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Abstract

Although rare-earth-metal clusters serve aaldished model systenfsr distinct reaction
patterns, the formation process of metal teliss is rather complex and often not well

understood.

Primarily, the process of forrian of high-nuclear lanthanideusters was scrutinized. The
halfsandwich tetramethylaluminate complexe&IGAIMes)2 (R = MaSi (Cp'), Me& (Cp*))
were treated with different hdogenido-transfer reagents (&, MesGeBr, MaGeCl) to
afford multinuclear Ln clusters. By applying mdéaluchanges to the synthesis protocol, effects
of various parameters on the cluster formationd be revealed. The sterically less demanding
Cp' ligand enabled cluster enlargement ® diodecametallic lanthanum clusters [Cp'blax

(X =1, Br) and characterizath by NMR spectroscopy in contrastthe Cp* ligand, yielding
the nonanuclear cluster [Cp*Lfd. Similarly, the larger iodido and bromido ligands afforded
the larger coordinatin clusters [Cp'LaXi12 (X = I, Br) compared tthe smaller chlorido ligand,
where the decametallic cluster [Cp'L&lad was isolated. Changingdhrare-earth-metal center
from lanthanum to marginally smaller ceriwonpraseodymium metal centers revealed a size
effect for the metal center byhe isolation of structurlyl diverse clusters, e.g. the
hexadecanuclear lanthanide nanowheel 4@pls]4 (Ln = Ce, Pr). Lastly, establishing a
kinetically controlled reaction pathway via a dgfon synthesis protocehabled the isolation

of lanthanide clusters with gtinct structural motifs that came exclusively obtained by this
route, such as the desilylatedttanuclear lanthanum clusteu{Cp)XCpsCesl14]. Further
mechanistic studies by NMR spectroscopy wewsaducted on the trinuclear model cluster
[Cp*3Y 3(U2-Me)s(us-CHz) (ps-H)(thf)s], featuring a rare mix@ methyl/methylidene/hydrido
derivative, which gave detailed insight on thecess of formation of simple lanthanide

clusters.

Additionally, the physicochemical propertiestbé complexes were investigated. The cerium
precursor complexes and clusters both shamedesting photoluminescence behavior, which
can be precisely tuned by changing the ligaystem. Furthermore, clusters showing single-
molecule magnet (SMM) behavior were targdbgdising ferromagnetic lanthanides as metal
centers. The obtained tetraneet dysprosium cluster [Cp*Dyjk then displayed single-
molecule magnetism properties, hence estadtigent of a straightfvard synthesis route

toward potential SMM clusters was feasible.
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Zusammenfassung

Seltenerdmetallcluster dienen als etablidvtedellsysteme fiir spezifische Reaktionswege.
Dennoch ist der Bildungsprozess von Clusthothgradig komplex und haufig auch nur

unzureichend charakterisiert.

Im Wesentlichen wurde der Bildungsprozesa &eltenerdmetallclustern genauer untersucht.
Die Halbsandwich-Tetramethylaluminatkomplexe ROp(AlMes)2 (R = MeaSi (Cp'), Me
(Cp*) wurden mit den Halogenido-Transferreagenzien s@e MesGeBr, MeGeCl)
umgesetzt um mehrkernige Seltenerdmetallclugiegrhalten. Durch gezielte Anderungen im
Syntheseprotokoll wurden die Auswirkungen ehisdener Faktoren auf die Clusterbildung
untersucht. Der sterisch weniger anspruchHev@lp'-Ligand ermdglichte die Synthese der
groBeren zwolfkernigen Cluster [Cp'LgdX (X = I, Br) sowie eine NMR-spektroskopische
Charakterisierung im Gengensatz zum Cpgdrnden, der den neunkernigen Cluster [CpZ]eal
als Produkt lieferte. Gleichermal3en ergabengrol3eren lodido- unBromido-Liganden die
groReren Cluster [Cp'Lak2 (X = I, Br) im Gegensatz zukleineren Chlorido-Liganden, mit
dem der zehnkernige Cluster [Cp'La@d isoliert werden konnte. Ein Wechsel des
Metallzentrums hin zu den geringfiigig kleiner€er- oder Praseodym-Metallzentren zeigte
einen Groleneffekt auf, welcher durch dielitsyung strukturell vielfaltiger Cluster, wie
beispielsweise dem sexhnkernigen Nanorad [Gphals]a, belegt werden konnte. Zuletzt
konnte durch eine Diffusions-ReaktionstechnikeeMethode etabliert werden, welche die
Synthese von Clustern durch einen kinetischiatiierten Mechanismus ermagglichte. Dadurch
konnten Cluster isoliert werdewelche ausschlief3lich Ubgiese Route zuganglich sind, wie
der achtkernige, desilylierte Lanthan-Clusten-pXCpsCesli4]. Weitere mechanistische
Untersuchungen mittels NMR Spektroskopweurden am dreikernigen Modellcluster
[Cp*3Y 3(U2-Me)s(pus-CHz) (us-H)(thf)s]  durchgefihrt, welcher eine sehr seltene
Methyl/Methyliden/Hydrid-Vebindung darstellt, und dethdrte Einblicke in den

Bildungsprozess einfacher Seltath@etallcluster ermoglichte.

AulRerdem wurden die physikochemischen Eighafien der Komplexe untersucht. Sowohl

die Cer-Vorstufen als auch die Cer-Cluster zeigten interessante
Photolumineszenzeigenschaften, welche duda Wahl des Ligandensystems angepasst
werden konnten. Zusatzlich sollten durch den Einbau ferromagnetischer Seltenerdmetallzentren
potenzielle Einzelmolektulmagnet-Cluster symigiert werden, was fur den vierkernigen

VIiI



Dysprosiumcluster [Cp*Dyl4 mdglich war. Hierdurch konntere? einfache Syntheseroute fir

Einzelmolekilmagnet-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 metalorgani@are-earth-metalclusters and motli the developed
synthesis protocols, and examine the physicmited properties like molecular magnetism or

photoluminescence behavior.

Chapter A gives a review on rare-earth-metal alkylaluminate complexes and their
derivatization as well asynthesis strategies, propertesd 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 paa p@iblication nor a manuscript, are presented
in Chapter C. This section contains cyclopentadiesypported complexes, investigations on

their photoluminescence progies, and redox chemistry.

Publications are compiled @hapter E.
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Rare-Earth-Metal Clusters




2 INTRODUCTION

1 Introduction

Metal cluster compounds represém intermediate state between the molecular level and the
solid-state. As such, metal clusters serve adahsystems for studying reactivities and exhibit
unique structural motif8:4 Despite numerous examples oftal€lusters andynthesis routes,

the formation procedure of metdlisters is still beely understood, and often involves complex
self-assembly processég! Therefore, the development afynthesis strategies toward

controlled cluster formation represeatpopular target worth striving for.

Over the past decades, rare-earth-metal clugi@rsed significant scientific interest due to
important possible areas of apmaliions, including magnetic coolifft}*! single-molecule
magnetism!®>22 and optical applicatiorl$ 23261 The formation process of polynuclear rare-
earth-metal complexes is highly influencedaoymultitude of parameters, though the key factor
is undoubtedly the choice of the synthesis medium. Larfedlusters are usually synthesized
by self-assembly processes in donor medishydro- or solvothermal synthes$ist™ 27-?°land
often feature the incorporation of transitimetal heteroatoms within the cluster cfet* 3
Switching the reaction medium to a non-coordinating solvent is accompanied with a significant
decrease in cluster nuclearty, with the so far largest structlly charactézed donor-free
rare-earth-metal cluster [@SmClz4] by TEUBEN.Z The applied synthesis protocol of
dechlorosilylation of the activated rare-earth-metal salt St by MeSiCp with
subsequent removal of coordinated THF und#uxehints at the necessity of distinct and

precisely controlled reaction mechanismistfee synthesis of lanthanide clusters.

This overview will cover the synthesis and spible applications of rare-earth-metal
coordination clusters. Special consideration \&gito different ligand systems as well as the
applied synthesis protocol. Sincérad variety of lanth@de 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 firdhals with the synthesis and derivatization of
discrete rare-earth-metal halide complexedprge covering different types of lanthanide
coordination clusters and their respective synthesites. The last part gives an overview of
current applications of organo-rare-earth-metasters, focusing on the two major aspects of

optical and magnetic properties.



RARE-EARTH-METAL TETRAMETHYLALUMINATES 3

2 Rare-Earth-Metal Tetramethylaluminates

The first homoleptic rare-earth-metal tetramethylaluminate complexes LngRIK1€" Ln =

Y, La, Nd) were synthesized byAls via a two-step reaction protoddl Treatment of the
respective rare-earth-metal trichlorides with LiNMeesulted in the formation of
Ln(NMez2)s(LiCl) 3, which was subsequently reacted vaitess trimethylaluminum to generate
the rare-earth-metal tris(tetramethylalum@)atomplexes. Even though known for two and a
half decades now, the series of homoleptic-eangh-metal tetramethylaluminates — except for
Pm — was only recently completed bywWaNDER et al. with the isolation of the respective
Sc(AlMes)s (159 compound®* In contrast to other rare-earth-metal tris(tetramethylaluminate)
complexed3® 3539 the successful synthesis @f¢ requires a low-temperature synthesis
protocol, treating the sndium ate complex [kScMes(thf)1.2] with AIMes and subsequent

workup steps between -40 °C and -15 °C.

Scheme Al. Conventional synthesis routes towa homoleptic ree-earth-metal
tris(tetramethylaluminate) complexes Ln(AIMe®33 For scandium, single-crystalline

Sc(AlMes)3 was isolable only with 0.5 nhecules of co-crystallized AVies.

Depending mainly on the metal size, homolepdie-earth-metal tetramethylaluminates show
similar reactivities. The donor-indad cleavage with a stoicetric amount of diethylether
(Et:0) allows the conversion into the respeetivimethylated rare-earth-metal compoulifis.
40 Furthermore, this conversiaran be reversed by again auglia stoichiometric amount of
trimethylaluminum, re-generating the trefamethylaluminate) complexes again.

Moreover, complexes Ln(AIMgs (1-") are efficient precursors for the synthesis of
halfsandwich-type lanthanide bis(tetramgaluminate) compounds. Providing several
advantageous features like variable steeémand and excellent stabilizing propertiésthe

cyclopentadienyl ligand or its dedtives are commonly used for the syntheses of this type of



4 RARE-EARTH-METAL TETRAMETHYLALUMINATES

complexes. AWANDER et al. reported on the first halfsandwich lanthanide
bis(tetramethylaluminate) complexessk@s)Ln(AlMeas)2 (2-", CsMes = Cp*) accessible by
treatment of the halfsandwich silylamide complexed&®)Ln[N(SiHMe2)z]2 (Ln =Y, Lu; R

= H, Me, SiHMe, SiMes, SiHPh) with 4 equivalents of trimethylaluminum, forming the
respective mono-pentamethylcyclopentadienyle+@arth-metal bis(tetramethylaluminate)
compounds (Cp*)Ln(AlM&2 (2'").1*2l Further advances in thgynthesis of halfsandwich
derivatives involve syntheses via protonolysisait metathesis of the respective homoleptic
rare-earth-metal tris(tetramethylalurates) with cyclopentadiene derivati#&s or the
corresponding alkali metal salt4. Meanwhile, a plethora of variously substituted
cyclopentadienyl rare-earth-metal bégtamethylaluminates) was isolatét® Similar to the
respective homoleptic complex&s, halfsandwich-type lanthanidas(tetramethylaluminate)

complexes serve as efficient catalyststfe polymerization ofonjugated diend&> 46 49. 521

Scheme A2. Synthesis of halfsandwich pemethylcyclopentadienyl (Cp*)
bis(tetramethylaluminate) ighanide complex Cp*Ln(AIMg2 (2-).142

In general, three different coordination meder rare-earth-metal tetramethylaluminates

were determined in the solid state. Depending on the steric demand of the ligand,
tetramethylaluminato ligands can either adopt ghigh steric saturation of the metal ceritér)

or a 3-coordination mode (low sterisaturation of the metal centé¥, though the most
common one is the?-coordination motif, that complexgs” and2-" display in the crystal
structure. The respective halfsandwich complekésevealed two different structural motifs,

a planar and a bent coordination of tReetramethylaluminato ligantf!

