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Preface 

The following PhD thesis consists of a review on synthesis strategies toward high-nuclearity 

rare-earth-metal clusters as well as their physicochemical properties and applications, a 

summary of the main results, and original scientific papers. The work has been carried out at 

the Institute of Inorganic Chemistry of the Eberhard Karls Universität Tübingen, Germany, over 

the period from March 2018 to June 2022 under the supervision of Prof. Dr. Reiner Anwander. 

Funding has been gratefully received from the Deutsche Forschungsgemeinschaft (DFG). 

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

contributions and oral presentations. 
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Abstract 

Although rare-earth-metal clusters serve as established model systems for distinct reaction 

patterns, the formation process of metal clusters is rather complex and often not well 

understood. 

Primarily, the process of formation of high-nuclear lanthanide clusters was scrutinized. The 

halfsandwich tetramethylaluminate complexes CpRLn(AlMe4)2 (R = Me3Si (Cp'), Me5 (Cp*)) 

were treated with different halidogenido-transfer reagents (Me3SiI, Me3GeBr, Me3GeCl) to 

afford multinuclear Ln clusters. By applying modular changes to the synthesis protocol, effects 

of various parameters on the cluster formation could be revealed. The sterically less demanding 

Cp' ligand enabled cluster enlargement to the dodecametallic lanthanum clusters [Cp'LaX2]12 

(X = I, Br) and characterization by NMR spectroscopy in contrast to the Cp* ligand, yielding 

the nonanuclear cluster [Cp*LaI2]9. Similarly, the larger iodido and bromido ligands afforded 

the larger coordination clusters [Cp'LaX2]12 (X = I, Br) compared to the smaller chlorido ligand, 

where the decametallic cluster [Cp'LaCl2]10 was isolated. Changing the rare-earth-metal center 

from lanthanum to marginally smaller cerium or praseodymium metal centers revealed a size 

effect for the metal center by the isolation of structurally diverse clusters, e.g. the 

hexadecanuclear lanthanide nanowheel [Cp'4Ln4I8]4 (Ln = Ce, Pr). Lastly, establishing a 

kinetically controlled reaction pathway via a diffusion synthesis protocol enabled the isolation 

of lanthanide clusters with distinct structural motifs that can be exclusively obtained by this 

route, such as the desilylated octanuclear lanthanum cluster [(µ-Cp)2Cp'8Ce8I14]. Further 

mechanistic studies by NMR spectroscopy were conducted on the trinuclear model cluster 

[Cp*3Y3(µ2-Me)3(µ3-CH2)(µ3-H)(thf)3], featuring a rare mixed methyl/methylidene/hydrido 

derivative, which gave detailed insight on the process of formation of simple lanthanide 

clusters. 

Additionally, the physicochemical properties of the complexes were investigated. The cerium 

precursor complexes and clusters both showed interesting photoluminescence behavior, which 

can be precisely tuned by changing the ligand system. Furthermore, clusters showing single-

molecule magnet (SMM) behavior were targeted by using ferromagnetic lanthanides as metal 

centers. The obtained tetranuclear dysprosium cluster [Cp*DyI2]4 then displayed single-

molecule magnetism properties, hence establishement of a straightforward synthesis route 

toward potential SMM clusters was feasible.   



 

VIII 

Zusammenfassung 

Seltenerdmetallcluster dienen als etablierte Modellsysteme für spezifische Reaktionswege. 

Dennoch ist der Bildungsprozess von Clustern hochgradig komplex und häufig auch nur 

unzureichend charakterisiert. 

Im Wesentlichen wurde der Bildungsprozess von Seltenerdmetallclustern genauer untersucht. 

Die Halbsandwich-Tetramethylaluminatkomplexe CpRLn(AlMe4)2 (R = Me3Si (Cp'), Me5 

(Cp*)) wurden mit den Halogenido-Transferreagenzien (Me3SiI, Me3GeBr, Me3GeCl) 

umgesetzt um mehrkernige Seltenerdmetallcluster zu erhalten. Durch gezielte Änderungen im 

Syntheseprotokoll wurden die Auswirkungen verschiedener Faktoren auf die Clusterbildung 

untersucht. Der sterisch weniger anspruchsvolle Cp'-Ligand ermöglichte die Synthese der 

größeren zwölfkernigen Cluster [Cp'LaX2]12 (X = I, Br) sowie eine NMR-spektroskopische 

Charakterisierung im Gengensatz zum Cp*-Liganden, der den neunkernigen Cluster [Cp*LaI2]9 

als Produkt lieferte. Gleichermaßen ergaben die größeren Iodido- und Bromido-Liganden die 

größeren Cluster [Cp'LaX2]12 (X = I, Br) im Gegensatz zum kleineren Chlorido-Liganden, mit 

dem der zehnkernige Cluster [Cp'LaCl2]10 isoliert werden konnte. Ein Wechsel des 

Metallzentrums hin zu den geringfügig kleineren Cer- oder Praseodym-Metallzentren zeigte 

einen Größeneffekt auf, welcher durch die Isolierung strukturell vielfältiger Cluster, wie 

beispielsweise dem sechzehnkernigen Nanorad [Cp'4Ln4I8]4, belegt werden konnte. Zuletzt 

konnte durch eine Diffusions-Reaktionstechnik eine Methode etabliert werden, welche die 

Synthese von Clustern durch einen kinetisch kontrollierten Mechanismus ermöglichte. Dadurch 

konnten Cluster isoliert werden, welche ausschließlich über diese Route zugänglich sind, wie 

der achtkernige, desilylierte Lanthan-Cluster [(µ-Cp)2Cp'8Ce8I14]. Weitere mechanistische 

Untersuchungen mittels NMR Spektroskopie wurden am dreikernigen Modellcluster 

[Cp*3Y3(µ2-Me)3(µ3-CH2)(µ3-H)(thf)3] durchgeführt, welcher eine sehr seltene 

Methyl/Methyliden/Hydrid-Verbindung darstellt, und detaillierte Einblicke in den 

Bildungsprozess einfacher Seltenerdmetallcluster ermöglichte. 

Außerdem wurden die physikochemischen Eigenschaften der Komplexe untersucht. Sowohl 

die Cer-Vorstufen als auch die Cer-Cluster zeigten interessante 

Photolumineszenzeigenschaften, welche durch die Wahl des Ligandensystems angepasst 

werden konnten. Zusätzlich sollten durch den Einbau ferromagnetischer Seltenerdmetallzentren 

potenzielle Einzelmolekülmagnet-Cluster synthetisiert werden, was für den vierkernigen 
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Dysprosiumcluster [Cp*DyI2]4 möglich war. Hierdurch konnte eine einfache Syntheseroute für 

Einzelmolekülmagnet-Seltenerdmetallcluster etabliert werden.  
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Objective of this Thesis 

The main objective of this thesis is to gain insight in the agglomeration process of high-

nuclearity anhydrous metalorganic rare-earth-metal clusters and modify the developed 

synthesis protocols, and examine the physicochemical properties like molecular magnetism or 

photoluminescence behavior. 

 

Chapter A gives a review on rare-earth-metal alkylaluminate complexes and their 

derivatization as well as synthesis strategies, properties and applications of donor-free rare-

earth-metal clusters.  

 

 

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

 

 

The unpublished results, which are neither part of a publication nor a manuscript, are presented 

in Chapter C. This section contains cyclopentadienyl-supported complexes, investigations on 

their photoluminescence properties, and redox chemistry. 

 

 

Publications are compiled in Chapter E. 
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Cyclopentadienyl-Supported 

Rare-Earth-Metal Clusters 

A 



2 INTRODUCTION 

 

1 Introduction 

Metal cluster compounds represent the intermediate state between the molecular level and the 

solid-state. As such, metal clusters serve as model systems for studying reactivities and exhibit 

unique structural motifs.[1-4] Despite numerous examples of metal clusters and synthesis routes, 

the formation procedure of metal clusters is still barely understood, and often involves complex 

self-assembly processes.[5-7] Therefore, the development of synthesis strategies toward 

controlled cluster formation represents a popular target worth striving for. 

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

important possible areas of applications, including magnetic cooling,[8-14] single-molecule 

magnetism,[15-22] and optical applications.[21, 23-26] The formation process of polynuclear rare-

earth-metal complexes is highly influenced by a multitude of parameters, though the key factor 

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

by self-assembly processes in donor media via hydro- or solvothermal synthesis,[7, 11, 27-29] and 

often feature the incorporation of transition metal heteroatoms within the cluster core.[12, 14, 30] 

Switching the reaction medium to a non-coordinating solvent is accompanied with a significant 

decrease in cluster nuclearity,[31] with the so far largest structurally characterized donor-free 

rare-earth-metal cluster [Cp12Sm12Cl24] by TEUBEN.[32] The applied synthesis protocol of 

dechlorosilylation of the activated rare-earth-metal salt SmCl3(thf)3 by Me3SiCp with 

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

precisely controlled reaction mechanisms for the synthesis of lanthanide clusters. 

This overview will cover the synthesis and possible applications of rare-earth-metal 

coordination clusters. Special consideration is given to different ligand systems as well as the 

applied synthesis protocol. Since a broad variety of lanthanide clusters exists, the focus will be 

placed on donor-free compounds. The first part focuses on the synthesis and reactivity of rare-

earth-metal tetramethylaluminates. Part 2 firstly deals with the synthesis and derivatization of 

discrete rare-earth-metal halide complexes, before covering different types of lanthanide 

coordination clusters and their respective synthesis routes. The last part gives an overview of 

current applications of organo-rare-earth-metal clusters, focusing on the two major aspects of 

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

The first homoleptic rare-earth-metal tetramethylaluminate complexes Ln(AlMe4)3 (1Ln Ln = 

Y, La, Nd) were synthesized by EVANS via a two-step reaction protocol.[33] Treatment of the 

respective rare-earth-metal trichlorides with LiNMe2 resulted in the formation of 

Ln(NMe2)3(LiCl) 3, which was subsequently reacted with excess trimethylaluminum to generate 

the rare-earth-metal tris(tetramethylaluminate) complexes. Even though known for two and a 

half decades now, the series of homoleptic rare-earth-metal tetramethylaluminates – except for 

Pm – was only recently completed by ANWANDER et al. with the isolation of the respective 

Sc(AlMe4)3 (1Sc) compound.[34] In contrast to other rare-earth-metal tris(tetramethylaluminate) 

complexes,[33, 35-39] the successful synthesis of 1Sc requires a low-temperature synthesis 

protocol, treating the scandium ate complex [Li3ScMe6(thf)1.2] with AlMe3 and subsequent 

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

Scheme A1. Conventional synthesis routes toward homoleptic rare-earth-metal 

tris(tetramethylaluminate) complexes Ln(AlMe4)3.[33-39] For scandium, single-crystalline 

Sc(AlMe4)3 was isolable only with 0.5 molecules of co-crystallized Al2Me6. 

Depending mainly on the metal size, homoleptic rare-earth-metal tetramethylaluminates show 

similar reactivities. The donor-induced cleavage with a stoichiometric amount of diethylether 

(Et2O) allows the conversion into the respective trimethylated rare-earth-metal compounds.[34, 

40] Furthermore, this conversion can be reversed by again adding a stoichiometric amount of 

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

Moreover, complexes Ln(AlMe4)3 (1Ln) are efficient precursors for the synthesis of 

halfsandwich-type lanthanide bis(tetramethylaluminate) compounds. Providing several 

advantageous features like variable steric demand and excellent stabilizing properties,[41] the 

cyclopentadienyl ligand or its derivatives are commonly used for the syntheses of this type of 
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complexes. ANWANDER et al. reported on the first halfsandwich lanthanide 

bis(tetramethylaluminate) complexes (C5Me5)Ln(AlMe4)2 (2Ln, C5Me5 = Cp*) accessible by 

treatment of the halfsandwich silylamide complexes (C5Me4
R)Ln[N(SiHMe2)2]2 (Ln = Y, Lu; R 

= H, Me, SiHMe2, SiMe3, SiHPh2) with 4 equivalents of trimethylaluminum, forming the 

respective mono-pentamethylcyclopentadienyl rare-earth-metal bis(tetramethylaluminate) 

compounds (Cp*)Ln(AlMe4)2 (2Ln).[42] Further advances in the synthesis of halfsandwich 

derivatives involve syntheses via protonolysis or salt metathesis of the respective homoleptic 

rare-earth-metal tris(tetramethylaluminates) with cyclopentadiene derivatives[43] or the 

corresponding alkali metal salts.[44] Meanwhile, a plethora of variously substituted 

cyclopentadienyl rare-earth-metal bis(tetramethylaluminates) was isolated.[45-50] Similar to the 

respective homoleptic complexes,[51] halfsandwich-type lanthanide bis(tetramethylaluminate) 

complexes serve as efficient catalysts for the polymerization of conjugated dienes.[45, 46, 49, 52] 

Scheme A2. Synthesis of halfsandwich pentamethylcyclopentadienyl (Cp*) 

bis(tetramethylaluminate) lanthanide complex Cp*Ln(AlMe4)2 (2Ln).[42] 

In general, three different coordination modes for rare-earth-metal tetramethylaluminates 1Ln 

were determined in the solid state. Depending on the steric demand of the ligand, 

tetramethylaluminato ligands can either adopt a ��1- (high steric saturation of the metal center)[53] 

or a ��3-coordination mode (low steric saturation of the metal center),[54] though the most 

common one is the ��2-coordination motif, that complexes 1Ln and 2Ln display in the crystal 

structure. The respective halfsandwich complexes 2Ln revealed two different structural motifs, 

a planar and a bent coordination of the ��2-tetramethylaluminato ligand.[42] 

Halfsandwich bis(tetramethylaluminate) rare-earth-metal complexes engage in selective 

derivatization reactions. Homoleptic rare-earth-metal methyl complexes of the general 

composition [LnMe3] (3Ln, Ln = Sc, Y, Ho, Lu)[34, 40, 55] are feasible via donor-induced 

tetramethylaluminate cleavage. Similar to homoleptic complexes 1Ln,[40] methylation of the 

respective halfsandwich complexes is achieved by AlMe3 displacement (Scheme A3). Addition 

of two equivalents of Et2O to an n-hexane solution of 2Ln (Ln = Y, Lu) leads to the formation 
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of trimeric halfsandwich rare-earth-metal dimethyl complexes [Cp*LnMe2]3 (4Ln),[43] whereas 

treatment of a toluene/n-hexane solution of 2Y with one equivalent of diethyl ether resulted in 

the formation of the yttrium-aluminum-methine cluster [Cp*4Y4(µ2-CH3)2{(CH3)Al(µ2-

CH3)2} 4-(µ4-CH)2] (5).[56] 

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

complexes via donor-induced cleavage of tetramethylaluminato ligands.[34, 40, 43] 

Diethyl ether plays a key role in the synthesis of rare-earth-metal alkylgallate complexes as 

well. The homoleptic and halfsandwich tetramethylgallate compounds La(GaMe4)3 (6) and 

Cp*La(GaMe4)2 (7) are accessible via the addition of 3 equivalents of neat GaMe3 and 4 

equivalents of the diethyl ether adduct GaMe3·OEt2 to an n-hexane solution of either 

La(AlMe4)3 or Cp*La(AlMe4)2 (Scheme A4),[57] respectively, allowing the reverse reaction of 

the previously reported gallate/aluminate exchange reaction.[47] Accordingly, halfsandwich 

bis(tetramethylgallate) complexes are accessible via the protonolysis of La(GaMe4)3 (6) with 

stoichiometric amounts of HCp* or by employing the donor-assisted Al/Ga exchange (Scheme 

A4). Whereas the reaction of 6 can be performed at ambient temperature to give the 

corresponding lanthanum sandwich complex Cp*2La(GaMe4) (8La), the respective conversions 

to yttrium complexes 1Y and 2Y with HCp* require elevated temperatures of 130 °C to afford 

the yttrocene Cp*2Y(GaMe4) (8Y).[47] 
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Scheme A4. Synthesis of lanthanum tetramethylgallate complexes via Al/Ga exchange.[47, 57] 

The variation of the steric demand of the ancillary ligand system by substitution with 

pentadienyl ligands[58] allows for new reactivities of rare-earth-metal halfsandwich 

bis(tetramethylaluminate) complexes. Such “open” halfsandwich derivatives are only 

accessible via a salt metathesis reaction protocol,[59] in contrast to the established protonolysis 

synthesis route for cyclopentadienyl-based halfsandwich complexes. The addition of an n-

hexane or toluene solution of 1Ln (Ln = La, Ce, Pr, Nd) to a suspension of a pentadienyl 

potassium salt K(2,4-R) (R = dimethylpentadienyl (dmp), diisopropylpentadienyl (dipp), di-

tert-butylpentadienyl (dtbp)) leads to the formation of the respective pentadienyl-supported 

rare-earth-metal halfsandwich compounds (2,4-R)Ln(AlMe4)2 (11La, R = dmp; 12La, R = dipp; 

13Ln, R = dtbp) (Figure A1). In contrast to the larger lanthanides, smaller rare-earth metals tend 

to form sandwich complexes instead. As such, the reaction of 1Ln (Ln = Y, Lu) with one 

equivalent of K(2,4-dmp) afforded the “open” sandwich complex (2,4-dmp)2Ln(AlMe4) (14Ln).  

Figure A1. Halfsandwich lanthanum pentadienyl complexes (2,4-R)La(AlMe4)2 11La, 12La and 

13La.[59] 

Subsequent derivatization reactions include  aluminate/gallate exchange and cationization 

reactions with different perfluorinated borates or perfluorinated borane.[59] Surprisingly, in the 

latter case a different reactivity can be observed. While treatment of 13La with the perfluorinated 

borates [Ph3C][B(C6F5)4] or [PhNMe2H][B(C6F5)4] affords a product mixture of the cationized 
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species [La(AlMe4)2]+ (15) and (2,4-dtbp)La(AlMe4)+ (16) �Å both with [B(C6F5)4]�Å as respective 

counterion �Å the reaction with the perfluorinated borane gave access to the dimeric complex 

[{(2,4-dtbp)La(µ-Me)2AlMe(C6F5)}{Me 2Al(C6F5)2}] 2 (17) exclusively (Scheme A5). 

Scheme A5. Synthesis of [(C6F5)2AlMe2]-bridged complex 17.[59] 

The corresponding cyclopentadienyl-based rare-earth-metal halfsandwich complexes undergo 

similar cationization reactions as the aforementioned pentadienyl compounds.[60] Reacting 3Ln 

(Ln = Y, La, Nd) with perfluorinated borates afforded the cationic species [Cp*Ln(AlMe4)]+ 

(18Ln) with the counterion [B(C6F5)4]�Å, though the formation of a product mixture was not 

observed. Accordingly, the reaction of 3La with two equivalents of B(C6F5)3 results in the 

formation of dimeric [{Cp*La(µ-Me)2AlMe(C6F5)}{Me 2Al(C6F5)2}] 2 (19). Like the 

cyclopentadienyl-supported compounds, the cationic complexes bearing ancillary pentadienyl 

ligands serve as potential pre-catalysts in the polymerization of dienes.[59] 

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

include the derivatization with amido or imido ligands,[61, 62] C–H bond activation,[49, 52] or 

tetramethylaluminato/halogenido exchange reactions.[46, 63, 64] Depending on the steric demand 

of the ancillary ligand, the halogenido ion size as well as the stoichiometry of halogenido-

transfer reagent, a multitude of structural motifs are accessible, ranging from dimeric 

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

3.1 Cyclopentadienyl-Supported Rare-Earth-Metal Halide Complexes  

The first halfsandwich rare-earth-metal halide complexes bearing ancillary cyclopentadienyl 

derivatives with the general formula CpLnCl2 (Ln = Sm, Eu, Gd, Dy, Ho, Er, Lu) were isolated 

by DUBECK et al. as the respective THF adducts via three different synthesis routes.[65]. Addition 

of a stoichiometric amount of sodium cyclopentadienide to a THF suspension of rare-earth-

metal trichlorides LnCl3 (Ln = Sm, Eu, Gd, Dy, Ho, Er, Lu) led to the formation of the 

corresponding halfsandwich rare-earth-metal dichlorido THF adducts CpLnCl2(thf)3 (20Ln). 

Alternative synthesis routes include the reaction of the homoleptic tris(cyclopentadienyl) 

erbium Cp3Er with two equivalents of the respective erbium trichloride ErCl3 in THF, affording 

the cyclopentadienyl erbium dichloride CpErCl2(thf)3 (20Er). Similarly, the addition of one 

equivalent of hydrogen chloride to di(cyclopentadienyl)ytterbium chloride Cp2YbCl in THF 

gave the cyclopentadienyl ytterbium dichloride CpYbCl2(thf)3 (20Yb). Accordingly, the 

sandwich complexes (C5H4R)2LnCl (21Ln, R = H; 22Ln, R = Me; Ln = Sm, Gd, Dy Ho, Er, Yb, 

Lu) were prepared via salt metathesis by treatment of the lanthanide trichloride with two 

equivalents of sodium cyclopentadienide in THF.[66] Subsequent removal of coordinated THF 

was achieved by sublimation of the respective sandwich complexes. 

Scheme A6. Synthesis of rare-earth-metal halfsandwich dichloride complexes CpLnCl2(thf)3 

(20Ln, co-products are not shown).[65] 

Despite being established compounds in organolanthanide chemistry,[67-72] the “major 

drawback” of these THF adducts is the blocking of coordination sites at the rare-earth-metal 

center, preventing the aggregation of larger complexes. In order to remove coordinated donor 

molecules, refluxing the respective donor adduct 20Ln in toluene with simultaneous removal of 

solvent has proven to be efficient for organometallic halfsandwich complexes CpLnCl2.[73] An 
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alternative route was demonstrated by the group of SCHAVERIEN.[74] Removal of coordinated 

THF in the halfsandwich diiodide complex Cp*LaI2(thf)3 is feasible via the reaction with 

Me3SiI, affording the THF-free polyiodide complex [Cp*LaI2]n. 

Depending on the steric demand of the ancillary cyclopentadienyl ligand, different structural 

motifs have been observed. In 1981, HUNTER et al. reported on the synthesis of chlorido-bridged 

lanthanide ate-complexes with different donors.[75] Using the rare-earth-metal trichloride LnCl3 

(Ln = Sc, Y, La, Ce, Pr, Nd, Yb) as starting material, the reaction with different lithium salts 

(e.g. LiCp(SiMe3)2 = LiCp'', LiOC6H2tBu2-2,6-Me-4) in either equimolar or 1:2 ratio afforded the 

corresponding chlorido-bridged lithium ate-complexes [CpR2Ln(µ-Cl)2Li(thf) 2]. Accordingly, 

treatment of NdCl3 with two equivalents of LiCp'' in THF afforded the neodymium ate-complex 

[Cp''2Nd(µ-Cl)2Li(thf) 2] (23). 

Whereas rare-earth-metal complexes bearing cyclopentadienyl ligands with a high steric 

demand (e.g., Cp*, Cp'') tend to form dimeric complexes,[76-81] smaller rare-earth-metal centers, 

especially in combination with small bridging ligands (such as hydrido or fluorido), are 

susceptible to the formation of ring-like structures[82-85] (Figure A2) or even oligomers.[86]  

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

ancillary Cp derivatives.[75, 79, 82, 84, 87] 
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Scheme A7. Synthesis of mixed-valent tetranuclear ytterbium complex 28.[83] 

The tetranuclear fluorido-bridged complex [Cp*6Yb4(µ-F)4] (28) by ANDERSEN et al. was 

prepared by the addition of 1 up to 4 equivalents of silver fluoride to a toluene solution of the 

divalent ytterbium sandwich complex Cp*2Yb (Scheme A7).[83] The mixed-valent complex 

showed a planar arrangement of the ytterbium metal centers, despite the relatively high steric 

demand of the ancillary Cp* ligands. General synthesis routes toward complexes of this type 

involve the removal of donor molecules and subsequent aggregation under reflux,[84] salt-

metathesis with alkali-metal cyclopentadienides,[82, 85] or oxidation reactions[87]. Overall, the 

formation of ring-like structural motifs is a common phenomenon for cyclopentadienyl-based 

rare-earth-metal halide compounds.[31] 

In order to facilitate the formation of higher-aggregated rare-earth-metal compounds or clusters, 

a switch to halfsandwich precursors is indicated due to the lower steric saturation at the rare-

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

In 1966, COTTON defined clusters as chemical compounds bearing at least two metal atoms and 

interaction between the metal atoms.[1] This definition was further specified by SCHNÖCKEL, 

more precisely, the distinct classification is given by the average oxidation number (nav) of the 

metal atoms: “naked” metal clusters (nav = 0), metalloid clusters (0 < nav < nsalt), and salt-like 

clusters (nav = |nsalt|).[3, 88] Due to the highly polarized bonding situation in rare-earth-metal 

clusters,[89] exclusively salt-like clusters have been isolated so far. Furthermore, a three-

dimensional arrangement for the metal centers is expected, precluding the previously described 

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

The first donor-free rare-earth-metal halide cluster was isolated by the group of WATSON in 

1990.[90] Removal of coordinated diethyl ether from the ytterbocene complex Cp*2Yb(Et2O) in 

toluene was achieved by the stoichiometric addition of perfluoro-2,4-dimethyl-3-ethylpent-2-

ene (C9F18) (Scheme A8). Red crystals of pentanuclear ytterbium cluster [Cp*6Yb5(µ4-F)(µ3-

F)2(µ2-F)6] (29) were isolated, consisting of a Cp*4Yb4F7 unit and a bridging Cp*2Yb(µ2-F)2 

unit in the apical position. The identical structural motif was later detected by EVANS by the 

isolation of the pentanuclear cluster [Cp*6Sm5(µ4-Cl)(µ3-Cl)2(µ2-Cl)6] (30) as a side product in 

the synthesis of[Cp*2Sm(µ-Me)2AlMe2]n (Figure A3).[91] 

Scheme A8. Synthesis of fluorido-bridged ytterbium cluster 29.[90] 
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A simple salt-metathesis protocol, the treatment of ytterbium(II) iodide YbI2 with an equimolar 

amount of lithium (tert-butyl-dimethylsilyl)tetramethyl cyclopentadienide LiCpMe4(SiMe2tBu) 

(LiCps) in THF, led to the formation of the hexanuclear anionic ytterbium cluster [Cps
6Yb6I8]2�Å 

(31) with two molecules of [Li(thf)4]+ as counterions.[92] 

Figure A3. Pentanuclear clusters [Cp*6Yb5(µ4-F)(µ3-F)2(µ2-F)6] (29) and [Cp*6Sm5(µ4-Cl)(µ3-

Cl)2(µ2-Cl)6] (30).[90, 91] 

In cluster 31, the ytterbium metal centers are in a highly symmetric octahedral arrangement, 

and the cluster core is supported by sterically demanding Cp ligands. Furthermore, this cluster 

represents the first example of a lanthanide cluster consisting exclusively of divalent rare-earth-

metal centers. A similar octahedral arrangement of lanthanide metal centers was established by 

KUBICKI et al. in borohydrido-bridged cluster [Cp*n-PrLn(BH4)2]6 (32Ln, Ln = Nd, Sm; Cp*n-Pr 

= C5Me4n-Pr),[93] as well as the isostructural Cp*-coordinated neodymium cluster 

[Cp*Nd(BH4)2]6 (33) by ARNOLD et al (see Figure A4, left).[94] 

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

of TEUBEN has remained unmatched in nuclearity.[32] Cluster 34 was synthesized by refluxing 

a toluene suspension of the halfsandwich samarium chloride CpSmCl2(thf)3 with simultaneous 

removal of the solvent by distillation. In contrast, reflux of a toluene suspension of YbCl3(thf)3 

with 0.9 equivalents of trimethylsilyl cyclopentadiene for 24 h did not result in complete 

removal of coordinated THF, but produced a separated ion pair of clusters, the trinuclear 

cationic ytterbium cluster [Cp3Yb3Cl5(thf)3]+ (35), and the anionic hexanuclear ytterbium 

cluster [Cp6Yb6Cl13]�Å (36), featuring a central chlorido ligand located inside the cluster core. In 
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cluster 34, the samarium atoms adopt an icosahedral symmetry, with the faces of the 

icosahedron capped by 20 chlorido ligands, which are in a dodecahedral arrangement. 

Additionally, four chlorido ligands are located inside the cluster core in a tetrahedral geometry. 

Similar to clusters 31, 32Ln and 33, the ytterbium metal centers in 36 show an octahedral 

arrangement, in this particular case with a central µ4-bridging chlorido ligand in the cluster core. 

Figure A4. Dodecanuclear cluster [CpSmCl2]12 (34, Cp ligands omitted for clarity), trinuclear 

cluster [Cp3Yb3Cl5(thf)3]+ (35) and hexanuclear cluster [Cp6Yb6Cl13]�Å (36).[32] 

The recurrent formation of distinct structural motifs in rare-earth-metal cluster chemistry 

provides evidence for the exceptional stability of such cluster compounds. Clusters feature 

structural motifs which are reminiscent of LnX3 in the solid state and molecular complexes, 

hence lanthanide halide coordination modes established by the solid-state structure are regularly 

present in cluster compounds as well.[3, 95-99] Clusters 29, 30 and 34 display the structural 

subunit Ln4X7, featured by several solid-state modifications of rare-earth-metal halides.[100-102] 

Depending on factors like rare-earth-metal ion size, the ion size of the bridging ligands, or the 

steric demand of the ancillary cyclopentadienyl ligand, multinuclear Ln clusters preferably 

adopt this highly stable subunit.[63, 64, 103-105] 

Halogenido-bridged lanthanide coordination clusters are also accessible using halfsandwich 

compounds CpRLn(AlMe4)2 as starting materials, though the exclusion of donor solvents 

accounts for the necessity of carefully monitored reaction conditions. Depending on the rare-

earth-metal center ion size, treatment of an n-hexane solution of 2Ln (Ln = Y, La, Nd) with 

dimethylaluminum chloride Me2AlCl (Y: 0.5-0.9 equiv. Me2AlCl, Nd: 0.9-1.7 equiv. Me2AlCl, 

La: 0.5-1.3 equiv. Me2AlCl) at low temperatures afforded heterobimetallic complexes with 

different nuclearities. The reaction with the yttrium halfsandwich bis(tetramethylaluminate) 
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produced the dimeric yttrium complex [{Cp*Y[(µ-Me)2AlMe2](µ-Cl)} 2] (37), bridged by two 

chlorido ligands, and two additional terminal tetramethylaluminato ligands. 

Scheme A9. Synthesis of heterobimetallic clusters [Cp*6La6{( µ-Me)3AlMe} 4(µ3-Cl)2(µ2-Cl)6] 

(38) and [Cp*5Nd5{( µ-Me)3AlMe}( µ4-Cl)(µ3-Cl)2(µ2-Cl)6] (39) via a partial 

tetramethylaluminato/halogenido exchange reaction.[63] 

Using the lanthanum halfsandwich bis(tetramethylaluminate) as precursor, the addition of 

Me2AlCl led to the formation of the hexanuclear lanthanum cluster [Cp*6La6{( µ-

Me)3AlMe} 4(µ3-Cl)2(µ2-Cl)6] (38) (Scheme A9, top). This cluster consists of two La3Cl4 

subunits resembling a cuboid structure with a cut-off corner, which are bridged via for 

tetramethylaluminato ligands. In contrast, treatment of the respective neodymium halfsandwich 

bis(tetramethylaluminate) with Me2AlCl afforded a completely different type of cluster. The 

pentanuclear complex [Cp*5Nd5{( µ-Me)3AlMe}( µ4-Cl)(µ3-Cl)2(µ2-Cl)6] (39) consists of a 

distinct Nd4Cl7 subunit, with the vertices bridged via a (µ2-Cl)2Nd unit, bearing one ancillary 

Cp* and one terminal (µ-Me)3AlMe ligand (Scheme A9, bottom). For complexes 37-39, 

shielding of the Ln metal center is achieved by the ancillary Cp* ligands. 
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The steric demand of the ancillary carbocyclic ligand is a crucial factor for the formation of 

rare-earth-metal clusters, as evidenced by ANWANDER et al. in 2017.[106] Using the bulky 1-

(trimethylsilyl)fluorenyl (C13H9SiMe3 = FluSi) halfsandwich yttrium bis(tetramethylaluminate) 

(FluSi)Y(AlMe4)2 (40) as a precursor, the alkyl/chlorido exchange with Me2AlCl afforded either 

complex 41 or 42 (Scheme A10). While the stoichiometric reaction resulted in incomplete 

tetramethylaluminato/halogenido exchange and the formation of the dimeric chlorido-bridged 

complex [FluSiY(AlMe4)(µ-Cl]2 (41), complete exchange was achieved for the reaction with 

1.7 equivalents of Me2AlCl, giving access to the chlorido-bridged hexanuclear yttrium 

coordination cluster [FluSi
6Y6Cl12] (42). Cluster 42 consists of the trinuclear subunits [(µ-

Cl)3(µ3-Cl)Y3] and [(µ-Cl)3(µ3-Cl)2Y3], which are interlinked via three bridging chlorido 

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

Scheme A10. Synthesis of dimeric halfsandwich complex 41 and chlorido-bridged cluster 42 

(FluSi ligands omitted for clarity).[106] 
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Unlike previously reported clusters of this type, 42 marked the first example of a donor-free 

rare-earth-metal cluster with trinuclear subunits linked through halogenidos. Other complexes 

of this type usually consist of two [(µ-X)3(µ3-X)2Ln3] (X = Hal, BH4) subunits, with one 

coordination site of the trinuclear subunit blocked by coordination of a donor atom, leading to 

a sheared ellipsoidal overstructure.[93, 107-109] Our group synthesized a holmium congener of this 

type via derivatization of the amino-functionalized halfsandwich bis(allyl) rare-earth-metal 

complex CpNMe2Ln(��3-C3H5)2 (43Ln, Ln = Y, Ho; CpNMe2 = 1-[2-(N,N-dimethylamino)ethyl]-

2,3,4,5-tetramethylcyclopentadienyl) with diethylaluminum chloride.[109] The respective 

precursor 43Ln was synthesized in a two-step reaction by treatment of rare-earth-metal 

trichloride LnCl3(thf)x with the amino-functionalized LiCpNMe2 and a subsequent Grignard 

reaction with allylmagnesium chloride C3H5MgCl. The reaction of complex 43Ln with two 

equivalents of Et2AlCl in [D6]benzene led to the formation of chlorido-bridged hexanuclear 

clusters [{(CpNMe2AlEt3)2(Cp NMe2)Ln3(��2-Cl)3(��3-Cl)2}( ��2-Cl)]2 (44Ln, Ln = Y, Ho) (Scheme 

A11). Cluster 44Ln consists of two [(CpNMe2AlEt3)2(Cp NMe2)Ln3(��2-Cl)3(��3-Cl)2] subunits linked 

by bridging chlorido ligands. Please note that in the subunit two equivalent triethylaluminum 

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

coordination to the Ln metal center is detected for one CpNMe2 ligand. 

