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Preface

The work has been carried out during the period June 2009 to September 2014
under the supervision of Prof. Dr. Reiner Anwander at the University of
Tldbingen, Germany.

This thesis begins with a survey of the evolution of “single-site” Ziegler-Natta
polymerization catalysts with primary focus on structure-reactivity/selectivity
issues and the development of new organometallic catalysts for coordinative
polymerization of conjugated 1,3-dienes. Special emphasis is put on donor-
functionalized cyclopentadienyls as ancillary ligands of rare-earth metal
complexes and their implication for the stereoregulation in isoprene
polymerization. Following the introduction, a summary of the main results and
scientific papers will be given.

From January to March 2012, | was fortunate to work with Prof. Dr. Kazushi
Mashima at Osaka University, Osaka, Japan, on a collaborative project on
lodine-catalyzed diene redox chemistry of divalent rare-earth metals.
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DFT density functional theory
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Summary

The objective of this thesis was to synthesize half-sandwich rare-earth metal
bis(hydrocarbyl) complexes for isoprene polymerization, bearing a donor-
sidearm substituted cyclopentadienyl as mono-anionic ancillary ligand to mimic
a constrained geometry configuration. In a first approach the protonolysis
reactions of dimethylaminoethyl- and dimethylanilinyl-  substituted
cyclopentadienyls HCp"™? and HCp""®? with homoleptic [Ln(AlMeys)s]
precursors were investigated. At ambient temperature, only the anilinyl-
substituted ligand formed the desired [Cp"“*’Ln(AIMe,),] complexes. Instead,
the flexible ethyl bridge of the HCp"™*? ligand led to donor-induced cleavage of
one aluminate moiety generating [Cp V2 AMe3 n(AIMe,),]. Removal of the
nitrogen bonded AlMes with ether directly initiated C Al bond activation of one
aminomethyl group yielding [{Cp"™®( -CHz)AIMes}Ln(AIMey),]. The dependence
of the C Al bond activation on temperature and rare-earth metal center was
further investigated with the corresponding anilinyl complexes and a mechanism
could be proposed.

To avoid the inadvertent activation, alternative synthesis strategies with focus
on precoordination of the Cp"“®? ligand in a °: ! fashion to the rare-earth metal
center were tested. From the extended silylamide route, the intermediate
bis(dimethylsilylamide) complex [Cp"M*?Y{N(SiHMe,),}] and the Si A activated
complex [Cp"™e2Y{ 2-SiMey(NSiHMe,),}(thf)] were isolated. Salt-metathesis
reaction, starting from LnCls(thf)x with the lithiated ligand LiCp"“*? and
subsequent reaction with MeLi yielded [Cp"™M**YMey(MeLi)], and
[Cp"™e?LuMe,], as structurally characterized precursors. However, treatment
with AlMes led to coordination switch of the donor-sidearm from the rare-earth
metal to the aluminum center in all cases.

Additionally, the Cp"*? ligand was utilized to form half-sandwich bis(allyl)
complexes [Cp"™?Ln( 3-C3Hs),] in a two-step salt-metathesis reaction, implying
LnCls(thf),, LICp"™? and the Grignard reagent CsHsMgCl, but in case of the
larger neodymium only the dimeric monoallyl-chlorido complex [Cp"M®2Ln( *-
CsHs)( -Cl)], could be isolated.

The presented aluminate and allyl complexes were tested in isoprene
polymerization under various conditions. The resulting polymers were
structurally characterized by *H, *C, and partially *HA*C HSQC NMR
spectroscopy. The molecular weights and the molecular weight distributions
were determined by size-exclusion chromatography (SEC) against polystyrene
standards. The influence of the donor-sidearm was investigated by comparison
with non-functionalized half-sandwich complexes [Cp*Ln(AlMes),].
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Zusammenfassung

Ziel der vorliegenden Arbeit war die Synthese von Halbsandwich-
Bis(hydrocarbyl)-Komplexen der Seltenerdmetalle mit donor-funktionalisierten
Cyclopentadienylliganden sowie deren Untersuchungen hinsichtlich ihrer
Eignung als Pra-Katalysator fur die Polymerisation von Isopren.
Im ersten Ansatz wurde die protonolytische Reaktion von dimethylaminoethyl-
und dimethylanilinyl-substituiertem Cyclopentadienyl HCp""*? und HCp”"®? mit
homoleptischen Tetrametylaluminaten [Ln(AlMe,)s] (Lh =Y, La, Nd) untersucht.
Bei Raumtemperatur konnten nur gewilnschte Produkte des anilinyl-
substituierten Liganden in Form von [Cp*“®?Ln(AIMe.);] generiert werden. Die
flexible Ethylbriicke des Cp"? Liganden hingegen verursachte die
Koordination des Sticktoffatoms an ein AlMe; Molekl [Cp"Me2: AME3| n(AIMes),].
Die Abtrennung des Trimethylaluminiums mittels Diethylether flihrte zu einer
C A-Bindungs-Aktivierung einer Aminomethylgruppe [{cp"Me( -
CHy)AIMes}Ln(AlMe,),]. Die Temperaturabhangigkeit dieser Aktivierung konnte
im Folgenden auch an dem anilinyl-substituierten Komplex nachgewiesen
werden, was auf einen zugrunde liegenden Mechanismus hinweist.
Auf Grund dessen fokussierten alternative Synthesestrategien auf eine > !
Pra-Koordination der Liganden an den Seltenerdmetallzentren. Aus
Salzmetathesen des lithilerten Liganden LiCp"“®? mit den entsprechenden
Metallchloriden wurden zunéchst die Halbsandwich-Bischlorid-Komplexe
generiert. Die weitere Umsetzung mit [LiIN(SiHMey),] fuhrte zu dem Komplex
[CP"™e2Y{N(SiHMe,),}], sowie der SiAd bindungsaktivierten Spezies
[Cp"Me2Y{ 2-SiMey(NSiHMe,),}(thf)]. Wurde im zweiten Schritt hingegen MeLi
verwendet, konnten die Komplexe [Cp"“?YMe,(MeLi)], und [Cp"M*2LuMe,],
isoliert werden. Bei Zugabe von AlMe3; wurde jedoch, sowohl bei den Amid- als
auch den Methyl-Komplexen, die erneute Koordination des Stickstoffes an das
Trimethylaluminium beobachtet. Des Weiteren konnten durch Salzmetathese-
Reaktionen auch die Allylkomplexe [Cp"™®2Ln( 3-CsHs),] (Ln =Y, Ho, Lu) und
[Cp"™e2Nd( -Cl)( 3-C3Hs)], hergestellt werden.

Nach Kationisierung mit entsprechenden perfluorierten Arylboraten erwiesen
sich die dargestellten Halbsandwich-Seltenerdmetall-Aluminat- und Allyl-
Komplexe als aktive Katalysatoren fir die Isoprenpolymerisation. Die
erhaltenen Polymere wurden durch *H, *3C, und teils *H A°C HSQC NMR
Spektroskopie strukturell untersucht. Die Molekulargewichte und die
Molekulargewichtsverteilungen wurden mit Hilfe der Gel-Permeations-
Chromatografie (GPC/SEC) ermittelt. Der Einfluss des donor-funktionalisierten
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Seitenarms wurde durch den Vergleich mit den Polymerisationsergebnissen
von unsubstituierten Halbsandwichkomplexen [Cp*Ln(AlMe,),] bestimmit.



Donor-Substituted Cyclopentadienyl
Ligands in Rare-Earth Metal-Based

Isoprene Polymerization



1 Introduction

In the last century, synthetic polymers became one of the most common
construction materials in our daily life. The potential to modify their application-
specific properties concerning rigidity, density, thermal stability, and
processability, led to a large quantity of polymers and a wide range of
applications. Natural polymers including tar, horns, cellulose, silk and tree saps
have been employed since ancient times, but their chemical modification, such
as the vulcanization of rubber by Hancock! and Goobyear?, began only in the
nineteenth century. The first commercially produced synthetic polymers were
the phenol-IRUPDOGHK\GH UHVLQ 3% D NBAEKEL Wb in ANHORSHG E\
WKH SRO\LVRSUHQH 3%30emMaNN B DIWH Dand-palyEnyichloride
introduced by KLATTE IN 1912, but the molecular nature of these polymers was
not understood. A major breakthrough was the proposition of STAUDINGER in
1922,'°! that polymers are long chains consisting of a large number of individual
small molecules linked together by covalent bonds, a work for which he was
awarded the Noble Prize in 1953. In the following years, several new polymers
were invented and patented, but the most significant discovery was probably
the polymerization of Molefins. In 1937, FAWCETT and GIBSON at the Imperial
Chemical Industries (ICl) patented the radical polymerization of ethylene under
harsh conditions (500-3000 bar, 100-300 °C) initiated by traces of oxygen.!”’
The resulting polyethylene exhibited a reduced melting temperature and lower
density than the lateron fabricated linear crystalline polyethylene (HDPE, high
density polyethylene) due to branching via chain transfer reactions and was
therefore called LDPE (low density polyethylene) (Table 1).

Table 1: Properties of the three most common polyethylene grades.

LDPE LLDPE HDPE
density [g/cm®] 0.910-0.925 0.910-0.940 0.941-0.965
melting point 90-110 °C 50-125 °C 130-145 °C
crystallinity 40-50% 10-50% 60-80%

elasticity modulus ~200 100-600 ~1000



1.1 Ziegler-Natta Catalysis

With the discovery of a new two component catalysis system based on a
transition metal compound (halide, alkoxide, alkyl or aryl), preferentially
involving group 4 metal, activated by an organoaluminum compound by ZIEGLER
at the Max Planck Institute for Coal Research in 1953, the polymer industries
changed remarkably and opened a new field in academic research.®® In this
regard it is worth mentioning that in the same year, HOGAN and BANKs at Phillips
Petroleum Co. reported the polymerization of ethylene employing chromium
oxide on silica material to produce HDPE under mild conditions (30-35 bar,
200°C).M However, the high linearity of the produced HDPE through ZIEGLER'S
metalorganic mixed catalyst was verified by IR spectroscopy and the ethylene
polymerization could be performed at atmospheric pressure and room
temperature. In fact, the discovery was made accidentally, when an autoclave
employed for C-C coupling reactions of ethylene at triethylaluminum following
WKH 3$X1E DX Hvizdl WdnRu@inated with colloidal nickel. Further
investigations, including most of the transition metals, revealed the
predominance of the group 4 metals and the system TiCl4/AIR3; was optimized
(Scheme 1).

(CoHg)Et O(CoHy)Et
/ / O, /

AlEt3 e Al_(C2H4)|Et — Al_O(CzH4)|Et
110 °C \ \ | H0

100 bar (CoH,)mEt O(CaHa)mEt - AlOH)
HO-(C,H -Et
250 - Ticl, 3 HO-(CoHy) 1 m
thyl
ethylene ethylene 1.0, l 2. NaOH
3 HyC=CH-(CoHy)y | m-H H3C-(C2Hy)n-CHs 3 Na" "0380-(CaHy )k | mEt
k,l,m < 100; "Aufbaureaktion” n > 103 HDPE k,,m < 10; ALOF-prozess

Scheme 1: Fundamental work of Karl Ziegler, based on organo-aluminum compounds.

NATTA, DOUHDG\ LQVSLUHG E\ WKH 3$XIEDXUHDNWLRQ" ™ LQ
new findings in his investigations of the polymerization of propylene, higher D

olefins, and 1,3-conjugated dienes with Ziegler's catalysts.? Only one year

later, he discovered the different stereoregularities of the produced
polypropylene through testing their different physical characteristics, such as

solubility, melting point, crystallinity and mechanical properties (Figure 1).%
Comprehensive studies were published in the following years including analysis

of several polymers via nuclear magnetic resonance, infrared spectroscopy, and

X-ray diffraction.**!
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Figure 1. Tacticity of polypropylene.

These findings demonstrated that polymeric products with very different
physical properties can be obtained from the same monomer by influencing the
catalytic process. This was the beginning of the next generation research in
polyolefin industries, focusing on new and well defined structures of single-site
catalysts and their capacity to produce tailor-made polymers.

1.2 Single-Site Catalysts (SSC)

Conventional ZIEGLER ANATTA catalysts, as mentioned above, are widely used in
the industrial production of polymers, but mostly generate polymer mixtures with
varying microstructures and broad molecular weight distributions. The reason
for this inhomogeneity is the insolubility of the heterogeneous catalyst,
promoting aggregation and formation of multisided active centers. The first step
towards catalytic active species more appropriate for mechanistic studies was
made by NatTAa ET AL, and BresLow and Newsurci®. In 1957, they
discovered the soluble bis(cyclopentadienyl)titanium dichloride [Cp,TiCl;] as a
promising new catalyst when activated with alkyl aluminum chloride [AIR,CI].
However, low activity and decomposition to an inactive species rendered it
unattractive for further investigations. In 1980, SINN and KAMINSKY discovered
methylaluminumoxane (MAO) as a highly effective activator.” With this finding,
the work on metallocene complexes based on group 4 metals became
revitalized. Especially the zirconium metal complexes were intensively studied,
due to their thermal stability, and systematic substitution of the Sbonded ligand,
thus generating the first stereoselective Ziegler-Natta catalyst system, for the
production of isotactic polypropylene (Figure 1). In the following decade, many
research groups including BRINZINGER, KAMINSKY, MUHLHAUPT, and WAYMOUNTH
became interested in the field of these homogeneous catalysts. Hence, a
reference to highly recommended review articles is provided at this point.!*8-2%!



Even though the first success in structure-reactivity relationship was achieved,
mechanistic insights into monomer coordination, activation, and polymerization
as well as termination were difficult to achieve, due to the poorly characterized
MAO co-catalyst. However, a very important discovery was made, MAO always
contained a significant ratio of trimethylaluminum (10-15%), which was proven
to react as an alkylation reagent.” This finding directed the focus on new
metallocene alkyl complexes and their cationic species. Another breakthrough
was made, when JORDAN ET AL. isolated and fully characterized a cationic
metallocene alkyl compound, received by methyl abstraction of [Cp.ZrMe;] (1)
(Scheme 2).1?? In addition, the same group showed that the weakly coordinating
anion [BPhy4] did not prevent the catalytic activity, and the compound was active
in olefin polymerization in the absence of any further co-catalyst. This was
consistent with a polymerization mechanism proposed by Cossee®! and
ARLMANPY which predicted a coordinatively unsaturated cationic alkyl complex
[LisMR(Do),]" as the active species (vide infra).

N W 1) CHaCN, Ag*[BPh,J s o
Zr - Zr @ [BPh4]

7 e, 2) THF A

Scheme 2: Cationization of dimethyl zirconocene generates an active catalyst for ethylene
polymerization.®?

3

With the aim of gaining more knowledge about the cationic species and
influence of weakly coordinating anions, new organo-borane and iborate
reagents were developed as efficient co-catalysts. The formation of the cationic
complex differed from the alkyl abstraction, most common are the reaction with
trityl-borate [PhsC][B(CeFs)s] (A), protonolysis of one alkyl ligand via bulky
ammonium reagents [RNMe,H][B(CsFs)4] (B) or ligand transfer to the neutral
organoboron reagent [B(Ce¢Fs)] (C) (Scheme 3). The thermodynamic and
geometric nature of the weakly bonded ion-pair has significant influence on the
catalytic activity and was intensively studied by Marks and co-workers.?>27 A
review article concerning structure-activity relationships of various co-catalysts
for olefin polymerization was presented in 2000.%®



CpaMR; + [PhsCl[B(CgF5)a] (A) —

CpoMR; + [RNMeyH][B(CgF5)4] (B) —=

CpoMR; + [B(CgF5)3] (C) —>

[CpoMR]*[B(CgF5)4]” + [Ph3CR]

[Cp,MR]*[B(CgF5)4] + HR + RNMe,

[CpoMR]*[RB(CgF5)3]

Scheme 3: Perfluorated organo-borate and -borane reagents as co-catalysts.

A correlation between the weakness of the coordination of anions with
delocalized borate structure towards zircocene dimethyl complexes L,ZrMe;

and the activity in propylene
polymerization was also presented
by the group of BOCHMANN. The
introduction of cyanoborates
revealed anions with reduced
nucleophilicity and resulted in
enhanced catalytic activities (Figure
2).2% Furthermore, it is known that
the use of aluminum alkyl species as
co-activator can significantly
influence the catalytic system,
whereas the reaction of boron-CgFs
compounds with organoaluminum
reagents is not fully understood.?”!
Some aspects concerning [CgFs]
[R] (R = Me, ‘Bu) ligand exchange

SR

Mo’
-1 8
[kJ mol™] | [MeB(CoFs)l
——
10.7
— [N{CNB(CgFs)3}al*
— [B(CeFs5)al
0—0' [CN{B(CeFs)alal
1 —

weakness of anion coordination

Figure 2: Differences in activation barriers for
propen polymerization with Me,Si(Ind),ZrMe,.

[29]

between boron and aluminum species as well as the following coordination of
the resulting anionic species were reported recently.®® Solid-state structural
analysis of the activated species features information about the charge *

separated character, but single crystal growth is often hindered by the formation
of oily products, especially in case of rare-earth metal complexes. Basic
achievements are given in the review article by CHEN and Marks.*®! An
interesting crystal structure of an activated rare-earth metal half-sandwich

aluminate complex was presented by the group of AnwanDeR.B The activation
of [(CsMes)La(AIMe,),] with one equivalent of Lewis acidic B(CgFs)s instantly
and quantitatively yielded the ion pair [{[(CsMes)La{( -Me),AlMe(CgFs)}|[Me Al-
(CsFs)2]}2] as the product of very fast sequential CH3/CgFs exchange processes
(Scheme 4). The isolated compound was further shown to act as a single-
component catalyst in isoprene polymerization.
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Scheme 4: Single-component catalyst formed by activation of [Cp*La(AlMe,),] with B(CgFs)s.*"

During the studies of polymerization reactions with a variety of olefins, it
became clear, that the catalytic activity depends on the tendency to coordinate
with the weak LEwIS base olefin molecule at the vacant site of the metal center.
Heavier DPolefins were sterically hindered by the cyclopentadienyls of the
metallocenes. A useful tool, to increase the open coordination sphere at the
metal center, was the connection of the two Cp ligands with a small linker. The
first ansa-metallocene tested in the polymerization of ethylene was the 1,1-
methylenetitanocene dichloride [CHy(CsH,4),TiCl,] reported by KaTz and
ActoN,B®? and was structurally characterized by the group of BRINTZINGER
(Figure 3).B¥ Unfortunately, no significant difference to [Cp.TiCl,] could be
observed. Nevertheless, BRINTZINGER continued his research in the field of
chiral bridged metallocenes and could enlighten the structure-selectivity
relationship of single-site catalysts in stereoselective .-olefin polymerization.”
Together with Ewen and KAMINSKY, he demonstrated that meso ansa-
metallocenes gave atactic, while the racemic ones produced isotactic

p0|ypr0pylene_[35-36]
) > N
A\ ~ ﬁz @\
| //'Zr CHa & \CH3
?

Zr ® @
; : Me,Si
/ \CH3 Me,Si \ 2
Figure 3: Steric hindrance guides monomer coordination at ansa-metallocene catalysts.



The resulting polymer microstructure depends on the regioselectivity and

enantiofacial selectivity as well as the stereospecificity of the monomer

insertion. Thereby, two different modes are possible, either the last monomer of

WKH JURZLQJ FKDLQ LQIOXHQFHV WKH LQVHUWLRQ Rl WK
FRQWUROOHG” PDQQHU RU WKH FDWDO\VWV JHRPHWU\ GI
LQFRPLQJ PRQRPHU LQ DQ *HQDQWLRPRUSKIlafsavLWH FRQW
metallocene catalysts for olefin polymerization are classified in five symmetry
FDWHJRULHVY UHIHUUHG WR DVRd#d4@Q+V V\PPHWU\ UXOHV’

QL,)e ©.T

Co /! Cs Cs C; C,
achiral prochiral chiral chiral

CO C X >

MezST\ @rch Me,C” Zrcl, Me,C” Zicl,

A e
atactic syndiotactic hemi-isotactic isotactic
[37] [38] [39] [40]

Figure 4: Symmetry of selected metallocene catalysts for stereo-specific propylene
polymerization.

When the metallocene is achiral (C,,, Cs), a special coordination mode of the
incoming monomer is not preferred, thus an atactic microstructure is achieved.
In contrast, (pro-)chirality of the catalyst leads to specific tacticity of the resulting
polymer. In particular, the two alternating potential vacant sites in Cs-symmetric
catalysts lead to syndiotacticity, while the vacant sites in C,-symmetry are
homotopic resulting in isotactic polymers. In case of the C;-symmetric
metallocenes only one site has significant effect on the stereoregulation,
producing hemi-isotactic polyolefines.



1.3 Organolanthanide Catalysts

The rare-earth metals compromise the group 3 metals Sc, Y, and La, as well as
the fourteen 4f electron shell elements Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho,
Er, Tm and Yb, also known as the lanthanides. Their predominant oxidation
state is Ln", but in case of Ce organometallic compounds in the tetravalent Ln"
spezies have been synthesized, while the divalent Ln" oxidation state is easily
accessible for Sm, Eu, Tm, and Yb. The 4f valence orbitals of the lanthanides
can be seen as an inner shell, shielded by the 5s and 5p orbitals being part of
the inner xenon core and even if the internal structure is very intricate, this
results in two very striking features. First, poor overlap with ligand orbitals lead
to predominant ionic character of the organo-metal bond in lanthanide
complexes and in contrast to d-block transition metals a wide range of
coordination numbers from 6 to 12 is accessible. Furthermore, the 18 valence
electron rule and donor/acceptor interaction cannot be applied. Secondly, due
to the weak shielding of the 4f electrons a gradual decrease in the ionic radii
with increasing effective nuclear charge from lanthanum to lutetium is observed
(Figure 5).

> \
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La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Figure 5: Lanthanide contraction from lanthanum (57) to lutetium (71).[4”

These characteristics lead to significant differences in the organometallic
chemistry of the rare-earth elements compared to the d-block transition metals.
The accessibility, stability, and reactivity of lanthanide complexes are mainly
influenced by electronic and steric saturation and can specifically fine-tuned by
the bulkiness of the ligands and the choice of the metal center. Additional donor
coordination or solvent complexation is often observed when the metal
environment is sterically unsaturated and ionic ate complex formation can occur
during salt metathesis reactions, usually causing a decrease in reactivity. To
counteract the undesirable reactions, subtle synthetic pathways have been
elaborated and complexes of metallocene, half-sandwich and post-metallocene
type represent a large number of rare-earth metal based catalysts.
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In 1965, lanthanide-based polymerization systems for 1,3-dienes were already
patented,**¥! but it took another thirteen years before BaLLARD ET AL.[4Y
described the first isolated organolanthanide complexes active in ethylene
polymerization. The neutral metallocene alkyl and aluminate complexes
[(CsH4R).LNMe], and [(CsH4R).LNMe,AlMe;] are isoelectronic compared to the
cationic complexes of group 4 metals and showed moderate activity at 70-
105 °C without the addition of any further co-catalyst (Figure 6).

Ln =Er; R=H, Me, SiMe3 R = SiMes
Ln =Y; R = SiMe;

Figure 6: First isolated lanthanide metallocene complexes active in ethylene polymerization.™*
Encouraged by this findings, WATSON investigated the polymerization activity of
the methyl complexes [(CsMes),LnMe], of the heavier lanthanide elements
ytterbium and lutetium, chosen because of their smaller ionic radii, and hence
more related to those of the transition metals (Scheme 5).1**! Due to its
diamagnetism, the lutetium complex enabled mechanistic investigations via
NMR spectroscopy and the insertion of propylene into the metal-methyl bond
was verified. In 1985, MARKS and co-workers reported a comprehensive study
on lanthanide metallocene hydrocarbyl and hydride complexes as catalysts in
ethylene polymerization in a series of three publications.[48'5°] They found, that
the catalytic activity decreased with the ion radii of the lanthanide metal across
the series lanthanum to lutetium and that the hydride complexes outperfomed
the alkyl counterparts.* The change from bis(pentamethyliclyclopentadienyl) to
[Me,Si] ansa-bridged lanthanide hydride complexes [Me;Si(CsMes).LnH]
generated a tenfold higher activity, as a result of their wider open ligand
sphere.®”
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Scheme 5: First synthesis of lanthanide metallocene complexes active in propylene
polymerization.®"
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1.4 1,3-Diene Polymerization

Some of the most important polymers produced by plants are natural rubber
(NR, caoutchouc or cis-polyisoprene; >99% cis content, M, = 2 x 10° gmol™)
from the rubber tree hevea brasiliensis, which is used for numerous latex
applications, and the all-trans isomer Gutta #percha (>99% trans) produced by
Palaquium gutta and several other evergreen trees of East Asia. Considering
the limited supply of these natural products and increasing demand on high
performance synthetic rubbers, the development of catalyst systems producing
highly stereoregulated polymers has grown in importance. The first synthetic
rubber was produced by BOUCHARDAT in 1879, when he heated a mixture of
isoprene with hydrochlorid acid, but the quality was low and the isoprene was
extracted from natural rubber.’?%¥ Searching for low cost alternatives, it was
HOFMANN in 1909 who patented the first sodium metal initiated 1,3-diene
polymerization of 2,4-dimethylbutadiene at the Bayer Werke."! One year later,
the Russian chemist LEBEDEV reported the polymerization of 1,3-butadiene,
obtaining a product much more similar to natural rubber in physical properties
and application-specific processability.® His further work, summarized in his
book Research in polymerization of diethylene hydrocarbons, laid the
foundation of industrial large-scale production, which experienced an intense
growth during World War II. Although the 1,3-conjugated dienes could later be
co-polymerized with styrene (BunaS)®® and acrylnitrile (NBR)®®, to enhance
their characteristics, via anionic and radical mechanisms, the molecular weight
distributions were broad and their stereoregularity poor. Beside the cis-1,4 and
trans-1,4 configuration found in the natural rubbers, 1,2 (polybutadiene) and 3,4
(polyisoprene) carbon-carbon bond formations where found in synthesized
polymers, which further show iso-, syndio-, or atactic- regularities of the vinyl
groups similar to .-polyolefins (Figure 7)."!
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Figure 7: Possible stereoisomers of polybutadiene and isoprene.

The major breakthrough in the stereoregulated polymerization of 1,3-dienes
came with the development of the transition-metal ([Cr]®®, [Ti]®®, [v]©%¢2,
[Ln]®®) based Ziegler-Natta catalysts in the mid 1950s.%¥ Today, mainly two
systems are commercially used, as they exhibit advantages in preparation,
thermal stability, economics, and handling compared to metallocene catalysts.
The heterogeneous binary systems consist of metal-halides and
organoaluminum compounds as alkylation agent and the homogeneous ternary
systems are based on various metal precursors (MLy, L = alkyl/aryl oxide,
carboxylate, phosphate, allyl, amide) combined with alkyl- (AIR3;, MgR,) and
halide- (R,AIX, X = halogen) sources. The versatility of those catalyst systems
regarding their stereoregulation in the polymerization of 1,3-dienes depends on
the chosen transition metal, the coordinated ligands, the kind of activator, and
the substitution of the 1,3-diene monomer. Historical developments and
selective catalytic systems are given in the Encyclopedia of Polymer Science
and Technology by Kerns® and in Principles of Coordination Polymerization
by KUraN.®® As neodymium demonstrates the most striking features in 1,3-
diene polymerization of the rare-earth elements, a comprehensive overview
highlighting binary and ternary systems of conventional and modified (Nd)-
based Ziegler-Natta catalysts, is given by FRIEBE®” and FischeacH.'®® In 2010,
Zhang et al. reviewed the progress in rare-earth metal-based 1,3-diene
polymerization in the decade from 1999 to 2009.%¥ Special emphasis was put
on the evolution of homogeneous single-site catalysts, the correlation between
the molecular structure and their catalytic performance and the proposed
generation of the activated species.
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1.5 Constrained Geometry Catalysts (CGC)

From the early days of single-site catalysts, the above mentioned metallocene
and ansa-metallocene complexes predominated the field in organolanthanide
chemistry and their application in catalytic processes. On the one hand, the
ligand framework with its K-coordinating cyclopentadienyls, exhibits excellent
steric saturation and thermal stability, on the other hand it generates a well
defined reaction site, hence allowing investigations in structure-reactivity
relationships and fine-tuning of the vacant site. In contrast to the group 4
metals, metallocene complexes of the rare-earth elements do not permit
formation of a catalytically active species via alkyl abstracting cationization,
since no Wmetal-carbon bond for the monomer insertion remains.
Corresponding half-sandwich complexes of [CpLnR;] type involve considerable
synthetic difficulties as a result of the reduced steric shielding of the electron
deficient rare-earth metal center. An important progress was the invention of the
chelating amido-cyclopentadienyl ligand by BERCAW and SHAPIRO in the late
1980°s, creating a well-controlled reaction site, offering systematical
investigations in structure depending reactivity (Figure 8).[02

C2Hs N
u Cliin, SiMe,
Me;,Si \ ‘\\ /" SiM Me,Si /\@\‘\\ Hy RN
1vie,
! I
tBu PMe3 PMea tBu tBu |
C2Hs

Figure 8: Scandium hydride and propyl complexes with constrained geometry. 72

7KH WHUP B3FRQVWUDLQHG JHRPHWU\ FDWDO\VW’

afterwards when the Dow CHemicALl™® and the Exxon CHEMICALY companies
independently developed analogous complexes of group 4 metals, which have
become some of the industrially most important single-site olefin polymerization
catalysts.l”® The eight electron donating amido-cyclopentadienyl (2) ligands can
be conceived as a hybrid between a six-electron diamido ligand (1) and the
more common ansa-bis(cyclopentadienyl) ligand (3) donating ten electrons
(Figure 9). A comprehensive overview of rare-earth metal-based CGC’s,
detailing steric and electronic effects, configuration geometries, variation of the
active ligands as well as application in catalysis reactions was given by OKUDA
in 2003."°!
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Figure 9: Variable amount of electrons donated by dianionic ancillary ligands. [7e)

As a rule, these complexes display no activity in 1,3-diene polymerization,
requiring a metal Aarbon or Aydride bond for the monomer insertion after
cationization. The most investigated catalysts therefore are half-sandwich rare-
earth metal complexes of the [(CpF)Ln"(Do),R2]-type, bearing the six-electron
donating cyclopentadienyl ligand and 1-bonded alkyl groups, but electronic and
steric unsaturation often led to incorporation of neutral donor ligands (4, Figure
10).

R R
D

H[”” |III||“L
(Do), IL

5 e donor 7 e donor
LoX4-type L3X4-type
4 5

Figure 10: Electronic and steric modification of mono-anionic cyclopentadieny! ligands."®

Avoiding unintended coordination, the introduction of a neutral donor-sidearm

functionality at the cyclopentadienyls, indenyls, and fluorenyls as monoanionic
DQFLOODU\ OLJDQGV FDQ PLPLF :FRQVWUDLQHG JHRPHW
SVROYHQW IUHH" DQG -Batalhst® YorVIV@diEn® HbolyBridiization.

Additionally, the functionalization allows independent variations, accomplishing

well-defined reaction sites.
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1.6 Moadification of Donor-Functionalized Cyclopentadienyls

The properties of the above described single-site complexes are directly
dependent on the ligand environment. The choice of ligands, in regard to their
size, basicity and functionalization, has a strong influence on the stability of the
binding towards the metal center. Ligand variations present an opportunity to
explore the structure-reactivity relationship of the final complex in catalytic
reactions.

Cp-substituents: Linker-substituents:
-steric -solubility
-electronic \ g / -chirality
Rare-earth metal: R / Linker:

-size z -length

_Lewis acidity \ { -flexibility

Ligands: D a
-or-bonded E,’fng; atoms:
ligands R sl

-steric -charge

Donor solvents: Donor substituent(s):
-quantity -steric

-lability -electronic

Figure 11: Versatile possibilities in modification of constrained geometry catalysts.

Possible variations at the cyclopentadienyl fragments of the rare-earth metal

complexes are shown in Figure 11 on the left hand side. Beside the significant

influence of the choice of the metal center Ln itself, modifications at the
S3VSHFWDWRU OLJDQG" DOVR GHVFULEHG DV DQFLOODL
participate in WKH UHDFWLRQV DQG WKH :DFWRU OLJDQGV"™
in insertion, exchange and activation sequences are tuned to optimize the

desired activity.

Changes at the Cp® ligand mainly influence the steric and electronic properties

of the single-site complexes and also affect their solubility in aliphatic or

aromatic hydrocarbonyl solvents. While initially only un- or methyl-substituted
cyclopentadienyls of [CsHisx)Rx] type were of major interest, variation of the

substituents like R = SiMes, tBu, Ph, have been intensively explored in the last

decades.l””! Furthermore, other ° coordinating ligands like indenyl and fluorenyl

were tested, but in some cases a change of the hapticity to *and * YLD 3ULQJ
VOLSSDJH® ZzDV REVHUYHG 6LPLODU EHKD Yé&lé&ttbonRFFXU U}
donating fragments like pyrrolyl,!”® boratabenzene,*®” and phospholide®

were used.
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7KH DOWHUDWLRQ RI R Hcat@yfR bctiGelhab ia@lwich and
constrained-geometry complexes of the rare-earth metals is predominantly
based on the halides, amides, alkyls and aryls, while the latter are preferred due
to their superior cationization accessibility with borane and borate activation
reagents.

In addition, the constrained-geometry complexes feature several modification
possibilities, due to the supplementary donor-sidearm, which can generate
chirality when attached to a single or unsymmetrical substituted
cyclopentadienyl or bearing a stereogenic center (X, Y) in the linker Z or at the
donoratom D. One of the most common linker fragments is -SiR,-, because of
its relatively simple incorporation and thermal, as well as chemical, stability. The
bite angle of the ligand can be varied by the length of the bridge to form five- or
six-membered metallocycles and significantly affects the open reactive site.
More rigid spacers are received when double-bonds like #H=CH-, -P=N-, and
aromatic rings are used which also influence the electronic effects of the
chelating ligand. As atoms for coordination towards the relatively hard LEwIs
acidic rare-earth elements, the hard donors nitrogen and oxygen are commonly
used but also sulfur and phosphorous are reported in literature (Chapter 2). For
the polymerization of 1,3-conjugated dienes these atoms are neutral 2-electron
donators via their lone electron pair, while in Dolefin polymerization often di-
anionic ligands are presented (Figure 9). Very recently carbenes and olefines
were also tested as potential electron donors in the CGC synthesis (Chapter 2).

1.7 Synthesis of Functionalized Cyclopentadienes

Beside the functionalization of Cp ligands, which are already bound towards a
metal center via intramolecular coupling reactions, five synthesis routes
dominate the literature (Scheme 6, A-E).

The most common route follows the salt-metathesis reaction of alkali-metalated
cyclopentadienyl AMCp (AM = Li, Na, K) with Zhalogenids of the sidearm
(Scheme 6, A). This route is limited by unsubstituted cyclopentadienyl CsHs due
to formation of an isomer mixture with geminal disubstitution and the
requirement of stable Zhalides. Alternatively, the nucleophilic reaction at the
cyclopropane ring of spiro[2.4]hepta-4.6-diene allows substituents in 4-7
positions to form bulkier cyclopentadienes, but requires stable, nucleophilic
anions of the donor-functionalized sidearm (Scheme 6, B). Very similar, the
conversion of fulvene with nucleophilic anions leads to the desired substituted
cyclopentadienyl derivatives (Scheme 6, C). However, substituted fulvenes are
only accessible from the corresponding ketones.
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Scheme 6: Synthesis approaches for donor substituted cyclopentadienes.

Therefore, the synthesis of donor-functionalized tetramethylcyclopentadienyls is
commonly based on one of the following two strategies. If the desired sidearm
can be easily transformed into a stable nucleophilic anion as already required
for route B and C, it can react with 2,3,4,5-tetramethylcyclopent-2-en-1-on to
form the 1-functionalized cyclopent-2-en-1-olat. Acidic workup will then lead to
the second double bond under water elimination (Scheme 6, D). In contrast to
the previous strategies, involving functionalization of cyclopentadiene, the last
synthesis route begins from two C, and one C; units to build the ring in a
SERWWERP UHDFWLRQ6, B)F KihePdicondensation of appropriately
substituted esters with 2-but-2-enyllithium vyields the corresponding 4-
functionalized 3,5-dimethylhepta-2,5-dien-4-ol and the following acid catalyzed

ring closing reaction of Nazarov type leads to the expected cyclopentadiens.®*
83]
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1.8 Mechanistic Aspects

As previously mentioned, the understanding of the basic reaction mechanisms

responsible for the regio- and stereoselective growth of polymer chains at

heterogeneous ZIEGLER-NATTA catalysts, have been a challenging task since

their discovery. A fundamental review, written by PINO and MULHAUPT in 1980,

ends with the sentence:*® 3, Q VSLWH RI WKH JUHDW DPRXQW RI UHVH
of stereospecific polymerization that has been performed in the 25 years since

its discovery, it appears that this subject will remain of paramount importance

for the development of chemistry and of polymer science for a long time in the

IXWXUH =~ :LWK WKH HYROXWLR Qsife cawlystd, tPerhen@@sORFHQH VL
developments have been made in the mechanistic comprehensions of key

steps in Dolefin polymerization processes, involving the formation of the active

species, chain propagation and termination sequences, but also the

polymerization of many other monomers, like methyl methacrylate (MMA) and

1,3-diene as well as a large variety of co-polymerizations were disclosed.

1.8.1 BOlefin Polymerization

Not only in compliance with the historical development but also in regard to the
lateron described 1,2- and 3,4-polymerization of 1,3-dienes some mechanistic
aspects of the widely explored Dolefin polymerization will be summarized. The
fundamental requirement of ZIEGLER-NATTA type catalysts is a LEwIS acidic
transition metal with a vacant coordination site and a cis-positioned metal
hydrogen or carbon bond into which the monomer can insert. In the
heterogeneous systems, only a few of the transition metal atoms are actually
catalytically active, limited to the alkylated atoms on the surface as shown in
Scheme 7.

~cl ~cl
cl AR, Cl 1
Cl Ti——Cl ——— Cl Ti—®
O u]
- -z = Cl

Tis Cl -
]
]

Scheme 7: Alkylation of the penta-coordinated titanium ions on the surface of .-TiCls.
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In the general accepted mechanism for heterogeneous catalysts as postulated
by Cossee and ARLMAN,?*?¥ the initial step is the Scoordination of the olefin,
followed by formation of a four member intermediate and subsequent cis-

insertion into the metal-carbon bond (Scheme 8).

+
<® A M{® s | R|lc | A
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[23-24]

M

Scheme 8: COSSEE-ARLMAN mechanism for .-olefin polymerization.

The transition state of the insertion has been widely discussed because
experimental identifictions of the highly reactive intermediates are very limited.
A stereoregulative effect might be reversible Bhydrogen elimination under
formation of a hydride carbene species. 4 The following [2+2] addition of the
olefin would lead to a metallacyclobutane and the propagation sequence ends
via reductive elimination (Scheme 9, Path B). Investigations by BROOKHART and
co-workers showed that the C A bond is never fully broken, but Bagostic
interaction with the metal center occurs (Scheme 9, Path A).B5%! A detailed
analysis of the possible mechanism was reported by GRusss and CoaTts.®”

Scheme 9: Possible pathways for the cis-insertion of the olefin by Grubbs and Coats.*”

The first examinations of regioselectivity were carried out already in the 1950s
by end group determination of the produced polymers, where terminal methyl or
methylene groups were detected for the [1,2] insertion, as shown in Scheme 10.
In case of the larger vanadium metal based heterogeneous catalysts, the
sterically more demanding [2,1] insertion was observed. 3> 8!
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With the emergence of well defined single-site catalysts and the elaboration of
stereo-controlled polymerization of propylene and higher Bolefins, mechanistic
investigations of the coordination of the monomer and propagation of the
polymer chain became feasible (see 1.2). Further, IR and NMR spectroscopy
as well as powder X-ray diffraction of the resulting polymers became important
tools for identifying stereoselective catalysts.™®

insertion cis-addition endgroup

hydrogenation  [-H elimination

®
[1-2] E A2 —
\, \\\ 1 - M 2 I
Ve 1 P P P
g 1 M -
o \:,\\2_® mp g\p g/"P
P M~

Scheme 10:[1,2] & [2,1] insertion analyzed by endgroup determination via NMR spectroscopy.

Additionally, combination of experimental data and quantum mechanical and
molecular mechanics (QM/MM) studies could allocate the regioselective [1,2]
insertion of propene for selected metallocene catalysts. In 2002, BORELLI ET AL.
investigated the (co-)polymerization of propene and ethane by titanium and
zirconium based metallocenes and evaluated the possible dormant character of
secondary alkyls towards propene.’® As described previously, the stereocontrol
of olefin polymerization highly depends on the structure of the catalyst.!*®!

1.8.2 1,3-Diene Polymerization

The mechanistic aspects of 1,3-diene polymerization, as already introduced in
chapter 1.4, is far more complicated than the one of monoalkenes. Thereby, the
1,2- or 3,4-insertion of butadiene and isoprene, respectively, can follow afore
mentioned Cossee and ARLMAN mechanism.

However, the structure-reactivity relationship of the catalytic reaction
mechanism for the 1,3-diene polymerization is controversially discussed. In the
early stage, the coordination mode of the monomer was the essential step for
the stereoregulation. While the monodentate 2 coordination leads to trans-1,4
polymer, the formation of cis-1,4 polymers requires the bidentate *
coordination of the diene. With the discovery of allyl-transition complexes as
promising pre-catalysts for diene polymerization by PorrI®” and WiLke®" in the
mid 1960’s, this organometallic species moved into the focus and the allyl-
insertion mechanism was proven by *H NMR spectroscopy.®? Further studies
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on transition-metal allyl complexes lead to the chain-end controlled mechanism,
whereby the last coordinated monomer unit of the growing polymer is critical for
the stereoregulation.®* Mechanistic studies dealing with rare-earth metal allyl

complexes as catalysts for 1,3-dienes were reported by TAUBE ET AL more
[95]

recently.
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Scheme 11: Proposed mechanism for the isoprene insertion into the Gallyl metal complex.**

The pathway of the direct allyl-insertion mechanism, in respect to the syn- and
anti-conformation of the allylic species initiating the trans and cis
stereochemistry of the polymer, is summarized in Scheme 11. It is worth
mentioning, that the first insertion of a 1,3-diene into a metal-carbon or zhydride
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bond will lead to the active Sbonded allyl species and therefore the following
scenario is universal for anionic coordination polymerization of 1,3-dienes at
any active cationic rare-earth metal pre-catalyst.

Independent of the coordination mode of the inserting monomer, the anti- °
intermediate will form a cis unit as shown for pathways A and D (blue), while the
syn- 3 bonded allylic intermediate results in a trans unit (B and C, red). The pre-
conformation of the inserted diene certainly affects the coordination of the newly
generated allyl species. The “-cis or ?-cis coordination (blue) favors the anti-,
whereas the corresponding trans coordination (red) favors the syn- (llylic
intermediate. Hence, the most straightforward pathways to highly
stereoregulated 1,4-polymers are those, where the anti-cis or the syn-trans
correlation is supported by a convenient pre-coordination of the monomer (A
and B). But even when the insertion of the next monomer leads to a change of
the allylic conformation (C and D), highly cis or trans regulation can be obtained
through syn-anti isomerization via 1 (Bearrangement. Otherwise, this
rearrangement can hamper selectivity if none of the coordination is remarkably
favored. Furthermore, the lbonded allyl intermediate can interact as an £
olefine catalyst leading to 3,4 polymerization of isoprene (Scheme 12).

R L +

Scheme 12: Isoprene insertion into the I-allyl species leading to 3,4-units in the polymer.

1.8.3 DFT Calculations

In the last decades, computational approaches have been becoming
increasingly important to provide insights into mechanistic aspects of transition
metal based polymerization reactions. Thereby, the most investigated catalyst
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systems for polymerization of conjugated 1,3-dienes are either titanium or nickel
based, and fundamental research results were published by TopiscH.®61%! A
good overview is given in the introduction of a review article dealing with early
and late transition metals.'®® However, reports of theoretical investigations in
case of rare-earth metal based homo-diene and diene-olefin co-polymerizations
remain scare (vide infra).

1.8.3.1 Cis-1,4-diene insertion

In 2009, the ternary catalytic system [Cp*Sc(BHa).(thf)]/[PhsC][B(CsFs)a]/Al(Bu)s
was reported to polymerize isoprene highly selective (cis-1,4 PIP >97%) and
was also shown to afford purely syndiotactic polystyrene.’®” One year later,
BONNET and MARON published theoretical investigations, which provided insight
into the mechanistic aspects of the isoprene polymerization.®® Therefore, the
active catalyst species was modeled as [Cp*ScEt]* and butadiene insertion was
calculated instead of isoprene. However, the first diene insertion into the [Sc]-Et
bond could only be realized by a trans-1,4 pre-coordination of the monomer,
resulting in the formation of the [Cp*Sc( 3-syn-(C¢H11)]™ allylic species. The
second and third monomer insertions were then calculated with either “*-cis-1,4
or “trans-1,4 coordination of the monomer, the energetic profiles are
illustrated in Figure 12.

t
A N i ? YA [ T

0.9 [Sc] 1 \
00 N \/ J 2 75
257 9 NS 1 \ —
_\_( ’l \ 1 5 \ CsHg
1 -5.3 0.0 1 \ ;O
c — LN ] \ Il \
\/\ !4 N— \ fo T
N ¢ 1 — 1111 1
t
[S{]\ \/\ T-‘t ‘ll [Sc]
\/\ / / N\ o t \is
ISal_ S st 6
AG® /L,\/ 1Scl N
-1
[kcal mol™] [SC]\
[~
reaction [Sc] = Cp*Sc?t; 0.0 = [Scl(n3-syn-CyHy) +AF /\/

Figure 12: Free energy profile for A) cis-1,4- and B) trans-1,4-butadiene ponmeriza’tion.[1081

In summary, thermodynamically, the cis-1,4 insertions for the products 3; and 6,
(15.9 and 5.0 kcal mol™) are slightly favored over the trans-1,4 insertions for the
products 3; and 6; (9.3 and 8.2 kcal mol™). However, kinetically, the cis-1,4
insertion showed much lower activation barriers for the transition states (TS) 2.
and 5. than the trans-1,4 insertions for TS 2; and 5; (3.2 and 13.4 vs. 19.5 and
18.6 kcal mol™).Overall, the preferred cis-1,4 insertion is further facilitated by
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the low steric hindrance in conjunction with the high acidity of the small rare-
earth metal center of the cationic [Cp*ScR]" complex. The calculated transition
states further indicate, that an incoming “-butadiene inserts directly in the &
allyl system without a 1- (Hearrangement, preventing any 3,4-insertion of the
monomer.

Possible scenarios of isoprene polymerization catalyzed by cationized half-
sandwich scandium alkyl complexes supported by DFT calculations have also
been reported by LI ET AL. in 2009. For the highly cis-1,4 selective
polymerization (up to 95%), the intermediates of isoprene coordination and
insertion at the least sterically crowded [CpSc(CH,SiMes)(thf)]" were optimized.
Thereby, the first coordination takes place in a 2-3,4-trans mode. After
insertion of a second isoprene molecule the 3-anti-allyl intermediate of the
growing polymer chain was calculated as thermodynamically favored, and thus
afford the cis-1,4 poly-isoprene sequence. It is not further described that the -
3,4-trans coordination of the third isoprene molecule prefers a >-anti-allyl
coordination of the growing chain and no transition state intermediates were
calculated, disregarding activation barriers from kinetic DVSHFWV R
coupling reaction. However, it is mentioned, that small steric hindrance around
the metal center should shift the syn-anti equilibrium to the thermodynamic
intermediate.

1.8.3.2 Trans-1,4-diene insertion

Based on the catalytically active system [Cp*La(BH,)(thf),s]/EtMg"Bu
published in 2009, theoretical investigations in homo- and co-polymerization
of isoprene (calculated as butadiene) and ethylene were carried out by BONNET
and MARON ET AL. in 2010.% The use of lithium n-butyl-tri-n-octyl-aluminate as
alkylating reagent led to [Cp*La(BH4)R] (R= n-butyl or n-octyl) as the initiating
species. With focus on the homo-polymerization of the diene, the energetic
profiles regarding cis-1,4 and trans-1,4 insertion are shown in Figure 13
adapted from the publication. In agreement with the experimental results, the
trans-1,4 insertion was calculated to be thermodynamically and kinetically
favored by 7.0 kcal mol™ (B, 10;) over the cis-1,4 insertion (endergonic 6.2 kcal
mol™?, 10,).

WKH &A&
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Figure 13: Free energy profile for trans-1,4 (A) and cis-1,4 (B) butadiene polymerization.**"!

1.8.3.3 3,4-Diene insertion

Unfortunately, no comprehensive computational studies have been undertaken
for 3,4-insertion of butadiene or isoprene in case of rare-earth metal based

catalysts concerning the allyl-insertion mechanism. However, in 2005, the
silylene-linked  cyclopentadienyl-phosphido rare-earth metal

complexes
[(CsMey4)SiMe,P(Cy)Ln(CH,SiMe3)]z (Ln =Y, Lu; Cy = cyclohexyl) were reported
to polymerize isoprene in

isospecific 3,4 tacticity, when activated with
[PhsC][B(CsFs)4] as co-catalyst.'*” It was also shown by DFT calculation, that

the remaining alkyl group, CH,SiMes, prefers a bridging mode between the two
yttrium metal centers. Further calculations on the insertion of isoprene, and for
comparison ethylene, into the metal-carbon bond were published one year later,
whereas only the CH,SiMe; ligand was modeled as CH,SiH; and the methyl

groups of the cyclopentadienyl were neglected (Figure 14 A and B).? The
main difference was observed for the

%trans-3,4 coordination either on the
vacant site (A, 1,) or in exchange of the alkyl ligand (B, 1) of the less sterically

crowded yttrium metal center. The isoprene insertion in case of A would lead to
a four-center transition state 2,, while the pathway B comes along a five-
membered intermediate 2,. The latter is kinetically favored by a lower free-
energy barrier of 22.9 kcal mol™ than the first (37.6 kcal mol™). The methylene

carbon C4 of the inserted isoprene is in the rare-earth metal bridging position at
the end of the sequences in both cases (3,).
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state.!*!

Furthermore, the agostic interaction at the second yttrium metal center was
proposed to be replaced by coordination of the unreacted doublebond by
additional isoprene uptake (Figure 15). This pre-coordination of the growing
polymer chain is responsible for the high stereoselectivity of the catalyst.
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Figure 15: (Coordination of the growing 3,4-PIP chain lead to high stereoregulation. **!

Additionally, DFT calculations on various scandium half-sandwich complexes
which are also discussed in chapter 2.1 have to be mentioned. Interestingly, an
initial  >-trans 3,4-coordination was observed in all cases, independent of the
catalysts stereoselectivity.’”! The subsequent isoprene insertion was suggested

to induce the formation of either a >3- Gallyl or a - L-allyl species.
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1.8.3.4 Trans- vs Cis-Diene insertion

In 2014, Luo ET AL. calculated the energy profiles for the isoprene
polymerization with the half-sandwich rare-earth metal
bis(tetramethyl)aluminate complexes [Cp*Ln(AlMes),] (Ln = Y, La),*®
developed by the group of ANWANDER.B: 1141231 |n the first step, the structure of
the initial active species for the lanthanum complex was modeled with main
focus on the coordination mode of the aluminate moiety. From the four possible
species [La]( -Me)sAlMe (A), [La]( -Me),AlMe, (B), [La](Me)( -Me)AlMe, (C)
and [La]( -Me)AlMe; (D) ([La] = Cp*La*") species C was demonstrated as the
energetically favored one, but in contact with the borate anion [B(CsFs)a]
species A and B became more stable (Figure 16). Additionally, the energies for
the separation of the ion pairs via coordination of the isoprene monomer were
calculated and led to the conclusion, that species B is the initial species.

Me Me Me Me

_ N /Me\ /Me s / /
Lal—MeJ, L —Me— Lal—Me—,/__
[ a]\ oA Me [ a]\ A [La]—Me—Al_ [La] AI\ Me
Me Me Me Me Me
A B C D

Figure 16: Possible coordination of the [AIMe4] moiety at the lanthanum metal center for the
cationic complex ([La] = {CsMesLa}?").1*3

The coordination of one molecule trans-isoprene in a “fashion led to the
adduct complex Coo®, (in the following Coo = complex, Ts = transition state, P
= product; superscript = species; subscript = trans/cis (t/c) and syn/anti (s/a))
with a small raise in energy from 6.1 kcal mol™ (Figure 17). The direct insertion
into the metal methyl (Me') bond via the transition state Ts®; with an energy
barrier of 34.6 kcal mol™* and led to the slightly exergonic (-1.4 kcal mol™)
product P?;, where the remaining AlMes is ( -Me), bonded as spectator ligand
(Figure 17, black energy levels). However, it was calculated, that Coo®; could
favorably isomerize to Coo® by an energy barrier of 22.2 kcal mol™® (Ts®),
which correlates with the insertion into initial species C. The insertion of the
monomer into the terminal Me® group is then kinetically favored by the lower
energy barrier of 27.2 kcal mol™ (Ts®) and results exergonic by -11.2 kcal mol™
in the thermodynamically more stable product P (Figure 17, red energy
levels). The remaining AlMes is calculated to bind via one methyl group to the
rare-earth metal center, a coordination mode, which has not been structurally
characterized so far.
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Furthermore, the second and third insertion of isoprene in the growing polymer
chain was calculated. Following the route P%

Co0%; : Ts% : P.5 the
lowest energies were found for trans-isoprene coordination and subsequent

insertion into the 3*-syn coordinated polymer chain. Thereby the ( -Me)AlMe;
moiety remains terminally bonded to the rare-earth metal center as spectator
ligand, influencing the selectivity by its sterical demand (Figure 18).
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Figure 18: Computed energy profiles for trans-1,4 isoprene polymerization at [Cp*La(syn-
CsHgR) ( -Me)AlIMe,]".
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Any inclusion of the aluminum metal center in the polymerization process
generated higher energy barriers or even led to dormant species, when the
polymer chain engages a bridging position between the rare-earth and
aluminum metal center.

In contrast to the lanthanum half-sandwich complex [Cp*La(AlMe,),], the yttrium
analogues showed moderate cis-1,4 selectivity in isoprene polymerization.™**
To identify the responsible effect, the investigator also calculated the isoprene
insertion for [Cp*Y(Me)( -Me)AIMe,], but surprisingly, the trans-1,4 product was
slightly favored. Considering syn and anti coordination of the first isoprene unit,
chain propagation at [Cp*Y( 3-CgsH11)( -Me)AlMe,]* was also calculated to
prefer syn-trans insertion by a lower energy barrier (22.0 kcal mol-1) and more
stable product (Figure 19A, i red energy levels). These results were inconsistent
with the experimental results, and the author investigated different
decomposition pathways to find the abstraction of AlMe3; as possible process
generating less steric hindrance at the metal center. The calculated selectivity
of isoprene insertion shifted towards cis-1,4 with the lowest energy barriers for
the anti-cis correlation (Figure 19A, ii blue energy levels). The calculated
intermediates and the transition state are shown in Figure 19B.
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Figure 19: Calculated free energy profiles for the isoprene insertion at [Cp*Y( >-CgHq1)( -
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1.8.4 Isoprene Analysis
IR spectroscopy

Already in 1949, SAUNDERS ET AL. identified cis- and trans-1,4-units in the
natural rubbers by infrared spectroscopy making use of the different vibrational
assignments (Table 2).'®! A short gradual development of this field is given in
the introduction of a report by NALLASAMY and MOHAN, dealing with Raman and
infrared spectroscopy of cis-polyisoprene.**”) However, a method of calculating
the microstructure content of polyisoprene by FTIR through comparison of the
intensity of corresponding peaks with NMR spectroscopic data was published
only recently.!*®!

Table 2: Absorption peaks of the FTIR spectrum of polyisoprene. ¢!

[em'] Attribution [em'] Attribution
1663 C=C stretching vibration of 1,4- 910 Out-of-plane bending vibration of
unit CH, in the #H=CH, (1,2-unit)
1644 C=C stretching vibration of 3,4- 888 Out-of-plane bending vibration of
or 1,2-unit CH, in the #=CH, (3,4-unit)

. . L . Out-of-plane bending vibration of
Scissoring vibration of CHs in

1383 ) 843 C #H in the #¥CH=CH +group of
trans-1,4-unit .
trans-1,4-unit

. . . . . Out-of-plane bending vibration of
Scissoring vibration of CHs; in cis-

1375 . 837 C #H in the #CH=CH +group of
1,4-, 3,4- and 1,2-units . .
cis-1,4-unit

Only the peaks at 910, 888, and 843 cm™ are suitable for qualitative
calculations of the composition of the microstructure as they exhibit moderate
intensities, little interfering factors of other peaks and can clearly be integrated.
Nevertheless, IR analysis has its advantages as it is uncomplicated in probe
preparation and a much faster method than **C NMR spectroscopy.

NMR spectroscopy

The most useful tool in organic polymer analysis is the high-resolution nuclear
magnetic resonance spectroscopy allowing the study of the stereochemical
configuration of polymer chains. First investigations into microstructure
determination of polyisoprenes by proton NMR spectroscopy were made by
GoLuB ET AL. to verify the content of 3,4-units in natural rubber, based on small
absorption peaks found in IR spectra, which could be excluded.™® Till now, the
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ratio between 1,4 and 3,4-polyisoprene units can be calculated by the equation
of the integrals between the area from 5.4 to 4.9 ppm, corresponding to the 1,4-
polyisoprene vinylic protons, and the signals in the range of 4.8 4.6 ppm, from
those of the 3,4-units, respectively. However, since separation between cis- and
trans-1,4 microstructures remained difficult, DucH and GRANT, examined the
natural polyisoprene rubbers (all-cis) and gutta percha (all-trans) by **C NMR
spectroscopy and assignments for all resonance peaks have been given in
1970 (Figures 20 and 21)."?% The chemical shifts do not change significantly
when the polyisoprene contains a mixture of cis- and trans-1,4-units and well
separated resonances ease interpretation (Table 3).

Table 3: Assignments of peaks in the NMR spectra of trans(T), cis(C) and 3,4(V) polyisoprene.

Position 3¢ Position 3¢
Ts 16.0 T3 124.3
Ta 26.8 T, 135.0
T, 39.8 Cs 125.0
Cs 23.4 C, 135.2
o 26.4 Vi 111.9-112.8
Ci 32.2 Vo 146.5-148.8
Vs 17.9-18.2 H
V4 35.2-39.9 Ta/Cs 4.9-5.6
V3 42.0-42.4 V1 4.6-4.8

To date, not all detected signals could be clearly assigned, but various studies
dealing with shifts in **C NMR spectra for the most commonly observed
sequences compile a fundamental library. A table of chemical shifts can be
found in a study on sequence distribution of 3,4-polyisoprene,™* and more
recently, microstructure analysis of polyisoprene produced by cationic
polymerization.’?? The challenge in analyzing synthesized polyisoprenes by
13C NMR spectroscopy, is the inclusion of 3,4-units, as they a) show at least five
additional peaks for

135.2

CDCly M NN

w—125.0
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Figure 20 : **C NMR spectrum of highly cis-1,4 polyisoprene in CDCl; (20 °C).
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Figure 21: ¥C NMR spectrum of highly trans-1,4 polyisoprene in CDCl; (20 °C).

one periodic unit, b) have significant effect on the chemical shifts of the adjacent
isoprene units ¢) can possibly insert in 3,4 and 4,3 orientation and d) have
various tacticities when connected to block sequences (isotactic, syndiotactic,
atactic see chapter 1.2), which generate different peaks for individual triads to
pentads and also effect the shifts of the 1,4-units. A >NMR spectrum of highly
atactic 3,4-polyisoprene is shown in Figure 22. The shift of the C, carbon gives
information about the stereoregulation content from high meso (mmmm,
isotactic) to high racemic (rrrr, syndiotactic) triads and pentads.[*23124
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Figure 22 : *C NMR spectrum of atactic 3,4-polyisoprene in CDCl; (20 °C).1*#3124



33

2 Cp°° Rare-Earth Metal Complexes as Pre-Catalysts
in Polymerization Reactions

2.1 Homo- and Co-Polymerization of Isoprene

The first constrained geometric complexes of rare-earth metals utilized in 1,3-
diene polymerization were published in 2007 by WANG ET AL. in an attempt to
synthesize donor free bis(alkyl) complexes (Scheme 13).2%! To avoid ligand
redistribution, formation of salt or solvent adducts or dimerization of the highly
unsaturated and reactive half-sandwich bis(alkyl) complexes bearing the K \/
bonded CH,SiMe; ligands, a N-heterocyclic carbene (NHC) was attached to
indenyl in order to form (Ind-NHC) and introduced as a rigid chelating spectator
ligand. The synthesized indenyl-imidazolium bromide (IndH-NHC-H)Br could be
deprotonated under release of TMS and LiBr by LICH,SiMej3 to form the neutral
intermediate IndH-NHC, which was then reacted in a subsequent protonolysis
reaction with Ln(CH,SiMej3)s(thf), to yield the desired bis(alkyl) complex 1 (Y =
62%).

)
N \ \ _
R = IndH .
Re N\ Ln(CHZSiM23)4Li(thf)4 [ Si
RO) N
N o

- LiBr — >

-thf R = IndH

R = IndH, FluH
1 Ln=Y, Sc, Ho, Lu

LiCH,SiMes)s l TS

Lo
.. r i
Ry /\N Ln(CH,SiMes)s(thf), Y
\  / -TMS _ i~
= - thf R = FluH ‘Q ?'\

2 Ln=Y, Sc, Ho, Lu

Scheme 13: Synthesis of NHC-substituted half-sandwich rare-earth metal complexes.[124'125]

Otherwise, the bromide salt was reacted directly with the tetra(alkyl)yttrium
lithium salt Ln(CH,SiMes)4Li(thf)4, which can be explained as a double
deprotonation process, to give (Ind-NHC)Ln(CH,SiMe3), 1 (Y = 38%). One year
later, in 2008, WANG ET AL. also published the fluorenyl variant of the NHC



34

coordinated rare-earth metal bis(alkyl) complexes 2 following the sequential
protonolysis protocol.*? Complexes 1 and 2 showed no or low activity in
isoprene polymerization when activated with [Ph3C][B(CeFs)4] to generate the
cationic species. In contrast, addition of 10 equivalents of AliBus, gave a ternary
system in 1:1:10 ratio, which afforded high yields of 3,4-polyisoprene (up to
99%) for the steric bulkier fluorenyl-modified NHC ligand (2) (Table 4, run 1 and
2). A correlation between selectivity and effective ionic radii of the rare-earth
metals following Lu > Ho ~Y was observed. Interestingly, both complexes of
the smallest metal ion scandium were inactive. This was in disagreement with
previous studies, where Sc'" featured the superior central metal in Dolefin and
3,4-selective isoprene polymerization and was explained by the steric shielding

of the larger ancillary ligands.