Halfsandwich bis(tetramethylaluminate) raagtb-metal complexes engage in selective
derivatization reactions. Homoleptic raretbametal methyl complexes of the general
composition [LnMe] (3", Ln = Sc, Y, Ho, LU§* 4% 5% are feasible via donor-induced
tetramethylaluminate cleavage. Similar to homoleptic compléke8% methylation of the
respective halfsandwich complexes is achieved by Allilsplacement (Scheme A3). Addition

of two equivalents of EO to ann-hexane solution - (Ln =Y, Lu) leads to the formation
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of trimeric halfsandwich rare-earth-metal dimethyl complexes [Cp*L4jMd-"),*®! whereas
treatment of a toluenehexane solution a2 with one equivalent of diethyl ether resulted in
the formation of the yttriunaluminum-methine cluster [CpY a(u2-CHz)2{(CH3)AI(p2-
CHa)2} 4-(Ha-CH)] (5).5561

Scheme A3.Synthesis of homoleptic3{") and halfsandwich4") rare-earth-metal methyl

complexes via donor-induced cleavaijg¢etramethylaluminato ligandf: 4% 431

Diethyl ether plays a kegole in the synthesis of rare-earth-metal alkylgallate complexes as
well. The homoleptic and halfsandwidetramethylgallate compounds La(Gald€6) and
Cp*La(GaMe)2 (7) are accessible via the addition ®fequivalents of neat GaMand 4
equivalents of the diethyl ether adduct Gal@&t: to an n-hexane solution of either
La(AlMe4)s or Cp*La(AlMes)2 (Scheme A4 respectively, allowing the reverse reaction of
the previously reported gallate/aluminate exchange redttiohccordingly, halfsandwich
bis(tetramethylgallate) complexes are asdae via the protonolysis of La(GaMeg(6) with
stoichiometric amounts of HCp* or by emplogithe donor-assisted Al/Ga exchange (Scheme
A4). Whereas the reaction & can be performed at ambtetemperature to give the
corresponding lanthanum sandwich complex£ptGaMe) (8-2), the respective conversions
to yttrium complexed” and2” with HCp* require elevated temperatures of 130 °C to afford
the yttrocene CpY (GaMes) (8Y).14"]
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Scheme A4 Synthesis of lanthanum tetramethylgte complexes via Al/Ga exchané 57!

The variation of the steric demand of theacillary ligand system by substitution with
pentadienyl ligand® allows for new reactivities of rare-earth-metal halfsandwich
bis(tetramethylaluminate) complexes. Sutbpen” halfsandwich derivatives are only
accessible via a salt metathesis reaction prote®ah, contrast to thestablished protonolysis
synthesis route for cyclopentadienyl-basetfshadwich complexes. The addition of an
hexane or toluene solution &" (Ln = La, Ce, Pr, Nd) to a suspension of a pentadienyl
potassium salt K(2,4-R) (R = dimethylpentadike(dmp), diisopropylpentadienyl (dipp), di-
tert-butylpentadienyl (dtbp)) leads to the fation of the respective pentadienyl-supported
rare-earth-metal halfsandeti compounds (2,4-R)Ln(AIM (11-3, R = dmp;12-3, R = dipp;
13", R = dtbp) (Figure Al). In contrast to the lardanthanides, smaller rare-earth metals tend
to form sandwich complexes instead. As such, the reactidii"ofLn = Y, Lu) with one
equivalent of K(2,4-dmp) affordedelfopen” sandwich complex (2,4-dmph(AlMes) (14").

Figure Al. Halfsandwich lanthanum pentedyl complexes (2,4-R)La(AlMg 11-2, 122 and
13La.[59]

Subsequent derivatization ré@os include aluminate/galle exchange and cationization
reactions with different perfluorined borates or perfluorinated bordt¥eSurprisingly, in the
latter case a different reactivity cha observed. While treatmentid-2 with the perfluorinated
borates [P¥C][B(CsFs)4] or [PhNMeH][B(CsFs)4] affords a product mixture of the cationized
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species [La(AlMe)2]* (15) and (2,4-dtbp)La(AIM&* (16) Aboth with [B(GFs)4] as respective
counterion Athe reaction with the perfluorinatédrane gave access to the dimeric complex
[{(2,4-dtbp)Laf1-Me)AIMe(CeFs)KMe 2AI(CeFs)2}] 2 (17) exclusively (Scheme Ab).

Scheme A5 Synthesis of [(6Fs)2AIMe2]-bridged complext 7.5

The corresponding cyclopentadiéiased rare-earth-metal lfeandwich complexes undergo
similar cationization reactions as thlrementioned pentadienyl compoufdsReacting3™"

(Ln =Y, La, Nd) with perfluorinated borates afforded the cationic species [Cp*Ln@IMe
(18-") with the counterion [B(€Fs)4% though the formation of a product mixture was not
observed. Accordingly, the reaction 8f with two equivalents of B(§Fs)s results in the
formation of dimeric [{Cp*Lafi-Me)AlMe(CeFs){Me 2AI(CeFs)2}] 2 (19). Like the
cyclopentadienyl-supported compounds, the caticoimplexes bearing ancillary pentadienyl
ligands serve as potential pre-catalystthe polymerization of diené¥!

Other reactivities of rareagth-metal halfsandwich bigtramethylaluminate) compounds
include the derivatization iihh amido or imido ligand8! 2 C—H bond activatiof? 52! or
tetramethylaluminato/halogenido exchange react§rfs: 4Depending on the steric demand
of the ancillary ligand, the halogenido ion si&® well as the stoichiometry of halogenido-
transfer reagent, a multitude of structurabtifs are accessibleranging from dimeric

halogenido-bridged complexespolynuclear cluster compounds.
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3 Cyclopentadienyl-Supported Rae-Earth-Metal Clusters

3.1 Cyclopentadienyl-Supported RareEarth-Metal Halide Complexes

The first halfsandwich rare-earth-metal halmemplexes bearing aitlary cyclopentadienyl
derivatives with the general formula CpLa@Ln = Sm, Eu, Gd, Dy, HcEr, Lu) were isolated
by DuBECK et al. as the respective THF adductstyieee different synthesis routéd. Addition

of a stoichiometric amount of sodium cyclopstienide to a THF suspension of rare-earth-
metal trichlorides LnGl (Ln = Sm, Eu, Gd, Dy, Ho, Er, Lu) led to the formation of the
corresponding halfsandwictare-earth-metal dichlorido THF adducts CpL#ftb)s (20-").
Alternative synthesis routesdiude the reaction of the hoteptic tris(cyclopentadienyl)
erbium CgEr with two equivalents of the respective erbium trichloride &rCTHF, affording
the cyclopentadienyl erbium dichloride CpEx@if)z: (20F"). Similarly, the addition of one
equivalent of hydrogen chloride to didopentadienyl)ytterbium chloride @pbCl in THF
gave the cyclopentadienyl ytterbium dichloride CpY4i@f)z (20'°). Accordingly, the
sandwich complexes 684R).LnCl (21", R = H;22'", R = Me; Ln = Sm, Gd, Dy Ho, Er, Yb,
Lu) were prepared via salt metathesis bytimesmt of the lanthanide trichloride with two
equivalents of sodium cyclopentadienide in T#FSubsequent removal of coordinated THF

was achieved by sublimation ofetihespective sandwich complexes.

Scheme A6.Synthesis of rare-earth-metal sa@hdwich dichloride complexes CpLn(hf)s
(20", co-products are not showf.

Despite being established compounits organolanthanide chemistfy;’? the “major
drawback” of these THF adducts is the blockaigoordination sites ahe rare-earth-metal
center, preventing theggregation of larger complexes. dnder to remove coordinated donor
molecules, refluxing the respective donor ad@aet in toluene with simultaneous removal of

solvent has proven to be efficient foganometallic halfsandwich complexes CpLa@ An
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alternative route was demdreted by the group ofc®iAvERIEN.”Yl Removal of coordinated
THF in the halfsandwich diiodide complex Cp*kéhf)s is feasible via the reaction with
MesSil, affording the THF-fee polyiodide complex [Cp*La]n.

Depending on the steric demandtioé ancillary cyclopentadienyl ligand, different structural
motifs have been observed. In 198 UNFER et al.reported on the synthis of chlorido-bridged
lanthanide ate-complexes with different doriétdUsing the rare-earth-metal trichloride LBClI
(Ln = Sc, Y, La, Ce, Pr, Nd, Yb) as starting metle the reaction wittdifferent lithium salts
(e.g. LICPSMe):2 = LiCp", LiOCsH2tBu2-2,6-Me-4) in either equimolar or 1:2 ratio afforded the
corresponding chlorido-bridgdithium ate-complexes [CRLn(u-Cl)2Li(thf)2]. Accordingly,
treatment of NdGlwith two equivalents of LiCgh THF afforded the neodymium ate-complex
[Cp"2Nd(u-Cl)2Li(thf) 2] (23).

Whereas rare-earth-metal complexes beadpgopentadienyl ligands with a high steric
demand (e.g., Cp*, Cp") tetalform dimeric complexelés-8t smaller rare-earth-metal centers,
especially in combination with small briahgj ligands (such as hydrido or fluorido), are

susceptible to the formation of ring-like structlfie®! (Figure A2) or even oligomef¥!

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

ancillary Cp derivativeg?> 79.82.84.87]
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Scheme A7 Synthesis of mixed-valentttanuclear ytterbium comple38.183l

The tetranuclear fluormtbridged complex [CgYba(u-F)s (28) by ANDERSEN et al. was
prepared by the addition of 1 up4cequivalents of silver fluaiie to a toluene solution of the
divalent ytterbium sandwich complex Cyb (Scheme A7¥% The mixed-valent complex
showed a planar arrangementloé ytterbium metal centers, despite the relatively high steric
demand of the ancillary Cp* ligals. General synthesis routesvéwd complexes of this type
involve the removal of donor moleculesdasubsequent aggmipn under reflué4 salt-
metathesis with alkali-metal cyclopentadienifé<® or oxidation reactio&l. Overall, the
formation of ring-like structural motifs @ common phenomenon for cyclopentadienyl-based

rare-earth-metal halide compounls.

In order to facilitatéhe formation of higher-aggregatedeaaarth-metal copounds or clusters,
a switch to halfsandwich ecursors is indicated due to the lower steric saturation at the rare-

earth-metal center.
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3.2 Cyclopentadienyl-SupportedRare-Earth-Metal Clusters

In 1966, @TTON defined clusters as chemical compoubéaring at least two metal atoms and
interaction between the metal atofsThis definition was further specified byCNOCKEL,
more precisely, the distinct classificatisngiven by the average oxidation numhbex)(of the
metal atoms: “naked” metal clusters= 0), metalloid clusters (0 Fav < nsar), and salt-like
clusters fav = |nsaf) . 8 Due to the highly polarized bondirgituation in rare-earth-metal
clusterd® exclusively salt-like clusters have be@olated so far. Furthermore, a three-
dimensional arrangement for the metal centeegpected, precludingétpreviously described

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

The first donor-free rare-darmetal halide cluster was isolated by the group af$®N in
19901 Removal of coordinated diethyl etifeom the ytterbocene complex Giyb(Et0) in
toluene was achieved by the stoichiometric aaoldiof perfluoro-2,4-dnethyl-3-ethylpent-2-
ene (GFis) (Scheme A8). Red crystals ofrianuclear ytterbium cluster [Cgbs(jua-F)(us-
F)2(u2-F)e] (29) were isolated, consisting of a GjybsF7 unit and a bridging CpYb(p2-F)2
unit in the apical position. The identicstructural motif was later detected byaks by the
isolation of the pentanuclear cluster [€Prrs(a-Cl)(us-Cl)2(p2-Cl)e] (30) as a side product in
the synthesis of[CpSm(-Me)AlMe2]» (Figure A3)PY

Scheme A8 Synthesis of fluorido-lidged ytterbium cluste29.[°"!
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A simple salt-metathesis protocol, the treatment of ytterbium(ll) iodidewikth an equimolar
amount of lithium {ert-butyl-dimethylsilyl)tetramédtyl cyclopentadienide LiCf4SMeBu)
(LiCp®) in THF, led to the formation of the hexanuclear anionic ytterbium clusté&[Ggpe]2*

(31) with two molecules of [Li(th§]* as counterion§?

Figure A3. Pentanuclear clusters [GfY*s(pus-F) (Us-F)2(H2-F)e] (29) and [Cp%Sms(pa-Cl)(His-
Cl)2(u2-Cl)g] (30).1%0: 011

In cluster3l, the ytterbium metal centers are in a highly symmetric octahedral arrangement,
and the cluster core is supportadsterically demanding Cp ligda. Furthermore, this cluster
represents the first example of a lanthanidetetuonsisting exclusivelyf divalent rare-earth-
metal centers. A similar octahedral arrangemetdrtthanide metal centers was established by
KuBicki et al.in borohydrido-bridged cluster [CP*Ln(BHa)2]6 (32", Ln = Nd, Sm; Cp*™"

= GCsMesn-Pr)[%® as well as the isostructuraCp*-coordinated neodymium cluster
[Cp*Nd(BH4)2]s (33) by ARNOLD et al (see Figure A4, leftf?

The dodecanuclear chlorido-bridged samarium cluster [Cp3m(34) reported by the group
of TEUBEN has remained unmatched in nucledffyCluster34 was synthesized by refluxing
a toluene suspension of the hatfidaich samarium chloride CpSm(hf)s with simultaneous
removal of the solvent by distillation. In contrast, reflux of a toluene suspension af{tfibe|
with 0.9 equivalents of trimethylsilyl cyclopertiene for 24 h did not result in complete
removal of coordinated THF, but produced a safgal ion pair of cluers, the trinuclear
cationic ytterbium cluster [G)¥bsCls(thf)s]* (35), and the anionic hexanuclear ytterbium
cluster [CpYbeCl13] A(36), featuring a central chlorido ligahatcated 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 liganddjich are in a dodecahedral arrangement.
Additionally, four chlorido ligands are located idsithe cluster core in a tetrahedral geometry.
Similar to clusters31, 32" and 33, the ytterbium metal centers 86 show an octahedral

arrangement, in this particular case with a cepidridging chlorido ligand in the cluster core.