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

Cp ligands.[109] 
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As already mentioned in Chapter A3.2, organo-rare-earth-metal compounds are prone to the 

formation of ring-like structural motifs. Surprisingly, this accounts for halfsandwich-based rare-

earth-metal halogenido complexes as well, despite the reduced steric demand in comparison to 

sandwich-type complexes. Consequently, the nuclearity of these ring-cluster-hybrids did not 

exceed four rare-earth-metal centers so far.[91, 108, 110-112] 

Scheme A12. Synthesis of tetranuclear ring-cluster-hybrid 45.[110] 

The tetranuclear halfsandwich scandium diiodide complex [Cp*ScI2]4 (45) by TILLEY  et al. was 

synthesized by treatment of halfsandwich scandium acetylacetonate (acac) Cp*Sc(acac)2 with 

two equivalents of aluminum iodide AlI3 in n-pentane (Scheme A12, Figure A5, top).[110] Rather 

unexpected, dysprosium forms a trinuclear ring,[91] considering the larger ionic radius of the 

dysprosium metal center (CN 6: Sc3+ = 0.745 Å, Dy3+ = 0.912 Å).[113] Cluster [Cp*DyI2]3 (46) 

is accessible as co-product by the reaction of dysprosium(II)iodide DyI2 and LiCp* in diethyl 

ether (Figure A5, top). Additionally, the formation of anionic ring-like complexes led to the 

incorporation of a central halogenido ligand inside the ring structure (Figure A5, bottom).[108, 

111] So far, only two examples of these anionic rings have been reported, the first one being the 

tetranuclear cluster [Cp*4Nd4Cl9]�Å (47) by EISEN et al in 2007.[108] Treatment of 

Cp*2NdCl(LiCl)2 in THF with a slight excess of catecholborane in toluene at elevated 

temperatures (110 °C) afforded cluster 47, which crystallizes with LiO2+/Li2O/O2 as 

counterion. The similar tetranuclear yttrium cluster [Cp*'4Y4Cl9]�Å (48, Cp*' = C5Me4SiMe3) by 

HORACEK et al., which was isolated by the salt metathesis reaction of YCl3(thf)3.5 and LiCp*' 

at ambient temperature.[111] 
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Figure A5. Structurally characterized halfsandwich rare-earth-metal ring-cluster-hybrids.[91, 108, 

110, 111] 

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

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

subsequent self-assembly of coordination clusters, as evidenced by our group.[114] The reaction 

of samarium(II)iodide SmI2(thf)2 with plumbocene Cp*2Pb and partial removal of THF gave 

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

The addition of 0.5 equivalents of Cp*2Pb to an n-hexane solution of [Cp*SmI2(thf)2] and 

crystallization from toluene afforded the trinuclear complex [Cp*3Sm3I(��2-I)3(��3-I)2(thf)2] (49) 

as a ring-cluster hybrid (Scheme A13). 
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Scheme A13. Synthesis of tri-, tetra- and pentanuclear clusters 49, 50 and 51.[114] 

In 49 the samarium metal centers bear one ancillary Cp* ligand, two metal centers are 

coordinated by one molecule of THF each, while the other metal center shows coordination of 

a terminal iodido ligand. Recrystallization of 49 from either deuterated benzene C6D6 at ambient 

temperature or toluene at -40 °C led to the displacement of one molecule of coordinated THF 

and conversion into the tetranuclear cluster [Cp*4Sm4I(��2-I)4(��3-I)2(��4-I)(thf)] (50) (Scheme 

A11). Cluster 50 shows the characteristic Ln4X7 structural motif, while the apical samarium 

metal centers show coordination by either THF or a terminal iodido ligand. Complete removal 

of THF from [Cp*SmI2(thf)2] was feasible via a two-step synthesis protocol. Initial treatment 

of [Cp*SmI2(thf)2] with excess AlEt3 in n-pentane, and the addition of 0.5 equivalents of 

Cp*2Pb in toluene, led to the formation of the pentanuclear cluster [Cp*5Sm5(��2-I)4(��3-I)4(��5-

I)] (51). The five samarium metal centers show a highly symmetric square pyramidal 

arrangement, and each metal center is six-coordinate in a distorted octahedral geometry. 
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Moreover, cluster 51 resembles the hexanuclear cluster [Cp6Yb6Cl13]�Å (36) with a central 

halogenido ligand inside the cluster core, though without the Cp*LnX4 unit in the apical 

position (see Figures A4 and A9).[32] Otherwise, the coordination motif of 51 is commonly 

found in rare-earth-metal alkoxide clusters.[115-119] 

Analogously to rare-earth-metal halogenido clusters, other monoanionic ligands are suitable for 

the formation of clusters as well. As such, rare-earth-metal polyhydride clusters are established 

compounds in organo rare-earth-metal chemistry.[104, 105, 120-126] The first donor-free hydride-

bridged lanthanide clusters were isolated in the early 2000s by the group of HOU. The reaction 

of mixed alkyl/hydride complex [Cp*'Lu(CH2SiMe3)(µ2-H)(thf)]2 with two equivalents of 

phenyl silane PhSiH3 afforded the tetranuclear lutetium polyhydride cluster [Cp*'Lu(µ2-H)2]4 

(52) (Scheme A14).[120] Alternatively, this cluster can be obtained with one additional molecule 

of coordinated THF by dissolving the donor-free cluster in THF, or by treatment of complex 

[Cp*'Lu(CH2SiMe3)(µ2-H)(thf)]2 with hydrogen in THF. 

Scheme A14. Synthesis of halfsandwich lutetium dihydride cluster [Cp*'Lu(µ2-H)2]4 (52).[120] 

Likely due to the relatively small ionic radius of the bridging hydrido ligands, the nuclearity of 

rare-earth-metal hydrido clusters typically ranges from tetra- to hexanuclear clusters for 

(partially) donor-free clusters, while the most common synthesis route is the direct application 

of H2 pressure to organometallic precursors.[104, 105, 121, 124, 126, 127] 
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This strategy was established for the entire lanthanide series, as reported by HOU et al.[105] The 

reaction of the halfsandwich rare-earth-metal dialkyl complex [Cp*'Ln(CH2SiMe3)2(thf)] (Ln 

= Sm, Y, La-Lu, except Pm, Eu, Yb) in toluene with H2 pressure gave access to the respective 

dihydride clusters [(Cp*'LnH2)4(thf)x)] (53Ln) with different amounts of coordinated THF. The 

isolation of a donor-free cluster was only feasible for scandium, however, clusters 53Ln show 

the identical tetranuclear core structure (see Scheme A15). Additionally, the formation of the 

trinuclear ring-cluster-hybrid [Cp*'2Lu2(µ-H)5Lu(µ-CH2SiMe2C5Me4)(thf)2] (54) was observed 

exclusively for lutetium due to activation of one SiMe3 group, followed by coordination to one 

lutetium metal center. Typically, halfsandwich rare-earth-metal hydride clusters [CpRLnH2]x 

engage in polymerization catalysis[121, 123] or small molecule activation.[104] 

Scheme A15. Synthesis of halfsandwich rare-earth-metal dihydride cluster 53Ln (coordinated 

THF not shown).[105] 

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

clusters is possible via the transformation of polyhydride clusters.[128, 129] The reaction of 

[(Cp*'YH2)4(thf)x] (53Y, x = 1) with one equivalent of the group 6 pentahydride complex 

[Cp*M(PMe3)H5] (M = Mo, W) afforded the mixed Y4/M undecahydride complexes 

[{(Cp*'Y) 4(µ-H)7}( µ-H)4MCp*(PMe3)] (55M, M = Mo, W) upon release of dihydrogen. 

Similar to halogenido complexes (24-27), the switch to sandwich-type precursors is in accord 

with a decrease in cluster nuclearity. Consequently, rare-earth-metal sandwich hydride 

compounds are limited to trinuclear complexes, which display a planar or quasi-planar 

structural motif.[73, 130-132] 
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The formation of rare-earth-metal clusters can be achieved by bridging methyl ligands as well, 

as demonstrated by our group in 2006.[56] As previously mentioned in Chapter A2, ether 

cleavage of halfsandwich 2Y with THF led to the formation of the trinuclear yttrium polymethyl 

ring-cluster-hybrid 4Y, or complete tetramethylaluminate cleavage is feasible with excess Et2O 

(> 2 equivalents) as well. In contrast, the equimolar reaction with diethyl ether resulted in 

incomplete AlMe4 cleavage and aggregation of the heterobimetallic methyl/methine cluster 

[Cp*4Y4(µ2-CH3)2{(CH3)Al(µ2-CH3)2} 4(µ4-CH)2] (56) (Scheme A16). Cluster 56 consists of 

two [Cp*2Y2{(CH3)Al(µ2-CH3)2} 2(µ4-CH)] subunits which are linked by two bridging methyl 

groups. Furthermore, 56 represents the first example of the implementation of a bridging 

methine group in rare-earth-metal cluster chemistry. 

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

cleavage.[56] 

The isolation of cluster 56 provided evidence that trinuclear rare-earth-metal polymethyl 

complexes 4Ln are valuable precursor compounds for the synthesis of larger rare-earth-metal 

clusters. 

Aiming at methylidene functionalization, the first lanthanide methylidene cluster was isolated 

by HOU et al. in 2011 by heating a benzene solution of the lanthanide polymethyl complex 

[Cp*'Ln(µ2-CH3)2]3 (57Ln, Ln = Tm, Lu) with simultaneous elimination of methane, producing 

the Ln4 polymethylidene cubane cluster [Cp*'Ln(µ3-CH2)]4 (58Ln, Ln = Tm, Lu).[133] 
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The isolation of the intermediate trinuclear mixed methyl/methylidene thulium complex 

[Cp*'3Tm3(µ2-Me)(µ3-Me)(µ3-CH2)] (59) is feasible by elimination of methane in [Cp*'Tm(µ2-

CH3)2]3 (57Ln) at ambient temperature (see Scheme A17). 58Lu is then prone to further 

hydrogenolysis. Whereas protonation of [Cp*'Lu(µ3-CH2)]4 with [PhMe2NH][B(C6F5)4] 

affords the cationic cubane cluster [Cp*'Lu(µ3-CH2)3(µ3-Me)]+ with [B(C6F5)4]�Å (60) as 

counterion, the hydrogenolysis with 1 atm H2 pressure gave access to the tetrametallic 

monohydride heptamethyl complex [Cp*'4Lu4(µ4-H)(µ3-Me)(µ2-Me)6] (61).[134]  

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

thulium complex 59.[133] 

Although the first rare-earth-metal complex coordinated exclusively by methylidenes was 

synthesized by our group in 2006, the respective trinuclear mixed methyl/chlorido bridged 

cluster [Cp*3Ln3(µ-Cl)3(µ3-Cl)(µ3-CH2)(thf)3] (62) is rather considered as ring-cluster-

hybrid.[135] Complex 62 was synthesized by donor-induced aluminate cleavage of the mixed 

tetramethylaluminato/chlorido halfsandwich lanthanide complex [Cp*Ln(AlMe4)x(Cl)y]2 (Ln = 

Y: z = 2, y = x; Ln = La: z = 6, y = 2x) in a toluene/THF mixture and concomitant C–H bond 

activation, which led to structural rearrangement and formation of trinuclear 62 (Scheme A18). 
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Scheme A18. Synthesis of methylidene/chlorido-bridged lanthanide complex 62.[135] 

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 atoms,[34, 50, 133, 135-137] although such complexes are considered as ring-

cluster-hybrids. Exceptional performance in methylidene transfer is observed for trinuclear 

rare-earth-metal methylidene complexes acting as Schrock-type nucleophilic carbenes,[55, 137] 

with conversion rates similar to the benchmark systems by SCHROCK and TEBBE.[138-140] 

Noteworthy, a trinuclear lanthanum-chlorido complex capped by a pyrene trianion was isolated 

by the group of THIELE.[141] Treatment of the lanthanum ate-complex [Cp*LaCl(µ-Cl)2Li(thf) 2] 

with pyrene and potassium resulted in the formation of the trimetallic lanthanum pyrene 

complex [Cp*3La3Cl3(C16H10)(thf)] (63), representing the first rare-earth-metal complex with a 

pyrene trianion (Scheme A19). 

Scheme A19. Synthesis of trimetallic lanthanum pyrene complex 63.[141] 
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Similar decomposition reactions of the trinuclear polymethyl yttrium complex 4Y were 

investigated by our group.[136] The transformation into the mixed methyl/methylidene complex 

[Cp*3Y3(µ2-Me)(µ3-Me)(µ3-CH2)(thf)2] (64) occurred rather rapidly by donor (THF) addition 

to 4Y at -35 °C, while the conversion into the hexanuclear mixed methyl/methylidene cluster 

[Cp*6Y6Me4(CH2)4] (65) was observed at elevated temperature in deuterated benzene after 12 h 

upon the release of methane. Further self assembly of clusters from polymethyl precursors was 

observed employing 4Gd and 4Tb.[52] Interestingly, the aggregation in n-hexane led to the 

pentanuclear clusters [(Cp*Ln)5(CH2)(Me)8] (66Ln, Ln = Gd, Tb), bridged by eight methyl 

groups and only one methylidene group. 

Rare-earth-metal alkoxide clusters were first reported by the group of EVANS.[115, 142, 143] The 

pentanuclear yttrium cluster [Cp*5Y5(µ-OCH3)4(µ3-OCH3)4(µ5-O)] (67) was obtained from the 

reaction of Cp*2YCl with 1.4 equivalents of KOCH3�ÂCH3OH in THF, and features a square 

pyramidal arrangement of the yttrium metal centers (Scheme A20).[115] Bridging in this cluster 

is achieved via µ2- and µ3-methoxy ligands as well as one central µ5-oxo ligand. 

Scheme A20. Synthesis of pentametallic yttrium methoxide cluster 67.[115] 

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

ring-cluster hybrids and complexes with the distinct Ln4X7 (X = Hal, –OCH3) substructure. 
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4 Applications of Rare-Earth-Metal Clusters 

4.1 Luminescence 

Lanthanide(III) ions (electron configuration [Xe]4fn, n = 0-14) can adopt a wide range of 

electronic levels, which are given by the formula 14!/n!(14-n)!. Photoluminescence properties 

of lanthanide(III) ions are determined by f-f transitions between spectroscopic states, moreover, 

parity allowed 4f-5d excitation and 5d-4f emission transitions or metal-ligand charge transfer 

with large energies of up to >50000 cm-1.[144-146] In combination with stabilizing or electron-

rich ligand systems such as cyclopentadienyl derivatives[103, 147] or hydrido(tris)pyrazolylborato 

ligands,[148] an intense emission can be observed. Consequently, lanthanide-based coordination 

clusters exhibit complex structural arrangements, often paired with a bright 

photoluminescence.[103, 149-157]. Here, the choice of the ligand system is crucial, enabling precise 

tuning of the emission wavelengths.[103, 158, 159] Especially for cerium(III), adjusting the emission 

wavelength is facile due to only two ground state energy levels (2F5/2, 2F7/2), combined with 

exclusively d-f transitions for the emission process. The energy of the excited 2D levels is then 

strongly determined by the ligand and metal to ligand charge transfer processes.[160] 

As such, previous studies on the luminescence properties of Cp-substituted cerium complexes 

by the group of BRUNO revealed the effects of the ligand system (e.g. alkyl, Hal) on their 

photophysical behavior.[72, 159] The dimeric cerium chlorido complex [(CptBu2)2Ce(µ-Cl)]2 (68) 

by EDELMANN et al. exhibits a bright yellow emission with a very high quantum yield of 

61%,[147] which is comparable to prominent Ce3+-doped LED phosphors.[161-164] This complex 

is accessible via a salt-metathesis reaction protocol, treating the homoleptic cerium chloride 

CeCl3 with 2 equivalents of KCptBu2. Another example of a molecular organo-rare-earth-metal 

emitter is the europocene complex [Eu(CpBIG)2] (69, CpBIG = C5(4-nBu-C6H4)5) by the group  

Scheme A21. Synthesis of sandwich cerium chlorido complex 68.[147] 
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of HARDER,[165] which in contrast displays orange emission, with a slightly lesser quantum yield 

(45%) though. 

Figure A6. Molecular organometallic photoluminescence emitters 68 and 69.[147, 165] 

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

diversity and cluster nuclearity.[103, 105] Hence, the synthesis of luminescent lanthanide clusters 

often involves hydro- or solvothermal synthesis protocols[150, 153, 154, 156] and derivatization of 

rare-earth-metal salts with donor ligands.[155, 157] Photoluminescent clusters have a wide range 

of possible applications, ranging from chemical sensors[153, 154, 156] over near-infrared (NIR) 

emitters for bioimaging,[155] model systems for upconversion processes,[166] to optical 

barcoding.[157] 

Prominent examples of NIR emitters are the molecular wheels of the general formula 

[Ln42(L)14(OH)28(OAc)84] (70Ln, Ln = La, Nd, Sm, Yb; L = 2-hydroxy-3-

methoxybenzaldehyde).[25, 153, 154] The homoleptic lanthanide acetates Ln(OAc)3 were used as 

starting materials, and dissolved in EtOH at ambient temperature with addition of a 

substoichiometric amount of 2-hydroxy-3-methoxybenzaldehyde (0.75 equiv.) as well as excess 

triethylamine (2.5 equiv.), followed by heating under reflux conditions for 30 minutes. 

Subsequently, the reaction mixture was cooled to ambient temperature and filtered. Diffusion 

of diethyl ether into the solution then led to the formation of the crystalline product (yield: La 

= 42%, Nd = 37%, Sm = 37%, Yb = 40%), which shows emission in the visible spectrum as 

well as in the NIR region. 

Control of the reaction stoichiometry enables modular changes to the luminescence properties 

of rare-earth-metal coordination clusters, as recently shown by MURUGESU and coworkers.[26] 

The respective homometallic cluster aggregates of the general composition 
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[Ln20(chp)30(CO3)12(NO3)6(H2O)6] (71Ln, Ln = Sm, Eu, Gd, Tb; chp�Å = deprotonated 6-chloro-

2-pyridinol) are synthesized by reacting the lanthanide nitrates Ln(NO3)3�Â6H2O in a 

stoichiometric reaction with chp and triethylamine in a 1:1 mixture of methanol and acetonitrile. 

After 12 h reaction time, the reaction mixture was filtered, and evaporation of the solvent at 

ambient temperature led to the crystallization of the respective cluster complexes (yield: 25-

35%). By precisely controlling the stoichiometric ratio of the lanthanide nitrates, the emission 

wavelength observed in the UV/VIS spectra of the corresponding clusters ranges from blue to 

red, and white emission was achieved for the composition {Eu3Gd5Tb12}. Both homo- and 

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

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

recently due to their possible application in data storage.[167-169] The first reported example of a 

SMM was the manganese-acetate cluster {Mn12} by SESSOLI et al. in 1993.[170] Continous 

efforts in the last three decades then produced a broad variety of mixed transition metal and 

lanthanide SMM complexes.[171-181] Recent studies revealed that the most powerful examples 

of SMMs are lanthanide-based, given their advantageous combination of a large number of 

unpaired f-electrons with their large single-ion magnetic anisotropy. Although the highest 

anisotropy barriers and blocking temperatures are achieved for cyclopentadienyl-substituted 

sandwich complexes with magnetic hysteresis up to 80 K,[182-185] recent examples of 

polynuclear lanthanide complexes are efficient single-molecule magnets as well.[22, 169, 186, 187] 

Similar to mononuclear examples, cyclopentadienyl derivatives prevail for lanthanide clusters 

with SMM behavior.[188] The increase in cluster nuclearity has major impact on the single-

molecule magnetism by interference of the respective magnetic anisotropy axes rather than 

desired magnetic interactions between 4f metal centers, inevitably leading to a decrease in both 

blocking temperature as well as the effective energy barrier.[180, 181, 189, 190] 

So far, the hexanuclear dysprosium halide cluster [(Cp*Dy)6K4Cl16(thf)6] (72) by MEYER et al. 

displays the highest energy barrier (561 K) for organolanthanide cluster compounds.[22] This 

cluster is accessible via a simple salt metathesis reaction protocol, treating dysprosium 

trichloride with potassium cyclopentadienide in tetrahydrofuran. In this particular case, all 

magnetic anisotropy axes are oriented in the same directing, leading to an overall improvement 

in the magnetic performance. 

Beside this hexanuclear cluster, a variety of ring-cluster hybrid systems are known, ranging 

from mixed-metal compounds such as [(��5-CpMe
2Dy)µ-SeMes]3 (Ueff = 252(4)cm-1) (73, Mes 

= mesityl)[191] or [(CpMe)2Dy(��:��5-C5H4)FeCp]2 (74)[192] to organometallic complexes bridged 

via heterocyclic ligand systems [Yb4(bpzch)2(fod)10] (75, bpzch = 3,6-dipyrazin-2-yl-1,2,4,5-

tetrazine; fod�Å = 6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl-3,5-octadionate)[187] and 

[(Cp*2Ln)4(tz•)4]�Â3(C6H6) (76Ln, Ln = Gd, Dy; tz = 1,2,4,5-tetrazine).[186] 
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Figure A7. Lanthanide-based complexes exhibiting molecular magnetism (fod–-ligands of 75 

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

Especially the tetranuclear tetrazine-bridged compounds 76Ln by MURUGESU et al. display 

impressive magnetic properties.[186] The respective complexes were synthesized in a 

stoichiometric reaction by addition of a benzene solution of tetrazine and KC8 in a 1:1 ratio to 

a benzene solution of [Cp*2Ln][(µ-Ph2)BPh2] (Ln = Gd, Dy) (1 equiv., Scheme A22). Single-

crystal X-ray diffraction revealed a planar structural arrangement between the lanthanide metal 

centers and the bridging tetrazine ligands. Surprisingly, both complexes show only one spin 

center, rather than a combination of individual spin centers for the different metal centers, which 

could be attributed to strong coupling between the tetrazine radicals and the metal centers. As 

such, these tetranuclear compounds show extremely large coercive fields of approximately 30 

kOe. 
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Scheme A22. Synthesis of tetrazine-bridged dysprosium complex 76Dy. The orientation of the 

magnetic anisotropy axes is indicated with a red arrow. 
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1 [CpRLnX 2]n: Effect of CpR Steric Demand 

The donor-free synthesis of rare-earth-metal clusters in non-aqueous media like aromatic or 

aliphatic solvents requires controlled shielding by ancillary ligands. Particularly, the 

cyclopentadienyl ligand and its derivatives have emerged as invaluable in rare-earth-metal 

cluster chemistry.[31, 32, 193-196] In spite of several straightforward synthesis routes toward rare-

earth-metal clusters, including salt-metathesis[93, 194, 196, 197] or serendipitous hydrolysis 

pathways,[195, 198] the highest nuclearity achieved for donor-free lanthanide clusters so far 

remained at {Ln12} for the dodecanuclear samarium cluster [CpSmCl2]12 by TEUBEN.[32] The 

cluster itself was synthesized by refluxing SmCl3(thf)3 with Me3SiCp, leading to the formation 

of the intermediate CpSmCl2 fragment, followed by self-assembly to the dodecanuclear 

structure. This reaction pathway emphasizes the suitability of halfsandwich precursors for the 

synthesis of large rare-earth-metal coordination clusters. 

Aiming at the synthesis of a similar, stable halfsandwich precursor of the general composition 

CpRLnX2, the trimethylsilyl cyclopentadienyl lanthanum bis(tetramethylaluminate) complex 

[Cp'La(AlMe4)2] (A, C5H4SiMe3 = Cp') was selected, implying two advantageous properties: 

Firstly, A shows a reduced steric demand to other Cp derivatives like Cp* or Cp*' which were 

employed in previous syntheses of lanthanide clusters (see Chapter A3.2). Secondly, the 

tetramethyl aluminate ligand can be easily replaced via donor-cleavage or halogenido exchange 

reactions for monoanionic ligands (e.g. Me, X = Hal)[34, 40, 56, 63, 135, 137] that are prone to the 

formation of coordination clusters.  

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

Following a salt-metathesis protocol, homoleptic lanthanum tris(tetramethylaluminate)[35] was 

treated with KCp', affording the desired halfsandwich complex A in high crystalline yield (92%) 

after recrystallization from a saturated n-hexane solution. 
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In order to compare the effect of the cyclopentadienyl steric demand on cluster formation, the 

Cp*-substituted congener [Cp*La(AlMe4)2] (B) was selected as reference.[43] Whereas the 

stoichiometric iodination reaction of A and B with Me3SiI gave access to the isostructural 

heterobimetallic clusters [CpR
6La6I8(AlMe4)4] (CA, R = SiMe3; CB, R = Me5), the reaction with 

excess (2.5 equiv.) Me3SiI led to the formation of different crystalline products. While the 

reaction of B with iodination reagent yielded the nonametallic halfsandwich lanthanum diiodide 

cluster [Cp*LaI2]9 (D, 56% cryst.), the similar reaction of A afforded the larger dodecametallic 

cluster [Cp'LaI2]12 (E, 48% cryst.), providing evidence for the benefit of a reduced steric 

demand of the ancillary ligand on effective cluster enlargement. The molecular structure of 

clusters CA, CB, D and E were unambiguously revealed via single-crystal XRD analyses (Figure 

B1). The increased solubility given by the Cp' ligand allowed the unambiguous assignment in 
1H and 13C{1H} NMR spectroscopic investigations of complexes A, CA and E, indicating a 

rearrangement of CA in solution into the presumably more stable E and A. 

Figure B1. Crystal structures of D (left) and E (right, Paper I). 
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2 [CpRLnX 2]n: Effect of Halogenido Ion Size X 

Even though halogenido ions are established ligands in rare-earth-metal cluster chemistry (see 

Chapter A3.2), there is a lack of comparative studies regarding the effect of the halogenido ion 

size, despite a relatively large difference of almost 1 Å in the ionic radii between the different 

halogenido ions (CN 6, Hal ionic radii [Å]: I = 2.20, Br = 1.96, Cl = 1.81, F = 1.33).[113] 

Consequently, the formation of different structural motifs is expected under otherwise identical 

reaction conditions. 

Whereas Me2AlCl already proved to be a potential halogenido transfer reagent in the synthesis 

of the heterobimetallic cluster [Cp*
6La6Cl8(AlMe4)4],[63] the reaction conditions at low 

temperatures and the hard halogenido-transfer reagent impede a targeted, controlled reaction 

process. Hence, the mild halogenido-transfer reagents Me3SiX/Me3GeX (X = I, Br, Cl) were 

selected as reactants. As already mentioned in the previous section, the addition of excess 

Me3SiI to a stirred solution of A resulted in the formation of dodecanuclear cluster E. 

Scheme B2. Reactivity of A toward mild halogenido transfer reagents Me3SiI and Me3GeX (X 

= Br, Cl, Paper I, Cp' ligands are omitted for clarity). 
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The isostructural bromido-bridged cluster [Cp'LaBr2]12 (F) was obtained under the same 

reaction conditions (47% cryst. yield), utilizing Me3GeBr as halogenido-transfer reagent. In 

contrast, the reaction of A with 2.5 equivalents of Me3GeCl afforded the ellipsoidal decanuclear 

cluster [Cp'LaCl2]10 (G) instead of a spherical cluster like E and F. While the crystal structure 

of E and F was determined via precise single-crystal XRD analysis, only a connectivity was 

established for G. Even more surprisingly, whereas the equimolar reaction of A with Me3GeBr 

produced the heterobimetallic cluster [Cp'6La6Br8(AlMe4)4] (H, isostructural to CA), the 

respective reaction with Me3GeCl led to the formation of G. Both examples indicate the effect 

of minor differences in the ionic radii (Br�Å vs. Cl– = 0.15 Å) on the potential formation of 

coordination clusters. All investigated clusters were further characterized NMR 

spectroscopically to scrutinize their solution behavior, and complex purity was confirmed by 

elemental analyses as well as EDX measurements. 

Further impact of the bridging halogenido ligand on the cluster properties is indicated by the 

luminescence of dodecametallic cerium clusters [Cp'CeX2]12 (IX, X = I, Br, Cl). Previous 

examples of cerium cyclopentadienyl complexes displayed interesting photoluminescence 

behavior,[72, 147, 158, 159] hence similar investigations were conducted for IX. Interestingly, clusters 

IX adopt identical structural motifs, however, the absorption and emission properties change 

notably. UV-VIS characterization showed a shift toward higher wavelengths in accord with 

increasing halogenido ion size for both excitation and emission maxima as well as an increase 

in luminescence lifetime (see Table B1). 

Table B1. Photoluminescence properties of clusters IX. 

 

While the first maxima in the absorption spectrum is assigned to solvent effects, the absorption 

maxima shift by approximately 70 nm, and emission maxima as well as shoulders in the 

emission spectrum by ca. 30 nm (see Figure B2). For ICl and I I, a biexponential fit was adopted, 

whereas the fit of I Br is single exponential. 

 

 ICl IBr I I 

Exc. Max. [nm] 287 / 352 291 / 370 286 / 420 

Em. Max. [nm] 459 / 500 473 / 514 489 / 533 

Lifetime [ns] 77 / 111 115 93 / 147 
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Figure B2. Normalized excitation (top) and emission (bottom) spectra of clusters ICl, I Br and I I 

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

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

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

centers with large difference in ionic radii, different reaction conditions etc.).[63, 91] 

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

earth-metal centers (CN 6, LnIII  ionic radii [Å]: min. = Sc = 0.745; max. = La = 1.032).[113] 

Scheme B3. Reactivity of JCe toward iodination reagent Me3SiI (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(AlMe4)2] (JLn, Ln = Ce, Pr) were synthesized as 

yellow or green oils in excellent yields (> 90%), respectively, by treatment of the homoleptic 

complexes Ln(AlMe4)3 with equimolar amounts of KCp'. 
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Employing alkyl complexes Cp'Ln(AlMe4)2 (JLn) revealed potential size effects between the 

lanthanide metal centers La, Ce and Pr, as evidenced by the isolation of coordination clusters 

with different structural motifs depending on the metal center ion size (Figure B3). While 

dodecametallic iodido clusters E and I I were obtained for lanthanum and cerium, synthesis of 

putative [Cp'PrI2]12 was not feasible. The respective iodination of JCe simultaneously afforded 

the {Ce16} nanowheel [Cp'4Ce4I8]4 (K), and single-crystal XRD analysis revealed a 

coordination of four [Cp'4Ce4I7] subunits interlinked via bridging iodido ligands. 

In contrast, AlMe4/Br exchange reactions with excess Me3GeBr gave reproducibly access to 

dodecametallic bromido clusters [Cp'LnBr2]12 (LLn, Ln = La, Ce, Pr) in high crystalline yields 

(48-65%). Similar to iodido derivatives, size effects were found for chlorido-bridged clusters 

as well. As previously discussed, decametallic G was obtained by chlorination of A with 

Me3GeCl. The related cerium cluster [Cp'5Ce5Cl9(Cl2AlMe2)]2 (M) and dodecametallic co-

product [Cp'CeCl2]12 (ICl) were formed in the reaction of JCe with trimethylgermanium chloride. 

Unlike [Cp'LaCl2]10 (G), cluster M features two terminal [Cl2AlMe2] units instead of chlorido 

ligands in the crystal structure. In the praseodymium reaction, the dodecametallic cluster 

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

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

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

The mechanistic details of cluster formation are highly complex, and dependent on a multitude 

of factors such as the choice of solvent, stoichiometry or the synthesis pathway.[4, 6, 7, 199-201] 

Surprisingly, the effect of the crystallization technique on cluster synthesis has been neglected 

in previous studies. Consequently, structurally characterized clusters mainly represent the 

thermodynamically most stable reaction product. 

In order to investigate into possible kinetic effects on the formation of lanthanide clusters, a 

novel synthesis protocol was implemented. By diffusion of the aforementioned halogenido-

transfer reagents Me3SiI and Me3GeX (X = Br, Cl) into a solution of halfsandwich complex 

CpRLn(AlMe4)2, a reduced reaction speed, and thus an increased kinetic control of the reaction 

is feasible. In initial experiments, the iodination of A resulted in the formation of the octanuclear 

cluster [(µ-Cp)2Cp'8La8I14] (O, see Scheme B4). Single-crystal XRD analysis of cluster O 

revealed two La4I7 subunits interconnected via desilylated Cp ligands. The desilylation of the 

Cp' ligands was evidenced by 1H NMR spectroscopy, indicating the presence of 

hexamethyldisilane in the residual reaction solution after crystallization. Monitoring by NMR 

spectroscopy revealed structural rearrangement into cluster E in solution, which presumably 

represents the thermodynamically more stable species. 

Scheme B4. Reactivity of A toward Me3SiI according to different synthesis methods. In E, the 

Cp' ligands are omitted for clarity. 
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The respective diffusion reaction of A with Me3GeBr afforded the heteroaluminate cluster 

[Cp'5La5Br9(Br2AlMe2)]2 (P). For comparison, the stirred reaction gave dodecametallic 

[Cp'LaBr2]12 (F). Surprisingly, single-crystal XRD analysis of P showed the same structural 

motif like the decametallic cerium cluster M, which was obtained by a stirred reaction though. 

Similar to the previously discussed iodido cluster O, cluster P undergoes transformation into 

cluster F in solution, which was evidenced by 1H NMR spectroscopy. Unlike the iodido and 

bromido derivatives, chlorination of A with Me3GeCl did not afford a structurally different 

cluster, and instead gave decametallic cluster G again. 

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

route (Cp' ligands omitted for P for clarity). 
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Accordingly, the diffusion method was applied for the cerium and praseodymium complexes 

[Cp'Ln(AlMe4)2] (JLn, Ln = Ce, Pr) as well, though exclusively for the iodination reaction with 

excess Me3SiI. The reaction of halfsandwich cerium complex JCe gave access to two different 

clusters, the octanuclear [(µ-Cp)2Cp'8Ce8I14] (Q) – isostructural to the corresponding lanthanum 

cluster O – and {Ce16} nanowheel K. Formation of dodecanuclear cluster I I was not observed 

for the diffusion method. 

