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Preface

This PhD thesis consists of a general introduction into conjugated diene polymerization and
polymers focusing on polyisoprene, and a research study examining the reactivity of rare-earth
metal complexes towards higher organoaluminum reagent comprising residues larger than methyl,
and evolving complexes characterized in the solid state by single X-ray diffraction, a summary of

the main results, and original scientific papers.

This work has been performed at the Institut fiir Anorganische Chemie, Eberhard Karls Universitat
Tiibingen, Germany in the period from May 2019 to June 2023 under supervision of Prof. Dr.

Reiner Anwander. We are grateful for the generous support by Bridgestone Japan.

Parts of this thesis have been presented at both national, and international conferences as poster

presentations.
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Summary

Nowadays, synthetic high-performance rubbers are indispensable for tire production. Neodymium-
based catalysts provide the most efficient way to gain access to this kind of material, achieving
desired physical properties and polymer selectivities. However, mechanisms involved for active
catalyst formation are far from understood, especially the role of triisobutylaluminum comprised
in inherently complicated catalyst mixtures, and only very few solid-state structures give insight

into lanthanide-isobutyl interactions.

The present work reports on the first homoleptic Ln(II) tetraisobutylaluminates Ln(AliBus)> (Ln =
Sm, Eu, Yb). Characterization in the solid state revealed an unprecedented bis-7*-coordination of
both tetraisobutylaluminato anions. Remarkably, Ln(AliBus), (Ln = Sm, Eu, Yb) turned out to be
single-component catalysts for isoprene polymerization, whereas a number of derivatization
products of Ln(AliBus)> (Ln = Sm, Yb) did not lead to species active in polymerization. Activation
of Ln(AliBus)> (Ln = Sm, Eu, Yb) with borate cocatalyst [PhNMe>H][B(CsF5)4] led to polymers
with very narrow molecular weight distributions, i.e. for the Yb(AliBu4)2/[PhNMexH][B(CeFs)4]
mixture, a living polymerization was observed. NMR-spectroscopic studies gave evidence on

species involved.

For the synthesis of Ln(III) tetraisobutylaluminates, we employed an amide elimination protocol
starting from trivalent Ln[N(SiMe3):]3 and triisobutylaluminum.
Ln[N(SiMe3)2](HAliBu3)(AliBus) could be crystallized for the rare-earth elements lanthanum,
praseodymium, neodymium, and gadolinium and characterized in the solid state. Hydride
formation by B-H-elimination from isobutyl groups was found to be an important reactivity, and is
highlighted by derivatization products such as [(u-fluorenyl);Lax(u-H)(HAIiBus):]. Reaction of
Nd[N(SiMe;)2](HALBus)(AliBus) with [PhNMe:H][B(C¢Fs)4] led to the formation of
[Nd{N(SiMe3)}(PhNMe:)>][B(CsFs)s]2, which was active in isoprene polymerization without
additional cocatalyst, and polymer data allowed to suggest a possible mechanistic scenario. In
isoprene polymerization, the catalyst system Gd[N(SiMe3)2](HAliBuz)(AliBu4)/iBu2AlCI yielded

high molecular weight polyisoprene with an impressively high cis-selectivity of >99.5%.

To obtain mixed chlorido/isobutylaluminato precatalysts, we treated [Ln{N(SiMe3)2}2(u-Cl)(thf)]>
(Ln = La, Nd) with triisobutylaluminum. Accordingly, [Ln{N(SiMe3):}(AliBus)(u-Cl)]> was

IX



obtained as a single component catalyst for stereoselective isoprene polymerization. In contrast,
reaction of [La{N(SiMe3)2 }2(u-Cl)(thf)]2 with trimethylaluminum yielded
[La{N(SiMe3)2} {AIMesN(SiMes)2} (u-Cl)]2,  highlighting the tremendous role of the

organoaluminum reagent.



Zusammenfassung

Synthetischer Hochleistungskautschuk ist fiir die Reifenproduktion unverzichtbar. Die Neodym-
basierte Polymerisation konjugierter Diene stellt derzeit den effizientesten Zugang zu diesem
Material dar und ermoéglicht die Synthese von Polyisopren mit der gewlinscht hohen
Stereoselektivitit. Die zugrundeliegenden Mechanismen sind jedoch noch immer weitgehend
unverstanden, was insbesondere fiir die Rolle von Triisobutylaluminium in Katalysatormischungen
gilt. Zudem gewdhren nur wenige FestkOrperstrukturen Einblick in Lanthanid-Isobutyl-

Wechselwirkungen.

Im Rahmen der vorliegenden Arbeit wurden die ersten homoleptischen Ln(II)-
Tetraisobutylaluminate Ln(AliBus); (Ln = Sm, Eu, Yb) strukturell charakterisiert, wobei im
Festkorper eine 73-Koordination der beiden Tetraisobutylaluminato-Anionen beobachtet wurde.
Bemerkenswerterweise erwies sich Ln(AliBus), (Ln = Sm, Eu, Yb) als Einkomponentenkatalysator
fiir die Isoprenpolymerisation. Eine Reihe von Derivatisierungsprodukten von Ln(AliBus)> (Ln =
Sm, Yb) erwiesen sich als nicht aktiv in der Isoprenpolymerisation. Die Aktivierung von
Ln(AliBus), (Ln = Sm, Yb) mit dem Borat-Cokatalysator [PhNMe,H][B(CsF5)4] fithrte zu
Polymeren @ mit  sehr  engen  Molekulargewichtsverteilungen, d. h. fir  die
Yb(AliBus)2/[PhNMe,H][B(CeFs)4]-Mischung wurde eine lebende Polymerisation beobachtet.
NMR-spektroskopische Studien ermdglichten Riickschliisse auf beteiligte Spezies.

Die Synthese von Ln(IIl)-Tetraisobutylaluminaten gelang ausgehend von Ln[N(SiMe3)2]3 und
Triisobutylaluminium, wobei Ln[N(SiMe;3):](HAI/Bu3)(AliBus) als Produkt erhalten wurde.
Dieses konnte fiir die Seltenerdelementmetalle Lanthan, Praseodym, Neodym, und Gadolinium
kristallisiert und im Festkorper charakterisiert werden. Die Hydridbildung durch B-H-Eliminierung
von Isobuten aus den Isobutylliganden konnte als wichtige Reaktivitit identifiziert werden. Deren
Relevanz wird durch Derivatisierungsprodukte wie [(u-Fluorenyl);Lax(u-H)(HAliBus)2]
verdeutlicht. Die Reaktion von Nd[N(SiMe;3)>](HAliBuz)(AliBus) mit [PhNMe H][B(CsF5)4]
fiilhrte zur Bildung von [Nd{N(SiMe:3)2}(PhNMe2):2][B(CsFs)4]2. Dieses stellte sich als
Einkomponentenkatalysator fiir die Isoprenpolymerisation heraus; die Mikrostrukturen erhaltener

Polymere lielen auf ein mogliches mechanistisches Szenario schlieen.
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Zudem konnte das Gd[N(SiMes):](HAliBus)(AliBus)/iBuAlClI-Katalysatorsystem fiir die
Polymerisation von Isopren entwickelt werden. Dieses lieferte hochmolekulares Polyisopren mit

beeindruckend hoher cis-Selektivitiat >99,5 %.

Um Chlorido- und Isobutylaluminato-Einheiten in einem Lanthanoidkomplex zu vereinen, setzten
wir [Ln{N(SiMe;3)2}2(u-Cl)(thf)]> (Ln = La, Nd) mit Triisobutylaluminium um. Das Produkt
[Ln{N(SiMe3)>} (AliBus)(-Cl)]> erwieB sich als Einkomponentenkatalysator fiir die
stereoselektive Isoprenpolymerisation. Dagegen ergab die Reaktion von [La{N(SiMes)2}2(u-
Cl)(thf)]2 mit Trimethylaluminium [La{N(SiMe3):}{AIMesN(SiMe3)2}(u-Cl)]. was die

herausragende Rolle des Organoaluminiumreagens unterstreicht.
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Objectives of this Thesis

The main objective of this work was to develop synthesis routes to discrete, crystalline rare-earth-

metal isobutylaluminates and related compounds to elucidate the nature of conjugated diene

polymerization catalysts, and to explore the so far elusive lanthanide-isobutylaluminate chemistry.

Furthermore, discrete, both Ln(II)- and Ln(II)-isobutylaluminates were examined toward the

polymerization of isoprene. The polymer analysis revealed trends in catalytic activity and

selectivity of various lanthanide isobutylaluminate-catalysts, and indicated possible mechanistic

scenarios.

Chapter A

Chapter B

Chapter C

Chapter E

introduces both polyisoprene-related topics and mechanistic aspects of
conjugated diene polymerization mediated by rare-earth element (pre)catalysts,
as it does give a survey on structurally characterized tetraalkylaluminates with

higher alkyl residues across the periodic table.

consists of the summary of the main results, divided into the following three parts:

Chemistry of divalent, homoleptic lanthanide tetraisobutylaluminates,
derivatization products, and isoprene polymerization, and polymer analytics
Silylamido elimination pathways to trivalent lanthanide isobutylaluminates and -
hydrides, covering synthesis, structures, and isoprene polymerization

Chlorido-bridged mixed tetraisobutylaluminato/silylamido lanthanide complexes

contains results of this work that are not published so far, including
Synthesis of isobutyl complexes

Synthesis of alkaline-earth tetraisobutylaluminates

consists of a compilation of publications
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Polyisoprene
and Higher Tetraalkyl-

Aluminates




A. Introduction

Natural Rubber: Of Properties and Challenges

Among natures’ most important biomolecules, (poly)isoprenoids are indispensable for all life.
Though “only” considered secondary metabolites, isoprenoids cover a wide range of functional
molecules, including membrane lipids, terpenes, vitamins, fragrances, hormones, or toxic
compounds. Many of these chemicals formally derived from isoprene have become part of our
every day’s live, whereas others have inspired mankind to synthetic variants, for example neoprene
as synthetic equivalent for polyisoprene (“natural rubber””). However, one challenge still remains
partially unsolved today: How can the synthesis of these compounds be achieved? Although the
synthesis of small molecules is well explored, polymers such as polyisoprene still pose challenges,

and yet cannot be synthesized with the same selectivity as found in nature.

The most relevant example is natural rubber (NR). Its main constituent is highly stereoregular cis-
1,4-polyisoprene, which is an indispensable polymer to date. First applications date back to ancient
cultures in Mesoamerica long before the arrival of the first Europeans.!'l [2 For centuries, possible
applications remained very limited due to the poor material properties.l?’l The discovery of the
vulcanization process by Charles Goodyear in 1839, however, marked the beginning of a new era.!?]
Before, caoutchouc had been of little use,?! being a brittle material when cold, and soft and sticky
at higher temperatures.’! [41 By reaction with elemental sulfur, it could be transformed into an
elastic, resilient material, by cross-linking of polyisoprene molecules, which greatly improved its
properties. Alongside with the rising demand in the early 1900s fueled by the emerging automobile
industry and technological advances, natural rubber became a scare and sought-after commodity,
quickly gaining industrial relevance.?! Increasing demand and exorbitant prices, alongside with
growing strategic relevance, not only led to the creation of plantations for rubber trees in south-
east Asia, but also to increased efforts to generate synthetic equivalents. Despite of several
attempts, merely oligomeric products were obtained in the beginning of the 20th century,!
featuring very poor material properties, and the first polymerization of dimethylbutadiene,
butadiene, and isoprene by emulsion polymerization was achieved by Hofmann only as late as
1909.%) The rapid increase in knowledge of polymer materials in the 1920s was however spurred

2



not only due to synthetical advances, such as the introduction of styrene-butadiene rubber, but
especially because of Hermann Staudinger's groundbreaking macromolecular hypothesis, that
replaced the misconception of rubber being composed of "di- or trimers of isoprene" that were
thought to be "aggregated to an immeasurable molecular weight".[>) However, synthetic polymers
at that time were far from competitive, due to inferior polymer properties compared to natural
rubber, and uneconomic monomer preparation.l’! One of the major challenges, to achieve a
stereoselectivity similar to natural rubber, that consists of cis-1,4-polyisoprene (cf. Scheme 1),
could not be achieved until the discovery of Ziegler-type mixed catalysts.[®l Synthetic cis-1,4-
polyisoprene was produced from 1956 using Ziegler catalysts based on titanium tetrachloride, and
aluminum alkyls or n-butyllithium, leading to 92% cis-stereoselectivity for the latter, which later
could be improved up to 98% stereoselectivities for other transition metal catalyst systems,!°] [19]
and first catalyst systems could be established that yielded polyisoprene resembling natural rubber
in its properties.!'!l Considering polymer characteristics, and selectivities, the rare-earth metal-
based catalysis discovered shortly after, accounts for the highest quality polydienes to the present
day, clearly excelling transition metal catalysis in terms of cis-selectivity (> 98%).1’l These

technological advances finally made synthetic rubber competitive with natural rubber since the

1970s.1%1
=z
Ao = P4 A
n n n

n
cis-1,4- trans-1,4- (at, it, st) 3,4- (at, it, st) 1,2-
Polyisoprene
=z
— A
n n n
cis-1,4- trans-1,4- (at, it, st) 1,2-
Polybutadiene

Scheme 1. Possible stereoisomers of polyisoprene, and (synthetic) polybutadiene. Examples of rubbers naturally
occurring in plants are cis-1,4-polyisoprene (as found in H. brasiliensis), or trans-1,4-polyisoprene (which can be

obtained from Palaquium gutta).

Nonetheless, still to date, some properties of NR are unmatched.[*! In contrast, natural rubber
features excellent properties. Although more than 2500 different plant species, and some fungi are

known to produce polyisoprenes, only Hevea brasiliensis is used for large-scale commercial



applications.[*l [13] [14] Natural rubber (meaning Hevea rubber in the following) almost entirely
consists of cis-1,4-linked polyisoprene. Due to the biochemical synthesis, two trans-linked units
per polymer chain,[*] PT 1131141 glongside with an o-terminal dimethylallyl group, and an a-terminal
fatty acid and phospholipid ester, are part of the polymer.['*] Furthermore, natural rubber possesses
a broad and uncontrollable molecular weight distribution (Mw/Mjy = 2-10).141 PTI3ITISTI6TH7] Rubber
obtained from H. brasiliensis features very high molecular weight (M, > 10° g/mol).["8 It is
commonly accepted that a high molecular weight of >10° g/mol (degree of polymerization X, >
15,000) is required for a high quality rubber.['*] Mechanical properties of natural rubber are still
superior to synthetic polyisoprenes in terms of stress-strain properties, both unvulcanized, and
vulcanized.!”] This is primarily caused by the cis-1,4-structure, that allows crystallization of the
polymer chains upon stretching.['') In contrast, small contents of 3,4-linked units, as found in
synthetic polyisoprene, may interrupt crystallization on stretching, worsening mechanical
properties.l”) The properties of natural rubber are also influenced by other components found in
Hevea rubber, which contains approximately 6% of other constituents (proteins, fatty acids, neutral
lipids, glycolipids, phospholipids, carbohydrates, and salts), which also influence mechanical
properties (e. g. via enhancement of crystallization), but also account for the allergenic properties

of Hevea rubber.l’]

Environmental and Economical Challenges associated with Rubbers

The large-scale production of natural rubber was made possible by Henry Wickham, who managed
to sequester 70 000 seeds of H. brasiliensis from the Amazon rainforest in 1876, and (much fewer)
plants grown in botanical gardens were later introduced to South-East Asia, laying the foundation
for modern-day rubber plantations,?! that still cover the natural rubber supply to date. The resulting,
low genetic diversity of H. brasiliensis grown in plantations jeopardizes global rubber supply, due
to susceptibility to diseases.['*) Nowadays, modern plantations consist of monocultures of high
yielding Hevea clones.’l However, H. brasiliensis is endemic in central America, especially the
Amazon region, where large-scale plantations are not possible due to pathogens (especially
Microcyclus ulei, that causes the South American Leaf Blight, a disease fatal to rubber trees), and

spreading of pathogens remains a constant threat.[”] Besides, the creation of plantations for rubber



trees has ecologically devastating consequences. Especially in developing countries, tropical rain
forest is cleared to generate acreage, and followed by a loss in biodiversity.['” Furthermore,
plantations of H. brasiliensis causes monoterpene emissions.?% Its effect on climate is not yet fully
understood. Isoprene for example does have an effect on climate, being a factor frequently
overlooked.[?!l This is especially relevant when it comes to arctic warming.[?!) Mechanisms
assumed consist in tropospheric formation of ozone, as well as secondary organic aerosols, which

are caused by isoprene.?!]