Figure A4. Dodecanuclear cluster [CpSm[aR (34, Cp ligands omitted for clarity), trinuclear
cluster [CpYbsCls(thf)s]* (35) and hexanuclear cluster [EfbsCli3] A(36).13

The recurrent formation of distinct structunalotifs in rare-earth-metal cluster chemistry
provides evidence for the exceptional stabilitysath cluster compounds. Clusters feature
structural motifs which are reminiscent of LyniX the solid state and molecular complexes,
hence lanthanide halide coordiloa modes established by the solid-state structure are regularly
present in cluster compounds as Wefl>%)! Clusters29, 30 and 34 display the structural
subunit LnX7, featured by several solid-state moctfions of rare-earth-metal halid&¥:10l
Depending on factors like rare-earttetal ion size, the ion size tife bridging ligands, or the
steric demand of the ancillary cyclopentadienyl ligand, multinuclear Ln clusters preferably
adopt this highly stable subuffit. 64 103-105]

Halogenido-bridged lanthanide coordinationsters are also accessible using halfsandwich
compounds CfLn(AIMes)2 as starting materials, thoughettexclusion of donor solvents
accounts for the necessity of carefully moretbreaction conditions. Depending on the rare-
earth-metal center ion size, treatment ofndmexane solution 02" (Ln =, La, Nd) with
dimethylaluminum chloride MAICI (Y: 0.5-0.9 equiv. MeAICI, Nd: 0.9-1.7 equiv. MEAICI,

La: 0.5-1.3 equiv. MRAICI) at low temperatures afforded heterobimetallic complexes with

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

chlorido ligands, and two additionaktainal tetramethylaluminato ligands.

Scheme A9.Synthesis of heterobimetallic clusters [Elpeis{( u-Me)sAlMe} a(us-Cl)2(p2-Cl)g]
(38) and [Cp:ENds{(p-Me)sAlMe}( pa-Cl)(us-Cl)2(u2-Cl)s] (39 via a  partial
tetramethylaluminato/halogenido exchange readtion.

Using the lanthanum halfsandwich bis(tetramethwhinate) as precursor, the addition of
Me2AICI led to the formation of thehexanuclear lanthanum cluster [Glpds{( -
Me)sAlMe} a(us-Cl)2(u2-Cl)e] (38) (Scheme A9, top). This cluster consists of twaQla
subunits resembling a cuboid structure wittcwd-off corner, which are bridged via for
tetramethylaluminato ligands. In contrast, tneent of the respective neodymium halfsandwich
bis(tetramethylaluminate) with MRICI afforded a completely different type of cluster. The
pentanuclear complex [CgNds{(p-Me)sAlMe}( pa-Cl)(us-Cl)2(p2-Cl)s] (39) consists of a
distinct Nd:Clz subunit, with the vertices bridged viaj&-Cl)2Nd unit, bearing one ancillary
Cp* and one terminalptMe)sAlMe ligand (Scheme A9, bottom). For complexgs 39,

shielding of the Ln metal center is achieved by the ancillary Cp* ligands.
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The steric demand of the ancilfacarbocyclic ligand is crucial factor for the formation of
rare-earth-metal clusters, as evidenced ByANDER et al. in 201712% Using the bulky 1-
(trimethylsilylfluorenyl (GsHeSiMes = FIU®) halfsandwich yttrium bis(tetramethylaluminate)
(FIuS)Y (AIMe 4)2 (40) as a precursor, the alkyl/chlorido exchange withAllel afforded either
complex41l or 42 (Scheme A10). While the stoichiometreaction resulted in incomplete
tetramethylaluminato/halogenigxchange and the formation of the dimeric chlorido-bridged
complex [FIF'Y(AIMe 4)(u-Cl]2 (41), complete exchange was achieved for the reaction with
1.7 equivalents of MAICI, giving access to the chlao-bridged hexanuclear yttrium
coordination cluster [FREYsCli2] (42). Cluster42 consists of the trinuclear subunitgi{(
Chs(us-Cl)Y3] and [-Cl)s(us-Cl)2Y3], which are interlinked & three bridging chlorido

ligands, resulting in a cluster coreseenbling a highly symmetric ellipsoid.

Scheme A10Synthesis of dimeci halfsandwich comple#l and chlorido-bridged cluste?2
(FluSi ligands omitted for clarity}°¢!
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Unlike previously reported clusters of this ty@@ marked the first exmple of a donor-free
rare-earth-metal cluster withinuclear subunits fiked through halogenido Other complexes
of this type usually consist of twop{X)s(ps-X)2Lns] (X = Hal, BHs) subunits, with one
coordination site of the trinuclear subunib&ked by coordination of a donor atom, leading to
a sheared ellipsoidal overstruct&1°7-1%lour group synthesized a holmium congener of this
type via derivatization of thamino-functionalized halfsandwidbis(allyl) rare-earth-metal
complex CHPMeLn( 3-CsHs)2 (43", Ln =Y, Ho; CH™Me = 1-[2-(N,N-dimethylamino)ethyl]-
2,3,4,5-tetramethylcyclopentadienylyith diethylaluminum chlorid€%! The respective
precursor43" was synthesized in a two-step reaatiby treatment ofare-earth-metal
trichloride LnCBk(thf)x with the amino-functionalized LiC{¥* and a subsequent Grignard
reaction with allylmagnesium chloridesi@sMgCl. The reaction of comple#3-" with two
equivalents of BAICI in [De]benzene led to the formation of chlorido-bridged hexanuclear
clusters [{(CPMEAEL)(Cp NM&)Lns( 2-Cl)3( 3-Cl)2}( 2-CN]2 (44", Ln =Y, Ho) (Scheme
A11). Cluster44-" consists of two [(ClVeAES)o(CpNMe)Lns( 2-Cl)a( 3-Cl)2] subunits linked

by bridging chlorido ligands. Pleasiote that in the subunit tvemuivalent triethylaluminum
are coordinated by amino groups, while theially observed N-dimethylamino-sidearm-

coordination to the Ln metal center is detected for orf'&tigand.

Scheme Al11Synthesis of hexanuclear chloride clugé" stabilized by amino-functionalized
Cp ligandg!®
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As already mentioned in Chapter A3.2, orgaae-earth-metal compounds are prone to the
formation of ring-like structural motifs. Surpmgly, this accounts for halfsandwich-based rare-
earth-metal halogenido complexes as well, degpi¢ reduced steric demand in comparison to
sandwich-type complexes. Consequently, theeaartly of these ringlaster-hybrids did not
exceed four rare-earthatal centers so f&f- 108 110-112]

Scheme A12Synthesis of tetranuae ring-cluster-hybridt5,111%

The tetranuclear halfsandwictesmidium diiodide complex [Cp*Sgh (45) by TiLLEY et al.was
synthesized by treatment bélfsandwich scandium acedgletonate (acac) Cp*Sc(acawajith

two equivalents of aluminum iodide Aih n-pentane (Scheme A12, Figure A5, t8pY.Rather
unexpected, dysprosium forms a trinuclear Hfggonsidering the larger ionic radius of the
dysprosium metal center (CN 6:36¢ 0.745 A, Dy* = 0.912 A)**3l Cluster [Cp*Dyb]s (46)

is accessible as co-product by the reaction of dysprosium(ll)iodideadyl LiCp* in diethyl
ether (Figure A5, top). Additionally, the formati of anionic ring-likecomplexes led to the
incorporation of a central hajenido ligand inside the ringfructure (Figure A5, bottorf®:

M So far, only two examples of these anionngs have been reported, the first one being the
tetranuclear cluster [CpNdsClo]? (47) by Esen et al in 200711% Treatment of
Cp*2NdCI(LiCl)2 in THF with a slight excess of catecholborane in toluene at elevated
temperatures (110 °C) afforded clusté?, which crystallizes with Li@+Li20O/O2 as
counterion. The similar tetranlear yttrium cluster [Cp#Y 4Clo] A(48, Cp*' = GMesSiMes) by
HORACEK et al, which was isolated by thelsmetathesis reaction of Y¢thf)ss and LiCp*'

at ambient temperatufé?!
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Figure A5. Structurally characterizehalfsandwich rare-earthatal ring-cluster-hybrid8? 18
110, 111]

Even though donor coordination hampers the egafion of rare-earth-metal clusters (as
previously mentioned in Chapter A3.1), rerab of persistent domoligands enabled the
subsequent self-assembly of coordioattlusters, as evémced by our group'* The reaction
of samarium(ll)iodide Sm(thf)2 with plumbocene CpPb and partial removal of THF gave

access to tri-, tetra- and pentelear clusters, dependent oe imount of coordinated THF.

The addition of 0.5 equivalents of CPb to ann-hexane solution of [Cp*Sm(thf)2] and
crystallization from toluene afforded the trinuclear complex gSpI( 2-1)3( 3-1)2(thf)2] (49)
as a ring-cluster hybrid (Scheme A13).
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Scheme A13Synthesis of tri-, tetraand pentanuclear clustet§, 50 and51.[114

In 49 the samarium metal centers bear one ancillary Cp* ligand, two metal centers are
coordinated by one molecule of THF each, wttike other metal center shows coordination of
a terminal iodido ligand. Recrystallization4dfrom either deuterated benzerdd&at ambient
temperature or toluene at -40 °C led to thepldicement of one moldeuof coordinated THF
and conversion into thettanuclear cluster [CpSmul( 2-1)a( 3-1)2( 4-1)(thf)] (50) (Scheme
A11). Cluster50 shows the characteristic & structural motif, whilethe apical samarium
metal centers show coordination by either Ta#Fa terminal iodido ligand. Complete removal
of THF from [Cp*Smk(thf)2] was feasible via a two-step synthesis protocol. Initial treatment
of [Cp*Smlx(thf)2] with excess AlEf in n-pentane, and the addition of 0.5 equivalents of
Cp*2Pb in toluene, led to the formation of the pentanuclear clustes$ap 2-1)4( 3-1)4( s-

N] (51). The five samarium metal centerBos/ a highly symmetric square pyramidal
arrangement, and each metal center is sixetpate in a distortecbctahedral geometry.
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Moreover, cluste51 resembles the hexanuclear clusteres[(thIls]A(BG) with a central
halogenido ligand inside the ctes core, though without the Cp*LrXunit in the apical
position (see Figures A4 and A®. Otherwise, the coordination motif &fL is commonly

found in rare-earth-metal alkoxide clustBtg11®

Analogously to rare-earth-metal halogenido clisstether monoanionic ligands are suitable for
the formation of clusters as well. As suchieraarth-metal polyhydrideusters are established
compounds in organo rare-earth-metal chemthy'95 120-126lThe first donor-free hydride-
bridged lanthanide clusters were isetain the early 2000s by the group aitd The reaction

of mixed alkyl/hydride complex [Cp*Lu(CbiMes)(p2-H)(thf)]2 with two equivalents of
phenyl silane PhSiHafforded the tetranucleart&tium polyhydride cluster [Cp*'Lyk-H)2]4
(52) (Scheme A14Y:2% Alternatively, this cluster can tmbtained with oneduditional molecule

of coordinated THF by dissolwy the donor-free cluster in TH&r by treatment of complex
[Cp*'Lu(CH2SiMes)(u2-H)(thf)]2 with hydrogen in THF.

Scheme A14Synthesis of halfsandwichtitium dihydride cluster [Cp*' Lyk-H)2]4 (52).1t20

Likely due to the relatively small ionic radiogthe bridging hydrido ligands, the nuclearity of
rare-earth-metal hydrido clusters typically raagfrom tetra- to hexanuclear clusters for
(partially) donor-free clusters, while the mostrooon synthesis route e direct application

of Hz pressure to organometallic precurddis 105 121, 124,126, 127]
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This strategy was established for the renkanthanide series, as reported loyukdt all'%! The
reaction of the halfsandwich rare-dametal dialkyl complex [Cp*'Ln(CEkSiMes)2(thf)] (Ln

= Sm, Y, La-Lu, except Pniu, Yb) in toluene with klpressure gave access to the respective
dihydride clusters [(Cp*'Lnk)4(thf)x)] (53-") with different amounts of coordinated THF. The
isolation of a donor-free cltexr was only feasible forcandium, however, cluste&8-" show

the identical tetranuclear core structure (Sebeme A15). Additionally, the formation of the
trinuclear ring-cluster-hybrid [Cp_uz(u-H)sLu(u-CHzSiMe2CsMes)(thf)2] (54) was observed
exclusively for lutetium due to activation of one SéMgoup, followed by coordination to one
lutetium metal center. Typically, halfsandWwicare-earth-metatydride clusters [CR.nH2]x
engage in polymerization catalys?$ *2%lor small molecule activatidH*!

Scheme A15Synthesis of halfsandwichreearth-metal dihydride clustéB-" (coordinated
THF not shown}*%!

Furthermore, the selective incorporation ansition metals into rare-earth-metal hydrido
clusters is possible via the tsfarmation of polyhydride clustef€® 129 The reaction of
[(Cp*'YH2)4(thf)x] (53, x = 1) with one equivalent of the group 6 pentahydride complex
[Cp*M(PMe3)Hs] (M = Mo, W) afforded the mixed ¥M undecahydride complexes
{(Cp*'Y) a(u-H)7}( u-H)aMCp*(PMez)] (551, M = Mo, W) upon release of dihydrogen.