Based on the unique polymerization performance for various monomers by
diverse scandium half-sandwich bis(alkyl) complexes, which have also been
investigated in the reaction with borate compounds to form the active cationic
species, LI ET AL. published a comprehensive study on scandium complexes
including CGC’s with donating heteroatoms in 2009."! The paper focused on
the homo-polymerization of isoprene and co-polymerization of isoprene with
ethylene. To this end, the half-sandwich complexes (Cp~)Sc(CH,SiMes)(thf),
(CpR = CsHs, CsMeHs, CsMes, CsMeySiMes, CsHsz(SiMes),, CsMesSiMes,
CsMesSiMes) 3 were synthesized (Scheme 14) and compared with the
heteroatom-containing side arm substituted mono(cyclopentadienyl)scandium
complexes (CsMe4R)Sc(CH,SiMe3), (4: R = CgHsOMe, 5: CH,CH,PPhy;
Scheme 15).

3 LICH28|M93
ScCla(thf)s > Sc(CH,SiMey)s(thf), _Hep® 9%\/8
I
/SI

CpR C5H5 C5MeH4 C5Me4H C5Me5 C5Me4S|Me3

Scheme 14: Synthesis of [CpRSC(CstiMeg)z] complexes. 77l

The homopolymerization of isoprene with complexes 3-5 disclosed a direct
correlation of steric bulk of the substituted cyclopentadienyl and
stereoregulation of the polymer. The microstructure in the polyisoprene shifted
from the least bulky CsHs to the highest crowded CsMesSiMe; from a cis-1,4
(95%) to 3,4 (65%) content, respectively (Table 4, run 3 and 4). Interestingly,
the ether functionalized one (4) preferred trans-1,4-polyisoprene (79%)
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formation, whereas the phosphine side arm coordinated complex (5) showed
high cis-1,4 (90%) selectivity (Table 4, run 5 and 6).

()~
e

KICsMe,CeH,OMel] ;1 2LiCHSiMe; E
> > 3 \
M \/Si\/
g
—ol
ScCly(thf)s \ 4

K[C5MG4CH2CH2PPh2] |2 2 LICH28|MG3 o !

™ Phgh \
~ .
Ph % S
K[CsMe,CsHsNMe,] ST
Y N

K \ 5

l 2 LiCH,SiMe;

~gi- Me
o 7
MJ;/N_.%' \Si: - O N//\S%
6

\ -Si—
N Me !

Scheme 15: Synthesis of donor substituted half-sandwich rare-earth metal complexes. 77l

Investigations of the copolymerization of isoprene with ethylene specified the
influence of the steric hindrance of the ligands. Upon cationization with the
borate salt [PhsC][B(CsFs).] (A) the smaller ancillary ligands in complex 3 (Cp®
= CsHs) produced copolymers with high cis-1,4 polyisoprene content (80-90%
IP, 85-90% cis). With higher substituted cyclopentadienyls, 3 showed a main
content of 3,4-polyisoprene (> 55%) instead but co-polymerized in an
alternating fashion. For both complexes bearing a donor-substituted
cyclopentadienyl ligand, high 3,4 selectivity was observed (4 = 81%, 5 = 68-
81%) and aalternated co-polymer was determined by NMR-spectroscopy. A
possible mechanism was presented, suggesting a >- Vlally species as the first
intermediate after insertion of one 2-trans 3,4-coordinated isoprene molecule
based on DFT calculations.
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In 2010, Cul ET AL. published the synthesis and characterization of a series of
novel linked-half-sandwich rare-earth bis(allyl) complexes and demonstrated
their excellent performance in catalytic polymerization of 1,3-diene and styrene
following cationization with organoborate activators with or without the addition
of trialkylaluminum (Scheme 16).2%62%% |n particular, a comprehensive study in
isoprene polymerization of the N,N-dimethylanilinyl substituted half-sandwich
rare-earth complexes [(CsMe, AgH4-0-NMey)Ln( *-CsHs),] (8, Ln = Y, Nd, Gd,
Dy) was published in 2010."?7 The activation of the gadolinium complex
bearing the Iligand in a constrained-geometry conformation with
[PhNMe,H][B(CeFs)4] in addition of 10 eqiv. AIMes presented the first rare-earth
metal bis(allyl) mediated system that polymerized isoprene in a living fashion.
The resulting polymer showed a very narrow molecular weight distribution of
1.11 and moderate cis-1,4 selectivity of 82.9%, which rose to 98.2% when
Al'Bus; was used (Table 4, run 8). It was also shown, that the organoaluminium
compound acted as a chain-transfer agent depending on its molar ratio,
allowing up to 8 growing polymer chains, per gadolinium metal center, resulting
in an 800% catalytic efficiency.

/
LnCly(thf), ——ICsMeaCsHaNl _\y  2CIMI(CeHy) N
l Li[CsMe,CeHsNMe;] \@\7

O /@R\ 2CIMg(CqHs) O 7
—iNAC Cl o \
- thf
é@ —(N =

I5 //‘\

Ln =Y, Lu (X-ray) 8 Ln=Y, Nd, Gd, Lu

Scheme 16: Synthesis of N-donor substituted half-sandwich bis(allyl) complexes.[127’128]

In the same year, the group of Cul reported the bis(allyl) lutetium complex
[(CsMes ACsHaN)LU( 3-C3Hs),] (7) supported by a pyridyl substituted
cyclopentadienyl as an excellent catalyst in highly cis-1,4-selective (99%)
butadiene and purely syndiotactic (rrrr > 99%) styrene polymerization when
activated with the tritylborate agent [PhsC][B(CeFs)a] (A).*?® In further
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investigations, they showed that this cationic lutetium catalyst could also be
used for terpolymerization of styrene with butadiene and isoprene with
outstanding control over the region and stereoregularity as well as the
composition of the resulting polymers.!*?°!

At the end of 2010, ANWANDER ET AL. reported the first rare-earth metal
bis(tetramethylaluminate) complexes supported by a quinolyl substituted
cyclopentadienyl ligand."*¥ The complexes of the middle and large size metal
ions yttrium and lanthanum (9) where synthesized in a protonolysis reaction
utilizing the protonated ligand and homoleptic tris(tetramethylaluminate) rare-
earth metal complexes (Scheme 17). Interestingly, the hard N-donor
functionality did not interfere with the formation of the half-sandwich complex
through donor-induced cleavage of the trimethylaluminum. Both complexes
were tested in isoprene polymerization upon activation with the borate salts A
and B as well as the neutral boron compound C, showing high trans-1,4
selectivity (up to 93.1%) and narrow molecular weight distributions (Table 4, run
9).

HCsMey4-8-quinolyl
Ln(AlMey)3 =

Me—AII/ Me
Me
9 Ln=La, Nd

Scheme 17: Synthesis of N-donor substituted half-sandwich bis(tetramethylaluminate)
complexes.**’

A new class of cyclopentadienyliden-phosphorane ligands (CpPC) to generate
rare-earth metal based constrained geometry catalysts were invented by
HILLERSHEIM and SUNDMAYER in 2013.Y Based on earlier investigations in
deprotonation reactions forming litihium!**? and zirconium**¥ posphonium
diylide  complexes, alkane elimination reaction with  homoleptic
tris(trimethylsilylmethyl) rare-earth metal complexes lead to the corresponding
[(CpPC)LN(CH,SiMe3),] complexes (Scheme 18). The cyclopentadienyl ring
was either tetrametyl- (10, 11) or singly tert-butyl- (12, 13) substituted, whereby
the phosphor bridge was modified with methyl or phenyl groups. Interestingly, a
dimerization under a second elimination of tetramethylsilane was only observed
when the ligand with the PPh, moiety was used. The complexes were tested in
the polymerization of isoprene, utilizing the activating borate salt B under
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addition of 11.6 equiv triisobutylaluminum. Only complexes 10 and 13 produced
polyisoprene in high yields with stereoregulation strongly depending on the
cation size, preferring higher cis-1,4 content (up to 82.2%) for the smallest
scandium metal center (Table 4, run 10 and 11).

//,

RaMeP R»™ P \ Ry, R
\ ,,
Rrp@l
CGDG rt 10 mln HZC CH28|Me3 \ RI ‘| R -
CH,SiMe; HC”@’CHZS'M%
10 R=Ph,Ln=Sc, Y, Sm
i 1 1 = = CH
[Ln(CH,SiMe3)s(thf)s] R=Me, Ln=Sc Moy Sit,C
Rl " R
K \ P:,‘R
‘Bu \ R"@ ///R
/// RI
R-M P=<j
- > + SiMe,
CeDg, rt, 10 min HZC CHZS|Me3
CH,SiMe; 1OSCIY/Sm =0/10/62%

12 = 0,
12R:Ph, Ln:SC,Y SclY 0/5%

13 R=Me, Ln=Sc

Scheme 18: Synthesis of rare-earth metal cyclopentadienyliden-phosphorane complexes.[m]
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2.2 Non-Isoprene Polymerization

Ethylene

The NHC-substituted indenyl and fluorenyl half-sandwich bis(alkyl) complexes 1
and 2 have also been shown to be active in the co-polymerization of ethylene
with norbornene when activated in situ with Al'Bus and [PhsC][B(CsFs)l,
however, the homo-polymerization revealed only moderate activity (10> g
molisey® h™ atm™).'3% Furthermore, the co-polymerization of ethylene with
isoprene with the ether- and phosphine-functionalized cyclopentadienyl
scandium half-sandwich complexes 4 and 5 has been discussed above, but no
pure ethylene polymerization was presented./’”) As isolobal analogue of the well
established dianionic CpSiN-type ligands JIAN ET AL. reported rare-earth metal
bis(alkyl) complexes bearing monoanionic phosphazene-functionalized
cyclopentadienyl derivatives (complexes 10-17, Figure 23).1%!

th i,
Sl
P
[l
Ph2P\\ | |
thf)n \ siZ_
ipr /
10R= Me, n=0,Ln=Sc Pr (thf) Si<
11 R='Pr, n=0,Ln=Sc; /
n=1,Ln=Y, Nd, Sm, Nd 12Ln=Y, Lu

Ph2P \
s. thP\\ \ P
(thf), :
d (thf) 7"(
13 R=Me,n=0, Ln=Sc; R

n=1,Ln=Y, Lu
14 R=Etn=0,Ln=Sc
15R='Pr, n=0, Ln =Sc;
n=1,Ln=Y,Lu

16 R=H,Ln=Sc
17 R=Me, Ln = Sc, Lu

Figure 23: Rare-earth metal complexes bearing phosphacene-modified ancillary Iigands.“ss]

All complexes were tested in ethylene polymerization upon activation with Al'Bus
and [PhsC][B(CsFs)4], but only the scandium derived ones showed high activity
(Table 5). This can be attributed to the lack of THF coordination and the more
LEwis acidic nature of the metal ion. Thereby, the sterics and electronics of the
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ligands influenced the activity of the scandium complexes; in particular, it
follows the trend of the cyclopentadienyl derivate = 11 (Pr) > 10 (Me), Ind = 17
(Me) > 16 (H) and Flu = 13 (Me) > 15 (Pr) > 14 (Et).

Styrene

In 2012, JIAN ET AL. extended their investigations of the bis(allyl) complexes 7
and 8 (Scheme 12) as catalysts for the polymerization of styrene and compared
their activity with the new bis(hydrocarbyl) rare-earth metal complexes 18 and
19, bearing N-donor functionalized fluorenyl ligands (Figure 24).1%® without
addition of AI'Bus only the bis(allyl) complexes 7 showed moderate to high ac-
tivity, depending on the metal center, whereby the larger yttrium ion produced
polystyrene with less stereoregularity in lower yield (Table 5, run 1-3). It was
mentioned, that use of chlorobenzene as a solvent led to full conversion but the
selectivity decreased dramatically. Complexes 8 in contrast were inactive and
the larger bite angle of the anilinyl- against the pyridinyl-functionalization was
suggested to hamper the monomer insertion of the bulk styrene monomer. The
modified fluorenyl half-sandwich complexes 18 and 19 only became active in
styrene polymerization, when the ternary system under addition of Al'Bus was
used. However, the activity and selectivity was low and again, the dis-
advantages of the yttrium complexes were verified (Table 6, run 4-7).

18 Ln=Y, Sc, lu

Figure 24: Rare-earth metal complexes bearing pyridinyl-functionalized fluorenyl Iigands.[m]

After Luo ET AL. have shown the activity of half-sandwich scandium bis(alkyl)
complexes [(CpMesSiMes)Sc(CH,SiMes),] in styrene polymerization in 2004,*¢!
their investigation of corresponding bis(amido) complexes
[(CpMesR"Sc(N{SiRMe,}»)-] displayed the first active amide complexes in sty-
rene polymerization.**” Very recently, the study was extended to a new series
of rare-earth metal bis(amide) and bis(allyl) complexes supported by a
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pyrrolidinyl-functionalized cyclopentadienyl ligand.!**® The donor-sidearm does
not coordinate to the metal center in case of the scandium complexes 20 and
21, but the ligand coordinates in a 1.5 fashion at the larger yttrium and
lutetium metal ions in complexes 22 and 23 (Figure 25).

b ==
a ] /@Q\R GN\?\R

20 R = (C3Hs) 22 R = (C4Hs)
21 R = N(SiHMe,), 23 R = N(SiHMe,),
Ln=Y, Lu

Figure 25: Pyrrolidinyl-functionalized cyclopentadienyl-supported rare-earth metal

complexes.**®

The scandium complex 20 showed high activity producing >99% syndiotactic
polystyrene upon activation with co-catalyst [Ph3C][B(CsFs)s], either with or
without addition of Al'Bus (Table 6, runs 8 and 10), while the bis(amide) complex
21 was only active in the presents of trialkylaluminum (Table 5, run 12). In case
of complexes 22 and 23 only the yttrium complex was moderately active,
suggesting steric hindrance for the monomer insertion at the lutetium metal ion
due to the chelating donor-coordination (Table 6, runs 9 and 13).
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Polar Monomer

The first borohydride lanthanide complexes active in methyl methacrylate
(MMA) polymerization were published in 2005 by BONNET ET AL. bearing amino-
amide ligands, but their selectivity was poor even at low temperature (68% rr at
-78° C).11%% |n 2010, JiaN ET AL. reported the first rare-earth metal borohydride
complexes 25 stabilized by a rigid dimethyl-anilinyl functionalized
cyclopendienyl ligand (Figure 26, left).**® Performance in MMA polymerization
was investigated under various conditions depending on the presence of co-
catalyst (Mg{"Bu}, or "BuLi), temperature, and solvent. The main focus is
generally on the larger rare-earth metals as they are known to afford efficient
MMA polymerization catalysts, but interestingly, the smaller scandium complex
was more active and exhibited higher stereocontrol than its samarium
counterpart. The highest catalytic activity was achieved with "BuLi as co-
catalyst in THF, producing 1116 kg of PMMA mol™ h™* with a syndio-selectivity
of 75%.

N
——
/ (BHa) N(SiHMey),
(BH,) N(SiHMe,),
25 Ln=Sc, Sm 26 Ln=La, Sm, Er, Lu

Figure 26: N-donor functionalized half-sandwich rare-earth metal complexes for polar monomer
polymerization.*3%4!

In 2013, WANG ET AL. presented rare-earth metal bis(silylamide) complexes 26
bearing a pyridyl-functionalized indenyl ligand active in the living ring-opening
polymerization of lactides (Figure 26, right).**!) Lactide polymerization is insofar
of interest, as the polylactide promises to be a valuable alternative to petroleum-
based polymers with environmentally friendly properties through its production
from renewable resources and biodegradability.**? The lanthanum complex
showed the highest activity and in the presents of 2 equivalents of benzyl
alcohol livingness was observed. Additionally, end-group analysis of the
polymers revealed that the polymerization proceeds via the coordination-
insertion mechanism.
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Summary of Main Results
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1 Synthesis of N-Donor Substituted  Cp-Ligands

Within the scope of this thesis, three nitrogen-donor substituted
tetramethylcyclopentadienyl ligands were synthesized, featuring the 1-(2-N,N-
dimethylaminoethyl)- (HCp""¢?), the 1-(2-N,N-dimethylaminophenyl)- (HCp”"¢?),

and the 8-quinolyl- (HCp®) functionalization. According to the synthesis strategy

E (Chapter 1.7), HCp"™*? was synthesized following the procedure reported by

JuTzi, starting with the dicondensation of ethyl 3-dimethylaminopropionate with
2-but-2-enyllithium (Scheme S1).2*¥ Crucially, after acid catalyzed ring closing
UHDFWLRQ SXULILFDWLRQ RI WKH SURGXFW ZDV RQO\
distillation at reduced pressure. The syntheses of HCp""®* and HCp® were

given by ENDERS, and follow strategy D (Chapter A1.7), involving the reaction of

the lithiated donor functionality with tetramethylcyclopentenone (Scheme

51).141%1 Again, the 3. XJHOURKU~ GLVWLOODWLRQ FRXOG EH GH
method of choice to receive the pure ligands as oily products.

reflux, 48 h

\
4 Li
> | |
Et,O n-BulLi
rt, 4 h 9 L| -
Br hexane
N
e

hexane
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\N/ \N/ O O
1. conc. HoSOy4 \N \N
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2. Hy0, NH,Clizg
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" or p-TSA in Et,0 oH | 1. conz HCI
- -
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7
re- (O
X
N
Br Li

BuLi 1 conz HCI
h
exane hexane 2 NH
N reflux, 48 h N reflux, 48 h ’ O
\ / \ 7

HCp®

Scheme S1. Synthesis of N-donor functionalized cyclopendienyl ligands.
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2 Rare-Earth Metal Complexes Bearing Nitrogen
Functionalized Cyclopentadienyl Ligands

Half-sandwich rare-earth metal bisalkyl complexes and their cationic species
have revealed tremendous catalytic potential in polymerization reactions, but
the choice of applicable hydrocarbyl ligands is crucial concerning steric and
electronic saturation affecting stability and activity. The use of bulky neopentyl-
type ligands and silyl-substituted derivatives [CH,SiMes], [CH(SiMe3),], and
[C(SiMe3)s] results in relatively stable complexes as a rule displaying decreased
catalytic reactivity. After the development of homoleptic rare-earth metal
tris(tetramethylaluminate) complexes [Ln(AIMes)s] by EVANS ET AL in 1995,124¢!
the group of ANWANDER investigated the application of these thermally robust
SDON\OV LQ GLVJIXLVH" DV -étihH mital VhRltinvetalldtehe
complexes.!" %8 Methane elimination with one equivalent of substituted HCpR
yielded the bis(aluminate) complexes [CpRLn(AlMey);] (Cp® = CsMes, CsMesH,
1,3-(Me3Si),CsHs, CsHsSiMes, 1,2,3-(Me3C)3CsH), which showed good-to-
excellent catalytic activiies and high trans-1,4 selectivity in isoprene
polymerization upon cationization with organoborate co-catalysts.?: 1241151 |n
2010, the half-sandwich bis(tetramethylaluminate) library was extended to the
quinolyl-substituted complex [Cp°Ln(AlMe,),], synthesized via the respective
protonolysis protocol, in which the rigid quinolyl donor function did not interfere
with the tetramethylaluminate moieties (vide supra).*¥ In contrast, no
identifiable product could be obtained when applying the same protocol with
cyclopentadienyl HCp"™®? bearing the flexible ethyl linked amino donor,
presumably due to multiple C A bond activations. However, reaction at #35 °C
yielded [(CsMesCH,CH:NMe{AlMes})Ln(AlMe,),] (1) as the main product for
yttrium, lanthanum and
neodymium (Figure S1,
Paper 1). We hypothesized
that in the first step, a donor-
induced cleavage of one
tetramethylaluminate moiety,
under formation of a proligand
trimetylaluminum adduct
along with a transient rare-
earth metal methyl complex
occurred (Scheme S2). These
highly reactive Ln #CH3

: Figure S1 Solid-state structure of complex I ,.
species are proposed to

UDUH
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deprotonate the cyclopentadiene, giving complexes I. In case of the smaller
rare-earth metal lutetium the protonolysis reaction sequence is much less
active, as already observed for the non-functionalized
pentamethylcyclopentadiene.

Me

\ /Me
Al
\ s \Me Me\ Me\ /Me
\@/\/ N ~ATMe
! Me \ \Me
' Me Me ~Me
M/e\ga\/ \ _-Me CH
2
Me—(Al—Me Me—Al Me \ -
Me Me
Me
| Me Me
Ln=Y, La, Nd ’ M Me
(Paper 1) o Ne ~ \
Me—(Al N
i v Al
| ~
~ : / Me
AN Me Me Mé
Me \ "
[ Me—ﬂ”fI —Me (unpublished)
e
o )y~ Me
Me \M l\l/le
e
i AA—
| (Paper 1) Me
Me—N ! QK/AI \Me .
e
AN Me
H,C S Me
\ M Me/Ald -Me / _ Me
— e — —
Me—(Al
Me— Plxl Me \‘\N\ Me/AI\
Me Me Me
v \"/
Ln=La, Nd Ln =La, Nd
(Paper 1) (unpublished)
N | ~
Me~.__ _Me Me
_—— \\\Mé \
} Me
Mé TTT-Me Md
N\
| vi Vil

(Paper II) (unpublished)

Chart S1. Structurally characterized bisalkyl comlexes bearing the CpNMe? |igand.
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Even after three days at

H
. Me
ambient tempera-ture, Hope2 \QL'E/ Ni,,,yAu\Ae3

no formation of complex . cH, Me

| was observed. This Ln(AIMe,)s

hypo-thesis is further Me4Al AlMe, I
reinforced by  the l CHy
generation of complex ',V'e/,Au\Ae3
V as an isolated by- NMe <z A, e
product of the  MeA e Me4A|/@\A|Me4 |
alternative salt-

metathesis reaction of Al

the homoleptic Me a ]
-, AlMe -

lanthanum and mr\i/ 3 SN—Me

\,

R —
CH3 - CH4 Me4AI H2C

neodymium /@ Me—AIM
y Me,Al CHs © 2

tetramethylaluminates I, v

with the lithium salt of  gcheme S2. Hypothesized C-H bond activation via

the ancillary ligand, jnyramolecular donor-cleavage.
which was supposed to

suppress the additional AlIMe3 coordination of the sidearm due to the separation
of LiAIMes. In the dimeric complex V, both rare-earth metal centers are
coordinated by the cyclopentadienyl rings of the Cp"“¢? ligands, while only one
is additionally coordinated by the donor functionality (Figure S2). The amino-
sidearm of the other ligand attaches to trimethylaluminum instead. The metal
centers are bridged by an
[AIMe,4] moiety, coordinating
in a ' fashion towards
both, while additional
agostic interactions to the
less coordinated may be
discussed. Also, the two
metals are linked via a
trimethylaluminum
stabilized methin
[(AIMe3z)2( 4-CH)] moiety
(C1) in a butterfly
arrangement. A similar
Figure S2 Solid-state structure of complex Vg~ Motif was  found by
DIETRICH in our group in
2006.11%°!
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Back then, it was proposed that
partial ether-induced donor-
cleavage of [Cp*Y(AlMe,),] to form
[Cp*YMe,]; led to the tetranuclear
complex [Cp*2Y2{(AlMes)2( 4-
CH)}( 2-Me)].. Apparently, the
open coordination site available in
case of the sterical less demanding
Cp* ligand in comparison to the
chelating Cp"“®? cyclopentadienyl
at the one metal atom is
compensated by the dimerization
via two bridging methyl groups
(Scheme S3). In order to promote
the chelating coordination of the
donor-substituted cyclopentadienyl
at the bis(tetramethylaluminate)
rare-earth metal half-sandwich

complexes |, the distracting

2 Et,0

Cp*Y(AIMey), ———=—> [Cp*YMeyls
(E1) (E2)
l + 2 Et,0 (E1)
Me
l
AI\Me

Scheme S3. Previously observed C A
bond activation on [Cp*Ln(AlMey),].24°!

trimethylaluminum was removed through the addition of one equivalent of
diethyl ether. Spontaneous gas evolution was observed at ambient temperature
and only the CiH bond activated complex IV could be isolated for the

Figure S3 Solid-state structure of
complex IV, (Paper 1).

lanthanum and the neodymium
complexes (Figure S3, Paper I). The
inadvertent  activation could be

suppressed in case of the lanthanum
complex when the reaction was carried
out at 835 °C, and a single crystal of
the corresponding complex
[Cp"Me2La(AlMes),] (1) was structurally
analyzed (Paper I). However, when the
reaction solution was permitted to
warm to ambient temperature, the C-H
bond activation at the amino group
occurred, confirming its temperature
dependency.
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The influence of the metal size, showing
a higher degree of activation for the
smaller rare-earth metal centers,
became more obvious with the
introduction of the anilinyl-functionalized
cyclopentadienyl ligand HCp”“*? (Paper
[). The protonolysis reaction at 35 °C
with homoleptic tris(tetramethyl-
aluminate) complexes of lanthanum and
neodymium vyielded the non-activated
complexes [Cp"M®?Ln(AlMe.);] (Figure
S4, XV), which undergo C-H bond
activation at elevated temperature under
formation of [(CsMesCsHsNMEe] -
CH}AIMesz)Ln(AlMe,)] (XVI) comparable

Figure S4 . Solid-state structure
of complex XVnqg (Paper I).

with complexes IV. In contrast, the smaller yttrium metal center already gave
the aminomethyl-activated complex at low temperature. The performances of
the stable complexes 1, IV, XV and XVI as pre-catalysts in isoprene
polymerization were investigated (vide infra, Paper I).
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Chart S2. Structurally characterized chloride, allyl, amide and borohydride
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complexes bearing the CpNMe? |igand.

(unpublished)
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LnCls(thf),
B | 3 LiIN(SiHMe,), C [LicpR

[Ln(N{SiHMe,},)5(thf),] [CPRLNCIy(LiCl),(thf),],
VIII, 1IX
HCpR .
l 3 LiMe
[CPRLN(N{SiHMe,},),] [CpRLNMey(LiMe),(thf),],

X1, X1l VI, VII

4 AlMeg 6 AlMe;,
CpRAME3 n(AIMe,),

|
HCoR Do (-35 °C)
A ‘/ \

Ln(AIMe,); Do CpRLn(AlMe,),

NI S

CpRCH,AIMesLn(AlMe,)
v
Scheme S4. Synthesis approaches for

[CpRLN(AIMey),).

(Scheme S4, A),

reactive [AlMes] moieties, two further

To date, rare-earth metal
tetramethylaluminate
complexes have been
synthesized by alkylation
of a number of Ln(lll)
precursors, like alkylamide
[Ln(NMe2)3(LiCl)s],
silylamide
[Ln(N{SiHMe2},)s(thf)],
alkoxide [Ln(OR)3]a4,
[LN(OArR)3],,
silyloxide
[Ln(OSIR"2R")z]2
complexes. Synthesis of
the corresponding half-
sandwich  bis(aluminate)
complexes via protonolysis
or salt-metathesis protocol
are established

aryloxide
and

well

but in order to prevent inadvertent activation by the highly
reaction sequences have been

investigated. One known as the extended silylamide route refers to the
bis(dimethylsilyl)amide derivates,™® while the other elaborates salt metathesis
reactions to form half-sandwich bis-chloride and -methyl complexes (Scheme
S4, B and C). From reaction path C, the key precursor [Cp"M®2YCI,],[LiCl(thf),]
(V) was isolated and structurally analyzed (Paper Il). The ate complex VIl
displays the same trinuclear core as [Cp*"®?YCl,],[LiCl(thf),] reported by Cui ET

2010.124%
reaction with an
methyllithium in toluene led to

AL. in Subsequent

excess of

the dimeric ate complex
[Cp"™e2YMe,(MeLi)], (V1) in case
of yttrium. Complex Vi

represents a rare case in which
the lithium atoms are bound to
four carbon atoms in a
tetrahedral geometry without any
donor coordination (Paper 1I).
When the smaller rare-earth

Figure S5 . X-ray structure of complex VIl
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metal center lutetium was used instead, the dimeric bismethyl complex
[Cp"™e?LuMe,], (VII) was obtained devoid of any salt incorporation (Figure S5).
The two metal centers are bridged by two methyl groups forming a tetragon with
angels of 90.92° at the carbon and 89.08° at the lutetium atoms. The Cp""¢2
ligands coordinate °: ! towards each metal center which bear additionally one
terminal methyl group. A similar structural geometry was reported for the half-
sandwich scandium dimethyl complex [(CsMesSiMes)ScMe,],.™*Y  Both
complexes are stable at ambient temperature and the lack of C# bond
activation of the highly reactive methyl groups might be a result of either the
absence of any aluminum compound or the less crowded ligand sphere around

the metal center.

Interestingly, in case of the acid-base reaction of [Y(N{SiHMe2},)s(thf),] with
HCp"M? at elevated temperature (Scheme S4, B), additional Si-H bond
activation occurred and a dianionic bisamindo ligand was formed under
elimination of dimethylsilane, which was unambiguously proven by *H-'H COSY
NMR spectroscopy (Paper 11). Additionally coordinated THF molecules saturate
the metal centers in [Cp"“2Y(SiMex{NSiHMe,},)(thf)] (Figure S6, XlI). In
contrast, the desired half-sandwich yttrium bis(silylamide) complex
[Cp™™e2Y(N{SiHMe,},),] (Figure S6, XlI) could be synthesized via salt
metathesis reaction following reaction path B (Scheme S4). Additional
monoagostic Y iSiH interactions of each amide ligand result in an asymmetric
coordination and prevent further donor solvent coordinations. Both amido
complexes as well as the bismethyl ate complex have been verified as potential
precursors for the synthesis of the half-sandwich yttrium
bis(tetramethylaluminate) complex | in NMR scale reactions, when treated with
excess of trimethylaluminum.

Figure S6 . Solid-state structure of complexes a) Xl and b) XIII (paper IlI)
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The most striking feature of the presented tetramethylaluminate ligands, also
UHIHUUHG DV 3DON\OV LQ GLVJXLVH" LV WKHLU DELOL!
reactive rare-earth metal methyl groups under formation of donor-solvent and
ate complex free species due to their variable !, 2 or * coordination modes.
Similar advantages can be achieved by the use of allyl ligands where the 3
coordination shields the LEwis acidic metal center, while the *: ' bonding
mode switches lead to the reactive metal 1 carbon bond. According to the
synthesis of anilinyl- and pyridinyl-
functionalized half-sandwich rare-earth
metal bis(allyl) complexes reported by Cul
ET AL in 2010 (vide supra),*?® 2 the
amino-ethyl supported cyclopentadienyl
was introduced in a two step, one pot salt
metathesis reaction of the lithiated ligand
with the rare-earth metal chloride followed
by the GRIGNARD reagent allylmagnesium
chloride. The obtained complexes
Figure S7 . Solid-state structure ~ [Cp""®2Ln(C3Hs)2] (X, Ln = Y, Ho, Lu)
of complex Xy (paper llI) were tested as precursors in isoprene
polymerization under various conditions
(Figure S7, Paper Ill). In case of the larger rare-earth metal neodymium, only
the partially alkylated mono(allyl) mono(chloride) half-sandwich complex
[Cp"™2Nd(C3Hs)( -Cl)]. could be achieved (Figure S8, Paper Ill). Furthermore,
[allyl] : [aluminate] and [allyl] : [chloride] exchange reactions with AlMes; and
Et,AICI  were investigated,
revealing the partial formation
of yttrium bis(aluminate)
complex | by NMR studies in
the first case. From the
reaction with the chlorination
reagent, single crystals of
holmium and yttrium
bis(chloride) were obtained
and analyzed by X-ray
diffraction method, disclosing  Figure S8. Solid-state structure of complex
e S oS Xl (paper 1)
Y 2(Lp -
LnsCls}( -CDh]2 (IX, Chart S2).
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Xvii

XVII
Ln =Y, La, Nd
(unpublished)

XIX
(unpublished)

Chart S2. Structurally characterized
complexes bearing the Cp*Me2 and Cp® ligands
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3 Isoprene Polymerization

With increasing demands of tailor-made polymers possessing distinct
properties, insights into structure-reactivity relationships of catalysts concerning
adjustable microstructures of polymer chains is a major topic in macromolecular
science. Tremendous efforts in 1,3-diene polymerization are made due to the
steadily growing rubber consumption, mainly caused by tire fabrication.
Therefore, highly cis-1,4-regulated polybutadiene is blended with further
elastomers to form high-performance rubbers. The isoprene counterpart
represents the synthetic alternative (SR) to natural rubber (NR), which is
extracted from evergreen trees in Asia, but cannot longer cover the needs.
Furthermore, the trans-1,4-polyisoprene exhibits benefits as a component in
tread rubbers and shape-memory elastomers due to its crystallinity and
blending rubber with the 3,4-regulated polyisoprene can raise wet-skid
resistance while the rolling resistance can be lowered.

As described in chapter 1.8.1, the enanthiomorphic site-control mechanism of .-
olefin polymerization is well explored, while the explanation of the structure-
reactivity relation in 1,3-diene polymerization remains challenging, dealing with
the additional chain-end mechanism. Up to date, it is difficult to predict a
catalysts performance and every new catalyst provides a contribution to
generate a more comprehensive understanding. Hence, the rare-earth metal
bis(tetramethylaluminate) complexes supported by nitrogen-donor
functionalized cyclopentadienyl ligands (I, IV, XV and XVI) were examined as
pre-catalysts in isoprene polymerization under various conditions (Paper I). The
results presented in Table S1 refer to standard procedures, where the
complexes were activated with borate salt [CsHsNMe,H][B(CsFs)4] (B) in toluene
at 40 °C followed by the addition of isoprene. Beside the size effect of the rare-
earth metal cation generating higher trans-1,4-regulation for the larger metal
centers (run 1 vs. 4 vs. 7) confirming earlier achievements on [Cp*Ln(AIMe4);]
(Cp*) (runs 8-10),*Y the absence of any cis-1,4 units in the polymer chains
produced by the lanthanum and neodymium complexes is to emphasize. The &
Lrearrangement described in chapter 1.8.2 allows 3,4-insertion into the
growing polymer, but the additional coordination of the nitrogen functionalized
sidearm might sterically hinder the generation of the anti-allylic coordination of
the polymer chain and hence suppress the formation of cis-1,4 polyisoprene
motifs.
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Tabel S1: Selected isoprene polymerization by bis(tetramethylaluminate) complexes

Run No. Metal Isoprene insertion Mn (x10°)  My/M, Paper/
trans/cis-1,4 3,4 Ref.
1 XVI Y 27.3/58.1 14.6 1.4 1.72 |
2 IV Nd 83.3/ + 16.7 1.0 1.09 |
3 XV Nd 87.3/ + 12.7 1.6 1.19 |
4 XVI Nd 84.1/ + 15.9 0.8 1.23 |
5 IV La 92.0/ + 8.0 1.0 1.09 |
6 XV La 91.6/ + 8.4 2.5 1.13 |
7 XVl La 92.1/ + 7.9 0.7 1.07 |
8 Cp* Y 28.7/43.5 27.8 0.6 1.59 [31]
9 Cp* Nd 79.9/6.9 13.2 0.4 1.16 [31]
10 Cp* La 87.5/2.9 9.6 0.7 1.23 (1]

Metal allyl complexes are of particular interest, as the allylic bonded species
of the growing polymer chain is generally considered as the transition-state
model in diene-polymerization (see chapter 1.8). Therefore, the performances
of the rare-earth allyl complexes X and Xl, bearing the amino-functionalized
cyclopentadienyl ligand were investigated (Paper Ill). Selected examples are
summarized in Table S2 referring to standard  procedures
([CsHsNMe,H][B(CeFs)4)/toluene/ 40° C). Due to the similar ionic radii, the
complexes of yttrium and holmium produced almost identical polymers, and
only the results for [Cp"™®2Y(C3Hs),] are presented. Upon activation with
[PhNMe,H][B(CesFs)4] only, mainly 3,4-selective isoprene polyisoprene was
obtained (run 11). In the presence of 10 equiv of AIR3, dramatic shifts toward
1,4-selectivity were observed. The addition of an excess of Al'Bus led to mainly
cis-1,4-regulated polyisoprene, while the use of AlMe3; produced polymers with
a dominant trans-1,4-microstructure (run 12 and 13). The decrease of the
molecular weight of the polymer to 1.5x10* g mol™ suggests [Ln] : [Al] chain
transfer reaction of the growing polymer as reported for the catalytic system
[Cp*M®2Ln(C3Hs),)/AlBus/[PhNMe,H][B(CsFs)s] previously (see 2.1).1°%2 |n
contrast, catalytic systems based on the smaller rare-earth metal lutetium were
far less selective and only affected by the addition of AlMes, resulting in
decreased counts of cis-1,4 microstructure in the produced polymer (runs 14-
16). The dimeric neodymium complex XI showed no activity, when a [Ln]:[co-
cat] ratio of 1.1 was applied, indicating the loss of both allyl moieties. When
complex Xl was activated with one equivalent of [PhNMe,H][B(CsFs)a4l,
polyisoprene with dominant 3,4-microstructure was produced.
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Tabel S2: Selected isoprene polymerization by bis(allyl) and monoallyl-chloride complexes

Run No. Metal AR trans/cis 3,4 M, (x10%) M./M, Paper/

10 equiv. Ref.
11 X Y - -/14.7 85.3 6.1 1.06 i
12 X Y AlMes 71.9/- 28.3 5.1 1.05 1l
13 X Y AlBus -174.1 25.9 1.5 1.19 1l
14 X  Lu - 30.8/31.6 37.6 2.6 1.04 1l
15 X Lu  AlMes 50.8/4.4 448 3.3 1.39 1l
16 X Lu  AlBu; 24.6/39.5 33.9 1.0 1.72 1l
17 Xl Nd - 30.4/5.8 63.8 4.7 1.11 1l
18 XI Nd  AlMes 85.4/- 14.6 4.3 1.06 1l
19 XI Nd  AlBus 9.9/53 848 1.2 1.29 1l

Similar behavior was observed by applying the binuclear complexes
[(CsMey)SiMe,P(Cy)Ln(CH,SiMes)], (Ln = Y, Lu; Cy = cyclohexyl) bearing a
chelating phosphido-substituted cyclopentadienyl. Upon activation with one half
equivalent per metal center, the first isospecific 3,4-polymerization (100% 3,4;
mmmm > 99%) of isoprene with rare-earth metal complexes was achieved (see
1.8.3.3).11

3.1 Polymer Analysis
NMR Spectroscopy

As mentioned earlier, natural rubber occurs as highly pure cis-1,4- or trans-1,4-
polyisoprene while synthesized rubbers often contain a mixture of both and can

involve two further kinds of possible microstructures, namely 3,4-, and 1,2-units

in its molecular chain. Even in low percentages, these have significant impact

on the polymers properties. Especially, glass-transition temperature, curing rate,

elasticity and hardness, but also tearing strength and processability are affected

and disclose 3 QHZ" SRO\PHUVPDGHWBRQRWUXFWLRQ PDWHUL
most reports on synthetic rubber NMR analysis deal with the incorporation of

3,4-units in high cis-1,4-polyisoprene.[*>+%]

The catalytic system based on the monoallyl-chloride neodymium complex Xl
activated with co-catalyst B in the presence of 10 equivalents of AlMes
produced predominatly trans-1,4 polyisoprene with a content of 14.6% 3,4-units
as determined by 'H NMR spectroscopy (Table S2, run 18). In the **C NMR
spectrum, the integral ratio of the peaks at 18.6, 47.2, 111.2 and 147.7 fits to
the presence of single isolated 3,4-units (V) incorporated into the trans-1,4
polymer (T) chain as shown in Figure S12. To verify the **C NMR signals at
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31.1 and 32.1 ppm, a two-dimensional *+A*C HSQC NMR spectrum was
recorded and the peaks assigned to the T, and V. carbons (Paper IlIl). This
type of polyisoprene microstructure and its corresponding NMR data have not
been described in detail to date. Further investigations into the physiochemical
properties might be reasonable as such polymers might open interesting
avenues for selective functionalization of the free vinylic groups.

Figure S11. Olefinic and aliphatic regions of the 3¢ NMR spectra of PIP form Xlyg/AlMes/B (run
18).
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Concluding Remarks
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A series of rare-earth metal half-sandwich complexes bearing nitrogen-donor
functionalized cyclopentadienyl ligands have been synthesized. Beside the
desired formation of [Cp°°LnRy]-type complexes (Cp™° = CsMe,CH,CH,NMe;
{Cp"™e?}, CsMe,CeHaNMe; {Cp™™Me?}, CsMesCioHsNMe; {Cp}: R = AlMey, CsHs,
Me, N{SiHMe,},, BH,), a variety of side-products from unpredictable C A and
SiM bond activations as well as ate-complex formation were isolated.
Comprehensive analysis provides important insights into the reactivity and
structural properties of these compounds, paving the way for further synthesis
strategies. For instance, the observed highly selective C M bond activation is
governed by the mobility/rigidity of the donor linker (Cp""®? > Cp”¥®?), the metal
size/Lewis acidity (Y" > La"), and the reaction temperature.

Special emphasis was put on the performance of aluminate and allyl complexes
([(CsMe,CoH NMe{ -CHzlAIMes)Ln(AlMes),],  [(CsMesCeHaNMe{ -CHzlAIMes)
Ln(AIMes)z], [Cp*M*2Ln(AIMe.),], [Cp"M®°Ln(CsHs),] and [CpN“2Nd(CsHs)( -
CD]2) in isoprene polymerization under various conditions, related to solvent,
temperature and activator. All of the aluminate half-sandwich complexes
displayed excellent activity upon the addition of fluorinated organoboron
reagents as co-catalysts. The high trans-1,4 selectivity (up to 96%) increased
with increasing size of the rare-earth metal center. Importantly, the additional
coordination of the amino moieties prevented the formation of cis-1,4 contents
in the produced polymer for the lanthanum and neodymium complexes.
Furthermore, very narrow molecular weight distributions (Mw/Mn<1.1) were
achieved upon activation with [PhNMe,H][B(C¢Fs)4] in toluene.

The yttrium and holmium bis(allyl) complexes showed only moderate activity for
mainly 3,4-selective (up to 79%) isoprene polymerization upon activation with
the boron co-catalyst alone, but the performance increased dramatically and
shifts towards either trans-1,4- (AlMes) or cis-1,4-selectivity (A'iBU3) when
trialkylaluminum was added. NMR spectroscopic studies of the mixture
including AlMes revealed rapid [allyl] : [aluminate] exchange (allyl/methyl
scrambling) under loss of the constrained geometry conformation. High trans-
1,4 polyisoprene containing 14% 3,4-units was obtained from the catalyst
system [Cp"¢2Nd(C3Hs)( -Cl)]o/[PhNMe,H][B(CeFs)s)/AlMes. Comprehensive
NMR spectroscopic analyses of the polymer demonstrated the presence of
single isolated 3,4-units incorporated into the trans-1,4-polymer chain. Such
polymers might open interesting avenues for selective functionalization of the
free vinylic groups.
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, 7 KHU P D Bon&l Activation and Ether-Induced
Aluminate/Cluster Seperation of Cp  °Y(AIMe 4),

Encouraged by the findings of the thermally adjustable C #H bond activation of
rare-earth metal methyl groups via intramolecular donor-cleavage of
tetramethylaluminates, further investigations were made on the quinolyl-
cyclopentadienyl supported rear-earth metal bis(aluminate) complexes
[CpRLn(AlMe,),] (Ln =Y, La, Nd) (Figure 1). According to NMR spectroscopy,
heating the lanthanum and neodymium complexes in deuterated benzene did
not lead to activation, instead decomposition was observed above the critical
temperature of 90 °C. In contrast, thermal treatment of the yttrium complex
[CPRY(AIMe,),] in a CgDg solution at 120° C over a period of five days led to
selective CiH bond activation of one methyl group along with release of
methane (Scheme 1). Such activation was not observed with any donor-free
complexes, indicating a thermally induced disruption of the hemi-labile yttrium
nitrogen donor-bond followed by an intramolecular aluminate cleavage. The
resulting complex [(CpR)Y( -CH.){( -Me)Al(Me),},] XVllIy features an yttrium
bonded methylidene, stabilized by two trimethylaluminum molecules, thus

forming a butterfly-shaped Tebbe-like moiety (Figure 2).

! 120 °C, C¢Dg

N
\ V4 M\e -CH
Me 4
MefAI\I -Me

Al
N\ Me

Y

XV
(Y*, La* ,Nd)

Scheme 1. Thermal LQGXFHG &A+ ERQG DFWLYDWLRQ RI BXWROLQ\O IXQFW
complexes [CpQY(AIMe4)2].

Similar structural motifs have been found in rare-earth metal complexes
[(PNP)Sc( 3-CHo.){( -Me)AIMes},] (PNP = N{2-P(CHMe,),-4-methylphenyl},),?
[(Tp®Me)La( 3-CH2){( -Me)Al(Me),},] (Tp®"Me = hydrotris(pyrazolyl)borate),?
[(TMTAC)La( 3-CH){( -Me)AIMe }{( -Me).AlMe,}] (TMTAC = 1,3,5-trimethyl-
1,3,5-triazacyclo-hexane),!” and [(TIPTAC)Y( 3-CH2){( -Me)AIMes}{( -
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Me)AIMes)] (TIPTAC = 1,3,5-triisopropyl-1,3,5-triazacyclohexane).” The
complex was further fully characterized, but the resonances of the methylidene
protons and its carbon atom could not be clearly assigned (Figure 4). As
previously observed for similar complexes,®® the signals are overlapped by the
AlMe3; methyl groups and even low-temperature NMR spectroscopy did not
resolve the problem. With the aim of generating aluminum-free methylidene
species, ether-induced aluminate cleavage of complex XVIly was performed at

[AMe,]© \ ®

low temperature (Scheme 2).

X
: ! N
Me Me Me
Me Me’\AI ~Me Et0,-35°C, hexane Ve
A Ve ' > !
Me” \ Me - Et,0-AlMe; .
Me e
N
XVl N
A XIX =

Scheme 2. Donor-induced aluminate cleavage of quinolinyl-functionalized half-sandwich
complexes [CpLn(AIMe,),].

However, C #H bond activation did not occure bur a trimeric cationic methyl
complex  [(Cp2Y{ 2-Me})s( 3-Me);][AIMey] XIX with a separated
tetramethylaluminate anion was obtained (Figure 3). This kind of ion separated
aluminate species is quite rare and has previously been published for dimethyl
complexes [LiLnMe;][AIMey] with different neutral donor ligands (L =
triazacyclohexyl, x = 2. Ln = Y; L = THF, x = 5, Ln = Y, Ho, Sm).’® The
complex is quite stable even in ethereal solvents and C #4 bond activation did
not take place even when heated to 80 °C. The *H NMR spectrum recorded at
ambient temperature is shown in Figure 5. The signals for the Cp® ligand
appear in the expected range. Interestingly, beside the 18 protons of the
aluminate moiety at 0.17 ppm and the 9 protons for the ,-bridging methyl
groups at -0.69 ppm, two signals with integration of 3 appear at 0.77 and -0.51
ppm for the 3-bridging methyl groups. This indicates a rigid conformation of the
Cp? ligands in solution as found in the solid-state structure, where the
cyclopentadienyl centroids are all in cis and the nitrogen donor atoms are all in
trans position to the C1 carbon atom, while the conformation to the C2 methyl
group is the other way round.
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Synthesis of [( Cp?)Nd(AIMe 4);] (XVlIng). Following the procedure published
previously for the yttrium and lanthanum complexes, in a glovebox HCp® (125
mg, 0.50 mmol) was suspended in 3 mL of hexane and added dropwise to a
stirred solution of [Nd(AIMey)s] (204.6 mg, 0.50 mmol) in 2 mL of hexane.
Instant gas formation was observed, and the blue mixture gradually turned more
and more brownish. The reaction mixture was stirred another 2 h at ambient
temperature and then dried under vacuum to yield XVllyg as a powdery yellow
solid. Crystallization from a toluene/hexane solution at 85 °C afforded green
crystals suitable for X-ray diffraction analysis. IR (cm™): 3029 w, 2991 s, 2885 s,
2815 w, 2735 w, 1507 w, 1431 w, 1186 s, 840 m, 791 w, 766 m, 691 s, 593 s,
569 s, 540 w; elemental analysis calcd (%) for C,sH42AILNNd (566.82): C 55.09,
H 7.47, N 2.47; found: C 54.99, H 7.07, N 2.19.

Synthesis of [( CpY( 3-CH, " »-Me)AlMes}s] (XVIII). Complex XVily (214
mg, 0.4 mmol) was transferred into a J. Young NMR tube using CgDs and
heated up to 120 °C. After 5 days, evaporation of the solvent in vacuo yields the
crude product as slightly yellow powder in quantitative yield. Single crystals
suitable for X-ray diffraction analysis were obtained from crystallization from
WROXRO KH[DQH VR &XNMR R MY, GDs, PRC): / = 8.08 (dd,
1 H, Jyn = 4.79 Hz and 1.58 Hz, QH), 7.32 (dd, 1 H, *Jy = 8.25 Hz and 1.58
Hz, QH), 7.27 (dd, 1 H, 3J4. = 5.87 Hz and 2.48 Hz, QH), 7.13-7.08 (m, 2 H,
QH), 6.42 (dd, 1 H, 3J4u = 8.25 Hz and 4.79 Hz, QH), 2.26 (s, 6 H, 2,5-
Cs(CHa)s), 1.85 (s, 6 H, 3,4-Cs5(CHa)s), A.21 (s br, 18 H, AI(CHxa)a).
13C(dept135) NMR (100 MHz, CgDg, 25 °C): / = 149.3, 139.8, 133.7, 127.9,
127.0, 121.1 (quinolinyl C-H), 11.9, 11.5 (Cs(CHa)s), -1.47 (Al(CHz3)3); elemental
analysis calcd (%) for Ca5H33AlNNd (566.82): C 60.61, H 7.74, N 2.83; found: C
60.79, H 8.22, N 2.93.

Synthesis of [{( Cp® < ,-CHs3)}s 3-CH3)J[AIMes] (XIX). In a glovebox,
complex XVlly (153 mg, 0.30 mmol) was dissolved in 5 mL hexane. Diethyl
ether (2 equiv) was added with vigorous stirring. Instantly, the formation of a
yellow precipitate was observed. After 5 min, the precipitate was separated by
centrifugation and washed three times with hexane. Drying in vacuo and
crystallization from toluene/hexane solution yielded XIX (93 mg, 0.80 mmol,
79%) as yellow crystals. Due to the low solubility of complex XIX in benzene,
useful solution **C NMR spectra could not be obtained but selected carbon
shifts could be assigned by 2D HSQC NMR spectroscopy. ‘H NMR
(400 MHz, CgDs, 25 °C): / = 9.08 (d, 3H, 3J4.u = 4.07 Hz, QH), 8.11 (dd, 3H,
“Jun = 8.25 Hz, 3y = 4.82 Hz, QH), 7.60 (d, 3H, I = 1.91 Hz, QH), 7.33
(m, 3H, QH), 7.31 (m, 6H, QH), 2.15 (s, 18H, 3,4-C5(CH3)s), 1.74 (s, 18H, 2,5-
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Cs(CHa)s), 0.77 (br, 3H, 3-CHs), 0.18/ (s, 12H, AI(CHs),), A.51 (br, 3H, s-
CHs), A.69 (br, 9H, »CH3) ppm. ¥Cc (*+A*C HSQC) NMR (100
MHz, C¢Dg, 25 °C): / = 153.3 (QCH), 140.3 (QCH), 131.3 (QCH), 127.9 (QCH),
126.8 (QCH), 33.3 ( 2-CH3), 30.7 ( 3-CHgz), 12.3 ( 3-CHj3), 12.0, (C5(CHs)a),
11.9 (Cs5(CHs3)4), n.d. (Al(CH3)); elemental analysis calcd (%) for Cg3Hg1AIN3Y3
(1174.04): C 64.45, H 6.59, N 3.58; found: C 65.22, H 7.35, N 3.34.

Figure 1. ORTEP view of the molecular structure of [(CpQ)Nd(AIMe4)2] (XVllyg).  Atomic
displacement parameters are set at the 50% probability level. Hydrogen atoms omitted for
clarity. As complex XXllyg crystallize with two independent molecules per unit cell, selected
bond lengths (&) and angles (°) are reffered to the independent parameters as X/X": Nd #Cp =
2.647(3)-2.820(3)/2.647(3)-2.819(3), Nd #C1 = 2.704(5)/2.690(4), Nd #C2 = 2.813(4)/2.822(4),
Nd 4#C5 = 2.690(5)/2.682(4), Nd #C6 = 2.678(5)/2.671(5), Nd €N = 2.648(3)/2.636(3), C1 #\d #°2
= 76.1(1)/75.7(1), C5MNd #£6 = 79.2(1)/79.7(1), NiNd 1 = 97.2(1)/97.2(1), N iNd 2
80.8(1)/81.4(1), NiNd 45 = 89.3(1)/88.7(1), N4Nd 6 = 163.8(1)/163.5(1), C1 Nd 5
152.8(1)/152.9(1).
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Figure 2. ORTEP view of the molecular structure of XVIII. Atomic displacement parameters are
set at the 50% probability level. Hydrogen atoms omitted for clarity. Selected bond lengths (A)
and angles (°) for complex XVIII: Y iN = 2.5127(14), Y £C1 = 2.4150(17), Y #££2 = 2.533(2), Y
C5 = 2.527(2), Y £Cp = 2.5775(16)- & A<+& €5 A-<84.35(6),
& A<te& & A<+l AIR© 18287 +

Figure 3. ORTEP view of the molecular structure of XIX. Atomic displacement parameters are
set at the 50% probability level. Hydrogen atoms omitted for clarity. Y1 #Cp = 2.611(6)-2.738(6),
Y24€p =  2.584(6)-2.740(7), Y34p =  2.584(7)-2.751(6), Y1/Y2/Y3 1
2.626(6)/2.336(6)/2.620(6), Y1/Y2/Y3 2 = 2.653(6)/2.636(7)/2.661(6), Y1/Y3iC3
2.544(6)/2.549(7), Y1/Y2 #C4 = 2.563(6)/2.531(6), Y2/Y3 £25 = 2.552(5)/2.528(6), Y1 N1
2.590(5), Y2 M2 = 2.603(5), Y3 N3 = 2.594(5), C1 £/1/Y2/Y3 £2= 82.2(2)/82.4/82.2(2), (
CH3) &1/Y2/Y3 { 3-CHy) = 146.6(2)/148.3(2)/147.2(2), C1#1/Y2/Y3 N
164.5(2)/164.7(2)/163.9(2)

w
1
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Figure 4: 'H NMR spectrum (CgDg, 25 °C) of complex XVIII.

Figure 5: 'H NMR spectrum (CgDg, 25 °C) of complex XIX.
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ll. Half-Sandwich Rare-Earth Metal Bis(tetramethyl-
aluminate), Bismethyl, and Methylidene Complexes

Abstract: A new synthesis strategy for the generation of homoleptic lutetium
tris(tetramethylaluminate) complex [Lu(AlMe,)s] as well as optimized reaction
conditions for the subsequent protonolysis reaction with
pentamethylcyclopentadiene to form the corresponding half-sandwich complex
[Cp*Lu(AlMe,),] are presented. As for its yttrium analogon, upon treatment with
ether solvents (THF or diethyl ether) the formation of the trimetallic composition
[Cp*LuMe;]s has been postulated previously. We have now succeeded in
obtaining single crystals of the lutetium complex which were fully characterized.
YXUWKHUPRUH WKHUPDOO\ LQGXFHG &A+saBiRiEhG DFWL®
bis(hydrocarbyl) complex led to a new tetrameric methylidene complex
[Cp*Ln(CH)]4 under methane elimination only in case of lutetium, which was
fully characterized and verified by X-ray structure analysis. In contrast, upon
treatment with THF, the yttrium complex [Cp*YMe;]z forms the mixed
methyl/methyliden species [Cp*s3Y3( 2-Me)s( 3-Me)( 3-CHy)(THF),], while the
lutetium bismethyl complex did not engage into CH3; degradation.

Results: Homoleptic tris(tetramethylaluminate) complexes [Ln(AlMe)s]™ found

entry into organolanthanide synthesis, as their availability for the entire Ln®*

size-range, except scanduP ZLWKRXW DWH FRPSOH[ IRUPDWLRQ |
DON\OV LQ GLVJXLVH YHUVDWLOH VI\QWKHVLY SUHFXUV
of heterobimetallic Ln/Al complexes.'? However, the established straightforward

synthesis via the dimethylamido ate complexes [Ln(NMe,)s(LiCl);] and

subsequent AlMes-mediated [NMe, @ : > $ ¢} Oékchange in hexane gave

compounds in high yields only for the larger rare-earth metal ions (Scheme 1,

route A). 2V In case of lutetium, purification requires additional sublimation and

only 15% yield of the desired product could be obtained.®! These drawbacks of

the precursor synthesis result in a lack of corresponding lutetium complexes

and investigations into the chemical behavior of the smallest rare-earth metal

are far behind those of the analogous complexes of the earlier lanthanides.

The new synthesis approach is based on the trianionic hexamethylate
complexes [LnMeg{Li(D0),}s] (Do =tmeda, dme, THF, diethyl ether) reported by
Schumann et al., which in case of the smallest rare-earth metal lutetium can
directly react with excess of AlMez to produce the homoleptic aluminate
complex [Lu(AIMey)s] (1) (Scheme 1, route B). The side-products LiAIMe, and
donor coordinated AlMe3 can easily be removed via filtration and evaporation,
respectively. The absence of ate-complex formation is due to the high steric
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saturation of the metal center by the tetramethylaluminate moieties, which show

additional agostic or coordinative interactions only for the larger rare-earth metal

ions.?! Even though the hexamethylate and tetramethylaluminate complexes

are simultaneously presented in several publications,” the synthesis of the

latter starting from the first has not been reported so far. The generation of the

half-sandwich complex [Cp*Lu(AlMe,),] (2.,) was slightly modified (Scheme 1,

route B), as the previously reported method only resulted in low yield and an

excess of pentamethylcyclopentadiene (HCp*) was required.’” Changing the

reaction conditions from ambient to an elevated temperature of 60°C and

replacement of hexane by benzene reduced the time for quantitatively

conversion to 4 h as determined by NMR-scale reactions. Initial investigations

of [Cp*Lu(AlMe,),] as pre-catalyst in isoprene polymerization were presented by

our group recently and full experimental data are presented in Table 1.

Furthermore, we have described the high-yield synthesis of the half-sandwich

dimethyl complexes [Cp*LnMe,]s (XX) of yttrium and lutetium, & & utilizing the

donor-solvent induced alkylaluminate cleavage (Scheme 1).”! Thereby, only the

single-crystal structure of the yttrium complex could be presented so far. Now,

we obtained X-ray diffraction data from the lutetium complex and the molecular

structure is shown in Figure 1. Complex XX, is soluble in hot benzene (not

exceeding 60 °C) and crystallizes in the hexagonal space group P63 when

cooled to ambient temperature. Beside the application as suitable precursor for

various half-sandwich complexes (e.g., [Cp*Ln(GaMey),],”!
[CPp*Y(N{SiMesk)( 2-H)l, " [Cp*Ln(AIMes{B(NDIppCH)2))]1"  [Cp*Ln(AiMey)

(Dipp-Form)]), rare-earth dimethyl complexes of [LLnMezJ, AW\SH RIWHQ HQJDJH LC
GLVWLQFW &A+ ERQG DFWLYDMIn&iGn géreid® Hixd@lHWKDQH H
methyl/methylidene  complexes  [LsLnsz( >-Me)s( 3-Me)( 3-CH2)] (L =

CsMesSiMe;, Ln = Tm, Lu® PhC(NCgHgiPr.-2,6),, Ln = Sc, Lu;™®
NSiMesCgH3iPr,-2,6/thf, Ln = Y, Ho, Lu™), which are capable of either

methylene transfer to ketones and imines or deprotonation of amines,

phosphines, thioles, and alkines. Very recently, the group of Hou reported a

QHZ FODVV Rl FRPSOH[HV FRQVLVWLQJ RQO&SRI WKH VLI
CsMe4SiMes) methylidene units, arranged in a tetrameric cubane-like Lny(CHy)4

core-structure (Ln = Tm, Lu).*? Herein, we present the similar cluster complex

[CP*LU(CH2)]ls XXI REWDLQHG TXDQWLWDWLYHO\ E\ WKHUPDO &/
the trimeric hexamethyl complex in deuterated benzene (Scheme 1). Complex

XXI crystallized from the solution in the triclinic space group P Bwvhen cooled to

ambient temperature. The molecular structure is shown in Figure 2. This highly
VHOHFWLYH &A+ ERQG DFWLYDWLRQ FRXOG QRW EH REVHU
which revealed multiple undefined activations, also involving the ancillary
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cyclopentadienyl ligand; hence no product could be isolated. However, when
complex XXy was treated with THF, methane elimination was observed and the
mono-methylidene species [Cp*sYa( 2-Me)s( 3-Me)( 3-CHy)(THF),] XXII was
reproducibly obtained (Figure 3). Interestingly, only two of the three yttrium
DWRPV EHDU ZHDNO\ FRRUGLQDWHG 7+) VROYHQW PROF
bond distances of 2.624(4) and 2.577(4) A. In case of lutetium, no elimination
reaction was monitored in THF-dg. These findings demonstrate that the type of
&A+ ERQG DFWLYDWLRQ GHSHQGV VLJQLILFD& WO\ RQ W

metal.

Li(THF),
—_ I, \\
Ln — Lu Me’ \Me
3 LiNMe, LnClu(thf 6 LiMe Q
Ln(NMe,);(LiCl -~ n —_— >
(NMe,)3(LiCl)3 " UL — Melti® Me
18 h, THF 24 h, THF \
(THF),Li=--Me  Me--- Li(THF),
exc. AlMe; |- 1.5 [{Me,AINMe,},] exc. AlMe; | - 6 THF - AlMe3
rt, 18 h |- 3 LiCl rt, 24 h | - 3 LiAIMey
n-hexane n-hexane
1
1
HCp* Y HCp*
Ln(AMe,); — 0 o Mew W VE - Lu(AlMey),
1 rt Az‘\\Me MeWwAlI—Me 60 °C 1*
n-hexane  pe” A I\I/Ie 4 h, benzene
Me
A Lh=v Lalu 2+ Ln = Lu B

2 Et,0
rt, n-hexane

1 Me Me\
] 7 -Me R
-~ Me--"" ~
80 °C
-35°C-rt
THF Ln =Y, Lu (XX)
Cp* - CH4
THF.

Me Me

Me
CH, THF
*Cp Me Cp*
XXl XXI

Scheme 1 Synthesis of rare-earth metal half-sandwich methyl and methylidene complexes.
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Synthesis of Lu(AlMe 4); (1*): In a 100 mL Schlenk flask, LuCls(thf)s (4.97 g,
10.0 mmol) was dissolved in THF (30 mL) and methyllithium (1.32 g, 60.0
mmol) was added under vigorous stirring. After 24 h, the solvent was
evaporated under vacuum, the residue redissolved in toluene (10 mL), and the
LiCl was removed via centrifugation and filtration. Toluene was removed and
the crude LuMez(MelLi)s(thf)y was suspended in hexane (15 mL).
Trimethylaluminum (6.48 g, 90.0 mmol, 9 equiv.) was added, the reaction
mixture stirred for 24 h, and LiAlMe, was separated via filtration. The homoleptic
lutetium tris(tetramethylaluminate) crystallized from a saturated hexane solution
DW A f& J P P'R MR (400 MHz, CgDs, 25 °C): / = £.19
(s, 36 H, AICH3) ppm. *3C NMR (100 MHz, C¢Ds, 25 °C): / = 3.7 ppm; elemental
analysis calcd (%) for C12H3sAlsLu (436.33): C 33.03, H 8.32; found: C 33.08, H
8.61.