The reliance on one single rubber source on one hand, and rising demand for this strategic
commodity accompanied by the inability to satisfy the ever-increasing demand, illustrates the need
for synthetic alternatives.!'3] Steadily increasing demand can not be satisfied by rubber gained from
H. brasiliensis exclusively, which may lead to adverse economic consequences in future.['3! Still,
it needs to be noted that natural rubber obtained from different plants is not simply substituable,
even if it features the same cis-stereoregularity, due to different polymer properties.!'3! Using other
plants containing cis-stereoregular polyisoprene such as P. argentatum bring disadvantages (e.g.
large resin contents, which requires laborious removal, technical challenges, or deteriorates aging
properties of cured rubber products),l’) making it only relevant for high-value nieche applications,
e.g. when natural rubber from H. brasiliensis cannot be applied, for example due to the content of
allergenic proteins in Hevea rubber. The global production of natural rubber is constantly
increasing. Already from 2000 to 2014, rubber consumption increased by over 60 %,!'3) and further
increased from approx. 12 million tons in 2017 to 13.9 million tons in 2018.1131 [141 [22]' Natural
rubber accounts for approximately half of the total rubber consumption, and is a strategic raw
material for more than 40 000 products.!?3! Major applications include (high performance) airplane
and truck tires, alongside with over 400 medical devices such as gloves, where natural rubber still
is indispensable, and not fully replaceable by synthetic analogs.[’! [23] [241 Fyrthermore, it is
problematic that tire material requires additives to achieve and maintain its performance.[*>! For
instance, oxidation of polydienes decreases durability and causes material fatigue and brittleness,
which is reduced by addition of antioxidants. These additives, just as remaining monomers still
contained in the polymer, may be environmentally harmful. For example, antioxidative additives

were proven to cause mass die-offs of Coho salmon in the Pacific Northwest.!?]



Another challenge in the field of elastomer chemistry consists in recycling of rubbery materials.
Both biological, and chemical devulcanization has been tackled,?*! but both devulcanization, and
depolymerization, or recycling of the polydiene, is still challenging. The cis-1,4-microstructure
does not only determine mechanical properties, but also environmental persistence. Only natural
rubber, and to some extent synthetic rubber consisting mainly of cis-1,4-polyisoprene, can undergo
biodegradation by several bacteria, or fungi, which are capable of (enzymatic) oxidative cleavage
of double bonds in polyisoprene to generate low molecular weight oligo-cis-1,4 isoprene with
ketone/aldehyde end groups, followed by further breakdown.!® 4! Biological degradation is
especially important, since erosion of rubber tires is the main source of microplastic particles in air
beside synthetic textiles decomposition products, and urban dust.?”] Biological breakdown of
rubbery materials however does not apply for most synthetic polydienes, especially not for
copolymers and modified polymers. A major challenge is therefore the development of not only
devulcanization techniques, but also polymer chain degradation, or recycling as well as

environmental protection.

Synthetic Polydiene Rubber

In contrast to natural rubber, synthetic alternatives allow to adjust polymer properties.
Characteristics such as glass transition temperature, molecular weight, molecular weight
distribution, and especially stereoregularity are decisive factors, inevitably determining the quality
of any application. In a wide range, the selectivity of synthetic polydienes can be steered by reaction
conditions and the components constituting the catalyst, especially metal, and ligand
environment.[?! Besides the choice of the monomer (especially 1,3-butadiene and isoprene),
copolymerization of different monomers offer further options to influence polymer properties. For
instance, block copolymers containing polybutadiene- or polyisoprene moieties are of enormous
commercial value, such as styrene-butadiene copolymers.[?8] Besides crosslinking processes (also
called curing or vulcanization), which are conventionally employing sulphur or peroxides,!*’]

modification of polymers may also help to achieve desired polymer properties.

The polymerization of conjugated dienes displays one of the most effective catalytic transformation
involving rare-earth elements.l'?! Transition metals (especially cobalt and nickel) have been
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investigated prior to lanthanide-based catalysts!®], but deliver much poorer catalytic performances
in terms of stereoselectivity, and s-block metals are far less examined.[?®] One of the rare examples
of alkaline-earth catalysis comprises Okuda’s work on butadiene polymerization with

bis(allyl)calcium. 3%

To date, industrial procedures for synthesizing polydienes employ ill-defined catalyst mixtures.!'>
241 These Ziegler-Natta-type catalysts compose of a neodymium compound (e.g. of neodymium
carboxylates, alkoxides, or halides), an organoaluminum cocatalyst such as triethyl-, or
triisobutylaluminum (TIBA), a halide source (i.e. diethylaluminum chloride, or ethylaluminum
sesquichloride), in some cases followed by treatment with diisobutylaluminum hydride or other
additives, and some compounds may be used in excess.l' 28] Despite of decades of intensive
research and large-scale application, catalysts, and mechanistic details thereof are still far from
understood,!> 24 and catalyst systems are still found empirically. Different potential active species
are described, that comprise allyl, alkyl, alkylaluminate, or hydride complexes, often paired with
chlorido ligands, which are considered essential for obtaining a high cis-stereoselectivity.
Understanding the sheer complexity of ternary catalyst mixtures is even complicated by the fact
that, even when the same components in a ternary mixture are used, completely different results
may be observed when the order of mixing is changed.’!! For example, Cui et al. describe that
mixing the same catalyst precursors in different order results in very different catalytic behavior,

yielding either traces of polymer, or quantitative yield in a short time.[3?]

Still, challenges remain to be addressed besides elucidation of the active species: First, synthetic
rubber production does rely on non-renewable resources.!! Future alternatives exploit "green" and
renewable dienes occurring naturally such as myrcene, farnesene, and ocimene. These monomers
have gained attention only recently, and could further enrich the range of available polydienes.**]
Albeit polydienes have been synthetically available for decades, the chemistry is by no means fully
explored, and challenges still need to be tackled, especially concerning environmental imperatives
such as recycling and biodegradability. These new challenges add to technical requirements for

high performance polydienes.

Another problem associated with synthetic polymers is catalyst productivity. In most mixed
catalysts, only a small percentage of metal complexes is catalytically active. At a rough estimate,
the share in neodymium-based systems lies between 0.4% and 7%,134 implying that a large amount

of precatalyst is wasted. On the other hand, mining of rare-earth elements, including neodymium,
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results in vast environmental pollution, including tailings contaminated by radioactive and toxic
heavy metals, especially thorium, and uranium, since monazite ore not only provides a host for
lanthanides, but also for actinindes.!**! Therefore, reducing the amounts of required catalysts in
polymerization procedures, or catalyst recycling, are desirable. Switching to more abundant
elements, such as transition metals like titanium, is limited by the poorer catalytic performance.
Similarly, cocatalyst productivity is equally if not more important than catalyst productivity in
catalyst economics, but is often ignored.’®) The significant reduction of energy-consuming,
pyrophoric organoaluminum equivalents not only implies an ecological benefit, but also an
economical advantage, which could be feasible with a better understanding of involved species.
Still, improvements in these processes are desirable, but are limited by the lack of understanding

of mechanistic details of the polymerization process.

Mechanistic Aspects of Isoprene Polymerization

To address the above-mentioned challenges, it is immanent to understand the nature of
polymerization mechanisms in detail, and organometallic catalysts are the key to control catalytic
performances.[?8] Recent works state that catalysts are monomeric, cationic neodymium complexes,
with the polymer chain coordinated to the neodymium center by allyl- and olefin interactions.!>l
In this context, it is notable that frequently applied cocatalyst triisobutylaluminum can also be used
to achieve cationization of chloride complexes by formation of a CI(AliBus)2-anion.’2! Active
species generated in Ziegler-Natta catalysts for conjugated diene polymerization may be regarded
as an "in situ generation of lanthanide alkyls". However, as indicated by molecular weight
distributions of polymers obtained with numerous catalysts, multiple active sites or active species
with varying catalytic activities are formed.** 371 In addition, the transfer of the growing chain from

the active site to organoaluminum moieties and vice versa is possible.?* 38

Mechanistically, like polymerization of (mono)olefins, polymerization of conjugated dienes such
as butadiene or isoprene can proceed by the Cossee-Arlman mechanism. However, diene
polymerization is by far more complicated than o-olefin polymerization:[?8! First, stereochemistry
involved with polymers formed from conjugated dienes is inherently more difficult. Second, a

number of neutral lanthanide (alkyl) metallocene catalysts such as Cp“LnR are very active for
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polar monomer polymerization, including lactones and MMA, just as for the polymerization of
ethylene without activation with additional cocatalyst, in some cases showing indication of living
polymerization as shown by several works from many scientists including Marks, Evans, Teuben,
Bercaw, and Yasuda.!?81 391 [40] In contrast, for conjugated dienes such as 1,3-butadiene, formation
of n’-allyl, or -crotyl complexes are responsible of the fast deactivation, resulting in no
polymerization activity for conjugated dienes for metallocene systems.[**) On the other hand,
Carpentier later showed that e.g. allylyttrium catalysts are able to homopolymerize isoprene.!*!]
Divalent samarocene derivatives such as Cp*2Sm(THF): are reported to be efficient precursors for
ethylene polymerization, but are considered almost inert toward dienes, due to the formation of

stable #3-allyl complexes. For example, the Cp*>Sm/butadiene reaction only leads to dimerization

of butadiene (Scheme 2).14]
Cp*; @

Cp*2@+excess NG — > NN
Cp*2

Scheme 2. Cp*;Sm/butadiene reaction leading to dimerization of butadiene, which impedes polymerization

activity.[*?!

Not only stereochemistry, but also regioselectivity of the insertion has to be controlled, posing
challenges to both industrial production, and scientific research.?8! Possible products of butadiene
and isoprene polymerization are shown in Scheme 1. 1,4-Polymerization of conjugated dienes
gives rise to either cis- or trans-linked monomer units, whereas 1,2-polymerization (butadiene,
very rarely isoprene), or 3,4-polymerization (isoprene) affords polymers bearing chiral carbon
atoms, and the resulting properties thus are determined by the resulting tacticity (atactic, isotactic,
and syndiotactic).!?! Mechanistically, it has been proposed that conjugated dienes bind large vacant
coordination sites via n*-coordination, and thus undergo 1,4-insertion.?!) Coordination via #-
coordination (due to steric hindrance) may favor 1,2-insertion (or 3,4-insertion in case of
isoprene).[?!) However, also isomerization processes of the growing polymer chain may contribute
to insertion selectivity, making the process much more complicated.[’®! A mechanism involving
allyl complexes was proposed in the 1960s, when transition-metal allyl complexes were discovered

as putative catalyst precursors for diene polymerization,**] 44l and later, the allyl-insertion
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mechanism was proposed based on NMR studies.[*’! Later, Taube and co-workers could show that
neodymium allyl complexes are single component catalysts, and conducted mechanistic, and
kinetic studies, 46 [47] [481 1491 [30] fyrther substantiating the allyl-insertion mechanism. Scheme 3
summarizes possible insertion mechanisms of isoprene into a w-allyl lanthanide complex, resulting
in cis- or trans-linked isoprene units, depending on the anti- or syn-conformation of the allylic
species, whereas 6-bonded species can engage in olefin polymerization, resulting in 3,4-insertion.
Although the preconformation of the diene inserted influences the generated allyl species, syn-anti-

isomerization, or o-n-shifts can lead to cis-or trans-regulation.>!]

@_ |nsert|on — @n' - L /“Q 5 insertion
R N
n*-coordination o—C1 szanti

IP
IP )\/ —F . 3
/ @—R 12|nsert|on insertion
R

1-coordination
X"R )\\/“ R )\\/‘ﬂﬂ R trans-

@ insertion
- —_—

o—C1 7-syn /\(

Scheme 3. Stereoselectivity arising from different coordination modes, and subsequent insertion into the w-allyl

I \

complex. Scheme is adapted from ref. [52].
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Taubes' Allyl Complexes: Evidence for the Allyl-insertion Mechanism

Before organolanthanide catalysts were well examined as catalysts for conjugated diene
polymerization, Rudolf Taube and coworkers managed to isolate a series of cationic allyl nickel(II)
complexes published in 1977. The complexes of the form [Ni(#3-C3Hs)L2]X (L = P(OPh)s3, P(O-o-
Tol)s, PPhs, 0.5 COD; X: BF4, PFs) were found to be single-component catalysts for butadiene
polymerization.[*”] Later studies on neodymium-allyl complexes, supported by kinetic studies by
Taube et al. suggest that polymerization of butadiene is dependent on the coordination of the
monomer to the catalytic Nd(II) center in proximity to the allyl anion, and concludes that the
polymerization ability relies on the ability of neodymium to form m-complexes with the diene,
which may occur in an 7?- or *-coordination.[*”] [481 491 In line with this mechanistic suggestion,
Taube reports that Nd(n-C3Hs)s3, and the donor adduct Nd(n-C3Hs)3(dioxane) were both found to
polymerize butadiene in toluene at 50 °C without further additives, or cocatalysts.[47] [48] [49] Tt g
notable that the dioxane adduct features a decreased polymerization activity, which was explained
by the reduced space available for the diene coordination. Taubes' neutral tris(allyl) lanthanide
complexes also display the first examples of single-component lanthanide catalysts, catalyzing the

trans-1,4-selective polymerization.

The cationic compound [Nd(n-C3Hs)Cl(thf)s][B(CsHs)s], however, was not active in
polymerization, and could not be converted into an active system, not even when organoaluminum
Lewis acidic cocatalysts such as methylaluminoxane (MAOQ) were utilized,!*’! whereas precatalysts
such as Nd(5*-C3Hs)Cl,-2 thf gave extremely reactive catalysts when combined with 30 equivalents
of MAO with cis-selectivities up to 98%.[47] In contrast, cationic allyl complexes [Ln(#’-
C3Hs):L4][B(CeHs)a] (Ln = La, Nd; L = THF, dioxane) were active in single-component
polymerization of butadiene at 50 °C. It is notable that the THF adducts generally gave smaller
turnover frequencies, which may be explained with the stronger coordination of THF compared to
dioxane, and resulting blockage of the free coordination site. Compared to the lanthanum
congeners, the neodymium complexes feature a higher cis-selectivity. However, polymer data
suggest that, in case of the lanthanum complexes, two polymer chains per lanthanum center evolve,
whereas only one chain is formed with neodymium. Taube concluded that this may indicate the

formation of a dicationic monoallyl lanthanide complex fragment, that could also explain the higher
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cis-selectivity for neodymium.[*” This also suggests that cis-1,4-selective polymerization is a result

of catalysis carried out by a monoallyl neodymium complex.[47] [4°]

Putative Active Species and Single-Component Catalysts

Despite of decades of intensive research, the nature of active rare-earth-metal catalysts in Ziegler-

(24 [33] Nevertheless, it is generally accepted that

Natta type catalysts remain a matter of dispute.
Ln-alkyl, or Ln-H species are involved, whereas cationic species generated i.e. by Al—Ln chloride
transfer are also possible candidates for active species.’* The alkylation of the metal center in
Ziegler-Nata type catalysts also is said to play a key role,’> and species such as [Me,LnCl], or
[MeLnClz], are postulated as putative active species.’®! One example proposed by Cui ef al. on the
basis of NMR studies is [iBuYCI]*,, could partly transform into [(H)YCI]", by releasing
isobutene.[>”] Both compounds may be cationic, and possibly form a cluster, or an AliBus adduct.
YF-NMR spectroscopy indicates that there is no coordination of the borate moiety [B(C¢Fs)4]™ to
the lanthanide center, indicating a spatial separation of the borate anion from the catalytically active
center.3?] A number of other putative active species proposed in literature is shown in Scheme 4.

A proposed mechanistic scenario for the cationization of Nd[N(SiMes3)2]3 with

[PhNMexH][B(CsFs)4] is shown as representative example in Scheme 5.158!
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So far, only very few active compounds formed within Ziegler-Natta-type catalysts are structurally
characterized, and initiating species are still ambiguous.['> 3?1 Crystallizing active species from
ternary catalyst mixtures may seem appropriate to elucidate the structures involved. However, this
is almost impossible due to the low tendency to form crystals, and very likely the instability of
active species involved. To date, there is only one example of a discrete crystallized product from
a ternary mixture to our knowledge, that was published already in 1987 by Shan and co-workers.
Crystalline material could be obtained after several months from the highly polymerization active
ternary mixture comprised of Nd(OiPr3)/AlEt:/AlIEt:Cl in a 1/10/1.5 ratio.[®") The complicated
polynuclear product [AlzNds(u2-Cl)s(u3-Cl)s(u2-Et)oEts(OiPr)]2, that consists of twelve
neodymium centers linked by bridging chlorido ligands, alongside with aluminato moieties, %) also
features the first crystallographically characterized #7°-coordinated tetraethylaluminato moiety,
though, regrettably, the crystallographic data are of poor quality.[®!] The compound directly
engages in polymerization,[® and the difficult crystallization process of the complex product may

explain why so many active catalysts escape crystallization and characterization.