Similar to halogenido complexe®427), the switch to sandwich-type precursors is in accord
with a decrease in cluster nuclearity. Gapsently, rare-earth-metal sandwich hydride
compounds are limited to trinuclear complexesjich display a planar or quasi-planar

structural motif/3 130-132]
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The formation of rare-earth-metal clusters barachieved by bridging rtieyl ligands as well,

as demonstrated by our group in 2666As previously mentioned in Chapter A2, ether
cleavage of halfsandwid@Y with THF led to the formation of the trinuclear yttrium polymethyl
ring-cluster-hybrid4”, or complete tetramethylaluminate cleavage is feasible with exc€s Et
(> 2 equivalents) as well. In contrast, theuieaplar reaction with dithyl ether resulted in
incomplete AlMea cleavage and aggregation of the heterobimetallic methyl/methine cluster
[Cp*4Y a(p2-CH3)2{(CH 3)Al( H2-CHzg)2} 4(pa-CH)2] (56) (Scheme A16). Clustes6 consists of

two [Cp*2Y 2{(CH3)Al(p2-CHs)2} 2(1a-CH)] subunits which are linkeby two bridging methyl
groups. Furthermores6 represents the first example thfe implementation of a bridging

methine group in rare-earth-metal cluster chemistry.

Scheme Al6Synthesis of heterobimetallic clust via donor-induced tetramethylaluminate

cleavagé®>®

The isolation of clusteb6 provided evidence that trinuele rare-earth-metal polymethyl
complexesAt" are valuable precursor compounds for giethesis of largerare-earth-metal

clusters.

Aiming at methylidene functionalization, the fitanthanide methylidene cluster was isolated
by Hou et al in 2011 by heating a benzene solutanthe lanthanide polymethyl complex
[Cp*'Ln(p2-CHg)z2]z (57", Ln = Tm, Lu) with simultaneouslimination of methane, producing
the Ln polymethylidene cubane cluster [Cp*Iu3{CH2)]4 (58", Ln = Tm, Lu)*33l
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The isolation of the intermediate trinuclear mixed methyl/methylidene thulium complex
[Cp*'sTms(p2-Me) (us-Me)(us-CHz)] (59) is feasible by eliminadin of methane in [Cp* Tnpe-
CHg)2]s (57-") at ambient temperature (see Scheme AB8)! is then prone to further
hydrogenolysis. Whereas protonation of [Cp*luCH2)]a with [PhMeNH][B(CeFs)4]
affords the cationic cubane cluster [Cp*usHCHz)s(Us-Me)]* with [B(CsFs)a* (60) as
counterion, the hydrogenolysis with 1 atm Hressure gave access to the tetrametallic
monohydride heptamethyl complex [Cftia(us-H) (uz-Me) (u2-Me)e] (61).134

Scheme Al17.Synthesis of polymethylidene clustéB-" and mixed methyl/methylidene

thulium complexs9.1t33

Although the first rarezarth-metal complex coordinatedctisively by methylidenes was
synthesized by our group in 2008 respective tnuclear mixed methyl/chlorido bridged
cluster [Cp%iLns(p-Cl)s(us-Cl)(us-CHz)(thf)s] (62) is rather considered as ring-cluster-
hybrid 3% Complex62 was synthesized by donor-inducaldminate cleavage of the mixed
tetramethylaluminato/chlorido halfsanabv lanthanide complex [Cp*Ln(AlIMg&x(Cl)y]2 (Ln =
Y:z=2,y=X;Ln=La: z =6, y = 2x) ia toluene/THF mixturand concomitant C—H bond

activation, which led to structural rearrangement and formation of trinlB2¢&cheme A18).
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Scheme A18Synthesis of methylidene/chido-bridged lanthanide complé2.1*3%!

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
incorporation of donor atont¥; 50 133, 135-137hjthough such complexese considered as ring-
cluster-hybrids. Exceptional performance in hyditlene transfer is observed for trinuclear
rare-earth-metal methylidene complexes acais Schrock-type nileophilic carbenes? 3]

with conversion rates similar to the benchmark systems dWRr&k and TEBBE.[!38140]
Noteworthy, a trinuclear lanthanum-chloridagalex capped by a pyretr@anion was isolated

by the group of WIELE.[!4! Treatment of the lanthanum ate-complex [Cp*Lad)2Li(thf) 2]

with pyrene and potassium resulted in themfation of the trimetallic lanthanum pyrene
complex [Cp*xLasCls(CisH10)(thf)] (63), representing the first ragmarth-metal complex with a
pyrene trianion (Scheme A19).

Scheme A19Synthesis of trimetallic lanthanum pyrene comax4!!
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Similar decomposition reactions of thenuclear polymethyl yttrium complexY were
investigated by our grodp*® The transformation into the mixed methyl/methylidene complex
[Cp*3Y 3(H2-Me)(us-Me) (us-CHz)(thf)2] (64) occurred rather rapiglby donor (THF) addition

to 4¥ at -35 °C, while the conversion into thexanuclear mixed methyl/methylidene cluster
[Cp*sY eMes(CH2)4] (65) was observed at elevated temperature in deuterated benzene after 12 h
upon the release of methane. Further self adyeshblusters from polymethyl precursors was
observed employingt®® and 4™.52 |nterestingly, the aggregation mhexane led to the
pentanuclear clusters [(Cp*LsLHz2)(Me)s] (66", Ln = Gd, Th), bridged by eight methyl
groups and only one methylidene group.

Rare-earth-metal alkoxidelusters were first morted by the group ofVENS.[M!S 142, 143IThe
pentanuclear yttrium cluster [Cprfs(-OCHs)4(us-OCHs)a(us-O)] (67) was obtained from the
reaction of Cp3YCI with 1.4 equivalents of KOCHEH:OH in THF, and features a square
pyramidal arrangement of the ytm metal centers (Scheme A28¥! Bridging in this cluster

is achieved vigu2- andus-methoxy ligands as well as one cengrabxo ligand.

Scheme A20Synthesis of pentametallyttrium methoxide clusteg7.111%!

Other structural motifs of lanthade alkoxide clusters includdimeric complexes, trinuclear

ring-cluster hybrids and comples with the distinct LiX7 (X = Hal, -OCH) substructure.
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4 Applications of Rare-Earth-Metal Clusters
4.1 Luminescence

Lanthanide(lll) ions (edctron configuration [Xe]#4f n = 0-14) can adopt a wide range of
electronic levels, which amgven by the formula 14h/(14-n)!. Photoluminescence properties
of lanthanide(lll) ions are determined by fditisitions between spectoopic states, moreover,
parity allowed 4f-5d excitation and 5d-4f ema@sitransitions or metal-ligand charge transfer
with large energies of up to >50000 &h414¢l In combination with stabilizing or electron-
rich ligand systems such as cyclopentadienyl derivatiie’$”lor hydrido(tris)pyrazolylborato
ligandsl!*®! an intense emission can be observed. Eguesntly, lanthanide-based coordination
clusters exhibit complex structural argements, often paired with a bright
photoluminescendé?® 1491571 Here, the choice of the ligand system is crucial, enabling precise
tuning of the emission wavelength®: 158 15%Especially for cerium(ll1), adjusting the emission
wavelength is facile due to gntwo ground state energy leve2, 2F712), combined with
exclusively d-f transitions for the emission process. The energy of the itedels is then

strongly determined by the ligand and nhébdigand charge transfer proces8€%.

As such, previous studies on the luminescegmoperties of Cp-substituted cerium complexes
by the group of BUNO revealed the effects of the ligdh system (e.g. alkyl, Hal) on their
photophysical behavid? > The dimeric cerium chlorido complex [(&%)Ce(-Cl)]2 (68)

by EDELMANN et al. exhibits a bright yellow emissiowith a very high quantum vyield of
61%!1471 which is comparable to prominent Geloped LED phosphot&:-164 This complex

is accessible via a salt-metasi®ereaction protocol, treatinggthomoleptic cerium chloride
CeCI3 with 2 equivalents of K&, Another example of a molelew organo-rare-earth-metal
emitter is the europocene complex [EUfER] (69, CP'® = Cs(4-nBu-CsHa)s) by the group

Scheme A21Synthesis of sandwich cerium chlorido compb&¢4”]
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of HARDER,[*8% which in contrast displays orange esion, with a slightly lesser quantum yield
(45%) though.

Figure A6. Molecular organometadliphotoluminescence emitted8 and69.1*47: 1651

As for lanthanide clusters, the avoidancedoior ligands significaty limits structural
diversity and clur nuclearity:°® 1%IHence, the synthesis of lungiscent lanthanide clusters
often involves hydro- or solvbermal synthesis protocéfs: 153 154 156gnd derivatization of
rare-earth-metal salts with donor ligartt?s.'51Photoluminescent clusters have a wide range
of possible applications, raimg from chemical sensdts® 154 6lgver near-infrared (NIR)
emitters for bioimaging®! model systems for upconversion proce$$ésto optical

barcoding!®"

Prominent examples of NIR emitters aree tmolecular wheels of the general formula
[Lnaz(L)14(OH)28(0AC)s4] (70", Ln = La, Nd, Sm, Yb; L = 2-hydroxy-3-
methoxybenzaldehydé&: 153 54 The homoleptic lanthanide acetates Ln(QAggre used as
starting materials, and dissolved in EtOH anbient temperature with addition of a
substoichiometric amount @thydroxy-3-methoxybenzaldehyde (0&duiv.) as well as excess
triethylamine (2.5 equiv.), followed by &tng under reflux contdons for 30 minutes.
Subsequently, the reaction mixture was cooledndient temperature and filtered. Diffusion
of diethyl ether into the soluh then led to the formation of the crystalline product (yield: La
= 42%, Nd = 37%, Sm = 37%, Yb = 40%), wh&iows emission in the visible spectrum as

well as in the NIR region.

Control of the reaction stoichiometry enaliesdular changes to the luminescence properties
of rare-earth-metal coordinatiamiusters, as recently shown byuRUGESuand coworker&®!

The respective homometallic cluster aggregates of the general composition
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[Ln20(chp)so(COs)12(NOs)s(H20)e] (714", Ln = Sm, Eu, Gd, Tb; cHp= deprotonated 6-chloro-
2-pyridinol) are synthesed by reacting the lanthie nitrates Ln(N@s8H:0 in a
stoichiometric reaction with chp and triethylamin a 1:1 mixture ahethanol and acetonitrile.

After 12 h reaction time, the reaction mixture viiftered, and evaporatn of the solvent at
ambient temperature led to the crystallization of the respective cluster complexes (yield: 25-
35%). By precisely controlling the stoichiometratio of the lanthanide nitrates, the emission
wavelength observed in the UV/VEpectra of the correspondingisters ranges from blue to

red, and white emission was achieved for the compositiosJ&iIb:i2}. 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 matigra (SMM) gained significant importance
recently due to their possibégplication in data storadfé’-1¢®1 The first reported example of a
SMM was the manganese-acetate cluster f@Mby SessoLl et al. in 199379 Continous
efforts in the last three decades then prodwcédoad variety of mixed transition metal and
lanthanide SMM complexé¥ 18l Recent studies revealed that the most powerful examples
of SMMs are lanthanide-based, given their axl@geous combination of a large number of
unpaired f-electrons with their large singb& magnetic anisotropy. Although the highest
anisotropy barriers and blocilg temperatures are achieved for cyclopentadienyl-substituted
sandwich complexes with magnetic hysteresis up to 8&?#° recent examples of
polynuclear lanthanide corgxes are efficient single-molecule magnets as ¥etf®: 186. 187]
Similar to mononuclear examples, cyclopentadieigylvatives prevail folanthanide clusters
with SMM behaviot® The increase in cluster nuclearity has major impact on the single-
molecule magnetism by interference of thepective magnetic anigopy axes rather than
desired magnetic interactions between 4f metal centers, inevitably leading to a decrease in both
blocking temperature as well tg effective energy barrigg® 181, 189, 190]

So far, the hexanuclear dysprosium halide cluster [(CpsH)l16(thf)e] (72) by MEYER €t al.
displays the highest energy barrier (36jLfor organolanthanide cluster compouffdsThis
cluster is accessible via a simple salt metsith reaction protocol, treating dysprosium
trichloride with potassium cyclopéadienide in tetrahydrofurarmn this particular case, all
magnetic anisotropy axes are oriented in the s#ireeting, leading to an overall improvement

in the magnetic performance.