Synthesis of (C sMes)Lu(AlMe 4), (2*). Complex 1* (131 mg, 0.30 mmol) was

dissolved in deuterated benzene (2 mL) and 1,2,3,4,5-
pentamethycyclopentadiene (45 mg, 0.33 mmol) was added and the reaction

mixture was stirred overnight at 60 °C. After evaporation of the solvent, complex

2* ZDV FU\VWDOOL]HG IURP KH[DQH VROXWLRQ DW A f&
'H NMR (400 MHz, Cg¢Ds, 25 °C): / = 1.76 (s, 15 H, CpCHs), A.17 (s, 24 H,

AICH3). C NMR (100 MHz, C¢Dg, 25°C): / = 120.7 (Cs(CHs)s), 11.6

(Cp(CH3)s), 1.1 (AI(CH3)s). Elemental analysis calcd (%) for CigHssAloLu

(484.43): C 44.63, H 8.11; found: C 44.32, H 8.47.

Synthesis of [(C sMes)Lu( -Me);]s (XX). Following the procedure published
previously,’® complex 2* (484 mg, 1.00 mmol) was dissolved in hexane (5 mL)
and diethyl ether (148 mg, 2.00 mmol) was added under vigorous stirring. The
white precipitate was separated via centrifugation and washed three times with
hexane. Drying in vacuo yielded XX (315 mg, 93%) as white powder. Single
crystals were obtained through re-crystallization from a hot (60 °C) benzene
solution at ambient temperature. *H NMR (400 MHz, Cg¢Ds, 25 °C): / = 2.00 (s,
45 H, CHsCp), 0.05 (s, 18 H, LuCHs). **C NMR (100 MHz, C¢Dg, 25 °C): / =
117.4 (C5(CHs)s), 36.1 (CHa), 11.5 (Cp(CHs)s). IR (cm®): 3016 m, 2989 m, 2974
m, 2921 s, 2821 m, 2735w, 1477 m, 1462 m, 1439 m, 1384 w, 1301 w, 1256 w,
1223 m, 1201 m, 1185 s, 1142 w, 1064 w, 1047 w, 1015 w, 964 m. 858 m. 808
w, 703 s, 665 m, 573 m; elemental analysis calcd (%) for CssHeslus (1020.78):
C 42.36, H 6.22; found: C 42.81, H 6.57.

Synthesis of [(C sMes)Lu( 3-CHz]s (XXI). Complex XX (102 mg, 0.10 mmol)
was transferred into a J. Young NMR tube using C¢Ds and heated up to 80 °C in
steps of 10 °C. After two days at 80 °C, the integration of the signals in the *H
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NMR spectrum stayed constant and additional *H-*C HSQC, *H-*C HMBC and
'H-'H COSY NMR spectra were recorded to identify the product, which was
obtained in quantitative yields. Single crystals suitable for X-ray structure
analysis were obtained from the solution when cooled to ambient temperature.
'H NMR (400 MHz, CgDg, 25 °C): / = 2.17 (s, 60 H, CH3sCp), 1.65 (s, 8 H,
LUCH,). **C NMR (100 MHz, C¢Dg, 25 °C): / = 117.5 (CsMes), 113.5 (LuCH,),
11.0 (Cp(CHs)s). IR (cm™): 2907 s, 2857 s, 2791 m, 2726 m, 1652 w, 1558 w,
1539 w, 1521 w, 1506 w, 1487 w, 1436 m, 1375 m, 1263 w, 1061 w, 1022 m,
797 w, 642 m, 546 m; elemental analysis calcd (%) for CssHesslus (1296.88): C
40.75, H 5.28; found: C 40.51, H 5.28.

Synthesis of [Cp* 3Y3( 2-Me)s( 3-Me)( 3-CHy)(THF),] (XXII).

Route A: Complex XXy was dissolved in THF, whereby instant gas formation
was observed. The clear solution was layered with toluene and stored at A85°
C. Single crystals of complex XXII suitable for X-ray diffraction analysis were
obtained within 2 days.

Route B: Complex XXy was transferred into a J. Young NMR tube using cold
THF-dg (85° C). Gas formation was observed within 10 minutes when warmed
to ambient temperature. Single crystals of complex XXII suitable for X-ray
diffraction analysis grow from the THF solution within 1 day.

'H NMR (400 MHz, CgDs, 25 °C): / = 3.58 (br, 4 H, THF), 1.92 (s, 45 H,
CHsCp), 1.73 (br, 4 H, THF), A.31 (g, 2 H, 3-CH,), A.53 (vbr, 3 H, 3-CHj).
A EU ,-€Hs). C NMR (100 MHz, CgDg, 25 °C): / = 120.0 ( 3.CHs),
113.0 (CsMes), 95.6 ( 3-CHy), 64.5 (THF), 24.7 ( ,-CHa), 22.5 (THF), 9.3
(Cp(CHa)s). IR (cm™): 2958 s, 2896 s, 2855 s, 2754 m, 2722 m, 2241 m, 2184
w, 2160 w, 2138 w, 2125 w, 2105 w, 2088 w, 1492 w, 1440 m, 1374 m, 1249
w, 1176 m, 1110 m, 1059 w, 1006 s, 994 s, 961 w, 824 s, 748 s, 590 m, 548 m,
512 m; elemental analysis calcd (%) for C43H750,Y3 (890.77): C 57.98, H 8.49;
calcd (%) for XXy THF),, CasHseY3 (746.56): C 56.31, H 7.97; found: C 56.37,
H 7.74.
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Figure 1. ORTEP view of the molecular structure of [Cp*LuMe,]; (XX). Atomic displacement
parameters are set at the 50% probability level. Hydrogen atoms are omitted for clarity.
Selected bond lengths (A) and angles (°) for XX: Lu4Cp = 2.5988(1)-2.6795(1), Lu %Cpcent =
2.338, Lu 1 = 2.4650(1), Lu 4C1' = 2.4650(1), Lu 42 = 2.517(6), Lu 2" = 2.553(1), C1-Lu +
C2 =135.32, C1-Lu «1' = 86.70, C1-Lu 42" = 80.49, C2-Lu 4C1' = 81.24, C2-Lu 2" = 78.08,
C1'-Lu 2" = 134.50.

Figure 2. ORTEP view of the molecular structure of [Cp*LuCH,], (XXI). Atomic displacement
parameters are set at the 50% probability level. Hydrogen atoms are omitted for clarity.
Selected bond lengths (&) and angles (°) for XXI: Lul4Cp = 2.570(5)-2.587(5), Lu2 £Cp =
2.577(4)-2.588(4), Lu3 £p = 2.568(5)-2.582(5), Lud Cp = 2.572(4)-2.579(4), Lul #££1/C2/C4 =
2.390(4)/2.372(4)/2.341(4), Lu2 ££1/C3/C4 = 2.333(4)/2.396(4)/2.371(4), Lu3 #1/C2/C3 =
2.355(4)/2.393(4)/2.346(4), Lu4 #£2/C3/C4 = 2.346(4)/2.377(4)/2.376(4), C 4 .u ¥C = 88.22(14)-
91.77(14).
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Figure 3. ORTEP view of the molecular structure of [Cp*s Y3( >-Me)s( 3-Me)( »-CH,)(THF),]
(XXI). Atomic displacement parameters are set at the 50% probability level. Hydrogen atoms
are omitted for clarity. Selected bond lengths (A) and angles (°) for XXII: Y1 4Cp = 2.701(6)-
2.716(6), Y24p = 2.683(6)-2.710(7), Y3#p = 2.686(7)-2.722(6), Y1/Y2/Y3 1

2.296(7)/2.483(6)/2.453(6), Y1/Y2/Y3 2 = 2.598(6)/2.755(7)/2.778(6), Y1/Y2iC4

2.593(7)/2.566(6), Y1/Y3 5 = 2.551(7)/2.553(6), Y2/Y3 23 = 2.545(6)/2.588(7), Y2 01
2.624(4), Y3 #2 = 2.577(4), C1 £/1/Y2/Y3 #££2= 85.5(2)/78.8/78.8(2), ( 3-CH3) £/1/Y2/Y3 £ ;
CH;s) = 144.1(2)/147.8(2)/146.(2), C1#Y2/¥Y34# = 151.(2)/151.9(2), C2#2/Y3 ¥ =
74.0(2)/73.1(2).

Table 1. Selected examples of isoprene polymerization at 40 °C.

entry precatalyst cocatalyst t solvent yield ci€ tran€ 3,4 Mo (x10) Mw/M

1 Cp'Lu(AlMeas)2 A 15 toluene  >99 73.9 19.7 6.4 10.0 1.49
2¢  Cp'Lu(AlMeas)2 A 15 toluene  >99 69.9 11.6 185 3.7 1.74
3" CpLu(AlMea): A 15 toluene  >99 649 296 5.5 8.9 1.66
4 Cp'Lu(AlMeas)2 B 15 toluene  >99 70.3 20.3 94 9.5 1.45
58 Cp'Lu(AlMeas)2 B 15 toluene  >99 65.2 145 203 51 1.60
6' Cp'Lu(AlMes)2 B 15 toluene  >99 74.3 178 7.9 10.7 1.39
79 Cp'Lu(AlMea)2 B 60 toluene  >99 224 17.3 60.3 4.4 1.25
8  CpLu(AlMes): c 30 toluene 26 746 207 4.7 11.0 1.39
9 Cp'Lu(AlMeas)2 C 15 toluene 74 85.3 9.7 5.0 10.7 1.49
10 Cp'Lu(AlMea): C 30 toluene 46 78.0 171 4.9 144 1.41
11  Cp'Lu(AlMea): A 60 hexane 90 244 533 223 5.6 1.20
12 Cp'Lu(AlMea): B 60 hexane 93 21.8 56.0 222 5.2 1.33
13 Cp'Lu(AlMea):2 C 180 hexane 15 66.5 295 40 8.6 1.74

3Conditions: 0.02 mmol precatalyst, [Ln]/[cocat] = 1:1, 8 mL solvent, 20oimisoprene.’Co-catalyst: A =
[PhsC][B(CsFs)4], B = [PhNMeH][B(CsFs)s] C = B(GsFs)3; “Determined byH and**C NMR spectroscopy in CDEI
dDetermined by means of size-exclusion chromatography (SEC) against polgssyaadard<]Ln]/[cocat] = 1:2.
The co-catalyst was added to a mixture of comflexd isopreneiThe mixture ofl andB was cooled to&85 °C
before addition of isoprene and allowed to warm to room temperattirgygolymerization.
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Figure 4: "H NMR spectra (CsDs, 25 °C) of complexes 2* (bottom), XX (middle) and XXI (top).
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Figure 5: 'H NMR spectra (THF-dg, 25 °C) of complex [Cp*3Y3( 2-Me)s( 3-Me)( 3-CH)(THF),]
(XX1).

Figure 6: * + A°C HSQC NMR spectra (THF-dg, 25 °C) of complex [Cp*sY3( »-Me)s( s-Me)( s-
CHy)(THF),] (XXI1).
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lll. Mixed Rare-Earth Metal Chloride/Methylidene
Complexes

Abstract: The formation and reactivity of mixed chloride/methylidene cluster
complexes of the large to mid-size rare-earth metals have been investigated.
The slow decomposition of [Cp*LnClIx(AIMes)y], in THF/toluene yielded not only
the desired trinuclear complex [Cp*sLnz( 2-Cl)3( 3-CI)( 2-CH2)(THF)3] (Ln =Y,
La, Nd, Ho) but also species with remaining »-Me groups were detected, which
along with the low solubility of the complexes, significantly hampered any
reaction pathway analysis of the methylidene group transfer. Additionally, a new
ion-pair separated species of the holmium metal methylidene complex
[Cp'sHog( 2-Cl)s( 3-Cl)2(THF)3][Cp sHo4( 2-Cl)s( 3-CI)( 4-CHz)] is presented.
Preliminary studies of the reactivity of the methylidene complexes towards
ketones aiming a Tebbe-reagent like methylidene transfer could be verified,
however, the expected oxo-clusters from clean CH,?/O? group interchange
were not isolated. Instead, hexameric cluster complexes [{Cp*sLns( 2-Cl3( 3-
Ch( 2-OH)K 2-Cl}]2 containing hydroxides were consistently isolated as single
crystals and characterized by X-ray diffraction analysis. Furthermore, a unique
intermediate [Cp sHo3( 2-Cl)3( 3-Cl.)(O{CH3}CgHg)(THF),] from the reaction of
the holmium metal complex with cyclohexanone was structurally characterized,
containing a tertiary alcoholat coordination formed by a nucleophilic attack of a
methyl group at the carbonyl carbon atom. As the origin of the additional
protons neither for the methyl group nor for the hydroxide formation can
undoubtedly be clarified, additional discussions of the NMR spectra of the
diamagnetic complexes are presented.

Results: In 2006 we presented the first rare-earth metal methylidene
complexes [Cp*sLna( 2-Cl)s( 3-Cl)( 2-CH2)(THF)3] (Ln = Y, La).! Treatment of
the half-sandwich complexes [Cp*Ln(AlMe,),] with AlMe,Cl in toluene solution
yielded mixed aluminato/chloro complexes [(Cp*Ln),Cly(AlMes);] (Ln =Y {x =y
=z=2}) La{x =6,y =8, z=4} Scheme 1,i),” which underwent donor-induced
auPLQDWH FOHDYDJH DQG &A+ ERQG DFWLYDWLRQ XSF
ambient temperature to form the trinuclear methylidene species in both cases
(Scheme 1, ii). It can be assumed, that the aluminate cleavage initially forms
[Cp*Y(CI)(Me)], and [Cp*sLas(Cl)4(Me),], and the steric saturation by additional
THF coordination promotes methane elimination. Besides the fact that the exact
stoichiometry of Ln:Cl = 3:4 is only given in the latter complex, solubility and
cluster rearrangement in solution hindered the analysis of the reaction pathway
(Figure 1).
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Scheme 1. Synthesis of half-sandwich rare-earth metal mixed chloride/methylidene complexes

and their reactivity towards cyclohexanone.
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Figure 1. Rare-earth metal cluster complexes ([Ln] = CsMesLn) with different CI/CH; ratios (top)
DQG UHVXOWLQJ GRQRU DGGXFWV ZLWK SDUWLDO &ADPWIERWM RDW LR
proton integrals in the "H NMR spectra are given below.

In case of the holmium half-sandwich bis(tetramethylaluminate) complex, the
chlorination reaction yielded [Cp*Ho( 2-Cl)(AIMey)], (XXIII) which crystallizes
isostructural to the yttrium complex (Figure 2). However, treatment with THF in
toluene generates a new, ion separated, methylidene species [Cp'sHos( »-
Ch3( 3-Cl)2(THF)3][Cp sHoa( 2-Cl)s( 3-CI)( 4-CHZ)] (XXV, Scheme 1 iii). The
cation has a similar core structure as the previously reported methylidene
complexes, but the positive charge originates from the replacement of the CH,*
group by a chloride atom. The anion also includes the methylidene complex
core, but instead of THF coordination, the three holmium atoms are ,-Cl
canopied by a {Cp*HoCl3} moiety, where the holmium is further coordinated to
the CH,? group (Figure 3).

Reaction of the methylidene complexes show Tebbe reagent like CH,*/O*
interchange with ketones in NMR scale reactions, but corresponding oxo
complexes under retention of the trimeric cluster entity could not be obtained in
single crystalline form. Instead, hexameric cluster complexes [{Cp*sLns( »-
Chs( 3-CN)( 2-OH)H{ --Cl}]; XXIV (Ln =Y, La, Ho) were crystallized from the
reaction solution in low yields (Scheme 1, iv). Since the crystallographic data of
the yttrium and holmium complexes were of low quality (allowing the
assignment of a connectivity structure only), ORTEP drawing of the lanthanum
structure XXIV is shown in Figure 5. All complexes share the same core
structure, which can be best described as two distorted hexagonal bipyramides
[LnsCls] linked by two chlorido ligands. Similar cluster arrangements [LLnzXs{ »-
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X} ZHUH IRXQG SUHYLRXVO\ IRU WKH HDUOLHU 30DUJHU’
of small anions (X) like halo, cyano, borohydro, and hydroxy, which favorably
act as bridging ligands.*”!

The origin of the proton leading to the hydroxy group could not be fully clarified,
but displacement of single chloride atoms by methyl groups in the methylidene
complex of yttrium was observed by reduced amount of chlorination reagent in
its synthesis and verified by NMR spectroscopy as well as X-ray diffraction
analysis. This can be assumed as a result from the stoichiometric Ln:Cl:Me
ratios in the precursors, as illustrated in Figure 1. An ORTEP drawing of the
molecular structure of [Cp*3Y3( 2-Cl)s( 3-Cl)( 3-CH2)(THF)s] with one »-bridging
position showing CI/CH3 group exchange is shown in Figure 6. Furthermore, the
corresponding *H NMR spectra of the yttrium complex at -10° C in THF-dg is
shown in Figure 6. One set of a singulet at 2.01 ppm for the Cp* ligand and a
quartet at 4.34 ppm with a coupling constants of Jy.; = 4.4 Hz with the
integration ratio of 45:2 represents the desired mono-alkylidene cluster.
Additionally, signals for Cp* ligands can be found at 2.00 and 1.99 ppm in a
UDWLR RI DQG D GRXEOHW RyyWB4/BH)WasDuall A SSP
DV D WULSOHW BiwW, A2.5Hz)SiS fhe ratio of 2:3 representing one
methylidene and one methyl group, respectively.

To avoid the poor solubility of the mixed chloride/methylidene complexes, the
reaction with cyclohexanone was also carried out shortly after the donor
induced aluminate cleavage of the half-sandwich rare-earth metal
chloride/aluminate precursors. This directly led to the hydroxy complexes XXVI
LQ KLJKHU \LHOGV VXJJHVWLQJ WKDW WKHItngA+ ERQG I
methylidene species is not the decisive step, it is rather the methyl transfer
UHDFWLRQ IROORZHG E\ &A+ ERQG D grup YDWnheRIQ OHDGLQJ
v). The isolation of complex [Cp'sHos( 2-Cl)s( 3-Clo)(O{CH3}CsH10)(THF)2]
(XXVI) as an intermediate species further indicates a methyl rather than a
methylidene transfer (Scheme 1, v'). The molecular structure is shown in Figure
$ VLPLODU LQVHUWLRQ UHDFWLRQ RI D sfADNdBERQ\OLF FRP S
been reported for the reaction of polymeric trimethylyttrium [YMes], with
flourenone generating [Y(OC14H11)2( -OC14H11)]2(9-fluorenone),’® and for mono-
and dicationic yttrium-methyl complexes [YMex(thf)sx][(BPhs)sx] (X = 1 or 2)
leading to the alkoxy complexes [Y(OCMePhy),(thf)sx][(BPh4)s«x] (X = 1 or 2)
upon treatment with benzophenone.!® When complex XXVI was re-dissolved in
THF under moderate heating, the formation of the hexameric hydroxy complex
XXVII under the release of methylenecyclohexane was observed (Scheme 1,
vi).
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Synthesis of [ Cp'Ho( »-Cl)(AIMe s)]2 (XXlllyo). As described for the yttrium
analogon,® 474 mg (1.00 mmol) [Cp*Ho(AIMe.),] was dissolved in 10 ml of
hexane. Then 1 mL of 1M AlMe,Cl/hexane solution (1.0 eq) was added at A85°
C without stirring and the solution was warmed to ambient temperature. After
3 d crystals of XXllly, were separated from the solution (321 mg, 76%). IR
(Nujol): 2968 m, 2934 m, 2900 s, 2857 m, 1451 m, 1433 m, 1025 m, 1009 s,
860 s, 484 m cm™. Elemental analysis calcd (%) for CasH71ClsHos03 (845.46): C
39.78, H 6.44; found: C 39.94, H 6.57.

Synthesis of [ Cp'sYs( 2-Cl)s( 3-CI)( 2-CH2)(THF)s] (XXIVy) As described
previously,’! 400 mg (1.00 mmol) [Cp*Y(AIMe,),] were dissolved in 10 ml of
hexane. Then 1 mL of 1M AlMe,Cl/hexane solution (1.0 eq) was added at 85°
C without stirring and warmed to ambient temperature. After 3 h crystallization
of [Cp*Y(AIMe,)( -Cl)], occurred. After 4 d, the crystals were separated from the
solution, covered with 2 ml of toluene and dissolved immediately with additional
2 ml of THF. The clear solution gave product XXIVy as clear crystals within 4 d
(165 mg, 47%). IR (Nujol): 1307 m, 1170 m, 1022 vs, 919 m, 875 br vs, 723 s,
669 s, 651 s, 434 m cm™.

'H NMR (500 MHz, THF-d8 A f & =[3.62 (THF), 1.77 (THF)],

species_1

(45:2H): 2.01 (s, 45H,CH; & S A TIv.q = 4.4 Hz, Y3CHy);

species_2

(15:30:2:3): 2.00 (s, 30H, CH3(Cp*)), 1.99 (s, 10 H, CH3(Cp*)), -0.37 (dt, 2H, Jy.4
=5.4Hz, Jyy=2.2Hz,YCH, At 3H,%Jy.y=2.5Hz YsCHa);

species_3

(30:3H): 1.98 (s, 0.9H, CH; & S A V  3CHR);<

13C NMR (100 MHz, THF-d8 A f &= [64.6 (THF), 22.5 (THF)],
species_1

(45:2H): 115.2 (Cp*), 9.62 (C5{CH3}s >+64& A3-CHy]
species_2

(15:30:2:3): 114.1 (Cp*), 9.66 (C5{CH3}s >+64& A3-CHy]
species_3

(30:3H): 114.9 (Cp*), 9.57 (C5{CH3}s >+64& A5-CHjs)

Elemental analysis calcd (%) for C43H71Cl403Y3 (1044.55): C 49.44, H 6.85;
found: C 51.25, H 6.30.
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Synthesis of [ Cp'sLas( 2-Cl)s( 3-Cl)( 2-CH2)(THF)s] (XXIVi.) As described
previously,! 448 mg (1.00 mmol) [Cp*La(AlMe.),] were dissolved in 10 ml
hexane and 1.3 mL of a 1M AlMe,Cl/hexane solution (1.3 eq) was added at -
35° C without stirring. Crystallization of [Cp*sLas{( -Me)sAIMe}s( -Cl)e( 3-Cl)2]
was observed within 10 min at ambient temperature. After 3 d the crystals were
separated from the solution and dried in vacuum. The crystals were layered with
2 mL of toluene and 2 ml THF were added. The reaction mixture turned into a
clear solution within 20 min. The solution was filtered and kept at ambient
temperature for 3 d while it became yellow within 1 d. Cooling the mixture to
A5 °C resulted in the formation of the product XXIV 5 in form of transparent
crystals (143 mg, 36% overall yield). IR (Nujol): 1305 m, 1169 m, 1063 w, 1026
s, 967 w, 917 w, 877 br s, 723 w cm™. *H NMR (400 MHz, THF-d8, 25 °C): / =
3.61 (m, 12H, THF), 2.05 (s, 45H, CH3(Cp¥)), 1.77 (m, 12H, THF) ppm, A.96
(s, 1H, 0.5( »-CH,). *3C NMR (100 MHz, THF-d8, 25 °C): / = 120.8 (Cs{CHs}s),
12.2 (Cs{CHgz}s5) ppm. Elemental analysis calcd (%) for Cy3H7:ClsLazO3
(1194.55): C 43.23, H 5.99; found: C 43.71, H 5.97.

Synthesis of [ Cp'sHos( 2-Cl)s( 3-CI)( 2-CH2)(THF)s] (XXIVio). At ambient

temperature, crystals of [Cp*Ho(AIMey)( -CD]. (XXllly,) were layered with 2 mL

of toluene and 2 ml THF were added. The reaction mixture turned into a clear

SLQN VROXWLRQ ZLWKLQ PLQ $IWHU °CCGd toeRMROLQJ WKH
crystallization of XXIVye as pink crystals. IR (Nujol): 1308 m, 1171 m, 1022 vs,

921 m, 876 brvs, 723s, 671 s, 651 s, 436 m cm™. Elemental analysis calcd (%)

for C43H7:Cl4H0303 (1272.63): C 40.58, H 5.62; found: C 41.12, H 5.37.

Synthesis of [ Cp'sHos( 2-Cl)s( 3-Cl)2(THF)S][Cp sHoa( 2-Cl)e( s-Cl)( 4-CH2)]
(XXV). [Cp*Ho(AIMey)( -CD]2 (422 mg, 0.5 mmol) was dissolved in THF (2 mL)
and toluene (2 mL) was added. After 6 h pink crystals appear and the solution
ZDV FRROHGCWTRerA d the crystals were separated to yield 120 mg
(28%) of complex XXV. IR (DRIFT): 2968 m, 2936 m, 2901 s, 2857 m, 1451 m,
1436 m, 10379 m, 1009 s, 859 s, 485 m cm™.Elemental analysis calcd (%) for
Cs3H13:Cl12H0703 (2756.87): C 36.16, H 4.79; found: C 36.88, H 5.03.

Synthesis of [ CpsHos( »-Cl)s( 3-Clo)(O{CH3}CeH10)(THF),] (XXVI). The
dimeric tetramethylaluminate/chloro holmium complex [Cp'Ho( »-Cl)(AlMe4)]>
(XXlllye) was dissolved in THF to generate the methylidene species. An
equimolar amount of cyclohexanone and subsequently toluene was added in
VLWX 7KH VROXWLRQ ZDV VitV R dblsGheDcvystdllizatjfo& wBQ G D |
fully implemented in moderate yields (60%). Elemental analysis calcd (%) for
C43H71Cl4O3H03 (1335.12): C 40.48, H 5.59; found: C 41.45, H 5.49.
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General procedure for the synthesis of [{ Cp'sLns( »-Cl)s( s-Cl)( s
OH)(THF)2}( 2-CD]2 (XXVII).

Route A: The rare-earth metal methylidene complex [Cp sLna( 2-Cl)s( 3-CI)( »-

CH2)(THF)3] (Ln =Y, La) and the cyclohexanone were transferred into a J.

Young NMR tube using THF-dg and heated up to generate a clear solution. For
FU\VWDOOL]I]DWLRQ WROXHQH ZDV DGGHG WAR WRKRH UHDF
After one week, the hexameric title compound was crystallized in very low yields

(<10%).

Route B: The mixed tetramethylaluminate/chloro half-lanthanidocene cluster

complexes (XXIII) were dissolved in THF to generate the methylidene species.

Before any crystallization occured, an equimolar amount of cyclohexanone was

DGGHG LQ VLWX DQG WKH VROXWLRQ VWlikbdHv@asDW A ;
added and the crystallization was fully implemented after 2 days in moderate to

good yields (40-70%).

Synthesis of [{ Cp'3Ys( 2-Cl)a( 3-CI)( 3-OH)(THF)2}( »-Cl)]>»

Elemental analysis calcd (%) for C;6H124Cl100,Ye (2021.76): C 45.15, H 6.18;
found: C 46.53, H 7.56.

Synthesis of [{ Cp*gLag( 2-C|)3( 3-C|)( 3-OH)(THF)2}( 2-C|)]2

Elemental analysis calcd (%) for CzsH124CliglLasO, (2321.76): C 39.32, H 5.38;
found: C 38.58, H 5.01.

Synthesis of [{ Cp'sHoz( 2-Cl)s( 3-Cl)( 3-OH)(THF)2}( 2-Ch)]2

Elemental analysis calcd (%) for C;6H124CligH060, (2477.91): C 36.84, H 5.04;
found: C 36.39, H 5.21.
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Figure 2. ORTEP view of the molecular structure of [Cp*+ R »>-Cl)(AIMe,)]> (XXllly,). Atomic
displacement parameters are set at the 50% probability level. Hydrogen atoms omitted for
clarity.

Figure 3. ORTEP view of the molecular structure of [Cp*3H03 2-Cl)3 3-CI)2(THF)3][Cp*4Ho4 2"
Clg 3- & O 4-CHy)] (XXV). Atomic displacement parameters are set at the 50% probability
level. Hydrogen atoms are omitted for clarity.
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Figure 4. ORTEP view of the molecular structure of [Cp*3H03( 2-Cl)s( 3-
Cl)(O{CH3}CeH10)(THF),] (XXVI). Atomic displacement parameters are set at the 50%
probability level. Hydrogen atoms omitted for clarity.

Figure 5. ORTEP view of the molecular structure of [{Cp*sLnz( »-Cl)s( 3-Cl)( -OH)H{ »-Cl}],
representative of isostructural complexes XXVII. Atomic displacement parameters are set at the
50% probability level. Hydrogen atoms omitted for clarity.
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Figure 6. ORTEP view of the molecular structure of [Cp*3Y3( 2-CI)x( 2-CHg)y( 3-Cl)( 5-
CH,)(THF)s] (x +y = 3; x = 3 {A} or 2 {B}). Atomic displacement parameters are set at the 50%
probability level. Hydrogen atoms omitted for clarity.

Figure 7. 'H NMR spectrum (500 MHz, THF-dg, -10° C) of [Cp*3Y3 »Cl)x 2-CH3), 3-&O -
CH,)(THF)3] (x +y = 3; x = 3 {A} or 2 {B}).
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V. Mixed Formamidinate/Aluminate Half-Sandwich
Rare-Earth Metal Complexes

1,3-Diazaallyl related ligand systems ([RN=C(R }NR] ' R «< H, formamidinate; R ¢
= alkyl, amidinate; R = amine, guanidinate) have found a role as tunable
alternatives to the ubiquitous cyclopentdienyl family of ancillary ligands.!"
Though at an early stage, studies in catalytic processes of
amidinato/guanidinato rare-earth-metal complexes such as homogeneous
polymerizations, have proven to be promising.?* Recently, we reported on
rare-earth metal tetramethylaluminate complexes bearing formamidiniato
ancillary ligands [Ln(Form)(AlMe,),] (Ln =Y, La; Form (ArNCHNAr) = EtForm
(Ar = 2,6-Et,CgH3), DippForm (Ar = 2,6-iPr,CgHz)), and their performances in
isoprene polymerization (Paper 1IV).®! As the strong N-donors have also a
strong affinity for the LEwis acidic aluminum metal center, the reactivity of the
formidinates with MMe3 (M = Al, Ga) was also investigated. The characterized
complexes include the dimethylaluminum formamidinate complex
[(DippForm)AIMe,] (Paper V). Very recently, we have successfully shown, that
the reactions of [Me,A{B(NDippCH).}l. (Dipp = 2,6-iPr.CgH3)!”?  with
[Cp*LnMe2]s® (Ln = Y, Lu) form the corresponding rare-earth metal half-
sandwich complexes with heterosubstituted aluminate ligands
3SKHWHURDOXP L QD WAKB(NDipp&IS), 1613 (Pdper VI).®) The bulky
carbanion-like boryl ligands were found in the peripheral positions and the
performance in isoprene polymerization of these complexes was tested. Herein,
we were interested, if the reaction of [Cp*LnMe]; with [(DippForm)AlMe;] would
also generate half-lantanoidocene heteroaluminate complexes. Interestingly,
the reaction led to [Cp*Ln(AIMeg)(DippForm)] XXVIII under ligand
rearrangement, irrespective whether 1 or 2 equivalents of the dimethylaluminum
reagent were applied (Scheme 1). Single crystals of complexes XXVIII suitable
forX-UD\ GLIITUDFWLRQ DQDO\VLY ZHUH JURZQ IURP WROXt
molecular structure of the lutetium complex is representatively shown in Figure
1. The formamidinato ligand coordinates in a -fashion to the rare-earth metal
center and the released AlMe, together with the two methyl groups form a
tetramethylaluminate moiety. Additionally, the performance in isoprene
polymerization was primarily tested. The lutetium complex showed high activity
upon  cationization  with  co-catalysts  [Ph3C][B(CsFs)s] (A) and
[PhNMe2H][B(CsF5)4] (B) but none with B(CgFs)s (C) (Table 1, run 1-3).
Interestingly, polyisoprene (PIP) with dominant 3,4-units (57% and 58%) was
obtained, while in contrast [Cp*Ln(AlMe,),] produces mainly cis-1,4-PIP (up to
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74%, run 4-6) and [Cp*Ln(Me3sAK{B(NDippCH).}.).] generates PIP with
predominant trans-1,4 units (68%, run 7).

1 or 2 equiv. ! : [
! DippForm-AlMe, _Dipp
1/3 > Me N
60 °C, 1 h, CgDg N A
M Y A'r‘“ A
e e
L 43 Me” \ L
Me Dipp
Ln=Y, Lu XXVII Dipp = 2,6-iPr,CgHs

Scheme 1. Synthesis of half-sandwich mixed aluminate/formamidinate complexes.

General procedure for the synthesis of [(C sMes)Ln(AlMe 4)(DippForm)]
(XXVIII). The half-sandwich rare-earth metal dimethyl complex [(CsMes)LnMe;]3
and the organoaluminum formamidinate complex [(N,N-HC{2,6-iProCe¢Hs-
N}2)AIMe;] were transferred to a Teflon sealed J. Young NMR tube using CgDs
and heated to 60 °C. After one hour, the integration of the proton signals in
NMR analysis stayed constant and additional **C NMR and 'H-**C HSQC
spectra were recorded to identify the product, which was obtained in
guantitative yields.

Synthesis of [(C sMes)Y(AIMe 4)(DippForm)] (XX Vllly). Following the procedure
described above, [(CsMes)YMe;]s (51 mg, 0.20 mmol) and the organoaluminum
formamidinate complex (84 mg, 0.20 mmol) yielded XXVIlly (134 mg, 0.20
mmol, >99%) as a white solid. Crystallization from a toluene/hexane solution at
A f& DIIRUGHG FRORUOHVV FuayV WfftaCtivn #ndlys8.D E O H
'H NMR (400 MHz, C¢Dg, 25 °C): 8.24 (d, *Jy.4 = 4.4 Hz, 1 H, NCHN), 7.10-7.02
(br, 6 H, Ar-H), 3.16 (sept, 3Ju.q = 6.7 Hz, 4 H, Ar-CH(CHs),), 1.93 (s, 15 H,
Cs(CHs)s), 1.33 (d, ®Ju.4 = 6.7 Hz, 12 H, Ar-CH(CHs)2), 1.06 (d, ®Ju.n = 6.7 Hz,
12 H, Ar-CH(CHs),), R.4 (d, 2Jv.4 = 2.3 Hz, 12 H, Al(CHa)s). *C NMR (100
MHz, CgDs, 25 °C): / = 172.7 (d, 2Jy.c = 3.3 Hz, NCHN), 144.0 (d, 2Jy.c = 1.4
Hz, Ce-N), 142.2 (Ce-Pr), 125.0 (Cg), 123.9 (Ce), 121.3 (d, Jy.c = 1.2 Hz,
Cs(CH3)s), 28.7 (Ar-CH(CHs),), 26.5 (Ar-CH(CHs)2), 23.3 (Ar-CH(CHs3),), 11.3
(C5(CHa)s), 1.3 (Al(CHa3)4). IR (cm®): 3067 m, 3016 m, 2957 s, 2924 s, 2893 s,
2866 s, 2728 w, 1652 w, 1595 w, 1521 s, 1461 m, 1435 s, 1381 w, 1358 w,
1336 w, 1317 m, 1282 s, 1231 w, 1200 m, 1181 m, 1114 w, 1098 w, 1023 m,
948 w, 934 w, 798 w, 764 m, 753 w, 719 s, 695 s, 583 m; elemental analysis
calcd (%) for CaoHeoAINLY (672.79): C 69.62, H 8.99, N 4.16; found: C 69.14, H
8.95, N 4.11.

IRU
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Synthesis of [(C sMes)Lu(AlMe 4)(DippForm)] (XXVIIl ). Following the

procedure described above, [(CsMes)LuMe;]s PJ PRO DQG WKH
RUIJDQRDOXPLQXP IRUPDPLGLQDWH FRPSXNMIJl_, (56P J Pt
PJ PRO ! DV D ZKLWH VROLG &U\VWDOOL]DWLR:

VROXWLRQ DW A f& DIIRUGHG FRORWWa HiffrsictiénU\V W D O \
analysis. *H NMR (400 MHz, C¢Dg, 25 °C): 8.29 (s, 1 H, NCHN), 7.11-7.02 (br,
6 H, Ar-H), 3.19 (sept, *Jun = 6.7 Hz, 4 H, Ar-CH(CHs),), 1.95 (s, 15 H,
Cs(CHa)s), 1.33 (d, 3Jun = 6.7 Hz, 12 H, Ar-CH(CHa),), 1.05 (d, %Ju.n = 6.7 Hz,
12 H, Ar-CH(CHs),), A&.06 (s br, 12 H, AI(CH3)s). *C NMR (100
MHz, CgDs, 25 °C): / = 172.1 (NCHN), 143.9 (Ce-N), 142.5 (Ce-'Pr), 125.2 (Cs),
124.0 (Cs), 120.1 (Cs(CHs)s), 28.5 (Ar-CH(CHz3),), 26.8 (Ar-CH(CHa),), 23.3 (Ar-
CH(CHs),), 11.4 (Cs(CHa)s), n.d. (AI(CHs)a). IR (cm®): 3067 m, 3020 m, 2957 s,
2925 s, 2866 s, 2729 w, 1653 w, 1595 w, 1524 s, 1458 m, 1436 s, 1382 w,
1358 w, 1336 w, 1318 m, 1281 s, 1232 w, 1201 m, 1181 m, 1115 w, 1098 w,
1024 m, 949 w, 935w, 799 w, 764 m, 753 w, 719 s, 697 s, 585 m; elemental
analysis calcd (%) for C39HgoAIN2LU (758.86): C 62.53, H 7.66, N 3.68; found: C
61.73, H7.97, N 3.69.

Figure 1. ORTEP view of the molecular structure of [(CsMes)Lu(AlMe,)(DippForm)] (XXVIII)
representative of isostructural complexes XXVIII. Atomic displacement parameters are set at
the 50% probability level. Hydrogen atoms omitted for clarity.

Bond length Y Lu Bond angle (°) Y Lu
A

IQA& 2.627(2) 2.598(3) & AIQA& 82.21(7) 84.11(9)
IQA& 2.517(2) 2.448(3) 1 A/IQA1 57.18(5) 58.31(7)
IQA1 2.366(2) 2.314(2) Cpeent A/QA & 127.33 127.67
/IQA1 2.410(2) 2.366(2) CpeentA/QASO  118.45 118.71

IQA &S 2.345 2.296 & AIQAs$O 114.22 113.61
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Figure 2: 'H NMR spectrum (CgDsg, 25 °C) of complex XXVIlly.

Figure 3: ¥C NMR spectrum (CgDg, 25 °C) of complex XXVIlly.
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Figure 4: 'H NMR spectrum (CgDsg, 25 °C) of complex XXVIII .

Figure 5: 3C NMR spectrum (CgDg, 25 °C) of complex XXVIII,.
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Table 1. Selected examples of isoprene polymerization in toluene at 40 °C.

a

run® catalyst’” t(h) yield cis- trans- 3,4° M, (x10°) My/M,® ref.

1 XXVII/A 12 >99 319 99 582 25.0 1.49
2 XXVIIL/B 12 >99 324 101 575 30.6 1.47

3 XXVIIL/C 12 - - - - - -

4°  [Lu'A 025 >99 739 19.7 6.4 10.0 1.49

5° [Lu'YB 025 >99 703 203 9.4 9.5 1.45

6° [Lu'/C 05 26 746 207 47 11.0 1.39 B
77 [L'yc 24 34 212 684 104 3.0 1.97 P

4Conditions: 0.02 mmol precatalyst, [Ln]/[cocat] = 1:1, 8 mL solvent, 20 mmol isoprene. ®Co-
catalyst: A = [PhsC][B(CsFs)s], B = [PhNMe,H][B(CsFs)s] C = B(CeFs)s; “Determined by *H and
3C NMR spectroscopy in CDCls; “Determined by means of size-exclusion chromatography
(SEC) against  polystyrene  standards; e[Lu'] = [Cp*Lu(AlMe,),]; f[Lu ] =
[Cp*Lu((MesAKB(NDippCH)_}2)2]-
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Cyclopentadienyl Ligands: C H Bond Activation and Performance in

Isoprene Polymerization
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Abstract: Homoleptic tetramethylalu-

minate complexes [Ln&AIM& UNGLRENNWNGpyY. In the case of the largest metal

NMe2

La, Nd, Y) reacted with HCp
(Cp"™*2 = 1-[2-(N,N-dimethylamino)-

C and 'H-C HSQC NMR spectro-

center, lanthanum, this C H bond acti-
vation could be suppressed at 358C,

[{CsMe ,CsH ,NMe KBEAYNBHERANNUNG
fIAE WINGAMRENN UG elimination  of
methane. In contrast, the smaller yttri-
um metal center already gave the ami-

ethyl]-2,3,4,5-tetramethyl-cyclopenta- thereby leading to the isolation of  nomethyl-activated complex at 358C,
dienyl) in pentane at 358C to yield [(Cp"“*?)LafxMa NG VRENMNONEins  which is isostructural to those of
half-sandwich rare-earth-metal com- an intramolecularly coordinated amino  lanthanum and neodymium. The
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N-donor-coordinated  trimethylalumi-
num group through donor displace-
ment by using an equimolar amount of
Et,O at ambient temperature only gen-
erated the methylene-bridged com-
plexes
CH,)AIMe s}Ln piIME YNGTRENNUNE
larger rare-earth-metal ions lanthanum
and neodymium. X-ray diffraction
analysis revealed the formation of iso-
structural complexes and the CH
bond activation of one aminomethyl
group. The formation of Ln ABEAYNIGTR
moieties was further corroborated by

anilinyl-substituted

tadienyl) at
sandwich

groups

Introduction

More than a century ago, in 1909, Fritz Hofmann, a German
chemist at Bayer Werke, patented the first synthetic rubber,
named <BunaZ after its starting materials, butadiene and
sodium (ger. Natrium).™¥! Thirty years later, caused by the
continuously growing demand for economically viable
rubber and forced by the rise of World War Il, rubber syn-
thesis and process technology were optimized, as exempli-
fied by monomer variation. Even after the war ended, the
market for rubber products grew steadily and exceeded the
supply of natural rubber (NR). To date, more than 15 mil-
lion tons of synthetic rubber (SR) are produced per year,
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HCpAVe2 (Cp”Me2 = 1-[1-(N,N-dimethyl-
AGHTYNGI R BNBlciRthylcyclopen-
358C generated the half-
complexes
[{CGMe ,CH,CH ,NMe AGHT WA REIGHRENYLINESe complexes at
758C resulted in the C H bond activa-
tion of one of the anilinium methyl the
and the
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cyclopentadiene
and
Ln eIMd YN @T RIENIpOM@erization of
isoprene was investigated upon activa-
tion with [Ph ;C][B AGAJUNBAIRENMING
[B AR YNGR BYERB G NIGEREGIESNG
stereoselectivities were observed with
lanthanum-based pre-catalysts,
thereby producing polyisoprene with
trans-1,4 contents of up to 95.6%.
Narrow molecular-weight distributions
(M,/M < 1.1) and complete consump-
tion of the monomer suggested a
living-polymerization mechanism.

[(CB¥*)Ln-

formation  of

which represents over 55% of the total rubber production.?
Multicomponent Ziegler-type catalysts, based on rare-earth
metals such as neodymium, are commonly used for the
highly cis-1,4-selective polymerization of 1,3-dienes, al-
though the molecular weights and molecular-weight distribu-
tions of the products are broad and the nature of the active
species is still under discussioff! Over the past two decades,
well-defined metal...organic complexes of rare-earth ele-
ments have been assessed as single-site catalysts in the
anionic coordination polymerization of 1,3-dienes to gain
more insight into the polymerization mechanism. Cyclopen-
tadienyl ancillary ligands not only impart kinetic and ther-
modynamic stability for modeling co-catalyst interactions,
but also drastically affect the stereoregular polymerization
of 1,3-dienes!” We have recently developed a library of
rare-earth-metal-based bis(tetramethylaluminate) complexes
[(L)Ln paIE UNGIRENbIMEGoNic ancillary ligand) to gain
a detailed understanding of the effects of the ancillary
ligand and the co-catalyst on isoprene polymerization’® The
first entries in this library were half-sandwich complexes

[(CpF)Ln pramia UNGIIRENKUNG La, CpR=[CMeg]; Ln=
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Nd, La, CpR=[C:Me,H]; Ln =
Lu, Y, Sm, Nd, La, CpR=11,3-
(Me;Si),CeHzl, [CsH,SiMeg];
Ln=Sm, Nd, La, Cp*=[1,2,3-
(Me ;C);C:H,)), which have af-
forded good-to-excellent cata-
Iytic activities with high trans
1,4 selectivity upon activation
with borate co-catalysts [PhC]
[B AGHIUNGTRENNURIE] [B-
ACAJINGTRENNUNG
Because the steric saturation
of the rare-earth-metal centers
crucially affects the stereore-
gular polymerization of 1,3-
dienes, it seemed a natural
consequence to extensively
probe any advanced function-
alization of the cyclopenta-
dienyl ligand. On the other
hand, the utilization of hard
donor functionalities, accord-
ing to Pearsoris hard and soft
acids and bases (HSAB) con-
cept, such as neutral amines
and monoanionic  amides,
could be envisaged as a deli-
cate issue, owing to their pre-
ferred interaction with widely
used organoaluminum co-cata-
lysts. Whilst linked dianionic
amido-cyclopentadienyl li-
gands have been routinely em-
ployed for the synthesis of
rare-earth-metal-based con-
strained-geometry catalysts
(CGC),® thereby successfully
promoting  a-olefin-polymeri-
zation reactions!”) there have
only been a few reported ex-
amples of half-sandwich rare-
earth-metal dialkyl complexes with neutral nitrogen donors.
In 2003, Hessen and co-workers utilized a cyclopentadienyl-
amine scandium fragment to isolate a rare example of a
1,3-butadiene complex, [{GH &Y IDNETFEN\BIN@ethyl-
1,3-butadiene)] (Scheme 1,A),®! which produced a dimeric
imide complex upon benzonitrile insertion. Several years
later, Otero etal. described heteroscorpionate-supported
scandium and yttrium complexes (Scheme 1B)® and Hou
and co-workers reported the methylene-bridged binuclear
complex
(Scheme 1, C).*¥ More recently, pyridyl-methylene- and
phosphazene-functionalized cyclopentadienyl complexes
were exploited by Cui and co-workers'® and Sundermeyer
and co-workers*Y for the polymerization of styrene and eth-
ylene (Schemel, D and E), respectively. Anilinyl-
(Scheme 1,C) and pyridinyl-functionalized cyclopentadienyl
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Scheme 1. Examples of N-functionalized half-sandwich rare-earth-metal bisgkdyil) GNGHIRENNUNG

ligands were also recently applied to the synthesis of half-
sandwich bissMAT tovapTexEes FUNG

As an extension of our half-sandwich bis(tetramethylalu-
minate) library, we initially examined the performance of
the quinolyl-substituted complexes
(Cp® = 1-(8-quinolyl)-2,3,4,5-tetramethyl-cyclopentadienyl;
Scheme 1,F)."® The hard quinolyl donor did not interfere
with the formation of rare-earth-metal bis(tetramethylalu-
minate) complexes, which displayed good activity in iso-

[{CsMe ,CeH ,NMe ACEH L) MNeXBHBMNNTRENNpPGe polymerization. Herein, we report a full account of

the feasibility of N,N-dimethylamino-sidearm-substituted
tetramethylcyclopentadienyl ligands, CpiMe2
(CsMe,CH,CH,NMe,, developed by Jutzi and Dahlhaus}*!
and Cp*? (C,Me,C¢H,NMe,, reported by Enders et al.).*¥
Apart from their inherent dual reactivity towards homolep-

tic complexes [LnfAIMaE NG TREXNEHNGIned the distinct
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Lewis acidic metal centers L' and Al", the performance

of the resulting half-sandwich complexes towards 1,3-diene
polymerization has also been investigated. Preliminary work
on alternative synthesis procedures involved the formation

of [{(Cp"™2)YMe ,ACHTUNOTRENdNGS a rare example
of a structurally authenticated half-sandwich dimethyl com-

plex (Scheme 1,G).1¢

Results and Discussion

Synthesis The protonolysis reactions of homoleptic rare-

FULL PAPER

earth-metal tetramethylaluminate complexes, [Ln&IM& UNGTRENNUNG

(Ln =Y, La, Nd),™ with one equivalent of the N-donor-
functionalized cyclopentadiene HCp"“¢? (Cp"Me?= 1-[2-
(N,N-dimethylamino)-ethyl]-2,3,4,5-tetramethyl-cyclopenta-
dienyl) in pentane at 358C vyielded their corresponding
rare-earth-metal bis(tetramethylaluminate) complexes,
[{CsMe ,CH,CH ,NMe ,H0M& NG EREATUINCHR ESENENE? ).
In contrast to previous reactions with cyclopentadiene proli-
gands that were devoid of any donor functionality, the tem-
porary formation of a precipitate was observed. We hy-
pothesize that, in the first step, the donor-induced cleavage
of one tetramethylalumlnate m0|ety occurred, under the for-
mation of a pro AQEBRIUHIEGREEN 3 adduct, along
with the formation of a transient rare-earth-metal methyl
complex (I, Scheme 3). These highly reactive Ln CH, spe-
cies (') are proposed to deprotonate the cyclopentadiene
group, thereby giving complexes 1. Accordingly, upon stir-
ring for 15 min, the reaction mixture became completely
clear and gas evolution (elimination of methane) was ob-
served. Efforts to remove the trlmethylalumlnum coordinat-
ed by the prohg:r B }&K8 by heating were un-
successful (see below). The addltlon of one equivalent of

Scheme 3. Proposed CH bond activation sequence through intramolecu-
lar donor-induced aluminate cleavage.

Et,O to a solution of complexes 1a (Ln =La) and 1b (Ln =
Nd) at ambient temperature gave instantaneous gas evolu-
tion and C H bond-activated complexes
CH,)AIMe }Ln oM YNATRENAIYBIE, Nd (3b)) could be
isolated after removal of the diethyl-ether trimethylalumi-
num adduct under vacuum (Scheme 2ii). However, the addi-
tion of donor (= solvent) molecules to yttrium complex 1c
under the same conditions led to multiple C H bond activa-
tions and intractable products. The temperature-controlled
formation of C H bond-activated lanthanum and neodymi-
um complexes @a and 3b, respectively) was confirmed by
donor addition to lanthanum complex la at 358C. This
«low-temperatureZ reaction afforded complex [(Cp™*?)La-
HIE UBIQPREMNIXGING the donor-assisted displacement of
trimethylaluminum,  followed
by an intramolecular coordina-
tion of the nitrogen donor to
the rare-earth-metal center
(Scheme 2ii)).  Intramolecular
donor-coordinated complexes
2, which were only isolable for
the largest rare-earth-metal
center (lanthanum), were also
observed as intermediate spe-
cies 1?2 (Scheme 3). C H bond
activation was only established
when complex 2a was redis-
solved in toluene and allowed
to warm to ambient tempera-
ture, thereby forming complex
3a (Scheme 2iv). Mechanisti-
cally, this process would in-
volve a competitive donor-co-
ordination step with an intra-

Scheme 2. Synthesis  of  [{CH**2AMe JLn pIME NG TRENNUDE)Ln (rOME NG TRENNuNG [(Cp™peHTUNEIRGHRIydgnor-induced - alu-

CH,)AIMe ;}Ln pKIa UBIGBREKNIGNG protonolysis procedure and the consecutive donor-induced removal of

AlMe ;.
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minate cleavage (Scheme 3).
The thus-formed highly reac-
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tive transient Ln CH; species (%) could afford C H bond-
activated and thermally stable complexes3. Similar tetrame-
thylaluminate-promoted C H bond activations have previ-
ously been observed in diamido-pyridine-supported yttrium
and lutetium complexes that involved the isopropyl groups
of the ancillary ligand backbone,*®¥ as well as in a lantha-
num formamidinate complex that involved the o-methyl
group of a mesityl substituent "’

In contrast, the protonolysis of [Ln SXIM& UNGIRENMNJNG

Nd, Y)® with one equivalent of HCpAY®? (CpA¥e? = 1-[1-
(N,N-dimethylanilinyl)]-2,3,4,5-tetramethyl-cyclopentadien-

yl) in pentane at 358C yielded the bis(tetramethyalumi-
nate) complexes [(Cp*e?)Ln pIMaE UNGTRENNUANG a), Nd
(4b); Scheme 3) or the C H bond-activated complex
[{CsMe ,CsH ;NMe ACEH L NIHERFI AN G S RE RdIUNGe

outset (Scheme 4).

Scheme 4. Synthesis  of
CH,AlMe 3}Ln9KDHé'l4WC51jmﬁfbhughl\da)rotonolyS|s procedure.

This reaction outcome can be rationalized on the basis of
the considerably enhanced rigidity of the Cp*“*? ligand and
the smaller radius and higher Lewis acidity of the Y" metal
center. Nevertheless, heating the bis(tetramethyaluminate)
complexes [(Cp™*?)Ln SxIME UNGFRENDILbEBizene at 758C
for 16 h (in an NMR experiment) resulted in the highly se-
lective C H bond activation of one NCH ; group, along with
methane elimination and the quantitative formation of com-
plexes 5 (Scheme 3). Notably, analogous CH bond-activa-
tion reactions of cyclopentadienyl-linked NMe , units have
previously been observed!® but a dependence on the size
of the rare-earth metal or temperature has not been report-
ed. In addition, owing to the use of the sterically less-shield-

16324—— www.chemeurj.org
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ing s(hY)-coordinating CH ,SiMe; groups, only binuclear
mono-alkyl  complexes  [({CsMe,CeH ,NMe ABEHIYNGTRENNUNG
KHHBIMES)TREINNEINGSC) were obtained 42124

NMR spectroscopy: Good-quality 'H and **C NMR spectra
in [D ¢]Jbenzene could be obtained for all diamagnetic com-
plexes 1.5 (Ln=La, Y; see the Supporting Information).
Thus, non-activated complexesla, 1c, and 2a showed the
expected set of signals for the coordinated CPH™®? ligand.*!
The four methyl groups of the Cp ring appeared as two sin-
glets (la: d=1.94, 1.90 ppm;lc: d=1.92, 1.82 ppm;2a: d=
1.89, 1.79 ppm) and the two aminomethyl groups appeared
as a singlet (a: d=1.79 ppm, 1c: d=1.71 ppm, 2a: d=
1.70 ppm). In complexeslaand 1c, the protons of the ethyl-
ene bridge appeared as two multiplets (a: d=2.72,
2.11 ppm;1c: 2.66, 2.14 ppm), whilst in complex2, they ap-
peared as two triplets (d= 2.12, 2.02 ppm). Beside the signal
for the bis(tetramethylaluminate) moiety (la: d=

0.32ppm; 1c: d= 0.33ppm; 2a: d= 0.27 ppm), the
signal of the trimethylaluminum adduct appeared at higher
field (1a: d= 0.54 ppm;lc: d= 0.44 ppm). The spectrum
for complex 4a also showed three singlets for the methyl
groups atd= 2.16 (NMe,), 1.96, and 1.71 ppm (Cple,). The
signals of the aromatic anilinyl protons were found within
the range d=6.99...6.66 ppm as four multiplets. At higher
field, only one sharp singlet was observed for the [AIKEHTUNGTRI
Me),Me,] moieties (d= 0.10 ppm), thus indicating a rapid
exchange between the terminal and bridging methyl groups
in complex 4at™!

The ambient-temperature 'H NMR spectra of complexes
34 5a, and 5c in [D ¢Jbenzene showed unexpected sets of
signals. Two narrow H signals with an integral ratio of 12:9
were observed in the high-field region, which could be as-
signed to one [AlMe, moiety (3a: d= 0.21 ppm,
5a: 0.14 ppm,5c:d= 0.21 ppm) and one AlMe; motif (3a
d= 0.41ppm,5a: d= 0.44ppm,5c: 0.49 ppm), thus in-
dicating fluxional behavior. Interestingly, the typical H-%Y
scalar coupling over two bonds for yttrium aluminate bond-
ing was not observable for complex5c/?! The signals of the
aromatic anilinyl protons in complexes 5a and 5c were

(") LnGMMG'WG'I'(RENNan[{CpAMeA@HTUV\r(gHJIQENM\{Jwg] the range d=7.03...6.85ppm andi=7.07..

7 ppm, respectively. Instead of the expected set of three
singlets for the six methyl groups of the anionic Cp*™®2
ligand (2,5Me-Cp, 3,4Me-Cp, NMe,), five distinct resonances
were detected within the characteristic range. H-°C
HSQC NMR spectroscopy allowed for complete signal as-
signment and is discussed for complex3 a herein as a repre-
sentative example (Figure 1).

C H bond activation of one aminomethyl group induced
the formation of a Ln ABERYNGTRENNIHBIGbY leading to
the formation of a stereogenic center at the nitrogen atom.
Hence, all of the Cp Me groups, as well as the protons of
the CH,CH, linker (carbon atoms C10 and C11, Figure 2),
became magnetically inequivalent, thus showing eight sepa-
rate resonances. The four methyl groups of the Cp ring ap-
peared within the region d= 2.00...1.77 ppm in théH NMR
spectrum and d= 12.4...11.0 ppm in thé’C NMR spectrum

Chem. Eur. J.2013 19, 16321 ... 16333
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Figure 1. 2D 'H-C COSY NMR spectrum of [{Cp "“°AGEHNGERENNMME NG IREMN[INGenzene at
298 K. The 1D **C NMR spectrum is shown on the left edge of the contour plot, whilst the *H NMR spectrum

is shown at the top.

(5a: d=2.21...1.73/12.3...10.8 pprac: d= 2.05...1.64/12.7...

11.4 ppm; Figure 1i). In addition, complex 3a showed signals

within the regions d=2.98...2.91 and 2.37...2.31 ppm, which

correlate with the C11 carbon atom (d=66.8 ppm, Fig-

ure liii), as well as multiplets at d=2.27...2.19 and 2.04...

1.98 ppm, which correlate with the C10 carbon atom @i=

22.7 ppm, Figure 1iv). The protons of the aminomethyl
group appeared at d=1.78 ppm and showed a correlation
with the C NMR signal at d=47.7 ppm Ga: d=2.21/
45.5 ppm, 5¢: d= 2.24/47.4 ppm; Figure 1ii). The protons of
the activated (mCH,) moiety each showed a discrete dou-
blet in the *H NMR spectrum at d= 1.34 and 1.08 ppm, re-
spectively, which correlated with the peak atd= 39.1 ppm in
the *C NMR spectrum (5a: d= 1.94, 1.72/54.8 ppm5c: d=

2.03, 1.83/52.2 ppm; Figure 1v).

Solid-state structures Single crystals of [{Cp™Me2AMed) | .
G UBNGIRENMUNG), Nd (1b), Y (1¢) suitable for X-
ray crystallographic structure determination were grown
from saturated solutions in pentane at 358C. Complexes
laand 1b, which contained the larger Ln™ ions, crystallized
in the monoclinic space groupsP2,/n and P2,/c, respectively,
whilst complex 1c, which contained the smaller yttrium ion,
crystallized in the orthorhombic space group P2,2,2,. The
coordination mode of the ligands was isostructural in all
three complexes and, therefore, the molecular structure of
complex 1ais shown in Figure 2 as a representative exam-
ple.

The cyclopentadienyl ligand coordinates the rare-earth-
metal center in a h® mode, whilst the nitrogen atom of the
amino group coordinates one trimethylaluminum molecule.
Comparable to the half-sandwich rare-earth-metal bis(alu-
minate) complexes [(CsMes)Ln HIME NG TRENNQINGhe

Chem. Eur. J. 2013 19, 16321 ... 16333
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[AIMe ,] ligands coordinates
in the routinely observed
h? fashion, thus forming an

almost-planar heterobimetallic
moiety with inter-planar angles
(C14LnC15 C14AI2C15)  of
1.78 (1a), 3.498 (1b), and
8.548 (1¢), while the second
[AIMe ] ligand forms an addi-
tional close contact with one
methyl group (Ln---C19;
3.084(2) (La), 3.053(2) (@b),
and 3.218(6) ( 1¢)), accompa-
nied by a bent coordination
mode, thereby resulting in in-
terplanar angles (C18LnC19
C18AI2C19) of 64.688 (1a),
63.98 (1b), and 58.28 (1c).
Carbon metal bond lengths
are typically affected by the
size of the Ln" ion and are in
good agreement with those of

[(C:Me.)La M YNEFRENNUNG

Figure 2. Molecular structure of [{Cp"Me2AMe3) 1| 4 paiAE UNGTRIE NBhBG
sentative of isostructural complexes1. Atomic displacement parameters
are set at the 50% level; hydrogen atoms are omitted for clarity.

[(CpMe ,H)Nd SIMa UBICPRENNUIGIE )Y SOME NG PRENNUNG

lected structural parameters are listed in Table 1.

Complex [(Cp"“*?)La pdMaE UNGTREENNSdEzed from a
saturated [Dg]toluene/n-hexane mixture at 358C in the
monoclinic space groupP2,/c (Figure 3). Note: The temper-
ature should not exceed (BC during all operations to pre-
vent C H bond activation.

The rare-earth-metal center is h* coordinated by two
[AIMe ,] moieties and the N-donor-functionalized Cp
ligand coordinates in a h®k* fashion through the Cp ring
and the nitrogen atom. This geometry is similar to that of
the [(CpA"*?)Ln paME UNGILRENNUNG:), Nd (4b)) com-
plexes, which contains the anilinyl-functionalized cyclopen-
tadienyl ligand. Single crystals of complexes4a and 4 b were

16325
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Table 1. Selected bond lengths and angles in complexes.

la(Ln=La) 1b (Ln = Nd) lc(Ln=Y)
Bond []
Lnl C(Cp) 2.764(1)... 2.706(1)... 2.657(5)...

2.806(1) 2.748(1) 2.628(5)
Lnl C14 2.691(1) 2.630(2) 2.576(4)
Lnl C15 2.716(2) 2.650(1) 2.546(6)
Lnl C18 2.830(2) 2.779(2) 2.686(5)
Lnl C19 3.084(2) 3.053(2) 3.218(6)
Lnl C20 2.774(2) 2.748(1) 2.671(5)
N1 AI3 2.063(1) 2.065(2) 2.065(4)
Angle [§
C14-Ln1-C15 78.82(4) 82.7(2) 80.62(5)
C18-Ln1-C20 72.40(5) 77.1(2) 73.96(5)
C14-Al1-C15 111.59(6) 109.5(2) 110.51(7)
C18-Al2-C19 105.28(7) 105.3(2) 104.86(8)
C18-Al2-C20 107.20(7) 108.6(2) 108.46(7)
C19-Al2-C20 105.02(8) 105.9(2) 104.78(8)
Interplanar angle [§
C14Ln1C15 1.75 3.49 8.54
C14AI1C15
C18Ln1C19 64.66 63.95 58.23
C18AI2C19

Figure 3. Molecular structure of (Cp"Y°?)La ARIME N GER EADIONGdis-
placement parameters are set at the 50% level; hydrogen atoms are
omitted for clarity.

obtained from a solution in n-hexane/toluene at 358C in
the monoclinic space groupP2;/c (Figure 4).