Single-component catalysts, that may be used in order to study active species, may fill this gap. To
date, a limited number of single component catalysts for the polymerization of conjugated dienes
has been reported (cf. Scheme 6). These structurally diverse compounds include neutral or cationic

411146 [48] [49] [62] [63] [64] and cationic mixed aluminate/borate compounds previously

allyl complexes,|
reported by our group.[!81 [651166] Tn contrast to the trivalent lanthanide complexes, that are highly
active in conjugated diene polymerization, complexes of the “classically divalent” lanthanides
samarium, europium, and ytterbium are generally considered as not active in polymerization of
conjugated dienes, often giving low yields, and reduction to a divalent complex is sometimes
considered a putative inactivation mechanism for these elements.[**] 54 Hence, it is surprising that

Evans reported on single-component catalysts Lnl, (Ln = Nd, Sm, Dy, Tm), and Lnlx(thf)x (Ln =

Sm, Tm).[®”] However, no more work on divalent lanthanide catalysts has been published since.
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Scheme 6. Single-component catalysts for conjugated diene polymerization characterized in the solid state.[181 [41]
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Reaction Conditions Influencing Polymer Microstructure

The polydiene microstructure is influenced by several factors. Donor molecules occupy the
coordination site, thus enforcing a change in syn/anti equilibrium, hence leading to changes in
microstructure. For example, THF, and TMEDA were shown to reduce cis-selectivity and catalytic

activity of a catalyst system comprised of neodymium versatate, DIBAH, and tert-butyl
15



chloride.l%¥! Little surprisingly, the solvent utilized may influence polymer microstructure, yield,
and TOF,?*] which may be ascribed on the same donor effect. Systematic studies with mixed
catalysts (comprised of neodymium versatate, diisobutylaluminum hydride and fert-butyl chloride)
were performed by Coutinho, who could show that elevated temperature decreases catalyst activity,
though without changing its selectivity, or polymer properties.[®] In terms of stereoselectivity, best
results are usually obtained with DIBAH/TIBA compared to other organoaluminum compounds.
DIBAH and TIBA yield higher cis selectivities, and higher molecular weight polymers compared
to trihexyl- and trioctylaluminum.!”! However, the nature of the alkyl substituent does not seem to
change the polymerization mechanism, although the molecular weight of polymers obtained is
strongly determined by the alkylaluminum source employed, and large molecular masses are
especially generated with bulky organoaluminum compounds.l’” It is assumed that the more
“monomeric” nature of AIR3, which is said to correspond with a higher “alkylating power” and
thus higher activity. However, this statement must be treated with caution, given the fact that TIBA
is, despite its sterically demanding alkyl chains, not entirely monomeric. Compared to
trimethylaluminum, which is almost exclusively dimeric at ambient conditions, TIBA exists in an

equilibrium with its dimer, however, this is largely governed by steric effects.[”!]

In general, the reaction of aluminum carboxylates with excess trialkylaluminum reagent AIR; leads
to the nucleophilic attack of the alkyl residue on the carboxylate R’CO», followed by subsequent
attack on the ketone RR’CO formed, resulting in the formation of a tertiary alkoholate [R,R’CO"].
[72] However, the above-mentioned reactivity is not observed for discrete lanthanide carboxylate
complexes. These feature distinct reactivities, as demonstrated by the works of Fischbach. Upon
reaction with trimethylaluminum, tetramethylaluminato-, and dimethylaluminumcarboxylato
moieties are formed.** A similar behavior was reported by Evans one year prior, who could show
that, upon excess organoaluminum reagent, tetraalkylaluminates are formed, whereas
stoichiometric amounts lead to Lewis acid-base adducts of carboxylato ligands, and
triisobutylaluminum. Remarkably, crystal structures reveal a comparable Lewis acidity of Sm(III),
and AI(III), as indicated by binding behavior of the formed triisobutylaluminum/carboxylato
adduct.[”’!
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Higher Aluminates of Alkali Metals, Alkaline-Earth Metals, Transition Metals, and

Lanthanides

The discovery of Ziegler-Natta type catalysts has spurred organoaluminum chemistry. Especially
tetraorganoaluminato complexes have moved into the focus of research shortly after the discovery
of Ziegler-type catalysts. Numerous discrete aluminate species have been employed as
polymerization precatalysts alongside with organoaluminum/borate cocatalysts as "model
systems" to study structure-reactivity relationships in Ziegler type catalyst-based
polymerization.’”¥ Promising candidates that were studied comprise cationic and dicationic
lanthanide allyl systems resembling proposed “active species”, but these complexes still require
additional organoaluminum compounds to achieve polymerization activity.**! Given this,

alkylaluminates are key compounds to explore and understand Ziegler-Natta catalysts.

In the context of above-mentioned Ziegler mixed catalysts, the use of ethyl and isobutylaluminum
compounds excels methylaluminum cocatalysts in many areas. First, higher alkylaluminum
compounds can be obtained from aluminum, hydrogen, and ethylene (or higher olefins) in a straight
forward, and cost-effective synthesis.’”’1[76 Second, higher organoaluminum/aluminate
compounds provide higher solubility, which often also enhances polymerization activity.”>! Even
so, the investigation of ethyl- and isobutylaluminum chemistry poses major challenges. Besides
difficulties in characterization of higher aluminates, complexes of the early transition metals and
rare-earth metals engage in degradation reactions.[’””! Especially without stabilizing ancillary
ligands, possible decomposition pathways include a- and B-hydrogen abstraction, as well as B-alkyl
transfer.l’> 771 Ligand redistribution is a common problem, i.e. when using lanthanide
alkylaluminate precursors for the synthesis of discrete cationic hydride species.[’® In contrast,
methylaluminates are well explored for the whole rare-earth element series (excluding

promethium), especially their reactivity in isoprene polymerization.[74] [7]

Furthermore, the nature of the alkylaluminum cocatalyst employed determines properties of the
products formed. For example, [Sm(AlMes):], and [Sm(AIEts)2], are featuring a polymeric
structure, but the methyl congener is insoluble in aliphatic, and aromatic solvents, whereas the
ethylaluminate complex is readily soluble.[®] Utilization of different alkylaluminum compounds

often results in diverse structural motifs. For instance, Evans and co-workers report that divalent
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samarocene precursors undergo oxidation with trialkylaluminum reagents,!3!) which leads to the -at
least in the solid state- monomeric species [Cp*2Sm{(u-Et),AlEt>}]. In contrast, when the less
bulkier trimethylaluminum is employed, the bridging methylaluminate species [Cp*2Sm{(u-
Me)AIMez(u-Me)}SmCp*;] is obtained.5> 821 [81]

Tetramethylaluminates, despite the easy crystallizability, are not always suitable as models for
catalysis, since they lack integral properties that commercial catalysts may exhibit, such as the
ability to form hydride complexes via B-hydride elimination or -transfer. Higher alkylaluminum
compounds feature different properties in polymerization, e.g. in terms of catalyst activity,
compared to trimethylaluminum.®¥ On the other hand, “higher” aluminates (meaning
tetraalkylaluminates with R > Me) show bad crystallization behavior, or completely escape solid-
state analysis. These difficulties in crystallization of “higher” alkylaluminates such as tetraethyl-
and tetraisobutylaluminates arise from the fluxional behavior of the alkyl residues, thus hampering
isolation, and purification by crystallization.[®!] Additionally, bulky ethyl- or isobutyl groups
greatly enhance solubility in both aliphatic and aromatic solvents. Therefore, prior works state that
removing equimolarly formed, excellently soluble side products is “almost impossible”.[®!] The
bulky higher alkyl groups in aluminate moieties suffer exchange by sterically less demanding alkyl
groups. For example, alkaline earth tetraethylaluminates [Ae(AlEts)2] (Ae = Ca, Sr, Ba), readily

exchange ethyl groups for methyl groups upon reaction with trimethylaluminum. 84

Besides ethyl- and tetraisobutylaluminate compounds, other “higher” alkylaluminates have been
synthesized. The following list of compounds primarily emphasizes crystallographically

characterized complexes featuring at least one tetraalkylaluminate moiety.
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Higher Aluminates of Alkali Metals

Early works on alkali-metal alkylaluminates were tackled alongside the development of Ziegler's
mixed catalysts. Encouraged by the thermal stability of alkali-metal aluminate derivatives such as
[M(AIEt4)2] (M = Li, Na),[851 [86] [871 [83] 3 number of syntheses were established beginning the
1960s, following different synthesis strategies including direct reaction from sodium and
triethylaluminum, reaction of sodium hydride, triethylaluminum, and ethylene, or alkoxide
elimination. Starting from [Na(AlEts)] obtained this way, a transmetalation protocol allows the
exchange of sodium against other alkali metals with alkali-metal amalgams until an equilibrium is

reached.[®* A brief summary of these synthesis pathways is given in Scheme 7.

NaH +(AlJEty; — NalAl HEt; %» Na (Al Et4

3Na+4(AlEt, —29°Co  Na(ADEL, +(Al

NalAl Et, + K (Hg)y =—— K (AlEt, + Na (Hg),

M OR +(AlJEt; —= M [(AINOR)Ets] +(AlVEt; == M (AlEt, +(Al)(OR)EL,

M = alkali metal

Na OR
Na ( Al Et4 + 4 C6H6 E— Na ( Al Ph4 +4 C2H6

Scheme 7. Synthesis pathways leading to alkaline-metal tetraethylaluminates. (8% [01 911 [2]

Ever since, alkali-metal aluminates are versatile synthesis precursors for salt-metathesis protocols,
for instance for the synthesis of [Y(AlMes)s] starting from yttrium chloride and [Li(AlMes)].74 A
number of higher aluminates has been structurally characterized in the solid state, among these the
homoleptic aluminates [Li(AlEt4)],188] [Na(AlEt4)],[%] [Na(Al(nPr)4)],13] Na[Al(SiMes)4],°4! and
[K(AIEt4)].I1  Besides, the donor adducts [Li(dioxane)s][Al(iBu)],®®!  [Li(12-c-
4),][Al(CH2SiMes)s],”)  and  [K(15-c-5)][Al(n'-C3Hs)a],l%8)  as  well as  [{Ln(2,4-
Me>CsHs)s}-(NaAlEts)s] (Ln = La, Nd)[’! were characterized in the solid state.
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Higher Aluminates of Alkaline-Earth Metals

Even though a first work on ethylaluminum compounds prepared from aluminum and ethyl iodide

in a sealed glass ampoule has been published as early as 1859,110]

organoaluminum compounds
finally were exhaustively examined about 100 years later in the context of Karl Zieglers seminal
works on mixed catalyst for olefin polymerizations,!’® accompanied by Ziegler's work on
trialkylaluminum compounds, including hydrides and decomposition processes.!'! Ziegler and
Holzkamp also reported the synthesis of [Mg(AlEt4)] already in 1957 from diethyl magnesium, or
ethylmagnesium chloride, and triethylaluminum.!®> 1921 Alongside Zieglers' works, Herbert
Lehmkuhl has been a pioneer both in the field of organoaluminum and organoaluminate synthesis,
especially in terms of alkaline, and alkaline-earth element aluminates.[8% 21-92- 1031 With respect to
this, a number of different syntheses for alkaline-earth metal tetraethylaluminates has been
published by Lehmkuhl and co-workers in the 1960s. As shown in Scheme 8, salt metathesis from
metal chlorides with [Na(AlEts)] provides the corresponding tetracthylaluminate after extraction
with benzene from the insoluble residue.®'l A further possibility to purify the product was
distillation. Lehmkuhl notes that [Ba(AlEts)2], in stark contrast to calcium and strontium
homologues, features more salt-like characteristics. For instance, [Ca(AlEts)2] and [Sr(AlEts)2] can
easily be distilled, and do only show little conductivity in solution, whereas [Ba(AlEts4);] does more
resemble [Na(AlEts)] in its properties.[¥*] Besides salt metathesis, an alkoxide-elimination protocol
was established, followed by distillation of the products, which is feasible for Ca, Sr, and Ba. In
contrast, magnesium tends to form the decomposition product EtMgOEt. Besides, the direct
synthesis starting from alkaline-earth metal, diethyl mercury, and triethylaluminum also affords
the alkaline-earth tetraethylaluminates and was conducted by Lehmkuhl and co-workers in a

several hundred gram scale.!®! 12

20



CeH
Ae/Cl, + 2 N4 Al Et, &5 > [Ae (AlEt,),] + 2 NaCl

ADE
AS)(OEt), +3AIEt; —> AAIEL(OEY, —— >  (ASAIEL,], HADEL(OEt)
Ae = Ca, Sr, Ba

140-160°C

107 Torr [ASE[(ALEL]

90-100°C
Ae + HgEt, + 2(AlEty; —————— >  (Ae) [(Al Ety], + Hg

Scheme 8 Synthesis of various alkaline-earth metal tetraethylaluminates as published by Lehmkuhl and

coworkers.*2] [84]

To date, other tetraethylaluminates including [{Ca(AlEts)2},]®] and [{Ba(AlEts):}a]!'% are
characterized in the solid state, alongside their donor adducts, ate complexes, and derivatives
including [Ca(thf)(AlEt4)2],3°] [(Me:2NCH>NMe»)Ca(AlEtys),], 1% [Ca(1,4-
dimethylpiperazine)(AlEts)],%) [Ca(tmeda)(AlEts)],3°! [Ca(1,3,5-trialkyl-1,3,5-
triazacyclohexane)>(AlEts):],1%] [{Ca(N(iPr)2)(AlEts)}2],3%] [Ba(AlEts)2(toluene)]n 1%
[Ba(PhCHN=NCHPh)(AIEt4):],l!%  [BaK(AlEts)3]s,[!  (Tp®BuMe)Ca(AlEt), 171 [Ca{u-
(N(SiMes)2)(Al(CH2SiMes)4) 12,1181 and  [(TpAdP)Ba(AlEt)],.['%1 While in most cases uo-
coordination is observed for the above-mentioned ethylaluminates in the solid state, and u»-
coordination may be observed sporadically with sterically demanding ligands, as in the case of
[Ca(u2-AlEt4)(AlEt:)(TCyTAC)] (TCyTAC = 1,3,5-tricyclohexyl-1,3,5-triazacyclohexane).®! In
contrast the fluxional behavior of coordinating tetraethylaluminato moieties was impressively
demonstrated by Crimmin ef al., who examined the reaction of B-diketiminato calcium silylamides
with triethylaluminum.!'1%) In this study, compound
[{ArNC(Me)C(AIEt;)HC(Me)NAr}Ca{AlEts}] was synthesized following an amide-elimination
protocol. The fluctuating switch of the coordination modes has been shown by single-crystal
structures  of  both  the  w»-coordinated, and  wus-coordinated  isomers  of
[{ArNC(Me)C(AIEt;)HC(Me)NAr}Ca{AlEts}] (Scheme 9), with both isomers being present in an

approximately 1 : 1 mixture. In solution, 'H-NMR data suggested a rapid interconversion at
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ambient temperature, highlighting the mobility of coordinating aluminato moieties, whereas a

dissociative loss of triethylaluminum from the diketiminato "spectator" ligand was observed at low

temperature.
Me Me Me M
CH CH
Ar ) \2Aer N l:IZ \zAr
_N\C \\\N(SIMe?))Z AI Et3 C > C ”'AI Et / - \\\\C;I/ AI /Et
a —_— a—C—{ Al-Et +
Et Et — /
=N"" “OEt, \H2 N \CHz “Et
N CH2 Y |
r Ar Me
Me

Scheme 9. Synthesis and structures of crystallographically characterized p,-, or ps-coordinated isomers of f-

diketiminato calcium ethylaluminate compound [{ArNC(Me)C(AIEt;)HC(Me)NAr} CafAlEty}].111%

Besides the aluminates mentioned above, it is noteworthy that a small number of solvent-separated
alkaline earth tetraalkylaluminate compounds was published. These complexes are of great interest,
especially when it comes to alkaline earth batteries. Among the candidates tested, [{(thf);sMg(u-
Cl)3)Mg(thf);} {AlPh4} ]! stands out, featuring redox potentials as high as 2.5 V (vs Mg). This
clearly excels first generation magnesium batteries by more than 1 V,!!''!l and may be a potential
application of cheap, and excellently soluble, higher aluminates of readily abundant alkaline-earth
metals.  Similar structurally characterized complexes include [Ca(thf)sI][AIPh4],!!!?!
[(CarMesPyCarMes)Ca(thfI][AIPhs]  (CarMesPyCarMes = 2 ,6-bis(3-mesitylimidazol-2-
ylidene)pyridine),!'*] and [Sr(thf)7][AlPh4]>.[114]
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Higher Aluminates of Transition Metals