Beside this hexanuclear clustaryariety of ring-cluster hyrid systems are known, ranging
from mixed-metal compounds such as{Cp"®Dy)u-SeMes} (Uerr = 252(4)cmt) (73, Mes

= mesitylJ*%U or [(Cp¥®)Dy( : 5-CsHa)FeCp} (74)1*°? to organometallic complexes bridged
via heterocyclic ligand systems [Ybpzch}(fod)io] (75, bpzch = 3,6-dipyrazin-2-yl-1,2,4,5-
tetrazine; fod =  6,6,7,7,8,8,8-heptafluoro-2,2rtkthyl-3,5-octadionatéf”  and
[(Cp*2Ln)a(tz")4] B(CsHe) (76-", Ln = Gd, Dy; tz = 1,2,4,5-tetrazin@j®!
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Figure A7. Lanthanide-based complexes exhibiting molecular magnetismli@@eds of75

omitted for improved visualizatioff®: 187. 191, 192]

Especially the tetranucleaetrazine-bridged compound$-" by MuRUGESU et al. display
impressive magnetic propertié®! The respective complexes were synthesized in a
stoichiometric reaction by addition of a benzene solution of tetrazine apchkCL:1 ratio to

a benzene solution of [Cg*n][(p-Phe)BPly] (Ln = Gd, Dy) (1 equiv., Scheme A22). Single-
crystal X-ray diffraction revealed a planar stural arrangement between the lanthanide metal
centers and the bridging tetrailigands. Surprisingly, bottomplexes show only one spin
center, rather than a combination of individual spin centers for the different metal centers, which
could be attributed to stron@upling between the tetrazine raglis and the metal centers. As
such, these tetranuclear compounds show extyelagje coercive fields of approximately 30
kOe.
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Scheme A22Synthesis of tetrazine-bridged dysprosium com@i@X. The orientation of the

magnetic anisotropy axes iglioated with a red arrow.
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Summary of the Main Results
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1 [CpRLnX 2]n: Effect of CpR Steric Demand

The donor-free synthesis of rare-earth-metastelrs in non-aqueous dia like aromatic or
aliphatic solvents requires controlled dtdieg by ancillary ligands. Particularly, the
cyclopentadienyl ligand and its derivatives hamerged as invaluable in rare-earth-metal
cluster chemistrif® 32 193-1%]|n gpjite of several straightfoesd synthesis routes toward rare-
earth-metal clusters, including salt-metath&sig® 1% 197 or serendipitous hydrolysis
pathwaydg!®> 1%l the highest nuclearity achieved for dofi@e lanthanideclusters so far
remained at {Li} for the dodecanuclear samarium cluster [CpSfheby Teusen.?? The
cluster itself was syhesized by refluxing Smétthf)s with MesSiCp, leading to the formation
of the intermediate CpSmf£iragment, followed by selfssembly to the dodecanuclear
structure. This reaction pathway emphasizessthibility of halfsandwich precursors for the

synthesis of large rare-eamfetal coordination clusters.

Aiming at the synthesis of amsilar, stable halfsandwich precursor of the general composition
CpRLnX2, the trimethylsilyl cyclopentadienyl lamnum bis(tetramethylaluminate) complex
[Cp'La(AIMes)2] (A, CsHaSiMes = Cp') was selected, implyirtggo advantageous properties:
Firstly, A shows a reduced steric demand to othed@jvatives like Cp*or Cp* which were
employed in previous synthese$ lanthanide clusters (see Chapter A3.2). Secondly, the
tetramethyl aluminate ligand can be easilyaept via donor-cleavage or halogenido exchange
reactions for monoanionic ligands (e.g. Me, X = B&[f0. 56 63. 135 13%4hat are prone to the

formation of coordination clusters.

Scheme B1Synthesis of halfsandwich compl@xby salt-metathesis.

Following a salt-metathesis protocol, homaiepanthanum tris(tetramethylalumindé&)was
treated with KCp', affording thdesired halfsandwich compléxn high crystalline yield (92%)

after recrystallization from a saturatedhexane solution.
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In order to compare the effect of the cyclofaelienyl steric demanah cluster formation, the
Cp*-substituted congener [Cp*La(AIMR] (B) was selected as referent®.Whereas the
stoichiometric iodination reaction & andB with MesSil gave access to the isostructural
heterobimetallic clusters [Gglasls(AIMes)4] (CA, R = SiMe; CB, R = Ma), the reaction with
excess (2.5 equiv.) MS8il led to the formation of diffent crystalline products. While the
reaction oB with iodination reagent yielded the nonametallic halfsandwich lanthanum diiodide
cluster [Cp*Lakb]s (D, 56% cryst.), the similar reaction Afafforded the larger dodecametallic
cluster [Cp'Lad]12 (E, 48% cryst.), providingevidence for the benefit of a reduced steric
demand of the ancillary ligand on effective ¢dusenlargement. The molecular structure of
clustersC?, CB, D andE were unambiguously revealed viagle-crystal XRD analyses (Figure
B1). The increased solubility given by the'Ggand allowed the unambiguous assignment in
4 and*C{*H} NMR spectroscopic investigations of complex®sC” andE, indicating a

rearrangement &” in solution into the presumably more stalandA.

Figure B1. Crystal structures dd (left) andE (right, Paper I).
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2 [CpRLnX2]n: Effect of Halogenido lon Size X

Even though halogenido ions astablished ligands in rare-dametal cluster chemistry (see
Chapter A3.2), there is a lack of comparativelss regarding the effect of the halogenido ion
size, despite a relatively large difference of a@trbA in the ionic radibetween the different
halogenido ions (CN 6, Hal ionic radii [A]:= 2.20, Br = 1.96, Cl = 1.81, F = 1.33}
Consequently, the formation of different strualumotifs is expected under otherwise identical

reaction conditions.

Whereas MgAICI already proved to be a potential bgénido transfer reagent in the synthesis
of the heterobimetallic cluster [GhasCls(AlMeas)4],[®¥ the reaction conditions at low
temperatures and the hard halogenido-transf@gent impede a targeted, controlled reaction
process. Hence, the mild halogenido-transfer reagendSiXidlesGeX (X = I, Br, Cl) were
selected as reactants. As already mentioneitheénprevious section, the addition of excess

MesSil to a stirred solution o& resulted in the formatioof dodecanuclear clustéer

Scheme B2Reactivity ofA toward mild halogenido transfer reagents®$leand MeGeX (X
= Br, Cl, Paper |, Cp' ligands are omitted for clarity).
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The isostructural bromido-bridged cluster [Cp'LgBr (F) was obtained under the same
reaction conditions (47% yst. yield), utilizing MeGeBr as halogenido-transfer reagent. In
contrast, the reaction éf with 2.5 equivalents of M&eCl afforded the ellipsoidal decanuclear
cluster [Cp'LaC]l10 (G) instead of a spherical cluster likeandF. While the crystal structure
of E andF was determined via precise single-taysXRD analysis, only a connectivity was
established foG. Even more surprisingly, whereas the equimolar reactiénwith MesGeBr
produced the heterobimetallic cluster [CpsBrs(AlMes)4] (H, isostructural toC”), the
respective reaction with M&eCl led to the formation @. Both examples blicate the effect
of minor differences in the ionic radii (éws. Ct = 0.15 A) on the potential formation of
coordination clusters. All investigated usters were further characterized NMR
spectroscopically to scrutinize their solutiorh@eior, and complex purity was confirmed by

elemental analyses as well as EDX measurements.

Further impact of the bridging halogenido ligaon the cluster properties is indicated by the
luminescence of dodecametallic cerium clusters [CpfaeX!X, X = I, Br, Cl). Previous
examples of cerium cyclopentadienyl conxgle displayed inter&ag photoluminescence
behavior/2 147. 158 15%hence similar investigations were conducted fotnterestingly, clusters

I* adopt identical structural motifs, howevthre absorption and emission properties change
notably. UV-VIS characterizatioeshowed a shift toward higher wavelengths in accord with
increasing halogenido ion sizerfooth excitation and emission maxima as well as an increase

in luminescence lifetime (see Table B1).

Table B1.Photoluminescence properties of clustérs

|CI |Br |I
Exc. Max. [nm] 287 B52 291 /370 286 /420
Em. Max. [nm] 459/ 500 473/ 514 489/ 533
Lifetime [ns] 7717111 115 93/ 147

While the first maxima in the absorption spectrigrassigned 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)L¥andl', a biexponential fit was adopted,

whereas the fit of®" is single exponential.
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Figure B2. Normalized excitation (top) and emission (bottom) spectra of clusterd andl'

and photoluminescence under UV-light (302itaper I1).
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3 [CpRLnX 2]n: Effect of Rare-Earth-Metal Center Ln

Even though potential size effects of rare-ear#taincenters have been discussed previously,
reliable data have remained scarce, oftentduecoherence of the study (e.g. choice of metal
centers with large difference in ionic dia different reaction conditions etdS§: o1
Nevertheless, the size can beeeffsignificant, given the widenge of ionic radii for rare-
earth-metal centers (CN 6, f'rionic radii [A]: min. = Sc= 0.745; max. = La = 1.03#)3

Scheme B3Reactivity ofJ°® toward iodination reagent M8il (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(AMe(d'", Ln = Ce, Pr) were synthesized as
yellow or green oils in excellent yields (> 90%espectively, by treatment of the homoleptic

complexes Ln(AlMe)s with equimolar amounts of KCp'.
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Employing alkyl complexes Cp'Ln(AlMg (J'") revealed potential z¢ effects between the
lanthanide metal centers La, Ce and Pr, aseexied by the isolation abordination clusters
with different structural motifs depending oretmetal center ion size (Figure B3). While
dodecametallic iodido clusteEsandl' were obtained for lanthanum and cerium, synthesis of
putative [Cp'Pr]12 was not feasible. The respective iodinatiodGfsimultaneously afforded
the {Cae nanowheel [CpCels]s (K), and single-crystal XRD analysis revealed a

coordination of four [CpCel7] subunits interlinked via bridging iodido ligands.

In contrast, AIMe/Br exchange reactions with excesssMeBr gave reproducibly access to
dodecametallic bromido clusters [Cp'LaBe (L'", Ln = La, Ce, Pr) in high crystalline yields
(48-65%). Similar to iodido derivatives, sizdegts were found for chlorido-bridged clusters
as well. As previously discussed, decametdBiavas obtained by chlorination & with
MesGeCl. The related cerium cluster [€p&Clo(Cl2AIMe2)]2 (M) and dodecametallic co-
product [Cp'CeCl12 (1¢') were formed in the reaction &€ with trimethylgermanium chloride.
Unlike [Cp'LaCkh]1o (G), clusterM features two terminal [@AIMez2] units instead of chlorido
ligands in the crystal structure. In the madymium reaction, the dodecametallic cluster
[Cp'PrCk]12 (N) was obtained exclusively.

Figure B3. Structural diversity of rare-earth-metal chloride clus@&i#eft), M (center) andN

(right) (Cp' ligands omittetbr improved visualization).
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4 [CpRLnX 2]n: Effect of Crystallization Technique

The mechanistic details of cluster formatame highly complex, and dependent on a multitude
of factors such as the choice of solvesibichiometry or th synthesis pathwad.5 7 199-201
Surprisingly, the effect of therystallization technique on clustgynthesis has been neglected
in previous studies. Consequigntstructurally characterizedlusters mainly represent the

thermodynamically most stable reaction product.

In order to investigate into peible kinetic effects on the forti@n of lanthanide clusters, a
novel synthesis protocol was implemented. dfjusion of the aforementioned halogenido-
transfer reagents M8il and MeGeX (X = Br, Cl) into a solution of halfsandwich complex
CpRLn(AlMe4)2, a reduced reaction speed, and thus ameased kinetic control of the reaction
is feasible. In initial experiments, the iodinatiorAafesulted in the formation of the octanuclear
cluster [(u-Cp)rCpislLasli4 (O, see Scheme B4). Single-crystal XRD analysis of cluSter
revealed two L&z subunits interconnected via desilylated Cp ligands. The desilylation of the
Cp' ligands was evidenced b¥H NMR spectroscopy, indicating the presence of
hexamethyldisilane in the residual reactiolugon after crystallizon. Monitoring by NMR
spectroscopy revealed structurabrrangement into clustérin solution, which presumably
represents the thermodynaniiganore stable species.

Scheme B4Reactivity ofA toward MeSil according to different synthesis methodsE|rihe
Cp' ligands are omitted for clarity.
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The respective diffusion reaction &f with MesGeBr afforded the heteroaluminate cluster
[CpsLasBro(Br2AlMe2)]2 (P). For comparison, the stirred reaction gave dodecametallic
[Cp'LaBr]12 (F). Surprisingly, singleqystal XRD analysis oP showed the same structural
motif like the decametallic cerium clustdr, which was obtained by a stirred reaction though.
Similar to the previously discussed iodido clusPerclusterP undergoes transformation into
clusterF in solution, which was evidenced By NMR spectroscopy. Unlike the iodido and
bromido derivatives, chlorination & with MesGeCl did not afford a structurally different

cluster, and instead gave decametallic cluStagain.

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

route (Cp' ligands omitted fdét for clarity).
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Accordingly, the diffusion method was appliéor the cerium and praseodymium complexes
[Cp'Ln(AIMes)2] (3'", Ln = Ce, Pr) as well, though exdiusly for the iodination reaction with
excess MsSil. The reaction of halfsandwich cerium compléR gave access to two different
clusters, the octanucleapfCp):CpsCesli4] (Q) — isostructural to the corresponding lanthanum
clusterO — and {Ceas} nanowheelk . Formation of dodecanuclear clustewas not observed

for the diffusion method.