Selected bond lengths and angles in complexea, 43,
and 4b are listed in Table 2. In contrast to the structural
motifs that were observed for the donor-free half-sandwich
bis(tetramethylaluminate) complexes, in which one
tetramethyl AGHTIANGTRENNEOEPts a bent coordination,
the additional nitrogen coordination afforded sterically satu-
rated Ln" metal centers, and hence, both AlMe, moieties
adopt a planar arrangement (C14LnC15 C14AI1C15, 2a:
1.3 4a: 598 4b: 6.8, C18LnC19 C18AI2C19, 2a:
11.48 4a: 3.28 4b: 4.09).51722-24 gimilar impact of the
donor on the coordination of the tetramethylaluminate was
previously observed for the quinolyl-substituted half-sand-
wich bis(tetramethylaluminate) complexes of yttrium and
lanthanum (Scheme 1,F), which features two planar h®coor-

16326—— www.chemeurj.org
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Figure 4. Molecular structure of [(CpAV°?)La pXIME UBQBRE NBliBENta-
tive of isostructural complexes 4. Atomic displacement parameters are
set at the 50% level; hydrogen atoms are omitted for clarity.

Table 2. Selected bond lengths and angles in complexe8 and 4.

2 (Ln=La) 4a(Ln = La) 4b (Ln = Nd)
Bond []
Lnl C(Cp) 2.756(2)... 2.732(1)... 2.667(2)...
2.843(2) 2.846(1) 2.788(1)
Lnl C14 2.788(3) 2.764(1) 2.711 (1)
Lnl C15 2.729(2) 2.728(1) 2.670(1)
Lnl C18 2.810(3) 2.798(2) 2.748 (1)
Lnl1 C19 2.820(2) 2.883(1) 2.856(1)
Lnl N1 2.735(2) 2.771(1) 2.745(2)
Angle [§
C14-Ln1-N1 82.78(7) 84.03(4) 82.90(7)
C18-Ln1-N1 108.61(7) 105.99(4) 104.78(7)
C19-Ln1-N1 83.58(7) 88.50(4) 86.42(6)
C14-Ln1-C15 76.45(8) 77.31(4) 78.82(8)
C18-Ln1-C19 73.29(8) 73.48(4) 73.97(8)
C14-Al1-C15 111.8(1) 111.95(6) 111.8(1)
C18-Al2-C19 110.9(1) 112.09(6) 111.6(1)
Interplanar angle [§
C18Ln1C19 11.42 3.22 4.05
C18AI2C19
C14Ln1C15 1.30 5.97 6.87
C14Al1C15

dinated AlMe , moieties (Y =0.7482.78 La=0.3185.14
1.0695.428).%! Moreover, intermolecular La--P donor inter-

actions, as observed in complex [{i>-PC,Me ,)Ln H0ME NG TRENNUNC
were found to counteract any additional weak
La--CH(aluminate) bonding interactions.?*! The Ln C

bond lengths were within the expected range and decreased

with decreasing size of the L' cation (Ln Cg,; 4a

2.793 , 2a: 2.787 , 4b: 2.746 ). Notably, owing to addi-

tional donor coordination, the C19 methyl group coordi-

nates in a trans manner to the cyclopentadienyl ligand,

thereby featuring a Ln C19 bond that is clearly elongated

in complexes [(Cp*™*?)Ln HIME UNGIARENNEBSGEL) , 4b:

2.856(1) ), but less so for complex [(Cp ““*?)La gxE NG TRENNUL
(2: 2.820(2) ). A similar electronic effect was observed for

the CpQ-substituted complexes (2.762 (Y); 2.848, 2.856

Chem. Eur. J.2013 19, 16321 ... 16333



Rare-Earth-Metal Alkylaluminates

(La); Scheme 1)™ The Ln N bond lengths (2a: 2.735(2) ,
da: 2.771(1) , 4b: 2.745(1) ) are comparable to those
found for neutral N-donor coordination
ATHTINNETRENNUNG= 2.898 Nd = 2.73/2.70 ), &

[(CH{(CH) ,NMe },)Lal ;] (2.712...2.820 )2 and

[(CpQ)LapiME UNQZRBNNENG2.683 ). 2% Owing to the

constrained geometry, the cyclopentadienyl ligand is slightly
tilted, with the shortest metal ring-carbon distance for the

Ln C1 bond (2: 2.756(2)...2.843(2) , 4a: 2.732(1)...
2.846(1) , 4b: 2.667(2)...2.788(1) ).

FULL PAPER

in [Ln AGHTFUNGTRENNUNG

Single crystals of complexes [{CP™AGEMYNGERANNUNG

HMIAFYNGTRENNENG3), Nd (3b)) and
CH,)AIMe }Ln K& UNETTRENBNUS@), Nd (5b), Y (50)
suitable for X-ray structural analysis were grown from satu-
rated solutions in pentane at 358C. Complexes 3 were iso-
structural and crystallized in the monoclinic space group
P2,/c. The molecular structure of complex 3a is shown in
Figure 5 as a representative example.

{CpA" ABHTUNGTRENNUNG

Figure 6. Molecular structure of [{Cp”"* ABERYNGERENMIME YNCTBENNUNG
representative of isostructural complexes5. Atomic displacement param-
eters are set at the 50% level; hydrogen atoms are omitted for clarity.

rated and the activated aluminate moiety adopts a benth?
coordination, with a short Ln---C19 distance (C13LnC18
C13AI2C18; 3a: 111.8 3b: 111.8 5a: 107.8 5b: 107.8
5c¢: 108.@), whilst the intact tetramethylaluminate ligand co-
ordinates in an h? fashion (C14LnC15 C14AI1C15; 3a:
2.668 3b: 3.28 5a: 3.98 5b: 6.58 5c: 7.99). This result is
similar to the structural motifs that are found in donor-free
half-sandwich bis(tetramethylaluminate) complexes
[(CpF)Ln pama NG EREINNISNEGMe 5)Ln HIME UDNGIIRBIBIUNG
and 2.8 respectively)? The La Cp metal ring-carbon
bond lengths in complexes3 fall within a narrow range (3a:
2.727(4)...2.781(4) ,3b: 2.668(4)...2.730(5) ), whereas, in
complexes 5, the Cp plane is tilted, similar to complexes 4.
The average La CH; bond lengths (Ln Cg,,; planar:

Figure 5. Molecular structure of [{CpNMemeNWwwﬁENNU@gSQ versus bent: 2.869 ) are elongated in comparison

representative of isostructural complexes3. Atomic displacement param-
eters are set at the 50% level; hydrogen atoms are omitted for clarity.

Complex 5a crystallized in the orthorhombic space group
P2,2,2,, whereas complexes5b and 5c crystallized in the
monoclinic space groupsP2,/n and P2,/c, respectively. The
molecular structure of complex 5ais shown in Figure 6.

Selected bond lengths and angles for all of the complexes
are listed in Table 3. The most-striking feature of the solid-

to  bis(tetramethylaluminate) complexes [(CsMes)La-
A UBIGTRESB®INGversus 2.798 ) and  [{1,2,4-
(Me 5C);CsH JLa g UBIGT REBINWSIG 2.794 ).15e22

Isoprene polymerization: To extend our recently developed
library of rare-earth-metal bis(tetraalkylaluminate) com-
plexes, the new complexes3, 4, and 5 were examined as pre-
catalysts for isoprene polymerization (Table 4). As previous-
ly reported for donor-free, half-sandwich rare-earth-metal
bis(tetramethylaluminate) complexes, the activation of com-

state structures of complexes3 and 5 is the bridging Ln &@HTUNIEXEREBNDIWKIGone equivalent of fluorinated borate co-cat-

CH,) Al(methylene) moiety, which results from C H bond
activation of one of the aminomethyl groups (Figure 5 and
Figure 6). Notably, the distances between the activated CH
moiety and the metal center were close to those in the [
Me).AlMe ;] units (3a: 2.820 , 3b: 2.764 , 5a: 2.836 ,
5b: 2770 , 5c: 2.753 ). In contrast, the La N bond
lengths (3a:2.533 , 3b:2.490 , 5a: 2578 , 5b: 2.527 ,
4c: 2.471 ) were markedly shorter than those for other
neutral nitrogen donors, but slightly elongated compared to
the h*> (N,C) motif in the dimeric complex
[({CsMe . CeH ,NMe ABER L NGURESIMUBIR E(RVRBIC). =12

Therefore, the lanthanide center remained sterically unsatu-

Chem. Eur. J. 2013 19, 16321 ... 16333
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alysts [Ph,C][B KGR INST RERNNMNE, H][B AR UNBTIRENNUNG
to tight ion pairs,™ which were highly active in isoprene pol-
ymerization. The formation of co-products Ph;CMe/AlMe ;

and PhNMe,/AlMe 4/CH , with co-catalysts A and B, respec-

tively, was clearly indicated by '"H NMR spectroscopy. Upon
activation with the neutral organoboron compound B AGAJUNGTRENN
(C), active catalysts were only formed with complexes3 and

5, which polymerized isoprene in lower yields (Table 4,

runs 5, 10, 11, and 22). The combination3b/C also gave a

lower stereoselectivity (Table 4, run 5). High trans-1,4 selec-

tivity is mainly governed by the choice of the metal center.

In agreement with our previous investigations® the large
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Table 3. Selected bond lengths and angles in CH bond-activated complexes 3 and 5.

3a(Ln=La) 3b (Ln = Nd) 5a(Ln = La) 5b (Ln = Nd) 5¢c(Ln=Y)
Bond []
Lnl C(Cp) 2.727(4)... 2.668(4)... 2.734(1)... 2.649(2)... 2.564(2)...

2.781(4) 2.730(5) 2.804(1) 2.761(2) 2.693(2)
Lnl C13 2.820(4) 2.764(4) 2.836(2) 2.770(2) 2.753(2)
Lnl C14 2.758(4) 2.704(4) 2.763(2) 2.694(2) 2.628(3)
Lnl C15 2.819(4) 2.761(5) 2.804(2) 2.718(2) 2.635(3)
Lnl C18 2.920(6) 2.881(5) 2.964(2) 2.907(2) 2.831(3)
Lnl C19 3.126(4) 3.104(3) 3.040(2) 3.019(2) 2.976(2)
Lnl N1 2.533(3) 2.490(4) 2.578(1) 2.527(1) 2.471(2)
Angle [§
Al2-C13-Lnl 74.3(1) 74.3(1) 73.52(5) 73.23(5) 72.75(8)
Al2-C13-N1 125.7(3) 125.7(3) 127.1(1) 124.7(1) 122.7(2)
C13-Al2-C18 106.8(2) 107.0(2) 105.31(6) 105.46(7) 105.2(1)
C18-Al2-C19 105.7(2) 105.5(2) 107.63(6) 106.95(8) 107.0(1)
C13-Ln1-C18 70.3(1) 71.6(1) 69.18(4) 70.70(5) 71.42(7)
C13-Ln1-N1 31.9(1) 32.6(1) 32.19(4) 32.71(5) 33.21(7)
C18-Ln1-N1 102.2(1) 104.2(1) 101.32(4) 103.41(5) 104.63(7)
C14-Ln1-N1 89.5(1) 87.5(1) 93.12(4) 85.80(5) 83.15(7)
C11-N1-C13 113.4(3) 113.5(3) 111.7(1) 112.5(1) 111.9(2)
C13-N1-Ln1 84.7(2) 83.8(2) 83.28(8) 82.52(9) 83.7(1)
Interplanar angle [§
C18Ln1C19... 68.93 68.21 72.70 721 71.43
C18AI2C19
C14 Ln1C15 C14 2.66 3.22 3.94 6.52 7.95
Al1C15
C14Ln1C13 0.18 0.8 3.08 0.59 1.09
C14N1C13

Table 4. Effect of Ln size, Cp substituent, co-catalyst, and solvent on the polymerization of isoprene.

lanthanum ion produced polyi-
soprene with a higher trans-1,4
content (up to 95.6%; Table 4,
run 11) than the smaller neo-
dymium center (up to 84.1%;
Table 4, run1). For compari-
son, the trans-1,4 content with
[(Cp©)La pama UNEIRENNING
[(CpQ)Y pIaE UBEBrRENNUWNS
93.1% and 88.4 %, respectively
(Table 4, runs 27 and 28),
whilst the trans-1,4 content
with  [(C sMe;)La fIMa UBNGTRENNUNG
and [(CsMes)Nd HAad UBIGYTRENNUNG
was 87.0% and 69.7 %, respec-
tively (Table 4, runs 24 and
25). The catalyst system5dB,
which contained the smallest
metal center (yttrium) gave
poor stereoselectivity, with a
slightly predominant cis-1,4
content (58.1%) in the result-
ing polyisoprene, similar to
that with the previously report-
ed mixture [(CsMeg)Y-
HIAE UBIGT RETENIEMG run 23

Entry @ Pre-catalyst co-catalyst!  Solvent  Yield [%] Isoprene insertion @109 M,/M,M@
trans-1,49 cis-1,49 3,49
1 ACp NVE YNGTRENNUNGA toluene > 99 84.1 15.9 1.1 1.70
2 KCp MNE YNGTRENNUNGA n-hexane 75 82.4 17.6 1.5 1.82
3 ACp e YNGTRENNUNGB toluene >99 83.3 16.7 1.0 1.09
4 ACp e YNGTRENNUNGB n-hexane 83 82.7 . 17.3 1.8 1.11
5 ACp NvE YNGTRENNUNGC toluene 53 53.0 23.1 239 0.6 1.94
6 ACp s NG TRBENNUNG A toluene >99 90.8 9.2 1.4 1.11
7 ACp e NG TRENNUNG A n-hexane > 99 90.2 9.8 2.1 1.13
8 ACp s NG TRENNUNG B toluene > 99 92.0 8.0 1.0 1.09
9 ACpT e NG TRENNUNG B n-hexane > 99 90.4 9.6 1.8 1.11
10 ACp s )NGTRBNNUNG C toluene 81 90.6 9.4 1.1 1.29
11 pi’ 8 UNGTRENNUNG C n-hexane 38 95.6 48 0.6 1.27
12 KCMMW@I’RENNWHG A toluene > 99 87.6 124 21 1.26
13 KCHHH AT REMRWNGTRENNUNG B toluene > 99 87.3 . 127 1.6 1.19
14 KCHMAYGTREHNYNGT RENNUNG c toluene 8 725 16.3 112 1.2 1.34
15 KCHHENGTREMEIRENN NGBS NG TRENNUNGA toluene > 99 84.5 155 0.8 1.28
16 HCHHOpETREMERENN AT NG TRENNUNGB toluene > 99 84.1 159 0.8 1.23
17 KCHAHAYGITREATIMET RENNUNG A toluene 43 925 75 24 1.25
18 KCHHHAYGITREATIMET RENNUNG B toluene > 99 91.6 84 25 1.13
19 KCMI&MWRENNLAK} c toluene
20 HChiTe AMIMIE JNGTRENNUNG A toluene > 99 91.6 84 0.7 1.08
21 HChpiTep M NG TRENNUNG B toluene > 99 92.1 7.9 0.7 1.07
22 HChpiTep S WGTBENNUNG C toluene 58 92.1 7.9 0.6 1.21
23 HCprTep BJNGTRENNUNG B toluene > 99 27.3 58.1 14.6 1.4 1.72
24 RCMWRENNLNG A toluene > 99 69.7 14.0 16.3 0.3 2.87
25 KCHTRNG TREATNISERENNUBLG A toluene > 99 87.0 35 95 07 1.98
26 KCHIRNGIRENMIBIRENNUBG A toluene > 99 20.6 60.5 189 0.2 8.95
27 KCHIUNGTREYNGRRENNUNG B n-hexane > 99 93.1 2.1 49 16 1.28
28 KCHYNEHEENEIRENNUNG: B n-hexane > 99 88.4 0.6 11.0 0.9 1.07
[a] Conditions: pre-catalyst (0.02 mmol), [Ln]/ECHEANGIREMNMUNG mL), isoprene (20 mmol). [b] Co-catalyst: A = [Ph;C][B KGRI LINBF REMNNING]

[B AR NGTRENRPPNEG DRENNDAGhy °*C NMR spectroscopy in CDCl,. [d] Determined by size-exclusion chromatography (SEC) against polystyr-
ene standards.
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versus run 26). In contrast to our earlier studies, no signifi-
cant differences in stereoselectivity were observed on
switching from the trityl ( A) to the anilinium borate ( B).
Even though the formation of the same ion pair is assumed
in both activation steps, the methyl-abstraction reaction with
borate A yields the chemically rather inert Ph,CMe, whereas
the protonolysis reaction with borate B forms dimethylani-
line (PhNMe ,). This latter species could potentially coordi-
nate to the Lewis acidic rare-earth-metal or aluminum cen-
ters. This coordination was also presumed to affect the activ-
ity and/or stereoselectivity when half-sandwich complexes of
the type [(CpR)Ln pIME WNGTRENNIIMG,, C-Me H, 1,2,4-
(Me;C)sCsH,, 1,3-(MesSi),CsHs, CsMe,SiMes)™>?2 were used
as pre-catalysts. However, in the case of the donor-function-
alized cyclopentadienyl ligands, the coordination of the ani-
line derivative might be suppressed by the presence of the
sterically shielding dianionic
CH,)]?> moiety. Moreover, the chelating binding mode ap-
pears to be responsible for the lack of anycis-1,4 content
within the generated polyisoprene. A similar impact of in-
tramolecular donor coordination on the stereoregularity of
the polymer was noted in our study on quinolyl-substituted
cyclopentadienyl bis(tetramethylaluminate) rare-earth-metal
complexes™™ In that study, a low cis-1,4 content was ration-
alized on the basis of the steric encumbrance that acis-h*
coordinated isoprene would experience by the additional N-
donor moiety.

The 3,4-defects that were observed in the mainlytrans-
1,4-regulated polymer chains strongly depend on the size of
the Ln" metal center (Nd> La). Our proposed mechanism
is based on the assumption that the 3,4-insertion is facilitat-
ed by the p s allylic rearrangement of the growing polymer
chain (Scheme 5)?" Aside from electronic effects, the s-

Scheme 5.anti/syn isomerization through s/p rearrangement allows for
trans-1,4-, 3,4-, andcis-1,4-insertions of isoprene in the growing polymer
chain.

binding mode to the internal C; carbon atoms of the allylic
species might be preferentially formed at the smaller neody-
mium center than at the lanthanum center. Furthermore,
the p s rearrangement allows an anti/syn isomerization of
the growing polymer chain towards the metal center, which
might explain the high cis-polyisoprene content for the yttri-
um complex (Scheme 5). Changing the solvent from toluene
to n-hexane had no strong effect on the stereoselectivity of
the reaction, but noticeably increased the average molecular
weight of the produced polymers for the initiators that were

Chem. Eur. J. 2013 19, 16321 ... 16333
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derived from complexes 3. Given the similar molecular-
weight distributions (M,/M,), this result can be explained by
the decreased solubility of the active ionic species in aliphat-

ic solvents, thus leading to a lower [cat]f@iDoiEeG TRENNUNG

(Table 1, runs 1/2, 3/4, 6/7, 8/9). Similar tendencies of narrow
M. /M, values but considerably higherM,, values of polyiso-
prene were observed with complexes4. Herein, cationiza-
tion with the borate co-catalyst may lead to the C H bond
activation of one aminomethyl group, as previously reported
for a cyclopentadienyl-linked NMe , moiety on zirconocene
cations and, hence, the formation of a considerable quantity
of inactive species?® For the initiators that were derived
from complexes 5a/5b and borate B, the M, values were
within the expected range as implied by the 1:1000 catalyst/
isoprene ratio. Narrow polydispersities and complete con-
sumption of the monomer suggested that the isoprene poly-

[CsMe,(alkyl/ary)NMe A@HTUMESTRENNEMNGNg manner.

Conclusion

Half-sandwich rare-earth-metal bis(tetramethylaluminate)

complexes [(CPM®?)Ln paDAE UNG TWRENNUbI@ains amino-
functionalized tetramethylcyclopentadienyl ligands, were ac-
cessible in a straightforward manner by using a protonolysis

procedure from homoleptic complexes [LnfXIME UNGIARENNUNG

the corresponding cyclopentadienes. The highly selective C

H bond activation of one aminomethyl group constitutes a
prominent consecutive reaction pathway, which is governed
by the mobility/rigidity of the donor linker (CH ,CH,NMe,>

C¢H,NMe,), the metal size/Lewis acidity (Y" > La"), and
the reaction temperature. Whilst the intact dimethylamino-

functionalized cyclopentadienyl ligand showed the expected
h®:k* coordination in [(Cp "™*2)Ln pma UNGIRENNEEth-

yl-activated ligands in the
HOME YN GIRpIRRSNBordinates in an h®:h? (N,C)-fashion.
All of the C H bond-activated linked half-sandwich com-
plexes displayed excellent activity in the polymerization of
isoprene upon the addition of fluorinated organoboron re-
agents as co-catalysts. The higtirans-1,4 selectivity (up to
95.6%) increased with increasing size of the rare-earth
metal center. Importantly, the additional coordination of the

amino moieties prevented the formation of cis-1,4 content
in the as-produced polymer for the lanthanum and neodymi-
um complexes and very narrow molecular-weight distribu-
tions (M,/M,< 1.1) were achieved upon activation with co-
catalyst B in toluene.

Experimental Section

General remarks: All of the operations were performed with the rigorous
exclusion of air and water, by using standard Schlenk, high-vacuum, and
argon-glovebox techniques (MBraun MB 200B; < 1 ppm O, < 1ppm
water). n-Hexane, toluene, and THF were purified by using Grubbs col-
umns (MBraun SPS-800, solvent purification system) and stored in a glo-
vebox. [D¢]Benzene and [Dg]toluene were obtained from Aldrich, dried
over Na for 24 h, and filtered. CDCl; and AlMe ; were purchased from
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Aldrich and used as received. Isoprene was purchased from Aldrich,
dried over trioctylaluminum, and vacuum transferred prior to use. [Ph;C]
[B AT AN ETREMNHNES AR N GTR ENCHRYE MEER Blitdaded from
Boulder Scientific Company and used without further purification. Ho-
moleptic [Ln SIS UNGIRENSIUNG Y) were prepared according to liter-
ature proceduresi*’’ HCp"™e2 (Cp"Me2 = 1-[2-(N,N-dimethylamino)-ethyl]-
2,3,4,5-tetramethyl-cyclopentadienyl) and HCpg*? (Cp”"e? = 1-[1-(N,N-
dimethylanilinyl)]-2,3,4,5-tetramethyl-cyclopentadienyl) were synthesized
according to literature procedures*-**'The solid-state structure of 1-[1-
(N,N-dimethylanilinyl)]-2,3,4,5-tetramethyl-cyclopenten-1-ol, the precur-
sor of HCpA™®? was determined by X-ray analysis (see the Supporting
Information). The NMR spectra of the air- and moisture-sensitive com-
pounds were recorded in NMR tubes that were fitted with J. Young
valves at 258C on a Bruker Avancell + 400 (H: 400.13 Hz, *C:
100.61 MHz) spectrometer.*H and **C shifts were referenced to internal
solvent resonances and are reported in parts per million (ppm) relative
to TMS. IR spectra were recorded on a NICOLET 6700 FTIR spectrom-
eter by using a DRIFT chamber with dry KBr/sample mixtures and KBr
windows; the collected data were transformed by using the Kubelka...
Munk refinement. Elemental analysis was performed on an Elementar
Vario MICRO cube. The molar masses (M,, and M) of the polymers
were determined by size-exclusion chromatography (SEC). Sample solu-
tions (1.0 mg polymer per mL THF) were filtered through a 0.45 nm sy-
ringe filter prior to injection. SEC was performed with a GPCmax VE
2001 pump (Viscotek) by employing ViscoGEL columns. Signals were
detected by using a triple detection array (TDA 305) and calibrated
against polystyrene standards #,/M,< 1.15). The flow rate was set to
1.0 mLmin . The microstructure of the polyisoprenes was examined by
3C NMR spectroscopy on an AV400 spectrometer in CDCl, at ambient
temperature.

General procedure for the synthesis of [{r>-CsMe ,C,H ,NMe ,40M& YNGTREN

HOME UBNGTRENNUNIBvebox, HCp'? was dissolved in cold ( 358C)
pentane (2mL) and added dropwise to a stirring solution of [Ln-
A UNGTRENNUBEBC) pentane (8 mL). The instantaneous formation
of a precipitate was observed. Following completion of the addition, the
reaction mixture was stirred for 15 min, during which time the precipitate
redissolved. The solvent was removed at 358C under vacuum. The title
compound was formed as a crystalline solid from the remaining oil
within 2 days at ambient temperature. The crude product was washed
with cold ( 358C) pentane, redissolved in pentane at ambient tempera-
ture, and recrystallized at 358C.

Synthesis of [fh*®-CsMe,C,H ,NMe LM NG PREANNIEIRENFIUOENG
the procedure described above, HCP™®? (97 mg, 0.50 mmol) and [La-
HME NG TRENMYNGD.50 mmol)  yielded compound la (248 mg,
0.43 mmol, 86% yield) as colorless crystals. 'H NMR (400 MHz,
[D ¢Jbenzene, 23C): d= 2.74...2.70 (m, 2H; NB,CH,), 2.13...2.10 (m, 2H;
CH,CH,Cp), 1.94 (s, 6H; GHCp), 1.90 (s, 6H; H,Cp), 1.79 (s, 6H;
NCH.),
¥C NMR (100 MHz, [D ¢benzene, 258C): d=125.8, 124.7, 124.4 (Cp),

0.45mmol, 91% yield) as colorless crystals. '"H NMR (400 MHz,

[D glbenzene, 23C): d= 2.68...2.64 (m, 2H; NB,CH,), 2.16...2.12 (m, 2H;
CH,CH.Cp), 1.92 (s, 6H; (H4Cp), 1.82 (s, 6H; H:Cp), 1.71 (s, 6H;
NCH,), 0.33 (d, D&CH)TERGTHRE M UINGI ACHHTN GT.RE MU NS 9 H;
Al KKHTYNETREARIYNID MHz, [D (benzene, 23C): d=122.8, 121.8,
121.2 (Cp), 59.1 (CECH,CH,), 44.3 (NACHH)YYNEARENNIIMGN), 11.8
(Cp ACHHTHING RE RSHEFWIN GITR PN N GTHT YN TRENIOUR Bv), 2922
(s), 2887 (m), 2820 (w), 1476 (m), 1457 (m), 1437 m, 1185 (m), 1015 (w),
966 (w), 703 (m), 577 cm® (w); elemental analysis calcd (%) for
CyHssAlNY (527.55): C54.56, H 10.51, N 2.66; found: C 54.49, H 11.30,
N 2.58.

Synthesis of [(CsMe,C,H ,NMe ,)La pamMa UNGPRENNUNGIovebox, [{h®*-
CsMe ,C,H ,NMe ,6a0Ma YNGERIAMMIGHRENNGINGG, 0.11 mmol) was
placed in an NMR tube that was fitted with a J. Young valve, dissolved in
[Dgltoluene, and cooled to 358C. A solution of Et,O (1equiv) in
[Dgltoluene at  358C (0.11 mmol, 5,8nmL) was added and the reaction
was monitored by *H NMR spectroscopy at ambient temperature. Single
crystals were grown from a concentrated solution in [Dgtoluene by
adding cold n-hexane and cooling to 358C. 'HNMR (400 MHz,
[DgJtoluene, 258C): d=2.17 (t, *JAGHI ENGTRENQUNGICH ,CH,), 2.02
(t, SIBCHTYNGVRENRHENGH,CH,Cp), 1.89 (s, 6H; GH,Cp), 1.79 (s, 6H;
CH4Cp), 1.70 (s, 6H; NCH3), 0.27 ppm (s, 24 H; AIKCHEJHINGTRENNUNG
General procedure for the synthesis of [{CMe,CH,CH,NMe&@BHTUNGTREN
CH,)AIMe G}Ln pxiMa YNGBRENNUNG glovebox, [{h>-CsMe,C,H ,NMe ,-
HAIME INGTEREANIMGTREANIISBIved in pentane and cooled to 358C.

A solution of Et ,0 (1 equiv) in pentane at 358C was added and the re-
action mixture was stirred for 30 min whilst warming to ambient temper-
ature. Evaporation of the solvent and the trimethylaluminum ether
adduct yielded compound 3 as a crystalline solid. Recrystallization was

,\Rﬁ(fgrmed from a saturated solution in n-hexane at 358C.

Synthesis of [{CGMe,CH ,CH ;NMe ATEML)NBIRHANNIME YNGR ENNLNG
lowing the procedure described above, employing compoundl a (200 mg,
0.35 mmol) yielded compound 3a (151 mg, 0.31 mmol, 89% yield) as
pale yellow crystals. '"H NMR (400 MHz, [D Jbenzene, 25C): d=2.94
(dt, *IEGH)TEN6GEIRE RMMME &NGBRENNUNGICH ,CH,), 2.36...2.31 (m,
1H; NCH.,CH,, 2.25...2.19 (m, 1H; CKH.Cp), 2.04...1.98 (m, 1H;
CH,CH,Cp), 2.02 (s, 3H; (HiCp), 1.88 (s, 3H; H:Cp), 1.85 (s, 3H;
CH.Cp), 1.78 (d, 3H; CH,N), 1.77 (s, 3H; CH,Cp), 1.34 (d, 1H;
NCH.AI), 1.08 (d, 1H; NCH,Al), 0.21 (s, 12H; AKCHLTINGTREMNUNG
(s, 9H; Al KKHHEFYNECRENN(ING MHz, [D (Jbenzene, 258C): d= 124.4,
124.0, 122.3, 119.8 (Cp), 66.8 (BH,CH,), 47.7 (CH3N), 39.0 (NCHAI),
22.7 (CH,CH,Cp), 12.4, 11.6, 11.5, 11.0 (CACHH)IYNGT REN MAUMIBHT)YNGTRENNUN
3.7 ppm (Al CCHETYNBTRENIOBMNG), 2924 (s), 2854 (m), 2726 (w), 2670
(w), 1458 (s, Nujol), 1377 (s, Nujol), 1305 (m), 1189 (s), 1169 (m), 1075
(w), 1024 (m), 964 (w), 766 (w), 720 (m), 714 (m), 581 cni (m); elemen-
tal calcd (%) for C ,H ,,Al LaN (489.42): C 49.08, H 8.65, N 2.86; found:

0.32 (s, 24H; ACHIJHNGDRENWUNG, 9H; AKGHFYNGTREMSYRAH 8.70, N 2.78.

Synthesis of [{C:Me,CH ,CH,NMe AGEMLRIMERENNLIHE UNCEIRERNMUNG

59.9 (CpCH,CH ), 44.7 (NACHHJ YNGR ZRETRNCHIBI), 11.8 (CpfCHHYNEITRENMUMNG the procedure described above, employing compoundlb (200 mg,

(Al (CHE) YNGR BPIN (NBCHHYNKRTRENBAIEGw), 2922 (s), 2885 (m),
2817 (w), 1475 (m), 1457 (m), 1436 (m), 1185 (m), 1015 (w), 964 (w), 701
(m), 571cm?* (w); elemental analysis calcd (%) for C,HssAl LaN
(577.55): C 49.91, H 9.60, N 2.43; found: C 49.76, H 9.58, N 2.53.
Synthesis of [{*>-CsMe,C,H ,NMe ,40M& WNGTRREANIMET RENFOUNGNg
the procedure described above, HCP™®? (97 mg, 0.50 mmol) and [Nd-
AIME UNGTRENNGNG.50 mmol) yielded compound 1b (259 mg,
0.45 mmol, 89% vyield) as blue crystals’H NMR (250 MHz, [D ¢benzene,
258C): d=10.95 (s, 12H; G1,Cp), 8.70 (s, 2H; CH,CH.Cp), 5.66 (s, 2H;
NCH,CH,), 4.95 (brs, 24H; ACHETYNGTRENEUNGICH;), 0.69 ppm
(s, 9H; Al KCHEFYNIBTRENBOAB@W), 2974 (m), 2921 (s), 2886 (m), 2821
(m), 2736 (w), 1477 (m), 1462 (m), 1439 (m), 1224 (m), 1185 (s), 1015
(m), 964 (m), 858 (w), 703cm? (s); elemental analysis calcd (%) for
C,HssAl NN (582.88): C 49.45, H9.51, N 2.40; found: C 49.58, H 9.23,
N 2.48.

Synthesis of [{h%-CMe,C,H ,NMe ,HIME YNCIREARYIGERENRINGINg
the procedure described above, HCP™*? (97 mg, 0.50 mmol) and [Y-
AIME UNGTREDNNGNGD.50 mmol) yielded compound 1c (240 mg,

16330——— www.chemeurj.org

2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

0.34 mmol) yielded compound 3b (145 mg, 0.29 mmol, 86% yield) as
blue crystals. 'H NMR (400 MHz, [D Jbenzene, 298C): d= 9.47 (1H),

4.05 (3H), 1.31 (9H), 8.30 (3H), 9.95 (3H), 10.33...13.38 (brs, 12H)
11.95 (3H), 13.55 (1H), 16.25 (3H), 25.05 (1H), 29.14 (1H), 30.63 (1H),
58.89 ppm (1H); IR: n= 2954 (s), 2924 (s), 2854 (m), 2726 (w), 2670 (w),
1460 (s, Nujol), 1377 (s, Nujol), 1305 (m), 1189 (s), 1169 (m), 1075 (w),
1024 (m), 967 (w), 766 (w), 713 (m), 697 (m), 582 cnt (m); elemental
analysis calcd (%) for CyH Al NdN (494.76): C 48.55, H 8.56, N 2.83;
found: C 48.13, H 7.83, N 2.83.

General procedure for the synthesis of [(CsMe,CeH ,NMe,)Ln fIME NG TRENNUNG
(4): In a glovebox, HCp*™*? was dissolved in cold ( 358C) pentane

(2 mL) and the mixture was added dropwise to a stirring solution of [Ln-

BT UNGTRENNURESC) pentane (8 mL). Instantaneous gas formation

was observed. Following completion of the addition, the reaction mixture

was stirred for 2 h whilst warming to ambient temperature. The solution

was cooled to 358C and the solvent was removed under vacuum. The

titte compound was washed with cold pentane and recrystallized from the

remaining oil within 2 days at room temperature.

Chem. Eur. J.2013 19, 16321 ... 16333



Rare-Earth-Metal Alkylaluminates

Synthesis of [(CsMe,CqH ,NMe ,)La fXIa UBNIGFRENTOUNGNg the proce-

dure described above, HCE™®? (120 mg, 0.50 mmol) and [LadIMEUNGTRENBONGS the crude product. Recrystallization from n-hexane at

(200 mg, 0.50 mmol) yielded compound 4a (196 mg, 0.35 mmol, 71%
yield) as the crude product. Recrystallization from toluene/n-hexane at

358C yielded colorless single crystals (138 mg, 0.25 mmol, 50% yield)
suitable for X-ray diffraction analysis. *H NMR (400 MHz, [D ¢]benzene,
258C): d=6.99...6.95 (dSIAGH)TENGTHRE RMMIME 5NGTHRENNUNGH ,),
6.94...6.88 (dEJACH)TINGT. R ERNUMGH) 5 NGTHRENMINOSH ,), 6.74...6.71
(dd, SIGCH) UNGE B ERNUMNCGH) ENGTIRE NNUNGH ,), 6.68...6.66 (ddfJ-
GCHTENATRE RMIKE U GBTRENNUNGH ,), 2.16 (s, 6H; -NCH3), 1.96
(s, 6H; CH,Cp), 1.71 (s, 6H; H,Cp),
C NMR (100 MHz, [D gbenzene, 258C): d= 155.3, 133.4, 132.9, 130.3,
128.9, 127.5, 125.4, 124.8, 121.5, 47.6, 12.8, 11.81.5 ppm; IR: n= 3059
(m), 2969 (m), 3000 (s), 2915 (m), 2885 (w), 2812 (w), 1506 (m), 1480 (s),
1455 (m), 1193 (m), 1182 (m), 905 (s), 703 (m), 693 (w), 537 crh(m); el-
emental analysis calcd (%) for CysH Al LaN (553.51): C 54.25, H 8.38,
N 2.53; found: C 53.58, H 8.32, N 2.50.

Synthesis of [(C;Me,C¢H ;NMe ,)Nd piMa UNGZFBENTSUNGNg the proce-

FULL PAPER

(175 mg, 0.50 mmol) yielded a crystalline solid (208 mg, 0.37 mmol, 74%

358C

yielded colorless single crystals (98 mg, 0.20 mmol, 40% yield) suitable

for X-ray diffraction. 'H NMR (400 MHz, [D ¢benzene, 258C): d= 7.07...

7.02 (m, 1H; GH,), 6.98...6.94 (m, 2H; &l ), 6.88...6.87 (FIAGHTENGTRENNUN
8.3 Hz, 1H; CH,), 2.24 (s, 3H; NCH,), 2.05...2.01 (d, 1HRCH,), 1.96 (s,

3H; CH.Cp), 1.87 (s, 3H; H,Cp), 1.85...1.81 (d, LHMCH,), 1.74 (s,

3H; CH4Cp), 1.64 (s, 3H; (H,Cp), 0.22 (s, 12H; AKCHHTYNGITREPMUNG

(d, 2IACHTY NG HREINYMGCHLTYNET RENNINOG MHz, [D ¢benzene,

258C): d=159.3, 132.2, 132.0, 128.7, 127.9, 126.2, 123.9, 122.4, 120.6,

0.10 ppm (s, 24H; AKCHEYNGTRENNEINIGES.9 (aromatic Cp andCgH ), 52.2 (NCH,AI), 47.4 (CH,N), 12.7,

12.5, 12.0, 11.4 (CETHHJIYNGI.RE BN ANGEHH) N GT.R BNk NBCHE YNGTRENNUN
IR: n=2910 (s), 2884 (s), 2827 (m), 2791 (w), 1506 (vs), 1455 (s), 1186

(m), 1024 (w), 691 (w), 571 (m), 516 cm' (m); elemental analysis calcd

(%) for C ,sH,AlLYN (487.47): C59.13, H8.68, N 2.87; found: C 59.05,

H 8.62, N 2.68.

Polymerization of isoprene: A detailed polymerization procedure
(Table 2, run 1) is described as a typical example. [P§C][B AGHRJUNBTRENNUNG

dure described above, HCE™? (120 mg, 0.50 mmol) and [Nd¥IM& UNGTREMNUN.GO.02 mmol, 1 equiv) was added to a solution of compound3a

(203 mg, 0.50 mmol) yielded compound 4b (208 mg, 0.37 mmol, 74%
yield) as the crude product. Recrystallization from toluene/n-hexane at
358C yielded blue single crystals (115 mg, 0.21 mmol, 41% vyield) suita-
ble for X-ray diffraction analysis. IR: n= 3059 (m), 3005 (s), 2974 (m),
2914 (w), 2885 (w), 2814 (w), 1506 (m), 1480 (s), 1455 (m), 1194 (m)
1183 (m), 905 (s), 753 (m), 692 (w), 538 cnt (m); elemental analysis
calcd (%) for C,H46AILNdN (558.84): C53.73, H8.30, N 2.51; found:
C53.79, H7.74, N 2.60.
Synthesis of [(CMe,C¢H ;NMe AGERL)NIBERENNIME N GERENNUNG
vebox, [(CpAMe?)Ln piaME UBNGBREROIbIYG0.11 mmol) was placed in an
NMR tube that was fitted with a J. Young valve and dissolved in C¢Dg.
The tube was heated at 78BC for 24 h and the reaction was monitored by
*H NMR spectroscopy to indicate the completion of the C H bond acti-
vation step (quantitative yield). After evaporation of the solvent under
vacuum, the solid was dissolved in toluenai-hexane and cooled to
358C to yield colorless crystals (53 mg, 10 mmol, 91% yield) suitable
for X-ray diffraction analysis. 'H NMR (400 MHz, [D ¢]benzene, 258C):
d=7.03...6.99 (dt>JACH)T5NGTHRENMMNHT ENGTIRENNUNGH ,), 6.97...
6.95 (dt, *JACHENGTRE RIGONES NGTHRE NN IO ,), 6.94...6.91 (dd)-

(10 mg, 0.02 mmol) in toluene (8 mL) and the mixture was aged under
ambient temperature for 30 min. After the addition of isoprene (1.36 g,

20 mmol), the polymerization reaction was carried out at ambient tem-
perature for 24 h. The reaction was terminated by pouring the polymeri-

zation mixture into 2-propanol (200 mL) that contained 2,6-di- tert-butyl-

4-methylphenol (0.1 %, w/w) as a stabilizer and stirred for 12 h. The poly-
mer was washed with 2-propanol and dried under vacuum at ambient
temperature to constant weight.

Crystallographic data collection and refinement: Single crystals suitable
for X-ray diffraction were selected in a glovebox, covered in Paratone-N
(Hampton Research), and mounted onto a glass fiber. The crystal data
for complexes 1c, 3a, and 3b were collected on an STOE IPDS Il dif-
fractometer by using graphite-monochromated Moy, radiation (I =
0.71073 ) at 173(2) K by performing w scans at twof positions. Data
collections for complexes 1a, 1b, 2, 48, 4b, 5a 5b, and 5¢ were per-
formed on a Bruker APEX2 Duo at 100(2) K by using multilayer mono-
chromated Moy, radiation (I = 0.71073 ). The raw data were collected
by using the SMART? program and integrated and reduced with the
SAINT program. % Corrections for absorption effects were applied by

BCH ENGTIRE NDIEMNHT UNGTRENNUNGH,), 6.87...6.85 (ddJACHTENGTRENNURBELXTL ®Y and/or SADABS. # Structure solutions and refine-

1.1 Hz, SJGCHTENETIRENNUNGH ), 2.21 (s, 3H; NCH,), 2.07 (s, 3H;
CH4Cp), 1.95...1.92 (d, LHMCH,), 1.92 (s, 3H; CH,Cp), 1.76 (s, 3H;
CH4Cp), 1.75...1.70 (d, 1THRCH,), 1.73 (s, 3H; GH,Cp), 0.14 (s, 12H;
Al CHITYNGTREMNPMUNG (s, 9H;  ACHHTYNGHRENWUNGO0 MHz,
[D Jbenzene, 258C): d= 159.0, 132.3, 129.6, 128.6, 126.4, 125.2,

124.8, 124.0, 120.7, 120.6 (aromatic Cp an@CH,), 54.8

ments were performed by using the SHELXS® and SHELXL pro-
gramsP¥ The structures in this article are represented by using the
ORTEP-IIl program. ® For further structure-refinement details and crys-
tallographic data, see Table 5 and Table 6. CCDC-9375741(a), CCDC-

(NCH,AI), 455 (CH.N), 123, 12.1, 11.6, 10.8 ((M}H-Q])J,NGT%ﬁ]ﬁySta"Ographlc data for complexes1 and 2.

1.24 (br; AlACHETNGTRENNUNGCHEYNGTRENRGIRGM), la(tn=La)? 1b(Ln=Nd)® 1c(Ln=Y)® 2(Ln=La)"
2886 (w), 2826 (w), 2790 (w), 1506 (m), 1446 (s), 1188 (M), formula CoHsAlNLa  C,H oAl NNd CoH Al NY C,H.Al NLa
1179 (m), 1027 (m), 692 (m), 574 (m), 507 cmt (m); elemen- Mw 577.54 582.87 527.54 505.46

tal analysis calcd (%) for C,HgAlLaN (537.47): C53.63, T K] 173(2) 173(2) 173(2) 100(2)
H7.88, N 2.61; found: C 54.53, H 7.64, N 2.50. crystal system monoclinic monoclinic orthorhombic  monoclinic
Synthesis  of [{CMe,CsH ,NMe ABERL)NBIERFNARME NG T RBROEUNGUP P2,/n P2,/c P2,2,2, P2,/c

(5b): In a glovebox, [(Cp"M*2)NdHIMEUNGTRENEONG, a[] 14.015(2) 13.9848(2) 12.1662(6) 10.1138(5)
0.11 mmol) was placed in an NMR tube that was fitted witha b [] 14.755(2) 14.7469(2) 13.9987(10) 14.0194(7)
J. Young valve and dissolved in GD,. The tube was heated at ¢ [] 15.391(2) 20.4049(3) 18.2789(9) 20.9034(9)
758C for 24 h and the reaction was monitored by *H NMR alg 90.00 90.00 90.00 90.00
spectroscopy to indicate the completion of the C H bond ac- b [§ 91.449(6) 131.3590(10) 90.00 116.155(2)
tivation step (quantitative). After evaporation of the solvent glg 90.00 90.00 90.00 90.00
under vacuum, the solid was dissolved in toluenet-hexane V[ 7 3181.7(8) 3158.57(8) 3113.1(3) 2660.4(2)
and cooled to 358C to yield colorless crystals (56 mg, Z 4 4 4 4

10 mmol, 96% yield) suitable for X-ray diffraction analysis. Leaea [MgmMm 3 1.206 1.226 1.126 1.262

IR: n= 2907 (m), 2882 (w), 2827 (w), 2793 (w), 1506 (s), 1450 m[mm | 1.435 1.737 1.968 1.676

(s), 1185 (m), 1027 (m), 692 (m), 576 (m), 511 cnt (m); ele-  R1¥ 0.0197 0.0164 0.0703 0.0300
mental analysis calcd (%) for C,H,AlILNIN (542.80); WR2M 0.0464 0.0379 0.1108 0.0514
C53.11, H 7.80, N 2.58; found: C 53.34, H 7.64, N 2.39. GOF (on F)*  1.076 1.089 1.257 1.049

Synthesis  of
(5¢): Following the procedure described for complexes 4a

[(C:Me ,CeH ,NMe ABERNBRREKNUNE NN G TRENNUINGE) Foj | Fjj)/SjFoj.
{SIWAGHRABER BNRIGEREN Nathl@ere recorded on a Bruker APEX2 DUO CCD

[b] wR2= {S[wiGH R AR RENHNUKG THENBDMS

and 4b, HCp”™? (120 mg, 0.50 mmol) and [YoIMEUNGTRENMECN@eter. [e] The data were recorded on a STOE IPDS |l diffractometer.
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Table 6. Crystallographic data for complexes3, 4, and 5.

3a(Ln=La)¥ 3b (Ln = Nd)@ 4a(Ln=La)® 4b (Ln = Nd)® 5a(Ln=La)® 5b (Ln = Nd)® 5c(Ln=Y)®
formula CH Al NLa C 50H Al ,NNd C,sH46Al NLa C 55H 46Al ,NNd C,H Al NLa C ,4H Al ,NNd C H 4 AlLNY
M, 489.42 494.75 553.50 558.84 537.46 542.80 487.46
T [K] 173(2) 173(2) 173(2) 100(2) 100(2) 100(2) 101(2)
crystal system monoclinic monoclinic monoclinic monoclinic orthorhombic monoclinic monoclinic
space group P2/c P2,/c P2,/c P2,/c P2,2,2, P2,/n P2,/c
al] 8.9421(3) 8.9283(4) 11.0879(4) 11.0713(3) 13.184(3) 13.0233(3) 12.9964(5)
b[] 29.6872(12) 29.6718(9) 17.6299(6) 17.5299(6) 13.220(3) 12.5193(3) 12.4220(5)
c[] 9.7782(4) 9.6658(4) 17.8207(6) 17.7648(5) 15.285(3) 16.2753(3) 18.8555(5)
al§g 90.00 90.00 90.00 90.00 90.00 90.00 90.00
b[g 108.206(3) 108.129(3) 125.255(2) 125.0980(10) 90.00 100.6040(10) 122.181(2)
g[g 90.00 90.00 90.00 90.00 90.00 90.00 90.00
VI 9 2465.83(16) 2433.54(17) 2844.65(17) 2820.86(15) 2663.9(10) 2608.25(10) 2576.40(16)
z 4 4 4 4 4 4 4
Leaca [Mgmm 7] 1.318 1.350 1.292 1.316 1.340 1.382 1.257
m[mm ] 1.806 2.208 1574 1.913 1.679 2.067 2.341
R1M 0.0458 0.0449 0.0172 0.0271 0.0107 0.0200 0.0617
wR2[) 0.0935 0.0753 0.0428 0.0645 0.0284 0.0426 0.0874
GOF (on F3)t 1.107 1.202 0.916 1.057 1.077 1.065 1.034

[a] R1= S(jiFqj Feji)/SjFoj. [b] wR2= {S[wGH TRARGSREGHANMREET RIENNLU{SBVAGH RAG KR RN RIGBAE MesGvere recorded on an STOE IPDS
Il diffractometer. [e] The data were recorded on a Bruker APEX2 DUO CCD diffractometer.

937575 (Lb), CCDC-937576 (Lc), CCDC-937577 (2), CCDC-937578 3 a),

CCDC-937579 @b), CCDC-937580 @4a), CCDC-937581 @4h), CCDC-

937582 6a), CCDC-937583 (Gb), CCDC-937584 (5¢), and CCDC-950316
(1-[1-(N,N-dimethylanilinyl)]-2,3,4,5-tetramethyl-cyclopenten-1-ol)  con-

tain the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Figure S *H NMR spectrum (€Ds, 25 °C) of complexia

Figure S2 2D *H-*C HSQC NMR spectrum @Ds, 25 °C) of complexia
Figure S3 'H NMR spectrum (gDs, 25 °C) of complex.c

Figure S4 2D *H-*C HSQC NMR spectrum @Ds, 25 °C) of complexc
Figure S5 'H NMR spectrum (€Dg, 25 °C) of comple

Figure S& 'H NMR spectrum (gD, 25 °C) of complexda

Figure S7 2D *H-*C HSQC NMR spectrum @Ds, 25 °C) of complexda
Figure S8 'H NMR spectrum (gD, 25 °C) of complexa

Figure S2 2D *H-*C HSQC NMR spectrum @Ds, 25 °C) of complexa
Figure S1Q *H NMR spectrum (€Ds, 25 °C) of complesba

Figure S11 2D *H-*C HSQC NMR spectrum ({Ds, 25 °C) of comple¥a
Figure S12 'H NMR spectrum (€Ds, 25 °C) of complessc

Figure S13 2D *H-*C HSQC NMR spectrum {Ds, 25 °C) of compleXc
Figure S14:Molecular structure of [(CBeAMeShNd(AIMes),] (1b)
Figure S15:Molecular structure of [(CB'*AMe3y (AIMe 4),] (1¢)

Figure S16:Molecular structure of [(CP"{ ACH,}AIMe 3)Nd(AIMe,)] (3b)
Figure S17:Molecular structure of [(CP'®?*Me3)\Nd(AIMe,),] (4b)
Figure S18:Molecular structure of [(CP"®{ ACH.}AIMe 3)Nd(AlMe,)] (5b)
Figure S19:Molecular structure of [(CP"{ ACH,}JAIMe 3)Y (AlMe 4)] (50)

Figure S2Q Molecular structure of the cyclopentenol intermediate



Figure S1:'H NMR spectrum (€D, 25 °C) of complexia

Figure S2 *C NMR spectrum (gDg, 25 °C) of complexda



Figure S3 'H NMR spectrum (€Ds, 25 °C) of complexc

Figure S4 *C NMR spectrum (gDg, 25 °C) of complexc



Figure S5 'H NMR spectrum (GDg, 25 °C) of complex

Note! To prevent C-H activation, donor-assisted displacement of trimethylaluminum from
complexla was carried out at -35 °C (see experimental section).JTi@ungNMR valve
was then further cooled until the start of the NMR experiment.



Figure S6 H NMR spectrum (€Ds, 25 °C) of complea

Figure S7 2D 'H-*C HSQC NMR spectrum ({Dg, 25 °C) of compleRa



Figure S8 *H NMR spectrum (€Dg, 25 °C) of compleXa

Figure S 2D 'H-"*C HSQC NMR spectrum @Ds, 25 °C) of complexa



Figure S10 *H NMR spectrum (€D, 25 °C) of complessa (* = methane)

Figure S11 2D 'H-*C HSQC NMR spectrum (Ds, 25 °C) of complesba



Figure S12 'H NMR spectrum (€Ds, 25°C) of complexc

Figure S13 2D 'H-**C HSQC NMR spectrum (D, 25°C) of complesc



Figure S14:Molecular structure of [(C®?*Me3h)Nd(AIMe,),] (1b); atomic displacement parameters are set at
the 50% level; hydrogen atoms have been omitted for clarity.

Figure S15:Molecular structure of [(CB2*Me3)y(AIMe ,),] (10); atomic displacement parameters are set at
the 50% level; hydrogen atoms have been omitted for clarity.



Figure S16:Molecular structure of [(CB'{ ACH,}AIMe 3)Nd(AIMe,)] (3b); atomic displacement parameters
are set at the 50% level; hydrogen atoms have been omitted for clarity.

Figure S17:Molecular structure of [(CB?)Nd(AlMe ,),] (4b); atomic displacement parameters are set at the
50% level; hydrogen atoms have been omitted for clarity.



Figure S18:Molecular structure of [(CP'®{ ACH,}AIMe 3)Nd(AIMe )] (5b); atomic displacement parameters
are set at the 50% level; hydrogen atoms have been omitted for clarity.

Figure S19:Molecular structure of [(C}®{ ACH,}AIMe 3)Y(AlMe )] (5¢); atomic displacement parameters are
set at the 50% level; hydrogen atoms have been omitted for clarity.



Figure S20: Molecular structure of Jt-(N,N-dimethylanilinyl)]-2,3,4,5-tetramethyl-cyclopant1-ol, which is

the precursor of HCPY'®?. Atomic displacement parameters are set at the 50% level; hydrogen atoms except from
the hydroxyl group have been omitted for clarity. It crystallizes énntionoclinic space group2,/n, with cell
parameters: a = 8.28110(10), b = 20.5270(4), ¢ = 9.1870(2) [A 90.00, = 98.7790(10), = 90.00 [°].
Selected bond length (A): C#011 = 1.495(3) C104£11 = 1.510(4) C12£13 = 1.370(4) C90 = 1.421(2)

O 1 =0.86(3); CCDC 950316
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1. Introduction

Monocyclopentadienyl or half-sandwich-type complexes
emerged as a proli ¢ eld in organorare-earth metal chemistry  [1].
Particularly, highly reactive alkyl, hydrido, and amido derivatives
and their cationic variants have revealed unique catalytic potential
in polymerization reactions [1]. Approximately ten years ago, we
set out to use tetramethylaluminato ligands as thermally robust

abstract

The synthesis of bis(dimethylsilyl)amide and dimethyl half-sandwich complexes of yttrium bearing the
2-(N,N-dimethylamino)ethyl-tetramethylcyclopentadienyl ligand revealed unusual Si H activation re-
actions and ate complex formation, respectively. Protonolysis of complex Y[N(SiHMe ;),]s(thf) 2 with
cyclopentadiene CsMesHCH,CH,NMe, (HCpNV?) at elevated temperature yielded complex Cp M2y
[h?-SiMe,(NSiHMe),](thf) featuring a four-membered metallacycle. The bis(amido) ligand [ h?
SiMez(NSiHMez)g]2 is shown to form via separation of H ,SiMey. In contrast, the salt metathesis reaction
of YCly(thf) 3 with LIN(SiHMe ), and LiCpN™e? in a 1/2/1 ratio at ambient temperature generated the non-
activated complex Cp "Me2Y[N(SiHMe»)2],, exhibiting a distinct ligand activation at elevated tempera-
tures, as evidenced by a comprehensive NMR spectroscopic study. Application of a sequential salt
metathesis protocol involving YCI s(thf) 3, LICP"M®2, and LiMe led to the isolation of ate complexes
[CcpNMe2YCh]5[LiCI(thf) 2] and [CpNME2YMey(LiMe)] 2. Aforementioned half-sandwich complexes were all
characterized by X-ray structure analyses and the respective silylamido and methyl derivatives are
demonstrated to produce the half-sandwich yttrium bis(tetramethylaluminate) complex [Cp NMe2Al-
Me3y(AlMe )] in the presence of excess trimethylaluminium, by NMR spectroscopic studies.

2013 Elsevier B.V. All rights reserved.

(Scheme 1, A and B). While route A exploits the thermal stability of
homoleptic tetramethylaluminate complexes Ln(AlMe  4)3 [6], route
B refers to the well-de  ned bis(dimethylsilyllamide derivatives Ln
[N(SiHMe ,)2]3(thf) x (extended silylamide route) [7]. Herein we
examined synthesis strategies B and C for assessing the feasibility of
yttrium bis(aluminate) complexes Cp Me2y(AlMe,),, with Cp \Me2
designating h%-CsMesCH,CH,NMe,  (1-[2-( N,N-dimethylamino)-
ethyl]-2,3,4,5-tetramethyl-cyclopentadienyl)  [8].

alkyls in disguise and found that they are ideally suited to stabilize

rare-earth metal half-sandwich complexes
complexes CpRLn(AIMe4)2 represent the

bis(tetramethylaluminate)-based

[2]. The corresponding 2. Results and discussion

rst entries of the LLn(lll)
postmetallocene library
(L ¥Yamonoanionic ancillary ligand), which is currently exploited for

2.1. Route B

1,3-diene polymerization [3]. Furthermore, donor-functionalized

cyclopentadienyl ligands often ensure the formation of mono-
lanthanide complexes via additional intramolecular coordination
[1,4]. Amino functionalities are particularly effective for rare-earth
metal(lll) centres due to a good HSAB match and optimal steric
shielding [5]. To date, bis(aluminate) complexes Cp RLn(AIMe4)2
have been synthesized according to two main reaction sequences

* Corresponding author.

E-mail address: reiner.anwander@uni-tuebingen.de (R. Anwander).

Aiming at a bis(aluminate) half-sandwich complex with an
amino-coordinated yttrium centre, we initially focused on pre-
coordinating the cyclopentadienyl ligand in a  h®:k? fashion to the
rare-earth metal. Thus formed complex Cp "Me2Y[N(SiHMey)s]»
should engage in a trimethylaluminum-promoted silylamido/alu-
minato exchange under mild conditions and formation of the cor-
responding hydrocarbyl complexes [2]. It is noteworthy that very
recently half-sandwich rare-earth metal bis(dimethylsilyl)amide
complexes were successfully tested in styrene polymerization upon
activation with per uorated organborate salts ([Ph 3C][B(CsFs)al,
[PhNMe,H][B(CgFs)4] [9,10]. However, the activity was low and

0022-328X/$ e see front matter 2013 Elsevier B.V. All rights reserved.

http://dx.doi.org/10.1016/j.jorganchem.2013.05.002
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LnCls(thf),
3 LiNMe; 3 LIN(SiHMey), lLiCpR
Ln(NMe)3(LiCl),  Ln[N(SiHMe,),]s(thf), ~ CpRLNCIly(LiCl)(thf),
8 AlMe3 HCpR l 3 LiMe
\
Ln(AlMe,)3 CpRLN[N(SiHMe,),],  CpRLnMe,(LiMe)(thf),
HCpR 4 AlMes 6 AlMes

L—— | CpRLn(AIMe,),

Scheme 1. Protocols considered for the synthesis of complexes Cp RLn(AIMe 4),.

addition of trialkylaluminum was necessary to form a ternary
catalyst system of complex/borate/AIR 3 (AIR3; R ¥ Me, iBu). The
protonolysis reaction of yttrium bis(dimethylsilyllamide complex Y
[N(SiHMe 3)»]3(thf) » [7a] with one equivalent of the N-donor func-
tionalized cyclopentadiene HCp M2 in toluene at 150 C yielded
the SieH bond activated complex Cp "Me2Y[h2SiMe,(NSiH-
Me),](thf) ( 1) in moderate yields (68%) ( Scheme 2). As previously
observed for the synthesis of half-sandwich complex (C sMes)Y
[N(SiHMe3)»]2 [2] the silylamine elimination took place only at
elevated temperature (according to an 1HNMR spectroscopic study
the reaction did not occur below 70  C).

Single crystals of 1 suitable for X-ray diffraction analysis were
grown from saturated toluene solutions at 35 C (space groupP-1,
Fig. 1). The yttrium centre is h®:k! coordinated by the N-donor
substituted cyclopentadienyl ligand via the Cp ring and the nitro-
gen atom. The dianionic bisamido ligand [SiMe 2(NSiHMe2)2]2
coordinates in a h? fashion via the two nitrogen atoms, while an
additional thf molecule completes the coordination sphere of the
yttrium centre.

The geometry of complex 1 is best described as distorted trigonal
bipyramidal, with the nitrogen atoms N1 and N3 in the apical po-
sition disclosing an angle of 145.2 at the metal centre, while the
centroid of the cyclopentadienyl together with the nitrogen atom N2
and the oxygen atom of the thf molecule are in the equatorial po-
sitions with angles close to trigonal planar (118.0,120.1 and 121.5 ).
Interestingly, both Si e H units are oriented towards the electrophilic
Y3P centre, but Y/ HSi b-agostic interactions can be ruled out since
the Y$$$ distances are longer than 3.7 A. The absence of such sec-
ondary interactions is also evidenced by the lack of Si e H stretching
vibrations at lower frequencies (2000 e 1800 cm'l) [11]. The most
striking feature of complex 1 is the generation of the chelating
(dimethylsilylene)-bis(dimethylsilylamido) ligand itself, although
such Sie H bond activation along with the formation ofanew Si  eN
bond under eliminationof H ,SiMe;, has been observed previously. In
2009, Yuen and Marks observed the generation of a bidentate

thf i )/CHS

HCpNMe,
toluene, 150 °C, 16 h N\CH3
YIN(SiHMez),l5(thf)2 -
- HN(SiHMe»), . .
- H,SiMe, MeHSI y— SiHMez
- THF N/
Si
VAN

HC” “CH; 1

Scheme 2. Synthesis of the bisamido yttrium half-sandwich complex 1.

