml of toluene and added to an equimolar
slurry of KCsMes (69.37 mg, 0.39 mmol) in 5 ml of toluene, and the mixture stirred for 48 h at ambient
temperature. The reaction mixture was dried under vacuum and extracted with n-hexane. The obtained
yellow solution was concentrated under vacuum and stored at —40 °C upon addition of 0.5 ml of TMS. The
product formed as light-yellow crystals with a yield of 98%.

Route B: (CsMes)Y(AlMes)2 (100 mg, 0.25 mmol) was dissolved in 5 ml of n-hexane and added to a slurry
of 43.76 mg (0.250 mmol) of K(2,4-dtbp) in 5 ml of n-hexane, and the mixture stirred for 18 h at ambient
temperature. The reaction mixture was dried under vacuum and extracted with n-hexane. The obtained
yellow solution was concentrated under vacuum and stored at —40 °C upon addition of 0.5 ml of TMS. The
product formed as light-yellow crystals with a yield of 93%.

"H NMR (400 MHz, CsDs, 26 °C): 6 5.29-5.30 (t, *JnH = 2.48 Hz, 1H, —CH=), 5.07-5.08 (d, *J nx = 2.51 Hz,
2H, AI-CH=), 1.89 (s, 15H, Cp(CHs)s), 1.21 (s, 18H, C(CH?3)3), —0.29 (s, 3H, Y-CH?s), —0.37 (d, 2J 1y = 4.68
Hz, 3H, AI-CHs-Y) ppm. "C{'H} NMR (101 MHz, CeDe, 26 °C): 6 171.3 (s, —CCMes), 120.2 (s, —(CsMes),
112.3 (br s, —CH=), 91.3 (s, —CH=), 40.0 (s, CCMes), 31.9 (s, CCMes), 11.7 (s, —(CsMes)), —0.1 (s, Al-CHs—
Y), =5.4 (s, —=YCHs3) ppm. Y NMR (25 MHz, CsDs, 26 °C): 6 = 190 (s) ppm. The #Y signal was determined
by means of a "H-89Y HSQC experiment. IR (KBr) v = 2962 (vs), 2957 (s), 2924 (s), 2861 (m), 1475 (m),
1460 (s), 1389 (vw), 1358 (m), 1341 (vs), 1247 (vw), 1212 (s), 1180 (w), 1100 (vw), 1022 (w), 999 (w), 925
(w), 866 (vw), 820 (w), 796 (w), 754 (w), 591 (s), 650 (m), 480 (w) cm~'. Elemental analysis: CasHa2AlY
(458.50 g/mol): C 65.49%, H 9.23%; found: C 65.21%, H 9.52%.

Synthesis of [(1-Me-3,5-tBu2-CsH3Al)(u-Me)Y(TpMeMe)] (3-Al)

Compound 1-Al (200 mg, 0.39 mmol) was dissolved in 5 ml of toluene and added to an equimolar slurry of
KTpMeMe (133.82 mg, 0.39 mmol) in 5 ml of toluene, and the mixture stirred for 48 h at ambient temperature.
The reaction mixture was dried under vacuum and extracted with n-hexane. The obtained yellow solution
was concentrated under vacuum and stored at —40 °C upon addition of 0.5 ml of TMS. The product was
obtained as light-yellow crystals with a yield of 95%. '"H NMR (400 MHz, CsDs, 26 °C): 6 5.65 (t, *Jnn = 2.48
Hz, 2H, AI-CH=), 5.55 (d, *JuH = 2.51 Hz, 1H, -CH=), 5.50-5.50 (s, 3H, —CH=), 2.47-2.51 (s, 9H, —C(CH?)),
2.11 (s, 1H, -BH), 1.97-1.98 (s, 9H, —C(CHs)), 1.29 (s, 18H, C(CHs>)3), —0.02 (s, 3H, AI-CH3-Y), —0.33 (d,
2Jny = 1.16 Hz, 3H, =YCH3) ppm. "*C{'H} NMR (101 MHz, CeDs, 26 °C): & 174.3 (s, —-CCMe3), 151.3-152.1
(s, —CH=), 146.7-147.4 (s, —CH=), 114.8 (s, —CH=), 107.7-107.9 (s, —CH=), 90.6 (s, —CH=), 39.9 (s,
CCMes), 31.6 (s, CCMes), 15.7-16.4 (s, —CH3), 13.6-13.9 (s, —CHs), 0.5 (s, AI-CHs-Y), —11.6 (s, —=YCHj3)
ppm. &Y NMR (25 MHz, CeDs, 26 °C): 6 = 297.0 (s) ppm. The 8%Y signal was determined by means of a "H-
8y HSQC experiment. ""B{'H} NMR, (96 MHz, CsDs, 26 °C): 6 —=3.71 ppm. IR (KBr) v = 2957 (s), 2927 (m),
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2573 (w), 1543 (s), 1442 (s), 1414 (s), 1360 (vs), 1068 (s), 1201 (vs), 1104 (vw), 1069 (m), 1041 (s), 1982
(w), 937 (w), 824 (w), 806 (s), 772 (w), 694 (s), 651 (s), 538 (vw), 461 (w) cm~'. Elemental analysis:
CsoHs2AIBNeY (623.49 g/mol): C 57.79%, H 8.41%, N 13.48%; found: C 58.04%, H 9.34%, N 12.32%.

Synthesis of [(1-Me-3,5-tBu2-CsHsAl)(u-Me)Y(2,4-dtbp)(PMes)] (4-Al)

To a solution of 1-Al (50 mg, 0.09 mmol) in 2 ml n-hexane, a solution of PMes (1 equiv., 7.56 mg, 0.09
mmol) in 2 ml n-hexane was added and the solution stirred for 3 h at ambient temperature. The volume of
solution was reduced by evaporation at ambient pressure and then stored at —40 °C, affording 4-Al as
reddish crystals in 46% yield. '"H NMR (400 MHz, C¢Ds, 26 °C): 6 5.79 (t, “Jnn = 2.34 Hz, 1H, -CH=), 5.30
(dd, 4JuH = 2.26 Hz, 2H, AI-CH=), 5.13 (br t, *Jn,n = 1.6 Hz, 1H, —CH=), 4.33 (br t, 2H, CHexo), 3.30 (br, 2H,
CHendo), 1.24 (s, 18H, C(CHs)3), 1.09 (s, 18H, C(CHs)s), 1.07 (s, 9H, P(CHs)s), —0.19 (s, 3H, Y-CHs), —0.37
(d, 2Jny = 4.35 Hz, 3H, AI-CHs-Y) ppm. "3C{'"H} NMR (101 MHz, CeDs, 26 °C):  166.6 (s, —-CCMes), 162.6
(s, —CCMes), 112.5 (br s, —CH=), 84.5-85.4 (s, —CH=), 80.4 (br s, =CH>), 39.8 (s, CCMe3), 39.7 (s, CCMe3),
31.8 (s, CCMes), 31.7 (s, CCMes), 13.7-14.7 (d, P(CHs3)3 1.8 (s, AI-CHs-Y), —1.8 (s, =Y CH3) ppm. *'P{'H}
NMR, (400 MHz, CeDs, 26 °C): & —62.36 ppm. %Y NMR (25 MHz, CeDs, 26 °C): & 254.9 (s) ppm. The Y
signal was determined by means of a 'H-3°Y HSQC experiment. IR (KBr) v = 2960(s), 1565 (w), 1529 (w),
1465 (s), 1453 (w), 1379(m), 1355 (s), 1282(w), 1244 (w), 1213 (s), 1178 (w), 1102 (w), 1021 (w), 999 (w),
955(w), 926 (w), 865 (w), 802 (m), 759 (w), 695 (m), 640 (m), 413 (w) cm™. Elemental analysis: C2gHseAIPY
(578.68 g/mol): C 64.46%, H 10.12%; found: C 63.75%, H 9.89%.

Synthesis of [(1-Me-3,5-tBu2-CsH3Al)(u-Me)Y(2,4-dtbp)(dmpe)o.s]2 (5-Al)

To a solution of 1-Al (100 mg, 0.19 mmol) in 3 ml n-hexane, a solution of DMPE (0.5 equiv., 14.93 mg, 0.10
mmol) in 2 ml n-hexane was added and the solution stirred for 3 h at ambient temperature. The reaction
mixture was concentrated under reduced pressure and stored at —40 °C with upon of 0.5 ml of TMS. The
product formed as dark pink crystals with a yield of 72%. '"H NMR (400 MHz, CeDs, 26 °C): 8 5.79 (t, *Jnn =
2.36 Hz, 2H, —CH=), 5.29 (d, *Ju = 2.38 Hz, 4H, AI-CH=), 5.13 (t br, 2H, —-CH=), 4.33 (t br, 4H, CHexo), 3.30
(t br, 4H, CHendo), 1.31 (m br, 4H, —P(CH-)2P-), 1.23 (s, 36H, C(CHs)3), 1.09 (s, 36H, C(CHs)s), 0.89 (s br,
12H, —P(CHs)2), —0.22 (s, 3H, Y-CH?s), —0.38 (d, 2Jn,y = 4.28 Hz, 3H, AI-CHs3-Y) ppm. 3C{'H} NMR (101
MHz, CsDs, 26 °C): 6 169.9 (s, -CCMes), 162.8 (s, -CCMes), 112.7 (br s, —CH=), 86.4-86.7 (d, —-CH=), 85.6
(s, —CH=), 80.5 (br s, =CH2), 39.8 (s, CCMes), 31.8 (s, CCMes), 31.5 (s, CCMe3s), 28.4 (s, —P(CH2)2P-),
14.3-14.8 (t, —(P(CHz3)2)2), =3.1 (s, AI-CH3-Y), —=5.9 (s, =Y CHz3) ppm. 3'P{'H} NMR, (400 MHz, CsDs, 26 °C):
6 —48.4 ppm. 8% NMR (25 MHz, CsDs, 26 °C): 6 254.7 (s) ppm. The #Y signal was determined by means
of a "H-8%Y HSQC experiment. IR (KBr) v = 2961 (vs), 2865 (m), 1477 (s), 1463 (s), 1357 (s), 1211 (m),
1168 (w), 894 (w), 791 (m), 780 (m), 692 (w), 641 (w), 408 (vw) cm~". Elemental analysis: Cs2H116Al2P2Y>
(1155.33 g/mol): C 64.46%, H 10.12%; found: C 63.75%, H 9.89%.
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Synthesis of [(1-Me-3,5-tBu2-CsH:Ga)(u-Me)Y(2,4-dtbp)(dmpe)o.s]2 (5-Ga)

To a solution of 1-Ga (50 mg, 0.09 mmol) in 2 ml n-hexane, a solution of DMPE (0.5 equiv., 6.88 mg, 0.05
mmol) in 2 ml n-hexane was added, and the solution stirred for 3 h at ambient temperature. The reaction
mixture was concentrated under reduced pressure and stored at —40 °C upon addition of 0.5 ml of TMS.
The product formed as dark pink crystals with a yield of 57%. "H NMR (400 MHz, C¢Ds, 26 °C): & 5.66-5.67
(t, *“Jnn = 2.48 Hz, 2H, —CH=), 5.36 (d, *JuH = 2.36 Hz, 4H, Ga—CH=), 5.19-5.20 (br t, 2H, —CH=), 4.32—
4.33 (t br, 4H, CHexo), 3.30 (t br, 4H, CHendo), 1.28—1.30 (m br, 4H, —P(CH2)2P-), 1.25 (s, 36H, C(CH?5)3),
1.12 (s, 36H, C(CH?s)3), 0.80 (s br, 12H, —P(CHs)2), —0.15 (s, 3H, Y-CH?), —0.23 (d, 2Jn,y = 4.28 Hz, 3H, Ga—
CHs-Y) ppm. *C{'H} NMR (101 MHz, Ce¢Ds, 26 °C): 6 166.0-166.3 (s, ~CCMes), 162.4—162.5 (s, ~CCMe3),
112.4-112.8 (br s, —CH=), 85.5 (s, —CH=), 84.4-84.9 (s, —CH=), 80.5 (br s, =CHz2), 39.9 (s, CCMe3), 39.8
(s, CCMes), 31.8 (s, CCMes), 31.7 (s, CCMes), 28.1 (s, —P(CH2)2P-), 14.0-14.2 (t, <(P(CHas)2)2), 1.8 (s, Ga—
CHs-Y), =1.7 (s, =YCHs3) ppm. *'P NMR, (400 MHz, CsDs, 26 °C): & —48.4 ppm. 8%Y NMR (25 MHz, CeDes,
26 °C): 6 258.4 (s) ppm. The %Y signal was determined by means of a 'H-8Y HSQC experiment. IR (KBr)
v =2957 (vs), 1478 (s), 1389 (w), 1357 (s), 1297 (w), 1244 (w), 1210 (m), 1100 (vw), 997 (vw), 920 (w), 894
(w), 863 (W), 824 (w), 793 (w), 726 (W), 630 (w), 549 (m), 478 (w) cm™". Elemental analysis: Ce2H116GazP2Y2
(1240.82 g/mol): C 60.02%, H 9.42%; found: C 58.87%, H 8.08%.

Synthesis of [(1-Me-3,5-tBu2-CsHsAl)(u-Me)Y(2,4-dtbp)(dme)] (6-Al)

To a stirred solution of 1-Al (50 mg, 0.09 mmol) in 2 ml n-hexane, a solution of DME (8.26 mg, 0.09 mmol)
in 2 ml n-hexane was added. The reaction mixture was stirred at ambient temperature for 3 h and
concentrated in vacuo. After addition of 0.5 ml of TMS and standing overnight at —40 °C, the product formed
as yellow crystals with a yield of 67%. '"H NMR (400 MHz, CeDs, 26 °C): & 5.72 (t, “Jun = 2.46 Hz, 1H, —
CH=), 5.25 (d, *JuH=2.38 Hz, 2H, —CH=), 4.99 (br, 1H, —CH=), 4.12 (br, 2H, =CHexo), 3.28 (br, 2H, =CHendo),
3.25 (s, 4H, —O(CH-)20), 3.15 (s, 6H, —OCH3), 1.27 (s, 18H, C(CHs)3), 1.09 (s, 18H, C(CHs)3), —0.24 (s, 3H,
—AICHs), —0.42 (d, 2Jn,y = 4.32 Hz, 3H, AI-CH3-Y) ppm. 3C{'"H} NMR (101 MHz, CsDs, 26 °C): 5 170.1 (s,
—CCMes), 162.2 (s, —-CCMes), 112.7 (br s, —CH=), 85.2 (s, —CH=), 83.6 (s, —CH=), 78.3 (br s, =CH2), 71.7
(s, “O(CH2)20-), 60.1 (s, —OCHas), 39.1 (s, CCMes), 39.1 (s, CCMes), 38.9 (s, CCMes), 30.9 (s, CCMes),
30.7 (s, CCMes), —3.1 (s, Al-Me-Y), —5.9 (s, —AlMe) ppm. 8%Y NMR (25 MHz, C¢Ds, 26 °C): 6 261.0 (s) ppm.
The 8%Y signal was determined by means of a 'H-8%Y HSQC experiment. IR (KBr) v = 2973 (m), 2953 (s),
2925 (m), 292913 (w), 1471 (w), 1444 (m), 1433 (w), 1386 (w), 1354 (m), 1335 (w), 1208 (w), 1160 (w),
1039 (m), 914 (w), 788 (vs), 780 (vs), 745 (w), 687 (m), 625 (w), 562 (w) cm~". Elemental analysis calculated
for Ca2HeoAlO2Y (592.41 g/mol): C 64.85%, H 10.20%; found: C 63.82%, H 9.60%.
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Synthesis of [(1-Me-3,5-tBuz-CsH3:Ga)(u-Me)Y(2,4-dtbp)(dme)] (6-Ga)

To a stirred solution of 1-Ga (50 mg, 0.09 mmol) in 2 ml n-hexane, a solution of DME (8.26 mg, 0.09 mmol)
in 2 ml n-hexane was added. The reaction mixture was stirred at ambient temperature for 3 h and
concentrated in vacuo. After addition of 0.5 ml of TMS and standing overnight at —40 °C, the product formed
as yellow crystals with a yield of 78%. "H NMR (400 MHz, CsDs, 26 °C): 6 5.66-5.67 (t, “*Jun = 2.46 Hz, 1H,
—CH=), 5.36 (d, *JuH = 2.38 Hz, 2H, Ga—CH=), 5.19 (br s, 1H, —CH=), 4.32 (br s, 2H, CHexo), 3.31 (br, 2H,
CHendo), 3.28 (s, 4H, —O(CH2)20-), 3.10 (s, 6H, —OCHs), 1.25 (s, 18H, C(CHs)s), 1.13 (s, 18H, C(CHs)s3),
0.15 (s, 3H, Y=CH?5), —0.22 (d, 2Jn,y = 4.32 Hz, 3H, Ga—CHs-Y) ppm. "*C{'H} NMR (101 MHz, CeDs, 26 °C):
0 170.1 (CCMes), 162.2 (CCMes), 112.7 (AlMe2-CH), 85.2 (CH), 85.1 (CH), 71.7 (-O—(CH2)>—0-), 60.1 (—
OMe), 39.9 (CCMes), 39.8 (CCMes), 31.8 (CCMes), 31.7 (CCMes), —3.1 (Al-Me-Y), -5.9 (Y-Me) ppm. &Y
NMR (25 MHz, CsDs, 26 °C): & 258.0 (s) ppm. The 8°Y signal was determined by means of a 'H-3°Y HSQC
experiment. IR (KBr) v = 2958 (vs), 2935 (s), 1465 (s), 1454 (vs), 1385 (m), 1356 (vs), 1333 (v), 1212 (m),
1049 (m), 1041 (s), 863 (s), 778 (m), 731 (w), 723 (w), 713 (vw), 503 (w), 415 (m) cm™. Elemental analysis:
C32He0AlO2Y (635.46 g/mol): C 60.48%, H 9.52%; found: C 59.85%, H 9.18%.

Synthesis of [(1-Me-3,5-tBu2-CsH3Al)(u-Me)Y(CsMes)(PMes)] (7-Al)

To a solution of 2-Al (80 mg, 0.17 mmol) in 3 ml n-hexane, a solution of PMes (13.27 mg, 0.17 mmol) in 2
ml n-hexane was added and the solution stirred for 3 h at ambient temperature. The reaction mixture was
evaporated under ambient pressure and stored at —40 °C upon addition of 0.5 ml of TMS. Compound 7-Al
was obtained as reddish crystals in 46% yield. '"H NMR (400 MHz, CsDs, 26 °C): 6 5.28-5.30 (t, *Jnn = 2.48
Hz, 1H, -CH=), 5.06-5.08 (d, *Jn,n= 2.51 Hz, 2H, AI-CH=), 1.90 (s, 15H, Cp(CH?s)s), 1.21 (s, 18H, C(CH?3)3),
0.80 (s, 9H, —0.28, P(CH?s)3), (s, 3H, Y-CHs), —0.38 (d, 2Jn,y = 4.68 Hz, 3H, AI-CH5-Y) ppm. "*C{'H} NMR
(101 MHz, CsDs, 26 °C): 6 171.3 (s, —CCMes), 120.1 (s, —(CsMes), 112.1 (br s, —CH=), 91.0 (d, —CH=), 40.0
(s, CCMes), 31.9 (s, CCMes), 11.6 (d, P(CHa)3) 11.7 (s, —(CsMes)), —0.43 (s, AlI-CH3—Y), —5.8 (s, —=YCHj)
ppm. 3'P{'H} NMR, (400 MHz, CsDs, 26 °C): & —68.5 ppm. &Y NMR (25 MHz, CsDs, 26 °C): & = 253.8 (s)
ppm. The #Y signal was determined by means of a 'H-8°Y HSQC experiment. IR (KBr) v = 2961 (vs), 2728
(w), 1460 (s), 1388 s), 1358 (s), 1342 (v), 1248 (m), 1212 (s), 1100 (s), 1021 (m), 999 (m), 925 (s), 867 (s),
794 (s), 690 (vs), 646 (vs), 477 (s), 411 (m) cm™. Elemental analysis: C31HseGaPY (621.42 g/mol): C
59.92%, H 9.57%; found: C 59.86%, H 9.41%.

The reaction of 2-Al (50.25 mg, 0.1 mmol) with TMEDA (11.62 mg, 0.1 mmol,1 equiv.) in 5 ml n-hexane (3
h at -40 °C) and subsequent crystallization at -40 °C in the presence of TMS led after several days to a

small amount of orange crystals of 8a-Al.
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Figure S1. "H-NMR spectrum (400 MHz) of 1-Ga in CeDs at 26 °C. The solvent residual signal is marked
with an asterisk, the TMS signal with #.
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Figure S2. '*C-NMR spectrum (101 MHz) of 1-Ga in CsDs at 26 °C. The solvent residual signal is marked
with an asterisk, the TMS signal with #.
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Figure S3. "H-89Y HSQC spectrum of 1-Ga in CsDs at 26 °C.
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Figure S4. "H-NMR spectrum (400 MHz) of 2-Al in CeéDs at 26 °C. The solvent residual signal is marked

with an asterisk.
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Figure S5. 3C-NMR spectrum (101 MHz) of 2-Al in CeDs at 26 °C. The solvent residual signal is marked

with an asterisk, impurities with #.
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Figure S6. "H-89Y HSQC spectrum of 2-Al in CsDe at 26 °C.
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Figure S7. "H-NMR spectrum (400 MHz) of 2-Ga in CeDs at 26 °C. The solvent residual signal is marked
with an asterisk, impurities with #.
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Figure S8. '*C-NMR spectrum (101 MHz) of 2-Ga in CsDs at 26 °C. The solvent residual signal is marked

with an asterisk, impurities with #.
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Figure S9. "H-89Y HSQC spectrum of 2-Ga in CsDs at 26 °C.
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Figure S$10. "H-NMR spectrum (400 MHz) of 3-Al in CeDs at 26 °C. The solvent residual signal is marked

with an asterisk.

S17



1 2 3 4 5 6 7 8 9 10 11 12
] NI TV | N T
10 Me
@i
2
9 Me

[l . l

T T T T T T T T T T T T T T T T T T T
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0

L
H*
| S

ppm

Figure S11. *C-NMR spectrum (101 MHz) of 3-Al in CéDs at 26 °C. The solvent residual signal is marked
with an asterisk, impurities with #.
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Figure $12. ""B-NMR spectrum (96 MHz) of 3-Al in CsDe at 26 °C
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Figure S13. 'H-3Y HSQC spectrum of 3-Al in CsDs at 26 °C.
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Figure S14. "H-NMR spectrum (400 MHz) of 3-Ga in CsDs at 26 °C. The solvent residual signal is marked

with an asterisk, impurities with #.
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Figure S15. >*C-NMR spectrum (101 MHz) of 3-Ga in CeDs at 26 °C. The solvent residual signal is marked
with an asterisk.
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Figure S16. ""B-NMR spectrum (96 MHz) of 3-Ga in CsDs at 26 °C

S23



1 11 ll l N | | ppm

150

200

250

300

350

8 7 6 5 4 3 2 1 0 - ppm

Figure S17. 'H-3%Y HSQC spectrum of 3-Ga in Ce¢Ds at 26 °C.
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Figure S18. "H-NMR spectrum (400 MHz) of 4-Al in CeDe at 26 °C. The solvent residual signal is marked
with an asterisk, the TMS signal with #.
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Figure S19. '*C-NMR spectrum (101 MHz) of 4-Al in CsDs at 26 °C. The solvent residual signal is marked
with an asterisk, impurities with #.
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Figure S20. 3'P-NMR spectrum (161 MHz) of 4-Al in CsDe at 26 °C.
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Figure S21. 'H-3Y HSQC spectrum of 4-Al in CsDs at 26 °C.
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Figure S22. "H-NMR spectrum (400 MHz) of 4-Ga in CsDs at 26 °C. The solvent residual signal is marked

with an asterisk.
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Figure S23. *C-NMR spectrum (101 MHz) of 4-Ga in CeDs at 26 °C. The solvent residual signal is marked

with an asterisk.
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Figure S24. 3'P-NMR spectrum (161 MHz) of 4-Ga in CsDs at 26 °C.
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Figure S25. 'H-3°Y HSQC spectrum of 4-Ga in CeDs at 26 °C.
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Figure $26. '"H-NMR spectrum (400 MHz) of 5-Al in CeDs at 26 °C.

with an asterisk.

The solvent residual signal is marked
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Figure S27. "®C-NMR spectrum (101 MHz) of 5-Al in CsDs at 26 °C. The solvent residual signal is marked
with an asterisk, impurities with #.
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Figure S$28. 3'P-NMR spectrum (161 MHz) of 5-Al in CsDe at 26 °C.
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Figure S29. 'H-3Y HSQC spectrum of 5-Al in CsDs at 26 °C.
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Figure S30. 'H-NMR spectrum (400 MHz) of 5-Ga in CsDs at 26 °C. The solvent residual signal is marked

with an asterisk, the TMS signal with #.
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Figure S31. *C-NMR spectrum (101 MHz) of 5-Ga in CeDs at 26 °C. The solvent residual signal is marked
with an asterisk.

S38



-48.45

150 100 50 0 -50 -100 -150 ppm

Figure S$32. 3'P-NMR spectrum (161 MHz) of 5-Ga in CsDs at 26 °C.
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Figure S$33. 'H-3Y HSQC spectrum of 5-Ga in C¢Ds at 26 °C.
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Figure S34. 'H-NMR spectrum (400 MHz) of 6-Al in toluene-ds at 26 °C. The solvent residual signal is
marked with an asterisk.
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Figure S35. '*C-NMR spectrum (101 MHz) of 6-Al in CsDs at 26 °C. The solvent residual signal is marked
with an asterisk.
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Figure S$36. 'H-3°Y HSQC spectrum of 6-Al in CsDs at 26 °C.
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Figure S37. Low temperature "H-NMR study of 6-Al, showing the temperature dependence of the 8°Y-'H
coupling of the bridging methyl group.
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Figure S38. 'H-NMR spectrum (400 MHz) of 6-Ga in CsDs at 26 °C. The solvent residual signal is marked
with an asterisk, the TMS signal with #.
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Figure S39. *C-NMR spectrum (101 MHz) of 6-Ga in CeDs at 26 °C. The solvent residual signal is marked

with an asterisk, impurities with #.
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Figure S40. 'H-3Y HSQC spectrum of 6-Ga in Ce¢Ds at 26 °C.
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Figure S41. "H-NMR spectrum (400 MHz) of 7-Al in CeDe at 26 °C. The solvent residual signal is marked
with an asterisk, impurities with #.
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Figure S42. '*C-NMR spectrum (101 MHz) of 7-Al in CsDs at 26 °C. The solvent residual signal is marked

with an asterisk.
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Figure S43. 'H-'3C HSQC spectrum (101 MHz) of 7-Al in CsDe at 26 °C. The solvent residual signal is

marked with an asterisk.
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Figure S44. 3'P-NMR spectrum (161 MHz) of 7-Al in CsDe at 26 °C.
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Figure S45. "H-NMR spectrum (400 MHz) of 8-Al in CeDes at 10 °C. The solvent residual signal is marked
with an asterisk, the TMS signal with #.
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Figure S46. '*C-NMR spectrum (101 MHz) of 8-Al in toluene-ds at —40 °C. The solvent residual signal is

marked with an asterisk.
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Figure S47. 'H-8Y HSQC spectrum of 8-Al in toluene-ds at —40 °C.
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X-Ray Crystallography

C28

Figure S48. Crystal structure of 1-Ga (ellipsoids set at 50%). All hydrogen atoms have been omitted for
clarity. Selected interatomic distances (A) and angles (°): Ga1-C1 2.029(2), Ga1-C5 2.026(2), Ga1-C27
2.116(3), Ga1-C28 1.961(3), C1-C2 1.381(3), C2—-C3 1.438(3), C3—-C4 1.450(3), C4—C5 1.386(3), Y1-C1
2.482(2), Y1-C2 2.652(2), Y1-C3 2.523(2), Y1-C4 2.659(2), Y1-C5 2.493(2), Y1-C27 2.664(2), Y1---Ga1
2.7469(3), Y1-C14 2.736(2), Y1-C15 2.723(2), Y1-C16 2.572(2), Y1-C17 2.700(2), Y1-C18 2.739(2),
Ga1-C1 2.029(2); (Ga—benzene)-Y—(2,4—dtbp) 140.71, C2—-C1-Ga1 123.71(16), C1—-C2—C3 122.60(19),
C2-C3-C4 127.5(2), C5-C4-C3 122.3(2), C5-Ga1-C1 94.32(9), C28-Ga1-C27 104.09(11), Ga1-C27—

Y1 69.07(7).
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Figure S49. Crystal structure of 2-Ga (ellipsoids set at 50%). All hydrogen atoms have been omitted for
clarity. Selected interatomic distances (A) and angles (°): Y1-C1 2.529(3), Y1-C2 2.676(3),Y1-C3 2.494(3),
Y1-C4 2.669(3), Y1-C5 2.480(3), Y1---Ga1 2.7354(4), Y1-C14 2.582(3), Ga1-C14 2.127(3), Ga1-C1
2.029(3), Ga1-C5 2.036(3), Ga1-C15 1.961(3); C1-Ga1-C5 94.17(11), C14—-Ga1-C15 109.36(13), Ga1-
C14-Y170.27(8), C1-C2-C3 122.1(2), C4-C3-C2 126.4(2), C5-C4-C3 122.2(2).
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Figure S50. Crystal structure of 2-Al (ellipsoids set at 50%). All hydrogen atoms have been omitted for
clarity. Selected interatomic distances (A) and angles (°): Al1-C1 2.019(3), Al1-C5 2.016(3), C1-C2
1.384(3), C2—C3 1.444(3), C3—C4 1.446(3), C4-C5 1.376(3), Y1-C1 2. 486(2), Y1-C2 2.659(2), Y1-C3
2.505(2), Y1-C4 2.673(2), Y1-C5 2.505(2), AI1—C14 2.087(3), Y1-C14 2.584(3), Al1-C15 1.954(3), Y1---
Al1 2.7552(8); C2-C1-Al1 124.52(19), C1-C2-C3 121.8(2), C4-C3-C2 126.7(2), C5-C4-C3 121.7(2), C4—
C5-Al1 125.02(19), Al1-C14-Y1 71.39(9), C14-Al1-Y1 62.73(9), C15-Al1-C14 109.76(13).
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Figure S51. Crystal structure of 3-Al (ellipsoids set at 50%). All hydrogen atoms have been omitted for
clarity. Selected interatomic distances (A) and angles (°): Y1-N2 2.451(3), Y1-N4 2.477(3), Y1-N6 2.427(3),
Y1-C1 2.549(3), Y1-C2 2.706(3), Y1-C3 2.567(3), Y1-C4 2.699(3), Y1-C5 2.503(3), Y1---Al1 2.8945(10),
Y1-C14 3.030(3), AI1-C15 1.971(4), Al1-C5 2.002(3), Al1-C1 2.010(3), Al1-C14 2.020(3), N3-N4
1.390(3); C5-AI1—C1 92.42(14), C15-Al1-C14 109.72(15), C14-Al1-Y1 73.73(10), C2—-C1-Al1 125.2(2),
C1-C2-C3 122.1(3), C2—C3-C4 126.0(3), C5-C4-C3 121.3(3).
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Figure S52. Crystal structure of 4-Al (ellipsoids set at 50%). All hydrogen atoms have been omitted for
clarity. Selected interatomic distances (A) and angles (°): Y1-P1 3.100(2), Al1-C1 1.981(7), Al1-C5
2.015(7), C1-C2 1.374(9), C2-C3 1.437(10), C3—C4 1.467(9), C4-C5 1.392(9), Y1-C1 2.550(6), Y1-C2
2.718(7), Y1-C3 2.537(7), Y1-C4 2.704(6), Y1-C5 2.547(6), Y1-C14 2.697(7) Y1-C15 2.750(6), Y1-C16
2.634(7), Y1-C17 2.747(7), Y1—-C18 2.667(8), Y1-C27 2.970(7), Al1—C27 2.025(7), AI1-C28 1.961(7), Y1-
Al1 2.878(2); C1-C2-C3 120.9(7), C2—-C3-C4 126.6(6), C5-C4-C3 120.2(6), Al1-C27-Y1 67.34(19), C1—
AlM-C5 92.5(3), C28-Al1-C27 108.2(3).
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Figure S53. Crystal structure of 4-Ga (ellipsoids set at 50%). All hydrogen atoms have been omitted for
clarity. Selected interatomic distances (A) and angles (°): Y1-P1 3.1063(15), Ga1-C1 2.0178(18), Ga1-C5
2.0286(19), C1-C2 1.372(2), C2—C3 1.441(2), C3—C4 1.444(2), C4-C5 1.375(2), Y1-C1 2.5399(19), Y1-
C2 2.7038(19), Y1-C3 2.527(2), Y1-C4 2.6951(19), Y1-C5 2.538(2), Y1-C14 2.698(2), Y1-C15
2.7669(19), Y1-C16 2.665(2), Y1-C17 2.722(2), Y1-C18 2.625(2), Ga1-C27 2.048(2), Y1-C27 2.986(2),
Ga1-C28 1.970(2), Y1---Ga1 2.8566(16); C2—C1-Ga1 123.91(12), C1-C2-C3 122.06(15), C2-C3—C4
126.00(15), C5—-C4—-C3 122.59(15), C5-C4—-C6 122.27(15), Ga1-C27-Y1 66.12(6), C1-Ga1-C5 93.72(8),
C28-Ga1-C27 111.16(8).
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Figure S54. Crystal structure of 5-Al (ellipsoids set at 50%). All hydrogen atoms have been omitted for
clarity. Selected interatomic distances (A) and angles (°): Y1-P1 3.0546(5), Al1-C1 2.0199(19), AI1-C5
2.000(2), C1-C2 1.384(3), C2—C3 1.446(3), C3—C4 1.443(3), C4—C5 1.378(3), Y1-C1 2.5507(19), Y1-C2
2.7047(19), Y1-C3 2.5287(19), Y1-C4 2.7108(19), Y1-C5 2.5371(19), Y1-C14 2.634(2), Y1-C15
2.7490(18), Y1-C16 2.6661(19), Y1-C17 2.7668(19), Y1-C18 2.702(2), Al1-C27 2.032(2), Y1-C27
2.990(2), Y1---Al1 2.8859(6); (Al-benzene)-Y—(2,4—dtbp) 134.94, Y1-C27-Al1 67.03(6), C1-Al1-C5
93.03(8), C1-C2-C3 121.69(17), C2—C3-C4 126.04(17), C3—C4-C5 121.18(1), AI-C1-C2 124.12(14), C4—
C5-Al1 125.06(15), C27-Al1-C28 110.11(10).
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Figure S55. Crystal structure of 5-Ga (ellipsoids set at 50%). All hydrogen atoms have been omitted for
clarity. Selected interatomic distances (A) and angles (°): Y1-P1 3.0582(10), Ga1-C1 2.048(4), Ga1-C5
2.026(4), C1-C2 1.383(5), C2—C3 1.452(5), C3—C4 1.444(5), C4-C5 1.373(5), Y1-C1 2.545(3), Y1-C2
2.697(3), Y1-C3 2.517(3), Y1-C4 2.704(4), Y1-C5 2.523(4), Y1-C14 2.713(4), Y1-C15 2.775(3), Y1-C16
2.674(3), Y1-C17 2.747(3), Y1-C18 2.630(4), Ga1-C27 2.043(4), Ga1-C28 1.976(4); C2-C1-Ga1
123.4(3), C1-C2—C3 121.9(3), C4-C3—C2 126.1(3), C5-C4—C3 122.0(3), C5-C4—-C6 121.5(3), C5-Ga1-
C193.29(14), C28-Ga1-C27 110.27(19), C27-Ga1-Y1 74.74(11).
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Figure S56. Crystal structure of 6-Al (ellipsoids set at 50%). All hydrogen atoms have been omitted for
clarity. Selected interatomic distances (A) and angles (°): Y1-O1 2.386(3), Y1-02 2.450(2), Y1-C1
2.503(3), Y1-C2 2.716(3), Y1-C3 2.610(4), Y1-C4 2.689(4), Y1-C5 2.527(4), Y1-C16 2.727(4), Y1-C18
2.733(4), Y1-C14 2.749(4), Y1-C17 2.814(3), Y1-C15 2.869(4), Al1—-C27 2.001(4), AI1—C28 2.001(4), Al1—
C1 2.005(4), Al1—C5 2.022(4), C1-C2 1.380(5), C2—C3 1.443(5), C3-C4 1.442(5), C4—-C5 1.388(5), C14-
C15 1.365(5), C15-C16 1.437(5), C16—-C17 1.417(5), C17-C18, 1.371(5); (Al-benzene)-Y1—(2,4—dtbp)
126.92, C1-Al1-C5 93.10(16), C27-Al1-Y1 104.03(13), O1-Y1-02 67.00(10), C27-Al1-C28 109.30(19),
C2-C1-Al1 114.3(3).