While previous attempts of iodination of JPr via a stirred reaction failed or resulted in 

precipitation of insoluble white solid, respectively, application of the diffusion protocol led to 

the exclusive formation of the praseodymium nanowheel [Cp'4Pr4I8]4 (R), isostructural to 

cerium congener K. Overall, clusters obtained via the diffusion method represent the kinetically 

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

and Photoluminescence Behavior 

Introduction  

Research efforts on luminescent cerium complexes are spurred by a wide range of potential 

applications, such as photosensitizers or photocatalysis, lighting, or bioimaging.[144, 202-207] 

Here, the effective photoluminescence properties of Ce(III) is greatly affected by the ligand 

environment. As such, the excitation and emission properties can be effectively tuned.[144, 146] 

While the abovementioned cerium clusters displayed intriguing photoluminescence behavior, 

we aimed at a systematic study of luminescent Cp*-based cerium complexes, with special 

consideration given to the electronic properties of the ligand systems. Major aspects include the 

Cp/AlMe4 ratio, different Cp derivatives, and substitution with halogenido ligands, as previous 

results already showed interesting photoluminescence behavior for these types of complexes.[72, 

147, 158] 

Results and Discussion 

In order to investigate on the effect of the Cp/AlMe4 ratio, we selected the electron-rich 

pentamethylcyclopentadienyl ligand as substituent. The respective halfsandwich and sandwich 

cerium tetramethylaluminate complexes [Cp*Ce(AlMe4)2] (AA) and [Cp*2Ce(AlMe4)] (BB) 

were synthesized by treatment of the homoleptic cerium tris(tetramethylaluminate) Ce(AlMe4)3 

with KCp*. Whereas Ce(AlMe4)3 is a colorless solid, AA has a bright yellow color, which 

changes to bright orange-red for BB. This color change is mirrored in the excitation and 

emission spectra as well (Figure C1). The excitation maxima range is 366 nm for Ce(AlMe4)3, 

431 nm for AA and 505 nm for sandwich complex BB. Likewise, a shift toward higher 

wavelengths is observed in the emission spectra as well, going from 452 nm for Ce(AlMe4)3 

over 489 nm with a shoulder at 530 nm for AA to 563 nm with a shoulder at 635 nm for BB. 

Consequently, the emission color under UV-light is fundamentally different for the three 

complexes: a dark blue color is observed for Ce(AlMe4)3, an intense light blue color for AA, 

and a bright yellow color for BB. Additional effects were found for the luminescence lifetime, 

which significantly increases from 45 ns for Ce(AlMe4)3 to 128 ns (AA) and 140 ns (BB), 

respectively. Similarly, the luminescence quantum yield can be enhanced from 18% for 

Ce(AlMe4)3 to 56% for BB. 
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Figure C1. Normalized excitation (top) and emission spectra (bottom) of Ce(AlMe4)3, AA, and 

BB. 

In a next step, we focused on the effect of differently substituted cyclopentadienyl ligands. For 

this purpose, we examined the halfsandwich complexes with unsubstituted cylopentadienyl 

[CpCe(AlMe4)2] (CC) in comparison to trimethylsilyl (Cp') and pentamethyl (Cp*) substituted 

derivatives JCe and AA. 
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While the complexes with Cp and Cp* substitution show similar spectra with small shifts in 

excitation and emission maxima for the Cp* compound, the Cp' complex shows two maxima 

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

C2). 

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

complexes CC, AA, and Cp'Ce(AlMe4)2. 
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Notably, the luminescence lifetime changes slightly from 113 ns for CC to 128 ns for 

[Cp*Ce(AlMe4)2], and increases further in Cp'Ce(AlMe4)2 to 128 and 153 ns with a contribution 

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

Since halfsandwich rare-earth-metal complexes showed to be suitable precursors for the 

synthesis of halide THF-adducts,[64] AA and BB were treated with halogenido transfer reagents 

Me3SiI or Me3GeX (X = Br, Cl) to achieve complete AlMe4/halogenido exchange (see Scheme 

C1). 

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

and EEX (X = Hal). 

Upon addition of excess THF, the formation of the corresponding THF adducts was feasible. 

As such, the complexes Cp*CeX2(thf)3 (DDX, X = I, Br, Cl) and Cp*2CeX(thf) (EEX, X = I, Br, 

Cl) were isolated in moderate to excellent yields (29-92%). While DDI was previously reported 

by BRUNO et al.,[72] we were able to isolate the identical compound via a AlMe4/iodide exchange 

reaction protocol as well.  

Other than that, the bromido congener DDBr is isostructural to iodide complex DDI, and due to 

the good solubility in THF, chloride complex DDCl was obtained as a light yellow powder in 

good yield (76%), while NMR spectroscopic characterization corroborates the formation of the 

isostructural chloride species Cp*CeCl2(thf)3.  
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The 1H NMR spectrum of DDCl shows the expected three signals, with resonances assignable 

to coordinated THF at 3.60 ppm and 1.77 ppm, respectively, as well as a broadened singlet 

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

Figure C3. Crystal structures of DDBr (left) and EEBr (right). 

Elemental analysis of DDCl on the other hand proved difficult, due to removal of coordinated 

THF both under vacuum and by washing the product with n-hexane. Upon addition of the 

halogenido-transfer reagent, the color change was similar for all tested halides I, Br and Cl, 

going from fluorescent yellow to an even more intense fluorescent light yellow color. In 

contrast, the toluene solution of sandwich BB displayed an intense dark orange fluorescence, 

which changed marginally upon addition of Me3SiI, but showed a striking transition to a 

fluorescent pink color when treated with Me3GeX (X = Br, Cl), generating EEI, EEBr, and 

EECl, respectively. 
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Experimental Section 

General Considerations. All manipulations were performed under rigorous exclusion of air 

and moisture, using standard Schlenk and glovebox techniques (MBraun MB200B; <0.1 ppm 

O2, <0.1 ppm H2O, argon atmosphere). The solvents n-hexane, toluene and THF were purified 

using Grubbs-type columns (MBraun SPS, solvent purification system). [D8]THF (99.5%, 

Sigma-Aldrich) was dried and stored over molecular sieves prior to filtration. All solvents were 

stored inside a glovebox. Pentamethylcyclopentadiene (HCp*, 98%) was obtained from abcr 

and used as received. Potassium pentamethylcyclopentadienide was prepared according to 

standard procedures by treatment of the proligand with potassium. Iodotrimethylsilane (97%, 

stabilized with copper), bromotrimethylgermane (98%), and chlorotrimethylgermane (98%) 

were purchased from abcr and used without further purification. Homoleptic [Ce(AlMe4)3] was 

synthesized according to literature procedures.[36] NMR spectra of air and moisture sensitive 

compounds were recorded using J.Young valve NMR tubes at ambient temperature on a Bruker 

AVII+400 (1H: 400.11 MHz; 13C: 100.61 MHz) spectrometer. NMR chemical shifts are 

referenced to internal solvent resonances and reported in parts per million relative to 

tetramethylsilane. Coupling constants are given in Hertz. Elemental analyses were performed 

on an Elementar Vario Micro Cube. IR spectra were recorded either on a NICOLET 6700 FTIR 

spectrometer with a DRIFT cell (KBr window, Kubelka-Munk conversion) or on a Vertex70 

IR spectrometer (Nujol, CsI window). 

 

[Cp*Ce(AlMe 4)2] (AA).  Homoleptic [Ce(AlMe4)3] (200.57 mg, 0.50 mmol) was dissolved in 

toluene (5 mL) and added to a stirred toluene suspension (10 mL) of KCp* (87.17 mg, 0.50 

mmol). After stirring the reaction mixture for 16 h, the solution was centrifuged, the supernatant 

was filtered, and the solvent was completely removed under vacuum to obtain the crude product 

as a yellow solid. Single-crystals were obtained by recrystallization from a saturated n-

hexane/toluene solution at -40 °C (218.1 mg, 0.49 mmol, 97%). 1H NMR (400.1 MHz, 

[D6]benzene, 26 °C): �/ = 3.83 (s, 15H, C5Me5), -0.61 (bs, 24H, AlMe4) ppm. IR(DRIFT): �å
ä = 

2925 (m), 2884 (m), 2790 (w), 2731 (vw), 2142 (vw), 1477 (w), 1458 (w), 1441 (w), 1430 (w), 

1390 (w), 1381 (w), 1195 (s), 1120 (vw) 1102 (vw), 1023 (m), 899 (w), 892 (w), 720 (vs), 577 

(s), 548 (s), 531 (s), 517 (s), 478 (m) cm-1. Elemental analysis (%) calcd for C18H39CeAl2 

(449.59 g/mol) C 48.09, H 8.74; found: C 47.70, H 8.86. 
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[Cp* 2Ce(AlMe4)] (BB). Homoleptic [Ce(AlMe4)3] (200.57 mg, 0.5 mmol) was dissolved in 

toluene (5 mL) and added to a stirred toluene suspension (10 mL) of KCp* (191.80 mg, 1.10 

mmol). After stirring the reaction mixture for 16 h, the solution was centrifuged, the supernatant 

was filtered, and the solvent was completely removed under vacuum to obtain the crude product 

as a bright red solid. Single-crystals were obtained by recrystallization from a saturated toluene 

solution at -40 °C (193.7 mg, 0.39 mmol, 78%). 1H NMR (400.1 MHz, [D6]benzene, 26 °C): �/ 

= 4.17 (bs, C5Me5), -1.51 (bs, AlMe4) ppm. IR(DRIFT): �å
ä = 2962 (w), 2913 (s), 2859 (m), 2730 

(vw), 2122 (vw), 1487 (w), 1439 (w), 1385 (w), 1178 (m), 1066 (w), 1019 (w), 955 (vs), 799 

(m), 773 (m), 737 (s), 676 (s), 619 (s), 566 (s), 542 (vs) cm-1. Elemental analysis (%) calcd for 

C48H84Ce2Al2 (995.35 g/mol) C 57.92, H 8.51; found: C 57.81, H 8.14. 

 

[CpCe(AlMe4)2] (CC). Homoleptic [Ce(AlMe4)3] (50.00 mg, 0.125 mmol) was dissolved in 

toluene (5 mL) and added to a stirred toluene solution (10 mL) of NaCp (12.33 mg, 0.14 mmol). 

After stirring the reaction mixture for 16 h, the solution was centrifuged, the supernatant was 

filtered, and the solvent was completely removed under vacuum to obtain the crude product as 

a yellow solid (32.1 mg, 0.09 mmol, 68%). 1H NMR (400.1 MHz, [D6]benzene, 26 °C): �/ = 

5.36 (bs, 5H, C5H5), 3.63 (bs, 5H, C5H5), 1.15 (bs, 24H, AlMe4) ppm. 

 

[Cp*CeI 2(thf) 3] (DDI). [Cp*Ce(AlMe4)2] (100.00 mg, 0.22 mmol) was dissolved in n-hexane 

(5 mL), and Me3SiI (112.06 mg, 0.56 mmol) was added under vigorous stirring. A color change 

from intense to light yellow was observed. After stirring the reaction mixture for 30 minutes, 2 

mL of THF were added. After stirring the reaction mixture for another 10 minutes, the solvent 

was removed under vacuum, and the crude product was washed extensively with n-hexane to 

remove residual AlMe3/THF adduct. The crude product was obtained as yellow powder, of 

which single-crystals were obtained as yellow blocks from a saturated THF solution at -40 °C 

(47.52 mg, 0.064 mmol, 29%). 1H NMR (400 MHz, [D8]THF, 26 °C): �/ = 5.56 (s, 15H, CpMe5), 

3.61 (m, coord. C4H8O), 1.77 (m, coord. C4H8O) ppm. Elemental analysis (%) calcd for 

C22H39CeI2O3 (745.48 g/mol) C 35.45, H 5.27; found: C 28.23, H 3.58. The deviation between 

theoretical and experimental values can be attributed to removal of coordinated THF under 

vacuum and by washing the product with n-hexane. The loss of two THF molecules per cerium 

would afford calcd C 27.97, H 3.86. 
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[Cp*CeBr 2(thf) 3] (DDBr). [Cp*Ce(AlMe4)2] (100.00 mg, 0.22 mmol) was dissolved in n-

hexane (5 mL), and Me3GeBr (110.68 mg, 0.56 mmol) was added under vigorous stirring. A 

color change from intense to pale yellow was observed. After stirring the reaction mixture for 

30 minutes, 2 mL of THF were added. After stirring the reaction mixture for another 10 minutes, 

the solvent was removed under vacuum, and the crude product was washed extensively with n-

hexane to remove residual AlMe3/THF adduct. The product was obtained as a light yellow 

powder, of which single-crystals were obtained as yellow blocks from a saturated THF solution 

at -40 °C (146.52 mg, 0.2 mmol, 92%). C22H39CeBr2O3 (651.48 g/mol) C 40.56, H 6.03; found: 

C 27.26, H 4.35. The deviation between theoretical and experimental values can be attributed 

to removal of coordinated THF under vacuum and by washing the product with n-hexane. The 

loss of three THF molecules per cerium would afford calcd C 27.60, H 3.47. Although these 

results are then outside the range viewed as establishing analytical purity (H: + 0.88), they are 

provided to illustrate the best values obtained to date. 

 

[Cp*CeCl2(thf) 3] (DDCl). [Cp*Ce(AlMe4)2] (100.00 mg, 0.22 mmol) was dissolved in n-

hexane (5 mL), and Me3GeCl (85.20 mg, 0.56 mmol) was added under vigorous stirring. A 

color change from intense to pale yellow was observed. After stirring the reaction mixture for 

30 minutes, 2 mL of THF were added. After stirring the reaction mixture for another 10 minutes, 

the solvent was removed under vacuum, and the crude product was washed extensively with n-

hexane to remove residual AlMe3/THF adduct. The product was obtained as a light yellow 

powder (94.50 mg, 76%). 1H NMR (400.1 MHz, [D8]THF, 26 °C): �/ = 3.60 (m, coord. THF), 

3.38 (bs, 15H, C5Me5), 1.77 (m, coord. THF) ppm. IR: �å
ä = 2954 (Cp, Nujol), 2924 (Cp, Nujol), 

2853 (Cp, Nujol), 2725 (w), 2669 (w), 2168 (vw), 1712 (vw), 1626 (vw), 1461 (Nujol), 1377 

(Nujol), 1297 (w), 1243 (w), 1194 (w), 1069 (w), 1018 (vs), 913 (w), 865 (vs), 722 (vs), 692 

(s), 671 (m), 580 (vw) cm-1. Elemental analysis (%) calcd for C22H39CeCl2O3 (562.57 g/mol) C 

46.97, H 6.99; found: C 40.91, H 5.98. The deviation between theoretical and experimental 

values can be attributed to removal of coordinated THF under vacuum and by washing the 

product with n-hexane. The loss of two THF molecules per cerium would afford calcd C 40.19, 

H 5.54. 

 

[Cp* 2CeI(thf)] (EE I). [Cp*2Ce(AlMe4)] (100.00 mg, 0.22 mmol) was dissolved in toluene (5 

mL), and Me3SiI (55.00 mg, 0.28 mmol) was added under vigorous stirring. A color change 

from bright to light orange was observed. After stirring the reaction mixture for 30 minutes, 2 
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mL of THF were added, leading to color change into dark yellow. After stirring the reaction 

mixture for another 10 minutes, the solvent was removed under vacuum, and the crude product 

was washed extensively with n-hexane to remove residual AlMe3/THF adduct. The crude 

product was obtained as a yellow powder, of which single-crystals were obtained as orange 

columns from a saturated THF solution at -40 °C (90.20 mg, 0.15 mmol, 67%). Elemental 

analysis (%) calcd for C24H38CeIO (745.48 g/mol) C 47.29, H 6.28; found: C 44.88, H 5.15. 

The deviation between theoretical and experimental values can be attributed to removal of 

coordinated THF under vacuum and by washing the product with n-hexane. The loss of one 

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

 

[Cp* 2CeBr(thf)] (EE Br). [Cp*2Ce(AlMe4)] (100.00 mg, 0.22 mmol) was dissolved in toluene 

(5 mL), and Me3GeBr (54.35 mg, 0.28 mmol) was added under vigorous stirring. A color change 

from bright orange to bright pink was observed. After stirring the reaction mixture for 30 

minutes, 2 mL of THF were added, leading to color change into yellow. After stirring the 

reaction mixture for another 10 minutes, the solvent was removed under vacuum, and the crude 

product was washed extensively with n-hexane to remove residual AlMe3/THF adduct. The 

crude product was obtained as a yellow powder, of which single-crystals were obtained as light 

orange needles from a saturated THF solution at -40 °C. Further characterization was hampered 

by the formation of a product mixture. 

 

[Cp* 2CeCl(thf)] (EECl). Cp*2Ce(AlMe4) (100.00 mg, 0.22 mmol) was dissolved in toluene (5 

mL), and Me3GeCl (42.89 mg, 0.28 mmol) was added under vigorous stirring. A color change 

from bright orange to bright pink was observed. After stirring the reaction mixture for 30 

minutes, 2 mL of THF were added, leading to color change into dark yellow. After stirring the 

reaction mixture for another 10 minutes, the solvent was removed under vacuum, and the crude 

product was washed extensively with n-hexane to remove residual AlMe3/THF adduct. The 

crude product was obtained as a yellow powder, of which single-crystals were obtained as 

yellow needles from a saturated THF solution at -40 °C (63.25 mg, 0.12 mmol, 55%). 
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Figure C4. 1H NMR spectrum (400 MHz) of [Cp*Ce(AlMe4)2] (AA) in [D6]benzene at 26 

°C. The solvent residual signal is marked with an asterisk. 

Figure C5. 1H NMR spectrum (400 MHz) of [Cp*2Ce(AlMe4)] (BB) in [D6]benzene at 26 °C. 
The solvent residual signal is marked with an asterisk.  
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Figure C6. 1H NMR spectrum (400 MHz) of [CpCe(AlMe4)2] (CC) in [D6]benzene at 26 °C. 

The solvent residual signal is marked with an asterisk. 

Figure C7. 1H NMR spectrum (400 MHz) of [Cp*CeCl2(thf)3] (DDCl) in [D8]THF at 26 °C. 

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

 AA BB DDI 

formula C18H39CeAl2 C48H84Ce2Al2 C26H47CeI2O4 

Mr [g/mol] 449.57 995.35 817.55 

color/shape yellow/plate red/block yellow/block 

crystal dimensions 
[mm] 

0.173 x 0.138 x 
0.036 

0.090 x 0.058 x 
0.034 

0.085 x 0.083 x 
0.065 

crystal system orthorhombic monoclinic trigonal 

space group Pbca C2/m R3
$ 

a [Å] 17.0906(7) 17.198(6) 41.996(3) 

b [Å] 14.5729(6) 17.325(6) 41.996(3) 

c [Å] 17.9317(8) 10.409(4) 9.1258(7) 

�. [°] 90 90 90 

�� [°] 90 124.847(3) 90 

�� [°] 90 90 120 

V [Å³] 4466.1(3) 2545.2(15) 13938(2) 

Z 8 2 18 

T [K] 100(2) 100(2) 100(2) 

�� [Å] 0.71073 0.71073 0.71073 

�!calcd [g/cm³] 1.337 1.299 1.753 

µ [mm-1] 2.112 1.828 3.489 

F (000) 1848 1028 7182 

�� range [°] 2.159 – 30.608 2.351 – 23.286 1.680 – 23.265 

independent 
reflections 6863 1786 4432 

reflections collected 69527 3222 26246 

R1/wR2 (I > 2�1) 0.0231/0.0519 0.0429/0.0873 0.0403/0.0899 

R1/wR2 (all data) 0.0308/0.0564 0.0591/0.0949 0.0564/0.0994 

GOF 1.039 1.025 1.027 
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Table C1. Crystallographic data for compounds DDBr, EEI, and EEBr 

 DDBr EEI EEBr 

formula C26H47CeBr2O4 C24H38CeIO C24H38CeBrO 

Mr [g/mol] 723.57 609.56 562.57 

color/shape yellow/block orange/column orange/needle 

crystal dimensions 
[mm] 

0.160 x 0.141 x 
0.103 

0.228 x 0.154 x 
0.142 

0.150 x 0.074 x 
0.030 

crystal system monoclinic triclinic triclinic 

space group P21/c P1
$ P1
$ 

a [Å] 12.4338(9) 8.7095(5) 8.5794(14) 

b [Å] 11.9174(8) 17.4248(11) 17.298(3) 

c [Å] 20.5223(14) 18.4250(11) 18.508(3) 

�. [°] 90 62.1970(10) 62.235(3) 

�� [°] 104.5600(10) 87.061(2) 88.487(4) 

�� [°] 90 84.275(2) 86.168(4) 

V [Å³] 2943.3(4) 2461.0(3) 2425.0(7) 

Z 4 4 4 

T [K] 100(2) 100(2) 100(2) 

�� [Å] 0.71073 0.71073 0.71073 

�!calcd [g/cm³] 1.633 1.645 1.541 

µ [mm-1] 4.289 3.115 3.535 

F (000) 1452 1204 1132 

�� range [°] 1.692 – 26.392 1.249 – 30.552 1.680 – 23.265 

independent 
reflections 

6025 
14958 10039 

reflections collected 37379 84942 50612 

R1/wR2 (I > 2�1) 0.0263/0.0604 0.0234/0.0531 0.0453/0.0996 

R1/wR2 (all data) 0.0386/0.0654 0.0255/0.0540 0.0701/0.1127 

GOF 1.033 1.111 1.027 

  



SYNTHESIS OF CERIUM HALFSANDWICH AND SANDWICH COMPLEXES AND PHOTOLUMINESCENCE 

BEHAVIOR 59 

 

Table C1 (continued). Crystallographic data for compound EECl 

 EECl 

formula C24H38CeClO 

Mr [g/mol] 518.11 

color/shape yellow/block 

crystal dimensions 
[mm] 

0.120 x 0.080 x 
0.052 

crystal system triclinic 

space group P1
$ 

a [Å] 8.4870(5) 

b [Å] 17.0107(10) 

c [Å] 184765(11) 

�. [°] 62.617(2) 

�� [°] 89.586(2) 

�� [°] 87.168(2) 

V [Å³] 2365.3(2) 

Z 4 

T [K] 100(2) 

�� [Å] 0.71073 

�!calcd [g/cm³] 1.455 

µ [mm-1] 2.048 

F (000) 1060 

�� range [°] 1.241 – 26.421 

independent 
reflections 9719 

reflections collected 54558 

R1/wR2 (I > 2�1) 0.0343/0.0707 

R1/wR2 (all data) 0.0521/0.0779 

GOF 1.015 
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6 Donor-Induced Formation of Separated Ion Pairs and Rare-

Earth-Metal Redox Chemistry 

Introduction  

The equimolar reaction of Cp*2Ce(AlMe4) (BBCe) with Me3GeBr unexpectedly led to the 

concomitant formation of Cp*2CeBr(thf) (EEBr) and the separated ion pair complex 

[Cp*2CeBr2]–[(thf)2AlMe2]+ (FFCe). While separated ion pairs consisting of anionic sandwich-

type rare-earth-metal halide compounds are not entirely new,[107, 208-212] we targeted the 

controlled synthesis by various donor ligands. The obtained anionic species are then prone to 

oxidation reactions.��

Results and Discussion 

Complex FFCe was selectively obtained by treatment of BBCe with excess (�• 3 equiv.) Me3GeBr 

and subsequent addition of excess THF (see Scheme C2), corroborating the particular stability 

of the separated ion pair. The 1H NMR spectrum of FFCe in [D8]THF shows four signals that 

can be attributed to the complex. The Cp* methyl groups resonate at 4.73 ppm, and the methyl 

groups of cationic [(thf)2AlMe2]+ at -0.67 ppm, respectively. Coordinated THF shows signals 

at 3.60 ppm and 1.77 ppm. Furthermore, the 27Al NMR resonance was referenced against 

precursor complexes Ce(AlMe4)3 as well as sandwich BBCe. The aluminum metal center of 

FFCe resonates at 163 ppm in the 27Al NMR spectrum (Figure C8), the other signal is caused 

by the NMR tube (aluminum silicate). 

Scheme C2. Synthesis of separated ion pair FFCe. 

In comparison to the homoleptic cerium aluminate, the aluminum signal is shifted significantly 

toward higher field, whereas the resonance of FFCe is located between the two aluminum 

signals of BBCe (194 ppm and 154 ppm, see Figure C8). Single-crystals were obtained by 
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dropwise addition of THF to the crude product until crystallization occurred (cryst. yield: 78%), 

and single-crystal XRD analysis revealed the molecular structure of FFCe (Figure C10), 

consisting of anionic [Cp*2CeBr2]– and the cationic counterion [(thf)2AlMe2]+. Surprisingly, the 

formation of a separated ion pair was only observed when excess Me3GeBr was added and did 

not occur in the analogous halogenation reactions with Me3SiI or Me3GeCl. 

Attempts to oxidize FFCe to form putative [Cp*2CeBr2] were taken with TeBr4 to avoid possible 

ligand scrambling and simultaneously stabilize the bromido ligands. As such, the equimolar 

addition of TeBr4 resulted in immediate decolorization of the previously intense yellow solution 

and simultaneous precipitation of Te0. After stirring the reaction mixture for 1 h, elemental Te 

was filtered off, leaving a pale yellow solution, indicating incomplete oxidation of the cerium 

species. Addition of another equivalent of TeBr4 under stirring led to further darkening of the 

reaction mixture, turning into a dark purple color over night. Excess Te0 was filtered off again, 

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

a purple solid. 

Figure C8. Stacked 27Al NMR spectra (130 MHz, 26 °C) of homoleptic Ce(AlMe4)3 

([D8]toluene), BB ([D8]toluene) and FFCe ([D8]THF). 

The relatively sharp 1H NMR resonances at 3.71 ppm and 3.04 ppm, respectively, indicate a 

complete oxidation to a diamagnetic Ce(IV) species, and show an integral ratio of 2:1 (Figure 
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C9). Removal of the solvent under vacuum simultaneously afforded colorless crystals, which 

were analyzed via single-crystal X-ray diffraction, revealing the formation of the trivalent salt 

CeBr3(thf)4.[213] Apparently, coordination of THF led to reduction and formation of the 

presumably more stable trivalent cerium bromide. 

Since oxidation toward a tetravelent species at least in solution seemed feasible, oxidation of 

the respective praseodymium and neodymium complexes FFLn (Ln = Pr, Nd) was attempted. 

Complexes FFLn were obtained by the analogous synthesis route as FFCe from the sandwich 

complexes Cp*2Ln(AlMe4) (BBLn, Ln = Pr, Nd) in excellent crystalline yields (FFPr: 90%, 

FFNd: 94%). Following the procedure for FFCe, treatment of FFPr gave a dark green solution, 

whereas for FFNd a dark blue solution was obtained. Again, concentrating the respective 

solutions led to the formation of colorless crystals (putative LnBr3(thf)4), proving THF as 

detrimental for the stabilization of any tetravalent species. 

Figure C9. 1H NMR spectrum (400 MHz, 26 °C, [D8]THF) of the purple solid obtained via 

oxidation of FFCe with TeBr4. 

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

THF, the synthesis of possible precursor complex [Cp*2LnBr2]–[(tht)2AlMe2]+ (Ln = Ce, Pr, 
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Nd) was targeted. While the respective reactions showed similar color transitions as the THF 

reaction, isolation of the corresponding THT species was unsuccessful. Nevertheless, oxidation 

with TeBr4 was attempted following similar procedures. Surprisingly, the oxidation reactions 

resulted in a deep red solution, regardless of the metal center, though any isolation of a reaction 

product was not possible. 

Similarly, precursor synthesis with tetrahydropyrane (THP) as donor led to the formation of the 

respective separated ion pairs [Cp*2LnBr2]–[(thp)2AlMe2]+ (GGLn, Ln = Ce, Nd), again in 

excellent crystalline yield (GGCe: 93%, GGNd: 96%) (Figure C10). In contrast, the reaction 

with precursor FFPr did not afford the isostructural separated ion pair, but potassium ate-

complex [Cp*2PrBr2K(thp)4] (HH), revealing potassium impurities in sandwich FFPr from 

treatment with KCp*. Hence, the similar formation of [Cp*2PrBr2]–[(thp)2AlMe2]+ is expected 

after purification of FFPr. 

Figure C10. Crystal structures of FFCe (left) and GGCe (right). 

The oxidation of complexes GGLn with TeBr4 resulted both in identical color transitions into 

purple (GGCe) and dark blue (GGNd) solutions, and crystallization of the presumable THP salt 

LnBr3(thp)4 (Ln = Ce, Nd), disqualifying THP for further reaction studies as well. 

Lastly, the synthesis was performed with diethyl ether as a donor due to the expected weak 

donor strength. While all complexes presumably form the respective separated ion pairs 

[Cp*2LnBr2]–[(Et2O)2AlMe2]+ (II Ln, Ln = Ce, Pr, Nd) according to identical color change as 
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FFLn, isolation was not possible due to likely removal of Et2O under vacuum (color change 

back from yellow to pink for II Ce). Therefore, all following synthesis steps have been performed 

in situ until a stable product was obtained. Stepwise oxidation with TeBr4 resulted in dark 

colored solutions similar as in the procedure with THF, hence complete oxidation to the stable 

tetravalent species [Cp*2LnBr2] was assumed.  

As cerium alkoxides have shown better stabilization of tetravalent cerium complexes, in situ 

synthesized sandwich complexes II Ln were treated with excess NaOtBu,[214] aiming at 

substitution of the bromido ligands. Upon addition of NaOtBu to II Ln, all reaction mixtures 

showed a similar color change to an orange solution. As the 1H NMR spectrum in [D6]benzene 

Figure C11. 1H NMR spectrum (400 MHz, [D6]benzene, 26 °C) of [Cp*2CeBr2]–

[(Et2O)2AlMe2]+ (II Ce) after the addition of NaOtBu (top) and after the addition of an additional 

stoichiometric ammount of TeBr4 (bottom). 

(Figure C11) for the cerium reaction indicated both tri- and tetravalent species of the homoleptic 

alkoxide complexes, another equivalent of TeBr4 was added, inducing the disappearance of the 

broad signal of the paramagnetic species, thus likely affording a tetravalent species exclusively. 
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Recrystallization from a saturated toluene solution gave access to the unprecedented molecular 

clathrate cluster [(OtBu)12Te/CeNa14O3] (JJCe). Cluster JJCe consists of a Na14 octadecahedron 

as well as a O12 icosahedron of the tert-butoxy ligands. Additionally, three faces of this 

icosahedron are capped by oxy ligands. The non-coordinated tetravalent metal ion is located in 

the center of JJCe, although further analysis needs to performed to elucidate the type of element. 

The isostructural neodymium cluster JJNd was obtained by following the identical reaction 

procedure using the sandwich complex Cp*2Nd(AlMe4) as precursor. Similarly, further 

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

Figure C12. Connectivity of JJCe (left) with cluster substructures Na14 octadecahedron (top 

right) and O12 icosahedron (red, bottom right). Face-capping oxide ligands are colored in orange 

for improved visualization. Hydrogen atoms are omitted for clarity. tBu groups (except for one) 

are represented by a wireframe model for improved visualization. 

  



66 DONOR-INDUCED FORMATION OF SEPARATED ION PAIRS AND RARE-

EARTH-METAL REDOX CHEMISTRY 

 

Experimental Section 

General Considerations. All manipulations were performed under rigorous exclusion of air 

and moisture, using standard Schlenk and glovebox techniques (MBraun MB200B; <0.1 ppm 

O2, <0.1 ppm H2O, argon atmosphere). The solvents n-hexane, toluene, THF, and diethyl ether 

were purified using Grubbs-type columns (MBraun SPS, solvent purification system). 

[D6]benzene (99.6%, Sigma-Aldrich) and [D8]toluene (99.6%, Sigma-Aldrich) were dried over 

Na/K-alloy for at least 24 h prior to filtration. [D8]THF (99.5%, Sigma-Aldrich) was dried and 

stored over molecular sieves, prior to filtration. All solvents were stored inside a glovebox. 

Pentamethylcyclopentadiene (HCp*, 98%) was obtained from abcr and used as received. 

Potassium pentamethylcyclopentadienide and sodium tert-butoxide were prepared according to 

standard procedures by treatment of the proligand with the respective alkali metal. 

Tetrahydropyran (THP) and tetrahydrothiophene (THP) were obtained from abcr, degassed, 

and stored inside a glovebox. Bromotrimethylgermane was purchased from abcr and used 

without further purification. Tellurium bromide (TeBr4) was purchased from Alfa Aesar and 

used as recieved. Homoleptic [Ln(AlMe4)3] (Ln = Ce, Pr, Nd) was synthesized according to 

literature procedures.[33, 35, 36] NMR spectra of air and moisture sensitive compounds were 

recorded using J.Young valve NMR tubes at ambient temperature on a Bruker AVII+400 (1H: 

400.11 MHz; 13C: 100.61 MHz) or a Bruker AVII+500 (1H: 500.13 MHz, 27Al: 130.32 MHz) 

spectrometer. NMR chemical shifts are referenced to internal solvent resonances and reported 

in parts per million relative to tetramethylsilane or aluminum nitrate. Coupling constants are 

given in Hertz. Elemental analyses were performed on an Elementar Vario Micro Cube. IR 

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

 

General procedure for the synthesis of [Cp*2Ln(AlMe 4)] (BBLn, Ln = Pr, Nd). A toluene 

solution (3 mL) of homoleptic Ln(AlMe4)3 was added to a stirred suspension of KCp* (2.2 

equiv.) in toluene (3 mL). The reaction mixture was stirred for 18 h at ambient temperature, 

subsequently centrifuged, filtered, and the solvent was completely removed under vacuum to 

obtain the crude product. 