In contrast to s- and f-block element compounds, transition-metal alkyls tend to be exceedingly
unstable.l'!'] This especially applies to later transition metal alkyls, which tend to decompose by
B-H elimination, whereas d’-complexes feature less kinetic lability regarding p-H elimination, 3]
which is crucial for the importance of early-transition metals in Ziegler—Natta-type polymerization
catalysts.[”] In the solid state, there are almost no notable examples of (higher) transition metal
tetralalkylaluminates, demonstrating the instability of transition metal alkyls.!''>) One of the scarce
examples of higher transition metal tetraalkylaluminates has been stabilized with electron deficient,
weakly coordinating anion [Al(CsFs)4] alongside with cyclopentadienyl ligands, as in the case of
the complexes [Me2C(Cp)(Flu)Zr(u2-Br)]2[Al(CéFs)a] (Cp = CsHs, Flu = fluorenyl),!'®]
[Cp*2Fe][Al(CoFs)4],l''] and [Cp2Ta(CH2)MeAl(CeFs)2][Al(CoFs)4].l''8] The only structurally
characterized example of exceedingly unstable tetraethylaluminates is the donor separated ion pair
[Co(2,2'-bipyridine).Me;][AlEts].l'°] The tendency of transition-metal alkyls to decompose via B-
H elimination is impressively demonstrated by complexes such as Cp*>Ta(H)(C2Hs-AlEts) [120]
which may be seen as a decomposition product of a putative intermediately formed, elusive

"tetraethylaluminate".
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Higher Aluminates of Divalent Rare-Earth Metals

Both di- and trivalent rare-earth metal ethylaluminates have been reported (see Scheme 10). Of the
“classically divalent” lanthanide elements samarium, europium, and ytterbium, homoleptic and
isomorphous tetraethylaluminates [Sm(AlEt4)2],,3% [Eu(AlEts)2]4,1?" and [Yb(AlEts)2]4'??! have
been structurally characterized. As the corresponding methyl congeners, the polymeric divalent
ethylaluminates are accessible following an amide-elimination protocol by reaction of
Ln[N(SiMe3)2]o(thf), with excess of AlEts. In contrast to the corresponding, insoluble divalent
homoleptic metylaluminates [Ln(AlMeas)2], (Ln = Sm, Eu, Yb), the polymeric ethylaluminates
[Ln(AlEts)], feature excellent solubility in aliphatic solvents.®?] In the solid state, polymeric
[Sm(AIEts)2]» comprises of an anionic moiety, and of a cationic fragment. The anionic
[Sm(AIEts)3] -fragment features a #>-coordination, compared to a #73-coordination in the cationic
[Sm(AIEt4)]- fragment. Alongside with the homoleptic divalent ethylaluminates, their donor
adducts have been reported. The tetrahydrofuran adducts Ln(AlEt4)2(thf), was obtained for both
samarium, and ytterbium.[!23] Both are isostructural, with the ethyl aluminates again featuring a 7>-
coordination mode. The same publication also reports on the synthesis of Ln(AlEts)2(py)2 (Ln =
Sm, Yb) and Ln(AlEts)>(phen) (Ln = Sm, Yb), yet these complexes were not characterized in the
solid state.[!23] The donor addition strongly contrasts the reactivity of trivalent aluminates, that tend

to undergo donor-induced aluminate cleavage instead of forming donor adducts.

Derivatization of [Yb(AlEts4)2], with 0.5 equivalents of the oxidation agent Cp*;Pb in n-hexane
yielded a mixture of products, from which only the trivalent ethylaluminate complex
Cp*2Yb(AIEts) could be identified.['>*] When the same reaction was performed in a toluene/diethyl
ether mixture, the divalent product [Cp*Yb(Et20)2(AlEts)] was obtained alongside with elemental
lead.['?4] The protonolylsis of [Ln(AlEts)2] (Ln = Sm, Yb) employing 2,6-di-isopropyl phenol
(HOATr™) led to [Etz Al(u-OAr™), Yb(u-Et)>AlEt(u-Et)]», and a series of related, phenolato bridged

[1251 As for the synthesis of homoleptic divalent tetracthylaluminates

triethylaluminum complexes.
[Ln(AlEts)2],, the silylamide eliminination protocol proved suitable for the synthesis of heteroleptic
complex (Tp®B*Me)Yb(AlEts), which was synthesized from (TpB“M¢)Yb[N(SiMes)>] and >2
equivalents of triethylaluminum.!'?%] In the solid state, the tris(pyrazolyl)borate ligand TpB»Me is

i3-coordinated, whereas the [AlEts]-ligand is #72-coordinated.['2¢]
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Scheme 10. Lanthanide tetraethylaluminates of samarium and ytterbium characterized in the solid state. Structural
motifs found in [Sm(AlEts):2]n as example for the structure of divalent homoleptic lanthanide ethylaluminates
[Sm(AIEL)2],BY [Eu(AlEL )], and [ Yb(AIEts)2]..1'?2 Donor adducts of [Ln(AlEt):], (Ln = Sm, Yb).['?] Products
obtained from the reaction of [Yb(AIEts),], with 0.5 equivalents of Cp*,Pb,l'>*l and tri-, and divalent samarium
ethylaluminate complexes [NN],Sm(AIEts), and [NN].SmAIEtK(toluene)}, ([NN] = [2-(2,6-iPr,C¢HsN=CH)-5-
tBuC,H,NT).[127]
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In solution, low temperature 'H-NMR spectroscopy reveled that agostic Yb---H from the bridging
methylene groups of the tetraethylaluminato moieties are not strong enough to maintain a rigid
structure, as shown by only one signal set for the highly fluxional ligands Tp®*M¢ and the
tetracthylaluminato moiety at temperatures as low as —80 °C.['26] Independently, another samarium
ethylaluminate congener has been reported, which was synthesized from [NN].SmCH:SiMe;
(INN] = [2-(2,6-iPr2CsH3N=CH)-5-fBuC4H>N]") with 3 equivalents of triethyl aluminum, that led
to the formation of the trivalent ethylaluminate [NN].Sm(AlEts), which was reduced with
potassium in toluene to yield the linear, polymeric divalent ate complex

[ {NN}>Sm(AIEts)K (toluene)],.[27]

The reaction of well-defined trivalent samarocene systems such as [(CsMes)2Sm(O2CCgHs)]a,
(CsMes)2Sm(thf),, or (CsMes)Sm with dialkylaluminum chlorides R>AICI (R = Me, Et, iBu)
yielded complexes of the form [(CsMes)Ln(u-Cl)2AIRz2], or {(CsMes):Ln[(u-Cl)(u-R)AIR2}x as
stable products, and the dichlorides are apparently favored.['?] In terms of comparison of different
alkyl residues, it is noteworthy that ethyl residues are capable of n)'-, n?-, and n*-coordination. This
does have direct implications for conjugated diene polymerization, since this offers the possibility
to (reversibly) protect a coordination site prior to the attack of a monomer during polymerization.
Besides, the importance of agostic interactions metal-alkyl-interactions may play a role in
stabilizing reactive intermediates in polymerization. Furthermore, the tendency for residues larger
than methyl to form alkyl-bridged dimers is decreased, indicating that the higher sterical demand
may decrease the tendency to dimerize. Another crucial aspect is the possibility of ethyl- or isobutyl
groups to form hydride species following a B-elimination pathway, a scenario not possible for

methyl congeners.

Trivalent Lanthanide Ethylaluminates Characterized in the Solid State

To date, only one type of homoleptic, higher aluminate complex of trivalent lanthanides of the
form [Ln(AlEt4)3] has been reported to our knowledge (cf. Scheme 11). Compound [La(AlEts)3]
has been initially synthesized from [La{N(SiHMe>).}3(thf),] and triethylaluminum,!'?8) wheras a
synthesis was published later employing an amide elimination protocol starting from

[La(NMey)3(LiCl)3)3].[7! The same protocol has later been applied to obtain homologous

26



complexes [Ln(AlEt4)3] for Ln= La, Ce, Pr, Nd, and Gd.['*’! The diamagnetic probe [La(AlEt4)3]
revealed high mobility in solution according to 'H-NMR spectroscopy, and decoalescence of
bridging, and terminal ethyl groups can not be observed even at at 190 K./ In contrast, lanthanide
tetramethylaluminates, [Ln(AlMes);] show a different behavior.[’#l Decoalescence of methyl
resonances is already observed at 225 K for [Lu(AlMes)3], but does not occur for large Ln’" size
aluminates such as [La(AlMes)s3]. This temperature dependence is ascribed to the increasing steric

saturation, and the thus arising, more rapid alkyl exchange at the larger lanthanide centers.!”4!

Et\ /Et
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Ln = La, Ce, Nd, Gd

Scheme 11. Schematic structure of [La(AlEts);] and related compounds. 731 [1281 [129]

The Decomposition of [La(AlEt4)3] in solution was observed after ten days at ambient temperature,
whereas complete decomposition of [La(AlEts);] was observed when heated >1 h (cyclohexane-
d12), leading to the formation of degradation products [(AlEts)La{(u-Et)(AlEt2)}2(u-CH2CH>)] and
[La{(Et: Al)(u-CH2CH2)(AIEL )(u-CH2CH2 )2(AlEt3) } | by B-H activation, as depicted in Scheme
12. As known for d° metal-ethyl complexes that readily undergo 6-bond metathesis, the C-H bond
leads to the activation of neighboring alkyl ligands. Alongside with B-hydride transfer, B-hydride
elimination is one of the major decomposition pathways.!”>! For the decomposition of [La(AlEts)3],
no hydride complexes were postulated.l”>! Instead, NMR studies suggested that the decomposition
of [La(AlEts4)3] occurs by B-H abstraction via ethane elimination, forming degradation products
[(AlEts)La{(u-Et)(AlEt2)}2(4-CH2CH2)] and [La{(EtsAl)(u-CH2CH2)-(AIEt2)(u-
CH>CHz)2(AlEt3)} 7% alongside with ethane, following a mechanism suggested in literature.l”> 13%
These findings also highlight the relevance of B-hydride transfer over the frequently assumed -

hydride elimination as putative degradation pathway for higher aluminates.
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Scheme 12. Decomposition of [La(AlEts);] based on 'H-NMR spectra as proposed in literature.l”>! Figure is adapted
from [75].

Heteroleptic trivalent rare-earth-metal ethylaluminates have been generated, either via oxidation of

samarocene(Il) precursors, or by derivatization of homoleptic trivalent ethylaluminate precursors.

Starting from Cp*:Sm, and Cp*;Sm(thf),, and excess triethylaluminum, complexes

Cp*2Sm(AlEts),5%! and Cp*>Sm(thf)[(u-n>-Et)AlEt;]!?! were obtained. It is remarkable that
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complex [Cp*2Sm(thf){(u-#*-Et)AlEts}], given the steric saturation of the complex, only one ethyl
group of the tetraethylaluminate moiety coordinates (cf. Scheme 13), but in an n?>-coordination,!!%!
compared to the coordination of two ethyl groups in Cp*>Sm(AIEts),l>>] again highlighting the
flexible coordination potential of the [AlEts] moiety. Besides, few heteroleptic ethylaluminates
were synthesized, such as Cp*;La(AlEt4),”>! which could be generated by protonolysis using HCp*
and La(AlEt4)s, whereas TpMeM¢La(AlEt4)> was prepared from La(AlEts); by salt metathesis using
the potassium salt KTpMe-Me [129] Tn the context of lanthanide carboxylate based polymerization, a
series of carboxylate/ethylaluminate complexes has been structurally characterized, such as
La[(O2CAriPr)s(u-AlEt) o[AlEt],131 and  much  later  La(Ph3CCO»)(AlEts)  and
Lna(Ph;CCO»2)4(AlEts), (Ln = La, Nd).[!321 [133]1 Both complexes feature a rather unusual 7°-
coordination of the terminal ethylaluminate. However, both were dependent on an additional

organoaluminum source for conjugated diene polymerization activity.
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Scheme 13. Examples of versatile coordination of the tetraethylaluminato moieties in complexes Cp*,Sm(AIEty),P]

[Cp*>Sm(thf){(u-n?>-Et)AlEt; }],l'* and the cationic fragment of [Sm(AIEty),],."

Lanthanide Isobutylaluminates Characterized in the Solid State

In mixed catalysts for conjugated diene polymerization, TIBA, and/or DIBAH are almost
ubiquitously present in both academic- and industrially applied catalysts. For this reason, it is even
more astonishing that only a handful of lanthanide isobutylaluminate complexes were published so
far. Besides the donor adduct [(thf)2Sm(O7Bu)2(u-OrBu),Al(iBu):],!'3# all were obtained in the
context of polymerization by the Evans group (cf. Scheme 14).1'2 731 So far, only one lanthanide
complex containing a tetraisobutylaluminate moiety, (CsMes)>Sm|(u-

CH>CHMe:)Al(CH2CHMe»)2], was crystallographically characterized by Evans et al.!3!] In the
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solid state structure, a #>-coordination of the tetraisobutyl aluminate moiety was reported. Two
more types of lanthanide compounds containing a triisobutylaluminum moiety were reported, and
all are stabilized by pentamethylcyclopentadienyl ligands  (CsMes)2Ln[(u-Cl)(u-
CH>CHMe2)AI(CH2CHMez)2]  (Ln = Sm, Y), and (CsMes)Ln[(u-O2CPh)(u-
CH,CHMe»)AI(CH,CHMe),].['2 731 The latter is formed in the reaction of [(CsMes)>Sm(u-
0.CPh)]» with AliBus. It is remarkable that complex (CsMes)Ln[(u-O2CPh)(u-
CH>,CHMe,)AI(CH2CHMe»),] displays two different carboxylate orientations toward the metals in
a single crystal, indicating that the Lewis acidity for both Sm(III) vs. Al(III) may be very similar.!”3]
Apparently, all complexes reported by Evans feature the bulky Cp*-Ligand (CsMes), which helps
crystallizing the complexes, but also blocks access to the lanthanide core, thus preventing diene
coordination to the metal center. It is thus little surprising that no polymerization activity has been

reported for any of these compounds.

Scheme 14. Isobutylaluminum complexes of rare-earth elements characterized in the solid state.['>- 73 134]

Besides homoleptic tetraethylaluminates, such as [Nd(AlEts)3], which has been extensively studied
in isoprene polymerization in our group, leading to high-yield high-cis selective 1,4-
polymerization,!'?°l higher aluminates of rare-earth elements are reported as putative model
complexes for active species in polymerization. As reported for the decomposition of

[La(AlEts)3],[73] showing the formation of difficult-to-crystallize products, species formed during
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aging of a catalytic mixture, e.g. comprising an rare-earth-metal aluminate and organoaluminum
cocatalyst, tend to be almost impossible to structurally characterize, due to their high reactivity,

diversity, and flexibility.

Besides these first lanthanide isobutylaluminates, only one higher tetraphenylaluminate was
characterized in the solid state, and published only recently. [Cp*2Y(AIPh4)] was obtained by
heating the corresponding [Cp*2Y(AIMe4)] in benzene for six days at 120 °C.[135]

In the context of polymerization, [Y(CH2Me3)a(thf)4][Al(CH2SiMes)s] has been synthesized.!!3¢!
This more bottom up approach to analyze active species in catalytic mixtures consisted in
synthesizing discrete complexes containing structural features commonly assumed to be present in
active catalyst species. This route was followed by the group of Okuda, postulating the activity of
dicationic lanthanide monoalkyl complexes as active species in ethylene polymerization. This
assumption is based on the observation that alkyl complexes of the type [Ln(CH2SiMes)s(thf)z](Ln
= Tm, Er, Y, Ho, Dy, Tb) catalyze ethylene polymerization in toluene upon activation with
[PhNMe>H][B(CeFs)4], and AliBus.!'3¢! The authors propose the activation mechanism forming a

"dicationic active species" as shown below (Scheme 15).

Al(CH->SiMe
(X)(CH,SiMes)s(thf).] (C9Mes)s . ((DUCH,SiMes)a(th)HAD(CH,SiMes)]
[HNMe,Ph][B(C4Fs)a] [HNMe ,Ph][B(CgF )]
- NMe,Ph, -SiMe,4 - NMe,Ph, -SiMe, ~(Al(CH,SiMes);

[{Y)(CH,SiMes),(thf) {B(CeF5)a}]

excess (Al/(CH,SiMes)3
toluene | _ (A\(CH,SiMes)s(thf)

\
[{XXCH,SiMes)s(toluene) HB(CoFs)al]

[HNMe,Ph][B(CgF5)4]
- NMe,Ph, -SiMe,

{X(CH,SiMes)(toluene) 3 (B(CoFs)a})z]

Scheme 15. Proposed activation of [ Y(CH2SiMes3)s(thf),] with dimethylanilinium/organoaluminum cocatalysts as

proposed by the group of Okuda.['*%] Scheme is adapted from[!3¢],
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However, it is obvious that tetraalkylaluminates may be forming in the proposed scheme, that
implies solely arene is available for coordination to sterically stabilize the complex. In another
work of Okuda, polynuclear yttrium hydride compound [YH>(thf):],[Al(CH2SiMes)4], was
obtained via hydrogenolysis of [Y(CH2SiMe;)a(thf)4][Al(CH2SiMes)s], which has subsequently
been used to manufacture ftrans-[Y(OCHPhy)(triglyme)(thf)][(Al(CH2SiMes)4)], and
subsequently [YH2(12-crown-4)]4[Al(CH2SiMe3)4]4.l78! The authors state that solubility problems
of yttrium hydride complexes may be overcome using bulky aluminate anions.[’® Still, a synthetic
challenge is the invariably formed mixtures of cationic hydrides, whose composition depended on
the choice of the respective precursor, hydride source, and solvent.[”8] Despite a large number of
structurally characterized cationic rare-earth-metal complexes, no single component catalyst
comprising of a (di)cationic complex has been reported to date to our knowledge, which is able to

achieve conjugated diene polymerization without the need of additional cocatalyst.[78] [1371 [1381 [139]

[140]
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Aims of this Work

The main emphasis of this work was to synthesize discrete, crystalline rare-earth-metal
isobutylaluminates and related compounds to elucidate the nature of 1,3-diene polymerization
catalysts, and to explore the so far not well-established lanthanide-isobutylaluminate chemistry.
However, the branched isobutyl ligands prevent crystallization, featuring increased mobility

compared to the much easier crystallizing tetramethylaluminates. Main challenges involve:

e high mobility of isobutyl residues in solution/low tendency to crystallize!®!]

e high boiling point of TIBA (46 °C/1 mm Hg!!'*!1, 86 °C/10 mmHg, according to the supplier
Merck KGaA)
e very high solubility of isobutylaluminates in aliphatic, and aromatic solvents!®!]

e equimolarly formed, almost inseparable side productsl!]