S63



Figure S57. Crystal structure of 6-Ga (ellipsoids set at 50 %). All hydrogen atoms have been omitted for
clarity. Selected interatomic distances (A) and angles (°): Y1-O1 2.388(3), Y1-02 2.450(3), Ga1-C1
2.038(4), Ga1-C5 2.048(4), C1-C2 1.371(5), C2—C3 1.443(5), C3—C4 1.444(5), C4-C5 1.388(5), Y1-C1
2.499(4), Y1-C2 2.717(4), Y1-C3 2.607(4), Y1-C4 2.693(4), Y1-C5 2.516(4), Y1-C14 2.746(4), Y1-C15
2.822(4), Y1-C16 2.732(4), Y1-C17 2.877(4), Y1-C18 2.757(4), Y1-C27 4.1418(2)*, Ga—C27 2.007(4),
Ga1-C28 2.008(4), Y1---Ga1 3.1574(5); C2-C1-Ga1 115.0(3), C1-C2—-C3 122.2(4), C2-C3-C4 128.5(4),
C5-C4-C3 121.7(4), C5-C4-C6 120.5(4), C1-Ga1-C5 92.88(6), C27-Ga1-C28 110.35(19), C27-Ga1—
Y1 104.43(13), O1-Y1-02 66.70(10).

*calculated with program PLATON.
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Figure S58. Crystal structure of 7-Al (ellipsoids set at 50%). All hydrogen atoms have been omitted for
clarity. Selected interatomic distances (A) and angles (°): Y1-P1 3.1538(10), Al1-C1 1.994(4), C1-C2
1.376(5), C2-C3 1.450(5), C3-C4 1.436(5), C4-C5 1.382(5), Y1—-C1 2.588(3), Y1-C2 2.796(3), Y1-C3
2.524(3), Y1-C4 2.664(3), Y1-C5 2.566(3), AI1—C14 1.970(4), Al1-C15 2.065(4), Y1-C15 2.713(4), Y1-
C16 2.674(3), Y1-C17 2.677(3), Y1-C18 2.627(3), Y1-C19 2.624(3), Y1-C20 2.672(3), Y1---Al1
2.8059(10), C1-Al1-C5 93.31(14), C2—-C1-Al1 124.3(3), C1-C2—-C3 121.1(3), C4—C3-C2 124.6(3), C5-
C4-C3 121.8(3).
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Figure S59. Crystal structure of 8-Al (ellipsoids set at 50%). All hydrogen atoms have been omitted for
clarity. Selected interatomic distances (A) and angles (°): Y1-N12.525(3), Y1-N2 2.533(3), Y1-C1 2.534(4),
Y1-C2 2.680(4), Y1-C3 2.596(4), Y1-C4 2.660(3) Y1-C5 2.469(3), Y1-C34 2.410(4), Y1---Al1 3.0475(12),
Al1-C33 1.991(4), AI1-C14 2.018(4), C1-C2 1.386(5), C2—C3 1.433(5), C14-C15 1.486(5), C19-C17
1.522(6), C18—C17 1.314(6), C17-C16 1.472(5), C16-C15 1.348(5); (Al-benzene)-Y1-(C35) 107.51%,
C33-Al1-Y191.75(12), C33-Al1-C14 109.65(17), C1-Al1-C5 93.61(16), C1-C2-C3 122.2(3), C4-C3-C2
128.7(3), C5-C4-C3 122.6(3).

*Calculated with mercury
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Figure S60. Left: Crystal structure of 8a-Al (ellipsoids set at 50%). All hydrogen atoms have been omitted
for clarity, only one molecule from the asymmetric unit is shown. Selected interatomic distances (A) and
angles (°): Al1-C1 2.027(8), Al1-C5 2.055(9), Al1-C14 2.004(4), Al1-C15 1.987(4), C1-C2 1.421(10), C2—
C31.413(11), C3-C4 1.472(11), C4—C5 1.345(10), Y1-C1 2.471(7), Y1-C2 2.678(6), Y1-C3 2.586(4), Y1—
C4 2.671(7), Y1-C5 2.482(8), Y1-C22 2.428(4), Y1---Al1 3.1085(18), Y1-N1 2.490(4), Y1-N2 2.525(4),
(Al-benzene)-Y1-N1 131.07*, (Al-benzene)-Y1-N2 131.48*, (Al-benzene)-Y1-C22 118.70%, C2-C1-
AL1115.1(5), C1-C2—-C3 121.0(6), C2—C3—C4 129.1(4), C3—C4—C5 123.6(6), C1-Al1—C5 93.99(18), C14—
Al1-C15 109.6(2). Right: Crystal structure of Ga-Benz-DMAP (ellipsoids set at 50%). All hydrogen atoms
have been omitted for clarity. Selected interatomic distances (A) and angles (°): Ga1-C1 2.015(3), Ga1-
C27 2.072(4), Ga1-C28 1. 991(3), C1-C2 1.369(4), C2—C3 1.438(4), C3—C4 1.449(4), C4-C5 1.377(4),
Y1-C1 2.601(3), Y1-C2 2.716(3), Y1-C3 2.536(3), Y1-C4 2.709(3), Y1-C5 2.590(3), Y1-C27 2.818(4),
Y1---Ga1 2.8355(6), Y1-C14 2.681(4), Y1—-C15 2. 786(3), Y1-C16 2.690(3), Y1-C17 2.755(3), Y1-C18
2.661(4), Ga1-C1 2.015(3); (Ga—benzene)-Y1—-(2,4—dtbp) 141.20*, (Ga—benzene)-Y1-C27 85.77*, (Ga—
benzene)-Y1-N1 117.15%, N1-Y1—(2,4—dtbp) 100.10%, C27-Y1—(2,4—dtbp) 116.41*, C2-C1-Ga1 125.0(2),
C2-C3-C4 125.7(3), C3—C4-C5 122.7(3), C1-Ga1-C5 93.75(13), C28-Ga1-C27 106.93(15), C27-Y1—
N1 74.89(10),

*Calculated with mercury
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Table S1. Crystallographic data

1-Ga 2-Al 2-Ga 3-Al 4-Al
CcDC 2292069 2292060 2292059 2292062 2292063
formula CasHsoGaY CasHa2AlY CasHs2GaY C30H49AIBNeY C31HsoAIPY
M: [g mol ] 545.31 458.47 501.21 620.45 578.64
color/description red/block yellow/block  yellow/block  yellow/block  red/block
crystal dimensions 0.161 x 0.077 x 0.273x0.124 0.237 x0.134 0.249x0.207 0.154 x 0.139
[mm] 0.008 x 0.042 x 0.121 x 0.200 x 0.046
crystal system triclinic monoclinic monoclinic orthorhombic  monoclinic
space group P1 P2i/c P24 Pbca P24
a[A] 10.1452(2) 9.4926(16) 9.0355(2) 19.067(2) 9.5452(18)
b [A] 10.3740(2) 15.682(3) 15.3942(3) 16.0810(17)  19.854(4)
c[A] 13.8742(3) 17.135(3) 9.4129(2) 21.144(2) 9.7420(18)
a[] 81.1550(10) 90 90 90 90
B[] 75.5800(10) 101.315(3) 108.2710(10) 90 116.422(2)
v [] 87.9160(10) 90 90 90 90
V [A3] 1397.39(5) 2501.3(8) 1243.27(5) 6483.2(12) 1653.4(5)
z 2 4 2 8 2
T [K] 100(2) 100(2) 100(2) 173(2) 100(2)
pcalcd [g- mol?] 1.296 1.217 1.339 1.271 1.162
U [mm~] 3.042 2.374 3413 1.854 1.855
F (000) 576 976 524 2624 624
0 range [°] 1.987/28.332  2.188/27.103 2.279/29.150 1.916/27.146 2.051/25.058
unique reflns 6920 5515 6590 7164 5821
observed reflns (I > 34228 31983 6590 46762 18331
20)
R1T/wR2 (1 > 20)¢  10.0329/0.0755 0.0358/0.0732 0.0223/0.0518 0.0457/0.0953 0.0447/0.0786
R1FT /wR2 (all data)® |0.0467/0.0808 0.0575/0.0812 0.0240/0.0522 0.0852/0.1105 0.0690/0.0873
GOFl 1.031 1.029 1.088 1.013 0.881

BIGOF = [Zw(Fo? - F22/ (No - np)]72. PIRy = %(||Fol - |Fell) / ZIFol, Fo > 40(Fo). BWR; = {S[w(Fo? - F2)2 | S[W(Fo?)} 2.
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Table S1 continued

4-Ga 5-Al 5-Ga 6-Al 6-Ga
CcDC 2292067 2292070 2292065 2292071 2292072
formula Cs1HseGaPY Ce2H116AI2P2Y2  [Ce2H116GazP2Y2 [Ca2HeoAlO2Y Cs2HeoGaO2Y
M: [g mol ] 621.38 1155.26 1240.74 592.69 635.43
color/description red/block red/block red/block yellow/block yellow/block

crystal dimensions
[mm]

crystal system
space group
a[A]

b [A]

c[Al

afl’]

Bl

v

VA

4

T K]

pcalcd [g- mol?]
p [mm™]

F (000)

0 range [°]
unique reflns

observed reflns (1 >
20)

R1b1 /wR2 (1 > 20)¢
R1®! /wR2 (all data)

GOF!!

0.174 x 0.154 x
0.091

monoclinic
P24
12.168(7)
17.286(11)
16.033(9)

90

98.039(9)

90

3339(3)

4
100(2)

1.236

2.600

1320
1.974/28.355

8325

65722

0.0257/0.0580
0.0372/0.0623

1.025

0.157 x 0.140 x
0.094

triclinic

P1
9.7424(6)
11.3272(7)
15.5007(10)
102.4150(10)
93.3090(10)
99.3000(10)
1641.00(18)

1
100(2)

1.169

1.869
622
2.043/28.282
8105
67089

0.0327/0.0710
0.0459/0.0767

1.018

0.215 x 0.145 x
0.057

triclinic

P1
0.7501(16)
11.3301(19)
15.554(3)
102.810(4)
93.385(5)
99.020(5)
1646.9(5)

1
100(2)

1.251
2.636
658
1.349/27.877
7863
47604

0.0595/0.1529
0.0763/0.1670

1.005

0.153 x 0.120 x
0.085

orthorhombic
P21 21 24
13.0151(10)
14.8094(11)
17.4442(13)

3362.3(4)
4
100(2)

1171

1.784

1280
1.952/29.482
9166

38385

0.0429/0.0776
0.0684/0.0852

0.933

0.164 x 0.157 x
0.079

orthorhombic
P21 21 24
13.0217(5)
14.8246(5)
17.4061(6)
90

90

90

3360.1(2)

4
100(2)

1.256

2.544

1352
1.953/29.556
9405

52890

0.0389/0.0699
0.0602/ 0.0766

0.974

BIGOF = [Zw(Fo? - F2?2/ (No - np)]72. PIRy = %(]|Fol - |Fell) / ZIFol, Fo > 40(Fo). BWR; = {S[W(Fo? - F2)? | S[W(Fo?)} 2.
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Table S1 continued

7-Al 8-Al 8a-Al Ga-Benz-
DMAP

CCDC 2292068 2292061 2292066 2292064
formula C2sHs1AIPY Cs4HssAIN2Y Ca2s5Hs3AIN2Y CssHsoGaN2Y
M: [g mol ] 534.58 618.77 1.119 667.48
color/description yellow/block orange/block Orange/needle [orange/block
crystal dimensions 0.323 x 0.147 x [0.393 x 0.201 x [0.178 x 0.169 x |0.093 x 0.079 x
[mm] 0.094 0.086 0.056 0.072
crystal system monoclinic orthorhombic monoclinic nonoclinic
space group P21/c P212121 P21/n P21/c
alAl 19.9586(8) 13.8624(10) 23.535(6) 16.929(3)
b [A] 16.9906(7) 15.9011(12) 10.822(2) 11.0515(16)
c[A] 19.4780(8) 16.8807(12) 25.986(7) 23.054(4)
a[?] 90 90 90 90
B[] 114.4060(10) |90 116.849(5) 94.972(3)
v [°] 90 90 90 90
V [A%] 6014.9(4) 3721.0(5) 5905(2) 4296.9(11)
V4 8 4 8 4
T [K] 100(2) 100(2) 100(2) 100(2)
pcalcd [g- mol?] 1.181 1.105 1.119 1.032
U [mm™] 2.034 1.613 2.017 1.990
F (000) 2288 1344 2152 1416
0 range [°] 1.641/23.718 |1.901/29.562 1.575/28.817 1.435/26.372

unique reflns

observed reflns (1 >
20)

R1b1 /wR2 (1 > 20)¢
R1®! /wR2 (all data)

GOF!!

9115
81319

0.0377/0.0862

0.0578/0.0952

1.017

10292
42844

0.0430/0.0870

0.0716/0.0951

0.982

46796
11651

0.0486/ 0.0898

0.0918/ 0.1041

0.984

57704

8771

0.0441/ 0.0947

0.0850/ 0.1092

1.017

{IGOF = [Ew(Fo? - F:2)2 / (no - np)]"2. PIRy = 5(||Fo| - |Fell) / Z|Fol, Fo > 40(Fo). PWR, = {S[W(Fo? - F2)? | S[W(Fo?)}"2.
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Heterobenzene-type Ligands Emerging from an Open Lutetocene
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2 Institut fiir Anorganische Chemie, Eberhard Karls Universitat Tiibingen, Auf der Morgenstelle 18, 72076 Tiibingen,

Germany

ABSTRACT: Utilizing ternary mixtures [LuMe;]n/K(2,4-dtbp)/GaMe, (2,4-dtbp = 2,4-di-tert-butyl-pentadienyl), a series of
metallacycles is accessible via tandem salt metathesis/deprotonation. Depending on the precursor molar ratio, both gal-
labenzene and lutetabenzene moieties with fully planar metallacycles are obtained. The precursor molar ratio also affects
the extent of pentadienyl C-H-bond activation and oligomerization to tetra- and pentametallic arrays. Reacting a 1:2:2 mix-
ture at —40 °C gave the open sandwich methyl complex (2,4-dtbp),Lu(CHj;), displaying a vital intermediate for subsequent
ring-closure reactions. Complex (1-Me-3,5-tBu,-CsH3Ga) (u-Me)Lu(1-Me-3,5-tBu,-CsH3Ga) is scrutinized by DFT calculations,

unambiguously supporting the existence of aromaticity.

INTRODUCTION

The major difference between the ubiquitous cyclopenta-
dienyl and the far less employed pentadienyl ligands is the
inherent reactivity of the latter via its open site under ring
closure.! Accordingly, the formation of 6-membered
metallacycles (heterobenzenes) has assumed particular at-
tention through the seminal work by Ernst, Bleeke, Salzer
and others.® Crucially, metallacyclization of pentadienyl
ligands can be achieved via oxidative addition or deproto-
nation involving the exo/endo protons. The pursuit of tran-
sition-metal variants (Mn, Mo, Ru, Ir) was particularly re-
warding when applying oxidative addition as the initiating
reaction.?® Representative examples of successful pentadi-
enyl metallacyclization products are depicted in Chart 1
(A-E). For example, the reaction of open halfmolybdocene
anion [K(diglyme)][Mo(2,4-C;H11)(CO)s] with 1,2-diio-
dethane gave the (n%-metallabenzene) dimolybdenum(ll)
complex A, via abstraction of two terminal pentadienyl
protons.? The synthesis of iridium(Ill) complex B from
(CDIr(PEts)s via the three-step sequence K(2,4-C7Hi1)—
FsCSO3CHs-LiNiPr; involved both oxidative addition and
deprotonation of the pentadienyl ligand.® Similar oxidative
addition reactions led to complexes C, D, and E (Chart 1).*
& Such reaction protocols do not apply for accessing
metallabenzenes of main group and the rare-earth metals
(Ln), while several homoleptic, “open half-sandwich”, and
“open sandwich” complexes have been reported.:” Only
recently, the group of Walter revisited the chemistry of the
bulky pentadienyl salt K(2,4-dtbp) (dtbp = 2,4-di-tert-bu-
tylpentadienyl) with Ln(l11) chlorides and triflates, result-
ing in a series of metalacyclic complexes of type F-Ln
(Chart 1, Ln = Sc, Y, Gd, Th, Dy, Ho, Er, Tm, Lu).%
Metallacyclization occurred exclusively for the smaller
rare-earth metals, which can be ascribed to pentadienyl
deprotonation by n!-coordinated pentadienyl ligands. Our
group accessed rare-earth-metal complexes with anionic
aluminabenzene- and gallabenzene-type ligands (type G-

Al/Ga) via the reaction of superbasic Ln(EMey)s (E = Al,
Ga) with K(2,4-dtbp), proceeding via transient open metal-
locene (2,4-dtbp).Ln(EMes) and subsequent pentadienyl
ring closure via methane elimination.*

Chart 1. Structurally Characterized Metallacycles Ob-
tained from Pentadienyl Ligands: Mo2(2,4-C7H11)(2,4-
C7Hq)(CO)s (A), Ir(2,4-C7Ho)(PEts)3 (B),
Mn2(CsHs)2(2,4-C7Ho) (©), (CsMes)Ru(p-
(Ni(C7H9))(CsHs) (D), Ru(Ru(C7Hg)(CO)3)2: (E),
Ln2(2,4-dtbp)(2,4-dtbp-H)(2,4-dtbp—-2H) (G-Ln), and
[(1-Me-3,5-tBu2-CsH3E)(u-Me) Y (2,4-dtbp) (G-E, E =
Al, Ga).

ve,_H Mg:;rn@ ue’ | H @ZF_
ﬂ@ @ ém*;) X

OC co OC Me H
A B c D
Ernst, 1987 Bleeke, 1989 Ernst, 1992 Salzer, 1994
Me, H
R tBu
Ru(CO)3 E H
Me” |
Ru H Mg H tBu
Me. H
=
< RU(CO)3 tBu H
=y
Me H Q‘H
/ tBU H
E F-Ln G-Al/Ga
Salzer, 1998 Walter, 2014 our work, 2019/2023
Ln = Sc, Y, Gd, Th, Dy, Er, Tm, Lu E=Al,Ga;Ln=Y,Lu

Here we report the formation of hitherto unknown pentadi-
enyl reaction patterns utilizing one-pot syntheses with
[LuMe3]n,*? GaMes, and the potassium salt K(2,4-dtbp). In
addition to lutetium-supported dianionic and monoanionic
gallabenzene ligands, cascade CH-bond activation trig-
gered the formation of a fully planar lutetabenzene. Inves-
tigations into the mechanism of formation propose open



lutetocene methyl complex (2,4-dtbp)LuCHzs as a transient
species.

RESULTS AND DISCUSSION

Combining polymeric [LuMes], with GaMes; and K(2,4-
dtbp)®® (1:4:2 ratio) in n-hexane at ambient temperatures,
slowly elevating the temperature of the one-pot reaction to
90 °C gave compound (1-Me-3,5-tBu,-CsHsGa)(u-
Me)Lu(1-Me-3,5-tBu,-CsHsGa) (1) in decent yield (76%,
Scheme 1). Since it was previously shown that trimethyl-
gallium solubilizes [LuMes], via formation of
Lu(GaMey)s,' the intermediately formed homoleptic tetra-
methylgallate might react with K(2,4-dtbp) to (1-Me-3,5-
tBu,-CsHsGa)(u-Me)Lu(2,4-dthp) (GLU-Ga) as previously
shown for yttrium (GY-Ga).** Apparently, the presence of
extra GaMe; and elevated temperatures trigger the depro-
tonation of the remaining pentadienyl ligand of transient
GU-Ga, thus affording another metallacyclization. Com-
plex 1 bears one dianionic methyl-bridged 3,5-di-tert-bu-
tylgallabenzene and one #%-coordinating monoanionic 3,5-
di-tert-butyl-gallabenzene, therefore featuring a rare gal-
labenzene and the first of its kind with respect to the dis-
tinct anionic gallabenzene environment. The second ring
closure takes place at temperatures above 70 °C, with full
conversion at 90 °C.

Schemel. Synthesis of Bis(gallabenzene) 1 along with
Isolated Reaction Intermediate 2 and Decomposition
Product 2a?

4 GaMejs, 2 K(2,4-dtbp), n-hexane, 90 °C, 18 h
2 KGaMe,, — 2 CH, l

H,
2 K(2,4-dtbp) GaMeg

n-hexane, rt, 18 h

“hexane, t, 90°C,18h  Me [
-2 KGaMe, —-CH,
—2CH, _H
Ga Me
[LuMeg], —

, >—H Bu gy tBu
—_ . A"H

2 GaMej3 H
2 K(2,4-dtbp) H
n-hexane H
—40°C,18h

— 2 KGaMey

@ Complex GY-Ga was previously obtained according to ref. [11b].

The 'H NMR spectrum (C¢Dg, 26 °C) of complex 1 re-
vealed three sharp signals in the metal alkyl region (d =
0.04, 0.22 and 0.46 ppm) representing distinct methyl
groups. The ring protons appeared as four sharp signals,
exhibiting two triplets at 6.16 and 5.55 ppm (*Jun= 2.4 Hz)
for the para protons and two doublets at 5.71 and 5.34 ppm
for the ortho protons. The pronounced shifts to lower
fields, especially for the monoanionic metallacycle, is con-
sistent with a significant aromatic bonding contribution
(cf., open pentadienyl in G-Al: 5.67, 4.33, 3.1 ppm). The
same trend is observed in the 3C NMR spectra. For further

comparison, the ring protons of the monoanionic gal-
labenzenes reported by Ashe 111'® and Yamashita'® were
detected in the range 4.95-7.30 ppm and 6.01-8.23 ppm,
respectively. Complex 1 displays a very short Lu---Ga2
distance of only 2.6896(5) A for the dianionic gal-
labenzene ligand, likely forced by the bridging methyl
group (Lu—Cethy 2.570(5) A).24%" This is the shortest Ln--
-Ga distance reported so far, being only moderately longer
than the Ln-C.ny distances ranging from 2.480(4) to
2.621(4) A. The close proximity of the dianionic gallacycle
is also reflected in a short Lu---ring centroid distance of
1.976 A, which is noteworthy 0.3 A shorter than the metal
centroid distance in (CsMes)Lu(AlMe,), (2.288 A).'® The
Lu—Gal distance of the monoanionic metallacycle is mark-
edly longer (2.9894(1) A), as is the Lu---ring centroid dis-
tance (2.194 A). Both metallacycles of complex 1 are al-
most planar, with the Ga2 and C17 atoms deviating from
the C15-C16-C18-C19 plane by only 0.269 A and -0.245
A, while the Gal and C3 atoms are positioned 0.348 A
above and -0.078 A below the C1-C2-C4-C5 plane.

c29

019 . I”J
&/g ﬁbc

@a—@ > o a\g

3@ ‘3”5@

cs cis
c4 C14 S0 ol

Figure 1. Crystal structures of 1 (left) and 2 (right) with
atomic displacement parameters set at the 50% probability
level. Hydrogen atoms are omitted for clarity. For selected in-
teratomic distances and angles, see the Supporting Infor-
mation.

Against this background, it was interesting to investigate
how the deviation from planarity affects the bonding
within the monoanionic metallacycle. The aromaticity of
monoanionic gallabenzene had been confirmed before by
DFT calculations.'® Accordingly, a range of DFT model
systems for methylgallabenzene was set up, in which the
gallium atom was successively displaced from the ring
plane. The geometries were then re-optimized at the
B3LYP/6-311++G(d,p) level of theory, while keeping the
torsional angles within the ring fixed (for details, see Sup-
porting Information). The obtained energies (Figure 2/top)
demonstrate that the deviation from planarity is accompa-
nied only by a modest destabilization: e.g., if the gallium
atom was moved out of the ring plane by 15 deg. (£C2-
C1-C5-Ga = 165 deg.), which reflects the geometry ob-
served in 1, the energy increased by less than 10 kJ/mol.
Also, the bond lengths did not change significantly. In the
NBO scheme,*® the bonding of the gallium atom is charac-
terized by three highly polar Ga—C o-bonds (where 23-
24% of the bonding electrons reside on Ga). In addition, nt-
electron density from the ring carbon atoms is donated to-
ward the lone p orbital on Ga (Figure 2/bottom). The



occupation of this p-orbital changes only slightly, when Ga
is displaced from the ring (0.393 vs. 0.363 for dihedral an-
gles of 180 and 150 deg., respectively). The same is true
for the Wiberg bond index for Ga—C1/C5, which decreases
from 0.942 to 0.929. Therefore, the DFT calculations indi-
cate that the degree of aromaticity in monoanionic gal-
labenzene is not affected to a large extent by the exact po-
sition of Ga within the aromatic ring, which is probably
due to the size of its p-orbital and the highly polar nature
of its bonding interactions.
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Figure 2. Top: Energy change for DFT model systems of
methylgallabenzene with increasing deviation from planarity.
Bottom: DFT-optimized model system for methylgal-
labenzene with a fixed C2-C1-C5-Ga dihedral angle of 150
deg., also showing the acceptor p-orbital on Ga.

With mono(gallabenzene) complex G-“-Ga as a likely in-
termediate en route to bis(gallabenzene) complex 1 we
wondered about the feasibility of a bis(aluminabenzene)
complex. However, when reacting the pre-isolated alumi-
num homologue [(1-Me-3,5-tBu,-CsHsAl)(u-Me)Lu(2,4-
dtbp)] (G-“-Al) with AlMes, a second ring closure could
not be observed, even at temperatures above 140 °C (ab-
sence of methane elimination). To elucidate further poten-
tial intermediates, the one-pot reaction was carried out with
different molar ratios of the three metal components. Ap-
plying seamless low-temperature synthesis and crystalliza-
tion techniques (—40 °C) and a 1:2:2 molar ratio, donor-
free lutetocene methyl complex (2,4-dtbp).LUCHs; (2)
could be obtained in high yield (86%, Scheme 1). Com-
pound 2 is an “open” sandwich version of the illustrious
metallocenes [(CsMes),Ln(CH3)]x (Ln = Sc (x = 1), Y/Lu
(X = 2) Sm (x = 3)).2%2 1t is crucial to cool all reaction
vessels, reactants and solvents to -40 °C, likewise, all ana-
lytics of 2 where carried out at this temperature. The H
NMR spectrum (toluene-dgs, —40 °C) of complex 2 is in ac-
cordance with a low rotational barrier about the Lu---pen-
tadienyl centroid axes, displaying a signal set and ratio

(1:2:2:18) of two magnetically identical 2,4-di-tert-bu-
tylpentadienyl ligands. The exo/endo protons resonate at
4.04 and 3.91 ppm, while the opposing one was detected at
5.71 ppm. Unexpectedly, the terminal methyl group at 6 =
—0.12 ppm appeared as a doublet (*Jyn = 5.06 Hz). The
XRD analysis of 2 revealed a Lu—Me distance of 2.335(8)
A, which is shorter than the terminal ones detected for
[(CsMes);LuMe], (2.423(3) A)? and (Tp®“Me)LuMe;
(2.364(3) and 2.375(2) A).** Overall, the Lu-pentadienyl
centroid distances of 2 (2.167, 2.171 A) are markedly
shorter than for CsMes-supported systems, but in line with
other pentadienyl complexes.!82°22 \Warming a solution of
2 to ambient temperature, gave a mixture of decomposition
products via methane elimination, from which a small frac-
tion of single-crystalline 2a could be obtained. The crystal
structure of compound 2a proves C—H-bond activation and
concomitant dimerization/oligomerization as well as H-
shift reactions as prominent decomposition paths. For com-
parison, metallocenes [(CsMes),Ln(CH3)]x (Lnh = Sc (x =
1), Y/Lu (x = 2) Sm (x = 3) preferentially form “tucked-in”
complexes at elevated temperatures.2°-22

Given the successful isolation of “open” metallocene 2, the
feasibility of putative “open” half-sandwich complex
[(2,4-dtbp)Lu(CHs3),] was targeted intuitively by switching
the molar ratio of the precursors from to 1:2:2 to 1:1:1.
Conducting the one-pot reaction at ambient temperatures
afforded crystalline pentametallic complex Lns(2,4-
dtbp)(2,4-dtbp—2H)3(u-CH3)s (3) in low yield of 30%
(Scheme 2). The crystal structure revealed a high Lu:CHs;
ratio of 5:4 instead of the envisaged 1:2, in accordance with
extensive pentadienyl ligand deprotonation. Consequently,
the formation of three trianionic C5 fragments “2,4-dtbp—
2H” occurred, along with two monoanionic pentadienyl
ligands (Figure 3). Striking is the presence of a totally pla-
nar central lutetabenzene moiety, where the involved Lu?2
exhibits the shortest distances with the adjacent ring carbon
atoms (2.428(8) A), matching the corresponding ones in F-
Lu (2.435(5) and 2.487(5) A, Chart 1). For further com-
parison, the Lu—Cspring distances of the anionic metal-
lacylopropene
[(CsMes)(MeCNiPrz)Lu(PhC=CPh)][K(crypt)]
(2.2620(17) and 2.2901(18) A)? and also those of a series
of lutetacyclopentadienes (range: 2.331(4)-2.369(3) A) are
significantly shorter.?*

Scheme 2. Product Formation in Ternary Mixtures
[LuMes]n/K(2,4-dtbp)/GaMes Is Highly Dependent on
the Molar Ratios Employed.
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Figure 3. Crystal structures of 3 and 5, with atomic displacement parameters set at the 50% probability level. Hydrogen atoms
are omitted for clarity. For selected interatomic distances and angles, see the Supporting Information. Shown are also drawings

and metrics of the trianionic pentadienyl moieties.

The Lu—CHg; distances in 3 amount to 2.374(4) (terminal)
and 2.455(7)/2.480(7) A (bridging), where the shortest Lu—
C contact of 2.313(8) A is detected between Lul with C14
involving the outer bridging trianionic C5 fragment. For a
better understanding of the bonding situation the metrics
involving the multiply deprotonated C5 moieties are out-
lined in Figure 3. The central lutetabenzene moiety
(C27/C28/C29/C28°/C27°/Lu2) displays two localized
double bonds, while the outer bridging trianionic C5 frage-
ments (C14/C15/C16/C17/C18) feature a localized double
bond and an allylic moiety.

Changing the molar ratio of [LuMe;],/K(2,4-dtbp)/GaMe;
to 1:1.5:1.5 gave complex Lny(2,4-dtbp),(2,4-dtbp—2H)(.-CHs)
(4) in relatively high crystalline yield (79%, Scheme 2). Bi-
metallic 4 exhibits two n3-coordinated pentadienyls, a lu-
tetabenzene arrangement and an asymmetrically bridging
methyl group.? The '"H NMR spectrum of complex 4 shows
the metallacycle protons (Hi4, Hi8, Figure 4) next to Lu1 at
6.61 ppm (4un = 2.21 Hz), displaying the highest low-field
shift of the complexes under study, indicative of metalla-
aromaticity. The pentadienyl moieties appeared in the ex-
pected 'H NMR ratio of 1:2:2:18, while the bridging methyl
group is detected at 0.2 ppm. In contrast to complex 3, the
lutetacycle in 4 features the shortest Lu-C contacts (2.32(4)



and 2.36(5) A). The Lu2-Ci8 distance is equally short
(2.36(5) A), while the Lu-C(u-methyl) distances are in the
expected (2.51(3) and 2.64(4) A).

The 1:1.5:1.5-reaction generated also a small amount of crys-
talline  [Lu,(2,4-dtbp).(2,4-dtbp—2H)(x-CHs)(u-2,4-dthp)].
(4a), representing a dimer of 4 with two bridging n!-pentadi-
enyl ligands (Figure S15). The coordinative flexibility of the
pentadienyl ligand is nicely illustrated by this n5>—n* switch,
while the changed coordination number of the inner lutetium
centers in 4a entails substantially shorter the Lu-C(z-methyl)
distances of 2.472(8) and 2.499(8) A 4). The lutetacycles of
both complexes 4 and 4a feature localized CC double
bonds, which in the solid state range from 1.40(6) to 1.45(2)
A in complex 4, and from 1.379(9) to 1.380(10) A in complex
4a (see ESI). This implies that the bridging trianionic C5
fragment engages in Lui-Ci14/C18 o-bonding and Luz-ns-
(2,4-dtbp—2H) m-bonding. Furthermore, all attempts to
convert complex 4 into complex 4a or vice versa, were un-

successful.

ECI?
¢,c:31 ©cz
~ C18.
JLlu2 \

@ J %3

C5
Figure 4. Crystal structure of 4, with atomic displacement pa-
rameters set at the 50% probability level. Hydrogen atoms are
omitted for clarity. For selected interatomic distances and an-
gles, see the Supporting Information.
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Allowing a slight excess of trimethylgallium, that is a sur-
plus of 0.25 equiv. of GaMe; referring to K(2,4-dtbp) (=
1:1.75:1.5-reaction), the formation of a totally planar gal-
labenzene moiety in complex 5 occurred (Scheme 2, Figure
2). The central dianionic gallabenzene (1-Mez-3,5-tBus-
CsHsGa) is symmetrically flanked by two [Lu(2,4-dtbp)(2,4-
dtbp—2H)(u-CHs)] entities, forming a kind of inverse sand-
wich with the two adjacent lutetium atoms. Unmistakably,
there are similarities between the complexes 4/4a and s,
with two molecules of 4 merging with the dianionic gal-
labenzene via displacemnt of two terminal pentadienyl lig-
ands or with two bridging n'-pentadienyls in 4a being ex-
changed against the n°-coordinating dianionic gal-
labenzene. The total planarity of the dianionic gal-
labenzene is the first of its kind, as is the presence of dis-
tinct 6-membered metallacycles in one compound. While
both lutetabenzene moieties in 5 show two localized dou-
ble bonds (C14-Ci5 and C17-C18: 1.376(7), 1.301(7) A) and,
hence, also two single bonds, the central gallabenzene
fragment displays a double bond (C28-C29: 1.376(7) A), a
neighboring single bond (1.464(8) A) and an allylic bond
over C30-C31-C32 (1.422(8)-1.421(8) A). The distances be-
tween Lu2-C41 (3.213 A) and Lu3-C42 (2.938 A) are not in

the expected range for bridging methyl groups (Figure 3).
Again, the lutetabenzene moieties show the shortest Lu-
Cring contacts (2.362(5) and 2.312(5) A, while the distances
of the ring lutetium Luz/Lu3 to the gallabenzene carbon
atoms range from 2.697(6) to 2.716(6) A and the Luz2---Ga
accounts to 2.8960(11) A. Preliminary investigations re-
vealed that complex 4a can be converted into complex 5 by
addition of GaMe, (crystalline yield 40%), and that the
equimolar treatment of complex 4 with [LuMes], gave
complex 3 (30% crystalline yield), giving useful insights
into formation of such metallacyclic compounds.