[Cp* 2Pr(AlMe 4)] (BBPr). Following the above mentioned procedure, Pr(AlMe4)3 (200 mg, 0.5 

mmol) and KCp* (191.76 mg, 1.1 mmol) afforded BBPr as light green powder (224.1 mg, 0.45 

mmol, 90%). Single-crystals were obtained as light yellow blocks from a saturated n-hexane 

solution at -40 °C. The 1H NMR spectrum of the non-crystalline residue was inconclusive. 
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[Cp* 2Nd(AlMe4)] (BBNd). Following the above mentioned procedure, Nd(AlMe4)3 (101.4 mg, 

0.25 mmol) and KCp* (95.88 mg, 0.55 mmol) afforded BBNd as blue powder (111.9 mg, 0.22 

mmol, 89%). The 1H NMR spectrum of the non-crystalline residue was inconclusive. 

General procedure for the synthesis of [Cp*2LnBr 2]–[(do)2AlMe2]+ (Ln = Ce, Pr, Nd; do = 

THF, THP, Et2O). A solution of Me3GeBr (3 equiv.) in toluene (1 mL) was added to a toluene 

solution (3 mL) of Cp*2Ln(AlMe4) under vigorous stirring. After 5 min, a stoichiometric 

amount (2 equiv.) of donor compound was added, and the reaction mixture was stirred for 

another 30 min. Unless otherwise stated, crystals suitable for single-crystal XRD analysis were 

grown by complete removal of the solvent under vacuum and subsequent, dropwise addition of 

the respective donor compound. 

[Cp* 2CeBr2]–[(thf) 2AlMe2]+ (FFCe). Following the procedure described above, 

Cp*2Ce(AlMe4) (19.90 mg, 0.04 mmol) and Me3GeBr (23.70 mg, 0.12 mmol) afforded FFCe 

as yellow crystals (24.1 mg, 0.031 mmol, 78%). 1H NMR (400.11 MHz, [D8]THF, 26 °C): �/ = 

4.73 (bs, 30H, C5Me5), 3.60 (m, coord. THF), 1.77 (m, coord. THF), -0.67 (s, 6H, AlMe2) ppm. 
27Al (130.32 MHz, [D8]THF, 26 °C): �/ = 163 ppm. 

[Cp* 2PrBr 2]–[(thf) 2AlMe2]+ (FFPr). Following the procedure described above, Cp*2Pr(AlMe4) 

(20.10 mg, 0.04 mmol) and Me3GeBr (23.7 mg, 0.12 mmol) afforded FFPr as light yellow 

crystals (27.9 mg, 0.036 mmol, 90%). The 1H NMR spectrum of the non-crystalline residue 

was inconclusive. 

[Cp* 2NdBr 2]–[(thf) 2AlMe2]+ (FFNd). Following the procedure described above, 

Cp*2Nd(AlMe4) (20.2 mg, 0.04 mmol) and Me3GeBr (23.7 mg, 0.12 mmol) afforded FFNd as 

light blue crystals (29. mg, 0.037 mmol, 94%). The 1H NMR spectrum of the non-crystalline 

residue was inconclusive. 

[Cp* 2CeBr2]–[(thp)2AlMe2]+ (GGCe). Following the procedure described above, 

Cp*2Ce(AlMe4) (35.0 mg, 0.07 mmol) and Me3GeBr (41.7 mg, 0.21 mmol) afforded GGCe as 

yellow crystals (52.4 mg, 0.066 mmol, 93%). The 1H NMR spectrum was inconclusive. IR 

(Nujol, CsI-window): �å
ä = 2949 (Cp, Nujol), 2922 (Cp, Nujol), 2854 (Cp, Nujol), 2724 (vw), 

2668 (vw), 2615 (vw), 2122 (vw), 1459 (Nujol), 1377 (Nujol), 1311 (w), 1277 (vw), 1262 (vw), 

1196 (m), 1157 (vw), 1073 (vw), 1011 (s), 959 (m), 887 (vw), 860 (m), 802 (m), 721 (vs), 693 

(vs), 578 (w), 469 (vw) cm-1. 
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[Cp* 2NdBr 2]–[(thp)2AlMe2]+ (GGNd). Following the procedure described above, 

Cp*2Nd(AlMe4) (25.0 mg, 0.05 mmol) and Me3GeBr (29.5 mg, 0.15 mmol) afforded GGNd as 

light blue crystals (38.5 mg, 0.048 mmol, 96%). IR (Nujol, CsI-window): �å
ä = 2954 (Cp, Nujol), 

2924 (Cp, Nujol), 2854 (Cp, Nujol), 2724 (w), 2668 (w), 2624 (w), 1460 (Nujol), 1377 (Nujol), 

1311 (m), 1279 (w), 1260 (w), 1196 (m), 1156 (w), 1073 (vw), 1015 (m), 993 (m), 948 (m), 

887 (w), 857 (m), 801 (w), 793 (w), 721 (vs), 691 (s), 676 (m), 608 (w), 582 (w), 468 (vw)  

cm-1. 

[Cp* 2PrBr 2K(thp) 4] (HH).  A solution of Me3GeBr (29.5 mg, 0.15 mmol) in toluene (1 mL) 

was added to a stirred solution of BBPr (27.08 mg, 0.05 mmol). After stirring the reaction 

mixture at ambient temperature for 5 min, a stoichiometric amount of THP (2 equiv.) was 

added. After stirring for another 30 min, the solvent was completely removed under vacuum, 

and the obtained crude product was recrystallized from a saturated THP solution at -40 °C. 

Single-crystals of HH were obtained as colorless blocks in low yield. The 1H NMR spectrum 

of the non-crystalline residue was inconclusive. 

[Cp* 2CeBr2]–[(Et2O)2AlMe2]+ (II Ce). Following the procedure described above, 

Cp*2Ce(AlMe4) (19.9 mg, 0.04 mmol) and Me3GeBr (23.7 mg, 0.12 mmol) afforded II Ce as 

yellow solution. Recrystallization was impeded by presumable removal of Et2O and resulting 

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

[Cp* 2PrBr 2]–[(Et2O)2AlMe2]+ (II Pr). Following the procedure described above, 

Cp*2Pr(AlMe4) (20.1 mg, 0.04 mmol) and Me3GeBr (23.7 mg, 0.12 mmol) afforded II Pr as 

light green solution. Recrystallization was impeded by presumable removal of Et2O and 

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

[Cp* 2NdBr 2]–[(Et2O)2AlMe2]+ (II Nd). Following the procedure described above, 

Cp*2Nd(AlMe4) (20.2 mg, 0.04 mmol) and Me3GeBr (23.7 mg, 0.12 mmol) afforded II Nd as 

blue-green solution. Recrystallization was impeded by presumable removal of Et2O and 

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

General procedure for the synthesis of [(OtBu)12Te/LnNa14O3] (JJLn, Ln = Ce, Nd). To a 

stirred solution of the diethyl ether separated ion pair II Ln, a stoichiometric amount of TeBr4 (1 

equiv.) in toluene was added. Upon addition of tellurium bromide, the solution immediately 

became pale, and precipitation of a dark solid (Te0) was observed. Elemental tellurium was 
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filtered off, and another stoichiometric amount of TeBr4 (1 equiv.) in toluene was added. After 

stirring the solution over night, the solution showed an intense dark color, hence complete 

oxidation was assumed. The solvent was removed under vacuum, and the residual dark solid 

was resuspended in toluene. Under vigorous stirring, a stoichiometric amount of NaOtBu (4 

equiv.) was added, resulting in an immediate color change of the solution to orange and 

precipitation of a colorless solid. After stirring the reaction mixture for 1 h, the suspension was 

centrifuged, filtered, and the solvent was removed completely under vacuum. If the 1H NMR 

spectrum in [D6]benzene showed signals of a trivalent species, an additional stoichiometric 

amount of TeBr4 (1 equiv.) was added, the solution stirred for 2 h, and filtered again. Colorless 

crystals of JJLn were obtained from a saturated toluene solution. 1H NMR JJCe (400.11 MHz, 

[D6]benzene, 26 °C): �/ = 1.39 (s, tBu) ppm. 
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Figure C13. 1H NMR spectrum (400 MHz, [D6]benzene, 26 °C) of [Cp*2Pr(AlMe4)2] (BBPr). 

Solvent residual signals are marked with an asterisk. 

Figure C14. 1H NMR spectrum (400 MHz, [D8]THF, 26 °C) of [Cp*2CeBr2]–[(thf)2AlMe2]+ 

(FFCe). Solvent residual signals are marked with an asterisk. 
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Figure C15. 27Al NMR spectrum (130 MHz, [D8]THF, 26 °C) of [Cp*2CeBr2]–[(thf)2AlMe2]+ 

(FFCe). The signal of the aluminum silicate NMR tube is marked with an asterisk. 

Figure C16. 1H NMR spectrum (400 MHz, [D6]benzene, 26 °C) of [(OtBu)12Te/CeNa14O3] 

(JJCe). 
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Table C2. Crystallographic data for compounds EECe, EEPr, and EENd 

 EECe EEPr EENd 

formula C30H52AlCeBr2O2 C30H52AlPrBr2O2 C30H52AlNdBr2O2 

Mr [g/mol] 771.63 772.42 775.75 

color/shape yellow/block light yellow/block light blue/block 

crystal dimensions 
[mm] 

0.156 x 0.153 x 
0.145 

0.231 x 0.171 x 
0.146 

0.139 x 0.106 x 
0.104 

crystal system orthorhombic orthorhombic orthorhombic 

space group Pca21 Pca21 Cmc21 

a [Å] 16.032(3) 16.0167(7) 15.147(4) 

b [Å] 15.319(3) 15.1869(7) 16.028(4) 

c [Å] 13.737(3) 13.7292(6) 13.728(3) 

�. [°] 90 90 90 

�� [°] 90 90 90 

�� [°] 90 90 90 

V [Å³] 3373.6(11) 3339.5(3) 3332.6(14) 

Z 4 4 4 

T [K] 100(2) 100(2) 100(2) 

�� [Å] 0.71073 0.71073 0.71073 

�!calcd [g/cm³] 1.519 1.536 1.546 

µ [mm-1] 3.767 3.901 4.005 

F (000) 1556 1560 1564 

�� range [°] 2.362 – 30.560 2.370 – 30.509 1.850 – 30.499 

independent 
reflections 10144 10189 5250 

reflections collected 45595 74803 37933 

R1/wR2 (I > 2�1) 0.0316/0.0655 0.0230/0.0521 0.0234/0.0512 

R1/wR2 (all data) 0.0526/0.0728 0.0296/0.0545 0.0252/0.0521 

GOF 1.007 1.049 1.038 
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Table C2 (continued). Crystallographic data for compounds BBPr, GGCe, and GGNd 

 BBPr•C6H14 GGCe GGNd 

formula C27H49AlPr C32H56AlCeBr2O2 C32H56AlNdBr2O2 

Mr [g/mol] 541.55 799.68 803.80 

color/shape light yellow/block yellow/needle blue/needle 

crystal dimensions 
[mm] 

0.253 x 0.235 x 
0.123 

0.092 x 0.048 x 
0.046 

0.143 x 0.054 x 
0.039 

crystal system triclinic orthorhombic orthorhombic 

space group P1
$ Cmc21 Cmc21 

a [Å] 10.7146(7) 15.8059(9) 15.7584(11) 

b [Å] 11.5937(8) 16.2400(9) 16.2452(11) 

c [Å] 12.5422(9) 13.6597(9) 13.6445(9) 

�. [°] 71.897(2) 90 90 

�� [°] 74.032(2) 90 90 

�� [°] 88.446(2) 90 90 

V [Å³] 1420.85(17) 3506.3(4) 3493.0(4) 

Z 2 4 4 

T [K] 100(2) 100(2) 100(2) 

�� [Å] 0.71073 0.71073 0.71073 

�!calcd [g/cm³] 1.266 1.515 1.528 

µ [mm-1] 1.755 3.627 3.824 

F (000) 566 1620 1628 

�� range [°] 1.981 – 28.285 1.798 – 24.729 1.800 – 26.392 

independent 
reflections 6983 3114 3696 

reflections collected 32698 21315 21966 

R1/wR2 (I > 2�1) 0.0269/0.0647 0.0343/0.0630 0.0334/0.0645 

R1/wR2 (all data) 0.0293/0.0663 0.0427/0.0666 0.0429/0.0685 

GOF 1.076 1.045 1.032 
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Table C2 (continued). Crystallographic data for compounds HH, JJCe, and JJNd 

 HH•C5H10O JJCe JJNd 

formula C45H80PrBr2O5K C48H108CeNa14O15 C32H56AlNdBr2O2 

Mr [g/mol] 1040.92 1387.32 803.80 

color/shape colorless/block colorless/block blue/needle 

crystal dimensions 
[mm] 

0.760 x 0.120 x 
0.074 

0.167 x 0.097 x 
0.093 

0.143 x 0.054 x 
0.039 

crystal system orthorhombic triclinic orthorhombic 

space group Pca21 P1
$ Cmc21 

a [Å] 19.2350(19) 19.354(11) 15.7584(11) 

b [Å] 13.7700(13) 19.371(12) 16.2452(11) 

c [Å] 18.7750(19) 19.375(11) 13.6445(9) 

�. [°] 90 90.00(2) 90 

�� [°] 90 89.96(2) 90 

�� [°] 90 90.03(2) 90 

V [Å³] 4972.9(8) 7264(7) 3493.0(4) 

Z 4 4 4 

T [K] 100(2) 100(2) 100(2) 

�� [Å] 0.71073 0.71073 0.71073 

�!calcd [g/cm³] 1.390 1.269  

µ [mm-1] 2.709 0.762  

F (000) 2152 2912  

�� range [°] 1.479 – 26.388 1.486 – 22.079  

independent 
reflections 10176 31969  

reflections collected 59272 65242  

R1/wR2 (I > 2�1) 0.0703/0.1616 0.1494/0.3688  

R1/wR2 (all data) 0.0724/0.1625 0.2900/0.4202  

GOF 1.250 1.852  
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NanoscaleOrganolanthanum Clusters: Nuclearity-Directing Role
of Cyclopentadienyl and Halogenido Ligands
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Christoph Stuhl,[a] KarlW. Tçrnroos,[b] C- cilia Maichle-Mçssmer,[a] and Reiner Anwander*[a]

Abstract : Tetramethylaluminato/halogenido(X) ligand ex-
change reactions in half-sandwich complexes [CpRLa(AlMe4)2]
are feasiblein non-coordinating solvents and provide access
to large coordination clustersof the type [CpRLaX2]x. Incom-
plete exchange reactions generate the hexalanthanum clus-
ters [CpR

6La6X8(AlMe4)4] (CpR= Cp*= C5Me5, X= I ; CpR= Cp’=
C5H4SiMe3, X= Br, I). Treatment of [Cp*La(AlMe4)2] with two
equivalents Me3SiI gave the nonalanthanum cluster
[Cp*LaI2]9, while the exhaustive reaction of [Cp’La(AlMe4)2]
with the halogenido transfer reagents Me3GeX and Me3SiX
(X= I, Br, Cl) produced a series of monocyclopentadienyl

rare-earth-metal clusters with distinct nuclearity. Depending
on the halogenido ion size the homometallic clusters
[Cp’LaCl2]10 and [Cp’LaX2]12 (X= Br, I) could be isolated,
whereas different crystallization techniques led to the aggre-
gation of clustersof distinct structural motifs, including the
desilylated cyclopentadienyl-bridged cluster [(m-Cp)2-
Cp’8La8I14] and the heteroaluminato derivative
[Cp’10La10Br18(AlBr2Me2)2] . The use of the Cp’ ancillary ligand
facilitates cluster characterization by means of NMR spec-
troscopy.

Introduction

High-nuclearity rare-earth-metal (Ln) coordination clusters not
only impressby sheer beauty but have gained increasingly in
significance for magnetic and optical applications.[1,2] The so
far largest LnIII clusters have been achieved by self-assembly
processes under hydrothermal or solvothermal conditions in-
volving ligand (“carboxylato”)- and pH-controlled, anion-tem-
plated hydrolyses.[3] The obtained nanoscale rare-earth-metal
hydroxide clusters can be sub-divided into Ln-exclusive (e.g.,
{Gd140},[4] {Nd104},[5] {Dy76},[6] {Gd60}[7]) and heterometallic 4f-3d
derivatives (e.g., {Dy96Ni64},[8] {La60Ni76},[9] {Gd102Ni36}[10]), featuring
overall complicated compositions such as [Gd140(m3-OH)100-
(CH3COO)80(LH3)40(H2O)200](NO3)80(H2O)x (x & 80; LH6= myo-ino-
sito)[4] or [Dy96Ni64(m3-OH)156(IDA)66(DMPA)12(CH3COO)48(NO3)24-
(H2O)64]Cl24 (IDA= iminodiacetate, DMPA= 2,2-dimethylol pro-
pionic acid).[8] Self-assembly processesin non-aqueous media

as a rule produce significantly lower nuclearities as shown for,
e.g., the selenide complexes [(py)16Ce17NaSe18(SePh)16][11] and
[(py)24Pr28F68(SePh)16],[12] which display effective near-IR emit-
ters. The syntheses of the latter fluorido-rich clusters from
Ln(SePh3) and NH4F in pyridine clearlyemphasizethe mandato-
ry switch to distinct reaction protocols.[12]

In 1998, the highly symmetric chlorido-bridged
[Cp12Sm12Cl24] emerged as a benchmark system in organolan-
thanide cluster chemistry.[13,14] This dodecanuclear cluster was
obtained by desolvating [CpSmCl2(thf)3] under reflux and re-
peatedly extracting it with toluene at 808C.[15] Ever since, the
nuclearity of {Sm12} has remained unmatched for cyclopenta-
dienyl-based derivatives (and organometallics in general),
while the routinely observed nuclearity of the involved ring
and cluster motifs seemsstationary at {Ln6}.[16] Crucially, while
metallocene complexes of the general formula Cp2LnX tend to
form dimeric and higher-ring structures (highly polarized Ln@X
bonding, X= small electron-withdrawing ligand),[17–19] donor-
free half-sandwich complexes CpLnX2 are prone to coordina-
tion cluster formation.[14,16] Beside [Cp12Sm12Cl24],[13] the only
other reported donor-free CpLnX2 derivatives comprise ring-
like [Cp*4Sc4I8][20] and [Cp*3Dy3I6] (Cp*= C5Me5).[21] Related
mixed-valent [Cp*6Yb4I4][22] and [Cp*5Sm5I9],[23] Cp-enriched con-
geners [Cp*6Yb5F9][24] and [Cp*6Sm5Cl9] ,[21] as well as heterobi-
metallic [Cp7Dy7I14](m-I)[Cp2V][25] form cluster motifs. Viable syn-
thesis protocols for the half-sandwich coordination clusters in-
clude salt metathesis,[16b,e–g] hydrogenolysis,[16d,h] thermolysis/
desolvation,[13,26] and Ln redox transformations.[21–25,27,28] In the
realm of Ziegler–Natta catalysts and respective model com-
pounds, we have embarked on alkylaluminato/halogenido
ligand exchange and donor-promoted alkylaluminate cleavage
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of discrete half-sandwich complexes [Cp*Ln(AlMe4)2][29] and
gained access to {La6} and {Gd8} entities of the type
[Cp*6La6Cl8(AlMe4)4][30] and [(Cp*8Gd8Me4(AlMe4)4(CH2OtBu)8] .[31]

Spurred by the easeand efficiency of the former partial alkyl-
aluminato/halogenido ligand exchange and the dearth of data
on higher-nuclearity organolanthanide clusters,we now target-
ed new types of donor-free CpLnX2 derivatives via complete
alkyl/halogenido exchange.

Resultsand Discussion
C5Me5 (Cp*)-supported half-sandwich LaIII iodide clusters

To adequately assessany partial/complete alkyl/halogenido ex-
change in terms of structural implications, we initially selected
the iodination reaction of known [Cp*La(AlMe4)2] (1a)[29] with
Me3SiI. Thereby, the large LaIII center and the large I@ anion
were anticipated to promote the formation of maximum-nucle-
arity clusters.

Accordingly, complex 1a was treated with various amounts
of Me3SiI.Already the equimolar reaction in unstirred n-hexane
solutions led to the crystallization of the hexanuclear cluster
[Cp*6La6I8(AlMe4)4] (2) at ambient temperature within hours.
Compound 2 incorporates one solvent molecule per cluster in
the crystal lattice, which could not be removed in oil pump
vacuum, and crystallized in the triclinic spacegroup P1̄. Com-
plex 2 has the connectivity [La6Cp*6{(m-Me)3AlMe}4(m3-I)2(m2-I)6]
(FigureS23) and is isostructural to the previously reported
chloride complex [Cp*6La6Cl8(AlMe4)4].[30] Thereby, two
“Cp*3La3X4” subunits are linked through the four tetramethyl-
aluminato ligands in a m2-h1:h2 fashion. Each lanthanum atom
is eight-coordinated by three iodido, two methyl, and one Cp*
ligand. While the La@Cp* ancillary ligand distancesas well as
the aluminato coordination behavior are only marginally affect-
ed by the Cl@/I@ halogenido exchange, the La@Cl/I distances

differ markedly by nature (La@Cl: 2.8049(9), 2.8439(9)a (m2);
3.0060(7)–3.0708(8)a (m3) versus La@I: 3.2096(4)–3.2323(5) a
(m2); 3.2327(4)–3.4366(4)a (m3)).

Intriguingly, treatment of 1a with two equivalents of Me3SiI
afforded complete alkyl/halogenido exchange as envisaged
(Scheme1), and even more interestingly the hoped-for cluster
enlargement. Nonametallic [Cp*9La9I18] (3) is the first of its kind
and its crystal structure is depicted in Figure1. Crystalline 3
contains two independent clusters and 14 molecules of tolu-
ene in the unit cell. The large amount of solvent remained
partly in the crystal lattice even when oil pump vacuum was
applied. Thenine lanthanum centers constitute a pseudo-tride-
cahedron with eachmetal center shieldedby a Cp* ligand. The
five lanthanum centers of the squarepyramidal subunit are ad-
ditionally coordinated by four m3-bridging iodido anions and
one central m5-I. Eight out of a total of 12 m3-bridging iodido
anions connect to the four lanthanum centers of the square
planar subunit. These four lanthanum centers are m2-bridged
with iodido anions to build a crown-like motif, and are further
sharing a central m4-bridging iodido moiety. Complex 3 readily
dissolves in THF to generate monomeric [Cp*LaI2(thf)3] (Fig-
ure S25).

The number of structurally characterized organometallic
complexes containing iodido-bridged lanthanum atoms are
limited. For comparison, the La@(m2-I) distances of 3.2050(7)–
3.2561(7) a are slightly shorter than those in [La(m2-I){N-
(SiMe3)2}2(thf)]2[32] (3.3096(11), 3.3051(11) a) or [(COT)La(m2-
I)(thf)2]2[33] (3.3832(2), 3.3157(2)a). A series of salt-like mixed
iodido/ethanido lanthanum-based solid-state materials includ-
ing o-La5I9(C2)[34a] and La10I15(C2)2[34b] were shown to feature La@
(m3-I) (3.225(3)–3.544(2)a) and La@(m4-I) moieties (3.1722(7)–
3.3795(4) a), which, however, appear considerablyshorter than
the distances of 3.1857(7)–3.6720(7)a (m3) and 3.5187(7)–
3.5447(7) a (m4) in 3. Surprisingly, organolanthanum complexes
with m5-bridging iodido ligands seem even rarer. However, the

Scheme 1. Reactivity of half-sandwichcomplexes 1 toward halogenido transfer reagents applying different synthesisstrategies(Cp’ and Cp* ligands are omit-
ted for clarity).
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La@(m5-I) distances of 3.5335(7)–3.6885(6)a in 3 are compara-
ble to the Sm@(m5-I) distances in octa- and pentametallic com-
plexes [{[m-Ph2C(C4H3N)2]Sm}5(m5-I)]@[{[m-Ph2C(C4H3N)2]Sm(thf)}3-
(m3-I)]+ and [{[m-MePhC(C4H3N)2]Sm}5(m5-I)]@[K(thf)6]+ , respec-
tively, where the samarium atoms are pentagonally arranged
around a coplanar iodido ion (Sm@(m5-I), 3.434(1)–3.634(1);
3.517(1)–3.5566(6)a).[35] For further comparison, a similar
square pyramidal {Ln5} structural motif was also detected in
donor-free mixed-valent complex [Cp*5Sm5(m2-I)4(m3-I)4(m5-I)]
(Sm@(m5-I): 3.281(1)–3.377(1)a),[23] while the separated ion-pair
[Cp6Yb6Cl13]@[Cp3Yb3Cl5(thf)3]+ features another “nonametallic”
half-sandwich arrangement.[13]

C5H4SiMe3 (Cp’)-supported half-sandwich LaIII iodide clusters

Having established the proof of concept for efficient cluster
enlargement in Cp* derivatives [Cp*LnX2]x, the next step was
to investigate into the effect of the cyclopentadienyl ligand.
Here, we decided upon the trimethylsilyl cyclopentadienyl
(Cp’) ligand, offering two decisive advantages compared to
Cp* derivatives: overall decreased steric demand (enforcing
cluster enlargement) and mediation of better solubility (facili-
tating NMR-spectroscopic characterization). The half-sandwich
lanthanum bis(tetramethylaluminato) precursor complex
[Cp’La(AlMe4)2] (1b) was straightforwardly synthesized from
homoleptic La(AlMe4)3 and KCp’ following routine protocols.[36]

Ratherunexpectedly, the crystal structure of 1b shows a sym-
metric tetramethylaluminato coordination with two planar
La(m-Me)2Al units (in contrast to one planar and one bent one
as routinely observed).[36] As a consequence, steric saturation
of the LaIII centers in 1b is achieved by interaction with one

aluminato methyl group of another molecule resulting in a m2-
h1:h2 aluminato coordination mode. Theseweak intermolecular
interactions (La···C3.250a) imply a dimeric arrangement in the
solid state (FigureS21).

Surprisingly, treatment of 1b with two equivalents of Me3SiI
at ambient temperature in n-hexane did not result in the en-
visaged complete alkyl/halogenido exchange, but the tetra-
methylaluminato-bridged heterobimetallic hexalanthanum
cluster [Cp’6La6I8(AlMe4)4] (4a). Again surprisingly, compound
4a is isostructural to the Cp* derivatives [Cp*6La6Cl8(AlMe4)4]
and 2 (Figures2 and S23).[30] Overall, the arrangement of the
six lanthanum metal centers is reminiscent of two cuboid
structures with cut-off corners. Complexes [CpR

6La6X8(AlMe4)4]
show similar metrical parameters concerning the lanthanum
metal centers and the ancillary CpR moieties
([Cp*6La6Cl8(AlMe4)4]: 2.728(3)–2.819(4)a; 2: 2.748(4)–2.797(4);
4a: 2.711(6)–2.793(5)a). A striking differenceof the La3X4 subu-
nits is revealedby the bond angles. More precisely, the La@Cl@
La angles of 100.55(2)–113.19(4)8 are more obtuse than La@I@
La angles in 2 (100.126(2)–108.169(2)8) and 4a (99.962(2)–
106.822(2)8), resulting in a maximum difference of 6.378.

Crucially, complete AlMe4/halogenido exchangecould be ac-
complished by the addition of a slight excess of Me3SiI
(2.5equiv.) to 1b under vigorous stirring (Scheme 1), as con-
firmed by the isolation of the dodecalanthanum cluster
[Cp’LaI2]12 (5a, 48% yield). XRDanalysis of 5a revealed a La12

icosahedron, with each of the 20 facescapped by one iodido

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

Figure 2. Molecular drawing (top) and crystalstructure (bottom) of 4a with
atomic displacement parameters set at the 50% probability level.Hydrogen
atoms are omitted for clarity. The Cp’ ligands (except for one) are represent-
ed by a wireframe model for improved visualization. For selected interatom-
ic distancesand angles,seethe Supporting Information.
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ligand, as depicted in Figure3 (spacegroup R3c). The iodido li-
gands arrange in a dodecahedron with one additional I4 tetra-
hedron located inside the cluster core. Complex5a is isostruc-
tural to the until-now unique dodecasamarium cluster
[CpSmCl2]12, reported by Kretschmer et al. in 1998 (space
group I41/acd).[13] For comparison, the Sm@Cl bond lengths at
the cluster surfacein [CpSmCl2]12 are in the range of 2.70(1)to
3.10(2)a (av. 2.99a) and average2.95a inside the cluster core.
In contrast, the respective La@I bond lengths in the cluster pe-
riphery of 5a average 3.3625a, being therefore considerably
longer than inside the cluster core (av. La@I 3.2808a). Taking
into account the ionic radii (Sm3+ ++ Cl@= 2.77a; La3+ ++ I@=
3.19a),[37] the average interatomic distances in {Sm12} and
{La12} (5a) are noticeably larger. However, the overall bonding
situation in these clusters is almost identical, differing margin-
ally by only 0.021a. The asymmetric unit of 5a shows a dis-
tinct La4I7 structural motif, which can be considered a distorted
cutout of the LaI3 solid-state structure,[38] indicating the general
stability of the cluster (Figure S28).

The differences in the solid-state structures of 5a (formally
9-coordinate La centers)and LaI3 (8-coordinate La centers) are
evidenced by the bent arrangement of the asymmetric unit in
5a. More precisely, the La@I distancesof 3.211(2),3.267(2)and
3.287(2)a (La1@I4/I7, La4@I7) in 5a are slightly shorter than in
LaI3 (3.342a), while the La2@I1 bond length of 3.585(2)a in 2
is considerably longer compared to LaI3 (3.396a). The bending
of the asymmetric unit of 5a is further evidenced by marked
differencesin the interatomic distancesof the central iodido li-
gands to La1and La3(La···I9: 5a, 5.152(2),3.303(2)a), which is
significantly shorter than in LaI3 (5.638a). This results in a
strongly bent arrangement of the La4I7 fragment in accord
with the obtuse I@La@I angles in 5a (I4@La1@I7= 122.95(5)8,

I1@La3@I3= 146.00(5)8), while in lanthanum iodide the respec-
tive angle is 80.978. This arrangement is clearly affected by the
shielding and the steric effect of the ancillary Cp’ ligands.Com-
parison may be also drawn to the similarly sizedmetalloid alu-
minum cluster [Al50Cp*12] (diameter: 14.9a, 5a: 14.6a), the
topology of the 60 methyl groups of which bearing a close re-
semblance to that of fullerene C60.[39] Indeed, Kretschmeret al.
had also pointed out that the truncated icosahedronadopted
by the 60 carbon atoms of 12 Cp ligand in [CpSmCl2]12 is
“somewhat analogous” to fullerene C60.[13]

In contrast to the hardly soluble (in non-donor solvents)
Cp*-derived clusters 2 and 3,[30] the new Cp’-supported clusters
4a and 5a dissolve readily in benzene. However, the 1H NMR
spectrum of methylaluminate/iodide cluster 4a in [D6]benzene
at ambient temperature (FigureS5)revealed its fragmentation
in solution, which is indicated by the appearance of additional
resonances for 1b and 5a. Moreover, the triplet resonancesat
6.78 and 6.66ppm (3JH,H= 2.5Hz) and the multiplets at 6.74
and 6.63ppm indicate non-equivalent Cp’ ligands, which is
corroborated by signals at 0.41 and 0.37ppm for the SiMe3

groups. The singlet at @0.03ppm can be assignedto the La-
[AlMe4] moieties of 4a, indicating a rapid exchangeof bridging
and terminal methyl groups. The 1H NMRspectrum of dodeca-
lanthanum cluster [Cp’LaI2]12 (5a) in [D6]benzene shows one
signal set for the Cp’ ligands, indicating dynamic processesof
4a in solution. The Cp’ hydrogen atoms at the positions 3/4
and 2/5 resonate at 7.20ppm and 7.00ppm, respectively, and
the trimethylsilyl group at 0.61ppm, significantly shifted to
lower field in comparison to the corresponding signalsof pre-
cursor 1b (d Cp’H, 6.40ppm, 6.22 ppm, d CH3, 0.14ppm).
Moreover, a second set of signals with the same 6:1 integral
ratio of singlet and triplets revealed the formation of another

Figure 3. Crystalstructure of 5a with atomic displacement parameters set at the 50% probability level.a)Theentire molecule with hydrogen atoms omitted
for clarity and Cp’ ligands (except for one) represented by a wireframemodel for improved visualization. (b), (c),and (d) represent the La12, I20, and I4 poly-
hedra; comparison of the asymmetric unit (f) with the solid-state-structure of LaI3 ((e),adapted from Zachariasen).[38] For selected interatomic distancesand
angles, see the Supporting Information.
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similar speciesin solution. Therefore,a three-step processfor
the formation of cluster 5a seems plausible: initial complete
[AlMe4]/I ligand exchange, followed by aggregation to Cp’4La4I8
fragments, and subsequent self-assemblyof three such La4

units to afford the large Cp’12La12I24 entity.
Supportive of sucha mechanismof formation is the isolation

and structural characterization of the mixed-Cpoctalanthanum
species [(m-Cp)2Cp’8La8I14] (6). Applying slow diffusion of Me3SiI
(2.5equiv., dissolvedin n-hexane) into an n-hexane solution of
1b (insteadof vigorous stirring) and subsequent crystallization
at @408C afforded compound 6 in low yield (Figure 4 and Fig-
ure S29).An XRDanalysisrevealed that cluster 6 is composed
of two Cp’4La4I7 subunits with two eight- and nine-coordinate
lanthanum centers each (4V m2-I, 2V m3-I, 1V m4-I), thus resem-
bling the asymmetric unit of cluster 5a (Figure3). The nine-co-
ordinate lanthanum centers at the vertices of the La1La2La1’
La2’ planar rectangular arrangement are m2:h5,h5-interconnect-
ed by unsubstituted cyclopentadienyl ligands in an inverse-
sandwich-type fashion. The steric demand of the bridging Cp
ligands effects the Cp’4La4I7 subunits, resulting in an overall
high symmetry in comparison to the asymmetric unit of 5a.

In complex 5a, the outmost La@I bonds of the heavily dis-
torted asymmetric unit are markedly elongated (La2@I4,
3.585(2)a) to adapt to the stable La12 structure, while the re-
spective bonds in 6 are in the range of 3.186(1)a (La4@I6) to
3.292(2)a (La2@I6). Moreover, the subunit of 6 shows a re-
duced interatomic distance between the outer lanthanum
metal center and the central iodido ligand (La1@I3= 3.734(1)a;
5a: La1···I9= 5.152(2)a), which might be due to the strain in-
duced by the bridging Cp ligands.