Given the challenges involved with crystallizing discrete isobutylaluminate species, stabilizing
spectator ligands, such as Cp*, or [N(SiMe3),] were possible candidates to access the previously
elusive isobutylaluminate congeners. It is remarkable that, among the initially reported, structurally
characterized trivalent isobutylaluminate congeners, none was generated following an amide-
elimination protocol, which is a state-of-the-art protocol for lanthanide tetramethyl-, and
tetracthylaluminates. In contrast, Yb[N(SiMes)2]2(thf), was utilized to generate complexes
[Yb(AIMes)2]n, [Yb(AIEts)2]n, and Yb(AliBus):.['22! However, the latter could not be structurally
characterized in the solid state, since the "crystals" did not produce a diffraction pattern in single
crystal analysis. In general, the bulky [N(SiMe3)2]-ligand has found wide-spread use in lanthanide
chemistry, due to its sterical demand, and stability. Rare-earth-metal silylamides Ln[N(SiMe3)2]3
stand out due to the easy exchangeability of the silylamido ligands, accompanied by high Lewis
acidity, and excellent solubility in organic solvents, enabling manifold applications in catalysis.!5!
For instance, hydroamination, -silylation, -boration have ben reported. In polymerization, a vide
variety of monomers, including methyl methacrylate, ethylene, and e-caprolactone has been

142] Especially, in butadiene and isoprene polymerization, rare-earth-metal silylamides

reported.!
have found application in combination with triisobutylaluminum,38! 1431 [144] and are subjects of
several theoretical studies.[142] [145] [146] Both selectivity and activity of Ln[N(SiMes):]s/TIBA

systems were found to be superior or at least comparable with established catalyst systems based
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on lanthanide carboxylates.!'4’]

[CeHsNMexH][B(CsFs)s], and AliBus is reported by Sadow et al. who highlights the enhanced

Polymerization of butadiene with Nd[N(SiMe3)2]3,

stereoselectivity depending on the solvent (86 % cis-1,4 in heptane vs. 70 % cis-1,4 in toluene).**
However, previous works (falsely!) claim that trivalent silylamide complexes [Ln{N(SiMe3)2}3]
“do not even show reactivity towards organoaluminum reagents such as TMA, since the lanthanide
center is sterically completely shielded, and bulky [N(SiMe3).] ligands cannot be attacked due to
the sterical bulk of the amide ligands™.[') In contrast, the Gambarotta group previously reported
on the reaction of Sm[N(SiMe3)2]s with 6 equivalents of AlMes and 2,6-diphenylphenol in toluene.
The darkening of the reaction mixture indicated reduction to Sm(II) species, and the product was
identified as Sm[ {¢-2,6-bis(phenylphenol)} |2[(u-Me)(AlMe,)] by X-ray analysis. Treatment of this
compound with one atm. CO; atmosphere led to insertion of CO; into the [Sm-Me-Al] fragment,
forming [Sm{u-2,6-bis(phenylphenoxy))>AlMe; } - {u-(acetato)-(2,6-bis(phenylphenoxy))Al
Me:}(1,2-dimethoxyethane)]. [Sm-u-{6,6'-methylene-bis(2-tert-butyl-4-methylphenol) } (u-
MezAlMe»)]2 was obtained following the above mentioned route, and featured significant activity
as single-component ethylene polymerization catalyst without the need of further activation with a
cocatalyst.['47] The same protocol was also applied to generate [Tm(Me){u-CH,AIMex (-
NCsMes)}2] from Tm[N(SiMe3)2]3, AlMes, and 2,3,4,5-tetramethylpyrrole.l'4”] For this reason, the
reactivity of lanthanide silylamide complexes towards triisobutylaluminum was examined in the

scope of this work.
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B. Summary of the Main Results

Divalent Homoleptic Lanthanide Tetraisobutylaluminates

Twenty years prior to this work, Yb(AliBus), (1Y?) was synthesized following an amide-
elimination protocol, but the complex escaped solid-state characterization.['?21 147 Tt was noted that
higher alkylaluminates are very hard to crystallize. This was ascribed to the mobility of higher
alkyl residues of coordinated aluminato ligands, and to the equimolar formed side products which
are "almost impossible" to remove due to excellent solubility of both products, and side
products.!°!l Following the protocol applied for the synthesis of Yb(AliBus), (1Y?), Benjamin Wolf
almost two decades later succeeded in obtaining first single crystals of Sm(AliBuas), (15™), [1471 [148]

but did not pursue this further.

In the context of this work, Sm(AliBuy), (15™)

was synthesized from Sm[N(SiMes)2]2(thf)s, @ ﬁ%
and AliBus. Repeated recrystallization C5\ cr
afforded 15™ as crystaline, purple-red solid @/@ Eu

(vield 75%). Similarly, the synthesis of %@f Al
Eu(AliBus)> (1) was tackled following the > 49
same amide-elimination protocol, @

accomplishing excellent crystalline yields .
Figure 1. Crystal structure of Eu(AliBus), (1BY) as

o . . .
(89%). The previously mentioned chemistry representative exemple for the isostructural Ln(AliBus),

of Yb(AliBus)» (1¥*) was revisited in this series (1M). Ellipsoids are shown at the 50% probability

context, and we managed to finally obtain level. Hydrogen atoms are omitted for clarity.

crystals of the so far elusive ytterbium

aluminate 1YP, which were of sufficient quality to reveal its solid-state structure. All three
compounds, Sm(AliBus), (15™), Eu(AliBus)2 (1Y), and Yb(AliBus): (1Y), are isostructural, and
revealed an unprecedented 7°-coordination of the tetraisobutylaluminato anions in the solid state
(cf. Figure 1). The steric influence of the isobutyl residues are highlighted by slightly longer Sm—
C distances of average 2.866 A in Sm(AliBus), (15™), compared to Sm[AlEts)>]2(thf)2, which

features an #?-coordination of the ethylaluminato ligand, and an average Ln—C distances of
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2.774 A3 In contrast to the polymeric (insoluble) methyl- and (soluble) ethylaluminates
[Ln(AlR4)2]» (Ln = Sm, Eu, Yb; R = Me, Et), complexes Ln(AliBus)> (1'") feature excellent
solubility, and a monomeric motif in the solid state, making them the first examples of homoleptic

divalent lanthanide tetraisobutylaluminates structurally characterized in the solid state.

Reactivity of Ln(AliBuy), (1'") Toward Oxidizing Agents

The reactivity of Sm(AliBua4): (15™) and Yb(AliBus)> (1Y?) toward chlorinating agents was probed
in order to examine the accessibility of trivalent isobutylaluminate species, that could serve as
putative isoprene polymerization catalysts. In this context, it is notable that transition of Sm(II) to
Sm(III) is accompanied by a color change from deep purple to pale yellow, which is of great help

to indicate oxidation.

Remarkably, reaction of Sm(AliBus), (15™) with hexachloroethane proceeded without a
characteristic color change. From the reaction mixture, blackish-green crystals were formed that
were identified as mixed-valent SmsClg(AliBua)s (2) (cf. Scheme 16) by XRD analysis. The same
product was obtained upon oxidation of Sm(AliBus), (15™) with trityl chloride as identified by

XRD analyses, though contaminated with cocrystallized Gomberg’s Dimer.

Analogously, the reaction of Yb(AliBus), (1Y?) with hexachloroethane was probed, and X-ray
diffraction revealed the formation of Yb(II) cluster YbsCla(AliBus)s (3), co-crystallized with the
precursor Yb(AliBus)2 (1Y?). Both clusters Sm¢Cls(AliBua)s (2), and YbsCls(AliBus)s (3), did
undergo decomposition in solution. In case of SmsClg(AliBus)s (2), this was accompanied by a
rapid color change from dark green to brown when dissolved in aromatic solvents, and over the
period of several hours in aliphatic solvents. Decomposition products identified by 'H-NMR
spectroscopy include Sm(AliBuy), (15™), triisobutylaluminum, and isobutene. YbsCls(AliBus)s (3)

does show similar decomposition, however during the course of several days in aromatic solvents.
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Scheme 16. Reactivity of Ln(AliBus), (1'") towards hexachloroethane, and formation of the products

SmeClg(AliBus)s (2) (mixed valent), and YbsCls(AliBus)4 (3) (divalent).

When treating Sm(AliBus)> (15™) with tellurium(IV) chloride in toluene, a dark oil was obtained,
and no product could be isolated. After treatment with tetrahydrofuran, few crystals were obtained.
These were identified as the coordination polymer [ {SmCI(thf)s)(AIBniBus}], (4), which consists
of an almost linear chain of alternating samarium(II) and chlorido ions (Scheme 17). The Sm(II)
centers are sterically saturated by five THF molecules, leading to a coordination number of 7. The
charge-balancing heteroaluminato anion features a benzyl group alongside with three isobutyl
groups. For the formation of divalent samarium polymer [{SmClI(thf)s)(AlBniBus}], (4), a ligand
exchange mechanism can be assumed, most likely involving transient "SmCL" and “tellurium
alkylaluminate” or alkyl tellurium species. Decomposition of an organotellurium species formed
in situ may lead to radical formation, and subsequent activation of toluene in the favorable benzylic
position, possibly causing the substitution of an isobutyl group for a benzyl unit. In stark contrast
to the previously examined oxidation reagents, that did not result in the formation of (entirely)
trivalent species, plumbocene Cp*>Pb was successfully employed for the oxidation of Sm(AliBus)>
(15m), and Yb(AliBus) (1YP), producing exclusively sandwich complexes Cp*>Ln(AliBus) (5'") in

both cases in excellent yields.
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Scheme 17. Reactivity of Ln(AliBus), (1'*) toward TeCly, and formation of the products [{SmCI(thf)s)(AlBniBus}],
(4) and Cp*,Sm(AliBuy) (5™).

Reactivity of Ln(AliBuy), (1'") Toward Boranes, and 18-Crown-6

The reaction of Ln(AliBus), (1) with [B(CeFs)3] (C), a cocatalyst frequently employed in
conjugated diene polymerization, led to the formation of the Lewis pair [Sm(PhMe)2 {HB(CsFs)3}2]
(6), and in case of the smaller ytterbium, [Yb(CsDs) {HB(CsFs)3}2] (7) from a microscale reaction
(cf- Scheme 18). These products were both obtained with one, and two equivalents of B(CgF5)3 (C).
Addition of diethyl ether to [Sm(PhMe).{HB(CsFs)3}2] (6) led to [Sm(Et20)3 {HB(CsFs)3}2] (8).
Donor adducts of Ln(AliBus), (1) could not be crystallized, and escaped isolation and
purification, e.g. for donors such as thf, pyridine, diethyl ether, TMEDA, or diglyme. However,
Yb(AliBus) (1Y?) and 18-crown-6 led afforded [Yb(18-crown-6)(AliBus)2] (9). The steric demand
of the tetraisobutylaluminato moieties seems to enforce an #'-coordination in the solid state,
featuring an 180° C(1)-Yb(1)-C(1)’ angle. Little surprisingly, the Yb—C distance is elongated with
2.9159(19) A in 9 compared to 2.735(16)-2.796(12) A in Yb(AliBua), (1Y?).
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Scheme 18. Reactivity of Ln(AliBus), (1'") towards B(CeFs); (C), and 18-crown-6, and formation of the products

[Sm(PhMe), {HB(CsFs)s 2] (6), [Yb(CsDe) {HB(CoFs)s312] (7), [Sm(EL0)s {HB(CeFs)s}2] (8), and [Yb(18-crown-
6)(AliBus)2] (9).

9

Isoprene Polymerization Employing Divalent Lanthanide Precatalysts

Divalent lanthanide complexes have been considered inactive in conjugated diene polymerization,
and reduction of trivalent to divalent species was postulated to explain the relatively poor
performance in conjugated diene polymerization of samarium, europium, and ytterbium.[** Only
one publication covering the subject of isoprene polymerization with divalent rare-earth metal

iodides has been reported.[®”]

We were therefore interested in probing the previously mentioned complexes in isoprene
polymerization. Remarkably, complexes Ln(AliBus)> (1'") engage in isoprene polymerization,
even without cocatalyst (Table 1, entry 1, 6, 7, and 11). This astonishing result corresponds to the
behavior of aforementioned Lnl,. Also in the case with Ln(AliBus), (1) as precatalyst, no
correlation between the redox potential and polymerization activity was observed, indicating that
a divalent species is accountable for catalysis (E12 vs. NHE [V]: Eu?": -0.35; Yb*": -1.15; Sm?": -
1.55).

These findings that a divalent species is the active polymerization catalyst was further corroborated

by the reactivity of Ln(AliBus), (1“") and borate cocatalysts. The activation reaction employing
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1Y? was examined by 'H-NMR spectroscopy, revealing no paramagnetic broadening of the signals
in accordance with the non-occurence of oxidation. Borate cocatalysts [CPh3][B(CsFs)4] (A) (cf.
Table 1, entries 2, 8, 12) and [CsHsNMexH][B(CeFs)4] (B) (cf. entries 3, 9, 12-17) activate 1®
equimolar, delivering high yields of polymer. Upon activation of Ln(AliBus), (1'™) with A, and B,
very narrow molecular weight distributions were observed. Probing the system 1Y?/B with addition
of the monomer in several portions, showed that the PDIs are in the range of 1.02-1.05, and
molecular weight, and monomer consumption increases linearly after each monomer addition (cf.
Table 2, entries 14-17; Figure 2), thus proving perfectly living polymerization for the binary
catalyst system 1Y?/B. In contrast, B(C¢Fs)3 (C)/Ln(AliBus): (1'") mixtures were (almost) inactive
in isoprene polymerization (c¢f. Table 1 and Table 2, entries 4, 10, 18). Since
[Sm(PhMe), {HB(CsF5)3}2] (6), and [Yb(CsDs) {HB(CsFs)3}2] (7) were identified as complexes not
active in polymerization, the formation of these complexes is the most likely explanation.
Similarly, reaction of 1" with dimethyl-, and diethylaluminum chloride do not produce polymers.
In this case, it is likely that inactivation occurs by ligand exchange and subsequent precipitation of

amorphous divalent lanthanide chloride.
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Table 1. Isoprene polymerization employing 1'* (Ln = Sm, Eu, Yb) as precatalysts

entryl?  pre- co- reaction  [IP)/[Ln] vyield  cis-1,4l1  trans- 3,41¢] M1l PDIMA  Tlel
catalyst catalyst! time [h] [%] [%] 1,4 (%] [%] [10* g'mol '] [°C]
1 15m none 4h 1000 20 77.97 1.86 20.17 5.7 1.52 53
2 15m A 24 1000 >99 16.87 74.69 8.44 4.0 1.30 -63
3 15m B 1 1000 >99 27.60 60.23 12.17 4.8 1.21 =59
4 15m C 24 1000 12 37.49 55.51 7.00 1.4 5.15 -63
5 15m D, orE 24 1000 0 - - - - - -
6 1Eu none 24 1000 >99 76.68 0 23.32 39.0 1.62 49
7 1Fu none 1 1000 41 75.69 0 24.31 26.6 1.40 48
8 1Eu A 24 1000 >99 18.16 70.80 11.04 3.7 1.29 -61
9 1Fu B 24 1000 >99 25.62 61.22 13.16 6.1 1.12 58
10 1Eu C,D,orE 24 1000 0 - - - - - -
11 1Yb none 1 1000 94 81.82 5.43 12.75 6.0 1.92 58
12 1Yb A 24 1000 33 46.23 25.42 28.35 2.1 1.24 46
13 1Yb B 1 1000 >99 54.92 14.14 30.94 54 1.10 41