CONCLUSION

Superbasic [LuMe;],, solubilized as trimethylgallium ad-
duct, reacts with potassium pentadienide to highly reactive
open (half)metallocene methyl complexes which engage in
cascade C-H-bond activation. The formation of multiply
deprotonated Cs hydrocarbyl ligands including metalacy-
clic entities is directed by the molar ratio of the ternary
mixtures [LuMe;],/K(2,4-dtbp)/GaMe;. Accordingly com-
plexes with mixed mono-/dianionic gallabenzene ligands,
planar lutetabenzene moieties, and mixed lute-
tabenzene/gallabenzene complexes have been identified.
A key intermediate of these syntheses is the fully open lu-
tetocene (2,4-dtbp).LuMe, which is isolable at low temper-
ature and features the shortest Lu-Me interatomic dis-
tance (2.335(8) A), reported so far. Current investigations
address the feasibility/applicability of [(2,4-dtbp).LnMe]
as a template/platform for extending such ring-closure re-
actions to d-transition metals. It can also be hypothesized
that such tandem cascade C-H-bond activation/metallacy-
clizations significantly affect catalyst formation in rare-
earth-metal based industrial 1,3-diene polymerization.*
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Experimental Section

General Considerations. All manipulations were performed under rigorous exclusion of
air and moisture using standard Schlenk, high-vacuum, and glovebox techniques (MBraun
UNllabpro ECO); <0.5 ppm Oz, <0.5 ppm H20, argon atmosphere). n-Hexane, toluene,
and THF were purified using Grubbs-type columns (MBraun SPS, solvent purification
system), THF was further dried over molecular sieves (3 A). Benzene was dried over CaH>
and distilled onto molecular sieves (3 A). CsDs (99.6%, Sigma-Aldrich) and toluene-ds
(99.6%, Sigma-Aldrich) were dried by letting the solvents stand over Na/K-alloy for at least
24 h and subsequent filtration. All solvents were stored inside a glovebox. [LuMes], was
synthesized according to literature procedures.! K(2,4-dtbp) was prepared from 2,4-tert-
butyl-1,3-pentadiene and Schlosser's base.l? Tetramethylsilane was purchased from
Sigma-Aldrich and distilled, and stored in a glovebox prior to use. NMR spectra of air and
moisture sensitive compounds were recorded by using J. Young valve NMR tubes at
ambient temperature on either a Bruker AVI1+400 (*H, 3C), a Bruker DRX-300 or a Bruker
AVII+500. NMR chemical shifts are referenced to internal solvent resonances and
reported in parts per million relative to tetramethylsilane (TMS). Coupling constants are
given in Hertz. Elemental analyses were performed on an Elemental Vario Micro Cube.
IR spectra were recorded on a Nicolet 6700 FTIR spectrometer with a DRIFT cell (KBr
window), and the samples were prepared in a glovebox and mixed with KBr powder.

(1-Me-3,5-tBu2CsHsGa)u-Me)Lu(1-Me-3,5-tBu2CsHzGa) (1).

Route A: To a stirred slurry of [LuMes], (100.00 mg, 0.454 mmol) in 10 ml n-hexane,
GaMes (208.51 mg, 1.816 mmol) in 1.5 ml n-hexane was added at ambient temperature.
Then, two equivalents of K(2,4-dtbp) (198.50 mg, 0.909 mmol) suspended in n-hexane
were added under continuous stirring. The reaction mixture was stirred at 90 °C for 18 h
and concentrated in vacuo. After addition of n-pentane and TMS and standing overnight
at —40 °C, compound 1 formed as red crystals in 76% yield (246.40 mg, 0.345 mmol).

Route B: Complex 2 (100.00 mg, 0.182 mmol) was suspended in 5 ml of cooled (-40 °C)
n-hexane and 2 equiv. of GaMes diluted in 5 ml cooled (—40 °C) n-hexane were added to
the mixture, which was allowed to elevate to ambient temperature while being stirred. The
so handled mixture is turning orange and then red while warming up. The deep colored
solution was transferred into a pressure tube and heated to 90 - 140 °C for 18 h, turning
into an oxblood-colored solution. After cooling to ambient temperature, the solution was
dried in vacuo and extracted with n-pentane. After addition of TMS and standing overnight
at —40 °C, compound 1 formed as red crystals in 82% yield (106.73 mg, 0.149 mmol). *H
NMR, (500 MHz, CeDs, 26 °C): 6 6.16 (t, 1H, 4Jnn = 2.37 Hz, -CH=), 5.70 (d, 2H, 4Jsn=
2.33 Hz, —-Ga(Me)>—CH=), 5.55 (t, 1H, 4Jun = 2.42 Hz, —CH=), 5.34 (d, 2H, Jnn = 2.43
Hz, —Ga(Me)2—CH=), 1.22 (s, 18H, —C(CHs)3), 1.20 (s, 18H, —C(CHzs)3), 0.46 (s, 3H,
GaCHz), 0.22 (s, 3H, GaCHs), 0.04 (s, 3H, Ga—CHz—Lu) ppm. 3C{*H} NMR (126 MHz,
CesDs, 26 °C): 6 174.6 (s, -CCMes), 165.8 (s, -CCMes3), 115.0 (s, 2C, —CH=), 112.7 (s, 2C,
—CH=), 97.2 (s, 1C, —CH=), 75.5 (s, 1C, —CH=), 40.8 (s, CCMes), 39.8 (s, CCMes3), 32.1
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(s, C(CHs3)3), 31.9 (s, C(CHs3)3), —0.25 (s, GaCHs), —1.55 (s, Ga—CHs-Lu), —2.9 (s, GaCHz3)
ppm. IR (KBr) v =2961 (vs), 2865 (w), 1475 (s), 1461 (s), 1391 (w), 1351 (vs), 1297 (vw),
1248 (w), 1217 (s), 1116 (vw), 1098 (vw), 1021 (vw), 996 (w), 923 (w), 865 (w), 822 (m),
785 (s), 759 (m), 719 (w), 574 (s), 492 (vw), 414 (s) cm. Elemental analysis calculated
for C29Hs1GazLu (714.14 g/mol): C 48.77%, H 7.20%; found: C 48.52%, H 7.14%.

(2,4-dtbp)2LuMe (2). To a stirred slurry of [LuMes], (200.00 mg, 0.909 mmol) in 10 ml
n-hexane, GaMes (208.71 mg, 0.1817 mmol) in 1.5 ml n-hexane was added and the
suspension cooled to —40 °C. Then, two equivalents of K(2,4-dtbp) (397.02 mg, 1.817
mmol) were suspended in n-hexane, cooled and added under continuous stirring. The
reaction mixture was stirred at —40 for 18 h and concentrated in vacuo. After addition of
n-pentane and standing overnight at —40 °C, compound 2 formed as yellow crystals in
86% vyield (428.92 mg, 0.781 mmol). *H NMR, (500 MHz, toluene-ds, —40 °C): § 5.71 (s,
2H, —CH=), 4.04 (s, 4H, =CH(ex0)), 3.91 (s, 4H, =CHendo)), 1.20-1.21 (s, 36H, —C(CH3)z3),
—0.12 (s, 3H, LUCHS3) ppm. 3C{*H} NMR (126 MHz, toluene-ds, —40 °C): & 164.5 (s, —
CCMes), 87.6 (s, —CCMes), 80.0 (s, =CH2), 40.2 (s, CCMes), 33.1 (s, LUCH3), 31.7 (s,
C(CHs)3) ppm. Elemental analysis calculated for C27HagLu (548.66 g/mol): C 59.11%, H
9.00%; found: C 58.37%, H 9.01%. A small amount of decomposition product 2b could be
obtained as morphologically distinct crystals and characterized by SXRD.

When the same procedure was performed with two equivalents of AlMes instead of
GaMegs, the reaction turned out much more delicate. Despite, all compounds were cooled
and handled with great care at —40 °C, a crystalline product could not be obtained.

[((2,4-dtbp)Lu)(u-Me2)(u-3,5-tBu2-CsHz3))2(1-Me-3,5-tBu2-CsHsLu)] (3). To a stirred
slurry of [LuMes]n (200.00 mg, 0.909 mmol) in 10 ml n-hexane, GaMes (104.38 mg, 0.909
mmol) in 1.5 ml n-hexane was added at ambient temperature. Then K(2,4-dtbp) (198.55
mg, 0.909 mmol, 1 equivalent) was suspended in n-hexane and added under continuous
stirring. The reaction mixture was stirred at ambient temperature for 18 h and concentrated
in vacuo. After addition of n-pentane and TMS and standing overnight at —40 °C,
compound 3 formed as red crystals in 30% yield (0.273 mmol, 497.83 mg). The NMR
spectra were inconclusive. Elemental analysis calculated for CegH121Lus (1825.56 g/mol):
C 45.40%, H 6.68%; found: C 46.20%, H 7.23%.

[(2,4-dtbp)Lu(p-Me)(u-(3,5-tBu2CsHsLu)(2,4-dtbp)] (4). To a stirred slurry of [LuMes]n
(200.00 mg, 0.909 mmol) in 10 ml n-hexane, GaMes (156.53 mg, 1.363 mmol) in 1.5 ml
n-hexane was added at ambient temperature. Then, K(2,4-dtbp) (297.76 mg, 1.363 mmol,
1.5 equivalents) was suspended in n-hexane and added under continuous stirring. The
reaction mixture was stirred at ambient temperature for 18 h and concentrated in vacuo.
After addition of n-pentane and TMS and standing overnight at —40 °C, compound 4
formed as red crystals in 79% yield (646.96 mg, 0.718 mmol). *H NMR, (500 MHz, CeDs,
26 °C): 0 6.61 (d, 2H, *Jnn=2.20 Hz, Lu—CH=), 5.85 (t, 1H, *Jnn= 2.26 Hz, —CH=), 5.55
(br s, 2H, —CH=), 4.15 (br s, 4H, =CHexo)), 4.15 (br s, 4H, =CHendo)), 1.39 (s, 18H, —
C(CHa)z3), 1.29 (s, 36H, —C(CHBa)z3), 0.20 (s, 3H, Lu—CHz—Lu) ppm. 13C{*H} NMR (126 MHz,
CsDs, 26 °C): 6 165.5 (s, —CCMes), 162.6 (s, —CCMe3s), 156.5 (s, —-CCMes3s), 89.6 (s, —
CH=), 85.1 (s, —-CH=), 78.7 (s, —=CH), 39.7 (s, CCMe3s), 39.5 (s, CCMes), 34.8 (s, Lu—
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CHs—Lu) 32.2 (s, C(CHs)3) ppm. IR (KBr) v = 2954 (vs), 2903 (s), 1528 (w), 1477 (s), 1463
(s), 1431 (s), 1389 (m), 1357 (s), 1327 (m), 1239 (m), 1206 (s), 1163 (m), 1103 (w), 1025
(m), 912 (w), 873 (m), 856 (m), 792 (s), 739 (m), 720 (m), 569 (m), 503 (m), 469 (m), 401
(w) cmt. Elemental analysis calculated for CaoH7oLu2 (900.93 g/mol): C 53.33%, H 7.83%;
found: C 52.73%, H 7.78%.

Repeating the reaction under the same conditions with the same quantities, gave also
complex [(2,4-dtbp)Lu)(p-Me)(1-Me-3,5-tBu2-CsHsLu)(p-2,4-dtbp)]2 (4a) in 15% yield
(245.68 mg, 0.136 mmol).

[(2,4-dtbp)Lu)(u-Me)(1-Me-3,5-tBu2-CsHsLu)(u-1-Me2-3,5-tBu2-CsHsGa)] (5). To a
stirred slurry of [LuMes], (200.00 mg, 0.909 mmol) in 10 ml n-hexane, GaMes (182.46 mg,
1.589 mmol) in 1.75 ml n-hexane was added at ambient temperature. Then, K(2,4-dtbp)
(297.76 mg, 1.363 mmol, 1.5 equivalents) was suspended in n-hexane and added to the
under continuous stirring. The reaction mixture was stirred at ambient temperature for 18
h and concentrated in vacuo. After addition of n-pentane and TMS and standing overnight
at —40 °C, compound 5 formed as red crystals in 40% yield (651.71 mg, 0.363 mmol). IR
(KBr) v = 2959 (vs), 2867 (m), 1465 (m), 1425 (m), 1388 (w), 1358 (m), 1321 (w), 1240
(w), 1327 (m), 1239 (m), 1207 (m), 911 (w), 792 (m), 751 (w), 726 (m), 656 (vw), 569 (vw),
518 (vw), 459 (vw), 401 (w) cmt. The NMR spectra were inconclusive. Elemental analysis
calculated for C74H133Galus (1792.40 g/mol): C 49.59%, H 7.48%; found: C 50.21%, H
7.53%.
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Figure S1. 'H-NMR spectrum (400 MHz) of complex 1 in CeDs at 26 °C. The solvent residual signal is
marked with an asterisk.
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Figure S2. 3C-NMR spectrum (101 MHz) of complex 1 in CeDe at 26 °C. The solvent residual signal is
marked with an asterisk.
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Figure S3. *H-13C HSQC spectrum of complex 1 in CsDe at 26 °C. The solvent residual signal is marked
with an asterisk.
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Figure S4. "H-NMR spectrum (400 MHz) of complex 2 in toluene-ds at —40 °C. The solvent residual signal

is marked with an asterisk.
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Figure S5. 3C-NMR spectrum (101 MHz) of complex 2 in toluene-ds at —40 °C. The solvent residual signal

is marked with an asterisk.
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Figure S8. 'H-NMR spectrum (400 MHz) of complex 4 in CsDs at 26 °C. The solvent residual signal is
marked with an asterisk.
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Figure S9. 3C-NMR spectrum (101 MHz) of complex 4 in CsDs at 26 °C. The solvent residual signal is
marked with an asterisk.
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Crystallography

X-Ray Crystallography and Crystal Structure Determinations. Crystals of complexes
1-6 were grown by standard techniques using saturated solutions of n
hexane/tetramethylsilane. Suitable crystals for X-ray structure analyses were selected in
a glovebox and coated with Parabar 10312 (previously known as Paratone N, Hampton
Research) and fixed on a nylon/loop glass fiber. X-ray data for all compounds were
collected on a Bruker APEX Il DUO instrument equipped with an IuS microfocus sealed
tube and QUAZAR optics for MoKa (A = 0.71073 A)and CuKa (A = 1.54184 A) radiation.
The crystals are very sensitive against moisture, oxygen and temperature. The crystals
must be cooled during the preparation for the X-ray experiment. The data collection
strategy was determined using COSMO?! employing w-scans. Raw data were processed
using APEX? and SAINT,? corrections for absorption effects were applied using SADABS.*
The structures were solved by direct methods and refined against all data by full-matrix
least-squares methods on F? using SHELXTL® and SHELXLE.® Disorder models for
solvent molecules are calculated using DSR, a program for refining disordered structures
in SHELXL.” All graphics were produced employing CCDC Mercury 3.10.1.2 Nearly all
crystals show disorder and for 4, 4a, and 2a only reflections up to 0.82/0.88 and 0.85 A
could be collected. The crystal quality of complex 4 was low and a complete disorder for
the structure was found. For 2a only a connectivity is given.
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Table S1. X-ray crystallographic parameters for complexes 1-5

1 2 3 4 4a
CCDC 2293006 2293007 2293009 2293005 2293004
formula C29Hs1Gazlu C27Haolu CeoH121Lus CaoH7oLu2 CsoH140Lus
Mr [g molY] 714.10 548.63 1825.50 900.90 1801.87
color/description orange/needle yellow/block colourless/plate  yellow/block orange/needle

crystal dimensions
[mm]

crystal system
space group

a[A]

b [A]

c[A]

al’]

B[]

v [

VA%

z

T K]

pcalcd [g- mol?]

H [mm]

F (000)

0 range [°]

unique reflns
observed reflns
R1lP! /wR2 (1 > 20)
R1l’l /wRAI (all data)

GOFl

0.128 x 0.097 x
0.081

orthorhombic
Pbca
17.4444(4)
18.3319(4)
18.9693(4)
90

90

90

6066.2(2)

8
100(2)

1.564

5.007

2864
1.936/28.282
7520

110382
0.0315/0.0796
0.0440/0.0872

1.045

0.234 x 0.196 x
0.134

triclinic

P1
12.5047(6)
12.5512(6)
19.1673(9)
103.6536(14)
101.2011(14)
109.5302(14)
2629.7(2)

4
100(2)

1.386

3.763

1128
1.991/29.876
14879
119478
0.0511/0.1351
0.0595/0.1419

1.181

0.153 x 0.131 x
0.087

orthorhombic
Pbcn
10.8479(9)
24.8326(19)
25.0145(19)
90

90

90

6738.4(9)

4
100(2)

1.799

7.294

3560
1.628/26.502
6953

72044
0.0412/0.0907
0.0606/0.0999

1.036

0.125 x 0.097 y
0.062

orthorhombic
Aba2
35.1199(8)
0.6270(2)
23.1937(6)
90

90

90

7841.8(3)

8
100(2)

1.526

5.030

3616
1.756/26.398
8027

89061
0.0406/0.0787
0.0673/0.0915

1.059

0.202 x 0.089 x
0.060

triclinic

P1
12.3686(13)
12.3767(13)
15.0609(16)
67.6570(10)
83.6410(10)
68.2000(10)
1978.7(4)

1
100(2)

1.521

4.983

904
1.463/24.403
6506

31995
0.0348/0.0790
0.0533/0.0884

1.019

BIGOF = [Ew(F¢? - Fc2)? 1 (no - np)]Y2. PIRy = Z(||Fo| - |Fell) / Z|Fol, Fo > 40(Fo). DWR, = {E[w(Fe? - Fc?)? / Z[w(F?)F}2.
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Table S1 continued.

X-ray crystallographic parameters for complexes 1-5

5 2a*
CCDC 2293008
formula C74H133Gal.ua Csz2Hoolu2
M [g mol?] 1792.40 1065.17
color/description orange/column  [red/plate

crystal dimensions
[mm]

crystal system

space group

B[]

v [l

V [A3]

z

T K]

pcalcd [g- mol?]

W [mm]

F (000)

0 range [°]

unique reflns
observed refins
R1lP! /wR2 (1 > 20)
R1 /wR (all data)

GOFl

BIGOF = [Ew(Fo? - Fc?)? 1 (o - np)]Y2. PRy = Z(||Fo| - |Fell) / £|Fol, Fo > 40(Fo). WR, = {Z[w(Fo? - F2)? / Z[w(Fo?)?]}2.

* Connectivity only.

0.381 x0.112 x
0.094

triclinic

P1
13.294(4)
17.389(5)
17.629(5)
101.893(9)
102.554(11)
102.808(8)
3738.0(19)
2
100(2)

1.592

5.625

1784
1.228/27.560
17249
139566
0.0347/0.0807
0.0488/0.0885

1.031

0.158 x 0.113x
0.047

triclinic

P1
10.642(6)
12.545(7)
20.232(11)
79.222(8)
80.331(8)
80.964(7)
2594(3)

2
100(2)

1.364

3.813

1088
1.666/24.767
8769

31100
0.0723/0.1549
0.1384/0.1834

1.022

S14



Figure S10. Crystal structure of 1 (ellipsoids set at 50%). All hydrogen atoms have been omitted for clarity.
Selected interatomic distances (A) and angles (°): Lu(1)-C(1) 2.623(4), Lu(1)-C(2) 2.654(4), Lu(1)-C(3)
2.560(4), Lu(1)-C(4) 2.635(4), Lu(1)-C(5) 2.633(4), Lu(1)-C(15) 2.456(4), Lu(1)-C(16) 2.621(4), Lu(1)-C(17)
2.480(4), Lu(1)-C(18) 2.617(4), Lu(1)-C(19) 2.443(4), Lu(1)-Ga(2) 2.6896(5), C(1)-Ga(1) 1.921(4), C(1)-
C(2) 1.398(6), C(2)-C(3) 1.430(6), C(3)-C(4) 1.432(6), C(5)-C(4) 1.391(6), Ga(1)-C(5) 1.948(4), Ga(1)-C(14)
1.958(5), Ga(2)-C(15) 2.024(4), C(15)-C(16) 1.382(6), C(16)-C(17) 1.454(6), C(17)-C(18) 1.459(6), C(18)-
C(19)1.369(6), Ga(2)-C(19) 2.030(4), Ga(2)-C(28) 2.120(5), Ga(2)-C(29) 1.946(4), C(28)-Lu(1)-Ga(2)
47.46(11), C(1)-Ga(1)-C(5) 99.07(18), C(15)-Ga(2)-C(19) 93.94(17), C(29)-Ga(2)-C(28) 109.2(2), C(1)-
Ga(1)-C(14) 128.3(2), C(5)-Ga(1)-C(14) 132.3(2).
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Figure S11. Crystal structure of 2 (ellipsoids set at 50%). All hydrogen atoms have been omitted for clarity.
Selected interatomic distances (A): Lu(1)-C(1) 2.658(8), Lu(1)-C(2), 2.697(7), Lu(1)-C(3) 2.623(7), Lu(1)-
C(4) 2.661(7), Lu(1)-C(5) 2.577(7), Lu(1)-C(14) 2.559(7), Lu(1)-C(15) 2.734(7), Lu(1)-C(16) 2.666(7), Lu(1)-
C(17)2.710(7), Lu(1)-C(18) 2.579(8), Lu(1)-C(27) 2.335(8), C(1)-C(2) 1.377(11), C(2)-C(3) 1.430(10), C(3)-
C(4) 1.424(9), C(4)-C(5) 1.379(12), C(14)-C(15) 1.436(9), C(15)-C(16) 1.416(9), C(16)-C(17) 1.432(9),
C(17)-C(18) 1.373(10).
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Figure S12. Crystal structure of 2a (ellipsoids set at 50%). All hydrogen atoms have been omitted for clarity.
Selected interatomic distances (A) and angles (°): Lul-C14 2.365(15), Lul-C18 2.401(16), Lul- C27
2.449(14), Lul-C1 2.663(15), Lul-C3 2.665(15), Lul-C4 2.667(15), Lul-C5 2.672(14), Lul-C2 2.755(13),
Lul-C29 2.790(15), Lul-C28 2.858(15), Lul-Lu2 3.0960(19), Lu2-C14 2.364(12), Lu2-C27 2.423(15), Lu2-
C18 2.438(15), Lu2-C16 2.514(17), Lu2-C42 2.592(14), Lu2-C17 2.602(17), Lu2-C40 2.630(15), Lu2-C15
2.652(16), Lu2-C43 2.686(14), Lu2-C41 2.718(13), Lu2-C44 2.720(14), C1-C2 1.38(2), C2-C3 1.44(2), C3-
C4 1.45(2), C4-C5 1.39(2), C14-C15 1.39(2), C15-C16 1.47(2), C15-C19 1.55(2), C16-C17 1.42(2), C17-
C181.37(2), C14-Lul-C18 76.3(5), C27-Lul-C29 53.8(4), Lu2-C27-Lul 78.9(5), C29-C28-C27 124.9(16),
Cent(c40-c44)-Lu2-Cent(c15-c17) 135.89*, Cent(c1-c5) -Lul-C27 136.00*.

*calculated with mercury
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Figure S13. Molecular structure of 3 (ellipsoids set at 50%). All hydrogen atoms have been omitted for
clarity. Selected interatomic distances (A) and angles (°): Lu(1)-C(1) 2.698(8), Lu(1)-C(2)-Lu(1) 2.687(7),
Lu(1)-C(3) 2.651(7), Lu(1)-C(4) 2.720(8), Lu(1)-C(5) 2.706(8), Lu(1)-C(14) 2.313(8), Lu(1)-C(15) 2.698(8),
Lu(1)-C(16) 2.742(8), Lu(1)-C(17) 2.671(8), Lu(1)-C(18) 2.341(8), Lu(1)-C(34) 2.480(7), Lu(2)-C(18)
2.495(7), Lu(2)-C(27) 2.428(8), Lu(2)-C(34) 2.455(7), Lu(3)-C(15) 2.749(8), Lu(3)-C(16) 2.774(9), Lu(3)-
C(17) 2.679(7), Lu(3)-C(18) 2.462(8), Lu(3)-C(27) 2.541(8), Lu(3)-C(28) 2.648(7), Lu(3)-C(29) 2.678(7),
Lu(3)-C(35) 2.374(8), Lu(1)-Lu(2) 3.4447(4), C(1)-C(2) 1.361(12), C(2)-C(3) 1.421(11), C(3)-C(4) 1.415(11),
C(4)-C(5) 1.381(12), C(14)-C(15) 1.359(11), C(15)-C(16) 1.458(12), C(16)-C(17) 1.430(11), C(17)-C(18)
1.419(10), C(27)-C(28) 1.396(10), C(28)-C(29) 1.448(9), Lu(2)-Lu(3) 3.1611(5), Lu(2)-C(34)-Lu(1) 88.5(2),
C(28)-C(27)-Lu(2) 139.9(6), C(27)-C(28)-C(29) 121.6(7).
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Figure S14. Crystal structure of 4 (ellipsoids set at 50%). Only one individual of the disorder is shown. All
hydrogen atoms have been omitted for clarity. Selected interatomic distances (A) and angles (°): Lu(1)-C(1)
2.64(5), Lu(1)-C(2) 2.64(5), Lu(1)-C(3) 2.63(4), Lu(1)-C(4) 2.77(5), Lu(1)-C(5) 2.73(4), Lu(2)-C(14) 2.41(4),
Lu(2)-C(15) 2.62(5), Lu(2)-C(16) 2.61(6), Lu(2)-C(17) 2.51(5), Lu(2)-C(18) 2.36(5), Lu(1)-C(14) 2.34(4),
Lu(1)-C(18) 2.39(6), Lu(1)-C(40) 2.51(3), Lu(2)-C(40) 2.64(4), Lu(2)-C(27) 2.54(3), Lu(2)-C(28) 2.65(4),

u(2)-C(29) 2.60(4), Lu(2)-C(30) 2.70(5), Lu(2)-C(31) 2.59(4), C(14)-C(15) 1.44(6), C(15)-C(16) 1.37(9),
C(16)-C(17) 1.51(9), C(17)-C(18) 1.51(7), Lu(1)-C(14)-Lu(2) 79.8(12), Lu(2)-C(18)-Lu(1) 79.8(17), Lu(1)-
C(40)-Lu(2) 72.5(9), C(15)-C(14)-Lu(2) 83(2), C(14)-C(15)-C(16) 124(5), C(15)-C(16)-C(17) 139(5), C(17)-
C(18)-Lu(1) 134(4).
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Figure $15. Crystal structure of 4a (ellipsoids set at 50%). All hydrogen atoms have been omitted for clarity.
Selected interatomic distances (A) and angles (°): Lu(1)-C(1) 2.720(7), Lu(1)-C(2) 2.664(8), Lu(1)-C(3)
2.618(7), Lu(1)-C(4) 2.729(7), Lu(1)-C(5) 2.633(7), Lu(1)-C(15) 2.389(6), Lu(1)-C(16) 2.613(7), Lu(1)-C(17)
2.534(7), Lu(1)-C(18) 2.643(8), Lu(1)-C(19) 2.403(6), Lu(1)-C(14) 2.499(8), Lu(2)-C(14) 2.472(8), Lu(2)-
C(15) 2.387(7), Lu(2)-C(28) 2.256(6), C(14)-Lu(2)-Lu(1) 51.72(19), C(28)-Lu(2)-Lu(2) 36.30(14), C(19)-
Lu(2)-C(14) 86.0(3), C(15)-Lu(2)-C(19) 76.2(2), C(16)-C(17)-C(18) 126.0(7), C(19)-C(18)-C(17) 123.5(7),
C(18)-C(19)-Lu(2) 129.8(5).
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Figure S16. Crystal structure of 5 (ellipsoids set at 50%). All hydrogen atoms have been omitted for clarity.
Selected interatomic distances (A): Lu(1)-C(1) 2.666(6), Lu(1)-C(2) 2.713(5), Lu(1)-C(3) 2.607(5), Lu(1)-
C(4) 2.653(5), Lu(1)-C(5) 2.650(6), Lu(1)-C(14) 2.431(5), Lu(1)-C(15) 2.671(5), Lu(1)-C(16) 2.550(5), Lu(1)-
C(17) 2.610(5), Lu(1)-C(18) 2.397(5), Lu(1)-C(27) 2.480(6), Lu(2)-C(14) 2.362(5), Lu(2)-C(18) 2.312(5),
Lu(2)-C(27) 2.493(6), Lu(2)-C(28) 2.711(5), Lu(2)-C(30) 2.707(5), Lu(2)-C(31) 2.703(5), Lu(2)-Ga(1)
2.8960(11), Ga(1)-C(41) 2.014(6), Ga(1)-C(42) 1.990(6), Ga(1)-C(28) 2.084(5), C(1)-C(2) 1.382(8), C(2)-
C(3) 1.426(7), C(3)-C(4) 1.427(8), C(4)-C(5) 1.387(8), C(14)-C(15) 1.376(7), C(15)-C(16) 1.442(7), C(16)-
C(17) 1.432(7), C(17)-C(18) 1.391(7), C(28)-C(29) 1.376(8), C(30)-C(29) 1.464(8), C(30)-C(31) 1.421(8),
C(31)-C(32) 1.421(8).
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DFT Calculations

Computational Details. DFT calculations were carried out with the Gaussian 16 program
package® using the B3LYP hybrid functional'® in combination with the implemented 6-
311++G(d,p) basis set.!! First, the geometry of methylgallabenzene was fully optimized
within Cs symmetry (with the mirror plane perpendicular to the ring plane) and the structure
obtained was confirmed as a true minimum by calculating analytical frequencies. In the
following, the gallium atom was successively displaced from the ring plane, in steps of 5
deg. for the dihedral angle C2-C1-C5-Ga, which was identical in size to the angle C4-C5-
C1-Ga, due to Cs symmetry of the molecule. These two dihedral angles, along with the
two dihedral angles C5-C4-C3-C2 and C1-C2-C3-C4 (from the previous full optimization
of methylgallabenzene) were then kept fixed during constrained re-optimizations of the
respective geometries. The subsequent NBO analyzes were carried out using NBO 6.0.%?
All NBO- and structural plots were generated using Chemcraft.!3

Table S2. Coordinates of the DFT-optimized geometry of methylgallabenzene

6 -0.414025000 -1.522006000 -0.002016000
6 -1.783708000 -1.259741000 0.002167000
6 -2.421825000 0.000000000 0.004990000
6 -1.783708000 1.259741000 0.002167000
6 -0.414025000 1.522006000 -0.002016000
6 2.776291000 0.000000000 0.006936000
31 0.755847000 0.000000000 -0.003650000
1 -2.469516000 2.115930000 0.002062000
1 -2.469516000 -2.115930000 0.002062000
1 -0.127236000 2.574786000 -0.006206000
1 -0.127236000 -2.574786000 -0.006206000
1 -3.510458000 0.000000000 0.007482000
1 3.177830000 0.886444000 -0.495963000
1 3.163048000 0.000005000 1.032515000
1 3.177830000 -0.886449000 -0.495955000
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Table S3. Coordinates of the DFT-optimized geometry of methylgallabenzene with a fixed dihedral angle
C2-C1-C5-Ga of 175 deg

6

6

.413069000

.781958000

.419925000

.782416000

.413625000

.776406000

.756021000

.468410000

.467636000

.127101000

.126152000

.507894000

.181544000

.155369000

.181867000

.520257000

.258624000

.000991000

.260841000

.522994000

.001943000

.001579000

.116847000

.114884000

.575790000

.572945000

.000792000

.888724000

.001842000

.884526000

.044686000
.009143000
.035175000
.009316000
.044477000
.037871000
.011450000
.017928000
.017636000
.057434000
.057788000
.072937000
.461642000
.066276000

.461933000
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Table S4. Coordinates of the DFT-optimized geometry of methylgallabenzene with a fixed dihedral angle
C2-C1-C5-Ga of 170 deg

6

6

.413249000

779676000

.416857000

.780719000

.414458000

. 774142000

.753678000

.466916000

.465243000

.128381000

.126467000

.502835000

.183714000

.143099000

.184497000

.517793000

.257367000

.002049000

.262039000

.523419000

.004096000

.003239000

.117754000

.113605000

.576229000

.570393000

.001563000

.891495000

.003517000

.882236000

.090424000
.016447000
.067452000
.017172000
.089553000
.070595000
.025022000
.035892000
.034684000
.112083000
.113544000
.142847000
.424312000
.102567000

.425578000
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Table S5. Coordinates of the DFT-optimized geometry of methylgallabenzene with a fixed dihedral angle
C2-C1-C5-Ga of 165 deg

6

6

.414590000

777016000

.412823000

.778748000

.416511000

.769641000

.749019000

.465109000

.462463000

.131021000

.128215000

.495624000

.183883000

.127676000

.185273000

.514927000

.256115000

.003029000

.263200000

.523272000

.006246000

.004787000

.118543000

.112251000

.576089000

.567448000

.002167000

.894570000

.004683000

.879696000

.134891000
.023169000
.098426000
.024727000
.133031000
.101938000
.035890000
.054042000
.051478000
.164804000
.167883000
.210122000
.387544000
.137703000

.390677000
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Table S6. Coordinates of the DFT-optimized geometry of methylgallabenzene with a fixed dihedral angle
C2-C1-C5-Ga of 160 deg

6

6

.416344000

.772807000

.406542000

. 775467000

.419142000

.763347000

. 742571000

.461882000

.458056000

.134365000

.130732000

.484668000

.182740000

.108796000

.185039000

.511488000

.254720000

.004017000

.264460000

.522547000

.008620000

.006316000

.119344000

.110684000

.575353000

.563945000

.002598000

.898195000

.005641000

.876691000

.181778000

.029994000

.130856000

.032697000

.178585000

.134949000

.045391000

.074034000

.069671000

.219861000

.225036000

.280656000

.348010000

.174946000

.353814000
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Table S7. Coordinates of the DFT-optimized geometry of methylgallabenzene with a fixed dihedral angle
C2-C1-C5-Ga of 155 deg

6

6

.422441000

.770732000

.401363000

.774165000

.426039000

.751318000

.730549000

.460468000

.455545000

.142356000

.137742000

.473091000

.176691000

.082224000

.179678000

.507356000

.253454000

.004869000

.265553000

.521370000

.010744000

.007839000

.119872000

.109224000

.574214000

.559713000

.002920000

.901175000

.007108000

.874426000

.232853000

.035262000

.163215000

.039594000

.227747000

.167942000

.051243000

.084775000

.087801000

.278476000

.286734000

.352990000

.308370000

.212641000

.315452000
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Table S8. Coordinates of the DFT-optimized geometry of methylgallabenzene with a fixed dihedral angle
C2-C1-C5-Ga of 150 deg

6

6

.427155000

.764941000

.391508000

.769230000

.431662000

.739201000

.718864000

.455113000

.448936000

.149382000

.143602000

.455074000

.171290000

.053407000

.175017000

.502582000

.252144000

.005669000

.266669000

.519979000

.012977000

.009477000

.120332000

.107749000

.572910000

.554824000

.003060000

.904315000

.008656000

.872076000

.284899000

.040865000

.196813000

.047349000

.277272000

.202269000

.054478000

.118175000

.107744000

.337041000

.349381000

.427495000

.266464000

.252110000

.274853000
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Abstract: Here, we describe the reactivity of strong Lewis-acids of aluminium (AlMes, AICl3) and gallium (GaCls) compounds in reactions with
the “pseudo-sandwich” complex [(1-Me-3,5-tBu,-CsHsAl)(u-AlMe,4)YCsMes). In the case of AICI;, a novel monoanionic aluminabenzene moiety,
which is stabilized by a mixed C/Al cationic ring fragment [(1-Me-3,5-tBu,-CsHzAl)(thf) (u-Al)2(3,5-tBu,-CsHs(Al-Me),)], was observed and fully
characterized. By using a similar precursor with the heavier gallium as heteroatom and GaCls, the heavier homologous structural motif was
obtained. Here, the anionic gallabenzene moiety could be further reacted to the potassium salt coordination polymer [(1-Me-3,5-
tBu,CsHsGaMe)(u-K)thf], and alternatively, the ion pair variant separated by [2.2.2]cryptand. Both structures were utilized to gain insights into
the relatively unaffected behaviour of the gallabenzene unit.