Fig. 1. ORTEP view of the molecular structure of 1. Atomic displacement parameters
are set at the 50% probability level. Hydrogen atoms (except for SiH) are omitted for
clarity. Selected bond lengths ( A) and angles () for 1: YeCpeen: ¥ 2.381, Ye
0Y22.388(4), Ye N1 ¥22.629(3), Ye N2 ¥ 2.249(3), Ye N3 ¥, 2.276(3), Sile N2 ¥41.719(3),
Si3e N3 ¥4 1.719(3), Si2e N2 ¥4 1.694(4), Si2e N3 ¥, 1.683(3), N1e Ye N2 ¥, 93.8(1), N2e
Ye N3 ¥ 71.6(1), N1e Ye N3 ¥4 145.2(1), N1e Ye O ¥ 77.5(1), Oe Ye N3 %, 83.8(1), Cpcente
Ye N2 ¥ 120.1(1), Cpeene Ye O ¥ 118.0(1), Oe Ye N2 ¥4 121.5(1).

amido-amine ligand during a transamination protocol, utilizing Nd
[N(SiMe 3)2] 3 and HN(SiHMe ), for the synthsis of Nd[N(SiHMe 3),]3.
The formation of monoanionic [SiMe »(NSiHMe,)(NHSIHMe))]
ligand was con rmed by a ligand exchange reaction with a binu-
cluear lanthanum complex and subsequent X-ray diffraction anal-
ysis (Chart 1, A) [12] . The same divalent ligand as present in complex
1 was reported by Buffet and Okuda in 2011, to result from a pro-
tonolysis reaction of Sc[N(SiHMe 7);]3(thf) with Me 3[12]aneN4 in
CsDg at80 C (Chart 1, B) [13]. Very recently, Chen et al. were able to
isolate the cationic amidinate scandium amide complex [(PhC{N-
2,6-'ProCsHs}2) Sc(N{SiHMe{{SiMe 2N(SiHMe2)2})(th) 2][B(CsFs)4]
(Chart 1, C) [10a] . Treatment of the corresponding amidinate scan-
dium bis(dimethylsilyl)amide complex with [Ph  3C][B(CsFs)4] in an
aromatic solvent initiated the unexpected Si e H activation, but sin-
gle crystals suitable for X-ray diffraction could only be obtained after
addition of thf.

The metrical parameters of the bidentate bis(amido) ( 1 and B)
and amido-amine ( A) are illustrated in Chart 2. The position of the
hydrogen atoms is given by the torsion angle (H e SieNeM,
underlined) and bond lengths are set in brackets ( A).

The previously assumed elimination of dimethylsilane (during
the synthesis of compound B), could be unambiguously proven by
14 and *He 'H COSY NMR spectroscopy in our reaction, showing a
sharp septet at 4.03 ppm for the Me ,SiH, protons which couples
with the triplet at 0.07 ppm of the  Me,SiH, protons. Furthermore,
the *H NMR spectrum of complex 1 showed the expected set of
signals for the coordinated Cp "2 Jigand. The two aminomethyl
groups appear as a singlet at 1.95 ppm and the four methyl groups
of the Cp ring display two singlets at 2.18 and 2.4 ppm. The signals
of the four ethylene-bridge protons are found as two multiplets at
2.42 and 2.57 ppm. The SiH protons of the bis(amido) ligand are
detected at 5.18 ppm, while the silyl methyl groups give a broad
signal at 0.54 ppm (ESI, Fig. SJ).

Efforts to synthesize the half-sandwich yttrium bis(dime-
thylsilyl)amide complex by applying a one-pot salt metathesis
protocol, that is subsequent addition of LiCp ““®2 and two
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equivalents of lithium bis(dimethylsilyl)amide to a stirring sus-
pension of YCIs(thf) 35 in toluene, resulted in an oily product
(Scheme 3). However, *H, **C and *He *C HSQC NMR spectroscopic
investigations pointed to [Cp "Me2Y(N{SiHMe>}»),] (2) as the main
product with minor impurities of other metal bis(dimethylsilyl)
amide derivatives. The methyl groups of the cyclopentadienyl
ligand appeared as three singlets at 2.40, 2.23 and 2.12 ppm,
slightly shifted up eld in comparison to complex 2, while the four
protons of the ethylene bridge showed only one multiplet at
2.42 ppm. The four SiH protons of the two silylamido ligands pro-
duced a multiplet at 4.76 ppm and the corresponding methyl
groups a sharp doublet at 0.47 ppm, evidencing the absence of any
Sie H activation comparable to complex 1 (ESI,Fig. S3.

Half-sandwich bis(dimethylsilyllamide complexes of the rare-
earth elements such as complex 2 are highly soluble in aromatic
and aliphatic solvents. Hence, X-ray structure analyses are so far
limited to scandium complexes (CpMe 4R)Sc[N(SiHMe,)2]2 (R ¥4 Me,
SiMe3) [9] and the yttrium thf adduct (C sMes)Y[N(SiHMe 5] o(thf)
[14] . However, we were able to obtain single crystals of (Cp "M€2)y
[N(SiHMe ], suitable for an X-ray diffraction analysis by adding a
small amount of thf to a concentrated solution of 2 in pentane at

35 C. Interestingly, tetrahydrofuran is neither coordinated to-

wards the metal centre nor included in the unit cell. Complex 2
crystallized in the monolinic space group P23 with three indepen-
dent molecules in the crystal lattice. Molecule 1 is representatively
shown in Fig. 2 and selected bond distances and angles are given in
Table 1 As in complex 1, the yttrium metal centre is coordinated by
the donor-substituted cyclopentadienyl ligand in a h®:k* fashion.
Due to the lower coordination number of the yttrium centre
(formally 6-coordinate), the Y e Ccpdistances (2.624(2) e 2.697(2) A)
as well as the Ye N1 distance (2.575(2) vs 2.629(3) A) are slightly
shorter than in complex 1 (formally 7-coordinate). The two bis(-
dimethylsilyl)amido ligands are asymmetrically  h'-coordinated via
the nitrogen atoms (Y eN2 %, 2.265(1) A, YeN3 ¥ 2.269(1) A),
indicative of monoagostic Y —SiH interactions. Distinct Y $$35i dis-
tances (Sil, 3.0811(5) A, Si4, 3.1027(4) A versus Si2, 3.649A and Si3,
3.679 A) and concomitantly distinct Y e Ne Siangles (101.41(7) and
101.83(7) vs 133.15(8) and 135.11(8) ) are in agreement with such
secondary interactions, which were also detected in complex
(CsMes)Y[N(SiHMe]o(thf)  (Y/ Si2 Y2 3.0929(8) A, YeNle
Si2%,102.15(10) vsY/ Si1¥.3.636(1) A, Ye Nle Sil%132.44(12) )
[14]

Since bis(amido) half-sandwich complex 2 is isolable, we reck-
oned that the formation of SiH-activated complex 1 is thermally
induced. By performing a variable temperature NMR study,

compound 2 was heated to 150 C in steps of 10 C at a time. Sur-
prisingly, at 130 C not only SieH but also Ce H activation was
observed. After 2 h at 150 C transformation to the activated com-
plex 3 was completed with the integration of the proton signals
staying constant. In addition, *He 3C HSQC!He ¥C HMBC and'He
IH COSY NMR spectroscopic investigations of 3 indicated the for-
mation of a new Si e C bond between one aminomethyl and one
dimethylsilylamido group (ESI, Figs. S®8). The COSY spectrum
clearly revealed the coupling of two Si H protons at 4.72 ppm with
twelve methyl protons, which appear as two discrete doublets at
0.42 and 0.38 ppm, in accordance with an intact dimethylsilylamido
ligand. On the other hand a single Si H proton at 4.79 ppm, coupling
to six methyl protons at 0.45 and 0.41 ppm, and the appearance of
two sharp singlets of uncoupled methyl groups indicated the for-
mation of a [N(SiHMe ;)(SiRMez)] moiety. In the 1H NMR, only ve
singlets corresponding to the methyl groups appeared, while two
new doublets were found for the N e CHye Si moiety at 1.95 and
1.86 ppm with a 24 coupling constant of 14.3 Hz. The new Si e C
bond was con rmed via *He *3C HMBC NMR spectroscopy, showing
a3.14ccoupling of the C Hye Si(CH3), moiety. Given these NMR results
we concluded that complex 3 has the molecular composition
[(h%:k*:hY)(CsMesCHaNMe e CH,SiMeaNSiHMeL) Y [N(SIHMe 2)2]
(Scheme 3). A similar thermally induced hydrogen elimination
and interligand coupling has been observed previously between the
SieH bond of the N(SiHMe ), ligand and the CeH bond of the
cyclopentadienyl ligand in complex (C sHs)2Zr[N(SiHMe)tBu]
[N(SiHMe3);] to form constrained-geometry-like [Me 3Si(GHa)
N(SiHMe)](CsHs)Zr[N(SiHMe 2)tBu] [15] .

2.2. Route C

Previously, Schumann et al. obtained ate complex [Li(tmeda) »]
[(CsMes)Lu(CHg)3] from a mixture of LuUCl 3, Na(GMes) and LiCHz
(1/1/3) in thf/ftmeda [16] . Following a similar synthesis procedure,
the salt metathesis reaction of LiCp M2 with YCI 5(thf) 5 5 afforded
the trimetallic ate complex [Cp"Me2YCh],[LiCI(thf) 2] (4), which
could be converted into the dimeric  ate complex [Cp"“®2YMey(-
MeLi)], (5) in the presence of an excess methyllithium in toluene
(Scheme 4).

Both complexes could be obtained as single crystals suitable for
X-ray diffraction analyses from a saturated toluene solution at

35 C. Complex 4 crystallized in the monoclinic space group C2/c
with four molecules in the unit cell including one molecule of
toluene per complex. The solid-state structure of complex 4 is
identical with the yttrium chloro  ate complex bearing an anilinyl

YCls(thf)z 5
1) LiCpNMe2 toluene, rt, 48 h
2) 2 LiN(SiHMey), | - 3 LiCl, - THF
\ 150 °C, 2 h H3CSN
H3C7N SiHMe, CeDe /SiHMe2
H3C N/ - H2 HZC N
\ .
MezHSi/N\ SiHMe; Me— Si—N SiHMe,
SiHiMe, Me SiHMe,
2 3

Scheme 3. Synthesis of half-sandwich complex 2 and proposed formation of complex 3 via a thermally induced Si e H activation.
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Fig. 2. ORTEP view of the molecular structure of 2. Atomic displacement parameters
are set at the 50% probability level. Hydrogen atoms (except for SiH) are omitted for
clarity. For selected bond lengths and angles, see Table 1

substituted cyclopentadienyl ligand [(C sMes-CgHs-0-NMe )
YCb][LiCI(thf) »] [17] and displays the same trinuclear core as the
yttrium chloro complex [(L)YCI »(thf) 2]2[LiCI(thf) 2] (L ¥ 2-phenyl-
1,4,5,6,7,8-hexhydroazulenyl) [18], which contains two thf mole-
cules coordinating towards the yttrium metal centre instead of the
intramolecular nitrogen function. Two yttrium and one lithium
metal centres are bridged by three m-Cl and two my-Cl anions
(Fig. 3). The N-donor functionalized cyclopentadienyl ligand co-
ordinates to the yttrium metal centresina  h%:k* fashion, generating
a distorted octahedral geometry, while the lithium ion is addi-
tionally coordinated by two thf molecules. The Y eCI1 (2.750(1) A),
Ye CI2 (2.717(1) A), Ye CI2°(2.813(1) A) and Ye CI3 (2.622(1) A) bond
lengths are comparable to those found in [(C sMe4CsHy-0-NMe )
YCb],[LiCI(thf) o] [17] with the shortest contact towards the m
chloride bridging yttrium and lithium. The Y eN distance of
2.571(3) A is slightly shorter than in the anilinyl complex
(2.612(3) A), most likely due to the higher  exibility of the C , spacer

Table 1
Selected bond lengths (A) and angles ( ) for 2.

between the nitrogen and the cyclopentadienyl ring. The NMR
spectra of complex 4 revealed only broad signals indicating that the
trinuclear structure is not stable in solution at ambient tempera-
ture. Also the elemental analysis showed low carbon and hydrogen
values, which we interpret by the loss of solvent molecules upon
drying under vacuum.

The methyl-exchanged ate complex [Cp"M€2YMe,(MeLi)]» (5)
crystallized in the triclinic space group P-1 with one molecule per
unit cell ( Fig. 4). The yttrium metal centre is  h®:k! coordinated by
the N-donor substituted cyclopentadienyl ligand as previously
described for complexes 2 and 4. In addition, three methyl groups
coordinate to the yttrium centre which bridge to the lithium atoms
either in a My (C15/C16) or my (C14) fashion. The geometry around
the formally 7-coordinate yttrium metal is best described as dis-
torted square pyramidal, while the lithium is coordinated tetra-
hedrally by four methyl groups. The average Y e Cp bond distance of
2.656 A is comparable to that in complex 1 (2.669 A), whereas the
nitrogen donor forms a'Y e N contact of 2.587(2) A, which is slightly
shorter than in compound 1 (2.629(3) A). As expected, the YeC
bond lengths with the m-CHj3 groups (2.504(5) and 2.514(5) A) are
shorter than with the ng- bridging methyl group (2.554(3) A). The
same tendency can also be observed for the Li e C(methyl) bond
lengths, where the Li e C15 and Lie C16° distances (2.171(7) and
2.180(7) A) are shorter than the Li e C14 and Lie C14° distances of
2.282(8) and 2.247(9) A, respectively. The Lie C bond length in the
distorted cubane structure of [LICH 3]s is 2.28 A [19]. Other half-
sandwich rare-earth metal methyl complexes authenticated by X-
ray structure analysis include [(C sMes)Y(CHg)2]z [20], (GsMes)
Sc(CH)2(t-BugP] O) [21], [(CsMesSiMes)Sc(CHs)2]2 [3e], and ate
complex [Li(tmeda) 2][(CsMes)Lu(CHg)s] [16] .

Complex 5 represents a rare case in which lithium atoms are
bound to four carbon atoms only (no donor coordination). Unfor-
tunately, complex 5 was separated as single crystals only in low
yields as a side product in attempts to synthesize the bis(te-
tramethylaluminate) half-sandwich yttrium complex, requiring the
use of pre-isolated complex 4. Therefore further analysis was
limited to H NMR spectroscopy which revealed three sharp sin-
glets for the six methyl groups at 2.26, 2.23 and 2.14 ppm and a
multiplet for the ethylene sidearm protons at 2.41 ppm for the
Cp’\”"Iez ligand. The N bridging methyl groups showed a sharp
singletat 0.20 ppm, while the g coordinated methyls appeared as
a broad singlet at  0.28 ppm (ESI, Fig. S9.

Complex 1 and 5, as well as the bis(dimethylsilyllamide com-
pound 2 were tested as precursors for the synthesis of the half-
sandwich yttrium bis(tetramethylaluminate) complex 6 (Scheme

Moleculel Molecule 2 Molecule 3

Bond length ( A)

Yile Cepl 2.624(2)e 2.697(2) Y2e Ccpl01 2.632(2)e 2.717(2) Y3e Ccp201 2.640(2) e 2.699(2)
Yle N1 2.575(2) Y2e N101 2.584(2) Y3eN201 2.579(1)
Yle N2 2.265(1) Y2e N103 2.262(1) Y3e N202 2.270(2)
Yle N3 2.269(1) Y2e N102 2.265(1) Y3e N203 2.275(1)
Yle Sil 3.0811(5) Y2e Si7 3.0496(5) Y3e Si9 3.0699(5)
Yle Si4 3.1027(5) Y2e Si5 3.1063(5) Y3e Sill 3.0776(5)
Bond angle ( )

Nle Yle N2 125.08(5) N101e Y2e N103 129.16(5) N201 e Y3e N202 129.90(5)
NleYle N3 98.92(5) N101le Y2e N102 95.66(5) N201 e Y3e N203 95.55(5)
N2e Y1le N3 102.73(5) N102 e Y2e N103 102.06(5) N202 e Y3e N203 101.86(5)
Yle N2e Sil 101.41(7) Y2e N102e Si5 102.12(6) Y3e N202e Si9 100.91(7)
Y1le N2e Si2 133.15(8) Y2e N102e Si6 135.08(7) Y3e N202e Si10 133.16(8)
Yle N3e Si3 135.11(8) Y2e N103e Si7 100.01(7) Y3e N203e Si1l 100.32(6)
Yle N3e Si4 101.83(7) Y2e N103e Si8 133.01(8) Y3e N203e Si12 136.71(8)
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Scheme 4. Synthesis of yttrium half-sandwich chloro (  4) and methyl ( 5) ate complexes.

5). Using CsDg, the silylamide complexes were transferred to a
Te on sealed J. YoungNMR tube and an excess of trimethylalumi-
nium was added. However, the interpretation of the NMR spectra
was challenging due to an equilibrium of the amido/aluminate
exchange. Nevertheless, a more straightforward synthesis of
(CpMe2AIMe3 yy(AIMe ,), was possible by applying a protonolysis
reaction of the homoleptic yttrium aluminate complex Y(AIMe  4)3
with HCp M2 at lower temperatures (route A, Scheme 1) [22].
Comparison of the proton NMR spectra obtained from the reactions
shown in Scheme 5 disclosed the formation of a half-sandwich
yttrium bis(tetramethylaluminate) complex, where the N-donor
coordinates to trimethylaluminium instead of the expected intra-
molecular coordination toward the yttrium metal centre (ESI,
Fig. S10. Identical signals for the methyl groups of the Cp "Me2
ligand were found as singlets at 1.82, 1.93 and 2.02 ppm as well as
two multiplets at 2.24 and 2.77 ppm for the ethylene sidearm

Fig. 3. ORTEP view of the molecular structure of 4. Atomic displacement parameters
are set at the 50% probability level. Hydrogen atoms are omitted for clarity. Selected
bond lengths (A) and angles () for 1: YeCpeent ¥+ 2.356, YeN ¥ 2.571(3), Ye
Cll Y4 2.7502(9), YeCl2 ¥4 2.717(1), YeCI2® ¥ 2.813(1), YeCI3 ¥, 2.622(1), Lie
O ¥4 1.963(7), Lie CI3 ¥ 2.631(2), Ne Ye CI1 %3 100.25(8), Ne Ye CI2 ¥ 157.66(8), Ne Ye
CI2°v, 80.63(8), Ne Ye CI3 ¥4 91.86(8), Cl3-Lie CI3° ¥4 155.3(4), Oe Lie O° ¥4 95.9(4).

protons. The protons of the aluminate moieties showed a sharp
doubletat 0.22 ppmwith a H e Y scalar coupling of 2J. ¥ 2.15 Hz.
An additional singlet for the donor coordinated trimethylaluminum

was detected at 0.32 ppm. Separation of the desired product 6
from the aluminium by-products [Me >AIN(SiHMe>),], or [Me ,Si
{Me ,AINSiHMe>},] via fractional recrystalization might be feasible,
but was not attempted in the work.

3. Conclusion

Formation of the SiH-activated complex Cp "NMe2y[h?SiMe,(N-
SiHMe;)2](thf) via protonolysis of Y[N(SiHMe 3);]s(thf) 2 with
the donor-functionalized cyclopentadiene C sMesHCH,CH,NMe;
(HCp"Me2) seems to be driven by elevated temperatures and/or the
presence of a donor functionality (NMe », thf). The generation of the
dianionic bis(amido) ligand [ h?-SiMe,(NSiHMe,),] which occurs
via separation of H ,SiMe;, has been shown previously. The desired
half-sandwich complex (Cp NMe2)Y[N(SiHMe»),], is accessible via
application of a sequential salt metathesis protocol utilizing
YCh(thf) 5, LIN(SiHMe,), and LiCpN™e? in a 1/2/1 ratio at ambient
temperature. Complex (Cp "M®2)Y[N(SiHMe,),], engages in a
distinct ligand activation at elevated temperatures predominantly

Fig. 4. ORTEP view of the molecular structure of 5. Atomic displacement parameters
are set at the 50% probability level. Hydrogen atoms are omitted for clarity. Selected
bond lengths (A) and angles () for 1: YeCpa ¥ 2.656, YeCpeent ¥+ 2.366, Ye
N ¥ 2.587(2), YeC15 ¥ 2.514(5), Yeld ¥ 2.554(3), YeCl16 ¥ 2.504(5), Lie
C15 Y4 2.171(7), LieC16° ¥4 2.180(7), Lie C14 Vs 2.282(8), Lie C14° ¥ 2.247(9), Lie
Li ¥ 2.749, Ne Ye C15 ¥ 87.3(1), Ne Ye C14 ¥ 154.7(1), Ne Ye C16 ¥ 85.3(1), Clde Ye
C15 2 83.6(1), Cl4e Ye C16 ¥, 83.8(1), C15e Ye C16 ¥, 133.1(1).
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Chart 1. Structurally authenticated Si e H activation products involving rare-earth metal bis(dimethylsilyl)amide complexes [ 12,13,10a].

involving the dimethylamino functionality and formation of
complex  [(CsMesCH4NMeCH,—SiMeoNSiHMe) Y{N(SiIHMe 2) ).
Both half-sandwich silylamido complexes exhibit amido-aluminate
exchange upon treatment with trimethylaluminium producing the
half-sandwich bis(tetramethylaluminate) complex (Cp NMe2AIMe3)
Y(AIMe,),. Importantly, the concomitant generation of diverse
aluminium silylamide byproducts hampers the puri cation of
complex (CpMe2AIMe3yy(AlMe,),, which makes the protonolysis
reaction of Y(AIMe 4)3 with HCp M2 a superior route. Details of the
latter route will be elaborated in another contribution. The least
suitable seems the protocol following the reaction sequence
“YCh(thf) 3 p LicpN™e? b LiMe p AlMe 3" along which the formation
of ate complexes as shown for the isolation of complexes
[CpNMe2y ] [LiCI(thf) 5] and [(CpMe2)YMes(MeLi)] 2. Nevertheless,
complex [(Cp"M®2)YMe,(MeLi)], features a rare example of a
structurally authenticated rare-earth metal half-sandwich
dimethyl complex.

4. Experimental section
4.1. General remarks

All operations were performed with rigorous exclusion of air
and water, using standard Schlenk high-vacuum, and argon glo-
vebox techniques (MBraun MB 200B; <1 ppm O;, <1 ppm H0).
Hexane, pentane, toluene and thf were puri ed by using Grubbs
columns (MBraun SPS-800, solvent puri  cation system) and stored
in a glovebox. CgDg and C;Dg were obtained from Aldrich, dried over
Na for 24 h, and ltered. AIMe 3 was purchased from Aldrich and
used as received. Y[N(SiHMey),]3(thf) , was prepared according to
literature method  [7c]. HCP¥™M®2 (CpNMe? 1, 1-[2-( N,N-dimethyla-
mino)-ethyl]-2,3,4,5-tetramethyl-cyclopentadienyl) was synthe-
sized as described in literature [8]. The NMR spectra of air and
moisture sensitive compounds were recorded by using J. Young
valve NMR tubes at 25 C on a Bruker DMX-400 Advance (1H:

400.13 Hz; *C: 100.61 MHz). H and *3C shifts are referenced to
internal solvent resonances and reported in  parts per million rela-
tive to TMS. IR spectra were recorded between 4000 cm 1 and
400 cm ! on a NICOLET 6700 FTIR spectrometer using a DRIFT
chamber with dry KBr/sample mixtures and KBr windows. For the
latter the collected data were converted using the Kubelka-Munk

re nement. Elemental analyses were performed on an Elementar
Vario MICRO cube

4.2. Synthesis of (MesCHCHNMe,)Y[h?-Me,Si(NSiHMe),](thf)
1)

In a glovebox, HCp"™®? (193 mg, 1.00 mmol) was added drop-
wise to a stirred solution of Y[N(SiHMe »).]s(thf), (628 mg,
1.00 mmol) in 10 mL of toluene. The mixture was transferred to a
pressure tube and stirred for 16 h at 150  C. After evaporation of the
solvent, the crude product was redissolved in toluene and hexane.
Crystallization from a solution in hexane/toluene at 35 C gave
single crystals of 2 suitable for X-ray diffraction analysis (379 mg,
0.68 mmol, 68%). H NMR (400 MHz, C¢Dg, 25 C): d45.18 (sept, 2H,
S} ¥ 3.00 Hz, SHCHg), 3.65 (m, 4H, THF), 2.57 (m, 2H,
NCH,CH,Cp), 2.42 (t, 2H, 344 ¥4 6.13 Hz NCH,CH,Cp), 2.38 (s, 6H,
CH3Cp), 2.18 (s, 6H, GH3Cp), 1.95 (s, 6H, G43N), 1.48 (m, 4H, THF),
0.54 (br, 18H, SiH(CHs3)-), Si(CHs)-). *C NMR (126 MHz, CsDg, 25 C):
d¥2119.9 (G5(CHs)a), 118.0 (G5(CHs)a), 116.2 (G5(CHg)a), 69.1 (THF),
64.1 (NCH,CHp), 45.7 (CH3N), 25.2 (THF), 22.8 (CHCH2Cp), 11.5
(Cs(CHa)a), 11.3 (Cs(CH3)4), 7.9 (Si(CH3)2), 4.2 (SiH(CH3)2). IR (cm 1)
2959, 2923 s, 2852 s, 2724 w, 2669 w, 2047 w (SiH), 1459 s, 1377 s,
1303 w, 1155 w, 722 w. Element analysis calcd (%) for C »3H50N30-
SigY (657.23): C 49.52, H 9.03, N 7.53; found: C 49.45, H 9.05, N 7.57.

4.3. Synthesis of [[GMesCH.CHNMe,)YIN(SIHMe)2}5] (2)

In a glovebox LiCcp"M®2 (100 mg, 0.50 mmol) was added to a
suspension of YCIs(thf) 3 (224 mg, 0.50 mmol) in 4 mL of toluene.

7.75° . 5.87° 7.92° \ 144.00° 68.73° \ 34.91°
\l( " : . : H o,
(1683) ~ (1.694) \ (1.696) La @e670)f & H,\ w624 / \ (1.710) ,‘
SI—N 1019N—SI Si—N_1005° _NH—Si SI—N\988°/N—Si
/ (1.711) " Si7(1.719) \ / (1.679) ™S} (1.710) / (1.814) S} (1.639) \
1Bree \ 126.1° 13820 £ 130.1° 13040 3 \ 125.2°
1 A B

Chart 2. Structural parameters (torsion angles H —Si-N—M, underlined; bond lengths [A], in brackets) and coordination modes of bidentate bis(amido) (

(A) ligands as originated from Si e H activation.

1 and B) and amido-amine
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Scheme 5. Synthesis of the yttrium half-sandwich bis(tetramethylaluminate) complex 6.

The mixture was stirred for 4 h and LiN(SiHMe 5), (139 mg,
1.00 mmol, 2 equiv) was added. Then the reaction mixture was
stirred another 16 h at ambient temperature. After evaporation of
the solvent, the crude mixture was dissolved in hexane and LiCl was
removed via centrifugation and Itration. After removal of the
solvent the title compound was isolated as yellow oil (179 mg,
0.33 mmol, 66%). Single crystals suitable for X-ray diffraction
analysis were grown from a saturated pentane solution with a small
addition of thfat 35 C.'H NMR (400 MHz, CgDg, 25 C): dv44.76
(m, 4H, SIHCH), 2.42 (m, 4H, NCH,CH»Cp), 2.40 (s, 6H, GH3Cp), 2.23
(s, 6H, QHsCp), 2.11 (s, 6H, GHi3N), 0.47 (d, 24H, 3144 ¥4 3.00 Hz,
SiH(CH3)2). 3C NMR (126 MHz, CsDg, 25 C): d ¥4 119.8 (C5(CHa)a),
119.4 (C5(CHs)4), 116.6 (Gs(CHg)4), 65.3 (NCH,CH,), 47.1 (CH3N), 22.9
(NCHCH2Cp), 12.2 (G5(CHa3)4), 11.8 (C5(CH3)a), 3.2 (SIH(CH3)2). IR
(cm 1): 2955, 2917 br, 2852 s, 2059 w (SiH), 1460 s, 1377 s, 1304 W,
1155 w, 897 w, 722 w. Element analysis calcd (%) for C 21HsoN3Si,Y
(545.89): C 46.20, H 9.23, N 7.70; found: C 45.65, H 9.38, N 7.49.

4.4. Synthesis of [h%:k:hY)(CsMese GHae NMee CHye
SiMe;NSIHMe)]YIN(SiHMe)] (3)

Compound 2 was transferred to a Te on sealed J. YoungNMR
tube using CgDg and heated up to 150 C in steps of 10 C. After 2 h
at 150 C, the integration of the proton signals in the *H NMR
spectrum stayed constant and additional He ¥C HSQC'He *C
HMBC and *He 'H COSY NMR spectra were recorded to identify the
product. Detailed NMR analysis is presented in the supporting in-
formation. H NMR (400 MHz, CgDg, 25 C): d ¥4 4.79 (sept, 1H
SiHCHg), 4.72 (m, 2H, SIHCHg), 3.06 (m, 1H, NCH,CH,Cp), 2.57¢ 2.43
(m, 2H, NCH,CH,Cp), 2.37e 2.32 (m, 1H, NCH,CH,Cp), 2.31 (s, 3H,
CH3Cp), 2.30 (s, 3H, G13Cp), 2.27 (s, 3H, G43Cp), 2.11 (s, 3H, NGHs),
1.95 (d, 1H, 234y ¥4 14.3 Hz, Ne CH.e Si), 1.86 (d, 1H, 23y ¥ 14.3 Hz,
Ne CHye Si), 0.45 (d, 3H, 33y ¥ 3.00 Hz, N(SiH{CHz},)(SiR{CH:}>)),
0.43 (d, 6H, 314y % 3.00 Hz, N(SiH{CHs}»)2), 0.41 (d, 3H,
344 ¥4 3.00 Hz, N(SiH{CH3}>)), 0.39 (d, 3H, 3144 ¥+ 3.00 Hz, N(SiH
{CH3}2)(SIR{CH;s}>2)), 0.28 (d, 3H, NSiR{CH3}2), 0.15 (d, 3H, NSIR
{CHs}»). 3C NMR (126 MHz, CsDg, 25 C): d ¥4 121.0, 118.5, 118.5,
1171 (C5(CHs)a), 116.7 (C5(CHg)a), 64.9 (NCH,CHy), 53.7 (NCH,S),
48.5 (NCH3), 23.1 (CpCHy), 11.9, 11.8, 11.6, 11.4 (Cp(CHas)a), 4.7, 4.4
(SiR{CH3}»), 3.6, 3.4 (SiH{CH3}»), 3.4, 3.0 (SiH{CH3}>).

4.5. Synthesis of [(GMesCH,CHNMe)Y Cb],[LiCl(thf)2] (4)

To a suspension of YCk(thf) 35 (224 mg, 0.50 mmol) in 4 mL
toluene LiCpNMe (100 mg, 0.50 mmol) was added and the mixture
was stirred for 3 h at ambient temperature. After evaporation of the
solvent, the crude product was dissolved in toluene and LiCl was
removed via centrifugation and  Itration. Single crystals of 4 suit-
able for X-ray diffraction analysis were grown from saturated
toluene solution at 35 C (191 mg, 0.21 mmol, 86%). 'H NMR in
toluene-d g at ambient temperature only showed the thf signals at
3.81 and 1.38 ppm and broad signals in the expected area from
2.85 ppm to 2.03 ppm for the Cp "Me2 ligand indicating  uxional

behaviour and cluster rearrangement in solution. IR (cm  1): 2963 s,
2910s, 2875 sh, 2797 w, 1468 s, 1452 s,1377 m, 1062 sh, 1032 s, 1009
m, 914 m, 890 w, 857 w.

4.6. Synthesis of [(GMesCH,CH:NMez)YMex(MeLi)]2 (5)

Without further analysis, complex 4 (178 mg, 0.20 mmol,
1 equiv) was dissolved in 4 mL toluene and MeLi (33 mg, 1.20 mmol,
3 equiv) was added. The reaction mixture was stirred for 16 h at
ambient temperature. After evaporation of the solvent, the crude
mixture was dissolved in toluene and LiCl was removed via
centrifugationand ltration. Removal of the solvent gave complex 5
as a white powder (84 mg, 0.16 mmol, 63%). Single crystals of
complex 5 were grown from a saturated toluene solution at 35 C
in very low yield. 'H NMR (400 MHz, C¢Dg, 25 C): d¥42.41 (m, 8H,
NCH,CH,Cp), 2.26 (s, 12H, GH3Cp), 2.23 (s, 12H, H3Cp), 2.14 (s, 12H,
CH3N), 0.20 (s, 12H Y(CH3)2), 0.28 (s, 6H YCH3). Element analysis
calcd (%) for GzHezLiz2N2Y (666.54): C 57.66, H 9.38, N 4.20; found:
C 57.80, H 8.72, N 4.18.

4.7. X-ray crystallography and crystal structure determination of 1,
2,4,and 5

Single-crystals suitable for X-ray diffraction measurements
were selected in a glovebox, covered in Paratone-N (Hampton
Research) and mounted on a glass bre. The crystal data for com-
plexes 1 and 5 were collected on a STOE IPDS 2T diffractometer
using graphite-monochromated Mo-K  a radiation ( | ¥20.71073 A) at
173(2) K performing U-scans in two orthogonal 4 positions. Data
collection for 2 and 4 and was performed on a Bruker APEX DUO
diffractometer at 100(2) K using graphite-monochromated Mo K a
radiation (| ¥ 0.71073 A) performing 182 uU-scans in four orthog-
onal 4 positions. Raw data were collected using the program
SMART[23] and integrated and reduced with the program SAINT
[24] . Corrections for absorption effects were applied using SHELXTL
[25] and/or SADABS[26] Structure solutions and re nements were
performed using the programs SHELXS [27] and SHELXL[28]. The
structures in this article are represented using the program ORTEP-
11l [29]. All CIF les were checked at http://www.checkcif.iucr.org/
For further experimental details on re nement and crystallo-
graphic data see Table 2.

Table 2
Crystallographic data for complexes 1, 2,4 and 5.
1011 o2l 4121 5l
Formular C23H50N30SkY GoHsoN3SisY CugH7eClsLiN2O2Ya CaaHgaliaNoYa
Fw 557.84 545.91 1075.12 666.54
Temp (K) 173(2) 100(2) 100(2) 173(2)
Cryst syst triclinic monoclinic  monoclinic triclinic
Space group P-1 P2, CQlc P-1
a(A) 9.7070(11) 17.6834(3)  20.768(4) 8.3296(11)
b (A) 10.3817(12)  15.4709(3)  11.4600(19) 8.4946(11)
c(A) 16.2848(19)  18.2584(4)  24.675(4) 13.4840(17)
a (deg) 89.882(9) 90 90.00 77.170(10)
b (deg) 91.109(9) 113.2410(10) 106.958(4) 84.982(10)
g (deg) 115.303(8) 90 90.00 69.093(10)
Vol (A3) 1483.3(3) 4589.76(16) 5617.3(7) 2844.65(17)
z 2 6 4 1
I caled 1.249 1.185 1.271 1.274
(mg/mm 2)
m(mm 1) 2.106 2.075 2.328 3.343
R1? 0.0858 0.0364 0.0718 0.0636
wR2P 0.0995 0.0476 0.1381 0.0890
GOF (onP)@ 1.167 0.822 1.056 1.209

] RL % S(iRi | Rdi)/SiRi; [b] wR2 Y% {S[w(R
GOFvA{S[w(F§ F)*M(n p)}*~.
[1] STOE IPDS 2T diffractometer; [2] Bruker APEX DUO diffractometer.

R)?ISIw(R)*H;
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Appendix A. Supplementary data

NMR spectra and CIF les giving full crystallographic data for
complexes 1, 2, 4, and 5. CCDC 93089930899 and 933280,
contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge via http://www.ccdc.cam.
ac.uk/data_request/cif .

Appendix B. Supplementary data

Supplementary data related to this article can be found at
dx.doi.org/10.1016/j.jorganchem.2013.05.002
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ABSTRACT:Rare-earth-metal half-sandwich allyl complexes

bearing an amino-functionalized cyclopentadienyl ligand

(CpNVe? = 1-[2-(N,N-dimethylamino)ethyl]-2,3,4,5-tetrame-

thylcyclopentadienyl) were synthesized in a two-step salt-

metathesis reaction. Treatment of AEIF), with

Licp"™e2 followed by an in situ reaction with the Grignard

reagent @H:MgCl, generated the bis(allyl) half-sandwich

complexes CH¥*An( 3-CHs), only for the smaller rare-earth metals (Ln = Y, Ho, Lu) in good yielB8%@2In case of the

larger neodymium, the dimeric mono(allyl) chlorido half-sandwich comMféX@Ccp-CHs)( -Cl)], was obtained in 68%

yield. All complexes show moderate to high activity in isoprene polymerization upon cationization with organoborates
[PhsC][B(CgFs)a and [PhNMeH][B(C ¢Fs)4], the yttrium, holmium, and neodymium metal centers yielding mainly 3,4-
microstructures (maximum 79%). Addition of 10 equiv of talkhe catalyst systems‘¥gLn( >-CHs), (Ln =Y, Ho)/
[PhNMeH][B(C ¢Fs) 4] and [CP™eNd( 3-C;H:)( -CI)]/[PhNMe,H][B(C ¢Fs) ] switched the polyisoprene stereoregularity

from 3,4-speda to trans-1,4-selective (maximum 85%). The usBBuaf iAstead led to polymers with mainly cis-1,4-
microstructure for the monomeric yttrium and holmium complexes (maximum 74%). Treatment of the bis(allyl) complexes with
ELAICI (as cocatalyst) did not provide active species for isoprene polymerization but led t§Clalgkchange and

isolation of the hexameric rare-earth-metal cluste™'FES (Cp"™MeALny( ,-Cl)s( 5CN}( »-CD], (Ln =Y, Ho). The

complexes A n( >-CHg), (Ln = Y, Ho, Lu), [CAM*Nd( >-C;H)( -CN], and [{(CP™Me*AEY(Cp"MeILny( ,-

Chs( 5Ch} »-Cl], (Ln =Y, Ho) were analyzed by X-ray crystallography.

INTRODUCTION species, and ttnsaneodymocene complex [(CpGMe)-

N O! :
The development of rare-earth-metal (Ln) based single-s'ﬁi%S,lfSHS)(thf)] (Cp = cyclopentadienyl, Flu =uoren-
initiators for polymerization reactions has been closely rela; representing a single-component catalyst which also
to the progress in group 4 metal based homogeneous Ziegl'Polymerizes conjugated dienes with styrene and ethylene.
Natta catalystsMost striking was the discovery by Marks and "€ need for a remaining reactive meaabon bond upon
Schumann et al. that lanthanidocene compléxes revealed Rfgfyation led to extensive investigations of half-sandwich rare-
catalytic activity in ethylene polymerization without furthérdfth-metal bis(hydrocarbyl) complexes of thg- [(
activation by cocatalysts (so-called single-component cz%%—RZ(DO)x] type, bearing a monoanionic ancillary ligand
lysts)?® The introduction of dianionic bidentate amido-(L) and -bonded alkyl groups (R = Me, Sh\g, Ct Ph;g
Cyclopentadieny! ligands by Bercaw and Shapiro, such a&fieCeHa0ONMe), as versatile polymerization initi o
scandium complexes J@&,SiMeNCMe;)Sc(PMe),( -R)], Due to the sterically unsaturated Ln(lll) centers, incorporation
(R = H, alkyl), marked another milestofigiis approach, of neutral donor I|gand_s (Do) was fre.quently obé@r’xf’ed..

which implies enhanced reactivity through electronically andn contrast, donor side arm substituted cyclopentadienyls,
sterically less saturated metal centers, was adopted by the DgENY!s, and indenyls as monoanionic ancillary ligands can
and Exxon Chemical Cos. for group 4 metal centersras the MMIC & constrained geometry gamation, thus accomplish-
“constrained geométoatalysts (CGC)° Since then, a series N9 “Solvent éfgré?%mghly stable precatalysts with welede

of rare-earth-metal(lll) complexes of this type have bedRaction sites. = Very recently, Cui et al. reported on the
reported, but as they exist by nature only as mono(alkyl) O;ynthe'ss and characterlzat!on of a series of linked-half-
-(hydride) species, these complexes generally display no acti@gAwich rare-earth-metal bis(allyl) complexes and demon-
in 1,3-diene polymerization. The rare examples that cgnated their excellent catalytic performance in the polymer-
polymerize 1,3-butadiene and isoprene are limited to tH&ation of 1,3-d|en§ and styrene, following cationization with
dimeric complexes [{de,),Ln( -Me)LAIMey],8 11 and organoborate activators in the presence or absence of
[(CMe)SiMeP(Cy)Ln(CH,SiMe)] ,*? (Ln = Y, Lu; Cy =
cyclohexyl), requiring activation with 1 equiv of cocatalyst, thus July 15, 2014
forming a dimeric mono(alkyl) monocation as the activBublished: December 24, 2014

ACS Publications  © 2014 American Chemical Society 32 DOI: 10.1021/0m500725g
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trialkylaluminurh’*82%2§vorth emphasizing is a comprehen- Scheme 1. Synthesis of Rare-Earth-Metal Bis(allyl)
sive study on isoprene polymerization promoted byNhe  Complexes 1 and the Dimeric Neodymium Mono(allyl)
dimethylanilinyl-substituted half-sandwich rare-earth-me@hlorido Half-Sandwich Complex 2

complexes [(@Me,CeH,-0-NMe)Ln( >-CHs),] (Ln =Y,

Nd, Gd, Dy) back in 20%h.Activation of the respective

gadolinium complex with [PhNJAHB(C ¢Fs) 4] and 10 equiv

of AlMe produced therst rare-earth-metal bis(allyl) system

that polymerizes isoprene in a living fashion (PDI = 1.11).

While the moderate cis-1,4 selectivity of 83% could be

increased to 99% via addition @wl the capability of the

organoaluminum compound to act as a chain-transfer agent was

revealed by up to eight growing polymer chains per gadolinium

center (800% catalyticaency). In the same year, the group
of Cui reported the bis(allyl) lutetium complex
[(CsMe,CeHN)LU( 3-CiHs),], bearing a pyridyl-substituted
cyclopentadienyl ancillary ligand, to initiate highly cis-1,4-
selective (99%) butadiene and purely syndiotacte90%)
styrene polymerization on activation with the trityl borate agent
[PhyC][B(C¢Fs)." The latter cationic lutetium CGC catalyst
was also employed for the terpolymerization of styrene with
1,3-butadiene and isoprene, allowing outstanding control Oé?efr

regio- and stereoregularity as well as block copolym drogen and carbon values indicative of further chlorido
formatior?® Previous studies on bis(allyl) rare-earth-metafy! €xchange, no crystalline products could be obtained.
half-sandwich complexes also feature 'Taobmplex ttempt?hto |stollat|e tthhe respefc:t;l\/% complexes with the largest
[(CsMe)Nd( 3C3Ho)»(CiHgO,)o 4, Which upon activation rare-€arin-metal, ianthanum, faed.

with MAO (AINd = 30) produced polybutadiene with cis 1 1"e H NMR spectra of the diamagnetic complexgé)
contents as high as 66%he latter dioxane complex was and 1b (Lu) show the expected sets of signals for the

; ; . - cyclopentadienyl! ligand. In particular, three singlets for the
ggaaﬂé?w\gsa protonolysis employing [RgHs)s(C4HgO»)] methyl groups and two multiplets for the ethyl spacer were

tected. The methine proton of the allyl group in compound

Recently, our group developed a bis(tetramethylaluminat 1gave a doublet of quintets at 6.31 ppm. The signal splitting

based library ofi[jLn"' (AIMe,),]-type complexes, particularly

: : P of the quintet{l,, = 12.36 Hz) is clearly attributable to a two-
to be exploited for 1,3-diene polymerization. The respectl% 18 H . 2
monoanionic ancilla%/5 ligandsalso comprise N-donor- bond™H ®%¥ scalar couplinglg, = 1.36 Hz). The resonance

functionalized quinol§f-aminopheny?® and dimethylami- of the corresponding methylen_e protons appeared at 3.04 ppm
noethyI—cycIopdaaxjienyi ligands (Cp’Q CPNMe2 “ang as a rather broad doublet, implying fast exchange of the

: ; - ; ; inal allylic protons {fand H,,). The allyl groups of the
cped) 37741 Triggered by the interesting catalytic propertie$S N& | Thnt F
of the bis(allyl) complexes presented by Cui, we set out fetium complexc gave a quintet at 6.37 ppiy( = 12.36

: el ) i ! 'Hz) and a sharp doublet at 3.07 pfly, = 12.36 Hz) for the
examine CP'®Zsupported rare-earth-metal bis(allyl) com methine and methylene protons, respectively.

plexes. Here, we focused on the implicationseafbde G Sinal tals of lekessiitable for X all
spacer between the cyclopentadienyl and N-donor moieties Ingle crystals of complex&siitable for A-ray crystaliog-

and whether [alli] _[organoaluminum] exchanges under "SR SN BE ST SC RORERERE SRR e
formation of identable alkylaluminate species can be observed’3 - P I Cry

as Evans reported for J@,SiMe(CH,CH CH,)},Y( > monoclinic space groml: The representative molecular
CsHs)].* In addition, the performance in isoprene polymer=°’t.rUCture oflais shown in Figure 1, and selected bond
ization upon activation with peorated organoborate distances and angles for compleaesgiven in Table 1. The

compounds was tested and compared with the performar?(fbcmary ligand coordinates to tHé tenter in a% * fashion
of half-sandwich bis(aluminate) complexes.

RESULTS AND DISCUSSION

The salt-metathesis reaction of LOAKHF), with
[CsMe,CH/MNMe,Li at ambient temperature for 4 h, followed

by an in situ reaction with the Grignard reagéhMgCI for
another 16 h, generated the bis(allyl) half-sandwich complexes
[Cp"MeAn( 3-CiHs),] (1) in high yields (8288%) for the
smaller rare-earth metals (Ln =19,(Ho (1b), Lu (10)
(Scheme 1). In the case of the larger neodymium, only the
dimeric mono(allyl) chlorido half-sandwich complex
[Cp"MeANd( 3-CiHs)( -CD)], (2) was obtained under identical
reaction conditions. We assume that the presence of two

bridging chlorido ligands sterically disfavors any compleify,re 1 Molecular structure of [tff2Y(C,Hs),] (13, representa-
displacement by allyl moieties. Although the elemental analyg@sof isostructural complexestomic displacement parameters are
of samples, obtained from the reaction of isolated c@mplexet at the 50% probability level; hydrogen atoms are omitted for
with another 1 equiv of 5l@;MgCl, showed increased clarity.

33 DOI: 10.1021/0m500725g
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Table 1. Selected Bond Lengths (A) and Angles (deg) of 1a, 1b, 1c, and 2

la(Y) 1b (Ho) 1c(Lu) 2 (Nd)
Ln C14 2.609(4) 2.604(6) 2.575(4) 2.666(5)
Ln C15 2.625(5) 2.617(7) 2.581(4) 2.702(4)
Ln C16 2.610(5) 2.604(6) 2.572(4) 2.685(5)
Ln C17 2.590(5) 2.587(7) 2.534(4)
Ln C18 2.614(7) 2.615(14) 2.545(8)
Ln C19 2.663(7) 2.660(13) 2.633(9)
Ln CI 2.796(1)
Ln CI 2.874(1)
Ln N 2.583(4) 2.566(6) 2.550(4) 2.666(3)
Ln Cp 2.593(4) 2.705(6) 2.589(6)2.70(1) 2.557(3)2.669(7) 2.686(4)2.801(4)
Ln Cpy 2.653 2.645 2.627 2.738
Ln Ct 2.363 2.353 2.322 2.459
Ct; Ln Ct, 109.93 109.64 109.53 106.89
Ct; Ln Ct; 131.81 131.36 131.62
Ct, Ln Ctg 108.40 108.64 108.12
Ct; Ln N 96.99 97.43 98.21 94.02
Ct, Ln N 109.77 109.69 110.2 112.45
Ct; Ln N 96.47 96.82 96.34
Ct; Ln CI 101.44
Ct Ln CI 166.54
Ct, Ln CI 118.11
Ct, Ln CI 86.30
N Ln CI 119.09(8)
N Ln CI 78.04(8)
Cl Ln CI 73.75(3)

via the Cp ring and the nitrogen atom of the amino group,
generating a constrained geometry, while the two allyl moieties
bind the rare-earth-metal atom ir® modes. Due to the
constrained geometry the Cp ring is slightly tilted, with the
shortest LnC distance involving the C3 carbon atben (
2.593(4) A;1b, 2.589(6) Alc 2.557(3) A). The two allyl
ligands show distinct bonding toward tHe demters. While

the terminal (&r) and central (&) carbon atoms of one allyl
ligand (C14C16) reveal similar L&,r and Ln C,c bond
lengths 1a average 2.615 #, average 2.608 &g average
2.576 A), the second allyl ligand features onecaitlyi
elongated LnC,; distance (C191a 2.663(7) A, 1b,
2.660(13) Alc 2.633(9) A). The overall ligand arrangement
is comparable with that of th@&l-dimethylanilinyl-substituted

half-sandwich rare-earth complexeMEC:H,-0-NMe,)Ln- Figure 2.Molecular structure of [¥¥Nd( -CHo)( »+Ch], (2.

( B'QHs)ﬂ (Ln=Y, LU)-24 ) ) ) Atomic displacement parameters are set at the 50% probability level,
The bond angles £t.n Ct; involving the allyl centroids hydrogen atoms are omitted for clarity.

(13 108.48 1b, 108.6% 1c¢ 108.12) are smaller than in the

nonfunctionalized rare-earth-metal bis(allyl) complex%ﬁoup display the expectdd® and - 3 coordination modes,
[(C5M94R3)SC(3'03H5)J (R = SiMg, 119.1% R = Me,  respectively, with a,CNd N bite angle of 94.92nd Nd
115.095° but somewhat elongated in comparison toc, distances ranging from 2.666(5) to 2.702(4) A. The
[(CsMeyCeH,-0-NMey)Ln( -CsHg)l (Y, 106.9; Lu, coordination geometry of the neodymium centers is best
106.0).”" Furthermore, the bite angles between the cyclajescribed as distorted trigonal bipyramidal, with the Cp
pentadienyl centroid and the nitrogen atomL@t N (13 centroid and one chlorine atom in the apical positions, while
96.99; 1b, 97.43; 1c 98.21) are slightly wider than in the the other chlorine atom, the allyl group, and the nitrogen atom
anilinyl-functionalized complexes (Y964 96.7).%* span the equatorial plane. The bond length between the
Single crystals of the neodymium coriplexe also grown  neodymium atom and the chlorine atom trans to the Cp ring,
from a saturated toluendiexane mixture at35 °C. The Nd Cl (2.874(1) A), is markedly longer than the neo-
complex crystallizes in the triclinic space gfoufth one dymium chlorine bond in the trigonal plane (K =
molecule of toluene in the unit cell. An X-ray structure analy2i§96(1) A). Comparable Na@l distances were found in
of 2 revealed the dimeric structure M¢SBNd( 3-CHg)( - [{Nd( 3-CiHg)o( -CI)(THF),},1** (2.822(1)/2.874(1) A)
CI)], with bridging chlorido ligands (Figure 2, Table 1). Theand [{Nd(AIMeg)( -C{1,2,4-(MgC);CsH,}},]>?
N-donor-functionalized cyclopentadienyl ligand and the al(@.7807(6)/2.8077(6) A).

34 DOI: 10.1021/0m500725g
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Reactivity toward ELAICI. Activation of rare-earth-metal
alkyl or hydride complexes with Lewis acidic diethylaluminum
chloride as aveakly cationizihgocatalyst is known to form
promising catalysts for stereoregular 1,3-diene polymeriza-
tion**%®In particular, Ln/Al heterobimetallic complexes such
as [Ln(AIMg)4],*"*®[LnAl;Mey(O,CCH.iPr-2,4,6)],%° and
[Ln(AIMey) (OR)4*° (R = neopentyl, {,iPr,-2,6) activated
with chlorination reagents such aaIE€t and PECCI give
catalysts for highly cis selective isoprene polymerization.
However, active species for the polymerization of isoprene
were not formed upon treatment of complexath ELAICI
in 1:0.5, 1:1, 1:1.5, and 1:2 molar ratios.

Addition of 2 equiv of BICI to a solution ollab in
deuterated benzene led to full [allyl[CI] exchange under
the formation of [{(CHVe?AEY,(CpNMe9Lny( ,-Cl)g( 5
Ch}( »Ch], (Ln =Y (38, Ho (3b); Scheme 2)H NMR

Scheme 2. AllylChlorido Exchange: Synthesis of

Complexes [{(CH"**A®9,(CpM*9)Lny( Chy( o Figure 3.(A) Molecular structure of complx Atomic displace-

Ch}( »-CD], (3) ment parameters are set at the 50% probability level; hydrogen atoms
are omitted for clarity. Aluminum, carbon, and nitrogen atoms are
shown with a ball and stick representation. The disorders of the ethyl
groups at the aluminum atoms and in the side arm functionality are
not shown. (B) Core structure of the hexameric complex. Atomic
displacement parameters are set at the 50% probability level. Selected
bond distances (A) and angles (deg): Hol/2i3 2.7885(2)/
2.8018(3)/2.7639(2), Hol1/2/3CI2 2.8406(3)/2.8486(2)/
2.8004(3), Hol1lCl3/4 2.6672(2)/2.6998(2), HoXI3/5
2.6771(2)/2.6839(2), HoXl4/5 2.7048(2)/2.7022(2), HoLI6
2.6951(3), Ho2CI6 2.7007(2), Ho3N3 2.5162(3), Al1/2N1/2
2.0683(2)/2.0612(2), ClI3/4/3Ho1/3/2 Cl4/5/3 145.037(14)/
spectroscopic investigations were not conclusive, probably &@.330(13)/145.330(13), Ho1/2/&13/5/4 Ho2/3/1

to cluster rearrangements and coordination switch of tf§8-298(11)/90.298(11)/ 90.616(13), Hol/2I3/5/4 Ho2/3/1

hemilabile donor function of the cyclopentadienyl ligand at t@g'3?542((112:;/%%46i(l)(gl(sl)%a/agsgig?fl()léll)—i 6;1460}—{5;3'% 4'6'25/7%17)
Lewis acidic Ln(lll) and Al(lll) centers. Single crystaéds of - ) ' ; . :

. . . N3 H 11/2/4 2.62(4)/154.55(4 . . .
suitable for X-ray structure analysis were obtained Whe% 03 CI1/2/4/5 82.62(4)/154.55(4)/93.98(5)/96.38(5)

pentane was added to a benzene solution which was then

cooled to 35°C. Complexe3crystallize in the triclinic space coordinated cyclopentadienyl ligand, two of the metal centers
groupP1 with varying amounts of solvent molecules. Since the each triangle accommodate anionic ligands X, while the
crystallographic data of the yttrium condexere of low  third has only contact to four X. The latter metal center is
quality (only allowing the assignment of a connectivitgdditionally coordinated by one thf donor ligand to achieve
structure; see the Supporting Information), ORTEP drawingseric saturation. This way, each metal center has a coordination
of the holmium structur@b are shown in Figure 3. Both number of 8. In contrast, the vacant position at Ho3 in complex
complexes share the same core structure, which can be Bbsis occupied by the nitrogen donor functionality of the
described as two distorted hexagonal bipyramii][Ln cyclopentadienyigand, accomplisiy a chelating® *

linked by two chlorido (C16) ligands (Figure *3AJhe coordination mode (Ho®3 = 2.5162(3) A). The other
resulting hexalanthanide clustegGlg adopts a chairlike metal centers (Hol/Ho2) aré coordinated by the Cf2
geometry (Figure 3B). Each{Ch] unit implements three- ligand, while their donor functions are attached to triethylalu-
and two j-chlorido ligands with L€l distances of minum (N1/2 Al1/2 = 2.0683(2)/2.0612(2) A). This
2.6672(2) 2.7048(2) and 2.7639(2.8486(2) A, respec- coordination mode of the ¥{52 ligand was previously
tively. With regard to they-chlorido ligands, the contacts detected in the half-sandwibls(tetramethylaluminate)
involving Cl1 are sigoantly shorter (2.7639(2.8018(3)  complexes [{C}'*2AMe§| n(AlMe,),] (Ln = Y, La, Nd}’

A). Similar cluster arrangements were found previously for thePolymerization of Isoprene. The bis(allyl) complexds

earlier {larget) lanthanides in the presence of small aniongnd the dimeric mono(allyl) chlorido compleere tested as

(X) such as halo, cyano, borohydro, and hydroxy, whigiecatalysts in the polymerization of isoprene. Upon cationiza-
favorably act as bridging lig@8h@amples include [8,4- tion with the organoborate reagentgGRBB(CgFs) 4] (A) and
C7H;E’Ja)t-,CIu(thf)z],51 [Lng(CsMes) Clithf),] (Ln = Nd, [PhNMeH][B(C4Fs)4 (B) as cocatalysts, the monomeric
Sm);” [Lng(CsMeynPr)g(BH,) 1o (CL(thf),] (Ln = Sm, Nd; complexed displayed moderate to high activity, producing
x = 0, 5, 105" and [Srg(CsMe)¢Cl,o(OH)(thf),].>°> The polyisoprenes with microstructures that weeted by the
yttrium complex [XL)gCls(OH)4(thf),] (L = 2-phenyl- rare-earth-metal center rather than the cocatalyst (Table 2,
1,4,5,6,7,8-hexahydroazulenyl) represents a rare exampleFfie 4). The yttrium- and holmium-based catalyst systems
[LngX;)] cluster with a smaller rare-earth-metal G8nter.1d A, 1aB, 1WA, and 1b/B produced polymers with
Herein the hydroxo ligands occupy the tyvand one , dominant 3,4 -sequences, as detecteld\iViR spectroscopy
position in the trimeric subunit. In addition to tRe (Table 2, runs 1, 2, 5, and 6). Determination of the accurate cis
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Table 2. Selected Examples of Isoprene Polymerization & 40

entry? precat. cocht. time (min)  vield (%) cis1,# transl,& 34 1M M/M2
1 (CP*™M#3Y(CHL), (18) A 120 19 6 15 79 0.9 1.15
2 (CP™Me3Y(C4H:), (18 B 120 20 4 21 75 1.0 1.09
3 (CE™AY(CHy), (19 B/AlMe, 30 >99 <1 71 29 5.4 1.24
4 (CP™MeAY(C,H:), (18) B/AlIiBu, 60 >99 74 <1 26 1.5 1.19
5 (CA"™eYH0(C4Hs), (1b) A 120 16 11 12 77 1.23 1.17
6 (CP"™MeAHo(C4H5), (1b) B 120 17 7 17 76 1.23 1.13
7 (CP™eAHo(C4H-), (1b) B/AlMeg, 30 >99 <1 72 28 4.0 1.24
8 (CP"™MeAHo(C4H5), (1b) B/AlIiBu, 60 >99 74 <1 26 1.0 1.25
9 (CP"™e3Lu(C4Hy), (10 A 120 97 27 34 39 2.4 1.04
10 (CP™Me3Lu(CaH:), (10 B 120 81 32 31 37 2.6 1.04
11 (CP™MeALu(C4Hs), (10 B/AlMe, 30 >99 4 51 45 33 1.39
12 (CP™MeALu(C4Hs), (10) B/AliBu 60 >99 40 25 35 1.0 1.72
13 [(CP"™MEAINd( -CI)(CaH:)] 2 (2) A 120 >99 5 29 66 4.3 1.10
14 [(CP™eINd( -CI)(C3Hs)] 2 (2) B 120 >99 6 30 64 47 1.11
15 [(CA™eANd( -CI)(CaHo)]» (2) B/AlMe, 30 >99 <1 85 15 43 1.06
16 [(CP"™MEANd( -CI)(CaHs)] 2 (2) B/AliBuy 60 >99 5 10 85 1.2 1.29
17 (CpMe2AMeY (AIMe) , (4) A 120 >99 <1 77 23 2.7 1.11
18 (Cp\Me2AMeSy (AIMey), (4) B 120 >99 4 75 21 2.7 1.22

aConditions: 0.02 mmol of catalyst, [complex]/[cocat] = 1/1, 8 mL of solvent, 20 mmol of {¥BpoatalystA, [PhC][B(CeFs)d; B,
[PhNMeH][B(C ¢Fs) 4. Determined byH and*C NMR spectroscopy in CRCfDetermined by means of size-exclusion chromatography
(SEC) against polystyrene stand§ids/[cocat]/[isoprene] = 1/1/500, 4 mL of solvent.

molecular weight distributions of all obtained polyisoprenes are
very narrow (1.04L.17), suggesting polymerization in a living
fashion.

In this context it is worth mentioning that the rare-earth-
metal CGC [(GMe)SiMe(NCMe;)Sc(PMeg),( ,-H),] poly-
merizes not only ethylene but also highwe ng' and that
the rst isospect 3,4-polymerization (100% 3@mmm
>99%) of isoprene was achieved by applying the binuclear
complexes [(1e)SiMeP(Cy)Ln(CHSIiM&)], (Ln =Y,

Lu; Cy = cyclohexyl) bearing a dianionic phosphido-substituted

cyclopentadienyl ligatfdFurthermore, the rare-earth-metal

postmetallocene bis(alkyl) complexes [{PhgHINE®,-

2,6)}Y(0-CH,CH,NMe)),],>® [LY2Sc(CHSIMe),]°° (L* =

2,5-bis((pyrrolidin-1-yl)methylene)-pyrroly, =L 2,5-bis-

((piperidino)methylene)-pyrrolyl), and [{2 £R1;NCH,C-

(CH, SiMg) NCHaR,-2,6}Ln(CHSIMe),(THF)]®° (Ln

=S¢, Y, Lu; R = M&r) were reported to polymerize isoprene
Figure 4.Ternary plot of the microstructures of the polyisoprenedn high 3,4-regioselectivity on activation with cocAtafyst
obtainend from precatalystand?2 upon activation with ( ), B the latter complexes, DFT calculations demonstrated a
(), B/AIMe; (), andB/AI'Bu, ( ) (see Table 2). favorable? coordination of the monomer to the metal center,
leading to the 3,4-insertion product. The tendency for 3,4-

and trans contents of the 1,4-uniftS®WMR spectroscopy is polyisoprene formation in the presence of sterically demanding
hampered by the high contents of atactic 3,4-polyisopreHgands was also presented in an investigation of the structure
leading to broad signals (Figure S14, Supporting Informatiof§activity relationship of half-sandwich bis(alkyl) scandium
Furthermore, in contrast to our intensely studied aluminaf@@mplexes, bearing nonfunctionalized and heteroatom-substi-
precatalyst, * the selectivity of the allyl complexes is verjuted cyclopentadienyl ligafitis. N _ .
sensitive toward small (salt) impurities. The lutetium complex!t has been shown earlier that the addition of trialkylalumi-
1c gave polymers with almost equal amounisigf-trans num compounds to binary catalyst systems has a deastic e
1,4-, and 3,4-polyisoprene units (Table 2, runs 9 and 10). T@@ the activity as well as the regio- and stereoseféciivity.
dimeric neodymium compl2xdid not display any activity Hence, in subsequent reactions, 10 equiv of each of the
when a [Ln]:[cocat.] ratio of 1:1 was applied, indicating th#&ialkylaluminum compounds AR = Me,'Bu) was added to
displacement of both allyl moieties. However, upon activatithe catalyst systems utilizing cocatalyst [PH{BIEC ¢Fs) 4]

of complex2 with 1 equiv ofA or B, polyisoprenes with a (B), in order to investigate the implications for activity and
dominant 3,4-microstructure were produced (Table 2, runs g8lectivity. In case of the lutetium comiglexid addition of

and 14). The high 3,4-content is proposed to result from aklMe;, a decrease in the cis-1,4-content to 4% in the resulting
enhanced steric encumbrance at the CGC metal centerpalymer was observed, while the trans-1,4- and the 3,4-
comparison to donor side arm free half-sandwich complexag;rostructure contents increased to 51% and 45%, respec-
which produce predominaritgnsl,4-polyisoprefié.3° The tively. The use of iBL; instead caused only minor changes in

36 DOI: 10.1021/0m500725g
Organometallice015, 34, 3241



Figure 50le nic and aliphatic regions of f@NMR spectrum (101 MHz, 25, CDC}, 77.0 ppm) of polyisoprene obtained with the catalyst
systen®/ B/AIMe; (Table 2, run 15).