[a] Conditions: 20 pmol of precatalyst, 20 umol of cocatalyst, 20 mmol of isoprene, 8 mL of toluene, 500 rpm stirring velocity. [b] Aged with cocatalyst at ambient
temperature for 30 min: A = [Ph;C][B(C¢Fs)4]; B = [PhNMe,H][B(CsFs)4]; C = B(C6Fs)3; D = Me,AlCI, E = EtAICI, 1 equivalent. [c] Determined by 'H/'3C-NMR
spectroscopy in CDCls. [d] Determined by SEC. [e] Determined by DSC.
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Table 2. Isoprene polymerization employing 1'* (Ln = Sm, Eu, Yb) as precatalysts

entryl?  pre- co- reaction  [IP]/[Ln] yield cis-1,41 trans-1,4[1 3.4l M, PDIMA  Tle]
catalyst catalyst® time [h] [%] [%] [%] [%] [10* g'mol!] [°C]

14 1Yb B 2 250 >99 54.15 14.14 31.71 1.7 1.04 45
1511 1Yb B 3 500 >99 53.27 15.29 31.44 2.7 1.02 45
16! 1YP B 4 750 >99 51.61 16.79 31.60 4.0 1.05 44
171 1YP B 5 1000 >99 53.74 14.71 31.55 4.9 1.03 43
18 1YP C, D, or 24 1000 0 - - - - - -

E
191l 2 none 24 1000 0 - - - - - -
200l 2 A 2 1000 10 96.9 0 3.1 n.d. n.d. n.d.
21[el 2 C 2 1000 9 95.1 0 4.9 18.5 2.09 nd.
22le] 2 B, D, or 24 1000 0 - - - - - -

E
23 6 none 24 1000 0 - - - - - -

[a] Conditions: 20 pmol of precatalyst, 20 umol of cocatalyst, 20 mmol of isoprene, 8 mL of toluene, 500 rpm stirring velocity. [b] Aged with cocatalyst at ambient
temperature for 30 min: A = [Ph3C][B(CsFs)4]; B = [PhNMe;H][B(CsFs)s]; C = B(C¢Fs)3; D = MexAlICI, E = ELAICI, 1 equivalent. [c] Determined by 'H/'*C-NMR
spectroscopy in CDCls. [d] Determined by SEC. [e] Determined by DSC. [f] 20 umol of precatalyst, 20 pumol of B ([PhNMexH][B(CeFs)4]), 10 mL toluene, aged at

ambient temperature for 30 min, addition of 10 mmol of isoprene (0.5 mL, 5 mmol) after each hour, 500 rpm stirring velocity. [g] 3.3 umol of precatalyst, 20 pmol of

cocatalyst, 8 mL of n-hexane, 20 mmol of isoprene, n.d. not determined.
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Figure 2. Molecular weight vs. equivalents of isoprene for polymers obtained with the 1Y?/B catalyst mixture

showing linearly increasing M, and narrow PDIs after several monomer additions.

The reactions of Yb(AliBus), (1Y?) with one equivalent A, or B in deuterated benzene were
monitored using '"H-NMR spectroscopy (Figure 3 and Figure 4). Activation of Yb(AliBuy): (1YP)
with [CPhs3][B(CeFs)4] (A) leads to the formation of triphenylmethane, isobutene, and TIBA. The
absence of paramagnetic broadening of proton resonances (as observed with the 1Y?/B mixture)
indicates that exclusively Yb(II) species are formed. The new isobutyl signal may be assigned to a
putative active species “[{Yb(AliBus)}{B(CsFs)s}] (10)”. (see Scheme 19). Activation of
Yb(AliBus)2 (1YP) with [CeHsNMexH][B(CsFs)4] (B) led to the formation of isobutane, and the
TIBA-dimethylaniline adduct. This indicates the protonolysis of one tetraisobutylaluminato ligand,
without further decomposition via B-hydride elimination of the activation product (absence of
isobutene resonances). The formation of a new isobutyl signal set was observed, that may be
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assigned to the putative active species, most likely a cationized tetraisobutylaluminate complex
“[{Yb(PhNMe>-AliBu3)(AliBus)} *{B(CsFs)4}]” (11A). Even though activation products with
both catalysts are similar, which explains similar microstructures of the polymers obtained, the
slight differences in polymerization (e.g. yields in entries 12, and 13, Table 1) may be explained
by the presence of a dimethylanillinium-triisobutylaluminum adduct, that enhances the solubility

of the 1YP/B mixture.
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Figure 3. "TH-NMR spectrum (400 MHz, C¢Ds, 26 °C) of the reaction of 1Y? with one equivalent of cocatalyst A and

proposed active species 10.
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Figure 4. "H-NMR spectrum (400 MHz, C¢Ds, 26 °C) of the reaction of 1Y with one equivalent of cocatalyst B and
proposed active species (11A).

The reaction of Yb(AliBus), (1YP) with one equivalent of B in benzene was performed following
procedures similar to the NMR experiments. However, no crystals or precipitate was obtained from
the concentrated reaction mixture upon storing at —40 °C even after 1.5 years. The solution was
then stored at ambient temperature, whereupon yellowish, needle-shaped crystaline product
[Yb(CsHe)2(AliBus)][B(CeFs)a]/[Yb(CsHe)2{B(CsFs)a}2]  (11B)  identified by  X-ray
crystallography formed (c¢f. Scheme 19). It is notable that the aluminate unit
[Yb(CsHs)2(AliBus)][B(CeFs)s] exhibits the coordination of two benzene molecules, similar to
perfluorinated compounds 6 and 7. In case of 11B, the benzene molecules are not only satisfying
the sterical demand of the Yb(II) center, but also likely occupying the catalytically active
coordination site. Albeit 11B may be a decomposition product, it supports the structure of proposed

active species 11A.
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Scheme 19. Left: Schematic representation of product [ Yb(CeHe)2(AliBus)][B(CsFs)s]/[ Yb(CeHe)2{B(CsFs)4}2] (11B)
crystallized from a Yb(AliBus)/B mixture. Right: Crystal structure of the aluminate moiety

[Yb(CsHs)2(AliBus)][B(CsFs)s] of 11B. Ellipsoids are shown at the 50% probability level. Hydrogen atoms are omitted
for clarity. Selected interatomic distances [A]: Yb(1)-C(89) 2.568(9), Yb(1)-C(97) 2.540(8), Yb(1)--Ct(1) 2.633,
Yb(1)--Ct(2) 2.608. Bottom: [Yb(CeHe)2{B(CsFs)s}2] unit of 11B. Ellipsoids are shown at the 50% probability level.
Hydrogen atoms are omitted for clarity. Selected interatomic distances [A]: Yb(2)-F(1) 2.543(4), Yb(2)-F(2) 2.593(4),
Yb(2)-F(21) 2.606(4), Yb(2)-F(22) 2.521(4), Yb(1)--Ct(3) 2.553, Yb(1)--Ct(4) 2.584.
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Trivalent Heteroleptic Lanthanide Isobutylaluminates

To date, only one trivalent lanthanide tetraisobutylaluminate, Cp*:Sm(AliBus), has been
characterized in the solid state.’'] However, pentamethylcyclopentadienyl spectator ligands
impede activity in conjugated diene polymerization, and redox-active samarium is hardly

representative for the early lanthanides applied in industrial catalyst mixtures.

In order to isolate discrete trivalent tetraisobutylaluminates of early lanthanides, we employed a
number of different amide precursors Ln(NR>)3 (R =Me, Et, iPr, SiHMe», SiMes). However, excess
triisobutylaluminum alongside with isobutylaluminum side products greatly hampered
crystallization, and products did not crystallize in most cases despite different conditions and
solvents, due to the very high mobility of isobutyl residues, and excellent solubility in aliphatic

solvents.

However, the reaction of La[N(SiMes)2]s with 6.5 equiv. triisobutylaluminum did yield a very
viscous oil, from which we could obtain single crystals of La[N(SiMe3):](HAliBus)(AliBus) (1212)
(Figure 5, Scheme 20), and the formation of a hydride was accompanied by slow isobutene
evolution as visible in the "TH-NMR spectrum (Figure 6). The same product could also be obtained
with 4.1 equiv. TIBA, which improved the purification process. This protocol could be applied to
generate isostructural early lanthanide isobutylaluminates Ln[N(SiMe3):](HAIliBus)(AliBu4)
(12') (Ln = La, Pr, Nd, Gd), whereas Sm[N(SiMe3).]3 did undergo reduction to Sm(AliBus),
(15™). It is notable that the gadolinium aluminate was the smallest lanthanide aluminate that could
still be isolated; however, it proved to be more difficult to crystallize than corresponding early
lanthanide congeners with a larger metal center, and the gadolinium aluminate was obtained in a
lower yield. In contrast, for example Ho[N(SiMe;3)2]3/TIBA reaction mixtures, did not yield
crystalline products, indicating that smaller lanthanides escape crystallization, and
characterization. 'H-NMR spectra of the diamagnetic congener La[N(SiMe3),](HAliBus)(AliBua)
(121 provided evidence that, even at temperatures as low as 190 K, bridging and terminal isobutyl
residues are still exchanging, which highlights the high mobility of isobutyl residues coordinated

to the lanthanum center in solution.
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Scheme 20. Synthesis of Ln[N(SiMe;),]J(HAIiBu;)(AliBus) (12 (Ln = La, Pr, Nd, Gd) following an silylamido-

elimination protocol.
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Figure 5. Crystal structure of the first structurally characterized trivalent lanthanide isobutylaluminate
La[N(SiMe;3)2](HAIiBus)(AliBus) (121). Ellipsoids are shown at a 50% probability level. Hydrogen atoms expect the

hydride, and the disorder in isobutyl groups are omitted for clarity.
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Figure 6. "H-NMR spectra (25°C, 400 MHz) of the reaction of Nd[N(SiMes)]5 with 5 equivalents TIBA showing

isobutene evolution after several hours at ambient temperature in benzene-ds.

The heteroleptic complexes Ln[N(SiMe3)>](HAlBus3)(AliBus) (12) (Ln = La, Pr, Nd, Gd) proved
to be isostructural, containing one remaining silylamido ligand, alongside with a hydrido-bridged
triisobutylaluminum moiety, and a tetraisobutylaluminato ligand. In contrast to the divalent
tetraisobutylaluminates 1, that did not show the propensity to form hydrides, it is notable that the
far more Lewis acidic trivalent lanthanide precursors readily feature isobutene evolution when
treated with triisobutylaluminum. The role of organoaluminum hydride compounds is of great
relevance for industrially applied mixed catalysts, that often contain either triisobutylaluminum, or
diisobutylaluminum hydride, or both compounds. The reactivity of TIBA to form hydrido
complexes was shown for the first time with the synthesis of Ln[N(SiMe3)>](HAI/Bus)(AliBus)
(12'm), and finally provides a link between both cocatalysts TIBA and DIBAH.

The role of the hydrido moiety is further highlighted by derivatization products of

Ln[N(SiMes)2](HAIiBus)(AliBus) (12Lm), Addition of 18-crown-6 to
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Nd[N(SiMes)2](HAIBu3)(AliBus)  (12Nd)  led to the formation of  [Nd(18-c-
6){N(SiMes), }(HAIiBu3)][AliBu4] (13) (¢f. Scheme 21). Compound 13 features a completely
separated tetraisobutylaluminato moiety, whereas the coordinated heteroaluminate moiety
indicated a strong Nd-H binding. Besides, reaction of La[N(SiMes3):]J(HAliBus)(AliBus) (1219)
with fluorene gave insoluble [(u-fluorenyl);Lax(u-H)(HAliBus):][(fluorenyl)>La{N(SiMes)>}]
(14). It consists of a binuclear, hydrido-bridged moiety featuring an unusual #°-coordination of the
fluorenyl ligands, instead of a #’°-coordination as present in the cocrystallized
[(fluorenyl)La{N(SiMes)2}] molecule. The pre-formed [HAliBus] unit may remain coordinated
while compound 14 is formed, due to a strong Ln-H interaction as observed with compound
[Nd(18-c-6){N(SiMe3).} (HAliBu3)][AliBus] (13). The number of hydrides in 14 was confirmed
by monitoring the protonolysis with isopropanol by 'H-NMR spectroscopy, showing hydrogen
formation. Referenced to the signal of hexamethyldisilazane co-formed in the mixture, the integral
ratios of 6 (or 3 of the non-binomial triplet observed when instead /PrOD-ds was employed)
hydrogen protons to 18 hexamethyldisilazane protons corroborate the presence of three hydrides

in [(u-fluorenyl)sLax(u-H)(HAIiBus)2][(fluorenyl ),La{N(SiMes)>}] (14).

{ Me3Si_. _SiMes
——, AljBu,

7
: . 18-crown-6 o o)
Me3S|\ iBu Ln = Nd /— A ﬂ
N > 0 Nd o)
Me;Si Bu ’\ 2
H
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\_:= La

| g@
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Scheme 21. Synthesis  [Nd(18-c-6){N(SiMes),}(HAliBu3)][AliBus] (13), and  [(u-fluorenyl)sLas(u-
H)(HALiBus):][(fluorenyl),La{N(SiMes).}] (14).
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Figure 7. Crystal structures of compounds [Nd(18-c-6){N(SiMes). } (HAliBus)][AliBus] (13), and the heterobimetallic
moiety of [(u-fluorenyl)sLax(u-H)(HAliBus):][(fluorenyl),La{N(SiMes),}] (14). Hydrogen atoms except bridging

hydridos, as well as the disorder in isobutyl groups are omitted for clarity.

Trivalent Heteroleptic Lanthanide Isobutylaluminates in Isoprene Polyermization

Complexes Ln[N(SiMe3)2](HALiBu3)(AliBus) (12") (Ln = La, Pr, Nd, Gd) were tested in isoprene
polymerization, making them the first discrete trivalent lanthanide isobutylaluminates to be
employed as precatalyst. A large part of the studies were conducted in both toluene, and n-hexane
using Nd[N(SiMes )2 ](HAliBus)(AliBus) (12N9) as precatalyst. The neodymium complex was used
since neodymium usually delivers high cis-polymers and is applied for large scale polyisoprene

synthesis alongside with industrially relevant alkylaluminum chloride cocatalysts.

Surprisingly, Nd[N(SiMe3).](HAliBus)(AliBus) (12N%) did already exhibit a minor polymerization
activity without additional cocatalyst (cf. Table 3, entry 1). Speculatively, the relatively high trans-
content may be ascribed to the putative formation of an active allyl species, since works of Taube
et al. showed that tris(allyl)neodymium(IIl) is a single component catalyst for selective trans-

polymerization of butadiene as mentioned before, and the hydride compound
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Nd[N(SiMes),](HAlBu3)(AliBus) (12N%) may form an allylic complex by isoprene insertion into
the Nd—H bond.

Very active catalyst systems were generated by activation of precatalyst
Nd[N(SiMe3).](HAliBus)(AliBus) (12N4) with borate cocatalysts. Employing [CPh3][B(CeFs)4]
(A), [CeHsNMexH][B(CsFs)4] (B), or B(CsFs)3 (C) yielded polyisoprene quantitatively after 1 h
(Table 3, entry 2-4). The polymers featured slightly higher cis-selectivities, alongside with
improved yields compared to the homoleptic tetramethylaluminates under comparable
conditions.”! Nd[N(SiMe3):](HAliBus)(AliBus) (12N9) activated with cocatalysts Me>AICI (D),
or EtAICI (E) (¢f. Table 3, entry 5 and 7) yielded selectivities similar to homoleptic lanthanide
tetramethylaluminates. Probing different amounts of cocatalyst E, it was noted that the most active
catalysts are obtained with two equivalents (cf. Table 3, entry 6-11), which is in good accordance
143]

with literature for comparable systems.!

Nd[N(SiMes),](HAlBus)(AliBus) (12N9) as precatalyst in n-hexane generally yielded lower cis-

Polymerizations employing

selectivity, and decreased polymerization activity (cf. Table 3, Table 4, entry 12-19), whereas
polymerization activity was slightly higher for organoaluminum chloride cocatalysts with

comparable cis-selectivity as found with homoleptic lanthanide tetramethylaluminates.[”]

The influence of the lanthanide center was further studied employing isostructural complexes
Ln[N(SiMe3):](HALiBus)(AliBus) (12") with each one, or two equivalents diisobutylaluminum
chloride (F) as cocatalyst (cf. Table 4, entry 20-29). Several trends were observed: First, all
complexes exhibited higher activities with 2 equiv. F compared to 1 equiv. F. Second, the activity
of both 1'%/F, and 1'"/2F was found to increase in the order La<Pr<Nd~Gd. More importantly,
also the stereoselectivity was found to increase following the similar sequence La<Pr<Nd<Gd.
Mixtures 1N/F, but especially 169/F (Table 4, entries 25-26, and 28-29) produced high molecular
weight polyisoprene. Alongside with high molecular weight, especially the cis-selectivity is crucial
for a high-performance rubber. With GA[N(SiMe3)2](HALiBus)(AliBus) (1269)/F catalyst mixtures,
almost perfect cis-stereoselectivity of >99.5 % cis was observed, with no trans-linked isoprene

resonances detected by '3C {'H}-NMR spectroscopy (see Figure 8).
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Figure 8. BC{'H}-NMR spectrum (25°C, 400 MHz) of polyisoprene obtained with catalyst mixture 126%/2F (cf.
Table 2, entry 29).