Introduction

The chemistry of 5- and 6-membered heterocycles — and more specifically the analysis of their aromatic behaviour
— of the heavier group 13 and 14 elements is an ongoing topic in main group chemistry. For the group 14 elements
silicon and germanium, both the dianionic heterocyclopentadienediides as well as the neutral sila- and
germabenzenes were first synthesized several decades ago and are well-understood structural motifsi*-14, In the
case of the heavier group 13 the variety of 5- and 6-membered heterocycles is far more limited. While alumoles
and galloles and their dianionic structures have been investigated for a longer period,15>28 the advances of the
chemistry of the monoanionic heterobenzene congeners remained modest(27-32, Even though some work on the
field of group 13 heterobenzenes has been done earlier in the case of a gallatabenzene manganese complex by
Ashe in 1996, this did not change until Yamashita published a series of heterobenzenes, including the first free
lithium salts of the anionic alumina- and gallabenzene, and discussed their limited aromatic behaviour.[33-38l
Consequently, this elusive compound class as structural cross between the group 13 dianionic heteroles and the
group 14 neutral heterobenzenes still remains interesting and needs further characterization!-14,

Group 13 Group 13 Group 14
5-membered rings 6-membered rings 6-membered rings
dianionic monoanionic neutral
Et Mes Si(iPr)3
Mes
1 Tbt
QJ AV Lidme)]* | Nsi”
gp [Lithhl> Si(Pr), 7
Tokitoh Yamashita Tokitoh
2013 2013 2000
Si(Pr),
ayMes Tot
QJ [Li(dme)s]* (E;
gp [Lithhl> Si(Pr)
Tokitoh Yamashita Tokitoh
2015 2015 2002

Chart 1. Milestones in the development of group 13 heterocyclopentadienediides and 14 heterobenzenes.

In our previous work, we utilized a di-tBu pentadienyl ligand system (dtbp) for the formation of rare-earth metal-
based alumina- and gallatabenzene moieties, resulting in the pseudo-sandwich methyl complexes CsMesY(1-Me-
3,5-tBu2CsHsAl)(u-Me) and (1-Me-3,5-tBu2CsHzGa)pu-Me)Lu(1-Me-3,5-tBu2CsHzGa).[39-4%1 While the formation of
heterobenzenes by using small to middle sized rare-earth metals (Sc, Lu, Y) was easily available, the direct route
via the utilization of di-tBu potassium salt (K-2,4-dtbp) and the mixed Lewis-acids GaClMe:z or AICIMe:z has failed
so far. Nevertheless, we were still interested in looking for alternative options to abstract the heterobenzene
fragment by the use of strong Lewis-acids.



Results and Discussion

The 2,4-di-tBu pentadienyl (dtbp) ligand offers a stabilizing and electron rich ligand environment for the coordinated

metal center, coordinating in a n5-mode. This is also the case for the formation and thus stabilization with of

metallacycles [41-48], This was prior observed by our group for the group 13 element heterobenzenes, hence we
H
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Scheme 1. Reaction of the pseudo-sandwich complex A with the Lewis-Acids AlMes (above) and 0.5 equivalents of AIClz (below).

established several routes for the formation of primary aluminum and gallium metallacycles on the base of rare-
earth-metal pentadienyl precursors.[39-40.49-50] Since the combination of the strong Lewis-acids with the electron rich
pentadienyl provokes a contrary electronic situation, we were interested in the resulting Lewis-acidity of the
heterobenzene moieties and the imbedded “AlMe” or “GaMe” fragments. Therefore, the strong Lewis-acids AlMes
and AICls where reacted with the CsMes-stabilized dianionic aluminabenzene A (Scheme 1). In case of the reaction
of AlMes, the expected Lewis-adduct 1 via addition of AIMes to the aluminabenzene moiety was observed (Scheme
1). The x-ray structure of compound 1 (Figure 1) displays almost a bis-heterobenzene moiety, with conjugated
localized double bonds (C2=C3 and C4=C5) in the pentadienied backbone and can be compared to the “half-
sandwich” aluminate CsMesY(AlMes)2, referring to the quite symmetrical coordination of the AIR4 fragments to the
yttrium center. Thus, with similar Y=AI distances (2.800 and 2.823 A) and Y—C distances between 2.514 and 2.809A
Figure 1).
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Figure 1. Molecular structure of 1 (left) and 2 (right) (ellipsoids set at 50 %). Some hydrogen atoms
have been omitted for clarity. Selected interatomic distances see SI.

Although complex 1 can readily reproduced and isolated as single crystals, it decomposes under vacuum to A and
AlMes and could not be obtained as solid bulk material.



In contrast to this, complex 2 [thf(1-Me-3,5-tBuz-CsHsAl)((1-Me)2-3,5-tBuz-CsHa(p-Al)2)] was obtained as stable
crystals. This is linked to the formation of two equiv. of the stable mostly chlorinated “half-sandwich”
CsMesYClisMeos as primus mobile, which could be separated via extraction with n-pentane and verified as the
decomposition products (CsMes)2YCI(thf) and LuClzsMeo s via proton NMR and SCXRD. The SCXRD of compound
2 (Figure 1) shows three cyclic structures: the first one embraces the atoms Al1-C1-C2-C3-C4—C5 to form a 6-
membered monoanionic fragment. This 6-membered ring demonstrates in comparison to precursor A with
narrower differences in all the C-C (1.407(4) — 1.421(4) A) distances and shorter Al-C (1.980(3) and 1.961(3) A)
distances in the cycle. This indicates a higher level of aromaticity despite the missing planarity than observed for
the precursor complex A, where the Al-C distances in the respective cycle are with 2.016(3) — 2.019(3) A longer.
The second and third cycle incorporate the second pentadienyl backbone, expanding the formal 6-membered cycle
like a book by an AlMe fragment, consequently forming third ring in a lid-like structure. This motif can be seen as
a pentadienyl stabilized-“bisalumocyclobutan” cation (Scheme 2). The second cycle, embracing the atoms p-All—
C19-C18-C17-C16-C15—-Al2, displays more localized, but conjugated double bonds with C-C interatomic
distances reaching from 1.389(4) A— 1.427(4) A. The high-valent bonding situation of carbon atom C15 led to the
conclusion that compound 2 is an ionic compound. Since the monoanionic moiety can be related to former
heterobenzenes i, the second part must be a cationic fragment ii (Scheme 2).

Scheme 2. Suggested retrosynthesis composition of complex 2. The anionic
aluminabenzene i (above), and the bisalumumolcyclobutan cation ii (below).

The third cycle embraces the “bisalumolcyclobutan” moiety Al1-C19-Al2—C15, resulting in a hitherto new

organoaluminium structure pattern. With expectable Al-C distances between 2.027(3) — 2.042(3) A. Furthermore,

the Al1-AlI2 distance is 2.6810(14) A, indicating no interaction between the two atoms.

Since we were able to isolate the side product CsMesYCli.sMeos and had complex 1 to fortify the reaction pathway,

we propose the following reaction mechanism for compound 2 (Scheme 3): Complex A readily reacts with AICIs

forming CsMesYCl2 and the intermediate iii. Be changing the perspective to iv, it is apparent that, by reacting with
Bu |* *

iv IBu
H,  §
(CsMes)YCIMe Me. 2 "
M/
e
|
A A

Scheme 3. Proposed mechanism pathway for Compound 2. Precursor A reacts with AICIs to form the proposed
intermediate iii or iv in a different point of view and CsMesYCl.. This intermediate reacts again with one equivalent of
A, to form CsMesYCIMe and complex 2 via cation-anion addition.



the remaining chloride with another equivalent of A, the cationic part is already in place. Thus, via exchange of the
chloride against the monoanionic aluminabenzene and eliminating CsMesYCIMe, only a cation-anion combination
(v) is due to isolate 2. To further proof this ionic property, we investigated the fragmentation of the molecule via
mass spectrometry. By using mild ionization methods at ambient temperature, for the E.l. method the dominantpeak
by far was the proposed cationic fragment ii. Other smaller signals could be referred to compound 2 without THF
and without methylgroup and thf. Since gallium forms more covalent Ga—C bonds, we decided that the abstraction
of the gallium containing heterobenzene should increase the chances of separated charges. Therefore, we used
the earlier published and fully characterized the “bis gallabenzene” lutetium pseudo-sandwich complex B [(1-Me-
3,5-tBuz-CsHsGa)(u-Me) Y (1-Me-3,5-tBux-CsHaGa)] (Scheme 4). With the reactivity of aluminum bearing
metallacycles in mind we investigated the behavior of B with the corresponding Lewis-acid GacCls, resulting in
complex 3 [(1-Me-3,5-tBuz-CsHzGa)((1-Me)2-3,5-tBuz-CsHs(u-Ga)z)] as the THF free heavier homologue of
compound 2 (Scheme 2). Due to two gallabenzene moieties, compared to the one in precursor A, the synthesis
takes 1 equiv. of GaCls, hence a higher yield was obtained.

GaCls

+ [LuCl3],
n-hexane

2 KOtBu
n-hexane/thf

+ 2 [LuMe(OtBu),],

68 %

Scheme 4. Complex 3 (above), was synthesized via elimination of [LuCls],; complex 4
(below), could be isolated via ligand exchange with KOtBu and elimination of [LuMe(OtBu)z]a

Comparing both SCXRD structures of 2 and 3, no significant difference is detected in the bonding situation.
However, the C-C and Ga-C distances in the ring systems differ more than expected (Figure 3). The first anionic
ring moiety shows shorter C—C distances (C2-3 and C3-4 (1.399 and 1.395 A)) for all carbon atoms, indicating a
higher grade of conjugated system and aromaticity. This can also be detected in the Ga—C distances (1.946(4) and
1.953(4) A) which are shorter than the Al-C distances in compound 2. The second cycle shows an allylic C—-C

\ Q c1s

Ga1

Figure 3. Molecular structure of 3 (left) and 4 (right) (ellipsoids set at 50 %). Some hydrogen atoms have been omitted for clarity. Selected interatomic distances
see Sl.



system in the pentadienyl backbone, instead of two conjugated double bond distances, with three C—C almost even
distances (1.401(5), 1.411(5) and 1.412(5) A).

Furthermore, we utilized the high oxyphilic character of the lutetium center to exchange the free gallabenzene
ligand with KOtBu to form the potassium salt 4 [(1-Me-3,5-tBu2-CsHaGa)K(thf)]» (Scheme 4). Complex 4 is perfectly
suited to investigate the rare-earth-metal influence on the bonding situation and the resulting aromaticity. The
remaining coordination of the “free” gallabenzene moiety to the potassium is evoking only a minor distortion of the
gallium atom out of the ring plane (0.01 A). This can also be seen in the shorter Ga—C cycle distances (1.895(5)
and 1.893(5) A), compared to the 1.963 A between Ga—Cmethyi. Thus, indicating a higher involvement of the Ga—C
bond in the conjugated system (Figure 3).

This can also be seen by, analysis the proton NMR of compound 4. The the proton signals of the CH fragments of
C1/C5 (ortho, 6.63 ppm) and C3 (para, 5.74 ppm) are shifted to lower fields. Thus, strengthening the aromatic
character of the system, even though the coordination of the potassium.

[2.2.2]
Et,0

4 —n
85%

Scheme 5. Reaction scheme of the potassium isolation of complex 4, yielding in complex 5.

To further investigate the behavior of the “free” gallabenzene and investigate the effect of the potassium

coordination for the structure of the 6-membered ring, compound 4 was reacted with [2.2.2]cryptand to isolate the

potassium in three dimensions, yielding in complex 5 [(1-Me-3,5-tBu2-CsH3Ga)][K(C1sH3sN206)]. , no significant

change in the interatomic distances was observed for the complexes 4 and 5. Hence, exposing the coordination of

the potassium to the gallabenzene in complex 4 as a merely electrostatically inverse sandwich effect. A slightly

different picture can be drawn, comparing the proton NMR spectra of both complexes, the ring protons of 4 (6.63

and 5.74 ppm) and 5 (6.41 and 5.57 ppm), indicating a higher grade of deshielding caused by the coordinated

potassium.

C15

N1

% Gat

&

Figure 4. Molecular structure of 5 (ellipsoids set at 50 %). Hydrogens atoms have been omitted for clarity. Selected interatomic distances see Sl.
Finally, comparing complex 5 with Yamashitas “free” gallabenzene, the influence of the ortho silyl substitution
shows an impact (Scheme 6). Since both systems are free of coordination to the referring alkaline earth, the
resulting distances have to be intrinsic and a result of the electronical environment. Thus, the meta substitution
with tBu groups effects a less conjugated system with partially anionic Cortho and Cpara to the gallium. This results in
a shorter Ga—Cortho and Cortho—Cmeta distance. Whereas, an ortho substitution is resulting in a more conjugated
carbon construct with shorter Cmeta—Cpara distances, but longer Cmeta—Cortho @and Ga-Cortho distances. Altogether
indicating a destabilization of the partially anionic carbon atoms, next to the substitution shown in Scheme 6 by the
dashed lines.



Me Mes
1.976 ‘ 2.004

1.927 Ga_1.927

H._1.898 _Ga _1.894 _H  (Pr)Si

Scheme 6. Comparison of the interatomic distances of the two known not alkaline coordinated
gallabenzene moieties. This work on the (left), the work of Yamashita on the (right).

Summary

To conclude, via reaction of Lewis-acids with aluminum and gallium bearing heterobenzenes, we were able to
isolate the distinct contact ionic paired complexes [thf(1-Me-3,5-tBuz-CsH3zAl)((1-Me)2-3,5-tBuz-CsHs(p-Al)2)] and
[(2-Me-3,5-tBuz-CsH3Ga)((1-Me)2-3,5-tBuz-CsHs(u-Ga)2)].  Both  compounds showing the known anionic
heterobenzene moiety, coordinating to the hitherto unknown pentadienyl stabilized-“bisheterocyclobutan” cation.
This cationic moiety could be proven via mass spectroscopy utilizing a mild ionizationmethod. Furthermore, we
were able to isolate the anionic gallabenzene via ligand exchange, by utilizing the oxyphilic character of the rare-
earth precursor. Leading to the potassium coordination polymer [(1-Me-3,5-tBuz-CsH3Ga)K(thf)]» and via trapping
of the potassium itself with [2.2.2] cryptand to the free gallabenzene [(1-Me-3,5-tBuz2-CsHzGa)][K(C1s8H3sN20s)]. In
direct comparison to the only other known “free” gallabenzenes, a strong influence of the substitution pattern on
the interatomic ring distances was observed.
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Experimental Section

General Considerations. All manipulations were performed under rigorous exclusion of air
and moisture using standard Schlenk, high-vacuum, and glovebox techniques (MBraun
UNIlabpro ECO); <0.5 ppm Oz2, <0.5 ppm H20, argon atmosphere).Hexane, toluene and
THF were purified using Grubbs Columns (MBraun SPS, solvent purification system), THF
was further dried over molecular sieves (3 A). Benzene was dried over CaH2 and distilled
onto molecular sieves (3 A). CsDs (99.6%, Sigma-Aldrich) and toluene-ds (99.6%, Sigma-
Aldrich) were dried by letting the solvents stand over Na/K-alloy for at least 24 h and
subsequent filtration. All solvents were stored inside a glovebox. A and B were
synthesized according to literature procedures.*2 K(2,4-dtbp) was prepared from 2,4-tert-
butyl-1,3-pentadiene and Schlosser's base.Bl Tetramethylsilane was purchased from
Sigma-Aldrich and distilled, and stored in a glovebox prior to use. NMR spectra of air and
moisture sensitive compounds were recorded by using J. Young valve NMR tubes at
ambient temperature on either a Bruker AVII+400 (*H, 13C, 1°F), a Bruker DRX-300 or a
Bruker AVII+500. NMR chemical shifts are referenced to internal solvent resonances and
reported in parts per million relative to Tetramethylsilane (TMS), CFCls. Coupling
constants are given in Hertz. Elemental analyses were performed on an Elemental Vario
Micro Cube. IR spectra were recorded on a Nicolet 6700 FTIR spectrometer with a DRIFT
cell (KBr window), and the samples were prepared in a glovebox and mixed with KBr
powder.

[(1-Me-3,5-tBu2-CsHsAl)(u-AlMes)Y(CsMes)] (1).

To a solution of 100 mg of complex A (1 equiv., 0.218 mmol) dissolved in n-hexane a
solution of 15.72 mg AlMes (1 equiv., 0.218 mmol) in n-hexane was added. The reaction
mixture was stirred for 24 h an ambient temperature. TMS was added to the orange-yellow
solution and stored at -40 °C to form crystals. Compound 1 was obtained as an orange
solid in 66% yield. The yield was taken after decanting the crystals was taken of and the
remaining solvent evaporated at ambient temperature and pressure.

[(1-Me-3,5-tBu2-CsHzAl)(THF) (u-Al)2(3,5-tBu2-CsHs(Al-Me)2)] (2).

To a solution of 200 mg of complex A (2 equiv., 0.396 mmol) dissolved in THF/toluene a
slurry of AICIs (1 equiv., 0.198 mmol) in THF /toluene was added. The reaction mixture
was stirred for 24 h an ambient temperature. The aliphatic phases were concentrated in
vacuo and the reddish precipitate was extracted with n-pentane and TMS to achieve an
orange solution which formed crystals at -40 °C. Compound 2 was obtained as an orange
solid in 66% vyield.

IH NMR, (500 MHz, CeDs, 8 °C): 6 6.21 (s, Hz, 2H, —CH=), 4.31 (dd, 4J nn = 2.0 Hz, 1H,
—CH=), 4.29 (s, 2H, —CH=), 3.42 (s, 1H, —CH=), 3.15 (s, 4H, thf), 1.45 (s, 9H, C(CHza)s),
1.34 (s, 9H, C(CHs)3), 1.24 (s, 9H, C(CHs)3), 0.92 (s, 4H, thf), -0.18 (s, 3H, Al-CHs), -
0.21 (s, 6H, AI-CHs) ppm.

13C{IH} NMR (126 MHz, CeDs, 8 °C): & 197.9 (s, 2C, -CCMes), 197.3 (s, 1C, —CCMes),
195.1 (s, 1C, —CCMes), 112.1 (s, 1C, —CH=), 106.1 (s, 1C, —CH=), 77.5 (s, 1C, —CH=),

1



73.6 (s, 2C, —CH=), 70.1 (s, 2C, —CH—nn), 65.8 (s, 1C, —CH=), 41.7 (s, 4C, —C(CH3s)3),
31.0 (s, 12C, —C(CHes)3), 25.3 (s, 2C, —CH-Oqtn), -5.7 (s, 1C, —Al-CH3), -11.6 (s, 2C, —
Al-CHs) ppm.

Elemental analysis: C33Hs0Al30 (522.78 g/mol): C 71.70%, H 10.76%; found: C 70.98%,
H 10.62%.

[(1-Me-3,5-tBu,-CsHsGa)(u-Ga)(3,5-tBu2x-CsHz(Ga-Me).)] (3).

To a solution of 200 mg of complex B (1 equiv., 0.280 mmol) dissolved in n-hexane a
slurry of GaCls (1 equiv., 0.280 mmol) in n-hexane was added. The reaction mixture was
stirred for 24 h an ambient temperature. The slurry was concentrated in vacuo and the
reddish precipitate was extracted with n-pentane and TMS to achieve an orange solution
which formed crystals at -40 °C. Compound 3 was obtained as an orange solid in 87%
yield.

'H NMR, (500 MHz, tol-Ds- 20 °C): 6 6.53 (s, 1H, —CH=), 6.22 (s, 1H, —-CH=), 5.09 (s,
OH, —CH=), 4.23 (s, 2H, —CH=), 2.82 (s, 1H, —CH=), 1.26 (s, 18H, C(CHa)s), 1.20 (s, 9H,
C(CH3)3), 1.16 (s, 9H, C(CHs)3), 0.13 (s, 3H, Ga—CHz3), -0.06 (s, 6H, Ga—CHz3) ppm.

13C{IH}t NMR (126 MHz, tol-Ds - 20 °C.): & 200.0 (s, 2C, -CCMes), 199.3 (s, 1C, —
CCMes), 188.1 (s, 1C, —CCMe3), 113.1 (s, 1C, —CH=), 109.3 (s, 1C, —CH=), 82.3 (s,
2C, Ga—CH=), 81.8 (s, 1C, —CH=), 57.8 (s, Hz, 1H, Ga—CH=), 41.0 (s, 2C, —C(CH?3)a),
40.2 (s, 1C, —C(CHs)s), 40.1 (s, 1C, —C(CHa)s), 30.5 (s, 6C, —C(CH3)3), 30.4 (s, 3C, —
C(CHa)a)), 30.1 (s, 3C, —C(CH3)3), -0.9 (s, 1C, ~Ga—CHs), -8.0 (s, 2C, —Ga—CHs) ppm.

Elemental analysis: C29Hs1Gas (608.85 g/mol): C 57.21%, H 8.44%; found: C 58.01%, H
11.82%.

[(1-Me-3,5-tBu2CsHzGaMe)(u-K)thf]n (4).

To a solution of 200 mg of complex B (1 equiv., 0.280 mmol) in n-hexane a slurry of KO'Bu
(2 equiv., 0.560 mmol) in n-hexane was added. The reaction mixture was stirred for 24 h
an ambient temperature, after addition of one drop thf. The slurry was concentrated in
vacuo and extracted with n-pentane, filtered and stored at -40 °C. Complex 4 was obtained
as colorless crystals, forming as needles in a yield of 68%.

H NMR, (500 MHz, thf-Dg 26 °C): 0 6.63 (s, *JHH = 1.63 Hz, 2H, Ga—CH=C), 5.74 (t, 4J
HH=1.98 Hz, 1H, —-CH-), 1.27 (s, 18H, C(CHs3)3), -0.09 (s, 3H, Ga—CHzs) ppm.

13C{*H} NMR (126 MHz, thf-Dg 26 °C.): § 161.7 (s, 2C, —-CCMe3s), 121.2 (s, 1C, C-CH-
C), 97.0 (s, 2C, Ga—CH=), 39.3 (s, 2C, CCMes), 33.2 (s, 6C, C(CHs)3), -9.8 (s, 1C, Ga—
CHs) ppm.

Elemental analysis: CisH32GaKO (373.27 g/mol): C 57.92%, H 8.64%; found: C 55.76%,
H 9.01%.



[(1-Me-3,5-tBu2CsHsGaMe)][[2.2.2](K)] (5).
To a solution of 100 mg of complex 4 (0.267 mmol) in Et20 a solution of 100.86 mg
[2.2.2]-cryptand in Et2O was added and stirred at ambient temperatures for 1 h. The
mixture was concentrated in vacuo and stored at -40 °C. Complex 5 was obtained as
pale-yellow crystals in a yield of 85%.

IH NMR, (400 MHz, thf-Ds 26 °C): & 6.41 (S, “J un = 1.7 Hz, 2H, Ga—CH=C), 5.57 (t, 1H,
3JHH=1.95Hz, —CH-), 3.50 (s, 2J HH = 4.41 Hz, 12H, —O(CH2)20-), 3.48-3.45 (t, 2J HH
= 4.63Hz, 12H, —N(CH2)(CH2)0O), 2.50-2.47 (t, 12H, 2J u,H = 4.61 Hz, -N(CH2)(CH)0),
1.24 (s, 18H, C(CHas)3), -0.16 (s, 3H, Ga—CHzs) ppm.

13C{*H} NMR (101 MHz, thf-Ds 26 °C.): 6 159.0 (s, 2C, —CCMes), 119.7 (s, 1C, C-CH-
C), 97.2 (s, 2C, Ga—CH=), 71.4 (s, 6C, —O(CHz2)20-), 68.5 (s, 6C, -N(CHz2)(CH2)0O), 54.8
(s, 6C, —N(CH2)(CH2)O), 39.0 (s, 2C, CCMes), 33.9 (s, 6C, C(CHsa)3), -8.5 (s, 1C, Ga—
CH3s) ppm.

Elemental analysis: C32Hs0GaKN20e¢ (677.66 g/mol): C 56.72%, H 8.92%, N 4.13%;
found: C 56.25%, H 9.07%, N 4.53%.
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Figure S 1. "H-NMR spectrum (500 MHz) of 2 in CeDs at 8 °C. The solvent residual signal is marked with an

asterisk.
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Figure S 2. "*C-NMR spectrum (126 MHz) of 2 in CsDes at 8 °C. The solvent residual signal is marked with an
asterisk, impurities with #.
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Figure S 3. 'H-"3C HSQC spectrum (126 MHz) of 2 in CsDs at 8 °C. The solvent residual signal is marked

with an asterisk.
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Figure S 6. "H-'3C HSQC spectrum (126 MHz) of 3 in tol-Dg at -20 °C. The solvent residual signal is marked
with an asterisk.
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Crystallography

X-Ray Crystallography and Crystal Structure Determinations. Crystals of 1-5 were
grown by standard techniques using saturated solutions of n-hexane/TMS. Suitable
crystals for X-ray structure analyses were selected in a glovebox and coated with
Parabar 10312 (previously known as Paratone N, Hampton Research) and fixed on a
nylon/loop glass fiber. X-ray data for all compounds were collected on a Bruker APEX Il
DUO instrument equipped with an [uS microfocus sealed tube and QUAZAR optics for
MoKa (A = 0.71073 A)and CuKa (A = 1.54184 A) radiation. The data collection strategy
was determined using COSMO!* employing w-scans. Raw data were processed using
APEXP! and SAINT!®, corrections for absorption effects were applied using SADABS.
The structures were solved by direct methods and refined against all data by full-
matrix least-squares methods on F? using SHELXTL" and SHELXLEE!. All
graphics were produced employing CCDC Mercury 3.10.1.1% Further details
regarding the refinement and crystallographic data are listed in Table S1 and in the CIF
files. CDCC deposition xxxxxx contain all the supplementary crystallographic data for
this paper. These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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C5

Figure S 13. Crystal structure of 1 (ellipsoids set at 50%). All hydrogen atoms have been omitted for clarity.
Selected interatomic distances (A) and angles (°): Y(1)-Al(1) 2.8233(5), Y(1)-Al(2) 2.7999(6), Al(2)-C(1)
2.0239(18), Al(2)-C(28) 1.9585(19), Al(2)-C(26) 2.048(2), Al(2)-C(27) 2.054(2), Al(1)-C(1) 2.0264(18), Al(1)-
C(5) 2.0455(18), Al(1)-C(14) 2.0438(19), Al(1)-C(15) 1.9559(18), C(1)-C(2) 1.484(2), C(2)-C(3) 1.367(2),

C(3)-C(4) 1.459(2), C(4)-C(5) 1.379(2); Al(2)-C(1)-Al(1)137.07(9), Al(2)-Y(1)-Al(1) 84.184(16).
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Figure S 14. Crystal structure of 2 (ellipsoids set at 50%). All hydrogen atoms have been omitted for clarity.
Selected interatomic distances (A) and angles (°): Al(1)-C(28) 1.971(3), Al(2)-C(29) 1.971(3), Al(3)-C(14)
1.968(3), AI(3)—C(1) 1.980(3), C(1)-C(2) 1.421(4), C(2)-C(3) 1.411(4), C(3)-C(4) 1.407(4), C(4)-C(5)
1.428(4), Al(3)-C(5) 1.961(3), Al(1)-C(1) 2.072(3), Al(1)-Al(2) 2.6810(14), Al(1)-C(29) 1.971(3), Al(1)-
C(15) 2.027(3), Al(2)—C(19) 2.037(3), Al(2)-C(5) 2.071(3), C(15)-C(16) 1.400(4), C(16)-C(17) 1.427(4),
C(17)—C(18) 1.389(4), C(18)-C(19) 1.418(4).
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Figure S 15. Crystal structure of 3 (ellipsoids set at 50%). All hydrogen atoms have been omitted for clarity.
Selected interatomic distances (A) and angles (°): Ga(1)-C(28) 1.973(4), Ga(2)-C(29) 1.973(4), Ga(3)-
C(14) 1.950(4), Ga(3)-C(1) 1.980(3), C(1)-C(2) 1.420(5), C(2)—C(3) 1.395(6), C(3)-C(4) 1.399(6), C(4)-
C(5) 1.416(5), Ga(3)-C(5) 1.953(4), Ga(1)-C(1) 2.145(4), Ga(1)-Ga(2) 2.8018(6), Ga(1)-C(15) 2.038(4),
Ga(1)-C(19) 2.112(4), Ga(2)-C(15) 2.032(4), Ga(2)—C(19) 2.104(4), Ga(2)-C(5) 2.145(4), C(15)-C(16)
1.432(5), C(16)-C(17) 1.401(5), C(17)-C(18) 1.411(5), C(18)-C(19) 1.412(5).
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Figure S 16. Crystal structure of 4 (ellipsoids set at 50%). All hydrogen atoms have been omitted for clarity.
Selected interatomic distances (A) and angles (°): Ga(1)-C(18) 1.963(5), Ga(1)-C(1) 1.893(5), Ga(1)-C(5)
1.895(5), Ga(1)-K(1) 3.4458(11), C(1)-C(2) 1.395(6), C(2)-C(3) 1.424(6), C(3)-C(4) 1.423(6), C(4)-C(5)
1.393(6), C(1)-K(1) 3.295(5), C(2)-K(1) 3.149(4), C(3)-K(1) 3.095(4), C(4)-K(1) 3.188(4), C(5)-K(1) 3.296(5),
C(2)-C(1)-Ga(1) 120.4(3), C(1)-C(2)-C(3) 124.1(4), C(4)-C(3)-C(2) 128.1(4), C(5)-C(4)-C(3) 124.3(4), C(4)-
C(5)-Ga(1) 120.4(3).
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C15

Figure S 17. Crystal structure of 5 (ellipsoids set at 50 %). All hydrogen atoms and lattice solvent have been
omitted for clarity. Selected interatomic distances (A) and angles (°): Ga(1)-C(2) 1.884(3), Ga(1)-C(6)
1.898(3), Ga(1)-C(1) 1.976(3), C(2)-C(3) 1.394(4), C(3)-C(4) 1.421(4), C(4)-C(5) 1.424(4), C(5)-C(6)
1.387(4), C(2)-Ga(1)-C(6) 104.50(12), C(2)-Ga(1)-C(1) 126.85(13), C(3)-C(2)-Ga(1) 119.2(2), C(2)-
C(3)-C(4) 124.1(2), C(3)-C(4)-C(5) 128.9(2).
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Table 1. Crystallographic data for compounds 1-5

CCDC
formula

Mr [g mol?]
color

crystal
dimensions
[mm]
crystal
system
space
group
a[A]

b [A]

c[A]

al’]

B[

v [°]

V [A3]

z

T [K]
pcalcd [g-
mol3]

# [mm]
F (000)

0 range [°]
unigue
reflns
observed
reflns (1 >
20)
R1/wR2 (I
> 20-)[a]
R1/wR2
(all data)t
GOFla

1
CasHs1ARY

530.55
yellow/block

0.204 x 0.133
x 0.084

monoclinic
P21/c

15.1319(5)
9.5282(3)
20.7917(7)
90
102.0960(10)
90
2931.19(17)
4

100(2)

1.202

2.062

1136
1.376/28.304
7281

53686

0.0310/0.0640
0.0497/0.0695

1.037

2
Cs3Hs0AIO

552.74
orange/rhomb

0.242 x 0.142
x 0.140

monoclinic
P21/C

11.711(3)
17.119(4)
17.165(4)
90
90.059(10)
90
3441.2(14)
4

100(2)
1.067

0.132

1216
1.680/26.358
6955

56162

0.0501/0.1086
0.0749/0.1222

1.023

C29Hs1Gas

608.85
orange/rhomb

0.308 x 0.223
x 0.187

orthorhombic
P212121

10.4679(5)
14.1227(7)
20.4969(9)
90

90

90
3030.2(2)
4

100(2)
1.335

2.662
1272
1.987/ 30.518
9231

28350

0.0385/
0.0791
0.0552/
0.0852
0.984

4
CisH32GaKO

373.25
colourless/ne
edle

0.440 x 0.126
x 0.064

monoclinic
P21/c

14.941(2)
12.0009(18)
10.9135(16)
90
92.077(3)
90
1955.5(5)

4

100(2)
1.268

1.618

792
1.364/26.387
3996

3996

0.0610/0.1436
0.0960/0.1599

1.041

C36H70N207G
aK

751.76
colourlessiplat
e

0.093 x0.123
x 0.208

monoclinc
-P 2yn

9.7173(12)
24.778(3)
17.120(2)
90
98.452(2)
90
4077.4(9)
4

100(2)
1.225

0.822

1624
1.456/27.152
5987

58856

0.0453/0.0864
0.920/1.081

1.005

[a] R1 = Z(||Fo|-|F<|])/Z|Fo|, Fo> 40(Fo). wR2 = {Z[w(Fo?-Fc?)/Z[w(Fo?)?]}5Y2.
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Azacrown Promoted Formation of Monomeric Rare-Earth-
Metal Alkyls

Jakob Lebon, Tassilo Berger, Cacilia Maichle-Modssmer, and Reiner Anwander*

Abstract:

(MesTACN)LNCIs(thf) was synthesized from the rare-earth-metal chlorides and used as
precursor to isolate monomeric alkyls (MesTACN)LnMes(thf) (Ln = La, Ce) and
(MesTACN)LNn(nBu)s(thf) (Ln = La, Sm). For neodymium monomeric mixed methyl halide
lanthanide complexes could be obtained using lower loadings of methyl lithium. The methyl
complexes were further reacted with neopentyl alcohol to (MesTACN)Ln(OCHtBu); and the
lanthanum n-butyl complex was reacted with 2-Bromo-biphenyl to (MesTACN)La(nBu)2(2-
biphenyl). Solid-state structures of most of these complexes have been obtained and are
discussed together with the NMR studies.

Introduction:

While the middle to smaller (Sc, Y-Lu) sized rare-earth-metal tri-methyls are known since 2005,
the synthesis of the early rare-earth-metal tri-methyls is an ongoing topic for rare-earth
chemists, due to the abundance and lower price of the corresponding precursors. The
archetypal tri-methyl complexes [Ln(CHzs)y] (Ln = Sc, Lu, Y, and Ho) could be achieved in our
group via the utilization of donor-induced-aluminate-cleavage with the corresponding
tetramethylaluminate complexes [Ln(AlMey)s].*2 Those transformations are not possible for
the larger-sized rare-earth metals, resulting in multiple CH bond activations
[LasAlsg(C)(CH)2(CHa)2(CHa)22(toluene)], (Scheme 1). B4l Despite several attempts via low-
temperature cleavage or different donor molecules, the outcome was always too temperature
sensitive, thus performing CH bond activations. It is already known that the 1,4,7-MesTACN
ligand and related neutral nitrogen ligand systems can stabilize and monomerize pre-formed
amorphous [ScMes],, and other smaller-sized rare-earth-metal alkyls, (Scheme 1). This route

is not feasible for the early lanthanides due to the lack of homoleptic alkyl precursors.*: 57



Et,0
Ln=La

[LagAlg(C)(CH)2(CHz)o(CHs)z2]

N, N
Et,0 MegTACN 7 o Lo 0N
o [LnMeg), ———r
Ln=Sc,Lu,Y, Ho Ln=Sc Me "Me

Scheme 1. Known synthesis routes towards homoleptic and donor stabilized rare-earth-metal alkyls.