While previous attempts of iodination df" 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 & praseodymium nanowheel [@als]s (R), isostructural to
cerium congendf. Overall, clusters obtaideria the diffusion methoepresent the kinetically

favored products, and some of them are exolgiobtained by this protocol (see Figure B4).
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5 Synthesis of Cerium Halfsadwich and Sandwich Complexes

and Photoluminescence Behavior

Introduction

Research efforts on luminescent cerium congsdeare spurred by a wide range of potential
applications, such as photosensitizersphotocatalysis, lighting, or bioimagifg® 2022071
Here, the effective photoluminescence propenie€e(lll) is greatly affected by the ligand
environment. As such, the excitation andssion properties can be effectively turk. 1461

While the abovementioned cerium clusters ldiged intriguing photoluminescence behavior,
we aimed at a systematic study of luminesd@p*-based cerium complexes, with special
consideration given to the eleatic properties of the ligand sgsts. Major aspects include the
Cp/AlMeq ratio, different Cp derivatives, and substitution with halogenido ligands, as previous

results already showed interesting photolugasence behavior for these types of complExes.
147, 158]

Results and Discussion

In order to investigate othe effect of the Cp/AlMeratio, we selected the electron-rich
pentamethylcyclopentadienyl ligd as substituent. The respee halfsandwich and sandwich
cerium tetramethylaluminate complexes [Cp*Ce(AlMEe(AA) and [Cp%Ce(AlMes)] (BB)
were synthesized by treatment of the homoleptic cerium tris(tetramethylaluminate) Co¢AlMe
with KCp*. Whereas Ce(AlMgs is a colorless solidAA has a bright yellow color, which
changes to bright orange-red fBB. This color change is mirrored in the excitation and
emission spectra as well (Figure C1). Theitation maxima range is 366 nm for Ce(AlNk
431 nm forAA and 505 nm for sandwich compl®8. Likewise, a shift toward higher
wavelengths is observed inetlemission spectra as well,igg from 452 nm for Ce(AIMg3
over 489 nm with a shoulder at 530 nm Agk to 563 nm with a shoulder at 635 nm BRB.
Consequently, the emission color under UV-lightfundamentally different for the three
complexes: a dark blue color is observed for Ce(A)slen intense light blue color f&A,
and a bright yellow color faBB. Additional effects were found for the luminescence lifetime,
which significantly increases from 45 ns for Ce(Aljteto 128 ns AA) and 140 nsEB),
respectively. Similarly, the luminescence guan yield can be enhanced from 18% for
Ce(AlMes)s3 to 56% forBB.
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Figure C1.Normalized excitation (top) and &sion spectra (bottom) of Ce(AlMe, AA, and
BB.

In a next step, we focused on the effect ofedéhtly substituted cycle@mtadienyl ligands. For
this purpose, we examined the halfsandweomplexes with unsubstituted cylopentadienyl
[CpCe(AlIMey)2] (CC) in comparison to trimethylsilyl (Cp’) and pentamethyl (Cp*) substituted

derivatives]©e andAA.
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While the complexes with Cp and Cp* substiatishow 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).

Figure C2. Normalized excitation (top) and ession spectra (bottom) of halfsandwich
complexe<C, AA, and Cp'Ce(AlM8&)2.
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Notably, the luminescence lifetime aiiges slightly from 113 ns fo€C to 128 ns for
[Cp*Ce(AlMes)2], and increases further in Cp'Ce(AlMeto 128 and 153 ns with a contribution

of 50 :50, again likely ta monomer-dimer equilibrium.

Since halfsandwich rarearth-metal complexes showed to be suitable precursors for the
synthesis of halide THF-addudi¥,AA andBB were treated with halogenido transfer reagents
MesSil or MesGeX (X = Br, Cl) to achieve complete AlMbalogenido exchange (see Scheme
Cl).

Scheme C1General synthesis route toward oermicyclopentadienyl halide complexe®*
andEE* (X = Hal).

Upon addition of excess THF, the formationtioé corresponding THF adducts was feasible.
As such, the complexes Cp*Cg¥hf)s (DD*, X = I, Br, Cl) and Cp3CeX(thf) EEX, X =1, Br,

Cl) were isolated in moderate to excellent yields (29-92%). Viiilewas previously reported
by BRuno et al,[”? we were able to isolate the identical compound via a Alibttide exchange

reaction protocol as well.

Other than that, the bromido congeBd®' is isostructural to iodide compl®D', and due to
the good solubility inTHF, chloride compleXDD® was obtained as aghit yellow powder in
good yield (76%), while NMR spectroscopic chaeaiziation corroborates the formation of the

isostructural chloride species Cp*Ce(@if)s.
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TheH NMR spectrum oDD® shows the expected three silgnavith resonances assignable
to coordinated THF at 3.60 ppand 1.77 ppm, respectively, as well as a broadened singlet

generated by the Cp* methyl groups (3.38 ppm).

Figure C3. Crystal structures ddDP®" (left) andEE®" (right).

Elemental analysis ddD® on the other hand proved difficuttue to removal of coordinated

THF both under vacuum and by washing the product witlexane. 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 mongense fluorescent lighyellow color. In
contrast, the toluene solution of sandwigl displayed an intense dkaorange fluorescence,
which changed marginally upon addition of #8d, but showed a striking transition to a
fluorescent pink color wén treated with Mg&eX (X = Br, Cl), generatindeE', EE®", and

EE®, respectively.
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Experimental Section

General Considerations. All manipulations were perforndeunder rigorous exclusion of air
and moisture, using standard Schlamkl glovebox techniques (MBraun MB20G8).1 ppm

Oz, <0.1 ppm HO, argon atmosphere). The solvemsexane, toluene and THF were purified
using Grubbs-type columns (MBraun SF®)vent purification system). HBFrHF (99.5%,
Sigma-Aldrich) was dried and st over molecular sieves prior to filtration. All solvents were
stored inside a glovebox. Pentamethylcyclaadiene (HCp*, 98%) was obtained from abcr
and used as received. Potassium pentamettigjogntadienide was prepared according to
standard procedures by treatment of the paokigwith potassium. lodotrimethylsilane (97%,
stabilized with copper), brootrimethylgermane (98%), and chlorotrimethylgermane (98%)
were purchased from abcr and used withorther purification. Homoleptic [Ce(AlMgs] was
synthesized according to literature procedif&MR spectra of air and moisture sensitive
compounds were recorded using J.Young valveR\vbes at ambientrigerature on a Bruker
AVII+400 (*H: 400.11 MHz;®C: 100.61 MHz) spectrometeNMR chemical shifts are
referenced to internal solvent resonances and reported in parts per million relative to
tetramethylsilane. Coupling constants are giveR@ntz. Elemental analyses were performed
on an Elementar Vario Micro Cube. IR speetexe recorded eithen a NICOLET 6700 FTIR
spectrometer with a DRIFT k€KBr window, Kubelka-Munk onversion) or on a Vertex70

IR spectrometer (Nujol, Csl window).

[Cp*Ce(AlMe 4)2] (AA). Homoleptic [Ce(AlMe)3] (200.57 mg, 0.50 mmol) was dissolved in
toluene (5 mL) and added to a stirred @&vla suspension (10 mbf KCp* (87.17 mg, 0.50
mmol). After stirring the reaction mixture for héthe solution was centrifuged, the supernatant
was filtered, and the solvent was completeiyioged under vacuum to obtain the crude product
as a yellow solid. Single-crystals were aihed by recrystallization from a saturated
hexane/toluene solution a#0 °C (218.1 mg, 0.49 mmol, 97%) NMR (400.1 MHz,
[De]benzene, 26 °C)f = 3.83 (s, 15H, éMes), -0.61 (bs, 24H, Alles) ppm. IR(DRIFT): &=
2925 (m), 2884 (m), 2790 (w), 2731 (vw), 214%), 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) tnElemental analysis (%) calcd ford8zsCeAl
(449.59 g/mol) C 48.09, H 8.74; found: C 47.70, H 8.86.
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[Cp*2Ce(AlMes)] (BB). Homoleptic [Ce(AlMe)s] (200.57 mg, 0.5 mmol) was dissolved in
toluene (5 mL) and added to a stirred &la suspension (10 mbj KCp* (191.80 mg, 1.10
mmol). After stirring the reaction mixture for héthe solution was centrifuged, the supernatant
was filtered, and the solvent was completeiyioged under vacuum to obtain the crude product
as a bright red solid. Single-crystals were ol®édiby recrystallization from a saturated toluene
solution at -40 °C (193.7 mg, 0.39 mmol, 78%).NMR (400.1 MHz, [@]benzene, 26 °C){

= 4.17 (bs, Mes), -1.51 (bs, AWes) ppm. IR(DRIFT): &= 2962 (w), 2913 (s), 2859 (m), 2730
(vw), 2122 (vw), 1487 (w), 1439 (w), 1385 (w78 (m), 1066 (w), 1019 (w), 955 (vs), 799
(m), 773 (M), 737 (sB76 (), 619 (SH66 (s), 542 (vs) crh Elemental analysis (%) calcd for
CagHsaCeAl2 (995.35 g/mol) C 57.92, H 8.51; found: C 57.81, H 8.14.

[CpCe(AIMey)2] (CC). Homoleptic [Ce(AlMe)s] (50.00 mg, 0.125 mmolyas dissolved in
toluene (5 mL) and added to a stirred tolugoletion (10 mL) of NaC{12.33 mg, 0.14 mmol).
After stirring the reaction mixture for 16 hetlsolution was centrifugle the supernatant was
filtered, and the solvent was completely rentbuader vacuum to obtain the crude product as
a yellow solid (32.1 mg, 0.09 mmol, 68%H NMR (400.1 MHz, [R]benzene, 26 °C)/ =
5.36 (bs, 5H, €Hs), 3.63 (bs, 5H, €Hs), 1.15 (bs, 24H, AVles) ppm.

[Cp*Cel o(thf) 3] (DD'). [Cp*Ce(AlMes)2] (100.00 mg, 0.22 mmol) was dissolvediimexane

(5 mL), and MeSil (112.06 mg, 0.56 mmol) was added undgorous stirring. A color change
from intense to light yellow was observed. Afstirring the reaction mixture for 30 minutes, 2
mL of THF were added. After stirring the react mixture for anothetO minutes, the solvent
was removed under vacuum, and the cnuaeluct was washed extensively witthexane to
remove residual AIME€THF adduct. The crude product svabtained as yellow powder, of
which single-crystals were obtained as yellowchk from a saturated THF solution at -40 °C
(47.52 mg, 0.064 mmol, 29%H NMR (400 MHz, [ THF, 26 °C): /= 5.56 (s, 15H, Odes),
3.61 (m, coord. @sO), 1.77 (m, coord. £1s0) ppm. Elemental analysis (%) calcd for
C22H39CekOs (745.48 g/mol) C 35.45, H 5.27; found28.23, H 3.58. The deviation between
theoretical and experimentalluas can be attributed tomeval of coordinated THF under
vacuum and by washing the product withexane. The loss of two THF molecules per cerium
would afford calcd C 27.97, H 3.86.
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[Cp*CeBr z(thf) 3] (DDPB"). [Cp*Ce(AlMes)2] (100.00 mg, 0.22 mmol) was dissolved rin
hexane (5 mL), and M&eBr (110.68 mg, 0.56 mmol) waslded 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 stigrthe reaction mixture for another 10 minutes,
the solvent was removed under vacuum, andiiinée product was wast extensively witm-
hexane to remove residual AIMEHF adduct. The product was obtained as a light yellow
powder, of which single-crystaigere obtained as yellow blocks from a saturated THF solution
at -40 °C (146.52 mg, 0.2 mmol, 92%)-H39CeBr0O3 (651.48 g/mol) C 40.56, H 6.03; found:

C 27.26, H 4.35. The deviation between theoretindl experimental values can be attributed
to removal of coordinated THF undeacuum and by washing the product withexane. The
loss of three THF moleculgger cerium would affora¢alcd C 27.60, H 3.47. Although these
results are then outside the ramigved as establishing analyai purity (H: + 0.88), they are

provided to illustrate the Bevalues obtained to date.

[Cp*CeCl(thf)3] (DD®). [Cp*Ce(AlMes)2] (100.00 mg, 0.22 mmol) was dissolved rin
hexane (5 mL), and M&eCl (85.20 mg, 0.56 mmol) waslded 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 stigrthe reaction mixture for another 10 minutes,
the solvent was removed under vacuum, andiinge product was wast extensively witm-
hexane to remove residual AIMEHF adduct. The product was obtained as a light yellow
powder (94.50 mg, 76%)H NMR (400.1 MHz, [R]THF, 26 °C): / = 3.60 (m, coord. THF),
3.38 (bs, 15H, 6Mes), 1.77 (m, coord. THF) ppm. IRd= 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) crh Elemental analysis (%) calcd fos#39CeCbO3 (562.57 g/mol) C
46.97, H 6.99; found: C 40.91, H 5.98.elHeviation between theoretical and experimental
values can be attributed to removal obalinated THF under vacuum and by washing the
product withn-hexane. The loss of two THF molecules per cerium would afford calcd C 40.19,
H 5.54.

[Cp*2Cel(thf)] (EE'). [Cp*2Ce(AlMes)] (100.00 mg, 0.22 mmol) watissolved in toluene (5
mL), and MeSil (55.00 mg, 0.28 mmol) was added undrgorous stirring. A color change

from bright to light orange was observed. Afétirring the reaction mture for 30 minutes, 2
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mL of THF were added, leading to color chamg® dark yellow. After stirring the reaction
mixture for another 10 minutes, the solvenswamoved under vacuum, and the crude product
was washed extensively withthexane to remove residual AIMEHF adduct. The crude
product was obtained as a yellow powder, ofclwhsingle-crystals werebtained as orange
columns from a saturated THF solution-40 °C (90.20 mg, 0.15 mmol, 67%). Elemental
analysis (%) calcd for £4H3sCelO (745.48 g/mol) C 47.29, H 6.28; found: C 44.88, H 5.15.
The deviation between theoretical and experialewhlues can be aithuted to removal of
coordinated THF under vacuum and by washing the productnahétxane. The loss of one
THF molecule per ceriumould afford calcd C 44.69, H 5.63.