Alongside "H-NMR spectroscopic experiments studying the reactivity of cocatalysts employed for
isoprene polymerization towards La[N(SiMes),](HAliBus)(AliBus) (12#), we also managed to
crystallize a reaction product of Nd[N(SiMes),](HAliBus)(AliBus) (12N) with one equivalent
[CsHsNMeH][B(CsFs)s] (B), which was identified as [Nd{N(SiMe;)2}(PhNMe:)2][B(CeFs)4]2
(15) by XRD analysis (see Figure 9). Product [Nd{N(SiMe3)>}(PhNMe2)2][B(CsFs)4]2 (15) is
composed of a dicationic [Nd{N(SiMe)3)> }(PhNMe,)>] moiety, and two spatially separated borato
anions [B(CgFs)s]. Of great help was that the same product [Nd{N(SiMe3), } (PhNMe>)>][B(CsF5)4]2
(15) could be directly obtained from Nd[N(SiMes)]s and two equivalents of
[CsHsNMeH][B(CesFs)4] (B), and was the only derivatization product of Nd[N(SiMes)2]3 obtained
with one, two, or three equivalents of [CsHsNMexH]|[B(CeFs)4] (B). It needs to be noted that the

b-coordination of N,N-dimethylanilline is governed by steric factors, whereas N,N-

n
dimethylanilline coordinates to the smaller, and harder scandium also via the nitrogen atom instead

of the aromatic ring,!'*°! or by #°-coordination.[%4!
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Figure 9. Crystal structure of [Nd{N(SiMe3). } (PhNMe,),][B(CsFs)4]> (15). Ellipsoids are shown at the 50%

probability level. Hydrogen atoms are omitted for clarity.

In isoprene polymerization, [Nd{N(SiMe3)2}(PhNMe:)>][B(CsF5)s]> (15) proved to be a single-
component catalyst (cf. Table 4, entry 30-31), yielding essentially trans-free polyisoprene in good
yields with high molecular weights, though the overall catalytic activity was better in 1,2-
difluorobenzene than in toluene due to the moderate solubility of 15. Although mechanistic details
have escaped characterization so far, alkylation of the neodymium center by a B—Nd transfer of a
pentafluorophenyl group, amide insertion, or cationic polymerization may be considered.
Employing  [Nd{N(SiMe3)2}(PhNMe»)2][B(CeFs)4]2 (15) and two equivalents of
triisobutylaluminum for isoprene polymerization only led to a slight increase of activity compared
to pure [Nd{N(SiMe3)2 } (PhNMe2)2][B(CsFs)4]2 (15) (23% vs. 17 % yield; cf. entries 32, and 31),
thus showing little influence on the active species, and most likely, no further alkylation occurs,
that would have further increased catalytic activity. The addition of triisobutylaluminum, however,
led to a decrease in molecular weight (14.9 vs. 46.9 x 10* g mol™!), due to the chain-transfer activity

of triisobutylaluminum.
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Microstructures of polyisoprenes obtained using Nd[N(SiMe3).](HALiBus)(AliBus) (12N%) with
two equivalents [CeHsNMexH][B(CsFs)4] (B) as catalyst mixture, and
[Nd{N(SiMe3)2}(PhNMe2)2][B(CsFs)4]2 (15)  however  differed,  suggesting  that
[Nd{N(SiMe3)2} (PhNMe»):2][B(CsFs)4]2 (15) is not the main species formed in 12N4/2B mixtures
(entries 34-35). Possibly, compound [Nd{N(SiMe3)2} (PhNMe»)2][B(CsFs)4]2 (15) is formed as a
decomposition product from the putative cationic species generated by cationization of
Nd[N(SiMe3)2](HALiBu3)(AliBus) (12N%) with [CsHsNMe,H][B(CsFs)4] (B) (Scheme 22). This
scenario is based on 'H-NMR spectra of the reaction of diamagnetic
La[N(SiMe3)2](HAliBu3)(AliBus) (12%) with one equivalent of [CsHsNMe,H][B(CsFs)4] (B) in
deuterated benzene, which revealed the formation of several byproducts. Besides 12 still present
in the mixture, isobutene, triisobutylaluminum, hydrogen, and isobutane were observed. In this
case, a putative cationic species [Ln(PhNMe») {N(SiMe3)2} {AlR4} ][B(CsFs)4] (16) may be present.
Based on decomposition product analysis, a putative mechanistic scenario was postulated as
depicted in Scheme 22. In case of the neodymium congener Nd[N(SiMe3)2](PhNMe»)2[ B(CsF5)4]2
(15), the same '"cationic" active species could be formed by mixing
Nd[N(SiMe3)2](HALiBu3)(AliBus) (12N4), and [Nd{N(SiMe;3):}(PhNMe>)>][B(CsFs)s]> (15),
yielding same polymers as a Nd[N(SiMe3 )2 (HALiBus)(AliBus) (12N)/B mixture. In fact, strikingly
similar microstructures (cis/trans/3,4) were observed for polymerizations employing catalyst
mixtures 12N9/B with 71.67/21.00/7.34 (Table 3, entry 3), compared to 12N /15 with
69.37/23.32/7.31 (Table 4, entry 33). Molecular weights of polymers in entry 3 (Table 3), and entry
33 (Table 4) are in accordance with the total amount of neodymium in each catalyst mixture (54 000
g/mol, 0.02 mmol Nd for 12N /B, vs. 21 000 g/mol, 0.04 mmol Nd for 12N¢ /15), and molecular
weight distributions are almost identical (1.28 vs. 1.16), giving evidence for the presence of the

active species [Ln(PhNMe») {N(SiMe3)2} {AlR4}][B(CeFs)4] (16).
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Table 3. Performance of complexe 12N as precatalyst in isoprene polymerization.

entry precatalyst cocatalyst reaction  solvent yield cis-1,411  trans-1,4[1 3,401 pg,1d] PDIM  Tglel
time [h] o6 (%] (%] %] [10% g-mol] °C]
1 12Nd none 72 toluene 2 18.39 74.92 6.70  n.d. n.d. n.d.
2 12Nd 1A 1 toluene >99 86.07 5.86 8.07 6.3 1.49 -62
3 12Nd 1B 1 toluene >99 71.67 21.00 7.34 54 1.28 -62
4 12Nd 1C 1 toluene >99 92.68 2.57 4.75 8.8 3.48 -65
5 12Nd 1D 24 toluene 74 94.62 3.38 2.00 54 3.74 -65
6 12Nd 1E 10 min toluene 1 97.55 0 245  nd. n.d. n.d.
7 12Nd 1E 24 toluene 81 95.93 1.94 2.13 5.6 3.20 -64
8 12Nd 2E 1 toluene 96 97.62 0 2.38 34 6.04 -64
9 12Nd 2E 10 min toluene 25 97.73 0 2.27 4.4 5.63 -64
10 12Nd 3E 30 min toluene 34 96.44 0.95 2.61 1.8 3.66 -64
11 12Nd 4E 24 toluene <1 95.19 0 481 nd. n.d. n.d.
12 12Nd 1A 1 n-hexane 88 55.75 38.20 6.05 3.7 1.70 -64
13 12Nd 1B 1 n-hexane 78 30.45 60.80 8.75 2.5 1.81 -65
14 12Nd 1C 1 n-hexane 94 90.66 5.15 4.19 9.2 2.30 -64
15 12Nd 1D 1 n-hexane 17 97.25 0 275 5.1 8.31 -65
16 12Nd 1E 1 n-hexane 10 97.05 0 2.95 32 9.54 -65
17 12Nd 2E 10 min n-hexane 93 97.04 0 296 4.7 427 -64
18 12Nd 3E 10 min n-hexane 87 97.09 0 2.91 7.1 6.48 -65

[a] Conditions: 20 pmol of precatalyst, 20 umol of cocatalyst, 20 mmol of isoprene, 8 mL of solvent, 500 rpm stirring velocity. [b] Aged with cocatalyst at ambient
temperature for 30 min: A = [Ph3C][B(CsFs)4]; B =[PhNMe,H][B(CsFs)4]; C = B(CeFs)3; D = Me,AlCI, E = Et,AICI, F = iBuw,AICI, 1, 2, 3, or 4 equivalents. [c]
Determined by 'H/'3C-NMR spectroscopy in CDCls. [d] Determined by SEC. [e] Determined by DSC. n.d. not determined due to low yield.

58



Table 4. Performance of complexes 121" (Ln = La, Nd, Pr, Gd) as precatalyst in isoprene polymerization.

entry pre- co- reaction  solvent yield cis-1,411  trans-1,41 3 4Ll pg,ld] PDIM!  Tgle]
catalyst catalyst  time [h] [%] [%] [%] [%] [10% g'mol'] [°C]
19 12Nd IF 1 n-hexane 16 97.58 0 242 34 7.99 -64
20 12t2 1F 2 toluene 5 92.64 3.90 3.46 1.1 4.00 -64.
21 12t2 2F 1 toluene 18 96.77 0 3.23 1.6 8.39 -63
22 12°Pr 1F 1 toluene 7 97.35 0 2.65 1.6 5.88 -64
23 12°Pr 2F 1 toluene 58 97.31 0 2.69 3.3 5.52 -63
24 12Nd IF 1 toluene 22 97.73 0 2.27 2.0 4.68 -64
25 12Nd 2F 10 min toluene 54 98.12 0 188 2.5 4.50 -63
26 12Nd 2F 30 min toluene >99 97.59 0 2.41 52 3.35 -63
27 12Nd 3F 2 toluene 28 95.48 1.87 2.65 2.0 2.69 -64
28 1264 1F 1 toluene 32 100 0 0 54 3.55 -63
29 1264 2F 30 min toluene 89 100 0 0 52 4.30 -63
30 15 none 10 min 1,2-difluoro- 44 84.66 0 15.34  34.1 1.27 -58
benzene
31 15 none 30 min toluene 17 82.21 0 17.79 46.9 1.12 -58
32 15 2TIBA 30 min toluene 23 84.56 0 1544 149 1.49 -57
33f 15/12NY  none 10 min  toluene >99 69.37 23.32 731 21 1.34 -64
34 12Nd 2B 10 min toluene >99 83.37 8.13 8.50 2.9 1.38 -63
35 12Nd 2B <l min.  1,2-difluoro- >99 92.40 0 7.60 12.7 2.00 -61
benzene

[a] Conditions: 20 pmol of precatalyst, 20 umol of cocatalyst, 20 mmol of isoprene, 8 mL of solvent, 500 rpm stirring velocity. [b] Aged with cocatalyst at ambient
temperature for 30 min: A = [Ph3C][B(CsFs)4]; B =[PhNMe,H]|[B(CsFs)4]; C = B(CeFs)3; D = Me,AlCI, E = Et,AICI, F = iBuw,AICI, 1, 2, 3, or 4 equivalents. [c]
Determined by 'H/'*C-NMR spectroscopy in CDCls. [d] Determined by SEC. [e] Determined by DSC. n.d. not determined due to low yield. 0.04 mmol Nd in total.
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Mixed Heteroleptic Isobutylaluminato/chlorido Complexes of Redox-Inactive

Rare-Earth Metals

Synthesis and structures

To elucidate whether early lanthanide chlorido-bridged isobutylaluminato complexes can be
obtained for early lanthanide metals, the neodymium complex [Nd{N(SiMes)}2(u-Cl)(thf)]>
(17N9) and the hitherto unknown complex [La{N(SiMe3)2}2(u-Cl)(thf)]> (17%*) were synthesized
(Scheme 23, Figure 10). [Nd{N(SiMe3)>}2(u-Cl)(thf)]> (17N?) was prepared from NdCls(thf), and
Nd[N(SiMes),]s following the slightly modified procedure reported by Berg and coworkers.!13%
Similarly, we achieved the synthesis of [La{N(SiMe3)2}2(u-Cl)(thf)]2 (17%?) by heating a mixture
of La[N(SiMes)2]3 (1.5 equiv.) with LaCls(thf) in THF to 70 °C for several days, which led to
quantitative formation of [La{N(SiMes)2}2(u-Cl)(thf)]2 (17%®).51 Tt is noteworthy that
[La{N(SiMe3)2}2(u-Cl)(thf)]> (17"2) displays the first diamagnetic compound of the type
[Ln{N(SiMe3)2}2(u-Cl)(th)]> (17-) for early lanthanides.

O
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thf, 80°C, overnight ) wClu,, _
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Scheme 23. Synthesis of [Ln{N(SiMe3),}2(u-Cl)(thf)]» (17%") and products [Ln{N(SiMe;),}(AliBus)(u-Cl)]. (18'")
[La{N(SiMes)} {(u-CH3)(#-N(SiMes)2)AlMex} (u-Cl)].~ (19)  obtained  with  triisobutylaluminum,  and

trimethylaluminum.
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Figure 10. Crystal structures of complexes [La{N(SiMe;):}2(u-Cl)(thf)]> (17%*), and [La{N(SiMes)} {(u-CH;)(u-
N(SiMes)2)AlMe: } (u-CD) ]2 (19). Hydrogen atoms are omitted for clarity. Atomic displacement ellipsoids were set at
50% probability.

Even though the synthesis of [Ln{N(SiMe3)2}2(u-CI)(thf)]> (17"") has been known for decades,
these works initially involved smaller lanthanide metal sizes. Although the lanthanum congener is
diamagnetic, it was not published so far. [La{N(SiMe3).}2(u-Cl)(thf)]> (17%®) reacts with 6.5 equiv.
TIBA to form [La{N(SiMe3):}(AliBus)(u-Cl)]> (18%2). With 17N¢ and TIBA, the isostructural
complex [Nd{N(SiMes):}(AliBus)(u-Cl)]2 (18N4) (Scheme 23, Figure 11) is obtained. Both

complexes display a distorted #3-coordination of the tetraisobutylaluminato ligand, with one Ln—C
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Figure 11. Crystal structures of [La(AliBus) {N(SiMes),} (u-C1)]2 (18%*), and [Nd(AliBus)[N(SiMe;3).](u-CD)]2

(18N%), Hydrogen atoms are omitted for clarity. Atomic displacement ellipsoids were set at 50% probability.
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distance (Ln—C9) significantly elongated compared to the other two Ln—C bonds (i.e. 2.782(3),
2.809(2), and 3.132(3) A for 18'2). In contrast, the reaction of [La{N(SiMe3)2}2(u-Cl)(thf)]» (17%2)
with 6 equiv. trimethylaluminum did not lead to the displacement of the silylamido ligands as
observed with triisobutylaluminum. Most remarkably, we could isolate a crystal of
[La{N(SiMe3)2} {(u-CH3)(u-N(SiMes3)2)AlMes } (u-Cl)]2 (19) (Figure 10), featuring two MesAl—
N(SiMes), moieties. In contrast to TIBA, trimethylaluminum engaged with [La{N(SiMe3)2}2(u-
Cl)(thf)]> (17"?) in the formation of an Lewis acid-base adduct, instead of displacing the silylamido
ligand. The methyl homologue to [La{N(SiMe3)2}(AliBus)(u-Cl)]2 (18*) could not be obtained.
Compound [La{N(SiMe3)2} {(u-CH3)(u-N(SiMes3)2)AlMez } (u-CD)]2 (19) features a significant
elongation of the two La-N distances in case of the TMA-silylamido moiety (2.677(2) A),
indicating weaker interactions due to a less basic silylamido ligand. In contrast, the other two La—
N distances are much shorter with 2.285(2) A, which could even indicate a strengthening of this

bond. For selected interatomic distances, cf-
Table s.