1H NMR spectroscopic studies corroborate the displacement
of the trimethylsilyl groups from the respective Cp’ ligands in
6 (formation of Si2Me6 evidenced for three independent sam-
ples, FigureS11), subsequently enabling the bridging of the
La4I7 fragments. It must be noted that the “Wanderlust” of tri-
methylsilyl groups has been recently emphasizedin rare-earth
metal triple-deckersandwichcomplexesof the type Ln2(COT’’)3
(COT’’= bis(trimethylsilyl) cyclooctatetraenyl).[40] The ease of
SiMe3 dissociation in HCp’ is also reflected in the synthesisof
the precursor of cluster [CpSmCl2]12 by dehalosilylation em-
ploying SmCl3.[13] The 1H NMR spectrum of 6 shows the pres-
ence of side products, while the protons at the 2/5 positions
and 3/4 positions of the Cp’ ligand resonate at 7.19 and
7.00ppm, respectively, and overlap with the respective signals
of 5a (minor product). The signals in the range of 1.64 to
0.92ppm are likely generated by a solution side product, and
the Me3Si groups resonateat 0.61ppm. It must be noted that
the Cp’ resonances are shifted to higher field compared to pre-
cursor1b. Overall, the formation of the lanthanum iodide clus-
ters 5a and 6 is mainly depending on the crystallization tech-
nique, indicating a strong kinetic control of the alkylaluminato/
halogenido ligand exchangereaction. Complex 5a readily dis-
solves in THF to generate monomeric [Cp’LaI2(thf)3] (Fig-
ure S22).Complexes4a, 5a and 6 were further analyzed by
SEMand EDXto checkproduct purity via elemental ratios (Fig-
uresS41–S48,TablesS3–S14).

C5H4SiMe3 (Cp’)-suppor ted half-sandwich LaIII bromid e and
chloride clusters

Changing the halogenido transfer reagent to Me3GeBr while
applying otherwise identical reaction protocols, the respective
bromido-bridged clusters [Cp’6La6Br8(AlMe4)4] (4b) and
[Cp’LaBr2]12 (5b) could be isolated. Accordingly, treatment of
complex 1b with 1.3equiv. of Me3GeBrafforded the heterobi-
metallic hexalanthanum cluster 4b (FigureS30),which is iso-
structural to [Cp*6La6Cl8(AlMe4)4],[30] 2, and 4a. Compound 4b
shows degradation behavior similar to 4a, as indicated by
NMR spectroscopy (FiguresS12 and S13).The dodecalantha-
num cluster 5b could be selectivelyobtained by treatment of
1b with 2.5equiv. Me3GeBrin a vigorously stirred n-hexaneso-
lution at ambient temperature (Scheme1, 47% yield). The
structural characterization of 5b by XRDanalysis(FigureS31)
revealed the samestructural motif as for the respective iodido-
bridged cluster 5a, with the La@Br distances following the
same trend. The 1H NMR spectrum of 5b shows the expected
set of signals for the Cp’ ligand, indicating a highly symmetric

Figure 4. Molecular drawing (top) and crystalstructure (bottom) of 6 with
atomic displacement parameters set at the 50% probability level.Hydrogen
atoms are omitted for clarity. The Cp’ ligands (except for one) are represent-
ed by a wireframe model and without SiMe3 groups for improved visualiza-
tion. For selected interatomic distancesand angles,seethe Supporting In-
formation.
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coordination. In comparison to 5a the signals are shifted to
higher field.

Interestingly, a divergent reactivity was observed when ap-
plying the diffusion protocol. Thereby, the bromido transfer
gave the decalanthanum cluster [Cp’10La10Br18(AlBr2Me2)2] (7)
featuring two heteroaluminato ligands (Scheme1). The XRD
analysis of 7 revealed an ellipsoidal structural motif involving
eight lanthanum atoms, being terminated by two additional
peripheral lanthanum metal centers (Figure5 and FigureS32).
The lanthanum centers at these apical positions coordinate to
a h5-Cp’ ligand, a AlBr2Me2 moiety, and cap a La4Br4 crown. The
four lanthanum centers of the latter crown interact further
with a central bromido ligand and another eight bromido li-
gands, which bridge to the other four lanthanum centers of
the second La4Br4 crown. Overall, the eight inner lanthanum
centersare connected to a total of 16Vm3-I and 2Vm4-I, as well
as 8Vh5-Cp’. The terminal heteroaluminato ligands [(m2-
Br)2AlMe2] in complex 7 coordinate symmetrically in a h2 fash-
ion to the lanthanum metal centers (La1@Br1= 3.0945(4)a,
La1@Br2= 3.0595(5)a), involving La···Al distances of av.
4.0745a which are significantly longer than in complex 1b (av.
La···Al= 3.2678 a). Similar alkyl/chlorido heteroaluminato moi-
eties were previously reported for metallocene complexes of
the type [Cp*2Ln(m-Cl)2AlR2] (Ln= Y, Sm; R= Me, Et, iBu).[41] The
La@Br bond lengths of the apical 11-coordinate lanthanum to
the La4Br4 crown are in the range of 3.1450(4) to 3.3167(4) a,
and hence longer than in lanthanum bromide LaBr3 (9-coordi-
nate LaIII, 3.101to 3.158a).[42]

For further comparison, the La@(m4-Br)distancesin 7 are sim-
ilar, ranging from 3.2244(4) to 3.2758(4) a. The 1H NMR spec-
trum of compound 7 indicates the presenceof dodecalantha-
num cluster 5b along with another minor co-product. Thesep-
aration of 5b and 7, however, is hampered by similar crystal
morphology and solubility (FigureS16). The trimethylsilyl
groups of the Cp’ ligands of compound 7 resonate in the
range of 0.64 to 0.42ppm in accordance with non-equivalent
positions. The heteroaluminato ligands [AlMe2Br2] show one
broad singlet at 0.33ppm. EDX analysesfor compounds 4b,
5b, and 7 were impeded by the overlap of the element signals
of Al and Br, making a meaningful quantification of these ele-
ments difficult. Nevertheless,the atom ratios of lanthanum are
within the expected range, further supporting the formation
and purity of the respective clusters (FiguresS49–S57, Ta-
blesS15–S26).

UsingMe3GeClasthe halogenido transferreagent,the exclu-
sive formation of one species was observed,regardlessof the
synthesis methods applied. Treatment of 1b with Me3GeClre-
sulted in the formation of the decalanthanum cluster
[Cp’LaCl2]10 (8), featuring a similar structural motif as bromide
cluster 7. Instead of the terminal AlMe2Br2 ligands in complex
7, the lanthanum metal centers in the apical positions of 8
bear terminal chlorido ligands.The connectivity of 8 was eluci-
dated by XRDanalysis(Figure S33).The 1H NMRspectrum of 8
shows the expected set of signals for the Cp’ ligand as well as
signalsof a solution side product. In comparison to complexes
5a and 5b, the signalsare shifted to lower field. The formation
of 8 is further confirmed by an EDXanalysis,which revealed
the expected elemental ratios (FiguresS58–S60,TablesS27–
S30).

Conclusions
Half-sandwich complexes [CpRLa(AlMe4)2] engage in selective
alkyl/halogenido(X) ligand exchange reactions in non-coordi-
nating solvents under mild conditions. The fully exchanged
donor solvent-free [CpRLaX2] self-assemble to form distinct
nanoscale coordination clusters. The size of the homometallic
clustersdepends on the steric demand of the cyclopentadienyl
and halogenido ligands as revealed for [Cp*9La9I18],
[Cp’10La10Cl20] , and [Cp’12La12X24] (X= Br, I). Moreover, the cluster
formation/crystallization procedure is shown to affect the clus-
ter composition, and more crucially, the use of the trimethyl-
silyl-substituted cyclopentadienyl ligand (Cp’) implies high clus-
ter solubility and hence characterization by means of solution
NMR spectroscopy. The isolation of such nanoscale clusters
proves that the fascinating icosahedral arrangement of samari-
um centers detected ca.20 yearsago in [Cp12Sm12Cl24][13] is not
a one-off occurrence in rare-earth metal chemistry. It can be
anticipated that the present nanochemistry approach, which
utilizes highly reactiveorganometallicsand mild halogen-trans-
fer reagents such as Me3SiIor Me3GeX(X= Br, Cl), will decisive-
ly promote the field of nanoscalerare-earth-metal cluster re-
search.The findings might also stimulate similar researchwith
paramagnetic rare-earth metals opening new avenuesfor the
design of luminescentand magnetic clusters and materials.[2]

Figure 5. Crystalstructure of 7 with atomic displacement parameters set at
the 50% probability level.Hydrogen atoms are omitted for clarity. The Cp’ li-
gands (except for one) are representedby a wireframemodel for improved
visualization. For selectedinteratomic distancesand angles,seethe Support-
ing Information.
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Experimental Section
Crystallographic data

Deposition Numbers 1992037, 1992038, 1992039, 1992040,
1992041,1992042,1992043,1992044,1992045,1992046,1992047,
and 1992048contain the supplementary crystallographicdata for
this paper. These data are provided free of charge by the joint
CambridgeCrystallographicData Centre and Fachinformationszen-
trum KarlsruheAccessStructuresservice.

Acknowledgements

Weare grateful to the GermanScienceFoundation for financial
support (Grant AN 238/14-2).

Conflict of interest

Theauthors declareno conflict of interest.

Keywords: clusters · cyclopentadienyl · halogenido ·
lanthanum · self-assembly

[1] a)X.-Y. Zheng, X.-J.Kong, Z. Zheng, L.-S. Long, L.-S.Zheng, Acc.Chem.
Res.2018, 51, 517–525; b) X.-Y. Zheng, J. Xie, X.-J.Kong, L.-S.Long, L.-S.
Zheng, Coord. Chem.Rev. 2019, 378, 222–236.

[2] a)F.Habib, M. Murugesu,Chem. Soc. Rev. 2013, 42, 3278–3288; b) D. N.
Woodruff, R.E.P. Winpenny, R. A. Layfield, Chem. Rev. 2013, 113, 5110–
5148; c) B. M. Day, F.-S. Guo, R.A. Layfield, Acc. Chem. Res. 2018, 51,
1880–1889.

[3] G.A. Kumar, R. E. Riman, J. G. Brennan, Coord. Chem.Rev. 2014, 273–
274, 111–124.

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

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

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

[7] L. Qin, G.-J.Zhuo, Y.-Z. Yu, H. Nojiri, C. Schçder, R. E. P. Winpenny, Y.-Z.
Zheng, J.Am.Chem. Soc.2017, 139, 16405–16411.

[8] W.-P. Chen, P.-Q. Liao, Y. Yu, Z. Zheng, X.-M. Chen,Y.-Z. Zheng, Angew.
Chem.Int. Ed. 2016, 55, 9375–9379; Angew. Chem. 2016, 128, 9521–
9525.

[9] X.-J.Kong, L.-S.Long, R.-B.Huang, L.-S.Zheng, T.D. Harris,Z. Zheng,
Chem.Commun. 2009, 4354–4356.

[10] W.-P. Chen, P.-Q. Liao, P.-B. Jin, L. Zhang, B.-K. Ling, S.-C.Wang, Y.-T.
Chan,X.-M.Chen, Y.-Z. Zheng, J.Am. Chem.Soc.2020, 142, 4663–4670.

[11] B.F. Moore, G.A. Kumar, M.-C. Tan, J. Kohl, R.E. Riman, M. G. Brik, T.J.
Emge, J.G.Brennan, J.Am.Chem.Soc.2011, 133, 373–378.

[12] M. Romanelli, G.A. Kumar, T. J. Emge, R.E.Riman,J.G. Brennan,Angew.
Chem.Int. Ed. 2008, 47, 6049–6051; Angew. Chem. 2008, 120, 6138–
6140.

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

[14] R. Anwander, Angew. Chem. Int. Ed.1998, 37, 599–602; Angew. Chem.
1998, 110, 619–622.

[15] [Cp12Sm12Cl24] was obtained in 35% yield and any analytical and spec-
troscopic data were not provided.

[16] For examples, see; a) J. Sieler, A. Simon, K. Peters,R.Taube, M. Geitner,
J. Organomet. Chem. 1989, 362, 297–303; b) W. J. Evans, G. W. Rabe,
M. A. Ansari, J.W. Ziller, Angew. Chem. Int. Ed. Engl. 1994, 33, 2110–
2111; Angew. Chem. 1994, 106, 2200–2201; c) S. P. Constantine, G.M.
De Lima, P.B. Hitchcock, J.M. Keates, G.A. Lawless, Chem. Commun.

1996, 2421–2422; d) Z. Hou, Y. Zhang, O. Tardif, Y. Wakatsuki, J. Am.
Chem.Soc.2001, 123, 9216–9217; e) F. Bonnet, M. Visseaux,D. Barbier-
Baudry, A. Hafid, E. Vigier, M. Kubicki, Inorg. Chem.2004, 43, 3682–
3690; f) M. D. Walter, F. Weber, G. Wolmersh- user, H. Sitzmann, Angew.
Chem.Int. Ed. 2006, 45, 1903–1905; Angew. Chem. 2006, 118, 1937–
1939; g) V. Lorenz,A. Edelmann, S. Blaurock, F.Freise, F. T. Edelmann, Or-
ganometallics 2007, 26, 4708–4710; h) J. Cheng, K. Saliu, G.Y.Kiel,M. J.
Ferguson, R.McDonald, J.Takats, Angew. Chem. Int. Ed.2008, 47, 4910–
4913; Angew. Chem.2008, 120, 4988–4991.

[17] W.J.Evans,S.E.Foster, J.Organomet. Chem. 1992, 433, 79–94.
[18] N.S. Radu,F.J. Hollander, T. D. Tilley, A. L. Rheingold, Chem. Commun.

1996, 2459–2460.
[19] K.N. Raymond, C.W. Eigenbrot, Jr., Acc.Chem.Res.1980, 13, 276–283.
[20] K.A. Tupper, T.D. Tilley, J.Organomet. Chem.2005, 690, 1689–1698.
[21] W.J. Evans, T. M. Champagne, B.L. Davis, N.T. Allen, G. W. Nyce, M. A.

Johnston, Y.-C. Lin, A. Khvostov, J.W. Ziller, J. Coord. Chem. 2006, 59,
1069–1087.

[22] C.J. Burns, D.J. Berg, R.A. Andersen, J. Chem.Soc. Chem. Commun.
1987, 272–273.

[23] A.M. Bienfait, B.M. Wolf, K.W. Tçrnroos, R.Anwander, Organometallics
2016, 35, 3743–3750.

[24] P.L. Watson, T.H. Tulip, I. Williams, Organometallics1990, 9, 1999–2009.
[25] M. E. Burin, M. V. Smirnova, G.K. Fukin, E. V. Baranov, M. N. Bochkarev,

Eur. J. Inorg.Chem. 2006, 351–356.
[26] C.O. Hollfelder, L. N. Jende, H.M. Dietrich, K.Eichele, C. Maichle-Mçssm-

er, R. Anwander, Chem. Eur. J. 2019, 25, 7298–7302.
[27] M. T. Dumas, G. P. Chen, J.Y. Hu, M. A. Nascimento, J.M. Rawson, J.W.

Ziller, F. Furche, W.J.Evans,J.Organomet.Chem. 2017, 849, 38–47.
[28] C. Schoo,S. Bestgen, A. Egeberg, J. Seibert, S.N. Konchenko, C. Feld-

mann, P.W. Roesky, Angew. Chem. Int. Ed.2019, 58, 4386–4389; Angew.
Chem. 2019, 131, 4430–4434.

[29] H.M. Dietrich, C. Zapilko, K. W. Tçrnroos, R.Anwander, Organometallics
2005, 24, 5767–5771.

[30] H.M. Dietrich, O. Schuster, K. W. Tçrnroos, R. Anwander, Angew. Chem.
Int. Ed.2006, 45, 4858–4863; Angew. Chem. 2006, 118, 4977–4982.

[31] C.O. Hollfelder, M. Meermann-Zimmermann, G. Spiridopoulos, D.
Werner, K. W. Tçrnroos, C. Maichle-Mçssmer, R. Anwander, Molecules
2019, 24, 3703.

[32] J.Collin, N. Giuseppone, N. Jaber, A. Domingos,L. Maria, I. Santos,J.Or-
ganomet. Chem. 2001, 628, 271–274.

[33] C.Meermann, K. Ohno, K. W. Tçrnroos, K. Mashima, R.Anwander, Eur. J.
Inorg.Chem. 2009, 76–85.

[34] a)H. Mattausch, C. Hoch, A. Simon, Z. Anorg. Allg. Chem. 2008, 634,
641–645; b) H. Mattausch, C. Hoch, A. Simon, Z. Anorg. Allg. Chem.
2005, 631, 1423–1429.

[35] a)T. Dub8, S. Conoci, S. Gambarotta, G. P. A. Yap, G. Vasapollo, Angew.
Chem.Int. Ed. 1999, 38, 3657–3659; Angew. Chem.1999, 111, 3890–
3892; b) T. Dub8, S. Conoci, S.Gambarotta, G.P.A. Yap, Organometallics
2000, 19, 1182–1185.

[36] a)M. Zimmermann, N.a. Frøystein, A. Fischbach, P. Sirsch, H.M. Die-
trich, K. W. Tçrnroos, E.Herdtweck, R.Anwander, Chem. Eur. J. 2007, 13,
8784–8800; b) G. Occhipinti, C. Meermann, H. M. Dietrich, R. Litlabø, F.
Auras,K.W. Tçrnroos, C.Maichle-Mçssmer, V. R. Jensen,R.Anwander, J.
Am.Chem.Soc.2011, 133, 6323–6337.

[37] R.Shannon, Acta Crystallogr. Sect.A 1976, 32, 751–767.
[38] W.H. Zachariasen, Acta Crystallogr. 1948, 1, 265–268.
[39] J. Vollet, J.R. Hartig, H. Schnçckel, Angew. Chem. Int. Ed. 2004, 43,

3186–3189; Angew. Chem. 2004, 116, 3248–3252.
[40] V. Lorenz, P. Liebing, A. Bathelier, F. Engelhardt, L. Maron, L. Hilfert, S.

Busse,F.T.Edelmann, Chem. Commun. 2018, 54, 10280–10283.
[41] W.J.Evans, T. M. Champagne, D.G.Giarikos,J.W. Ziller, Organometallics

2005, 24, 570–579.
[42] K. Kr- mer, T. Schleid, M. Schulze, W. Urland, G. Meyer, Z. Anorg. Allg.

Chem.1989, 575, 61–70.

Manuscript received: March 27, 2020
Accepted manuscript online: April 24,2020
Version of record online: July 27, 2020

Chem. Eur. J. 2020, 26, 10834– 10840 www.chemeurj.org T 2020TheAuthors.Publishedby Wiley-VCHVerlag GmbH& Co. KGaA,Weinheim10840

Chemistr y—A European Journal
Full Paper
doi.org/10.1002/chem.202001482

 15213765, 2020, 47, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/chem
.202001482 by U

niversitätsbibliothek T
übingen, W

iley O
nline Library on [19/10/2022]. S

ee the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



Chemistry„A European Journal
Supporting Information

Nanoscale Organolanthanum Clusters: Nuclearity-Directing Role
of Cyclopentadienyl and Halogenido Ligands
Dennis A. Buschmann,[a] H. Martin Dietrich,[a] David Schneider,[a] Verena M. Birkelbach,[a]

Christoph Stuhl,[a] Karl W. Tçrnroos,[b] C�cilia Maichle-Mçssmer,[a] and Reiner Anwander*[a]

http://orcid.org/0000-0003-2581-5313
http://orcid.org/0000-0003-2581-5313
http://orcid.org/0000-0003-2581-5313
http://orcid.org/0000-0003-3347-3472
http://orcid.org/0000-0003-3347-3472
http://orcid.org/0000-0003-3347-3472
http://orcid.org/0000-0002-7977-9066
http://orcid.org/0000-0002-7977-9066
http://orcid.org/0000-0001-6140-5915
http://orcid.org/0000-0001-6140-5915
http://orcid.org/0000-0001-6140-5915
http://orcid.org/0000-0001-7638-1610
http://orcid.org/0000-0001-7638-1610
http://orcid.org/0000-0002-1543-3787
http://orcid.org/0000-0002-1543-3787


SUPPORTING INFORMATION          

S2 
 

Table of Contents 

 

Experimental Section   S3 

 

NMR Spectroscopy   S8 

 

Crystallography    S18 

 

IR Spectroscopy    S36 

 

EDX Measurements   S40 

 

References     S60 

 



SUPPORTING INFORMATION          

S3 
 

Experimental Section 

General Considerations. All manipulations were performed under rigorous exclusion of air and moisture 

using standard Schlenk and glovebox techniques (MBraun MB200B; <0.1 ppm O2, <0.1 ppm H2O, argon 

atmosphere). The solvents n-hexane and toluene were purified using Grubbs-type columns (MBraun SPS, 

solvent purification system). [D6]benzene (99.6%, Sigma-Aldrich) and [D8]toluene (99.6%, Sigma-Al-

drich) were dried over Na/K-alloy for at least 24 h and subsequently filtrated. All solvents were stored 

inside a glovebox. Pentamethylcyclopentadiene (98%) and trimethylsilyl cyclopentadiene (HCp', 97%) 

was obtained from abcr and used as received. Potassium trimethylsilyl cyclopentadienide was prepared 

according to standard procedures by treatment of the proligand with potassium.[2] Iodotrimethylsilane 

(97%, stabilized with copper), bromotrimethylsilane (98%), bromotrimethylgermane (98%), chlorotrime-

thylsilane (99%) and chlorotrimethylgermane (98%) were purchased from abcr and used without further 

purification. Homoleptic [La(AlMe4)3][2] and half-sandwich complex [Cp*La(AlMe4)2] (1a)[3] were syn-

thesized according to literature procedures. NMR spectra of air and moisture sensitive compounds were 

recorded by using J. Young valve NMR tubes at ambient temperature on a Bruker AVII+400 (1H: 400.11 

MHz; 13C: 100.61 MHz) spectrometer. NMR chemical shifts are referenced to internal solvent resonances 

and reported in parts per million relative to tetramethylsilane. Coupling constants are given in Hertz. 

Elemental analyses were performed on an Elementar Vario Micro Cube. IR spectra were recorded on a 

NICOLET 6700 FTIR spectrometer with a DRIFT cell (KBr window, Kubelka-Munk conversion). EDX 

spectra were recorded on a HITACHI SU8030 scanning electron microscope. 

 

Cp'La(AlMe4)2 (1b). To a suspension of potassium trimethylsilyl cyclopentadiene (KC5H4SiMe3 = KCp') 

(89.95 mg, 0.51 mmol) in toluene (5 mL) a solution of [La(AlMe4)3] (200.14 mg, 0.5 mmol) in n-hexane 

(5 mL) was added under vigorous stirring. After stirring the reaction mixture for 4 h at ambient tempera-

ture, the suspension was centrifuged, the supernatant filtered, and the solvent was removed in vacuo to 

give 1b as an off-white oil. Crystalline 1b was obtained from a saturated n-hexane solution at -40 ¡C 

(216 mg, 0.48 mmol, 92%). 1H NMR (400 MHz, [D6]benzene, 26 ¡C): ! = 6.41 (t, 3JH,H = 2.5 Hz, 2H, 3/4 

CpH), 6.23 (t, 3JH,H = 2.5 Hz, 2H, 2/5 CpH), 0.15 (s, 9H, SiMe3), -0.27 (s, 24H, AlMe4) ppm. 13C{1H} 

NMR (101 MHz, [D6]benzene, 26 ¡C): ! = 129.4 (Cp), 124.8 (Cp), 121.5 (Cp), 2.2 (bs, AlMe4), 0.3 

(SiMe3) ppm. IR (DRIFT): !  = 3080 (vw), 2950 (m), 2918 (s), 2890 (s), 2848 (m), 2817 (w), 2780 (w), 

2021 (vw), 1763 (vw), 1705 (vw), 1671 (vw), 1610 (vw), 1442 (w), 1416 (w), 1365 (w), 1310 (vw), 1248 

(s), 1200 (s), 1184 (s), 1171 (s), 1043 (vs), 901 (m), 838 (vs), 803 (vs), 755 (m), 706 (vs), 639 (m), 626 
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(m), 589 (m), 573 (m), 511 (m), 468 (vw), 419 (m), 405 (vw) cm-1. Elemental analysis of 1b calculated 

for C16H37Al 2LaSi (450.41 g/mol): C 42.67%, H 8.28%; found: C 43.14%, 8.24%. 

 

[Cp'LaI 2(thf) 3]. [Cp'La(AlMe4)2]  (1b, 11.26 mg, 0.025 mmol) was dissolved in toluene (2 mL), Me3SiI 

(10.01 mg, 0.05 mmol) was added, and the vial was shaken vigorously. After 5 min, 5 ml THF was added 

to the solution, and the vial was stored at -40 ¡C for 16 h. Afterwards, the solvent was removed in vacuo. 

Crystalline [Cp'LaI2(thf)3] was obtained from a saturated n-hexane/THF solution at -40 ¡C (15.37 mg, 

0.021 mmol, 82%). Residual adduct AlMe3(thf) was removed by trituating the crystalline material with 

n-hexane. 1H NMR (400 MHz, [D8]thf, 26 ¡C): !  = 6.64 (t, 3JH,H = 2.5 Hz, 2H, 3/4 CpH), 6.42 (t, 3JH,H = 

2.5 Hz, 2H, 2/5 CpH), 3.61 (m, 6H, C4H8O), 1.77 (m, 6H, C4H8O), 0.29 (s, 9H, SiMe3) ppm. 13C{1H} 

NMR (101 MHz, [D8]thf, 26 ¡C): !  = 126.4 (Cp), 122.0 (Cp), 120.3 (Cp), 68.2 (C4H8O), 26.4 (C4H8O), 

1.2 (SiMe3) ppm. IR (DRIFT): !" = 3071 (vw), 2950 (w), 2925 (w), 2889 (w), 1683 (vw), 1651 (vw), 1594 

(vw), 1456 (w), 1442 (w), 1404 (vw), 1364 (w), 1310 (vw), 1245 (m), 1173 (m), 1040 (m), 1012 (m), 901 

(m), 835 (vs), 793 (vs), 759 (m), 752 (m), 704 (w), 693 (w), 638 (w), 627 (w), 419 (vs) cm-1. 

 

[Cp* 6La6I8(AlMe4)4] (2). A solution of SiMe3I (116 mg, 0.58 mmol) in n-hexane (2 mL) was added to a 

solution of [Cp*La(AlMe4)2]  (200 mg, 0.45 mmol) in n-hexane (2 mL). The reaction was stirred over-

night at ambient temperatures. The precipitate was allowed to settle, washed with n-hexane (3 x 1 mL), 

and dried in vacuo to afford 2 as white powder (200 mg, 0.065 mmol, 87%). Crystals could be obtained 

by performing the reaction under the same conditions without stirring. 1H NMR (500 MHz, [D6]benzene, 

26 ¡C): !  = 2.33 (broad irregular signal, 75 H, Cp*), -0.09 (s, 12H, MeAl) ppm; due to the poor solubility 

of 2 any meaningful NMR spectra could not be obtained. IR (DRIFT): !" = 2954 (s), 2915 (s), 2857 (m), 

1487 (w), 1454 (m), 1436 (m), 1419 (w), 1388 (vw), 1378 (w), 1195 (m), 1037 (m), 1026 (m), 768 (w), 

698 (vs), 616 (s), 583 (m), 555 (w), 523 (w) cmÐ1. Elemental analysis of 2 calculated for C76H138Al4I8La6 

x C6H14 (3094.71 g/mol): C 31.83, H 4.95; found: C 32.26, H 4.76. 

[Cp*LaI 2]9 (3). [Cp*La(AlMe4)2]  (1a, 322 mg, 0.718 mmol) was dissolved in 5 ml toluene, and Me3SiI 

(287 mg, 1.436 mmol) was added under pivoting and afterwards the solution was heated to the boiling 

point for 15 min. Upon storing at ambient temperature, crystallization occurred. After 8 h, 181 mg of 3 

could be harvested as colorless crystals by decanting the mother liquor and drying in oil pump vacuum. 

After 36 h, another 54 mg of 3 were harvested, adding up to an overall yield of 58%. IR (DRIFT): 2972 

(s), 2940 (s), 2898 (vs), 2855 (s), 1494 (m), 1451 (s), 1432 (s), 1377 (s), 1023 (s), 728 (s), 694 (m), 594 

(w), 464 (w) cm-1. Elemental analysis of 3 calculated for C90H135I18La9"(C7H8)3 (5027.874 g/mol): C 26.52, 
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H 3.19; found C 26.37, H 2.87. The cluster is insufficiently soluble for proper NMR spectroscopy in 

[D6]benzene and dissolves in [D8]thf under formation of [Cp*LaI2(thf)3]. 

[Cp' 6La6I8(AlMe4)4] (4a). [Cp'La(AlMe4)2]  (1b, 56.3 mg, 0.125 mmol) was dissolved in n-hexane (3 

mL), Me3SiI (50.0 mg, 0.25 mmol) was added, and the vial was shaken vigorously. Within several days, 

4a formed as colorless crystals (23.1 mg, 0.008 mmol, 38%). 1H NMR (400 MHz, [D6]benzene, 26 ¡C): 

! = 6.78 (t, 3JH,H = 2.5 Hz, 1H, 3/4 CpH), 6.74 (m, 2H, CpH), 6.66 (t, 3JH,H = 2.5 Hz, 1H, 2/5 CpH), 6.63 

(m, 2H, CpH), 0.41 (s, 10H, SiMe3), 0.37 (s, 5H, SiMe3), -0.04 (s, 3H, AlMe4) ppm. 13C{1H} NMR (101 

MHz, [D6]benzene, 26 ¡C): ! = 125.3 (Cp), 123.5 (Cp), 122.6 (Cp) 122.3 (Cp), 2.2 (AlMe4), 1.0 (SiMe3) 

ppm. IR (DRIFT): # = 3077 (vw), 2952 (w), 2924 (w), 2913 (w), 2847 (vw), 1443 (w), 1403 (vw), 1365 

(w), 1310 (vw), 1248 (s), 1201 (w), 1189 (w), 1171 (m), 1042 (s), 1028 (m), 901 (m), 837 (vs), 799 (vs), 

756 (m), 699 (s), 637 (w), 626 (m), 590 (w), 586 (w), 553 (vw), 530 (vw), 420 (w), 416 (w) cm-1. Ele-

mental analysis of 4a calculated for C64H126I8La8Si6Al 4 (3020.76 g/mol): C 25.45%, H 4.20%; found: C 

27.43%, H 4.47%. The significantly increased carbon content can be attributed to the presence of unre-

acted 1b. 

 

[Cp' 6La6Br8(AlMe4)4] (4b). [Cp'La(AlMe4)2]  (1b, 45.04 mg, 0.1 mmol) was dissolved in n-hexane (3 

mL), Me3SiBr (19.9 mg, 0.13 mmol) was added, and the reaction mixture was shaken vigorously. Within 

several days, 3b formed as colorless crystals (43.5 mg, 0.016 mmol, 96%). 1H NMR (400 MHz, [D6]ben-

zene, 26 ¡C): ! = 6.49 (t, 3JH,H = 2.5 Hz, 2H, 3/4 CpH), 6.19 (t, 3JH,H = 2.5 Hz, 2H, 2/5 CpH), 0.61 (s, 6H, 

SiMe3), 0.57 (s, 9H, SiMe3), 0.43 (s, 3H, SiMe3), 0.17 (s, 9H, SiMe3), -0.22 (bs, 6H, AlMe4), -0.24 (bs, 

3H, AlMe4) ppm. 13C{1H} NMR (101 MHz, [D6]benzene, 26 ¡C): ! = 123.2 (Cp), 119.7 (Cp), 2.2 (AlMe4), 

0.9 (SiMe3), 0.2 (SiMe3) ppm. IR (DRIFT): # = 3071 (vw), 2951 (w), 2914 (w), 2894 (w), 2846 (vw), 

1443 (vw), 1404 (vw), 1365 (vw), 1309 (vw), 1248 (m), 1188 (w), 1173 (m), 1042 (m), 902 (m), 839 (vs), 

798 (vs), 756 (m), 701 (s), 638 (w), 626 (m), 591 (w), 550 (w), 528 (vw), 421 (m) cm-1. Elemental analysis 

of 4b calculated for C70H140Br8La6Si6 (2730.99 g/mol): C 30.79%, H 5.17%; found: C 30.87%, H 5.06%.  

 

[Cp'LaI 2]12 (5a). [Cp'La(AlMe4)2]  (1b, 56.3 mg, 0.13 mmol) was dissolved in n-hexane (15 mL), and 

Me3SiI (62.5 mg, 0.31 mmol) was added under vigorous stirring. After stirring the reaction mixture for 4 

h at ambient temperature, the suspension was filtered. Within several hours at ambient temperature, 5 

formed as colorless crystals (31.70 mg, 0.01 mmol, 48%). 1H NMR (400 MHz, [D6]benzene, 26 ¡C): ! = 

7.20 (t, 3JH,H = 2.5 Hz, 2H, 3/4 CpH), 7.00 (t, 3JH,H = 2.5 Hz, 2H, 2/5 CpH), 0.61 (s, 9H, SiMe3) ppm. 
13C{1H} NMR (101 MHz, [D6]benzene, 26 ¡C): ! = 131.7 (Cp), 125.5 (Cp), 123.8 (Cp), 1.8 (SiMe3) ppm. 

IR (DRIFT): # = 3079 (vw), 2950 (w), 2893 (vw), 2720 (vw), 1937 (vw), 1742 (vw), 1687 (vw), 1649 
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(vw), 1590 (vw), 1441 (w), 1405 (w), 1365 (w), 1309 (vw), 1248 (vs), 1170 (m), 1042 (s), 901 (s), 845 

(vs), 837 (vs), 830 (vs), 802 (vs), 795 (vs), 755 (m), 692 (vw), 639 (w), 626 (m), 426 (vs), 420 (s) cm-1. 

Elemental analysis of 5 calculated for C96H156I24La12Si12 (6359.80 g/mol): C 18.13%, H 2.47%; found: C 

18.26%, H 2.76%. 