Figure 6 Aliphatic region of tHel 3%C HSQC NMR spectrum (2&, CDC}, 77.0 ppm/7.26 ppm) of polyisoprene obtained with the catalyst
systen®/ B/AIMe, (run 15). TheC (DEPT 135) NMR spectrum is shown on the left edge of the contour plot, iHil MR spectrum is
shown at the top.

the stereoregularity, while in both cases a broadening of thén contrast to the case for natural rubHerwéal00%cis
molecular weight distribution was found (Table 2, runs 11 ang4-PIP) and gutta-percha (106%nsl,4-PIP), synthetic

12). In contrast, the yttrium-baséé) @nd holmium-based rubbers often not only reveal a mixture of 1,4-units but also
(1b) systems were dramaticalljuémced by the choice of incorporate 3,4-microstructures. Depending on the amount and
trialkylaluminum reagent. While addition of Aid&ilted in - tacticity of the 3,4-units, distinct NMR shifts of adjacent
moderate trans-1,4-selectivity of 2B/@0d 72%1b) (runs  jsoprene units are observed, making structure analysis a
3 and 7), the use of iBly provided polyisoprene with cpgjienging ta&kon the other hand, systematic incorporation
moderate contents of cis-1,4-microstructure in both cases (7463 4_nits has been proven taiémce the physicochemical

runs 4 and 8). This '33 in agreement with tiings on properties of such rubbers, as has been shown for the increase
[(CsMe,CeHy-0-NMe)Y( =CiHe)ol/ A based catalyst systems, ; wet skid resistance coupled with balanced abrasion and
where the addition of Alyled to 70%ransl,4-polyisoprene li it i f oroduced tire étals

and AiBu, produced 75%is1,4-polyisopreR&Furthermore, ~ '0!INg résistance properties of produced tire ever,

the decrease of the polymer molecular weights with consisteHtfy Majority of publications on the structural NMR analysis of
low molecular weight distributions in the presencéBaf Al Polyisoprenes have dealt with _the mcorporaﬂon of 3,4-units in
(runs 4, 8, 12, and 16) are in agreement with its chain-transR@ymers with pronounced cis-1,4-microstriitttiteThe
capability* ideally leading to a so-calfieamortal polymer- ~ catalytic syster/ B/AIMe; (Table 2, run 15) produced
izatiorP>®3 Interestingly, for the catalyst sys?éBionly a polyisoprene with predominant trans-1,4-regularity but also
shift toward 1,4-selectivity was observed upon addition featured 15% of 3,4-units as determinedHbjNMR

AlMe; (85% trans, Table 2, run 15), whilB#\lincreased the ~ spectroscopy. THEC NMR gave sharp resonances for both
3,4-selectivity up to 85% (Table 2, run 16). the trans-1,4-T) and the 3,4-unitsvj but no indication of
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any cis-1,4-microstructures (signals at 23.4, 26.4, and 32.2 pgation products was obtained, suggesting the formation of
in the aliphatic region) (Figure 5). two di erent species (Figure 7b). A closer examination of the

The integral ratio of the peaks assigned to the 3,4-unitsaditained data unambiguously gdrone of the species as the
18.6, 47.2, 111.2, and 147s&he presence of single isolated yttrium half-sandwich bis(tetramethylaluminate) complex
3,4-units incorporated into the trans-1,4-polymer chain, E@p\Ve2AMeS/(AIMe,),] (4) reported recently (Figure 76)"°
shown in Figure 5. To correlate the remaining signals, a twoThe second reaction product could not be isolated. It is likely
dimensionalH 3 HSQC NMR spectrum was recorded that the nitrogen-functionalized side arm coordinates to a
(Figure 6). This allowed us to verify that¥deNMR signal at  trialkylaluminum instead of the rare-earth-metal center, as
32.1 ppm is th¥, carbon of the 3,4-unit correlating with the indicated by the separation of the ethylene-linker proton signals
broad doublet at 1.43 ppm in tReNMR spectrum and that (i) in the *H NMR spectra. Furthermore, the appearance of
the peak at 31.1 ppm belongs tdthearbon. As far as we are two multiplets at 5.66 and 5.10 ppiwith a proton integral
aware, this type of polyisoprene microstructure and itatio of 1:2 may belong to one remaining allyl lighodded
corresponding NMR data have not been described in det@il a metal center either as AIMgR = CHCHCH,)
to date. Such polymers might open up interesting avenuesdoordinated by the nitrogen atom or as a bridging anion of a
selective functionalization of the pendant vinylic groups. [AIMeR] moiety (Scheme 3}

With the aim of gaining more knowledge about ¢t @f In order to work out if a half-sandwich bis(aluminate) species
the trialkylaluminum compounds, the reaction of theepresents the real precatalyst, the compl&¥efeyrs-
diamagnetic yttrium bis(allyl) complex"¥spr( >-C;Hq),] (AlMey),] (4) was synthesized by applying the protonolysis
(19 with AIMg was investigated by NMR experiments (se@rotocol with the homoleptic tetramethylaluminate yttrium
the Supporting Information). To this etalvas charged into complex as the precursor (Schertig &)d tested in isoprene
an NMR tube tted with a J. Young valve, dissolvedlg, C  polymerization after cationization with the borate redgents
and blended with 10 equiv of trimethylaluminum (Scheme 8ndB. Both polymerization reactions produced polyisoprene
with moderate trans-1,4-microstructures of 77% and 75%, while
Scheme 3. AllylAlkyl Exchange: Synthesis of the Rare- the cis-1,4-contents were very low (Table 2, runs 17 and 18),
Earth-Metal Bis(aluminate) Half-Sandwich Complex which is comparable to those for the catalyst syé®@ms
[CpNMe2AMe3y (AIMe,),] (4) 7© AlMe; of yttrium and holmium. It is important to note that

none of the cationized species could be unambiguously
identi ed and that the excess amount of trimethylaluminum
in the ternary catalyst systems might have further implications
for the activation sequence.

CONCLUSIONS

Linked half-sandwich rare-earth-metal bis(allyl) complexes
Ccp'™e3 n( %-CHs), bearing an amino-functionalized tetra-
methylcyclopentadienyl ancillary ligand, are accessible in a
). Disappearance of the quintet at 6.31 ppm and the doubletstitaightforward one-pot synthesis by using a two-step salt-
3.04 ppm in the!H NMR spectrum indicated a rapid metathesis protocol for the smaller rare-earth metals yttrium,
displacement of the*-coordinated allyl ligands Figure holmium, and lutetium. When the same reaction sequence was
7a). After evaporation of the volatiles, a clean spectrum of #raployed, the larger neodymium metal led to the mono(allyl)

Figure 7 Regions of thiH NMR spectra (400 MHz, 28, GD,) of (a) pure [CHM®?Y( 3-C;H),] (18, (b) reaction product of [e?y( -
CzHs),] with 10 equiv of AlMgafter evaporation of volatiles, and (c)'feB™e¥ (AIMey),] (4).
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chlorido complex [HeNd( 3-C;Hs)( -Cl)],. Upon activa-  lter prior to injection. SEC was performed with a pump supplied by
tion with [PhNMeH][B(C ¢Fs)4], the yttrium and holmium  Viscotek (GPCmax VE 2001), employing ViscoGEL columns. Signals
bis(allyl) complexes showed moderate activity for mainly 3%&re detected by means of a triple detection array (TDA 305) and
selective isoprene polymerization. In the presence of 10 edi@iprated against poly;}t_yrene standlg$df < 1.15). The ow

of AIR, the activities increased and dramatic shifts toward 1.2 e was set to 1.0 mL mirThe microstructure of the polyisoprenes

3 o . s examined by meansHyf °C, and two-dimensiondd %C
selectivity were observed. The addition of an exceBssof Al HSQC NMR experiments on the Bruker AVII+400 spectrometer at

led to mainly cis-1,4-regulated polyisoprene, while the use;Rhient temperature, using G2&Isolvent.

AlMe; produced polymers _Wlth d_omlnant tra_ms-l,4-m|cr0- General Procedure for the Synthesis of
structure. NMR spectroscopic studies of the mixttiféAGp (GMe,CH,CHNMe,)Ln(GHs), (1). Route A.In a glovebox,

( %-CjHy),/AIMe; revealed rapid [allyl] [aluminate] LiCp*™*?was suspended in 4 mL of toluene and added dropwise to
exchange (allyl/methyl scrambling) with loss of the constrain@gtirred suspension of LyfTHF), in 4 mL of toluene. The mixture

geometry conformation involving the formation of complex&&s stirred for 4 h, ang-GMgCl in THF (1.7 M) was added. After
such as CWIeZAIMeSY(AlMe‘)Zjo In accordance with the NMR complete addition the reaction mixture was stirred for another 16 h at

study, the catalyst Systemg"’@ﬁ( 3-(‘4H5)2/[PhNMe2H]- ambient temperature. After evaporation of the solvent, the crude

Ma2AIM mixture was redissolved in toluene and LiCl and WMgi€lremoved
[B(CeFs)4/AIMe; and CPHVe2ANeY (AIMe,)/[PhNMe,H]- via centrifugation anttration. The clear solution was reduced to 3

[B(CG_F5)4] showed similar performance. Ap_parently, trialkylmL, layered with-hexane, and stored &5 °C to yield crystalline
aluminum reagents are less prone to disrupt the chela@mplexes, which were further pued by repeated recrystallization
coordination of more rigid CG complexes such & Cuifrom saturated-hexane solutions a85 °C.

anilinyl-type complexes §2,CeH,-0-NMey)Ln( 3-CH:) )], Alternatively, the following route was successfully tested for the
which aord high cis-1,4 selectifiyTreatment of the  Yitrium and holmium complexes. . .
bis(allyl) complexes with ldidaluminum chloride as a  Route Bln aglovebox, Li¢Y*>was added toa stirred suspension
cocatalyst did not ard initiators for isoprene polymerization ©f LNCKTHF) in 4 mL of THF chilled to 35°C. After 0.5 h at

.. ambient temperature the solution became clear;ldgdgCl in
bL.Jt complete [allyl] [Cl] exchange. As revealed .by the X AL (1.7 M) was added. The reaction mixture was stirred another 1 h
di raction analyses of the hexameric cluste

'3t ambient tem erature, and 0.5 mL of dioxane was added. After 1 h,
{(Cp NMeZA'Etﬁz(CPNMez)L%C's}( 2CDl2 (Ln =Y, Ho), the ¢ precipitatedngpldioxane adduct was removed via centrifuga-
donor functionality of the ancillary ligand™Epexhibits  tion and Itration. The solvent was evaporated and the crude product
hemilability in the presence of Lewis acids (hegg falt of extracted with-hexane. For crystallization of complexes clear
the Cp™® groups coordinate in amode to the metal center solution was reduced to 3 mL and store®afC.
with a dangling amine group attached to triethylaluminum Synthesis of (¥e,CHCHNMe)Y(GHs), (1a). Following syn-
(formed from CIAIB}, while the remaining two groups are thesis route A described above, M€n(199 mg, 1.00 mmol),

bonded to the rare-earth-metal center in a cheldtilg  YChTHF)s5(448 mg, 1.00 mmol), andrGMgCl (1.18 mL, 2.00
fashion. mmol, 1.7 M in THF) yieldedla (319 mg, 0.88 mmol, 88%) as

sliggsl'a]/ %/ellow crystals. Following synthesis route B described above,
LiCp*™¢= (66 mg, 0.33 mmol), YLTHF);5 (148 mg, 0.33 mmol),
EXPERIMENTAL SECTION and GHsMgCI (0.39 mL, 0.66 mmol, 1.7 M in THF) yieltie(L02

General RemarksAll operations were performed with rigorous Mg, 0.28 mmol, 85%) as slightly yellow crystals/R (400 MHz,
exclusion of air and water, using standard Schlenk, high-vacuum,Géd, 25°C):  6.31 (dquin, 2 Hl,y = 12.36 Hz3J,, = 1.36 Hz,
argon glovebox techniques (MBraun MB 200B; <1 ppm 61O CH,CHCH,), 3.04 (d(br), 8 H, €,CHCH,), 2.32 2.24 (m, 4 H,
ppm of HO). n-Hexane, toluene, and THF were pdriby using  NCH,CH,Cp), 2.10 (s, 6 H, K,Cp), 2.00 (s, 6 H, &Cp), 1.80 (s,
Grubbs columns (MBraun SPS-800, solventation system) and 6 H, CGHN). C NMR (101 MHz, D 25 °C):  147.9
stored in a glovebox§ and tolueneg were obtained from Aldrich, (CH;CHCH,), 120.0, 117.9, 113@5(CHs),), 68.8 CH,CHCH)),
dried over Na for 24 h, anitered. CDGland AlMgwere purchased 64.7 (NCH,CH,), 46.9 CH;N), 22.8 (CHCH.Cp), 11.8, 11.4
from Aldrich and used as received. Homoleptic YAldas (C5(CH3)4). IR (cm*): 3068 m, 3000 m, 2970 m, 2952 m, 2904 br,
prepared according to literature met?ﬁjﬂgpNMGZ (CpNMeZ: 1-[2- 2864 br, 2833 br, 2802 m, 2723 m, 1545 s, 1461 s, 1438 br, 1376 w,
(N,N-dimethylamino)ethyl]-2,3,4,5-tetramethylcyclopentadienyl) wa867 w, 1244 m, 1230 s, 1029 m, 1008 m, 909 m, 765 s, 752 m, 715 m,
synthesized as described in the litefitiseprene was obtained 680 s, 576 w. Anal. Calcd fedH3NY (363.37): C, 62.80; H, 8.88;
from Aldrich, dried over trioctylaluminum, and vacuum-transferré 3.85. Found: C, 62.18; H, 8.73; N, 3.91.
prior to use. [PJC][B(C4Fs)4] (A) and [PhNMegH][B(C ¢Fs)4] (B) Synthesis of MgCHCHNMe)Ho(GHs), (1b). Following syn-
were purchased from Boulder Scie@o. and used without any thesis route A described above, W€p(199 mg, 1.00 mmol),
further purication. GHMgCl (1.7 M solution in THF) was HOCK(THF); (509 mg, 1.00 mmol), andHGMgCl (1.18 mL, 2.00
purchased from Aldrich and used as received. The NMR spectramshol, 1.7 M in THF) yieldetlb (360 mg, 0.82 mmol, 82%) as
air- and moisture-sensitive compounds were recorded by usingrange crystals. Following synthesis route B described abB¥rg, Licp
Young valve NMR tubes at°’#50n a Bruker AVII+4006H, 400.13 (66 mg, 0.33 mmol), HoTHF); (168 mg, 0.33 mmol), and
Hz; 1%C, 100.61 MHz)!H and'*C shifts are referenced to internal C;HsMgCl (0.39 mL, 0.66 mmol, 1.7 M in THF) yieltle120 mg,
solvent resonances and reported in parts per million relative to TM&27 mmol, 83%) as orange crystals. IR)(8068 m, 3006 m, 2974
IR spectra were recorded between 4000 and 4atharNICOLET m, 2952 m, 2909 br, 2852 br, 2800 m, 2723 m, 1546 s, 1461 s, 1440 s,
6700 FTIR spectrometer using a DRIFT chamber with dry KBri376 w, 1367 w, 1244 m, 1227 s, 1028 m, 1007 m, 909 m, 766 s, 718
sample mixtures and KBr windows. The collected data were converted85 s, 571 w. Anal. Calcd foHgNHo (439.39): C, 51.94; H,
using the Kubelkdunk renement. Elemental analyses were 7.34; N, 3.19. Found: C, 51.42; H, 6.84; N, 3.15.
performed on an Elementar Vario MICRO cube. The crystalline Synthesis of (§¥e,CHCHNMeg)Lu(GHs), (1c). Following syn-
materials were dried under vacuum for several hours before analfisisis route A described above, YM€&p199 mg, 1.00 mmol),
however, the solvent molecules incorporated into the crystal latticd oCk(THF) 3 (497 mg, 1.00 mmol), andHzMgCl (1.18 mL, 2.00
complexe2 and3 could not be removed under these conditions andnmol, 1.7 M in THF) yieldedic (369 mg, 0.87 mmol, 87%) as
hence were allowed for the calculation of the theoretical values. Blightly yellow crystalsi NMR (400 MHz, @D, 25°C):  6.37
molar massed(, andM,,) of the polymers were determined by size- (quin, 2 H,3],, = 12.36 Hz, CK,CHCH,), 3.07 (d, 8H31,, = 12.36
exclusion chromatography (SEC). Sample solutions (1.0 mg ld¢, (H,CHCH,), 2.31 2.22 (m, 4 H, N&,CH,Cp), 2.09 (s, 6 H,
polymer per mL of THF) werdtered through a 0.45n syringe CH4Cp), 2.01 (s, 6 H, 8,Cp), 1.79 (s, 6 H,IE&N). 1*C NMR (101
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MHz, GDs, 25°C): 149.1 (CHCHCH,), 125.7, 116.6, 112.9 experimental details on mement and crystallographic data see

(C5(CH3),), 68.3 CH,CHCH,), 64.9 (NCH,CH,), 47.4 CH3N), Table S1 (Supporting Information).

22.5 (CHCH.Cp), 11.7, 11.3 (CBH,),). IR (cm 1): 3068 m, 3001

m, 2970 m, 2951 m, 2908 br, 2853 br, 2802 m, 2723 m, 1545 s, 1461 s, ASSOCIATED CONTENT

1440 s, 1376 w, 1367 w, 1244 m, 1229 s, 1029 m, 1007 m, 909 m"7658u ortina Information

s, 753 m, 715 m, 680 s, 576 w. Anal. CalcdfopLu (449.43): pporting .

C,50.78: H, 7.18: N, 3.12. Found: C, 50.18: H, 7.10: N, 3.08. CIF les giving full crystallographic data for comf@xesd
Synthesis of [®1e,CHCHNMe)NA(GH)( -Cl)} (2). Following ~ 3b, *H, *C, and 2D'H *C HSQC NMR spectra of

synthesis route A described above €99 mg, 1.00 mmol), compoundda (Figures S1S3), 1c (Figures S4S6), and4

NdCh(thf), 75(370 mg, 1.00 mmol), angtGMgCl (1.18 mL, 2.00  (Figures S7 and S8H NMR reaction spectra t& with

mmol, 1.7 M in THF) yielde®i(281 mg, 0.34 mmol, 68%) as green AlMe; (Figure S9), ORTEP representationd ofFigure

crystals. IR (crf): 3066 w, 2953 m, 2938 m, 2901 s, 2865 s, 2835 M510),1c (Figure S11)3a(Figure S12), angb (Figure S13),

1036 w, 1014 m, 912 m, 779 s, 766 m, 737 m, 681 s. Anal. Calcd1 :
CoHo CLN N, (foluene) (918.31): C, 51.01: H. 6.81: N, 3.05. l"é’f NMR data for polyisoprene from run 11 (Table S2), and

Found: C. 51.14° H. 6.86' N. 2.98. % NMR spectra from polyisoprenes obtained from precatalyst
General P’rocedlilre for the Synthesis of 1a Undel’ VariOUS Conditions (Figure 814) ThIS matel’ial iS
[{(GMe,CH,CHNMe,AIEL),(GMe,CH,CHNMe,)Lng( ,-Cl)( 5- available free of charge via the Internet at http://pubs.acs.org.

ClpK »-Chb (3).ELAICI was diluted in 0.5 mL offi; and added to  Crystallographic data bawalso been deposited at the
with pentane via the vaporudiion method at ambient temperature eference numbers 974988),(974989 {b), 974990 2)

until small crystals appeared. For crystal growth the solution was t : :
stored at 35°C for several days. 7ho91 10, and 9942133p), which can be obtained free of

Synthesis of [{((He2AES(CPMe3Y.CLY( -Cl)}, (3a). Following charge via www.ccdc.cam.ac.uk/data_request/cif.
the procedure described above, comp(@% mg, 0.069 mmol) and
EBAICI (16.6 mg, 0.138 mmol) yiel@{19 mg, 0.007 mmol, 64%) AUTHOR INFORMATION
as colorless crystals. IR @nB058 vw(sh), 2972 s, 2922 s, 2894 s, Corresponding Author
28555, 2791 m, 2728 w, 2633 w, 2279 w, 1467 s, 1452 s, 1408 m, XFnail for R.A.: reiner.anwander@uni-tuebingen.de.
w, 1328 w, 1272 w, 1241 w, 1228 w, 1189 w, 1137 w, 1098 w, 1064 w
1027 m, 1009 m, 988 m, 950 m, 913 w, 856 w, 803 w, 765 w, 668 \PLES o
647 s, 634 s. Anal. Calcd for fepGeAlLCl NG, (2569.45): C, The authors declare no competimgncial interest.
47.68; H, 7.53; N, 3.27. Calcd3¥m¢benzene) C, 50.23; H, 7.54; N,
3.08. Found: C, 51.16; H, 7.83; N, 3.35. Multiple attempts to obtaina ACKNOWLEDGMENTS

more satisfactory microanalysis failed. We are grateful to the German Science Foundation for support
Synthesis of [{(CH=3,CEMIHo.CLY( -Ch} (3b). Following (G ant o AN 23811 22) P

the procedure described above, comip(@6 mg, 0.057 mmol) and ’ '

ELAICI (13.7 mg, 0.114 mmol) yiel@(24 mg, 0.008 mmol, 83%)

as pink crystals. IR (chn 3063 vw(sh), 2973 s, 2922 s, 2893 s, 2855 REFERENCES

s, 2791 m, 2728 w, 2634 w, 2279 w, 1467 s, 1452 s, 1408 m, 1378(#), Brintzinger, H. H.; Fischer, D.; INaupt, R.; Rieger, B.;

1328 w, 1272 w, 1241 w, 1228 w, 1189 w, 1137 w, 1098 w, 1064WMaymouth, R. MAngew. Chem., Int. 995 34 1143.

1027 m, 1009 m, 988 m, 950 m, 913 w, 856 w, 856 w, 804 w, 766 (2) Nakayama, Y.; YasudaJHOrganomet. Ch2@04 689 4489.

667 m, 647 s, 633 s. Anal. Calcd fgHeAl,Cl;.HogNg (3025.60): (3) Gromada, J.; Carpentier, J.-F.; Mortreu@pdrd. Chem. Rev.
C, 40.49; H, 6.40; N, 2.78. Calc@te2(benzene): C, 43.03; H, 6.46; 2004 24§ 397.
N, 2.64. Found: C, 43.26; H, 6.14; N, 2.71. (4) Shapiro, P. J.; Bunel, E.; Schaefer, W. P.; Bercaw, J. E.

Polymerization of Isoprene. A detailed polymerization proce- Organometallit89Q 9, 867.
dure (Table 2, run 1) is described as a typical examgl3[BPh (5) Stevens, J. C.; Timmers, F. J.; Rosen, G. W.; Knight, G. W.; Lai, S.
(CoFs) 4l (A; 18 mg, 0.02 mmol, 1 equiv) was added to a solution of Y. Eur. Pat. Appl. EP 0 416 815 A2, 1991.
(7.27 mg, 0.02 mmol) in toluene (8 mL), and the mixture was aged g6) Canich, J. A. Eur. Pat. Appl. EP 0 420 436 Al, 1991.
ambient temperature for 30 min. After the addition of isoprene (1.367) Okuda, JDalton Tran2003 2367.
g, 20 mmol), the polymerization was carried ouf@tfé®2 h. The (8) Kaita, S.; Doi, Y.; Kaneko, K.; Horiuchi, A. C.; Wakatsuki, Y.
reaction was terminated by pouring the polymerization mixture inkdacromolecul304 37, 5860.
200 mL of methanol containing 0.1% (w/w) 2térebutyl-4- (9) Kaita, S.; Hou, Z.; Nishiura, M.; Doi, Y.; Kurazumi, J.; Horiuchi,
methylphenol as a stabilizer and stirred for 12 h. The polymer wasC.; Wakatsuki, Macromol. Rapid Comn2@@3 24, 179.
washed with methanol and dried under vacuum at ambienfl0) Kaita, S.; Hou, Z.; WakatsukiMacromolecule299 32 9078.
temperature to constant weight. In case of the ternary catalyst systéhl) Kaita, S.; Yamanaka, M.; Horiuchi, A. C.; Wakatsuki, Y.
(example Table 2, run 3), the precatalyst was mixed with tidacromolecul2306 39 1359.
trialkylaluminum compound for 30 min prior to activation with the (12) Zhang, L.; Luo, Y.; Hou,Z Am. Chem. 05 127, 14562.
cocatalyst. The polymerization was following the procedure describ€®) Kirillov, E.; Lehmann, C. W.; Razavi, A.; Carpentiek, Arrf-.
above. Chem. Saz2004 126 12240.

Crystallographic Details. Single crystals suitable for X-ray (14) Rodrigues, A.-S.; Kirillov, E.; Vuillemin, B.; Razavi, A,
di raction measurements were selected in a glovebox, coveredCampentier, J.-Polyme2008 49 2039.
Parabar 10312 (previously known as Paratone-N), and mounted or(E5) Arndt, S.; Okuda, Ghem. Re2002 102 1953.
glass ber. The crystal data for the complexes were collected on @6) Zimmermann, M.; Anwander(JRem. Re201Q 11Q 6194.
STOE IPDS Il diractometer using graphite-monochromated Mo K (17) Jian, Z.; Tang, S.; Cui,@hem. Eur. 201Q 16, 14007.
radiation ( = 0.71073 A) at 173(2) K performingcans. Raw data  (18) Jian, Z.; Cui, D.; Hou, Zhem. Eur. 2012 18 2674.
were collected, integrated, and reduced using the program packagd2®) Panda, T. K.; Hrib, C. G.; Jones, P. G.; Jenter, J.; Roesky, P. W.;
Ared’* Corrections for absorptioneets were applied using Platon/ Tamm, MEur. J. Inorg. Ch&@08§ 2008 4270.
Mulabs'® Structure solutions and mements were performed using (20) Jian, Z.; Tang, S.; Cui,Nbacromolecul&11, 44, 7675.
the programs SHEL¥@and SHELXL’ The structures in this article (21) Beetstra, D. J.; Meetsma, A.; Hessen, B.; Teuben, J. H.
are represented using the program ORTEPHor further Organometalliz803 22, 4372.
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Figure S1.*H NMR spectrum (€Ds, 25iC) of complexla.

Figure S2 **C NMR spectrum (gDg, 25iC) of complexla.



Figure S3 2D *H-**C HSQCNMR spectrum (GDs, 25iC) of complexla

Figure S4 *H NMR spectrum (€Ds, 25iC) of complexic.



Figure S5 *C NMR spectrum (§Dg, 25iC) of complexlc.

Figure S6. 2D *H-*C HSQCNMR spectrum (€D, 25iC) of complexic.



Figure S7.*H NMR spectrum (€Ds, 25;C) of complex4.

Figure S8 *C NMR spectrum (gDg, 25iC) of complex4.



Figure S9 Top)*H NMR spectra (400 MHz, 2fC, CsDe) of a) pure [CBY®?Y (1 3-C5Hs),] (1a); b) reaction
product of [CPME2Y (1 3-C4Hs),] with 10 eq. AlMe after evaporation of volatiles; c) [EF M3y (AlMe ,),] (4).
Bottom) selected regions.



Figure S1Q Molecular structure of [CB"**Ho(C;Hs)2] (1b); atomic displacement parametesst at the 50%
level; hydrogen atoms omitted for clarity.

Figure S11 Molecular structure of [CB"®?Lu(C3Hs),] (1¢); atomicdisplacement parameters set at the 50%
level; hydrogen atoms omitted for clarity. !



Figure S12 Molecular structure of [{(CP"**AE3),(Cp"™*?)Y ;Cl g} (u-CI)], (3a); atomic displacement
parameters set at the 50% lexayminum, carboyand nitrogen atoms are shown as-séltk representation;
hydrogen atoms have for clarity. Disorders of the cyclopentad&tghrm anaf the ethyl groups at the
aluminum centers are shown.

Cell parametergP-1): a = 13.9232, b =17.0282, ¢ = 18.0040 [*]=65.191," = 67.445#= 89.805 [j].



Figure S13.Molecular structure of [{(CP"*?AE3),(Cp"™*A)Ho,Cls} (u-C)}] - (3b); atomic displacement
parameters set at the 50% lexauminum, carbonand nitrogen atoms are shown as-séltk representation;
hydrogen atoms omitted for clarity. Disorders of the cyclopentadienydrsidat N3 and of the ethyl groups at

the aluminum centers are shown.



Table S1.Crystallographic data for complex#&s2, and3

la(Ln=Y) 1b(Ln=Ho) 1c(Ln=_Lu) 2 (Ln =Nd) 3b (Ln = HO)4&(GHe)4
Formular CiHsNY C,sHs,NHo CigHaNLu  CyH CLN,Nd,  CjpgH,1AlLClHOgNG
Fw 363.37 439.39 449.43 918.29 3337.94
temp (K) 173(2) 173(2) 173(2) 173(2) 173(2)
cryst syst monoclinic monoclinic monoclinic triclinic triclinic
space group P2, P2, P2, P-1 P-1
a(*) 8.4644(4) 8.4569(8) 8.4482(9) 8.7736(9) 14.0630(11)
b (v) 13.9975(5) 13.9798(13) 13.9076(10)  10.4931(15) 17.0674(12)
c(*) 8.5546(4) 8.5604(8) 8.5517(9) 12.2435(15) 17.9374(14)
! (deg) 90.00 90.00 90.00 67.958(11) 66.845(6)
" (deg) 114.260(3) 114.331(7) 114.482(8) 81.853(9) 68.304(6)
# (deg) 90.00 90.00 90.00 74.973(10) 88.529(6)
vol (%) 924.05(7) 922.17(15) 914.44(15) 1007.8(2) 3641.8(5)
z 2 2 2 1 1
Pearca(Mg/mn) 1.306 1.582 1.632 1.513 1.522
g (mmh) 3.151 4.285 5.393 2.707 3.508
R,(all)® 0.0416 0.03% 0.0198 0.0430 0.0498
wRy(all)® 0.0928 0.0677 0.0399 0.0919 0.1027
GOF (onF?)° 1.154 1.052 1.051 1.223 1.100

[a] R1 =%][Fol-Fl)P4Fl; [b] WR2 = {%w(Fq*F)%AwW(Fe)T} 2 [c] GOF = PAw(Fo™F:)/(n-p)} 2



Table 2. NMR dataof trans-1,4- (T) and 3,4 (V) units of polyisopreaobtained fron?/B/AlMe .

Position Bc H Position 3¢ H
Ts 16.0 1.61 Ts 16.2 n.d.
Ta 26.7 2.08 T, 32.1 2.04
T1 39.7 2.00 T, 37.4 1.89
Ts 124.2 5.13 TS 123.0 5.09
T, 134.9 ! T, 135.3 [
Vs 18.6 1.63 Ts' n.d. n.d.
\W 31.3 1.43 T, n.d. n.d.
Vs 47.2 2.03 T, 39.8 n.d.
A 111.2 4.71 T3 124.0 n.d.
Vs 147.6 ! T, 135.1 [

Figure S14 °C NMR (CDCl, 25 jC)spectraof polyisoprenes obtained fromepcatalystla activated
with co-catalystA (a), B (b), B with 10 equiv AlIMg (c) andB with 10 equiv AlBu; (d).
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ABSTRACT:The bimetallic formamidinate complexes Ln-

(Form)(AIMe), (Ln =Y, Form (ArNCHNAr) = EtForm (Ar =

2,6-E4CgH-), MesForm (Ar = 2,4,6-M&H,), DippForm (Ar =

2,6iPr,C4H,), tBuForm (Ar = 2BuGH,); Ln = La, Form =

DippFormiBuForm) were obtained in high yield by protonoly-

sis reactions between formamidines (FormH) and homoleptic

rare-earth-metal tetramethylaluminates LnjAINt€¢Form)-

(AlMey), (Form = EtForm, DippForm) were also prepared by

treatment of Y(Form)[N(SiHMpg],(thf) with trimethylaluminum after the former were prepared by the protonolysis of

Y[N(SiHMe&),] 5(thf), complexes with EtFormH or DippFormH. The monomeric six-coordinate complexes Ln(Fgsm)(AlMe

(Ln =Y, Form = EtForm, MesForm, DippFdBufForm; Ln = La, Form = DippFortBuForm) show similar molecular

structures with distorted-octahedral geometry and bidentat€&¢gkyNand AlMgligands. The complex [La(EtFormA)Me
(AlMey),](C;Hg)1 5 from a protonolysis reaction between La(}dMad EtFormH has the EtForm ligand adopting a con-
guration in which one nitrogen and one aryl substituent are coordinated to the eight-coordinate lanthanum center in an
XN): S(arene) manner. From the reaction of La(AyWéth MesFormH, CH bond activation of aamethyl group of the
mesityl moiety occurred, yielding [E@): ®(Ar)-Me,CH,FormAIMeg}(AlMe;)(AIMe,)][La(Me,CH,FormAlMg)(AlMe,)-
(AIMey)](C gH14) 15 (Me,CH,Form = MesForm-tMe)), in which two linkage isomers of,GkeForm were observed.
Investigations were carried out on the compounds [Ln(Form)(hIlle = Y, La; Form = EtForm, DippForm) as
precatalysts activated by;(RHB(CgFs)4] or [PhNMegH][B(C¢Fs)4] in isoprene polymerization. While the lanthanum com-
plexes showed narrower molecular weight distributions (PDI < 1.2), a stereodirecting role was evidenced for the cocatalyst
(trityl borate, maximum 87% trans-1,4-selectivity; anilinium borate, maximum 82% cis-1,4-selectivity).

INTRODUCTION Variation of the substituents on the aryl rings can modulate the

Among the approaches to replace the cyclopentadienyl faril é?sgrslgAe\lectronloe}etstof_the” Ilg:nd? ?S. V‘;e" as thg!r S?|Ub'|"
of ligands in rare-earth-metal chemistry, N-coordinating ancCif->" range of sterically drent ris(formamidinato)

lary ligands have attracted considerable attention during the %éi’t?ar;h:?h?gggg (E)omtﬁlgxrees dgjstrz(;i;:;gggg / prrgt\(l)'r?gls I}/’
few yearS.” For instance, bidentate amidinato and guanidinat y Sy y P y

. o sis (RTP) routd®*However, the bulkiest ligand caused C
ligands can be exploited in so-called post-metallocene (or MBI activation to qive [Ln(Fonmjthf)] complexes, derived
cyclopentadienyl) complekés Signicantly, a number of com- 9 P ;

plexes containing N-coordinating ligands, e.g. guahisiinato, from tetrauorobenzyne elimination from a putative [Ln-

" . " ) e -2 e Form),CgF(thf)] intermediaté&:®
amidinatd?**>2aminopyridinate, diamido pyridine and imino- ( 6.5 o - ,
amido pyriding® nacna@” and other® 3 activated by coca- The steric tunability of formamidinato ligands would make

mixed rare-earth-metal/aluminum formamidinate complexes struc-

talysts such as organoaluminum or organoboron compouq@;a”y interesting, as N-donors have a stramity dor both

show promising catalytic activity in the polymerization of ?netal§f3 40 and such bimetallics could serve as precatalysts in
3-dienes and-ole ns, relatively similar to cyclopentadienyl

complexes.

The formamidine proligand§N -bis(aryl)formamidines,
ArN  CH-NHAr (Ar = aryl), can be prepared in high yieldsReceived: October 26, 2012
from addition of triethyl orthoformate to a substituted anilineRublished: January 9, 2013
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ole n polymerization. We now report syntheses, structures, adcheme 1. Synthesis of [Ln(Form)(AIMg Complexes
catalysis in isoprene polymerization of a series of formamidi-
nato rare-earth-metal tetramethylaluminate complexes. In one
instance, CH bond activation was observed. The homoleptic
Ln(AlMe); (Ln = La, Nd, Y, Lu) complexes are convenient
precursors for generating a variety of heterobimetallic
Ln/Al complexes, currently used to build La"bis-
(tetramethylaluminate)-based post-metallocene library (
ancillary ligand}. The latteraluminate routalso features
dianioni¢®*2and monoanionic N-ahafy ligands such as
tris(pyrazolyl)borato (TE)NNN] ** benzamidinato [{RC(Ph)-

NR] (Chart 1),2***riazenido [RNNR] (Chart 1,11),*°

Chart 1. Structurally Characterized Rare-Earth-Metal
Bis(tetramethylaluminate) Complexes with N-Ancillary
Ligands

(10 by a double protonolysis of Y[N(SiHMp(thf),
(Scheme 1, (iii)).

As a general route to Ln(Form)(AlMe(Ln = La, Y)
complexes, use of homoleptic Ln()Mespecies proved
more satisfactory. Thus, protonolysis of these complexes with
several formamidines gave Ln(Form)(MMen =Y, Form =
EtForm @8, MesForm 3a), DippForm {3, tBuForm 63);

Ln = La, Form = DippForn#l), tBuForm §b); MesForm =
N,N -bis(2,4,6-trimethylphenyl)formamidintBelForm =N,
N -bis(2tertbutylphenyl)formamidinate) (Scheme 1, (iv)).

The strong Lewis acid®Ahas a high anity for nitrogen
donor ligand®52°3Competition between the Lewis acidic
AP* and the rare-earth-metal ions for N-donor ligands is well
documentetf*1434*However, no isolated byproducts of
quinolyl-substituted cyclopentadienyRYG@hart 1,111),%° formamidinato aluminum species such a&lfMéorm}( -

and iminopyrrolyl (Chart 1v).*’ Me)AIMg] and [Al(Form)Me] were observed in any case,
Rare-earth-metal silylamide complexes also provide suit@idgeby simplifying isolation of pure complexes.
reagents for the stepwise synthesis of Ln/Al corfipféseme All aluminate compounds were obtained in reasonable yields

a number of complexes with mixed silylamido/N-coordinatings 72%), and their purity was established by elemental analy-
ligands have been repoitet:?®***Both of these routes sis and proton and carbon NMR as well as IR spectroscopy,

have been employed in the present study. except that satisfactory hydrogen analyses could not be
obtained folb, 3bc, 43 and5anor a carbon analysis Sar
RESULTS AND DISCUSSION All complexes (except fa) were crystallized from hexane or

Synthesis and Characterization of Formamidinato toluene and their structures determined by single-crystal X-ray
Rare-Earth-Metal(lll) Tetramethylaluminate Complexes. di raction.
From the rare-earth metals, La and Y were chosen as repréhe yttrium centers in Y(Form)[N(SiHWMg@,(thf) com-
sentative of larger and smaller sizes, respectively, ad"their plexedab reveal a similar coordination environment involving
ions are diamagnetic, facilitating NMR characterization. Fifetjr nitrogen atoms, two from the formamidinato and two from
protonog/sis of tris{bis(dimethylsilyl)amido}bis(tetrahydrofuranhe bis(dimethylsilyl)Jamido ligand, and one tetrahydrofuran
yttriunf® with NN -bis(2,6-diethylphenyl)formamidine (Et- molecule (Figure 1). The X-ray structures of mono- and bis-
FormH) and\,N -bis(2,6-diisopropykghyl)formamidine (Dipp-  (silylamido) rare-earth-metal compounds with ancillary nitro-
FormH) yielded the corresponding Y (Form)[N(Siijiehf) gen-donor Iizgands coordinated to the metals are well-
complexes (Form = EtForrhg), DippForm {b); thf = tetra-  establisheld:*#1415:283 The coordination geometry of the

hydrofuran) (Scheme 1, (i)). Treatmentaib with trimethyl-  yttrium center in both cases is best described as distorted
aluminum led to formation of the corresponding Y(Form)trigonal bipyramidal. The two nitrogen atoms of the silylamido
(AIMe,), complexes (Form = EtFor@g, DippForm 43a) ligands are approximately coplanar with the yttrium atom and
with elimination of [AIMEN(SIHMe,),}] *° (Scheme 1, (ii)).  atom N1 of the formamidinato ligand. The oxygen atom of the
It was also possible to prepare [Y(EtREAN(SiIHMe,),} thf molecule and the N2 atom of the formamidinato ligand are

1210 dx.doi.org/10.1021/0m301010rhOrganometallicR013, 32, 12091223



Figure 1 Perspective ORTEP views of the molecular structlaéeivf andlb (right). Atomic displacement parameters are set at the 30% level.
Hydrogen atoms (except B) are omitted for clarity. The disorders of the tetrahydrofuran ligaadd( of the methyl groups at Silh)(are
not shown. For selected bond lengths and angles, see Table 1.

located above and below the plane YON2 = 142.1(1) Table 1. Selected Interatomic Distances (A) and Angles (deg)
in 1a and 143.4(2)in 1b), similar to the arrangement in of 1a,5
Y[PhC(N-GH4iPr,-2,6)}](CH ,SiMe&),(thf), (O1 Y N2 =

142.97(9).° The silylamido ligands are asymmetrically cool 1a
dinated to the metal center, owing-t¢Si H) interactio molecule 1 molecule 2 1b
of both silylamido ligands, in a manner similar to that for Bond Lengths
(aminopyridinato)bis(dimetlsilylamido)scandium com- Y--Si1(5) 3.526(2) 3.600(2) 3.663(2)
plexed® There is one shorter-Bi distance for each ligand  Y--Si2(6) 3.107(2) 3.052(2) 3.052(2)
(Y--Si2 = 3.107(2) A and-Gi3 = 3.144(2) A vs-\&il = Y--Si3(7) 3.144(2) 3.140(2) 3.134(2)
3.526(2) A and-¥Si4 = 3.550(2) A ifhg V--Si2 = 3.052(2) A Y--Si4(8) 3.550(2) 3.641(2) 3.658(2)
and ¥-Si3 = 3.134(2) A vs\&i1 = 3.663(2) A and-Gi4 = Y Ni(5) 2.373(4) 2.350(3) 2.423(4)
3.658(2) A inlb). Due to these asymmetricadgostic inter- Y N2(6) 2.368(4) 2.375(3) 2.361(4)
actions, the LN Si angles within each amido ligand are Y N3(7) 2.240(4) 2.257(4) 2.259(4)
di erent (Y N3 Sil =126.7(2)vs Y N3 Si2 = 103.8(2) Y N4(8) 2.249(4) 2.261(4) 2.269(4)
and Y N4 Si3 =105.1(2)vs Y N4 Si4 = 127.3(2)in 1a Y 01(2) 2.374(4) 2.360(4) 2.354(4)
Y N3 Sil = 134.0(2)vs Y N3 Si2 = 100.0(2)and Y C11 N1(5) 1.322(6) 1.316(6)
N4 Si3=103.7(2)vs Y N4 Si4 =132.9(3)in 1b). In both C13 N1 1.322(6)
laandlb, the N C(backbone) bond lengths and K1 N2 C11 N2(6) 1.325(6) 1.326(6)
backbone angles are very similar (Table 1). The distances bec13 N2 1.318(7)
tween yttrium and the Form nitrogen atom$(¥ 2.373(4) A Bond Angles
and 2.368(4) A ida Y N = 2.361(4) and 2.423(4) A ib) N3(7) Y N4(6) 117.1(1) 130.3(2) 120.3(2)
are consistent with the N(amidinato) bond lengths in Y- N1(5) Y N2(6) 57.2(1) 57.1(2) 56.5(2)
[PhC(N-GH4iPr,-2,6)}](CH ,SiMe&) ,(thf) (2.339(3) and N1(5) Y N3(7) 111.9(1) 113.8(1) 111.9(2)
2.369(2) A) and Y[CyC(N8;Me-2,6}](CH ,SiMg),(thf), N2(6) Y N4(8) 115.2(1) 115.9(1) 115.2(1)
(2.375(7) Af®**and also in Y[pTolC(N-El;iPr-2,6)] N2(6) Y 01(2) 142.1(1) 139.9(1) 143.4(2)
[N(SiHMe,) ] (thf) (2.412(3) and 2.351(2) AJ.The N1 Y Y N3(7) Si1(5) 126.7(2) 130.7(2) 134.0(2)
N2 bite angledl g 57.2(1); 1b, 56.5(2)) are similar to those of Y N3(7) Si2(6) 103.8(2) 104.3(2) 100.0(2)
Y[PhC(N-GH.iPr-2,6}](CH,SiMe)(thf)] (57.27(9F) and Y N4(8) Si3(7) 105.1(2) 100.3(2) 103.7(2)
Y[CyC(N-GHsMe,-2,6}](CH ,SiMe) ,(thf), (55.8(3Y). Y N4(8) Si4(8) 127.3(2) 133.3(2) 132.9(3)
All bis(tetramethylaluminate) rare-earth metal conpdexes  N1(5) C11 N2(6) 118.0(5) 117.5(4)
3a 4ab, and5ab show similar molecular arrangements, with N1 C13 N2 118.2(5)

yttrium @8 and lanthanunvp) DippForm derivatives (mono- #Where pairs of atom numbers are given, those without parentheses
clinic space grol2,/ n) being isotypic, as are yttriusa) (and are for molecule 1 and those in parentheses are for molecule 2.
lanthanum&b) tBuForm derivatives (triclinic space grijp

In each complex the rare-earth-metal atom and each of the twall Ln C bond lengths are in the expected range (Table 2
Al atoms are bridged by two methyl groups (Figure 2). The siaverage8a 2.52 A3a 2.54 Ada 2.55 A5 2.54 Adb, 2.69 A;
coordinate rare-earth metal is ligated by two nitrogen atorsis, 2.69 Aj->*These averages forCYare marginally larger than
of the formamidinato ligand and two methyl carbons of eachthbse reported for the triazenide complex YHNRtAIMe,),

the %coordinated tetramethylaluminato moieties and adoptg249 A (av)}° and closer to those for the benzamidinate
distorted-octahedral geometry. In all the above complexes bmtmplex Y[PhC(N-[§IE|3iPr%-2,6);](AIMe4)2 (2.53 A (av))
[AlMe,] ligands coordinate in the commonly obseffaghion (see also Chart l1,andl).>* The Ln N bonds irdb and5b

to form an almost planar heterobimetalligAln@it. are on average 0.14 A longer than th@®se &a This value

1211 dx.doi.org/10.1021/0m301010rhOrganometallicR013, 32, 12091223



Figure 2.Perspective ORTEP views of the molecular structaétopf left),3a(top, right),4b (bottom, left), an&b (bottom, right). Atomic
displacement parameters are set at the 30% level. Hydrogen atoms and the solvent molecules are omitted for clarity. The disorder of one o
isopropyl groups of the DippForm ligand of compléx not shown. Not depicted are compléaesd5a which show similar molecular
structures. For selected bond lengths and angles, see Table 2.

corresponds well with the 0.13 fedénce between the ionic a metal-coordinated formamidinato group is detected at
radii of yttrium and lanthandmFurthermore, the L& 1503 cm!. The IR spectra @& cshow the presence of two
bonds ind4b and5b are on average 0.15 A longer than thedistinct (SiH) bands at 2084/2074/2061 and 1929/1931/
respective YC bonds. In most complexes, chelation of thel926 cm?, respectively, as observed for other rare-earth-
Form ligand is symmetrical. A noteworthy exceptan is metal bis(dimethylsilyl)amide complé%&bke strong band
which shows a considerable 0.13 drefice between the at around 690 crhin all aluminate moieties is assigned to

Y N bond lengths and a larger W1 N2 bite angle an Al C stretching absorptioh.

(65.4(1Y). The bond lengths and angleS8an5aare also In the IR spectra of all tetrathylaluminate complexes
relatively close to those of Y[PhC(MHEPr-2,6)]- CH asymmetrical stretching, CH symmetrical stretching, and a
(AlMey), (Y N = 2.3157(15) A, NIY N2 = 57.51(8),** Fermi resonance mode of methyl groups attached to aluminum
while the N1La N2 angles efbandSbare close to the related centers appear as three bands (or two broad overlapping) at

angle of the triazenido ligand in Y[(TRRAIMe,), (N1 Y 2900 2790 cm'>8
N3 = 54.6(19).**°In both yttrium and lanthanum complexes The ambient-temperatdFeNMR spectra dfa cand2a
the two N C(backbone) bond lengths1(32 A) and N1C 5ashow a doublet for the CH backbone resonance due to the

N2 backbone angles 1(18) are almost equivalent. The scalatH %% coupling ¥, = 4.6 Hz}° Furthermore, thtH
latter are larger than the corresponding angles in the triazeriddR spectra &fg 4ab, andsab at ambient temperature exhibit
(109.9(3}) and benzamidinate compounds (112)0(2) a sharp resonance for the aluminmethyl groups
The N H stretching absorption of the formamidines af{ 0.24, 0.24, 0.00,0.05, and 0.05 ppm, respectively), con-
3300 3100 cm! is not observed in the IR spectra of the sistent with rapid bridgeerminal exchange at ambient temper-
complexes, indicating complete deprotonation, and a stroatgre. In the case of the yttrium derivat®agdd and5a) the
absorption assignable to theQCstretching vibration of observed splitting of the methyl resonance for the [AlMe
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Table 2. Selected Interatomic Distances (A) of 2a,b, 3a, 4a,b, and 5a,b

2a 3a 4a 5a 2b 4b 5b

Ln C1 2.403(4) 2.542(7) 2.548(5) 2.568(2) 2.705(4) 2.694(4) 2.702(3)
Ln C2 2.606(5) 2.540(7) 2.553(5) 2.510(2) 2.782(4) 2.710(3) 2.670(3)
Ln C5 2.710(5) 2.518(6) 2.555(5) 2.526(2) 2.715(4) 2.693(4) 2.680(3)
Ln C6 2.343(4) 2.548(6) 2.531(5) 2.541(2) 2.703(4) 2.669(4) 2.720(3)
Ln N1 2.428(4) 2.338(5) 2.343(4) 2.340(2) 3.861(3)  2.478(2) 2.500(2)
Ln N2 2.293(3) 2.337(5) 2.345(4) 2.332(2) 2.524(3) 2.482(2) 2.457(2)
Ln--Al12 3.075(2) 3.091(2) 3.084(2) 3.080(7) 3.301(2) 3.172(2) 3.234(2)
Ln--Al2 2.875(2) 3.098(2) 3.083(2) 3.092(7) 3.296(2) 3.196(2) 3.255(2)
A1 C1 2.091(5) 2.067(7) 2.079(5) 2.091(2) 2.068(4) 2.080(4) 2.091(3)
All C2 2.051(5) 2.078(8) 2.075(6) 2.070(2) 2.055(4) 2.066(4) 2.077(3)
A1l C3 2.042(6) 1.958(8) 1.973(6) 1.972(3) 1.968(4) 1.980(5) 1.972(3)
All C4 1.989(6) 1.982(7) 1.952(7) 1.960(3) 1.981(5) 1.957(5) 1.964(3)
A2 C5 2.002(5) 2.076(7) 2.077(6) 2.083(2) 2.082(5) 2.076(4) 2.093(3)
A2 C6 2.255(6) 2.082(6) 2.091(5) 2.063(2) 2.078(5) 2.081(4) 2.065(3)
A2 C7 2.038(6) 1.965(8) 1.963(6) 1.960(3) 1.971(5) 1.955(4) 1.966(3)
A2 C8 1.903(5) 1.972(7) 1.975(6) 1.959(3) 1.970(6) 1.988(5) 1.963(4)
C(backbone)N1 1.403(5) 1.320(8) 1.313(6) 1.324(3) 1.316(4) 1.324(3) 1.324(3)
C(backbone)N2 1.464(6) 1.339(8) 1.326(6) 1.331(3) 1.324(4) 1.323(4) 1.335(3)

#Not bonding.

moieties is clearly attributable td &% scalar couplingl(, = the lanthanum atom in a®(N): 8arene) manner to give

3 Hz) as well. These resonances are shifted to lower frequenciesght-coordination, in contrast to the normal-bhRlating
comparison with the corresiog homoleptic precursors? mode in six-coordinaa with the smaller®Y, which gives
When the temperature was lowered from +28@3C in more stable complexes in comparison®dokaause of the
toluened;, the signals of yttrium compRin a similar higher charge/size value. In addition tfe#ene) La inter-
manner to that for half-sandwich bis(tetramethyl)aluminatection may provide greater steric saturation than a sihgle N

cg)mplexé‘é'48 and the complex Y[(Tpr3](AIMe4)Z]45 bond. The second nitrogen donor binds to aluminum. This
did not reveal any further resolution and did not show thprovides a rare case in the present study where Al competes
decoalescence of the methyl resonance. with a rare-earth metal for a formamidinato nitrogen atom.

The relatively larger backbone angle along witheéhendi ~ Although ®(arene) interactions are known in lanthanum
donor abilities of amidinato ligands in comparison to triazenidemplexe¥ this rearranging of amidinato ligands has not been
ligands are plausible reasons why formamidinato aluminum ceiserved previously for rare-earth rhatadsis quite rare for
pounds were not isolated in contrast to the triazenide*SyStem, guanidinato liganébut it is common in group 1, 2, and 13
and these factors facilitated the isolation of formamidina@ and Tl) derivativé$®*The La C(arene) distances (Figure 3)
bis(tetramethylaluminato) rare-earth-metal complexes. fall in the same ranges of those of Lga®h-2,6)

In contrast to the preceding formamidinate complexes, [Lgs.107(7) 3.274(7) A) and LENHiPLCH4-2,6), (2.972(3)
(EtFormAIMg)(AlMe,),l(C 7Hg)1 5 (2b), which was obtained  3.209(4) Af%aP
following a similar protonolysis reaction from EtFormH Chelation (!, ) of lanthanum by the EtForm ligand is
and La(AIMgs, has a metal-arene interaction (Scheme 2). accompanied by @l bond lengths suggestive of delocalization
(1.316(4) and 1.324(4) A), rather similar to the case for alkali-
Scheme 2. Contrasting Outcomes of the Syntheses of 2a,bmetal amidinate complexes with similar ligafdshe NCN
backbone angle @b (126.1(3)) also correlates well with
those of alkali-metal complexes W{iK): S(arene)-bonded
ligands (e.g., K[f-Mes)NC(H)N(Mes)][( &-Mes)NHC(H)
N(Mes)] N C(backbone)N = 126.3(29)°% and is larger
than for4b and5b. The La N2 interaction (2.524(3) A) and the
average L& (aluminato) bond length (2.73 A) are slightly longer
than those otb and5b (Table 2).

The H NMR spectrum ofb in tolueneds at ambient
temperature shows three discrete sets,&fi@dls caused by
a shift of the Ckhydrogen atoms of the ethyl groups attached
to the asymmetrically coordinated aromatic ring. The signal
at 2.25 ppm is assignable to, @rbups belonging to the
uncoordinated aromatic ring (C(€)14)), while resonances
shifted to higher values (2.46 and 3.22 ppm) are attributable to
CH, groups of the ringbonded to lanthanum. There are two
single resonances)(46 and 0.53 ppm) for the aluminum
methyl groups of [AIMeand AlMe, respectively. A low-

In complex2b the EtForm ligand adopts a aguration in temperaturdH NMR spectrum (52 °C) of complexb in
which one nitrogen and one aryl substituent are coordinatedttdueneds showed decoalescence of the signals of the eight
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resulted in a residue of the pure E@): °(Ar)-
Me,CH,FormAIMg|(AlMe;)(AlMe,) (3b) (Scheme 3). Com-
plexesbc are linkage isomers, and theQWeForm ligand in

3bis in a conguration similar to that of compo@tdwith °©
coordination of an aryl group to the lanthanum atom and a
metal-to-arene centroid distance of 2.768 A, relatively close to
that of2b (2.774 A). However, compoBukxhibits a derent

form of MgCH,Form (Table 3).

The coordination number Bb is 10, the complex con-
taining the ¥N): %arene) binding mode of M&H,Form,
while 3¢ has 9-coordination, with AM®midging a nitrogen
donor atom and the lanthanum atom via two methyl groups.
The structures @b,c di er from that o2b (and28 owing to
C H bond activation of asmethyl group of the mesityl
moiety. The resulting (RGH moiety bridges Al and La in a

, fashion, creating a pseudo-aluminate species.

Each of the structures3tifc exhibits three methylaluminum
moieties: namely, [AIMe[AIMe;RCH;,], and AlMg. In each
molecule the [AIME ligand is coordinated to the La atom in

Figure 3.Perspective ORTEP view of the molecular struc@ie of the common? fashion to form a [La{CHs),Al] unit with a
Atomic displacement parameters are set at the 30% level. Hydropan C1 Al1 C2 torsion angle of 4.14{®) 3band a smaller
atoms and the solvent molecules are omitted for clarity. Selected bpag C30 Al4 C31 angle of 0.58¢4) 3¢ The [AIMgRCH;]
distances (A): LaT20 = 3.068(3), LalC21 = 3.084(3), LalC22 moiety coordinates through a methylene and two bridging

=3.090(4), LalC23 = 3.110(4), Lar25 = 3.143(3), Lar’24 = i
3.144(4), AIBNT = 1.989(3), AI3C30 = 1.980(5), Al 31 = methyl groups to the lanthanum metal center. The-La

1.984(5). AI3C32 = 1.976(4) A. For further selected bond lengths<CH2) bond lengths3b, Lal C5 = 2.851(7) A3c, La2 C34 =
and a%g)[e& see Table 2. *) o uriner sefected bond feng S2.815(7) A) are shorter than the [aCHsy) bond lengths

(Table 3). The La( -Me) bonds of this -coordinated
methyl groups of the two [Altgands but one sharp signal [AIM&RCHj ligand (average 2.92 A3dband 2.96 A i8¢)
for the nitrogen bound AlMEExperimental Section). are longer than the bonds of theoordinated [AIMgligand

Addition of the homoleptic precursor La(4iMe 1 equiv  (average 2.75 A b and 2.73 A ir8o), consistent with
of MesFormH in hexane gave a yellow solution, from which tABservations for homoleptic La(A)¥lgaverage *-coor-
complex [Laf’(N): S(Ar)-Me,CH,FormAIMg}(AlMe,)- dinated, 2.88 A; averageoordinated, 2.70 ﬂ)Remarkany, .
(AMey)][La(Me,CH,FormAIMeg)(AIMes)(AIMe,)](C ¢H1) 1 5 the La N and La CH, bonds anchor two aromatic carbons in
(3bg Me,CH,Form = MesForm-t¢{Me)) crystallized in the POssible bonding positions. This rare multihapiddiding
triclinic space groupl (Scheme 3). Compourgbc exhibits ~ ©Of the lanthanum atoms has only been reported in a lanthanum
complex with chelating(dimethylamino)benzyl ligafids.
Scheme 3. Syntheses of 3b,c Showing DistingE Migorm The La C bond lengths of the anchored aromatic carbon
Coordination atoms (C9, C10/C38, C43) are consistent with or shorter than
typical La (C) values® For comparison, the smaller yttrium-
() was previously shown to engage in a respect'%/e NC
bonding involving a*coordinated [AIMRCH,] ligand®
The nature of the AlMgroup is dierent in3bc. In the former
there is N AlMe; bonding similar to that Bb and no inter-
action of the methyl groups of A|Méh the La center. How-
ever, ini3cthe N AlMe; group binds via two bridging methyl
groups to the La atom.

The most striking structural characteristic of compounds
3bcis the presence of a methylene ligand, which increases the
coordination saturation of the lanthanum center and helps
anchor the? binding of two aromatic carbon atoms. The struc-
tures show the product of a ligand metalation involvorgl
metathesis between BH; and a C H bond of the aromatic
methyl group together with loss of methane and the formation
of four- and ve-membered metallacycles. TheCHa
contacts are nearly equidistant (IGBL.= 2.851(7) A ir8b
and La2C34 = 2.815(7) A iBc) and are in the range of the
previously observed IGH, bondg**%4¢7 For lanthanum
and yttrium mono-®e; complexes, single and multiplédiC
bond activation was established when using tetramethylalumi-
nate functionaliti€&®®Furthermore, CH bond activation and
cocrystallization of two discrete molecBies 8¢, 1:1) in the metalation of the isopropyl methyl groups have been documented
unit cell with 1.5 hexane molecules in the lattice (Figure 4h the case of the pyridine-supported complexes (BDPPpyr-H)-
Isolation of the crystals and evaporation of the yéHate Y[( -Me)AIMe], and (BDPPpyr-H)Lu[(-Me)AIMg](thf)
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Figure 4 Perspective ORTEP views of the molecular struc®béeftf and3c(right). Atomic displacement parameters are set at the 30% level.
Hydrogen atoms and the solvent molecules are omitted for clarity. For selected bond lengths and angles, see Table 3.