Similar silylamido-trimethylaluminum adducts have already been reported. For example, Andersen
and Boncella reported the formation of Yb{N(SiMes)>}2(AlMe3), from donor-free ytterbium
bis(trimethylsilyl)amide, and trimethylaluminum(!32], whereas trimethylaluminum reacts with
Mn {N(SiMe3)>}2(thf) to form the methyl-bridged compound [{Mn(u-
Me){N(SiMe3)2AlMes} ]o].[13]

Table 5. Selected interatomic distances for the compounds 17, 17N, 18" 18N4, 19 in A. Interatomic distances of
[Nd{N(SiMe;3 )2} 2(u-Cl)(thD)]2 (17N are adapted from 159,

17La 17Nd [150] 18La 18Nd 19
2.285(2) [N(SiMe3)2]
Ln-N 22'33‘;09((11))' 22'3;,’%%((88))' 22792)  2220(1)  2.677(2) [N(SiMes)-
' ' AlMes]
Ln-O  2.566(1) 2.496(7) - - -
2.782(3) 2.723(2)
Ln-C - - 2.809(2) 2.746(2) 2.769(3)
3.132(3) 3.101(1)

~ 2.8531(4)-  2.791(3)-  2.8397(6)-  2.7804(5)-
Ln-Cl 5 0031(5)  2.854(3)  2.8514(6)  2.8000(5) 2.8513(8)-2.8631(7)
Ln---Al - - 3.0321(8)  2.9817(6) 3.144(1)
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"H-NMR spectroscopy of [La{N(SiMes)} (AliBus)(u-C1)]>» (18'2) at 26°C revealed that a mixture
of products was present, albeit 18 proved to be pure by elemental analysis. This indicated direct
decomposition in deuterated benzene, leading to the formation of decomposition products
identified as La[N(SiMes)2](HALiBus)(AliBus) (12%), La[N(SiMe3)2]3, and isobutene by 'H-NMR
resonances (see Figure 12). This decomposition scenario possibly involves the formation LaCls.
Since no precipitate of LaCl; was observed, this may indicate that LaCl[N(SiMe3):] is formed,
which is a possible explanation for the silylamido resonance observed at 0.33 ppm. Similar
equilibrium phenomena are known for neodymium silylamido/chlorido complexes in solution
observed by 'H-NMR spectroscopy.l™® 1% The observed decomposition of
[La(AliBus) {N(SiMe3)2} (u-Cl)]> (18'2) is little surprising, given the tendency of heteroleptic rare-
earth metal complexes to undergo fast ligand redistribution, forming homoleptic complexes. In
contrast, 'H-NMR spectroscopy of [La(AliBu4){N(SiMe3)2} (u-CI)]> (18 in deuterated toluene
at — 50 °C revealed that the complex 182 is stable in solution at low temperatures (cf. Figure 13).
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Figure 12. "H-NMR spectrum (25°C, 500 MHz) of [La(AliBus){N(SiMes)>}(u-Cl)]> (18™*) in deuterated benzene.
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asterisk, # denotes aliphatic alkane, resulting from the contamination of commercial C¢Ds.
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Figure 13. Low-temperature 'H-NMR spectrum (-50 °C, 500 MHz) of [La(AliBus){N(SiMe; )2} (z-CD)]> (18#) in
deuterated toluene. The signal of the solvent is marked with an asterisk, # denotes aliphatic alkane, resulting from the

contamination of commercial toluene-ds.

Polymerization with [Nd{N(SiMe;),} (AliBus)(u-Cl)],

Compound [Nd{N(SiMe3):}(AliBus)(u-Cl)]2 (18N4) was found to polymerize isoprene as a single-
component catalyst without the necessity of additional cocatalyst, and/or organoaluminum species
(cf. entry 1). Data of polymers obtained using precatalyst [Nd{N(SiMe3 )2} (AliBu4)(u-Cl)]> (18N9)
are shown in Table 6. As with neodymium tetramethylaluminate/organoaluminum chloride
cocatalysts, high cis-1,4-selective polymerization was observed. The addition of additional
chloride source proved pivotal for the overall polymerization activity. Interestingly, addition of

0.5, or 1 equivalent [CI]/[Nd] in the form of aluminum trichloride decreased polymerization
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activity to almost zero (entries 2-3), whereas addition of 1 equivalent [CI]/[Nd] in the form of
trimethylsilyl chloride did not affect the overall yield considerably (entry 4). In stark contrast,
addition of one equivalent [CI]/[Nd] in the form of diisobutylaluminum chloride increased the yield
to 69% (entry 5; compared to 24% without addition of diisobutylaluminum chloride in entry 1).
These findings are consistent with the results of [Nd{N(SiMe3),}(AliBus)(HAliBu3)] activated
with dialkylaluminum chloride systems, showing highest activities in with 2-3 [CI]/[Nd]. Similar
findings have been reported for neodymium-catalyzed polymerization with the ill-defined mixture
[Nd {N(SiMe3)2}3]/x EzAIC1/40 AliBus showing a maximum activity for x = 2-2.5 in heptane.[!43]
Although this polymerization was conducted at 70 °C, it is notable that a 93.1 cis/6.0 trans/0.9%
1,2 microstructure was observed in toluene (15 min, 38% conversion), whereas
[Nd{N(SiMe3)2} (AliBus)(u-Cl)]2 (18N4) delivers essentially trans-free polyisoprene. Generally,
addition of two equivalents triisobutylaluminum enhance the polymerization activity of
[Nd{N(SiMe3)2} (AliBus)(u-C1)]2 (18N9), to 31% vs. 24% without triisobutylaluminum (cf. entries
1, and 6). The addition of two equivalents triisobutylaluminum also increased the yield of
[Nd{N(SiMe3)2} (AliBus)(u-Cl)]2 (18N9)/2 equiv. iBuAICI (1 equiv. [C1]/[Nd]) from 69 to 79%
(cf. entries 5, and 7). This may suggest that further replacement of the remaining silylamido ligand

still enhances the overall polymerization activity.
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Table 6. Isoprene polymerization using [Nd {N(SiMe; )} (AliBua)(u-C1)]> (18N¢) as precatalyst

entry®  pre- co- yield cis-1,4 trans-1,41 3,4f M, PDIM Tg
catalyst catalyst! [%] [%o] [%] [%] [10* g'mol™'] [°C]
1 18N none 24 98.0 0 2.0 3.2 3.69 -66
2 18M AlCI; (6.67 pmol) = 0.5 [C1)/[Nd] 12 98.3 0 1.7 7.4 3.59 65
3 18N AICI; (12.0 pmol) = 1[CI}/[Nd] 4 98.0 0 2.0 0.5 479 -65
4 18N 1 equiv. MesSiCl 21 97.9 0 2.1 2.6 4.67 -66
5 18N 1F 69 98.0 0 2.0 19.2 1.57 -65
6 18N 2 TIBA 31 98.0 0 2.0 2.1 4.36 -67
7 18N 1F/2TIBA 79 98.0 0 2.0 11.3 2.04 -64

[a] Conditions: 20 pmol of precatalyst, 20 umol of cocatalyst, 20 mmol of isoprene, 8 mL of toluene, 500 rpm stirring velocity. [b] Aged with cocatalyst at ambient
temperature for 30 min: F = iBu,AlCl, equivalents are given as [C1]/[Nd], one hour reaction time. [c] Determined by 'H, '*C NMR in CDCls. [d] Determined by SEC.
[e] Determined by DSC.
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Potassium Isobutylaluminate Side Product

In cases of contamination of silylamido precursors with low amounts of ate complex, or
K[N(SiMe3):], we noticed that after the reaction with TIBA fine, colorless needles crystallized
prior to the main product [La {N(SiMe3)2} (AliBus)(u-Cl)]2 (18%*) upon cooling to —40 °C. The side
product was identified as potassium isobutylaluminate [K(iBuszAl-u-H-AliBus)], (20) by X-ray
diffraction analysis (see Figure 14), and elemental analysis (calc. C 66.00, H 12.69; obs. C 65.81,
H 12.55, N 0.00). In the solid state, the compound exhibits a polymeric structure, with CH»-
moieties of the isobutyl groups bridging to potassium ions. 'H-NMR spectroscopy revealed the

hydride resonance at 2.55 ppm, alongside with one set of isobutyl resonances.
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Figure 14. Connectivity of polymeric [K(iBusAl-u-H-AliBus)]s (20). Hydrogen atoms are omitted for clarity. Atomic

displacement ellipsoids were set at 50% probability.
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C. Unpublished Results

Synthesis of Trivalent Lanthanide Isobutyl Complexes

Tris(isobutyl)ytterbium Tetrahydrofuran Solvate

A possible pathway to trivalent tetraisobutylaluminates could involve the reaction of a triisobutyl
lanthanide complex, and triisobutylaluminum. To date, according to the Cambridge
Crystallographic Data Centre, no triisobutyl lanthanide compound of the form Ln(iBu)s(do)x, or
Ln(iBu); (Ln = Sc, Y, La-Lu) was reported. However, M. Niemeyer reported a procedure for the
synthesis of the neopentyl complex Yb(CH2/Bu);-THF solvate.l'3*] According to this procedure,
trivalent tris(neopentyl) ytterbium was synthesized from the equimolar mixture of elemental
ytterbium, and the corresponding alkyl iodide in THF, forming divalent ytterbium iodide as a side
product.l'>*] However, an ytterbium(III) alkyl complex featuring a f-hydride was not yet reported
following this protocol to the best of our knowledge. For this reason, we were curious whether

discrete trivalent lanthanide isobutyl complexes can be synthesized.

Following Niemeyer’s procedure, the reaction of ytterbium metal flakes with isobutyl iodide at —
40 °C in tetrahydrofuran yielded a dark red, crystalline solid, which rapidly decomposed at ambient
temperature, as indicated by a color change from dark red to brown. We managed to identify the

very temperature-sensitive dark-red product, as Yb(iBu)s(thf);

(21) by X-ray diffraction (Figure 15). fﬁ

Z e o °
THF, -20°C, 2.5 h v
VB + iBul ~ (YD Bus(thf), Yb?\@

-Ybl,(thf) 65% ,
2(Int) 5 Q ct
Figure 15. Synthesis and crystal structure of of Yb(7Bus)(thf); (21) % C5
from ytterbium metal and isobutyl iodide. Atomic displacement S %
parameters are set at 50% probability level. Hydrogen atoms are <>

omitted for clarity.
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We also sought to apply this protocol to synthesize other rare-earth-metal isobutyl complexes as
novel precursors for isobutylaluminate chemistry. However, due to the much lower reactivity of
other metals, e.g. neodymium powder, compared to ytterbium metal flakes, this reaction was not

yet successful. Therefore, we did not exploit this promising synthetic route further.

Approaches to Alkaline Earth Tetraisobutylaluminates

Diisobutylmagnesium Dioxanate and TIBA-Dioxane Adduct

For the synthesis of a putative magnesium aluminate "Mg(AliBu4),", we sought to gain access
through a diisobutyl magnesium solvate. In contrast to the heavier alkaline-earth homologues,
dialkylmagnesium congeners can be readily obtained from Grignard reagents via the Schlenk-
equilibrium.['%¢ Following this protocol, polymeric [MgiBux(dioxane)], (22, cf. Scheme 24) was
synthesized from isobutylmagnesium bromide by addition of dioxane to the ethereal solution.
However, upon treatment of [MgiBux(dioxane)], (22) with TIBA, the sought-after magnesium
isobutylaluminate escaped isolation and purification, due to the formation of large amounts of
almost inseparable colorless crystals of the dioxane adduct [(AliBus)2(dioxane)] (23), as identified

by X-ray diffraction.

dioxane/Et,O 4.1 equiv. TIBA,
rn.,05h y . hexane rt., 24 h
2 iBuMgBr ———>  [Mg/Bu(dioxane)], >
-Mg/Br» 22
57% isol.
Bu Bu

N\ /\ /
Bu— Al=—0 O—tAl —/Bu + magnesium
/ __/ \'B species
Bu 23 BU

Scheme 24. Synthesis of [MgiBu,(dioxane)], (22), and reaction with TIBA.
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Figure 16. Segment of the polymeric crystal structure, and coordination polymer of [MgiBux(dioxane)], (22).

Atomic displacement parameters are set at 50% probability level. Hydrogen atoms are omitted for clarity.

Alkaline-Earth Metal Tetraisobutylaluminate Complexes

To examine whether the size of the central metal ion influences the coordination number, or the
six-fold coordination is maintained with smaller ions, we set out to prepare alkaline-earth (Ae)
isobutylaluminates. It needs to be noted that divalent lanthanide compounds of Sm, Eu, and Yb
feature many similarities with the alkaline-earth analogues as indicated in Table 7, especially for
the pairs Ca(II)-Yb(II), and Sr(II)-Sm(II)/Eu(II), which can be explained by negligible metal-ligand

orbital interactions, almost same radii, and thus similar, and mainly ionic interactions. [137] [158][159]

Table 7. Tonic radii for selected divalent lanthanide, and alkaline-earth ions for coordination number of 6.[1601 [161]
Table adapted from [137]

Metal ionic radius [A] (CN = 6)
Mg?* 0.72
Ca* 1.00
Sr2* 1.18
Ba?* 1.35
Sm?* 1.15
Eu?* 1.14
Yb** 1.03
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Following the protocol established for the synthesis of Ln(AliBus) (1'®, Ln = Sm, Eu, Yb), starting
from divalent bis(trimethylsilylamido) alkaline-earth metal precursors, silylamide elimination led
to the formation of bis #°-coordinated, molecular homoleptic tetraisobutylaluminate complexes
(see Scheme 25). For calcium, and strontium, excellent yields were obtained, e. g. Sr(AliBus),
(24%7) was obtained in the form of a white powder in 84% crystalline yield after recrystallization.
However, in case of the barium congener, the synthesis of the silylamide precursor
Ba[N(SiMes)2]2(thf),  via  salt metathesis from barium iodide, and potassium
bis(trimethylsilylamide), resulted in inevitable formation of the “ate” complex, as shown by both
elemental analyses and ICP-OES, and separation of Ba(AliBu), (24%%) from potassium
isobutylaluminate was possible by fractional crystallization. Just as observed for Yb(AliBus)> (1YP)
which has been published over twenty years ago,['?3] Ca(AliBus) (24¢*) proved to be very
challenging to analyze by X-ray diffraction analysis, resembling the problems observed with

isostructural Yb(AliBus): (1YP), that features a similar cation size.[!?!

7.5 AliBus

n-hexane, rt, 20 h
Ael[N(SiMe3),]o(THF), > Ael (AliBuy),
Ae = Ca, Sr, Ba - 2 iBUzAIN(SiMe3),]

- 2 IBuzAl(THF)
Scheme 25. Synthesis of divalent alkaline-earth-metal tetraisobutylaluminates.

As reported by Harder et al., samarium(II) and strontium(Il) complexes are isomorphous due to
almost identic ionic radii, and exhibit striking similarities in terms of cell constants, and bonding
situations, as does the pair Ca/Yb.'>1 In fact, X-ray crystallography revealed that all divalent
tetraisobutylaluminates displayed the 7°-coordination of the tetraisobutylaluminate anions in the
solid state as observed for corresponding lanthanide congeners such as Sm(AliBus), (15™). The
diamagnetic alkaline-earth-metal isobutylaluminates allow a conclusive NMR analysis; in the case
of Ca(AliBus)> (24¢*), only one signal set for the isobutyl protons was observed, and no
decoalescence of the isobutyl resonances occured in the accessible temperature range (down to 190
K) just as observed for comparable 1YP. This indicates that isobutylaluminate moieties display a
high mobility, indicating a highly fluxional behavior of the aluminates in solution even at low
temperature. Despite the long known and structurally characterized homoleptic magnesium
tetramethylaluminatel'®?l, as well as calcium, strontium, and barium bis(tetraethylaluminate)!'%3],

alkaline-earth-metal isobutylaluminates have escaped characterization, and identification so far.
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Neither Ca(AliBus)2 (24?) nor Sr(AliBus), (2457) were found to be of comparable activity as the
lanthanide congeners in isoprene polymerization. Although the cause for the inactivity remains
unclear, and no obvious correlation of redox potential, and polymerization activity was observed
in the case of the corresponding lanthanide congeners, the formation of more stable allyl complexes
could prevent polymerization for alkaline-earth metal complexes. A possible explanation may be
the initiation via an allylic compound, that may be more stable than its lanthanide counterparts,
making it a thermodynamic sink. Analogously, other divalent alkaline-earth-metal
tetraisobutylaluminates were generated on this occasion as shown in Figure 12. All complexes
share the #73-coordination mode observed with [Ln(AliBus)2] (1'") and display bond lengths as

shown in Table 8.
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Figure 17. Crystal structures of [Sm(AliBus)] (15™), [Eu(AliBus)] (1%¥), [Yb(AliBus)s] (1¥"), [Ca(AliBus)] (24,
[Sr(AliBus),] (24%"), and [Ba(AliBus),] (24%2). For [Ca(AliBus),] (24¢?), only a connectivity was obtained. Atomic

displacement parameters are set at 50 % probability level. Hydrogen atoms are omitted for clarity.

Table 8. Selected interatomic distances for the compounds 242, 2457 2482 15m 1Ev and 1YP in A,

24Ca* 24Sr 24Ba ISm IE“ 1Yb
M_C | 2707- | 2.8986(12)- | 2.9959(17)- | 2.8514(18)- 2.850(2)- | 2.735(16)-
2.760% | 3.2545(12) | 3.3893(18) | 2.8854(18) 2.878(2) 2.796(12)

*[Ca(AliBus)2] (24*): connectivity only.
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Redox Chemistry Involving Samarium Silylamides, and Organoaluminum

Reagents

Since divalent Sm[N(SiMes)2]2(thf)2 proved a valuable precursor for the synthesis of Sm(AliBua)z
(15™), we were curious whether the corresponding trivalent congeners could exhibit a similar
reactivity. <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>