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Preface

The following PhD thesis consists of a review on synthesis strategies toward high-nuclearity
rare-earth-metal clusters as well as their physicochemical properties and applications, a
summary of the main results, and original scientific papers. The work has been carried out at
the Institute of Inorganic Chemistry of the Eberhard Karls Universitit Tiibingen, Germany, over
the period from March 2018 to June 2022 under the supervision of Prof. Dr. Reiner Anwander.
Funding has been gratefully received from the Deutsche Forschungsgemeinschaft (DFG).

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

contributions and oral presentations.
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Abstract

Although rare-earth-metal clusters serve as established model systems for distinct reaction
patterns, the formation process of metal clusters is rather complex and often not well

understood.

Primarily, the process of formation of high-nuclear lanthanide clusters was scrutinized. The
halfsandwich tetramethylaluminate complexes CpRLn(AlMes):2 (R = MesSi (Cp'), Mes (Cp*))
were treated with different halidogenido-transfer reagents (MesSil, Me3GeBr, Me3GeCl) to
afford multinuclear Ln clusters. By applying modular changes to the synthesis protocol, effects
of various parameters on the cluster formation could be revealed. The sterically less demanding
Cp' ligand enabled cluster enlargement to the dodecametallic lanthanum clusters [Cp'LaX2]i2
(X =1, Br) and characterization by NMR spectroscopy in contrast to the Cp* ligand, yielding
the nonanuclear cluster [Cp*Lalz]o. Similarly, the larger iodido and bromido ligands afforded
the larger coordination clusters [Cp'LaXz]i2 (X =1, Br) compared to the smaller chlorido ligand,
where the decametallic cluster [Cp'LaClz]i0 was isolated. Changing the rare-earth-metal center
from lanthanum to marginally smaller cerium or praseodymium metal centers revealed a size
effect for the metal center by the isolation of structurally diverse clusters, e.g. the
hexadecanuclear lanthanide nanowheel [Cp'sLnals]s (Ln = Ce, Pr). Lastly, establishing a
kinetically controlled reaction pathway via a diffusion synthesis protocol enabled the isolation
of lanthanide clusters with distinct structural motifs that can be exclusively obtained by this
route, such as the desilylated octanuclear lanthanum cluster [(u-Cp)2Cp'sCeslia]. Further
mechanistic studies by NMR spectroscopy were conducted on the trinuclear model cluster
[Cp*3Y3(u2-Me)s3(u3-CHz2)(u3-H)(thf)s], featuring a rare mixed methyl/methylidene/hydrido
derivative, which gave detailed insight on the process of formation of simple lanthanide

clusters.

Additionally, the physicochemical properties of the complexes were investigated. The cerium
precursor complexes and clusters both showed interesting photoluminescence behavior, which
can be precisely tuned by changing the ligand system. Furthermore, clusters showing single-
molecule magnet (SMM) behavior were targeted by using ferromagnetic lanthanides as metal
centers. The obtained tetranuclear dysprosium cluster [Cp*Dyl2]s4 then displayed single-
molecule magnetism properties, hence establishement of a straightforward synthesis route

toward potential SMM clusters was feasible.
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Zusammenfassung

Seltenerdmetallcluster dienen als etablierte Modellsysteme filir spezifische Reaktionswege.
Dennoch ist der Bildungsprozess von Clustern hochgradig komplex und héiufig auch nur

unzureichend charakterisiert.

Im Wesentlichen wurde der Bildungsprozess von Seltenerdmetallclustern genauer untersucht.
Die Halbsandwich-Tetramethylaluminatkomplexe Cp®Ln(AlMes): (R = MesSi (Cp'), Mes
(Cp*)) wurden mit den Halogenido-Transferreagenzien (MesSil, Me3GeBr, Me3GeCl)
umgesetzt um mehrkernige Seltenerdmetallcluster zu erhalten. Durch gezielte Anderungen im
Syntheseprotokoll wurden die Auswirkungen verschiedener Faktoren auf die Clusterbildung
untersucht. Der sterisch weniger anspruchsvolle Cp'-Ligand ermdglichte die Synthese der
groBeren zwolfkernigen Cluster [Cp'LaXz]i2 (X = I, Br) sowie eine NMR-spektroskopische
Charakterisierung im Gengensatz zum Cp*-Liganden, der den neunkernigen Cluster [Cp*Lalz]o
als Produkt lieferte. Gleichermallen ergaben die grofleren lodido- und Bromido-Liganden die
groBeren Cluster [Cp'LaX2]i2 (X =1, Br) im Gegensatz zum kleineren Chlorido-Liganden, mit
dem der zehnkernige Cluster [Cp'LaClz2]io isoliert werden konnte. Ein Wechsel des
Metallzentrums hin zu den geringfiigig kleineren Cer- oder Praseodym-Metallzentren zeigte
einen Grofeneffekt auf, welcher durch die Isolierung strukturell vielfdltiger Cluster, wie
beispielsweise dem sechzehnkernigen Nanorad [Cp'sLnalg]4, belegt werden konnte. Zuletzt
konnte durch eine Diffusions-Reaktionstechnik eine Methode etabliert werden, welche die
Synthese von Clustern durch einen kinetisch kontrollierten Mechanismus ermoglichte. Dadurch
konnten Cluster isoliert werden, welche ausschlielich iiber diese Route zugidnglich sind, wie
der achtkernige, desilylierte Lanthan-Cluster [(u-Cp)2Cp'sCeslia]. Weitere mechanistische
Untersuchungen mittels NMR Spektroskopie wurden am dreikernigen Modellcluster
[Cp*3Y3(u2-Me)3(u3-CH2)(u3-H)(thf)s]  durchgefiihrt, welcher eine  sehr  seltene
Methyl/Methyliden/Hydrid-Verbindung  darstellt, und detaillierte Einblicke in den

Bildungsprozess einfacher Seltenerdmetallcluster ermdglichte.

AuBerdem wurden die physikochemischen Eigenschaften der Komplexe untersucht. Sowohl
die Cer-Vorstufen als auch die Cer-Cluster zeigten interessante
Photolumineszenzeigenschaften, welche durch die Wahl des Ligandensystems angepasst
werden konnten. Zusétzlich sollten durch den Einbau ferromagnetischer Seltenerdmetallzentren

potenzielle Einzelmolekiilmagnet-Cluster synthetisiert werden, was fiir den vierkernigen
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Dysprosiumcluster [Cp*Dyl2]4 moglich war. Hierdurch konnte eine einfache Syntheseroute fiir

Einzelmolekiilmagnet-Seltenerdmetallcluster etabliert werden.
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Objective of this Thesis

The main objective of this thesis is to gain insight in the agglomeration process of high-
nuclearity anhydrous metalorganic rare-earth-metal clusters and modify the developed
synthesis protocols, and examine the physicochemical properties like molecular magnetism or

photoluminescence behavior.

Chapter A gives a review on rare-earth-metal alkylaluminate complexes and their
derivatization as well as synthesis strategies, properties and applications of donor-free rare-

earth-metal clusters.

Chapter B consists of a summary of the main results of this thesis.

The unpublished results, which are neither part of a publication nor a manuscript, are presented
in Chapter C. This section contains cyclopentadienyl-supported complexes, investigations on

their photoluminescence properties, and redox chemistry.

Publications are compiled in Chapter E.
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Cyclopentadienyl-Supported
Rare-Earth-Metal Clusters




2 INTRODUCTION

1 Introduction

Metal cluster compounds represent the intermediate state between the molecular level and the
solid-state. As such, metal clusters serve as model systems for studying reactivities and exhibit
unique structural motifs.['¥ Despite numerous examples of metal clusters and synthesis routes,
the formation procedure of metal clusters is still barely understood, and often involves complex
self-assembly processes.>”! Therefore, the development of synthesis strategies toward

controlled cluster formation represents a popular target worth striving for.

Over the past decades, rare-earth-metal clusters gained significant scientific interest due to

important possible areas of applications, including magnetic cooling,®!4

single-molecule
magnetism,!'>2?! and optical applications.!*" 2*-2¢] The formation process of polynuclear rare-
earth-metal complexes is highly influenced by a multitude of parameters, though the key factor

I

is undoubtedly the choice of the synthesis medium. Large Ln™ clusters are usually synthesized

by self-assembly processes in donor media via hydro- or solvothermal synthesis,!”> ! 27-2°1 and
often feature the incorporation of transition metal heteroatoms within the cluster core.!'> 14 3]
Switching the reaction medium to a non-coordinating solvent is accompanied with a significant
decrease in cluster nuclearity,!! with the so far largest structurally characterized donor-free
rare-earth-metal cluster [Cpi2Smi2Cla4] by TEUBEN.??! The applied synthesis protocol of
dechlorosilylation of the activated rare-earth-metal salt SmCls(thf)s by Mes3SiCp with

subsequent removal of coordinated THF under reflux hints at the necessity of distinct and

precisely controlled reaction mechanisms for the synthesis of lanthanide clusters.

This overview will cover the synthesis and possible applications of rare-earth-metal
coordination clusters. Special consideration is given to different ligand systems as well as the
applied synthesis protocol. Since a broad variety of lanthanide clusters exists, the focus will be
placed on donor-free compounds. The first part focuses on the synthesis and reactivity of rare-
earth-metal tetramethylaluminates. Part 2 firstly deals with the synthesis and derivatization of
discrete rare-earth-metal halide complexes, before covering different types of lanthanide
coordination clusters and their respective synthesis routes. The last part gives an overview of
current applications of organo-rare-earth-metal clusters, focusing on the two major aspects of

optical and magnetic properties.
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2 Rare-Earth-Metal Tetramethylaluminates

The first homoleptic rare-earth-metal tetramethylaluminate complexes Ln(AlMe4)s (1" Ln =
Y, La, Nd) were synthesized by EVANS via a two-step reaction protocol.*3 Treatment of the
respective rare-earth-metal trichlorides with LiNMe: resulted in the formation of
Ln(NMe:z)3(LiCl)3, which was subsequently reacted with excess trimethylaluminum to generate
the rare-earth-metal tris(tetramethylaluminate) complexes. Even though known for two and a
half decades now, the series of homoleptic rare-earth-metal tetramethylaluminates — except for
Pm — was only recently completed by ANWANDER et al. with the isolation of the respective
Sc(AlMes)3 (15¢) compound.*#! In contrast to other rare-earth-metal tris(tetramethylaluminate)
complexes,?® 3339 the successful synthesis of 15¢ requires a low-temperature synthesis
protocol, treating the scandium ate complex [LizScMes(thf)i2] with AIMes and subsequent
workup steps between -40 °C and -15 °C.

Ln=Y, La-Lu
(except Pm, Eu)

3 equiv. LiNMe 6 equiv. AlMe
2 > Ln(NMey)s(LiCl)s g 2 Me /Me
THF, rt, 18 h n-hexane, rt, 18 h Al
-15 (MezAlNMez)z < \
_ -3 LiCl ME M
Ln=Sc € e
LnClg(thf)y — 6 equiv. MeLi Z
1)-40°C,2h 9 AlMe; Meln .unllMe//
2)0°C,2h 1)-40°C,1h Me . & %, Me
3)rt, 2h 2)-15°C, 84 h Al ==t \le Memm=t Al
> Li3SCMes(thf)1‘2 /
Et,0 n-pentane/n-hexane Mé qLn Me
-3 LiCl - AMe;(THF)
- 3 LiAlMe,
Scheme Al. Conventional synthesis routes toward homoleptic rare-earth-metal

tris(tetramethylaluminate) complexes Ln(AlMe4)3.**3°! For scandium, single-crystalline

Sc(AlMe4)3 was isolable only with 0.5 molecules of co-crystallized Al2Mes.

Depending mainly on the metal size, homoleptic rare-earth-metal tetramethylaluminates show
similar reactivities. The donor-induced cleavage with a stoichiometric amount of diethylether
(Et20) allows the conversion into the respective trimethylated rare-earth-metal compounds.™*
401 Furthermore, this conversion can be reversed by again adding a stoichiometric amount of

trimethylaluminum, re-generating the tris(tetramethylaluminate) complexes again.

Moreover, complexes Ln(AlMes)s (1'") are efficient precursors for the synthesis of
halfsandwich-type lanthanide bis(tetramethylaluminate) compounds. Providing several
advantageous features like variable steric demand and excellent stabilizing properties,*!! the

cyclopentadienyl ligand or its derivatives are commonly used for the syntheses of this type of
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complexes. ANWANDER et al. reported on the first halfsandwich lanthanide
bis(tetramethylaluminate) complexes (CsMes)Ln(AlMes)2 (21, CsMes = Cp*) accessible by
treatment of the halfsandwich silylamide complexes (CsMe4®?)Ln[N(SiHMe2)2]2 (Ln =Y, Lu; R
= H, Me, SiHMe:, SiMes, SiHPh2) with 4 equivalents of trimethylaluminum, forming the
respective mono-pentamethylcyclopentadienyl rare-earth-metal bis(tetramethylaluminate)
compounds (Cp*)Ln(AlMes)2 (2.2 Further advances in the synthesis of halfsandwich
derivatives involve syntheses via protonolysis or salt metathesis of the respective homoleptic
rare-earth-metal tris(tetramethylaluminates) with cyclopentadiene derivatives!*! or the

[44]

corresponding alkali metal salts. Meanwhile, a plethora of wvariously substituted

cyclopentadienyl rare-earth-metal bis(tetramethylaluminates) was isolated.!*>->% Similar to the

[51

respective homoleptic complexes,*! halfsandwich-type lanthanide bis(tetramethylaluminate)

complexes serve as efficient catalysts for the polymerization of conjugated dienes.[* 46 4% 521

" —
1 equiv. HCsMeyR 4 equiv. AlMe;

; toluene, AT -h Lk
LrINSHMe b0, —— L o /@y-'-*\ oA GNR M,@\M
Ln=Y, Lu THNEIHMe2)2  (Me,HSi)N AENRL e ;

— SiMe; Al SIS Memm Al ME

Me L
SiHMe, 2= Me

Ln =Y, R = Me, SiHMe, SiMe; SiHPh,
Ln = Lu, R = Me, SiHMe, SiMe;

Scheme A2. Synthesis of halfsandwich  pentamethylcyclopentadienyl  (Cp*)
bis(tetramethylaluminate) lanthanide complex Cp*Ln(AlMes)2 (217).[42]

In general, three different coordination modes for rare-earth-metal tetramethylaluminates 110
were determined in the solid state. Depending on the steric demand of the ligand,
tetramethylaluminato ligands can either adopt a '- (high steric saturation of the metal center)>*!
or a n’-coordination mode (low steric saturation of the metal center),® though the most
common one is the #*-coordination motif, that complexes 1 and 2" display in the crystal
structure. The respective halfsandwich complexes 21" revealed two different structural motifs,

a planar and a bent coordination of the 7>-tetramethylaluminato ligand.[**

Halfsandwich bis(tetramethylaluminate) rare-earth-metal complexes engage in selective
derivatization reactions. Homoleptic rare-earth-metal methyl complexes of the general
composition [LnMes] (3", Ln = Sc, Y, Ho, Lu)* 4% 31 are feasible via donor-induced
tetramethylaluminate cleavage. Similar to homoleptic complexes 149 methylation of the
respective halfsandwich complexes is achieved by AlMes3 displacement (Scheme A3). Addition

of two equivalents of Et20 to an n-hexane solution of 2" (Ln =Y, Lu) leads to the formation
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of trimeric halfsandwich rare-earth-metal dimethyl complexes [Cp*LnMe:z]3 (4'),*3! whereas
treatment of a toluene/n-hexane solution of 2Y with one equivalent of diethyl ether resulted in
the formation of the yttrium-aluminum-methine cluster [Cp*sY4(u2-CH3)2{(CH3)Al(u2-
CH3)2} 4-(u4-CH)2] (5).15¢

Me Me
Ln=Sc X Ln=Y, Lu
exc. Et,0 % \ 3 equiv. Et,0
n-pentane, -40 °C MeTS Me n-hexane, -35 °C
- 4 AlMe,(OEty) 2 - 3 AlMe;(OEt,)
1/n [ScMe;], = ﬁ\ = 1/n [LnMes],
4 equiv. AlMe Melnn niMe, 3 equiv. AlMe
Sc 3 2, 3 Ln
» n-pentane, -40 °C Me\ & /Me n-hexane, -35 °C 3
Al-—=m\e Mem=—A| Ln=Y, Lu
Me qLn Me
ﬁ 2 equiv. THF ﬁ
n-hexane, rt
\Mellln --ulllMe// = l...._/™m ..
Me -8 “ o __Me  2equiv. AlMes
Alr==Me Mem=Al n-hexane, -35°C 1.y Me--1"
Me oLn Me 4Ln ?
Ln=Y, Lu

Scheme A3. Synthesis of homoleptic (3'") and halfsandwich (4'") rare-earth-metal methyl

complexes via donor-induced cleavage of tetramethylaluminato ligands.?% 40431

Diethyl ether plays a key role in the synthesis of rare-earth-metal alkylgallate complexes as
well. The homoleptic and halfsandwich tetramethylgallate compounds La(GaMes)s (6) and
Cp*La(GaMes)2 (7) are accessible via the addition of 3 equivalents of neat GaMes and 4
equivalents of the diethyl ether adduct GaMes-OEt2 to an n-hexane solution of either
La(AlMes)3 or Cp*La(AlMes): (Scheme A4),°7] respectively, allowing the reverse reaction of
the previously reported gallate/aluminate exchange reaction.*’! Accordingly, halfsandwich
bis(tetramethylgallate) complexes are accessible via the protonolysis of La(GaMe4)s (6) with
stoichiometric amounts of HCp* or by employing the donor-assisted Al/Ga exchange (Scheme
A4). Whereas the reaction of 6 can be performed at ambient temperature to give the
corresponding lanthanum sandwich complex Cp*2La(GaMes) (8'%), the respective conversions
to yttrium complexes 1Y and 2Y with HCp* require elevated temperatures of 130 °C to afford

the yttrocene Cp*2Y(GaMes) (8Y).14”]
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a

4 equiv. GaMes ¢\
5 equiv. GaMe;-OEt, ME M
1) n-hexane, 30 min, rt E
2)-40 °C toluene, rt

—_— . Ga
Me - 3 AlMe,+OFEt, Me . & Me .2 GaMe; Me/ AN

v {12 ()
No® N g 5 i~ -,
Ga~=aMe Mem=—=Ga - CH, Me
/ \ / \ u/
Me 1La Me Me 6 Me gla

g 3 equiv. Gabley g
4 equiv. GaMe;*OEt,
1) n-hexane, 30 min, rt
\Meluu @ uulllMe// ) ;) _46 °C i, \MelnulMe//
Me g 2, Q 2,

Al Memt A T A e, 0Et, Ve ~Gaiams MemiGa— 1

> 2 equiv. HCp*

Me ola Me Me 7 Me

Scheme Ad4. Synthesis of lanthanum tetramethylgallate complexes via Al/Ga exchange.!*”-37!

The variation of the steric demand of the ancillary ligand system by substitution with
pentadienyl ligands®! allows for new reactivities of rare-earth-metal halfsandwich
bis(tetramethylaluminate) complexes. Such “open” halfsandwich derivatives are only
accessible via a salt metathesis reaction protocol,™ in contrast to the established protonolysis
synthesis route for cyclopentadienyl-based halfsandwich complexes. The addition of an n-
hexane or toluene solution of 1 (Ln = La, Ce, Pr, Nd) to a suspension of a pentadienyl
potassium salt K(2,4-R) (R = dimethylpentadienyl (dmp), diisopropylpentadienyl (dipp), di-
tert-butylpentadienyl (dtbp)) leads to the formation of the respective pentadienyl-supported
rare-earth-metal halfsandwich compounds (2,4-R)Ln(AlMes)2 (1112, R = dmp; 1212, R = dipp;
13", R = dtbp) (Figure A1). In contrast to the larger lanthanides, smaller rare-earth metals tend
to form sandwich complexes instead. As such, the reaction of 1 (Ln =Y, Lu) with one

equivalent of K(2,4-dmp) afforded the “open” sandwich complex (2,4-dmp)2Ln(AlMes) (141™).

wniiMe, Melin
”, N

""”lMe//
Al St M Memml Alx— M€ Al S V& Me el Alx— M€

Me 11La Me Me 12ta Me Me 13ta Me

Figure A1. Halfsandwich lanthanum pentadienyl complexes (2,4-R)La(AlMes)2 1112, 1212 and
13La.[59]

Subsequent derivatization reactions include aluminate/gallate exchange and cationization
reactions with different perfluorinated borates or perfluorinated borane.*® Surprisingly, in the
latter case a different reactivity can be observed. While treatment of 1312 with the perfluorinated

borates [Ph3C][B(CesF5)4] or [PhNMe2H][B(CcFs)4] affords a product mixture of the cationized
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species [La(AlMes)2]" (15) and (2,4-dtbp)La(AlMes)" (16) —both with [B(CsFs)4]™ as respective
counterion — the reaction with the perfluorinated borane gave access to the dimeric complex

[{(2,4-dtbp)La(u-Me)2AlMe(CcFs)} {Me2Al(CeFs)2} ]2 (17) exclusively (Scheme AS).

Fa
Fs ﬁ
F

Metn Al—Me
B(CeFs)3

- BMe;

13La

17
Scheme AS. Synthesis of [(CsFs)2AIMez]-bridged complex 17.1

The corresponding cyclopentadienyl-based rare-earth-metal halfsandwich complexes undergo
similar cationization reactions as the aforementioned pentadienyl compounds.[®”! Reacting 31
(Ln =Y, La, Nd) with perfluorinated borates afforded the cationic species [Cp*Ln(AlMes)]*
(18'™) with the counterion [B(CsFs)4]", though the formation of a product mixture was not
observed. Accordingly, the reaction of 3'® with two equivalents of B(CesFs)3 results in the
formation of dimeric [{Cp*La(u-Me)2AlMe(CoFs)} {Me2Al(CsFs)2}]2 (19). Like the
cyclopentadienyl-supported compounds, the cationic complexes bearing ancillary pentadienyl

ligands serve as potential pre-catalysts in the polymerization of dienes.>!

Other reactivities of rare-earth-metal halfsandwich bis(tetramethylaluminate) compounds

49, 52] o

include the derivatization with amido or imido ligands,®! %21 C—H bond activation,|
tetramethylaluminato/halogenido exchange reactions.[*® 6% 64] Depending on the steric demand
of the ancillary ligand, the halogenido ion size as well as the stoichiometry of halogenido-
transfer reagent, a multitude of structural motifs are accessible, ranging from dimeric

halogenido-bridged complexes to polynuclear cluster compounds.
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3 Cyclopentadienyl-Supported Rare-Earth-Metal Clusters

3.1 Cyclopentadienyl-Supported Rare-Earth-Metal Halide Complexes

The first halfsandwich rare-earth-metal halide complexes bearing ancillary cyclopentadienyl
derivatives with the general formula CpLnCl2 (Ln = Sm, Eu, Gd, Dy, Ho, Er, Lu) were isolated
by DUBECK et al. as the respective THF adducts via three different synthesis routes.[%*]. Addition
of a stoichiometric amount of sodium cyclopentadienide to a THF suspension of rare-earth-
metal trichlorides LnCls (Ln = Sm, Eu, Gd, Dy, Ho, Er, Lu) led to the formation of the
corresponding halfsandwich rare-earth-metal dichlorido THF adducts CpLnClz(thf); (201™).
Alternative synthesis routes include the reaction of the homoleptic tris(cyclopentadienyl)
erbium Cp3Er with two equivalents of the respective erbium trichloride ErCls in THF, affording
the cyclopentadienyl erbium dichloride CpErClz(thf); (20%%). Similarly, the addition of one
equivalent of hydrogen chloride to di(cyclopentadienyl)ytterbium chloride Cp2YbCl in THF
gave the cyclopentadienyl ytterbium dichloride CpYbCla(thf); (20YP). Accordingly, the
sandwich complexes (CsH4R)2LnCl (21", R = H; 22", R = Me; Ln = Sm, Gd, Dy Ho, Er, Yb,
Lu) were prepared via salt metathesis by treatment of the lanthanide trichloride with two
equivalents of sodium cyclopentadienide in THF.[®] Subsequent removal of coordinated THF

was achieved by sublimation of the respective sandwich complexes.

Ln =Sm, Eu, Gd, Dy, Ho, Er, Lu

LnCl; + NaCp @

Ln=Er

THF ‘
1/3 CpEr + 2/3 ErCl, - L oA

Cl l
Ln=Yb
Cp,YbCl + HCI — “

20Ln
Scheme A6. Synthesis of rare-earth-metal halfsandwich dichloride complexes CpLnClz(thf)s

(201", co-products are not shown).[6%]

Despite being established compounds in organolanthanide chemistry,®”72!

the “major
drawback” of these THF adducts is the blocking of coordination sites at the rare-earth-metal
center, preventing the aggregation of larger complexes. In order to remove coordinated donor
molecules, refluxing the respective donor adduct 20" in toluene with simultaneous removal of

solvent has proven to be efficient for organometallic halfsandwich complexes CpLnCl..l”3! An
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alternative route was demonstrated by the group of SCHAVERIEN.”*! Removal of coordinated
THF in the halfsandwich diiodide complex Cp*Lalz(thf)s is feasible via the reaction with
MesSil, affording the THF-free polyiodide complex [Cp*Lalz]n.

Depending on the steric demand of the ancillary cyclopentadienyl ligand, different structural
motifs have been observed. In 1981, HUNTER et al. reported on the synthesis of chlorido-bridged
lanthanide ate-complexes with different donors.[”! Using the rare-earth-metal trichloride LnCls
(Ln = Sc, Y, La, Ce, Pr, Nd, Yb) as starting material, the reaction with different lithium salts
(e.g. LiCpSM):2 = iCp", LiOCsH2Buz-2,6-Me-4) in either equimolar or 1:2 ratio afforded the
corresponding chlorido-bridged lithium ate-complexes [CpR2Ln(u-Cl):Li(thf)2]. Accordingly,
treatment of NdCls with two equivalents of LiCp" in THF afforded the neodymium ate-complex
[Cp"2Nd(u-Cl)2Li(thf)2] (23).

Whereas rare-earth-metal complexes bearing cyclopentadienyl ligands with a high steric
demand (e.g., Cp*, Cp") tend to form dimeric complexes,!’*#!) smaller rare-earth-metal centers,
especially in combination with small bridging ligands (such as hydrido or fluorido), are

susceptible to the formation of ring-like structures!®***! (Figure A2) or even oligomers. ¢!

Meﬁﬁ \\X\SiMea

SiMe, SiMe;  Me,Si

o,/
C,/ \

\\\\\\\\\

Me;Si HF MeSSi\K\k F SiMe;
SiMe; SiMe;  Me;Si
[Me3S2Cp,Na (-Cl)Li(thf)] (M52 Cpaln(-Fl,
23 24

Ln =La, Nd, Sm, Gd

W%W %

%ﬂ Q

[Cp2Sc(u-Fls [Cp®,Sm(u-F)ls [Cp*,Sm(u-Ch)]
25 26 27

Figure A2. Halogenido-bridged sandwich-type rare-earth-metal complexes bearing different

ancillary Cp derivatives.!”> 7% 82 84.87]
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1-4 equiv. AgF

Cp,Yb toluene . r

[CP*6YD(U-F)4]
28

Scheme A7. Synthesis of mixed-valent tetranuclear ytterbium complex 28.13]

The tetranuclear fluorido-bridged complex [Cp*sYba(u-F)4] (28) by ANDERSEN et al. was
prepared by the addition of 1 up to 4 equivalents of silver fluoride to a toluene solution of the
divalent ytterbium sandwich complex Cp*2Yb (Scheme A7).1%3] The mixed-valent complex
showed a planar arrangement of the ytterbium metal centers, despite the relatively high steric
demand of the ancillary Cp* ligands. General synthesis routes toward complexes of this type
involve the removal of donor molecules and subsequent aggregation under reflux,®*! salt-
metathesis with alkali-metal cyclopentadienides,®* % or oxidation reactions!®”!. Overall, the
formation of ring-like structural motifs is a common phenomenon for cyclopentadienyl-based

rare-earth-metal halide compounds."!

In order to facilitate the formation of higher-aggregated rare-earth-metal compounds or clusters,
a switch to halfsandwich precursors is indicated due to the lower steric saturation at the rare-

earth-metal center.
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3.2 Cyclopentadienyl-Supported Rare-Earth-Metal Clusters

In 1966, COTTON defined clusters as chemical compounds bearing at least two metal atoms and
interaction between the metal atoms.!!! This definition was further specified by SCHNOCKEL,
more precisely, the distinct classification is given by the average oxidation number (7av) of the
metal atoms: “naked” metal clusters (nav = 0), metalloid clusters (0 < nav < nsait), and salt-like

3881 Due to the highly polarized bonding situation in rare-earth-metal

clusters (nay = |nsai]).!
clusters,®! exclusively salt-like clusters have been isolated so far. Furthermore, a three-
dimensional arrangement for the metal centers is expected, precluding the previously described

ring-like complexes from being defined as “clusters” as well.

The first donor-free rare-earth-metal halide cluster was isolated by the group of WATSON in
1990.°% Removal of coordinated diethyl ether from the ytterbocene complex Cp*2Yb(Et20) in
toluene was achieved by the stoichiometric addition of perfluoro-2,4-dimethyl-3-ethylpent-2-
ene (CoF1s) (Scheme A8). Red crystals of pentanuclear ytterbium cluster [Cp*6Ybs(ua-F)(us-
F)2(u2-F)s] (29) were isolated, consisting of a Cp*4Yb4F7 unit and a bridging Cp*2Yb(u2-F)2
unit in the apical position. The identical structural motif was later detected by EVANS by the
isolation of the pentanuclear cluster [Cp*sSms(u4-Cl)(u3-Cl)2(u2-Cl)s] (30) as a side product in
the synthesis of[Cp*2Sm(u-Me)2AIMe:]. (Figure A3).1°!

I
toluene ©
Cp*,Yb(Et,0) + CoF g ———>

[Cp*sYbs(H4'F2)S()H3‘F)2(Pz‘F)s]

Scheme A8. Synthesis of fluorido-bridged ytterbium cluster 29.°!
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A simple salt-metathesis protocol, the treatment of ytterbium(II) iodide Ybl> with an equimolar

amount of lithium (tert-butyl-dimethylsilyl)tetramethyl cyclopentadienide LiCpMe#SiMe2Bu)

(LiCp®) in THF, led to the formation of the hexanuclear anionic ytterbium cluster [Cp® Ybsls]*~

(31) with two molecules of [Li(thf)4]" as counterions.*!

S
N

[Cp*eYbs(H4‘|:2);P3'F)2(U2‘F)6] [Cp*68m5(p4—C:I;)(()u3—C|)2(p2-CI)6]

Figure A3. Pentanuclear clusters [Cp*6Ybs(ua-F)(u3-F)2(u2-F)e] (29) and [Cp*6Sms(u4-Cl)(u3-
Cl)2(u2-Cl)s] (30).00-911

In cluster 31, the ytterbium metal centers are in a highly symmetric octahedral arrangement,
and the cluster core is supported by sterically demanding Cp ligands. Furthermore, this cluster
represents the first example of a lanthanide cluster consisting exclusively of divalent rare-earth-
metal centers. A similar octahedral arrangement of lanthanide metal centers was established by
KUBICKI et al. in borohydrido-bridged cluster [Cp** " Ln(BH4)2]6 (32", Ln = Nd, Sm; Cp*"**
= CsMesn-Pr),®*! as well as the isostructural Cp*-coordinated neodymium cluster

[Cp*Nd(BHa4)2]s (33) by ARNOLD et al (see Figure A4, left).*¥

The dodecanuclear chlorido-bridged samarium cluster [CpSmCl2]12 (34) reported by the group

[32] Cluster 34 was synthesized by refluxing

of TEUBEN has remained unmatched in nuclearity.
a toluene suspension of the halfsandwich samarium chloride CpSmClz(thf)s with simultaneous
removal of the solvent by distillation. In contrast, reflux of a toluene suspension of YbCls(thf)s
with 0.9 equivalents of trimethylsilyl cyclopentadiene for 24 h did not result in complete
removal of coordinated THF, but produced a separated ion pair of clusters, the trinuclear

cationic ytterbium cluster [CpsYbsCls(thf)s]"™ (35), and the anionic hexanuclear ytterbium
cluster [CpsYbeCli3]™ (36), featuring a central chlorido ligand located inside the cluster core. In
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cluster 34, the samarium atoms adopt an icosahedral symmetry, with the faces of the
icosahedron capped by 20 chlorido ligands, which are in a dodecahedral arrangement.
Additionally, four chlorido ligands are located inside the cluster core in a tetrahedral geometry.
Similar to clusters 31, 32" and 33, the ytterbium metal centers in 36 show an octahedral

arrangement, in this particular case with a central u4-bridging chlorido ligand in the cluster core.

7,
7, ”,

1

“’llllu.. =
l/ .

RN Te

[CpsYbgClyal
36

[CPSMClol+,
34

Figure A4. Dodecanuclear cluster [CpSmCl2]12 (34, Cp ligands omitted for clarity), trinuclear
cluster [Cp3YbsCls(thf)3]” (35) and hexanuclear cluster [CpsYbsCli3]™ (36).1%

The recurrent formation of distinct structural motifs in rare-earth-metal cluster chemistry
provides evidence for the exceptional stability of such cluster compounds. Clusters feature
structural motifs which are reminiscent of LnX3 in the solid state and molecular complexes,
hence lanthanide halide coordination modes established by the solid-state structure are regularly
present in cluster compounds as well.*» %% Clusters 29, 30 and 34 display the structural
subunit Ln4X7, featured by several solid-state modifications of rare-earth-metal halides.[!9-102!
Depending on factors like rare-earth-metal ion size, the ion size of the bridging ligands, or the
steric demand of the ancillary cyclopentadienyl ligand, multinuclear Ln clusters preferably

adopt this highly stable subunit.[6% 64 103-105]

Halogenido-bridged lanthanide coordination clusters are also accessible using halfsandwich
compounds CpRLn(AlMes): as starting materials, though the exclusion of donor solvents
accounts for the necessity of carefully monitored reaction conditions. Depending on the rare-
earth-metal center ion size, treatment of an n-hexane solution of 2! (Ln =Y, La, Nd) with
dimethylaluminum chloride Me2AICI (Y: 0.5-0.9 equiv. Me2AICI, Nd: 0.9-1.7 equiv. Me2AICl,
La: 0.5-1.3 equiv. Me2AICI) at low temperatures afforded heterobimetallic complexes with

different nuclearities. The reaction with the yttrium halfsandwich bis(tetramethylaluminate)
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produced the dimeric yttrium complex [{Cp*Y[(u-Me)2AIMe2](u-Cl)}2] (37), bridged by two

chlorido ligands, and two additional terminal tetramethylaluminato ligands.

Ln=La
0.5 - 1.3 equiv. Me,AICI
n-hexane .
Melt wniMe T
Me S 2, Me
Al - Ve Mem==A|
Me oLn Me
Ln=Nd
0.9 - 1.7 equiv. Me,AICI
n-hexane

[CpsNds{(u-Me)oAIME}(-Ci) b Clz(-Cl]

Scheme A9. Synthesis of heterobimetallic clusters [Cp*sLas{(u-Me)sAlMe}a(u3-Cl)2(u2-Cl)s]
(38) and [Cp*sNds{(u-Me)sAlMe}(ua-Cl)(u3-Cl)2(u2-Cl)s] (39) via a  partial

tetramethylaluminato/halogenido exchange reaction.®%]

Using the lanthanum halfsandwich bis(tetramethylaluminate) as precursor, the addition of
Me2AICI led to the formation of the hexanuclear lanthanum cluster [Cp*sLas{(u-
Me)sAlMe}4(u3-Cl)2(u2-Cl)s] (38) (Scheme A9, top). This cluster consists of two LasCls
subunits resembling a cuboid structure with a cut-off corner, which are bridged via for
tetramethylaluminato ligands. In contrast, treatment of the respective neodymium halfsandwich
bis(tetramethylaluminate) with Me2AICI afforded a completely different type of cluster. The
pentanuclear complex [Cp*sNds{(u-Me)3;AlMe}(ua-Cl)(u3-Cl)2(u2-Cl)s] (39) consists of a
distinct Nd4Cl7 subunit, with the vertices bridged via a (u2-Cl)2Nd unit, bearing one ancillary
Cp* and one terminal (u-Me)3sAlMe ligand (Scheme A9, bottom). For complexes 37-39,
shielding of the Ln metal center is achieved by the ancillary Cp* ligands.
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The steric demand of the ancillary carbocyclic ligand is a crucial factor for the formation of
rare-earth-metal clusters, as evidenced by ANWANDER et al. in 2017.1'% Using the bulky 1-
(trimethylsilyl)fluorenyl (C13HoSiMes = Flu!) halfsandwich yttrium bis(tetramethylaluminate)
(FluS)Y (AlMes)2 (40) as a precursor, the alkyl/chlorido exchange with Me>AIC] afforded either
complex 41 or 42 (Scheme A10). While the stoichiometric reaction resulted in incomplete
tetramethylaluminato/halogenido exchange and the formation of the dimeric chlorido-bridged
complex [Flu®'Y(AIMes)(u-Cl]2 (41), complete exchange was achieved for the reaction with
1.7 equivalents of MexAlCl, giving access to the chlorido-bridged hexanuclear yttrium
coordination cluster [FluSYsCli2] (42). Cluster 42 consists of the trinuclear subunits [(u-
CD3(u3-C1)Y3] and [(u-Cl)3(u3-Cl)2Y3], which are interlinked via three bridging chlorido

ligands, resulting in a cluster core resembling a highly symmetric ellipsoid.

=L

SiMe3
Melimn uiMe
Me\ D Z, /Me

Als=Me Mem=t Al
\
Me 40 Me
1 equiv. Me,AICI 1.7 equiv. Me,AICI
toluene, rt toluene, rt
- AlMe, - 2 AlMe,
Me Cl.

\““

)
W ‘y,
an NGl
A\t
Me™ /
N

SiMe;
[FluS'Y (AlMe,)(u-Cl],
4

[FluSsYCly]
42

Scheme A10. Synthesis of dimeric halfsandwich complex 41 and chlorido-bridged cluster 42
(FluSi ligands omitted for clarity).!'%
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Unlike previously reported clusters of this type, 42 marked the first example of a donor-free
rare-earth-metal cluster with trinuclear subunits linked through halogenidos. Other complexes
of this type usually consist of two [(u-X)3(u3-X)2Ln3] (X = Hal, BH4) subunits, with one
coordination site of the trinuclear subunit blocked by coordination of a donor atom, leading to
a sheared ellipsoidal overstructure.”* 197191 Qur group synthesized a holmium congener of this
type via derivatization of the amino-functionalized halfsandwich bis(allyl) rare-earth-metal
complex Cp™<Ln(n3-C3Hs)z (43, Ln =Y, Ho; Cp"M® = 1-[2-(N,N-dimethylamino)ethyl]-

2,3,4,5-tetramethylcyclopentadienyl) with diethylaluminum chloride.[!*”]

The respective
precursor 43" was synthesized in a two-step reaction by treatment of rare-earth-metal
trichloride LnCl3(thf)x with the amino-functionalized LiCp™® and a subsequent Grignard
reaction with allylmagnesium chloride C3HsMgCl. The reaction of complex 43" with two
equivalents of Et2AICI in [De]benzene led to the formation of chlorido-bridged hexanuclear
clusters [{(Cp"MeAEL)(Cp M) Lns(u2-Cl)3(us-Cl)2} (u2-C1)]2 (44, Ln = Y, Ho) (Scheme
A11). Cluster 44 consists of two [(Cp™M&AEL),(Cp NMe)Ln3(u2-Cl)3(us-Cl)2] subunits linked
by bridging chlorido ligands. Please note that in the subunit two equivalent triethylaluminum

are coordinated by amino groups, while the usually observed N-dimethylamino-sidearm-

coordination to the Ln metal center is detected for one Cp™™<2 ligand.

oy
\\\‘
\

wanfnClin

12 ELAICI

CgDg rt, 30 min
6 CpNMezL n(CyH5), ——2 >

43Ln - 4 Et3Al(C3Hs)3

44Ln

Scheme A11. Synthesis of hexanuclear chloride cluster 44" stabilized by amino-functionalized

Cp ligands.['%”]
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As already mentioned in Chapter A3.2, organo-rare-earth-metal compounds are prone to the
formation of ring-like structural motifs. Surprisingly, this accounts for halfsandwich-based rare-
earth-metal halogenido complexes as well, despite the reduced steric demand in comparison to
sandwich-type complexes. Consequently, the nuclearity of these ring-cluster-hybrids did not

exceed four rare-earth-metal centers so far,[°1> 108, 110-112]

n-pentane

+2 Al 8h,25°C

s =
= T
=
E =
=
z S

[Cp*Scl,l4
45

Scheme A12. Synthesis of tetranuclear ring-cluster-hybrid 45.[11°]

The tetranuclear halfsandwich scandium diiodide complex [Cp*Scl2]4 (45) by TILLEY ef al. was
synthesized by treatment of halfsandwich scandium acetylacetonate (acac) Cp*Sc(acac). with
two equivalents of aluminum iodide All3 in n-pentane (Scheme A12, Figure A5, top).[''% Rather
unexpected, dysprosium forms a trinuclear ring,®!! considering the larger ionic radius of the
dysprosium metal center (CN 6: Sc>* = 0.745 A, Dy*" = 0.912 A).[''3] Cluster [Cp*Dyl2]s (46)
is accessible as co-product by the reaction of dysprosium(Il)iodide Dyl> and LiCp* in diethyl
ether (Figure A5, top). Additionally, the formation of anionic ring-like complexes led to the
incorporation of a central halogenido ligand inside the ring structure (Figure A5, bottom).['%%:
M So far, only two examples of these anionic rings have been reported, the first one being the
tetranuclear cluster [Cp*sNdsClo]~ (47) by EISEN et al in 2007.1'%1 Treatment of
Cp*2NdCI(LiCl)2 in THF with a slight excess of catecholborane in toluene at elevated
temperatures (110 °C) afforded cluster 47, which crystallizes with LiO2+/Li20/O2 as
counterion. The similar tetranuclear yttrium cluster [Cp*'4Y4Clo]™ (48, Cp*' = CsMesSiMes) by
HORACEK et al., which was isolated by the salt metathesis reaction of YCls(thf)s.s and LiCp*'

at ambient temperature.[!!!]
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Figure AS. Structurally characterized halfsandwich rare-earth-metal ring-cluster-hybrids.! 1%

110, 111]

Even though donor coordination hampers the aggregation of rare-earth-metal clusters (as

previously mentioned in Chapter A3.1), removal of persistent donor ligands enabled the

subsequent self-assembly of coordination clusters, as evidenced by our group.!''* The reaction

of samarium(Il)iodide Smlz(thf). with plumbocene Cp*2Pb and partial removal of THF gave

access to tri-, tetra- and pentanuclear clusters, dependent on the amount of coordinated THF.

The addition of 0.5 equivalents of Cp*2Pb to an n-hexane solution of [Cp*Smlz(thf)2] and

crystallization from toluene afforded the trinuclear complex [Cp*3Sm3I(u2-1)3(us-1)2(thf)2] (49)
as a ring-cluster hybrid (Scheme A13).
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1) exc. AlEt;
1) 0.5 Cp*,Pb n-pentane, rt, 80 h
n-hexane, rt, 18 h | 2) 0.5 Cp*,Pb
2) toluene W toluene, rt, 18 h
-0.5 Pb° 6 oa - AlEt(thf)
|

-0.5Pb°

[Cp*3Smsl(Ha-1)3(H3-1)2(thf),]
49

N

a) CGDG, rt

b) toluene, -40 °C |~ THF

[Cp*53m5(p2;34(u3-l)4(p5-|)]

[CP*4Sm4|(uz-|)Szxt(lus-l)z(url)(thf)]

Scheme A13. Synthesis of tri-, tetra- and pentanuclear clusters 49, 50 and 51.[!!4]

In 49 the samarium metal centers bear one ancillary Cp* ligand, two metal centers are
coordinated by one molecule of THF each, while the other metal center shows coordination of
a terminal iodido ligand. Recrystallization of 49 from either deuterated benzene C¢Ds at ambient
temperature or toluene at -40 °C led to the displacement of one molecule of coordinated THF
and conversion into the tetranuclear cluster [Cp*aSmal(u2-1)a(us-1)2(us-1)(thf)] (50) (Scheme
ATl). Cluster 50 shows the characteristic LnaX7 structural motif, while the apical samarium
metal centers show coordination by either THF or a terminal iodido ligand. Complete removal
of THF from [Cp*Sml2(thf)2] was feasible via a two-step synthesis protocol. Initial treatment
of [Cp*Smla(thf)2] with excess AlEts in n-pentane, and the addition of 0.5 equivalents of
Cp*2Pb in toluene, led to the formation of the pentanuclear cluster [Cp*sSms(u2-1)4(u3-T)a(us-
I)] (51). The five samarium metal centers show a highly symmetric square pyramidal

arrangement, and each metal center is six-coordinate in a distorted octahedral geometry.
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Moreover, cluster 51 resembles the hexanuclear cluster [CpsYbsCli3]™ (36) with a central
halogenido ligand inside the cluster core, though without the Cp*LnX4 unit in the apical
position (see Figures A4 and A9).1**) Otherwise, the coordination motif of 51 is commonly

found in rare-earth-metal alkoxide clusters.!'!>-11°]

Analogously to rare-earth-metal halogenido clusters, other monoanionic ligands are suitable for
the formation of clusters as well. As such, rare-earth-metal polyhydride clusters are established
compounds in organo rare-earth-metal chemistry,!1%4 105 120-126] The first donor-free hydride-
bridged lanthanide clusters were isolated in the early 2000s by the group of HOU. The reaction
of mixed alkyl/hydride complex [Cp*'Lu(CH2SiMes)(u2-H)(thf)]2 with two equivalents of
phenyl silane PhSiHs afforded the tetranuclear lutetium polyhydride cluster [Cp*'Lu(u2-H)2]4
(52) (Scheme A14).[129 Alternatively, this cluster can be obtained with one additional molecule
of coordinated THF by dissolving the donor-free cluster in THF, or by treatment of complex

[Cp*'Lu(CH2SiMes)(u2-H)(thf)]2 with hydrogen in THF.

\\\“\‘

i Me3Si
2 HsSiPh
[CP¥'Lu(CH,SiMe,)(u-H)(thf)l, — 22" 21
p*'Lu iMe3)(u- >
S 2 PhSiH,CH,SiMe,

[Cp*'Lu(pz-H),l4
52

Scheme A14. Synthesis of halfsandwich lutetium dihydride cluster [Cp*'Lu(u2-H)2]4 (52).11201

Likely due to the relatively small ionic radius of the bridging hydrido ligands, the nuclearity of
rare-earth-metal hydrido clusters typically ranges from tetra- to hexanuclear clusters for
(partially) donor-free clusters, while the most common synthesis route is the direct application

of Ha pressure to organometallic precursors.[!%% 105 121,124,126, 127]
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This strategy was established for the entire lanthanide series, as reported by HoOU et al.l'] The
reaction of the halfsandwich rare-earth-metal dialkyl complex [Cp*'Ln(CH2SiMes)2(thf)] (Ln
= Sm, Y, La-Lu, except Pm, Eu, Yb) in toluene with Hz pressure gave access to the respective
dihydride clusters [(Cp*'LnH2)4(thf)x)] (53" with different amounts of coordinated THF. The
isolation of a donor-free cluster was only feasible for scandium, however, clusters 53" show
the identical tetranuclear core structure (see Scheme A15). Additionally, the formation of the
trinuclear ring-cluster-hybrid [Cp*'2Luz2(u-H)sLu(u-CH2SiMe2CsMes)(thf)2] (54) was observed
exclusively for lutetium due to activation of one SiMes group, followed by coordination to one
lutetium metal center. Typically, halfsandwich rare-earth-metal hydride clusters [CpRLnH2]x

engage in polymerization catalysis!!?" 123! or small molecule activation.!!*!

EEIN

‘\\\\\\\\\\\ ”/II
1L ., "y
HW"Y I

,,,,,,

[Cp*Ln(CH,SiMe3),(thf)]

Ln=Sc, Y, La-Lu
(except Pm, Eu, Yb)

[(Cp™LnHy)4(thf),]
53Ln

Scheme A15. Synthesis of halfsandwich rare-earth-metal dihydride cluster 53" (coordinated
THF not shown).[1%]

Furthermore, the selective incorporation of transition metals into rare-earth-metal hydrido

128, 1291 The reaction of

clusters is possible via the transformation of polyhydride clusters.!
[(Cp*'YH2)4(thf)x] (53Y, x = 1) with one equivalent of the group 6 pentahydride complex
[Cp*M(PMe3)Hs] (M = Mo, W) afforded the mixed Y4/M undecahydride complexes

[{(Cp*'Y)a(u-H)7} (u-H)sMCp*(PMe3)] (55M, M = Mo, W) upon release of dihydrogen.

Similar to halogenido complexes (24-27), the switch to sandwich-type precursors is in accord
with a decrease in cluster nuclearity. Consequently, rare-earth-metal sandwich hydride
compounds are limited to trinuclear complexes, which display a planar or quasi-planar

structural motif,[73: 130-132]
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The formation of rare-earth-metal clusters can be achieved by bridging methyl ligands as well,
as demonstrated by our group in 2006.°% As previously mentioned in Chapter A2, ether
cleavage of halfsandwich 2Y with THF led to the formation of the trinuclear yttrium polymethyl
ring-cluster-hybrid 4Y, or complete tetramethylaluminate cleavage is feasible with excess Et2O
(> 2 equivalents) as well. In contrast, the equimolar reaction with diethyl ether resulted in
incomplete AlMes cleavage and aggregation of the heterobimetallic methyl/methine cluster
[Cp*aY4(u2-CH3)2{(CH3)Al(u2-CH3)2}4(1a-CH)2] (56) (Scheme A16). Cluster 56 consists of
two [Cp*2Y2{(CH3)Al(u2-CH3)2}2(usa-CH)] subunits which are linked by two bridging methyl
groups. Furthermore, 56 represents the first example of the implementation of a bridging

methine group in rare-earth-metal cluster chemistry.

1 Et,0
n-hexane
Menu ||||IMe _35 C 30 min
Me -«

Al-—lMe MeI——AI/N|
oY Me
exc. Et,0
n-hexane
: 1 equiv. 2Y
ﬁ toluene-dg

3 [CP*4Y4(H2'CH3)2{(0HgLN(IJz'CHs)z}A(HrCH)z]

Scheme A16. Synthesis of heterobimetallic cluster 56 via donor-induced tetramethylaluminate

cleavage.l*®

The isolation of cluster 56 provided evidence that trinuclear rare-earth-metal polymethyl
complexes 4" are valuable precursor compounds for the synthesis of larger rare-earth-metal

clusters.

Aiming at methylidene functionalization, the first lanthanide methylidene cluster was isolated
by HOU et al. in 2011 by heating a benzene solution of the lanthanide polymethyl complex
[Cp*'Ln(u2-CH3)2]3 (57", Ln = Tm, Lu) with simultaneous elimination of methane, producing

the Ln4 polymethylidene cubane cluster [Cp*'Ln(u3-CH2)J4 (58", Ln = Tm, Lu).[!3*!
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The isolation of the intermediate trinuclear mixed methyl/methylidene thulium complex
[Cp*'3Tms(u2-Me)(u3-Me)(u3-CHz)] (59) is feasible by elimination of methane in [Cp*'Tm(u2-
CH:s)2]s (57'™) at ambient temperature (see Scheme A17). 58 is then prone to further
hydrogenolysis. Whereas protonation of [Cp*Lu(u3-CH2)]a with [PhMe2NH][B(CeF5)4]
affords the cationic cubane cluster [Cp*'Lu(u3-CH2)3(u3-Me)]™ with [B(CsFs)4]™ (60) as
counterion, the hydrogenolysis with 1 atm H» pressure gave access to the tetrametallic

monohydride heptamethyl complex [Cp*'sLua(us-H)(u3-Me)(u2-Me)s] (61).1134

CeHg 90 °C
- CH,4
[Cp*Ln(p3-CHy)l4
58Ln
CeHe
90 °C, 2 h" CH,
Ln=Tm
[Cp*™'Ln(p2-CHa)ola rt
57" -CH,
Ln=Tm, Lu Me;Si SiMey

[Cp*'3Tm3(L|2-Mes)éU3-Me)(|J3-CH2)]

Scheme A17. Synthesis of polymethylidene cluster 58" and mixed methyl/methylidene

thulium complex 59.[13%

Although the first rare-earth-metal complex coordinated exclusively by methylidenes was
synthesized by our group in 2006, the respective trinuclear mixed methyl/chlorido bridged
cluster [Cp*s3Lns(u-Cl)3(u3-Cl)(u3-CHz2)(thf)s] (62) is rather considered as ring-cluster-
hybrid.['*3] Complex 62 was synthesized by donor-induced aluminate cleavage of the mixed
tetramethylaluminato/chlorido halfsandwich lanthanide complex [Cp*Ln(AlMes)x(Cl)y]2 (Ln =
Y:z=2,y=x; Ln=La: z=6, y=2x) in a toluene/THF mixture and concomitant C—H bond

activation, which led to structural rearrangement and formation of trinuclear 62 (Scheme A18).
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tquene/THF //
[Cp*Ln(AIMey),(Cl),l, ——————>

Ln=Y,z=2,x=y
Ln=Lla,z=6,2x=y

[Cp*sLna(u-C|‘)532(|J3-CH2)(thf)3]

Scheme A18. Synthesis of methylidene/chlorido-bridged lanthanide complex 62.[13]

The trinuclear arrangement of the lanthanide metal centers is a recurrent structural motif in rare-
earth organo-rare-earth-metal chemistry and is often accompanied by donor coordination or the

34,50, 133, 135-137]

incorporation of donor atoms,| although such complexes are considered as ring-

cluster-hybrids. Exceptional performance in methylidene transfer is observed for trinuclear
rare-earth-metal methylidene complexes acting as Schrock-type nucleophilic carbenes,®> 137
with conversion rates similar to the benchmark systems by SCHROCK and TEBBE.['3%147]
Noteworthy, a trinuclear lanthanum-chlorido complex capped by a pyrene trianion was isolated
by the group of THIELE.!'*!! Treatment of the lanthanum ate-complex [Cp*LaCl(u-Cl)2Li(thf)2]
with pyrene and potassium resulted in the formation of the trimetallic lanthanum pyrene

complex [Cp*3La3Cl3(CicHio)(thf)] (63), representing the first rare-earth-metal complex with a
pyrene trianion (Scheme A19).

"
3 [Cp*LaCl(p-Cl),Li(thf),] + 3 K + CqgHyq m;u%» @

- 3 LiCl
- 3 KCl K

[CP*3La3C|36(§316H 10)(thf)]

Scheme A19. Synthesis of trimetallic lanthanum pyrene complex 63.1141]
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Similar decomposition reactions of the trinuclear polymethyl yttrium complex 4Y were
investigated by our group.!'*®! The transformation into the mixed methyl/methylidene complex
[Cp*3Y3(u2-Me)(u3-Me)(u3-CHz)(thf)2] (64) occurred rather rapidly by donor (THF) addition
to 4Y at -35 °C, while the conversion into the hexanuclear mixed methyl/methylidene cluster
[Cp*sYsMes(CH2)4] (65) was observed at elevated temperature in deuterated benzene after 12 h
upon the release of methane. Further self assembly of clusters from polymethyl precursors was
observed employing 4% and 4™.152] Interestingly, the aggregation in n-hexane led to the
pentanuclear clusters [(Cp*Ln)s(CHz2)(Me)s] (66", Ln = Gd, Tb), bridged by eight methyl

groups and only one methylidene group.

Rare-earth-metal alkoxide clusters were first reported by the group of EVANS.[!!5 142,143 The
pentanuclear yttrium cluster [Cp*sY s(«-OCH3)4(u3-OCH3)4(us-O)] (67) was obtained from the
reaction of Cp*2YCl with 1.4 equivalents of KOCH3-CH3OH in THF, and features a square
pyramidal arrangement of the yttrium metal centers (Scheme A20).1'"3! Bridging in this cluster

is achieved via u2- and u3-methoxy ligands as well as one central us-oxo ligand.

THF
Cp*,YCl + 1.4 KOCH3:CH;0H ——

[Cp*sYs(H'OCH3)éSIP3'OCH3)4(H5'O)]

Scheme A20. Synthesis of pentametallic yttrium methoxide cluster 67.11°!

Other structural motifs of lanthanide alkoxide clusters include dimeric complexes, trinuclear

ring-cluster hybrids and complexes with the distinct LnaX7 (X = Hal, -OCH3) substructure.



26 APPLICATIONS OF RARE-EARTH-METAL CLUSTERS

4 Applications of Rare-Earth-Metal Clusters

4.1 Luminescence

Lanthanide(IIl) ions (electron configuration [Xe]4f", n = 0-14) can adopt a wide range of
electronic levels, which are given by the formula 14!/n!(14-n)!. Photoluminescence properties
of lanthanide(III) ions are determined by f-f transitions between spectroscopic states, moreover,
parity allowed 4f-5d excitation and 5d-4f emission transitions or metal-ligand charge transfer
with large energies of up to >50000 cm'.[1*+14] In combination with stabilizing or electron-
rich ligand systems such as cyclopentadienyl derivatives!!%* 147! or hydrido(tris)pyrazolylborato

[148]

ligands," **! an intense emission can be observed. Consequently, lanthanide-based coordination

clusters exhibit complex structural arrangements, often paired with a bright

(103, 149-157] ‘Here, the choice of the ligand system is crucial, enabling precise

photoluminescence.
tuning of the emission wavelengths.[19% 1581591 Especially for cerium(III), adjusting the emission
wavelength is facile due to only two ground state energy levels (°Fss2, 2F72), combined with
exclusively d-f transitions for the emission process. The energy of the excited °D levels is then

strongly determined by the ligand and metal to ligand charge transfer processes.!¢"!

As such, previous studies on the luminescence properties of Cp-substituted cerium complexes
by the group of BRUNO revealed the effects of the ligand system (e.g. alkyl, Hal) on their
photophysical behavior.[? 3% The dimeric cerium chlorido complex [(Cp®®*2)Ce(u-Cl)]2 (68)
by EDELMANN et al. exhibits a bright yellow emission with a very high quantum yield of

161-164] This complex

61%,147) which is comparable to prominent Ce*"-doped LED phosphors.!
is accessible via a salt-metathesis reaction protocol, treating the homoleptic cerium chloride
CeClI3 with 2 equivalents of KCp™®"2, Another example of a molecular organo-rare-earth-metal
emitter is the europocene complex [Eu(Cp®9)2] (69, CpB'S = Cs(4-nBu-CsHa)s) by the group

tBu tBu

CeCly + KCpB¥z 115

[(BW2Cp,Ce(u-Cl),
68

Scheme A21. Synthesis of sandwich cerium chlorido complex 68.[147]
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of HARDER,!!%! which in contrast displays orange emission, with a slightly lesser quantum yield

(45%) though.
tBu tBu Ar
Ar Ar
tBu @ ‘\‘“\\\CI,,,““' @ tBu
tBu Cl Bu Ai&\r
N o
tBu tBu Ar
[Eu(Cp®®),]
[(Cp®U2),Ce(u-CI); 69

68

Figure A6. Molecular organometallic photoluminescence emitters 68 and 69.[147- 16]

As for lanthanide clusters, the avoidance of donor ligands significantly limits structural

[103, 105

diversity and cluster nuclearity. ' Hence, the synthesis of luminescent lanthanide clusters

often involves hydro- or solvothermal synthesis protocols!!3% 133 1541561 and derivatization of

rare-earth-metal salts with donor ligands.[!3% 157

I Photoluminescent clusters have a wide range
of possible applications, ranging from chemical sensors!!>* 134 156] gver near-infrared (NIR)
emitters for bioimaging,'>*) model systems for upconversion processes, ' to optical

barcoding.[!>7)

Prominent examples of NIR emitters are the molecular wheels of the general formula
[Lna2(L)14(OH)28(OAc)sa] (70", Ln = La, Nd, Sm, Yb; L = 2-hydroxy-3-

).[25: 153, 1541 The homoleptic lanthanide acetates Ln(OAc)s were used as

methoxybenzaldehyde
starting materials, and dissolved in EtOH at ambient temperature with addition of a
substoichiometric amount of 2-hydroxy-3-methoxybenzaldehyde (0.75 equiv.) as well as excess
triethylamine (2.5 equiv.), followed by heating under reflux conditions for 30 minutes.
Subsequently, the reaction mixture was cooled to ambient temperature and filtered. Diffusion
of diethyl ether into the solution then led to the formation of the crystalline product (yield: La
=42%, Nd = 37%, Sm = 37%, Yb = 40%), which shows emission in the visible spectrum as

well as in the NIR region.

Control of the reaction stoichiometry enables modular changes to the luminescence properties
of rare-earth-metal coordination clusters, as recently shown by MURUGESU and coworkers.[*®]

The respective homometallic cluster aggregates of the general composition
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[Ln20(chp)30(CO3)12(NO3)s(H20)s] (71", Ln = Sm, Eu, Gd, Tb; chp™ = deprotonated 6-chloro-
2-pyridinol) are synthesized by reacting the lanthanide nitrates Ln(NO3)3-6H20 in a
stoichiometric reaction with chp and triethylamine in a 1:1 mixture of methanol and acetonitrile.
After 12 h reaction time, the reaction mixture was filtered, and evaporation of the solvent at
ambient temperature led to the crystallization of the respective cluster complexes (yield: 25-
35%). By precisely controlling the stoichiometric ratio of the lanthanide nitrates, the emission
wavelength observed in the UV/VIS spectra of the corresponding clusters ranges from blue to
red, and white emission was achieved for the composition {EusGdsTbi2}. Both homo- and

heterometallic clusters show decent to high quantum yields, ranging from 9 to 56%.
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4.2 Molecular Magnetism

Compounds exhibiting single-molecule magnetism (SMM) gained significant importance

e.[167189] The first reported example of a

recently due to their possible application in data storag
SMM was the manganese-acetate cluster {Mni2} by SESSOLI et al. in 1993.['7° Continous
efforts in the last three decades then produced a broad variety of mixed transition metal and

s.171-1811 Recent studies revealed that the most powerful examples

lanthanide SMM complexe
of SMMs are lanthanide-based, given their advantageous combination of a large number of
unpaired f-electrons with their large single-ion magnetic anisotropy. Although the highest
anisotropy barriers and blocking temperatures are achieved for cyclopentadienyl-substituted
sandwich complexes with magnetic hysteresis up to 80 K,['32135] recent examples of
polynuclear lanthanide complexes are efficient single-molecule magnets as well.[2 16 186 187]
Similar to mononuclear examples, cyclopentadienyl derivatives prevail for lanthanide clusters
with SMM behavior.['88] The increase in cluster nuclearity has major impact on the single-
molecule magnetism by interference of the respective magnetic anisotropy axes rather than
desired magnetic interactions between 4f metal centers, inevitably leading to a decrease in both

blocking temperature as well as the effective energy barrier.[80- 181, 189, 190]

So far, the hexanuclear dysprosium halide cluster [(Cp*Dy)sK4Clis(thf)s] (72) by MEYER et al.
displays the highest energy barrier (561 K) for organolanthanide cluster compounds.??! This
cluster is accessible via a simple salt metathesis reaction protocol, treating dysprosium
trichloride with potassium cyclopentadienide in tetrahydrofuran. In this particular case, all
magnetic anisotropy axes are oriented in the same directing, leading to an overall improvement

in the magnetic performance.

Beside this hexanuclear cluster, a variety of ring-cluster hybrid systems are known, ranging
from mixed-metal compounds such as [(7>-CpM®2Dy)u-SeMes]s (Uetr = 252(4)cm™) (73, Mes
= mesity])['! or [(CpM®)2Dy(x:°-CsHa)FeCp]2 (74)!'? to organometallic complexes bridged
via heterocyclic ligand systems [Yba(bpzch)2(fod)io] (75, bpzch = 3,6-dipyrazin-2-yl-1,2,4,5-
tetrazine; fod~ = 6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl-3,5-octadionate)!'¥”)  and
[(Cp*2Ln)a(tz")4]-3(CsHe) (76", Ln = Gd, Dy; tz = 1,2,4,5-tetrazine).['%¢!
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[Yb4(bpzch),(fod)o] [(Cp*aLn)4(tz®)4]
75 76Ln

Ln = Gd, Dy
Figure A7. Lanthanide-based complexes exhibiting molecular magnetism (fod -ligands of 75

omitted for improved visualization).[186 187, 191, 192]

Especially the tetranuclear tetrazine-bridged compounds 76" by MURUGESU et al. display
impressive magnetic properties.['%¢] The respective complexes were synthesized in a
stoichiometric reaction by addition of a benzene solution of tetrazine and KCs in a 1:1 ratio to
a benzene solution of [Cp*:2Ln][(«-Ph2)BPh2] (Ln = Gd, Dy) (1 equiv., Scheme A22). Single-
crystal X-ray diffraction revealed a planar structural arrangement between the lanthanide metal
centers and the bridging tetrazine ligands. Surprisingly, both complexes show only one spin
center, rather than a combination of individual spin centers for the different metal centers, which
could be attributed to strong coupling between the tetrazine radicals and the metal centers. As

such, these tetranuclear compounds show extremely large coercive fields of approximately 30
kOe.
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Scheme A22. Synthesis of tetrazine-bridged dysprosium complex 76PY. The orientation of the

magnetic anisotropy axes is indicated with a red arrow.
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Summary of the Main Results
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1 [CpRLnX:]a: Effect of Cp®R Steric Demand

The donor-free synthesis of rare-earth-metal clusters in non-aqueous media like aromatic or
aliphatic solvents requires controlled shielding by ancillary ligands. Particularly, the
cyclopentadienyl ligand and its derivatives have emerged as invaluable in rare-earth-metal
cluster chemistry.[*1> 32 1931961 Tn gpite of several straightforward synthesis routes toward rare-
earth-metal clusters, including salt-metathesis®> 9% 19 1971 or serendipitous hydrolysis

195. 1981 the highest nuclearity achieved for donor-free lanthanide clusters so far

pathways,|
remained at {Lni2} for the dodecanuclear samarium cluster [CpSmCl2]12 by TEUBEN.? The
cluster itself was synthesized by refluxing SmCls(thf)s with MesSiCp, leading to the formation
of the intermediate CpSmCl: fragment, followed by self-assembly to the dodecanuclear
structure. This reaction pathway emphasizes the suitability of halfsandwich precursors for the

synthesis of large rare-earth-metal coordination clusters.

Aiming at the synthesis of a similar, stable halfsandwich precursor of the general composition
CpRLnXa, the trimethylsilyl cyclopentadienyl lanthanum bis(tetramethylaluminate) complex
[Cp'La(AlMes)2] (A, CsHaSiMes = Cp') was selected, implying two advantageous properties:
Firstly, A shows a reduced steric demand to other Cp derivatives like Cp* or Cp*' which were
employed in previous syntheses of lanthanide clusters (see Chapter A3.2). Secondly, the
tetramethyl aluminate ligand can be easily replaced via donor-cleavage or halogenido exchange
reactions for monoanionic ligands (e.g. Me, X = Hal)3% 40: 56, 63. 135. 1371 that are prone to the

formation of coordination clusters.

— "

3 KCp'
Mellu-- iMe, f-hexans, . ¢h > M \\\Me“"l @ "'"”Me’//,‘ M
Me s % -Me - KAMe, €~ AlieaMe Memmt Al V1€
Al =g Memmt Al
Me La(AIMey)s he

Scheme B1. Synthesis of halfsandwich complex A by salt-metathesis.

Following a salt-metathesis protocol, homoleptic lanthanum tris(tetramethylaluminate)*! was
treated with KCp', affording the desired halfsandwich complex A in high crystalline yield (92%)

after recrystallization from a saturated n-hexane solution.
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In order to compare the effect of the cyclopentadienyl steric demand on cluster formation, the
Cp*-substituted congener [Cp*La(AlMes)2] (B) was selected as reference.[**) Whereas the
stoichiometric iodination reaction of A and B with MesSil gave access to the isostructural
heterobimetallic clusters [CpRsLasIs(AlMes)s] (CA, R = SiMes; CB, R = Mes), the reaction with
excess (2.5 equiv.) MesSil led to the formation of different crystalline products. While the
reaction of B with iodination reagent yielded the nonametallic halfsandwich lanthanum diiodide
cluster [Cp*Lalz]o (D, 56% cryst.), the similar reaction of A afforded the larger dodecametallic
cluster [Cp'Lalz]i2 (E, 48% cryst.), providing evidence for the benefit of a reduced steric
demand of the ancillary ligand on effective cluster enlargement. The molecular structure of
clusters CA, CB, D and E were unambiguously revealed via single-crystal XRD analyses (Figure
B1). The increased solubility given by the Cp' ligand allowed the unambiguous assignment in
'H and ®C{'H} NMR spectroscopic investigations of complexes A, C* and E, indicating a

rearrangement of C? in solution into the presumably more stable E and A.
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Figure B1. Crystal structures of D (left) and E (right, Paper I).



36 [CPRLNX2]N: EFFECT OF HALOGENIDO ION SIZE X

2 [CpRLnX:]n: Effect of Halogenido Ion Size X

Even though halogenido ions are established ligands in rare-earth-metal cluster chemistry (see
Chapter A3.2), there is a lack of comparative studies regarding the effect of the halogenido ion
size, despite a relatively large difference of almost 1 A in the ionic radii between the different
halogenido ions (CN 6, Hal ionic radii [A]: 1 = 2.20, Br = 1.96, Cl = 1.81, F = 1.33).[!!3]
Consequently, the formation of different structural motifs is expected under otherwise identical

reaction conditions.

Whereas Me2AICl already proved to be a potential halogenido transfer reagent in the synthesis
of the heterobimetallic cluster [Cp“sLacCls(AlMes)s],l% the reaction conditions at low
temperatures and the hard halogenido-transfer reagent impede a targeted, controlled reaction
process. Hence, the mild halogenido-transfer reagents Me3SiX/Me3GeX (X = I, Br, Cl) were
selected as reactants. As already mentioned in the previous section, the addition of excess

MesSil to a stirred solution of A resulted in the formation of dodecanuclear cluster E.

<= Mes

2.5 Me;Sil/Me;GeBr Metim miiiMe, 2.5 Me;3GeCl
n-hexane, rt Me—Cn 1S Vieml Al-—Me _n-hexane, rt

- SiMe4/GeMe, / \ - GeMe,

- AlMe, M ooLaAMegy M - AlMe,

A cl

%,
“,

[Cp'LaXsly2
E(X=1) , Cl
F (X = Br) [Cp LgC|2]1o

Scheme B2. Reactivity of A toward mild halogenido transfer reagents Me3Sil and Me3;GeX (X
= Br, CI, Paper I, Cp' ligands are omitted for clarity).
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The isostructural bromido-bridged cluster [Cp'LaBr2]i2 (F) was obtained under the same
reaction conditions (47% cryst. yield), utilizing Me3GeBr as halogenido-transfer reagent. In
contrast, the reaction of A with 2.5 equivalents of Me3GeCl afforded the ellipsoidal decanuclear
cluster [Cp'LaCl2]10 (G) instead of a spherical cluster like E and F. While the crystal structure
of E and F was determined via precise single-crystal XRD analysis, only a connectivity was
established for G. Even more surprisingly, whereas the equimolar reaction of A with Me3GeBr
produced the heterobimetallic cluster [Cp'sLasBrs(AlMes)4] (H, isostructural to CA), the
respective reaction with Me3GeCl led to the formation of G. Both examples indicate the effect
of minor differences in the ionic radii (Br~ vs. CI" = 0.15 A) on the potential formation of
coordination clusters. All investigated clusters were further characterized NMR
spectroscopically to scrutinize their solution behavior, and complex purity was confirmed by

elemental analyses as well as EDX measurements.

Further impact of the bridging halogenido ligand on the cluster properties is indicated by the
luminescence of dodecametallic cerium clusters [Cp'CeXz2]i2 (IX, X = I, Br, Cl). Previous
examples of cerium cyclopentadienyl complexes displayed interesting photoluminescence
behavior, 7% 147:158. 199 hence similar investigations were conducted for IX. Interestingly, clusters
IX adopt identical structural motifs, however, the absorption and emission properties change
notably. UV-VIS characterization showed a shift toward higher wavelengths in accord with
increasing halogenido ion size for both excitation and emission maxima as well as an increase

in luminescence lifetime (see Table B1).

Table B1. Photoluminescence properties of clusters I,

ICl IBr II
Exc. Max. [nm] 287 /352 291/370 286 /420
Em. Max. [nm] 459 /500 473 /514 489 / 533
Lifetime [ns] 77/ 111 115 93 /147

While the first maxima in the absorption spectrum is assigned to solvent effects, the absorption
maxima shift by approximately 70 nm, and emission maxima as well as shoulders in the
emission spectrum by ca. 30 nm (see Figure B2). For I®! and I, a biexponential fit was adopted,

whereas the fit of IB" is single exponential.
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Figure B2. Normalized excitation (top) and emission (bottom) spectra of clusters I!, IBr and I"

and photoluminescence under UV-light (302nm, Paper II).
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3 [CpRLnX:]n: Effect of Rare-Earth-Metal Center Ln

Even though potential size effects of rare-earth-metal centers have been discussed previously,

reliable data have remained scarce, often due to incoherence of the study (e.g. choice of metal

centers with large difference in ionic radii, different reaction conditions etc.).[6* 1]

Nevertheless, the size can be effect significant, given the wide range of ionic radii for rare-

earth-metal centers (CN 6, Ln'" ionic radii [A]: min. = Sc = 0.745; max. = La = 1.032).[1!*]
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Scheme B3. Reactivity of J¢¢ toward iodination reagent Me3Sil (Paper II).

For comparison, previously established reactions with the corresponding lanthanum precursor
were performed for the marginally smaller lanthanide metal centers cerium and praseodymium.
The respective precursor complexes [Cp'Ln(AlMes)2] (J'?, Ln = Ce, Pr) were synthesized as
yellow or green oils in excellent yields (> 90%), respectively, by treatment of the homoleptic

complexes Ln(AlMe4)s; with equimolar amounts of KCp'.
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Employing alkyl complexes Cp'Ln(AlMes)2 (J') revealed potential size effects between the
lanthanide metal centers La, Ce and Pr, as evidenced by the isolation of coordination clusters
with different structural motifs depending on the metal center ion size (Figure B3). While
dodecametallic iodido clusters E and I' were obtained for lanthanum and cerium, synthesis of
putative [Cp'Prl2]12 was not feasible. The respective iodination of J¢ simultaneously afforded
the {Ceis} nanowheel [Cp'sCesls]s (K), and single-crystal XRD analysis revealed a

coordination of four [Cp'4Ceasl7] subunits interlinked via bridging iodido ligands.

In contrast, AlMes/Br exchange reactions with excess Me3GeBr gave reproducibly access to
dodecametallic bromido clusters [Cp'LnBr2]i2 (L, Ln = La, Ce, Pr) in high crystalline yields
(48-65%). Similar to iodido derivatives, size effects were found for chlorido-bridged clusters
as well. As previously discussed, decametallic G was obtained by chlorination of A with
MesGeCl. The related cerium cluster [Cp'sCesClo(Cl2AlMe2)]2 (M) and dodecametallic co-
product [Cp'CeClz2]12 (I?) were formed in the reaction of J©© with trimethylgermanium chloride.
Unlike [Cp'LaClz]i0 (G), cluster M features two terminal [Cl2AIMez] units instead of chlorido
ligands in the crystal structure. In the praseodymium reaction, the dodecametallic cluster

[Cp'PrCl2]12 (N) was obtained exclusively.

/AI QI'”C/I/,
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2
7,
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[Cp'LgC|2]1o [Cp'50650|%5|0|2A|M62)]2 [CP'P':IC|2]12

Figure B3. Structural diversity of rare-earth-metal chloride clusters G (left), M (center) and N

(right) (Cp' ligands omitted for improved visualization).
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4 [CpRLnX:]a: Effect of Crystallization Technique

The mechanistic details of cluster formation are highly complex, and dependent on a multitude
of factors such as the choice of solvent, stoichiometry or the synthesis pathway.[* & 7. 199-201]
Surprisingly, the effect of the crystallization technique on cluster synthesis has been neglected
in previous studies. Consequently, structurally characterized clusters mainly represent the

thermodynamically most stable reaction product.