Other approaches, use the hexamethylate ate-complexes LisLn(Me)s(do)x as precursors, but
always carry the burden of lithium with them.®2% Therefore, the approach in this work was to
address this problem via a direct synthesis protocol, starting from the MesTACN stabilized

LnClsthfy, to isolate the hitherto elusive earlier rare-earth-metal methyl complexes.

Results and Discussion:

Utilizing the stabilizing and in particular monomerizing effects of the 1,4,7-MesTACN
(MesTACN) aza-crown, we synthesized the tris methyl complexes for lanthanum and cerium,
(Scheme 2). While the earlier published (MesTACN)ScMes shows considerable stability when
the aza-crown is added on to the pure amorphous ScMes, the route via the referring MesTACN
stabilized rare-earth halide (A.n) with MeLi bearing a possible repositioning of the aza-crown

towards lithium in MeLi or the resulting LiCl, thus destabilizing the alkyl.l!

r\“/ﬁ - r\“/ﬁ
| |
f
N, SN N SN
LnClthf, _1:4.7-MesTACN 5 equiv. MeLi
3t Ix 4 > 4
thf, 80 °C thf, -40 °C, 12 h oy
Cl 5 Cl 15°C, 24 h H3C CHs;

OCI QOCHg

ALn
stochiometric

Scheme 2. Synthesis route of the (MesTACN)LnMejs(thf) (1.,) species via the (MesTACN)LnMes(thf) (1.,) intermediate (An).

This exchange and the intrinsic thermal lability of the resulting (MesTACN)LnMejs(thf) led to
this synthesis protocol, yielding the trialkyl species (1.a) and (1ce), (Figure 1). Being the first
tris methyl complexes of the earlier rare-earth-metals, no unexpected change in the interatomic
distance occurs. Respectively two of the methyl groups are at the same distance to the center
and one is slightly elongated, the same happens for the nitrogen-Ln bond. The proton NMR of
(1La) shows a splitting of two signals for the “exo” and “endo” protons of the ethyl bridge and a
singlet for the methyl groups on the nitrogen. The methyl groups on the lanthanum are with —
1.08 ppm, stronger shifted to higher fields, compared to the earlier published
(MesTACN)ScMe; with -0.65 ppm. ™
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Figure 1. Crystal structure of 1., (left) and 1ce (right). All hydrogen atoms have been omitted for clarity. Selected interatomic
distances (A) and angles (°): La(1)-N(2) 2.772(5), La(1)-N(1) 2.795(3) La(1)-N(3) 2.824(3), La(1)-C(10) 2.628(10) La(1)-C(12)
2.699(8), C(11)-La(1) 2.628(3), C(10A)-La(1)-C(11) 118.1(2), C(10)-La(1)-O(1) 76.4(2), C(10)-La(1)-N(1) 87.0(2), O(1)-La(1)-N(1)
142.78(8); C(10)-Ce(1) 2.606(3), C(11)-Ce(1) 2.639(3), C(12)-Ce(1) 2.641(3), N(1)-Ce(1) 2.793(3), N(2)-Ce(1) 2.752(2), N(3)-
Ce(1) 2.764(3), O(1)-Ce(1) 2.6835(18), C(10)-Ce(1)-O(1) 75.51(8), C(10)-Ce(1)-N(1) 85.38(12), O(1)-Ce(1)-N(1) 143.82(9).

It is crucial to mention, that commercially available MeLi contains a certain amount of LiCl,
therefore it was important for the formation of the (MesTACN) stabilized tri-methyls, to use 5
equivalents of MeLi. If, however, lower equivalents of MeLi are used, utilizing the same route,
(Scheme 2), we were able to isolate mixed halogen methyl species for (MesTACN)-stabilized
neodymium chlorides, (Figure 2). The amount of remaining halogen on the rare-earth metal
could be attested via elemental analysis and SCXRD. To our surprise, a statistical distribution
takes place. Thus, there must be an active chloride/methyl exchange between the different
species from (MesTACN)LnMes(thf) and (MesTACN)LNCIs(thf) and their mixed chloride/methyl

intermediates.

C12/CI3 c11/CI2 c11/Cl2

&
Figure 2. Crystal structure of 1nqcio.2s (Ieft) and Lnacios (right). For selected interatomic distances and angles, see Sl (Figure S 25
and S 26).

To further investigate the properties of the (MesTACN)LnMes(thf), we choose a simple reaction
with 3 equivalents of neopentyl alcohol, resulting in the monomeric species (2.a) and (2ce),
(Scheme 3).
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Scheme 3. Reaction of (MesTACN)LnMex(thf) with 3 equiv. of HOCH,tBU, yielding in the lanthanum complex (2.,) and the cerium
complex (2ce).

While the complex is well stabilized via alkoxides and the aza-crown, the steric demand is
almost too much. Hence, one of the aza-crown nitrogen atoms is not at a bonding distance
from the cerium core anymore N(1)-Ce(1) (3.295 A), while the other two are N(2)-Ce(1)
(2.784(7) A)and N(3)-Ce(1) (2.813(6) A). The same interatomic distance splitting can is shown
by the Ce-0, with the two bonds in a shorter range (1.929(5) A) and (1.947(4) A) and one
extremely elongated Ce—O distance with (2.451(5) A), (Figure 4).

Figure 3. Crystal structure of (MesTACN)Ce(OCH,tBu); (2ce). All hydrogen atoms have been omitted for clarity. Selected
interatomic distances (A) and angles (°): N(1)-Ce(1) 3.295, N(2)-Ce(1) 2.784(7), N(3)-Ce(1) 2.813(6), Ce(1)-0O(2) 1.929(5), Ce(1)-
O(1) 1.947(4), Ce(1)-0(3) 2.451(5), C(3)-N(2)-Ce(1) 106(2), C(2)-N(2)-Ce(1) 133.6(14), O(2)-Ce(1)-O(1) 104.4(2), O(2)-Ce(1)-
0(3) 107.0(2), O(1)-Ce(1)-O(3) 108.8(2).

Since the synthesis of the methyl congener was achieved via alkylation of the prior formed
rare-earth-metal halogen, the same approach was used for the sterically more demanding tert-
butyl group. This led to the formation of the anionic tetra tert-butyl complexes (3.a) for
lanthanum and (3ce) for cerium. The difference is the counter-cation, forming either a by two
(MesTACN)LI stabilized benzyl or chloride group, this is due extraction with toluene of complex
(3ce). If, however scandium as smallest rare-earth metal is used, the reactivity is dramatically
changed, (Scheme 4, bottom). Here, due to the smaller ionic radii of the scandium center, the
aza-crwon doesn’t lose the grip, hence the sterical bulk on the center is enlarged heavily. This

leads likely to a reactive intermediate species, which than reacts further to complex (3sc).
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Scheme 4. Conducted reaction protocol of A_, with three equivalents of tBulLi, resulting in the isolation of complex 3. (right) and

complex 3., (left) and the reaction pattern for 3s. (bottom).

The SCXRD of both complexes show, besides the change in the cationic part, an almost
tetrahedral structural motif on the rare-earth-metal center. With that, the anionic part can be
considered as higher alkyl homologue of the tetramethyl- aluminates and gallates. Therefore,
these structures fil the gap between the hexamethylates from Schumann and the aluminate
and gallate salts, if it comes to similar behavior of group 13 elements and the group of rare-

earth metals.

Figure 4. Crystal structure of 3., (left) (ellipsoids set at 50 %). All hydrogen atoms have been omitted for clarity. Selected
interatomic distances (A) and angles (°): C(1)-La(1) 2.567(2) C(5)-La(1) 2.562(2), C(9)-La(1) 2.569(2), C(13)-La(1) 2.569(3), CI(1)-
Li(1) 2.218(4), CI(1)-Li(2) 2.232(4), Li(1)-N(1) 2.028(5), Li(1)-N(3) 2.046(5), Li(1)-N(2) 2.066(5), Li(2)-N(5) 2.028(4), Li(2)-N(4)
2.057(5), Li(2)-N(6) 2.065(5), Li(1)-Cl(1)-Li(2) 120.29(15), C(5)-La(1)-C(1) 112.28(8), C(5)-La(1)-C(13) 110.61(9), C(1)-La(l)-
C(13) 106.32(8), C(5)-La(1)-C(9) 107.78(8), C(1)-La(1)-C(9) 111.17(7), C(13)-La(1)-C(9) 108.65(9). 3ce (right) C(26)-Ce(1)
2.546(4), C(30)-Ce(1) 2.534(4), C(34)-Ce(1) 2.530(4), Ce(1)-C(38) 2.556(14), N(1)-Li(2) 2.065(6), N(2)-Li(2) 2.082(6), N(3)-Li(2)
2.088(6), N(4)-Li(1) 2.060(6), N(5)-Li(1) 2.072(6), N(6)-Li(1) 2.071(6), C(10)-Li(1) 2.202(6), C(10)-Li(2) 2.204(6), C(11)-Li(2)

5



2.475(6), C(11)-Li(1) 2.506(6), C(10)-C(11) 1.414(5), C(11)-C(10)-Li(1) 84.7(3), C(11)-C(10)-Li(2) 83.3(3), Li(1)-C(10)-Li(2)
165.2(3), C(10)-C(11)-Li(2) 62.2(2), Li(2)-C(11)-Li(1) 122.6(2), C(38A)-Ce(1)-C(34) 111.9(6), C(38A)-Ce(1)-C(30) 103.8(6), C(34)-
Ce(1)-C(30) 107.18(13), C(38A)-Ce(1)-C(26) 113.4(6), C(34)-Ce(1)-C(26) 111.92(12), C(30)-Ce(1)-C(26) 108.06(14), C(34)-
Ce(1)-C(38) 107.2(4), C(30)-Ce(1)-C(38) 113.9(4), C(26)-Ce(1)-C(38) 108.7(3).

The SCXRD of complex (3sc) shows a range of Sc—C distances reaching from (2.255(10) A)
to (2.354(11) A) and a short Sc-O distance of (1.901 A), compared to the before mentioned
(1.9333(13) A) to (1.9467(14) A) for the (MesTACN)Sc(OMe)s.

Figure 5. Crystal structure of 3s. (ellipsoids set at 50 %). All hydrogen atoms have been omitted for clarity. Selected interatomic
distances (A) and angles (°): Sc(1)-O(1) 1.901(3), Sc(1)-C(16) 2.255(10), Sc(1)-C(10) 2.354(11), Sc(1)-N(1) 2.410(9), Sc(1)-N(3)
2.439(9), Sc(1)-N(2) 2.447(4), O(1)-Sc(1)-C(16) 103.6(4), O(1)-Sc(1)-C(10) 103.4(4), C(16)-Sc(1)-C(10) 97.64(18), O(1)-Sc(1)-
N(1) 89.4(3), C(16)-Sc(1)-N(1) 160.1(3), C(10)-Sc(1)-N(1) 93.7(4), O(1)-Sc(1)-N(3) 91.7(3).

Since we saw that we can isolate monomeric rare-earth methyls. We next wanted to see if this
is also possible for other alkyls. The first we tested was n-butyl. We reacted
(MesTACN)LaCls(thf) with three equivalents of n-BuLi. The NMR spectra we recorded of this
substance fit well but we could not get any crystals that were suitable for x-ray diffraction. We
repeated this reaction with different rare-earth-metal chlorides and had luck with samarium that
we could at least get a connectivity, (Figure 6).

Figure 6. Connectivity of (MesTACN)Sm(nBu); (4) with ellipsoids set at 30%.



The samarium is bound to three-terminal n-butyl ligands and the coordination sphere is
completed with the aza-crown. Since the NMR fits it can be assumed that the lanthanum
analog is similar. It is noteworthy, that these n-butyl complexes are pretty unstable at least
similar to the LizsLn(nBu)s(thf)s complexes we reported earlier.*Y] Maybe even more so, after a
few hours in solution at -40 °C the complexes already decomposed completely. Since we still
have such a high reactivity we wanted to test the lanthanum complex on the findings the
Knochel group reported recently.*? Here they used 2-bromo-biphenyl derivatives and the

proposed nBu,LaCl(LiCl). to get supposedly lantha-fluorenyl complexes, (Scheme 6).

THF,
- 40 °C, 30 min

—1-Br-nBu

Scheme 5. Reaction of (MesTACN)La(nBu)s (5) with 2-Bromo-biphenyl.

At low temperature, we could however only see the exchange of one n-butyl ligand for a

biphenyl, (Figure 7).

Figure 7. Crystal structure of (MesTACN)La(nBu)y(2-biphenyl) (5) with atomic displacement ellipsoids set at 50% probability.
Hydrogen atoms and disorders of one n-Bu group are omitted for clarity. Selected interatomic distances [A] and angles [°]: Lal-
C25 2.567(3), Lal-C29 2.544(2), Lal-C13 2.672(2), Lal—-C24 4.3552(2), Lal—-C20 5.2256(2), Lal—-N1 2.7458(19), Lal-N2
2.813(2), Lal-N3 2.780(2), C29-Lal-C25 106.10(9), C13—-Lal-C29 102.53(8), C13-Lal-C25 120.57(8).

One carbon atom (C24) is oriented in the direction of the lanthanum core but is still quite far
away with (4.3552(2) A). We did also warm up the biphenyl complex. It decomposed quite fast
into a black solution. During this time, we observed the aromatic region but didn’t observe
activation of a proton, (Figure S11 see Sl). We therefore couldn’t observe the formation of a

lanthan-fluorenyl complex with the aza-crown present.
Conclusion

Using the monomerizing effect of the (MesTACN) ligand the tri-methyl complexes

(MesTACN)LnMes(thf) for lanthanum and cerium could be isolated. For neodymium incomplete

7



methylation was observed and the novel, monomeric, mixed alkyl chloride complex
[(MesTACN)NdMe2,7512,5Clo 2510,5(thf)} was characterized. The cerium complex was reacted with
neopentanol resulting in the complex (MesTACN)Ce(OCHtBu)s. The (MesTACN) ligand
coordinates in this complex only via two nitrogen atoms, demonstrating its flexibility in chase
of too much steric demand of the other ligands. Furthermore, the stabilizing effects of the
(MesTACN) ligand were studied using the thermodynamically less stable n-butyl ligand in
comparison to the methyl ligand. A connectivity of (MesTACN)Sm(nBu)s is reported and NMR
studies of the lanthanum analog suggest the same structure.
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Experimental Section

General Considerations. All manipulations were performed under rigorous exclusion of air and
moisture using standard Schlenk, high-vacuum, and glovebox techniques (MBraun UNIllabpro ECO);
<0.5 ppm Oz, < 0.5 ppm H0, argon atmosphere). Et,O, n-hexane, toluene and THF were purified using
Grubbs-type columns (MBraun SPS, solvent purification system), while THF was further dried over
molecular sieves (3 A). CsDs (99.6%, Sigma-Aldrich), toluene-ds (99.6%, Sigma-Aldrich), and THF-ds
(99.5%, Sigma-Aldrich) were dried by letting the solvents stand over molecular sieves (3 A) for at least
24 h and subsequent filtration. All solvents were stored inside a glovebox. Rare-earth-metal chlorides,
MeLi and (MesTACN) were purchased from Sigma-Aldrich and used as received. MeLi (Sigma
Aldrich), TCI, Fisher Scientific), K[N(SiMes),] (Sigma Aldrich) and LiCl (Sigma Aldrich). NMR
spectra of air and moisture sensitive compounds were recorded by using J. Young-valved NMR tubes
at ambient temperature on either a Bruker AVI1+400 (*H, *3C), a Bruker DRX-300 (*H, "Li, *3C) or a
Bruker AVII+500 (*H, "Li, **C). NMR chemical shifts are referenced to internal solvent resonances and
reported in parts per million relative to tetramethylsilane (TMS), and for “Li-NMR Li* in aqueous
solution. Coupling constants are given in Hertz. Elemental analyses were performed on an Elemental

Vario Micro Cube.

MesTACN-LaMes(thf) (1-La). MesTACN-LaCls(thf) (200 mg, 0.41 mmol) was suspended in thf
(10 mL) and cooled to —40 °C. Then, a solution of MeL.i (35.98 mg, 1.63 mmol, 4 equiv., in thf) was
added dropwise. The suspension was stirred for 12 h at —40 °C and additional 24 h at —15 °C. The
suspension was filtered and concentrated in vacuo. Crystals of 1-Ce suitable for XRD analysis were

obtained from a highly concentrated thf solution.

IH NMR, (500.13 MHz, 233 K, thf-ds): 3 = 3.61 (s, 4 H, thf), 3.08-3.01 (M, 6 H, CH,-MesTACN), 2.71—
2.61 (M, 6 H, CH,-MesTACN), 2.64 (s, 9 H, CH3-MesTACN), 1.7 (s, 4 H, thf), -1.08 (s, 9 H, La(CHs)s)
ppm.

13C NMR of, (125.76 MHz, 233 K, thf-dg): & = 69.4 (thf), 57.3 (CH2-MesTACN), 47.9 (CHs-MesTACN),
38.7 (La(CHa)s3), 27.6 (thf) ppm.

Anal. (%) calcd. for CigH3sLaNsO (427.41 gmol-1): C 44.96, H 8.96, N 9.83; found: C 43.93, H 8.29,
N 9.99. The deviation between theoretical and experimental microanalytical data derives from the fast

decomposition at ambient temperature.

MesTACN-CeMesz(thf) (1-Ce). MesTACN-CeCls(thf) (200 mg, 0.41 mmol) was suspended in thf

(10 mL) and cooled to —40 °C. Then, a solution of MeLi (35.89 mg, 1.63 mmol, 4 equiv., in thf) was
added dropwise. The suspension was stirred for 12 h at —40 °C and additional 24 h at —15 °C. The



suspension was filtered and concentrated in vacuo. Crystals of 1-Ce suitable for XRD analysis were

obtained from a highly concentrated thf solution.

'H NMR, (500.13 MHz, 233 K, thf-ds): 8 = 9.37 (s, 9 H, La(CHs)s), 7.72 (s, 9 H, CH3-MesTACN),
3.56 (s, 4 H, thf), 1.77 (s, 4 H, thf), 0.66 (M, 6 H, CHo-MesTACN), -5.11 (m, 6 H, CHo-Me;sTACN)
ppm.

Anal. (%) calcd. for C1sH3sCeNsO (428.62 gmol-1): C 44.84, H 8.94, N 9.80; found: C 44.24, H 8.50,
N 9.92.

MesTACN-NdMe2s5Clos(thf) (1-NdClos). MesTACN-NACIs(thf) (200 mg, 0.41 mmol) was
suspended in thf (10 mL) and cooled to —40 °C. Then, a solution of MeL.i (35.89 mg, 1.63 mmol, 3.5
equiv., in thf) was added dropwise. The suspension was stirred for 12 h at —40 °C and additional 24 h at
—15 °C. The suspension was filtered and concentrated in vacuo. Crystals of 1-NdClo 2 suitable for XRD
analysis were obtained from a highly concentrated thf solution.

Anal. (%) calcd. for C16H3sNdNsO (442.74 gmol-1): C 42.08, H 8.31, N 9.49; found: C 41.68, H 8.04,
N 10.92.

MesTACN-NdMe;.75Clo.25(thf) (1-NdClo.25). MesTACN-NdCIs(thf) (200 mg, 0.41 mmol) was
suspended in thf (10 mL) and cooled to —40 °C. Then, a solution of MeLi (35.89 mg, 1.63 mmol, 3
equiv., in thf) was added dropwise. The suspension was stirred for 12 h at —40 °C and additional 24 h at
—15 °C. The suspension was filtered and concentrated in vacuo. Crystals of 1-NdCly 25 suitable for XRD

analysis were obtained from a highly concentrated thf solution.

Anal. (%) calcd. for C16H3sNdN3sO (438.14 gmol-1): C 43.16, H 8.56, N 9.59; found: C 42.83, H 8.22,
N 9.15.

MesTACN-La(OCH2tBu)s (2-La). MesTACN-LaMe;(thf) (100 mg, 0.23 mmol) was suspended
in thf (3 mL) and cooled to —40 °C. Then, a solution of HOCH tBu (61.87 mg, 0.70 mmol, 3 equiv., in
Et,O) was added dropwise. The suspension was stirred for 1 h at ambient temperatures. The solution

was concentrated in vacuo.

IH NMR, (400.11 MHz, 298 K, CsDs): 5 = 3.86 (s, 6 H, OCH,C(CHs)3), 2.46 (s, 9 H, CHs-MesTACN),
2.34-2.26 (m, 6 H, CH,-MesTACN), 1.82-1.74 (m, 6 H, CH>-MesTACN), 1.23 (s, 27 H,
OCHzC(CH3)3) ppm.

13C NMR of, (100.61 MHz, 298 K, CeDs): 5 = 81.5 (OCH2(CHs)s), 57.3 (CHo-MesTACN), 45.4 (CHa-
MesTACN), 34.9 (OCH,C(CHs)s), 27.1 (OCH,C(CHs)s) ppm.

Anal. (%) calcd. for C24HssLaN3O0s (571.62 gmol-1): C 50.43, H 9.52, N 7.35; found: C 50.22, H 9.31,
N 7.57. Crystals of 2-La suitable for XRD analysis were obtained from a highly concentrated Et,O

solution.



With the same reaction conditions Me;TACN-Ce(OCH,tBu)s (2-Ce) was also synthesized. Crystals of

2-Ce suitable to SCXRD structure obtained from a highly concentrated n-hexane solution.

MesTACN-La(nBu)s (3-La). MesTACN-LaCls(thf) (30.0 mg, 0.06 mmol) was suspended in Et,O
(5mL) and cooled to —40 °C. Then, n-BuL.i (0.18 mmol, 3 equiv., 2.5 M in hexanes) was added dropwise.
After stirring the suspension for one hour, it was filtered and the solvent removed in vacuo to give white
powder of MesTACN-La(nBu)ssxLiCl (x<3). The exact yield could not be determined due to the
incorporation of LiCl and some minor THF and n-BuLi impurities. But it appears to be almost

guantitative.

'H NMR, (500.13 MHz, 233 K, toluene-ds): 6 = 2.30 (s, 9 H, CH3z-MesTACN), 2.13 (m, 6 H, CH.-
MesTACN), 2.04 (m, 6 H (integral overlaps with toluene-ds signal), CHz-nBu), 1.94 (m, 6 H, CH2-nBu),
1.54 (m, 6 H, CH>-MesTACN), 1.39 (t, 9 H, CH3s-nBu), 0.10 ppm (t, 6 H, CH2-nBuU).

13C NMR of, (125.76 MHz, 233 K, toluene-ds): 8 = 55.4 (CH2-nBu), 53.8 (CH2-MesTACN), 45.3 (CHs-
MesTACN), 32.3 (CH2-nBu), 31.4 (CH-nBu), 15.3 ppm (CHs-nBu).

Anal. (%) calcd. for Cx1HaglaNs (481.54 gmol-1): C 52.38, H 10.05, N 8.73; found: C 52.07, H 9.77, N
7.34. The deviation between theoretical and experimental microanalytical data derives from the fast
decomposition at ambient temperature. With the same reaction conditions MesTACN-Sm(nBu)s (3-Sm)
was also synthesized. Crystals of 3-Sm suitable to get a connectivity in a XRD analysis were obtained

from a highly concentrated THF/n-hexane solution.

MesTACN-La(nBu)2(2-biphenyl) (4). MesTACN-LaCls(thf) (30.0 mg, 0.06 mmol) was
suspended in Et;O (5 mL) and cooled to —40 °C. Then, n-BuL.i (0.18 mmol, 3 equiv., 2.5 M in hexanes)
was added dropwise. After stirring the suspension for one hour, 2-Br-biphenyl (14.0 mg, 0.06 mmol, 1
equiv.) dissolved in Et,O was added dropwise. The suspension was further stirred for 30 min, before it
was filtered and the solvent removed in vacuo to give white powder of MesTACN-La(nBu)(2-
biphenyl)«xLiCl (x<3). The exact yield could not be determined due to the incorporation of LiCl and
some THF impurities. But it appears to be almost quantitative. Crystals of 4 suitable for XRD analysis
were obtained from a highly concentrated Et,O solution. Note: The oily consistency of the crystallization

process is not a suitable method for purification.

'H NMR, (500.13 MHz, 233 K, THF-ds): = 7.84 (d, 1 H, H-biphenyl), 7.62 (d, 2 H, H-biphenyl), 7.19
(t, 2 H, H-biphenyl), 7.08 (d, 1 H, H-biphenyl), 7.01 (t, 1 H, H-biphenyl), 6.69 (m, 2 H, H-biphenyl),
2.86 (m, 3 H, CH>-MesTACN), 2.66 (m, 3 H, CH>-MesTACN), 2.54, 2.52 (m, 7 H, CH>-MesTACN,
CH3-MesTACN), 2.40 (m, 3 H, CH>-MesTACN), 2.21 (s, 4 H, CH3-MesTACN), 1.47 (m, 4 H, CH»-
nBu), 1.19 (m, 4 H, CH,-nBu), 0.82 (m, 6 H, CH3-nBu), -0.50 ppm (m, 4 H, CH,-nBu).



13C NMR, (125.76 MHz, 233 K, THF-dg): 5 = 152.8 (C-biphenyl), 142.9 (C-biphenyl), 129.4 (C-
biphenyl), 128.6 (C-biphenyl), 127.7 (C-biphenyl), 127.5 (C-biphenyl), 124.2 (C-biphenyl), 123.7 (C-
biphenyl), 122.8 (C-biphenyl), 121.9 (C-biphenyl), 58.4 (CH2-nBu), 55.2 (CH2>-Me3sTACN), 53.9 (CH.-
MesTACN), 46.0 (CHs-MesTACN), 45.9 (CHs-MesTACN), 35.0 (CH2-nBu), 33.8 (CH2-nBu), 14.6
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Figure S 1. *H NMR spectrum of Me;TACN-LaMesthf (1-La) (500.13 MHz, thf-dg, 233 K) solvent residual signals are marked with
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Figure S 2. 3C NMR spectrum of MesTACN-LaMejsthf (1-La) (125.76 MHz, thf-dg, 233 K) solvent residual signals are marked with
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Figure S 3. *H NMR spectrum of MesTACN-CeMesthf (1-Ce) (500.13 MHz, thf-dg, 233 K) solvent residual signals are marked with
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Figure S 4. *H NMR spectrum of Me;TACN-La(OCH,tBu)s (2-La) (400.11 MHz, thf-dg, 298 K) solvent residual signals are marked

with *,
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Figure S 5. 3C NMR spectrum of MesTACN- La(OCH.tBu); (3-La) (100.60 MHz, thf-dg, 298 K) solvent residual signals are

marked with * impurities with #
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Figure S6. *H NMR spectrum of MesTACN-La(nBu)s (3-La) (500.13 MHz, toluene-ds, 233 K) solvent residual signals are marked

with *. n-BuLi and THF impurities are marked with #.
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Figure S7. *3C NMR spectrum of MesTACN-La(nBu)s (3-La) (125.76 MHz, toluene-ds, 233 K) solvent residual signals are marked

with *. Unknown impurities are marked with #.
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Figure S 8. *H NMR spectrum of MesTACN-La(nBu),(2-biphenyl) (4) (500.13 MHz, thf-dg, 233 K) solvent residual signals are

marked with *. Unknown impurities are marked with #.
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Figure S 9. 3C NMR spectrum of MesTACN-La(nBu)z(2-biphenyl) (4) (125.76 MHz, thf-dg, 233 K) solvent residual signals are

marked with *. Unknown impurities are marked with #.
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Figure S 10. *H NMR spectrum of MesTACN-La(nBu)»(2-biphenyl) (4) at 233 K (bottom) and the decomposed species at 299 K
(top) (500.13 MHz, thf-dg, 233 K/ 299 K) only the aromatic region of the biphenyl is displayed.
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Crystallography

Table S 1. X-ray crystallographic parameters for complexes 1-La, 1-Ce, 1-NdClg s, 1-NdClgs.

Compound (MesTACN)La | (MesTACN)Ce (MesTACN)Nd (MesTACN)Nd [((MesTACN))- [((MesTACN)Li).Cl]
Mes(thf) Mes(thf) Me2.5Clo.s(thf) Me2.75Clo.25(thf) Li)2Cl][La(tBu)4] [Ce(tBu)4]
Sample code 1-La 1-Ce 1-NdClo.2s 1-NdClos 3La 3Ce
qur'::]rlfgl CisHzsLaNsO Ci16H38CeNsO Ci55H365ClosNaNdO | Cis5H365ClosNsNdO | CaaH7sClLaLizNe Ca1HssCeLi2Ne
Formula 427.40 428.61 44278 438.14 759.26 816.14
weight
Temp[ir]at“re 100(2) 100(2) 100(2) 100(2) 100(2) 100(2)
Crystal system monoclinic monoclinic monoclinic monoclinic Monoclinic Orthorhombic
Space group P21/n P21/n P21/n P21/n P21/n Pbca
a[A] 9.8618(4) 9.8823(7) 9.9207(7) 9.9252(7) 12.2842(16) 14.8725(8)
b [A] 15.6659(7) 15.5844(10) 15.4639(11) 15.4993(11) 26.216(3) 23.7235(13)
c[A] 12.9232(5) 12.8472(9) 12.7597(9) 12.7649(9) 14.9948(19) 27.5992(15)
a[°] 90 90 90 90 90 90
B[] 90.055(8) 90.1490(10) 90.1930(10) 90.3260(10) 113.417(2) 90
v Il 90 90 90 90 90 90
Volume [A3] 1096.56(14) 1978.6(2) 1057.5(2) 1963.6(2) 4431.2(10) 9737.8(9)
Z 4 4 4 4 4 8
Peate [g/cm7] 1.422 1.439 1.502 1.482 1.138 1.113
p [mm] 2.143 2.304 2.723 2.684 1.051 0.965
F(000) 880 884 908 900 1616 3496
Crystal size 0.163 x 0.152 0.197 x 0.180 0.286 x 0.183 x 0.249 x 0.160 x 0.365 x 0.213 x 0.404 x 0.284 x
[mm3] x0.131 x0.113 0.157 0.146 0.106 0.246
Radiation '\é'_‘;'igg"s)‘ ’\0/|.07|§(E)(7)\3)_ MoKa (A = 0.71073) | MoKa (A = 0.71073) '\g°7Kl°(‘)%)‘ MoKa (A = 0.71073)
O range for
data 2.043/30.675 2.054/28.699 2.053/ 29.619 2.437 t0 29.572 1.983 to 29.575 1.476 to 27.100
collection [°]
14<=h<=14, | -13<=h<=13, - 13<=h<=13, - 13<=h<=13, - ~16<=h<=17, - ~18<=h<=109,
Index ranges -22<=k<=22, - 21<=k<=21, - 21<=k<=21, - 21<=k<=21, - 36<=k<=36, - -30<=k<=30,
18<=I<=18 17<=l<=17 17<=I<=17 17<=Ik=17 20<=I<=20 -35<=I<=34
Reflections 34261 35593 46564 23668 56932 68256
collected
Independent | 6182 [R(in) = | 5095 [R(int) = 5200 [R(inD) = 5491 [R(inD) = 12411 [R(int) = 10732 [R(int) =
reflections 0.0339] 0.0547] 0.0380] 0.0365] 0.0673] 0.0690]
Datafrestraints/ | 6182/ 750/ | 5o95 /0216 5200/0/216 5491130/ 224 124117816/ 10732 /777632
parameters 310 598
Goodness-of-
fit on 1.042 1.075 1.031 1.098 1.048 1.008
F2lal
IEICTea)I(SS R1 = 0.0236, R1 =0.0265, R1=0.0224, wR2 = R1 =0.0265, wR2 = R1 =0.0354, R1=0.0384
_ wR2 = 0.0505 WR2 = 0.0662 0.0497 0.0654 wR2 =0.0811 wR2 =0.0789
[I>=20 ()il
IEQ:)I(SS R1=0.0276, R1=0.0297, R1=0.0247, wR2 = R1 =0.0289, wR2 = R1 = 0.0500, R1 =0.0688
[all data] wR2 = 0.0523 wR2 = 0.0681 0.0507 0.0668 wR2 =0.0878 wR2 = 0.0940
Largest diff.
peakihole [e A- | 15222nd- | 1A23a0d- g 315 400 0650 | 1.917 and -0.943 0922 and- 1.210 and -0.527

%]

BIGOF = [Zw(Fo? - F2)? / (o - np)]¥2 PIR1 = 2(||Fo| - |Fel]) / ZIFol, Fo > 40(Fo). R, = {Z[w(Fo? - F2)? / Z[w(Fe?)?1}2
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Table S 2. Continued X-ray crystallographic parameters for complexes 2, 3-Ce,and 4-Sm.

Compound (MesTACN)Sc (MesTACN)Ce (MesTACN)Sm (MeaTAC_N)La
(OEt)((CH2)2tBu)2 (OCH2C(CHs3)3)3 (nBu)s (nBu)2(2-biphenyl)
Sample code 3sc 2-Ce 3-Sm 4
Empirical formula CasHs2N3OSc C24H54CeNsOs C21H4sSMNs CagHaslaNs
Formula weight 431.63 572.82 481.54 577.61
Temperature [K] 100(2) 100(2) 100(2) 100(2)
Crystal system monoclinic orthorhombic triclinic
Space group P21 P212121 P-1
a[A] 8.744(3) 13.9090(3) 8.6871(3)
b [A] 16.179(5) 11.4509(5) 12.5108(5)
c [A] 9.805(3) 19.2007(12) 13.8744(5)
al] 90 90 92.9220(10)
B I 107.932(5) 90 96.5950(10)
v [] 90 90 105.3270(10)
Volume [A3] 1319.8(7) 3058.1(2) 1439.43(9)
z 2 4 2
Peaic [g/cm3] 1.086 1.244 1.333
p [mm-] 0.295 1.513 1.504
F(000) 480 1204 600

Crystal size [mm?]