(H,BDPPpyr = 2,6-bis-(((2,6-diisopropylphenyl)amino)methyl)we carried out preliminary tests on comp@ajriand4ab as
pyridiney*®*and also in scandium complexes supported by nacr@ecatalysts activated by(RIB(C¢F:)4] (A) or [PhNMeH]-
( -diketiminato) ligands containing bulky 2,6-diisopropylpheny8(CgFs),] ( B) in isoprene polymerization. Furthermore, 1 equiv
substituents. of AlMg was added to the binary catalyst system to determine
The NCN backbone angle3unf(122.6(6Y) is less than that  the e ect of excess trialkylaluminum. The polymerization results
of2b (126.2(3}), most likely due to the less sterically demandare summarized in Table 4. For all activations of co2abexes
ing character of MeH,Form in comparison with EtForm. and4ab colorless solutions changed to orange independent of
The CNC backbone bond lengths in [tand3c (Table 3 the boron activator, a common feature in such systems.
are in the routinely observed range (1.316@33(5) Af%1343 The stereoselectivity of the polymerization reactions per-
In the'H NMR spectrum of complgcin CDg, at ambient  formed with yttrium aluminate precatalyzdsafd 48 was
temperature, six separate peals§, 0.41, 0.28, 0.20, highly aected by the choice of cocatalyst. Initiators applying
0.17, 0.14 ppm) can be assigned to [AlfAdMe 4] the cocatalyst trityl borate JEHB(CgFs) (A) display
moieties. The residue after isolatiddbofs considered to be relatively high trans-1,4-selectivities up to 84% (Table 4, runs 1
pure3b because of the observation of only three peaks at lamd 5), while activation with anilinium borate [PhN]iBe
frequencies (0.56, 0.41, 0.28 ppm) similar to the corre- (CgFs).] (B) exhibits less selective polymers with moderate cis-1,4-
sponding chemical shiftsO(53, 0.46 ppm) of2b. The content (Table 4, runs 2 and 6). When 1 equiv of Ahdeadded
characteristic pattern of four methylene doublets fitl the to the trityl borateA) activated catalysts, no sigmit eect in
NMR spectrum dbcin C;Dg and two methylene doublets in  stereoselectivity was observed (Table 4, runs 3 and 7). In contrast,
3b is clearly indicative of the outcome of this reaction. Thie addition of trimethylaluminum to the binary catalyst systems
doublets at 2.65, 2.34, 1.27, and 1.23%pm(15.5 Hz) in 2a B and4d B increases the trans-1,4-selectivity from 13.0% to
3bc and 2.34 and 1.27 ppm 3b (3,4 = 15.5 Hz) are  44.5% and from 15.9% to 87.0%, respectively (Table 4, runs 4 and
assignable to the diastereotopicClty methylene protons.  8). However, all polymers produced from yttrium aluminates show
The 3 NMR spectrum of compouBtcin CiDs indicates  comparatively broad molecular weight distributions2(6%3
two distinctive peaks belonging tg @H4.9 and 27.6 ppm, The activation of the lanthanum compl2aesmd4b with
while in3b merely 27.6 ppm is observed, consistent with thEPh,C][B(C4Fs)4] (A) led to catalysts producing polyisoprene
proposed products of this reaction. with mainly trans-1,4-content (runs 9 and 13), whereby a
Polymerization of Isoprene. The new post-metallocene higher selectivity for the smaller EtForm complexes is observed,
catalyst families based on donor-functionalized chelating noomparable with that of the yttrium spedas/g 48. In
cyclopentadienyl ligands (e.g., imines, amides) have recen@urast, a switch from trans-1,4-poly2igr §9.6% trans;
signi cant attention in theeld of polymer science during the Table 4, run 10) to cis-1,4-polymé, 81.8% cis; Table 4,
past few yeafs>’®"Yin the eld of organorare-earth-metal  run 14) could be reproducibly observed when anilinium borate
chemistry, most of these are bis(alkyl) (R 5S(BA&) com- (B) was used as a cocatalyst. The addition of trimethylalumi-
plexes of the ['{Solv)(L)R,] type containing monoanionic num had no sigriant eect on the trans-1,4-selective catalyst
N-ancillary ligandk ().” For isoprene polymerization, the com- systems but changes the cis-1,4-selectiveisijstehiMe,H]-
plexes are activated by treatment with boron cocatalysts, oftefB{C4Fs) ] toward trans-1,4-selectivity (81.8% cis versus 61.1%
the presence of trialkylaluminfdm®’>"3Surprisingly, even trans; Table 4, runs 14 and 16). The trans-1,4-selecfisty of
when the formation of a heterobimetallic complex as a pmehich already has an AlM®lecule coordinated to a nitrogen
catalyst is proposed, isolation of the discrete bis(alumina&gdm in the structure (Figure 3), does not changeaiglyi
post-metallocene complexes is scarce. To our knowledge,after addition of trimethylaluminum (Scheme 2, Table 4, runs
complexes [PhC(NE.iPr,-2,6)]Y(AIMe,),2* [(Tph),Ng- 9 12). The increases in trans formatiopdds, 4d B, and4l/
Ln(AlMey), (Ln = La, Nd, Y§?and (Cf)Ln(AIMe,),*°repre- B on addition of AIMgruns 4, 8, and 16) might be a result of the
sent the only complexes of this type tested in isoprene polgrmation of a precatalyst species simildb {&cheme 2),
merization (Chart 1, 111). In order to extend these investigations,whereby the additional AlMMs complexed by one nitrogen
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Table 3. Selected Interatomic Distances (A) and Angles (deg)stereoselectivity. One typical example is given in Table 4, run
of 3b,c 17, representing the reproducibility of these polymerizations.
The in uence of addition of alkylaluminum cocatalysts has been

= 3¢ investigated previously for complexes including N-coordinating
Bond Lengttfs ancillary ligand&?®323Pue to the formation of [AIR
Lal(2) C1(30) 2.702(7) 2.719(7) moieties as active species upon addition of alkylaluminum
Lal(2) C2(31) 2.807(7) 2.744(7) derivatives to the initiators, a switch to cis-1,4-selectivity was
Lal(2) C5(34) 2.851(7) 2.815(7) mostly observed, especially for less sterically saturated metal
Lal(2) C6(35) 2.959(7) 3.080(8) centerd*?® For complexegab and 4ab already having
Lal(2) C8(36) 2.942(7) 2.976(7) [AIMe,] moieties in the structure, the switch between cis and
Lal C18 3.036(6) trans species is independent of the size of the metal cation or
Lal C19 3.078(6) the bulkiness of the ligand. Although the complexes under
Lal C20 3.092(7) investigation display high polymerization activity when acti-
Lal C21 3.158(7) vated with borate cocatalysts, the stereoselectivities did not exceed
Lal C22 3.131(6) 90%. Table 5 summarizes important polymerization performances
Lal C23 3.109(6) of the related rare-earth-metal bis(tetramethylaluminate) com-
Lal(2) C9(38) 3.087(6) 2.899(6) plexes depicted in Chart 1. Clearly, the implications of the metal
Lal(2) C10(43) 3.233(7) 2.984(7) size for the cis/trans selectivity deserve special attention. While
La2 C56 3.081(8) a metal center as small as Sc(lll) gives high cis-1,4-selectivity
La2 C57 2.850(8) (run 1, 94%), polyisoprene with high trans-1,4-selectivity is
Lal(2) N1(3) 2.467(5) 2.434(5) favorably produced at the large La(lll) center (run 7, 92%).
Lal(2)-Al1(4) 3.314(3) 3.295(3) The cis-directing behavior of the complex [PhgE{ie,-
Lal(2}-Al2(5) 2.999(3) 3.0514(3) 2,6)]Y(AIMey), (Iy) (Table 5, run 2, g1-Cl)**is striking in
Lal(2)-Al3(6) 5.784(3) 3.3832(3) comparison with that of Y(DippForm)(AlMé4a (Table 4,
N2(4) AI3(6) 1.971(6) 1.916(6) run 5, toluene), which produced maialysl,4-polyisoprene.
Al1(4) C1(30) 2.053(7) 2.063(8) These two complexeseti only in that the former carries a
Al1(4) C2(31) 2.046(7) 2.059(8) phenyl group in the ligand backbone. Generally, the high trans
AlL(4) C3(32) 1.972(7) 1.970(9) stereoselectivities observed for the half-sandwich bis(aluminate)/
Al1(4) CA(33) 1.967(8) 1.978(8) cocatalyst systems M&)La(AIMe)/A (trans-1,4 content
Al2(5) C5(34) 2.068(7) 2.095(7) 95.2%M,/M,, = 1.05, 30 °C preformation) and {®le;)La-
Al2(5) C6(35) 2.038(7) 2.023(8) (AIMey) /B(CgFs)5 (trans-1,4 content 99.58,/M, = 1.18)
A12(5) C7(37) 1.950(7) 1.928(9) remain unmatchédtl.
Al2(5) C8(36) 2.030(7) 2.038(8)
Al6 C56 2.013(9) CONCLUSIONS
Al6 C57 2.037(9) Formamidines (FormH) feature a suitable and versatié-N
ggzzztgg:gs;gsz 121222; 12;2% lary ligand set for the synthesis of heteroleptic LnAl bimetallic
Bond Angl'es ' ?gdror):z&tl)l\y//ll ():org:plexe(sA Z(gEI—WAet?IIo%erlle—typt(aAcomSIGexes Ln-
orm &), (Form (Ar r = EtForm (Ar = 2,6-
N1(3) Lal(2) N2(4) 122.6(6) 120.9(6) Et,CgHs), MesForm (Ar = 2,4,6-M&H>), DippForm (Ar =
Al1(4) C1(30) Lal(2) 87.3(2) 85.9(2) , L :
AlL(4) C2(31) Lal(2) 84.6(2) 85.4(2) 2,6+Pr2C6H3)., tBuForm (Ar = 'ZBu_CGH4))_ can be obtalneq
AI2(5) C5(34) Lai(2) 73'2(2) 75'3(2) favorably via methane _ellmmatlon_ ut|I|z_|ng hc_;mol_eptlc Ln-
AI2(5) C6(35) Lal(2) 71'1(2) 70'0(2) (AIMe4)3_ or by successive S|Iy_lam|ne elimination/silylamido
AI2(5) C8(36) Lal(2) 71'5(2) 72'3(2) ellmlnat_lon empl_oylng ITn[N(SlHMQ.g(thf)2 and AlMg,
Al6 C56 La2 ' 80 ?;(3) respectively. Wr_nle the |solat§ad yttrium complexes show
AlG C57 Laz 85'9(3) (N): YN )-coordinated Form_hgands throqghout, the lantha-
C1(30) Lal(2) C2(31) 76.1(2) 7'7 202) num congeners revealed distinct coordination chemistry depend-
' ' ing on the substituents on the aryl rings of the Form ligands. Less
C1(30) Al1(4) C2(31) 111.8(3) 111.5(3) ; 76 . o
C5(34) Lal(2) C6(35) 67.32(19) 68.5(2) bulky aryl supsutuents (Me, Et) favoi(i): _(arene) Ilganon,
C5(34) Al2(5) C6(35) 10'3_ 43) 10'7_7(3) as _observed in La(EtFormAJ}Me,),. This congurational N
56 La2 C57 69.0(3) switch is probably qat_:sed_ by the syccessful competition
C56 AlS C57 112.33) of re[eased L_eW|s ac@c trimethylaluminum for a I.\I(Form).
N1(3) C(H) N2(4) 122.6(6) 120.9(6) coordination site, meaning that the large and hence mildly Lewis

. _ _ acidic La(lll) center is abandonirtN): (N ) bonding in
:r/\e/hfirrgbngg t?]fozg)m gggﬁi:z;rs e?r'éig} those without paremheﬁﬁﬁ_)r of the %(N): %(arene) mode. Further, the lanthanum
derivatives can engage irHtond activation reactions of the
aryl substituents, as shown for Lg{Mg-ormAIMeg)(AlMey)-
from the formamidinato ligand and the Ln metal center is nogalMe,) (Me,CH,Form = MesForm-té{Me)). These CH
changed to}(N) and SGarene) coordination. All polymers activation reactions are facilitated by the high mobility of the
produced by lanthanum complexes reveal narrow molecidaminate methyl groups. Although there is a potential competi-
weight distributions lower than 1.3 and suggest a living fashimm between Al(lll) and La(lll) for the nitrogen atoms of the
by complete consumption of the monomer. Moreover, selectiedmamidinato ligands, no byproducts of formamidinato alumi-
polymerizations were repeated with 1 h reaction tiorgls, a num species were isolated in any case. On activation with the
ing lowerM,/ M, values down to 1.07 withouketing the borate [PKC][B(CgFs)s] or [PhNMeH][B(Cg4Fs)4, the
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Table 4. Isoprene Polymerization of Formamidinate Complexes under Study

entry? precat. cocht. yield (%) cis-1% 3, trans-12 M, & (x10%) M,/ M@
1 Y(EtForm)(AIMg), (29 A >99 8.8 7.0 84.2 8.3 171
2 Y (EtForm)(AIMg), (23 B >99 58.2 28.8 13.0 11.7 2.60
3 Y(EtForm)(AIMg), (23 A/AIMe, >99 16.4 6.8 76.8 6.9 161
4 Y (EtForm)(AIMg), (23 B/AMe, >99 427 12.8 445 9.0 2.00
5 Y(DippForm)(AIMg, (43 A >99 156 8.1 76.3 2.6 1.96
6 Y(DippForm)(AIMg, (43) B >99 53.6 305 15.9 7.7 2.05
7 Y(DippForm)(AIMg, (43 A/AIMe, >99 10.4 8.7 80.9 5.3 191
8 Y (DippForm)(AIMg, (43) B/AIMe, >99 5.2 7.8 87.0 6.3 153
9 La(EtFormAIMg(AlMe,), (2b) A >99 9.7 8.6 81.6 14.6 1.18
10 La(EtFormAIMg{AIMe,), (2b) B >99 17.8 126 69.6 9.4 1.13
11 La(EtFormAIMgAIMe,), (2b) A/AIMe, >99 17.0 15.2 67.8 137 113
12 La(EtFormAIMg{AIMe,), (2b) B/AIMe, >99 17.9 12.0 70.1 9.8 1.14
13 La(DippForm)(AIMg, (4b) A >99 315 5.9 62.6 7.2 1.19
14 La(DippForm)(AIMg, (4b) B >99 81.8 5.7 125 8.4 1.27
15 La(DippForm)(AIMg, (4b) AAIMe, >99 323 57 62.0 8.7 1.18
16 La(DippForm)(AIMg, (4b) B/AIMe, >99 35.1 3.8 61.1 8.5 1.19
17 La(EtFormAIMg(AIMe,), (2b) B/AIMe, >99 16.3 16.3 67.4 8.2 1.07

3Conditions: 0.02 mmol of precatalyst, [Ln]/[cocat] = 1/1, 8 mL of solvent toluene, 20 mmol of isopRSuxadlirs, [PhCl[B(CoFs).l;

B, [PhNMeH][B(C ¢Fs).]. Determined by*C NMR spectroscopy in CRCIDetermined by means of size-exclusion chromatography (SEC)
against polystyrene standdifdse polymerization reaction was quenched after 1 h.

Table 5. Isoprene Polymerization Promoted by Selected Rare-Earth-Metal Bis(tetramethylaluminate) Complexes Bearing
N-Ancillary Ligands (cf. Chart 1)

entry? precat. coch.  vyield (%) cis-1% 34  trans-12 MO (x10) MM ref

1 [PhC(NGHSPL-2,6)]Sc(AMe), (Is) A 98 94 5 1 8.03 1.56 44

of [PhC(NCHiPE-2,6)]Y(AIMey), (1) A >99 77.8 22 0.2 6.8 1.8 24
3 [PhC(NC.H4Pr-2,6)]Y (AMey), (Iy) A/AIMe, >99 92 6 2 75 16 24

4 [(Tph) NZY (AIMey), (I1) A >99 49.6 9.4 41.0 8.0 141 45
5 [(Tph),NZY(AIMey), (I1) B >99 57.5 111 314 6.0 152 45
6 [(Tph) NgLa(AIMey), (Il ) A >99 16.1 3.0 81.0 6.0 1.28 45
7 [(Tph),NJLa(AIMey), (11 ) B >99 6.3 21 917 7.0 1.30 45
g9 (CPAY(AIMe), (Il y) A >99 13 1238 85.9 74 1.14 46
9 (CPAY(AIMe), (Il y) B >99 38 21.4 747 35 112 46
10 (CP)Y(AIMey), (il y) A 19 - 9.9 90.1 61 1.91 46

1M (CPYY(AIME), (Il y) B >99 13 1238 85.9 74 1.14 46
17 (CpR)La(AlMe), (1l ) B >99 19.6 95 70.9 39 1.21 46
18 (CpRLa(AIMe), (Il ) B >99 21 49 93.1 93 111 46

#Conditions unless otherwise sjgeci0.02 mmol of precatalyst, [Ln]/[cocat] = 1/1, 8 mL of solvent toluene, 20 mmol of isoprene, 24 h.
PCocatalyst, [PhCI[B(CeFs)Jl; B, [PANMeH][B(C ¢Fs),]. Determined b{3C NMR spectroscopy in CRCIDetermined by means of size-
exclusion chromatography (SEC) against polystyrene stddaiadittons: 10 mmol of isoprene, 2 mirf@%Conditions: gH:Cl, 1.022 g of
isoprene, 10 min, 28, T,= 57 °C. “Conditions: 2 hConditions: hexane, 2'Gonditions: 2 HConditions: hexane, 24 h.

complexes Y(EtForm)(Allye Ln(DippForm)(AIMg),
(Ln =Y, La), and La(EtFormAIj&IMe,), e ciently

initiated the polymerization of isoprene. In particular, thén = La, Y};"**YIN(SiHMe)]x(thf),
lanthanum-based catalysts produced polyisoprene of narrow mBR¢ds (EtFormH, DippFormH, MesFormH, #uFormH

puri ed by using Grubbs columns (MBraun SPS, solveoatmmi
system) and stored in a glovebox. The starting materials Lg(AlMe
4 and formamidine com-

?5,36

ular weight distribution (PDI <)Lat ambient temperature. The Were prepared by the literature methogl; &hd tolueneg were

general tendency for trans-1,4-selectivity is clearly seen in the
ence of the trityl borate cocatalyst (maximum 87%), while t
anilinium borate cocatalyst favors cis-1,4-selectivity (maximum 82?%}

borate cocatalysts [RHB(CgFs) 4] (A) and [PhNMgH][B(C gFs) 4]

EXPERIMENTAL SECTION

General Considerations Syntheses and catalytic operations wereout any further purgation. The NMR spectra of air- and moisture-
carried out under an inert atmosphere of dry argon using stand&enhsitive compounds igDg or toluenedy solutions were recorded
Schlenk, high-vacuum, and glovebox techniques (MBraun MBLb;using J. Young valve NMR tubes at 825/C on a Bruker
<1 ppm @, <1 ppm HO). Hexane, toluene, and tetrahydrofuran wereAVANCE-DMX400H, 400.13 MHz*C, 100.62 MHz) or Bruker

1217

8

ined from Aldrich, dried over Na for 24 h, lsevéd. CDGland
were purchased from Aldrich and used as received. Isoprene
obtained from Aldrich, degassed, dried over activated 4 A mole-

sieves, and vacuum-transferred three times prior to use. The

(B) were purchased from Boulder Scie@d. and were used with-
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BIOSPIN-AV500 instrumert( 500.13 MHzXC, 125.77 MHz). from hexane yielded 48 mg (36%d)addis colorless crystals not suitable
H and *C chemical shifts are referenced to internal solvent refor X-ray crystallography. DRIFT (KBr,5r2965 s, 2931 m, 2872 w,
onances and reported relative to TMS. Elemental analyses (C, H, 2060 m, 1925 w, 1523 s, 1448 s, 1374 w, 1323 w, 1280 s, 1245 m, 1199 m,
were performed using an Elementar Vario MICRO cube. IR speclft05 w, 946 w, 894 s br, 840 w, 797 w, 759 m, 689 w;8IONR
were recorded between 4000 and 40bama Nicolet 6700 FTIR  (400.13 MHz, D, 25°C): = 8.01 (d3J = 4.6 Hz, 2H, NC(H)N),
spectrometer using a DRIFT chamber with dry KBr/sample mixtur@sl6 (s br, 12H, Ar), 5.16 (Ad,y = 2.9 Hz, 2H, SiH), 2.77 (g, 16H,
and KBr windows. The collected data were converted using tB&l,), 1.23 (t, 24H, CH), 0.24 (s b1y, = 2.9, 12H, Si(CBb) ppm.1C
Kubelka Munk re nement. The molar masskg, @ndM,) of the NMR (100.62 MHz, D¢, 25°C):  170.77 (NC(H)N), 145.8 (Ar-C),
polymers were determined by size-exclusion chromatography (SE@GY..6 (Ar-C), 125.6 (Ar-CH), 124.4 (Ar-CH), 25.2,JCHL.72 (CH),
Sample solutions (1.0 mg of polymer/mL of thf) wered through 2.29 (Si(CH),) ppm. Anal. Calcd foElsdNsShY: C, 66.08; H, 8.20; N,
a 0.2 m syringe lter prior to injection. SEC was performed with a 8.38. Found: C, 65.92; H, 8.12; N, 8.33.
pump supplied by Viscotek (GPCmax VE 2001), employing Y(EtForm)(AIMg (2a). Following the procedure described above,
ViscoGEL columns. Signals were detected by means of a triple detéaiMe), (150 g, 0.43 mmol) and EtFormH (140 mg, 0.45 mmol)
tion array (TDA 302) and calibrated against polystyrene standasisre reacted. Recrystallization of the product from hexane yielded
(My/ M, < 1.15). The ow rate was set to 1.0 mL miThe micro- 184 mg (65%) o2a as colorless crystals not suitable for X-ray crys-
structure of the polyisoprenes was examined by m¢hasdfC tallography. DRIFT (KBr, cHt 2966 m, 2926 m, 2885 w, 1507 s,
NMR experiments on the AV400 and AV500 spectrometers at amt48 m, 1374 w, 1327 w, 1274 m, 1191 w, 1107 w, 772w, 719 s, 696 s,
bient temperature, using CP& solvenCautionAluminate com- 611 w, 571 w, 550 % NMR (400.13 MHz, fDg, 25°C): 7.63 (d,
pounds and volatiles containing trimethylaluminum react violenfly, ;= 4.6 Hz, 1H, NC(H)N), 6.946.99 (m, 6H, Ar), 2.56 @l =
when exposed to air; concentrated solutions of organoaluminum gng Hz, 8H, ChJ, 1.12 (t31,, = 7.4 Hz, 12H, C}, 0.24 (d3},, =

uorinated boron compounds and their solid reaction products ageHz, 24 H, AI(CH),) ppm.13C NMR (100.62 MHz, {Dg, 25°C):
highly shock sensitffeFor some of the tetramethylaluminate 1728 (NC(H)N), 144.0 (Ar-C), 137.6 (Ar-C), 126.4 (Ar-CH), 125.3
complexes, we could not obtain satisfactory cagoand hydrogen (Ar-CH), 25.2 (CH), 15.2 (CH), 1.8 (s br, Al(CK),) ppm. Anal.
analyses2p, 3bc, 4a andsg). , Calcd for GHs;N,ALY: C, 61.04; H, 9.01; N, 4.91. Found: C, 60.25;

General Procedure for the Synthesis of Complexes 15.In a H, 8.46; N, 4.96. This compound was also formed by addition of
glovebox, a solution of Y[N(SiHMR(thf), or Ln(AlMe)s (Ln =Y, AlMe; (4.03 mg, 0.056 mmol) 1@ (10 mg, 0.014 mmol) ingD; in
La) in 5 mL of hexane was added dropwise to a suspension of 1§ Young valve NMR tube at°@5 When the temperature was
formamidine reagents HL in 5 mL of hexane with vigorous stirringyyered from +25 t080°C in toluenes, the signals of complee
Instant gas formation was observed in the case of LjyATie did not reveal any decoalescence of the [QlGEisonance.
clear solution was stirred overnight at ambient temperature and thefy g (EtFormAIMEAIMa),](GHy); s (2b). Following the procedure
eyaporatepl to dryness under oil pump vacuum. The powder V‘%cribed above, La(AMe(145 mg, 0.35 mmol) and EtFormH
dissolved in hexane or toluene (only for compabraiel3bg and (112 mg, 0.36 mmol) were reacted. Recrystallization of the product
crystallized at40 °C. The pure crystalline product was generallyyom toluene yielded 160 mg (56%Rlofs colorless crystals suit-
obtalngd after 1 day. All the characterizations were performed on fpf for X-ray crystallography from an orange solution. DRIFT (KBr,
crystalline compounds, _ cm %): 2969 m, 2919 m, 2889 w, 1536 s, 1442 m, 1362 w, 1330 w,

Y(EtForm)IN(SIHME,(thi) (L2). Following the procedure des- 1189 m 1106w, 841 w, 762 w, 694 s br, 587 m, 568 w, 545 W, 520 w.
cribed above, Y[N(SiHMg4(thf), (100 mg, 0.16 mmol) and 14 NMR (500.13 MHz, {Ds, 25°C):  7.64 (s br, 1H, NC(H)N)
EtFormH (48 mg, 0.16 mmol) were reacted. Recrystallization of t%3 - 6.76 (M, 6H Ar,) 38’22 (B, = 7.4 Hz 2,_’| C’B 2.46 ( '

- . . y y y . H— . y y y . q,

product from hexane yielded 45 mg (38%# a6 colorless crystals 31,4 = 7.4 Hz, 2H, CH), 2.25 (' 51y = 7.4 Hz, 4H, Ch), 1.06 (t
suitable for X-ray crystallography. DRIFT (KBf):c8961 m br, g~ P e qg h— " A ’
2927 m, 2896 w, 2084 m, 1929 w, 1520 s, 1446 s, 1374 w, 13251 = 7-4 Hz, 6 H, CH), 0.98 (1. = 7.4 Hz, 6H, CH), 0.46 (s
1279 m, 1243 m, 1199 m, 1105 w, 1047 m br, 900 s br, 838 m, 78¢P4y,24H. Al(CH)4), 0.53 (s, 9H, Al(CE)g) ppm."H NMR (500.13
762 m, 683 w, 609 W1 NMR (400.13 MHz, D, 25°C): 7.88  MHZ, GDg 52°C): 7.64 (s br, 1H, NC(H)N), 7.18 (d, 1RkAr-
(dl SJ(H =4.6 Hz, 1 H, NC(H)N), 7.007.13 (m’ 6H, AI’), 5.06 (ml H), 6.87 ('[, al—AI’-H), 6.76 (d, lHTI-AI’-H), 6.67 (d, lHTI-AI‘-H),
31, = 2.9 Hz, 4H, SiH), 3.76 (t, 4HCH, thf), 2.65 (q, 8H. CH) 6.62 (t, IHp-Ar-H), 6.12 (d, 1Hn-Ar-H), 3.22 (m, 2H, C}, 2.46
1.36 (t, 4H, -CH,, thf), 1.13 (t, 12H, CB, 0.29 (s br, 24H, (M. 2H, CH), 2.33 (m, 2H, Cb), 2.26 (m, 2H, Ch, 1.06 (t, 6H,
Sl((:"lg)z) ppm. 13C NMR (10062 MHz, stx 25 oc): 177.9 CH3), 0.98 (t, 6H, C|§), 0.12 (S br, 3H, Al(Cb|4), 0.13 (S br, 3H,
(NC(H)N), 145.2 (Ar-C), 137.9 (Ar-C), 125.4 (Ar-CH), 123.9 (Ar- Al(CHy)s), 0.28 (s br, 3H, Al(CHl), 0.31 (s, 9H, Al(CHy),

CH), 69.1 (-CH,, thf), 25.1 (-CH,, thf), 25.0 (CH), 14.5 (C}} 0.45 (s br, 3H, AI(CHl,), 0.46 (s br, 3H, AI(C},), 0.50 (s br,
2.1 (s br, Si(Ch),) ppm. Anal. Calcd for,§lsN,OSiY: C, 54.06;  3H, All(CFb)4), 0.51 (s, 3H, AI(C§4),° 0.68 (s, 3H, Al(CH.,)
H, 8.66; N, 7.64. Found: C, 53.45; H, 9.09; N, 7.32. ppm.C NMR (125.77 MHz, g, 25°C): 169.0 (NC(H)N),

Y (DippForm)[N(SiHM&,(th) (ib). Following the procedure 1555 (Ar), 146.7 (Ar), 141.9 (Ar), 139.4 (Ar), 131.4 (Ar), 130.0 (Ar),
described above, Y[N(SiHMBs(thf), (100 mg, 0.16 mmol) and 129.2 (Ar), 128.3 (Ar), 26.1 (&}125.1 (CH), 16.22 (CH), 12.9
DippFormH (57 mg, 0.16 mmol) were reacted. Recrystallization of teHs). 7.1 (s br, Al(CH)3 and Al(CH),) ppm. Anal. Calcd for
product from hexane yielded 50 mg (40%b ak colorless crystals CsdHedN2AkLa(Cs/Hg)1 5 C, 61.44; H, 8.73; N, 3.37. Anal. Calcd for
suitable for X-ray crystallography. DRIFT (KBf):c2959 s, 2923  CaHedNAkLaC:Hg: C, 59.68; H, 8.73; N, 3.57. Found: C, 59.13; H,
m, 2867 m, 2074 m, 1931 w, 1664 s, 1587 w, 1526 m, 1461 m, 138Z®/; N, 3.61 (microanalysis revealed that half a toluene molecule in
1321 w, 1286 m, 1254 m, 1182 w, 1018 m br, 897 s, 838 m, 800 stbe, lattice was lost upon drying the sample in vacuo).

766 m, 678 w, 610 % NMR (400.13 MHz, (D¢, 25°C): 8.22 Y (MesFormAIMEAIMg), (3a). Following the procedure described

(d, 33 = 4.6, 1H, NC(H)N), 7.067.14 (m, 6H, Ar), 5.07 (s€fy = above, Y(AIMg; (100 mg, 0.28 mmol) and MesFormH

2.9 Hz, 4H, SiH), 3.76 (t, 4HCH,, thf), 3.66 (sef]yy = 6.9 Hz, 4H, (80 mg, 0.28 mmol) were reacted. Recrystallization of the product
CH), 1.36 (t, 4H, -CH,, thf), 1.19 (br, 24H, G§{ 0.29 (s br¥l,, = from hexane yielded 132 mg (65%Jaafs colorless crystals suitable
2.9 Hz, 24H, Si(Ch) ppm."*C NMR (100.62 MHz, {Dg, 25°C): for X-ray crystallography. DRIFT (KBr,3n2922 m br, 2886 m,

170.1 (NC(H)N), 143.1 (Ar-C), 124.9 (Ar-CH), 123.9 (Ar-CH), 65.07 2864 m, 1510 s, 1477 s, 1376 w, 1304 w, 1267 s, 1224 m, 1187 m,

( -CH,, thf), 27.9 (CH), 24.8 (s br-CH,, thf + CH), 3.3 (s br, 1161 w, 1031 w, 968 w, 922 w, 854 m, 720 s, 692 s br, 572 m, 533 w.

Si(CHy),) ppm. Anal. Calcd fors®l,,N,0SiY: C, 56.31; H, 9.07; N, 'H NMR (400.13 MHz, D, 25°C):  7.74 (d} = 4.6 Hz, 1H,

7.09. Found: C, 56.40; H, 8.99; N, 7.03. NC(H)N), 6.74 (br s, 4H, Ar), 2.13 (s, 6ptCH;), 2.11 (s, 12H;
[Y(EtFormjN(SiHM#,}] (1¢). Following the procedure described o-CHg), 0.09 (d,%J, = 3 Hz, 24H, AI(CH,) ppm. ¥ NMR

above, Y[N(SiHMg,]4(thf), (100 mg, 0.16 mmol) and EtFormH (100.62 MHz, ¢Ds, 25°C): 172.9 (NC(H)N), 143.1 (Ar-C),

(96 mg, 0.31 mmol) were reacted. Recrystallization of the produgl4.06 (Ar-C), 131.43 (Ar-C), 129.52 (Ar-C), 20.55CEbP.8
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(CHJ), 1.89 (br AI(CH),). Anal. Calcd for GHsNLALY: C, 59.77; 9.49; N, 4.47. Found: C, 62.83; H, 8.61; N, 4.56. This compound was

H, 8.73; N, 5.16. Found: C, 59.52; H, 8.25; N, 5.08. also formed by addition of AjM8.65 mg, 0.051 mmol) ido (10
[La{ }(N): 8(Ar)-MeCH,FormAIMg}(AIMe&)(AlMa)][La- mg, 0.0126 mmol) ingDg in a J. Young valve NMR tube at@5
(Me,CHFormAIMg)(AIMe) (AIM@)](GHy4), 5 (3bc) and La- La(DippForm)(AINg (4b). Following the procedure described

[ (N): %(Ar)-MgCHFormAIMgl(AIMe)(AIMg) (3b). Following the  above, La(AIMg; (0.12 g, 0.29 mmol) and DippFormH (0.11 g, 0.31

procedure described above, La(M&00 mg, 0.25 mmol) and  mmol) were reacted. Recrystallization of the product from hexane
MesFormH (70 mg, 0.25 mmol) were reacted. Crystallization of thgelded 140 mg (66%) @b as colorless crystals suitable for X-ray

product from toluene yieldest 76 mg (44%) d3bcas colorless  crystallography. DRIFT (KBr, &n2961 s, 2926 m, 2882 m, 1512 s,

crystals suitable for X-ray crystallography from a yellow solution. A860 m, 1442 m, 1382 w, 1362 w, 1315 m, 1271 s, 1189 m, 1100 w,
Itering, drying of the yelloWrate in vacuo gave 57 mg (35%3of 804 m, 773 w, 759 w, 697 s br, 615 w, 5%6 MMR (400.13 MHz,

as a residue of the pure compound. Characterization 8latafer CeDg, 25°C): 8.17 (s br, 1H, NC(H)N), 7.06 (s br, 6H, Ar), 3.27

as follows: DRIFT (KBr, ¢t 2921 m br, 2882 m, 1552 s, 1468 m, (seply = 6.9 Hz, 4H, CH), 1.12 (s br, 24H, £;H.00 (s br, 24H,
1379w, 1322 m, 1210 m br, 1186 m br, 1106 w, 1032 w, 968 w, 94IANCH,),) ppm. ¥C NMR (100.62 MHz, s, 25°C): 175.3

854 m, 692 s br, 570 m br, 533 w, 50B4WNMR (400.13 MHz,  (NC(H)N), 143.8 (Ar-C), 142.8 (Ar-C), 126.1 (Ar-CH), 124.1 (Ar-

C¢Dg, 25°C):  7.74 (s, 1H, NC(H)N3b), 6.80 (s, 1H, ABc), 6.75 CH), 29.0 (CH), 25.3 and 23.9 (QH4.8 (s br, Al(Ch),) ppm.

(s, 2H, Ar3b), 6.73 (s, 1H, ABc), 6.63 (s, 1H, ABD), 6.58 (s, 1H,  Anal. Calcd for GHsN,AlLa: C, 58.57; H, 8.79; N, 4.14. Found: C,

Ar), 6.57 (s, 1H, NC(H)N30¢), 6.53 (s, 1H, ABb), 6.47 (s, 1H, Ar, 58.57: H, 8.96; N, 4.09.

30), 2.65 (d 4y = 15.5 Hz, 1H, Ckl3c), 2.34 (fy, = 15.5 Hz, Y(tBuForm)(AlNMe (5a). Following the procedure described

1H, CH, 3b), 2.26 (s, 3H; CH 3h), 2.25 (s, 3H, CK3b), 2.12 (s,  above, Y(AIMg (100 mg, 0.28 mmol) artBuFormH (86 mg,

3H, CH;, 30), 2.09 (s, 3H, CH30), 2.00 (s, 3H, CH30), 1.99 (s,  0.28 mmol) were reacted. Recrystallization of the product from hexane

3H, CH;, 39, 1.97 (s, 3H, CH 30, 1.93 (s, 3H, Ck3b), 1.81 (s,  yielded 124 mg (77%) ba as colorless crystals suitable for X-ray

3H, CH;, 30), 1.77 (dly = 15.5 Hz, 1H, CK30), 1.73 (s, 3H,  crystallography. DRIFT (KBr, &n 2958 m br, 2927 m, 2889 w,

CHg, 3b), 1.27 (d, 1H, CH 3}y = 15.5 Hz3b), 1.23 (m, 8H, Chlof 1502 s, 1480 s, 1438 m, 1390 w, 1357 w, 1291 s, 1277 m, 1213 m b,

hexane), 0.88 (t, 6H, GHf hexane), 0.14 (s br, 9H, Al(Ch);, 30), 1085 w, 1055 w, 946 w, 774 m, 754 s, 720 s, 699 s br, 569 m, 518 w.
0.18 (s br, 12H, Al(CH, 39, 0.20 (s br, 9H, AI(Ci;, 30, H NMR (400.13 MHz, §Dg, 25°C):  7.66 (d3J, ;= 4.6 Hz, 1H,
0.28 (s br, 9H, AI(Chis, 3b), 0.41 (s br, 9H, Al(Chls, 3b), NC(H)N), 7.29 (dd, 2H, Ar), 7.10 (td, 2H, Ar), 7.01 (td, 2H, Ar),

0.56 (s br, 12H, Al(Ch{, 3b) ppm.*C NMR (100.62 MHz, (D, 6.69 (dd, 2H, Ar), 1.34 (s br, 18 H, &H 0.05 (d3},, = 3 Hz, 24
25°C):  166.1 (NC(H)N,3b), 164.4 (NC(H)N,3¢), 154.9 127.2 H, AI(CHy),) ppm.*3C NMR (100.62 MHz, D¢, 25°C): 169.3
(Ar-C,3b + 30), 32.3 (CH, hex), 27.6 (Cki3b), 24.9 (CH, 30), (NC(H)N), 144.7 (Ar-C), 144.2 (AB), 127.2 (Ar-CH), 127.1 (Ar-CH),
23.4 (CH, hex), 21.8 (Ck3b), 21.3 (br, 2 CH 30), 21.2 (br, CH, 126.6 (Ar-CH), 125.8 (Ar-CH), 35.4 (C), 31.7 (LR.5 (s br,
3b), 20.3 (CH, 39), 19.6 (CH, 3b), 19.5 (br, 2 CH 30), 19.2 (CH, Al(CH,),) ppm. Anal. Calcd for,@is,NL,ALY: C, 61.04; H, 9.01; N,
309, 18.9 (CH, 3b), 14.7 (CH, hex), 4.9 (br, Al(CHi, 30), 2.9 4.91. Found: C, 62.46; H, 8.29; N, 5.24.
(br, Al(CHg)4, 3b), 0.1 (br, Al(CH)3 3b), 1.6 (Al(CH)s, 30, La(tBuForm)(AIMp (5b). Following the procedure described
1.7 (Al(CHy)3, 39), 6.3 (br, Al(CH)3, 38 ppm. Anal. Calcd for  above, La(AIME; (0.05 g, 0.12 mmol) atBuFormH (38 mg, 0.12
CsH1odNALaCH 4 C, 55.57; H, 8.60; N, 4.05. Calcd for mmol) were reacted. Recrystallization of the product from hexane
CsHi0MNAlLa1.5GH 4+ C, 56.41; H, 8.83; N, 3.93. Found: C, yielded 68 mg (72%) &b as colorless crystals suitable for X-ray
56.20; H, 7.09; N, 4.29 (the microanalysis suggests 1.5 hexgRgstallography. DRIFT (KBr, gn2966 m br, 2922 m, 2888 w,
molecule in the lattice, in accordance with the crystal structure, whih3 s, 1478 s, 1438 m, 1388 w, 1354 w, 1291 s, 1279 m, 1210 m br,
the 'H NMR of 3bc showed that half of a hexane molecule from thej085 w, 1055 w, 942 w, 773 m, 754 m, 716 s, 697 s br, 610 w, 569 m,
lattice was lost upon drying the sample in vacuo prior to dissolutiogig w.!H NMR (400.13 MHz, @, 25°C): 7.96 (s, 1H,
Characterization data Riy are as follows: DRIFT (KBr, din NC(H)N), 7.13 (dd, 2H, Ar), 7.10 (td, 2H, Ar), 7.00 (id, 2H, Ar),
2914 m br, 2881 w, 1541 s, 1468 m, 1380 w, 1327 m, 1211m, 118489 (dd, 2H, Ar), 1.37 (s, 18H, $H 0.05 (s, 24H, AI(CHl)
1150 w, 1032 w, 968 w, 941 w, 851 w, 692 s br, 574 m, 533 w, 52%Wm . 13C NMR (100.62 MHz, g, 25°C):  166.1 (NC(H)N),
503 w;'H NMR (400.13 MHz, g 25°C): 7.74 (s, 1H,  148.6 (Ar-C), 143.7 (Ar-C), 127.4 (Ar-CH), 127.1 (Ar-CH), 126.6
NC(H)N), 6.75 (s, 1H, Ar), 6.63 (s, 1H, Ar), 6.53 (s, 1H, Ar), 6.47 (s,(Ar-CH), 125.5 (Ar-CH), 35.5 (C), 31.8 (QH4.9 (s br, Al(CH) )
1H, Ar), 2.34 (] = 15.5 Hz, 1H, C}), 2.26 (s, 3Hp-CHy), 2.25 ppm. Anal. Calcd for,@ls,N,AlLa: C, 56.12; H, 8.28; N, 4.51.
(s, 3H,p-CHy), 1.99 (s, 3HO-CHg), 1.93 (s, 3H)-CHy), 1.73 (s, 3H,  Found: C, 55.75; H, 8.52; N, 4.38.

0-CHy), 1.27 (d,A1y = 155 Hz, 1H, B,), 0.28 (s br, 9H, Polymerization of Isoprene. A detailed polymerization proce-
Al(CHg)s), 0.41 (s br, 9H, AI(Chl), 0.56 (s br, 12H, Al(CHi,) dure (Table 4, run 1) is described as a typical examp®- [Ph
ppm; *C NMR (100.62 MHz, s, 25°C):  166.14 (NC(H)N), [B(CeFs)al (A, 18 mg, 0.02 mmol, 1 equiv) was added to a solution of

154.9 (Ar-C), 148.1 (Ar-C), 140.7 (Ar-C), 140.08 (Ar-C), 138.8 (Ar2a(11 mg, 0.02 mmol) in toluene (8 mL), and the mixture was aged

C), 138.5 (Ar-CH), 135.1 (Ar-CH), 134.8 (Ar-CH), 133.5 (Ar-C), at ambient temperature for 30 min. After the addition of isoprene

131.6 (Ar-C), 129.8 (Ar-CH), 127.2 (Ar-CH), 27.6 jCI21.8 (2.0 mL, 20 mmol), the polymerization was carried out at ambient

(CHy), 21.2 (CH), 20.3 (CH), 19.6 (CH), 18.9 (CH), 2.9 (br temperature for 24 h. The reaction was terminated by pouring the

Al(CHy)s), 0.1 (AI(CHy)gz), 6.3 (s br, Al(Cl)3) ppm. Anal. Calcd  polymerization mixture into a large quantity of edi@-propanol

for GHsN,AlLa: C, 53.70; H, 8.08; N, 4.32. Found: C, 53.34; H,containing 0.1% (w/w) 2,64@rtbutyl-4-methylphenol as a stabilizer.

7.19; N, 4.38. The polymer was washed with 2-propanol and dried under vacuum at
Y(DippForm)(AIMp (4a). Following the procedure described ambient temperature to constant weight. The polymer yield was

above, Y(AIMg; (164 mg, 0.46 mmol) and DippFormH (171 mg, determined gravimetrically.

0.46 mmol) were reacted. Recrystallization of the product from hexan-ray Crystallography and Crystal Structure Determination

yielded 185 mg (64%) d& as colorless crystals suitable for X-rayof 1a,b, 2a,b, 3bc, 3a, 4a,b, and 5a,bCrystals suitable for

crystallography. DRIFT (KBr, gn2961 s, 2925 m, 2888 m, 1513 s, di raction experiments were selected in a glovebox and mounted in

1456 m, 1442 m, 1383 w, 1362 w, 1316 m, 1271 s, 1189 m, 110GParatone-N oil inside a nylon loop. Data collection was done at 173(2)

805 m, 774 w, 759 w, 697 s br, 616 w, 5F5MMR (400.13 MHz, K on a STOE IPD Il dractometer using graphite-monochromated

CiDg, 25°C):  8.05 (d,2Jy = 4.6, 1H, NC(H)N), 7.06 (s br, 6H, Mo K radiation ( = 0.71073 A), performing scans in two

Ar), 3.24 (seplyy = 6.9 Hz, 4H, CH), 1.12 (8, = 78.4 Hz, 24H, positions. Structure solutions andements were performed using

CHgy), 0.24 (s%l,,= 3 Hz, 24H, Al(CH),) ppm.**C NMR (100.62  the programs SHELXS™@nd SHELXL-97 through the graphical

MHz, GDg, 25°C):  172.4 (NC(H)N), 142.5 (Ar-C), 142.3 (Ar-C), interface X-Seed, which was also used to genergteaheAll CIF

125.9 (Ar-CH), 124.1 (Ar-CH), 28.6 (CH), 25.5 and 23.5)(CH les were checked at http://www.checkcif.iucr.org/. For further experi-

(s br, AI(CH),) ppm. Anal. Calcd forsEisN,ALY: C, 63.24; H, mental details on mement and crystallographic data see Table 6.
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Table 6. Crystallographic Data for Compounds l1a,b, 2a,b, 3bc, 3a, 4a,b, and 5a,b

formula
fw
color/habit
crystal dimens, mim
cryst syst
space group
a A
b,A
b, A
, deg
, deg
, deg
v, B
z
T, K
Dcalcd g/CfT'?
, mm?
F(000)
range, deg
index rangesy(k, 1)

no. of rfins collected

no. of indep rfln&,

no. of obsd rfind & 2 (1))

no. of data/restraints/params
RYWR2 (>2 (1)

RYwR?2 (all dat&)

GOF (onP)?

largest diff peak and hole (€)A

formula
fw
color/habit
crystal dimens, mim
cryst syst
space group
a A
b,A
b, A

, deg

, deg

, deg

la

CagHeN,OSEY
733.14
none/block
0.30x 0.22x 0.20
triclinic
P1
12.1707(6)
19.6297(10)
20.3094(10)
61.861(4)
87.197(4)
77.763(4)
4174.0(4)
4
173(2)
1.167
1.540
1568

2.885.35

14 to +14,
23 to +23,
23 to +24

55191
15293/0.0630
13705

15293/23/849
0.0841/0.1229
0.0946/0.1256
1.433
0.39/ 0.62

3a
CoHaALNLY
542.54
none/block
0.50x 0.40x 0.30
monoclinic
c2
28.475(6)
9.796(2)
24.756(5)
90.00
114.67(3)
90.00

1b
CeH7N,OSjY
789.25
none/block
0.7& 0.25x 0.25
monoclinic
P2,/ c
18.758(4)
11.075(2)
21.964(4)
90.00
93.14(3)
90.00
4556.4(16)
4
173(2)
1.151
1.415
1696
4.7127.10

24 to +24,
14 to +14,
28 to +28

64335
9983/0.1667
7522
9983/2/463
0.0954/0.1522
0.1318/0.1641
1.244
1.67/0.94
4a
CaHsALNLY
626.69
none/block
0.4% 0.20x 0.10
monoclinic
P2,/n
13.249(3)
16.148(3)
17.544(4)
90.00
100.35(3)
90.00

2a
GoHsALN,Y
570.59
none/block
0.6 0.50% 0.35
triclinic
R
11.5677(11)
12.5648(11)
12.6101(11)
112.244(7)
102.724(7)
91.594(3)
1642.2(3)
2
173(2)
1.156
1.849
608
2.6926.37

15 to +15,
15 to +15,
15to +15

24081
6685/0.1009
6369
6685/56/305
0.0696/0.1720
0.0727/0.1746
1.139
1.79/1.74
4b

GHsAlLLaN,
676.69
none/block

0.4& 0.20x 0.20
monoclinic

P2,/n
13.323(3)
16.235(3)
17.615(4)
90.00
99.65(3)
90.00

2b

CizsblzAkLLaN,
830.87

none/block
0.3% 0.25x 0.25
monoclinic
P2,/ c
20.3515(14)
18.6499(11)
12.4888(8)
90.00
96.487(5)
90.00
4709.8(5)
4
173(2)
1.172
0.990
1748
3.2827.10

26 to +26,
23 to +23,
16 to +15

68345
10354/0.0652
8714
10354/75/469
0.0474/0.0871
0.0612/0.0916
1.140
0.94/0.86
5a
CoHs ALN,Y
570.61
none/block
0.4& 0.20x 0.10
triclinic
PL
9.2439(3)
12.2091(4)
16.2281(5)
110.156(2)
93.658(2)
106.790(2)

3bc
CosH11eAleLaN,
1383.32
none/block
0.5& 0.40x 0.10
triclinic
R
10.238(2)
14.998(3)
27.636(6)
75.10(3)
79.68(3)
74.01(3)
3915.3(13)
2
173(2)
1.173
1.178
1444
2.4427.50

13 to +13,
19 to +17,
35to +35

38479
17822/0.06]]
12270
17822/0/70
0.0708/0.14
0.1151/0.1]
1.078

2.22/1.20

5b

CHsALLaN,
620.59
none/block

0.3% 0.30x 0.25
triclinic

P1
9.2922(19)
12.290(3)
16.392(3)
109.91(3)
94.15(3)
105.93(3)




23

Table 6. continued

5b
1663.7(6)

5a

1618.63(9)

4b
3756.2(13)

4a

3692.4(13)

3a

6275(2)

v, B

173(2)

173(2)

173(2)

173(2)

173(2)

1.149

1.930
2304

T, K

1.239
1.354

644
4.9222.18

1.171
1.874

608

1.197
1.205

1416

1.127
1.648
1344

Dcalcd g/ Cn‘?

, mm?
F(000)

4.7227.10 4.7828.28 1.8827.50

3.287.50

range, deg
index ranges(k, I)

12 to +12,
16 to +16,
22 to +22

11 to +12,
15 to +15,
21 to +21

17 to +17,
21 to +21,
21 to +23

28586

16 to +16,
20 to +20,
22 to +22
55342

8105/0.1533

6414

32 to +29
51917
14434/0.1185

12 to +12,
12078

36 to +36,

23132

39939
7405/0.0386

6232

no. of rfins collected
no. of indep rfin§,

8876/0.0490

7632

9204/0.0557

7662

no. of obsd rfind & 2 (1))

7405/0/317 8876/0/321

9204/0/427
0.0398/0.0825
0.0534/0.0869

1.081

8105/0/355
0.0902/0.1360

14434/1/598

0.0745/0.1454
0.0945/0.1534

1.200

no. of data/restraints/params

RYWR2 (> 2 (1)

0.0350/0.01}

0.0335/0.0846
0.0472/0.0896

1.073
0.33/0.40

0.0463/0.0154

1.040
0.92/0.77

0.1183/0.1439

1.309

RYwR2 (all datd)
GOF (onP)2

0.46/0.92 0.80/0.99

1.10/ 1.27

{ [WF?

largest diff peak and hole (€)A

“R1 =

p)} 1/2.

FA)A/(n

[W(F?

[W(R2} 2 GOF =

Fol; wR2 = FA2

I~/

(IRl
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Variata are as followa. Two discrete molecules were observed in the
asymmetric unit. One thf was modeled as disordered with C atom
position C31 (rened occupancy 0.54:0.46). DELU and SIMU res-
trains were applied on C63, C64, C65 andl@@dethyl carbons on

Si4 were modeled as disordered on C30, C30A, C31, and C31A
(re ned occupancy 0.64:0.36), and EADP and DFIX commands were
applied on then2a SIMU and DELU commands were applied for
C9, C10, C11, C12, C13, and C14. The EADP command was applied
on C28 and C29. The DFIX command was used for C17 and C18 and
also C25 and C28. The DFIX command was used for C19 and H19,
C1 and H1A, and also C6 and HBA.1.5 toluene molecules in the
lattice were modeled. SIMU and DELU were applied on C101 C102,
C103, C10a, C10b, C10c, C100, and C40 as well as C26 and C31. The
ISOR command was applied on C26, C31, an8&#@o0 discrete
molecules were observed in the asymmetric unit. TWIN and BASF
commands were appliddc Two discrete molecules were observed

in the asymmetric unit as discussed above.
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CDbH Bond Activation and Isoprene Polymerization by Rare-
Earth Metal Tetramethylaluminate Complexes Bearing

FormamidinatdN-Ancillary Ligands

Shima Hamidf Lars N. Jend& M. H. Dietrich® Caecilia Maichle-Moessmé&rarl W.
T&rnroost Glen B. Deacof* Peter C. JunR* and Reiner Anwand&f

Table S1 Selected bond angles (deg)2#, 2b, 3¢, 4a, 4b, 53, and5b

Bond Angles (deg)

N1DLNBN2 65.4(1) [59.02) p7.8(1) [58.34(6) 54.68(8) [54.80(7)
AITBCIDLN 86.1(2)  [83.5(2)  [82.9(2) [82.08(7) B6.4(1) [82.2(1)  83.8(1)
A11EC2DLn 81.7(2)  [83.4(2)  [82.9(2) [83.93(8) P4.6(1) [82.11)  [84.9(1)
AI2D C5DLn 735(2)  [84.2(2) [82.8(2) [83.68(8) PB5.7(2) [83.1(1)  185.03(9)
AI2BC6DLN 77.42)  [83.3(2)  [83.1(2) [83.68(8) [86.1(2) [83.6(1)  [84.5(1)
CI1DLnEr2 83.1(2)  [82.7(2)  |B15(2) [83.65(7) [77.0(1) [76.6(1)  [79.3(1)
CIDAILEC2 106.8(2) [108.1(3) [106.6(2) [108.94(9) [111.9(2) [107.8(2) [110.6(1)
C5DLNET6 91.3(2) [83.2(2) jB1.8(2) [82.76(8) [77.8(1) [77.2(1)  [78.61(9)
C5DAI2BC6 1165(2) [107.9(3) [106.1(2) [107.76(9) [109.8(2) [107.1(2) [110.7(1)
N1DC(backbone)2 [125.8(3) [119.9(5) [118.4(4) [118.1(2) [126.1(3) [118.8(3) [118.2(2)
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Organoaluminum and -gallium Formamidinate Complexes

Shima Hamidi[® H. Martin Dietrich, P! Daniel Werner!?
Lars N. JendelP! Cacilia Maichle-MdssmerP! Karl W. Toérnroos, [
Glen B. Deacon,®l Peter C. Junk,*9 and Reiner Anwandetrt®!

Keywords:Aluminum / Gallium / X-ray diffraction / Formamidines / Bridging ligands

Dialuminum formamidinate complexes [Me LAl(p-Form)(-  chiometry. [Al(DippForm)Me 5] was also synthesized by other
Me)AlIMe 5] [Form (ArNCHNAr) = EtForm (Ar = 2,6-Et  ,CgH3) methods including concentration of the tetrahydrofuran/ n-
or DippForm (Ar = 2,6- iPr,CgH3)] were obtained in good hexane solution of [Me LAl(u-DippForm)( p-Me)AlMe 5] to dry-

yields by treatment of formamidines (FormH) with trimeth- ness and also by reaction of AIMe 3 with [Ga(DippForm)Me 5]
ylaluminum in a 1:3 stoichiometry. The products contain both in a 1.1 ratio. Partial dissociation of the dialuminum to

a bridging Form ligand and a bridging methyl group be- monoaluminum complexes was detected in the  *H NMR
tween the two aluminum centers. [M(Form)Me ] (M = Al, spectra of [Me >Al( p-Form)(p-Me)AIMe ,] complexes. All com-
Form = DippForm, EtForm; M = Ga, Form = DippForm) were plexes exhibit a distorted tetrahedral stereochemistry of the
prepared in high yields by the protonolysis reactions of Group 13 metal atoms.

MMe ; (M = Al, Ga) with formamidines (FormH) in a 1:1 stoi-

Introduction allic bridging modes(ta1b.1e.32.5]A number of monoamidin-
ato- and bisamidinato-aluminum and -gallium complexes

, ) ! " have been synthesizé®l23:5d.61phy applying protocols such
ligands that has long been known in the chemistry of main as the addition of alkylaluminum compounds to the N=C

group, transition, and lanthanide metalsi*! Recently, they 4o ie hond in carbodiimidest” salt metathesis of lithium
have found many applications as ancillary ligands in poly- amidinates with Al or Ga halide specied59-6n.7.8land depro-
merization catalysis'¢-1"?l More specifically, aluminum tonation of amidines by organoaluminum compounds like
amidinat.e cpmplex_es act as significant catalysts in olefin trimethylaluminum. 62.69.60.9 Recent formamidinate exam-
polymerization. 2%l For example, [AHRC(NR )Me 2] (R - pjes authenticated by X-ray structure analysis comprise [Al-
= Me or tBu; R = iPr or cyclohexyl) cgmplexgs are acti- Me(DippForm) ,], [{Gal(DippForm)} 5], [Gal(DippForm) 5,
vated by boron reagents to form cationic aluminum com- [AICI(DippForm) 5, [AICI(EtForm) ,, and  [AlMe-
plexes, which function as catalysts in ethylene polymeriza- (EtForm),] [FormH = ArN=CH-NHAr (Ar = aryl); Et-
tion.? Furthermore, aluminum amidinates are of prime o . (Ar = 2,6-Et,CeHs), DippForm (Ar _ 26-
importance as potential reagents in organic synthesi:“l : s '
Charge delocalization across the N-C--:N backbone in am-
idinate ligands allows for different coordination modes to
metal centers, such as monodentate, bidentate, and dimet-

Amidinato monoanions [RINC(R?)NR °]~ form a class of

iPr,CgH 5)].[5¢-69.6h Formamidinate complexes are an inter-

esting subclass of amidinate complexes. The formamidine

proligands N,N -bis(aryl)formamidines (FormH) can be

prepared in high yields from the addition of triethyl ortho-

formate to a substituted aniline. Variation of the substitu-

[a] School of Chemistry, Monash University ents on the aryl rings can modulate_ the ste_r_ig and electronic
3800 Clayton, Victoria, Australia ’ effect of the ligands as well as their solubilitie&°!

Fax: +61-3-9905-4597 Herein, we report the synthesis by protonolysis of AlMg
E-mail: glen.deacon@monash.edu

Homepage: http://monash.edu/science/about/schools/chemistry/ With formamidines and the structural characterization of

staff/deacon.html two new classes of aluminum and gallium formamidinate
[b] Institut fir Anorganische Chemie, Universitat Tibingen, i i i idi .
AUt der Morgenstelle 18A. 72076 Tilbingen. Germany complexes. These mcIude.dlqummum formamldmate com
Fax: +49-7071-29-2436 plexes that feature both bridging Form ligands and a bridg-
E-maili reiner:-t?n\;yander@lfmi-t_utebig_gen-ded fachbereiche/ ing methyl group, [Me,Al(pu-Form)(p-Me)AlMe ;] [Form =
omepage: http://www.mnf.uni-tuebingen.de/fachbereiche ; ;
chemiel/institute/anorganische-chemie/institut/ DlppF(?rm (1a), EtForm (1b)]. We also report'the' synthesis
ag-anwander.html by various methods and structural characterization of for-
[c] B?Parimeztloggg?fngtfy, URIIVGYSIW of Bergen, mamidinate complexes of dimethylaluminum 2a and 2b)
[d] SCﬁ%§|le Pharmacy Er%/le3|éc327?’ciences, and -gallium (3a). All compounds in the current study were
James Cook University, Townsville, Qld 4811, Australia identified by X-ray crystal structure analysis (except for2b).
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Results and Discussion

Treatment of N,N -bis(2,6-diisopropylphenyl)formamid-
ine (DippFormH) or N,N -bis(2,6-diethylphenyl)formamid-
ine (EtFormH) with an excess amount of trimethylalumi-
num (AlMe 3, 3 equiv.) in n-hexane at ambient temperature
led to instant methane evolution and subsequent formation
of [MeLAl( u-Form)(p-Me)AlMe ;] [Form = DippForm ( 1a)
or EtForm (1b)] in good yields (76 and 82 %, respectively;
Scheme 1, i). Crystal structures olla and 1b both feature a
six-membered dialuminum ring with both bridging N,N -
formamidinato and methyl groups (Figure 1). Compound
la was dissolved in a mixture of tetrahydrofuran andn-
hexane (7:3, v/v) and left under vacuum for 5 h. The com-
plex [Al(DippForm)Me ;] (2a) was isolated as colorless crys-
tals in high vyields (96%) from an n-hexane solution

(Scheme 1, ii). On the basis of an NMR-spectroscopic-scale

experiment in GDg at ambient temperature, addition of

AlMe ; to 2ain a 1:1 ratio resulted in 1la (Scheme 1, iii).

Compounds 2a and 2b were also prepared in high yields
(93 and 77 %, respectively) through a protonolysis route by
treatment of the relevant FormH with AlMe 5 (1:1 mol ra-

tio)) in n-hexane at ambient temperature overnight
(Scheme 1, iv).

Protonolysis of trimethylgallium with DippFormH

of 3ain CgDg indicates sharp resonances of methyl groups
at higher values ( = 0.24 ppm) than those of 2a (
—0.14 ppm). An NMR-spectroscopic-scale reaction of an
excess amount (3 equiv.) of trimethylgallium with
DippFormH (in C gDg) at ambient temperature revealed the
presence of3a and unreacted GaMe, rather than the for-
mation of [Me ,Ga(u-DippForm)( u-Me)GaMe ], analogous
to 1aand 1b Two attempts to synthesize the putative Al/Ga di-
metallic complex [Me,Ga(u-DippForm)( u-Me)AlMe ;] were
conducted, namely, by treatment of GaMg with an equi-
molar amount of 2a and reaction of AlMe; with 3aina 1:1
ratio (Scheme 1, vi). Havever, both synthesis attempts
failed, and the isolated product in both cases waga. This
is consistent with AlMe; being a harder Lewis acid than
GaMe,.'1

Partial dissociation of 1la to 2a and of 1b into 2b was
detected in the'H NMR spectra of 1laand 1bin [D g]tolu-
ene or GDg. At equilibrium (Scheme 2), the ratio of 1a/2a
was 2:1 and of1lb/2b was 2.5:1 (see the Experimental Sec-
tion). To gain further insight into the equilibrium, variable-
temperature*H NMR spectroscopic measurements in []-
toluene were undertaken. ThetH NMR spectrum of com-
plex 1ain [Dg]toluene at low temperature (—80 °C) showed
five resonances for the Al-methyl groups, thereby revealing

(1 equiv.) yielded3a (85%) as colorless crystals (Scheme 1,the presence of the AlMe group of 2a, bridging and ter-

v), and it was fully characterized. The'H NMR spectrum

Scheme 1. Synthesis of complexds, 1b, 2a, 2h, and 3a

Eur. J. Inorg. Chem.2013 24602466

2461

minal methyl groups of 1a, and free AlMe; (see the Experi-
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Scheme 2. Equilibria betweerla/lb and 2a/2h

mental Section). The integrations of the broad resonances

bon atom, two nitrogen atoms and two aluminum atoms in

of free AlMe; were somewhat less than expected. Only anboth 1a and 1b lie approximately in a plane, whereas the

approximate integration could be obtained for the broad
resonance of the terminal AIMe, groups of 1a. A similar
problem was encountered with one set of overlapping reso-
nances oflaand 1b obtained at room temperature.

N,N -Bridging complexes analogous to those irla and
1b have been previously observed in aluminum pyrazolate
(pz) complexes and structurally characterized for [MgAI( p-
Phopz)(u-Me)AlMe 5], [EtAI(p-Phopz)(u-Et)AIEL 5],  and
[(NPr),Al( p-tBuypz)(-nPr)Al(nPr),], which also features a
three-center, two-electronp- % methyl group bridging
two Al atoms.[12131 However, there is a central five-mem-
bered ring in contrast to a six-membered ring inlab. At
ambient temperature, they slowly decompose to form the
six-membered ring dimer [{AlMe,(p-L)} 5] with loss of tri-
methylaluminum.*2®] This gradual decomposition and loss
of trimethylaluminum was not detected in the current study
for solid 1a,b, but was induced for 1a by applying vacuum
(102 mbar, Scheme 1, ii). The formation of compound2a
from a solution of lain thf/n-hexane is probably promoted
by the presence of thf, which displaces a weakly bonded
AlMe 5 through the formation of volatile AIMe (thf). From
loss of AlMe,, the resulting 2a (and presumably2b) is mo-
nomeric with a four-membered ring, thus contrasting the
behavior of the pyrazolato complexe$!?

The N-H stretching vibration of the formamidines at
3300-3100 cm! is not observed in the IR spectra of the
complexes, thus indicating complete deprotonation, and a
strong absorption assignable to the C-C stretching vi-
bration of a metal-coordinated formamidinato group is ob-
served at 1562-1527 cth. The strong band at around
690 cnT? in 1a 1b, 2a, and 2b is assigned to an Al-C
stretching absorption*4!In the IR spectra of all complexes,
CH asymmetrical stretching, CH symmetrical stretching,
and a Fermi resonance mode of methyl groups attached to
metal centers appear as three bands at 2966—2827¢énThe
bending vibrations of bridging and terminal methyl groups
in 1laand 1b give two bands at 1260—-1190 cr.[*5]

The isostructural complexes [MegAl(u-DippForm)( p-
Me)AIMe ,] (1a) and [Me,Al( u-EtForm)(p-Me)AlMe 5] (1b)
crystallize in the monoclinic P2,/n and P2,/c space groups,
respectively (Table 2). In both complexes, two aluminum
centers are bridged by a methyl group and a formamidinato
ligand, whereas the arrangement about the aluminum cen-
ters is distorted tetrahedral (Figure 1). The backbone car-
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bridging methyl group is situated 0.75 A inla and 0.83 A
in 1b above this ALN,C plane.