In order to investigate into possible kinetic effects on the formation of lanthanide clusters, a
novel synthesis protocol was implemented. By diffusion of the aforementioned halogenido-
transfer reagents MesSil and Me3GeX (X = Br, Cl) into a solution of halfsandwich complex
CpRLn(AlMeas)2, a reduced reaction speed, and thus an increased kinetic control of the reaction
is feasible. In initial experiments, the iodination of A resulted in the formation of the octanuclear
cluster [(u-Cp)2Cp'sLaslia] (O, see Scheme B4). Single-crystal XRD analysis of cluster O
revealed two Lasl7 subunits interconnected via desilylated Cp ligands. The desilylation of the
Cp' ligands was evidenced by 'H NMR spectroscopy, indicating the presence of
hexamethyldisilane in the residual reaction solution after crystallization. Monitoring by NMR
spectroscopy revealed structural rearrangement into cluster E in solution, which presumably

represents the thermodynamically more stable species.
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Scheme B4. Reactivity of A toward MesSil according to different synthesis methods. In E, the

Cp' ligands are omitted for clarity.
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The respective diffusion reaction of A with Me3GeBr afforded the heteroaluminate cluster
[Cp'sLasBro(Br2AlMe2)]2 (P). For comparison, the stirred reaction gave dodecametallic
[Cp'LaBr2]i2 (F). Surprisingly, single-crystal XRD analysis of P showed the same structural
motif like the decametallic cerium cluster M, which was obtained by a stirred reaction though.
Similar to the previously discussed iodido cluster O, cluster P undergoes transformation into
cluster F in solution, which was evidenced by 'H NMR spectroscopy. Unlike the iodido and
bromido derivatives, chlorination of A with Me3GeCl did not afford a structurally different

cluster, and instead gave decametallic cluster G again.

Me;Si

SiMe;
[(U-Cp)zcé)P'sLaaHd [(U-Cp):zCQp'sCeshd

SiMe;

/AIQ'”'B/L

Me;Si
[Cp'4||;r4|8]4 [Cp'sLasBrgéBerMez)]z

Figure B4. Molecular drawings of clusters exclusively accessible via the diffusion synthesis

route (Cp' ligands omitted for P for clarity).
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Accordingly, the diffusion method was applied for the cerium and praseodymium complexes
[Cp'Ln(AlMes)2] (J1", Ln = Ce, Pr) as well, though exclusively for the iodination reaction with
excess MesSil. The reaction of halfsandwich cerium complex J¢¢ gave access to two different
clusters, the octanuclear [(u-Cp)2Cp'sCesli4] (Q) — isostructural to the corresponding lanthanum
cluster O — and {Ce1s} nanowheel K. Formation of dodecanuclear cluster I' was not observed

for the diffusion method.

While previous attempts of iodination of JP* via a stirred reaction failed or resulted in
precipitation of insoluble white solid, respectively, application of the diffusion protocol led to
the exclusive formation of the praseodymium nanowheel [Cp'sPralg]s (R), isostructural to
cerium congener K. Overall, clusters obtained via the diffusion method represent the kinetically

favored products, and some of them are exclusively obtained by this protocol (see Figure B4).
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COMPLEXES AND PHOTOLUMINESCENCE BEHAVIOR

5 Synthesis of Cerium Halfsandwich and Sandwich Complexes

and Photoluminescence Behavior

Introduction

Research efforts on luminescent cerium complexes are spurred by a wide range of potential
applications, such as photosensitizers or photocatalysis, lighting, or bioimaging.[144 202-207]
Here, the effective photoluminescence properties of Ce(IIl) is greatly affected by the ligand
environment. As such, the excitation and emission properties can be effectively tuned.!!4+ 146l
While the abovementioned cerium clusters displayed intriguing photoluminescence behavior,
we aimed at a systematic study of luminescent Cp*-based cerium complexes, with special
consideration given to the electronic properties of the ligand systems. Major aspects include the

Cp/AlMes ratio, different Cp derivatives, and substitution with halogenido ligands, as previous

results already showed interesting photoluminescence behavior for these types of complexes.[*
147, 158]

Results and Discussion

In order to investigate on the effect of the Cp/AlMes ratio, we selected the electron-rich
pentamethylcyclopentadienyl ligand as substituent. The respective halfsandwich and sandwich
cerium tetramethylaluminate complexes [Cp*Ce(AlMes)2] (AA) and [Cp*2Ce(AlMes)] (BB)
were synthesized by treatment of the homoleptic cerium tris(tetramethylaluminate) Ce(AlMes)3
with KCp*. Whereas Ce(AlMe4)3 is a colorless solid, AA has a bright yellow color, which
changes to bright orange-red for BB. This color change is mirrored in the excitation and
emission spectra as well (Figure C1). The excitation maxima range is 366 nm for Ce(AlMes)3,
431 nm for AA and 505 nm for sandwich complex BB. Likewise, a shift toward higher
wavelengths is observed in the emission spectra as well, going from 452 nm for Ce(AlMe4)3
over 489 nm with a shoulder at 530 nm for AA to 563 nm with a shoulder at 635 nm for BB.
Consequently, the emission color under UV-light is fundamentally different for the three
complexes: a dark blue color is observed for Ce(AlMe4)3, an intense light blue color for AA,
and a bright yellow color for BB. Additional effects were found for the luminescence lifetime,
which significantly increases from 45 ns for Ce(AlMes)s to 128 ns (AA) and 140 ns (BB),
respectively. Similarly, the luminescence quantum yield can be enhanced from 18% for

Ce(AlMes)s to 56% for BB.



SYNTHESIS OF CERIUM HALFSANDWICH AND SANDWICH COMPLEXES AND PHOTOLUMINESCENCE

BEHAVIOR 47

H Ce(AlMe,),
Cp*Ce(AlMe,), (AA)

0.8 Cp*,Ce(AlMe,) (BB)
Fn
c
0.6
L=
e
4
£0.4-
5 _
z
0.2
\
0 _
300 350 400 450 500 550
Wavelength [nm]
1 -
' B Ce(AlMe,),
Cp*Ce(AlMe,), (AA)
0.8 Cp*,Ce(AlMe,) (BB)
Fn
B
c
206
£
o
g
£04-
5 _
z
0.2
I
o

400 500 600 700 800
Wavelength [nm]

Figure C1. Normalized excitation (top) and emission spectra (bottom) of Ce(AlMe4)3, AA, and
BB.

In a next step, we focused on the effect of differently substituted cyclopentadienyl ligands. For
this purpose, we examined the halfsandwich complexes with unsubstituted cylopentadienyl
[CpCe(AlMeas)2] (CC) in comparison to trimethylsilyl (Cp') and pentamethyl (Cp*) substituted

derivatives J€¢ and AA.
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While the complexes with Cp and Cp* substitution show similar spectra with small shifts in
excitation and emission maxima for the Cp* compound, the Cp' complex shows two maxima

(409 and 471 nm) in the excitation spectrum as well as a broadened emission maximum (Figure

C2).
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Figure C2. Normalized excitation (top) and emission spectra (bottom) of halfsandwich

complexes CC, AA, and Cp'Ce(AlMes)>.
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Notably, the luminescence lifetime changes slightly from 113 ns for CC to 128 ns for
[Cp*Ce(AlMes)2], and increases further in Cp'Ce(AlMeas)2 to 128 and 153 ns with a contribution

of 50 :50, again likely to a monomer-dimer equilibrium.

Since halfsandwich rare-earth-metal complexes showed to be suitable precursors for the
synthesis of halide THF-adducts,!®l AA and BB were treated with halogenido transfer reagents
MesSil or Me3GeX (X = Br, Cl) to achieve complete AlMes/halogenido exchange (see Scheme
Cl).

: : 1) 2.5 Me;Sil/Me;GeX

Melm-- s toluene, rt, 5 min
Me S “, Me 2) exc. THF
“TAl—-Me Memmt Al t1h
Me AA Me
Me 1) 1.5 Me;Sil/Me;GeX
Me,, AI/ toluene, rt, 5 min
e( AN 2) exc. THF
Me rt, 1 h

Scheme C1. General synthesis route toward cerium cyclopentadienyl halide complexes DDX

and EEX (X = Hal).

Upon addition of excess THF, the formation of the corresponding THF adducts was feasible.
As such, the complexes Cp*CeXz(thf)s (DDX, X =1, Br, Cl) and Cp*2CeX(thf) (EEX, X =1, Br,
Cl) were isolated in moderate to excellent yields (29-92%). While DD! was previously reported
by BRUNO et al.,”?! we were able to isolate the identical compound via a AlMes/iodide exchange

reaction protocol as well.

Other than that, the bromido congener DD®" is isostructural to iodide complex DD, and due to
the good solubility in THF, chloride complex DD®! was obtained as a light yellow powder in
good yield (76%), while NMR spectroscopic characterization corroborates the formation of the

isostructural chloride species Cp*CeCla(thf)s.
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The "H NMR spectrum of DD shows the expected three signals, with resonances assignable
to coordinated THF at 3.60 ppm and 1.77 ppm, respectively, as well as a broadened singlet
generated by the Cp* methyl groups (3.38 ppm).
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Figure C3. Crystal structures of DD (left) and EEB" (right).

Elemental analysis of DD on the other hand proved difficult, due to removal of coordinated
THF both under vacuum and by washing the product with n-hexane. Upon addition of the
halogenido-transfer reagent, the color change was similar for all tested halides I, Br and Cl,
going from fluorescent yellow to an even more intense fluorescent light yellow color. In
contrast, the toluene solution of sandwich BB displayed an intense dark orange fluorescence,
which changed marginally upon addition of MesSil, but showed a striking transition to a
fluorescent pink color when treated with Me3GeX (X = Br, Cl), generating EE!, EEP", and
EEC®, respectively.
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Experimental Section

General Considerations. All manipulations were performed under rigorous exclusion of air
and moisture, using standard Schlenk and glovebox techniques (MBraun MB200B; <0.1 ppm
02, <0.1 ppm H20, argon atmosphere). The solvents n-hexane, toluene and THF were purified
using Grubbs-type columns (MBraun SPS, solvent purification system). [Ds]THF (99.5%,
Sigma-Aldrich) was dried and stored over molecular sieves prior to filtration. All solvents were
stored inside a glovebox. Pentamethylcyclopentadiene (HCp*, 98%) was obtained from abcr
and used as received. Potassium pentamethylcyclopentadienide was prepared according to
standard procedures by treatment of the proligand with potassium. lodotrimethylsilane (97%,
stabilized with copper), bromotrimethylgermane (98%), and chlorotrimethylgermane (98%)
were purchased from aber and used without further purification. Homoleptic [Ce(AlMes)3] was
synthesized according to literature procedures.*®) NMR spectra of air and moisture sensitive
compounds were recorded using J.Young valve NMR tubes at ambient temperature on a Bruker
AVII+400 ('H: 400.11 MHz; 3C: 100.61 MHz) spectrometer. NMR chemical shifts are
referenced to internal solvent resonances and reported in parts per million relative to
tetramethylsilane. Coupling constants are given in Hertz. Elemental analyses were performed
on an Elementar Vario Micro Cube. IR spectra were recorded either on a NICOLET 6700 FTIR
spectrometer with a DRIFT cell (KBr window, Kubelka-Munk conversion) or on a Vertex70

IR spectrometer (Nujol, CsI window).

[Cp*Ce(AlMes)2] (AA). Homoleptic [Ce(AlMes)3] (200.57 mg, 0.50 mmol) was dissolved in
toluene (5 mL) and added to a stirred toluene suspension (10 mL) of KCp* (87.17 mg, 0.50
mmol). After stirring the reaction mixture for 16 h, the solution was centrifuged, the supernatant
was filtered, and the solvent was completely removed under vacuum to obtain the crude product
as a yellow solid. Single-crystals were obtained by recrystallization from a saturated n-
hexane/toluene solution at -40 °C (218.1 mg, 0.49 mmol, 97%). 'H NMR (400.1 MHz,
[Deé]benzene, 26 °C): & = 3.83 (s, 15H, CsMes), -0.61 (bs, 24H, AlMes) ppm. IR(DRIFT): V =
2925 (m), 2884 (m), 2790 (w), 2731 (vw), 2142 (vw), 1477 (w), 1458 (w), 1441 (w), 1430 (w),
1390 (w), 1381 (w), 1195 (s), 1120 (vw) 1102 (vw), 1023 (m), 899 (w), 892 (w), 720 (vs), 577
(s), 548 (s), 531 (s), 517 (s), 478 (m) cm’'. Elemental analysis (%) calcd for CisH3oCeAl
(449.59 g/mol) C 48.09, H 8.74; found: C 47.70, H 8.86.
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[Cp*2Ce(AlMe4)] (BB). Homoleptic [Ce(AlMes)3] (200.57 mg, 0.5 mmol) was dissolved in
toluene (5 mL) and added to a stirred toluene suspension (10 mL) of KCp* (191.80 mg, 1.10
mmol). After stirring the reaction mixture for 16 h, the solution was centrifuged, the supernatant
was filtered, and the solvent was completely removed under vacuum to obtain the crude product
as a bright red solid. Single-crystals were obtained by recrystallization from a saturated toluene
solution at -40 °C (193.7 mg, 0.39 mmol, 78%). 'H NMR (400.1 MHz, [Ds]benzene, 26 °C): §
=4.17 (bs, CsMes), -1.51 (bs, AlMe4) ppm. IR(DRIFT): ¥ =2962 (w), 2913 (s), 2859 (m), 2730
(vw), 2122 (vw), 1487 (w), 1439 (w), 1385 (w), 1178 (m), 1066 (w), 1019 (w), 955 (vs), 799
(m), 773 (m), 737 (s), 676 (s), 619 (s), 566 (s), 542 (vs) cm’'. Elemental analysis (%) calcd for
CasHgaCe2Al2 (995.35 g/mol) C 57.92, H 8.51; found: C 57.81, H 8.14.

[CpCe(AlMey)2] (CC). Homoleptic [Ce(AlMe4)3] (50.00 mg, 0.125 mmol) was dissolved in
toluene (5 mL) and added to a stirred toluene solution (10 mL) of NaCp (12.33 mg, 0.14 mmol).
After stirring the reaction mixture for 16 h, the solution was centrifuged, the supernatant was
filtered, and the solvent was completely removed under vacuum to obtain the crude product as
a yellow solid (32.1 mg, 0.09 mmol, 68%). '"H NMR (400.1 MHz, [Ds]benzene, 26 °C): § =
5.36 (bs, 5H, CsHs), 3.63 (bs, SH, CsHs), 1.15 (bs, 24H, AlMe4) ppm.

[Cp*Celx(thf)3] (DD"). [Cp*Ce(AlMe4)2] (100.00 mg, 0.22 mmol) was dissolved in n-hexane
(5 mL), and MesSil (112.06 mg, 0.56 mmol) was added under vigorous stirring. A color change
from intense to light yellow was observed. After stirring the reaction mixture for 30 minutes, 2
mL of THF were added. After stirring the reaction mixture for another 10 minutes, the solvent
was removed under vacuum, and the crude product was washed extensively with n-hexane to
remove residual AIMes/THF adduct. The crude product was obtained as yellow powder, of
which single-crystals were obtained as yellow blocks from a saturated THF solution at -40 °C
(47.52 mg, 0.064 mmol, 29%). 'H NMR (400 MHz, [Ds]THF, 26 °C): = 5.56 (s, 15H, CpMes),
3.61 (m, coord. C4Hs0), 1.77 (m, coord. C4HsO) ppm. Elemental analysis (%) calcd for
C22H39Cel203 (745.48 g/mol) C 35.45, H 5.27; found: C 28.23, H 3.58. The deviation between
theoretical and experimental values can be attributed to removal of coordinated THF under
vacuum and by washing the product with n-hexane. The loss of two THF molecules per cerium

would afford caled C 27.97, H 3.86.
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[Cp*CeBr(thf);] (DDPT). [Cp*Ce(AlMes)2] (100.00 mg, 0.22 mmol) was dissolved in n-
hexane (5 mL), and Me3GeBr (110.68 mg, 0.56 mmol) was added under vigorous stirring. A
color change from intense to pale yellow was observed. After stirring the reaction mixture for
30 minutes, 2 mL of THF were added. After stirring the reaction mixture for another 10 minutes,
the solvent was removed under vacuum, and the crude product was washed extensively with n-
hexane to remove residual AIMes3/THF adduct. The product was obtained as a light yellow
powder, of which single-crystals were obtained as yellow blocks from a saturated THF solution
at -40 °C (146.52 mg, 0.2 mmol, 92%). C22H39CeBr203 (651.48 g/mol) C 40.56, H 6.03; found:
C 27.26, H 4.35. The deviation between theoretical and experimental values can be attributed
to removal of coordinated THF under vacuum and by washing the product with n-hexane. The
loss of three THF molecules per cerium would afford calcd C 27.60, H 3.47. Although these
results are then outside the range viewed as establishing analytical purity (H: + 0.88), they are

provided to illustrate the best values obtained to date.

[Cp*CeCly(thf);] (DD®). [Cp*Ce(AlMes)2] (100.00 mg, 0.22 mmol) was dissolved in n-
hexane (5 mL), and Me3GeCl (85.20 mg, 0.56 mmol) was added under vigorous stirring. A
color change from intense to pale yellow was observed. After stirring the reaction mixture for
30 minutes, 2 mL of THF were added. After stirring the reaction mixture for another 10 minutes,
the solvent was removed under vacuum, and the crude product was washed extensively with n-
hexane to remove residual AIMe3s/THF adduct. The product was obtained as a light yellow
powder (94.50 mg, 76%). 'H NMR (400.1 MHz, [Ds]THF, 26 °C): § = 3.60 (m, coord. THF),
3.38 (bs, 15H, CsMes), 1.77 (m, coord. THF) ppm. IR: ¥ = 2954 (Cp, Nujol), 2924 (Cp, Nujol),
2853 (Cp, Nujol), 2725 (w), 2669 (w), 2168 (vw), 1712 (vw), 1626 (vw), 1461 (Nujol), 1377
(Nujol), 1297 (w), 1243 (w), 1194 (w), 1069 (w), 1018 (vs), 913 (w), 865 (vs), 722 (vs), 692
(s), 671 (m), 580 (vw) cm™'. Elemental analysis (%) calcd for C22H39CeCl203 (562.57 g/mol) C
46.97, H 6.99; found: C 40.91, H 5.98. The deviation between theoretical and experimental
values can be attributed to removal of coordinated THF under vacuum and by washing the
product with n-hexane. The loss of two THF molecules per cerium would afford calcd C 40.19,

H 5.54.

[Cp*2Cel(thf)] (EEY). [Cp*2Ce(AlMe4)] (100.00 mg, 0.22 mmol) was dissolved in toluene (5
mL), and MesSil (55.00 mg, 0.28 mmol) was added under vigorous stirring. A color change

from bright to light orange was observed. After stirring the reaction mixture for 30 minutes, 2
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mL of THF were added, leading to color change into dark yellow. After stirring the reaction
mixture for another 10 minutes, the solvent was removed under vacuum, and the crude product
was washed extensively with n-hexane to remove residual AlMes/THF adduct. The crude
product was obtained as a yellow powder, of which single-crystals were obtained as orange
columns from a saturated THF solution at -40 °C (90.20 mg, 0.15 mmol, 67%). Elemental
analysis (%) caled for C24H33CelO (745.48 g/mol) C 47.29, H 6.28; found: C 44.88, H 5.15.
The deviation between theoretical and experimental values can be attributed to removal of
coordinated THF under vacuum and by washing the product with n-hexane. The loss of one

THF molecule per cerium would afford caled C 44.69, H 5.63.

[Cp*2CeBr(thf)] (EEB"). [Cp*2Ce(AlMe4)] (100.00 mg, 0.22 mmol) was dissolved in toluene
(5 mL), and Me3GeBr (54.35 mg, 0.28 mmol) was added under vigorous stirring. A color change
from bright orange to bright pink was observed. After stirring the reaction mixture for 30
minutes, 2 mL of THF were added, leading to color change into yellow. After stirring the
reaction mixture for another 10 minutes, the solvent was removed under vacuum, and the crude
product was washed extensively with n-hexane to remove residual AlMes/THF adduct. The
crude product was obtained as a yellow powder, of which single-crystals were obtained as light
orange needles from a saturated THF solution at -40 °C. Further characterization was hampered

by the formation of a product mixture.

[Cp*2CeCI(thf)] (EE®). Cp*2Ce(AlMes) (100.00 mg, 0.22 mmol) was dissolved in toluene (5
mL), and Me3GeCl (42.89 mg, 0.28 mmol) was added under vigorous stirring. A color change
from bright orange to bright pink was observed. After stirring the reaction mixture for 30
minutes, 2 mL of THF were added, leading to color change into dark yellow. After stirring the
reaction mixture for another 10 minutes, the solvent was removed under vacuum, and the crude
product was washed extensively with n-hexane to remove residual AIMes/THF adduct. The
crude product was obtained as a yellow powder, of which single-crystals were obtained as

yellow needles from a saturated THF solution at -40 °C (63.25 mg, 0.12 mmol, 55%).
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Figure C4. 'H NMR spectrum (400 MHz) of [Cp*Ce(AlMes)2] (AA) in [Ds]benzene at 26

°C. The solvent residual signal is marked with an asterisk.
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Figure C5. 'H NMR spectrum (400 MHz) of [Cp*2Ce(AlMe4)] (BB) in [Ds]benzene at 26 °C.
The solvent residual signal is marked with an asterisk.
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Figure C6. 'H NMR spectrum (400 MHz) of [CpCe(AlMes)2] (CC) in [Ds]benzene at 26 °C.
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Figure C7. 'H NMR spectrum (400 MHz) of [Cp*CeClz(thf)3] (DD in [Ds]THF at 26 °C.

The solvent residual signal is marked with an asterisk.
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Table C1. Crystallographic data for compounds AA, BB, and DD!

AA BB DD!
formula CisH39oCeAlz CasHgaCe2Al2 C26H47Cel204
M: [g/mol] 449.57 995.35 817.55
color/shape yellow/plate red/block yellow/block
crystal dimensions 0.173 x 0.138 x 0.090 x 0.058 x 0.085 x 0.083 x
[mm] 0.036 0.034 0.065
crystal system orthorhombic monoclinic trigonal
space group Pbca C2/m R3
a[A] 17.0906(7) 17.198(6) 41.996(3)
b[A] 14.5729(6) 17.325(6) 41.996(3)
c[A] 17.9317(8) 10.409(4) 9.1258(7)
a[°] 90 90 90
B[] 90 124.847(3) 90
v [°] 90 90 120
V [A%] 4466.1(3) 2545.2(15) 13938(2)
Z 8 2 18
T [K] 100(2) 100(2) 100(2)
LA] 0.71073 0.71073 0.71073
Pealed [g/cm?] 1.337 1.299 1.753
u [mm™] 2.112 1.828 3.489
F (000) 1848 1028 7182
0 range [°] 2.159 —30.608 2.351 -23.286 1.680 —23.265
ndependent 6863 1786 4432
reflections collected 69527 3222 26246
R1/wR2 (1> 20) 0.0231/0.0519 0.0429/0.0873 0.0403/0.0899
R1/wR2 (all data) 0.0308/0.0564 0.0591/0.0949 0.0564/0.0994
GOF 1.039 1.025 1.027




58 SYNTHESIS OF CERIUM HALFSANDWICH AND SANDWICH
COMPLEXES AND PHOTOLUMINESCENCE BEHAVIOR

Table C1. Crystallographic data for compounds DD®", EE!, and EEP"

DD®r EE! EEBr
formula C26H47CeBr204 C24H33CelO C24H38CeBrO
M: [g/mol] 723.57 609.56 562.57
color/shape yellow/block orange/column orange/needle
crystal dimensions 0.160 x 0.141 x 0.228 x 0.154 x 0.150 x 0.074 x
[mm] 0.103 0.142 0.030
crystal system monoclinic triclinic triclinic
space group P2i/c P1 P1
a[A] 12.4338(9) 8.7095(5) 8.5794(14)
b [A] 11.9174(8) 17.4248(11) 17.298(3)
c[A] 20.5223(14) 18.4250(11) 18.508(3)
a[°] 90 62.1970(10) 62.235(3)
B[] 104.5600(10) 87.061(2) 88.487(4)
v [°] 90 84.275(2) 86.168(4)
V[A3] 2943.3(4) 2461.0(3) 2425.0(7)
Z 4 4 4
T [K] 100(2) 100(2) 100(2)
LMA] 0.71073 0.71073 0.71073
Pealed [g/cm?] 1.633 1.645 1.541
u [mm] 4.289 3.115 3.535
F (000) 1452 1204 1132
0 range [°] 1.692 —26.392 1.249 — 30.552 1.680 —23.265
i?ggggggﬁgt 6025 14958 10039
reflections collected 37379 84942 50612
R1/wWR2 (1> 20) 0.0263/0.0604 0.0234/0.0531 0.0453/0.0996
R1/wR2 (all data) 0.0386/0.0654 0.0255/0.0540 0.0701/0.1127
GOF 1.033 1.111 1.027
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Table C1 (continued). Crystallographic data for compound EE¢!

EEC
formula C24H33CeClO
M: [g/mol] 518.11
color/shape yellow/block
crystal dimensions 0.120 x 0.080 x
[mm] 0.052
crystal system triclinic
space group P1
a[A] 8.4870(5)
b [A] 17.0107(10)
c[A] 184765(11)
a[°] 62.617(2)
B [°] 89.586(2)
v [°] 87.168(2)
V [A%] 2365.3(2)
Z 4
T [K] 100(2)
L[A] 0.71073
Pealed [g/cm?] 1.455
u [mm™] 2.048
F (000) 1060
0 range [°] 1.241 —-26.421
e g
reflections collected 54558
R1/wWR2 (1> 20) 0.0343/0.0707
R1/wR2 (all data) 0.0521/0.0779
GOF 1.015
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6 Donor-Induced Formation of Separated Ion Pairs and Rare-

Earth-Metal Redox Chemistry

Introduction

The equimolar reaction of Cp*2Ce(AlMes) (BBC®) with Me3GeBr unexpectedly led to the
concomitant formation of Cp*:CeBr(thf) (EEB) and the separated ion pair complex
[Cp*2CeBr2] [(thf)2AIMe2]" (FF€®). While separated ion pairs consisting of anionic sandwich-

w, 107 2082121 \ye targeted the

type rare-earth-metal halide compounds are not entirely ne
controlled synthesis by various donor ligands. The obtained anionic species are then prone to

oxidation reactions.
Results and Discussion

Complex FFC¢ was selectively obtained by treatment of BBC® with excess (> 3 equiv.) Me3GeBr
and subsequent addition of excess THF (see Scheme C2), corroborating the particular stability
of the separated ion pair. The 'TH NMR spectrum of FFC¢ in [Dg]THF shows four signals that
can be attributed to the complex. The Cp* methyl groups resonate at 4.73 ppm, and the methyl
groups of cationic [(thf)2AIMe2]" at -0.67 ppm, respectively. Coordinated THF shows signals
at 3.60 ppm and 1.77 ppm. Furthermore, the 2’Al NMR resonance was referenced against
precursor complexes Ce(AlMe4)s as well as sandwich BBC®. The aluminum metal center of
FFC¢ resonates at 163 ppm in the 2’Al NMR spectrum (Figure C8), the other signal is caused
by the NMR tube (aluminum silicate).

1) > 3 equiv. Me;GeBr
Tol, rt, Smin

2) exc. THF, rt, 5min

BBCe FFCe
Scheme C2. Synthesis of separated ion pair FFCe,

In comparison to the homoleptic cerium aluminate, the aluminum signal is shifted significantly
toward higher field, whereas the resonance of FFC® is located between the two aluminum

signals of BB®® (194 ppm and 154 ppm, see Figure C8). Single-crystals were obtained by
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dropwise addition of THF to the crude product until crystallization occurred (cryst. yield: 78%),
and single-crystal XRD analysis revealed the molecular structure of FFC¢ (Figure C10),
consisting of anionic [Cp*2CeBr2] ™ and the cationic counterion [(thf)2AIMe2]". Surprisingly, the
formation of a separated ion pair was only observed when excess Me3GeBr was added and did

not occur in the analogous halogenation reactions with MesSil or Me3GeCl.

Attempts to oxidize FFC to form putative [Cp*2CeBr2] were taken with TeBr4 to avoid possible
ligand scrambling and simultaneously stabilize the bromido ligands. As such, the equimolar
addition of TeBra4 resulted in immediate decolorization of the previously intense yellow solution
and simultaneous precipitation of Te’. After stirring the reaction mixture for 1 h, elemental Te
was filtered off, leaving a pale yellow solution, indicating incomplete oxidation of the cerium
species. Addition of another equivalent of TeBrs under stirring led to further darkening of the
reaction mixture, turning into a dark purple color over night. Excess Te” was filtered off again,

affording a dark purple solution. The solvent was removed completely under vacuum to afford

a purple solid.
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Figure C8. Stacked ?’Al NMR spectra (130 MHz, 26 °C) of homoleptic Ce(AlMes)3
([Ds]toluene), BB ([Ds]toluene) and FFC¢ ([Dg]THF).

The relatively sharp '"H NMR resonances at 3.71 ppm and 3.04 ppm, respectively, indicate a

complete oxidation to a diamagnetic Ce(IV) species, and show an integral ratio of 2:1 (Figure
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C9). Removal of the solvent under vacuum simultaneously afforded colorless crystals, which
were analyzed via single-crystal X-ray diffraction, revealing the formation of the trivalent salt
CeBr3(thf)4.2!3] Apparently, coordination of THF led to reduction and formation of the

presumably more stable trivalent cerium bromide.

Since oxidation toward a tetravelent species at least in solution seemed feasible, oxidation of
the respective praseodymium and neodymium complexes FF'™ (Ln = Pr, Nd) was attempted.
Complexes FFI™ were obtained by the analogous synthesis route as FFC¢ from the sandwich
complexes Cp*2Ln(AlMes) (BB, Ln = Pr, Nd) in excellent crystalline yields (FFF: 90%,
FFN4: 94%). Following the procedure for FFCe, treatment of FFP* gave a dark green solution,
whereas for FFNY a dark blue solution was obtained. Again, concentrating the respective
solutions led to the formation of colorless crystals (putative LnBr3(thf)s), proving THF as

detrimental for the stabilization of any tetravalent species.
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Figure C9. 'H NMR spectrum (400 MHz, 26 °C, [Ds]THF) of the purple solid obtained via
oxidation of FFC® with TeBrs.

As a reduced donor strength was expected for tetrahydrothiophene (THT) in comparison to

THEF, the synthesis of possible precursor complex [Cp*2LnBr2] [(tht)2AlMe2]" (Ln = Ce, Pr,
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Nd) was targeted. While the respective reactions showed similar color transitions as the THF
reaction, isolation of the corresponding THT species was unsuccessful. Nevertheless, oxidation
with TeBrs was attempted following similar procedures. Surprisingly, the oxidation reactions
resulted in a deep red solution, regardless of the metal center, though any isolation of a reaction

product was not possible.

Similarly, precursor synthesis with tetrahydropyrane (THP) as donor led to the formation of the
respective separated ion pairs [Cp*2LnBr2] [(thp)2AIMez2]" (GG, Ln = Ce, Nd), again in
excellent crystalline yield (GG®®: 93%, GGNY: 96%) (Figure C10). In contrast, the reaction
with precursor FFP" did not afford the isostructural separated ion pair, but potassium ate-
complex [Cp*2PrBr2K(thp)4] (HH), revealing potassium impurities in sandwich FF?* from
treatment with KCp*. Hence, the similar formation of [Cp*2PrBr2] [(thp)2AlMez]" is expected

after purification of FFPr,
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Figure C10. Crystal structures of FFC¢ (left) and GG®® (right).

The oxidation of complexes GG with TeBrs resulted both in identical color transitions into
purple (GG®®) and dark blue (GGN?) solutions, and crystallization of the presumable THP salt
LnBr3(thp)s (Ln = Ce, Nd), disqualifying THP for further reaction studies as well.

Lastly, the synthesis was performed with diethyl ether as a donor due to the expected weak
donor strength. While all complexes presumably form the respective separated ion pairs

[Cp*2LnBr2] [(Et20)2AIMe2]" (ITY", Ln = Ce, Pr, Nd) according to identical color change as
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FF'", isolation was not possible due to likely removal of Et2O under vacuum (color change
back from yellow to pink for II€®). Therefore, all following synthesis steps have been performed
in situ until a stable product was obtained. Stepwise oxidation with TeBrs resulted in dark
colored solutions similar as in the procedure with THF, hence complete oxidation to the stable

tetravalent species [Cp*2LnBr2] was assumed.

As cerium alkoxides have shown better stabilization of tetravalent cerium complexes, in situ
synthesized sandwich complexes II'™ were treated with excess NaO7Bu,?'* aiming at
substitution of the bromido ligands. Upon addition of NaOBu to II'", all reaction mixtures

showed a similar color change to an orange solution. As the '"H NMR spectrum in [Ds]benzene
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Figure C11. 'H NMR spectrum (400 MHz, [Ds]benzene, 26 °C) of [Cp*2CeBr2]°
[(Et20)2A1Me2]" (I1€°) after the addition of NaO7Bu (top) and after the addition of an additional

stoichiometric ammount of TeBrs (bottom).

(Figure C11) for the cerium reaction indicated both tri- and tetravalent species of the homoleptic
alkoxide complexes, another equivalent of TeBrs was added, inducing the disappearance of the

broad signal of the paramagnetic species, thus likely affording a tetravalent species exclusively.
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Recrystallization from a saturated toluene solution gave access to the unprecedented molecular
clathrate cluster [(OrBu)12Te/CeNai1403] (JJ€°). Cluster JJC¢ consists of a Nai4 octadecahedron
as well as a O12 icosahedron of the fert-butoxy ligands. Additionally, three faces of this
icosahedron are capped by oxy ligands. The non-coordinated tetravalent metal ion is located in
the center of JJ©¢, although further analysis needs to performed to elucidate the type of element.
The isostructural neodymium cluster JJN? was obtained by following the identical reaction
procedure using the sandwich complex Cp*:Nd(AlMes) as precursor. Similarly, further

analysis to determine the element type of the central metal ion is necessary.
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Figure C12. Connectivity of JJC¢ (left) with cluster substructures Nai4 octadecahedron (top
right) and O12 icosahedron (red, bottom right). Face-capping oxide ligands are colored in orange
for improved visualization. Hydrogen atoms are omitted for clarity. /Bu groups (except for one)

are represented by a wireframe model for improved visualization.
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Experimental Section

General Considerations. All manipulations were performed under rigorous exclusion of air
and moisture, using standard Schlenk and glovebox techniques (MBraun MB200B; <0.1 ppm
02, <0.1 ppm H20, argon atmosphere). The solvents n-hexane, toluene, THF, and diethyl ether
were purified using Grubbs-type columns (MBraun SPS, solvent purification system).
[De]benzene (99.6%, Sigma-Aldrich) and [Ds]toluene (99.6%, Sigma-Aldrich) were dried over
Na/K-alloy for at least 24 h prior to filtration. [Ds]THF (99.5%, Sigma-Aldrich) was dried and
stored over molecular sieves, prior to filtration. All solvents were stored inside a glovebox.
Pentamethylcyclopentadiene (HCp*, 98%) was obtained from abcr and used as received.
Potassium pentamethylcyclopentadienide and sodium tert-butoxide were prepared according to
standard procedures by treatment of the proligand with the respective alkali metal.
Tetrahydropyran (THP) and tetrahydrothiophene (THP) were obtained from abcr, degassed,
and stored inside a glovebox. Bromotrimethylgermane was purchased from abcr and used
without further purification. Tellurium bromide (TeBrs) was purchased from Alfa Aesar and
used as recieved. Homoleptic [Ln(AlMes)3] (Ln = Ce, Pr, Nd) was synthesized according to
literature procedures.l** 3> 31 NMR spectra of air and moisture sensitive compounds were
recorded using J.Young valve NMR tubes at ambient temperature on a Bruker AVII+400 ('H:
400.11 MHz; *C: 100.61 MHz) or a Bruker AVII+500 ('H: 500.13 MHz, ?’Al: 130.32 MHz)
spectrometer. NMR chemical shifts are referenced to internal solvent resonances and reported
in parts per million relative to tetramethylsilane or aluminum nitrate. Coupling constants are
given in Hertz. Elemental analyses were performed on an Elementar Vario Micro Cube. IR

spectra were recorded on a Vertex70 IR spectrometer (Nujol, CsI window).

General procedure for the synthesis of [Cp*:Ln(AlMes)] (BB, Ln = Pr, Nd). A toluene
solution (3 mL) of homoleptic Ln(AlMes)s was added to a stirred suspension of KCp* (2.2
equiv.) in toluene (3 mL). The reaction mixture was stirred for 18 h at ambient temperature,
subsequently centrifuged, filtered, and the solvent was completely removed under vacuum to

obtain the crude product.

[Cp*2Pr(AlMes)] (BBFY). Following the above mentioned procedure, Pr(AlMes)s (200 mg, 0.5
mmol) and KCp* (191.76 mg, 1.1 mmol) afforded BBF" as light green powder (224.1 mg, 0.45
mmol, 90%). Single-crystals were obtained as light yellow blocks from a saturated n-hexane

solution at -40 °C. The '"H NMR spectrum of the non-crystalline residue was inconclusive.
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[Cp*2Nd(AlMes)] (BBNY). Following the above mentioned procedure, Nd(AlMe4)3 (101.4 mg,
0.25 mmol) and KCp* (95.88 mg, 0.55 mmol) afforded BBN? as blue powder (111.9 mg, 0.22

mmol, 89%). The 'H NMR spectrum of the non-crystalline residue was inconclusive.

General procedure for the synthesis of [Cp*,LnBr;][(do):AlMe;z]* (Ln = Ce, Pr, Nd; do =
THF, THP, Et,0). A solution of Me3GeBr (3 equiv.) in toluene (1 mL) was added to a toluene
solution (3 mL) of Cp*:L.n(AlMes) under vigorous stirring. After 5 min, a stoichiometric
amount (2 equiv.) of donor compound was added, and the reaction mixture was stirred for
another 30 min. Unless otherwise stated, crystals suitable for single-crystal XRD analysis were
grown by complete removal of the solvent under vacuum and subsequent, dropwise addition of

the respective donor compound.

[Cp*2CeBrz] [(thf):AlMez]* (FF). Following the procedure described above,
Cp*2Ce(AlMes) (19.90 mg, 0.04 mmol) and Me3GeBr (23.70 mg, 0.12 mmol) afforded FF¢*
as yellow crystals (24.1 mg, 0.031 mmol, 78%). 'H NMR (400.11 MHz, [Ds]THF, 26 °C): § =
4.73 (bs, 30H, CsMes), 3.60 (m, coord. THF), 1.77 (m, coord. THF), -0.67 (s, 6H, AlMe>) ppm.
27A1(130.32 MHz, [Ds]THF, 26 °C): § = 163 ppm.

[Cp*2PrBrz] [(thf);AlMe;]* (FF?). Following the procedure described above, Cp*2Pr(AlMes)
(20.10 mg, 0.04 mmol) and Me3GeBr (23.7 mg, 0.12 mmol) afforded FFPr as light yellow
crystals (27.9 mg, 0.036 mmol, 90%). The '"H NMR spectrum of the non-crystalline residue

was inconclusive.

[Cp*2NdBr;] [(thf):AlMez]* (FFNY). Following the procedure described above,
Cp*2Nd(AlMes) (20.2 mg, 0.04 mmol) and Me3GeBr (23.7 mg, 0.12 mmol) afforded FFN? as
light blue crystals (29. mg, 0.037 mmol, 94%). The 'H NMR spectrum of the non-crystalline

residue was inconclusive.

[Cp*2CeBrz] [(thp):AlMe;]* (GG®®). Following the procedure described above,
Cp*2Ce(AlMes) (35.0 mg, 0.07 mmol) and Me3GeBr (41.7 mg, 0.21 mmol) afforded GG as
yellow crystals (52.4 mg, 0.066 mmol, 93%). The '"H NMR spectrum was inconclusive. IR
(Nujol, Csl-window): ¥ = 2949 (Cp, Nujol), 2922 (Cp, Nujol), 2854 (Cp, Nujol), 2724 (vw),
2668 (vw), 2615 (vw), 2122 (vw), 1459 (Nujol), 1377 (Nujol), 1311 (w), 1277 (vw), 1262 (vw),
1196 (m), 1157 (vw), 1073 (vw), 1011 (s), 959 (m), 887 (vw), 860 (m), 802 (m), 721 (vs), 693
(vs), 578 (w), 469 (vw) cm’.
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[Cp*:NdBr:| [(thp)2AIMe;]* (GGNY). Following the procedure described above,
Cp*2Nd(AlMes) (25.0 mg, 0.05 mmol) and Me3GeBr (29.5 mg, 0.15 mmol) afforded GGN as
light blue crystals (38.5 mg, 0.048 mmol, 96%). IR (Nujol, Csl-window): ¥ = 2954 (Cp, Nujol),
2924 (Cp, Nujol), 2854 (Cp, Nujol), 2724 (w), 2668 (W), 2624 (w), 1460 (Nujol), 1377 (Nujol),
1311 (m), 1279 (w), 1260 (w), 1196 (m), 1156 (w), 1073 (vw), 1015 (m), 993 (m), 948 (m),
887 (w), 857 (m), 801 (w), 793 (w), 721 (vs), 691 (s), 676 (m), 608 (W), 582 (W), 468 (vw)
cm™l.
[Cp*2PrBr:K(thp)4] (HH). A solution of Me3GeBr (29.5 mg, 0.15 mmol) in toluene (1 mL)
was added to a stirred solution of BB (27.08 mg, 0.05 mmol). After stirring the reaction
mixture at ambient temperature for 5 min, a stoichiometric amount of THP (2 equiv.) was
added. After stirring for another 30 min, the solvent was completely removed under vacuum,
and the obtained crude product was recrystallized from a saturated THP solution at -40 °C.
Single-crystals of HH were obtained as colorless blocks in low yield. The 'H NMR spectrum

of the non-crystalline residue was inconclusive.

[Cp*2CeBrz] [(Et20):AIMez]*  (II€®). Following the procedure described above,
Cp*2Ce(AlMes) (19.9 mg, 0.04 mmol) and Me3GeBr (23.7 mg, 0.12 mmol) afforded II¢¢ as
yellow solution. Recrystallization was impeded by presumable removal of Et20 and resulting

formation of the neutral trivalent sandwich complex [Cp*2CeBr] under vacuum.

[Cp*2PrBr:] [(Et20):AlMez]* (II’"). Following the procedure described above,
Cp*2Pr(AlMes) (20.1 mg, 0.04 mmol) and Me3GeBr (23.7 mg, 0.12 mmol) afforded IT*" as
light green solution. Recrystallization was impeded by presumable removal of Et2O and

resulting formation of the neutral trivalent sandwich complex [Cp*2PrBr] under vacuum.

[Cp*2NdBr:| [(Et20)2AIMe;]* (IINY). Following the procedure described above,
Cp*2Nd(AlMes) (20.2 mg, 0.04 mmol) and Me3GeBr (23.7 mg, 0.12 mmol) afforded TN as
blue-green solution. Recrystallization was impeded by presumable removal of Et2O and

resulting formation of the neutral trivalent sandwich complex [Cp*2NdBr] under vacuum.

General procedure for the synthesis of [(O/Bu)i2Te/LnNa1403] (JJ*", Ln = Ce, Nd). To a
stirred solution of the diethyl ether separated ion pair IT'", a stoichiometric amount of TeBrs (1
equiv.) in toluene was added. Upon addition of tellurium bromide, the solution immediately

became pale, and precipitation of a dark solid (Te’) was observed. Elemental tellurium was
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filtered off, and another stoichiometric amount of TeBr4 (1 equiv.) in toluene was added. After
stirring the solution over night, the solution showed an intense dark color, hence complete
oxidation was assumed. The solvent was removed under vacuum, and the residual dark solid
was resuspended in toluene. Under vigorous stirring, a stoichiometric amount of NaOsBu (4
equiv.) was added, resulting in an immediate color change of the solution to orange and
precipitation of a colorless solid. After stirring the reaction mixture for 1 h, the suspension was
centrifuged, filtered, and the solvent was removed completely under vacuum. If the 'H NMR
spectrum in [De]benzene showed signals of a trivalent species, an additional stoichiometric
amount of TeBr4 (1 equiv.) was added, the solution stirred for 2 h, and filtered again. Colorless
crystals of JJ'" were obtained from a saturated toluene solution. '"H NMR JJ€¢ (400.11 MHz,
[Des]benzene, 26 °C): & = 1.39 (s, tBu) ppm.
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Figure C13. '"H NMR spectrum (400 MHz, [Ds]benzene, 26 °C) of [Cp*2Pr(AlMes)2] (BBFY).

Solvent residual signals are marked with an asterisk.
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Figure C14. '"H NMR spectrum (400 MHz, [Dg]THF, 26 °C) of [Cp*2CeBr2] [(th)2AIMe>]"

30.13

(FFC). Solvent residual signals are marked with an asterisk.
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Figure C15. ?A1 NMR spectrum (130 MHz, [Ds]THF, 26 °C) of [Cp*2CeBr2] [(thf)2AIMez]"
(FFC). The signal of the aluminum silicate NMR tube is marked with an asterisk.
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Figure C16. 'H NMR spectrum (400 MHz, [D6]benzene, 26 °C) of [(OrBu)i2Te/CeNa1403]
(JICe).
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Table C2. Crystallographic data for compounds EEC¢, EEP", and EENY

EECe EEP" EEN
formula C30Hs52A1CeBr202 C30Hs2AIPrBr202 C30Hs52AINdBr202
M: [g/mol] 771.63 772.42 775.75
color/shape yellow/block light yellow/block light blue/block
crystal dimensions 0.156 x 0.153 x 0.231x0.171 x 0.139x 0.106 x
[mm] 0.145 0.146 0.104
crystal system orthorhombic orthorhombic orthorhombic
space group Pca2i Pca2, Cmc2i
a[A] 16.032(3) 16.0167(7) 15.147(4)
b [A] 15.319(3) 15.1869(7) 16.028(4)
c[A] 13.737(3) 13.7292(6) 13.728(3)
a[°] 90 90 90
B[] 90 90 90
v [°] 90 90 90
V [A%] 3373.6(11) 3339.5(3) 3332.6(14)
Z 4 4 4
T [K] 100(2) 100(2) 100(2)
L[A] 0.71073 0.71073 0.71073
Pealed [g/cm?] 1.519 1.536 1.546
u [mm] 3.767 3.901 4.005
F (000) 1556 1560 1564
0 range [°] 2.362 —30.560 2.370 — 30.509 1.850 — 30.499
i?ggggggﬁgt 10144 10189 5250
reflections collected 45595 74803 37933
R1/wWR2 (1> 20) 0.0316/0.0655 0.0230/0.0521 0.0234/0.0512
R1/wR2 (all data) 0.0526/0.0728 0.0296/0.0545 0.0252/0.0521
GOF 1.007 1.049 1.038
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Table C2 (continued). Crystallographic data for compounds BBP", GG®¢, and GGN?
BBPreCcH4 GG€®e GGN
formula C27Ha9AlPT C32Hs56AlCeBr202 C32Hs56AINdBr202
M: [g/mol] 541.55 799.68 803.80
color/shape light yellow/block yellow/needle blue/needle
crystal dimensions 0.253x0.235x 0.092 x 0.048 x 0.143 x 0.054 x
[mm] 0.123 0.046 0.039
crystal system triclinic orthorhombic orthorhombic
space group P1 Cmc2i Cmc2i
a[A] 10.7146(7) 15.8059(9) 15.7584(11)
b [A] 11.5937(8) 16.2400(9) 16.2452(11)
c[A] 12.5422(9) 13.6597(9) 13.6445(9)
a[°] 71.897(2) 90 90
B [°] 74.032(2) 90 90
v [°] 88.446(2) 90 90
V [A%] 1420.85(17) 3506.3(4) 3493.0(4)
Z 2 4 4
T [K] 100(2) 100(2) 100(2)
L[A] 0.71073 0.71073 0.71073
Pealed [g/cm?] 1.266 1.515 1.528
u [mm] 1.755 3.627 3.824
F (000) 566 1620 1628
0 range [°] 1.981 —28.285 1.798 — 24.729 1.800 —26.392
i?ggggggﬁgt 6983 3114 3696
reflections collected 32698 21315 21966
R1/wWR2 (1> 20) 0.0269/0.0647 0.0343/0.0630 0.0334/0.0645
R1/wR2 (all data) 0.0293/0.0663 0.0427/0.0666 0.0429/0.0685
GOF 1.076 1.045 1.032
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Table C2 (continued). Crystallographic data for compounds HH, JJ€¢, and JJN¢

HH*CsH0O JJce JJNd
formula CasHsoPrBr2OsK CasH10sCeNai14O15 C32Hs6AINdBr202
M: [g/mol] 1040.92 1387.32 803.80
color/shape colorless/block colorless/block blue/needle
crystal dimensions 0.760 x 0.120 x 0.167 x 0.097 x 0.143 x 0.054 x
[mm] 0.074 0.093 0.039
crystal system orthorhombic triclinic orthorhombic
space group Pca2i P1 Cmc2i
a[A] 19.2350(19) 19.354(11) 15.7584(11)
b [A] 13.7700(13) 19.371(12) 16.2452(11)
c[A] 18.7750(19) 19.375(11) 13.6445(9)
a[°] 90 90.00(2) 90
B[] 90 89.96(2) 90
v [°] 90 90.03(2) 90
V [A%] 4972.9(8) 7264(7) 3493.0(4)
Z 4 4 4
T [K] 100(2) 100(2) 100(2)
L[A] 0.71073 0.71073 0.71073
Pealed [g/cm?] 1.390 1.269
u [mm] 2.709 0.762
F (000) 2152 2912
0 range [°] 1.479 —26.388 1.486 —22.079
i?gﬁggggﬁgt 10176 31969
reflections collected 59272 65242
R1/wWR2 (1> 20) 0.0703/0.1616 0.1494/0.3688
R1/wR2 (all data) 0.0724/0.1625 0.2900/0.4202
GOF 1.250 1.852
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Nanoscale Organolanthanum Clusters: Nuclearity-Directing Role
of Cyclopentadienyl and Halogenido Ligands

Dennis A. Buschmann,”? H. Martin Dietrich,” David Schneider,” Verena M. Birkelbach,
Christoph Stuhl,® Karl W. Térnroos,™ Cécilia Maichle-Mdssmer,® and Reiner Anwander*®

/Abstract: Tetramethylaluminato/halogenido(X) ligand ex-
change reactions in half-sandwich complexes [Cp®La(AIMe,),]
are feasible in non-coordinating solvents and provide access
to large coordination clusters of the type [CpflLaX,],. Incom-
plete exchange reactions generate the hexalanthanum clus-
ters [CpfsLagXs(AlMe,),] (CpR=Cp*=CMe,, X=1; Cpf=Cp'=
C;H,SiMe;, X=Br, I). Treatment of [Cp*La(AlMe,),] with two
equivalents Me,Sil gave the nonalanthanum cluster
[Cp*Lal,ls, while the exhaustive reaction of [Cp’La(AlMe,),]
with the halogenido transfer reagents Me;GeX and Me;SiX
(X=1, Br, Cl) produced a series of monocyclopentadienyl

NG

\

rare-earth-metal clusters with distinct nuclearity. Depending
on the halogenido ion size the homometallic clusters
[Cp'LaCll,, and [Cp’LaX,l;; (X=Br, 1) could be isolated,
whereas different crystallization techniques led to the aggre-
gation of clusters of distinct structural motifs, including the
desilylated  cyclopentadienyl-bridged  cluster  [(u-Cp),-
Cp’glagly,] and the heteroaluminato derivative
[Cp’;oLa;oBr5(AIBr,Me,),]. The use of the Cp’ ancillary ligand
facilitates cluster characterization by means of NMR spec-
troscopy.

/

Introduction

High-nuclearity rare-earth-metal (Ln) coordination clusters not
only impress by sheer beauty but have gained increasingly in
significance for magnetic and optical applications."? The so
far largest Ln" clusters have been achieved by self-assembly
processes under hydrothermal or solvothermal conditions in-
volving ligand (“carboxylato”)- and pH-controlled, anion-tem-
plated hydrolyses.”! The obtained nanoscale rare-earth-metal
hydroxide clusters can be sub-divided into Ln-exclusive (e.g.,
{Gd 401 {Ndy0a1® {Dy;eh® {Gdgo}”) and heterometallic 4f-3d
derivatives (e.g., {DyosNig},® {LagNiseh® {Gd,o,Nizel'®), featuring
overall complicated compositions such as [Gd4(us-OH);g0-
(CH3CO0)go(LH3)46(H;0) 200l (NO3)go(H,0), (x = 80; LHg=myo-ino-
sito)”  or  [DyegNigs(s-OH);56(IDA)gs(DMPA),,(CH;CO0) ,5(NO5),,-
(H,0)6,ICl,, (IDA=iminodiacetate, DMPA =2,2-dimethylol pro-
pionic acid).”! Self-assembly processes in non-aqueous media
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as a rule produce significantly lower nuclearities as shown for,
e.g., the selenide complexes [(py);sCe;,NaSe,s(SePh),s]"" and
[(pY),4PrysFse(SePh),¢l,'? which display effective near-IR emit-
ters. The syntheses of the latter fluorido-rich clusters from
Ln(SePh;) and NH,F in pyridine clearly emphasize the mandato-
ry switch to distinct reaction protocols."?

In 1998, the highly symmetric chlorido-bridged
[Cp;,Sm;,Cl,,] emerged as a benchmark system in organolan-
thanide cluster chemistry.">'¥ This dodecanuclear cluster was
obtained by desolvating [CpSmCl,(thf);] under reflux and re-
peatedly extracting it with toluene at 80°C." Ever since, the
nuclearity of {Sm;,} has remained unmatched for cyclopenta-
dienyl-based derivatives (and organometallics in general),
while the routinely observed nuclearity of the involved ring
and cluster motifs seems stationary at {Lng."® Crucially, while
metallocene complexes of the general formula Cp,LnX tend to
form dimeric and higher-ring structures (highly polarized Ln—X
bonding, X=small electron-withdrawing ligand),"’'® donor-
free half-sandwich complexes CpLnX, are prone to coordina-
tion cluster formation."*'® Beside [Cp;,Sm;,Cl,,],"® the only
other reported donor-free CpLnX, derivatives comprise ring-
like [Cp*,Scgl®® and [Cp*;Dysld (Cp*=CsMes).?" Related
mixed-valent [Cp*,Yb,l,]?? and [Cp*sSmsl,],”* Cp-enriched con-
geners [Cp*sYbsF,]?* and [Cp*,SmsCl,],?" as well as heterobi-
metallic [Cp,Dy;,l,,1(u-)[Cp,VI?' form cluster motifs. Viable syn-
thesis protocols for the half-sandwich coordination clusters in-
clude salt metathesis,"®*9 hydrogenolysis,"**" thermolysis/
desolvation,"** and Ln redox transformations.?' 2% % |n the
realm of Ziegler-Natta catalysts and respective model com-
pounds, we have embarked on alkylaluminato/halogenido
ligand exchange and donor-promoted alkylaluminate cleavage

10834  © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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of discrete half-sandwich complexes [Cp*Ln(AlMe,),]*" and
gained access to {lLag} and {Gdg} entities of the type
[Cp*sLasClg(AIMe,),]%” and [(Cp*,GdsMe,(AlMe,),(CH,0tBu)g].B"
Spurred by the ease and efficiency of the former partial alkyl-
aluminato/halogenido ligand exchange and the dearth of data
on higher-nuclearity organolanthanide clusters, we now target-
ed new types of donor-free CpLnX, derivatives via complete
alkyl/halogenido exchange.

Results and Discussion

CsMe; (Cp*)-supported half-sandwich La™ iodide clusters

To adequately assess any partial/complete alkyl/halogenido ex-
change in terms of structural implications, we initially selected
the iodination reaction of known [Cp*La(AlMe,),] (1a)®" with
Me,Sil. Thereby, the large La" center and the large I~ anion
were anticipated to promote the formation of maximum-nucle-
arity clusters.

Accordingly, complex 1a was treated with various amounts
of MesSil. Already the equimolar reaction in unstirred n-hexane
solutions led to the crystallization of the hexanuclear cluster
[Cp*sLagls(AlMe,),] (2) at ambient temperature within hours.
Compound 2 incorporates one solvent molecule per cluster in
the crystal lattice, which could not be removed in oil pump
vacuum, and crystallized in the triclinic space group P1. Com-
plex 2 has the connectivity [La;Cp*{(u-Me);AlMe},(s-1),(uy-1)6]
(Figure S23) and is isostructural to the previously reported
chloride complex [Cp*sLasCls(AIMe,),1.2”  Thereby, two
“Cp*;LasX,” subunits are linked through the four tetramethyl-
aluminato ligands in a p,n'm? fashion. Each lanthanum atom
is eight-coordinated by three iodido, two methyl, and one Cp*
ligand. While the La—Cp* ancillary ligand distances as well as
the aluminato coordination behavior are only marginally affect-
ed by the CI/I" halogenido exchange, the La—Cl/I distances

differ markedly by nature (La—Cl: 2.8049(9), 2.8439(9) A (w,);
3.0060(7)-3.0708(8) A (u;) versus La—I: 3.2096(4)-3.2323(5) A
(W,); 3.2327(4)-3.4366(4) A ().

Intriguingly, treatment of 1a with two equivalents of Me,Sil
afforded complete alkyl/halogenido exchange as envisaged
(Scheme 1), and even more interestingly the hoped-for cluster
enlargement. Nonametallic [Cp*,Lagl;] (3) is the first of its kind
and its crystal structure is depicted in Figure 1. Crystalline 3
contains two independent clusters and 14 molecules of tolu-
ene in the unit cell. The large amount of solvent remained
partly in the crystal lattice even when oil pump vacuum was
applied. The nine lanthanum centers constitute a pseudo-tride-
cahedron with each metal center shielded by a Cp* ligand. The
five lanthanum centers of the square pyramidal subunit are ad-
ditionally coordinated by four ps-bridging iodido anions and
one central ps-l. Eight out of a total of 12 ps-bridging iodido
anions connect to the four lanthanum centers of the square
planar subunit. These four lanthanum centers are p,-bridged
with iodido anions to build a crown-like motif, and are further
sharing a central p,-bridging iodido moiety. Complex 3 readily
dissolves in THF to generate monomeric [Cp*Lal,(thf);] (Fig-
ure S25).

The number of structurally characterized organometallic
complexes containing iodido-bridged lanthanum atoms are
limited. For comparison, the La—(u,-l) distances of 3.2050(7)-
3.2561(7) A are slightly shorter than those in [La(u,-){N-
(SiMe3 Jh(thH1LE? (3.3096(11), 3.3051(11) A) or [(COT)La(u,-

(thf,1,%% (3.3832(2), 3.3157(2) A). A series of salt-like mixed
iodido/ethanido lanthanum-based solid-state materials includ-
ing o-Lasly(C,)®* and Laql;5(C,),** were shown to feature La—
(us-1) (3.225(3)-3.544(2) A) and La—(p,-) moieties (3.1722(7)-
3.3795(4) A), which, however, appear considerably shorter than
the distances of 3.1857(7)-3.6720(7) A (u;) and 3.5187(7)-
3.5447(7) A (u,) in 3. Surprisingly, organolanthanum complexes
with ps-bridging iodido ligands seem even rarer. However, the

CpRLa(AIMey), 1

CpR = CsMes (Cp*, 1a) |

CpR = C5H,SiMes (Cp', 1b)

2 MesSil | _ givie :
- 4 3 2.5 Me3GeCl [— GeMey
toluene, A — AlMes
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Scheme 1. Reactivity of half-sandwich complexes 1 toward halogenido transfer reagents applying different synthesis strategies (Cp’ and Cp* ligands are omit-

ted for clarity).
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Figure 1. Crystal structure of 3 with atomic displacement parameters set at
the 50% probability level. Hydrogen atoms are omitted for clarity. The Cp*
ligands (except for one) are represented by a wireframe model for improved
visualization. For selected interatomic distances and angles, see the Support-
ing Information.

La—(us-) distances of 3.5335(7)-3.6885(6) A in 3 are compara-
ble to the Sm—(ps-1) distances in octa- and pentametallic com-
plexes [{[u-Ph,C(C4H;N),1Sm}s(us-D1~H{[p-Ph,C(C4H;N),1ISm(th)ls-
(us-N1" and  [{[u-MePhC(C,H5N),1Smls(us-)1 [K(thf)g] *, respec-
tively, where the samarium atoms are pentagonally arranged
around a coplanar iodido ion (Sm—(us-l), 3.434(1)-3.634(1);
3.517(1)-3.5566(6) A).*> For further comparison, a similar
square pyramidal {Lng} structural motif was also detected in
donor-free mixed-valent complex [Cp*sSms(ty-1)4(1s-4(ps-1)]
(Sm—(us-1): 3.281(1)-3.377(1) A),”®® while the separated ion-pair
[CpsYbeCli51 [Cp;sYbsCls(thf);] ™ features another “nonametallic”
half-sandwich arrangement.!'”

C,H,SiMe; (Cp')-supported half-sandwich La" iodide clusters

Having established the proof of concept for efficient cluster
enlargement in Cp* derivatives [Cp*LnX,],, the next step was
to investigate into the effect of the cyclopentadienyl ligand.
Here, we decided upon the trimethylsilyl cyclopentadienyl
(Cp’) ligand, offering two decisive advantages compared to
Cp* derivatives: overall decreased steric demand (enforcing
cluster enlargement) and mediation of better solubility (facili-
tating NMR-spectroscopic characterization). The half-sandwich
lanthanum  bis(tetramethylaluminato) precursor complex
[Cp'La(AIMe,),] (1b) was straightforwardly synthesized from
homoleptic La(AIMe,); and KCp’ following routine protocols.>
Rather unexpectedly, the crystal structure of 1b shows a sym-
metric tetramethylaluminato coordination with two planar
La(u-Me),Al units (in contrast to one planar and one bent one
as routinely observed).®® As a consequence, steric saturation
of the La" centers in 1b is achieved by interaction with one

Chem. Eur. J. 2020, 26, 10834 - 10840 www.chemeurj.org

aluminato methyl group of another molecule resulting in a p,-
n"m? aluminato coordination mode. These weak intermolecular
interactions (La-~C 3.250 A) imply a dimeric arrangement in the
solid state (Figure S21).

Surprisingly, treatment of 1b with two equivalents of Me,Sil
at ambient temperature in n-hexane did not result in the en-
visaged complete alkyl/halogenido exchange, but the tetra-
methylaluminato-bridged  heterobimetallic  hexalanthanum
cluster [Cp’sLagls(AIMe,),] (4a). Again surprisingly, compound
4a is isostructural to the Cp* derivatives [Cp*sLasClg(AIMe,),]
and 2 (Figures 2 and $23).5% Overall, the arrangement of the
six lanthanum metal centers is reminiscent of two cuboid
structures with cut-off corners. Complexes [CpfsLagXg(AlMe,),]
show similar metrical parameters concerning the lanthanum
metal centers and the ancillary Cp®  moieties
(ICp*sLagClg(AIMe,),l: 2.728(3)-2.819(4) A; 2: 2.748(4)-2.797(4);
4a:2.711(6)-2.793(5) A). A striking difference of the La;X, subu-
nits is revealed by the bond angles. More precisely, the La—Cl—
La angles of 100.55(2)-113.19(4)° are more obtuse than La—I—
La angles in 2 (100.126(2)-108.169(2)°) and 4a (99.962(2)-
106.822(2)°), resulting in a maximum difference of 6.37°.

Crucially, complete AlMe,/halogenido exchange could be ac-
complished by the addition of a slight excess of Me;,Sil
(2.5 equiv.) to 1b under vigorous stirring (Scheme 1), as con-
firmed by the isolation of the dodecalanthanum cluster
[Cp’Lal,];, (5a, 48% yield). XRD analysis of 5a revealed a La;,
icosahedron, with each of the 20 faces capped by one iodido

SiMe;
6 Cs | cCa A!Z’/%g
cé Lat C@M 27\
o c26 o \
& Y ) v /
i © & 'S
c25 A’ C30 SH
2g
La2 5 @ @ )
% 3 c28 3
14
% < % e )
/ s La3 =0
&\ ®
|\
>

Figure 2. Molecular drawing (top) and crystal structure (bottom) of 4a with

atomic displacement parameters set at the 50% probability level. Hydrogen
atoms are omitted for clarity. The Cp’ ligands (except for one) are represent-
ed by a wireframe model for improved visualization. For selected interatom-
ic distances and angles, see the Supporting Information.
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Figure 3. Crystal structure of 5a with atomic displacement parameters set at the 50 % probability level. a) The entire molecule with hydrogen atoms omitted
for clarity and Cp’ ligands (except for one) represented by a wireframe model for improved visualization. (b), (c), and (d) represent the La,,, l,, and I, poly-
hedra; comparison of the asymmetric unit (f) with the solid-state-structure of Lal; ((e), adapted from Zachariasen).2® For selected interatomic distances and

angles, see the Supporting Information.

ligand, as depicted in Figure 3 (space group R3c). The iodido li-
gands arrange in a dodecahedron with one additional |, tetra-
hedron located inside the cluster core. Complex 5a is isostruc-
tural to the until-now unique dodecasamarium cluster
[CpSMCL,];,, reported by Kretschmer etal. in 1998 (space
group /4,/acd)."™® For comparison, the Sm—Cl bond lengths at
the cluster surface in [CpSmC,];, are in the range of 2.70(1) to
3.10(2) A (av. 2.99 A) and average 2.95 A inside the cluster core.
In contrast, the respective La—| bond lengths in the cluster pe-
riphery of 5a average 3.3625 A, being therefore considerably
longer than inside the cluster core (av. La—l 3.2808 A). Taking
into account the ionic radii (Sm**+ CI"=277A; La*>"+ I"=
3.19 A" the average interatomic distances in {Sm;,} and
{La,,} (5a) are noticeably larger. However, the overall bonding
situation in these clusters is almost identical, differing margin-
ally by only 0.021 A. The asymmetric unit of 5a shows a dis-
tinct La,l, structural motif, which can be considered a distorted
cutout of the Lal, solid-state structure,®® indicating the general
stability of the cluster (Figure S28).

The differences in the solid-state structures of 5a (formally
9-coordinate La centers) and Lal; (8-coordinate La centers) are
evidenced by the bent arrangement of the asymmetric unit in
5a. More precisely, the La—I distances of 3.211(2), 3.267(2) and
3.287(2) A (La1-14/17, Lad—17) in 5a are slightly shorter than in
Lal; (3.342 A), while the La2—I1 bond length of 3.585(2) A in 2
is considerably longer compared to Lal; (3.396 A). The bending
of the asymmetric unit of 5a is further evidenced by marked
differences in the interatomic distances of the central iodido li-
gands to Lal and La3 (La--9: 5a, 5.152(2), 3.303(2) A), which is
significantly shorter than in Lal; (5.638 A). This results in a
strongly bent arrangement of the La,l, fragment in accord
with the obtuse I-La—I angles in 5a (I4—La1-17=122.95(5)°,

Chem. Eur. J. 2020, 26, 10834 - 10840 www.chemeurj.org

11-La3—13 =146.00(5)°), while in lanthanum iodide the respec-
tive angle is 80.97°. This arrangement is clearly affected by the
shielding and the steric effect of the ancillary Cp’ ligands. Com-
parison may be also drawn to the similarly sized metalloid alu-
minum cluster [Al,,Cp*,,] (diameter: 149 A, 5a: 14.6 A), the
topology of the 60 methyl groups of which bearing a close re-
semblance to that of fullerene Cy,.5” Indeed, Kretschmer et al.
had also pointed out that the truncated icosahedron adopted
by the 60 carbon atoms of 12Cp ligand in [CpSmCl,];, is
“somewhat analogous” to fullerene Cg,.""”

In contrast to the hardly soluble (in non-donor solvents)
Cp*-derived clusters 2 and 3,%” the new Cp’-supported clusters
4a and 5a dissolve readily in benzene. However, the '"H NMR
spectrum of methylaluminate/iodide cluster 4a in [Dglbenzene
at ambient temperature (Figure S5) revealed its fragmentation
in solution, which is indicated by the appearance of additional
resonances for 1b and 5a. Moreover, the triplet resonances at
6.78 and 6.66 ppm (*J,,,=2.5Hz) and the multiplets at 6.74
and 6.63 ppm indicate non-equivalent Cp’ ligands, which is
corroborated by signals at 0.41 and 0.37 ppm for the SiMe;
groups. The singlet at —0.03 ppm can be assigned to the La-
[AIMe,] moieties of 4a, indicating a rapid exchange of bridging
and terminal methyl groups. The 'H NMR spectrum of dodeca-
lanthanum cluster [Cp’Lal,];, (5a) in [D¢lbenzene shows one
signal set for the Cp’ ligands, indicating dynamic processes of
4a in solution. The Cp’ hydrogen atoms at the positions 3/4
and 2/5 resonate at 7.20 ppm and 7.00 ppm, respectively, and
the trimethylsilyl group at 0.61 ppm, significantly shifted to
lower field in comparison to the corresponding signals of pre-
cursor 1b (0 Cp'H, 6.40 ppm, 6.22 ppm, & CH;, 0.14 ppm).
Moreover, a second set of signals with the same 6:1 integral
ratio of singlet and triplets revealed the formation of another
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similar species in solution. Therefore, a three-step process for
the formation of cluster 5a seems plausible: initial complete
[AIMe,]/I ligand exchange, followed by aggregation to Cp’,La,lg
fragments, and subsequent self-assembly of three such La,
units to afford the large Cp';,La;,l,, entity.

Supportive of such a mechanism of formation is the isolation
and structural characterization of the mixed-Cp octalanthanum
species [(u-Cp),Cp’sLagll (6). Applying slow diffusion of Me;Sil
(2.5 equiv., dissolved in n-hexane) into an n-hexane solution of
1b (instead of vigorous stirring) and subsequent crystallization
at —40°C afforded compound 6 in low yield (Figure 4 and Fig-
ure S29). An XRD analysis revealed that cluster 6 is composed
of two Cp’,La,l, subunits with two eight- and nine-coordinate
lanthanum centers each (4X p,-l, 2% Ws-l, 1X pg-l), thus resem-
bling the asymmetric unit of cluster 5a (Figure 3). The nine-co-
ordinate lanthanum centers at the vertices of the LallLa2lal’
La2' planar rectangular arrangement are p,m°n’>-interconnect-
ed by unsubstituted cyclopentadienyl ligands in an inverse-
sandwich-type fashion. The steric demand of the bridging Cp
ligands effects the Cp’,La,l, subunits, resulting in an overall
high symmetry in comparison to the asymmetric unit of 5a.

Me;Si

Me;Si

N

Figure 4. Molecular drawing (top) and crystal structure (bottom) of 6 with
atomic displacement parameters set at the 50% probability level. Hydrogen
atoms are omitted for clarity. The Cp’ ligands (except for one) are represent-
ed by a wireframe model and without SiMe; groups for improved visualiza-
tion. For selected interatomic distances and angles, see the Supporting In-
formation.
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In complex 5a, the outmost La—| bonds of the heavily dis-
torted asymmetric unit are markedly elongated (La2—l14,
3.585(2) A) to adapt to the stable La,, structure, while the re-
spective bonds in 6 are in the range of 3.186(1) A (La4—16) to
3.292(2) A (La2—-16). Moreover, the subunit of 6 shows a re-
duced interatomic distance between the outer lanthanum
metal center and the central iodido ligand (La1—I3=3.734(1) A;
5a: La1--19=5.152(2) A), which might be due to the strain in-
duced by the bridging Cp ligands.

'H NMR spectroscopic studies corroborate the displacement
of the trimethylsilyl groups from the respective Cp’ ligands in
6 (formation of Si,Me; evidenced for three independent sam-
ples, Figure S11), subsequently enabling the bridging of the
La,l; fragments. It must be noted that the “Wanderlust” of tri-
methylsilyl groups has been recently emphasized in rare-earth
metal triple-decker sandwich complexes of the type Ln,(COT"),
(COT” = bis(trimethylsilyl) cyclooctatetraenyl)."” The ease of
SiMe; dissociation in HCp' is also reflected in the synthesis of
the precursor of cluster [CpSmCL,],, by dehalosilylation em-
ploying SmCl,."* The 'H NMR spectrum of 6 shows the pres-
ence of side products, while the protons at the 2/5 positions
and 3/4 positions of the Cp’ ligand resonate at 7.19 and
7.00 ppm, respectively, and overlap with the respective signals
of 5a (minor product). The signals in the range of 1.64 to
0.92 ppm are likely generated by a solution side product, and
the Me;Si groups resonate at 0.61 ppm. It must be noted that
the Cp’ resonances are shifted to higher field compared to pre-
cursor 1b. Overall, the formation of the lanthanum iodide clus-
ters 5a and 6 is mainly depending on the crystallization tech-
nique, indicating a strong kinetic control of the alkylaluminato/
halogenido ligand exchange reaction. Complex 5a readily dis-
solves in THF to generate monomeric [Cp’Lal,(thf);] (Fig-
ure S22). Complexes 4a, 5a and 6 were further analyzed by
SEM and EDX to check product purity via elemental ratios (Fig-
ures S41-548, Tables S3-514).

CsH,SiMe; (Cp’)-supported half-sandwich La" bromide and
chloride clusters

Changing the halogenido transfer reagent to Me;GeBr while
applying otherwise identical reaction protocols, the respective
bromido-bridged clusters  [Cp’sLa¢Brg(AIMe,),] (4b) and
[Cp’LaBr,];, (5b) could be isolated. Accordingly, treatment of
complex 1b with 1.3 equiv. of Me;GeBr afforded the heterobi-
metallic hexalanthanum cluster 4b (Figure S30), which is iso-
structural to [Cp*sLasClg(AIMe,),],%” 2, and 4a. Compound 4b
shows degradation behavior similar to 4a, as indicated by
NMR spectroscopy (Figures S12 and S13). The dodecalantha-
num cluster 5b could be selectively obtained by treatment of
1b with 2.5 equiv. Me;GeBr in a vigorously stirred n-hexane so-
lution at ambient temperature (Scheme 1, 47% yield). The
structural characterization of 5b by XRD analysis (Figure S31)
revealed the same structural motif as for the respective iodido-
bridged cluster 5a, with the La—Br distances following the
same trend. The 'H NMR spectrum of 5b shows the expected
set of signals for the Cp’ ligand, indicating a highly symmetric
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coordination. In comparison to 5a the signals are shifted to
higher field.

Interestingly, a divergent reactivity was observed when ap-
plying the diffusion protocol. Thereby, the bromido transfer
gave the decalanthanum cluster [Cp’;oLa;oBrig(AIBr,Me,),] (7)
featuring two heteroaluminato ligands (Scheme 1). The XRD
analysis of 7 revealed an ellipsoidal structural motif involving
eight lanthanum atoms, being terminated by two additional
peripheral lanthanum metal centers (Figure 5 and Figure S32).
The lanthanum centers at these apical positions coordinate to
a 1°-Cp’ ligand, a AlBr,Me, moiety, and cap a La,Br, crown. The
four lanthanum centers of the latter crown interact further
with a central bromido ligand and another eight bromido li-
gands, which bridge to the other four lanthanum centers of
the second La,Br, crown. Overall, the eight inner lanthanum
centers are connected to a total of 16X ,-1 and 2 x -, as well
as 8xm>-Cp. The terminal heteroaluminato ligands [(u,-
Br),AlMe,] in complex 7 coordinate symmetrically in a n? fash-
ion to the lanthanum metal centers (Lal—Br1=3.0945(4) A,
La1-Br2=3.0595(5) A), involving La-Al distances of av.
4.0745 A which are significantly longer than in complex 1b (av.
La--Al=3.2678 A). Similar alkyl/chlorido heteroaluminato moi-
eties were previously reported for metallocene complexes of
the type [Cp*,Ln(u-Cl),AIR,] (Ln=Y, Sm; R=Me, Et, iBu).*" The
La—Br bond lengths of the apical 11-coordinate lanthanum to
the La,Br, crown are in the range of 3.1450(4) to 3.3167(4) A,
and hence longer than in lanthanum bromide LaBr; (9-coordi-
nate La", 3.101 to 3.158 A).*?