 

[Cp'LaBr 2]12 (5b). [Cp'La(AlMe4)2]  (1b, 56.3 mg, 0.13 mmol) was dissolved in n-hexane (15 mL), and 

Me3GeBr (61.8 mg, 0.31 mmol) was added under vigorous stirring. After stirring the reaction mixture for 

4 h at ambient temperature, the suspension was filtered. Within several days at ambient temperature, 5b 

and 5b' (n-hexane in crystal lattice) formed as colorless crystals (25.35 mg, 0.01 mmol, 47%). 1H NMR 

(400 MHz, [D6]benzene, 26 ¡C): ! = 7.08 (t, 3JH,H = 2.5 Hz, 2H, 3/4 CpH), 6.97 (t, 3JH,H = 2.5 Hz, 2H, 

2/5 CpH), 0.63 (s, 9H, SiMe3) ppm. 13C{1H} NMR (101 MHz, [D6]benzene, 26 ¡C): ! = 131.0 (Cp), 125.2 

(Cp), 123.7 (Cp), 1.2 (SiMe3) ppm. IR (DRIFT): # = 3092 (vw), 3079 (vw), 2951 (w), 2893 (w), 1743 

(vw), 1689 (vw), 1650 (vw), 1593 (vw), 1443 (w), 1403 (w), 1365 (w), 1311 (w), 1246 (m), 1214 (vw), 

1192 (vw), 1172 (m), 1061 (w), 1042 (m), 902 (w), 853 (m), 836 (m), 801 (m), 756 (w), 692 (w), 640 

(w), 626 (w), 422 (m), 415 (vs)   cm-1. Elemental analysis of 5b calculated for C96H156Br24La12Si12 

(5232.04 g/mol): C 22.04%, H 3.01%; found: C 22.92%, H 2.96%. The high carbon value can be at-

tributed to residual n-hexane in the crystal lattice. 

 

[(! -Cp)2Cp'8La8I14] (6). In a 20-mL vial, [Cp'La(AlMe4)2]  (1b, 56.43 mg, 0.13mmol) was dissolved in 

n-hexane (10 mL). In a 5-mL vial, Me3SiI (62.53 mg, 0.31 mmol) was dissolved in n-hexane (1 mL). The 

smaller vial was placed inside the bigger one with the [Cp'La(AlMe4)2] solution, and the large vial was 

sealed afterwards. Diffusion of the Me3SiI into the [Cp'La(AlMe4)2] solution and storing the vial at -40 ¡C 

for 1 h led to the formation of crystalline 6. 1H NMR (400 MHz, [D6]benzene, 26 ¡C): ! = 7.19 (t, 3JH,H 

= 2.5 Hz, 3/4 CpH), 7.00 (t, 3JH,H = 2.5 Hz, 2/5 CpH), 6.92 (t, 3JH,H = 2.5 Hz, " -CpH), 6.88 (t, 3JH,H = 2.5 

Hz, " -CpH), 6.68 (t, 3JH,H = 2.5 Hz, " -CpH), 6.62 (t, 3JH,H = 2.5 Hz, " -CpH), 0.61 (s, SiMe3) ppm. 13C{1H} 

NMR (101 MHz, [D6]benzene, 26 ¡C): ! = 120.4 (Cp), 116.9 (" -Cp), 1.8 (SiMe3) ppm. Any meaningful 

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

 

[Cp' 5La5Br9(AlBr2Me2)]2 (7). In a 20-mL vial, [Cp'La(AlMe4)2] (56.43 mg, 0.13mmol) was dissolved 

in n-hexane (10 mL). In a 5-mL vial, Me3GeBr (61.75 mg, 0.31 mmol) was dissolved in n-hexane (1 mL). 

The smaller vial was placed inside the larger one with the [Cp'La(AlMe4)2] solution, and the large vial 

was sealed afterwards. Storing the vial at ambient temperature led to the formation of crystalline 7 after 

several days. 1H NMR (400 MHz, [D6]benzene, 26 ¡C): ! = 7.20 (t, 3JH,H = 2.5 Hz, 2H, CpH), 7.07 (t, 
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3JH,H = 2.5 Hz, 5H, CpH), 6.94 (t, 3JH,H = 2.5 Hz, 3H, CpH), 6.87 (t, 3JH,H = 2.5 Hz, 2H, CpH), 6.84 (t, 
3JH,H = 2.5 Hz, 2H, CpH), 6.72 (t, 3JH,H = 2.5 Hz, 2H, CpH), 6.64 (t, 3JH,H = 2.5 Hz, 2H, CpH), 0.63 (s, 

9H, SiMe3), 0.59 (s, 9H, SiMe3), 0.50 (s, 9H, SiMe3), 0.42 (s, 9H, SiMe3), 0.33 (bs, 6H, AlMe2) ppm. 
13C{1H} NMR (101 MHz, [D6]benzene, 26 ¡C): ! = 132.0 (Cp), 125.9 (Cp), 123.9 (Cp), 122.8 (Cp), 120.4 

(Cp), 118.9 (Cp), 118.3 (Cp), 1.1 (SiMe3), 0.8 (SiMe3), 0.5 (SiMe3) ppm. IR spectroscopy and elemental 

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

 

[Cp'LaCl 2]10 (8). [Cp'La(AlMe4)2] (1b, 44.3 mg, 0.1 mmol) was dissolved in n-hexane (15 mL) and 

Me3GeCl (37.7 mg, 0.25 mmol) was added under vigorous stirring. After stirring the reaction mixture for 

7 d at ambient temperature, the suspension was filtered, and the solvent was removed in vacuo to give 7 

as a colorless solid. Crystalline 8 was obtained from a saturated toluene solution at -40 ¡C (11.58 mg, 

0.003 mmol, 33%). 1H NMR (400 MHz, [D6]benzene, 26 ¡C): ! = 7.07 (t, 3JH,H = 2.5 Hz, 2H, 3/4 CpH), 

7.01 (t, 3JH,H = 2.5 Hz, 2H, 2/5 CpH), 0.55 (s, 9H, SiMe3) ppm. 13C{1H} NMR (101 MHz, [D6]benzene, 

26 ¡C): 131.8 (Cp), 125.7 (Cp), 123.6 (Cp), 120.4 (Cp), 0.9 (SiMe3), 0.5 (SiMe3) ppm. IR (DRIFT): # = 

2953 (vw), 2894 (vw), 1444 (vw), 1406 (vw), 1365 (vw), 1312 (vw), 1249 (m), 1192 (vw), 1174 (w), 

1044 (m), 1014 (vw), 904 (m), 848 (vs), 802 (s), 797 (s), 757 (w), 697 (w), 638 (vw), 628 (vw), 580 (vw), 

422 (m), 417 (w) cm-1. Elemental analysis of 8 calculated for C80H130Cl20La10Si10 (3470.82 g/mol): C 

27.68%, H 3.78%; found: C 27.59%, H 4.19%. 
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NMR Spectroscopy 
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Figure S1. 1H NMR spectrum (400 MHz) of 1b in [D6]benzene at 26 ¡C. The solvent residual signal is 
marked with an asterisk. 

&"

Figure S2. 13C{1H} NMR spectrum (101 MHz) of 1b in [D6]benzene at 26 ¡C. The solvent residual signal 
is marked with an asterisk. 
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Figure S3. 1H NMR spectrum (400 MHz) of [Cp'LaI2(thf)3] in [D8]thf at 26 ¡C. The solvent residual 
signal is marked with an asterisk. 

! " #" $" %" ' "
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Figure S4. 13C{1H}  NMR spectrum (101 MHz) of [Cp'LaI2(thf)3 in [D8]thf at 26 ¡C. The solvent residual 
signal is marked with an asterisk. 
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Figure S5. 1H NMR spectrum (400 MHz) of 4a in [D6]benzene at 26 ¡C. The solvent residual signal is 
marked with an asterisk (+: 5a; #: 1b). 
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Figure S6. 13C{1H} NMR spectrum (101 MHz) of 4a in [D6]benzene at 26 ¡C. The solvent residual signal 
is marked with an asterisk (+: 5a; #: 1b). 
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Figure S7. 1H NMR spectrum (400 MHz) of 5a in [D6]benzene at 26 ¡C. The solvent residual signal is 
marked with an asterisk (+: side product; #: n-hexane). 
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Figure S8. 13C{1H} NMR spectrum (101 MHz) of 5a in [D6]benzene at 26 ¡C. The solvent residual 
signal is marked with an asterisk (+: side product; #: n-hexane). 
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Figure S9. 1H NMR spectrum (400 MHz) of 6 in [D6]benzene at 26 ¡C. The solvent residual signal is 
marked with an asterisk (+: 5a; #: side product). 

Figure S10. 13C{1H} NMR spectrum (101 MHz) of 6 in [D6]benzene at 26 ¡C. The solvent residual signal 
is marked with an asterisk (+: 5a; #: side product; ~: n-hexane). 
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Figure S11. 1H NMR spectrum (400 MHz) of the residual solution of 6 in [D6]benzene at 26 ¡C, showing 
the presence of Me6Si2 (0.00 ppm) in solution. The solvent residual signal is marked with an asterisk (+: 
n-hexane). 
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Figure S12. 1H NMR spectrum (400 MHz) of 4b in [D6]benzene at 26 ¡C. The solvent residual signal is 
marked with an asterisk (+: n-hexane, #: 5b, ~: 7, Û: 1b). 

Figure S13. 13C{1H} NMR spectrum (101 MHz) of 4b in [D6]benzene at 26 ¡C. The solvent residual signal 
is marked with an asterisk (+: n-hexane, #: 5b, ~: 7, Û: 1b). 
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Figure S14. 1H NMR spectrum (400 MHz) of 5b in [D6]benzene at 26 ¡C. The solvent residual signal is 
marked with an asterisk (+: side product). 
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Figure S15. 13C{1H} NMR spectrum (101 MHz) of 5b in [D6]benzene at 26 ¡C. The solvent residual 
signal is marked with an asterisk. 
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Figure S16. 1H NMR spectrum (400 MHz) of 7 in [D6]benzene at 26 ¡C. The solvent residual signal is 
marked with an asterisk (+: 5b; #: side product). 
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Figure S17. 13C{1H} NMR spectrum (101 MHz) of 7 in [D6]benzene at 26 ¡C. The solvent residual signal 
is marked with an asterisk (+: 5b; #: side product). 
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Figure S18. 1H NMR spectrum (400 MHz) of 8 in [D6]benzene at 26 ¡C. The solvent residual signal is 
marked with an asterisk (+: side product). 
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Figure S19. 13C{1H} NMR spectrum (101 MHz) of 8 in [D6]benzene at 26 ¡C. The solvent residual signal 
is marked with an asterisk (+: side product). 
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Crystallography 

X-Ray Crystallography and Crystal Structure Determinations. Single-crystals of 1b, [Cp*LaI2(thf)3], 

[Cp'LaI2(thf)3], 4b, and 8 were grown by standard techniques using saturated solutions of n-hexane (1b, 

4b), n-hexane/THF ([Cp*LaI2(thf)3], [Cp'LaI2(thf)3]) and toluene (8). Due to the insufficient crystal qual-

ity of 8, data could be collected only to a resolution limit of 1.02 • . Therefore, only a connectivity of 8 

can be given. Crystals of 3, 4a, 5a, and 5b (5b') were grown by aggregation from diluted n-hexane (4a, 

5a, 5b (5b')) and toluene (3) solutions. Crystals of 6 and 7 were grown by diffusion and subsequent 

aggregation. Suitable crystals for X-ray structure analyses were selected inside a glovebox, coated with 

Parabar 10312 (previously known as Paraton N, Hampton Research) and fixed on a nylon/loop glass fiber. 

All X-ray data except for compound 3 (STOE IPDS II) were collected on a Bruker APEX II DUO instru-

ment equipped with an I$S microfocus sealed tube and QUAZAR optics for MoK% (& = 0.71073 •) 

radiation. The data collection was determined using COSMO[4] employing ' -scans. Raw data were pro-

cessed using APEX[5] and SAINT,[6] corrections for absorption effects were applied by using SADABS.[7] 

The structures were solved by direct methods and refined against all data by full-matrix least-squares 

methods on F2 using SHELXTL[8] and SHELXLE.[9] All graphics were generated employing CCDC Mer-

cury 3.10.1.[10] Further details regarding the refinement and crystallographic data are listed in Table S1 

and in the CIF files. CCDC depositions 1992037-1992048 contain all the supplementary crystallographic 

data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data 

Centre via www.ccdc.cam.ac.uk/data_request/cif. 
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Table S1. Crystallographic data for compounds 1b, [Cp'LaI2(thf)3], and 2 
 

 1b [Cp'LaI2(thf)3] 2 

CCDC 1992038 1992037 1992045 

formula C16H37Al 2LaSi C20H37I2LaSiO3 C88H166Al4I8La6 

Mr [g/mol] 450.41 746.29 3180.78 

color/shape colorless/block colorless/column colorless/plate 

crystal  

dimensions [mm] 

0.305 x 0.250 x 

0.194 

0.150 x 0.118 x 

0.065 

0.181 x 0.125 x 

0.086 

crystal system triclinic orthorhombic triclinic 

space group P#$ P212121 P#$ 

a [•]  9.7493(7) 8.219(3) 15.1879(2) 

b [•]  9.7900(8) 14.452(5) 15.4891(2) 

c [•]  27.449(2) 22.375(8) 15.6522(2) 

% [¡] 99.550(2) 90 103.083(3) 

( [¡]  90.686(2) 90 118.426(2) 

) [¡]  119.474(2) 90 104.865(3) 

V [•*]  2235.8(3) 2657.7 2854.7(6) 

Z 4 4 1 

T [K]  101(2) 173(2) 100(2) 

& [•]  0.71073 0.71073 0.71073 

+calcd [g/cm*] 1.338 1.865 1.850 

"  [mm -1] 2.035 3.992 4.423 

F (000) 920 1432 1512 

, range [¡] 2.271 Ð 29.189 2.302 Ð 30.578 1.491 Ð 30.077 

unique reflections 12091 8124 16728 

observed reflections 

(I > 2-) 

11532 7672 14086 

R1/wR2 (I > 2-) 0.0287/0.0661 0.0266/0.0620 0.0329/0.0798 

R1/wR2 (all data) 0.0305/0.0667 0.0290/0.0632 0.0417/0.0861 

GOF 1.116 0.965 1.064 
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Table S1 (continued). Crystallographic data for compounds 3, [Cp*LaI2(thf)3], and 4a 
 

 3 [Cp*LaI2(thf)3] 4a 

CCDC 1992039 1992043 1992044 

formula C90H135I18La9 á 

2.5 C6H6 á 0.5 C7H8 

C22H39I2LaO3 C64H126Al4I8La6Si6 

Mr [g/mol] 4992.70 744.24 3020.76 

color/shape colorless/column colorless/plate colorless/needle 

crystal  

dimensions [mm] 

0.300 x 0.150 x 

0.100 

0.169 x 0.164 x 

0.042 

0.130 x 0.058 x 

0.055 

crystal system monoclinic trigonal orthorhombic 

space group P21 R%$ Pbca 

a [•]  17.5518(3) 42.437(2) 24.1461(2) 

b [•]  32.3785(6) 42.437 11.8415(6) 

c [•]  27.0466(6) 9.155(3) 35.1341(2) 

% [¡] 90 90 90 

( [¡]  90.225(2) 90 90 

) [¡]  90 120 90 

V [•*]  15370.5(5) 14278(1) 10045.8(9) 

Z 4 18 4 

T [K]  100(2) 160(2) 100(2) 

& [•]  0.71073 0.71073 0.71073 

+calcd [g/cm*] 2.158 1.558 1.997 

"  [mm -1] 6.092 3.307 5.090 

F (000) 9088 6444 5648 

, range [¡] 2.586 Ð 29.573 0.960 Ð 26.661 2.001 Ð 28.126 

unique reflections 68147 6688 12242 

observed reflections 

(I > 2-) 

59962 3943 10216 

R1/wR2 (I > 2-) 0.0523/0.1196 0.0372/0.0664 0.0347/0.0653 

R1/wR2 (all data) 0.0652/0.1266 0.0802/0.0766 0.0476/0.0696 

GOF 1.038 0.763 1.147 
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Table S1 (continued). Crystallographic data for compounds 5a, 6, and 4b 
 

 5a 6 4b 

CCDC 1992047 1992042 1992046 

formula C96H156I24La12Si12 C74H114I14La8Si8 C70H140Br8La6Si6 

Mr [g/mol] 6359.80 4116.25 2731.02 

color/shape colorless/block colorless/block colorless/block 

crystal  

dimensions [mm] 

0.150 x 0.149 x 

0.109 

0.323 x 0.264 x 

0.224 

0.418 x 0.141 x 

0.115 

crystal system trigonal triclinic triclinic 

space group R3c P#$ P#$ 

a [•]  25.024(5) 13.287(5) 12.869(2) 

b [•]  25.024(5) 15.242(6) 17.812(3) 

c [•]  59.440(2) 16.924(7) 24.039(4) 

% [¡] 90 70.638(9) 87.062(3) 

( [¡]  90 78.664(13) 82.387(3) 

) [¡]  120 69.889(9) 79.387(3) 

V [•*]  32234(14) 3023(2) 5366.1(14) 

Z 6 1 2 

T [K]  150(2) 273(2) 99(2) 

& [•]  0.71073 0.71073 0.71073 

+calcd [g/cm*] 1.966 2.261 1.690 

"  [mm -1] 5.868 6.444 5.444 

F (000) 17136 1868 2636 

, range [¡] 4.113 Ð 28.280 1.281 Ð 28.282 1.425 Ð 27.103 

unique reflections 17746 14955 23669 

observed reflections 

(I > 2-) 

14444 12561 19976 

R1/wR2 (I > 2-) 0.0425/0.0955 0.0534/0.1384 0.0670/0.1534 

R1/wR2 (all data) 0.0707/0.1191 0.0649/0.1522 0.0879/0.1690 

GOF 1.142 1.032 1.046 
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Table S1 (continued). Crystallographic data for compounds 5b, 5b', and 7 
 

 5b 5b' 7 

CCDC 1992040 1992048 1992041 

formula C96H156Br24La12Si12 C108H184Br24La12Si12 C90H156Al2Br22La10Si10 

Mr [g/mol] 5232.04 5404.38 4720.12 

color/shape colorless/cube colorless/block colorless/block 

crystal  

dimensions [mm] 

0.354 x 0.261 x 

0.204 

0.252 x 0.170 x 

0.126 

0.194 x 0.161 x 

0.143 

crystal system monoclinic monoclinic triclinic 

space group C2/c P21/c P#$ 

a [•]  29.5915(18) 22.9195(17) 18.6798(8) 

b [•]  18.9561(12) 29.214(2) 19.3010(8) 

c [•]  27.7599(17) 25.8590(19) 22.8183(10) 

% [¡] 90 90 82.0620(10) 

( [¡]  100.1190(10) 101.3160(10) 88.7740(10) 

) [¡]  90 90 62.3840(10) 

V [•*]  15329.4(16) 16978(2) 7211.3(5) 

Z 4 4 2 

T [K]  100(2) 100(2) 173(2) 

& [•]  0.71073 0.71073 0.71073 

+calcd [g/cm*] 2.267 2.114 2.174 

"  [mm -1] 9.647 8.714 9.116 

F (000) 9696 10096 4404 

, range [¡] 1.870 Ð 28.282 1.682 Ð 28.340 1.203 Ð 29.547 

unique reflections 19039 42322 40138 

observed reflections 

(I > 2-) 

17083 405987 33091 

R1/wR2 (I > 2-) 0.0260/0.0543 0.0282/0.0490 0.0284/0.0597 

R1/wR2 (all data) 0.0320/0.0560 0.0478/0.0539 0.0415/0.0644 

GOF 1.093 1.004 1.011 
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Figure S20. Crystal structure of Cp'La(AlMe4)2 (1b) with atomic displacement parameters set at the 50% 
probability level. Hydrogen atoms are omitted for clarity. Selected interatomic distances [•] and angles 
[¡]: La1ÐC1 2.821(3); La1ÐC2 2.806(3); La1ÐC3 2.784(3); La1ÐC4 2.759(3); La1ÐC5 2.774(3); La1áááCt1 
2.514; La1ÐC9 2.759(4); La1ÐC10 2.738(3); La1áááAl1 3.258(1); La1ÐC13 2.710(3); La1ÐC14 2.752(4); 
La1áááAl2 3.277(1); La1áááC11' 3.267(4); C1ÐC2 1.428(4); C2ÐC3 1.410(4); C3ÐC4 1.418(5); C4ÐC5 
1.409(4); C1ÐC5 1.426(4); C1ÐSi1 1.876(3); C1ÐC2ÐC3 109.3(3); C2ÐC3ÐC4 107.9(3); C3ÐC4ÐC5 
107.4(3); C4ÐC5ÐC1 109.7(1); C5ÐC1ÐC2 105.6(2); Si1ÐC1ÐLa1 126.58(2); C9ÐLa1ÐC10 78.0(1); C13Ð
La1ÐC14 78.1(1); C9ÐAl1ÐC10 113.10(2); C11ÐAl1ÐC12 114.51(2); C13ÐAl2ÐC14 112.16(2); C15Ð
Al2ÐC16 115.64(2). 
 
 

Figure S21. Crystal packing of 1b. Each lanthanum metal center interacts with a methyl group of a neigh-
boring molecule, resulting in a dimeric arrangement.  
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Figure S22. Crystal structure of [Cp'LaI2(thf)3] with atomic displacement parameters set at the 50% prob-
ability level. Hydrogen atoms are omitted for clarity. Selected interatomic distances [•] and angles [¡]: 
La1ÐC1 2.821(4); La1ÐC2 2.811(4); La1ÐC3 2.808(5); La1ÐC4 2.813(5); La1ÐC5 2.804(4); La1áááCt1 
2.542; La1ÐI1 3.1909(8); La1ÐI2 3.2421(8); La1ÐO1 2.513(3); La1ÐO2 2.607(3); La1ÐO3 2.532(3); C1Ð
C2 1.431(7); C2ÐC3 1.406(7); C3ÐC4 1.408(7); C4ÐC5 1.402(6); C1ÐC5 1.423(6); C1ÐSi1 1.867(5); C1Ð
C2ÐC3 109.0(4); C2ÐC3ÐC4 108.1(4); C3ÐC4ÐC5 107.8(4); C4ÐC5ÐC1 109.6(4); C5ÐC1ÐC2 105.5(4); 
Si1ÐC1ÐLa1 126.6(2); I1ÐLa1ÐI2 158.590(2); I1ÐLa1ÐO1 87.70(8); I1ÐLa1ÐO2 80.93(8); I1ÐLa1ÐO3 
86.16(8); O1ÐLa1ÐO2 72.65(2); O1ÐLa1ÐO3 148.27(2); O2ÐLa1ÐO3 75.65(2); Ct1áááLa1ÐI1 101.69; 
Ct1áááLa1ÐI2 99.70; Ct1áááLa1ÐO1 98.43; Ct1áááLa1ÐO2 170.70; Ct1áááLa1ÐO3 113.29. 
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Figure S23. Crystal structure of [Cp*6La6I8(AlMe4)4] (2) with atomic displacement parameters set at the 
50% probability level. Hydrogen atoms are omitted for clarity. Selected interatomic distances [•] and 
angles [¡]: La1ÐC1 2.797(4); La1ÐC2 2.794(4); La1ÐC3 2.758(4); La1ÐC4 2.748(4); La1ÐC5 2.769(4); 
La1áááCt1 2.501; La1ÐC32 2.966(3); La1ÐC36 2.954(4); La1ÐI1 3.2096(4); La1ÐI2 3.2323(5); La1ÐI3 
3.3455(4); La2ÐI1 3.2605(4); La2ÐI3 3.3981(4); La2ÐI4 3.2379(4); La2ÐC34 2.771(4); La2ÐC35 
2.777(4); La2áááAl1 3.3159(2); C1ÐC2 1.383(6); C2ÐC3 1.404(6); C3ÐC4 1.419(6); C4ÐC5 1.416(6); C1Ð
C5 1.395(7); C1ÐC6 1.525(6); C1ÐC2ÐC3 108.3(4); C2ÐC3ÐC4 107.9(4); C3ÐC4ÐC5 106.8(4); C4ÐC5Ð
C1 108.0(4); C5ÐC1ÐC2 109.0(4); C32ÐLa1ÐC36 82.08(1); C34ÐLa2ÐC35 76.06(2); C34ÐAl1ÐC35 
112.94(2); C38ÐLa3ÐC39 76.13(2); C38ÐAl2ÐC39 112.65(2); C32ÐLa1ÐI2 86.05(7); C36ÐLa1ÐI1 
86.81(8); I1ÐLa1ÐI2 94.909(2); I1ÐLa1ÐI3 76.760(2); I2ÐLa1ÐI3 76.072(2); La1ÐI1ÐLa2 106.936(2); 
La1ÐI3ÐLa2 100.876(2); La1ÐI2ÐLa3 108.047(2); La1ÐI3ÐLa3 101.265(2); La2ÐI3ÐLa3 100.126(2); 
La2ÐI4ÐLa3 108.169(2). 
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Figure S24. Crystal structure of [Cp*LaI2]9 (3) with atomic displacement parameters set at the 50% prob-
ability level. Hydrogen atoms are omitted for clarity. The Cp* ligands (except for one) are represented by 
a wireframe model for improved visualization. Selected interatomic distances [•] and angles [¡]: La1Ð
C1 2.76(2); La1ÐC2 2.76(2); La1ÐC3 2.76(2); La1ÐC4 2.73(2); La1ÐC5 2.74(2); La1áááCt1 2.456; La1Ð
I1 3.1894(2); La1ÐI2 3.2012(2); La1ÐI3 3.2161(2); La1ÐI4 3.2170(2); La2ÐI1 3.4478(2); La2ÐI4 
3.4631(2); La2ÐI5 3.3423(2); La2ÐI8 3.2991(2); La2ÐI9 3.5294(2); C1ÐC2 1.42(3); C2ÐC3 1.42(3); C3Ð
C4 1.46(4); C4ÐC5 1.39(3); C1ÐC5 1.44(3); C1ÐC6 1.50(3); C1ÐC2ÐC3 109(2); C2ÐC3ÐC4 106(2); C3Ð
C4ÐC5 109(2); C4ÐC5ÐC1 108(2); C5ÐC1ÐC2 108(2); I1ÐLa1ÐI2 83.45(4); I1ÐLa1ÐI3 138.90(5); I1Ð
La1ÐI9 69.45; I1ÐLa2ÐI4 76.50(4); I1ÐLa2ÐI5 68.27(4); I1ÐLa2ÐI8 140.17(4); I1ÐLa2ÐI9 69.14(3); I5Ð
La2ÐI8 129.16(5); I5ÐLa2ÐI9 78.56(4); La1ÐI1ÐLa2 95.66(4); La1ÐI4ÐLa2 94.86(4); La1ÐI9ÐLa2 85.49; 
La2ÐI1ÐLa3 93.90(4); La2ÐI5ÐLa3 98.57(4); La2ÐI9ÐLa3 90.34(4); La2ÐI9ÐLa4 171.11(4). 
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Figure S25. Crystal structure of [Cp*LaI2(thf)3] with atomic displacement parameters set at the 50% 
probability level. Hydrogen atoms are omitted for clarity. Selected interatomic distances [•] and angles 
[¡]: La1ÐC1 2.795(5); La1ÐC2 2.804(6); La1ÐC3 2.815(6); La1ÐC4 2.820(6); La1ÐC5 2.820(5); La1áááCt1 
2.544; La1ÐI1 3.1974(9); La1ÐI2 3.2452(7); La1ÐO1 2.533(4); La1ÐO2 2.626(7); La1ÐO3 2.546(4); C1Ð
C2 1.409(7); C2ÐC3 1.421(7); C3ÐC4 1.409(8); C4ÐC5 1.438(7); C1ÐC5 1.405(4); C1ÐC6 1.516(7); C1Ð
C2ÐC3 108.7(5); C2ÐC3ÐC4 106.7(5); C3ÐC4ÐC5 109.2(5); C4ÐC5ÐC1 106.4(5); C5ÐC1ÐC2 109.0(5); 
I1ÐLa1ÐI2 150.084(2); I1ÐLa1ÐO1 86.76(9); I1ÐLa1ÐO2 76.8(2); I1ÐLa1ÐO3 85.15(9); O1ÐLa1ÐO2 
78.27(2); O1ÐLa1ÐO3 154.54(2); O2ÐLa1ÐO3 76.39(2); Ct1áááLa1ÐI1 105.64; Ct1áááLa1ÐI2 104.14; 
Ct1áááLa1ÐO1 102.14; Ct1áááLa1ÐO2 177.54; Ct1áááLa1ÐO3 103.28. 
  



SUPPORTING INFORMATION          

S28 
 

 
Figure S26. Crystal structure of [Cp'6La6I8(AlMe4)4] (4a) with atomic displacement parameters set at the 
50% probability level. Hydrogen atoms are omitted for clarity. The Cp' ligands (except for one) are rep-
resented by a wireframe model for improved visualization. Selected interatomic distances [•] and angles 
[¡]: La1ÐC1 2.793(5); La1ÐC2 2.742(6); La1ÐC3 2.711(6); La1ÐC4 2.760(6); La1ÐC5 2.785(5); La1áááCt1 
2.484; La1ÐC25 2.920(6); La1ÐC31 2.996(5); La1ÐI1 3.2163(5); La1ÐI2 3.1893(5); La1ÐI3 3.3435(4); 
La2ÐI1 3.2231(5); La2ÐI3 3.3685(5); La2ÐI4 3.2211(5); La2ÐC27 2.818(6); La2ÐC28 2.729(6); La2áááAl1 
3.2865(2); C1ÐC2 1.436(8); C2ÐC3 1.428(1); C3ÐC4 1.366(1); C4ÐC5 1.395(8); C1ÐC5 1.424(8); C1Ð
Si1 1.869(6); C1ÐC2ÐC3 107.9(6); C2ÐC3ÐC4 108.0(5); C3ÐC4ÐC5 109.6(6); C4ÐC5ÐC1 108.9(6); C5Ð
C1ÐC2 105.6(5); Si1ÐC1ÐLa1 129.4(3); C25ÐLa1ÐC31 79.8(2); C27ÐLa2ÐC28 76.12(2); C27ÐAl1ÐC28 
114.0(2); C29ÐLa3ÐC30 76.09(2); C29ÐAl2ÐC30 113.1(2); C25ÐLa1ÐI2 86.6(1); C31ÐLa1ÐI1 84.7(1); 
I1ÐLa1ÐI2 99.078(2); I1ÐLa1ÐI3 76.899(2); I2ÐLa1ÐI3 77.660(2); La1ÐI1ÐLa2 106.326(2); La1ÐI3ÐLa2 
100.318(2); La1ÐI2ÐLa3 106.670(2); La1ÐI3ÐLa3 99.039(2); La2ÐI3ÐLa3 99.962(2); La2ÐI4ÐLa3 
106.822(2). 
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Figure S27. Crystal structure of [Cp'LaI2]12 (5a) with atomic displacement parameters set at the 50% 
probability level. Hydrogen atoms are omitted for clarity. The Cp' ligands (except for one) are represented 
by a wireframe model for improved visualization. Selected interatomic distances [•] and angles [¡]: La1Ð
C1 2.71(4); La1ÐC2 2.67(5); La1ÐC3 2.70(4); La1ÐC4 2.76(3); La1ÐC5 2.75(4); La1áááCt1 2.453; La1Ð
I4 3.2766(2); La1ÐI4' 3.2114(2); La1ÐI5 3.2811(2); La1ÐI6 3.3663(2); La1ÐI7 3.2669(2); La1ÐI8 
3.6913(2); C1ÐC2 1.37(2); C2ÐC3 1.38(2); C3ÐC4 1.37(2); C4ÐC5 1.38(2); C1ÐC5 1.38(2); C5ÐSi1 
1.90(3); C1ÐC2ÐC3 108.1(2); C2ÐC3ÐC4 107.9(2); C3ÐC4ÐC5 108.1(2); C4ÐC5ÐC1 107.9(2); C5ÐC1Ð
C2 108.0(2); Si1ÐC5ÐLa1 131.8(2); I4ÐLa1ÐI6 76.70; I4'-La1ÐI6 77.57; I4ÐLa1ÐI7 69.55(4); I4'ÐLa1ÐI8 
65.44(4); I7ÐLa1ÐI8 64.59(4); La1ÐI4ÐLa1' 93.78(5); La1ÐI5ÐLa1' 92.41(4); La1ÐI6ÐLa1' 89.43(4); La1Ð
I4ÐLa2' 105.17(4); La1ÐI8ÐLa2 102.62(4); La1ÐI7ÐLa4 114.70(4); La1ÐI8ÐLa4 104.40(4). 

Figure S28. Comparison of the solid-state structure of LaI3 (adapted from Zachariasen,[11] left) with the 
asymmetric unit of 5a (right).  
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Figure S29. Crystal structure of [(" -Cp)2Cp'8La8I14] (6) with atomic displacement parameters set at the 
50% probability level. Hydrogen atoms are omitted for clarity. The Cp' and Cp ligands (except for one) 
are represented by a wireframe model for improved visualization.  
 
Table S2. Selected interatomic distances and angles for 6. 