0.374 x0.159 x 0.119

0.188 x 0.119x 0.112

0.271 x 0.148 x 0.082

Radiation

MoK (A = 0.71073)

MoK (A = 0.71073)

MoK (A = 0.71073)

MoKq (A = 0.71073)

O range for data
collection [°]

2.183 t0 27.848

1.808 to 39.242

2.1551t0 28.731

Index ranges

-11<=h<=10, 0<=k<=21,

-16<=h<=16,-20<=k<=20,

-11sh<11, -16<k<16,

O<=I<=12 -26<=I<=26 -18<I=18

Reflections 3237 28384 62633

collected
Independent Ly = -
fhioetiodl 3237 9897 [R(int) = 0.0710] 7411 [Rin = 0.0560]

Data/restraints/ 323716221312 9897 / 482/ 348 7411/0/313
param eters
Goodness-of-fit on
- 1.033 1.040 1.065

Final R indexes
[1>=2a (I)]iblic]

R1=0.0719, wR2 =
0.1580

R1 =0.0536, wR2 =
0.1245

R1=0.0290, wR2 =

0.0653
Final R indexes R1=0.1161, wR2 = R1=0.0707, wR2 = R1=0.0335, wRz2 =
[all data] 0.1734 0.1372 0.0676
Largest diff, 0.518 and -0.633 1.793 and -1.637 2.425-0.846
peak/hole [e A9

BIGOF = [Zw(Fo? - F2)? / (o - np)]¥2 PIR1 = 2(||Fo| - |Fel]) / ZIFol, Fo > 40(Fo). R, = {Z[w(Fo? - F2)? / Z[w(Fe?)?1}2
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C11

O1

Figure S 11. Crystal structure of 1-La (ellipsoids set at 50 %). All hydrogen atoms have been omitted for clarity. Selected
interatomic distances (A) and angles (°): La(1)-N(2) 2.772(5), La(1)-N(1) 2.795(3) La(1)-N(3) 2.824(3), La(1)-C(10) 2.628(10)
La(1)-C(12) 2.699(8), C(11)-La(1) 2.628(3), C(10A)-La(1)-C(11) 118.1(2), C(10)-La(1)-O(1) 76.4(2), C(10)-La(1)-N(1) 87.0(2),
O(1)-La(1)-N(1) 142.78(8).
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=

Figure S 12. Crystal structure of 1-Ce (ellipsoids set at 50 %). All hydrogen atoms have been omitted for clarity. Selected
interatomic distances (A) and angles (°): C(10)-Ce(1) 2.606(3), C(11)-Ce(1) 2.639(3), C(12)-Ce(1) 2.641(3), N(1)-Ce(1) 2.793(3),
N(2)-Ce(1) 2.752(2), N(3)-Ce(1) 2.764(3), O(1)-Ce(1) 2.6835(18), C(10)-Ce(1)-O(1) 75.51(8), C(10)-Ce(1)-N(1) 85.38(12), O(1)-
Ce(1)-N(1) 143.82(9).
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C11/CI2 @

C10ClI1

O1

Figure S 13. Crystal structure of 1-NdClys (ellipsoids set at 50 %). All hydrogen atoms have been omitted for clarity. Selected
interatomic distances (A) and angles (°): N(1)-Nd(1) 2.752(2), N(2)-Nd(1) 2.7242(18), N(3)-Nd(1) 2.716(2), O(2)-Nd(1) 2.6418(13),
Nd(1)-C(10) 2.578(10), Nd(1)-C(12) 2.599(4), Nd(1)-CI(3) 2.601(10), Nd(1)-CI(2) 2.609(10), Nd(1)-C(11) 2.669(9), Nd(1)-CI(1)
2.690(9), C(10)-Nd(1)-C(12) 112.5(2), C(10)-Nd(1)-CI(3) 103.7(3), Cl(2)-Nd(1)-O(2) 74.43(19), C(10)-Nd(1)-N(3) 142.39(19),
CI(3)-Nd(1)-N(3) 87.65(19), O(2)-Nd(1)-N(3) 141.71(6).
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C12/CI3 C11/CI2

Figure S 14. Crystal structure of 1-NdCly 25 (ellipsoids set at 50 %). All hydrogen atoms have been omitted for clarity. Selected
interatomic distances (A) and angles (°): C(10)-Nd(1) 2.582(3), CI(1)-Nd(1) 2.70(2), C(11)-Nd(1) 2.589(13), CI(2)-Nd(1) 2.64(3),
C(12)-Nd(1) 2.60(2), N(1)-Nd(1) 2.729(2), N(2)-Nd(1) 2.756(2), N(3)-Nd(1) 2.721(2), O(3)-Nd(1) 2.6472(17), C(11)-Nd(1)-N(1)
85.2(3) C(12)-Nd(1)-N(1) 85.6(5), CI(2)-Nd(1)-N(1) 84.7(8), O(3)-Nd(1)-N(1) 141.54(6), CI(1)-Nd(1)-N(1) 81.0(5), N(3)-Nd(1)-N(1)
64.40(7), C(10)-Nd(1)-N(2) 85.17(9), C(11)-Nd(1)-N(2) 142.7(3), C(12)-Nd(1)-N(2) 82.4(5), Cl(2)-Nd(1)-N(2) 84.4(7), O(3)-Nd(1)-
N(2) 143.17(7), CI(1)-Nd(1)-N(2) 141.3(6), N(3)-Nd(1)-N(2) 64.05(7).
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Figure S 15. Crystal structure of 2-Ce (ellipsoids set at 50 %). All hydrogen atoms have been omitted for clarity. Selected
interatomic distances (A) and angles (°): N(1)-Ce(1) 3.295, N(2)-Ce(1) 2.784(7), N(3)-Ce(1) 2.813(6), Ce(1)-O(2) 1.929(5), Ce(1)-
0O(1) 1.947(4), Ce(1)-O(3) 2.451(5), C(3)-N(2)-Ce(1) 106(2), C(2)-N(2)-Ce(1) 133.6(14), O(2)-Ce(1)-O(1) 104.4(2), O(2)-Ce(1)-
0O(3) 107.0(2), O(1)-Ce(1)-0O(3) 108.8(2).
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Figure S16. Connectivity of MesTACN-Sm(nBu); 3-Sm with atomic displacement ellipsoids set at 30% probability. Hydrogen

atoms and disorders of one nBu group are omitted for clarity.
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Figure S 17. Crystal structure of Me;sTACN-La(nBu),(2-biphenyl) 4 with atomic displacement ellipsoids set at 50% probability.
Hydrogen atoms and disorders of one nBu group are omitted for clarity. Selected interatomic distances [A] and angles [°] for X:
Lal-C25 2.567(3), Lal—-C29 2.544(2), Lal-C13 2.672(2), Lal-C24 4.3552(2), Lal-C20 5.2256(2), Lal-N1 2.7458(19), Lal-N2
2.813(2), Lal-N3 2.780(2), C29-Lal1-C25 106.10(9), C13-Lal-C29 102.53(8), C13-Lal-C25 120.57(8).
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exchange of (Me;TACN)TiMe,Cl with LiAlMe, affords chlorido-bridged

Oranotitanium Cawi'
[{(Me,;TACN)TiMe, },(u-Cl)][AlMe,]. Treatment of (Me;TACN)-

TiMe; with HAIMe, gives access to the reduced hydride species [{(Me;TACN)Ti(u-H),AlMe,},(u-H)][AlMe,]. Monomeric
alkoxides (Me;TACN)Ti(OR); (R = Me, Et) are obtained via the protonolysis of (Me;TACN)TiMe, with stoichiometric amounts
of methanol and ethanol, respectively. The crystal structure of (Me;TACN)Ti(OMe); is compared to the scandium congener
(Me;TACN)Sc(OMe), (6(**Sc) = 140.6 ppm), which was synthesized from (Me;TACN)ScMe, and methanol.

ABSTRACT: The trimethyltitanium complex (Me;TACN)TiMe,
(Me;TACN = 1,4,7-Me;-1,4,7-triazacyclononane) is obtained by reacting
(Me;TACN)TiCly with methyllithium in the cold. The isolation of pure
(Me;TACN)TiMe; was achieved via direct crystallization from the
filtered reaction mixture or by extraction of the reaction residue with
toluene. A similar reaction with neosilyllithium comes to a halt at the
bis(alkyl) complex (Me;TACN)TiCI(CH,SiMe;),. Treatment of
(Me;TACN)TiMe; with ClSiMe; or TfOSiMe; gives mixed ligand
complexes (Me;TACN)TiMe,Cl, (Me;TACN)TiMe,(OTf), and
(Me,;TACN)TiMe(OTf), in good yields. The reaction of (Me;TACN)-
TiMe; with trimethylaluminum in THF leads to the ion-separated
compound [(Me;TACN)TiMe,(THF)][AlMe,], while salt-metathetical

B INTRODUCTION

The search for discrete titanium alkyl complexes, be they Do \ Me \

mixed alkyl/halogenido or alkyl-only derivatives, gained / /

significant momentum from the discovery of a-olefin polymer- Me——Ti-Me L J
P

ization in the middle of the 20th century by the groups of
Ziegler and Natta and the work by Claus and Beermann at
Hoechst.' > These early studies focused on the isolation of A1 (Do = DMPE) 1 B
several titanium(IV) methyl compounds such as MeTiCly and Az (Do =THF) this work

Me Me

A; (Do = OEty)
Me,TiCl,, of which only the former one was described as
stable.” Moreover, Beermann and Claus claimed dark-green Figure 1. Structurally authenticated solvent-stabilized titanium—
TiMe;, from the reaction of TiCl;(THF), and MeLi when the methyl complexes in distinct oxida()tion states: Ti(IV) (left) isolated
synthesis was carried out in ethereal solutions at temperatures bY_ Thiele/ Schun.lann agd Seppelt,”™" Ti(III? (mi.d;ile) described in
between —50 and —80 °C (decomposition above —20 OC).4 this work, and Ti(II) (right) reported by Griolami.

The trivalent methyl compound was verified by a Gilman test
and methane elimination at higher temperatures, but any
further follow-up chemistry has not been reported. In 1963,
yellow crystalline TiMe, was accessed via salt metathesis but
found to decompose at temperatures above —78 °C.
Fortunately, the high solubility of TiMe, in donor solvents
led to the isolation and structural characterization of
moderately stable donor adducts like TiMe,(Do) (Do =

red TiMe,(DMPE), (B, Figure 1) via the reaction of
Ti(BH,),(DMPE), with MeLi in OEt, at 0 °C.”" In this
work we present the first donor-stabilized TiMe; complex,
utilizing the 1,4,7-trimethyl-1,4,7-triazacyclononane (= aza-
crown = Me;TACN) as a stabilizing neutral platform. The
discrete complex (Me;TACN)TiMe; is shown to engage in a

THF, DMPE (1,2-bis(dimethylphosphino)ethane)) (A, Figure SP‘*Cia_I Issue: .EaﬂY Transition Metals in Organo-
1) by Thiele/Schumann in the 1990s.”” Soon after, Seppelt et metallic Chemistry

al. described the syntheses and isolatiogs of TiMe,(OEt,) as Received: February 4, 2023

well as Ti(IV)—methyl ate complexes.” Growing interest in Published: March 14, 2023

low-valent titanium congeners entailed the first titanium(II)
methyl complex. Girolami and co-workers could obtain dark
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diverse set of reactions including controlled methyl/halogen-
ido exchange, organoaluminum-mediated cationization, and
alcoholysis.

B RESULTS AND DISCUSSION

Synthesis and Characterization of Trialkyl
(Me;TACN)TiMe; and Dialkyl (Me;TACN)TIiCl-
(CH,SiMes),. The azacrown-stabilized halogenide precursor
(Me;TACN)TiCl; can be easily obtained via donor exchange
of the turquoise TiCly(THF); adduct (Scheme 1), according

Scheme 1. Syntheses of Titanium(III) Alkyl Complexes
(Me;TACN)TiMe; (1) and (Me;TACN)TiCl(CH,SiMe;),
(2)"

TiClg(thf)s
MezTACN | . tBuLi or EtLi
;HF in situ ———— instant decomposition
' Et,0, —40 °C
4.5 MeLi

THF, -20°C, 48 h

2-3 LiCH,SiMe;,

THF, —40 °C, 24 h ““CH,SiMe,

Cl
CH,SiMe; 2 (84%)

“Synthesis of (Me;TACN)TiMe, according to ref 11.

to Wieghardt and co-workers.'' Compound (Me; TACN)TiCl,
dissolves in THF, displaying a pale green-turquoise color.
Complete methylation of the in situ generated (Me;TACN)-
TiCl; with MeLi to afford (Me;TACN)TiMe; (1) was
accomplished in THF below —20 °C over a period of 48 h
(Scheme 1). Since commercially available MeLi contains ca.
5—10% LiCl, a slight excess of MeLi was used.'? Performing
the synthesis of 1 at low temperature is crucial for two main
reasons: first and foremost to prevent the transfer of the
azacrown from the titanium center to a lithium center in LiCl
or MeLi and second to prevent the target complex from
decomposition (via displacement of Me;TACN and concom-
itant methane evolution). Once the methyl complex 1 has been
isolated, it is stable at ambient temperature for hours.

To purify the crude product, crystallization from the
concentrated and filtered reaction mixture or extraction of
the reaction residue with toluene at lower temperatures was
required. From the emerald green toluene solution, thin
ultramarine needles of 1 could be obtained while removing the
solvent under reduced pressure. Such needles can be easily
recrystallized from a concentrated THF solution, yielding a
signal blue color. The six-coordinate complex 1 displays Ti—
Cye distances of 2.22(2)—2.26(2) A (Figure 2, left), which
match those detected in Girolami’s divalent six-coordinate
complex TiMe,(DMPE), (B, 2.219(2) A).’

The Ti—Cy, distances in tetravalent six-coordinate
TiMe,(DMPE) (Al),6 five-coordinate TiMe,(THF) (A,_),7
and five-coordinate TiMe,(OEt,) (A;)," range from 2.122(7)
to 2.201(7) A, from 2.094(3) to 2.107(3) A, and from
2.074(34) to 2.100(S) A, respectively. For further comparison,
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Figure 2. Crystal structures of 1 (left) and 2 (right) (ellipsoids set at
50%). All hydrogen atoms have been omitted for clarity. Selected
interatomic distances (A) and angles (°) are as follows: 1, Ti(1)—
C(10) 2.22(2), Ti(1)—C(11) 2.26(2), Ti(1)—C(12) 2.22(2), Ti(1)—
N(1) 2.338(6), Ti(1)-N(2) 2.334(9), Ti(1)-N(3) 2.280(9)
C(12)-Ti(1)-N(1) 91.2(7); 2, Ti(1)—C(10) 2.189(4), Ti(1)—
C(14) 2.180(4), Ti(1)—CI(1) 2.4122(14), Ti(1)—N(1) 2.351(3),
Ti(1)—-N(2) 2.292(3), Ti(1)—N(3) 2.386(3), Ti(1)—C(10)-Si(1)
140.8(2), Ti(1)—C(14)—Si(2) 124.64(18), C(10)—Ti(1)—CI(1)
93.88(12).

the terminal Ti(III)—methyl complexes [PhC-
(NSiMe,),],TiMe (five-coordinate)'® and [ArN(Me)CHC-
(Me)NAr]TiMe, (Ar = C¢H,Me;-2,4,6; four-coordinate)'*
show Ti—C, distances 2.120(5) and 2.123(3)/2.131(3) A,
respectively.

Titanium(III) complex 1 gave a clean '"H NMR spectrum in
THEF-dg, possibly favored by the C; point group symmetry.
Overall, three paramagnetically shifted broadened signals are
detected at 2.62, 13.67, and 16.77 ppm (Figure S1). For
comparison, the ethylene and methyl moieties of the
noncoordinated azacrown appear at 2.63 and 2.29 ppm,
respectively, in THF-dg.

Applying similar reaction conditions (Scheme 1), treatment
of (Me;TACN)TICl; with lithium alkyls containing f-H
hydrogen atoms, like EtLi and tBuLi, resulted in immediate
color change from turquoise to green and eventually black, as
well as heavy gas formation. This suggested hydride formation
and the reduction of the titanium center. In contrast, the
(Me;TACN)TiCl;/LiCH,SiMe; reaction gave the mixed
chlorido/neosilyl complex (Me;TACN)TiCl(CH,SiMe;),
(2) independent of using two equivalents or more of the
lithium salt. The temperature sensitivity of 2 can be explained
by a likely sterically induced reduction of the titanium center.
The crystal structure of 2 exhibits distinct Ti—C—Si angles of
124.64(18) and 140.8(2)° (Figure 2, right). The Ti—C
distances of 2.180(4) and 2.189(4) A are significantly shorter
than those in complex 1, while the Ti—Cl distance of
2.4122(14) A is longer than that in the trichlorido precursor
(2.345(1)—2.356(1) A)."" For further comparison, a four-
coordinate trivalent complex [(C¢H,iPr,-2,6)(iPr;Si)N]TiCl-
(CH,SiMe,)(DMAP) shows Ti—Cl and Ti—C distances of
2.3303(7)/2.3474(9) and 2.126(3)/2.131(2) A, respectively."

Derivatization of (Me;TACN)TiMe; (1). Initial methyl
group displacement was probed with the trimethylsilane
(TMS) derivatives ClSiMe; and TfOSiMe; (OTf
CF,S0;7, triflato). The anticipated tetramethylsilane elimi-
nation took place slowly (over two days) at ambient
temperature but in a very controlled/selective manner.

According to Scheme 2, mixed methyl/(pseudo)halogenido
complexes (Me;TACN)TiMe,Cl (3, violet), (Me;TACN)-
TiMe,(OTf) (4, violet), and (Me;TACN)TiMe(OTf), (5,

https://doi.org/10.1021/acs.organomet.3c00077
Organometallics 2023, 42, 1386—1394
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Scheme 2. Methyl Exchange in 1 via Treatment with
CISiMe; or TfOSiMe; in Benzene, Precipitating Complexes
3,4,and §

CISiMe; 1 2 TfOSiMe;
toluene, rt, 48 h toluene, rt, 1 h
oTf
TfOSiMe; | toluene, rt, 1 h
5 (89%)

Me  4(97%)

green) could be obtained in high yields. Single-crystal X-ray
diffraction (SCXRD) analyses revealed pure compounds
(Figure 3), meaning the absence of crystals of different
colors/habits or any statistically exchanged products in one
crystal (e.g., mixtures of (Me;TACN)TiMe,Cl, (Me;TACN)-
TiMeCl,, and (Me;TACN)TiMe;). The formation of such
mixtures has been observed for related rare-earth-metal
complexes.'® There appears to be a clear trend with the Ti—
C distance, which decreases with the increasing electron-
withdrawing capability of the (pseudo)halogenido ligand (3,
av. 2.197 A; 4, av. 2.182 A; 5, 2.115(6) A). The effect of the
increasing electron-withdrawing character of the coligands in
complexes 1, 3, 4, and § is also reflected in enhanced
paramagnetic shifting of the proton signals of the azacrown
(Figures S3, S4, and S6).

In contrast, the reaction of complex 1 with C,Cly at —40 °C
in THF led to an instant color change of the solution from
signal blue to bright orange. Clearly, this indicated the
oxidation of the Ti(IIl) center and the likely formation of
tetravalent species {(Me;TACN)TiMe;Cl}. Although bright
orange crystals could be grown from a THF solution, no
SCXRD analysis and conclusive analytics were feasible due to
the extreme temperature sensitivity of the compound. If,
however, the bright solution was handled above 0 °C, complex
3 was obtained along with some undefined side products.

As is known, (tri)methyl complexes of the increasingly
electropositive rare-earth metals willingly form tetramethylalu-
minato moieties, [Ln(AlMe,)], when treated with AlMe; in
nondonating solvents.'”~'” Under similar conditions, complex
1 did not engage in such addition reactions and the formation
of a heterobimetallic complex. If, however, the reaction was
conducted in THF, the formation of the solvent-separated ion
pair [(Me;TACN)TiMe,(THF)][AlMe,] (6) prevailed. Re-
gardless of the molar ratio of 1 and AlMe; used in the reaction,
no further Lewis adduct formation or cationization was
observed, affording complex 6 in excellent yields (Scheme 3).

Scheme 3. Derivatization of Complexes (Me;TACN)TiMe,
(1) and (Me;TACN)TiMe,Cl (3) with Methylaluminum
Reagents

+
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Me  [AIMe,
6 (97%)
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The SCXRD analysis of complex 6 revealed a six-
coordinated cationic fragment, with one THF molecule
occupying a former methyl position in precursor 1 and a

Figure 3. Crystal structures of 3 (left), 4 (middle), and S (right) (ellipsoids set at 50%). All hydrogen atoms have been omitted for clarity. Selected

interatomic distances (A) and angles (°) are as follows: 3, Ti(1)—C(10) 2.201(4), Ti(1)—C(11) 2.193(4), Ti(1)—CI(1) 2.4146(13), Ti(1)—N(1)
2.340(3), Ti(1)—N(2) 2.339(4), Ti(1)—N(3) 2.293(3), C(10)—Ti(1)—N(1) 164.73(16), C(10)—Ti(1)—CI(1) 94.81(12), N(3)-Ti(1)—CI(1)
166.40(8), N(2)—Ti(1)—CI(1) 92.73(9); 4, Ti(1)—C(10) 2.192(2), Ti(1)—C(11) 2.172(2), Ti(1)—O(1) 2.1062(17), Ti(1)—N(3) 2.2485(19),
Ti(1)—N(1) 2.3167(18), Ti(1)—N(2) 2.3174(18), S(1)—O(1)—Ti(1)134.78(11), O(1)—Ti(1)—C(10) 94.12(8), C(10)—Ti(1)—N(3) 97.11(8),
O(1)-Ti(1)—N(1) 89.90(7), Ti(1)—0(1)—S(1) 134.78(11); S, Ti(1)—C(10) 2.115(6), Ti(1)—N(1) 2.290(5), Ti(1)—N(2)- 2.231(4), Ti(1)—
N(3) 2.233(4), Ti(1)—0(1) 2.10(3), Ti(1)—0(4) 2.051(4), C(7)-N(1)-Ti(1) 112.1(3), O(1)-Ti(1)—N(2) 160.8(19), C(10)—Ti(1)—N(2)
95.1(2), Ti(1)—0(1)=S(1) 156(4), Ti(1)—O0(4)—S(2) 144.4(2).
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Figure 4. Crystal structures of 6 (left), 7 (middle), and 8 (right). The noncoordinated AlMe, anions and all hydrogen atoms (except HI—HS of 8)
have been omitted for clarity (ellipsoids set at 50%). Selected interatomic distances (A) and angles (°) are as follows: 6, Ti(1)—C(10) 2.1640(15),
Ti(1)—C(11) 2.1639(15), Ti(1)—N(1) 2.3216(11), Ti(1)-N(2) 2.3483(12), Ti(1)—N(3) 2.2534(13), Ti(1)—O(1) 2.1401(11), C(9)-N(1)—
Ti(1) 110.16(9), O(1)-Ti(1)—C(11) 88.58(5), O(1)-Ti(1)—C(10) 87.25(6), O(1)-Ti(1)—N(1) 100.01(4), C(11)—Ti(1)—N(1)162.83(6);
7, Ti(1)—C(10) 2.179(4), Ti(1)—C(11) 2.162(3), Ti(1)—Cl(1) 2.4490(6), Ti(2)—C(21) 2.160(3), Ti(2)—C(22) 2.168(4), Ti(2)—Cl(2)
2.3860(5), Ti(1)—N(1) 2.261(3), Ti(1)-N(2) 2.304(7), Ti(1)—N(3) 2.311(6), Ti(2)—N(4) 2.339(2), Ti(2)—-N(5) 2.365(13), Ti(2)—N(6)
2.213(10); 8, Ti(1)—N(1) 2.298(10), Ti(1)—N(2) 2.324(4), Ti(1)—-N(3) 2.326(11), Ti(2)—-N(4) 2.319(4), Ti(2)—N(5) 2.331(10), Ti(2)—
N(6) 2.298(9), Ti(1)—Ti(2) 2.8564(12), Ti(1)—H(S) 1.77(7), Ti(2)—H(S5) 1.89(7), Ti(1)—H(2) 1.53(7), Ti(1)—H(3) 1.85(7), Ti(2)—H(1)
1.81(8), Ti(2)—H(4) 1.92(9), Ti(1)---Al(1) 3.024(4), Ti(2)---Al(1) 3.034(4), Ti(1)---Al(2) 3.017(4), Ti(1)—H(S)-Ti(2) 102(3), H(2)—

Ti(1)—H(3) 116(3), H(1)—Ti(2)—H(4) 116(2).

separated tetramethylaluminato anion (Figure 4). The
cationized titanium center in 6 exhibits an average Ti—Cy
distance of 2.164 A, which is significantly shorter than that in 1
but similar to those detected in the triflate complexes 4 and S.
For further comparison, the cationized imide complex
[(Me; TACN) Ti{=N(tBu)}{(u-Me),AlMe,) }][B(C¢Fs),] re-
ported by Mountford and co-workers features a coordinated
tetramethylaluminato ligand.”® In another effort to access such
a Ti-AlMe, coordination motif, we reacted the preisolated
mixed methyl/chloride complex 3 with one equivalent of
LiAlMe, according to a salt metathesis. Here, instead of
putative {(Me;TACN)TiMe,(AlMe,)} or 6, the ion-separated
chlorido-bridged complex [{(Me;TACN)TiMe,},(u-Cl)]-
[AlMe,] (7) was formed with one AlMe, moiety as the
counteranion (Scheme 3, Figure 4).

Apparently, complex (Me;TACN)TiMe,Cl seems to be a
better donor (via the chlorido ligand) than THF to the
transiently formed cationic fragment [(Me;TACN)TiMe,]".
The SCXRD analysis of 7 shows Ti—C,, distances of 2.162(3)
and 2.179(4) A, comparable to those in complex 6. The Ti—Cl
distance of 2.4490(6) A in 7 is markedly longer than the Ti—
('uzi?l) distance in [(C¢Mes)Ti(p,-Cl)15(u5-Cl) (av. 2.383
A),

Having in mind the preferred heteroaluminato formation
when treating rare-earth-metal methyl complexes with
HAIMe,,””** we probed the reaction of 1 with dimethylalane.
To our surprise, independent of the amount of HAIMe,
employed, compound 1 was converted into formally divalent
complex [{(Me;TACN)Ti},{(u-H),AlMe, },(u-H)][AlMe, ]
(8) (Scheme 3). Monitoring the reaction in a J. Young valve
NMR tube indicated the formation of methane as the only
coproduct. Since 8 precipitates from the reaction mixture as a
purple solid, its synthesis is easily reproducible. Powdery 8 is
almost insoluble in THF and can be washed with but not
recrystallized from THF. The analytics were therefore mainly
limited to SCXRD (Figure 4) and FTIR spectroscopy. Similar
hydrido bonding motifs have been already detected in low-
valent organotitanium chemistry.”*">° For example, Tebbe’s
trivalent complex [(CsH;)Til,[(#-H),AlEt,](u-H)(C,oHs)
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was obtained by the reaction of “titanocene” [(CsH;)(CsH,)-
TiH], with AlEt;.”” While titanium(TII) hydrides** " and in
particular hydrido-bridged TiAl heterobimetallic complexes
have been extensively studied,”*>**'™* there are only a
couple of well-defined molecular titanium(II) hydrides. Half-
sandwich complexes (C;H;)TiH(CO),(DMPE) and (CHy)-
TiH(DMPE), have been structurally authenticated.’®*” More
recently, complexes {(CsMe;)Ti(u-H)},{(4-H),AIX(Do)},
(Do = THF, X = Cl, Br; Do = OEt,, X = Cl) were obtained
by the reaction of (CsMe;)TiX; with LiAlH, and the
formation of dihydrogen.38 For further comparison, the
bridging [(#-H),AlMe,] moiety was also detected in
magnesium(II) complex [(MTBE)ZMg{(ﬂ—H)AlMe3}{(ﬂ—
H),AlMe,}], (MTBE = methyl tert-butyl ether), resulting
from the reaction of [MgMe,], with HAIMe,.*

Finally, we probed the coordination capability of the
azacrown donor in complex 1 in the presence of alcohols as
protic substrates. We selected the small alcohols methanol and
ethanol because of their pronounced tendency to act as
bridging ligands.""~*® Accordingly, 1 was treated with three
equivalents of methanol in diethyl ether or ethanol in n-hexane,
affording complexes (Me;TACN)Ti(OMe); (9a) and
(Me,TACN)Ti(OEt); (9b) in good yields, with methane as
the only diamagnetic coproduct (Scheme 4). The formation of
monometallic species was proven by SCXRD analysis,

Scheme 4. Alkoholysis of (Me;TACN)TiMe; and
(Me;TACN)ScMe; with Methanol and Ethanol

/
™
e ™~ ROH

“\e OEt, or n-hexane
Me —40°Ctort
Me — CHy4
M=Ti, Sc 9a (M = Ti, R = Me)

9b (M =Ti, R = Et)
10 (M = Sc, R = Me)
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revealing molecular geometries isostructural to 1 (Figures S
and S17). Overall, the Me/OR exchange affects the Ti—N

c2

o1 55 P ‘
ey

07@ N1

Figure S. Crystal structures of 9a (left) and 10 (right) (ellipsoids set
at 50%). All hydrogen atoms have been omitted for clarity. Selected
interatomic distances (A) and angles (°) are as follows: 9a, Ti(1)—
N(1) 2.311(4), Ti(1)-N(2) 2.334(4), Ti(1)-N(3) 2.309(4),
Ti(1)—0(1) 1.87(2), Ti(1)—0(2) 1.97(2), Ti(1)—0(3) 1.95(2),
N(1)—C(7) 1.48(2), N(1)—C(1) 1.495(12), C(1)—C(2) 1.52(2),
C(10)-0(1) 1.43(3), Ti(1)—0(1)—C10 134.7(19), C(7)—-N(1)-
Ti(1) 109.8(13), O(1)—Ti(1)-N(1) 162.1(6); 10, Sc(1)-N(1)
2.4296(15), Sc(1)-N(2) 2.4201(16), Sc(1)—N(3) 2.4204(16),
Sc(1)—0(1) 1.9332(13), Sc(1)—0(2) 1.9466(14), Sc(1)—0(3)
1.9459(14), C(7)—N(1)=Sc(1) 108.1(6), C(10)—0O(1)—Sc(1)
172.67(13), O(1)=Sc(1)—N(1) 156.32(5).

distances only marginally. The Ti—O distances in six-
coordinate 9a and 9b are very similar (av. 1.92 A versus av.
1.901 A, respectively) and as expected shorter than the
bridging ones in titanocene(III) [(CsHs),Ti(OR)], (R = Me,
2.065(2) A; R = Et, 2.076(3) A)."° The terminal Ti—
O(methoxy) distances in five-coordinate tetravalent LTi-
(OMe) (H5L tris(2-hydroxy-3,5-di-tert-butylbenzyl)-
amine)*’ and mixed-valence [{(CsH;),Ti(OMe)},(Ti-
(OMe),] amount to 1.7880(13) and 1.842(2)/1.833(2) A,
respectively.

Since (donor-stabilized) monomeric alkoxides derived from
such small alcohols are also not known for scandium(III), we
examined the analogous reaction of (Me; TACN)ScMe;'” with
methanol. Performing the alcoholysis in diethyl ether at low
temperature afforded discrete complex (Me;TACN)Sc(OMe),
(10, Scheme 4), as revealed by SCXRD analysis (Figure 5). So
far monomeric tri(alkoxy) complexes of the trivalent rare-earth
metals have been obtained only for bulky ligands*****’ such as
tri-tert-butylmethoxy (= tritox)**™>* and di-tert-butylmethoxy
(= ditox),”® as well as fluorinated®* and donor-functionalized
variants.>”

Comparing the structures of (Me;TACN)Ti(OMe); and
(Me,;TACN)Sc(OMe)s, it is obvious that the angles involving
the methoxy ligands differ greatly (Figure S). While the Sc—
O—C angles range between 164.16 and 172.67°, the
corresponding Ti—O—C angles are considerably bent
(122.2—134.7°). In accordance with the increased ionic radius
of scandium(III), the Sc—O distances of 1.9332(13) to
1.9467(14) A are considerably longer than the respective
Ti—O distances in complexes 9 and those in homoleptic three-
coordinate aryloxide Sc(OC4H;tBu,-2,6-Me-4); (1.854(5),
1.865(5), and 1.889(5) A).>° Monomeric adducts similar to
10 were also described independently by Mountford and Stella
for aryloxides (Tpm*)Ln(OC4H;Me-2,6); (Ln = Sc, Nd;
Tpm* = tris(3,5—dimethy1?7yrazol)methane; Sc—N, 2.3543(19)
A; Sc—0, 1.9615(16) A).””*® Complex 10 is a rare example of
a terminal rare-earth-metal methoxide.”” Bridging methoxy
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ligands were detected in the dimeric complex [(phen)-
(NO,),Sc(u-OMe)], (Sc—O(methoxy), 2.0538(16) and
2.1001(15 A).°° The enhanced steric unsaturation of the
scandium center is reflected in the lower stability of complex
10. While the titanjum methoxide 9a is stable at ambient
temperatures and can be stored easily, the scandium congener
10 decomposes at temperatures above 0 °C. As revealed by 'H
NMR spectroscopy, this decomposition occurs via Me;TACN
donor separation and the precipitation of a colorless
compound (possibly polymeric [Sc(OMe),],). Overall, the
distinct stability of complexes (Me;TACN)M(OMe); (M =
Ti, Sc) might not only result from the different metal size but
also reflect the changed convalency/ionicity of the metal-ligand
bonding. The *Sc NMR spectrum of complex 10 revealed a
signal at 140.6 ppm, consistent with the expected high-field
shift and a pronounced shielding effect of electron-withdrawing
ligands ((Me;TACN)ScMey: 6 = 624.6 ppm).'” The *Sc
chemical shift of 10 is comparable to that of ScCl;(THF), at
approximately 200 ppm.”' ™

B CONCLUSION

Neutral azacrown Me;TACN provides a stabilizing ligand for
organotitanium(I1I) complexes, as already previously revealed
for highly reactive trimethylscandium'® and methyllithium."*
Discrete trivalent complex (Me;TACN)TiMe, bridges the gap
between tetravalent TiMe,(Do) (Do = THF, OEt,, DMPE)
and divalent TiMe,(DMPE),. The strong coordinative
bonding of the azacrown to the titanium(IIl) center is clearly
evidenced by (a) additional salt metathesis, (b) Me/Cl and
Me/triflato exchange, (c) Lewis acid-induced cationization,
(d) hydride-promoted reduction, and (e) alcoholysis reactions.
Reaction products include mixed-ligand complexes
(Me,TACN)TiCl(CH,SiMe;),, (Me;TACN)TiMe,Cl,
(Me,TACN)TiMe(OTf),, [(Me,;TACN)TiMe,(THF)]-
[AlMe,], and [{(Me;TACN)Ti},{(u-H),AlMe,},(u-H)]-
[AlMe,] and discrete alkoxides (Me,;TACN)Ti(OR); (R =
Me, Et). The isolation of such monomeric alkoxides
encourages the synthesis and isolation of unprecedented low-
molecular rare-earth-metal alkoxides, as revealed by the
terminal scandium(III) methoxide (Me;TACN)Sc(OMe)s;.

B EXPERIMENTAL SECTION

General Considerations. All manipulations were performed
under rigorous exclusion of air and moisture using standard Schlenk,
high-vacuum, and glovebox techniques (MBraun UNIlabpro ECO;
<0.5 ppm O,, <0.5 ppm H,0, argon atmosphere). n-Hexane, toluene,
THF, and Et,O were purified using Grubbs-type columns (MBraun
SPS, solvent purification system), and THF was further dried over
molecular sieves (3 A). C¢Dg (99.6%, Sigma-Aldrich), toluene-dg
(99.6%, Sigma-Aldrich), and THF-dg (99.6%, Sigma-Aldrich) were
dried by letting the solvents stand over molecular sieves (3 A) for at
least 24 h and subsequent filtration. All solvents were stored inside a
glovebox. MeLi, EtLi, tBuLi, AlMe;, C,Cl;, methanol, ethanol],
ClISiMe;, TfOSiMe;, and TiCl, were purchased from Sigma-Aldrich.
ScCly and 1,4,7-trimethyl-1,4,7-triazacyclononane (= Me;TACN)
were purchased from ABCR. A (trimethylsilyl)methyl lithium solution
(0.7 M or 10 wt % in n-hexane) was also purchased from ABCR. The
solution was filtered, the solvent was removed from the filtrate in
vacuo, and LiCH,SiMe; was recrystallized from n-hexane prior to use.
TiCL,(THF),,** (Me,TACN)TiClL,'"' (Me;TACN)ScMe,,'® and
HAIMe, (ref 65) were prepared according to literature procedures.
NMR spectra of air- and moisture-sensitive compounds were recorded
by using J. Young valve NMR tubes at ambient temperature on either
a Bruker AVII+400 (*H, 3C, F, and *Sc) or a Bruker AVII+500
(VT) system. NMR chemical shifts are referenced to internal solvent
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resonances and reported in parts per million relative to
tetramethylsilane (TMS), CFCl;, and Sc(NO;);. Coupling constants
are given in Hertz. IR spectra were recorded on a Nicolet 6700 FTIR
spectrometer with a DRIFT cell (KBr window), and the samples were
prepared in a glovebox and mixed with KBr powder. UV—vis
measurements were carried out in THF on a PG Instruments T60
UV—vis spectrophotometer. EPR spectra were measured on a
continuous-wave X-band Bruker ESP 300E using S mm O.D. Wilmad
quartz (CFQ) EPR tubes. Spectra are referenced to the Bruker strong
pitched standard g, = 2.0088. Elemental analyses were performed on
an Elemental Vario Micro Cube.