C8 c7

e _® ®C10
Si1 c2
®Clg

/ Al1
Y aw P
2] A
C4 g, O°

/’ La1
B’g o BraBrog B3
\ La5 ,’/ La4 //’
o ¥La2/0 03
L e -

AN Br11 ) %

Br9g HBHO ﬁBrB »Br7
& /,S L }9
//’ P /
e P B /

/ o

Figure 5. Crystal structure of 7 with atomic displacement parameters set at
the 50% probability level. Hydrogen atoms are omitted for clarity. The Cp’ li-
gands (except for one) are represented by a wireframe model for improved
visualization. For selected interatomic distances and angles, see the Support-
ing Information.
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For further comparison, the La—(u,-Br) distances in 7 are sim-
ilar, ranging from 3.2244(4) to 3.2758(4) A. The "H NMR spec-
trum of compound 7 indicates the presence of dodecalantha-
num cluster 5b along with another minor co-product. The sep-
aration of 5b and 7, however, is hampered by similar crystal
morphology and solubility (Figure S16). The trimethylsilyl
groups of the Cp’ ligands of compound 7 resonate in the
range of 0.64 to 0.42 ppm in accordance with non-equivalent
positions. The heteroaluminato ligands [AlMe,Br,] show one
broad singlet at 0.33 ppm. EDX analyses for compounds 4b,
5b, and 7 were impeded by the overlap of the element signals
of Al and Br, making a meaningful quantification of these ele-
ments difficult. Nevertheless, the atom ratios of lanthanum are
within the expected range, further supporting the formation
and purity of the respective clusters (Figures S49-S57, Ta-
bles S15-526).

Using Me;GeCl as the halogenido transfer reagent, the exclu-
sive formation of one species was observed, regardless of the
synthesis methods applied. Treatment of 1b with Me;GeCl re-
sulted in the formation of the decalanthanum cluster
[Cp’LaCl,],, (8), featuring a similar structural motif as bromide
cluster 7. Instead of the terminal AlMe,Br, ligands in complex
7, the lanthanum metal centers in the apical positions of 8
bear terminal chlorido ligands. The connectivity of 8 was eluci-
dated by XRD analysis (Figure $33). The 'H NMR spectrum of 8
shows the expected set of signals for the Cp’ ligand as well as
signals of a solution side product. In comparison to complexes
5a and 5Db, the signals are shifted to lower field. The formation
of 8 is further confirmed by an EDX analysis, which revealed
the expected elemental ratios (Figures S58-S60, Tables S27-
S30).

Conclusions

Half-sandwich complexes [Cp"La(AlMe,),] engage in selective
alkyl/halogenido(X) ligand exchange reactions in non-coordi-
nating solvents under mild conditions. The fully exchanged
donor solvent-free [CpflaX,] self-assemble to form distinct
nanoscale coordination clusters. The size of the homometallic
clusters depends on the steric demand of the cyclopentadienyl
and halogenido ligands as revealed for [Cp*sLagligl,
[Cp'ioLa;oClyl and [Cp'y,La;,X,,] (X=Br, I). Moreover, the cluster
formation/crystallization procedure is shown to affect the clus-
ter composition, and more crucially, the use of the trimethyl-
silyl-substituted cyclopentadienyl ligand (Cp’) implies high clus-
ter solubility and hence characterization by means of solution
NMR spectroscopy. The isolation of such nanoscale clusters
proves that the fascinating icosahedral arrangement of samari-
um centers detected ca. 20 years ago in [Cp;,Sm;,Cl,,]" is not
a one-off occurrence in rare-earth metal chemistry. It can be
anticipated that the present nanochemistry approach, which
utilizes highly reactive organometallics and mild halogen-trans-
fer reagents such as Me,Sil or Me;GeX (X =Br, Cl), will decisive-
ly promote the field of nanoscale rare-earth-metal cluster re-
search. The findings might also stimulate similar research with
paramagnetic rare-earth metals opening new avenues for the
design of luminescent and magnetic clusters and materials.”
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Experimental Section

General Considerations. All manipulations were performed under rigorous exclusion of air and moisture
using standard Schlenk and glovebox techniques (MBraun MB200B; <0.1 ppm Oz, <0.1 ppm H2O, argon
atmosphere). The solvents n-hexane and toluene were purified using Grubbs-type columns (MBraun SPS,
solvent purification system). [Dg]benzene (99.6%, Sigma-Aldrich) and [Dsg]toluene (99.6%, Sigma-Al-
drich) were dried over Na/K-alloy for at least 24 h and subsequently filtrated. All solvents were stored
inside a glovebox. Pentamethylcyclopentadiene (98%) and trimethylsilyl cyclopentadiene (HCp', 97%)
was obtained from abcr and used as received. Potassium trimethylsilyl cyclopentadienide was prepared
according to standard procedures by treatment of the proligand with potassium.[?) Todotrimethylsilane
(97%, stabilized with copper), bromotrimethylsilane (98%), bromotrimethylgermane (98%), chlorotrime-
thylsilane (99%) and chlorotrimethylgermane (98%) were purchased from abcer and used without further
purification. Homoleptic [La(AlMes)3]'?! and half-sandwich complex [Cp*La(AlMes)2] (1a)3! were syn-
thesized according to literature procedures. NMR spectra of air and moisture sensitive compounds were
recorded by using J. Young valve NMR tubes at ambient temperature on a Bruker AVII+400 ('H: 400.11
MHz; 13C: 100.61 MHz) spectrometer. NMR chemical shifts are referenced to internal solvent resonances
and reported in parts per million relative to tetramethylsilane. Coupling constants are given in Hertz.
Elemental analyses were performed on an Elementar Vario Micro Cube. IR spectra were recorded on a
NICOLET 6700 FTIR spectrometer with a DRIFT cell (KBr window, Kubelka-Munk conversion). EDX

spectra were recorded on a HITACHI SU8030 scanning electron microscope.

Cp'La(AlMes)2 (1b). To a suspension of potassium trimethylsilyl cyclopentadiene (KCsH4SiMes = KCp')
(89.95 mg, 0.51 mmol) in toluene (5 mL) a solution of [La(AlMes)3] (200.14 mg, 0.5 mmol) in n-hexane
(5 mL) was added under vigorous stirring. After stirring the reaction mixture for 4 h at ambient tempera-
ture, the suspension was centrifuged, the supernatant filtered, and the solvent was removed in vacuo to
give 1b as an off-white oil. Crystalline 1b was obtained from a saturated n-hexane solution at -40 °C
(216 mg, 0.48 mmol, 92%). 'H NMR (400 MHz, [Ds]benzene, 26 °C): § = 6.41 (t, *Juu = 2.5 Hz, 2H, 3/4
CpH), 6.23 (t, *Junu = 2.5 Hz, 2H, 2/5 CpH), 0.15 (s, 9H, SiMes3), -0.27 (s, 24H, AlMe,) ppm. BC{'H}
NMR (101 MHz, [Ds]benzene, 26 °C): & = 129.4 (Cp), 124.8 (Cp), 121.5 (Cp), 2.2 (bs, AlMe,), 0.3
(SiMes) ppm. IR (DRIFT): 5 = 3080 (vw), 2950 (m), 2918 (s), 2890 (s), 2848 (m), 2817 (w), 2780 (w),
2021 (vw), 1763 (vw), 1705 (vw), 1671 (vw), 1610 (vw), 1442 (w), 1416 (w), 1365 (w), 1310 (vw), 1248
(s), 1200 (s), 1184 (s), 1171 (s), 1043 (vs), 901 (m), 838 (vs), 803 (vs), 755 (m), 706 (vs), 639 (m), 626
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(m), 589 (m), 573 (m), 511 (m), 468 (vw), 419 (m), 405 (vw) cm™!. Elemental analysis of 1b calculated
for Ci6H37AlLaSi (450.41 g/mol): C 42.67%, H 8.28%; found: C 43.14%, 8.24%.

[Cp'Lalz(thf)s]. [Cp'La(AlMes)2] (1b, 11.26 mg, 0.025 mmol) was dissolved in toluene (2 mL), Me3Sil
(10.01 mg, 0.05 mmol) was added, and the vial was shaken vigorously. After 5 min, 5 ml THF was added
to the solution, and the vial was stored at -40 °C for 16 h. Afterwards, the solvent was removed in vacuo.
Crystalline [Cp'Lalx(thf)s] was obtained from a saturated n-hexane/THF solution at -40 °C (15.37 mg,
0.021 mmol, 82%). Residual adduct AlMes(thf) was removed by trituating the crystalline material with
n-hexane. 'H NMR (400 MHz, [Ds]thf, 26 °C): & = 6.64 (t, *Jiuu = 2.5 Hz, 2H, 3/4 CpH), 6.42 (t, *Juu =
2.5 Hz, 2H, 2/5 CpH), 3.61 (m, 6H, C4H;30), 1.77 (m, 6H, C4Hs0), 0.29 (s, 9H, SiMes) ppm. BC{'H}
NMR (101 MHz, [Dsg]thf, 26 °C): § = 126.4 (Cp), 122.0 (Cp), 120.3 (Cp), 68.2 (C;Hs0), 26.4 (C,/HgO),
1.2 (SiMes) ppm. IR (DRIFT): ¥ =3071 (vw), 2950 (w), 2925 (w), 2889 (w), 1683 (vw), 1651 (vw), 1594
(vw), 1456 (w), 1442 (w), 1404 (vw), 1364 (w), 1310 (vw), 1245 (m), 1173 (m), 1040 (m), 1012 (m), 901
(m), 835 (vs), 793 (vs), 759 (m), 752 (m), 704 (w), 693 (W), 638 (W), 627 (w), 419 (vs) cm..

[Cp*sLacls(AlMe4)4] (2). A solution of SiMesl (116 mg, 0.58 mmol) in n-hexane (2 mL) was added to a
solution of [Cp*La(AlMes)2] (200 mg, 0.45 mmol) in n-hexane (2 mL). The reaction was stirred over-
night at ambient temperatures. The precipitate was allowed to settle, washed with n-hexane (3 x 1 mL),
and dried in vacuo to afford 2 as white powder (200 mg, 0.065 mmol, 87%). Crystals could be obtained
by performing the reaction under the same conditions without stirring. "H NMR (500 MHz, [De]benzene,
26 °C): 6 =2.33 (broad irregular signal, 75 H, Cp*), -0.09 (s, 12H, MeAl) ppm; due to the poor solubility
of 2 any meaningful NMR spectra could not be obtained. IR (DRIFT): ¥ = 2954 (s), 2915 (s), 2857 (m),
1487 (w), 1454 (m), 1436 (m), 1419 (w), 1388 (vw), 1378 (w), 1195 (m), 1037 (m), 1026 (m), 768 (w),
698 (vs), 616 (s), 583 (m), 555 (w), 523 (w) cm™'. Elemental analysis of 2 calculated for C7¢Hi3sAlslsLag
x CsH14(3094.71 g/mol): C 31.83, H 4.95; found: C 32.26, H 4.76.

[Cp*Lalz]o (3). [Cp*La(AlMes)2] (1a, 322 mg, 0.718 mmol) was dissolved in 5 ml toluene, and MesSil
(287 mg, 1.436 mmol) was added under pivoting and afterwards the solution was heated to the boiling
point for 15 min. Upon storing at ambient temperature, crystallization occurred. After 8 h, 181 mg of 3
could be harvested as colorless crystals by decanting the mother liquor and drying in oil pump vacuum.
After 36 h, another 54 mg of 3 were harvested, adding up to an overall yield of 58%. IR (DRIFT): 2972
(s), 2940 (s), 2898 (vs), 2855 (s), 1494 (m), 1451 (s), 1432 (s), 1377 (s), 1023 (s), 728 (s), 694 (m), 594
(w), 464 (w) cm’!. Elemental analysis of 3 calculated for CooH3s113Lag(C7Hg)3 (5027.874 g/mol): C 26.52,
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H 3.19; found C 26.37, H 2.87. The cluster is insufficiently soluble for proper NMR spectroscopy in
[Ds]benzene and dissolves in [Dg]thf under formation of [Cp*Lal,(thf)s].

[Cp'sLacsls(AlMes)s] (4a). [Cp'La(AlMes)2] (1b, 56.3 mg, 0.125 mmol) was dissolved in n-hexane (3
mL), MesSil (50.0 mg, 0.25 mmol) was added, and the vial was shaken vigorously. Within several days,
4a formed as colorless crystals (23.1 mg, 0.008 mmol, 38%). 'H NMR (400 MHz, [D¢]benzene, 26 °C):
8 =6.78 (t, *Jun = 2.5 Hz, 1H, 3/4 CpH), 6.74 (m, 2H, CpH), 6.66 (t, *Juu = 2.5 Hz, 1H, 2/5 CpH), 6.63
(m, 2H, CpH), 0.41 (s, 10H, SiMe3), 0.37 (s, 5H, SiMes3), -0.04 (s, 3H, AlMe,) ppm. BC{'H} NMR (101
MHz, [Dg]benzene, 26 °C): 6 = 125.3 (Cp), 123.5 (Cp), 122.6 (Cp) 122.3 (Cp), 2.2 (AlMe4), 1.0 (SiMe3)
ppm. IR (DRIFT): = 3077 (vw), 2952 (W), 2924 (w), 2913 (w), 2847 (vw), 1443 (w), 1403 (vw), 1365
(W), 1310 (vw), 1248 (s), 1201 (w), 1189 (w), 1171 (m), 1042 (s), 1028 (m), 901 (m), 837 (vs), 799 (vs),
756 (m), 699 (s), 637 (W), 626 (m), 590 (w), 586 (W), 553 (vw), 530 (vw), 420 (w), 416 (w) cm™!. Ele-
mental analysis of 4a calculated for CesHi26lsLagSicAls (3020.76 g/mol): C 25.45%, H 4.20%; found: C
27.43%, H 4.47%. The significantly increased carbon content can be attributed to the presence of unre-

acted 1b.

[Cp'sLascBrs(AlMes)s] (4b). [Cp'La(AlMes)2] (1b, 45.04 mg, 0.1 mmol) was dissolved in n-hexane (3
mL), Me;SiBr (19.9 mg, 0.13 mmol) was added, and the reaction mixture was shaken vigorously. Within
several days, 3b formed as colorless crystals (43.5 mg, 0.016 mmol, 96%). 'H NMR (400 MHz, [D¢]ben-
zene, 26 °C): 8 = 6.49 (t, *Juu = 2.5 Hz, 2H, 3/4 CpH), 6.19 (t, *Juu = 2.5 Hz, 2H, 2/5 CpH), 0.61 (s, 6H,
SiMes), 0.57 (s, 9H, SiMes), 0.43 (s, 3H, SiMes3), 0.17 (s, 9H, SiMes), -0.22 (bs, 6H, AlMe,), -0.24 (bs,
3H, AlMe,) ppm. *C{'H} NMR (101 MHz, [D¢]benzene, 26 °C): §=123.2 (Cp), 119.7 (Cp), 2.2 (AlMey),
0.9 (SiMes), 0.2 (SiMes) ppm. IR (DRIFT): d = 3071 (vw), 2951 (w), 2914 (w), 2894 (w), 2846 (vw),
1443 (vw), 1404 (vw), 1365 (vw), 1309 (vw), 1248 (m), 1188 (w), 1173 (m), 1042 (m), 902 (m), 839 (vs),
798 (vs), 756 (m), 701 (s), 638 (w), 626 (m), 591 (w), 550 (w), 528 (vw), 421 (m) cm™!. Elemental analysis
of 4b calculated for C70H140BrsLasSis (2730.99 g/mol): C 30.79%, H 5.17%; found: C 30.87%, H 5.06%.

[Cp'Lalz]12 (5a). [Cp'La(AlMes)2] (1b, 56.3 mg, 0.13 mmol) was dissolved in n-hexane (15 mL), and
MesSil (62.5 mg, 0.31 mmol) was added under vigorous stirring. After stirring the reaction mixture for 4
h at ambient temperature, the suspension was filtered. Within several hours at ambient temperature, S
formed as colorless crystals (31.70 mg, 0.01 mmol, 48%). '"H NMR (400 MHz, [Ds]benzene, 26 °C): § =
7.20 (t, *Juu = 2.5 Hz, 2H, 3/4 CpH), 7.00 (t, *Juu = 2.5 Hz, 2H, 2/5 CpH), 0.61 (s, 9H, SiMe3) ppm.
BC{'H} NMR (101 MHz, [Ds]benzene, 26 °C): = 131.7 (Cp), 125.5 (Cp), 123.8 (Cp), 1.8 (SiMe3) ppm.
IR (DRIFT): ® = 3079 (vw), 2950 (w), 2893 (vw), 2720 (vw), 1937 (vw), 1742 (vw), 1687 (vw), 1649
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(vw), 1590 (vw), 1441 (w), 1405 (w), 1365 (W), 1309 (vw), 1248 (vs), 1170 (m), 1042 (s), 901 (s), 845
(vs), 837 (vs), 830 (vs), 802 (vs), 795 (vs), 755 (m), 692 (vw), 639 (W), 626 (m), 426 (vs), 420 (s) cm’.
Elemental analysis of S calculated for CocHisel24La12S112 (6359.80 g/mol): C 18.13%, H 2.47%; found: C
18.26%, H 2.76%.

[Cp'LaBr:]12 (5b). [Cp'La(AlMes)2] (1b, 56.3 mg, 0.13 mmol) was dissolved in n-hexane (15 mL), and
MesGeBr (61.8 mg, 0.31 mmol) was added under vigorous stirring. After stirring the reaction mixture for
4 h at ambient temperature, the suspension was filtered. Within several days at ambient temperature, Sb
and 5b' (n-hexane in crystal lattice) formed as colorless crystals (25.35 mg, 0.01 mmol, 47%). 'H NMR
(400 MHz, [Ds]benzene, 26 °C): & = 7.08 (t, *Jun = 2.5 Hz, 2H, 3/4 CpH), 6.97 (t, *Juu = 2.5 Hz, 2H,
2/5 CpH), 0.63 (s, 9H, SiMes) ppm. PC{'H} NMR (101 MHz, [Ds]benzene, 26 °C): 6= 131.0 (Cp), 125.2
(Cp), 123.7 (Cp), 1.2 (SiMes) ppm. IR (DRIFT): © = 3092 (vw), 3079 (vw), 2951 (w), 2893 (w), 1743
(vw), 1689 (vw), 1650 (vw), 1593 (vw), 1443 (w), 1403 (w), 1365 (w), 1311 (w), 1246 (m), 1214 (vw),
1192 (vw), 1172 (m), 1061 (w), 1042 (m), 902 (w), 853 (m), 836 (m), 801 (m), 756 (w), 692 (w), 640
(w), 626 (w), 422 (m), 415 (vs) cm’'. Elemental analysis of 5b calculated for CosHiseBrasLai2Sii2
(5232.04 g/mol): C 22.04%, H 3.01%; found: C 22.92%, H 2.96%. The high carbon value can be at-

tributed to residual n-hexane in the crystal lattice.

[(u-Cp)2Cp'sLaslis] (6). In a 20-mL vial, [Cp'La(AlMes)2] (1b, 56.43 mg, 0.13mmol) was dissolved in
n-hexane (10 mL). In a 5-mL vial, Me3Sil (62.53 mg, 0.31 mmol) was dissolved in n-hexane (1 mL). The
smaller vial was placed inside the bigger one with the [Cp'La(AlMes)2] solution, and the large vial was
sealed afterwards. Diffusion of the Me3Sil into the [Cp'La(AlMe4).] solution and storing the vial at -40 °C
for 1 h led to the formation of crystalline 6. 'H NMR (400 MHz, [D¢]benzene, 26 °C): § = 7.19 (t, *Jun
= 2.5 Hz, 3/4 CpH), 7.00 (t, *Juu = 2.5 Hz, 2/5 CpH), 6.92 (t, *Juu = 2.5 Hz, u-CpH), 6.88 (t, *Juu =2.5
Hz, u-CpH), 6.68 (t, *Juu= 2.5 Hz, u-CpH), 6.62 (t, *Juu = 2.5 Hz, u-CpH), 0.61 (s, SiMes) ppm. *C{'H}
NMR (101 MHz, [Ds]benzene, 26 °C): 6 = 120.4 (Cp), 116.9 (u-Cp), 1.8 (SiMe3) ppm. Any meaningful

IR spectra and elemental analysis could not be performed due to the presence of co-products.

[Cp'sLasBro(AlBr:Mez)]2 (7). In a 20-mL vial, [Cp'La(AlMe4)2] (56.43 mg, 0.13mmol) was dissolved
in n-hexane (10 mL). In a 5-mL vial, Me3GeBr (61.75 mg, 0.31 mmol) was dissolved in n-hexane (1 mL).
The smaller vial was placed inside the larger one with the [Cp'La(AlMes):] solution, and the large vial
was sealed afterwards. Storing the vial at ambient temperature led to the formation of crystalline 7 after

several days. '"H NMR (400 MHz, [D¢]benzene, 26 °C): § = 7.20 (t, *Juu = 2.5 Hz, 2H, CpH), 7.07 (t,
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3Jun = 2.5 Hz, 5H, CpH), 6.94 (t, *Juu = 2.5 Hz, 3H, CpH), 6.87 (t, *Juu = 2.5 Hz, 2H, CpH), 6.84 (t,
3Jun = 2.5 Hz, 2H, CpH), 6.72 (t, 3Jun = 2.5 Hz, 2H, CpH), 6.64 (t, 3Jun = 2.5 Hz, 2H, CpH), 0.63 (s,
9H, SiMes), 0.59 (s, 9H, SiMes;), 0.50 (s, 9H, SiMes;), 0.42 (s, 9H, SiMes), 0.33 (bs, 6H, AlMe2) ppm.
BC{'H} NMR (101 MHz, [Ds]benzene, 26 °C): = 132.0 (Cp), 125.9 (Cp), 123.9 (Cp), 122.8 (Cp), 120.4
(Cp), 118.9 (Cp), 118.3 (Cp), 1.1 (SiMes3), 0.8 (SiMes), 0.5 (SiMes) ppm. IR spectroscopy and elemental

analysis on 7 were not performed due to the presence of co-products.

[Cp'LaClz]10 (8). [Cp'La(AlMes)2] (1b, 44.3 mg, 0.1 mmol) was dissolved in n-hexane (15 mL) and
MesGeCl (37.7 mg, 0.25 mmol) was added under vigorous stirring. After stirring the reaction mixture for
7 d at ambient temperature, the suspension was filtered, and the solvent was removed in vacuo to give 7
as a colorless solid. Crystalline 8 was obtained from a saturated toluene solution at -40 °C (11.58 mg,
0.003 mmol, 33%). 'H NMR (400 MHz, [Ds]benzene, 26 °C): 8 = 7.07 (t, *Juu = 2.5 Hz, 2H, 3/4 CpH),
7.01 (t, *Junu = 2.5 Hz, 2H, 2/5 CpH), 0.55 (s, 9H, SiMes3) ppm. BC{!H} NMR (101 MHz, [Ds]benzene,
26 °C): 131.8 (Cp), 125.7 (Cp), 123.6 (Cp), 120.4 (Cp), 0.9 (SiMes3), 0.5 (SiMes3) ppm. IR (DRIFT): d =
2953 (vw), 2894 (vw), 1444 (vw), 1406 (vw), 1365 (vw), 1312 (vw), 1249 (m), 1192 (vw), 1174 (w),
1044 (m), 1014 (vw), 904 (m), 848 (vs), 802 (s), 797 (s), 757 (W), 697 (W), 638 (vw), 628 (vw), 580 (vw),
422 (m), 417 (w) cm!. Elemental analysis of 8 calculated for CsoHi30ClaoLai0Siio (3470.82 g/mol): C
27.68%, H 3.78%; found: C 27.59%, H 4.19%.
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Figure S1. 'H NMR spectrum (400 MHz) of 1b in [Ds]benzene at 26 °C. The solvent residual signal is

marked with an asterisk.
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Figure S2. *C{'H} NMR spectrum (101 MHz) of 1b in [Ds]benzene at 26 °C. The solvent residual signal

is marked with an asterisk.
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Figure S3. 'H NMR spectrum (400 MHz) of [Cp'Laly(thf)s] in [Ds]thf at 26 °C. The solvent residual

signal is marked with an asterisk.
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Figure S4. BC{'H} NMR spectrum (101 MHz) of [Cp'Lalx(thf)s in [Ds]thf at 26 °C. The solvent residual

signal is marked with an asterisk.
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Figure S5. 'H NMR spectrum (400 MHz) of 4a in [Ds]benzene at 26 °C. The solvent residual signal is
marked with an asterisk (+: 5a; #: 1b).
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Figure S6. 1*C{'H} NMR spectrum (101 MHz) of 4a in [Ds]benzene at 26 °C. The solvent residual signal
is marked with an asterisk (+: 5a; #: 1b).
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Figure S7. '"H NMR spectrum (400 MHz) of 5a in [Des]benzene at 26 °C. The solvent residual signal is
marked with an asterisk (+: side product; #: n-hexane).
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Figure S8. >C{!H} NMR spectrum (101 MHz) of 5a in [Ds]benzene at 26 °C. The solvent residual
signal is marked with an asterisk (+: side product; #: n-hexane).
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Figure S9. '"H NMR spectrum (400 MHz) of 6 in [Ds]benzene at 26 °C. The solvent residual signal is
marked with an asterisk (+: Sa; #: side product).
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Figure S10. BC{'H} NMR spectrum (101 MHz) of 6 in [Ds]benzene at 26 °C. The solvent residual signal
is marked with an asterisk (+: 5a; #: side product; ~: n-hexane).
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Figure S11. '"H NMR spectrum (400 MHz) of the residual solution of 6 in [Ds]benzene at 26 °C, showing
the presence of MesSiz (0.00 ppm) in solution. The solvent residual signal is marked with an asterisk (+:
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S13



WILEY-VCH

Me;Si
u o
- Me N
N OO Me@@ Me, \Q N~ AN
©nY - VoS Al % ouS = oo
© O ©© \\\ ‘‘‘‘ L<Me7 Me/\l_a/r S T9
NI _ 4 \\\Me: A s Ja NEOD N
Me;Si ﬁM \{3\{'\
La‘ ° Me Me' g Br SiMes,
Q) La/Me Al ‘-Me\ ST
e | “\Me;La
Me38i " ~= ¢ >
Me;Si
#

T I T T I I I I I I
7.0 6.8 6.6 6.4 ppm 0.6 0.4 0.2 0.0 ppm
A_LJUJQJL_

<= || — (AN [—] [S
o|®|3|S SIS
OOy WDMO (O™

VVVVVVVVV AL e

TrrTTT T T T I
7 6 5 4 3 2 1 0 ppm

Figure S12. '"H NMR spectrum (400 MHz) of 4b in [Ds]benzene at 26 °C. The solvent residual signal is
marked with an asterisk (+: n-hexane, #: 5b, ~: 7, &: 1b).
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Figure S13. BC{'H} NMR spectrum (101 MHz) of 4b in [Ds]benzene at 26 °C. The solvent residual signal
is marked with an asterisk (+: n-hexane, #: 5b, ~: 7, &: 1b).
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Figure S14. "H NMR spectrum (400 MHz) of 5b in [Dg]benzene at 26 °C. The solvent residual signal is
marked with an asterisk (+: side product).
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Figure S15. C{'H} NMR spectrum (101 MHz) of 5b in [Ds]benzene at 26 °C. The solvent residual
signal is marked with an asterisk.
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Figure S16. 'H NMR spectrum (400 MHz) of 7 in [Ds]benzene at 26 °C. The solvent residual signal is
marked with an asterisk (+: Sb; #: side product).
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Figure S17. 3C{'H} NMR spectrum (101 MHz) of 7 in [Ds]benzene at 26 °C. The solvent residual signal
is marked with an asterisk (+: Sb; #: side product).
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Figure S18. 'H NMR spectrum (400 MHz) of 8 in [D¢]benzene at 26 °C. The solvent residual signal is
marked with an asterisk (+: side product).
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Figure S19. C{'H} NMR spectrum (101 MHz) of 8 in [Ds]benzene at 26 °C. The solvent residual signal
is marked with an asterisk (+: side product).
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Crystallography

X-Ray Crystallography and Crystal Structure Determinations. Single-crystals of 1b, [Cp*Lal(thf)s],
[Cp'Lalz(thf)s], 4b, and 8 were grown by standard techniques using saturated solutions of n-hexane (1b,
4b), n-hexane/THF ([Cp*Lalx(thf)s], [Cp'Lalx(thf)s]) and toluene (8). Due to the insufficient crystal qual-
ity of 8, data could be collected only to a resolution limit of 1.02 A. Therefore, only a connectivity of 8
can be given. Crystals of 3, 4a, 5a, and Sb (5b') were grown by aggregation from diluted n-hexane (4a,
5a, 5b (5b')) and toluene (3) solutions. Crystals of 6 and 7 were grown by diffusion and subsequent
aggregation. Suitable crystals for X-ray structure analyses were selected inside a glovebox, coated with
Parabar 10312 (previously known as Paraton N, Hampton Research) and fixed on a nylon/loop glass fiber.
All X-ray data except for compound 3 (STOE IPDS II) were collected on a Bruker APEX II DUO instru-
ment equipped with an IpS microfocus sealed tube and QUAZAR optics for MoKa (L = 0.71073 A)
radiation. The data collection was determined using COSMO™ employing o-scans. Raw data were pro-
cessed using APEXD! and SAINT,® corrections for absorption effects were applied by using SADABS.[]
The structures were solved by direct methods and refined against all data by full-matrix least-squares
methods on F? using SHELXTL!® and SHELXLE.") All graphics were generated employing CCDC Mer-
cury 3.10.1.1"% Further details regarding the refinement and crystallographic data are listed in Table S1
and in the CIF files. CCDC depositions 1992037-1992048 contain all the supplementary crystallographic
data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data

Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Table S1. Crystallographic data for compounds 1b, [Cp'Lalx(thf)3], and 2

WILEY-VCH

1b [Cp'Lalz(thf)s] 2
CCDC 1992038 1992037 1992045
formula Ci6H37ALLaSi C20H3712LaSi03 CssHissAlslgLasg
M:; [g/mol] 450.41 746.29 3180.78
color/shape colorless/block colorless/column colorless/plate
crystal 0.305 x 0.250 x 0.150 x 0.118 x 0.181 x0.125 x
dimensions [mm] 0.194 0.065 0.086
crystal system triclinic orthorhombic triclinic
space group P1 P21212, P1
a[A] 9.7493(7) 8.219(3) 15.1879(2)
b[A] 9.7900(8) 14.452(5) 15.4891(2)
c [A] 27.449(2) 22.375(8) 15.6522(2)
a[°] 99.550(2) 90 103.083(3)
B[] 90.686(2) 90 118.426(2)
v [°] 119.474(2) 90 104.865(3)
V [A%] 2235.8(3) 2657.7 2854.7(6)
Z 4 4 1
T [K] 101(2) 173(2) 100(2)
L[A] 0.71073 0.71073 0.71073
Pealed [g/cm?] 1.338 1.865 1.850
u [mm 1] 2.035 3.992 4.423
F (000) 920 1432 1512
0 range [°] 2.271-29.189 2.302-30.578 1.491 - 30.077
unique reflections 12091 8124 16728
observed reflections 11532 7672 14086
(I>20)
R1/wR2 (1> 20) 0.0287/0.0661 0.0266/0.0620 0.0329/0.0798
R1/wR2 (all data) 0.0305/0.0667 0.0290/0.0632 0.0417/0.0861
GOF 1.116 0.965 1.064
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Table S1 (continued). Crystallographic data for compounds 3, [Cp*Lalz(thf)3], and 4a

3 [Cp*Lalx(thf)s3] 4a
CCDC 1992039 1992043 1992044
formula CooHissligLao - Cx2H3zolbLaO3 CeaHi126Al4lgLasSis
2.5 CsHe - 0.5 C7Hs
M:; [g/mol] 4992.70 744.24 3020.76
color/shape colorless/column colorless/plate colorless/needle
crystal 0.300 x 0.150 x 0.169 x 0.164 x 0.130 x 0.058 x
dimensions [mm] 0.100 0.042 0.055
crystal system monoclinic trigonal orthorhombic
space group P2, R3 Pbca
a[A] 17.5518(3) 42.437(2) 24.1461(2)
b[A] 32.3785(6) 42.437 11.8415(6)
c[A] 27.0466(6) 9.155(3) 35.1341(2)
a[°] 90 90 90
B [°] 90.225(2) 90 90
v [°] 90 120 90
V [A%] 15370.5(5) 14278(1) 10045.8(9)
Z 4 18 4
T [K] 100(2) 160(2) 100(2)
L[A] 0.71073 0.71073 0.71073
Pealed [g/cm?] 2.158 1.558 1.997
u [mm 1] 6.092 3.307 5.090
F (000) 9088 6444 5648
0 range [°] 2.586 —29.573 0.960 —26.661 2.001 —28.126
unique reflections 68147 6688 12242
observed reflections 59962 3943 10216
(I>20)
R1/wR2 (1> 20) 0.0523/0.1196 0.0372/0.0664 0.0347/0.0653
R1/wR2 (all data) 0.0652/0.1266 0.0802/0.0766 0.0476/0.0696
GOF 1.038 0.763 1.147
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Table S1 (continued). Crystallographic data for compounds 5a, 6, and 4b

WILEY-VCH

Sa 6 4b
CCDC 1992047 1992042 1992046
formula CosHisel24LainSiin Cr4H114l14LagSis CroH140BrsLasSis
M; [g/mol] 6359.80 4116.25 2731.02
color/shape colorless/block colorless/block colorless/block
crystal 0.150 x 0.149 x 0.323 x 0.264 x 0.418 x 0.141 x
dimensions [mm] 0.109 0.224 0.115
crystal system trigonal triclinic triclinic
space group R3c P1 P1
a[A] 25.024(5) 13.287(5) 12.869(2)
b[A] 25.024(5) 15.242(6) 17.812(3)
c[A] 59.440(2) 16.924(7) 24.039(4)
a[°] 90 70.638(9) 87.062(3)
B[] 90 78.664(13) 82.387(3)
v [°] 120 69.889(9) 79.387(3)
V [A%] 32234(14) 3023(2) 5366.1(14)
Z 6 1 2
T [K] 150(2) 273(2) 99(2)
L[A] 0.71073 0.71073 0.71073
Pealed [g/cm?] 1.966 2.261 1.690
u [mm 1] 5.868 6.444 5.444
F (000) 17136 1868 2636
0 range [°] 4.113 —28.280 1.281 —28.282 1.425 -27.103
unique reflections 17746 14955 23669
observed reflections 14444 12561 19976
(I>20)
R1/wR2 (1> 20) 0.0425/0.0955 0.0534/0.1384 0.0670/0.1534
R1/wR2 (all data) 0.0707/0.1191 0.0649/0.1522 0.0879/0.1690
GOF 1.142 1.032 1.046
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Table S1 (continued). Crystallographic data for compounds 5b, 5b’, and 7
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5b 5b' 7
CCDC 1992040 1992048 1992041
formula CocHi156Br24Lai2Sii2 CiosHig4BrasLanSitz CooHissAlaBrazLaioSiio
M; [g/mol] 5232.04 5404.38 4720.12
color/shape colorless/cube colorless/block colorless/block
crystal 0.354x0.261 x 0.252 x 0.170 x 0.194 x 0.161 x
dimensions [mm] 0.204 0.126 0.143
crystal system monoclinic monoclinic triclinic
space group C2/c P2i/c P1
a[A] 29.5915(18) 22.9195(17) 18.6798(8)
b[A] 18.9561(12) 29.214(2) 19.3010(8)
c[A] 27.7599(17) 25.8590(19) 22.8183(10)
a[°] 90 90 82.0620(10)
BI°] 100.1190(10) 101.3160(10) 88.7740(10)
v [°] 90 90 62.3840(10)
V [A%] 15329.4(16) 16978(2) 7211.3(5)
Z 4 4 2
T [K] 100(2) 100(2) 173(2)
L[A] 0.71073 0.71073 0.71073
Pealed [g/cm?] 2.267 2.114 2.174
u [mm 1] 9.647 8.714 9.116
F (000) 9696 10096 4404
0 range [°] 1.870 —28.282 1.682 —28.340 1.203 —29.547
unique reflections 19039 42322 40138
observed reflections 17083 405987 33091
(I>20)
R1/wR2 (1> 20) 0.0260/0.0543 0.0282/0.0490 0.0284/0.0597
R1/wR2 (all data) 0.0320/0.0560 0.0478/0.0539 0.0415/0.0644
GOF 1.093 1.004 1.011
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Figure S20. Crystal structure of Cp'La(AlMe4): (1b) with atomic displacement parameters set at the 50%
probability level. Hydrogen atoms are omitted for clarity. Selected interatomic distances [A] and angles
[°]: Lal-C1 2.821(3); Lal-C2 2.806(3); Lal-C3 2.784(3); Lal—C4 2.759(3); Lal—-C5 2.774(3); Lal---Ct1
2.514; Lal—C9 2.759(4); Lal-C10 2.738(3); Lal--All 3.258(1); Lal—-C13 2.710(3); Lal-C14 2.752(4);
Lal---Al2 3.277(1); Lal--C11' 3.267(4); C1-C2 1.428(4); C2—C3 1.410(4); C3—C4 1.418(5); C4-C5
1.409(4); C1-C5 1.426(4); C1-Sil 1.876(3); C1-C2—C3 109.3(3); C2—-C3-C4 107.9(3); C3-C4-C5
107.4(3); C4—C5-C1 109.7(1); C5-C1-C2 105.6(2); Si1-C1-Lal 126.58(2); C9—Lal-C10 78.0(1); C13—
Lal-C14 78.1(1); C9—-Al1-C10 113.10(2); C11-Al1-C12 114.51(2); C13-A12-C14 112.16(2); C15-
A12-C16 115.64(2).
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Figure S21. Crystal packing of 1b. Each lanthanum metal center interacts with a methyl group of a neigh-
boring molecule, resulting in a dimeric arrangement.
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Figure S22. Crystal structure of [Cp'Lalx(thf)s] with atomic displacement parameters set at the 50% prob-
ability level. Hydrogen atoms are omitted for clarity. Selected interatomic distances [A] and angles [°]:
Lal-C1 2.821(4); Lal—C2 2.811(4); Lal-C3 2.808(5); Lal—C4 2.813(5); Lal-C5 2.804(4); Lal---Ctl
2.542; Lal-I1 3.1909(8); Lal-I2 3.2421(8); Lal-O1 2.513(3); Lal-02 2.607(3); Lal-03 2.532(3); C1-
C2 1.431(7); C2—C3 1.406(7); C3—C4 1.408(7); C4—C5 1.402(6); C1-C5 1.423(6); C1-Sil 1.867(5); C1-
C2-C3 109.0(4); C2—C3—C4 108.1(4); C3—C4-C5 107.8(4); C4—C5—C1 109.6(4); C5-C1-C2 105.5(4);
Sil-Cl-Lal 126.6(2); I1-Lal-I2 158.590(2); 11-Lal-O1 87.70(8); I1-Lal-02 80.93(8); 11-Lal-03
86.16(8); O1-Lal-02 72.65(2); O1-Lal-03 148.27(2); O2-Lal-03 75.65(2); Ctl---Lal-I1 101.69;
Ctl---Lal-I12 99.70; Ct1---Lal-O1 98.43; Ctl--Lal-02 170.70; Ct1---Lal-0O3 113.29.
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Figure S23. Crystal structure of [Cp*sLasls(AlMes)s] (2) with atomic displacement parameters set at the
50% probability level. Hydrogen atoms are omitted for clarity. Selected interatomic distances [A] and
angles [°]: Lal-C1 2.797(4); Lal—C2 2.794(4); Lal—C3 2.758(4); Lal—C4 2.748(4); Lal-C5 2.769(4);
Lal--Ctl 2.501; Lal—C32 2.966(3); Lal—C36 2.954(4); Lal-I1 3.2096(4); Lal-I2 3.2323(5); Lal-I3
3.3455(4); La2-11 3.2605(4); La2-13 3.3981(4); La2-14 3.2379(4); La2-C34 2.771(4); La2—C35
2.777(4); La2---All 3.3159(2); C1—C2 1.383(6); C2—C3 1.404(6); C3—C4 1.419(6); C4-C5 1.416(6); C1-
C5 1.395(7); C1-C6 1.525(6); C1-C2—C3 108.3(4); C2—C3—C4 107.9(4); C3—C4-C5 106.8(4); C4-C5-
C1 108.0(4); C5—C1-C2 109.0(4); C32-Lal-C36 82.08(1); C34-La2—C35 76.06(2); C34-Al1-C35
112.94(2); C38-La3-C39 76.13(2); C38-Al2-C39 112.65(2); C32-Lal-12 86.05(7); C36-Lal-I1
86.81(8); 11-Lal-12 94.909(2); 11-Lal-I3 76.760(2); 12-Lal-I3 76.072(2); Lal-11-La2 106.936(2);
Lal-13-La2 100.876(2); Lal-I12-La3 108.047(2); Lal-13—La3 101.265(2); La2-I3-La3 100.126(2);
La2-14-La3 108.169(2).
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Figure S24. Crystal structure of [Cp*Lalz]o (3) with atomic displacement parameters set at the 50% prob-
ability level. Hydrogen atoms are omitted for clarity. The Cp* ligands (except for one) are represented by
a wireframe model for improved visualization. Selected interatomic distances [A] and angles [°]: Lal—
C1 2.76(2); Lal—C2 2.76(2); Lal—C3 2.76(2); Lal—C4 2.73(2); Lal-C5 2.74(2); Lal---Ctl 2.456; Lal—
I1 3.1894(2); Lal-12 3.2012(2); Lal-I3 3.2161(2); Lal-I14 3.2170(2); La2-I1 3.4478(2); La2-14
3.4631(2); La2—15 3.3423(2); La2—18 3.2991(2); La2-19 3.5294(2); C1-C2 1.42(3); C2—C3 1.42(3); C3—
C4 1.46(4); C4—C5 1.39(3); C1-C5 1.44(3); C1-C6 1.50(3); C1-C2—C3 109(2); C2—-C3-C4 106(2); C3—
C4-C5 109(2); C4-C5-C1 108(2); C5—C1-C2 108(2); I1-Lal-I2 83.45(4); I1-Lal-I3 138.90(5); 11—
Lal-19 69.45; 11-La2-14 76.50(4); 11-La2-15 68.27(4); 11-La2—I8 140.17(4); [1-La2-19 69.14(3); 15—
La2-18 129.16(5); I5-La2-19 78.56(4); Lal-11-La2 95.66(4); Lal-14—La2 94.86(4); Lal-19-La2 85.49;
La2-11-La3 93.90(4); La2—-I5-La3 98.57(4); La2—-19-La3 90.34(4); La2—-19-La4 171.11(4).
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Figure S25. Crystal structure of [Cp*Lalz(thf)s] with atomic displacement parameters set at the 50%
probability level. Hydrogen atoms are omitted for clarity. Selected interatomic distances [A] and angles
[°]: Lal—C1 2.795(5); Lal-C2 2.804(6); Lal-C3 2.815(6); Lal—C4 2.820(6); Lal—C5 2.820(5); Lal---Ct1
2.544; Lal-I1 3.1974(9); Lal-12 3.2452(7); Lal-O1 2.533(4); Lal-02 2.626(7); Lal-03 2.546(4); C1-
C2 1.409(7); C2—C3 1.421(7); C3—C4 1.409(8); C4-C5 1.438(7); C1-C5 1.405(4); C1-C6 1.516(7); Cl1—
C2-C3 108.7(5); C2—C3—C4 106.7(5); C3—C4—-C5 109.2(5); C4-C5-C1 106.4(5); C5-C1-C2 109.0(5);
[1-Lal-12 150.084(2); I[1-Lal-O1 86.76(9); 11-Lal-02 76.8(2); 11-Lal-0O3 85.15(9); O1-Lal-02
78.27(2); O1-Lal-03 154.54(2); 02-Lal-03 76.39(2); Ctl--Lal-I1 105.64; Ctl--Lal-I2 104.14;
Ctl---Lal-O1 102.14; Ctl1--Lal-02 177.54; Ctl---Lal-0O3 103.28.
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Figure S26. Crystal structure of [Cp'sLasls(AlMes)s] (4a) with atomic displacement parameters set at the
50% probability level. Hydrogen atoms are omitted for clarity. The Cp' ligands (except for one) are rep-
resented by a wireframe model for improved visualization. Selected interatomic distances [A] and angles
[°]: Lal—C1 2.793(5); Lal-C2 2.742(6); Lal-C3 2.711(6); Lal—C4 2.760(6); Lal—C5 2.785(5); Lal---Ct1
2.484; Lal-C25 2.920(6); Lal—C31 2.996(5); Lal-I1 3.2163(5); Lal-I2 3.1893(5); Lal—I3 3.3435(4);
La2-113.2231(5); La2-I3 3.3685(5); La2—-14 3.2211(5); La2—C27 2.818(6); La2—C28 2.729(6); La2---All
3.2865(2); C1-C2 1.436(8); C2—C3 1.428(1); C3—C4 1.366(1); C4-C5 1.395(8); C1-C5 1.424(8); C1—
Sil 1.869(6); C1-C2—C3 107.9(6); C2—C3—C4 108.0(5); C3—C4—C5 109.6(6); C4—C5—C1 108.9(6); C5—
C1-C2 105.6(5); Sil-Cl-Lal 129.4(3); C25-Lal—C31 79.8(2); C27-La2—C28 76.12(2); C27-Al1-C28
114.0(2); C29-La3—C30 76.09(2); C29-AI12—-C30 113.1(2); C25-Lal-I12 86.6(1); C31-Lal-I1 84.7(1);
[1-Lal-12 99.078(2); I1-Lal-I3 76.899(2); 12-Lal-I3 77.660(2); Lal-11-La2 106.326(2); Lal-13—La2
100.318(2); Lal-I2-La3 106.670(2); Lal-I3-La3 99.039(2); La2-I3-La3 99.962(2); La2-14-La3
106.822(2).
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Figure S27. Crystal structure of [Cp'Lalz]i2 (5a) with atomic displacement parameters set at the 50%
probability level. Hydrogen atoms are omitted for clarity. The Cp' ligands (except for one) are represented
by a wireframe model for improved visualization. Selected interatomic distances [A] and angles [°]: Lal—
Cl1 2.71(4); Lal-C2 2.67(5); Lal—C3 2.70(4); Lal—C4 2.76(3); Lal-C5 2.75(4); Lal---Ctl 2.453; Lal—
14 3.2766(2); Lal-14' 3.2114(2); Lal-I5 3.2811(2); Lal-I16 3.3663(2); Lal-I17 3.2669(2); Lal-I8
3.6913(2); C1-C2 1.37(2); C2-C3 1.38(2); C3—C4 1.37(2); C4-C5 1.38(2); C1-C5 1.38(2); C5-Sil
1.90(3); C1-C2—C3 108.1(2); C2—C3—C4 107.9(2); C3—C4-C5 108.1(2); C4-C5-C1 107.9(2); C5-Cl1-—
C2 108.0(2); Sil-C5-Lal 131.8(2); [4-Lal-16 76.70; 14'-Lal-16 77.57; 14-Lal-17 69.55(4); 14'-Lal-I8
65.44(4); 17-Lal-18 64.59(4); Lal-14—-Lal' 93.78(5); Lal-15-Lal' 92.41(4); Lal-16-Lal' 89.43(4); Lal—
14-La2' 105.17(4); Lal-18-La2 102.62(4); Lal-17-La4 114.70(4); Lal-18-La4 104.40(4).
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Figure S28. Comparison of the solid-state structure of Lals (adapted from Zachariasen,!!!! left) with the
asymmetric unit of 5a (right).
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Figure S29. Crystal structure of [(¢-Cp)2Cp'sLaglis] (6) with atomic displacement parameters set at the
50% probability level. Hydrogen atoms are omitted for clarity. The Cp' and Cp ligands (except for one)
are represented by a wireframe model for improved visualization.

Table S2. Selected interatomic distances and angles for 6.

Bond lengths [A] Bond angles [°]
Lal-C1 2.798(1) C1-C2-C3 109.3(8)
Lal-C2 2.780(8) C2-C3-C4 107.7(9)
Lal-C3 2.785(9) C3—C4-C5 108.3(9)
Lal-C4 2.746(9) C4-C5-C1 108.5(8)
Lal-C5 2.750(9) C5-C1-C2 106.2(9)
Lal---Ct(Cp") 2.509 Sil-Cl1-Lal 132.1(5)
Lal-C9 2.951(8) C9—C10-Cl11 107.7(8)
Lal-C10 2.915(8) C10-C11-C12 107.8(8)
Lal-Cl11 2.874(8) Cl11-C12-C13 108.3(8)
Lal-C12 2.912(8) C12-C13-C9 108.6(8)
Lal-Cl13 2.954(8) C13-C9-C10 107.5(8)
Lal---Ct(u-Cp) 2.668 Ct(Cp')---Lal---Ct(u-Cp) 114.19
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Cl-C2
C2-C3
C3-C4
C4-C5
C1-C5
Cl1-Sil
C9-C10
C10-C11
Cl11-C12
C12-C13
C9-C13
Lal-I1
Lal-I2
Lal-I3
Lal-I5
La2-13
La2-14
La2-16
La2-17

1.406(2)
1.394(2)
1.384(2)
1.403(2)
1.406(2)
1.865(1)
1.414(2)
1.414(2)
1.399(2)
1.396(2)
1.400(2)
3.4481(2)
3.2616(2)
3.734(1)
3.2727(2)
3.5895(2)
3.2485(2)
3.2924(2)
3.4739(2)

Lal---Ct(u-Cp)---La2'
Lal-I1-La3
Lal-I5-La3
Lal-I1-La4
Lal-I2-La4
La2-I3-La3
La2-I4-La3
La2-16-La4
La2-I7-La4
La3-I1-La4
La3-I3-La4
I1-Lal-I2
12-Lal-I5
13-La2-14
13-La2-16
11-La3-I3
I11-La3-14
I11-La3-I5
11-La3-I7
13-La3-14
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175.11
90.58(2)
95.60(2)
91.10(4)
95.80(4)
88.08(2)
95.00(4)
94.03(3)
89.25(3)
91.17(2)
90.26(3)
76.99(2)

140.82(2)
75.22(3)
70.79(3)
74.14(3)

146.42(2)
79.27(2)
76.35(2)
79.35(3)
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Figure S30. Crystal structure of [Cp'sLasBrs(AlMes)s] (4b) with atomic displacement parameters set at
the 50% probability level. Hydrogen atoms are omitted for clarity. The Cp' ligands (except for one) are
represented by a wireframe model for improved visualization. Selected interatomic distances [A] and
angles [°]: Lal-C1 2.780(2); Lal—C2 2.775(2); Lal-C3 2.794(2); Lal—-C4 2.772(2); Lal-C5 2.777(2);
Lal--Ctl 2.505; Lal—C25 2.961(2); Lal-C31 2.961(5); Lal-Brl 2.9740(2); Lal-Br2 2.9681(2); Lal—
Br3 3.1473(2); La2-Brl 2.9953(2); La2-Br3 3.1917(2); La2-Br4 2.9967(2); La2—C27 2.763(2); La2—
C282.773(2); La2---All 3.2865(2); C1-C2 1.383(2); C2—C3 1.398(2); C3—C4 1.444(2); C4—C5 1.385(2);
C1-C5 1.445(2); C1-Sil 1.873(2); C1-C2—C3 113.0(2); C2—C3—C4 105.0(2); C3—C4-C5 107.8(2); C4—
C5-C1 109.9(2); C5—C1-C2 104.2(2); Sil-Cl-Lal 127.4(5); C25-Lal-C31 82.3(3); C27-La2-C28
76.8(4); C27-Al1-C28 114.5(5); C29-La3—C30 76.7(3); C29-A12-C30 113.6(5); C25-Lal-Br2 86.0(2);
C31-Lal-Brl 87.7(2); Brl-Lal-Br2 94.10(4); Brl-Lal-Br3 75.34(3); Br2—-Lal-Br3 75.11(3); Lal—-
Br1-La2 109.59(4); Lal-Br3-La2 100.60(4); Lal-Br2—-La3 109.91(4); Lal-Br3-La3 100.89(3); La2—
Br3—La3 98.79(3); La2-Br4-La3 107.77(4).
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Figure S31. Crystal structure of [Cp'LaBr2]12 (Sb) with atomic displacement parameters set at the 50%
probability level. Hydrogen atoms are omitted for clarity. The Cp' ligands (except for one) are represented
by a wireframe model for improved visualization. Selected interatomic distances [A] and angles [°]: Lal—
C1 2.827(3); Lal—C2 2.761(4); Lal—C3 2.720(3); Lal—C4 2.736(3); Lal—C5 2.781(3); Lal--Ct1 2.489;
Lal-Brl 3.1284(4); Lal-Br2 3.1013(4); Lal-Br8 3.0178 (4); Lal-Br9 3.3451(4); Lal-Br10 3.1461(4);
Lal-Brll 3.0972(4); C1-C2 1.425(5); C2—C3 1.424(5); C3—C4 1.405(5); C4-C5 1.411(6); C1-C5
1.425(5); C1-Sil 1.876(4); C1-C2—C3 109.1(3); C2—C3—C4 107.4(3); C3—C4—-C5 108.4(3); C4-C5-C1
109.1(3); C5-C1-C2 106.0(3); Sil-Cl-Lal 133.00(2); Brl-Lal-Br2 67.673(1); Brl-Lal-Brl0
75.057(1); Br2-Lal-Br9 63.476(9); Br8—Lal-Br9 68.432(1); Br8—Lal-Br10 77.826(1); Lal-Br2—La2
115.564(2); Lal-Br8—La4 102.820(2); Lal-Br9-La4 105.045(2); Lal-Brl-La5 95.033(2); Lal-Br10-
La5 91.399(2); Lal-Brl11-La5 93.014(2); Lal-Br8—La6 94.334(1); Lal-Br10-La6 90.370(1); Lal—
Brl11-La6 93.068(2).
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Figure S32. Crystal structure of [Cps'LasBrii(AlMe:]» (7) with atomic displacement parameters set at the
50% probability level. Hydrogen atoms are omitted for clarity. The Cp' ligands (except for one) are rep-
resented by a wireframe model for improved visualization. Selected interatomic distances [A] and angles
[°]: Lal—C1 2.803(4); Lal—C2 2.764(4); Lal—C3 2.757(4); Lal—C4 2.753(4); Lal—CS5 2.766(4); Lal---Ct1
2.494; Lal-Brl 3.0945(4); Lal-Br2 3.0595(5); Lal---All 4.056; Lal-Br3 3.2027(4); Lal-Br4 3.1878(4);
Lal-Br5 3.1450(4); Lal-Br6 3.3167(4); La2—Br3 3.0571(4); La2—Br4 3.1344(4); La2—Br7 3.1024(4);
La2-Brl10 3.0678(4); La2—Br11 3.2738(4); C1-C2 1.420(6); C2—C3 1.403(7); C3—C4 1.415(6); C4-C5
1.402(7); C1-C5 1.424(6); C1-Sil 1.877(5); Al1-Brl 2.4176(2); Al1-Br2 2.4494(2); A11-C9 1.938(5);
All-C10 1.936(5); C1-C2—C3 109.9(4); C2-C3-C4 107.6(4); C3—C4-C5 107.3(4); C4-C5-C1
110.1(4); C5—C1-C2 105.0(4); Sil-Cl1-Lal 129.6(2); Br1-Lal-Br2 73.474(2); Br1-Al1-Br2 98.28(5);
Lal-Brl-All 93.95(3); Lal-Br2—All 94.18(3); Brl-Lal-Br3 71.090(2); Brl-Lal-Br4 139.239(2);
Brl-Lal-Br5 73.396(2); Br1-Lal-Br6 140.703(2); Br3—Lal-Br4 71.643(1); Br3—Lal-Br5 73.381(1);
Br3—-Lal-Br6 107.407(2)
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Figure S33. Connectivity of [Cp'LaClz]10 (8) with atomic displacement parameters set at the 50% prob-
ability level. Hydrogen atoms are omitted for clarity. The Cp' ligands (except for one) are represented by
a wireframe model for improved visualization. Due to disorder, the methyl groups of the Cp' ligands are
omitted for clarity. Cell constants: a = 34.348(4), b = 16.020(2), 29.448(6), B = 121.816(2), space group:
Cc.
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Figure S34. DRIFT spectrum of Cp'La(AlMes): (1b).
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EDX Measurements
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Figure S41. SEM image of crystalline [Cp'sLasls(AlMes)4] (4a) in position 1, where EDX measurement
was performed.

Table S3. Results of EDX measurement at position 1 (Fig. S41)

Element norm. norm. 30 norm. wt. % norm. atom %
wt. % atom % calc. calc.
Al 5.47 17.77 0.43 5.09 16.67
Si 8.01 24.99 0.56 7.93 25.00
La 40.75 25.68 2.16 39.22 25.00
I 45.75 31.56 2.29 47.77 33.33
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SE MAG: 2000 x HV: 10,0 kV WD: 8,3 mm Px: 68 nm

Figure S42. SEM image of crystalline [Cp'sLasIs(AlMes)4] (4a) in position 11, where EDX measurement
was performed.

Table S4. Results of EDX measurement at position 11 (Fig. S42)

Element norm. norm. 30 norm. wt. % norm. atom %
wt. % atom % calc. calc.
Al 5.28 17.45 0.41 5.09 16.67
Si 7.45 23.65 0.52 7.93 25.00
La 39.86 25.59 2.07 39.22 25.00
I 47.39 33.30 2.31 47.77 33.33
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Figure S43. SEM image of crystalline [Cp'sLasls(AlMes)4] (4a) in position 17, where EDX measurement
was performed.

Table S5. Results of EDX measurement at position 17 (Fig. S43)

Element norm. norm. 30 norm. wt. % norm. atom %
wt. % atom % calc. calc.
Al 5.33 17.38 0.43 5.09 16.67
Si 7.98 24.99 0.57 7.93 25.00
La 40.74 25.79 2.21 39.22 25.00
I 45.95 31.84 2.35 47.77 33.33

Table S6. Averaged results of all EDX measurements for 2a (6 measurements)

Element norm. norm. 30 norm. wt. % norm. atom %
wt. % atom % calc. calc.
Al 5.23 17.17 0.41 5.09 16.67
Si 7.77 24.52 0.54 7.93 25.00
La 40.77 26.02 2.16 39.22 25.00
I 46.24 32.30 2.31 47.77 33.33
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Figure S44. SEM image of crystalline [Cp'Lalz]12 (Sa) in positions 16 and 17, where EDX measure-

ments were performed.

Table S7. Results of EDX measurement at position 16 (Fig. S44)

Element norm. norm. 30 norm. wt. % norm. atom %
wt. % atom % calc. calc.
Si ‘ 6.54 24.62 0.46 6.67 25.00
La 33.39 25.39 2.72 33.01 25.00
I 60.06 49.99 3.28 60.31 50.00

Table S8. Results of EDX measurement at position 17 (Fig. S44)

Element norm. norm. 30 norm. wt. % norm. atom %
wt. % atom % calc. calc.
Si ‘ 6.59 24.74 0.48 6.67 25.00
La 32.59 24.73 2.68 33.01 25.00
I 60.82 50.52 3.12 60.31 50.00
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Figure S45. SEM image of crystalline [Cp'Lalz]12 (5a) in position 20, where EDX measurement was
performed.

Table S9. Results of EDX measurement at position 20 (Fig. S45)

Element norm. norm. 30 norm. wt. % norm. atom %
wt. % atom % calc. calc.
Si 6.74 25.19 0.45 6.67 25.00
La ‘ 32.51 24.57 3.61 33.01 25.00
I 60.74 50.24 4.04 60.31 50.00

Table S10. Averaged results of all EDX measurements for 2b (12 measurements)

Element norm. norm. 30 norm. wt. % norm. atom %
wt. % atom % calc. calc.
Si 6.41 24.19 0.41 6.67 25.00
La ‘ 33.27 25.41 2.65 33.01 25.00
I 60.32 50.40 2.98 60.31 50.00
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Figure S46. SEM image of crystalline [(u-Cp)2Cp'sLasli4] (6) of area 1, where EDX measurement was
performed.

Table S11. Results of EDX measurement of area 1 (Fig. S46)

Element norm.

norm. 36 norm. wt. % norm. atom %
wt. % atom % calc. calc.

Si 7.05 26.17 0.45 7.22 26.67

La 35.67 26.77 1.48 35.70 26.67

I 57.28 47.05 2.13 57.08 46.67
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Figure S47. SEM image of crystalline [(u-Cp)2Cp'sLasli4] (6) of area 4, where EDX measurement was
performed.

Table S12. Results of EDX measurement of area 4 (Fig. S47)

Element norm. norm. 30 norm. wt. % norm. atom %
wt. % atom % calc. calc.
Si 7.15 26.45 0.43 7.22 26.67
La 35.65 26.68 1.55 35.70 26.67
I 57.21 46.86 2.24 57.08 46.67
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Figure S48. SEM image of crystalline [(u-Cp)2Cp'sLasli4] (6) of area 5, where EDX measurement was
performed.

Table S13. Results of EDX measurement of area 5 (Fig. S48).

Element norm. norm. 30 norm. wt. % norm. atom %
wt. % atom % calc. calc.
Si 7.11 26.34 0.46 7.22 26.67
La 35.54 26.63 1.60 35.70 26.67
I 57.35 47.03 2.32 57.08 46.67

Table S14. Averaged results of all EDX measurements for 2¢ (5 measurements)

Element norm. norm. 30 norm. wt. % norm. atom %
wt. % atom % calc. calc.
Si 7.07 26.22 0.46 7.22 26.67
La 35.54 26.66 1.62 35.70 26.67
I 57.39 47.12 2.36 57.08 46.67
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Figure S49. SEM image of crystalline [Cp'sLasBrs(AlMes)4] (4b) in position 2, where EDX measurement
was performed.

Table S15. Results of EDX measurement at position 2 (Fig. S49)

Element norm. norm. 30 norm. wt. % norm. atom %
wt. % atom % calc. calc.
Si 8.40 25.58 1.04 9.63 25.00
La 54.29 33.42 3.74 47.65 25.00
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Figure S50. SEM image of crystalline [Cp'sLasBrs(AlMes4)s] (4b) in position 13, where EDX measure-
ment was performed.

Table S16. Results of EDX measurement at position 13 (Fig. S50)

Element norm. norm. 30 norm. wt. % norm. atom %
wt. % atom % calc. calc.
Si 7.89 24.03 1.04 9.63 25.00
La 49.85 30.71 3.74 47.65 25.00
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SE MAG: 1000 x HV: 30,0 kV WD: 14,7 mm Px: 0,14 um

Figure S51. SEM image of crystalline [Cp'sLasBrs(AlMes4)s] (4b) in position 17, where EDX measure-
ment was performed.

Table S17. Results of EDX measurement at position 17 (Fig. S51)

Element norm. norm. 30 norm. wt. % norm. atom %
wt. % atom % calc. calc.
Si ‘ 7.56 22.86 1.04 9.63 25.00
La 46.70 30.71 3.56 47.65 25.00

Table S18. Averaged results of all EDX measurements for 3a (18 measurements)

Element norm. norm. 30 norm. wt. % norm. atom %
wt. % atom % calc. calc.
Si ‘ 6.99 21.85 0.90 9.63 25.00
La 48.76 32.64 3.62 47.65 25.00

The ratios for aluminum and bromine could not be determined reliably due to overlap of the respective
signals.[!!]
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Figure S52. SEM image of crystalline [Cp'LaBr2]12 (5b) in position 9, where EDX measurement was
performed.

Table S19. Results of EDX measurement at position 9 (Fig. S52)

Element norm. norm. 30 norm. wt. % norm. atom %
wt. % atom % calc. calc.
Si 8.75 25.46 0.61 8.59 25.00
La 43.19 25.41 2.38 42.50 25.00
Br 48.05 49.14 3.16 48.90 50.00
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Figure S53. SEM image of crystalline [Cp'LaBr2]12 (5b) in position 15, where EDX measurement was

performed.

Table S20. Results of EDX measurement at position 15 (Fig. S53)

Element norm. norm. 30 norm. wt. % norm. atom %
wt. % atom % calc. calc.
Si 8.24 24.07 0.73 8.59 25.00
La 41.91 24.75 2.36 42.50 25.00
Br 49.85 51.18 4.45 48.90 50.00
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SE MAG: 400 x HV: 15,0 kV WD: 15,0 mm Px: 0,34 pm

Figure S54. SEM image of crystalline [Cp'LaBr2]12 (5b) in position 17, where EDX measurement was
performed.

Table S21. Results of EDX measurement at position 17 (Fig. S54)

Element norm. norm. 30 norm. wt. % norm. atom %
wt. % atom % calc. calc.
Si 8.24 24.07 0.58 8.59 25.00
La ‘ 41.91 24.75 1.85 42.50 25.00
Br 49.85 51.18 3.35 48.90 50.00

Table S22. Averaged results of all EDX measurements for 3b (11 measurements)

Element norm. norm. 30 norm. wt. % norm. atom %
wt. % atom % calc. calc.
Si 8.27 24.24 0.57 8.59 25.00
La ‘ 42.78 25.35 2.13 42.50 25.00
Br 49.35 50.41 3.16 48.90 50.00
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1812 100 pm
SE MAG: 250 x HV: 10,0 kV_ WD: 15,1 mm Px: 0,55 um

Figure S55. SEM image of crystalline [Cp'ioLaioBr22(AlMez)2] (7) of area 1, where EDX measurement
was performed.

Table S23. Results of EDX measurement of area 1 (Fig. S55)

Element norm. norm. 30 norm. wt. % norm. atom %
wt. % atom % calc. calc.
Si 7.59 22.23 0.74 8.07 22.73
La 39.64 23.47 3.17 39.90 22.73

The values for area 2 could not be determined due to shadowing effects caused by the morphology of
the crystal.
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Figure S56. SEM image of crystalline [Cp'ioLaioBr22(AlMez)2] (7) of area 5, where EDX measurement
was performed.

Table S24. Results of EDX measurement of area 5 (Fig. S56)

Element norm. norm. 30 norm. wt. % norm. atom %
wt. % atom % calc. calc.
Si 7.76 22.62 0.75 8.07 22.73
La 39.40 23.23 3.13 39.90 22.73

The values for area 6 could not be determined due to shadowing effects caused by the morphology of
the crystal.
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Figure S57. SEM image of crystalline [Cp'ioLaioBr22(AlMez)2] (7) of area 14, where EDX measure-
ment was performed.

Table S25. Results of EDX measurement of area 14 (Fig. S57)

Element norm. norm. 30 norm. wt. % norm. atom %
wt. % atom % calc. calc.
Si 8.09 23.39 0.89 8.07 22.73
La 38.96 22.78 3.49 39.90 22.73

The values for area 15 could not be determined due to shadowing effects caused by the morphology of
the crystal.

Table S26. Averaged results of all EDX measurements for 3¢ (5 measurements)

Element norm. norm. 30 norm. wt. % norm. atom %
wt. % atom % calc. calc.
Si 7.64 22.26 0.83 8.07 22.73
La 38.84 22.89 3.40 39.90 22.73

The ratios for aluminum and bromine could not be determined reliably due to overlap of the respective
signals.[!!]
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Figure S58. SEM image of crystalline [Cp'La>Clz]10 (8) of area 1, where EDX measurement was per-

formed.

Table S27. Results of EDX measurement of area 1 (Fig. S58)

Element norm. norm. 30 norm. wt. % norm. atom %
wt. % atom % calc. calc.
Si 11.33 24.06 0.72 11.81 25.00
La 58.47 25.11 2.34 58.39 25.00
Cl 30.20 50.82 1.43 29.80 50.00
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Figure S59. SEM image of crystalline [Cp'La>Clz]10 (8) in position 3, where EDX measurement was

performed.

Table S28. Results of EDX measurement at position 3 (Fig. S59)

30

norm. wt. %

norm. atom %

Element norm. norm.
wt. % atom % calc. calc.

Si 11.60 24.37 1.10 11.81 25.00

La 57.68 24.50 3.61 58.39 25.00

Cl 30.72 51.13 2.25 29.80 50.00
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Figure S60. SEM image of crystalline [Cp'La>Clz]10 (8) in position 4, where EDX measurement was

performed.

Table S29. Results of EDX measurement at position 4 (Fig. S60)

norm. atom %

Element norm. norm. 30 norm. wt. %
wt. % atom % calc. calc.
Si 11.54 24.53 1.01 11.81 25.00
La 58.62 25.20 3.34 58.39 25.00
Cl 29.84 50.27 2.00 29.80 50.00

Table S30. Averaged results of all EDX measurements for 4 (3 measurements)

norm.

30

norm. wt. %

norm. atom %

Element norm.
wt. % atom % calc. calc.

Si 11.49 24.32 0.94 11.81 25.00

La 58.26 24.94 3.13 58.39 25.00

Cl 30.25 50.74 1.89 29.80 50.00
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Slow diffusion of Me,Sil into an n-hexane solution of lanthanide
half-sandwich  complexes  [Cp'Ln(AIMe,),]  (Ln=Ce, Pr;
Cp'=C;H,SiMe;) gives access to the hexadecalanthanide ring-
cluster hybrids [Cp’,Ln,lgl,, along with the cyclopentadienyl-
bridged {Ceg} cluster [Cp’,Ceyl,(,-Cp)l,. On the contrary, direct
addition of the halogenating reagent to complex [Cp'Ce-
(AlMe,),] in solution affords the spherical dodecanuclear cluster
[Cp'Cel,];, in addition to [Cp’,Ln,lgl,. The isostructural bromide
and chloride clusters [Cp’LnX,]l;, (X=Cl, Br) were isolated via the
same solution synthesis protocol, using the mild halogenido

Introduction

The main driving force behind rare-earth-metal (Ln) cluster
research is marked by a wide range of potential
applications.'™ While organolanthanide clusters assist in
unravelling the active species of industrial 1,3-diene polymer-
ization catalysis,™ luminescent coordination clusters do im-
press with intriguing structural motifs and bright
colors 101315200 Ag for cerium(lll) (4f"), the photoluminescent
properties are determined by dipole-allowed 5d—4f transi-
tions, which enables efficient tuning of the emission wave-
length of complexes.?'?* This effect can be further enhanced in
terms of the luminescence intensity in combination with a
variety of ligand systems, including cyclopentadienyl
derivatives® or hydridotris(pyrazolyl)borato ligands,*”’ given
their stabilizing properties.?® Super-large lanthanide cluster
compounds such as [Gd40(CO3),0(u5-
OH);40(CH;C00)g0(LH3)40(H,0)500]-(NO5)40(H,0), are generally syn-
thesized via hydro- or solvothermal reaction pathways.?>68%"
The switch to anhydrous, donor-free syntheses, which is
mandatory for accessing organolanthanide clusters, goes hand
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transfer reagents Me,GeX (X=Cl, Br). The reaction [Cp'Ce-
(AlMe,),l/Me;GeCl yielded the decanuclear heteroaluminato
derivative [Cp’sCesCly(AICI,Me,)], as a coproduct. Attempts to
isolate any intermediate species by performing the reaction at
low temperature resulted in incomplete AlMe,/iodido exchange,
affording the hexanuclear homoaluminate cluster
[Cp'Prgls(AIMe,),]. All cerium clusters show bright photolumi-
nescence under UV light. The luminescence properties of the
dodecanuclear clusters [Cp'CeX,]l;, (X=Cl, Br, 1) were closer
investigated.

in hand with a substantial decrease in cluster size.”® Not
surprisingly, it is the ubiquitous cyclopentadienyl ligand system
which triggered the formation of single-crystalline clusters, as
revealed for mono(cyclopentadienyl) derivatives.”** Until now,
the size of such half-sandwich-based clusters is restricted to
Ln,, entities (dodecanuclear structures) of the general composi-
tion [CpFLNX,];, (Cp*=CsHs, Ln=Sm, X=Cl; Cp*=C;H,SiMe;, Ln=La,
X=l, Br).**! Herein, we report an extension of the previously
discovered halogenation protocol applying half-sandwich lan-
thanide bis(tetramethylaluminato) complexes [Cp’Ln(AlMe,),]
(Cp'=CsH,SiMe;) as cluster precursors.®™ Special consideration is
given to the Ln" ion size and the type of halogenido ligand as
well as the formation of nano-sized {Ln,¢} ring-cluster hybrids.

Results and Discussion

Half-sandwich Ln" lodide Clusters Supported by C;H,SiMe,
(Cp)

Recently we found that the formation of half-sandwich organo-
lanthanum clusters is crucially affected by the steric demand of
the ancillary cyclopentadienyl ligand, the size of the bridging
halogenido ligand, and the crystallization technique.®™ Con-
sequently, we were interested in the effects of the Ln" ion size
using otherwise identical reaction conditions.

Since a strongly reduced Ln" ionic radius is anticipated to
markedly decrease cluster nuclearity,***” we decided on the
marginally smaller rare-earth elements cerium and praseodymi-
um as metal centers to check for potential size effects
(coordination number 6, Ln" ionic radii [A]: La=1.03, Ce=1.01,
Pr=0.99)."® By following established protocols,***" the half-
sandwich bis(tetramethylaluminato) precursors Cp’Ln(AlMe,),
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85U8017 SUOWIWOD SATES1D) 8|l dde aU Aq poueAob 8.2 S9[o1Le YO 8sN JO S3|NJ o} Akeuq1 ] 8UUO 4B UO (SUO I PUOD-PUR-SWLBI LD AB| 1M Akeaq 1 putjuo//Sdny) SUORIPUOD PUe SULB | 84} 885 [2202/0T/6T] Uo ARiqiTauljuo A|im ‘uebuign L ¥euolqigsiisoAiun A 298001202 21B/200T 0T/10p/wod A im Are.d 1 ui|uoadone-Aus iweydy/sdny wouy pepeojumod ‘T ‘0z 92890660T


http://orcid.org/0000-0003-2581-5313
http://orcid.org/0000-0002-1543-3787
http://uni-tuebingen.de/syncat-anwander
https://doi.org/10.1002/ejic.202100862
https://chemistry-europe.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)1099-0682c.Rinaldo-Poli
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fejic.202100862&domain=pdf&date_stamp=2021-11-26

EurJIC Research Article

European Journal of Inorganic Chemistry

doi.org/10.1002/ejic.202100862

Chemistry
Europe

European Chemical
Societies Publishing

(Ln=Ce (1a), Pr (1b)) were obtained as yellow and light green
oils (>90% yield) from homoleptic Ln(AlMe,); and KCp'. The 'H
NMR spectrum of the cerium derivative 1a in [D¢lbenzene at
ambient temperature shows four signals. Strikingly, the Cp’
hydrogen atoms at the 3/4 and 2/5 positions show strongly
different chemical shifts, with resonances at 15.82 ppm and
0.17 ppm, respectively. The AlMe, hydrogen atoms resonate at
1.26 ppm, and the SiMe; hydrogen atoms at —3.60 ppm.
Similarly, the praseodymium compound 1b revealed para-
magnetically shifted resonances at 26.31/8.49 (C;H,SiMe;),
—1.77 (AlMe,), and —6.21 (C;H,SiMe;) ppm. For the crystal
structure of 1a, see Figure S10 in the supporting information.

Aiming at the synthesis of coordination clusters, AlMe,/
iodido exchange was achieved by addition of a minor excess of
Me,Sil to a stirred n-hexane solution of 1a. Keeping the reaction
solution static at ambient temperature afforded the iodido-
bridged dodecacerium cluster [Cp'Cel,];, (2) along with the
novel hexadecanuclear cluster [Cp’,Ce,lg], (4a) cluster in a total
crystalline yield of 50% (Scheme 1). An X-ray diffraction (XRD)
analysis revealed that 2 (Figure S12) is isostructural to the
respective dodecalanthanum cluster [Cp'Lal,];,.* The 'H NMR
spectrum of both compounds shows a mixture of products,
ruling out any conclusive signal assignment and further detailed
characterization.

Slow diffusion (instead of direct addition) of Me,Sil into an
n-hexane/toluene solution of [Cp'Ce(AlMe,),] afforded different
crystalline products. On the one hand, the cyclopentadienyl-
bridged octanuclear cerium cluster [Cp’,Ce,l;(1,-Cp)], (3) could
be identified (Scheme 1). Partly desilylated 3 is isostructural
(Figure S13 and Figure S14) to the corresponding lanthanum
cluster [Cp’sLas(uo-Nalues1), (s (u-Cp)1L," formed under the

2.5 equiv Me;Sil/
Me;zGeX (X = Cl, Br)

n-hexane
- SiMe,/GeMe,
- AlMe;
Cp'Ln(AMey); — SiMe,
Ln=Ce (1a)
Ln =Pr (1b)

2.5 equiv. Me;Sil
n-hexane, diffusion
.0 5
- SiMe,

- AlMe3

[Cp'sLngl7(u2-Cp)l,
Ln =La,%I Ce (3)

same synthesis conditions, using [Cp’La(AlMe,),]l/Me,Sil. Surpris-
ingly, the diffusion method resulted in a second batch of
crystals, which were again identified as the hexadecanuclear
cluster 4a (Scheme 1). The obtained product mixture impeded
complete characterization though. The new cerium cluster 4a
marks a record-breaking nuclearity of {Ln,¢} for donor-free rare-
earth-metal coordination clusters. The cluster-ring “nanowheel”
arrangement is composed of a total of four Cp',Ce,l, subunits,
which are interlinked via four u,-bridging iodido ligands (Fig-
ure 1 and Figure S16). The same subunit structure of Cp’,Ln,(u,-
1)4(us-1),(u41) has been detected in [Cp’,Ln,l;(u,-Cp)], (Ln=La, Ce
(3)), emphasizing the particular preference for/stability of this
structural motif.