Bond lengths [•]  Bond angles [¡] 
La1ÐC1 2.798(1) C1ÐC2ÐC3 109.3(8) 
La1ÐC2 2.780(8) C2ÐC3ÐC4 107.7(9) 
La1ÐC3 2.785(9) C3ÐC4ÐC5 108.3(9) 
La1ÐC4 2.746(9) C4ÐC5ÐC1 108.5(8) 
La1ÐC5 2.750(9) C5ÐC1ÐC2 106.2(9) 
La1áááCt(Cp') 2.509 Si1-C1-La1 132.1(5) 
La1ÐC9 2.951(8) C9ÐC10ÐC11 107.7(8) 
La1ÐC10 2.915(8) C10ÐC11ÐC12 107.8(8) 
La1ÐC11 2.874(8) C11ÐC12ÐC13 108.3(8) 
La1ÐC12 2.912(8) C12ÐC13ÐC9 108.6(8) 
La1ÐC13 2.954(8) C13ÐC9ÐC10 107.5(8) 
La1áááCt(" -Cp) 2.668 Ct(Cp')áááLa1áááCt(µ-Cp) 114.19 
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C1ÐC2 1.406(2) La1áááCt(µ-Cp)áááLa2' 175.11 
C2ÐC3 1.394(2) La1ÐI1ÐLa3 90.58(2) 
C3ÐC4 1.384(2) La1ÐI5ÐLa3 95.60(2) 
C4ÐC5 1.403(2) La1ÐI1ÐLa4 91.10(4) 
C1ÐC5 1.406(2) La1ÐI2ÐLa4 95.80(4) 
C1ÐSi1 1.865(1) La2ÐI3ÐLa3 88.08(2) 
C9ÐC10 1.414(2) La2ÐI4ÐLa3 95.00(4) 
C10ÐC11 1.414(2) La2ÐI6ÐLa4 94.03(3) 
C11ÐC12 1.399(2) La2ÐI7ÐLa4 89.25(3) 
C12ÐC13 1.396(2) La3ÐI1ÐLa4 91.17(2) 
C9ÐC13 1.400(2) La3ÐI3ÐLa4 90.26(3) 
La1ÐI1 3.4481(2) I1ÐLa1ÐI2 76.99(2) 
La1ÐI2 3.2616(2) I2ÐLa1ÐI5 140.82(2) 
La1ÐI3 3.734(1) I3ÐLa2ÐI4 75.22(3) 
La1ÐI5 3.2727(2) I3ÐLa2ÐI6 70.79(3) 
La2ÐI3 3.5895(2) I1ÐLa3ÐI3 74.14(3) 
La2ÐI4 3.2485(2) I1ÐLa3ÐI4 146.42(2) 
La2ÐI6 3.2924(2) I1ÐLa3ÐI5 79.27(2) 
La2ÐI7 3.4739(2) I1ÐLa3ÐI7 76.35(2) 
  I3ÐLa3ÐI4 79.35(3) 
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Figure S30. Crystal structure of [Cp'6La6Br8(AlMe4)4] (4b) with atomic displacement parameters set at 
the 50% probability level. Hydrogen atoms are omitted for clarity. The Cp' ligands (except for one) are 
represented by a wireframe model for improved visualization. Selected interatomic distances [•] and 
angles [¡]: La1ÐC1 2.780(2); La1ÐC2 2.775(2); La1ÐC3 2.794(2); La1ÐC4 2.772(2); La1ÐC5 2.777(2); 
La1áááCt1 2.505; La1ÐC25 2.961(2); La1ÐC31 2.961(5); La1ÐBr1 2.9740(2); La1ÐBr2 2.9681(2); La1Ð
Br3 3.1473(2); La2ÐBr1 2.9953(2); La2ÐBr3 3.1917(2); La2ÐBr4 2.9967(2); La2ÐC27 2.763(2); La2Ð
C28 2.773(2); La2áááAl1 3.2865(2); C1ÐC2 1.383(2); C2ÐC3 1.398(2); C3ÐC4 1.444(2); C4ÐC5 1.385(2); 
C1ÐC5 1.445(2); C1ÐSi1 1.873(2); C1ÐC2ÐC3 113.0(2); C2ÐC3ÐC4 105.0(2); C3ÐC4ÐC5 107.8(2); C4Ð
C5ÐC1 109.9(2); C5ÐC1ÐC2 104.2(2); Si1ÐC1ÐLa1 127.4(5); C25ÐLa1ÐC31 82.3(3); C27ÐLa2ÐC28 
76.8(4); C27ÐAl1ÐC28 114.5(5); C29ÐLa3ÐC30 76.7(3); C29ÐAl2ÐC30 113.6(5); C25ÐLa1ÐBr2 86.0(2); 
C31ÐLa1ÐBr1 87.7(2); Br1ÐLa1ÐBr2 94.10(4); Br1ÐLa1ÐBr3 75.34(3); Br2ÐLa1ÐBr3 75.11(3); La1Ð
Br1ÐLa2 109.59(4); La1ÐBr3ÐLa2 100.60(4); La1ÐBr2ÐLa3 109.91(4); La1ÐBr3ÐLa3 100.89(3); La2Ð
Br3ÐLa3 98.79(3); La2ÐBr4ÐLa3 107.77(4).  
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Figure S31. Crystal structure of [Cp'LaBr2]12 (5b) with atomic displacement parameters set at the 50% 
probability level. Hydrogen atoms are omitted for clarity. The Cp' ligands (except for one) are represented 
by a wireframe model for improved visualization. Selected interatomic distances [•] and angles [¡]: La1Ð
C1 2.827(3); La1ÐC2 2.761(4); La1ÐC3 2.720(3); La1ÐC4 2.736(3); La1ÐC5 2.781(3); La1áááCt1 2.489; 
La1ÐBr1 3.1284(4); La1ÐBr2 3.1013(4); La1ÐBr8 3.0178 (4); La1ÐBr9 3.3451(4); La1ÐBr10 3.1461(4); 
La1ÐBr11 3.0972(4); C1ÐC2 1.425(5); C2ÐC3 1.424(5); C3ÐC4 1.405(5); C4ÐC5 1.411(6); C1ÐC5 
1.425(5); C1ÐSi1 1.876(4); C1ÐC2ÐC3 109.1(3); C2ÐC3ÐC4 107.4(3); C3ÐC4ÐC5 108.4(3); C4ÐC5ÐC1 
109.1(3); C5ÐC1ÐC2 106.0(3); Si1ÐC1ÐLa1 133.00(2); Br1ÐLa1ÐBr2 67.673(1); Br1ÐLa1ÐBr10 
75.057(1); Br2ÐLa1ÐBr9 63.476(9); Br8ÐLa1ÐBr9 68.432(1); Br8ÐLa1ÐBr10 77.826(1); La1ÐBr2ÐLa2 
115.564(2); La1ÐBr8ÐLa4 102.820(2); La1ÐBr9ÐLa4 105.045(2); La1ÐBr1ÐLa5 95.033(2); La1ÐBr10Ð
La5 91.399(2); La1ÐBr11ÐLa5 93.014(2); La1ÐBr8ÐLa6 94.334(1); La1ÐBr10ÐLa6 90.370(1); La1Ð
Br11ÐLa6 93.068(2). 
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Figure S32. Crystal structure of [Cp5'La5Br11(AlMe2]2 (7) with atomic displacement parameters set at the 
50% probability level. Hydrogen atoms are omitted for clarity. The Cp' ligands (except for one) are rep-
resented by a wireframe model for improved visualization. Selected interatomic distances [•] and angles 
[¡]:  La1ÐC1 2.803(4); La1ÐC2 2.764(4); La1ÐC3 2.757(4); La1ÐC4 2.753(4); La1ÐC5 2.766(4); La1áááCt1 
2.494; La1ÐBr1 3.0945(4); La1ÐBr2 3.0595(5); La1áááAl1 4.056; La1ÐBr3 3.2027(4); La1ÐBr4 3.1878(4); 
La1ÐBr5 3.1450(4); La1ÐBr6 3.3167(4); La2ÐBr3 3.0571(4); La2ÐBr4 3.1344(4); La2ÐBr7 3.1024(4); 
La2ÐBr10 3.0678(4); La2ÐBr11 3.2738(4); C1ÐC2 1.420(6); C2ÐC3 1.403(7); C3ÐC4 1.415(6); C4ÐC5 
1.402(7); C1ÐC5 1.424(6); C1ÐSi1 1.877(5); Al1ÐBr1 2.4176(2); Al1ÐBr2 2.4494(2); Al1ÐC9 1.938(5); 
Al1ÐC10 1.936(5); C1ÐC2ÐC3 109.9(4); C2ÐC3ÐC4 107.6(4); C3ÐC4ÐC5 107.3(4); C4ÐC5ÐC1 
110.1(4); C5ÐC1ÐC2 105.0(4); Si1ÐC1ÐLa1 129.6(2); Br1ÐLa1ÐBr2 73.474(2); Br1ÐAl1ÐBr2 98.28(5); 
La1ÐBr1ÐAl1 93.95(3); La1ÐBr2ÐAl1 94.18(3); Br1ÐLa1ÐBr3 71.090(2); Br1ÐLa1ÐBr4 139.239(2); 
Br1ÐLa1ÐBr5 73.396(2); Br1ÐLa1ÐBr6 140.703(2); Br3ÐLa1ÐBr4 71.643(1); Br3ÐLa1ÐBr5 73.381(1); 
Br3ÐLa1ÐBr6 107.407(2)  
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Figure S33. Connectivity of [Cp'LaCl2]10 (8) with atomic displacement parameters set at the 50% prob-
ability level. Hydrogen atoms are omitted for clarity. The Cp' ligands (except for one) are represented by 
a wireframe model for improved visualization. Due to disorder, the methyl groups of the Cp' ligands are 
omitted for clarity. Cell constants: a = 34.348(4), b = 16.020(2), 29.448(6), § = 121.816(2), space group: 
Cc. 
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IR Spectroscopy 
 

 
Figure S34. DRIFT spectrum of Cp'La(AlMe4)2 (1b). 
 

 
 
Figure S35. DRIFT spectrum of [Cp'LaI2(thf)3]. 
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Figure S36. DRIFT spectrum of [Cp'6La6I8(AlMe4)4] (4a). 
 

 
Figure S37. IR-DRIFT spectrum of [Cp'LaI2]12 (5a). 
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Figure S38. IR-DRIFT spectrum of [Cp'6La6Br8(AlMe4)4] (4b). 
 

 
Figure S39. DRIFT spectrum of [Cp'LaBr2]12 (5b). 
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Figure S40. DRIFT spectrum of [Cp'LaCl2]10 (8). 
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EDX Measurements 

 

 
Figure S41. SEM image of crystalline [Cp'6La6I8(AlMe4)4] (4a) in position 1, where EDX measurement 
was performed.&

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

Element norm. 
wt. %  

norm. 
atom % 

3 !  norm. wt. % 
calc. 

norm. atom % 
calc. 

Al  5.47 17.77 0.43 5.09 16.67 
Si 8.01 24.99 0.56 7.93 25.00 
La 40.75 25.68 2.16 39.22 25.00 
I 45.75 31.56 2.29 47.77 33.33 
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Figure S42. SEM image of crystalline [Cp'6La6I8(AlMe4)4] (4a) in position 11, where EDX measurement 
was performed. 

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

wt. %  
norm. 

atom % 
3 !  norm. wt. % 

calc. 
norm. atom % 

calc. 
Al  5.28 17.45 0.41 5.09 16.67 
Si 7.45 23.65 0.52 7.93 25.00 
La 39.86 25.59 2.07 39.22 25.00 
I 47.39 33.30 2.31 47.77 33.33 
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Figure S43. SEM image of crystalline [Cp'6La6I8(AlMe4)4] (4a) in position 17, where EDX measurement 
was performed. 
 
Table S5. Results of EDX measurement at position 17 (Fig. S43) 
 
Element norm. 

wt. %  
norm. 

atom % 
3 !  norm. wt. % 

calc. 
norm. atom % 

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

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

wt. %  
norm. 

atom % 
3 !  norm. wt. % 

calc. 
norm. atom % 

calc. 
Al  5.23 17.17 0.41 5.09 16.67 
Si 7.77 24.52 0.54 7.93 25.00 
La 40.77 26.02 2.16 39.22 25.00 
I 46.24 32.30 2.31 47.77 33.33 
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Figure S44. SEM image of crystalline [Cp'LaI2]12 (5a) in positions 16 and 17, where EDX measure-
ments were performed. 
 
Table S7. Results of EDX measurement at position 16 (Fig. S44) 
 
Element norm. 

wt. %  
norm. 

atom % 
3 !  norm. wt. % 

calc. 
norm. atom % 

calc. 
Si 6.54 24.62 0.46 6.67 25.00 
La 33.39 25.39 2.72 33.01 25.00 
I 60.06 49.99 3.28 60.31 50.00 

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

wt. %  
norm. 

atom % 
3 !  norm. wt. % 

calc. 
norm. atom % 

calc. 
Si 6.59 24.74 0.48 6.67 25.00 
La 32.59 24.73 2.68 33.01 25.00 
I 60.82 50.52 3.12 60.31 50.00 

  

0 
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Figure S45. SEM image of crystalline [Cp'LaI2]12 (5a) in position 20, where EDX measurement was 
performed. 
 
Table S9. Results of EDX measurement at position 20 (Fig. S45) 
 
Element norm. 

wt. %  
norm. 

atom % 
3 !  norm. wt. % 

calc. 
norm. atom % 

calc. 
Si 6.74 25.19 0.45 6.67 25.00 
La 32.51 24.57 3.61 33.01 25.00 
I 60.74 50.24 4.04 60.31 50.00 

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

wt. %  
norm. 

atom % 
3 !  norm. wt. % 

calc. 
norm. atom % 

calc. 
Si 6.41 24.19 0.41 6.67 25.00 
La 33.27 25.41 2.65 33.01 25.00 
I 60.32 50.40 2.98 60.31 50.00 
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Figure S46. SEM image of crystalline [(" -Cp)2Cp'8La8I14] (6) of area 1, where EDX measurement was 
performed. 
 
Table S11. Results of EDX measurement of area 1 (Fig. S46) 
 
Element norm. 

wt. %  
norm. 

atom % 
3 !  norm. wt. % 

calc. 
norm. atom % 

calc. 
Si 7.05 26.17 0.45 7.22 26.67 
La 35.67 26.77 1.48 35.70 26.67 
I 57.28 47.05 2.13 57.08 46.67 
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Figure S47. SEM image of crystalline [(" -Cp)2Cp'8La8I14] (6) of area 4, where EDX measurement was 
performed. 
 
Table S12. Results of EDX measurement of area 4 (Fig. S47) 
 
Element norm. 

wt. %  
norm. 

atom % 
3 !  norm. wt. % 

calc. 
norm. atom % 

calc. 
Si 7.15 26.45 0.43 7.22 26.67 
La 35.65 26.68 1.55 35.70 26.67 
I 57.21 46.86 2.24 57.08 46.67 
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Figure S48. SEM image of crystalline [(" -Cp)2Cp'8La8I14] (6) of area 5, where EDX measurement was 
performed. 
 
Table S13. Results of EDX measurement of area 5 (Fig. S48). 
 
Element norm. 

wt. %  
norm. 

atom % 
3 !  norm. wt. % 

calc. 
norm. atom % 

calc. 
Si 7.11 26.34 0.46 7.22 26.67 
La 35.54 26.63 1.60 35.70 26.67 
I 57.35 47.03 2.32 57.08 46.67 

 
Table S14. Averaged results of all EDX measurements for 2c (5 measurements) 
 
Element norm. 

wt. %  
norm. 

atom % 
3 !  norm. wt. % 

calc. 
norm. atom % 

calc. 
Si 7.07 26.22 0.46 7.22 26.67 
La 35.54 26.66 1.62 35.70 26.67 
I 57.39 47.12 2.36 57.08 46.67 
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Figure S49. SEM image of crystalline [Cp'6La6Br8(AlMe4)4] (4b) in position 2, where EDX measurement 
was performed. 
 
Table S15. Results of EDX measurement at position 2 (Fig. S49) 
 
Element norm. 

wt. %  
norm. 

atom % 
3 !  norm. wt. % 

calc. 
norm. atom % 

calc. 
Si 8.40 25.58 1.04 9.63 25.00 
La 54.29 33.42 3.74 47.65 25.00 
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Figure S50. SEM image of crystalline [Cp'6La6Br8(AlMe4)4] (4b) in position 13, where EDX measure-
ment was performed. 
 
Table S16. Results of EDX measurement at position 13 (Fig. S50) 
 
Element norm. 

wt. %  
norm. 

atom % 
3 !  norm. wt. % 

calc. 
norm. atom % 

calc. 
Si 7.89 24.03 1.04 9.63 25.00 
La 49.85 30.71 3.74 47.65 25.00 
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Figure S51. SEM image of crystalline [Cp'6La6Br8(AlMe4)4] (4b) in position 17, where EDX measure-
ment was performed. 
 
Table S17. Results of EDX measurement at position 17 (Fig. S51) 
 
Element norm. 

wt. %  
norm. 

atom % 
3 !  norm. wt. % 

calc. 
norm. atom % 

calc. 
Si 7.56 22.86 1.04 9.63 25.00 
La 46.70 30.71 3.56 47.65 25.00 

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

wt. %  
norm. 

atom % 
3 !  norm. wt. % 

calc. 
norm. atom % 

calc. 
Si 6.99 21.85 0.90 9.63 25.00 
La 48.76 32.64 3.62 47.65 25.00 

 
The ratios for aluminum and bromine could not be determined reliably due to overlap of the respective 
signals.[11] 
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Figure S52. SEM image of crystalline [Cp'LaBr2]12 (5b) in position 9, where EDX measurement was 
performed. 
 
Table S19. Results of EDX measurement at position 9 (Fig. S52) 

Element norm. 
wt. %  

norm. 
atom % 

3 !  norm. wt. % 
calc. 

norm. atom % 
calc. 

Si 8.75 25.46 0.61 8.59 25.00 
La 43.19 25.41 2.38 42.50 25.00 
Br 48.05 49.14 3.16 48.90 50.00 
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Figure S53. SEM image of crystalline [Cp'LaBr2]12 (5b) in position 15, where EDX measurement was 
performed. 
 
Table S20. Results of EDX measurement at position 15 (Fig. S53) 

Element norm. 
wt. %  

norm. 
atom % 

3 !  norm. wt. % 
calc. 

norm. atom % 
calc. 

Si 8.24 24.07 0.73 8.59 25.00 
La 41.91 24.75 2.36 42.50 25.00 
Br 49.85 51.18 4.45 48.90 50.00 
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Figure S54. SEM image of crystalline [Cp'LaBr2]12 (5b) in position 17, where EDX measurement was 
performed. 
 
Table S21. Results of EDX measurement at position 17 (Fig. S54) 

Element norm. 
wt. %  

norm. 
atom % 

3 !  norm. wt. % 
calc. 

norm. atom % 
calc. 

Si 8.24 24.07 0.58 8.59 25.00 
La 41.91 24.75 1.85 42.50 25.00 
Br 49.85 51.18 3.35 48.90 50.00 

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

Element norm. 
wt. %  

norm. 
atom % 

3 !  norm. wt. % 
calc. 

norm. atom % 
calc. 

Si 8.27 24.24 0.57 8.59 25.00 
La 42.78 25.35 2.13 42.50 25.00 
Br 49.35 50.41 3.16 48.90 50.00 
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Figure S55. SEM image of crystalline [Cp'10La10Br22(AlMe2)2] (7) of area 1, where EDX measurement 
was performed. 
 
Table S23. Results of EDX measurement of area 1 (Fig. S55) 
 
Element norm. 

wt. %  
norm. 

atom % 
3 !  norm. wt. % 

calc. 
norm. atom % 

calc. 
Si 7.59 22.23 0.74 8.07 22.73 
La 39.64 23.47 3.17 39.90 22.73 

 
The values for area 2 could not be determined due to shadowing effects caused by the morphology of 
the crystal.  
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Figure S56. SEM image of crystalline [Cp'10La10Br22(AlMe2)2] (7) of area 5, where EDX measurement 
was performed.  
 
Table S24. Results of EDX measurement of area 5 (Fig. S56) 
 
Element norm. 

wt. %  
norm. 

atom % 
3 !  norm. wt. % 

calc. 
norm. atom % 

calc. 
Si 7.76 22.62 0.75 8.07 22.73 
La 39.40 23.23 3.13 39.90 22.73 

 
The values for area 6 could not be determined due to shadowing effects caused by the morphology of 
the crystal.  
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Figure S57. SEM image of crystalline [Cp'10La10Br22(AlMe2)2] (7) of area 14, where EDX measure-
ment was performed.  
 
Table S25. Results of EDX measurement of area 14 (Fig. S57) 
 
Element norm. 

wt. %  
norm. 

atom % 
3 !  norm. wt. % 

calc. 
norm. atom % 

calc. 
Si 8.09 23.39 0.89 8.07 22.73 
La 38.96 22.78 3.49 39.90 22.73 

 
The values for area 15 could not be determined due to shadowing effects caused by the morphology of 
the crystal. 
 
Table S26. Averaged results of all EDX measurements for 3c (5 measurements) 
 
Element norm. 

wt. %  
norm. 

atom % 
3 !  norm. wt. % 

calc. 
norm. atom % 

calc. 
Si 7.64 22.26 0.83 8.07 22.73 
La 38.84 22.89 3.40 39.90 22.73 

 
The ratios for aluminum and bromine could not be determined reliably due to overlap of the respective 
signals.[11] 
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Figure S58. SEM image of crystalline [Cp'La2Cl2]10 (8) of area 1, where EDX measurement was per-
formed. 
 
Table S27. Results of EDX measurement of area 1 (Fig. S58) 

Element norm. 
wt. %  

norm. 
atom % 

3 !  norm. wt. % 
calc. 

norm. atom % 
calc. 

Si 11.33 24.06 0.72 11.81 25.00 
La 58.47 25.11 2.34 58.39 25.00 
Cl 30.20 50.82 1.43 29.80 50.00 
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Figure S59. SEM image of crystalline [Cp'La2Cl2]10 (8) in position 3, where EDX measurement was 
performed. 
 
Table S28. Results of EDX measurement at position 3 (Fig. S59) 

Element norm. 
wt. %  

norm. 
atom % 

3 !  norm. wt. % 
calc. 

norm. atom % 
calc. 

Si 11.60 24.37 1.10 11.81 25.00 
La 57.68 24.50 3.61 58.39 25.00 
Cl 30.72 51.13 2.25 29.80 50.00 
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Figure S60. SEM image of crystalline [Cp'La2Cl2]10 (8) in position 4, where EDX measurement was 
performed. 
 
Table S29. Results of EDX measurement at position 4 (Fig. S60) 

Element norm. 
wt. %  

norm. 
atom % 

3 !  norm. wt. % 
calc. 

norm. atom % 
calc. 

Si 11.54 24.53 1.01 11.81 25.00 
La 58.62 25.20 3.34 58.39 25.00 
Cl 29.84 50.27 2.00 29.80 50.00 

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

Element norm. 
wt. %  

norm. 
atom % 

3 !  norm. wt. % 
calc. 

norm. atom % 
calc. 

Si 11.49 24.32 0.94 11.81 25.00 
La 58.26 24.94 3.13 58.39 25.00 
Cl 30.25 50.74 1.89 29.80 50.00 
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N/$nnn;<"#%F$Z3p#9$Ti ;<"#$F43T2T6p#9$Di ;<"#$F4%D2T6p#9$Yi ;<"#"F\Y42T6p#9%"i ;<$#"F\D\2T6p#O"i N/"i
O$# \3FZTY2""6p# O"i N/"i O%# YTFD%42""6p# O"i N/"i 9$Zs# ZTF""2\6p# O" i N/"i 9%$s# "T%FY\2\6p# O"i N/"nnn9."#
"44F3%p#O%i N/"nnn9."#"YDF43p#O"i N/$i O%#Y3FZ442"46p#O"i N/$i O3#\"F3\Y2"$6p#O%i N/$i O3#YDFY\D2\6p#N/"i O$i
N/%#"4YF4%"2""6p#N/"i O"i N/$#"4ZF"3"2""6p#N/"i O%i N/$#"4"F4%D2""6p#N/"si 9$Zi ;<"#"Y3FY2$6p#N/"si 9%$i
;<$#"Y$F\2$6p#N/$i O%i N/%#\\FT4"2"46p#N/$i O3i N/%#"4DF\"42""6p#9$Ti N/$i 9$D#YDFT$2"36p#9$Ti ;<" i 9$D#
""$F\%2"\6p#9$Zi N/"i 9%$#Z"FT42"%6F# #



! $4#
#

"#$%&'!(,5 *#9/W*.C<#*./0-.0/,#78#?9+:9,X/#A!##21+6#M=.H#C.71=-#J=*+<C-,1,>.#+C/C1,.,/*#*,.#C.#.H,#T4o#
+/7BCB=<=.W#<,I,<F#&WJ/7K,>#C.71*#C/,#71=..,J#87/#-<C/=.WF#GH,#9+:#<=KC>J*#2,S-,+.#87/#7>,6#C/,#/,+/,*,>.,J#
BW#C#M=/,8/C1,#17J,<#87/#=1+/7I,J#I=*0C<=5C.=7>F#!,<,-.,J#=>.,/C.71=-#J=*.C>-,*#?]A#C>J#C>K<,*#?EAR#9," i
9"#$FY%"2"36p#9,"i 9$#$FY$$2"%6p#9,"i 9%#$FY%Z2"%6p#9,"i 93#$FY"32"D6p#9,"i 9T#$FY%32"36p#9,"nnn9."#
$F3Y34p#9," i X/"#%F4ZT42"36p#9," i X/$#%F444%2"D6p#9,"i X/$:#%F4D%D2"D6p#9," i X/$::#%F3%4$2"Y6p#9," i
X/%#%F"TZ32"T6p# 9,"i X/3#%F43%\2\ 6p# X/$i 9," i X/%# YDF$Y2%6p#X/%i 9," i X/$:#YTF%\2%6p#X/$:i 9," i X/3#
D\F\%2%6p#X/3i 9," i X/$::#DTF"%2%6p#X/$::i 9," i X/$#DDF%%2T6p#X/" i 9," i X/$#YTFTY2%6p#9," i X/$i 9, ":" #
\TF$32T6p#9," i X/%i 9, ":" #\4F%%2T6p#9," i X/$i 9, ":$#\TF$32T6p#9," i X/$i 9, ":%#"43FD32T6p#9," i X/3i
9, ":%#""TF%32%6p#9," i X/$i 9, ":3#"43F%D236p#9," i X/" i 9, ":" #\%F""2T6F# #



! $"#
#

"#$%&'!(, ) *#9/W*.C<#*./0-.0/,#78#?9+:N/X/#A!##21- 6#M=.H#C.71=-#J=*+<C-,1,>.#+C/C1,.,/*#*,.#C.#.H,#T4o#
+/7BCB=<=.W#<,I,<F#&WJ/7K,>#C.71*#C>J#<C..=-,#" PH,SC>,#C/,#71=..,J#87/#-<C/=.WF#GH,#9+:#<=KC>J*#2,S-,+.#
87/#7>,6#C/,#/,+/,*,>.,J#BW#C#M=/,8/C1,#17J,<#87/#=1+/7I,J#I=*0C<=5C.=7>F#!,<,-.,J#=>.,/C.71=-#J=*.C>-,*#
?]A# C>J# C>K<,*# ?EAR#N/"i 9"# $FY3D2T6p# N/"i 9$# $FY"T2T6p# N/"i 9%# $FY4%2T6p# N/"i 93# $FY432T6p# N/"i 9T#
$FY$"2T6p#N/"nnn9."# $F33TTp#N/"i X/"# %F$\Y$2T6p# N/"i X/$# $F\ZY42T6p# N/"i X/%# %F""4Z2T6p# N/"i X/3#
%F4Z$\2T6p#N/"i X/T#%F4T$32T6p#N/"i X/Z#%F4ZYD2T6p#X/" i N/"i X/$#DZF$T\2"%6p#X/$i N/"i X/%#YTFZDZ2"36p#
X/%i N/"i X/3#YTF%$$2"%6p#X/3i N/"i X/T#DYFD$"2%6p#X/" i N/"i X/T#DDF4TZ2"$6p#X/"i N/"i X/Z#\DFY$T2"%6p#
N/"i X/" i N/3# "4TF\YY2"36p# N/"i X/" i N/T# "4%F%DT2"T6p# N/"i X/$i N/T# "4$F$"Z2"36p# N/"i X/$i N/D#
\ TF33D2"36p#N/"i X/%i N/$#\"FTY$2"36p#N/"i X/%i N/D#\"F"4$2"36p#N/"i X/3i N/$#\TFT$32"36p#N/"i X/3i N/%#
"4YFDYY2"T6p#N/"i X/Ti N/%#""3FD"T2"T6p#N/"i X/Ti N/3#""%FDYT2"T6p#N/"i X/Zi N/$#\%F"%Y2"36p#N/"i X/Zi
N/D#\%F3\Y2"36F# #



! $$#
#

"#$%&'!(, , *#9/W*.C<#*./0-.0/,#78#?9+:9,9<#A!##22+6#M=.H#C.71=-#J=*+<C-,1,>.#+C/C1,.,/*#*,.#C.#.H,#T4o#
+/7BCB=<=.W#<,I,<F#&WJ/7K,>#C.71*#C>J#<C..=-,#*7<I,>.#17<,-0<,*#C/,#71=..,J#87/#-<C/=.WF#GH,#9+:#<=KC>J*#
2,S-,+.#87/#7>,6#C/,#/,+/,*,>.,J#BW#C#M=/,8/C1,#17J,<#87/#=1+/7I,J#I=*0C<=5C.=7>F#!,<,-.,J#=>.,/C.71=-#
J=*.C>-,*# ?]A# C>J# C>K<,*# ?EAR#9," i 9"# $FY%$2"46p# 9,"i 9$# $FY%42"46p# 9,"i 9%# $FY$%2"46p# 9,"i 93#
$FY$\2"46p# 9,"i 9T# $FYD32"46p# 9,"nnn9."# $F3D\Yp# 9,"i 9<"# $FZ3T2$6p# 9,"i 9<$# %F"D32%6p# 9,"i 9<%#
$F\4\2$6p#9," i 9<3#$F\\Z2%6p#9,"i 9<"4#$FZZ$2$6p#9,"i 9<$$#$F\332$6p#9<"i 9," i 9<$#DYF$Z2Y6p#9<$i 9," i
9<"4#D3FDT2Y6p#9<"4i 9," i 9<%#D\F$T2Y6p#9<%i 9," i 9<3#Y3FYD2Y6p#9<"i 9," i 9<3#YTFD\2Y6p#9<"i 9," i 9<$$#
YTF"$2Y6p#9,"i 9<"i 9,$#"4%FZ"2Y6p#9,"i 9<$i 9,$#"4TF\Z2Z6p#9,"i 9<$i 9,%#"4DFZ$2Z6p#9,"i 9<"4i 9,%#
""DF"Z2Z6p#9,"i 9<"4i 9,3#""3FT$2Z6p#9,"i 9<%i 9,3#"4TF\42Z6p#9," i 9<%i 9,T#\YF$Y2Y6p#9,"i 9<3i 9,T#
\$F"T2Y6p# 9,"i 9<3i 9,D# \$F4Y2Y6p#9," i 9<"i 9,D# \DFD32Y6p#9," i 9<$$i 9,T# \3F"Y2Y6p# 9,"i 9<$$i 9,D#
\3F3$2Y6F# #



! $%#
#

"#$%&'!(,. *#9/W*.C<#*./0-.0/,#78#?9+:N/9<#A!##22- 6#M=.H#C.71=-#J=*+<C-,1,>.#+C/C1,.,/*#*,.#C.#.H,#T4o#
+/7BCB=<=.W#<,I,<F#&WJ/7K,>#C.71*#C>J#<C..=-,#" PH,SC>,#C/,#71=..,J#87/#-<C/=.WF#GH,#9+:#<=KC>J*#2,S-,+.#
87/#7>,6#C/,#/,+/,*,>.,J#BW#C#M=/,8/C1,#17J,<#87/#=1+/7I,J#I=*0C<=5C.=7>F#!,<,-.,J#=>.,/C.71=-#J=*.C>-,*#
?]A# C>J# C>K<,*# ?EAR#N/"i 9"# $FYT$2\6p# N/"i 9$# $FD\T2\6p# N/"i 9%# $FD\"2Z6p# N/"i 93# $FD\D2Z6p# N/"i 9T#
$FY"D2\6p#N/"nnn9."#$F3$TYp#N/"i 9<"#%F"432$6p#N/"i 9<$#$FZ$%2$6p#N/"i 9<%#$F\Y$2$6p#N/"i 9<3#$F\""2$6p#
N/"i 9<T# $FZYY2$6p# N/"i 9<Z# $F\$32$6p#9<"i N/"i 9<$# DZF"$2D6p# 9<$i N/"i 9<%# YTF3D2D6p# 9<%i N/"i 9<3#
Y3FD%2D6p#9<3i N/"i 9<T#DYFZ$2D6p#9<"i N/"i 9<T#DTFD42D6p#9<"i N/"i 9<Z#\TFZ\2D6p#N/"i 9<"i N/3#"4DFYT2D6p#
N/"i 9<"i N/T# "43F$%2D6p# N/"i 9<$i N/T# "4%FY42Y6p# N/"i 9<$i N/D# \YF4%2D6p# N/"i 9<%i N/$# \$F$T2D6p# N/"i
9<%i N/D#\$F$D2D6p#N/"i 9<3i N/$#\YF3%2D6p#N/"i 9<3i N/%#"4YF$\2Y6p#N/"i 9<Ti N/%#""TF"D2Y6p#N/"i 9<Ti N/3#
""TF4%2Y6p#N/"i 9<Zi N/$#\3F%Y2D6p#N/" i 9<Zi N/D#\3F%D2D6F#
# #



! $3#
#

"#$%&'!(, / *#9/W*.C<#*./0-.0/,#78#?9+' :9, ' 9<(29<#;<(, #6A##236#M=.H#C.71=-#J=*+<C-,1,>.#+C/C1,.,/*#*,.#C.#
.H,# T4o# +/7BCB=<=.W# <,I,<F#&WJ/7K,># C.71*# C/,# 71=..,J# 87/# -<C/=.WF# GH,# 9+:# C>J# 29<#;<(, #6# <=KC>J*#
2,S-,+.# 87/# 7>,# ,C-H6# C/,# /,+/,*,>.,J# BW# C# M=/,8/C1,# 17J,<# 87/# =1+/7I,J# I=*0C<=5C.=7>F#!,<,-.,J#
=>.,/C.71=-#J=*.C>-,*#?]A#C>J#C>K<,*#?EAR#9," i 9"#$FYD\2"Y6p#9,"i 9$#$FYY42"Z6p#9,"i 9%#$FY%32"Z6p#9,"i
93# $FY3\2"Z6p# 9,"i 9T# $FY3T2"Y6p# 9,"nnn9."# $F3Y4Zp#9," i 9<"# $F\\3236p# 9,"i 9<$# %F"4$236p# 9,"i 9<%#
$F\Y$236p# 9,"i 9<3# %F4"3236p# 9,"i 9<"\# $FZ\D236p# 9,"i 9<$4# $F\4%236p# 9,"nnn;<"# %FZDZDp# 9,$i 9<"#
$F\D$236p# 9,$i 9<3# $FZZ$236p# 9,$i 9<T# $FZ\3236p# 9,$i 9<Y# %F""Y236p#9,$ i 9<"4#$F\$D236p# 9,$i 9<"%#
%F4D%236p# ;<"i 9<"\# $F$Y"2Y6p#;<" i 9<$4# $F$YZ2Y6p# ;<"i 9\# "F\%2$6p# ;<"i 9"4# "F\%2$6p#9<"i 9," i 9<$#
DZFDD2"46p# 9<$i 9," i 9<%# DZFT%2"46p#9<%i 9," i 9<3# Y4FT%2"46p# 9<"i 9," i 9<3# Y"F%$2""6p# 9<"i 9," i 9<%#
"4\F\32""6p#9<"i 9,$ i 9<3#Y%FDT2""6p#9<"i 9,$ i 9<T#Y$F4T2""6p#9<"i 9,$ i 9<Y#Y4F\Y2"46p#9<"i 9,$ i 9<"4#
"%DFZD2""6p#9<"i 9,$ i 9<"%#"%YFTY2""6p#9<"\i 9," i 9<$4#Y"FTD2"$6p#9<"\ i ;<" i 9<$4#\DF32%6p#9,"i 9<"\ i
;<"#\DF$2$6p#9,"i 9<$4i ;<"#\TF\2$6p#9\i ;<" i 9"4#"$"F$2\6p#9," i 9<"i 9,$#"4DF342"$6p#9,"i 9<"i 9,%#
"4ZFZZ2"$6p#9,$i 9<"i 9,%#\%FT32""6p#9,$i 9<Ti 9,%#\DF"T2""6p#9,$i 9<Yi 9,%#ZZF$%2\6p#9,$i 9<Yi 9,3#
"T\FZ\2"36F# #



! $T#
#

#

+7*!#28&%$48$#9#

"#$%&'!(, 0*#O)#*+,-./01#78#?9+:9,2;<(, "6#A#2)+6F#

"#$%&'!(, 1*#O)#*+,-./01#78#?9+:N/2;<(, "6##A#2)- 6F#

"#$%&'!(, 2*#O)#*+,-./01#78#?9+:$N/$O%2;<(, "6"A#206F# #



! $D#
#

"#$%&'!(, 3*#O)#*+,-./01#78#?9+:9,X/#A!##21+6F#

"#$%&'!(, 4*#O)#*+,-./01#78#?9+:N/X/#A!##21- 6F#

"#$%&'!(.5 *#O)#*+,-./01#78#?9+:N/9<#A!##22- 6F# #



! $Y#
#

!
;"-'(2482(82 *
#

!
"#$%&'!(. ) *#;B*7/+.=7>#*+,-./01#78#C#"#?1(A#*7<0.=7>#78#?9+:9,O#A!##2, 6#C>J#?9+:"9, "O%A"#2/+6#=>#
.7<0,>,F#
#
#

#
"#$%&'!(. , *#;B*7/+.=7>#*+,-./01#78#C#"#?1(A#*7<0.=7>#78#?9+:9,X/#A!##21+6#=>#.7<0,>,F#
!
! !



! $Z#
#

"#$%&'!(. . *#;B*7/+.=7>#*+,-./01#78#C#" #?1(A#*7<0.=7>#78#?9+:9,9<#A!##22+6#C>J#
?9+' :9, ' 9<(29<#;<(, #6A##236#=>#.7<0,>,F#
#

#
"#$%&'! (./ *#rS-=.C.=7># *+,-./01#2<,8.U# ,1=**=7># MCI,<,>K.H# 3\4# >16# C>J# ,1=**=7># *+,-./01# 2/=KH.U#
,S-=.C.=7>#MCI,<,>K.H#3$4#>16#78#?9+:9,O#A!##2, 6#C>J#?9+:"9, "O%A"#2/+6#=>#.7<0,>,F#
#

!
"#$%&'! (.0*#rS-=.C.=7># *+,-./01# 2<,8.U# ,1=**=7># MCI,<,>K.H#3Y4# >16# C>J# ,1=**=7># *+,-./01# 2/=KH.U#
,S-=.C.=7>#MCI,<,>K.H#%$4#>16#78#?9+:9,X/#A!##21+6F# #



! $\ #
#

!