(MesTACN)TiMe; (1). TiCly(THF); (2.0 g 5.397 mmol) was
dissolved in 50 mL of THF. To the solution 1 equiv of Me;TACN
(928.32 mg, 5.397 mmol) was added, and the mixture was stirred for
1 h at ambient temperature. The mixture was cooled to —20°, 4.5
equiv of MeLi (533.87 mg, 24.29 mmol), cooled to —40 °C, were
added, and the mixture kept stirring for 36 h at —40 °C, turning dark
blue/green. After another 12 h of stirring at —20 °C, the mixture
turned deep blue. The slurry was centrifuged and filtered, and the
filtrate was concentrated. Compound 1 was extracted with cold
toluene. The extraction with cold toluene was crucial for the
separation of the remaining MeLi and LiCl from compound 1.
Crystallization was achieved from THF at —40 °C, yielding 72% of
deep blue 1 (dec 67—70 °C). 'H NMR (500 MHz, THF-dg, —40 °C):
§16.77 (s, br, 9H), 13.67 (s, br, 6H), 2.62 (s, br, 6H) ppm. IR (KBr):
v = 2999 (w), 2969 (m), 2891 (vs), 1494 (m), 1459 (s), 1362 (w),
1296 (w), 1152 (w), 1115 (w), 1063 (m), 1009 (s), 892 (w), 777
(w), 745 (w), 521 (s), 505 (m), 486 (w), 465 (m) cm™". Elemental
analysis (%) calculated for C,,H;(N;Ti (264.26 g/mol): C 54.54, H
11.44, N 15.90; found C 54.87, H 11.04, N 15.29. Although the
results are still outside the range viewed as establishing analytical
purity (N —0.61%), they are provided to illustrate the best values
obtained to date.

(MesTACN)TICI(CH,SiMe3), (2). TiCl,(THF); (300 mg, 0.809
mmol) was dissolved in 10 mL of THF, to the solution was added
1 equiv of Me; TACN (138.66 mg, 0.809 mmol), and the mixture was
stirred for 1 h at ambient temperature. The mixture was cooled to
—40 °C, 2 equiv of LiCH,SiMe; (152.45 mg, 1.619 mmol), cooled to
—40 °C, were added, and the mixture was further stirred for 18 h at
—40 °C. While stirring, the previous turquoise suspension turned sky
blue. The slurry was centrifuged, filtered, and concentrated. The
product was extracted with cold toluene. Crystallization of blue 2 was
achieved from Et,0/toluene at —40 °C (84% yield). '"H NMR (500
MHz, THF-dg, —40 °C): § 16.18 (s, 3H), 9.60 (s, 2H), 5.98 (s, 4H),
4.96 (s, 6H), 2.42 (s, 3H), 1.96 (s, 3H), 0.61 (s, 2H), —0.50 (s, 18H)
ppm. Elemental analysis (%) calculated from C,,H,;CIN;Si,Ti
(429.04 g/mol): C 47.59, H 10.10, N 9.79; found C 47.88, H
10.56, N 10.02. Although the results are still outside the range viewed
as establishing analytical purity (H +0.46%), they are provided to
illustrate the best values obtained to date.

(MesTACN)TiMe,Cl (3). Compound 1 (200 mg, 0.756 mmol) was
dissolved in S mL of toluene, and to the solution was added 1 equiv of
Me;SiCl (82.22 mg, 0.756 mmol). The mixture was stirred at ambient
temperature for 48 h, producing a violet precipitate that was separated
and washed with toluene. Violet product 3 crystallized from THF at
—40 °C in a 92% yield. '"H NMR (500 MHz, THF-dg, —40 °C): §
27.86 (s, 3H), 12.40 (s, 3H), 7.14 (s, 3H), 5.63 (s, 3H), 4.17 (s, 3H),
2.67 (s, 3H), 1.57 (s, 3H) ppm. IR (KBr): v = 2969 (m), 2893 (s),
1499 (w), 1460 (s), 1362 (vw), 1297 (w), 1153 (w), 1118 (w), 1062
(m), 1005 (vs), 989 (w), 892 (w), 781(m), 746 (w), 582 (vw) cm™.
Elemental analysis (%) calculated for C,;H,,CIN;Ti (284.68 g/mol):
C 46.41, H 9.56, N 14.76; found C 46.82, H 9.83, N 14.87. Although
the results are still outside the range viewed as establishing analytical
purity (C +0.51%), they are provided to illustrate the best values
obtained to date

(Me;TACN)TiMe,(OTf) (4). Compound 1 (50 mg, 0.189 mmol) was
dissolved in S mL of toluene, and to the solution was added 1 equiv of
Me,SiOTf (42.05 mg, 0.189 mmol). The mixture was stirred at
ambient temperature for 1 h, generating a violet precipitate that was
separated and washed with toluene. Violet product 4 crystallized from
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THF at —40 °C in a 97% yield. "H NMR (500 MHz, THF-dg, —40
°C): 8 35.74 (s, 3H), 10.59 (s, 3H), 7.37 (s, 3H), 5.49 (s, 3H), 4.04
(s, 3H), 3.09 (s, 3H), 1.44 (s, 3H) ppm. ’F NMR (470.47 MHz,
THF-dg, —40 °C): § —56.7 (s, 3F). IR (KBr): v = 2979 (vw), 2906
(w), 1497 (vw), 1465 (w), 1364 (vw), 1321 (s), 1297 (vw), 1237
(m), 1211 (m), 1170 (w), 1126 (vw), 1059 (w), 1026 (m), 1004
(m), 988 (w), 891 (vw), 781 (vw), 761(vw), 745 (vw), 634 (vs), 589
(vw) cm™. Elemental analysis (%) calculated for C;,H,,SF;O;N;Ti
(398.29 g/mol): C 36.19, H 6.83, N 10.55, S 8.11; found C 35.68, H
5.84, N 10.11, S 8.10. Although the results are still outside the range
viewed as establishing analytical purity (C +0.49%, H —0.99%), they
are provided to illustrate the best values obtained to date.

(MesTACN)TiMe(OTf), (5). Compound 1 (50 mg, 0.189 mmol) was
dissolved in S mL of toluene, and to the solution were added 2 equiv
of Me;SiOTf (82.22 mg, 0.378 mmol). The mixture was stirred at
ambient temperature for 1 h, producing a greenish precipitate that
was separated and washed with toluene. Green product § crystallized
from THF at —40 °C in an 89% yield. '"H NMR (500 MHz, THF-dy,
—40 °C): 6 35.74 (s, 3H), 10.59 (s, 3H), 7.37 (s, 3H), 5.49 (s, 3H),
4.04 (s, 3H), 3.09 (s, 3H), 1.44 (s, 3H) ppm. ’F NMR (470.47 MHz,
THF-ds, —40 °C): § —64.31 (s, 6F). IR (KBr): v = 2921 (w), 1498
(vw), 1467 (m), 1334 (vs), 1295 (m), 1237 (s), 1200 (vs), 1057 (m),
1013 (s), 892 (w), 784 (w), 763 (vw), 744 (w), 635 (s), 591 (w), 511
(w), 460 (w) cm™'. Elemental analysis (%) calculated for
C1,H,,SFGOGN,Ti (53232 g/mol): C 27.08, H 4.54, N 7.89 S
12.05; found C 27.70, H 4.17, N 7.95, S 11.78. Although the results
are still outside the range viewed as establishing analytical purity (C
+0.62%), they are provided to illustrate the best values obtained to
date.

[(MesTACN)TiMe,(THF)][AIMe,] (6). Compound 1 (200 mg, 0.756
mmol) was dissolved in 10 mL of THF and cooled to —40 °C. Then,
1 equiv of AlMe; (54.56 mg, 0.756 mmol) was dissolved in precooled
THF and added to the solution. The mixture was stirred for 12 h at
—40 °C, forming a violet precipitate that was separated and washed
with toluene. Violet product 6 crystallized from THF at —40 °C in a
97% yield. '"H NMR (500 MHz, THF-dg, —20 °C): § 14.30 (s, 9H),
12.16 (s, 6H), 6.16 (s, br, 3H), 2.72 (s, 6H), —0.96 (s, 10H, AlMe,),
—1.30 (s, br, 6H) ppm. IR (KBr): v = 2972 (vw), 2923 (w), 2907
(m), 2892 (m), 2800 (w), 1491 (vw), 1464 (w), 1364 (vw), 1296
(vw), 1148 (w), 1071 (w), 1062 (w), 1001 (m), 920 (w), 888 (w),
857 (w), 848 (w), 755 (w), 743 (m), 719 (s), 710 (s), 704 (m), 694
(m), 682 (m), 661 (w), 597 (vw), 573 (w), 561 (vs), 547 (s), 507
(m) cm™. Elemental analysis (%) calculated for C,oH,,AlO;N;Ti
(408.45 g/mol): C 55.87, H 11.60, N 10.29; found C 55.93, H 11.82,
N 10.22.

[{(MesTACN)TiMe},(u-Cl)j[AIMe,] (7). Compound 3 (150 mg,
0.527 mmol) was dissolved in 10 mL of THF and cooled to —40 °C.
Then, 1 equiv of LiAlMe, (49.67 mg, 0.527 mmol) was added to the
solution, and the mixture was stirred for 12 h at —40 °C. The formed
violet precipitate was separated and washed with toluene. Violet
product 7 crystallized from THF at —40 °C in a 42% yield. Elemental
analysis (%) calculated for C,sHgAICINGTi, (605.99 g/mol): C
49.55, H 10.48, N 13.87; found C 50.03, H 10.99, N 14.25. Although
the results are still outside the range viewed as establishing analytical
purity (C +0.48%, H +0.51%), they are provided to illustrate the best
values obtained to date.

[{(MesTACN)Ti},{(u-H) ,AlMe},(u-H)i[AIMe,] (8). Compound 1
(200 mg, 0.756 mmol) was dissolved in 10 mL of THF, and to the
solution were added 2.5 equiv of HAIMe, (131.63 mg, 2.270 mmol),
instantly turning the deep blue solution into a dark violet suspension.
The mixture was stirred for 12 h at —40 °C, generating a dark violet
precipitate that was separated and washed with THF. Brown-violet
product 8 crystallized from unstirred, diluted reaction mixture (THF)
at —40 °C in an 82% yield. Due to the extreme temperature sensitivity
and the almost insoluble nature of the compound, only SCXRD and
FTIR analysis were performed. IR (KBr): v = 2998 (w), 2973 (w),
2904 (vs), 2826 (m), 2801 (m), 2722 (vw), 1624 (w), 1493 (w),
1463 (m), 1425 (w), 1364 (w), 1298 (w), 1150 (m), 1004 (s), 983
(w), 886 (w) 773 (m), 695 (s), 548 (m), 439 (vw) cm™.
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(MesTACN)Ti(OMe); (9a). Compound 1 (200 mg, 0.756 mmol)
was dissolved in 5 mL of Et,O. The solution was cooled to —40 °C,
and 3 equiv of MeOH (72.74 mg, 2.270 mmol) were added. The deep
blue suspension turned pale green under strong methane evolution.
The mixture was stirred for 30 min to ambient temperature. Pale
green product 9a crystallized from Et,O at —40 °C in a 96% yield
(dec 113—115 °C). 'H NMR (500 MHz, tol-dg, —40 °C): & 19.35 (s,
9H, NCH;), 1.28 (s, 6H, —(CH,),—), —0.17 (s, 6H, —(CH,),~),
—13.31 (s, 9H, TiOCH,) ppm. IR (KBr): v = 2891 (w), 2763 (w),
1453 (w), 1296 (vw), 1152 (w), 1119 (m), 1091 (m), 1011 (m), 987
(w), 892 (vw), 772 (w), 745 (w), 574 (m), 458 (vs), 447 (vs), 437
(s) cm™'. Elemental analysis (%) calculated for C;,H;,O;N;Ti
(312.26 g/mol): C 46.16, H 9.68, N 13.21; found C 45.50, H 9.47, N
13.21. Although the results are still outside the range viewed as
establishing analytical purity (C —0.66%), they are provided to
illustrate the best values obtained to date.

(Me;TACN)TI(OEt); (9b). Compound 1 (200 mg, 0.756 mmol) was
dissolved in S mL of n-hexane. The solution was cooled to —40 °C,
and 3 equiv of EtOH (104.60 mg, 2.270 mmol) were added. The
deep blue suspension turned deep green under strong methane
evolution. The mixture was stirred for 30 min to ambient temperature.
The deep green product 9b crystallized from n-hexane at —40 °C in a
96% vyield. '"H NMR (500 MHz, tol-dg, —40 °C): § 19.00 (s, 9H,
NCH,), 1.35 (s, 9H, OCH,CH;), 0.94 (s, 6H, —(CH,),~), —0.31 (s,
6H, —(CH,),—), —14.06 (s, 9H, TiOCH,CH,) ppm. IR (KBr): v =
2955 (m), 2915 (m), 2850 (m), 2811 (m), 2672 (vw), 1490 (vw),
1455 (w), 1363 (m), 1297 (w), 1212 (vw), 1113 (s), 1084 (vs), 1063
(vs), 1013 (m), 988 (w), 893 (m), 772 (w), 745 (w), 575 (s), 544
(s), 519 (s), 510 (s), 448 (w), 428 (m), 420 (m), 412 (m) cm™.
Elemental analysis (%) calculated for C;sH;cO;N;Ti (354.34 g/mol):
C 50.85, H 1024, N 11.86; found C 50.72, H 11.32, N 10.53.
Although the results are still outside the range viewed as establishing
analytical purity (H +1.08%, N —1.33%), they are provided to
illustrate the best values obtained to date.

(MesTACN)Sc(OMe); (10). (Me;TACN)ScMe; (200 mg, 0.76S
mmol) was dissolved in S mL of Et,0. The solution was cooled to
—40 °C, and 3 equiv of MeOH (73.56 mg, 2.296 mmol) were added.
The mixture was stirred for 30 min below 0 °C, yielding strong
methane evolution. Pale white product 10 crystallized from Et,O at
—40 °C in a 72% yield. "H NMR (500 MHz, C(Dy, 26 °C): 6 4.39 (s,
9H, NCH,), 2.53 (s, 9H, Sc(OCHs;)5), 2.35 (s, 6H, —(CH,),—), 1.68
(s, 6H, —(CH,),—) ppm. *C NMR, (126 MHz, tol-dg, 26 °C): § 57.2
(s, 6C, —(CH,),—), 54.2 (s, 3H, Sc(OCH,;)5), 48.1 (s, 3C, — NCH,)
ppm. ¥Sc NMR, (122 MHzg, tol-dg, —40 °C): 5 140.6 ppm. IR (KBr):
v =2997 (vw), 2971 (w), 2899 (m), 2813 (m), 2755 (m), 1494 (vw),
1460 (w), 1365 (w), 1299 (w), 1186 (m), 1133 (m), 1086 (m), 1066
(m), 1016 (m), 990 (m), 895 (w), 782 (w), 746 (w), 577 (m), 476
(s), 465 (vs), 453 (v), 443 (m), 431 (m) cm™". Elemental analysis
(%) calculated for C;,H;,0;N3Sc (309.35 g/mol): C 46.59, H 9.78,
N 13.58; found C 46.44, H 10.00, N 13.22.

X-ray Crystallography and Crystal Structure Determina-
tions. Crystals of 1-10 were grown by standard techniques using
saturated solutions of THF, Et,O, toluene, or n-hexane. Suitable
crystals for X-ray structure analyses were selected in a glovebox,
coated with Parabar 10312 (previously known as Paratone N,
Hampton Research) and fixed on a nylon/loop glass fiber. All
procedures have been carried out under low-temperature conditions.
X-ray data for all compounds were collected on a Bruker APEX III
DUO instrument equipped with an IyS microfocus sealed tube and
QUAZAR optics for MoK, (4 = 0.71073 A) and CuK,, (1 = 1.54184
A) radiation. The data collection strategy was determined using
COSMO® employin§ w-scans. Raw data were processed using
APEX®” and SAINT,” and corrections for absorption effects were
applied using SADABS.” The structures were solved by direct
methods and refined against all data by full-matrix least-squares
methods on F? using SHELXTL’® and SHELXLE.”' Disorder models
are calculated using DSR,* a program included in SHELXLE, to
refine disorder. All graphics were produced employing CCDC
Mercury 3.10.1.7° Further details regarding the refinement and
crystallographic data are listed in Tables S1 and S2 as well as in the
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CIF files. CDCC depositions 2232030—2232040 contain all the
supplementary crystallographic data for this paper. These data can be
obtained free of charge from the Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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NMR Spectra
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Figure S1. "H-NMR spectrum (500 MHz) of 1 in THF-dg at —40 °C. The solvent residual

signal is marked with an asterisk.
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Figure S2. "H-NMR spectrum (500 MHz) of 2 in THF-dg at —40 °C. The solvent residual

signal is marked with an asterisk, n-hexane with #.
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Figure S3. "H-NMR spectrum (500 MHz) of 3 in THF-dg at 26 °C. The solvent residual
signal is marked with an asterisk, n-hexane with #.
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Figure S4. "H-NMR spectrum (500 MHz) of 4 in THF-dg at 26 °C. The solvent residual
signal is marked with an asterisk, free azacrown and toluene with #.
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Figure S5. "°F-NMR spectrum (470.47 MHz) of 4 in THF-dg at 26 °C. The signal at -
64.31 ppm belongs to the doubly methyl exchanged species 5.

35.33

>}\

—16.32
—11.67
——10.68
—ap9
251
199

—-0.61
-3.51

/N N\ *
o 0O o) 9
AV ~d 4

J

#
— D PR Wy WL le\_.,r\_.»’\_
g Bl 5 s 8

T T
35 30 25 20 15 10 5 0 ppm

")
-]

o
S ]
o o

Figure S6. "H-NMR spectrum (500 MHz) of 5 in THF-dg at 26 °C. The solvent residual
signal is marked with an asterisk, free aza-crown with #.
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Figure S7. "®F-NMR spectrum (470.47 MHz) of 5 in THF-dg at 26 °C.
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Figure S9. "H-NMR spectrum (500 MHz) of 9a in tol-ds at 26 °C. The solvent residual
signal is marked with an asterisk free azacrown and unknown impurities with #.
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Figure $10. "H-NMR spectrum (500 MHz) of 9b in CsDs at 26 °C. The solvent residual
signal is marked with an asterisk free azacrown and TMS with #.
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Figure S11. "H-NMR spectrum (500 MHz) of 10 in tol-ds at —40 °C. The solvent residual
signal is marked with an asterisk, free azacrown with and impurities with #.
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Figure S$12. '3C-NMR spectrum (125.72 MHz) of 10 in tol-ds at —40 °C.

S8



|
oo Ak g

T T T
400 350 300 250

Figure S13. °Sc-NMR spectrum (121.45 MHz) of 10 in tol-ds at —40 °C.

S9



EPR Spectra

20 120 220 320 420 520
Magnetic Field [mT]

Figure S14. X-band cw-EPR spectrum of crystalline [1,4,7-Mes-TACNTiMe3] (1) in THF,
4K;g=1.993, W=1.35mT.
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Figure S15. X-band cw-EPR spectrum of crystalline [{(Me3sTACN)Ti}x{(u-H)2AIMe2}>(u-
H)I[AIMe4] (8) in THF, 4 K; g = 1.993, W = 1.35 mT.
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UV-VIS Spectra
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Figure S$16. UV/Vis spectra of 1 (blue) and 9 (yellow) in THF at ambient temperature.
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X-Ray Crystallography

Table S1. Crystallographic data for compounds 1-5

1 2 3 4 5
CCDC 2232036 2232031 2232030 2232035 2232033
formula C12H30N3Ti C17H43CINsSI Ti C11H27CIN3Ti C12H27F3N303STi- | C12H24F6N3O6STi

% CyHg

M; [g mol ] 264.26 429.07 284.7 444.39 532.36
color violet/block blue/block violet/needle violet/block green/block
crystal 0.161x0.148 x | 0.198 x 0.134 x 0.324 x 0.088 x 0.324 x 0.258 x 0.482 x 0.216 x
dimensions 0.120 0.098 0.074 0.245 0.159
[mm]

crystal system
space group
a[A]

b [A]

c [A]

al’]

Bl

v [°]

VA

YA

T[K]

Pealcd [8- MOI7]
p [mm™]

F (000)

0 range [°]
unique reflns
observed reflns
R1[b] /sz[C] (1>
20)

Ri/wR; (all
data)

GOF®!

orthorhombic
Pna2;
14.924(2)
7.6958(12)
13.147(2)

90

90

90

1510.0(4)

4

100/(2)

1.163

0.550

580
2.730/30.093
4394

19230
0.0875/0.2038

0.1210/ 0.2282

1.047

monoclinic
C2/c

35.52(4)
9.750(6)
14.920(8)

90
106.167(1)
90

4964(7)

8

100(2)

1.148

0.554

1864
1.194/26.376
5084

25056
0.0556/0.1191

0.1068/0.1418

1.023

monoclinic

P 2i/c
12.975(3)
7.5298(19)
14.997(4)

90

90.012(5)

90

1465.2(6)

4

100(2)

1.291

0.748

612
2.716/28.270
3414

11125
0.0660/0.1412

0.1006/.1582

1.055

triclinic

P1
8.6292(16)
14.026(3)
17.828(3)
81.132(2)
82.348(2)
87.275(2)
2112.2(7)

4

100(2)

1.397

0.549

936
2.008/28.282
10473

77827
0.0482/0.1288

0.0569/0.1365

1.028

monoclinic
Cc
11.3398(8)
12.9727(9)
14.3934(10)
90

93.446(2)

90

2113.6(3)

4

100(2)

1.673

0.689

1092
2.388/28.334
5240

35799
0.0467/0.1102

0.0576/0.1190

1.046

FIGOF = [Zw(Fo? - Fe2)2/ (o - np)] "2 BIR1 = %(||Fol - |Fell) / Z|Fol, Fo > 40(Fo). BwRz = {(Z[w(Fo? - F&? | Z[w(Fo?)2]} 2.
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Table S2. Crystallographic data for compounds 6-10

6 7 8 9a 9b 10
CCDC 2232040 2232038 2232032 2232037 2232039 2232034
formula C19H47AIN;OTi C26HesAICINGTi | C34Hs7AIsN6O; C12H30N303Ti CisH3eN3O3Ti C12H30N303Sc

2 Tiz

Mr [g mol-1] 408.47 621.07 788.83 312.29 354.37 309.35
color lila/block violet/block brown/block green/needle | green/needle | colorless/block
crystal 0.264x0.122 | 0.194x0.156 | 0.213x0.141 | 0.188x0.184 | 0.280x0.227 | 0.196 x 0.158 x
dimensions x 0.086 x 0.099 x0.132 x 0.107 x 0.166 0.083
[mm]
crystal system | triclinic triclinic monoclinic monoclinic monoclinic monoclinic
space group P-1 P1 P2, P2:/c P2:/c P2i1/c
a[A] 8.6108(4) 8.8259(3) 8.7861(8) 22.0980(15) 15.8920(11) 13.222(3)
b [A] 12.2525(6) 14.3429(5) 16.1404(14) 12.8486(9) 8.6304(6) 7.0552(14)
c[A] 12.6819(6) 15.9178(5) 15.8790(14) 17.1643(11) 16.0682(11) 17.317(3)
a[°] 69.676(2) 104.7950(10) | 90 90 90 90
B[] 79.432(2) 98.6390(10) 91.288(2) 91.0440(10) 118.4010(10) | 90.05(3)
v [°] 80.686(2) 93.2090(10) 90 90 90 90
Vv [A3] 1226.40(10) 1916.70(11) 2251.3(3) 4872.6(6) 1938.6(2) 1615.4(6)
z 2 2 2 12 4 4
T [K] 100(2) 100(2) 100(2) 100(2) 100(2) 100(2)
Pealcalg: mol-3] | 1.106 1.076 1.164 1.277 1.214 1.272
u [mm-1] 0.396 0.531 0.447 0.535 0.456 0.464
F (000) 450 676 864 2028 772 672
0 range [°] 1.729/29.602 | 1.343/30.533 | 1.799/28.909 | 1.833/25.681 | 2.489/28.261 | 1.540/27.193
unique reflns 6869 11556 11785 9245 4804 3572
observed 51382 48166 37141 62317 23417 22584
reflns (I > 20)
R1® /wR,!? (I | 0.0389/0.0959 | 0.0746/0.1971 | 0.0684/0.1715 | 0.0655/0.1766 | 0.0402/0.1003 | 0.0372/0.0891
> 20)[a]
R1/wR; (all 0.0540/0.1053 | 0.1112/0.2261 | 0.1102/0.2046 | 0.0936/0.1961 | 0.0559/0.1111 0.0527/0.0982
data)
GOF[ 1.027 1.038 1.037 1.066 1.040 1.044

BIGOF = [Ew(Fo? - Fe?)? / (no - np)]"2. PIR1 = Z(||Fo| - |Fel|) / Z|Fo|, Fo > 40(Fo). PWR2 = {E[w(Fo? - Fc?)? /| Z[w(Fo?)*]}"".

S13




Figure S$17. Molecular structure of 9b (ellipsoids set at 50%). All hydrogen atoms have
been omitted for clarity. Selected interatomic distances (A) and angles (°): Ti(1)-N(1)
2.3379(15), Ti(1)-N(2) 2.3292(14), Ti(1)-N(3) 2.3347(14), Ti(1)-O(1) 1.880(3), Ti(1)-O(2)
1.942(7), Ti(1)-O(3) 1.955(3), N(1)-C(1) 1.424(3), N(1)-C(7) 1.506(3), C(1)-C(2) 1.514(4),
C(10)-O(1) 1.381(4), C(10)-C(11)1.450(6), C(7)-N(1)-Ti(1) 107.87(15), O(1)-Ti(1)-N(1)
91.77(10).
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Abstract: Commercially available stock solutions of
organolithium reagents are well-implemented tools in
organic and organometallic chemistry. However, such
solutions are inherently contaminated with lithium
halide salts, which can complicate certain synthesis
protocols and purification processes. Here, we report
the isolation of chloride-free methyllithium employing
K[N(SiMes),] as a halide-trapping reagent. The influ-
ence of distinct LiCl contaminations on the ’Li-NMR
chemical shift is examined and their quantification
demonstrated. The structural parameters of new
chloride-free = monomeric  methyllithium  complex
[(Me;TACN)LICH3), ligated by an azacrown ether, are
assessed by comparison with a halide-contaminated
variant and monomeric lithium chloride
[(Me;TACN)LICI], further emphasizing the effect of
halide impurities.
’ J

Organolithium reagents RLi (e.g., R=alkyl, aryl, alkenyl,
alkynyl) display key components in organic and organo-
metallic chemistry alike."” Moreover, both academia and
industry draw upon the versatility and efficiency of these
universal reagents which can act as nucleophiles, basic
(“deprotonating”)®® and reducing agents,”! but also as
polymerization initiators (elastomer sector).”!

Over 100 years ago in 1917,/**) Wilhelm Schlenk and
Johanna Holtz reported on their seminal work “Uber die
einfachsten metallorganischen Verbindungen” comprising a
series of organosodium compounds but also methyllithium,
ethyllithium, n-propyllithium, and phenyllithium. Astound-
ingly, methyllithium featuring the simplest organometallic
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compound, and as such the most illustrious one, has never
been obtained as a pure compound. This can be traced back
to the intrinsic solubility behavior of MeLi.!”! The various
synthesis protocols applied by Erwin Weiss for the purpose
of structural investigations of methyllithium included also
the original Schlenk transmetalation (Figure 1), revealing a
persistent coprecipitation of MeLi/EtLi." The Ziegler
protocol reported in 1955,' avoiding the use of extremely
poisonous dimethylmercury (Figure 1), suffers from LiCl
salt inclusion."” Despite this obvious drawback -lithium
halides can make up to 10 mol % of the stock solution—
commercial suppliers routinely apply the Ziegler protocol
for the synthesis of MeLi. At first sight, organic trans-
formations might get around this hurdle by quantification
via titration or simply using an excess of MeLi. However, it
is common knowledge that the presence of metal halide can
decisively affect the outcome of organolithium-promoted
organic syntheses, in particular the stereochemistry.!"
Organolithium compounds including methyllithium fea-
ture also cornerstones in organometallic chemistry as trans-
metalation reagents (Figure 1)."*1 Here, as for organic
transformations, the availability and use of pure organo-
lithium reagents is considered beneficial if not essential."™
Hard to separate LiX contaminations do not only affect

Schilenk: 2 LiC,Hg + Hg(CHa), _benzene

(2-X) LiCH3 - x LiC,Hs + Hg(CH3)x(CoHs)ax

x=0.21-0.31
) OEt, B ) .
Ziegler:  2Li + CHsCl LiCH; * x LiCl + (1-x) LiCl
x =0.05-0.10
Imamoto Reagent | Gilman Reagent
. THF, -78 °C i . THF, =78 °C
LiCH; + CeCly ' 2LiCH; + Cul
“CH3CeCly* + LiCl LiCu(CHz), + Lil

crystallized as

[Li3(tmeda)H3)e]

crystallized as
[CH3—{Cut—CH3] ©([Li(12-crown-4),]®

cubic MeLi dimeric MeLi(donor) monomeric MeLi(donor)
: : N
b M o Mo PR
' - 3 '
HaC—Li | ; e Nt : N
|H3C~|—L| ; A N U ll
- H N CHa N EtoN CH NEt,
Hs E /\ /\ ' 3

[(RR-TMCDA)Li(u-CHg)l, | [(N,N,N-DETAN)LICH]
Figure 1. Top: Original and current syntheses of MeLi.!*'*"" Middle:
Examples for use of “salt-contaminated” MeLi in organometallic
synthesis: popular reagents for organic transformations.'*'"! Bottom:
donor effect on Meli structure.??*?!

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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reagent/catalyst design and elucidation but also have a
marked effect on the crystallographic and nuclear magnetic
resonance properties of the synthesized complexes, and
hence any interpretations made.

Even though the chemistry of organolithium reagents is
well understood, especially for organometallic and even
more in the field of coordination chemistry, there remain
challenges. In general, RLi compounds form aggregates
both in solution and in the solid state (Figure 1),!"** which
stabilize the polar Li—C bond, but at the same time reduce
the reactivity of the reagent. Nonetheless, the corresponding
monomers are believed to be the key intermediates in RLi-
mediated reactions.” Only recently, the group of Lu
reported the solid-state structure of the first monomeric
methyllithium complex bearing a hexadentate amine ligand
(Figure 1).2%

Recently, we reported the in situ generation of chloride-
free MeLi for the synthesis of dimethylcalcium [CaMe,], by
trapping the LiCl contamination with K[N(SiMe;),] via
precipation of KCL*! Spurred by the shortcomings resulting
from considerable LiX contaminations in commercially
available organolithium solutions, we targeted the isolation
of chloride-free methyllithium. Here, we report the synthesis
of chloride-free MeLi as well as the effective quantification
of the LiCl content via 'Li-NMR spectroscopy, avoiding
tedious titrations. Furthermore, we describe the synthesis
and characterization of monomeric MeLi employing 1,4,7-
trimethyl-1,4,7-triazacyclononane (Me;TACN), emphasizing
any crystallographic differences caused by chloride contam-
ination.

Although the Ziegler protocol employing methyl
chloride is preferable to the synthesis via methyl bromide,
which readily forms inseparable aggregates with MeLi, the
occurrence of dissolved LiCl is inevitable.? Our experience
has shown contamination levels of up to 3-10 mol % of LiCl
in the regarding batches of methyllithium solution [e.g.,
Sigma 3.33 mol %, Acros 4.43 mol %, and TCI 4.80 mol %;
see Supporting Information]. As already mentioned, the
separation of LiCl impurities could be recently achieved by
addition of K[N(SiMe;),] in diethyl ether affording the
precipitation of KCl. However, the latter procedure was
applied in in situ reactions since the resulting Li[N(SiMe;),]
by-product proved not detrimental to the formation of the
easy-to-separate insoluble target compound [CaMe,],.”) We
now refined this salt-exchange approach by addition of n-
hexane (after separation from LiCl and KCl) to the MeLi/
Li[N(SiMe;),] solution in diethyl ether (Scheme 1). Accord-
ingly, Li[N(SiMe;),] remained in solution even at lower
temperatures, whereas methyllithium precipitated at —40°C

K[N(SiMe3),] OEty/n-hexane
OEt, —45°C

MelLi-c f‘ MeLi-c f’
5-10 mol% kel | 910mol% | iiN(sime
Gy LIS

Scheme 1. Isolation of pure methyllithium. MeLi-c = contaminated
Meli.

Angew. Chem. Int. Ed. 2023, 62, €202214599 (2 of 5)

Communications

Angewandte

intemationaldition’y) Chemie

and could be further purified by washing with toluene and
n-hexane (<1%. Li[N(SiMe;),] contamination by NMR
spectroscopy). Interestingly, a larger excess of K[N(SiMe;),]
can be used without problems since it is better soluble in
toluene than the target compound. Alternatively, the
amount of required K[N(SiMe;),] can be calculated via the
chemical shift of the methyllithium in the ’Li-NMR
spectrum (see below).”?”!

With the successful isolation of pure methyllithium, we
were further interested in studying the influence of impur-
ities on the chemical properties, as revealed by NMR
chemical shifts and crystallographic differences. Due to the
structural similarities, MeLi and LiCl form mixed oligomers
leading to one singlet in the 'Li-NMR spectrum.”! The
resulting 'Li chemical shift of any mixture of LiCl and MeLi
is therefore a unique attribute and can be used to determine
the respective MeLi/LiCl molar ratio. Consequently, the
purification of MeLi was crucial for obtaining an untainted
Li-NMR chemical shift of 2.25ppm as a reference (at
ambient temperatures in thf-dg; same calibration used for
'"H-NMR spectra has to be subjected to the corresponding
"Li-NMR spectra). This pure probe was then spiked with
increasing amounts of LiCl (5-66 mol % LiCl and pure LiCl)
and the corresponding 'Li chemical shift was measured
under the same conditions (Figure 2, top). Interestingly, we
found a linear regression with y=mx+b (m=-1.7097, b=
2.167) for the "Li chemical shift/mol %-correlation with a R?
value of 0.993 (Figure 2, bottom). By solving the equation
for x, this regression can now be used to evaluate the LiCl
impurities in any MeLi solution (calculator is provided in
the Supporting Information). In a follow-up blind test, this
correlation could be confirmed by determination of the "Li
chemical shift of dried methyllithium from commercially
available stock solutions (Merck, Fisher Scientific, TCI). In
all cases, the deviation from LiCl contaminations deter-
mined by potentiometric titration was ca. 1%o or less.
Consequently, this simple tool can be utilized to calculate
the mol or weight fraction of LiCl in commercially available
methyllithium stock solutions or for the respective dried
powders (for a detailed procedure, see Supporting Informa-
tion).