Comparing the {Ce,} subunits of clusters 3 and 4a revealed
characteristic differences in the interatomic distances and
angles, as a result of the distinct bridging moieties. While the
outmost Ce—l distances in cluster 3 are within a range of
3.1853(6) A (Ce3—12) and 3.2825(6) A (Ce4—I5) with an average
distance of 3.2299 A, the respective distances in complex 4a are
slightly but notably shortened (minimum: 3.1427(4) A, Ce4—13;
maximum: 3.2297(4) A, Ce3—17; avg.: 3.1879 A). Furthermore, the
cerium centers in 3 show a distance of 4.5988 A between the
inner metal centers, and 7.3078 A between the apical ones,
whereas the subunit of cluster 4a shows distances of 4.7257 A
(Ce2—C4) and 6.7251 A (Ce1—Ce3), respectively. This can be
explained by the higher degree of rotational and steric freedom
for the subunit of cluster 4a, which is bridged via u,-iodido
ligands, compared to the subunit in compound 3, where the
bridging cyclopentadienyl ligands exert a high steric strain on
the two subunits. Likewise, the distances between the apical
cerium centers in complex 4a and the u,-bridging iodido

[Cp'LnXal12

Ln=La, X =, Bri3%!
" Ln=Ce, X=1(2),Br(6a), Cl (Ta) +
Ln = Pr, X = Br (6b), CI (7b)

[Cp'sCeylgls (4a) +

[Cp'sCesClg(CloAIMey)]; (8)

(Cp’ omitted for clarity)

Megsizy

n/l | / =
% \an ﬂ\\Ln SiMes
MesSi % \,, Z i ,/ @\SiMeg
Me;Si

[Cp'sLnylgls
Me;Si Ln = Ce (4a), Pr (4b)

Scheme 1. Reactivity of half-sandwich complexes [Cp’Ln(AIMe,),] (Ln=La, Ce, Pr) toward Me,Sil/Me;GeX (X=Cl, Br) in solution (top) and toward Me;Sil
according to a diffusion synthesis protocol (bottom). Shown are complexes revealed by XRD analysis.
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Figure 1. Crystal structure of [Cp',Ce,lg], (4a) with atomic displacement parameters set at the 50% probability level. Hydrogen atoms are omitted for clarity.
The Cp’ ligands (except for one) are represented by a wireframe model for improved visualization. For selected interatomic distances and angles, see the

Supporting Information.

ligands range from 3.1451(4) A (Ce8-18) to 3.2061(4) A (Ce1-19),
with bonding angles between the subunits of 134.777(11)°
(Ce1-19—Ce5’) and 138.802(11)° (Ce3—18—Ce8). Striking are the
distinct I-Ce-I angles featured by the u,-iodido ligand of the
subunit. Whereas the three acute angles (14—Ce3-I8,
19—Ce5-111, 18-Ce8—111) are within a range from 74.352(11)° to
81.913(9)°, the angle between 14—Ce1-19, involving the subunit-
bridging u,-iodido ligand, is drastically enlarged (153.61°).
Consequently, the overall superstructure of the cluster resem-
bles a distorted ellipse/ring-like motif, with relatively large axes
lengths of 25.26 A for the major axis and 18.56 A for the minor
axis (Cnt-Cnt distances, Cnt=cyclopentadienyl ring centroid).
Complex 4a shows distances of the cerium metals to the plane
spanned by the interlinking u,-iodido ligands of 0.035 A (Ce1)
to a maximum distance of 5.243 A (Ce6).

Whereas donor-free lanthanide clusters usually show spher-
ical arrange-ments,**3*** ring structural motifs are more
common for lanthanide clusters bridged via donor ligands like,
e.g., {Gd,}t or {Yb,,}®***% or smaller sandwich-type ring-
cluster hybrids such as, e.g., [(CsMes),Sm(u,-Cl)15.B4= In
sandwich-type ring structures, the metal centers display a more
or less planar arrangement, while the deviation from planarity
naturally increases with the steric demand of the ligand system
or ligand complexity. The trinuclear fluorido-bridged samarium
compound [Cp,Sm(u,-F)1;*® shows a diameter of 11.47 A, as
well as an almost planar 6-membered ring with alternating Sm
and F atoms, with a maximum deviation from the mean plane
spanned by the ring atoms of 0.018 A. Changing to the
cyanido-bridged decamethylsamarocene complex [Cp*,Sm-
(CNCgH;)(1,-CN)1,®® reduces the planarity of the 9-membered

Eur. J. Inorg. Chem. 2022, e202100862 (3 of 9)

ring (max. distance 0.103 A). Surprisingly, the ring diameter is
only insignificantly affected (11.862 A). These parameters are
naturally further enhanced in the 18-membered ring-structure
of [Cp*,Sm(u,-CN)]s. Therein, the maximum distance of the
samarium metal center to the ring mean plane is 1.538 A, while
the ring diameter increases to 15.88 A.*¥ Other organolantha-
nide wheel-type structures comprise the aforementioned {Ln;}
half-sandwich complexes,®**” as well as salt-included {Ce,} half-
sandwich complex [Cp*Ce(C=CPh),],(LiCl),** bimetallic {Ln,K,}
half-sandwich-type  [CpLn(NPh,),{N(PPh,),},K,(THF),], (Ln=Er,
Yb)®® and the donor-free {Nds} COT-sandwich [(u-1%75-COT){Nd-
(c-CHs—C=C—Q)(NCy},)(u-Ch}1, bearing a cyclopropylethinyla-
midinato coligand.®” Implementation of alkoxy or acetato
bridging ligands often results in highly symmetric ring
stuctures, as evidenced by the isolation of aforementioned
Y,0h" {Ybl,2¥ and {Gd, 0} clusters. Despite the increased
complexity of the bridging ligand, the yttrium metal centers in
{Y;o} show a maximum distance of only 0.627 A to their
respective mean plane, with an overall ring diameter of 22.42 A.
The acetates {Yb,,} and {Gd,,} display metrical parameters of
max. 1.960 A/max. 5.398 A and 36.58 A/59.58 A.

Since a ring-cluster hybrid similar to that of 4a could not be
identified for the larger rare-earth metal center lanthanum(lll),
we wondered about its existence of the smaller-sized praseody-
mium. And in fact, the diffusion method using [Cp'Pr(AIMe,),]
(1b) and Me,Sil also gave the hexadecanuclear ring-cluster
hybrid [Cp’,Pr,lg], (4b) (Scheme 1, Figure S17), which is isostruc-
tural to the cerium complex 4a. For further comparison, the
values for the distances between the mean plane M1 spanned
by the u,-bridging iodido ligands and the praseodymium metal
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Table 1. Selected interatomic distances and angles of dodecanuclear clusters [Cp’LnBr,];, (Ln=La, Ce, Pr). Distances are given in [A], angles in [°]. Br,=
surface bromido ligands, Br.=core bromido ligands. Cnt = cyclopentadienyl ring centroid.

Bond/Angle [Cp'LaBr,];, [Cp'CeBr,];, (6a) [Cp'PrBr,];, (6b)

Ln—C(Cp’)/Cnt 2.720(3)-2.827(3) / 2.489 2.714(2)-2.738(2) / 2.511 2.703(5)-2.746(5) / 2.446

Ln—Br, 3.0178(4)-3.3451(1) 3.0003(2)-3.4302(2) 2.9870(5)-3.2972(5)

Ln—Br, 3.0972(4) 3.0850(2) 3.0479(5)-3.0876(5); avg. 3.0647
Br,—Ln—Br, 63.476(9)-77.826(1) 65.13(3)-76.27(3) 66.058(2)-75.868(2)

Ln—Br—Ln 90.370(1)-115.564(2) 90.33(5)-115.34(3) 91.102(2)-114.615(2)

centers deviate only marginally (Pr8-M1=0.014 A, Pr2.-M1=
5.139 A; 4a: 0.035-5.243 A), reflecting the slightly smaller Pr"

—9.11 ppm. Compared to the half-sandwich precursor [Cp'Ce-
(AlMe,),], the signals are significantly shifted (1a 6 Cp'H,

ion size, as do the ellipsoid axes (4a: 25.26 A, 18.56 A; 4b:
25.12 A, 18.60 A). Despite several attempts, a cyclopentadienyl-
bridged praseodymium complex isostructural to [Cp’,Ce,l,;(u,-
Cp)l, (3) could not be isolated so far, possibly indicating a trend
in size effect for the diffusion-controlled synthesis. While the
diffusion reaction with [Cp’La(AlMe,),] exclusively afforded the
cyclopentadienyl-bridged {Lag} complex Cp’,La,l[(t,-Cp)1,"
the reaction with [Cp'Pr(AlMe,),] resulted in the preferred
formation of the larger {Pr,¢} complex [Cp’,Pr,lgl, (4b). For the
similar reaction with [Cp’Ce(AIMe,),] both the {Ceg} and {Ce,c}
complexes 3 and 4a could be isolated, clearly emphasizing the
impact of Ln" ion size on compound nuclearity.

Investigating the prospect of isolating any possible inter-
mediate species, the diffusion reaction of Me;Sil with the
praseodymium half-sandwich precursor 1b was repeated at 0°C
in order to slow down the diffusion process. Over the period of
several weeks, light green crystals had deposited. An XRD
analysis revealed the formation of the heterobimetallic, hexanu-
clear praseodymium cluster [Cp’sPrgls(AlMe,),] (5) (Figure S18).
Alternatively, cluster 5 was obtained according to standard
synthesis routes pursuing a stoichiometry-controlled reaction
pathway.®>*®*91  Unsurprisingly, the tetramethylaluminato-
bridged compound 5 is isostructural to [Cp’sLagls(AIMe,),].>
Apparently, low temperature hampers a complete alkyl/halo-
genido exchange.

Half-sandwich Ln"

by Cp’

Bromide and Chloride Clusters Supported

To screen for further size effects, the “stirring” synthesis
protocol was applied using the bromido transfer reagent
Me,GeBr. However, both reactions with the cerium (1a) and
praseodymium half-sandwich precursor compound (1b) led to
the crystallization of dodecanuclear clusters of the general
composition [Cp'LnBr,];, (Lh=Ce (6a), Pr (6 b)) (Scheme 1) (Fig-
ure S19 and Figure S20), which is in accordance with the
reaction employing the respective lanthanum precursor.®”
Moreover, both clusters are isostructural to [Cp’LaBr,l;,, with
marginally differing interatomic distances and bond angles, due
to their slightly reduced ionic radii (see Table 1). The 'H NMR
spectrum of cerium bromide cluster 6a in [Dg]benzene at
ambient temperature (Figure S7) shows one signal set for the
Cp’ ligands. The Cp’ hydrogen atoms resonate at 19.71 ppm
and —0.31 ppm, respectively, and the trimethylsilyl group at
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15.82 ppm, 0.17 ppm, 6 CH;, —3.60 ppm). In contrast, the H
NMR spectrum of cluster 6b shows three signals, a broad
singlet at 27.63 ppm (Cp’H), a doublet at 0.14 ppm (unidentified
species), and a singlet at —6.20 ppm (CH,).

Surprisingly, two different structural motifs were detected
for the “stirring” reaction with the chlorido transfer reagent
Me;GeCl. Treatment of 1a with 2.5 equivalents trimeth-
ylgermanium chloride led to the formation of the dodecanu-
clear cluster [Cp'CeCl,];, (7a) as well as the heteroaluminato
derivative [Cp'sCe;Cly(Cl,AlMe,)], (8). Both crystal structures
were revealed by XRD analyses (Figure 2 and Figure S23). While
7a is isostructural to the other {Ln,,} spherical clusters under
study, the connectivity and structural motif of 8 has been found
previously for [Cp’sLasBry(Br,AlMe,)],. However, the latter
{La,,Al} cluster was obtained via the diffusion method employ-
ing [Cp'La(AlMe,),] and Me;GeBr** Cluster 8 features an
ellipsoidal decanuclear cerium core structure, with the cerium

2\ C7
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= an® < B
PFa (=17 s s
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Cel | cu
P Cedg o CI1‘0 ) Q)
§ Y & Ces
% 4 . .@C|2
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@O 4 Ceb
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Figure 2. Crystal structure of [Cp'CeCl,];, (7 a) with atomic displacement
parameters set at the 50 % probability level. Hydrogen atoms are omitted for
clarity. The Cp’ ligands (except for one) are represented by a wireframe
model for improved visualization. For selected interatomic distances and
angles, see the Supporting Information.
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centers at the apical positions bearing one heteroaluminato
ligand each. The formation of a product mixture ruled out a full
characterization.

Again surprisingly, applying the same synthesis protocol for
the respective praseodymium precursor 1b in turn afforded
exclusively the dodecanuclear cluster [Cp’PrCl],, (7b) (Fig-
ure S22). Cluster 7 b crystallized in the monoclinic space group
P2,/c, and the XRD analysis revealed only negligible differences
in interatomic distances or bond angles in comparison to
[Cp'PrBr,];, (6b) in accordance with the smaller ionic radii of the
chlorido ligands. Once again, the effect of the rare-earth-metal
ion size is displayed in the isolated clusters. While the reaction
of [Cp’La(AIMe,),] with Me;GeCl solely afforded the decalantha-
num cluster [Cp’LaCl,];, with two terminal chlorido ligands,®”
the reaction for cerium produced a mixture of the decanuclear
cluster [Cp’;CesCly(Cl,AIMe,)]; (8) and the dodecanuclear cluster
[Cp'CeCl,];, (7a), whereas on the other hand the reaction with
the praseodymium precursor complex [Cp’Pr(AlMe,),] exclu-
sively resulted in the formation of the dodecanuclear cluster
[Cp'PrCly];, (7 b).

Luminescence Properties of the Cerium Clusters

Given the electron-dipole allowed 5d'—4f' emission and
associated ligand effects (nephelauxetic effects), the photo-
luminescence properties of a series of cerium(lll) organometal-
lics has been investigated. In particular, the cyclopentadienyl-
sandwich complexes [Cp*,Ce(u-CNIL® and [Cp®,Ce(u-ChI,
(Cp™ = C4H,tBu,-1,3)*” were shown to exhibit intense bright-
yellow photoluminescence and high quantum yields. Other
studied cerium(lll) cyclopentadienyl derivatives include Cp;Ce/
Cp;Ce(THF), ate complexes of the type [M(Do),l[Cp*,CeX,]
(M=Li, K; Do=0OEt,, THF; X=Ce, |, Me), as well as donor adducts
[Cp*,CeX(THF)] and half-sandwich complexes [Cp*CeX,(THF),]
(X=Cl, 1).°"7 The photoluminescent properties of cerium(lll) can
be effectively used in cerium photosensitizers for photoredox
catalysis.?>****) We have also recently reported on distinct color
changes of donor-free cerium(lll) sandwich complexes [Cp*,Cel]
in solution, being highly affected by the monoanionic ligand L
(L=NiPr,, blue; N(SiHMe,),, red; CH,—C,H,-0-NMe,, purple).””

Naturally, we were interested in color/luminescence effects
of the half-sandwich-type clusters under study. Under ambient
light, the addition of the halogenido transfer reagent to the
bis(tetramethylaluminato) complex 1a did not cause any
spectacular color change (pale yellow to colorless). In contrast,
a pronounced color change of the photoluminescence is
observable upon irradiation with UV-light (302 nm). Depending
on the halogenido ligand, a striking transition from light green
([Cp'Cel,];, (2) and [Cp',Ce,lgl, (4a)) over turquoise ([Cp'CeBr,];,,
6a) to a blue Iluminescence ([Cp'CeCl];, (7a) and
[Cp'sCesCly(Cl,AIMe,)1, (8)) was found, while the initial solution
of 1a in toluene displayed a green-blue luminescence under
UV-light. Consequently, we decided to scrutinize the lumines-
cence properties of the respective clusters. The following
measurements were performed with a [1 mM] toluene solution
of the respective cluster in a J.Young-valved NMR tube.
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The iodide clusters 2 and 4a revealed two excitation
maxima (see Figure 3 and Figure S33), a global maximum at
286 nm with a relatively steady asymmetric decrease, and a
smaller local maximum at 420 nm. This local maximum is
notably shifted in comparison to the maximum in the
absorption spectrum (428 nm, Figure S30). In contrast, bromide
cluster 6a displays a broadened excitation peak, with a global
excitation maximum at 291 nm along with a small shoulder at
328 nm (Figure 3). The second, local excitation maximum is
significantly shifted toward lower wavelengths (370 nm) in
comparison with the iodide clusters. Compared with the
absorption spectrum (Figure S31), the absorption and excitation
maxima show nearly identical values (371 and 370 nm). The
chloride clusters 7a and 8 exhibit very similar excitation
behavior, with a global excitation maximum at 287 nm and a
shoulder as well (Figure 3). The local maximum (350 nm) is
further shifted toward lower wavelengths compared to the
other clusters, but shows only a small shift compared to the
maximum of the absorption spectrum (349 nm, Figure S32).
Unlike the iodido- and bromido-bridged clusters, the chlorido-
bridged clusters display a second local excitation maximum at
396 nm. This is reflected in the absorption spectrum as well,
which shows an asymmetric decrease.

For all absorption spectra, the absorbance did not exceed a
value of 0.15. Strikingly, the emission spectra exhibit a distinct
shift toward smaller wavelengths with decreasing halogenido
ion size. The iodido-bridged clusters 2 and 4a show a global
emission maximum at 489 nm, as well as a pronounced
shoulder at 533 nm (Figure 4 and Figure S33).

Overall, compounds 2 and 4a exhibit a relatively broad
emission ranging from ~430 nm to 700 nm. Bromide cluster 6a
displays a similar emission behavior (Figure 4 and Figure S34),
though the emission maximum as well as the shoulder are
slightly shifted toward lower wavelengths (473 nm, 514 nm).
Likewise, further decreasing the halogenido ion size (increasing
the hardness) again shifts the maxima to lower wavelengths
(7a, 8: 459 nm, 500 nm, Figure 4 and Figure S35). Interestingly,
the emission maxima of the donor-solvated monomeric half-
sandwich complexes [Cp*CeX,(THF),] (X=Cl, 1) appear to follow

0.8
2 [Cp'Celolis
[
% 0.6 [Cp'CeBrali2
o u[Cp'CeCly]1»
8
g 0.4
o
=z

0.2,

0

300 450

350 400
Wavelength [nm]

Figure 3. Excitation spectra of dodecanuclear clusters [Cp'CeX,];, (X=I (2), Br
(6a), Cl (7a)).
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Figure 4. Emission spectra of dodecanuclear clusters [Cp'CeX,];, (X=I (2), Br
(6a), Cl (7a)) and under UV-light (302 nm).

an opposite trend, with the iodide derivative emitting at
comparatively higher energy than the chloride compound (465
versus 490 nm).*°%? Moreover, a qualitatively similar color
switch from yellowish to blue luminescence was observed for
mixed silylamido/guanidinato  complexes  Ce[N(SiMe,),],-
[(Me;Si),NC(NiPr),];_,.*® All clusters under study show similar
luminescence lifetimes, which are in the range of reported
molecular Ce(lll) emitters.®” The luminescence decay curves
were fitted by a single exponential or a bi-exponential model.
In case of the iodido-bridged clusters [Cp'Cel,];, (2) and
[Cp',Ce,lsl, (4a) the bi-exponential model yielded 92.8 ns (71 %)
and 147 ns (29%). The bromido-bridged cluster 6a could be
analyzed using a single exponential, with a luminescence
lifetime of 115 ns. For the chlorido-bridged clusters 7a and 8
lifetimes of 77.3 ns (18%) and 111 ns (82 %) were obtained with
the bi-exponential model, though the longer lifetime dominates
the decay in this case.

Conclusion

The seemingly small difference in ionic radii between lantha-
num, cerium, and praseodymium has a significant impact on
the formation of half-sandwich halogenido clusters. In addition
to the previously reported spherical dodecanulcear clusters of
the type [Cp'LnX,];, (X=CI, Br, 1), the AlMe,/I exchange reaction
protocol favors the even larger donor-free rare-earth-metal
ring-cluster hybrids [Cp’,Ln,lgl,. Furthermore, the rare-earth-
metal center ion size in combination with the crystallization
technique greatly affects the self-assembly process of the
clusters, as evidenced by the isolation of coordination clusters
with different structural motifs for the same bridging halogen-
ido ligands ([Cp’,Ce,l,(1,-Cp)], and [Cp’,Ce,lgl, versus [Cp',Pr,lgl,,
[Cp'CeCl,];, and [Cp’sCesCly(Cl,AIMe,)],) versus [Cp'PrCl,l;,. The
cerium(lll) half-sandwich clusters exhibit interesting lumines-
cence behavior, with the emission wavelengths being halogen-
ido-dependent. The newly gained insights into the formation
process of organorare-earth-metal clusters open new perspec-
tives for designing luminescent or magnetic clusters or
materials.
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Experimental Section

General considerations

All manipulations were performed under rigorous exclusion of air
and moisture, using standard Schlenk and glovebox techniques
(MBraun MB200B; <0.1 ppm O, <0.1 ppm H,0, argon atmos-
phere). The solvents n-hexane and toluene were purified using
Grubbs-type columns (MBraun SPS, solvent purification system).
[Dglbenzene (99.6 %, Sigma-Aldrich) was dried over Na/K-alloy for at
least 24 h prior to filtration. All solvents were stored inside a
glovebox. Trimethylsilyl cyclopentadiene (HCp', 97 %) was obtained
from abcr and used as received. Potassium trimethylsilyl cyclo-
pentadienide was prepared according to standard procedures by
treatment of the proligand with potassium.*® lodotrimethylsilane
(97 %, stabilized with copper), bromotrimethylgermane (98 %), and
chlorotrimethylgermane (98 %) were purchased from abcr and used
without further purification. Homoleptic [Ln(AIMe,);] (Ln=Ce,
Pr)®4% was synthesized according to literature procedures. NMR
spectra of air and moisture sensitive compounds were recorded
using J.Young valve NMR tubes at ambient temperature on a Bruker
AVII4+400 ('H: 400.11 MHz; "C: 100.61 MHz) spectrometer. NMR
chemical shifts are referenced to internal solvent resonances and
reported in parts per million relative to tetramethylsilane. Coupling
constants are given in Hertz. Elemental analyses were performed on
an Elementar Vario Micro Cube. IR spectra were recorded on a
Vertex70 IR spectrometer (Nujol, Csl window). Steady-state spectra
were measured on a Horiba Fluorolog-3 spectrofluorimeter
equipped with a 450 W xenon lamp for steady-state measurements.
Emitted light was detected by a Hamamatsu R2658P PMT (UV/vis/
NIR, 200 nm < 4., < 1000 nm) detector. A double grating mono-
chromator 320DFX (1200 grooves/nm, blazed at 330 nm) was used
for spectral selection in the excitation path, while in the visible
emission path the single grating monochromator iHR550
(1200 grooves/nm, blazed at 500 nm) was used. To avoid higher
order excitation light, long pass filter glass plates (3 mm thickness
from Schott) were used when needed. For fluorescence lifetime
determination, a pulsed UV-LED (DeltaDiode-310, A..=308+
10 nm, pulse width ca. 1 ns FWHM, P, =5 uW) without further
spectral selection was used for excitation. Lifetime data analysis
(deconvolution, statistical parameters, etc.) was performed using
the software package FeliX32 from PTI or DAS analysis from Horiba.
The decay data were analyzed by tail-fitting (exclusion of the lamp-
puls region).

[Cp'Ce(AlMe,),] (1a). To a suspension of potassium trimethylsilyl
cyclopentadienide (KC;H,SiMe;=KCp’) (45.86 mg, 0.26 mmol) in n-
hexane (3 mL) a solution of [Ce(AIMe,);] (100.37 mg, 0.25 mmol) in
n-hexane (3 mL) was added under vigorous stirring. After stirring
the reaction mixture for 16 h at ambient temperature, the
suspension was centrifuged, the supernatant filtered, and the
solvent was removed under vacuum to give 1a as a yellow oil
(101.9 mg, 0.23 mmol, 90%). Crystals suitable for XRD analysis were
obtained from a saturated n-hexane solution at —40°C. '"H NMR
(400 MHz, [Dglbenzene, 26°C): d =15.82 (2H, C,H,SiMe;), 1.26 (24H,
AlMe,), 0.17 (2H, CsH,SiMe;), —3.60 (9H, CsH,SiMe;) ppm. IR (Nujol):
v=2954 (Cp, Nujol), 2924 (Cp, Nujol), 2855 (Cp, Nujol), 2789 (Cp,
Nujol), 1456 (Nujol), 1445 (Nujol), 1365 (Nujol), 1251 (w), 1218 (vw),
1191 (w), 1174 (w), 1043 (w), 902 (vw), 837 (s), 801 (w), 755 (w), 697
(vs), 639 (vw), 627 (vw), 577 (w), 538 (vw), 517 (vw), 477 (vw), 418
(vw) cm™". Elemental analysis of 1a calculated for C,¢H;,Al,CeSi
(451.64 g/mol): C 42.55%, H 8.26 %; found: C 42.60 %, H 7.98 %.

[Cp'Pr(AlMe,),] (1b). To a suspension of KCp' (45.86 mg,
0.26 mmol) in n-hexane (3 mL) a solution of [Pr(AlMe,);] (100.58 mg,
0.25 mmol) in n-hexane (3 ml) was added under vigorous stirring.
After stirring the reaction mixture for 16 h at ambient temperature,
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the suspension was centrifuged, the supernatant filtered, and the
solvent was removed under vacuum to give 1b as a light green oil
(105.2 mg, 0.23 mmol, 93%). Attempts to crystallize 1b from a
saturated n-hexane solution at —40°C were unsuccessful. 'H NMR
(400 MHz, [Dglbenzene, 26°C): 6 =26.31 (2H, CH,SiMe,), 8.49 (2H,
C.H,SiMes), —1.77 (24H, AlMe,), —621 (9H, C;H,SiMe;) ppm. IR
(Nujol): »=2954 (Cp, Nujol), 2925 (Cp, Nujol), 2853 (Cp, Nujol), 2792
(Cp, Nujol), 1661 (vw) 1459 (Nujol), 1412 (Nujol), 1377 (Nujol), 1366
(Nujol), 1311 (vw), 1251 (vs), 1192 (s), 1043 (s), 985 (vw), 968 (vw),
903 (w), 839 (vs), 805 (w), 755 (w), 694 (vs), 639 (vw), 627 (vw), 582
(w), 515 (vw), 478 (vw), 418 (vw) cm . Elemental analysis of 1b
calculated for CygH3,AlLPrSi (452.43 g/mol): C 42.48%, H 8.24%;
found: C 39.62%, H 7.39%. The deviation between theoretical and
experimental values are likely caused by incomplete combustion of
the compound.

[Cp'Cel,];, (2) and [Cp',Ce,lgl, (4a). [Cp'Ce(AIMe,),] (1a, 45.2 mg,
0.1 mmol), was dissolved in n-hexane (15mL), and Me,Sil
(50.02 mg, 0.25 mmol) was added under vigorous stirring. After
stirring the reaction mixture for 4 h, the suspension was filtered,
and the vial was stored at ambient temperature. Within several
hours, 2 and 4a formed as light yellow crystals (27.1 mg, 50% total
yield). No signal assignment in the 'H NMR spectrum was possible
due to the presence of a product mixture. Any meaningful IR
spectra could not be recorded due to the presence of a product
mixture. Elemental analysis of 2/4a calculated for CosH,s6Ce;,154501,
(6374.42 g/mol) and C;5H,05Ce;4l3,5i6 (8499.23 g/mol): C 18.09%, H
2.47%; found: C 19.99%, H 3.29%. The deviation between
theoretical and experimental values can be explained by residual
lattice n-hexane in the crystalline material.

[Cp',Ce,4l,(1,-Cp)1; (3) and [Cp',Ce,lgl, (4a). In a 20-mL vial, [Cp'Ce-
(AlMe,),] (1a, 45.2mg, 0.1 mmol) was dissolved in a toluene/n-
hexane mixture (5 mL). In a 5-mL vial, Me,Sil (50.02 mg, 0.25 mmol)
was dissolved in n-hexane (1 mL). The smaller vial was placed inside
the bigger one with the [Cp'Ce(AIMe,),] solution, and the large vial
was sealed afterwards. Diffusion of the MesSil into the [Cp'Ce-
(AIMe,),] solution and storing the vial at ambient temperature led
to the formation of crystalline 3 and 4a in low yields after several
days. No signal assignment in the '"H NMR spectrum was possible
due to the presence of a product mixture. Any meaningful IR
spectra and elemental analysis could not be performed due to the
presence of a product mixture.

[Cp'4Prylgl, (4b). In @ 20-mL, [Cp’Pr(AlMe,),] (1b, 45.2 mg, 0.1 mmol)
was dissolved in n-hexane (5 mL). In a 5-mL vial, Me;Sil (50.02 mg,
0.25 mmol) was dissolved in n-hexane (1 mL). The smaller vial was
placed inside the bigger one with the [Cp’Pr(AlMe,),] solution, and
the large vial was sealed afterwards. Diffusion of the Me;Sil into the
[Cp'Pr(AlMe,),] solution and storing the vial at ambient temperature
led to the formation of crystalline 4b in low yields after several
days. The '"H NMR spectrum of the non-crystalline residue was
inconclusive. Any meaningful IR spectra and elemental analysis
could not be performed due to the presence of co-products.

[Cp'¢Prelg(AlMe,),] (5). a) In a 20-mL vial, [Cp'Pr(AlMe,),] (1b,
45.2 mg, 0.1 mmol) was dissolved in n-hexane (5 mL). In a 5-mL vial,
Me,Sil (50.02 mg, 0.25 mmol) was dissolved in n-hexane (1 mL). The
smaller vial was placed inside the bigger one with the [Cp'Pr-
(AlMe,),] solution, and the large vial was sealed afterwards.
Diffusion of the Me,Sil into the [Cp’Pr(AlMe,),] solution and storing
the vial at 0°C led to the formation of crystalline 5 in low yield after
several weeks.

b) [Cp'Pr(AIMe,),] (1b, 452 mg, 0.1 mmol) was dissolved in n-
hexane (2.5 mL), Me,Sil (26.00 mg, 0.13 mmol) was dissolved in n-
hexane (0.5 mL) and added, and the vial was shaken vigorously.
Storing the vial at —40°C led to the formation of crystalline 5
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(23.4 mg, 7.5 umol, 45 %) overnight. 'H NMR (400 MHz, [D¢]benzene,
26°C): 6=2632 (2H, C.H,SiMey), 851 (2H, C;H,SiMe;), 8.36 (2H,
C.H,SiMey), —1.79 (24H, AlMe,), —6.20 (9H, C;H,SiMe;) ppm. IR
(Nujol): #=2954 (Cp, Nujol), 2924 (Cp, Nujol), 2855 (Cp, Nujol), 2726
(w), 2670 (w), 2620 (w), 2092 (w), 1461 (Nujol), 1401 (Nujol), 1377
(Nujol), 1310 (w), 1248 (s), 1206 (w), 1192 (w), 1171 (m), 1042 (m),
1019 (m), 902 (m), 838 (vs), 801 (vs), 755 (s), 722 (vs), 697 (s), 625
(m), 585 (m), 547 (w), 530 (w), 418 (w) cm™". Elemental analysis of 5
calculated for Cg4H;,6AlPrelsSis (3032.83 g/mol): C 25.35%, H 4.19%;
found: C 28.20%, H 4.86%. The deviation between theoretical and
experimental values can be explained by residual lattice n-hexane
in the crystalline material.

[Cp'CeBr,],, (6a). [Cp'Ce(AlMe,),] (1a, 45.2mg, 0.1 mmol), was
dissolved in n-hexane (2 mL), and Me;GeBr (49.41 mg, 0.25 mmol)
was added under vigorous stirring, resulting in a gradual color
change of the solution from light yellow to colorless. After stirring
the reaction mixture for 4 h, the suspension was filtered, and the
vial was stored at ambient temperature. Within several days at
ambient temperature, 6a formed as colorless crystals (28.0 mg,
5.33 umol, 64%). '"H NMR (400 MHz, [Dglbenzene, 26°C): 6 =19.71
(2H, C,H,SiMe;), —0.31 (2H, C.H,SiMe,), —9.11 (9H, C.H,SiMe;) ppm.
IR (Nujol): »=2954 (Cp, Nujol), 2924 (Cp, Nujol), 2854 (Cp, Nujol),
1460 (vs, Nujol), 1377 (s, Nujol), 1246 (w), 1172 (w), 1042 (w), 903
(w), 837 (w), 798 (w), 753 (w), 722 (w), 693 (w), 639 (w), 627 (w), 421
(w) cm~'. Elemental analysis of 6a calculated for CogH,s6Ce1,Br,,Sis,
(5246.41 g/mol): C 21.98%, H 3.00%; found: C 23.71%, H 3.25%.
The high carbon value can be attributed to residual lattice n-hexane
in the crystalline material.

[Cp'PrBr,],, (6b). [Cp'Pr(AIMe,),] (1a, 45.2mg, 0.1 mmol), was
dissolved in n-hexane (2 mL), and Me;GeBr (49.41 mg, 0.25 mmol)
was added, and the vial was shaken vigorously, resulting in a
gradual color change of the solution from light green to colorless.
Storing the reaction solution at —40°C led to the formation of 6b
as colorless crystals (28.8 mg, 5.39 umol, 65%). 'H NMR (400 MHz,
[D¢lbenzene, 26 °C): 6 =27.63 (bs), 0.14 (d), —6.20 (s) ppm. IR (Nujol):
#=2953 (Cp, Nujol), 2923 (Cp, Nujol), 2854 (Cp, Nujol), 2726 (w),
2670 (w), 2620 (w), 2092 (w), 1461 (Nujol), 1405 (Nujol), 1377
(Nujol), 1311 (m), 1247 (s), 1173 (m), 1042 (s), 1015 (w), 903 (s), 839
(vs), 800 (vs), 754 (m), 724 (vs), 693 (w), 638 (m), 626 (w), 422 (m)
cm™'. Elemental analysis of 6b calculated for CyoH;7oPri,Br,,Sis,
(5342.09 g/mol): C 22.93%, H 3.21 %; found: C 23.15%, H 3.46 %.

[Cp'CeCl,];, (7a) and [Cp’sCesCly(Cl,AIMe,)]l, (8). [Cp'Ce(AlMe,),]
(1a, 45.2mg, 0.1 mmol), was dissolved in n-hexane (2 mL), and
Me,GeCl (38.3 mg, 0.25 mmol) was added under vigorous stirring,
resulting in a gradual color change of the solution from light yellow
to colorless. After stirring the reaction mixture for 4h, the
suspension was filtered, and the vial was stored at ambient
temperature. Within several days at ambient temperature, 7a and 8
formed as colorless crystals (28.2 mg, 78 % total yield). The 'H NMR
spectrum shows a mixture of products. Any meaningful IR spectra
and elemental analysis could not be performed due to the presence
of a product mixture.

[Cp'PrCl,],, (7b). [Cp'Pr(AlMe,),] (1a, 45.2mg, 0.1 mmol), was
dissolved in n-hexane (2 mL), and Me;GeCl (38.3 mg, 0.25 mmol)
was added, and the vial was shaken vigorously, resulting in a
gradual color change of the solution from light green to colorless.
Storing the reaction solution at —40°C led to the formation of 7b
as colorless crystals (3.2 mg, 0.76 umol, 9%). The 'H NMR spectrum
of the crystalline product was inconclusive. IR (Nujol): ¥=3173 (vw),
2954 (Cp, Nujol), 2924 (Cp, Nujol), 2854 (Cp, Nujol), 2724 (w), 2669
(w), 1461 (Nujol), 1377 (Nujol), 1305 (m), 1248 (w), 1169 (w), 1156
(w), 1043 (vw), 1018 (vw), 996 (vw), 935 (vw), 904 (vw), 892 (vw),
843 (w), 769 (w), 724 (vs), 638 (vw), 626 (vw), 564 (vw) 424 (vw)
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cm'. Elemental analysis of 7b calculated for CggH,s6Pr:,ClyaSis,

(4189.00 g/mol): C 27.53 %, H 3.75 %; found: C 28.09%, H 4.15 %.

X-Ray Crystallography and Crystal Structure Determinations.
Single-crystals of 1a were grown from a saturated n-hexane
solution. Single-crystals of 2, 4a, 5, 6a, 6b, 7a, 7b, and 8 were
grown from diluted n-hexane solutions. Crystals of 3 and 4b were
grown by the diffusion technique. Due to insufficient crystal quality
of 2, only a connectivity structure could be obtained. Suitable
crystals for X-ray structure analyses were selected inside a glovebox,
coated with Parabar 10312 (previously known as Paraton N,
Hampton Research) and fixed on a nylon/loop glass fiber. X-ray
data were collected on a Bruker APEX Ill DUO instrument equipped
with an IuS microfocus sealed tube and QUAZAR optics for MoK,
(.=0.71073 A) and CuK, (A=1.54184A) radiation. The data
collection was determined using COSMO™” employing w-scans.
Raw data were processed using APEX™ and SAINT,® corrections
for absorption effects were applied by using SADABS."™ For
compounds 3, 4b, and 5a numerical absorption correction was
performed, for all other compounds multi-scans were applied. The
structures were solved by direct methods and refined against all
data by full-matrix least-squares methods on F? using SHELXTL""
and SHELXLE."” Disorder models are calculated using DSR, a
program for refining disordered structures in SHELXLE.”®' All
graphics were generated employing CCDC Mercury 3.10.1.7¢
Further details regarding the refinement and crystallographic data
are listed in Table S1 and in the CIF files.

Deposition Numbers 2114125 (for 1a), 2114126 (for 6a), 2114127
(for 4b), 2114128 (for 4a), 2114129 (for 5), 2114130 (for 7a),
2114131 (for 6b), 2114132 (for 8), 2114133 (for 3), and 2114134 (for
7b) contain the supplementary crystallographic data for this paper.
These data are provided free of charge by the joint Cambridge
Crystallographic Data Centre and Fachinformationszentrum Karls-
ruhe Access Structures service www.ccdc.cam.ac.uk/structures.

Acknowledgements

We are grateful to the German Science Foundation for financial
support (Grant: AN 238/14-2). We thank Prof. Dr. Michael Seitz for
providing the equipment for the luminescence measurements and
Dr. Wolfgang Leis for conducting the measurements as well as
assistance in the discussion of the luminescence part. Open Access
funding enabled and organized by Projekt DEAL.

Conflict of Interest

The authors declare no conflict of interest.

Keywords: Cluster compounds - Cyclopentadienyl ligands
Halides - Lanthanides - Luminescence

[1] J.-B. Peng, Q--C. Zhang, X.-J. Kong, Y.-Z. Zheng, Y.-P. Ren, L.-S. Long, R.-B.
Huang, L-S. Zheng, Z. Zheng, J. Am. Chem. Soc. 2012, 134, 3314-3317.

[2] J.-B. Peng, X.-J. Kong, Q.-C. Zhang, M. Orendac, J. Prokleska, Y.-P. Ren, L.-
S. Long, Z. Zheng, L.-S. Zheng, J. Am. Chem. Soc. 2014, 136, 17938-
17941.

[3] L. Qin, Y.-Z. Yu, P.-Q. Liao, W. Xue, Z. Zheng, X.-M. Chen, Y.-Z. Zheng,
Adv. Mater. 2016, 28, 10772-10779.

Eur. J. Inorg. Chem. 2022, 202100862 (8 of 9)

[4]

'~
&

[36]

[37]

[38]

X.-Y. Zheng, J.-B. Peng, X.-J. Kong, L.-S. Long, L.-S. Zheng, Inorg. Chem.
Front. 2016, 3, 320-325.

L. Qin, G.-J. Zhou, Y.-Z. Yu, H. Nojiri, C. Schréder, R. E. P. Winpenny, Y.-Z.
Zheng, J. Am. Chem. Soc. 2017, 139, 16405-16411.

X.-Y. Zheng, Y.-H. Jiang, G.-L. Zhuang, D.-P. Liu, H.-G. Liao, X.-J. Kong, L.-
S. Long, L.-S. Zheng, J. Am. Chem. Soc. 2017, 139, 18178-18181.

X.-Y. Zheng, X.-J. Kong, Z. Zheng, L.-S. Long, L.-S. Zheng, Acc. Chem. Res.
2018, 51, 517-525.

D. Shi, X. Yang, H. Chen, Y. Ma, D. Schipper, R. A. Jones, J. Mater. Chem.
C 2019, 7, 13425-13431.

X.-Y. Zheng, J. Xie, X.-J. Kong, L.-S. Long, L.-S. Zheng, Coord. Chem. Rev.
2019, 378, 222-236.

D. A. Galico, J.S. Ovens, M. Murugesu, Nanoscale 2020, 12, 11435-
11439.

X.-Y. Li, Y. Jing, J. Zheng, H. Ding, Q. Li, M.-H. Yu, X.-H. Bu, Cryst. Growth
Des. 2020, 20, 5294-5301.

J. Wu, S. Demeshko, S. Dechert, F. Meyer, Chem. Commun. 2020, 56,
3887-3890.

D. A. Galico, A. A. Kitos, J.S. Ovens, F.A. Sigoli, M. Murugesu, Angew.
Chem. Int. Ed. 2021, 60, 6130-6136; Angew. Chem. 2021, 133, 6195-
6201.

C. 0. Hollfelder, L.N. Jende, H.-M. Dietrich, K. Eichele, C. Maichle-
Md&ssmer, R. Anwander, Chem. Eur. J. 2019, 25, 7298-7302.

D.T. Thielemann, A.T. Wagner, E. Résch, D.K. Kolmel, J. G. Heck, B.
Rudat, M. Neumaier, C. Feldmann, U. Schepers, S. Brase, P. W. Roesky, J.
Am. Chem. Soc. 2013, 135, 7454-7457.

F. Le Natur, G. Calvez, J.-P. Guégan, L. Le Pollés, X. Trivelli, K. Bernot, C.
Daiguebonne, C. Neaime, K. Costuas, F. Grasset, O. Guillou, Inorg. Chem.
2015, 54, 6043-6054.

I. Mylonas-Margaritis, A. A. Kitos, C. C. Panteli, K. Skordi, A.J. Tasiopou-
los, V. Bekiari, A. Escuer, S. P. Perlepes, Inorg. Chem. Commun. 2017, 83,
118-122.

H. Yao, G. Calvez, C. Daiguebonne, K. Bernot, Y. Suffren, M. Puget, C.
Lescop, O. Guillou, Inorg. Chem. 2017, 56, 14632-14642.

D. Shi, X. Yang, H. Chen, D. Jiang, J. Liu, Y. Ma, D. Schipper, R. A. Jones,
Chem. Commun. 2019, 55, 13116-13119.

D. Shi, X. Yang, Z. Xiao, X. Liu, H. Chen, Y. Ma, D. Schipper, R. A. Jones,
Nanoscale 2020, 12, 1384-1388.

S. V. Eliseeva, J.-C. G. Biinzli, Chem. Soc. Rev. 2010, 39, 189-227.

H. Yin, P.J. Carroll, B. C. Manor, J. M. Anna, E. J. Schelter, J. Am. Chem.
Soc. 2016, 138, 5984-5993.

Z. Xia, A. Meijerink, Chem. Soc. Rev. 2017, 46, 275-299.

M. Suta, N. Harmgarth, M. Kiihling, P. Liebing, F.T. Edelmann, C.
Wickleder, Chem. Asian J. 2018, 13, 1038-1044.

M. Kuhling, C. Wickleder, M. J. Ferguson, C. G. Hrib, R. McDonald, M.
Suta, L. Hilfert, J. Takats, F. T. Edelmann, New J. Chem. 2015, 39, 7617-
7625.

S. Harder, D. Naglav, C. Ruspic, C. Wickleder, M. Adlung, W. Hermes, M.
Eul, R. Pottgen, D.B. Rego, F. Poineau, Chem. Eur. J. 2013, 19, 12272~
12280.

X.Y. Li, H.F. Su, Q. W. Li, R. Feng, H.Y. Bai, H.Y. Chen, J. Xu, X. H. By,
Angew. Chem. Int. Ed. 2019, 58, 10184-10188; Angew. Chem. 2019, 131,
10290-10294.

R. Anwander, Angew. Chem. Int. Ed. 1998, 37, 599-602; Angew. Chem.
1998, 110, 619-622.

W. J. Evans, G. W. Rabe, M. A. Ansari, J. W. Ziller, Angew. Chem. Int. Ed.
Engl. 1994, 33,2110-2111.

S.P. Constantine, G. M. De Lima, P.B. Hitchcock, J. M. Keates, G.A.
Lawless, Chem. Commun. 1996, 2421-2422.

Z. Hou, Y. Zhang, O. Tardif, Y. Wakatsuki, J. Am. Chem. Soc. 2001, 123,
9216-9217.

F. Bonnet, M. Visseaux, D. Barbier-Baudry, A. Hafid, E. Vigier, M. M.
Kubicki, Inorg. Chem. 2004, 43, 3682-3690.

M. D. Walter, F. Weber, G. Wolmershauser, H. Sitzmann, Angew. Chem.
Int. Ed. 2006, 45, 1903-1905; Angew. Chem. 2006, 118, 1937-1939.

W. P. Kretschmer, J.H. Teuben, S.I. Troyanov, Angew. Chem. Int. Ed.
1998, 37, 88-90; Angew. Chem. 1998, 110, 92-94.

D. A. Buschmann, H. M. Dietrich, D. Schneider, V. M. Birkelbach, C. Stuhl,
K. W. Tornroos, C. Maichle-M6ssmer, R. Anwander, Chem. Eur. J. 2020,
26, 10834-10840.

W. J. Evans, D. K. Drummond, J. W. Grate, H. Zhang, J. L. Atwood, J. Am.
Chem. Soc. 1987, 109, 3928-3936.

N. S. Radu, F.J. Hollander, T. D. Tilley, A. L. Rheingold, Chem. Commun.
1996, 2459-2460.

R. D. Shannon, Acta Crystallogr. Sect. A 1976, 32, 751-767.

© 2021 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH

85U8017 SUOWIWOD SATES1D) 8|l dde aU Aq poueAob 8.2 S9[o1Le YO 8sN JO S3|NJ o} Akeuq1 ] 8UUO 4B UO (SUO I PUOD-PUR-SWLBI LD AB| 1M Akeaq 1 putjuo//Sdny) SUORIPUOD PUe SULB | 84} 885 [2202/0T/6T] Uo ARiqiTauljuo A|im ‘uebuign L ¥euolqigsiisoAiun A 298001202 21B/200T 0T/10p/wod A im Are.d 1 ui|uoadone-Aus iweydy/sdny wouy pepeojumod ‘T ‘0z 92890660T


https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/ejic.202100862
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/ejic.202100862
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/ejic.202100862
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/ejic.202100862
https://www.ccdc.cam.ac.uk/structures/?
https://doi.org/10.1021/ja209752z
https://doi.org/10.1021/ja5107749
https://doi.org/10.1021/ja5107749
https://doi.org/10.1002/adma.201603381
https://doi.org/10.1039/C5QI00249D
https://doi.org/10.1039/C5QI00249D
https://doi.org/10.1021/jacs.7b09996
https://doi.org/10.1021/jacs.7b11112
https://doi.org/10.1021/acs.accounts.7b00579
https://doi.org/10.1021/acs.accounts.7b00579
https://doi.org/10.1039/C9TC04821A
https://doi.org/10.1039/C9TC04821A
https://doi.org/10.1016/j.ccr.2017.10.023
https://doi.org/10.1016/j.ccr.2017.10.023
https://doi.org/10.1039/D0NR02236E
https://doi.org/10.1039/D0NR02236E
https://doi.org/10.1021/acs.cgd.0c00522
https://doi.org/10.1021/acs.cgd.0c00522
https://doi.org/10.1039/C9CC09774K
https://doi.org/10.1039/C9CC09774K
https://doi.org/10.1002/anie.202013867
https://doi.org/10.1002/anie.202013867
https://doi.org/10.1002/ange.202013867
https://doi.org/10.1002/ange.202013867
https://doi.org/10.1002/chem.201901269
https://doi.org/10.1021/ja403539t
https://doi.org/10.1021/ja403539t
https://doi.org/10.1021/acs.inorgchem.5b00947
https://doi.org/10.1021/acs.inorgchem.5b00947
https://doi.org/10.1016/j.inoche.2017.06.014
https://doi.org/10.1016/j.inoche.2017.06.014
https://doi.org/10.1021/acs.inorgchem.7b02452
https://doi.org/10.1039/C9CC07430A
https://doi.org/10.1039/C9NR09151C
https://doi.org/10.1039/B905604C
https://doi.org/10.1021/jacs.6b02248
https://doi.org/10.1021/jacs.6b02248
https://doi.org/10.1039/C6CS00551A
https://doi.org/10.1002/asia.201701818
https://doi.org/10.1039/C5NJ00568J
https://doi.org/10.1039/C5NJ00568J
https://doi.org/10.1002/chem.201302021
https://doi.org/10.1002/chem.201302021
https://doi.org/10.1002/anie.201903817
https://doi.org/10.1002/ange.201903817
https://doi.org/10.1002/ange.201903817
https://doi.org/10.1002/(SICI)1521-3773(19980316)37:5%3C599::AID-ANIE599%3E3.0.CO;2-1
https://doi.org/10.1002/(SICI)1521-3757(19980302)110:5%3C619::AID-ANGE619%3E3.0.CO;2-8
https://doi.org/10.1002/(SICI)1521-3757(19980302)110:5%3C619::AID-ANGE619%3E3.0.CO;2-8
https://doi.org/10.1002/anie.199421101
https://doi.org/10.1002/anie.199421101
https://doi.org/10.1039/CC9960002421
https://doi.org/10.1021/ja010555+
https://doi.org/10.1021/ja010555+
https://doi.org/10.1021/ic035444l
https://doi.org/10.1002/anie.200503986
https://doi.org/10.1002/anie.200503986
https://doi.org/10.1002/ange.200503986
https://doi.org/10.1002/(SICI)1521-3773(19980202)37:1/2%3C88::AID-ANIE88%3E3.0.CO;2-7
https://doi.org/10.1002/(SICI)1521-3773(19980202)37:1/2%3C88::AID-ANIE88%3E3.0.CO;2-7
https://doi.org/10.1002/(SICI)1521-3757(19980116)110:1/2%3C92::AID-ANGE92%3E3.0.CO;2-W
https://doi.org/10.1002/chem.202001482
https://doi.org/10.1002/chem.202001482
https://doi.org/10.1021/ja00247a017
https://doi.org/10.1021/ja00247a017
https://doi.org/10.1039/CC9960002459
https://doi.org/10.1039/CC9960002459
https://doi.org/10.1107/S0567739476001551

Eur]JIC

European Journal of Inorganic Chemistry

Research Article

doi.org/10.1002/ejic.202100862

Chemistry

Europe

European Chemical
Societies Publishing

[39]

[40]

[41]

[42
[43

(44

[45

[46]
[47]

[48

[49]

[50
[51]

[52]
[53]
[54]
[55

[56]
[57]

Eur. J. Inorg. Chem. 2022, 202100862 (9 of 9)

M. Zimmermann, N. A Frgystein, A. Fischbach, P. Sirsch, H. M. Dietrich,
K. W. Tornroos, E. Herdtweck, R. Anwander, Chem. Eur. J. 2007, 13,
8784-8800.

G. Occhipinti, C. Meermann, H. M. Dietrich, R. Litlabg, F. Auras, K. W.
Tornroos, C. Maichle-M&ssmer, V. R. Jensen, R. Anwander, J. Am. Chem.
Soc. 2011, 133, 6323-6337.

D. Schneider, N. Harmgarth, F. T. Edelmann, R. Anwander, Chem. Eur. J.
2017, 23, 12243-12252.

O. Tardif, M. Nishiura, Z. Hou, Organometallics 2003, 22, 1171-1173.

M. Nishiura, J. Baldamus, T. Shima, K. Mori, Z. Hou, Chem. Eur. J. 2011,
17, 5033-5044.

D. Diether, K. Tyulyunov, C. Maichle-M&ssmer, R. Anwander, Organo-
metallics 2017, 36, 4649-4659.

O. Poncelet, L. G. Hubert-Pfalzgraf, J.-C. Daran, R. Astier, J. Chem. Soc.
Chem. Commun. 1989, 1846-1848.

D. M. Barnhart, D. L. Clark, J. C. Gorden, J. C. Huffman, J. G. Watkin, B. D.
Zwick, J. Am. Chem. Soc. 1993, 115, 8461-8462.

W.J. Evans, J. H. Meadows, A.L. Wayda, W. E. Hunter, J. L. Atwood, J.
Am. Chem. Soc. 1982, 104, 2015-2017.

F. Bottomley, D. E. Paez, P. S. White, J. Organomet. Chem. 1985, 291, 35—
41.

C.J. Burns, D.J. Berg, R.A. Andersen, J. Chem. Soc. Chem. Commun.
1987, 272-273.

W. J. Evans, D. K. Drummond, Organometallics 1988, 7, 797-802.

W. J. Evans, M. S. Sollberger, S.I. Khan, R. Bau, J. Am. Chem. Soc. 1988,
110, 439-446.

S.Y. Knjazhanskij, B.M. Bulychev, O.K. Kireeva, V.K. Belsky, G.L.
Soloveichik, J. Organomet. Chem. 1991, 414, 11-22.

H. Schumann, M. R. Keitsch, J. Winterfeld, J. Demtschuk, J. Organomet.
Chem. 1996, 525, 279-281.

Y. Obora, T. Ohta, C. L. Stern, T.J. Marks, J. Am. Chem. Soc. 1997, 119,
3745-3755.

D. Schneider, R. Anwander, Eur. J. Inorg. Chem. 2017, 2017, 1180-1188.
M. T. Gamer, P. W. Roesky, Inorg. Chem. 2005, 44, 5963-5965.

F. M. Sroor, C.G. Hrib, P. Liebing, L. Hilfert, S. Busse, F.T. Edelmann,
Dalton Trans. 2016, 45, 13332-13346.

H. M. Dietrich, O. Schuster, K. W. Térnroos, R. Anwander, Angew. Chem.
Int. Ed. 2006, 45, 4858-4863; Angew. Chem. 2006, 118, 4977-4982.

V. M. Birkelbach, F. Kracht, H. M. Dietrich, C. Stuhl, C. Maichle-Mdssmer,
R. Anwander, Organometallics 2020, 39, 3490-3504.

P. N. Hazin, J. W. Bruno, H. G. Brittain, Organometallics 1987, 6, 913-918.
M. D. Rausch, K. J. Moriarty, J. L. Atwood, J. A. Weeks, W. E. Hunter, H. G.
Brittain, Organometallics 1986, 5, 1281-1283.

P.N. Hazin, C. Lakshminarayan, L. S. Brinen, J. L. Knee, J. W. Bruno, W. E.
Streib, K. Folting, Inorg. Chem. 1988, 27, 1393-1400.

H. Yin, P. J. Carroll, J. M. Anna, E. J. Schelter, J. Am. Chem. Soc. 2015, 137,
9234-9237.

H. Yin, Y. Jin, J. E. Hertzog, K. C. Mullane, P.J. Carroll, B. C. Manor, J. M.
Anna, E. J. Schelter, J. Am. Chem. Soc. 2016, 138, 16266-16273.

Y. Qiao, E. J. Schelter, Acc. Chem. Res. 2018, 51, 2926-2936.

Y. Qiao, D.-C. Sergentu, H. Yin, A. V. Zabula, T. Cheisson, A. McSkimming,
B. C. Manor, P.J. Carroll, J. M. Anna, J. Autschbach, J. Am. Chem. Soc.
2018, 740, 4588-4595.

COSMO, v. 1.61, Bruker AXS Inc., Madison, WI 2012.

APEX 3, v. 2016.2015-2010; Bruker AXS Inc., Madison, WI 2012.

SAINT, v. 8.34 A; Bruker AXS Inc., Madison, WI 2010.

L. Krause, R. Herbst-Irmer, G. M. Sheldrick, D. Stalke, J. Appl. Crystallogr.
2015, 48, 3-10.

G. M. Sheldrick, Acta Crystallogr. Sect. A 2015, 71, 3-8.

2] C.B. Hubschle, G. M. Sheldrick, B. Dittrich, J. Appl. Crystallogr. 2011, 44,

1281-1284.

D. Kratzert, J. J. Holstein, I. Krossing, J. Appl. Crystallogr. 2015, 48, 933-
938.

C.F. Macrae, P.R. Edgington, P. McCabe, E. Pidcock, G.P. Shields, R.
Taylor, M. Towler, J. Streek, J. Appl. Crystallogr. 2006, 39, 453-457.

Manuscript received: October 7, 2021
Revised manuscript received: October 21, 2021
Accepted manuscript online: October 24, 2021

© 2021 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH

85U8017 SUOWIWOD SATES1D) 8|l dde aU Aq poueAob 8.2 S9[o1Le YO 8sN JO S3|NJ o} Akeuq1 ] 8UUO 4B UO (SUO I PUOD-PUR-SWLBI LD AB| 1M Akeaq 1 putjuo//Sdny) SUORIPUOD PUe SULB | 84} 885 [2202/0T/6T] Uo ARiqiTauljuo A|im ‘uebuign L ¥euolqigsiisoAiun A 298001202 21B/200T 0T/10p/wod A im Are.d 1 ui|uoadone-Aus iweydy/sdny wouy pepeojumod ‘T ‘0z 92890660T


https://doi.org/10.1002/chem.200700534
https://doi.org/10.1002/chem.200700534
https://doi.org/10.1021/ja2001049
https://doi.org/10.1021/ja2001049
https://doi.org/10.1002/chem.201700743
https://doi.org/10.1002/chem.201700743
https://doi.org/10.1021/om021014b
https://doi.org/10.1002/chem.201002998
https://doi.org/10.1002/chem.201002998
https://doi.org/10.1021/acs.organomet.7b00543
https://doi.org/10.1021/acs.organomet.7b00543
https://doi.org/10.1039/c39890001846
https://doi.org/10.1039/c39890001846
https://doi.org/10.1021/ja00071a071
https://doi.org/10.1021/ja00371a036
https://doi.org/10.1021/ja00371a036
https://doi.org/10.1016/0022-328X(85)80200-X
https://doi.org/10.1016/0022-328X(85)80200-X
https://doi.org/10.1039/C39870000272
https://doi.org/10.1039/C39870000272
https://doi.org/10.1021/om00094a001
https://doi.org/10.1021/ja00210a021
https://doi.org/10.1021/ja00210a021
https://doi.org/10.1016/0022-328X(91)83237-X
https://doi.org/10.1016/S0022-328X(96)06511-4
https://doi.org/10.1016/S0022-328X(96)06511-4
https://doi.org/10.1021/ja963775+
https://doi.org/10.1021/ja963775+
https://doi.org/10.1021/ic050557l
https://doi.org/10.1039/C6DT01974A
https://doi.org/10.1002/anie.200600905
https://doi.org/10.1002/anie.200600905
https://doi.org/10.1002/ange.200600905
https://doi.org/10.1021/acs.organomet.0c00447
https://doi.org/10.1021/om00148a002
https://doi.org/10.1021/om00137a048
https://doi.org/10.1021/ic00281a019
https://doi.org/10.1021/jacs.5b05411
https://doi.org/10.1021/jacs.5b05411
https://doi.org/10.1021/jacs.6b05712
https://doi.org/10.1021/acs.accounts.8b00336
https://doi.org/10.1021/jacs.7b13339
https://doi.org/10.1021/jacs.7b13339
https://doi.org/10.1107/S1600576714022985
https://doi.org/10.1107/S1600576714022985
https://doi.org/10.1107/S2053273314026370
https://doi.org/10.1107/S0021889811043202
https://doi.org/10.1107/S0021889811043202
https://doi.org/10.1107/S1600576715005580
https://doi.org/10.1107/S1600576715005580
https://doi.org/10.1107/S002188980600731X

European Journal of
Inorganic Chemistry

Supporting Information

Half-Sandwich Complexes [Cp’,Ln,lg]l, (Lh=Ce, Pr):
Emergence of Donor-Free Organolanthanide Nanowheels

Dennis A. Buschmann, David Schneider, Cacilia Maichle-M6ssmer, and Reiner Anwander*



Supporting Information

S1



Table of Contents

NMR Spectroscopy
Crystallography
IR Spectroscopy

Luminescence

S2

S3

S8

S25

S27



NMR Spectroscopy
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Figure S1. '"H NMR spectrum (400 MHz) of Cp'Ce(AlMes), (1a) in [Ds]benzene at 26 °C. The solvent
residual signal is marked with an asterisk.
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Figure S2. '"H NMR spectrum (400 MHz) of [Cp'Pr(AlMes).] (1b) in [Ds]benzene at 26 °C. The solvent
residual signal is marked with an asterisk.
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Figure S3. '"H NMR spectrum (400 MHz) of [Cp'Cel>]i2 (2) and [Cp'sCesls]4 (4a) in [Ds]benzene at 26 °C.
The solvent residual signal is marked with an asterisk.
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Figure S4. "H NMR spectrum (400 MHz) of [Cp'4Ceasl7(u2-Cp)]2 (3) and [Cp'sCeslg]s (4a) in [Ds]benzene
at 26 °C. The solvent residual signal is marked with an asterisk (#: n-hexane).
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Figure S5. '"H NMR spectrum (400 MHz) of [Cp'sPrslg]s (4b) in [Ds]benzene at 26 °C. The solvent
residual signal is marked with an asterisk (#: n-hexane).
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Figure S6. 'H NMR spectrum (400 MHz) of [Cp'sPrsls(AlMes)s] (5) in [Ds]benzene at 26 °C. The solvent
residual signal is marked with an asterisk (#: n-hexane, +: praseodymium-containing side product).
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Figure S7. '"H NMR spectrum (400 MHz) of [Cp'CeBr:]i2 (6a) in [Ds]benzene at 26 °C. The solvent
residual signal is marked with an asterisk (#: n-hexane, +: cerium-containing side product).
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Figure S8. '"H NMR spectrum (400 MHz) of [Cp'PrBr2]i2 (6b) in [De]benzene at 26 °C. The solvent
residual signal is marked with an asterisk (#: n-hexane).
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[Ds]benzene at 26 °C. The solvent residual signal is marked with an asterisk (#: n-hexane).
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Figure S10. 'H NMR spectrum (400 MHz) of [Cp'PrClz]12 (7b) in [Ds]benzene at 26 °C. The solvent
residual signal is marked with an asterisk (#: n-hexane).
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Crystallography

Table S1. Crystallographic data for compounds 1a, 3, and 4a

la 3 4a
CCDC 2114125 2114133 2114128
formula Ci6H37ALCeSi CgoHi28114CesSis Ci42H224132Ce165116
M:; [g/mol] 451.62 4212.10 8683.36
color/shape yellow/plate yellow/plate yellow/block
crystal 0.701 x 0.200 x 0.110 x 0.088 x 0.300 x 0.079 x
dimensions [mm] 0.189 0.061 0.038
crystal system monoclinic triclinic triclinic
space group Cc P1 P1
a[A] 16.811(3) 12.5067(4) 17.1355(10)
b [A] 9.8456(14) 16.7089(5) 17.2062(10)
c[A] 26.908(4) 16.7606(5) 22.4322(13)
a[°] 90 112.7410(10) 96.0430(10)
B[°] 95.138(4) 105.1710(10) 100.566(11)
v [°] 90 96.4470(10) 113.1350(10)
V [A%] 4435.7(12) 3026.69(16) 5862.7(6)
Z 8 1 1
T [K] 100(2) 100(2) 173(2)
LA] 0.71073 0.71073 0.71073
Pealed [g/cm?] 1.353 2311 2.459
u [mm ] 2.178 6.624 7.363
F (000) 1848 1926 3924
0 range [°] 2.400 — 32.649 1.361 —26.409 2.023 —29.494
absorption correction multi-scan numerical multi-scan
independent reflections 14835 12416 32457
reflections collected (I > 20) 35626 72415 298052
R1/wR2 (1> 20) 0.0187/0.0384 0.0342/0.0736 0.0281/0.0653
R1/wR2 (all data) 0.0199/0.0388 0.0484/0.0809 0.0347/0.0695
GOF 1053 1.037 1.049




Table S1 (continued). Crystallographic data for compounds 4b, 5, and 6a

4b 5 6a
CCDC 2114127 2114129 2114126
CeaH126Al4lsPr6Sie
formula Ci34H222132Pr16S116 CocH156Br24Ce12Si12
2 - CeHis
M:; [g/mol] 8597.90 3205.10 5246.56
color/shape colorless/plate colorless/plate colorless/block
crystal 0.266 x 0.128 x 0.139 x 0.083 x 0.305x0.170 x
dimensions [mm] 0.093 0.053 0.154
crystal system triclinic triclinic cubic
space group P1 P1 F43c
a[A] 17.2257(9) 12.9604(11) 34.313(3)
b [A] 17.3404(9) 15.7349(13) 34.313(3)
c[A] 22.0530(12) 15.7795(12) 34.313(3)
a[°] 101.801(2) 104.655(2) 90
B[°] 94.808(2) 96.882(2) 90
v [°] 113.271(2) 111.671(2) 90
V [A7] 5823.3(5) 2810.6(4) 40398(11)
Z 1 2 8
T [K] 100(2) 100(2) 173(2)
L A] 0.71073 0.71073 0.71073
Pealed [g/cm?] 2.452 1.894 1.725
u [mm 7.631 4.874 7.488
F (000) 3890 1524 19488
0 range [°] 1.309 —25.681 1.373 —28.356 1.187—24.113
absorption correction numerical numerical multi-scan
independent reflections 22104 14008 2696
reflections collected (I > 20) 131258 109142 25908
R1/wR2 (1> 20) 0.0510/0.1243 0.0338/0.0805 0.0334/0.0808
R1/wR2 (all data) 0.0753/0.1489 0.0450/0.0870 0.0477/0.0914
GOF 1.069 1.056 1.126
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Table S1 (continued). Crystallographic data for compounds 6b, 7a and 7b

6b Ta 7b
CCDC 2114131 2114130 2114134
formula Ci02H170Br2aPri2Siiz - Cio3s0Hi74ClaaCe12S112 CosHiseClaaPri2Sii2
M:; [g/mol] 5342.21 4287.74 4189.00
color/shape colorless/block colorless/block colorless/needle
crystal 0.210 x 0.208 x 0.100 x 0.080 x 0.151 x 0.084 x
dimensions [mm] 0.162 0.050 0.048
crystal system monoclinic monoclinic monoclinic
space group P2i/c P2i/c P2i/c
a[A] 22.8057(8) 22.835(6) 23.0379(17)
b [A] 29.0703(10) 28.506(8) 28.379(2)
c[A] 25.6943(9) 25.286(7) 25.2369(19)
a[°] 90 90 90
B [°] 101.5050(10) 101.552(4) 101.8870(10)
v [°] 90 90 90
V [A%] 16692.2(10) 16126(8) 16146(2)
Z 4 4 4
T [K] 173(2) 100(2) 173(2)
LA] 0.71073 0.71073 0.71073
Pealed [g/cm?] 2.126 1.766 1.723
u [mm ] 9.293 3.832 4.063
F (000) 9992 8268 8064
0 range [°] 1.149 —28.762 1.694 — 25.681 1.696 —25.731
absorption correction multi-scan multi-scan multi-scan
independent reflections 43256 30626 30743
reflections collected (I > 20) 436873 151330 199662
R1/wR2 (1> 20) 0.0319/0.0675 0.0502/0.0996 0.0487/0.1083
R1/wR2 (all data) 0.0518/0.0760 0.1044/0.1223 0.0894/0.1286
GOF 1.033 1.015 1.020
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Table S1 (continued). Crystallographic data for compound 8

8
CCDC 2114132
formula CooHi56A12Cl22Ce10S110
M:; [g/mol] 3754.10
color/shape colorless/needle
crystal 0.251 x 0.067 x
dimensions [mm] 0.050
crystal system monoclinic
space group P2i/n
a[A] 18.318(3)
b [A] 33.485(5)
c [A] 22.740(3)
a[°] 90
B[] 90.239(2)
Y] 90
V [A%] 13948(4)
V4 4
T [K] 100(2)
L[A] 0.71073
Pealed [g/cm?] 1.788
u [mm ] 3.745
F (000) 7264
0 range [°] 1.648 —25.019
absorption correction multi-scan
independent reflections 24425
reflections collected (I > 20) 202444

RI/wR2 (I> 20)

0.0795/0.1804

R1/wR2 (all data)

0.1230/0.2037

GOF

1.078
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Figure S11. Crystal structure of [Cp'Ce(AlMe4)2] (1a) with atomic displacement parameters set at the
50% probability level. Hydrogen atoms are omitted for clarity. Selected interatomic distances [A] and
angles [°]: Cel-C1 2.752(3); Cel—C2 2.741(4); Cel-C3 2.762(3); Cel-C4 2.790(3); Cel-C5 2.798(3);
Cel--Ctl 2.4997; Cel—C9 2.720(3); Cel—C10 2.680(3); Cel---All 3.2519(11); Cel—C13 2.705(3); Cel—
C14 2.735(3); Cel--Al2 3.2328(10); Cel—C31 3.237(3); Ce2—C15 3.289 (3) ; Sil-C5—Cel 126.81(13);
C9—Cel-C10 78.81(9); Cel-C9-All 84.21(10); Cel-C10-All 85.42(10); C9—-AlI-C10 111.53(12);
C11-Al1-C12 115.33(15); C13—Cel—-C14 78.69(9); Cel-C13-Al2 84.13(10); Ce1-C14-Al2 83.17(10);
C13-A12-C14 112.51(13); C15-A12-C16 114.42(15).
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Figure S12. Unit cell of 1a. Each cerium metal center interacts with a methyl group of a neighboring
molecule, resulting in a dimeric arrangement.
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Figure S13. Connectivity of [Cp'Celz]i2 (2) with atomic displacement parameters set at the 50%
probability level. Hydrogen atoms are omitted for clarity. The Cp' ligands (except for one) are represented
by a wireframe model for improved visualization.
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Figure S14. Crystal structure of [Cp'4Cesl7(u2-Cp)]2 (3) with atomic displacement parameters set at the
50% probability level. Hydrogen atoms and lattice n-hexane are omitted for clarity. The Cp' ligands
(except for one) are represented by a wireframe model for improved visualization. Selected interatomic
distances [A] and angles [°]: Cel—C1 2.864(6); Cel—-C2 2.738(7); Cel—C3 2.679(6); Cel-C4 2.731(7);
Cel-C5 2.819(6); Cel--Ctl 2.4990; Cel—C33 2.909(6); Cel—C34 2.889(7); Cel-C35 2.878(6); Cel—
C36 2.869(6); Cel—C37 2.901(6); Cel--Ct(u2-Cp) 2.6452; Cel-I1 3.2375(5); Cel-I12 3.2747(6); Cel-13
3.3783(6); Cel-14 3.6487(6); Ce2—11 3.1868(6); Ce2-13 3.2521(6); Ce2-14 3.3074(5); Ce2-15 3.2177(6);
Ce2-17 3.2205(6); Ctl---Cel--Ct(u2-Cp) 112.18; Cel--Ct(u2-Cp)---Ced' 179.28; [1-Ce1-12 140.050(16);
[1-Cel-I3 78.90(2); I11-Cel-I4 70.00(1); [1-Ce2—-I13 81.541(14); 11-Ce2-14 75.212(13); 11-Ce2-15
103.409(16); 11-Ce2-17 147.698(16); Cel-11-Ce2 94.633(14); Cel-I13—Ce2 90.821(14); Cel-14—Ce2
85.371(13); Cel-14—Ce4 169.01(2); Ce2-13—Ce3 89.679(14); Ce2—-14—Ce3 88.476(13).
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(bottom).