[Cp* 2CeBr(thf)] (EE®"). [Cp*2Ce(AlMes)] (100.00 mg, 0.22 mmol) veadissolved in toluene

(5 mL), and MeGeBr (54.35 mg, 0.28 mmol) was addedemdgorous stirmg. A color change
from bright orange to bght pink was observed. After sting the reaction mixture for 30
minutes, 2 mL of THF were addeleading to color cdnge into yellowAfter stirring the
reaction mixture for another 10 minutes, thi¥eot was removed under vacuum, and the crude
product was washed extensively witthexane to remove residual AIMEHF adduct. The
crude product was obtained as a yellow powdenlo€h single-crystals were obtained as light
orange needles from a saturated THF solutiedA@tC. Further characterization was hampered

by the formation of a product mixture.

[Cp* 2CeCl(thf)] (EE®"). Cp*2Ce(AlMes) (100.00 mg, 0.22 mmol) wassdolved in toluene (5
mL), and MeGeCl (42.89 mg, 0.28 mmolas added under vigorous stirring. A color change
from bright orange to bght pink was observed. After stitg the reaction mixture for 30
minutes, 2 mL of THF were addddading to color change into dark yellow. After stirring the
reaction mixture for another 10 minutes, thivent was removed under vacuum, and the crude
product was washed extensively witthexane to remove residual AIMEHF adduct. The
crude product was obtained ayellow powder, of which singlerystals were obtained as
yellow needles from a saturated THF siwln at -40 °C (63.25 mg, 0.12 mmol, 55%).
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Figure C4.H NMR spectrum (400 MHz) of [Cp*Ce(AIM#z] (AA) in [De]benzene at 26

°C. The solvent residual signalnsarked with an asterisk.

Figure C5.'H NMR spectrum (400 MHz) of [Cp€e(AIMes)] (BB) in [De]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(AIMR] (CC) in [De]benzene at 26 °C.

The solvent residual signal is marked with an asterisk.

Figure C7.H NMR spectrum (400 MHz) of [Cp*Ce&thf)s] (DD in [De] THF at 26 °C.
The solvent residual signal is marked with an asterisk.
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Table C1.Crystallographic data for compounéié., BB, andDD!
AA BB DD
formula GsHsoCeAl CagHs4CeAl 2 CoeH47CekO4
Mr [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 orthorhdorc 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)
[°] 90 90 90
[°] 90 124.847(3) 90
[°] 90 90 120
V [A3] 4466.1(3) 2545.2(15) 13938(2)
z 8 2 18
T [K] 100(2) 100(2) 100(2)
[A] 0.71073 0.71073 0.71073
lcatcd [g/Cm?] 1.337 1.299 1.753
i [mmY 2.112 1.828 3.489
F (000) 1848 1028 7182
range [°] 2.159 — 30.608 2.351 — 23.286 1.680 — 23.265
'?gﬁgg?odnim 6863 1786 4432
reflections collected 69527 3222 26246
R1IMWR2 (I > 2)) 0.0231/0.0519 0.0429/0.0873 0.0403/0.0899
R1MWR2 (all data) 0.0308/0.0564 0.0591/0.0949 0.0564/0.0994
1.025 1.027

GOF

1.039
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AND SANDWICH

Table C1.Crystallographic data for compound®®’, EE', andEE®"

DD®r EE' EEP'
formula CeH47CeBr04 C24H38CelO CG4H3sCeBroO
Mr [g/mol] 723.57 609.56 562.57
color/shape yellow/block ange/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 P21/c Pt Pt
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)
0] 90 62.1970(10) 62.235(3)
[°] 104.5600(10) 87.061(2) 88.487(4)
[°] 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)
[A] 0.71073 0.71073 0.71073
lcalcd [g/CM3] 1.633 1.645 1.541
i [mmd] 4.289 3.115 3.535
F (000) 1452 1204 1132
range [°] 1.692 —26.392 1.249 — 30.552 1.680 — 23.265
'?gﬁgg?odnim 6025 14958 10039
reflections collected 37379 84942 50612

RIMWR2 (I > 2)

0.0263/0.0604

0.0234/0.0531

0.0453/0.0996

R1MWR?2 (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 compoufdE®

EECI
formula CG4H3eCeClO
Mr [g/mol] 518.11
color/shape yellow/block

crystal dimensions

0.120 x 0.080 x

[mm] 0.052
crystal system triclinic
space group Pt
a[A] 8.4870(5)
b [A] 17.0107(10)
c [A] 184765(11)
%] 62.617(2)
[°] 89.586(2)
[°] 87.168(2)
V [A3] 2365.3(2)
Z 4
T [K] 100(2)
[A] 0.71073
lcalcd [g/CM3] 1.455
i [mmd] 2.048
F (000) 1060
range [°] 1.241 - 26.421
e oms
reflections collected 54558
R1MWR2 (1 > 2] 0.0343/0.0707
R1MWR?2 (all data) 0.0521/0.0779
GOF 1.015
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6 Donor-Induced Formation of Searated lon Pairs and Rare-
Earth-Metal Redox Chemistry

Introduction

The equimolar reaction of Cple(AlMes) (BBC®) with MesGeBr unexpectedly led to the
concomitant formation of Cp€eBr(thf) EEP") and the separated ion pair complex
[Cp*2CeBr](thf)2AIMe2]* (FFC®). While separated ion paic®nsisting of anionic sandwich-
type rare-earth-metal halideompounds are not entirely né§/; 208212 we targeted the
controlled synthesis by various donor ligandse Dibtained anionic species are then prone to

oxidation reactions.
Results and Discussion

ComplexFFCe was selectively obtained by treatmenB&® with excess ¢ 3 equiv.) MeGeBr

and subsequent addition of excess THF (see Sci@neorroborating thparticular stability

of the separated ion pair. THd NMR spectrum ofF°¢ in [Dg]THF shows four signals that
can be attributed to the complex. The Cp* myegroups resonate at 4.73 ppm, and the methyl
groups of cationic [(thBAIMe2]* at -0.67 ppm, respectivelgoordinated THF shows signals
at 3.60 ppm and 1.77 ppm. Furthermore, i NMR resonance was referenced against
precursor complexes Ce(AlMe as well as sandwicBB®®. The aluminum metal center of
FFCe resonates at 163 ppm in thi&l NMR spectrum (Figure C8), the other signal is caused
by the NMR tube (aluminum silicate).

Scheme C2Synthesis of separated ion pafce.

In comparison to the homoleptic cerium aluminate, the aluminum signal is shifted significantly
toward higher field, whereas the resonanceéFEf¢ is located between the two aluminum

signals ofBB®® (194 ppm and 154 ppm, see Figure C8hgle-crystals were obtained by
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dropwise addition of THF to the crude product ueiylstallization occurred (cryst. yield: 78%),
and single-crystal XRD analysis ealed the molecular structure BF®® (Figure C10),
consisting of anionic [CpCeBr]~ and the cationic counterion [(tbfIMe2]*. Surprisingly, the
formation of a separated ion paias only observed when excess:eBr was added and did

not occur in the analogouslbgenation reactions with M8il or MesGeCl.

Attempts to oxidizé=F°® to form putative [Cp#CeBr] were taken with TeBrto avoid possible
ligand scrambling and simultaneously stabilike bromido ligands. As such, the equimolar
addition of TeBg resulted in immediate decolorizationtbé previously intense yellow solution
and simultaneous precipitation of°TAfter stirring the reaction miure for 1 h, elemental Te
was filtered off, leaving a pale yellow soli, indicating incomplete oxidation of the cerium
species. Addition of another equivalent of TeBnder stirring led to fdher darkening of the
reaction mixture, turning into a dapurple color over night. ExcessTeas filtered off again,
affording a dark purple solution. The solvent waxmioved completely under vacuum to afford

a purple solid.

Figure C8. Stacked?’Al NMR spectra (130 MHz, 26 °C) of homoleptic Ce(Allte
([De]toluene),BB ([Dg]toluene) and-F<¢ ([Ds]THF).

The relatively sharpH NMR resonances at 3.71 ppm &84 ppm, respectively, indicate a
complete oxidation to a diamagne@e(IV) species, and show artegral 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 diffractjoevealing the formation of the trivalent salt
CeBrs(thf)4.213 Apparently, coordination of THF deto reduction and formation of the

presumably more stable trivalent cerium bromide.

Since oxidation toward a tetravetespecies at least in solution seemed feasible, oxidation of
the respective praseodymium and neodymium complekEs (Ln = Pr, Nd) was attempted.
ComplexesFF-" were obtained by the analogous synthesis roufeFa%from the sandwich
complexes Cpi.n(AlMes) (BB, Ln = Pr, Nd) in excellent crystalline yieldBR™": 90%,

FFNA: 949%). Following the procedure f&FCe, treatment ofFFP" gave a dark green solution,
whereas forFFN a dark blue solution was obtained. Again, concentrating the respective
solutions led to the formation of colorless crystals (putative &(tiB)4), proving THF as
detrimental for the stabilizat of any tetravalent species.

Figure C9.H NMR spectrum (400 MHz, 26 °C, BTHF) of the purplesolid obtained via

oxidation ofFF®e with TeBm.

As a reduced donor strength wagpected for tettaydrothiophene (THT) in comparison to
THF, the synthesis of possible precursor complex $0OpBrz] [(tht)2AIMez]*™ (Ln = Ce, Pr,
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Nd) was targeted. While the respective reactgimswved similar color transitions as the THF
reaction, isolation of the corresponding THT speavas unsuccessful. Nevertheless, oxidation
with TeBr was attempted following similar procedures. Surprisingly, the oxidation reactions
resulted in a deep red solutioagardless of the metal centi#gugh any isolation of a reaction

product was not possible.

Similarly, precursor synthesistiv tetrahydropyrane (THP) as dored to the formation of the
respective separated ion pairs [@piBr2] (thp)2AIMe2]* (GG, Ln = Ce, Nd), again in
excellent crystalline yield@GC®®: 93%, GGNY: 96%) (Figure C10). Irrontrast, the reaction
with precursorFFP" did not afford the isostructural s@rated ion pair, but potassium ate-
complex [CpsPrBrK(thp)s (HH), revealing potassiurmpurities in sandwictFF"" from
treatment with KCp*. Hence, ¢hsimilar formation of [CpPrBr] [(thp)2AIMe2]" is expected

after purification ofFF"".

Figure C10. Crystal structures dfFe (left) andGG°®® (right).

The oxidation of complexeSG" with TeBu resulted both in identical color transitions into
purple GG®®) and dark blueGGNY) solutions, and crystallizatiasf the presumable THP salt
LnBrs(thpk (Ln = Ce, Nd), disqualifying THP fdurther reaction studies as well.

Lastly, the synthesis was penfioed with diethyl ether as a dondue to the expected weak
donor strength. While all complexes presumafudym the respective separated ion pairs
[Cp*2LNnBr2] [(Et20)AIMez]* (II'", Ln = Ce, Pr, Nd) according identical color change as
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FFL", isolation was not possiblue to likely removal of EO under vacuum (color change
back from yellow to pink fol ©¢). Therefore, all following syntlsis steps have been performed
in situ until a stable product was obtained. Stepwise oxidation withsTeRBulted in dark
colored solutions similar as in the procedurthwiHF, hence complete oxidation to the stable

tetravalent species [Cg*nBrz] was assumed.

As cerium alkoxides have shown better stahilan of tetravalenterium complexesn situ
synthesized sandwich complexés" were treated with excess N#BD/?*4 aiming at
substitution of the bromidbgands. Upon addition of NaBu to Il ', all reaction mixtures

showed a similar color changean orange solution. As thel NMR spectrum in [Blbenzene

Figure C11. 'H NMR spectrum (400 MHz, [Bbenzene, 26 °C) of [CpE€eBr]-
[(Et20)2AIMe2]* (11 ©°) after the addition of NatBu (top) and after the addition of an additional

stoichiometric ammount of TeB(bottom).

(Figure C11) for the cerium reaction indicated lathand tetravalent species of the homoleptic
alkoxide complexes, another equivalent of leBas added, inducing the disappearance of the

broad signal of the paramagneti@sies, thus likely affording attavalent species exclusively.
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Recrystallization from a satugal toluene solution gave access to the unprecedented molecular
clathrate cluster [(@u):12Te/CeNa4sOs] (JJ¢®). ClusterJJ®e consists of a Na octadecahedron

as well as a @ icosahedron of theert-butoxy ligands. Additionally three faces of this
icosahedron are capped by oxy ligands. The nondauated tetravalent mdt@n is located in

the center 08JC¢, although further analysis needs to pearfed to elucidate the type of element.
The isostructuraheodymium clustedJN® was obtained by following the identical reaction
procedure using the sandwich complex fNut(AlMes) as precursor. Similarly, further

analysis to determine the element type of the central metal ion is necessary.