Having in mind the variable temperature (VT) NMR
study previously conducted on LiMe/LiCl aggregates em-
ploying “salt-free” MeLi (6 % LiCl), in a similar vein, the
"Li-NMR spectra of a defined mixture of MeLi/LiCl (molar
ratio of 0.15/0.85) was recorded (Figure 3). The spectra
revealed a clear first splitting of the "Li signal at ca. —50 to
—60°C into two peaks and a second splitting below —80°C
into a third peak. The small signal at 2.31 ppm coincides
with the signal of pure MeLi, while the intense signal
gradually shifted toward the chemical shift of pure LiCl. By
lowering the temperature below —80°C a signal at around
1.29 ppm appeared, becoming more intense and sharper by
lowering the temperature to —93.5°C. Assessing the chem-
ical shift of the latter signal on the basis of the linear
regression (Figure 2), this mixture corresponds to a MeLi/
LiCl aggregate of equimolar composition. With the forma-
tion of this new mixture, the intensity of the signal at higher
field is lowered even further and the shift coincides with
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Figure 2. Top: "Li-NMR spectra of pure MeLi and several MeLi/LiCl
mixtures (5, 10, 15, 20, 25, 33, 50 and 66 mol % LiCl) and LiCl
(116.64 MHz, thf-d;, 298 K). Bottom: linear regression of the ’Li
chemical shifts versus the associated mol percentages of LiCl.
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Figure 3. "Li-VT-NMR spectra of a 0.15/0.85 MeLi/LiCl mixture
(194.36 MHz, thf-d;).

pure LiCl at 0.49 ppm. Reaffirming our interpretation, the
integration of the final three signals account for the original
ratio of 0.15/0.85 of MeLi/LiCL
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Finally, the effect of LiCl salt contamination on the
crystallographic  properties of monomeric complex
[(Me;TACN)LICH;] (1) was examined. Over the past years,
the solvent dependency of the crystallization behavior of
MelLi has been discussed at length, comprising the well-
known tetrameric structure obtained in Et,0O as well as
trimeric and dimeric structures in the presence of chelating
nitrogen donors, e.g., (R,R)-TMCDA (Figure 1).l%*%2)
The first monomeric MeLi donor adduct was, however,
reported quite recently by Lu and co-workers, using N,N,N-
DETAN as a chelating ligand (Figure 1).*¥ Since all above-
mentioned adduct syntheses/crystallizations employed hal-
ide-contaminated commercial stock solutions of meth-
yllithium, the interatomic distances obtained from X-ray
diffraction should be handled with care, in the absence of
halide analysis. We and others have previously shown the
stabilizing effect of 1,4,7-trimethyl-1,4,7-triazacyclononane
(Me;TACN) on very reactive trimethylscandium, affording
monomeric complex [(Me;TACN)Sc(CH,);].2” Similarly, we
obtained the  monomeric  methyllithium  adduct
[(Me;TACN)LiICH;] (1a) by reacting a commercially avail-
able diethyl ether solution of methyllithium with Me;TACN
as a chelating donor at —15°C. The crystal structure of 1a
revealed a Cl site occupancy of 9%, not unexpected
considering the LiCl contamination (Figure 4).F"! The same
procedure was then pursued using purified MeLi, affording
chloride-free complex 1b. Complexes 1a and 1b are stable
over weeks in solution or as a solid below —20°C, but
decompose readily at ambient temperatures. For the
purpose of comparison, complex [(Me;TACN)LICl] (2)
employing pure LiCl was synthesized at ambient temper-
atures.

Interestingly, the co-crystallization of LiCl for complex
1a has basically no effect on the Li—C distance in
comparison to 1b (2.105(10) A vs. 2.1076(18) A). These
distances are significantly shorter than in previously re-
ported MeLi dimers (2.18-2.28 A),?%) however, they are
comparable to Lu's monomeric complex [(N,N,N-
DETAN)LIiCH;] (2.099(5) A).’Y While the Li-Me and
Li—Cl bonds could be separated in the structure refinement
of 1a, this is often not possible and can result in misleading
M-C distances. For the Li—Cl distances, the difference is
more significant for the mixed complex 1la and the
monomeric LiCl complex 2. While the Li—Cl distance in 2 is
2.213(4) A, the mixed structure la revealed a shortened
distance of 2.13(2) A, corroborating the influence of con-
tamination on interatomic distances in crystal structures,
although different crystal packing might also play a role.

Apart from the interatomic distances, we were also
interested in the polarity of the Li—C and Li—Cl bonds in 1b
and 2, respectively.’”) Very recently, it was suggested that
the high polarity of the Li—C bonds in organolithium
compounds, in particular in smaller aggregates, could
explain the observed halide contamination.” To elucidate
the bond properties, we carried out DFT optimizations on
the observed X-ray geometries of 1b and 2 at the BP86/cc-
pVTZ level of theory using Gaussian 16 (for details, see the
Supporting Information) and analyzed the bonding using the
NBO (natural bond orbital) approach.’**! The data indeed
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Figure 4. Crystal structure of Ta (left), 1b (middle), and 2 (right) (ellipsoids set at 50%). All hydrogen atoms have been omitted for clarity. Selected
interatomic distances [A] and angles [*]: 1a: Li(1)=C(10) 2.105(10), Li(1)—CI(1) 2.13(2), Li(1)=N(1) 2.087(11), Li(1)=N(2) 2.095(3), Li(1)-N(3)
2.091(11); N(1)-Li(1)-C(10) 126.0(7), N(1)-Li(1)-Cl(1) 124.7(8). 1b: Li(1)~C(10) 2.1076(18), Li(1)=N(1) 2.122(12) Li(1)-N(2) 2.131(16), Li(1)—N(3)

2.1513(18); C(10)-Li(1)-N(1) 132.1(4), C(10)-Li
Li(1)=N(2) 2.024(13), Li(1)-N(3) 2.078(13); N(2)-

point to a pronounced ionic character of the Li—C bond in
1b. The electrons contained in the NBO, which represents
that bond (Figure 5, left), are distributed unequally between
the two atoms: 92.2 % can be assigned to the carbon atom,
while only 7.9 % belong to the lithium atom. Very similar
numbers (95.3 and 4.6 % for Cl and Li, respectively) were
obtained for the Li—Cl bond in 2, which, in NBO terms, is
represented by a donor-acceptor interaction between a lone
pair on chlorine and a suitable acceptor orbital on lithium
(Figure 5, right; for details, see the Supporting Information).
Accordingly, the natural atomic charges derived for the
lithium atoms in both compounds are almost alike: +0.76 in
1b, compared to +0.82 in 2. These findings clearly support
the idea that the similar polarity of the Li—-C and Li—Cl
bonds might play a role in halide contamination. On the
other hand, the high ionicity of the lithium-carbon bond in
monomeric 1b is reflected in enhanced carbanion reactivity
(superbasicity) of the methyl group, affording instantaneous
deprotonation of toluene, more rapidly than the dimeric
TMEDA adduct.™

In summary, pure methyllithium can be simply accessed
from commercially available stock solutions utilizing K[N-

Figure 5. Depiction of the NBO representing the Li—C bond in 1b (left)
and the NLMO representing the donor-acceptor interaction between Li
and Cl in 2 (right). All hydrogen atoms of the azacrown ligand have
been omitted for clarity.
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i(1)-N(2) 125.4(5), C(10)-Li(1)-N(3) 131.05(9). 2: Li(1)—CI(1) 2.213(4), Li(1)=N(1) 2.070(4),
Li(1)-Cl(1) 121.7(6), N(1)-Li(1)-CI(1) 136.5(2), N(3)-Li(1)-Cl(1) 122.0(5).5"

(SiMe;),] as a halide-trapping reagent. Mixtures of MeLi
and LiCl form aggregates at ambient temperatures with a
distinct "Li-NMR chemical shift. These aggregates separate
into pure species of MeLi and LiCl at lower temperatures,
but also favor the co-existence of an equimolar mixed
oligomer (1:1 ratio). 'Li-NMR spectroscopy can be ex-
ploited as a new tool to calculate halide impurities in stock
solutions without the necessity of laborious titrations.
Finally, co-crystallization of LiCl impurities is a significant
factor affecting the validity and interpretation of interatomic
distances as shown for the monomeric adduct
[(Me;TACN)LiCH;).
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Experimental Section

General Considerations. All manipulations were performed under rigorous exclusion
of air and moisture using standard Schlenk, high-vacuum, and glovebox techniques
(MBraun UNllabpro ECO); <0.5 ppm O, < 0.5 ppm H20, argon atmosphere). Et20, n-
hexane, toluene and THF were purified using Grubbs-type columns (MBraun SPS,
solvent purification system), while THF was further dried over molecular sieves (3 A).
CeDs (99.6%, Sigma-Aldrich), toluene-ds (99.6%, Sigma-Aldrich), and THF-dg (99.5%,
Sigma-Aldrich) were dried by letting the solvents stand over molecular sieves (3 A) for
at least 24 h and subsequent filtration. All solvents were stored inside a glovebox. MeLi
(Sigma Aldrich), TCI, Fisher Scientific), KIN(SiMe3s)2] (Sigma Aldrich) and LiCl (Sigma
Aldrich). NMR spectra of air and moisture sensitive compounds were recorded by using
J. Young-valved NMR tubes at ambient temperature on either a Bruker AVII+400 ('H,
13C), a Bruker DRX-300 ('H, "Li, '*C) or a Bruker AVII+500 ('H, "Li, '*C). NMR chemical
shifts are referenced to internal solvent resonances and reported in parts per million
relative to tetramethylsilane (TMS), and for ’Li-NMR Li* in aqueous solution. Coupling
constants are given in Hertz. Elemental analyses were performed on an Elemental

Vario Micro Cube.

Purification of commercially available methyllithium (MeLi).

Background information. Commercially available "halide-free" methyllithium is
routinely prepared from methyl chloride and elemental Lithium (Li) in diethyl ether to
precipitate the concurrently formed LiCl. While this pathway is to be chosen over the
methyl bromide route, which readily forms complexes with MeLi and which cannot be
separated properly, there is always some remaining LiCl. Our experience is that MeLi
purchased from different suppliers contains 5-10 mol% of LiCl. This can lead to
persistent incorporation of LiCl in subsequent syntheses as shown in the formation of
ate complexes or insoluble products. This problem was partially solved in an earlier
paper from our group, where we showed the separation of LiCl impurities via the
addition of K[N(SiMes).] in Et2O causing precipitation of KCIL.I This procedure was
feasible for this particular reaction since Li[N(SiMes)2] was formed anyway, and did not
interfere with the precipitation of the target compound. Here, we introduce a general

procedure for an effective purification of MeLi.
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Procedure. Potassium silylamide K[N(SiMe3)2] was added to the solution of MeLi in
Et2O at 0 °C (Figure S1). Stirring for 30 minutes resulted in the precipitation of KCI and
the formation of Li[N(SiMes)2]. Then, the reaction mixture was filtered affording a
solution of MeLi and Li[N(SiMes)2]. After addition of n-hexane to the solution,
precipitation of powdery MeLi occurred at -40 °C, which was further purified by washing

it with toluene and n-hexane via centrifugation.

KIN(SiMes)2] can either be added in excess or the necessary amount be calculated via
the shift of the “Li NMR signal of the commercially available MeLi through the
procedure reported herein. If an excess is used, washing with toluene is more
important, since K[N(SiMes):] is better soluble in toluene. Commercially available
K[N(SiMes),] itself contains impurities of HN(SiMes)2, due to the relatively high boiling
point of the silylamine. This is not a problem for the purification of MeLi, but will lower

the overall yield. Pure K[N(SiMe3).] can be obtained via sublimation.

1) n-hexane
KN(SiM
MeLi (SiMe3); MeLi 2) toluene
5-10 mol % \ 5-10 mol % \
LiCl LiN(SiMes),
KCI LiN(SiMes),

Figure S1. Purification of commercially available methyllithium (MeLi).

Following this procedure (Figure S19), the LiCl content of commercially available MeLi
was determined as 3.33 mol% (Sigma Aldrich), 4.43 mol% (Fisher Scientific), and 4.80
mol% (TCI). It is important to mention that for the determination of the amount of LiCl,
only 'H-coupled “Li NMR spectra were recorded and used. Furthermore, the
importance of correct referencing should be pointed out. This can be achieved as
follows. The "H NMR spectrum of the sample is referenced on the solvent signal (in
our case THF) with a deviation of 0.0446 ppm (= 1.7646-1.7200 ppm). Taken the
difference frequency ratio of ’Li with 38.86% of the spectrometer frequency (in our case
300.13 MHz), the referencing factor for ’Li is 38.86% of the '"H NMR referencing factor.
This means that 0.0446 ppm calibration difference in the proton spectrum corresponds

to 0.0173 ppm (or 5.20 Hz) in the "Li spectrum, as shown in Figure S2.
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! 'HNMR | 7LiNMR | calibration factor
E 300.13 MHz i 116.64 MHz i

E 0.0446 ppm E 0.0173 ppm i 38.86%

. 13.40 Hz . 5.20 Hz .

Figure S2. Calibration factors of the '"H NMR corresponding 7Li NMR spectra.

Concentration dependence of ’Li NMR shift. To assess the dependence of the “Li
chemical shift of MeLi, the amounts of dissolved MeLi were varied from 2.5 mg (0.15
mmol) to 5 mg (0.30 mmol) and 10 mg (0.59 mmol) in 0.5 ml thf-ds. The obtained ’Li
NMR spectra are shown in Figure S3. A minimum concentration of MeLi gave a Li
chemical shift that is insignificantly shifted in comparison to the maximum
concentration we were able to obtain in THF at low temperatures (approximately 1.18
mol/L). Consequently, for consistent results, we suggest using the highest soluble

amount of MelLi.

0.3 mollL MeLi [ 2.256 ppm
0.6 mol/L MelLi /| 2.254 ppm
1.2 mollL MeLi [\ 2.246 ppm

\

T T T T T T 1
245 2.40 235 2.30 2.25 2.20 2.15 210 205 ppm

Figure S3. Influence of the concentration of MeLi on the “Li NMR chemical shift (from top to bottom: 0.3
mol/L, 0.6 mol/L and 1.2 mol/L).
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[(Me3TACN)Li(CH3)0.91Clo.00] (1a). MesTACN (100 mg, 0.58 mmol) was suspended in
Et2O (10 mL) and cooled to —15 °C. Then, a slurry of commercial MeLi (12.83 mg, 0.58
mmol, 1 equiv., in EtoO) was added dropwise. The suspension was stirred for 12 h at
—15 °C. The suspension was filtered and concentrated in vacuo. Crystals of 1a suitable
for XRD analysis were obtained from a concentrated thf solution. '"H NMR, (500.13
MHz, 298 K, thf-ds): & = 2.61 (s br, 12 H, CH2-MesTACN), 2.32 (s, 9 H, CH3-Me3sTACN),
-2.08 (s, 3 H, LiCHs) ppm. ®C NMR, (125.76 MHz, 298 K, thf-dg): & = 57.6 (CH.-
MesTACN), 46.7 (CH3-MesTACN), 27.6 (thf), -15.5 (LiCHs) ppm. “Li NMR, (194.37
MHz, 298 K, thf-ds): & = 2.20 ppm (s, MesTACN-LiMe). Anal. (%) calcd. for C1oH24LiN3
(193.26 gmol™): C 62.15, H 12.52, N 21.74; found: C 60.53, H 11.78, N 21.02. The
deviation between theoretical and experimental microanalytical data derives from the

fast decomposition at ambient temperature and LiCl impurities in the MeL.i.

[(MesTACN)LiCHz3] (1b). MesTACN (100 mg, 0.58 mmol) was suspended in Et,O (10
mL) and cooled to —15 °C. Then, a slurry of purified MeLi (12.83 mg, 0.58 mmol, 1
equiv., in Et2O) was added dropwise. The suspension was stirred for 12 h, at —15 °C.
The suspension was filtered and concentrated in vacuo. Crystals of 1b suitable for
XRD analysis were obtained from a concentrated Et,O solution. "H NMR, (500.13 MHz,
298 K, thf-ds): & = 2.61 (s br, 12 H, CH2-Me3sTACN), 2.32 (s, 9 H, CH3-Me3sTACN), -
2.08 (s, 3 H, LiCHs) ppm. 3C NMR, (125.76 MHz, 298 K, thf-dg): d = 57.94 (CH.-
MesTACN), 46.76 (CH3-MesTACN), -15.21 (LiCHs) ppm. “Li NMR, (194.37 MHz, 298
K, thf-ds): & = 2.37 ppm (s, Me3TACN-LiMe). Anal. (%) calcd. for C1oH24LiN3 (193.26
gmol-1): C 62.15, H 12.52, N 21.74; found: C 61.73, H 11.97, N 21.55.

[(MesTACN)LICI] (2). MesTACN (100 mg, 0.58 mmol) was suspended in THF (10 mL)
and, a slurry of LiCl (24.74 mg, 0.58 mmol, 1 equiv., in THF) was added dropwise. The
suspension was stirred for 12 h at ambient temperature. The solution was filtered and
concentrated in vacuo. Crystals of 2 suitable for XRD analysis were obtained from a
concentrated THF solution. "H NMR, (500.13 MHz, 298 K, thf-ds): & = 2.60 (s br, 12 H,
CH>-MesTACN), 2.36 (s, 9 H, CH3-Me3sTACN ppm. 3C NMR, (125.76 MHz, 298 K, thf-
dg): & = 55.82 (CH2-Me3TACN), 46.34 (CH3-MesTACN) ppm. “Li NMR, (194.37 MHz,
298 K, thf-dg): & = 0.978 ppm (s, Me3TACN-LICI). Anal. (%) calcd. for CoH21CILiN3
(213.68 gmol): C 50.59, H 9.91, N 19.67; found: C 50.28, H 10.00, N 19.88.
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Reactivity study of pure MeLi and LiCl-contaminated MeLi toward 4-tert-butyl-
cyclohexanone.

To test the effect of LiCl on the stereoselectivity of the nucleophilic addition of MeLi to
4-tert-butyl-cyclohexanone,['% reactions with two equivalents each of pure MeLi (A), a
commercially available sample of MeLi with LiCl impurity (B), and a mixture of pure
MeLi with added 10% LiCl (C) were conducted.

A (LiCHJ)
O ¢ (LicH, 0.1 LibY il 1
I~ ' [on v 7o,
Bu THF, —-40°C, 2 h Bu Bu
axial equatorial

Scheme S1. Reaction of 4-tert-butylcyclohexanone with different methylating agents A, B, and C.

Table S1. Overview of samples, used equivalents and obtained product ratio

Sample MeLi (equiv.) LiCl (equiv.) Ketone axial equatorial

(equiv.) product (%) product (%)

A 2 0 1 51 49

B 2 0.06 1 56 44
(Sigma-Aldrich)

C 2 0.2 1 62 38

Literaturel'? 2 unknown 1 65 35

(self-prepared)

The experiments clearly showed that the product ratio depends on the amount of LiCl
in MeLi (the higher the amount of LiCl, the more axial product is formed). Furthermore,
the self-prepared MeLi that was used in the literature was probably contaminated with
LiCLI"® Consequently, this sample gave a higher amount of axial alcohol than pure
MeLi (A), commercially MeLi (B) and MeLi with 10% LiCl (C).
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NMR Spectra

12 3
F / i
EN
2 N, <N
< ", = N
Li
3 Meg 91Clp 09
T____ L __f_if_f T+ L

T T T T
4.5 4.0 3.5 3.0 2.5 20 1.5 1.0 0.5 0.0 -0.5 -1.0 1.5 2.0 -25 ppm

Figure S4. "H NMR spectrum of [(MesTACN)Li(CHs)o.91Clo.os] (1a) (500.13 MHz, thf-ds, 298 K); solvent
residual signals are marked with *, impurities with # and methane with ~.

—B57.60 =—
—a8.76 N

T
110 100 90 80 70 60 50 40 30 20 10 o =10 ppm

Figure S5. '*C NMR spectrum of [(MesTACN)Li(CH3).91Clo.os] (1) (75.46 MHz, thf-ds, 298 K); solvent
residual signals are marked with * impurities with #.
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Figure S6. 'Li NMR spectrum of [(MesTACN)Li(CHz3)0.91Clo.og] (1a) (116.64 MHz, thf-ds, 298 K).

12 3
ol T / b
T—N
PRy
2 N ’, \ N
Li
i . 4 3Me
‘ +
|| Il #, i ~ .
AV AN Wl | J\
JUo L |
il L
I 4:5 4:0 3‘.5 ‘3‘0 2‘.5 2‘.0 1.5 1.0 0,‘5 U,IU -0‘.5 1I,U 1I,5 -2‘,0 -2‘,5 ppm

Figure S7. 'H NMR spectrum of [(MesTACN)LICHs] (1b) (500.13 MHz, thf-ds, 298 K); solvent residual

signals are marked with *, impurities with # and methane with ~.
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Figure S8. *C NMR spectrum of [(MesTACN)LICHs] (1b) 75.46 MHz, thf-ds, 298 K); solvent residual
signals are marked with * impurities with #.

2.23

Figure S9. Li NMR spectrum of [(MesTACN)LiCHs] (1b) (116.64 MHz, thf-ds, 298 K).
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Figure S10. '"H NMR spectrum of [(MesTACN)LICHs] (1b) (500.13 MHz, thf-ds, 238 K) solvent residual

signals are marked with *, n-hexane with # and SiMes with ~.
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Figure S11. 3C NMR spectrum of [(MesTACN)LICH3] (1b) (125.75 MHz, thf-ds, 238 K) solvent residual

signals are marked with *, n-hexane with # and an unknown impurity or pattern with “.
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Figure $12. 'Li NMR spectrum of [(MesTACN)LICHs] (1b) (194.36 MHz, thf-ds, 238 K).
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Figure S13. '"H NMR spectrum of [(MesTACN)LICI] (2) (500.13 MHz, thf-ds, 298 K) solvent residual

signals are marked with n-hexane with # and SiMes with ~.
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Figure S14. '*C NMR spectrum of [(MesTACN)LICI] (2) (75.46 MHz, thf-ds, 298 K) solvent residual
signals are marked with *, n-hexane with # and free MesTACN with “.

—0.98

Figure S15. 'Li NMR spectrum of [(MesTACN)LICI] (2) (116.64 MHz, thf-ds, 298 K).
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Figure S$16. Exemplary “Li NMR spectrum of commercially available MeLi with LiCl impurities (Sigma
Aldrich) (116.64 MHz, thf-ds, 298 K).
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Figure S17. VT “Li NMR spectra (194.36 MHz, thf-ds) of MeLi, LiCl, MeLi/LiCl (15:85 ratio).
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Figure S18. 'Li NMR spectra (116.64 MHz, thf-ds, 298 K) of MeLi with LiCl contents (0-100%).
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Figure S$19. Linear function of the ’Li chemical shifts versus the associated percentages of LiCl in the

range of 0-15% LiCl.
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Figure S20. Linear function of the “Li chemical shifts versus the associated percentages of LiCl.

Potentiometric Determination of the Chloride Content in

MelLi
To determine the chloride content of MeLi (~1.6 M in Et2O) a sample (1.00 ml or 2.00

ml) was diluted to about 5 ml with Et-O and then subsequently quenched with
Et2O/MeOH (2:1) and finally with 2 ml of deionized water. The solvents were removed
at reduced pressure and the solid residue was dissolved in 3% HNO3, diluted to 100
ml and then titrated with 0.1 M or 0.01 M AgNO3. The chloride content was found to be
batch dependent. Two examples are depicted in Figure S21. The 100 ml-batch (red
line) came without precipitate at the bottom of the bottle and was found to contain ~4
mol% chloride (0.85 ml AgNO3, 0.085 mmol). Treating this batch with the vide supra
mentioned procedure, led to reduction of the chloride content to around 0.015 mol%
(black line; 0.15 mL AgNOs3; 0.015 mmol). In both cases the formed precipitate (AgCl)
could be dissolved in 2 M (NH4).COs3 solution almost quantitatively, indicating that the
main halide species indeed consists of chloride and bromide/iodide may be present

only in traces.
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Figure S21. Potentiometric titration of a commercially available MeLi sample (50 mg) with 0.1 M AgNOs
(red line). The black line shows the titration of MeLi from the same batch but the sample was treated

with the procedure described vide supra.
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Figure S22. Numerical derivation of the curves shown in Figure S21. Minima were found at 0.15 ml
(black, 0.015 mmol CI" in 2 ml sample, ~ 0.015 mol% CI') and 0.85 ml (red, 0.085 mmol CI" in 2 ml
sample, ~ 4% CI")
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Crystallography

X-Ray Structure Analyses. Crystals were grown by standard techniques using
saturated solutions of thf (1a, 2) and Et.O/dioxan (1b). It is noteworthy, that MeLi tends
to grow as thin hair-like needles. The only way for getting crystals, which could be
measured with some difficulties, was THF or mixture of Et2O and dioxan. Other
crystallization methods using other solvents or solvent mixtures produced crystals
which gave only poor crystallographic data. The crystals are extremely sensitive
against moisture, oxygen and temperature. Suitable crystals for X-ray structure
analyses were selected in a glovebox and coated with Parabar 10312 (previously
known as Paratone N, Hampton Research) and fixed on a nylon/loop glass fiber. X-ray
data compound of 1a were collected on a Bruker APEX Ill DUO instrument equipped
with an IuS microfocus sealed tube and QUAZAR optics for MoKq (A = 0.71073 A)
radiation. The data collection strategy was determined using COSMO?! employing w-
scans. Raw data were processed using APEXE! and SAINT, 6 corrections for
absorption effects were applied using SADABS.P! Data for compound 1b and 2 were
collected on a Rigaku XtaLAB Synergy equipped with a micro-focus sealed X-ray tube,
using CuKq (A = 1.54184 A). The data collection strategy, processing of raw data and
corrections for absorption effects were applied using CrysAlisPro 1.171.41.51 The
structures were solved by direct methods and refined against all data by full-matrix
least-squares methods on F? using SHELXTL!! and SHELXLE.!®! All graphics were
produced employing CCD Mercury 3.10.1.°! Further details regarding the refinement
and crystallographic data are listed in Table S1 and in the CIF files. CDCC depositions
2208303 (1a), 2208304 (1b), and 2208302 (2) contain all the supplementary
crystallographic data for this paper. These data can be obtained free of charge from
the Cambridge Crystallographic Data Centre via

www.ccdc.cam.ac.uk/data_request/cif.
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Table S2. X-ray crystallographic parameters for complexes 1a, 1b, and 2

Compound [(Me3TACN)Li(CH3)0.91Clo.0g] [(MesTACN)LICHa] [(MesTACN)LICI]
Sample code 1a 1b 2
CCDC 2208303 2208304 2208302
Empirical formula Co.91H23.66Clo.0oLiN3 C1oH24LiN3 CoH21CILiN3
Formula weight 195.09 193.26 213.68
Temperature [K] 100(2) 150(2) 140(2)
Crystal system Orthorhombic Orthorhombic Orthorhombic
Space group Pna2, Pna2, Pna2,
alAl 13.2339(11) 8.40950(10) 13.2291(10)
b [A] 8.6353(7) 12.8785(2) 8.6655(8)
c[A] 10.9348(9) 11.5990(2) 10.7440(8)
Volume [A3] 1249.61(18) 1256.19(3) 1231.66(17)
z 4 4 4
Pealc [g/cm?] 1.037 1.022 1.152
g [mm] 0.081 0.458 2.464
F(000) 435 432 464

Crystal size [mm?]

0.185x0.157 x 0.145

0.706 x 0.510 x 0.109

0.095 x 0.078 x 0.044

Radiation

MoKq (A = 0.71073)

CuKq (A = 1.54184)

CuK, (A = 1.54184)

O range for data
collection [°]

2.817 t0 27.120

5.132 to 79.817

6.105 to 70.063

Index ranges

-16<=h<=16, -11<=k<=11,

-10<=h<=6, -16<=k<=16,

-16<=h<=16, -10<=k<=10,

-14<=|<=14 -14<=|<=14 -13<=l<=11
Reflections
17260 12850 6836
collected
Independent ) ) )
) 2755 [R(int) = 0.0451] 2589 [R(int) = 0.0273] 2052 [R(int) = 0.0548]
reflections
Data/restraints/ parameters 2755/1/196 2589 /592 /234 2052 /1/186
Goodness-of-fit on F2el 1.039 1.122 1.074
Final R indexes, R1=0.0401, wR2 =
R1=0.0401, wR2 = 0.1004 R1=0.0437, wR2 =0.1152
[1>=20 (I)]ilcl 0.1252
Final R indexes R1=0.0407, wR2 =
R1=0.0569, wR2 =0.1127 R1 =0.0560, wR2 =0.1216
[all data] 0.1264
Largest diff.

peak/hole [e A3

0.150 and -0.145

0.147 and -0.119

0.195 and -0.319

BIGOF = [sW(Fo? - F2)2 / (no - np)]™. PIR1 = E([|Fo| - |Fell) / £IFol, Fo > 40(Fo). “WRz = {S[w(Fo? - F2) | E[w(Fo?)]}"2.
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Figure S$23. Crystal structure of 1a (ellipsoids set at 50%). All hydrogen atoms and disorder in the aza
crown have been omitted for clarity. Selected interatomic distances (A) and angles (°): Li(1)-C(10)
2.105(10), Li(1)-ClI(1) 2.13(2), Li(1)-N(1) 2.087(11), Li(1)-N(2) 2.095(3), Li(1)-N(3) 2.091(11), N(1)-
Li(1)-C(10) 126.0(7), N(2)-Li(1)-C(10) 129.7(2), N(3)-Li(1)—C(10) 128.8(6), N(1)-Li(1)-ClI(1) 124.7(8),
N(2) —Li(1)-CI(1) 137.9(5), N(3)-Li(1)-CI(1) 121.1(8).

c10 QY

Figure S24. Crystal structure of 1b (ellipsoids set at 50%). All hydrogen atoms and disorder in the aza
crown have been omitted for clarity. Selected interatomic distances (A) and angles (°): Li(1)-C(10)
2.1076(18), Li(1)-N(1) 2.122(12), Li(1)-N(2) 2.131(16), Li(1)-N(3) 2.1513(18), C(10)-Li(1)-N(1)
132.1(4), C(10)-Li(1)-N(2) 125.4(5), C(10)-Li(1)-N(3) 131.05(9).
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@ Cl1

Figure S25. Crystal structure of 2 (ellipsoids set at 50%). All hydrogen atoms and disorder in the aza

crown have been omitted for clarity. Selected interatomic distances (A) and angles (°): Li(1)-Cl(1)
2.213(4), Li(1)-N(1) 2.070(4), Li(1)-N(2) 2.024(13), Li(1)-N(3) 2.078(13), N(1)-Li(1)-CI(1) 136.5(2),
N(2)-Li(1)-CI(1) 121.7(6), N(3)-Li(1)-CI(1) 122.0(5).
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DFT Calculations

Computational Details. DFT calculations were performed with the Gaussian 16
program package!'"! using the BP86 density functionall'? along with the implemented
cc-pVTZ basis setl’™ and Grimme’s dispersion correction with Becke-Johnson
damping (GD3BJ).['¥ Starting with the molecular structures, as determined by X-ray
crystallography, the geometries of 1b and 2 were optimized without imposing any
symmetry constraints. The structures obtained were confirmed as true minima by
calculating analytical frequencies. They were in good agreement with their
experimental counterparts; in particular, the difference in bond distances between Li—
C in 1b and Li—-Cl in 2 (DFT: 0.091 A, X-ray: 0.106 A) was reproduced well. Both
distances were noticeable shorter (3-4 %) though in the DFT models, which might be

a consequence of packing effects in the crystal structures.

The NBO analyses were carried out using the software NBO 6.0.1'! All subsequent

NBO- and structural plots were generated using Chemcraft.['6]
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Coordinates and selected geometrical parameters for the DFT-optimized

structures. Distances in A, angles in degree.

[(MesTACN)LICHs] 1b

oo RFRPOORPPOOWLNIR R RPOR PP O

.176178000
.268117000
.711244000
.802982000
.007890000
.567498000
.464757000
.003185000
.813587000
.001453000
.396234000
.036697000
.322483000
.362377000
.148644000
.793412000
.619352000

P O O OONWWDN

.625528000
.076872000
.392387000
.316357000
.010564000
.860618000
.893714000
.072487000
.447738000
.001793000
.063109000
.591349000
.598446000
.082476000
.816507000
.646780000
.683466000

OwWwwwkrkr okr o

.614243000
.034307000
.016017000
.460395000
.177916000
.623223000
.633410000
.633779000
.176460000
.138725000
.184117000
.108978000
.461761000
.681928000
.488931000
.158989000
.180642000
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ddRP P RPRORRFRRPRORREROORRPRORRO

.031288000
.546020000
.985284000
.514452000
.689122000
.216978000
.015364000
.216102000
.618805000
.895580000
.357922000
.862228000
.907999000
.799375000
.793676000
.684305000
.527889000
.082826000
.099974000
.660603000
.848787000

[(MesTACN)LICI] 2

127.05

.611542000
.219332000
.723566000
.272352000
.635811000
.738081000
.189221000
.807419000
.353510000
.010597000
.533763000
.292405000
.408552000
.302736000
.214848000
.330577000
.769237000
.178779000
.716881000
.021109000
.429051000

2.130

OO PrPORrOoOoorE

.105966000
.455840000
.684087000
.493123000
.157503000
.187991000
.111072000
.467485000
.690881000
.147573000
.501399000
.614104000
.457316000
.038396000
.015244000
.624765000
.046699000
.029820000
.469633000
.177292000
.170849000
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FRPOoORRPRORRPRORPRPFPORRPOAORRPOWNIdRRPRRRPRPORRERORREROO

.380060000
.749154000
.286674000
.668024000
.485737000
.635218000
.124512000
.050866000
.876997000
.944030000
.787293000
.835409000
.028435000
.669359000
.988124000
.646477000
.008089000
.536360000
.969520000
.391955000
.067739000
.662172000
.751844000
.009592000
.181700000
.145436000
.433737000
.137920000
.637759000
.506725000
.086245000
.490354000
.608580000
.476494000
.111640000

P O O OO OoONWDN

.533226000
.869042000
.098661000
.403024000
.439589000
.985549000
.154185000
.017197000
.046142000
.983879000
.271677000
. 702577000
.125116000
.503705000
.351739000
.200896000
.034939000
.818316000
.637720000
.453352000
.512292000
.027353000
.305708000
.812244000
.279340000
.884162000
.581549000
.881388000
.232758000
.823047000
.359389000
.226899000
.982672000
.699261000
.528718000

P OO ORFrr OOO0OO0OOoORrOo

.323604000
.156446000
.763814000
.301066000
.525036000
.952959000
.032636000
.365674000
.388463000
.761461000
.203293000
.266989000
.995230000
.440774000
.322385000
.393229000
.867372000
.416829000
.340521000
.708697000
.860843000
.645407000
.023892000
.324735000
.269964000
.555089000
.849959000
.655205000
.013452000
.445036000
.347987000
.744838000
.986310000
.824894000
.173961000



NBO Analysis. For the Li—C bond in 1b, a corresponding NBO was observed (see
Figure S26). The Li—Cl bond in 2 was represented as a donor-acceptor interaction
between a lone pair on Cl and a suitable acceptor orbital on Li (see Figure S27), which
is typical for highly polar bonds in the NBO scheme. Donor and acceptor orbitals, along
with further delocalization tails, are part of natural localized molecular orbitals
(NLMOs), which are always occupied by two electrons: Their composition therefore

allows to assess the polarity of the respective bonds.

Figure S26. Plot of NBO 25 (BD Li-C; occupation: 1.97618) in 1b; composition: C, 92.15%;
Li, 7.85%.
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Figure S27. Plot of NLMO 22 (occupation: 2.00000) in 2; composition: Cl, 95.252%;
Li, 4.556%.
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Appendix




Structurally characterized complexes

On the following pages all X-ray structurally, characterized compounds are listed as ChemDraw

sketches.

1.1 Group-13-Heterobenzenes, Donor Adducts, and Salt-Metathesis Products
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1.2 One-Pot Synthesis Complexes emerging from LuMes, GaMes and Pentadienyls
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1.3 Complexes from Reactions of Heterobenzenes with Lewis acids
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1.4 Monomeric LnMes Alkyl and Alkoxide Complexes of the Earlier Rare-Earth Metals

Ln=La-Nd
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1.5 Titanium Methyl and Alkoxide Complexes Including a Tri(methoxy) Scandium

Complex
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1.6 Monomeric MeLi and LiCl Complexes

Meg 91Clg 09 Me

1.7 Monomeric Dysprosium Carboxylate Complex (MesTACN)Dy(OOCPh)s
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