Figure S15. Crystal packing of 3, view along a axis (top) and b axis
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Figure S16. Crystal structure of [Cp'sCesls]s (4a) with atomic displacement parameters set at the 50%
probability level. Hydrogen atoms and lattice toluene are omitted for clarity. The Cp' ligands (except for
one) are represented by a wireframe model for improved visualization. Selected interatomic distances [A]
and angles [°]: Cel-C1 2.748(4); Cel-C2 2.711(4); Cel-C3 2.695(4); Cel-C4 2.708(4); Cel-C5
2.727(4); Cel---Ctl 2.437; Cel-I1 3.2225(4); Cel-I12 3.3678(4); Cel-I3 3.1845(4); Cel-14 3.3529(4);
Cel-19° 3.2061(4); Ce2—-11 3.1571(5); Ce2—12 3.2614(4); Ce2-14 3.3805(4); Ce3-I8 3.1927(4); Ce5-19
3.1684(4); Ce8-I8 3.1451(4); 11-Cel-I12 77.921(9); 11-Cel-13 148.566(11); 11-Cel-14 77.869(9); 11—
Cel-19 104.042(11); 12—Cel-19 81.187(12); 14—Cel-19 153.609(10); [1-Ce2—12 80.441(8); [1-Ce2-14
78.352(9); I1-Ce2-I5 109.149(11); I11-Ce2-16 148.346(11); 14-Ce3-18 74.352(11); I15—-Ce3-I8
98.379(13); 16—Ce3-I8 147.934(11); Cel-11-Ce2 91.211(9); Cel-12—Ce2 86.876(8); Cel-14—Ce2
85.224(10); Cel-I4—Ce3 166.187(9); Cel’—19-Ce 134.777(11); Ce2—-12—Ce4 92.528(8); Ce2-14—Ce4
87.719(8); Ce3—-18—Ce8 138.802(13).
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Figure S17. Crystal packing of 4a, view along b axis (top) and ¢ axis (bottom).
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Figure S18. Crystal structure of [Cp'sPr4lg]s4 (4b) with atomic displacement parameters set at the 50%
probability level. Hydrogen atoms and lattice n-hexane are omitted for clarity. The Cp' ligands (except
for one) are represented by a wireframe model for improved visualization. . Pr1-C1 2.700(14); Pr1-C2
2.696(14); Pr1-C3 2.715(14); Pr1-C4 2.652(15); Pr1-C5 2.680(14); Prl--Ctl 2.4097; Prl-I1
3.1803(12); Pr1-12 3.1941(12); Pr1-I3 3.3022(11); Pr1-14 3.3928(11); Pr1-I8 3.1378(11); Pr2-I1
3.1654(12); Pr2-I3 3.2277(12); Pr2—14 3.3257(12); Pr4-19 3.1142(15); Pr5-I8 3.1691(11); Pr§8-19’
3.1593(12); 11-Pr1-12 148.06(3); [1-Pr1-13 79.59(3); [1-Pr1-14 74.90(3); I1-Pr1-I18 101.73(3); I3—Prl1—
18 151.83(3); 14—Pr1-I8 79.37(3); 11-Pr2—13 80.95(3); 11-Pr2—14 76.04(3); I1-Pr2—I5 108.20(3); [1-Pr2—
17 148.51(4); 14—Pr4-19 81.50(3); I5-Prd4—19 89.34(3); 17-Prd4—19 154.49(4); Pr1-11-Pr2 91.24(3); Pr1—
I3-Pr2 87.97(3); Pr1-14-Pr2 84.91(3); Prl1-14-Pr4 164.39(3); Pr1-I8-Pr5 134.09(3); Pr2—I3-Pr3
90.55(3); Pr2—14-Pr3 86.81(3); Pr4—19—Pr8' 136.79(4).
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Figure S19. Crystal structure of [Cp'sPrsls(AlMes)s] (5) with atomic displacement parameters set at the
50% probability level. Hydrogen atoms are omitted for clarity. The Cp' ligands (except for one) are
represented by a wireframe model for improved visualization. Selected interatomic distances [A] and
angles [°]: Pr1-C1 2.753(4); Pr1-C2 2.741(4); Pr1-C3 2.720(4); Pr1-C4 2.680(4); Pr1-C5 2.703(4);
Pr1--Ctl 2.4538; Pr1-11 3.1582(4); Pr1-12 3.1795(5); Pr1-13 3.3133(4); Pr1—C28 2.930(5); Pr1-C32
2.910(5); Pr2—1I1 3.1880(4); Pr2—I3 3.3446(4); Pr2—14 3.1765(4); Pr2—C25 2.730(5); Pr2—C26 2.763(4);
Pr2---All 3.284; C25-All 2.045(5); C26—All 2.036(5); C27-All 1.970(5); C31-Al2 1.969(5); I11-Pr1—
12 94.857(11); 11-Pr1-13 75.630(11); 11-Pr1-C28 85.11(9); 11-Pr1-C32> 153.79(9); 11-Prl---Ctl
100.43; 13—Pr1---Ctl 176.04; 11-Pr2—13 74.800(10); 11-Pr2—14 91.497(12); 13—Pr2—14 76.796(9); Pr1-12—
Pr3107.031(11); Pr1-11-Pr2 108.141(11); Pr1-13—Pr2 101.036(11); Pr1’-C28-All 174.7(2); Pr1’-C32—
Al2 172.9(2); Pr2—13—Pr3 99.501(10); Pr2—14-Pr3 106.910(11); C25-Pr2—C26 76.52(14); C25-Al1-C26
112.93(19); C28—Pr1-C32 81.50(13).
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Figure S20. Crystal structure of [Cp'CeBr2]12 (6a) with atomic displacement parameters set at the 50%
probability level. Hydrogen atoms are omitted for clarity. The Cp' ligands (except for one) are represented
by a wireframe model for improved visualization. Selected interatomic distances [A] and angles [°]: Cel—
C1 2.731(14); Cel1-C2 2.722(13); Cel—C3 2.738(13); Ce1-C4 2.714(16); Cel-C5 2.734(14); Cel--Ct1l
2.4740; Cel-Brl 3.0850(14); Cel-Br2 3.0003(16); Cel-Br2' 3.0636(16); Cel-Br2" 3.4302(17); Cel—
Br3 3.1584(15); Cel-Br4 3.0439(9); Br2—Cel-Br3 76.27(3); Br3—Cel-Br2' 75.39(3); Br2'-Cel-Br4
69.93(3); Brd—Cel-Br2" 65.13(3); Br2"-Cel-Br2 66.33(5); Br1-Cel-Br2 75.57(3); Cel-Br2—Cel'l
95.24(5); Cel-Br3—Cel'l 90.33(5); Cel-Br2—Cel"2 95.24(5); Cel-Br2—Cel'3 104.64(5); Cel-Br4—
Cel'3 115.34(3); Cel-Br2—Cel'4 104.36(4); Cel-Br1—Cel'l 93.11(5).
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Figure S21. Crystal structure of [Cp'PrBr2]12 (6b) with atomic displacement parameters set at the 50%
probability level. Hydrogen atoms and lattice n-hexane are omitted for clarity. The Cp' ligands (except
for one) are represented by a wireframe model for improved visualization. Selected interatomic distances
[A] and angles [°]: Pr1-C1 2.746(5); Pr1-C2 2.715(5); Pr1-C3 2.703(5); Pr1-C4 2.704(5); Pr1-C5
2.721(5); Prl1--Ctl 2.4455; Pr1-Brl 3.2972(5); Pr1-Br2 2.9870(5); Pr1-Br3 3.1108(5); Pr1-Br4
3.0829(5); Pr1-Br5 3.0524(5); Pr1-Br8 3.0876(5); Br1-Pr1-Br2 68.259(13); Br2—Pr1-Br3 75.868(14);
Br3—Pr1-Br4 75.322(13); Br4—Pr1-Br5 67.621(3); Br1-Pr1-Br5 66.058(12); Br1-Pr1-Br8 96.725(13);
Pr1-Br1-Pr4 105.977(14); Pr1-Br1-Pr5 103.365(15); Pr1-Br2-Pr5 102.218(14); Pr1-Br2-Pr6
95.446(14); Pr1-Br3—Pr2 91.572(14); Pr1-Br3—Pr6 91.102(14); Pr1-Br4—Pr2 95.524(14); Pr1-Br4—Pr3
107.677(15); Pr1-Br5-Pr3 114.615(15); Pr1-Br5—Pr4 113.675(15); Pr1-Br8—Pr2 93.137(14); Pr1-Br§8—
Pr6 93.497(14).
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Figure S22. Crystal structure of [Cp'CeCl:]i2 (7a) with atomic displacement parameters set at the 50%
probability level. Hydrogen atoms and lattice solvent molecules are omitted for clarity. The Cp' ligands
(except for one) are represented by a wireframe model for improved visualization. Selected interatomic
distances [A] and angles [°]: Cel-C1 2.732(10); Cel—-C2 2.730(10); Cel-C3 2.723(10); Cel-C4
2.729(10); Cel-C5 2.764(10); Cel--Ctl 2.4697; Cel-Cll 2.845(2); Cel-Cl2 3.164(3); Cel-CI3
2.909(2); Cel—Cl4 2.998(3); Cel—-CI110 2.882(2); Cel—Cl22 2.944(2); Cl11-Ce1-CI2 67.28(7); C12—Cel—
Cl110 64.65(7); C110—Cel—CI3 69.25(7); C13—Cel-Cl4 74.76(7); Cl11-Ce1-Cl4 75.69(7); Cl11-Ce1-CI22
75.12(7); Cel—Cl1-Ce2 103.81(7); Cel—CI2—Ce2 105.98(8); Cel-Cl2—Ce3 106.82(8); Cel-Cl10—-Ce3
116.18(8); Cel-Cl110—Ce4 114.52(8); Cel—CI3—Ce4 105.90(8); Cel-Cl3—Ce5 97.27(7); Cel-Cl4—Ce5
92.15(7); Cel-Cl4—Ce6 92.07(7); Cel-Cl1-Ce6 96.64(7); Cel-Cl22—Ce5 94.17(7); Cel-Cl22—Ce6
94.42(7).
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Figure S23. Crystal structure of [Cp'PrClz]12 (7b) with atomic displacement parameters set at the 50%
probability level. Hydrogen atoms and lattice n-hexane are omitted for clarity. The Cp' ligands (except
for one) are represented by a wireframe model for improved visualization. Selected interatomic distances
[A] and angles [°]: Pr1-C1 2.752(9); Pr1-C2 2.695(9); Pr1-C3 2.691(8); Pr1-C4 2.696(8); Pr1-C5
2.716(9); Pr1--Ctl 2.4257; Pr1-CI1 3.104(2); Pr1-CI2 2.823(2); Pr1-Cl13 2.972(2); Pr1-Cl4 2.911(2);
Pr1-C15 2.877(2); Pr1-CI8 2.924(2); Cl1-Pr1-CI2 68.12(6); CI2—-Pr1-CI3 75.46(6); CI3—Pr1-Cl4
74.63(6); Cl4—Pr1-Cl5 67.82(6); C11-Pr1-CI5 65.60(6); C11-Pr1—CI8 95.89(6); Pr1-C11-Pr4 106.75(6);
Pr1-Cl1-Pr5 104.23(6); Pr1-CI2—Pr5 103.70(7); Pr1—CI2-Pr6 97.03(6); Pr1—-CI3—Pr2 92.25(6); Prl—
CI3—Pr6 92.26(6); Pr1—-Cl4—Pr2 97.43(6); Pr1-Cl4—Pr3 107.29(7); Pr1—-CI5-Pr3 115.16(7); Pr1-C15—Pr4
115.03(7); Pr1—-CI8—Pr2 94.37(6); Pr1—CI8—Pr6 94.36(6).
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Figure S24. Crystal structure of [Cps'CesClo(CloAlMez)]2 (8) with atomic displacement parameters set at
the 50% probability level. Hydrogen atoms are omitted for clarity. The Cp' and (Cl,AlMe:) ligands
(except for one each) are represented by a wireframe model for improved visualization. Selected
interatomic distances [A] and angles [°]: Ce1-C1 2.769(17); Ce1-C2 2.770(18); Ce1-C3 2.734(18); Cel—
C4 2.749(18); Cel-C5 2.745(17); Cel--Ctl 2.4708; Cel—Cl1 2.994(4); Cel—CI2 3.102(4); Cel—CI3
2.972(4); Cel-Cl4 3.014(4); Cel-Cl19 2.896(4); Cel—CI20 2.903(4); Cel--All 3.8686; Ce2—Cll1
2.962(4); Ce2—-Cl4 2.882(4); Ce2—CI5 2.894(4); Ce2—Cl17 3.117(4); Ce2—Cl110 2.926(4); Ce2—CI13
3.063(4); Al1-CI19 2.271(7); Al1-C120 2.278(7); Al1-C9 1.93(2); Al1-C10 1.93(2); Cl1-Cel-CI2
68.66(10); C12—Cel—Cl13 68.53(10); CI3—Cel-Cl4 70.53(10); Cl1-Cel-Cl4 71.32(11); Cl1-Cel-CI3
109.94(11); Cl1-Ce2—Cl4 73.65(11); Cl11-Ce2—Cl5 72.05(11); Cl1-Ce2—Cl17 70.97(10); Cl11-Ce2—CI10
136.86(11); Cl11-Ce2—Cl13 137.57(11); C119—Ce1-CI20 71.56(12); C119—A11-CI120 96.4(3); Ce1-C119-
All 96.2(2); Cel-CI20-Al1 95.9(2); C9—A11-C10 121.2(9); Cel-Cl1-Ce2 106.40(12); Cel-Cl1-Ce3
108.88(12); Ce2—CI1-Ce3 93.54(11); Ce2—CI5—Ce3 96.15(11); Ce2—Cl7-Ce3 88.23(9); Ce2—Cl7—Ce4
159.89(14).
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Figure S25. IR spectrum of [Cp'Ce(AlMes)2] (1a)
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Figure S26. IR spectrum of [Cp'Pr(AlMes): | (1b).
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Figure S27. IR spectrum of [Cp'sPrels(AlMes)4] (5).
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Figure S28. IR spectrum of [Cp'CeBr:]2 (6a).
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Figure S29. IR spectrum of [Cp'PrBr2]12 (6b)
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Figure S30. IR spectrum of [Cp'PrClz]i2 (7b).
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Figure S31. Absorption spectrum of a 1 [mM] solution of [Cp'Cel2]i12 (2) and [Cp'4Ceslg]s (4a) in
toluene.
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Figure S32. Absorption spectrum of a 1 [mM] solution of [Cp'CeBr2]i2 (6a) in toluene.
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Figure S33. Absorption spectrum of a 1 [mM] solution of [Cp'CeCl]12 (7a) and
[Cps'CesClo(ClaAlMe»)]2 (8) in toluene.
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Figure S34. Excitation spectrum (left, emission wavelength 490 nm) and emission spectrum (right,
excitation wavelength 420 nm) of [Cp'Celz]12 (2) and [Cp'4Cesls]s (4a) in toluene.
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Figure S35. Excitation spectrum (left, emission wavelength 470 nm) and emission spectrum (right,
excitation wavelength 320 nm) of [Cp'CeBr2]i2 (6a).
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Figure S36. Excitation spectrum (left, emission wavelength 450 nm) and emission spectrum (right,
excitation wavelength 352 nm) of [Cp'CeClz]12 (7a) and [Cps'CesClo(Cl2AlMe?) ]2 (8).
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Figure S37. Luminescence decay profile (black scatter plot) of [Cp'Celz]12 (2) and [Cp'sCesls]s (4a) and
biexponential fit (red solid line). The residual shown below underlines the suitability of the fit.
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Figure S38. Luminescence decay profile (black scatter plot) of [Cp'CeBr2]i2 (6a) and single exponential
fit (red solid line). The residual shown below underlines the suitability of the fit.
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Figure S39. Luminescence decay profile (black scatter plot) of [Cp'CeCl2]i2 (7a) and
[Cps'CesClo(CloAlMe»)]2 (8) and biexponential fit (red solid line). The residual shown below underlines
the suitability of the fit.
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ABSTRACT: The first structurally characterized fluorenyl (Flu)
complexes of cerium are reported, bearing one, two, and three
fluorenyl ligands. The reaction of CeX;(THF), (X = Cl and I) with
KFlu led to the half-sandwich complexes FluCeX,(THF);. The
chloride derivative was utilized in salt metathesis reactions,
affording complexes FluCeR,(THF), with R = OtBu, OSiMe;,
OC¢H4iPr,-2,6, Me,Pz, and Cp (x = 1 or 2; Me,Pz = 3,5-
dimethylpyrazolato, Cp = CsH;). The mono(fluorenyl) complexes
FluCeR,(THF), are prone to ligand redistribution at ambient
temperature, leading to the respective sandwich complexes
Flu,CeR(THF). Utilization of K(2,10-tBu,Flu) (KFlu®") afforded

salt metathesis and

ligand redistribution CI/,,,, | D C-Cland C-C
[ e‘/ coupling

W
H

C,Clg

tris(fluorenyl) complex Flu™ Ce(THF) instead, showcasing two 7°- and one 7'-bound fluorenyl ligands. Treatment of
FluCeCL,(THF); with halogenating oxidants such as C,Clg, I, or TeBr, did not afford stable cerium(IV) species but mixtures of 9-
halogenidofluorene and 1,1'-bifluorene. Selective fluorenyl coupling reactions could be achieved for C,Clg. Respective investigations
with lanthanum and neodymium complexes support o-bond metathesis as the main reaction path for C—C-bond formation.

B INTRODUCTION

Cerium fluorenyl complexes were first mentioned in a paper
from 1971 by Kalsotra et al, claiming the synthesis of
“tetra(fluorenyl) cerium(IV)”."! This organoceric compound
was stated to display a light yellow color, thermal stability up to
104 °C, and solubility in protic solvents such as ethanol.' The
formation of “tetra(fluorenyl) cerium(IV)” Ce(C ;H,), (as
was that of “tetra(cyclopentadienyl) cerium(IV)” CeCp,)
according to the original protocol (employing (pyH),CeCl,
as a precursor) was later refuted by Deacon et al.” Few rare-
earth-metal (Ln) complexes bearing a nonfunctionalized “free-
standing” fluorenyl (Flu) ligand were reported before 2000, the
most notable being bis(fluorenyl) samarium, obtained from
SmL,.’ Further research on Ln-Flu chemistry has mainly
focused on the design of ansa-lanthanidocene complexes* and
Flu-tethered/linked constrained geometry complexes’ and
their use in polymerization catalysis. The X-ray crystal
structures of the first neutral mono(fluorenyl) complexes,
FluLnL,(pyridine); (Ln = La and Nd), were reported by
Giesbrecht et al. in 2005.° Our recent studies on fluorenyl-
supported tetramethylaluminate complexes also emphasized
the particular stability of half-sandwich complexes of the larger
rare-earth metals.” On the other hand, sterically demanding
fluorenyl ligands also stabilize half-sandwich derivatives of the
smaller rare-earth metals as shown for, for example, (Flu®)Ln-
(CH,SiMe;),(THF) (Ln = Sc, Y, and Lu)® and (Tbf)Y-
(CH,SiMe,),(THF) (Tbf = tetrabenzo[a,c,g,i]fluorenyl).”

To this day, neither tris(fluorenyl) rare-earth metal
complexes nor any cerium-fluorenyl derivatives have been
fully characterized. Since cerium provides ready access to the

© 2022 The Authors. Published by
American Chemical Society

7 ACS Publications 962

oxidation state +IV, we were tempted to investigate into the
redox chemistry of cerium-fluorenyl complexes. The redox
potential of cerium strongly depends on its ligand environ-
ment,'* but organocerium(IV) compounds such as Cp;CeCl
are isolable and have been fully characterized." ™" The
electron-donating capability of the ligands was ascribed an
important role in stabilizing the cerium(IV) oxidation
state.'”'™'> In the case of unsymmetrical ruthenocene
complexes, the relative electron-donating power of Cp-type
ligands was shown to increase in the order pentachlorocyclo-
pentadienyl, acetylcyclopentadienyl, cyclopentadienyl, indenyl,
pentamethylcyclopentadienyl, and fluorenyl by X-ray photo-
electron spectroscopy and electrochemical measurements.

This is consistent with our findings regarding the redox
potentials of cyclopentadienyl and methylcyclopentadienyl
complexes of cerium(IV).'* Thus, albeit having in mind that
the type of metal and its oxidation state greatly affect the donor
capability of these ligands,"” the fluorenyl ligand should in
theory provide a good stabilization of cerium(IV) in terms of
electron donation capability. However, in contrast to their
cyclopentadienyl congeners, fluorenyl ligands engage in
distinct coordination chemistry, as revealed by the ease of
haptotropic coordination switches ranging from n' to »°
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(Figure 1).'® Such ring-slippage has been shown to be
increasingly involved in the reactivity, via an extension of the

””

2

~Q~

endocycllc n3

exocycllc n3

nS

Figure 1. Different coordination modes of fluorenyl ligands available
through haptotropic shifts."®

18-22 -
7 system. The most common coordmatlon mode

observed in rare-earth-metal complexes is the 7° mode as
revealed in the case of, for example, FluZSm(THF)Z or
FluLnI,(pyridine); (Ln = La and Nd).° Interestingly, the
reaction of (FluSiMe;-1)Ln(THF), (Ln = Sm and Yb) with
AIR; (R = Me and Et) led to a reversible 5" to #° switch at the
divalent rare-earth-metal center.'” The switch to n-allylic
bonding or ¢ bonds (17" coordination) involving C1 is in most
cases triggered by steric encumbrance or formation of polymer
chain structures as evidenced for [NaFlu(TMEDA)],.'®* In
particular, alkali-metal-fluorenide salts, supported by different
donor ligands, provide a good overview of the possible
coordination modes. In the case of the binuclear structure of
(KFlu),(DIGLYME), the relatively rare 7° coordination to the
phenyl rings was detected, while the analogous lithium
compound formed a separated ion pair.”®> Moreover, the
polymeric structures of the DIGYLME adducts of sodium and
rubidium ﬂuoremde revealed multiple alternating coordination
modes between 7' and 7°.>* The use of crown ethers afforded
complete fluorenyl anion separation for [K(18-crown-6)]-
[Flu].*® Although the formation of such “metals-in-a- box is
also known for alkaline-earth-metal fluorenyl complexes™® and
other cyclopentadienyl derivatives, extensive haptotropic shifts
seem to be exclusive for indenyl and fluorenyl ligands.” This
additional feature of the fluorenyl ligands might trigger further
reactivity and reaction pathways for cerium complexes. Note
that while cerium(IV) alkyl or allyl complexes have not yet
been isolated, the Schelter group has recently reported on the
isolation and full characterization of a covalent cerium(IV) aryl
complex.”’

B RESULTS AND DISCUSSION

Dihalogenido Cerium(lll) Half-Sandwiches Including
an Unprecedented Tris(fluorenyl) Complex. Cyclopenta-
dienyl (Cp") ligands (Cp® = CH;, C;H,Me, CiH,SiMes,
CsH;(SiMe;),, and C;Me;s) were shown to be capable of
stabilizing the +IV oxidation state of cerium. Since these Cp®
ligands also support chemically and often electrochemically
reversible cerium-centered redox properties, it stirred up the
question of the feasibility of a similar ceric fluorenyl (Flu)
chemistry.'*"> As aforementioned, in contrast to the strictly 7°-

963

bound cyclopentadienyl ligands, fluorenyl is prone to 1° — 7
— n' coordination switches, thus tailoring metal centers to
enhanced reactivity and alternative reaction pathways.””*%*’
When treating CeCl;(THF), o, with 1—5 equiv. of lithium,
sodium or potassium fluorenide,”™ we were surprised to learn
that only one species could be isolated. Regardless of how
much excess of fluorenyl salt was used, crystallization always
led to the half-sandwich complex FluCeCl,(THF), (1),
Performing an equimolar reaction, 1°®“ could be obtained in
90% crystalline yield (Scheme 1). Usage of commercially

Scheme 1. Synthesis of FluLnClL,(THF), (1**") and
FluCel,(THF), (1¢*")

KFlu
THF, rt, 30 h X, OQ
LnXg(THF), ——— >
-KCl
Ln=Ce X
(X=Cl,y=104 0
X=1,y=0) ¢ )

Ln=La(X=Cl,y=11)
Ln=Nd (X=Cl,y =2.0) X = Cl (1¢&¢1 90%;
1LaCl 67%; 1N.Cl 78%)

I (1€e!, 96%)

available Cel; under the same conditions led to the respective
iodide complex FluCel,(THF); (1°*"), both of which could be
analyzed via X-ray diffraction (XRD).

Figure 2. Crystal structure of FluCeClL,(THF); (1¢%), Hydrogen
atoms are omitted for clarity. Atomic displacement ellipsoids are set at
the 30% probability level. Complexes 1! and 1¥<! are
isostructural. Selected interatomic distances and angles are listed in
Table 1 (1°®™) and the Supporting Information (1% and 1N,
Due to low crystal quality, the metrical parameters of 1! should be
carefully evaluated.

The solid-state structure of 1°%“! is depicted in Figure 2,
showing (like 1°®', Figure S40) a pseudo-octahedral
coordination geometry (Figure 2). The trans-positioned
chlorido (iodido) ligands and the three-coordinated THF
molecules are bent slightly away from the sterically more
demanding fluorenyl. The Ce—Cnt (centroid) distance
accounts for similar 2.595 A (1°*“!) and 2.590 A (1),
which is significantly longer than the distances found in
Cp;Ce(THEF) (avg. 2.480 A)*' or the pentamethylcyclopenta-
dienyl-supported half-sandwich and metallocene complexes
Cp*Cel,(THF); (2.523 A)** and [Cp*,CeCLK(THF)],
(2.523 and 2.524 A), respectively.”> For reasons of steric
oversaturation, homoleptic Cp*;Ce features an extremely large
Ce—Cnt distance of 2.619 A.** As expected, the Ce—halogen

https://doi.org/10.1021/acs.organomet.2c00029
Organometallics 2022, 41, 962—-976
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Table 1. Overview of Selected Interatomic Distances (A) and Angles (deg) of the Compounds

3PTHE 4Pz 4OmBu 4OSIMe3 and 6 (Cnt = Flu/Cp Ring Centroid)

Ce—C(Flu)

Ce—C(Flu),ynge avg.

FluCeCL,(THE); (1°%¢")  2.756(3) (C1)—2.965(3) (C7) 2.860
(X =qQl)

Fl\(xCeIz(;l"HF)3 (1) 2.752(3) (C1)-2.967(3) (C7) 2.856
X =1

Flu®,Ce(THF) (2) 2.653(3) (C13)-3.083(3) (C6) 2.870
(X=Cs5,R=0C)

FluCeCp,(THF) (3°P) 2.797(2) (C23)—2.984(2) (C17) 2.905
(X/R = C(Cp))*
X = Cnt(Cp)

FluCe(OAr),(THF), 2.806(2) (C12)-2.961(2) (C1) 2.886
(3°) X=0,R=C)

FluCe(Me,Pz),(THF), 2.819(4) (C13)-3.014(4) (C7) 2914
(3™) (X/R=N)

FluCe(Me,Pz),(THF) 6.498 (C36)-7.219 (37) 6.910
(3Pz,THF) (X/R — N)

Flu,Ce(Me,Pz) (THF) 2.714(3) (C1)—2.946(3) (C7) 2.849
(4") (X/R =N)

Flu,Ce(OtBu) (THF) 2.765(6) (C26)—2.927(C6) 2.863
(49 (X = O,R = C)

FluZCe((gSiMeQ (THF) 2.737(5) (C13)—2.944(5) (C6) 2.845
4OSiMe
gx =0, R = Si)

Ce(dipp); (6) 2.718(3) (C14)-2.866(13) (C1A) 2.818

lCe,Cl, 1Ce,I, 2, 3Cp, 30Ar, 3Pz’

Ce—Cnt (Flu) Ce—X X-R Cnt—Ce—Cnt Cnt—Ce—X Ce—X—R
2.595 2.7360(9) 102.3
2.7379(8) 100.8
2.590 3.1323(3) 101.58
3.1836(3)
2.578 2.648(3) 1.441(4) 123.1 99.2 92.5(2)
2.613 (3212)  4.030(3) 1.448(4) 119.0 112.8 110.3(2)
(C49)
104.4
2.637 2.535% 1.396(3) 118.7
2.560% 116.6
1.414(3) 117.3
2.625 2.226(1) 1.342(2) 116.5 174.5(1)
2.212(1) 1.344(2) 112.3 177.5(1)
2.646 2.516(4) 1.387(5) 102.8 75.4(2)
2.476(4) 72.3(2)
2.443(4) 75.2(2)
2.486(4) 71.8(2)
6.822 2.48(2) 1.40(3) 753 73.6(13)
2.48(2) 103.3 73.6(13)
2.48(2) 100.0 73.4(13)
2.47(2) 81.3 73.4(13)
2.574 2.406(3) 1.397(4) 125.6 105.0 72.7(2)
2.419(3) 107.1 73.7(2)
101.8
128.6
2.588 2.096(4) 1.424(8) 125.1 1134 172.7(4)
2.581 109.0
2.587 2.133(4) 1.619(4) 126.3 110.1 173.2(2)
2.579 111.0
2.401 120.4
2.392 120.5
2.391 119.1

distances elongate from 1! (avg. 2.737 A) to 1% (avg.
3.158 A), whereas the Ce—O(THF) distances barely vary.
Compared to FluLal,(pyridine); with a La—Cnt distance of
2.593 A and La—I distances of 3.240 and 3.174 A, the distance
to the fluorenyl ligand in 1°*" is almost identical, while the M—
I bonds are elongated for the lanthanum complex.®

For comparison reasons, especially concerning the reactivity
behavior (vide infra), the lanthanum and neodymium
derivatives 1™ and 1N were synthesized analogously
(Scheme 1). In the solid state, these complexes are isotypical
with the cerium congener (Figures S41 and S42) and display
Ln—Cl average distances of 2.763 and 2.703 A, respectively.
The 'H NMR spectra of complexes 1" show the expected
1:2:2:2:2 peak pattern for the fluorenyl ligand. Striking is the
pronounced paramagnetic shift of the C1 proton for complexes
1¢4¢! (26 °C: 33.7 ppm) and 1N (26 °C: 27.5 ppm), which
is strongly emphasized at low temperature as shown for the
cerium complex (—80 °C: 55.6 ppm).
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When performing an equimolar reaction of CeCl;(THF), o4
with the tert-butyl-substituted fluorenyl salt K(2,10-tBu,Flu)
(KFlu™"), fully exchanged Flu®";Ce(THF) (2) formed
(Scheme 2). Amazingly, despite the higher steric demand
(Flu™ vs Flu), the formation of a half-sandwich complex along

Scheme 2. Synthesis of Flu™";Ce(THF) (2)

tBu
skeue o LA D
THF, rt, 20 h
CeCly(THF) g —————= 1Bu (ce
-3KCl R
D

> U

Bu tBu

2 (19%)
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the lines of 1°*“! was not observed. To our knowledge, 2

represents the first tris(fluorenyl) rare-earth-metal complex. In
stark contrast, tris(indenyl) derivatives (Ind);Ln and
(Ind);Ln(Do) have been extensxvely investigated (Do =
neutral donor molecules) including the crystal structures
of Ind;Ce(py)*® and Ind;Ce(THF)."* Moreover, the existence
of 2 definitely rules out sterics to be the crucial factor for the
formation of 1°“€!. At ambient temperature, the
CeCly(THF), o4/KFlu™" reaction required a large excess of
cerium chloride and afforded only a crystalline yield of 19%,
after a stirring period of 2 days. Applying the same conditions
with a 1:3 mixture of CeCl;(THF), o, and KFlu™", the reaction
was incomplete with large amounts of the fluorenyl salt left.
The solid-state structure of 2 bears two #°- and one #'-
coordinated fluorenyl ligand, showcasing distinct coordination
modes in the same molecule for direct comparison (Figure 3).

C49C4
c43
C55 Cs

{ c7
o
c6
Ce1 c12f (;/@ c5
C22 &01
%@\z 0\ Sca
« C33 Cc13 (;1@
%\ §
c2
c28

<~

Figure 3. Crystal structure of Flu™,Ce(THF) (2). Hydrogen atoms
are omitted for clarity. Atomic displacement ellipsoids are set at the

30% probability level. Selected interatomic distances and angles are
listed in Table 1.

The 7° coordination involves Ce—C(Flu) distances ranging
from 2.653(3) to 3.083(3) A and Ce—Cnt distances of 2.578
and 2.613 A, while the 7' coordination to C5S is indicated by a
shorter Ce—C(Flu) distance of 2.648(3) A and a wide Cel—
C55—Cnt angle of 105.71°. The latter angle is even wider than
the respective Li—C1—Cnt angle of LiFlu(THF), (Figure
S$45). Moreover, the changed hapticity of the fluorenyl ligand is
also indicated by the relatively obtuse Ce1—CS55—C54 angle of
110. 31(18) The other Ce—C(Flu) distances are as long as
4.030(3) A (C49), accounting for a Ce—Cnt distance of 3.212
A. For comparison, the Ce—C(silylalkyl) distance in the
donor-free (and hence formally lower coordinated) alkyl
complex Cp*,Ce[ CH(SiMe;),] was reported as 2.546(5) A.”
Furthermore, the Ce—C(ring) distances in Ind;Ce(py) range
from 2.748(5) to 3.009(5) A, and the Ce—Cnt distance in
Ind;Ce(THF) averages 2.584 A."”

The distinct fluorenyl coordination in 2 is not preserved in
solution since there is only one set of signals for the fluorenyl
ligands. Thus, all the three fluorenyl ligands are chemically
equivalent, and the coordination switch appears too fast on the
NMR timescale. Instead, the corresponding 'H NMR spectrum
displays seven signals for the fluorenyl protons and one singlet
for all tBu groups. As observed for 1%, at low temperatures,
the paramagnetic shifting gets more pronounced and splitting
of the tBu groups in a 1:1 integral ratio in accordance with the
seven distinct ring protons of the Flu ligand occurred. This
indicates some magnetic inequality of the ring and tBu protons,
which has also been detected for substituted indenyl ligands
due to prochiral effects. Considering the steric constraints of
the fluorenyl ligands, which clearly hinder rotation, similar
effects might apply for 2.**

Salt Metathesis Reactions Promoted by Flu-
CeCly(THF); (1°%)., Given the preferred formation and
stability toward ligand redistribution of compound Flu-
CeCL(THF); (1), we next aimed at salt metathesis ligand
exchange. Targeted Cl/R exchange should further improve the
thermodynamic and electrochemical stabilization of any
envisioned/putative Ce(IV) fluorenyl complexes, particularly
in the case of R = alkoxy or siloxy."*'¥*” Accordingly, the
following ligand types could be implemented in complexes 3"
cyclopentadienyl (using NaCp), aryloxy (NaOCH;iPr,-2,6 =
NaOAr), alkoxy (NaOtBu), siloxy (NaOSiMe,), and pyrazo-

Scheme 3. Overview of Salt Metathesis Reactions of 1¢¢

Aryloxy, Pyrazolato, and Cyclopentadienyl Ligands

P

¢! Affording Cerous Half-Sandwich Complexes with Alkoxy, Siloxy,

2 NaOSiMe3 2 KPz
THF -40°C,6h O THF -40°C,6h
@] et NG
Me3Sio™ -2 NaCl G -2 KCI On N
OSiMe; o [0)
¢ @0 > @)
30SiMe3 (77%) o?“ o 1Cect E)

& oG

fe)
| A 2 NaCp
THF
-40°C, 18 h

v

30Ar (82%)
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-2 NaCl

o}
D 3CP (68%)

3PZ (62%)
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OtBu
30tBu (70%)
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https://doi.org/10.1021/acs.organomet.2c00029
Organometallics 2022, 41, 962—-976


https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.2c00029/suppl_file/om2c00029_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.2c00029/suppl_file/om2c00029_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.2c00029?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.2c00029?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.2c00029?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.2c00029?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.2c00029?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.2c00029?fig=sch3&ref=pdf
pubs.acs.org/Organometallics?ref=pdf
https://doi.org/10.1021/acs.organomet.2c00029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Organometallics

pubs.acs.org/Organometallics

c oS
e

— N—"

C13
C6

C1255 ey
ey,

C26 %

e

c14@

& ot

Q

S

&

o8

Cc7

o1 ©9

T @C1 0
‘Z\/ @

Figure 4. Crystal structures of FluCe(OC3H;iPr,-2,6),(THF), (3%, left), Flu,Ce(Me,Pz)(THF) (3%, middle), and FluCeCp,(THF) (3,

right). Hydrogen atoms and lattice toluene (3°4°
Selected interatomic distances and angles are listed in Table 1.

) are omitted for clarity. Atomic displacement ellipsoids are set at the 30% probability level.

Scheme 4. Solvent- and Temperature-Dependent Cerium Fluorenyl Pyrazolato Chemistry

C@O

@

2 KMe,Pz 2 KMe,Pz

THF -40°C,6h THFrt6h
- 2 KCI

Q N 0
; / 1Cecl + other products
AT 4Pz (37%)
3Pz THF ligand scrambling
toluene (mainly in the reaction mixture)

small amount

extraction
of crystals

?*é

3Pz (62%)

lato (potassium 3,5-dimethylpyrazolate = KMe,Pz) (Scheme
3). These reactions were carried out at —40 °C in THF for 6—
18 h and the reaction residues subsequently extracted with
toluene. At ambient temperature, the toluene extracts suffered
ligand rearrangement processes in all cases with the exception
of the aryloxy derivative 3°". The ligand rearrangement
reactions were even more rapid in THF solution. Although
ligand rearrangement can be sufficiently suppressed at lower
temperature (—40 °C), it took place as a side reaction to
produce the sandwich complexes 4%, The sandwich compound
Flu,Ce(Me,Pz)(THF) (4°*) could be synthesized independ-
ently and purified, while single-crystalline material was
obtained also for Flu,Ce(OtBu)(THF) (4°®") and Flu,Ce-
(OSiMe;)(THF) (495Me3) (vide infra).

The crystal structures of mono(fluorenyl) complexes
FluCe(OC H;iPr,-2,6),(THFE), (3°Ar), FluCe-
(Me,Pz),(THF), (3%), and FluCeCp,(THF) (3°?) are
depicted in Figure 4. The cerium centers in complexes 3"
and 3" both adopt a slightly bent pseudo-square pyramidal
coordination geometry, clearly dictated by the flat spread of
the fluorenyl ligand. The Ce—centroid (Cnt) distances amount
2.625 A (3°*) and 2.646 A (3%%). It appears that the latter
represents the longest distance for a cerium to a cyclo-
pentadienyl-type ligand detected so far and stresses the fact
that such fluorenyl half-sandwich complexes 3 show generally
longer Ce—Cnt distances than the respective sandwich
complexes 4. The Ce—O(aryloxy) distances (avg. 2.219 A)
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in 3°% match those reported for six-coordinate Ce-

(OCH;iPr,-2,6);(THF), (avg. 2.12 A).

The 7°-fluorenyl ligand is sterically more demanding than
the aryloxy ligand, giving space to the additional coordination
of only two THF molecules.*’ For further comparison, the
half-sandwich complex Cp*Ce(OCH;tBu,-2,6), synthesized
by Heeres et al., bearing a slightly bulkier aryloxy ligand, shows
significantly longer Ce—O distances (avg. 2.253 A) but an

average Ce—C distance of 2.76 A in comparison with 2.886 A
for 304!

The pyrazolato derivative 3™ is isostructural to 3°" with

trans-positioned 7n*-pyrazolatos instead of the aryloxys. The
Ce—N distances average 2.480 A matching those of the four
terminal ones in adducts [Ce(Me,Pz);(Do)], (av§ 2478 A
(Do = THF) and avg. 2.475 A (Do = HMesz))

The mono(fluorenyl) compound FluCeCp,(THF) (3°P)
represents a rare example of a rare-earth-metal complex
bearing different (non-linked) 7°-coordinated cyclopentadien-
yl-type ligands. The other examples include trivalent
Cp*,LnCp (Ln = Nd and Sm)* or divalent FluYbCp*-
(DME).* The isolation of such complexes with sterically less
demanding ligands is counteracted by ligand rearrangement
and formation of the respective homoleptic complexes. This is
also the case for heteroleptic 3°P. Treating 1°“! with NaCp at
ambient temperature afforded Cp;Ce(THF) as the major side
product, but after toluene extraction of 3P to remove
Cp;Ce(THF) and other impurities, no further scrambling
has been observed at —40 °C.>"* Also for 3°?, the Ce—
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Figure 5. Crystal structures of FluCe(Me,Pz),(THF), (3"%™F left), Flu,Ce(Me,Pz)(THF) (4™ middle), and Flu,Ce(OtBu)(THF) (4°®,
right). Hydrogen atoms have been omitted for clarity. Atomic displacement ellipsoids are set at the 30% probability level. Selected interatomic

distances and angles are listed in Table 1.

Cnt(Flu) distance of 2.637 A appears rather long. Even the
comparatively shorter Ce—Cnt(Cp) distances of avg. 2.548 A
are con51derably longer than those in Cp;Ce(THF) (avg. 2.480
A)! indicating significant steric hindrance. Well-examined
unsymmetrical metallocenes relate to the metals Fe, Ru, and
Os, for example, FluFeCp or FluRuCp*, where haptotropic
rearrangements of the fluorenyl ligands are known.'®*%*°

The ligand rearrangement processes involving the pyrazolato
ligand have been elucidated in more detail, as not only the half-
sandwich complex 3% (vide supra) could be isolated (Scheme
4). Additionally, the sandwich complex Flu,Ce(Me,Pz)(THF)
(4*) could be obtained in 37% yield upon warming to
ambient temperature. Assuming ligand rearrangement to
tris(pyrazolyl) [Ce(Me,Pz);(THF)], as the dominant reaction
path, which could be detected among other unidentified
products in the NMR sgectrum, a maximum yield of 50% of
4" should be possible.”

Furthermore, crystallization of the chilled reaction mixture
(in THF) before toluene extraction did not only yield half-
sandwich 3% but also crystals of [Flu] [Ce(Me,Pz),(THF)s]*
(3°#™F) The latter complex 3"*™F features a solvent-
separated ion pair, reaffirming easily separable/abstractable
fluorenyl anions (Figure 5).” Indeed, 3°%™F is the first rare-
earth-metal complex bearing a solvent-only separated fluorenyl
anion (Ce—Cnt distance = 6.822 A). It has been revealed
previously that such solvent-separated fluorenyl anions are
favorably observed in the presence of crown ethers or other
multidentate O-donors as for [BaFlu(18-crown-6)(pyridine)]*
[Flu]™ and [M(diethyleneglycol-dimethylether),]* [Flu]~ (M
= Li and Na).”*" The Ce—N distances of the seven-
coordinate cation of 3"*™F (avg. 2.475 A) are slightly shorter
than in the seven-coordinate charge-balanced 3" The cerium
center in 3"%™HF adopts a rare pseudo-pentagonal bipyramidal
coordination geometry, with the THF ligands in the equatorial
positions. The trans-positioned pyrazolato ligands feature a
torsion angle of 93.3° (N2N1-N3N4) to minimize steric
hindrance of the methyl groups.

The sandwich complex Flu,Ce(Me,Pz)(THF) (4") shows a
pseudo-tetrahedral geometry and a staggered conformation of
the fluorenyl ligands, which has also been found for other
lanthanide sandwich fluorenyl complexes (e.g., Flu,La-
(AlMe,)).” The two fluorenyl ligands bear an angle of
125.6° and display Ce—Cnt distances of 2.574 A, which are
way shorter than that in the half-sandwich complex 3% (2.646
A). The Ce—N distance amounts 2.413 A in average and is
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thus also shorter than those in 3% and 3"*™F, In fact, it is to
our knowledge the shortest distance known in the literature for
this particular ligand at cerium(IIl). For further comparison,
the donor-free complex [Ce(Me,Pz);], shows a roughly
similar average Ce—N distance of 2.436 A for the terminal
n*bound pyrazolato ligands.**

Similar to the chlorido/pyrazolato ligand exchange, alkoxy
and siloxy implementation led to the formation of the
sandwich complexes as the major ligand rearrangement
products (Scheme 5).

Scheme S. Ligand Scrambling Reaction of Half-Sandwich

Complexes 3°* and 3°M toward Sandwich Complexes
4982 and 495Me3 3t Ambient Temperature or upon
Crystallization

> AT -

ligand ’CI) D
scrambling
RO™ O(j THFfolvene (= oR + other products
OR ‘
R = tBu (3°0BuY), R = tBu (4°BY),

SiMe3 (3OSiMe3) SiMe3 (4OSiM53)

As shown in Scheme 3, the exchange reactions at a low
temperature of —40 °C led to the half-sandwich complexes
FluCe(OR),(THF) in yields of 70% (3°®*, R = OtBu) and
77% (395Me3 R = OSiMe;). The sandwich complexes
Flu,Ce(OtBu) (THF) (4°®*) and Flu,Ce(OSiMe,) (THF)
(495M3) could be isolated and crystallized only as side
products from equimolar ambient-temperature reactions.
There, the bulk of the product was still 3% but the
comparatively lower solubility of the sandwich complexes
favored crystallization. Correspondingly, the respective alkoxy,
siloxy, aryloxy, or pyrazolato ligands impart higher solubility
than the fluorenyl ligand. The cerous metallocenes 4°®* and
4OSMe3 gre isostructural to 4°% Similarly, the Ce—Cnt distances
are rather short (avg. 2.584 and 2.583 A), and the Cnt—Ce—
Cnt angles are 125.1° (4°®") and 126.3° (4°5M%3). As
expected, the Ce—O distance is slightly shorter for 4°%"
(2.096(4) A) in comparison to 4°5Me3 (2.113(4) A). The
terminal tert-butoxy hégands in the homoleptic trivalent
complex [Ce(OtBu);]," display slightly shortened Ce—O
distances of avg. 208 A (five-coordinate cerium), and
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[Cp*Ce(OtBu),], shows slightly elongated terminal Ce—O
distances of avg. 2.120 A.*’ For further comparison, the Ce—
O(siloxy) distance of 4°5Me appears to be short in
comparison to those detected in the few known trivalent
cerium siloxide complexes, such as [Ce(OSiPh;);(THF),]-
(THF) (avg. 2222 A).>°

Unlike the chlorido/OAr exchange reaction, treatment of
1€l with lithium thiomesitolate Li(SC¢H,Me;-2,4,6)
(=LiSMes) at ambient temperature proved less effective. The
complicated mixture did only produce the partly exchanged
{Ce;Li}-bimetallic cluster FluyCey(SC¢H,Me;-2,4,6),CLLi-
(THF), (S) (Scheme 6). The small crystalline yield of 22%
could not be improved by starting out with proper
stoichiometry, which failed to afford the desired product.

Scheme 6. Salt Metathesis Reactions of 1°°“! Showing
Incomplete Chlorido/Thiolato Exchange Forming the
{Ce;Li}-Bimetallic Cluster S and Rapid Ligand
Rearrangement toward Homoleptic Ce(dipp); (6)

4/3 LiSMes
THF, rt
qCecl — '~ 5 q/3 MesS ol
- LiCl
Li
C/O/ \SMes @
2 Kdipp \ figand @i
toluene scrambling O
i, 2 h 5 (22%)
-2 KClI
iPr
Pr 3 Kdipp
THF, rt
iPr <«———— CeCl3(THF)4 04
-3 KCI

65%

Due to bad crystal quality, the XRD analysis only provided
the connectivity of 5 (Figure S44), ruling out a detailed
discussion of the metrical parameters. In complex S, the half-
sandwich motif retained, but both the thiolato and non-
exchanged chlorido ligands are located in bridging positions.
Two u,-thiolato ligands, one p,-chlorido, and the cerium
centers form a distorted six-membered ring, with u;-chloridos
above and below this metallacycle. Additionally, the two
cerium centers which are linked via the y,-chlorido ligand are
bridged by a [Li(SMes),(THF)] unit. Interestingly, all the
three cerium centers are six-coordinated with distorted pseudo-
octahedral coordination geometries but exhibit two distinct
ligand spheres. The structurally related non-ate complex
[Cp*,Ce(SPh)], could be accessed by the reaction of
Cp*;Ce with PhSSPh, affording Cp*—Cp* as a coupling
byproduct.”’

Examination of increasingly basic ligands in exchange
reactions according to Scheme 3 led to decomposition or
follow-up reactivity such as ligand scrambling. This was the
case for amides LiNH,, LiNMe,, LiNiPr,, and silylamides
LiN(SiHMe,), and LiN(SiMe,),, where complicated product
mixtures were observed via NMR spectroscopy. Products
identified from these reactions are LiFlu(THF), (Figure S45)
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and Ce[N(SiMe;),];. The rapid formation of non-targeted
decomposition products was also observed for alkyls MeLi,
KBn, LiCH,SiMe;, and nBuLi. In contrast, treatment of 1!
with potassium 2,4-diisopropylpentadienide (Kdipp) led to a
rather directed ligand rearrangement, affording bright orange
donor-free Ce(dipp); (6) in 65% yield. This corresponds to a
nearly complete conversion of Kdipp. The ligand rearrange-
ment to 6 seems similar to that occurring along the
cyclopentadienyl derivative 3P, but more pronounced and
faster, possibly due to the haptotropic coordination switches
accessible to “open” pentadienyls. The respective half-
sandwich complex could not be obtained, even when the
reaction was conducted at —40 °C. The direct synthesis using a
1:3 mixture of CeCly(THF),,, and Kdipp afforded 6 in a
crystalline yield of 91%. The solid-state structure of complex 6
(Figure 6) is isostructural to Ce(dtbp); (dtbp = 2,4-

Figure 6. Crystal structure of Ce(dipp); (6). Hydrogen atoms are
omitted for clarity. Atomic displacement ellipsoids are set at the 30%
probability level. Selected interatomic distances and angles are listed
in Table 1.

tBu,CsH;),”> showing a typical short—long—short—long
pattern across the pentadienyl ligand indicative of ionic
bonding. The Ce—Cnt distance averages 2.395 A, thus being
slightly longer than the respective one in Ce(dtbp); (avg.
2.373 A).>?

Reactivity toward Halogenating Reagents: CC Cou-
pling. Aiming at cerium(IV) complexes, the reactivity of
halogenating reagents such as C,Cls, TeBry, I, and 14-
benzoquinone was examined. The reactions of 1" with
hexachloroethane were investigated more closely (Table 2).
Addition of approximately 0.5 equiv. of C,Cl4 to an orange
solution of half-sandwich complex 1°*“! afforded instantly a
colorless reaction mixture. Its '"H NMR spectrum revealed the
presence of only diamagnetic products, with the proton
positioned at the five-membered ring (C1) acting as a useful
probe. Instead of a diamagnetic cerium(IV) species, such as
putative “FluCeCl;(THF),” (Scheme 7), the formation of a
mixture of 1,1’-bifluorene A (4.80 ppm in CDCl;) 9-
chlorofluorene B (ClFly, 5.92 ppm in THF-dg) and 9-H-
fluorene C (HFlu, 3.49 ppm in THF-dg, 3.89 ppm in C¢Dy)
was observed (Table 2). Apart from 1,1’-bifluorene, discrete
CeClL;(THF), could be analyzed by XRD analysis (Figure
S46). Crystalline CeCl;(THF), could be obtained after
separation of the organic components by toluene extraction.
A THF adduct of cerous chloride was previously characterized
as polymeric [CeCly(THF),],.>* The formation of an arbitrary
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Table 2. Reactivity of Fluorenyl Complexes with C,Clg

Cl

L
.
H

X CQC|6
1Ln.Cl THF, rt, 5 min
or
MFlu - LnCl(THF)4 or MCI H
-X CzC|4 O’
O
fluorenyl
entry compound ratio Ln/C,Clg A/% B/% C/%
1 16¢t 1.0:0.48 38 (69) 34 (-) 28 (31)
(2.0:0.48)“
2 16e¢ 1.0:0.24 74 26
3 16 1.0:1.21 -(72) 75 () 25(28)
(3.0:1.21)°
4 1t 1.0:0.47 58 21 21
5 1»a 1.0:1.21 2 70 28
6 Nect 1.0:0.47 16 41 43
7 Nect 1.0:1.21 <1 60 40
8 LiFlu 1.0:0.48 70 30
9 LiFlu 1.0:1.21 81 10 9
10 KFlu 1.0:0.48 7 9 84
11 KFlu 1.0:1.21 4 17 79

“Addition of another equiv. of 1°*“! to a THF solution of the toluene
extract after work. “Addition of another 2 equiv. of 1% to a THF
solution of the toluene extract after work.

mixture of A (38%, Table 2, entry 1), B (34%), and C (28%)
suggested a radical-driven transformation. We initially
hypothesized that transient fluorenyl radicals might possibly
emerge from a short-lived cerium(IV) species via homolysis
(Scheme 7, upper trace). This redox behavior is a favored
reaction path in organocerium chemistry'"'*** and was
recently observed along the formation of metallocene
Cp*,CeR,, yielding 1,1’-bis(pentamethylcyclopentadiene) as
a side product.'>*" Interestingly, when the A/B/C mixture
(after work-up and separation of CeCl;(THF),) was treated
with another equivalent of 1°*“!, 9-chlorofluorene B got fully
converted into 1,1’-bifluorene A (Table 2, entry 1). Similarly,
the reaction of 1°*“! and C,Cly in a 4:1 ratio afforded
predominantly A (74%), no B, but a significant amount of C
(26%) (Table 2, entry 2). Moreover, when treating 1¢2% with
excess of C,Cly, the formation of a mixture of B (75%) and C
(25%) was observed (Table 2, entry 3). On the other hand,
addition of another 2 equiv. of 1°“! to the latter reaction
mixture again converted all B into A (Table 2, entry 3).

This behavior strongly favors a classic CC coupling reaction
or a o-bond metathesis as shown for the lower trace of Scheme
7. Similar reactivity was described by Kagan in 1987, when
generating the respective dibenzyl derivative from Cp,Sm-
(CH,C¢H,tBu-4) and benzyl bromide.>> Closely related is also
the o-bond metathesis observed in the reaction of sterically
crowded complexes Ln(CsMes); with PhSSPh.>" Interestingly,
the reaction of divalent complex Yb(Flu),(THF) with
diazadiene [(2,6-iPr,CcH;)—N=CH-CH=N-(2,6-
iPr,C¢H;)] led to a CC coupling product involving the
fluorenyl ligand.*® Accordingly, a “cross-coupling” reaction
could be achieved, when complex FluCeCL,(THF), (1¢%“")
was reacted with an equimolar amount of benzyl chloride,
affording 9-benzylfluorene (preliminary investigation, Figure
$35).

Speaking against the hypothesis of a transient tetravalent
species (upper trace, Scheme 7) is also the absence of intensely
colored reaction mixtures and the occurrence of a similar
chemistry when the redox-inactive isostructural half-sandwich
complexes FluLnCL(THF); (Ln = La, 1% Nd 1M¢
Scheme 1) were employed as the fluorenyl source (Table 2,
entries 4—7). Overall, the reaction of the neodymium half-
sandwich complex is more selective toward the generation of
ClFlu, even when treated with <0.5 equiv. of C,Cl, (Table 2,
entries 6 and 7). The formation of significant amounts of H-
fluorene (C) points out to o-bond metathesis and radical
reactions as competing pathways, although the reaction
mixture 1'*¢//C,Cly applied for entry 4 did not show any
EPR signal.

The scope of metal complexes was extended to the
fluorenide salts LiFlu(THF); and KFlu, displaying distinct
fluorenyl derivatization reactions with C,Cls. The lithium-
promoted reactions produced mainly 1,1'-bifluorene A,
independent of the molar ratio of C,Cls;, while the <0.5
equiv. reaction did not afford B at all (Table 2, entries 8 and
9). In stark contrast, treatment of KFlu with C,Cly resulted
predominantly in the formation of C (Table 2, entries 10 and
11).

The reaction of with other halogenating agents such as
I, or TeBr, afforded 1,1’-bifluorene as well (72 and 22%,
respectively), along with the respective 9-halogenidofluorenes
as side products. Additionally, the formation of minor amounts
of HFlu was observed. C,Cl was tested on the other fluorenyl
complexes as well, resulting similarly in mixtures of fluorenyl
species with no isolable cerium(IV) species. The possibility of
C—C coupling using C,Cly as a reagent was tested on CeBn,
(Bn = benzyl), resulting quantitatively in the formation of

1 Ce,Cl

Scheme 7. Possible Reaction Pathways for the Formation of the C—C Coupling Product A

. radical
N homolysis Flu coupling
— > [FlCeVCIy(THF) ]} —————— + . A+ B
crystalline
= CellCly(THF),
, 0.5 C,Clg
Cl,, ‘ca~—0 THF, rt, 5 min
Go/ T ¢ -0.5C,Cly
(0] Cl
o - (T
L CelCl3(THF), + O’ > CellCI3(THF), + .
B A
969 https://doi.org/10.1021/acs.organomet.2c00029
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benzyl chloride. Similarly, the reaction of Ind;Ce(THF) with
C,Clg produced 1-chloroindene and CeCl; as a side product.
In contrast, Ce(dipp); (6) was inert toward the halogenating
agents under study.

Clearly, the reactivity of cerium(III) fluorenyl complexes
toward halogenating oxidants follows a reaction path different
from that of cyclopentadienyl derivatives. For example, the
transformation of cerous Cp™;Ce(THF) to ceric CpM;CeX
(X = CI, Br, and I) proceeds smoothly. The feasibility of ° —
n* — n' fluorenyl coordination switches, even of charge-
separated fluorenyl anions in donor solvents such as THEF,
should trigger decomposition pathways, characteristic of
cerium(IV) complexes.'”'*'* #* and n' coordination would
involve highly elusive Ce(IV) allyl and alkyl species,
respectively. The distinct reactivity of Ce(IlI)—Flu versus
Ce(III)—Cp with halogenating reagents was also evident when
examining a mixture of (C;Me;)CeCl,(THF),;/C,Cl,, which
did not indicate a reaction at all. In contrast to Ce(CsMe;),,>*
the half-sandwich complex (C;Me;)CeClL,(THF); cannot
engage in o-bond metathesis. On the other hand, the CC
coupling pathway observed in this study might be exploited for
carbon—carbon bond formation reactions otherwise difficult to
achieve. The coupling of fluorene to 1,1’-bifluorene by radical
pathways is common in d-block metal chemistry, as revealed
for, for example, iron(IIT)—isoporphyrin complexes or, even in
a catalytic manner, for Rus(CO);, or CoClL,.>" =’

In order to expand the scope of potential cerium redox
chemistry, 1,4-benzoquinone was probed as a non-halogenat-
ing oxidant.” Correspondingly, treatment of a solution of
1°%“! with 1,4-benzoquinone led to an immediate color change
to dark blue and subsequently the formation of a suspension.
The suspension consisted of a colorless solution, with HFlu
and 1,1'-bifluorene as the major diamagnetic components, as
well as of a deep blue solid, insoluble in any organic solvent.
Although we did not attempt to identify the intensely colored
residues, it can be hypothesized that the redox chemistry will
involve the formation of cerous semiquinolate derivatives."’

B CONCLUSIONS

The synthesis and derivatization of FluCeX,(THF), (X = ClI
and I) showcase the feasibility of fluorenyl-based cerium half-
sandwich complexes. Respective salt metathesis reactions give
easy access to monomeric alkoxy, siloxy, aryloxy, pyrazolato,
and cyclopentadienyl derivatives FluCeR,(THF),. With the
exception of the aryloxide complex FluCe(OCsH;iPr,-
2,6),(THF), all compounds readily engage in ligand rearrange-
ment processes to form sandwich complexes Flu,CeR(THF).
The routine sandwich-type structural motif with staggered 7°-
coordinated fluorenyl ligands has been elucidated for R =
OtBu, OSiMe;, and Me,Pz. The potential n° — 7° — 7'
coordination switch has been detected in the solid-state
structure of tris(fluorenyl) Flu®";Ce(THF), which features
two fluorenyl rings in #° and one in 7' coordination mode.
This coordinative flexibility most likely bears on the cerium-
(III/IV) redox chemistry, so far counteracting the isolation of a
cerium(IV) fluorenyl compound. However, the reaction of
complex FluCeCl,(THF); with halogenating oxidants such as
C,Clg can be tuned to selectively form 1,1’-bifluorene or 9-
chlorofluorene, involving o-bond metathesis pathways. Such
CC couplings can be potentially expanded and advanced to
cross-coupling reactions.
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B EXPERIMENTAL SECTION

All operations were performed under rigorous exclusion of oxygen
and moisture in an argon atmosphere using standard Schlenk, high-
vacuum, and glovebox techniques (MB Braun MBI1SOB-G-I; <0.1
ppm of O, <0.1 ppm of H,0). The solvents were dried and degassed
prior to use and provided by an MBraun SPS800. Benzene-d, (99.5%)
was received from Deutero GmbH and THEF-d; from Eurisotop. The
deuterated solvents were dried over the NaK alloy for a minimum of
48 h and filtered through a filter pipette (Whatman) before use.
Anhydrous CeCl; (99.99%) (Sigma-Aldrich) was converted into
CeCly(THF),, via Soxhlet extraction. Hexachloroethane, benzyl
choride, iodine (99.99%), NaOtBu, NaOSiMe;, and Cel; were
purchased from Sigma-Aldrich and used as received. Chlorotrime-
thylgermane (abcr) and TeBr, (Alfa Aesar, 99.999%) were also
employed without further purification. NaCp,*> NaOAr,"" KFlu,*”
LiSMes,”* KMe,Pz,°* Kdipp,*> Ce(CH,Ph);,°® Ind;Ce(THF),"* and
(CsMes)Ce(AlMe,), (ref 67) were prepared according to literature
procedures. NMR spectra were recorded on a Bruker AVII+400 ('H:
400.13 MHz; *C: 100.61 MHz), AVI+300 (*Si: 79.5 MHz), or AVII
+500 (*H: 500.13 MHz; 3C: 125.76 MHz) spectrometer in dried and
deuterated solvents. EPR spectra were recorded on a continuous wave
X-band Bruker ESP 300E using S mm O.D. Wilmad quartz (CFQ)
EPR tubes. DRIFT spectra were recorded on a Thermo Fisher
Scientific NICOLET 6700 FTIR spectrometer using dried KBr and
KBr windows. The collected data were converted using the Kubelka—
Munk refinement. Alternatively, Nujol oil was used as a carrier
material sandwiched in between CsI windows. CHN elemental
analyses were performed on an Elementar Vario MICRO cube.

FluCeCl,(THF); (1°¢%). CeCl,(THE),,, (824.5 mg, 2.564 mmol)
and KFlu (524.0 mg, 2.564 mmol) were suspended in THF (18 mL)
and stirred for 7 d at ambient temperature. The mixture was filtered,
and the filtrate was concentrated multiple times to yield the crystals of
199¢" (1.369 g, 2.310 mmol, 90%) at —40 °C suitable for XRD
analysis. '"H NMR (500.1 MHz, THF-dg, 26 °C): 6 33.73 (s, 1H, Flu),
8.58 (s, 2H, Flu), 3.77 (s, 2H, Flu), 3.59 (m, 12H, THF), 3.15 (s, 2H,
Flu), 2.15 (s, 2H, Flu), 1.77 (m, 12H, THF) ppm. DRIFT: ¥ 3041
(w), 2981 (m), 2883 (m), 1594 (w), 1475 (m), 1444 (m), 1328 (s),
1223 (m), 1198 (w), 1118 (vw), 1019 (s), 986 (vw), 915 (w), 863
(s), 753 (vs), 726 (s), 436 (m), 423 (w) cm™". Elemental analysis (%)
caled for C,sH;3CeCLO;5, (592.55 g mol™): C, 50.67; H, 5.31.
Found: C, 49.84; H, 5.37. The deviation between theoretical and
experimental values can be attributed to the loss of coordinated THF
under vacuum. Calcd for FluCeCL(THF),: C 48.46. H 4.84.
Although the results are still outside the range viewed as establishing
analytical purity (C: +1.32%, H: +0.53%), they are provided to
illustrate the best values obtained to date.

FluLaCl,(THF); (1), LaCl;(THF),, (100 mg, 0.31 mmol) and
KFlu (62.95 mg, 0.31 mmol) were suspended in THF (§ mL) and
stirred for 3 d at ambient temperature. The mixture was filtered and
washed with n-hexane, and the solvent was removed under vacuum to
yield 1™ as an orange powder (113.0 mg, 0.21 mmol, 67%). Single
crystals of 11! (64.5 mg, 0.11 mmol, 35%) were obtained from a
saturated THF solution at —40 °C. '"H NMR (400.1 MHz, THF-dj,
26 °C): § 8.14 (s, 2H, Flu), 7.56 (s, 2H, Flu), 7.14 (s, 2H, Flu), 6.96
(s, 2H, Flu), 3.61 (m, 2H, coord. THF), 2.30 (s, 1H, Flu), 1.77 (m,
2H, coord. THF) ppm. *C{'H} NMR (100.6 MHz, THF-dj, 26 °C):
5 1289 (Flu), 1274 (Flu), 1260 (Flu), 124.9 (Flu), 124.1 (Flu),
121.7 (Flu), 1209 (Flu), 117.8 (Flu), 68.2 (coord. THF), 67.5
(coord. THF), 26.4 (coord. THF), 25.4 (coord. THF), 21.5 (Flu)
ppm. IR: U 2954 (Flu, Nujol), 2924 (Flu, Nujol), 2855 (Flu, Nujol),
2361 (w) 2338 (w), 1558 (w), 1541 (w), 1507 (w), 1459 (Nujol),
1377 (Nujol), 1328 (w), 1221 (w), 1197 (vw), 1152 (vw), 1011 (w),
986 (w), 933 (w), 917 (w), 853 (w), 751 (s), 724 (vs), 695 (m), 668
(m), 613 (w), 564 (w), 434 (m), 421 (m) cm™". Elemental analysis
(%) calcd for C,sH33LaCLO;, (591.34 g mol™'): C, 50.78; H, 5.63.
Found: C, 47.97; H, 4.09. The deviation between theoretical and
experimental values can be attributed to the loss of coordinated THF
under vacuum: calcd for FluLaClL,(THF),: C 48.58. H 4.8S. Although
the results are still outside the range viewed as establishing analytical
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purity (C: —0.61%, H: —0.76%), they are provided to illustrate the
best values obtained to date.

FluNdCl,(THF); (1N, NdCL,(THF), (100 mg, 0.25 mmol) and
KFlu (51.75 mg, 0.25 mmol) were suspended in THF (S mL) and
stirred for 3 d at ambient temperature. The mixture was filtered and
washed with n-hexane, and the solvent was removed under vacuum to
yield 1N a5 a yellow powder (115.8 mg, 0.19 mmol, 78%). Single
crystals of 1N (42.9 mg, 0.11 mmol, 35%) were obtained from a
saturated THF solution at —40 °C. '"H NMR (400.1 MHz, THF-d,,
26 °C): §27.49 (brs), 9.87 (brs), 8.69 (brs), 7.82 (brs), 5.07 (brs),
4.82 (brs), 3.60 (s), 1.77 (s), —0.99 (br's), —1.08 (brs), —1.33 (brs)
ppm. IR: U 3064 (w), 2954 (Flu, Nujol), 2924 (Flu, Nujol), 2854
(Flu, Nujol), 2724 (vw), 2669 (vw), 1595 (w) 1564 (w), 1461
(Nujol), 1377 (Nujol), 1330 (s), 1296 (w), 1222 (m), 1198 (w),
1152 (w), 1119 (vw), 1016 (m), 986 (w), 973 (w), 917 (vw), 862
(m), 754 (vs), 725 (vs), 671 (vw), 564 (vw), 435 (w), 422 (w) cm™.
Elemental analysis (%) calcd for C,sH;3NdCLO5, (596.68 g mol™):
C, 50.32; H, 5.57. Found: C, 38.84; H, 4.69. The deviation between
theoretical and experimental values can be attributed in part to
removal of coordinated THF under vacuum: calcd. FluNdCL,(THF),:
C 41.05, H 2.39. Although these results are still outside the range
viewed as establishing analytical purity (C: —2.21%, H: +2.30%), they
are provided to illustrate the best values obtained to date.

FluCel,(THF); (1°*). Cel, (200.4 mg, 0.3848 mmol) and KFlu
(78.6 mg, 0.3848 mmol) were suspended in THF (15 mL) and stirred
for 3 d at ambient temperature. The mixture was filtered, and the
filtrate was concentrated to yield yellow crystals of 1! (259.0 mg,
0.3682 mmol, 96%) at —40 °C suitable for XRD analysis. 'H NMR
(400.1 MHz, THF-dg, 26 °C): & 38.00 (s, 1H, Flu), 11.42 (s, 2H,
Flu), 5.00 (s, 2H, Flu), 3.62 (m, 12H, THF), 2.51 (s, 2H, Flu), 2.32
(s, 2H, Flu), 1.77 (m, 12H, THF) ppm. DRIFT: U 3028 (w), 2980
(s), 2885 (m), 1594 (w), 1475 (m), 1444 (m), 1346 (vw), 1326 (m),
1221 (w), 1198 (w), 1037 (vw), 1013 (vs), 924 (w), 880 (vs), 851
(vs), 830 (s), 757 (vs), 745 (s), 727 (s), 709 (w), 668 (w), 439 (w)
cm™. Elemental analysis (%) caled for C, H,;Cel,O, (703.35 g
mol™): C, 35.86; H, 3.58. Found: C, 36.33; H, 4.29. Although these
results are outside the range viewed as establishing analytical purity
(C: +0.47%, H: +0.71%), they are provided to illustrate the best
values obtained to date.

(Flu®®¥);Ce(THF) (2). CeClL;(THF),,, (103.7 mg, 0.3276 mmol)
and KFlu®™ (105.3 mg, 0.3276 mmol) were suspended in THF (18
mL) and stirred for 2 d at ambient temperature. The mixture was
filtered, and the filtrate was concentrated to yield yellow crystals of 2
(64.9 mg, 0.0621 mmol, 19%) at —40 °C suitable for XRD analysis.
'H NMR (400.1 MHz, THF-dg, 26 °C): 6 10.47 (s, 3H, Flu), 8.68 (s,
3H, Flu), 8.32 (s, 3H, Flu), 7.37 (s, 3H, Flu), 5.28 (s, 3H, Flu), 3.65
(m, 4H, THF), 2.82 (s, 3H, Flu), 1.81 (m, 4H, THF), 1.67 (s, 3H,
Flu), 1.05 (s, S4H, fBu) ppm. DRIFT: & 2960 (vs), 2902 (m), 2866
(m), 1590 (s), 1479 (w), 1460 (w), 1392 (vw), 1361 (m), 1338 (m),
1305 (vw), 1260 (s), 1207 (w), 1086 (w), 908 (w), 864 (w), 802 (s),
745 (m), 729 (vs), 694 (vw), 671 (s), 653 (w) cm™'. Elemental
analysis (%) calcd for Cg;HgyCeO, (1044.52 g mol™"): C, 77.04; H,
8.01. Found: C, 76.82; H, 7.79.

FluCe(OC¢H3iPr,-2,6),(THF), (3°%). Compound 1! (53.7 mg,
0.0906 mmol) was dissolved in THF (10 mL), and Na(OC4H;iPr,-
2,6) (36.3 mg, 0.181 mmol) was added at ambient temperature. The
mixture was stirred for 18 h at ambient temperature. Then, the
mixture was filtrated, the solution evaporated to dryness, and the
residue extracted with toluene (10 mL). Upon concentration and
storage at —40 °C, 394 was obtained as bright red crystals (59.5 mg,
0.0740 mmol, 82%). '"H NMR (400.1 MHz, THF-dg, 26 °C): § 27.45
(s, 1H, FluH), 15.71 (s, 3H), 12.97 (d, Juy = 5.9 Hz; 4H, m-Ar),
11.01 (s, 2H), 6.67 (s, 2H), 3.84 (s, 2H), 3.65 (m, 8H, THF), 3.48 (s,
12H, CH(CH,),), 2.03 (s, 2H), 1.81 (m, 8H, THF), 0.74 (s, 2H),
—0.07 (s, 2H) ppm. DRIFT: U 2957 (s), 2863 (w), 1589 (w), 1460
(m), 1431 (vs), 1357 (w), 1324 (s), 1261 (vs), 1222 (w), 1203 (s),
1103 (vw), 1025 (m), 884 (m), 866 (m), 850 (s), 762 (m), 750 (s),
733 (w), 722 (w), 703 (vw), 691 (w), 565 (m) cm™'. Elemental
analysis (%) caled for CysHgoCeO,, (804.08 g mol™'): C, 67.22; H,
7.40. Found: C, 66.77; H, 6.89. Although these results are outside the
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range viewed as establishing analytical purity (C: —0.55%, H:
—0.51%), they are provided to illustrate the best values obtained to
date.

FluCeCp,(THF) (3%P). Compound 129 (70.7 mg, 0.119 mmol)
was dissolved in THF (12 mL), and NaCp (21.0 mg, 0.239 mmol)
was added at —40 °C. The mixture was stirred for 18 h at —40 °C.
The mixture was then filtrated at —40 °C, the solution was evaporated
to dryness, and the residue was extracted with toluene (10 mL). Upon
concentration and storage at —40 °C, 3% was obtained as orange
crystals (41.3 mg, 0.0814 mmol, 68%) suitable for XRD analysis. 'H
NMR (400.1 MHz, THF-dy, 26 °C): § 26.41 (s, 1H, FluH), 10.05 (s,
10H, CpH), 8.35 (s, 2H, Flu), 4.27 (s, 2H, Flu), 3.85 (s, 2H, Flu),
2.94 (s, 2H, Flu), —3.77 (s, 4H, THF), —7.82 (s, 4H, THF) ppm.
DRIFT: & 3039 (m), 2956 (m), 1590 (w), 1558 (vw), 1471 (w),
1444 (w), 1328 (m), 1224 (w), 1199 (w), 1016 (m), 985 (vw), 560
(w), 783 (s), 765 (s), 754 (vs), 728 (m), 567 (vw), 496 (vw), 443
(m), 421 (w) cm™". Elemental analysis (%) caled for C,,H,,CeO,
(507.63 g mol™): C, 63.88; H, 5.36. Found: C, 63.49; H, 5.21.

FluCe(OSiMe;),(THF) (395Me3) and (Flu),Ce(OSiMes)(THF)
(405iMe3) Compound 19 (63.5 mg, 0.107 mmol) was dissolved
in THF (10 mL), and NaOSiMe; (24.0 mg, 0.214 mmol) was added
at ambient temperature. The mixture was stirred for 6 h while turning
pale orange and evaporated to dryness, and subsequently, the residue
was extracted with toluene (10 mL). Concentration and storage at
—40 °C afforded orange crystals of 3°5™3 (46.0 mg, 0.0828, 77%).
The crystals proved not suitable for XRD analysis (amorphous or
intergrown), but dark orange crystals of 4™ could be hand-picked
among the bulk of 395 'H NMR (400.1 MHz, THF-dg, 26 °C): §
31.18 (s, 1H, FluH), 12.14 (s, 1H), 11.91 (s, 6H), 10.84 (s, 18H,
SiMe,), 4.73 (s, 2H, Flu), 3.61 (m, THF), 1.77 (m, THF), —0.90 (s,
2H, Flu), —4.67 (s, 2H, Flu) ppm. Additional signals and integral
mismatch is likely caused by the half-sandwich/sandwich complex
equilibrium in solution. DRIFT: & 3060 (w), 3038 (w), 2950 (s),
1590 (vw), 1473 (vw), 1446 (m), 1402 (w), 1325 (w), 1298 (vw),
1245 (s), 1019 (w), 1000 (w), 942 (vs), 889 (s), 836 (s), 737 (vs),
697 (vs), 673 (vs), 423 (m) cm™". Elemental analysis (%) calcd for
C,3H;5Ce0;Si,, (555.82 g mol™; 395Me3). C, 49.70; H, 6.35. Found:
C, 50.53; H, 6.38. Although these results are outside the range viewed
as establishing analytical purity (C: +0.83%), they are provided to
illustrate the best values obtained to date.

FluCe(OtBu),(THF) (3°®Y) and Flu,Ce(OtBu)(THF) (4°%Y),
Compound 19 (90.5 mg, 0.153 mmol) was dissolved in THF
(12 mL), and NaOtBu (29.4 mg, 0.306 mmol) was added at —40 °C.
The mixture was stirred for 18 h at —40 °C, while the solution turned
from orange to yellow. The mixture was then filtrated —40 °C, the
solution was evaporated to dryness, and the residue was extracted
with toluene (10 mL). Upon concentration and storage at —40 °C,
39 was obtained as yellow crystals (55.8 mg, 0.107 mmol, 70%).
The crystals proved not suitable for XRD (amorphous), but orange
crystals of 49®* could be hand-picked among the bulk of 39" 'H
NMR (400.1 MHz, THF-dg, 26 °C): § 20.34 (s, 4H), 14.13 (s, 3H),
9.47 (s, 2H), 7.15 (s, 6H), 5.79 (s, 3H), 4.98 (s, 7H), —3.61 (s, 8H),
—12.09 (s, 2H) ppm. DRIFT: 7 3039 (vw), 2962 (vs), 1589 (vs),
1469 (w), 1445 (w), 1355 (m), 1325 (m), 1222 (s), 1194 (vs), 1021
(vw), 980 (vs), 932 (s), 893 (w), 752 (s), 740 (m), 725 (m), 516
(m), 478 (m), 434 (w) cm™'. Elemental analysis (%) calcd for
C,3sH;5Ce0;, (523.67 g mol ™!, 3°"): C, 57.34; H, 6.74. Found: C,
56.27; H, 7.59. Although these results are outside the range viewed as
establishing analytical purity (C: —1.07%, H: +0.83%), they are
provided to illustrate the best values obtained to date.

FluCe(Me,Pz),(THF), (39 Compound 141 (82.4 mg, 0.139
mmol) was dissolved in THF (10 mL), and KMe,Pz (37.3 mg, 0.278
mmol) was added at —40 °C. The mixture was stirred for 6 h at —40
°C. The mixture was then filtrated at —40 °C, toluene (15 mL) was
added, and the solution was concentrated. Storage at —40 °C yielded
3P* as orange crystals (54.8 mg, 0.0857 mmol, 62%). "H NMR (400.1
MHz, THF-dg, 26 °C): 6 12.54 (s, 2H), 11.77 (s, 1H), 7.86 (s, 2H),
6.21 (s, 4H), 5.83 (s, 12H, Pz(CH,;),), 3.65 (m, 12H, THF), 1.81 (m,
12H, THF) ppm. DRIFT: U 3036 (m), 2980 (m), 2917 (m), 1591
(w), 1515 (vs), 1473 (m), 1429 (s), 1366 (vw), 1325 (s), 1222 (m),
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1198 (w), 1029 (s), 1007 (s), 986 (w), 959 (w), 920 (vw), 874 (s),
770 (m), 752 (vs), 731 (s), 724 (s), 693 (m), 433 (m) cm™.
Elemental analysis (%) calcd for C3;H;pCeN,O,, (639.80 g mol™"):
C, 58.20; H, 6.14; N, 8.76. Found: C, 55.52; H, 6.09; N, 8.50.
Although these results are outside the range viewed as establishing
analytical purity (C: —2.68%), they are provided to illustrate the best
values obtained to date.

Flu,Ce(Me,Pz) (THF) (47). Compound 129 (109.3 mg, 0.1845
mmol) was dissolved in THF (12 mL), and KMe,Pz (49.5 mg, 0.3689
mmol) was added at ambient temperature. The mixture was stirred
for 6 h and filtrated, and the filtrate was evaporated to dryness. Upon
extraction with toluene (12 mL), concentration, and storage at —40
°C, 4 was obtained as orange crystals (43.5 mg, 0.0682 mmol, 37%).
'"H NMR (400.1 MHz, THF-dg, 26 °C): § 12.60 (s, 1H, PzH), 7.82
(s, 4H, Flu), 7.32 (s, 6H, Flu), 5.85 (s, 6H, Flu), 5.37 (s, 2H, Flu),
3.91 (s, 6H, Pz(CH,),), 3.65 (m, 4H, THF), 1.81 (m, 4H, THF)
ppm. DRIFT: #3030 (m), 2919 (w), 1591 (m), 1516 (m), 1473 (m),
1443 (m), 1431 (s), 1326 (s), 1222 (m), 1199 (m), 1023 (w), 1003
(w), 986 (vw), 871 (w), 773 (w), 750 (vs), 729 (s), 692 (w), 432
(m), 422 (m) cm™". Elemental analysis (%) calcd for C3sH;3CeN,O,
(637.78 g mol™): C, 65.91; H, 5.22; N, 4.39. Found: C, 65.26; H,
5.72; N, 5.00. Although these results are outside the range viewed as
establishing analytical purity (C: —0.65%, H: +0.50%, N: +0.61%),
they are provided to illustrate the best values obtained to date.

Flu;Ce;(SC¢H,Me;-2,4,6),Cl;Li(THF), (5). Compound 1<
(47.5 mg, 0.0802 mmol) was dissolved in THF (12 mL), and
Li(SC¢H,Me;-2,4,6) (30.2 mg, 0.159 mmol) was added at ambient
temperature. The mixture was stirred for 6 h and filtrated, and the
filtrate was evaporated to dryness. Upon extraction with toluene (12
mL), concentration, and storage at —40 °C, 5 was obtained as yellow
crystals (10.6 mg, 0.00596 mmol, 22%). Elemental analysis (%) calcd
for Cyg;Hy,Ce;CLLIO,S,, (1778.53 g mol™"): C, 56.05; H, 4.93; S,
7.21. Found: C, 55.85; H, 5.27; S, 6.73.