Figure 1. Perspective ORTEP views of the molecular structures of
la(top) and 1b (bottom). Atomic displacement parameters are set
at the 30% level. Hydrogen atoms are omitted for clarity. For se-
lected bond lengths and angles, see Table 1.

The aryl rings are roughly perpendicular to this plane
with average angles of 82.3° in bothila and 1b The Al-N
bond lengths are similar inla and 1b (Table 1). In a series
of structurally defined aluminum complexes with terminal
and bridging Al-C bonds, the bond-length ranges are 1.94—
1.98 and 2.11-2.18 A, respectivel{??1¢l Those of 1a and
1blie in the same ranges (Table 1). The Al-C-Al angles for
bridging methyl groups within the six-membered rings of
1a[91.89(4)°] andlb[92.5(2)°] match those observed for the
five-membered rings in the aluminum pyrazolate complexes
[RLAI(U-L)(U-R)AIR ;] (R = Me, L= 3,5-Phpz, 91.8(5) A;
R = Et, L = 3,5-Ph,pz, 90.44(12)A; R =nPr, L = 3,5-
tBu,pz, 89.43(12) A)12.13]
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Table 1. Selected bond lengths [A] and angles [] iba and 1h

Bond lengths [A] la 1b

Al1-N2 1.9508(7) 1.960(4)
Al1-C1 2.148(1) 2.138(5)
Al1-C2 1.954(1) 1.955(4)
Al1-C3 1.966(1) 1.965(5)
Al2-N1 1.930(7) 1.920(3)
Al2-C1 2.126(1) 2.113(5)
Al2-C5 1.957(1) 1.961(4)
Al2-C4 1.962(1) 1.956(4)
C6-N1 1.316(5) 1.316(5)
C6-N2 1.321(5) 1.319(4)
Bond angles [°]

N2-Al1-C1 116.60(4) 114.63(16)
N2-Al1-C2 110.56(5) 112.36(18)
C2-Al1-C3 116.39(7) 116.5(2)
C2-Al1-C1 105.53(5) 106.2(2)
C3-Al1-C1 98.23(6) 97.8(2)
Al1-C1-AlI2 91.89(4) 92.5(2)
N1-Al2-C1 107.90(4) 106.80(18)
N1-Al2—C4 112.14(4) 111.77(17)
N1-Al2—-C5 107.36(4) 105.19(16)
C4-Al2-C1 109.33(5) 109.2(2)
C5-Al2-C1 102.29(5) 104.3(2)
C5-Al2-C4 117.08(5) 118.77(19)
N1-C6-N2 123.6(4) 123.6(4)

Complexes [Al(DippForm)Me,] (2a) and [Ga(Dipp-
Form)Me ] (3a) are isostructural and crystallize in the mo-
noclinic space groupsC2/c and P2,/n, respectively (Table 2).
In both 2aand 3a, the metal atom is a four-coordinate spe-
cies with two nitrogen atoms and two methyl groups adopt-
ing a distorted tetrahedral coordination arrangement as
shown in Figure 2.

Figure 2. Perspective ORTEP views of the molecular structures of
2a (top) and 3a (bottom). Atomic displacement parameters are set
at the 30% level. Hydrogen atoms are omitted for clarity. Selected
bond lengths [A] and angles [°] for2a: Al1-N1 1.955(2), Al1-C14
1.950(3), N1-C13 1.320(3); N1-Al1-N168.57(13), C14-Al1-C14
121.3(2), N1-C13-N1113.1(3), Al1-N1-C13 89.16(17), C14-Al1—
N1 112.10(13), C14-Al1-N1 115.72(13), C14-Al1-C14121.3(2).
Selected bond lengths [A] and angles [] foBa: Gal-N1 2.048(2),

The backbone carbon atom, the two nitrogen atoms, and
the aluminum/gallium atom in both 2a and 3a lie approxi-
mately in a plane. This metallocycle plane is roughly per-
pendicular to the aryl rings in 2a and 3a (average angles
between aryl rings and metallocycle planea 69.5°, 3a

Gal-N2 2.055(2), Gal-C27 1.948(2), Gal-C26 1.960(2), N1-C13
1.319(2), N2-C13 1.314(2); C27-Gal-C26 127.77(11), C27-Gal-
N1 111.97(9), C26-Gal-N1 112.47(8), C27-Gal-N2 112.25(9),
C26-Gal-N2 110.38(9), N1-Gal-N2 65.12(6), N2-C13-N1

113.95(16), C27-Gal-C13 117.21(9), C26-Gal-C13 114.99(8),
N2-C13-Gal 57.16(10), N1-C13-Gal 56.83(9), C13-N1-Gal

73.3°). 90.54(11), C13-N2—-Gal 90.34(11).
Table 2. Crystallographic data for complexesla, 1b, 2a, and 3a.
la 1b 2a 3a

Chemical formula CsoH 50Al N 5 CoeH Al 5N 5 Cy7H45AIN C,7H4:GaN,
M, 492.68 436.58 420.60 463.34
Crystal system monoclinic monoclinic monoclinic monoclinic
Space group P2,/n P2,/c C2/c P2./n
a[A] 12.9356(5) 20.050(4) 17.698(3) 10.640(2)
b [A] 15.0483(6) 14.536(3) 8.8444(9) 12.640(3)
c [A] 15.9381(7) 19.180(4) 17.022(2) 19.979(4)

[°] 90.6900(10) 106.77(3) 91.649(11) 92.91(3)
V [A%] 3102.3(2) 5352.2(19) 2663.3(6) 2683.5(9)
T [K] 123(2) 173(2) 173(2) 173(2)
z 4 8 4 4
J [mm 0.113 0.123 0.091 1.040
No. of reflections measured 51141 65095 16724 41050
No. of independent reflections 9076 9783 2418 6138
Rint 0.0305 0.1901 0.1175 0.0520
Final Ry values [ 2 (1)] 0.0382 0.0808 0.0725 0.0408
Final wR(F?) values [ 2 (1)] 0.1069 0.1432 0.1264 0.0828
Final R, values (all data) 0.0406 0.1528 0.0988 0.0511
Final wR(F?) values (all data) 0.1097 0.1668 0.1349 0.0862
GoF on F? 1.027 1.014 1.182 1.156
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In complex 2a, the AI-N bond length of 1.955(2) A is
reasonably typical for amidinato ligands coordinated to di-
methylaluminum, {e.g., analogous bond lengths for
[AI(CH 3CgH ,{ u-C(NCH 5iPr,-2,6,-)Me 5], 1.942(2) and
1.942(2) A; for [AI(CeH 3-2,6-Mes{ u-C(NCgH 3iPr,-2,6),})-
Me,] (Mes = 2,4,6-Me;CgH,), 1.953(4) and 1.951(4) A;
for [AI(tBu{pu-C(NCgHaiPr,-2,6,})Me 5], 1.940(2) and

www.eurjic.org

glovebox techniques (MBraun MBLab; 1ppm O, 1ppm
H,0). n-Hexane, toluene, and tetrahydrofuran were purified by
using Grubbs columns (MBraun SPS, solvent purification system)
and stored in a glovebox. The formamidine compounds (EtFormH
and DippFormH) 10010 were prepared according to literature
methods. GD g and [Dg]toluene were obtained from Aldrich, dried
with Na for 24 h, and filtered. AIMe ; was purchased from Aldrich
) and used as received. The NMR spectra of air- and moisture-sensi-
1.936(2) A;  for  [AI(Ph{p-C(NCeH3iPr-2,6)Me ],  tive compounds in GDg or [Dgltoluene were recorded with J.
1.938(2) A}.160.6e.670] However, the N1-C-N2 backbone  Young valve NMR spectroscopy tubes at 25/-80 °C with a Bruker
angle [113.1(3)°] is larger than those of benzamidinate and Avance DMX400 (*H: 400.13 MHz; *3C: 100.62 MHz) or a Bruker
acetamidinate complexes due to the lower steric constraints Biospin AV500 (*H: 500.13 MHz; **C: 125.77 MHz) spectrometer;
at the central backbone carbon atom of the formamidinato *H and *°C chemical shifts are referenced to internal solvent reso-
Iigands[5d] [e.g., 110.3(2), 108.2(3), 107.4(2), and 109.9(2)°nances and reported_ relative to TMS. Elgmer_ltal analyses (C, H,
for the above-mentioned amidinate complexes]. N) were performed with an Elementar Vario MIF:I'O cupe. IR spec-
For 3a, the Ga—N bonds are approximately 0.09 A longer tra were recorded betwe_en 4000 and 400 cMmth a Nicolet 6700
L . FTIR spectrometer by using a DRIFT chamber with dry KBr/sam-
than the. A_I_N bonf:lls, a Valug similar j[O 'the dllffe'rence ple mixtures and KBr windows. The collected data were converted
(0.08 A) in ionic radii.[*7 In spite of the ionic radii differ-

= by using the Kubelka—Munk refinement.
ence, the AI-C and Ga-C bond lengths are very similar, MeoAl(u-DionF MEAIM 1a): | loveb uti
which can be explained by Blom and Haaland’s covalent [MeAl(p-DippForm)(-Me)AlMe o] (1a): In a glovebox, a solution

. . of AlMe 3 (180 mg, 2.50 mmol) inn-hexane (5 mL) was added drop-
bond-length - calculations (RMMS = Al/Ga~C _dlfference wise to a suspension of DippFormH ligand (303 mg, 0.83 mmol)
0.01 A)[1701 As expected, the N-Ga-N “bite angle”

) in n-hexane (5 mL) under vigorous stirring. Instant gas formation
[65.12(6)] is smaller than N-AI-N of 2a [68.57(13)]. A was observed. The clear solution was stirred at ambient tempera-
structurally characterized gallium amidinate complex with ture overnight, and then dried under an oil-pump vacuum. The

a four-membered ring has been previously prepared, powder was dissolved inn-hexane (5mL) and recrystallized at
namely, [Ga(PhC{u-C(NCgHiPr,-2,6,)Me 5],  thus —40°C. Pure colorless crystalline product was obtained after 1d,
showing relatively similar gallium—nitrogen bond lengths and all the characterizations were performed on the crystalline
[Ga—N 2.047(6) and 2.031(6) A] and an N-Ga—N bite angle compound (315 mg, 77%). This compound dissociates and forms

[64.7(2)°] relatively similar to that of 3a. However, the back-
bone angle in the reported complex [110.6(7)°] is smaller
than that of 3a[113.9(2)°] owing to the enhanced steric hin-
drance at the central backbone carbon atoms of benzamidi-
nato relative to formamidinato ligands.

Conclusion
Monometallic complexes [M(Form)Me,] (M = Al, Ga)

an equilibrium with compounds 2aand AlMe 5 in solution. The *H
NMR spectrum was recorded for the mixture and interpreted as
lain equilibrium with 0.5 2aand 0.5 AI(CH 3);. 'H NMR
(500.13 MHz, [DgJtoluene, 25°C): =7.40 [s, 1 H, NC(H)N, 1al,
7.24 [s, 0.5 H, NCH)N, 2a], 6.99-6.92 (br. m, 9 H, Ar,1aand 2a),
3.40 (m,3Jy 4 = 6.9 Hz, 2 H, CH, 2a), 3.38 (m,3Jy 4 = 6.9 Hz, 4

H, CH, 1a), 1.21 (d,3Jyy = 6.9 Hz, 12 H, CH3, 1), 1.11 (d,3J4 4
=6.9Hz, 12 H, CH3, 2a), 0.83 (d,3Jy 4 = 6.9 Hz, 12 H, CH 3, 1a),
—0.25 [s, 3 H, Al(CH 3),, 28], —0.42 to —0.55 [br. overlapping, ca. 18
H, bridging AI(CH 3) + terminal 2 AI(CH3), in la and free

can be readily accessed by means of a protonolysis protocol aic H,),] ppm. *H NMR (500.13 MHz, [D gtoluene, —80 °C): =

by using [MMe3] and formamidines. Depending on the
stoichiometry, trimethylaluminum also produces
dimetallic complexes [MeAl( u-Form)(p-Me)AlMe 5], which
nicely reflects the degree of agglomeration of the homo-
leptic alkylmetal compounds, ALMeg versus GaMe. As
shown by H NMR spectroscopy, dimetallic complexes
[MesAl( p-Form)(p-Me)AlMe 5] partially  dissociate in
toluene depending on the substitution pattern of the
formamidinato ancillary ligand, which means that bulkier
substituents involve a higher degree of dissociation. The
transformation of dimetallic to monometallic species is also
forced by the application of vacuum, but can be reversed
by addition of trimethylaluminum. In accordance with the
higher Lewis acidity of trimethylaluminum, it easily expels
trimethylgallium from [Ga(DippForm)Me ,]. Attempts to
prepare the Al/Ga dimetallic complex [MeGa(u-
DippForm)( u-Me)AlMe ;] failed.

Experimental Section

General ConsiderationsSynthetic operations were carried out un-
der dry argon by using standard Schlenk, high-vacuum, and
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7.43 [s, 1 H, NCH)N, 1a], 7.10 [s, 0.5 H, NCH)N, 2a], 7.05-6.79
(br. m, 9 H, Ar, laand 2a), 3.45 (m, 6 H, CH, laand 2a), 1.27 (d,
3Jyn = 6.9 Hz, 12 H, CH3, 1a), 1.15 (br. s, 12 H, (H3, 2a), 0.83
(d, 3Jyn = 6.9Hz, 12 H, CH3, 1a), 0.58 [s, 3 H, Al(CH3),, 2al,
—0.03 [s, 3 H, bridging AI(CHs), 1a], —0.07 [br. s, 1 H, free Al-
(CH3)3], —0.37 [br. s, ca. 12 H, terminal 2 Al(CH 3),, 1a], —0.58
[br. s, 2 H, free AI(CH3)3] ppm. 13C NMR (100.61 MHz, [D gtolu-
ene, 25°C): = 168.9 [NC(H)N, 1a], 167.0 [NC(H)N, 2a], 145.4
(Ar—C, 1a), 144.3 (Ar—C, 2a), 139.2 (Ar—C, 1a), 138.9 (Ar-C, 2a),
126.2 (br., Ar—-CH, laand 2a), 124.2 (Ar-CH, 1a), 123.5 (Ar—CH,
2a), 28.2 (CH, 2a), 27.9 (CH, 1a), 25.8 (CHs, 1a), 24.2 (CHzs, 2a),
—-9.9 [br., AI(CH3),, 1aand 2a ppm. DRIFT (KBr): ~ = 2964 (m),
2927 (m), 2887 (m), 1595 (m), 1557 (s), 1463 (m), 1438 (m), 1383
(w), 1363 (w), 1323 (m), 1256 (w), 1193 (m), 1168 (w), 1110 (w),
1096 (w), 1055 (w), 1013 (w), 936 (w), 805 (m), 776 (m), 760 (m),
694 (s br), 652 (m), 608 (w), 570 (m) cm. CsgHsoAlN,
(492.69 gmotY): caled. C 73.13, H 10.22, N 5.68; found C 72.55,
H 10.45, N 5.62. [The above equilibrium was also evident in an
NMR-spectroscopic-scale reaction of AIMe (1.2 mg, 0.017 mmol)
with 2a (7 mg, 0.017 mmol) in GDg at ambient temperature; par-
tial formation of l1awas detected.]

[Me,Al(p-EtForm)(p-Me)AlMe 5] (1b): According to the procedure
described above for compoundla, AlMe 5 (70 mg, 0.97 mmol) was
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treated with EtFormH (100 mg, 0.32 mmol). Recrystallization of —40 °C and identified by*H NMR spectroscopy (230 mg, 77 %)H
the product from a solution in n-hexane yieldedlb (115 mg, 82%) NMR (400.13 MHz, C¢Dg, 25°C): = 7.05 [s, 1 H, NC(H)N],
as colorless crystals suitable for X-ray crystallography. This com- 7.04-6.95 (m, 6 H, Ar), 2.65 (q,3Jyn = 7.4Hz, 8 H, CH,), 1.14
pound dissociated to form an equilibrium with compounds2band  (t, 3Jy 4 = 7.4 Hz, 12 H, CH3), —0.18 [s, 6 H, Al(CHs),] ppm. *3C
AlMe ; in solution. The 'H NMR spectrum was recorded for the  NMR (100.62 MHz, C gD¢, 25 °C): = 167.4 [NC(H)N], 140.7 (Ar—
mixture and interpreted as 1 1bin equilibrium with 0.4 2band C), 139.3 (Ar-C), 126.5 (Ar-CH), 125.6 (Ar—CH), 25.7 (Ch), 15.3
0.4 AI(CH 3)3. *H NMR (400.13 MHz, C ¢Dg, 25°C): = 7.06— (CHj), —10.7 [br., Al(CHs3),] ppm. DRIFT (KBr): ~ = 2966 (s),
6.95 (br. m), overlapping 7.05 (s) and 6.97 (s) [total integration ca. 2931 (m), 2889 (m), 1593 (w), 1540 (s), 1456 (s), 1436 (w), 1374
10 H, ArH 1b and 2b; NC(H)N, 2b; NC(H)N, 1b, respectively], (w), 1334 (m), 1265 (m), 1222 (m), 1187 (m), 1105 (w), 1099 (w),
2.67(q,3)yn = 7.4 Hz, 8 H, CH, 1b), 2.64 (9,3 y = 7.4 Hz, 3.2 1057 (w), 1007 (w), 978 (w), 866 (w), 769 (m), 686 (br. s), 597 (W),
H, CH, 2h), 1.14 (t,3)y4 4 = 7.4 Hz, 4.8 H, CH3, 2b), 1.07 (,3), 1y 551 (w) e CpgH 35AIN , (364.50): caled. C 75.79, H 9.12, N 7.69;
=7.4Hz, 12 H, CH3, 1b), —0.18 [s, 2.4 H, AI(CHg),, 2b], —0.37 [br.  found C 75.73, H 9.37, N 7.79.
s, ca. 18 H, bridging AI(CH3) + 2 terminal Al(CH 3), in 1band free . ) )
AI(CHag)g] ppm. C NMR (100.62 MHz, C (D, 25 °C): = 168.9 [Ga(DippForm)Me,] (3a): A solution of Gal\/_le3 in n-hexane (_5 mL,
[INC(H)N, 1H], 167.4 [NC(H)N, 2b], 140.8 (A—C, 1b), 140.7 (Ar— 3} mg, 0.27 mmol) was added' dropwise to a sgluthn of
C, 2b), 139.4 (Ar—C, 1b), 139.3 (Ar—C, 2b), 126.6 (Ar—CH, 1r), DiPPFormH (100 mg, 0.27 mmol) in n-hexane (5 mL) with vigor-
126.5 (Ar-CH, 2b), 126.2 (Ar—CH, 1b), 125.6 (Ar—CH, 2b), 25.7 °US stirring. Instant.gas formation was ob;erved. The clear solution
(CH,, 2b), 24.9 (CHy, 1b), 15.3 (CHs, 2b), 14.9 (CHs, 1b), —~10.7 was stirred at ambient temperature overnight, and then left under
[br., A(CH 3),, 1band 2] ppm. DRIFT (KBr): ~ = 2966 (m), 2932 vacuum to reduce the solvent yolume to 5 mL. Pure coolorless crys-
(m), 2875 (m), 1597 (m), 1562 (s), 1450 (m), 1438 (m), 1372 (W)‘tallme Product (3a) was obtained after %d at —40°C (106 mg,
1341 (w), 1323 (m), 1257 (w), 1197 (m), 1171 (), 1106 (w), 109652 %0)- “H NMR (400.13 MHz, C ¢Dg, 25°C): = 7.34 [s, 1 H,
(), 1057 (w), 1018 (), 937 (w), 805 (w), 779 (m), 763 (m), 690 (sh C(HIN}. 7.11 (br. s, 2 H, Ar), 7.10 (br. s, 4 H, An), 3.59 (sept,
br), 593 (), 569 (M) cMit. CoeH 4,AI,N,, (436.59): calcd. C 7153, “wH =6.9Hz 4H, CH), 1.21 (d, Iy = 6.9 Hz, 24 H, CH), 0.24
H 9.70, N 6.42; found C 70.83, H 8.90, N 6.48. [s, 6 H, Ga(CHg);] ppm. **C NMR (100.61 MHz, C éDs, 25 °C):

= 163.7 [NC(H)N], 144.7 (Ar-C), 140.46 (Ar—-C), 126.2 (Ar—CH),
[Al(DippForm)Me;] (2a): This compound was synthesized accord- 123.6 (Ar—CH), 28.4 (CH), 24.4 (CH), —4.7 [br. s, Ga(CH),] ppm.
ing to various methods. Method 1: Compound la (100mg, DRIFT (KBr): ~ = 2960 (s), 2922 (m), 2867 (m), 1593 (w), 1542
0.20 mmol) was dissolved in a mixture of tetrahydrofuran andn-  (s), 1462 (m), 1443 (m), 1382 (w), 1362 (w), 1326 (m), 1256 (m),
hexane (10 mL, 7:3, v/v) and left under high vacuum for 5 h. The 1228 (m), 1199 (m), 1176 (w), 1098 (w), 1057 (w), 987 (w), 969 (W),
resulting powder was crystallized frorn-hexane (5 mL), and color- 934 (w), 800 (m), 754 (s), 719 (w), 676 (w), 587 (w), 537 (w) Tm
less crystals of2a were collected in high yield, and all the charac- c,,H,,GaN, (463.36): calcd. C 69.98, H 8.91, N 6.04; found C
terizations was performed on the crystalline compound (81 mg, 70.20, H 9.10, N 6.02. [Compound3a was also prepared by an
96%) (DRIFT and *'H NMR spectroscopic identification).  NMR-spectroscopic-scale reaction of GaMe (10.3 mg, 0.09 mmol)
Method 2: A solution of AlMe 5 in n-hexane (5mL, 19.8mg, with DippFormH (10.9 mg, 0.03 mmol) in C¢Dg at ambient tem-
0.27 mmol) was added dropwise to a solution of DippFormH perature ¢H NMR spectroscopic identification).]
(100 mg, 0.27 mmol) inn-hexane (5 mL) under vigorous stirring.
The clear solution was stirred at ambient temperature overnight, Attempted Preparation of [MgGa(u-DippForm)(-Me)AlMe o] A
and then left under vacuum to reduce the solvent volume to 5 mL. Solution of GaMe; in n-hexane (27 mg, 0.24 mmol) was added
Pure colorless crystalline product 2a) was obtained after 1d at dropwise to a solution of compound 2a (100 mg, 0.24 mmol) inn-
—40 °C and identified by 'H NMR spectroscopy (106 mg, 93%). hexane (5 mL) under vigorous stirring. The clear solution was
Method 3: AlMe ; (7.8 mg, 0.11 mmol) in n-hexane (5mL) was stirred at ambient temperature overnight, and then left under vac-
added dropwise to a solution of compound3a (50 mg, 0.11 mmol) Uum to reduce the solvent volume to 5 mL. The synthesis attempt
in n-hexane (10 mL). The clear solution was stirred at ambient tem- to obtain [Me ;Ga(p-DippForm)( u-Me)AlMe ] failed, and the pure
perature overnight, and the solvent was reduced to 5 mL under colorless crystalline product of the starting material a) was col-
vacuum. Pure colorless crystalline productda) was obtained after lected after 1d at —40 °C (88 mg, 87 %)l NMR spectroscopic
1d at —40 °C and |dent|f|ed by 1H NMR spectroscopy (44 mg’ |dent|f|cat|0n) AISO, AlMe 3 (78 mg, 0.11 mmOl) in n-hexane
95%). 1H NMR (400.13 MHz, C D¢, 25°C): = 7.38 [s, 1 H, (5 mL) was added dropwise to a solution of compound3a (50 mg,
NC(H)N], 7.11 (br. m, 6 H, Ar), 3.52 (sept, %),y = 6.9 Hz, 4 H, 0.11 mmol) in n-hexane (10 mL). The clear solution was stirred at
CH), 1.19 (d, 3y = 6.9Hz, 24 H, CH3), -0.14 [s, 6 H, Al- ambient temperature overnight, and the solvent was reduced to
(CHa),] ppm. 3C NMR (100.61 MHz, C¢Dsg, 25°C): = 167.0 5mL under vacuum. However, no trace of [MeGa(y-
[NC(H)N], 144.3 (Ar—C), 138.9 (Ar—C), 126.2 (Ar—CH), 123.5 (Ar—  DippForm)( p-Me)AlMe ;] was observed, and pure colorless crystal-
CH), 28.2 (CH), 24.2 (CH,), -9.9 [br. s, Al(CH.),] ppm. DRIFT line product (2a) was obtained after 1 d at —40 °C and identified
(KBr): ~ = 2959 (s), 2927 (m), 2887 (m), 1593 (w), 1527 (s), 14620y *H NMR spectroscopy (44 mg, 95%).
(M), 1444 (m), 1383 (w), 1361 (w), 1326 (m), 1256 (m), 1223 (m)’X—ray Crystallography and Crystal-Structure Determination of 1a,
1187 (m), 1160 (w), 1112 (w), 1099 (w), 1057 (w), 1013 (W), 933, "5, "4 3aCrystals suitable for diffraction experiments were
W), 7991 (m), 776 (m), 753 (m), 694 (br. s), 658 (m), 605 (W), 547selected in a glovebox and mounted in Paratone-N oil inside a
(W) enr=. CoHaAIN 2 (420.61): caled. C 77.10, H 9.83, N 6.66; nylon loop. Data collection for 1b, 2a, and 3awas performed with
found C 77.48, H 9.74, N 6.70. a STOE-IPDS Il system. Structure solutions and refinements were
[Al(EtForm)Me,] (2b): A solution of AlMe 5 in n-hexane (5 mL, performed with the programs SHELXS-978 and SHELXL-97[*9]
42.0 mg, 0.58 mmol) was added dropwise to a solution of EtFormH through the graphical interface X-Seed?®! which was also used to
(180 mg, 0.56 mmol) inn-hexane (5 mL) under vigorous stirring. generate the figures. Data collection forla was performed with
The clear solution was stirred at ambient temperature overnight, a Bruker APEX2 Ultra TXS Pt 135 CCD diffractometer by using
and then left under vacuum to reduce the solvent volume to 5 mL. graphite-monochromated MoK radiation ( = 0.71073 A) per-
Pure colorless crystalline product 2b) was obtained after 1d at forming 182° scans in four orthogonal positions. Raw data
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were collected by using the program SMART?!and integrated and
reduced with the program SAINT.[??] Corrections for absorption
effects were applied by using SHELXTI23! and/or SADABS.[?4
For 1b, two discrete molecules were observed in the asymmetric
unit. One methyl group that belonged to an ethyl group was mod-
eled as disordered with C atom position C26 (refined occupancy
0.64:0.36). DELU and SIMU restraints were applied on C26 and
C26A. For 3a, two methyl groups that belong to an isopropyl group
were modeled as disordered with C atom positions C11 and C12
(refined occupancy 0.86:0.14). EADP restraints were applied on
C11 and C11A as well as C12 and C12A. All CIF files were
checked at http://www.iucr.org/. Further details of the refinement
and crystallographic data are listed in Table 2 and in the CIF files.
CCDC-915552 (1a), 915553 {Lb), 915554 Ra), and 915555 8a) con-
tain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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ABSTRACT:[(CsMes)LnMe)]; (Ln =Y, Lu) dissolve readily in a
n-hexane/toluene mixture upon addition of 3 equiv of the organoaluminum
boryl compound [MAKB(NDippCH),}], (Dipp = GH3iPr-2,6).

The half-sandwich complexeA&)Ln[(AlMez){B(NDippCH),}] ,

thus formed display unsymmetrical heteroaluminate coordination not
only in the solid state but also at lower temperatures in solution, which
is distinct from the behavior of the homoaluminate congeners
(CsMe;)Ln(AlIMey),. The eect of homo- versus heteroaluminate
coordination is assessed in the coordinative polymerization of
isoprene.

M onocyclopentadienyl rare-earth-metal alkyl complexedNe have recently described homoleptic heteroaluminate
continue to reveal unique performance in stereospecicomplexes of the type Ln[(AB{8(NDippCH),}] s (Ln =Y,
(co)polymerization cataly'sis a consequence, muarehas Lu; Dipp = GHaiPr,-2,6)!° featuring the bulky carbanion-like
been devoted to catalyst design by assessing cyclopentadteyl ligant in the peripheral position. Herein we extend this
ring and peripheral substitution as well as type of alkyl ackiudy to the synthesis and characterization ofsthbalf-

ligand and cocatalyst(5)Ve and others have embarked on asandwich complexes bearing such peripheral boryl ligands and
strategy utilizing tetramethylaluminate ligands (Chipsl,  the suitability of the resulting complexes for the polymerization
of isoprene.

Chart 1. Known Half-Sandwich Bis(alkylaluminates) land Il Half-sandwich heteroaluminate complepdeffCn[(AlMe;)-

and Proposed Active Species Il for Polymerization ReactiondB(NDippCH),}] » (2 (Ln =Y),3 (Ln = Lu)) can be obtained by
applying a strategy which had previously been successful for the
synthesis of the respective homoleptic derivatives. Accordingly,
addition of stoichiometric amounts of A{8(NDippCH),}] »

(1) to [(CsMe)LnMey] 5 (Ln =Y, Luj*gave complex@and3in
guantitative yields (Scheme 1). Com2exad3 were examined

by X-ray crystallography and found to be isomorpiitms-

ever, due to a low-quality data set collected for yttrium complex
2, only the molecular structure3olill be discussed in the

fgrll wing. Figure 1 shows one out of two moleculeelcC

li_u AlMe;){B(NDippCH),}] , detected in the asymmetric unit.

As anticipated, the two [B(NDippGHoieties are terminally
bonded to the aluminum atoms and are oriented nearly per-

alkyls in disguise, ensuring not only thermal robustness and s
saturation but also high dynamic behavigiile activation
(=cationization) of complexés routinely achieved by reaction

with borane/borate cocatalysts, the remainingJAlivieiety ; —
features the initiating sit#){ e.g., for 1,3-diene polymer- pendicular t0 each other N1BIN2 N3B2N4 = 87.1

izatior?®®Mit can be anticipated that the composition of the NOB3N6 N7BANS = 893. The AlMg moieties, which
aluminate actor ligand will sigaitly aect the polymerization CcONnect the boryl entities to the lutetium center, each have two
performance, which is why we set out to implement heterBid9ing methyl groups and a terminal methyl group. The
substituted aluminate ligantheteroaluminatdsFor mono-  terminal methyl groups are positioned in opposite directions,
anionic moieties X featuring either strongly electronegati@E?Pably because of steric hindrance. One of thel[fJMe
donor atoms (ORII{ ),2*NR,° CI®) or hydridd and alkyny units is nearly planar C(:32Lu1C°33C32AI2C33 = 13°7
ligand$ X is found in the bridging position exclusively: that is, C78LU2C79C78AI3C79 = 13), while the other is

LI"I( -X)( —Me)xAIMeHy (X +y= 2). In the case of hetero- remarkably bent (C35LU1C36C35A|1C36 = 51.2
aluminates with dérent alkyl groups, the bulkier X is
foundinthe peripheral position: thatis, LMg), .,,AIMgX November 29, 2013
(x+y=2)° Published: March 19, 2014
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Scheme 1. Synthesis of The B Al distances in comp@xaverage 2.137 A) are slightly
(CsMes)Ln[(AlMe){B(NDippCH),}] , (Lh =Y (2), Lu (3)) shorter than those in our recently published homoleptic Lu
and Reactivity toward Tetrahydrofuran complex LU[(AIM&{B(NDippCH),}] ; (average 2.153 K).

1B{*H} NMR spectra were measured for Bathd3, as well
asdH 8% HSQC NMR spectrumafThe boron signals appear
in the expected region of 32Yand 31.03) ppm (see Figures
S6 and S11, Supporting Information) and are comparable to
those of edudt (27.9 ppm) and gTHF)I\/gé\I[B(NDippCH)j
(31.9 ppm) (all recorded iny[;).*° The yttrium resonance of
complex at 144.5 ppm (see Figure S5, Supporting Information)
appears at relatively loeld in comparison to the published
values of other{@®e.)-substituted yttrium compleXeshich
can be attributed to poor electron donation of thAl\Be
(NDippCH),] ligands-*

Low-temperaturtH NMR spectroscopic studies were per-
formed both for (EMes) Y[(AIMe;){B(NDippCH),}] » (2) and
(CsMes)Lu[(AlMez){B(NDippCH),}] » (3). Interestingly, the
asymmetric bonding of the [(AB{B(NDippCH),}] entities
as featured by the solid-state structure (Figure 1) gets nicely
resolved through decoalescing methyl groups at lower temper-
atures. These observations are in contrast to those made for
homoleptic Ln[(AIM@{B(NDippCH),}] s (Ln = Y, Lu)*°For
the latter, the methyl group signal splits up at lower temperatures
into two peaks with an integral ratio of 2:1 and further into three
peaks with a 1:1:1 ratio, which can be explained by an intitial separa-
tion into bridging and terminal methyl groups (2:1 ratio), with a
further decoalescence of the bridging methyl moieties{1:1:1).

At ambient temperature, lutetium confpletxows a broad
singlet in the higheld region, which accounts for a high

uxionality of bridging and terminal methyl groups. An
analogous observation is made for the yttrium coPnplex
however, due to yttrium coupling, a doublet ’ith @upling
constant of 2.9 Hz is observed. In conleake methyl
Figure 1 Molecular structure of {@es;)Lu[(AIMe;{B(NDippCH)o}] » resonance of 18 protons splits up into 2 signals at 406Gt
(3) with atomic displacement_ parameters set at th(_e 50% level. T\R}ﬁh a ratio of 15:3, followed by a decoalescence of the larger
carbon atoms of the aromatic parts are shown with reduced ragiicy,5nce into 2 signals with a ratio of 9:6 a6@4C. The

Hydrogen atoms, cocrystallized hexane, and the second molecule o
asymmetric unit have been omitted for clarity. Selected interato dfial that corresponds to 9 protons decoalesces further at

distances (A) and angles (deg): lLG32, 2.506(4); LuiC33, about 70 to 80°C (ratio 3:6)..At 80°C, there are th¢n4
2.504(3); LulC35, 2.605(4); LulC36, 2.590(4); LuC37, separate signals for the aluminum methyl groups, with proton
3.381(4); LutAll, 2.917(2); LulAl2, 3.059(2); C32LulC33 ratios of 3:6:6:3. The initial splitting of the_ signal (15:3)
C32AI12C33, 13.7; C35LUlC36C35AI1C36, 51.2; BAIL, at 40 °C already documents the separation of a single
2.137(5); B2AI2, 2.135(5); Lu2C78, 2.507(4); Lu2C79, (terminal) methyl group from the others and shows the

2.509(4); Lu2C81, 2.622(4); Lux82, 2.591(4); Lu2C83, inequivalency of the terminal methyl groups on the JfBMe
3.351(4); Lu2AI3, 3.062(2); Lu2Al4, 2.913(2); C78Lu2C79 (NDippCH),] ligands. Thenal signal splitting a80°C with 4
C78AI3C79, 13.1; C81Lu2C82CB1AI4C82, 51.6; BAl4,  gignals in the ratio 3:6:6:3 indicates separate resonances for the

2.137(4), BAAI3, 2.137(4). bridging and terminal methyl groups on each ligand. Despite a

di erent signal ordering/shifting in the low-temperéture
C81Lu2C82C81AI4C82 = 51°k This distinct Ln NMR spectra of Lu compl&qualitatively similar observations
alkylaluminate bonding is a well-known structural motif of hatfere made as far(Figure 2). For the smaller Lu(lll) metal
sandwich rare-earth-metal bis(tetramethylaluminate), as prenter, all decoalescence phenomena are observed at higher
viously revealed by {@e;)Lu(AlMe,),3* (CsMes)La- temperature because of enhanced steric hindrance. The single
(AlMey) 3 [1,3-(MeSi),CsH]Ln(AlMe,), (Ln = Y, Nd, Lu), methyl resonance starts splitting up at aro@AdC with
(CsMe,SiMeg)Y (AIMey),, and [1,2,4-(M&L),CsH,)Ln- separation of one methyl group (15:3). Further splitting of the
(AlMey), (Ln = La, Nd, SmJ®Moreover, the bent [AlMau] larger signal into 2 signals of 12 and 3 protons, respectively, is
moiety in compleXdisplays further literature-known characterobserved at about25 °C. Between 30 and 40 °C, the
istics® elongated Lul -CHy) distances (., ¢ = 0.08 0.11 decoalescence of the bridging methyl groups takes place to
A), a shortened LAl distance (;, o =0.14 0.15A), and an  produce thenal 4-signal pattern with aegmal ratio of 6:6:3:3. For
additional short LuC(Me) contact (Lu3-C37 = 3.381(4);  comparison, the low-temperatdiMR spectra of half-sandwich
Lu2-C83 = 3.351(4) A). The last observation is probablyare-earth-metal tetramethylaluminate complepds;)(@-
caused by steric unsaturation and is atsted in the derent (AlMey), (I, Chart 1) revealed high methyl group mobility even at
angles LUAI Cym0f the two [(AIMe{B(NDippCH).}] ligands® 85°C, meaning that any decoalescence into bridging and terminal
( Lul A1 C37 = 84.9(2) Lul Al2 C34 = 117.5(2) AlMe; signals could not be observed #Thk heteroaluminate
Lu2 Al4 C83 = 84.0(2) Lu2 AI3 C80 = 117.3(2). complex (Me)Y[( -OCHCMey)( -Me)AlMeg], (Ill ,, Chart 1)
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byproduct showed an integral signal ratio of about 2:15:12:12:3:9
(see also Figure S13, Supporting Information), which can be
assigned to the partially donor-cleaved specjgesji®e-
(Me;Al{B(NDippCH),}] (4, Scheme 1). The signals of the
metal-bonded methyl groups appear as two dotiblets2.2

and 2.0 Hz) in a 3:9 ratio. A control NMR measurement, which
was performed after 3 days at ambient temperature, revealed
decomposition of this species as well assMd{FMe)] 5, in

contrast to the case for (THF)AEB(NDippCH),].

Complexeg (Ln = Y) and3 (Ln = Lu) were successfully
tested in the polymerization of isoprene (Table 1), upon addition
of borates [PJC][B(C¢Fs) . (A) and [PhNMegH][B(C ¢Fs) ]

(B) as cationizing cocatalysts (for activation with borafg) B(C

(C), see Table S1 in the Supporting Information). The com-
binatior3/ A (run 5 in Table 1) displayed the highest activity and
gave quantitative polymerization after 1 h. Exemplarily, this
polymer was investigated byedintial scanning calorimetry
(DSC), revealing a single glass transitic20a8°C.

Surveying runs %, in terms of microstructure, it is apparent
that there is a strong tendency toward the formation of 3,4-
polyisoprene if cocatalygtsand B are involved. As both
cocatalysts are intended to produce a similar activé'sjleeies,
formation of similar polymers is not unexpected. However, the

Figure 2.Low-temperature NMR spectra ofM&)Ln[(AIMe2){B- quite di erent activity situations 84 (run 5) ands/ B (run 6)
(NDippCH).}] » (2, left;3, right). are remarkable. Furthermore, the molecular weight distributions
seem to be sigmiantly cocatalyst dependent: Rp¥ 1.4

) , 1.5; PDIB) =1.2 1.3. On comparison of the obtained polymer
gave one broad Alyggnal at ambient temperature as well bu%L

ata with our earlier resdft lyin Ln(AIMe
displayed a 3-signal pattern with an integral ratio of 6:6:6 in the, — Y, Lu) precatalysts (ru?gllai}é T%tg%vll(;s)sho(ws th‘gtzthe

range 30to 80°C, indicative of two separate signals for thejc st cture developsatently. In contrast to the present
terminal methyl groups and one signal for the bridging methS% dy, the homoaluminate-supported catalysts tend to form

groups? A . ; P .
The reactivity of half-sandwich compt2esd 3 toward mainly cispolyisoprene. It is striking that especially the

THF was exploited by NMR-scale experiments in deuterat\%amb'na‘t'on (WGS)LU(AIMe“)z{B is far more active than
benzene as solvent. The envisaged donor-induced clea Eé;orrespondlng boryl-substituted species. _
should proceed via separation of (THENB(NDippCH),] or a better understanding of the cationization reaction and
and re-formation of complexesM&)LnMey]; (Ln = Y, Lu), the involved high 3,4-polyisoprene content, the formation of the
when using 2 equiv of THF (Scheme 1). For lutetium c@nplex Most active catalyst/cocatalyst mix@ire,was examined by

the formation of both expected products was observed withMR spectroscopy. The cationization reaction as depicted in eq
out detection of any sigoént byproducts (see Figure S14,1was complete after 7 min. In addition to the expected formation
Supporting Information). For yttrium compexa similar ~ of 0.5 equiv dfand 1 equiv of RGMe as byproducts, the active
cleavage reaction took place but one byproduct could bpecies [(§Mes)Lu[(AIMe;){B(NDippCH).}]] [B(C¢Fs)4]

identi ed as well (ca. 31%). THé NMR spectrum of this  (4) gave clean and well-resolved NMR spectra.

Table 1. Selected Examples of Isoprene Polymerization at Ambient Temperature

entn? precatalyst cocatafyst  t (h) yield (%) cisl,# transl,£ 3. Md(x10)  M/M ref

1 2 A 1 8.7 21.3 12.7 66.0 2.4 1.41 9

2 2 A 24 >99 49.4 5.3 45.3 9.6 1.45 9

3 2 B 1 11.2 30.7 3.3 66.8 3.8 1.22 9

4 2 B 24 >99 34.1 15.5 50.4 7.4 1.29 9

5 3 A 1 >99 21.5 17.7 60.8 4.7 1.44 9

6 3 B 1 55 38.6 3.2 58.2 € € 9

7 3 B 24 >99 21.4 14.7 63.9 6.0 1.23 9

g CprY(AMe), A 24 >99 60.5 20.6 18.9 2.0 8.95 3e
o CpY(AIMe), B 24 >99 43.5 28.7 27.8 6.0 1.59 3e
1d Cp*Lu(AlMe), A 0.25 >99 73.9 19.7 6.4 10.0 1.49

11 Cp*Lu(AlMe), B 0.25 >99 70.3 20.3 9.4 95 1.45

3Conditions: 0.02 mmol of precatalyst, [Ln)/[cocat] = 1/1, 7 mL of toluene, 20 mmol of isoprene, room terfPecatatgst:
[PhsCI[B(CgFs) 4l (A); [PhANMeH][B(C ¢Fs) 4l ( B). Polymerizations applying Bt (C) can be found in the Suppagtinformation (Table S1).
PDetermined byH and3C NMR spectroscopy in CRCIDetermined by means of size-exclusion chromatography (SEC) against polystyrene
standard$Not determined due to low yiellolymerizations at 4G. ©This work.
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General Considerations . All operations were performed with rigorous exclusion of air and
water, using standard Schlenk, high-vacuum, and glovebox techniques (MBraun 200B; <0.1
ppm O,, <0.1 ppm H,0). n-Hexane and toluene were purified by using Grubbs columns
(MBraun SPS-800, solvent purification system) and stored in a glovebox. Benzene-d6 (99.5
%) was received from Deutero GmbH, toluene-d8 (99.5%) from euriso-top. Both NMR
solvents were dried over NaK for a minimum of 48 h, and filtered through a filter pipette
(Whatman) before use. [(CsMes)YMe,]; was synthesized from (CsMes)Y(AIMe,),,* which was
made according to the literature (route a).? [(CsMes)LuMe,]; was obtained from
(CsMes)Lu(AlMe,),.2 (CsMes)Lu(AlMe,), was synthesized slightly modified to the literature
synthesis,® with 4 equiv. of HCsMes and 6 days reaction time at 35 °C.
[Me,A{B(NDippCH),}], was also synthesized according to the literature.* NMR spectra were
recorded by using J. Young valve NMR tubes and obtained on a Bruker AVII+400 (‘*H:
400.11 MHz, **C: 100.61 MHz) and on a Bruker AVII+500 spectrometer (‘H: 500.13 MHz,
13C: 125.76 MHz, 'B: 160.46 MHz, *°F: 376.43 MHz, %°Y: 24.51 MHz). *H and **C shifts are
referenced to internal solvent resonances and reported in parts per million relative to TMS.
IR spectra were recorded on a NICOLET Impact 410 FTIR spectrometer using a DRIFT
chamber with dry KBr/sample mixtures and KBr windows. For the latter the collected data
were converted using the Kubelka-Munk refinement. Elemental analyses were performed on
an Elementar Vario MICRO cube.

The molar masses (M, and M,) of the polymers were determined by size-exclusion
chromatography (SEC). Sample solutions (1.0 mg polymer per mL THF) were filtered
through a 0.45 mm syringe filter prior to injection. SEC was performed with a GPCmax
VE2001 pump (Viscotek) by employing ViscoGEL columns. Signals were detected by using a
triple detection array (TDA 305) and calibrated against polystyrene standards ( M,/M,<1.15).
The flow rate was set to 1.0 mL min™. The microstructure of the polyisoprenes was examined
by *H NMR and **C NMR spectroscopy on an AV400 spectrometer in CDCl; at ambient
temperature. The DSC measurement was performed applying a X-DSC 7000 by Hitachi
attached with an electric cooling unit. The sample of 12.8 mg of the investigated polymer was
measured within a temperature range from -80°C to 140°C applying a heating rate of 10 K

min.

The abbreviation Dipp denotes 2,6-diisopropylphenyl.
(CsMes)Y[(AlMe 5){B(NDippCH) 2}]> (2)

To a suspension of [(CsMes)YMe,]s (48 mg, 0.063 mmol) was added dropwise a solution of
[Me,AKB(NDippCH),}]> (168 mg, 0.189 mmol) in a mixture of n-hexane/toluene. The
resulting, nearly clear solution was stirred for 1 h at ambient temperature and dried in vacuo.
To the resulting sticky, white residue, n-hexane was added, the mixture filtered through a
filter pipette, its volume reduced and recrystallized at -40 °C to yield 150 mg (69%) of pure
product. 'H NMR (CeDs, 500.13 MHz, 26 °C): G 7.28 (4 H, p-Ce¢Hs-iPr,, unresolved t from
AB, spin system, 3J = 7.8 Hz), 7.23 (8 H, m-CgH3-iPr,, unresolved d from AB, spin system, 3J
= 7.8 Hz), 6.36 (s, 4 H, NCH), 3.40 (sep, 8 H, %J = 6.9 Hz, CHMe,), 1.54 (s, 15 H, CsMes),
1.36 (d, 24 H, *J = 6.9 Hz, CHMe,), 1.25 (d, 24 H, 3J = 6.8 Hz, CHMe,), -0.63 (d, J (Y-H) =
2.6 Hz, 18 H, AlMe3) ppm. **C {*H} NMR (C¢Ds, 125.77 MHz, 26 °C): G 146.6 (0-CgHz-iPr,)
142.6 (i-CgH3-iPr,), 127.4 (p-CgHs-iPry), 123.4 (m-CgHs-iPr;) 121.9 (or 121.8) (NCH), 121.8(or
121.9) (CsMes), 28.6 (CHMe,), 26.5 (CHMe,), 23.6 (CHMe,), 12.0 (CsMes) ppm. For the C
atoms of the AlMe; groups, no signal could be detected at 26 °C. However, when lowering
the temperature to -55 °C in toluene-ds, two coupling signals for the bridging methyl groups
could be located at 6.6 and 8.7 ppm, respectively, in the HSQC NMR spectrum. *B {*H}
NMR (C¢Dg, 160.46 MHz, 26 °C): G 31.4 ppm. ® <iH HSQC (CsDs, 24.51 MHz, 26 °C):
G®Y 1445 ppm. IR (DRIFT, cm™): 3061 (w), 3023 (w), 2958 (vs), 2925 (s), 2862 (s),
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2782 (w), 1456 (vs), 1442 (s), 1379 (s), 1323 (m), 1264 (m), 1255 (m), 1236 (m), 1206 (w),
1175 (w), 1150 (w), 1117 (m), 1058 (m), 936 (w), 894 (w), 803 (m), 761 (vs), 695 (vs), 615
(s), 552 (m), 512 (w), 459 (w). Elemental analysis (%) calcd. for CggHigsAlLBoNLY
(1143.040 g mol™): C 71.45; H 9.26; N 4.90; found: C 72.19; H 8.91; N 4.53. Although these
results are outside the range viewed as establishing analytical purity, they are provided to
illustrate the best values obtained to date.

Figure S1. *H NMR spectrum of (CsMes) Y[(AIMe3){B(NDippCH),}], (2) in CsDs at 26 °C.
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Figure S2. *H i**C-HSQC NMR spectrum of 2 in C¢Dg at 26 °C.

Figure S3. Cutout from a'H i**C-HSQC NMR spectrum of 2 at -55 °C in toluene-dg to detect
the **C signals of the AlMe; units.
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Figure S4 . *H-"*C-HMBC NMR spectrum of 2 in C¢Dg at 26 °C to detect quaternary C atoms.

Figure S5. *H i®®Y-HSQC NMR spectrum of 2 in C¢Dg at 26 °C.
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Figure S6. "B{*H} NMR spectrum of 2 in C¢Ds at 26 °C.

(CsMes)Lu[(AIMe s}{B(NDippCH) 2}]2 (3)

To a solution of {Me,Al[B(NDippCH),]}, (163 mg, 0.183 mmol) in 3 mL of n-hexane,
[(CsMes)LuMe;]s (62 mg, 0.061 mmol) was added together with some drops of toluene. The
resulting yellow suspension was stirred at +35 °C for one hour. The solvents were removed
in vacuo and the sticky residue was recrystallized from n-hexane to yield colorless crystals
with a yield of 148 mg (67%). *H NMR (C¢Ds, 400.11 MHz, 26 °C): G 7.26 4 H, p-CeHs-iPr»,
m, A part of AB, spin system, %J = 7.9 Hz), 7.23 (8 H, m-C¢H3-iPr,, m, B, part of AB, spin
system, J = 7.9 Hz), 6.36 (s, 4 H, NCH), 3.40 (sep, 8 H, 3J = 6.8 Hz, CHMe,), 1.56 (s, 15 H,
(CsMes)), 1.37 (d, 24 H, 3J = 6.9 Hz, CHMe,), 1.25 (d, 24 H, ®J = 6.8 Hz, CHMe,), -0.41 (s, 18
H, AlMe;) ppm. *C {*H} NMR (Cg¢Ds, 100.62 MHz, 26 °C): G 146.6 (0-CgHs-iPry), 142.5 (i-
CeHs-iPry), 127.4 (p-CeHz-iPry), 123.4 (m-C¢Hsz-iPry), 121.9 (NCH), 120.4 (CsMes), 28.6
(CHMe,),26.6 (CHMe,), 23.6 (CHMe,), 12.0 (CsMes) ppm. For the C atoms of the AlMes
groups, no signal could be detected at 26 °C. However, when lowering the temperature to -
40 °C in toluene-dg, two C signals for the bridging methyl groups were located at 10.2 and
8.4 ppm, respectively. "B {*H} NMR (C¢D¢, 160.46 MHz, 26 °C): G 31.0 ppm. IR (DRIFT,
cm™): 3065 (w), 3026 (w), 2958 (vs), 2937 (s), 2887 (m), 2866 (s), 1461 (s), 1442 (s), 1370
(vs), 1323 (m), 1267 (m), 1255 (m), 1239 (m), 1217 (w), 1182 (w), 1053 (w), 1112 (w), 939
(w), 897 (w), 803 (s), 761 (vs), 697 (s), 618 (M), 548 (w), 456 (w). Elemental analysis (%)
calcd. for CegHi0sAlB,N4LU (1229.101 g mol™): C 66.45; H 8.61; N 4.56; found: C 65.87;
H 8.62; N. 3.96. Although these results are outside the range viewed as establishing
analytical purity, they are provided to illustrate the best values obtained to date.
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Figure S7. *H NMR spectrum of (CsMes)Lu[(AIMez){B(NDippCH).}]. (3) in C¢Ds at 26 °C.

Figure S8. 'H i**C-HSQC NMR spectrum of 3 in C¢Ds at 26 °C.

S7



Figure S9. Cutout from a *H i**C-HSQC NMR spectrum of 3 at -40 °C in toluene-dg to detect
13C signals of the AlMe; units.

Figure S 10. 'H i**C-HMBC NMR spectrum of 3 in C¢D at 26 °C to detect quaternary C
atoms.
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Figure S 11. "'B{*H} NMR spectrum of 3 in C¢D at 26 °C.

NMR reaction of (CsMes)Y[(AIMe 3){B(NDipp CH),}]. (2) with two equivalents of THF

For the reaction, a stock solution of THF in CsD¢ was prepared. Therefore, 6.5 mg (0.09
mmol) of THF were dissolved in 2.5 mL of CsDe. In a J. Young-valved NMR tube, 0.5 mL of
the stock solution were added to 10.5 mg (9.2 A0 mmol) of 2. The reaction was monitored
as shown in Figure S12.

Figure S 12. Reaction of (CsMes)Y[(AIMe3){B(NDippCH),}]. (2) with 2 equiv of THF. C¢Ds was
used as a solvent. A cutout from the NMR spectrum is shown in Figure S13.
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Figure S 13. Cutout from Figure S12. The integrated and marked *H resonances belong to a
species that is proposed to be [(CsMes)Y Me(MesAN{B(NDippCH),}] (4) by NMR.

Figure S 14. NMR-monitored reaction of (CsMes)Lu[(AIMe3z){B(NDippCH).}], (3) with THF to
form 2 (THF)Me,AI[B(NDippCH),] and 1/3 [(CsMes)LuMe,]s. CsDs was used as a solvent.
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Polymerization of isoprene

A detailed polymerization procedure (run 5, Table 1 in the main publication) is described as a
typical example. [Ph3;C][B(CsFs)4] (A, 18 mg, 0.02 mmol, 1 equiv) was added to a solution of
compound 3 (24 mg, 0.02 mmol) in toluene (7 mL) and the mixture was aged under ambient
temperature for 30 min. After the addition of isoprene (1.36 g, 20 mmol), the polymerization
reaction was carried out at ambient temperature for 1 h. The reaction was terminated by
pouring the polymerization mixture into methanol (200 mL) that contained 2,6-di-tert-butyl-4-
methylphenol (0.1%, w/w) as a stabilizer and stirred for several minutes. The polymer was
washed with methanol and dried under vacuum at ambient temperature to constant weight.

Table S1. Selected Examples of Isoprene Polymerization at ambient temperature.
M7 (x

entry® precatalyst cocatalyst® t (h) yield (%) cis-1,4°  trans-1,4° 3,4° 104 Mu/M,* ref.
12 2 c 1 traces - - --€ - -
13 2 C 24 71.8 1,9 84,1 11.2 54 2.02
14 3 c 1 traces --€ - --€ - -
15 3 C 24 34.1 21.2 68.4 10.4 3.0 1.97
16 3 C 48 65.9 38.3 52.6 9.1 3.2 2.07
17" Cp'Y(AMey), c 24 >99 1.9 93.6 45 9.0 1.78 5
18" Cp'Lu(AlMes); c 05 26 74.6 20.7 4.7 11.0 1.39

#Conditions: 0.02 mmol precatalyst, [Ln]/[cocat] = 1:1, 7 mL toluene, 20 mmol isoprene, r.t.. bCo—catalyst: C = B(CsFs)3; “Determined by 'Hand ¥*c
NMR spectroscopy in CDCls. “Determined by means of size-exclusion chromatography (SEC) against polystyrene standards. *Not determined due
to low yield. fPolymeriza’[ions at 40°C.

NMR-spectroscopic investigation on the active species

In order to investigate the active species of the polymerization run 5 of Table 1, 0.007 mmol
(9 mg) of 3 were dissolved in 0.6 mL of toluene-dg and an equimolar amount of
[PhsC][B(CsFs)4] (6.7 mg) was added as a solution in 0.3 mL of toluene-ds. *H-NMR-Spectra
were taken after 7, 10, 15, 20, 25 and 30 min. As no difference in the spectra was detected,
only the first '"H NMR spectrum is depicted (Figure S15). After 30 min, *°F, *'B, and *C NMR
spectra were taken, as well as the 2D NMR spectra *H-'H-COSY, *C-'H-HSQC, and **C-'H-
HMBC.

The formation of three species is assumed: [{B(NDippCH),}AIMe;], (in the following denoted
with the symbol &), [{B(NDippCH),}(AlMes)Lu(CsMes)]” [B(CsFs)a] * (in the following denoted
with the symbol 8§), and Phs&0H GHQRWHG DV 3W™ LQ WKH VSHFWUD

'H NMR (toluene-d8, 500 MHz, 26 °C): G= 7.70 (t, 1 H, %) = 7.7 Hz, p-CeHs(iPr),, 8),
6.28 (s, 2 H, NCH, &), 6.22 (two overlapping doublets, 2 H, NCH, 8), 3.21 (sep, 3] = 6.9 Hz,
4 H, CHMe,, &), 2.91 (sep, 2 H, 3J = 7.0 Hz, CHMe,, §), 2.83 (sep, 2 H, 3J = 6.9 Hz, CHMe,,
8), 2.00 (s, 3 H, PhsCMe), 1.61 (s, 15 H, CsMes), 1.21 (d, 12 H, CHMe,, &), 1.15 (d, 12 H,
CHMe,, §), 1.12 (d, 12 H, CHMe,, &), 0.95 (d, 6 H, CHMe,, §), 0.87 (d, 6 H, CHMe,, §), -0.25
(s, 6 H, RAIMe,, 8), -0.60 (s, 6 H, AlMe,, &), -1.21 (s, 3 H, AlMe, 8) ppm.

13C {*H} NMR (toluene-d8, 126 MHz, 26 °C) (incomplete and partly assigned on the basis of
HSQC (see Figure S17) and HMBC spectra (see Figure S18)): G= 158 (0-C¢Hs, 8),
149 (i-(CgHs)sCMe), 123 (CsMes, 8), 52 (PhsCMe), 28.6 (CHMe,, &), 22.9 ( RAIMe,, 8), 17.6
(CHMe,, 8), 11.4 (CsMes, 8) ppm.

“B{*H} NMR (toluene-d8, 160 MHz, 26 °C): G= 16.0 ppm.

®E{’H} NMR (toluene-d8, 376 MHz, 26 °C): G= -131.7 (br s, 2 F, o- C¢Fs), -162.5
(t, 1 F, %) = 20 Hz, p-CsFs), -166.4 (br s, 2 F, m- CFs) ppm.
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b)

Figure S15. a) Suggested active species 4; b) 'H NMR spectrum (toluene-d8) of the
equimolar reaction of (CsMes)Lu[(MezAl){B(NDippCH)_}]. (3) and [Ph3C][B(C¢Fs)4] measured
7 min after addition of the compounds.
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Figure S16. 'H-'H COSY NMR spectrum (toluene-d8) of the equimolar reaction of
(CsMes)Lu[(Me;AN{B(NDippCH)2}l. (3) and [Ph3C][B(CsFs)s]. The cross-coupling peaks
help for the assignment of the methyl signals of the isopropyl groups to the septet of the
corresponding methine proton.
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Figure S 17. *H-*C HSQC NMR spectrum (toluene-d8) of the equimolar reaction
of (CsMes)Lu[(MesA{B(NDippCH)_.}]. (3) and [PhsC][B(CsFs)4].
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Figure S18. . 'H-*C HMBC spectrum (toluene-d8) of the equimolar reaction of
(CsMes)Lu[(MezA){B(NDippCH).}]2 (3) and [PhsC][B(CeFs)a].
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Figure S19. "B{*H} NMR spectrum (toluene-d8) of the equimolar reaction of
(CsMes)Lu[(MesAN{B(NDippCH).}]. (3) and [PhsC][B(CeFs)a).

Figure S20. “F{*H} NMR spectrum (toluene-d8) of the equimolar reaction of
(CsMes)Lu[(AlMes){B(NDippCH).}]. (3) and [PhsC][B(CeFs)a].
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Figure S21. Solid-state structure of the two molecules in the asymmetric unit of
(CsMes)Lu[(AIMe3){B(NDippCH).}], (3) with atomic displacement parameters set at the 50%
level. The carbon atoms of the aromatic parts are shown with reduced radii. Hydrogen atoms
and co-crystallized n-hexane have been omitted for clarity. Disorder in the aromatic parts has
been removed. Selected bond lengths and angles are listed below in Tablel.

Table S2. Relevant distances [A] and angles [°] for the two molecules in the asymmetric unit
of 3.

IX (& 2.506(4) IX i& 2.507(4)
IX & 2.504(3) IX (& 2.509(4)
IX (& 2.605(4) IX i& 2.622(4)
IX (& 2.590(4) IX i& 2.591(4)
Lul AGBA 3.381(4) Lu2 AdeA 3.351(4)
Lul AAMA 2.917(2) Lu2 AAAA 3.062(2)
Lul AMA 3.059(2) Lu2 AAMA 2.913(2)
$0 i& 2.067(4) $0 & 2.067(4)
$0 i& 2.068(4) $0 & 2.073(4)
$0 i& 1.989(4) $0 & 1.986(4)
$0 i& 2.077(4) $0 & 2.086(4)
$0 i& 2.088(4) $0 (& 2.087(4)
$0 i& 1.987(4) $0 (& 1.982(4)
% i$0 2.137(5) % i$0 2.137(4)
% i$0 2.135(5) % i$0 2.137(4)
& /X & i& $0 & 137 & &/X & i& $0 §131

& /X & i& $0 & 512 & /X & i& $0 & |516
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Table S3. Crystallographic data information for 3.

3

Formula C77H126Al:B2LUN,

Fw 1358.37

temp (K) 100(2)

cryst syst triclinic

space group P-1

a(A) 13.4966(3)

b (A) 18.6094(5)

c(A) 32.8876(9)

. (deg) 82.408(2)
(deg) 83.6630(10)
(deg) 79.017(2)

vol (&%) 8006.9(4)
Z 4

leaica (M@/mm°) 1.127

i (mm™) 1.295

R1% (1> 2.0 {1) 0.0423

wR2" (all data) 0.1148
diffractometer system APEX Il DUO
[@alR Fol-lFe _ _Fol. IJWR  AwitFoF)*  wi(Fo) )"

Because of poor crystal quality, data collection for complex 2 was not completed and hence
not deposited. Due to the nearly identical cell parameters (a = 13.5337; b = 18.6533; ¢ =
33.0015; D= 82.371; E= 83.305; J= 78.392), crystals of complex 2 are assumed to be
isomorphous to the ones of 3. Crystals of compounds 2 and 3 are colorless and were
crystallized from a mixture of toluene/ n-hexane at -40 °C. Data for 2 and 3 were collected on
a Bruker APEX DUO instrument by using QUAZAR optics and MoK pradiation ( O= 0.71073
A), with &and /scans. The raw data was processed by using APEX2° and SAINT software;’
structure solution and final model refinement were performed by using SHELXTL.®
Corrections for absorption effects were applied by using SADABS.®° All graphics were
produced by using ORTEP-3'° and POV-Ray."*
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