Figure C12. Connectivity ofJJ®e (left) with cluster substructures Maoctadecahedron (top
right) and Qzicosahedron (red, bottom right). Face-cagmxide ligands are colored in orange
for improved visualization. Hydrogeatoms are omitted for clarit§Bu groups (except for one)

are represented by a wireframedwabfor improved visualization.
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Experimental Section

General Considerations. All manipulations were perforndeunder rigorous exclusion of air
and moisture, using standard Schlamkl glovebox techniques (MBraun MB20G8).1 ppm
Oz, <0.1 ppm HO, argon atmosphere). The solvemsexane, toluene, THF, and diethyl ether
were purified using Grubbs-type columns EMun SPS, solvent purification system).
[De]benzene (99.6%, Sigma-Aldrich) ands[idluene (99.6%, Sigma-Aldrich) were dried over
Na/K-alloy for at least 24 prior to filtration. [B]THF (99.5%, Sigma-Adrich) was dried and
stored over molecular sievesjqurto filtration. All solvents were stored inside a glovebox.
Pentamethylcyclopentadiene (HCp*, 98%) wastained from abcr and used as received.
Potassium pentamethylcyclopentadienide and sotkurbutoxide were prepared according to
standard procedures by treatment of theligand with the respective alkali metal.
Tetrahydropyran (THP) and tatrydrothiophene (THP) were obtained from abcr, degassed,
and stored inside a glovebox. Bromotrimetigrinane was purchasédm abcr and used
without further purificaion. Tellurium bromide (TeBy was purchased from Alfa Aesar and
used as recieved. Homoleptic [Ln(AlIMg (Ln = Ce, Pr, Nd) was synthesized according to
literature procedured> 3% 3INMR spectra of air and moists sensitive compounds were
recorded using J.Young valve NMR tubesatbient temperature on a Bruker AVII+438i{(
400.11 MHz;*3C: 100.61 MHz) or a Bruker AVII+5004d: 500.13 MHz 2’Al: 130.32 MHz)
spectrometer. NMR chemical shifts are referertoeidternal solventesonances and reported
in parts per million relative to tetramethylsilaoealuminum nitrate. Coupling constants are
given in Hertz. Elemental analyses werefgpened on an Elementar Vario Micro Cube. IR
spectra were recorded on a VertexRGpectrometer (Nujol, Csl window).

General procedure for the synthesis of [CpiLn(AlMe 4)] (BB-", Ln = Pr, Nd). A toluene

solution (3 mL) of homoleptic Ln(AlMgs was added to a stirred suspension of KCp* (2.2
equiv.) in toluene (3 mL). The reaction mixtwvas stirred for 18 h at ambient temperature,
subsequently centrifuged, filtered, and the spntwas completely removed under vacuum to

obtain the crude product.

[Cp* 2Pr(AlMe 4)] (BBP"). Following the above mentioned procedure, Pr(AE00 mg, 0.5
mmol) and KCp* (191.76 mg, 1.1 mmol) affordB8*" as light green pader (224.1 mg, 0.45
mmol, 90%). Single-crystals were obtairesllight yellow blocks from a saturataehexane

solution at -40 °C. Th&H NMR spectrum of the non-crydiiae residue wa inconclusive.
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[Cp* 2Nd(AIMe 4)] (BBNY). Following the above mentioned procedure, Nd(A)d€LO1.4 mg,
0.25 mmol) and KCp* (95.88 mg, 0.55 mmol) afford&8N? as blue powder (111.9 mg, 0.22

mmol, 89%). ThéH NMR spectrum of the non-crysliake residue was inconclusive.

General procedure for the synthesis of [CpLnBr 2] [(do)2AIMe2]" (Ln = Ce, Pr, Nd; do =
THF, THP, Et20). A solution of MeGeBr (3 equiv.) in toluene (1 mL) was added to a toluene
solution (3 mL) of CpsLn(AIMes) under vigorous stirring. Afte5 min, a stoichiometric
amount (2 equiv.) of donor compound was atjdend the reaction mixte was stirred for
another 30 min. Unless otherwise sthtcrystals suitable for silegcrystal XRD analysis were
grown by complete removal of the solvent ungsszuum and subsequent, dropwise addition of

the respective donor compound.

[Cp*2CeBr](thf) 2AIMe2]* (FF®®). Following the procedure described above,
Cp*2Ce(AlMes) (19.90 mg, 0.04 mmol) and M@eBr (23.70 mg, 0.12 mmol) afford&d<e

as yellow crystals (24.1 mg, 0.031 mmol, 78%) NMR (400.11 MHz, [R]THF, 26 °C): /=
4.73 (bs, 30H, éMes), 3.60 (m, coord. THF), 1.77 (m, coord. THF), -0.67 (s, 6H)&) ppm.
27A| (130.32 MHz, [Q] THF, 26 °C): / = 163 ppm.

[Cp* 2PrBr 2] (thf) 2AIMe 2] * (FFP"). Following the procedure described above, PpfAIMes)
(20.10 mg, 0.04 mmol) and M@eBr (23.7 mg, 0.12 mmol) afforddeF"" as light yellow
crystals (27.9 mg, 0.036 mmol, 90%). Th¢ NMR spectrum of the non-crystalline residue

was inconclusive.

[Cp*2NdBr ] [(thf) 2AIMe2]*  (FFNY). Following the procedure described above,
Cp*2Nd(AlMes) (20.2 mg, 0.04 mmol) and M@eBr (23.7 mg, 0.12 mmol) affordéd\? as
light blue crystals (29. mg, 0.037 mmol, 94%). THeNMR spectrum of the non-crystalline

residue was inconclusive.

[Cp*2CeBro][(thp)AlMe2]* (GG®®). Following the procedure described above,
Cp*2Ce(AlMes) (35.0 mg, 0.07 mmol) and MBeBr (41.7 mg, 0.21 mmol) affordé€iG*® as
yellow crystals (52.4 mg, 0.066 mmol, 93%). The 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), 959,887 (vw), 860 (m), 802 (m), 721 (vs), 693
(vs), 578 (w), 469 (vw) crh
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[Cp* 2NdBr]{(thp)AIMe2]* (GGNY). Following the proceare described above,
Cp*2Nd(AlMes) (25.0 mg, 0.05 mmol) and MBeBr (29.5 mg, 0.15 mmol) afford&iGN? as

light blue crystals38.5 mg, 0.048 mmol, 96%). IfRlujol, Csl-window): & 2954 (Cp, Nujol),
2924 (Cp, Nujol), 2854 (Cp, Nujol), 2724 (w), 2668 (@624 (w), 1460 (Nujl), 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)

cmt.

[Cp* 2PrBr2K(thp) 4] (HH). A solution of MeGeBr (29.5 mg, 0.15 mmol) in toluene (1 mL)
was added to a stirred solution BBP" (27.08 mg, 0.05 mmol). Aftestirring the reaction
mixture at ambient temperature for 5 min, aigdtiometric amount of THP (2 equiv.) was
added. After stirring for anoth&0 min, the solvent was comepely removed under vacuum,
and the obtained crude productsmacrystallized from a saturated THP solution at -40 °C.
Single-crystals oHH were obtained as coloreslocks in low yield. ThéH NMR spectrum

of the non-crystalline residue was inconclusive.

[Cp* 2CeBry](Et20).AIMe2]* (11®). Following the procedure described above,
Cp*2Ce(AlMes) (19.9 mg, 0.04 mmol) and MBeBr (23.7 mg, 0.12 mmol) affordét® as
yellow solution. Recrystallization wasipeded by presumable removal of@&tand resulting

formation of the neutral trivalent sandwich complex [€Br] under vacuum.

[Cp* 2PrBr 2] {(Et20)AlMe2]* (IIP"). Following the procedure described above,
Cp*2Pr(AlMes) (20.1 mg, 0.04 mmol) and MBeBr (23.7 mg, 0.12 mmol) affordetf" as
light green solution. Recrystallizatiomas impeded by presumable removal ofCEtand

resulting formation of the neutraivalent sandwich complex [CpPrBr] under vacuum.

[Cp* 2NdBrz] [(Et20)-AlMe2]* (11NY). Following the procedure described above,
Cp*2Nd(AlMes) (20.2 mg, 0.04 mmol) and MBeBr (23.7 mg, 0.12 mmol) affordeédV? as
blue-green solution. Recngdlization was impeded by presumable removal ofOE&nd

resulting formation of the neutrmivalent sandwich complex [CpXdBr] under vacuum.

General procedure for the synthesis of [(@Bu)izTe/LnNai14O3] (JJ'", Ln = Ce, Nd).To a
stirred solution of the dieth@ther separated ion pdlit", a stoichiometric amount of TeB(l
equiv.) in toluene was added. Upon additiortedfurium bromide, the solution immediately

became pale, and precipitati of a dark solid (T® was observed. Elemental tellurium was



DONOR-INDUCED FORMATION OF SEPARATED ION PAIRS AND RARE-EARTH-METAL REDOX

CHEMISTRY 69

filtered off, and another stoichiometric amount of Te@requiv.) in toluene was added. After
stirring the solution over night, the solution stealvan intense dark color, hence complete
oxidation was assumed. The solvent was remiaweler vacuum, and the residual dark solid
was resuspended in toluendnder vigorous stirring, a@thiometric amount of NatBu (4
equiv.) was added, resulting an immediate color change of the solution to orange and
precipitation of a colorless solid. After stirritige reaction mixture fat h, the suspension was
centrifuged, filtered, and the solvent wamoed completely under vacuum. If theé NMR
spectrum in [B]benzene showed signals of a trivalspecies, an additional stoichiometric
amount of TeBr (1 equiv.) was added, tiselution stirred for 2 h, @hfiltered again. Colorless
crystals ofJJ'" were obtained from a saated toluene solutiofH NMR JJ®¢ (400.11 MHz,
[De]benzene, 26 °C){ = 1.39 (stBu) ppm.
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Figure C13.'H NMR spectrum (400 MHz, [fbenzene, 26 °C) of [CpPr(AlMes)2] (BB™).

Solvent residual signals are marked with an asterisk.

Figure C14.'H NMR spectrum (400 MHz, [B)THF, 26 °C) of [Cp%CeBup][(thf)2AIMe2]*
(FFC®). Solvent residual signalseamarked with an asterisk.
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Figure C15.2°Al NMR spectrum (130 MHz, [E]THF, 26 °C) of [Cp%CeBr][(thf)2AlMe2]*
(FFC®). The signal of the aluminum silicate NMR tube is marked with an asterisk.

Figure C16.'H NMR spectrum (400 MHz, [D6]benzene, 26 °C) of tl0)12Te/CeNasOs]
(JJ%8).
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Table C2. Crystallographic data for compounBE®e, EEP", andEENd

EECe EEP" EENd
formula GoHs2AICeBr02 CaoHs2AIPrBr202 CzoHs2AINdBr202
M [g/mol] 771.63 772.42 775.75
color/shape yellow/block lightellow/block light blue/block
crystal dimensions 0.156 x 0.153 x 0.231x0.171 x 0.139 x 0.106 x
[mm] 0.145 0.146 0.104
crystal system orthorhombi orthorhombic orthorhombic
space group Pca2: Pca2: Cma
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)
0] 90 90 90
[°] 90 90 90
[°] 90 90 90
V [A3] 3373.6(11) 3339.5(3) 3332.6(14)
z 4 4 4
T [K] 100(2) 100(2) 100(2)
[A] 0.71073 0.71073 0.71073
lcalcd [g/CmM?] 1.519 1.536 1.546
i [mmd] 3.767 3.901 4.005
F (000) 1556 1560 1564
range [°] 2.362 — 30.560 2.370 — 30.509 1.850 — 30.499
'?gﬁgg?odnim 10144 10189 5250
reflections collected 45595 74803 37933

RIMWR2 (I > 2)

0.0316/0.0655

0.0230/0.0521

0.0234/0.0512

R1MWR?2 (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 compoun@BP", GG, andGGNd
BBP"eCeH14 GGCe GGNd
formula CGHaAIPT Cs2Hs6AICEBR0O2 C32Hs6AINdBr202
M [g/mol] 541.55 799.68 803.80
color/shape light yellow/bldc yellow/needle blue/needle
crystal dimensions 0.253 x 0.235 x 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 Pt Cme: Cme:
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)
0] 71.897(2) 90 90
[°] 74.032(2) 90 90
[°] 88.446(2) 90 90
V [A3] 1420.85(17) 3506.3(4) 3493.0(4)
z 2 4 4
T [K] 100(2) 100(2) 100(2)
[A] 0.71073 0.71073 0.71073
lcalcd [g/CmM?] 1.266 1.515 1.528
i [mmd] 1.755 3.627 3.824
F (000) 566 1620 1628
range [°] 1.981 —28.285 1.798 — 24.729 1.800 — 26.392
'?gﬁgg?odnim 6983 3114 3696
reflections collected 32698 21315 21966

RIMWR2 (I > 2)

0.0269/0.0647

0.0343/0.0630

0.0334/0.0645

R1MWR?2 (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 compounidst, JJ¢¢, andJJNd

HHeCsH100 JJjce JJNd
formula GisHgoPrBr2OsK CasH108CeNa4O1s 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 orthorhombi triclinic orthorhombic
space group Pca2: Pt Cme:
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)
0] 90 90.00(2) 90
[°] 90 89.96(2) 90
[°] 90 90.03(2) 90
V [A3] 4972.9(8) 7264(7) 3493.0(4)
z 4 4 4
T [K] 100(2) 100(2) 100(2)
[A] 0.71073 0.71073 0.71073
lcalcd [g/CmM?] 1.390 1.269
i [mmd] 2.709 0.762
F (000) 2152 2912
range [°] 1.479 — 26.388 1.486 — 22.079
'?gﬁggi”odnim 10176 31969
reflections collected 59272 65242

RIMWR2 (I > 2)

0.0703/0.1616

0.1494/0.3688

R1MWR?2 (all data)

0.0724/0.1625

0.2900/0.4202

GOF

1.250

1.852
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