Ce(dipp)s (6). CeCLy(THF), ¢, (81.4 mg, 0.253 mmol) and Kdipp
(144.7 mg, 0.761 mmol) were suspended in THF (15 mL) and stirred
for 20 h at ambient temperature. The red mixture was filtrated and
evaporated to dryness, and the residue was extracted with toluene (15
mL). Upon concentration and storage at —40 °C, bright orange
crystals of 6 (137.1 mg, 0.2308 mmol, 91%) suitable for XRD analysis
had formed. "H NMR (400.1 MHz, THF-d,, 26 °C): § 17.94 (s, 6H,
CH(CH,),), 15.39 (s, 3H, CH-3), 3.17 (s, 18H, CH(CH,),), 2.81 (s,
6H, CHtErmina])l —6.79 (S; 18H, CH(CH3)2)I —=7.39 (SJ 6H, CHterminal)
ppm. DRIFT: U 3088 (w), 2962 (vs), 2924 (m), 2866 (m), 1556 (w),
1528 (w), 1453 (s), 1375 (m), 1358 (s), 1326 (w), 1228 (vw), 1163
(w), 1148 (w), 1087 (m), 906 (vw), 798 (s), 769 (s), 652 (w), 596
(w) cm™. Elemental analysis (%) caled for CyHs,Ce, (593.94 ¢
mol™): C, 66.74; H. 9.67. Found: C, 66.29; H, 9.57. Alternative route
to 6: compound 1°%“' (47.0 mg, 0.0793 mmol) was dissolved in THF
(12 mL), and Kdipp (30.2 mg, 0.159 mmol) was added at ambient
temperature. The mixture was stirred for 6 h and filtrated, and the
filtrate was evaporated to dryness. Upon extraction of the residue with
toluene (12 mL), concentration, and storage at —40 °C, 6 was
obtained as bright orange crystals (30.5 mg, 0.0514 mmol, 65%).

(CsMes)CeCl,(THF);. Cp*Ce(AlMe,), (100 mg, 0.22 mmol) was
dissolved in n-hexane (5 mL), and Me;GeCl (85.2 mg, 0.56 mmol)
was added under vigorous stirring. A color change from intense to
pale yellow was observed. After stirring the reaction mixture for 30
min, 2 mL of THF was added. After stirring the reaction mixture for
another 10 min, the solvent was removed under vacuum, and the
crude product was washed extensively with n-hexane to remove
residual AlMe;/THF adduct. The product was obtained as a light
yellow powder (94.5 mg, 76%). '"H NMR (400.1 MHz, THF-dg, 26
°C): & 3.60 (m, coord. THF), 3.38 (br s, 15H, CsMe;), 1.77 (m,
coord. THF) ppm. IR: & 2954 (Cp, Nujol), 2924 (Cp, Nujol), 2853
(Cp, Nujol), 2725 (w), 2669 (w), 2168 (vw), 1712 (vw), 1626 (vw),
1461 (Nujol), 1377 (Nujol), 1297 (w), 1243 (w), 1194 (w), 1069
(w), 1018 (vs), 913 (w), 865 (vs), 722 (vs), 692 (s), 671 (m), 580
(vw) cm ™. Elemental analysis (%) calcd for C,,H;3CeCl, 05, (562.57
g mol™) C, 46.97; H, 6.99. Found: C, 40.91; H, 5.98. The deviation
between theoretical and experimental values can be attributed to the
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removal of coordinated THF under vacuum. The loss of two THF
molecules per cerium would afford caled C 40.19, H 5.54. Although
these results are then outside the range viewed as establishing
analytical purity (C: +0.72%, H: +0.544%), they are provided to
illustrate the best values obtained to date.

Reactivity toward Halogenating Reagents (cf., Table 2):
Hexachloroethane. Compound 1°*® (20 mg, 0.034 mmol) was
dissolved in THF (3 mL), and a solution of C,Cl; (3.84 mg, 0.016
mmol) in THF (1 mL) was added under stirring at ambient
temperature. Upon addition of C,Clg, the solution showed a slow
color change from yellow to light yellow over S min. After stirring the
reaction mixture for 5 min, the solvent was removed under vacuum,
and upon toluene extraction, 4.1 mg of an off-white solid was
obtained. The "H NMR spectrum in C¢D4 showed a mixture of 1,1'-
bifluorene (38%), 9-chlorofluorene (34%), and fluorene (28%). The
toluene extract was redissolved in THF and added to a THF solution
of 1°°9 (1 equiv). After stirring the reaction mixture for 5 min, the
solvent was removed under vacuum, and upon toluene extraction, 7.8
mg of an off-white solid was obtained. The 'H NMR spectrum in
C¢D¢ showed a mixture of 1,1"-bifluorene (69%) and fluorene (31%).

Compound 1! (20 mg, 0.034 mmol) was dissolved in THF (3
mL), and a solution of C,Cls (1.92 mg, 0.008 mmol) in THF (1 mL)
was added under stirring at ambient temperature. Upon addition of
C,Cly, the yellow solution showed no color change over 5 min. After
stirring the reaction mixture for 5 min, the solvent was removed under
vacuum, and upon toluene extraction, 3.4 mg of an off-white solid was
obtained. The "H NMR spectrum in C¢D4 showed a mixture of 1,1'-
bifluorene (74%) and fluorene (26%).

Compound 1! (20 mg, 0.034 mmol) was dissolved in THF (3
mL), and a solution of C,Cly (9.75 mg, 0.041 mmol) in THF (1 mL)
was added under stirring at ambient temperature. Upon addition of
C,Cly, the yellow solution turned colorless immediately. After stirring
the reaction mixture for S min, the solvent was removed under
vacuum, and upon toluene extraction, 5.3 mg of an off-white solid was
obtained. The 'H NMR spectrum in C4D4 showed a mixture of 9-
chlorofluorene (75%) and fluorene (25%). The toluene extract was
redissolved in THF and added to a THF solution of 1! (2 equiv).
After stirring the reaction mixture for 5 min, the solvent was removed
under vacuum, and upon toluene extraction, 6.5 mg of a light yellow
solid was obtained. The "H NMR spectrum in C¢Dg showed a mixture
of 1,1’-bifluorene (72%) and fluorene (28%).

Compound 1" (20 mg, 0.034 mmol) was dissolved in THF (3
mL), and a solution of C,Clg (3.84 mg, 0.016 mmol) in THF (1 mL)
was added under stirring at ambient temperature. No color change of
the orange solution was observed upon addition of C,Cls. After
stirring the reaction mixture for 5 min, the solvent was removed under
vacuum. Upon toluene extraction, 3.9 mg of a colorless solid was
obtained. The "H NMR spectrum in C¢D4 showed a mixture of 1,1'-
bifluorene (58%), 9-chlorofluorene (21%), and fluorene (21%).

Compound 1" (20 mg, 0.034 mmol) was dissolved in THF (3
mL), and a solution of C,Clg (9.77 mg, 0.041 mmol) in THF (1 mL)
was added under stirring at ambient temperature. The orange reaction
solution turned pink instantly and adopted a pale yellow color after
stirring for S min. Then, the solvent was removed under vacuum, and
upon toluene extraction, 7.2 mg of a colorless solid was obtained. The
'"H NMR spectrum in C4D4 showed a mixture of 9-chlorofluorene
(70%), fluorene (28%), and 1,1'-bifluorene (2%). A solution of 11*<!
(S mg, 85 ymol, 0.4 mL) and C,Cl; (0.96 mg, 41 ymol, 0.1 mL) in
THF-dg precooled to —40 °C was prepared in an equally cold
J.Young-valved NMR tube. After sealing the NMR tube and cooling
to —78 °C, within 10 min, an EPR measurement was performed. At
the start of the measurement, the solution displayed a bright pink
color, but a signal assignable to the fluorenyl radical was not observed.

Compound 18! (20 mg, 0.034 mmol) was dissolved in THF (3
mL), and a solution of C,Cly (3.84 mg, 0.016 mmol) in THF (1 mL)
was added under stirring at ambient temperature. The orange reaction
solution turned pink instantly and adopted a pale yellow color after
stirring for S min. Then, the solvent was removed under vacuum, and
upon toluene extraction, 5.4 mg of a colorless solid was obtained. The

https://doi.org/10.1021/acs.organomet.2c00029
Organometallics 2022, 41, 962—-976


pubs.acs.org/Organometallics?ref=pdf
https://doi.org/10.1021/acs.organomet.2c00029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Organometallics

pubs.acs.org/Organometallics

"H NMR spectrum in C¢D4 showed a mixture of fluorene (43%), 9-
chlorofluorene (41%), and 1,1’-bifluorene (16%).

Compound 18! (20 mg, 0.034 mmol) was dissolved in THF (3
mL), and a solution of C,Cly (9.68 mg, 0.041 mmol) in THF (1 mL)
was added under stirring at ambient temperature. The reaction
solution showed a color transition from orange over pink to bright
yellow within 30 s and adopted a pale yellow color after stirring for $
min. Then, the solvent was removed under vacuum, and upon toluene
extraction, 6.1 mg of a colorless solid was obtained. The "H NMR
spectrum in C¢Dg showed a mixture of 9-chlorofluorene (60%),
fluorene (40%), and 1,1’-bifluorene (<19%).

Compound LiFlu(THF); (20 mg, 0.052 mmol) was dissolved in
THF (3 mL), and a solution of C,Cl, (5.85 mg, 0.025 mmol) in THF
(1 mL) was added under stirring at ambient temperature. Upon
addition of C,Clg, the solution showed a slow color change from
orange to a dark green-brown. After stirring the reaction mixture for 5
min, the solvent was removed under vacuum, and upon toluene
extraction, 26.4 mg of a dark red-brown solid was obtained. The 'H
NMR spectrum in C¢Dg showed a mixture of 1,1’-bifluorene (70%)
and fluorene (30%).

Compound LiFlu(THF); (20 mg, 0.052 mmol) was dissolved in
THF (3 mL), and a solution of C,Cls (14.87 mg, 0.063 mmol) in
THF (1 mL) was added under stirring at ambient temperature. Upon
addition of C,Clg, the reaction turned yellow instantly. After stirring
the reaction mixture for S min, the solvent was removed under
vacuum, and upon toluene extraction, 20.4 mg of an off-white solid
was obtained. The 'H NMR spectrum in C¢Dg showed a mixture of
1,1"-bifluorene (81%), 9-chlorofluorene (10%), and fluorene (9%).

Compound KFlu (20 mg, 0.098 mmol) was dissolved in THF (3
mL), and a solution of C,Clg (11.12 mg, 0.047 mmol) in THF (1
mL) was added under stirring at ambient temperature. Upon addition
of C,Cly, the solution showed a slow color change from orange over
dark red to a dark yellow-brown. After stirring the reaction mixture for
S min, the solvent was removed under vacuum, and upon toluene
extraction, 10.4 mg of a bright orange solid was obtained. The 'H
NMR spectrum in C¢Dy showed a mixture of fluorene (84%), 9-
chlorofluorene (9%), and 1,1’-bifluorene (7%).

Compound KFlu (20 mg, 0.098 mmol) was dissolved in THF (3
mL), and a solution of C,Cly (28.27 mg, 0.12 mmol) in THF (1 mL)
was added under stirring at ambient temperature. Upon addition of
C,Cly, the solution turned yellow instantly and adopted a dark yellow
color after stirring for 5 min. Then, the solvent was removed under
vacuum, and upon toluene extraction, 18.0 mg of a brown solid was
obtained. The 'H NMR spectrum in C¢Dy showed a mixture of
fluorene (79%), 9-chlorofluorene (17%), and 1,1’-bifluorene (4%).

Reactivity toward Halogenating Reagents: Benzyl Chloride.
Compound 1°*“ (17.4 mg, 0.0294 mmol) was dissolved in THF (2
mL), and a solution of benzyl chloride (3.7 mg, 0.0294 mmol) in
THF (1 mL) was added at ambient temperature. The reaction turned
pale yellow instantly. The solvent was removed under reduced
pressure, and the "H NMR spectrum revealed 9-benzylfluorene as the
only product in quantitative yield after toluene extraction.

Reactivity toward Halogenating Reagents: lodine. Com-
pound 194! (34.8 mg, 0.0587 mmol) was dissolved in THF (3 mL),
and a solution of I, (7.5 mg, 0.0294 mmol) in THF (1 mL) was
added at ambient temperature. The reaction turned pale yellow
instantly, and a colorless precipitation occurred (CeCl(THF),).
Upon solvent removal and toluene extraction, a pale yellow solid was
obtained in quantitative yield, which was analyzed as 1,1’-bifluorene.

Reactivity toward Halogenating Reagents: Tellurium(IV)
Bromide. Compound 1% (29.9 mg, 0.0505 mmol) was dissolved
in THF (3 mL), and a solution of TeBr, (5.6 mg, 0.0126 mmol) in
THF (2 mL) was added at ambient temperature. The reaction turned
yellow instantly, and a black precipitation (Te(0)) occurred. The 'H
NMR spectrum revealed a mixture of 1,1’-bifluorene, 9-bromofluor-
ene, and fluorene. The obtained crystals were analyzed by XRD as
CeBr;(THF),.
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Figure S1. 'H NMR spectrum (500.1 MHz, THF-ds, 26 °C) of FluCeClx(THF)s (1¢2:€1).
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Figure $2. 'H VT NMR spectrum (500.1 MHz, THF-ds) from -80 °C to 80 °C of FluCeCly(THF)z (1¢&:¢1).
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Figure S3. 'H NMR spectrum (400.1 MHz, THF-ds, 26 °C) of FluLaCly(THF); (1-2¢"). Solvent residual signals are
marked with an asterisk (# toluene).
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Figure S4. '°C NMR spectrum (100.6 MHz, THF-dg, 26 °C) of FluLaCl(THF); (1-»¢"). Solvent residual signals are
marked with an asterisk.
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Figure S7. 'H NMR spectrum (400.1 MHz, THF-ds, 26 °C) of Flu®®%sCe(THF) (2).
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Figure S8. VT 'H NMR spectrum (500.1 MHz, THF-ds) from -80 °C to 80 °C of Flu®;Ce(THF) (2).
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Figure $10. 'H NMR spectrum (400.1 MHz, THF-ds, 26 °C) of FluCe(OCsHaiPr-2,6),(THF), (39A7).
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Figure $12. 'H NMR spectrum (400.1 MHz, THF-ds, 26 °C) of FluCe(OSiMes)y(THF) (30SiMe3),
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Figure $13. 'H NMR spectrum (400.1 MHz, THF-ds, 26 °C) of FluCe(OtBu),(THF) (3°8v).
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Figure S14. 'H NMR spectrum (400.1 MHz, THF-ds, 26 °C) of FluCe(Pz),(THF), (3%2).
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NMR Spectra of Reactions with Oxidants
H H
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Figure $17. "H NMR spectrum (400.1 MHz, C¢Ds, 26 °C) of the reaction of FluCeCla(THF); (1¢¢€) with <0.5
equiv. C,Clg affording mainly 1,1’-bifluorene (screening experiment, not listed in Table 2).
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Figure $18. "H NMR spectrum (400.1 MHz, C¢Ds, 26 °C) of the reaction of FluCeClx(THF); (166" with >1 equiv.
C,Clg affording mainly 9-chlorofluorene (screening experiment, not listed in Table 2).
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Figure $19. "H NMR spectrum (400.1 MHz, THF-dg, 26 °C) of the reaction of FluCeCly(THF)z (1¢%¢') with excess
C.,Clg affording 9-chlorofluorene (screening experiment, not listed in Table 2).
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Figure $20. "H NMR spectrum (400.1 MHz, THF-dg, 26 °C) of the reaction of FluCeCly(THF)z (1¢%¢") with C2Cls in
the ratio 1.0:0.24 affording mainly 1,1’-bifluorene (Table 2, entry 2).
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Figure $21. Stacked 'H NMR spectra (400.1 MHz, THF-ds, 26 °C) of the reaction of FluCeCl(THF); (1¢¢€") with
CCls: bottom, ratio 1.0:0.48 affording a mixture of mainly 1,1’-bifluorene and 9-chlorofluorene; top, after addition
of another equiv. of 1¢&¢! (ratio 2.0:0.48) full conversion of 9-chlorofluorene into 1,1’-bifluorene (Table 2, entry 1).
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Figure $22. Stacked 'H NMR spectra (400.1 MHz, THF-ds, 26 °C) of the reaction of FluCeCl(THF); (1¢¢€") with
CCle: bottom, ratio 1.0:1.21 affording mainly 9-chlorofluorene; top, after addition of another 2 equiv. of 1¢&¢! (ratio
3.0:1.21) full conversion of 9-chlorofluorene into 1,1’-bifluorene (Table 2, entry 3).
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Figure $23. "H NMR spectrum (400.1 MHz, C¢Ds, 26 °C) of the reaction of FluLaCly(THF)z (1-2€') with <0.5
equiv. C,Clg affording a mixture of 9-chlorofluorene and 1,1-bifluorene (Table 2, entry 4).
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Figure S$24. "H NMR spectrum (400.1 MHz,CsDs, 26 °C) of the reaction of FluLaCly(THF); (1-€") with >1 equiv.
C.Clg affording mainly 9-chlorofluorene (Table 2, entry 5).
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Figure $25. "H NMR spectrum (400.1 MHz, C¢Dg, 26 °C) of the reaction of FIUNdCIo(THF)s (1N¢€¢") with <0.5
equiv. C,Clg affording a mixture of mainly 9-chlorofluorene and 1,1’-bifluorene (Table 2, entry 6).
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Figure $26. "H NMR spectrum (400.1 MHz,CsDs, 26 °C) of the reaction of FIUNdCIx(THF)3 (1N4C1) with >1 equiv.
C.Clg affording mainly 9-chlorofluorene (Table 2, entry 7).
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Figure $27. 'H NMR spectrum (400.1 MHz, CgDs, 26 °C) of the reaction of LiFIu(THF); with <0.5 equiv. C>Cls
affording mainly 1,1’-bifluorene (Table 2, entry 8).
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Figure $28. 'H NMR spectrum (400.1 MHz, CgDs, 26 °C) of the reaction of LiFIu(THF)s with >1 equiv. C,Cls
affording mainly 1,1’-bifluorene (Table 2, entry 9).
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Figure S29. "Li NMR spectrum (116.6 MHz, C¢Ds, 26 °C) of the reaction of LiFlu(THF)s with <0.5 equiv. C2Cle.
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Figure S30. ’Li NMR spectrum (116.6 MHz, C¢Ds, 26 °C) of the reaction of LiFlu(THF)s with >1 equiv. C2Cle.
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Figure $31. 'H NMR spectrum (400.1 MHz, CgDs, 26 °C) of the reaction of KFlu with <0.5 equiv. C,Cls affording
mainly 9-H-bifluorene (Table 2, entry 10).
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Figure $32. 'H NMR spectrum (400.1 MHz, CgDs, 26 °C) of the reaction of KFlu with >1 equiv. C,Cls affording
mainly 9-H-bifluorene (Table 2, entry 11).
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Figure $33. "H NMR spectrum (400.1 MHz, THF-ds, 26 °C) of the reaction of FluCeCly(THF)z (1¢%¢") with 0.5
equiv. |, affording mainly 1,1’-bifluorene and fluorene.
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Figure S$34. "H NMR spectrum (400.1 MHz, THF-dg, 26 °C) of the reaction of FluCeCly(THF)z (1°¢!) with 0.25
equiv. TeBr, affording a mixture of 9-chlorofluorene, 1,1’-bifluorene, and 9-H-bifluorene.
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Figure $35. "H NMR spectrum (400.1 MHz, THF-dg, 26 °C) of the reaction of FluCeCly(THF)z (1) with 1 equiv.
benzyl chloride affording mainly 9-benzylfluorene.
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Figure $36. "H NMR spectrum (400.1 MHz, THFds, 26 °C) of the reaction of FluCeCly(THF)z (1€') with 1 equiv.
1,4-benzoquinone affording mainly 1,1’-bifluorene.
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Figure S37. "H NMR spectrum (400.1 MHz, thf-dg, 26 °C) of the reaction of FluCe(OAr)z(THF), (3°A") with C,Clg
affording 9-H-bifluorene; minor paramagnetic signals as marked with #.
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Figure $38. 'H NMR spectrum (400.1 MHz, thf-ds, 26 °C) of the reaction of IndsCe(THF) with 1.5 equiv. C,Cls
affording 1-chloroindene.
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Figure $39. 'H NMR spectrum (400.1 MHz, C¢Ds, 26 °C) of the reaction of Ce(CH2Ph)s with 1.5 equiv. C2Cls
affording benzyl chloride.
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Solid-State Structures

Single crystals for X-ray crystallography were grown using saturated solutions of toluene (3¢, 30Ar, 4018y,
405iMe3 4Pz 5 and 6) or THF (1CeC! qCel qLaCl qNd.CI 2 3Pz 3PzTHF | jF|y(THF)s, and CeCls(THF),). Suitable

crystals for X-ray diffraction analysis were handpicked in a glovebox, coated with Parabar 10312 and

stored on microscope slides. Data collection was done on a Bruker APEX Il Duo diffractometer by using
QUAZAR optics and Mo Kq radiation (A = 0.71073 A) and Cu Ka (A = 1.54178 A). The data collection

strategy was determined using COSMOI" employing w scans. Raw data were processed by APEX?

and SAINT,®! corrections for absorption effects were applied using SADABS." The structures were

solved by direct methods and refined against all data by full-matrix least-squares methods on F? using
SHELXTLD! and SHELXLE.® Disorder models are calculated using DSR, a program included in
ShelXlel”, for refining disorder. Plots were generated by using CCDC Mercury 3.19.1.% Further details

regarding the refinement and crystallographic data are listed in Table S1 and in the CIF files.

[1]

[2]

[3]

[4]

[3]

[6]

[7]

[8]

COSMO, v. 1.61; Bruker AXS Inc., Madison, WI, 2012.
APEX 3, v. 2017.3-0; Bruker AXS Inc., Madison, WI, 2017.
SAINT, v. 8.34A; Bruker AXS Inc., Madison, WI, 2017.

Krause, L.; Herbst-Irmer, R.; Sheldrick, G. M.; Stalke, D., SADABS — Comparison of silver and
molybdenum microfocus X-ray sources for single-crystal structure determination. J. Appl.
Cryst. 2015, 48, 3-10.

Sheldrick, G. M., SHELXTL — Integrated space-group and crystal-structure determination. Acta
Cryst. 2015, A71, 3-8.

Hubschle, C. B.; Sheldrick, G. M.; Dittrich, B., ShelXle: a Qt graphical user interface for
ShelXle. J. Appl. Cryst. 2011, 44, 1281-1284..

Kratzert, D.; Holstein, J. J.; Krossing, |., DSR: enhanced modelling and refinement
of disordered structures with SHELXL. J. Appl. Cryst. 2015, 48, 933-938.

Macrae, C. F.; Bruno, I. J.; Chisholm, J. A.; Edgington, P. R.; McCabe, P.; Pidcock, E.;
Rodriguez-Monge, L.; Taylor, R.; van de Streek, J.; Wood, P. A., Mercury CSD 2.0 - New
Features for the Visualization and Investigation of Crystal Structures. J. Appl. Cryst. 2008, 41,
466-470.

S22



Table S1. Collection of crystallographic data of 1¢&¢!, 1Ce! qLaCl qNd.CI 5 3Cp 3Pz 3PzTHF 30Ar 4OBu 4OSiMe3
4Pz, 5 6, LiFlu(THF)s, and CeCls(THF)4

CCDC
formula

M [g - mol~1]
A[A]

cell

space group
a[A]

b[A]

c[A]

o [°]

B[]

v [°]

V [AY]

Z

F(000)

T K]

Peaca[g - MOI3]
u [mm’]

R (I>20(1))
wR; (all data)
Goodness of fit

l Ce,Cl

2141923
CxsHxCeClLOs
592.53
0.71073

monoclinic
P2i/c
15.7295(9)
19.0754(11)
16.9069(10)
90
93.2310(10)
90
5064.8(5)
8
2392
100(2)
1.554
2.032
0.0378
0.0850
1.064

1 Ce,I

2141912
CxH3:Cel.0;
775.43
0.71073

monoclinic
P2./c
17.7588(12)
18.7839(13)
15.9243(11)
90
93.7160(10)
90
5300.9(6)
8
2968
100(2)
1.943
4.070
0.0288
0.0710
1.062

1 La,Cl

2141911
CysHxLaClOs
591.32
0.71073

monoclinic
P2./c
15.6924(15)
18.9899(18)
16.9123(15)
90
92.940(2)
90
5033.2(8)
8
2384
100(2)
1.561
1.933
0.0389
0.0802
1.022

1Nd,Cl

2141916
C2sHs:NdClLOs
596.65
1.54178

monoclinic
P2./c
15.6132(8)
18.9973(9)
16.8230(8)
90
93.195(3)
90
4982.1(4)
8
2408
100(2)
1.591
18.058
0.0589
0.1425
1.024

2
2141915
C1HaCeO
1136.58
0.71073

monoclinic
P2i/c
13.3994(7)
18.7291(10)
24.6500(13)
90
100.894(2)
90
6074.6(6)
4
2404
100(2)
1.243
0.793
0.0439
0.0997
1.017
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Table S1. Collection of crystallographic data of 1¢&¢!, 1Ce! qLaCl qNd.CI 5 3Cp 3Pz 3PzTHF 30Ar 4OBu 4OSiMe3
4Pz, 5 6, LiFlu(THF)s, and CeCls(THF)4 (continued)

CCDC
formula

M [g - mol~1]
A[A]

cell

space group
a[A]

b[A]

c[A]

o [°]

B[]

v [°]

V [AY]

Z

F(000)

T K]

Peaca[g - MOI3]
u [mm’]

R (I>20(1))
wR; (all data)
Goodness of fit

3%
2141914
CyH»CeO
507.60
0.71073

monoclinic
P2./c
12.3611(14)
9.2882(11)
18.301(2)
90
94.103(2)
90
2095.8(4)
4
1020
100(2)
1.609
2.187
0.0226
0.0558
1.077

3P
2141917
C51H3CeN,O,
639.78
0.71073

monoclinic
P2i/c
24.742(3)
9.5613(12)
25.071(3)
90
99.538(3)
90
5849.0(13)
8
2616
100(2)
1.453
1.590
0.0399
0.0945
1.027

3Pz,TI'H7

2141913
CusHesCeNLOs
856.09
0.71073

monoclinic
Cc
19.380(17)
15.573(14)
14.649(14)
90
107.50(3)
90
4217(7)
4
1788
100(2)
1.349
1.126
0.0575
0.1341
1.013

30Ar
2141920
CsoH7CeOs
988.31
0.71073

monoclinic
P2./c
18.1532(12)
13.3312(9)
21.5653(15)
90
97.5890(10)
90
5173.2(6)
4
2076
100(2)
1.269
0.924
0.0301
0.0731
1.027

4OB|1

2141918
Cs4H35CeOs
615.74
0.71073

monoclinic
P2//c
12.089(2)
14.929(3)
15.165(2)
90
95.445(4)
90
2724.7(8)
4
1252
100(2)
1.501
1.700
0.0498
0.1083
0.980
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Table S1. Collection of crystallographic data of 1¢&¢!, 1Ce! qLaCl qNd.CI 5 3Cp 3Pz 3PzTHF 30Ar 4OBu 4OSiMe3
4Pz, 5 6, LiFlu(THF)s, and CeCls(THF)4 (continued)

CCDC

formula

M [g - mol™1]
A[A]

cell

space group
a[A]

b[A]

c[A]

o [°]

B[]

v [°]

V[A]

Z

F(000)

T [K]

Peca[g - MOI3]
u [mm’]

R, (I>20(1))
wR; (all data)

Goodness of
fit

4OSi.Me3

2141921

C3H;3sCeO,S1

* 15 C7Hs
677.88
0.71073
monoclinic
P2./c
16.683(2)
9.4666(13)
19.889(3)
90

92.109(2)
90

3138.9(7)
4
1384

100(2)
1.434
1.519

0.0416

0.1023
1.013

4Pz

2141924
CssH3;,CeN,O

637.75
0.71073
monoclinic
P2i/c
15.8625(18)
9.7332(12)
19.971(3)
90

112.598(2)
90

2846.6(6)
4
1292

173(2)
1.488
1.629

0.0373

0.0954
1.035

5a

CoyHi0;Ce;sCLLIO,S,

1962.68
0.71073
monoclinic
P2:/n
19.990(2)
31.191(3)
31.945(3)
90

96.918(3)
90

19772(3)
8

100(2)

2141922
C:HsCe

593.90
0.71073
monoclinic
P2/n
11.1289(8)
11.9637(8)
23.7661(16)
90

93.3260(10)
90

3159.0(4)
4
1252

100(2)
1.249
1.458

0.0368

0.0899
1.022

FluLi
(THF):*
2141919
CasHyLiO;

388.45
0.71073
monoclinic
P2/c
7.3630(5)
14.4664(9)
20.6822(13)
90

92.7720(10)
90

2200.4(2)
4
840

100(2)
1.173
0.074

0.0421

0.1156
1.044

CeCly(THF),

2156077
C16H32CCC13O4

534.88
0.71073
orthorhombic
Fdd2
16.3321(10)
29.5093(18)
9.0527(6)
90

90
90

4362.9(5)
8
2152

100
1.629

2.470
0.0260
0.0730

1.103

aConnectivity structure. ® The solid-state structure of LiFlu(THF)s has been determined previously by F. Olbrich
in 2002 (CSD Communication (Private Communication), CCDC 114095) with different cell parameters, but in the
same space group P2./c (a 13.4096(4) A, b 10.1105(2) A, ¢ 16.5364(7) A, b 91.516(1)°). Likely occurrence of a
phase transition as a result of different data collection temperatures ( T = 100 K versus 173 K).
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Figure S40. Crystal structure of 1¢®!. Hydrogen atoms are omitted for clarity. Atomic displacement
ellipsoids are set at the 30% probability level. Selected interatomic distances and angles are listed in
Table 1.
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Figure S41. Crystal structure of 1€, Hydrogen atoms are omitted for clarity. Atomic displacement
ellipsoids set at the 30% probability level. Selected interatomic distances [A] and angles [°]: La1-C1
2.792(4), La1-C2 2.955(4), La1-C7 2.979(4), La1-C8 2.893(4), La1-C13 2.795(4), La1---Cnt1 2.6242,
La1-Cl1 2.7632(11), La1-CI2 2.7685(11), La1-O1 2.484(2), La1-02 2.549(3), La1-03
2.516(2Cnt1---La1-CI1 102.12, Cnt1--La1-01 98.94, Cnt1---La1-02 174.28, Cl1-La1-ClI2 156.27(3),
Cl1—-La1-0O1 84.88(7), Cl1—-La1-02 77.74(7), O1-La1-02 75.35(9), O1-La1-03 152.83(8).
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Figure S42. Crystal structure of 1N4C'. Hydrogen atoms are omitted for clarity. Atomic displacement
ellipsoids set at the 30% probability level. Selected interatomic distances [A] and angles [°]: Nd1-C1
2.832(18), Nd1-C2 2.870(18), Nd1-C7 2.791(17), Nd1-C8 2.807(17), Nd1-C13 2.872(17), Nd1---Cnt1
2.5583, Nd1-Cl1 2.698(4), Nd1-CI2 2.699(5), Nd1-O1 2.451(10), Nd1-02 2.544(10), Nd1-03
2.458(10), Cnt1--*Nd1-CI1 98.87, Cnt1--*Nd1-0O1 105.66, Cnt1--*Nd1-02 177.10, CI1-Nd1-CI2
159.14(13), CI1-Nd1-O1 85.8 (3), Cl1-Nd1-02 81.3(3), 01-Nd1-02 77.2(3), 01-Nd1-03 150.2(3).
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Figure S43. Crystal structure of 4°5Me3, Hydrogen atoms and lattice toluene are omitted for clarity.

Atomic displacement ellipsoids are set at the 30% probability level. Selected interatomic distances and
angles are listed in Table 1.
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Figure S44. Connectivity of 5. Hydrogen atoms are omitted for clarity. Atomic displacement ellipsoids
are set at the 30% probability level.

C16

C24

C2i

Xmg
Figure S45. Crystal structure of LiFIu(THF)s. Hydrogen atoms have been omitted for clarity. Atomic
displacement ellipsoids are set at the 30% probability level. Selected interatomic distances and
angles: Li-C1 2.294(2) A, Li1-C2/C13 2.674(2) A, Li1-O 1.879(2) (O1) — 1.973(2) (02), Li1-C1-C2
88.71(8)°, Li1-C1-Cnt(Flu) 87.50°. The solid-state structure of LiFIu(THF)s;. Has been determined
previously by F. Olbrich in 2002 (CSD Communication (Private Communication), CCDC 114095) with
different cell parameters, but in the same space group P21/c (a 13.4096(4) A, b 10.1105(2) A, ¢

16.5364(7) A, p 91.516(1)°; T = 173 K).
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Figure S46. Crystal structure of CeCl3(THF)s. Hydrogen atoms have been omitted for clarity. Atomic
displacement ellipsoids are set at the 30% probability level. Selected interatomic distances [A] and
angles [°]: Ce1-Cl1 2.6415(19), Ce1-CI2/CI2’ 2.6181(11), Ce-O1/01’ 2.406(3), Ce1-02/02’ 2.463(3),
01/01°-Ce1-CI1 76.06(11), O1/01’-Ce1-02/02’ 139.16(14), O2-Ce1-02’ 70.46(17), CI2-Ce1-CI2’
172.58(7).
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IR Spectra

Figure S47. DRIFT spectrum of FluCeCly(THF)s (1°¢).
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Figure S48. DRIFT spectrum of FluCelx(THF); (1¢¢).
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Figure S49. DRIFT spectrum of Flu®;Ce(THF) (2).

e

Figure S50. DRIFT spectrum of FluCeCp2(THF) (3°P).
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Figure S51. DRIFT spectrum of FluCe(OAr)2(THF), (3°41).

Figure S52. DRIFT spectrum of FluCe(OSiMes)z(THF) (3°5Me3),
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Figure S53. DRIFT spectrum of FluCe(OtBu),(THF) (3°%8Y).

Figure S54. DRIFT spectrum of FluCe(Pz)(THF). (3%).
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Figure S55. DRIFT spectrum of Flu,Ce(Pz)(THF) (47%).

Figure $56. DRIFT spectrum of Ce(dipp)s (6).
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Figure S57. IR spectrum (Nujol mull) of FluLaCly(THF)s (1-*).
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Figure S58. IR spectrum (Nujol mull) of FIUNdCIlo(THF)s (1N¢).
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Figure S59. IR spectrum (Nujol mull) of (CsMes)CeCl(THF)s.
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Complexes Cp*s;Lnz(n,-CHz)s(pz-CHy)(pz-H)(thf)z (Ln = Y, Dy; Cp* =
CsMes) are formed via elimination of CH4 and C,;H, from the respec-
tive trinuclear polymethyl complexes [Cp*Ln(pn,-CH3),l3, involving the
methyl/methylidene complex Cp*;Lns(pnz-CH3)3(ns-CHo)(us-CHs)(thf),
as an intermediate. Compound Cp*zYz(u,-CHz)s(ns-CHo)(ps-H)(thf)s
displays “Schrock-type” nucleophilic carbene reactivity, converting
ketones into the corresponding terminal alkenes. Treatment of
Cp*3Y3(12-CH3)3(ns-CH,) (ns-H) (thf)s with [D4]lmethanol proved acces-
sibility of all small-group functionalities as indicated by the simulta-
neous formation of deuterated HD and deuterated methanes CHzD
and CH,D,.

Rare-earth-metal hydride [Ln-H]' and methylidene [Ln-CH,]
moieties® display unique reaction behavior. This is impressively
documented for small molecule activation as well as for catalytic
processes such as olefin polymerization or hydroelementation.>
Although such compounds feature stabilizing ancillary ligands,
the reactive hydrido and methylidene ligands routinely adopt
bridging positions of high-nuclearity complexes."” Reactions of
the half-sandwich clusters [(CsMe,SiMe;)Ln(u-H),J4(thf) (Ln =Y,
Lu) with carbon monoxide have been applied as mechanistic
Fischer-Tropsch models and revealed the non-catalytic selective
formation of ethylene via oxymethylene and enolate inter-
mediates.” The yttrium complex [(CsMe,SiMe;)Y(u-H),]4(thf) was
also shown to exhibit distinct reactivity toward half-sandwich
transition metal carbonyls such as Cp*Re(CO); and Cp*M(CO),
(M = Rh, Ir).* Interestingly, the Y/Ir metal combination gave a
bimetallic, pentanuclear complex (CsMe,SiMe;) Y4(1-O)y(p-H)s-
(u-CH,)(n-CH3)Ir(CsMes) featuring bridging hydrido, methyl, and
methylidene ligands.” Here, we report on the first homolanthanide
complexes featuring methylidene, methyl, and hydrido ligands.

Institut fiir Anorganische Chemie, Eberhard Karls Universitdt Tiibingen, Auf der
Morgenstelle 18, 72076, Tiibingen, Germany. E-mail: reiner.anwander@uni-
tuebingen.de

+ Electronic supplementary information (ESI) available. CCDC 2181381 and
2181382. For ESI and crystallographic data in CIF or other electronic format
see DOLI: https://doi.org/10.1039/d2cc03532d
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Rare-earth-metal half-sandwich complexes
incorporating methyl, methylidene, and hydrido

and Reiner Anwander (2 *

Special consideration has been given to the reactivity of such
multi-functional complexes towards ketones and methanol.

Dissolving the well-defined trinuclear polymethyl yttrium
complex [Cp*Y(1,-CH3),]s (ref. 2a) in THF at ambient
temperature led to the formation and crystallization of complex
[Cp*;Y5(12-CH;)3(u3-CH,)(us-H)(thf);]  (1¥). Complex 1Y is
formed over a period of several days, with the reaction solution
showing a gradual color change from colorless over yellow and
orange to a deep red. The red THF solution produced colorless
crystals of 1Y (26%), while the overall yield could be increased to
76% by the addition of n-hexane, which led to extensive
precipitation of amorphous 1.

Complex 1¥ can be readily dissolved in [Dg]THF, with the
'H NMR spectrum (Fig. S1, ESIt) revealing six signals. A pis-
bridging hydrido ligand was indicated by a quartet at 4.61 ppm,
showing a chemical shift and coupling constant (‘Jyy = 12.2 Hz)
in accordance with previously reported similar yttrium hydride
complexes (eg [(CsMe,SiMe;)Y(u-H),J4(thf),  [(Ap*Y)s(i-H)s
(ns-H),(thf);] [B(CeFs)s]~, Ap* = (2,6-diisopropylphenyl)[6-(2,4,6-
triisopropylphenyl)pyridin-2-ylJamide).> The Cp* hydrogen atoms
appeared as a singlet at 1.90 ppm, indicating an unhindered
rotation about the yttrium-Cnt(Cp*) axes.’***’ The quartet at
—0.28 ppm is assigned to the p;-bridging CH, group, and shows
a similar chemical shift as related half-sandwich methylidene
complexes,’ but slightly shifted toward lower field. The p,-
bridging methyl ligands resonate at —1.03 ppm. The *C NMR
spectrum (Fig. S2, ESIT) revealed three signals beside the solvent
resonances. The signal at 115.0 ppm can be attributed to the Cp*
ring carbon atoms, whereas the Cp*-CHj; carbon atoms resonate at
12.0 ppm. The carbon resonance of the p,-bridging methyl groups
was detected at 21.3 ppm and could be unambiguously identified by
the "*C-*°Y scalar coupling (“/yc = 22.8 Hz). The pi;-CH, carbon atom
could be assigned by a cross peak in the HSQC-NMR spectrum at
95.3 ppm (Fig. S3, ESIt). For comparison, the respective p,-CH; and
1s-CH, signals of complex [Cp*;Y5(py-CHs)s(is-CH,)(1s-CHg)(thf),]
() were reported at 24.7 and 95.6 ppm, respectively.®

Compound 1Y crystallized in the monoclinic space group
P2,/n and is the first homometallic rare-earth-metal complex

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Crystal structure of 1Y with atomic displacement parameters set at
the 50% probability level. Hydrogen atoms (except for methylidene hydri-
dos and pz-H) are omitted for clarity. The Cp* ligands and coordinated THF
(except for one each) are represented by a wireframe model for improved
visualization. For selected interatomic distances and angles, see the ESI.{

bearing p;-bridging hydrido and methylidene ligands (Fig. 1).
The XRD analysis further revealed that the p;-bridging moieties
cap the faces of a six-membered metallacycle with alternating
Ho-bridging methyl groups and metal centers. By nature, com-
pound 1Y displays metrics similar to the respective methyl/
methylidene-bridged complex [Cp*;Y3(p,-CHj)s(ps-CH,)(1s-
CH;)(thf),] (I),° as evidenced by the Y1-C(Cp*) (1¥: 2.700(2)-
2.728(2) A; I: 2.703(3)-2.711(3) A) and Y1-C(u,-Me) distances
(1¥: 2.572(2) A; I: 2.591(4) and 2.548(4) A). However, the Y1-
C(u3-CH,) distances deviate notably between the two com-
plexes. While the yttrium-methylene distances are similar in
complex 1¥ (Y—(13-CH,) = 2.416(2)-2.448(2) A), the respective
ones in complex I range between 2.283(4) A and 2.477(3) A. The
same short-long-long pattern can be found for the p;-bridging
CH; groups in I (Y1-(u3-CHs) = 2.597(4), Y2—(p5-CH;) = 2.744(4),
Y3-(u3-CH;) = 2.777(4) A), while in 1¥ the Y-(us-H) distances
deviate only slightly (Y=(13-H) = 2.22(2)-2.34(2) A). These nota-
bly distinct distances in complex I can be attributed to the
asymmetric coordination of two yttrium centers by one THF
molecule each. Not surprisingly, such distinct coordination
chemistry bears also on the interatomic angles. For example,
the Cnt(Cp*)- - -Y1-p,-CH, angle is more obtuse in complex I
(122.93°) compared to the values involving the other two metal
centers (Cnt2---Y2—(u,-CH,) = 109.18°% Cnt3---Y3—(u,-CH,) =
108.11°), which are comparable to those in complex 1¥
(111.28-111.52°). Overall, complex 1¥ shows a more symmetric
arrangement than I, certainly due to all yttrium metal centers
bearing additional coordinated THF molecules.

The synthesis shown in Scheme 1 also applies for other mid-
sized rare-earth metals, as demonstrated for paramagnetic dyspro-
sium. Keeping the corresponding dysprosium polymethyl complex
[Cp*Dy(u,-CHs),)s (ref. 6b) for several days in THF solution
afforded the respective mixed methylidene/hydride complex

This journal is © The Royal Society of Chemistry 2022
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Scheme 1 Conversion of compound [Cp*Ln(u,-CH3),ls into [Cp*sYs(ua-
CHs3)slps-CHa)(ps-CH3)(thfll - (° and  [Cp*sLns(pa-CHs)slus-CHo)(us-
H)(thf)s] (Ln = Y: 1Y, Ln = Dy: 1%).

[Cp*3Dy;(12-CHs)3(ua-CH,)(ug-H)(thf)s] (1%, 74%). Complex 1% is
isostructural to complex 1Y, revealing marginally longer intera-
tomic distances as expected for the slightly increased ionic radius
of the dysprosium metal centers compared to yttrium.

As the methyl complex [Cp*Y(u,-CHs),]; (ref. 2a) converts
rapidly to the methyl/methylidene-bridged complex [Cp*;Y3(p,-
CH,3)3(13-CH,)(13-CH;)(thf),] (I), even at —35 °C,® we reasoned
that I might display an intermediate along the slow formation
of 1. For clarification, a "H NMR spectrum in [Dg]THF was
recorded for the previously reported methyl/methylidene-
bridged complex [Cp*;Y5(u,-CHs)s(1s-CH,)(13-CH;)(thf),] (1).°
The respective signals resonate at 1.91 ppm (CsMes),
—0.33 ppm (p3-CH,), —0.54 ppm (n,-CHj) and —0.90 ppm (p3-
CHj;) (Fig. S4, ESIT). In order to more closely examine such
thermodynamically controlled formation of 1", a solution of
[Cp*Y(uy-Me),]; (ref. 2a) in [Dg]THF was examined by "H NMR
spectroscopy (Fig. S8-5S14, ESIt). The reaction progress was mon-
itored by repeatedly taking samples from a solution placed in a
20 mL vial. The "H NMR spectrum recorded immediately after the
addition of [Dg]THF, shows the expected signal set of [Cp*Y(u,-
CHj,),5,>* with resonances from the CsMes groups (1.95 ppm) and
the p,-bridging methyl groups (—1.38 ppm) (Fig. S8, ESIt). After 2
days, the spectrum revealed a significant decrease in intensity of
both resonances, as well as new resonances for CsMes; moieties
(1.91, 1.87, 1.85 ppm) assignable to complexes I and 1Y (Fig. S9,
ESIt), and the persistence of the signal at 0.18 ppm ascribed to
methane (formation of ethene not yet observable). In addition to
the resonances of the p1,-bridging methyl groups of I and 1" located
at —0.90 ppm (I) and —1.03 ppm (1Y), two other doublets resonate
at —0.77 ppm and —1.21 ppm, respectively, which represent other
unidentified yttrium methyl species generated during the decom-
position process. Together with the emergence of the aforemen-
tioned two new Cs;Mes resonances, the spectrum alludes to the
coexistence of I and 1" in solution. Ten days after the start of the
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experiment, the initial resonance of the CsMes methyl groups of
[Cp*Y(1,-CH3),]; was no longer visible, indicating the complete
conversion into either one species (Fig. S10, ESIT). After 17 days,
the detection of the resonance of the ps-bridging hydrido ligand
(4.61 ppm) unequivocally confirmed the formation of 1. Surpris-
ingly, an emerging signal at 5.33 ppm pointed to the formation of
ethene while the methane signal had disappeared via gas diffusion
(Fig. S12, ESIT). The ethene resonance (5.33 ppm) became only
prominent 24 days after the start of the reaction (Fig. S13, ESIT). In
combination with the gradually receding 1,-CHj; signals of I (dye =
—0.77 ppm) and the simultaneous growth of the respective
resonance of 1Y (dye = —1.02 ppm), the presence of ethene in
solution corroborates the proposed stepwise mechanism of a
fast formation of I via the elimination of methane, followed by
a slow transformation into 1* via the elimination of ethene.
After 30 days of reaction time, no further changes in the
'"H NMR spectrum were observed (Fig. S14, ESIf). In conclu-
sion, the "H NMR data suggest a bimolecular mechanism vig an
elimination of CH, fragments from complex I and subsequent
coupling to ethene.

Due to the appearance of several unknown species during
the formation process of 1¥, we wondered whether its genera-
tion indeed involves complex I as an intermediate species.
Alternatively, both compounds might display decomposition
products of [Cp*Y(p,-CHj3),]3. Therefore, complex I was synthe-
sized and isolated according to literature procedures.® Subse-
quently, the complex was redissolved in THF (Scheme 1), and
its decomposition monitored via "H NMR spectroscopy. The
respective spectra after 7 days (Fig. S6, ESIf) and 14 days
(Fig. S7, ESIT) show the expected signals of both complexes I
and 1Y, as well as resonances for methane and ethene. In
particular, the steadily increasing signal intensity for 1¥ and
the gradual disappearance of the ps-bridging methyl group
(—0.54 ppm) support the initial hypothesis of a transformation
of I into 1%, according to Scheme 1.

In order to assess the accessibility of the various functional
groups in compound 1%, reactions with ketones and methanol
were examined (Scheme 2). Rare-earth-metal methylidene com-
plexes are considered as Schrock-type nucleophilic carbenes,
engaging in efficient methylenation of carbonylic substrates.2“%7
Hence, complex 1¥ was treated with various ketones (benzophe-
none, cyclohexanone, 9-fluorenone) in a 2:1 ratio in [Dg|THF at
ambient temperature, and the reaction progress monitored by

o)

R)]\ R CH,
—[Cp*3Y3(=0)OR’)4] )I\

R R

CD3;0D
— [Cp*3Y3(OCD3)s]

Scheme 2 ReaCtiVity of [Cp*3Y3(}12-CH3)3(H3-CH2)(H3-H)(thf)3] (1Y)
towards benzophenone, cyclohexanone and 9-fluorenone as well as
[D4lmethanol.

» HD + 3CHsD + CH,D,

9134 | Chem. Commun., 2022, 58, 9132-9135
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"H NMR spectroscopy. Complete consumption of the methylidene
resonance of 1¥ (—0.28 ppm) was revealed for all tested ketones,
already after 15 minutes. This indicated a methylenation perfor-
mance similar to the Tebbe reagent Cp,Ti(u-CH,)(u-Cl)AlMe,.” The
methylene signals were detected as singlets at 5.42 ppm (1,1-
diphenyl ethylene, Fig. S15, ESIt), 4.54 ppm (methylene cyclohex-
ane, S15, ESIt), and 6.11 ppm (9-methylene fluorene, S16, ESIT).

The use of two equivalents of ketone entailed competitive
ketone-to-alkoxy transformations, as indicated by NMR spectro-
scopy (further signals in the range between 1.5 and 2.5 ppm). In
particular, the disappearance of the hydrido resonance at
4.61 ppm and a significantly reduced intensity and low-field
shift of the a p,-methyl resonance (—0.93 ppm vs. —1.03 ppm)
support the occurrence of competitive reactions.

To assess any preference/selectivity for methylenation, an
equimolar reaction of 1¥ with 9-fluorenone was performed
under otherwise identical conditions (Fig. S18, ESIT). Surpris-
ingly, the signals of the methylenated product 9-methylene
fluorene (7.76 ppm, 7.71 ppm, 6.11 ppm) were much more
prominent in contrast to the 2:1 reaction. Seemingly, after
15 minutes, 9-fluorenone had been converted selectively into
the methylenated product (76% yield). Moreover, the "H NMR
spectrum indicated the preservation of the trinuclear structure,
proposing a composition of [Cp*3Y;(u,-CHs3)z(13-O)(ps-H)(thf)s].
Apparently, competitive reactions of 9-fluorenone with the
hydrido or methyl ligands of 1¥ only occur in the presence of
excess amount of ketone.

Next, we reasoned that a small protic substrate [D,]Jmethanol
should be able to track all sufficiently basic ligands in 1¥. For
comparison, previous studies by Evans et al. on complex [{Cp,Y-
(t2-H)}s(us-H)J[Li(thf),] revealed the inertness of the ps-bridging
hydrido ligand toward methanol, even at elevated temperatures.®
The exclusive conversion of the p,-bridging hydridos to methoxy
ligands in compound [{Cp,Y(u,-OCH;)};(s-H)][Li(thf),] pointed to
a steric inaccessibility of the p;-bridging hydrido ligand. In con-
trast, complex 1¥ has a much lower steric saturation around the ;-
bridging hydrido ligand, caused by fluxional THF ligands. Exten-
sive protonolysis of 1¥ by [D4Jmethanol could be easily detected by
"H NMR spectroscopy (Scheme 2). The "H NMR spectrum recorded
after 5 minutes (Fig. S18, ESIT) revealed the disappearance of the
signals assigned to the bridging methyl, methylidene and hydrido
ligands. Instead, resonances of the deuterated ligands, HD (triplet
at 4.50 ppm, Jyup = 42.6 Hz),” as well as CH;D (triplet at 0.16 ppm,
%Jup = 1.9 Hz) and CH,D, (quintet at 0.14 ppm, *Ji;p = 1.9 Hz) could
be detected.'® The slight deviation of the expected integral ratio of
9:2 of the deuterated methanes’ triplet and quintet is attributed to
signal overlap. For comparison, non-deuterated methane reso-
nates at 0.18 ppm. Overall, treatment of 1¥ with [D,Jmethanol
revealed complete deuteration of the bridging ligands. Unlike the
aforementioned [{Cp,Y(u,-OCH;3)}s(ps-H)|[Li(thf),], the bridging
pz-hydrido ligand of complex 1¥ engages in a deuterolysis reaction
as well, likely due to the reduced steric shielding by only three
ancillary Cp* ligands.

To conclude, treatment of half-sandwich complexes [Cp*Ln-
(12-CHz3),Js (Ln = Y, Dy) with THF revealed a new reaction path
to the methyl-methylidene-hydrido-bridged trinuclear species

This journal is © The Royal Society of Chemistry 2022
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Cp*;Lnj(1,-CH3)s(p3-CH,)(1s-H)(thf);. The methyl/methylidene-
bridged complex [Cp*;Y3(u,-CHjz)s(p3-CHy)(H3-CH;)(thf),] was
identified as a reaction intermediate. Complex Cp*;Ln;(p,-
CH3);3(13-CH,)(p5-H)(thf); readily engages in the olefination of
ketones and extensive protonolysis with methanol.
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Experimental Procedures

General considerations.

All manipulations were performed under rigorous exclusion of air and moisture using standard Schlenk
and glovebox techniques (MBraun MB200B; <0.1 ppm Oz, <0.1 ppm H20, argon atmosphere). The
solvents n-hexane, toluene, THF and Et2O were purified using Grubbs-type columns (MBraun SPS,
solvent purification system). [Ds] THF (99.5%, Sigma-Aldrich) was dried over Na/K-alloy for 24 h, vacuum
transferred prior to use and stored inside a glovebox. [D4]methanol (= 99.8%, Sigma-Aldrich) was stored
over molecular sieve inside a glovebox. Benzophenone (99%, Fluka) was used without further
purification. Cyclohexanone (>99%, Acros Organics) was destilled prior to use. 9-fluorenone (98%,
Sigma-Aldrich) was sublimed prior to use. 1,2,3,4,5-pentamethyl cyclopentadiene (HCp*) (98%, abcr)
was used as received. Homoleptic Ln(AlMes)s (Ln =Y, Dy)," half-sandwich complexes Cp*Ln(AlMes)2
(Ln =Y, Dy)?? and trinuclear complex [Cp*3Y3(u2-CHa)s(us-CHa)(us-CHz)(thf)2] (I)* were synthesized
according to literature procedures. NMR spectra of air and moisture sensitive compounds were recorded
by using J. Young valve NMR tubes on a Bruker AVII+400 spectrometer ('H: 400.11 MHz; '3C: 100.61
MHz) and on a Bruker AVII+500 spectrometer ('H: 500.13 MHz, '3C: 125.76 MHz). NMR chemical shifts
are referenced to internal solvent resonances and reported in parts per million relative to tetramethyl
silane. Coupling constants are given in Hertz. Elemental analyses were performed on an Elementar
Vario Micro Cube. IR spectra were recorded on a NICOLET 6700 FTIR spectrometer with a DRIFT cell

(KBr window, Kubelka-Munk conversion).

[Cp*3Y3(u2- CH3)(u3-CH2)(us-H)(thf)s] (1Y). Cp*Y(AIMes)2 (49.7 mg, 0.125 mmol) was dissolved
in n-hexane (2 mL) and diethyl ether (37.1 mg, 0.5 mmol) was added, which led to immediate
precipitation of amorphous [Cp*YMez]s. After stirring the suspension for 30 min at ambient temperature,
the product was separated by centrifugation. The precipitate was washed with n-hexane (3 x 2 mL) and
then [Cp*YMez]s was dried under vacuum (yield: 23.4 mg, 0.092 mmol, 74%) for 30 min. Afterwards,
[Cp*YMe2]s was dissolved in THF (1 mL), the formation of gas (CH4) could be observed, and the solution
was stored at ambient temperature. Over a period of five days, a color was observed (colorless, yellow
(1 d), orange (3 d), red (5 d)). After five days, light yellow crystals formed. The red supernatant was
removed, and the crystalline product was washed with n-hexane (3 x 2 mL) and with n-pentane (1 x 2
mL). The crystalline product was dried under vacuum (yield: 7.5 mg, 7.9 umol, 26%). The overall yield
was increased to 76% (22.1 mg, 0.023 mmol) by treating the red supernatant with the same workup
procedure as described before. 'H NMR (400 MHz, [Ds]THF, 26 °C): 8 = 4.61 (q, 'Jvn = 12.2 Hz, 1H, ps-
H), 3.61 (m, coord. C4HsO), 1.90 (s, 45H, CpCH?), 1.77 (m, coord. C4HsO), -0.28 (q, 2Jvn = 3.8 Hz, 2H,
p3-CHz), -1.03 (s, 9H, p2-CHs) ppm. "*C{"H} NMR (126 MHz, [Ds]THF, 26 °C): & = 115.0 (CsMes), 95.3
(u3-CH2, HSQC), 21.3 (u2-CHs, "Uvc = 22.8 Hz), 12.2 (Cp(CHs)s) ppm. IR(DRIFT): # = 2958 (m), 2901
(m), 2857 (m), 2715 (vw), 1445 (w), 1373 (vw), 1342 (vw), 1294 (vw), 1249 (vw), 1154 (w), 1034 (s),
955 (s), 923 (m), 878 (vs), 665 (w), 593 (m), 559 (m), 540 (m), 515 (vs), 502 (vs), 492 (s), 478 (s), 455
(s), 444 (s), 432 (m), 425 (s), 413 (vs) cm™'. Elemental analysis of 1Y calculated for CssHs1Y303 (948.87
g/mol): C 58.23%, H 8.60%; found: C 57.10%, H 8.33%. The low carbon value can be attributed to a

loss of coordinated THF upon drying the product under vacuum.
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[Cp*:Dys(u2-Me)(u3-CH2)(us-H)(thf)s] (1%Y). Cp*Dy(AlMes)2 (118.0 mg, 0.25 mmol) was dissolved in
n-hexane (2 mL) and diethyl ether (74.1 mg, 1.0 mmol) was added, which lead to immediate precipitation
of amorphous [Cp*DyMez]s. After stirring the suspension for 30 min at ambient temperature, the product
was separated by centrifugation. The precipitate was washed with n-hexane (3 x 2 mL) and then
[Cp*DyMez]s was dried under vacuum (yield: 65.1 mg, 0.2 mmol, 79%) for 30 min. Afterwards, 10 mg
(0.03 mmol) of [Cp*DyMez]s were dissolved in THF (0.5 mL), the formation of gas (CH4) was observed,
and the solution was stored at ambient temperature. Over a period of five days, a color change was
observed (colorless, yellow (1 d), orange (3 d)). After eight days, the solution was stored at -40 °C,
followed by partial removal of the solvent under vacuum until colorless crystals formed. The orange
supernatant was removed, and the crystalline product was washed with n-hexane (3 x 2 mL) and with
n-pentane (1 x 2 mL). The crystalline product was dried under vacuum (yield: 2.5 mg, 2.1 yumol, 21%).
The overall yield was increased to 74% (9.0 mg, 7.7 ymol) by treating the orange supernatant with the
same workup procedure as described before. IR(DRIFT): ¥ = 2961 (s), 2910 (vs), 2901 (vs), 2856 (vs),
2721 (vw), 1487 (vw), 1436 (m), 1375 (w), 1340 (vw), 1299 (vw), 1244 (vw), 1179 (w), 1086 (w), 1057
(w), 1020 (s), 912 (m), 868 (s), 800 (w), 740 (w), 671 (s), 619 (m), 598 (m), 587 (m), 565 (m), 549 (m),
539 (m), 529 (m), 515 (m), 502 (s), 488 (m), 469 (m), 457 (m), 451 (m), 445 (m), 434 (s), 427 (s), 419
(s) cm™. Elemental analysis of 1P¥ calculated for CasHs1DysO3 (1169.65 g/mol): C 47.24%, H 6.98%;
found: C 47.46%, H 6.35%.

Reaction of Cp*3Y3(u2-CH3)s(us-CH:)(us-CHz)(thf)2 (I) with THF. Compound | was synthesized
according to literature procedures.*! Afterwards, | was redissolved in THF and stirred at ambient
temperature. Samples were repeatedly taken from the reaction mixture, the solvent was removed
completely under vacuum, the residual solid was redissolved in [Dg]THF, and a "H NMR spectrum was

recorded to monitor the reaction progress.

General procedure for methylidene transfer reactions. All reactions were monitored via 'H
NMR spectroscopy. In a J. Young valve NMR tube, 5 mg of 1Y were dissolved in [Dg]THF (0.3 mL). Two
equivalents of the respective ketone (benzophenone, cyclohexanone, 9-fluorenone) or an equimolar
amount of 9-fluorenone were dissolved in [Ds]THF (0.2 mL) and added, and the tube was sealed
immediately. After 15 minutes, during which the tube was shaken repeatedly, a '"H NMR spectrum was
recorded. The yields of all reactions were calculated from the integral ratio olefinic functionality/Y-CHo.

Reaction with [DsJmethanol. In a J. Young NMR-tube, complex 1Y (5 mg, 0.005 mmol) was

dissolved in [Ds]THF, [D4lmethanol was added (0.05 mL), and the tube was sealed immediately. Gas

evolution was observed for approximately 3 min. After 5 min, a '"H NMR spectrum was recorded.
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Figure S2. '"H NMR spectrum (400 MHz) of 1Y in [Ds]THF at 26 °C. The solvent residual signals are
marked with an asterisk (#: n-hexane, §: methane, ~: ethene).
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Figure S1. *C{"H} NMR spectrum (126 MHz) of 1Y in [Ds] THF at 26 °C. The solvent residual signals are
marked with an asterisk.
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Figure S5. '"H NMR spectrum (500 MHz) of [Cp*3Y3(u2-CHa)3(us-CHs)(us-CHz)(thf)2] (1) in [Ds]THF at
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Figure S6. '"H NMR spectrum (400 MHz) of [Cp*3Y3(u2-CHa)s(us-CHa)(us-CHz)(thf)2] (1) in [Ds]THF at
26 °C after 7 days. The solvent residual signals are marked with an asterisk (~: ethene, 3: unknown
yttrium species).
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addition of [Ds]THF. The solvent residual signals are marked with an asterisk.

N 15,00 — L
6.13

o 11Y1Y § B I11YB o
NO ™M M~
&5k 3 ® NSoan
B i s S99~
B
%
% B
*
*
T T T T T T T T T 1
195 1.90 ppm 08 09 -1.0 -1.1 -1.2 ppm
§
. A L A Jl
T T T T T T T T T T T T
9 8 7 6 5 4 3 2 1 0 1 ppm

Figure S9. 'H NMR spectrum (400 MHz) of [Cp*YMez2]s in [Ds] THF at 26 °C after two days. The solvent
residual signals are marked with an asterisk (%: [Cp*YMez2]s, §: methane, 3: unknown yttrium species).
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Figure $10. "H NMR spectrum (400 MHz) of [Cp*YMez]s in [Dg] THF at 26 °C after 10 days. The solvent
residual signals are marked with an asterisk (%: [Cp*YMez2]s, §: methane, 3: unknown yttrium species).
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Figure S11. "H NMR spectrum (400 MHz) of [Cp*YMez]s in [Dg] THF at 26 °C after 14 days. The solvent
residual signals are marked with an asterisk (§: methane, : unknown yttrium species).

S10



~ 1Y 11Y1Y 1Y B1YB

D MM
8 & 8SE R N NOoW
| | AN N1/

Wi Y *
T T T T T T T B
5.35 ppm 4.7 46 ppm -0.26 -0.28 ppm

B
A

T T T T T T T T T T
9 8 7 6 5 4 3 2 1 0 -1 ppm

Figure S12. "H NMR spectrum (400 MHz) of [Cp*YMez]3 in [Ds]THF at 26 °C after 17 days. The solvent
residual signals are marked with an asterisk (~: ethene, 3: unknown yttrium species).
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Figure S13. "H NMR spectrum (400 MHz) of [Cp*YMez]3 in [Ds]THF at 26 °C after 24 days. The solvent
residual signals are marked with an asterisk (~: ethene, 3: unknown yttrium species).
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Figure S14. "H NMR spectrum (400 MHz) of [Cp*YMez]3 in [Ds]THF at 26 °C after 30 days. The solvent
residual signals are marked with an asterisk (~: ethene, 3: unknown yttrium species).
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Figure $15. '"H NMR spectrum (400 MHz) of 1Y in [Ds]THF at 26 °C, 15 minutes after addition of
benzophenone. The solvent residual signals are marked with an asterisk (+: methylene, #: n-hexane, §:
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Figure $16. '"H NMR spectrum (400 MHz) of 1Y in [Ds]THF at 26 °C, 15 minutes after addition of
cyclohexanone. The solvent residual signals are marked with an asterisk (+: methylene, §: methane, ~:
ethene).
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Figure S17. "H NMR spectrum (400 MHz) of 1Y in [Ds]THF at 26 °C, 15 minutes after addition of 9-
fluorenone. The solvent residual signals are marked with an asterisk (+: methylene, §: methane).
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Figure S18. 'H NMR spectrum (400 MHz) of 1Y in [Ds]THF at 26 °C, 15 minutes after addition of an

equimolar amount of 9-fluorenone. The solvent residual signals are marked with an asterisk (+:
methylene, §: methane).
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Figure S$19. '"H NMR spectrum (400 MHz) of 1Y in [Ds]THF at 26 °C, 5 minutes after addition of
[D4]methanol. The solvent residual signals are marked with an asterisk.
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Crystallography
X-Ray Crystallography and Crystal Structure Determinations.

Single-crystals of 1Y and 1% were grown by aggregation from diluted THF solutions. Suitable
crystals for X-ray structure analyses were selected inside a glovebox, coated with Parabar
10312, and fixed on a nylon/loop glass fiber. All X-ray data were collected on a Bruker APEX
Il DUO instrument equipped with an IuS microfocus sealed tube and QUAZAR optics for MoKq
(A = 0.71073 A) radiation. The data collection was determined using COSMO?® employing w-
scans. Raw data were processed using APEX® and SAINT,’ corrections for absorption effects
were applied by using SADABS.® The structures were solved by direct methods and refined
against all data by full-matrix least-squares methods on F? using SHELXTL® and SHELXLE.
All non-hydrogen atoms were refined anisotropic. Hydrogen atoms for the CH; group, the
hydrido, and most of the hydrogen atoms of the CHs groups were found in the difference
Fourier map. All graphics were generated employing CCDC Mercury 4.3.1."" Further details
regarding the refinement and crystallographic data are listed in Table S1 and in the CIF files.
CCDC depositions 2181381 and 2181382 contain all the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The Cambridge Crystallographic

Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Table S1. Crystallographic data for compounds 1Y and 1%

1Y 1Py
CCDC 2181381 2181382
Formula CasHs1Y303 CasHs1Dy303
M: [g/mol] 948.83 1169.60
Color/shape plate/yellow plate/colorless
Crystal dimensions [mm] 0.287 x 0.255 x 0.099 0.098 x 0.096 x 0.045
Crystal system monoclinic triclinic
Space group P24/n P1
a[A] 12.5260(9) 11.3103(7)
b [A] 19.1070(14) 11.9001(7)
c[A] 18.9963(14) 21.1333(12)
al’] 90 97.942(2)
B[] 92.1920(10) 91.931(2)
v [°] 90 114.983(2)
V [A?] 4543.1(6) 2540.1(3)
z 4 2
T K] 100(2) 100(2)
AA] 0.71073 0.71073
Pcalca [g/CM?] 1.387 1.529
g [mm™] 3.837 4.400
F (000) 1992 1158
0 range [°] 1.945 — 30.536 1.915 - 24.634
independent reflections 13876 8536
reflections collected (I > 20) 103801 51818

R1/WR2 (I > 20)

0.0343/0.0707

0.0332/0.0697

R1/wR2 (all data)

0.0592/0.0789

0.0491/0.0763

GOF

1.008

1.019
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Figure S20. Crystal structure of [Cp*3Ys(u2-CHs)a(us-CH2)(us-H)(thf)s] (1Y) with atomic
displacement parameters set at the 50% probability level. Hydrogen atoms, except for
methylidene hydrides and the us-bridging hydride, are omitted for clarity. Ancillary Cp* ligands
and coordinated THF (except for one each) are represented by a wireframe model for improved
visualization. Selected interatomic distances [A] and angles [°]: Y1-C1 2.705(2), Y1-C2
2.723(2), Y1-C3 2.782(2), Y1-C4 2.711(2), Y1-C5 2.700(2), Y1---Ct1 2.427, Y1-H1 2.22(2),
Y2-H1 2.34(2), Y3-H1 2.29(2), Y1-C34 2.448(2), Y2—C34 2.422(2), Y3—C34 2.416(2), Y1-
C31 2.572(2), Y1-C33 2.572(2), Y1-O1 2.4816(15), C34-H34A 0.921(19), C34-H34B
0.922(19), C1-C2 1.406(3), C2-C3 1.417(3), C3—-C4 1.423(3), C4-C5 1.426(3), C5-C1
1.406(3), C1-C6 1.507(3), C1-C2-C3 108.2(2), C2-C3-C4 107.78(19), C3-C4-C5
107.42(19), C4-C5-C1 108.07(19), C5-C1-C2 108.5(2), Ct1---Y1-H1 178.62, Ct1---Y1-C31
104.87, Ct1---Y1-C33 105.24, Ct1---Y1-C34 111.46, Ct1---Y1-O1 105.69, Y1-C31-Y2
81.83(6), Y2-C32-Y3 81.01(6), Y1-C33-Y3 81.68(6), Y1-C34-Y2 87.74(7), Y1-C34-Y3
87.83(7), Y2—C34-Y3 87.08(7), Y1-H1-Y2 95.53, Y1-H1-Y3 96.71, Y2—-H1-Y3 92.00, C31-
Y1-H1 76.2(6), C33-Y1-H1 73.7(6), C34-Y1-H1 69.4(6), C34-Y1-0O1 142.72(6), H1-Y1-0O1
73.5(6).
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Figure S21. Crystal structure of [Cp*3Dys(u2-Me)s(us-CHz)(us-H)(thf)s] (1%Y) with atomic
displacement parameters set at the 50% probability level. Hydrogen atoms, except for
methylidene hydrides and the us-bridging hydride, are omitted for clarity. Ancillary Cp* ligands
and coordinated THF (except for one each) are represented by a wireframe model for improved
visualization. Selected interatomic distances [A] and angles [°]: Dy1-C1 2.733(6), Dy1-C2
2.707(6), Dy1-C3 2.694(5), Dy1-C4 2.716(6), Dy1-C5 2.731(6), Dy1---Ct1 2.436, Dy1-H1
2.26(6), Dy2—-H1 2.31(5), Dy3-H1 2.29(5), Dy1-C34 2.420(6), Dy2—-C34 2.384(6), Dy3—C34
2.445(6), Dy1-C31 2.584(5), Dy1-C32 2.568(6), Dy1-0O1 2.532(4), C34—-H34A 0.91(9), C34-
H34B 1.02(8), C1-C2 1.421(8), C2—C3 1.419(9), C3—C4 1.416(8), C4—-C5 1.398(9), C5-C1
1.402(9), C1-C6 1.494(9), C1-C2-C3 107.3(5), C2-C3—C4 108.1(5), C3—C4-C5 107.8(6),
C4-C5-C1 108.9(5), C5-C1-C2 107.9(6), Ct1---Dy1-H1 177.82, Ct1---Dy1-C31 105.43,
Ct1---Dy1-C32 106.30, Ct1---Dy1-C34 111.63, Ct1---Dy1-0O1 106.73, Dy1-C32-Dy2
80.18(14), Dy2—-C33-Dy3 80.52(16), Dy1-C31-Dy3 82.76(16), Dy1-C34-Dy2 87.97(19),
Dy1-C34-Dy3 89.3(2), Dy2—C34-Dy3 87.63(19), Dy1-H1-Dy2 93.60, Dy1-H1-Dy3 97.47,
Dy2-H1-Dy3 93.28, C31-Dy1-H1 72.4(14), C32-Dy1-H1 75.8(14), C34-Dy1-H1 68.6(14),
C34-Dy1-01 141.55(16), H1-Dy1-01 73.0(14).
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Figure S23. DRIFT spectrum of [Cp*3Dys(u2-CHa)s(us-CH2)(us-H)(thf)s] (1%Y).
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ABSTRACT: Cluster compounds for the ferromagnetic lanthanides Ln = Gd, Tb, Dy, Ho, Er as well as for the diamagnetic yttrium
are readily accessible via AlMes/halogenido exchange reactions with the mild halogenido transfer reagents Mes;Sil and Me;GeX (X
= Br, Cl). Depending on the rare-earth metal center and halogenido ion size, clusters of distinct structural motifs and nuclearities are
obtained, including dimeric compounds [Cp*Ln(AlMe4)Cl], for the smaller metal centers Ln = Ho, Er, iodido-bridged tetranuclear
ring-shaped clusters [Cp*Lnl,]s (Ln =Y, Tb, Dy, Ho, Er) and a heterobimetallic tetramethylaluminato-bridged gadolinium cluster
[Cp*sGdsl;(AlMes)]o. The tetranuclear dysprosium cluster [Cp*Dylz]4 shows single-molecule magnet (SMM) behavior in zero

applied field with an effective energy barrier of 164(10) cm'.

INTRODUCTION

The ubiquitous cyclopentadienyl (Cp) ligand has played a vital
role in the advancement of rare-earth-organometallic chemistry
ever since the first isolation of homoleptic complexes LnCp;."
3 Highly reactive half-sandwich hydrocarbyl complexes of the
general formula CpRLn(AlMey), are easily accessible via
protonolysis, salt metathesis, or redox synthesis protocols for
the entire Ln(III) size range.*'° The incorporation of the AlMe;4
ligand facilitates further derivatization reactions, including
methyl formation via donor-promoted cleavage of
AlMes3(THF), halogenido transfer, or C-H bond activation
reactions. 7 Organometallic complexes of the rare-earth
metals have gained significant interest with respect to optical or
magnetic applications.'®?? Several rare-earth metals (Gd, Tb,
Dy, Ho, Er) show ferromagnetic behavior and slow magnetic
relaxation at lower temperatures. In combination with the
stabilizing properties of Cp derivatives,”* 2 organometallic
compounds of those rare-earth metal centers represent attractive
precursors for the synthesis of single-molecule magnets
(SMMs). Ever since the mentioning of the anionic
phthalocyanine double-decker complexes [PcoLn][N(CsHo)s)
(Ln = Dy, Tb) as the first lanthanide-based SMMs in 2003,%*
especially dysprosium compounds have emerged as potent
SMMs. 22 Crucial factors for the design of effective
lanthanide-based SMMs are large effective barriers to
magnetization reversal (Uey) as well as high hysteresis
temperatures,?® which can be readily achieved by the usage of
ancillary Cp derivatives.?> 2 Recent advances in SMM design
mainly focus on the design of the ligand field surrounding the

metal center, aiming at maximizing U..>°>* We have recently
reported on the synthesis of large halogenido-bridged half-
sandwich clusters, feasible via a AlMes/halogenido ligand
exchange reaction protocol involving large rare-earth metals
(Ln = La, Ce, Pr).>*3¢ Following this established synthesis
route, we targeted the synthesis of clusters using the smaller
paramagnetic rare-earth metals Ln = Gd, Tb, Dy, Ho, Er, with
possible prospects of single-molecular magnet behavior.