!
"#$%&'! (.1*#rS-=.C.=7># *+,-./01# 2<,8.U# ,1=**=7># MCI,<,>K.H# 3T4# >16# C>J# ,1=**=7># *+,-./01# 2/=KH.U#
,S-=.C.=7>#MCI,<,>K.H#%T$#>16#78#?9+:9,9<#A!##22+6#C>J#?9+' :9, ' 9<(29<#;<(, #6A##236F#
#
#
!

!
"#$%&'!(.2*#t01=>,*-,>-,#J,-CW#+/78=<,#2B<C-L#*-C..,/#+<7.6#78#?9+:9,O#A!##2, 6#C>J#?9+:"9, "O%A"#2/+6#C>J#
B=,S+7>,>.=C<#8=.#2/,J#*7<=J#<=>,6F#GH,#/,*=J0C<#*H7M>#B,<7M#0>J,/<=>,*#.H,#*0=.CB=<=.W#78#.H,#8=.F#
# #



! %4#
#

!
"#$%&'!(.3*#t01=>,*-,>-,#J,-CW#+/78=<,#2B<C-L#*-C..,/#+<7.6#78#?9+:9,X/#A!##21+6#C>J#*=>K<,#,S+7>,>.=C<#
8=.#2/,J#*7<=J#<=>,6F#GH,#/,*=J0C<#*H7M>#B,<7M#0>J,/<=>,*#.H,#*0=.CB=<=.W#78#.H,#8=.F#
#

!
"#$%&'! (.4*# t01=>,*- ,>-,# J,-CW# +/78=<,# 2B<C-L# *-C..,/# +<7.6# 78# ?9+:9,9<#A!## 22+6# C>J#
?9+' :9, ' 9<(29<#;<(, #6A##236#C>J#B=,S+7>,>.=C<#8=.#2/,J#*7<=J#<=>,6F#GH,#/,*=J0C<#*H7M>#B,<7M#0>J,/<=>,*#
.H,#*0=.CB=<=.W#78#.H,#8=.F#
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Cerium Fluorenyl Complexes Including CC Coupling Reactions
Lars Hirneise,� Dennis A. Buschmann,� Cäcilia Maichle-Mössmer, and Reiner Anwander*

Cite This: Organometallics 2022, 41, 962�976 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The �rst structurally characterized �uorenyl (Flu)
complexes of cerium are reported, bearing one, two, and three
�uorenyl ligands. The reaction of CeX3(THF)x (X = Cl and I) with
KFlu led to the half-sandwich complexes FluCeX2(THF)3. The
chloride derivative was utilized in salt metathesis reactions,
a�ording complexes FluCeR2(THF)x with R = OtBu, OSiMe3,
OC6H3iPr2-2,6, Me2Pz, and Cp (x = 1 or 2; Me2Pz = 3,5-
dimethylpyrazolato, Cp = C5H5). The mono(�uorenyl) complexes
FluCeR2(THF)x are prone to ligand redistribution at ambient
temperature, leading to the respective sandwich complexes
Flu2CeR(THF). Utilization of K(2,10-tBu2Flu) (KFlutBu) a�orded
tris(�uorenyl) complex FlutBu

3Ce(THF) instead, showcasing two �5- and one �1-bound �uorenyl ligands. Treatment of
FluCeCl2(THF)3 with halogenating oxidants such as C2Cl6, I2, or TeBr4 did not a�ord stable cerium(IV) species but mixtures of 9-
halogenido�uorene and 1,1�-bi�uorene. Selective �uorenyl coupling reactions could be achieved for C2Cl6. Respective investigations
with lanthanum and neodymium complexes support �-bond metathesis as the main reaction path for C�C-bond formation.

� INTRODUCTION
Cerium �uorenyl complexes were �rst mentioned in a paper
from 1971 by Kalsotra et al., claiming the synthesis of
“tetra(�uorenyl) cerium(IV)”.1 This organoceric compound
was stated to display a light yellow color, thermal stability up to
104 °C, and solubility in protic solvents such as ethanol.1 The
formation of “tetra(�uorenyl) cerium(IV)” Ce(C13H9)4 (as
was that of “tetra(cyclopentadienyl) cerium(IV)” CeCp4)
according to the original protocol (employing (pyH)2CeCl6
as a precursor) was later refuted by Deacon et al.2 Few rare-
earth-metal (Ln) complexes bearing a nonfunctionalized “free-
standing” �uorenyl (Flu) ligand were reported before 2000, the
most notable being bis(�uorenyl) samarium, obtained from
SmI2.3 Further research on Ln-Flu chemistry has mainly
focused on the design of ansa-lanthanidocene complexes4 and
Flu-tethered/linked constrained geometry complexes5 and
their use in polymerization catalysis. The X-ray crystal
structures of the �rst neutral mono(�uorenyl) complexes,
FluLnI2(pyridine)3 (Ln = La and Nd), were reported by
Giesbrecht et al. in 2005.6 Our recent studies on �uorenyl-
supported tetramethylaluminate complexes also emphasized
the particular stability of half-sandwich complexes of the larger
rare-earth metals.7 On the other hand, sterically demanding
�uorenyl ligands also stabilize half-sandwich derivatives of the
smaller rare-earth metals as shown for, for example, (FluR)Ln-
(CH2SiMe3)2(THF) (Ln = Sc, Y, and Lu)8 and (Tbf)Y-
(CH2SiMe3)2(THF) (Tbf = tetrabenzo[a,c,g,i]�uorenyl).9

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

oxidation state +IV, we were tempted to investigate into the
redox chemistry of cerium-�uorenyl complexes. The redox
potential of cerium strongly depends on its ligand environ-
ment,10 but organocerium(IV) compounds such as Cp3CeCl
are isolable and have been fully characterized.11�13 The
electron-donating capability of the ligands was ascribed an
important role in stabilizing the cerium(IV) oxidation
state.10,14,15 In the case of unsymmetrical ruthenocene
complexes, the relative electron-donating power of Cp-type
ligands was shown to increase in the order pentachlorocyclo-
pentadienyl, acetylcyclopentadienyl, cyclopentadienyl, indenyl,
pentamethylcyclopentadienyl, and �uorenyl by X-ray photo-
electron spectroscopy and electrochemical measurements.16

This is consistent with our �ndings regarding the redox
potentials of cyclopentadienyl and methylcyclopentadienyl
complexes of cerium(IV).14 Thus, albeit having in mind that
the type of metal and its oxidation state greatly a�ect the donor
capability of these ligands,17 the �uorenyl ligand should in
theory provide a good stabilization of cerium(IV) in terms of
electron donation capability. However, in contrast to their
cyclopentadienyl congeners, �uorenyl ligands engage in
distinct coordination chemistry, as revealed by the ease of
haptotropic coordination switches ranging from �1 to �6
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(Figure 1).18 Such ring-slippage has been shown to be
increasingly involved in the reactivity, via an extension of the

� system.18�22 The most common coordination mode
observed in rare-earth-metal complexes is the �5 mode as
revealed in the case of, for example, Flu2Sm(THF)2

3 or
FluLnI2(pyridine)3 (Ln = La and Nd).6 Interestingly, the
reaction of (FluSiMe3-1)Ln(THF)2 (Ln = Sm and Yb) with
AlR3 (R = Me and Et) led to a reversible �1 to �6 switch at the
divalent rare-earth-metal center.19 The switch to �3-allylic
bonding or � bonds (�1 coordination) involving C1 is in most
cases triggered by steric encumbrance or formation of polymer
chain structures as evidenced for [NaFlu(TMEDA)]n.

18,23 In
particular, alkali-metal-�uorenide salts, supported by di�erent
donor ligands, provide a good overview of the possible
coordination modes. In the case of the binuclear structure of
(KFlu)2(DIGLYME), the relatively rare �6 coordination to the
phenyl rings was detected, while the analogous lithium
compound formed a separated ion pair.33 Moreover, the
polymeric structures of the DIGYLME adducts of sodium and
rubidium �uorenide revealed multiple alternating coordination
modes between �1 and �5.24 The use of crown ethers a�orded
complete �uorenyl anion separation for [K(18-crown-6)]-
[Flu].25 Although the formation of such “metals-in-a-box” is
also known for alkaline-earth-metal �uorenyl complexes26 and
other cyclopentadienyl derivatives, extensive haptotropic shifts
seem to be exclusive for indenyl and �uorenyl ligands.25 This
additional feature of the �uorenyl ligands might trigger further
reactivity and reaction pathways for cerium complexes. Note
that while cerium(IV) alkyl or allyl complexes have not yet
been isolated, the Schelter group has recently reported on the
isolation and full characterization of a covalent cerium(IV) aryl
complex.27

� RESULTS AND DISCUSSION
Dihalogenido Cerium(III) Half-Sandwiches Including

an Unprecedented Tris(�uorenyl) Complex. Cyclopenta-
dienyl (CpR) ligands (CpR = C5H5, C5H4Me, C5H4SiMe3,
C5H3(SiMe3)2, and C5Me5) were shown to be capable of
stabilizing the +IV oxidation state of cerium. Since these CpR

ligands also support chemically and often electrochemically
reversible cerium-centered redox properties, it stirred up the
question of the feasibility of a similar ceric �uorenyl (Flu)
chemistry.14,15 As aforementioned, in contrast to the strictly �5-

bound cyclopentadienyl ligands, �uorenyl is prone to �5 � �3

� �1 coordination switches, thus tailoring metal centers to
enhanced reactivity and alternative reaction pathways.20,28,29

When treating CeCl3(THF)1.04 with 1�5 equiv. of lithium,
sodium or potassium �uorenide,30 we were surprised to learn
that only one species could be isolated. Regardless of how
much excess of �uorenyl salt was used, crystallization always
led to the half-sandwich complex FluCeCl2(THF)3 (1Ce,Cl).
Performing an equimolar reaction, 1Ce,Cl could be obtained in
90% crystalline yield (Scheme 1). Usage of commercially

available CeI3 under the same conditions led to the respective
iodide complex FluCeI2(THF)3 (1Ce,I), both of which could be
analyzed via X-ray di�raction (XRD).

The solid-state structure of 1Ce,Cl is depicted in Figure 2,
showing (like 1Ce,I, Figure S40) a pseudo-octahedral
coordination geometry (Figure 2). The trans-positioned
chlorido (iodido) ligands and the three-coordinated THF
molecules are bent slightly away from the sterically more
demanding �uorenyl. The Ce�Cnt (centroid) distance
accounts for similar 2.595 Å (1Ce,Cl) and 2.590 Å (1Ce,I),
which is signi�cantly longer than the distances found in
Cp3Ce(THF) (avg. 2.480 Å)31 or the pentamethylcyclopenta-
dienyl-supported half-sandwich and metallocene complexes
Cp*CeI2(THF)3 (2.523 Å)32 and [Cp*2CeCl2K(THF)]n
(2.523 and 2.524 Å), respectively.33 For reasons of steric
oversaturation, homoleptic Cp*3Ce features an extremely large
Ce�Cnt distance of 2.619 Å.34 As expected, the Ce�halogen

Figure 1. Di�erent coordination modes of �uorenyl ligands available
through haptotropic shifts.18

Scheme 1. Synthesis of FluLnCl2(THF)3 (1Ln,Cl) and
FluCeI2(THF)3 (1Ce,I)

Figure 2. Crystal structure of FluCeCl2(THF)3 (1Ce,Cl). Hydrogen
atoms are omitted for clarity. Atomic displacement ellipsoids are set at
the 30% probability level. Complexes 1La,Cl and 1Nd,Cl are
isostructural. Selected interatomic distances and angles are listed in
Table 1 (1Ce,Cl) and the Supporting Information (1La,Cl and 1Nd,Cl).
Due to low crystal quality, the metrical parameters of 1Nd,Cl should be
carefully evaluated.
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distances elongate from 1Ce,Cl (avg. 2.737 Å) to 1Ce,I (avg.
3.158 Å), whereas the Ce�O(THF) distances barely vary.
Compared to FluLaI2(pyridine)3 with a La�Cnt distance of
2.593 Å and La�I distances of 3.240 and 3.174 Å, the distance
to the �uorenyl ligand in 1Ce,I is almost identical, while the M�
I bonds are elongated for the lanthanum complex.6

For comparison reasons, especially concerning the reactivity
behavior (vide infra), the lanthanum and neodymium
derivatives 1La,Cl and 1Nd,Cl were synthesized analogously
(Scheme 1). In the solid state, these complexes are isotypical
with the cerium congener (Figures S41 and S42) and display
Ln�Cl average distances of 2.763 and 2.703 Å, respectively.
The 1H NMR spectra of complexes 1Ln,Cl show the expected
1:2:2:2:2 peak pattern for the �uorenyl ligand. Striking is the
pronounced paramagnetic shift of the C1 proton for complexes
1Ce,Cl (26 °C: 33.7 ppm) and 1Nd,Cl (26 °C: 27.5 ppm), which
is strongly emphasized at low temperature as shown for the
cerium complex (�80 °C: 55.6 ppm).

When performing an equimolar reaction of CeCl3(THF)1.04
with the tert-butyl-substituted �uorenyl salt K(2,10-tBu2Flu)
(KFlutBu), fully exchanged FlutBu

3Ce(THF) (2) formed
(Scheme 2). Amazingly, despite the higher steric demand
(FlutBu vs Flu), the formation of a half-sandwich complex along

Table 1. Overview of Selected Interatomic Distances (Å) and Angles (deg) of the Compounds 1Ce,Cl, 1Ce,I, 2, 3Cp, 3OAr, 3Pz,
3Pz,THF, 4Pz, 4OtBu, 4OSiMe3, and 6 (Cnt = Flu/Cp Ring Centroid)

Ce�C(Flu)range

Ce�C(Flu)
avg. Ce�Cnt (Flu) Ce�X X�R Cnt�Ce�Cnt Cnt�Ce�X Ce�X�R

FluCeCl2(THF)3 (1Ce,Cl)
(X = Cl)

2.756(3) (C1)�2.965(3) (C7) 2.860 2.595 2.7360(9) 102.3

2.7379(8) 100.8
FluCeI2(THF)3 (1Ce,I)

(X = I)
2.752(3) (C1)�2.967(3) (C7) 2.856 2.590 3.1323(3) 101.58

3.1836(3)
FlutBu

3Ce(THF) (2)
(X = C55, R = C)

2.653(3) (C13)�3.083(3) (C6) 2.870 2.578 2.648(3) 1.441(4) 123.1 99.2 92.5(2)

2.613 (3.212) 4.030(3)
(C49)

1.448(4) 119.0 112.8 110.3(2)

104.4
FluCeCp2(THF) (3Cp)

(X/R = C(Cp))*
X = Cnt(Cp)

2.797(2) (C23)�2.984(2) (C17) 2.905 2.637 2.535* 1.396(3) 118.7

2.560* 116.6
1.414(3) 117.3

FluCe(OAr)2(THF)2
(3OAr) (X = O, R = C)

2.806(2) (C12)�2.961(2) (C1) 2.886 2.625 2.226(1) 1.342(2) 116.5 174.5(1)

2.212(1) 1.344(2) 112.3 177.5(1)
FluCe(Me2Pz)2(THF)2

(3Pz) (X/R = N)
2.819(4) (C13)�3.014(4) (C7) 2.914 2.646 2.516(4) 1.387(5) 102.8 75.4(2)

2.476(4) 72.3(2)
2.443(4) 75.2(2)
2.486(4) 71.8(2)

FluCe(Me2Pz)2(THF)5
(3Pz,THF) (X/R = N)

6.498 (C36)�7.219 (37) 6.910 6.822 2.48(2) 1.40(3) 75.3 73.6(13)

2.48(2) 103.3 73.6(13)
2.48(2) 100.0 73.4(13)
2.47(2) 81.3 73.4(13)

Flu2Ce(Me2Pz) (THF)
(4Pz) (X/R = N)

2.714(3) (C1)�2.946(3) (C7) 2.849 2.574 2.406(3) 1.397(4) 125.6 105.0 72.7(2)

2.419(3) 107.1 73.7(2)
101.8
128.6

Flu2Ce(OtBu) (THF)
(4OtBu) (X = O, R = C)

2.765(6) (C26)�2.927(C6) 2.863 2.588 2.096(4) 1.424(8) 125.1 113.4 172.7(4)

2.581 109.0
Flu2Ce(OSiMe3) (THF)

(4OSiMe3)
(X = O, R = Si)

2.737(5) (C13)�2.944(5) (C6) 2.845 2.587 2.133(4) 1.619(4) 126.3 110.1 173.2(2)

2.579 111.0
Ce(dipp)3 (6) 2.718(3) (C14)�2.866(13) (C1A) 2.818 2.401 120.4

2.392 120.5
2.391 119.1

Scheme 2. Synthesis of FlutBu
3Ce(THF) (2)
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the lines of 1Ce,Cl was not observed. To our knowledge, 2
represents the �rst tris(�uorenyl) rare-earth-metal complex. In
stark contrast, tris(indenyl) derivatives (Ind)3Ln and
(Ind)3Ln(Do) have been extensively investigated (Do =
neutral donor molecules),35 including the crystal structures
of Ind3Ce(py)36 and Ind3Ce(THF).13 Moreover, the existence
of 2 de�nitely rules out sterics to be the crucial factor for the
formation of 1Ce,Cl . At ambient temperature, the
CeCl3(THF)1.04/KFlutBu reaction required a large excess of
cerium chloride and a�orded only a crystalline yield of 19%,
after a stirring period of 2 days. Applying the same conditions
with a 1:3 mixture of CeCl3(THF)1.04 and KFlutBu, the reaction
was incomplete with large amounts of the �uorenyl salt left.

The solid-state structure of 2 bears two �5- and one �1-
coordinated �uorenyl ligand, showcasing distinct coordination
modes in the same molecule for direct comparison (Figure 3).

The �5 coordination involves Ce�C(Flu) distances ranging
from 2.653(3) to 3.083(3) Å and Ce�Cnt distances of 2.578
and 2.613 Å, while the �1 coordination to C55 is indicated by a
shorter Ce�C(Flu) distance of 2.648(3) Å and a wide Ce1�
C55�Cnt angle of 105.71°. The latter angle is even wider than
the respective Li�C1�Cnt angle of LiFlu(THF)3 (Figure
S45). Moreover, the changed hapticity of the �uorenyl ligand is
also indicated by the relatively obtuse Ce1�C55�C54 angle of
110.31(18)°. The other Ce�C(Flu) distances are as long as
4.030(3) Å (C49), accounting for a Ce�Cnt distance of 3.212
Å. For comparison, the Ce�C(silylalkyl) distance in the
donor-free (and hence formally lower coordinated) alkyl
complex Cp*2Ce[CH(SiMe3)2] was reported as 2.546(5) Å.37

Furthermore, the Ce�C(ring) distances in Ind3Ce(py) range
from 2.748(5) to 3.009(5) Å, and the Ce�Cnt distance in
Ind3Ce(THF) averages 2.584 Å.13

The distinct �uorenyl coordination in 2 is not preserved in
solution since there is only one set of signals for the �uorenyl
ligands. Thus, all the three �uorenyl ligands are chemically
equivalent, and the coordination switch appears too fast on the
NMR timescale. Instead, the corresponding 1H NMR spectrum
displays seven signals for the �uorenyl protons and one singlet
for all tBu groups. As observed for 1Ce,Cl, at low temperatures,
the paramagnetic shifting gets more pronounced and splitting
of the tBu groups in a 1:1 integral ratio in accordance with the
seven distinct ring protons of the Flu ligand occurred. This
indicates some magnetic inequality of the ring and tBu protons,
which has also been detected for substituted indenyl ligands
due to prochiral e�ects. Considering the steric constraints of
the �uorenyl ligands, which clearly hinder rotation, similar
e�ects might apply for 2.38

Salt Metathesis Reactions Promoted by Flu-
CeCl2(THF)3 (1Ce,Cl). Given the preferred formation and
stability toward ligand redistribution of compound Flu-
CeCl2(THF)3 (1Ce,Cl), we next aimed at salt metathesis ligand
exchange. Targeted Cl/R exchange should further improve the
thermodynamic and electrochemical stabilization of any
envisioned/putative Ce(IV) �uorenyl complexes, particularly
in the case of R = alkoxy or siloxy.14,15,39 Accordingly, the
following ligand types could be implemented in complexes 3R:
cyclopentadienyl (using NaCp), aryloxy (NaOC5H3iPr2-2,6 =
NaOAr), alkoxy (NaOtBu), siloxy (NaOSiMe3), and pyrazo-

Figure 3. Crystal structure of FlutBu
3Ce(THF) (2). Hydrogen atoms

are omitted for clarity. Atomic displacement ellipsoids are set at the
30% probability level. Selected interatomic distances and angles are
listed in Table 1.

Scheme 3. Overview of Salt Metathesis Reactions of 1Ce,Cl A�ording Cerous Half-Sandwich Complexes with Alkoxy, Siloxy,
Aryloxy, Pyrazolato, and Cyclopentadienyl Ligands
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lato (potassium 3,5-dimethylpyrazolate = KMe2Pz) (Scheme
3). These reactions were carried out at �40 °C in THF for 6�
18 h and the reaction residues subsequently extracted with
toluene. At ambient temperature, the toluene extracts su�ered
ligand rearrangement processes in all cases with the exception
of the aryloxy derivative 3OAr. The ligand rearrangement
reactions were even more rapid in THF solution. Although
ligand rearrangement can be su�ciently suppressed at lower
temperature (�40 °C), it took place as a side reaction to
produce the sandwich complexes 4R. The sandwich compound
Flu2Ce(Me2Pz)(THF) (4Pz) could be synthesized independ-
ently and puri�ed, while single-crystalline material was
obtained also for Flu2Ce(OtBu)(THF) (4OtBu) and Flu2Ce-
(OSiMe3)(THF) (4OSiMe3) (vide infra).

The crystal structures of mono(�uorenyl) complexes
F l uCe(OC 5 H 3 iPr 2 - 2 , 6 ) 2 (THF) 2 (3 O A r ) , F l uCe -
(Me2Pz)2(THF)2 (3Pz), and FluCeCp2(THF) (3Cp) are
depicted in Figure 4. The cerium centers in complexes 3OAr

and 3Pz both adopt a slightly bent pseudo-square pyramidal
coordination geometry, clearly dictated by the �at spread of
the �uorenyl ligand. The Ce�centroid (Cnt) distances amount
2.625 Å (3OAr) and 2.646 Å (3Pz). It appears that the latter
represents the longest distance for a cerium to a cyclo-
pentadienyl-type ligand detected so far and stresses the fact
that such �uorenyl half-sandwich complexes 3 show generally
longer Ce�Cnt distances than the respective sandwich
complexes 4. The Ce�O(aryloxy) distances (avg. 2.219 Å)

in 3OAr match those reported for six-coordinate Ce-
(OC5H3iPr2-2,6)3(THF)3 (avg. 2.12 Å).

The �5-�uorenyl ligand is sterically more demanding than
the aryloxy ligand, giving space to the additional coordination
of only two THF molecules.40 For further comparison, the
half-sandwich complex Cp*Ce(OC5H3tBu2-2,6)2 synthesized
by Heeres et al., bearing a slightly bulkier aryloxy ligand, shows
signi�cantly longer Ce�O distances (avg. 2.253 Å) but an
average Ce�C distance of 2.76 Å in comparison with 2.886 Å
for 3OAr.41

The pyrazolato derivative 3Pz is isostructural to 3OAr with
trans-positioned �2-pyrazolatos instead of the aryloxys. The
Ce�N distances average 2.480 Å matching those of the four
terminal ones in adducts [Ce(Me2Pz)3(Do)]2 (avg. 2.478 Å
(Do = THF) and avg. 2.475 Å (Do = HMe2Pz)).42

The mono(�uorenyl) compound FluCeCp2(THF) (3Cp)
represents a rare example of a rare-earth-metal complex
bearing di�erent (non-linked) �5-coordinated cyclopentadien-
yl-type ligands. The other examples include trivalent
Cp*2LnCp (Ln = Nd and Sm)43 or divalent FluYbCp*-
(DME).44 The isolation of such complexes with sterically less
demanding ligands is counteracted by ligand rearrangement
and formation of the respective homoleptic complexes. This is
also the case for heteroleptic 3Cp. Treating 1Ce,Cl with NaCp at
ambient temperature a�orded Cp3Ce(THF) as the major side
product, but after toluene extraction of 3Cp to remove
Cp3Ce(THF) and other impurities, no further scrambling
has been observed at �40 °C.31,45 Also for 3Cp, the Ce�

Figure 4. Crystal structures of FluCe(OC5H3iPr2-2,6)2(THF)2 (3OAr, left), Flu2Ce(Me2Pz)(THF) (3Pz, middle), and FluCeCp2(THF) (3Cp,
right). Hydrogen atoms and lattice toluene (3OAr) are omitted for clarity. Atomic displacement ellipsoids are set at the 30% probability level.
Selected interatomic distances and angles are listed in Table 1.

Scheme 4. Solvent- and Temperature-Dependent Cerium Fluorenyl Pyrazolato Chemistry
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Cnt(Flu) distance of 2.637 Å appears rather long. Even the
comparatively shorter Ce�Cnt(Cp) distances of avg. 2.548 Å
are considerably longer than those in Cp3Ce(THF) (avg. 2.480
Å),31 indicating signi�cant steric hindrance. Well-examined
unsymmetrical metallocenes relate to the metals Fe, Ru, and
Os, for example, FluFeCp or FluRuCp*, where haptotropic
rearrangements of the �uorenyl ligands are known.16,28,46

The ligand rearrangement processes involving the pyrazolato
ligand have been elucidated in more detail, as not only the half-
sandwich complex 3Pz (vide supra) could be isolated (Scheme
4). Additionally, the sandwich complex Flu2Ce(Me2Pz)(THF)
(4Pz) could be obtained in 37% yield upon warming to
ambient temperature. Assuming ligand rearrangement to
tris(pyrazolyl) [Ce(Me2Pz)3(THF)]2 as the dominant reaction
path, which could be detected among other unidenti�ed
products in the NMR spectrum, a maximum yield of 50% of
4Pz should be possible.42

Furthermore, crystallization of the chilled reaction mixture
(in THF) before toluene extraction did not only yield half-
sandwich 3Pz but also crystals of [Flu]�[Ce(Me2Pz)2(THF)5]+

(3Pz,THF). The latter complex 3Pz,THF features a solvent-
separated ion pair, rea�rming easily separable/abstractable
�uorenyl anions (Figure 5).7 Indeed, 3Pz,THF is the �rst rare-
earth-metal complex bearing a solvent-only separated �uorenyl
anion (Ce�Cnt distance = 6.822 Å). It has been revealed
previously that such solvent-separated �uorenyl anions are
favorably observed in the presence of crown ethers or other
multidentate O-donors as for [BaFlu(18-crown-6)(pyridine)]+

[Flu]� and [M(diethyleneglycol-dimethylether)2]+ [Flu]� (M
= Li and Na).24,47 The Ce�N distances of the seven-
coordinate cation of 3Pz,THF (avg. 2.475 Å) are slightly shorter
than in the seven-coordinate charge-balanced 3Pz. The cerium
center in 3Pz,THF adopts a rare pseudo-pentagonal bipyramidal
coordination geometry, with the THF ligands in the equatorial
positions. The trans-positioned pyrazolato ligands feature a
torsion angle of 93.3° (N2N1�N3N4) to minimize steric
hindrance of the methyl groups.

The sandwich complex Flu2Ce(Me2Pz)(THF) (4Pz) shows a
pseudo-tetrahedral geometry and a staggered conformation of
the �uorenyl ligands, which has also been found for other
lanthanide sandwich �uorenyl complexes (e.g., Flu2La-
(AlMe4)).

7 The two �uorenyl ligands bear an angle of
125.6° and display Ce�Cnt distances of 2.574 Å, which are
way shorter than that in the half-sandwich complex 3Pz (2.646
Å). The Ce�N distance amounts 2.413 Å in average and is

thus also shorter than those in 3Pz and 3Pz,THF. In fact, it is to
our knowledge the shortest distance known in the literature for
this particular ligand at cerium(III). For further comparison,
the donor-free complex [Ce(Me2Pz)3]4 shows a roughly
similar average Ce�N distance of 2.436 Å for the terminal
�2-bound pyrazolato ligands.48

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

As shown in Scheme 3, the exchange reactions at a low
temperature of �40 °C led to the half-sandwich complexes
FluCe(OR)2(THF) in yields of 70% (3OtBu, R = OtBu) and
77% (3OSiMe3, R = OSiMe3). The sandwich complexes
Flu2Ce(OtBu) (THF) (4OtBu) and Flu2Ce(OSiMe3) (THF)
(4OSiMe3) could be isolated and crystallized only as side
products from equimolar ambient-temperature reactions.
There, the bulk of the product was still 3R, but the
comparatively lower solubility of the sandwich complexes
favored crystallization. Correspondingly, the respective alkoxy,
siloxy, aryloxy, or pyrazolato ligands impart higher solubility
than the �uorenyl ligand. The cerous metallocenes 4OtBu and
4OSiMe3 are isostructural to 4Pz. Similarly, the Ce�Cnt distances
are rather short (avg. 2.584 and 2.583 Å), and the Cnt�Ce�
Cnt angles are 125.1° (4OtBu) and 126.3° (4OSiMe3). As
expected, the Ce�O distance is slightly shorter for 4OtBu

(2.096(4) Å) in comparison to 4OSiMe3 (2.113(4) Å). The
terminal tert-butoxy ligands in the homoleptic trivalent
complex [Ce(OtBu)3]4

40 display slightly shortened Ce�O
distances of avg. 2.08 Å (�ve-coordinate cerium), and

Figure 5. Crystal structures of FluCe(Me2Pz)2(THF)4 (3Pz,THF, left), Flu2Ce(Me2Pz)(THF) (4Pz, middle), and Flu2Ce(OtBu)(THF) (4OtBu,
right). Hydrogen atoms have been omitted for clarity. Atomic displacement ellipsoids are set at the 30% probability level. Selected interatomic
distances and angles are listed in Table 1.

Scheme 5. Ligand Scrambling Reaction of Half-Sandwich
Complexes 3OtBu and 3OSiMe3 toward Sandwich Complexes
4OtBu and 4OSiMe3 at Ambient Temperature or upon
Crystallization
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