RESULTS AND DISCUSSION

Preparation of iodido-bridged clusters [Cp*Lnl:]J« (Ln =Y,
Tb, Dy, Ho, Er) and [(Cp*+Gd4l7{AlMe4})2]. As previously
mentioned, half-sandwich complexes are commonly used as
precursors for the synthesis of rare-earth metal cluster
compounds, mainly due to their favorable reactivity and
enhanced thermal stability.> 2> 37 Pentamethylcyclopentadienyl
(Cp* = CsMes) was chosen as an ancillary ligand, given its
symmetry and stabilizing effects. The synthesis of cluster
compounds was attempted via the previously established
AlMey/X (X = Cl, Br, I) exchange reaction using Me;Sil as the
halogenating reagent.'* 3 Whereas the Cp*Gd(AlMe4),/Me;Sil
reaction afforded the heterobimetallic octanuclear Gd cluster 3,
all other Ln (Ln = Y, Tb, Dy, Ho, Er) form isostructural
tetrameric ring clusters of the general composition
[Cp*Lnl]s.(2"™), crystallizing in the monoclinic space group
P2,/n. Although no obvious steric hindrance restricts the cluster
formation, the distance between the metal centers is notably
different, despite adopting a ring-like geometry. In complex 2Y,



Me I_\_fle """"" 'MS, Me
Al~=NMe Me-"AI\
Me
2.5 equiv. Me;Sil [ - SiMe, 2.5 equiv. Me;Sil | - SiMey 2.5 equiv. Me;GeBr | - GeMe, 2.5 equiv. Me;GeCl | - GeMey
toluene, rt, 16 h | - AlMe, toluene, rt, 16 h | - AlMeg toluene, rt, 2 d - AlMeg toluene, 1t, 5d - AlMes

2Ln
Ln=Y, Th, Dy, Ho, Er

Me

4Ln
Ln =Y, Gd, Tb, Dy

6" Ln =Th, Dy

Scheme 1. Synthesis of tetranuclear clusters 2'* (Ln = Y, Tb, Dy, Ho, Er) and dimeric octanuclear gadolinium cluster 3 via an

alkyl/halogenido exchange reaction protocol.

the interatomic Y-Y distances range from 4.3263(8)A
(Y1--Y4) to 4.5790(9)A (Y1-Y2) (A = 0.25A). This
difference is due to the coordination mode of the bridging
iodido ligands. Whereas the Y1-I1 distance of 3.0557(6) A,
connecting to Y2, is only slightly shorter than the Y1-I7
distance (3.0917(6) A) bridging to Y4, the bond angles deviate
by almost 8° (Y1-I1-Y2 = 96.962(2)°, Y1-17-Y4 =
89.220(2)°), resulting in the large difference in the Y'Y
interatomic distances. The other ring-like clusters show a
similar difference in the distances between the metal centers,
only deviating by the respective difference in the ionic radii.**
%9 Beside these ring-like clusters, the only previously reported
molecular, donor-free rare-earth-metal diiodides are [Cp*Sc(u-
D2]s and [Cp*Dy(u-I)2]5. 4

Despite the marginal difference in ionic radii of 0.01 A between
6-coordinate Gd(I1I) and Tb(III),*® applying the same synthesis
protocol for the half-sandwich complex Cp*Gd(AlMes), led to
the isolation of a heterobimetallic gadolinium cluster 3. The
cluster crystallized in the monoclinic space group C2/c and
consists of two Cp*4Gdal; subunits, exhibiting the characteristic
LnyX7 (X = Hal) structural motif established in other rare-earth-
metal halide complexes.!® 3336 4143 The two gadolinium
subunits are bridged via two AlMey ligands. Unlike other
tetramethylaluminato-bridged clusters,'> 35 the different
subunits are connected by two u,-bridging methyl groups
instead of three, rendering bent Gd—AI-Gd linkages (e.g., Gd1—
All-Gd4 = 107.42(2)°). In comparison to the -cluster
[Cp*4Sm4IQuz—I)4ng—I)z(,u4—1)(thf)(toluene)z] (I),43 the
interatomic distances deviate notably, taking the difference in
ionic radii into consideration. Complex I, representing one half
of complex 3, shows a higher overall strain, resulting in

generally shorter interatomic distances. Whereas the two outer
gadolinium metal centers Gd1 and Gd4 in complex 3 show a
distance of 6.792(1) A, the respective distance in complex I is
significantly shorter (Sml--Sm3 = 6.2674(8) A). For further
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Figure 1. Crystal structure of 2% with atomic displacement
parameters set at the 50% probability level. Hydrogen atoms
have been omitted for improved visualization. For selected
interatomic distances and angles, see the Supporting
Information.
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Figure 2. Crystal structure of 3 with atomic displacement
parameters set at the 50% probability level. Hydrogen atoms
and lattice toluene have been omitted for improved
visualization. Ancillary Cp* ligands (except for one) are
represented by a wireframe model. For selected interatomic
distances and angles, see the Supporting Information.

comparison, the interatomic distances of the two central rare-
earth metal centers (3: Gd2---Gd3 = 4.5987(7) A; I: Sm2--Sm4
= 4.4968 (6) A) as well as the outer bridging iodido ligands (3:
11--15=5.030(1) A; I: 13---14 = 4.5376(9) A). Only the distance
between the capping u3-bridging iodido ligands is larger in
complex I (1516 = 4.2279(7) A) compared to the respective
distance in 3 (I3--17 = 3.980(1) A). The geometry in cluster 3
derives likely from the bridging of the two subunits in the apical
positions. The EDX spectra are in accordance with the
calculated atom and weight ratios, further corroborating the
uniformity of the product formation.

Preparation of bromido-bridged clusters

[Cp*sLnsBr«(Br2AlMez)] (Ln =Y, Gd, Th, Dy).

Using a similar synthesis protocol, the reaction of half-
sandwich complexes Cp*Ln(AlMes), with the bromido transfer
reagent Me;GeBr led to the isolation of bromido-bridged
clusters of the general formula [Cp*sLnsBr;(Br.AlMe,)] (Ln =
Y, Gd, Tb, Dy; Scheme 1). Even though excess of Me;GeBr
was used (2.5 equiv.), a complete AlMe4/Br exchange could not
be detected. Instead, complexes 4" display the common Ln,Br;
subunit, now being “terminated” by a AlMe;Br,
heteroaluminato moiety. Monoanionic AlMe;Br; bridges two
rare-earth-metal centers of the LnsBr; core via the bromidos
(Figure 3). Such heteroaluminato moieties have been found
previously in metallocene complexes of the type Cp*,Ln(u-
CI)AIR; (Ln =Y, Sm; R = Me, Et, iBu)* and rare-earth-metal
half-sandwich clusters (CsHsSiMes)oLa;oBris(AlBr.Me,), and
(CsH4SiMes)10Ce10Clis (AICLMe3),,%5 but coordinated to one
rare-earth-metal center exclusively. Structurally similar
lanthanide clusters like [Cp*sNd{(u-Me)sAlMe}(us-Cl)(us-
Cla(ua-Cel,  [{Cp*2Sm(u-Cle(us-Cl)a(u4-Cl) {SmCp*}4],
and [Cp*sYbs(ua-F)(us-F)a(u2-F)s]'*> 4 ¥ feature rare-earth-
metal centers with Cp ancillaries instead of the “AlMe,” group

observed in 4. The AlMe, moiety is tilted out of the mean
plane spanned by two lanthanide metal centers and the bridging
bromido ligands (Ln1, Ln4, Br8, Br9) for all complexes 4.

The diamagnetic complex 4Y readily dissolves in [Ds]toluene,
hence the complex was investigated by 'H NMR spectroscopy.
The resonance at 2.17 ppm can be attributed to the methyl
groups of the ancillary Cp* ligands. A set of resonances appear
in the range from 2.25 — 1.95 ppm, likely generated by a species
formed in solution. Further resonances appear in the region
from 1.0 — -0.5 ppm that are generated by the dimethyl
aluminum group, although no precise assignment of the AlMe,
group of 4Y was possible.

Unlike the iodido-bridged congeners 2! and 3, the bromido-
bridged clusters 4 crystallize with either one or two lattice
solvent molecules. For example, compound 4Y crystallized in
the triclinic space group P1 with two molecules of lattice
toluene. The Y1-Ctl (ring centroid) and the Y1-C(Cp*)
distances of 2295A and 2.575(7)A to 2.62909) A,
respectively, are in the expected range. Overall, the Cp*,Y4Bry
subunit exhibits a highly symmetrical arrangement. While the
distances of the yttrium centers Y2 and Y3 to the central
bridging bromido ligand differ slightly (Y2-Br4 =2.9881(1) A,
Y3-Br4 = 2.9611(2) A), the respective distances of the metal
centers Y1 and Y4 are very close (Y1-Br4 =2.9324(1) A, Y4
Br4 = 2.9270(1) A). Those three atoms show an almost linear
arrangement of Y1-Br4—Y4 = 178.24(3)°. The Y—Br distances
involving the bridging Br2AlMe2 moiety are very long (Y1—
Br8 = 2.8842(2) A, Y4-Br9 = 2.8936(2) A), while the Al-Br
distances differ marginally (Br8—All = 2.440(2) A, Br9-All =
2.480(2) A). The dimethyl aluminum group is bent out of the
mean plane span by the yttrium metal centers Y1 and Y4, and
the bridging bromido ligands Br8 and Br9, by 51.87°, and
shows a bond angle C41-A11-C42 of 126.5(4)°.
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Figure 3. Crystal structure of 4¥ with atomic displacement
parameters set at the 50% probability level. Hydrogen atoms
and lattice toluene have been omitted for improved
visualization. Ancillary Cp* ligands (except for one) are
represented by a wireframe model. For selected interatomic
distances and angles, see the Supporting Information.



Preparation of chlorido-bridged clusters
[Cp*sLnsCl7(CkAIMez)] (Ln = Tb, Dy), [Cp*iLn4
Cl(Clz;{AIMe2}2)] (Ln = Y, Gd) and [Cp*Ln(AlMes)Cl]:
(Ln = Ho, Er).

Treatment of half-sandwich complexes Cp*Ln(AlMe4)2 with
the chlorido transfer reagent Me;GeCl (ratio 1:2.5, Scheme 1)
afforded the chlorido-bridged clusters of the general formula
[Cp*sLn4Cls(C,AlMe)] (6", Ln = Tb, Dy), isostructural to the
bromido-bridged clusters, with the interatomic distances only
deviating by the reduced ionic radius of the chlorido ligands.
The reaction with the respective yttrium and gadolinium
precursors resulted in a slightly different structural motif, where
bridging between the yttrium metal centers Lnl and Ln4 is
achieved by three chlorido and two AlMe; ligands (Figures 4
and S22). In contrast to 4Y, the resonances of 5Y in the 'H
NMR spectrum are shifted slightly towards higher field, with
the resonance of the Cp* methyl groups located at 2.14 ppm. A
broad multiplet, generated by the bridging AlMe, unit,
resonates at -0.2 ppm The Cp*4Y4Cl; subunit can be compared
with the respective Sm subunit in the cluster [(CsMes),Sm](u-
Cle(u3-Cl)2(us-CD[Sm(CsMes)]s (II) by Evans et al. from
2006.*' Due to the larger ionic radius (CN = 6) of samarium
(Sm(IID): 96 A) compared to yttrium (Y(III): 90 A),* the
interatomic distances in II are slightly larger than in complex
5Y. In complex 5Y, the Cp* and the yttrium metal center Y1
show distance of Y1-Ctl =2.307 A , the respective distance in
11 is approximately 7 A larger (Sm2—-Ct2 = 2.378 A). A similar
difference is found in the distances between the Cp* ring carbon
atoms and the respective metal centers. The Cp* carbon-yttrium
distances in 5Y are within a range of 2.586(3) A to 2.622(3) A,
whereas the bond distances in II only vary from 2.66(1) A to
2.677(9) A. Due to the incorporation of the bridging
(AlMe»):Cl; unit, a reduced strain is exerted on the Y4Cly
subunit of the cluster. This is reflected in the bond lengths and
bond angles in the subunit. While the interatomic distance in 5¥
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Figure 4. Crystal structure of 5Y with atomic displacement
parameters set at the 50% probability level. Hydrogen atoms
and lattice toluene have been omitted for improved
visualization. Ancillary Cp* ligands (except for one) are
represented by a wireframe model. For selected bond lengths
and angles, see the Supporting Information.

between the yttrium center Y1 and the central bridging chlorido
ligand CI13 is 2.8867(4) A, the respective distance in I is larger
by only 1 A (Sm2-Cl13 = 2.897(2) A). Furthermore, the bond
angle between Y1-CI3—Y1' is smaller by almost 5° compared
to complex IT (Y1-CI3-Y1' = 173.59(3)°, Sm2—CI3—Sm3 =
178.38(7)°). This leads to an enlarged distance between the
metal centers Y1--Y1' (5.7645 A) compared to the samarium
metal centers in II (5.7750(6) A). Additionally, the reduced
strain in 5Y is reflected in the distance and angle of the u»-
bridging chlorido ligand. Compared to the Sm—Cl distance in II
(Sm2-Cl1 = 2.714(2) A), the respective distance in 5" is larger
overall (Y1-CI5 = 2.7158(8) A). Similar to that, the angle
between the central bridging chlorido ligand, the metal center
and the p2-bridging chlorido ligand is slightly wider in 5Y (C13—
YI-CI5 = 76.80(2)°) compared to II (Cll-Sm2-CI3 =
74.55(6)°).

Like for the bromido-bridged complexes, the chlorido-bridged
compounds always crystallize with either one or two molecules
of lattice solvent. Furthermore, two dimeric compounds of the
general formula [Cp*Ln(AlMes)Cl], (Ln = Ho, Er) could be
isolated, which can be attributed to the smaller ionic radii of
those two lanthanides, preventing the aggregation of larger
cluster compounds.

Ether cleavage with Et.O.

In contrast to the larger lanthanide metal centers, the donor-
free reaction of Cp*Ln(AlMes), (Ln = Ho, Er) with the bromido
transfer reagent Me;GeBr afforded an insoluble precipitate for
the synthesis in toluene. Hence, diethyl ether was added
dropwise to the reaction mixture until the precipitate was
redissolved. Storing the reaction mixture at ambient
temperature led to the formation of light red crystals after
several days, which were analyzed via single-crystal X-ray
diffractometry. Surprisingly, the respective reactions with
holmium and erbium did not yield isostructural complexes. For
holmium, the dimeric hexanuclear holmium cluster [(u-
Br)Cp*;Ho;3Brs(Et,0)]. (8) could be isolated. This cluster
crystallizes in the triclinic space group P1, and consists of two
Cp*3Ho;Brs subunits, with two holmium metal centers bridging
to the opposite metal centers via two u»-Br ligands. The other
holmium metal center has an additional coordinating diethyl
ether ligand. Whereas the structural motif of the trinuclear
subunit is quite common in rare-earth-metal chemistry for
halogenido™> ** 4% and mixed halogenido-methylidene
compounds,>¢ the dimeric arrangement of two trinuclear
subunits is rarer, and involves halogenido and borohydride-
bridged species.’”*! Complex 8 is isostructural to the chlorido-
bridged holmium cluster
[ {(Me4CpNMe2AlEt3)2(Me4CpNMe2)H03C15 } (,u-Cl)]z (III)by
ANWANDER et al. from the year 2015.%® Like cluster 8, this
complex crystallizes in the triclinic space group P1. Both
clusters show a similar arrangement of the trinuclear subunits.
The distances of the respective holmium metal centers and the
Uo-bridging halogenido ligands to their mean plane are
comparable (8: min. 0.006 A, max. 0.113 A; III: min. 0.018 A,
max. 0.092 A). In both clusters, the most protruding atom
outward of the mean plane is the holmium metal center with the
coordinating donor ligand attached to it. While the interatomic
distance between the respective holmium metal center Ho3 and
the diethyl ether oxygen atom O1 is slightly longer (2.364(4) A)
than the sum of the ionic radii (2.30 A), this distance is
noticeably enlarged in IV (Ho3-N3 =2.516(1) A; Ho"™ + N3 =
2.36 A), which can be attributed to the strain of the chelating
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Figure 5. Crystal structure of 6"EtO with atomic
displacement parameters set at the 50% probability level.
Hydrogen atoms and lattice toluene have been omitted for
improved visualization. Ancillary Cp* ligands and diethyl ether
(except for one each) are represented by a wireframe model. For
selected interatomic distances and angles, see the Supporting
Information.

7°/x!' coordination mode of the MesCpNMe; ligand. Cluster 8
shows a more planar arrangement of the u»-bridging bromido
ligands and the metal centers Hol and Ho2, with a maximum
distance of the atoms to their mean plane of 0.013 A (ITI: max.
0.049 A). The overall bonding situation in the trinuclear subunit
is similar in both clusters, with comparable ranges for the
respective interatomic distances between the holmium metal
centers and the u»-bridging halogenido ligands (8: 2.8335(6) —
2.8824(6) A; II1: 2.6673(6) —2.7049(6) A). Likewise, the metal
centers and the us3-bridging halogenido ligands display only
minor deviations in the interatomic distances as well, whereas
the distances to the lower halogenido ligand are slightly shorter
on average in both clusters (8: Ho—Br'? = 3.0033 A, Ho—Br"™
=2.9387 A; TII: Ho—CI? = 2.8299 A, Ho-CI®™ = 2.7848 A).
The reaction with the respective erbium precursor afforded a
separated ion pair. Single-crystal X-ray diffraction revealed a
tetranuclear arrangement of the erbium metal centers, similar to
the previously described tetranuclear iodido-bridged clusters,
but with an additional us-bridging bromido/methyl ligand
(50/50 occupancy) in the center of the monoanionic complex.
The diethyl ether adduct of dimethyl aluminum serves as
counterion. So far, only two other related anionic complexes are
known, exclusively centered by the respective halogenido
ligand though.’® ® Complex 9 shows the same structural
features as the anionic chlorido-bridged neodymium compound
(Cp*NdC12)4(/,l4 Cl) LlOz [L102 leO Oz (IV) by EISEN et
al. from 2007.% While 9 crystallizes in the triclinic space group
P1, IV crystallizes in the monoclinic space group C2/m. The
interatomic distances in 9 between the erbium metal center Erl
and the outer bridging bromido ligands are within a range from
2.8603(4) A (Er1-Brl) to 2.8794(4) A (Er1-Br2), whereas IV
shows a slightly higher range in the interatomic distances,
ranging from 2.824 A (Nd1-CI1) to 2.878 A (Nd1-CI2). Both
clusters show only minor deviations in the distances between
the metal centers opposing each other (Erl-Erl' = 5.7047 A,

Er2-Er2' = 5.6993 A; NdI-Nd3 = 5782 A, Nd2-Nd2' =
5.749 A), resulting in an overall symmetric ring structure of the
respective compounds. This is further reflected in the inner
angles of the two complexes, between the metal centers and the
centroid between the two bridging halogenido ligands. These
angles are in a range from 132.93° to 136.51° (average:
134.96°) for cluster 9, and 133.88° to 135.75° (average:
134.94°) for IV, and resulting in a sum of the inner angles close
to the expected 1080° for a symmetric octagon (9: 1079.68°;
IV: 1079.49°).

Spurred by these findings, we targeted ether cleavage reactions
for the larger clusters 3, 4¥, 4%, 5Y and 5. For the yttrium and
dysprosium clusters, compounds with the general formula [(u2-
X)Cp*;LnsXs(Et,0)]» (Ln =Y, Dy; X = Br, Cl) — isostructural
to 8 — could be isolated. Complexes 4YEt0 and 5YEt,O were
further investigated NMR spectroscopically. The 'H NMR
spectrum reveals a dynamic equilibrium in solution, likely
between the monomeric and dimeric species of the respective
cluster. Two triplets, generated by the diethyl ether CH,
hydrogen atoms, resonate at 3.56 ppm and 3.26 ppm,
respectively. Additionally, the spectrum shows four singlets
from the Cp* methyl group hydrogen atoms at 2.31 ppm,
2.18 ppm, 2.17 ppm and 1.98 ppm. The diethyl ether CH;
hydrogen atoms resonate as two triplets at 1.08 ppm and
0.85 ppm. Similar to the '"H NMR spectrum, a splitting of the
signals can be observed in the 3C{'H} NMR spectrum as well,
although no resonances can be attributed to the diethyl ether
carbon atoms. Two signals can be assigned to the Cp* ring
carbon atoms, resonating at 124.0 ppm and 123.9 ppm. The
other three resonances at 13.4, 13.3 and 13.2 ppm are generated
by the Cp* methyl carbon atoms. Unlike complex 4¥Et20, the
chlorido-bridged cluster SYEt20 does not show a splitting of the
signals in solution, hinting at a higher stability of the chlorido-
bridged cluster compared with the bromido-bridged one. The
respective 'H NMR spectrum in [Ds]toluene at ambient
temperature shows three signals that can be attributed to
5YEt;0. The quartet at 3.26 ppm is generated by the diethyl
ether CH, hydrogen atoms, the methyl groups of the Cp* ligand
resonate at 2.14 ppm, and the diethyl ether CHs hydrogen atoms
show a triplet at 1.09 ppm. Furthermore, the respective integrals
give the expected 2 : 15 : 3 ratio. In the *C {'H} NMR spectrum,
only two signals generated by the complex are visible. The
resonance at 122.9 ppm is generated by the Cp* ring carbon
atoms, whereas the Cp* methyl carbon atoms resonate at
12.4 ppm. As previously seen for 4YEt20, no signals from the
coordinated diethyl ether are visible in the spectrum. Exemplary
applying the same reaction protocol for 4%, but using
tetrahydrofuran instead of diethyl ether, resulted in
decomposition of the cluster and afforded the half-sandwich
dibromide tetrahydrofuran adduct Cp*DyBry(thf); (4> THF).
In contrast to the formation of dimeric clusters for the ether
cleavage reaction with the respective yttrium and dysprosium
clusters, a different reaction behavior was observed when 3 was
treated with diethyl ether accordingly. Immediately after
addition of diethyl ether, the colorless solution turned yellow.
Crystalline product was obtained by storing the reaction
solution at -40 °C for several days. The crystalline material was
identified as [Cp*,Gd(AlMes)], via single-crystal X-ray
diffraction,” indicating a decomposition of the cluster
substructure.



Magnetic property measurements.

Lanthanide complexes supported by cyclopentadienyl
derivatives display impressive single-molecule magnet
properties like high blocking temperatures and effective energy
barriers, as prominent examples show.?% 2831 63-65 Natuyrally, we
were interested in possible single-molecular magnet behavior of
clusters 2" as well. Due to the electronic properties of the
dysprosium metal center,®® dysprosium cluster 2P¥ seemed the
most promising candidate for SMM behavior. Hence, SQUID
measurements were performed for cluster 2P¥ as well as the
magnetically diluted congener 2YP¥ (10% dilution level; for
details on the magnetic measurements, see the Supporting
Information).

Whereas 2P did in fact display SMM behavior, its properties
are rather complex. In the 6-9 K region, multiple relaxation
processes have been observed that could be explained by
crystallographic disorder of both the four dysprosium metal
centers and the eight iodido ligands, leading to a
superimposition of the respective unique relaxation processes.
Outside of this region, 2P¥ shows regular relaxation behavior,
with an effective energy barrier to reversal of the magnetization
(Uerr) of 164(10) cm™.

Table 1. Selected CpR-based single-molecule magnets with U
(effective energy barrier to reversal of the magnetization) and
Ts (100s blocking temperature).

Compound Uesr [em!] Tz [K]
[Cp:Dy(u-CD]> ¥ 37.9
[Cp:Dy(u-CD], ¥ 97.6
[Cp2Dy(thf)(u-CD)], ¢ 48.7
[Cp*.Dyl(thf)] & 419
[Cp*:DyBr(thf)] 163
[Cp*.DyCl(thf)] ** 112
E?@GZ(CSHztBuH 2,4)2][B(CeFs)a] 1223/1277 53
[(C™)Dy(Cp*)][B(CeFs)] ** 1541 80
[Dy(Cp™*"),][B(CeFs)s] © 1285 17
[Dy(Cp™P*Ve),][B(C4Fs)a] ©° 1468 62
[Dy(Cp™“Et),][B(CgFs)a] 1380 59
[Dy(Cp™*)2][B(CeFs)s] & 1334 56
Tb'(Cp™s), © 1205 52
Dyll(cpiPr5)2 69 37.4 5
[(Cp*Dy)sKsCly6(thf)s] ™ 561 4.5

In order to scrutinize the magnetic properties of 2, AC
susceptibility measurements were conducted for the respective
magnetically dilute complex 2¥P¥ as well, which allows
investigating the properties for single Dy** ions. Dilution leads
to a more uniform frequency dependence of the out-of-phase
susceptibility X", supporting the hypothesis of superimposition-
related properties for 2%Y. Furthermore, a notable increase in Uesr
for 2YPY to 204(25) cm! was observed in case of magnetic
dilution.

CONCLUSION

Rare-earth-metal complexes of distinct nuclearities and
structural motifs are readily accessible via an alkyl/halogenido

exchange reaction. The versatile synthesis protocol, using the
highly reactive half-sandwich complexes Cp*Ln(AlMes), as
precursors in combination with the mild halogenido transfer
reagents Me;Sil and Me;GeX (X = Br, Cl), enables the isolation
of coordination clusters, whereas the steric demand of the
halogenido ligand strongly influences both cluster size and
coordination mode. SQUID measurements for [Cp*Dyl:]s as
well as the magnetically diluted version Dy@[Cp*YL]4
revealed single-molecule magnet behavior for the respective
complex, with a moderate U of 164 cm™. The established
synthesis protocol will likely contribute to advancement in the
field of high-nuclearity single-molecule magnets, given that the
modular exchangeable synthesis protocol facilitates variation of
both organometallic precursor and ligand system.

EXPERIMENTAL SECTION

General Considerations.

All manipulations were performed under rigorous exclusion of
air and moisture using standard Schlenk and glovebox
techniques (MBraun MB200B; <0.1 ppm of O, <0.1 ppm of
H,0, argon atmosphere). Toluene, tetrahydrofuran and diethyl
ether were purified using Grubbs-type columns (MBraun SPS,
solvent purification system). Benzene (= 99%, Honeywell) was
dried over CaH, and subsequently destilled. [Dg]benzene
(99.6%, Sigma-Aldrich) and [Ds]toluene (99.6%, Sigma-
Aldrich) were dried by letting the solvents stand over Na/K
alloy for at least 24 h and subsequent filtration. All solvents
were stored inside a glovebox. Ln(AlMes); (Ln =Y, Gd, Tb,
Dy, Ho, Er),”"7* and Cp*Ln(AlMes), (Ln =Y, Gd, Tb, Dy, Ho)"
> were prepared according to literature procedures.
Iodotrimethylsilane (97%), bromotrimethylgermane (98%) and
chlorotrimethylgermane (98%) were purchased from abcr and
used without further purification. NMR spectra of air- and
moisture-sensitive compounds were recorded by using J. Young
valve NMR tubes at ambient temperature on a Bruker
AVII+400 (*H, 3C) NMR spectrometer. NMR chemical shifts
are reported in parts per million relative to tetramethylsilane.
Coupling constants are given in Hertz. Elemental analyses were
performed on an Elementar Vario Micro Cube. IR spectra were
recorded on a Nicolet 6700 FTIR spectrometer with a DRIFT
cell (KBr window, Kubelka-Munk conversion), and the
samples were prepared in a glovebox and mixed with KBr
powder. EDX spectra were recorded on a HITACHI SU8030
scanning electron microscope. Magnetic measurements were
recorded on a Quantum Design MPMS-XL7 SQUID
magnetometer equipped with a 7 T magnet.

Cp*Er(AlMeq): (1). In a vial, Er(AlMes); (250 mg, 0.58 mmol)
was dissolved in toluene (5 ml). HCp* (79.46 mg, 0.58 mmol)
was dissolved in toluene (1 ml), added, and the reaction mixture
was stirred for 16 h at ambient temperature. Afterward, the
solvent was removed under vacuum. The light red solid
obtained this way was dissolved in toluene and stored at -40 °C.
After 16 h, light red crystals of 1 could be harvested. Crystalline
yield: 249 mg, 0.52 mmol, 90%. DRIFT (KBr, cm™): 2925 (s),
2888 (m), 2820 (w), 2794 (w), 2735 (vw), 1487 (vw), 1435 (w),
1381 (w), 1234 (w), 1212 (m), 1192 (m), 1023 (vw), 890 (vw),
798 (vw), 717 (vs), 699 (vs), 665 (m), 639 (m), 627 (m), 609
(m), 588 (s), 569 (s), 557 (vs), 548 (s), 529 (m), 508 (m), 496
(m), 489 (m), 470 (m), 454 (m). Anal. (%) Calcd for
CisHsoErAl, (476.73 g/mol) C 45.35, H 8.25; found C 43.26, H
8.27. Although these values are outside the range of analytical



purity, no better values could be obtained despite several
attempts.

[CP*Y(I2)]s (2Y). In a vial, Cp*Y(AlMes), (7.97 mg, 0.02
mmol) was dissolved in toluene (1.5 ml). Me;Sil (10.02 mg,
0.05 mmol) was dissolved in toluene (0.5 ml) and added. The
vial was shaken vigorously and stored at ambient temperature.
After 16 h, colorless crystals of 2Y could be harvested.
Crystalline yield: 5.4 mg, 0.003 mmol, 57%. Due to the low
solubility of 2¥, no meaningful NMR data could be provided.
DRIFT (KBr, cm™): 2971 (m), 2942 (s), 2904 (vs), 2856 (m),
2759 (vw), 2728 (vw), 1485 (w), 1450 (m), 1431 (m), 1377 (s),
1063 (vw), 1025 (m), 802 (vw), 593 (vw). Anal. (%) Calcd for
CaoHeoY4ls (1911.78 g/mol) C 25.13, H 3.16; found C 25.42, H
3.06.

[Cp*Tb(I2)]s 2™). In a vial, Cp*Tb(AlMes), (9.37 mg, 0.02
mmol) was dissolved in toluene (1.5 ml). Me;Sil (10.02 mg,
0.05 mmol) was dissolved in toluene (0.5 ml) and added. The
vial was shaken vigorously and stored at ambient temperature.
After 16 h, colorless crystals of 2™ could be harvested.
Crystalline yield: 9.5 mg, 0.004 mmol, 86%. DRIFT (KBr, cm
1): 2919 (m), 2889 (m), 2793 (w), 2732 (vw), 1435 (w), 1416
(w), 1381 (w), 1232 (m), 1206 (m), 1191 (m), 1060 (vw), 1023
(w), 801 (vw), 723 (vs), 717 (vs), 701 (vs), 683 (vs), 647 (m),
635 (m), 589 (vs), 580 (vs), 561 (s), 515 (s), 509 (s), 470 (m),
454 (w). Anal. (%) Calced for CaoHeoTbals (2191.86 g/mol) C
21.92, H 2.76; found C 22.28, H 3.03.

[Cp*Dy(I2)]s (2). In a vial, Cp*Dy(AlMes), (9.44 mg, 0.02
mmol) was dissolved in toluene (1.5 ml). Me;Sil (10.02 mg,
0.05 mmol) was dissolved in toluene (0.5 ml) and added. The
vial was shaken vigorously and stored at ambient temperature.
After 16 h, yellow crystals of 2P could be harvested.
Crystalline yield: 6.5 mg, 0.003 mmol, 59%. DRIFT (KBr, cm’
1):3599 (w), 3547 (w), 3019 (w), 2972 (s), 2943 (vs), 2904 (vs),
2855 (s), 2727 (w), 1645 (vw), 1602 (w), 1487 (m), 1452 (vs),
1432 (vs), 1420 (s), 1377 (vs), 1268 (vw), 1179 (w), 1063 (vw),
1023 (m), 857 (w), 802 (m), 730 (s), 694 (s), 682 (s), 631 (m),
595 (m), 570 (m), 558 (w), 524 (m), 465 (w). Anal. (%) Calcd
for C4HgoDyals (2206.16 g/mol) C 21.78, H 2.74; found C
22.58, H 3.04.

[Cp*Ho(I2)]s (2™°). In a vial, Cp*Ho(AlMe4), (9.49 mg, 0.02
mmol) was dissolved in toluene (1.5 ml). Me;Sil (10.02 mg,
0.05 mmol) was dissolved in toluene (0.5 ml) and added. The
vial was shaken vigorously and stored at ambient temperature.
After 2 d, orange crystals of 2M° could be harvested. Crystalline
yield: 9,1 mg, 0.004 mmol, 82%. DRIFT (KBr, cm™): 2971 (s),
2943 (s), 2904 (vs), 2855 (s), 2756 (vw), 2728 (w), 1646 (vw),
1556 (vw), 1538 (vw), 1486 (m), 1449 (s), 1431 (s), 1421 (s),
1377 (vs), 1240 (vw), 1025 (w), 952 (vw), 802 (vw), 727 (vw),
706 (vw), 694 (vw) 593 (w), 551 (vw). Anal. (%) Calcd for
CaoHeoHoals (2215.88 g/mol) C 21.68, H 2.73; found C 21.72,
H 3.06.

[Cp*Er(I2)]s (2F). In a vial, Cp*Er(AlMes), (9.53 mg, 0.02
mmol) was dissolved in toluene (1.5 ml). Me;Sil (10.02 mg,
0.05 mmol) was dissolved in toluene (0.5 ml) and added. The
vial was shaken vigorously and stored at ambient temperature.
After 16 h, light red crystals of 2®" could be harvested.
Crystalline yield: 9.5 mg, 0.004 mmol, 75%. DRIFT (KBr, cm’
N: 2922 (m), 2885 (m), 2794 (vw), 2733 (vw), 1484 (vw), 1439
(w), 1381 (w), 1235 (w), 1211 (w), 1193 (w), 1023 (vw), 801
(vw), 719 (vs), 712 (vs), 681 (vs), 632 (m), 607 (m), 594 (m),
578 (s), 561 (m), 500 (m), 472 (w), 455 (m). Anal. (%) Calcd

for C40H60Er4lx (219186 g/mol) C 2159, H 272, found C
21.69, H 2.93.

[Cp*Y/Dy(I2)]4 (2Y™Y). In a vial, a toluene solution (1.5 ml) of
Cp*Y(AlMes): (35.85 mg, 0.09 mmol) and a toluene solution
(0.5 ml) of Cp*Dy(AlMes), (4.69 mg, 0.01 mmol) were mixed.
MesSil (50.03 mg, 0.25 mmol) was dissolved in toluene (0.5
ml) and added. The vial was shaken vigorously and stored at
ambient temperature. After 16 h, light yellow crystals of 2Y/P¥
could be harvested. Crystalline yield: 45.8 mg, 0.024 mmol,
94%. DRIFT (KBr, cm™): 3544 (vw), 2971 (m), 2943 (m), 2904
(s), 2855 (m), 2757 (vw), 2729 (vw), 1644 (vw), 1485 (m), 1450
(s), 1431 (s), 1420 (s), 1377 (vs), 1245 (vw), 1189 (vw), 1064
(w), 1025 (s), 953 (vw), 802 (w), 728 (W), 694 (w), 593 (m),
551 (VW), 464 (W) Anal. (%) Calcd fOI' C40H60Y3_52DyO_4ng
(1947.22 g/mol) C 24.67, H 3.11; found C 25.11, H 3.11.

[(Cp*4Gdal7{AlMea})2](C7Hs)2 (3). In a vial, Cp*Gd(AlMes),
(9.33 mg, 0.02 mmol) was dissolved in toluene (1.5 ml). Me;Sil
(10.02 mg, 0.05 mmol) was dissolved in toluene (0.5 ml) and
added. The vial was shaken vigorously and stored at ambient
temperature. After 16 h, colorless crystals of 3 could be
harvested. Crystalline yield: 6.6 mg, 0.001 mmol, 56%. DRIFT
(KBr, cm™): 2915 (m), 2883 (m), 2791 (w), 2733 (vw), 1487
(vw), 1435 (m), 1417 (w), 1381 (w), 1231 (w), 1204 (m), 1191
(m), 1061 (vw), 1022 (w), 801 (vw), 733 (vs), 720 (vs), 710
(vs), 652 (m), 643 (m), 609 (m), 597 (s), 584 (s), 556 (m), 525
(w), 515 (m), 505 (m), 482 (w), 450 (w), 433 (vw). Anal. (%)
Caled for C109H163Gd3114 (456717 g/mol) C 2867, H 371,
found C 26.89, H 3.37. The deviation between theoretical and
experimental microanalytical data derives likely from the
removal of lattice toluene under vacuum.

[Cp*sY4Bri(Br2AlMez)](C7Hs)2 (4Y). In a vial, Cp*Y(AlMes),
(7.97 mg, 0.02 mmol) was dissolved in toluene (1.5 ml).
Me;GeBr (9.88 mg, 0.05 mmol) was dissolved in toluene (0.5
ml) and added. The vial was shaken vigorously and stored at -
40 °C. After 2 d, colorless crystals of 4¥ could be harvested.
Crystalline yield: 5.3 mg, 0.003 mmol, 59%. ! H NMR (400
MHz, [Ds]toluene, 26 °C): § 2.17 (s, 15 H, CCH;) ppm. DRIFT
(KBr, cm™): 2972 (w), 2947 (m), 2902 (m), 2857 (w), 2729
(vw), 1488(w), 1454 (m), 1433 (m), 1192 (w), 1064 (vw), 1024
(w), 802 (vw), 728 (m), 706 (vs), 686 (s), 593 (W), 580 (w), 464
(vw). Anal. (%) Calcd for CssHs,AlY4Bro (1857.01 g/mol) C
36.22, H 4.45; found C 34.56, H 4.50. The deviation between
theoretical and experimental microanalytical data derives likely
from the removal of lattice toluene under vacuum.

[(u2-Br)Cp*3Y3Brs(Et20)]2(C7Hs) (4YEt20). In a vial,
Cp*Y(AlMes): (15.94 mg, 0.04 mmol) was dissolved in toluene
(1.5 ml). Me;GeBr (19.76 mg, 0.1 mmol) was dissolved in
toluene (0.5 ml) and added. The vial was shaken vigorously and
stored at ambient temperature for 24 h. Afterwards, the solvent
was removed under vacuum. The remaining precipitate was
resuspended in toluene (1 ml), 10 drops of diethylether were
added, and the reaction mixture was stored at ambient
temperature. After 16 h, colorless crystals of 4YEtO could be
harvested Crystalline yield: 14.1 mg, 0.005 mmol, 81%. 'H
NMR (400 MHz, [Ds]toluene, 26 °C): & = 3.56 (q, 2/un = 6.99
Hz, 2H, OCH,CH3), 3.26 (q, 2Juu = 6.99 Hz, 2H, OCH,CH3),
2.30 (s, 6H, CCH3), 2.18 (s, 11H, CCH3), 2.17 (s, 9H, CCHs),
1.98 (s, 4H, CCHs), 1.08 (t, /i = 7.00 Hz, 3H, OCH,CH3),
0.85 (t, 2Jun = 7.00 Hz, 2H, OCH,CH5) ppm. *C{'H} NMR
(101 MHz, [Ds]toluene, 26 °C): § = 124.0 (Cp), 123.9 (Cp),
13.4 (CpCHs), 13.3 (CpCH3), 13.2 (CpCHj3) ppm. DRIFT (KBr,
cmh): 3079 (vw), 3018 (vw), 2974 (m), 2946 (m), 2902 (s),



2857 (m), 2807 (vw), 2726 (vw), 1944 (vw), 1857 (vw), 1805
(vw), 1644 (vw), 1602 (w), 1494 (m), 1452 (vs), 1433 (s), 1390
(s), 1377 (vs), 1321 (vw), 1290 (vw), 1242 (vw), 1187 (w), 1146
(w), 1092 (m), 1063 (w), 1029 (vs), 996 (m), 889 (m), 860 (vw),
831 (w), 802 (W), 792 (W), 773 (s), 731 (vs), 695 (m), 621 (vw),
596 (m), 550 (vw), 508 (W), 465 (s), 455 (w). Anal. (%) Calcd
fOI‘ szlesYsBrnOz (263619 g/mol) C 3736 H 482, found C
37.04 H5.32.

[Cp*sGdsBr7(Br2AlMe2)|(C7Hs):  (4%Y). In  a  vial,
Cp*Gd(AlMes); (9.33 mg, 0.02 mmol) was dissolved in toluene
(1.5 ml). Me;GeBr (9.88 mg, 0.05 mmol) was dissolved in
toluene (0.5 ml) and added. The vial was shaken vigorously and
stored at -40 °C. After 7 d, colorless crystals of 464 could be
harvested. Crystalline yield: 3.3 mg, 0.002 mmol, 31%. DRIFT
(KBr, cm™): 3081 (vw), 3022 (w), 2971 (m), 2946 (s), 2901
(vs), 2858 (s), 2759 (vw), 2728 (w), 1644 (vw), 1603 (vw), 1493
(m), 1452 (s), 1432 (s), 1423 (s), 1378 (s), 1241 (vw), 1185 (w),
1080 (vw), 1063 (w), 1024 (m), 954 (vw), 893 (vw), 802 (w),
728 (vs), 701 (vs), 679 (s), 620 (vw), 591 (w), 577 (w), 464 (w).
Anal. (%) Caled for CssHs2AlGd4Bry (2130.39 g/mol) C 31.57,
H 3.88; found C 27.45, H 3.48. The deviation between
theoretical and experimental microanalytical data derives likely
from the removal of lattice toluene under vacuum.

[Cp*sTh4Br:(Br2AlMez)](C’Hs) (4™). In a  vial,
Cp*Tb(AlMey), (9.37 mg, 0.02 mmol) was dissolved in toluene
(1.5 ml). Me;GeBr (9.88 mg, 0.05 mmol) was dissolved in
toluene (0.5 ml) and added. The vial was shaken vigorously and
stored at ambient temperature. After 3 d, colorless crystals of
4™ could be harvested. Crystalline yield: 6.9 mg, 0.003 mmol,
68%. DRIFT (KBr, cm): 3084 (vw), 3058 (vw), 3027 (vw),
2970 (m), 2944 (m), 2904 (s), 2858 (m), 2727 (vw), 2178 (vw),
2159 (vw), 2048 (vw), 1604 (vw), 1558 (vw), 1539 (vw), 1494
(w), 1455 (m), 1434 (m), 1421 (m), 1378 (m), 1239 (vw), 1191
(w), 1080 (vw), 1064 (vw), 1024 (w), 890 (vw), 802 (vw), 729
(vs), 704 (vs), 694 (vs), 686 (s), 592 (w), 574 (w), 464 (w).
Anal. (%) Calcd for C47Hes AlTbsBro (2014.88 g/mol) C 28.02,
H 3.40; found C 27.93, H 3.16.

[Cp*sDysBr:(Br2AlMe2)|(CéDe)2  (4™). In a  vial,
Cp*Dy(AlMes), (4.72 mg, 0.01 mmol) was dissolved in
[D¢]benzene (0.5 ml). MesGeBr (4.94 mg, 0.025 mmol) was
dissolved in [Dg]benzene (0.5 ml) and added. The vial was
shaken vigorously and stored at ambient temperature. After 4 d,
yellow crystals of 4%Y could be harvested. Crystalline yield: 3.9
mg, 0.002 mmol, 37%. DRIFT (KBr, cm™): 3590 (w), 3084
(vw), 3058 (vw), 3027 (w), 2969 (m), 2944 (s), 2905 (s), 2857
(m), 2727 (vw), 1604 (vw), 1557 (vw), 1538 (vw), 1494 (m),
1455 (s), 1431 (m), 1420 (m), 1378 (m), 1241 (vw), 1191 (w),
1080 (vw), 1064 (vw), 1024 (m), 891 (vw), 802 (vw), 728 (vs),
704 (vs), 695 (vs), 593 (w), 575 (W), 464 (m). Anal. (%) Caled
fOI‘ C54H65D12A1DY4BI'9 (213541 g/mol) C 3037, H 425, fOllIld
C 30.30, H 3.84.

[{(u2-Br)(Cp*3Dy3Brs)(Et20)}3]2(C7Hs) (4”Et20). In a vial,
Cp*Dy(AlMes); (9.44 mg, 0.02 mmol) was dissolved in toluene
(1.5 ml). Me;GeBr (9.88 mg, 0.05 mmol) was dissolved in
toluene (0.5 ml) and added. The vial was shaken vigorously and
stored at ambient temperature for 24 h. Afterwards, the solvent
was removed under vacuum. The remaining precipitate was
resuspended in toluene (1 ml), 10 drops of diethylether were
added, and the reaction mixture was stored at ambient
temperature. After 16 h, yellow crystals of 4°YEt20 could be
harvested. Crystalline yield: 9.6 mg, 0.003 mmol, 94%. DRIFT
(KBr, em™): 3612 (vw), 2974 (s), 2947 (s), 2901 (vs), 2857 (s),

2726 (vw), 1642 (vw), 1602 (vw), 1493 (m), 1452 (vs), 1433
(vs), 1390 (s), 1376 (vs), 1290 (vw), 1241 (vw), 1187 (w), 1146
(W), 1092 (m), 1083 (m), 1064 (w), 1034 (vs), 997 (m), 890 (m),
862 (w), 830 (w), 802 (w), 791 (w), 772 (s), 731 (s), 695 (m),
621 (vw), 594 (m), 550 (vw), 502 (w), 465 (m), 455 (w). Anal.
(%) Calcd for ngle(,DY(,Brlez (307774 g/mol) C 32.00 H
4.13; found C 30.21 H 4.30. The deviation between theoretical
and experimental microanalytical data can be attributed to
removal of lattice toluene under vacuum.

[Cp*DyBr2(thf)s] (4°*THF). In a vial, Cp*Dy(AlMe4), (18.76
mg, 0.04 mmol) was dissolved in toluene (1.5 ml). Me;GeBr
(19.77 mg, 0.1 mmol) was dissolved in toluene (0.5 ml) and
added. The vial was shaken vigorously and stored at ambient
temperature for 5 min. Afterwards, 10 drops of tetrahydrofuran
were added, and the reaction mixture was stored at -40 °C.
Crystalline 4°YTHF was obtained from a saturated toluene/THF
solution. Crystalline yield: 18.5 mg, 0.025 mmol, 62%. DRIFT
(KBr, cm™): 3584 (vw), 2972 (w), 2899 (m), 2854 (w), 2723
(vw), 1485 (vw), 1453 (w), 1431 (w), 1377 (w), 1345 (vw),
1297 (vw), 1247 (vw), 1191 (w), 1137 (vw), 1062 (vw), 1036
(w), 1009 (vs), 954 (vw), 919 (w), 857 (vs), 804 (vw), 694 (m),
621 (vw), 593 (vw), 576 (vw), 522 (vw), 465 (vw). Anal. (%)
Caled for CosH47DyBrOs (745.95 g/mol) C 41.86, H 6.35;
found C 31.25, H 4.61. The deviation between theoretical and
experimental microanalytical data can be attributed to removal
of coordinated and lattice tetrahydrofuran under vacuum.

[Cp*sY4Cl{Cl3(AlMe2)2}](C-Hs) (5Y). In a  vial,
Cp*Y(AlMes): (7.97 mg, 0.02 mmol) was dissolved in toluene
(1.5 ml). Me;GeCl (7.66 mg, 0.05 mmol) was dissolved in
toluene (0.5 ml) and added. The vial was shaken vigorously and
stored at -40 °C. After 5 d, colorless crystals of 5Y could be
harvested. Crystalline yield: 5.3 mg, 0.003 mmol, 69%. ' H
NMR (400 MHz, [Ds]toluene, 26 °C): § 2.14 (s, 15 H, CCH;),
-0.20 m, 12H, AlMe;) ppm. BC{'H} NMR (101 MHz,
[Ds]toluene, 26 °C): § = 123.8 (Cp), 122.9 (Cp), 12.4 (CpCH3),
12.1 (CpCH3), 12.0 (AlMez) ppm.DRIFT (KBr, cm™): 2970
(m), 2942 (m), 2908 (s), 2861 (m), 2730 (vw), 1651 (vw), 1604
(vw), 1494 (m), 1455 (s), 1434 (m), 1423 (m), 1379 (m), 1249
(vw), 1194 (w), 1065 (w), 1024 (m), 891 (vw), 802 (vw), 729
(vs), 718 (s), 707 (vs), 699 (vs), 583 (m), 464 (w). Anal. (%)
Calcd for CsiHsoALY4Clip (1457.29 g/mol) C 42.03, H 5.53;
found C 42.71, H 5.43.

[(u2-CD)Cp*3Y3Cls(E20)]2(C7Hs)  (SYE0). In a vial,
Cp*Y(AlMes), (15.94 mg, 0.04 mmol) was dissolved in toluene
(1.5 ml). Me;GeCl (15.32 mg, 0.1 mmol) was dissolved in
toluene (0.5 ml) and added. The vial was shaken vigorously and
stored at ambient temperature for 24 h. Afterwards, the solvent
was removed under vacuum. The remaining precipitate was
resuspended in toluene (1 ml), 10 drops of diethylether were
added, and the reaction mixture was stored at ambient
temperature. After 16 h, colorless crystals of SYEtO could be
harvested Crystalline yield: 13.9 mg, 0.007 mmol, 99%. 'H
NMR (400 MHz, [Ds]toluene, 26 °C): § = 3.26 (q, 2Jun = 6.98
Hz, 2H, OCH,CH3), 2.14 (s, 15H, CCH3), 1.09 (t, 2Juu = 6.98
Hz, 3H, OCH,CH;) ppm. BC{'H} NMR (101 MHz,
[Ds]toluene, 26 °C): § = 122.9 (Cp), 12.4 (CpCH3) ppm. DRIFT
(KBr, cm™): 2974 (s), 2945 (s), 2904 (vs), 2858 (s), 2725 (W),
1651 (w), 1602 (w), 1494 (m), 1454 (vs), 1435 (vs), 1392 (s),
1376 (s), 1292 (w), 1246 (w), 1183 (w), 1147 (w), 1086 (m),
1063 (m), 1035 (vs), 1000 (m), 891 (m), 868 (w), 830 (w), 791
(w), 773 (m), 730 (m), 694 (w), 623 (vw), 595 (m), 514 (w),
464 (w). Anal. (%) Calcd for Cs:Hi26Y6Cl1202 (2102.68 g/mol)



C 46.84, H 6.04; found C 45.45, H 5.91. The deviation between
theoretical and experimental microanalytical data can be
attributed to removal of lattice toluene under vacuum.

[Cp*sGdsCl7{Cl3(AlMe2)2}](C:Hs)  (5%Y). In a vial,
Cp*Gd(AlMes), (18.67 mg, 0.04 mmol) was dissolved in
toluene (2 ml). Me;GeCl (15.32 mg, 0.1 mmol) was dissolved
in toluene (0.5 ml) and added. The vial was shaken vigorously
and stored at -40 °C. After 5 d, colorless crystals of 5%¢ could
be harvested. Crystalline yield: 11.3 mg, 0.006 mmol, 62%.
DRIFT (KBr, cm™): 2969 (m), 2944 (s), 2910 (s), 2860 (m),
2730 (vw), 1648 (vw), 1604 (vw), 1494 (w), 1454 (s), 1434 (m),
1421 (m), 1379 (m), 1246 (vw), 1194 (w), 1064 (vw), 1025 (m),
952 (vw), 802 (vw), 728 (s), 706 (vs), 693 (vs), 623 (vw), 582
(w), 464 (w). Anal. (%) Calcd for C4H74Al,Gd4Clyo (1822.81
g/mol) C 35.17, H 4.46; found C 35.07, H 4.20.

[Cp*sThsCl(CLAIMe2)](C7Hs)  (6™). In a  vial,
Cp*Tb(AlMey), (9.37 mg, 0.02 mmol) was dissolved in toluene
(1.5 ml). Me;GeCl (7.66 mg, 0.05 mmol) was dissolved in
toluene (0.5 ml) and added. The vial was shaken vigorously and
stored at ambient temperature. After 7 d, colorless crystals of
6™ could be harvested. Crystalline yield: 7.4 mg, 0.004 mmol,
90%. DRIFT (KBr, cm™): 3086 (vw), 3026 (w), 2971 (m), 2945
(m), 2907 (s), 2860 (m), 2729 (vw), 2163 (vw), 2135 (vw), 2048
(vw), 1652 (vw), 1604 (vw), 1558 (vw), 1539 (vw), 1520 (vw),
1505 (w), 1495 (m), 1456 (m), 1435 (m), 1423 (m), 1378 (m),
1245 (vw), 1194 (w), 1079 (vw), 1065 (vw), 1025 (w), 889
(vw), 802 (vw), 729 (vs), 702 (vs), 695 (vs), 577 (W), 464 (W).
Anal. (%) Calcd for C4H74AITbsCly (1644.86 g/mol) C 35.78,
H 4.53; found C 36.30, H 4.28.

[Cp*sDysCl(CLAIMe2)](CéDg)2  (6°). In a  vial,
Cp*Dy(AlMes), (9.44 mg, 0.02 mmol) was dissolved in
[D6]benzene (0.5 ml). Me;GeCl (7.66 mg, 0.05 mmol) was
dissolved in [Dg]benzene (0.5 ml) and added. The vial was
shaken vigorously and stored at ambient temperature. The
solvent was removed under vacuum to obtain 6P¥ as yellow
powder (6.3 mg, 0.004 mmol, 74%). Single crystals Of 6Y were
grown inside a J.Young NMR tube by storing the reaction
mixture for seven days. DRIFT (KBr, cm™): 3591 (vw), 2969
(W), 2941 (m), 2909 (m), 2859 (w), 2728 (vw), 1487 (vw), 1452
(w), 1433 (w), 1424 (w), 1379 (w), 1196 (w), 1024 (vw), 803
(vw), 772 (vw), 708 (vs), 674 (m), 580 (vw). Anal. (%) Calcd
for Cs4HesD12A1Dy4Clo (1735.32 g/mol) C 37.38, H 5.23; found
C 3541, H 4.44. The deviation between theoretical and
experimental microanalytical data derives likely from removal
of lattice C¢Ds under vacuum.

[(u2-C1)Cp*3DysCls(Et20)]2(C7Hs) (6™Et20). In a vial,
Cp*Dy(AlMes), (18.76 mg, 0.04 mmol) was dissolved in
toluene (1.5 ml). Me;GeCl (15.32 mg, 0.1 mmol) was dissolved
in toluene (0.5 ml) and added. The vial was shaken vigorously
and stored at ambient temperature for 24 h. Afterwards, the
solvent was removed under vacuum. The remaining precipitate
was resuspended in toluene (1 ml), 10 drops of diethylether
were added, and the reaction mixture was stored at ambient
temperature. After 16 h, yellow crystals of 6°YEt20 could be
harvested Crystalline yield: 14.9 mg, 0.006 mmol, 88%. DRIFT
(KBr, cm™): 3612 (vw), 2975 (m), 2946 (m), 2904 (vs), 2858
(m), 2726 (vw), 1493 (w), 1452 (s), 1431 (s), 1392 (m), 1376
(m), 1245 (vw), 1183 (w), 1148 (w), 1086 (m), 1064 (w), 1037
(vs), 1002 (m), 892 (m), 824 (vw), 802 (w), 792 (w), 773 (m),
729 (m), 694 (w), 594 (w), 508 (W), 464 (w). Anal. (%) Caled
fOI‘ szHnsDYﬁChzOz (254431 g/mol) C 3871, H 499, fOlll’ld
C 35.60, H 4.32. The deviation between theoretical and

experimental microanalytical data can be attributed to removal
of lattice toluene and coordinated diethyl ether under vacuum.

[(2-CD)Cp*Ho(AlMes)]2 (7H°). In a vial, Cp*Ho(AlMey),
(9.49 mg, 0.02 mmol) was dissolved in toluene (1.5 ml).
Me;GeCl (7.66 mg, 0.05 mmol) was dissolved in toluene (0.5
ml) and added. The vial was shaken vigorously and stored at
ambient temperature for 24 h. Subsequently the solvent was
removed under vacuum to obtain 7H° as light red powder (7.4
mg, 0.009 mmol, 87%). DRIFT (KBr, cm™): 2973 (s), 2945 (s),
2907 (vs), 2862 (s), 2761 (vw), 2732 (w), 1698 (w), 1683 (W),
1652 (w), 1635 (vw), 1601 (w), 1558 (w), 1539 (w), 1520 (w),
1506 (w), 1488 (m), 1456 (s), 1435 (s), 1379 (m), 1025 (vw),
801 (vw), 728 (w), 694 (w), 590 (vw). Anal. (%) Calcd for
C23H54A12H02C12 (84546 g/mol) C 3978, H 644, found C
25.64, H 3.84. The large difference between theoretical and
experimental values was found for all measurements and
adumbrates the formation of a different species, contrary to
previously reported syntheses. However, crystalline material
could not be obtained, preventing a determination of the exact
substructure.

[(u2-CD)Cp*Er(AlMe4)]z (75). In a vial, Cp*Er(AlMe,), (9.53
mg, 0.02 mmol) was dissolved in toluene (1.5 ml). Me3GeCl
(7.7 mg, 0.05 mmol) was dissolved in toluene (0.5 ml) and
added. The vial was shaken vigorously and stored at ambient
temperature for 7 d. Afterwards, the vial was stored at -40 °C.
After 2 d, light red crystals of 7 could be harvested. Crystalline
yield: 1.3 mg, 0.002 mmol, 15%. DRIFT (KBr, cm™): 2971 (s),
2943 (s), 2907 (vs), 2860 (s), 2731 (w), 1702 (vw), 1683 (vw),
1652 (w), 1602 (w), 1558 (w), 1539 (w), 1506 (w), 1488 (m),
1455 (vs), 1435 (s), 1379 (s), 1196 (vw), 1024 (vw), 900 (vw),
867 (w), 801 (w), 727 (s), 703 (vs), 591 (w), 464 (vw). Anal.
(%) Calcd fOI‘ C28H54A12EI'2C12 (85012 g/mol) C 3956, H 640,
found C 42.22, H 6.40. The difference between the theoretical
and experimental values is likely due to contamination with an
unknown side product.

[(u2-Br)Cp*3Ho3Brs(Et20)]2 (8). In a vial, Cp*Ho(AlMe4)2
(19.00 mg, 0.04 mmol) was dissolved in toluene (1.5 ml)
MesGeBr (19.76 mg, 0.1 mmol) was dissolved in toluene (0.5
ml) and added. The vial was shaken vigorously and stored at
ambient temperature. After a few minutes, the solution became
turbid. After letting the suspension stand for 1 h, diethyl ether
was added dropwise until the suspension became a clear
solution again. After several days, light red crystals formed.
Crystalline yield: 12.6 mg, 0.004 mmol, 61%. DRIFT (KBr, cm’
: 3019 (vw), 2975 (m), 2946 (m), 2901 (s), 2856 (m), 2725
(vw), 1602 (vw), 1493 (m), 1451 (s), 1433 (s), 1390 (m), 1376
(s), 1289 (vw), 1240 (vw), 1187 (w), 1146 (w), 1087 (s), 1064
(m), 1030 (vs), 996 (m), 889 (m), 831 (w), 802 (w), 791 (w),
774 (s), 731 (vs), 695 (m), 621 (vw), 595 (m), 508 (w), 465 (s),
455 (m) Anal. (%) Calcd fOI‘ C82H126H06Br1202 (309234
g/mol) C 31.85, H4.11; found C 31.31, H 4.23.

[{Cp*sErs(us-Br/CHz3)Brs} {(Et:0):AlMe2} "] (9). In a vial,
Cp*Er(AlMes); (9.53 mg, 0.02 mmol) was dissolved in toluene
(1.5 ml). Me;GeBr (9.88 mg, 0.05 mmol)was dissolved in
toluene (0.5 ml) and added. The vial was shaken vigorously and
stored at ambient temperature. After a few minutes, the solution
became turbid. After letting the suspension stand for 1 h, diethyl
ether was added dropwise until the suspension became a clear
solution again. After several days, light red crystals formed in
low yield.
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NMR Spectra
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Figure S1. '"H NMR spectrum (400 MHz) of [Cp*4Y4Br7(Br.AlMe»)] (4Y) in [Ds]toluene at
26 °C (Solvent residual signals: *, solution species: #).
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Figure S2. *C{'H} NMR spectrum (101 MHz) of [Cp*4+Y4Br7(Br2AlMe)] (4Y) in
[Ds]toluene at 26 °C (Solvent residual signals: *).
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Figure S3. '"H NMR spectrum (400 MHz) of [Cp*4Y4Cl7(Cls {AlMez}2)] (5Y) in [Ds]toluene
at 26 °C (Solvent residual signals: *, solution species: #).
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Figure S4. >C{'H} NMR spectrum (101 MHz) of [Cp*4Y4Cl(Cl3{AlMe:}2)] (5Y) in
[Dg]toluene at 26 °C (Solvent residual signals: *).
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Figure S5. '"H NMR spectrum (400 MHz) of [(u2-Br)Cp*3Y3Brs(Et20)]2 (4YEt20) in
[Ds]toluene at 26 °C (Solvent residual signals:*).
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Figure S6. *C{'H} NMR spectrum (101 MHz) of [(u2-Br)Cp*3Y3Brs(Et20)]2 (4YEt20) in
[Ds]toluene at 26 °C (Solvent residual signals:*).

S5



—3.26 =
—214 ~
—1.08 «

5'Et,0

*
@
[+
|
[=]
N
[=+]
N
(2]
g
o
N
]
N
[=]
-
P
=y
[
iy
=
]
o
3
—

B

7.0 6.5 6.0 5.5 5.0 415 4:0 3.5 3.‘0 25 2.|0 1 .‘5 ppm
Figure S7. '"H NMR spectrum (400 MHz) of [(12-C1)Cp*3Y3Cls(Et20)]2 (5YEt20) in
[Dg]toluene at 26 °C (Solvent residual signals: *).
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Figure S8. >C{'H} NMR spectrum (101 MHz) of [(u2-C1)Cp*3Y3Cls(E20)]2 (5YEt20) in
[Dg]toluene at 26 °C (Solvent residual signals: *).
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X-ray Crystallography

X-Ray Crystallography and Crystal Structure Determinations. Crystals of 1 and 4°>YTHF
were grown by standard techniques using saturated solutions of toluene or toluene/THF,
respectively. Crystals of 2Y, 2Tb 2Dy 2Ho 2Er 3 4Y 4YE(0, 469, 40 4Dy 4DYE,0, 5Y,
S5YEt20, 569, 6™, 6PY, 6PYEt20, 7%, 8 and 9 were grown from diluted solutions of [De]benzene
or toluene. Suitable crystals for X-ray structure analyses were selected in a glovebox and coated
with Parabar 10312 (previously known as Paratone N, Hampton Research) and fixed on a
nylon/loop. X-ray data for compounds 1, 2Y, 2Tb, 2Dy 2Ho 2Er 3 4Y 4YE(;0, 464, 4T0 4Dy,
4YE,0, 4°YTHF, 5Y, 5YEt20, 569, 6™, 6PY, 6PYE20, 7%, 8 and 9 were collected on a Bruker
APEX III DUO instrument equipped with an IuS microfocus sealed tube and QUAZAR optics
for MoKy (A = 0.71073 A) radiation. The data collection strategy was determined using
COSMO!l employing ®-scans. Raw data were processed using APEX!?) and SAINTE!
corrections for absorption effects were applied using SADABS*. The structures were solved
by direct methods and refined against all data by full-matrix least-squares methods of F? using
SHELXTLP! and SHELXLE!®!. All graphics were produced employing CSD Mercury 4.1.011.
Further details regarding the refinement and crystallographic data are listed in Table S1 and in
the CIF files. CCDC depositions Nr contain all the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data request/cif.
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Table S1. Crystallographic data for compounds 1, 2Y, and 2P,

1 2Y 2Th
CCDC Nr Nr Nr
formula CisH3oALEr CaoHe0Y4ls Ca0He0Tbalg
M; [g/mol] 476.73 1911.78 2191.86
color/shape pink/block colorless/block colorless/block
crystal 0.397 x 0.366 x 0.302 x 0.292 x 0.309 x 0.230 x
dimensions [mm] 0.262 0.281 0.152
crystal system orthorhombic monoclinic monoclinic
space group Pbca P2i/n P2i/n
a[A] 17.0944(7) 16.540(3) 16.521(4)
b[A] 14.2733(6) 21.893(5) 21.956(6)
c[A] 17.9200(8) 16.708(3) 16.765(5)
o [°] 90 90 90
BI°] 90 118.033(3) 117.947(6)
v [°] 90 90 90
V [A%] 4372.4(3) 5340.6(19) 5372(2)
Z 8 4 4
T [K] 100(2) 100(2) 100(2)
MA] 0.71073 0.71073 0.71073
Pealed [g/em’] 1.448 2378 2.710
u [mm 1] 3.914 8.953 9.825
F (000) 1928 3520 3936
0 range [°] 2.179 —30.548 1.705 —28.282 1.675—-33.182
unique reflections 6693 13235 20517
observed reflections
(1> 20) 76931 138450 189438
R1/wR2 (I > 20) 0.0154/0.0366 0.0257/0.0597 0.0269/0.0619
R1/wR2 (all data) 0.0165/0.0371 0.0309/0.0622 0.0321/0.0652
GOF 1.075 1.168 1.110
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Table S1 (continued). Crystallographic data for compounds 2PY, 2H° and 2Fr,

2Dy 2Ho 2Er
CCDC Nr Nr Nr
formula CaoHeoDy4lg CaoHsoHo4lg CaoHeoEr4lg
M: [g/mol] 2206.16 2215.88 2225.19
color/shape yellow/column orange/plate pink/plate
crystal 0.313x0.141 x 0.186 x 0.166 x 0.170 x 0.148 x
dimensions [mm] 0.092 108 0.099
crystal system monoclinic monoclinic monoclinic
space group P2i/n P2i/n P2i/n
a[A] 16.5329(2) 16.538(2) 16.558(5)
b[A] 21.878(2) 21.878(3) 21.858(7)
c[A] 16.7304(2) 16.697(2) 16.694(5)
o [°] 90 90 90
BI°] 117.999(4) 118.004(5) 118.017(5)
v [°] 90 90 90
V [A%] 5343.2(9) 5333.9(2) 5334(3)
Z 4 4 4
T [K] 100(2) 100(2) 100(2)
MA] 0.71073 0.71073 0.71073
Pealed [g/cm?] 2.742 2.759 2.771
u [mm 1] 10.176 10.524 10.884
F (000) 3952 3968 3984
0 range [°] 1.677 —28.282 1.430 —29.575 2.320-36.373
unique reflections 13226 14950 25894
observed reflections
(1> 20) 116437 181311 234839
R1/wR2 (I> 20) 0.0208/0.0459 0.0191/0.0420 0.0278/0.0633
R1/wR2 (all data) 0.0242/0.0482 0.0218/0.0433 0.0373/0.0685
GOF 1.084 1.097 1.043
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Table S1 (continued). Crystallographic data for compounds 3, 4Y, and 4™,

2Y/Dy 3 4Y
CCDC Nr Nr Nr
formula Ca0He0Y 3.52Dyo0 4515 Ci16H176Al2Gdsli4 Cs25H78AlY4Bro
M; [g/mol] 1947.22 4659.31 1810.94
color/shape yellow/needle colorless/needle colorless/cube
crystal 0.176 x 0.082 x 0.126 x 0.096 x 0.138 x 0.138 x
dimensions [mm] 0.061 0.070 0.134
crystal system monoclinic monoclinic triclinic
space group P2i/n C2/c P1
a[A] 16.5415(2) 40.547(4) 12.5041(2)
b[A] 21.901(2) 11.5341(2) 14.359(2)
c [A] 16.7179(2) 30.103(3) 17.885(3)
a[°] 90 90 98.302(4)
B [°] 118.0450(1) 99.457(2) 93.459(4)
v [°] 90 90 99.096(4)
V [A%] 5345.3(9) 13887(2) 3126.2(8)
Z 4 4 2
T [K] 100(2) 100(2) 100(2)
A AT 0.71073 0.71073 0.71073
Pealed [g/cm?] 2.420 2.228 1.924
u [mm 1] 9.093 6.928 9.474
F (000) 3572 8608 1754
0 range [°] 2.316-30.525 2.037-30.560 1.710 — 28.484
unique reflections 16326 21288 15615
observed reflections
(1> 20) 122636 157602 80097
R1/wR2 (I > 20) 0.0260/0.0569 0.0232/0.0526 0.0612/0.1437
R1/wR2 (all data) 0.0392/0.0618 0.0282/0.0550 0.0857/0.1554
GOF 1.022 1.055 1.033
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Table S1 (continued). Crystallographic data for compounds 4™, 4PY and 5Y.

4Gd 4Tb 40y
CCDC Nr Nr Nr
formula Cs2.5H78A1Gd4Bro Cs2.5H78AlTbsBrog Cs1HesDoAlDy4Brog
M; [g/mol] 2084.31 2090.99 2093.33
color/shape colorless/needle colorless/needle yellow/plate
crystal 0.122 x 0.085 x 0.119 x 0.080 x 0.134x0.111 x
dimensions [mm] 0.051 0.042 0.039
crystal system triclinic triclinic triclinic
space group P1 P1 P1
a[A] 12.5625(2) 12.5308(2) 12.590(9)
b[A] 14.4228(2) 14.417(2) 14.405(1)
c [A] 16.694(5) 17.830(3) 17.369(2)
a[°] 98.088(3) 98.176(3) 97.804(1)
B[] 93.438(3) 93.535(3) 92.32(2)
v [°] 98.756(3) 99.106(3) 99.052(1)
V [A%] 3133.6(7) 3136.6(8) 3076(4)
Z 2 2 2
T [K] 100(2) 100(2) 100(2)
A AT 0.71073 0.71073 0.71073
Pealed [g/cm?] 2.209 2.214 2.260
u [mm 1] 9.962 10.233 10.694
F (000) 1954 1962 1946
0 range [°] 1.164 —26.480 1.158 —28.550 2.085 —28.427
unique reflections 12906 15777 15275
observed reflections
(1> 20) 65097 123126 129412
R1/wR2 (I > 20) 0.0458/0.1020 0.0337/0.0759 0.0382/0.0752
R1/wR2 (all data) 0.0750/0.1166 0.0502/0.0838 0.0640/0.0847
GOF 1.026 1.032 1.093




Table S1 (continued). Crystallographic data for compounds 54, 6™, and 6.

5Y 5Gd 61>
CCDC Nr Nr Nr
formula CssHgs Al Y4Clio CssHgsAl2GdsClio Ca9H74A1TbsClo
M; [g/mol] 1549.43 1822.74 1644.86
color/shape colorless/block colorless/block colorless/column
crystal 0.165 x 0.159 x 0.521 x 0.382 x 0.338x0.172 x
dimensions [mm] 0.149 0.295 0.098
crystal system monoclinic monoclinic triclinic
space group C2/c C2/c P1
a[A] 17.295(3) 17.3782(1) 12.434(4)
b[A] 17.104(3) 17.1784(1) 14.100(4)
c [A] 23.023(4) 23.0945(2) 17.714(5)
a[°] 90 90 97.990(3)
B[] 92.103(3) 91.848(2) 92.832(3)
v [°] 90 90 98.280(3)
V [A%] 6806(2) 6890.8(7) 3035.7(2)
Z 4 4 2
T [K] 100(2) 100(2) 100(2)
A AT 0.71073 0.71073 0.71073
Pealed [g/cm’] 1.512 1.757 1.779
u [mm 1] 3.829 4.247 5.043
F (000) 3152 3552 1588
0 range [°] 1.675—-28.392 1.869 —30.507 2.093 —25.106
unique reflections 8535 10536 10778
observed reflections
(1> 20) 66615 200522 78973
R1/wR2 (I > 20) 0.0335/0.0728 0.0243/0.0569 0.0633/0.1597
R1/wR2 (all data) 0.0490/0.0790 0.0248/0.0572 0.0768/0.1690
GOF 1.022 1.264 1.049
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60y 7Er 8
CCDC Nr Nr Nr
formula Cs1HesDoAIDy4Clo CasHs4ALERCl, Cs2Hi26Ho6Br120;
M; [g/mol] 1693.25 850.12 3092.32
color/shape yellow/plate pink/cube pink/block
crystal 0.206 x 0.132 x 0.083 x 0.077 x 0.109 x 0.066 x
dimensions [mm] 0.072 0.068 0.046
crystal system triclinic triclinic triclinic
space group P1 P1 P1
a[A] 12.3023(2) 8.6376(6) 13.4095(9)
b[A] 14.0595(2) 10.2098(6) 13.9928(9)
c [A] 17.4711(2) 10.2702(7) 14.8556(9)
a[°] 82.367(2) 69.5760(1) 112.001(2)
B[] 89.617(2) 86.6190(1) 113.403(2)
v [°] 84.362(2) 84.1170(1) 90.159(2)
V [A%] 2980.5(4) 844.04(1) 2333.9(3)
Z 2 1 1
T [K] 100(2) 100(2) 100(2)
A AT 0.71073 0.71073 0.71073
Pealed [g/cm’] 1.887 1.672 2.200
u [mm 1] 5.406 5.162 10.201
F (000) 1622 418 1456
0 range [°] 1.755 - 28.282 2.137-28.377 1.595 -26.475
unique reflections 14775 4228 9616
observed reflections
(1> 20) 149864 34829 55568
R1/wR2 (I > 20) 0.0308/0.0700 0.0202/0.0429 0.0288/0.0626
R1/wR2 (all data) 0.0386/0.0762 0.0228/0.0443 0.0399/0.0673
GOF 1.136 1.075 1.043
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9 4YE©20 4"YEt0
CCDC Nr Nr Nr
formula Cs05Hg7.5AlErsBrs sO2  Cg233H12699Y6Bri1.6702  Cs2Hi26DyeBri2O2
M; [g/mol] 2101.95 2614.79 3077.74
color/shape light pink/plate colorless/block yellow/needle
crystal 0.228 x 0.227 x 0.154 x 0.086 x 0.153 x 0.096 x
dimensions [mm] 0.092 0.046 0.061
crystal system triclinic triclinic triclinic
space group P1 P1 P1
a[A] 12.4970(7) 13.3379(2) 13.408(2)
b[A] 14.3576(9) 14.0656(2) 13.995(2)
c [A] 20.4363(2) 14.9091(2) 14.897(2)
a [°] 85.451(2) 112.406(2) 112.078(3)
B[] 73.2930(1) 113.053(2) 113.215(3)
v [°] 65.5400(1) 90.162(2) 90.073(3)
V [A%] 3193.5(3) 2341.0(3) 2343.7(7)
Z 2 1 1
T [K] 100(2) 173(2) 100(2)
A AT 0.71073 0.71073 0.71073
Pealed [g/cm’] 2.186 1.855 2.181
u [mm 1] 10.567 8.697 9.877
F (000) 1978 1279 1450
0 range [°] 1.560 —30.521 1.592 —26.422 1.595 -26.432
unique reflections 19433 9616 9642
observed
reflections 139007 49002 48896
(I>20)
R1/wR2 (I> 20) 0.0261/0.0570 0.0445/0.0948 0.0284/0.0608
R1/wR2 (all data) 0.0358/0.0616 0.0759/0.1071 0.0398/0.0654
GOF 1.028 1.020 1.027
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4>YTHF 5YEt:0 6"YEt:0
CCDC Nr Nr Nr
formula C26H47DyBr204 Cs2Hi26Y6Cl1202 Cs2Hi26Br12DysO2
M; [g/mol] 745.95 2102.68 3077.74
color/shape colorless/block colorless/needle colorless/prism
crystal 0.165x 0.112 x 0.153 x 0.096 x
dimensions [mm] 0333 x 0.282x 0112 0.056 0.061
crystal system monoclinic triclinic triclinic
space group P2i/c P1 P1
a[A] 12.3392(2) 13.1586(6) 13.408(2)
b[A] 11.8911(2) 13.9660(7) 13.995(2)
c [A] 20.227(2) 14.7092(7) 14.897(2)
a [°] 90 112.113(2) 112.078(3)
B[] 104.169(3) 112.827(2) 113.215(3)
v [°] 90 90.299(2) 90.073(3)
V [A%] 2877.6(6) 2271.68(2) 2343.7(7)
Z 4 1 1
T [K] 100(2) 100(2) 100(2)
A AT 0.71073 0.71073 0.71073
Pealed [g/cm’] 1.722 1.537 2.181
u [mm 1] 5.402 4.183 9.877
F (000) 1484 1072 1450
0 range [°] 1.702 —30.538 1.599 —27.157 1.595 -26.432
unique reflections 8778 10058 9642
observed
reflections 132775 56613 48896
(I>20)
R1/wR2 (1> 20) 0.0247/0.0563 0.0354/0.0691 0.0284/0.0608
R1/wR2 (all data) 0.0362/0.0628 0.0547/0.0749 0.0398/0.0654
GOF 1.075 1.023 1.026
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Figure S9. Crystal structure of 1. Hydrogen atoms are omitted for clarity. Atomic displacement
ellipsoids are set at the 50% probability level. Selected interatomic distances [A] and angles
[°]: Er1-C1 2.6321(2), Erl-C2 2.6247(2), Er1-C3 2.6030(2), Er1-C4 2.5990(2), Er1-C5
2.6107(2), Erl---Ctl 2.3261, Er1-C11 2.6373(2), Er1-C12 2.6256(2), Er1-C15 2.5330(2), Er1—
C16 2.5369(2), Erl1--All 2.8978(4), Erl---Al2 3.0870(4), C1-C2 1.418(2), C2—C3 1.4253(2),
C3-C4 1.4187(2), C4-C5 1.4171(2), C1-C5 1.4191(2), C1-C6 1.503(2), Al1-C11 2.0647(2),
Al1-C12 2.0601(2), Al1-C13 1.9772(2), Al11-C14 1.9638(2), C1-C2—C3 107.68(2), C2—C3—
C4 108.01(2), C3—C4—C5 108.06(2), C4—C5—C1 108.00(2), C5-C1-C2 108.25(2), C11-Erl-
C12 79.02(5), C11-Al1-C12 108.54(6), C13—Al1-C14 118.85(7), Er1-C11-All 74.99(5),
Er1-C12-Al1 75.32(5).
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Figure S10. Crystal structure of 2Y. Hydrogen atoms are omitted for clarity. Atomic
displacement ellipsoids are set at the 50% probability level. Selected interatomic distances [A]
and angles [°]: Y1-C1 2.582(3), Y1-C2 2.580(3), Y1-C3 2.599(3), Y1-C4 2.602(4), Y1-C5
2.594(3), Y1--Ctl 2.2948, Y1-I1 3.0557(6), Y1-12 3.0600(6), Y1-17 3.0917(6), Y1-I8
3.0734(6), C1-C2 1.439(5), C2-C3 1.417(5), C3—C4 1.407(5), C4-C5 1.401(5), C1-C5,
1.432(5), C1-C6 1.486(5), C1-C2—C3 107.6(3), C2—C3-C4 108.4(3), C3—C4-C5 108.8(3),
C4-C5-C1 108.3(3), C5-C1-C2 106.9(3), I1-Y 1-12 82.228(2), I7-Y1-18 79.146(2), [1-Y 1-
17 81.670(2), 12-Y1-18 84.174(2), Y1-11-Y2 96.962(2), Y1-12-Y2 97.181(2).
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Figure S11. Crystal structure of 2™. Hydrogen atoms are omitted for clarity. Atomic
displacement ellipsoids are set at the 50% probability level. Selected interatomic distances [A]
and angles [°]: Tb1-C1 2.619(3), Tb1-C2 2.612(3), Tb1-C3 2.621(3), Tb1-C4 2.630(3), Tb1-
C5 2.629(3), Tb1--Ctl 2.3312, Tb1-I1 3.092(3), Tb1-I2 3.071(2), Tb1-I7 3.109(2), Tb1-I8
3.100(3), C1-C2 1.441(5), C2-C3 1.419(5), C3-C4 1.410(5), C4-C5 1.413(5), C1-C5,
1.425(5), C1-C6 1.498(5), C1-C2—C3 107.5(3), C2—C3-C4 108.4(3), C3—C4-C5 108.6(3),
C4-C5-C1 108.1(3), C5-C1-C2 107.4(3), [1-Tb1-12 82.14(7), 17-Tb1-18 79.34(6), [1-Tb1-
17 81.80(7), 12-Tb1-18 84.25(7), Tb1-11-Tb2 96.70(8), Tb1-12-Tb2 97.21(7).
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Figure S12. Crystal structure of 2PY. Hydrogen atoms are omitted for clarity. Atomic
displacement ellipsoids are set at the 50% probability level. Selected interatomic distances [A]
and angles [°]: Dyl-C1 2.589(3), Dy1-C2 2.587(3), Dy1-C3 2.604(3), Dyl-C4 2.611(3),
Dy1-C5 2.599(3), Dy1--Ctl 2.2981, Dy1-1I1 3.0587(4), Dy1-12 3.0500(4), Dy1-17 3.0936(3),
Dyl1-18 3.0752(4), C1-C2 1.439(6), C2—C3 1.415(5), C3—C4 1.408(5), C4-CS5 1.415(5), C1-
C5, 1.416(6), C1-C6 1.498(5), C1-C2-C3 107.5(3), C2—C3—-C4 108.8(3), C3—C4-C5 107.8(3),
C4-C5-C1 108.8(3), C5-C1-C2 107.0(3), I1-Dy1-12 82.343(1), [7-Dyl1-I8 79.222(9), 11—
Dyl1-17 81.596(1), 2-Dy1-I8 84.052(1), Dyl-11-Dy2 96.877(1), Dy1-12-Dy2 97.088(1).
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Figure S13. Crystal structure of 2H°, Hydrogen atoms are omitted for clarity. Atomic
displacement ellipsoids are set at the 50% probability level. Selected interatomic distances [A]
and angles [°]: Hol-C1 2.585(3), Ho1-C2 2.596(3), Ho1-C3 2.601(3), Hol-C4 2.586(3),
Ho1-C5 2.578(3), Hol--Ct1 2.3027, Ho1-I1 3.0662(4), Ho1-12 3.0530(3), Ho1-17 3.0695(4),
Ho1-18 3.0606(4), C1-C2 1.419(5), C2—C3 1.419(5), C3—C4 1.416(4), C4-CS5 1.414(4), C1-
C5,1.418(4),C1-C6 1.511(4), C1-C2-C3 108.3(3), C2—C3-C4 107.9(3), C3—C4—-C5 107.9(3),
C4-C5-C1 108.6(3), C5-C1-C2 107.4(3), I1-Ho1-12 82.031(2), [7-Ho1-I8 79.562(2), 11—
Ho1-17 82.960(2), 12-Ho1-18 82.569(2), Hol-11-Ho2 96.377(2), Ho1-12-Ho2 97.375(2).
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Figure S14. Crystal structure of 2Fr. Hydrogen atoms are omitted for clarity. Atomic
displacement ellipsoids are set at the 50% probability level. Selected interatomic distances [A]
and angles [°]: Er1-C1 2.576(3), Er1-C2 2.575(3), Er1-C3 2.594(3), Er1-C4 2.594(3), Erl—
C5 2.586(3), Erl--Ctl 2.2772, Er1-I1 3.0399(7), Er1-12 3.0317(8), Er1-17 3.0745(7), Er1-18
3.0578(8), C1-C2 1.438(4), C2—C3 1.419(4), C3—C4 1.418(4), C4-C5 1.413(4), C1-C5,
1.428(4), C1-C6 1.502(4), C1-C2-C3 108.0(3), C2—C3—C4 108.1(3), C3—C4-C5 108.4(3),
C4-C5-C1 108.4(3), C5-C1-C2 107.1(3), [1-Er1-I2 82.30(2), I7-Er1-18 79.27(2), I1-Er1-17
81.56(2), 12-Er1-18 84.09(2), Er1-11-Er2 96.96(2), Er1-12-Er2 97.14(2).
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Figure S15. Crystal structure of 2YPY, Hydrogen atoms are omitted for clarity. Atomic
displacement ellipsoids are set at the 50% probability level. Selected interatomic distances [A]
and angles [°]: Y1-C1 2.608(4), Y1-C2 2.579(3), Y1-C3 2.579(4), Y1-C4 2.596(4), Y1-C5
2.614(4), Y1--Ctl 2.2977, Y1-11 3.077(2), Y1-12 3.0332(2), Y1-17 3.0793(2), Y1-I8
3.064(2), Dyl1-C1 2.579(9), Dy1-C2 2.570(8), Dy1-C3 2.613(9), Dy1-C4 2.636(9), Dy1-C5
2.615(9), Dyl--Ctl 2.3063, Dyl-I1 3.003(9), Dyl-12 3.083(6), Dyl-17 3.086(7), Dy1-I8
3.136(9), C1-C2 1.422(4), C2-C3 1.428(4), C3—C4 1.421(4), C4-C5 1.426(4), C1-C5,
1.420(4), C1-C6 1.505(4), C1-C2—C3 108.1(3), C2—-C3-C4 107.7(3), C3—C4-C5 108.2(3),
C4-C5-C1 107.9(3), C5-C1-C2 108.1(3), [1-Y1-12 82.40(5), 17-Y1-18 79.75(5), [1-Y 1-17
82.37(4), 12-Y 1-18 82.35(4), Y1-11-Y2 96.36(4), Y1-12-Y2 97.53(4), [1-Dy1-12 83.8(2), 17—
Dyl1-I8 78.5(2), [1-Dy1-17 83.5 (2), 12-Dy1-18 81.26(2), Dy1-11-Dy2 96.49(2), Dy1-12-Dy2
96.49(2).

S22



Figure S16. Crystal structure of 3. Hydrogen atoms and lattice toluene are omitted for clarity.
Ancillary Cp* (Cp* = CsMes) ligands (except for one) are represented by a wireframe model
for improved visualization. Atomic displacement ellipsoids are set at the 50% probability level.

Table S2. Selected interatomic distances and angles for 3.

Bond lengths [A] Bond angles [°]
Gd1-Cl1 2.650(3) C1-C2-C3 108.1(3)
Gd1-C2 2.656(3) C2-C3-C4 108.1(3)
Gd1-C3 2.676(3) C3-C4-C5 107.8(3)
Gd1-C4 2.670(3) C4-C5-C1 108.0(3)
Gd1-C5 2.656(3) C5-C1-C2 107.9(3)
Gdl1---Ctl 2.3627 [1-Gd1-12 145.036(7)
Gd1-C41 2.677(3) [1-Gd1-13 79.549(1)
Gdl1-11 3.1187(3) 11-Gd1-14 72.749(7)
Gd1-12 3.1151(3) [3-Gd2-14 74.215(9)
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Gd1-13
Gd1-14
Gd2-11
Gd2-13
Gd2-14
Gd2-15
Gd2-17
All-C41
All1-C42
All1-C43
All-C44
Cl1-C2
C2-C3
C3-C4
C4-C5
C1-C5
C1-Ceé

3.2060(3)
3.4524(3)
3.1367(3)
3.2218(3)
3.2703(3)
3.0802(3)
3.1888(3)
2.047(3)
2.064(3)
1.961(4)
1.995(4)
1.419(4)
1.419(4)
1.420(4)
1.423(4)
1.421(4)
1.504(4)

13-Gd2-I5
[3-Gd2-17
Gd1-11-Gd2
Gd1-13-Gd2
Gd1-14-Gd2
Gd2-13-Gd3
Gd2-14-Gd3
Gd2-17-Gd3
Gd1-14-Gd4
Gd1-C41-All
Gd4-C42-All
Ctl---Gd1-C41
14-Gd1-C41
C41-Al1-C42
C41-Al1-C43
C41-Al1-C44
C43-Al1-C44
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146.615(7)
76.765(8)
93.506(2)
90.284(9)
85.294(1)
91.112(8)
88.453(6)
92.379(7)

164.320(7)
171.48(2)
164.03(2)

104.40
77.41(7)
103.90(2)
113.88(2)
110.81(2)
110.2(2)
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Figure S17. Crystal structure of 4Y. Hydrogen atoms and lattice toluene are omitted for clarity.
Ancillary Cp* ligands (except for one) are represented by a wireframe model for improved
visualization. Atomic displacement ellipsoids are set at the 50% probability level. Selected
interatomic distances [A] and angles [°]: Y1-C1 2.575(7), Y1-C2 2.586(7), Y1-C3 2.605(7),
Y1-C4 2.629(9), Y1-CS5 2.589(8), Y1--Ctl 2.2949, Y1-Brl 2.8591(2), Y1-Br2 2.8702(1),
Y1-Br3 3.0982(2), Y1-Br4 2.9324(1), Y1-Br8 2.8842(2), Y2-Brl 2.8160(2), Y2-Br3
2.9679(1), Y2-Br4 2.9881(1), Y2-BrS5 2.8346(2), Y2-Br7 2.9655(1), Al1-Br8 2.440(2), All—-
Br9 2.480(2), Al11-C41 1.954(9), A11-C42 1.945(9), C1-C2 1.427(2), C2—C3 1.440(2), C3—-C4
1.416(2), C4—C5 1.430(2), C1-C5 1.415(2), C1-C6 1.509(2), C1-C2—-C3 107.2(7), C2—C3-C4
108.4(7), C3—C4-C5 107.5(7), C4-C5-C1 108.6(7), C5-C1-C2 108.2(7), Brl-Y1-Br2
144.71(3), Br1-Y1-Br3 77.65(3), Br1-Y 1-Br4 74.00(3), Br1-Y2-Br5 98.03(3), Br1-Y2-Br7
143.63(3), Br3—Y2-Br4 70.83(3), Br3—Y2-Br5 143.82(3), Br3-Y2-Br7 79.81(3), Y1-Br1-Y2
95.33(3), Y1-Br3—-Y2 87.49(3), Y1-Br4-Y2 90.24(3), Y1-Br4-Y4 178.24(3), Y2-Br3-Y3
91.84(3), Y2-Br4-Y3 91.52(3), Y2-Br7-Y3 91.63(3), Y1-Br8—All 124.68(7), Y4-Bro-All
124.84(6), Br8—Al1-Br9 114.37(9), C41-A11-C42 126.5(4).
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Figure S18. Crystal structure of 469, Hydrogen atoms and lattice toluene are omitted for clarity.
Ancillary Cp* ligands (except for one) are represented by a wireframe model for improved
visualization. Atomic displacement ellipsoids are set at the 50% probability level. Selected
interatomic distances [A] and angles [°]: Gd1-C1 2.607(9), Gd1-C2 2.614(9), Gd1-C3
2.659(9), Gd1-C4 2.636(9), Gd1-CS5 2.637(9), Gd1--Ctl 2.3470, Gd1-Brl 2.8923(2), Gd1-
Br2 2.8909(2), Gd1-Br3 3.1053(1), Gd1-Br4 2.9276(2), Gd1-Br8 2.9135(1), Gd2-Brl
2.8559(1), Gd2—Br3 2.9930(1), Gd2—-Br4 3.0055(2), Gd2-Br5 2.8404(1), Gd2-Br7 2.9970(1),
Al1-Br8 2.481(3), A11-Br9 2.444(3), Al1-C41 1.954(9), A11-C42 1.933(9), C1-C2 1.386(2),
C2-C31.410(2),C3—-C41.434(2),C4-C51.392(2),C1-C5 1.428(2), C1-C6 1.508(2), C1-C2-
C3 109.2(9), C2—C3—C4 106.3(9), C3—C4-C5 108.9(9), C4-C5-C1 107.1(9), C5-C1-C2
108.4(9), Br1-Gd1-Br2 146.39(3), Br1-Gd1-Br3 78.42(3), Br1-Gd1-Br4 75.14(3), Brl-—
Gd2-Br5 98.54(3), Brl1-Gd2-Br7 144.36(3), Br3—Gd2-Br4 71.14(3), Br3-Gd2-Br5
144.12(3), Br3—Gd2-Br7 80.06(3), Gd1-Br1-Gd2 93.72(3), Gd1-Br3—Gd2 86.89(3), Gd1-
Br4d-Gd2 89.96(3), Gd1-Br4d—Gd4 178.40(4), Gd2-Br3-Gd3 91.33(3), Gd2-Br4-Gd3
91.69(3), Gd2-Br7-Gd3 91.31(3), Gd1-Br8—All 124.97(7), Gd4-Br9—All 125.01(7), Br8—
All-Br9 113.55(2), C41-A11-C42 126.0(4).
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Figure S19. Crystal structure of 4"™. Hydrogen atoms and lattice toluene are omitted for clarity.
Ancillary Cp* ligands (except for one) are represented by a wireframe model for improved
visualization. Atomic displacement ellipsoids are set at the 50% probability level. Selected
interatomic distances [A] and angles [°]: Tb1-C1 2.602(5), Tb1-C2 2.587(5), Tb1-C3
2.620(5), Tb1-C4 2.633(5), Tb1-C5 2.620(5), Tb1---Ctl 2.3175, Tb1-Brl 2.8798(7), Tb1-Br2
2.8719(7), Tb1-Br3 3.0999(7), Tb1-Br4 2.9356(7), Tb1-Br8 2.8987(7), Tb2—Brl 2.8444(6),
Tb2-Br3 2.9903(6), Tb2—Br4 2.9897(7), Tb2-Br5 2.8248(6), Tb2-Br7 2.9778(6), Al1-Br§
2.4667(2), Al1-Br9 2.4417(2), Al1-C41 1.949(6), A11-C42 1.939(6), C1-C2 1.410(8), C2—C3
1.426(8), C3—C4 1.414(9), C4-C5 1.407(8), C1-C5 1.428(8), C1-C6 1.503(8), C1-C2—C3
108.4(5), C2-C3-C4 107.7(5), C3—C4-C5 108.1(5), C4-C5-C1 108.5(5), C5-C1-C2
107.3(5), Br1-Tb1-Br2 145.520(2), Br1-Tb1-Br3 78.273(2), Br1-Tb1-Br4 74.318(2), Brl—
Tb2-Br5 98.43(2), Brl-Tb2-Br7 143.899(2), Br3-Tb2-Br4 70.771(2), Br3-Gd2-Br5
143.907(2), Br3—Gd2-Br7 79.779(2), Tb1-Br1-Tb2 94.505(2), Tb1-Br3—-Tb2 87.277(2), Tb1—
Br4-Tb2 90.373(2), Tb1-Brd-Tb4 178.19(2), Tb2-Br3—Tb3 91.715(2), Tb2-Brd4—Tb3
91.782(2), Tb2-Br7-Tb3 91.628(2), Tb1-Br8—All 125.06(4), Tb4-Br9—-All 125.11(4), Br8—
Al1-Br9 114.08(7), C41-Al1-C42 126.4(3).
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Figure S20. Crystal structure of 4°Y. Hydrogen atoms and lattice [Ds]benzene are omitted for
clarity. Ancillary Cp* ligands (except for one) are represented by a wireframe model for
improved visualization. Atomic displacement ellipsoids are set at the 50% probability level.
Selected interatomic distances [A] and angles [°]: Dyl1—-C1 2.592(7), Dy1-C2 2.615(6), Dyl—
C3 2.623(6), Dyl-C4 2.596(6), Dy1-C5 2.601(7), Dyl---Ctl 2.309, Dy1-Brl 2.881(2), Dyl—
Br2 2.8753(2), Dy1-Br3 3.092(2), Dy1-Br4 2.925(2), Dy1-Br8 2.908(2), Dy2—-Brl 2.8377(2),
Dy2-Br3 2.9850(2), Dy2-Br4 2.991(2), Dy2-Br5 2.8271(2), Dy2—-Br7 2.9814(2), Al1-Br8
2.488(2), Al11-Br9 2.451(2), Al1-C41 1.946(7), Al1-C42 1.938(7), C1-C2 1.419(1), C2—-C3
1.412(9), C3—C4 1.411(1), C4-C5 1.426(1), C1-CS5 1.430(9), C1-C6 1.500(9), C1-C2-C3
108.3(6), C2—-C3-C4 108.0(6), C3—C4-C5 108.7(6), C4-C5-C1 106.9(6), C5-C1-C2
108.0(6), Br1-Dyl1-Br2 145.97(4), Br1-Dyl1-Br3 78.11(4), Brl-Dyl1-Br4 74.69(2), Brl-
Dy2-Br5 99.54(6), Brl-Dy2-Br7 143.72(3), Br3-Dy2-Br4 70.86(5), Br3—Dy2-Br5
143.28(3), Br3—Dy2—-Br7 79.28(5), Dyl-Br1-Dy2 94.27(3), Dy1-Br3-Dy2 87.20(5), Dyl-
Br4-Dy2 90.23(2), Dyl-Br4-Dy4 178.98(3), Dy2-Br3-Dy3 91.77(6), Dy2-Br4-Dy3
92.24(5), Dy2-Br7-Dy3 92.23(6), Dyl1-Br8—All 124.85(5), Dy4-Br9—All 125.76(6), Br8—
All1-Br9 114.30(9), C41-Al1-C42 126.3(3).
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Figure S21. Crystal structure of 5Y. Hydrogen atoms and lattice toluene are omitted for clarity.
Ancillary Cp* ligands (except for one) are represented by a wireframe model for improved
visualization. Atomic displacement ellipsoids are set at the 50% probability level. Selected
interatomic distances [A] and angles [°]: Y1-C1 2.586(3), Y1-C2 2.593(2), Y1-C3 2.618(3),
Y1-C42.622(3), Y1-C52.589(3), Y1---Ct1 2.3071, Y1-CI1 2.6936(7), Y1-CI2 2.8282(8), Y1—
CI3 2.8867(4), Y1-Cl4 2.6910(8), Y1-CI5 2.7158(8), Y2—CI1 2.6731(7), Y2—CI2 2.7930(8),
Y2-CI3 2.8769(7), Y2-Cl4 2.6835(7), Al1-CI5 2.2479(2), Al1-Cl6 2.3116(1), Al1-C21
1.925(3), Al1-C22 1.940(3), C1-C2 1.413(4), C2-C3 1.397(4), C3—-C4 1.393(4), C4-C5
1.406(4), C1-C5 1.427(4), C1-C6 1.498(4), C1-C2—C3 108.2(2), C2—C3—-C4 108.7(2), C3—
C4-C5 108.5(3), C4-C5-C1 107.5(2), C5-C1-C2 107.2(2), Cl1-Y 1-CI2 77.450(2), C11-Y 1—
CI3 73.814(2), Cl1-Y1-Cl4 143.88(2), C12-Y1-Cl13 69.91(2), CI2-Y 1-Cl4 78.18(2), C13-Y 1-
Cl4 72.97(2), Cl11-Y2-CI2 78.40(2), C11-Y2—Cl13 74.27, C11-Y2-CI2' 142.47(2), C11-Y2-Cl4
103.00(2), C12-Y2-CI2' 78.21(2), C12-Y2-CI13 70.53, C12-Y2-Cl4 141.84(2), C13-Y2-Cl4
73.24, Y1I-Cl1-Y2 96.09(2), YI-CI2-Y2 90.46(2), Y1-CI3-Y2 87.644(2), Y1-CI3-Y1'
173.593), Y1-CI5-All 132.43(4), CI5-Al1-Cl6 98.59(4), C21-Al1-C22 121.80(2), Cl5-
All-C21 113.01(1), CI5-Al1-C22 107.33(2), Cl6—Al1-C21 109.59(1), Cl6-Al1-C22
103.66(2).
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Figure S22. Crystal structure of 564, Hydrogen atoms and lattice toluene are omitted for clarity.
Ancillary Cp* ligands (except for one) are represented by a wireframe model for improved
visualization. Atomic displacement ellipsoids are set at the 50% probability level. Selected
interatomic distances [A] and angles [°]: Gd1-C1 2.635(3), Gd1-C2 2.657(3), Gd1-C3
2.658(3), Gd1-C4 2.632(3), Gd1-C5 2.625(3), Gd1--Ctl 2.3468, Gd1-CI1 2.7296(6), Gd1-
C12 2.8651(6), Gd1-CI3 2.92204(2), Gd1-Cl4 2.7304(6), Gd1-CI5 2.7532(7), Gd2—Cl1
2.7196(7), Gd2—CI2 2.8359(6), Gd2—C13 2.9188(6), Gd2—Cl4 2.7056(6), Al1-CI5 2.2491(2),
Al1-Cl16 2.3010(1), Al11-C21 1.931(3), A11-C22 1.948(4), C1-C2 1.407(4), C2—C3 1.409(4),
C3-C41.415(4),C4-C51.423(4), C1-C5 1.421(4), C1-C6 1.503(4), C1-C2—-C3 108.5(2), C2—
C3-C4 108.2(3), C3—C4-C5 107.6(2), C4-C5-C1 107.8(2), C5-C1-C2 107.9(3), C11-Gd1-
C12 77.94(2), Cl1-Gd1-CI3 73.469(2), Cl11-Gd1-Cl4 144.470(2), C12-Gd1-C13 70.07(2),
C12-Gd1-Cl4 77.183(2), C13-Gd1-Cl4 74.415(2), C11-Gd2—-CI12 78.61, C11-Gd2—-CI3 73.66,
Cl1-Gd2-Cl4 104.35, C12-Gd2-Cl13 70.51, CI2-Gd2—-Cl4 142.80, C13—-Gd2—Cl4 74.83, Gd1-
Cl1-Gd2 95.96(2), Gd1-CI2-Gd2 90.487(2), Gd1-CI3—-Gd2 87.752(2), Gd1-CI3-Gdl'
173.23(3), Gd1-CI5-All 132.32(4), CI15-Al1-Cl6 99.53(4), C21-Al1-C22 121.89(2), CI5-
All-C21 112.80(2), CI5-Al1-C22 106.93(2), Cl6-Al1-C21 109.67(2), Cl6—Al1-C22
103.36(2).

S30



@cm

Figure S23. Crystal structure of 6™°. Hydrogen atoms and lattice toluene are omitted for clarity.
Ancillary Cp* ligands (except for one) are represented by a wireframe model for improved
visualization. Atomic displacement ellipsoids are set at the 50% probability level. Selected
interatomic distances [A] and angles [°]: Tb1-C1 2.585(2), Tb1-C2 2.601(2), Tb1-C3
2.631(2), Tb1-C4 2.629(2), Tb1-C5 2.607(2), Tb1--Ctl 2.3126, Tb1-Cl1 2.726(3), Tb1-CI2
2.722(3), Tb1-Cl13 2.907(3), Tb1-Cl4 2.800(3), Tb1-CI8 2.759(3), Tb2—CI1 2.698(3), Tb2—
Cl13 2.835(3), Tb2—Cl4 2.864(3), Tb2—Cl15 2.685(3), Tb2—C17 2.838(3), Al1-C18 2.310(5), Al1-
Cl19 2.274(5), Al1-C41 1.936(2), A11-C42 1.939(2), C1-C2 1.427(2), C2—C3 1.429(2), C3—C4
1.412(2), C4-C5 1.394(2), C1-C5 1.416(2), C1-C6 1.502(2), C1-C2—-C3 106.9(2), C2—C3-C4
108.2(2), C3-C4-C5 108.3(2), C4-C5-C1 108.9(2), C5-C1-C2 107.7(2), Cl1-Tb1-CI2
143.79(9), C11-Tb1-CI3 76.50(8), C11-Tb1-Cl4 74.18(8), C11-Tb2—CI5 99.81(9), C11-Tb2—-
Cl7 141.95(9), C13-Tb2—-Cl4 69.68(8), C13-Tb2—-Cl5 141.85(9), C13—-Tb2—Cl17 79.20(8), Tb1—
Cl1-Tb2 96.48(9), Tb1-CI3—Tb2 88.34(8), Tb1-Cl4-Tb2 91.16(8), Tb1-Cl4-Tb4 175.93(2),
Tb2—CI3-Tb3 93.16(8), Tb2-Cl4-Tb3 92.15(8), Tb2-CI7-Tb3 93.22(8), Tb1-CI8-All
128.01(2), Tb4—CI19-All 126.64(2), CI18—AI1-CI9 112.10(2), C41-Al1-C42 124.2(6).
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Figure S24. Crystal structure of 6PY. Hydrogen atoms and lattice [Ds]benzene are omitted for
clarity. Ancillary Cp* ligands (except for one) are represented by a wireframe model for
improved visualization. Atomic displacement ellipsoids are set at the 50% probability level.
Selected interatomic distances [A] and angles [°]: Dyl1-C1 2.582(4), Dy1-C2 2.627(4), Dyl—
C32.625(4), Dy1-C4 2.589(4), Dyl1-C5 2.579(4), Dy1---Ct1 2.3003, Dy1-Cl1 2.7172(1), Dy1—
CI2 2.7113(2), Dyl-CI3 2.9511(1), Dyl-Cl4 2.7869(1), Dyl1-CI8 2.7414(2), Dy2—Cl1
2.6890(1), Dy2—C13 2.8288(1), Dy2—Cl4 2.8429(1), Dy2—CI5 2.6716(1), Dy2—Cl17 2.8229(1),
AIl-CI8 2.2996(2), All-Cl19 2.2840(2), Al1-C41 1.952(5), Al1-C42 1.929(5), C1-C2
1.421(6), C2—C3 1.415(7), C3—-C4 1.413(7), C4-C5 1.425(7), C1-C5 1.420(7), C1-Cé6
1.494(6), C1-C2-C3 108.0(4), C2-C3-C4 108.3(4), C3—C4-C5 108.1(4), C4-C5-Cl1
107.6(4), C5-C1-C2 108.0(4), Cl1-Dy1-CI2 143.93(3), Cl1-Dy1-Cl13 76.53(3), Cl1-Dyl—
Cl4 74.23(3), C11-Dy2—C15 100.12(3), Cl11-Dy2—C17 142.07(3), C13—-Dy2—Cl4 69.59(3), C13—
Dy2—-CI5 141.79(3), C13—Dy2—Cl17 78.88(3), Dy1—-Cl1-Dy2 96.33(3), Dy1-CI3—-Dy2 88.33(3),
Dyl1-Cl4-Dy2 91.36(3), Dyl-Cl4-Dy4 175.85(4), Dy2—CI3—-Dy3 93.39(3), Dy2—-Cl4-Dy3
92.49(3), Dy2—Cl17-Dy3 93.10(3), Dyl1-CI8-All 126.95(5), Dy4—CI9-All 126.60(5), CI8—
All-CI9 112.12(7), C41-Al1-C42 124.8(2).
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Figure S25. Crystal structure of 7%'. Hydrogen atoms are omitted for clarity. Atomic
displacement ellipsoids are set at the 50% probability level. Selected interatomic distances [A]
and angles [°]: Er1-C1 2.583(3), Er1-C2 2.601(3), Er1-C3 2.596(3), Er1-C4 2.571(3), Erl—
C52.565(3), Erl---Ctl 2.2896, Er1-C11 2.526(3), Er1-C12 2.509(3), Er1---All 3.0659(8), Er1—
CI1 2.6628(6), Er1-CI11' 2.6801(7), Erl---Erl' 4.1492, C1-C2 1.420(4), C2—C3 1.416(4), C3-
C4 1.422(4), C4-C51.412(4), C1-C5 1.422(4), C1-C6 1.501(4), AI1-C11 2.073(3), Al1-C12
2.070(3), Al1-C13 1.966(3), Al1-C14 1.969(3), C1-C2—C3 108.2(2), C2—C3-C4 107.9(2),
C3-C4-C5108.1(2), C4—C5-C1 108.2(2), C5-C1-C2 107.7(2), C11-Er1-C12 83.94(1), C11—
Al1-C12108.73(2), C13-Al11-C14 117.93(2), Er1-C11-All 82.99(2), Er1-C12—Al1 83.46(1),
CIl1-Er1-C11 83.55(7), Cl11'-Er1-C12 82.93(7), Cl11-Er1-CI11' 78.10(2), Er1-Cl1-Er1' 101.90.
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Figure S26. Crystal structure of 8. Hydrogen atoms and one lattice toluene molecule are
omitted for clarity. Ancillary Cp* ligands and coordinated diethyl ether (except for one each)
are represented by a wireframe model for improved visualization. Atomic displacement
ellipsoids are set at the 50% probability level. Selected interatomic distances [A] and angles
[°]: Hol-C1 2.607(5), Hol-C2 2.622(5), Hol-C3 2.657(5), Hol-C4 2.646(5), Hol-C5
2.605(5), Hol--Ctl 2.3373, Hol-Brl 2.8335(6), Hol-Br3 2.8824(6), Hol-Br4 2.9971(6),
Hol-Br5 2.9492(5), Hol-Br6 2.8407(6), Ho3—-0O1 2.364(4), C1-C2 1.397(8), C2—C3 1.397(8),
C3—C4 1.394(7), C4—C5 1.442(7), C1-C5 1.423(7), C1-C6 1.512(7), C1-C2—-C3 108.5(5), C2—
C3—C4 109.0(5), C3—C4-CS5 107.6(5), C4—C5—C1 106.5(5), C5-C1-C2 108.3(5), Br1-Hol—
Br3 145.970(2), Br1-Ho1-Br4 77.268(2), Brl-Ho1-Br5 76.311(2), Brl1-Ho1-Br6 96.662(2),
Br4-Ho1-Br5 72.066(2), Br4-Hol1-Br6 148.918(2), Br5—Hol-Br6 76.872(2), Br2-Ho3-0O1
92.67(9), Br4—Ho3-01 149.00(9), Br5-Ho3-O1 76.24(9), Hol-Br1-Ho2 94.260(2), Hol—
Br4-Ho2 86.867(2), Hol-Br5-Ho2 90.399(2), Ho1-Br6—Ho2' 140.99(2).
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Figure S27. Crystal structure of 9. Hydrogen atoms are omitted for clarity. Ancillary Cp*
ligands (except for one) and ethyl groups of the bis(diethyl ether) dimethyl aluminum cation
are represented by a wireframe model for improved visualization. Atomic displacement
ellipsoids are set at the 50% probability level. Selected interatomic distances [A] and angles
[°]: Er1-C1 2.612(3), Er1-C2 2.638(3), Er1-C3 2.621(3), Er1-C4 2.579(3), Er1-C5 2.580(3),
Erl--Ctl 2.3085, Erl-Brl 2.8603(4), Er1-Br2 2.8794(4), Erl-Br3' 2.8616(4), Erl-Br4'
2.8604(4), Er1-CO01/Br5 2.85237(2), Al1-C41 1.932(5), Al1-O1 1.871(3), C1-C2 1.414(5),
C2-C3 1.419(5), C3—C4 1.415(5), C4—C5 1.430(5), C1-CS5, 1.429(5), C1-C6 1.514(5), C1-
C2-C3 107.9(3), C2—-C3-C4 108.6(3), C3—C4-C5 107.8(3), C4-C5-C1 107.4(3), C5-C1-C2
108.3(3), Br1-Er1-Br2 79.181(1), Br3'-Er1-Br4' 82.210(1), Br1-Er1-Br3' 146.788(2), Brl—
Er1-Br4' 90.922(2), Er1-Brl-Er2 90.693(2), Erl-Br2-Er2 89.104(2), Erl-C01/Br5—Er2
90.620(6), Er1-C01/Br5-Er1' 180.0, Ctl---Er1-CO01/Br5 179.47, C41-A11-C42 125.6(3), O1-
Al1-02 96.18(2), C41-Al1-0O1 107.7(2).
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Figure S28. Crystal structure of 4YEt20. Hydrogen atoms and one lattice toluene molecule are
omitted for clarity. Ancillary Cp* ligands and coordinated diethyl ether (except for one each)
are represented by a wireframe model for improved visualization. Atomic displacement
ellipsoids are set at the 50% probability level. Selected interatomic distances [A] and angles
[°]: YI-C1 2.607(6), Y1-C2 2.620(6), Y1-C3 2.629(6), Y1-C4 2.647(7), Y1-CS5 2.621(6),
Y1--Ctl 2.3339, Y1-Brl 2.8534(8), Y1-Br3 2.8718(8), Y1-Br4 3.0717(9), Y1-Br5 2.9170(9),
Y 1-Br6 2.8135(1), Y1-C06 2.86(4), Y3—-O1 2.366(4), C1-C2 1.411(9), C2—C3 1.427(9), C3—
C41.391(1), C4-C5 1.396(2), C1-C5 1.417(1), C1-C6 1.491(1), C1-C2-C3 107.4(6), C2—C3—
C4 108.7(6), C3—C4-CS5 107.8(7), C4—-C5-C1 109.2(6), C5—-C1-C2 107.0(6), Br1-Y1-Br3
145.72(3), Br1-Y1-Br4 75.81(2), Br1-Y1-Br5 76.75(2), Br1-Y1-Br6 99.14(3), Br4-Y 1-Br5
71.31(2), Br4-Y1-Br6 149.29(3), Br5-Y1-Br6 78.03(3), Br2-Y3-01 92.42(2), Br4-Y3-01
149.14(2), Br5-Y3-0O1 76.32(2), Y1-Br1-Y2 94.20(2), Y1-Br4-Y2 86.67(2), Y1-Br5-Y2
90.85(2), Y1-Br6-Y2' 141.60(4), Y1-C06—-Y2' 143.3(2).
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Figure S29. Crystal structure of 4°YEt20. Hydrogen atoms and one lattice toluene molecule
are omitted for clarity. Ancillary Cp* ligands and coordinated diethyl ether (except for one
each) are represented by a wireframe model for improved visualization. Atomic displacement
ellipsoids are set at the 50% probability level. Selected interatomic distances [A] and angles
[°]: Dyl-C1 2.637(5), Dyl-C2 2.610(5), Dyl-C3 2.622(5), Dyl1-C4 2.651(5), Dyl1-C5
2.666(5), Dyl --Ctl 2.3572, Dyl-Brl 2.8487(7), Dyl-Br3 2.8925(7), Dyl-Br4 3.0088(7),
Dy1-Br5 2.9451(7), Dyl1-Br6 2.8528(6), Dy3-01 2.371(3), C1-C2 1.389(8), C2—-C3 1.417(7),
C3-C4 1.432(7), C4-C51.402(8), C1-C5 1.404(8), C1-C6 1.512(8), C1-C2—C3 108.8(5), C2—
C3-C4 106.8(5), C3—C4-C5 107.6(5), C4-C5-C1 108.5(5), C5-C1-C2 108.4(5), Br1-Dyl—
Br3 146.234(2), Br1-Dy1-Br4 77.462(2), Br1-Dy1-Br5 76.257(2), Br1-Dy1-Br6 96.550(2),
Br4-Dyl1-Br5 72.062(2), Br4—Dyl-Br6 148.974(2), Br5—Dyl-Br6 76.94(2), Br2-Dy3-Ol1
92.48(9), Br4-Dy3-01 148.89(8), Br5-Dy3-01 76.08(8), Dyl-Brl-Dy2 93.925(2), Dyl—
Br4-Dy2 86.729(2), Dyl1-Br5-Dy2 90.686(2), Dy1-Br6—Dy2' 141.24(2).
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Figure S30. Crystal structure of 4»YTHF. Hydrogen atoms are omitted for clarity. Atomic
displacement ellipsoids are set at the 50% probability level. Selected interatomic distances [A]
and angles [°]: Dyl-C1 2.716(3), Dy1-C2 2.668(2), Dyl-C3 2.649(2), Dyl-C4 2.691(2),
Dyl1-C5 2.724(3), Dyl--Ctl 2.4043, Dyl-Brl 2.8282(4) , Dyl-Br2 2.8301(4) , Dyl-Ol1
2.4243(2) , Dyl1-02 2.3834(2) , Dy1-03 2.4866(2), C1-C2 1.410(4) , C2—C3 1.412(3) , C3—
C41.419(4),C4-C51.421(4), C1-C5 1.419(4), C1-C6 1.504(4), C1-C2-C3 108.3(2), C2—C3—
C4 108.0(2), C3—C4-C5 107.8(2), C4—C5-C1 107.8(2), C5-C1-C2 108.1(2), Br1-Dy1-Br2
154.587(9), Br1-Dy1-0O1 86.52(4), Br1-Dy1-02 88.09(4), Br1-Dy1-03 76.89(4), O1-Dy1—
02 150.05(6), O1-Dyl-0O3 75.65(6), O2-Dyl1-O3 74.43(6), Ctl---Dyl-Brl 103.00,
Ctl---Dyl1-Br2 102.41, Ct1--Dy1-O1 106.75, Ctl---Dy1-02 103.17, Ct1---Dy1-03 177.60.
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Figure S31. Crystal structure of 5YEt20. Hydrogen atoms and one lattice toluene molecule are
omitted for clarity. Ancillary Cp* ligands and coordinated diethyl ether (except for one each)
are represented by a wireframe model for improved visualization. Atomic displacement
ellipsoids are set at the 50% probability level. Selected interatomic distances [A] and angles
[°]: YI-CI1 2.640(5), Y1-C2 2.660(5), Y1I-C3 2.647(5), Y1-C4 2.610(4), Y1-CS5 2.630(5),
Y1--Ctl 2.3456, Y1-CI1 2.6926(8), Y1-CI13 2.7305(8), Y1-Cl4 2.8495(8), Y1-CI5 2.8032(8),
Y1-CI6 2.6861(8), Y3—O1 2.349(2), C1-C2 1.376(8), C2—C3 1.430(8), C3—C4 1.427(7), C4—
C51.430(7), C1-C5 1.393(8), C1-C6 1.507(7), C1-C2—C3 108.4(5), C2—C3-C4 106.7(4), C3—
C4-C5107.4(5), C4-C5—C1 107.5(4), C5—-C1-C2 109.9(5), C11-Y 1-C13 144.70(1), Cl11-Y 1—
Cl4 76.18(1), CI11-Y1-CI5 76.20(1), C11-Y1-Cl6 93.01(3), Cl4-Y1-CI5 70.80(1), Cl4-Y1-
Cl6 147.76(1), CIS-Y1-Cl6 77.16(1), C12-Y3-0O1 92.26(6), Cl4-Y3-0O1 148.24(6), CI5-Y3—
01 76.72(6), Y1-CI1-Y2 95.55(3), Y1-Cl4-Y2 87.52(2), Y1-C15-Y2 91.37(2), Y1-Cl6-Y2'
144.10(3).
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Figure S32. Crystal structure of SPYEt20. Hydrogen atoms and one lattice toluene molecule
are omitted for clarity. Ancillary Cp* ligands and coordinated diethyl ether (except for one
each) are represented by a wireframe model for improved visualization. Atomic displacement
ellipsoids are set at the 50% probability level. Selected interatomic distances [A] and angles
[°]: Dyl-C1 2.605(6), Dyl-C2 2.644(6), Dyl-C3 2.646(6), Dyl-C4 2.633(6), Dyl1-C5
2.623(6), Dyl1--Ctl 2.3358, Dyl-CI1 2.7057(2), Dyl1-Cl13 2.7261(2), Dyl-Cl4 2.9216(2),
Dy1-CI5 2.7764(2), Dy1-Cl6 2.6801(2), Dy3—-0O1 2.363(4), C1-C2 1.405(9), C2—C3 1.413(9),
C3-C41.398(1), C4-C51.429(9), C1-C5 1.422(9), C1-C6 1.503(9), C1-C2—-C3 108.5(6), C2—
C3-C4 108.1(6), C3—C4—C5 108.4(6), C4-C5—C1 107.0(6), C5—C1-C2 108.0(6), Cl1-Dyl—
CI3 144.24(5), Cl1-Dy1-Cl4 74.87(4), Cl11-Dy1-CI5 76.42(4), C11-Dy1-Cl16 99.26(5), Cl4—
Dy1-CI5 70.18(4), Cl4-Dy1-Cl6 148.10(5), C15-Dy1-Cl6 77.95(5), CI12-Dy3-01 92.50(2),
Cl4-Dy3-0O1 147.96(2), Cl5-Dy3-0O1 76.36(2), Dyl-Cl1-Dy2 95.43(5), Dyl1-Cl4-Dy2
87.54(2), Dyl1-Cl15-Dy2 91.57(4), Dy1-Cl6-Dy2' 144.17(6).
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Figure S33. DRIFT spectrum of Cp*Er(AlMes): (1).
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Figure S34. DRIFT spectrum of [Cp*Y12]s (2Y).

S41




8§ & 5 o .
Fig i
FF o B o2
13+ > 5
| & 8 2
12+ <'u:
, :
.
! 8 8
1= I
, 4
10+ b o
, EN N
8
8
&
5
g
g
.
8
2
2 8
7 g
.
3
2
|
3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600
Wavenumbers (cm-1)
i *Tblx]4 (2P
Figure S35. DRIFT spectrum of [Cp 2]4
g 8 8
g 8
g T o
g 8
g
g
B
e <
-
° g 2
2
8
8
~ w0
2
o
B
g
3
3
] gls 3
g gl E 7
.
5
g
i
&
3
3
g

2727.28

3800 3600 3400 3200 3000 2800 2600 2400 2200 2000

Wavenumbers (cm-1)

1300

1600

1400

1200

1178.90

1000

800

Figure S36. DRIFT spectrum of [Cp*Dylz]4 (2PY).
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Figure S38. DRIFT spectrum of [Cp*Erlz]4 (2F7)
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EDX Spectroscopy

2628
SE MAG: 252 x HV: 20,0 kV WD: 15,8 mm Px: 0,54 pm..="

Figure S57. SEM image of crystalline [Cp*YL2]4 (2Y) of area 3, where EDX spectroscopy was
performed.

Table S3. Results of EDX spectroscopy of area 3 (Fig. S57).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Y 26.03 33.43 2.36 25.94 33.33
I 73.97 66.57 4.70 74.06 66.67
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SE MAG: 250 x HV: 20,0 kV_ WD: 15,8 mm_ Px: 0,55 pms

Figure S58. SEM image of crystalline [Cp*Y12]4 (2Y) of area 5, where EDX spectroscopy was
performed.

Table S4. Results of EDX spectroscopy of area 5 (Fig. S58).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Y 26.11 33.53 2.54 25.94 33.33
I 73.89 66.47 5.06 74.06 66.67
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SE MAG: 250 x HV: 20,0 kV WD: 15,7 mm Px: Q.8

Figure S59. SEM image of crystalline [Cp*Y12]4 (2Y) of area 7, where EDX spectroscopy was
performed.

Table S5. Results of EDX spectroscopy of area 7 (Fig. S59).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Y 26.24 33.68 2.64 25.94 33.33
I 73.76 66.32 5.23 74.06 66.67

Table S6. Averaged results of all EDX analyses for 2Y (10 measurements).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Y 26.20 33.63 2.49 25.94 33.33
I 73.80 66.37 4.94 74.06 66.67
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SE MAG: 400 x HV: 30,0 kV WD: 14,3 mm PXx: (

Figure S60. SEM image of crystalline [Cp*TbLz]s (2™) of area 2, where EDX spectroscopy
was performed.

Table S7. Results of EDX spectroscopy of area 2 (Fig. S60).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Tb 38.18 33.02 2.34 38.51 33.33
| 61.82 66.97 4.17 61.49 66.67
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SE MAG: 701 x HV: 30,0 kV . WD: 14,3 mm Px: 0,19 ym

Figure S61. SEM image of crystalline [Cp*TbLz]s (2™) of area 5, where EDX spectroscopy
was performed.

Table S8. Results of EDX spectroscopy of area 5 (Fig. S61).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Tb 38.68 33.49 2.82 38.51 33.33
| 61.32 66.51 4.94 61.49 66.67
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SE MAG: 400 x HV: 30,0 kV WD: 15,0 mm /|

Figure S62. SEM image of crystalline [Cp*TbLz]s (2™) of area 8, where EDX spectroscopy
was performed.

Table S9. Results of EDX spectroscopy of area 8 (Fig. S62).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Tb 38.25 33.10 2.84 38.51 33.33
I 61.75 66.90 5.08 61.49 66.67

Table S10. Averaged results of all EDX analyses for 2T° (12 measurements).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Tb 38.33 33.17 2.61 38.51 33.33
I 61.67 66.84 4.64 61.49 66.67
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G: 1000 x HV: 30,0kV WD: 15 4 ym

Figure S63. SEM image of crystalline [Cp*Dyl>]4 (2PY) of area 5, where EDX spectroscopy
was performed.

Table S11. Results of EDX spectroscopy of area 5 (Fig. S63).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Dy 39.94 34.18 2.36 39.03 33.33
I 60.06 65.82 3.93 60.97 66.67
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SE MAG: 1100 x HV: 30,0 kV. WD: 1

Figure S64. SEM image of crystalline [Cp*Dyl>]4 (2PY) of area 6, where EDX spectroscopy
was performed.

Table S12. Results of EDX spectroscopy of area 6 (Fig. S64).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Dy 39.67 33.93 2.13 39.03 33.33
I 60.33 66.07 3.60 60.97 66.67
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SE MAG: 1000 x HV: 30,0 D50 mm Px: 0,14 ym

Figure S65. SEM image of crystalline [Cp*Dyl>]4 (2PY) of area 7, where EDX spectroscopy
was performed.

Table S13. Results of EDX spectroscopy of area 7 (Fig. S65).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Dy | 39.76 34.01 2.04 39.03 33.33
| 60.24 65.99 3.42 60.97 66.67

Table S14. Averaged results of all EDX analyses for 2P (9 measurements).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Dy | 39.95 34.20 2.23 39.03 33.33
I 60.05 65.80 3.71 60.97 66.67
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SE MAG: 390 x HV: 30,0 kV WD: 14,5 mm Px: 0,35 uym

Figure S66. SEM image of crystalline [Cp*Holz2]4 (2H°) of area 2, where EDX spectroscopy
was performed.

Table S15. Results of EDX spectroscopy of area 2 (Fig. S66).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Ho 39.09 33.05 1.65 39.39 33.33
I 60.91 66.95 2.81 60.61 66.67
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SE MAG: 900 x HV: 30,0 kV WE

Figure S67. SEM image of crystalline [Cp*Holz2]4 (2H°) of area 7, where EDX spectroscopy
was performed.

Table S16. Results of EDX spectroscopy of area 7 (Fig. S67).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Ho 39.32 33.27 2.53 39.39 33.33
I 60.68 66.73 4.19 60.61 66.67
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SE MAG: 400 x HV: 30,0 kV WD: 14,3 mm Px: 0,34 um

Figure S68. SEM image of crystalline [Cp*Holz2]4 (2H°) of area 2, where EDX spectroscopy
was performed.

Table S17. Results of EDX spectroscopy of area 2 (Fig. S68).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Ho 39.09 33.05 2.04 39.39 33.33
I 60.91 66.95 3.42 60.61 66.67

Table S18. Averaged results of all EDX analyses for 2H° (15 measurements).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Ho 38.94 32.92 2.56 39.39 33.33
I 61.06 67.08 431 60.61 66.67
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SE MAG: 250 x HV: 20,0 kV WD: 14,7 mm Px: 0,55 um

Figure S69. SEM image of crystalline [Cp*Erl2]4 (25%) of area 1, where EDX spectroscopy was
performed.

Table S19. Results of EDX spectroscopy of area 1 (Fig. S69).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Er 39.40 33.03 2.87 39.72 33.33
I 60.60 66.97 3.58 60.28 66.67
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SE MAG: 1050 x HV: 20,0 kV WD: 14,2 mm Px: 0,13 pm

Figure S70. SEM image of crystalline [Cp*Erl2]4 (25%) of area 3, where EDX spectroscopy was
performed.

Table S20. Results of EDX spectroscopy of area 3 (Fig. S70).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Er 39.52 33.15 2.82 39.72 33.33
I 60.48 66.85 4.47 60.28 66.67
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.30 X HV: 20,0 kV WD: 14,2 mm Px: 0,46 Hm

Figure S71. SEM image of crystalline [Cp*Erl2]4 (25%) of area 4, where EDX spectroscopy was
performed.

Table S21. Results of EDX spectroscopy of area 4 (Fig. S71).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Er 39.40 33.04 3.01 39.72 33.33
I 60.60 66.96 4.80 60.28 66.67

Table S22. Averaged results of all EDX spectroscopy for 2F7 (11 measurements).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Er 39.47 33.10 2.77 39.72 33.33
I 60.53 66.90 4.39 60.28 66.67
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SE MAG: 2000 x HMEe D: 14,9 mm Px: 68 nm

Figure S72. SEM image of crystalline [(Cp*sGdsl7{AlMes})2] (3) of point 6, where EDX
spectroscopy was performed.

Table S23. Results of EDX spectroscopy of point 6 (Fig. S72).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Gd 40.01 32.97 2.89 40.73 33.33
I 58.45 59.68 4.40 57.52 58.33
Al 1.53 7.36 0.29 1.75 8.33
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SE MAG: 4000 x HV: 20,0 kV WD: 14,9 mm Px: 34 nm

Figure S73. SEM image of crystalline [(Cp*sGdsl7{AlMes})2] (3) of point 8, where EDX
spectroscopy was performed.

Table S24. Results of EDX spectroscopy of point 8 (Fig. S73).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Gd 40.66 33.42 3.12 40.73 33.33
I 57.71 58.77 4.62 57.52 58.33
Al 1.63 7.80 0.32 1.75 8.33
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SE MAG: 2000 x HV: 20,0 kV WD: 15,0 mm Px: 68 nm

Figure S74. SEM image of crystalline [(Cp*sGdsl7{AlMes})2] (3) of point 10, where EDX
spectroscopy was performed.

Table S25. Results of EDX spectroscopy of point 10 (Fig. S74).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Gd 40.01 32.97 2.89 40.73 33.33
I 58.45 59.68 4.40 57.52 58.33
Al 1.53 7.36 0.29 1.75 8.33

Table S26. Averaged results of all EDX analyses for 3 (12 measurements).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Gd 41.47 33.92 3.11 40.73 33.33
I 56.72 57.48 441 57.52 58.33
Al 1.81 8.61 0.34 1.75 8.33
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SE MAG: 3000 x HV: 30,0 kV WD: 15,2 mm Px: 46 nm

Figure S75. SEM image of crystalline [Cp*s4YsBro(AlMez)] (4Y) of point 4, where EDX
spectroscopy was performed.

Table S27. Results of EDX spectroscopy of point 4 (Fig. S75).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Y 31.93 28.33 2.11 32.28 28.57
Br 65.77 64.94 3.78 65.27 64.29
Al 2.30 6.73 4.00 2.45 7.14
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D0 x HV: 30,0 kV WD: 15,2 mm Px: 91 nm

Figure S76. SEM image of crystalline [Cp*s4YsBro(AlMez)] (4Y) of point 7, where EDX
spectroscopy was performed.

Table S28. Results of EDX spectroscopy of point 7 (Fig. S76).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Y 31.28 27.49 2.44 32.28 28.57
Br 65.96 64.51 4.58 65.27 64.29
Al 2.76 7.99 5.86 2.45 7.14
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D0 x HV: 30,0 kV WD: 15,2 mm Px: 91 nm

Figure S77. SEM image of crystalline [Cp*s4YsBro(AlMez)] (4Y) of point 9, where EDX
spectroscopy was performed.

Table S29. Results of EDX spectroscopy of point 9 (Fig. S77).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Y 31.80 27.98 2.43 32.28 28.57
Br 65.47 64.10 4.45 65.27 64.29
Al 2.73 7.92 5.67 2.45 7.14

Table S30. Averaged results of all EDX analyses for 4Y (11 measurements).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Y 31.81 27.89 2.33 32.28 28.57
Br 65.26 63.66 4.23 65.27 64.29
Al 2.93 8.45 5.79 2.45 7.14
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SE MAG: 400 x HV: 20,0 kV WD: 15,7 mm Px: 0,34 pm

Figure S78. SEM image of crystalline [Cp*4sGdsBro(AlMe>)] (4¢9) of point 2, where EDX
spectroscopy was performed.

Table S31. Results of EDX spectroscopy of point 2 (Fig. S78).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Gd 47.28 29.55 2.20 45.74 28.57
Br 50.36 61.87 2.78 52.30 64.29
Al 2.36 8.58 3.12 1.96 7.14
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Figure S79. SEM image of crystalline [Cp*4Gds4Bro(AlMe2)] (4%9) of point 7, where EDX
spectroscopy was performed.

Table S32. Results of EDX spectroscopy of point 7 (Fig. S79).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Gd 45.79 28.44 3.08 45.74 28.57
Br 52.00 63.57 4.11 52.30 64.29
Al 2.21 7.99 4.23 1.96 7.14
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SE MAG: 400 x HV: 20,0 k\MlD: 15,7 mm PX: 0,34 |

Figure S80. SEM image of crystalline [Cp*4GdsBro(AlMe2)] (4%9) of point 8, where EDX
spectroscopy was performed.

Table S33. Results of EDX spectroscopy of point 8 (Fig. S80).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Gd 44.66 27.66 2.02 45.74 28.57
Br 53.29 64.96 2.81 52.30 64.29
Al 2.04 7.38 2.63 1.96 7.14

Table S34. Averaged results of all EDX analyses for 449 (14 measurements).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Gd 31.81 27.89 2.33 45.74 28.57
Br 65.26 63.66 4.23 52.30 64.29
Al 2.93 8.45 5.79 1.96 7.14
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SE MAG: 1000 x HV: V £ 14,6 mm Px: 0,14 pm

Figure S81. SEM image of crystalline [Cp*4TbsBro(AlMez)] (4™) of point 3, where EDX
spectroscopy was performed.

Table S35. Results of EDX spectroscopy of point 3 (Fig. S81).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Tb 45.58 28.05 3.06 46.00 28.57
Br 52.21 63.92 3.45 52.04 64.29
Al 2.22 8.03 4.50 1.95 7.14
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Figure S82. SEM image of crystalline [Cp*4TbsBro(AlMe2)] (4™) of point 6, where EDX
spectroscopy was performed.

Table S36. Results of EDX spectroscopy of point 6 (Fig. S82).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Tb 46.76 29.21 2.89 46.00 28.57
Br 51.34 63.79 3.13 52.04 64.29
Al 1.90 7.00 2.51 1.95 7.14
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SE MAG: 1000x H ',0 kV WD: 14,6 mm Px: 0,14 Hm

Figure S83. SEM image of crystalline [Cp*4TbsBro(AlMe2)] (4™) of point 7, where EDX
spectroscopy was performed.

Table S37. Results of EDX spectroscopy of point 7 (Fig. S83).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Tb 45.90 28.40 3.19 46.00 28.57
Br 52.03 64.04 3.56 52.04 64.29
Al 2.07 7.56 3.24 1.95 7.14

Table S38. Averaged results of all EDX analyses for 4™ (12 measurements).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Tb 45.65 28.24 3.08 46.00 28.57
Br 52.32 64.37 3.48 52.04 64.29
Al 2.03 7.39 3.61 1.95 7.14
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SE MAG: 1850 x HV: 30,0 kV WD: 15,0 mm Px: 74 nm

Figure S84. SEM image of crystalline [Cp*sDysBro(AlMe»)] (4PY) of area 2, where EDX
spectroscopy was performed.

Table S39. Results of EDX spectroscopy of area 2 (Fig. S84).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Dy 46.30 28.47 3.17 46.56 28.57
Br 51.92 64.94 3.50 51.51 64.29
Al 1.78 6.58 2.82 1.93 7.14

S80



2111
SE MAG: 1000 x HV: 30,0 kV WD: 14,8 mm Px: 0,14 pm

Figure S85. SEM image of crystalline [Cp*sDysBro(AlMe2)] (4PY) of area 4, where EDX
spectroscopy was performed.

Table S40. Results of EDX spectroscopy of area 4 (Fig. S85).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Dy 47.16 29.03 3.22 46.56 28.57
Br 50.87 63.68 3.43 51.51 64.29
Al 1.97 7.29 2.86 1.93 7.14
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SE MAG: 1500 x HV: 30,0 kV WD: 14,9 mm Px: 91 nm

Figure S86. SEM image of crystalline [Cp*4sDysBro(AlMe2)] (4PY) of area 9, where EDX
spectroscopy was performed.

Table S41. Results of EDX spectroscopy of area 9 (Fig. S86).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Dy 47.05 28.93 2.97 46.56 28.57
Br 50.97 63.74 3.18 51.51 64.29
Al 1.98 7.33 2.99 1.93 7.14

Table S42. Averaged results of all EDX analyses for 4Y (11 measurements).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Dy 46.23 28.25 3.12 46.56 28.57
Br 51.64 64.10 3.51 51.51 64.29
Al 2.08 7.65 2.84 1.93 7.14
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SE MAG: 1000 x HV: 30,0 kV WD: 15,1 mm Px: 0,14 pm

Figure S87. SEM image of crystalline [Cp*sY4Clio(AlMe2)2] (5Y) of point 2, where EDX
spectroscopy was performed.

Table S43. Results of EDX spectroscopy of point 2 (Fig. S87).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Y 46.40 24.88 3.19 46.54 25.00
Cl 46.33 62.28 3.84 46.40 62.50
Al 7.27 12.84 0.95 7.06 12.50
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SE MAG: 1100 x HV: 30,0 kV WD: 15,1 mm Px: 0,12um =

Figure S88. SEM image of crystalline [Cp*sY4Clio(AlMe:)2] (5Y) of point 5, where EDX
spectroscopy was performed.

Table S44. Results of EDX spectroscopy of point 5 (Fig. S88).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Y 46.28 24.83 3.09 46.54 25.00
Cl 46.95 63.19 3.82 46.40 62.50
Al 6.77 11.97 0.87 7.06 12.50
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SE MAG: 700 x HV: 30,0 kV . WD: 14,9 mm Px: 0,20 um

Figure S89. SEM image of crystalline [Cp*sY4Clio(AlMe:)2] (5Y) of point 9, where EDX
spectroscopy was performed.

Table S45. Results of EDX spectroscopy of point 9 (Fig. S89).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Y 46.13 24.65 2.77 46.54 25.00
Cl 46.30 62.03 3.36 46.40 62.50
Al 7.57 13.32 0.88 7.06 12.50

Table S46. Averaged results of all EDX analyses for 5Y (11 measurements).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Y 46.51 24.99 3.08 46.54 25.00
Cl 46.45 62.56 3.75 46.40 62.50
Al 7.04 12.46 0.90 7.06 12.50
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SE MAG: 3510 x HV: 20,0 kV WD: 15,0 mm Px: 39 nm

Figure S90. SEM image of crystalline [Cp*4GdsClio(AlMez)2] (5¢¢) of point 3, where EDX
spectroscopy was performed.

Table S47. Results of EDX spectroscopy of point 3 (Fig. S90).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Gd 61.01 25.33 3.66 60.63 25.00
Cl 34.03 62.66 2.58 34.17 62.50
Al 4.96 12.01 0.61 5.20 12.50
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SE MAG: 2000 x HV: 20,0 kV WD: 15,1 mm Px: 68 nm

Figure S91. SEM image of crystalline [Cp*4GdsClio(AlMez)2] (5¢%) of point 5, where EDX
spectroscopy was performed.

Table S48. Results of EDX spectroscopy of point 5 (Fig. S91).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Gd 61.14 25.44 3.90 60.63 25.00
Cl 33.92 62.59 2.74 34.17 62.50
Al 4.94 11.97 0.64 5.20 12.50
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SE MAG: 3000 x HV: 20,0 kV WD: 15,0 mm Px: 46 nm

Figure S92. SEM image of crystalline [Cp*4GdsClio(AlMez)2] (5¢%) of point 3, where EDX
spectroscopy was performed.

Table S49. Results of EDX spectroscopy of point 3 (Fig. S92).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Gd 61.60 25.78 4.08 60.63 25.00
Cl 33.36 61.92 2.80 34.17 62.50
Al 5.04 12.30 0.67 5.20 12.50

Table S50. Averaged results of all EDX analyses for 54 (12 measurements).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Gd 60.56 24.97 3.78 60.63 25.00
Cl 34.30 62.70 2.71 34.17 62.50
Al 5.13 12.33 0.65 5.20 12.50
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SE MAG: 2200 x HV: 30,0 kV WD: 1

Figure S93. SEM image of crystalline [Cp*sTbsClo(AlMe2)] (6™) of area 2, where EDX
spectroscopy was performed.

Table S51. Results of EDX spectroscopy of area 2 (Fig. S93).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Tb 64.38 28.24 4.55 64.75 28.57
Cl 32.86 64.61 3.22 32.50 64.29
Al 2.77 7.14 0.48 2.75 7.14
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SE MAG: 300 x HV: 30,0 kV WD: 15

Figure S94. SEM image of crystalline [Cp*sTbsClo(AlMe2)] (6™) of area 4, where EDX
spectroscopy was performed.

Table S52. Results of EDX spectroscopy of area 4 (Fig. S94).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Tb 65.04 28.86 3.82 64.75 28.57
Cl 32.41 64.46 2.64 32.50 64.29
Al 2.56 6.68 0.38 2.75 7.14

S90



2477
SE MAG: 300 x HV: 30,0 kV_ WD: 14,8 mm P3

Figure S95. SEM image of crystalline [Cp*sTbsClo(AlMe2)] (6™) of area 11, where EDX
spectroscopy was performed.

Table S53. Results of EDX spectroscopy of area 11 (Fig. S95).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Tb 65.14 28.96 4.40 64.75 28.57
Cl 32.37 64.52 3.03 32.50 64.29
Al 2.49 6.52 0.42 2.75 7.14

Table S54. Averaged results of all EDX analyses for 6™ (12 measurements).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Tb 64.18 28.07 3.98 64.75 28.57
Cl 33.00 64.68 2.83 32.50 64.29
Al 2.82 7.25 0.43 2.75 7.14
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SE MAG: 500 x HV: 30,0 kV WD: 15,0 mm Px: 0,27 um

Figure S96. SEM image of crystalline [Cp*sDysClo(AlMe2)] (6PY) of area 4, where EDX
spectroscopy was performed.

Table S55. Results of EDX spectroscopy of area 4 (Fig. S96).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Dy 65.22 28.52 3.51 65.26 28.57
Cl 32.00 64.14 2.40 32.03 64.29
Al 2.78 7.33 0.38 2.71 7.14
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SE MAG: 500 x HV: 30,0 kV WD:

Figure S97. SEM image of crystalline [Cp*sDysClo(AlMe;)] (6Y) of area 10, where EDX
spectroscopy was performed.

Table S56. Results of EDX spectroscopy of area 10 (Fig. S97).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Dy 65.32 28.64 3.70 65.26 28.57
Cl 32.00 64.31 2.52 32.03 64.29
Al 2.67 7.05 0.38 2.71 7.14
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SE MAG: 500 x HV: 30,0 k 15,0 mm Px:

Figure S98. SEM image of crystalline [Cp*4sDy4Clo(AlMe:)] (6PY) of area 11, where EDX
spectroscopy was performed.

Table S57. Results of EDX spectroscopy of area 11 (Fig. S98).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Dy 65.25 28.60 3.63 65.26 28.57
Cl 32.23 64.75 2.50 32.03 64.29
Al 2.52 6.65 0.36 2.71 7.14

Table S58. Averaged results of all EDX analyses for 6PY (11 measurements).

Element norm. wt. % norm. atom 30 norm. wt. % norm. atom %
% calc. calc.
Dy 65.46 28.76 3.85 65.26 28.57
Cl 31.86 64.15 2.61 32.03 64.29
Al 2.68 7.09 0.40 2.71 7.14
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Magnetic Measurements

Sample Preparation and Measurement Details

Magnetic measurements were recorded on a Quantum Design MPMS-XL7 SQUID
magnetometer equipped with a 7 T magnet. Crystals of [Cp*Dyl2]4 were gently crushed (not
ground into a powder) and added to a 7 mm NMR tube. A small amount of eicosane was melted
onto the crystals to prevent the crystals from experiencing torque effects. The samples were
then flame-sealed under a slight negative pressure. Samples masses were 32.8 mg for
[Cp*Dylz]4 and 59.2 mg for the magnetically dilute version Dy@[Cp*YL2]a.

Direct current (DC) magnetic susceptibility measurements were performed in the temperature
range 1.9-300 K with an applied field of 1000 Oe. AC susceptibility measurements were
performed using an AC field of 3 Oe in zero DC field for [Cp*Dylz]4 and for the 10%
magnetically dilute sample Dy@[Cp*Y12]4. Diamagnetic corrections were made using Pascal’s
constants.

l-a :
20 )= g+ X =20+ Qav,7) “sin(az /2)] Equation 1
1+227v, ) sin(ax /2)+(2zv,7)*"™
" (Zs - Zoo )(27Z.Vacz-)l_a COS((Z” / 2)
X (V“C) - l-a s 2(1-a)
1+2Q27v,7) “sin(ar /2)+(27v,.7)

Equation 2

Tt = gyleVett/keT 4 CT™ + 147y Equation 3

Ues is the effective energy barrier to reversal of the magnetization (the anisotropy barrier).
T is the pre-exponential factor (or attempt time).

Cis the Raman coefficient.

n is the Raman exponent.

Zarm is the QTM time and 747, is the QTM rate.

Magnetic property measurements.

Static Field (DC) Magnetic Susceptibility and Isothermal Magnetization
Measurements.

The temperature-dependence of the Xm7 product, where Xm is the molar magnetic
susceptibility, is shown in Figure S99. The measurements were made at 1 K intervals in the
region 2-30 K, 5 K intervals in the region 30-50 K, and 10 K intervals in the region 90-300 K.
The value of Xm7 at 300 K is 52.82 cm?® K mol™! or 13.21 cm® K mol™! per Dy*" ion (4f°, SHisp).
These data are typical of a molecule consisting of four weakly coupled Dy** ions, which should
produce a theoretical maximum Xm7 value of 56.4 cm® K mol™!. The discrepancy between the
measured and predicted susceptibility is about 7%, which is normal for a compound of this type.
The steady decrease in the susceptibility with decreasing temperature is also typical of a
polymetallic dysprosium compound, reflecting progressive depopulation of the excited crystal
field levels and, probably, weak antiferromagnetic exchange interactions. At 2 K, the value of
XuT is 31.31 cm® K mol™!. The field-dependence of the magnetization was measured at
temperatures of 1.9, 3.0 and 5.0 K (Figure S100). The results are also typical, showing a steep
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increase in magnetization in fields up to about 1.5 T, before increasing more slowly at higher
field. The data at 1.9 K come close to saturation but do not fully saturate, reaching M = 18.89
NB in a field of 7 T. The magnetization of 4.72 NB per Dy*" is slightly (7%) well below the
theoretical value of 10 N3, but this again has been observed previously in many compounds of
this nature and is the signature of magnetic anisotropy. The magnetic hysteresis curve is typical
of a dysprosium SMM in which there is extensive mixing of the M; wavefunctions within the
magnetic ground state of the ®H;s» multiplet, i.e. narrow or waist-restricted loops.

Dynamic Field (AC) Magnetic Susceptibility Measurements.
The in-phase (real component, X") and out-of-phase (imaginary component, X"') AC magnetic
susceptibility as functions of the AC frequency (v) were measured at various temperatures in
the range 1.9-22 K. Zero DC field was used. The data are shown in Figures S101 and S102,
respectively.

The observation of well-defined maxima in zero DC field indicate SMM properties. However,
relatively complex behavior is apparent, indicated by the observation of two groups of curves
in green and red/yellow, respectively. The data point towards the occurrence of multiple
thermally activated relaxation processes, although with the low-temperature set of curves (in
green) quantum tunnelling of the magnetization (QTM) is apparent from the weak temperature-
independence of the peak maxima. The Cole-Cole plots of X' versus X" in Figure S103 further
suggest the occurrence of multiple relaxation process in the region 7= 6-9 K, since for a single
relaxation process these curves would be semi-circular. From the Cole-Cole plot in Figure
S103, it is possible to determine the relaxation time (7) for each temperature. A plot of In (7/s)
against ! allows the magnetic relaxation to be modelled using equation 3.

The relaxation time data for [Cp*Dylz]4 are normal outside the temperature range 6-9 K, but
very unusual if these temperatures are also considered. For the entire data set, a good fit using
equation 3 is not possible. A rough estimate of anisotropy barrier can be obtained by considering
the region in which In t has a linear dependence on 7. In the region 7= 12-19 K, a linear fit
using the Orbach term =% = 15 e Vett/kBT yields Uesr ~ 142(3) cm™ with 7o~ 1.6(2) x 10°'°
s. Alternatively, if the data points at 6-9 K are omitted, a good fit (R* = 0.99930) of the data
from high to low temperature can be obtained using: Uerr= 164(10) cm™, 7= 2(2) x 10-!!s, C
=3126)x 108 s K™ n=903), torm ' = 9.3(4) s~! or zgrm = 0.107(4) s. Given the significant
differences in the key bond lengths and angles, all parameters represent an average for the four
dysprosium sites in each disordered molecule. Note that the region in which the data points
have been omitted from the fit corresponds to the crossover region in which dominant thermal
activation typically gives way to dominant Raman relaxation, before entering the QTM regime.
The result is a significant error on the Raman coefficient C, which in this case is not physically
meaningful.

The anisotropy barrier is reasonable for a molecule containing dysprosium in the geometry

found in the crystal structure. That is, the [Cp*]™ ligand will provide a dominant axial crystal

field; however, the iodide ligands provide a competing equatorial crystal field that allows

significant mixing of the various M, wavefunctions within the ground ’Hjs, multiplet of Dy**.

This scenario should facilitate relaxation predominantly via the first-excited Kramers doublet.
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The proposed explanation is also consistent with the prominent QTM at low temperatures,
which is common in dysprosium SMMs with non-negligible equatorial components to the
crystal field (i.e. almost all dysprosium SMMs).

In terms of the molecular structure, a possible explanation for the observed multiple relaxation
processes and unusual data points in the 6-9 K region could be crystallographic disorder, which
is observed at the four distinct dysprosium positions and the eight iodide positions (Figure
S105). The differences in the bond lengths and angles associated with dysprosium and the atoms
bound to it are chemically very significant. Depending on the relative occupancies of the
various disordered sites, each environment would have its own SMM signature, but this
scenario would be impossible to resolve with AC susceptibility measurements. Experimentally,
all possible dysprosium sites giving rise to a unique relaxation process would be superimposed.

In addition, it is reasonable to expect non-negligible exchange interactions between the various
dysprosium centers, which complicate matters considerably. The total exchange is the sum of
the dipolar and ligand-mediated super-exchange. The dipolar part would involve one
dysprosium interacting with two adjacent dysprosium centers and with the diagonally opposite
dysprosium, with each of the six possible interactions being of a different magnitude because
of the asymmetry in the structure. Although likely to be weak, the super-exchange would further
complicate the picture. In an effort to resolve the complex properties of [Cp*Dyl2]4, AC
susceptibility measurements on the magnetically dilute sample Dy@[Cp*Y12]4 (10% dilution
level) were performed. These experiments effectively switch off all the available intra- and
inter-molecular exchange pathways, allowing the properties to be studied at the level of single
Dy*" ions. The AC susceptibility and relaxation time data are shown in Figures S106-109. The
results show that the dynamic magnetism in the dilute version is qualitatively similar to that of
the pure dysprosium sample but quantitatively different. In particular, the variation of X"(v)
with temperature is more uniform, resulting a more normal dependence of In (z/s) on 7'

For the dilute sample, a very good fit (R? = 0.99274) of the relaxation time data was possible
with the following parameters: Uer= 204(25) cm™, 70=6.6(1) x 10 *s, C=13)x 108 57!
K", n=9(1), orm ' = 0.13(3) s™! or 7orm = 7.88(4) s. Thus, a slight increase in the anisotropy
barrier occurs upon dilution, as is often observed for lanthanide SMMs. The rate of QTM is
slower and the QTM time is longer in the dilute sample, consistent with the elimination of
exchange pathways in the dilute sample.
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Figure S99. Temperature-dependence of cm7 in the range 2-300 K for [Cp*Dyl2]4.
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Figure S100. Left: Field (H) dependence of the magnetization (M) at 1.9 K (blue circles), 3.0
K (black circles) and 5.0 K (red circles) for [Cp*Dylz]s. Right: Magnetic hysteresis collected
at 1.9 K under a varying field sweep rate (1.1 mT s™! | 0-1 | T,3.0mTs™! | 1-2 | T,45mT s
"]2-3| Tand 8.5mTs™! |3-5] T).
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Figure S101. Frequency dependence of the in-phase susceptibility (') for [Cp*Dyl:]4 in zero
DC field at v=1-1488 Hz and temperatures of 1.9-22 K. Solid lines represent fits to the data
using equation 1.
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Figure S102. Frequency dependence of the out-of-phase susceptibility (") for [Cp*Dyl2]4 in
zero DC field at v= 1-1488 Hz and temperatures of 1.9-22 K. Solid lines represent fits to the
data using equation 2.
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Figure S103. Cole-Cole plots for the AC susceptibilities in zero DC field for [Cp*Dyl2]4 from
1.9-22 K. Solid lines represent fits to the data using equations 1 and 2.
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Figure S104. Left: plot of natural log of the relaxation time (¢) vs. inverse temperature for
[Cp*Dylz]4. The solid red line indicates a fit of the data from 12-19 K using only the Orbach
term =1 = 15 te Vett/k8T Right: the same data with a fit (R> =0.99930) according to equation
3 and the parameters stated in the text, with the data points from 6-9 K omitted.
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Figure S105. The two disordered components of [Cp*Dylz]4. The Dy—Ct distances are shown.
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Figure S106. Frequency dependence of the in-phase susceptibility (3') for Dy@[Cp*YL2]4 in
zero DC field at v=1-1488 Hz and temperatures of 2-22 K. Solid lines represent fits to the data
using equation 1.

5101



0.20

0.15

22K

Figure S107. Frequency dependence of the out-of-phase susceptibility (") for [Cp*Dyl2]4 in
zero DC field at v= 1-1488 Hz and temperatures of 1.9-22 K. Solid lines represent fits to the
data using equation 2.
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Figure S108. Cole-Cole plots for the AC susceptibilities in zero DC field for [Cp*Dyl2]4 from
1.9-22 K. Solid lines represent fits to the data using equations 1 and 2.
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Figure S109. Plot of natural log of the relaxation time (#) vs. inverse temperature for
Dy@[Cp*YI,]4. The solid red line indicates a fit (R> = 0.99274) according to equation 3 and
the parameters stated in the text.
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Appendix

Analytical data of compounds not included in the main results or manuscripts
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[Cp2Ce(AlMes)] DAB40 [Cp*'Dy(AlMes)2] DAB69
Ri[[>20(1)] 3.09%, wRa (all data) 7.77%  Ri[I>26(1)] 1.59%, wR2 (all data) 3.99%
a=13.554(5) A o =90° a=11.7994(3) A o =90°
b=13447(5)A  B=96.835(6)° b=15.5598(4) A B =91.5020(10)°
c= 13.812(4)A vy =90° Cc= 13.9552(4)A vy =90°
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[Cp*2CeN3(AlMes)]2 JB26 2 [Cp*Ce(AlMes)(AlMe3)N3]2 JB27 2
Ri[I>20(1)] 2.65%, wR3 (all data) 6.80%  Ri[I>20(I)] 5.60%, wR2 (all data) 15.24%
a=10.8795(11) A o =90° a=9.6465(13) A o =97.843(3)°
b=12.8273(13) A B=103.091(2)° b=10.1182(14) A B=93.530(3)°
Cc= 18.2181(19)A vy =90° Cc= 12.8953(18)A vy=110.852(3)°
Additional analyses: '"H NMR, Additional analyses: '"H NMR,

I3C{'H}NMR, EA, IR I3C{'H}NMR, EA, IR
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